XEM: Managing the Evolution of XML Documents*

HongSu,DianeKramer Li Chen,Kajal ClaypoolandElke A. Rundensteiner
Departmenbf ComputerScience
WorcesterPolytednic Institute
WorcesterMA 01609-2280
{suhongdkrametlicherikajalrundens} @cs.wpi.edu

Abstract

Asinformationon the world wide webcontinuego pro-
liferate at an astoundingrate the extensiblemarkuplan-
guage (XML) hasbeenemeging as a standad format for
datarepresentatioron theweh In manyapplications,spe-
cific documentypedefinitions(DTDs) are designedo en-
forcea semanticallyagreed-uporstructure of the XML doc-
umentsfor management. However, both the data and the
structue of XML documentsendto change overtimefor a
multitudeof reasonsjncluding to correct designerrors in
the DTD, to allow expansionof the applicationscopeover
time or to accountfor the meging of several businesses
into one However, mostof the current softwae tools that
enablethe useof XML do not provide explicit supportfor
sudt data or schemachanges. In this vein, we put forth
the first solution framewvork, called XML Evolution Man-
ager (XEM)to managetheevolutionof XML. XEM provides
a minimal yet completetaxonomyof basic change primi-
tives. Theseprimitives, classifiedas eitherdatachangesor
schemachanges, are consistency-mservingi.e., (1) for a
datachangg, they ensue that the modifiedXML document
conformgo its DTD bothin structue andconstaints; and
(2) for a schemachangg, they ensue thatthenew DTD is a
valid DTD andall existingXML documentaretransformed
also to conformto the modifiedDTD. We prove the com-
pletenes®f thetaxonomyin termsof DTD transformation.
To verify the feasibility of our XEM approadc we haveim-
plemented workingprototypesystenusingP SEPro asour
badendstorage system.
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1 Intr oduction

Motivation. XML hasbecomeincreasinglypopular as
thedataexchangdormatovertheWeb[W3C0(. Although
XML datais self-describingmostapplicationdomaingend
to use DocumentType Definitions (DTDs) to specifyand
enforcethe structureof XML documentswithin their sys-
tems.DTDsthusassume similarrole astypesin program-
ming languagesndschematan databassystems.

Many systems,suchas Oracle 8i [Net0(, IBM DB2
[IBMOO] andExcelon[Obj99], have recentlystartecto en-
hancetheir existing databas¢echnologieto accommodate
andmanageXML data.Many of them[Net0( assumehat
theDTD is providedin advanceandwill notchangeoverthe
life of the XML documents.They henceutilize the given
DTD to constructa fixed relational (or object-relational)
schemawhich thencan sene as structurebasedon which
to populatethe XML documentshatconformto thisDTD.

However, changeis a fundamentablspectof persistent
information and data-centricsystems. Information over a
periodof time oftenneedgo be modifiedto reflectperhaps
a changein therealworld, a changein the users require-
ments,mistalesin the initial designor to allow for incre-
mental maintenance.While thesechangesare inevitable
during the life of an XML repository mostof the current
XML managemensystemsunfortunatelydo not provide
enough(if any) supportfor thesechanges.

Motivating Example of XML Changes. Wenext givean
exampleof changesn XML documentsFigurel depictsa
DTD article.dtdandan XML documentonformingto this
DTD, bothusedasrunningexamplehenceforth. Changes
canbe classifiedaseitherdataupdatesor 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
thisisindeedavalid changahatwill resultin anXML doc-
umentstill conformingto the given DTD. Sincethe editor



is a REQUIRED elementin the specifiedDTD, sucha data
updateshouldbe rejected.Next, considethe DTD change
wherethe definition of the elementmonaraphwhich must
have at leastone sub-elemeneditor is relaxed suchthat it
is optionalto have the sub-elemenéditor. For suchaDTD
changea changesupportsystemwould needto verify that
thesuggestedhangdeadsto (1) anew valid DTD and(2)
correspondinghangesrepropagatedo all old XML doc-
umentsto conformto the changedTD. For our example,
this leadsto a DTD change,requiring no changesof the
underlyingXML data.

<! ELEMENT article (title,author+,rel ated-work?)>
<IELEMENT title (#PCDATA)>
<! ELEMENT aut hor (nane)>
<! ATTLI ST aut hor id | D #REQUI RED>
<! ELEMENT nane (firstnane, | astnane)>
<! ELEMENT firstnanme (#PCDATA)>
<! ELEMENT | ast nanme (#PCDATA) >
<! ELEMENT r el at ed- wor k (nonograph) *>
<! ELEMENT nonograph (title, editor>)
<! ELEMENT editor EMPTY>
<I ATTLI ST edi tor name CDATA #l MPLI ED>

<article>
<title>XM. Evol ution Manager</title>
<author id = "dk">
<name>

<firstname>Di ane</firstname>
<l ast nane>Kr aner </ | ast name>
</ name>
</ aut hor >
<author id = "er">
<nanme>
<firstnane>El ke</firstname>
<l ast nane>Rundenst ei ner </ | ast nane>
</ name>
</ aut hor >
<r el at ed- wor k>
<nonogr aph>
<title>Mbdern database systens</title>
<editor name = "Won Kini>
</ monogr aph>
</rel at ed- wor k>
</article>

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

Problems with XML Management Systems. XML
managemensystemsattemptto exposea virtual XML
document-viev independentf the underlyingstoragesys-
tem,beit relational,object-basedr somespecializedKML
data structure. However in most current XML manage-
ment systemgNet0Q, IBMOO], evolution support,if ary,
is still inherentlytied to the underlyingstoragesystem to
its datamodelandits changespecificatiormechanismFor
example,in Oracle8i, if thestructuredKML documentsre
storedas object-relationainstancesthe userhasto write
SQL codeto performary type of updates. This requires
usersto be awareof the underlyingstoragesystemandthe
mappingmechanisnbetweenXML, DTD andtheir under
lying storagemodel. It preventsusersfrom expressingde-

siredtransformationsndependenbf the targetedunderly-
ing system. It is likely to resultin errorsin termsof mis-
matchof desiredXML transformatiorand the actualsys-
tem change.In addition,the system-specifiexpressiorof
transformatiormay induce extensve re-engineeringvork
eitherfor migrationto anothersystenor integrationof sev-
eralsystemslIn short,the developmenbf a standardXML
changespecificatiorandsupportsystems necessary

Moreover, asillustratedabove, structuralinconsisteng
mayarisein the XML managemergystem It henceis crit-
ical to detectin advancewhetheran updateis a valid op-
erationthat preseresthe structuralconsisteng. However,
this problemis ignoredin mostexisting XML management
systemsand not directly treatedby the tools [Gro, Inf00Q]
speciallydesignedor transformingKXML documentgrom
oneformatto another

XML Evolution Manager (XEM) Approach In this
work we proposean XML Evolution Manager(XEM) as
a middleware solutionthat providesuniform XML-centric
dataand schemaevolution facilities. To the bestof our
knowledge, XEM is thefirst effort to provide suchuniform
evolution managementor XML documents.In brief the
contritutionsof ourwork are:

1. We identify the lack of genericsupportfor changein
current XML managemensystemssuch as [Net0Q,
IBMOO, Obj99.

2. We proposea taxonomy of XML evolution primi-
tivesthatprovide a systemindependentvay to specify
changedothattheDTD andXML datalevel.

3. Weanalyzechangesemanticandintroducethenotion
of constraintcheckingto ensurestructuralconsisteng
duringtheevolution.

4. We canshaw that our proposedchangetaxonomyis
complete.

5. We describea working XML Evolution Management
prototypesystemwe have implementedo verify the
feasibility of ourapproach.

2 Background: XML Data Model and DTD
Data Model

2.1 The XML Data Model

Herewe briefly review the XML DataModel [W3CO0Q.
XML is composedf nestedaggedelements Eachtagged
elemenhasasequencef zeroor moreattribute/\aluepairs,
and an orderedsequenceof zero or more sub-elements.
Thesesub-elementsnay themseles be taggedelements,
or they may be “tag-less” segmentsof text data. A well-
formeddocumenimay have an associatedchemagderived
from one or more XML Schemadocumentsjt may have



anassociatedTD; or it may have no schemathencalled
“schema-less”.

An instanceof the XML DataModel represent®neor
morecompleteXML documentor documeniparts. XML
is a node-labeled,orderedtree-structuredrepresentation
thatincludesthe conceptof nodeidentities. A document
is representetly a uniqueDocNodethatis theroot nodeof
the XML datatree. Eachelementandattribute datais rep-
resentecby ElemNodeand AttrNoderespectiely. Simple
typevaluessuchasString,Boolean etc. arerepresentedy
ValueNode

2.2 The DTD Data Model

In orderto enforcea structureas neededfor effective
managementye assumehatall XML documentdave an
associatedocumentType Definition (DTD). DTD allows
for propertiesor constraint€o be definedon elementsand
attributes.In aDTD, elementgepresenthetag namesghat
canbe usedin an XML document. Elementscanin turn
have contentparticlesor attributesor be empty The struc-
ture of elementsis definedvia a content-modebuilt out
of operatorsappliedto its contentparticles. Contentpar
ticlescanbegroupedassequencef,b) or aschoices(alb)
to be a contentparticle again. For every contentparticle,
the content-modetan specifyits occurrencean its parent
conteniparticleusingregularexpressioroperatorg?, *, +).
There are also some specialcasesof the content-model:
EMPTY for an elementwith no contentparticles;ANY for
anelementhatcancontainary contenfparticles #PCDATA
for anelementhatcancontainonly text. Whentheelement
cancontaincontentparticlesmixed with text, the content-
modelis calleda mixed-content

Attributes can be of various typessuchas ID for a
uniqueidentifier or CDATA for text. They canbe optional
(#IMPLIED) or mandatory(#REQUIRED). Optionally, at-
tributescanhave a defaultor a constanwvalue (#FIXED).

A DTD canbemodeledasagraph.We denotethegraph
G = (N, p, e) whereN is the setof nodes,p is the parent
function representinghe edgesin the graph,and! is the
labelingfunction representing tuple of nodes properties
includingthenodes nameandotherpropertiesf any. Each
noden € N fallsintothreecateyoriesaccordingoits label:

1. Tagnode:

(a) Elementnode: Eachelementnodee represents
an elementtype. i(e) =< Name > where
Name is element’s name.

(b) Attribute node: Eachattribute nodea represents
an attribute type.
l(a) =< Name,Type, DefType,Val(a) >
where Name is attribute o’s name,Type is a’'s
type, e.g.,CDATA, ID, IDREF, IDREFS,ENU-
MERATION etc., DefType is a’s default type,

i.e., #REQJIRED, #IMPLIED, #FIXED, #DE-
FAULT, andVal is a’s defaultvalueif any.

We usel(a).Name to denotethe property Name of
nodea and|/(a)| to denotehow mary properties: has.

2. Constraininode:

(a) Groupnode: Eachgroupnodeg representhiow
its direct children are groupedtogethey that is,
by sequencdi.e., i(g) =< “, >) or by choice
(i.e.,l(g) =< 4" >).

(b) Quantifiernode:Eachquantifiernodeq hasonly
onechild. It represent®ow mary timesits child
canoccurin its parent.Thelabelof ¢ canbe:

i. < “" >:thechild is repeatabldut notre-
quired
ii. < “+" >: thechild is repeatableand re-
quired
ii. < “?" >:thechildis neitherrepeatabl@or
required

3. Built-in node

(a) RootnodedtdRtNodelt is theentryfor theDTD
graph. All thenodesin DTD graphcanbetra-
versedstartingfrom this nodein a breadth-first
manner

(b) Primitive datatype nodePCDATA: It represents
PCDATA whichis XML-specific ratherthanap-
plication specific. Its parentmustbe an element
node,indicatingthe elements of type MIXED.

For example,the DTD in Figurel canberepresenteds
thegraphshavn in Figure2. The elementarticle’s content
modelconsistof a sequencef contentparticlesasrepre-
sentedby the groupnodewith label*,”. The first content
particle, elementtitle, is representedby an elementnode
with alabel“title”. And author+, is representely agroup
nodelabeled“+” with a child elementnodelabeled“au-
thor”. Similarly, related-work?is representedby a group
nodelabeled?” with achild elemennodelabeled‘related-
work”.

In additionto the nodes,DTD modelalsoprovidesthe
conceptof Position in ContentParticle. We traversethe
graph breadth-first and use a list of integersto refer to
a contentparticle node. To illustrate, we usethe follow-
ing sampleelementtype definition: <!ELEMENTa (b, (c
|d))>. Here position[1] refersto group (b, (c|d)); [1,1]
refersto sub-elemenb; [1,2] refersto group(c|d); [1,2,1]
refersto sub-element; [1,2,2] refersto sub-elemend.

An XML datatreeis derivedfrom a DTD graphby in-
stantiatingeachnodein the DTD graph.We call the nodes
in XML datatree instancenodesof the DTD graphnode
whichthey areassociateavith.
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Figure 2. Graph Representation of Article.dtd

3 Taxonomyand Semanticsof XML Change
Primiti ves

3.1 Intr oduction

In this sectionwe presenthe taxonomyof XML change
primitives and definetheir semantics. The primitivesfall
into two categories:thosepertainingto the DTD, andthose
pertainingto the XML data. We ensurethatthe execution
of primitivesviolatesneitherthe invariantsnor the content
model. Our goalis to provide a setof primitiveswith the
following characteristics:

e Complete: All valid changego manipulateDTD and
XML arepossibleusingour primitives.

e Minimal: Eachprimitiveis atomicsuchthatit cannot
be achievedby combiningtwo or moreprimitives.

e Sound: Every primitive is guaranteetb maintainsys-
temintegrity in termsof well-formednessf bothDTD
and XML data, and consisteng betweenDTD and
XML data.

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

primitives.Dueto spacdimitations,we do notdescribehe
XML datachangeprimitivesin detailhere[Kra01].

DTD Operation

Description

createDTDEN()
destrgDTDEI(u)
renameDTDEI{, u’)
insertDTDEIE, pos,P, g, d)

rema/eDTDEI(E, pog
changeQuart, pos,q, d)

corvertToGroupE, start,end
flattenGroupE, pog
changeGroupQuarki( pos,q)
addDTAtt(u, E, t, d, V)

destrgDTDALtt(u, E)
changeAttDefype(, E, t, v)

changeAttDefdlue(, E, v)
changeAttFird\alue(, E, v)

Createelementwith nameu

Destry elementwith nameu
Renameslemenfrom nameu to u’

Add elementE at position pos to parentP with
quantifierqg anddefault valued

Remae sub-elemenét positionposin parente
Changeguantifierof contentparticleatpositionpos
in parentE to quantifierq with default valued
Groupsub-elementfrom positionstart to position
endin parentE into alist group

Flattengroupat positionposin elementE to a list
of sub-elements

Changequantifierof groupat positionposin ele-
mentEtoq

Add attribute with nameu to element with typet,
defaulttyped, anddefault valuev

Destrq attribute with nameu from elemente
ChangeslementE’s attribute u's typeto t, with de-
faultvaluev

ChangeeslementE’s attribute u's default valueto v
ChangeelementE’s attribute u's fixedvalueto v

XML Data Operation

Description

addDataAtt, v, pog

destrgDataAtt@)
changeDataAty, v, €)
addDataEK, pog
destrgDataElg)
changeDataEy v)

Add attribute with namea with valuev to position
pos

Destry attribute a

Changeattributea’s valuein elementetov

Add elemente at positionpos

Destry elemeniep

Changeelemeng'svalueto v

Table 1. DTD and XML Data Change Primitives

3.2 DTD ChangePrimiti ves

In this section,we definethe semanticsof eachDTD

changeprimitive. To ensurehatthetargetedDTD is valid,
preconditionsareenforcedon eachchangeprimitive,i.e.,a
primitivewill notbeexecutedunlesshecorrespondingre-
conditionsare satisfied. We assumethe following change
primitives are appliedto G; = (N1, p1,l1) and produce
Gy = (Na,po,ly) asoutput. We usec; (m) to represent
nodesm’s childrenwherem € N;. And we denotethe
child at positionpos in nodem in G1 by ¢;(m,pos). A
noden = ¢ (m, pos) mayhave morethanoneparent,and
we denotethe parentwhichis onthepathfromm ton from
which pos is derivedby ¢, (n, m, pos). ca(m), ca(m, pos),
g2(n,m, pos) representhe sameconceptsn G.

3.2.1 Changesto the DocumentDefinition

1. createDTDEI(u)

PreconditionsNo elementypewith nameu hasbeen
definedj.e.,Vn € Ny,l;1(n) #< u >.



Results:A new elementE with nameu will becreated
with emptycontent.We getagraphGa = (Na, p2, l2)

where N, = N; U {E}, p2(E) = {dtdRtNode},

(E) =< u >, andps(n) = pi(n), la(n) = L(n),

VYn € N;. This primitive causesno changedo the
XML data.

. destroyDTDEI(E)

Preconditions: ElementE must be a non-nestecel-
ementnode whose contentmodel is either EMPTY
or composedof only PCDATA, i.e., ¢c1(E) = @ or
a(E) ={PCDATA}.

Results:Theelement will beremovedfrom ary con-
tentmodelin which it is a contentparticle. We geta
graphGy = (Ns, ps,l2) whereN, = Ny — {E}, and
p2(n) = p1(n), la(n) = Il1(n),Yn € Ny — {E}. All
the instancenodesof elementE will be deletedfrom
the XML datatrees.

3.2.2 Changesto an Element Type Definition
1. insertDTDEI(E, pos,P, g, d)

Preconditionsif quantifierq signifiesarequired con-
straintandE is a PCDATA elementthedefaultvalued
mustnotbenull.

Results: An existing elementE will be addedto the
contentmodel of parentelementP at position pos

We getagraphGs = (N, pe,l2) where Ny = Ny,

p2(E) = p1(E) U{P}, p2(n) = pi(n), Vn € Ny —

{E}, andly(m) = l1(m), YVm € Ni. If g signifiesa
required constraintthenan instancenodeof element
E with defaultvalued will beaddedasa child to each
instancenodeof P in the XML datatrees.

. removeDTDEI(E, po9

Preconditions:c; (E, pos) mustbe a non-nestecele-
mentnode.

Results: The elementnodem = ¢ (E, pos) is re-
moved from E’s contentmodel. We get a graph
Gy = (N2, p2,1lz) whereN, = Ny, pa(m) = pi(m)—
q1(m, E, pos). All theinstancenodesof contentparti-
clem areremoved.

. changeQuantg, pos,q, d)

Precondition: ¢; (E, pos) is a contentparticle node
whichis eitheranelemeninodeor a constraininode.

Results: The quantifierfor the contentparticlet =
c1(E, pos) will be changedto g. We get a graph
Gy = (Na,ps,12) whereNy = Ny, p2(n) = pi(n),
Vn € Ni, la(ga2(t, E,pos)) =< ¢ >, andly(m) =
ly(m), Vm € Ny — {q2(t, E,pos)}. The XML data
changesequiredfor this primitive dependon the old
and new quantifiervalues. Due to spacelimitations,
we summarizeusingthefollowing two rules:

(a) If theold quantifierepresentedrepeatableon-
straintandthe new quantifierdoesnot, we find
all theinstancenodesof contentparticlet andre-
move all but the first occurrenceof the instance
nodeof ¢.

(b) If the new quantifierrepresents required con-
straintandthe old quantifierdid not, for eachin-
stancenodee of element whichdid notcontain
ary instancenodeof ¢, we mustcreatea new in-
stancenodeof elementt with the defaultvalued
andinsertit to €' s childrenlist.

. convertToGroup(E, start,end

PreconditionsAll the contentparticlesfalling within
therange(start, end) sharea sameparent.

Results:All the contentparticlesthat rangefrom po-
sition start to end in contentparticle E aregrouped
into a list. We get a graph Gy = (Na,po,l2)

whereN, = Ny U {g}, la(g) =< “ >, pa(m) =

(pl(m) - ql(maE7pOS)) Uy {g}' Vm € cl(E7p03)

where pos falls within the range (start, end), and
Ixa(n) = UL(n), n € N;. To illustrate, we
use the following sampleelementtype declaration:
<!ELEMENTauthor(address lastnamefirstnamég>.

convertT oGroup(author,[1,2],[1,3]) will change
the elementtype declarationto <!ELEMENT au-
thor (address (lastnamefirstnamé)> This primitive
causeso changego the XML data.

. flattenGroup(E, po9

Preconditionste; (E, pos) mustbealist groupnode.

Results: The groupg = ¢ (E,pos) will be flat-

tened. We get a graphGs = (N2, ps,l2) where
Ny = N1 —{g},p2(m) = q1 (g, E, pos), Vm € c1(g),

andlz(n) = li(n), Vn € Ny — {g}. Toillustrate,
we use the following sampleelementtype declara-
tion: <IELEMENT author (address (lastname first-

nameg)>. flattenGroup(author,[1,2]) will change
the elementtype declarationto <!ELEMENT author
(addresslastnamefirstnamég>. Thisprimitivecauses
no changeso the XML data.

. changeGoupQuant(E, pos,q)

Preconditionse; (E, pos) mustbe a groupnode. We
do notallow the new quantifierto represenarequired
constrainif the old quantifierdid not. Thisis because
it would bedifficult to specifyappropriatedefault val-
uesfor agroupof elementypesto assigrto their data
instancesvhich do not alreadycontainthis group.

Results: The quantifierfor the groupg = ¢1 (E, pos)
will bechangedo g. WegetagraphGa = (Na, po, I2)
where Ny = Ni, ¢2(n) = pi(n), Vn € Ny,
I2(q2(g, E, pos)) =< ¢ >, andlz(n) = l1(n), Vn €
N1 — ¢2(g, E, pos). The semanticdor this primitive



aresimilar to thosedescribedabove for changingthe
guantifierof asub-element.

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

PreconditionsNo attribute with nameu hasbeende-
finedin elementE, i.e.,Vn € ¢, (E) where|l;(n)| > 1
(n is an attribute node), l; (n).Name # wu. If the
default type is #FIXED or #REQJIRED, the default
valuev mustnotbenull.

Results:A new attribute will be addedto the element
typedefinitionof E. We getagraphGs = (N2, p2, l2)

whereN,; = Ny U {a}, l2(a) =< u,t,d,v >. If de-
faultvaluev is notnull, for eachinstancenodee of el-

ementtypeE, anew instancenodeof thenew attribute
typewith valuev will beaddedo €'s attribute set.

8. destroyDTDALt(u, E)

Preconditions:Thereexists an attribute with namew
definedin ElementE.

Results: The attribute with nameu will be removed
from the elementtype declarationof elementE. We
getagraphGy = (N2, pa,la) whereNy = Ny — {n},
n € ¢1(E), [l1(n)| > 1 andly (n).Name = u. Thein-
stancenodeof this attribute type will alsoberemoved
fromthe XML 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
nameu in elementE is #REQUIRED or #FIXED, the
valuev mustnotbenull.

Results: The default type of the attribute with name
u in E will bechangedot. The XML datachanges
requiredfor this primitive dependon the old andnew
attributetypes.Ratherthanlisting eachpossibilitysep-
aratelyhere,we summarizethe rules for thoseDTD
changeshatwill inducedatachanges:

(a) If theattribute’snew defaulttypeis #REQJIRED
andthe old default type is #IMPLIED, valuev
will be assignedo the attribute’s eachinstance
nodethatdoesnot have avaluebefore.

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

2. changeAttDef\alue(u, E, v)

Preconditions:The attribute with namew in element
FE mustbe of defaulttype #DEFAULT, asdefault val-
uesfor thedefaulttypes#REQJIRED and#IMPLIED
arenotallowedin anattribute default declarationand
changinghedefaultvaluefor thedefaulttype#FIXED
is takencareof in aseparatgrimitive.

Results: The default value for the attribute will be
changedto v. All instancenodes’valuesof the at-
tribute will be madeto conformto the new default
valuev by first checkingwhethertherewasa default
or an actualvalue before. If the valuewasa default
before,thenthevaluewill be changedo the new de-
faultv. Otherwisetheold valuehashigherprecedence
overanew givendefaultvalueandhencetheactualold
valuewill remainunchanged.

3. changeAttFixedValue(u, E, v)

PreconditionsTheattributewith nameu in elementt
mustbe of defaulttype#FIXED.

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

We illustratein Figure3 how to usetheseprimitivesto
achieve the changeswve have describedn Sectionl, i.e.,
removal of <editor name= “Won Kim” > from the XML
documentin Figurel. Firstwe useDTD changeprimitive
changeQuantto changethe quantifierof contentparticle <
1,2 > inelemenmona@raphto “?”, i.e.,sub-elemengditor
is optionalin its parentelementmonagraph And thenwe
canuseXML dataprimitivedestoyDataElto safelydestry
the ElemNodespecifiedby an XPath expressionW3C99
which resultsin a new XML documentconformingto the
nen DTD.

changeQuant (nonograph, [1,2], “*?"");

destroyDataEl (‘ “articl e/ rel at ed-wor k/ nonograph[ 1] /editor’’);

Figure 3. Primitives to describe the change

4 Completenesof DTD ChangeOperations

The taxonomy in Section 3 intuitively capturesall
changeseededio manipulatea DTD. In this sectionwe
shaw thatthis setof changesndeedsubsumesvery possi-
ble typeof DTD changgcompletenesesriteria). The proof
given herehasits basison the completenesgroof for the
evolution taxonomyof Orion [BKKK87].

With the DTD graphwe focus primarily on manipula-
tionsof nodesandof thedirectededgedetweemparentand
childrennodes. Towardsthat endwe definesix operations
that correspondo the operationghat we have definedfor
a DTD in Section3, Table1l. We prove that every legal
DTD graphoperationis achiezableusingthis setof six op-
erations. This setof operationsandits basicsemanticgor
theDTD grapharegivenin Table2.

Lemmal For anygivenDTD graphG thereis a finite se-
quenceof {op6} that canreducethe DTD graph Gto an-
otherDTD graphE’ with onlyonerootnode



[ EGM Notation | Operation | Description | TaxonomyEquialent
opl add-attrilnte Addsnew attribute to node 3.2.2.7
op2 delete-attribte Deletesnew attribute from the node(element) 3.2.2.8
op3 remove-node-edge Remawesthe edgefrom the parentto thenode 3.2.2.23.3.25
op4 add-node-edge Addsanedgebetweerthe parentandnode 32213224
op5 create-nonatinode Createsa new node;defaultis no parent 3.21.1
op6 delete-nonatinode Deletesaleafnode 3.2.1.2

Table 2. The DTD Graph Operations.

Proof: It is apparenthatif werepeatediyapplytheoper
ationop6 whichremovesanon-nesteélemennoden, we
canafter a finite numberof applicationsreduceary given
DTD graphGto anew DTD graphG’ which only hasthe
rootnode.

Lemma2 Thee s a finite sequenc®f opemtions{op1,
op4, op5} thatgenemtesanydesiedDTD graphGfrom
a DTD graphwith onlyarootnodeG .

Theproofbasednaconstructioralgorithmthataddsall
nodesn abreadth-firsmannercanbefoundin [Kra01].

Theorem1 Giventwo arbitrary DTD graphsG and G ,
thereis afinitesequenc€ of {opl, op4, op5, op6},
suhthatF(GQ =G .

Proof: We can prove this by first reducingthe DTD
graphG to anintermediateDTD graphGL usingLemmal.
The DTD graphGl canthenbe corvertedto the EGM G
usingLemma2. m|

Theorem2 Giventwo arbitrary DTD graphsG and G
there is a finite sequencef DTD graph opemtionsF sut
thatF(QG =G .

Proof: The set of operations{opl, op4, op5,
op6} is a subsetof the operations{opl, op2, op3,
op4, op5, op6}. Hencethecompletenessf this setof
operationss givenfrom Theoreml.

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 soundnes®f our primitives, it is intuitive
thatthe semanticf the primitivessuchasaddinga node
(op5) produceasoutputavalid graphmodelconformingto
theDTD properties.

Moreover, we have taken careto defineminimal seman-
ticsaswell asa minimal setof primitives,i.e., no primitive
definedin the taxonomysubsumeshe functionality of an-
otherprimitivedefinedn thetaxonomy We donotformally
prove this asthe proof for thisis ratherlaboriousrequiring
proofstepsfor eachdefinedprimitive.

5 Systemimplementation. MARR OW

To verify the feasibility of our approachwe have im-
plementedhe ideaspresentedn this paperin a prototype
system.We have implementedMarrow [Kra01], aworking
framawork for XML manageme#t In Marrow we useEx-
celoninc’s PsePro[Obj93], a lightweightobjectdatabase
systemrepository asthe underlyingpersistenstoragesys-
tem for XML documents.We requirethatthe DTDs with
which the incoming XML documentswill comply are en-
teredfirst into the system PSEPro’s schemaepositoryhas
beenenhancedo not only manageraditional OO schema
but alsoDTD as meta-data. The DTD-OO schemamap-
per generatesn OO schemaaccordingto the DTD meta-
data. Thenwe load the XML documentsnto the just pre-
paredschema.The mappingandloadingdetailsaregiven
in [Kra01]. We implementedill the proposedchangeorim-
itives. Comparisorof the performancef usingthe primi-
tivesto achieve incrementakhangeversusreloadingfrom
scratchcanbefoundin [Kra01].

6 RelatedWork

MostobjectdatabassystemgODB) [Tec94 Obj93 to-
dayhave build-in schemaevolutionfacilitiesfor supporting
there-structuringof the applicationschemaBesideshose
simple pre-definedschemaevolution operations research
has gone further to deal with complex changegBré9q.
They stringtogethersereral primitivesto form higherlevel
yet still specific changetransformations. Finally, SERF
[CJIR98]is an extensibleschemaavolution framework that
allows complex userdefinedschematransformationsn a
flexible yet securdashion.

Since XML data has an inherent nature of being
“loosely” structuredsomeprojectseithertotally ignorethe
schemaof XML dataor just considerit implicatedby the
actualstoragestructureand henceto be a “second-class”
citizen. They thereforedo not dealwith schemaevolution
issues.DOEM [CAW9Y] is further proposedasa modelto

1The preliminary Marrov system- ReWeb [RCCt00] has been
demonstratedt ACM SIGMOD 2000.



representhangesn semi-structurediatavia 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 annotatediatastructure.

More recently tools areemeging to map XML datato
traditionaldatabaseasdatastoragalevices.Oracles XML
SQL Utility (XSU) [Net0O(d andIBM’s DB2 XML Exten-
der [IBMOOQ] are well-known commercialrelational prod-
uctsextendedwith XML support.They mainly provide two
methodg¢o manageXML data. Thefirst optionis to store
XML dataasa blob while the secondoptionis to decom-
poseXML datato relationalinstancesHowever, if thereis
ary updateto the external XML data,for the first storage
option,they needto reloadthe data,andfor the secondop-
tion, they have to first figure out andthenmake the change
ontherelationalschemdevel. In otherwords,theevolution
of thedatainsideor outsideof the databasareindependent
from eachothet Hencethe changepropagationfrom an
externalXML documento its internalrelationalstorageor
schematicstructureis not supported.In a relatedeffort at
WPI, we have developedthe Clock systemZMLRO1] that
synchronizegnternalrelationalstoragewith external XML
documents.

XSLT [Gro] is alanguagedesignedor transformingn-
dividual XML documentslt doesnotrequireary DTD and
userscanspecifyarbitrary XML datatransformatiorrules.
Henceno schemaconstraintsareenforcedon the dataor on
thetransformationLexus(XML UpdateLanguage}inf00]
isadeclaratve languageroposedy anopensourcegroup,
Infozone,to updatestoreddocuments However, its primi-
tivesalsoonly work on the documentevel without taking
DTD into account.Soboth XSLT andLexus cannotsene
in the scenariovherestructures required.

7 Conclusion

In this paper we presenthe first of its kind - a taxon-
omy of XML evolution operations. Theseprimitives as-
surethe consisteng of XML documentshothwhenDTD
changesremadeand XML documentdiave to conformto
thechangesandalsowhenindividual XML documentsre
changedo ensurethat the changeddocumentsstill corre-
spondto thespecifiedTD. We haveimplementecin XEM
prototypesystem.The performancenalysiscanbe found
in [Kra01].
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