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Abstract

The W3C XML Sdemarecommendationde nes the structure and data typesfor
XML documerts, but lacks explicit support for time-varying XML documerts or for
a time-varying schema. In previous work we introduced XSchema which is an in-
frastructure and suite of toolsto support the creation and validation of time-varying
documerts, without requiring any changesto XML Scema.In this paper we extend

XSchemato support versioning of the schemaitself. We intro duce the conceptof a
bundle, which is an XML documert that referencesa base(non-temporal) schema,
temporal annotations describing how the documert can change,and physical anno-
tations describingwheretimestamps are placed. When the schemais versioned,the
base sthema and temporal and physical schemas can themsehes be time-varying
documerts, eadh with their own (possibly versioned)schemas.We describe how the
validator can be extendedto validate documerts in this seemingprecarious situa-
tion of data that changesover time, while its schema and ewven its represetiation
are also changing.
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1 Intro duction

Much of the power of a databasemanagemenh systemstemsfrom the presence
of a schemathat descrikesthe structure of the database.When the data is

versioned,a sdhema helps even more, becauseit expresseshe commonality

among the di erent versions,as well as indicating which parts of the data

can change,and how. The sthemais the solid ground upon which the data

structures stand. But when the sthema itself is versioned,there is no solid

ground. How schema versioningis supported makesthe di erence betweena

uid motion betweenversionsand oundering in quicksand.

An increasingamourt of data is being published in XML. The W3C XML
Sthemarecommendationde nes the structure and data typesfor XML docu-
merts [15]. XML Sdemalacks explicit support for time-varying XML docu-
merts. We previously proposeda data model and architecture, called XSchemal9],
for creating a temporal schhemafrom a basesthema, a temporal annotation,
and a physical annotation. The annotations specify which portion(s) of an
XML documert canvary over time, how the documert canchange,and where
timestamps should be placed. The advantage of using annotationsto denote
the time-varying aspects is that logical and physical data independencefor
temporal schemascan be achieved while remaining fully compatiblewith both
existing XML Sdemadocumerts and the XML Sdemarecommendation.

In this paperwe extend XSchemato alsosupport schemaversioning In doing
so,we leverageboth corvertional XML Sdemaand related tools (principally,
validator parsers),aswell as Valid ator for data versioning.

In a dynamic ervironmert, as organizational contexts and user requiremens
change,it is natural to seeconsequenchangesn application sihemas.Sthema
designersoften edit their schemas,re ning and adding elemen and attribute
types.As an example,the Botanic Garden and Botanical Museumin Berlin-
Dahlem (BGBM ©) maintains a repository of XML Scemas’ relatedto index
terms, keywords, biodiversity data about specimensand obsenations, meta-
level data about collections,organizations,and networks, and various wrapper
and con guration les. Most of theseXML sdemashave had multiple versions
over the last two to three years. The BioCASE Collection Prole is up to
version 1.24;the Accessto Biological Collection Data is up to version 2.06.
The PharmacogeneticsKnowledge Base (PharmGKB 8) \contains genomic,
phenotype and clinical information collected from ongoing pharmacogenetic
studies.” The ewlution of its shemahasreaded version4.0°.

6 http://www.bgbm.org

’ http://www.bgbm.org/biod ivin f/s chena/default.a sp
8 http://www.pharmgkb.org/

9 http://www.pharmgkb.org/  schemahist ory. html



One challengeis that in this potential quicksand, anything can change,and
thus must be versioned:the snapshotdocumerts, the basesdiema, the tem-
poral annotations, the physical annotations, the sthema documerts included
by thesedocumerts, even the shemasof thesesdhiemacomponerts. And, be-
causethe physical annotations can change,the concreterepresetation within
a temporal XML documert can vary. How can one even de ne validation in
sud a uid ervironmert?

2 Approac h

There are se\eral key ideasto our solution. First, atemporal bunde (or simply,
a bundle) senes the analogouspurpose of an XML Sdema documen for
a static document. So we have a single point of referencefor the sthema
of a temporal documert. Of course,the bundle may itself contain versions
within it. That meansthat the temporal documerts it referencesmust also
have asseiated bundlesastheir sthemas.The bundle is all the userneedsfor
describingthe temporal documen, just asthe cornvertional XML Sdemais
all the userneedsfor describingan XML documer.

Secondaswith quicksand,asyou verture outward, evertually you read solid
ground. So ewertually you read a bundle cortaining no versions,or elseyou
read a static XML Sdemadocumert.

The third key idea, which we call schema-onstant periods, rst appearedin
a paper by one of the authors on temporal aggregation[21]. It is possible,
ewven with versionedsdhemashaving themselhes versionedstemas,to iden-
tify cortiguous periods of time when there are no schema changes,anywhee.
Now, during sud schema-constah periods the data may be (and probably is)
versioned,but at leastyou have a xed basesthemaand xed temporal anno-
tations, ead of which hasa xed sthema.And sincethe physical annotations
are xed, the represetation is also xed, soit is possibleto read and inter-
pret the temporal documert during that sdhema-constah period, and evento
validate that portion of the documert. (This is just the situation discussedn
our previouspapers,of a singlesthemaand versionsof the data.) Soa general
temporal documen can be viewed as a sequenceof data-varying documerts,
ead over a single shema-constah period. Sincewe can validate within eadh
schema-constah period, given the approades elaborated on earlier, all we
have to do is validate acrosssdema changes.

The nal keyidea rst appearedin the original presemation of XSdema[9]:
the represemational sthema (a) is derivable solely from information in the
bundle, (b) can be designedto enable some of the temporal integrity con-
straints to be cheded by a convertional validator, and (c) can be computed



and caded within  Valid ator , completely unbeknown to the user.

Of course,there are lots of interesting alleys and excursionsduring this trip,
but thesefour key ideascapture most of the approad.

In the remainderof this paper, we intro ducethe architecture through arunning
example,then descrilke how the validator can be extendedto validate docu-
merts in this seeminglyprecarioussituation of data that changesover time,
while its shemaand even its represetation are also changing over time.

All times mertioned in this paper arefrom the transactiontime dimension[20],
though XSdemaalsosupports valid time for data versioning.While schema
versioninghasbeenconsideredn the context of valid time [8], doing sois quite
complex and in our opinion not worth this complexity. Thus in XScema
shemasvary and are versionedonly over transaction time.

We also note that the emphasishere is on capturing a time-varying schema
and validating documerns against sudy a schema. Our approad applies to
unmanage environmens, where eah sthemais originally in a separatedoc-
umert paired with one or more data documerts at particular points of time.
We alsosupport managel ervironmerts, wherea schemaeditor would be used
to maintain the sthema(s), which the sthema changescaptured in a tempo-
ral documen. How the schema changesare made, or what kinds of schema
ewlution operations are provided, are beyond the scope of this paper.

3 Example and Arc hitecture

The PharmGKB XML stemawas designedcorvertionally, without an ar-
chitecture that supports sthema versioning. As new releasesof this sthema
were deweloped (on May 12, 2004 Version 4.0 was released),all XML doc-
umerts that were instancesof this sdhema were renderedinvalid, with the
maintainers responsible for updating their XML documeris. The architec-
ture proposedhereretains past data and past sdhemas,while always allowing
the current data and sthemato be extracted, for tools that are not schema-
versioning aware. While our architecture doesnot limit the kinds of changes
a designercan make to a shema, typically as a shemais edited, ead new
versionwill add to or re ne an existing versionrather than ertirely replaceit.

Prior to Version 3.2, the <ExperimentClass> elemen of PharmGKB con-
tained nested <sampleSet>elemeits (cf. Figure 1). In Version 3.2, this was
replacedwith a <sampleSetXref> elemen (cf. Figure 2), that just mertioned
the uniqueidenti er of the sampleset, which wasmovedto the top of the doc-
umert, with a pharmgkbld attribute. (The AccessionObjectClass includes



an attribute pharmgkbldto specify this unique identi er, not shavn here.)In
Version 4.0 an <ExperimentClass> can now cross-referencenore than one
<sampleSet> (cf. Figure 3: note unboundedfor maxOccur¥. Additionally,
though not shawvn in the gure, a <sampleSet>is now a set of <samples
instead of a set of <subject> s (logically!).

<xsc.complexType name="ExperimentClass">
<xsd:complexContent>
<xsd:extension base="AccessionObjectClas s">
<xsd:sequence>
<xsd:element name="name"
type="NonEmptyTokenType"
minOccurs="0" maxOccurs="1" />

<xsd:element name="sampleSet"
minOccurs="0" maxOccurs="1" />
<xsd:complexType>
<xsd:complexContent>
<xsd:extension
base="AccessionObjectCla ss">
<xsd:sequence>
<xsd:element name="name"
type="NonEmptyTokenType"
minOccurs="0" maxOccurs="1"/>

</xsd:sequence>
</xsd:extension>
</xsd:complexContent>
</xsd:complexType>
</xsd:element>

</xsd:sequence>
</xsd:extension>
</xsd:complexContent>
</xsd:complexType>

Fig. 1. <ExperimentClass> elemern in version 3.1

Now let's examine how this could have been done using XSdema. (Our

emphasisin this paper is on how to validate a time-varying documert against
a time-varying sthema.Hence,we only descrite  XSchemato the point where
we can explain validation. For more discussionof XSchema per se, please
consult prior papers[9,11].)

Figure 4 illustrates the architecture of XSdchema.This gure is certral to our
approad, sowe descrike it in detail and illustrate it with the PharmGKB

sthema. We note that although the architecture has many componerts, only
those componerts which are shadedin the gure are speci ¢ to an individual



<xsc.complexType name="ExperimentClass">
<xsd:complexContent>
<xsd:extension base="AccessionObjectClas s">
<xsd:sequence>
<xsd:element name="name"
type="NonEmptyTokenType"
minOccurs="0" maxOccurs="1" />

<xsd:element name="sampleSetXref"
type="XrefClass"
minOccurs="0" maxOccurs="1" />

</xsd:sequence>
</xsd:extension>
</xsd:complexContent>
</xsd:complexType>

<xsd:element name="sampleSet" />
<xsd:complexType>
<xsd:complexContent>
<xsd:extension base="AccessionObjectClas s">
<xsd:sequence>
<xsd:element name="name"
type="NonEmptyTokenType"
minOccurs="0" maxOccurs="1" />

</xsd:sequence>
</xsd:extension>
</xsd:complexContent>
</xsd:complexType>
</xsd:element>

Fig. 2. <ExperimentClass> elemen in version 3.2

time-varying documert and needto be supplied by a user. We also note that
to this point, the sthemas(boxes4, 5, 6, and 7) are static. We'll later relax
this assumption.

The designer starts with the base schema (box 4). In the caseof Phar-

MGKB the baseshemaisroot.xsd . It xsd:import sandxsd:include sother
schemassud as\ http://www.pharmgkb.org/ schemasksequence.xs d", which it-
selfxsd:include s experiment.xsd . The designerannotatesthe basestema
with temporal annotations (box 6). The temporal annotations together with
the basesthemaform the logical schema The temporal annotations specify a
variety of characteristics su aswhether an elemen or attribute varies over
valid time or transaction time, whether its lifetime is described as a cortinu-
ous state or a single evert, whether the elemen itself may appear at certain
times (and not at others), and whetherits cortent changes.Elemeris that are



<xsc:complexType name="ExperimentClass">
<xsd:complexContent>
<xsd:extension
base="AccessionObjectClass ">
<xsd:sequence>

<xsd:element name="sampleSetXref"
type="XrefClass"
minOccurs="0" maxOccurs="unbounded"/>

</xsd:sequence>
</xsd:extension>
</xsd:complexContent>
</xsd:complexType>

Fig. 3. <ExperimentClass> elemern in version4.0

not describted astime-varying are static and must have the sameconent and
existenceacrossevery XML documert in box 8.

The schemafor the temporal annotations documen is given by TXSchema
(box 2), which in turn utilizes temporal valuesde ned in a short XML Sdema
TVSchema included in the TXSchema. (Due to spacelimitations, we won't
descrike in detail theseannotations|more detail canbe found elsewherg9]|
but it should be clear what aspectsare speci ed there.)

The next designstep is to create the physical annotations (box 7). In gen-
eral, the physical annotations specify the timestamp represetation options
chosenby the user. Physical annotations may also be nested,inheriting the
speci ed attributes from their parert; thesevaluescan be overridden in the
child elemen. Physical annotations play two important roles. They help to
de ne where in the documert tree the physical timestamps will be placed
(versioninglevel). The location of timestampsis largely independen of which
componerts vary over time. Timestampscanbe locatedeither on time-varying
componerts (as speci ed by the temporal annotations) or somewhereabove
sud componerts. Two documerts with the samelogical information will look
very dierent if we change the location of their physical timestamps. The
physical annotations also de ne the kind of timestamp (for both valid time
and transactiontime). Changingan aspect of even onetimestamp can make a
big di erence in the represetation. The sthemafor the physical annotations
documert is PXSchema(box 3).

XSdemasuppliesa default set of physical annotations. (Again, spacelimita-
tions do not allow us to descrike theseannotationsin detail, for more see[9].)
We emphasizdhat our focusis on capturing relevant aspectsof physicalrepre-
senations, not on the speci ¢ represetations themseles,the designof which



is itself challenging. Also, since the temporal and physical annotations are
orthogonal and sene two separategoals, we chooseto maintain them inde-
pendenly. A usercan changewherethe timestampsare located, independen
of specifying the temporal characteristics of a particular elemen. In the fu-
ture, when software ervironments for managing changesto XML les over
time are available, the user could specify temporal and physical annotations
for an elemen together (by annotating a particular elemen to be temporal
and also specifying that a timestamp should be located at that elemen), but
thesewould remain two distinct aspectsfrom a conceptualstandpoint.

T > 0. XML Schema

1. TBSchema 2. TXSchema 3. PXSchema

4. Base Schema A A A

5. Temporal Bundle [ -~~~ _

6. Temporal Annotatior 7. Physical Annotation

SCHEMA
MAPPER
Y

8. Non-Temporal Data .
10. Representational
> 9. Temporal Data  --»|
\ Schema
\

Legend of Arrows

e > e >

Input/Output References Namespace

Fig. 4. Architecture

The basesdema, temporal annotations, and physical annotations, which are
all XML documerts, are referencedby a temporal bunde. An examplebundle
for PharmGKB is shown in Figure 6. The <format> elemen providesinfor-
mation about how timestampsare formatted; herewe useXML Sdemadates,
but other formats are possible e.g.,SQL datetimes.A <bundleSequence>on-
tains a sequenceof <schemaAnnotation> elemerts, eat referencinga snap-
shot (base) schema, a temporal annotation, and a physical annotation. Note
that any of thesethree documerns referencedby a <schemaAnnotation> ele-
mert can include other schemas.For example,a basesthema, root.xsd , can
include a genesequencesdema,sequence.xsd, which itself includesa schema



for experimert data, experiment.xsd .

At this point we can cortend with time-varying data. Box 8 of the archi-
tecture shows a sequenceof non-temporal documerts, ead an instanceof the
PharmGKB sdiema(root.xsd ). The temporal XML documert (box 9) is es-
sertially atimestamped represetation of this sequencef non-temporal XML
data les (box 8). The timestamps are basedon the characteristics de ned
in the temporal and physical annotations (boxes 6 and 7). The sequenceof
non-temporal documerts can be Squashed into a temporal documert (box
9, which is the represemational documert rep.xml), with its XML schema
shovn as box 10, generatedby SchemaMapper from information in the
temporal bundle. The sdhemaof the temporal documert is its assaiated rep-
reserational sdhema(an XML Sdemadocumert). The tools are descriked in
greater detail elsewherg?9].

The de ning sthemaof the temporal documert (box 9) is the temporal bundle
(bundle.xml ). Howeer, the cornvertional XML validator doesnot understand
time-varying documerts nor their shhema,sowe have developed Valid ator ,
a stand-in for the regular validator (seeFigure 5). Within Valid ator , val-
idation is divided into two separateanalyses.In one analysis, the conven-
tional validator is applied to the documern to ched the temporal documert
against the represetational schema. That sdhemais generatedinternally by
the SchemaMapper , then handedto the corvertional validator. Howe\er,
there are limitations of XML Sdemain chedking temporal constrairts. For
example, a regular XML Sdema validating parser has no way of chedking
something as basic as \the time boundaries of a parert elememn must en-
compassthoseof its child." Thesetemporal chedks are implemerted during a
secondanalysisby the time-varying data cheder, operating over the temporal
documert.

Valid ator , by cheding the temporal data, e ectiv ely chedks the non-temporal
constrairts speci ed by the basesthemasimultaneouslyon all the instancesof
the non-temporal data (box 8), aswell asthe constrairts betweensnapshots,
which cannot be expressedn a corventional sdhema. To reiterate, using the
convertional approad, the userwould start with the daurnting task of man-
ually generatinga represetational sthema (box 10); our proposedapproad
is to have the user add two sets of annotations to a basesdiema, with the
represemational shemaautomatically generated.

4 Supporting Versioned Schemas

We now generalizethe architecture to also support versionedshemas. As
noted previously the PharmGKB sdemahasundergonea seriesof changes.
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Fig. 5. Validating a Documert with Time-Varying Data

This implies that box 4 is actually a sequene of baseschemas,three of which
areexcerptedin Figures1{3. Not only do thesebaseschemaschangeover time,
but the schemasincluded by them (e.g., sequence.xsd, experiment.xsd )
can vary over time. Similarly, the temporal annotations (box 6) and those
annotationsincluded by them and the physical annotations (box 7) and those
annotations included by them all can vary over time, resulting in multiple
versions.

This versioningis handledby timestamping the <schemaAnnotation>elemern
in the bundle. To ead sud elemen is addeda <tTime> elemem that speci es
whenthat annotation elememn becameapplicable.Soour PharmGKB sdiema
would have many annotation elemers, with version 3.1 becomingapplicable
on April 25, 2003, version 3.2 on May 21, 2003,and version4.0 on May 12,
2004.

The sdhema annotation elemerts referenceindividual basesdemas.One ap-
proad is to have a di erent documert (le) for ead version,similar to what
is shavn in box 8. Sowe might have les namedroot.4.25.03.xsd , etc.,
or perhapsroot.3.1.xsd . etc. Each of these les would referencesubsidiary
sthemas,sud as sequence.v3.1.xml.xsd or experiment.4.25.03.xsd . As
one can imagine, this becomesrather cumbersome.The problem with this
approad is that whenewer a subsidiary schemachanges,a new versionis pro-
duced,with its own URI, which requiresthe referencingscthemadocumert to
be changed.So a new version of experiment.xsd requiresa new version of
sequence.xsd, which requiresa new versionof root.xsd .

While this approad is allowed, XSdhemaalso permits temporal schemasin
place of multiple versionsof convertional sthemas.Considerthe sequenceof
root sthemas:root.1.0.xsd , root.2.0.xsd , ... We write a simple tempo-
ral bundle for theseand invoke the Squash utilit y, which producesa single
temporal documert, tv _snapshot.xml which is then referencedby multiple

10



<?xml version="1.0" encoding="UTF-8"?>
<temporalBundle
xmins="http://www.cs.ari zona.ed u/ta u/ta uXEhena/TBSchema”
xmins:tv="http://www.cs. ariz ona.edu/tau /ta uXStemdTVSchema"
xmins:xsi="http://www.w3 .org /20 01/ XMLSbena-in stan ce"
xsi:schemalocation="http  ://w wwcs.a rizo na.edu/tau/ tau XSctema/TBhena">
<format plugin="XMLSchema" granularity="date"/>
<bundleSequence defaultTemporalAnnotation= "def aul tTA. xml"
defaultPhysicalAnnotation=  "def aul tPA. xml" >
<schemaAnnotation
shapshotSchema="root.xs d"
temporalAnnotation="tem p_anno.xml"
physicalAnnotation="phy _anno.x ml">
</schemaAnnotation>
</bundleSequence>
</temporalBundle>

Fig. 6. A Temporal Bundle for PharmGKB : bundle.xml

sthemaannotation elemeits. Similarly, we use Squash to generatetemporal
sthemasfor sequence.xsd and experiment.xsd .

This rather involved state of a airs, with time-varying documerts and time-
varying schemas,is illustrated with a T Diagram in Figure 7. In this nota-
tion, rst descriked over forty yearsago[4], the input of a translator is given
on the left arm of the \T" (for example, for SchemaMapper in the up-
per right-hand-side of the gure, the input is the logical schema documert,
bundle.xml ), the nameof the translator is given at the baseof the \T" (here,
\SchemaMapper"), and the output of the translator is given on the right arm
of the \T" (here, a represetational sdiema, rep.xsd ). The name of these
diagramswasto the bestof our knowledgegiven by McKeeman,Horning, and
Wortman in their classiccompiler book [17].

We extend thesediagramsto allow multiple inputs, which unfortunately com-
plicatesthem somewhat.As shovn in Figure 7, Squash takesboth a bundle
and a sequenceof snapshotdocumeris and producesa temporal documen,
and Unsquash does just the opposite (this is illustrated for the temporal
annotations, which are Squash ed into a singletv _temp_.anno.xml documert,
then Unsquash ed bad into their constituert time slices).

In this gure we show a bundle (bundle.xml, right in the middle of the g-
ure, with the arrows pointing left) referencingtwo temporal schemas,one of
the basesdema and one of the physical annotations; the bundle also refer-
encesse\eral temporal annotation documerts. Note that the basestemafor
the basesdema (!) is XSchemaundle.xml, which has as its base schema
XMLSchema.xsd

11
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Fig. 8. Validating a Documert with a Time-Varying Sdhema

5 Validating Against a Time-V arying Schema

To validate a time-varying documert assaiated with a time-varying schema,

Valid ator appliesthe corvertional validator to the documert, using the
represemational sthhemaproducedby SchemaMapper (seeFigure 8). It then
determinesthe times when the sdhemachanges,thus determining the periods
whenthe schemais constan, termed the schema-onstant periods. Thesepe-
riodswill be non-overlapping and cortinuous; betweenthe periods are sthema
changewalls. For ead sud period, the time-varying data cheder is invoked
to ched the temporal integrity constrairts over the time-varying data, with
the single basestema, temporal annotation, and physical annotation.

During this process, Valid ator treats ead URI it encourters asthe speci -
cation of a temporal timeslice operation to selectthe appropriate version.The
timesliceis as of the time of the documert or context that cortains the URI.
For example, considerthe excerptin Figure 9. root.xsd is a time-varying
documert, cortaining seweral sthemaversions.In this cortext, Valid ator
will utilize the temporal context of \May 21, 2003" to extract a single ver-
sion of the root stema. To do so, it calls Unsquash , passingit (a) the
bundle, (b) the temporal documert, and (c) a timestamp. It passeghe same
information for all the schemasincluded by that sdiema, sud as sequence
and ExperimentClass. The underlying semarics ensureghat at any point in
time, there is a singlebasesdhema, a singletemporal annotation, and a single
physical annotation.

Of course,onecan carry this further. Becausethe baseshemais versioned,it
is assaiated with a temporal bundle which could itself have multiple sthema

13



<schemaAnnotation
shapshotSchema="root.xsd "
temporalAnnotation="temp _anno.x ml"
physicalAnnotation="phy_ anno.xml">
<tTime>May 21, 2003</tTime>
</schemaAnnotation>

Fig. 9. An excerpt from the time-varying Temporal Bundle for PharmGKB

annotation elemens. Valid ator recursiwely callsUnsquash sothat at any
point in time, there is a singlesdemain e ect.

Let's examinehow Valid ator depictedin Figure 8 could handle the ver-
sionedsdhemafor PharmGKB . Recallthat prior to Version3.2,the <ExperimentClass>
elemen of PharmGKB cortained nested <sampleSet> elemetts (cf. Fig-

ure 1). In Version 3.2, this was replacedwith a <sampleSetXref> elemen

(cf. Figure 2), that just mertioned the unique iderti er of the sample set,

which was moved to the top of the documen, with a pharmgkbld attribute.

This changeis re ected in two versions of experiment.xsd , one for ver-
sion 3.1 and one for version 3.2, as well as moving the de nition of the
<sampleSet> elemem to a new sampleset.xsd substiema documert and
changing root.xsd to alsoinclude the new samplesetsubstiema. We could
write a very short experimentBundle.xml , then useSquash to createa tem-
poral experiment.xml sdema, and do the samefor the root shema.

What dowe do with anactual XML documert (sud as3.1.xml , version3.1of
PharmGKB ), whosesdhemais the original root shhema(root.3.1.xsd )? We

take ead instanceof the <sampleSet>eleme out of its enclosing<ExperimentClass>
elemen and move it up to beneaththe root of the documert (the <pharmgkb>
elemen), replacing it with a <sampleSetXref> elemen. Then we take the

two documernts, the rst using the old schema(3.1.xml ) and the secondthe
updated documen (3.2.xml ) and Squash them into a temporal documert
(rep.xml). (Even better, we could use a temporally-aware XML editor to

make these changesto the documert. Sud an editor would output the tem-

poral documert. This is the managel environment mentioned earlier.)

What would the represemational sthema look like for this temporal docu-
mernt? We could seethat schema directly by running SchemaMapper on
our bundle. A portion of the temporal documert is shovn in Figure 10. Note
that ewery change of the base schema (which is what occurred here) or in

the physical annotation resultsin a new <tv _version _i> elemen within the
time-varying root (with these namesbeing generatedby SchemaMapper ).

The convertional validator canthus ched to ensurethat prior to the schema
changeon May 25, <ExperimentClass> elemelts cortained an <sampleSet>
elemen, and afterward, an <sampleSetXref> elemen. (Squash will ensure
that the appropriate <version> is usedin the generatedtemporal documen;
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<?xml version="0.1" encoding-"UTF-8"?>
<time-varying-root bundle="bundle.xml" ...>
<tv_version_1>
<tTime>May 1, 2004</tTime>
<pharmGKB>

<ExperimentClass>
<sampleSet> ... </sampleSet>

</ExperimentClass>
</pharmGKB>
</tv_version_1>
<tv_version_2>
<tTime>May 29, 2004</tTime>
<pharmGKB>

<ExperimentClass>
<sampleSetXref>...</samp leSetXre f>

</ExperimentClass>
<sampleSet>

</sampleSet>
</pharmGKB>
</tv_version_2>
</time-varying-root>

Fig. 10. A portion of a temporal documert (rep.xml )

Valid ator will alsoched this.)

Continuing with the example,in Version4.0 an <ExperimentClass> can now
cross-referencenore than one<sampleSet>(cf. Figure 3: note unboundedfor
maxOccur$. Additionally, a <sampleSet>is now a set of <sample>instead
of a set of <subject>. The latter changecan be cheded by the cornvertional
validator becausesut sub-elemets would themseles be enclosedin a new
<tv _version _3> elemen. The former change, howewer, possibly cannot be
chedked by the convertional validator.

A temporal constrairt is termedassejuened with respectto a similar snapshot
constrairt in the shemadocumert, if the semairtics of the temporal constrairt
can be expressedas the semarics of the snapshotconstraint applied at eah
point in time [19]. Given a snapshotXML Sdema constrairt, we can de ne
the correspnding temporal semarics in  XSchemain terms of a sequenced
constrairt. In the earlier shema,with a maxOccursof 1, the temporal seman-
tics of this integrity constrairt is the sequenceaonstrairt, \ at every point in
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time, there can be a maximum of one suc elemen." Howewer, depending on
the physical annotations, it may bethat the <sampleSet>elemen is itself ver-
sioned,which implies that an <ExperimentClass> elemen could have se\eral
<sampleSet>elemerts, eat residert at non-overlapping periods, so that at
any onetime, there wouldn't be morethan one.In this case this integrity con-
straint would needto be cheded separatelyby the time-varying data cheder
componert in  Valid ator , which knows the temporal extert of the integrity
constrairt (from the bundle), and thus could ched for a maximum of oneonly
beforeVersion4.0went into e ect. In somecasesthe represetational shhema
canbe designedsut that many sequencedonstrairts canbe cheded directly
by the cornvertional validator.

Valid ator isadirect replacemen for the convertional validator. If it is pro-
vided with a cornvertional sthemaand a corvertional XML documen (such
asroot.1.0.xsd and 1.0.xml ), it simply invokesthe corvertional validator.
The Unsquash tool is similarly con gured. If it is given a temporal doc-
umen (e.g., rep.xml) that referencesa temporal bundle (versionedor not;
here,bundle.xml ), it will producea corvertional XML documert by taking a
timeslice at now (4.0.xml ); this corvertional documert will referencea con-
vertional XML Schema(root.4.0.xsd ), formed by slicing the bundle at now.
If Unsquash is given a static XML documen, it simply returns that docu-
mert. HenceUnsquash can be invoked beforeany convertional XML tools.
In this way, temporal upward compatibility [2] is ensured.

This arrangemem works very well. Howeer, there are four remaining aspects
that do not shav up with time-varying data, but rather are unique to ver-
sionedsthemas:(1) an ewlving de nition of keys, (2) accommalating gaps
in lifetimes, (3) the semarics of mixed data and schema changeswithin a
singletransaction, and (4) cheking non-sequencedonstrairnts acrosssdiema
changes.We examineead in turn.

6 Accommo dating Evolving Keys

When documerts vary over time, it is important to identify which elemets in

successi® snapshotsarein actuality the sameitem, An item is an elemen that

existsin oneor more snapshots Each changeto anitem createsa new version

of that item. We referto the processof assaiating elemetns that persistacross

various snapshotsas gluing the elemens. Sothe elemens are gluedto create

an item. Squash must do this gluing; the time-varying data chedker within
Valid ator must alsoon occasionglue elemetts.

Determining which elemens should be glued into an item depends on two
factors: the type of the elemen, and the item identier for that elemer's
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type. Elsewherewe descrile in detail how item iderti ers are speci ed and
how the gluing is accomplished11].

When a sdhema-tange wall is encourered, items acrossthe wall needto
be assaiated. This processis called cross-wal gluing, or bridging. Figure 11
depicts the conceptsof gluing and bridging.

Wall
Item Al Item A2

RN Bridging | \

Glumg

Versions Versmns

Item A
Fig. 11. Gluing and Bridging

In this gure, individual elemens in individual versionsof an XML documert
aredepictedassmallcirclesin the certer of the gure. Herewe seesix elemetts,
three of which aredeterminedto be versionsof the sameitem (A1) andthree of
which are determinedto be versionsof another item (A2). The wall indicates
that the sdhema was changed between the third and fourth version of the
documert.

Gluing usesthe item iderti er to assiate the rst three elemeits with an
item and likewisethe secondthree elemens. Bridging determinesthat the
elemen that is version3 of item Al and the elemen that is version1 of item
A2 are actually versionsof the sameitem, item A. Soin fact item A has
six versions,the three elemens before the sthema change (indicated in the
gure asthe wall) and the three elemens after the sthema change. Gluing
and bridging occur in di erent stageswithin the validator; both conspireto
realize an item acrossschemachanges,which is the rst stepin chedking the
temporal constrains assaiated with that item's de nition in the schema.

What is relevant for our purposeshereis that ead item identi er is speci ed
in the temporal annotations. Usually the item identi er is the sameas the
(snapshot) key of the correspnding elemen type [5] as given in the base
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sthema. The identi er is usedby Valid ator to extract the items from the
temporal document and to ched the temporal constraints on thoseitems.

What if either the snapshotkey (speci ed in the basesdema) upon which
an item identi er is de ned, or if the item iderti er itself (specied in the
temporal annotation) changes?This is a particularly insidious kind of quick-
sand. Even worse is when the underlying elemen type of an item changes.
For example,in Version 3.3 of PharmGKB sdiema, the <assay> elemen
wasreplacedwith <sequencingAssay>and <genotypingAssay> elemens. An
item that was a particular <assay>elemei beforethe sdhema changecould
be assaiated with a particular <sequencingAssay>elemer in the snapshot
documert assiated with the latter schema.

Our solution is to put in the <schemaAnnotation>elemen, which signalsa
changein someaspect of the sdhema, an <itemldentifierCorresponde nce>
elemen, specifying how old item identi ers are to be mapped to new item
identi ers. This elemen hasfour attributes: oldRef, a string naming an item
that appearsin the old sthema, newRef a string naming an item that ap-
pearsin the new schema, mappingType an XML Sdema erumeration, and
optionally a mappingLocation, which is a URI. We have de ned four mapping

types.

(1) useNewThe new identi er must alsobe presen in the old elemen.
(2) useOld: The old identi er must alsobe presertt in the new elemer.
(3) useBoth: An attribute's nameis changed,but its valueisn't.

(4) replace : Usean externally-de ned mapping.

This is best described with an example.Say that in March the item iderti er
is the assayNumberattribute of the <assay>elemen. In May, this attribute
is renamedassayID; we specify a mapping type of useBoth. In May, the item
identi er is changedto the nameattribute, with a mapping type of useNew
(This attribute hasbeenaround sinceMarch, but it wasn't usedasa key until
May.) In June we add a new attribute, assayKey, and specify that as the
item identi er, with a mappingtype of useOld. Finally, in July we replacethe
<assay>elemen with a <genotypingAssay> elememn, with a genolD attribute
asthe item iderti er and a mapping type of replace .

The gluing of elemens into items is then donethe following way. Before May,
the assayNumbers usedfor gluing. When the sdhemachangeoccurssometime
in May, we glue acrossthe shemachangeby matching the assayNumbewalue
of the elemen before the sthema changewith the assayID value after the
change:these (integer) valuesmust match for the two elemets to be glued.
In May, we glue acrossthe sdhema changeby matching up old elemens and
new elemetts that have the same(string) value for their nameattribute, the
newitem identi er. The only di erence is that beforethe schemachange,that
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attribute (nam¢ was presen but wasn't being usedas a key. In a consistem
fashion,in June we alsoglue using the nameattribute, which wasthe old item
identi er.

July is the most complex. We needto glue an assay elemen with an item
identi er of assayKeywith a genotypingAssay elemen with anitem identi er

of genolD. For this, the MappingLocation attribute in the bundle points to
a mapping table that provides a list of pairs, eat with an assayKeyand a
genolD value.

This list of pairs is termed a replae@ mapping list. As it is instance-based,
containing as it does a list of key values the replace mapping list should
only be used as a last resort. Its role is to allow bridging for all casesin

which the other three mapping types,which have no needfor storing instance
information in the sdhema, are inappropriate.

Of course the mappinglocation documen canalsobetime-varying; Valid ator
extracts the relevant timeslice with Unsquash . We will seeshortly how this
is usefulin the presenceof gaps.

7 Accommo dating Gaps

Bridging is more involved when there are gapsin the lifetime of an item.
Gapsmake the processof nding the correspndencebetweenthe items from
consecutie sthema-constah periods more di cult. If there are gapsin the
lifetime of an item, bridging becomeseven more complex.

Figure 12 shows three casesthat may arise while bridging the items from

consecutie schema-constan periods. It shavs the data and schema changes
along the transaction-time dimension,from left to right. The sthema-tange
walls are shavn asbold vertical lines. The horizontal linesdepictsthe ewlution

of a particular item (in this case,three separateitems). The bridging process
is showvn by the jumpers over sthema changewalls. A dotted line indicates
whenthe item did not exist in the database.The rst item existedduring the

ertire transaction time period depicted in this gure. There is a single gap
in the existencetime of the seconditem: it ceasedto exist sometimeduring

P, but reappearedin P,. The third item had a much longer gap, reappearing
only in Ps.

We now now examineead item in turn.
1. Theitem A (the rst horizortal line) is presen throughout schema-constan

periods P, and P,. Thus the last snapshotof P, and the rst snapshotof
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Fig. 12. CrossWall Gluing

P, cortains versionsof item A. Here, no extra work is neededas the items
can be bridged directly using one of the above four methods.

. The item B (the secondhorizontal line) disappearedfor sometime in P,
and reappearedabout halfway through in P,. Thus the last snapshotof P,
and rst snapshotof P, will not contain versionsof item B. Bridging these
two items in this caseinvolves virtually extending period of item B's last
version until the end of P, asif it were presen during the last snapshot;
and virtually extendingits rst version'speriod until the start of P3; and
then performing the bridging using one of the above four methods. Ead
virtual extensionis depicted as a dashedline with an arrow indicating the
direction the extensionwas made.In an implemertation, this could be done
by simply cheding item's last versionfrom P; and rst versionfrom P,.

. An item could alsodisappear for one or more schema-constan periods and
then reappear again. Iltem C (the bottom horizortal line) was presen for
initial part of P;. It then disappearedover ertire period P, and again ap-
pearedin the later half of P;. For sud cases,bridging involves virtually
extending the period of the item C's last version from P; over multiple
sthema-constah periods followed by bridging using one of above methods.
So P;'s versionis extendedto the wall, then bridged to a virtual elemen
over all of P,, then bridged to the extendedelemen in Ps.

Figure 13illustrates the most complexsituation of cross-gapgluing over mul-
tiple schema-constan periods. Documerts in the top right part of the gure
show the temporal bundle documerts correspnding to sthema-dange walls
in March, May and July respectively. The two time lines correspnd to an
<assay> item. The top time line is that cortained in the March documen;
the bottom one is that cortained in the July documen. The replace and
useNewnethods are usedfor item correspndencesn July and Septenter, re-
spectively. The item identi er during this period is the attribute "assayKey of
<assay> In July we replacethe <assay>elemen with a <genotypingAssay>
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elemen, with a genolD attribute asthe item iderti er and a mapping type
of replace . In Septenber the item iderti er is changedbadk to the name
attribute, with a mapping type of useNew

The item is presen during the initial part of sthema-constah period P4, but
is removed sometimeduring June, as indicated by a terminated line in the
middle of P,. A sthema changetakesplacein July. Sincethis item is absen
during P, no item correspndenceis necessaryin the replacemapping list.

P1 Replace
Z~ T\
Time Varying
_ Temporal Bundle
Document
March July
Iltem Identifier is Iltem Ildentifier is
assayNumber genolD
Replace Use New
Py P P, Py
VR £~ N\
JL,,,,}///‘\\ ,,,,,,,,, >///‘\\<,,,,,J¥
March July September December
Item Identifier is Item Identifier is Item Identifier is
assayNumber genolD assaylD

Transaction Time

Fig. 13. Cross-GapGluing

A secondsthema-tangetakesplacein the month of Septenber. An <genotypingAssay>
elemen that is in fact a versionof the old <assay>elemen presen in January
reappears sometimein November. At this point the userwants to asseiate
this new elemen with the old one from P; since both represeh the same
assg. In order to perform this assaiation, the user will needto add a pair
of identi ers to the old replace mapping list for the month of July to han-
dle this virtually extendedelemen. Multiple versionsof the replacemapping
list could alsobe maintained as a temporal documert; the temporal validator
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would then extract the relevant snapshotfrom it.

8 Transaction Semantics

A data changein XML documerts can co-existwith sthema changeswithin
a single transaction, and hencecan occur at exactly the same (transaction
commit) time. With sdema changescoming into picture, we also need to
considerother factors like name and relative path changesfor item identi er
elds and other elemetts that constitute the cortent of an item, complicating
the processof bridging and hencevalidation.

We consideredthree ways to handle this situation.

1. Disallow all data changein any transaction cortaining a sdiema change.
This is the most stringent option and makes the user'sjob more di cult,
forcing her to split the task into multiple transactions. This may not be
always feasiblefrom real world point of view. Considera situation where
an elemen is modi ed to have a new ‘required attribute’, data changeis
mandatory in this caseand hencecannot be separatedfrom schemachange.
It could be arguedthat this is achievable with the addition of a new "op-
tional' attribute, followed by required data changesand then making the
attribute required. But the burden of work falls on the user.

2. Allow sdhema changesto coexist with data changes, except for sthema
changesto item idertier elds. This will eliminate the needto have a
replacemapping list sincethe bridging could always be done using one of
the three options ‘useNew ‘useOld, or ‘useBoth'.

3. Allow data changesto coexist with sdhema changeswithin a transaction
without any restrictions.

We decidedto go with the third approad, asit is the most general.In doing
so a re ned transaction managemeh semairtics was needed.Speci cally, we
considerany data changein the rst snapshotof a sthema-constah period to
have taken placeafter any sdhemachangeswithin that sametransaction. Thus,
ewen if the the timestamps for the sdhema change and the data change are
identical (as both changesoccurredin the sametransaction), an assumption
is madethat the data changetook place following the schemachange.

9 Non-Sequenced Constrain ts

A constraint is non-sequene&d if it is applied to a temporal item as a whole
(including the lifetime of the data ertit y) rather than to individual time slices.
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Non-sequencedonstrairts are de ned in the temporal annotation as an ex-
tensionof snapshotXML Sdemaconstrairts. An exampleof a non-sequenced
(cardinality) constrairt is: \An item cannot changemorethan threetimesin a
year." This type of constraint cannot be validated using the cornvertional val-
idator and thus needsto be validated usingthe "Temporal Constraint Cheder'
module of Valid ator .

As mertioned in Section 2, shemasvary only over transaction time. Hence,
non-sequencedonstrairt validation is easierin valid time, as schemachanges
cannot occur.

We consideredtwo alternativesfor the applicability of a non-sequencedon-
straint acrosssdiema changes.

(1) The constrairt is applicable only within the sdhema-constah period in
which it is de ned.
(2) The constraint oncede ned becomesapplicableto the ertire documert.

As perthe rst approad, any violation of a constrairt during previoussdema-
constart-p eriods is ignored, while in the secondapproad, the constrairt may
be violated even when rst de ned.

Considera situation shovn in Figure 14. It maintains the samecorvertions
as Figure 12. Changesto an item are shovn by X's. A new non-sequenced
constrairt is introducedduring third sthema-constah period P; stating that
\An item cannot changemore than three times in a year." But the item has
already undergonefour changesduring previous schema-constan periods P,
and P,.

According to rst alternative listed above, the constrairt is not violated as
long asthe item doesnot changemore than three times in the third sdhema-
constart period. Until there are four changesmade after the sdhema change,
the constrairt is not consideredto be violated.

Accordingto the secondalternative semairtics, there is immediately a violation
of the constrairt, due to activity during the previous two schema-constah
periods. This situation could be handledin at leasttwo possibleways.

(1) Flag an error and do not perform any further validations.
(2) Flag a warning saying that the item has violated the constrairt over
previous sthema-constaip eriods. No further changeswould be allowed.

We decidedon the secondalternative in both casesto apply a non-sequenced
constrairt to all previoussthema-constah periods, asit is a more generalap-
proacd. If sud a situation is encounered, the validator would shov a warning
and would not allow any further changeso that item. Userscan nd out about
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Fig. 14. Non-SequencedConstraints

the reasonsfor the violation using somequery language(e.g., XQuery) over
the previousversionsof data. The rst approad canbe simulated by restrict-
ing the applicability period of the constrairt to a particular schhema-constan
period.

9.1 Summary

This completesthe picture. For ead sthema-constah period, the time-varying
data cheder is invoked to ched the temporal integrity constrairts over the
time-varying data, with the single base sthema, temporal annotation, and
physical annotation. Then the temporal constrairt chedker glues acrossthe
sthema change walls and performs the temporal chedks acrossthese walls.
For example,if a temporal annotation statesthat there can be at most three
sud valueswithin a year (a rather complexkind of temporal constrairt), the
temporal constrairnt cheder will ensurethat the number of unique valuesbe-
fore the wall and the number of unique valuesafter the wall do not together
exceedthree. For most temporal constrairts, it su ces to just chedk inde-
pendenly beforeand after the wall. Only for certain kinds of non-sequened
constrairts [19] doesthe temporal constraint chedker get involved.
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The pseudo-cdeis shovn in Figure 15. Here,variablesarein italics and helper
functions are in boldface.The timeV aryingDataChec Kker returns items en-
courtered in eat constart period p. Theseitems are bridged by the tem-

poralConstrain tChec ker to coalesceanto items that crosssdema change
walls.

Validator ( temporalDocument)

tempralSchema extractSc hema ( temporalDocument)

repSchema schemaMapp er ( temporalSchema)

Validator ( temporalDocument repSchemg

schemaConstantPerids  extractSCP ( temporalDocument)

items

for ead p 2 schemaConstantPerids do

items items[ timeV aryingDataChec Kker (

timeSlice ( temporalDocument, p),
timeSlice ( temporalSchemap) )

temp oralConstrain tChec ker ( temporalDocument temporalSchema schemaConstantPerids,

Fig. 15. Pseudo-cale for Validator

10 Related Work

Methodsto represemh temporal data and documernts on the web have beenac-
tively researbed. This researb hascovereda wide rangeof issueghat include
architectures for collecting documert versions(cf. [10,16]), data modeling of
time-varying data (cf. [1]), strategiesfor storing versions(cf. [6]), studieson
the frequencyof data change(cf. [7]), and temporal query languagedcf. [13]).
Grandi hascreateda bibliography of previouswork in this area[14].

There our only two previous paperson validation of time-varying XML docu-
merts: our paper that introduced XSchemabut did not discusssdhemaver-
sioning[9] and our paper that intro ducedcross-shema-tangevalidation [12].
The presen work extendsthe latter paper by discussinghow to accommalate
gapsin the existencetime of an item, transaction semairtics, and how to ac-
commalate non-sequencedhtegrity constrairts and augmerts the discussion
with additional gures and pseuda@ode.

Sdtema versioning has been previously researbed in the context of tempo-
ral databaseg[18]. But an XML sdemais a grammar speci cation, unlike a
(relational) databasesdema, so new techniques are required. Though vari-
ous XML sdtemalanguageshave beenproposedin the literature and in the
commercialarena(cf. [15]) for a summary), none model schema changesnor
provide for versioning.We choseto baseour researb on XML Sctemabecause
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it is badked by the W3C and is the most widely-usedshemalanguage.

Recerly there has beeninterest in the incremenal validation of XML doc-
umerts [3] using static schemas, which has application in the area of data
streaming. To the best of our knowledge,the e ect of changesto the sthema
during incremeral validation is an open areaof researti. We do not address
incremerntal validation in this paper.

11 Conclusion

This paper shovs how sdhemaversioningcan be integrated with support for

time-varying documerts in a fashionconsistem and upwardly-compatible with

XML, XML Sdema,and corvertional XML validators. Sthemaversioningin

its full generality is supported, including (time-varying) schemasthat include
or referenceother (time-varying) schemas.Bundles are useduniformly to de-
note the shemaof atemporal documen; SchemaMapper isusedto generate
a represemational shhemawhen needed.

By idertifying when sdhema changesoccur, the sdhema-constah periods can
be identi ed. Sud periods have the very useful property that there is an
unchanging shema (comprisedof a single basesthema, a singletemporal an-
notation documert, and a singlephysical annotation). The dancebetweenthe
convertional validator, the time-varying data chedker, and the temporal con-
straint chedker ensuresthat most of the cheding is done by the corvertional
validator, with most of the remaining chedking doneby the time-varying data
cheder.

In the future, we plan to integrate XSchema with a sdhema-avare XML-
basededitor like XMLSpy. Sthema-avare editors generate easy-to-usetem-
plates for updating eat type of elemen de ned in a sthema. But they do
not track changesto either the schema or the data. Enabling versioning for
both will support unlimited undo/redo, improve changetracking, and aid in
cooperative editing. Another direction of future work is to add versioningto
XUpdate. XUpdate is a languagefor specifying changesto an XML docu-
mert. By specifying how the evaluation of an XUpdate statemernt on an XML
Sdcema documernt modi es a bundle, we should be able to support sthema
versioningin XUpdate.

26



12 Acknowledgmen ts

We thank Lingeshwaran Palaniappanand Eric Roederfor their helpin the de-
velopmen of SchemaMapper , Squash, Unsquash ,and Valid ator . NSF
grants 11S-0100436/1S-0415101and EIA-0080123and grants from the Boeing
Corporation, Microsoft, and the Arizona Tednology and Researb Initiativ e
Fund through the University of Arizona Internet Tedinology Commerceand
Designinstitute provided partial support for this work.

References

[1] Amagasa,T., M. Yoshikawa and S. Uemura, \A Data Model for Temporal XML
Documerts," In Database and Expert SystemsApplications, 11th International
Conference, DEXA 2000 pages334{344, London, UK, Septenber 2000.

[2] Bair, J., M. Behlen, C. S. Jensen, and R. T. Snodgrass, \Notions of
Upward Compatibilit y of Temporal Query Languages," Business Informatics
(Wirtschafts Informatik) 39(1):25{34, February, 1997.

[3] Barbosa, D., A. Mendelzon, L. Libkin, L. Mignet,and M. Arenas, \E cien t
Incremertal Validation of XML Documerns.” in ICDE, pp. 671{682,2004.

[4] Bratman, H.,\An Alternate Form of the \UNCOL Diagram",” CACM 4(3):142,
1961.

[5] Buneman, P., S. Davidson, W. Fan, C. Hara, and W. Tan, \Keys for XML,"
Computer Networks 39(5): 473{487, 2002.

[6] Chien, S., V. Tsotras, and C. Zaniolo, \Ecien t sthemes for managing
multiv ersionXML documerts,"” VLDB Journal, 11(4): 332{353.

[7] Cho, J. and H. Garcia-Molina, \Estimating Frequency of Change,” ACM
Transactions on Internet Technolayy, 3(3): 256{290, 2003.

[8] De Castro, C., F. Grandi, and M. R. Scalas, \Schema Versioning for
Multitemp oral Relational Databases," Information Systems 22(5): 249-290,
1997.

[9] Currim, F., S. Currim, C. Dyreson and R. T. Snodgrass, \E ecting Data
Independencefor Temporal XML Sdcemas," in Proceedings of the International
Conferenae on Extending Data Base Technolay, Crete, pp. 348{365, 2004.

[10] Dyreson, C., and H.-L. Lin and Y. Wang, \Managing Versions of Web
Documerts in a Transaction-time Web Sener,” in WWW, New York, NY,
pp. 422{432,2004.

[11] Dyreson, C., R. T. Snadgrass, F. Currim, and S. Currim, \Schema-mediated
Exchange of Temporal XML Data," Tecnical Report, Novermber, 2005.

27



[12] Dyreson, C., R. T. Snodgrass,F. Currim, S. Currim, and S. Joshi. \V alidating
Quicksand: Schema Versioning in  XSchema," in Proceedings of the Third
International Workshopon XML Schemaand Data Management(XSDM 2006),
Atlanta, Georgia, April, 2006.

[13] Gao, D. and R. T. Snodgrass, \T emporal Slicing in the Evaluation of XML
Queries," in VLDB , pp. 632{643, 2003.

[14] Grandi, F., \A Bibliography on Temporal and Evolution Aspectsin the World
Wide Web," TimeCenter TR-75, 2003.

[15] Lee, D. and W. Chu, \Comparativ e Analysis of Six XML StemalLanguages,”
SIGMOD Record 29(3):76{87, Septenber 2000.

[16] Marian, A., S. Abiteboul, G. Cobena and L. Mignet, \Change-Certric
Managemen of Versionsin an XML Warehouse," in VLDB, Roma, Italy,
pp. 581{590, 2001.

[17] McKeeman, W. M., J. J. Horning, and D. B. Wortman, A Compiler
Generator , Prentice-Hall, Englewood Clis, NJ., 1970.

[18] Roddick, J. F., \Schema Evolution in Database Systems|An Annotated
Bibliography,” SIGMOD Record, 21(4), pp. 35{40, 1992.

[19] Snodgrass, R. T., Developing Time-Orien ted Database Applications
in SQL, Morgan Kaufmann Publishers, Inc., San Francisco, CA, July, 1999,
504+xxiv pages.

[20] Snodgrass,R. T. and l. Ahn, \T emporal Databases,"IEEE Computer 19(9):35{
42, Septenber, 1986.

[21] Snadgrass,R. T., S. Gomez and E. McKenzie, \Aggregates in the Temporal
Query Language TQuel," IEEE Transactions on Knowledge and Data
Engineering 5(5):826{842, October, 1993.

28



