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Abstract

The W3C XML Schema recommendationde�nes the structure and data types for
XML documents, but lacks explicit support for time-varying XML documents or for
a time-varying schema. In previous work we introduced � XSchema which is an in-
frastructure and suite of tools to support the creation and validation of time-varying
documents, without requiring any changesto XML Schema.In this paper we extend
� XSchemato support versioningof the schemaitself. We introducethe conceptof a
bundle, which is an XML document that referencesa base(non-temporal) schema,
temporal annotations describinghow the document can change,and physical anno-
tations describingwhere timestamps are placed.When the schema is versioned,the
base schema and temporal and physical schemas can themselves be time-varying
documents, each with their own (possibly versioned)schemas.We describe how the
validator can be extended to validate documents in this seemingprecarious situa-
tion of data that changesover time, while its schema and even its representation
are also changing.
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1 In tro duction

Much of the power of a databasemanagement systemstemsfrom the presence
of a schemathat describes the structure of the database.When the data is
versioned,a schema helps even more, becauseit expressesthe commonality
among the di�erent versions,as well as indicating which parts of the data
can change,and how. The schema is the solid ground upon which the data
structures stand. But when the schema itself is versioned,there is no solid
ground. How schema versioning is supported makes the di�erence betweena

uid motion betweenversionsand 
oundering in quicksand.

An increasingamount of data is being published in XML. The W3C XML
Schemarecommendationde�nes the structure and data typesfor XML docu-
ments [15]. XML Schema lacks explicit support for time-varying XML docu-
ments. Wepreviouslyproposeda data modelandarchitecture, called� XSchema[9],
for creating a temporal schema from a baseschema, a temporal annotation,
and a physical annotation. The annotations specify which portion(s) of an
XML document canvary over time, how the document canchange,and where
timestamps should be placed.The advantage of using annotations to denote
the time-varying aspects is that logical and physical data independencefor
temporal schemascanbe achieved while remainingfully compatiblewith both
existing XML Schemadocuments and the XML Schemarecommendation.

In this paper weextend� XSchemato alsosupport schemaversioning. In doing
so,we leverageboth conventional XML Schemaand related tools (principally,
validator parsers),as well as � Valid ator for data versioning.

In a dynamic environment, as organizational contexts and user requirements
change,it is natural to seeconsequent changesin application schemas.Schema
designersoften edit their schemas,re�ning and adding element and attribute
types.As an example,the Botanic Garden and Botanical Museumin Berlin-
Dahlem(BGBM 6 ) maintains a repository of XML Schemas7 related to index
terms, keywords, biodiversity data about specimensand observations, meta-
level data about collections,organizations,and networks, and variouswrapper
and con�guration �les. Most of theseXML schemashavehad multiple versions
over the last two to three years. The BioCASE Collection Pro�le 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 evolution of its schemahas reached version4.09 .

6 http://www.bgbm.org
7 http://www.bgbm.org/biod ivin f/s chema/de fau lt.a sp
8 http://www.pharmgkb.org/
9 http://www.pharmgkb.org/ schema/hist ory. html
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One challengeis that in this potential quicksand, anything can change,and
thus must be versioned:the snapshotdocuments, the baseschema, the tem-
poral annotations, the physical annotations, the schema documents included
by thesedocuments, even the schemasof theseschemacomponents. And, be-
causethe physical annotationscanchange,the concreterepresentation within
a temporal XML document can vary. How can one even de�ne validation in
such a 
uid environment?

2 Approac h

There areseveral key ideasto our solution. First, a temporal bundle (or simply,
a bundle) serves the analogouspurpose of an XML Schema document for
a static document. So we have a single point of referencefor the schema
of a temporal document. Of course,the bundle may itself contain versions
within it. That meansthat the temporal documents it referencesmust also
have associated bundlesastheir schemas.The bundle is all the userneedsfor
describing the temporal document, just as the conventional XML Schema is
all the userneedsfor describingan XML document.

Second,aswith quicksand,asyou venture outward, eventually you reach solid
ground. So eventually you reach a bundle containing no versions,or elseyou
reach a static XML Schemadocument.

The third key idea, which we call schema-constant periods, �rst appearedin
a paper by one of the authors on temporal aggregation[21]. It is possible,
even with versionedschemashaving themselves versionedschemas,to iden-
tify contiguous periods of time when there are no schemachanges,anywhere.
Now, during such schema-constant periods the data may be (and probably is)
versioned,but at least you have a �xed baseschemaand �xed temporal anno-
tations, each of which hasa �xed schema.And sincethe physical annotations
are �xed, the representation is also �xed, so it is possibleto read and inter-
pret the temporal document during that schema-constant period, and even to
validate that portion of the document. (This is just the situation discussedin
our previouspapers,of a singleschemaand versionsof the data.) Soa general
temporal document can be viewed as a sequenceof data-varying documents,
each over a singleschema-constant period. Sincewe can validate within each
schema-constant period, given the approaches elaborated on earlier, all we
have to do is validate acrossschemachanges.

The �nal key idea �rst appearedin the original presentation of � XSchema[9]:
the representational schema (a) is derivable solely from information in the
bundle, (b) can be designedto enable someof the temporal integrity con-
straints to be checked by a conventional validator, and (c) can be computed
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and cached within � Valid ator , completelyunbeknown to the user.

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

In the remainderof this paper,weintroducethe architecture through a running
example,then describe how the validator can be extendedto validate docu-
ments in this seeminglyprecarioussituation of data that changesover time,
while its schemaand even its representation are alsochanging over time.

All timesmentioned in this paper arefrom the transactiontime dimension[20],
though � XSchemaalsosupports valid time for data versioning.While schema
versioninghasbeenconsideredin the context of valid time [8], doing sois quite
complex and in our opinion not worth this complexity. Thus in � XSchema
schemasvary and are versionedonly over transaction time.

We also note that the emphasishere is on capturing a time-varying schema
and validating documents against such a schema. Our approach applies to
unmanaged environments, whereeach schema is originally in a separatedoc-
ument paired with one or more data documents at particular points of time.
We alsosupport managed environments, wherea schemaeditor would be used
to maintain the schema(s), which the schema changescaptured in a tempo-
ral document. How the schema changesare made, or what kinds of schema
evolution operations are provided, are beyond the scope of this paper.

3 Example and Arc hitecture

The PharmGKB XML schema was designedconventionally, without an ar-
chitecture that supports schema versioning. As new releasesof this schema
were developed (on May 12, 2004 Version 4.0 was released),all XML doc-
uments that were instancesof this schema were rendered invalid, with the
maintainers responsible for updating their XML documents. The architec-
ture proposedhereretains past data and past schemas,while always allowing
the current data and schema to be extracted, for tools that are not schema-
versioningaware. While our architecture doesnot limit the kinds of changes
a designercan make to a schema, typically as a schema is edited, each new
versionwill add to or re�ne an existing versionrather than entirely replaceit.

Prior to Version 3.2, the <ExperimentClass> element of PharmGKB con-
tained nested<sampleSet> elements (cf. Figure 1). In Version 3.2, this was
replacedwith a <sampleSetXref> element (cf. Figure 2), that just mentioned
the unique identi�er of the sampleset,which wasmoved to the top of the doc-
ument, with a pharmgkbId attribute. (The AccessionObjectClass includes
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an attribute pharmgkbId to specify this unique identi�er, not shown here.) In
Version 4.0 an <ExperimentClass> can now cross-referencemore than one
<sampleSet> (cf. Figure 3: note unboundedfor maxOccurs). Additionally ,
though not shown in the �gure, a <sampleSet> is now a set of <sample>s
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> element in version 3.1

Now let's examine how this could have been done using � XSchema. (Our
emphasisin this paper is on how to validate a time-varying document against
a time-varying schema.Hence,we only describe � 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 � XSchema.This �gure is central to our
approach, so we describe it in detail and illustrate it with the PharmGKB
schema. We note that although the architecture has many components, only
thosecomponents which are shadedin the �gure are speci�c to an individual
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<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> element in version 3.2

time-varying document and needto be supplied by a user.We alsonote that
to this point, the schemas(boxes 4, 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 baseschemais root.xsd . It xsd:import s andxsd:include s other
schemassuch as\ http://www.pharmgkb.org/ schema/sequence.xs d", which it-
self xsd:include s experiment.xsd . The designerannotatesthe baseschema
with temporal annotations (box 6). The temporal annotations together with
the baseschemaform the logical schema. The temporal annotations specify a
variety of characteristicssuch as whether an element or attribute varies over
valid time or transaction time, whether its lifetime is described as a continu-
ous state or a singleevent, whether the element itself may appear at certain
times (and not at others), and whether its content changes.Elements that are
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<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> element in version 4.0

not described as time-varying are static and must have the samecontent and
existenceacrossevery XML document in box 8.

The schema for the temporal annotations document is given by TXSchema
(box 2), which in turn utilizes temporal valuesde�ned in a short XML Schema
TVSchema included in the TXSchema. (Due to spacelimitations, we won't
describe in detail theseannotations|more detail canbe found elsewhere[9]|
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 representation options
chosenby the user. Physical annotations may also be nested, inheriting the
speci�ed attributes from their parent; thesevaluescan be overridden in the
child element. Physical annotations play two important roles. They help to
de�ne where in the document tree the physical timestamps will be placed
(versioninglevel). The location of timestampsis largely independent of which
components vary over time. Timestampscanbe locatedeither on time-varying
components (as speci�ed by the temporal annotations) or somewhereabove
such components. Two documents with the samelogical information will look
very di�erent if we change the location of their physical timestamps. The
physical annotations also de�ne the kind of timestamp (for both valid time
and transaction time). Changingan aspect of even onetimestamp can make a
big di�erence in the representation. The schemafor the physical annotations
document is PXSchema(box 3).

� XSchemasuppliesa default setof physicalannotations.(Again, spacelimita-
tions do not allow us to describe theseannotations in detail, for moresee[9].)
Weemphasizethat our focusis on capturing relevant aspectsof physical repre-
sentations, not on the speci�c representations themselves,the designof which
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is itself challenging. Also, since the temporal and physical annotations are
orthogonal and serve two separategoals,we chooseto maintain them inde-
pendently. A usercan changewherethe timestampsare located, independent
of specifying the temporal characteristics of a particular element. In the fu-
ture, when software environments for managing changesto XML �les over
time are available, the user could specify temporal and physical annotations
for an element together (by annotating a particular element to be temporal
and alsospecifying that a timestamp should be located at that element), but
thesewould remain two distinct aspects from a conceptualstandpoint.

9. Temporal Data
10. Representational

Schema

5. Temporal Bundle

4. Base Schema

3. PXSchema

0. XML Schema

8. Non-Temporal Data

2. TXSchema

6. Temporal Annotation 7. Physical Annotation

Legend of Arrows

Input/Output References Namespace

SCHEMA
MAPPER

SQUASH

1. TBSchema

Fig. 4. Architecture

The baseschema, temporal annotations, and physical annotations, which are
all XML documents, are referencedby a temporal bundle. An examplebundle
for PharmGKB is shown in Figure 6. The <format> element provides infor-
mation about how timestampsareformatted; hereweuseXML Schemadates,
but other formatsarepossible,e.g.,SQLdatetimes.A <bundleSequence>con-
tains a sequenceof <schemaAnnotation> elements, each referencinga snap-
shot (base)schema, a temporal annotation, and a physical annotation. Note
that any of thesethree documents referencedby a <schemaAnnotation>ele-
ment can include other schemas.For example,a baseschema,root.xsd , can
includea genesequenceschema,sequence.xsd, which itself includesa schema
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for experiment data, experiment.xsd .

At this point we can contend with time-varying data. Box 8 of the archi-
tecture shows a sequenceof non-temporal documents, each an instanceof the
PharmGKB schema(root.xsd ). The temporal XML document (box 9) is es-
sentially a timestamped representation of this sequenceof 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 documents can be Squash ed into a temporal document (box
9, which is the representational document rep.xml ), with its XML schema
shown as box 10, generatedby SchemaMapper from information in the
temporal bundle. The schemaof the temporal document is its associated rep-
resentational schema(an XML Schemadocument). The tools are described in
greater detail elsewhere[9].

The de�ning schemaof the temporal document (box 9) is the temporal bundle
(bundle.xml ). However, the conventional XML validator doesnot understand
time-varying documents nor their schema,sowehavedeveloped � 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 document to check the temporal document
against the representational schema. That schema is generatedinternally by
the SchemaMapper , then handed to the conventional validator. However,
there are limitations of XML Schema in checking temporal constraints. For
example, a regular XML Schema validating parser has no way of checking
something as basic as \the time boundaries of a parent element must en-
compassthoseof its child." Thesetemporal checks are implemented during a
secondanalysisby the time-varying data checker, operating over the temporal
document.

� Valid ator , by checking the temporal data, e�ectively checks the non-temporal
constraints speci�ed by the baseschemasimultaneouslyon all the instancesof
the non-temporal data (box 8), as well as the constraints betweensnapshots,
which cannot be expressedin a conventional schema. To reiterate, using the
conventional approach, the user would start with the daunting task of man-
ually generatinga representational schema (box 10); our proposedapproach
is to have the user add two sets of annotations to a baseschema, with the
representational schemaautomatically generated.

4 Supp orting Versioned Schemas

We now generalizethe architecture to also support versionedschemas. As
noted previously, the PharmGKB schemahasundergonea seriesof changes.

9



Document
Messages

Bundle Schema

Temporal 

Representational

Conventional
Validator

Error

Checker
Data

Time-Varying

SCHEMA
MAPPER

Fig. 5. Validating a Document with Time-Varying Data

This implies that box 4 is actually a sequence of baseschemas,three of which
areexcerptedin Figures1{3. Not only do thesebaseschemaschangeover time,
but the schemas included by them (e.g., sequence.xsd, experiment.xsd )
can vary over time. Similarly, the temporal annotations (box 6) and those
annotations included 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>element
in the bundle. To each such element is addeda <tTime> element that speci�es
whenthat annotation element becameapplicable.Soour PharmGKB schema
would have many annotation elements, with version3.1 becomingapplicable
on April 25, 2003,version 3.2 on May 21, 2003,and version 4.0 on May 12,
2004.

The schema annotation elements referenceindividual baseschemas.One ap-
proach is to have a di�erent document (�le) for each version,similar to what
is shown in box 8. So we might have �les named root.4.25.03.xsd , etc.,
or perhapsroot.3.1.xsd . etc. Each of these�les would referencesubsidiary
schemas,such as sequence.v3.1.xml.xsd or experiment.4.25.03.xsd . As
one can imagine, this becomesrather cumbersome.The problem with this
approach is that whenever a subsidiaryschemachanges,a new versionis pro-
duced,with its own URI, which requiresthe referencingschemadocument to
be changed.So a new version of experiment.xsd requiresa new version of
sequence.xsd, which requiresa new versionof root.xsd .

While this approach is allowed, � XSchemaalsopermits temporal schemas, in
place of multiple versionsof conventional schemas.Consider the sequenceof
root schemas: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 document, tv snapshot.xml which is then referencedby multiple
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<?xml version="1.0" encoding="UTF-8"?>
<temporalBundle

xmlns="http://www.cs.ari zona.ed u/ta u/ta uXSchema/TBSchema"
xmlns:tv="http://www.cs. ariz ona.edu /tau /ta uXSchema/TVSchema"
xmlns:xsi="http://www.w3 .org /20 01/XMLSchema-in stan ce"
xsi:schemaLocation="http ://w ww.cs.a rizo na. edu/ tau/ tau XSchema/TBSchema">
<format plugin="XMLSchema" granularity="date"/>

<bundleSequence defaultTemporalAnnotation= "def aul tTA. xml"
defaultPhysicalAnnotation= "def aul tPA. xml" >

<schemaAnnotation
snapshotSchema="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

schemaannotation elements. Similarly, we useSquash to generatetemporal
schemasfor sequence.xsd and experiment.xsd .

This rather involved state of a�airs, with time-varying documents and time-
varying schemas,is illustrated with a T Diagram in Figure 7. In this nota-
tion, �rst described 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 document,
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 representational schema, rep.xsd ). The name of these
diagramswasto the best of our knowledgegiven by McKeeman,Horning, and
Wortman in their classiccompiler book [17].

We extend thesediagramsto allow multiple inputs, which unfortunately com-
plicates them somewhat.As shown in Figure 7, Squash takesboth a bundle
and a sequenceof snapshotdocuments and producesa temporal document,
and Unsquash does just the opposite (this is illustrated for the temporal
annotations,which are Squash ed into a singletv temp anno.xml document,
then Unsquash ed back into their constituent 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 baseschema and one of the physical annotations; the bundle also refer-
encesseveral temporal annotation documents. Note that the baseschemafor
the baseschema (!) is XSchemabundle.xml , which has as its baseschema
XMLSchema.xsd.
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Fig. 8. Validating a Document with a Time-Varying Schema

5 Validating Against a Time-V arying Schema

To validate a time-varying document associated with a time-varying schema,
� Valid ator applies the conventional validator to the document, using the
representational schemaproducedby SchemaMapper (seeFigure 8). It then
determinesthe times when the schemachanges,thus determining the periods
when the schema is constant, termed the schema-constant periods. Thesepe-
riods will be non-overlapping and continuous;betweenthe periods are schema
changewalls. For each such period, the time-varying data checker is invoked
to check the temporal integrity constraints over the time-varying data, with
the singlebaseschema, temporal annotation, and physical annotation.

During this process,� Valid ator treats each URI it encounters asthe speci�-
cation of a temporal timeslice operation to selectthe appropriate version.The
timeslice is as of the time of the document or context that contains the URI.
For example, consider the excerpt in Figure 9. root.xsd is a time-varying
document, containing several schema versions.In this context, � Valid ator
will utilize the temporal context of \Ma y 21, 2003" to extract a single ver-
sion of the root schema. To do so, it calls Unsquash , passing it (a) the
bundle, (b) the temporal document, and (c) a timestamp. It passesthe same
information for all the schemasincluded by that schema, such as sequence
and ExperimentClass. The underlying semantics ensuresthat at any point in
time, there is a singlebaseschema,a singletemporal annotation, and a single
physical annotation.

Of course,onecan carry this further. Becausethe baseschemais versioned,it
is associated with a temporal bundle which could itself have multiple schema
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<schemaAnnotation
snapshotSchema="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 elements. � Valid ator recursively callsUnsquash sothat at any
point in time, there is a singleschemain e�ect.

Let's examinehow � Valid ator depicted in Figure 8 could handle the ver-
sionedschemafor PharmGKB . Recallthat prior to Version3.2,the <ExperimentClass>
element of PharmGKB contained nested <sampleSet> elements (cf. Fig-
ure 1). In Version 3.2, this was replacedwith a <sampleSetXref> element
(cf. Figure 2), that just mentioned the unique identi�er of the sample set,
which was moved to the top of the document, with a pharmgkbId attribute.

This change is 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> element to a new sampleset.xsd subschema document and
changing root.xsd to also include the new samplesetsubschema. We could
write a very short experimentBundle.xml , then useSquash to createa tem-
poral experiment.xml schema,and do the samefor the root schema.

What do wedo with an actual XML document (such as3.1.xml , version3.1of
PharmGKB ), whoseschemais the original root schema(root.3.1.xsd )? We
takeeach instanceof the <sampleSet>element out of its enclosing<ExperimentClass>
element and move it up to beneaththe root of the document (the <pharmgkb>
element), replacing it with a <sampleSetXref> element. Then we take the
two documents, the �rst using the old schema(3.1.xml ) and the secondthe
updated document (3.2.xml ) and Squash them into a temporal document
(rep.xml ). (Even better, we could use a temporally-aware XML editor to
make thesechangesto the document. Such an editor would output the tem-
poral document. This is the managed environment mentioned earlier.)

What would the representational schema look like for this temporal docu-
ment? We could seethat schema directly by running SchemaMapper on
our bundle. A portion of the temporal document is shown in Figure 10. Note
that every change of the baseschema (which is what occurred here) or in
the physical annotation results in a new <tv version i> element within the
time-varying root (with thesenamesbeing generatedby SchemaMapper ).
The conventional validator can thus check to ensurethat prior to the schema
changeon May 25, <ExperimentClass> elements contained an <sampleSet>
element, and afterward, an <sampleSetXref> element. (Squash will ensure
that the appropriate <version> is usedin the generatedtemporal document;
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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 document (rep.xml )

� Valid ator will alsocheck this.)

Continuing with the example,in Version4.0 an <ExperimentClass> can now
cross-referencemore than one<sampleSet>(cf. Figure 3: note unboundedfor
maxOccurs). Additionally , a <sampleSet> is now a set of <sample> instead
of a set of <subject> . The latter changecan be checked by the conventional
validator becausesuch sub-elements would themselves be enclosedin a new
<tv version 3> element. The former change, however, possibly cannot be
checked by the conventional validator.

A temporal constraint is termedassequenced with respect to a similar snapshot
constraint in the schemadocument, if the semantics of the temporal constraint
can be expressedas the semantics of the snapshotconstraint applied at each
point in time [19]. Given a snapshotXML Schema constraint, we can de�ne
the corresponding temporal semantics in � XSchema in terms of a sequenced
constraint. In the earlier schema,with a maxOccursof 1, the temporal seman-
tics of this integrity constraint is the sequencedconstraint, \ at everypoint in
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time, there can be a maximum of onesuch element." However, depending on
the physicalannotations,it may be that the <sampleSet>element is itself ver-
sioned,which implies that an <ExperimentClass> element could have several
<sampleSet> elements, each resident at non-overlapping periods, so that at
any onetime, there wouldn't bemorethan one.In this case,this integrity con-
straint would needto be checked separatelyby the time-varying data checker
component in � Valid ator , which knows the temporal extent of the integrity
constraint (from the bundle), and thus could check for a maximum of oneonly
beforeVersion4.0went into e�ect. In somecases,the representational schema
canbe designedsuch that many sequencedconstraints canbe checked directly
by the conventional validator.

� Valid ator is a direct replacement for the conventional validator. If it is pro-
vided with a conventional schema and a conventional XML document (such
as root.1.0.xsd and 1.0.xml ), it simply invokesthe conventional validator.
The Unsquash tool is similarly con�gured. If it is given a temporal doc-
ument (e.g., rep.xml ) that referencesa temporal bundle (versionedor not;
here,bundle.xml ), it will producea conventional XML document by taking a
timeslice at now (4.0.xml ); this conventional document will referencea con-
ventional XML Schema(root.4.0.xsd ), formedby slicing the bundle at now.
If Unsquash is given a static XML document, it simply returns that docu-
ment. HenceUnsquash can be invoked beforeany conventional XML tools.
In this way, temporal upward compatibility [2] is ensured.

This arrangement works very well. However, there are four remaining aspects
that do not show up with time-varying data, but rather are unique to ver-
sionedschemas:(1) an evolving de�nition of keys, (2) accommodating gaps
in lifetimes, (3) the semantics of mixed data and schema changeswithin a
singletransaction, and (4) checking non-sequencedconstraints acrossschema
changes.We examineeach in turn.

6 Accommo dating Evolving Keys

When documents vary over time, it is important to identify which elements in
successive snapshotsare in actuality the sameitem, An item is an element that
exists in oneor moresnapshots.Each changeto an item createsa newversion
of that item. Werefer to the processof associating elements that persistacross
various snapshotsas gluing the elements. So the elements are glued to create
an item. Squash must do this gluing; the time-varying data checker within
� Valid ator must alsoon occasionglue elements.

Determining which elements should be glued into an item depends on two
factors: the type of the element, and the item identi�er for that element's
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type. Elsewherewe describe in detail how item identi�ers are speci�ed and
how the gluing is accomplished[11].

When a schema-change wall is encountered, items acrossthe wall need to
be associated. This processis called cross-wall gluing, or bridging. Figure 11
depicts the conceptsof gluing and bridging.

Gluing
  two

Versions Versions
  two

Gluing

  Item A

  Wall

Bridging

v1

v2

v3
v1

v2

v3

Item A1 Item A2

Fig. 11. Gluing and Bridging

In this �gure, individual elements in individual versionsof an XML document
aredepictedassmall circlesin the center of the �gure. Hereweseesix elements,
threeof which aredeterminedto beversionsof the sameitem (A1) and threeof
which are determinedto be versionsof another item (A2). The wall indicates
that the schema was changed between the third and fourth version of the
document.

Gluing usesthe item identi�er to associate the �rst three elements with an
item and likewise the secondthree elements. Bridging determines that the
element that is version3 of item A1 and the element that is version1 of item
A2 are actually versionsof the same item, item A. So in fact item A has
six versions,the three elements before the schema change (indicated in the
�gure as the wall) and the three elements after the schema change. Gluing
and bridging occur in di�erent stageswithin the validator; both conspireto
realizean item acrossschemachanges,which is the �rst step in checking the
temporal constraints associated with that item's de�nition in the schema.

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

What if either the snapshotkey (speci�ed in the baseschema) upon which
an item identi�er is de�ned, or if the item identi�er itself (speci�ed in the
temporal annotation) changes?This is a particularly insidious kind of quick-
sand. Even worse is when the underlying element type of an item changes.
For example, in Version 3.3 of PharmGKB schema, the <assay> element
wasreplacedwith <sequencingAssay>and <genotypingAssay> elements. An
item that was a particular <assay> element before the schema changecould
be associated with a particular <sequencingAssay>element in the snapshot
document associated with the latter schema.

Our solution is to put in the <schemaAnnotation> element, which signalsa
changein someaspect of the schema,an <itemIdentifierCorresponde nce>
element, specifying how old item identi�ers are to be mapped to new item
identi�ers. This element hasfour attributes: oldRef , a string naming an item
that appears in the old schema, newRef, a string naming an item that ap-
pears in the new schema, mappingType, an XML Schema enumeration, and
optionally a mappingLocation, which is a URI. Wehavede�ned four mapping
types.

(1) useNew: The new identi�er must alsobe present in the old element.
(2) useOld: The old identi�er must alsobe present in the new element.
(3) useBoth: An attribute's nameis changed,but its value isn't.
(4) replace : Usean externally-de�ned mapping.

This is best described with an example.Say that in March the item identi�er
is the assayNumberattribute of the <assay> element. 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 mapping type of useOld. Finally, in July we replacethe
<assay>element with a <genotypingAssay> element, with a genoIDattribute
as the item identi�er and a mapping type of replace .

The gluing of elements into items is then donethe following way. BeforeMay,
the assayNumberis usedfor gluing. When the schemachangeoccurssometime
in May, we glueacrossthe schemachangeby matching the assayNumbervalue
of the element before the schema change with the assayID value after the
change:these(integer) valuesmust match for the two elements to be glued.
In May, we glue acrossthe schema changeby matching up old elements and
new elements that have the same(string) value for their nameattribute, the
new item identi�er. The only di�erence is that beforethe schemachange,that
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attribute (name) was present but wasn't being usedas a key. In a consistent
fashion,in June we alsoglue using the nameattribute, which wasthe old item
identi�er.

July is the most complex. We need to glue an assay element with an item
identi�er of assayKeywith a genotypingAssay element with an item identi�er
of genoID. For this, the MappingLocation attribute in the bundle points to
a mapping table that provides a list of pairs, each with an assayKey and a
genoID value.

This list of pairs is termed a replace 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 schema,are inappropriate.

Of course,the mappinglocation document canalsobetime-varying; � Valid ator
extracts the relevant timeslice with Unsquash . We will seeshortly how this
is useful in the presenceof gaps.

7 Accommo dating Gaps

Bridging is more involved when there are gaps in the lifetime of an item.
Gapsmake the processof �nding the correspondencebetweenthe items from
consecutive schema-constant periods more di�cult. If there are gaps in the
lifetime of an item, bridging becomeseven more complex.

Figure 12 shows three casesthat may arise while bridging the items from
consecutive schema-constant periods. It shows the data and schema changes
along the transaction-time dimension,from left to right. The schema-change
walls areshown asbold vertical lines.The horizontal linesdepictsthe evolution
of a particular item (in this case,three separateitems). The bridging process
is shown by the jumpers over schema changewalls. A dotted line indicates
when the item did not exist in the database.The �rst item existedduring the
entire transaction time period depicted in this �gure. There is a single gap
in the existencetime of the seconditem: it ceasedto exist sometimeduring
P1 but reappearedin P2. The third item had a much longer gap, reappearing
only in P3.

We now now examineeach item in turn.

1. The item A (the �rst horizontal line) is present throughout schema-constant
periods P1 and P2. Thus the last snapshotof P1 and the �rst snapshotof
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Transaction Time

B

C

A

Fig. 12. CrossWall Gluing

P2 contains versionsof item A. Here, no extra work is neededas the items
can be bridged directly using oneof the above four methods.

2. The item B (the secondhorizontal line) disappeared for sometime in P1

and reappearedabout halfway through in P2. Thus the last snapshotof P1

and �rst snapshotof P2 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 P2 as if it were present during the last snapshot;
and virtually extending its �rst version'speriod until the start of P3; and
then performing the bridging using one of the above four methods. Each
virtual extensionis depicted as a dashedline with an arrow indicating the
direction the extensionwasmade.In an implementation, this could be done
by simply checking item's last versionfrom P1 and �rst versionfrom P2.

3. An item could alsodisappear for oneor more schema-constant periods and
then reappear again. Item C (the bottom horizontal line) was present for
initial part of P1. It then disappearedover entire period P2 and again ap-
peared in the later half of P3. For such cases,bridging involves virtually
extending the period of the item C's last version from P1 over multiple
schema-constant periods followed by bridging using oneof above methods.
So P1's version is extendedto the wall, then bridged to a virtual element
over all of P2, then bridged to the extendedelement in P3.

Figure 13 illustrates the most complexsituation of cross-gapgluing over mul-
tiple schema-constant periods. Documents in the top right part of the �gure
show the temporal bundle documents corresponding to schema-changewalls
in March, May and July respectively. The two time lines correspond to an
<assay> item. The top time line is that contained in the March document;
the bottom one is that contained in the July document. The replace and
useNewmethods areusedfor item correspondencesin July and September, re-
spectively. The item identi�er during this period is the attribute `assayKey' of
<assay>. In July we replacethe <assay>element with a <genotypingAssay>
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element, with a genoID attribute as the item identi�er and a mapping type
of replace . In September the item identi�er is changed back to the name
attribute, with a mapping type of useNew.

The item is present during the initial part of schema-constant period P1, but
is removed sometimeduring June, as indicated by a terminated line in the
middle of P1. A schema changetakesplace in July. Sincethis item is absent
during P2, no item correspondenceis necessaryin the replacemapping list.

Transaction Time

P 1

P 1 P 2 P 3
Replace Use New

Replace

July

July

March

March

assayNumber
Item Identifier is

Item Identifier is Item Identifier is

genoID assayID

assayNumber genoID

Item Identifier is Item Identifier is

Time Varying
Temporal Bundle
Document

July
September

March

September December

Fig. 13. Cross-GapGluing

A secondschema-changetakesplacein the month of September. An <genotypingAssay>
element that is in fact a versionof the old <assay>element present in January
reappears sometimein November. At this point the user wants to associate
this new element with the old one from P1 since both represent the same
assay. In order to perform this association, the user will need to add a pair
of identi�ers to the old replacemapping list for the month of July to han-
dle this virtually extendedelement. Multiple versionsof the replacemapping
list could alsobe maintained asa temporal document; the temporal validator
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would then extract the relevant snapshotfrom it.

8 Transaction Semantics

A data changein XML documents can co-exist with schema changeswithin
a single transaction, and hencecan occur at exactly the same(transaction
commit) time. With schema changescoming into picture, we also need to
considerother factors like nameand relative path changesfor item identi�er
�elds and other elements that constitute the content of an item, complicating
the processof bridging and hencevalidation.

We consideredthree ways to handle this situation.

1. Disallow all data change in any transaction containing a schema change.
This is the most stringent option and makes the user's job more di�cult,
forcing her to split the task into multiple transactions. This may not be
always feasiblefrom real world point of view. Consider a situation where
an element is modi�ed to have a new `required attribute', data change is
mandatory in this caseand hencecannot be separatedfrom schemachange.
It could be argued that 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 schema changesto coexist with data changes,except for schema
changesto item identi�er �elds. This will eliminate the need to 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 schema changeswithin a transaction
without any restrictions.

We decidedto go with the third approach, as it is the most general.In doing
so a re�ned transaction management semantics was needed.Speci�cally, we
considerany data changein the �rst snapshotof a schema-constant period to
havetakenplaceafter any schemachangeswithin that sametransaction.Thus,
even if the the timestamps for the schema changeand the data changeare
identical (as both changesoccurred in the sametransaction), an assumption
is madethat the data changetook placefollowing the schemachange.

9 Non-Sequenced Constrain ts

A constraint is non-sequenced if it is applied to a temporal item as a whole
(including the lifetime of the data entit y) rather than to individual time slices.
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Non-sequencedconstraints are de�ned in the temporal annotation as an ex-
tensionof snapshotXML Schemaconstraints. An exampleof a non-sequenced
(cardinality) constraint is: \An item cannot changemorethan three times in a
year." This type of constraint cannot be validated using the conventional val-
idator and thusneedsto bevalidated usingthe `Temporal Constraint Checker'
module of � Valid ator .

As mentioned in Section2, schemasvary only over transaction time. Hence,
non-sequencedconstraint validation is easierin valid time, asschemachanges
cannot occur.

We consideredtwo alternatives for the applicability of a non-sequencedcon-
straint acrossschemachanges.

(1) The constraint is applicable only within the schema-constant period in
which it is de�ned.

(2) The constraint oncede�ned becomesapplicable to the entire document.

As per the �rst approach, any violation of a constraint during previousschema-
constant-periods is ignored,while in the secondapproach, the constraint may
be violated even when �rst de�ned.

Considera situation shown in Figure 14. It maintains the sameconventions
as Figure 12. Changesto an item are shown by X's. A new non-sequenced
constraint is introducedduring third schema-constant period P3 stating that
\An item cannot changemore than three times in a year." But the item has
already undergonefour changesduring previous schema-constant periods P1

and P2.

According to �rst alternative listed above, the constraint is not violated as
long as the item doesnot changemore than three times in the third schema-
constant period. Until there are four changesmadeafter the schema change,
the constraint is not consideredto be violated.

Accordingto the secondalternativesemantics, there is immediately a violation
of the constraint, due to activit y during the previous two schema-constant
periods. This situation could be handled in at least two possibleways.

(1) Flag an error and do not perform any further validations.
(2) Flag a warning saying that the item has violated the constraint over

previousschema-constant-periods. No further changeswould be allowed.

We decidedon the secondalternative in both cases:to apply a non-sequenced
constraint to all previousschema-constant periods, as it is a more generalap-
proach. If such a situation is encountered, the validator would show a warning
and would not allow any further changesto that item. Userscan�nd out about

23



Constraint
"No more than
3 changes in a year"
introduced

Constraint
dropped

P 1 P 2 P 3

Transaction Time

January March May August

Fig. 14. Non-SequencedConstraints

the reasonsfor the violation using somequery language(e.g., XQuery) over
the previousversionsof data. The �rst approach can be simulated by restrict-
ing the applicability period of the constraint to a particular schema-constant
period.

9.1 Summary

This completesthe picture. For each schema-constant period, the time-varying
data checker is invoked to check the temporal integrity constraints over the
time-varying data, with the single base schema, temporal annotation, and
physical annotation. Then the temporal constraint checker glues acrossthe
schema change walls and performs the temporal checks acrossthese walls.
For example,if a temporal annotation statesthat there can be at most three
such valueswithin a year (a rather complexkind of temporal constraint), the
temporal constraint checker 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 constraints, it su�ces to just check inde-
pendently beforeand after the wall. Only for certain kinds of non-sequenced
constraints [19] doesthe temporal constraint checker get involved.
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The pseudo-codeis shown in Figure 15.Here,variablesarein italics and helper
functions are in boldface.The timeV aryingDataChec ker returns items en-
countered in each constant period p. These items are bridged by the tem-
poralConstrain tChec ker to coalesceinto items that crossschema change
walls.

� Validator ( temporalDocument )
temporalSchema extractSc hema ( temporalDocument )
repSchema schemaMapp er ( temporalSchema)
Validator ( temporalDocument, repSchema)
schemaConstantPeriods  extractSCP ( temporalDocument )
items  ;
for each p 2 schemaConstantPeriods do

items  items [ timeV aryingDataChec ker (
timeSlice ( temporalDocument , p),
timeSlice ( temporalSchema, p) )

temp oralConstrain tChec ker ( temporalDocument, temporalSchema, schemaConstantPeriods, items )

Fig. 15. Pseudo-code for � Validator

10 Related Work

Methods to represent temporal data and documents on the web have beenac-
tively researched.This research hascovereda wide rangeof issuesthat include
architectures for collecting document versions(cf. [10,16]),data modeling of
time-varying data (cf. [1]), strategiesfor storing versions(cf. [6]), studies on
the frequencyof data change(cf. [7]), and temporal query languages(cf. [13]).
Grandi hascreateda bibliography of previouswork in this area [14].

There our only two previouspaperson validation of time-varying XML docu-
ments: our paper that introduced� XSchemabut did not discussschemaver-
sioning[9] and our paper that introducedcross-schema-changevalidation [12].
The present work extendsthe latter paper by discussinghow to accommodate
gapsin the existencetime of an item, transaction semantics, and how to ac-
commodate non-sequencedintegrity constraints and augments the discussion
with additional �gures and pseudocode.

Schema versioning has been previously researched in the context of tempo-
ral databases[18]. But an XML schema is a grammar speci�cation, unlike a
(relational) databaseschema, so new techniques are required. Though vari-
ous XML schema languageshave beenproposedin the literature and in the
commercialarena (cf. [15]) for a summary), none model schema changesnor
provide for versioning.Wechoseto baseour research on XML Schemabecause
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it is backed by the W3C and is the most widely-usedschema language.

Recently there has been interest in the incremental validation of XML doc-
uments [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 schema
during incremental validation is an open areaof research. We do not address
incremental validation in this paper.

11 Conclusion

This paper shows how schema versioningcan be integrated with support for
time-varying documents in a fashionconsistent and upwardly-compatiblewith
XML, XML Schema,and conventional XML validators. Schemaversioningin
its full generality is supported, including (time-varying) schemasthat include
or referenceother (time-varying) schemas.Bundles are useduniformly to de-
note the schemaof a temporal document; SchemaMapper is usedto generate
a representational schemawhen needed.

By identifying when schemachangesoccur, the schema-constant periods can
be identi�ed. Such periods have the very useful property that there is an
unchangingschema(comprisedof a singlebaseschema,a singletemporal an-
notation document, and a singlephysical annotation). The dancebetweenthe
conventional validator, the time-varying data checker, and the temporal con-
straint checker ensuresthat most of the checking is doneby the conventional
validator, with most of the remaining checking doneby the time-varying data
checker.

In the future, we plan to integrate � XSchema with a schema-aware XML-
basededitor like XMLSpy. Schema-aware editors generateeasy-to-usetem-
plates for updating each type of element de�ned in a schema. 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-
ment. By specifying how the evaluation of an XUpdate statement on an XML
Schema document modi�es a bundle, we should be able to support schema
versioningin XUpdate.
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