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Abstract — The OWL 2 Web Ontology Language allows
defining both schema and instances of ontologiesrf&emantic

Web applications, but lacks explicit support for tme-varying

ontologies. Hence, knowledge engineers or maintairse of

Semantic Web documents have to usad hoc techniques in

order to specify an OWL 2 schema for time-varying mstances
and to cope with its temporal evolution. In this paer, for a

disciplined and systematic approach to the temporal
management of OWL 2 ontologies, we propose the adign of

a framework called Temporal OWL 2 @OWL), inspired by the

Temporal XML Schema XSchema) framework defined for
XML data. Hence, TOWL allows creating a temporal OWL 2

ontology from a conventional (i.e., non-temporal) @/L 2

ontology and a set of logical and physical annotaths. Logical

annotations identify which elements of a Semantic @b

document can vary over time and physical annotatios specify
how the time-varying aspects are represented in théocument.

By using annotations to integrate temporal aspectsn the

traditional Semantic Web, our framework (i) guarantees
logical and physical data independence for temporaschemas
and (ii) provides a low-impact solution since it rquires neither

modifications of existing Semantic Web documents, an

extensions to the OWL 2 recommendation and Semant\/eb

standards. Furthermore, temporal versioning of theschema
itself is supported inTOWL by means of a temporal schema,
which is a document that binds the three componentsf a

TtOWL schema to the temporal versions they belong toln

TOWL, either the conventional schema and the tempota
schema can be versioned, by means of two dedicatesimplete
sets of schema change primitives, which are defineid this

work. We also illustrate their use and show their mpact on

OWL 2 instances through an example.
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Since the second half of the 1980s, a great dealook
has been done in the field of temporal databasg4][H.
Several data models and query languages have been
proposed for the management of time-varying data.
Temporal databases usually adopt one or two time
dimensions to timestamp data: (a) transaction tiwtdch
indicates when an event is recorded in the datalaask(b)
valid time, which represents the time when an event
occurred, occurs or is expected to occur in thewedd. Bi-
temporal data are timestamped by both transadtioa and
valid time dimensions. Snapshot data are traditiai@a,
without time support.

On the other hand, the World Wide Web (WWW or
Web) [6] was shifted from the semi-structured in&trto a
more structured Web called the Semantic Web [7][8e
new generation of Web aims at providing languaged a
tools that specify explicit semantics for data asmhble
knowledge sharing among knowledge-based application
this vision, ontologies [9] are used for definimgdarelating
concepts that describe Web resources, in a formagl Whe
new emerging standard for describing ontologiesciwvhas
been recommended by the W3C since 2009, is OWL 2
[10][11][22]. It allows defining both schema (inrtes of
entities, axioms, and expressions) and instances, (i
individuals) of ontologies; OWL 2 ontologies arerstd as
Semantic Web documents.

Due to the dynamic nature of the Web, ontologies th
are used on the Web (like other Web applicationpmments
such as Web databases, Web pages and Web scriphe e
over time to reflect and model changes occurrinthéreal-
world.  Furthermore, several Semantic Web-based
applications (like e-commerce, e-government anceath
applications) require keeping track of ontologyletion and
versioning with respect to time, in order to représ store
and retrieve time-varying ontologies.

Unfortunately, while there is a sustained interfest
temporal and evolution aspects in the research aeorityn
[13], existing Semantic Web standards but alsesiéthe-

Time is an omnipresent dimension in both modern [1prt ontology editors and knowledge representatimistdo

and classical [2] applications; it is used to titaegp data
values to keep track of changes in the real wanldl model
their history. Hence, studying time has been, antticues
to be, one of the main research interests in diffescientific
fields, such as databases and knowledge representat
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not provide any built-in support for managing temgbo
ontologies. In particular, the W3C OWL 2 recomméimha
lacks explicit support for time-varying ontologiest both
schema and instance levels. Thus, knowledge engiree
maintainers of semantics-based Web resources rsesidu
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hoc techniques when there is a need, for exampleydoify The remainder of the paper is organized as follows.
an OWL 2 ontology schema for time-varying ontology Section Il motivates the need for an efficient ngamaent of
instances or to deal with temporal evolution of timology  time-varying Semantic Web documents. Section Ifictibes
schema itself. In the rest of the paper, we defase the tOWL framework that we propose for extending the
Knowledge Base Administrator (KBA) a knowledge Semantic Web to temporal aspects: the architecfur®@WwL
engineer or, more in general, the person in chafgthe is presented and details on all its components sagbort
maintenance of semantics-based Web resources. tools are given. Section IV presents our approash f
According to what precedes, we think that if we ldou versioning of atOWL schema. Section V introduces the
like to handle ontology evolution over time in afficlent  schema change primitives that we propose, int&/L
manner and to allow historical queries to be exstuin framework, for changing the conventional schema famd
time-varying ontologies, a built-in temporal ontgyo updating the temporal schema. Section VI discusslesed
management system is needed. For that purposeropese  work. Section VII provides a summary of the paped a
in this paper a framework, calledOWL, for managing some remarks about our future work.
temporal Semantic Web documents, through the use of
temporal OWL 2 extension. In fact, we want to iduoe Il MOTIVATION
with tOWL a principled and systematic approach to the |n this section, we present a motivating examplat th
temporal extension of OWL 2, similar to that Sn@dgrand shows the limitation of the OWL 2 language for éoiflly
colleagues did to the XML language wittXSchema supporting time-varying instances. Then, we stdte t
[14][15][16]. TXSchema is a framework (i.e., a data modeldesiderata for an OWL 2 extension, which could

equipped with a suite of tools) for managing tenap®ML  accommodate time-varying instances in a disciplined
documents, well known in the database research contyn  systematic way.
and, in particular, in the field of temporal XML 7L )
Moreover, in our previous work [18][19][20], witiné aim A Running Example
of completing the framework, we augmentetSchema by As a motivating and illustrative example f€ddWL, we
defining necessary schema change operations actng recall and extend the example presented in thenprelry
conventional schema, temporal schema, and logiodl a version of this work [1], dealing with the managernef the
physical annotations (extensions which we planpplyato  evolution of an ontology based on Friend Of A Fden
TtOWL too). (FOAF). The FOAF project [25] is creating a Web of
Being defined as aXSchema-like frameworkfOWL machine-readable pages describing people, the liekgeen
facilitates the creation of a temporal OWL 2 onggldrom a  them and the things they create and do.
conventional (i.e., non-temporal) OWL 2 ontology Suppose thatthe Web site “Web-S1” publishes thafFO
specification and a set of logical (or temporalyl ghysical  definition for his user “Nouredine”. A fragment tife FOAF
annotations. Logical annotations identify which gmments Resource Description Framework (RDF [26]) documeant
of a Semantic Web document can vary over time; ipays “Nouredine” is presented in Figure 1. It descrilms;ording
annotations specify how the time-varying aspects arto the FOAF ontology, the personal information of
represented in the document. By using temporalrsarend  “Nouredine” (i.e., name and nickname) and the imfation
annotations to introduce temporal aspects in tinw@ational  about his online accounts on diverse sites (ile, tome
(i.e., non temporal) Semantic Web, our framework (i page of the site, and the account name of the.usethis
guarantees logical and physical data independe2idef¢r  example, we limit to describe user’s informatiomecerning
temporal schemas and (ii) provides a low-impacutgmh  the account on the online Web site “Facebook”.
since it requires neither modifications of existiBgmantic
Web documents, nor extensions to the OWL 2.
recommendation and Semantic Web standards. <foaf :Person rdf.ID="#Personl"> .
_Furthermore, with respect to the preliminary vamsad | Soa | nap e Noueqne Tounsis) - foaf:: name>
this work presented at SEMAPRO 2014 [1], in thipgrave <foaf : holdsAccount >
extend thetOWL framework to also support schema| <foaf : OnlineAccount

ioni i i ; rdf:about="https://www.facebook.com/
versioning [22][23], which is the most powerful baique Noureding Tounsie

for managing the history of schema changes. Sincelany <foaf : accountName >Nor_Tunsi
schemata are also evolving over time to reflecthgka in </ foaf : accountName >
real-world applications [24], keeping a fully flesli history </ foaf : OnlineAccount >

of ontology changes (i.e., involving both the oot </ foaf : holdsAccount >

</ foaf : Person >

instances and the ontology schema) is a very redjfiéature
for many Semantic Web applications. More preciselg,
present our technique for the versioning afAWL schema,
and define necessary schema change operationg amtin
conventional ontology schema and on temporal ogjolo

schema. We do not deal in this paper with changesgaon Assume that information about the user “Nourediog”

logical and physical annotations; that will be sddin a  the Web site “Web-S1” was added on January 15, 2004
future work. February 08, 2014, Nouredine modified his nickndroen

Figure 1. A fragment of Nouredine FOAF RDF docunm@mtlanuary 15,
2014.
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“Nor” to “Nouri” and his account name of Faceboakrmh 2014-02-07 ]
“Nor_Tunsi” to “Nouri_Tunsi”. Thus, the correspondi </ accountNamevalidityEndTime >
— — ) <foaf :accountName >Nor_Tunsi

fragment of the Nogreqlne FOAF RDF document was </ foaf : accountName >
revised to that shown in Figure 2. </ AccountNameVersion >
<AccountNameVersion >
. <accountNameValidityStartTime >
<foaf: Person rdf:ID="#Personl"> 2014-02-08 .
<foaf : name>Nouredine Tounsi</  foaf : name> </ accountNameValidityStartTime >
<foaf : nick >Nouri</ foaf : nick > <accountNameValidityEndTime >
<foaf : holdsAccount > now N _
<foaf : OnlineAccount </ accountNameValidityEndTime >
rdf:about="https://www.facebook.com/ <foaf :accountName >Nouri_Tunsi
Nouredine.Tounsi"> </ foaf : accountName >
<foaf : accountName >Nouri_Tunsi </ AccountNameVersion >
</ foaf : accountName > </ versionedAccountName >
</ foaf : OnlineAccount > </ foaf : OnlineAccount >
</ foaf : holdsAccount > </ foaf : holdsAccount >
</ foaf : Person > </ foaf : Person >

Figure 2. A fragment of Nouredine FOAF RDF documanfebruary 08, ~ Figure 3. A fragment of the time-varying NouredF@AF RDF document.
2014.

In this example, we use valid-time to capture thstohy

In many Semantic Web-based applications, the hisibr of such information. In order to timestamp the teiwhich
ontology changes is a fundamental requirementessich a can evolve over time, we use the following optioteds:
history allows recovering past ontology versionscking  nickValidityStartTime and nickValidityEndTime , for
changes over time, and evaluating temporal qué2ies A  recording nick name evolution, and
TOWL time-varying Semantic Web document records theaccountNameValidityStartTime and
evolution of a Semantic Web document over timetbyiregy ~ accountNameValidityEndTime,  for  keeping  the
all versions of the document in a way similar tatth accountName history. These are optional Data Properties
originally proposed fotXSchema [14]. which can be added to a temporal entity. The dongdin

Suppose that the webmaster of the Web site “Web-S1riickValidityEndTime or accountNameValidityEndTime
would like to keep track of the changes performadoar includes the value “now” [28]; the entity that Ha®w" as
FOAF RDF information by storing both versions ofjliie 1  the value of its validity end time property reprgsethe
and of Figure 2 in a single (temporal) RDF documésta  current entity until some change occurs.

result, Figure 3 shows a fragment of a time-varyegnantic Assume that the extract of the FOAF ontology presen
Web document that captures the history of the fipdci in Figure 4 contains the conventional (i.e., namgeral)
information concerning “Nouredine”. schema [14] for the FOAF RDF document presenteabth

Figure 1 and Figure 2. The conventional schemahé t

schema for an individual version, which allows uptaand
<foaf :Person rdf:ID="#Personl"> querying individual versions.
<foaf : name>Nouredine Tounsi</ foaf : name>
<versionedNick >
<NickVersion > <rdf:RDF> §
<nickValidityStartTime >2014-01-15 <owl:Ontology rdf:about="http://purl.org/
</ nickValidityStartTime > az/foaf# > §
<nickValidityEndTime >2014-02-07 <rdfs:Class rdf:about="#Person">
</ nickValidityEndTime > <rdf:type rdf:resource="http://www.w3.org/
<foaf :nick >Nor</ foaf : nick > 2002/07/owl#Class"/>
</ NickVersion > </rdfs:Class>
<NickVersion > <rdf:Property rdf:about="#holdsAccount">
<nickValidityStartTime >2014-02-08 <rdf:type rdf:resource="http://www.w3.org/
</ nickValidityStartTime > 2002/07/owl#ObjectProperty"/>
<nickValidityEndTime >now <rdfs:domain rdf:resource="#Person"/>
</ nickValidityEndTime > <rdfs:range rdf:resource="#OnlineAccount"/>
<foaf :nick >Nouri</ foaf :nick > </rdf:Property>
</ NickVersion > <rdf:Property rdf:about="#accountName">
</ versionedNick > <rdf:type rdf:resource="http://www.w3.org/
<foaf :holdsAccount > 2002/07/owl#DatatypeProperty"/>
<foaf : OnlineAccount <rdfs:domain rdf:resource="#OnlineAccount"/>
rdf:about="https:/ww.facebook.com/ </rdf:Property>
Nouredine.Tounsi">
<versionedAccountName > </rdf:RDF>
<i‘§&%’ﬂﬁ2;\g\9};%?tysiarmme . Figure 4. An RDF/XML extract from the OWL 2 FOAFtofogy.
2014-01-15
</ accountNameValidityStartTime > . . )
<accountNameValidityEndTime > The problem is that the time-varying ontology doen
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(see Figure 3) does not conform to the conventionallogy « use of temporal and physical annotations to specify
schema (see Figure 4). Thus, to resolve this pmoblee temporal and physical aspects, respectively, at
need a different ontology schema that can desdtiee schema level.
structure of the time-varying ontology documentisThew Figure 5 illustrates the architecturet@WL. Notice that

schema should specify, for example, timestampscedsd only the components that are presented in the dicas
to entities, time dimensions involved, and how émities  rectangular pink boxes with bold border are spedifi an
vary over time. This example will be continued iacBon individual time-varying OWL 2 document and needbi®
IIl.LA, in order to show how these problems can blwed in  supplied by a KBA. The framework is based on thelORV
our propose@OWL framework. language [10], which is a W3C standard ontologylege
Furthermore, we want our framework also allows KBAsfor the Semantic Web. It allows defining both schefie.,
to effect and keep track of changes to the conweali entities, axioms, and expressions) and instances, (i
schema itself. In Section V.D, we will completesteixample individuals) of ontologies. Thus, we consider thhe
by describing some changes made by the KBA onittitial ~ signature of an OWL 2 ontology O can be defined as
framework and showing their effects both at schamé at follows: O = {E, A, Exp} such that:
instance levels. i) E={C, DP, OP, AP} represents the set of the Ergtit
B. Desiderat with:
- Desiderala » C: Class, represents the set of concepts;

There are several goals that can be fulfiled when . pp. pata Property, represents the set of propesfies
augmenting the OWL 2 language to support time-vayyi the concepts;

instances. Our approach aims at satisfying theovatig . OP: Object Property, represents the set of the

requirements: _ semantic relations between the concepts;
* facilitating the management of time for KBAS; « AP: Annotation Property, represents the set of

*  supporting both valid time and transaction time;, annotations on the entities and those on the axioms
* supporting (temporal) versioning of OWL 2 ontology jj) A = {EAx, KAx} represents the set of axioms with:
Instances; o _ . + EAXx: Entity Axioms, represents the axioms which
» keeping compatibility with existing OWL 2 W3C concern the entities:
recommendations, standards, and editors, without , Kay: Key Axioms, represents all the identifiers
requiring any changes to these recommendations, associated to the various classes.
standards, and tools; o i) Exp = {CE, OPE, DPE} represents the set of the used
* supporting existing applications that are already expressions (an expression is a complex description
using OWL 2 ontologies; which results from combinations of entities by gsin
 providing OWL 2 data independence so that changes constructors such as enumeration, restriction of
at the logical level are isolated from those perfed cardinality and restriction of properties) with:
at the physical level, and vice versa; « CE: Class Expressions, represents the set of
+ accommodating a variety of physical representations combinations of concepts by using constructors;
for time-varying OWL 2 instances; « OPE: Object Property Expressions, represents the se
» supporting (temporal) versioning of OWL 2 ontology of combinations of relations;
schemata. » DPE: Data Property Expressions, represents thef set

combinations of properties.
lll. THETOWL. FRAMEWORK The KBA starts by creating theonventional schema
In this section, we present owOWL framework for  (box 7), which is an OWL 2 ontology that models the
handling temporal Semantic Web documents and peosid  concepts of a particular domain and the relatiosisveéen
illustrative example of its use. We describe theerall these concepts, without any temporal aspect. Tch eac
architecture otOWL and the tools used for managing bothconventional schema corresponds a set of convetioa.,
TOWL schema andOWL instances. SinceOWL is a  non-temporal) OWL 2 instances (box 12). Any chatogine
tXSchema-like framework, we were inspired by theconventional schema is propagated to its correspgnd
tXSchema architecture and tools while defining theinstances. Notice that our approach deals with OWL
architecture and tools e©WL. ontologies with an RDF/XML syntax [29], which is,
The tOWL framework allows a KBA to create a according to the OWL 2 specification document [lth
temporal OWL 2 schema for temporal OWL 2 instancesnly syntax that must mandatorily be supported hyLO?
from a conventional OWL 2 schema, logical annotetjo tools.
and physical annotations. Since it is tXSchema-like After that, the KBA augments the conventional schem
framework,tOWL use the following principles: with logical andphysical annotations, which allow him/her
* separation between (i) the conventional (i.e., nonto express, in an explicit way, all requirementalithg with
temporal) schema and the temporal schema, and (ithe representation and the management of tempspaicts
the conventional instances and the temporahssociated to the components of the conventiomansa, as
instances; described in the following.
Logical annotations [16] allow the KBA to specify:
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1) whether a conventional schema component vavies o times. However, explicitly defining them can lead more

valid time and/or transaction time;
2) whether its lifetime is described as a contirsustate
or a single event;

compact representations [16].
In order to improve conceptual clarity and als@iable
a more efficient implementation, we adopt a “sefianaof

3) whether the component may appear at certainstimeconcerns” principle in our approach: since thetisti the

(and not at others);

4) whether its content changes.

If no logical annotations are provided, the deféadjical
annotation is that anything can change. Howevete dhe
conventional schema is annotated, components teahat
described as time-varying are static and, thuy, tiest have
the same value across every instance documentl@ox

Physical annotations [16] allow the KBA to spedihe
timestamp representation options chosen, such asewhe
timestamps are placed and their kind (i.e., vaiidet or
transaction time) and the kind of representatioopsed. The
location of timestamps is largely independent oficivh

axioms and the expressions of an OWL 2 ontologyivevo
over time independently, we distinguish betweenedhr
separate types of annotations to be defined andeto
associated to a conventional schema:dtitey annotations
(box 9), theaxiom annotations (box 10) and thexpression
annotations (box 11).

Entity annotations describe the logical and physica
characteristics associated to the components @\ 2
ontology: classes, relations, and properties. Tineljcate
for example the temporal formats of these compament
which could be valid-time, transaction-time, bi-fgonal or
snapshot (by default). The schema for the logicadl a

components vary over time. Timestamps can be |dcatephysical entity annotations is given BytASchema (box 4).

either on time-varying components (as specified thy
logical annotations) or somewhere above such coengsn

Two OWL 2 documents with the same logical informati

will look very different if we change the locatiasf their

Axiom annotations and expression annotations desdhe
logical and physical aspects of axioms and expoassi
defined on classes or on properties. The schemahfor
logical and physical axiom annotations is given by

physical timestamps. Changing an aspect of even omiASchema (box 5) and the schema for the logical and

timestamp can make a big difference in the reptatien.
TtOWL supplies a default set of physical annotatiansich
is to timestamp the root element with valid and$ection

physical expression annotations is given ExpASchema
(box 6).

0. OWL 2 language
¥ s

——

1. XML Schema language ‘
A

- ——y e e e e =
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Input/Output data flows, dotted arrows link docutsen namespaces and dashed arrows stand foréinefes” relationships. Moreover, the meaning of the
color and the border pattern of rectangular boxes ifollows: pink box with bold border for docurteeareated/added by the KBA (7, 9, 10, 11 andHag
box with dotted border for documents automaticgéiperated by the system (8, 13, 14, and 15), dreemith dashed border for predefined documents
making part of the framework (2, 3, 4, 5 and 6} ahite box with thin border for reference documsesreated by the W3C (0 and 1).
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and document is valid or invalid.

Once all the annotations are found to be consistbat
schema generatotool generates the

associated to the same conventional schema carveevolrepresentational schema (box 13) from the temporal schema

independently. Any change to one of the three ofts
annotations does not affect the two other sets.

Finally, when
conventional schema and asks the system to saileethis
work, this latter creates themporal schema (box 8) in order
to provide the linking information between the centronal
schema and its corresponding logical

annotations. The temporal schema is a standard XML

document, which ties the conventional schema, thtéye
annotations, the axiom annotations, and the express
annotations together. In th®OWL framework, the temporal
schema is the logical equivalent of the conventi@/L 2
schema in a non-temporal context. This documentagms
sub-elements that associate a series of conveh8ehama
definitions with entity annotations, axiom annatas, and
expression annotations, along with the time sparingu
which the association was in effect. The schemattier
temporal schema document is the XML Schema Defimiti
documenfTSSchema (box 3).

To complete the figure in our temporal contextemft
creating the temporal schema, the system credtrsparal
document (box 14) in order to link each conventional
ontology instance document (box 12), which is vabda
conventional ontology schema (box 7), to its cqroesling
temporal ontology schema (box 8), and more preciseits
corresponding logical and physical annotations ¢Wwhare
referenced by the temporal schema). A temporal teot is
a standard XML document that maintains the evatutba
non-temporal ontology instance document over tiring,
recording all of the versions (or temporal sliced) the

document with their corresponding timestamps and b

specifying the temporal schema associated to thesgons.
This document contains sub-elements that assomiatgies
of conventional ontology instance documents witidal
and physical annotations (on entities, axioms,
expressions), along with the time span during which
association was in effect. Thus, the temporal deinis
very important for making easy the support of terapo
queries working on past versions or dealing witlanges
between versions. The schema for the temporal dectis
the XML Schema Definition documembDSchema (box 2).

the KBA finishes annotating the conventional

(i.e., from the conventional schema and the logaad
physical annotations); it is the result of transforg the
schema according to the requirements
expressed through the different annotations. The
representational schema becomes the schema footaimp
instances (box 15). Temporal instances could batedein

and physicalour ways:

i) automatically from the temporal document (box 14)
(i.e., fromnon-temporal ontology instances (box 12)
and the temporal ontology schema (box 8)), usieg th
temporal instances generatdool (such an operation
is called “squash” in the originakXSchema
approach);
automatically from instances stored in a knowledge
base, i.e., as the result of a “temporal query’aor
“temporal view”;

iii) automatically from a third-party tool, or

iv) manually (i.e., temporal instances are directlyitex

by the KBA into thecOWL repository).

Moreover, temporal instances are validated agahmest

representational schema through ttemporal instances
| validator tool, which reports whether the temporal instances
document (box 15) is valid or invalid.

Notice that the four mentioned tools (i.e., Tempora
Schema Validator, Temporal Instances Validator,
Representational Schema Generator, and Tempotahbes
Generator) are under development. For example,
temporal instances validator tool is being impletedras a
temporal extension of an existing conventional logyp
instance validator.

i)

the

. Running example reprise
In order to show the functioning of the proposed
approach, we continue in the following our motingti

angéxample of Section II.A, in order to show how masragnt

of temporal ontology document versions is dealhviit the
TtOWL approach.

On January 15, 2014, the KBA creates a conventional
ontology schema (box 7), named “PersonSchema_V1.owl
(as in Figure 4), and a conventional ontology doeningbox
12), named “Persons_V1.rdf” (as in Figure 1), whihkalid

Notice that, whereas TDSchema (box 2), TSSchema (bowith respect to this schema. We assume that the KBA

3), EntASchema (box 4), AxiASchema (box 5), an

ddefines also a set of logical and physical annmbati

ExpASchema (box 6) have been developed by us, OWL @ssociated to that conventional schema; they aredstn an
(box 0) and XML Schema (box 1) correspond to theontology annotation document (boxes 9, 10, andtitley

standards endorsed by the W3C.
In a similar way to what happens in th&Schema

“PersonAnnotations_V1.xml” as shown in Figure 6.

framework, the temporal schema document (box 8)
processed by thiemporal schema validataool in order to
ensure that the logical and physical entity animtat axiom
annotations and expression annotations are (i walth
respect to their corresponding schemas (i.e., EctiA®a,
AxiASchema, and ExpASchema, respectively), and (|
consistent with the conventional schema. The tealpo
schema validatotool reports whether the temporal schem

is?xml version="1.0" encoding="UTF-8"?>
<ontologyAnnotationSet >
<logicalAnnotations >
<item target="/Person/nick”>
<validTime  kind="state”
content="varying”
i) existence="constant’/>
</ item >
I' </ logicalAnnotations
a <physicalAnnotations

>
>
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Nouredine.Tounsi">
<accountName_Repltem >
<accountName_Version >
<timestamp_ValidExtent
begin="2014-01-15" end="now” />
> <foaf :accountName >Nor_Tunsi
> </ foaf : accountName >
</ accountName_Version >
</ accountName_Repltem >
</ foaf : OnlineAccount >
</ foaf : holdsAccount >
</ foaf : Person >

<stamp target="Person/nick”
datalnclusion="expandedVersion>
<stampkind timeDimension="validTime”
stampBounds="extent"/>
</ stamp >
</ physicalAnnotations
</ ontologyAnnotationSet

Figure 6. The annotation document on January 154.20

After that, the system creates the temporal ontolo
schema (box  8) in Figure 7, which  ties Figure 9. The squashed document correponding tethporal document
“PersonSchema_V1.owl” and “PersonAnnotations_V1:xml on January 15, 2014.
together; this temporal schema is saved in an XiéLtitled
“PersonTemporalSchema.xml”. Consequently, the Byste

uses the temporal ontology schema of Figure 7 &ed t On February 08, 2014, the KBA updates the conveatio

conventional ontology document in Figure 1 to aeat
temporal document (box 14) as in Figure 8, whistslboth
versions (i.e., temporal “slices”) of the conventb
ontology documents with their associated timestarijpe
squashed version (box 15) of this temporal docunvehich
could be generated by the Temporal Instances Geneis
provided in Figure 9.

<?xml version="1.0" encoding="UTF-8"?>
<temporalOntologySchema >

begin="2014-01-15" />
</ sliceSequence >

</ ontologyAnnotationSet >
</ temporalOntologySchema >

Figure 7. The temporal schema on January 15, 2014.

<?xml version="1.0" encoding="UTF-8"?>

<td:temporalRoot <foaf : Person rdf:ID="#Personl">
temporalSchemalocation=  "PersonTemporalSchema.xml <foaf : name>Nouredine Tounsi</  foaf : name>
"> <nick_Repltem >
<td:sliceSequence > <nick_Version >
<td:slice location  ="Persons_V1.rdf " <timestamp_ValidExtent begin="2014-01-15"

begin="2014-01-15" />
</ td:sliceSequence >
</ td:temporalRoot >

Figure 8. The temporal document on January 15,.2014

<foaf : Person rdfID="#Personl"> </ nick Replt S
<foaf : name>Nouredine Tounsi</  foaf : name> nick_Repitem
<nick_Repltem > <foaf .holds_Account >

— <foaf : OnlineAccount

<nick_Version >
<timestamp_ValidExtent
begin="2014-01-15" end="now” />
<foaf : nick >Nor</ foaf : nick >
</ nick_Version >
</ nick_Repltem >
<foaf :holdsAccount >
<foaf : OnlineAccount
rdf:about="https://ww.facebook.com/

ontology document “Persons_V1.rdf” as presentesation

IILA to produce a new conventional ontology docutnen
named “Persons_V2.rdf" (as in Figure 2). Since the

conventional ontology schema (i.e., PersonSchemaw/l
and the ontology annotation document
PersonAnnotations_V1.xml) are not changed, the ¢eabp
ontology schema (i.e., PersonTemporalSchema.xml)
consequently not updated. However, the system apdht
temporal document, in order to include the newest€ the
new conventional ontology document, as shown irurfeig

<conventionalOntologySchema > 10. The squashed version of the updated tempocaindent
<sliceSequenc _e> , is provided in Figure 11.
<slice location= PersonSchema_V1.owl

</ conventionalOntologySchema > <td:temporalRoot
<ontologyAnnotationSet > temporalSchemalocation= "PersonTemporalSchema.xml
<sliceSequence > ">
<slice <td:sliceSequence >
location=" PersonAnnotations_V1.xml " <td:slice location  ="Persons_V1.rdf "
begin="2014-01-15" /> begin="2014-01-15" />
</ sliceSequence > <td:slice location  ="Persons_V2.rdf "

<?xml version="1.0" encoding="UTF-8"?>

begin="2014-02-08" />
</ td:sliceSequence >
</ td:temporalRoot >

Figure 10. The temporal document on February 08420

end="2014-02-07" />
<foaf :nick >Nor</ foaf : nick >
</ nick_Version >
<nick_Version >
<timestamp_ValidExtent
end="now” />
<foaf :nick >Nouri</ foaf
</ nick_Version >

begin="2014-02-08"

: nick >

rdf:about="https://ww.facebook.com/
Nouredine.Tounsi">
<accountName_Repltem >
<accountName_Version >
<timestamp_ValidExtent
begin="2014-01-15"
end="2014-02-07"/>
<foaf :accountName >Nor_Tunsi

</ foaf :accountName >
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</ accountName_Version >
<accountName_Version >
<timestamp_ValidExtent
begin="2014-02-08"
end="now” />
<foaf :accountName >Nouri_Tunsi
</ foaf :accountName >
</ accountName_Version >
</ accountName_Repltem >
</ foaf : OnlineAccount >
</ foaf : holdsAccount >
</ foaf : Person >

Figure 11. The squashed document correpondingttethporal document
on February 08, 2014.

Obviously, each one of the squashed documents (s%%

Figure 9 and Figure 11) should conform to a paldicu

schema, which is the representational schema (8)x 1 c
Schema

which is generated (by the Representational

Generator) from the temporal schema shown in Figure
The example will be completed in Section V.D, aftet

the management of schema changes has been intdoduce

IV. OURAPPROACH TOSCHEMA VERSIONING IN THE
TOWL FRAMEWORK

In this section, we describe hovDWL conventional
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preserve the conventional ontology schema (resmbgtithe
ontology annotation document or the temporal omplo
schema) consistency.

Notice that in our approach, like in [15], the teorgd
schema, which ties the conventional schema and the
annotations together, is not “explicitly” versionddr each
conventional schema (i.e., all the versions of #tikema)
and its associated annotation document (i.e.hallversions
of this document), there is always one XML documtat
represents the temporal schema, which is updatesh e
conventional schema and/or the annotation docurasat
changed. In fact, in theOWL framework, the temporal
schema is instrumental to support versioning ottding can
ange in the managed Semantic Web repository. As a
nsequence, by its nature, the temporal schemasoot
“implicitly” versioned (i.e., all versions of a teuoral
hema document are stored within this documers; th
version of a temporal schema, valid at any givemetiTx,
could be extracted from that schema by removingttedl
<slice ... begin=Ty/> elements where Ty>Tx). Thug
think that other kinds of versioning of the temp@ehema
are neither necessary nor could be meaningfullyapuser’s
disposal (without getting out of th©WL framework).

Notice also that neither conventional schema vens@p
nor annotation versioning lead automatically tolifgation

schema andOWL logical and physical annotations can begf schema versions. The creation of a new conveatio

versioned in our approach.

schema version (or of a new annotation documeio@ris

The first step of a schema versioning sequencéas t anyway a seldom task during the Semantic Web repgsi

creation of a first schema version: the KBA creates
conventional ontology schema (i.e., an OWL 2 fid

annotates it with some logical and physical animatin an

independent document (which is stored as an XMg)fil
through, for instance, a graphical interface. Cqnosetly,

the system creates the temporal ontology schersa $tdred
as an XML file) that ties together the conventiosahema
and the annotations.

In further steps of the versioning sequence, agpliben
necessary, the KBA can independently change
conventional ontology schema, the logical or thegsjdal
ontology annotations.

Changing the conventional ontology schema leada to

new version of it. Similarly, changing logical ohysical
ontology annotations leads to a new version of wihele

ontology annotation document. Therefore, the tewdpor

ontology schema is implicitly and automatically apetl by
the system after each change of the conventioh&nsa or
of the annotation document.

lifetime, which can only be performed by an adntnai®r of
this repository. This task may consist of dozensdfema
change operations, which are grouped togethereérsime
single transaction.

V. PRIMITIVES FORCHANGING CONVENTIONAL SCHEMA
AND TEMPORAL SCHEMA IN THE tOWL FRAMEWORK

In this section, we first present our design pphes and
en introduce our proposed change primitives. Vg §y
roviding change primitives acting on conventiosehema
in tTOWL and then we provide primitives for changing the
temporal ontology schema. We have individuated gban
primitives (i.e., non-further decomposable in terofsthe
other ones), which make up a complete set of clmfige,
such that any possible complex change can be defiizea
combination/sequence of them). For each changeitjwém
we describe its arguments and its operational sgrsan
Finally, we give an example that illustrates the o$ these

Schema change operations performed by the KBA argrimitives for versioning ofOWL conventional schema.

high-level, since they are usually conceived havimgind
high-level real-world specifications. Each of thésgh-level
schema change operations is then mapped onto arsexaf

low-level schema change operations (or schema ehan

primitives). The mapping is performed by a schetmange
processor.

Each high-level change can be expressed as a sEgue

of change primitives. Thus, the consistency of rémulting
conventional ontology schema (respectively, thaulties

ontology annotation document or the resulting teralpo

ontology schema) is always guaranteed, if chanigeitpres

A. Design principles
The definition of the primitives will obey the follving

£g)rinciples and conventions:

1) all primitives must work on a well-formed andida
Conventional Ontology Schema (COS) (or on the Tewadpo
Ontology Schema (TOS)), that is, primitives musvena

Well-formed and valid COS (or TOS) as input anddpice a

well-formed and valid COS (or TOS) as output;

2) all primitives need to work on an OWL 2 file (an
XML file) storing the COS (or TOS), whose name mhst
supplied as argument;
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3) for all primitives, arguments that are useddentify
the object on which the primitive works are in thist place
of the argument list;

4) primitives adding elements with possibly optibna like

attributes have the values for all the attributesitguments;
empty places in the argument list stand for undijgeki
optional attributes;

5) for primitives changing elements, values arecsigel
only for attributes that are changed; the valuechamged”
means that the corresponding attribute is not @atjaan
empty place in the argument list
corresponding attribute receives a nil value.

The lists of operations in the subsections thdb¥olare
the applications of the design principles preseataul/e.

B. Primitivesfor changing conventional schema

Based on the OWL 2 ontology definition we adopted
Section Il (e.g., assuming the signature O = {E,BXp}),
we define a complete set of primitives for changiag
conventional ontology schema, composed of twerdgitei
operations. The idea is that each primitive deaith \&n
OWL 2 ontology component (e.g., a class, a datpgty,
an object property), by creating, removing or myidi
such a component. For each primitive change, werithes
its arguments and its operational semantics. Olslypeach

primitive change has an effect on the COS. We db no

present in this paper the effects of all primitolenges. We
give only the effect of some selected primitive rajes.

We have organized the proposed primitives into teigh

categories: (i) primitives acting on the whole C($ the
sub-section V.B.1), (ii) primitives acting on a s$a(in the
sub-section V.B.2), (iii) primitives acting on atdgroperty
(in the sub-section V.B.3), (iv) primitives actingn an
object property (in the sub-section V.B.4), (v)npitives
acting on an annotation property (in the sub-sactid.5),
(vi) primitives acting on an entity axiom (in thebssection
V.B.6), (vii) primitives acting on a key axiom (ihe sub-
section V.B.7), and (viii) primitives acting on amtity
expression (in the sub-section V.B.8).

1) Primitives acting on the whole COS

We have only three primitives:

 CreateConventionalOntologySchema(COS.owl)

It produces a valid empty OWL 2 file. Accordingttte
second design principle, the argument is the nafnthe
OWL 2 file where the new COS is stored.

Notice also that the name of this file is the nashéhe
ontology (e.g., Author, Paper, and Conference).

The effect of such a primitive, that is, the cotgenf the
COS.owl file after its application, is as follows:

<rdf:RDF>

”

</rdf:RDF>

¢ RenameConventionalOntologySchema(oldCOS,
newCOS)

It changes the name of a COS from “oldCOS” to

“newCOS” (or, it changes the name of an ontologymfr
“oldOntoName” to “newOntoName”).

93

» DropConventionalOntologySchema(COS.owl)

It removes the COS.owl file from disk, with the
constraint that the argument represents an empty @@.,
the one above initially created by the
CreateConventionalOntologySchema primitive). Anyeot
contents must have been removed before.

2) Primitives acting on a class

We have defined three primitives:

» AddClass(COS.owl, className)

It adds a new class having the name “classNam#igo

means that thecQOsS.

The effect of such a primitive, that is, the cotsenf the
COS.owl file after its application, is as follows:

<rdf:RDF>
<owl:Ontology rdf:about="">
<owl:Class rdf:about="
</owl:Ontology>
</rdf:RDF>

cl assNane"/>

* RenameClass(COS.owl, oldClassName,

newClassName)

It changes the name of a class from “oldClassNatme”
“newClassName”, in the COS.

« DropClass(COS.owl, className)
It removes the class having the name “classNanuat fr
the COS.

3) Primitives acting on a data property

We have defined five primitives:

» AddDataProperty(COS.owl, className,

DataPropertyName, DataProperty Type)

It adds a new data property having the name
“DataPropertyName” and the type “DataPropertyType”
the class “className”, in the COS.

Notice that the “className” and the “DataProperpgly
are considered as the “DataPropertyDomain” and the
“DataPropertyRange”, respectively.

The effect of such a primitive, that is, the coisgenf the
COS.owl file after its application, is as follows:

<rdf:RDF>
<owl:Ontology rdf:about="">
<owl:Class rdf:about="
<owl:DatatypeProperty
rdf:about=" Dat aPr opert yNane">
<rdfs:domain rdf:resource="
<rdfs:range rdf:resource="
</owl:DatatypeProperty>
</owl:Ontology>
</rdf:RDF>

cl assNane"/>

cl assNane"/>
Dat aPr opertyType"/>

« DropDataProperty(COS.owl, className,
DataPropertyName)

It removes the data property having the name
“DataPropertyName” from the class “className”, fre t
COos.

« RenameDataProperty(COS.owl, className,

oldDataPropertyName, newDataPropertyName)

It changes the name of a data property from
“oldDataPropertyName” to “newDataPropertyName” lire t
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class “className”, in the COS.
» ChangeDataPropertyDomain(COS.owl, className,
DataPropertyName, newDataPropertyDomain)

It replaces the domain (or class) “className” efdhata
property “DataPropertyName” with a
“newDataPropertyDomain”, in the COS.

The effect of such a primitive, that is, the cotgenf the
COS.owl file after its application, is as follows:

<rdf:RDF>
<owl:Class rdf:about="
<owl:DatatypeProperty
rdf:about="DataPropertyName">
<rdfs:domain
rdf:resource=" newDat aPr opert yDonmai n"/>
<rdfs:range rdf:resource="DataProperty Type"/>
</owl:DatatypeProperty>
</owl:Ontology>
</rdf:RDF>

newDat aPr oper t yDonai n"/>

¢ ChangeDataPropertyRange(COS.owl, className,
DataPropertyName, oldDataPropertyRange,
newDataPropertyRange)

It replaces the range (or type) “oldDataPropertygeédn
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» ChangeObjectPropertyDomain(COS.owl,
ObjectPropertyName, oldObjectPropertyDomain,
newObjectPropertyDomain)

It replaces the domain “oldObjectPropertyDomain” of

new domainthe object property “ObjectPropertyName” with a new

domain “newObjectPropertyDomain”, in the COS.

« ChangeObjectPropertyRange(COS.owl,
ObjectPropertyName, oldObjectPropertyRange,
newObjectPropertyRange)

It replaces the range “oldObjectPropertyRange” had t
object property “ObjectPropertyName” with a new gan
“newObjectPropertyRange”, in the COS.

5) Primitives acting on an annotation property

We have defined three primitives:

» AddAnnotationProperty(COS.owl, propertyType,
propertyName, annotationProperty)

It defines a new annotation property
“annotationProperty” on the propertyType (i.e., €Bla
DataProperty, ObjectProperty, EntityAxiom, or Keyém)
named “propertyName”, in the COS.

» DropAnnotationProperty(COS.owl, property Type,

propertyName, annotationProperty)

It removes the annotation property “annotationPrigpe

of the data property “DataPropertyName” of the slasdefined on the propertyType (i.e., Class, DataRtgpe

“className” with a new range “newDataPropertyRanige”

the COS.
4) Primitives acting on an object property
We have defined five primitives:
» AddObjectProperty(COS.owl,
ObjectPropertyName, ObjectPropertyDomain,

ObjectPropertyRange)
It creates an object property (a relation) havimgname
“ObjectPropertyName”  between a  source
“ObjectPropertyDomain” and a target

“ObjectPropertyRange”, in the COS.
The effect of such a primitive, that is, the cotgenf the
COS.owl file after its application, is as follows:

<rdf:RDF>
<owl:Ontology rdf:about="">

<owl:ObjectProperty
rdf:about=" Cbj ect Propert yNane">
<rdfs:domain
rdf:resource="
<rdfs:range
rdf:resource=" bj ect Propert yRange"/>
</owl:ObjectProperty>
</owl:Ontology>
</rdf:RDF>

oj ect Propert yDomai n"/>

¢ DropObjectProperty(COS.owl,
ObjectPropertyName)

It removes the object property “ObjectPropertyName

from the COS.
¢ RenameObjectProperty(COS.owl,
oldObjectPropertyName, newObjectPropertyName)

It changes the name of an object property from,

“oldObjectPropertyName” to “newObjectPropertyNami’,
the COS.

ObjectProperty, EntityAxiom, or KeyAxiom) named
“propertyName”, in the COS.
« ChangeAnnotationProperty(COS.owl,
propertyType, propertyName,

oldAnnotationProperty, newAnnotationProperty)

It replaces the annotation property
“oldAnnotationProperty” defined on the propertyTyfie.,
Class, DataProperty, ObjectProperty, EntityAxiomr o

claseyAxiom) named “propertyName”, in the COS, witmew
class annotation property “newAnnotationProperty”.

6) Primitives acting on an entity axiom

We have defined three primitives:

« AddEntityAxiom(COS.owl, entityType, entityName,

entityAxiom)

It defines a new entity axiom “entityAxiom” on the
entityType (i.e., Class, DataProperty, ObjectPropepr
AnnotationProperty) named “entityName”, in the COS.

« DropEntityAxiom(COS.owl, entityType,

entityName, entityAxiom)

It removes the entity axiom “entityAxiom” definech o
the entityType (i.e., Class, DataProperty, Objemperty, or
AnnotationProperty) named “entityName”, in the COS.

» ChangeEntityAxiom(COS.owl, entityType,

entityName, oldEntityAxiom, newEntityAxiom)

It replaces the entity axiom “oldEntityAxiom” de&d on
the entityType (i.e., Class, DataProperty, Objemperty, or
AnnotationProperty) named “entityName”, in the COQ&h

»a new entity axiom “newEntityAxiom”.

7) Primitives acting on a key axiom

We have defined also three primitives:

» AddKeyAxiom(COS.owl, className, keyAxiom)

It defines a new key axiom “keyAxiom” on the class
className”, in the COS.

« DropKeyAxiom(COS.owl, className, keyAxiom)
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It removes the key axiom “keyAxiom” defined on the <ontologyAnnotationSet/>) container.
class “className”, in the COS. - The sourceSlice parameter could be:
¢ ChangeKeyAxiom(COS.owl, className, a) The keyword empty; in this case, the resourcet@d
oldKeyAxiom, newKeyAxiom) by targetSlice is initialized to an empty conventb
It replaces the key axiom “oldKeyAxiom” defined the  ontology schema or ontology annotation documentralieg
class “className” in the COS, with a new key axiomio the toWhat value.
“newKeyAxiom”. b) The keyword current; in this case, the resopaisted
8) Primitives acting on an entity expression by targetSlice is initialized with a copy of the rant
We have only three primitives: conventionalOntologySchema or ontologyAnnotationSet
« AddEntityExpression(COS.owl, entityType, resource (according to toWhat), whose locationoisnél in
entityName, entityExpression) the TOS.xml temporal schema file by choosing tiee skith

It defines a new entity expression “entityExpression ~ the maximum value of begin in the corresponding
the entityType (i.e., Class, DataProperty, or Offjeaperty)  sliceSequence (note: after the creation of the fichema

named “entityName”, in the COS. version, this i.s.the normal case). . .
« DropEntityExpression(COS.owl, entity Type, c) A specified file name (URL): in this case, a yayf
entityName, entityExpression) the specified resource is renamed as targetSlideused as

It removes the entity expression “entityExpression’the new location (e.g., this case is used to createw
defined on the entityType (i.e., Class, DataPrgpear conventional ontology schema version from an alread

ObjectProperty) named “entityName”, in the COS. existing OWL 2 file, which could be quite common avh
« ChangeEntityExpression(COS.owl, entityType, creating the first schema version but can be usssl later
entityName, oldEntityExpression, for reuse purpose and/or integrating independently
newEntityExpression) developed schemata inta@WL framework).
It replaces the entity expression “oldEntityExpiess - The targetSlice parameter is the value assigodtiet

defined on the entityType (i.e., Class, DataPrgpear location attribute of <slice/> and must not cormspto the

- ) conventionalOntologySchema, empty, “COS_V1.owl")
C. Primitivesfor changing the temporal ontology schema primitive are described in the following:

Changing the temporal ontology schema is a task tha i) The contents of the TS.xml file is updated alfofes
must be done within the same transaction that @satige (the transaction time associated to the executibrthe
corresponding conventional ontology schema andfer t transaction that includes this primitive is March, @012,
ontology annotation document. We also proposeisighb- ~ Which is used as value of begin in the <slice/melet):
section a complete set of primitives acting on mperal
ontology schema (their total number is four). Fache |<?xmlversion="1.0" encoding="UTF-8"?>
primitive, we provide specifications for its actiorand |<temporalOntologySchema>

. : <conventionalOntologySchema>
explanation of its parameters. We also presenetfeets of <sliceSequence> %

some of them. These primitives are as follows: <slice location="COS_V1.owl"
* CreateTemporalOntologySchema(TOS.xml) ~ begin="2012-03-01" />
It produces a valid empty TOS. According to theosec </sliceSequence>

</conventionalOntologySchema>
</temporalOntologySchema>

design principle, the argument is the name of tivL Xile
where the new TOS is stored.

The effect of the
CreateTemporalOntologySchema(TOS.xml) primitiveat th
is, the contents of the COS.xml file after its agygion, is as

i) A new empty conventional ontology schema, title
“COS_V1.owl", is created as follows:

follows: <I0FRDFE>
. : <owl:Ontology rdf:about=""/>
<?xml version="1.0" encoding="UTF-8"?> </rdf:RDF>

<temporalOntologySchema/>

* DropSlice(TOS.xml, fromWat, targetSlice)
* DropTemporalOntologySchema(TOS.xml) It removes the <slice/> element with specified éaBlice

It removes the TOS.xml file from disk, with the fom the fromwhat (i.e., <conventionalOntologySclaém
constraint that the argument represents an empty I®., o <ontologyAnnotationSet/>) container.
like the one above initially created by the

CreateTemporalOntologySchema primitive). Any otherD. Running example conclusion

contents must have been removed before. Let us resume the example started in Section Il.A.
* AddSlice(TOS.xml, toWat, sourceSlice, targetSlice)  Suppose that on July 18, 2014, the KBA decides &fem
It adds the <slice/> element with specified souliceS some changes to the first version of the conveation
and targetSlice to the toWhat (i.e., ontology schema, in order to meet some changdwiodde
<conventionalOntologySchema/> or
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of the application that exploit such an ontologhema.
These changes are as follows:

— define an irreflexive relationship (or object pesty),
named “childOf”, on the class “Person”;

— create two new classes, named “Man” and “Woman
which inherit from the class “Person”;

— define a symmetric relationship, named “hasSpgous
between the class “Man” and the class “Woman”;

— specify a relationship, named “hasWife”, betwéesn
class “Man” and the class “Woman”. This relatiopshi
inherits from the relationship “hasSpouse”;

4%

<owl:ObjectProperty rdf:about="holdsAccount">
<rdfs:domain rdf:resource="Person"/>
<rdfs:range rdf:resource="OnlineAccount"/>

</owl:ObjectProperty>

<owl:ObjectProperty rdf:about="hasSpouse">
<rdfs:domain rdf:resource="Man"/>

J <rdfs:range rdf:resource="Woman"/>

</owl:ObjectProperty>

<owl:ObjectProperty rdf:about="hasWife">
<rdfs:domain rdf:resource="Man"/>
<rdfs:range rdf:resource="Woman"/>

</owl:ObjectProperty>

<owl:ObjectProperty rdf:about="childOf">
<rdfs:domain rdf:resource="Person"/>
<rdfs:range rdf:resource="Person"/>

— change the name of the property (or data property </owl:ObjectProperty>

“name” of the class “Person” to “fullName”;

— add a new property, named “age” and having thB X$
type “nonNegativelnteger”, to the class “Person”;

— specify an expression on the
“holdsAccount”, which indicates that each persorstiave
at least one online account.

The second version of the conventional ontologyestn
and the second version of each one the two cororeiti
ontology instance documents are shown in Figurd-itRire
13, and Figure 14, respectively. The temporal augpl
schema is also updated by adding a new slice detatéhis
new version of the conventional ontology schemaghemsvn
in Figure 15. Moreover, the temporal document idaipd,
in order to include two new slices correspondinghi® two
new conventional ontology instance documents, as/shn
Figure 16. The squashed version of the updated deahp

relationship

<owl:Class rdf:about="Man">
<rdfs:subClassOf rdf:resource="Person"/>
</owl:Class>
<owl:Class rdf:about="Woman">
<rdfs:subClassOf rdf:resource="Person"/>
</owl:Class>
<owl:SymmetricProperty rdf:about="hasSpouse"/>
<owl:IrreflexiveProperty rdf:about="childOf"/>
<owl:ObjectProperty rdf:about="hasWife">
<rdfs:subPropertyOf rdf:resource="hasSpouse"/>
</owl:ObjectProperty>
<owl:Restriction>
<owl:onProperty rdf:resource="#holdsAccount"/>
<owl:minCardinality rdf:datatype=
"http://www.w3.0rg/2001/XMLSchema#nonNegativel
nteger">1
</owl:minCardinality>
</owl:Restriction>

</6\}vl:0ntology>
</rdf:RDF>

document that consequently can be generated by the

Temporal Instances Generator tool is similar toudeents
provided in Figure 9 and Figure 11. Notice thatnges are
presented in red, in Figures 12-16.

Figure 12. Second version of the conventional ogykchema
(PersonSchema_V2.owl), on July 18, 2014.

<rdf:RDF>
<owl:Ontology
rdf:about="http://purl.org/az/foaf#">
<owl:Class rdf:about="Person"/>
<owl:Class rdf:about="OnlineAccount"/>
<owl:Class rdf:about="Man"/>
<owl:Class rdf:about="Woman"/>
<owl:DatatypeProperty rdf:about="accountName">
<rdfs:domain rdf:resource="Person"/>
<rdfs:range rdf:resource=
"http://www.w3.0rg/2001/XMLSchema#string"/>
</owl:DatatypeProperty>
<owl:DatatypeProperty rdf:about="nick">
<rdfs:domain rdf:resource="Person"/>

<foaf:Person rdf:ID="#Personl">
<foaf: fullName >Nouredine Tounsi</foaf:fullName>
<foaf:nick>Nor</foaf:nick>
<age/>
<childOf />
<hasSpouse />
<hasWife />
<foaf:holdsAccount>
<foaf:OnlineAccount rdf:about=
"https://www.facebook.com/Nouredine.Tounsi">
<foaf:accountName>Nor_Tunsi</foaf:accountName>
</foaf:OnlineAccount>
</foaf:holdsAccount>
</foaf:Person>

<rdfs:range rdf:resource=
"http://www.w3.0rg/2001/XMLSchema#string"/>
</owl:DatatypeProperty>
<owl:DatatypeProperty rdf:about="fullName">
<rdfs:domain rdf:resource="Person"/>
<rdfs:range rdf:resource=

Figure 13. “Persons_V3.rdf": the second versiothefconventional
ontology instance document “Persons_V1.rdf", ory 18, 2014.

"http://www.w3.0rg/2001/XMLSchema#string"/>
</owl:DatatypeProperty>
<owl:DatatypeProperty rdf:about="age">
<rdfs:domain rdf:resource="Person"/>
<rdfs:range rdf:resource=
"http://www.w3.0rg/2001/XMLSchema#nonNegativel
nteger"/>
</owl:DatatypeProperty>

<foaf:Man rdf:ID="#Personl">
<foaf: fullName >Nouredine Tounsi</foaf:
<foaf:nick>Nouri</foaf:nick>
<age/>
<childOf/>
<hasSpouse/>
<hasWife/>

fullName >
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<foaf:holdsAccount>
<foaf:OnlineAccount rdf:about=
"https://www.facebook.com/Nouredine.Tounsi">
<foaf:accountName>Nouri_Tunsi
</foaf:accountName>
</foaf:OnlineAccount>
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the fourth versions of the conventional ontologgtamce
document, named “Persons_V3.rdf" (see Figure 13) an
“Persons_V4.rdf" (see Figure 14), respectively, ahhiare
valid with respect to “PersonSchema_V2.owl":

</foaf:holdsAccount>
</foaf:Person>

Figure 14. “Persons_V4.rdf": the second versiothefconventional
ontology instance document “Persons_V2.rdf", ory 18, 2014.

<?xml version="1.0" encoding="UTF-8"?>
<temporalOntologySchema>
<conventionalOntologySchema>
<sliceSequence>
<slice location="PersonSchema_V1.owl"
begin="2014-01-15" />
<slice location="PersonSchema_V2.owl”
begin="2014-07-18" />
</sliceSequence>
</conventionalOntologySchema>
<ontologyAnnotationSet>
<sliceSequence>
<slice location="PersonAnnotations_V1.xml"
begin="2014-01-15" />
</sliceSequence>
</ontologyAnnotationSet>
</temporalOntologySchema>

Figure 15. The temporal ontology schema (Person®eatfichema.xml), on
July 18, 2014.

<?xml version="1.0" encoding="UTF-8"?>
<td:temporalRoot

temporalSchemalocation= "PersonTemporalSchema.xml
" s
<td:sliceSequence >
<td:slice location  ="Persons_V1.rdf
begin="2014-01-15" />
<td:slice location  ="Persons_V2.rdf

begin="2014-02-08" />
<td:slice location="Persons_V3.rdf”
begin="2014-07-18" />
<td:slice location="Persons_V4.rdf"
begin="2014-07-18" />
</ td:sliceSequence >
</ td:temporalRoot >

Figure 16. The temporal document (PersonTemporaibeat.xml)
on July 18, 2014.

Begi n Transacti on

(i) AddSli ce(*PersonTemporalSchema.xml”,
conventionalOntologySchema, current,
“PersonSchema_V2.owl")

(ii) AddOnj ect Property(“PersonSchema_V2.owl",
“childOf", “Person”, “Person”)

(iii) AddEntityAxi on(“PersonSchema_V2.owl",
ObjectProperty, “childOf”,

“IrreflexiveProperty”)

(iv) Addd ass(“PersonSchema_V2.owl”, “Man”)

(v) Addd ass(“PersonSchema_V2.owl”, “Woman”)

(vi) AddEntityAxi on(“PersonSchema_V2.owl", Class,
“Man”, “subClassOf(Person)”)

(vii) AddEntityAxi on(“PersonSchema_V2.owl", Class,
“Woman”, “subClassOf(“Person”)")

(viii) Addoject Property(“PersonSchema_V2.owl",
“hasSpouse”, “Man”, “Woman”)

(i x) AddEntityAxi on(“PersonSchema_V2.owl”,
ObjectProperty, “hasSpouse”,

“SymmetricProperty”)

(x) AddObj ect Propert y(“PersonSchema_V2.owl”,
“hasWife”, “Man”, “Woman”)

(xi) AddEntityAxi on(“PersonSchema_V2.owl”,
ObjectProperty, “hasWife”,
“subObjectPropertyOf(“hasSpouse”)”)

(xii) RenaneDat aProperty(“PersonSchema_V2.owl",
“Person”, “name”, “fullName”)

(xiii) AddDat aProperty(“PersonSchema_V2.owl",
“Person”, “age”,
“http://www.w3.0rg/2001/XMLSchema#nonNegativeln
teger”)

(xiv) AddEntityExpressi on(“PersonSchema_V2.owl",
ObjectProperty, “holdsAccount”,

“minCardinality(1)”)

Conmi t

The transaction listed in the following containse th
sequence of primitives that have been performedhen
temporal ontology schema (PersonTemporalSchemaimml,
Figure 7), on the first version of the conventionatology
schema (PersonSchema_V1.owl in Figure 4), on tis fi
version of the conventional ontology instance doenimn
(Persons_V1.rdf in Figure 1) and on the secondiwersf
the conventional ontology instance

The transaction time associated to the executiothef
transaction above is July 18, 2014, which is usedadue of
the attribute “begin” of the new <slice/> element,
corresponding to the new conventional ontology s@he
version, in the temporal ontology schema file.

Notice that on July 18, 2014, our multiversio@WL
framework is thus composed of two successive vessaf
the conventional ontology schema (shown in Figurend

documentrigure 12, respectively), four versions of the camtional

(Persons_V2.rdf in Figure 2), in order to update th ontology instance documents (shown in Figure 1ufeic,

temporal ontology schema (see Figure 15) and thedeal
document (see Figure 16) and to produce the segenstbn
of the conventional ontology schema,
“PersonSchema_V2.owl” (see Figure 12), and theltaird

Figure 13, and Figure 14, respectively), one varsibthe
ontology annotation document (shown in Figure @ t

namedtemporal document (shown in Figure 16) and the tealp

ontology schema (shown in Figure 15).
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giving information about who asserted an axiom bemw),
and annotations themselves. In our work, we toabtheer
direction from using OWL 2 annotation features hseawe

changes on instances), in order to adapt all egsti rather wanted to exploit the power of th&XSchema

instances, stored in “Persons_V1.rdf" (shown inuFégl)

approach (e.g., including the exploitation oftXSchema-

and “Persons_V2.rdf” (shown in Figure 2), to thewne like underlying infrastructure).

schema version “PersonSchema_V2.owl” (shown in feigu

12). In fact, after creating "Persons_V3.rdf" asapy of

Time dimension(s) are explicitly added to Semawtieb
languages and formalisms (e.g., RDF, OWL and SPARQL

"Persons_V1.rdf* and "Persons_V4.rdf' as a copy of35]) in order to represent time in semantic antobs, to

"Persons_V2.rdf",
Facility [31] statements could be executed
"Persons_V3.rdf* and "Persons_VA4.rdf', respectively
achieve the purpose:

for $p in fn:doc("Persons_V3.rdf")//foaf: Person

return {
r ename
i nsert
i nsert
i nsert
i nsert

node
node
node
node
node

$p/ f oaf : nanme as “"foaf:full Nane",

<age/ > after $p/foaf: nick,

<chi | dO'/> after $p/age,

<hasSpouse/ > after $p/chil dOf,

<hasWfe/> after $p/hasSpouse

}

for $p in

return {
renane
i nsert
i nsert
i nsert
i nsert

fn:doc("Persons_V4.rdf")//foaf:Person

node
node
node
node
node

$p/ foaf : name as "foaf:ful | Nane",
<age/ > after $p/foaf: nick,

<chi | dO'/> after $p/age,
<hasSpouse/ > after $p/childOf,
<hasWfe/> after $p/hasSpouse

}

the two following XQuery Update build temporal ontologies and to support tempoterging
onand reasoning. An annotated bibliography of previawork

in this area is presented in [13], and a surveyhenmodels
and query languages for temporally annotated RDF is
provided in [36]. In particular, in the literaturthere are
various contributions that propose to represenpteal data

in the Semantic Web.

Gutiérrez et al. [37] presented a comprehensive
framework to incorporate temporal reasoning into HRD
yielding temporal RDF graphs. They define a symtact
notion of temporal RDF graphs. A powerful systeraljet
CHRONOS, for reasoning over temporal information in
OWL ontologies is presented in [38]. Since qualiat
representations are very common in natural language
expressions such as in free text or speech antdeanoven
to be valuable in the Semantic Web, the authoros#hdo
represent both qualitative temporal (i.e., inforimatwhose
temporal extents are unknown such as “before” efaffor
temporal relations) and quantitative informatior.(i where
temporal information is defined precisely, e.gingsdates).
The CHRONOS reasoner can be applied to temporal
relations in order to infer implied relations arm detect
inconsistencies while retaining soundness, compdsie and
tractability over the supported relations set. Paper [39]

These statements are derived, in an automatic anstoposes a logic-based approach to introduce viafieinto

transparent way, by the system as a part of theustrs of
the schema change primitives. They are not panthadt the
KBA puts in his/her schema change transactionjtbstthe
system to generate and add them to the transatttains
actually executed.

VI. RELATED WORK DISCUSSION

In the literature, there are several proposalsdbat with
managing temporal aspects in ontologies or Sema&iéb.
OWL-Time (formerly DAML-Time) [32] is a temporal
ontology that has been developed for describingehgooral
content of Web pages and the temporal propertied/elb
services. Excepting language constructs for reptieggtime
in ontologies, mechanisms for representing evahutaf
concepts (e.g., events) over time are absent. émantre,
temporal relations cannot be expressed directYOWL,
since they are ternary (i.e., properties of objdtéé change
in time involve also a temporal value in additiorthie object
and the subject); representing such temporal oglstiin
OWL requires appropriate methods (e.g., 4D-fludB).
Our approach allows a KBA to represent (i) evolutiof
concepts over time, and (ii) temporal relations.

In [34], the authors present the annotation featwk

RDFS and OWL 2 languages. An extension of SPARQL th
can be used to query temporal RDF(S) and OWL 2sis a
presented. Moreover, the author describes a gegeely
evaluation algorithm that can be used with all ément
relations used in the Semantic Web. Finally, hesegmes two
optimizations of the algorithm that are applicabie
entailment relations characterized by a set of rdetéstic
rules, such RDF(S) and OWL 2 RL/RDF Entailment. As
opposed to Gutiérrez et al. [37], Anagnostopoutosl.§38]
and Motik [39], in our present approach, we are not
interested in temporal (or spatio-temporal) reaspni

Two complementary and alternative proposals for
modeling temporally changing information in OWL are
proposed in [40]. They are based on the perdutahéory
and benefit from results coming from the disciplioé
Formal Ontology, in order to restrict the approfiase of
the proposed frameworks. In the first proposal, dbhéhors
combine the perdurantist worm view with the notioh
individual concepts for formulating a conceptualusture
that allows one to separate, from the informattoet tiefine
all the individuals, the information concerning $kahat can
possibly change. In the second proposal, they dxtenfirst
proposal with the distinction between objects arahants

OWL 2 by showing that it allows for annotations onand the notion of qua individuals, where a quaviddial is

ontologies, entities, anonymous individuals, axio(esy.,

the way an object participates in a certain retatio
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Differently from Zamborlini et al. [40], our apprda does and mapped with the contents of other ontologiasexplicit
not deal with modeling of time inside the ontologyt just  (context) mappings.
aims at supporting temporal versioning. Heflin et al. [55] show that the Semantic Web neads
O’Connor et al. [41] present a methodology andtaofe formal semantics for the various kinds of links vibetn
tools for representing and querying temporal infation in  ontologies and other documents, and then provideodel
OWL ontologies. Their approach uses a lightweightgoral  theoretic semantics that takes into account onyolog
model to encode the temporal dimension of datsti uses extension and ontology versioning.
the OWL-based Semantic Web Rule Language (SWRL) and Vdlkel et al. [56] present an RDF-centric versi@nin
the SWRL-based OWL query language (SQWRL) to reasoapproach and an implementation called SemVersidre T
with and query the temporal information represenisthg  proposed approach separates the management aBpetts
the proposed model. By now, our approach doesupgicst the versioning core functionality. SemVersion pded
temporally-aware semantic rules. structural and semantic versioning for RDF modatsl a
The authors of [42] propose a new language, callelRDF-based ontology languages like RDFS, considering
temporal OWL (tOWL), which is an extension of the blank node enrichment as a technique to identiéy likank
Ontology Web Language Description Logics (OWL-Db) t nodes in the versioned models.
the temporal aspect. It enables the representafitime and Bedi et al. [57] introduce an approach that cormbithe
change in dynamic domains. Through a layered aphtoa concepts of temporal frame and slot versioning with
they introduce three extensions: (i) Concrete Dosiai ontology to create temporal tagged ontologies with
which allow the representation of restrictions gsimncrete embedded versioning. The authors also proposetianee
domain binary predicates, (i) Temporal Represamat the existing OWL to enable the creation of temptagged
which introduces timepoints, relations between fioiets, OWL ontologies: two new tags, ‘“rdf:Validity” and
intervals, and Allen’s 13 interval relations [43}to the “rdf:Timestamp”, are introduced and a scheme is¢gmeed
language, and (iii) TimeSlices/Fluents, which inmpént a  for the value of the “rdf:Id” and “rdf:Resource’gsto make
perdurantist view on individuals and enable thethe temporal tagged ontologies consistent with tios-
representation of complex temporal aspects sugtr@aess temporal ontologies.
state transitions. The main purpose of our apprdacto Kondylakis et al. [61] propose a solution that &lo
support past ontology versions, to be accessetiméslice  query answering in data integration systems undelviag
queries. We think that supporting temporal ontoleggsions  ontologies without mapping redefinition. This ihewved by
is very interesting for several purposes and ifeckht areas. rewriting queries among ontology versions and then
The problem of not having temporal versions is,tea., if  forwarding them to the underlying data integratgystems
we have now to investigate on someone having poteso to be answered.

illegal material on Facebook last week, we warligable to The works that are more strictly related with our
individuate the account details even if they hawerb approach are [58], [59], and [60]. Grandi [58] po®s a
changed thereafter. multi-temporal RDF database model; a database stsrinia

As far as ontology schema evolution and versioningset of RDF triples timestamped along the valid and/
problems are concerned, we can find also sevewdliest transaction time axes. The data model is equippéd w
which have dealt with them. In general, we coulthswarize  manipulation operations which allow the KBA to ntain a
them under the three following groups of issue®raiito  multi-temporal RDF database in order to manage ¢eatp

account: versions of an ontology. Grandi et al. [59] introdu‘The

— modeling, implementing, and detecting changes ifValid Ontology”, a framework to represent and store
ontologies [44][45][46][47][48]; multiple temporal versions of an ontology in a camip

— preserving the consistency of evolving ontologiesemporal XML format and efficiently extract ontolpg
[49][50][51][52]; snapshots from the multiversion XML document via a

- ontology versioning support temporal XML processor. Grandi [60] focuses on terap
[53][54][55][56][57][58][59][60][61]. versioning of light-weight ontologies expressedRBF(S)

Our approach belongs to the last set of contribstidn  and show how the multi-temporal RDF data model pseg
[53], the authors consider the notion of context as in [58] can be used to support RDF(S) ontology ieaisg.
abstraction mechanism to deal with multi-repres@ma The data model is equipped with a complete setiofifive
ontologies (contextual ontologies). A formal regmstion ontology change operations, which are defined imseof
language based on modal description logics is megpdo low-level updates acting on RDF triples. When uséthin
comply with the requirements of multiple perspesesivof the transaction template, which has also beendated, the
domain ontology. proposed ontology changes allow a KBA to define and

Bouquet et al. [54] show how ontologies can bemanage temporal versions of an RDF(S) ontology.
contextualized, by proposing Context OWL (C-OWL), a  However, whereas all the works in this group, idoig
language whose syntax and semantics have beemedbiay [58], [59], and [60], basically propose hoc solutions for
extending the OWL syntax and semantics to allowtf@r the management of temporal versions of RDF, RDB{S)
representation of contextual ontologies. Noticet tkm OWL resources, we introduce &Schema-like general
ontology is said to be contextualized when its ent# are framework embodying a disciplined and principlegpragach
kept local, and, therefore, not shared with oth@plogies, to temporal versioning of Semantic Web documenit lat
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instance and at schema levels.

VII.

In this paper, we proposedOWL, a tXSchema-like
framework, which allows creating a temporal OWL
ontology from a conventional OWL 2 ontology ande& af
logical and physical annotations. Our framework uees
logical and physical data independence, sincg #efparates
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As a part of our future work, we will also thorolgh
study the propagation of changes performed on cuiorel
ontology schema, i.e., their effects on conventioméology
instances stored in conventional ontology instance

2 documents, which are valid with respect to the eational
ontology schema.

Finally, we also plan to address querying of terapor
ontology instances under schema versioning, int@e/L

conventional schema, logical annotations, and physi framework. The starting point fo_r this extensioril we the
annotations, and (i) allows each one of these ethreT-SPARQL language [27], which allows end users and
components to be changed independently and safelliBAs to express queries on multi-temporal ontology

Furthermore, adoption afOWL provides for a low-impact

solution, since it requires neither modificationfsexisting

instances (which are composed of multi-temporal RDF
triples) under a single ontology schema versiorchsa

Semantic Web documents, nor extensions to the OWL language could be extended with features to sugphema

recommendation and Semantic Web standards.
extension of OWL 2 to temporal and versioning atpée

Theersions and specify multi-schema queries, i.eeriga
involving instances of several schema versions. [64]

performed without having to depend on approval of
proposed extensions by standardization commitimed ¢n
upgrade of existing tools conforming to standacdsdmply
with approved extensions).

Moreover, we have extended ot®WL framework by
proposing a general approach for schema versioniiigand
focusing on the definition of a set of change ptives for |
supporting the evolution of both temporal and cartiomal
ontology schema. Our approach helps the KBA in the
management of conventional schema changesOWL- [3]
based Semantic Web repositories and guarantees the
maintenance of a full history of evolving conventi
ontology instances and schemata. (4]

In order to embed our approach into a user-friendly
environment at the disposal of KBAs, a tool for the[s]
management of temporal ontologies in tAVL framework
is under development at the University of Sfax. ifstf
release of the tool, name®WL-Manager [62], is already [6]
available and implements oa©OWL framework with the
support of temporal versioning of ontology instacéhe
new release currently under development will supadir
schema change primitives proposed in this papet, @n
them at the disposal of KBAs, via an intuitive nfidee
which assists them in expressing their needs tdill ful g
application requirements. Furthermore, we are alsb”
extending the present work by defining a complete of (10]
schema change primitives for the ontology annatatio
document which stores logical and physical annmtati
specified on the conventional ontology schema.

(1]

(71
(8]

Besides, in order to further simplify the work oBKs  [11]
and to make our approach more useful, we intenmdpose
in our future work high-level and more user-frigndthema
change operations, based on the primitives intreduic this [12]

paper and on those that will be defined for chapgin
annotations. A high-level operation is a valid sate of
primitives, which correspond to frequent schemaligian
needs and allows expressing complex changes in re& mo13]
compact way [63]. Moreover, we will also allow tKBA to

build his/her own high-level schema change opanatidy
combining in a consistent way pre-defined highdeve [14
operations and/or primitives, through the use apacific

tool that will be integrated in a future releasetha tOWL-
Manager environment.
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