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Abstract. Ontologies as means for conceptualiz-
ing and structuring domain knowledge within a
community of interest are seen as a key to redlize
the Semantic Web vision. However, the decentral-
ized nature of the Web makes achieving this con-
sensus across communities difficult, thus, hamper-
ing efficient knowledge sharing between them. In
order to balance the autonomy of each community
with the need for interoperability, mapping mech-
anisms between distributed ontologies in the Se-
mantic Web are required. In this paper we present
MAFRA, an interactive, incremental and dynamic
framework for mapping distributed ontologies in
the Semantic Web.

1 Introduction

The current WWW is a grealt success with respect to the
amount of stored documents and the number of users. How-
ever, the ever-increasing amount information on the Web
places a heavy burden of accessing, extracting, interpreting
and mai ntai ning information on the human users of Web. Tim
Berners-Lee, the inventor of the WWW, coined the vision of
Semantic Web, providing means for annotation of Web re-
sources with machine-processable metadata providing them
with background knowledge and meaning (see [2]). Ontolo-
gies as means for conceptualizing and structuring domain
knowledge are seen as the key to enabling the fulfillment of
the Semantic Web vision.

However, the de-centralized nature of the Web makes in-
deed inevitable that communities will use their own ontolo-
giesto describetheir data. Inthisvision, ontologiesare them-
selves distributed and the key point is the mediation be-
tween distributed data using mappings between ontologies.
Thus, complex mappings and reasoning about those map-
pings are necessary for comparing and combining ontolo-
gies, and for integrating data described using different on-
tologies [15]. Existing information integration systems and
approaches (e.g., TSIMMIS [6], Information Manifold [8],
Infomaster®, MOMIS*, Xyleme %) are “centralized” systems
of mediation between users and distributed data sources,
which exploit mappings between a single mediated schema
and schemas of data sources. Those mappings are typically
modeled as views (over the mediated schemain the local-as-
view approach, or over the sources schemasin the global -as-
view approach) which are expressed using languages having
aformal semantics. For scaling up to the Web, the “central-
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ized” approach of mediation is probably not flexible enough,
and distributed systems of mediation are more appropriate.

Building on this idea and on existing work, we introduce
in this paper MAFRA, an Ontology MApping FRAmework
(MAFRA) for distributed ontologies in the Semantic Web.
Within MAFRA we provide an approach and conceptual
framework that provides a generic view onto the overall dis-
tributed mapping process. The distributed nature of Semantic
Web entails significant degrees of information redundancy,
incoherence and constant evolution, thus changing the nature
of the ontology mapping problem: instead of creating a static
specification document relating entities in two ontologies, a
continuous, incremental, interactive and highly dynamic pro-
cess supporting mapping evolution is required to scale up to
the ever-changing nature of ontol ogies being mapped. Estab-
lishing a mapping between two ontologiesis an engineering
process of consensus building between two communities al-
ready agreeing on common ontologies for their own respec-
tive domains. This task implies negotiation, so attention is
paid to providing meansfor cooperative mapping. Thus, pro-
posed framework offers support in all parts of the ontology
mapping life-cycle.

Organization of this paper. In section 2 we motivate our
work by introducing an application for whose success a solu-
tion to the distributed ontol ogy mapping problemis required.
Based on this application, we have coll ected the requirements
for developing MAFRA. In section 3 we introduce the un-
derlying conceptual architecture of MAFRA. In section 4 we
focus on mapping representation and present the current sta-
tus of our semantic bridging ontology and discuss its fea-
tures. Section 5 presents the realized mapping implementa-
tion within KAON - an ontology and Semantic Web applica-
tion framework®. Before we conclude a short discussion of
related and future work is given in section 6.

2 MAFRA — Application Scenarios

Design of MAFRA recognizes specific requirements of sev-
era concrete application scenarios. In this section we present
one of these scenarios and discuss its respective require-
ments.

“People can't share knowledgeif they do not speak acom-
mon language”. This simple insight accurately characterizes
what makes knowledge management a challenging task. Its
goal to reach global knowledge access within different de-
partments of an enterprise is usually difficult due to the fact
that different departments usually encompass different vo-
cabularies, which hinders communication. Large companies

8 http://kaon.semanticweb.org
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typically consist of departments such as Human Resources,
Production, Sales, Marketing and Finance. By using ontolo-
gies, the task of collecting, organizing, and distributing the
knowledge within one department may be solved — ontolo-
gies provide a sound semantic basis for the definition of
meaning that can be understood by both humans and ma-
chines. Also, a single department is typically small enough
so that achieving consensus among interested partiesis fea-
sible. However, designing alarge-scal e ontol ogy coveringthe
needs of al departments has shown to be avery difficult task
due to effort, scale and maintainability. Interoperability be-
tween departments can then be achieved by mapping of on-
tologies of each department. It is anticipated that mapping
existing ontologies will be easier than creating common on-
tology because a smaller community is involved in the pro-
cess. It is important to emphasize that we do not consider a
closed world and centralized information integration system
as apossible solution for the problem introduced above.

Ontologging’ is an ontology-based environment tackling
this problem. It builds on Semantic Web standards with the
goal of enabling next generation knowledge management ap-
plications allowing management and usage of multiple on-
tologies. An important requirement within the devel opment
of the Ontologging multi-ontology system is that there ex-
ists extensivetool support for supporting the overall mapping
process. A specific requirement was the support of automatic
detection of similarities of entities contained in the two dif-
ferent department ontol ogies.

3 Conceptual Framework

An ontology mapping process, as defined in [14], is the set
of activities required to transform instances of a source on-
tology into instances of a target ontology. By studying the
process and analyzing different approaches from the liter-
ature [14] we observed a set of commonalities and assem-
bled them into the MAFRA conceptual framework, outlined
in Figure 1. The framework consists of five horizontal mod-
ules describing the phases that we consider fundamental and
distinct in a mapping process. Four vertical components run
along the entire mapping process, interacting with horizontal
modules.

3.1 Horizontal Dimension of MAFRA

Within the horizontal dimension, weidentified following five
modules:

Lift & Normalization. This module focuses on raising all
datato be mapped onto the same representation level, coping
with syntactical, structural and language heterogeneity [16].
Both ontologies must be normalized to a uniform represen-
tation, in our case RDF(S), thus eliminating syntax differ-
ences and making semantics differences between the source
and the target ontology more apparent [14]. To facilitate that,
we developed a LIFT tool providing means to bring DTDs,
XML-Schema, and relational databasesto the structural level
of the ontology. Lift is not further elaborated in this paper -
we shall simply assume that the source and target ontologies
are aready represented in RDF-Schema with their instances
in RDF.

7 http://www.ontol ogging.com

Smilarity. This module establishes similarities between en-
tities from the source and target ontol ogy. Similarity between
conceptual modelsis hard to measure and often establishing
asuitable similarity measureisavery subjectivetask. Several
different similarity measures have been proposedin literature
[14,3,5, 10, 1], focusing on different aspects of ontology en-
tities. We don't further elaborate on this issue, asitisnot in
scope of this paper.

Semantic Bridging. Based on the similarities computed in
the previously described phase, the semantic bridging mod-
ule is responsible for establishing correspondence between
entities from the source and target ontology. Technicaly,
thisis accomplished by establishing semantic bridges - enti-
ties refl ecting correspondence between two ontol ogy entities.
Apart from the semantic correspondence, additional “proce-
dural” information is needed to further specify the transfor-
mation to be performed, e.g. trangl ation of measureslike cur-
rencies. Semantic bridging is further discussed in section 4.

Execution. This module actually transforms instances from
the source ontol ogy into target ontology by evaluating the se-
mantic bridges defined earlier. In general two distinct modes
of operation are possible, namely offline (static, one-time
transformation) and online (dynamic, continuous mapping
between source and the target) execution. Execution issues
further discussed in section 5.

Post-processing. The post-processing module takes the re-
sults of the execution moduleto check and improvethe qual-
ity of the transformation results. The most challenging task
of post-processing is establishing object identity - recogniz-
ing that two instances represent the same real-world object
[7]. Furthermore, by computing statistical propertiesof trans-
formed instances, it is possible to check whether semantic
bridges were underspecified.

3.2 \Vertical Dimension of MAFRA

The vertical dimension of MAFRA contains modul esthat in-
teract with horizontal modules during the overall mapping
process. Following four modules have been identified and
will be only shortly mentioned in this paper:

Evolution. This modules focuses on keeping semantic
bridges obtained by the “Semantic Bridge” module, which
must be kept in synchrony with the changes in the source
and target ontologies. Evolving ontologies on the Semantic
Web result in an update requirement of the corresponding se-
mantic bridges. Although this may be achieved by reapplying
the mapping process, thisis probably not the most efficient or
accurate way. Thus, the mapping process must have an evolu-
tion component that will reuse the existing semantic bridges
in adapting them to new requirements.

Cooperative Consensus Building. The cooperative Consen-
sus Building moduleis responsiblefor establishing aconsen-
sus on semantic bridges between two communities partici-
pating in the mapping process. Thisis a requirement as one
has to choose frequently from multiple, aternatively possi-
ble mappings.The amount of human involvement required to
achieve consensus may be reduced by automating the map-
ping process as much as possible.
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Fig. 1. Conceptual Architecture

Domain Constraints and Background Knowledge. The qual-
ity of similarity computation and semantic bridging may be
dramatically improved by introducing background knowl-
edge and domain constraints, e.g. by using glossaries to help
identify synonyms or by using lexical ontologies, such as
WordNet or domain-specific thesauri, to identify similar con-

cepts.

Graphical User Interface. Mapping is a difficult and time
consuming process, which is not less difficult than building
an ontology itself, i.e. deep understanding of both conceptu-
alizations required on human side, thus extensive graphical
support must be given and it is a separate issue how this can
be achieved in an optimal way. The graphical user interfaces
(GUI) modules allows the users drive the mapping process,
provide domain constraint and background knowledge, cre-
ate semantic bridges, refine bridges according to the results
of the execution module, etc. Some aspects of the GUI are
further elaborated in section 5.

4 Semantic Bridging

As mentioned in subsection 3.1, the role of the semantic
bridging component isto semantically rel ate entitiesfrom the
source and target ontologies. Thisis achieved by creating so-
called semantic bridges. A role of asemantic bridgeisto en-
capsulate all necessary information to transform instances of
one source ontology entity to instances of onetarget ontology
entity. In the rest of this section wefirst explore the nature of
semantic bridges by analyzing their different dimensions de-
termining each bridge. Next we discuss our approach of us-
ing a meta-ontology to enable the specification of semantic
bridges. At last we give an example of how semantic bridges
can be defined between two domain ontologies.

4.1 Dimensions of Semantic Bridges

The nature of semantic bridges may be understood by con-
sidering different dimensions, each describing one particular

aspect of asemantic bridge. By analyzing ontologies used on
the Semantic Web, we identified following five dimensions
of semantic bridges:

1. Entity dimension reflects the type of ontology entities
being bridged,

2. Cardinality dimension reflects the number of ontology
entities being bridged,

3. Structural dimension reflects the way how elementary
bridges may be combined into more complex bridges,

4. Constraint dimension reflects constraints applied dur-
ing the execution phase to instances from the source on-
tology,

5. Transformation dimension reflects how instances of
the source ontology are transformed during the mapping
process.

Entity dimension. Semantic bridges may relate the ontology
entities (i) concepts (modeling classes of objects from the
real world), (ii) relations (modeling relationships between
objectsin the real world), and, (iii) attributes (modeling sim-
ple properties of objects in the real world) and (iv) exten-
sional patterns (modeling the content of the instances).

Cardinality dimension. Thisdimension determinesthe num-
ber of ontology entities at both sides of the semantic bridge,
ranging from 1 : 1 tom : n. However, we have found that in
most cases m : n is not acommon requirement, so 1 : n and
m : 1 suffice. Even when m : n are encountered, often they
may be decomposedintom 1 : n bridges.

Sructural dimension. This dimension reflects the way how
elementary bridges may be combined into more complex
bridges. We distinguish between the following different re-
lations that may hold between bridges:

— Specializationallows a bridge to reuse definitions from
another bridge and provide additional information (e.g. a
bridge relating Employee concepts from two ontologies
may be a specialization of amore general bridge relating
Person concepts),
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— Abstraction is a variation of the type of the super-
classes. When this attribute is set, the specified bridge
should not be executed independently, but only as super-
class of another.

— Compositionrelation between to bridges specifies that a
bridgeis composed of other bridges,

— Alternatives relation between bridges specifies a set of
mutually exclusive bridges.

Congtraint dimension. The constraint dimension permits to
control the execution of asemantic bridge. It reflects relevant
constraints applied during the execution phase to instances
from the source ontology. Constraints act as conditions that
must hold in order the transformation procedures is applied
onto the instances of the source ontology, e.g. the bridge eval -
uate only if the value of the sourceinstance matchesa certain
pattern.

Transformation dimension. This dimension reflects how in-
stances of the source ontology are transformed during the
mapping process. Transformations assume different com-
plexity and variety depending on the ontologies being
bridged.

4.2 Semantic Bridging Ontology (SBO)

Within our approach four different types of relations between
entities, a particular semantic bridge exists. A specification
of al available semantic bridges, organized in a taxonomy,
is a semantic bridging ontology (SBO). To actually relate
the source and target ontology, the mapping process creates
an instance of SBO containing semantic bridge instances,
each encapsulating all necessary informationto transformin-
stances of one source entity to instances of the target entity.
In thefollowing sectionswewill describe the semantic bridg-
ing ontology in more detail.

Figure 2 describes the most important entities of the se-
mantic bridging ontology. We refer to the five, previously
described semantic bridge dimensions:

— Three basic types of entities are considered: Concepts,
Relations and Attributes,

— The class SEMANTIC BRIDGE is the most generic
bridge, it defines the relations to source and target en-
tities. It is specialized according to the entity type and
according to cardinality. Though, there are many combi-
nations of entity typesand cardinality bridgesthat are not
explicitly specified, it is important to mention that they
can be easily specialized from more general bridges.

— The class SERVICE represents a class used to reference
resources that are responsible to connect to, or describe
transformations. This class is intended to be used to de-
scribe these transformations resources. Because services
are normally external to the execution engine, it is re-
quired to describe some fundamental characteristics like
name, interface (number and type of arguments) and |o-
cation. Argument and its sub classes Arg and ArgArray
permits to describes these characteristicsin asimple and
direct form.

— RuLE is the genera class for constraints and
transformation-relevant information, which provides a
relation to the service class.

— The class TRANSFORMATION is mandatory in each se-
mantic bridge except if the semantic bridge is set as ab-
stract. It uses the inService relation to link to the trans-
formation procedure, and any execution engineand func-
tion specific attributes in order to specify extra require-
ments,

— The class CONDITION represents the conditions that
should be verified in order to execute the semantic
bridge. Condition is operationally similar to transforma-
tion in the sense that it must specify all the extrarequire-
ments for the function that test the conditions. Because
any semantic bridge may have a condition, it allows to
control complex transformations according to both the
schemaand instances data, specially in combination with
SemanticBridgeAlt and the Composition constructs.

— The ComPposITION modelling primitive identified
above is supported by the hasBridge relation in the
SEMANTICBRIDGE class. It has no cardinality limit nor
type constraint which allows any semantic bridge to ag-
gregate many different bridges. Those semantic bridges
are then called one by one, and processed in the context
of the former.

— The ALTERNATIVE modelling primitive is supported by
the SemanticBridgeAlt class. It groups severa mutual
exclusive semantic bridges. The execution parser checks
each of the bridges condition rules and the first bridge
which conditions hold is executed while the others are
discarded.

In the following, we will describe how the semantic bridg-
ing ontology has been represented so it may be used within
Semantic Web applications.

SBO represented in DAML+OIL. DAML+OIL 8 has
been choosen to represent the semantic bridge ontology.
DAML+OIL builds on and extends RDF-Schema and pro-
vides a formal semantics for it. One of the goas in
specifying the semantic bridge ontology was to main-
tain and exploit the existent constructs and minimize ex-
tra constructs, which would maximize as much as possi-
ble the acceptance and understanding by general Seman-
tic Web tools. The SBO ontology is available online at
http://kaon.semanti cweb.org/2002/04/SBO.daml.

4.3 Example

Let us consider Figure 3 where a small part of two different
ontologies are represented. The ontology on the left side (01)
describes the structure of royal families and associated indi-
viduals. These concepts are combined with events, both indi-
vidual events (birth date and death date) and families events
(marriagesand divorces). The ontology on theright side (02),
characterizes individuals using a very simple approach. It is
mainly restricted in representing if the individual is either
a Man or a Woman. Unlike ol that extensively enumerates
marriages and divorces, 02 is concerned just with the num-
ber of marriages. The goal of this example is to specify a
mapping between the source and target ontology (ol and 02
respectively), using the developed semantic bridge ontology

8 hitp://www.daml .org/2001/03/daml +oil-index.html
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Fig. 2. Bridging Ontology view in UML

(SBO). In order to exploit the SBO potentidlities, the map-
ping specification follows the structure of the ontologies be-
ing mapped, normally in the form of a taxonomy. Therefore,
a mapping structure represented according to SBO tends to
arrange bridgesin a hierarchical way.

First, the mapping must define the two ontologies being
mapped. Additionally, one may specify top-level semantic
bridges which serve as entry points for the translation, even
if there are not mandatory. In this case the tranglation engine
starts executing the ” Individual -Individua” bridge.
<Mappi ng rdf : | D=" mappi ng" >

<rel at esSour ceOnt ol ogy rdf: resource="&01;"/>

<rel at esTar get Ont ol ogy rdf: resource="8&02;"/>

<hasBri dge rdf:resource="#I ndividual - I ndi vi dual "/ >
</ Mappi ng>

Notice that the target ontology intends to create instances
of either ”02:Woman” or "02:Man”, but not ” 02:Individual”.
In object oriented terminology ”o2:Individual” class is said
to be abstract. It is therefore required to state that this con-
cept bridge should not be used to create instances, but serve
just as support to sub bridges, like it happens in object ori-
ented paradigm. SBO uses the abstract property in these cir-
cumstances. If no abstract property is specified or if it is
set to FAL SE, then the concept bridge is considered as non-
abstract.

It is now necessary to set the aternative between
"ol:Individual” and either "02:Woman” or "o02:Man”. This
situation is specified by a SemanticBridgeAlt. Inthis casethe
alternatives are two ConceptBridge's: " Individual-Woman”
and "Individual-Man”. Bridges may be numerically ordered
which can useful if the last bridge has no specified condition.
Both rdf:_n like syntax and the one presented are allowed to
specify the order.

<Semanti cBridgeAl t rdf:|D="ManOr Wonman">
<hasBri dge>
<Seq ordinal ="1">
<bridge rdf:resource="#l ndi vi dual - Woman"/ >
</ Seq>
</ hasBri dge>
<hasBri dge>

<Seq ordinal ="2">
<bridge rdf:resource="#lndividual - Man"/ >
</ Seq>
</ hasBri dge>
</ Semanti cBri dgeAl t >

The aternative ConceptBridge's are presented next:
" Individual-Woman” and ” Individual-Man”.

<Concept Bri dge rdf:1D="Indi vi dual - Wman" >
<subBridgeX rdf:resource="#l ndivi dual - | ndi vi dual "/ >
<rel atesSourceEntity rdf:resource="#l ndividual "/ >
<rel atesTarget Entity rdf:resource="#Wnan"/>
<whenVeri fiedCondition rdf:resource="#i sFermal e"/>

</ Concept Bri dge>

<Concept Bri dge rdf: | D="1Indi vi dual - Man" >
<subBri dgeCf rdf:resource="#I ndividual - | ndi vi dual "/ >
<rel atesSourceEntity rdf:resource="#l ndi vidual "/>
<rel atesTarget Entity rdf:resource="#Man"/>

</ Concept Bri dge>

Both bridges rely on the "Individual-Individual” bridge
to trandlate "02:Man” and "02:Woman” inherited attributes
from "o2:Individual”. Hence, both are specified as sub-
bridges of ” Individual-Individual” concept bridge. Addition-
ally, " Individual-Woman” concept bridge specifies the when-
VerifiedCondition property to "isFemale’. As remarked bel-
low, this condition is responsible to test if the individual is
of feminine sex. If the condition is verified the bridge is ex-
ecuted. Otherwise, and because the condition istested in the
context of a SemanticBridgeAlt, the next concept bridge in
the alternative is processed. The next concept bridge in the
alternativeis” Individual-Man” which has no associated con-
dition, and thereforeit is unconditionally executed.

Respecting the translation process, consider that an
"ol:Individual” instance is to be translated. The translation
engine seeks for bridges relating ”ol:Individual” to any 02
entity. Three are found, but one of them is abstract and is
therefore rejected. The other two are both defined in the con-
text of a SemanticBridgeAlt. The SemanticBridgeAlt choos-
ing/exclusion process starts. One of the bridges (or even-
tually none if none of the associated conditions is veri-
fied) is selected. The concept bridge must then create a tar-
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get instance which will serve as context for complementary
bridges.

Complementary attribute bridges are in this example sim-
ple 1:1 attribute bridges, relating one attribute from ol to an
attribute in 02, through the associated transformation.
<AttributeBridge rdf:|D="name-name">

<rel atesSourceEntity rdf:resource="#name"/>

<rel atesTarget Entity rdf:resource="#nane"/>

<accor di ngToTransf or mati on rdf: resour ce="#copyNane"/>
</ AttributeBridge>
<Transformation rdf:|D="copyNane">

<mapSour ceAr gunent >

<MapAr g>
<from rdf:resource="#nane"/ >
<to>sourceString</to>
</ MapAr g>
</ mapSour ceAr gument >
<mapTar get Ar gunent >
<MapAr g>
<fronptarget String</fron>
<to rdf:resource="#nane"/>
</ MapAr g>
</ mapTar get Ar gument >

<i nSer vi ce>CopyStri ng</i nServi ce>
</ Transf or mati on>

The "name-name” attribute bridge for example, bridges
" 02:Individual .name” to " 02:Individual .name”. The associ-
ated transformation in this bridge has the responsibility to
copy/createthe attribute and assign it to the concept instance.
Remember that the concept instance has been created by the
concept bridge previously.

Concerning the transformation, it intends to map between
the bridge entities and the transformation service arguments.
This mapping specification varies according to the service be
requested, either in type, cardinality and used tags. For ex-
ample, the ”copyName” transformation specifies the " Copy-
String” service to be called. This service expects to receive
a source argument called "sourceString” and the output is
named "targetString”. The transformation maps " sourceS-
tring” with the attribute ”ol:Individual.name” and "target-
String” to the "o2:Individual.name”. "title-title” attribute
bridgeis very similar to the previousand is not be presented.

In contrast, "marriages’ attribute bridges for example, are
dlightly different from previous ones. Notice that the source
entity is not an attribute but a relation to another concept.
Normally an AttributeBridge would not be correctly applied.
However, since this is a very common mapping pattern the
trandation engine allows to process the relation as an at-
tribute. That could eventually be a problem if the translation
service expects an attribute. However, the ” CountRelations”

‘ o1:Birth of:Individual / AttributeBridge
birth
- count

Mapping
ConceptBridge o02:Individual
AttributeBridge — birthDate
| name
title
AttributeBridge : noMarriages
AttributeBridge /1
.
[ ozMan | [ o2woman |

Sema\ticBrifigeAlt
ConceptBridge

ConceptBridge

of two small ontologies

service expectsarelation which isthe case of " spouseln” and
therefore no problem occurs. A similar situation occurs with
"birth-birth” AttributeBridge. Once again there is no prob-
lem because the source entity is accepted as an attribute and
therest is up to the transformation and its associated service.

<AttributeBridge rdf:|D="nariages">
<rel atesSourceEntity rdf:resource="#spouseln"/>
<rel atesTargetEntity rdf:resource="#noMariages"/>
<accordi ngToTransf or mati on rdf: resour ce="#count Spouses"/ >
</ AttributeBridge>

<Transformation rdf: | D="count Spouses"> <put Servi ceAr gunent >
<MapAr g>
<fronprel ation</from
<to rdf:resource="#spouseln"/>
</ MapAr g>
</ put Ser vi ceAr gunent >
<mapTar get Ar gunent >
<MapAr g>
<fronpcount </ fronmp
<to rdf:resource="#noMariages"/>
</ MapAr g>
</ mapTar get Ar gument >
<i nServi ce>Count Rel ati ons</i nServi ce>
</ Transf or mati on>

<AttributeBridge rdf:1D="birth-birthDate">
<rel atesSourceEntity rdf:resource="#birth"/>
<rel atesTargetEntity rdf:resource="#birthDate"/>
<accordi ngToTransformation rdf:resource="#Birth"/>
</ AttributeBridge>

<Transformation rdf:ID="Birth">
<put Ser vi ceAr gument >
<MapAr g>
<frompl</fronm>
<to rdf:resource="#birth"/>
</ MapAr g>
</ put Ser vi ceAr gunent >
<put Ser vi ceAr gument >
<MapAr g>
<fronmp2</fronme
<to rdf:resource="#date"/>
</ MapAr g>
</ put Ser vi ceAr gunent >
<mapTar get Ar gunent >
<MapAr g>
<fronptarget String</fron>
<to rdf:resource="#birthDate"/>
</ MapAr g>
</ mapTar get Ar gument >
<i nSer vi ce>Royal Dat e</i nServi ce>
</ Transf or mati on>

Finally, the "isFemale’ condition is considered. This con-
dition is responsible to verify if an instance of an individual
is of feminine sex. In this case the pattern refers to the fact
that the value of sex attribute has value "F’. Normally, the
services applied in a condition return a boolean value. How-
ever, this constraint would depend on the translation engine
once it is possible to create a table of correspondences be-
tween boolean types and other types. For example, it would
be reasonable to consider atrueresult if the service returnsa
set of entities or falseif it return aempty set.

<Condi tion rdf:ID="isFenal ">



<put Ser vi ceAr gument >
<MapAr g>
<fronpl</frome
<to rdf:resource="#sex"/>
</ MapAr g>
</ put Ser vi ceAr gunent >
<put Ser vi ceAr gurment >
<MapAr g>
<fromppat tern</from
<to>F</to>
</ MapAr g>
</ put Ser vi ceAr gunent >
<i nServi ce>CascadeAndMat ch</i nServi ce>
</ Condi ti on>

5 Implementation

MAFRA is currently under development within the KAON
Ontology and Semantic Web Framework®. KAON offers a
framework and a common set of tools for realizing scalable
and reliable ontology-enabled Semantic Web applications.
The architecture underlying KAON is depicted in Figure 4,
with elements split into three layers as described next.

— The Application and Services Layer contains com-
ponents providing interface to KAON. Human agents
typically use one of user interface applications realized
within OntoMat - a Ul framework for ontology appli-
cations offering easy integration and interoperability of
different tools for managing ontologies and metadata.
KAON-Portal is aframework for the generation of Web
portals from ontology-based data. Interoperability with
non-Javaplatformsis realized through a Web-servicein-
terface. Furthermore, machine agents use the Web Ser-
vice interface to access KAON methods and functional-

ity.

OntoMat App Framework

Web Service Connectors Web Application Framework

Applications
& Services

Main Memory

Fig. 4. KAON Architecture

— The Middleware Layer isfocused around KAON API,
providing primitives for ontology access and manipula
tion via different means. The middleware layer also in-
cludes aremote, J2EE-based implementation of KAON-
APl which allows to work multiple user on the same
mapping task. Mapping execution is realized within this
layer.

— The Data and Remote Services Layers the back-end
part of KAON. For local, in-memory operation storage
based on a modified version of RDF APl may be used.
As mentioned above for enabling scalable and concur-
rent applications, KAON RDF Server is realized within
the J2EE framework. Atomicity of updatesis ensured by
using transactions.

KAON-API

RDF-API

Middleware

| KAON-Server |

Backend
Services

Data
And
Remote
Services

P2P Database

Relational |
Dataha

As specified in section 4, mapping is specified and repre-
sented as an instance of a bridging ontology. Therefore, map-

® http://kaon.semanticeweb.org
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pings can be created using OntoM at-SOEP —atool for ontol-
ogy and metadata management. However to simplify the task
of establishing mappings, aplug-infor OntoMat hasbeenim-
plemented. A screen-shot of the user interface for mapping
specification is presented in Figure 5. In this example two
ontol ogies have been opened side by side, and in between an
instance of the semantic bridging ontology is created using a
simplified user interface.

e R

Fig. 5. Creating Mappings Using KAON Tools

As mentioned earlier mapping execution is implemented
within KAON API —the focal point of the KAON architec-
ture. KAON APl models the domain of ontology applica-
tions, providing classes such as Concept, Relation, Instance
etc. and means for their creation and manipulation. Conse-
guently, instances of the semantic bridging ontology can be
expressed using KAON API constructs and processed and
stored in the desired storage systems available within KAON.

The KAON mapping service supports the mapping execu-
tion phase under two distinct modes of operation:

— Offline (static) execution, transforming source ontology
instances into target ontology instances once, without
later synchronization,

— Online (dynamic) execution, where a connection be-
tween source and target ontology instances is constantly
maintained.

Execution in either of the two modes is currently devel-
oped on the basis of the run-time structure model depictedin
Figure 6, taking the upper half of the KAON mapping ser-
vice box for offline execution and the lower half for online
execution.

Semantic
Bridging
Ontology

Source
Ontology

Ontology

Y

Source Semantic Offline generates Target
Ontology Bridge —  Mapping Ontology

Instance Instance Service Instance

source
b z
Virtual Instance

[ of Target
Ontology

maps data from

KAON Mapping Service

Fig. 6. Mapping Run-time Structure

Offline execution is supported as a batch process. To exe-
cute, a previously generated instance of the semantic bridg-
ing ontology and an instance of the ontology to be trans-
formed are passed to the offline mapping service. It can then
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perform the execution and generate an instance of the tar-
get ontology by applying transformations from the semantic
bridging ontology. The offline mapping service as been im-
plemented in Java.

Online execution is more complex, since the connection
between instances of the source and target ontology is con-
stantly maintained - notifications of changesto source ontol-
ogy instance are mapped to changes in the target ontology
instance and propagated to the user. The user has no means
to detect that mapping is going on. To achieve this, asin the
offline case, first an instance of semantic bridging ontology
must be created. It and the source ontology instance are used
to create a virtual instance of the target ontology handling
online mapping. Execution occurs dynamically - e.g., when
the user queries for all instances of a concept of the target
ontology, the query is mapped into a query for the source on-
tology instance and executed there. Upon execution, the list
of al instances obtained is then mapped into al instances of
the target ontology and reported to the user.

6 Related Work

Much research has been done in the area of information in-
tegration. Existing information integration systems and ap-
proaches (e.g., TSIMMIS [6], Information Manifold [8], In-
fomaster’®, MOMIS!, Xyleme 1?) are“ centralized” systems
of mediation between users and distributed data sources,
which exploit mappings between a single mediated schema
and schemas of data sources. Those mappings are typicaly
modeled as views (over the mediated schemain the local-as-
view approach, or over the sources schemasin the global-as-
view approach) which are expressed using languages having
aformal semantics. For scaling up to the Web, the “ central-
ized” approach of mediation is probably not flexible enough,
and distributed systems of mediation are more appropriate.
Furthermore, mapping approaches can mainly be distin-
guished along the following three categories: discovery, [14,
3,5, 10, 1], mapping representation [9, 1, 11, 13] and execu-
tion [4, 11]. However, none of the proposed solutions has re-
ally encompassed the overall mapping process specially con-
sidering the evolution and consensus building of semantic
bridges. Having this in mind, we have introduced the On-
tology MApping FRAmework (MAFRA) as abasisfor man-
aging and executing mapping between distributed ontologies
in the Semantic Web. Within MAFRA we provide an ap-
proach and conceptual framework that provides a generic
view and figure onto the overall mapping process. In this pa-
per we have set a specific focus on the semantic bridging
phase corresponding to the mapping representation category.
The approaches which resemble our approach more closely
are[13] and [12]. Basically, our work has been motivated by
the work donein [13], where an ontology has been specified
for the transl ation between the domain-knowledge-basecom-
ponents and problem-solving-method components. The ap-
proach that comes nearest to ours has been described in [12].
They describe an approach for integrating vocabularies in-
cluding means for mapping discovery and representing map-
pings with afocus on B2B applications (product catal ogues)

10 http://infomaster.stanford.edu/infomaster-info.html
1 http://sparc20.ing.unimo.ittMomis/
12 http:/Aww.xyleme.com

has been described. In contrast to our work, the RDFT on-
tology describes a set of core bridgesto (i) lift XML tagsto
the RDF model and (ii) to define bridges between RDF(S)
classes and propertiesand to (iii) translate transformation re-
sults back to XML. In the paper [12] it remains unclear, how
execution specific information in the form of the constraint
and transformation dimension is attached to the bridges. Fur-
thermore, it is also not discussed if the overall processis ex-
ecuted statically or dynamically, where we offer both solu-
tions.

7 Conclusion and Future Work

Ontologies may used for achieving a common consensus
within a user community about conceptualizing, structuring
and sharing domain knowledge. Based on the application
scenario provided by Ontologging we have motivated that
it is unredlistic to assume that one single ontology for dif-
ferent communities of users is realistic in real-world appli-
cations. We argue that decentralization has been one of the
key elements for the scalahility of the World Wide Web and
its underlying applications. In order to balance the autonomy
of each community with the need for interoperability, map-
ping mechanisms between ontologies have been proposed.
In this paper we presented the Ontology Mapping Frame-
work (MAFRA) supporting the interactive, incremental and
dynamic ontology mapping process in the context of the Se-
mantic Web. In this paper a specific focus has been set on
the semantic bridging phase where we have provided a de-
tailed description of a semantic bridge meta-ontology, that is
instanti ated when mapping between two domain ontologies.

In the future much work remainsto be done. First, depend-
ing on the domain ontologies, data sources, application sce-
narios, user participation, capabilities and other factors fur-
ther semantic bridges may be necessary. For example, proce-
dural mechanisms may complement the taxonomy of seman-
tic bridges. Thus, we consider the semantic bridging ontol-
ogy as evolving. Second, considering the mapping process as
aconsensus building process of two communities, wewill on
the basis of our technological infrastructure KAON, perform
an experiment how multi-user mapping may be efficiently
supported. Third, we will develop an integrated LIFT tool
that allowsto lift several existing datarepresentationsinclud-
ing relational databases, XM L-Schema, DTDs onto the same
data model. Executing a dynamic mapping process keeping
the autonomy of the different input datawill be a challenging
task.
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