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Abstract. In this paper we present a comprehensive framework for measuring
similarity within and between ontologies as a basis for the collaboration across
various application fields. In order to define such a framework, we base our work
on an abstract ontology model that allows to adhere to various existing and evolv-
ing ontology standards. The main characteristics of the framework is its layered
structure: We have defined three levels on which the similarity between two enti-
ties (concepts or instances) can be measured: data layer, ontology layer, and con-
text layer, that cope with the data representation, ontology meaning and the usage
of these entities, respectively. In addition, in each of the layers corresponding
background information is used in order to define the similarity more precisely.
The framework is complete in the sense of covering the similarity between all el-
ements defined in the abstract ontology model by comprising similarity measures
for all above-named layers as well as relations between them. Moreover, we have
validated our framework with several practical case studies in order to prove ben-
efits of applying our approach compared to traditional similarity measures. One
of these case studies is described in detail within the paper.

1 Introduction

The importance of ontologies as ”an explicit specification of a shared conceptualiza-
tion” [1] increased drastically in the last years, especially for the applications that
require integration of heterogenous data, like knowledge management. Indeed, on-
tology becomes a very important technology for the improvement of the inter/intra-
organizational exchange of knowledge and services. Moreover, ontology-based knowl-
edge management enables a variety of new retrieval services, like personalization and
cooperative answering. The key issue is that an ontology supports more granular views
on the knowledge items that should be exchanged, enabling in that way the more
context-sensitive retrieval process than in the traditional knowledge management sys-
tems. For example, if a user makes the query ”fast Jaguars”, an ontology-based system,
by using the conceptual model of a domain, can distinguish between the various in-
terpretations of the term Jaguar (e.g. car and animal) and enable the user to find only
relevant items. However, due to the ambiguity in translating a user’s information need
in a query, an efficient knowledge management system should enable the user to find
some items that do not match perfectly his query, but that are relevant for his need. For
example, if a user wants to find information about the safety issues of Jaguar X, the



relevant information could be documents about safety issues of the Ferrari Y, which has
showed the same characteristics as Jaguar X in several crash tests. It is clear this calcu-
lation of the similarity between two items has to be performed very carefully in order
to ensure that all relevant items and no irrelevant items will be retrieved. Moreover, the
similarity computation depends on personal rules and preferences as well as on per-
sonal interpretation. To get a grip on arising problems from the above-described exam-
ples, it is in our opinion necessary to combine ontology-based technologies with novel
approaches for similarity computation. Therefore we have developed a general frame-
work for calculating the similarity within and between ontologies by also focusing on
domain knowledge that has direct influence on the similarity. The main characteristics
of the developed comprehensive framework is its layered structure: We have defined
three layers on which the similarity between two entities, can be measured: data layer,
ontology layer, and context layer, that cope with the data representation, ontological
meaning and the usage of these entities, respectively. In that way, different layers con-
sider different aspects of the nature of entities which are combined in the final judging
about their similarity. Moreover, in each layer corresponding background information is
used in order to define the similarity more precisely. Our intention is not only to develop
a collection of existing methods for measuring similarity, but rather to define a frame-
work that will enable their effective systematization regarding the task of comparing
ontologies. The framework is complete in the sense of covering the similarity between
all elements defined in the abstract ontology model and comprises several new methods
in order to achieve such a completeness. Moreover, it provides some inter-/intralayer
relations between methods, that enable the methods to be applied more efficiently. The
framework has been validated with several practical case studies which are directly fo-
cusing on every single layer as well as their interaction in order to deliver a proof of
concept.

The paper is organized as follows: In Section 2 we first introduce a formal model for
ontologies and similarity in ontologies and thendescribe our general framework com-
prising three different layers for similarity computation. In Section 4 we validate our
framework with a selected case study. After a discussion of related work in Section 5
we conclude with remarks outlining some future work.

2 Definitions

In this section we introduce basic definitions of ontologies and similarity. Upon these
we build our similarity framework.

2.1 Ontology Model

In our framework we will adhere to the Karlsruhe Ontology Model[2], which we adapt
to also accommodate datatypes:

Definition 1 (Ontology with Datatypes).An ontology with datatypes is a structure

OT := (C, T,≤C ,≤T , R, A, σA, σR,≤R,≤A)



consisting of a set of conceptsC aligned in a hierarchy≤C , a set of relationsR with
≤R, the signatureσR : R → C × C, a set of datatypesT with≤T , a set of attributes
A with ≤A, and the signatureσA : A → C × T . For a relationr ∈ R, we define its
domainand its range bydom(r) := π1(σR(r)) andrange(r) := π2(σR(r)).

Ontologies formalize the intensional aspects of a domain. The extensional part is pro-
vided by a knowledge base, which contains assertions about instances of the concepts
and relations.

Definition 2 (Knowledge Base with Datatypes).A knowledge base with datatypesis
a structure

KBT := (CKB , TKB , RKB , AKB , I, V, ιC , ιT , ιR, ιA)

consisting of fours setsCKB , TKB , RKB andAKB as defined above, a set of instances
I, a set of data valuesV , the concept instantiationιC : CKB → P(I), the data value
instantiationιT : TKB → P(V ), the relation instantiationιR : RKB → P(I2), and
the attribute instantiationιA : AKB → P(I × V ).

2.2 Similarity

Common sense tells that two entities need common characteristics (or attributes) in
order to be considered similar. Formalizing the concept of similarity, we refer to the
definition of a similarity function introduced by [3]:

Definition 3 (Similarity Measure). A similarity measure is a real-valued function
sim(x, y) : S2 → [0, 1] on a setS measuring the degree of similarity betweenx
andy.

Though there may be split opinions about the properties ofsim, it is generally
agreed thatsim ought to be reflexive and symmetric, i.e.

∀x, y ∈ S it holds 1.sim(x, x) = 1 (reflexivity)
2. sim(x, y) = sim(y, x) (symmetry)

Similarity for Ontologies

Definition 4. Now given two knowledge bases with datatypes and the corresponding
ontologies(KBi, Oi) and(KBj , Oj), we can compare elements ofKBOi

i as given by
the following family of functions:

sim : (Ei)× (Ej) → [0..1],

whereEi ∈ {Oi, Ci, Ti, Ri, Ai, Ii, Vi} andEj ∈ {Oj , Cj , Tj , Rj , Aj , Ij , Vj} andEi

andEj are of the same kind, i.e. both are instances or both are concepts, etc.



3 General Framework

Since an ontology represents a conceptualization of a domain, comparing two ontology
entities goes far beyond the representation of these entities (syntax level). Rather, it
should take into account their relation to the real world entities they are referencing,
i.e. their meaning, as well as their purpose in the real world, i.e. their usage. In order to
achieve such a comprehensive comparison, we use a semiotic view (theory of signs) on
ontologies and define our framework for similarity in three layers, as shown in Figure
1: Data-, Ontology-, and Context Layer. We further enhance these by an additional
orthogonal field representing specific domain knowledge. Initial blueprints for such a
division in layers can be found in the semiotics (theory of signs) for example in [4],
where they are calledsymbolic, semanticandpragmaticlayer, respectively.
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Fig. 1. Layer Model

Data Layer On this first layer we compare entities by only considering data values of
simple or complex data types, such as integers and strings. To compare data values, we
may use generic similarity functions such as the edit distance for strings. For integers
we can simply determine a relative distance between them. The complex data types
made up from simple data types would also require more complex measures, but which
are effectively completely based on simple measures.

Definition 5 (Similarity based on Data).

simdata : (Ei)× (Ej) → [0..1]

computes the similarity of entities based on the corresponding data valuesVi andVj

occurring inKBi andKBj .



Ontology Layer In the second layer, the ontology layer, we consider semantic relations
between the entities. In fact, we use the graph structure of the ontology to determine
similarity. For specific predefined relations such as taxonomies or restrictions we can
use specific heuristics. For example, certain edges could be interpreted as a subsump-
tion hierarchy. It is therefore possible to determine the taxonomic similarity based on
the number ofis-a edges separating two concepts. Besides intensional features we can
also rely on the extensional dimension i.e. assess concepts to be the same, if their in-
stances are similar. The similarity measures of the ontology layer can include similarity
measures of the data layer to determine the basic similarities.

Definition 6 (Similarity based on Ontology Structures).

simontology : (Ei)× (Ej) → [0..1]

computes the similarity of entities based on the ontological structures of(KBi, Oi) and
(KBj , Oj).

Context Layer On this layer we consider how the entities of the ontology are used
in some external context. This implies that we use information external to the ontology
itself. Although there are many contexts in which an ontology can be considered (for ex-
ample the context in which an ontology is developed, or in which it has been changed),
from the point of view of determining the similarity, the most important one is the appli-
cation context, e.g. how an entity of an ontology has been used in the context of a given
portal. An example for this is theamazon.comportal in which, given information about
which people buy which books, we can decide if two books are similar or not in a given
context. We assume that an ontology can be used for annotating content/documents in
an information portal. Therefore, the similarity between two ontology entities can be
easily determined by comparing their usage in an ontology-based application. A naive
explanation is that similar entities have similar patterns of usage. However, the main
problem is how to define these usage patterns in order to discover the similarity in the
most efficient way. In order to generalize the description of such patterns we reuse the
similarity principle from CBR (similar problems have similar solutions) in the terms
of the usage:similar entities are used in similar context. We use both directions of the
implication in discovering similarity: if two entities are used in the same (related) con-
text then these entities are similar and vice versa: if in two contexts the same (related)
entities are used then these contexts are similar.

Definition 7 (Similarity based on Context).

simcontext : (Ei)× (Ej) → [0..1]

computes the similarity of entities based on some context external to the ontologies.

Domain Knowledge Special shared ontology domains e.g. the bibliographic domain,
have their own additional vocabulary. The right part of Figure 1 therefore covers
domain-specific aspects. As this domain-specific knowledge can be situated at any level
of ontological complexity, it is presented as a box across all of them. Just like we use



general similarity features to compare ontologies we can also do so with domain spe-
cific features.

Amalgamation For the computation of the overall similarity between two entities we
use an amalgamation function that combines the results of the individual similarity
functions of the layers described above, i.e.

Definition 8 (Amalgamation of similarity functions).

sim(ea, eb) = A(sim1(ea, eb), · · · , simn(ea, eb))

wheresim denotes the overall similarity, andA the amalgamation function composing
individual similaritiessimi (i ∈ {1, · · · , n}).

4 Application Scenario

We have validated our similarity framework in varoius different application scenarios,
such as Case-based Reasoning [5] and Usage Mining [6]. To illustrate the application of
our similarity framework, we present Bibster, a semantics-based bibliographic Peer-to-
Peer system. It can be treated as a Peer-to-Peer-based knowledge management system,
since it enables the efficient access to the information stored in a Peer-To-Peer network.
Bibster addresses researchers in a community that share bibliographic metadata via a
Peer-to-Peer system. Many researchers own hundreds of kilobytes of bibliographic in-
formation, in dozens of BibTeX files. At the same time, many researchers are willing
to share these resources, provided they do not have to invest work in doing so. Bibster
enables the management of bibliographic metadata in a Peer-to-Peer fashion: It allows
to import bibliographic metadata, e.g. from BibTeX files, into a local knowledge repos-
itory, to share and search the knowledge in the Peer-to-Peer system, as well as to edit
and export the bibliographic metadata.

In Bibster1 we make use of two common ontologies for the representation of bibli-
ographic metadata: The first ontology is the Semantic Web Research Community On-
tology (SWRC)2, which models among others a research community, its researchers,
topics, publications, and properties between them [7]. The second ontology is the ACM
topic hierarchy3, according to which our publications are classified.

4.1 Usage of Similarity

Ontology-based similarity measures are used for a variety of functionalities in the Bib-
ster system:

1 http://bibster.semanticweb.org/
2 http://www.semanticweb.org/ontologies/swrc-onto-2001-12-11-daml
3 http://www.acm.org/class/1998/



Duplicate detectionDue to the distributed nature and potentially large size of the Peer-
to-Peer network, the returned result set for a query might be large and contain dupli-
cate answers. Furthermore, because of the heterogeneous and possibly even contradict-
ing representation, such duplicates are often not exactly identical copies. The ontology
based similarity function allows us to effectively determine the similarity between the
different answers and to remove apparent duplicate results. Instead of confronting the
user with a list of all individual results, we are able to present query results grouped by
semantic duplicates.

Peer Selection with Semantic TopologiesIn the Bibster system, the user can specify the
scope of a query: He can either query the local knowledge, direct the query to a selected
set of peers, or can query the entire peer network. For the latter option, the scalability
of the Peer-to-Peer network is essentially determined by the way how the queries are
propagated in the network. Peer-to-Peer networks that broadcast all queries to all peers
do not scale – intelligent query routing and network topologies are required to be able
to route queries to a relevant subset of peers that are able to answer the queries. In the
Bibster system we apply the model of expertise based peer selection as proposed in [8].
Based on this model, peers advertise semantic descriptions of their expertise specified
in terms of the ACM topic hierarchy. The knowledge about the expertise of other peers
forms a semantic topology, in which peers with a similar expertise are clustered. That
means, a semantic link between two peers is established, if their expertise is similar
according to the similiarity function. To determine an appropriate set of peers to forward
a query to, a matching function determines how closely the semantic content of a query
that references an ACM topic matches the expertise of a peer.

RecommendationsBibster features recommender functionality that allow personalized
access to the bibliographic metadata available in the Peer-to-Peer network according to
the particular needs of the users. In a nutshell, the recommender functions are based on
the idea that if a publication is known to be relevant, a similar publication might also be
relevant.

In more detail, the recommender functions build upon the semantic representation
of the available metadata, including content and usage information: The bibliographic
metadata is represented according to the two bibliographic ontologies (SWRC and
ACM). These ontological structures are then exploited to help the user formulate se-
mantic queries. Query results again are represented according to the ontology. These
semantic representations of the knowledge available on the peers, the user queries and
relevant results allow us to directly create a semantic user profile. The semantic simi-
larity function determines how well a publication matches the user profile. Potentially
interesting publication are then recommended to the user.

4.2 Methods

We will now describe the specific methods applied in the system grouped by the layers
Data Layer, Ontology Layer, andContext Layer. We also show how we exploitDomain
Knowledgein the individual layers.



Data Layer On this layer we compare the literal values of specific attributes of the
publication instances. For example, to detect typical differences in the representation of
a publication title for the duplicate detection, we use theSyntactic Similarityfunction
and are thus able to handle spelling errors or mismatches in capitalization, which is
important for example for duplicate detection:

Syntactic Similarity[9] introduced a measure to compare two strings, the so called edit
distance. For our purposes of similarity we rely on the syntactic similarity of [4] which
is inverse to the edit distance measure:

simsyntactic(v1, v2) := max(0,
min(|v1|, |v2|)− ed(v1, v2)

min(|v1|, |v2|) ) (1)

The idea behind this measure is to take two strings and determine how many atomic
actions are required to transform one string into the other one. Atomic actions would be
addition, deletion, and replacement of characters, but also moving their position.

Further, we are using domain specific background knowledge to define more mean-
ingful similarity measures. For example, for bibliographic metadata we know that at-
tributes such as first and middle names are often abbreviated: In these cases we compare
only the characters in front of the abbreviation dot. For other attributes expansion of the
abbreviations makes sense before comparing them.

Ontology Layer To compare the classifications of two publications according to the
ACM topic hierarchy, we use theTaxonomic Similarity for Concepts. We can then build
the semantic topology of the Peer-to-Peer network according to the taxonomic simi-
larity of the peers’ expertise, i.e. the classified topics of the publications shared by the
peer. This is necessary for efficient peer selection and routing of queries.

Taxonomic SimilarityOne possible generic function to determine the semantic similar-
ity of conceptsC in a concept hierarchy – or taxonomy –≤C has been presented by
Rada et al. in [10]:

simtaxonomic(c1, c2) :=

{
e−αl · eβh−e−βh

eβh+e−βh , if c1 6= c2,

1, otherwise
(2)

α ≥ 0 andβ ≥ 0 are parameters scaling the contribution of shortest path lengthl and
depthh in the concept hierarchy, respectively. The shortest path length is a metric for
measuring the conceptual distance ofc1 andc2. The intuition behind using the depth of
the direct common subsumer in the calculation is that concepts at upper layers of the
concept hierarchy are more general and are semantically less similar than concepts at
lower levels. This measure can be easily used analogously for relationR comparisons
through≤R.

SWRC Concept SimilarityFor our specific scenario with the SWRC ontology as domain
ontology, we have further background knowledge that allows us to define a simpler, but
also more appropriate similarity function. There are many subconcepts of publications:



articles, books, and technical reports to just name a few. We know that if the type of a
publication is not known, it is often provided as Misc (e.g. in Citeseer). We therefore
use the following function:

S(c1, c2) =





1, if c1 = c2,

0.75, if (c1 = Misc∨ c2 = Misc) ∧ c1 6= c2

0, otherwise

(3)

Furthermore, we analyze the graph structure of the metadata, specifically we check
how publication instances are structurally linked with person instances, e.g. authors.
Thus we can compare two publications on the basis of the similarity of the sets of
authors using the function forSet Similarity, which is useful for example to detect
duplicates or to recommend publications that are similar based on co-authorship:

Set Similarity Often it is necessary to compare not only two entities but two sets of
entities. As the individual entities have various and very different features, it is difficult
to create a vector representing whole sets of individuals. Therefore we use a technique
known from statistics as multidimensional scaling [11]. We describe each entity through
a vector representing the similarity to any other entity contained in the two sets. This
can easily be done, as we rely on other measures which already did the calculation
of similarity values[0..1] between single entities. For both sets a representative vector
can now be created by calculating an average vector over all individuals. Finally we
determine the cosine between the two set vectors through the scalar product as the
similarity value.

simset(E,F ) :=
∑

e∈E e

|E| ·
∑

f∈F f

|F | (4)

with entity setE = {e1, e2, . . .}, e = (sim(e, e1), sim(e, e2), . . . sim(e, f1), . . .);
F andf are defined analogously.

Context Layer On the context layer, we exploit information about the usage of the
bibliographic metadata. The usage information includes recently relevant results (i.e.
publications that have for example been stored by the user into his local knowledge
base), and queries the user has performed. As the recently relevant results are bibli-
ographic metadata themselves, they can be directly compared. For the recent queries,
the situation is similar: A query can be represented as an underspecified publication
with the attribute-value pairs that have been specified in the query (As known from
Query-by-Example). With the similarity function one can then determine, how closely
a publication matches a query, instead of only considering exact matches. The context
layer is of big value for the recommender functionality.

Amalgamation Function To combine the local similarities to the global similarity
Sim, we use a weighted average by assigning weightswi to all involved local similari-
ties:

A(sim1, . . . , simn) =
∑n

i=1 wi · simi∑n
i=1 wi



The weighted average allows a very flexible definition of what similar means in a
certain context. For example, to detect duplicate publications, the similarity based on
the title has a high weighted, and the global similarity needs to be close to 1. For the
recommendation of potentially relevant publications on the other hand, one might set
the weights to consider similarity based on the co-authorship or the topic classification.
Additionally, one certainly does not want to recommend duplicate publications.

5 Related Work and Conclusion

5.1 Related Work

Similarity measures for ontological structures have been widely researched, e.g. in cog-
nitive science, databases, software engineering and AI. Though this research covers
many areas and application possibilities, most applications have restricted their atten-
tion to the determination of the similarity of the lexicon, concepts, and relations within
one ontology.

The nearest to our comparison between two ontologies come [12] and [13]. In [12]
the attention is restricted to the conceptual comparison level. In contrast to our work the
new concept is described in terms of the existing ontology. Furthermore, he does not dis-
tinguish relations into taxonomic relations and other ones, thus ignoring the semantics
of inheritance. [13] computes description compatibility in order to answer queries that
are formulated with a conceptual structure that is different from the one of the informa-
tion system. In contrast to our approach their measures depend to a very large extent on
a shared ontology that mediates between locally extended ontologies. Their algorithm
also seems less suited to evaluate similarities of sets of lexical entries, taxonomies, and
other relations.

MAFRA[14] describes a framework for mapping ontologies. Detecting similarities
among entities constitutes one module in the mapping framework. In this sense, our
framework can be seen as a complementary to MAFRA.

Research in the area of database schema integration has been carried out since the
beginning of the 1980s. Schema comparison analyzes and compares schema in order
to determine correspondences and comes therefore near to our approach. The most rel-
evant to our framework is the classification of schema matching approaches given in
[15]. The authors distinguish three levels of abstraction. The highest level differs be-
tween schemata- and instance-based information. The second level distinguishes the
similarity among elements and among structures. On the third level the calculation can
be based on linguistic or information about a model’s constraints. On the other hand our
approach uses a conceptual decomposition: if the similarity of entities can be discovered
on the data representation level (e.g. two strings are similar), then it can be expanded
to the semantic level (e.g. if these strings are label for two concepts, then it can be an
evidence that the concepts are similar) and finally this information can be propagated
on the level of the usage of these concepts (e.g. if they are used similarly, then there is
more evidence for their similarity). In that context our framework is more “compact”
and goal-oriented, whereas all methods mentioned in [15] can be found in our frame-
work. Moreover, we use background information about the given domain and not only



“auxiliary” linguistic information (like synonyms, hypernyms) in all layers. Further, we
base our framework on a formal ontology model, that enables us to define all methods
formally. Finally, none of the related approaches, as known to the authors, had the in-
tention to define a framework which will drive the comparison between ontologies, e.g.
none of them consider the context layer as a source for discovering similarities.

5.2 Conclusion

In this paper we present a general framework for calculating similarity among ontolo-
gies for various application fields. In order to define a general framework we base our
work on an abstract ontology model that allows to adhere to various existing and evolv-
ing ontology standards. The main characteristics of the framework is its layered struc-
ture: we have defined three levels on which the similarity between two entities can be
measured: data layer, ontology layer, and context layer, that cope with the data repre-
sentation, ontology meaning and the usage of these entities, respectively. In that way,
different layers consider different aspects of the nature of entities which are combined
in the final judging about their similarity. Moreover, in each of the layers correspond-
ing background information (like the list of synonyms of a term) is used in order to
define the similarity more efficiently (precisely). Our intention was not only to develop
a collection of existing methods for measuring similarity, but rather to define a frame-
work that will enable their efficient systematization regarding the task of comparing
ontologies. The framework is complete in the sense of covering the similarity between
all elements defined in the abstract ontology model. We developed several new meth-
ods in order to achieve such a completeness. Moreover, the framework provides some
inter-/intralayer relations between methods, that enables more efficient applications. In
a case study regarding searching for bibliographic metadata in a Peer-to-Peer network
we showed the advantages of using our approach in knowledge management applic-
tions. Currently, we are evaluating our framework in several new application areas. The
future work will be oriented to the more formal treatment of the context layer which
will enable the reasoning about the similarity of the contexts as well.
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