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Preface

Welcome to the International Workshop on Service Matchmaking and Re-
source Retrieval in the Semantic Web, SMR2, Karlsruhe, Germany, October 27,
2008. The workshop, at its second edition, is devoted to the discussion of the-
oretical, technical and methodological solutions to the problem of finding the
best service or the best resource when searching in a web of meanings like the
Semantic Web is.

This year we accepted 8 papers covering many aspects of matchmaking and
retrieval in the Semantic Web. As in the last edition, many of them focus on
(semantic) web service discovery and selection.

In Semantic Web Service Selection with SAWSDL-MX, Matthias
Klusch and Patrick Kapahne extend and adapt their hybrid -MX matchmaking
framework to SAWDL semantic web service descriptions. SAWSDL is also the
main character of the paper Uncovering WSDL Specifications’ Data Se-
mantics by George A. Vouros et al. Here the focus is on automatic annotation
of WSDL specifications mapping input/output WSDL specifications to ontology
classes.

Whenever a service matchmaker returns a list of service satisfying a spe-
cific goal the main question is: how satisfactory is the result with respect to
the provided goal? An answer to this basic question is provided in Evaluating
Semantic Web Service Matchmaking Effectiveness Based on Graded
Relevance (Ulrich Küster and Birgitta König-Ries) where the authors propose
a graded relevance scale to evaluate SWS matchmakers. In all interoperability
scenarios, the ultimate goal of matchmakers is the eventual orchestration of dis-
covered services. In Model-Driven Semantic Service Matchmaking for
Collaborative Business Processes, Matthias Klusch et al. propose to ap-
ply the principles of model driven-design to Semantic Web service technology
to assist a business orchestrator finding suitable services at design time, and
composing work-flows for agent-based execution.

Usually, a negotiation phase follows the matchmaking/discovery one. In Com-
bining Boolean Games with the Power of Ontologies for Automated
Multi-Attribute Negotiation in the Semantic Web, Thomas Lukasiewicz
and Azzurra Ragone propose a new formal framework to combine Semantic Web
technologies with a game theoretic approach for multi-attribute negotiation.

Talking about Semantic Web we do not have to forget that related technolo-
gies can also be applied in scenarios different from the Web. In Match’n’Date:
Semantic Matchmaking for Mobile Dating in P2P Environments, Michele
Ruta et al. describe an application of Semantic Web technologies to a mobile
environment.

Finally, in Look Ma, No Hands: Supporting the semantic discov-
ery of services without ontologies (George A. Vouros et al.) and Closing
the Service Discovery Gap by Collaborative Tagging and Clustering
Techniques (Alberto Fernandez et al.) the authors show how to use and com-
bine techniques and tools of the current web to solve problems in the Semantic
Web.



Our thanks go to all authors for their valuable submissions and to the invited
speaker Holger Lausen for his talk: Enabling Discovery of Web Services on
the Internet. We are also very grateful to the members of the Program Com-
mittee and the external reviewers for their time and efforts.

Tommaso Di Noia, Ruben Lara and Ioan Toma

SMR2 PC chairs
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Invited Talk:
Enabling Discovery of Web Services on the

Internet

Holger Lausen

seekda OG
Museumstrae 21/302a – 6020 Innsbruck

Austria

The Web is moving from a collection of static documents to a set of Web
Services. Todays major search engines provide fast and easy access to existing
Web pages, however only little attention has been paid to provide a similar easy
and scalable access to find existing publicly available Web Services. We present
an approach that considers existing practical realities and has been used to
build the seekda.com Web Service search engine. Using this approach seekda has
indexed the largest pool of Web Service known so far. The talk will give details
on how existing Web Service related data can be obtained from the Web, how
it can be analyzed to obtain semantic annotations, how availability monitoring
can be used to assure accuracy and finally ideas on how user feedback can be
used to improve the quality of the available information.
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Semantic Web Service Selection with

SAWSDL-MX

Matthias Klusch and Patrick Kapahnke

German Research Center for Artificial Intelligence
Stuhlsatzenhausweg 3, Saarbrücken, Germany
klusch@dfki.de, patrick.kapahnke@dfki.de

Abstract. In this paper, we present an approach to hybrid semantic
Web service selection of semantic services in SAWSDL based on logic-
based matching as well as text retrieval strategies. We discuss the princi-
ples of semantic Web service description in SAWSDL and selected prob-
lems for service matching implied by its specification. Based on the re-
sult of this discussion, we present different variants of hybrid semantic
selection of SAWSDL services implemented by our matchmaker called
SAWSDL-MX together with preliminary results of its performance in
terms of recall/precision and average query response time. For experi-
mental evaluation we created a first version of a SAWSDL service re-
trieval test collection called SAWSDL-TC.

1 Introduction

As a W3C recommendation dated August 28, 2007, the SAWSDL1 specifica-
tion proposes mechanisms to enrich Web services described in WSDL2 (Web
Service Description Language) with semantic annotations. However, there is no
SAWSDL semantic service matchmaker publicly available to the community yet.
To fill this gap, we initially adopt the ideas of semantic Web service matching
of our hybrid matchmakers OWLS-MX and WSMO-MX (see [8, 6]), for service
description languages OWL-S3 and WSML respectively, to this environment.
A detailed discussion of the SAWSDL specification, particularly addressing the
problems arising for semantic Web service selection, is also given.

In this paper, we present the first version of our hybrid SAWSDL Web service
matchmaker called SAWSDL-MX. It exploits both crisp logic-based matching
(subsumption reasoning) and IR-based (text retrieval) matching. Our prelimi-
nary experimental analysis shows, that in line with OWLS-MX and WSMO-MX,
hybrid matching can outperform both variants applied stand-alone in terms of
recall and precision.

The remainder of this paper is structured as follows. After a brief introduction
to SAWSDL and discussion of implied challenges of semantic service selection in
1 http://www.w3.org/TR/sawsdl/
2 http://www.w3.org/TR/wsdl/ and http://www.w3.org/TR/wsdl20/
3 http://www.daml.org/services/owl-s/1.1/
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section 2, the hybrid matching approach of SAWSDL-MX is described in detail
in section 3. Section 4 presents the architecture and implementation details of
SAWSDL-MX. Preliminary results of our experimental evaluation of SAWSDL-
MX over a initial test collection SAWSDL-TC1 in terms of recall, precision and
average query response time are shown in 5. We comment on related work in
section 6 and conclude in section 7.

2 SAWSDL Services

In the following, a brief introduction of the semantically enabled service descrip-
tion language SAWSDL is given. Language specific problems for semantic service
discovery arising from the W3C recommendation and methods of resolution and
assumptions for avoiding them respectively are also discussed.

SAWSDL is designed as extension of WSDL enabling service providers to
enrich their service descriptions with additional semantic information. For this
purpose, the notion of model reference and schema mapping have been introduced
in terms of XML attributes that can be added to already existing WSDL elements
as depicted in figure 1. More precisely, the following extensions are used for
annotation:

Fig. 1. SAWSDL extensions of WSDL interface components

– modelReference: A modelReference points to one ore more concepts with
equally intended meaning expressed in an arbitrary semantic representation
language. They are allowed to be defined for every WSDL and XML Schema
element, though the SAWSDL specification defines their occurrence only

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web
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in WSDL interfaces, operations, faults as well as XML Schema elements,
complex types, simple types and attributes. The purpose of a model reference
is mainly to support automated service discovery.

– liftingSchemaMapping: Schema mappings are intended to support automated
service execution by providing rules specifying the correspondences between
semantic annotation concepts defined in a given ontology (the ”upper” level)
to the XML Schema representation of data actually required to invoke the
Web service using SOAP (the ”lower” level), and vice versa. A liftingSchema-

Mapping describes the transformation from the ”lower” level in XML Schema
up to the ontology language used for semantic annotation.

– loweringSchemaMapping: The reference tag loweringSchemaMapping des-
cribes the transformation from the ”upper” level of a given ontology to the
”lower” level in XML Schema.

Since the specification of SAWSDL does not restrict the developer of a seman-
tic service in SAWSDL to a particular ontology language, any service selection
has to cope with the implied semantic interoperability problem of both heteroge-
neous ontologies and heterogeneous ontology languages. Therefore, as an initial
starting point, we restricted our inital SAWSDL service matchmaker to ”under-
stand” only the standard OWL4. More concrete, we assume for SAWSDL-MX
1.0 that model references in SAWSDL service offers and requests are pointing
to ontological concepts exlcusively defined in OWL-DL. That allows to apply
standard subsumption reasoning used for OWL-S matchmaking such as in [14,
4, 8]. Besides, there is no retrieval test collection for SAWSDL publicly available
yet, but for OWL-S, namely OWLS-TC, which we converted semi-automatically
into SAWSDL services such that we could use the resulting SAWSDL-TC for
initially evaluating our matchmaker.

Another problem with the SAWSDL specification with respect to service
matching is that so-called top-level annotation and bottom-level annotation are
defined as to be considered independent from each other. The term top-level

annotation describes the case, where a complex type or element definition of a
message parameter is described by a model reference as a whole. A bottom-level

annotation pursues the idea of semantically annotating the parts that are con-
tained inside the definition of a complex type or element. However, it remains
unclear how to evaluate matching between top-level and low-level annotated pa-
rameters, or which one to prefer if both levels are available. To circumvent this
problem, we decided to rely on top-level annotations of upper parameter type
definitions, and ignore bottom-level annotation in the first version of our match-
maker. In addition to that, element and type definition specifying a message
component can be annotated at the same time. The specification does not imply
a solution for this case either, so we decided to rely on the annotation directly
attatched to the referenced XML Schema object if available.

Further, multiple references to multiple ontologies defined in different lan-
guages and formats such as logic theories, plain text documents or structured

4 http://www.w3.org/2004/OWL/
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Fig. 2. SAWSDL service example

thesauri can be used to describe the semantic of even the same element. There-
fore, a matchmaker, in principle, cannot know whether these different types
of semantic descriptions of the element are intended to be treated as comple-
mentary or equivalent. In the first case, how to aggregate the complementing
descriptions, in the latter case, which one to select best for further processing?
This opens up a wide range of pragmatic approaches to deal with this for service
matching. SAWSDL-MX 1.0 checks only the first model reference of an element.
However, different variants dealing with multiple model references connected to
a single object are topic of further development, since they are to be treated as
sets without order. One possible approach would be to check every combination
of request and service offer reference part and perform some kind of aggregation
afterwards.

To illustrate this problem by example, consider figure 2: A flight company
offers a WSDL Web service with different operations concerning flight booking
(BookFlight operation), account administration (omitted in the picture), and
so on. The BookFlight operation is defined to take information of the desired
flight (Flight input) and customer information in form of a tuple containing a
user name and appropriate password (Customer input) as input parameters and
delivers information about the ticket reservation (Ticket output).

To support automated Web service selection, this service is semantically an-
notated in compliance with the SAWSDL specification as shown in the figure.

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web
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In particular, the service developer of the flight company uses WSML-Core,
WSML-Rule and OWL-DL concept descriptions for service element annotation.
As a consequence, a matchmaker agent cannot perform single language-specific
reasoning and matching mechanisms but has to apply an appropriate combina-
tion of them instead. This problem can be straight-forwardly solved by use of
language mappings available for WSML-Core and OWL-DL5 but remains hard
to solve for comparing concepts in WSML-Rule and OWL-DL.

Further, in the example, the XML Schema description attached to the service
input element Customer contains annotations for the compound complex type
as well as the simple types (referenced by the elements contained in the complex
type, element nodes are omitted in the picture). How to handle this situation?
Selecting only one annotation level may neglect additional information while
looking at all references as a conjunction of ontological concepts can lead to
either logical inconsistencies, or is not possible due to incomparable description
languages. This problem is exaggerated in the example by providing multiple
references (multiple levels of annotations) for the same element. SAWSDL-MX
1.0 only checks the top-level annotation of the most generic element of the XML
Schema description of a service parameter.

3 Service Matching with SAWSDL-MX

In the following, we describe one approach to SAWSDL-service selection which
we implemented in an initial version of a matchmaker called SAWSDL-MX based
on the assumptions stated above. SAWSDL-MX performs service selection in
terms of logic-based, syntactic (text similarity-based) and hybrid matching of
I/O parameters defined for potentially multiple operations of a Web service
interface (signature matching)6. As service requests, standard SAWSDL Web
service definition documents are used. This approach is particularly inspired by
the hybrid semantic service matchmakers OWLS-MX [8] and WSMO-MX [6] for
OWL-S and WSML.

3.1 Service Interface Matching

The matching process of SAWSDL-MX on the service interface level is performed
as follows. For every pair of service offer O and service request R, every com-
bination of their operations is evaluated by either logic-based matching, text
5 http://www.wsmo.org/TR/d16/d16.1/v0.21/
6 For SAWSDL-MX 1.0, we assume only one interface but multiple operations per

service. Extending the proposed service matching algorithm to services with even
multiple interfaces only requires additionally combined valuation of the respective
interface matching results. The restriction to signature matching for SAWSDL-MX
1.0 is due to the fact that, in SAWSDL, preconditions and effects can be added as
input and output model references only, which makes it hard for any matchmaker to
identify them as such in general, and before actually analyzing the name and content
of referenced models in particular.

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web
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retrieval-based matching, or both. The matching of operations is described in
more detail later.

In order to compute an optimal injective mapping of operations for service
offer and request, SAWSDL-MX applies bipartite graph matching, where nodes
in the graph represent the operations and the weighted edges are built from
possible one-to-one assignments with their weights derived from the computed
degree of operation match. If there exists such a mapping, then it is guaranteed
that there exists an operation provided by the service offer for every operation
a requester defined in her query. That is, there exists no request operation that
cannot be provided by the service offer, disregarding the quality of match at this
point.

As an example, consider the service request and service offer given in figure
3. Every request operation ROi (with i ∈ {1, 2}) is compared to every advertise-
ment operation Oj (with j ∈ {1, 2, 3}) with respect to logic-based filters defined
in the next section. In this example, RO1 exactly matches with O1, but fails for
O2 and O3. O3 is a weaker plug-in match for RO2 (the subsumed-by match of
RO2 with O2 is even weaker than a plug-in match). The best (max) assignment
of matching operations is {〈RO1, O1〉, 〈RO2, O3〉}.

Fig. 3. Interface level matching of SAWSDL-MX

One conservative (min-max) option of determining the matching degree be-
tween service offer and request based on their pairwise operation matchings
is to assume the worst result of the best operation matchings, to guarantee
a fixed lower bound of similarity for every requested operation. This is what

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web
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SAWSDL-MX 1.0 is doing, so in this example shown in figure 3, the service offer
is considered a plug-in match for the request. Other possibilities are to merge the
operation matching results based on, for example, their average syntactic simi-
larity values, and to provide more detailed feedback to the user on the operation
matchings involved.

Please note that SAWSDL-MX aims at finding service matches solely based
on single service offer documents. The problem of semantic Web service com-
position is somehow related, but additional state-based planning strategies have
to be applied to solve this problem, which is out of the scope of this work. To
accomplish on that, a Web service composition planner like e.g. OWLS-XPlan
or SHOP2 could be considered (see [18, 19] for details).

3.2 Logic-based Operation Matching

As mentioned above, we assume for SAWSDL-MX 1.0 that model references in
SAWSDL service offers and requests are pointing to ontological concepts exlcu-
sively defined in OWL-DL or WSML-DL. That allows to apply standard sub-
sumption reasoning for description logics (see [20]). Therefore, the logic-based
operation matching part of SAWSDL-MX computes the degree of logic-based
match for a given pair of service offer operation OO and service request OR by
successively applying four filters of increasing degree of relaxation: Exact, Plug-

in, Subsumes and Subsumed-by, which are, in essence, adopted from those of
OWLS-MX 2.0 but modified in terms of an additional bipartite concept matching
to ensure an injective mapping between offer and request concepts, if required.
The reason of this modification is that previous experiments with OWLS-MX
showed that many logic-based only failures could have been avoided by this
additional constraint.

Exact match: Service operation OO exactly matches service operation OR ⇔
(∃ injective assignment Min : ∀m ∈ Min : m1 ∈ in(OO) ∧ m2 ∈ in(OR) ∧ m1 ≡
m2) ∧ (∃ injective assignment Mout : ∀m ∈ Mout : m1 ∈ out(OR) ∧ m2 ∈
out(OO) ∧ m1 ≡ m2). There exist a one-to-one mapping of perfectly matching
inputs as well as perfectly matching outputs. Assuming that an operation fullfills
a requesters need if every input can be satisfied and every requested output is
provided, the assignments only require to be injective (but not bijective), thus
additional available information not required for service invocation and addi-
tional provided outputs not explicitly requested are tolerated.

Plug-in match: Service operation OO plugs into service operation OR ⇔ (∃
injective assignment Min : ∀m ∈ Min : m1 ∈ in(OO)∧m2 ∈ in(OR)∧m1 
 m2)∧
(∃ injective assignment Mout : ∀m ∈ Mout : m1 ∈ out(OR) ∧ m2 ∈ out(OO) ∧
m2 ∈ lsc(m1)). The filter relaxes the constraints of the exact matching filter by
additionally allowing input concepts of the service offer to be arbitrarily more
general than those of the service request, and advertisement output concepts to
be direct child concepts of the queried ones.

Subsumes match: Service operation OO subsumes service operation OR ⇔
(∃ injective assignment Min : ∀m ∈ Min : m1 ∈ in(OO) ∧ m2 ∈ in(OR) ∧ m1 

m2) ∧ (∃ injective assignment Mout : ∀m ∈ Mout : m1 ∈ out(OR) ∧ m2 ∈

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web
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out(OO) ∧ m1 
 m2). This filter further relaxes constraints by allowing service
offer outputs to be arbitrarily more specific than the request outputs (as opposed
to the plug-in filter, where they have to be direct children). Thus, a plug-in can
be seen as special case of a subsumes match resulting in a more fine-grained view
at the overall service ranking.

Subsumed-by match: Service operation OO is subsumed by service opera-
tion OR ⇔ (∃ injective assignment Min : ∀m ∈ Min : m1 ∈ in(OO) ∧ m2 ∈
in(OR) ∧ m1 
 m2) ∧ (∃ injective assignment Mout : ∀m ∈ Mout : m1 ∈
out(OR)∧m2 ∈ out(OO)∧m2 ∈ lgc(m1)). The idea of the subsumed-by matching
filter is to determine the service offers that the requester is able to provide with
all required inputs and at the same time deliver outputs that are at least closely
related to the requested outputs in terms of the inferred concept classification.

At this filtering step, services that offer equivalent or more specific outputs
already have been discovered. The subsumed-by filter additionally returns service
offers that provide more general output concepts, namely direct parents. These
may be of value for a user to know, though it depends on the granularity of the
matchmaker ontology. For example, it would not make sense to return a ser-
vice operation providing information on vehicles, if the user explicitly requested
information on a very special brand of a car which concept is inappropriately
modelled as a direct child of the concept vehicles in the ontology.

The overall algorithm for logic-based matching of operations considers the
filters in the following order based on the degree of relaxation: exact > plug-in >

subsumes > subsumed-by > fail. The notion of fail applies to cases where none
of the filtering tests succeeded.

3.3 Syntactic Operation Matching

In addition, SAWSDL-MX can perform syntactic-based matching based on se-
lected token-based text similarity measures. That is, a syntactic similarity value
is computed for every pair of service offer and request operation which is used to
rank operations with same logic-based matching degree. The implemented simi-
larity measures for SAWSDL-MX 1.0 are the same as for OWLS-MX, that are the
Loss-of-Information, the Extended Jaccard, the Cosine and the Jensen-Shannon

similarity measures. The architecture of SAWSDL-MX allows the integration of
other text similarity measures such as those provided by SimPack7 which is also
used in the iMatcher matchmaker [7].

The weighted keyword vectors of inputs and outputs for every operation are
generated by first unfolding the referenced concepts in the ontologies (as defined
for standard tableaux reasoning algorithms). The resulting set of primitive con-
cepts of all input concepts of a service operation is then processed to a weighted
keyword vector based on TFIDF weighting scheme, the same is done with its
output concepts. The text similarity of a service offer operation and a request
operation is the average of the similarity values of their input and output vectors
according to the selected text similarity measure.

7 http://www.ifi.uzh.ch/ddis/research/semweb/simpack/
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3.4 Hybrid Operation Matching

Inspired by OWLS-MX [8], SAWSDL-MX combines logic-based and syntactic-
based matching to perform hybrid semantic service matching. There are different
options of combination: A compensative variant using syntactic similarity mea-
sures in cases where none of the logic-based filters applies helps to improve
the service ranking with respect to logic-based false negatives by re-considering
them again in the light of their computed syntactic similarity. An integrative

variant deals with problems concerning logic-based false positives by not taking
the syntactic similarity of concepts into account only when a logical matching
fails, but as a conjunctive constraint in each logical matching filter. Our ex-
periments showed that OWLS-MX 2.0 using the integrative variant performs
better than the original one with the complementary use of syntactic similarity.
However, SAWSDL-MX 1.0 inherited the compensative variant from OWLS-MX
1.0, that is, only the logic-based subsumed-by filter is modified to a hybrid fil-
ter by integrative checking of syntactic simliarity of concepts, and the syntactic
nearest-neighbour filter is compensative in the sense that it is only performed in
case all other filters fail.

Subsumed-by match: Service operation OO is subsumed by service opera-
tion OR ⇔ (∃ injective assignment Min : ∀m ∈ Min : m1 ∈ in(OO) ∧ m2 ∈
in(OR) ∧ m1 
 m2) ∧ (∃ injective assignment Mout : ∀m ∈ Mout : m1 ∈
out(OR)∧m2 ∈ out(OO)∧m2 ∈ lgc(m1))∧simIR(OR, OO) ≥ α. A subsumed-by

match computed by hybrid matching additionally requires the IR-based similar-
ity computed using one of the measures from IR = {LOI, ExtJacc, Cos, JS} to
be above a given threshold α. This helps to avoid logic-based false positives to
be introduced by the pure logic-based variant of this filter.

Nearest-neighbour match: This filter compensates logic-based false nega-
tives as described above. Its condition is simIR(OR, OO) ≥ α and thus considers
all services not already catched in previous filter steps whose IR-based similarity
is above the threshold.

4 SAWSDL-MX Implementation

SAWSDL-MX 1.0 has been fully implemented in Java using the sawsdl4j8 API
(handling SAWSDL for WSDL 1.1) and the OWL API9 for access to SAWSDL
and OWL files, the DIG 1.110 as standard interface to handle SHOIQ knowl-
edge base queries, and the Pellet11 reasoner as inference engine for logic-based
matchmaking.

Figure 4 gives an broad overview of the overall system architecture. Basically,
SAWSDL-MX consists of the following components: SAWSDL Matching Engine,
Service Registry, Ontology Handlers, Local Matchmaker Ontology and Similarity

8 http://knoesis.wright.edu/opensource/sawsdl4j/
9 http://owlapi.sourceforge.net/

10 http://dig.sourceforge.net/
11 http://pellet.owldl.com/
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Measures. These are described in more detail in the following. From the perspec-
tive of service providers, SAWSDL-MX allows the registration of SAWSDL Web
service offers at the service registry. For requesters, SAWSDL-MX provides an
interface for submitting queries by means of a SAWSDL document specifying
details about the desired service interface. After the service discovery process,
the SAWSDL-MX matching engine returns a ranked list of service offers that
match the query.

Fig. 4. SAWSDL-MX architecture

SAWSDL Matching Engine: The SAWSDL Matching Engine is the core
component of SAWSDL-MX. It provides several matching variants of SAWSDL-
MX 1.0 as described in previous sections: The Logic-based Matcher computes
service ranking by means of crisp-logic subsumption reasoning and the logic-
based matching filters described in section 3.2. The IR-based Matcher produces
the ranked results using syntactic similarity measures as described in section
3.3. Finally, the Hybrid Matcher performs the combined approach of logic-based
reasoning and syntactic similarity comparison as described in 3.4. The matching
engine component is designed to provide easy integration of additional matching
variants by means of Java interface implementation.

Service Registry: This component is the storage for service offers provided
by service providers. It is accessed by the matching engine to produce the ranked
results for a query.
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Ontology Handlers: After the service registration process, the semantic
annotations of a SAWSDL service (by means of model references) are processed
using Ontology Handlers. Therefore, an appropriate handler able to parse and
reason about the referenced ontology is selected and the concepts are stored lo-
cally to facilitate logic-based reasoning as well as concept unfolding for IR-based
matching at query time. As for the matching engine component, the Ontology

Handlers package is designed to allow the proper integration of additional knowl-
edge representation formalisms by means of Java interfaces.

Local Matchmaker Ontology: This component is in fact part of the ontol-

ogy handlers in the actual implementation but depicted as seperate component
for reasons of clarity. The Local Matchmaker Ontology is a storage for all relevant
concepts referenced by registered service offers as proposed in [8]. However, since
SAWSDL allows the use of various knowledge representation formalisms, parts of
the component relevant for certain ontology handlers are directly covered inside
the handlers. In case of our current implementation of SAWSDL-MX, it consists
of the Pellet reasoner, which is accessed by handlers able to process descrip-
tion logic based ontology languages via DIG 1.1. Currently, only the OWL-DL

Handler is actually implemented, but expanding the system to WSML-DL is
straight-forward, since they rely on subsets of the SROIQ description language,
which is addressed by Pellet12.

Similarity Measures: This package currently contains the four similar-
ity measures loss-of-information, extended Jaccard, cosine and Jensen-Shannon.
However, adding more variants for IR-based matching can be easily accomplished
again via interfaces. An proprietary document indexing structure based on hash
tables is also provided. The integration of additional syntactic similarity mea-
sures (e.g. from SimPack) and better indexing strategies is intended for following
versions of SAWSDL-MX.

5 Evaluation of Performance

The experimental evaluation of the retrieval performace of the first version
SAWSDL-MX focuses on measuring its recall and precision based on a first
SAWSDL test collection semi-automatically derived from OWLS-TC 2.213 us-
ing the OWLS2WSDL14 tool, as there is currently no standard test collection for
SAWSDL matchmaking available. OWLS2WSDL transforms OWL-S service de-
scriptions (and concept definitions relevant for parameter description) to WSDL
through syntactic transformation. The collection consists of 894 Web services
covering different application domains: education, medical care, food, travel,
communication, economy and weaponry. For this set of service offers, 26 queries
have been selected and relevance sets have been created for each of them. These
where subjectively defined as relevant according to the standard TREC defini-
tion of binary relevance [16]. As the creation of this test collection has been done
12 With exception of n-ary datatypes
13 http://projects.semwebcentral.org/projects/owls-tc/
14 http://projects.semwebcentral.org/projects/owls2wsdl/
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by transforming OWL-S services contained in OWLS-TC 2.2, which provides
services containing only one atomic process per description, every SAWSDL ad-
vertisement only contains a single interface with a single operation (but possibly
multiple I/O’s). Therefore and because all automatically derived model refer-
ences exclusively point to OWL ontologies, this test collection can only be seen
as a first attempt towards a commonly agreed testing environment for SAWSDL
service discovery and our evaluation has to be considered as preliminary. The
performance measures used for evaluation are defined as follows:

Recall =
|A ∩ B|

|A|
, P recision =

|A ∩ B|

|B|
,

where A is the set of all relevant documents for a request and B the set of
all retrieved documents for a request. The so-called F1-measure equally weights
recall and precision and is defined as:

F1 =
(2 · Precision · Recall)
(Recall + Precision)

.

We adopt the prominent macro-averaging of precision. That is, we compute
the mean of precision values for answer sets returned by the matchmaker for
all queries in the test collection at standard recall levels Recalli (0 ≤ i < λ).
Ceiling interpolation is used to estimate precision values that are not observed
in the answer sets for some queries at these levels; that is, if for some query
there is no precision value at some recall level (due to the ranking of services
in the returned answer set by the matchmaker) the maximum precision of the
following recall levels is assumed for this value. The number of recall levels from
0 to 1 (in equidistant steps n

λ
, n = 1 . . . λ) we used for our experiments is λ = 20.

Thus, the macro-averaged precision is defined as follows:

Precisioni =
1
|Q|

×
∑

q∈Q

max{Po|Ro ≥ Recalli ∧ (Ro, Po) ∈ Oq},

where Oq denotes the set of observed pairs of recall/precision values for query
q when scanning the ranked services in the answer set for q stepwise for true
positives in the relevance sets of the test collection. For evaluation, the answer
sets are the sets of all services registered at the matchmaker which are ranked
with respect to their (totally ordered) matching degree.

The performance tests have been conducted on a machine with Windows
2000, Java 6, 1,7 GHz CPU and 2 GB RAM using SME2 15 as evaluation envi-
ronment.

As can be seen in figure 5(a), the hybrid variant utilizing cosine measure
performs best in both finding correct results among the top of the ranking as
well as returning positives at high precision towards full recall. It is followed by
pure IR-based service discovery (also using cosine measure), which is surpris-
ingly at first glance, since it is assumed by the semantic Web community that
15 http://projects.semwebcentral.org/projects/sme2/
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(a) recall/precision (b) F1

Fig. 5. Performance of SAWSDL-MX

semantically enabled ressource retrieval should be able to outperform standard
information retrieval purely relying on syntactic information in general. How-
ever, as Wang et al. show in [17] exemplarily for OWL, the currently established
Web ontology landscape provides mainly poor specification of concepts in terms
of the used expressivity of description languages. In fact, many ontologies cur-
rently available are just simple taxonomies that do not rely on advanced features
provided by for example OWL-DL, thus IR-based matching techniques are often
good enough to compare service parameters. The crisp logic-based variant of
SAWSDL-MX performs worst with respect to precision. This is mainly due to
the problem with ontologies just described and due to the coarse-grained con-
cept descriptions available. Equal consideration of recall and precision using the
F1 measure yields the results given in figure 5(b), which recapitulates the ob-
servations. Regarding query response times, IR-based matching performs best,
namely 1,7 seconds on average per query, while crisp logic-based matching takes
4,7 seconds on average and their combination in hybrid matching is the slow-
est (6,4 seconds). These evaluation results are in line with the performance of
OWLS-MX and WSMO-MX and thus fortify the proposition that hybrid match-
ing outperforms pure logic-based as well as IR-based matching in terms of recall
and precision.

6 Related Work

To the best of our knowledge, there exist only very few implemented semantic
service discovery systems for SAWSDL. [10] presents a solution to SAWSDL Web
service discovery using UDDI registries called FUSION. In FUSION, any service
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description is classified at the time of its publishing and then mapped to UDDI
to allow for fast lookups. In case of unknown semantic service requests reasoning
has to be done at query time. In contrast to SAWSDL-MX, each service offer
has only to satisfy one matching condition based on subsumption relationships
inferred by a reasoner, thus the ranking is not affected by different degrees of
logic-based match, neither does FUSION perform a syntactic or hybrid semantic
match. Like SAWSDL-MX 1.0, FUSION is strictly bound to OWL-DL, since
for each service, a semantic representation in terms of an individual of a pre-
defined OWL concept is constructed. Lumina [11] developed in the METEOR-S
project16 follows a similar approach based on a mapping of WSDL-S (and later on
SAWSDL respectively) to UDDI but performs syntactic service matching only.
For a survey of semantic service matchmakers in general, we refer the interested
reader to [9].

7 Conclusion

SAWSDL-MX performs hybrid semantic Web service matching for SAWSDL
operations based on both logic-based reasoning and IR-based syntactic similarity
measurement, and combines the results to provide a matching result for service
interfaces with multiple operations. The requester formulates queries in terms
of SAWSDL service interface descriptions and is presented a service ranking
containing service offers from the local registry. The version SAWSDL-MX 1.0
presented in this paper has been implemented and evaluated in terms of recall
and precision using a preliminary SAWSDL test collection called SAWSDL-TC1
which we derived from the existing collection OWLS-TC 2.2. As the experimental
results show, hybrid matching of SAWSDL services can outperform both logic-
based and IR-based matching in terms of precision at the cost of increased
average query response time.

We are currently working on several aspects of SAWSDL service discovery
and extensions of SAWSDL-MX. As SAWSDL is not restricted to semantically
represent service components using a fixed knowledge representation formal-
ism, the integration of additional ontology language support is intended. While
description logics have already been discussed for the first version SAWSDL-
MX 1.0, the support for languages originating from logic programming such as
WSML-Flight and WSML-Rule is subject to our future work.

Besides, inspired by the monolithic logic-based semantic service matchmaker
MaMaS [1, 2], we are currently working on an adaptive variant called SAWSDL-
MXA which exploits means of ontology patching such as concept contraction
and abduction combined with machine learning based on implicit feedback [5].

The semantic interoperability problem induced by the inevitable occurrence
of heterogeneous ontologies used for semantic service annotation can be ad-
dressed by appropriate ontology alignment techniques [13]. In SAWSDL-MX,
one option is to perform an additional matching of concept primitives (that

16 http://lsdis.cs.uga.edu/projects/meteor-s/
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are left undefined in the matchmnaker ontology) in unfolded concepts to be
compared using a shared minimum vocabulary of requesters and providers like
WordNet17, or by consistent introduction of additional equivalence axioms to
the local knowledge base of SAWSDL-MX [12].

SAWSDL-MX 1.0 and SAWSDL-TC1 are both publicly available at semweb-

central.org.
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Abstract. Semantic web services (SWS) promise to take service ori-
ented computing to a new level by allowing to semi-automate time-
consuming programming tasks. At the core of SWS are solutions to the
problem of SWS matchmaking, i.e., the problem of comparing semantic
goal descriptions with semantic offer descriptions to determine services
able to fulfill a given request. Approaches to this problem have so far
been evaluated based on binary relevance despite the fact that virtually
all SWS matchmakers support more fine-grained levels of match. In this
paper, a solution to this discrepancy is presented. A graded relevance
scale for SWS matchmaking is proposed as are measures to evaluate
SWS matchmakers based on such graded relevance scales. The feasibil-
ity of the approach is shown by means of a preliminary evaluation of two
hybrid OWL-S matchmakers based on the proposed measures.

1 Introduction

In recent years, semantic web services (SWS) research has emerged as an ap-
plication of the ideas of the semantic web to the service oriented computing
paradigm [1]. The grand vision of SWS is to have a huge online library of com-
ponent services available, which can be discovered and composed dynamically
based upon their formal semantic annotations. One of the core problems in the
area concerns SWS matchmaking, i.e. the problem of comparing a set of semantic
service advertisements with a semantic request description to determine those
services that are able to fulfill the given request. A variety of competing ap-
proaches to this problem has been proposed [2]. However, the relative strengths
and shortcomings of the different approaches are still largely unknown. For the
future development of the area it is thus of crucial importance to establish sound
and reliable evaluation methodologies. The recent formation of international
SWS evaluation campaigns1 is a promising step in this direction.

One of the core problems of SWS matchmaking is that it is unrealistic to
expect advertisements and requests to be either a perfect match or a complete

1 Semantic Web Service Challenge: http://sws-challenge.org
S3 Contest on Semantic Service Selection:
http://www-ags.dfki.uni-sb.de/∼klusch/s3/
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fail. Thus, virtually all SWS matchmakers support multiple degrees of match,
i.e. they classify the set of advertisements into a hierarchy of different match
levels or even assign a continuous degree of match to each offer. Nevertheless,
existing approaches for the evaluation of the retrieval effectiveness of matchmak-
ing approaches have so far been based exclusively on binary relevance, i.e. for
evaluation purposes an advertisement is considered to be either a match or not,
but no further distinction is made. This is a remarkable discrepancy that may
distort evaluation results and compromise their reliability. This paper presents
an approach to overcome this problem.

The rest of the paper is structured as follows. In the following Section, we
provide information about related previous work. In Section 3, we discuss the
notion of relevance in the domain of SWS matchmaking and propose a graded
relevance scale customized to this domain. In Section 4, we introduce a number
of evaluation measures capable to deal with graded relevance. In Section 5, we
report on a preliminary experiment on applying the graded relevance scale and
the evaluation measures to evaluate two OWL-S matchmakers. We discuss our
results with a particular focus on the influence of switching measures and defini-
tions of relevance. Finally, in Section 6, we draw conclusions and outline aspects
of future work.

2 Related Work

Experimental evaluation of SWS retrieval has received very little attention so
far. The few approaches that were thoroughly evaluated so far exclusively relied
on binary relevance and standard measures based on precision and recall. This
was also the case with the first edition of the S3 Contest on Semantic Service
Selection2.

The first approach, and the only that we are aware of, to apply graded rele-
vance in SWS retrieval evaluation is the work by Tsetsos et al. [3]. They propose
to use a relevance scale based on fuzzy linguistic variables and the applica-
tion of a fuzzy generalization of recall and precision that evaluates the degree
of correspondance between the rating (not ranking) of a service by an expert
and a system under evaluation. In this aspect this measure is very similar to
the ADM (average distance measure) measure proposed by [4]. Unlike measures
that evaluate the ranking created by a retrieval system these measures evaluate
the absolute score assigned to a retrieved item by the system. This can lead
to counterintuitive results since such measures are obviously biased against sys-
tems that rank services correctly but generally assign relatively higher or lower
scores [5]. The measures that we use in this work avoid this issue.

Di Noia et al. obtained reference rankings for service matchmaking eval-
uations by directly asking human assessors to rank the available services [6].
This approach avoids the imprecision related to binary relevance judgments and
generally yields more stable results than inducing a reference ranking via rele-
vance judgments. However, it also requires much more effort from the human
2 http://www-ags.dfki.uni-sb.de/∼klusch/s3/
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assessors and is thus difficult to scale to large datasets. Di Noia et al. evaluate
the matchmaking performance using rank correlation measures from statistics.
These measures estimate the difference between two rankings but, for instance,
do not differentiate whether the rankings differ in the top ranks or the bottom
ranks. Yet, for most retrieval settings, the correctness of the top ranks is much
more important than that of the bottom ranks. The measures proposed in this
work allow to take such considerations into account.

There is a large body of related work from the area of Information Retrieval
that concerns the development of measures based on graded relevance as well as
investigations of their properties [5, 7–12]. We rely heavily on these achievements
and our work can be viewed as an application and adaptation of this work to
the SWS retrieval evaluation domain. We are not aware of any previous work
on relevance schemes specifically designed for the SWS retrieval domain and
discussions on how to provide reliable and consistent relevance judgments within
this domain.

3 Relevance for SWS Retrieval Evaluation

The criteria most often used for experimental retrieval evaluation has been the
effectiveness of a retrieval system, i.e. how good a system is in retrieving those
and only those items that a user is interested in. Effectiveness evaluations are
thus based on the notion of relevance of an item to a query [13]. Most eval-
uation campaigns, in particular TREC3, have primarily been based on binary
relevance, i.e. a document (in the terminology of TREC) was considered to be
either relevant or irrelevant to a topic, but no further distinction was made.

The few attempts for quantitative SWS retrieval effectiveness have so far
adopted this binary approach [14–17]. However, it has been argued that binary
relevance is too coarse-grained to evaluate SWS matchmaking approaches [3, 18].
This view is supported by the fact that nearly all SWS matchmaking algorithms
are designed to support multiple degrees of match (DOMs). In a classic paper,
Paolucci et al., for instance, proposed the use of exact, plug in, subsumes, and
fail [19]. This scale or variations thereof have been adopted by many approaches.

It is thus desireable to employ a graded relevance scale instead of a binary
one in SWS retrieval evaluations. However, the design of such a scale is far from
trivial.

To be practically useful it must have clear definitions that enable domain
experts to provide reference relevance judgments as unambiguously as possible.
In this aspect a scale like very relevant, relevant, somewhat relevant, slightly
relevant, and irrelevant as used by [3] is very difficult to judge objectively. On
the other hand, human assessors should judge the relevance of a service offer
with respect to a service request on the level of the original services and not
their semantic formalizations. After all, the appropriateness and quality of these
formalizations is also part of what is being evaluated. It is therefore not ap-
propriate to directly use the DOMs by Paolucci et al. as a relevance scale for
3 http://trec.nist.gov/
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general SWS retrieval evaluation either. The definition of these DOMs is only
meaningful in the context of DL subsumption reasoning, i.e. in the context of a
particular formalization approach. It can not be meaningfully applied outside of
this context.

To define a relevance scale that is equally applicable to different approaches
but still sufficiently well defined to allow objective judgments, some assumptions
and central terms need to be clarified. To this end, we recapitulate the basic
definitions from a conceptual architecture for semantic web services presented
by Preist [20]. According to this architecture, a service is defined as a provision
of value in some given domain, e.g. the booking of a particular flight ticket. Web
services are technical means to access or provide such services. Service providers
typically do not offer one particular service, but a set of coherent and logically
related services, e.g. booking of flight tickets in general and not a specific flight
ticket. Service descriptions will thus describe the set of services a provider is
able to offer respectively a requester is interested in. Due to dynamics involved,
privacy issues, and limited precision and detailedness, service descriptions will
not always precisely capture the set of services that a provider is able to deliver or
that a requester is interested in. Instead, they may be incorrect (not all described
services can be provided or are of interest) as well as incomplete (not all services
that can be provided or are of interest are covered by the description).

Keller et al. extended this model by remarking, that descriptions based on
this model are not semantically unambiguous without knowing the intention of
a modeler, which can be that either all or only some of the elements contained in
the described service set are requested respectively can be delivered [21]. Based
upon this consideration they formally define different set theoretic match rela-
tionships between service offer and request descriptions. Because of its flexibility
combined with clear definitions and its grounding to a well-defined conceptual
model we propose a relevance scale that builds upon the match relationships
introduced by Keller et al., extended by the notions of RelationMatch and Ex-
cessMatch that we will explain below:

Match: The offer satisfies the request completely.
PossMatch: The offer might satisfy the request completely, but due to the

incompleteness of the descriptions this can not be guaranteed based upon
the available information.

ParMatch: The offer satisfies the request, but only partially (it offers some of
the services which are requested but not all).

PossParMatch: The offer might satisfy the request partially, but due to the
incompleteness of the descriptions this cannot be guaranteed based upon the
available information.

RelationMatch: The offer does not provide services as requested, but related
functionality. Thus, it could be useful in coordination with other offers.

ExcessMatch: The offer is able to provide the requested services but would
result in additional undesirable effects that are not requested by the client.

NoMatch: None of the above, the offer is completely irrelevant to the request.
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As a first remark, please note that these relevance degrees are not totally
ordered. It will depend on the particular use case at hand, whether e.g. a definite
partial match is preferable or not to a possible full match. Match, PossMatch,
ParMatch, PossParMatch, and NoMatch have been introduced by Keller et al.
We omit a detailed discussion due to space limitations and refer the interested
reader to [21]. Instead, we will focus on RelationMatch and ExcessMatch and
motivate why these extensions are necessary.

A ParMatch characterizes a situation where the client requests multiple ser-
vices and a provider is capable of delivering only some of those. A similar situa-
tion arises, when, for instance, a web service is able to deliver the desired effects,
but the client is unable to provide the required inputs. Consider for instance a
web service able to provide flight bookings between airports identified by the in-
ternational airport code and a client that requests a flight between two particular
cities. The web service can not be used directly to fulfill the client’s request but
intuitively it would still constitute a partial match. Such situations may arise
in the context of all of the four typical elements of services: inputs, outputs,
preconditions and effects. To distinguish such advertisements from completely
irrelevant ones, but also from the clear defined ParMatch, we added the notion
of RelationMatch.

We continue with a discussion of ExcessMatch. Typically, a full match be-
tween a service advertisement and request is defined as meeting the following
conditions [2]: All inputs required by the offer are available, the preconditions of
the advertisement are satisfied by the state of the world prior to the service exe-
cution, and the offer provides all outputs and effects required by the client. The
first two conditions concern the applicability of a service in a given situation, the
last concerns its usefulness with respect to the client’s request. Most approaches
disregard a problem that arises, if a web service delivers more effects than are re-
quested by the client. A client wanting to purchase a cell phone (only requested
effect) would likely reject an advertisement that sells a cell phone (Effect 1)
bundled with a contract with a specific telecommunication company (Effect 2).
Nevertheless, most SWS matchmaking approaches would consider this a perfect
match since all requested effects are delivered by the provider at hand. Similarly,
a client looking for apartments in Berlin may or may not accept a web service
providing a listing of apartment offers if that listing can not be restricted to
offers located in Berlin. To accommodate such situations, we added the notion
of ExcessMatch.

Finally, we would like to point out that, strictly spoken, the differentiations
between Match and PossMatch (level of guarantee in the presence of impre-
cise descriptions), ParMatch and Match (level of horizontal completeness), Re-
lationMatch and Match (issue of partial incompatibilities), and ExcessMatch
and Match (issue of unwanted additional effects) are actually four unrelated di-
mensions that would result in 16 (24) levels of relevance even if each dimension is
considered to be binary. To keep relevance levels manageable by the domain ex-
perts providing reference judgments, we restrict the scale to the seven relevance
levels listed above for the time being. These seem to be the most important, but
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a further investigation of the optimal number of relevance levels is necessary and
will be done in future work.

4 Evaluation Measures Based on Graded Relevance

To leverage the extra information contained in graded relevance judgments and
graded degrees of match in a retrieval effectiveness evaluation, the retrieval mea-
sures for binary relevance need to be generalized to graded relevance. In this sec-
tion, we present such generalized measures. To make the paper self-contained,
we start by briefly recalling some basic definitions for the binary case.

Throughout this paper, we use the following definitions. Let R be the set
of relevant items for a query. Let L be the set of items returned in response to
that query. Then Recall is defined as the proportion of relevant items returned
(Recall = L

⋂
R

R ) and Precision as the proportion of returned items that are
relevant (Precision = L

⋂
R

L ).
Recall and Precision are set-based measures. However, there is an obvious

trade-off between them. By returning more items, a system can usually increase
its Recall at the expense of its Precision. Thus, in the following we assume that
systems return a ranked output ordered by estimated confidence in relevance.
Let r, 1 <= r <= |L| denote a specific rank in this output. Let isrel(r) = 1, if
the item at rank r is relevant and 0 otherwise. Let count(r) be the number of
relevant items among the top r retrieved items, i.e. count(r) =

∑r
i=1 isrel(i).

This allows to measure Precision as a function of Recall by scanning L from
the top to the bottom and measure the Precision at standard Recall levels.
These measures average well for different queries and the corresponding R/P
charts are the most widely used measure to compare the retrieval performance
of systems. It is also possible to measure Precision and Recall at predefined
ranks (Precisionr and Recallr, r is often referred to as document cutoff level).
However, these measures do not average well for queries where |R| varies greatly.

If a system’s performance needs to be captured in a single measure, the
probably most often used one is Average Precision over relevant items which is
defined as: AveP = 1

|R|
∑|L|

r=1 isrel(r) count(r)
r .

Since about 2000, there is an increased interest in measures based on graded
or continous relevance. Various proposals have been made to generalize the mea-
sures introduced above from binary to graded relevance (see [12] for a discussion).
Most of these are based on or can be expressed in terms of Cumulated Gain pro-
posed by Järvelin and Kekäläinen [8]. Intuitively, Cumulated Gain at rank r
measures the gain that a user receives by scanning the top r items in a ranked
output list. More formally let g(r) >= 0 denote the gain value (or the relevance
level) of the item at rank r and from now on isrel(r) = 1, if g(r) > 0 and
0 otherwise. Then Cumulated Gain at rank r is defined as cg(r) =

∑r
i=0 g(r).

Moreover consider an ideal ranking, i.e. ∀(r > 1, r <= |R|) : isrel(r) = 1 and
∀(r > 1) : g(r) <= g(r− 1). Let icg(r) (Ideal Cumulated Gain at rank r) denote
the Cumulated Gain for this ideal ranking.
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Since cg(r) can take arbitrarily large values for queries with many relevant
items it has to be normalized to average or compare results across queries. Nor-
malized Cumulated Gain4 at rank r is defined as the retrieval performance rela-
tive to the optimal retrieval behavior, i.e. ncg(r) = cg(r)

icg(r) .
It allows a straightforward extension of AveP which has sometimes been

referred to as Average Weighted Precision [5]: AWP = 1
|R|

∑|L|
r=1 isrel(r) cg(r)

icg(r) .
Unfortunately, ncg(r) has a significant flaw that AWP inherits: since icg(r)

has a fixed upper bound (icg(r) <= icg(|R|)), ncg(r) and AWP cannot penalize
late retrieval of relevant documents properly since ncg(r) cannot distinguish at
which rank relevant documents are retrieved for ranks greater than R [11]. This
can be illustrated by comparing ncg(r) and Precisionr for the last rank in a
full output (R ⊆ L). In this case ncg(|L|) = 1 but Precision(|L|) = |R|

|L| , which
is usually much smaller than one. Several measures have been proposed that
resolve this flaw of AWP.

Järvelin and Kekäläinen [8] suggested to use a discount factor to penalize late
retrieval and thus reward systems that retrieve highly relevant items early. They
defined Discounted Cumulated Gain at rank r as dcg(r) =

∑r
i=0

g(r)
disc(r) with

disc(r) >= 1 being an appropriate discount function. Järvelin and Kekäläinen
suggest to use the log function and use its base b to customize the discount which
leads to disc(r) = log br for r > b and disc(r) = 1 otherwise (the distinction is
necessary to maintain disc(r) >= 1 to avoid boosting the first ranks).

We use an according definition of Ideal Discounted Cumulated Gain (idcg(r))
to define an adapted Version of AWP that we call Average Weighted Discounted
Precision:

AWDP =
1
|R|

|L|∑

r=1

isrel(r)
dcg(r)
idcg(r)

.

Similarly, Kishida [12] proposed a generalization of AveP that also avoids the
flaw of AWP:

genAveP =
∑|L|

r=1 isrel(r) cg(r)
r∑|R|

r=1
icg(r)

r

Furthermore, Sakai [5] proposed an integration of AWP and AveP called Q-
measure which inherits properties of both measures and possesses a parameter
β to control whether Q-measure behaves more like AWP or more like AveP:

Q-measure =
1
|R|

|L|∑

r=1

isrel(r)
βcg(r) + count(r)

βicg(r) + r

All measures allow to finetune the extent to which highly relevant items are
preferred over less relevant items (by setting appropriate gain values) but differ
in the degree of control that is possible with respect to the extent to which

4 A similar measure has been proposed by Pollack in 1968 under the name sliding
ratio.
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late retrieval is penalized. Q-Measure controls the penalty by its β Parameter,
AWDP by the choice of an appropriate discounting function, and genAveP lacks
such control. Sakai [9] discusses this issue in detail but unfortunately disregards
choices of disounting functions for ndcg(r) besides the logarithm.

5 Experimental Retrieval Evaluation

We now report on the evaluation of our appraoch by means of a preliminary
experiment on using the relevance scale introduced in Section 3 and the measures
introduced in the previous section to evaluate the retrieval effectiveness of two
matchmakers. We start by describing the test data we used and in particular our
experiences on obtaining graded relevance judgments. We continue by describing
the parameters that we chose for the experiment and complete our report with
a discussion of our results.

5.1 Test Data

Unfortunately, there is still a lack of standard test collections in the area of
SWS [18]. To test the proposed evaluation approach, we chose the Education
subset of the OWLS-TC 2.2 test collection5. This subset contains 276 OWL-S
service descriptions and six request descriptions together with binary relevance
judgments. We chose this subset mainly for two reasons. First, this subset6 had
been used previously in an experiment with graded relevance judgments which
allows to compare our results with the results from that previous experiment [3].
Second, for OWLS-TC, ranked outputs from two different matchmakers, OWLS-
M3 [14] and iMatcher [16], are available through the organizers of the S3 Match-
maker Contest7. However, it turned out that iMatcher was unable to process one
of the six queries which was thus excluded from the test data. Further informa-
tion including all test data and results are available online8.

To collect and manage graded relevance judgments for this subset, we used
the OPOSSum portal9 which already lists all the OWLS-TC services. Therefore,
throughout this paper we identify queries by their id from that portal (5654,
5659, 5664, 5668, and 5675). We extended OPOSSum with a user interface that
allows to conveniently enter graded relevance judgments for large numbers of
services. We developed some guidelines for relevance judges10 and three persons
(one expert in the area of SWS as well as two volunteers that had only a basic
understanding of SWS) judged the complete subset.

Unfortunately, it turned out that the judgments of the three judges did not
correspond with each other very well. We believe that this is largely caused by
5 http://projects.semwebcentral.org/projects/owls-tc/
6 More precisely a similar subset from a smaller previous release of this test collection.
7 http://www-ags.dfki.uni-sb.de/∼klusch/s3/
8 http://fusion.cs.uni-jena.de/OPOSSum/ISWC08-SMRR/
9 http://fusion.cs.uni-jena.de/OPOSSum

10 http://fusion.cs.uni-jena.de/OPOSSum/index.php?action=relevanceguideline
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Match Poss Par PossPar Relation Excess None

Relevant 130 12 33 5 6 - 20
Irrelevant 8 3 7 1 37 - 1408

Average 0.94 0.8 0.83 0.83 0.14 - 0.01
Table 1. Correspondance with binary OWLS-TC 2.2 judgments

Match Poss Par PossPar Relation Excess None

Very r. 24 1 4 0 0 - 0
Relevant 19 1 2 0 0 - 2
Slightly r. 11 7 1 0 1 - 1
Somewhat r. 10 2 3 2 2 - 4
Irrelevant 3 0 0 1 0 - 15

Average 2.75 1.64 2.9 1.33 1.5 - 0.68
Table 2. Correspondance with fuzzy judgments by Tsetsos et al.

insufficient textual documentation of the services in the employed test collec-
tion. This lack of detail required relevance judges to make a lot of assumptions
regarding the semantics of the services. Consequently, single judges were able
to judge consistently but judgments varied between the judges depending on
the different assumptions that were made (for instance whether a lecturer or a
research assistant are considered researchers or not). For the rest of this paper
and the reported preliminary experiment we used the judgments of the SWS
expert exclusively.

We compared these judgments with the binary OWLS-TC judgments. Table 1
shows that correspondance. For each graded relevance level it shows how many
of the services judged into this level were evaluated relevant versus irrelevant
by the OWLS-TC authors. The average row shows the arithmetic mean that
is computed by assigning a value of one/zero to the binary relevant/irrelevant
services. Please note that none of the services in the Education subset of OWLS-
TC was judged an ExcessMatch by our judges. Nevertheless we believe that this
relevance level has its own right of existence for other collections.

Since OWLS-TC employs a very liberal definition of relevance, we were sur-
prised to see eight services judged irrelevant by OWLS-TC but judged a perfect
Match by our judges. A closer look revealed that seven of those eight mismatches
seem to indicate errors in the OWLS-TC reference judgments. The remaining
mismatch is caused by different context knowledge assumptions. Such assump-
tions also explain most of the other mismatches, like the twenty services judged
irrelevant by us but relevant by OWLS-TC. Most of these, for instance, are
related to a query for scholarships. Services providing information about loans
were judged relevant by OWLS-TC but irrelevant by our expert.

Finally, we compared our judgments with the fuzzy relevance judgments
made by Tsetsos and colleagues [3] for the OWLS-TC 2.1 Education subset,
which contains the same requests as the 2.2 subset but only 135 instead of 276
services. Tsetsos et al. used a fuzzy scale with the values irrelevant, slightly rele-
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vant, somewhat relevant, relevant, and very relevant. For each graded relevance
level Table 2 shows how many of the services judged into this level by our judges
were judged into each of their fuzzy levels by Tsetsos et al. The average values
are computed by assigning values of zero through four to the relevance levels
used by Tsetsos et al. The small numbers in the Irrelevant row are caused by the
fact that we used only explicit judgments, but Tsetsos et al. provided most “ir-
relevant” judgments only implicitly. Thus, with a full set of explicit judgments,
numbers in the Irrelevant row would have been much higher and the Averages
in particular in the last column much lower. We were surprised that the ser-
vices judged as a perfect Match by our judges were relatively evenly distributed
among the four top relevance levels of Tsetsos et al. (see first column). Since
we could not obtain information about the rationale behind those judgments
or the precise definitions of the relevance levels we lack an explanation for this
phenomena but we expect it to be caused by the same issues that caused our
judges to judge differently relatively often, too.

5.2 Evaluation Parameters

The measures described in Section 4 allow to evaluate SWS retrieval systems
based on the graded relevance scheme introduced in Section 3 but leave open
the question about the proper parameter combinations to use in an evaluation.
As Järvelin and Kekäläinen remark, “the mathematics work for whatever pa-
rameter combinations and cannot advise us on which to choose. Such advise
must come from the evaluation context in the form of realistic evaluation sce-
narios” [8]. In order to perform an investigation in particular of the effects of
switching from binary to graded relevance, we chose two gain value settings
that actually correspond to binary relevance and two settings which leverage
the potential of graded relevance. The corresponding gain values are displayed
in Table 3. Strict Binary and Relaxed Binary correspond to strict versus relaxed
definitions of binary relevance. Graded 1 corresponds to a setting with a focus
on high precision which is appropriate in a use case of automated dynamic bind-
ing whereas Graded 2 reflects a more balanced preference between precision and
recall which seems more appropriate in use cases where a human programmer is
searching for a service. Additionally (not shown in Table 3) we used the binary
relevance judgments that come together with OWLS-TC 2.2 for comparison.

For each of the five queries and each of the five gain value settings, we com-
puted the following measures for both matchmakers: AWDP using the discount
functions r (AWDP-R),

√
r (AWDPSQRT), log2 r (AWDPLog2) and log10 r

(AWDPLog10) as well as without discount function (AWP), Q-Measure with
β = 5, β = 1, β = 0.5, and β = 0, and genAveP. Using a quickly growing dis-
count function in conjunction with AWDP (e.g. AWDP-R) rewards systems that
retrieve highly relevant items early, i.e. it puts the emphasis of the evaluation
on the top ranks. Using no discount function (AWP) leads to a more balanced
consideration of all ranks at the prize of loosing the ability to penalize a very
late retrieval of items. Slowly growing discount functions (e.g. AWDPLog2) con-
stitute a compromise between these extremes. In the case of Q-Measure a larger
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Strict Binary Relaxed Binary Graded 1 Graded 2

Match 1 1 6 4

PossMatch 0 1 2 2

ParMatch 0 1 1 2

PossParMatch 0 1 0.5 1

RelationMatch 0 1 0 2

ExcessMatch 0 1 0 1

NoMatch 0 0 0 0
Table 3. Experimental gain value settings

β makes Q-Measure more similar to AWP, i.e. rewards retrieving highly relevant
items prior to marginally relevant items but makes it vulnerable to not penal-
izing very late retrieval of relevant items. Small choices for β make Q-Measure
more similar to the traditional binary AveP which does not differentiate between
highly and marginally relevant items but correctly penalizes late retrieval of rel-
evant items. A choice of β = 0 completely reduces Q-Measure to binary AveP.
Similarly, genAveP is reduced to AveP in settings with binary relevance.

5.3 Results

As expected, results vary significantly over queries. For Query 5675, for instance,
M3 is rated higher by 40 out of the 50 possible combinations of measures and
gain value settings. In contrast, for Query 5675 iMatcher is rated higher by all
measures. Given this large variation, the relatively small size of our data set and
in particular the fact that we had data only from two matchmakers, the results
that we report in the remainder of this section need to be taken with a grain of
salt. Nevertheless, they indicate some interesting preliminary findings.

Our results confirm the expectation, that the choice of measure matters, not
only in terms of absolute numbers but also in terms of which matchmaker is
rated higher. This is illustrated by Figure 1 that shows the values of the various
measures for Request 5654 and Strict Binary and Graded 1 gain value settings.
For this request, AWDP with large discounting favors iMatcher while AWDP
with little or no discounting as well as Q-measure favor M3.11

While results frequently changed with different measures, we found that,
except for β = 0, the choice of β has little influence on the absolute and relative
performance of the matchmakers (see Figure 1). In fact, with our data, different
parameterizations for Q-measure almost never made a difference in terms of
which matcher is rated higher. Furthermore, genAveP always ranked the two
matchmakers the same way Q-measure did.

For the binary cases, this behavior of Q-measure can be well explained. In this
case cg(r) = count(r) and icg(r) = r if r <= |R|. Thus, Q-measures fraction can

11 Please note that this finding (Q-measure favors M3) are specific to this request. We
found frequent changes of the favored matchmaker when changing the measure but
no general trend that a particular measure favors a particular matchmaker.
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Fig. 1. Results for Request 5654 with Strict Binary and Graded 1 gain values.

be reduced by β +1 if r <= |R|. In other words, in binary cases, β influences the
value of Q-measure only for relevant items retrieved after rank |R|. Relatively few
relevant items are retrieved at such ranks in our experiment, thus the influence
of β to the value of Q-measure is limited with our data.

Compared to the influence of Q-measure’s β, the choice of discount function
of AWDP caused more changes in the ratings. It didn’t cause changes in the
ratings for Queries 5664, 5668, and 5675 but for the remaining two queries the
different versions of AWDP disagreed in eight of ten cases (two queries times
five gain value settings), including those displayed in Figure 1.

The notable peak of both matchmaker’s performance for the Graded 1 gain
value setting measured with Q0 that is visible in Figure 1 highlights how the use
of graded relevance influences measure results. Using β = 0 reduces Q-measure
to AveP and thus Graded 1 to a binary scale which largely resembles the origi-
nal OWLS-TC judgments. For both matchmakers, this results in a significantly
increased absolute performance, albeit not in a change of their performance rel-
ative to each other.

Generally, changes in the settings of the gain values caused more significant
changes in how the matchmakers were rated than changes in the parameteriza-
tions of AWDP and Q-measure. However, the Q-measure variations and genAveP
were again less sensitive towards changes in the evaluation parameters than the
AWDP-family. Their ratings did not change regardless of the gain values used
except for Query 5664 where they all preferred M3 with the Strict Binary and
iMatcher with the other settings12. In contrast, with the one exception of Query

12 Except for Q-measure with β = 5 and Graded 2. This case favored M3, too.
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Fig. 2. AWDP measures for Request 5664 for different gain values.

5668 where iMatcher outperforms M3 regardless of the measure, changes in the
gain value settings caused changes in the ratings of the AWDP measure family
in nearly half of the cases. As an example, Figure 2 shows the values of AWD-
PLog2 and AWP for Request 5664: M3 is favored by both measures for Strict
Binary and Graded 1 while iMeasure is favored for Relaxed Binary, OWLS-TC
Binary, and Graded 2. Generally, Relaxed Binary and OWLS-TC Binary tend
to benefit iMatcher while the other settings tend to benefit M3. The most likely
interpretation is that M3 performs a stricter selection and thus outperforms
iMatcher in ranking more relevant services higher. Another influence factor may
be that iMatcher applies machine learning techniques and has been trained with
the binary relevance judgments of OWLS-TC. Switching to other definitions
of relevance (e.g. strict binary relevance) seems to have a negative impact on
iMatcher’s performance relative to that of M3.

6 Conclusions and Future Work

In this paper, we investigated how to evaluate the retrieval effectiveness of SWS
matchmakers based on graded instead of binary relevance. We discussed the no-
tion of relevance in this particular context and proposed a well-founded scale
of relevance levels customized to the SWS matchmaking domain. We presented
a number of evaluation measures for graded relevance and described an exper-
iment of using those measures to perform a retrieval evaluation of two SWS
matchmakers.

We need to note once more, that our results have to be considered preliminary
because of the nature of the test data used. First, there was a significant variation
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in how the different judges judged our test data. We believe this to be caused by
the insufficient documentation of the services in our data and expect this issue
to improve if more realistic and better documented services are used than are
currently available in the form of OWLS-TC. Second, we have compared only two
matchmakers based on a relatively small data set. In terms of investigating the
effects of different measures and different relevance scales it would be particularly
desireable to have access to a larger number of directly comparable matchmakers.
This will be the case if either more readily implemented matchmakers for a
particular formalism (for instance SAWSDL) become available or test collections
across formalisms will be developed.

Despite of these two restrictions, our results allow to draw a number of in-
teresting conclusions. First, retrieval evaluation based on graded relevance is
feasible both in terms of the effort to obtain graded instead of binary relevance
judgments and in terms of the availability of measures suitable for graded rele-
vance. Second, the choice of gain values (i.e. relevance levels) and the choice of
measure has a significant influence on the evaluation results. Our results indicate
that the choice of gain values has a greater impact than the choice of measure.
Third, AWDP seems to be more sensitive towards changes in the parameteri-
zations (regarding both, the penalty for late retrieval and changes of the gain
values) than Q-measure and thus should probably be the first choice for future
evaluations.

In our future work we plan to verify these findings with better data. As a
first step, we would like to investigate whether relevance judgments really become
more consistent across judges when more realistic and well documented services
are used. A second step will then be to compare a larger number of matchmakers
based on that more realistic data.
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7. Kekäläinen, J., Järvelin, K.: Using graded relevance assessments in IR evaluation.
Journal of the American Society for Information Science and Technology 53(13)
(2002) 1120–1129
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Abstract. Business process modelling and execution in a collaborative
environment requires a set of methodologies and tools which support the
transition from an analysis to an execution level. Integrating the pro-
cess with a pre-existing IT infrastructure leads to typical interoperabil-
ity problems. Service-oriented architectures are today’s favorite answer
to solve these interoperability issues. To tackle them, the recent trend
is to use the principles of model driven-design. In this paper, we apply
these principles to Semantic Web service technology to assist a busi-
ness orchestrator finding suitable services at design time, and composing
workflows for agent-based execution. We describe a formal approach to
preserve the content of the semantic annotations in the model and code
transformations.

1 Introduction

Service-oriented architectures (SOA) are today’s favorite answer to realize the vi-
sion of seamless business interaction across organizational boundaries. It enables
enterprises to offer selected functionalities of their business systems via standard-
ized XML-based Web service interfaces (written in WSDL [5]). Complex business
application processes can be implemented through appropriate Web service com-
positions in prior or on-demand each of which functionality is made available to
the customer at the respective enterprise portal in the Web. The SOA principle
provides a loosely coupled and standardized modular solution to enterprise busi-
ness application landscapes. One recent trend of developing SOAs is to apply
the principles of model-driven software development (MDD) by (i) modelling the
overall business process workflows in a more abstract manner, and (ii) providing
model transformations that define mappings between the abstract specification
and the underlying platform-specific systems. According to [14], business process
modelling and execution is commonly performed in a top-down fashion. Since
existing standard Web services lack formal semantics, from the point of view of
strong AI, the meaningful integration of services realizing the desired business
processes exclusively relies on human business domain experts at design time.
In contrast, Semantic Web service technology adds expressivity to existing Web
service standards by introducing well-formed semantics that simple Web service
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descriptions are lacking, and envisages intelligent agents to discover and com-
pose complex business services through logic-based reasoning upon their seman-
tic annotations. However, in many real-world cases of business process modelling
among contracted and trusted business partners, the fully automated coordina-
tion of partly unknown business Web services is neither adequate nor efficient
in practice. When service composition is concerned the Semantic Web service
approach can be compared to planning from first principles in AI while the
model-driven approach can be compared to planning from second principles if
the platform-specific engine for executing the models is powerful enough. In this
sense, both approaches model-driven process development (MDD) and Semantic
Web services (SWS) have their pros and cons when used to integrate external,
outsourced business services in SOAs. In the spirit of the model-driven approach,
we introduce a metamodel for Semantic Web services, called PIM4SWS, which
is an abstraction from most commonly used SWS description languages or so-
called platform-specific models, that are OWL-S [18], WSML [26] and standard
SAWSDL [22]. That renders semantic service selection and composition for im-
plementing business process workflows in SOAs independent of these models.
In particular, we envisage a model-driven Semantic Web service matchmaker,
called MDSM (Model-Driven Service Matchmaker), to support human business
domain experts and service orchestrators in finding suitable services for this pur-
pose at design time. As a consequence, these experts only need knowledge about
the common UML-based metamodel PIM4SWS but not the specific models like
OWL-S, WSML or SAWSDL used by different business service developers to
describe the semantics of their individual services that are potentiall relevant for
implementing the collaborative business process workflow. Syntactic mapping
from a metamodel in UML to parts of these specific models are proposed in [16,
11, 1] but without any formal grounding of their transformations. [21] provides
a comparison between concepts in OWL-S and WSML. In contrast, we propose
to use the formal specification language Z [23], respectively, Object-Z [8] as a
common language for provably correct transformations between different SWS
models.

The remainder of this paper is structured as follows. We outline the MDSM
matchmaking process in section 2. In section 3 we describe the transformation of
the service request from the platform-independent to the platform-specific level.
Section 4 gives an example of the whole matchmaking process of MDSM, while
section 5 concludes the paper.

2 MDSM Overview

The MDSM matchmaker is capable of automated, model-independent seman-
tic service selection to assist business service orchestrators in finding suitable
services to realize parts of collaborative business processes as adequate service
orchestrations at design time. Consider, for example, the modelling of a complex
travel planning process as depicted in figure 1. At a certain point of choice in
the planning process the human user, that is the business orchestrator, needs
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to select a flight booking Web service to realize the respective booking process
in the overall workflow of travel planning. For this purpose, the orchestrator
models her Web service request in the common metamodel she is familiar with
only, that is the platform-independent metamodel PIM4SWS.

Fig. 1. Orchestration plan

The MDSM, in its first implementation, automatically transforms this re-
quest to semantically equivalent service requests in OWL-S, WSML and SAWSDL,
and then issues them to relevant platform-specific matchmakers, that are for the
implementation of MDSM 1.0, the matchmakers OWLS-MX [13], WSML-MX
[12] and SAWSDL-MX. Eventually the MDSM provides the orchestrator with
an aggregated and ranked answer set of relevant semantic services [3] together
with their grounding in WSDL for invocation (cf. Fig. 2). The retransforma-
tion of platform-specific services to the common metamodel PIM4SWS by the
MDSM is optional. One crucial step of this model-driven semantic service selec-
tion by the MDSM are the semantically equivalent model transformations which
we discuss in the following section.

3 Transformation

In order to correctly compile a given service request in PIM4SWS to different
platform-specific representations such as OWL-S and WSML, we differentiate
between (a) structural transformation of the semantic service description as a
whole, and (b) the semantic mapping between corresponding components of
the information model of PIM4SWS such as its input, output, preconditions
and effects that are described in specific ontology and rule languages like OWL
[19], SWRL and WSML [27]. While structural transformations of PIM4SWS
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Fig. 2. Overview: Model-driven Semantic Web service matchmaking by the MDSM.
(left); Aggregation of the answer sets of platform-specific service matchmakers. (right)

representations in UML to OWL-S and WSML are defined in terms of syntactic
mappings between corresponding modelling concepts, we use the standardized
formal specification language Z for the latter purpose (cf. Fig. 3).

Fig. 3. Overview: Comparison of semantic services across platforms.

3.1 Structural Transformation

The metamodel PIM4SWS is designed as a core model to cover the common
parts of the underlying semantic service description languages. It consists of
three parts: InformationModel (IM; ODMNameSpace), BlackBox and GlasBox
(cf. Fig. 4. The information model is the set service related ontologies described
in the standard metamodel ODM [4, 9]) (also called ODMNameSpace), while
both its functionality (Functionals) in terms of service signature, that are input
and output parameters, and specification, that are preconditions and effects,
and non-functional parameters (NonFunctionals) such as price, service name
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and developer are described in the service profile or BlackBox. The GlasBox
includes the description of the internal service process and is not considered in
this paper.

Fig. 4. Platform-independent metamodel for semantic Web services.

We acknowledge that the PIM4SWS metamodel is similar to the OWL-S
model which can be to a large extent embedded into the WSML model[15] -
which makes the structural transformations from PIM4SWS to both specific
models or platforms straight-forward. In particular, the OWL-S service profile
is generated from the Functionals and NonFunctionals of the given PIM4SWS
service description, the OWL-S process model for atomic processes is given by
the Functionals where the ”hasResult” construct of the OWL-S service is ex-
tracted from the OECondition. For structural transformations from PIM4SWS
to WSML, the following holds: (a) the Service class is related to any service com-
ponent in WSML; (b) the NonFunctionals class is covered by annotations and
non-functional properties of the considered service component; and (c) the Func-
tionals class is mapped to the capability of the service. Since in PIM4SWS inputs
and outputs describe information between a service provider and the requester,
these classes are related to pre- and postcondition concepts in WSML. Further-
more, we map preconditions to assumptions. The WSML service result construct
is resolved by an implication in the postcondition and effect axiom of WSML,
where the antecedent is the semantically transformed OECondition expression,
and the consequent is the transformed hasEffect expression for an effect, and the
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transformed hasOutput for a postcondition in WSML. Each parameter is han-
dled by initializing shared WSML variables. Due to space limitations, we omit
further details of the structural transformation from PIM4SWS to WSML and
SAWSDL, and rather focus on the semantic mapping between the PIM4SWS
information model (in ODM) and different ontology languages (platforms) used
for semantic annotation.

3.2 Semantic Transformation using Z

To achieve a verifiably correct mapping between the different DL-based ontology
languages used for semantic annotation such as OWL-DL and WSML-DL in our
case, we use the formal standard specification language Z as a common basis1.
Based on [4, 9], our initial version of the information model IM of the PIM4SWS
is the description logic SHIN(D) related part of the metamodel ODM written
in UML; the metamodel of the PIM4SWS-IM is given in [4]. SHIN(D) is the
intersection of the description logics underlying OWL-DL and WSML-DL, that
are SHOIN(D), respectively, SHIQ(D). As such the (PIM4SWS-)IM does not
support enumerated classes with nominals (O) nor qualified role cardinality re-
strictions (Q) for semantic annotations: While WSML-DL does not support the
former, the latter cannot fully be covered by OWL-DL [20]. The standard for
semantic Web services, SAWSDL, does not provide any specific ontology lan-
guage, hence, for SAWSDL services, we assume model references to ontologies
in OWL-DL and WSML-DL. As a consequence, each platform-specific match-
maker called by the model-driven MDSM matchmaker with service requests in
PIM4SWS with annotations in SHIN(D) (subsumed by both SHOIN(D) and
SHIQ(D)) is able to match these against any service in OWL-S, WSML and
SAWSDL with annotations in OWL-DL or WSML-DL.

Why then using Z? In principle, the information model of the PIM4SWS is
not restricted to our initial choice of a description logic (SHIN(D)) but shall
cover different ontology and rule languages (in different notations) with first-
order logic (FOL) semantics. For this purpose, we suggest to use the ISO stan-
dard specification language Z (semantically equivalent to FOL) as a common
language for specifying semantic annotations of service requests in PIM4SWS
by the orchestrator. Please note that the semantic equivalence of PIM4SWS ser-
vice request annotations in SHIN(D) we proposed for our intial version of the
PIM4SWS-IM with those in OWL-DL and WSML-DL of the request in OWL-S
and WSML compiled by the MDSM matchmaker is trivial: It holds per defi-
nition of the PIM4SWS-IM as intersection of OWL-DL and WSML-DL both
assumed as sole ontology languages for semantic annotations of service requests
in PIM4SWS, OWL-S and WSML. In general, testing the semantic equivalence of
pairs of platform-independent and platform-dependent semantic service request

1 Z is based on Zermelo-Fraenkel set theory and first-order predicate logic. It is widely
used by industry for system behaviour specification and verification of properties,
and has undergone international ISO standardization. Various tools for formatting,
type-checking and aiding proofs in Z are available, e.g. see http://vl.zuser.org/.
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annotations in different first-order logic-based ontology languages in different
syntactic representation is to convert them into equivalent FOL expressions and
use a FOL theorem prover for checking the satisfiability of their mutual logic
implication. This semantic equivalence can also be shown using Z as common
specification language as shown in figure 5.

Fig. 5. Semantically equivalent compilation of annotations in PIM4SWS-IM to OWL-
DL and WSML-DL using Z.

In particular, having a semantic annotation in the PIM4SWS-IM, we provide
its transformation to Z (step a), which corresponds to the SHIN(D) related part
of the specification of OWL-DL, respectively SHOIN(D), in Z (steps b and d,
as reported in [17] with proof of correctness and completeness). Likewise, the
specification of the PIM4SWS service request annotation in Z corresponds to the
SHIN(D) related part of the specification of WSML-DL, respectively SHIQ(D)
in Z (steps c and d), which, in turn, is a FOL subset (step f, [2]) that can be
written in F-Logic (step g) and as such syntactically transformed to an (WSML-
DL equivalent) annotation of a WSML service request (step h, as reported in [7,
6]). Due to space limitations, we omit the full specification of the initial version
of the PIM4SWS-IM, OWL-DL and WSML-DL in Z but a rough sketch only and
show that the given transformations of IM and OWL-DL to Z are semantically
equivalent according to the (FOL bases) Z semantics. The latter inherently holds
since the IM is defined to be a subset of OWL-DL (and WSML-DL), but the
principle of proving the semantic equivalence of a given pair of Z transformations
is useful to apply also for cases where this is not the case, e.g., when it is not clear
whether additional IM elements can be emulated by those of targeted platform-
specific languages.

The universal signature of the (PIM4SWS-)IM is the set of OntologyEle-
ments with the interpretation IIM = (IMIndividual , ·IIM ) where IMIndividual is
the domain of discourse Δ (according to the set-theoretic first-order semantics of
description logics). The function ·IIM maps an IMClass c to the subset of the do-
main (classInstances(c)) and an IMProperty p to a tuple (subject(propVals(p)),
object(propVals(p))). The semantics of the initial IM, that is SHIN(D), is then
equivalently specified by the following Z axioms.

[OntologyElement ]

2nd International Workshop on Service Matchmaking and Resource Retrieval in the Semantic Web

57Model-Driven Semantic Service Matchmaking for Collaborative Business Processes



An IMIndividual is modelled as a subset of OntologyElement. IMClass is another
subset of OntologyElement disjoint from IMIndividual. The function classIn-
stances maps an IMClass to the IMIndividual set of their instances.

IMIndividual , IMClass : P OntologyElement
classInstances : IMClass → P IMIndividual

IMClass ∩ IMIndividual = ∅

IMProperty and IMPropertyValue are again subsets of OntologyElement and
disjoint to each other and to the above subsets. An instance of an IMProperty
is an IMPropertyValue. The function propVals maps an IMProperty to its set
of instances.

IMProperty , IMPropertyValue : P OntologyElement
propVals : IMProperty → P IMPropertyValue

IMProperty ∩ IMClass = ∅

IMProperty ∩ IMIndividual = ∅

IMPropertyValue ∩ IMClass = ∅

IMPropertyValue ∩ IMIndividual = ∅

IMPropertyValue ∩ IMProperty = ∅

Every IMPropertyValue has unary relations, subject and object, that returns
two IMIndividuals which are related by the property.

subject : IMPropertyValue ↔ IMIndividual
object : IMPropertyValue ↔ IMIndividual

To express a class hierarchy in the metamodel generalizations are used. A gen-
eralization relates two classes, where the first class is a subclass of the second.

imSubClassOf : IMClass ↔ IMClass

∀ c1, c2 : IMClass • imSubClassOf (c1) = c2

⇔ classInstances(c1) ⊆ classInstances(c2)

Universal restricted classes are a subset of an IMClass that are universal re-
stricted to a target IMClass by a given IMProperty.

UniRestriction : P IMClass
onProperty : UniRestriction ↔ IMProperty
toClass : UniRestriction ↔ IMClass

∀ r : UniRestriction; a1, a2 : IMIndividual • a1 ∈ classInstances(r)
⇔ (∃ v : IMPropertyValue | v ∈ propVals(onProperty(r)) •
(subject(v) = a1 ∧ object(v) = a2) ⇒ a2 ∈ classInstances(toClass(r)))

For the Z-specification of semantic annotations in OWL-DL, we refer to [17].
In the following, variables in platform-specific specifications are marked with a
prime like x ′, y ′. The interpretation of the Z-specification of OWL-DL expres-
sions is defined as IOWL = (OWLIndividual , ·IOWL) with the domain OWLIndi-
vidual and the interpretation function ·IOWL mapping an OWLClass c′ to a subset
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(instances(c′)) of the domain and an OWLProperty p′ to a tuple (subVal(p′)).
The corresponding Z axioms for OWL-DL restricted to the IM specification in
Z are as follows.

[Resource]

OWLIndividual ,OWLClass,OWLProperty : P Resource

OWLIndividual ∩ OWLClass = ∅

OWLProperty ∩ OWLClass = ∅

OWLProperty ∩ OWLIndividual = ∅

instances : OWLClass → P OWLIndividual
subVal : OWLProperty → (Resource ↔ Resource)

subClassOf : OWLClass ↔ OWLClass

∀ c′1, c
′
2 : OWLClass •

subClassOf (c′1) = c′2 ⇔
instances(c′1) ⊆ instances(c′2)

allValuesFrom : (OWLClass × OWLProperty) ↔ OWLClass

∀ c′1 : OWLClass; p′ : OWLProperty ; c′2 : OWLClass •
allValuesFrom(c′1, p

′) = c′2 ⇔ (∀ a ′1, a
′
2 : OWLIndividual •

a ′1 ∈ instances(c′2) ⇔ ((a ′1, a
′
2) ∈ subVal(p′) ⇒ a ′2 ∈ instances(c′1)))

Specifying SHIQ(D) of WSML-DL for its subset SHIN(D) of the IM in Z is
the same as we showed for OWL-DL above. That allows to compare the respec-
tive elements of WSML-DL and OWL-DL by looking at their representation in
Z (with differently renamed elements for better distinction between them) as
shown in table 1. The semantically equivalent transformation from WSML-DL
to the corresponding F-Logic fragment is given in [6, 7] which means that the
Z specification of IM annotations in SHIN(D) can be equivalently transformed
to F-Logic used to describe semantic annotations (concepts and constraints) in
WSML services.

Table 1. Notation of some elements of WSML-DL and OWL-DL in Z

WSML-DL (SHIQ(D)) in Z OWL-DL in Z Remark

ΔS OWLIndividual set of instances
AC OWLClass set of atomic concepts
AR OWLProperty set of atomic properties
·IS instances / subVal semantic mapping to the domain
subConcept subClassOf concept hierarchy
forall allValuesFrom universal quantifier
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To verify whether a direct model transformation t(D) = D ′ of a descrip-
tion D in the platform-independent model PIM4SWS-IM to a description D ′

in platform-specific model or ontology language is semantically correct, one can
test whether the semantics of D and D ′ are equivalent in Z. We show this by
example for a description D in IM and D ′ in OWL-DL both transformed to Z.
In Zermelo-Fraenkel set theory, the axiom of extensionality defines the equality
of two sets: ∀A ∀B [∀ x (x ∈ A ⇔ x ∈ B) ⇒ A = B ]. Thus, descriptions D and
D ′ are semantically equal (sem(D) = sem(D ′)) iff their interpretations in the
domain are the same (DI = D ′I ). For reasons of comparability, the domains
of discourse of considered ontology languages (models) have to be the same:
MIndividual = OWLIndividual = Δ. The element equality in Z is defined as
follows: Let x ∈ IMIndividual, y ′ ∈ OWLIndividual/Δ, then elements x , y ′ are
the same eql(x , y ′) = true iff sem(x ) = sem(y ′). That allows us to compare
the semantic equality of different language elements in Z as shown in table 2:
Equality of facts (a), sets of instances (b), concepts (c), property values (d), sets
of property values according to a given property (e), and properties (f). In fact,
we can obtain the semantic equivalence between constructors of the description
logics underlying the initial PIM4SWS-IM and those of OWL-DL, respectively
WSML-DL denoted in Z. Due to space limitation, we provide only a selection of
these Z-equality relations in the following.

Table 2. Equality of facts, concepts, and roles.

a) instance: o

x : IMIndividual = y ′ : OWLIndividual/Δ
⇔ eql(x , y ′)

b) instances of class C : C I

classInstances(x ) = instances(y ′)/y ′IS

⇔ (∀ i ∈ classInstances(x )∃ i ′ ∈ instances(y ′)/y ′IS |
eql(i , i ′)) ∧ (∀ i ′ ∈ instances(y ′)/y ′IS

∃ i ∈ classInstances(x ) | eql(i , i ′))
c) class C : C

x : IMClass = y ′ : OWLClass/AC
⇔ classInstances(x ) = instances(y ′)/y ′IS

d) role value: 〈o, o′〉
x : IMPropertyValue = (a ′1, a

′
2) : OWLIndividual/Δ × OWLIndividual/Δ

⇔ eql(subject(x ), a ′1) ∧ eql(object(x ), a ′2)
e) role values of R: 〈o, o′〉 ∈ RI

propVals(p) = subVal(p′)/p′IS

⇔ (∀ v ∈ propVals(p)∃(a ′1, a
′
2) ∈ subVal(p′)/p′IS |

v = (a ′1, a
′
2)) ∧ (∀(a ′1, a

′
2) ∈ subVal(p′)/p′IS

∃ v ∈ propVals(p) | v = (a ′1, a
′
2))

f) role R: R

p : IMProperty = p′ : OWLProperty/AR
⇔ propVals(p) = subVal(p′)/p′IS
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We use these elementary Z-equality relations recursively to prove (by struc-
tural induction) the semantic equality for any given DL axiom or expression. For
example, consider the DL concept subsumption axiom c1 � c2 for two concepts
c1, c2. The equality of its description imSubClassOf (in PIM4SWS-IM) and sub-
ClassOf (in OWL-DL) can be shown by the equality of their transformation
in Z. Let c1, c2 ∈ IMClass, c′1, c

′
2 ∈ OWLClass/AC, c3 ∈ UniRestriction, p ∈

IMProperty, p′ ∈ OWLProperty with c1 = c′1, c2 = c′2, onProperty(c3) = p,
toClass(c3) = c1 and p = p′, then the following holds:

imSubClassOf (c1) = c2 ⇔ classInstances(c1) ⊆ classInstances(c2) (1)

⇔ instances(c′1) ⊆ instances(c′2) (2)

⇔ subClassOf (c′1) = c′2 (3)

In line (2) we use the equality relation (b) in table 2 to translate the IM speci-
fication of imSubClassOf in Z to OWL-DL, which is the same as subClassOf in
OWL-DL. Analogously, we provide the (Z-)equality relation for universal quan-
tified role cardinality restrictions (∀R.C in DL syntax):

c3 ⇔ ∀ a1, a2 : IMIndividual • a1 ∈ classInstances(c3) ⇔
(∃ v : IMPropertyValue | v ∈ propVals(p) •
(subject(v) = a1 ∧ object(v) = a2) ⇒ a2 ∈ classInstances(c1)

Thus, instances of c3 are equal to instances of the allValuesFrom construct, and
determined by the following expression:

classInstances(c3) ⇔ {x : IMIndividual | ∀ a2 : IMIndividual •
∃ v : IMPropertyValue | v ∈ propVals(p) • (x = subject(v) ∧
a2 = object(v)) ⇒ a2 ∈ classInstances(c1)}

⇔ {x ′ : OWLIndividual | ∀ a ′2 : OWLIndividual •
(x ′, a ′2) ∈ subVal(p′) ⇒ a ′2 ∈ instances(c′1)}

⇔ instances(allValuesFrom(c′1, p
′))

Based on these Z-equality relations, one can prove that the syntactic model
transformation function (t(D) = D ′) of the MDSM matchmaker from PIM4SWS-
IM to OWL-DL and WSML-DL is semantically correct.

4 Example

In the following, we briefly illustrate the principle of model-driven service match-
making by the MDSM matchmaker. Suppose that a business service orchestrator
intends to integrate a flight-booking Web service into her business process im-
plementation. The service shall book one ticket for a given flight and customer,
and confirms the booking. This request is formulated in PIM4SWS by the or-
chestrator and passed to the MDSM which transforms the received request to
specific description models, that are, in our case, OWL-S, WSML and SAWSDL.
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Fig. 6. Bookflight service request transformation from PIM4SWS to OWL-S.

The structural transformations to OWL-S and WSML are depicted in figures 6
and 7.

The semantic transformation of the request concerns all ontological concepts
used to describe the service profile parameters (IOPE). We show this by ex-
ample for the input concept Flight-Passenger (FP) which is described in the
PIM4SWS-IM as shown in figure 8. In the following, we use the abbreviations P
for Passenger, FP for FlightPassenger, AP for AirPlane, and V for Vehicle.

The MDSM transforms this description (D) directly into an equally named
concept FP’ described (D ′) in OWL-DL:

subClassOf(restriction travelsBy’ allValuesFrom(AirPlane’), Passenger’)

The semantic equivalence of this transformation (t(D) = D ′) can be shown
using Z as follows. Concept FP in the PIM4SWS-IM is specified in Z by

FP : UniRestriction

imSubClassOf (FP) = P

The denoted equality between concepts in this expression is checked by com-
paring their extensions: The set of instances of the UniRestriction class FP is
given by the set of IMIndividual x which has to be a subset of the instances of
concept P:

classInstances(FP) = {x : IMIndividual |
∀ a2 : IMIndividual • ∃ v : IMPropertyValue | v ∈ propVals(travelsBy) •
x = subject(v) ∧ a2 = object(v) ⇒ a2 ∈ classInstances(AP)} ⊆ classInstances(P)
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Fig. 7. Bookflight service request transformation from PIM4SWS to WSML.

The Z-specification of the concept FP’ in the OWL-DL description D ′ pro-
duced by the MDSM is as follows [17]:

FP ′ : OWLClass

subClassOf (allValuesFrom(AP ′, travelsBy ′)) = P ′

According to the Z-element equality definition above, and the semantic Z-equality
relations (cf. table 2a-f) of the description logic operations above, the set of in-
stances of FP (in Z) is equal to the OWLClass FP’ (in Z):

instances(FP ′) = {x ′ : OWLIndividual | ∀ a ′2 : OWLIndividual •
(x ′, a ′2) ∈ subVal(travelsBy ′) ⇒ a ′2 ∈ instances(AP ′)} ⊆ instances(P ′)

Assuming that P = P ′,AP = AP ′ and travelsBy = travelsBy ′, the semantic
equivalence of FP (in PIM4SWS-IM) and its transformation FP’ (in OWL-DL)
holds. The same is valid for FP’ in WSML-DL. FP in SHIQ(D) can be specified
in Z: forall travelsBy’.AirPlane’ � Passenger’ This expression can be equiv-
alently written in FOL, F-Logic [6, 7] and WSML-DL style.
In FOL: ∀ x (∀ y(travelsBy ′(x , y) ⊃ AirPlane ′(y)) ⊃ Passenger ′(x ));

in F-Logic: ∀ x .(∀ y .x [travelsBy ′ � y ] ⊃ y : AirPlane ′) ⊃ x : Passenger ′);
in WSML-DL:

forall ?y( ?x [travelsBy’ hasValue ?y] implies ?y memberOf AirPlane’)

implies ?x memberOf Passenger’
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Fig. 8. Part of the PIM4SWS information model for service input concept Flight-
Passenger (FP).

The compiled service request in OWL-S, WSML and SAWSDL is passed by
the MDSM to its integrated platform-specific matchmakers. Their ranked answer
sets are aggregated and eventually presented by the MDSM to the orchestrator.

5 Conclusion

We provided a first approach to model-driven semantic Web service selection to
support business process orchestrators at design time. In its inital version, our
model-driven service matchmaker MDSM 1.0 is restricted to (a) specific match-
makers for OWL-S, WSML and SAWSDL, and (b) a platform-independent infor-
mation model defined as intersection of OWL-DL and WSML-DL. However, the
principle of model-driven semantic selection applies to other ontology languages
and specific matchmakers to be plugged into the MDSM as well. Future work
covers the extension of the PIM4SWS information model with OCL constraints,
and transformations to SWRL and WSML-Rule [25, 24].
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Abstract. Recently, multi-attribute negotiation has been extensively studied from

a game-theoretic viewpoint. Since normal and extensive form games have the

drawback of requiring an explicit representation of utility functions (listing the

utility values for all combinations of strategies), logical preference languages

have been proposed, which provide a convenient way to compactly specify multi-

attribute utility functions. Among these preference languages, there are also Boo-

lean games. In this paper, towards automated multi-attribute negotiation in the

Semantic Web, we introduce Boolean description logic games, which are a com-

bination of Boolean games with ontological background knowledge, formulated

in expressive description logics. We include and discuss several generalizations,

and show how a travel and a service negotiation scenario can be formulated in

Boolean description logic games, which shows their practical usefulness.

1 Introduction

During the recent decade, a huge amount of research activities has been centered around
the problem of automated negotiation. This is especially due to the development of the
World Wide Web, which has provided the means and the commercial necessity for the
further development of computational negotiation and bargaining techniques [1].

Another area with an impressive amount of recent research activities is the Semantic
Web [2,3], which aims at an extension of the current World Wide Web by standards
and technologies that help machines to understand the information on the Web so that
they can support richer discovery, data integration, navigation, and automation of tasks.
The main ideas behind it are to add a machine-readable meaning to Web pages, to use
ontologies for a precise definition of shared terms in Web resources, to use knowledge
representation technology for automated reasoning from Web resources, and to apply
cooperative agent technology for processing the information of the Web.

Only a marginal amount of research activities, however, focuses on the intersection
of automated negotiation and the Semantic Web (see Section 6). This is surprising,

3 Alternative address: Institut für Informationssysteme, Technische Universität Wien, Favoriten-

str. 9-11, 1040 Wien, Austria; email: lukasiewicz@kr.tuwien.ac.at.
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since representation and reasoning technologies from the Semantic Web may be used
to further enhance automated negotiation on the Web, e.g., by providing ontological
background knowledge. Moreover, although one important ingredient of the Semantic
Web is agent technology, the agents are still largely missing in Semantic Web research
to date [4]. This paper is a first step in direction to filling this gap. Towards automated
multi-attribute negotiation in the Semantic Web, we introduce Boolean description logic
games. The main contributions of this paper are briefly summarized as follows:

– We define Boolean description logic games, which are a combination of n-player
Boolean games with description logics. They informally combine n-player Boolean
games with ontological background knowledge; in addition, we also introduce strict
agent requirements and overlapping agent control assignments.

– We then generalize to Boolean dl-games where each agent has a set of weighted
goals, which may be defined over free description logic concepts. We finally pro-
pose another generalization, where the agents own roles rather than concepts.

– We provide many examples (from a travel and a service negotiation scenario),
which illustrate the introduced concepts related to Boolean description logic games,
and which give evidence of the practical usefulness of our approach.

Intuitively, such games aim at a centralized one-step negotiation process, where the
agents reveal their preferences to a central mediator, which then calculates one optimal
strategy for each agent. Clearly, this is also closely related to service matchmaking
and resource retrieval, since the service provider and the service consumer can be both
considered as agents having certain service specifications and service preferences, and
the result of the negotiation process is then the service where the service specifications
are matching optimally the service preferences (see also Example 5.1).

The rest of this paper is organized as follows. In Section 2, we recall the basics of de-
scription logics and Boolean games. Section 3 defines Boolean description logic games.
In Section 4, we introduce Boolean description logic games with weighted generalized
goals. Section 5 generalizes the ontological ownerships. In Section 6, we discuss related
work. Section 7 summarizes the main results and gives an outlook on future research.

2 Preliminaries

In this section, we recall the basic concepts of description logics and Boolean games.

2.1 Description Logics

We now recall the description logics SHIF(D) and SHOIN (D), which stand be-
hind the web ontology languages OWL Lite and OWL DL [5], respectively. Intuitively,
description logics model a domain of interest in terms of concepts and roles, which
represent classes of individuals and binary relations between classes of individuals, re-
spectively. A description logic knowledge base encodes especially subset relationships
between concepts, subset relationships between roles, the membership of individuals to
concepts, and the membership of pairs of individuals to roles.
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Syntax. We first describe the syntax of SHOIN (D). We assume a set of elementary
datatypes and a set of data values. A datatype is either an elementary datatype or a set
of data values (called datatype oneOf ). A datatype theory D= (ΔD, ·D) consists of
a datatype domain ΔD and a mapping ·D that assigns to each elementary datatype a
subset of ΔD and to each data value an element of ΔD. The mapping ·D is extended
to all datatypes by {v1, . . .}D = {vD

1 , . . .}. Let A, RA, RD, and I be pairwise disjoint
(nonempty) denumerable sets of atomic concepts, abstract roles, datatype roles, and
individuals, respectively. We denote by R−A the set of inverses R− of all R∈RA.

A role is an element of RA ∪R−A ∪RD. Concepts are inductively defined as fol-
lows. Every φ∈A is a concept, and if o1, . . . , on ∈ I, then {o1, . . . , on} is a concept
(called oneOf). If φ, φ1, and φ2 are concepts and if R∈RA ∪R−A, then also (φ1 � φ2),
(φ1 � φ2), and ¬φ are concepts (called conjunction, disjunction, and negation, respec-
tively), as well as ∃R.φ, ∀R.φ, �nR, and �nR (called exists, value, atleast, and at-
most restriction, respectively) for an integer n � 0. If D is a datatype and U ∈RD, then
∃U.D, ∀U.D, �nU , and �nU are concepts (called datatype exists, value, atleast, and
atmost restriction, respectively) for an integer n � 0. We write ∃R and ∀R to abbrevi-
ate ∃R.� and ∀R.�, respectively. We write � and ⊥ to abbreviate the concepts φ�¬φ
and φ � ¬φ, respectively, and we eliminate parentheses as usual.

An axiom has one of the following forms: (1) φ
ψ (called concept inclusion ax-
iom), where φ and ψ are concepts; (2) R
S (called role inclusion axiom), where ei-
ther R,S ∈RA or R,S ∈RD; (3) Trans(R) (called transitivity axiom), where R∈RA;
(4) φ(a) (called concept membership axiom), where φ is a concept and a∈ I; (5) R(a, b)
(resp., U(a, v)) (called role membership axiom), where R∈RA (resp., U ∈RD) and
a, b∈ I (resp., a∈ I and v is a data value); and (6) a= b (resp., a �= b) (equality (resp.,
inequality) axiom), where a, b∈ I. A knowledge base L is a finite set of axioms. For
decidability, number restrictions in L are restricted to simple abstract roles [6]. Since
knowledge bases encode ontologies, we also use ontology to denote a knowledge base.

The syntax of SHIF(D) is as the above syntax of SHOIN (D), but without the
oneOf constructor and with the atleast and atmost constructors limited to 0 and 1.

Example 2.1 (travel ontology). A description logic knowledge base L encoding a travel
ontology (adapted from http://protege.cim3.net/file/pub/ontologies/travel/) is given by
the axioms in Fig. 1. For example, there are some axioms encoding that bed and break-
fast accommodations and hotels are different accommodations, and that a budget ac-
commodation is an accommodation that has one or two stars as a rating.

Semantics. An interpretation I = (ΔI , ·I) w.r.t. a datatype theory D= (ΔD, ·D) con-
sists of a nonempty (abstract) domain ΔI disjoint from ΔD, and a mapping ·I that
assigns to each atomic concept φ∈A a subset of ΔI , to each individual o∈ I an ele-
ment of ΔI , to each abstract role R∈RA a subset of ΔI ×ΔI , and to each datatype
role U ∈RD a subset of ΔI ×ΔD. We extend ·I to all concepts and roles, and we de-
fine the satisfaction of an axiom F in an interpretation I = (ΔI , ·I), denoted I |=F , as
usual [5]. We say I satisfies the axiom F , or I is a model of F , iff I |=F . We say I sat-
isfies a knowledge base L, or I is a model of L, denoted I |=L, iff I |=F for all F ∈L.
We say L is satisfiable (resp., unsatisfiable) iff L has a (resp., no) model. An axiom F
is a logical consequence of L, denoted L |= F , iff each model of L satisfies F .
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BedAndBreakfast � Accomodation;

Hotel � Accomodation;

BedAndBreakfast � ¬Hotel;
BudgetAccommodation ≡ Accomodation � ∃hasRating.{OneStarRating, TwoStarRating};

UrbanArea � Destination;

City � UrbanArea;

Capital � City;

RuralArea � Destination;

NationalPark � RuralArea;

RuralArea � ¬UrbanArea;

BudgetHotelDestination ≡ ∃hasAccomodation
� ∀hasAccomodation.(BudgetAccommodation � Hotel);

AccommodationRating ≡ {OneStarRating, TwoStarRating, ThreeStarRating};

Sightseeing � Activity;

Hiking � Sport;
Sport � Activity;

ThemePark � Activity;

FamilyDestination ≡ ∃hasDestination � ∃hasAccomodation � � 3 hasActivity;

RelaxDestination ≡ ∃hasDestination.NationalPark � ∃hasActivity.Sightseeing;

hasActivity ≡ isOfferedAt−.

Fig. 1. Travel ontology.

Example 2.2 (travel ontology cont’d). It is not difficult to verify that the description
logic knowledge base L of Example 2.1 is satisfiable, and that the two concept inclusion
axioms Capital 
 UrbanArea and Capital 
 ¬RuralArea are logical consequences
of L. Informally, L implies that capitals are urban and not rural areas.

2.2 Boolean Games

We now recall n-player Boolean games from [7], which are a generalization of 2-player
Boolean games from [8,9]. Such games are essentially normal form games where propo-
sitional logic is used for compactly specifying multi-attribute utility functions. We first
give some preparative definitions, and then recall n-player Boolean games, including
their ingredients, strategy profiles, and important notions of optimality.

We assume a finite set of propositional variables V = {p1, p2, . . . , pk}. We denote
by LV the set of all propositional formulas (denoted by Greek letters ψ, φ, . . .) built
inductively from V via the Boolean operators ¬, ∧, and ∨.

An n-player Boolean game G = (N, V, π, Φ) consists of

(1) a set of n players N = {1, 2, . . . , n}, n � 2,
(2) a finite set of propositional variables V ,
(3) a control assignment π : N → 2V , which associates with every player i∈N a set

of variables π(i)⊆V , which she controls, such that {π(i) | i∈N} partitions V , and
(4) a goal assignment Φ : N → LV , which associates with every player i∈N a propo-

sitional formula Φ(i)∈LV , denoted the goal of i.

Example 2.3 (Boolean game). A two-player Boolean game G = (N, V, π, Φ) is given by:

(1) the set of two players N = {1, 2},
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b b

a c (1,0) (0,1)

a c (1,0) (1,1)
a c (0,0) (0,1)

a c (0,0) (1,0)

Fig. 2. Normal form of a two-player Boolean game.

(2) the set of propositional variables V = {a, b, c},

(3) the control assignment π(1) = {a, c} and π(2) = {b}, and

(4) the goal assignment Φ(1) = (a ∧ b) ∨ (¬c ∧ ¬b) and Φ(2) = (c ∧ ¬b) ∨ (a ∧ ¬b).

Informally, we have two players 1 and 2, and three propositional variables a, b, and c.
Player 1 (resp., 2) controls the variables a and c (resp., the variable b) and has the goal
expressed by the propositional formula Φ(1) (resp., Φ(2)).

A strategy for player i∈N is any truth assignment si to the variables in π(i). A
strategy profile s= (s1, . . . , sn) consists of one strategy si for every i∈N . The utility
to player i∈N under s, denoted ui(s), is 1, if s satisfies i’s goal Φ(i), and 0, otherwise.

Towards optimal behavior of the players in an n-player Boolean game, we are es-
pecially interested in strategy profiles s, called Nash equilibria, where no agent has the
incentive to deviate from its part, once the other agents play their parts. More formally,
a strategy profile s= (s1, . . . , sn) is a Nash equilibrium iff ui(s � s′i) �ui(s) for every
strategy s′i of player i and for every player i∈N , where s � s′i is the strategy profile ob-
tained from s= (s1, . . . , sn) by replacing si by s′i.

Another important notion of optimality is Pareto-optimality. Informally, a strategy
profile is Pareto-optimal if there exists no other strategy profile that makes one player
better off and no player worse off in the utility. More formally, a strategy profile s is
Pareto-optimal iff there exists no strategy profile s′ such that (i) ui(s′)> ui(s) for some
player i∈N and (ii) ui(s′) �ui(s) for every player i∈N .

Example 2.4 (Boolean game cont’d). Consider again the two-player Boolean game
G = (N, V, π, Φ) of Example 2.3. Player 1 has all truth assignments to the variables a
and c (that is, a, c �→ true, true, a, c �→ true, false, a, c �→ false, true, and a, c �→
false, false, denoted a c, a c, a c, and a c, respectively) as strategies, while player 2 has
all truth assignments to b as strategies (that is, b �→ true and b �→ false, denoted b
and b, respectively). Any combination of the strategies of two players is a strategy pro-
file. For example, (a c, b) is a strategy profile combining the strategy a c of player 1 and
the strategy b of player 2.

The normal form of this two-player Boolean game, using the above strategy profiles
s= (s1, s2), which combine all strategies s1 and s2 of the players 1 and 2, respectively,
is depicted in Fig. 2: for every strategy profile s= (s1, s2), the matrix has one entry,
which shows the pair of utilities (u1(s), u2(s)) under s to the two players. The util-
ity ui(s) is equal to 1, when Φ(i) is satisfied in s, and 0, otherwise.

It is then not difficult to verify that the strategy profile (a c, b) is a (pure) Nash
equilibrium of this two-player Boolean game G, which is also Pareto-optimal, while
(a c, b) is also a (pure) Nash equilibrium of G, but not Pareto-optimal.
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3 Boolean Description Logic Games

In this section, we combine classical n-player Boolean games with ontologies. The
main differences to classical n-player Boolean games are summarized as follows (note
that many of the new features are also illustrated in Example 3.1):

– Rather than unrelated propositional variables, the agents now control atomic de-
scription logic concepts, which may (abbreviate complex description logic concepts
and) be related via a description logic knowledge base. In fact, the assumption that
the controlled variables are unrelated in classical n-player Boolean games is quite
unrealistic; often the variables are related through some background knowledge.

– Rather than having only preferences, the agents may now also have strict goals,
which have to be necessarily true in an admissible agreement. This reflects the fact
that agents accept no agreement where some strict conditions are not true; such
strict conditions are very common in many applications in practice.

– Rather than defining a partition, the control assignment may now be overlapping.
In fact, such overlapping control assignments are also more realistic.

We first give some preparative definitions as follows. We use a finite set of atomic
concepts A as set of propositional variables V in n-player Boolean games. We denote
by LA the set of all concepts (denoted by Greek letters ψ, φ, . . .) built inductively from
A via the Boolean operators ¬, �, and �. An interpretation I is a full conjunction of
atomic concepts and negated atomic concepts from A. We say I satisfies a description
logic knowledge base L, denoted I |= L, iff L∪{I(o)} is satisfiable, where o is a
new individual. We say I satisfies a concept φ over A under L, denoted I |=L φ,
iff L |= I 
φ. We say φ is satisfiable under L iff there exists an interpretation I such
that I |=L φ. We are now ready to define n-agent Boolean description logic games.

Definition 3.1 (n-agent Boolean description logic games). An n-agent Boolean de-
scription logic game (or n-agent Boolean dl-game) G = (L, N,A, π, Σ, Φ) consists of

(1) a description logic knowledge base L,

(2) a finite set of n agents N = {1, 2, . . . , n}, n � 2,

(3) a finite set of atomic concepts A,

(4) a control assignment π : N → 2V , which associates with every agent i∈N a set of
atomic concepts π(i)⊆A, which she controls,

(5) a strict goal assignment Σ : N → LA, which associates with every agent i∈N
a concept Σ(i)∈LA that is satisfiable under L, denoted the strict goal of i, and

(6) a goal assignment Φ : N → LA, which associates with every agent i∈N a concept
Φ(i)∈LA that is satisfiable under L, denoted the goal of i.

As for the difference between strict and general goals, the agents necessarily want
their strict goals to be satisfied, but they only would like their general goals to be satis-
fied. The following example illustrates n-agent Boolean dl-games.

Example 3.1 (travel negotiation). A two-agent Boolean dl-game G = (L, N,A, π, Σ,
Φ), where the traveler (agent 1) negotiates with the travel agency (agent 2) on the
conditions of a vacation, is given as follows:
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(1) L is the travel ontology of Example 2.1, depicted in Fig. 1.
(2) N = {1, 2}, where agent 1 (resp., 2) is the traveler (resp., travel agent).
(3) A consists of the following atomic concepts (that are relevant to the negotiation):

U ≡ ∃hasDestination � ∀hasDestination.UrbanArea;
R ≡ ∃hasDestination � ∀hasDestination.RuralArea;
BHD ≡ BudgetHotelDestination;
BA ≡ ∃hasAccomodation � ∀hasAccomodation.BudgetAccommodation;
H ≡ ∃hasAccomodation � ∀hasAccomodation.Hotel;
BB ≡ ∃hasAccomodation � ∀hasAccomodation.BedAndBreakfast;
NP ≡ ∃hasDestination � ∀hasDestination.NationalPark;
C ≡ ∃hasDestination � ∀hasDestination.Capital.

(4) Agents 1 and 2 control the following concepts π(1) and π(2), respectively:

π(1) = {U, R, BHD};
π(2) = {BA, H, BB, NP, C}.

Informally, agent 1 decides whether the trip takes place to an urban, rural, or budget
hotel destination, while agent 2’s offers fix the budget, hotel, or bed and breakfast
accommodation, and the destination to a national park or a capital city.

(5) Agents 1 and 2 have the following strict goals Σ(1) and Σ(2), respectively:

Σ(1) = (U � R) � (H � BB);
Σ(2) = NP � C.

Informally, agent 1 necessarily wants a destination in an urban or a rural area, e.g.,
she does not like beach destinations, and she also wants an accommodation for her
trip in a hotel or a bed and breakfast, so she is excluding e.g. camping grounds.
Whereas agent 2 is trying to sell a destination in a national park or a capital city.

(6) Agents 1 and 2 have the following goals Φ(1) and Φ(2), respectively,

Φ(1) = (R � BB) � (C � BHD);
Φ(2) = (U � BB) � (NP � BHD).

Informally, agent 1 would like a destination in a rural area and an accommodation
in a bed and breakfast, or a budget hotel accommodation in a capital city. Whereas
agent 2 would like to sell a destination in an urban area and an accommodation in
a bed and breakfast, or a budget hotel destination in a national park.

We next define the notions of strategies, strategy profiles, and utility functions. In
classical n-agent Boolean games, a strategy for agent i is a truth assignment si to all the
variables she controls, and the utility functions of the agents depend on their goals built
from the variables. In our setting, in contrast, atomic concepts are related to each other
through a description logic knowledge base L, and each agent may have some strict
requirements, and so some truth assignments to the atomic concepts may be infeasible
because of L and the strict requirements. We thus exclude such infeasible strategies. In
addition, some combinations I of feasible strategies may result in an infeasible strategy
profile due to L and the fact that the control assignment may be overlapping. We model
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U�¬R�BHD ¬U�R�BHD U�¬R�¬BHD ¬U�R�¬BHD

BA�H�¬BB�NP�¬C (−1,−1) (0,1) (−1,−1) (0, 0)
BA�¬H�BB�NP�¬C (−1,−1) (−1,−1) (−1,−1) (1,0)
BA�H�¬BB�¬NP�C (1,0) (−1,−1) (0,0) (−1,−1)
BA�¬H�BB�¬NP�C (−1,−1) (−1,−1) (0,1) (−1,−1)
¬BA�H�¬BB�NP�¬C (−1,−1) (−1,−1) (−1,−1) (0, 0)
¬BA�¬H�BB�NP�¬C (−1,−1) (−1,−1) (−1,−1) (1,0)
¬BA�H�¬BB�¬NP�C (−1,−1) (−1,−1) (0,0) (−1,−1)
¬BA�¬H�BB�¬NP�C (−1,−1) (−1,−1) (0,1) (−1,−1)

Fig. 3. Normal form of a two-agent Boolean dl-game.

this, exploiting the utility structure: if I is infeasible due to L or the overlapping control
assignment, then the utility to all agents is −1; in contrast, if I is feasible, then the
utility to agent i under I is equal to 1, if its goal Φ(i) is satisfied, and 0, otherwise.
Therefore, when the agreement I is unsatisfiable, then the utilities are always negative,
that is, always less than the utilities when the agreement I is satisfiable. Hence, the
unsatisfiable agreement will never be chosen by the agents.

Definition 3.2 (strategies, strategy profiles, utilities). Let G = (L, N,A, π, Σ, Φ) be
an n-agent Boolean dl-game. Then, a strategy for agent i∈N is an interpretation Ii

for the concepts in π(i) that satisfies both (i) L and (ii) Σ(i) under L. A strategy
profile I = (I1, I2, . . . , In) consists of one strategy Ii for every agent i∈N . We say
I = (I1, I2, . . . , In) is consistent iff (i) there exists an interpretation J for A such that
Ii is the restriction of J to π(i), for every agent i∈N , and (ii) I satisfies L. The utility
to agent i∈N under I , denoted ui(I), is defined as follows:

ui(I) =

⎧
⎪⎨

⎪⎩

−1 if I is inconsistent, or I �|=L Σ(i);
1 if I is consistent, I |=L Σ(i), and I |=L Φ(i);
0 if I is consistent, I |=L Σ(i), and I �|=L Φ(i).

We illustrate the above ideas with the help of a simple example.

Example 3.2 (travel negotiation cont’d). The sets of all strategies I1 and I2 of agents 1
and 2, respectively, in the travel negotiation example are given as follows:

I1 = {BA�H�¬BB�NP�¬C, BA�¬H�BB�NP�¬C,
BA�H�¬BB�¬NP�C, BA�¬H�BB�¬NP�C,
¬BA�H�¬BB�NP�¬C, ¬BA�¬H�BB�NP�¬C,
¬BA�H�¬BB�¬NP�C, ¬BA�¬H�BB�¬NP�C};

I2 = {U�¬R�BHD, ¬U�R�BHD, U�¬R�¬BHD, ¬U�R�¬BHD}.
The set of all strategy profiles is I1 × I2. The utility pairs (u1(I), u2(I)) for each
strategy profile I = (I1, I2) are shown in Fig. 3, which actually depicts the normal form
of the two-agent Boolean dl-game G. Note that all inconsistent strategy profiles (due to
the description logic knowledge base L) are associated with two negative utilities.

We next define (pure) Nash equilibria of n-agent Boolean dl-games. Informally,
as in the classical case, they are strategy profiles where no agent has the incentive to de-
viate from its part once the other agents stick to their parts.
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Definition 3.3 (pure Nash equilibria). Let G = (L, N,A, π, Φ) be an n-agent Boolean
dl-game with N = {1, . . . , n}. Then, a strategy profile I = (I1, . . . , In) is a (pure) Nash
equilibrium of G iff ui(I � I ′i) �ui(I) for every strategy I ′i of agent i and for every
agent i∈N , where I � I ′i is the strategy profile obtained from I by replacing Ii by I ′i .

Another concept of optimality for strategy profiles is the notion of Pareto-optimality.
Informally, a strategy profile is Pareto-optimal if there exists no other strategy profile
that makes one agent better off and no agent worse off in the utility. Note that, as in the
classical case, Nash equilibria are not necessarily Pareto-optimal.

Definition 3.4 (Pareto-optimal strategy profiles). Let G = (L, N,A, π, Φ) be an n-
agent Boolean dl-game with N = {1, . . . , n}. Then, a strategy profile I = (I1, . . . , In)
is Pareto-optimal iff there exists no strategy profile I ′ such that (i) ui(I ′) > ui(I) for
some agent i∈N and (ii) ui(I ′) �ui(I) for every agent i∈N .

We illustrate the notions of Nash equilibria and Pareto-optimality in our example.

Example 3.3 (travel negotiation cont’d). The set of all (pure) Nash equilibria of the
two-agent Boolean dl-game G of Example 3.1 are given by the bold entries in Fig. 3. It
is not difficult to verify that all except for the (0, 0) ones are also Pareto-optimal.

4 Weighted Generalized Goals

In this section, we further extend Boolean dl-games by weighted and generalized goals:

– Instead of one single goal that each agent wants to satisfy, we now assume a set of
goals for each agent, where each goal of an agent is associated with a weight. This
considers the fact that goals can have different importance, so the best agreement
is not necessarily the agreement satisfying the greatest number of goals for each
agent. We first define Boolean dl-games with weighted goals, that is, multi-valued
preferences. Note that agent utilities are normalized to 1 to make them comparable.

– As another difference to Boolean dl-games, we also do not assume anymore that
agent goals are constructed from the controlled atomic concepts.

Definition 4.1 (n-agent Boolean dl-games with weighted goals). An n-agent Boolean
dl-game with weighted goals G = (L, N,A, π, Σ, Φ) consists of

(1) a description logic knowledge base L,
(2) a finite set of n agents N = {1, 2, . . . , n}, n � 2,
(3) a finite set of atomic concepts A,
(4) a control assignment π : N → 2V , which associates with every agent i∈N a set of

atomic concepts π(i)⊆A, which she controls,
(5) a strict goal assignment Σ : N → LA, which associates with every agent i∈N

a concept Σ(i)∈LA that is satisfiable under L, denoted the strict goal of i, and
(6) a weighted goal assignment Φ, which associates with every agent i∈N a map-

ping Φi from a finite set of concepts Li that are satisfiable under L (denoted the
weighted goals of i) to �+ such that

∑
φ∈Li

Φi(φ) = 1.

We give an example of a Boolean dl-game with weighted goals.
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Example 4.1 (travel negotiation cont’d). A two-agent Boolean dl-game with weighted
goals G′= (L′, N ′,A′, π′, Σ′, Φ′) for the travel negotiation example is obtained from
the two-agent Boolean dl-game G = (L, N,A, π, Σ, Φ) of Example 3.1 as follows:

(1) L′=L.

(2) N ′=N .

(3) A′ consists of the atomic concepts in A and the following new ones:

TP ≡ ∃hasActivity.ThemePark;
SS ≡ ∃hasActivity.Sightseeing;
HK ≡ ∃hasActivity.Hiking.

(4) Agents 1 and 2 control the following concepts π(1) and π(2), respectively:

π(1) = {U, R, BHD, SS, HK};
π(2) = {BA, H, BB, NP, C, TP}.

More concretely, compared to Example 3.1, the agents now control more variables,
namely, Sightseeing and Hiking for agent 1, and ThemePark for agent 2.

(5) Agents 1 and 2 have the following strict goals Σ(1) and Σ(2), respectively:

Σ(1) = (U � R) � (H � BB) � BHD;
Σ(2) = (NP � C) � �1 hasActivity.

More specifically, compared to Example 3.1, the agents 1 and 2 now also require
BudgetHotelDestination and �1 hasActivity, respectively, in the strict goals. Infor-
mally, agent 1 also wants a budget hotel destination, while agent 2 wants to include
in the travel package that she is trying to sell at least one activity.

(6) Agents 1 and 2 have the following weighted goals Φ1 and Φ2, respectively,

Φ1(FamilyDestination) = 0.3;
Φ1(RelaxDestination) = 0.3;
Φ1(∃hasDestination.(Capital � RuralArea)�

∃hasActivity.(Sport � ThemePark)) = 0.4;

Φ2(∃hasDestination.RuralArea � ∃hasActivity.Sightseeing) = 0.3;
Φ2(FamilyDestination � ∃hasActivity.ThemePark) = 0.3;
Φ2(RelaxDestination � ∃hasActivity.Hiking) = 0.4.

Informally, agent 1 would like either (a) a family destination, or (b) a relax destina-
tion, or (c) a capital or rural destination with sports activities in a theme park, the
latter with a slightly higher weight. Whereas agent 2 would like to sell either (a) a
destination in a rural area with sightseeing, or (b) a family destination with theme
park, or (c) a relax destination with hiking, the latter with slightly higher weight.

The notions of strategies and strategy profiles along with the consistency of strat-
egy profiles are defined in the same way as for Boolean dl-games with binary goals.
The following definition extends the notion of utility to weighted goals.
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BA � H � ¬BB �
NP � ¬C � TP

BA � H � ¬BB �
¬NP � C � TP

BA � H � ¬BB �
NP � ¬C � ¬TP

BA � H � ¬BB �
¬NP � C � ¬TP

U � ¬R � BHD �
SS � HK (−1,−1) (0.7,0.3) (−1,−1) (0.4, 0)

¬U � R � BHD �
SS � HK (1,1) (−1,−1) (0.7, 0.7) (−1,−1)

U � ¬R � BHD �
SS � ¬HK (−1,−1) (0.4, 0) (−1,−1) (0, 0)

¬U � R � BHD �
SS � ¬HK (0.7, 0.3) (−1,−1) (0.3, 0.3) (−1,−1)

U � ¬R � BHD �
¬SS � HK (−1,−1) (0.4, 0) (−1,−1) (0.4,0)

¬U � R � BHD �
¬SS � HK (0.4, 0) (−1,−1) (0.4, 0) (−1,−1)

Fig. 4. Normal form of a two-agent Boolean dl-game with weighted generalized goals.

Definition 4.2 (utilities with weighted goals). Let G = (L, N,A, π, Φ,Σ) be an n-
agent Boolean dl-game with weighted goals. Then, the utility to agent i∈N under I ,
denoted ui(I), is defined as follows:

ui(I) =

{
−1 if I is inconsistent, or I �|=L Σ(i);
Σφ∈Li, I|=Lφ Φi(φ) if I is consistent, I |= L, and I |=L Σ(i).

We give an example to illustrate the utilities in the case of weighted goals.

Example 4.2 (travel negotiation cont’d). The normal form representation of the two-
agent Boolean dl-game with weighted goals G of Example 4.1 is depicted in Fig. 4.
Its only (pure) Nash equilibria are given by the bold entries in Fig. 4. Observe that the
Nash equilibrium with utility pair (1, 1) is also Pareto-optimal.

5 Controlling Roles

In this section, we present a further generalization of Boolean dl-games where agents
control roles instead of concepts. In this case, every strategy is intuitively an instan-
tiation of concepts. We also provide a further application scenario from web service
negotiation, along which we sketch this generalization of Boolean dl-games.

Example 5.1 (web service negotiation). Consider a service negotiation scenario, where
a service provider (agent 2) and a service requester (agent 1) are negotiating on the con-
ditions of a supply. The description logic knowledge base L is given by the ontology in
Fig. 5. We assume the set of two agents N = {1, 2}. The roles π(1) and π(2) controlled
by agents 1 and 2, respectively, are given as follows:

π(1) = {delivery, hasQuality};
π(2) = {hasType}.
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EU � WorldWide;

US � WorldWide;

Contract1 � Contract;
Contract2 � Contract;
Contract1 � ¬Contract2;

Cash � PaymentType;

Instalments � PaymentType;

HighQualityService � ∃assistance � ∀assistance.Onsite � =2 year guarantee;

LowQualityService � ∃assistance � ∀assistance.Phone � =1 year guarantee;

Contract1 ≡ ∃payment � ∀payment.Instalments � ∃delivery � ∀delivery.(US � EU);

Contract2 ≡ ∃payment � ∀payment.Cash � ∃delivery � ∀delivery.WorldWide.

Fig. 5. Service ontology.

C1 C2

HQ � WW (−1,−1) (0,1)
HQ � SE (1, 0) (0,1)

Fig. 6. Normal form of a two-agent Boolean dl-game with controlled roles.

Agents 1 and 2 have the following goals Φ(1) and Φ(2), respectively (for ease of pre-
sentation, we omit strict and weighted goals here):

Φ(1) = ∃payment � ∀payment.Instalments;
Φ(2) = (∃hasQuality � ∀hasQuality.LowQualityService�

∃hasType � ∀hasType.Contract1)�
(∃hasQuality � ∀hasQuality.HighQualityService�
∃hasType � ∀hasType.Contract2).

The normal form of the two-agent Boolean dl-game is depicted in Fig. 6, where (for the
sake of conciseness) we define the following atomic concepts:

C1 ≡ ∃hasType � ∀hasType.Contract1;
C2 ≡ ∃hasType � ∀hasType.Contract2;
HQ ≡ ∃hasQuality � ∀hasQuality.HighQualityService;
WW ≡ ∃delivery � ∀delivery.WorldWide;
SE ≡ ∃delivery � ∀delivery.(US � EU).

Notice that in this approach agents do not have to enumerate all the possible combina-
tions of concepts they control, as before, but, as they control roles instead of concepts,
it is enough to consider only concepts that they are interested in, such as e.g. for agent 1
HighQualityService or for agent 2 only the type of contracts she wants to offer. This
approach is surely more compact than the previous one, even if it could be not exhaus-
tive and give more power w.r.t. some attributes to one agent, the one controlling the
role indeed can control an entire set of attributes, e.g., thanks to the control on hasType,
agent 2 is the only one that can choose what type of contract to offer.
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6 Related Work

A large number of negotiation mechanisms have been proposed and studied in the litera-
ture. It is possible to distinguish, among others, game-theoretic ones [10,11], heuristic-
based approaches [12,13] and logic-based approaches. Although pure game-theoretic
and heuristic-based approaches are highly suitable for a wide range of applications,
they have some limitations and disadvantages. Often in game-theoretic approaches, it
is assumed that no relation exists between agent’s strategies and that all the combina-
tions of strategies are possible. Moreover, they usually do not model relations about
issues, which is, instead, fundamental in multi-attribute negotiation. On the other hand,
heuristic-based approaches use empirical evaluations to find an agreement, which can
be sub-optimal, as they do not explore the entire space of possible outcomes.

In the following, we give a brief overview of logic-based approaches to automated
negotiation, comparing our approach to existing ones and highlighting relevant differ-
ences. There is an extensive literature on argumentation-based negotiation [14,15,16].
In these approaches, an agent can accept/reject/critique a proposal of its opponent, so
agents can argue about their beliefs, given their desires and so pursue their intentions.
With respect to our framework, these approaches require a larger number of communi-
cation rounds in order to exchange information, while our approach is a one-shot nego-
tiation, which ensures the termination after only one round; indeed in argumentation-
based frameworks, usually, agent interactions go back and forth for multiple rounds.

Several recent logic-based approaches to negotiation are based on propositional
logic. Bouveret et al. [17] use weighted propositional formulas (WPFs) to express agent
preferences in the allocation of indivisible goods, but no common knowledge (as our
ontology) is present. The use of an ontology allows, e.g., to discover inconsistencies
between strategies, as well as attributes, or find out if an agent preference is implied
by a combination of strategies (an interpretation) which is fundamental to model a
multi-attribute negotiation. Chevaleyre et al. [18] classify utility functions expressed
through WPFs according to the properties of the utility function (sub/super-additive,
monotone, etc.). We used the most expressive functions according to that classifica-
tion, namely, weights over unrestricted formulas. Zhang and Zhang [19] adopt a kind
of propositional knowledge base arbitration to choose a fair negotiation outcome. How-
ever, common knowledge is considered as just more entrenched preferences, that could
be even dropped in some deals. Instead, the logical constraints in our ontology must
always be enforced in the negotiation outcomes. Wooldridge and Parsons [20] define
an agreement as a model for a set of formulas from both agents. However, Wooldridge
and Parsons [20] only study multiple-rounds protocols and the approach leaves the bur-
den to reach an agreement to the agents themselves, although they can follow a proto-
col. The approach does not take preferences into account, so that it is not possible to
compute utility values and check if the reached agreement is Pareto-optimal or a Nash
equilibrium. In the work by Ragone et al. [21], a basic propositional logic framework
endowed with an ontology was proposed, which is further extended in [22], introducing
the extended logic P(N ) (a propositional logic with concrete domains), thus handling
numerical features, and showed how to compute Pareto-optimal agreements, by solving
an optimization problem and adopting a one-shot negotiation protocol.

For what concerns approaches using more expressive ontology languages, namely,
description logics, there is the work by Ragone et al. [23], which although uses a rather
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inexpressive description logic, ALEH(D), proposes a semantic-based alternating-offers
protocol exploiting non-standard inference services, as concept contraction, and utility
theory to find the most suitable agreements. Concept contraction can be useful to pro-
vide an explanation of “what is wrong” between request and offer, that is, the reason
why agents cannot reach an agreement and what has to be given up in order to reach
that. Furthermore, differently from our approach, no game-theoretic analysis is provided
about Nash equilibria, even if in this framework, agents do not have to reveal their util-
ities to the opponent. Another work exploits description logics in negotiation scenarios
[24], where the more expressive SHOIN (D) is used to model the logic-based negoti-
ation protocol; a scenario with fully incomplete information is studied, where agents do
not know anything about the opponent (neither preferences nor utilities). Furthermore,
also this framework lacks a game-theoretic analysis about Nash equilibria.

7 Summary and Outlook

Towards automated multi-attribute negotiation in the Semantic Web, we have intro-
duce Boolean description logic games, which combine classical Boolean games with
expressive description logics. As further generalizations of classical Boolean games,
they also include strict agent requirements and overlapping agent control assignments.
We have also considered two generalizations, one with weighted goals, which may be
defined over free description logic concepts, and one where the agents own roles rather
than concepts. Furthermore, formulations of a travel and a service negotiation scenario
have given evidence of the practical usefulness of our approach.

An interesting topic for future research is to more deeply analyze the semantic and
the computational properties of Boolean description logic games. In particular, an im-
portant issue is the development of algorithms for computing optimal strategy profiles,
and the analysis of its computational complexity. Furthermore, it would be interesting
to implement a tool for solving Boolean dl-games and testing it on negotiation sce-
narios. Another topic for future research is a generalization to qualitative conditional
preference structures, such as the ones expressed through CP-nets [25]. From a larger
perspective, Boolean dl-games aim at a centralized one-step negotiation process, where
the agents reveal their preferences to a central mediator, which then calculates one opti-
mal strategy for each agent. In this framework, it is important to study how it is possible
to avoid that the agents report untruthful preferences in order to obtain better strategies,
which is touching the problem of mechanism design [26].
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Abstract. In a generic semantic-based matchmaking process, given a
request, it is desirable to obtain a ranked list of compatible services/ re-
sources/ profiles in order of relevance. Furthermore, a match explanation
can provide useful information to modify or refine the original request
in a principled way. Though the feasibility of this approach has been
proved with fixed reasoning engines, it is a challenging subject to per-
form inference tasks on handheld devices. Here we propose abduction and
contraction algorithms in Description Logics specifically devised for ap-
plications in mobile environments. A simple interaction paradigm based
on Bluetooth protocol stack has also been implemented and tested in a
mobile dating case study.

1 Introduction

We propose a novel discovery framework whose concrete implementation has
been carried out in a mobile dating case study even if it is cross-applicable in all
discovery scenarios. Knowledge Representation techniques and approaches have
been shaped to be effectively suitable in volatile ubiquitous computing contexts.
In particular, here we adapt abduction and contraction algorithms used in [4] in
order to allow their exploitation in resource-constrained contexts. Building on
previous work that enhanced the discovery possibilities offered by standard code-
based matching procedures with semantic-based capabilities [15], here we devise
a further evolution of matchmaking algorithms allowing to run the proposed
reasoning services also on mobile devices. This framework and approach has
been tested for profile matchmaking in a p2p environment.

Users equipped with a mobile device expose both their semantically anno-
tated profile and preferences they would like to satisfy encountering another user.
An exact match between requester preferences and offered profiles is surely the
best possible result, but it is probably too rare to be realistic. It is more feasible
to obtain a ranked list of available user profiles even if they do not completely
fulfill the request. In the same way, when the user preferences and retrieved
profiles are incompatible, it could be interesting to know what are the causes
for the incongruence if user is willing to retract some constraints she originally
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imposed to reach a potential match. The proposed system exploits a revised ver-
sion of non-monotonic inferences [6] (in particular abduction and contraction)
to retrieve compatible profiles arranged in relevance order. A score is computed
taking into account the semantic affinity between preferences expressed by the
user and characteristics found in the available profiles. As explained hereafter,
we selected a sublanguage deriving from OWL DL, AL(D), to model ontolo-
gies, preferences and profile annotations whereas the proposed system adopts an
enhanced version of DIG 1.1 annotations.

The Bluetooth connectivity of handheld user’s device is exploited to allow
the data exchange aiming at extending the basic service discovery protocol with
semantic capabilities. A “micro-layer” has been integrated within a J2ME1 ap-
plication level over the Bluetooth stack in order to enable a simple interchange
of semantic annotations between a mobile host performing a query and another
one exposing its characteristics. We adopt a simple piconet configuration with-
out stable networked zone servers. Peers are equipped with a Bluetooth interface
and they are at the same time able to address requests to other mobile clients
as well as to receive and reply to external queries. Each device hosts a seman-
tic facilitator to match on-board user preferences with profiles of users in the
neighborhood.

The remaining of the paper is structured as follows: in the next section we
motivate the proposed approach and present the its background. In Section 3 and
Section 4 we move on to the presentation of the theoretical framework. Relevant
features of the dating application we implemented are outlined in Section 5 with
the aid of a simple illustrative case study. Conclusion closes the paper.

2 Background and Motivation

Exploiting standard relational databases for resource retrieval, the attributes of
the offered and requested resources must exactly coincide to have a match. If
requests and offers are simple names or strings, the only possible match would be
identity, resulting in an all-or-nothing outcome of the retrieval process. Vague
query answering, proposed by [12], was an initial effort to overcome the rigid
constraints of relational databases, by attributing weights to several search vari-
ables.

Vector-based techniques taken by classical Information Retrieval can be used
too, thus reverting the search for a resource matching a request to similarity
between weighted vectors of stemmed terms, as proposed in the COINS match-
maker [10] or in LARKS [16]. The need to work in someway with approximation
and ranking in DL-based approaches to matchmaking has also recently led to
adopting fuzzy-DLs, as in Smart [1] or hybrid approaches, as in the OWLS-MX
matchmaker [9].

A further approach structures resource descriptions as set of words. This
formalization allows one to evaluate not only identity between sets, but also some

1 Java 2 Micro Edition: http://java.sun.com/javame/index.jsp
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interesting set-based relations between descriptions, such as inclusion, partial
overlap, or cardinality of set difference. Anyway, modeling resource descriptions
as set of words is too much sensitive to the employed words to be successfully
used: the fixed terminology misses meaning that relates to the words. Such a
problem can be solved giving to terms a logical and shared meaning through
an ontology [8]. Nevertheless set-based approaches already have some properties
we believe are fundamental in a resource matchmaking and retrieval process. If
we are searching for a resource described through a set of words, we are also
interested in sets including the one we search, because they completely fulfill the
resource to retrieve. Moreover even if there are characteristics of the retrieved
resource not elicited in the description of the searched one, an exact match is still
possible because absent information has not to be considered negative. The two
statements above may be summarized in the so called Open World Assumption
(OWA). That is the absence of a characteristic in the description of a resource
to be retrieved should not be interpreted as a constraint of absence. Instead it
should be considered as a characteristic that could be either refined later or left
open if it is irrelevant for the request.

3 Framework and Approach

After discussing the general Knowledge Representation principles that a logical
approach to matchmaking may yield, we move on to the Description Logic (DL)
setting we adopt2. Due to the lack of space, we refer the reader to [6, 4] for
several examples and wider argumentation.

3.1 Description Logics and Semantic Matchmaking

From now on we assume that resource descriptions, both requested and offered,
in the matchmaking are expressed in a language whose semantics can be mapped
to a the Description Logic DL AL(D), for instance (a subset of) OWL DL or
the more compact XML-based DIG language. Such a choice is motivated by
several considerations. In [6] it has been proved that there exists a lower bound
on the complexity of Concept Contraction, for all DLs that include AL. AL(D)
specifically requires limited computational capabilities to carry out the proposed
reasoning services. A simple adaptation of the algorithms reported in the follow-
ing will allow to report the Concept Contraction and Concept Abduction on an
EL++ logic. Formulas (concepts) in AL(D), we use to represent user profiles and
preferences, are built according to the following rules:

C, D → CN | ¬CN | ∃R | ∀R.C | C � D | (≥k g) | (≤k g)

where CN represents a concept name. For what concerns the ontology (Termi-
nological Box T in DL-words) we only allow relations between concept names
in the form:
2 We assume hereafter the reader be familiar with basics of Description Logics for-

malisms and reasoning [2].
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CN1 � CN2 � . . . CNn; CN1 ≡ CN2 � . . . CNn; CN1 � ¬CN2 � . . .¬CNn;
(1) (2) (3)

to respectively represent (1) subclass axioms; (2) equivalence axioms; (3) disjoint
axioms. Furthermore, given a concept name CN we cannot have more than one
equivalence axiom with CN on the left hand side (LHS) and if CN appears
on the LHS of an equivalence axiom then it cannot appear on the LHS neither
of a subclass axiom nor of a disjoint axiom. In order to avoid cycles within an
ontology T , we do not allow a concept name CN appears, directly or indirectly,
both on the LHS and on the right hand side of an axiom [2]. Furthermore, for
each concrete feature g we impose its range is always explicitely represented by
its minimum value and its maximum value. We represent the range of g as:

range(g) = (gmin, gMAX)

DL-based systems usually provide two basic reasoning services for T , namely
(a) Satisfiability and (b) Subsumption in order to check (a) if a formula C is
consistent w.r.t. the ontology –T �|= C 
 ⊥– or (b) if a formula C is more specific
or equivalent to a formula D –T |= C 
 D.

If we have a Profile Description PD and a User Preference UP, we can define at
least five different match classes based on subsumption and satisfiability: exact
match, subsumption (full) match, plug-in match, intersection (potential) match,
disjoint (partial) match [13, 11, 4]. Given a preference, representing a request,
and a set of profiles, representing the resources to be retrieved, we can classify
the match relation between the preference and each profile according to the
above classes. As argued in [4], there is a strong relation among these classes. In
particular:

– given a partial match between UP and PD, solving a Concept Contraction
Problem (CCP) [3] one can compute what has to be given up G and kept K
in UP in order to have a potential match between K (a contracted version
of UP) and PD. Hence, the result of a CCP is a pair 〈G,K〉 representing
respectively elements in UP conflicting with PD and the (best) contracted UP
compatible with PD.

– given a potential match between UP and PD, solving a Concept Abduction
Problem (CAP) [7] one can compute what has to be hypothesized in PD in
order to have a full match with UP (or its contracted version K). Hence, the
result of a CAP is a concept H representing in some way what is underspeci-
fied in PD in order to completely satisfy a preference UP. Please note that we
say underspecified instead of missing. This is because we are under a OWA.

Of course, both for Concept Contraction and Concept Abduction we have to
define some minimality criteria both on G (give up as few things as possible)
and on H (hypothesize as few things as possible). The interested reader may refer
to [3, 5] for some minimality criteria in the framework of Description Logics.

An Algorithm for Concept Contraction in AL(D). An algorithm to solve
CAPs for ALN has been proposed in [6] and it can be easily adapted to deal
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with AL(D). In this section we propose a new algorithm to compute a possible
solution to CCPs in AL(D) given two concepts PD, UP both of them satisfiable
w.r.t. an ontology T . Before computing solutions to a CCP it is more convenient,
from a computational perspective, to reduce both PD and UP to a common normal
form. We use here well know techniques [2] to syntactically transform concepts
and preserve their formal semantics with respect to T . Given a concept C the
normalization process is performed applying recursively the rewriting rules in
Fig.1 to each occurrence of the element appearing in the LHS of the rule.

CN1 �→ CN1 � CN2 � . . . CNn if CN1 � CN2 � . . . CNn ∈ T
CN1 �→ CN2 � CN3 � . . . CNn if CN1 ≡ CN2 � . . . CNn ∈ T

CN1 �→ CN1 � ¬CN2 � . . .¬CNn if CN1 � ¬CN2 � . . .¬CNn ∈ T

C � ⊥ �→ ⊥;

A � ¬A �→ ⊥;

(≥n g) �→ ⊥ if n > gMAX ;

(≤m g) �→ ⊥ if m < gmin;

(≥n g) � (≤m g) �→ ⊥ if n > m;

∀R.C1 � ∀R.C2 �→ ∀R.C1 � C2;

(≥n g) � (≥m g) �→ (≥n R) if n > m;

(≤n g) � (≤m g) �→ (≤n g) if n < m;

Fig. 1. Normalization rules

Note that we refer to acyclic terminologies. In case of cyclic terminologies
a simple blocking is enough to guarantee the termination of the normalization
process. Given a concept C ∈ AL(D) and a taxonomy T , we call norm(C, T )
the rewriting of C following the rules in Fig.1. If we consider norm(C, T ), it can
be always represented as the conjunction CCN � CR � C(D), where:

CCN is the conjunction of (negated) concept names;
CR is the conjunction of terms involving roles;
C(D) is the conjunction of concrete domain restrictions, no more than two for

every role (the maximum and the minimum for each concrete feature).

With |norm(C, T )| we refer to the length of norm(C, T ) computed following
Algorithm 1 reported in the follwoing.

At this point we have all the elements we need to formalize an algorithm
to solve a CCP in AL(D) given two concepts PD and UP both satisfiable w.r.t.
T . In Algorithm contract(AL(D), norm(PD, T ), norm(UP, T ), T ) starting from
the normalized version of UP and PD we compute a solution 〈G, K〉 to the cor-
responding CCP and we also return penalty: a numerical value representing the
worth associated to G. In other words, we compute the cost for a contraction of
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Algorithm 1: How to compute the length of a concept C with respect to
a taxonomy T

Algorithm: |norm(C, T )|1

Input: a AL(D) concept C and a taxonomy T
Output: the length of norm(C, T )
length := 0;2

if norm(C, T ) = ⊥ then3

return 1;4

end5

foreach (negated) concept name CN ∈ norm(C, T )CN do6

length := length + 1;7

end8

foreach (≥n g) ∈ norm(C, T )(D) or (≤m g) ∈ norm(C, T )(D) do9

length := length + 1;10

end11

foreach ∃R ∈ norm(C, T )R do12

length := length + 1;13

end14

foreach ∀R.D do15

length := length + |norm(D, T )|;16

end17

return length;18

UP. We will use this value to evaluate the global utility function associated to a
profile w.r.t. a set of preferences. Actually, the algorithm can be easily adapted
to deal with different penalty functions [6].

Notice that, even though we impose both UP and PD to be satisfiable w.r.t.
to T , in lines 1-8 we also consider the case UP = ⊥. This is needed because of
the recursive nature of the algorithm. In fact, in line 33 we have a recursive call
involving the restrictions of a role R. In case this restriction is ⊥, i.e., ∀R.⊥
occurs UP, we have UP = ⊥ when we call contract(AL(D), norm(PD, T ),⊥, T ) in
line 33. For the sake of readability of the algorithm let us pose norm(PD, T ) = P̄D
and norm(UP, T ) = ŪP.
Algorithm: contract(AL(D), P̄D, ŪP, T )

1: penalty := 0;
2: if ŪP = ⊥ then

3: if P̄D = ⊥ then

4: return (〈⊥,�〉, 1);
5: else

6: return (〈⊥,�〉, 0);
7: end if

8: else

9: G := �;
10: K := � � ŪP;
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11: if P̄D = ⊥ then

12: return (〈ŪP,�〉, |ŪP|);
13: end if

14: for each (negated) concept name CN ∈ KCN do

15: for each concept name CN ′ ∈ norm(CN, T )CN do

16: if there exists CN ′′ in P̄D
CN such that CN ′′ = ¬CN ′ then

17: G := G � CN ;
18: remove CN from KCN ;
19: penalty := penalty + 1;
20: end if

21: end for

22: end for

23: for each concept ∃R ∈ KR do

24: if there exists ∀R.⊥ ∈ P̄D
R

then

25: G := G � ∃R;
26: remove ∃R from KCN ;
27: penalty := penalty + 1;
28: end if

29: end for

30: for each concept ∀R.E in KR do

31: if either there exists ∃R ∈ KR or there exists ∃R ∈ P̄D
R

then

32: for each concept ∀R.F in P̄D
R

do

33: (〈G′, K′〉, penalty′) := contract(AL(D), E, F, T );
34: G := G � ∀R.G′;
35: replace ∀R.E in K with ∀R.K ′;
36: penalty := penalty + penalty′;
37: end for

38: end if

39: end for

40: for each concept (≥x g) in K do

41: if there exists (≤y g) in P̄D and y < x then

42: replace (≥x g) with (≥y g);
43: G := G � (≥x g);
44: penalty := penalty + x−y

x
;

45: end if

46: end for

47: for each concept (≤x g) in K do

48: if exists (≥y g) in P̄D and y > x then

49: replace (≤x g) with (≤y g);
50: G := G � (≥x g);
51: penalty := penalty + 1 + y−x

x
;

52: end if

53: end for

54: end if

55: return (〈G, K〉, penalty);
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4 Dealing with User Preferences

In real dating scenarios it is quite rare to find exactly the profile we are looking
for. Often we have to reformulate one or more preferences and to hypothesize
some characteristics not specified in the profiles we found. Based on this refor-
mulate/hypothesize process we usually assign a relevance score to the profile
representing how good our preferences have been satisfied.

In such a matchmaking process, a user request, can be split often into two
separate parts: strict requirements and preferences [14]. Strict requirements
represent what, in the request, has to be strictly matched by the retrieved profile
description. Preferences can be seen as soft user requirements. In other words,
the user will accept even a profile whose description does not represent exactly
what the user prefers. Usually, a weight is associated to each preference in order
to represent its worth (absolute or relative to the other preferences). Hence, for
a user preference UP we distinguish between a concept UPS representing strict
requirements and a set of weighted concepts 〈UP, v〉 where UP is a DL concept
and v is a numerical value representing the preference worth. It should be clear
that a matchmaking process has not to be performed w.r.t. UPS . It represents
what the user is not willing to risk on at all. He does not want to hypothesize
nothing on it. An approximate solution would not be significant for UPS . Actually,
performing a matchmaking process between preferences and a profile description
PD makes more sense. After all, preferences represent what the user would like
to be satisfied by PD. Hence, even though a preference is satisfied with a certain
degree (not necessarily completely) the user will be satisfied with a certain degree
as well.

Given an ontology T , a profile description PD, a strict requirement UPS and
a set of preferences P = {〈UPi, vi〉} we compute a global ranking penalty us-
ing Algorithm 2. Here we assign a penalty �= +∞ to profiles whose description
fully satisfies user strict requirements. We also introduce a penalty threshold
ϑ. If the global penalty is higher than ϑ then we discard the selected profile
setting penalty := +∞ (line 14). Once we have a profile description such that
T |= PD 
 UPS , then we compute how much it satisfies user preferences. For
each preference we take into account both a numerical evaluation of the char-
acteristics to be given up with penaltyc and a numerical evaluation of those
characteristics to be hypothesized in penaltya. The function abduce called in
line 7 and line 10 is a combination of the algorithms (slightly modified to be
used with AL(D)) presented in [6] to compute and rank solutions to CAPs. We
do not report here the algorithms for the sake of brevity. In line 12 of Algorithm
2 we combine penaltya and penaltyb using two parameters h, g representing the
worth associated respectively to penaltya and penaltyb.

The value of penalty can be easily converted to an affinity value using the
following simple transformation:

affinity = 1 − penalty

|norm(UP, T )|
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Algorithm 2: Algorithm for preference-based semantic retrieval
Algorithm: preference retrieve(PD, UPS ,P, T , t)1

penalty = 0 ;2

if T |= PD � UPS then3

foreach 〈UPi, vi〉 ∈ P do4

if T |= UPi � PD � ⊥ then5

(〈G, K〉, penaltyc) := contract(AL(D), PD, UPi, T );6

(H, penaltya) := abduce(AL(D), PD, K, T );7

else8

penaltyc := 0;9

(H, penaltya) := abduce(AL(D), PD, UPi, T );10

end11

penalty := penalty + vi · (h · penaltya + g · penaltyc);12

end13

if penalty > t then14

penalty := +∞;15

end16

return (penalty, 〈G, K〉, H);17

end18

return (+∞, 〈UP,�〉,⊥);19

5 Case Study: Match’n’Date

The mobile dating application Match’n’Date has been developed from scratch
as a case study for the proposed matchmaking framework and algorithms. The
goal is to facilitate acquaintance among people in a given environment. The
proposed application is a pure peer-to-peer ubiquitous computing tool, based
only on Bluetooth wireless ad-hoc networking. The core is a mobile matchmaker
implementing reasoning algorithms for Concept Abduction and Concept Con-
traction. Note that since Concept Abduction extends Subsumption and Concept
Contraction extends Satisfiability [6], the reasoner is also able to perform both
consistency and subsumption checks. Each user stores her personal profile PD and
a set of preference P on her device. They refer to a common domain ontology,
which models people’s physical appearance and personal interests3.

A typical use case follows the protocol steps reported hereafter (also illus-
trated in Fig. 2). We refer to the device of the user looking for a profile as α and
to the device hosting a discovered profile as β.

1. The user starts Match’n’Date on her mobile device (α). It looks for other
devices in the Bluetooth radio range.

2. For each found device β, α checks if Match’n’Date is currently running and
waiting for a connection.

3 Due to lack of space, the reference ontology is not reported here.
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3. If Match’n’Date is running on β, then α asks β to send the profile corre-
sponding to her user. So α sends its profile to β. Profile exchange is performed
via the Bluetooth OBEX (OBject EXchange) feature4.

4. Both α and β run Algorithm preference retrieve presented in Section 4
and compute their penalty values. β computes penaltyα,β while α computes
penaltyβ,α. If penaltyα,β = +∞, then α sends a HALT message to β. Similarly
β sends a HALT message to α in case penaltyβ,α = +∞. In both cases the
interaction between α and β ends.

5. If no HALT messages have been sent, then α sends an invitation to β to start
a chat session (over Bluetooth).

6. Now β may visualize the profile sent by α. It may check the affinityα,β

value (see Fig.5) and it may ask for an explanation of the score looking at
the values of 〈G, K〉 and H returned by preference retrieve.

7. β may accept or decline the invitation from α.

Fig. 2. A typical interaction between Match’n’Date devices

5.1 Running Example

Albert has been invited to a party by his room mate Joe, but he is getting quite
bored. Joe is spending all the time with his girlfriend and Albert does not know
anyone and he cannot find interesting conversation topics with other people. He
would like to find a nice and not engaged girl to talk to. After all, Albert does
4 As the system is at a prototypical state, profiles are now pre-loaded into the hand-

held. We are developing an intuitive GUI to manage the profile insertion.
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Fig. 3. Main application form Fig. 4. Settings form

not want to spend all the evening talking with her boyfriend. He would like a
woman between 21 and 32 years old and between 160 and 180 cm high, who likes
painting and –very important– has not black hair. His former girlfriend had black
hair. Currently, he is a little bit biased against black hair girls. So he launches
Match’n’Date on his mobile phone. The main menu is shown (as in Fig. 3).
Albert selects Search and Match’n’Date searches for other compatible devices
in its Bluetooth radio range. Fingers crossed.

A remote device running Match’n’Date is found. It belongs to Barbara, who
is getting bored too. The party is full of geeks. The most interesting and hot topics
tonight seem to be the very last unstable release of the Linux kernel. Luckily
she has Match’n’Date running on her mobile phone. Albert’s device retrieves
Barbara’s profile and sends his profile to Barbara. The matchmaking process
starts.

Hereafter we report the Albert’s preferences in logic formalism. Using the
graphical interface presented in Fig.4, Albert is able to set the value of the
threshold t and the values for h and g used in line 12 of Algorithm 2. In the
current implementation of Match’n’Date we use a single parameter and always
assume h = g.

UPAlbert
S : ∃hasMaritalStatus � ∀hasMaritalStatus.Free

UPAlbert
1 : 〈(≥age 21) � (≤age 32) � (≥height 160) � (≤height 180), 0.3〉

UPAlbert
2 : 〈∃hasHobby � ∀hasHobby.Painting, 0.2〉

UPAlbert
3 : 〈∃hasHairColor � ∀hasHairColor.¬Black, 0.5〉
Barbara is 28 years old and 172 cm high. She has red hair and currently she

is not engaged. She likes art and she does not like swimming. She usually listens
to pop-rock music and she watches romantic movies but not science fiction ones.

PDBarbara: (≥age 28)�(≤age 28)�(≥height 172)�(≤height 172)�∃hasHairColor
�∀hasHairColor.Red � ∃hasMaritalStatus � ∀hasMaritalStatus.Free
�∃hasHobby � ∀hasHobby.Art
�∃hasSportPassion � ∀hasSportPassion.¬Swimming
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Fig. 5. Matchmaking score form Fig. 6. Invite notification form

�∃favoriteMusicGenre � ∀favoriteMusicGenre.Pop − Rock
�∃favoriteMovieGenre � ∀favoriteMovieGenre.(Romantic � ¬Sci − Fi)

Albert is satisfied with the match outcome and wishes to invite Barbara to a
chat. The dating application allows the user to contact the remote device for a
chat session.

A simple text-based protocol was developed on top of Bluetooth OBEX for
this purpose. Upon reception of an invite from α, β displays a notification to
Barbara (see Fig. 6), who can either accept or decline the invitation. If β accepts,
the chat session starts.

5.2 Experimental Results

One of the main issues in adapting Semantic Web technologies to mobile sce-
narios is to cope with computational costs. Matchmaking tasks usually need a
heavy use of computational resources. This is the most significant reason why we
developed our framework limiting the full expressiveness of OWL DL so using its
AL(D) subset. Note that the reasoning algorithms we propose can be executed
in polynomial time and they do not need highly optimized data structures.

In what follows we report some performance evaluation tests. In Fig.7, the
time (in milliseconds) needed to calculate the affinity value for 100 pairs Preference-
Profile randomly generated is shown. The simulation have been conducted ex-
ploiting the Sun Java (TM) Wireless Toolkit 2.5.2 for CLDC 5 allowing to em-
ulate Virtual Machines (VMs) with different speeds (ranging from 100 to 1000
bytecode/ms). In order to cope with limited computational capabilities and re-
duced memory availability of handhelds, we fixed the speed of VM to 100 byte-
code/ms as reference value for our simulations. In the Fig.8, the time (in mil-
liseconds) needed for Concept Contraction –varying the number of concepts and
restrictions in each list of preferences– is reported. Finally, Fig.9 shows the time
(in milliseconds) needed for Concept Abduction w.r.t. the number of concepts
and restrictions in the component to keep –K– of each list of preferences.
5 http://java.sun.com/products/sjwtoolkit/
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Fig. 7. Overall calculation time w.r.t. concepts and restrictions

Fig. 8. Execution time for Concept Contraction
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Fig. 9. Execution time for Concept Abduction

6 Conclusion

We have proposed a novel discovery framework for mobile ad-hoc contexts with-
out stable and fixed network infrastructures. Abduction and contraction algo-
rithms presented in [6] have been adapted to allow an exploitation in wireless
and p2p scenarios. The proposed approach has been validated in a dating case
study where users –equipped with a Bluetooth device– search for semantically
annotated profiles compatible with their preferences (also expressed by means
of a logic annotation). Framework and approach are general purpose as they are
fully re-usable in different contexts and applications.

Future work is aimed at enhancing the expressiveness of the managed logic
attempting to remove some constraint actually imposed (as for example the
possibility to use the ∃ construct for profile definitions). We are currently working
on a thorough evaluation of the approach basically measuring the response times
of the system in different use cases and with different hardware and network
configurations.
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