
Version: DRAFT

Mathematical Service Matc hing Using Description
Logic and OWL

OlgaCaprotti1, Mike Dewar2 andDanieleTuri3
1

Dept of Mathematics
Technical Univ ersity Of Eindhoven

Eindhoven
Netherlands

ocaprott@risc.uni-linz.ac.at
2NAG Ltd.

Wilkinson House
Jordan Hill Rd

Oxford OX2 8DR
United Kingdom

mike.dewar@nag.co.uk
3 Information Management Group

Dept of Computer Science
Univ ersity of Manchester

Oxford Road
Manchester M13 9PL

United Kingdom
dturi@cs.man.ac.uk

(Public)

c° 2004The MONET Consortium (IST-2001-34145)



IST-2001-34145: MONET

Con ten ts

1 Ov erview 2

2 General Design Issues and Rationale 2

3 The MONET Ontologies 3

3.1 GAMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1.1 Symbolic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.2 OpenMath . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.3 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.4 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.5 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.6 Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.7 Directiv es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.8 Theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.9 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.10 Encodings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.11 MONET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 From MSDL to OWL 8

5 Description Logics 8

6 Instance Store 11

6.1 ServiceRegistration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

6.2 ServiceMatching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

7 Creating OWL Queries 12

8 Examples 16

9 Conclusions 18

Mathematical Service Matc hing Using Description Logic and OWL Page 1 of 20



IST-2001-34145: MONET

1 Overview

The MONET ontologies are designedto model both queriesand servicedescriptions: in that sensethey are
a formalism of the original MSDL language[13] which was deliberately designedto be \on tology neutral".
This was partly to make the task of authoring servicedescriptions more straightforward (since the language
is quite compact) but mainly becausethe Web Ontology Language(OWL) [10] was then at an early stageof
development. The ontologies are designedto be usedby the broker and, in particular, the Instance Store [8]
component which is responsible for matching queries to appropriate services. This component is, in turn,
built on a Description Logic reasoneraccessedthrough a generic interface. In our casewe have chosento
useRACER [15] for this purpose,but there are several other alternativ eswhich we could have usedequally
well.

The MONET ontologiesweredeveloped while OWL itself wasstill not ¯nalised and, in consequence,we have
had to work around numerousbugs and features of tools which were often in an early or incomplete state.
This hase®ectedthe designand structure of the ontologies in a number of ways asdescribed below. Despite
theseproblems we are con¯dent that the decisionto be an \early adopter" of OWL was the right one as we
expect it to be a key technology in the future semantic web. (On February 10, 2004OWL has becomethe
o±cial W3C recommendationfor web ontology languages.)

2 General Design Issues and Rationale

The MONET ontologies can be split into two broad classes:those which describe models developed within
the project (for example those for software and hardware), and those which describe models de¯ned by a
third party (for example OpenMath and GAMS). To simplify development and also to re°ect the fact that
we are making use of third-part y taxonomies (even though we have re-expressedthem in OWL) we have
structured the MONET ontology as a collection of individual ontologies which make use of each other via
the owl imports statement 1.

Unfortunately when we started creating the ontologiesthe best editor available, Prot¶eg¶e [16], did not support
owl:imports and so we had to design a tool to combine the separateontologies into one. At the time of
writing this is still necessaryto classify the ontologies using RACER, or to usethe ontologies with Instance
Store.

Thoseparts of the ontology which model existing structures are, by their nature, fairly comprehensive. Those
parts which we have intro ducedourselvesare, in general,lessso. This is partly becausethey are only needed
to demonstrate the e®ectivenessof our approach, but also becausewe believe that the ontologies should
re°ect real requirements rather than be designedin isolation.

Instance Store can be viewed as a collection of individuals described using someontology. In the MONET
casethe individuals are service descriptions and the ontology is the one described in this document. The
Instance Store acceptsquerieswhich are expressedas statements made using the ontology and returns all
the individuals which match the query. A more technical description of the matching processis described in
section 6.

Instance Store relies on the fact that its underlying ontology only contains classes,not instances. The result
in the MONET ontology is that a number of objects which would most naturally be expressedas instances
(for example OpenMath symbols, piecesof software etc.) have to be de¯ned as classesand properties on
them or relations betweenthem described by restrictions on the properties rather than concretevalues. On
the other hand many mathematical conceptsexist in a hierarchy even if they can be regardedas instances
(mathematical problems and algorithms for example) and by insisting that everything is a class we can
expressthis very naturally .

1Unfortunately there are no existing ontologies in OWL which we were able to use. We had hoped to use the OWL version
of Dublin Core at http://www.aifb.uni- karlsruhe.de/WBS/rvo/ontologies but it regards all the Dublin Core elements as
annotations which is not suitable for our purp oses.
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Instance Store can only reasonabout objects in the ontology sowe have had to createentries in the ontology
for every conceptand term that we want to usein servicedescriptionsand queries. A corollary to this is that
the MONET ontologies are not dynamically extensible | if a new concept is intro duced into the ontology
then Instance Store must be restarted with the new ontology.

There are a number of problems with concrete domains in RACER. These e®ectively limit us to using
strings and integersasproperty values,even when typessuch asxsd:anyURI (in particular) would be better.
Moreover RACER is overly sensitive about the contents of strings. They cannot contain a colon or look
like a °oating point number (so \1.0.1" is alright but \1.01" is not). This is why, for example, the version
property of piecesof software tends to be expressedas e.g. \v1.1" rather than the more natural \1.1".

Finally we note that the OWL abstract syntax parser in Instance Store has trouble parsing identi¯ers whose
name has a span of characters matching a keyword (so for example if domain is a keyword then you cannot
e.g. create a classin the ontology called subdomainof ). Most of theseproblems have beeneliminated in the
software but there are still objects in the ontologies whosenamesre°ect this (often through non-standard
capitalisation).

3 The MONET Ontologies

As mentioned previously the MONET ontology is actually a collection of several individual \sub-ontologies".
We now describe each one in turn.

3.1 GAMS

The Guide to Available Mathematical Software (GAMS) [11] is a serviceo®eredby the National Institute for
Scienceand Technology which providesan online index of available mathematical softwareclassi¯edaccording
to the type of problems it solves. It is heavily biasedtowards numerical software (commercial packagesfrom
NAG, IMSL etc. and public-domain software such as LAPACK, LINPACK and the BLAS). Unfortunately,
it is extremely poor at classifying other kinds of mathematical software package(symbolic, statistical, . . . )
becauseit classi¯esthe packageas a whole rather than individual modules within the package. Nevertheless
as it is the only taxonomy of this type we decided to use it as a mechanism for describing serviceswithin
the MONET framework.

The GAMS ontology is a simpleclasshierarchy which wasautomatically generatedfrom NAG's existing XML
representation of the GAMS taxonomy. Each GAMS classcorresponds to an OWL Class,and specialisation
of a problem classis represented by a sub-classrelationship. For example one-dimensionalquadrature is a
subclassof quadrature, and one-dimensionalquadrature over a ¯nite interval is a subclassof one-dimensional
quadrature etc.

Objects in the GAMS ontology live in the GAMS namespace,for example the URI for quadrature is http:
//gams.nist.gov#H2 .

3.1.1 Sym bolic

To addressGAMS' shortcomingsin the areaof symbolic computation (an areaof interest to several members
of the Consortium) we have extended GAMS with a small taxonomy which is a sub-classof the GAMS
\O" category (symbolic computation systems). Objects in this area are distinguished from true GAMS
classesby being in the symbolic namespace,for example the URI for Real Algebraic Geometry is http:
//monet.nag.co.uk/owl/symbolic#Real_Algebraic_Geometry .

We could have intro duced a completely new taxonomy in this casebut decidedagainst it for simplicit y. As
we shall describe later we have used sub-classingrelationships between elements of the Problem ontology
and GAMS to indicate that a particular problem is solved by software which conformsto a particular GAMS
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class,and we would have had to intro duce a new top-level class(e.g. Software Taxonomy) to which all our
taxonomy root classesbelongedto preserve this scheme.

3.2 Op enMath

OpenMath [18] is a format for the representation of mathematical expressionsand objects. Base terms in
the languagewhich have semantics attached to them are called symbols (for example sin, integral, matrix,
. . . ) and groups of related symbols live in content dictionaries.

The OpenMath Ontology has one root class,OpenMathSymbol, whosesubclassescorrespond to the symbols
de¯ned in a particular content dictionary. The symbols themselvesare de¯ned as further subclassesof these:
this is a casewhere instanceswould be more appropriate were it not for the restrictions imposedby Instance
Store.

OpenMath is usedin MONET for many purposes:to encode users'problems, to describe classesof problems,
to describe the properties of parameters in servicedescriptions etc. Objects in the OpenMath ontology live
in the OpenMath namespace,however becausewe wish to use the same mechanism as the OpenMath 2
standard2 to construct URIs for OpenMath symbols we have di®erent naming conventions for collections of
symbols and for the individual symbols themselves. For example the symbol sin is de¯ned in the content
dictionary Transcendental Functions 1, usually abbreviated to transc1. In our ontology, the collection of
symbolscontained in transc1 is the classhttp://www.openmath.org/cd#transc1_Symbols while the symbol
sin itself is represented by the classhttp://www.openmath.org/cd/transc1#sin .

3.3 Hardw are

The hardware ontology is designedto describe either classesof machinesor individual machines. The idea is
that a user might request that a servicerun on a particular model of machine (e.g. a Sun Enterprise 10000),
or a general class of machine (e.g. shared memory), or a machine with a certain number of processors,
or . . . This will be usedwithin the Implementation part of an MSDL servicedescription.

There are two class hierarchies to describe the general type of hardware (the Computer class) and the
Manufacturer . Computers are classi¯ed as serial or parallel, and in the latter caseas sharedor distributed
memory. A particular model of computer, e.g. the Sun Enterprise 10000, is represented as a class whose
parents are its manufacturer (in this caseSun) and its machine classi¯cation (in this caseSharedMemory).
A particular machine of this type may have properties indicating its actual model, operating system, and
number of processors.

Objects in the hardware ontology live in the MONET namespace,for examplethe URI for the Sun Enterprise
10000classin the ontology is http://monet.nag.co.uk/owl#Enterprise10000 .

3.4 Soft ware

The software ontology is designedto describe piecesof software. It is intended to be usedin the implemen-
tation part of the service description and allows a user to expressa preferencefor a service built using a
particular pieceof software in his or her query.

Within the ontology there are two classhierarchies. The ¯rst represents programming languagesand the
secondsoftware packages.Generally speaking software is classi¯ed into a generalproduct line (for example
the NAG C Library) whosesub-classesare particular versions (for example the NAG C Library mark 7).
Software classesmay have the properties ImplementationLanguage , version or creator . In the latter case
we would have liked to useDublin Core but the consensusseemsto be that this is an ontology of annotations

2currently in draft form
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which, as such, are ignored by the reasoner(so a user could not specify that the serviceselectedto solve his
or her problem must usesoftware written by NAG Ltd. for example).

Objects in the software ontology live in the MONET namespace,for examplethe URI for the NAG C Library
(mark 7) is http://monet.nag.co.uk/owl#NAG_C_Library_7 .

3.5 Problems

This is designedto represent particular mathematical problems. MONET allowsfor a problem to bedescribed
in terms of its inputs and outputs, pre-conditions and post-conditions, using a specially written XML Schema
[12].

Within the ontology each problem is represented asa class,which canhave properties indicating bibliography
entries and generalisationsor specialisations of it. The most interesting property is openmathhead whose
range is an object from the OpenMathSymbolclass. This represents a particular symbol which can be used
to construct an instance of the problem in question. So for example if a user sendsthe broker an integral of
the form Z b

a
f (x) dx

encoded in OpenMath the servicematcher may infer that the problem which the user wants to solve corre-
sponds to a sub-classof Problem whoseopenmathhead property has the value calculus1 defint . There
is also an inverseproperty, problem kind , which is not currently used.

As well as being sub-classesof Problem, particular problems may also belong to GAMS classes.

The inputs, outputs, pre- and post-conditions are not currently expressedin the ontology. To usethe inputs
and outputs in servicematching would require at least their signaturesto be represented in the ontology and
this is quite hard, especially when one has to avoid instances. Simple signaturessuch as R ! R are easyto
encode but as soon as Tuples appear in the domain or range, e.g. (R ; N ) ! R then they becomedi±cult to
represent. Pre- and post-conditions could not be encoded in OWL in any reasonableway, although someof
their properties could. This is an area which we would like to investigate further in future.

Objects in the problemsontology live in their own namespace,for examplethe URI for the simplest di®eren-
tiation problem is http://monet.nag.co.uk/problems/differentiation . The reasonwhy we do not use
the MONET namespacehere, or a fragment identi¯er to separatethe last component of the URI, is because
we wish to use URI-fragment identi¯ers to refer to the inputs/outputs etc. of the problem in the MSDL
¯le. We have also arranged for the URI of the problem in the ontology to be the URL of the corresponding
MPDL ¯le.

3.6 Algorithms

The algorithms ontology http://monet.nag.co.uk/algorithm# is designedto serve asthe backbonefor the
algorithm library in the MONET architecture. There are two subclassesin this ontology: Algorithm , which
describes well-known algorithms for mathematical computations, and Complexity , which provides classes
necessaryfor representing complexity information.

The Algorithm classhas three subclasses,Numeric, Symbolic , and Symbolic Numeric, to represent com-
putations that are approximate, exact and a mixture of the two. The subclassesof these are organized
into problem areas. Figure 1 shows for instance the subclassesSymbolic , Polynomial System Solving ,
and GroebnerBasis , under which one ¯nds http://monet.nag.co.uk/algorithm#FGLM . The property
bibliographic reference associates to an algorithm the bibliographical item for the resourcewhich de-
¯nes the algorithm. Sofor http://monet.nag.co.uk/algorithm#FGLM , the bibliographical item is the class
http://monet.nag.co.uk/bibliography#MR1263871 representing the paper MR1263871on MathSciNet[3].
If the bibliographical item is not available in the bibliography ontology, then the referencecan still be rep-
resented by using anonymous classes.
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Figure 1: Direct subclassesof http://monet.nag.co.uk/algorithm# to FGLM

The Complexity classhas three subclasses,ComplexityClasses , ComputationModel and ResourceBound.
The ComplexityClasses hierarchy is divided according to the resourceconsideredin Spaceand Time. For
instance,http://monet.nag.co.uk/algorithm#NP is the classof languagesrecognizableby Nondeterminis-
tic Turing Machines in polynomial time. Its de¯nition is expressedin the ontology by a restricted condition
involving the properties machine model and time bound which relate to classesused to describe the theo-
retical computational models and the resourcebounds occurring in the de¯nitions of the complexity classes.
For the de¯nition of http://monet.nag.co.uk/algorithm#NP , the machine model is restricted to the class
http://monet.nag.co.uk/algorithm#NDTM , identifying Nondeterministic Turing Machines, and the time
bound is restricted to the classhttp://monet.nag.co.uk/algorithm#Polynomial , expressingthe bound
on a resourceR \ther e is a constant k such that the resource R is bounded by O(nk ), where n is the size of
the input" .

3.7 Directiv es

The directivesontology is a collection of classeswhich identify the task that is performed by the serviceas
described in [12, 13] { for examplethe directive prove is referred to ashttp://monet.nag.co.uk/owl#prove .
Certain directivesrequire a logical theory as content. This fact is mirrored in the ontology by the property
inTheory which associates a classin the theory ontology described below to the directiveshttp://monet.
nag.co.uk/owl#prove_in_theory and http://monet.nag.co.uk/owl#decide_in_theory .

3.8 Theories

The theory ontology collectsclassesthat represents available formalized theories in digital libraries of math-
ematics. In the current version, OMDoc theories [4] in the collections logics and tps are available as classes
with own identi¯er in this ontology. Figure 2 displays this hierarchy.

A sibling classto the OMDOCtheory classis the OpenMaththeory classand can be populated in the future by
theoriesformalized in OpenMath. Theoriesare described by their encoding and the sourceURL, respectively
given by the properties hasEncoding, and sourceURL.

Mathematical Service Matc hing Using Description Logic and OWL Page 6 of 20



IST-2001-34145: MONET

Figure 2: The classrepresenting the OMDOC theory tps.REAL.

3.9 Bibliograph y

The ontology used to represent bibliographical data, http://monet.nag.co.uk/bibliography# ,provides
classesrepresenting bibliography references. The collections of mathematical reviews available online are
represented by subclassesof the class Bibliography Index . Among them are ZentralBlatt MATHand
MathSciNet, respectively the classcollecting reviewspublished in the ZentralBlatt MATH database[6] and
in MathSciNet [3]. Bibliography databasesspecializedin mathematics, such asCompuScience[1] and ERAM[2]
are subclassesof Bibliography DB.

The datatype property bibref takesas value the unique code used in the respective systemsto identify an
item, e.g. 0805.13007or MR1263871,are used to create classeswhich represent bibliographical resources.
This ontology could be populated by classesrepresenting the bibliographical referencesso that in order to
cite a certain paper it would be enough to use the id of the corresponding classin the ontology. However,
in the algorithm or problem ontology, it is also feasible to represent bibliography referencesby anonymous
classeswith the proper datatype restriction.

3.10 Enco dings

The encodings ontology is a simple collection of classeswhich represent the formats used for encoding
mathematical objects in the MONET framework | for examplethe formats read and written by the services
or usedto encodeexplanations. The URIs for the objects in this ontology are asfar aspossiblethe namespace
identi¯ers (in the case of an XML format) or some other natural identi¯er. For example the URI for
OpenMath is http://www.openmath.org/OpenMath .

Thus it is possible for a user to stipulate that they would like to use a service which takes OpenMath as
input but returns MathML. Theseidenti¯ers for particular encodings are alsousedin providing explanations
[14].

Mathematical Service Matc hing Using Description Logic and OWL Page 7 of 20
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3.11 MONET

The MONET ontology imports all the other ontologiesand is usedto represent completeservicedescriptions
and queries. Not surprisingly the structure re°ects that of MSDL [13] with an instance of the Service class
having an associated Classification and Implementation class.

Neither servicedescriptions nor queries form part of the static ontology loaded by the Instance Store, but
the OWL versionsare created by the client manager and service registry components of the broker. The
queriesare represented as fragments of a servicedescription, i.e. a \blueprin t" for the kind of servicebeing
sought.

The possibleproperties which a servicemay have are as follows.

Classi¯cation:

Prop ert y Class Description
service problem Problem The problem the servicesolves
service gams Gams The GAMS classi¯cation of the service
service directive Directive The directive the serviceconforms to
input format Encoding The format for problem input
output format Encoding The format for problem output

Implementation:

Prop ert y Class Description
service algorithm Algorithm The algorithm usedby the service
service software Software Software usedto implement the service
service platform Hardware The machine platform on which

the serviceruns
service algorithmic OpenMathSymbol Extra information acceptedor
property returned by the service

4 From MSDL to OWL

The structure of an MSDL ¯le allows it to be transformed very naturally into OWL using the ontologies
described above. We use the OWL Abstract Syntax [9] to expressthe service descriptions, becauseXML-
RDFS representations are not suitable for expressingfragments of ontologies as required by descriptions.
For this reasonwe developed an OWL abstract syntax parser that it is now part of the OWL API [5].

For instance, considerthe simpli¯ed version of an MSDL document in Figure 3. We can apply an XSLT [19]
stylesheet and obtain from it the description in OWL abstract syntax depicted in Figure 4, where, for
simplicit y, we have omitted someof the \ someValuesFrom(owl:Thing) " restrictions neededto ensurethe
existenceof somevalue for each property. Thus

restriction( property someValuesFrom(owl:Thing))

is needednot only for service classification but also for every other property in the description.

5 Description Logics

OWL has a formal semantics as a Description Logic (DL) . Description logics [7] are decidable fragments
of classicpredicate logic (FOL). They include boolean combinators (including negation), unary and binary
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<service name="nagopt">
<classification>

<gams_class>GamsG1a1a</gams_class>
<problem>constrained_minimisation</problem>
<input_format>OpenMath</input_format>
<output_format>OpenMath</output_format>
<directive>find</directive>

</classification>
<implementation>

<software>NAG_C_Library_7</software>
<platform>PentiumSystem</platform>
<algorithm>

Safeguarded_Quadratic-Interpolation
</algorithm>

</implementation>
</service>

Figure 3: Pseudo-MSDL for describing the servicenagopt

predicate symbols, universaland existential quanti¯cation on binary predicates,basetypes(strings, integers,
etc...), cardinalit y restrictions, and more. Computationally, the interest in DLs is that highly optimised
reasoners(such as Fact, RACER, and now FaCT++) have been developed for them. This meansthat we
can reasonover OWL ontologies in an e®ective and decidableway, and with classicFOL semantics.

We illustrate the semantics of OWL by showing the FOL translation of the description in Figure 4:

D(x) ´ Service (x)

^8 y:(service classification (x; y) ) C(y))

^8 y:(service implementation (x; y) ) I (y))

where

C(y) ´ Classification (y)

^8 z:(gamsclass (y; z) ) GamsG1a1a(z))

^8 z:(service problem(y; z) ) constrained minimization (z))

^8 z:(input format (y; z) ) OpenMath(z))

^8 z:(output format (y; z) ) OpenMath(z))

^8 z:(directive (y; z) ) find (z))

and

I (y) ´ Implementation (y)

^8 z:(software (y; z) ) NAGC Library 7(z))

^8 z:(platform (y; z) ) PentiumSystem(z))

^8 z:(algorithm (y; z) ) Safeguarded QuadraticInterpolation (z))

OWL Individuals are interpreted as FOL constant terms. Therefore, semantically , registering a service s
amounts to stating that D(s) holds. The fact that the MONET ontologies have no individuals meansthat
they can be interpreted asa set T of open FOL formulas with no constants. We have then a neat distinction
betweenthe open formulas in T and the ground formulas in A | the set of assertionsabout the individuals.
In terms of FOL deduction relation `̀ ', this meansthat querying for the servicesmatching a description Q
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intersectionOf(
<http://monet.nag.co.uk/owl#Service>
restriction(

<http://monet.nag.co.uk/owl#service_classification>
someValuesFrom(owl:Thing))

restriction(
<http://monet.nag.co.uk/owl#service_classification>
allValuesFrom(

intersectionOf(
<http://monet.nag.co.uk/owl#Classification>
restriction(

<http://monet.nag.co.uk/owl#gams_class>
allValuesFrom(<http://gams.nist.gov#GamsG1a1a>))

restriction(
<http://monet.nag.co.uk/owl#service_problem>
allValuesFrom(<http://monet.nag.co.uk/problems/constrained_minimis ation>))

restriction(
<http://monet.nag.co.uk/owl#input_format>
allValuesFrom(<http://www.openmath.org/OpenMath>))

restriction(
<http://monet.nag.co.uk/owl#output_format>
allValuesFrom(<http://www.openmath.org/OpenMath>))

restriction(
<http://monet.nag.co.uk/owl#service_directive>
allValuesFrom(<http://monet.nag.co.uk/owl#find>))

)
)

)
restriction(

<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(owl:Thing))

restriction(
<http://monet.nag.co.uk/owl#service_implementation>
allValuesFrom(

intersectionOf(
<http://monet.nag.co.uk/owl#Implementation>
restriction(

<http://monet.nag.co.uk/owl#service_software>
allValuesFrom(<http://monet.nag.co.uk/owl#NAG_C_Library_7>))

restriction(
<http://monet.nag.co.uk/owl#service_platform>
allValuesFrom(<http://monet.nag.co.uk/owl#PentiumSystem>))

restriction(
<http://monet.nag.co.uk/owl#service_algorithm>
allValuesFrom(

<http://monet.nag.co.uk/algorithm#Safeguarded_Quadratic-Interpolati on>))
)

)
)

)

Figure 4: Description of servicenagopt in OWL abstract syntax
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amounts to retrieving the set

f s j T ` D(x) ) Q(x) for someD(s) 2 Ag

In DL terminology, the formula `D(X ) ) Q(x)' is read as `D is subsumed by Q' and the above is the set of
serviceswhich are instancesof Q (with respect to the ontology T and the assertionsA).

6 Instance Store

We have mentioned that DL reasonersare e®ective and highly optimised. Yet they have scalability prob-
lems which make them best suited for reasoningabout the relatively limited knowledge in the ontology T
(thousandsor tens of thousandsof classes)rather than the assertionsin A which might easily reach millions
of ground facts.

To tackle this problem we have developed a Java component called Instance Store (IS) [20]. The IS stores
the assertionsin a database,together with their descriptions and additional information inferred from a DL
reasoner.Queriesto the instance store are e±ciently answered by using a combination of DL reasoningand
databasequeries. Most importantly , very large numbers of assertionscan be handled, while still providing
soundand completeanswers for arbitrary query terms. All this is basedon the assumptionthat the ontology
itself doesnot contain individuals and that the assertionsthemselvesare role-free in the sensethat no relation
betweenindividuals is asserted,which is the casefor serviceregistration/matc hing.

Figure 5 depicts the IS architecture, while Figure 6 depicts the logical functionalities performed by IS of
serviceregistration and matching within the MONET broker architecture.
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Figure 5: IS Architecture
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Figure 6: MONET Architecture of ServiceManager and Query Manager

6.1 Service Registration

The processof registering a serviceconsistsof submitting the serviceURI together with its OWL description
to the IS. The IS storesall such pairs in a database(the MONET Registry in Figure 6), but also infers with
the reasonerall the conceptsin the MONET ontology which are more generalthan or equivalent to the given
description, associating them with the serviceURI in the databaseas well. This information will be usedto
match queries.

6.2 Service Matc hing

Servicematching is performed by submitting a retrieval query to the IS. The query itself consistsof an OWL
description of the required service. The IS will answer by looking for all the services(URIs) in its database
which are instancesof the query description.

In order to retrieve all instancesof a description Q, the IS ¯rst usesthe reasonerto ¯nd the conceptsin the
ontology which are subsumedby Q and then retrievesthe corresponding servicesin the database.

Next, the IS asks the reasonerwhether Q is equivalent to a concept C in the ontology. If that is the case
then also the servicescorresponding to C in the databaseare returned and the procedurestops.

If, however, the description is not equivalent to any concept in the ontology, the IS needsto retrieve all
the serviceswhich are instancesof immediate parents of Q and check (again through the reasoner)whether
those servicesare, in fact, instancesof the given description. If they are, then the relevant servicesare also
returned. (For full details see[8].)

7 Creating OWL Queries

When a serviceregistersitself with the broker it submits a servicedescription in MSDL. The registry manager
component of the broker translates this into OWL using an XSLT stylesheet(MSDL2aowl.xsl in Figure 6).

The simplest queriesare just fragments of MSDL which provide a template for the service the user wishes

Mathematical Service Matc hing Using Description Logic and OWL Page 12 of 20



IST-2001-34145: MONET

to use. Thesequeriesare translated into OWL by the query managercomponent of the broker using XSLT
(MSDL2aowl.xsl in Figure 6). A simple example would consist of just a classi¯cation which contains a
referenceto a known problem (i.e. one contained in the ontology) along with values for the input data. In
this case,in e®ect,the user is stating that he or shewould like to solve this instantiation of this particular
problem. Using this approach onemay constrain the software or hardware the serviceruns on, the algorithm
to be usedor anything elsewhich can be expressedin MSDL. Note that the classhierarchy in the ontology
plays an important part here: given the following fragment of the algorithm ontology:

- Algorithm

- . . .
- Quadrature

- Automatic Adaptiv e Methods
- . . .

- Automatic Non-Adaptiv e Methods
- . . .

- Fixed AbscissaeMethods
- Gauss-Hermite
- Gauss-Laguerre
- Gauss-Legendre
- Gauss-Rational
- Gill-Miller

- . . .

a user could request an algorithm which used ¯xed abscissaeand be satis¯ed with any one of the ¯v e
alternativ es.

Queriesare not, however, restricted to simple templates of the servicethe user wants. The query manager
can alsoconstruct OWL speci¯cations basedon other user inputs, such as that given in ¯gure 7. In this case
the userhassaid that he or shewould like the serviceto return the result of computing a particular integral,
namely: Z 1:0

0:0
sin(x)dx

This is a very natural way to express this question from a mathematical point of view. Since there is
no explicit problem, taxonomy or algorithm element to help the service matcher, it is clear to a human
reader3 that this is a de¯nite integration problem. OpenMath has a tree structure and the root node for an
OpenMath object can only be oneof a small number of elements, in this casean OMAor application element.
Sincewe know the structure of such elements we know that if its ¯rst child is an OMSor OpenMath Symbol
then this is in e®ectthe principle constructor for the object. In this casethe symbol is that one used to
represent de¯nite integration (defint from the content dictionary calculus1 ).

Elements of the Problem Ontology may have the property openmathhead which indicates an OpenMath
symbol which can be usedto construct instancesof that problem. In fact the definite integration class
in the Problem ontology has an openmathhead property of defint . So if the Query Manager transforms
this query to a request to solve problems with an openmathhead property of defint then the reasonerwill
infer that any servicesolving the definite integration problem is a candidate.
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<monet:query xmlns:monet="http://monet.nag.co.uk/monet/ns"
xmlns:om="http://www.openmath.org/OpenMath">

<monet:problem >
<monet:header/>
<monet:body>

<monet:output name="integral">
<monet:value>

<om:OMOBJ>
<om:OMA>

<om:OMSname="defint" cd="calculus1"/>
<om:OMA>

<om:OMSname="interval" cd="interval1"/>
<om:OMFdec="0.0"/>
<om:OMFdec="1.0"/>

</om:OMA>
<om:OMBIND>

<om:OMSname="lambda" cd="fns1"/>
<om:OMBVAR>

<om:OMVname="x"/>
</om:OMBVAR>
<om:OMA>

<om:OMSname="sin" cd="transc1"/>
<om:OMVname="x"/>

</om:OMA>
</om:OMBIND>

</om:OMA>
</om:OMOBJ>

</monet:value>
</monet:output>

</monet:body>
</monet:problem>

</monet:query>

Figure 7: A Query Involving a natural formalisation of a Mathematical Problem
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<service name="nagquad">
<classification>

<gams_class>GamsH2a1a1</gams_class>
<problem>definite_integration</problem>
<input_format>OpenMath</input_format>
<output_format>OpenMath</output_format>
<directive>find</directive>

</classification>
<implementation>

<software>NAG_C_Library_7</software>
<platform>PentiumSystem</platform>
<algorithm>de_Doncker</algorithm>

</implementation>
</service>

Figure 8: Pseudo-MSDL for nagquad

<service name="nagroot">
<classification>

<gams_class>GamsF2</gams_class>
<problem>zero_of_nonlinear_system</problem>
<input_format>OpenMath</input_format>
<output_format>OpenMath</output_format>
<directive>find</directive>

</classification>
<implementation>

<software>NAG_C_Library_7</software>
<platform>PentiumSystem</platform>
<algorithm>Powell</algorithm>

</implementation>
</service>

Figure 9: Pseudo-MSDL for nagroot

<service name="nagopt-variation">
<classification>

<gams_class>GamsG1a</gams_class>
<problem>constrained_minimisation</problem>
<input_format>algstr1.cdg</input_format>
<output_format>OpenMath</output_format>
<directive>find</directive>

</classification>
<implementation>

<software>NAG_C_Library_7</software>
<platform>SR8000</platform>
<algorithm>Quadratic_Programming</algorithm>

</implementation>
</service>

Figure 10: Pseudo-MSDL for nagopt-variation
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8 Examples

We now illustrate servicematching by considering¯v e queriesto an elementary IS consistingof four services.
The four servicesare described by the pseudo-MSDL in Figures 3, 8, 9, and 10.

The ¯rst query, in Figure 11, asks for all individuals whoseGAMS classi¯cation is GamsG. The IS answers
the query by returning nagopt and nagopt-variation .

restriction(
<http://monet.nag.co.uk/owl#service_classification>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/owl#gams_class>
someValuesFrom(<http://gams.nist.gov#GamsG>)

)
)

)

Figure 11: Query for serviceswith GAMS classi¯cation GamsG

The secondquery, in Figure 12,asksfor all individuals whoseimplementation hasRoot Finding asalgorithm.
In the Algorithm ontology we can ¯nd that Powell is a child of Root Finding . And, indeed, the IS answer
to the query is nagroot .

restriction(
<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/owl#service_algorithm>
someValuesFrom(<http://monet.nag.co.uk/algorithm#Root_Finding>)

)
)

)

Figure 12: Query for serviceswith Root Finding algorithm

We can generalisethe query by replacing Root Finding with Numeric as in Figure 13 and obtain all services
as answers, sincethey are all numeric.

A more interesting query is in Figure 14, where we ask for all individuals with algorithm having a Zentral
Blatt bibliographic reference0277.65028. The answer is again nagroot , sincein the Bibliography ontology
we have associated that referenceto Powell.

We now illustrate the use of negation in a query. Consider ¯rst the query in Figure 15 where we ask for
all individuals running on a platform whosenumber of processoris one. The answer is nagopt, nagroot ,
and nagquad, but not nagopt-variation sincewe assertedit runs on SR8000 which is a parallel processor.
Now, if we add to the Hardwareontology the axiom that Serial and Parallel are disjoint, we can infer that
not Parallel is Serial , hencethe query in Figure 16 would return again nagopt, nagroot , and nagquad.

3who is conversant with OpenMath

Mathematical Service Matc hing Using Description Logic and OWL Page 16 of 20



IST-2001-34145: MONET

restriction(
<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/owl#service_algorithm>
someValuesFrom(<http://monet.nag.co.uk/algorithm#Numeric>)

)
)

)

Figure 13: Query for serviceswith Numeric algorithm

restriction(
<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/owl#service_algorithm>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/algorithm#bibliographic_reference>
someValuesFrom(

intersectionOf(
<http://monet.nag.co.uk/bibliography#ZentralBlatt_MATH>
restriction(

<http://monet.nag.co.uk/bibliography#bibref>
value("Zbl_0277.65028"^^<http://www.w3.org/2001/XMLSchema#string>)

)
)

)
)

)
)

)
)

Figure 14: Query for serviceswith algorithm with a Zentral Blatt reference0277.65028

restriction(
<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(

restriction(<http://monet.nag.co.uk/owl#service_platform>
someValuesFrom(

restriction(
<http://monet.nag.co.uk/owl#number_of_processors>
value("1"^^<http://www.w3.org/2001/XMLSchema#int>)

)
)

)
)

)

Figure 15: Query for servicesrunning on a single processorplatform
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intersectionOf(<http://monet.nag.co.uk/owl#Service>
restriction(

<http://monet.nag.co.uk/owl#service_implementation>
someValuesFrom(

restriction(<http://monet.nag.co.uk/owl#service_platform>
someValuesFrom(

complementOf(<http://monet.nag.co.uk/owl#Parallel>)
)

)
)

)
)

Figure 16: Query for servicesnot running on a parallel processor

9 Conclusions

We have demonstrated how one may use OWL to discover appropriate servicesto solve particular math-
ematical problems. This was intended as a proof-of-concept exerciseand there are still areaswhich could
be improved. The ontologies themselves are somewhat sparsein someareas | our symbolic extension to
GAMS for example| but we are loth to extend them purely asan academicexercise.The beauty of GAMS
is that it is a categorisationof an existing set of resourcesand we feel that this is the right approach to take,
however we are aware that it took a considerablee®ort to develop and it was not practical to do things on
a similar scalewithin MONET.

One possible approach would be to allow for dynamic extension of the ontologies, so that (for example)
if a servicedeployer registered a new problem in the Problem Library it would automatically be added to
the problem ontology and the service-matcher components of the running browserscould be noti¯ed to re-
initialise their versionsof IS. This is not a perfect solution sinceit would allow for inaccurate or incomplete
entries to be added to the ontologies, and of courseit only really applies to leaf nodes.

The processof converting a query into the appropriate OWL format is important since this allows us to
extend the possiblemechanismsfor formulating queriesbeyond simply askingthe client to provide a fragment
of MSDL. The technique we described of taking a problem description and inferring the problem type from
its OpenMath structure is widely applicable and re°ects the way in which human usersusually interact with
packagessuch as Maple, Matlab etc., by typing in strings such as \ int(sin(x),x=0..1) ". However there
are other ways of stating mathematical problems which usethe desiredproperties of the result such as \¯nd
all x 2 C j x2 = 1". The condition here is in e®ecta post-condition of the problem description.

Matching on pre- and post-conditions would be a very powerful technique, partly becauseit would give the
user much more freedom in formulating problems but also becauseit would help automate serviceorches-
tration. Serviceswhosepost- and pre-conditions matched could be \plugged-into" each other. However it is
a well-known fact that proving that two mathematical expressionsare identical is in theory undecidable[17]
(although there are many mechanismswhich will solve a large classof casesin practice). Given that we have
accessto general-purposecomputer algebra systemssuch as Maple within the MONET framework it would
not be too di±cult for a broker to usethem as oraclesto decidewhether two statements were equivalent.

At present the technology available to us is not really robust enoughto be usedoutside a research environ-
ment. None of the tools we use | the Prot¶eg¶e editor, IS or Racer | support all of OWL correctly, and
we have had to work around a number of bugs and shortcomings. Neverthelesswe believe that OWL is a
powerful technology and that as it becomesusedmore widely theseproblems will disappear.

Although the application we have investigated is that of advertising and discovering web servicesthe same
general framework could be usedfor describing any kind of mathematical software, or indeed for describing
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the individual functions available within a comprehensive software package such as the NAG Library or
Maple.
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