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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 \ontology 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] wasthen at an early stage of
developmert. The ontologies are designedto be usedby the broker and, in particular, the Instance Store [8]
componert which is responsible for matching queriesto appropriate services. This componert is, in turn,

built on a Description Logic reasoneraccessedhrough a genericinterface. In our casewe have chosento
use RACER [15] for this purpose,but there are se\eral other alternativeswhich we could have used equally
well.

The MONET ontologieswere developed while OWL itself wasstill not "nalised and, in consequencewe have
had to work around numerous bugs and features of tools which were often in an early or incomplete state.
This hase®ectedthe designand structure of the ontologiesin a number of ways as described belowv. Despite
these problems we are con dent that the decisionto be an \early adopter" of OWL was the right one aswe
expect it to be a key technology in the future semaric web. (On February 10, 2004 OWL has becomethe
oxcial 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 developmen and alsoto 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 ead other via
the owl imports statemert?.

Unfortunately whenwe started creating the ontologiesthe besteditor available, Prot&d8 [16], did not support
owl:imports and so we had to designa tool to combine the separate ontologies 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 comprehensie. Those
parts which we have intro duced ourselesare, 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 requiremerts 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 documert. The
Instance Store acceptsqueries which are expressedas statemerts 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 relieson the fact that its underlying ontology only cortains classesnot 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 regarded as instances
(mathematical problems and algorithms for example) and by insisting that ewverything is a classwe can
expressthis very naturally .

lUnfortunately 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 create ertries 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 conceptis introduced 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®ectiely limit us to using
strings and integersas property values,even whentypessudc asxsd:anyURI (in particular) would be better.
Moreover RACER is overly sensitive about the cortents 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 tendsto be expressedase.g.\v1.1" rather than the more natural \1.1".

Finally we note that the OWL abstract syntax parserin Instance Store hastrouble parsingidenti 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 suldlomainof). Most of these problems 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 mertioned previously the MONET ontology is actually a collection of seweral individual \sub-ontologies".
We now describe eat onein turn.

3.1 GAMS

The Guide to Available Mathematical Software (GAMS) [1]] is a serviceo®eredby the National Institute for
Scienceand Tedchnology which providesan online index of available mathematical software classi ed according
to the type of problemsit 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 padage (symbolic, statistical, ...)

becauseit classi esthe packageasa whole rather than individual moduleswithin the padkage. Nevertheless
asit is the only taxonomy of this type we decidedto useit as a mecanism for describing serviceswithin

the MONET framework.

The GAMS ontology is a simple classhierarchy which wasautomatically generatedfrom NAG's existing XML
represenation of the GAMS taxonomy. Each GAMS classcorrespondsto an OWL Class,and specialisation
of a problem classis represerted by a sub-classrelationship. For example one-dimensionalquadrature is a
subclassof quadrature, and one-dimensionalquadrature over a nite interval is a subclassof one-dimensional
guadrature etc.

Objects in the GAMS ontology live in the GAMS namespacefor examplethe URI for quadrature is http:
/lgams.nist.gov#H2

3.1.1 Symbolic

To addressGAMS' shortcomingsin the areaof symbolic computation (an areaof interest to se\eral 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:
/Imonet.nag.co.uk/owl/symbolic#Real_Algebraic_Geometry

We could have introduced a completely new taxonomy in this casebut decidedagainstit for simplicity. As
we shall describe later we have used sub-classingrelationships between elemerts 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 introduce a new top-level class(e.g. Software _Taxonomy to which all our
taxonomy root classesbelongedto presene this scheme.

3.2 OpenMath

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

The OpenMath Ontology has oneroot class,OpenMathSymbolwhosesubclassescorrespond to the symbols
de ned in a particular cortent dictionary. The symbols themselesare de ned asfurther subclasseof these:
this is a casewhere instanceswould be more appropriate wereit not for the restrictions imposedby Instance
Store.

OpenMath is usedin MONET for many purposes:to encale users'problems,to describe classef problems,
to describe the properties of parametersin servicedescriptions etc. Objects in the OpenMath ontology live
in the OpenMath namespace,however becausewe wish to use the same medanism as the OpenMath 2
standard? to construct URIs for OpenMath symbols we have di®eren naming convertions for collections of
symbols and for the individual symbols themseles. For example the symbol sin is de ned in the content
dictionary Trans@ndental Functions 1, usually abbreviated to transcl In our ontology, the collection of
symbols contained in transclis the classhttp://www.openmath.org/cd#transcl_Symbols  while the symbol
sin itself is represenied by the classhttp://www.openmath.org/cd/transcl#sin

3.3 Hardw are

The hardware ontology is designedto describe either classesf machinesor individual machines. The ideais
that a usermight requestthat 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 represerted as a classwhose
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.

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

3.4 Software

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 piece of software in his or her query.

Within the ontology there are two classhierarchies. The rst represeitis programming languagesand the
secondsoftware padkages. 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 classesnay have the properties ImplementationLanguage , version or creator . In the latter case
we would have liked to useDublin Core but the consensuseemso be that this is an ontology of annotations

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

Objectsin the software ontology livein the MONET namespacefor 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 represert particular mathematical problems. MONET allowsfor a problem to be described
in terms of its inputs and outputs, pre-conditions and post-conditions, using a specially written XML Scema

[12].

Within the ontology ead problem is represented asa class,which can have propertiesindicating bibliography
ertries and generalisationsor specialisations of it. The most interesting property is openmathhead whose
range is an object from the OpenMathSymbotlass. This represeits a particular symbol which can be used
to construct an instance of the problem in question. Sofor exampleif a user sendsthe broker an integral of
the form 7
b
f (x) dx

a
encaded in OpenMath the servicematcher may infer that the problem which the userwants to solve corre-
sponds to a sub-classof Problem whoseopenmathhead property hasthe value calculusl _defint . There
is also an inverseproperty, problem kind , which is not currently used.

As well as being sub-classe®f Problem, particular problems may also belongto GAMS classes.

The inputs, outputs, pre- and post-conditions are not currently expressedn the ontology. To usethe inputs
and outputs in servicematching would require at least their signaturesto be represened in the ontology and
this is quite hard, especially when one hasto avoid instances. Simple sighaturessuch asR ! R are easyto
encale but assoon as Tuplesappear in the domain or range,e.g.(R;N) ! R then they becomeditcult to
represen. Pre- and post-conditions could not be encaded in OWL in any reasonableway, although someof
their properties could. This is an areawhich we would like to investigate further in future.

Objects in the problemsontology live in their own namespacefor 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 fragmert identi er to separatethe last componert 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 TTe.

3.6 Algorithms

The algorithms ontology http://monet.nag.co.uk/algorithm# is designedto serwe asthe badkbonefor the
algorithm library in the MONET architecture. There are two subclassesn this ontology: Algorithm , which
describes well-known algorithms for mathematical computations, and Complexity , which provides classes
necessaryfor represerning 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 assiatesto 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 represening the paper MR1263871on MathSciNet[3].
If the bibliographical item is not available in the bibliography ontology, then the referencecan still be rep-
reserted 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 accordingto the resourceconsideredin Spaceand Time. For

instance, http://monet.nag.co.uk/algorithm#NP is the classof languagesrecognizableby Nondeterminis-
tic Turing Machinesin polynomial time. Its de nition is expressedn the ontology by a restricted condition

involving the properties machine_model and time _bound which relate to classesusedto 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 class http://monet.nag.co.uk/algorithm#Polynomial , expressingthe bound

on a resourceR \there is a constant k suchthat the resource R is bounded by O(n¥), wher 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
describedin [12, 13] { for examplethe directive prove is referredto 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 assaiates a classin the theory ontology described below to the directives http://monet.
nag.co.uk/owl#prove_in_theory  and http://monet.nag.co.uk/owl#decide_in_theory

3.8 Theories

The theory ontology collects classeghat represerts available formalized theoriesin 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 OMDQiBeory classis the OpenMaththeory classand canbe populated in the future by
theoriesformalized in OpenMath. Theoriesare described by their encading and the sourceURL, respectively
given by the properties hasEncoding, and sourceURL
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Figure 2: The classrepresening the OMDOC theory tps.REAL.

3.9 Bibliograph y

The ontology usedto represen bibliographical data, http://monet.nag.co.uk/bibliography# ,provides
classesrepreserting bibliography references. The collections of mathematical reviews available online are
represerted by subclassesof the class Bibliography _Index. Among them are ZentralBlatt _MATHand
MathSciNet, respectively the classcollecting reviews published in the ZertralBlatt MATH database[6] and
in MathSciNet [3]. Bibliography databasesspecializedin mathematics, such asCompuSciencdl] and ERANE]
are subclassesof Bibliography _DB

The datatype property bibref takesasvalue the unique code usedin the respective systemsto identify an
item, e.g. 0805.130070or MR1263871,are usedto create classeswhich represen bibliographical resources.
This ontology could be populated by classesrepresening the bibliographical referencesso that in order to
cite a certain paper it would be enoughto usethe id of the corresponding classin the ontology. However,
in the algorithm or problem ontology, it is also feasibleto represen bibliography referencesby anonymous
classeswith the proper datatype restriction.

3.10 Encodings

The encdadings ontology is a simple collection of classeswhich represen the formats used for encading

mathematical objects in the MONET framework | for examplethe formats read and written by the services
or usedto encade explanations. The URIs for the objects in this ontology are asfar aspossiblethe namespace
identiers (in the caseof an XML format) or some other natural identier. For example the URI for

OpenMath is http://www.openmath.org/OpenMath .

Thus it is possiblefor a userto stipulate that they would like to use a service which takes OpenMath as
input but returns MathML. Theseidenti ers for particular encalings are alsousedin providing explanations

[14].
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3.11 MONET

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

Neither service descriptions nor queriesform part of the static ontology loaded by the Instance Store, but
the OWL versionsare created by the client manager and service registry componerts of the broker. The
gueriesare represened as fragmerts of a servicedescription, i.e. a \blueprin t* for the kind of servicebeing
sougH.

The possibleproperties which a servicemay have are as follows.

Classi cation:
Prop erty 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 serviceconformsto
input _format Encoding The format for problem input
output _format Encoding The format for problem output

Implementation:

Prop erty 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 Te allows it to be transformed very naturally into OWL using the ontologies
described above. We usethe OWL Abstract Syntax [9] to expressthe service descriptions, becauseXML-
RDFS represenations are not suitable for expressingfragmens of ontologies as required by descriptions.
For this reasonwe developed an OWL abstract syntax parserthat it is now part of the OWL API [5].

For instance, considerthe simpli ed versionof an MSDL documert 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
simplicity, we have omitted some of the \ someValuesFrom(owl:Thing) " restrictions neededto ensurethe
existenceof somevalue for ead property. Thus

restriction(  property someValuesFrom(owl:Thing))

is needednot only for service _classification but alsofor every other property in the description.

5 Description Logics

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

predicate symbols, universaland existertial quanti cation on binary predicates,basetypes(strings, integers,
etc...), cardinality restrictions, and more. Computationally, the interest in DLs is that highly optimised
reasoners(such as Fact, RACER, and now FaCT++) have beendeweloped for them. This meansthat we
can reasonover OWL ontologiesin an e®etive and decidableway, and with classicFOL semartics.

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

D(x) =~ Service (x)
"8y:(service _classification  (x;y)) C(y))
A8y:(service _implementation (x;y)) 1(y))

where

C(y) ~ Classification (y)
"8 z:(gamsclass (y;z) ) GamsGlala))
"8 z:(service _problem(y;z) ) constrained _minimization (z))
A8 z:(input _format (y;z) ) OpenMatkz))
A8 z:(output format (y;z) ) OpenMatliz))
"8 z:(directive (y;z)) find (2))

and

I(y) ~ Implementation (y)
"8 z:(software (y;z) ) NAQC.Library _7(z))
A8 z:(platform (y;z)) PentiumSystem(z))
N8 z:(algorithm (y;z) ) Safeguarded_Quadraticinterpolation  (z))

OWL Individuals are interpreted as FOL constart terms. Therefore, semarically, registering a service s
amouns to stating that D(s) holds. The fact that the MONET ontologies have no individuals meansthat
they can be interpreted asa setT of open FOL formulas with no constarts. We have then a neat distinction
betweenthe openformulasin T and the ground formulasin A | the setof 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#GamsGlala>))
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>
allvValuesFrom(<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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amournts to retrieving the set
fsjT ~ D(x)) Q(x) for someD(s) 2 Ag

In DL terminology, the formula 'D(X)) Q(x)' isreadas D is subsumd 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 mertioned that DL reasonersare e®ective and highly optimised. Yet they have scalability prob-
lems which make them best suited for reasoningabout the relatively limited knowledgein the ontology T
(thousands or tens of thousandsof classes)ather than the assertionsin A which might easily reach millions
of ground facts.

To tackle this problem we have developed a Java componert 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 exciently answered by using a combination of DL reasoningand
databasequeries. Most importantly, very large numbers of assertionscan be handled, while still providing
soundand completeanswersfor arbitrary query terms. All this is basedon the assumptionthat the ontology
itself doesnot cortain individuals and that the assertionsthemselvesarerole-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.

"#$%1 & +*,-

i .//01'2/0134506%70/5148'4*&9

10'1.5'2/0134509

T :&/'.&50%;*10
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Figure 5: IS Architecture
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Figure 6: MONET Architecture of Service Manager 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 alsoinfers with
the reasonerall the conceptsin the MONET ontology which are more generalthan or equivalert to the given
description, assaiating them with the serviceURI in the databaseaswell. 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 asksthe reasonerwhether Q is equivalent to a concept C in the ontology. If that is the case
then alsothe servicescorresponding to C in the databaseare returned and the procedure stops.

If, howewer, the description is not equivalent to any conceptin the ontology, the IS needsto retrieve all
the serviceswhich are instancesof immediate parents of Q and ched (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 servicedescriptionin MSDL. The registry manager
componert of the broker translates this into OWL using an XSLT stylesheet(MSDL2aowl.xsl in Figure 6).

The simplest queriesare just fragmerts of MSDL which provide a template for the servicethe user wishes
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to use. Thesequeriesare translated into OWL by the query managercomponert of the broker using XSLT
(MSDL2aowl.xsl in Figure 6). A simple example would consist of just a classi cation which cortains a
referenceto a known problem (i.e. one contained in the ontology) along with valuesfor the input data. In
this case,in e®ect,the useris stating that he or shewould like to solve this instantiation of this particular
problem. Using this approac one may constrain the software or hardware the serviceruns on, the algorithm
to be usedor anything elsewhich can be expressedn 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-Adaptive_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 ve
alternativ es.

Queriesare not, howewer, restricted to simple templates of the servicethe user wants. The query manager
can also construct OWL speci cations basedon other userinputs, such asthat givenin "gure 7. In this case
the userhassaid that he or shewould like the serviceto return the result of computing a particular integral,
namely: Z 1o

sin(x)dx
0:0

This is a very natural way to expressthis question from a mathematical point of view. Since there is
no explicit problem, taxonomy or algorithm elemen to help the service matcher, it is clear to a human
reader that this is a de nite integration problem. OpenMath has a tree structure and the root node for an
OpenMath object can only be one of a small number of elemernts, in this casean OMAr application elemen.
Sincewe know the structure of such elemeris we know that if its rst child is an OM%r OpenMath Symlol
then this is in e®ectthe principle constructor for the object. In this casethe symbol is that one usedto
represen de nite integration (defint from the content dictionary calculusl ).

Elemerts 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 . Soif the Query Manager transforms
this query to a requestto solve problemswith 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 xmins:monet="http://monet.nag.co.uk/monet/ns"
xmIns:om="http://www.openmath.org/OpenMath">
<monet:problem >
<monet:header/>
<monet:body>

<monet:output name="integral">
<monet:value>
<om:OMOBJ>
<om:OMA>
<om:OMSame="defint" cd="calculusl"/>
<om:OMA>
<om:OMSame="interval" cd="intervall"/>
<om:OMFRlec="0.0"/>
<om:OMFRlec="1.0"/>
</om:OMA>
<om:OMBIND>
<om:OMSame="lambda" cd="fns1"/>
<om:OMBVAR>
<om:OMWhame="x"/>
</om:OMBVAR>
<om:OMA>
<om:OMSiame="sin" cd="transcl"/>
<om:OMWhame="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>GamsH2alal</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>GamsGla</gams_class>
<problem>constrained_minimisation</problem>
<input_format>algstrl.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 elemerary IS consisting of four services.
The four servicesare described by the pseudo-MSDL in Figures 3, 8, 9, and 10.

The rst query, in Figure 11, asksfor all individuals whose GAMS classi cation is GamsGThe 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 asin 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 Zertral
Blatt bibliographic reference0277.65028 The answer is again nagroot , sincein the Bibliography ontology
we have assaiated 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 Hardware ontology the axiom that Serial and Parallel are disjoint, we caninfer that
not Parallel is Serial , hencethe query in Figure 16 would return again nagopt, nagroot , and nagquad

Swho is conversant with OpenMath
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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.w3.0rg/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"M<http://www.w3.0rg/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 themselwes are somewhat sparsein someareas| our symbolic extensionto
GAMS for example| but we are loth to extend them purely asan academicexercise. The beauty of GAMS
is that it is a categorisation of an existing set of resourcesand we feelthat this is the right approad to take,
however we are aware that it took a considerablee®ortto dewvelop 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-matter componerts 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
ertries to be added to the ontologies, and of courseit only really appliesto leaf nodes.

The processof converting a query into the appropriate OWL format is important since this allows us to
extend the possiblemecdanismsfor formulating queriesbeyond simply askingthe client to provide a fragmert
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
padkagessud as Maple, Matlab etc., by typing in strings sud as\int(sin(x),x=0..1) ". Howewer there
are other ways of stating mathematical problemswhich usethe desiredproperties of the result sud as\'nd

all x 2 Cj x? = 1". The condition hereis 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 freedomin formulating problems but also becauseit would help automate service orches-
tration. Serviceswhosepost- and pre-conditions matched could be \plugged-into" ead other. Howevwer 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 casesn practice). Giventhat we have
accesdo general-purposecomputer algebra systemssud as Maple within the MONET framework it would
not be too dixcult for a broker to usethem as oraclesto decidewhether two statemerts were equivalent.

At presert the technology available to us is not really robust enoughto be usedoutside a researd erviron-
ment. None of the tools we use| the Prot®d# 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 asit becomesused more widely these problems will disappear.

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