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Abstract rule-based formalisms. The framework bases on a semantics-
preserving syntactic transformation of WSML ontologies to Dat-

The use of ontology languages for semantically annotating Webalog programs, as described in the WSML specification [8]. The
Services demands for reasoning support in order to facilitate tasks WSML reasoning tasks of checking knowledge base satisfiability
like automated discovery or composition of services based on se-and of instance retrieval can then be performed by means of Data-
mantic descriptions of their functionality. WSML is an ontology l0g querying applied on a transformed ontology. Thus, the frame-
language specifically tailored to annotate Web Services, and part work directly builds on top of existing Datalog inference engines.
of its semantics adheres to the rule-based knowledge representa- Besides these standard reasoning tasks, the framework pro-
tion paradigm of logic programming. We present a framework vides debugging features that support an ontology engineer in the
to support reasoning with rule-based WSML language variants task of ontology development: the engineer is pointed out to vi-
based on existing Datalog inference engines. Therein, the WSMLolated constraints together with some details on the ontological
reasoning tasks of knowledge base satisfiability and instance re-entities that cause the violation. Such a feature helps to improve
trieval are implemented through a language mapping to Datalog the error reporting in situations of erroneous modelling.
rules and Datalog querying. Part of the WSML semantics is re-  |nstead of directly mapping WSML entities, i.e. concepts, in-
alised by a fixed set of rules that form meta-level axioms. Further- stances, attributes, to Data|og predicates and constants, we use
more, the framework exhibits some debugging functionality that special meta-level predicates and axioms which form a vocabulary
allows for identifying violated constraints and for pointing out on reified entities for reproducing the WSML language constructs
involved instances and problem types. Its highly modular archi- in Datalog. This way of using Datalog as an underlying formalism
tecture facilitates easy extensibility towards other language vari- facilitates the metamodelling features of WSML.
ants and additional features. The available implementation of the

framework provides the first reasoners for the WSML language. The framework is implemented and can be readily used to rea-

son about ontologies formulated in rule-based WSML. As such, it
is the first implementation of a reasoning tool for this language. In
contrast to most of the available rule engines and Datalog imple-
1 Motivation mentations, this reasoning framework supports the combination of
typical rule-style representation with frame-style conceptual mod-

In the Semantic Web, recently Web Services are annotated byelling, as offered by W.SML' o o
The WSML reasoning framework is jointly developed within,

semantic descriptions of their functionality in order to facilitate -
tasks like automated discovery or composition of services. Such and funded by the European project DIP (IST-FP6-507483) and

semantic annotation is formulated using ontology languages with the Austrian projecRWz (FFG 809250), where it is applied to
logical formalisms underlying them. The matching of semantic Sémantic Web Services discovery and to support domain mod-
annotation for discovery or the checking of type compatibility for €lling in various use case scenarios of eBanking, eGovernment and
composition requires reasoning support for these languages. A re|_tglecommun|cat|qns. Thus, the feature; |mplementeq have a close
atively new ontology language specifically tailored for the descrip- link to the needs in these use cases driven by industrial partners.
tion of Web Services is WSML (Web Service Modeling Language)
[6], which comes in variants that follow the rule-based knowl-
edge representation paradigm of logic programming [17]. WSML
adds features of conceptual modelling and datatypes, known from
frgme-base knowledge representation, on top of logic program-  tha \Web Service Modeling Language (WSML) is a language
ming rules. for the specification of various aspects of Semantic Web Services
We present a framework for reasoning with rule-based WSML (SWS), such as what functionality is provided by a SWS or how to
variants that builds on existing infrastructure for inferencing in interact with the SWS. It provides a formal language for the Web

2 The WSML Language



Service Modeling Ontolody(WSMO) [18] and is based on well-
known logic-based knowledge representation (KR) formalisms
(i.e. Description Logics [1] and Logic Programming [17]), speci-
fying one coherent language framework for the semantic descrip-
tion of Web Services. In fact, WSML is a family of representation
languages: the least expressive core language represents concep-
tually the intersection of the two KR formalisms Datalog [5] and
the Description LogicSHZ Q(D) [13]. This core language is ex-
tended in the directions of Description Logics and Logic Program-
ming in a principled manner with strict layering.

Internationalized Resource Identifier (IRIs) [10] play a central
role in WSML as (global) identifiers for symbols such as class
names, attribute names or individuals. The concept of names-
paces is used for logically grouping symbols in a vocabulary. Fur-
thermore, WSML defines XML and RDF serializations for inter-
operation over the Semantic Web. Thus, WSML is a Web and
Semantic Web compliant KR language.

Although WSML takes into account all aspects of Web Service
description identified by WSMO (i.e. Web services, goals, media-
tors and ontologies) we focus in the following on the WSML on-
tology description (sub)language. Reasoning with other elements
of WSMO (e.g. matching of two Web Service capability descrip-
tions) fundamentally relies on ontology reasoning in WSML an
is reduced to ontology reasoning whenever this is possible.

WSML makes a clear distinction between the modeling of the
different conceptual elements on the one hand and the specifica
tion of complex logical definitions on the other. To this end, the

concept OnlineService subConceptOf BundlePart

concept SharePriceFeed subConceptOf OnlineService

axiom SharePriceFeed_requires_bandwidth

definedBy

1— ?b memberOf ITBundle and ?b[hasOnlineService hasValue ?0]

and ?0 memberOf SharePriceFeed and
?b[hasNetwork hasValue ?n] and
?n[providesBandwidth hasValue ?x] and ?x < 512.

concept BroadbandBundle subConceptOf ITBundle
hasNetwork ofType (1 1) DSLConnection

axiom BroadbandBundle_sufficient_condition

definedBy
?b memberOf BroadbandBundle :— ?b memberOf ITBundle
and ?b[hasNetwork hasValue ?n] and ?n memberOf DSLConnection.

instance GermanTelekom memberOf TelecomProvider.
instance UbigBankSharelnfo memberOf SharePriceFeed.
instance MyBundle memberOf ITBundle
hasNetwork hasValue ArcorDSL
hasOnlineService hasValue UbigBankSharelnfo
hasProvider GermanTelekom.
instance  MSNDialup memberOf DialupConnection
providesBandwidth hasValue 10.
instance ArcorDSL memberOf DSLConnection
providesBandwidth hasValue 1024.

Concepts & Relations. The notion of concepts (or classes)

d plays a central role in ontologies. Concepts form the basic termi-
nology of the domain of discourse. A concept may have instances
and may have a number of attributes associated with it. Attribute
definitions are grouped together in one frame (e.g. concemi-

dle in Listing 1 representing a product bundle (provided by a tele-

WSML syntax is split into two parts: the conceptual syntax and com provider) that consists up to one online network connection

logical expression syntax. The conceptual syntax was develope
from the user perspective, and is independent from the particular
underlying logic; it shields the user from the peculiarities of the
underlying logic. Having such a conceptual syntax allows for easy
adoption of the language, since it allows for an intuitive under-
standing of the language for users not familiar with logical lan-

0and up-to one online service which can be used over the network
connection.)

Attribute definitions can take two forms, namalgnstraining

(using ofType ) and inferring (using impliesType ) attribute defini-
tions?. Constraining attribute definitions define a typing constraint
on the values for this attribute, similar to integrity constraints in

guages. In case the full power of the underlying logic is required, databases; inferring attribute definitions allow that the type of the
the logical expression syntax can be used. There are several entrg,falues for the attribute is inferred from the attribute definition, sim-
points for logical expressions in the conceptual syntax, e.g. ax- Ilar to range restrictions on properties in RDFS [3] and OWL [9].

ioms in ontologies or capability descriptions in Goals and Web Each attribute definition may have a number of features associ-
Services. ated with it, namely, transitivity, symmetry, reflexivity, and the

inverse of an attribute, as well as minimal and maximal cardinal-

ity constraints. In Listing 1, e.g concepibduct is defined to have
Conceptual Syntax— The WSML conceptual syntax for ontolo- 5 auribytenasprovider which is considered as the inverse of the

gies essentially allows for the modeling of concepts, INStances, 5yripte provides in conceptrrovider. As opposed to features of
relations and relation instances. We illustrate the description of roles in OWL, attribute features such as transitivity, symmetry, re-
WSML ontologies with an example in Listing 1. flexivity and inverse attributes are local to a concept in WSML.
For instance, the definition of attributespProvider in classProduct
states that for angroduct-instance (and only those) we can infer
that the respective attribute value is an instance of ctasger.
Furthermore, the inverse-relation betwe@asProvider and provides

only holds for pairs of instances froRtoduct and Provider. Sim-

ilar constructs are available to define-gry) relations (denoting
logical inter-relation between individuals and values) in WSML
ontologies.

Instances of Concepts and Relation€oncepts and relations may
have a arbitrary number of instances associated with it. Instances
explicitly specified in an ontology are those which are shared as

Listing 1. WSML Example Ontology

concept Product
hasProvider inverseOf (Provider#provides) impliesType Provider
concept ITBundle subConceptOf Product
hasNetwork ofType (0 1) NetworkConnection
hasOnlineService ofType (0 1) OnlineService
hasProvider impliesType TelecomProvider
concept NetworkConnection subConceptOf BundlePart
providesBandwidth of Type (0 1) _integer
concept DialupConnection subConceptOf NetworkConnection
concept DSLConnection subConceptOf NetworkConnection
axiom DialupConnection_DSLConnection_Disjoint definedBy
|— ?x memberOf DialupConnection and ?x memberOf DSLConnection.

2The distinction between inferring and constraining attribute defini-
tions is explained in more detail in [7, Section 2]

Lhttp:/Avww.wsmo.org



part of the ontology. An instance may be member of zero or more form C[A impliesType T'](denoting an inferring attribute signa-
concepts (or relations) and may have a number of attribute valuesture), with, A, V, C, T being arbitrary terms.

associated with it, see for example the instamg@indle in Listing WSML has the usual first-order connectives: the unary nega-
1 that is arvyBundle provided by the&sermanTelekom. In WSML that tion operatomeg, and the binary operators for conjunctiain,

the specification of concept membership for instances is optional disjunctionor, right implicationimplies , left implicationimpliedBy ,

and the attributes used in the instance specification do not necesand bi-implicatiorequivalent . Variables may be universally quanti-
sarily have to occur in the associated concept definition. Conse-fied usingforall or existentially quantified usinekists . First-order
quently, WSML instances can be used to represent semi-structuredormulae are obtained by combining atoms using the mentioned
data, i.e. set of attributes in a concept definitions do not need toconnectives in the usual way.

match set of attributes for which values are defined in respective  Apart from First-Order formulae, WSML allows the use of the
instances, and instances are interwoven into a labeled graph viaegation-as-failure symbehkf on atoms, the special Logic Pro-
attribute value definitions. gramming implication symbal and the integrity constraint sym-
Axioms. Axioms provide a means to add arbitrary logical expres- bol !-. A logic programming rule consists offeadand abody;
sions to an ontology. Such logical expressions can be used toseparated by the symbol. An integrity constraint consists of the
refine concept or relation definitions in the ontology, but also to symbol:- followed by a rule body. Negation-as-failusef is only

add arbitrary axiomatic domain knowledge or express constraints.allowed to occur in the body of a Logic Programming rule or an in-
For exampe, aharePriceFeed instances represent financial services tegrity constraint. The further use of logical connectives in Logic
that report in real-time of current prices of certain shares at the Programming rules is restricted. The following logical connec-
stock-market. Thus, a certain bandwidth is required, which is tives are allowed in the head of a rukeid, implies , impliedBy , and

captured by axionsharePriceFeed_requires_bandwidth in Listing 1: equivalent . The following connectives are allowed in the body of a
it states that the ontology may not contain an instancesain- rule (or constraint)and, or, andnaf.

dle that provides asharePriceFeed online services over a network Axioms  BroadbandBundle_sufficient_conditon ~and SharePrice-
which can only provide a bandwith under a certain limit (re). Feed_requires_bandwidth in Listing 1 are examples for the use of LP
Other examples are axiomialupConnection_DSLConnection_Disjoint rules and integrity constraints in WSML ontologies.

stating there can not be an object which is a dial-up connection

and a DSL connection at the same time, or axi@madbandBun- Particularities of the WSML Variants — Each of the WSML

dle_sufficient condition which specifies that any ITBundle that pro-  variants defines a number of restrictions on the logical expression
vides a DSLConnection as its network connection actually is a syntax. For example, LP rules and constraints are not allowed in
BroadbandBundle. Thus, the latter axiom together with the (par- WSML-Core and WSML-DL. Table 1 presents a number of lan-

tial) definition of concepbroadbandBundle provides an exact char-  guage features and indicates in which variant the feature can occur.
acterization of the instances of this class.

Feature Core

. . A . Classical Negatiomeg) -
Logical Expression Syntax — We will first explain the gen- Existential Quantification| -

eral logical expression syntax, which encompasses all WSML | (Head) Disjunction -
variants, and then describe the restrictions on this general syn- | n-ary relations -
tax for each of the variants. The general logical expression syn- | Meta Modeling -
tax for WSML has a First-Order Logic (FOL) style, in the sense | Default Negationiaf) -
that it has constants, function symbols, variables, predicates and :-n'?e'”:ﬁl'cggggtraims -
the usual logical connectives. WSML provides F-Logic [15] Fun%ﬁo{] Symbols )
based extensions in order to model concepts, attributes, attribute | ynsafe Rules -
definitions, and subconcept and instance relationships. Finally,
WSML has a number of connectives to facilitate the Logic Pro- Table 1. WSML Variants and Feature Matrix
gramming based variants, namely default negation (negation-as-
failure), LP-implication (which differs from classical implication) ~WSML-Core allows only first-order formulae which can be trans-
and database-style integrity constraints. lated to the DLP subset #HZ Q(D). This subset is very close
Variables in WSML start with a question mark. Terms are to the 2-variable fragment of First-Order Logic, restricted to Horn
either identifiers, variables, or constructed terms. As usual, anlogic. Although WSML-Core might appear in the Table 1 feature-

Flight | Rule | Full

.......><><><'Q
XX X X X

XXX X X X XX XX

XXX XXX X

atom is constituted of am-ary predicate symbol witm terms less, it captures most of the conceptual model of WSML, but has
as arguments. Besides these standard atoms of FOL, WSMLonly limited expressiveness within the logical expressions.
has a two special kind of atoms, calletbleculeswhich are in- WSML-DL allows first-order formulae which can be translated to

spired by F-Logic and can be used to capture information about SHZQ(D). This subset is very close to the 2-variable fragment
concepts, instances, attributes and attribute values: (als#&n of First-Order Logic. Thus, WSML DL allows classical negation,

moleculeis an expression of the form memberof C' (denoting and disjunction and existential quantification in the heads of im-
a concept membership) or of the for® subConceptof Cs (de- plications.

noting a subconcept relationship) wherehyC, C; are arbitrary WSML-Flight extends the set of formulae allowed in WSML-
terms. (b) Anobjectmoleculeis an expression of the forrf{ A Core by allowing variables in place of instance, concept and at-
hasvalue V] (denoting attribute values of objects), of the fofifid tribute identifiers and by allowing relations of arbitrary arity. In

offype T'] (denoting a constraining attribute signature), or of the fact, any such formula is allowed in the head of a WSML-Flight



rule. The body of a WSML-Flight rule allows conjunction, dis- | conceptual syntax logical expression(s)
junction and default negation. The head and body are separateq TaxiomgconceptCy subConceptofC's ) | C subConceptOfCs.
by the LP implication symbol. WSML-Flight additionally allows Taxiomd.conceptC1 A ofType (0,1) T") IC})[A ofType T7].
meta-modeling (e.g., classes-as-instances) and reasoning over the - ?x memberOf C'y and

. . - ?X[A hasValue?y, A hasValue?z]
signature, because variables are allowed to occur in place of con and 2y 1= 22
cept and attribute names. _ _ _ Taxiomd conceptC C1[A impliesType T7.
WSML-Rule extends WSML-Flight by allowing function sym- A1 inverseOf Ay impliesType T') 2X memberOf C' and
bols and unsafe rules, i.e., variables which occur in the head or| ?vmemberOf T implies
in a negative body literal do not need to occur in a positive body ?X[A1 hasValue?V]
literal. equivalent ?v[A2 hasValue ?x].
WSML-Full The logical syntax of WSML-Full is equivalent to | Taxiomsrelation fi/n £ () implies ().
th | logical . t f WSML and all th subRelationOf Ry ) wherez = (X1,...,%,)

e general logical expression syntax of and allows the = i e T memberof C Tmemberof ¢
full expressiveness of all other WSML variants. A hasValueV' ) I[A hasvalueV].

In the following, we refer to the WSML-Core, WSML-Flight

and WSML-Rule variants of WSML jointly aile-based WSML . .
Table 2. Examples for axiomatizing concep-

_ ) tual ontology modeling elements.
Reasoning Tasks in WSML — We refer to any form of sym-

bolic computation based on explicitly represented domain knowl-
edge (such as an ontology) which helps to explicate implicit in-
formation as aeasoning task In regard of WSML Ontologies, 3.1
we consider the following ontology reasoning tasks as particularly
useful and relevant to support SW and SWS applications and mod-
elers: LetO denote a WSML ontology and._ ... (O) denote the The transformation of a WSML ontology to Datalog rules
constraint-free projectionf O, i.e. the ontology which can be de-  forms a pipeline of single transformation steps which are subse-
rived from O by removing all constraining description elements quently applied, starting from the original ontology.

(such as attribute type constraints, cardinality constraints, in-

tegrity constraints etc.). (Konsistency checkingneans check-

ing whetherO is satisfiable. More precisely, it is about check- Axiomatization. In a first step, the transformationxioms is

ing if no constraint inO is violated and if the constraint-free pro-  applied as a mapping@ — 2 from the set of all valid rule-based
jectionm._¢ree(O) has a modef. (2) Entailment means given WSML ontologies to the powerset of all logical expressions that
some formulap, to check if no constraint il is violated and if conform to rule-based WSML. In this transformation step, all con-
in all modelsZ of 7._ fr..(O) it holds that all ground instances ceptual syntax elements, such as concept and attribute definitions

Ontology Transformations

L € ground(¢) of ¢ in O are satisfied. We denote this by|= ¢. or cardinality and type constraints, are converted into appropriate
(3) Instance retrieval means given an ontology and some for- axioms specified by logical expressions. Table 2 shows the details
mulaQ (&) with free variablest = (z1,...,x,) to find all suit- of some of the conversions performed hyioms based on [8].
able termd’ = (¢4, ...,t,) constructed from symbols i@ only, During the transformation, for each expressiom the WSML
such that the stateme@}(t) is entailed byO. We calli’ananswer OntologyO € O that matches a pattern on the left-hand side of
to Q(Z) in O and denote the set of answershyrieveo (Q) = Table 2, the formulaeayiomde) are created and added to the re-

{T: = (t1,...,tn), t; € Term(0),0 = Q(i)}. Rule-based  sulting theoryraxiomd O).
WSML is based on the wellfounded-model semantics [11]. There- The meta variable§', C; range over identifiers of WSML con-
fore, the term ,,model” in the reasoning task definitions above cepts,R;, A; over identifiers of WSML relations and attributés,
stands for to the well-founded model of ontoloGy over identifiers of WSML concepts or datatypes andver iden-

We will demonstrate later, that our framework allows to imple- tifiers of WSML instances or datatype values.
ment these reasoning tasks almost completely based on existing
implementations of efficient datalog reasoning engines.
Normalization. The transformationnorm is applied as a map-
ping 2% — 2% to normalize WSML logical expressions. This
normalization step reduces the complexity of WSML logical ex-
pressions according to [8, Section 8.2], to bring the expressions

The semantics of rule-based WSML is defined via a mapping closer to the simple syntactic form of literals in Datalog rules. The
to Datalog [5] with (in)equality and integrity constraints, as de- reduction includes conversion to negation and disjunctive normal
scribed in [8]. To make use of existing rule engines, the reasoningforms as well as decomposition of complex WSML molecules.
framework performs various syntactical transformations to convert Table 3 shows how the various logical expressions are normalized
an original ontology in WSML syntax into a semantically equiva- in detail. The meta variableB; range over logical expressions
lent Datalog program. The WSML reasoning tasks of knowledge in rule-based WSML, whileX,Y; range over parts of WSML
base satisfiability and instance retrieval are then realized by meansnolecules. Aftefrorm has been applied, the resulting WSML log-
of Datalog querying via calls to an underlying Datalog inference ical expressions have the form of logic programming rules with no
engine that is fed with the rules contained in this program. deep nesting of logical connectives.

3 Mapping WSML to Datalog



original expression

normalized expression

WSML

Generic Datalog

morm({E1, - - -, En})
Tnorm(EI and Ey)
Tnorm(Ez or Ey.)
Tnorm(Ez and (Ey or Ez))

orm((Ez or Ey) and E.).)

Tnorm( naf (E“L and Ey))
Tnorm( naf (Ez or Ey))
Tnorm( naf ( naf Ex))
Tnorm(Ez implies Ey)

{morm(E1), - - -, Torm(En ) }
Tnorm(Ez ) and morm(Ey)
Tnorm(Ez) or Tnorm(Ey)
Tnorm(Tnorm(£z ) and Tnorm(£y)
morm(£z) and Tnorm(Ez).
Tnorm(Tnorm(£z ) and Tnorm(E->)
mnorm(Ey ) and morm(£z).
naf Torm(£z ) or naf morm(Ey).-
naf Thorm(E¢) and naf mnorm(Ey ).
’Tnorm(E:B)
morm(Ey) : — Tnorm(Ex).

r

2) or

o
)
o
)

Tdatalog({EZ1; - - -, En})
Tdatalog( !— B-)

7'datalog(H-)

Tdatalog(H :— B.)
Tdatalog( &= and Ey.)
Tdatalog(“af E.)

Tdatalog{C subConceptOfCy.)
Tdatalog( memberof C')
Tdatalog({ [a hasvalueV].)

Tdatalog(c[a impliesType T7].)

{Tdatalog(El)v e 77'datalog(En)}
T 7'datalog(B)

7'datalog(H ) -

7'datalog(H ) - 7'datalog(B )

Tdatalog(F=) A Tdatalog(£y)

~ Tdatalog(E)

psco(Cz, Cy)

pmo(L C)

Phval (I: a, V)

pitype(07 a, T)

Tdatalog(Ca ofType T'].) Potype(C a, T)

Tnorm(E,T impIiedBy Ey) Tnorm(Em) - Tnorm(Ey)‘

Tnorm(X[Yl,...,Yn].) X[Yl] and...andX[Yn]. Tdatalog(r(Xlr-~->Xn)~) T(Xlw--vXn)
7'datalog(X =Y) X=Y
7'datalog(X =Y) X#Y

Table 3. Normalization of WSML logical ex-

pressions. Table 5. Transformation WSML logical ex-

pressions to Datalog.

original expression simplified rule(s)

Tltg{Elv"'vEn}) ) {Tl(t(El)v"'f)Tlt(En)}( )

ni(Hyand...and Hy : = B.) | ni(Hy:=B.),....nt(Hn : = B. The resulting Datalog rules are of the form
nt(Hy :— Ha : — B.) nt(Hy : — Hz and B.) 9 9

nt(H:— Byor,...,orBn.) | ;y(H:—B1.),...,ni(H :— By.) H :—BiA...AB,

whereH and B; are literals for the head and the body of the rule,
respectively. Body literals can be negated in the sense of negation-
as-failure, which is denoted by B;. As usual, rules with an
empty body represent facts, and rules with an empty head repre-
sent constraints. The latter is denoted by the head being the empty
clause symball.

Table 4. Lloyd-Topor transformations.

Lloyd-Topor Transformation. The transformationy is ap-
plied as a mapping~ — 2% to flatten the complex WSML log-
ical expressions, producing simple rules according to the Lloyd-
Topor transformations [16], as shown in Table 4. Again, the meta  ytimately, we define the basi¢ransformationr for convert-
variablesE;, H;, B; range over WSML logical expressions, while  jng a rule-based WSML ontology into a Datalog program based
H; andB; match the form of valid rule head and body expressions, on the the single transformation steps introduced before by
respectively, according to [8]. Tdatalog© Tit © Thorm © Taxioms
After this step, the resulting WSML expressions have the form  As a mappingr : © — P, this concatenation of the single
of proper Datalog rules with a single head and conjunctive (possi- steps is applied to a WSML ontology € O to yield a seman-
bly negated) body literals. tically equivalent Datalog program(O) = P € P when inter-
preted with respect to the meta-level axioms discussed next.

Datalog Rule Generation. In afinal step, the transformation
Tdatalog IS applied as a mapping” — P from WSML logical
expressions to the set of all Datalog programs, yielding generic

Datalog rules that represent the content of the original WSML on- The mapping from WSML to datalog in the reasoning frame-
tology. Rule-style language constructs, such as rules, facts, con-

traint unciti d (default i d 1o th work works such that each WSML-identifiable entity, i.e. concept,
straints, conjunction an (default) hegation, aré mappea to the re instance, attribute etc., is mapped to an instance (or logical con-
spective Datalog elements. All remaining WSML-specific lan-

stant) in datalog, as depicted in Figure 1. There, the concepts
guage constructs, such asConceptOf Or ofType, are replaced by

. . . . C1,C5, C5 as well as the instancds, I and the attribute. are
special meta-level predicates for which the semantics of the re'mapped to constants suchias, Ir, or I, in datalog, representing
spective language construct is encoded in meta-level axioms 3She origi - oo ’

. . - . riginal WSML entiti n the instance level.
described in Section 3.2. Table 5 shows the mapping from WSML € ong SML entities on the instance leve

. : . : . Accordingly, the various special-purpose relations that hold be-
logical expressions to Datalog including the meta-level predicates o
. ) tween WSML entities, such asbConceptOf memberOf OF hasValue,
Dscor Pmos Phval, Ditype aNd Dorype that represent their respective

WSML lanquage constructs as can be seen from the mapoin are mapped to datalog predicates that form a meta-level vocabu-
The meta SariagbleE I B range over WSML logical ex reps? g'Iary for the WSML language constructs. These are the meta-level
sions with a general ’a Head orga body form ng[ a den%te predicates that appear in Table 5, and which are applied to the dat-
WSML concepts, instances and attributes. Varialilesmn either alog constants that represent the WSML entities. The facts listed

assume a concept or a datatype, &hstands for either an instance
or a data value, accordingly.

3.2 WSML Semantics

Level Axioms

through Meta-

SLater on, the transformation pipeline is further extended to support
datatypes and debugging features.



structs. Table 3.2 shows the rules that make up the meta-level
axioms in Pmeta Axiom (1) realizes transitivity for the WSML
subConceptOf construct, while axiom (2) ensures that an instance
of a subconcept is also an instance of its superconcepts. Axiom
| Meta-Level Axioms (3) realizes the semantics for theplisType construct for attribute

. ranges: any attribute value is concluded to be in the extension of
the range type declared for the attribute. Finally, axiom (4) real-
izes the semantics of th&Type construct by a constraint that is
;Cv )i violated whenever an attribute value cannot be concluded to be in

a

............ 7 the extension of the declared range type.

Datalog

Meta-Level Predicates

Instances: ;

) 2 (IC1’ IC3)
3 Poryee Ueys @ 1cy)

|""""">Pmo Uy Ic,) To perform reasoning over the original WSML ontology
*iyPro Uy, Ie)) with an underlying datalog inference engine, a datalog program

3.3 WSML Reasoning by Datalog Queries

PO = PmetaU T(O)

! is built up that consists of the meta-level axioms together with
| the transformed ontology. The different WSML reasoning tasks

are then realized by performing Datalog queriesfon Posing a
query@(Z) to a Datalog progran® € P is denoted by

(P, 7= Q7))

and yields a set of tuples that instantiate the vegtof variables
in the query.

Figure 1. Usage of meta-level predicates.

Meta-Level Axioms
(1) pSCo(Ch 03) L= psco(Cly 02) A psco(CZ, 03)
(2)  Pmo(I,C2) : = Pmo(I,C1) A psco(C1, C2)

mo ) + — Ditype s &y mo ]7 H H
@) Pmo(V, C2) p/\‘;’h (% Z %) A pmo(T, C1) Ontology Consistency — The task of checking a WMSL on-

L tology for consistency is done by querying for the empty clause,
@ o p/iz:e(lf’;,5,5)2/)\/;;0;0((1‘,/05)2) as expressed by the following equivalence.

. L O is satisfiable< (Po, 7— 0) =10
Table 6. Realising WSML semantics in Data-
log. If the resulting set is empty then the empty clause could not be
derived from the program and the original ontology is satisfiable,
otherwise it is not.

in Figure 1 illustrate the use of the meta-level predicates. For ex- Entailment — The reasoning task of entailment of ground facts
ample, the predicate., takes two datalog constants as arguments by a WSML ontology can be done by using queries that contain
that represent WSML concepts, to state that the concept repreno variables, as expressed in the following equivalence.

sented by the first argument is a subconcept of the one represented

by the second argument; on the other hand, the predigateakes OkF¢ & (Po, 7= 7'(¢) #0

a datalog constant that represents a WSML instance and one tha]t:
represents a WSML concept, to state that the instance is in thef
extension of this concept.

In contrast to a direct mapping from WSML to datalog with
concepts, attributes and instances mapping to unary predicates, b
nary predicates and constants, respectively, this indirect mappin
allows for the WSML metamodelling facilities. Metamodelling al-
lows an entity to be a concept and an instance at the same time. B
representing a WSML entity as a datalog constant, it could, for ex- . L ) .
ample, fill both the first as well as the second argument of e.g. the Ret_“eval - Similarly, m_stanc_e retrieval can be performed by
predicatepmo, in which case it is interpreted as both an instance posing queries that contal_n varlat_)les to the Datalog progfam
and a concept at the same time. as expressed in the following equivalence.

A fixed setPmeta Of datalog rules forms the meta-level axioms retricveo(Q) = (Po, 7 — 7(Q(F)))
which assure that the proper semantics of the WSML language is
maintained. In these axioms, the meta-level predicates are inter-The queryQ(Z), formulated as a WSML logical expression with
related according to the semantics of the different language con-free variablest, is transformed to Datalog and evaluated together

rom the WSML ground fact € L€ we derive a non-ground
ormula¢’ € L€ by replacing the left-most occurrence of a con-
stant by the variable. ¢’ is then transformed to Datalog with a
transformationr’ = Tgatalog© Tit © Thorm, Similar to the one that is
Ié\pplied to the ontology, and is evaluated together with the Datalog
gprogramPo. If the resulting set is non-empty thehis entailed

yby the original ontology, otherwise it is not.



with the programP,. The resulting set contains all tuplésfor WSML datatype predicates in the generic Datalog program to tool-
which an instantiation of the query expression is entailed by the specific built-in predicates. The transformation pipelinis aug-

original ontology. To give an example, the qué&py?x) = mented by this additional step and is redefined as follows.
?x memberOf BroadbandBundle
posed to the ontology in Listing 1 yields the S¢MyBundig} T = Tdpred © Tdatalog © 7t © 7norm © Taxioms

that contains one unary tuple with the instamtgBundle which

can be inferred to be a broadband bundle due to its high network 0 summarize the discussion, the underlying Datalog im-
bandwidth. plementation must fulfill the following requirements to support

WSML datatype reasoning: (i) It should provide built-in datatypes
that correspond to WSML datatypes. (ii) It should provide a pred-
icate (or predicates) for checking whether a datatype covers a con-
stant and (jii) It should provide built-in predicates that correspond

Although most of the generic Datalog rules are understood by to datatype-related predefined predicates in WSML.
practically any Datalog implementation, realizing datatype reason-

ing has some intricate challenges. .
The main challenge in implementing datatype reasoning is re-4  Debugging Support
lated to Axiom (4) in Table 3.2, which checks attribute type con-

3.4 Realising Datatype Reasoning

Stl’aints. The CruCial part Of the aXiOm iS the Iiteral During the process of 0nt0|ogy deve|0pment’ an 0nt0|ogy en-
gineer can easily construct an erroneous model containing con-
~ Pmo(V, C2) tradictory information. In order to produce consistent ontologies,

inconsistencies should be reported to engineers with some details
about the ontological elements that cause the inconsistency.

In rule-based WSML, the source for erroneous modelling are
always constraints, together with a violating situation of con-
crete instances related via attributes. The plain Datalog mecha-
nisms employed in the reasoning framework according to Section
3 only allow for checking whether some constraint is violated, i.e.
whether the empty clause is derived frdPp indicating that the
original ontologyO contains errors — more detailed information
about the problem is not reported. Experience shows that it is a
very hard task to identify and correct errors in the ontology with-
out such background information.

Pmo(V, D) :— typeOLV, Dr) _ In our framework, we support de_b_ugging_ feature_s that prqvide
information about the ontology entities which are involved in a
whereD denotes the WSML datatyp®; denotes a datatype sup- ~ constraint violation. We achieve this by replacing constraints with
ported by the underlying Datalog implementation, which is com- appropriate rules that contain the needed additional information in
patible with the WSML datatype, anypeOfdenotes a built-in  their heads.
predicate implemented by the Datalog tool, which checks whether
a constant value belongs to the specified datatype. 4.1 Identifying Constraint Violations

These additional meta-level axioms result in a new set of Data-
log rules, denoted bfyara, Which are no longer in generic Datalog In case of an inconsistent ontology due to a constraint viola-
but use tool-specific built-in preo_llcates of the L_Jnder_lylng inference tion, two things are of interest to the ontology engineer: a) the
engine. The Datalog prograify is extended with this new set of type of constraint that is violated and b) the entities, i.e. concepts,

rules as follows. attributes, instances, etc., that are involved in the violation.

To give an example, consider the WSML ontology in Section
2. There, the attributeasonlineService of the conceptTBundle is
constrained to instances of tyalineService. Suppose we re-
place the current value of the attribut&sonlineService for the in-
stancemyBundle by the instance1snDialup. Then, this constraint
would be violated becausgsNpialup is not an instance of the con-
ceptonlineService. For an ontology engineer who needs to repair
gthis erroneous modelling, it is important to know the entities that
cause the violation, which in this case are the attrilbbat®nline-
Service together with the range concepiiineService and the non-
conforming instancesNDialup.

For the various types of constraint violations, the information

4A full list of WSML datatypes can be found in the WSML specifica- Nneeded by the ontology engineer to track down the problem suc-
tion [8]. cessfully is different from case to case.

because for datatype values no explicit membership facts are in-
cluded in the ontology that could instantiate this literal. Consider,
for example, the instanaesnpialup from the WSML ontology in
Section 2 — there is no fagin. (10, [integer) for the value of the
providesBandwidth attribute. Whenever a value is defined for an at-
tribute constrained byftype , Axiom (4) would cause a constraint
violation.

To solve this problempn,, facts should be generated for all
datatype constants that appear as values of attributes hauipg
constraints in the ontology. l.e., for each such constant in the on-
tology, axioms of the following form should appear:

Po = PmetaU PgataU 7(O)

In addition to datatypes, WSML also supports some prede-
fined predicates on datatypes, such as numeric compArigom
example, the definition of theharePriceFeed_requires_bandwidth ax-
iom from the WSML ontology in Section 2 uses a shortcut of the
WSML numericLessThan predicate (denoted by ). Clearly, these
special WSML predicates have to be translated to the correspon
ing built-in predicates supported by the underlying Datalog rea-
soner. Therefore, we introduce a new tool-specific transformation
StepTgpred @S @ mapping® — P, which translates all predefined




Attribute Type Violation - An attribute type constraint of The replacement of constraints for debugging is included in the
the form Cla ofType T is violated whenever an instance of the transformation pipeline

conceptC has valué/ for the attributez, and it cannot be inferred

thatV belongs to the typ&'. Here, T' can be either a concept or a T = Tdpred © Tdatalog © 7It © Thorm © Tdebug® Taxioms

datatype, whild/ is then an instance or a data value, accordingly.
In such a situation, an ontology engineer is particularly interested
in the instancd, in the attribute valu& that caused the constraint
violation, together with the attribute and the expected typ€
which the valué/ failed to adhere to.

where the additional transformation steanygis applied after the
WSML conceptual syntax has been resolved, replacing constraints
on the level of WSML logical expressions. Table 7 shows the de-
tailed replacements performed byen,qfor the different kinds of
constraints.

Minimal cardinality constraints (with bodieB,incqrq) and
Minimum Cardinality Violation =~ — A minimum cardinality maximal cardinality constraints (with bodié,,q.cqrq) are trans-
constraint of the formonceptC' a (n *), is violated whenever the  formed to rules by keeping their respective bodies and adding a
number of distinguished values of the attribut®or some instance  head that instantiates one of the predicateSincara aNAPy_maxcard
I of the concepC is less than the specified cardinality In such to indicate the respective cardinality violation. The variables for
a situation, an ontology engineer is particularly interested in the the involved attribute: and instancd are the ones that occur in
instancel that failed to have a sufficient number of attribute val- the respective constraint bod.

ues, together with the actual attribute (Information about how Similarly, a user-defined constraint is turned into a rule by
many values were missing can be learned by querying the ontologykeeping the predefined body.,s.- and including a head that in-
separately.) stantiates the predicaig_.s.r to indicate a user-defined violation.

The only argument for the predicape . is the identifierAzp

of the axiom, by which the constraint has been named.
Constraints on attribute types are handled differently because

these constraints are not expanded during the transformation

Taxioms they are rather represented by WShfiype-molecules for

which the semantics is encoded in the meta-level axiBmsa In

order to avoid the modification aPmetain the reasoning frame-

work, such molecules are expandedigynug as shown in Table

75

Maximum Cardinality Violation  — A maximum cardinality
constraint of the formeonceptC' a (0 n), is violated whenever the
number of distinguished values of the attribautfor some instance

I of the concepC exceeds the specified cardinality Again, here

an ontology engineer is particularly interested in the instdrfoe
which the number of attribute values was exceeded, together with
the actual attribute.

To maintain the constraining semantics of the replaced con-
straints, an additional set of meta-level axioRgpug € P is in-
cluded for reasoning. The rules Ryepygderive the empty clause
violated. In this case, the information which helps an ontology for any occurrence ofa (_:onstraint violation, as shown in Table 8.
engineer to repair an erroneous situation is dependent on the ar- Ipcludlng the det.)u.gglng features, the Datalog program for rea-
bitrarily complex bodyB and cannot be determined in advance. soning about the original ontology then turns to
However, a generic framework can at least identify the violated
constraint by reporting the identifietz ;p of the axiom.

To give an example, consider again the ontology from Sec- Occurrences of constraint violations can be recognized by query-

User-Defined Constraint Violation — Not only built-in
WSML constraints, but also user-defined constraints, contained in
an axiom definition of the formaxiom Az ;p definedBy I- B, can be

Po = PmetaU PyataU PebugU 7(0)

tion 2. Replacing the network connecti@fcorbsL of MyBun- ing Po for instantiations of the various debugging-specific meta-
die by the slowemvsnDialup one results in the a violation of the level predicate®. otype, Dv_mincards Pv_maxcard ANAPy_user. FOI €X-
user-defined constraint specified by the axiom nasteg:Price- ample, the set

Feed_requires_bandwidth. This constraint requires a certain band-

width for connections in bundles with share price feed online ser- (Po, 7 — puotype(a,T,1,V))

vices, which is not met bysnbialup, and thus the ontology engi-
neer is reported the axiom name that identifies the violated con-
straint.

contains tuples for all occurrences of attribute type violations in
Po, identifying the respective attribute, expected typdl’, in-
volved instancd and violating valug/ for each violation. This

. . set is empty if there are no attribute types violated.
4.2 Debugging by Meta-Level Reasoning

, . Reasoning Framework Overview
In our framework, we realize the debugging features for report-

ing constraint violations by replacing constraints with a special . .

kind of rules. Instead of deriving the empty clause, as constraints  1he design goals of our framework are modularity for the
do, these rules derive information about occurrences of constraintansformation steps and flexibility with respect to the under-
violations by instantiating debugging-specific meta-level predi- Ying inference engine. The high modularity allows to reuse

cates with the entitie§ i”VP'Vefj in a violation. In this way, infor- 5After this expansion 06fType molecules, the respective axiom (4) in
mation about constraint violations can be queried for by means of peiafor realising the semantics of attribute type constraints does not ap-
Datalog inferencing. ply anymore.



Constraint Rule
Tdebug({Elv - En}) {Tdebug(E1)7 s TdebudEn)}  WSML Reasoner
Tdebud - Bmincar(i-) pv,mincard(av [) :— Bmincard-

Tdebug{ = Bmaaccard-) pv,maxcard(av ]) :— Bawcard- ,Wi
Tdebud - Buser-) pv,user(AxID) :— Buser.

Ca ofType T'] and I memberOf C' rogeteronoiogy|  § e

I[a hasValue V] and naf VVmemberOf T". :
Constraint
Replacement
¥

Normalization

2%

executeQuery

Table 7. Replacing constraints by rules.

Debugging Meta-Level Axioms
1) O :—pvotypela,T,1,V)
(2) 0 :— pv,mincard(ay [)

(3) O - pv,maxcard(a7 I)

(4) 0 :— pv,user(AIID)

Lloyd-Topor
Transformation

Table 8. Meta-level axioms for debugging. Reasoner Facade

Datatype Axioms|
Infere_nce
Engine g

transformation functionality across different WSML variants
and reduces the effort for accomplishing other reasoning tasks.
By reducing WSML to simple Datalog constructs and pro-
viding a respective object model we have reduced the effort
of integrating new reasoners to a minimum The presented
framework has been implemented in Java and can be down-
loaded at http://devl.deri.at/wsml2reasoner 5.2 Interface and Integration with Exist-
for ready-usage. An online demo is available at ing Technology
http://tools.deri.org/wsml/rule-reasoner

Figure 2. Internal framework architecture.

So far we have not detailed on what data structure the frame-
5.1 Architecture and Internal Layering work operates on. One could implement it directly with a parser
and compiler framework that generates an abstract syntax tree for
WSML which is then directly transformed to the target format
(Datalog). Although this would have performance advantages,

it would greatly reduce reusability and would make maintenance

Figure 2 shows the internal architecture of the framework as
well as the data flow during a prototypical usage scenario. The
outer box outlines a WSML reasoner component that allows a . . . .
user to register WSML ontologies and to pose queries on them.harder. Ourframe\_/vork |s_based onan mtermedl_ate object model of
The inner box illustrates the transformation pipeline introduced in the language that is prow_ded by the_WS_MépﬂoJect. WSMQ“
Section 3 and shows its subsequent steps in a layering scheme. performs the task of parsing and validating WSML ontologies and

Registered ontologies go through all the transformation steps provides the source object model for our translations. In order to

whereas user queries are injected at a later stage, skipping the non(?nable the usage of different Datalog engines we additionally im-

applicable axiomatization and constraint replacement steps. Hereplemented a simple object model for Datalog that is independent

. . o from any particular engine. The Datalog model has objects to rep-
the internal layering scheme allows for an easy reorganization and . S
resent Literals and Rules, whereas the term structure is directly

reuse of the transf_ormatlon steps on demanq, assuring hlgh_flex reused from WSMOA4J (respectively WSML). For each reasoner
ibility and modularity. A good example for this is the constraint

; T . S that has to be connected to the Framework a small adapter class
replacement transformatioryenyg if included in the pipeline, it

. . . has to be written, that is minimally aware of only Literals, Rules
produces the rules that activate the debugging features accordin .
; T . . . nd constants (IRIs) and has to translate them to the equivalent
to Section 4; if excluded, the constraints remain in the resulting . ~. . .
within the representation of the reasoner. If a particular reasoner

Datal_og program and are mapped to native constraints of the un_supports additional built-ins and data types translations for this can
derlying reasoning engine. . .
iteratively be added.

The core compc_)nent of the frameworkis an exchang_eable Dat- The WSML reasoner framework currently ships with Facades
?"99 inference engine wrapped by a rgasonerfacadg which embed?‘or two built-in reasoners: KAON2 and MINS. The initial devel-
it in the framework infrastructure. This facade mediates between opment was done with the KAON2 inference engiiid4]. As

the generic D_a_talog program produceql in the tran_sf(_)rmathns andwe have seen in Section 3.4, datatype reasoning poses the biggest
the tool-specific Datalog implementation and built-in predicates

- . challenge for the Datalog implementation. KAON2 provides a
used by the external inference engine. 9 g imp P

http://lwsmo4j.sourceforge.net
6n fact, the adaptation of the framework to the MINS rule engine took 8KAON2 is available for download fromhttp:/kaon2.
less then a day. semanticweb.org




very flexible type system that allows for user-defined datatypes, combinations) in an integrate manner in the case of stratified nega-
together with user-defined predicates on these datatypes, includindion and safe rules. This way, we expect to be able to support sig-
type checking predicates. Therefore, KAON2 meets the identified nificant parts of WSML Full. An additional translation to widely
requirements easily. As a matter of fact, KAON2 already provided used description logic (DL) system APIs (e.g. DIG [2]) to support

most of the required datatypes and predicates out of the box.

efficient reasoning with WSML-DL based on state-of-the-art DL

The second reasoner that is currently supported by the frame-systems like Racer [12], Pelfétor Fact++2 is on the way.

work is MINS®. Whereas KAON2 is the default reasoner for
WSML Flight, MINS can be used for the WSML Rule variant

Acknowledgements. This work is supported by the European

that includes function symbols and unsafe rules. For determin- Commision under the the DIP project (FP6-507483), and by the
ing which WSML variant a current ontology is in the user of the Austrian Federal Ministry for Transport, Innovation, and Technol-

framework can use the validation facilities built into WSM&4J

6 Conclusion & Outlook

In this paper, we presented a transformational framework that
enables us to perform important reasoning tasks for rule-based
WSML. The key features of the framework are: (1) Reasoning via
transformation to the widely used Datalog formalism with numer-
ous implemented systems (2) Modular structure of the transforma-
tion allows for adaptation and extension of the overall transforma-
tion. The single well-defined transformation steps can be reused
across various adaptations for different scenarios (e.g. support for
debugging of ontologies) (3) Simple integration and exchange of
underlying reasoning components. This allows to customize the
framework for specific applications: Application developers can
choose to use their desired reasoning system providing the capa-
bilities they need. If an application only uses a less expressive
WSML variant, then a more specialized reasoning component tai-
lored towards this language can be used, e.g. to ensure perfor-
mance and scalability. Such a decision can even be change during
runtime (4) Support for debugging of ontologies independent of
the underlying reasoning system. This feature can be dynamically
added and removed froamyreasoning component.

Eventually, the available implementation of the system based
on Datalog components such as KAON2 and MINS represent the
first available reasoning system for WSML. The presented frame-
work proved to be a flexible and effective way to build reasoners
for WSML based on existing, well-designed and efficient systems
in a short period of time.

Currently, the framework as well as our implementation fo-
cuses on WSML Core, Flight and Rule. However, efforts are on-
going to extend this into the direction of WSML DL and WSML
Full: we are working on extending the transformations to allow
for transformations to disjunctive datalog and disjunctive logic
programs (including default negation) too. The KAON2 natively
system already supports disjunctive datalog with stratified default
negation and thus can be used for reasoning with WSML DL on-
tologies, even if they are extended by WSML-Flight-like rules.
The DLV system [4] (implementing disjunctive datalog under the

stable model semantics) can be used for reasoning the same pur-

pose. Furthermore, we plan to integrate the KRHyper system [19],
which allows reasoning with disjunctive logic programs with strat-

ified default negation.
WSML DL, WSML Core, WSML Flight and WSML Rule (and

Shitp://devl.deri.at/mins/

This would then allow to reason with [10]

ogy under the projed®W? (FFG 809250).
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