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Abstract

This document presents the abstract syntax as well as the se-
mantics of WSML. The abstract syntax closely follows the con-
ceptual model of WSMO version 1.3, and only diverges where
necessary. The document also features a mapping from the
abstract to the surface syntax defined in deliverable 16.1, the
WSML language reference.

The semantics of WSML ontologies is defined in terms of a model
theory. The semantics of the combination of WSML ontologies
with RDF graphs and OWL DL ontologies is obtained by com-
bining the respective model theories. The notion of entailment
for ontologies is used in the definition of nonfunctional property
and choreography semantics.

Copyright (© 2008 the authors.
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WSML Abstract Syntax

We present the abstract syntax of WSML. The purpose of this abstract
syntax is to facilitate the direct definition of semantics of the different WSML
elements, and the mapping to a different surface syntaxes.

The mapping to the surface syntax is presented in Chapter 2. The mapping
to the XML syntax is presented in [8].

WSML ldentifiers
A WSML vocabulary consists of the following symbols is a set of identifiers.
WSML distinguishes between the following kinds of identifiers:

IRI With an IRI we mean any Unicode character sequence which represents a
valid absolute IRI [7]. With IRI we denote the set of all IRIs.

In the remainder, T and L are short for the IRIs http://www.wsmo.org/
wsml/wsml-syntax#true and http://wuw.wsmo.org/wsml/wsml-syntax#
false, respectively; these IRIs denote universal truths and universal false-
hoods, respectively.

Anonymous identifiers _#, #1, #2, ...are anonymous identifiers.

Data values A data value is either an elementary data value, which is an inte-
ger, decimal, or a string (corresponding to the lexical spaces of the integer,
decimal, and string datatypes defined in [3]), or a constructed data value:
given an n-ary datatype wrapper w and dy, . .., d, elementary data values,
then w(dy,...,d,) is a constructed data value.

An identifier is a data value, an anonymous identifier, or an IRI. We denote the
set of all identifiers, which constitutes a WSML vocabulary, with anyId.
We denote the set of all anonymous identifiers, and IRIs with Id C anyId.
The following sets of identifiers are subsets of IRI:

e variant identifiers,

e ontology identifiers,

e goal identifiers,

e Web service identifiers,
e ooMediator identifiers,
e ggMediator identifiers,
o wgMediator identifiers,
o wwMediator identifiers,

e datatype wrapper identifiers,


http://www.wsmo.org/wsml/wsml-syntax#true
http://www.wsmo.org/wsml/wsml-syntax#true
http://www.wsmo.org/wsml/wsml-syntax#false
http://www.wsmo.org/wsml/wsml-syntax#false
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e built-in predicate identifiers,

e capability identifiers,

e interface identifiers,

e choreography identifiers,

e orchestration identifiers,

e state signature identifiers, and
e grounding identifiers,

which are mutually disjoint, and each datatype wrapper and built-in predicates
identifier has an associated arity n, which is a positive integer.
The following sets of identifiers are subsets of 1d:

e annotation property identifiers,

e nonfunctional property identifiers,
e concept identifiers,

e attribute identifiers,

e relation identifiers,

e function identifiers,

e instance identifiers,

e relation instance identifiers, and

e axiom identifiers.

Finally, the set of capability identifiers is disjoint from the set of concept iden-
tifiers.

A wvariable symbol is an alphanumeric string preceded by a question mark ‘7’
Any WSML vocabulary conforms with WSML-Full, WSML-Rule, and WSML-

Flight. If the mentioned sets of identifiers are mutually disjoint, then the WSML
vocabulary conforms with WSML-DL and WSML-Core.

WSML Variant

A WSML variant is a sub language of WSML which may pose syntactic and
semantic restrictions on the language. A WSML variant identifier is a IRI. The
currently defined WSML variants are:
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Variant Identifier
WSML Full http://www.wsmo.org/wsml/wsml-syntax/wsml-full
WSML DL http://www.wsmo.org/wsml/wsml-syntax/wsml-dl

WSML Rule http://www.wsmo.org/wsml/wsml-syntax/wsml-rule
WSML Flight | http://www.wsmo.org/wsml/wsml-syntax/wsml-flight
WSML Core | http://www.wsmo.org/wsml/wsml-syntax/wsml-core

WSML Full includes all of WSML. WSML DL is a subset which can be
processed using Description Logic reasoners, and is compatible with OWL DL.
WSML Rule is a subset which can be processed using (nonmonotonic) rule rea-
soners, and is compatible with the Stable Model Semantics for logic programs.
WSML Flight is a decidable subset of which will Rule. WSML Core is a subset
of the DL and Flight variants, and can thus be processed by both Description
Logic and rule reasoners.

1.3 WSML Annotation

A WSML annotation is a 2-tuple (name, value),,,,, where
e name is an annotation property identifier and

e value is an identifier in anyId.

1.4 WSML Nonfunctional Property

A WSML nonfunctional property is a 3-tuple (name, value, logExp),, r,, where

e name is a nonfunctional property identifier,

e value is an identifier in anyld or a variable symbol, and

e logExp is a set of WSML logical expressions.
Conformance A WSML nonfunctional property (name, value, logExp),, s, con-
forms with WSML Core, Flight, and Rule if for every logical expression in
logExp holds that it does not contain the symbols -, D, and =.!

A WSML nonfunctional property (name, value,logExp), s, conforms with
WSML DL if for every logical expression in logExp holds that it contains one

free variable and its variable graph is tree- shaped.?
Any nonfunctional property conforms with WSML Full.

1.5 WSML Description

A WSML description is a 5-tuple (varID, O, G, WS, M) gescription, Where

Hn fact, every such logical expression is a (FOL) query.
2In fact, every such logical expression is a tree-shaped query.


http://www.wsmo.org/wsml/wsml-syntax/wsml-full
http://www.wsmo.org/wsml/wsml-syntax/wsml-dl
http://www.wsmo.org/wsml/wsml-syntax/wsml-rule
http://www.wsmo.org/wsml/wsml-syntax/wsml-flight
http://www.wsmo.org/wsml/wsml-syntax/wsml-core
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e varlD is a WSML variant identifier,

O is a set of Ontologies,

G is a set of WSML goals,
e WS is a set of WSML Web services, and
e M is a set of WSML mediators.

Ontologies are either RDF Schema, OWL DL or Full, or WSML ontologies.
The latter are defined in Section 1.6. The abstract syntax of RDF Schema and
OWL Full ontologies is that of RDF [16]. The abstract syntax of OWL DL is
defined in [18]. Extensions may allow other kinds of ontologies, e.g. OWL 1.1
(http://www.webont.org/owl/1.1/) or the upcoming RIF standard (http:
//www .w3.0rg/2005/rules/).

Conformance A WSML description (varID, O, G, WS, M) gescription 1S con-
forming if its vocabulary conforms with the variant denoted by varID, O, G,
WS and M conform with the variant denoted by varID, and the variant of every
imported ontology and the description is lower than or equal to variant.

A set of ontologies O conforms with a variant variant if for every ontology
in 0 € O holds that

e if O is a WSML ontology, then the attribute definitions and logical ex-
pressions in O conform with the variant denoted by varID, and O does

not contain any relations or relation instances if variant is WSML-Core
or WSML-DL,

e if O is an RDF graph, then variant is not WSML-Core or WSML-DL,

e if O is an OWL DL ontology, then variant is WSML-DL or WSML-Full,
and

e if O is an OWL Full ontology, then variant is WSML-Full,
and the vocabularies of the ontologies in O corresponds as follows:

e all OWL DL ontologies in O share the same vocabulary V and the fol-
lowing correspondences hold between anyld and V if variant is WSML
DL:

— the sets of ontology identifiers and anyld and V correspond,

— the set of datatype wrapper identifiers in anyld corresponds with
the set of datatype identifiers in V',

— the set of annotation property identifiers in anyId which are IRIs
corresponds with the sets of ontology and annotation property iden-
tifiers in V,

— the set of concept identifiers in anyld which are IRIs corresponds
with the union of the sets of class and datatype identifiers in V,

— the set of attribute identifiers in anyId which are IRIs corresponds
with the union of the sets of data valued and individual valued prop-
erty identifiers in V', and


http://www.webont.org/owl/1.1/
http://www.w3.org/2005/rules/
http://www.w3.org/2005/rules/
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— the set of instance identifiers in anyId which are IRIs corresponds
with the set of individual identifiers in V.

A set of goals G, Web services WS, or mediators M conforms with the
variant variant if

every nonfunctional property in G, WS, and M conforms with variant,
and

every choreography in G, WS, and M conforms with variant.

Extensions may pose additional restrictions on the shape of logical expres-
sions in G and WS. TODO: conformance for choreographies, especially
conditions on the logical expressions in transition rules

1.6 WSML Ontology

A WSML ontology is a 9-tuple (name, ann, ontID, medID, concept,
relation, instance, rellnstance, axiom) o109y, Where

name is an ontology identifier or the symbol nil,

ann is a set of WSML annotations,

ontID is a set of ontology identifiers (imported ontologies),
medID is a set of ooMediator identifiers,

concept is a set of WSML concepts,

relation is a set of WSML relations,

instance is a set of WSML instances,

rellnstance is a set of WSML relation instances, and

axiom is a set of WSML axioms.

1.7 WSML Concept

A WSML concept is a 4-tuple (name, ann, conceptID, attribute) oncept,
where

name is a concept identifier or the symbol nil,
ann is a set of WSML annotations,
conceptID is a set of (super-)concept identifiers, and

attribute is a set of WSML attribute definitions.
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1.8 WSML Attribute Definition

1.9

A WSML attribute definition is a 7-tuple (name, ann, defType, feature,
minCard, maxCard, rangelID),,, where

e name is an attribute identifier or the symbol nil,

e ann is a set of WSML annotations,

e defType is either implies Type or of Type,

e feature is a set of WSML attribute features, where a WSML attribute
feature is one of the following:

transitive,

reflexive,

symmetric,

subAttribute attID, where attID is an attribute identifier, or

inverse attID, where attID is an attribute identifier.

e minCard is a nonnegative integer,

e maxCard is a nonnegative integer or the symbol nil,

e rangelD is a set of concept identifiers.

Any WSML attribute definition conforms with WSML-Full, WSML-Rule,
and WSML-Flight. If for a WSML attribute definition attDef = (name,
ann, defType, feature, minCard, maxCard, rangelD) holds that defType =
impliesType, feature = (), minCard = 0, and maxCard = nil, then attDef
conforms with WSML-DL and WSML-Core.

WSML Relation

A WSML relation is a 4-tuple (name, ann, relationID, parameter)jation,

where

e name is a relation identifier or the symbol nil,

e ann is a set of WSML annotations,

relationID is a set of (super-)relation identifiers, and

e parameter is a vector of WSML parameter definitions.
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WSML Parameter Definition

A WSML parameter definition is a 3-tuple (ann, defType, domainID),q, where

e ann is a set of WSML annotations,
e defType is either impliesType or of Type, and

e domainlD is a concept identifier.

WSML Instance

A WSML instance is a 4-tuple (name, ann, conceptID, att Val), stance, where
e name is an instance identifier or the symbol nil,

e ann is a set of WSML annotations,

e conceptlID is a set of concept identifiers, and

e attVal is a set of WSML attribute value pairs, where a WSML attribute
value pair is a 3-tuple (name, ann, valueID),,,, where

— name is an attribute identifier or the symbol nil,
— ann is a set of WSML annotations, and

— valuelD is a set of instance and data value identifiers.

WSML Relation Instance

A WSML relation instance is a 4-tuple (name, ann, relationlD, parVal),;,

where

e name is a relation instance identifier or the symbol nil,

e ann is a set of WSML annotations,

relationID is a relation identifier, and

parVal is a vector of WSML parameter values, where a WSML parameter
value is a 2-tuple (ann, valueID),,, where

— ann is a set of WSML annotations, and

— valuelD is an instance and data value identifier.

10
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WSML Axiom

A WSML aziom is a 3-tuple (name, ann, logEXp) 4ziom, Where

e name is an axiom identifier or the symbol nil,
e ann is a set of WSML annotations, and

e logExp is a set of WSML logical expressions.

WSML Web Service

A WSML Web service is a 7-tuple (name, ann, ontID, medID, nfp, capability,

interface),,s, where

e name is a Web service identifier or the symbol nil,

e ann is a set of WSML annotations,

e ontID is a set of ontology identifiers,

e medID is a set of ooMediator and wwMediator identifiers,
e nfp is a set of WSML nonfunctional properties,

e capability is a WSML capability or a concept identifier,

e interface is a set of WSML interfaces, and

the sets of ontology identifiers in capability and every interface in interface
are supersets of ontID.

The latter restriction ensures that all ontologies imported in a Web service
are also imported in the contained capability and interfaces.

In case capability is a concept identifier, it is assumed to identify a concept
in a task ontology, which is imported by the Web service.

WSML Goal

A WSML goal is a T-tuple (name, ann, ontID, medID, nfp, capability,
interface) .4, where

e name is an goal identifier or the symbol nil,

e ann is a set of WSML annotations,

e ontID is a set of ontology identifiers,

e medID is a set of ooMediator and ggMediator identifiers,

e nfp is a set of WSML nonfunctional properties,

11
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capability is a WSML capability or a concept identifier,

interface is a set of WSML interfaces, and

the sets of ontology identifiers in capability and every interface in interface are
supersets of ontID.

1.16 WSML Capability

A WSML capability is a 10-tuple (name, ann, ontID, medID, nfp, shared Var,
pre, post, ass, eff ) qpabitity, Where

name is a capability identifier or the symbol nil,

ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

medID is a set of ooMediator and wgMediator identifiers,
nfp is a set of WSML nonfunctional properties,

sharedVar is a set of WSML variables, i.e. alphanumeric strings preceded
with a question mark ‘7’

pre is a set of WSML axioms,
post is a set of WSML axioms,
ass is a set of WSML axioms, and

eff is a set of WSML azioms.

1.17 WSML Interface

A WSML interface is a T-tuple (name, ann, ontID, medID, nfp, chor,
orchID);,ier face, Where

name is an interface identifier or the symbol nil,
ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

medID is a set of ooMediator identifiers,

nfp is a set of WSML nonfunctional properties,
chor is a set of WSML choreographies,

orchID is a set of orchestration identifiers, and

the set of ontology identifiers in every chor in chor is a superset of ontID.
Extensions may allow other kinds of choreographies, e.g. based on UML state
charts.

12
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1.18 WSML Choreography

A WSML choreography is a 6-tuple (name, ann, ontID, medID, signature,
rule) o, where

e name is a choreography identifier or the symbol nil,

e ann is a set of WSML annotations,

e ontID is a set of ontology identifiers,

e medID is a set of ooMediator identifiers,

e signature is a WSML state signature,

e rule is a set of WSML transition rules, and
the set of ontology identifiers in signature is a superset of ontID.
Conformance A WSML choreography (name, ann, ontID, medID, signature,
rule) o conforms with WSML Core (resp., Flight or Rule) if for every logical
expression in every rule in rule holds that it does not contain the symbols —,
D, and =2

A WSML choreography (name, ann, ontID, medID, signature, rule) .o,
conforms with WSML DL if for every logical expression in every rule in rule

holds that it contains one free variable and its variable graph is tree-shaped.*
Any WSML choreography conforms with WSML Full.

1.19 WSML State Signature

A WSML state signature is a 5-tuple (name, ann, ontID, medID, mode) s,
where

e name is a state signature identifier or the symbol nil,
e ann is a set of WSML annotations,

e ontID is a set of ontology identifiers,

e medID is a set of ooMediator identifiers, and

e mode is a set of modes, where a mode is either a concept mode of the form
(type, conceptID, groundingID),,, or relation mode of the form (type,
relationID, groundingID),.,, where

— type is one of the symbols static, in, out, shared, and controlled,

— conceptID (resp., relationID) is a concept (resp., relation) identifier,
and

— groundinglID is a set of grounding identifiers.

3In fact, every such logical expression is a (FOL) query.
4In fact, every such logical expression is a tree-shaped query.
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WSML Transition Rule

A WSML transition rule is

an if rule (logExp,rule),y,

a forall rule (varID,logExp, rule)forai,
a choose rule (varID,logExp, rule) poose,
a piped rule (rule),iped,

an add rule {fact),qq, or

a delete rule {fact)geicte,

where

logExp is a WSML logical expression such that the set of free variables in
logExp corresponds with varID,

rule is a nonempty set of WSML transition rules,
varID is a set of variable identifiers, and

fact is a WSML fact (i.e. ground atomic formula).

WSML Mediators

A WSML ooMediator is a T-tuple (name, ann, ontID, nfp, sourcelD,
targetID, serviceID),,,,, where

A WSML ggMediator is an 8-tuple (name, ann, ontID, medID, nfp, sourcelD,

name is an ooMediator identifier or the symbol nil,

ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

nfp is a set of WSML nonfunctional properties,
sourcelD is a set of ontology and ooMediator identifiers,

targetID is a set of ontology, goal, Web service, and mediator identifiers,
and

servicelD is a set of goal, Web service, and wwMediator identifiers.

targetID, servicelD),,,, where

name is a ggMediator identifier or the symbol nil,
ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

14
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medID is a set of ooMediator identifiers,

nfp is a set of WSML nonfunctional properties,
sourcelD is a set of goal and ggMediator identifiers,
targetID is a set of goal and ggMediator identifiers, and

servicelD is a set of goal, Web service, and wwMediator identifiers.

A WSML wgMediator is an 8-tuple (name, ann, ontID, medID, nfp,
sourcelD, targetID, servicelD),,4,,, where

name is a ggMediator identifier or the symbol nil,
ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

medID is a set of ooMediator identifiers,

nfp is a set of WSML nonfunctional properties,

sourcelD is a set of goal, Web service, ggMediator and wgMediator iden-
tifiers,

targetID is a set of goal, Web service, ggMediator and wgMediator iden-
tifiers, and

servicelD is a set of goal, Web service, and wwMediator identifiers.

A WSML wwMediator is an 8-tuple (name, ann, ontID, medID, nfp,
sourcelD, targetID, servicelD),,,, where

name is a ggMediator identifier or the symbol nil,

ann is a set of WSML annotations,

ontID is a set of ontology identifiers,

medID is a set of ooMediator identifiers,

nfp is a set of WSML nonfunctional properties,

sourcelD is a set Web service and wwMediator identifiers,
targetID is a set of Web service and wwMediator identifiers, and

servicelD is a set of goal, Web service, and wwMediator identifiers.

15
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1.22 WSML Logical Expressions

A WSML logical expression is a WSML sentence, as defined in the following,.
A WSML logical expression ¢ conforms with WSML-Full, WSML-DL, WSML-
Rule, WSML-Flight, or WSML-Core, respectively, if ¢ is a WSML-Full, WSML-
DL, WSML-Rule, WSML-Flight, or WSML-Core sentence, respectively.

Concrete terms are constructed using datatype wrappers and variable symbols:
every variable symbol is a concrete term; if u € IRI is a datatype wrapper
identifier and t1,...,t, are concrete terms, with 1 < n, then u(t,...,¢,) is a
concrete term.
Abstract terms are constructed using identifiers and variable symbols in the
following way: any identifier in anyId and any variable symbol is an abstract
term; if u is a function identifier and tq,...,t, are terms, with 1 < n, then
u(ty,...,t,) is an abstract term.
Abstract atomic formulas (atoms) are T, L or are constructed from terms and
relation identifiers in the following way: any relation identifier p is an abstract
atomic formula and if ¢q,...,¢, are terms, with 1 < n, then p(¢1,...,t,) is an
abstract atomic formula. Concrete atomic formulas (atoms) are constructed
from concrete terms and built-in predicate identifiers: any built-in predicate
identifier p is a concrete atomic formula and if ¢q,...,t, are concrete terms,
with 1 < n, then p(t1,...,t,) is a concrete atomic formula. Atoms are either
abstract or concrete atoms.
Molecules are defined as follows: if tq,ts,t3 are terms, then ty:to, t;::to and
ti[taxts], with x € {ot,it, hv}, are molecules. The symbol ot stands for
the WSML construct ofType; a statement ¢ [t2 otts] requires all values for the
attribute to to be known to be of a member of the type t3; it stands for the
WSML construct implies Type; a statement t1[to itts] implies that all values for
the attribute t5 are a member of the class t3; hv stands for the WSML construct
hasValue; a molecule t; [t hvits] says that the individual ¢; has an attribute to
with value t3.

WSML formulas are inductively defined as follows, with ¢,¢ € L:
— atoms and molecules are formulas;
— ~ ¢, with ~€ {—,not }, is a formula;
— ¢ %, with x € {A,V, D, =}, is a formula; and
- Q x(), with Q € {V4,34,Ve, 3} and z € V, is a formula.
Additionally, no variable quantified using an abstract quantifier (V,,3,) may be
used in a concrete atom. WSML sentences are WSML formulas with no free
variables.

WSML-Full Any WSML sentence is a WSML-Full sentence. A WSML-Full
theory is a set of WSML-Full sentences.

WSML-Rule WSML-Rule formulas are of the form
(V)b A...AbpAnot ci A... Anot ¢ D h (1.1)

where by,...,b;,c1,...,cn are atoms or molecules, with [, m nonnegative inte-
gers, and h an abstract equality-free atom or molecule; if A = L, then we call
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the rule an integrity constraint. Additionally, each quantifier is either abstract
(Vo) or concrete (V.). A WSML-Rule theory is a set of WSML-Rule sentences.

Concrete atoms in WSML-Rule correspond to the common built-in atoms
in Logic Programming.

WSML-Flight A WSML-Flight theory is a WSML-Rule theory for which holds
that, for every formula of the form (1.1), every variable occurs in a positive
abstract body atom b;, no function symbol in (1.1) is used with an arity higher
than 0, and the theory is locally stratified.>®

WSML-DL Given an FOL formula ¢, §’(¢) is obtained from ¢ by replacing
atoms of the forms A(t1), R(t1,t2), with t1, to terms, with molecules of the forms
tl : A, tl [R hvtg}.

Given a SHZQ(D) language with signature ¥ = (C, D, R4, Re, Fa, Fe) such
that C is the set of concept identifiers, D is the set of built-in predicates iden-
tifiers, R, U R. is the set of attributes identifiers, F, is the set of instance
identifiers, and F. corresponds to the set of data values. A WSML-DL formula
is a WSML formula of the form

e '(¢), where ¢ is the FOL equivalent of a SHZQ(D) axiom (see Appendix
A),

e a:b, with a,beC,
e a[sith], with s € R, and a,b € C,
e afuitd], with u € R., a € C and d € D, or

e a[phvd], with a € Id and p an annotation property identifier.
A WSML-DL theory is a set of WSML-DL sentences.

WSML-Core A WSML-DL formula which is also a Flight formula is a WSML-
Core formula. WSML-Core theory is a set of WSML-Core sentences.

5Each atom or molecule in gr(®) is assigned a stratum, which is an integer. We say that
gr(®) is stratified if there is an assignment of atoms and molecules to strata such that: if an
atom or molecule p occurs positively in a rule with an atom or molecule g as its head, then p
has the same or a lower stratum, and if p occurs negatively in a rule with ¢ as its head, then
p has a lower stratum than ¢. If gr(®) is stratified, then ® is locally stratified.

6These conditions correspond to the usual safety condition which must hold for Datalog
programs, and the usual local stratification for logic programs.

17

+



D16.3 — WSML ABSTRACT SYNTAX AND SEMANTICS

uri € IRI is a IRI and wri’ is obtained

. _ " -
tr(uri) = uri from wri by replacing every " with \"
tr(at) = ai ai is an anonymous identifier
tr(v) = w v is a variable symbol
tr(int) = int int is an integer or decimal
w str is a string and str’is obtained from
tr(str) = "str ; v "
str by replacing every " with \
_tr(dw)(tr(dvi), dw(dvi,...,dvs) is a
tr{dw(dvy, ... dvn)) - = o tr(doy)) constructed data value

tr(nal)

the symbol nil is discarded

Table 2.1: Mapping identifiers to the surface syntax

2  Mapping to the Surface Syntax

This chapter shows the mapping from the abstract syntax to the surface
syntax, which is used in the reference document.

Throughout this chapter we define the mapping function ¢r which takes as
argument a WSML description in the abstract syntax, and returns the equivalent

in the surface syntax.

2.1 ldentifiers

Table 2.1 defines the mapping for identifiers.
Additionally, the following shortcut syntar may be used in the surface syn-

tax:

e The shortcuts for datatype wrappers corresponding to the XML schema
datatype identifiers defined in Table C.1 of deliverable 16.1 may be used.

e IRIs may be abbreviated using sQNames, using the namespace mechanism
defined in Section 2.1 of deliverable 16.1.

2.2 Conceptual Syntax

Tables 2.2, 2.3, 2.4, and 2.5 define the mapping for the conceptual syntax.
Additionally, the following shortcut syntar may be used in the surface syn-

tax:

e A set of WSML annotations of the form {(name, valuei)ann, ..., (name,

value,, ) ann } may be written as tr(name) hasValue { ¢tr(valuey), ..., tr(value,)}.

e In the translation of WSML descriptions, if varID denotes the variant
WSML Full, then the identification of the variant variant ¢r(varlD) may

be omitted.

18
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tr((names, valuei),..., _ annotations tr(name;) hasValue tr(valuer). ..
(namey, valuen)ann)  tr(name,) hasValue tr(value,) endAnnotations
tr((name, value, )) = nonFunctionalProperty ¢r(name) hasValue tr(value)
nonFunctionalProperty tr(name) hasValue tr(value)
definedBy
tr({name, value, {logExp, . ..,logExp, })) = tr(logExp,;) .
tr(logExp,,) .
trio({ontIDy,...,ontID,}) = importsOntology {tr(ontID,), ..., ¢tr(ontID,)}

sets of ontology identifiers (imported ontologies)
trum({medIDq,...,medID,}) = usesMediator {tr(medID;), ..., tr(medID,)}
sets of mediator identifiers (used mediators)
tr({(varID,{O1,...,0n},
{G1,...,Gmn}, _ variant tr(varID) ¢r(O1)...tr(On) tr(G1)...tr(Gm)
= {WSl, - ,WS[}, - tT(WS1) . t?"(WSl) tr(M1) . t?"(Mk)
- {M17 ey Mk}>description)
tr({name, ann, ontID, medID,
{concept,, ..., concept,, }, ontology tr(name) tr(ann) tri,(ontID) try., (medID)

{relationi, ..., relation,, }, _ tr(concept,)...tr(concept,) tr(relation;)...tr(relationy,)
{instances,...,instance;}, = tr(instance:)...¢r(instance;) ¢r(rellnstance;) ... tr(rellnstancey)
{rellnstances, .. ., rellnstancey }, axiom tr(axiomy) ... axiom tr(axiom,)
{axiomy, ..., axiom, })ontotogy)
tr({(name, ann, concept ¢r(name) subConceptOf{
{conceptIDy,...,conceptID, }, = tr(conceptlD,), ..., tr(conceptlD,,)} ¢tr(ann)

{attributer, .. ., attribute,m, })concept) tr(attributer) . . . tr(attribute,, )
tr((name, ann, defType,
{features, ..., feature,}, _ tr(name) tr(featurer)...t¢r(feature,) tr(defType)
minCard, maxCard, =~ (minCard maxCard’) {¢r(rangelD,), ..., tr(rangelD,,)} tr(ann)
{rangelDy, ..., rangelD,,})ad)
maxCard’ = maxCard if maxCard is a nonnegative integer; maxCard = *, otherwise

Table 2.2: Mapping conceptual syntax to the surface syntax (I)
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tr(impliesType) = impliesType
tr(ofType) = ofType
tr(transitive) = transitive
tr(reflexive) = reflexive
tr(symmetric) = symmetric
tr(inverse attID) = inverseOf(tr(attID))
tr(subAttribute attID) = subAttributeOf(tr(attlD))
{relationID; ,“ti«(e(gi?;fﬁa]):r}f’ _ relation Ltr(name)(tr(parameterl), ..., tr(parameter,,))
(parameter,. ..., par;me;erm>>'relation)7 subRelationOf {tr(relationID;), ..., tr(relationlD,)} ¢r(ann)

tr({ann, defType, domainID),q)

tr(defType) tr(domainID) ¢r(ann)

tr((name, ann,

instance tr(name) memberOf {tr(conceptID,), ...,

{conceptIDy, ..., conceptlD, }, =
{attValy, ..., attValy Pinstance) tr(conceptID,,)} tr(ann) tr(attVal;) ... tr(attVal,,)
tr({(name,ann,
{valueIDy, . . ., valueID, Pava) — tr(name) hasValue {tr(valuelD;), ..., tr(valuelD,)} ¢r(ann)
tr(((name, ann, relationID, _relationInstance ¢r(name) tr(relationlD)
(parVal,,...,parVal,)),) ~ (tr(parValy),..., tr(parVal,)) tr(ann)

tr({ann, valuelD),,)

tr(valuelD) tr(ann)

tr((name, ann,

@>aziom)

tr(name) tr(ann)

tr((name, ann,

{logExp;, . ..,logExp,, }aziom)

tr(name) tr(ann)
definedBy
tr(logExp,) .

tr(logExp,,) -

tr((name, ann, ontID,
medID, nfp, capability,
{interface1, ..., interfacen })ws)

webService tr(name) tr(ann) tr(nfp) tri,(ontID) trym, (medID)
tr(capability) tr(interface;) ... tr(interfacey)

tr({name, ann, ontID,
medID, nfp, capability,
{interfaces, ..., interface, })goat)

goal tr(name) tr(ann) tr(nfp) tri,(ontID) try,(medID)
tr(capability) tr(interface) ... tr(interfacey,)

Table 2.3: Mapping conceptual syntax to the surface syntax (II)
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tr({name, ann, ontID,

capability tr(name) tr(ann) tr(nfp) tr;,(ontID) tr,m,(medID)
sharedVariables {tr(sharedVari), ... tr(sharedVar,)}

{sharedVari, . . 7:;1(;?61;)\/’;:? _ preConditigr? tr(pre;)... preCondition_t_r(prem)
{prey,...,pre,. }, {post,,. . ., post,}. postConfjltlon tr(posty) ... post.Condltlon tr(post,;)
{ass asse . {eff off,}) vity) assumption ¢r(assy) ... assumption tr(assg)
Lo SRR AR - B capability effect ¢r(eff1) ... effect tr(eff,)
tr({name, ann, ontID, interface ¢tr(name) ¢r(ann) tr(nfp) tri,(ontID) try., (medID)
medID, nfp,
= tr(chori)...t¢r(chory)
{chory, .. -, chorn}, orchestration tr(orchy) ... orchestration ¢r(orchy,)
{orchIDy, ..., orchIDy Ninter face) Yo "
tr((name, ann, ontID, choreography tr(name) tr(ann) tr(nfp) tr;,(ontID)
medID, signature, = trym(medID) ¢r(signature)
{rulei,...,rules})chor) transitionRules ¢r(ruley) . .. tr(ruley)
tr((name, ann,ontID,  stateSignature ¢r(name)tr(ann) tr(nfp) tri,(ontID)
medID, {modey,...,mode,})ss)  trum(medID) tr(mode;)...tr(mode,)
tr(({type, conceptlD, _ type concept tr(conceptID) withGrounding
{groundinglIDy, ..., groundingID, })cm) = {tr(groundingID,),... tr(groundinglD,,)}
tr((type, relationID, _ type relation tr(relationID) withGrounding
{groundingIDy, ..., groundinglD,, })rm) ~ {tr(groundinglD,),... tr(groundinglD,,)}
tr((logExp, {ruley,...,rule, });y) = if tr(logExp) then ¢r(ruley)...t¢r(rule,) endlf
tr({{varIDy,...,varlD,},logExp,  forall tr(varIDy),... tr(varlD,) with tr(logExp) do
{rulei,...,rulem}) forau) ~ tr(ruler)...t¢r(rule,,) endForall
tr({({varID1,...,varlD,},logExp, _ choose tr(varID1),... tr(varID,) with tr(logExp) do
{rules,...,rulem})choose)  tr(ruler)...tr(rule,,) endChoose
tr(({rulei,...,rulem, })piped) = tr(rulei)|...|tr(rule,,)
tr({fact)qqqa) = add(tr(fact))
tr({fact)deiete) = delete(tr(fact))

Table 2.4: Mapping conceptual syntax to the surface syntax (III)

tr({(name, ann, ontID,

ooMediator tr(name) tr(ann) tr(nfp) tr;.(ontID)

nfp, {sourcelDy, ...,sourcelD,},  ¢rym(medID) source {tr(sourcelDy), ..., tr(sourcelDy)}
{targetID,, ..., targetID,,}, ~ target {tr(targetID,),... tr(targetID, )}
{servicelDy, ..., servicelD;})oom) usesService {tr(servicelDy), ... tr(servicelDy)}
tr((name, ann, ontID, ggMediator tr(name) tr(ann) tr(nfp) ¢ri,(ontID)
nfp, {sourcelDy, ... ,sourcelDnp},  ¢rum(medID) source {tr(sourcelDy), ..., tr(sourcelDy)}
{targetID,, ..., targetID,,}, = target {tr(targetID,),... tr(targetID, )}
{servicelDy, ..., serviceID; }) ggm ) usesService {¢r(servicelDy), ... tr(servicelDy,)}

tr({(name, ann, ontID,

nfp, {sourcelDy, ...,sourcelD, },
{targetID,, ..., targetID, },
{servicelDy, ..., serviceID; })wgm )

ggMediator tr(name) tr(ann) tr(nfp) tri,(ontID)

trum (medID) source {tr(sourcelDy), ... tr(sourcelD, )}
target {tr(targetID,), ... tr(targetID, )}

usesService {¢r(servicelD1), ... tr(servicelD,)}

tr({(name, ann, ontID,

nfp, {sourcelDy, ...,sourcelD, },
{targetID,,...,targetID,,}, ~
{servicelDy, ..., servicelD; })wwm)

wwMediator ¢tr(name) ¢r(ann) tr(nfp) tri,(ontID)
trum (medID) source {tr(sourcelD1), ... tr(sourcelD, )}
target {tr(targetID,), ... tr(targetID, )}

usesService {tr(servicelDy), ... tr(servicelDy)}

Table 2.5: Mapping conceptual syntax to the surface syntax (IV)
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If the set of WSML annotations is empty, the keywords annotation and
endAnnotation (resp., nonFunctionalProperties and endNonFunctionalProperties)
may be omitted.

The keyword nfp may be used as shortcut for nonFunctionalProperty.

Singleton sets of identifiers of the form {id}, where id is an identifier, may
be written as id.

Empty ontology import, mediator usage, super concept, super relation,
shared variable, grounding, mediator source, mediator target, mediator
service usage statements of the forms importsOntology {}, usesMediator
{}, subConceptOf {}, subRelationOf {}, sharedVariables {}, withGrounding
{}, source {}, target {}, usesMediator {} may be omitted.

Cardinality statements of the form (0 *) may be omitted.

Cardinality statements of the form (i *), with i a nonnegative integer, may
be written as (i).

A concept mode concept uri, with uri a IRI or sQName, may be written
as uri.

A set of modes with the same type can be aggregated into one mode, e.g.
in mode; ...in mode,, can be abbreviated to in modey, ...,mode,,.

Sets of add or delete rules with molecules about the same identifier can
be aggregated into one rule.

If a Web service description does not have an identifier and does not
have any annotations, imported ontologies, used mediators, nonfunctional
properties, or interfaces (i.e. it only has a capability), then the keyword
webService may be discarded. This corresponds to the case of a standalone
capability. Note that such a capability must be written in a separate file
in order to avoid ambiguities in the syntax.

If a Web service description does not have an identifier, does not have
any annotations, imported ontologies, used mediators, or nonfunctional
properties, its capability does not have a identifier and is further empty,
and it has exactly one interface, then the keyword webService may be
discarded. This corresponds to the case of a standalone interface. Note
that such an interface must be written in a separate file in order to avoid
ambiguities in the syntax.

If a state signature does not have the name and is otherwise empty, it may
be discarded, i.e. the keyword stateSignature may be omitted.

Imported ontologies in capabilities, interfaces, choreographies, and sig-
natures may be discarded if they are imported in the containing Web
services/goals, interfaces, or choreographies, respectively.
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’ Abstract Syntax

Surface Syntax

tr(p(te, ... tn)) p(t1, ... tn)
tr(T) true
tr(Ll) false
t’f‘(tl = tg) tl = tQ
tr(ty :t2) t; memberOf ¢,
tr(ty ::ta) t1 subConceptOf ¢,

tr(tl [tg hv tg])

t1[t2 hasValue t3]

t’l"(tl [tQ ot tg})

t1[ta of Type t3)

tT(tl [tg it tg])

t1[te impliesType t3]

withl+m >1

tr(=0) neg tr(¢)
tr(not ¢) naf tr(¢)
”Ziiéi(ﬁwﬁl A '/\”n/;tblc/\ = I- tr(b1) and ... and tr(b)
LA m ’ and naf tr(c;) and... and naf tr(c,,)

trrule(<v)b1 VANRAWAN bl/\
not c1 A\ ... Anot ¢y, D h),

tr(h) == tr(by) and ... and tr(b;)
and naf tr(c;) and ... and naf tr(c,,)

with h # L
TICIXD) () and (7)
3V V) tr(6) or (1)
tr(¢ D ) tr(¢) implies tr(1)
tr(¢ =) tr(¢) equivalent tr(v)
tr(Ve(e)) forall ?x(tr(¢))
tr(3z(¢)) exists 7x(tr(¢))

Table 2.6: Mapping logical expressions to the surface syntax

2.3 Logical Expression Syntax

Table 2.6 shows the mapping of logical expressions to the surface syntax.

In the table, tq,...
bl,...,bl,cl,..

t, are terms is a predicate symbol, x is a variable
3 ) ) )
., Cm, h are atoms or molecules, and ¢, ¢ are formulas. The trans-

lation function ¢r,,;. may only (and must) be used if the Flight, Rule, or Full

variant of WSML is considered.

The following shortcut syntax may be used in the surface syntax:

e A formula ¢ implies ¥ may be written as ¢ impliedBy ¢.

e Complex formulas in both the bodies and the heads of the rules of WSML-
Flight and WSML-Rule ontologies. These can be eliminated through the
usual Lloyd-Topor transformations described in the specification.

e Conjunctions of attributes molecules of the same type about the same
term and the same attribute t[s x ri] and ...and t[s x r,] may be com-

bined: t[s x {r1, ...

, tn}], where x is either hasValue, impliesType or of Type.

e Conjunctions of attributes molecules about the same term t[s; x; r1] and
. and t[s, x, r,] may be combined to create a compound attribute

molecule: t[s; x1 rq, ..
or of Type.

., Sp Xp fn], wherexy, ..

., Xn, are hasValue, impliesType

23
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The conjunction of a sub-concept or membership molecule and an at-
tribute molecule about the same term t[s; x; r1, ..., S, X, ry] and ty u
may be combined to create a compound molecule: t[s; xq r1, ..., Sp Xn n] ¥y U,
where y is either memberOf or subConceptOf.

A rule with an empty body A :- . may be written as A .

Multiple rules with the same body a; :- B . ...a, :- B . may be written as
oneruleaj; and ...anda,, :- B.

A rule of the form A :- B and a. may be written as a implies A :- B.

Two rules of the forms Ay implies Ay :- B. Ay implies Ay :- B. may be writ-
ten as one rule A; equivalent Ay :- B.

If the considered variant is Flight, Rule, or Full, then the following shortcut
syntax may additionally be used:

Two rules of the forms A :- B; and B’ and B3 . A :- By and B” and B3 .
may be written as one rule A :- By and (B’ or B") and B3 .

Two rules of the forms A :- B; and naf B’ and B3 . A :- B; and naf B"” and Bs .

may be written as one rule A :- By and naf (B’ and B”) and Bj .

A rule of the form A :- By and naf B' and naf B" and B3 . may be written
as A :- By and naf (B’ or B") and B3 .

A rule of the form A :- B; and B' and B3 . may be written as A :- By and
naf naf B" and B3 .

If the considered variant is Rule or Full, then the following shortcut syntax
may additionally be used:

Two rules of the forms A :- B; and naf B' and B3 . A :- B; and B"” and B3 .
may be written as one rule A :- By and (B’ implies B") and Bj .

Two rules of the forms A :- B; and naf B’ and B3 . A :- B; and B” and B3 .
may be written as one rule A :- By and (B’ impliedBy B") and Bj .

Two rules of the forms A :- B; and (B’ implies B") and Bs . A :- By and
(B" impliedBy B") and B3 . may be written as one rule A :- B; and (B’
equivalent B") and Bj .

A rule of the form A :- By and B’ and B3 . may be written as rule A :- By
and exists ?x1,...,?x, (B") and Bj .

A rule of the form A :- By and naf B’ and B” and B3 . may be written as
A :- B; and naf B” implies B' and Bj .

Two rules of the forms A :- By and naf p(?xy,...,7x,) and B3 . p(?y1,--.,%yx)
- exists ?X1,..., 7, (B') . such that p does not occur anywhere else in the
ontology or any of the imported ontologies and ?yy,...,7y, are the free
variables in exists ?x1,...,7x;, (B'), may be written as one rule A :- B,
and naf exists ?x1,...,?,, (B') and B3 .

A rule of the form A :- By and naf exists ?x1,...,?x,, (naf B') and B3 . may
be written as A :- By and forall ?xq,...,7%, (B’) and Bs .

24
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WSML Semantics

In this chapter we define the semantics of ontologies, nonfunctional proper-
ties, and choreographies.

e The semantics of WSML ontologies is defined using a model theory. This
model theory is combined with the model theories of RDF and OWL DL
to obtain an overall model theory for sets of ontologies, which may include
WSML, RDFS, and OWL DL ontologies. Notions of satisfiability and en-
tailment are defined for each of the WSML variants. These notions are
used for defining the semantics of nonfunctional properties and choreogra-
phies. Thereby, the definition of their semantics are independent from the
specific variant which has been chosen.

e The semantics of nonfunctional properties is defined in terms of values
which satisfy certain conditions. In effect, a nonfunctional property is
seen as a query over a set of ontologies and data sources. The definition of
the nonfunctional property semantics is orthogonal to that of the ontology
semantics; it depends on an entailment relation.

e The semantics of choreographies is defined in terms of interface runs, which
are possible interactions between service requesters and providers. As
is the case for the nonfunctional property semantics, the semantics for
choreographies is parametric with respect to the entailment relation given
by the ontology semantics.

The layering of the WSML language variants is discussed in Appendix B.

Ontology Semantics

In this section we define the semantics of WSML ontologies. This semantics
is combined with the RDFS and OWL DL semantics in the following section.

The semantics of WSML ontologies is based on a model theory, similar to the
standard model theory used for classical first-order predicate logic (see, e.g., [9]),
extended with certain features inspired by the model theory of F-Logic [15].

Recall that different WSML variants are based on different knowledge rep-
resentation paradigms. It turns out that, because of the differences between the
paradigms, it is not known how to use the same model theory for all variants.
However, there is a basic notion of a WSML interpretation and there is a basic
notion of a model. Different variants extend these definitions in different ways.
WSML-DL imposes certain additional restrictions on interpretations, such as a
separation of the interpretation of concept, instance, and attribute identifiers,
but uses the basic notion of a model. WSML-Core, Flight, and Rule use the
basic notion of WSML interpretation, but impose certain additional restrictions
on conditions under which an interpretation is a model; models need to be min-
imal or stable. The latter is necessary for the nonmonotonic interpretation of
the default negation symbol not .

25
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The model theory of WSML-DL has been constructed in such a way that it
is close to the usual model theory of the first-order variant [4] of the Description
Logic SHZQ(D) [14]. See Appendix A for a first-order style definition of the
SHIQ(D) semantics.

WSML-Core, Flight, and Rule share the same model theory, which has been
constructed in such a way that there is a correspondence with the Stable Model
Semantics of normal logic programs [11], i.e., logic programs with no disjunction
in the head and with negation in the body of the rules. Note that WSML-Flight
theories are locally stratified, and that for locally stratified logic programs the
Stable Model Semantics corresponds with the other prominent semantics for
logic programs with negation, such as the Well-Founded Semantics [10] and the
perfect model semantics [19]. Finally, WSML-Core theories do not contain nega-
tion; for negation-free logic programs the Stable Model Semantics corresponds
with the minimal Herbrand model semantics [17].

Even though there is a proposal for a semantics for WSML-Full [6, 5], there
is no consensus in the research community as to what is the right semantics for
combinations of the Description Logic (WSML-DL) ontologies and rules with
nonmonotonic negation (WSML-Rule). Therefore, WSML does not specify a
semantics for its Full variant. Section 3.1.5 outlines a number of conditions any
reasonable semantics for WSML-Full must fulfill.

We first describe the basic WSML model theory. We proceed with a description
of the extension to the WSML-DL model theory and the notion of entailment in
WSML-DL. We then describe the notions of minimal Herbrand model and stable
model for WSML-Core, Flight, and Rule, and define the notion of entailment
for these variants. Finally, we extend model theory to account for RDFS and
OWL DL ontologies. See Appendix B for a discussion of language layering in
WSML.

3.1.1 WSML Variant

Every RDFS ontology has the WSML variant Flight. If an OWL DL ontology
is in the DLP subset, i.e. it is equivalent to a set of equality-free Horn formulas,
it has the WSML variant Core; otherwise it has the WSML variant DL.

There is a partial order between WSML variants: Core < Flight < Rule <
Full;Core < DL < Full. If A < B, then B is a higher variant than A.

The WSML variant of a set of ontologies O is the highest among the variants
of the ontologies in O in case there is a single highest variant; otherwise, the
variant of O is WSML Full.

3.1.2 The Basic WSML Model Theory

The basic WSML model theory defines a notion of interpretation and a
notion of satisfaction, which are conditions under which a WSML interpretation
is a model of a formula, or a set of formulas.

As usual, an interpretation has an abstract domain of interpretation, which
is an abstract set of objects used for the interpretation of IRIs. Additionally,
an interpretation has a concrete domain, which is used for the interpretation of
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data values. Different interpretations may have different abstract domains and
different mappings of IRIs to this abstract domain. The concrete domains of all
interpretations under consideration must be the same, as must be the mapping
of data values to elements of this domain. This means that any data value is
mapped to the same element (value) in the concrete domain, in every interpreta-
tion under consideration. For example, an IRI ex#abc may be mapped to some
abstract object a in one interpretation and to b in some other interpretation,
but the integer 1 must be mapped to the number 1 in every interpretation.

The concrete domain to be considered is given by a concrete domain scheme,
which defines a concrete domain, a mapping of data values to elements of this
domain, and a number of built-in functions and predicates (e.g., numeric addi-
tion, string concatenation, and numeric comparison). Since the list of datatypes
that may be used with WSML is not fixed, there is not a single concrete do-
main scheme for WSML. However, WSML does impose certain requirements on
so-called WSML-compliant domain schemes, namely, the scheme must include
the XML schema datatypes string, integer, and decimal [3], the RDF datatype
XMLLiteral, and a number of built-in predicates defined for WSML (see [20,
Appendix B.2]).

We now proceed to define the notions of interpretation, satisfaction, and
concrete domain scheme.

3.1.2.1 WSML Interpretations
An interpretation is a tuple Z = (U, <y, €v, UP, Zp, Ip, Zh , Zit , Lot ), where

e U is a nonempty countable set, called the abstract domain,
e UP is a non-empty set that is disjoint from U, called the concrete domain,

e <y is an irreflexive partial order over U U UP, representing the strict
sub-concept relation,

e Cy is a binary relation over UUUP, representing the concept membership
relation,

e 7 is a mapping from constant and function identifiers to elements of U
and functions over (U U UP),

e Ip is a mapping from relation identifiers to relations over (U UUP), and

e Ty, Zit, and Zo are mappings from U U UP to binary relations over
U UUP, representing the attribute value (hasValue) and the two kinds of
attributes typing relations (impliesType and of Type): Zhy,Zi,Zot : U U
UD _, o(UuUP)x(UuwUP)

Additionally, the following two conditions ((3.1) and (3.2)) must hold on every
WSML interpretation. These conditions that WSML interpretations obey the
semantics of the sub-concept and impliesType relations. The first condition
requires that if the sub-concept relation holds between two elements, the set
of instances of the sub-concept is a subset of the set of instances of the super-
concept.
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We write a <y b when a <y b or a = b, for any two a,b € U UUP. For every
interpretation must hold that

ifaeyband b <y cthenacyc (3.1)

The second condition requires that if the impliesType typing relation holds be-
tween an attribute p and a concept d, for a concept ¢, then it must be the case
that for every instance a of ¢, whenever the attribute p has a value b, then b
must be an instance of d:

if {¢,d) € i (p), then for every a €y ¢ holds that
for every b € U UUP such that (a,b) € Ty, (p), b€y d (3.2)

From condition 3.1 follows that, if b <y ¢, then the set of instances of b is a
subset of the set of instances of ¢, i.e., {k | k €y bk € UUUP} C{k | k €y
c,k € UUUP}. We call the set {k | k €y b,k € UUUP} the class extension of
b, and denote the class extension of an element b with b.c;;. Thus,

if b <y ¢, then beey: is a subset of coept (3.3)

However, the converse of (3.3) is not always true: if beey is a subset of ceept,
then it is not necessarily the case that b <y c.

Note that a consequence is that it is not possible to derive a sub-concept
statement c::d from a formula Vz(x:c D x:d). Note that this kind of derivation
is common in Description Logics; in fact, in DLs there is no distinction between
sub-concept statements and formulas of the mentioned form; both are written as
c C d. Consequently, WSML-DL requires an additional conditions that ensures
the converse of 3.3 is be true in every interpretation; see the following subsection.

Before proceeding with the definitions of the interpretation of identifiers, we
must make a note about anonymous identifiers and the symbol nil. In the
following we assume that

e cach occurrence of the symbol nil is replaced with a globally unique new
IRI,

e cach occurrence of an unnumbered anonymous identifier _# is replaced
with a globally unique new IRI, and

e for every formula ¢ and every numbered anonymous identifier _#n occur-
ring in ¢, each occurrence of _#n is replaced with the same new globally
unique IRI.

We now proceed with the definition of the interpretation functions for identifiers,
namely Zp and Zp. Note that all identifiers (after replacement of anonymous
identifiers) are IRIs, with the exception of elementary data values.

An instance identifier is interpreted as an element of the abstract domain
U: Ir(f) = uw € U. A function identifier is interpreted as a function over the
domain U, for every arity i > 1: Zp(f)* : U* — U. An n-ary datatype wrapper
or elementary data value (elementary data values have arity 0) f is interpreted
as a function over the domain UP: Zp(f) : (UP)" — UP. A relation identifier
p is interpreted as a relation over the domain U U UP for every arity i > 0:
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Ip(p)' C (UUUP). An n-ary built-in predicate identifier p is interpreted as a
relation over the domain UP: Zp(p) C (UP)".

After defining the interpretation of constant, predicate, and function sym-
bols, we can now define the interpretation of terms. To do that, we first need
to define the notion of variable assignment. We need to distinguish between
abstract and concrete assignments.

A variable assignment B assigns each variable 2 to an individual 2? €
U UUP. A variable assignment B’ is an abstract (resp., concrete) z-variant of
BifzB eUuUP (resp., = UP) and yB' = yB for every y # z.

We are now ready to define interpretation of terms.

The interpretation of a term t in some interpretation Z with respect to some
variable assignment B, written tZ-5, is defined as: tZB = P if t € V, and
5B = Tp(f) (P, .. tZB) if t is of the form f(ty,...,t,), with n > 0.

3.1.2.2 Satisfaction

Satisfaction is a relation between interpretations and formulas. Whenever
a pair of an interpretation Z and a formula ¢ are in the satisfaction relation,
the interpretation Z satisfies the formula ¢, denoted Z = ¢. If 7 = ¢ we say
that Z is a model of ¢; in other words, ¢ is true in Z. If 7 and ¢ are not in the
satisfaction relation, i.e., Z is not a model of ¢, we write Z = ¢.

To define satisfaction of formulas with free variables, we formally define the
satisfaction relation relative to a given variable assignment B. We first define
satisfaction of atomic formulas and molecules and subsequently extend it to
arbitrary formulas.

Satisfaction of atomic formulas and molecules ¢ in an interpretation Z, given a
variable assignment B, denoted (Z, B) |= ¢, is defined as:

e (Z,B) T,
L,
= pty,... tn) iff (017, t2B) € Ip(p),

=ty ty iff 117 ey 1277,

= t1[to hvts] iff <t1 B) € In (27,
= tiftaitts] iff (177, 65°7) € T (13°7),

B)
)
)
) b= byt iff 118 <y 6205,
)
)
) b= th[ta ot ts] iff (¢ < 37) €To(ty?), and

NN R R R8N
CRCTCEC T

(Z,
(
(
o
(
(
o
o (I,B) ety =ty iff t* tg’B
This extends to arbitrary formulas as follows:
® (I,B) E ¢1 Ao iff (Z,B) |= ¢1 and (Z, B) |= ¢,
* (I,B) E¢1V e iff (Z,B) | 101 (Z,B) = ¢2,

e (I,B) = ¢1 D ¢aiff (Z,B) = ¢y or (Z,B) = e,
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* (I,B) F ¢1 = ¢2 iff (Z,B) = ¢1 D ¢2 and (7, B)  ¢2 D ¢1,

* (Z,B) F ~¢1 iff (Z, B) |~ ¢1,

e (I,B) = not ¢, iff (Z, B) £ é1,

. (I, B/) = Voz(¢) iff for every B!, which is an abstract a-variant of B,

) )}:d)la

(
(
(
(
(Z,B

(Z,B) | Jaz(¢1) iff for some B/, which is an abstract z-variant of B,
(Z, B,

(Z,
(
(
(

B ) ): ¢la

. B) = V.x(¢1) iff for every B!, which is a concrete z-variant of B,
I,B;) E ¢1,

e (Z,B) = .z (¢1) iff for some B, which is a concrete z-variant of B,
1,B)) = ¢1.

If a variable z is quantified using a concrete quantifier (V.,3.), we call z a
concrete variable; otherwise, we call = an abstract variable.

An interpretation Z satisfies a formula ¢, written Z | ¢ if (Z,B) = ¢ for
every variable assignment B.

Notice that we did not say anything about the concrete domain or the inter-
pretation of the concrete domain functions and predicates. We now proceed to
define the notion of concrete domain schemes and the notion of models relative
to concrete domain schemes.

3.1.2.3 Concrete Domain Schemes

A concrete domain scheme consists of a concrete domain, which is a set
of values (e.g., integers and strings), a set of concrete predicate symbols (e.g.,
numeric comparison such as greater-than), a set of data values identifiers (e.g.,
strings and integers), a set of datatype identifiers, a set of concrete function
symbols, and an interpretation function that maps concrete function symbols
to functions and concrete predicate symbols to relations.

We note that, generally, WSML uses concrete predicate symbols for built-in
functions. For example, numeric addition z + y = z correspond to an atomic
formula with a concrete predicate symbol wsml#numericAdd(z, x, y). Concrete
function symbols are used as constructors of data values (they are datatype
wrappers).

Formally, a concrete domain scheme & is a tuple & = (U®, FS DS PS DS .G)
where

e US is a non-empty set of concrete values,

e 7S and P are disjoint sets of concrete function and predicate symbols,
which are IRIs, each with an associated nonnegative arity n,

e DS C FS is a set of datatype IRIs, and

e -% is an interpretation function which assigns a function f® : (U®)”

US® to every f € F, and a relation p® C (U®)" to every p € P°.
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As an abuse of notation, for every datatype IRI d € D€, with d® we denote
both the function assigned to d by -© and the range of this function. In the
latter case, we also speak about d® as the domain of the datatype identified by
d. In other words, we use the same identifier d to denote both the datatype and
the datatype wrapper.

Intuitively, a datatype function d® defines a datatype as a set of values
that are constructed from other values. For example, a date 2008-02-13 is
constructed from the integers 2008, 2, and 13 using the function xsd#date:
xsd#date(2008, 2, 13). In addition, xsd#date denote the range of the construc-
tor function xsd#date, which is the set of all dates, i.e., the value space of the
datatype xsd#date.

We illustrate the concept of concrete domain schemes through the definition
of a scheme for integers and strings.

Example 1. We define & = (U®, FS DS PS DS .S) as follows: U is the
union of the sets of integer numbers and finite-length sequences of Unicode char-
acters. FO is the union of the set of finite-length sequences of decimal digits,
optionally with a leading minus (=), and the set of finite-length sequences of
Unicode characters, delimited with " (for simplicity, we assume that the char-
acter ‘" does not occur in such strings), all with arity 0. PS consists of unary
predicate symbols xsd#integer and xsd#string, and the binary predicate sym-
bol wsml#numeric-equals. The interpretation function -© interprets (signed) se-
quences of decimal digits and "-delimited sequences of characters as integers and
strings, respectively, in the natural way; -© interprets the unary predicate sym-
bols xsd#integer and xsd#string as the sets of integers and strings, respectively;
finally, -© interprets wsml#numeric-equals as identity over the set of integers.

WSML Compliance It is not allowed to use just any kind of concrete domain
scheme with WSML. The scheme must at least include the datatypes and built-
in predicates required by WSML. Additionally, if any XML schema datatype is
used, the scheme must conform to the definition of the datatype in the XML
schema datatypes specification [3].

Formally, a concrete domain scheme & = (US| F© DS PS DS .S)is WSML-

compliant if the following conditions are met. We first define the condition which
make sure all XML schema datatypes in & conform with the specification. The
IRI of an XML schema datatype is obtained by concatenating XML schema
namespace and the name of the datatype. For example, the IRI of the datatype
string is http://www.w3.0rg/2001/XMLSchema#string.

e if d € DO is the IRI of an XML schema datatype dt, then the range of d®
corresponds to the value space of dt and the domain of d® corresponds to
the definition in [20, Table B.1], if it exists; otherwise it is the set of strings
comprising the lexical space of dt, and the mapping d® corresponds to the
lexical-to-value mapping for d¢ defined in [3].

The following conditions ensure that the required data types, namely the XML
schema datatypes string, integer, and decimal and the RDF datatype XML Lit-
eral, are included in the scheme.

e the IRIs xsd#string, xsd#tinteger, and xsd#decimal are included in D,
and for any string, integer, or decimal v in F®, v® is the value obtained
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by applying the corresponding lexical to value mapping, as defined in [3],
to v,

e the IRI rdf#XMLLiteral is included in D®, every string x representing
valid XML content [16, Section 1] is included in F© with arity 0, and for
any string x representing valid XML content, rdf#XMLLiteral® (z) is the
XML value of z according to [16, Section 5.1], and

e the built-ins defined for WSML in Appendix C.2 of [20] are included in
PS and are interpreted to the definition in Appendix C.2 of [20].

In the remainder, we require that every domain scheme under consideration is
WSML-compliant.

Conformance of Interpretations The intention of concrete values and concrete
predicate and function symbols is that they are interpreted in the same way in
all interpretations under consideration. The way this is achieved in WSML is
by associating a single concrete domain scheme with all considered interpre-
tations. A concrete domain scheme is associated with an interpretation if the
interpretation conforms with the scheme, is defined below.

An interpretation Z = (U, <y, €y, UP, Ir,Zp, Iw,Zit,Lot) conforms to a
concrete domain scheme & if the following conditions are satisfied.

° UD — UG,
e Zr(f) = f© for every concrete n-ary function symbol f € F©, and
e Zp(p) = p® for every concrete n-ary predicate symbol p € P®.

We note here that a datatype identifier is also a concept identifier, and the set of
instances of this concept is the set of values of the datatype. This is guaranteed
by the following condition.

e for every datatype identifier d € D® holds that u € d® iff u €y Zr(d), for
every u € UP.

3.1.2.4 Models

Using the above notion of conformance we can now define the notion of a
model relative to a concrete domain scheme.

Given a concrete domain scheme &, an interpretation Z is a &-model of a
formula ¢ if 7 conforms to & and Z | ¢. A formula ¢ is G-satisfiable if it has a
G-model; ¢ is G-wvalid if every interpretation that conforms to G is a G-model
of ¢.

Likewise, an interpretation Z is a G-model of a theory @ if 7 is a G-model
of every formula ¢ € ¢ and ® is G-satisfiable if it has a G-model.

We have defined the basic notion of models in WSML. The subsequent sections
extend this notion in two different ways, for the DL and Core, Flight, and
Rules variants, respectively. These extended notions will be used to define the
semantic notions for the respective variants.
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3.1.3 WSML-DL Extensions

WSML-DL makes a syntactic separation between concepts, attributes, and
instance identifiers, and the places they may occur (e.g., a concept identifier
may only occur in a concept positions). Additionally, the places where abstract
and concrete terms and variables may occur are distinct. In order to enable DL-
based reasoning it is necessary to reflect these distinctions in the semantics as
well. Specifically, WSML-DL imposes additional conditions on interpretations.

We first need to define the notions of concept, attribute, and instance posi-
tion. We say that a term occurs in a concept position if occurs as the third term
in a itor otmolecule, as the second term in a :-molecule, or the term occurs in
a ::-molecule; it occurs in an attribute position if it occurs as the second term in
a hv, itor otmolecule; otherwise, the term occurs in an instance position. That
is, in the molecules and atoms a:c, c::¢, alphval, alpitc], alpotc], q(a,...,a),
and a = a the term c¢ occurs in concept, p occurs in relation, and a occurs in
instance positions.

3.1.3.1 WSML-DL Semantic conditions

Observe that the syntax of WSML-DL makes a distinction between iden-
tifiers used in concept, attribute and instance positions. In fact, the sets of
instances, concept, attribute, and annotation property identifiers are mutually
disjoint. WSML interpretations, defined in the previous subsection, do not dis-
tinguish between the interpretations of these different identifiers; they are all
interpreted in the same domain. This separation is reflected in the conditions
on WSML-DL interpretations, as well as conditions on WSML-DL variable as-
signments.

An interpretation Z = (U, <y, €y, UP, Zr, Zp, Thy, Lit, Lot ) is & WSML-DL
interpretation if the following conditions hold. Firstly, we require a separation
between the interpretations of instance, concepts, and attributes identifiers.

e U is partitioned into three sub-domains U?, U®, and U¢, such that U? is
not empty,

e 7 maps instance identifiers to elements in U?,
e Tr maps concept identifiers to elements in U, and
e 7 maps attribute and annotation property identifiers to elements in U®.

Then, we need to ensure that the elements of the interpretation that are used
for the interpretation of subclass, class instance, and attribute statements are
defined only on the appropriate sub-domains.

e the partial order <y is only defined on elements in U¢,
e cy is a relation between U? and U¢, and
o Ty (u) =Tit (u) = Lot (u) = for any u € U¢ U U".

Finally, WSML-DL requires an extensional interpretation of the subclass and
implies-type constructs, i.e., the converse of the conditions (3.1) and (3.2) must
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hold:

for any two elements a,b € U€ holds that

whenever acept C beext, @ Sy b (3.4)

for any three elements ¢, p,d € U it is the case that
whenever for every a,b € U such that a €y ¢ and (a,b) € Z, (p)
it holds that b €y d, {¢,d) € Zit (p) (3.5)

3.1.3.2 WSML-DL Satisfaction

The conditions on WSML-DL interpretations are not yet enough to define
satisfaction for WSML-DL. Namely, it is necessary to ensure that variables are
only mapped to the sub-domain U’ and the concrete domain U”, and abstract
variables must only be mapped to U®.

Formally, given a variable assignment B, a variable assignment B’ is an
abstract DL-z-variant of B if B’ is an abstract z-variant of B and 25 € U".

DL satisfaction, denoted by the symbol =py, is obtained from satisfaction
as described in the previous section by modifying the definition of satisfaction
of abstractly quantified formulas in the following way:

e (Z,B) Epr Vax(¢1) iff for every variable assignment B!, which is an
abstract DL-z-variant of B whose range is U?, (Z, B)) E=pr ¢1 and

e (Z,B) Epr Jax(41) iff for some variable assignment B!/, which is an
abstract DL-z-variant of B whose range is U?, (Z, B.) = ¢;.

As can be seen from the definition, the difference with the definition of satis-
faction given earlier is the following: abstractly quantified variables are only
assigned to the individual domain U?, and not to the concrete domain U, the
concept domain U€, or the attribute domain U*. The notions of a model, satisfi-
ability, and validity in WSML-DL are defined analogously to the corresponding
notions in WSML.

Given a concrete domain scheme G, an interpretation 7 is a WSML-DL G-
model of a WSML-DL formula ¢ if Z is a WSML-DL interpretation, Z conforms
to &, and 7 Epr, ¢. A formula ¢ is WSML-DL G-satisfiable if it has a WSML-
DL G&-model; ¢ is WSML-DL &-valid if every WSML-DL interpretation which
conforms to & is a model of ¢.

Likewise, an interpretation Z is a G-model of a theory @ if 7 is a G-model
of every formula ¢ € ® and ® is G-satisfiable if it has a G-model.

3.1.3.3 Semantics of WSML-DL Ontologies

We are now ready to define the semantics of WSML-DL ontologies. The
main notions we are interested in are (1) satisfiability of a concept relative
to an ontology, (2) satisfiability of an ontology, and (3) entailment between
ontologies.

The definitions of these notions follow straightforwardly from the above def-
initions with the complication that we need to take imported ontologies into
account. We first define the notion of a model of a WSML-DL ontology.
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Given a concrete domain scheme &, an interpretation Z is a WSML-DL G-model
of a WSML-DL ontology O if

1. 7 is a WSML-DL &-model of a theory ® which corresponds to O and
2. T is a WSML-DL 6&-model of every ontology imported by O.

Notice that we require every model of an ontology to be also a model of every
imported ontology. Consequently, the interpretation must also be a model of
every ontology imported by any imported ontology, etc. So, if an ontology O;
imports an ontology O2 and O imports an ontology Os, then every model of
01 must be a model of Oy, by condition 2 above. But, every model of Oy must
also be a model of O3, again by condition 2 above. Consequently, every model
of O1 must be a model of Os.

We now proceed with definitions of the WSML-DL semantic notions, which are
in line with the semantic notions typically used in Description Logic reasoning

[1].

Concept Satisfiability Given a concrete domain scheme &, let ¢ be a concept
identifier. We say that ¢ is WSML-DL G-satisfiable with respect to a
WSML-DL ontology O if there is a WSML-DL &-model Z of O such that
Zr(C)eext # 0, i.e., the concept extension of ¢ is not empty.

Ontology Satisfiability Given a concrete domain scheme &, a WSML-DL
ontology O is WSML-DL &-satisfiable if O has a WSML-DL G-model.

Formula Entailment Given a concrete domain scheme &, a WSML-DL on-
tology O WSML-DL G-entails a formula ¢ if every WSML-DL G-model
of O is a WSML-DL &-model of ¢.

Ontology Entailment Given a concrete domain scheme &, a WSML-DL on-
tology O1 WSML-DL G-entails a WSML-DL ontology Os if every WSML-
DL &-model of O is a WSML-DL &-model of Os.

3.1.4 Stable Models for Core, Flight, and Rule

The semantics of WSML Core, Flight, and Rule is defined on the Stable
Model Semantics [11] for logic programs with negation.

It is the case that every consequence under the Well-Founded Semantics
is a consequence under the Stable Model Semantics [10]; we explicitly allow
implementations to use the Well-Founded Semantics as an approximation to
the Stable Model Semantics of WSML-Rule for the task of query answering.

Since all WSML-Flight rules must be locally stratified, the semantics corre-
sponds with the perfect model semantics [19] and the Well-Founded Semantics
[10] for WSML-Flight ontologies.

We first define the notion of a Herbrand model, in which each ground term is
interpreted as itself, and the notion of a minimal Herbrand model. We then
define the notion of a stable model, which is based on the reduct (i.e., removal
of negation) of the grounding of a set of WSML rules. Based on the notion of
stable models we define satisfiability and entailment for WSML-Core, Flight,
and Rule ontologies.
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3.1.4.1 Herbrand Models

We first define a specific kind of WSML interpretations and models, namely
Herbrand interpretations and models. In these interpretations, the domain of
interpretation consists of all ground terms and every ground term is interpreted
as itself.

We define Herbrand interpretations relative to a concrete domain scheme
& = (U®,F®, D%, P® D, .S). With D we denote the set of all data values in
&: D=J{d® | d e D®}.

When defining the Herbrand universe we consider symbols from the lan-
guage for defining abstract terms, but concrete data values are represented by
themselves. This is necessary because a concrete data value may have several
syntactical representations (e.g., 1.0=1).

The Herbrand G-universe of a theory ® is the union of the set of all ground
terms that can be formed from the constant and function symbols in ® that are
not data values and the set of all values t© in D whose lexical representation ¢
occurs in .

A Herbrand &-interpretation Z = (U, <y, €y, UP, Zr, Ip, Thy , Zit, Lot ) is a
G-interpretation such that

e U is the Herbrand G-universe of ® and

e for every ground term ¢ that is not a data value, ¥ = t, where ¢’ is
obtained from ¢ by replacing every data value d in ¢t with d®.

We can view a Herbrand G-interpretation Z as a set of ground atomic formulas,
namely that set of ground atomic formulas that is satisfied by Z: {a | Z = a}.
In the following, we will use the symbol Z to denote both the interpretation and
the corresponding set of ground atomic formulas.

We can now define the notion of a minimal Herbrand G-model. Given a concrete
domain scheme &, a Herbrand G-interpretation Z is a minimal Herbrand G-
model of a theory ® if 7 = ® and for every Herbrand G-interpretation Z’ holds
that if 7/ = @, then Z C 7.

3.1.4.2 Stable Models

It turns out that a WSML-Core or Flight theory has at most one Herbrand
model, which can be computed using a fixpoint operator in the usual way [17].
However, there is no known computational procedure for finding minimal Her-
brand models in case there are multiple models due to the presence of negation
in rules. The Stable Model Semantics provides a procedure for finding minimal
models, but not every minimal model is a stable model. However, as we have
mentioned before, stable models correspond to extensions in default logic, and
therefore adequately capture our desired notion of default negation.

The computation of a stable model roughly works as follows:

1. Guess a G-model Z of P,

2. create the reduct of the grounding of ®, which “evaluates” the negation
in ® according to Z, and

3. if 7 is the minimal Herbrand &-model of ®, then it is a stable model.
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The grounding of a set of WSML formulas ®, denoted gr(®), is the union of all
possible ground instantiations of ®, obtained by

e replacing each abstract (resp., concrete) variable in a formula ¢ € ® with
a ground (resp., ground concrete) term in the Herbrand G-universe and

e replacing each data value d in ¢ with the corresponding concrete data
value d®,

for each formula ¢ € .
Following [12], the reduct of ® with respect to a G-interpretation Z, denoted
®Z, is obtained from gr(()®) by

e deleting each formula r with a not ¢ in the antecedent such that ¢ € 7 and
e deleting not ¢ from the antecedent of every remaining formula 7.

We are now ready to define the notion of stable G-model.
Given a concrete domain scheme &, a Herbrand G-interpretation 7 is a stable
&-model of a WSML-Core, Flight, or Rule theory ® if Z is a minimal Herbrand
G&-model of 7.

Example 2. Consider the following ground WSML-Rule theory:

not p(1.0) D p(2.0)
not p(2) > p(1)
p(1.00) > p(3.0)
p(2.00) > p(3)

Given any WSML-compliant domain scheme &, the theory has two stable &-
models:

7 = {p(1),p(3)}
I, = {p(2),p(3)}

Observe that the decimals and integer 1.0,1.00,1 are all syntactical represen-
tations of the integer value 1. Likewise for 2.0,2.00,2 and 3.0,3. The stable
models only contain the values corresponding to be syntactical representations.

We leave it as an exercise to the reader to verify that Z; and Ty are indeed
the stable models of the theory.

3.1.4.3 Semantics of WSML-Core, Flight, and Rule Ontologies

We are now ready to define the semantics of WSML-Core, Flight, and Rule
ontologies. We are interested in (1) satisfiability of an ontology and (2) entail-
ment of ground formulas.

To deal with imported ontologies we generally followed the same scheme as
with WSML-DL.

Note that we have not addressed the semantics of ot-molecules (of Type) so far.
We address the semantics of such molecules in the definition of stable models of
ontologies. Specifically, stable models may not satisfy the following formula:

Je,p,d,a,b(c[potd] Aa:cAa[phvd] Anot b:d) (3.6)
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which is true in a model if there is a concept ¢ with an attribute p, which is
of Type d, there is an instance a of ¢ that has a value b for the attribute p and
it is not known that b is an instance of d. In other words, if (3.6) is satisfied,
some of Type constraint is violated.

Every WSML ontology O that imports a set of ontologies {Oq,...,0,} has
an imports-closed corresponding theory ®, which is defined as follows: ®Y =
PUD,U---UD,, where @ is the theory that corresponds to O and ®4,...,P,
are the imports-closed theories of the ontologies Oy, ..., O, respectively.

Given a concrete domain scheme &, an interpretation 7 is a stable G-model
of a WSML-Core, Flight, or Rule ontology O if

1. 7 is a stable G-model of the imports-closed theory ® corresponding to O
and

2. T does not satisfy (3.6).

Satisfiability Given a concrete domain scheme &, a WSML-Core, Flight, or
Rule ontology O is &-satisfiable if O has a stable G-model.

Entailment Given a concrete domain scheme &, a satisfiable WSML-Core,
Flight, or Rule ontology O G-entails a ground atomic formula « if for
every stable G-model Z of O holds that 7 = «a.

Example 3. Consider the theory in Example 2. Since the theory as a stable
model, it is satisfiable. Additionally, the theory entails p(3), p(3.0), p(3.00),
p(3.000), etc.; recall that 3,3.0,3.00,3.000, ... are all syntactical representations
of the integer 3. The theory does not entail p(1) or p(2), since these are both
not satisfied in every stable model of the theory.

We denote satisfiability and entailment in a given variant x by |=.

3.1.5 WSML Full

Any reasonable semantics for WSML Full must fulfill three conditions:

e Any semantics for WSML Full must define an entailment relation =gy
between WSML Full ontologies and WSML Full formulas;

e if ® and ¢ are a WSML DL ontology and formula, respectively, then
whenever ® |=py, ¢ holds, ® =gy ¢ must hold; and

e if ® and ¢ are a WSML Rule ontology and rule body without free variables,
respectively, then whenever ® =gy ¢ holds, ® Epyu; ¢ must hold.

We note that the proposal in [6, 5] fulfills these conditions.
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3.2 Combination with RDFS and OWL DL

This section is structured as follows. We first extend the notion of G-model
with RDFS ontologies, based on the RDFS model theory [13]. We then extend
the notions of WSML-DL &-model and &-model with OWL DL ontologies (resp,
the DLP subset), based on the OWL DL model theory [18, Section 3]. Finally,
we define the notions of satisfiability and entailment for combinations of WSML-
DL with OWL DL and combinations of WSML-Rule with RDFS and (the DLP
subset of) OWL DL, respectively.

3.2.1 Combination with RDFS

The RDF semantics specification [13] defines the semantics of RDFS with
data types using the notions of D-interpretation and D-entailment for RDFS
with datatypes. We define the semantics of combinations of WSML and RDFS
ontologies by combining WSML interpretations with D-interpretations.

To this end, we first establish a correspondence between concrete domain
schemes and datatype maps, after which we define the notion of combined
WSML-RDF interpretations. Note that concrete domain schemes are more
general than datatype maps, because they include built-in functions and predi-
cates.

3.2.1.1 Data Types, Datatype Maps, and Concrete Domain Schemes

The symbol D in D-interpretation and D-entailment denotes a datatype map,
which provides the datatypes that are to be considered in a particular entailment
question. So, their purpose is similar to that of concrete domain schemes.

We proceed with the formal definitions of datatypes and datatype maps,
following [13, Section 5], and define the notion of compatibility between concrete
domain schemes and datatype maps.

Datatypes define sets of concrete data values (e.g., strings and integers), along
with their lexical representations. Formally, a datatype d consists of

e a lexical space L?, which is a set of Unicode character strings (e.g., “0”,
“17, “017, ..., in the case of the xsd#tinteger datatype), which are the
lexical representations of the data values,

e a value space V¥, which is a set of values (e.g., the numbers 0, 1, 2, ...,
in the case of the xsd#tinteger datatype), and

e a lexical-to-value mapping L2V?, which is a mapping from the lexical
space to the value space (e.g., {“0” — 0, “1” — 1,“01” — 1,...}, for the
xsd#integer datatype).

A datatype map D is a partial mapping from IRIs to datatypes. With dom(D)
we denote the domain of D and with ran(D) we denote the range of D. So,
dom(D) is the set of datatype identifiers and ran(D) is the set of datatypes.
We assume that if any two datatype maps D; and Ds are both defined on
a datatype identifier d, i.e., they both interpret the same datatype identifier,
then they map d to the same datatype: if d € dom(D;) and d € dom(Ds),
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then D;(d) = Dy(d). This assumption is reasonable, because IRIs are global
identifiers; therefore, a single IRI may not identify two different datatypes.

Compatibility between Concrete Domain Schemes and Datatype Maps In-
tuitively, a concrete domain scheme is compatible with a datatype map if the
sets of datatype identifiers are the same, these datatype identifiers can be used
to identify the same sets of values, and there is a correspondence between the
mappings from the syntax to the semantics.

Formally, we say that a concrete domain scheme & = (U, F© DS PS DS .6)
is compatible with a datatype map D if

e dom(D) =D,
e for each n-ary d € D® holds that

— the range of d® is the same as V@ and

— there is a 1-to-1 correspondence between n-tuples (ti,...,t,), where
t1,...,t, are elementary data values, in the domain of d® and char-
acter sequences s € L”(@ such that d®((ty,...,t,)) = L2VP@(s).

Since we assume that there is no difference in the mapping of datatype identifier

D between any two datatype maps, each concrete domain scheme & has a unique
minimal (wrt. dom (D)) compatible datatype map D, which we denote with Dg.

Consider, for example, a concrete domain scheme G that includes the xsd#date

datatype (i.e., xsd#tdate € D®). The domain of Dg includes xsd#date and the
lexical-to-value mapping is compatible with xsd#tdate®; for example, xsd#tdate(2007, 7, 6)
is the same as L2V P (xsd#date)(”2007-07-06" ), namely it is the date “July 6,

20077

3.2.1.2 Combined WSML-RDF Interpretations

We first review the notion of D-interpretation, after which we define the
notion of a combined WSML-RDF G-interpretation, which is used to interpret
both WSML ontologies and RDF graphs.

A D-interpretation [13]isa tuple I = (IR, IP,LV IS, IL, IEXT), where IR
is a non-empty set, called the domain, TP C IR is a countable set of properties,
LV C IR is a set of literal values that includes all Unicode character sequences,
1S is a mapping from IRIs to elements of IR, I L is a mapping from typed literals
(i-e., pairs of Unicode character sequences and datatype IRIs) to elements of IR,
and IEXT is an extension function that maps elements in I R to sets of pairs of
elements in IR: TEXT : IP — 2UEXIR) = Additionally, every D-interpretation
must satisfy a number of conditions, as specified in [13]; these conditions govern
the behavior of the RDFS ontology modeling vocabulary and the connection
between interpretations and datatype maps.

Given a concrete domain scheme &. Let Dg be the minimal compatible datatype
map. A combined WSML-RDF G-interpretation is a pair (Z, I), where
I=U,<v,€0,UP,Zr,Ip, T, Tit,Zot ) is a WSML G-interpretation and I =
(IR',IP,LV,IS,IL,IEXT) is a Dg-interpretation, such that the following con-
ditions hold:

1. IR =UUUP,
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2. LV =UP,

IP D {p|3s,0.(s,0) € 1. (p)},

=

I15(t) =1Ip(t) for every IRI ¢,
5. IEXT =L,
6. IEXT(IS(rdf type)) =€y, and

7. IEXT(IS(rdfs:subClassOf)) = {{(a,b) | a,b € U & a 2 b & a €y
I1S(rdfs:Class) & b ey IS(rdfs:Class)}.

Note that the interpretation of (well-)typed literals in I corresponds with the in-
terpretation of data values in Z due to the compatibility of & and Dg. Likewise,
the interpretation of plain literals without language tags corresponds with the
interpretation of strings, due to the way plain literals are interpreted in RDF
[13]. Note also that there is no representation in WSML of ill-typed literals
(e.g., “a”~"xsd:integer).

Conditions 1 and 2 ensures that the domains under consideration are the
same. Condition 3 ensures that the set of properties in the RDF interpreta-
tion includes at least those elements that are used as properties in the WSML
interpretation. Condition 4 ensures that all IRIs are interpreted in the same
way.

Due to condition 5, there is a correspondence between RDF triples of the
form (s,p,o0) and WSML molecules of the form s[phvo]. Likewise, there is a
correspondence between RDF triples of the form (a,rdf:type,c) and WSML
molecules of the form a:c and a correspondence between RDF triples of the
form (c, rdfs:subClassOf, d) and WSML molecules of the form c::d, by the
conditions 6 and 7. Namely, whenever (¢, rdf s:subClassO f,d), then c::d. Note
that it is not necessarily the case that if c::d, then (c,rdfs:subClassOf,d),
because c::d holds whenever ¢ = d, whereas (c, rdfs:subClassO f,d) may not
hold even if ¢ = d; in RDFS, the subclass relation may only hold between
elements which have the type rdfs:Class.

Before defining models, and entailment we first define interpretations of com-
binations with OWL DL. We then define satisfiability and entailment of combi-
nations of the three kinds of ontologies.

3.2.2 Combination with OWL DL

We now extend the notion of combined WSML-RDF interpretations to in-
clude OWL DL interpretations, leading to the notion of WSML-RDF-OWL
interpretation. The OWL DL interpretations are used for interpreting OWL
ontologies, and correspondence between the WSML and OWL interpretations
is defined through a number of conditions, analogous to the correspondence
between RDF and WSML interpretations.

We note that the notion of OWL DL interpretation we use here corresponds
to the notion of abstract OWL interpretation [18, Section 3.1].

Given a datatype map D, an abstract OWL interpretation with respect to D is
a tuple 3 = (R,EC,ER,L,S,LV), where
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e I is a nonempty set,

e LV C R is the set of literal values,

EC maps class and datatype identifiers to sets,

FE R maps properties to binary relations,
e [ maps typed literals to literal values, and
e S maps IRIs to elements of R.

Additionally, every abstract OWL interpretation has to satisfy a number of
conditions, as specified in [18, Section 3].

Given a concrete domain scheme & and the minimal compatible datatype map
Dg, a combined WSML-RDF-OWL &-interpretation is a tuple (Z,1,7), where
7=\, %U,GU,UD,IF,IP,IhV,Ithot) is a WSML interpretation that con-
forms with &, I = (IR,IP,IS,IEXT) is a Dg-interpretation, and J = (R,
EC, ER, L,S,LV) is an OWL DL interpretation with respect to Dg, such that
(Z,1) is a combined WSML-RDF G-interpretation and the following conditions

hold:
1. R=UUUP,
2. LV =UP,

3. for every concept or datatype identifier ¢, EC(c) = {k | k € UUUP & k €y
Ir (C)},

4. for every property identifier p, ER(p) = {(a,b) | a,b € UUUP & (a,b) €
Z..(Zr(p)}, and

5. S(t) = Zp(t) for every IRI ¢.

Conditions 1 and 2 ensure that all ontologies talk about the same domain.
Conditions 3 and 4 ensure that classes of properties are interpreted the same
way. Finally, condition 5 ensures that IRIs are interpreted in the same way:.

3.2.3 Satisfiability and Entailment of Combinations

We are now ready to define the semantics of WSML ontologies that im-
port RDFS and/or OWL DL ontologies and of combinations of WSML, RDFS,
and OWL DL ontologies. Such combinations may arise, for example, if several
different ontologies are imported in a Web service description.

As before we distinguish between the semantics of the WSML-DL variant,
on the one hand, and the WSML-Core, Flight, and Rule variants, on the other.
The notions of model, satisfiability, and entailment are extensions of the corre-
sponding notions for WSML ontologies defined above.
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3.2.3.1 WSML-DL Semantics of Combinations

Recall that, when considering the WSML-DL variant, combinations with
RDFS ontologies are not allowed. Therefore, we only consider WSML-DL and
OWL DL ontologies in the combination.

In the definition of the semantics of WSML-DL ontologies, in Section 3.1.3,
we defined the notions of models, satisfiability, and entailment for WSML-DL
ontologies that import other WSML-DL ontologies. We now consider both
WSML-DL and OWL DL ontologies that possibly import both WSML-DL and
OWL DL ontologies.

Given a concrete domain scheme G, a combined WSML-RDF-OWL interpreta-
tion (Z,1,7) is a DL &-model of a WSML-DL or OWL DL ontology O if

1. 7 is WSML-DL interpretation,

2. in case O is a WSML-DL ontology, Z is a WSML-DL G-model of a theory
® that corresponds to O,

3. in case O is an OWL DL ontology, J satisfies O with respect to Dg
according to [18, Section 3.4], and

4. (Z,1,7) is a DL &-model of every ontology imported by O.

We are now ready to define the semantic notions of WSML-DL, analogous to
the notions defined in Section 3.1.3.

Concept Satisfiability Given a concrete domain scheme &, let ¢ be a concept
identifier. We say that ¢ is DL G&-satisfiable with respect to a set of
WSML-DL and OWL DL ontologies O if there is a combined WSML-
RDF-OWL interpretation (Z,I,J) that is a model of every O € O such
that Zr(¢)eext # 0, i-e., the concept extension of ¢ is not empty.

Ontology Satisfiability Given a concrete domain scheme G, a set of WSML-
DL and OWL DL ontologies O is DL &-satisfiable if there is a combined
WSML-RDF-OWL interpretation (Z, I, J) that is a model of every O € O.

Formula Entailment Given a concrete domain scheme &, a set of WSML-DL
and OWL DL ontologies O DL &-entails a formula ¢ if for every combined
WSML-RDF-OWL interpretation (Z, I, J) that is a model of every O € O
holds that 7 is a WSML-DL G-model of ¢.

Ontology Entailment Given a concrete domain scheme &, a set of WSML-DL
and OWL DL ontologies O DL G-entails a WSML-DL or OWL DL on-
tology O if for every combined WSML-RDF-OWL interpretation (Z, I,J)
that is a model of every O’ € O holds that (Z,I,7J) is a DL &-model of
o'

3.2.3.2 WSML-Core, Flight and Rule Semantics of Combinations

As we did for WSML ontologies, we define the semantics of WSML-Core,
Flight, and Rule combinations using a notion of stable models. The domains of
these stable models are somewhat extended, compared with the stable models
of WSML ontologies, in order to account for the blank nodes in RDF graphs.
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So, we essentially Skolemize the blank nodes by replacing them with constant
symbols.

We note that the semantics of these three variants is only defined for OWL
DL ontologies that fall within the DLP fragment, i.e., those ontologies that
are equivalent to sets of equality-free Horn formulas, and are hence essentially
negation-free rules.

We first extend the notion of Herbrand models to combinations. We then
define the notion of a stable model of a combination.

Herbrand Models of Combinations Recall that we define Herbrand interpre-
tations relative to a concrete domain scheme & = (U®, FS DS PS DS .6,
Recall also that D denotes the set of all data values in &: D = |J{d® | d € D®}.

In the remainder of this section, the symbol O denotes a set of WSML,
RDFS, and OWL DL ontologies. The set of constant symbols of O is the set of
IRIs, blank nodes, literals, and data values in every ontology in O (we assume
anonymous identifiers have been replaced with IRIs, as described in Section
3.1.4). The set of function symbols of O is the set of all symbols occurring in a
function position in any WSML ontology in O. The set of ground terms of O is
the set of all ground terms that can be formed from the constant and function
symbols of O.

The Herbrand G-universe of O is the union of set of ground terms of O that
are not data values and the set of values t© in D whose lexical representation t
occurs in any of the ontologies in O.

A Herbrand WSML-RDF-OWL &-interpretation (Z,I,7) of O is a WSML-
RDF-OWL G-interpretation where

e the domain of Z, U, is the Herbrand G-universe of O and

e for every ground term t of O, tZ = ¢, where ¢’ is obtained from t by
replacing every data value d in ¢ with d®.

Recall the conditions on combined WSML-RDF-OWL interpretations in Sec-
tions 3.2.1 and 3.2.2. These conditions ensure that the parts of the domains
of RDF and OWL interpretations that are not literal values correspond to the
domain of the WSML interpretation Z. Therefore, these domains correspond to
the Herbrand G-universe as well. Additionally, due to the fact that IRIs are in-
terpreted the same in all three interpretations, all ground terms are interpreted
in the same way in all three interpretations.

We are now ready to define the notions of model and minimal model. As before,
a model of an ontology is required to be a model of every imported ontology.
A set of WSML, RDFS, and OWL DL ontologies O is imports-closed if for
every ontology O imported by any ontology O’ in O holds that O € O.
Now, a Herbrand WSML-RDF-OWL G-interpretation (Z, I, J) is a &-model
of an imports-closed set of ontologies O if

e for every WSML ontology O € O, T is a G-model of the theory & corre-
sponding to O,

e for every RDFS ontology O € O, I satisfies O, and
e for every OWL DL ontology O € O, J satisfies O.
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We can now define the notion of a minimal Herbrand &-model. A Herbrand
WSML-RDF-OWL &-interpretation (Z,1,7) is a minimal Herbrand S-model
of an imports-closed set of ontologies O if

e (Z,1,7) is a G-model of O and

e whenever a Herbrand G-interpretation (Z7, I', 7'} is an G-model of O and
7' CZ,thenZ =1.

Stable Models of Combinations The definition of stable models of combina-
tions is similar to the definition of stable models for WSML ontologies. Likewise,
we guess a model, “evaluate” the grounding of a combination by computing the
reduct, and check whether the model we guessed is the minimal Herbrand model
of the reduct.

It turns out that in a set of WSML, RDFS, and OWL DL ontologies we
only need to ground the WSML ontologies, because the RDFS and OWL DL
ontologies do not contain negation (recall that the OWL DL ontologies are
required to be in the DLP fragment, which is negation-free).

The grounding of O, denoted gr(0O), is obtained from O by replacing every
WSML ontology O € O by gr(O), which is the union of all possible ground
instantiations of the corresponding WSML theory @, obtained by

e replacing each abstract (resp., concrete) variable in a formula ¢ € ® with
a ground (resp., ground concrete) term in the Herbrand G-universe of O
and

e replacing each data value d in ¢ with the corresponding concrete data
value d©,

for each formula ¢ € .

The reduct of O with respect to a combined Herbrand G-interpretation
(Z,1,3), denoted OF1:7) | is obtained from gr(O) by, for each WSML ontology
O € gr(0),

e deleting each formula r with a not ¢ in the antecedent such that ¢ € 7 and

e deleting not ¢ from the antecedent of every remaining formula 7.

Given a concrete domain scheme &, a Herbrand WSML-RDF-OWL G-interpretation

(Z,1,7) is a stable G-model of an imports-closed set of ontologies O if (Z,I,7)

is a minimal Herbrand S-model of Q1%

Using the notion of stable &-model we define the semantic notions for WSML-
Core, Flight, and Rule combinations.

Satisfiability Given a concrete domain scheme &, an imports-closed set of
ontologies O is &-satisfiable if O has a stable G-model.

Entailment Given a concrete domain scheme &, an imports-closed set of on-

tologies O G-entails a ground atomic formula « if for every stable G-model
(Z,1,7) of O holds that 7 | .

45

+



3.3

3.4

D16.3 — WSML ABSTRACT SYNTAX AND SEMANTICS

Nonfunctional Property Semantics

The central notion for nonfunctional properties is the value of the property.
The nonfunctional properties semantics described in this section defines the
values of a specific nonfunctional property.

Given a logical expression logExp, a variable substitution # is a mapping from
free variables in logExp, denoted var(logExp), to identifiers: 6 : var(logExp) —
Id. With logExpf we denote the application of 6 to logExp, i.e. the replacement
of every free variable z in logExp with 6(z).

Let (...,ontID,... . {...,nfp,...},...)» be a WSML Web service, goal,
capability, interface or mediator with the WSML variant var, where ontID is
the set of imported ontologies and nfp = (name, value, logExp), s, is a non-
functional property, let O be the imports-closed set of ontologies induced by
ontID, and let © be the set of variable substitutions such that for every 8 € ©
it holds that for all logExp € logExp, O |Eyar logExpf. Then, an identifier
i € Id is a value of name if there is a 6 € © such that i = 6(value).

Observe that in case value is an identifier, the logical expressions functions
as a filter: if all of the logical expressions are entailed by the ontologies, value
is a value of the property.

So, the logical expressions of the nonfunctional property can be seen as
queries over the ontologies, and the query answers are projected onto value.

Choreography Semantics

The semantics of choreographies is defined in terms of choreography runs,
which are sequences of states, which are set of WSML facts. Given a start state,
which can be seen as the user input, a choreography has a number of associated
choreography runs; this set of associated choreography runs is uniquely deter-
mined by the start state, the transition rules, and the imported ontologies of
the choreography.

The set of ontologies O¢ of a choreography C' = (name, ann, ontID, medID,
signature, rule) .., is the imports-closed set of ontologies induced by ontID.
The WSML wvariant of the choreography is variant of Oc¢.

A choreography state S of the choreography C is a set of ground atoms of
variant.

A choreography state S is consistent with a set of ontologies O¢ if O¢ U
S bﬁvariant L.

An update set U is a tuple U = (A, D), where the add set A and the delete
set D are sets of ground atoms of variant. An update set U = (A,D) is
consistent if AND = ().

The application of an update set U = (A, D) to a state S, denoted SY, is
defined as: SY = S\DUA.

An update set U is consistent with the state S, with respect to a set of
ontology O, if U is consistent and SY is consistent with O.

An update set U is associated with a choreography C = (name, ann, ontID,
medID, signature, rule) ;.- and a state S if U = 7wo(rule, S), with 7o as
defined in Table 3.1.
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mc(rule, S) = U mo(rule, S),

rule€rule

To((@)ada, §) = ({a}, 0),
To((Qdetete, 5) = (0, {a}),

wc(rule, S) OC U {S} ':vam'ant logEXp,

7TC(<10gEXpa rule>if7 S) = {@ otherwise

WC(U{ruleO | 6 is a mapping from the
mo((varld, logExp, rule) forau, S) = variables in varld to ground terms and

Oc U{S} Evariant logExpb}, S),
0 is a mapping from
the variables in varld
to ground terms and
Oc U {S} , logExpd,
0 otherwise,

led, S
7o ({varld, logExp, rule) cpoose, S) = wo(ruled, S)

where (A1,D1) U (A2, D2) = (A; UA2,Dy UD3) and z is the variant under
consideration.

Table 3.1: Associated update set

Let C = (name, ann, ontID, medID, signature, rule)., be a choreogra-
phy, let S be a state, and let U be an update set. and the state

A choreography run is a sequence of choreography states R = (Sp,...,S),
with n > 0. A state S is reachable in R if S = S; for some 0 < i < n.

A choreography run R = (So, ..., Sp) is terminated if there is an update set
U associated with C' and S,, such that either

e SU is not consistent with O¢ or
e SU=23,.

In this case we call S,, the terminating state of R.

Given a start state S, choreography run R = (Sp,...,S,) is valid for a
choreography C' if Sy = S is consistent with O¢, R is terminated, and for each
S;, with 1 <14 < n, holds that

e S; is consistent with O¢,
® D1 # Si7 and

e there is a consistent update set U, which is associated with C' and S;_1,
such that S; = SY ;.

Given a start state S and a choreography C, a state S; is terminating if
there is a valid choreography run R for C' such that S; is the terminating state
of R; S; is reachable if there is a valid choreography run R for C' such that S;
is reachable in R.
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An atomic formula « is possible (resp., guaranteed) in C, given a start state S,
if « € S; for some (resp., every) terminating state .S;.

An atomic formula « is always possible (resp., always guaranteed) in C if for
every possible start state S holds that a € .S; for some (resp., every) terminating
state S;.

A choreography C, is subsumed by a choreography Cs, relative to a start
state S, if every choreography run R with start state S which is valid for C is
valid for Cs.

A choreography C is always subsumed by a choreography Cs if for every
possible state S holds that every choreography run R with start state S which
is valid for C is valid for Cs.

A choreography C' is consistent given a state Sy if there exists a valid run
R=(Sy,...,S,) for C.

C is always consistent if for any consistent state S, C' is consistent given S.
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A The Description Logic SHZQ(D)

The signature ¥ = (C,D, Ry, Re, Fu, Fe) of a SHIQ(D) [1] language con-
sists of pairwise disjoint sets of concept (C), datatype (D), abstract role (R,),
concrete role (R.), individual (F,), and data value (F.) identifiers. SHZQ(D)
descriptions are defined as follows, with A a concept identifier, D a datatype
identifier, C, C" descriptions, R, R’ role identifiers, S, S’ abstract role identifiers,
U, U’ concrete role identifiers, a, b individual identifiers, o a data value identifier,
and n a non-negative integer.

C,C' — 1L |A|CNC" | =C |z nS.C|>nUD|<nS.C|<nUD
A SHZQ(D) ontology is a set of axioms of the following forms.
CCC|SCS|UCU |S=5"] (9)"|C(a)] S(a,b) | U(a,0) |a=b|a#b

Additionally, we have that in number restrictions > nS.C and < nS.C, S has
to be simple, i.e., S and its sub-roles may not be transitive (with (S )t denoting
transitivity).

We present the semantics of SHZQ(D) through a translation to first-order
logic;! for a description of the correspondence between the DL semantics and
FOL, see e.g. [1]. The function 7 maps SHZQ(D) descriptions to first-order
logic formulas with one free variable, X.

Mapping concepts to FOL

(A, X) = A(X)

(L, X) = L
m(Cnc,X) = =(C,X)An(C",X)

(-C,X) = -n(C,X)

m(znS.CX) = EIaylw-~vyn(/\1<1<n(S(X yi) A 7"(07%))/\/\1‘;&]‘ i = Yj)
m(<nS.CX) = vay1»~--7yn+1(/\1<l<n+1( (X,4:) ANAT(Cys)) 3\/1';5]' Yi = ;)
7(ZnUD,X) = 3eyi, 5 Yn(Nigicn UK 5i) A(D,yi) A N ~yi = Y5)
n(<nU.D,X) = val?'"7yn+1(/\1<i<n+1(U(X yi) NAT(D,y:) DV, ; Yi =Y;)
where y1,...,Yn+1 are new variables

The correspondence between SHZ Q(D) axioms and first-order logic formulas is

as follows.
DL axiom | FOL equivalent DL axiom | FOL equivalent
cCCcC Vo (m(C,z) D w(C’, z)) C(a) my (C, a)
SCS Vaoz,y(S(z,y) D S'(z,v)) S(a,b) S(a,b)
UEU Vaz(Vey(U(z,y) O U'(z,y))) U(a, 0) U(a,o0)
S=5" Vox,y(S(z,y) = S (y,x)) a=5b a=>
S+ Yo,y 2(S(2,y) A S(y,2) O S(@.2)) || a#b ~(a=1b)

1t is easy to verify that the semantics we use for concrete domains corresponds to the
semantics usually considered in Description Logics when considering SHZ Q(

D) (e-g. [2])-
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B  WSML Layering

We consider two approaches to language layering in WSML. When consid-
ering loose layering, a variant Lo is layered on a variant L if, considering an
arbitrary theory of Lq, every Li-formula that is a consequence under L; seman-
tics, is also a consequence under Lo semantics. When considering strict layering,
additionally every L;-formula that is a consequence under Lo semantics must
be a consequence under L; semantics. Note that loose layering implies strict
layering.

It turns out that if we want to guarantee strict language layering in WSML,
we must pose certain restrictions on the entailments that are considered; namely,
subclass and implies-type statements may not be considered. Additionally, we
need to pose restrictions on the antecedents of WSML-Flight and Rule for-
mulas; namely, subclass and implies-type statements may not appear in the
antecedents, because they could be used to “simulate” entailment of such state-
ments.

With WSML-Flight~ (resp., Rule™) we mean the WSML variant obtained
from WSML-Flight (resp., Rule) by disallowing ::- and it-molecules in the
antecedents of formulas (rule bodies). WSML-Core™ is the same as WSML-
Core.

Admissible entailments are subsets of all formulas of a given WSML variant.
The admissible entailments of the WSML variants are defined as follows:

e Core /Flight~ /Rule™: every it- and ::-free WSML-(Core/Flight/Rule)
ground atomic formula is an admissible entailment;

e Core/Flight/Rule: every WSML-(Core/Flight/Rule) ground atomic for-
mula is an admissible entailment;

e DL: every WSML-DL sentence is an admissible entailment.

Using this notion of admissible entailment, we can now formally define language
layering.

Definition 1. Let Ly, Ly be two WSML variants. Then, Lo is loosely layered on
top of L1, denoted L1 = Lo, if for every Ly theory ® and admissible entailment
of L1, a is an Lo entailment of ® whenever o is an L1 entailment of ®.

If, in addition, « is an L1 entailment of ® whenever « is a Lo entailment
of ®, Lo is strictly layered on top of Ly, denoted L, =4 L.

Lemma 1. Given a concrete domain scheme &. Let ® be a WSML-Core theory
and let « be a ground atomic formula.

e O has a single minimal Herbrand &-model iff ® has a S-model and

e « is satisfied in every minimal Herbrand &-model of ® iff v is satisfied in
every G-model of ®.

Sketch. ® can straightforwardly be transformed to an equi-satisfiable first-order
theory @' by (1) replacing every data value d with its interpretation d®, (2) re-
placing molecules with binary and ternary predicates (e.g., replace a::b with
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_subclass(a, b)), and (3) add axioms that captures the semantic conditions of
the subclass and implies-type molecules; these axioms axiomatize the condi-
tions (3.1) and (3.2). @’ is obviously a Horn logic theory. The lemma follows
immediately from the classical results by Herbrand (e.g., [9]). O

Theorem 1 (WSML Language Layering).
1. WSML-Core =; WSML-Flight =; WSML-Rule.
2. WSML-Core =; WSML-DL.
3. WSML-Core~ =5 WSML-Flight™ =5 WSML-Rule™.
4. WSML-Core™ =, WSML-DL.

Proof. 1. and 3. follow immediately from the definition of the semantics of
WSML-Core, WSML-Flight, and WSML-Rule.

By Lemma 1 we need to consider only a single minimal model for checking
satisfiability and ground entailment, even if a theory as multiple models and
the domain of the minimal model is partitioned.

The minimal Herbrand model Z of a WSML-Core theory ® can be straight-
forwardly transformed into an interpretation Z’ that satisfies the conditions
(3.4) and (3.5). Since 7’ is a Herbrand model and since there is a distinction
in the WSML-Core syntax between instance, concept, and attribute identifiers,
it is easy to find a partitioning of the domain into instance, attribute, and con-
cept domains. Additionally, by the fact that Z is a minimal model and by the
syntactical restrictions on WSML-Core theories, <y is only defined on U¢, €
is a relation between U’ and U¢, and Zp, (u) = Zi (u) = Zot (u) = 0 for any
u € U¢UU?. Therefore, T’ is a WSML-DL interpretation.

By the syntactical restrictions on WSML-Core theories it is easy to verify that
7' WSML-DL satisfies @ and that Z’ is in fact a minimal WSML-DL model of
®, establishing loose layering (2.).

Given an it- and ::-free ground atomic formula «, clearly 7 = « iff 7/ Epy, a.
This establishes strict layering between WSML-Core™ and WSML-DL (4.). O

The use of loose layering seems more attractive than strict layering. Indeed,
we have chosen to use loose layering for the standard language variants. In
addition, the use of loose language layering is common in Semantic Web stan-
dards; for example, RDFS is loosely layered on top of RDF, OWL Full is loosely
layered on top of RDFS, and OWL Full is loosely layered on top of OWL DL.
However, one could imagine scenarios in which strict language layering is more
attractive. For example, when directly using a WSML-DL reasoner for reasoning
with WSML-Core theories, one needs to be sure that the semantics correspond;
otherwise, certain inferences might be incorrect with respect to the WSML-Core
semantics. In this case, one needs to restrict oneself to WSML-Core™.
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