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Abstract

Although OWL is rather expressive, it has a very serious limitation on datatypes; i.e., it does not support customised datatypes. It has b
pointed out that many potential users will not adopt OWL unless this limitation is overcome, and the W3C Semantic Web Best Practices &
Development Working Group has set up a task force to address this issue. This paper makes the following two contributions: (i) it provides a b
summary of OWL-related datatype formalisms, and (ii) it provides a decidable extension of OWL DL, called OWL-Eu, that supports customise
datatypes. A detailed proof of the decidability of OWL-Eu is presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction example, the customised datatype ‘atLeast18’ can be used in

the following definition of the class ‘Adult’:
The OWL Web Ontology Languad@] is a W3C recommen-

dation for expressing ontologies in the Semantic Web. Datatypeclass(Adult complete Person

support17,18]is one of the key features that OWL is expected restriction(ageallvalueFrom

to provide, and has prompted extensive discussions inthe RDF-  (atLeast18))),

Logic mailing list[21] and in the Semantic Web Best Practices

mailing list[23]. Although OWL adds considerable expressivewhich says that aldult is aPerson whoseage is at least 18.

power to the Semantic Web, the OWL datatype formalism (oIThe datatype constraint ‘at least 18’ can be defined as an XML

simply OWL datatyping) is much too weak for many applica- Schema user-defined datatype as follows:

tions; in particular, OWL datatyping does not provide a general

framework for customised datatypésuch as XML Schema  <gsimpleType name="atLeastl18">

derived datatypes. <restriction base="'‘xsd:integer">
It has been pointed out that many potential users will not <minInclusive value='‘'18"/ >
adopt OWL unless this limitation is overcorf@?], as it is of- < /restriction>

ten necessary to enable users to define their own datatypes and /simpleType=>?
datatype predicates for their ontologies and applications.

Example 1. Customised datatypes are important in CapturlngSuch user-defined datatypes cannot, however, be used in OWL.

the intended meaning of some vocabulary in ontologies. For After reviewing the design of OWL, and the needs of various
applications and (potential) users, the following requirements

- for an extension to OWL DL have been identified:
* This is a revised and extended version of a paper with the same title that was

published in the Second European Semantic Web Conference (ESWC2005). 1. It should provide customised datatypeS' therefore. it should
* Corresponding author. Tel.: +44 161 275 6139; . '

fax: +44 161 275 6204. be based on a datatype formalism which is compatible with
E-mail addresses: pan@cs.man.ac.uk (J. Pan), OWL datatyping, provides facilities to construct customised
horrocks@cs.man.ac.uk (I. Horrocks).
1 Awidely discussed example would be the ‘BigWheel’ example discussed in
e.g.,http://lists.w3.org/Archives/Public/public-swbp-wg/2004Apr/0061.html 2 More details of XML Schema Datatypes can be found in Se@idn

1570-8268/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.websem.2005.08.001
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datatypes and, most importantly, guarantees the computabi- each individual nama < I to an elemenaZ ¢ AZ,

ity of the kinds of customised datatypes it supports. e each concept nan@N € Cto a subseEN? ¢ AT,
2. It should overcome other important limitations of OWL e eachindividual-valued property nameRN € Ry to a binary
datatyping, such as the absence of negated datatypes and theelationRNZ < AZ x AT and
un-intuitive semantics for unsupported datatypes (which wille eachiara-valued property namé&N e Rp to abinary relation
be further explained in Sectict). TNT € AT x Ap,
3. It should satisfy themall extension requirement, which is
two folded: on the one hand, the extension should be a sulynd.P is a datatype interpretation function. More detailsApf
stantial and necessary extension that overcomes the aboy@d.P will be presented in Sectiod.3.
mentioned limitations of OWL datatyping; onthe otherhand, | et RN ¢ Ry an individual-valued property URIref,R an
following W3C's ‘onesmall step at atime’ strategy, it should jngividual-valued property, TN € Rp a data-valued property
only be as large as is necessary in order to satisfy the requiresRiref andr adata-valued property. Valid OWL DLindividual-
ments. valued properties are defined by the DL syntax:
4. It should be a decidable extension of OWL DL.
R ::= RN|R™;
This paper makes two main contributions. Firstly, it providesvalid OWL DL data-valued properties are defined by the DL
an overview of relevant (to OWL) datatype formalisms, namelysyntax:
those of XML, RDF and OWL itself. Secondly, and most im-
portantly, it presents an extension of OWL Blgalled OWL
with unary datatype Expressions (OWL-Eu), which satisfies the.et CN € C be a concept name, D concept descriptions,
above requirements. I an individual,z an OWL datatype range (cDefinition 8
The rest of the paper is organised as follows. Secflon andm e N an integer. Valid OWL DL concept descriptions are
briefly introduces the OWL Web Ontology Language. Sectiondefined by the DL syntax:
3 describes OWL-related datatype formalisms. Secfisnm- .
marises the limitations of OWL datatyping. Sectlpresents Ci=TILICN|[=C|CND|CUD {0}
the OWL-Eu language, showing how it satisfies the above four AR.C|VR.C| ZmR,| <mR
requirements. SectioBdescribes some related work, and Sec- ATu |VTu| = mT,| < mT
tion 7 concludes the paper and suggests some future work.

T :=TN.

The individual interpretation function can be extended to give
2. An overview of OWL semantics to concept and property descriptions showialite
1, whereA € Cis a concept URIrefC, C4, ..., C, are concept

OWL is a standard (W3C recommendation) for expressinglescriptions,S € Ry is anindividual-valued property URIref,
ontologies in the Semantic Web. The OWL language facilitates is anindividual-valued property description anol, 01, 02 € I
greater machine understandability of Web resources than thate individual URIrefsy is a data range (cDefinition 8), T' €
supported by RDFS by providing additional constructors forRp is adata-valued property andt denotes cardinality.
building class and property descriptions (vocabulary) and new An OWL DL ontology can be seen as a DL knowledge base
axioms (constraints), along with a formal semantics. The OWL[10], which consists of a set afioms, including class axioms,
recommendation actually consists of three languages of increaproperty axioms and individual axiom&able 2presents the ab-
ing expressive power: OWL Lite, OWL DL and OWL FulbWL  stract syntax, DL syntax and semantics of OWL axioms, where
Lite andOWL DL are, like DAML + OIL, basically very expres- R1, ..., R, areindividual-valued property descriptions. More
sive Description Logics (DLs); they are aimbstquivalent to  details of the semantics of OWL DL can be found19].
the SHZF(D™) andSHOTIN(D™) DLs. OWL Full provides the
same set of constructors as OWL DL, but allows them to be usedl Datatype formalisms
in an unconstrained way (in the style of RDF). Itis easy to show
that OWL Full is undecidable, because it does not impose re- In this section we will provide a brief overview of the XML,
strictions on the use of transitive properti&g]; therefore, when RDF and OWL datatype formalisms.
we mention OWL in this paper, we usually mean OWL DL.

Let C, Ry, Rp andI be the sets of URIrefs that can be used3.1. XML Schema Datatypes
to denote conceptsudividual-valued properties data-valued
properties and individuals respectively. An OWL Dizerpreta- W3C XML Schema Part 4] defines facilities for defining
tionis atupleZ = (A%, Ap, -Z, -P) where the individual domain  simple types to be used in XML Schema as well as other XML
Al is a nonempty set of individuals, the datatype dom&gnis  specifications.
a nonempty set of data value$,s an individual interpretation

function that maps Definition 1. An XML Schema simple type d is characterised by

a value space¥ (d), which is a non-empty set, a lexical space,

3 ¢f. Section2 for the differences of three sub-languages of OWL.
4 They also provide annotation properties, which Description Logics do not. 5 Individual axioms are also callgdcts.
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Table 1

OWL concept and property descriptions

Abstract syntax DL syntax Semantics

Classf) A AT c AT

Class(owl:Thing) T T = AT

Class(owl:Nothing) 1 1T=9

intersectionOf(1, Ca, .. .) C1nCo (Cinc)f=cincg

unionOf(Cy, Ca, .. .) Ci1uCsy (Ctucy)f=ctuct
complementOf() -C (=C)f = AT\ T

oneOfps, 0y, ...) {01} U {02} (fo1) U {02))* = {of, 03}
restrictionR someValuesFron)) 3R.C (3R.C)E = {x|3y.(x, y) € RE Ay e CT)
restriction allValuesFrom()) VR.C (YR.C)? = {x|Vy.(x,y) e RT - y e CT}
restriction® hasValueg)) 3R.{o} (3R.{0})* = {x|(x, oT) € R%}
restriction® minCardinality(n)) >mR (= mRYr = (x|t{y.(x, y) € RT} > m}
restriction® maxCardinalityfz)) <mR (< mR)E = {x|#{y.(x, y) € RT} < m}
restriction(” someValuesFrom{) ITu ATu)* = {x|3r.(x, 1) € TE At € uP}
restriction(” allValuesFromg)) VTu (YTt = {x|3t.(x, t) eTt > teub)
restriction{” hasValueg)) IT{w} @AT(w)? = {x|(x, wP) € TT)
restriction{” minCardinality¢n)) >mT (= mT)F = (x|g{rl(x, 1) € TT} > m}
restriction” maxCardinalitygz)) <mT (K mT)F = {x|g{t)(x, 1) € TT} < m})
ObjectPropertyf) N sTc AT x AT

ObjectProperty’ inverseOff)) . (57)YE c AT x AT
DatatypeProperty) T 7T c AT x Ap

L(d), which is a non-empty set of Unicod@] strings, and a set e Derivation byrestriction, i.e., by using facets on an existing
of facets,F'(d), each of which characterizes a value space along type, soasto limitthe number of possible values of the derived

independent axes or dimensions. type.

XML Schema simple types are divided into disjoint built- . gﬁg\éatlon byunion, i.e., to allow values from a list of simple
in simple types and derived simple types. Derived datatype§ Derivétion bylist, i.e., to define the list type of an existing
can be defined by derivation from primitive or existing derived simple tvoe T
datatypes by the following three means: pie type.

Table 2
OWL axioms
Abstract syntax DL syntax Semantics

Class@ partialCy ... Cy)
Classf completeCs ... C,)

ACCin...nC,
A=Cin...nC,

Alccin...nct
Al=cIn...nct

EnumeratedClasAp; . ..0,) A={o1}u...u{o,} AT =(ol,..., 0%
SubClassOf(1, C) C1EC ctcct
EquivalentClasse6} . .. C,,) Ci=...=C, t=...=ct
DisjointClasses(s . .. Cy) CC—Cj,(L<i<j<n) cIncl=p,(1<i<j<n)
SubPropertyOfgy, R2) R1C Ry RIc RL
EquivalentProperties; . .. R,,) Ri=...=R, RI=...=RZ
ObjectPropertyR superRy) . .. superR,) RCR; RECR!

domain (1) ... domain(Cy) >1RC RT c T x AT

range (1) ... range(Cs) T CVR.C; RIc AT x T

[Symmetric] R=R" RT = (R°)T

[Functional] Func(R) {(x, Wg{y.(x, y) € RT} < 1)

[InverseFunctional] Func(R™) {(x, Wy, y) € (RT)F} < 1)

[Transitive]) Trans(R) RT = (RT)*
AnnotationProperty)

Individual(o type(C1) .. . type(Cr))
value®y, 01) ... valueR®,, 0,)

Samelndividualg; ... 0,)

Differentindividualsf; . .. 0,)

0:Ci,1<i<n
(0,0;) 1 Ri,1<i<n
01=...=0,

0;# 0j,1<i<j=<n

olecl1<izn
(of,olyeRL,1<i=<n
T_ T
of=...=0!

Oi#O.i,1§l<j§n
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TheatLeast18 datatype defined iBxample lis aderived  Definition 5. Given a datatype maMy, an RDFS My-
simple type (of the base datatyged:integer), the value space interpretation | of a vocabularyV (a set of URIrefs and plain
of which is restricted to integers that are greater than or equditerals) is any RDFS-interpretation U {u|3d.(u, d) € My}
to 18 using the facet mininclusive. TkeameraPrice datatype which introduces
defined inExample 4is a derived simple type by union.

Details of XML Schema derived simple types by list ande a non-empty sekR of resources, called théomain (oOr uni-
complex types can be found [d4]. As they are not consistent  verse) of |,
with the RDF datatype model to be presented in the next sectiow, a setIP (the RDF-interpretation requird® to be a sub-set

they are out of the scope of this paper. of IR) called theser of properties in |,
e asetlC (the RDFS-interpretation requir€ to be a sub-set
3.2. Datatypes in RDF of IR) called theser of classes in |, and

e adistinguished subskV of IR, called theet of literal values,
According to[8], RDF allows the use of datatypes defined by ~ Which contains all the plain literals W,
any external type systems, e.g., the XML Schema type systert, @ mapping’s from URIrefs inV to IR,
which conform to the following specification. ® amappingEXT, called theextension function, fromIP to the
powerset ofR x IR,
Definition 2. A datatype d is characterised by a lexical space, ¢ z mapping/CEXT, called theclass extension function, from
L(d), which is an non-empty set of Unicode strings; a value ¢ to the set of subsets iR,

space,V(d), which is an non-empty set, and a total mappinge a mappingL from typed literals inV into IR,
L2V (d) from the lexical space to the value space.

This specification allows the use of non-list XML Schema@nd satisfies the following extra conditions:

built-in simple types as datatypes in RDF, although some built- )

in XML Schema datatypes are problematic because they do ndt LV = ICEXT(IS(rdfs:Literal)),

fitthe RDF datatype modéIFurthermore, comparisons between 2 for €ach plain literapl, IL(pl) = pl,
Definitions 1 and Zhow that RDF does not take XML Schema 3- for €ach paifu, d) € My,

facets into account, which are essential to define derived simple (&) /CEXT(d) = V(d) S LV,
types. (b) there existl € IR s.t.1S(u) =d,

In RDF, data values are represented by literals. (€) IS(u) € ICEXT(1S(rdfs:Datatype)),

(d) for “s""w' eV,ISu')=d, if selL(d), then
Definition 3. All literals have a lexical form being a Unicode IL("s"""u’)y = L2V (d)(s), otherwise, IL(‘s"""u’) €
string. Typed literals are of the form “s”"#&, where s is a Uni- IR\ LV,
code string, called théexical form of the typed literal, and 4. if d e ICEXT(IS(rdfs:Datatype)), then (d, IS(rdfs:
is a datatype URI referenc@lain literals have a lexical form Literal)) € IEXT(rdfs:subClassOf).
and optionally danguage tag as defined byl], normalised to
lowercase. According toDefinition 5 LV is a subset olR, i.e., literal

values are resources. Condition 1 ensures that the class extension
of rdfs:Literal is LV. Condition 2 ensures that the plain literals

are interpreted as themselves, and Ih¥tcontains interpreta-

tions of all valid typed literals of datatypesM,. Condition 3a
asserts that RDF(S) datatypes are classes (because datatypes are
interpreted using the class extension functi6&X7), Condi-

The associations between datatype URI references (e.dgion 3b ensures that there is a resowfder datatyped in My,
xsd:boolean) and datatypes (e.g., boolean) can be provided bynd Condition 3¢ ensures that the cledfs:Datatype contains
datatype maps defined as follows. the datatypes used in any satisfyiMy-interpretation. Con-

) ) ) dition 3d explains why the range @t is IR rather thanLV
Definition 4. A datatype map My is a partial mapping from (because, for “s” i, if s & L(IS()), thenIL(“s”"u) ¢ LV);
datatype URI references to datatypes. note that this is different from OWL datatypes [@kfinition 9).

Note that XML Schema derived simple types are RDF Condi_tion 4 requires that RDF(S) datatypes ark-classes of
datatypes because XML Schema provides no mechanism féffs:Literal.
using URI references to refer to derived simple types.

The semantics of RDF datatypes are defined in terMef ~ 5-3- Datatypes in OWL

interpretations, which extend RDF-interpretations and RDFS- ] o
interpretations (cf. RDF Semanti¢8]) with extra conditions OWL datatyping adopts the RDF specification of datatypes
for datatypes. and data values. It extends RDF datatyping by (i) allow-

ing different OWL reasoners to provide different supported
datatypes, and (ii) introducing the use of so called enumerated
6 Readers are referred [8] for more details. datatypes.

Example 2. Boolean is a datatype with value space
{true, false}, lexical space {“true”, “false”, “1”, “0"}
and lexical-to-value mapping{“true” > true, “false”
false,"1" > true,“0" +— false}. “true”” "xsd:boolean is a
typed literal, while “true” is a plain literal.
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Definition 6. Given a datatype mapl;, a datatype URI ref- which (customised) datatypes can be used together so that
erenceu is called asupported datatype URI reference w.r.t My the language is still decidable.

if there exists a datatypé s.t. M;(u) = d (in this cased is 2. OWL does not support negated datatypes. For example, ‘all
called asupported datatype w.r.t. My); otherwisey is called an integers but 0’, which is the relativised negation of the enu-
unsupported datatype URI reference w.r.t. M. merated datatype oneOf(“0"X$d:integer), is not express-

ible in OWL. Moreover, negated datatypes aeeessary in
the negated normal form (NNEpf datatype-related class
descriptions in, e.g., DL tableaux algorithms.

The kinds of datatypes provided by OWL are called OWL3. An OWL DL datatype domain seriously restricts the in-
data ranges, which can be used in datatype-related class de-terpretations of typed literals with unsupported datatype
scriptions. In fact, in line (13) and (14) d&ble 1 u is an OWL URIrefs. According to Definition 9 datatype domain
data range. is equal to the set of all plain literals together with
the value spaces of all supported datatypes. For ex-
ample, given the datatype maM,; = {xsd:integer —
integer, xsd:string > string},“1.278e-3" " Xsd:floathasto
be interpreted as either an integer, a string or a string with a

The semantics of OWL DL datatypes are defined in terms of language tag, which is counter-intuitive.

OWL datatype interpretations.

Definition 7. Let y1, ..., y, be typed literals. Arenumerated
datatype is of the form oneOf{y, ..., y,).

Definition 8. An OWL data range has one of the forms: (i)
a datatype URI reference, (ii) an enumerated datatype, or (iii)
rdf:Literal.

Definition 9. An OWL datatype interpretation W.r.t. t0o a 5. OWL-Eu

datatype mapl, is a pair @p, -°), where the datatype domain  This section presents OWL-Eu and elaborates how OWL-

4p = PLU Uror each supported datatype URIref u wM, V(MI’_(”)) Eu satisfies the four requirements (listed in Sectiprin the
(PL is the value space for plain literals, i.e., the union of thefollowing four sub-sections.

set of Unicode strings and the set of pairs of Unicode strings
and language tags) and is a datatype interpretation function, 5.7. Supporting Customised Datatypes

which has to satisfy the following conditions: _
OWL-Eu supports customised datatypes through unary

1. rdfs:LiteraP = Ap; datatype expressions based on unary datatype groups. Intu-
2. for each plain literal, i° = [ € PL; itively, an unary datatype group extends the OWL datatyping
3. for each supported datatype URIrefletd = M;(u)): with a hierarchy of supported datatypes.

(@) u® = V(d) < Ap, s : ,

(b) if s € L(d), then (“s” u)P = L2V (d)(s), Definition 10. A unary datatype group G is a triple

(©) if s ¢ L(d), then (“s"%)P is not defined: (Md’.B’ dom), whereM;; is thedatatype map ofg,Bls.the set of
4. for each unsupported datatype URItefu® < Ap, and primitive base datatype URI references iy anddom is thede-

(s u)P € uP. clared domain function. We callS the set of supported datatype

URI references of, i.e., for each: € S, M, (u) is defined; we

requireB € S. We assume that there exists a unary datatype

URI referenceowlx:DatatypeBottom ¢ S. The declared do-
The above definition shows that OWL datatyping is similarmain functiondom has the following properties: for eaghe S,

to RDF datatyping, except that (i) RDF datatypes are classes, ; ¢ B, dom(u) = u; otherwisedom(x) = v, wherev € B.

while OWL DL datatypes are not classesnd (ii) in RDF

ill-defined typed literals are interpreted as resourcdRif LV,

while in OWL DL the interpretation of ill-defined typed literals

are undefined.

4. Limitations of OWL datatyping

5. each enumerated datatype one@f(.., y,) is interpreted
aSleU...Uy,',D.

Definition 10 ensures that all the primitive base datatype
URIrefs of G are supportedB C S) and that each supported
datatype URIref relates to a primitive base datatype URIref
through the declared domain functidom.

Example 3. G; = (My1, B1, dom;) is a unary datatype group,
OWL datatyping has the following serious limitations, which where
discourage potential users from adopting OWL DL in their SW
and ontology applicationd 6,22] e M1 = {xsd:integer — integer, xsd:string —
string, xsd:nonNegativelnteger —>g
, xsdx:integerLessThanN — <y},
B1 = {xsd:string, xsd:integer}, and

1. OWL does not support customised datatypes (except enu-
merated datatypes). Firstly, XML Schema derived simple,
types are not OWL DL datatypes, because of the problem
of datatype URI references for XML Schema derived simple
types. Secondly, OWL does not provide a mechanism to tell 8 A concept is in negation normal form iff negation is applied only to atomic

concept names, nominals or datatypes.
9 Note that in[16] datatype groups allow arbitrary datatype predicates, while

7 In fact, classes and datatypes in OWL DL use different interpretation funchere we consider only datatypes, which can be regardechas datatype pred-
tions; cf. Sectior. icates.
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e dom; = {xsd:integer — xsd:integer, xsd:string 2. relativised negated expressions not(u) € Dexp (G), for a
xsd:string, xsd:nonNega tivelnteger — datatype URIref:;

xsd:integer, xsdx:integerLessThanN +— xsd:integer}. 3. enumerated expressions oneOf(ly, ..., 1,) € Dexp (G), for

] _ literalsiy, ..., I,;

Accprdmg to Mg, we have Sl_ = {xsd:integer, 4. conjunctive expressions and(Ex, ..., E,) € Dexp (G), for
xsd:string, xsd:nonNegativelnteger, xsdx:integer datatype expressior, ..., E, € Dexp (G);
LessThanN}, hence B1 C S;. Note that the value space 5. gisjunctive expressions of(Ex, ..., E,) € Dexp(G), for
of <y is datatype expressiorsy, ..., E, € Dexp (G).

V(<n) = {i € V(integer)i < L2V (integer)(V)},

. Example 4. G-unary datatype expressions can be used to rep-
and b.y<N we mgan there exists a supported datatypefor resent XML Schema non-list simple types. Given the unary
each integeL.2V (integer)(N). datatype grou, presented ifExample 3

Based on aunary datatype group, OWL-Eu provides a formal-
ism (called datatype expressions) for constructing customisedyuilt-in XML Schema simple typesiteger; string, nonNega-
datatypes using supported datatypes. tivelnteger are supported datatypesdh;
¢ the XML Schema derived simple type (using only one facet)
atLeast18 defined inExample 1can be represented by
the relativised negated expression

Definition 11. Let G be a unary datatype group. The set o
G-unary datatype expressions in abstract syntax (correspond-
ing DL syntax can be found ifiable 3, abbreviatedexpg, is

inductively defined as follows: not(xsdx:integerLessThan18);

1. atomic expressions u € Dexp (G), for a datatype URIref; the following XML Schema derived simple type (using more
than one facethumanAge

<simpleType name='‘humanAge’’'>

<restriction base='‘xsd:integer’’'>
<minInclusive value='‘'0'"/ >
<maxExclusive value='‘'150""/>

< /restriction>
< /simpleType>
can be represented by the following conjunctive expression

and(xsd:nonNegativelnteger, xsdx:integerLessThan150);

the following XML Schema derived union simple type
<simpleType name='‘cameraPrice’’>
<union>

<simpleType>

<restriction base='‘xsd:nonNegativelnteger’’'>
<maxExclusive value=''100000""/ >

< /restriction>

< /simpleType>

<simpleType>
<restriction base='‘xsd:string’’>
<enumeration value='‘low’’/ >

<enumeration value='‘medium’’/ >
<enumeration value=‘éxpensive’’/ >

< /restriction>
< /simpleType>

< /union>
< /simpleType>
can be represented by the following disjunctive expression
or(

and(xsd:nonNegativelnteger, xsdx:integerLessThan100000)

oneOf(“low™ “xsd:string, “medium™ "xsd:string, “expensive

).

nA A

xsd:string)
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Table 3

Syntax and semantics of datatype expressions (OWL-Eu data ranges)

Abstract syntax DL syntax Semantics

a datatype URIref; u uP

oneOf(ly, ..., 1) {1, ..., I} (Pyu...u iRy

not(u) u (dom(u))P \ uPifu
S\BAp\
uPotherwise

and(Eq, .. ., Ey) E1n...NE, EPN...NED

or(P, Q) E1V...VE, EPU...UED

Definition 13. Let V be a set of variableg; = (Mg, B, dom)
a unary datatype group ande B a primitive base datatype
URIref. A datatype conjunction of is of the form

k l
C= /\ uj(vj) A /\ #i (v(lt), v(zl)), (1)
j=1 i=1

where they; are variables fronv, v(li), v(zi) are variables appear
in /\'J“.:1 uj(vj), u; are datatype URI references frésuch that

dom(u ;) = u, and#; are the inequality predicates for primitive

We now define the interpretation of a unary datatype grouppase datatype¥l,(dom(u;)) whereu; appear in/\’}zl uj(v;).

Definition 12. A datatype interpretation Zp of a unary datatype

group G = (Mg, B, dom) is a pair (Ap, -P), where Ap (the

datatype domain) is a non-empty set alds a datatype inter-

A datatype conjunctiol is calledsatisfiable iff there exist
an interpretation Ap, -°) of G and a functions mapping the
variables inC to data values imp s.t.5(v;) € ujD (forall1 <

pretation function, which has to satisfy the following conditions: J =< k) and(s(v)). s(v3)}cuP ands(v}) # 6(3) (for all 1 <

=

. (rdfs:Literal = Ap and pwIx:DatatypeBottom)P = ¢;
. for each plain literal, I° = | € PL andPLC Ap; 10
3. for any two primitive base datatype URIreig, u2 € B :

N

ulD N uzD =@,
4. for each supported datatype URIrefe S, where d =
Md(u)I
(@) uP = V(d) C Ap, L(u) € L(dom(u)) and L2V(u)C
L2V (dom(u));

(b) if s L(d), then (“s"" )P = L2V(d)(s); otherwise,

i < I). Such afunctios is called asolution for Cw.r.t. (Ap, -P).

We end this section by elaborating the conditions that com-
putable unary datatype groups require.

Definition 14. A unary datatype groug is conforming iff

1. foranyu € S\ B: there exist’ € S \ B such that'® = P,
and

2. for each primitive base datatypegnthe satisfiability prob-
lems for finite datatype conjunctions of the for(h) is

(“s""u)P is not defined; decidable.
5. Vu &8S,uPcAp,and “s” ~u € uP.

5.2. Small extension: from OWL DL to OWL-Eu
Moreover, we extend® to G unary datatype expression as

shown inTable 3 Let E be ag unary datatype expression, the
negation off is of the form—E, which is interpreted adp/EP.

In this section, we present a small extension of OWL DL, i.e.,
OWL-Eu. The underpinning DL of OWL-Eu i§HOTZMG1),
i.e., theSHOZN DL combined with a unary datatype group

In Definition 12 Condition 3 ensures that the value spaces ofj (1 for unary). Specifically, OWL-Eu (only) extends OWL
all primitive base datatypes are disjoint with each other. Condidata range (cfDefinition 8 to OWL-Eu data ranges defined as
tion 4a ensures that each supported datatype is a derived datatypéows.

of its primitive base datatype. Please note the difference between .
a relativised negated expression and the negation of a unaRefinition 15. An OWL-Eu data range is aG unary datatype

datatype expression: the former one is a kind of unary datatyp&<Pression. Abstract (as well as DL) syntax and model-theoretic
expression, while the latter one is the form of negation of alSemantics of OWL-Eu data ranges are presentdaine 3

kinds of unary datatype expressions. Furtherm@refinition The consequence of the extension is that customised
12indicates enumerated expressions are special forms of digtatypes, represented by OWL-Eu data ranges, can be used
junctive expressions. in datatype exists restriction3Tu) and datatype value restric-

Itis worth noting that the (full) negation of a unary datatype tjons (v7.4), whereT is a datatype property ands an OWL-Eu
expression is also a unary datatype expression. This can be easijytg range (cfTable 9. Hence, this extension of OWL DL is as
shown as follows. large as is necessary to support customised datatypes.

Example 5. PCs with memory size greater than or equal to 512
Mb and with price cheaper than 700 pounds can be represented
in the following OWL-Eu concept description in DL syntax (cf.
Table 3:

o —y:if u € B, —u = u; otherwise;~u = u v dom(u).
o —u:if u € B, ~u = u; otherwise;~u = u v dom(u).
[}
[}

(U1 AUy) = ULV .V Uy,

=(u1V...Vuy)=—-uirA...A—-u,.
. . . . . PCnamemorySizeInMb. <5121

Next, we introduce the kind of basic reasoning mechanisms Yoz 512

required for a unary datatype group. Apriceln Pound. <700,

where=<s73 is a relativised negated expression anghg is a

10 pL is the value space for plain literals; &efinition 9. supported datatype iG.
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5.3. Decidability of OWL-Eu the satisfiability problem of datatype conjunctions of primi-
tive base datatypes is decidable; thereforg;datatype ex-
Now we show that OWL-Eu is decidable by showing pression conjunction is satisfiable iff one of its disjuncts is
SHOIQ(G1)-concept satisfiability w.r.t. knowledge bases. To satisfiable.
decide SHOZQ(G1)-concept satisfiability and subsumption )
problemw.r.t. knowledge bases, a DL reasoner can use adatatypeSecondly, we show how to handle the extra constraints
reasoner to answer datatype queries. Intuitively, a datatype quetjiroduced by thealue inequality predicate andvalue equality
is a disjunction of datatype expression conjunctions, possibly to2redicate. \We can transform the general equality and inequal-
gether with some equality and inequality constraints. ity constraints intoV, a disjunction of conjunctions of the
. forms = (v;, v;) or # (v, v;). For each satisfiablg-datatype
Definition 16. (Datatype Query) For a unary datatype group gy pression conjunctiofi ;. we can further exten@; toCj; by

G1, adatatype query is of the form adding new conjunctss, (v;, v;) and/or#, (vir, vj) intoJCE.
k ky ka Q is unsatisfiable if all C;. areunsatisfiable; otherwise,Q is
Q:= \yn N\ # o vi2) A\ satisfiable. [ !
j=1 =1 Jjo=1

We will show the decidability o6 HOZQ(G1)-concept satis-

= (V(jz,2)s - -+ V(jam ) (2) fiability w.r.t. TBoxes and RBoxes by reducing it to th OZ Q-
concept satisfiability w.r.t. TBoxes and RBoxes. The proof is
Iiﬁlnspired by the proofl{utz [14, pp. 32—-33] of the decidabil-

ity of ALCF(D)-concept satisfiability w.r.t. to general TBoxes,
where ALCF(D) is obtained fromALCH(D) by restricting the
concrete domain constructor to concrete features in place of fea-
ture chains. The basic idea behind the reduction is that we can
replace each datatype group-based conceipt 7 with a new
atomic primitive concepti¢ in 7. We then compute the satisfi-
ability problem for all possible conjunctions of datatype group-
based concepts (and their negationsYyifof which there are
only a finite number), and in case a conjunct©nr...nC,

whereCy; is a (possibly negated) unary datatype expressio
conjunction,) are variables appearingdfy,, ..., Cq,, and#
and = are called theilue inequality predicate andvalue equality
predicate, respectively. A datatype query istisfiable iff there
exists an interpretatiom\p, -°) of G1 and a functiors mapping
the variables i€y, ..., C4, to data values imp s.t.

8 is a solution for one o€y, ..., Cq, W.It. (Ap, -P) and,
8(v(j1)) # S(v(jp2) forall 1 < ji < kg, 1t
there exist somejp(l < j» <k2) s.t. 8(vp1)) ==

8(v(jamp))- is unsatisfiable, we add an axioit, N...MA¢c, T Lto 7",
o For example, unary datatype group-based concgfits1
Such a functiors is called asolution for Q w.r.t. (4p, -P). andVT.<q occurring in7 would be replaced witts7-, and

Avr<, in T', andAsr~, N Avr<, E L would be added tg”’
becausé@T.>1 N VT .<qisunsatisfiable (i.e., there is no solution
for the predicate conjunction1 (v)A <o (v)).

Proof.' Firstly, we will show that the sgtlsflabl!lty proble_m of Theorem 1. The SHOTQ(G1)-concept satisfiability problem
(possibly negatedyj-datatype expression conjunctions is de- ; . . .
- o NP w.r.t. a knowledge base is decidable if the combined unary
cidable. It is trivial to reduce the satisfiability problem fGr . !
datatype group is conforming.

datatype expression conjunctions to the satisfiability problem
for predicate conjunctions ovér Proof. We prove the theorem by reducin@HOIQ(gl)—
concept satisfiability w.r.t. a knowledge base to 8%0Z0Q-
1. Due to Condition 1 of a conforming unary datatype group (cfconcept satisfiability w.r.t. TBoxes and RBoxes. I2be an
Definition 14, we can trivially eliminate relativised negated SHOZQ(G1)-concept for satisfiability checkingl7(D) the set
expressions. Similarly, their (full) negations can be reduce®f all the sub-concepts of concepts §d} U {D1, D2|D1 T

Lemma 1. For G a conforming unary datatype group, datatype
queries of the form (2) are decidable.

as follows: Dy € TorDy = Dy € T}, and{Cx, ..., Ci} C cly{(D) the set of
ui(vp) v domu)(vi) ifui € S\ B all the datatype group-based concepts (and their negations) in
—w(v) =4 AT PeET cl#(D), i.e., eachC; (1 <i < k) is of one of the four forms:
{ ui(v) otherwise IT.d, VT.d, < nT.d and> nT.d, whereT is a concrete role name,
according taDefinition 12 d is a unary datatype expression ant an integer. There are

2. The and and or constructors simply introduce disjunc- tWo remarks here. Firstly, we assume tidat ..., C; are in
tions of datatype conjunctions ¢t Due to Condition 3 of their negation normal forms; i.e., negations only appear in front
Definition 12 datatype conjunctions are unsatisfiable if thereof atomic concepts. Secondly, as we have shown in Sestibn
exist variables shared among supported datatypes derivé@gatior_ls of unary datatype expressions are still unary datatype
from different primitive based datatypes. Therefore, datatyp&XPressions.
conjunctions ofg can be reduced to datatype conjunctions We assume that all the functional concrete role axiorfisarf

of primitive base datatypes. According Definition 14  the formFunc(T) are encoded into concept inclusion axioms of
the formT C< 17.Tp in 7. We assume that all the individual

axioms of the forma : C are encoded into concept inclusion
11 Note that, ifv = (v1, .. ., v,), 8(v) is an abbreviation fo(s(vy), . . . , 5(vn)). axioms of the form{a} C C, that all the individual axioms of
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the form(a, b) :
of the form{a} C 3R.{b} and that all the individual axioms of
the form(a, [) : T are encoded into concept inclusion axioms of
the form{a} C 3T.{/}.

We define a mapping that maps unary datatype group-based(2) For

concept conjunctions of the forrt§ = By m...n By, where
{B1,...By} C{C1,..., C},toacorresponding datatype query
7(S).

(Step 1) For eachB; of the form3T.d, =(S) contains a conjunct

d(v?), where each)T is a variable, with the corresponding Claim. (i) For any S = Bin.

concrete role namE as its superscript.
(Step 2) For eachB; of the form> nT.d, =(S) contains a con-
junct

37

R are encoded into concept inclusion axioms (1) We create an atomic primitive concept, for eachC;

{C1, ..., Ct}, and transformi7 and D into 7’ and D’ by

replacing allC; with Ac, in TandD. We transfornmiR into

‘R’ by removing all the concrete role inclusion axioms.

each S=Bin...NnB,, where {B1,...,B,} C

{Cq, ..., Ci}, if 7(S) is unsatisfiable, we add the follow-
ing concept inclusion axiom int":

ABll_I...I_IABh C 1.

.M By, where {B1, ..., By} C
, Ci}, S is satisfiable lﬁ‘ (S) is satzsﬁable (iiy Al

the posszble contradictions caused by possible datatype group-
based sub-concept conjunctions in Cl7(D) have been encoded in

the TBox T . (iii) D is satisfiable w.r.t. Tand R iff D' is satisfiable

N # 0L h)

1<a<b<m

m
/\ d(vz) A
a=1

wrt. T and R'.

Claim (i) is true because the mappings in (Steps 1-4) exactly

where the inequality constraints are used to make sure th@enerate the needed datatype querig® according to the se-

variablesv’,
We will not introduce any more new variables (with super-
scriptions) in the following steps. .
(Step 3) For eachB; of the formVT.d, let A; be the set of all
variables that were introduced in (Step 1) and (Step 2) of the
form v”’, where the superscrigit matches the correspond-
ing concrete role namgin VT.d. A variablev? matches a
concrete rolg if 7" &T. Thenm(S) contains a conjunct

/\ d). .

VveA;

(Step 4) For eachB; of the form< mTx, ..., T,,.E, similarly
to (Step 3), we can define a séf for B;. Let |A;| =m'.
If m’" <m, then let P(A, x) be the function that maps a
setA to the set of all the partitions of with sizex; i.e.,
for each partitionQ = {q1,...,¢x} € P(A,x),q1,...,qn
are non-empty setg, Ngp =0 (for L<a<b<x)and 4
A =q1U...Ugy. Thenz(S) contains a conjunct

Vo A N d) Adz) >= (v1,v2),
QeP(Aj,m) qeQ v1, V2€q

we can apply theX = y = —x v y” equivalence and De-
Morgan’s law to this conjunct to give

V' A AN\ —dn) v-d()V = (v v2).

QeP(Aj,m)qeQ v1, V2€q

Since the satisfiability problem for a datatype query
is decidable, for each possibl§ = B1n...n By, where
{B1,..., By} € {C1,...,Cr}, we can decide ift(S) is satis-
fiable or not.

Now we can reduce th8HOZQ(G1)-concept satisfiability
problem w.r.t. a knowledge base to tl§¢{(OZQ-concept sat-
isfiability problem w.r.t. a TBox and an RBox, by introduc-
ing some new atomic primitive concepts (to represéntfor
each 1< i < k) and some concept inclusion axioms about these
atomic primitive concepts (to capture all the possible contradic-
tions caused by) as follows:

...v "are mapped to different data values. mantics of unary datatype group-based concepts.

(Step 1): For eacl®; of the form37T.d, n(S) contains a con-
junct d(v]T). If (Ap, -P) is an interpretation of ands is a
solution ofd(v/T) w.r.t. (Ap, -P) of this conjunct, we have
8(va) e dP. Furthermore, the concrete role narfere used

in superscripts of the corresponding variables, so as to assure
that further constraints from datatype expression value and
atmost restrictions can be properly added to these variables.
(Step 2): For eaclB; of the form> mT.d, =(S) contains a
conjunct \j_y d(vh ) A Ni<gepem # ], 01). If (4p, -P)

is an interpretation off ands is a solution w.r.t. Ap, -P)

of this conjunct, we havé(v! ) € d° ands(v? ) # 8(v7 ) for

all 1 <a < b < m; viz. there are at least data values that
satisfy the unary datatype expressibii he purpose of using
superscripts in variables is the same as (Step 1).

(Step 3): For eacl®; of the formVvT.d, =(S) contains a con-
junct/\veAJ_ d(v). Since in (Step 1) and (Step 2) we have gen-
erated all the needed variables, the4gtncludes all the tu-
ples of variables, the superscripts of whichmattgh . ., 7,,.

If (Ap, -P) is an interpretation of ands is a solutlon W.I.L.
(Ap, -P) of the above conjunct, we hawv) € dP, for all

DES Aj.

(Step 4): For eaclB; of the form< mT.d, =(S) contains a
conjunct

Vi AA

QeP(Aj,m)qeQ —v1, —v2€q

d(v1) A d(v2) —= (v1, v2),

if m <|Aj|. The setA; is constructed as that in (Step 3),
and P(A;, m) is the set of all the partitions of ; with size
m. If (Ap, -P) is an interpretation of ands is a solution
w.r.t. (Ap, -P) of this conjunct, there exists a partitigh s.t.
forallg; € Q (1 <i < m), any pairs of variable;, vo must
satisfy that if boths(v1) € dP ands(vy) € dP are true, then
3(v1) = &(v2). In other words, there are at mostdifferent
data values that are linked through the concrete rblaad
satisfyd.
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For claim (ii). Firstly, due to the (1), it is obvious th&X is  that supports customised datatypes with unary datatype expres-
anSHOIQ-concept and’ contains no unary datatype group- sions (cf.Example 4. SecondlyDefinition 12defines the nega-
based concepts, and there are no concrete rolg®’irBec- tions of datatype expressions and OWL-Eu provides relativised
ondly, due to (2), claim (i) and thgtdatatype queries are decid- negated datatype expressiddefinition 11). Thirdly, accord-
able, for any possible datatype group-based concept conjunctidng to Definition 12, the datatype domain in an interpretation
S = B1n...n B, andifz(S) isunsatisfiable, there is an axiom of a datatype group is a superset of (instead of equivalent to)
Ap, M...MAg, C LinT’. Therefore, all the possible contra- the value spaces of primitive base datatypes and plain literals;
dictions caused by possible datatype group-based sub-concdptnce, typed literals with unsupported predicates are interpreted
conjunctions ircl{D) have been encoded in the TB®X. more intuitively.

For claim (iii). If D is satisfiable w.r.t. T andR, then there
isamodelZ, st.Z = D,Z = TandZ = R. We show how to 6. Related work
construct a model’ of D’ w.r.t. 77 and R’ from Z.Z' will be

identical toZ in every respect except for concrete roles (there  The concrete domain approah14] provides a rigorous
are no concrete roles ifi) and the atomic primitive concepts treatment of datatype predicates, rather than datafifdeshe

Ac, for eachC; e {C1, . Cé} (the;e are nol¢; INI). SOWe  yne system approaghi], datatypes are considered to be suffi-
only need to constructy, : A¢, = C;. Due to the constructions  cjently structured by type systems; however, it does not specify
of D', 7', R',we haveDT # %, 7 =T  andZ = R/ how the derivation mechanism of a type system affects the set

For the converse direction, |1& be a model ofD’ w.r.t. 7’ of datatype®d. An early version of5] suggests some solutions
and R’. Z will be identical toZ' in every respect except for to the problem of referring to an XML Schema user defined
concrete roles and datatype group-based conegpts ., C,.  simple type with a URI reference; however, it does not address
We can cons:truc(?iI (l<i<k)as C,.I = Ag’, and the inter- the computability issue of combining ti$&{OZN DL with cus-
pretations of concrete roles as follows: Lét= CIU...U tomised datatypes. The current version of this W3C technical re-
C}. For eachx; € C, there exists a se{Cj,,...,C;, } st Port refers to our work on unary datatype groups, as a solution to
for eachCj, € {Cj,.....Cj, }.xj € CI'h' LetS; =Cj,n...nm thg problem of cqmplnlng OWL DL with customised datatypes.

§ It is worth mentioning that the SPARQL query language for

Cj,.- Obviously,Z = §;. Due to claim (i), the datatype query
7(S;) is decidable; therefore, there exists a datatype interpretd3 OF [20] allows the use not only of datatypes, but also of some

tion (Ap, -P) and a solutiors of 7(S;) W.r.t. (Ap. Dy LetT be datatype predicates and operators defin¢ﬁ5]1 SPARQL does
not, however, allow the use of customised datatypes or datatype
) ] predicates. Furthermore, tleg operator SPARQL supports is
T, 5(v;”) the set of data values to whichmaps the set of ot an equivalence relation because of some so-called “corner
variables inv”). Initially, we set allTZ as#, then for eacll  casesTs5].
used in eacls;, we havel* = 77 U {S] x (VM) Obviously,
we haveZ = D. Due to claim (ii) and the construction 7, 7. Conclusion
we haveZ = 7. Due to the definition of match, the construc-
tions of R’ and the interpretations of concrete roles, we have Although OWL is rather expressive, it has a very serious

IER. O limitation on datatypes; i.e., it does not support customised

Since OWL-Eu corresponds to t{OTA(G1) DL, which datatypes. It has been pointed out that many potential users will

is a sub-language oBHOTQ(G1), we have the following not adopt OWL unless this limitation is overcome. Accordingly,
corollary. the Semantic Web Best Practices and Development Working

_ - Group has set up a task force to address this issue. As discussed
Corollary 1. The OWL-Eu-concept satisfiability problem w.rt. - above, a solution to the problem should cover much more than
a knowledge base is decidable. just a standard way of referring to an XML Schema user defined

Lemma 2. (Tobies[24, Lemma 5.3)If £ is a DL that provides simple _type with a URI reference. ]
the nominal constructor, knowledge base satisfiability can be Inthis paper, we propose OWL-Eu, an extension of OWL DL

polynomially reduced to satisfiability of TBoxes and RBoxes. that supports customised datatypes. The underpinning of OWL-
Eu is theSHOZN(G1) DL, a combination ofSHOZN and a

According toCorollary 1andLemma 5.3we have the fol-  ynary datatype group. OWL-Eu is decidable if the combined

a concrete roIeV}j) the set of variables im(S;) that match

lowing theorem. unary datatype group is conforming; conformance of a unary
Theorem 2. The knowledge base satisfiability problem of OWL- ~ datatype group precisely specifies the conditions on the set of
Eu is decidable. supported datatypes. OWL-Eu provides a general framework for

integrating OWL DL with customised datatypes, such as XML
5.4. Overcoming the limitations of OWL datatyping Schema non-list simple types.

This section summarises how OWL-Eu overcomes the lim-

itations of OWL datatyping presented in Sectidn Firstly, 12 The reader is referred to Section 5.1.3[b8] for detailed discussions on
OWL-Eu is a decidable extensioit{eorem ) of OWL DL concrete domains.
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We have implemented a prototype extension of the FaCT11] I. Horrocks, U. Sattler, Ontology reasoning in t8&@Q(D) description
[9] DL system, called FaCt-DG, to support TBox reasoning  logic, Proceedings of the 17th International Joint Conference on Artificial

in the SHZQ(G1) DL, a sub-language of OWL-Eu. As for Intelligence (IJCAI 2001), 2001, pp. 199-204. .

. . [12] I. Horrocks, U. Sattler, S. Tobies, Practical reasoning for expressive de-
future work, we are planing to e).(tend the DIG];']', interface scription logics, Proceedings of the International Conference on Logic for
[7] to support OWL-Eu, and to implement a pegé [13] Programming and Automated Reasoning (LPAR’99), 1999 number 1705
plug-in to support XML Schema non-list simple types, i.e. in LNAI, pp. 161-180.

users should be able to define and/or import customised XMI[13] H. Knublauch, R.W. Fergerson, N.F. Noy, M.A. Musen, The BgeOWL
Schema non-list simple types based on a set of Supported Plugin: An Open Development Environment for Semantic Web Applica-

. tions, International Semantic Web Conference, 2004, pp. 229-243.
datatypes, and to exploit our prototype through the extended DI([;M] C. Lutz, The complexity of reasoning with concrete domains, Ph.D. thesis,

interface. Teaching and Research Area for Theoretical Computer Science, RWTH
Aachen, 2001.
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