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Abstract

Semantic interoperability among Semantic Web (SW) langsag an important feature in
knowledge engineering in the Semantic Web era. Recentndsd@owever, has shown some issues
on the compatibility between the semantics of the stand#d8notation language RDF (as well as
its ontological extension RDFS) and that of the standard 8%logy language OWL DL. To address
these issues, existing approaches either limit the exderdiRDF(S) to only a property-related subset
of OWL together with a weaker semantics [53], [54] or weakie® $emantic connection between
individual interpretations and class interpretations &fi&J(and hence lose some intuitive inference)
[12]. This paper proposes a novel modification of RDF(S) asna$emantic foundation for many of
the latest Description Logics-based SW ontology languaigeiding OWL DL. Its metamodeling
architecture is very similar to that of UML and it imposes muitation on its extensibility to more
expressive Description Logics (such as OWL DL and OWL-EW. &result, the introduction of
RDFS(FA) solidifies RDF(S)’s proposed role as the base ofSbmantic Web and facilitates key

knowledge engineering tasks, such as ontology reuse, iwlkdge-based systems.
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I. INTRODUCTION

The vision of the Semantic Web (SW) is to augment the symaskeb with semantic
markup, so that resources are more easily interpreted byrgores (or ‘intelligent agents’).
Encoding semantic markups will necessitate the Semantic &d®pting an annotation lan-
guage. To this end, the W3C (World Wide Web Consortium) comitgunas developed a
recommendation called Resource Description FrameworkHRBO]. The development of
RDF is an attempt to support effective creation, exchangeuse of annotations on the Web.

Annotations alone, however, do not establish the semawnficwhat is being marked-
up. In response to this need for more explicit meaning, ogiek [15], [55] have been
proposed to provide shared and precisely defined terms arstramts to describe the meaning
of resources through annotations — such annotations atedcalachine-understandable
annotations The advent of RDF Schema (RDFS) [6] represented an eadynpttat a SW
ontology language based on RDF. RDF and RDFS, or simply RDE(8 intended to provide
the foundation for the Semantic Web [32, Sec. 7.1]. As thestantors that RDFS provides
for constructing ontologies are very primitive, more exgsiee SW ontology languages have
subsequently been developed, such as OIL [21], DAML+OIL] [@4d the W3C standard
Semantic Web ontology language OWL [2lwhich are all based on Description Logics
(DLs) [1].

Knowledge-based systems in the Semantic Web era can/shtwakd use of the power of
the Semantic Web languages and technologies, in partithiese related to ontologies, to
support key tasks such as information retrieval and extma¢f16], [3], [33], [57], [29], [52],
[9]), and information integration ([4], [34], [31]). In th©OWL DL ontology language, an
ontology corresponds to a DL knowledge base; i.e., an ogyotontains not only knowledge
about important concepts and relationships in a given dontait also data (instances of
these concepts and relationships) in the domain. Exptpitiis logical foundation allows
for the explication of information (or knowledge) that islpnmplicitly represented in the
ontology; in practice this can be achieved with the help dblmgy inference engines, such
as F&T [22], RACER [18], Pellet [49], FaT++ DL [13], KAON2 [28] and F&T-DG [39].
Interestingly, for a given set of data (knowledge aboutvilials and their relationships),

1There are three sub-languages of OWL, i.e., OWL Lite, OWL Did ®WL Full; cf. Section 1I-B for more details.



different information can be inferred given different cexts (background knowledge about
classes and properties). Furthermore, with the help of seoadly compatible SW languages,
it is possible and desirable to infer useful informationdzhen important knowledge (possibly
described in different SW languages) that is often distebacross the Web and/or intranet(s).
Indeed, semantic interoperability among SW languagesj@sased in this paper, is a crucial
feature of knowledge engineering in the Semantic Web erthdlfi semantic interoperability,
it is difficult or even impossible for Web resources to be sHaand interpreted by programs
in a meaningful way.

In order to allow for semantic interoperability, SW langaaghould at least be “compat-
ible” with each other. RDF(S) has a key role in supportinghsaempatibility by providing
a common basis on which more expressive SW languages canilbeRmcent research,
however, has revealed some problematical issues whengttginextend the RDF(S) se-
mantics [19] to specify the meaning of OWL constructors;sthéssues include ‘too few
entailments’, ‘contradiction classes’ and ‘size of thevense’ ([44], [45], [27]), all of which
stem from the unusual characteristics of RDF(S) (cf. Sadti\). Furthermore, Motik [36]
has shown that even adding on/ZC (a DL much simpler than OWL DL) constructors
to the metamodeling architecture of RDFS would already l@adndecidability. In short,
the intended foundation of the Semantic Web and SW ontolagguages does not seem
to provide for the desired extensibility and semantic cotibgdy. This could seriously
discourage potential users from adopting Semantic Weldatds [5]. To address these issues,
existing approaches either limit the extension of RDF(S)rity a property-related subset of
OWL with a weaker semantics ([53], [54]), or weaken the seilmasonnection between the
individual interpretation and class interpretation of\egi URI [12], hence failing to propagate
important inferences from metaclasses to classes (se®iB&tt for more details).

This paper proposes a novel modification of RDF(S) which jgles a solid semantic
foundation for many of the latest Description Logic-baséd $ntology languages, and
imposes no limitation on its extension to more expressivecbgtion Logics (such as OWL
DL and OWL-Eu [42]). After reviewing the design of RDF(S),dathe needs of various
applications and (potential) users, the following reguieats for a sub-language of RDF(S)

have been identified:



1) Ontologies in this sub-language should be RDF graphs.

2) It should enable the use of class URIrefs as property salubich is a feature of RDFS
that is required in many applications [38].

3) It should provide a metamodeling architecture compatitith the layered metamodel-
ing architecture of UML (Unified Modelling Language) [10f &ML is probably the
most well known and widely accepted metamodeling architect

4) Its semantics should be compatible with the semanticsSWL ML [46].
This paper makes the following contributions:

1) After formally introducing the semantics of RDF(S) and OVt reviews in detail the
syntactic and semantic mismatches between RDF(S) and OWISettion 1ll). This
indicates people need two different inference enginesdsae with RDF(S) and OWL
DL ontologies. These mismatches motivate why we need agitonnection between
RDF(S) and OWL DL.

2) It presents a sub-language of RDF(S), called RDFS{FAjich satisfies the above
requirements (Section IV to VI). In terms of the RDFS(FA) daage, it substantially
extends the conference version of the paper [41] with theovahg aspects: (i) It
also covers datatypes and annotation properties, whichbaite useful in Semantic
Web applications [42], [51], [38]. (ii) For the first time, ibtroduces the notion of
RDFS(FA) ontologies, which makes it much easier to compgaedRDFS(FA) and OWL
DL ontology languages, and makes the bidirectional mapfimdpe mentioned below)
between them possible. (iii) It provides some rules of thuumho help authors/users of
RDFS(FA) ontologies quickly get the strata/layer numbghti Although such numbers
can/should be encapsulated by tools, this turns out to be hvepful because people
can now easily play with their RDFS(FA) ontologies.

3) Most importantly, it identifies a bidirectional one-to@ mapping between RDFS(FA)
axioms in strata 0-1 and OWL DL axioms, which enables RDF${@&g#ents and OWL-
DL-agents to communicate with each other (Section V). Thde provides a significant
insight on how to reason with RDFS(FA) as well as its extem&dVL FA [43]. Such
reasoning techniques make it possible to use one singleemdfe engine to reason

2EA for ‘Fixed layered matamodeling Architecture’.



with RDFS(FA), OWL DL and OWL FA ontologies. This could sifjoantly improve
semantic interoperability of knowledge systems of the SgimaVeb era.

4) Furthermore, it shows that introducing RDFS(FA) as alamiguage of RDF(S) clarifies
the vision of the Semantic Web and solidifies RDF(S)’s prepa®le as the foundation
of the Semantic Web (Section VI).

5) Finally, it provides a discussion of related wdrknd compare them with the RDFS(FA)
approach (Section VII).

In short, we believe that the introduction of RDFS(FA) sibies RDF(S)’s proposed role

as the foundation of the Semantic Web, and facilitates keywkedge engineering tasks, such

as ontology reuse, in knowledge-based systems.

[I. BACKGROUND

In this section provides a brief overview of the Semantic \Wetmdards RDF(S) and OWL.

A. RDF and RDFS

Resource Description Framework (RDF) [30] is built uponlieadevelopments such as
the Dublin Core [11] and the Platform for Internet ContenteSevity (PICS) [50] content
rating initiative. An RDF statement (or RDF triple) is of thm: [subject property object .].
RDF-annotated resources (i.e., subjects) are usually cndapdJniform Resource Identifier
references (URIrefs). RDF annotates Web resources in tefmamed properties. Values of
named properties (i.e., objects) can be URIrefs of Web ressuor literals, viz. representations
of data values (such as integers and strings). A set of RDEms&ts is called aRDF graph

RDF Schema (RDFS) can be seen as a first try to support expgessiple ontologies with
RDF syntax. In RDFS, predefined Web resoune#s: Class, rdfs: Resource andrdf: Property
can be used to declare classes, resources and propersipsctieely. RDFS predefines the
following meta-properties that can be used to represerigsaand assumptions in ontologies:
rdf: type, rdfs: subClassOf, rdfs:subPropertyOf, rdfs: domain andrdfs:range. At a glance,
RDFS is a simple ontology langauge that supports only classpaoperty hierarchies, as

3Including interesting recent work such as [53], [54] and][zhich was not available when RDFS(FA) was first proposed
[41].



IS assigns one thing to
each name in the
vocabulary

1 is the only property
in the set IP

IEXT maps 1to a
property extension

The property extension IEXT(1) maps
Tto2and2to 1

Fig. 1. A simple interpretation oV = {a,b,g (from [19])

well as domain and range constraints for properties. Adngrtb the RDF Model Theory
(RDF MT) [19], however, it is more complicated than that.

RDF MT provides semantics not only for RDFS ontologies, bsib dor RDF triples. RDF
model theory is built orsimple interpretationé Given a set of URI referenceg, a simple
interpretationl| of V is defined by (i) an non-empty s&R. of resources, called thdomain
(or universe of I, (ii) a setIP, called theset of propertiesn I, (iii) a mapping IEXT,
called theextension functionfrom IP to the powerset ofR x IR, and (iv) a mapping S
from URIrefs inV to IR U IP. Given a triple[sp o .], I([sp o .]) = true if s,p,0 € V,
IS(p) € IP, and(IS(s), IS(0)) € IEXT(IS(p)); otherwise, {[s p o .]) = false. Given a
set of triples S, I(S)= false if I([s p o .]) = false for some triple[s p o .] in S, otherwise
I(S) = true. | satisfiesS, written as I= S if I(S) = true; in this case, we say | is a simple
interpretation of S. Figure 1 presents a simple interpiriat of V = {a,b,¢, where the
URIref b is simply interpreted as a property becaulisg¢b) = 1 € IP, and I EXT (1S (b)),
the extension of S(b), is a set of pairs of resources that ardR, i.e., {(1,2),(2,1)}. Since
(IS(a),I1S(c)) € IEXT(1S(b)), I([a b ¢ .]) = true; hence, we can conclude that | satisfies
abec.l.

Based on simple interpretations, RDF MT provides semafdc&DF triples and RDFS

“To simplify presentation, in this paper we do not cover blaokles, which are identified by local identifiers instead of
URIrefs.



statements by RDF-interpretations and RDFS-interpatatirespectively. These interpreta-
tions are simple interpretations that satisfy extra semasanditions and axiomatic state-
ments.Intuitively, RDF-interpretations require ti& to be a subset dfR; i.e., all properties
are resources. Similarly, RDFS-interpretations requha all classes are resources. Further-
more, RDFS-interpretations introduce the class exterfsinction /C'EXT, which works as
follows: A class URIref is firstly mapped (byS) to a resource ifR and then is further

mapped (by/CEXT) to a set of resources which are instances of this class.

Definition 1 (RDF-Interpretation ) Given a set of URI referencas and the setdfV, called
the RDF vocabulary of URI references in the rdf: namespace, an RDF-interpogtaof V

is a simple interpretation | oV U rdfV that satisfies:
1) for pe VUrdfV, IS(p) € IP iff (I1S(p), 1S (rdf:Property)) € IEXT(IS(rdf:type)),

2) all the RDF axiomatic statemertts. o

Condition 1 of Definition 1 implies that each memberI#f is a resource idR, due to the
definition of /EXT; in other words, RDF-interpretations requifP to be a subset ofR.
RDF axiomatic statements mentioned in Condition 2 are REEestents about RDF built-in
vocabularies incdfV; e.g., kdf:type rdf:type rdf:Property .] is an RDF axiomatic state-
ment. According to Definition 1, any RDF-interpretation losiid satisfy [df:type rdf:type
rdf: Property .], viz. I5(rdf:type) should be inIP.

Finally, the semantics of RDFS statements written in RDPpldg is given in terms of
RDFS-Interpretations. In particular, the following Cotnaln 1) indicates that a ‘class’ is not
a strictly necessary but convenient semantic constru¢tj@é@ause the class extension function

ICEXT is simply a ‘syntactic sugar’ and is defined in terms/@f X7

Definition 2 (RDFS-Interpretation) Given rdfV, a set of URI reference¥ and the set
rdfsV, called theRDFS vocabularyof URI references in the rdfs: namespace, an RDFS-

interpretation | ofV is an RDF-interpretation oV U rdfV U rdfsV which introduces

« a setIC, called the set of classes in |, and
« a mapping/CEXT (called theclass extension functigrirom IC to the set of subsets dR,

and satisfies the following conditions (let x,y,u,v be URSrn V U rdfV U rdfsV)°®

SReaders are referred to [19] for the list of the RDF axiomatatements.
5We only focus on the core RDFS primitives here.



1) IS(x) e ICEXT(IS(y)) iff (IS(x),IS(y)) € IEXT(IS(xdf:type)),
2) IC = ICEXT(IS(rdfs:Class)) andIR = ICEXT(IS(rdfs:Resource)),

3) if (IS(x),IS(y)) € IEXT(IS(rdfs:domain)) and (I.S(u),IS(v)) € IEXT(IS(x)), thenIS(u) €

I
ICEXT(IS(y)),
4) if (IS(x),IS(y)) € IEXT(IS(rdfs:range)) and (IS(u),IS(v)) € IEXT(IS(x)), thenIS(v) €
ICEXT(IS(y)),
5) IEXT(IS(rdfs:subPropertyOf)) is transitive and reflexive ofiP,
6) if (IS(x),IS(y)) € IEXT(IS(rdfs:subPropertyOf)), thenIS(x),IS(y) € IP andIEXT(IS(x)) C
IEXT(IS(y)).
7) IEXT(IS(rdfs:subClassOf)) is transitive and reflexive obC,
8) if (IS(x),IS5(y)) € IEXT(IS(rdfs:subClassOf)), thenIS(x),IS(y) € IC and
ICEXT(IS(x)) C ICEXT(IS(y)),

9) if I1S(x) € IC, then(IS(x), IS(rdfs:Resource)) € IEXT (IS(rdfs:subClassOf)),

and satisfies all the RDFS axiomatic stateménts. o

Handling classes in this way can be counter-intuitive (cbp®sition 3).

Proposition 3 The RDFS statementsdfs: Resource rdf:type rdfs: Class .] and

[rdfs: Class rdfs:subClassOf rdfs: Resource .| are true in all RDFS-interpretations.

Proof: For [rdfs: Resource rdf:type rdfs: Class .]:

1) According to the definition of S and Definition 1, for any resource x, we halg(x)
€ IR. Due toIR = ICEXT(1S(rdfs: Resource)) and Condition 1 in Definition 2,
(IS(x), 1S(rdfs: Resource)) € IEXT(1S(rdf:type)). Sincerdf: Property is a built-in
resource, we hav@l S(rdf: Property), .5 (rdfs: Re- source) ) € IEXT(1S(rdf:type)).

2) Due to fdf:type rdfs:range rdfs: Class.] (an RDFS axiomatic statement)] S
(rdf:Property), 1.5(rdfs: Resource)) € IEXT(1S(rdf:type)) and Condition 4 in Def-
inition 2, we havel S(rdfs: Resource) € ICEXT(IS(rdfs: Class)). Therefore, for any
RDFS-interpretation |, we haveH- [rdfs: Resource rdf:type rdfs: Class .].

For [rdfs: Class rdfs:subClassOf rdfs: Resource .]: According to the definition ofC, every

class is its member, includingd (rdfs: Class), viz.I.S(rdfs: Class) € IC. Due to Condition 9 of

"Again, readers are referred to [19] for a list of the RDFS mdtic statements, which includes, e.g.,
[rdf:type rdfs:range rdfs: Class .].



Abstract Syntax DL Syntax Semantics
Classp) A AT C AT
Class(owl:Thing) T TZ =A%
Class(owl:Nothing) 1 1T=9
intersectionOfC;, Ca, . . .) CinCy | (CinC)f=cinc?
unionOf(C1, Cs, .. .) CiUCy (Cq UCQ)I = CleCQI
complementOf() -C (~0)f = AT\ C*
One()f©17 02, .. ) {01}|_| {02} ({O1}U {Oz})I = {017:7 OQI}
restriction® someValuesFrond)) JR.C (BR.C)F = {z | Jy.(z,y) € RE Ay € CT}
restriction@® allValuesFrom()) YR.C (VR.C)T = {z | Vy.(z,y) € RF —y € C*}
restriction@® hasValueg)) 3R.{o} (ARA{o})* = {z | (x,0%) € RT}
restriction® minCardinality¢r)) > mR (= mR)* = {z | #H{y.(x,y) € RT} > m}
restriction® maxCardinality(n)) <mR (K mR)* = {z | #{y.(x,y) € RT} <m}
restriction(” someValuesFrom)) IT.u ATw)T = {z | 3t(x,t) € TT At € uP}
restriction(” allValuesFromg)) VT.u (vVTu)t = {z | 3t(x,t) € TT —t € uP}
restriction(” hasValue()) IT{w} AT {wh)t = {z | (z,wP) € T}
restriction(” minCardinalityn)) >mT (=mT)E ={z|t{t]| (x,t) € TT} > m}
restriction(" maxCardinality(n)) <mT (<mT)E ={z | #{t]| (x,t) € TT} <m}
ObjectPropertyf) S ST C AT x A*
ObjectProperty§’ inverseOfE)) S~ (ST)F Cc AT x A*
DatatypeProperty() T T C AT x Ap

TABLE |

OWL CLASS AND PROPERTY DESCRIPTIONS

Definition 2, (1S(rdfs: Class), I.5(rdfs: Resource)) € IEXT (IS(rdfs:subClassOf)); hence,
for any RDFS-interpretation |, we have [rdfs: Class rdfs: subClassOf rdfs: Resource.]

The two RDFS statements in Proposition 3 suggest a stramggisn, at least for some
people, of rdfs:Class and rdfs:Resource as discussed jndd@he one hand, rdfs:Resource
is an instance of rdfs:Class; on the other hand, rdfs:Claiss sub-class of rdfs:Resource.
Hence is rdfs:Resource an instance of its sub-class? Soers fisd this counter-intuitive
and thus hard to understand — this tricky relationships inFE) ontologies indicate that
RDF(S) is more complicated than it appears. Therefore,de&rable to have a sub-language

of RDF(S) that provides a more intuitive semantics, at léasits metamodeling architecture.

B. OWL

OWL is a standard (W3C recommendation) for expressing ogtes in the Semantic
Web. The OWL language facilitates greater machine undwedatzlity of Web resources than
that supported by RDFS by providing additional constriefor building class and property
descriptions (vocabulary) and new axioms (constraintejygawith a formal semantics. The

OWL recommendation actually consists of three languagesaéasing expressive power:
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OWL Lite, OWL DL and OWL Full.OWL LiteandOWL DL are, like DAML+OIL, basically
very expressive Description Logics (DLs); they are alfi@juivalent to theSHZF(D™)
andSHOZN (D*) DLs.® OWL Full provides the same set of constructors as OWL DL, but
allows them to be used in an unconstrained way (in the stylRDF). It is easy to show
that OWL Full is undecidable, because it does not imposeicgehs on the use of transitive
properties [23]. Therefore, OWL DL is the most expressiveidigble sub-language of OWL.
Let C, Ry, Rp andI be the sets of URIrefs that can be used to denote classesabst
properties, datatype properties and individuals respalgtiAn OWL DL interpretationis a
tupleZ = (A%, Ap, £, -P) where the individual domait\? is a nonempty set of individuals,
the datatype domair\p is a nonempty set of data value$,is an individual interpretation

function that maps

« each individual name € I to an element? € AZ,

. each class naméN < C to a subseCN* C A7,

. each abstract property naniV € Ry to a binary relationRN? C AT x AT and
. each datatype property narieV € Rp to a binary relatiorl’ N* C AT x Ap,

and-P is a datatype interpretation function, which can be extdrtdeprovide semantics for
OWL DL class and property descriptions shown in Table I, wherc C is a class URIref,
C,C,...,C, are class description$, € Ry is anindividual-valuedproperty URIref,R is
anindividual-valuedproperty description and, o, o, € I are individual URIrefsy is a data
range, T’ € Rp is adata-valuedproperty andi denotes cardinality.

An OWL DL ontology can be seen as a DL knowledge base [27], iwbansists of a set
of axioms including class axioms, property axioms and individuabens1° Table Il presents

the abstract syntax, DL syntax and semantics of OWL axioms.

We conclude this section by a brief summary about the maiferéifices, in terms of
expressive power, between RDF(S) and OWL DL. RDF(S) is lepsessive than OWL DL
in that (i) it does not provide any constructors to constrelass or property descriptions,
and (ii) RDF(S) does not provide as many axioms about clagseperties and individuals

8They also provide annotation properties, which Descriptiogics don't.

SSHOZIN (D) provides two more class constructs thaaZF(D"), i.e., the nominals®) and number restriction

W)

Qyndividual axioms are callethctsin [48].
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Abstract Syntax DL Syntax Semantics
Class@ partial C; ... Cy) ACCiN...NC, ATCCin...nCE
Classp completeC; ... C,) A=Cin...NC, AT =Cfn...nct
EnumeratedClasé(o; ... o,) A= {oi}U...u{on} | AT ={07%,... 0L}
SubClassOf(;, C») C1CCy Ci cCy
EquivalentClasse€l; ... C») Ci=...=C, ct=..=C*t
DisjointClasses(; ... Cn) C; C ~Cj, ctnct =y,
(1<i<j<mn) (1<i<j<mn)

SubPropertyOfR:, Rz) RiC R R C RZ
EquivalentProperties; ... R») Ri=...=R, Rf=. . =RZ
ObjectPropertyR super®:) ... superR,,) RCR; RT C R}

domain(,) ... domainCy) >1RC C; RT CCT x A*

rangeC:) ... rangeCh) T CVR.C; RT C AT x CF

[Symmetric] R=R" R =(R™)*

[Functional] Func(R) {{z,y) | t{y.(z,y) € R} < 1}

[InverseFunctional] Func(R™) {{z,y) | t{y-(z,y) € (RT)T} < 1}

[Transitive]) Trans(R) RT = (RHT
DatatypePropertyl{ super()...super{}.) TCT; T CTF

domain(y)...domainCy) >1TCC; 7T CcCf x Ap

rangeg)...rangeq) TCVT.d; 7T C AT x dP

[Functional]) Func(T) Vo e ATH{t | (z,t) e TT} <1
AnnotationPropertyR)
Individual(e type(C1) .. .typeCn) 0:C;,1<i<n ofeCf1<i<n

value(R:, 01) ...valueR,, on) (0,0, : Ri,1 <i<m | (o, o) e RE,1<i<n
Samelndividualf; ... o,) 01=...=o0n of =...=o02
Differentindividualsé, ... o) 0;#0;,1<i<j<n|of#0],1<i<j<n

TABLE I
OWL DL Axioms

as OWL DL provides (cf. Table II). On the other hand, RDF()marts axioms about meta-
classes and meta-properties, which OWL DL does not sup@iL Full provides all the
above constructors and axioms, including the metamodelir®RDF(S). However, OWL Full

is not decidable, thanks to its metamodeling [36].

[1l. MISMATCH BETWEEN RDF(S)AND OWL DL

This section discussdsoth the syntactic and semantic mismatches between RDF(S) and
OWL DL.

From the syntax aspect, OWL DL heavily restricts the synfaRBF(S), viz. some RDF(S)
annotations are not recognisable by OWL DL-compatible tgdrhe RDF/XML syntax form
of an OWL DL ontology isvalid, iff it can be translated (according to the mapping rules
provided in [47]) from the abstract syntax form of the ontpioActually, it is far from an
easy task to check if an RDF graph is an OWL DL ontology [27].

"There are other reasons why OWL Full is not decidable; eon-simple properties araot disallowed in number
restrictions. The point here is that even if non-simple prtips were disallowed in number restrictions, OWL Full Yebu
still be undecidable.
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From the semantics aspect, OWL DL has an RDF MT-style secgnti which (including
built-in) classes and properties are treated as objectegources) in the domain. In order to
make it equivalent to the direct semantics of OWL DL presgntethe previous section, the
domain of discourse is divided into several disjoint palrisparticular, the interpretations of
classes, properties, individuals and OWL/RDF vocabulagy srictly separated. Therefore,
classes and properties, unsurprisingignnotbe treated as ordinary resources as they are in
RDF MT. In other words, even those RDF(S) statements whielvalid OWL DL statements
do not share the same meaning in an RDF(S) ontology and an OWaniblogy.

Although the above disjointness restriction is not reqlirethe RDF MT-style semantics
of OWL Full, there exist at least three known issues that tb&Rstyle semantics for OWL
Full needs to solve, and a proven solution has yet to be giVée. first issue is about

entailment [44]. Consider the following question: does fibilowing individual axiom

Individual(ex:John

type(intersectionOf( ex:Student ex:Employee ex:European)))
entail the individual axiom

Individual(ex:John

type(intersectionOf( ex:Student ex:European)))?

In OWL DL, the answer is simply ‘yes’, since intersection&f(Student ex:Employee
ex:European) is a sub-class of intersection®@%(: Student ex:European). Since in RDF(S)
every class is a resource, OWL Full needs to make sure of tisteage of the resource
intersectionOf¢x : Student ex:European) in every possible interpretation; otherwise, the an-
swer will be ‘no’ which leads to a disagreement between OWL&bd OWL Full. In general,
OWL Full introduces so calledomprehension principle® add all the missing resources into
the domain for all the OWL class descriptions. It has yet tptmed that the proper resources
are all added into the universe, no more and no less, andtbatdded resources will not
bring any side-effects.

The second issue is about contradiction classes [44], [23], In OWL Full, it is possible

to construct a class the instances of which havediotype relationship linked to:

_:c owl:onProperty rdf:type; owl:allValuesFrom _:d .
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_:d owl:complementOf _:e .
_:e owloneOf _:1

_:1 rdf:first _:c; rdfirest rdf:nil.

The above triples require that rdf:itype relates membershefdass_ : ¢ to anything but
_: c. It is impossible for one to determine the membership_of c. If an object is an
instance of_ : ¢, then it is not; but if it is not then it is — this is a contradat class.
Note that it is not a valid OWL DL class, as OWL DL disallowsngidf: type as an object
property. With naive comprehension principles, resoufesontradiction classes would be
added to all possible OWL Full interpretations, which thasdill-defined class memberships.
To avoid the issue, the comprehension principles must assider avoiding contradiction
classes. Unsurprisingly, devising such comprehensiarciples took a considerable amount
of effort [27], and no proof has ever shown that all possilaetradiction classes are excluded
in the comprehension principles of OWL Full.

The third issue is about the size of the universe [26]. Carside following question: is

it possible that there is only one object in an interpretatd the following OWL ontology?

Individual(elp:Ganesh type( elp:Elephant))

DisjointClasses( elp:Elephant elp:Plant)

In OWL DL, classes are not objects, so the answer is ‘yes’: dilg object in the domain
is the interpretation oklp:Ganesh , the elp:Elephant class thus has one instance, i.e.,
the interpretation o&lp:Ganesh , and theelp:Plant class has no instances. In OWL Full,
since classes are also objects, besalpS$anesh , the classeslp:Elephant andelp:Plant
should both be mapped to the only one object in the universis. i§ not possible because
the interpretation oklp:Ganesh is an instance oklp:Elephant, but not an instance of
elp:Plant; hence,elp:Elephant and elp:Plant should be different, i.e., there should be
at least two objects in the universe. As the above axioms alid @WL DL axioms, this
example show s that OWL Full disagrees with OWL DL on valid OML ontologies.
Furthermore, this example shows that the interpretatio®WL Full has different features
than the interpretation of standard First Order Logic (F@igdel theoretic semantics. This

raises the question as to whether it is possible to layer FDguages on top of RDF(S).
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fa:Resources,
Stratum 3 (Meta-Language Layer fa:Class,
Shak ( ¢ guag ay ) fa:Property;
fa:Resource,,
Stratum 2 (Language Layer fa:Class,, fa:Property,
( guag y ) wns:LexicalConcept
fa:Resource,
Stratum 1 (Ontology Layer) bk:Lion, wnc:100002086
bk:bookTitle
bk:TheAfricanLionBook
Stratum 0 (Instance Layer) elp:Ganesh

Fig. 2. The UML-like metamodeling architecture (number ot = 4) of RDFS(FA)

Consequently, there is a serious mismatch between the siesmah OWL DL and OWL
Full. Even for twoOWL DL ontologies®; and Oy, ©O; OWL Full-entailsO, doesnot imply
that ©O; OWL DL-entails O, [47]. Therefore, the semantic connection (at least in teofns
entailment) between OWL DL and OWL Full seems rather weakthieumore, [36] shows
that the metamodeling of OWL Full contributes to its undabidity too. In short, OWL Full

has yet integrated RDF(S) and OWL DL in a satisfactory manner

IV. RDFS(FA)

In this section, we proposRDFS(FA)(RDFS with Fixed layered metamodeling Architec-
ture), as a sub-language of RDF(S), to restore the desinedection between RDF(S) and
OWL DL. From the lessons we learnt in previous sections aladae works (cf. Section VII),

RDFS(FA) should address the following characteristics DFES):

« RDF triples have built-in semantics.
« Classes and properties, including built-in classes angesties of RDF(S) and its sub-
sequent languages such as OWL, are treated as objects garaes) in the domain.

« There are no restrictions on the use of built-in vocabusarie

Intuitively, RDFS(FA) provides a UML like metamodeling artecture. Let us recall that
RDFS has a non-layered metamodeling architecture; reseimdRDFS can be classes, objects
and properties at the same time, viz. classes and theimiceta(as well as relationships
between the instances) are the same layer. RDFS(FA), dstidades up the universe of
discourse into a series of strata (or layers). The built-mdeiling primitives of RDFS are

separated into different strata of RDFS(FA), and the seiwgof modelling primitives depend
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on the stratum they belong to. Theoretically there can bergelaumber of strata in the
metamodeling architecture; in practice, four strata (aswshin Figure 2) are usually enough.
The UML-like meta-modeling architecture makes it easiar iesers who are familiar with
UML to understand and use RDFS(FA).

In RDFS(FA), classes cannot be objects and vice vergaRDFS, Web resources can be
classes, properties, objects or even datatypes all at Oeergue that RDFS(FA) is more
intuitive than RDFS based on the following observation: whisers design their ontologies,
a common concern is to decide whether to model somethingenddmain as a class or
as an object. This concern suggests that users intuitiezlg to assume that classes and
objects should be different from each other. Thereforesreg meta-models seems to be more
intuitive than non-layered meta-models. As the HCI (Humam@uter Interaction) aspects
of ontology engineering are relatively unexplored andtgrehballenging, further investigation
of this aspect will be interesting and necessary.

In the rest of this section, we will giveormal semantics of RDFS(FA) and ontologies
written in RDFS(FA). We will discuss a strong connectionviiegn RDFS(FA) and OWL DL
in Section V. Further discussions of the role RDFS(FA) pliaythe Semantic Web, illustrated

by some examples, will be presented in Section VI.

A. RDFS(FA) Semantics

Let us introduce the design philosophy of RDFS(FA), beforevimg on to the formal
semantics of RDFS(FA).

1) Design PhilosophyThe design of RDFS(FA) embodies two main principles. Hirstl
in RDFS(FA), RDF is used (only) as standasgntaxfor annotations, i.e., the built-in se-
mantics for RDF triples are disregarded, and new semargtigs/zen to RDFS(FA) triples, or
RDFS(FA) axioms (cf. Section IV-B). Secondly, RDFS(FA) yides various Web resources
with Description Logic-style semantics.

2) Interpretations: The semantics of RDFS(FA) starts with the notation of votatyu
Instead of having a mixed vocabulary like that of RDF(S), F[FA) provides a separated
vocabulary as follows. For ease of presentation, this pdpes not cover blank nodes, which

2Classes can be regarded as mega-objects in upper strata wiethamodeling architecture.
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can be handled similar to the way that URI references arelédnd

Definition 4 (RDFS(FA) Vocabulary) An RDFS(FA) vocabularyV consists of a set of
literals V1, and seven sets of pairwise disjoint URI references, whietVa; (class URIrefs),
Vp (datatype URIrefs)Vap (abstract property URIrefs)y pp (datatype property URIrefs),
Vanpe (@annotation property URIrefs); (individual URIrefs) andVg ={fa: Literal, fa:type;,
fa:types, ...}. Vo (Vap) is divided into disjointstratified subset®/¢,, Vc,,..., (Vap1,
Vapa,...) Of class (abstract property) URIrefs in strata 1,2, where we use a subscript
i to indicate URI references in the stratum i. The built-imasd URIrefs of RDFS(FA) are
fa: Resource; 1, fa: Class; o, fa: Property;, o, fa: AbstractProperty; o, fa: DatatypeProperty
andfa: AnnotationProperty; the built-in abstract property URIrefs of RDFS(FA) dresub-
ClassOf.,, fa:subPropertyOfi, o, fa:domain; o andfa:range;,»; the built-in annotation prop-
erty URIrefs of RDFS(FA) arda:label, fa:comment, fa:seeAlso andfa:isDefinedBy; other
built-in URIrefs of RDFS(FA) are those iNg. We use a superscript(u) together withV¢,

V ap and their stratified subsets, to indicate the corresporslibgets of built-in (user-defined)

URI references. <

Formally, the semantics of RDFS(FA) individuals, classstatypes, abstract properties,
datatype properties and typed literals is defined in termarofnterpretation as follows. A

datatype mapM, is a partial mapping from datatype URIrefs to datatypes.[19]

Definition 5 (RDFS(FA) Interpretation) Given an RDFS(FA) vocabulary’, an
RDFS(FA) interpretationwv.r.t. a datatype map, is a tuple of the form7 = (A7, .7),
where A7 is the domain (a non-empty set) anflis the interpretation function. LeA be
the abstract domain (a non-empty set), i a non-negativgénté\ ,;7/ the abstract domain
in stratum i andAp the domain (a non-empty set) for datatypes in a datatype Map.J
satisfies the following conditions:

1) AT =Uis0A47,

2) A, = 2847 y2dalxaay

3) ApNAY =10,

4) Uya—m, ) V (d) € Ap, whereV(d) is the value space af,
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5) A7 = A U Ap,
6) Vac Vi: a7 € A7,
7) ¥Ce Ve, : 7 C ALY,
8) Vp € Vapin: p7 C ALY x Ay,
9) Vn € Vanp : {(x,9y) €n? — y € Ap,
10) Vr € Vpp : 7 C Ay x Ap,
11) fa:typei+1“7 - AA{ X fa:Classi+2“7,
12) fa:Literal” = Ap,
13) fa:Resource; 17 = AAij,
14) VC € Vg, : C7 € fa:Classi;o”
15) Vp € Vapipq @ p7 € fa: AbstractProperty;o”
16) Vr € Vpp : 7 € fa:DatatypeProperty”
17) ¥n € Vanp : nY € fa: AnnotationProperty”,
18) fa: Class;o” C fa:Resourceio” andfa: Property;o” C fa:Resourceio?,
19) fa: AbstractPropertyi.o” C fa:Propertyi,” andfa: DatatypeProperty” C fa: Property,”,
20) Yu € Vp, if My(u) = d, then
a) v/ = V(d), whereV(d) is the value space of,
b) if v € L(d), then(“v""w)? = L2V (d)(v), where L(d) is lexical space of/ and
L2V (d) is the lexical-to-value mapping af,
c) if v & L(d), then(“v”"u)7 is undefined?

otherwise,u? C Ap and “v”"u € Ap. o

There are some remark on Definition 5. Firstly, the domairu(@ferse)A” in RDFS(FA)
is disjointly divided into the abstract domaik] and the datatype domaihyp, (cf. Figure 3),
where A is further disjointly divided into sub-abstract domains,;” in different strata
(layers) andAp is a super-set of the union of the value spaces of all the ygmatin M.
Secondly, Conditions 12-19 are extra semantic constraintshe built-in URIrefs inVyg
and V. Condition 12 ensures thdh: Literal is interpreted as the datatype domaky,

3The reader is invited to note that there is a tiny differenevieen OWL and RDF datatyping in handling typed literals
with invalid lexical forms. Like RDFS(FA), OWL datatypingeats them as contradictions; RDF datatyping does not, but
interprets them as some non-data-valued objects.
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v J AT

fa:AbstractPro- ﬁ /@ [6[s]... . \
A f:fﬂ?;zs | o
' [s]
Elephant____ |
Habita — [G[s]
Vi liveln —T— @ payeid
age T 5l
Ganesh ——|
V . [
0 south sahara______ — 5 s
vy xsdiinteger—_{___ |
/ G0) Ap
VL “30"**xsd:integel /

Fig. 3. RDFS(FA) interpretation

while condition 13 ensures th#i: Resource;,; is interpreted as the abstract domaiaf.
Conditions 14-17 ensures that the interpretationsgaoflass;,,, fa: AbstractProperty;o,
fa: DatatypeProperty; o and fa: AnnotationProperty should contain the interpretations of
corresponding URI references. Condition 18 ensure thasekand properties are resources
in corresponding strata; condition 19 ensures that aligbraperties and properties in corre-
sponding strata, and that datatype properties are in stratu

Figure 3 illustrates the interpretation of RDFS(FA). Typeerals (such as:30” "xsd: inte-
ger) are interpreted as values in the value space corresgpdatatypes (such as(integer)).
All value spaces of datatypes M, are subset oAAp. The datatype domain is disjoint with the
abstract domain, which is stratified into sub-abstract dos@\ 4/, A47, etc.). In stratum
0 (the Instance Layer), object URIrefs (e.glp:Ganesh and elp: south-sahara )
are interpreted as objects (i.e., resourced\ify). In stratum 1 (the Ontology Layer), class
URIrefs (such aslp:Elephant andelp:Habitat) are interpreted as sets of objects. Abstract
property URIrefs (such aslp: liveln) are interpreted as sets of pairs of objects. Datatype
property URIrefs (such aslp: age@ are interpreted as a set of pairs where the first resource
(e.g.,elp:Ganesh ) is an object, and the second resource is a datatyped valge tlee
integer 30). In stratum 2 (the Language Layer), fa:Glassinterpreted as a set of sets of

objects, anda: AbstractProperty, is interpreted as a set of sets of pairs of objects.
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B. RDFS(FA) Ontologies

Informally speaking, an RDFS(FA) ontology is a set of RDEg(Rxioms, which are
basically RDF triples (in N3 syntaX)with extra syntactic rules, which (1) disallow arbitrary
use of its built-in vocabulary and (2) enable the use of notdases and meta-properties in

specified layers as well as the use of annotation properties.

Definition 6 (RDFS(FA) Ontologies) Given an RDFS(FA) vocabulary, let i be a non-
negative integera,b € Vi, D1 € Vg, C € V¢, D € Vg, ,, H € Vg,,,, ;1 € Vip,
P € Vip, v 4 € Vapiy1 18 € Vpp, ¢ € Vip, v u € Vp, XY € V& UVip |
n € Vanp andw € V \ VL.

An RDFS(FA) ontology is a finite, possibly empty, set of axoof the form:

1) [C fa:subClassOf;,, D .], calledclass inclusions

2) [p fa:subPropertyOfi, ¢ .], calledabstract property inclusions

3) [r fa:subPropertyOf, s .|, calleddatatype property inclusions

4) [p fa:domain;;» D .], calledabstract property domain restrictions

5) [r fa:domain, D; .], calleddatatype property domain restrictions

6) [p fa:range;,o D .|, calledabstract property range restrictions

7) [r fa:range, u .], calleddatatype property range restrictions

8) [a fa:type; D; .|, calledclass assertions

9) [a p; b .], calledabstract property assertions

10) [a r “v”""u .], calleddatatype property assertions

11) [X fa:typeiso H .|, calledmeta class assertions

12) [X ¢ Y ], calledmeta abstract property assertigns

13) [w n “v""u .], calledannotation property assertions

14) [ n rdf:type fa: AnnotationProperty.], calledannotation property declarations

Axioms of the form of 1) to 7) are calledonceptualaxioms;, those of the forms of 8)
to 12) are calledassertiveaxioms; those of the forms of 13) and 14) are caléuhotation
axioms. We say an axiom [s p o0 .] is in stratum m if m = min (i,jWhere i, j and k are the
strata numbers of s, p and o, respectively. An interpratafiosatisfiesan RDFS(FA) axiom

YHere we use the N3 syntax, instead of the RDF/XML syntax, &s litore compact.
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p, written asJ = ¢, if J meets certain semantic condition:
1) J E [C fa:subClassOf; 5 D .] if C7 C DY7;
2) J E [p fa:subPropertyOfi, 5 ¢ .] if p7 C ¢7;
3) J [ [r fa:subPropertyOf, s .| if 7 C s7;
4) J k= [p fa:domainy, D] if Va.(x,y) € p7 — 27 € D7;
5) J k= [r fardomain, Dy ] if Vo.(z,t) € v/ — 27 € DY;
6) J = [p fa:rangei o D ] if Vy.(z,y) € p7 — y7 € D7;
7) J E [r farrangey u ] if Vt.(x,t) € 17 — t7 € u7;
8) J [la fa:type; C; ] if a7 € C.7;

[
9) J Elapi b ]if (a7,b7) € p17;
10) 7 Elar “o’u Jif @7, (0" u)7) € 17
11) J X fartypens H ] if X7 € HY;
12) J E[X ¢ Y Jif (X7,77) € ¢7;
13) 7 Elw n “v"™u ] if (0" u)7 € Ap,
[

14) J [ n rdf:type fa: AnnotationProperty.] if n? € fa: AnnotationProperty .

An interpretation” satisfiesan ontologyO, written as7 = O, iff it satisfies all the axioms
in O; O is satisfiable(unsatisfiablg written asO (= L ( O | 1), iff there exists (does not
exist) such an interpretatiof.

Given an RDFS(FA) axionp, O entails ¢, written asO [ o, iff for all models 7 of O
we have7 |= . An ontologyO entailsan ontology®’, written asO = @', iff for all models
J of O we haveJ = O'. Two ontologiesO and O" are equivalent written asO = O, iff
OEO andO [ O. o

We invite the reader to note that RDFS(FA) axioms of the fon® dand 11 are RDFS
statements with extra (subscript) information specifyihg strata that the related resources
belong to. For example ([ fa:subClassOf; o D .] requires that the class€sand D should
be on stratum-1. Furthermore, RDFS(FA) provides the use of three kinds operties:
abstract properties, datatype properties and annotatapepies (cf. RDFS(FA) axioms of the
form 9,12, 10 and 13). Last but not least, let us point out thattype is used in annotation

property declarations because annotation property arboatd to any stratum.
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@prefix fa: <http://dl-web.man.ac.uk/rdfsfa/ns#>
@prefix elp: <http://example.org/Animal#>

elp:Animal fa:types fa:Classs .

elp:Habitat fa:types fa:Classy .

elp:Elephant fa:types fa:Classy ; fa:subClassOfy elp:Animal .
elp: liveln fa:types fa:AbstractPropertys ;

fa:domains elp:Animal ; fa:range, elp:Habitat .
elp:south-sahara fa:type; elp:Habitat .
elp:Ganesh  fa:type; elp:Elephant ; elp: 1ivel n elp:south-sahara .

Fig. 4. An RDFS(FA) ontology

The interpretation of class inclusions, property inclasion stratum 1 as well as class
assertions and property assertions are exactly the sarhe asrresponding OWL DL axioms
(cf. Section V). RDFS(FA) meta-axioms are very similar te #ibove, except that they apply
on classes and properties in strata that are higher thaturstrd. RDFS(FA) annotation
property assertions require that values of annotationestigs should be data values in the
datatype domain.

Figure 4 shows an example RDFS(FA) ontology. Firstly, theetang structure is clear.
elp:Animal, elp:Habitat, elp:Elephant and elp: liveln are in stratum 1 (the Ontology
layer), whileelp:Ganesh andelp:south - sahara are in stratum O (the Instance Layer).
Secondly, RDFS(FA) disallows arbitrary use of its builtvocabulary. For example, in class in-
clusion axioms, the subjects can only be only user-defiressdURIrefs (such aslp: Animal),

which could disallow triples like
fa:Resource; fa:subClassOfy elp:Animal .

Furthermore, RDFS(FA) allows users to specify classes amjepties in specified strata. For

example, the class inclusion axiom
elp:Elephant fa:subClassOfy elp:Animal .

requires that botlelp: Elephant andelp:Animal are class URIrefs in stratum 1.

C. Rules of Thumb on Strata Numbers

Writing an RDFS(FA) ontology should be an enjoyable taskhédigh the numbers of

strata can/should be encapsulated by tools, in this sestierare going to present somdes
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of thumbto help authors of RDFS(FA) ontologies quickly get these bera of strata right.
We will use RDFS(FA) axioms in Figure 4 to illustrate thes&esuof thumb.

1) Thefirst rule of thumb is that the subscripts of built-in RDFS(FA) abalary represent
exactly the stratum that they are in. For exampteResource; is in stratum 1 and
fa: Class, IS in stratum 2.

2) Let[s po.]be an RDFS(FA) axiom. Tecondule of thumb is that if ps an instance-
of relationship, then o is one stratum higher than s, andiptise same stratum as o. For
example, in the axiomelp:Ganesh fa:type; elp:Elephant .], elp:Ganesh is an
object in stratum O (Instance Layeeg)lp: Elephant andfa:type; are one stratum higher,
i.e. in stratum 1; in the axiome[lp: Elephant fa:types fa:Classs .], elp:Elephant is in
stratum 1 and botlffa: type, andfa: Class, are in stratum 2.

3) Let [s p 0 .] be an RDFS(FA) axiom. Thaird rule of thumb is that if p isnot an
instance-of relationship, then s and o should be in the sémaieis, and p should be one
stratum higher than s and o. For example, in the axiehp {Elephant fa:subClassOfs,
elp:Animal .], elp:Elephant and elp:Animal are in stratum 1 anda:subClassOf,
is in stratum 2; in the axiome]p:Ganesh elp:  liveln elp: south-sahara Js
elp:Ganesh and elp:south-sahara are objects in stratum O (Instance Layer),
while elp: liveln is in stratum 1.

4) Let [s p 0 .] be an RDFS(FA) axiom, and s, p and o in strata ing &, respec-
tively. The stratum number of the axiom [s p o .] is min(i,j,k)e., the smallest
stratum number among those of s, p and o. For example, thenapalp:Ganesh
fa:type; elp:Elephant .] is in stratum O and the axione]p:Elephant fa:subClassOf,

elp:Animal .] is in stratum 1.

In practice, although users will use some ontology editadiv their RDFS(FA) ontologies,
keeping these rules of thumb in mind could help them have tetanderstanding of the

ontologies.

V. RDFS(FA)AND OWL DL

In this section, we show that the interoperability betwedB(FA) and OWL DL.

It is much easier to layer OWL DL, syntacticaland semantically, on top of RDFS(FA)
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RDFS(FA) Axioms OWL Axioms (Abstract Syntax) OWL Axioms (RDF Syntax)
C; fa:subClassOfy Dy ] SubClassOf{; D;) C; rdfs:subClassOf D; ]
p1 fa:subPropertyOfa g1 ] SubPropertyOff; q1) [p1 rdfs:subPropertyOf g1 .]
r1 fa:subPropertyOfa s1 .| SubPropertyOff; s1) r1 rdfs:subPropertyOf s .]
p1 fa:domaing Dy ] ObjectPropertyf; domainQ1)) p1 rdfs:domain Dj ]
r1 fa:domaing Dy .] DatatypeProperty{ domainD)) r1 rdfs:domain Dy ]
p1 farranges D1 | ObjectPropertyf; rangeD;)) [p1 rdfs:range D1 ]
r1 farranges u .| DatatypeProperty( range{:)) r1 rdfs:range u ]
a fa:typer Ci ] Individual(a type(Ci)) a rdf:type Cy .]
api b Individual@@ valuep; b)) api b
ars “v"u ] Individual(@ valuef; “v”""u)) ars “v"u ]
a fa:type; fa:Resourcep ] Individual(a) a rdf:type rdfs:Resource.]
C; faitypes fa:Classs .| Class(Ci1) C; rdf:type owl:Class .|
p1 fartypes fa: AbstractPropertys .] ObjectPropertyf; ) p1 rdf:type owl:ObjectProperty .]
r1 faitypes fa:DatatypeProperty .] DatatypeProperty{ ) r1 rdf:type owl:DatatypeProperty .]
TABLE 11l

THE MAPPING BETWEEN THERDFS(FA)AXIOMS IN STRATA 0-1 AND OWL DL AXIOMS

than on top of RDF(S). In particular, there is a one-to-orddréctional mapping (as shown
in Table 1ll) between the RDFS(FA) axioms in strata 0-1 and IOL axioms in OWL
abstract syntax. For example, the RDFS(FA) class incluaidom [C; fa:subClassOfy D ]
can be mapped to the OWL class axiom (SubClagsQb,) and vice versa.

In the syntactic level, it is easier to layer OWL DL on top of RB(FA) than on top of
RDF(S), due to the above bidirectional mapping. Let us tdbal, according to the OWL
Semantics and Abstract Syntax document [48], the mappihgdassn OWL DL axioms, or
OWL axiomdor short, and RDF(S) statementsasly unidirectional, i.e., from OWL axioms

to RDF(S) statements. For example, we can map the followij @xiom
(SubClassOfC; D,)

to the RDF(S) statement

[C; rdfs:subClassOf Dy .,

with an implicit OWL constraint, viz.C; andD; can only be class URIrefs, but not URIrefs
for properties or individuals, etc. However, the above RB)F§tatement without such (im-
plicit) constraint cannot be correctly mapped to the OWLoaxi(SubClassOfC; D). In-
terestingly, in the corresponding RDFS(FA) axioms thesel&iof implicit constraints are
made explicit via the syntactic constraints of the RDFS(ERss axioms (cf. Definition 6).

For example, the RDFS(FA) class inclusion axidf fa:subClassOf, D; .| (in place of



24

[Cy rdfs:subClassOf D; .]) requires that botl€; andD; are class URIrefs in stratum 1. This
explains why the above bidirectional mapping (listed in|&all) is possible.
In the semantic level, it can be shown (by the following tleeo) that the above bidirectional

mapping is a semantics-preserving mapping.

Theorem 7 The bidirectional mapping, shown in Table Ill, between tl¥8(FA) axioms in
strata 0-1 and the corresponding OWL axioms in the OWL abssgntax is a satisfiability-

preserving mapping.

Proof: Given a datatype mapl,, we only need to show that there exists an interpretation
J satisfying all the listed RDFS(FA) axioms iff there exists iaterpretatioriZ satisfying all
the corresponding OWL DL axioms.

For the only-if direction, given an RDFS(FA) interpretatiofi = (A7, -7) for V w.r.t.
M,, we can construct an OWL DL interpretatidh= (A%, -%) as follows:A? = A, and
Ap . = Ap,; for each class URIref (in stratum €) C* = C7; for each datatype URIref (in
stratum 1)u, v = u7; for each abstract (object) property URIpefin stratum 1)p* = p7;
for each datatype property URIref r* = r7.

Now we only need to show that if satisfies an RDFS(FA) axiomy, in the first column of
Table 1ll, we havel satisfies the corresponding OWL DL axiopa in the second column of
Table I1l. According to the semantics of RDFS(FA) (Definitid on page 16) and RDFS(FA)
axioms (Definition 6 on page 19), the semantics of OWL axiofables 1), this is trivially
true. Therefore, we only give the proof for the class in@dasaxiom to illustrate the proofs for
the rest: if 7 |= [C; fa:subClassOf, D; .], according to Definition 6, we havé,” C D;”,
henceC,” C D,%. Thus,Z = SubClassOf{; D,).

Similarly, theif direction is trivially true, we only need to show that, in aDRS(FA)
interpretation7, we can construct abstract domains for strata higher thiatust 0. Let i> 0.
According to the semantics conditions 7, 8, 13 to 19 in Deé€ini6, we havea: Class, »” =
2847 fa: Property,” = 2847 xAaf ygAag xAp fa: Property; s’ = 984 xAat andAA;Zrl =
fa: Resource; o = fa: Classi+2‘7ufa:Propertyi+2‘7. Hence we havéxA{ — 2847 2Aag xAag
92847 xAp and A 47, = 2847k 224t <Atk [

We claim that OWL DL can be semantically layered on top of R(#AS. Firstly, [41]
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OWL Modelling Primitiveg RDFS(FA) Modelling Primitives
owl: Thing fa: Resource;
owl: Class fa: Class,
owl: ObjectProperty fa: AbstractPropertys
owl: DatatypeProperty fa: DatatypeProperty

TABLE IV
OWL DL PRESERVES THE SEMANTICS OF BUILTN RDFS(FA)PRIMITIVES
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RDFS Modelling PrimitivesRDFS(FA) Modelling Primitives
rdfs: subClassOf fa:subClassOf,
rdfs: subPropertyOf fa:subPropertyOf,
rdfs: domain fa:domain,
rdfs:range fa:range,
TABLE V

OWL DL USESRDFSPRIMITIVES WITH RDFS(FA)SEMANTICS

shows that RDFS(FA) does not have the semantic issues f#],[45], [25] that RDF(S) has,
when we layer OWL on top of it. Secondly, OWL DL reserves thmaetics of RDFS(FA)
built-in primitives; e.g., Table IV shows that owl:Thingégjuivalent to fa:ResourgeTable V
shows that OWL DL uses some RDFS modelling primitives withHSIJFA) semantics, instead
of RDFS semantics. Furthermore, OWL DL extends RDFS(FA)tiata 0-1 by introducing
new class descriptions (such as class intersections), rgyegy descriptions (such as inverse
properties) and new axioms (such as functional axioms fopgnties). Most importantly,
Theorem 7 shows that OWL DL preserves the meaning of the REPBHS{xioms in strata
0-1 shown in Table .

To sum up, RDFS(FA) is syntactically and semantically cotipea with OWL DL.

VI. A CLARIFIED VISION OF THESEMANTIC WEB

In the previous sections, we have presented RDFS(FA), amnalive to RDFS with a
DL-style semantics, so as to repair the broken link betweBR(8) and OWL.

RDFS(FA), consequently, provides a clarified vision of trem@ntic Web: RDF i®nly a
standard syntax for SW annotations and languages (i.ebuiftein semantics of RDF triples
is disregarded), and the meaning of annotations comes fithrar eexternal agreements (such

as Dublin Core) or ontologies (which are more flexible), bothwhich are supported by
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fa:AnnotationProperty
“bk:Lion"**anyURI
e fastype,

rdfitype

dc:subject \ fastype,
“bk:AfricanLion™*~anyURI \ T

— rdf:type “Lions: Life in the
deisubject | Pride™

“The African Lion”

Fig. 5. RDFS(FA): class URIrefs as annotation property ealu

RDFS(FA).

On the one hand, RDFS(FA) allows the use of Dublin Core in&drom properties as
annotation properties. In RDFS(FA), all resources can laawretation properties, such that
‘anyone can say anything about anything’. Typed literals ba used to precisely represent
values of annotation properties, such as “1999-05-3id>date for the dc:date property
and “bk:Lion” "xsd:anyURI for the dc:subject property. In particular, the use of URIrefs
as values of annotation properties can enable SW applitato make use of URIrefs of

ontology elements, such as classes, in the results of wdotology inferences.

Example 1 RDFS(FA): Class URIrefs as Values of Annotation Properties

This example is from [38]. Suppose we have a seBobks about Animals and want to
annotate eacBook with its subject, which is a particular species or classAfimals that it
talks about. Furthermore, when retrieving Bdoks aboutLions from a repository, we want
Books that are annotated as boaksout AfricanLions to be included in the results.

We now use the information propentlg: subjectas an annotation property, so as to refer to
class URIrefs (cf. Figure 5). The approach we present hesiggistly different from Approach

5 in [38] in that annotations are class URIrefs instead o$s#a.

@prefix bk: <http://protege.stanford.edu/
swbp/books#>
bk: bookTi tl e rdf:type fa:AnnotationProperty.
dc: subj ect rdf:type fa:AnnotationProperty.
bk:AfricanLion fa:types fa:Classs; fa:subClassOfs bk:Lion .

bkLionsLifelInThePrideBook fa:type; bk:Book ;
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bk: bookTi tl e “Lions: Life in the Pride [
dc: subj ect “bk:Lion”” xsd:anyURI .

bkLionsLifelInThePrideBook fa:type; bk:Book ;
bk: bookTi tl e “The African Lion 7 ;

dc: subj ect “bk:AfricanLion””™ xsd:anyURI .

Here the values ofic:subject are interpretations of typed literal®k:Lion” "xsd:any URI
and “bk:AfricanLion” "xsd:anyURI, viz. class URIrefsok:Lion andbk:African Lion, re-
spectively. Since the result of classification of such an BR{P#A) ontology can be represented
as partial orderings of class URIrefs (suchov&s AfricanLion < bk:Lion < bk:Animal), we
can make use of such result when retrieving all books abwtltion from a repository, i.e., by
retrieving books that are annotated (throufihsubject) with bk:Lion and books annotated
with bk: AfricanLion.

Note that it is not proper to use the information propertiesireed in Dublin Core as
abstract properties (or object properties) in ontolog@therwise, there can be unexpected
restrictions or implications on the information propesti€or example, if one use: author
as an abstract property in an ontology and there is a (rargetmint in the ontology that
an author should be a person, then it disallows anything brtggms, such as organisations,

to be authors. This is against the intended usagacofauthorin Dublin Core.

On the other hand, RDFS(FA) is an ontology language thatigesva UML-like layered
style for using RDFS. It provides a more intuitive way to usetanclasses and meta-properties,

and it is very easy to understand and use by users who aradamith UML.

Example 2 RDFS(FA): Meta-classes and Meta-properties
Applications using WordNet [35] to annotate resourceshsagimages [58], require the use

of meta-classes (such ass : LexicalConcept) and meta-properties (suchwas: hyponymO¥.

wns:LexicalConcept fa:subClassOfs fa:Classy .
wns: hyponunf fa:types fa: AbstractPropertys ;
fa:subPropertyOfs fa:subClassOf; ;

fa:domaing wns:LexicalConcept ;



28

fa:ranges wns:LexicalConcept .
wnc:100002086 fa:types fa:Classy ;

wns: hyponymOf wnc:100001740 .

wherewnc:100002086 andwnc: 100001740 are WordNet synsets (i.e., classes like ‘Elephant’
and ‘Animal’). The first statement specifies that the classicalConcept is a subclass of
the built-in RDFS(FA) meta-clasa: Class,, the instances of which are classes in stratum 1.
This means that now all instances lofxicalConcept are also classes. In a similar vein, the
second statement defines that the WordNet propeypwnymO f is a sub-property of the
built-in RDFS(FA) meta-propertya: subClassOf,. This enables us to interpret the instances
of hyponymO f as subclass links. Based on the rules of thumb presentedctioSeV-C, it
is easy to see thainc:100002086 andwnc:100001740 are in stratum lyns : LexicalConcept
andwns: hyponymOfare in stratum 2.

We invite the reader to note the difference between the stigpaneta-classes and meta-

properties in RDFS and RDFS(FA). In RDFS, it is valid to addFRiDiples such as

rdfs: Class rdf:type wnc:100002086 .

which makes the relationship betweeir : 100002086 andwns : LexicalConcept rather confus-
ing. Indeedwnc:100002086 is an instance ofins : LexicalConcept, which is an instance of an
instance {dfs: Class) of wnc:100002086; neverthelessic: 100002086 andwns : LexicalConcept
are not necessarily equivalent to each other.

RDFS(FA) disallows asserting théi: Class, is an instance ofinc:100002086 because

fa: Class, is a built-in class (cf. Definition 6), so there is no confusitere.

Most importantly, OWL DL can be syntactically and semanljciayered on top of RDFS(FA).
In general, introducing RDFS(FA) as a sub-language of RIPR{8kes it more flexible to
layer languages on top of RDF(S). With all these distingeisFeatures, RDFS(FA) surely
solidifies RDF(S)’s proposed role as the base of the Sem#felr; accordingly, the Semantic

Web tower will become clearer, easier to understand anddlism
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VIlI. RELATED WORK

Initially RDF and RDFS had no formal model theory, nor anynfal meaning at all. This
made them unlikely foundations for the Semantic Web. Aseanorks [37], [7] pointed out,
RDFS has a non-standard and non-fixed layer metamodelihgesture, which makes some
elements in the model have multiple roles in the RDFS spatific. Therefore, it makes
even the RDFS specification itself rather confusing andadiltfito understand for users. One
of the consequences is that when DAML+OIL is layering on tbRDFS, it uses the syntax
of RDFS only, but defines its own semantics [56] for the orgadal primitives of RDFS.
To clear up any confusion, Pan and Horrocks [40] proposedxadFiayer metamodeling
Architecture for RDFS, reducing the multiple roles of RDRSItin primitives by stratifying
them into different layers of the metamodeling architestur

Subsequently RDF Model Theory (RDF MT) [19] gave an officiahsntics for RDF
and RDFS, justifying the dual roles by treating both classed properties as objects in
the universe. As RDF(S) is expected to be the foundation ef Semantic Web, solving
its own problems is only the first step of standardising RDFEDF(S) should also be
easily extendable; i.e., other Semantic Web languageslahmr easily layered on top of
RDF(S). Further research ([44], [45], [27], [41]) pointedtdhat there are at least three
potential issues if one extends the RDF MT with OWL constitgt Accordingly, Pan
and Horrocks [41] suggested that RDFS could have two kindsemhantics, i.e., RDF
MT and the stratified semantics of RDFS(FA). Now both RDF(8) &®WL become W3C
recommendations. However, as we pointed out in Sectiothkke exist syntactic and semantic
mismatch between RDF(S) and OWL DL. Although OWL Full is be&d to be serving as
a connection between RDF and OWL DL, Motik [36] shows thatrietamodeling of OWL
Full contributes to its undecidability too. The main purpax this paper, accordingly, is to
find a strong connection for them. In particular, this papderds [41] by providing strong
connections between RDFS(FA) and OWL DL; specifically, Theeo 7 shows that there is
a semantic-preserving mapping between them (Section \fjh&umore, this paper provides
some rules of thumb to help authors of RDFS(FA) ontologiegebthe strata numbers right
(Section IV-C) and further illustrates in details how RDF&] solidifies RDF(S)’s proposed

role as the base of the Semantic Web (Section VI).
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There are some interesting research on handling the isseigeriding RDF(S) with OWL
constructors. ter Horst [53], [54] shows that RDFS extenaihl a property-related subset of
OWL, namely, FunctionalProperty, InverseFunctionallerop sameAs, SymmetricProperty,
TransitiveProperty, and inverseOf. To obtain a completeo$esimple entailment rules, a
weaker semantics (‘if-semantics’) is used, rather than RR¥--MT style ‘iff-semantics’
semantics of OWL. In our approach, RDFS(FA) does not impase rastriction on its
extensibility to more expressive Description Logics sushOWL DL and OWL-Eu.

de Bruijn et al. [12] replaces RDF MT with one based on Herbrand canonical models,
and shows that OWL DL can be built on top of RDF (in terms of th@we modified
semantics) if one weakens the semantics connection betimdemndual interpretations and
class interpretations of URIs. This approach is very simitathe r-semantics approach
proposed in [36]; we call this kind of approach the contekéymproach. An advantage of the
kind of contextual approach is that, although it modifies skeenantics of RDF, it does not
change its syntax. A disadvantage of this kind of approadhas the modification of RDF
semantics causes some lose of inference, which we now useaampke in [36] to illustrate.

Let us consider the following ontolog$;:

Harry rdf:type Eagle ; rdf:type —Aquila .

Eagle owl:sameAs Aquila.

In the contextual approach, sinéagle and Aquila as concepts and as individuals are inde-

pendent, is satisfiable. In the RDFS(FA) approatthontology O, looks like:

Harry fa:type; Eagle ; fa:type; —Aquila .

Eagle owl:sameAs Aquila.

O, is unsatisfiable because the meta-individual equalityraXibagle owl:sameAs Aquila .]
implies two classe&agle and Aquila are equivalent, antarry” cannot be both in and not

in Eagle”. In other words, given the following ontolog®s:

Harry fa:type; Eagle .

Eagle owl:sameAs Aquila.

In the RDFS(FA) approach), entails the RDF triple Harry fa:type; Aquila .]; in the

5To be more precise, we need OWL FA [43] to repres@natin the RDFS(FA) approach.
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contextual approach, the tripledrry rdf:type Aquila .] is not entailed byO,.

It is also worth noting that there exist some languages,utiny HILOG ([8], [59]),
SKIF [20], Lbase [17] and Common Logic [14], which have a retandard model theory,
with predicates (such as classes and properties) elemeriteeidomain. They differ from
RDF(S) in that classes are treated as unary predicatestivaihextensions being subsets of
the domain, and reflection on language syntax is not suppb{2&. Motik [36] proposes two
alternative metamodeling approaches for OWL DL, i.e., tbetextual approach (discussed
above) and the HiLog approach. Details of the differences/den these two metamodeling

architectures and the metamodeling architecture of RDES@Fe summarised in [43].

VIIl. CONCLUSION AND OUTLOOK

Semantic interoperability among SW languages is an impbftature in knowledge en-
gineering in the Semantic Web era. After showing in detad 8yntactic and semantic
mismatches between RDF(S) and OWL DL, we have proposed thESKHA) ontology
language as a sub-language of RDF(S), specifying bothntastcs (including both datatypes
and annotation properties) and the kinds of axioms thataviges.

As we have shown in previous sections, RDFS(FA) satisfiesfdhe requirements we
presented at the beginning of the paper. It covers many lugetures of RDF(S), and is
compatible with OWL DL (cf. Theorem 7). The aim of the SemartVeb is to provide
a common framework that allows data to be shared and reusedsaepplications and
enterprises. As a strong connection between RDF(S) and OWLRDFS(FA) can play
a useful role in the Semantic Web. It has been proved thatimpossibleto extend RDF(S)
to first order logic if we want to have a coherent semanticetas RDF MT [46]; having
RDFS(FA) as a sub-language of RDF(S), therefore, will susellidify RDF(S)'s proposed
role as the foundation of the Semantic Web. This establishestrong connections between
RDF and OWL; i.e., RDFS to OWL Full, and RDFS(FA) to OWL DL. Opessible way
forward would be to keep both connections, allowing userddoide if they are willing to
use the layering style of RDFS(FA) in return for the benefftsemaining within a decidable
sub-language of OWL.

Future work could include many interesting applicationkmowledge engineering. From
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the knowledge representation perspective, it would beiples® have a new sub-language of

OWL — OWL FA [43], which would add useful features of RDFS(FAlch as meta-classes

and meta-properties, into OWL DL. In [43], we also proposedason technique for use with

RDFS(FA) and OWL FA. From the knowledge maintenance petsggone could implement

a plug-in for an ontology editor so as to allow users to switichir ontologies between

the RDFS and RDFS(FA) modes. Extensions of this work coutdiaie communication

between RDFS(FA)-agents and OWL DL-agents. Last but natt,/|deom the knowledge

access perspective, query answering in RDFS(FA) and OWLeR#ams an open problem.
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