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Abstract

The OWL Web Ontology Language is a new formal language for representing ontologies in the Semantic Web. OWL has
features from several families of representation languages, including primarily Description Logics and frames. OWL also shares
many characteristics with RDF, the W3C base of the Semantic Web. In this paper, we discuss how the philosophy and features
of OWL can be traced back to these older formalisms, with modifications driven by several other constraints on OWL. Several
interesting problems have arisen where these influences on OWL have clashed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction OWL was not designed in a vacuum. There were
many influences on OWL's design, some mandated by
OWL [1] is a new ontology language for the Seman- the charter of the Web Ontology Working Grobijs
tic Web, developed by the World Wide Web Consor- OWL is an effort in W3C’s Semantic Web activity, it
tium (W3C) Web Ontology Working Group. OWL was had to fit into the Semantic Web vision of a stack of
primarily designed to represent information about cat- languages including XML and RDF. As OWL is sup-
egories of objects and how objects are interrelated— posed to be an ontology language, it had to be able to
the sort of information that is often called an ontol- represent a useful group of ontology features. As there
ogy. OWL can also represent information about the were already several ontology languages designed for
objects themselves—the sort of information that is of- use in the Web, OWL had to maintain as much com-
ten thought of as data. patibility as possible with these existing languages,
including SHOE[2], OIL [3] and DAML + OIL [4].
"+ Corresponding author. Tel+44-161-2756133; _'I_'he multiple influences on OWL resulted ir_1 some
fax: +44-161-2756204. difficult trade-offs. Also, and somewhat surprisingly,
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considerable technical work had to be performed to formation that Mozzarella and Gorgonzola are kinds
devise OWL in such a way that it could be shown of cheese, that cheese is not a kind of meat or fish,
to have various desirable features, while still re- and that a vegetarian pizza is one whose toppings do
taining sufficient compatibility with its roots. This  not include any meat or fish. This information allows
paper describes some of the trade-offs and designthe term ‘pizza topped with (only) Mozzarella and
decisions that had to be made by the Web Ontology Gorgonzola’ to be unambiguously interpreted (by, e.g.
Working Group during the design of OWL. Although a pizza ordering agent) as a specialisation of the term
many of these decisions were based on the require-‘vegetarian pizza’.

ments drawn up for OWI5], and on solid scientific Terms whose meanings are defined in ontologies
knowledge, some of them were necessarily based oncan be used in semantic markup that describes the
softer judgements, and some were simply a matter content and functionality of Web-accessible resources
of taste. [7]. Ontologies and ontology-based semantic markup

This paper presents an account of the trade-offs could be used in

and design decisions behind OWL. The views pre- o
. e e-commerce[8], where they can facilitate com-
sented are those of the authors, and are not necessarily oo . :
munication between buying and selling agents

shared by all members of the Web Ontology Working by providing a common vocabulary to describe

Group. goods (such as pizzas) and services (see, e.g
After a brief introduction and quick survey of OWL, ) : T
http://www.verticalnet.con)/

Sections 3 and discuss the historical roots of OWL. . e
: . e search enginef], where they can help in finding
Section 5then surveys some of the major problems . ; S
. . . pages that contain semantically similar but syn-
that had to be resolved in the design of OWL, while ) .
: . . . tactically different words and phrases (see, e.g.
Section 6describes the solutions and compromises .
: . http://www.hotbot.com)/ and
that have been found&ection 7describes how these : :
. . . i ; e Web and grid serviced0,11], where they can pro-
solutions have been incorporated in the final design of L . L .
: : : vide rich service descriptions that can help in locat-
the OWL languageSection 8describes extensions of ina suitable services
OWL that are already under discussion &ettion 9 9 '
gives summary of the article. In order to support these and other usage scenar-
ios, OWL takes the basic fact-stating ability of RDF
[12] and the class- and property-structuring capabil-
2. OWL overview ities of RDF schemd13] and extends them in im-
portant ways. OWL can declare classes, and organise
This paper is an account of the design choices and these classes in a subsumption (‘subclass’) hierarchy,
trade-offs that went into the making of OWL, and is as can RDF schema. OWL classes can be specified as
not meant as an exhaustive description of the OWL logical combinations (intersections, unions or comple-
language (for which the reader should turn to the OWL ments) of other classes, or as enumerations of specified
documents, including the OWL Language Reference objects, going beyond the capabilities of RDFS. OWL
[1] and Guide[6].) Nevertheless, to make the paper can also declare properties, organise these properties
self-contained, it contains a short description of the into a ‘subproperty’ hierarchy, and provide domains
language and its most important uses. and ranges for these properties, again as in RDFS.
In the context of the Semantic Web, ontologies are The domains of OWL properties are OWL classes, and
expected to play an important role in helping auto- ranges can be either OWL classes or externally-defined
mated processes (so called ‘intelligent agents’) to ac- datatypes such as string or integer. OWL can state that
cess information. In particular, ontologies are expected a property is transitive, symmetric, functional, or is
to be used to provide structured vocabularies that ex- the inverse of another property, here again extending
plicate the relationships between different terms, al- RDFS.
lowing intelligent agents (and humans) to interpret ~ OWL can express which objects (also called ‘indi-
their meaning flexibly yet unambiguously. For exam- viduals’) belong to which classes, and what the prop-
ple, a suitable pizza ontology might include the in- erty values are of specific individuals. Equivalence
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statements can be made on classes and on proper- The above shows that OWL is quite a sophisticated

ties, disjointness statements can be made on classedanguage. OWL has both an RDF/XML exchange

and equality and inequality can be asserted betweensyntax and an abstract frame-like syntax, and it has

individuals. three named sublanguages. This multiplicity is the
However, the major extension over RDFS is the direct result of trying to satisfy a large number of

ability in OWL to provide restrictions on how prop- sometimes conflicting influences and requirements,

erties behave that are local to a class. OWL can de- as will be discussed throughout the remainder of this

fine classes where a particular property is restricted paper.

so that all the values for the property in instances of

the class must belong to a certain class (or datatype);

at least one value must come from a certain class (or 3. Influences on OWL

datatype); there must be at least certain specific values

and there must be at least or at most a certain number As mentioned above, the design of OWL has been

of distinct values.
For example, using RDFS, we can

e declare classes likeount r y, Per son, St udent
andCanadi an;

e state thatSt udent is a subclass dPer son;

e state thaCanada andEngl and are both instances
of the clasCount ry;

e declareNati onal ity as a property relating to
the classePer son (its domain) andCount r y (its
range);

e state thatage is a property withPer son as its
domain and integer as its range; and

e state thatPet er
Canadi an, and that his age has value 48.

With OWL, we can additionally

e state thatCountry and Person are disjoint
classes;

¢ state thatCanada andEngl and are distinct indi-
viduals;

e declareHasCi ti zen as the inverse property of
Nationality;

e state that the clasdt at el ess is defined precisely
as those members of the claBer son that have
no values for the propertijat i onal i ty;

e state that the clasdul ti pl eNati onal s is

is an instance of the class

subject to a variety of influences. These included in-
fluences from established formalisms and knowledge
representation paradigms, influences from existing on-
tology languages and influences from existing Seman-
tic Web languages.

Some of the most important influences on the de-
sign of OWL came, via its predecessor DAMLOIL,
from Description Logics, from the frames paradigm
and from RDF. In particular, the formal specification
of the language was influenced by Description Logics,
the surface structure of the language (as seen in the ab-
stract syntax) was influenced by the frames paradigm
and the RDF/XML exchange syntax was influenced
by a requirement for upwards compatibility with RDF.

Each of these influences will be examined in more
detail in the following sections.

3.1. Description Logics

Description Logics are a family of class-based
(concept-based) knowledge representation formalisms
[14]. They are characterised by the use of various
constructors to build complex classes from simpler
ones, an emphasis on the decidability of key reason-
ing problems, and by the provision of sound, com-
plete and (empirically) tractable reasoning services.
Description Logics, and insights from Description

defined precisely as those members of the classLogic research, had a strong influence on the design
Per son that have at least two values for the prop- of OWL, particularly on the formalisation of the se-

ertyNationality;

o state that the clasSanadi an is defined precisely
as those members of the claBsr son that have
Canada as a value of the properiyat i onal i ty;
and

e state thatige is a functional property.

mantics, the choice of language constructors and the
integration of datatypes and data values. In fact, OWL
DL and OWL Lite (two of the three species of OWL)
can be viewed as expressive Description Logics, with
an ontology being equivalent to a Description Logic
knowledge base.
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3.1.1. Semantics sistent, while if there are no possible interpretations,
A key feature of Description Logics is that they are the knowledge base itself is said to be inconsistent. If
logics, i.e. formal languages with well-defined seman- the relationship specified by a given axiom must hold
tics. The standard technique for specifying the mean- in all interpretations of a knowledge base, then that
ing of a Description Logic is via anodel theoretic axiom is said to beentailed by the knowledge base,
semantics, whose purpose is to explicate the relation- and if one knowledge base entails every axiom in an-
ship between the language syntax and the intendedother knowledge base, then the first knowledge base
model(s) of the domain. A model consists al@main is said to entail the second knowledge base. A knowl-
(often written asA®) and aninterpretation function edge base containing the axiom PerggnAnimal,
(often written as”), where the domain is a set of ob-  for example, entails that the intersection\l e and
jects and the interpretation function is a mapping from Per son is also a subclass dini nal . This entail-
individual, class and property names to elements of the ment is quite trivial, but with a language as complex
domain, subsets of the domain and binary relations on as OWL, checking entailments may, in general, be a

the domain, respectively. So, for an individdalhn, very hard task (se8ection 6.5.
Johrf € AZ, for a classPer son, Persofi € AT and Like OIL and DAML + OIL, OWL uses a Descrip-
for a propertyf ri end, friend” ¢ AT x AL, tion Logic style model theory to formalise the meaning

The interpretation function can be extended from of the language. This was recognised as an essential
class names to complex class descriptions in the ob-feature in all three languages, as it allows ontologies,
vious way. For example, given two clasdés e and and information using vocabulary defined by ontolo-
Per son interpreted as the sets Male= {w, x, y} gies, to be shared and exchanged without disputes as
and Persoch= {x, y, z}, then the intersection dfal e to precise meaning. The need for this kind of formality
andPer son (i.e. male persons) is interpreted as the was reinforced by experience with early versions of
intersection offw, x, y} and{x, y, z}, i.e. (Mal e and the RDF and RDFS specification, where a lack of for-
Per son)? = {x, y}. mality soon led to arguments as to the meaning of lan-

Objects in the domain do not in themselves have any guage constructs such as domain and range constraints
meaning, nor does the choice of any particular set of [15]. In order to avoid such problems, the meaning of
objects that make up the domain—what is importantis RDF is now also defined in terms of a model theory
the relationships between objects and sets of objects.[16].

In a given model, for example, an individuials an Another advantage of formalising the meaning of
instance of a clas§, just in case is interpreted as an  the language in this way is that automated reasoning
element of the interpretation @ (i.e. i € %), and techniques can be used to check the consistency of
a classC is a subclass of a clad3 just in case the  classes and ontologies, and to check entailment rela-
interpretation ofC is a subset of the interpretation of tionships. This is crucial if the full power of ontolo-

D (i.e. CT c DY). gies is to be exploited by intelligent agents, and the

A Description Logic knowledge base consists of a ability to provide such reasoning support was a key
set of axioms asserting, e.g. that one class is a sub-design goal for OWL.
class of another, or that an individual is an instance
of a particular class. The meaning of these axioms is 3.1.2. Language constructors
given by corresponding constraints on models. If, for ~ The expressive power of a language like OWL is
example, the knowledge base contains an axiom stat-determined by the class (and property) constructors
ing thatPer son is a subclass oAni mal (written as supported, and by the kinds of axioms that can occur
PersonC Animal), then in a model of the knowledge in an ontology. Of course increased expressive power
base the interpretation é#fer son must always be a  inevitably means increased computational complexity
subset of the interpretation #hi nal . The meaning for key reasoning problems such as entailment.
of a knowledge base derives from features and rela- The design of OWL was influenced by more than
tionships that are common &l possible models. If, 10 years of Description Logic research, which has
for example, the interpretation of a class must always mapped out in considerable detail the complexity—
be the empty set, then that class is said tdrmen- tractability landscape for a wide range of constructors
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and axioms, and their various combinati¢h4]. This being caused by datatyp¢®1].2 In the SHOQ(D)
knowledge allowed the set of constructors and axioms Description Logic, it was shown that this could be
supported by OWL to be carefully chosen so as to achieved by strictly separating the interpretation of
balance the expressive requirements of typical appli- datatypes and values from that of classes and individ-
cations with a requirement for reliable and efficient yals: SHOQ(D) interpretations include an additional
reasoning support. interpretation domain for data valua% which is dis-

A particular goal of this design process was to en- joint from the domain of individualsAZ. Datatypes,
sure that OWL entailment would at least be decidable, gch as integer, are interpreted as a SubS%@I

i.e. that it would be possible to design an algorithm gnq values such as the integer ‘35’ are interpreted as
that could guarantee to determine whether or not one glements ofA%. The separation is further strength-
OWL ontology entails another (such an algorithm is ened by dividing properties into two disjoint sets of
often called a decision procedure). The availability gpstract and datatype properties. Abstract properties
of practical decision procedures (for entailment), and sych as brother are interpreted as binary relations on
even implemented systems, was also an important 5Z (i.e. subsets oA x A7), while datatype proper-
consideration. ties such asage are interpreted as binary relations
A suitable balance between these computational petweenaZ and AZ (i.e. subsets of% x AL).
requirements and the expressive requirements identi- This design has the advantage that reasoning with
fied in[5] was achieved by basing the design of OWL  gatatypes and values can be almost entirely sepa-
on the S# family of Description Logics[17]. The  yated from reasoning with classes and individuals—a
constructors and axioms supported 8} are simi- class-based reasoner simply needs access to a datatype
lar to those described iBection 2 and include the  :gracle’ that can answer simple questions with respect
boolean connectives (intersection, union and comple- ¢q datatypes and values (e.g. “is5 a non-negative
ment), restrictions on properties, transitive properties jnteger?”). Moreover, the language remains decidable
and a property hierarchy, i.e. equivalent to tH&C if datatype and value reasoning is decidable, i.e. if
Description Logi[18] extended with transitive prop-  gracle can guarantee to answer all questions of the
erties and a property hierarchy. The property hierar- re|evant kind for supported datatypes. This can easily
chy is important for OWL as it is a feature of RDFS, e achieved for a range of common datatypes such as
while transitive properties have been identified as integers, decimals and strinf&l].
an important requirement in many applicatioj3s. As well as these practical considerations, it can
Members of theS# family include the influential 3150 pe argued that the separation of classes and
SHIQ Description Logic[19], which adds inverse  gatatypes makes sense from a philosophical stand-
properties and generalised cardinality restrictions, point as datatypes are already structured by built-in
andSHOQ(D) [20], which adds the ability to define  predicates such as greater-than and less-than. From
a class by enumerating its instances (e.g. the classthis point of view, it does not make sense to use ontol-
{Monday, Tuesday, Wednesday, Thursday, ogy axioms to add further structure to datatypes or to

Fri day}) and support for datatypes and values (€.9. form ‘hybrid’ classes such as the class of red integers.
integer and string datatypes, and values such as ‘35’).

3.2. Frames paradigm

3'1‘\3' Dahatypei i ith ‘abstract’ cl h In the Semantic Web context, where users with a
PS well as dTnl'ng \INI apstrac t_callssesl_suc wide range of expertise might be expected to create
asrerson an | 'mal, many practical applica- modify ontologies, readability and general ease of

tions need to represent and reason about datatypesuse are important considerations for an ontology lan-

and.values such as .integers and strings. The in_te'guage. In the design of OIL, one of the languages
gration of datatypes in the OWL language is again

heavily influenced by Description Logic research,
which has demonstrated that care is required in order 2 reasoners for undecidable languages may have undesirable
to avoid complexity blowups or even undecidability characteristics, including poor performance and/or unpredictability.
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on which OWL is based, these requirements were ad- subclass or equivalence relationship, respectively), and
dressed by providing a surface syntax based on thea sequence of property restrictions and names of more
frames paradigm. Frames group together information general classes. Similarly, a property axiom specifies
about each class, making ontologies easier to read andthe name of the property and its various features.
understand, particularly for users not familiar with The frame style of the abstract syntax makes it
(Description) Logics. The frames paradigm has been much easier to read (compared to the RDF/XML syn-
used in a number of well-known knowledge represen- tax), and also easier to understand and use. Moreover,
tation systems including the Protégé ontology design abstract syntax axioms have a direct correspondence
tool [22] and the OKBC knowledge modg3]. The with Description Logic axioms, and they can also be
design of OIL was influenced by XO[24]—a pro- mapped to a set of RDF triples.
posal for an XML syntax for OKBC Lite (a cut down
version of the OKBC knowledge model). 3.3. RDF syntax
In frame-based languages, each class is described
by a frame. The frame includes the name of the class, The third major influence on the design of OWL
identifies the more general class (or classes) that it spe-was the requirement to maintain the maximum up-
cialises, and lists a set of ‘slots’. A slot may consist of wards compatibility with existing Web languages, and
a property—value pair, or a constraint on the values that in particular with RDF[27]. On the face of it, this
can act as slot fillers’ (in this context, value means ei- requirement made good sense as RDF (and in par-
ther an individual or a data value). This structure was ticular RDF schema) already included several of the
used in the OIL language, with some enrichment of basic features of a class and property based ontology
the syntax for specifying classes and slot constraints language, e.qg. it allows subclass and subproperty re-
so as to enable the full power of a Description Logic lationships to be asserted. Moreover, the development
style language to be captured. In addition, property of RDF preceded that of OWL, and it seemed reason-
frames were used to describe properties, e.g. specify-able to try to appeal to any user community already
ing more general properties, range and domain con- established by RDF.
straints, transitivity and inverse property relationships. It may seem easy to meet this requirement sim-
A class frame is semantically equivalent to a De- ply by giving OWL an RDF-based syntax. In order
scription Logic axiom asserting that the class being to provide maximum upwards compatibility, however,
described by the frame is a subclass of each of the it was also thought necessary to ensure that the se-
classes that it specialises and of each of the propertymantics of OWL ontologies was also consistent with
restrictions corresponding to the slots. As well as a the semantics of RDF. This proved to be difficult
richer slot syntax, OIL also offered the possibility of given the greatly increased expressive power provided
asserting that the class being described by the frameby OWL. This will be discussed in more detail in
was exactly equivalent to the relevant intersection class Section 5
(i.e. that they were mutually subsuming). A property
frame is equivalent to a set of axioms asserting the
relevant subproperty relationships, range and domain 4. Predecessors of OWL
constraints, etc. OIL was designed so that OIL frames
could easily be mapped to equivalent axioms in the OWL was not the first Web-enabled ontology
SHOQ(D) Description Logic[25]. language, and its design was influenced by several
The formal specification and semantics of OWL are pre-existing languages including RDFS, SHOE, OIL,
given by an abstract syntg6] that has been heav- DAML-ONT and DAML + OIL. DAML + OIL in
ily influenced by frames in general and by the de- particular was a major influence on OWL, and the
sign of OIL in particular. In the abstract syntax, ax- charter of the Web Ontology working group explic-
ioms are compound constructions that are very like an itly states that the design of OWL should be based
OlL-style frame. For classes, they consist of the name on DAML + OIL. DAML + OIL in turn was heav-
of the class being described,naodality of ‘partial’ ily influenced by the OIL language, with additional
or ‘complete’ (indicating that the axiom is asserting a influence from work on DAML-ONT and RDFS.
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4.1. SHOE DAML-ONT property restrictions had, like those of
RDFS, global rather than local scope, and while this
One of the first attempts at defining an ontology was reasonable for the domain and range constraints
language for deployment on the Web was SHQRE. provided by RDFS, global cardinality constrains, for
SHOE is a frame-based language with an XML syn- example, are difficult to understand and of doubtful
tax that could be safely embedded in existing HTML utility; in fact it seems likely that this would have been
documents. SHOE used URI references for names, anrecognised as a design flaw if the semantics of the
important innovation (se8ection § that was subse-  language had been adequately formalised.
quently adopted by both DAML-ONT and DAMY-
OIL. SHOE also placed emphasis on the fact that on- 4.3. OIL
tologies would be tightly interlinked and subject to
change. Consequently, SHOE included a number of At around the same time that DAML-ONT was
directives which allowed importing of other ontolo- being developed, a group of (largely European) re-
gies, local renaming of imported constants, and stat- searchers with aims similar to those of the DAML re-
ing versioning and compatibility information between searchers had designed another Web-oriented ontology
ontologies. This line of thinking has influenced the language called Ot (the Ontology Inference Layer)
extra-logical vocabulary of OWL that is designed to [3]. OIL was the first ontology language to combine
partially deal with such issues. SHOE was of lesser in- elements from Description Logics, frame languages
fluence on the syntactic and semantic design of OWL, and Web standards such as XML and RDF. OIL placed
since it was not based on RDF and did not come with a strong emphasis on formal rigor, and the language

a formal semantics. was explicitly designed so that its semantics could
be specified via a mapping to ti#{7Z9Q Description
4.2. DAML-ONT Logic [19]. The structure of the language was, how-

ever, frame-based, using compound class ‘definitions’

In 1999, the DARPA Agent Markup Language in the style described iBection 3.2 OIL had both
(DAML) progran® was initiated with the aim of pro- XML and RDF syntaxes, but although the RDF syntax
viding the foundations of a next generation ‘semantic’ Was designed to maintain compatibility with RDFS, it
Web[29]. As a first step, it was decided that the adop- did not concern itself with the precise details of RDF
tion of a common ontology language would facilitate Semantics, which had not at that time been formally
semantic interoperability across the various projects defined.
making up the program. RDFS (which had already
been proposed as a W3C standard) was seen as a good-4. DAML + OIL
starting point, but was not sufficiently expressive to
meet DAML’s requirements. A new language called It became obvious to both the DAML-ONT and OIL
DAML-ONT was therefore developed that extended groups that their objectives could best be served by
RDF with language constructors from object-oriented combining their efforts, the result being the merging of
and frame-based knowledge representation languagesPAML-ONT and OIL to produce DAML+ OIL. The

DAML-ONT was tightly integrated with RDFS, and ~ development of DAML+ OIL was undertaken by a
while this was useful from a compatibility viewpoint, ~committee largely made up of members of the two lan-
it led to some serious problems in the design of the guage design teams, and rather grandly titled the Joint
language. Like RDFS, DAML-ONT suffered from an US/EU ad hoc Agent Markup Language Committee.
inadequate semantic specification, and it was soon The merged language has a formal semantics given
realised that this could lead to disagreements, both by its own DL style model theory instead of via a trans-
amongst humans and machines, as to the precise meanlation into a suitable DL. The DL-derived language
ing of terms in a DAML-ONT ontology. Moreover,  constructors of OIL were retained in DAMi OIL,

I 4 http://www.ontoknowledge.org/oil
3 http://www.daml.org/ 5 http://www.daml.org/committee
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but the frame structure was largely discarded in favour (a St udent is aPer son who isenrol | edl n at
of DL style axioms, which were more easily integrated least one thing), with how it would most naturally be
with RDF syntax. written using the OWL RDF/XML syntak

Influenced by DAML-ONT, DAML+ OIL is more . . o '
tightly integrated with RDF. DAML+ OIL, however, <ow : q.ass rdf: | D: St udgnt >

. . . <oW :intersectionO rdf: parsetype

only provided a meaning for those parts of RDF which —Collection’ >
were consistent with its own syntax and DL style —owl - O ass rdf s: about = °
model theory. This did not seem to be too much of P o /> ' -
a problem given that RDF did not at that time have <ovxe/|r'slg£st rictions
a formally specified meaning of its own, but was the \M - onP df -
cause of serious difficulties when DAME OIL was <0_‘ N :r?r c:|0|p:(;|tr¥' ' / S resource
used as the basis for OWL. ~owl : mi nCardinal ity rdfs:

dat at ype="'"‘ &xsd; I nteger’’ >
1
</ow : mi nCardi nality>
</ ow : Restriction>
<owW :intersectionOr >
</ ow : O ass>

5. Problems along the path

The multiple influences on OWL have lead to a
number of problems. Some of these problems are a
result of conflicting requirements, as in the conflict
between using RDF/XML as the offcial OWL syn- Another problem is that RDF breaks everything
tax and having an easy-to-read syntax. Some of thesedown into RDF triples[12].” This means that many
problems arise from a need to extend previous solu- OWL constructs, such as property restrictions, have to
tions, as in the problems arising in crafting an exten- be encoded as several triples. OWL generally uses an
sion to RDF that incorporates information that does encoding similar to that used by DAM OIL. For

not fit well into the RDF world view. example, an OWL value restriction that would be writ-
ten in Description Logic syntax &chi | d. per son
5.1. Syntactic problems (the class whose instances have sarhel d that is

aper son) is encoded as two RDF triples something

For a number of reasons, including maintaining like
connections to frames and Description Logics, OWL_ _x ow : onProperty ex: chil d.
should have an easy-to-read syntax that can be easily -y owl : someVal uesFr omex: Per son.
understood and easily created. However, it was a re- ) ) o
quirement of OWL that it use XML as its normative where_: X is a syntactic placeholder for the restriction
syntax, and, moreover, use XML in the same way as aS & whole. _ _ _
it is used in RDFA30]. This requirement had already A third problem is that all RDF triples are indepen-

been addressed by OIL and, later, by DAMLOIL: dent. This means, for example, that as far as RDF is
OIL has both an RDF/XML and an XML syntg81], concerned there is no requirement that the two above
while DAML + OIL has only an RDF/XML syntax  triples must always occur together. Similarly, there

[4]. is no requirement that there not be extra triples, so

Taken just as a syntax for OWL, RDF in the form adding
of RDF/XML has a number of problems. These prob-
lems can be overcome, but they do make OWL more
complex that it might otherwise be. 6 Full details on the OWL RDF/XML syntax can be found in

; ; the OWL reference documeii].

One prObIem is that RDF/.XML IS .eXtremely ver- 7 The syntax for RDF tri{:)tI]es here is one used in the RDF
boge. Compare _for e>.(ample, mformaﬂon ‘T"bOUt aclass Semantics documerjil6]. An RDF triple is written as a subject,
as it would be given in a Description Logic syntax a predicate and an object, in that order. RDF URI references in

triples are generally abbreviated as XML qualified names. RDF
St udent = Personnm > lenrol | edln blank nodes (anonymous objects) are written with a leadirg
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X ow :onProperty ex: friend.
_:x ow : al | Val uesFr omex: Doct or.

to the above two triples cannot be ruled out in RDF.
A fourth problem is that RDF triples are all accessi-

ble. This means that circular and other unusual struc-
tures cannot be ruled out. For example, there is no

problem in RDF with collections of triples like

_:x oW :onProperty ex: child.
_ox ow :all Val uesFrom_: x.

These issues are not addressed in OIL, which pro-
vides no guidance as to what should happen for col-

lections of triples that do not match the syntax produc-
tions of the language. DAME- OIL takes a different
approach, allowing unusual constructions but declin-
ing to give them a DAML+ OIL meaning. OWL has
roughly followed the DAML+ OIL solution, but with
several modifications.

5.2. Semantic problems

15

ble with the RDF or RDFS meaning (as defined at that

time) for this vocabulary. For example DAMk OIL

usesr df s: subCl assOf to relate classes to super-
classes, including DAMI- OIL restrictions, whereas
OIL usesoi | : hasSl ot Constrai nt in some of
these situations.

Even when DAML+ OIL was being developed,
however, there were some aspects of the meaning of
RDFS that could not be reconciled with the appro-
priate meaning in DAML+ OIL. In particular, RDFS
[33] then had an unusual meaning for domains and
ranges of properties. Only a single range was permit-
ted for properties and multiple domains were treated
disjunctively. For example,

ex: foo rdf s: domai n ex: Per son.
ex: foo rdf s: domai n ex: Rock.

would allow both people and rocks to participate in
the foo property.

This disjunctive reading of domains caused prob-
lems for the DAML+ OIL semantics, so a choice was
made to change this to a conjunctive reading and pe-

Once issues of syntax have been addressed, issuesition the newly-formed RDF core working group to

related to meaning still remain. RDF provides a mean-
ing for every triple, so if OWL is to be considered to
be an extension of RDF, the meaning that OWL pro-
vides for triples needs to be an extension of this RDF
meaning.

This was not as much of an issue when OIL and
DAML + OIL were designed, as the meaning of RDF
was not very well specified. OIL in particular does not
bother to relate the RDF meaning of its RDF/ XML
syntax to the OIL meaning of this syntax—the
RDF/XML syntax for some OIL constructs does
more-or-less line up with the RDF meaning of these

change RDFS to allow multiple domains and ranges,
both with a conjunctive reading. As part of its clean
up of the RDF and RDFS semantics, the RDF core
working group has decided to make this change, elim-
inating a problem for OWL.

While cleaning up problems with RDF and RDFS,
the RDF core working group also decided to put RDF
on a firmer semantic ground. It did this by providing a
model theory for RDF and RDFS, along with a stan-
dard treatment of inference for RDF and RDFS. This
has meant that there is now more meaning provided
for RDF and RDFS that OWL has to be compatible

constructs but this is by no means the case for all with. In particular, all the triples that are used to en-

such constructs. For example, OIL has a special prop-

erty (0i | : hasSl ot Const rai nt) used to relate a
class to its slots, but the RDF meanifif] of this

code the OWL syntax now have RDF meaning, and
this RDF meaning has to be taken into account by
OWL if the semantics of OWL are to be fully com-

property, namely the standard meaning assigned to patible with those of RDF and RDFS.

any RDF triple is ignored by the OIL semantics.
DAML + OIL does a better job of abiding by the

RDF meaning of its syntax. The DAMi OIL model

theory[32] includes a semantic condition for triples

Neither OIL nor DAML + OIL provided a stan-
dard theory of inference. This was common in the
formalisms that influenced OIL and DAMY OIL.
Frames generally provided an interface to the internal

that is close to the RDF meaning (as defined at that data structures in lieu of any other inferences or even

time) for triples. Further, DAML+ OIL uses the
built-in RDF and RDFS vocabulary to a greater extent

queries. Description Logics do provide a formal the-
ory of querying, but this is somewhat different from a

than does OIL, and uses it in a way generally compati- standard theory of inference.
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The difference is that Description Logic querying classes, as is possible in RDF. Similarly, there were
could have been defined for DAMEOIL in a way that many demands for expressive power going beyond
would have helped to hide the RDF meaning of triples. RDF and RDFS. For example, many users wanted
For example, asking whether an individual belonged to be able to provide local typing for property val-
to a class could add the syntax used to specify the ues, as is possible in Description Logics. OWL had
class to the premises of the query. However, a standardto be designed to somehow allow these sorts of

theory of inferencing cannot do this. expressivity while still retaining connections to its
The effects of this change can be seen in a simple roots.
example. Given the following information When DAML + OIL was developed, the only

datatype supported by RDF was literals: roughly un-
differentiated values given as strings. DAMLOIL
thus had to provide its own solution for datatypes,
it would have been fairly easy to arrange it so that and did so by allowing the use of XML schema
asking whether John belonged to the intersection of datatypeq34]. However, any reasonable solution to
student and employee first ensured that this intersec- datatyping that uses only RDF syntax needs help from
tion existed and then asked whether John belonged toRDF (i.e. an extension to RDF syntax), and thus the
it. However, turning this into an entailment requires DAML + OIL solution remained incomplete.

the above information to entail Recently RDF has added its own version of datatyp-
ing, similar to, but different from, the DAME-OIL so-
lution. OWL has thus needed to move from DAML
OIL datatyping to RDF datatyping.

ex: Johnrdf:type ex: Student.
ex: John rdf: type ex: Enpl oyee.

cow:intersectionOf _:11.

sl 1rdf:first ex: Student.

llrdf:rest 2.

sl 2rdf:first ex: Enpl oyee.

l2rdf:rest rdf:nil. 5.4. Computational problems

ex:Johnrdf:type _:c.

_ ) _ One aspect of OWL that distinguishes it from RDF
which, because of the RDF meaning ascribed to all and RDFS is that it supports a rich set of inferences.
triples, requires the existence of the triples that encode some of these inferences are quite obvious, such as
the syntax® the example given above about students and employ-

OWL thus has had to develop a method that aug- ees, and thus appear to be easy to compute. Other in-
ments the new RDF semantics just enough to supportferences supported by OWL, however, are quite com-

the above inferences without being too strong, and pjex, requiring, e.g. reasoning by cases and following
thus ending up with semantic paradoxes (this will be chains of properties.

discussed in more detail ection 6.4 Taking all the representational desires for OWL
. together would have created a formalism where key
5.3. Expressive power inference problems were undecidable. For example,

allowing relationships to be asserted between prop-
erty chains (such as saying that an uncle is precisely
a parent’s brother) would make OWL entailment
undecidablé. In addition, some aspects of RDF, such
as the use of classes as instances, interact with the rest
of OWL to create computational difficulties, taking
OWL beyond the range of practical algorithms and
implemented reasoning systems.

Because many things were expected of OWL (see
the long list of design goals, requirements and objec-
tives in[5]), there were many demands for expressive
power going beyond that generally provided by De-
scription Logics. For example, many users wanted
to be able to associate information with classes
and properties and to make classes belong to other

8 Note that OWL constructs such asnt er secti onCf
and uni onOF are encoded using RDF lists constructed of 9 It is easy to show that, if extended in this way, OWL could
rdf: first andrdf:rest triples; see the OWL reference doc-  be used to encode the word problem, which is well known to be
ument[1] for full details. undecidablg38].
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OWL has thus had to provide a solution for these
computational issues while still retaining upwards
compatibility with RDF and RDFS.

6. Solutions

The Web Ontology Working Group spent the better
part of a year overcoming the basic tensions underly-
ing the above problems. The difficulty lay not in each
problem in isolation, but in the combination of all the
above problems and the constraints placed on the de-
sign of OWL. It would have been much easier, for
example, to meet all the above requirements if only

Cl ass(Student conple
Per son

restri

OWL could have used an extension of the RDF syn-
tax. If this had been allowed, OWL could have added
new, natural syntax for its constructs whose semantics
would not have been required to carry along an RDF
triple meaning.

Nevertheless a viable solution has been found that
satisfies all the above requirements. Or, actually, it is
more accurate to say that three solutions have been
found, each of which satisfies almost all of the above
requirements.

1. OWL DL: If friendly syntax or decidable inference
is considered of primary importance, then OWL
DL, a version of OWL with decidable inference
that can be written in a frame or Description Logic
manner, is appropriate.

. OWL Lite: If an even simpler syntax and more
tractable inference is considered of primary impor-
tance, then OWL Lite, a syntactic subset of OWL
DL, is appropriate.

. OWL Full: If compatibility with RDF and RDFS
is considered of primary importance, then OWL
Full, a syntactic and semantic extension of RDFS,
is appropriate.

The next section provides a more-detailed descrip-
tion of these versions (species) of OWL, and explains
how the problems described above have been over-
come.

17
6.1. Readability

As shown by the examples above, OWL is not very
readable when written as RDF/XML or even as RDF
triples. Part of this problem is that RDF/XML is ex-
tremely verbose, but the major part of the readabil-
ity problem is the encoding of OWL constructs into
RDF/XML or RDF triples.

In part to address this problem, an abstract syntax
(cf., Section 7.) was created for OWL, along with
a mapping from abstract syntax to RDF graphs. This
abstract syntax is closer to the syntax of OIL than of
DAML + OIL, but without OIL’s extreme emphasis
on readability. In this abstract syntax, the Student ex-
ample above would be written

te

ction(enrolledlnmnCardinality(1))).

OWL DL was then defined as the syntactic sub-
set of OWL induced by the translation from the ab-
stract syntax to RDF graphs. That is, an RDF graph
is an OWL DL ontology just when it is the transla-
tion of some ontology in the abstract syntax. Users
and tools that are more interested in readability than in
RDF/XML can use this abstract syntax internally, or
even externally for presentation to users, reserving the
RDF/XML syntax for purposes of exchange between
applications.

6.2. Handling malformed graphs

Because OWL Full allows arbitrary RDF graphs, it
must be able to handle malformed OWL syntax. (OWL
DL does not suffer from this problem as it is defined
in terms of the necessarily well-formed RDF graphs
that can be generated from the abstract syntax.) OWL
uses an extension of the DAMk OIL solution: only
triples that together form well-formed OWL constructs
are given an extra meaning, so

_x ow :onProperty ex: child.

by itself does not have any special OWL meaning.

To handle the cases of too many triples, OWL again
uses the DAML+ OIL solution of picking out all the
well-formed subsets and giving them OWL meaning.
This has unusual consequences, for example
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_:x ow : onProperty ex:child. These comprehension principles support the entail-
_: x ow : sonmeVal uesFr omex: Per son. ment from
o x ow :onProperty ex: friend.

ex: Johnrdf:type ex: Student.
_2x ow : al | Val uesFromex: Doct or.

ex: John rdf:type ex: Enpl oyee.
ends up equating the extension of four different g
OWL restrictions (all possible combinations of the
two properties with the two classes), which is almost
certainly not what was intended by the user. This
solution, however, maintains monotonicity, and the
(possibly) non-intuitive meaning is a minor problem
given that such malformed constructions can easily be
avoided.

The lack of structure in RDF graphs has to be han- because_: | 1 can be the required list dbt udent
dled by semantic means, which are described next. andEnpl oyee, _: | 2 can be the required tail of this
list, and _: ¢ can be the required intersection of the
list. Additional (and more-usual) semantic conditions
require thaex: John belong to_: ¢, finishing all that
is required for the entailment to hold.

_2cow:intersectionOf _:I1.
2l 1rdf:first ex: Student.
2l dlrdf:rest il 2.

o l2rdf:first ex: Enpl oyee.
l2rdf:rest rdf:nil.
ex:Johnrdf:type _:c.

6.3. Providing a viable semantic theory for OWL

As RDF now has a model theory, with a full-fledged
notion of entailment, OWL has to provide an
upward-compatible model theory that appropriately
handles entailments over the OWL constructs. This
would have been easy if OWL had been able to ex-
tend the RDF syntax, as then these new bits of syntax
could have had an OWL-only meaning. However, it
was a requirement that OWL had an RDF syntax, and
that this syntax carried all of its RDF meaning. This
two-way compatibility requirement is much stronger
than that usually imposed between weaker formalisms
(like propositional logic) and stronger formalisms
(like first-order logic) where the stronger formal-
ism is allowed to extend the syntax of the weaker
formalism.

6.4. Avoiding paradoxes

Comprehension principles are very powerful, as
they create something from nothing (or, at least,
something from very little). This power can easily
lead to serious problems.

For example, the Russell paradox is a paradox pre-
cisely because of the comprehension principles built
into an early version of set theory. This early ver-
sion of set theory had a comprehension principle that
stated that a set could be constructed of the things that
satisfied a formula with one free variable, e.g. the for-
mula of being a human; € human, could be used to

, , construct the set of humanisy|x € humar}. Unfortu-
The most severe aspect of this problem is that OWL \a¢ely, from the formula of not belonging to oneself,

syntactic constructs that are encoded as multiple triples ¢ x, the set{x|x ¢ x} arises. This set causes prob-
have to retain the RDF meaning for these triples. AS |omg \wherever it exists because it is impossible to
all RDF triples carry semantic conditions, they cannot jetermine whether it belongs to itself. The comprehen-

just be inferred from nothing. Instead, the OWL se-  gjqn principle mandates that it exists everywhere, thus
mantics has had to add special constraints that SSeN¢ausing this early version of set theory to collapse.

tially state that every OWL interpretation mustinclude A gimilar situation can arise with OWL. It seems
certain constructs. (Such constraints are usually called ,41ral to want to have circular OWL-like constructs,

comprehension principles.) For example, one compre- ¢, example classes whose instances are related only
hension principle for OWL states that every model ;. siher instances of the class. such as in

must include all finite lists of classes; another states
that every such list must have a corresponding intersec-
tion class, by requiring that there is some class that is
connected to the list by asw : i nt er secti onCf that might be used in a naive representation of some
property. aspects of biology.

_.c ow :onProperty ex: child.
_2cow:allValuesFrom_: c.
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However, having comprehension principles for such sources), and they may sometimes return the answer
circular classes can easily lead to a requirement for ‘unknown’ in response to queries.
the existence of classes like OWL Lite is better in this regard. Inference in
SHIF(D) is of worst-case deterministic exponential
time (ExpTiME) complexity [35], and OWL Lite has
the same complexity. Moreover, there are practical
optimized algorithms for inference in OWL Lite, such
as the algorithm underlying the Description Logic
systems FaCT36] and RACER[37]. These systems
which is the class of things that have no type relation- have been shown to work well in realistic applications
ship to the class itself. Objects that belong to this class and to be able to reason with large ontologies.
can not belong to it, and vice versa, so if the compre-
hension principles required the existence of this class,
then every OWL ontology would be paradoxical. 7. OWL

To avoid these paradoxes, the OWL comprehen-

sion principles never require the existence of circu-  Thjs section describes how the solutions outlined
lar chains of reference like the one above. However, ahgve have been incorporated in the final design of the
this does mean that there are entailments that oneqyy language. It is not intended as a full description
might expect, such as ones involving the construct of the language, for this, readers should turn to the
with ex: chi | d above, for example having a per- \w3c documents on OWI[1,6,26]
son with no children belong to such a construct, that  Eqor various reasons, described in the preceding sec-
are not valid in OWL. Devising these comprehension tions, there are two styles of using OWL. In the first
principles took a surprising amount of effort (much of style, embodied in OWL DL and OWL Lite, only cer-
which involved determining the ground rules for the  tain constructions are allowed, and these constructions
principles). can only be combined in certain ways. The benefits of
staying within these limitations include decidability of
inferences and the possibility of thinking of OWL in
. ] a more-standard fashion, essentially as an expressive
OWL Fullis undecidable (for a number of reasons), pescription Logic. In the second style, embodied in
and even OWL DL could easily be undecidable ifitin- o\ Full, all RDF graphs are allowed. The benefits
cluded certain constructs known to cause undecidabil- f this expansive style include total upward compati-
ity in Description Logics (see, e.§19]). Therefore, bility with RDF and a greater expressive power.
OWL DL was carefully crafted to remain decidable, Even the more-limited versions of OWL have some
and does not include, for example, relationships be- gifferences from standard Description Logics. These
tween role chains, which would cause undecidability yifferences move these versions of OWL from the for-

by embedding the word problem in OWL DL. ~ mal Description Logic world to the Semantic Web
This is not to say that inference in OWL DL is  \yor|d.

not hard. OWL DL has a difficult entailment problem,

as inference inSHOZN(D) is of worst-case nonde- e OWL uses URI references as names, and con-
terministic exponential time (N&TiME) complexity structs these URI references in the same man-
[35], and OWL DL should have the same complexity. ner as that used by RDF. It is thus common in
Worse, there is as of yet no known ‘practical’ com- OWL to use qualified names as shorthands for
plete algorithm for inference iISHOIN(D), i.e. one URI references, using, for example, the qual-
that is likely to perform well on the kinds of problem ified name owl:Thing for the URI reference
encountered in typical applications. In default of such  http://www.w3.0rg/2002/07/owl#Thing

an algorithm, the behaviour of OWL DL reasoners is e OWL gathers information into ontologies, which
likely to be less predictable (both in terms of the time  are generally stored as Web documents written in
taken to respond to queries, and the use of system re- RDF/XML. Ontologies can import other ontologies,

_.cow :onProperty rdf:type.
_.cow :allVal uesFrom_: d.
—dow :conplementdf _: 1.
lordf:first Z:c.

2l rdf:rest rdf:nil.

6.5. Retaining decidability
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adding the information from the imported ontology e The DL and Lite versions of OWL have a frame-like
to the current ontology. abstract syntax, whereas RDF/XML is the official
Even the DL/Lite style of using OWL allows RDF exchange syntax for all of OWL.

annotation properties to be used to attach informa-

tion to classes, properties, and ontologies, such as7.1. OWL as a Description Logic

ow : Depr ecat edd ass. These annotations are

RDF triples, and are therefore required to carry a  OWL DL—the Description Logic style of using
full semantic weight. They cannot be treated as in- OWL—is very close to theSHOZN(D) Description
formal comments without a formal meaning. This Logic which is itself an extension of the influential
partly breaks down the firm Description Logic dis- SHOQ(D) Description Logiq20] (extended with in-
tinction between individuals, on the one hand, and verse roles and restricted to unqualified number re-
classes and properties, on the other. strictions). OWL DL can form descriptions of classes,
OWL uses the facilities of RDF datatypes and XML datatypes, individuals and data values using the con-
schema datatypes to provide datatypes and datastructs shown irFig. 1 In this table the first column

values. gives the OWL abstract syntax for the construction,
Abstract Syntax DL Syntax Semantics
Descriptions (C')
A (URI reference) A AT C AT
owl:Thing T owl:Thing? = A%
owl:Nothing 1 owl:Nothing” = {}
intersection0f(Cy Cs ...) cine; [(CinD)f=cfnbD?
union0f(Cy Cy ...) CLuC; [(Chuc)f=ctfuct
complement0f (C') -C (=)t = AT\ ¢t
one0f (o1 ...) {o1,...} [o1,..}F ={of,.. .}

restriction(R someValuesFrom(C))| 3R.C [(3R.C)F = {z|Ty.(x,y) € R* and y € CT}
restriction(R allValuesFrom(C)) VR.C |(YR.C)T = {z|Vy.(z,y) € RT -y € CF}
restriction(R hasValue(o)) R:o |(VR.0)* = {z| (z,0%) € R*}
restriction(R minCardinality(n)) | >nR |[(ZnR)? ={z|t{y.(z,y) € R*}) > n}
restriction(R minCardinality(n)) | <nR |[(ZnR)* ={z|t({y.(z,y) € R*}) < n}
restriction(U someValuesFrom(D))| 3U.D [(3U.D)* = {z|3Jy.(x,y) € UT and y € DP}
restriction(U allValuesFrom(D)) YU.D |(YU.D)* ={z|Vy.(z,y) € UT -y € DP}
restriction(U hasValue(v)) U:v |(U:v)T ={z| (x,0F) € UT}
restriction(U minCardinality(n)) >nU |EnU)f ={z|t{y.(z,y) € UT}) = n}
restriction(U maxCardinality(n)) | <nU [(KnU) ={z|ti({y.(z,y) € UT}) < n}
Data Ranges (D)

D (URI reference) D DP C AL

one0f (vy ...) {vi,...} Hoi,..}r={of,.. .}
Object Properties (R)

R (URI reference) R RT C AT x AT

R () = (R

Datatype Properties (U)

U (URI reference) U UT C AT x AL
Individuals (o)

0 (URI reference) 0 ol e AT

Data Values (v)

v (RDF literal) v v =P

Fig. 1. OWL DL descriptions, data ranges, properties, individuals and data values.
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Abstract Syntax

DL Syntax

Semantics

Class(A partial C; ...Cp) ACcin..nc,lATccin...nCE
Class(A complete C; ...Cp) A=cCin..nc.lAT=cfn...nct
EnumeratedClass(A o1 ...0,) A={o1,...,0n} |AT ={of,..., 0}
SubClass0f (C1 Cb) C1CCy ct ccy
EquivalentClasses(Cy ...CY) Ci=...=C, ct=...=ct
DisjointClasses(Cy ...Cy) CineC;=1,i#j|CEn CJ-I{},i +3j
Datatype (D) DT c AID
DatatypeProperty (U super(Ui) .. .super(U,)|U C U; Ut CcU#
domain(Ci) ...domain(C,,) >1ULC C; Ut cct x AID
range(D;) ...range(D;) T CVU.D; Uf C AT x DY
[Functionall) TCEL1U U? is functional
SubProperty0f (U; Us) Ui C Uy Ut cu?
EquivalentProperties(U; ...Uy) Uy=...=U, U1I =...= Uf
ObjectProperty (R super(R;)...super(R,) |RC R; RT C RY
domain(C,) ...domain(C,,) >1RLCC; RT C CiI x AT
range(Cy) ...range(C)) T CVR.C; RT C AT x CF
[inverse0f (Ro] R = ("Ro) RT = (R}~
[Symmetric] R=("R) RT = (RT)~
[Functional] TCELIR R? is functional
[InverseFunctionall TCLK1R (R*)™ is functional
[Transitive]) Tr(R) RT = (RH)*
SubProperty0f (R; Ro) RiC Ry RY C R%
EquivalentProperties(R; ...Ry) Ri=...=R, R1I =...= R%
AnnotationProperty(S)
Individual(o type(Ci) ...type(Chp) o€ of € Ct
value(R; 01)...value(R, on) (0,0:) € R; (oz, o%) € R
value(U; v1)...value(U, vn)) (o,v;) € U; (o*,vE) e U
SameIndividual(o; ...0n) 01 =...=0n oiI = 0]I~
DifferentIndividuals(oi ...on) 0i # 05,1 F# j of # ()]I-,i #*7

Fig. 2. OWL DL axioms and facts.

while the second column gives the standard Descrip-
tion Logic syntax.

OWL DL uses these description-forming constructs
in axioms that provide information about classes,
properties and individuals, as shownhRig. 2 Again,
the frame-like abstract syntax is given in the first
column, and the standard Description Logic syntax is
given in the second column.

7.2. Semantics for OWL DL

A formal semantics, very similar to the semantics
provided for Description Logics (se®ection 3.}, is
provided for this style of using OWL. Full details on
this model theory can be found in the OWL Semantics
and Abstract Syntaji26].

Because OWL includes datatypes, the semantics for
OWL is very similar to that of Description Logics that

21

also incorporate datatypes, in particulsHOQ(D).

However, the particular datatypes used in OWL are

taken from RDF and XML schema datatypgsst].

Data values such as “44*xsd:i nteger thus
mean what they would mean as XML schema data

values.

The specific meaning given to OWL DL descrip-

tions is shown in the third column d¥ig. 1, where
AT is the domain of individuals in a model antf, is

the domain of data values. As usual, the meaning of
axioms is given in terms of constraints on models, as

shown in the third column ofig. 2

The semantics for OWL DL does include some un-
usual (for Description Logics) aspects. Annotations
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are given a simple separate meaning, not shown here,tions can be captured in OWL Lite except those con-
that can be used to associate information with classes,taining either individual names or cardinalities greater

properties and individuals in a manner compatible with
the RDF semantics. Ontologies also live within the

semantics and can be given annotation information.

Finally, ow : i nport s is given a meaning that in-
volves finding the referenced ontology (if possible)

than 1.

7.4. OWL Full as an RDF extension

OWL DL and OWL Lite are extensions of a re-

and adding its meaning to the meaning of the current stricted use of RDF and RDFS, because, unlike RDF

ontology.
What makes OWL DL a Semantic Web language,

therefore, is not its semantics, which are quite stan-

dard for a Description Logic, but instead the use of
URI references for names, the use of XML schema

and RDFS, they do not allow classes to be used as in-
dividuals, and the language constructors cannot be ap-
plied to the language itself. For users who need these
capabilities, a version of OWL that is upward com-
patible with RDF and RDFS has been provided; this

datatypes for data values, and the ability to connect to version is called OWL Full. In OWL Full, all RDF

documents in the World Wide Web.
7.3. An easier OWL: OWL Lite

OWL DL is related toSHOZN(D), a very expres-
sive Description Logic. This Description Logic is
somewhat difficult to present to naive users, as it is
possible to build complex boolean descriptions using,
for example, union and compleme &+ OZN(D) is
also difficult to reason with, as key inference problems
have NErTimmME complexity, and somewhat difficult

and RDFS combinations are allowed. For example, in
OWL Full, it is possible to impose a cardinality con-
straint onr df s: subd assOF, if so desired.

OWL Full contains OWL DL, but goes well out-
side the standard Description Logic framework. The
penalty to be paid here is twofold. First, reasoning
in OWL Full is undecidable (because restrictions re-
quired in order to maintain the decidability of OWL
DL do not apply to OWL full[19]). Second, the ab-
stract syntax for OWL DL is inadequate for OWL Full,
and the official OWL exchange syntax, RDF/XML,

to build even non-reasoning tools for, because of the must be used.

complex descriptions.

For these reasons, a subset of OWL DL has been 7.5. Semantics for OWL Full

identified that should be easier on all the above met-

rics; this subset is called OWL Lite. OWL Lite pro-

OWL Full has been given a model-theoretic seman-

hibits unions and complements, restricts intersections tics that is a vocabulary extension of the RDF model

to the implicit intersections in the frame-like class
axioms, limits all embedded descriptions to concept
names, does not allow individuals to show up in de-
scriptions or class axioms, and limits cardinalities to
Oor1l.

These restrictions make OWL Lite similar to the
Description LogicSHZF(D). Like SHZF(D), key in-
ferences in OWL Lite can be computed in worst case
exponential time (EpTiME), and there are already sev-
eral optimized reasoners for logics equivalent to OWL
Lite (seeSection 6.%. This improvement in tractability
comes with relatively little loss in expressive power.
Although OWL Lite syntax is more restricted than that
of OWL DL, it is still possible to express complex de-
scriptions by introducing new class hames and exploit-
ing the implicit negations introduced by disjointness
axioms. Using these techniques, all OWL DL descrip-

theory[16,26] A correspondence between this seman-
tics and the semantics of OWL DL has also been es-
tablished: it has been shown that the model theory for
OWL DL has the same consequences as this RDF-style
model theory for those OWL ontologies that can be
written in the OWL DL abstract syntg26].

The correspondence means that, given two OWL
DL ontologies®; andO5, written in the abstract syn-
tax, 01 entailsO2 according to the OWL DL model
theory if and only if the mapping 0®; into RDF
triples entails the mapping @, into RDF triples ac-
cording to the OWL Full model theory. The proof of
this correspondence is rather complex, and could break
down, e.g. as a result of (apparently) minor changes
in the specification of OWL or RDF. In view of the
relative fragility of this correspondence, and in order
to avoid any possible confusion as to the meaning of
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OWL DL, the OWL Full model theory has been given
‘non-normative’ status (i.e. it is only informative) for
OWL ontologies that can be written in the abstract
syntax. This means that the OWL DL model theory
will be taken as definitive should the correspondence
break down or be shown to be incomplete.

8. Future extensions

Clearly, OWL is not the final word on ontology lan-
guages for the Semantic Web. A number of features
were already identified in the OWL requirements doc-
ument[5], and many others are under discussion. In
this section, we briefly (and non-exhaustively) list a

few of these possible extensions and improvements to

OWL as it stands.

e Modules and imports. Importing ontologies defined
by others will be the norm on the Semantic Web.
However, the importing facility of OWL is very
trivial: it only allows to import an entire ontology,
specified by location. Even if one would only want
to use a small portion of another ontology, one is
forced to import that entire ontology. Module con-

structions in programming languages are based on a

notion of information hiding: the module promises
to provide some functionality to the outside world
(the export-clause of the module), but the importing
module need not concern itself with how this func-
tionality is achieved. It is an open research question
what a corresponding notion of information hiding
for ontologies could be, and how it could be used
as the basis for a good import construction.

e Defaults. Many practical knowledge representation
systems allow inherited values to be overridden by
more specific classes in the hierarchy, treating the
inherited values as defaults. Although widely used
in practical knowledge representation systems, no

consensus has been reached on the right formali-

Nevertheless, the opposite approach (a closed world
assumption: a statement is true when its negation
cannot be proven) is also useful in certain applica-
tions. The closed world assumption is closely tied
to the notion of defaults, and leads to the same
non-monotonic behaviour, reason for it not to be in-
cluded in OWL as it stands.

Unique names assumption. Typical database appli-
cations assume that individuals with different names
are indeed different individuals. OWL follows the
usual logical paradigm where this is not the case.
If two individuals (or classes, or properties) have
different names, we may still derive by inference
that they must be the same. As with the non-closed
world assumption, the non-uniqgue names assump-
tion is the most plausible one to make on the World
Wide Web, but as before, situations exist where the
unigue names assumption is useful. More subtly,
one may want to indicate portions of the ontology
for which the assumption does or does not hold.
Procedural attachment. A common concept in
knowledge representation is to define the meaning
of a term not through explicit definitions in the
language (as is done in OWL), but by attaching
a piece of code to be executed for computing the
meaning of the term. Although widely used, this
concept does not lend itself very well to integration
in a system with a formal semantics, and has not
been included in OWL.

Property chaining, rules. As explained above, for
reasons of decidability, OWL currently does not al-
low the composition of properties, but of course in
many applications this is a useful operation. Even
more general, one would want to define properties as
general rules (Horn or otherwise) over other proper-
ties. Such integration of rule-based knowledge rep-
resentation and DL-style knowledge representation
is currently an active area of research.

sation for the non-monotonic behaviour of default 9. Summary

values.
e Closed world assumption. The semantic of OWL

Because of the ambitious design goals for OWL,

currently adopts the standard logical model of an because of the multiple influences on OWL, and also
open world assumption: a statement cannot be as-because of the structural requirements constraining
sumed true on the basis of a failure to prove it. OWL, the development of OWL has not been without

Clearly, on the huge and only partially knowably problems. Through hard work and compromise, these
World Wide Web this is the correct assumption. problems have largely been overcome, resulting in a
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ontology language that is truly part of the Semantic e« OWL avoids anything related to honmonotonicity
Web. (such as default reasoning and localised closed

It was not possible to simultaneously satisfy all of  world assumptions);
the constraints on OWL, so two styles of using OWL e OWL’s limited expressiveness excludes operations
have been developed, each suitable under different cir- such as property-chaining, or, more generally, ax-
cumstances. ioms with variables (such as rules);

If an expressive ontology language with decidable e OWL'’s import mechanism is rather crude, and does
inference is the main concern, then the OWL DL style  not support fine-grained operations (such as the im-
is indicated. This style of using OWL loses some com-  portation of parts of ontologies); and
patibility with RDF, mostly having to do with using e OWL integrates datatypes in a very clean way, but
classes and properties as individuals, but retains an ex- there is no notion of operations on these datatypes
pressive and useful ontology language. OWL DL also  (such as integer arithmetic or string operations).
has a frame-like alternative syntax that can be used to
make working with OWL easier.

Even though OWL DL is close to Description Log-
ics, it includes features that firmly place it in the
Semantic Web. OWL DL uses the datatyping mech-
anisms from RDF and many of the built-in XML
schema datatypes. OWL DL uses RDF URI references
as names, including the names from RDF, RDFS and

XML schema datatypes that are relevant. Entailment Mai ivolved in the devel f OWL
in OWL DL is compatible with entailment in RDF and . ajor groups involved in the development o
RDFS. include the OIL and DAMI+OIL development teams,

If a simpler ontology language is the main concern, and the World Wide Web Consortium Web Ontology

then the OWL Lite subset of OWL DL can be used. Working Group. There are far too many people in-
This sub-language eliminates some of the things that volved to list them individually, even if limited to the
can be said in OWL DL, but has effectively tractable ”T'ajor 2%%1_””@9 Th% \_/ievr\]/_s on the desir?n de?i'h
inference, closely related to the inference already im- slons o expressed In this paper are those of the

plemented in several Description Logic systems, such a.uthors,. and not_ necessar_lly of any of the other indi-
as FaCT[36] and RACER[37]. viduals involved in the design of these languages.

Extending the current Semantic Web with some or
all of these features will require not only a standardi-
sation effort, but sets a significant research challenge
to the community.
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