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Abstract In this article, I describe the basic technologies for Semantic 
Web and relationship between Semantic Web and Knowledge Representation 
in Artificial Intelligence. Semantic Web is planned as an extension of the cur- 
rent web in order to help cooperation between computers and humans, i.e., 
computers and humans are expected to understand ea.ch other in the knowl- 
edge level. I first, describe the vision of the Semantic \u then introduce the 
current Semantic Web technologies, i.e., RDF, RDFS, and OWL. I describe 
relationship between the trend of Semantic V~reb and Knowledge Representa- 
tion, and cleriC, challenges and difficulties of Semantic Web from the point of 
view of Knowledge Representation. 

Keywords: Metadata, Knowledge Representation, Knowledge Sharing, On- 
tology. 

w I n t r o d u c t i o n  
The World Wide Web (WWW) has been quite widely spread out all over 

the world so that none can imagine information activities without W W W  now. 
One of the great impact of \VWW is that sharing is a. prima.ry role for electroni- 
cally accessible information. As a result, a tremendous number of web pages have 
become accessible and the number is still growing. This is the first experience 
that we face such an amount of information. 

W W W  promotes accessibility of information for sharing. It, was a diffi- 
cult task to achieve before W W W ,  but now we should consider a step further for 
sharing, i.e., sharing of meaning or understanding. This is what Semantic Web is 
aiming. Sharing information is not completed just by acquiring and accumulat- 
ing digital data for information but by understanding or utilising information in 
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addition to the former. The difference is already obvious when using the current 
WWW. Search engines can answer with a. plenty of pages to our questions while 
it is a painflfl task to select pages really related to the intension of our questions 
from them. 

This is a task for W W W  technologies as well as for Artificial Intelligence. 
Artificial Intelligence has developed theories and technologies to realize knowl- 
edge representation and knowledge sharing especially for symbolic information. 
It  is expected that  these theories and technologies are applicable to our real 
world in which a huge amount of symbolic infomraiton exists. But  no such 
large-sca.le databases of symbolic information had existed until W W W  has been 
invented. This situation has brought a difficulty but it was also a good excuse for 
Artificial Intelligence, because we could not conduct real-~ale  experiments for 
theories on Artificial Intelligence. Now W W W  offers such a database contain- 
ing information on almost any aspect of our life. In this context, W W W  is an 
unavoidable theme for researchers in Artificial Intelligence, especia.lly Semantic 
Web for those in knowledge representation. 

In this article, I explain the basic ideas and concepts behind technologies 
as well as developed or currently developing technologies on Semantic Web. This 
domain is very young and currently growing so rapidly that  technologies can be 
changeable but knowing the basic concepts will contribute to understanding 
future technologies and even to creating them. 

In this article, I firstly introduce the concept of Semantic Web briefly in 
Section 2. Then I explain technologies already developed for Semantic Web in 
Section 3. I overview relationship between technologies for Semantic Web and 
those for knowledge representation from the research point, of view in Section 4. 
Finally I show some references for flirther information and conchide the article 
in Section 5 and 6 respectively. 

w Vision of Semantic Web 
Semantic Web is what Tim Berners-Lee, the inventor of the World Wide 

Web, also initiated as a future of WWW. He wrote in the well-known a.rticle 1~ 
as follows; 

The Semantic Web is an extension of the current web in which 
information is given well-defined meaning, bet ter  enabling computers  
and people to work in cooperation. 

Another definition is found in pages by Semantic Web Activity in The World 
\~ride Web Consortium (W3C)*'; 

The Semantic Web is a vision: the idea. of having data on the web 
defined and linked in a way that  it can be used by machines not just 
for display purposes, but for automation,  integration and reuse of data  
across various applications. 

*' http://www.w3.org/2001/sw/ 
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Information on W W W  is now covering almost every domain or field in 
our life from telephone directories to daily news. We can now obtain informa. 
tion we need ,just by clicking links or by typing keywords. On the other hand, 
we are always frustrated because we have to read many pages before we reach 
the right information. Furthermore we have to elaborate pages if we wish to 
integrate information from different sites, e.g., finding clinics which are open on 
SundabT and within 30 minutes by train. All information is already digitised and 
published in the specific format then. Why can computers  not help us? 

The reason is clear, i.e., the current, W W W  pages are designed just  for 
human, not for computers.  The format, i.e., HTML is used for visibility of infor- 
ma.tion. Wha t  we should do is to make W W W  more processible by computers 
as well as human. Tha t  is the goal of Semantic Web. 

There are two points to be noted in the above sentence. One is that  in- 
formation should be understandable both for humans and computers,  not just 
for computers. It  is a big challenge for computer  science because the gap be- 
tween human and computer  understanding has been one of the biggest issues in 
computer  science since it began. The other is that  computers are expected to 
understand information to some extent but not whole. The main role to under- 
stand information is still left, with human and the role of computers is to assist 
human. I t  is to ease the challenge because we can extend levels of computer  
understanding step by step. Languages for Semantic Web, which I will explain 
in the next section, are different, from other programming languages in the above 
two points. 

w Technologies for Semantic Web 
What  are enabling technologies for Semantic Web? The key strategies to 

develop technologies for Semantic Web are metadata, ontology and trust that  are 
important  in technological development. 

Metadata  means "data about data" that  is to describe the content, qual- 
ity, condition, and other characteristics of data.  Information in Semantic Web 
should hold all meanings for human and have some meanings easy for computers 
additionally. It  can be achieved by letting tile original information be as it is 
and by adding me tada ta  to it. Then computers  can know something easy to 
process that  is difficult to understand only with the original information. 

But  adding me tada ta  is just the first step. Metadata  provide a. method 
to add descriptions to information. The problem is how such descriptions can 
be computer-understandable.  In Semantic Web, it is to be done by organising 
information in metadata .  Each symbol in inetadata should be associated with 
the others so that  computers  can know symbols more by gathering and processing 
associated symbols. Such organisation of symbols is called ontology. Tha t  is 
the next step of computer  understanding on information. Ontology can give 
computers a chance to process information comprehensively. 

The third step is understanding with reliability. Truth values in the real 
world are not just choices of truth or false like formal logic. Adding trust  to 
W W W  information is a way to approach our natural  understanding of informs- 
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Fig. 1 The Layer Cake for Semantic \Ve~ ) 
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These steps are summa.rised as so-called the layered cake (see Fig. 1). 
This figure shows a road-map  from the current  W W W  to future Semantic  Web. 
In this figure, up to the second layer from the bo t tom is the current  s ta tus  of  
W W W ,  i.e., information is represented by XML or HTML.  Uniform metada ta  
are realized on the third layer, and m e t a d a t a  is organised as onto logy on the 
fourth layer. The  above three layers (Logic, Proof,  and Trust) are the next 
step to reach trustful  W W W .  Since technologies on the last par t  are still under 
discussion, I will mainly  explain languages for the third and fourth layers in the 
rest of this section. 

3,1 A Simple Problem 
We start  with XML to clarify what  we want  to achieve. XML is not 

sufiqcient as a Semant ic  Web language. Suppose an XML description shown in 
Fig. 2(8.). You can easily unders tand tha t  it is a. description about  a person 
whose name is "Hidea.ki Takeda" and whose age is "100". It  is not  a computer  
but  a human tha t  knows what  "person", "name",  and "age" are. This difference 
may  be clear if a description shown in Fig. 2(b) is given to people who do not 

(7~;;,:,-;;{:: ......................................................................... ' " 7 4 ~ Z I I  ............................................................................... 
-name- Hideaki Takeda name / " ~/l' 'Hideaki Takeda, 

I age 100  age: { 100-$E~'- 

ip i 
(~)  ( b )  

Fig. 2 A Simple Problem 
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understand Chinese characters. ": 
We do not, want to discuss how much computers should catch meaning 

that human understa.nd. We need flmctions to decrease such ambiguity and 
increase inter-operability among these descriptions. For example, 

�9 Are descriptions Figs. 2(a.) and (b) equiva.lent?, 
�9 Are they sufficient descriptions on "person" ?, or 
�9 Are they valid descriptions on "person" ? 

It is not a good idea. to expect such flmctions in XML because XML is intended 
to provide syntax for descriptions. So we need other languages in which such 
semantics are described. 

3.2 RDF 
R.DF (Resource Description Framework) *~ is a standard for Web metadata 

developed by W3C. a) RDF is now a W3C Recommendation. By expanding 
metadata notion like library catalogs, RDF is suitable to describe metadata  for 
W W W  resources. For example, RDF is used to add metadata like title and date 
to a W W W  page. Adding such metadata is similar to what librarians have done 
to books in libraries. In traditional metadata notion, properties like title and 
date are fixed, but in RDF there are no restrictions for properties, rather we can 
describe more complicated metadata like "the email of the creator of this page 
is abe@de". 

RDF defines a. simple data. model for metadata, i.e., the data  model that 
consists of three elements; 

Resources A resource is anything that can haste a URI (Uniform Resource 
Identifier). 4)'' 

Properties A property is a specific attribute or relationship that is used to 
describe a. resource. A property of a resource has a value that consists of 
a. description about the resource. A va.lue is either a resource or a literal 
like a string. A property can be also a resource. 

Statement A resource with a. property that has a value consists of a statement. 
In other words, a statement has a subject (a resource), a predicate (a 
property), and an object (a. value). A statement can be also a resource. 

Let's consider an example shown in Fig. 3. This is a. statement that means 

http:lhvww-kasm.nii.ac.jpFtakeda has a property creator of which 
value is Hideaki Takeda. 

The graph representation is the formal model for RDF, but we may use a simpler 
textual representation called t r •  equivalent to the graph model. As a. 
triple, the example is shown like 

.2 Tags in Fig. 2(b) mea,n exagtly the sa,me to those in Fig. 2(a.) in Ja.panese. 
"" h t tp: / /www.w3,org/RDF/  
*" IJRI includes well-known URL(Uniform Resource Locator) and URN (Uniform Resource 

Name). A URN differs from a URL in tha.t it 's p r imary  purpose is persistent  la,belling of 
a resource with an identifier. 
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Resource (subject) h t tp : / /www-kasm.ni i .ac . jp / takeda,  

Property (predicate) creator 

Value (object) "Hideaki Takeda" 

Q p : / /  . . . .  k ... . .  i{.ar p/~takeda~ Creator .1 

Resource Property 

"Hideaki Take&" ] 

%V 
VahJe 

Fig. 3 A RDF Model Example (1) 

~____~p ://www-kasm .nli.ac:ipl-takeda~ 

Fig. 4 A RDF Model Example (2) 

H. Takeda 

<http://www-kasm.nii.ac.jp/-takeda> creator ''Hideaki Takeda'' 

An R D F  t r ip le  con ta ins  three  e lements  of an R D F  s t a t e m e n t  followed by  ".". 
This  s t a t e m e n t  descr ibes  some p roper t i e s  on a W W W  page. But  a resource is 
not  res t r ic ted  to a W W W  page. It, includes 

�9 ne twork-access ib le  documen t s  and services  
�9 th ings  t ha t  are  no t  network-access ib le  like ob jec t s  in the  real  world 
�9 abs t r ac t  concept, s such as the  concept  of  a "creator"  

The  only res t r i c t ion  is t ha t  it should have a URI.  Note  tha t  the  las t  ca.tegory 
means  t ha t  p rope r t i e s  can be also resources (bu t  not  necessary) .  Then ,  as shown 
in Fig. 4, we can descr ibe  more compl ica ted  m e t a d a t a  like 

htlp:/Iwww.kasm.nii.ae.jpl t akeda  has a. p r o p e r t y  c rea to r  of  which 
value is htlpfflwww.nii.ac.jplstaffid1123456, which has a Hideaki  Takeda  
as name,  and :akeda@nii .ae . jp as email .  

In this  case, th ree  s t a t e m e n t s  are  used. Note  t ha t  the  node "http://www. 
ni i .ac . jp/s ta]Tid/123456" does not  have to ind ica te  a web page. T h e  f lmction 
of  this URI  is .iust ident i f ica t ion of  a person.  In this  example ,  the  ac tua l  in- 
format ion  on t ha t  person is provided by the  o the r  s t a t emen t s  on "name" and 
"e-mail" .  

We can even descr ibe  s t a t emen t s  whose nodes  are  blank.  This  no ta t ion  is 
useflfl when we wan t  to descr ibe  more s t r u c t u r e d  proper t ies .  F igure  5 describes:  
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:t/www-kasm.nii.ac.jp/~takeda~ Creator $ ~  

Fig. 5 A RDF Model Exa.mple (3) 

ht tp: / /www-kasm.ni i .ac . jp/ takeda has a creator  of  which value is a re- 
source, which has a name Hideaki Takeda, and e-mail takeda@nii.ac.jp. 

Since R D F  allows only bina.ry relations, using bla.nk nodes is one way to describe 
more complicated relations. 

R D F  models s ta tements  just  as nodes and a.rcs in a graph  like Fig. 3. 
R D F  distinguishes modelling s ta tements  and representing them as text. The 
former is a gra.ph representat ion a.nd the lat ter  is realized by giving stone syntax 
in other  la.nguages like XML. We have seen triples for textual representat ion,  
but they are just  intended as a shor thand notion. I introduce XML syntax  for 
R D F  in the rest of  this section. There  a.re o ther  forms for syntax like N3. 5> 

Figure 6 shows the R D F / X M L  syntax corresponding to Fig. 3. The  first 
line is declaration of  XML. The second line indicates the following lines (un- 
til < / r d f  : RDF>) are R D F  statements .  As a t t r ibute  of  r d f  : RDF tag, name- 
spaces are declared. They  mean tha t  tags prefixed with r d f :  are par t  of  the 
namespace identified by the URI  h t  t p  : / / w w w .  w 3 .  o r g / 1 9 9  9 / 02 / 2 2 -  r d  f -  
syntax-ns# and de: by http://dublincore.org/2OOl/OS/14/dces# 
respectively. The  fifth to seventh lines are an actual  description of  the R D F  
statement .  The  r d f  : D e s c r i p t i o n  s ta r t - tag  with the a t t r ibute  r d f  : a b o u t  
is used to spec i~  a resource. Between r d f : D e s c r i p t i o n  s ta r t - t ag  a.nd end- 
tag, properties and their values are described. The  tag d c :  c r e a t o r  specifies a 
property,  and its value is described between d c :  c r e a t o r  sta.rt-tag and end-tag.  

Since XML syntax  allows some alterna.tive ways to describe content,, I can 
describe the same content  in a different way shown in Fig. 7. Line 05 - 07 in 
Fig. 6 is replaced by Line 01 - 03 in Fig. 7. In this case, d c : c r e a t o r  is an 
empty-element  tag  instead of start-  a.nd end-tags,  a.nd the value of  the proper ty  
is specified by a t t r ibu te  r d f  : r e s o u r c e  in d c :  c r e a t o r  tag. I t  is a little bit 

01 <?xml version="l.0"?> 
02 <rdf:RDF 
03 xmlns:rdf:"http://www.w3.org/1999/02/22-rdf-synta• 
04 xmlns:dc-"http://dublincore.org/2OOl/OS/14/dces#"> 
05 <rdf:Description rdf:about="http://www-kasm.nii.ac.jp/'takeda"> 
06 <dc:creator>Hideaki Takeda</dc:creator> 
07 </rdf:Description> 
08 </rdf:RDF> 

Fig. 6 A RDF/XML Syntax Example (1) 
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0! 
02 
03 

<rdf:Description about="http://www-kasm.nii.ac.jp/-takeda"> 
<de:creator rdf:resource="Hideaki Takeda" /> 

</rdf:Description> 

Fig. 7 A RDF/XML Syntax Example (lb) 

01 <rdf:Description about="http://www-kasm.nii.ac.jp/-takeda"> 
02 <de:creator>http://www.nii.ac.jp/staffid/!23456</dc:creator> 
03 </rdf:Description> 
04 <rdf:Description about="http://www.nii.ac.jp/staffid/123456"> 
05 <p:name>Hideaki Takeda</p:name> 
06 <p:email>takeda@nii.ae.jp</p:email> 
07 </rdf:Description> 

Fig. 8 A RDF/XML Syntax Example (2) 

01 
02 
03 
04 
05 
06 
07 
08 

<rdf:Description about="http://www-kasm.nii.ac.jp/~takeda"> 
<dc:creator> 

<rdf:Description resource = "http://www.nii.ac.jp/staffid/123456"> 
<p:name>Hideaki Takeda</p:name> 
<p:email>takeda@nii.ac.jp</p:email> 

</rdf:Description> 
</dc:creator> 

</rdf:Description> 

Fig. 9 A RDF/XML Synta,x Example (2b) 

0! <rdf:Description about-"http://www-kasm.nii.ac.jp/-takeda"> 
02 <dc:creator> 
03 <rdf:Descmiption> 
04 <p:name>Hideaki Takeda</p:name> 
05 <p:email>takeda@nii.ac.jp</p:emai!> 
06 </rdf:Description> 
07 </dc:creator> 
08 </rdf:Deseription> 

Fig. 10 A RDF/XML Syntax Example (3) 

shorter than the previous one. 
In a, similar fashion, Fig. 4 is represented as Fig. 8.': In this case, there 

are two r d f : D e s c r i p t i o n  tags at the top level, and the second.one (Line 04 
- 07) contains two elements each of which describes a property and its va.lue. 

By unifying the node http://www.nii, ac. jp/staffid/123456 in 
the two r d f : D e s c r i p t i o n  elements, we can obtain more compact one shown 
in Fig. 9. In this case, two r d f : D e s c r i p t i o n  elements are nested. The nested 
descriptions are not usually easy to read, but there is a benefit to use this style, 
i.e., we can describe blank nodes in this fashion. Fig. 10 is the XML syntax for 
Fig. 8. The only difference is tile inner r d f : D e s c r i p t i o n  tag does not have 
rdf:about attribute (Line 03). It is permitted because the nest structure can 
assure the r d f  : D e s c r i p t  i o n  element uniquely. 

3.3 RDF Schema 
R D F  Schema= (or RDFS, for short) provides additional modelling primi- 

"-~ Hereafter, I only show RDF statements inside rcif : RDF tags lust for space. 



Semant ic  Web: A Road to the  Knowledge In f r a s t ruc tu re  on the ln t e rne t  403 

rives on top of RDF, i.e., a simple model of classes and their relations can be 
defined with RDFS. Although RDF provides a basic level of functions to describe 
simple met, a.da.ta, like bibliography, it is difficult to represent meta.data with a 
more complicated structure. We can use RDFS to define a structure of classes 
then it acts as a. vocabulary of RDF statements in turn. RDFS is also a W3C 
Recommendation. ~'~ 

Typical characteristics of "class" are a.s follows: A class is a. sub-class 
of some other class and may have some sub-classes of its own. A class may 
have some properties to be filled with some values. Most of these characteristics 
are realized in RDFS except relationship between classes and properties. I will 
explain it in Section 3.4 as the difference between RDFS and OWL. 

The first step is to declare something as a class. In the following examples, 
we assume a. namespace denoted e x :  is declared in advance. For example, we 
can declare that "Publication" is a. class in the following way: 

ex:Publication rdf:type rdfs:Class 

r d f : t y p e  is a R,DF property to indicate that  a resource is an instance of a 
class. Then we can define a subclass of a class like: 

ex:Book rdf:type rd fs:Class 
ex:Book rdfs:subClassOf ex:Publication 

You can describe hierarchy of classes in this way. In the same way, we can define 
a sub-property of a property with r d f s  : s u b P r o p e r t y O f .  An instance of a 
class is described in the following way: 

ex:theTeXbook rd f:type ex:Book 

Typical classes have properties or attributes, e.g., % book has an author of 
which va.lue is a person" is described as follows: 

ex:Person rdf:type rdfs:Class 
ex:author rdf:type rdf:Property 
ex:author rdfs:range ex:Person 
ex:author rd fs:domain ex:Book 

The first line defines Class P e r s o n ,  then the following lines define Property 
a u t h o r .  The second line indicates that a u t h o r  is a. property. The third line 
describes that its va.hle is to be an instances of Class P e r s o n ,  and the last line 
does that it is a property for Class Book, i.e., predicate a u t h o r  only allows 
Book as subject and P e r s o n  as object in SVO (Subject-Verb-Object) model. 

As we have seen in the previous sub-section, RDFS statements are also 
described with R D F / X M L  syntax. A class declaration is represented in Fig. 11. 
RDF/XML provides a.n abbreviation for describing resources having an r d f  : t y p e  
property. Then the above example is a.lso described as shown in Fig. 12. By 
using this abbreviation, descriptions look like those in object-oriented programs. 

The examples I have explained throughout this sub-section are shown in 
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01 <rdf:Description rdf:ID="Publication"> 
02 <rdf:type rdf:resource="rdfs:Class"/> 
03 </rdf:Description> 

Fig. 11 A R,DF/XML Syntax Example (4) 

01 <rdfs:Class rdf:ID="Publication"/> 

Fig. 12 A RDF/XML Syntax Example (4b) 

0l <?xml version="l.0"?> 
02 <rdf:RDF 
03 xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns4" 
04 xmlns:rdfs="http://www.w3.org/2OOO/Ol/rdf-schema#"> 
O5 
06 <rdfs:Class rdf:ID="Person"/> 
O7 
08 <rdfs:Class rdf:ID="Publication"/> 
O9 
i0 <rdfs:Class rdf:ID="Book"> 
ii <rdfs:subClassOf rdf:resource="#Publication"/> 
12 </rdfs:Class> 
13 
14 <rdf:Property rdf:ID:"author"> 
15 <rdfS:domain rdf:resource="#Book"/> 
16 <rdfs:range rdf:resource="#Person"/> 
17 </rdf:Property> 
18 
19 <Person rdf:ID="dona~dEKnuth"/> 
20 
21 <Book rdf:ID="theTeXBook"> 
22 <author rdf:resource="#donaldEKnith"> 
23 </Book> 
24 
25 </rdf:RDF> 

Fig. 13 A RDF/XML Syntax Example (5) 

Fig. 13. Note that the declaration of a.n instance P e r s o n  and Book is also an 
abbreviation of r d f  : t y p e  property. 

There are two points for RDFS to be noted from knowledge representation 
view. 

If we regard RDFS as an object-oriented language or frame language, 
there is a unique or rather curious characteristics on a property; i.e., the scope 
of a property is not bound to a. class but global. In the previous example, I 
intended to declare a u t h o r  as a property of Class Book, but in a precise sense, 
it is not true. Property a u t h o r  is globally defined, but its subject is restricted 
to Book. That  is why I declared Property r d f s  : domain  for a u t h o r .  It is the 
significant difference between RDFS and other object-oriented or frame-based 
systems. The difference is apparent if you want to declare Class S o f t w a r e  
with Property a u t h o r .  Since Property a u t h o r  is already used, you extend the 
domain and ranges of Property a u t h o r  *~ or use a different property instead. 

The other is a more serious issue as knowledge representation language. 
As many programming languages do, RDFS looks like a language that  restricts 

"~ r d f : r a n g e  and r d f - d o m a i n  can be used twice or more  for a property. 
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representation for information or knowledge and therefore gives us benefits like 
unambiguous and shared interpretation among applications. RDFS is not similar 
to other computer languages in this sense. RDFS provides syntax for object- 
oriented style, but it does not force a uniq,e  interpretation to applications, rather 
they are left on their own. For example, even if Book is declared as Fig. 13, 
you can add the other property like t e c h n i c a l - e d i t o r  without changing de- 
scriptions in Fig. 13. This loose restriction is reasonable as metadata description 
because descriptions should be open in order to be sha.red with a wide va.riety 
of applications. But it is insufficient as a programming language. 

3.4 OWL 
As we have seen in the previous sub-section, RDFS provides some ex- 

pressive functions for an object-oriented or frame-like structure, but they are 
not sufficient in ma.ny points. OWL (Web Ontology Language) ") adds more 
vocabulary for describing properties and classes: relations between classes (e.g. 
disjointness), cardinality (e.g. "exactly one"), equality, richer typing of prop- 
erties, characteristics of properties (e.g. symmetry),  and enumerated classes. 
OWL is mainly developed by Web-Ontology Working Group in W3C and it is 
now a w a c  Recommendation. 

Historically OWL is a direct successor of DAML+OIL ~9) that  is a merger 
between DAML-ONT developed as part of the US DARPA Agent Markup Lan- 
guage (DAML) project "7 and OIL 1")'~ developed mainly by European researchers. 
The theoretical background of OWL is Description Logics. Description Logics 
are knowledge representation formalism based on logic developed for frame-based 
systems, semantic network, KL-ONE-like languages, and object-oriented lan- 
gnages. I do not go into detail on Description Logics and please refer other 
articles (e.g., Reference~l~). 

Because OWL has a plenty of constructs, I just pick up some of them to 
illustrate features of OWL in comparison to RDFS. Please consult OWL *=) to 
know full descriptions of OWL. 

Firstly, I introduce how to define a class in OWL. Class definition is 
composed of class descriptions. Composition is done with construct r d f s :  
subClassOf, owl : equivalentClass, and owl : di jointWith. The first 

construct means that  the extension of defining class is a subset of the extension 
of another class. The second means that  they are equal, and the third that  they 
are disjoint. The first corresponds to a necessary condition and the second a 
necessary a.nd sufficient condition. 

A class description is either 

1. a class identifier, 
2. an exhaustive enumeration of individuals, 
3. a property restriction, 
4. the intersection of class descriptions, 
5. the union of class descriptions, or 

�9 7 h t t p : / / w w w . d a m l . o r g /  

. s  h t t p : / / w w w . o n t o k n o w l e d g e . o r g / o i l /  



406 H. Takeda 

01 <owl:Class rdf:IO="Person"> 
02 <rdfs:subC!assOf rdf:resource="#Animal"/> 
03 <rdfs:subClassOf> 
04 <owl:Restriction> 
05 <owl:onProperty> 
06 <owl:DatatypeProperty rdf:about="#name"/> 
07 </owl:onProperty> 
08 <owl:minCardinality rdf:datatype="http://www.w3.org/2001/XMLSchema#int"> 
O9 1 
i0 </owl:minCardinality> 
Ii </owl:Restriction> 
12 </rdfs:subClassOf> 
13 <rdfs:subClassOf> 
14 <owl:Restriction> 
15 <owl:onProperty> 
16 <owl:ObjectProperty rdf:about="#eat"/> 
17 </owl:onProperty> 
18 <owl:allValuesFrom rdf:resource="#LivingThing" /> 
19 </owl:Restriction> 
20 </rdfs:subClassOf> 
21 </owl:Class> 

Fig. 14 An OWL Exa,mple (])  

6. the complement of a class description. 

The interesting feature is the third kind of description, which enables to describe 
a property with a constraint that is local to a class. There are two types of prop- 
erty restriction, i.e., value restriction and cardinality constraint. The former uses 
owl : allValuesFrom, owl : someValuesFrom, and owl : hasValue, which 

restrict the value of a property to a specific range in any case, in some case, 
and a specific value, respectively. The latter uses o w l : m i n C a r d i n a l i t y ,  
owl :maxCardinality, and owl :cardinality, which speci~ the number 

of values at most, at least, and exactly, respectively. All property restric- 
tions are described within element owl : R e s t r i c t i o n  specifying a property 
by r d f  : r e s o u r c e  attribute. 

Figure 14 shows an example to define a class. Class p e r s o n  is defined 
as a subclass of three classes. It is a kind of multiple inheritance, i.e., the 
class should be a subclass of three classes simultaneously. One of the three 
classes is Class A n i m a l  and the others are un-named classes that have only 
property restrictions. The first un-named class is a class that has at least a name 
property and the second is a class with the following restriction on its Property 
e a t .  The value of the property should be an instance of Class L i v i n g T h i n g .  
As a result, Class p e r s o n  is defined as a a kind of Animal ,  which has at 
least a name and can eat only living things. Note that the range restriction to 
Class L i v i n g T h i n g  for Property e a t  is not global but just for this new class. 
Property e a t  can be used in other places independently from this restriction. 

A property is defined independently with a. class as RDFS: but now 
we have two types of property, i.e., D a t a t y p e P r o p e r t y  and O b j e c t P r o p -  
e r t y .  The former is a relation from an instance of a. class to a. RDF literal 
or an XML Schema type, a.nd the latter to another instance of a class. Just 
as RDFS, a property has constraints like r d f s : r a n g e ,  r d f s : d o m a i n ,  and 
r d f s  : s u b P r o p e r t y O f .  In addition, O\;VL provides constructs to specify char- 
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01 <owl:ObjectProperty rdf:ID="eat"> 
02 <rdfs:domain rdf:resource="#LivingThing"/> 
03 <rdfs:range rdf:resource:"&owl;Thing"/> 
04 </owl:ObjectProperty> 
05 <owl:DatatypeProperty rdf:ID-"age"> 
06 <rdf:type rdf:resource:"&owl;FunctienalProperty" /> 
07 <rdfs:domain rdf:resource="#Animal" /> 
08 <rdfs:range rdf:resource:"&xsd;positiveInteger" /> 
09 </ow!:DatatypeProperty> 

Fig. 15 An OWL Exa.mple (2) 

acteristics of relationship like transitivity and symmetry. FunctionalProp- 
e r t y  is another characteristics of relationship that indicates the value of the 
property should be unique. 

Figure 15 shows two examples of property definitions. The first property 
e a t  is an O b j e c t P r o p e r t y  because the its range is Class T h i n g .  The second 
is a D a t a t y p e P  r o p e  r t y  of which range is an integer. In addition, if some class 
has the property; the value should be unique. 

We can now define an instance of Class P e r s o n  shown in Fig. 16. From 
the class definition, it should hold a name property with a va.lue and values of 
e a t  should be instances of L i v i n g T h i n g  class. From the definition of Property 
age ,  its value should be a positive integer and functional. An instance defined 
in Fig. 16 is a valid because it satisfies the above requirement. 

01 <Person rdf:ID="Hideaki"> 
O2 
O3 

i I ' ' r176 04 
i n a m e -  Hi,.lr Takcd~,<.an 'Lr  05  
i age: ~ 100 age 06 

�9 p e r s o n  O 7 

.......................................................................................................... 0 8  

0 9  

<rdfs:label>Hideaki</rdfs:label> 
<rdfs:comment> 

Hideaki is a person. 
His name is Hideaki Takeda. 
His age is I00. 

</rdfs:comment> 
<name>Hideaki Takeda</name> 
<age rdf:datatype="&xsd;positiveInteger">100</age> 

i0 </Person> 

Fig. 16 An OWL Example (3) 

Now we go back to the simple problem shown at the beginning of this 
section (Fig. 2). The description in Fig. 16 is almost identical to that in Fig. 2. 
The difference lies in definitions behind it,. As I mentioned above, we can check 
satisfiability of the description as an instance of Class P e r s o n ,  e.g., whether 
necessary properties exist or not,. Furthermore I can infer more from this de- 
scription. For example, since Class P e r s o n  is a subclass of Class A n i m a l ,  any 
property whose range is A n i m a l  is also applicable to this instance. Suppose that 
a Semantic Web Agent is looking for doctors nearby for your emergent need. If 
it cannot find appropriate doctors, it may recommend an animal doctor instead 
by inferring this subclass relationship.*" 

There are three sub-languages in O\VL, i.e., OWL Lite, O\VL DL, and 
O\VL Full. What  I explained is based on OWL DL. The difference between 
OWL (Lite and DL) and RDFS is that the former restricts descriptions with 

"~' Of course, it depends on you whether you accept this recommendation or not.. : -) 
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only the defined constructs. It is more like other computer languages. Tha.nks 
to this fea.ture, OWL can offer syntactical checking like OWL Validator and 
reasoning services, which are actually reasoning with Description Logics. The 
separation between OWL Lite and OWL DL is a practical reason. OWL DL 
offers a full set of expression in Description Logics. On the other hand, we 
should bear computational complexity to realize reasoning systems. OWL Lite 
is a subset of OWL DL that is suitable to describe classification hierarchies and 
simple constraints. For example, cardinality is only 0 or 1, union of ctasses 
is only allowed as class composition, and so on. Its benefit is that  tools to 
support OWL Life are simpler than OWL DL. OWL Full allows standard RDF 
statements with OWL DL descriptions. Since it has maximum expressiveness 
but serious problems in formal semantics, it is not a practical solution ag this 
moment. 

w Semantic Web and Knowledge Representation 
From AI perspective, Semantic Web languages mentioned in the previous 

section do not look new, rather may look like "reinventing the wheel". You 
may conclude that  there is nothing for AI researchers to investigate in Semantic 
Web and in its languages. I think that it is a little bit nearsighted conclusion 
which restricts our scope to the problems we used to treat. Although languages 
themselves seem the same, the environment, is totally different. It gives new 
challenges for us. 

4.1 Openness of Knowledge 
The first a s p e c t  is openness of knowledge. Knowledge in W W W  is intrin- 

sically open. It does not mean simply that descriptions are incomplete, which 
itself is difficult for AI, but that meaning of descriptions are dependent on our 
real life that can not be totally described in WWW. Since W W W  has pene- 
trated our daily life so much, huge and various information in our life is already 
represented on WWW. However, it is impossible to suppose that every piece of 
information in our life is represented on W~VW. Information in our life is still 
partially on W WW and partially just in our real life, although the balance of the 
two parts are rapidly being changed. Totality of information is never achieved 
only on W W W .  In other words, information on W W W  should be eventually 
grounded on our real life (see Fig. 17). 

In the field of Knowledge Representation Research, under a great influence 
of formal logic, knowledge shouM be consistent, and complete. With sneh a 
premise, data and knowledge are not substantially different, because knowledge 
ahvays satisfies data  and vice versa.. Since W W W  is an open world as mentioned 
above, we cannot expect the complete data or knowledge, rather, data  and 
knowledge are always incomplete. As W W W  is a truly distributed world, we 
cannot expect consistent data. and knowledge, rather, data and knowledge are 
always inconsistent. Then difference between data  and knowledge is substantial 
for inference. Semantic Web languages are aiming knowledge representation with 
this condition. 
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Fig. 18 KR and Semantic Web 

The key issue to deal with inconsistency and incompleteness of knowledge 
and data. is trust. Resolving inconsistency among data or knowledge, and com- 
pensa.ting incomplete data  or knowledge depends on which data  or knowledge 
is more reliable than others. It is not simply a. degree of trust, but it is more 
complicated, i.e~ trust is context-dependent. 

A feasible direction is involvement of human affairs like human networks 
of acquaintance. Since trust is matured with human network, trust can be mod- 
elled by analysing human network and communities. An increasing number of 
researchers are now interested in knowledge with human networks, e.g., Refer- 
ences, la~i.-,) 

Thus Semantic Web expands fields of Knowledge Representation from 
da.ta to trust (see Fig. 18). The vertical axis corresponds to layers in the Layer 
Cake for Semantic Web. Data and knowledge with trust is a new challenge for 
Knowledge Representation. 
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4.2 Human-in-the-Loop in Knowledge Creation 
The other aspect concerns knowledge creation process. Constructing a 

very large knowledge base has been a challenge for knowledge engineering. Se- 
mantic Web can be considered as a. world-wide social experiment for knowledge 
creation. Semantic Web provides Knowledge Representation languages for pub- 
lic and expects that people in various domains would construct and distribute 
knowledge in their domains. 

In the past years, there exist knowledge bases in-house or made in labora- 
tories like Cyc '~> and EDR. ~'~ They formed a group of specialists and asked them 
to construct knowledge bases. It is obvious that  tremendous efforts are required 
to construct a large knowledge base like a common-sense knowledge base. It Js 
therefore not surprising that these knowledge bases are partially useflfl but still 
need to be revised or expanded even filrther. 

In contrast, everyone can participate to construct knowledge bases in Se- 
mantic Web. We hope that  by far larger knowledge bases would be created by 
people than such in-house knowledge bases. On the other hand, people may 
worry about the quality of knowledge bases. Anywas, it is very interesting how 
different knowledge bases would be constructed with different, processes. 

In addition, it is really a collaborative process among people. It is partially 
a social process and partially an engineering process. We need a new model for 
such socio-technical developing processes. 

There are some promising ongoing projects in which common-sense knowl- 
edge has been developed by a large number of non-expert people. A good ex- 
ample is the Open Directory Project  .... which provides a large hierarchy of web 
directory. There are currently 0.6 million categories and 4.6 million sites in the 
directory edited by 60,000 people. The directory lacks definitions but can be re- 
garded as a kind of light-weight ontologies.*" The other example is Wikipedia*'-" 
which is an encyclopedia, edited by a lot of people. There are some others like 
OpenMind Project, *'~ and MusicBrainz. ''~ The quality of knowledge in these 
projects is maintained just by peer review. But as long as I know, their quality 
has been maintained well. These projects show possibility of knowledge cre- 
ation in this way. I expect that. ontologies for Semantic Web will be built and 
maintained in a similar but more sophisticated fashion supported by Artificial 
Intelligence techniques. 

w For Further Information 
I skipped descriptions of some features in the languages intentionally to 

simplify explanation. The best way to know languages explained in this article 
in detail is to read specification documents. I recommend RDF PrimerIS~ to 
understand core concepts of RDF and RDF Schema, and OWL Guide ':') for 
OWL. There are some other good articles to know the outline of Semantic Web 

*w h t tp : / / dmoz .o rg  
"~ The  directory is available not, only as HTML pages bu t  also as data. by R.DF format, 
,re ht tp : / /en .wikipedia .org/wiki /Main_Page 
*'" ht t p : / / w w w . o p e n m i n d . o r g /  
. ta ht, t p : / /www,  musicbrainz.org 
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and its languages.2"'2*) Since specifications of languages have been changed, you 
should refer to the language specifications to know their current s ta tus  in detail. 

There are several research projects strongly related to Semantic Web. 
DAML (The DARPA Agent Markup Language) is a US Government-funded 
project in which languages like DAML*': and their applications have been in- 
tensively investigated, and OnToKnowledge,* '" OntoWeb,*" WonderWeb* '~' and 
SWAD-Europe ' ' '  are European projects in which research on OIL and other 
ontology-related themes has been conducted. 

A conference series called International Semantic Web Conference 
(ISWC)*-" has been held since 2002. The proceedings of the first and second 
ISWC conferences are published as books in Springer LNCS series. 22''=~) 

w Conclusion 
In this article, I described the aims, technologies, and challenges of Se- 

mantic Web briefly. It, is just a start ing point, because technologies for Semantic 
Web are still under development and I cannot foresee their final form. 

From AI perspective, Semantic Weh can be a gateway between the re- 
search field and the real world. Through Semantic Web, not only Knowledge 
Representation techniques but also other AI techniques like machine learning 
and agent technologies would be applied to the real world. In other words, AI 
can potentially contribute much more to Semantic Web. I hope tha t  many re- 
searchers and engineers would be interested in and contribute to Semantic Web. 
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