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Abstract. The World Wide Web can be viewed as the largest knowledge base
that has ever existed. However, its support in query answering and automated
inference is very limited. We propose formalized ontologies as means to enrich
web documents for representing semantic information to overcome this
bottleneck. Ontologies enable informed search as well as the derivation of new
knowledge that is naepresented in the WWW. The paper describes a software
tool calledontobroker that provides the necessary support in realizing this idea.
Basically it provides formalisms and tools for formulating queries, for defining
ontologies, and for annotating HTML documents with ontological information

1 Introduction

The World Wide Web (WWW) contains huge amounts of knowledge abosit sibjecs one

can think of. HTML documents enriched by multi-media applications provide knowledge in
different representations (i.e., text, graphics, animated pictures, video, sound, virtual reality,
etc.). Hypertext links between web documents represent relationships between different
knowledge entities. Based on the HTML standard, browsers are available that present the
material to userand that ge the HTML-links to browse through distributed information and
knowledge units. However, takirige metaphor of a knowledge basea way to look at the
WWW brings the bottleneck of the web into mind. Its support of automated inference is very
limited. Deriving new knowledge from existing knowledge is hardly supported. Actually, the
main inference services the web provides are keyword-based search facilities carried out by
different search engines, web crawlers, web indices, man-made web catalogues etc. (se
[Mauldin, 1997] [Selberg & Etzioni, 1997] Given a keyword, such an engine collects a set

of knowledge portions from the web that use this keyword. This limited inference access to
existing knowledge stems from the fact that there are only two main types of standardization
for knowledge representation on the web. The HTML standard is used to represent
knowledge in a (browser and) man-readable way and to define links between different
knowledge units. Furthermore, mainly the English language is used to represent the
knowledge units.

Deriving semantic information automatically from sentences in natural language is still an
unsolved problem. Inference by keyword search may deliver some results but it also leads tc
a lot of unrelated information and at the same time it may miss a lot of important information
(i.e., precision and recall are lowLuke et al.,, 1996]and [Luke et al., 1997]propose
ontologiesto improve the automatic inference support of the knowledge base WWW. An
ontology provides “an explicit specification of a conceptualizati¢Gruber, 1993]
Ontologies are discussed in the literature as means to support knowledge sharing and reus



([Swartout et al., 1996][Farquhar et al., 1997]Fridman Noy & Hafner, 1997] This
approach to reuse is based on the assumption that if a modelling sehena@ontology—is
explicitly specified and agreed upon by a number of agents, it is then possible for them to
share and reuse knowledge.

Clearly, we cannot expect that ontologies will be used by every web user and even if
everybody used ontologies to annotate his web pages it will hardly ever be possible to
negotiate on a worldwide-used standard for representing knowledge about all possible
subjects. Therefore, we used thetaphor ofa newsgroupn [Fensel et al., 1997p define

the role of such an ontology. It is used by a group of people who share a common subject anc
a related point of view on this subject. Thus it allows them to annotate their knowledge to
enable automatic inference based on the shared ontology. We create tlmtegnoupto

refer to such a group of web users who agree upon a joint ontology.

We designed and implemented a couple of tools necessary to enable the use of ontologies fc
enhancing the web. We developed a broker architecture calleistoker [Ontobroker]with

three core elements: A query interfdoe formulating queriesan inference engine used to
derive answers, and a webcrawler used to colleatettpeiredknowledge from the web. We
provide arepresentationlanguage for formulating ontologies. A subset of it is used to
formulate queries, i.e. to define thaery languageA formal semantics is defined to enable
automatic reasoning by the inference engine.aAnotationlanguage is offered to enable
knowledge providers to enrich web documents with ontological information. The strength of
our approach is the tight coupling of informal, semiformal and formal information and
knowledge. This support their maintenance and provide a service that can be used more
general for the purpose of knowledge management and for integrating knowledge-based
reasoning and semiformal representation of document&(cfenat, 1996]Skuce,1997)]

The contents of the paper is organised as follows. First we provide a general motivation of
our approach irsection2. Then insection3, we sketch the general architecture of the
Ontobroker and its different parts. The languages used to represent ontologies, to formulate
queries, and to annotate web documents with ontological information are discussed in
sectiond. In section5 we discuss the three main toolsaaitobroker: its graphical and logic-
based query terface, its inference engine, and its webcrawler. A discussion of the
possibilities and limitations obntobroker is provided insection6 and related work and
conclusions are given section?.

2 The Bottlenedks of theWWW that are Bypassed {p Ontobroker

The WWW provides huge amounts of information in informal and semi-structured
representations. This is one of the key factors that enabled its incredible success story. Th
representation formalisms are simple and retain a high degree of freedom in how to presen
the information. In consequence, we strictly follow the basic design paradigm of web
documents. Our approach does not restrict the information providers in ddonirtpey

want to represent their information. They are able to choose and modify the formats of their
web documents without being hampered by using our techniques. Also, we did not introduce
a new and difficult language for defining semantics but introduced a small extension of
HTML. We will discuss later how this extension relates to emerging web standards like XML



[XML] and RDFRDF].

Having said that our approach incorporates the basic paradigm that made the WWW a
success we will now sketch some shortcomings of the WWW that motivated our approach.
Freedom in information representation and simple representation formalisms cause serious
bottlenecks in accessing information from the web because of the growing amount of
information it contains (i.e., the same factors that led to its success may also hamper its
further development). Basically there are two different search techniques available at the
moment: human browsing through textual and graphical representations following hyperlinks
and keyword based search engines that retrieve further hyperlinks for this browsing process
The query answering and inference service of the WWW is very limited when compared to
relational or deductive databases that enable precise queries and inference service fo
deriving new knowledge. In the following we will discuss some examples that illustrate
limitations of current WWW access.

* Imagine tha you want to fnd out d&out the eseath subjects of aeseacther named
Smith or Feaher! Consulting a seah endne will result with a hug set of pges
containing the & words Feaher. Precisenessiecall, and pesention are limited All
pages containing the sty Feather are retumed and manof these pges ae completef
irrelevant. The impotant pge mg be missing Imagine thda he has a headline &k
“Topics of inteest at the pge thd is impoted by a framed hompage. Sud a pae does
not contain ay of the assumedegwords. Een if the pges of the peson ae identifed it
requires a signifiant human seeh efort to investicate these pges until the pge tha
contains the equired information has beendund Even seath engnes specialied in
retieving homeages of pesons cannot mak use of the imrmation tha he is a
reseacther and a& specialied in etrieving adlress inbrmation and not in making
sophisticéed queles @out wha a peson is doing etc

 The forma of quey responses is a list ofypelinks and t&tual and gaphical
information tha is denoted Y them. It equires human lmwsing and eading to etract
the relevant informaion from these indrmation souces. Remembgewe were looking
for the eseath subjects of MrFeaher. We would like to ¢t a list of eseath topics
like: “World Wide Web, Ontolagies, Knowledge Acquisition, Softvare Engneeling®.
However, it requires futher human xraction to etrieve this inbrmation. This kurdens
web uses with an aditional loss of time and seusly limits information retrieval by
automaic agents th& miss all common sense kmledge required to &tract sub
informations from textual representéions.A further consequence is tithe outcome of a
web quey cannot diectly be pocessed panother softare tool because a human has to
extract and toepresent it in a &y tha fits some standdrepresenttion.

» Sitill, the dove mentioned mwhlems ae rather tivial compaed to quees tha refer to
the content of seeral pages. Ima@ine thd you want to fnd the eseach subjects of a
reseacth group. You have to fgure out whether this is witen on a centd paye or
whether eda reseather emumeites them on his ges.Then yu have to detemine all
membes of this eseach group and g through all their pges.The required seath efort
and lak of recall malke sut queres impactical br a lage, distibuted and
hetepgeneous gup of people (i.e web souces). Imgine thd you want to etract the
reseach topics of all eseachers who also vork on ontol@ies. This shaevs fairly cleally

1. Not to mention the casehere his name i€ook



tha the curent informaion access to th®&/WW cannot handle imfimeéation tha is
distributed a& several locaions and pges.

» Finally, ead curent retrieval serice can onj retrieve informaion tha is represented ¥
the WWW. This sounds tvially true but it significantly limits quey ansvering
cgpability. Imagine tha Feaher writes on his homeege thd he coopeates with another
reseather E. Mottaon investigating formal speciftaions of poblem-solving methods.
However, you will completey miss this inbrmation for E. Mottaif he does notaped the
information (with the everse diection) on his honpege and yu ae only consulting his
page. However, an anweling medianism thacan malk use of the implicit symmetiof
coopedtion could povide you with this anaer. Similaly, becaus&mithis a eseacher
and he coopetes on eseath issues with E. Motta one can okerthd E. Mottais also a
reseacher and mg want to eceve this inbrmation even if it is not eplicitly staed on
one ofE. Mottas’pages. Hee we would male use of a type infmation of a elaionship.

Summing up our discussion we identify the following limitations of information access of the
WWW that we will bypass with our approach:

* We want to use semantic mination for guiding the qugransvering process.

* We want to enble ansvers with a vell-defined syntax and semanticsttlean diectly be
undestood and futher pocessed ypautomdaic agents or other softare tools.

* We want to enble a homgeneous access to armation tha is ptysically distibuted
and hetemgeneous/ represented in the&VWW.

* We want to povide information tha is not diectly represented asatts in theVWW but
which can be deved from other &cts and some blaground knavledge.

3 TheAr chitecture of Ontobroker

The general architecture of the ontology-based brokering sebwioeroker is shown in

Figure 1 It consists of three main elementsquery interfacean inference engineand a
webcrawler(calledontocrawler). Each of these elements is accompanied with a formalization
language: the query language for formulating queries, the representation language for
specifying ontologies, and the annotation language for annotating web documents with
ontological information.

The user communicates with the inference engine using a query interface. Two different
interfaces are available: a graphical one, that hides the sghtle query language and
enables a direct access to the ontology, and a conventional, text base interface, where a us
can directly type in queries in the query language. Both interfaces are realized with internet/
intranet technologies. The graphical interface is realized as a Java-applet, and thus it i<
executable within modern web browsers like Netscape and Explorer. It uses specific
techniques for information visualisatifibamping & Rao, 1994l amping et al., 1995]that
presents the ontology in a accessible way and exploits the structure of the query language
With theseingredients it enables a guided query formulation. Theié¢guery interface of
Ontobroker is realized as a HTML-form, where a user can type in the query as plain text.

The inference engineeceives the query of a client and uses two information sources for



deriving an answer: It uses the ontology chosen by the clients and it uses the facts that wer:
found by theOntocrawler in the WWW. The basic inference mechanism of the inference
engine is the derivation of a minimal model of a set of Horn clausesdsgen5.2 for more
details). However, the language for representing ontologies is syntactically enriched. First,
ideas of[Lloyd & Topor, 1984]were used to get rid of some of the limitations of Horn logic
without requiring a new inference mechanism. Second, languages with richer epistemological
primitives than predicate logic are provided. Frame Ifigiter et al., 1995]is used as the
representation language for ontologies. It incorporates objects, relations, attributes, classes
and subclass-of and element-of relationships within a first-order semantic framework. To
improve the accessibility of our service we are currently realizing a translator to Ontolingua
[Farquhar et al., 199/%eesectiond.1 for more details.

Ontocrawler searches through a fragment of the WWW that makes use of one of the ontologies
and collects these knowledge fragments and it implements a wrapper that translates annotate
web documents into facts formulated in the representation language. Neither the inference
engine nor the query client have to be aware of the syntactical way, the facts are represente
in the web. Thentocrawler provides this abstraction mechanism. Only a knowlguigeider

has to use the annotation language. Each provider of an ontologically annotated knowledge
portion has to do an index of his annotated documents and he has to use the annotatio
language and an ontology of thetobroker to annotate these documents.

The answering of queries and the collection of facts from the web are decoupled in the current
architecture. The collection of facts is done independently from the queries. For efficiency
reasons in query answering, theocrawler periodically caches the annotations. In addition, it
can be started by a knowledgmovider that submits new knowledge fragments to the web.
Our experience will show whether a stronger coupling mechanism will be required.

Subsequently we will discuss the different languages and tools that are provided by the
Ontobroker.

Knowledge Inference Facts Ontocrawler
Engine D B Provider
Query Interface Index
It
- Query \
' <HTML>
LTV >
' ' / <HTML> TML>
oo ML
Query L Snvs || =
language ' _ e
Representation » T
language i
Annotation
language

Fig.1 The architecture of the Ontobroker



4 The Languages of Ontobioker

In the following, we discuss the formalisms used dmyobroker. First, we describe the
representation formalism used to define ontologies. Second, we discuss the query formalisn
that is used by a client asking for information. Finally we discuss the annotation formalism
that is used by the knowledge provider to annotate web documents with ontological
information.

4.1 TheRepresentdion Formalisms for Ontologies

Many different formal approaches for defining ontologies have emerged, among them e.g.
approaches based on Description Logics; Ontolingua and conceptual graphs that use
syntactical extensions of Full Predicate Logic; and Horn logic oriented approaches from
deductive databases and logic programming. Therefore, we had to make a choice betwee
these different paradigms. One of the key requirements for our design choice was the ability
to provide an effective and efficient inference service enabling query answering.

Ontolingua[Gruber, 1993](based on KIFGenesereth & Fikes, 1992]s intended for
portable ontology specifications. It does not provide any inference support. In addition, an
inference engine would be very inefficient, because the language is based on full predicate
logic, so a full fledged theorem prover would be needed to support this language.

Systems based on Description Logics (like LO@WacGregor, 199Q] provide mainly two

kinds of inference: consistency checking of ontologies (resp. subsumption checking) and
classification of instance$§Nebel, 1990] However, our application scenario is query
answering over instances. Techniques from deductive databases evolved from relationa
databases and are explicitly designed for this type of query answering facilities. These
inference techniques for deductive databases and logic programming are developed fol
returning ground instantiations of predicates as answers.

Since there are effective and efficient query evaluation procedures for Horn-logic like
languages we based our inference engine on horn logic. However, simple horn logic is not
appropriate from an epistemological point of view for two reasons:

 First, the gistemolaical primitives of simple prdicde logic (which Hom logic is a
subset of) a not ich enough to suppbadequte representéions of ontolgjies.
» Secondoften it is \ery attificial to express lgical relaionships via Han dauses.

We will subsequently discuss how we bypassed both shortcomings.

41.1 Elementary Expressions

Usually, ontologies are defined via concepts or classes, is-a relationships, attributes, furthei
relationships, and axioms. Therefore an adequate language for defining the ontology has tc
provide modeling primitives for these concepts. Frame-L{igjiier et al., 1995]provides

such modeling primitives and integrates them into a logical framework providing a Horn
logic subset. Furthermore, in contrast to most Description Logigpressing the ontology in

2 [Badea,1997]recenty proposed toxtend Desdption Logics a ste into the diection of Fame-Laic.



Frame-Logic allows for queries, that directly use parts of the ontology as first class citizens.
That is, not only instances and their values but also concept and attribute names can b
provided as answers via variable substitutions.

We

use a slightly modified variant of Frame-Logic, which suits our needs. Mainly the

following elementary modeling primitives are used:

Subdassing:C, :: C,, meaning thaclassC, is a sublass ofC,.
Instance ofO : C, meaning theO is an instance oflassC.

Attribute Dedtaration: C1[A=>>C,], meaning th&afor the instances oflass C; an
attribute A is defned whose alue nust be an instance G5.

AttributeValue:O[A->>V], meaning thithe instanc® has an #ribute with \alueV.
Part-of: O; <: O,, meaning theO, is a par of O,. This, howvever, is moe a syntactic
corvention. Because therae so man different darmcteizations of part-of (e.g.
transitve and non-tinsitve) the @&act behaiour of pat-of is gplicaion and domain
dependent.

Reldions: predicae expressions like p(as,...ay) can be used as in usuabio based
representéion formalisms,except tha not onl tetms can be used aggamentsput also
object &pressions.

Compared with the original Frame-Logic {Kifer et al., 1995]we skipped functional
attributes. Functional attributes define a kind of integrity constraint. Two syntactically
different values of a functional attribute applied to the same object must either be

sem
the

antically equal or the set of axioms is not well-defined. However, knowledge provided by
web may be redundant and slightly differently presented by different knowledge

providers. Therefore we decided not to include any integrity constraints in the basic
primitives of our language.

4.1.2

Complex Expressions

From the elementary expressions more complex ones can be built. We distinguish betweer
the following complex expressions: facts, rules, double rules, and queries. Facts are grounc

elementary expressions. A rule consists of a head, the implicatior-signd the body. The
head is just a conjunction of elementary expressions (connectedAdingThe body is a

complex formula built from elementary expressions and the usual predicate logic connectives

(implies: ->, implied by: <-, equivalent:<->, AND, OR, and NOT. Variables can be
introduced in front of the head (with @DRALL-quantifier) or anywhere in the body (using
EXISTS andFORALL-quantifiers). A double rules is an expression of the form:

head<-> body,

where theheadandbodyare just conjunctions of elementary expressions. A double rule can

be understood as an abbreviation of
head<- body andbody <- head

An example of a rules where just predicates (relations) are used as elementary expressions

given below:
FORALL XY subsefX,Y) <- se(X) AND se(Y) AND FORALL Zin(Z,X) ->in(Z,Y).



/ START « {(Query | Rule | DoubleRule | Fact) }* "EOF. \

Query « ['"FORALL" VarList ] ("<-"| "?-") Formula ) ".".
Rule ~ ["FORALL" VarList] MoleculeConjunction ( "<-" | ":-") Formula ".".
DoubleRule « ["FORALL" VarList] MoleculeConj "<->" MoleculeConj ".".
Fact « ['"FORALL" VarList] MoleculeConj ".".
MoleculeConj  —Molecule {("AND" | ",") Molecule }*.
Formula ~ ("EXISTS"|"FORALL") VarList Formula.

| Formula ("AND" | "OR" | "<-" | "<->" | "->") Formula.

|  "NOT" Formula .

|  "(" Formula")" |

Molecule .

VarList ~ Identifier {"," Identifier}*.
Molecule ~ FMolecule | PMolecule.
FMolecule ~ Reference Specification.
Reference ~ Obiject ([Specification] ("#" | "##") MethodApplication )*.
Specification — (™" "< Object ['[" [ ListOfMethods] "]" )

|  "["[m=ListOfMethods] "]" .
PMolecule ~ ldentifier [ "(" ListOfPaths )" ].
Path ~ Object [Specification] ( ("#" | "##") MethodApplication [ Specification ]) *.
ListOfPaths ~ Path ("," Path)*.
Object ~ID_Term | "(" Path ")".
Method ~ MethodApplication MethodResult .
ListOfMethods ~ Method (";" Method )*.
MethodApplication— Object [ "@(" ListOfPaths")" ].
MethodResult — «~ (("->"]"=>" | "™*->" | "->>" | "=>>" | "*->>") Path).

| ("->>" | "=>>" | "*->>") "{" ListOfPaths "}".
IDTerm ~ IDENTIFIER [ "(" ListOfPaths )" ]

| INTEGER_LITERAL

| FLOATING_POINT_LITERAL

| STRING_LITERAL

|

"[' [ListOfPaths [ "|" Path ] ']". .

\

Fig.2 EBNF-syntax of the representation language.

Examples of double rules are givenTiable 1 An EBNF syntax description of the complete
representation language is giverFigure 2

4.1.3 An lllustr ation

Ontologies defined with this language consist mainly of two resp. three parts:

» The concpt hiemrchy, which defnes the sublass elaionship betveen diferent dasses,
together with the #ribute defnitions. These tw pats can be splitdr readdility
reasons.

» A set of ules defining relaionships betwen diferent concpts and #ributes.
A part of an example ontology (s@@ntobroker]for the entire ontology) defining a small

concept hierarchy, some attributes and two rules relating different concepts are provided in
Table 1

The concept hierarchy consists of elementary expressions declaring subclass relationships
The attribute definitions declare attributes of concepts and the valid types, that a value of an



Table 1.Some Ontolay Definitions

Concept Hierarchy Attr ibute Definitions Rules
Object[]. Person[ FORALL Person1, Person2
Person :: Object. firstName =>> STRING; Personl:Researcher

lastName =>> STRING;
eMail =>> STRING;

Employee :: Person. [cooperatesWith ->>

AcademicStaff :: Employee. Person2]
Researcher :: AcademicStaff. biicat Publication] <-
T publication =>> Publication].
Publication::Object. Person2:Researcher
Employee[

[cooperatesWith ->>

affiliation =>> Organization;
Person1].

worksAtProject =>> Project;

headOfGroup =>> ResearchGroup].
AcademicStaff|

supervises =>> PhDStudent].

FORALL Personl,
Publication1

Publication1:Publication

Researcher[
researchinterest =>> ResearchTopic; [author ->> Person1]
memberOf =>> ResearchGroup; <->
cooperatesWith =>> Researcher]. Personl:Person
Publication[ [publication ->>
author =>> Person, Publication1].

title =>> STRING;
year =>> NUMBER;
abstract =>> STRING].

attribute must have. The first rule ensures symmetry of cooperation and the second rule
specifies, that whenever a person is known to have a publication, then also the publication ha:
an author, who is the particular person, and vice versa. This kind of rules complete the
knowledge and frees a knowledge provider to provide the same information at different
places reducing development as well as maintenance efforts.

4.1.4 Translaion of Ontologies

To allow the usage of ontologies defined in different languages, we plan to provide
translators to other languages. Currently we investigate a translator from and to Ontolingua
because from Ontolingua translators to other representation languages (e.g. LOOM, KIF etc.)
are already available (dfarquhar et al., 199Y]Fortunately, the main building blocks for
formulating ontologies are very similar, if we are using the frame-ontology of Ontolingua. So
we are able to sketch a translation based on syntactical transformation from F-Logic to
Ontolingua using the Frame-Ontology. For the translation from and to Ontolingua we have
mainly to provide support for the class definitions, the attribute definitions and the rules.
Class definitions of Frame-Logic are translated into class definitions in Ontolingua (see first
row of Table 3. Subclass expressions need an additional subclass-exprassits Zthird

row). Attributes are translated into relations of Ontolingua, therefore we need an additional
relation definition Table 2second row). If rules are defining attribute values of classes, they
have to be incorporated into the relation definition (sometimes at more than one attribute
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definition (Table 2second and sixth row)).

Table 2.Translaing between F-Lagic and Ontolingua

F-Logic Definitions

Ontolingua Definitions

Object(].

(define-class Object (?Object))

Person :: Object[publication =>> Publication]

FORALL Person1, Publication1
Publication1:Publication[author ->> Personl]

<->

Personl:Person[publication ->>Publication1].

(define-class Person (?Person)
:def
(and (Object ?Person)
(has-some ?Person has-publication)))
(define-relation has-publication (?Person ?Publication)
:def
(and (Person ?Person) (Publication ?Publication)
(has-author ?Publication ?Person)))

Employee :: Person.

(define-class Employee (?Employee)
:def
(Person ?Employee))

AcademicStaff :: Employee.

(define-class AcademicStaff (?AcademicStaff)
:def
(Employee ?AcademicStaff))

Researcher :: AcademicStaff
[cooperatesWith =>> Researcher].

FORALL Personl, Person2
Personl:Researcher
[cooperatesWith ->> Person2]
<->
Personl:Researcher

[cooperatesWith ->> Personl].

(define-class Researcher (?Researcher)
:def
(and (AcademicStaff ?Researcher)
(has-some ?Researcher cooperatesWith)))
(define-relation cooperatesWith (?Res1 ?Res?2)
:def
(and (Researcher ?Resl) (Reseacher ?Res2)
(cooperatesWith ?Res2 ?Resl)))

Publication::Object[author =>> Person].

(define-class Publication(?Publication)
:def
(and (Object ?Publication)
(has-some ?Publication has-author)))
(define-relation has-author(?Publication ?Author)
:def
(and (Publication ?Publication) (Person ?Author)
(has-publication ?Author ?Publication)))

Currently, we are working on mechanising this translation process.

4.2 The Query Formalism

The query formalism is oriented towards Frame-Logic syntax, that defines the notion of

instances, classes, attributes and values. The generic schema for this is
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O:.C[A->>V]

meaning that the obje@ is an instance of the cla€swith an attributeA that has a certain
valueV. At each position in the above scheme variables, constants or arbitrary expressions
can be used. Furthermore because the ontology is part of the knowledge base itself, the
ontology definitions can be used to validate the knowledge base. In the following we will
provide some example queries to illustrate our approach.

FORALL R <- R Reseather3

This query asks for all known objects, which are instances of the class researcher. Becaus
the object identifier of a researcher is his/lher homepage-URL, this query would result in a
large list of URLSs. This is one of the simplest possible queries. However, usually we are not
interested in all researchers, instead we are interested in information about researchers wit|
certain properties. e.g. we want to know the homepage, the last name and the email address
all researchers with first nankgchard To achieve this we can use the following query:

FORALL Obj, LN, EM <-
Obj:ReseathelffirstName>>Richard;lastName>>LN;email>>EM].

In our example scenario tlaatobroker gives the following answer (actually, there is only one
researcher with first naniRichardin the knowledge base.

Obj = http://wwwiiia.csic.es/~ichard/index.html
LN = Benjamins
EM = mailto:richard@iiia.csices

Another example is:

FORALL Obj,CP <-
Obj:ReseatherflastName->>“Motta“ ;coopertes\wth->>CP].

The interesting point with this query is, that the ontology contains a rule specifying the
symmetry of cooperating. That means, even if the researcher with lastM@taehas not
specified a cooperation with another researabbpbroker would derive sucla cooperation,

if a second researcher has specified the cooperation. The ontology contains another stron
rule that is used to abductively complete types. The relatoperatesWiths defined for
researchers. Therefore, for each instantiationCierthat cooperates witNotta or another
researcheontobroker also derives that this instantiation is an element of the class researcher.
Both rules are examples of hawtobroker can be used to derive new knowledge that is not
directly represented at the WWW.

Ontobroker can also be used to collect distributed information. The quefigure 3collects

all research topics of the members of the research group on knowledge-based systems at tt
Institute AIFB, i.e. it retrieves the research topics of a research group that are distributed at
the different homepages of the researcher.

Another possibility is to query the knowledge base for information about the ontology itself,
e.g. the query

3- A quew is a ule without a head



-12-

Guery the Knowledge Acquisition Community for Information.

EG:ResearchGroup [name—->>"AIFE/EBS" ] and

FORALL RI <- EXISTS R2,RC
BZ2:Researcher [member0f->>RG; researchInterest —>>REI].

Help . About . Mew Search . Simple Search

Ontobroker found the following:

RI="Intelligent Information Integraton”

RI="Enowledge—Level Modelling and Machine Learning”

RI="Reusable Problem—Sclving Methods for Enowledge—Based Systems”
RI="8pecification languages for Enowledge—Based Systemns”

RI="The Enowledge Acquisiion and Representaton Language (KARL)"
RI="The Cntobroker project”

RI="The Slogan Lewvel"

RI="Validaton and Verification of Enowledge—Based Systems”
RI="How do EE and RE relate?"
RI="FEnowledge Engineering (KE}"
RI="Requirements Engineering (RE}"

RI="Use—Cases/Scenarios for developing knowledge based systems”
RI =" hitp: /e, aifh uni—karlsruhe. de/WBS/brokery "
RI="Deductive Databases"

RI="Enterprise Modelling"

RI="Formal Specificaton”

Fig. 3 The tetual quey interface

FORALL C <- C::Objecf]
asks for all classes defined in the ontology which are subclasses of th©lsjass The
query

FORALL Att, T <- Reseathelf Att=>>T]

asks for all attributes of the claRgsearcheand their associated classes

The query interface abntobroker either directly uses the query language or pravidegher
abstractions by query form and graphical representations that significantly simplify the query
process for naive users (sstion5.1).

4.3 The Provider Side: Annotating Web-Pages with Ontolagical Information

Mainly knowledge contained in the WWW is formulated using the Hyper-Text Mark-up
Language (HTML). Therefore, we developed an extension to the HTML syntax to enable
ontological annotation of web padgesirst, we will provide the general idea. Then we
introduce some more details that significantly economise the annotation effort for knowledge
providess. For an overview of our extensions to HTML see the EBNF-syntax definition of the
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/ andor - “<t A" attributes™>" [ body ] “</A>". \
atributes attribute*.
atribute “name"“=" CDATA

llhrefn II:H URL
“rel* “=" CDATA

“title” “=" CDATA

I

I

| “ra/“ u:u CDATA

I

| “onto” “=" ontolnfo.

ontolnfo “\"“ ontolnf o1 “\'“
| ““ “ ontolnfol “\"“.
ontolnfol host“:* class

| host“[“ ontoAttribute“=" v alue“]"
| reldion “(“ object (“," object)* “)“.

host - object.
value - object.
class - ID.
reldion - ID.

object - URL | CDATA.

- /

Fig.4 EBNF-syntax of the annotation language.

annotation language as providedFigure 4 An extract from an example page is given in
Figure 5

Netscape: Richard Benjamins <html> \
fle Fat View Go Bookmarks Options Directory Wmdow we || <head><TITLE> Richard Benjamins </TITLE>
Location: |1http Jfwwr.iiia esic. es/~richard/ E{I- <a on[():“page:Researcher“> </a>
== </head>

L

<H1> <A HREF="pictures/id-rich.gif*>

<IMG align=middle SRC="pictures/richard.gif*></A>

<a onto="page[photo=href]"
HREF="http://www.iiia.csic.es/~richard/pictures/richard.gif* ></a>

Richard Benjamins

<a onto="page([firstName=body]“>Richard</a>
<a onto="page[lastName=Dbody]“>Benjamins </a>

rtificial Intelli R h Institute (II1A) - CSIC, Barcelona, Spain
Is)nau( of Socisl Srience Informatics (SWI) - UvA, , the </hl> <p>
Research <A onto="page[affiliation=body]* HREF="#card">
. e oldupe e Artificial Intelligence Research Institute (II1A)</A> -
® Projects . .
. nm;smm;m — <a href="http://www.csic.es/*>CSIC</a>, Barcelona, Spain <br>
LS Univessicyof Sao Pacls
@ 2, ZAST, LRI, Univexsity of Paris-Sud. and <br>
© DR ST Unavessiny of Amstardm (home inste, potuze of i pesple) <A onto="page[affiliation=body]* HREF="http://www.swi.psy.uva.nl/*>
® Curriculum vita . . .
I Dept. of Social Science Informatics (SWI)</A>
Publications _
: 5@:?;1”{3%53’3?“ <A HREF="http://www.uva.nl/uva/english/*>UvA</A>,
analogic
# Belated wurk Amsterdam, the Netherlands
e

<HR> /

Fig.5 An example HTML page.

4 We did not mak use of tk extensitte Markup Languge (XML)to define our annot#on languge as an xension of
HTML because manexisting HTML pages ae not vell-formed XML documents,e., the documertype HTML defined in
XML is more restictive than HTML as it is widglused nw. Compae alsosectionb.
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4.3.1 The general idea

The idea behind our approach is to take HTML as a starting point and to add only few
ontologically relevant tags. By these few changes to the original HTML pages the knowledge
containedin the page is annotated and made accessible as facts tmttbeoker. This
approach allows the knowledge providers to annotate their web pages gradually, i.e. they dc
not have to completely formalize the knowledge contained therein. Further the pages remain
readable by standard browsers like Netscape Navigator or MS Explorer. Thus there is no nee«
to keep several different sources up-to-date and consistent reducing development as well a
maintenance efforts considerable. All factual ontological information is contained in the
HTML page itself.

The names of classes and relationships are already provided by the ontology that is definet
using the representation language (seetiond.1). However, names that are used to denote
instances of classes, attribute values, and relationships have to be defined using the
annotation language. We nedéntifiersor handlesto identify objects. This handle has to be
globally unique and unambiguous. We chose the URL (Uniform Resource LdthRbd)

of the WWW to denote objects, which is quite natural as we will see in the examples below.
The URL defines by definitioa unique way to determine which entity is referred to in the
Internet® The identifiers are calleabject in theEBNF of Figure 4

We provide three different epistemological primitives to annotate ontological information in
web documents:

1) An object can be defed as an instance of a tzén dass.

2) The \alue of an object'staibute can be set.

3) A relaionship betveen tvo or moe objects mabe esthlished

All three kinds are expressed by using an extended version of a frequent HTML tag, i.e. the
anchor tag:

<a..>..<la>

The anchor tag is usually used to define named locations within a web page and hypertex
links to other locations in the WWW. Thus, it contains the attribndese andhref to fulfill

these purposes, respectively. For ontologically annotating a web page we added anothe
attribute to the syntax of the anchor tag, namelyotite attribute. All three attributes may
contain information which describes objects relevant t@thebroker.

Typically a provider of information first defines an object. This is done by stating which class
of the ontology it is an instance of. For example, if Richard Benjamins would like to define
himself as an object, he would say he is an instance-of theReasarcher. To express this

in our HTML extension he would use the following line on his home page.

<a onto=" ‘http://www.iiia.csic.es/~richard' : Researcher‘> </a>

This line states that the object denoted by the hahdpe//www.iiia.csic.es/~richard‘ is an

5 However, it is less unique as evwould wish. Br example http://wwwaifb.uni-katsruhede/WBS/d&é/ and http://
www.aifb.uni-kaisruhede/WBS/../WBS/dé/indec.html denote the same dmss. Een worse http://wwwaifb.uni-

karnsruhede/~dE is another ay to point to the same debss. Equalities of theofmer type could be handled lgeneal

equality axioms. Equalities of thettler type ae introduced ly web sewers which ae not knevable from the outside
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instance of clas®Researcher. Actually the handle given above is the URL of Richard
Benjamins home page, thus, from now on he as a researcher is denoted by the URL of hi
home page.

Each class is possibly associated with a set of attributes. Each instance of a class can defir
values for these attributes. To define an attribute value on a web page the knowledge provide
has to name the object he wants to define the value for, he has to name the attribute an
associate it with a value. For example, the ontology contains an attnihaitdor each object

of classResearcher. If Richard Benjamins would like to provide his email address, he would
use this line on his home page.

<a onto=" ‘http://www.iiia.csic.es/~richard‘ [email="mailto:richard @iiia.csic.es‘] “> </a>

This line states that the object denoted by the hahigbe’/www.iiia.csic.es/~richard' has the
value‘mailto:richard @iiia.csic.es' for the attributeemail.

Several objects and attributes can be defined on a single web page, and several objects can
related to each other explicitly. Given the name of a rel&inand the object handl€xj,
to Obj,, this definition looks like this:

<a onto= “REL(Obj,, Obj,, Objs, ..., Obj,)* > ... </a>

The listed examples look rather clumsy, esp. because of their long object handles and the
redundancy, due to writing information twice, once for the browser and second for
Ontobroker. SO the annotation language provides some means to ease annotating web page
and get rid of a big portion of the clumsiness and redundancy. In the following section we
will provide some examples that illustrate the key ideas behind these short-cuts.

4.3.2 Short-cuts that Impr ove Corvenienc®

To define on a web page that an object is an instance of a class, e.g. that Richard Benjamins
aResearcher, one uses the following kind of annotation:

<a onto= “HOST:CLASS" name=NAME href=HREF> ... </a>

The termCLASS has to be substituted by a concrete class as defined in the underlying
ontology, e.gResearcher, Workshop, Article. The object denoted by the han&l®ST then

is defined as an instance of this class. There are several possibilities to define a host objec
There are special keywords which represent short-cuts for certain URLS.

» If HOST equals the simg page, the URL of the cuently processed HTML pge is
defined as the handle of the host object.

Example:
<a onto="page:Person“> </a>

This tag defnes the URL of the g which the t@ gopeas on as an instance thie dass
Person. By thd, the dumsy orginal URL can be wided and the ontolgical
information becomes merreadle.

6. While descibing the annotdon syntax all lver case and specidiaractes ae to be ead literlly (including the diferent
quotes)all upper case ters hae to be eplaced ly actual objectsJRLs etc
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» If HOST equals the ging tag or the sting name, the curent tay, i.e. the namedegion
defined ly the curent antior tag becomes an instance@fASS. In this case the gghas
to contain a nametibute

Example:
<a onto="tag:Article" name="Fensel at al. 97">
Ontology Groups: Semantically enriched subnets of the WWW.</a>

This tag defnes the namedgion as an object ofl@ssArticle. Assuming the pge of this
tag is“http://www.aifb.uni-karlsruhe.de/WBS/dfe/publications97.html“ this would creae a
new object with handle  “http://www.aifb.uni-karlsruhe.de/WBS/dfe/
publications97.html#Fensel at al. 97 which belongs to thelassArticle.

» If HOST equals the ging href, the pae to which the anhbor ta refers to,i.e. the \alue of
the tay's href-attribute becomes the host objebd. work correctly anhref-attribute has to
be gven within the anicor tay.

Example:
<a onto="href:Workshop* href="http://ksi.cpsc.ucalgary.ca/KAW">
KAW 98, Banff, Canada </a>

This tag defnes the pge the lypelink refers to as an object otassWorkshop. In this
example a global URL has beeivgn so thathis URL becomes the object handbe the
newly creaed objectWhen using this anant, the pat of the pge embaced ly <a ...>
and</a> becomeslkable.

* If none of the bove equvalencies holdHOST is assumed to contain a coeter object
handle nomally an actual URLThis URL then is defied as belongg to the named
class.

Example:
<a onto=" ‘http://ksi.cpsc.ucalgary.ca/KAW":Workshop“>
KAW 98, Banff, Canada </a>

This tay defnes the pge specifed by the URL as an object ofasssWorkshop, and thus
results in gactly the samedct as the mvious example This variant should be used if
the namedegion should not belickable.

To improve convenience in defining attribute values and relationships similar techniques are
provided. The same special keyworgage, href, name, andtag) are supported.

Example:
<a onto="pagelaffiliation=href]* href="http://www.iiia.csic.es/*>
IIIA - Artificial Intelligence Institute.</a>

In this tag the already defined keywagrage andhref have been used. This tag defines the
affiliation attribute of the object denoted by the URL of the curpagkt. Its value is taken
from the anchor-tdg href-attribute.

Because several attributes contain only plain text and no complete objects, another keyworc
is introduced: body”. This keyword enforces the marked portion of the web paw#dined
between<a ...> and</a>) to be taken as the attribute value.
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Example:
<a onto="page][firstName=body]>
Richard </a>

This annotation defineRichard (contained beteen<a ...> and</a>) as the value of the
attribute firstName of the object which is denoted Ipage. Through this convention the
annotation of web pages becomes more concise and redundancy can be nearly avoided.

Finally, also in the annotation of relationships on web pages special keywords and actual
URLSs may be used freely. Thus an example relationship may look like this.

Example:
<a onto="appointment(
page,
‘http://aifb.uni-karlsruhe.de/WBS/~dfe’,
‘October, 17th 1997/,
body)" >
(KA)2-Initiative: The Inaugural Meeting </a>

In this example a relationship calleppointment is defined. It defines a relationship between
four attributes respectively, two persons, a given date, and a certain title, respectively. The
first object denotes the currgrdge, e.g. Richard Benjamins’ home page, the second denotes
another object denoted by an actual URL, the third is given as a literal string, and the last one
refers to the text contained in thedy of the tag, namely the title of the meeting.

5 TheTool Set of Ontobioker

Ontobroker mediates between clients and knowledge providers with three tools. The query
interface is used by clients to formulate queries and to receive answers. The inference engini
derives answers based on the ontology and the facts that have been found at the web. Tt
webcrawler (calledntocrawler) collects annotations from the web and translates them into
facts that can be processed by the inference engine.

5.1 The Quely Interface

Ontobroker provides two query interfaces: a text based interface for expert users and a
graphical interface for naive users. The text based interface allows the direct formulation of
gueries in the above described query language. However, the direct formulation of the query
string has two drawbacks:

» The user has to kmothe syntax of the quegtanguae. Tha means he has taactly type
in the syntactic xpressions. Haever, user don‘t lear a quey languae just br one
seach engne. Futhemore people a& making mistais when typing t&t, so a god
interface should lead the user and should helpaaasud mistales.

» The user also has to kmdhe ontolgy, when brmulating a quey. This is even a biger
hassle than the missing kmedge of the quer languae: without knavledge of the
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B ontobroker

Ohject Class Arctribute Value
Variable1 — SelectCIass| lastMame 4|Uariah|e1 4|

|Uariah|e1§ | |EResearcher| | lastMame | | Benjaminszl

AND =]

Variable1 — SelectCIass| Variable1 4|Uariah|e2 4|

| Variablet | | | | emaif | | VariableZ |

MOME =]
Clear| Select Ontology: knowledge Acquisition 4|

Ly, hsigned Jawa Applet Window
- 7oy L d I Applet Wind

Fig. 6. The adanced qusrinterface

ontolagy one cannotdrmulate a useful qugr because all knaledge is oganizedby the
ontolagy. So an intedice should msent the ontolgy and allav an easy access to it.

To remedy the first drawback, the structure of the query language can be exploited: the
general structure ofneelementary expression is:

ObjectClasgAttribute->>Valug

This providesthe guidance when designing a query interface. Each part of the above depicted
elementary expression can be relatedn entry fields. Possible values of the entry field can
then be selected from a menu (e.g. variable names). This frees users from typing anc
understanding logical expressions as much as possible. The simple expressions can then t
combined by logical connectives as showfigure 6which asks for the researchers with last
nameBenjaminsand their email addresses

This does not resolve the second drawback: one also need support for selecting classes ar
attributes from the ontology. To allow the selection of classes, the ontology has to be
presented in an appropriate manner. Usually a ontology can be represented as a larg
hierarchy of concepts. Concerning the handling of this hierarchy a user has at least two
requirements: first he wants to scan the vicinity of a certain class, looking for classes better
suitable to formulate a certain query. Second a user needs an overview over the whole
hierarchy to allow an easy and quick navigation from one class in the hierarchy to another
class. These requirements are met by a presentation scheme based on Hyperbolic Geomet
[Lamping & Rao, 1994Lamping et al., 1995|classes in the center are depicted with a large
circle, whereas classes at the border of the surrounding circle are only marked with a small
circle (seeFigure 7. The visualisation techniques allows an quick navigation to classes far
away from the center as well as the close examination of classes and their vicinity. When a
user selesta classrom the hyperbolic ontology view, the class name appears in the class
field, and the user can select one of the attributes from the attribute choice menu, because th
preselected class determines the possible attributes. The interface is programmed in Java ¢
an applet, thus it is executable on all major platforms where a Web-browser with Java support
exists. The hyperbolic ontology view is based on a Java-profiler written by Vladimir Bulatov
and available on http://www.physics.orst.edu/~bulatov/HyperProf/index.html.
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Based on teseinterfaces Ontobroker derives automatically the query in textual form and
present the result of the query ($egure §.

5.2 The Inference Engne of the Ontobroker

The inference engine obntobroker has two key components: the translation (and
retranslation) process from the rich modelling language to a restricted one, and the evaluatior
of expressions in the restricted language. In the following, we describe both processes.

The input of the inference engine consists of the ontology, collected facts from the web and
gueries formulated in Frame-Logic. We have decided against direct evaluation of expressions
of the rich modelling language. Due to the conceptual richness of the language evaluation
techniques would be rather complicated and difficult to build. There are techniques known
for evaluating Frame-Logic, sg€rohn et al, 1997]but they do not support the whole

language and semantics we need (e.g. full first order rule bodies). Furthermore a direct
evaluation approach would be very inflexible, a small change in the input language would
result in changes of the whole system. The situation is very similar to compiler construction:
usually a language is not compiled directly to a target language, but through several
intermediate states and languages. This helps bridging the conceptual gap between th
language and the target language. We adopted that approach: the input is processed ar
translated in several stages: The first step (besides the necessary parser) is the Frame-Logi
translator, that translates the Frame-Logic expressions to first-order logic expreksimes.

3 gives an idea of how this translation is performed, but it does not catch the complete

rIL‘ Hyperbolic Ontology View

Organization

Product

Obiect

ResearchTopic Publication

Project

Publication
| =g Unsigned Java Applet Window

Fig. 7. The typerbolic ontolgy view.
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] MNetscape: OntoBroker: Advanced Query

File Edit View Go Bookmarks Options Directory Window Help

Location: Iﬂlttp Afaifbmars. aifh vni-karlsruhe. de/sde-cgi/queryfpg=agiuhat=kesquery:

What's Hew?| What's Cool?| Destinations| Het Search| People| Software|

Institut fiir
Angewandie Informaiik AIFB
und Formale Beschreibungsverfahren

Universitit Karlsruhe (TH)

Query the | Knowledge Acquisition O | Community for Information.

FORALL Variablel,VariableZ =-
Variablel :Researcher[lastName->>"Benjamins"] AND
Variablel [email->»>VariableZ] .

Help . About . Mew Search . Simple Search

Ontobroker found the following:

Variablel = " hittp: /vy jila, csic.es/~richard/Aindex.himl

Variable2 =" maﬂto:r‘ichar@ﬁla..csic.es "

KA Initiative | Update Pages | Feedback | Help
Advertising Info | About OntoBroker | View K.A-Cntolog

Institute AIFB

Please report any errors and difficulties to Stefan. Decker@aifb . uni —karlsrube de

=l T =2 |

Fig. 8. The tetual quey interface

Table 3.Principle of Translaing Frame Lagic to Predicae Logic

Frame Logic Meaning Predicae Logic
C G, classC, is a sublass ofC, subC4, Cy)
O:C Ois an instance ofl@ass C iIsaO,C)

C,[A=>>C,] | forthe instances &, an dtributeA is defned | att_type(C,,A,C))
the \value nust be an instance 6%

O[A->>V] the instanc® has an #ributeA, the \alue isV | att_val(O,A\V)
0, <:0, O, is a parof O, part_of(O4,0,)

translation: e.g. more complex Frame-logic expressions like
O[A->>V:.C[AA->>VV]]

can also be translated. The output of this stage are generalized logic programs. After this
translation the output has to be translated further to normal logic profityd, 1987]via
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- >
Rich Language Restricted Language
Object Modeling only relations and
Primiti ves Horn clauses
Language Frame-Logic Predicate-Logic Normal Logic
Programs
Input ontology Frame Logic to Lloyd-Topor
Instances > — - M N
Queries Predicate Logid Transformation Fixpoint Procedure
Variable Variable v *bl
Output | Substitution Substitutions ariable
P in F-Logic to Frame Logic - Substitution

Fig. 9. Stages and Languges used in the lefence Enme

a Lloyd-Topor transformatiofLloyd & Topor, 1984] The entire translation process is
surveyed irFigure 9

As a result we obtain a normal logic program. Standard techniques from deductive database:
are applicable to implement the last stage: the bottom-up fixpoint evaluation procedure.
Because we allow negation in the clause body we have to carefully select an appropriate
semantics and evaluation procedufethe resulting program is stratified, we use simple
stratified semantics and evaluate it with a technique called dynamic filteringlifef. &
Lozinskii, 1986] [Angele, 1993). But the translation of Frame Logic usually results in a
logic program with only a limited number of predicates, so the resulting program is often not
stratified For an example sdagure 10 Although the clauses have a reasonable model

{O4/1; Oyfm; Vin}

this can not be computed using a stratified semantics. To deal with non stratified negation we
have adopted the well-founded model semaitfes Gelder et al., 1991dnd compute this
semantics with dynamic filtering and the alternating fixpoint apprpédah Gelder, 1993]

e FORALL OL, 2, V N
Ol[a->>V]<- QOl:cl and @:c2 and V:c3 and not Q[ a->>V].
l:cl. mc2. n:c3. nfa->>0].

Transl ati on

FORALL Q1, 2,V
att_val (QL, a,V)<- isa(0lL, cl) and isa(,c2) and isa(V,c3) and
% not att_val (@, a,V).

4
\

K Negati ve Qycle /

Fig. 10. Non statified dauses due to igetive g/cle
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The inference engine is completely written in JRlavasoftjand therefore not bound to a
particular system. However for performance reasons we generated a machine code version ¢
it using the Toba Java-Bytecode to C comdi¥pebsting et al., 1997]

5.3 The Ontocrawler

Ontocrawler IS a simple cgi-script that periodically caches the annotated pages from the web.
For finding the pages it consults the index pages of each provider. For this purpose, the
providers need to register.

6 Discussiors of the Approad and Future Work

Providing information and knowledge via tl@ntobroker requires two time-consuming
activities: designing an ontology and annotating web documents. Both are serious bottlenecks
that may hamper the successafobroker. In the following, we discuss both problems.

Designing ontologies is a time consuming activity because it aims for a formal and
consensual model of some aspect of reality. However, building such a model pays back in
several dimensions much beyond only improving the web presentation of documents. It can
be used by companies and organisations eeference model for their internal data and
informations. It can be used by standardization committees to establish standard for
representing information about some area. Therefore, these ontologies found increasinc
popularity for supporting knowledge management in different areas. We initiated together
with colleagues from other research groupskthewledge Annotation Initiative (KA)O get

better insights into the merits and difficulties of establishing such ontoldgiesj@émins et

al., 1998] [Benjamins & Fensel, 199B]Part of this initiative is to establish an ontology that
can be used to describe the different research groups in knowledge acquisition, their
organisatorial informations, their products, results, and subjects. This initiative raises a
couple of interesting questions at different levels: what are the necessary tools to suppori
ontological engineering in a heterogeneous and distributed enviroanahbw to organize

the social process in establishing consensus and in attracting the critical mass of participants
Meanwhile a core ontology has been established and a broad range of research group
participate.

The creation, usage and maintainability of knowledge are the key problems that need to be
solved forknowledge managemententerprises (cfDavenport, 1996] An ontology can be

used to support all of these processes. More specifioproker can be used to support
usability and maintainability of these documents. One strengtbnwobroker is the tight
coupling of textual, semiformal and formal knowledge which is identified as a main
requirement for successful knowledge management (sefEezgnat, 1996]Skuce,1997)

The textual and semiformal knowledge is directly coupled with annotations that describe their
formal semantics. Therefore, maintenance need not deal with problems introduced by
redundancy (i.e., representing the same information at different places, one time as textua
knowledge one as formalized knowledge). In addit@mgbroker integrates these semiformal
knowledge with inference rules expressed in the ontology. Automatic processing of these
knowledge or coupling with automatically derived knowledge bits from other sources are
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enabled. Currently we applyntobroker in the projectWork Oriented Design of Knowledge
Systems (WORK$)r developing a knowledge management system for industrial designers
for decision-support in ergonomic decisions. Pages with ergonomic knowledge are annotated
with the following goals: first to make them retrievable for users, and second, to use the
knowledge also for inferences of the system. In this case the knowledge (often numerical
data) is provided as an input (and output) to problem solving methods for e.g. parametric
design.

Annotating web documents with ontological information is much easier to do. A trained
person with some basic HTML knowledge is able to annotate ca. five pages an hour (ca.
thousand per month). Still, we would like to provide a more sophisticatethiaupports

this process. Currently, annotations have to be written with text editors. However, as for the
guery interface one could make use of a graphical representation of the ontology and use it fo
a click-and-paste process in producing annotation. Another possibility for stable web sources
is to replace the annotation effort by writing wrappghshish & Knoblock, 1997Jmention
information sources like the CIA World Fact Book or the Yahoo listing of countries. These
sources use a stable format for information representation that can be used to derive wrappel
that extract this information. Such a wrapper can be used to directly derive the factual
knowledge that is used by the inference engineradbroker. In this scenario a wrapper
replaces the annotation process and the translation process from annotations to facts.

Finally, we decided to design our annotation language as a small extension of HTML because
most documents on the webeukis formalism. However, there are some new trends which
we have to be aware. The W3@he internationalWorld Wide Web Consortiunfor
developing and promoting standards for the ebrrently introduces the extensible Markup
Language (XML)[XML] as a new standard for expressing the structure of web documents.
XML is a language to define the syntax of structured documents and to allow the
communication of several applications due to a common specification of the document
syntax. To allow the annotation of XML documents the W3C currently developssitwgrce
description frameworKRDF) [RDF]. This format can be used to add meta information to
documents, i.e. to include semantical information about documents. That approach shows ¢
number of similarities withOntobroker, because both approaches aim at machine-
understandable content information and enable automated processing of web resources. Bot
use URLs to represent entities in the WWW. Both use attribute-value pairs to define
properties of objects. But there are profound differences. The annotation information is
tightly integrated into HTML irontobroker. This reduces redundancy of information on a web
page to a minimum. Meta data define RDF hae to be provided on an extra page or en-
block inside of a web-page. Therefore, elements from a web page like text fragments or links
cannot directlybe annotated with semantics. These elements must be repeated for enriching
them with meta-information. This design decision may cause significant problems for
maintaining web documents due to the redundancy of the information. However, when a final
version of RDF will be recommended by the W3C it will be an easy task to implement a
wrapper that automatically genemt&DF definitiors from annotation inOntobroker.
Therefore, we will join this standard enabling other agents to read our meta information. In
that sense the annotation languagembbroker can be seen as a maintenance tool for RDF
description because it allows the direct annotations of elements of a web page and thei
separate content description will be generated automatically. Using automatically generated
RDF descriptions makes the annotated knowledge available to agents and brokering service
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that searches the web for information. That is, this knowledge may not only be used by
Ontobroker t0 answer direct questions of a human user but it will be available for all
automated search mechanisms that can read RDF and that can make use of an ontology (¢
[Ambite & Knoblock, 1997).

7 Condusionsand Related Work

Up to now, the inference capabilities of the World Wide Web are very limited. In essence,
they are restricted to keyword-based search facilities which are offered by the various Web
search engines. In the paper we introduced methods and tools for enhancing the Web to .
knowledge-based WWW. We proposed ontologies as a means to annotate WWW document:
with semantic information and used the metaphor of a newsgroup to define a collection of
people which share a common view on a subject and thus a common ontology. To define
various subnets in the WWW different ontologies can be used to annotate Web documents
We use Frame logic for defining ontologies and an appropriate subset for specifying
(semantic) queries to the Web. An annotation language for attaching ontological information
with Web documents is offered as well avoiding redundancy as far as possible. Our
Ontobroker tool includes a query interface for formulating queries, an inference engine for
deriving answers to the posed queries, and a web crawler for searching through the variou:
subnets and translating the ontological annotations into facts for the inference engine. In that
way, the web crawler implements a wrapper which hides the syntactical structure of
annotations from the inference engine and the query cl@ndbroker is the basis for
realizing the Knowledge Acquisition Initiative (KAI[Benjamins et al., 1998]Benjamins

& Fensel, 1999] and for developing a knowledge management system for industrial
designers concerning ergonomic questions. In the latter project, the same knowledge may b
used by humans and for inferences of the system. This twofold use of the same piece o
knowledge is enabled through the tight coupling of semiformal and formal knowledge in
Ontobroker. In the paper, we presentexitobroker mainly as a tool to enhance information
access However,maintenanceof distributed and heterogeneous information sources may
become an even more important topic given the steadily increasing amount of knowledge that
is provided by semiformal knowledge sources like web documents. Annotating parts of
documents with semantical information enable automatic support for modifying these
documents. Instead of searching by hand through several documents that may contain th
same or parts of the same information that needs to be changed one can automaticall
propagate such modifications without changing the semiformal nature of the documents.

The approach closed to ours is SHOE that introduced the idea of using ontologies to annotatt
information in the WWW(cf. [Luke et al., 1996][Luke et al., 1997] HTML pages are
annotated via ontologies to support information retrieval based on semantic information.
However, there exist main differences in the underlying philosophy: In SHOE providers of
information can introduce arbitrary extensions to a given ontology. Furthermore, no central
provider index is defined. As a consequence, when specifying a query the client may not
know all the ontological terms which have been used to annotate the HTML pages and the
web crawler may miss knowledge fragments because it cannot parse the entire WWW. Thus
the answer may miss important informatiomdahe web crawler may miss knowledge
portions because it cannot parse the entire WWW. In contrast, Ontobroker relies on the notior
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of anontogroup[Fensel et al., 1997]efining a group of Web users that agree on an ontology
for a given subject. Therefore, both the informations providers and the clients have complete
knowledge of the available ontological terms. In addition, the provider index of the
Ontocrawler provides a complete collection of all annotated HTML pages. Tdwsbroker

can deliver complete answers to the posed queries. The philosofmwoboker is also
tailored to homogeneous intranet applications, e.g. in the context of knowledge managemen
within an enterprise. SHOE arnohtobroker also differ with respect to their inferencing
capabilities. SHOE uses description logic as its basic formalism and currently offers rather
limited inferencing capabilitiesOntobroker relies on Frame-Logic and supports rather
complex inferencing for query answering (f§éandzia & Schlepphorst, 199 Fensel et al.,

to appearfor comparisons of both representation and reasoning paradigms).

One can situatentobroker in the general context of approaches that support the integration of
distributed and heterogeneousnformation sourcedike CARNOT [Collet et al., 1991]
Infomaster[Genesereth et al., 1997hformation Manifold[Levy et al., 1996] HERMES
[Subrahmanian et al., 1998IMS[Arens et al., 1993]and TSIMMIS[Papakonstantinou et

al., 1995] Instead of assuming a global data scheme such systems hanegligtor
[Wiederhold, 1992}hat translates user queries into sub-queries on the different information
sources and integrates the sub-answers. Wrappers and content descriptions of informatiol
sources provide the connection of an information source to the mediator. However, these
approaches assume that the information sources have a stable syntactical structure that
wrapper can use to extract semantic informations. Giverhdéberogeneity foany large
collection of web pages this assumptions seems hardly be fulfilled in our application area.
Therefore, we delegated the semantical enrichment of the information sources to the providel
and makeno assumptions about tfermat d the information source and its changes.
However, wrapper and annotation-based approaches are complemdAsrngh &
Knoblock, 1997]distinguish three types of information sources at the web: multiple-instance
sources, single-instance sources, and loosely-structured sources. The former two types have
stable format that can be used by a wrapper to extract informatigAgbfsh & Knoblock,

1997). The latter type covers home pages of persons etc. where the layout is neither standar
nor stable over time. Writing wrappers for this type of sources would be a time-consuming
activity which is soon out of date, too. However, writing wrappers for stable information
sources that automatically generate factual knowledge processabigobpker enables to
broaden our approach to structured information sources that do not make use of our
annotation language.

Acknowledgements.We thank Ribad Benjamins and RainereRuhn for their
helpful comments andisun Gomez-Brez for providing the Ontolingua &nsldion.
Special thanks to JgenAngele who developed the irdrence engpe for L-KARL
tha is used Iy Ontobroker.

References

[Ambite & Knoblock, 1997]J. L Ambite and C,. A. Knoblock: Agents for Information Gathering,
IEEE Expert, Sepimber/October 1997.



-26-

[Angele, 1993]J. Angele: Operationalisierung des Models der Expertise mit KARifix, St.
Augustin, 1993.

[Arens et al., 1993). Arens, C. Y. Chee, C.-N. Hsu and C. Knoblock: Retrieving and Integrating
Data From Multiple Information Sourcefnternational Journal of Intelligent Cooperative
Information System®(2):127] 158, 1993

[Ashish & Knoblock, 1997N. Ashish and C. Knoblock: Semi-automatic Wrapper Generation for
Internet Information Sources. IRroceedings of the IFCIS Conference on Cooperative
Information Systems (Coopl$)harlston, South Carolina, 1997.

[Badea, 1997]L. Badea: Reifying Concepts in Description Logics. Rroceedings of the 15th
International Joint Conference on Atrtificial Intelligence (IJJCAI-9¥pgoya, Japan, August 23-
29, 1997.

[Benjamins et al., 1998}. R. Benjamins, D. Fensel, A. Gomez-Perez, S. Decker, Michael Erdmann,
E. Motta, and M. Musen: Knowledge Annotation Initiative of the Knowledge Acquisition
Community (KA)Z. In Proceedings of the 11th Banff Knowledge Acquisition for Knowledge-
Based System Workshop (KAW,3nff, Canada, April 18-23, 1998.

[Benjamins & Fensel, 1998R. Benjamins and D. Fensel: Community is Knowledge! in @(A)
Proceedings of the 11th Banff Knowledge Acquisition for Knowledge-Based System Workshop
(KAW98) Banff, Canada, April 18-23, 1998.

[Collet et al., 1991C. Collet, M. N. Huhns, and W.-M. Shen: Resource Integration Using a Large
Knowledge Base in CarndEEE ComputerDecember 1991.

[Davenport, 1996]T. Davenport: 8me Principles of Knowledge ManagementRL:http//
www.bus.utexas.edu/kman/kmprin.htm, 1996.

[Euzenat, 1996]. Euzenat: Corporate Memory through Cooperative Creation of Knowledge Bases
and Hyper-documents. IProceedings of the 10tBanff Knowledge Acquisition Workshop
(KAW 96, Banff, Canada, November 1996

[Farquhar et al.,, 1997] A. Farquhar, R. Fikes, and J. Rice: The Ontolingua Server: a Tool for
Collaborative Ontology Constructiorinternational Journal of Human-Computer Studies
(IJHCS) 46(6):7071 728, 1997.

[Fensel et al., 1997P. Fensel, M. Erdmann, and R. Studer: Ontology Groups: Semantically Enriched
Subnets of the WWW. IRroceedings of the 1st International Workshop Intelligent Information
Integration during the 21st German Annual Conference on Artificial IntelligeRosiburg,
Germany, September 9-12, 1997.

[Fensel et al., to appearD. Fensel, M.-C. Rousset, and S. Decker: Workshop on Comparing
Description and Frame Logics, to appeabPata and Knowledge Engineering

[Fridman Noy & Hafner, 1997N. Fridman Noy and C. D. Hafner: The State of the Art in Ontology
Design,Al Magazine 18(3):53—74, 1997.

[Frohn et al, 1997]. Frohn, R. Himmerdder, P.-Th. Kandzia, G. Lauserd C. Schlepphorst:
FLORID - A Prototype for F-Logic, InProceedings of the International Conference on Data
Engineering (ICDE, Exhibition ProgramBirmingham, 1997.

[Genesereth et al.,, 199K. R. Genesereth, A. M. Keller, and O. M. Duschka: Infomager
Information Integration Systenn Proceedings of the ACM SIGMOD International Conference
on Management of DatducsonAZ, May 1997.

[Genesereth & Fikes, 1992l. R. Genesereth and R. E. Fiké&owledge Interchange Format,
Version 3.0, Reference Manu&eport Logic-92-1, Stanford University, June 1992.

[Gruber, 1993]T. R. Gruber: A Translation Approach to Portable Ontology Specifications,
Knowledge Acquisitiarb(2), 1993.

[JavasoftJavasoft-Homepage: ,http://www.javasoft.com®.,1997



-27-

[Kandzia & Schlepphorst, 199P.-T. Kandzia and C. Schlepphorst. DOOD and DL - Do We Need an
Integration. InProceedings of the 4th KRDB Workshéghens, Greece, August 30, 1997.

[Kifer et al., 1995]M. Kifer, G. Lausen, and J. Wu: Logical Foundations of Object-Oriented and
Frame-Based Languag&eurnal of the ACM42, 1995

[Kifer & Lozinskii, 1986] M. Kifer, E. Lozinskii: A Framework for an Efficient Implementation of
Deductive Databases. Rroceedings of the 6th Advanced Database Sympp$ikyo, 1986.

[Kihn & Abecker, 1997]0tto Kihn and Andreas Abecker: Corporate Memories for Knowledge
Management in Industrial Practice: Prospects and Challedges)al of Universal Computer
Science, Special Issue on Information Technology for Knowledge ManageBpeiniger
Science Online3(8), August 1997

[Lamping & Rao, 1994].. Lamping and R. Rad:aying Out and Visualizing Large Trees Using a
Hyperbolic Spaceln Proceedings of thédCM Symposium on User Interface Software and
TechnologyNovember 1994

[Lamping et al., 1995].. Lamping, R. Rao, and Peter Pirolli.: A Focus+Context Technique Based on
Hyperbolic Geometry for Visualizing Large Hierarchies.Aroceedings of the ACM SIGCHI
Conference on Human Factors in Computing Syst&a85

[Lloyd, 1987]J.W. Lloyd:Foundations of Logic Programmingnd Edition. Springer-Verlag, 1987

[Levy et al., 1996]A. Y. Levy, A. Rajaraman, and J. J. Ordille: Query-Answering Algorithms for
Information Agents. IiProceedings of the AAAI-9Bortland, Oregon, August 4-8, 1996.

[Lloyd & Topor, 1984]J. W. Lloyd and R. W: Topor: Making Prolog more Expressiaeirnal of
Logic Programming3:225{1 240, 1984.

[Luke et al., 1996F. Luke, L. Spector, and D. Rager: Ontology-Based Knowledge Discovery on the
World-Wide Web. InProceedings of the Workshop on Internet-based Information Syatehes
AAAI-96 Portland, Oregon, August 4-8, 1996.

[Luke et al., 1997F. Luke, L. Spector, D. Rager, and J. Hendler. Ontology-based Web Agents. In
Proceedings of First International Conference on Autonomous AJE83.

[MacGregor, 1990]MacGregor: LOOM Users Manual ISI/WP-22, USC/Information Sciences
Institute, 1990.

[Mauldin, 1997]M. L. Mauldin: Lycos: Design Choices in an Internet Search Engfitel: Expert
January-February 1997. http://www.lycos.com.

[Nebel, 1990]B. Nebel: Reasoning and Revision in Hybrid Representation SysteNAl 422,
Springer-Verlag, 1990.

[Ontobroker]http://www.aifb.uni-karlsruhe.de/WBS/broker

[Papakonstantinou et al., 199%] Papakonstantinou, H. Garcia Molina, and J. Widom: Object
Exchange Across Heterogeneous Information Sourcégolceedings of the IEEE International
Conference on Data Engineering (ICDH)ipei, Taiwan, March 1995.

[Proebsting et al., 1997]. A. Proebsting, G. Townsend, P. Bridges, J. H. Hartman, T. Newsham, and
S. A. Watterson: Toba: Java for Applications: A Way Ahead of Time (WAT) Compiler. In
Proceedings of the Third Conference on Object-Oriented Technologies and Systems (COOTS
97), 1997, (also ,http://www.cs.arizona.edu/sumatra/toba/*).

[RDF] Resource Description Framework, http://www.w3.org/Metadata/RDF/Group/WD-rdf-syntax

[Selberg & Etzioni, 1997E. Selberg and O. Etzioni: The MetaCrawler Architecture for Resource
Aggregation on the WelbEEE Expert January-February 1997. http://www.metacrawler.com.

[Skuce,1997D. Skuce: Hybrid KM: Integrating Documents, Knowledge Bases, Databases, and the
Web. In: Proceedings of AAAI Spring Symposium on Atrtificial Intelligence in Knowledge
Management1997. URL.: http://ksi.cpsc.ucalgary.ca/AIKM97/AIKM97Proc.html



-28-

[Subrahmanian et al., 1999] S. Subrahmanian, S. Adali, A. Brink, J. J. Lu, A. Rajput, T. J. Rogers,
R. Ross, and C. WartHERMES: A Heterogeneous Reasoning and Mediator Sy$eghnical
Report, University of Maryland, 1995.

[Swartout et al., 1996B. Swartout, R. Patil, K. Knight, and T. Russ: Toward Distributed Use of
Large-Scale Ontologies. IProceedings of the 10th Banff Knowledge Acquisition for
Knowledge-Based Systems Workshop (KAWEE)f, Alberta, Canada, November 9-14, 1996.

[URL] Uniform Resource Locatohttp://www.w3.org/pub/WWW/Protocols.

[Van Gelder, 1993]A. Van Gelder: The Alternating Fixpoint of Logic Programs with Negation,
Journal of Computer and System Sciend@¢1):18%1 221, 1993.

[Van Gelder et al., 19914. Van Gelder, K. Ross, J. S. Schlipf: The Well-Founded Semantics for
General Logic Program3dpurnal of the ACM38(3): 6201 650, 1991.

[Wiederhold, 1992]G. Wiederhold: Mediators in the Architecture of Future Information Systems,
IEEE Computey 25(3):381 49, 1992.

[XML] Extensible Markup Language, http:¥tmv.w3.0org/TR/PR-xmI-971208



