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Increases in product complexity, the move toward globalization, the emergence of

virtual organizations, and the increase in focus on customer orientation all demand

a more thorough and systematic approach to managing knowledge. Knowledge man-

agement is a major issue for human resource management, enterprise organization, and 

enterprise culture. But IT plays a major supporting
role in managing knowledge.

You typically build IT-supported KM solutions
around an organizational structure that integrates
informal, semiformal, and formal knowledge to facil-
itate its access, sharing, and reuse.1 In such contexts,
where knowledge has to be modeled, structured, and
interlinked, ontologies can help formalize the knowl-
edge shared by a group of people.2

In this article, we present an approach for ontol-
ogy-based KM that includes a suite of ontology-
based tools as well as a methodology for developing
ontology-based KM systems. Our approach, shown
in Figure 1, builds on the distinction between knowl-
edge process (handling knowledge items) and knowl-
edge metaprocess (introducing and maintaining KM
systems).

Ontologies constitute the glue that binds knowl-
edge subprocesses together. Ontologies open the way
to move from a document-oriented view of KM to a
content-oriented view, where knowledge items are
interlinked, combined, and used. The method for
developing KM systems that we outline in this arti-
cle (that is, the knowledge metaprocess) extends and
improves the CommonKADS method3 by introduc-
ing specific guidelines for developing and main-
taining ontologies.

Our approach shows that you can clearly identify
and handle different subprocesses that drive the
development and use of KM applications. You sup-
port these subprocesses by appropriate tools that are
tied together by the ontology infrastructure.4

Knowledge items versus documents
Companies have typically pursued a very simple,

pragmatic approach for introducing KM into the
enterprise (moving along the knowledge meta-
process in the yellow circle in Figure 1), which
means that they have picked only the low-hanging
fruit. We summarize this approach in the left column
of Figure 2. What appears preeminent in this
approach is the focus on handling documents (steps
2 and 3) and the existing but minor role of the appen-
dix “process.”

In spite of its immediate successes, this approach
presents several disadvantages. In particular, it often
leads to the consequence that the knowledge process
steps (the blue circle) of creation, import, captur-

This approach for

ontology-based

knowledge management

includes a tool suite and

methodology for

developing ontology-

based KM systems. It

builds on the distinction

between knowledge

process and knowledge

metaprocess and is

illustrated by CHAR, a

knowledge management

system for corporate

history analysis.
Figure 1. Two orthogonal processes with
feedback loops illustrate our approach to 
knowledge management.

Knowledge
process

Knowledge
metaprocess



ing, retrieving and accessing, and using are
only very loosely connected, if at all. The
underlying reason is that for each of these
steps different types of business documents
play a major role, which makes “knowledge
re-use”—let alone knowledge refinding—
extremely difficult .

Relevant knowledge items can appear in
a multitude of different document formats:
text documents, spreadsheets, presentation
slides, database entries, Web pages, con-
struction drawings, or email, to name but a
few. The challenge lies in how you handle
the knowledge. 

At the one extreme, in traditional docu-
ment management, IT support for KM can-
not take advantage of the document contents
themselves but only their explicit or implicit
classification. At the other extreme, there are
expert systems that structure and codify all
knowledge in the system. However, although
such an approach might sometimes be appro-
priate, not everything can be codified. A lot
of knowledge is created sporadically, and the
value of its reuse can only be demonstrated
over time. You must therefore search for an
adequate balance between reuse, level of for-
mality, and cost. For instance, certain help
desk scenarios imply long-term use of
extremely well-defined knowledge items.5

In these cases, it might be economically
advantageous to spend some time and money
on coding. On the other hand, a hallway dis-
cussion is usually not worth codifying at all,
because it might not be reusable. 

To balance conflicting needs and manage
various degrees of encoded knowledge, it
can be useful to employ the concept of meta-
data, which we can define in two comple-
mentary ways:

• Data describing issues related to the con-
tent of data. We divide this category into
two orthogonal dimensions: the formality
of the data and the containment of the
metadata. In the first dimension, metadata
might range from very informal descrip-
tions of documents (like free-text sum-
maries of books) to very formal descrip-
tions (like ontology-based document
annotation). In the second dimension,
parts of metadata might be internal to the
data that is described (like an HTML
author tag) while others might be stored
completely independently from the docu-
ment they describe (like a bibliography
database that classifies the documents it
refers to but does not contain them).

• Data that describes the structure of data.
In our case, you can call this type of
metadata “meta metadata” because it
describes the structure of metadata. This
distinction boils down to an ontology that
formally describes the domain of the KM
application, possibly including parts of
the organization and the information
structures.6

Metadata can help condense and codify
knowledge for reuse in other steps of the KM
process. It can also help link knowledge
items of various degrees of formality
together, thus allowing a sliding balance
between depth of coding and costs.

Knowledge process
Once you fully implement a KM system,

knowledge processes essentially revolve
around the following steps (see Figure 3):

• Creation or import. The contents need to
be created or converted so that they fit the
conventions of the company.

• Capture. Knowledge items have to be cap-
tured in order to determine their impor-
tance and how they mesh with the com-
pany’s vocabulary conventions.

• Retrieval and access. This step satisfies
the searches and queries for knowledge by
the knowledge worker.

• Use. The knowledge worker will not only
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1.

2.

Find out what the core knowledge needs are.

Document focus                                     Knowledge item focus 

Find out which
business documents and databases
deal with these knowledge needs.

Find out which
knowledge items

deal with these knowledge needs.

3.
Build an

infrastructure
for your organizational memory system.

Find out which
knowledge processes

to allow for creation, handling, and process 
support of and around knowledge items.

4.

Re-organize
processes

to deal with creation and distribution of
knowledge.

Build an
infrastructure

for your organizational memory system.

Figure 2. The document focus compared to the knowledge item focus.

Figure 3. The knowledge process.
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recall knowledge items, but will process
them for further use.

Knowledge creation
Creation of computer-accessible knowl-

edge typically moves between the two
extremes of formal and informal. Compara-
tively deep codification can often be done
without requiring any extra effort. Business
documents, in general, do not arbitrarily
change but often come with some inherent
structure, like engineering requirements for
quality management. Our idea is to embed
the structure of knowledge items into docu-
ment templates, which are then filled on the
fly by doing daily work.7

The granularity of this knowledge then lies
in the middle between the extremes of
coarsely representing business documents and
representing them too finely. As Table 1 illus-
trates, there are several degrees of formality
between formal and informal knowledge.

In Table 1, we use the term content-struc-
tured documents to refer to XML structures
that are tightly (sometimes explicitly, some-
times implicitly) linked to a domain model.
For instance, XML-EDI documents come
with a predefined structure alluding to a stan-
dard framework for exchanging data, such as

invoices, healthcare claims, or project status
reports. By the term document templates, we
mean similar structures that come with a
larger degree of freedom, including large
chunks of informal knowledge items such as
the one found in Figure 4.

Careful analysis of the in-use knowledge
items lets you add formal knowledge parts
into the process of creating documents.
Doing so pushes the degree of formality
slightly upwards without endangering over-
all system use.

Knowledge import
For many KM purposes, importing knowl-

edge items into the KM system has the same
or more importance than creating them. You
can liken the situation to data warehousing,
except that the input structures are more var-
ied and the target structures are much richer
and more complex.

For imported knowledge, accurate access
to relevant items plays an even more impor-
tant role than for homemade knowledge. For
homemade knowledge items, people might
act as a backup index, but they can’t for
recently imported knowledge that no one has
yet seen. In fact, studies have shown that the
parts that cover imported knowledge are less

heavily exploited than those covering home-
grown ones.8

Knowledge capture
Once you create knowledge items, the next

step is to capture their essential contents.
There are several indexing and abstracting
techniques typical of library science. In addi-
tion, we provide a means to capture document
excerpts as well as interlinkage between
excerpts by our tool, OntoAnnotate.4

OntoAnnotate, illustrated in Figure 5, lets
you create objects and describe them with
their attributes and relations. Describing
objects this way helps exploit knowledge
found on Web pages, in spreadsheets, or in
text documents. In the example shown in Fig-
ure 5, OntoAnnotate captures several facts,
such as company M.A. Hanna selling its
Shape Distribution Business to GE.

Through this annotation process, you cre-
ate metadata that conform to the ontology
and that can be aligned with related infor-
mation to yield analyses and derivations like
those we describe in this article. The origins
of the metadata may be used to validate the
overall information.

Knowledge retrieval and access
You typically perform large parts of

knowledge retrieval and access through a
conventional GUI. You can use the ontology
to derive further views of the knowledge. In
particular, you can exploit the ontology for
navigation purposes, offering navigation
structures the way Yahoo does. Knowledge
workers can explore what is in the organiza-
tion’s collective memory without being
required to ask a particular question—which
is often a hard task for newcomers.

Also, using an ontology lets you derive
additional links and descriptions. For exam-
ple, the ontology can help you derive state
descriptions for points in time for which no
explicit data exists (such as the current
structure of a company that has changed its
organization by mergers or acquisitions).
Thus, it can provide new hyperlinks that
aren’t explicitly given. Ontologies can help
complete views of your captured knowledge
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Table 1. Degrees of formal and informal knowledge.

Degree Model Interface Example

Thoroughly formal Relational Form interface Database interface
Formal Content-structured document Tight XML structure XML-EDI
Partially formal Document template Loose XML structure Investment recommendation template
Informal Free text No predefined structure ASCII text file

<investmentrecommendation>
<author> Henrik Oppermann </author>
<plandate> October 18th, 2003 </plandate>
<interviewpartners>

<name> York Sure </name>
<name> Hans-Peter Schnurr </name>
<name> Steffen Staab </name>

</interviewpartners>
<recommend> strong buy </recommend>
<details>

<peergroup> … </peergroup>
<…> … <…>

</details>
</investmentrecommendation>

Figure 4. An example of a knowledge item, in this case an investment
recommendation template.



without requiring that all information is
actually given.

Knowledge use
Knowledge use, which deals with the most

intricate points of KM, is the part that is most
often neglected. Many KM systems assume
that once some relevant document is found,
everything is done. Eventually, however, the
way to use knowledge from the organization’s
collective memory becomes quite involved.
Topics such as proactive access, personaliza-
tion, and in particular, tight integration with
subsequent applications play a crucial role for
the effective reuse of knowledge. Very often
it is not even the knowledge itself that is of
most interest, but the derivations that can be
made from the knowledge. For instance, in
our case study, no single knowledge items
about a company might be relevant to a mar-
ket analyst, but the overall picture presented
by the analysis can be quite relevant.

In addition, usage data tells a lot about the
organization’s memory and about the organi-
zation itself. You can analyze which processes,
customers, and techniques are tied to core fig-
ures of the organization. In one of our cases,
we identified the important role of a sales rep-
resentative in South America only by his per-
vasive knowledge stored in the organizational
memory about this market. Without the rep-
resentative, the South American market might
have gotten lost and, hence, the company
began initiatives to avoid this situation.

Knowledge metaprocess
Over more than a decade, CommonKADS

has been generally successful as a methodol-
ogy for developing KM systems.3 It took until
the 1990s for research to begin identifying the
virtues of ontologies for sharing and reusing
knowledge. But there is little work that tightly
integrates ontology development into an over-
arching methodology for introducing knowl-
edge management systems, such as Com-
monKADS. In contrast to seminal related work
in the area of ontology development,2,9 our
focus lies on the application-oriented devel-
opment of ontologies, including feedback and
requirements from the KM application.

Our model for ontology development
ranges from the early stages of setting up a
KM project to the final rollout of the ontol-
ogy-based KM application. In this article, we
integrate some lessons learned from our expe-
riences into the steps to be taken to perform
ontology development activities. Figure 6
shows the ontology development process.

Feasibility study
Any KM system can only function satis-

factorily if it is properly integrated. Several
factors other than technology can determine
success or failure. To analyze these factors,
you have to perform a feasibility study to
identify problem or opportunity areas and
potential solutions. You also perform a fea-
sibility study to put these problems or
opportunities into a wider organizational
perspective.

The feasibility study can help you deter-
mine economical and technical project feasi-
bility. It can help you select the most promis-
ing focus area and the best solution to any
potential problems. For our purposes, we
adopted the kind of feasibility study described

in the CommonKADS methodology. The fea-
sibility study should be carried out before
actually developing ontologies because it
serves as a basis for the kickoff phase.

Kickoff phase
The kickoff phase’s output product is an

ontology requirements specification docu-
ment (see Figure 7). The kickoff phase
describes what an ontology should support
and sketches the planned area of the ontol-
ogy application. It should also guide an
ontology engineer to decide about inclusion,
exclusion, and the hierarchical structure of
concepts in the ontology. In this early stage,
you should look for already developed and
potentially reusable ontologies.
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Figure 5. How OntoAnnotate works when capturing knowledge about a sale.

Figure 6. The ontology development process or knowledge metaprocess.
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In summary, the kickoff phase should
clearly detail several pieces of information:

• the ontology’s goal,
• its domain and scope,
• the applications it supports,
• its knowledge sources (like domain

experts, organization charts, business
plans, dictionaries, index lists, or db-
schemas), and

• its potential users and usage scenarios.

It should also include a competency ques-
tionnaire like the one shown in Table 2—
essentially an overview of possible queries
to the system that can indicate the scope and
content of the domain ontology. Finally, the
kickoff phase should detail any potentially
reusable ontologies.

Refinement phase
The goal of the refinement phase is to pro-

duce a mature and application-oriented target
ontology according to the specification given
by the kickoff phase. We divide this phase
into different subphases:

• Gathering an informal baseline taxonomy
containing relevant concepts given during
the kickoff phase.

• Eliciting knowledge from domain experts

based on the initial input from the base-
line taxonomy to develop a seed ontology
that contains relevant concepts and
describes the relationships between them.
The seed ontology is expressed at an epis-
temological level.

• Transferring the seed ontology into the
target ontology expressed in formal rep-
resentation languages like Frame Logic,
Description Logic, or Conceptual Graphs.

Using potentially reusable ontologies
(identified during the kickoff phase) can
improve the speed and quality of the devel-
opment during the whole refinement phase.
These ontologies might provide useful hints
for modeling decisions.

Evaluation phase
The evaluation phase serves as a proof of

the usefulness of developed ontologies and
their associated software environment. In this
step, the ontology engineer checks whether
the target ontology satisfies the ontology
requirements specification document and
whether the ontology supports or answers the
competency questions analyzed in the kick-
off phase of the project.

In this step you also test the ontology in
the target application environment. Feedback
from beta users might be valuable input for

further refinement of the ontology. The pro-
totype system should track the ways users
navigate or search for concepts and relations.
You can then trace what areas of the ontol-
ogy are used most often.

This phase is closely linked to the refine-
ment phase. An ontology engineer might need
to perform several cycles until the target ontol-
ogy reaches the specified level. Rolling out the
target ontology finishes the evaluation phase.

Maintenance phase
Specifications for ontologies often need to

change to reflect changes in the real world. To
reflect these changes, ontologies have to be
maintained frequently. Maintaining ontolo-
gies is primarily an organizational process.
There must be strict rules for the update-
delete-insert processes within ontologies.

We recommend you gather changes to the
ontology and initiate the switch-over to a new
version of the ontology after thoroughly test-
ing possible effects to the application. As in
the refinement phase, feedback from users
might be valuable for identifying changes.

Knowledge metaprocess
instantiated

Actively tracking and managing relevant
knowledge is a major task for knowledge-
intensive companies. While the correct analy-
sis of market situations and competitors are
critical requirements for success, the failure to
provide adequate knowledge about one’s
business environment can invite failure.

Feasibility study
In the feasibility study we found that man-

agement and professionals have a hard time
gathering information, analyzing it, and per-
forming their operational work. The task of
the corporate researcher is to track relevant
knowledge and communicate it to stake-
holders within the company. Market analysts,
consultants, and in-house market research
departments try to track their industry’s activ-
ities using traditional methods. Corporate
research typically tracks newspaper articles,
online databases, annual company reports,
and competitors’ Web pages and then pre-
sents the results to management.

There are several problems with the con-
ventional research process:

• Information archives are document-based.
For a collective gathering of facts, this is
a document-centric view that is too coarse
to be useful.

K n o w l e d g e  M a n a g e m e n t

Figure 7. Ontology requirements specification document.

Domain: Business strategy in the chemical industry
Date: 2000/11/26
Ontology Engineer: T. Model

Goal of the ontology: 
   • Tracking and analyzing corporate business histories
Domain and Scope: 
   • Mergers & acquisitions, restructurings, management changes, and other strategic 
   activities in the chemical industry
Supported applications: 
   • Web-based corporate history analyzer
Knowledge sources:
   • Research analysts (domain experts)
   • Related Web sites (company homepages, chemical industry networks)
   • Newspaper articles
   • Ad hoc news tickers
Users and use cases:
   • Users: Research analysts, strategic consultants
   • Use Case 1: Track strategies of specific companies
   • Use Case 2: Analyze strategic moves of competitors
Competency questions: 
   • Attached competency questionnaire
Potentially reusable ontologies: 
   • Not known
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• Typical document management systems
rely almost exclusively on information
retrieval techniques that are inaccurate.

• Implications can only be made transpar-
ent if you use background knowledge, but
systems today rarely support background
knowledge.

• Different people might contribute knowl-
edge.

• Different people might require different
views of the same basic piece of infor-
mation.

A KM system that covers such knowledge
about the outside world should

• support the collective gathering of infor-
mation on the level of facts rather than
documents,

• integrate the gathering task smoothly into
the common research process,

• allow you to intelligently combine facts,
• check new facts against the available back-

ground knowledge,
• allow multiple-view access to the knowl-

edge through a single entry portal, and 
• allow you to route derived facts back into

the common workplace environment.

With these aims in mind, we developed an
ontology-based application called the Cor-
porate History Analyzer (CHAR).

Kickoff phase
The question was how to bring the required

conceptual structures and reasoning capabil-
ities into action following the further steps 
of our knowledge metaprocess shown in Fig-
ure 6. We collected user requirements in the
requirements specification phase during struc-
tured interviews with corporate research ana-
lysts. The Ontology Requirements Specifi-
cations Document shown in Figure 7 is the
product of this first phase.

We specified the ontology and then devel-
oped it in detail. We asked the domain
experts what questions they would expect to
be answered by a system supporting their
corporate research work. These competency
questions helped us find the most important
concepts and relations between them.

Analyzing the questionnaires helped us
conclude that the system should deliver
answers about the acquisitions, mergers, and
restructuring of companies over specific time
periods. The questionnaire in Table 2 lists
competency questions CQ1 to CQ4 that we
compiled during the ontology kickoff. We
also recognized the need for a clarification
of organizational wording, so we could more
clearly determine, for example, whether a
business unit is a division or a department.

Refinement phase
In the refinement phase, we brought the

concepts into a taxonomic hierarchy
designed for the knowledge engineer. We
showed the taxonomy—a part of which is
shown in Figure 8—to domain experts to
generate additional concepts and relevant
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Table 2. Sample competency questionnaire for a business strategy in the chemical industry.

Domain: Business strategy in the chemical industry
Date: 2000/11/26
Ontology Engineer: T. Model

CQ no. Competency questions Concepts Relation

CQ1 What are the subsidiaries,  company, subsidiary, company has subsidiary
divisions and locations of company X? division, location company has division

company has location 

CQ2 Which companies acquired company X? company, acquisition company makes acquisition
acquisition has buyer 
acquisition has seller 

CQ3 Which companies merged in 1990 in the company, merger, year,  company makes merger
rubber industry? industry company isPartOf industry 

merger happensIn year 

CQ4 Who is CEO of company X? CEO, company company has CEO

CQ5 Which activity of company X leads to activity, company,  company performs activity
operation in region Y? operation, region activity leadsTo operation 

operation takesPlaceIn region 

CQ6 Is there any regional expansion of company X due  expansion, company, region, company makes expansion
to the acquisition of company Y?   acquisition company makes acquisition 

expansion takesPlaceIn region 

CQ7 ...

Figure 8. The Corporate History Analyzer
taxonomy.



attributes, and to establish relationships
between the concepts. OntoEdit, our ontol-
ogy engineering tool, supported this work.10

OntoEdit allows you to model the ontology
and formalize it in different representation
languages, like F-Logic and DAML+OIL.

We found that in the corporate history
domain, time had to be modeled. A company
has a beginning time and (potentially) an end
time, which would be when the company
gets acquired by another company, merges
with another company, or goes bankrupt. So
we found we had to model duration.

One of the key characteristics of CHAR is
that the user provides facts to the system about
actions like acquisitions and mergers and the
system then infers the consequences. To do
this, you have to model rules for all possible
activities that incur such consequences. For
instance, a rule might read like this: “If two
companies are merged, a new company with
a new name is created, the old companies cease
to exist, they are from now on subsidiaries of
the new company” or “If a division is out-
sourced it becomes part of a new company or
it becomes a company on its own.”

For CHAR, we had to develop a Web
interface that used the ontology for querying
and augmenting the knowledge repository
(see Figure 9). We had to perform a query
development step to formalize the views and
competency questions described earlier. This

development step depended mostly on the
actual application setting. It was independent
from the ontology construction.

Evaluation phase
In the evaluation and testing phase, we

investigated the ontology’s usability. With
regard to the CHAR ontology, we found that
the competency questions CQ1 to CQ4
(Table 2) could be handled successfully by
the ontology. However, we wanted complex
knowledge content to be queried and
depicted on one screen. This kind of content
would include company purchases, regions
of previous activities, and regions of activi-
ties of the purchased company.

The research analyst found that singleton
knowledge items were spread over different
screens of the application. They were very
hard to combine by the research analyst to
answer strategic questions. He wanted bet-
ter support from the ontology. Through the
discussion, we came up with additional com-
petency questions (CQ5 and following) that
should be handled by the ontology. We then
added corresponding axioms to the ontology
and introduced a new query window for
strategic questions.

Maintenance phase
We are currently in a maintenance phase,

where through a shift in the goal orientation of

the application, we face requirements for con-
siderable extension of the ontology and the
application. In addition to corporate histories,
the system must now support the extended
tracking of market circumstances, including a
more detailed view of available technology and
better comparisons with peer groups.

Major problems that we now must face
include the documentation and versioning
problems that have so far been neglected by
practically all ontology development tools.
We are working toward resolving these issues
in our ontology environment OntoEdit.

We developed our methodology parallel
to CHAR. Thus, we could not follow all the
methodological steps we’ve presented here
from the very beginning. Developers who are
new to the project need to reverse-engineer
some old ontology parts to find answers
about how these parts actually work. We
expect that comprehensive use of the pro-
posed methodology and its full-fledged sup-
port by OntoEdit will mostly prevent these
problems in the future.

Knowledge process instantiated
CHAR should allow many people to con-

tribute factual knowledge in a way that can be
embedded into their common work process
and organized around a semantic background.
It should also provide multiple views onto the
same knowledge base for different time
frames, for different regional foci, for varying
intra-organizational structures, and for differ-
ent strategic questions, to name but a few.

Providing knowledge
Providing new facts for the knowledge

repository should be as easy and as smoothly
integrated into common work as possible.
There are several ways to do this:

• You can enter information through a form-
based interface.

• When information is produced during doc-
umentation or report-writing, you can use
a template approach to generate knowl-
edge. Both of these tools affect the knowl-
edge creation step.

• You can use wrapper mechanisms to pro-
vide data from tables and lists on the Web
(import step).

• Most important for CHAR, you can use
our annotation tool to add metadata to data
given in documents, which affects the cap-
turing step.

Figure 5 shows a snapshot of OntoAnno-
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Figure 9. The Corporate History Analyzer.



tate.4 The user works with documents using
a text or spreadsheet tool or an Internet
browser. When the user detects some rele-
vant change being described in the docu-
ment, he or she highlights the word or phrase
and uses the annotation tool to select the type
of the phrase (like “M.A.Hanna is a com-
pany”) and its relation to other material (like
“Hanna sells Shapes Distribution Business
to GE Plastics on 11 May 2000”). The
knowledge repository stores the document,
these facts, the time of annotation, and meta-
data about the annotator.

Querying for knowledge
We designed CHAR’s query interface to

deal with organizational and strategic ques-
tions that depend on spatiotemporal con-

straints. CHAR renders views that can be
seen on a common Web browser. Actually,
these views look just like common Web sites.
The available menu selections are controlled
by the knowledge of the back-end system.
For example, you can select companies
known to exist in the knowledge repository.
Figure 9 shows the main views offered by
CHAR. These views include Activities,
Organization, Know-How, Strategic Ques-
tions, and General Query Possibilities (indi-
cated by “Search”). 

The first major category of queries relevant
to the corporate history is about organiza-
tional structures and the activities that change
organizational structures. For instance, the
view of “Acquisitions of M.A.Hanna” returns
all its purchases. CHAR offers correspond-

ing views for Sales, Mergers, Restructuring,
and Management Changes (see Figure 10).

What is interesting to note at this point is
that it is rather difficult to get a clear picture of
what is really happening with M.A.Hanna. It
is difficult and time-consuming for the human
analyst to detect some trend in lists of single
knowledge items. Observations become much
easier when different types of knowledge
items can be related and contrasted.

For instance, Figure 10 shows two snap-
shots of the organization of M.A.Hanna.
They are automatically derived from single
activities, like acquisitions and restructur-
ings, and they can give the analyst a neat pic-
ture of how formerly isolated purchases that
M.A.Hanna made before 1994 were more
tightly integrated in the company in 1997 (for
example, “Southwest Chemical” having been
reorganized into the Business Area “Plastic
Compounding”).

In addition to sophisticated support based
on concrete facts and figures, CHAR sup-
ports strategic questions that indicate possi-

Figure 10. Comparing two organizational
structures using the Corporate History
Analyzer (CHAR).
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ble answers to questions about business com-
petitors that cannot be answered definitely
and often rely on conjecture. For instance,
the purchase of a company from abroad
might lead to a gain of market share in that
area, and thus to a regional diversification.

In the future, more and more companies
will find that analysis of knowledge

processes will feed back into the knowledge
metaprocess cycle and can help to improve
both. These companies will find that new
concepts that come up during the use of a
KM solution can be introduced back into the
ontology to help it evolve. For this purpose,
we investigate the use of semi-automatic
ontology learning techniques.10

The challenges lie in analyzing KM
processes and dynamically updating the KM
solution. Our framework can help leverage
these evolving systems by providing a con-
cise view of the problem.

Related to this work, we are jointly orga-
nizing the first German conference on knowl-
edge management, the WM2001 (http://
wm2001.aifb.uni-karlsruhe.de). Steffen Staab
and Rudi Studer are the cochairs, York Sure
is the industrial liaison, and Hans-Peter
Schnurr is the finance chair.
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Ontology Learning for
the Semantic Web
Alexander Maedche and Steffen Staab, University of Karlsruhe 

The Semantic Web relies heavily on formal ontologies to structure data for com-

prehensive and transportable machine understanding. Thus, the proliferation of

ontologies factors largely in the Semantic Web’s success. Ontology learning greatly helps

ontology engineers construct ontologies. The vision of ontology learning that we propose

includes a number of complementary disciplines that
feed on different types of unstructured, semistruc-
tured, and fully structured data to support semiauto-
matic, cooperative ontology engineering. Our ontol-
ogy-learning framework proceeds through ontology
import, extraction, pruning, refinement, and evalua-
tion, giving the ontology engineer coordinated tools
for ontology modeling. Besides the general frame-
work and architecture, this article discusses tech-
niques in the ontology-learning cycle that we imple-
mented in our ontology-learning environment, such
as ontology learning from free text, dictionaries, and
legacy ontologies. We also refer to other techniques
for future implementation, such as reverse engi-
neering of ontologies from database schemata or
learning from XML documents.

Ontologies for the Semantic Web
The conceptual structures that define an underlying

ontology provide the key to machine-processable data
on the Semantic Web. Ontologies serve as metadata
schemas, providing a controlled vocabulary of concepts,
each with explicitly defined and machine-processable
semantics. By defining shared and common domain the-
ories, ontologies help people and machines to commu-
nicate concisely—supporting semantics exchange, not
just syntax. Hence, the Semantic Web’s success and pro-
liferation depends on quickly and cheaply constructing
domain-specific ontologies.

Although ontology-engineering tools have matured
over the last decade,1 manual ontology acquisition
remains a tedious, cumbersome task that can easily
result in a knowledge acquisition bottleneck. When

developing our ontology-engineering workbench,
OntoEdit, we particularly faced this question as we
were asked questions that dealt with time (“Can you
develop an ontology quickly?”), difficulty, (“Is it dif-
ficult to build an ontology?”), and confidence (“How
do you know that you’ve got the ontology right?”).

These problems resemble those that knowledge
engineers have dealt with over the last two decades
as they worked on knowledge acquisition method-
ologies or workbenches for defining knowledge
bases. The integration of knowledge acquisition with
machine-learning techniques proved extremely ben-
eficial for knowledge acquisition.2 The drawback to
such approaches,3 however, was their rather strong
focus on structured knowledge or databases, from
which they induced their rules.

Conversely, in the Web environment we encounter
when building Web ontologies, structured knowl-
edge bases or databases are the exception rather than
the norm. Hence, intelligent support tools for an
ontology engineer take on a different meaning than
the integration architectures for more conventional
knowledge acquisition.4

In ontology learning, we aim to integrate numerous
disciplines to facilitate ontology construction, partic-
ularly machine learning. Because fully automatic
machine knowledge acquisition remains in the distant
future, we consider ontology learning as semiauto-
matic with human intervention, adopting the paradigm
of balanced cooperative modeling for constructing
ontologies for the Semantic Web.5 With this objective
in mind, we built an architecture that combines knowl-
edge acquisition with machine learning, drawing on
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resources that we find on the syntactic Web—
free text, semistructured text, schema defini-
tions (such as document type definitions
[DTDs]), and so on. Thereby, our framework’s
modules serve different steps in the engineer-
ing cycle (see Figure 1):

• Merging existing structures or defining
mapping rules between these structures
allows importing and reusing existing
ontologies. (For instance, Cyc’s ontolog-
ical structures have been used to construct
a domain-specific ontology.6) 

• Ontology extraction models major parts
of the target ontology, with learning sup-
port fed from Web documents. 

• The target ontology’s rough outline, which
results from import, reuse, and extraction,
is pruned to better fit the ontology to its
primary purpose. 

• Ontology refinement profits from the pruned
ontology but completes the ontology at a
fine granularity (in contrast to extraction). 

• The target application serves as a measure
for validating the resulting ontology.7

Finally, the ontology engineer can begin this
cycle again—for example, to include new
domains in the constructed ontology or to
maintain and update its scope.

Architecture
Given the task of constructing and main-

taining an ontology for a Semantic Web
application such as an ontology-based
knowledge portal,8 we produced support for
the ontology engineer embedded in a com-
prehensive architecture (see Figure 2). The
ontology engineer only interacts via the
graphical interfaces, which comprise two of
the four components: the OntoEdit Ontol-
ogy Engineering Workbench and the Man-
agement Component. Resource Processing
and the Algorithm Library are the architec-
ture’s remaining components.

The OntoEdit Ontology Engineering
Workbench offers sophisticated graphical
means for manual modeling and refining of the
final ontology. The interface gives the user dif-
ferent views, targeting the epistemological
level rather than a particular representation lan-
guage. However, the user can export the onto-
logical structures to standard Semantic Web
representation languages such as OIL (ontol-
ogy interchange language) and DAML-ONT
(DAML ontology language), as well as our own
F-Logic-based extensions of RDF(S)—we use
RDF(S) to refer to the combined technologies
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of the resource description framework and
RDF Schema. Additionally, users can gener-
ate and access executable representations for
constraint checking and application debugging
through SilRi (simple logic-based RDF inter-
preter, www.ontoprise.de), our F-Logic infer-
ence engine, which connects directly to
OntoEdit.

We knew that sophisticated ontology-engi-
neering tools—for example, the Protégé mod-
eling environment for knowledge-based sys-
tems1—would offer capabilities roughly
comparable to OntoEdit. However, in trying
to construct a knowledge portal, we found
that a large conceptual gap existed between
the ontology-engineering tool and the input
(often legacy data), such as Web documents,
Web document schemata, databases on the
Web, and Web ontologies, which ultimately
determine the target ontology. Into this void
we have positioned new components of our
ontology-learning architecture (see Figure 2).
The new components support the ontology
engineer in importing existing ontology prim-
itives, extracting new ones, pruning given
ones, or refining with additional ontology
primitives. In our case, the ontology primi-
tives comprise

• a set of strings that describe lexical entries
L for concepts and relations;

• a set of concepts C (roughly akin to
synsets in WordNet9);

• a taxonomy of concepts with multiple
inheritance (heterarchy) HC;

• a set of nontaxonomic relations R
described by their domain and range
restrictions;

• a heterarchy of relations—HR;
• relations F and G that relate concepts and

relations with their lexical entries; and
• a set of axioms A that describe additional

constraints on the ontology and make
implicit facts explicit.8

This structure corresponds closely to
RDF(S), except for the explicit consideration
of lexical entries. Separating concept refer-
ence from concept denotation permits very
domain-specific ontologies without incur-
ring an instantaneous conflict when merg-
ing ontologies—a standard Semantic Web
request. For instance, the lexical entry school
in one ontology might refer to a building in
ontology A, an organization in ontology B,
or both in ontology C. Also, in ontology A,
we can refer to the concept referred to in
English by school and school building by the

German Schule and Schulgebäude.
Ontology learning relies on an ontology

structured along these lines and on input data
as described earlier to propose new knowledge
about reasonably interesting concepts, rela-
tions, and lexical entries or about links between
these entities—proposing some for addition,
deletion, or merging. The graphical result set
presents the ontology-learning process’s
results to the ontology engineer (we’ll discuss
this further in the “Association rules” section).
The ontology engineer can then browse the
results and decide to follow, delete, or modify
the proposals, as the task requires.

Components
By integrating the previously discussed con-

siderations into a coherent generic architecture
for extracting and maintaining ontologies from
Web data, we have identified several core com-
ponents (including the graphical user interface
discussed earlier). 

Management component 
graphical user interface

The ontology engineer uses the manage-
ment component to select input data—that is,
relevant resources such as HTML and XML
documents, DTDs, databases, or existing
ontologies that the discovery process can fur-
ther exploit. Then, using the management
component, the engineer chooses from a set
of resource-processing methods available in
the resource-processing component and from
a set of algorithms available in the algorithm
library.

The management component also supports
the engineer in discovering task-relevant
legacy data—for example, an ontology-based
crawler gathers HTML documents that are rel-
evant to a given core ontology.

Resource processing
Depending on the available input data, the

engineer can choose various strategies for
resource processing:

• Index and reduce HTML documents to
free text.

• Transform semistructured documents,
such as dictionaries, into a predefined rela-
tional structure.

• Handle semistructured and structured
schema data (such as DTDs, structured
database schemata, and existing ontolo-
gies) by following different strategies for
import, as described later in this article.

• Process free natural text. Our system
accesses the natural-language-processing
system Saarbrücken Message Extraction
System, a shallow-text processor for Ger-
man.10 SMES comprises a tokenizer
based on regular expressions, a lexical
analysis component including various
word lexicons, an amorphological analy-
sis module, a named-entity recognizer,
a part-of-speech tagger, and a chunk
parser.

After first preprocessing data according to one
of these or similar strategies, the resource-pro-
cessing module transforms the data into an
algorithm-specific relational representation.

Algorithm library
We can describe an ontology by a number

of sets of concepts, relations, lexical entries,
and links between these entities. We can
acquire an existing ontology definition
(including L, C, HC, R, HR, A, F, and G),
using various algorithms that work on this
definition and the preprocessed input data.
Although specific algorithms can vary
greatly from one type of input to the next, a
considerable overlap exists for underlying
learning approaches such as association
rules, formal concept analysis, or clustering.
Hence, we can reuse algorithms from the
library for acquiring different parts of the
ontology definition.

In our implementation, we generally use
a multistrategy learning and result combina-
tion approach. Thus, each algorithm plugged
into the library generates normalized results
that adhere to the ontology structures we’ve
discussed and that we can apply toward a
coherent ontology definition.

Import and reuse
Given our experiences in medicine,
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telecommunications, tourism, and insurance,
we expect that domain conceptualizations are
available for almost any commercially signif-
icant domain. Thus, we need mechanisms and
strategies to import and reuse domain con-
ceptualizations from existing (schema) struc-
tures. We can recover the conceptualizations,
for example, from legacy database schemata,
DTDs, or from existing ontologies that con-
ceptualize some relevant part of the target
ontology.

In the first part of import and reuse, we
identify the schema structures and discuss
their general content with domain experts.
We must import each of these knowledge
sources separately. We can also import man-
ually—which can include a manual defini-
tion of transformation rules. Alternatively,
reverse-engineering tools—such as those
that exist for recovering extended entity-
relationship diagrams from a given data-
base’s SQL description (see the sidebar)—
might facilitate the recovery of conceptual
structures.

In the second part of the import and reuse
step, we must merge or align imported con-

ceptual structures to form a single common
ground from which to springboard into the
subsequent ontology-learning phases of
extracting, pruning, and refining. Although
the general research issue of merging and
aligning is still an open problem, recent pro-
posals have shown how to improve the man-
ual merging and aligning process. Existing
methods mostly rely on matching heuristics
for proposing the merger of concepts and sim-
ilar knowledge base operations. Our research
also integrates mechanisms that use an appli-
cation-data–oriented, bottom-up approach.11

For instance, formal concept analysis lets us
discover patterns between application data
and the use of concepts, on one hand, and
their heterarchies’relations and semantics, on
the other, in a formally concise way (see B.
Ganter and R. Wille’s work on formal con-
cept analysis in the sidebar).

Overall, the ontology-learning import and
reuse step seems to be the hardest to general-
ize. The task vaguely resembles the general
problems encountered in data-warehousing
—adding, however, challenging problems of 
its own.

Extraction
Ontology-extraction models major

parts—the complete ontology or large
chunks representing a new ontology sub-
domain—with learning support exploiting
various types of Web sources. Ontology-
learning techniques partially rely on given
ontology parts. Thus, we here encounter an
iterative model where previous revisions
through the ontology-learning cycle can
propel subsequent ones, and more sophis-
ticated algorithms can work on structures
that previous, more straightforward algo-
rithms have proposed.

To describe this phase, let’s look at some
of the techniques and algorithms that we
embedded in our framework and imple-
mented in our ontology-learning environ-
ment Text-To-Onto (see Figure 3). We
cover a substantial part of the overall ontol-
ogy-learning task in the extraction phase.
Text-To-Onto proposes many different
ontology learning algorithms for primi-
tives, which we described previously (that
is, L, C, R, and so on), to the ontology engi-
neer building on several types of input.
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Until recently, ontology learning—for comprehensive ontol-
ogy construction—did not exist. However, much work in numer-
ous disciplines—computational linguistics, information retrieval,
machine learning, databases, and software engineering—has
researched and practiced techniques that we can use in ontol-
ogy learning. Hence, we can find techniques and methods rel-
evant for ontology learning referred to as 

• “acquisition of selectional restrictions,”1,2

• “word sense disambiguation and learning of word senses,”3

• “computation of concept lattices from formal contexts,”4 and
• “reverse engineering in software engineering.”5

Ontology learning puts many research activities—which focus
on different input types but share a common domain conceptu-
alization—into one perspective. The activities in Table A span a
variety of communities, with references from 20 completely dif-
ferent events and journals.
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A Common Perspective

Table A. A survey of ontology-learning approaches.

Domain Methods Features used Prime purpose Papers 

Free Text Clustering Syntax Extract Paul Buitelaar,6 H. Assadi,7 and David Faure and Claure Nedellec8

Inductive logic  Syntax, logic Extract Frederique Esposito et al.9
programming representation

Association rules Syntax, Tokens  Extract Alexander Maedche and Steffen Staab10

Frequency-based  Syntax Prune Joerg-Uwe Kietz et al.11

Pattern matching  — Extract Emanuelle Morin12

Classification Syntax, semantics Refine Udo Hahn and Klemens Schnattinger13

Dictionary Information extraction Syntax Extract Marti Hearst,14 Yorik Wilks,15 and Joerg-Uwe Kietz et al.11

Page rank Tokens — Jan Jannink and Gio Wiederhold16

Knowledge base Concept induction, Relations Extract Joerg-Uwe Kietz and Katharina Morik17 and S. Schlobach18

A-Box mining 

Semistructured Naive Bayes Relations Reverse engineering Anahai Doan et al.19

schemata

Relational  Data correlation Relations Reverse engineering Paul Johannesson20 and Zahir Tari et al.21

schemata



Lexical entry and concept extraction
One of the baseline methods applied in our

framework for acquiring lexical entries with
corresponding concepts is lexical entry and
concept extraction. Text-To-Onto processes
Web documents on the morphological level,
including multiword terms such as “database
reverse engineering” by n-grams, a simple sta-
tistics-based technique. Based on this text pre-
processing, we apply term-extraction tech-
niques, which are based on (weighted)
statistical frequencies, to propose new lexical
entries for L.

Often, the ontology engineer follows the
proposal by the lexical entry and concept-
extraction mechanism and includes a new lex-
ical entry in the ontology. Because the new
lexical entry comes without an associated con-
cept, the ontology engineer must then decide
(possibly with help from further processing)
whether to introduce a new concept or link the
new lexical entry to an existing concept.

Hierarchical concept clustering
Given a lexicon and a set of concepts, one

major next step is taxonomic concept classifi-
cation. One generally applicable method with
regard to this is hierarchical clustering, which
exploits items’ similarities to propose a hier-
archy of item categories. We compute the sim-
ilarity measure on the properties of items.

When extracting a hierarchy from natural-
language text, term adjacency or syntactical
relationships between terms yield consider-
able descriptive power to induce the semantic
hierarchy of concepts related to these terms.

David Faure and Claure Nedellec give a
sophisticated example for hierarchical clus-
tering (see the sidebar). They present a coop-
erative machine-learning system, Asium
(acquisition of semantic knowledge using
machine-learning method), which acquires
taxonomic relations and subcategorization
frames of verbs based on syntactic input. The
Asium system hierarchically clusters nouns
based on the verbs to which they are syntac-
tically related and vice versa. Thus, they
cooperatively extend the lexicon, the concept
set, and the concept heterarchy (L, C, HC).

Dictionary parsing
Machine-readable dictionaries are fre-

quently available for many domains. Although
their internal structure is mostly free text, com-
paratively few patterns are used to give text
definitions. Hence, MRDs exhibit a large
degree of regularity that can be exploited to
extract a domain conceptualization.

We have used Text-To-Onto to generate a
concept taxonomy from an insurance com-
pany’s MRD (see the sidebar). Likewise,
we’ve applied morphological processing to
term extraction from free text—this time,
however, complementing several pattern-
matching heuristics. Take, for example, the
following dictionary entry:

Automatic Debit Transfer: Electronic service
arising from a debit authorization of the Yellow
Account holder for a recipient to debit bills that
fall due direct from the account….

We applied several heuristics to the mor-
phologically analyzed definitions. For
instance, one simple heuristic relates the defi-
nition term, here automatic debit transfer, with

the first noun phrase in the definition, here elec-
tronic service. The heterarchy HC : HC (auto-
matic debit transfer, electronic service) links
their corresponding concepts. Applying this
heuristic iteratively, we can propose large parts
of the target ontology—more precisely, L, C,
and HC to the ontology engineer. In fact,
because verbs tend to be modeled as relations,
we can also use this method to extend R (and
the linkage between R and L).

Association rules
One typically uses association-rule-learn-

ing algorithms for prototypical applications of
data mining—for example, finding associa-
tions that occur between items such as super-
market products in a set of transactions for
example customers’ purchases. The general-
ized association-rule-learning algorithm ex-
tends its baseline by aiming at descriptions at
the appropriate taxonomy level—for example,
“snacks are purchased together with drinks,”
rather than “chips are purchased with beer,”
and “peanuts are purchased with soda.”

In Text-To-Onto (see the sidebar), we use
a modified generalized association-rule-
learning algorithm to discover relations
between concepts. A given class hierarchy
HC serves as background knowledge. Pairs
of syntactically related concepts—for exam-
ple, pair (festival,island) describing the
head–modifier relationship contained in the
sentence “The festival on Usedom attracts
tourists from all over the world.”—are given
as input to the algorithm. The algorithm gen-
erates association rules that compare the rel-
evance of different rules while climbing up or
down the taxonomy. The algorithm proposes
what appears to be the most relevant binary
rules to the ontology engineer for modeling
relations into the ontology, thus extending R.

As the algorithm tends to generate a high
number of rules, we offer various interaction
modes. For example, the ontology engineer
can restrict the number of suggested relations
by defining so-called restriction concepts that
must participate in the extracted relations.
The flexible enabling and disabling of taxo-
nomic knowledge for extracting relations is
another way of focusing.

Figure 4 shows various views of the
results. We can induce a generalized relation
from the example data given earlier—relation
rel(event,area), which the ontology engineer
could name locatedin, namely, events located in
an area (which extends L and G). The user can
add extracted relations to the ontology by
dragging and dropping them. To explore and
determine the right aggregation level of
adding a relation to the ontology, the user can
browse the relation views for extracted prop-
erties (see the left side of Figure 4).

Pruning
A common theme of modeling in various

disciplines is the balance between com-
pleteness and domain-model scarcity. Tar-
geting completeness for the domain model
appears to be practically unmanageable and
computationally intractable, but targeting the
scarcest model overly limits expressiveness.
Hence, we aim for a balance between the two
that works. Our model should capture a rich
target-domain conceptualization but exclude
the parts out of its focus. Ontology import
and reuse as well as ontology extraction put
the scale considerably out of balance where
out-of-focus concepts reign. Therefore, we
appropriately diminish the ontology in the
pruning phase.

We can view the problem of pruning in at
least two ways. First, we need to clarify how
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pruning particular parts of the ontology (for
example, removing a concept or relation)
affects the rest. For instance, Brian Peterson
and his colleagues have described strategies
that leave the user with a coherent ontology
(that is, no dangling or broken links).6 Second,
we can consider strategies for proposing ontol-
ogy items that we should either keep or prune.
Given a set of application-specific documents,
several strategies exist for pruning the ontol-
ogy that are based on absolute or relative
counts of term frequency combined with the
ontology’s background knowledge (see the
sidebar). 

Refinement
Refining plays a similar role to extract-

ing—the difference is on a sliding scale
rather than a clear-cut distinction. Although

extracting serves mainly for cooperative
modeling of the overall ontology (or at least
of very significant chunks of it), the refine-
ment phase is about fine-tuning the target
ontology and the support of its evolving
nature. The refinement phase can use data
that comes from a concrete Semantic Web
application—for example, log files of user
queries or generic user data. Adapting and
refining the ontology with respect to user
requirements plays a major role in the
application’s acceptance and its further
development.

In principle, we can use the same algo-
rithms for extraction and refinement. How-
ever, during refinement, we must consider
in detail the existing ontology and its exist-
ing connections, while extraction works
more often than not practically from scratch.

Udo Hahn and Klemens Schnattinger
presented a prototypical approach for re-
finement (see the sidebar)—although not
for extraction! They introduced a method-
ology for automating the maintenance of
domain-specific taxonomies. This incre-
mentally updates an ontology as it acquires
new concepts from text. The acquisition
process is centered on the linguistic and
conceptual “quality” of various forms of
evidence underlying concept-hypothesis
generation and refinement. Particularly, to
determine a particular proposal’s quality,
Hahn and Schnattinger consider semantic
conflicts and analogous semantic structures
from the knowledge base for the ontology,
thus extending an existing ontology with
new lexical entries for L, new concepts for
C, and new relations for HC. 
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Ontology learning could add significant
leverage to the Semantic Web because

it propels the construction of domain ontolo-
gies, which the Semantic Web needs to suc-
ceed. We have presented a comprehensive
framework for ontology learning that crosses
the boundaries of single disciplines, touch-
ing on a number of challenges. The good
news is, however, that you don’t need perfect
or optimal support for cooperative ontology
modeling. At least according to our experi-
ence, cheap methods in an integrated envi-
ronment can tremendously help the ontology
engineer.

While a number of problems remain
within individual disciplines, additional chal-
lenges arise that specifically pertain to apply-
ing ontology learning to the Semantic Web.
With the use of XML-based namespace
mechanisms, the notion of an ontology with
well-defined boundaries—for example, only
definitions that are in one file—will disap-
pear. Rather, the Semantic Web might yield
an amoeba-like structure regarding ontology
boundaries because ontologies refer to and
import each other (for example, the DAML-
ONT primitive import). However, we do not
yet know what the semantics of these struc-
tures will look like. In light of these facts, the
importance of methods such as ontology
pruning and crawling will drastically
increase. Moreover, we have so far restricted
our attention in ontology learning to the con-
ceptual structures that are almost contained
in RDF(S). Additional semantic layers on top
of RDF (for example, future OIL or DAML-
ONT with axioms, A) will require new
means for improved ontology engineering
with axioms, too!
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Ontologies in RDF(S)

Steffen Staab, Michael Erdmann, Alexander Mädche

Abstract

RDF(S)1 constitutes a newly emerging standard for metadata

that is about to turn the World Wide Web into a machine-

understandable knowledge base. It is an XML application that

allows for the denotation of facts and schemata in a web-compa-

tible format, building on an elaborate object-model for describ-

ing concepts and relations. Thus, it might turn up as a natural

choice for a widely-useable ontology description language. How-

ever, its lack of capabilities for describing the semantics of con-

cepts and relations beyond those provided by inheritance mecha-

nisms makes it a rather weak language for even the most austere

knowledge-based system. This paper2 presents an approach for

modeling ontologies in RDF(S) that also considers axioms as ob-

jects that are describable in RDF(S). Thus, we provide exible,

extensible, and adequate means for accessing and exchanging ax-

ioms in RDF(S). Our approach follows the spirit of the World

Wide Web, as we do not assume a global axiom speci�cation

language that is too intractable for one purpose and too weak

for the next, but rather a methodology that allows (communities

of) users to specify what axioms are interesting in their domain.

1We use “RDF(S)” to refer to the combined technologies of RDF and RDFS.
2This paper is a revised and extended version of a paper presented at the ECDL-2000 Workshop on

Semantic Web, Lisbon, Portugal, September 2000.
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1 Introduction

The development of the World Wide Web is about to mature from a technical
platform that allows for the transportation of information from sources to hu-
mans (albeit in many syntactic formats) to the communication of knowledge from
Web sources to machines. The knowledge food chain has started with technical
protocols and preliminary formats for information presentation (HTML – Hyper-
Text Markup Language) over a general methodology for separating information
contents from layout (XML – eXtensible Markup Language, XSL – eXtensible
Stylesheet Language) to reach the realms of knowledge provisioning by the means
of RDF and RDFS.

RDF (Resource Description Framework) is a W3C recommendation (Lassila
& Swick, 1999) that provides description facilities for knowledge pieces, viz. for
triples that denote relations between pairs of objects. To exchange and process
RDF models they can be serialized in XML. RDF exploits the means of XML
to allow for disjoint namespaces, linking and referring between namespaces and,
hence, is a general methodology for sharing machine-processable knowledge in a
distributed setting. On top of RDF the simple schema language RDFS (Resource
Description Framework Schema; (Brickley & Guha, 1999)) has been defined to
offer a distinguished vocabulary to model class and property hierarchies and other
basic schema primitives that can be refered to from RDF models. To phrase the
role of RDFS in knowledge engineering terminology, it allows to define a sim-
ple ontology that particular RDF documents may be checked against to determine
consistency.

Ontologies have shown their usefulness in application areas such as intelligent
information integration or information brokering. Therefore their use is highly
interesting for web applications, which may also profit from long term experiences
made in the knowledge acquisition community. Nevertheless, while support for
modeling of ontological concepts and relations has been extensively provided in
RDF(S), the same cannot be said about the modeling of ontological axioms —
one of the key ingredients in ontology definitions and one of the major benefits of
ontology applications.

RDF(S) offers only the most basic modeling primitives for ontology modeling.
Even though there are good and bad choices for particular formal languages, one
must face the principal trade-off between tractability and expressiveness of a lan-
guage. RDF(S) has been placed nearer to the low end of expressiveness, because it
has been conceived to be applicable to vast web resources! In contrast to common
knowledge representation languages, RDF(S) has not been meant to be the defini-
tive answer to all knowledge representation problems, but rather an extensible core
language. The namespace and reification mechanisms of RDF(S) allow (commu-
nities of) users to define their very own standards in RDF(S) format — extending
the core definitions and semantics. As RDF(S) leaves the well-trodden paths of
knowledge engineering at this point, we must reconsider crucial issues concerning
ontology modeling and ontology applications. To name but a few, we mention the
problem of merging and mapping between namespaces, scalability issues, or the
definition and usage of ontological axioms.

In this paper we concentrate on the latter, namely on how to model axioms in
RDF(S) following the stipulations, (i), that the core semantics of RDF(S) is re-
used such that “pure” RDF(S) applications may still process the core object-model
definitions, (ii), that the semantics is preserved between different inferencing tools
(at least to a large extent), and, (iii), that axiom modeling is adaptable to reflect
diverging needs of different communities. Current proposals neglect or even con-
flict with one or several of these requirements. For instance, the first requirement
is violated by the ontology exchange language XOL (Karp et al., 1999) making
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all the object-model definitions indigestible for most RDF(S) applications. The
interchangeability and adaptability stipulation is extremely difficult to meet by the
parse-tree-based representation of MetaLog (Marchiori & Saarela, 1998), since it
obliges to first-order logic formulae. We will show how to adapt a general method-
ology that we have proposed for axiom modeling (Staab & Maedche, 2000) to
be applied to the engineering of ontologies with RDF(S). Our approach is based
on translations of RDF(S) axiom specifications into various target systems that
provide the inferencing services. As our running example, we map axiom spec-
ifications into an F-Logic format that has already served as the core system for
SiLRi, an inference service for core RDF (Decker et al., 1998). Our methodol-
ogy is centered around categorization of axioms, because this allows for a more
concise description of the semantic meaning rather than a particular syntactic rep-
resentation of axioms. Thus, we get a better grip on extensions and adaptations to
particular target inferencing systems.

In the following, we introduce the RDF(S) data model and describe how to
define an object model in RDF(S) including practical issues of ontology docu-
mentation (Section 2). Then we describe our methodology for using RDF(S) such
that axioms may be engineered and exchanged. We describe the core idea of our
approach and illustrate with several examples how to realize our approach (Sec-
tion 3). In a case study (Section 4) we illustrate the application of our approach
in our ontology engineering environment, OntoEdit, and our semantic community
web portal, KA2Portal (Staab et al., 2000). Before we conclude, we give a brief
survey of related work.

2 Modeling Concepts and Relations in RDF(S)

In this section we will first take a look at the core ontology engineering task, i.e.
at the RDF(S) data model proper, and then exploit RDF(S) also for purposes of
practical ontology engineering, viz. for documentation of newly defined or reused
ontologies. This will lay the groundwork for the modeling of axioms in Section 3.

2.1 The RDF(S) Data Model

RDF(S) is an abstract data model that defines relationships between entities (called
resources in RDF) in a similar fashion as semantic nets. Statements in RDF de-
scribe resources, that can be web pages or surrogates for real world objects like
publications, pieces of art, persons, or institutions. We illustrate how concepts and
relations can be modelled in RDF(S) by presenting a sample ontology in the ab-
stract data model and only afterwards show how these concepts and relations are
presented in the XML-serialisation of RDF(S).

2.1.1 RDF

As already mentioned RDF(S) consists of two closely related parts: RDF and RDF
Schema. The foundation of RDF(S) is laid out by RDF which defines basic enti-
ties, like resources, properties, and statements. Anything in RDF(S) is a resource.
Resources may be related to each other or to literal (i.e. atomic) values via prop-
erties. Such a relationship represents a statement that itself may be considered
a resource, i.e. reification is directly built into the RDF data model. Thus, it is
possible to make statements about statements. These basic notions can be easily
depicted in a graphical notation that resembles semantic nets. To illustrate the pos-
sibilities of pure RDF the following statements are expressed in RDF and depicted
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confirmedBy

rdf: objectrdf:subject
rdf:predicate

lastNamefirstName firstName lastName

rdf:type

lastNamefirstName firstName lastName

marriedWith

confirmedBy

lastNamefirstName

http://www.foo.com/W.Simth http://www.foo.com/S.Smith

http://www.vatican.va/holy_father

marriedWith

rdf:Statement

http://www.foo.com/W.Simth http://www.foo.com/S.Smith

http://www.vatican.va/holy_father

http://www.foo.com/W.Simth http://www.foo.com/S.Simth

http://www.foo.com/W.Simth http://www.foo.com/S.Smith

http://www.vatican.va/holy_father

marriedWith

rdf:Statement

http://www.foo.com/W.Simth http://www.foo.com/S.Smith

http://www.vatican.va/holy_father

http://www.foo.com/W.Simth http://www.foo.com/S.Simth

William Smith SmithSusan

William Smith SmithSusan

William Smith SmithSusan

William Smith SmithSusan

William Smith SmithSusan

William Smith SmithSusan

firstName lastName

marriedWith

a)

b)

c)

Figure 1: An example RDF data model.

in Figure 13:

� Firstly, in part (a) of Figure 1 two resources are defined, each carrying a
FIRSTNAME and a LASTNAME property with literal values, identifying the
resources as William and Susan Smith, respectively. These two resources
come with a URI as their unique global identifier and they are related via
the property MARRIEDWITH, which expresses that William is married with
Susan.

� Part (b) of the illustration shows a convenient shortcut for expressing more
complex statements, i.e. reifying a statement and defining a property for the
new resource. The example denotes that the marriage between William and
Susan has been confirmed by the resource representing the Holy Father in
Rome.

� The RDF data model offers the predefined resource rdf:statement and
the predefined propertiesrdf:subject, rdf:predicate, and rdf:object
to reify a statement as a resource. The actual model for the example (b) is
depicted in part (c) of Figure 1. Note that the reified statement makes no
claims about the truth value of what is reified, i.e. if one wants to express
that William and Susan are married and that this marriage has been con-
firmed by the pope then the actual data model must contain a union of part
(a) and part (c) of the example illustration.

2.1.2 RDFS

As a companion standard to RDF, the schema language RDFS is more important
with respect to ontological modeling of domains. RDFS offers a distinguished
vocabulary defined on top of RDF to allow the modelling of object models with

3Resources are represented by ovals, literal values by shaded rectangles and properties by directed,
labeled arcs.
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cleanly defined semantics. The terms introduced in RDFS build the groundwork
for the extensions of RDF(S) that are proposed in this paper. The relevant RDFS
terms are presented in the following list.

� The most general class in RDF(S) is rdfs:Resource. It has two sub-
classes, namely rdfs:Class and rdf:Property (cf. Figure 24). When
specifying a domain specific schema for RDF(S), the classes and properties
defined in this schema will become instances of these two resources.

� The resource rdfs:Class denotes the set of all classes in an object-oriented
sense. I.e. classes like appl:Person or
appl:Organisation are instances of the meta-class rdfs:Class.

� The same holds for properties, i.e. each property defined in an application
specific RDF schema is an instance of rdf:Property, e.g.
appl:marriedWith

� RDFS defines the special property rdfs:subClassOf that defines the sub-
class relationship between classes. Since rdfs:subClassOf is transitive,
definitions are inherited by the more specific classes from the more general
classes and resources that are instances of a class are automatically instances
of all superclasses of this class. In RDF(S) it is prohibited that any class is
an rdfs:subClassOf itself or of one of its subclasses.

� Similar to rdfs:subClassOf, which defines a hierarchy of classes, another
special type of relation rdfs:subPropertyOf defines a hierarchy of prop-
erties, e.g. one may express that FATHEROF is an rdfs:subPropertyOf

PARENTOF.

� RDFS allows to define the domain and range restrictions associated with
properties. For instance, these restrictions allow the definition that persons
and only persons may be MARRIEDWITH and only with other persons.

As depicted in the middle layer of Figure 2 the domain specific classes
appl:Person, appl:Man, and appl:Woman are defined as instances of
rdfs:Class. In the same way domain specific property types are defined as
instances of rdf:Property, i.e. APPL:MARRIEDWITH, APPL:FIRSTNAME, and
APPL:LASTNAME.

2.1.3 The use of XML Namespaces in RDF(S)

The XML namespace mechanism plays a crucial role for the development of RDF
schemata and applications. It allows to distinguish between different modeling
layers (cf. Figure 2 and 3) and to reuse and integrate existing schemata and appli-
cations. At the time being, there exist a number of canonical namespaces, e.g. for
RDF, RDFS, and Dublin Core (cf. Section 2.2). We here introduce two new names-
paces that aim at two different objectives, viz. the comprehensive documentation
of ontologies and the capturing of our proposal for the modeling of ontological
axioms

An actual ontology definition occurs at a concrete URL 5. It defines shorthand
notations which refer to our actual namespaces for ontology documentation and
modeling of ontological axioms, abbreviated odoc and o, respectively. An actual

4The reader may note that only a very small part of RDF(S) is depicted in the RDF/RDFS layer
of the figure. Furthermore, the relation APPL:MARRIEDWITH in the data layer is identical to the
resource APPL:MARRIEDWITH in the schema layer.

5The reader may actually compare with the documents that appear at these URLs, e.g.
http://ontoserver.aifb.uni-karlsruhe.de/schema/example.rdf
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appl:lastNameappl:firstName

rdfs:Resource

rdfs:Class rdf:Property

appl:Person

appl:Man appl:Woman

appl:firstNameappl:marriedWith

appl:lastName

appl:Organisation

http://www.foo.com/W.Smith http://www.foo.com/S.Smith

rdfs:Resource

rdfs:Class rdf:Property

appl:Person

appl:Man appl:Woman

appl:firstNameappl:marriedWith

appl:lastName

appl:Organisation

http://www.foo.com/W.Smith http://www.foo.com/S.Smith

William Smith SmithSusanWilliam Smith SmithSusan

appl:firstName appl:lastName

appl:marriedWith

subClassOf (rdfs:subClassOf)

instanceOf (rdf:type)

Figure 2: An example RDF schema and its embedding in RDF(S).

application that uses our example ontology will define a shorthand identifier like
appl in order to refer to this particular, application-specific ontology. Figures 2,
3, and 4 presume these shorthand notations for the namespaces we have just men-
tioned.

2.1.4 XML serialization of RDF(S)

One important aspect for the success of RDF in the WWW is the way RDF models
are represented and exchanged, namely via XML. In the following excerpt of the
RDF schema document
http://ontoserver.aifb.uni-karlsruhe.de/schema/example.rdf,
the classes and property types defined in Figure 2 are represented in XML and
the domains and ranges of the properties are defined using the RDF constraint
properties rdfs:domain and rdfs:range.

<rdf:Description ID="Person">
<rdf:type resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Class"/>
<rdfs:subClassOf

rdf:resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Resource"/>
</rdf:Description>

<rdf:Description ID="Man">
<rdf:type resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Class"/>
<rdfs:subClassOf rdf:resource="#Person"/>
</rdf:Description>

<rdf:Description ID="Woman">
<rdf:type resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Class"/>
<rdfs:subClassOf rdf:resource="#Person"/>
</rdf:Description>

<rdf:Description ID="Organisation">
<rdf:type resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Class"/>
<rdfs:subClassOf

rdf:resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Resource"/>
</rdf:Description>

<rdf:Description ID="firstName">
<rdf:type

resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Property"/>
<rdfs:domain rdf:resource="#Person"/>
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<rdfs:range rdf:resource="http://www.w3.org/TR/xmlschema-2/#string"/>
</rdf:Description>

<rdf:Description ID="lastName">
<rdf:type

resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Property"/>
<rdfs:domain rdf:resource="#Person"/>
<rdfs:range rdf:resource="http://www.w3.org/TR/xmlschema-2/#string"/>
</rdf:Description>

<rdf:Description rdf:ID="marriedWith">
<rdf:type

resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Property"/>
<rdfs:domain rdf:resource="#Person"/>
<rdfs:range rdf:resource="#Person"/>
</rdf:Description>

2.2 Modeling ontology metadata using RDF Dublin Core

Metadata about ontologies, such as the title, authors, version, statistical data, etc.
are important for practical tasks of ontology engineering and exchange. In our ap-
proach we have adopted the well-established and standardized RDF Dublin Core
Metadata element set (Weibel & Miller, 1998). This element set comprises fif-
teen elements which together capture basic aspects related to the description of
resources. Ensuring a maximal level of generality and exchangeability, our on-
tologies are labeled using this basic element set. Since ontologies represent a very
particular class of resource, the general Dublin Core metadata description does
not offer sufficient support for ontology engineering and exchange. Hence, we de-
scribe further semantic types in the schema located at

http://ontoserver.aifb.uni-karlsruhe.de/schema/ontodoc

and instantiate these types when we build a new ontology. The example below
illustrates our usage and extension of Dublin Core by an excerpt of an exemplary
ontology metadata description.

<?xml version=’1.0’ encoding=’ISO-8859-1’?>
<rdf:RDF xmlns:rdf = "http://www.w3.org/1999/02/22-rdf-syntax-ns#"

xmlns:dc = "http://purl.oclc.org/dc"
xmlns:odoc = "http://ontoserver.aifb.uni-karlsruhe.de/schema/ontodoc">

<rdf:Description about = "">
<dc:Title>An Example Ontology</dc:Title>
<dc:creator>

<rdf:Bag>
<rdf:li>Steffen Staab</rdf:li>
<rdf:li>Michael Erdmann</rdf:li>
<rdf:li>Alexander Maedche</rdf:li>

</rdf:Bag>
</dc:creator>
<dc:date>2000-02-29</dc:date>
<dc:format>text/xml</dc:format>
<dc:description>

An example ontology modeled for this small application
</dc:description>
<dc:subject>Ontology, RDF</dc:subject>

<odoc:url>http://ontoserver.aifb.uni-karlsruhe.de/schema/example.rdf</odoc:url>
<odoc:version>2.1</odoc:version>
<odoc:last_modification>2000-03-01</odoc:last_modification>
<odoc:ka_technique>semi-automatic text knowledge acquisition</odoc:ka_technique>
<odoc:ontology_type>domain ontology</odoc:ontology_type>
<odoc:no_concepts>24</odoc:no_concepts>
<odoc:no_relations>13</odoc:no_relations>
<odoc:no_axioms>9</odoc:no_axioms>
<odoc:highest_depth_level>4</odoc:highest_depth_level>

</rdf:Description>
</rdf:RDF>
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3 Modeling of Axioms in RDF(S)

Having prepared the object-model and documentation backbone for ontologies in
RDF(S), we may now approach the third pillar of our approach, viz. the speci-
fication of axioms in RDF(S). The basic idea that we pursue is the specification
and serialization of axioms in RDF(S) such that they remain easily representable
and exchangeable between different ontology engineering, representation and in-
ferencing environments. The principal specification needs to be rather independent
of particular target systems (to whatever extent this is possible at all) in order to be
of value in a distributed web setting with many different basic applications.

3.1 Axioms are Objects, too

Representation of interesting axioms that are deemed to be applied in different in-
ferencing applications turns out to be difficult. The reason is that typically some
kind of non-propositional logic is involved that deals with quantifiers and quan-
tifier scope. Axioms are difficult to grasp, since the representation of quantifier
scope and its likes is usually what the nitty-gritty details of a particular syntax,
on which a particular inferencing application is based, are about. An ontology
representation in RDF(S) should, however, abstract from particular target systems.

A closer look at the bread and butter issues of ontology modeling reveals that
many axioms that need to be formulated aim at much simpler purposes than arbi-
trary logic structures. Indeed, we have found that many axioms in our applications
belong to one of a list of major axiom categories:

1. Axioms for a relational algebra

(a) Reflexivity of relations

(b) Irreflexivity of relations

(c) Symmetry of relations

(d) Asymmetry of relations

(e) Antisymmetry of relations

(f) Transitivity of relations

(g) Inverse relations

2. Composition of relations6

3. (Exhaustive) Partitions7

4. Axioms for subrelation relationships

5. Axioms that are derivations of the above mentioned

(a) Locally symmetric relations

(b) Locally transitive relations

(c) Locally inverse relations

6. Axioms for part-whole reasoning
6E.g., FATHERINLAWOF is composed by the relations FATHEROF and MARRIEDWITH.
7E.g., concepts Man and Woman share no instances.
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Our principal idea for representing ontologies with axioms in RDF(S) is based
on this categorization. The categories allow to distinguish between the struc-
tures that are repeatedly found in axiom specifications from a corresponding de-
scription in a particular language. Hence, one may describe axioms as complex
objects (one could term them instantations of axiom schemata) in RDF(S) that
refer to concepts and relations, which are also denoted in RDF(S). For sets of
axiom types we presume the definition of different RDF schemata. Similar to
the case of simple metadata structures, the RDF schema responsible for an ax-
iom categorization obliges to a particular semantics of its axiom types — which
may be realized in a number of different inferencing systems like description
logics systems (e.g., (Horrocks, 1998)) or frame logic systems (Decker et al.,
1998). The schema defined in our namespace http://ontoserver.aifb.uni-
karlsruhe.de/schema/ontordf stands for the semantics defined in this and
our previous papers (Maedche et al., 2000; Staab & Maedche, 2000). 8 The schema
is also listed in the appendix of this paper (cf. Section A). Other communities may,
of course, find other reasoning schemes more important, or they may just need an
extension compared to what we provide here.

At the symbol level, we provide a RDF(S) syntax (i.e. serialization) to denote
particular types of axioms. The categorization really constitutes a knowledge level
that is independent from particular machines. In order to use an ontology denoted
with our RDF(S) approach, one determines the appropriate axiom category and
its actual instantiation found in a RDF(S) piece of ontology, translates it into a
corresponding logical representation and executes it by an inferencing engine that
is able to reason with (some of) the relevant axiom types.

Figure 3 summarizes our approach for modeling axiom specifications in RDF(S).
It depicts the core of the RDF(S) definitions and our extension for axiom catego-
rizations (i.e. our ontology meta layer). A simple ontology, especially a set of
application specific relationships, is defined in terms of our extension to RDF(S).
The basic motivation for our RDF(S) extension is to consider axioms as higher-
order relations. Thereby, we must reflect the fact that properties in RDF(S) are
binary relations and can only be used for moderately complex axiom specifica-
tions (e.g. symmetry of relations, but not composition). Axiom specifications that
make use of n-ary relations require an (implicit) reification step — and, hence, are
structured by the use of class representations with multiple associated properties.

In the following subsections, we will further elucidate our approach by pro-
ceeding through a few simple examples of our categorization of axiom specifica-
tions listed above. In particular our scheme is, (A) to show the representations of
axioms in RDF(S) and (B) to show a structurally equivalent F(rame)-Logic repre-
sentation that may easily be derived from its RDF(S) counterpart (cf. (Kifer et al.,
1995; Decker, 1998; Lausen et al., 2001) on F-Logic). Then, (C) we exploit the
expressiveness of F-Logic in order to specify translation axioms that work directly
on the F-Logic object representation of axioms. Thus, (B) in combination with (C)
describes a formally concise and executable translation. For better illustration, we
finally, (D), indicate the result of our translation by exemplary target representa-
tions of the axioms stated in RDF(S).

The reader should note here that we do neither believe that F-Logic fulfills all
the requirements that one might wish from an ontology inferencing language, nor
do we believe that the axiom types we mention exhaust all relevant types. Rather
we believe that our experiences in particular domains will push for further catego-
rizations of axioms, further translation mechanisms, and, hence, further extensions
of the core RDF(S) representation. All that will have to be agreed upon by com-
munities that want to engineer and exchange ontologies with interesting axioms

8The reader may note that we have chosen names to coincide with many conventional names, e.g.
“symmetry” of relations.
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Figure 3: An excerpt of the example object model and an instantiation of classes,
properties, and axioms in RDF(S)

across particularities of inference engines. Our main objective is to acquaint the
reader with our principle methodology that is transportable to other translation ap-
proaches, inferencing systems, and other axiom types, when need arises.

3.2 Axioms for a relational algebra

The axiom types that we have shown above are listed such that simpler axioms
tend to appear first. Axiom specifications that are referred to as “axioms for a re-
lational algebra” rank among the simplest ones. They describe axioms with rather
local effects, because their implications only affect one or two relations. We here
show one simple example of these in order to explain the basic approach and some
syntax. The principle approach easily transfers to all axiom types from 1.(a)-(g) to
6.

Let us consider an example for symmetry. A common denotation for the sym-
metry of a relation MARRIEDWITH (such as used for “William is married with Su-
san’) in first-order predicate logic boils down to:

(1) 8X;Y MARRIEDWITH(X;Y ) MARRIEDWITH(Y;X).

In F-Logic, this would be a valid axiom specification, too. Most often, how-
ever, modelers that use F-Logic take advantage of the object-oriented syntax. Con-
cept definitions in F-Logic for Person having an attribute MARRIEDWITH and Man
being a subconcept of Person is given in (2), while a fact that William is a Man
who is MARRIEDWITH Susan appears like in (3).

(2) Person[MARRIEDWITH)) Person].
Man::Person.

(3) William:Man[MARRIEDWITH!! Susan].

Hence, a rule corresponding to (1) is given by (4).
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(4) 8X;Y Y [MARRIEDWITH!! X ] X [MARRIEDWITH!! Y ]:

We denote symmetry as a predicate that holds for particular relations:

(5) SYMMETRIC(MARRIEDWITH).

In RDF(S), this specification may easily be realized by a newly agreed upon
class o:Symmetric:

(6) <o:Symmetric rdf:ID="marriedWith"/>

For a particular language like F-Logic, one may then derive the implications
of symmetry by a general rule and, thus, ground the meaning of the predicate
SYMMETRIC in a particular target system. The corresponding transformation rule
(here in F-Logic) states that if for all symmetric relations R and object instances
X and Y it holds that X is related to Y via R, then Y is also related to X via R.

(7) 8R;X; Y Y [R!! X ] SYMMETRIC(R) and X [R!! Y ]:

This small example already shows three advantages:

1. The axiom specification (6) is rather target-system independent.

2. It is easily realizable in RDF(S).

3. Our approach for denoting symmetry is much sparser than its initital coun-
terpart (4), because (7) is implicitly assumed as the agreed semantics for our
schema definition.

The latter point deserves some more attention: Obviously, the agreement cannot
directly be described in RDF(S). Thus, it is subject to specifications of RDF(S)
terminology outside of the RDF(S) documents, which need to be agreed upon
by a community of users. This might be considered a disadvantage, however,
this is eventually the case for RDF, RDFS, and all of their extensions like OIL or
DAML+OIL.

Following our strategy sketched in the previous subsection, these steps from
RDF representation to axiom meaning are now summarized in Table 1. For easier
understanding, we will reuse this table layout also in the following subsection.

A <o:Symmetric rdf:ID="marriedWith"/> RDF(S)
B SYMMETRIC(MARRIEDWITH) F-Logic Representation
C 8R;X; Y Y [R!! X] SYMMETRIC(R)

and X[R!! Y ]: Translation Axiom
D 8X;Y X[MARRIEDWITH!! Y ] 

Y [MARRIEDWITH!! X]: Target Axiom

Table 1: Symmetry

3.3 Composition of relations

The next example concerns composition of relations. For instance, if a first person
is FATHEROF a second person who is MARRIEDWITH a third person then one may
assert that the first person is the FATHERINLAWOF the third person. Again differ-
ent inferencing systems may require completely different realizations of such an
implication. The object description of such an axiom may easily be denoted in
F-Logic or in RDF(S) (cf. Table 2). The transformation rule works very similarly
as the transformation rule for symmetry.
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A <o:Composition rdf:ID="FatherInLawComp">
<o:composee rdf:Resource="fatherInLawOf"/>
<o:firstComponent rdf:Resource="fatherOf"/>
<o:secondComponent rdf:Resource="marriedWith"/>

</o:Composition>
B COMPOSITION(FATHERINLAWOF, FATHEROF, MARRIEDWITH)
C 8R;Q; S;X; Y; Z X[S !! Z] 

COMPOSITION(S;R;Q)andX[R!! Y ] and Y [Q!! Z]:
D 8X;Y; Z X[FATHERINLAWOF!! Z] 

X[FATHEROF!! Y ] and Y [MARRIEDWITH!! Z]:

Table 2: Composition

3.4 Locally inverse relations

In our practice of implementing several knowledge portals 9 we found that the in-
ferences brought about by categories 1 to 4 were extremely useful. However, we
also felt that these categories were often too general to be applied directly or when
they were applied they easily yielded overly generic results.

For instance, given a conceptual model with concepts WeddingParty, Person,
PartyService and properties HASMEMBER, PARTYAT, and SERVE. The definition of
inverses is desirable. However, defining that the inverse of PARTYAT is HASMEMBER

and that the inverse of SERVE is also HASMEMBER leads to undesired consequences,
viz. it entails that for every person who does PARTYAT a particular wedding party
there is a — correct —- relation, HASMEMBER, from the party to this person and an
— incorrect — relation, SERVE, from that person to that party. Thus, without intri-
cate changes to the conceptual model one would have to live without the definition
of inverses.

An easily viable way around the problem is the definition of local inverseness
that also consider the domain of a relation10, before asserting an inverse relation-
ship. Thus, (8) asserts that the inverse of HASMEMBER is PARTYAT, only if the
corresponding domain is restricted to WeddingParty.

(8) LOCALINVERSE(WeddingParty; HASMEMBER; Person; PARTYAT)

Table 3 captures the corresponding translation and target axioms.

3.5 Part-Whole Reasoning

Commonly two versions of part-whole reasoning are distinguished and well-used. 11

First, partonomic role propagation is about propagating particular property values
from parts to wholes. For instance, if the engine of my car is defunct, the whole car
is defunct (”defunct” being propagated from the part “engine” to the whole “car”).
However, if the rear window is broken, it might be less safe to drive the car, but it
would be strange to consider it defunct.

Second, there is concept specialization. For instance, we might talk about a
car SHOWING wear-out-of-the-car and about rhe car-engine SHOWING

wear-out-of-the-car-engine. By using the means of concept specialization and
9Cf. (Staab et al., 2000; Staab & Maedche, 2001; Staab et al., 2001)

and http://ontobroker.aifb.uni-karlsruhe.de/demos.html,
http://ontobroker.semanticweb.org/.

10Actually, we have extended the model to consider either restrictions of the domain of a property
or of its range or of its domain and its range.

11Their usage is well accepted in medical informatics, whereas in general there is still a vivid discus-
sion about the applicability of particular types of part-whole reasoning (cf., e.g., (Artale et al., 1996)).
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A <o:LocalInverse rdf:ID="hasMemberVsPartyAt">
<o:firstDomain rdf:Resource="WeddingParty"/>
<o:firstRelation rdf:Resource="hasMember"/>
<o:secondDomain rdf:Resource="Person"/>
<o:secondRelation rdf:Resource="partyAt"/>

</o:LocalInverse>
B LOCALINVERSE(WeddingParty; HASMEMBER; Person ; PARTYAT)
C 8X;Y;R;C;Q;D Y [Q!! X] 

LOCALINVERSE(C;R;D;Q) and X[R!! Y ] andX : C:
8X;Y;R;C;Q;D Y [R!! X] 

LOCALINVERSE(C;R;D;Q) and X[Q!! Y ] andX : D:
D 8X;Y Y [PARTYAT!! X] 

X[HASMEMBER!! Y ] andX : WeddingParty:
8X;Y Y [HASMEMBER!! X] X[PARTYAT!! Y ] andX : Person:

Table 3: Locally inverse
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Figure 4: Partonomic Role Propagation

knowing that the car-engine is a part of the car, we may deduce that
wear-out-of-the-car-engine is a subconcept of wear-out-of-the-car.

Because it is our main goal to show the principle of our approach, we only
describe partonomic role propagation in order to illustrate how our approach may
be applied to more complex axiom( combination)s.

Figure 4 depicts an example that propagates topics from subparts of documents
to superparts. It takes four input parameters:

1. The relation that is propagated (TOPICOF in Figure 4), because not every
relation is propagated from a part to a whole.

2. The relation that is propagating (CONTAINEDBY in Figure 4), because not
every relation thay may be propagated is propagated along all part-whole
relations.

3. The whole up to which the relation is maximally propagated (Document
in Figure 4), because propagation may be stopped (e.g. TOPICOF may be
considered to be not propagated to an additional Library).

4. The concept for the instances of which the relation may be propagated (e.g.,
Topic in Figure 4), because not every class is treated the same (cf. (Hahn
et al., 1999) for comprehensive examples).
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A <o:PartonomicRolePropagation rdf:ID="DocumentTopic">
<o:propagatedrel rdf:Resource="topicOf"/>
<o:propagatingrel rdf:Resource="containedBy"/>
<o:topConcept rdf:Resource="Document"/>
<o:propConcept rdf:Resource="Topic"/>

</o:PartonomicRolePropagation>

B PARTONOMICROLEPROPAGATION(TOPICOF, CONTAINEDBY, Document ,
Topic)

C� 8x; y; z; R; S; C;D x[R!! z] 
PARTONOMICROLEPROPAGATION(R; S;C;D) and
x : D and x[R!! y] and y[S !! z] and
PARTINSTANCEOF(z; C; S):

C� 8z; C; S PARTINSTANCEOF(z; C; S) 
9E z : E and PARTOFALONG(E;C; S):

C 8C; S PARTOFALONG(C;C; S):
CÆ 8E;C; S PARTOFALONG(E;C; S) 

9F PARTOFALONG(E;F; S) and
9Q F [Q)) C] and Q :: S:

C� 8x; y; S;R x[S !! y] R :: S and x[R!! y]:

D� 8x; y; z x[TOPICOF!! z] 
x : Topic and x[TOPICOF!! y] and
y[CONTAINEDBY!! z] and
PARTINSTANCEOF(z;Document ; CONTAINEDBY):

D� 8z PARTINSTANCEOF(z;Document ; CONTAINEDBY) 
9E z : E and PARTOFALONG(E;Document ; CONTAINEDBY):

D PARTOFALONG(Document ;Document ; CONTAINEDBY):
DÆ 8E;C PARTOFALONG(E;C; CONTAINEDBY) 

9F PARTOFALONG(E;F; CONTAINEDBY) and
9Q F [Q)) C] and Q :: CONTAINEDBY:

D� 8x; y x[CONTAINEDBY!! y] 
(x[SUBSECTIONOF!! y] or x[SECTIONOF!! y]):

D� SECTIONOF :: CONTAINEDBY: SUBSECTIONOF :: CONTAINEDBY:

Table 4: Partonomic Role Propagation

Table 4 captures the corresponding representations and translations. The RDF(S)
part only captures the principal structure refering to the four main parameters as
just given. A trivial corresponding F-Logic translation is given in Table 4B. Ta-
ble 4C� � � takes as its input the principal structure and adds some axioms to do
the actual propagation if sufficient conditions are fulfilled (C�). It needs a spec-
ification of which instances are subparts of Document along subrelations of the
propagating relation (e.g., CONTAINEDBY). This is done by C� � Æ. For the in-
ferencing between relations and subrelations in this context, it needs C�. Table 4
shows the instantiation for our actual example. One may recognize that even in
this small, concrete example there are still many inferences that may be drawn in
D�� �.

3.6 General axioms

Our approach of axiom categorization is not suited to cover every single axiom
specification one may think of. Hence, we still must allow for axioms that are
specified in a particular language like first-order predicate logic and we must allow
for their representation in RDF(S). There are principally two ways to approach
this problem. First, one may conceive a new RDF(S) representation format that is
dedicated to a particular inferencing system for reading and performing inferences.
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This is the way that has been choosen for OIL (Broekstra et al., 2001), which has
a RDF(S) style representation for a core description logics, or Metalog (Marchiori
& Saarela, 1998), which represents Horn clauses in RDF(S) format.

The alternative is to fall back to a representation that is even more application
specific, viz. the encoding of ontological axioms in pure text, or “CDATA” in RDF
speak (cf. the example below). In fact, the latter is a very practical choice for
many application-specific axioms — once you make very deep assumptions about
a particular representation, you are also free to use whatever format you like.

Our example here takes as input the current relationship status and implies who
was the groom, the bride and the one who paid the bill (here it is the bride’s father).

<o:GeneralAxiom rdf:ID="WhoPaidForTheWeddingParty">
<o:text lang="flogic">
<![CDATA[

FORALL w, x, y, z
w:Wedding[groom->x, bride->y, billTo->z] <-
z[fatherInLawOf->x:Man] AND x[marriedWith->y].

]]>
</o:text>

</o:GeneralAxiom>

4 Case Study: Semantic Community Web Portal

4.1 Setting

The semantic community Web portal, KA2Portal, that we have built for the knowl-
edge acquisition community (Staab et al., 2000) serves as an entry point for linking
to and sharing knowledge about the knowledge acquisition research community
and its work. Information may be provided and accessed using ontology structures
for easier discovery of ressources as well as for easier development and mainte-
nance of the portal.

Figure 5 depicts the overall framework. Based on the community ontology,
actual facts are contributed by the knowledge acquisition community or crawled
from their web sites, e.g. annotated web pages or RDF sources. The SiLRi rea-
soning engine (Decker et al., 1998) provides the ontology service and allows for
querying the accumulated knowledge base. Thus it acts as the back end for the
actual portal. Users may either query the inference engine by clicking together a
query or they may use forms of the web portal to retrieve knowledge.

Semantic inferences are crucial for the service that is provided by the KA2Portal.
So far, people could contribute semantic information, e.g. by providing RDF sources.
However, it was so far impossible to provide semantics about these RDF sources
beyond the means that are inherent in core RDF(S). Conversely, the ontology was
described in F-Logic (Kifer et al., 1995). Therefore, people could look at the KA2
ontology, but the ontology was initially not built with the spirit of the Semantic
Web, as it was not transparent to software agents on the Web and not reusable by
them.

Hence, there came up the need for representing the whole ontology, including
axioms, on the Web. Thereby we felt two needs. First we did not want to come up
with our own ideosyncratic syntax, but rather wanted to adhere to RDF(S) mech-
anisms as elaborated above. Second, we wanted to provide some tool support for
engineering axioms. The framework that we have shown above allowed us both.
We will show some excerpt of its application in the KA2Portal in the following.
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Figure 5: KA2Portal

4.2 Modeling the core ontology

We use our Ontology Engineering Environment OntoEdit for engineering class
and property definitions in RDF(S) with graphical means. In particular, we may
express that (cf. Figure 6 left and upper right window)

� Book , Journal , and Article are all subclasses of Publication

� A Book CONTAINSARTICLE Article

� A Journal CONTAINSARTICLE Article

� An Article is INBOOK Book

� An Article is INJOURNAL Journal

This is specified in RDF(S) as follows:

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

<rdfs:subClassOf rdf:resource="Publication"/>
</rdfs:Class>
<rdfs:Class rdf:ID="Book">

<rdfs:subClassOf rdf:resource="Publication"/>
</rdfs:Class>
<rdfs:Class rdf:ID="Journal">

<rdfs:subClassOf rdf:resource="Publication"/>
</rdfs:Class>

<rdf:Property rdf:ID="containtsArticle">
<rdfs:domain rdf:resource="Publication"/>
<rdfs:range rdf:resource="Article"/>

</rdf:Property>
<rdf:Property rdf:ID="inBook"/>

<rdfs:domain rdf:resource="Article"/>
<rdfs:range rdf:resource="Book"/>

</rdf:Property>
<rdf:Property rdf:ID="inJournal"/>



16

<rdfs:domain rdf:resource="Article"/>
<rdfs:range rdf:resource="Journal"/>

</rdf:Property>

The ontology defines the conceptual backbone for contributing RDF metadata,
e.g. bibliography entries:

<ka2:Book rdf:ID="book:WeavingTheWeb">
<ka2:author rdf:resource="http://w3c.org/person/tbl"/>
<ka2:title>Weaving The Web</ka2:title>

...
</ka2:Book>

Left: KA2 Taxonomy; Right: Interface for Inverseness and Local Inverseness of
Relations

Figure 6: Snapshot of OntoEdit Web Ontology Workbench

4.3 Modeling an ontology with axioms in RDF(S)

The axioms complete the core ontology. For KA2Portal we use locally inverse
relations in order to express that:

� If a particular book CONTAINSARTICLE a particular article, this article is re-
lated via INBOOK to that book.

� If a particular article appears INBOOK in a particular book, this book is re-
lated via CONTAINSARTICLE that article.

� If a particular journal CONTAINSARTICLE a particular article, this article is
related via INJOURNAL to that book.

� If a particular article appears INJOURNAL in a particular journal, this journal
is related via CONTAINSARTICLE that article.



17

Specified in our RDF(S) style denotation of axioms this boils down to:

<o:LocalInverse>
<o:firstDomain rdf:Resource="Book"/>
<o:firstRelation rdf:Resource="containsArticle"/>
<o:secondDomain rdf:Resource="Article"/>
<o:secondRelation rdf:Resource="inBook"/>

</o:LocalInverse>
<o:LocalInverse>

<o:firstDomain rdf:Resource="Journal"/>
<o:firstRelation rdf:Resource="containsArticle"/>
<o:secondDomain rdf:Resource="Article"/>
<o:secondRelation rdf:Resource="inJournal"/>

</o:LocalInverse>

OntoEdit allows to provide the components, o:firstDomain,
o:firstRelation, o:secondDomain, o:secondRelation, in a table (cf. last
two lines in table of right lower window in Figure 6). If o:firstDomain and
o:secondDomain are provided, OntoEdit outputs the specification for locally in-
verse relations. If only o:firstRelation and o:secondRelation are pro-
vided, they are assumed to be immediate inverses.

Our approach allows for very easy graphical representation of axioms. For
practical purposes the graphical representation proved extremely beneficial. Sys-
tem builders who may be experienced Java programmers, but who are quite often
novices in logics are freed from syntactical errors (though of course not from se-
mantic ones). The system builders we worked with — who were students in indus-
trial engineering — were much more willing to deal with the GUI representation
rather than the RDF or F-Logic syntax.

5 Related Work

The proposal described in this paper is based on several related approaches, viz.
we have built on considerations made for the RDF inference service SiLRi (Decker
et al., 1998), the ontology engineering environments ODE (Blázquez et al., 1998)
and Protégé (Grosso et al., 1999), the ontology interchange language OIL (Broek-
stra et al., 2001), considerations made by Gruber (Gruber, 1993), and our own ear-
lier work on general ontology engineering (Maedche et al., 2000; Staab & Maed-
che, 2000).

A purpose similar to our general goal of representing ontologies in RDF(S) is
pursued with OIL (Broekstra et al., 2001). Actually, OIL might be considered a
very sophisticated instantiation of our approach, as the definition of concepts and
relations in description logics is equivalent to the instantiation of a small number
of axiom schemata in a particular logical framework (cf. (Brachman, 1979)).

The reader may note that RDF(S) is a very weak language — it does not even
have Turing power unlike more general frameworks like first order predicate log-
ics. Naturally, it is not possible to describe the semantics of a more powerful lan-
guage like F-Logic in simple RDF(S). However, what is desirable and what was
pursued by OIL as well as by our approach is to reuse RDF(S) semantics where
possible and to add on top where RDF(S) alone is insufficient.

The principal question that arises here is whether one particular language on
top of RDF(S) is a single solution. The answer is difficult to give. There are so
many different semantic options for languages that it is hard to believe that anytime
soon the world will agree on one particular language, i.e. construct a language top
down that is efficient to handle and powerful enough for all widely different needs.
On the other hand, it is much easier for a community to talk about some reason-
ing patterns important for them (e.g., partonomic role propagation in medicine).
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Then communities may come up with many languages that cover some sets of
reasoning patterns relevant in some communities, i.e. constructing many different
languages bottom up starting from community needs. This second way is the one
we advertise.

There are a number of other approaches for ontology exchange and representa-
tion in XML formats that we do not want to elaborate here, as they did not intend
to support the RDF(S) metadata standard, which is one of our primary concerns
(e.g. (Marchiori & Saarela, 1998; Karp et al., 1999; Heflin & Hendler, 2000)).

Concerning inferencing rather than representation, SiLRi (Decker et al., 1998)
was one of the first approaches to provide inferencing facilities for RDF. It delivers
most of the basic inferencing functions one wants to have in RDF and, hence, has
provided a good start for many RDF applications. In fact, it even allows to use
axioms, but these axioms may not be denoted in RDF, but only directly in F-Logic.
It lacks capabilities for axiom representation in RDF(S) that our proposal provides.

Concerning engineering, we have discussed how to push the engineering of
ontological axioms from the symbol level onto the knowledge level in our earlier
proposals (Maedche et al., 2000; Staab & Maedche, 2000). There we follow and
extend the general arguments made for ODE (Blázquez et al., 1998) and Ontolin-
gua (Fikes et al., 1997). This strategy has helped us here in providing an RDF(S)
object representation for a number of different axiom types. Nearest to our ac-
tual RDF(S)-based ontology engineering tool is Protégé (Grosso et al., 1999),
which provides comprehensive and sophisticated support for editing RDFS and
RDF. Nevertheless, Protégé currently lacks any support for axiom modeling and
inferencing — though our approach may be very easy to transfer to Protégé, too.

6 Conclusion

We have presented a new approach towards engineering ontologies in RDF and
RDFS. Our objectives aim at the usage of existing inferencing services such as
provided by deductive database mechanisms (Decker et al., 1998) or description
logics systems (Horrocks, 1998). We reach these objectives through a methodol-
ogy that classifies axioms into axiom types according to their semantic meaning.
Each type receives an object representation that abstracts from scoping issues and
is easily representable in RDF(S). Axiom descriptions only keep references to con-
cepts and relations necessary to distinguish one particular axiom of one type from
another one of the same type.

Our proposed extension of RDF(S) has been made with a clear goal in mind
— the complete retention of the expressibility and semantics of RDF(S) for the
representation of ontologies. This includes the relationship between ontologies
and instances, both represented in RDF(S). Especially, the notion of consistency
(cf. (Brickley & Guha, 1999)) between an RDF model and a schema also holds for
ontologies expressed in RDF(S). The integration of the newly defined resources
has been carried out in a such a way that all RDF processors capable of processing
RDF schemas can correctly interpret RDF models following the ontology schema,
even if they do not understand the semantics of the resources in the o-namespace.

Special applications like OntoEdit (Maedche et al., 2000) can interpret the o-
namespace correctly and thus fully benefit from the richer modelling primitives, if
the RDF model is valid12 according to the defined ontology schema.
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A The RDF schema for categories of relationships
<?xml version=’1.0’ encoding=’ISO-8859-1’?>
<rdf:RDF
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
xmlns:rdfs="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#">

<rdfs:Class ID="Relation">
<rdfs:subClassOf rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdfs:Class>

<rdfs:Class ID="Asymmetric">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdfs:Class ID="Reflexive">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdfs:Class ID="Transitive">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdfs:Class ID="Irreflixive">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdfs:Class ID="Symmetric">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdfs:Class ID="PartOfRel">
<rdfs:subClassOf rdf:resource="#Relation"/>
</rdfs:Class>

<rdf:Description ID="isInverseRelationOf">
<rdf:type rdf:resource="#Relation"/>
</rdf:Description>

<!-- Definitions for LOCALLY-INVERSE-RELATIONS -->

<rdfs:Class ID="LocalInverse"/>
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<rdf:Property ID="firstDomain">
<rdfs:domain rdf:resource="#LocalInverse"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Class"/>
</rdf:Property>

<rdf:Property ID="firstRelation">
<rdfs:domain rdf:resource="#LocalInverse"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdf:Property>

<rdfs:Property ID="secondDomain">
<rdfs:domain rdf:resource="#LocalInverse"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Class"/>
</rdfs:Property>

<rdfs:Property ID="secondRelation">
<rdfs:domain rdf:resource="#LocalInverse"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdfs:Property>

<!-- Definitions for COMPOSITION -->

<rdfs:Class ID="Composition"/>

<rdf:Property ID="composee">
<rdfs:domain rdf:resource="#Composition"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdf:Property>

<rdf:Property ID="firstComponent">
<rdfs:domain rdf:resource="#Composition"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdf:Property>

<rdfs:Property ID="secondComponent">
<rdfs:domain rdf:resource="#Composition"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdfs:Property>

<!-- Definitions for PARTITION -->

<rdfs:Class ID="Partition"/>

<rdfs:Property ID="partitionee">
<rdfs:domain rdf:resource="#Partition"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdfs:Property>

<rdfs:Property ID="parts">
<rdfs:domain rdf:resource="#Partition"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Bag"/>
</rdfs:Property>

<!-- Definitions for PartonomicRolePropagation -->

<rdfs:Class ID="PartonomicRolePropagation"/>

<rdf:Property ID="propagatedrel">
<rdfs:domain rdf:resource="#PartonomicRolePropagation"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdf:Property>

<rdf:Property ID="propagatingrel">
<rdfs:domain rdf:resource="#PartonomicRolePropagation"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Property"/>
</rdf:Property>

<rdfs:Property ID="topConcept">
<rdfs:domain rdf:resource="#PartonomicRolePropagation"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Class"/>
</rdfs:Property>

<rdfs:Property ID="propConcept">
<rdfs:domain rdf:resource="#PartonomicRolePropagation"/>
<rdfs:range rdf:resource="http://www.w3.org/1999/02/22-rdf-syntax-ns#Class"/>
</rdfs:Property>

<!-- Definitions for General Axioms-->

<rdfs:Class ID="GeneralAxiom">
<rdfs:subClassOf rdf:resource="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#Resource">
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</rdfs:Class>

<rdf:Property ID="lang">
<rdfs:domain rdf:resource="GeneralAxiom"/>
<rdfs:range rdf:resource="http://www.w3.org/TR/xmlschema-2/#string"/>
</rdf:Property>

<rdf:Property ID="text">
<rdfs:domain rdf:resource="GeneralAxiom"/>
<rdfs:range rdf:resource="http://www.w3.org/TR/xmlschema-2/#string"/>
</rdf:Property>

</rdf:RDF>
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Abstract

We describe an approach towards integrating the semantics of semi-structured documents with task-support for (weakly structured)

business processes and proactive inferencing capabilities of a desk support agent. The mechanism of our Proactive Inferencing Agent is

motivated by the requirements posed in (weakly structured) business processes performed by a typical knowledge worker and by experiences

we have made from a ®rst trial with a Reactive Agent Support scheme.

Our reactive scheme is an innovative approach for smart task support that links knowledge from an organizational memory to business

tasks. The scheme is extended to include proactive inferencing capabilities in order to improve user-friendliness and to facilitate modeling of

actual agent support. In particular, the improved scheme copes with varying precision of knowledge found in the organizational memory and

it reasons proactively about what might be interesting to you and what might be due in your next step. q 2000 Elsevier Science B.V. All

rights reserved.

Keywords: Smart task support; Proactive access; Organizational memory

1. Introduction

Intelligent information agents are often compared against

their human counterparts, such as secretaries or other collea-

gues. The comparisons usually ®nd that human assistants

² observe what you do;

² think about what you do;

² have expectations about what you do next;

² thus cope with incomplete information, and still if you

ask them they;

² respond quickly to your questions.

Though all of these properties are highly desirable for your

personal information agent, so that they answer you fast and

save tedious working schemes, nowaday's agents lack most

of these properties. We present here an architecture and

techniques that (partially) implement these properties

within a realistic setting, providing information agents that

² reason proactively about what you might be doing;

² take into account what information you and your collea-

gues have provided so far;

² build up reasonable models about what information you

might deserve next; thus

² narrow down choices for potential answers, even if infor-

mation is missing, and; hence

² respond to you much faster and much more precisely.

Subsequently, we will ®rst describe our motivation for

building proactive information agents and describe the

Scenario into which they are integrated. Then, we describe

our starting point, viz. Reactive Agent Support, which works

on knowledge from an organizational memory created

through the usual work tasks of the knowledge worker and

which offers queries to the user that may be relevant for her

current business task. Based on experiences we have

collected with the reactive approach, we have conceived

our enhanced agent that adapts more ¯exibly to the current

business task Ð depending on the amount of knowledge

that is actually available for solving this task. This Proactive

Inferencing Agent builds on the same basic modules as the

reactive one, but it employs a re®ned inferencing strategy

that allows for earlier, faster and still more frequent support

than the reactive approach. Thereby, it reduces the burden

on the human who models the information agent for a parti-

cular application and balances automatically between the
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need for speci®c answers and the requirement to produce an

helpful answer for a broad variety of possible input data.

Some examples will elucidate what we pursue with and how

we achieve this modeling balance.

2. Scenario

Our approach is embedded in a typical knowledge

management setting. In such work desk settings, proactive

information agents have often been devised as useful help-

ers that may facilitate the task the knowledge worker tries to

complete on her computer. For instance, project manage-

ment involves the compilation of a project plan, allocating

resources and people in an appropriate way. The project

manager must compile a team from within a large company

where she is hardly able to know everyone with his capabil-

ities and experiences. Thereby, she must meet the following

planning requirements:

² participants must be available for the project;

² participants should have particular technical knowledge

that is needed for the project; and

² they should have some knowledge about the client in this

project or at least about a client with a similar industry

background.

Currently, there are several approaches to handle this

problem. First, the team might be compiled from a set of

people the manager knows by chance. Second, project list-

ings might circle in the company. Third, all the information

might be maintained by a human resource department, e.g.

in a central database. However, all these possibilities come

with personnel overhead, time lags, or a lack of quality.

Hence, for our scenario we have the following Ð realistic

Ð assumptions. In the ®rst assumption, the project manager

compiles a project plan that she uses to estimate the man

power and expertise she needs for the project, e.g. with a

project planning software that supports the creation of

network plans, or just with common spreadsheet or text

processing software. What is important at this point is that

persons who execute this task on a regular basis usually hold

on to a particular tool and a particular way of executing this

task with this tool. For instance, it is rather typical that a

project manager creates a template (or uses a template that is

provided by her company) in order to execute and document

the planning task. In the second assumption, the information

that she relies on is drawn from her personal knowledge,

from the knowledge of people she asks, and from the knowl-

edge available in other project documents and in the intra-

net. Naturally, only the third type of knowledge digitally

available in the organizational memory is the one that can

be accessed electronically and, thus, it is the one we want to

exploit for our knowledge support mechanisms. A common

example for a document from the organizational memory

could be a project web page describing the name, the goal,

the participants and techniques used in the project.

Let us now assume that a groupware platform exists that

handles scheduling tasks. The knowledge that is necessary

in order to ful®ll the three requirements mentioned at the

beginning of this section may be found as follows. Avail-

abilities may be retrieved from the scheduling database, and

technical knowledge may be inferred from employees'

participations in projects at project web pages. Obviously,

it is very tedious, sometimes nearly impossible for the
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project manager to gather the information she needs from

these different sources. In the next section, we will show

how the knowledge for the project planning task may be

provided through Reactive Agent Support, once the project

planning task has been analyzed and an appropriate metho-

dology and IT support has been introduced to the enterprise.

The objective for our Proactive Inferencing Agent,

sketched thereafter, is more akin to having a competent

person around you who tutors your project planning. For

this purpose, the agent is supposed to reason about what

you might ask him next, while you keep on typing (or speak-

ing) into your computer. For instance, you start your project

plan with an abstract, noting title, client and time interval.

Then you might want to search for people who might parti-

cipate in the project. Thus, you might pose a question like

ªWho has experience with XML?º to the agent and you

expect an answer almost before you actually pose your

question Ð because Joe Doe is the only one who has experi-

ence with XML at all and you noted at the very beginning

that you require this type of knowledge. In addition to

improved user-friendliness, the proactive approach solves

several dif®culties that we have experienced while modeling

agent support in the reactive framework. The proactive

scheme takes considerable burden off the human modeler

as it adapts ¯exibly to different granularities of factual

knowledge in the organizational memory.

3. Reactive agent support

In order to provide a concise picture of our approach, we

give an overview of the main modules (cf. Fig. 1) and

capabilities, before we integrate these different building

blocks into our Reactive Agent Support Framework. A

detailed description of the main modules is given in Ref. [19].

3.1. Ontobroker for accessing the organizational memory

For our organizational memory infrastructure we employ

common intranet technology augmented by semantic access

capabilities. A typical intranet environment comprises at

least two principal technical services that we rely on.

First, an intranet environment offer means to store docu-

ments. In particular, current technology tends to make the

boundary between ®le servers and intra-/internet servers, on

the one hand, and web pages and ®les, on the other hand,

disappear. Hence, we may assume that all documents are

available in the intranet. Second, intranet environments

offer technology for navigating the intranet environment

and ®nding information by common means such as brows-

ing web pages.

Regarding semantic access capabilities, our KM metho-

dology builds on the framework given through the Onto-

broker approach as described in Refs. [3,6,18]. The main

components of Ontobroker from a functional view point are:

(i) the underlying ontology that de®nes concepts, attributes,

relations and rules about a domain; (ii) the annotated docu-

ment sources, providing facts structured by annotations

related to the underlying ontology; (iii) a crawler that gath-

ers facts from the documents and stores them into a data-

base; and (iv) the inference and query engine that reasons on

the database to derive facts and that delivers answers to the

user who queries it.

3.2. Annotated document templates

Current business documents come in many different guises,

such as letters, faxes, order forms, noti®cations, receipts,

memos, private home pages, or project home pages. Never-

theless, it is quite common that these different forms are not

chosen arbitrarily, but rather these forms are often standar-

dized up to a certain point, indeed they often come with a

particular semantics, such as the short notes that allow the

reader to determine sender, reader, urgency, and further

actions that need to be taken with a very short glimpse (e.g.

check boxes for ªplease answerº). Similarly, letters are usually

not allowed to come in a completely free form, but they are

composed with a particular corporate identity in mind. This

corporate identity de®nes fonts, but it also pervades the way

a company presents itself to the outside world.

With our approach we go even one step further, since we

also link these documents with corporate identity styles to

the enterprise's ontology (or ontologies). This leads us to

annotated document templates, and, thus, makes the

contents of common business documents available for a

semantically structured organizational memory.

Standard Generalized Markup Language (SGML) and a

subset of it, XML (eXtensible Markup Language; [20]), are

standardization efforts that aim at a general scheme for

exchanging documents and document contents. Given the

widespread support among major computer software provi-

ders that XML has found recently, it is reasonable to assume

that the structure of any business document will be acces-

sible by way of XML annotation and query tool in the very

near future.

In our scenario, this is also of particular interest, because

SGML/XML gives us the power to reason about document

structures and contents. For instance, the XML-tags in the

pseudo document from Table 1, i.e. a document without
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Table 1

The XML structure for a project plan

, project .

, author . ,/author .

, plandate . ,/plandate .

, participants .

, member . ,/member .

, /participants .

, Ganttchart . ,/Ganttchart .

, tasks .

, task . ,/task .

, /tasks .

, /project .



actual content, might serve as a template for project descrip-

tions in general. The (XML) annotations describe the

semantics (and, possibly, some layout) of the document

structures. When the user ®lls in parts of the document

(Table 2) in order to complete her business task, then she

connects the information she provides with corresponding

metainformation. Thereby, XML structures may either be

derived directly from the ontology [7], or they may be

manually speci®ed and mapped onto the ontology.

3.3. Business processes

The controlled interaction between the contribution to

document contents and the performance of business tasks

is of particular concern to an information agent that aims at

the delivery of relevant information at the right time. Hence,

we build on a special version of Petri nets, viz. so-called

SGML nets by Weitz [22], that allow to formulate the

progress of the business process in terms of the document

contents. Weitz's approach mostly aims at mechanisms that

cover the comparatively rigid parts of the work¯ow, there-

fore his approach is not adequate to model all the Ð

typically unordered Ð actions of a knowledge worker.

Nevertheless, the scheme is most suitable to distinguish

between different high-level, well-ordered business tasks,

and, thus, to capture their speci®c business contexts and

the views that are relevant during their execution by the

worker (also cf. Ref. [19]).

For example, the high-level goal of project planning may

be separated into several, distinct, well-ordered tasks (Fig.

2). Each of the tasks requires particular knowledge Ð and,

hence, speci®c help from the intelligent assistant. The

SGML-net mechanism allows to capture prerequisites for

changing from one task to the other and to de®ne task-

speci®c views onto the organizational memory. Thereby,

the current work document(s) re¯ect the task(s) that must

be performed next, e.g. a project team needs to be compiled.

This work involves communicating with prospective project

participants. The problem often lies in identifying appropri-

ate participants and in establishing the communication link.

As for the ®rst, our methodology allows the establishment of

blueprint questions like ªWhich person in the company

knows about X and has capacity for projects as of Y?º As

for the second, given that a person is identi®ed, the fax

number(s) or e-mail addresses may be retrieved simply by

giving the name information. Thereby, it is not required that

the fax number is stated in a corresponding database entry.

Rather it may only be given in the signature of a mail in the

general accessible mail archives, or on a home page or only

indirectly: via the group that this person belongs to and a

rule that states an implication. Hence, through context-

speci®c questions and semantic inferencing the intelligent

assistant supports the manager in planning her project.

To integrate the context-based views and SGML nets, we

annotate transitions with logic predicates that de®ne when a

transition may be executed. In addition, we de®ne logic

predicates denoting views onto the organizational memory

at transitions and at places and, thus, augment the views

with context-speci®c criteria about their applicability.

Hence, we allow to describe what major steps may follow

subsequently and what views may be required to enable the

completion of a particular step.

3.4. Example for reactive processing

Considering a concrete example aligned to our scenario, our

tool has to support a project manager who compiles a team to

implement some Knowledge Management Tool at an insur-

ance company in May 2010. The ®rst step for her is to ®nd

people in the company who know about the clients ERP Tool

A, and have experience with XML, are available at that date,

ideally have experience in the insurance industry and want to

participate at that project. To ask the prospective team

members about their interest in her project, she decides to

send a fax. Therefore she starts the word processing software,

opens the fax template ªContacting prospective team
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Table 2

Filled template

, project .

, author . Jill

Dol , /author .

, plandate . October 18th, 1999 , /

plandate .

, participants .

, member . Jill Dole , /member .

, member . Hans±Peter Schnurr , /

member .

, member . Steffen Staab , /member .

, /participants .

, Ganttchart . here

goes the table , /

Ganttchart .

, tasks .

, tasks . Analysis of Nordic Life Business

Processes , /tasks .

, tasks . Analysis of Nordic Life IT

environment , /tasks .

, /tasks .

, /project .

Fig. 2. Integrating work¯ow and context-based views.



membersº and ®lls in the right column of the template form

(Fig. 3).

The template serves as an input interface for the inference

and query engine of the Ontobroker system. Several queries

are modeled that depend on which template ®elds are ®lled

(e.g. cf. left column in Fig. 3). A click to the menu bar yields

a list of possible queries and a click to the corresponding

query starts the inference engine. In our example, the project

manager selects the query `get people with knowhow

ªXMLº'. The inference engine combines the available data-

base information (gathered from annotated project web

pages, project plans and home pages of employees; cf.

Tables 3 and 4) and derives the answer: XML was used in

the project ªX®lesº. A rule in the ontology concludes that all

the participants of a project have experience with methods

of that project. The person who ®ts the description (ªJoe

Doeº) is placed in the header of the fax cover page.

The example also shows the drawbacks of the reactive

agent support. Fortunately, in this example, the user ®nds

exactly one answer. This would not be the case, if a user

asked for people with knowhow about ERP Tool A. This

latter search would require more detailed modeling of a

re®ned query. However, applying a more speci®c query to

the task at hand causes new problems in general, e.g. with

the ®rst example, since the corresponding, more speci®c,

query for `ªXMLº and availability from May±June'
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Fig. 3. Fax template ªContacting prospective team membersº.

Table 3

Knowledge about projects

Project Participant Purpose Methods Client

1 ªX®lesº Joe Doe Knowledge management

support with Ontobroker

XML, Ontobroker Southern insurance

2 ªYawnº Fred Bloggs, Walter Moe Yet another accounting scheme ERP Tool A Kwik Fit

¼ ¼ ¼ ¼ ¼ ¼

8 ªGuruº Jane Smith Great user utility through

nothing

ERP Tool A WonderTool



would not result in any answer at all. The careful balance

between speci®city and generality of queries is currently

achieved by the user who selects from a list of queries. As

one may easily see in Fig. 3, this strategy puts too much

burden on the user since she must choose from a long menu

list of dif®cult and steadily changing queries. A more suita-

ble and user friendly support would be to give hints about

possible answers in a proactive manner. In addition, the

reactive agent scheme requires time consuming modeling

of a large number of queries. In our speci®c example, the

application modeler must consider three interesting input

®elds (client, schedule, requirements) which lead to seven

queries that may be of interest Ð more possibilities for

input greatly amplify the problem. These dif®culties that

we have encountered has given us reason enough to recon-

sider and enhance our approach in order to achieve more

user- and engineering friendliness. In the following, we

show how to tackle these two issues together.

4. Proactive inferencing agents

The application that we have just outlined provides addi-

tional assistance for daily business tasks. However, it is still

very far from your favorite secretary some of whose

capabilities we have listed in Section 1, and its modeling

requirements weigh heavily on the application modeler who

realizes the reactive task support. In this chapter, we want to

push the edge a little further by adding a ¯exible, proactive

strategy to our application. For this purpose, we ®rst

describe the inference engine that is employed in a little

more detail, before we go on to extend its capabilities.

4.1. Inference engine

Reasoning in the inference engine involves the following

stages (cf. Ref. [8] for an elaboration):

1. The high-level modeling of ontology, facts and queries,

which is all done in F-Logic, is translated into a set of

horn clauses.2

2. The horn clauses are processed using a strategy called

dynamic ®ltering [8]. The implemented strategy may

very well be conceptualized by a dynamic programming

approach with an agenda as its central data structure (cf.

Ref. [4]). This means that inferencing sub-tasks are put

onto the agenda, ordered according to a particular

strategy, and then retrieved from the agenda for actual

processing.3

3. The inference engine Ð in contrast to simple Prolog

interpreters Ð allows to store the facts that have once

been derived in the database. Hence, if the same or simi-

lar queries are posed repeatedly, the computational load

may be much lower than if the derivation must be started

from scratch.

4. The variable bindings that were open in the query are

returned by the inference engine, thus, yielding a set of

tuples corresponding to all the facts in the semantic

model that match the query.

Thus, the F-Logic inference engine by Angele and Decker

combines ordering-independent reasoning in a high-level

logical language with a well-founded semantics and a

very ¯exible mechanism for modifying reasoning strategies

that we will exploit in the following.

4.2. Proactive inferencing

Let us now reconsider the example setting described in

the reactive framework. From the inferencing point of view

the key components were: (i) an application that provides

facts concerning the content and the context of a query; (ii)

precompiled queries, which will be executed if all the

related facts are given; and (iii) a deductive database that

retrieves and deduces answers to queries.

Now, in order to proceed from a reactive to a proactive

approach we must cope with: (i) an application that de®nes

the context only partially, and with; (ii) semi-de®ned

queries, where not all facts related to a query have been

given yet; and (iii) we must provide a deductive database

that takes advantage of pre-computations in order to react

quickly.

As we have found these are not requirements that

contradict each other, but indeed with the proper inferencing
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Table 4

Knowledge about employees

Employee Telephone Fax eMail Availability in 2010

Fred Bloggs 234567 991234 fred@onto.de July±October

Joe Doe 345678 992345 joe@onto.de August±December

Walter Moe 987654 993456 walter@onto.de July±November

Jane Smith 456789 994667 jane@onto.de April±November

¼ ¼ ¼ ¼

2 F-Logic is a frame-logic representation language conceived by Kifer et

al. [10]. In the implementation by Angele and Decker that we use, F-Logic

is a proper subset of ®rst-order predicate logic. Concepts and relations are

rei®ed and, hence, may be treated as ®rst-order objects over which quanti-

®cation is possible. For ef®cient processing, F-Logic is translated into a

datalog-style representation [5,14].

3 For instance, a last-in-®rst-out strategy leads to a depth-®rst, a ®rst-in-

®rst-out to a breadth-®rst processing strategy.



strategy they complement each other quite nicely. The high

level view onto the interaction of these needs is depicted in

Fig. 4. At the beginning, we are given a set of facts and an

ontology describing a set of concepts, relations, and rules.

The facts that might be derived by applying all the rules in a

forward-chaining manner would most often cause an over-

¯ow of data in the data storage Ð in fact the semantic

model could even be an in®nite one, as it may easily

occur when functions are used in the representation

language. On the other hand, we ®nd that there is a small

set of facts that is actually needed as background informa-

tion for the knowledge worker. For instance, in one situation

the knowledge sought from the database might be sketched

in the form of a small rectangle (cf. ªFirst answer soughtº).

Since neither the context nor the actual background knowl-

edge is completely speci®ed, the best one can hope from the

inference engine is a set of facts that contains the knowledge

required at this point of work, but that is not minimal with

regard to the actual task the knowledge worker has to solve.

However, this need not even be a disadvantage. In fact,

we have described above that formerly derived facts need

not be recomputed by the inference engine, thus, the pre-

computation of a reasonably small set of facts may even be

useful when one moves on to another setting and another,

similar, task. Just think of a task where you must contact

several people that are related to a particular topic, e.g.

knowledge management. Their actual relationship to

knowledge management may be computed from facts like

ªperson A has written a paper about knowledge manage-

mentº, ªperson B has written a mail to me about knowledge

managementº, etc. In a particular context you might wish to

contact person B, because you are co-authoring a paper Ð

and of course, it is much more likely that you co-author a

paper with a person with whom you have contact than with a

person whom you might not know at all. The inference

engine will probably fail to employee this rationale, since

its contextual knowledge is very limited. But when you try

to contact person A later on anyway (say in order to orga-

nize a workshop) then the inference engine may take full

advantage of previous computations Ð the second answer

you seek is already contained in the ®rst set of facts that

have been computed before (Fig. 4).

Now the question remains open as to how the strategy just

explained is realized in the actual application. The realiza-

tion must take into account that model pre-computation is

expensive and that the user may pose an explicit query at

any point in time. Hence, one needs to avoid that model pre-

computations over¯ow the data storage with useless facts

and that the pre-computation actually prevents ef®cient

query answering. To account for these stipulations we

apply the following scheme:

1. The application queries the system when it determines that

enough facts that belong to a query are known to the agent.

In our setting this currently means that at least one open

variable must be bound to a concrete fact, but in other

settings more restrictive strategies might be necessary.

2. We distinguish between three different query priorities,

viz. explicit queries by the user (priority 1), queries the

variable of which are completely bound by the applica-

tion (priority 2), and queries with unbound variables

(termed ªunderspeci®ed queriesº; priority 3). Underspe-

ci®ed queries receive the lowest priority, they are

preempted by the other two types of queries and they

are terminated when their computation reaches a time

limit. Explicit queries by the user receive the highest

priority. They preempt priority 2 queries such that the

computation of the latter may be continued after the

completion of the explicit query.

3. To allow for preemption and (if necessary) continuation

of a query, the agenda strategy is modi®ed. Entries on the

agenda that are of priority 3 are cleared from the queue

when a query of priority 1 or 2 arrives or when the dead-

line for a query expires. Entries on the agenda that are of

priority 1 are put at the beginning of the agenda such that

they are handled ®rst, but such that the processing of

entries of priority 2 may be resumed after their comple-

tion. By this way, the inference engine is adapted to yield

an anytime algorithm [4].

4. Queries with several unbound variables easily lead to an

abundance of possible results, thus, deteriorating the

speci®city that one might gain from our approach

compared to information retrieval-based schemes.

Hence, it is important to restrict actual output to results

that can be easily grasped by the user. This means we

only provide hints proactively, if the result is de®nite, i.e.

if in spite of the underde®ned context and background

knowledge only one possible answer may be found for a

particular entry. Furthermore, we provide a selection of

up to seven possible choices, if we expect the user to

continue with just the information that we have computed

in our approach.

All in all, this scheme allows the provision of the power

that we have sketched above: it takes full advantage of

pro-active inferencing through a multiple-priority

approach. Pre-computation comes with an internal time

limit, such that we gain a careful balance between the

derivation of de®nite results from a weakly de®ned

context, the pre-computation of facts queried later, and

the computational loads for processing and storage

required from the system.
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Fig. 4. Model precomputation through pre-inferencing.



4.3. Example for proactive processing

As mentioned in Section 3.4, it is nearly impossible to

model both, enough queries such that you get the answer

that you are looking for and not too many queries such that

the user and the modeler can both deal with the number of

queries that are required for a particular task.

In contrast, an intelligent assistant adapts to the particular

facts it ®nds in its knowledge base. It employs speci®c

queries when it is appropriate to ®nd out about who of

your colleagues ®ts best into your work plan and it employs

general queries when a too speci®c one would lead you into

a dead end road Ð our proactive scheme is appropriate to

realize just that. For instance, resuming our running exam-

ple, a project manager may want to include someone with

XML expertise. Assuming content in the knowledge base

like that given in Table 3, the necessity to include someone

with XML expertise requires that Joe Doe is contacted for a

fruitful project. The problems in the reactive framework

come from the fact that a speci®cation like `an expert in

ªXMLº who is available from May±June 2010' is so speci-

®c that in many, many cases an empty set of corresponding

facts will be derived.

In the proactive framework the situation is somewhat

different. Let us assume that the project manager wants to

contact two persons. One who knows about XML and one

who is an expert with ERP Tool A. Furthermore, let us

assume that the project manager deals with a template that

queries for people depending on their expertise and avail-

ability during a scheduled time frame. When the manager

®rst plans for the position requiring XML knowledge, she

mentions this in her planning template. In the reactive

framework she would have to enter the time schedule, too

Ð and ®nd out that no such person exists or she would have

to choose from a possibly long menu of queries. In the

proactive framework, the inference engine starts with a

low priority query as soon as the stipulation for XML exper-

tise has been entered to the system. Since only one expert

for XML may be retrieved at all, the corresponding instance

Ð possibly with some explanation Ð may be returned even

before the project manager may start to plan more details.

Thus, the agent uses possible idle times of the user and the

user gets an early feedback on her plans that is collected

from the organizational memory, the axioms in the ontology

and the proactive inferencing scheme.

When the project manager plans for someone with exper-

tise in ªERP Tool Aº, there are two possibilities. If the

number of experts is low, the agent returns the selection

of experts in the ®eld. Otherwise it does not react until the

time schedule is speci®ed such carefully that the choice is

narrow enough to present it to the user. Hence, the careful

balancing between overly speci®c and overly general ques-

tions is delegated to the agent and need not be handcrafted.

In the reactive framework, an overly speci®c question might

result in no information at all Ð yielding no information

about Joe Doe, while an overly general question might

easily plague the user with an abundance of query lists

that she does not want to cope with when she has only

described a few speci®cations yet.

5. Related work

Our work is an organizational memory-based approach

for proactive support of knowledge workers through an

intelligent agent. In the research ®eld of information agents,

numerous systems for very speci®c domains and tasks exist

and also several publications classify and describe those

systems [11,21]. For example, Liebermann [13] gives an

overview of approaches to design intelligent information

agents (Letizia, Remembrance Agent, LetsBrowse, Fire¯y,

Butter¯y, ExpertFinder, Tet-a-Tete, Footprints System) that

provide active assistance in the process of ®nding and orga-

nizing information. These agents learn from interaction with

the user and anticipate the users needs. This happens

through the analyses of statistical information of web

pages and user pro®les. In contrast, we embed our agent

support in speci®c tasks of a work¯ow, de®ned by document

structures that are related to ontological knowledge. So, we

mainly differ from those information agents in that we use

semantic, and not only statistical information.

In the knowledge management area related to our

approach, the distinction is not so clear cut and the surveys

are not so numerous. Hence, we here give a more detailed

roadmap of these: Our starting point has been a common

intranet environment, in which all documents are put such

that they are widely available for reuse and general informa-

tion. The next step has been an integration of distributed

factual knowledge with an ontology as its conceptual back-

bone. Thereby, we relied on the system Ontobroker. Indeed,

Benjamins et al. [3] already outlined how Ontobroker could

be used for knowledge management. However, in their

approach the user had to bear all the burden of doing the

right things at the right time, while our approach goes in the

direction of telling the user what might be useful for him in

his very next task Ð still leaving the option for user-

initiated queries. A central point in our approach is reason-

ing about document structure and contents. Here we take

over Weitz's view of SGML documents in a work¯ow

process [22], but extend his approach to include the knowl-

edge management side and the weakly structured parts of

processes.

Nearest to our integration of work¯ow and knowledge

management aspects comes research presented in Refs.

[2,9,12,15,16]. Huber [9] builds on a Lotus Notes intranet

environment that lets the user de®ne a simple ontology and

small work¯ows. However, his approach is less principled

and does not lend itself easily for modeling and process

planing goals. In particular, he cannot query facts, not to

speak of implicit knowledge, but only documents.

Reimer et al. [16] support the user with particular tasks.

For this purpose, they use rather rigid process structures that
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are build from declarative business rules. We, in contrast,

prepare appropriate solutions, but ultimately leave all the

decisions as well as the ordering of business tasks to the

user. We just try to advise him with information that may

facilitate his problem solving.

Ackerman and Mandel [2] describe an approach that hier-

archically structures tasks and abstracts from different types

of data collections in order to support the users in their

purpose of analyzing astronomical data. Thus, they pursue

a goal that is comparable to ours. However, their application

is much more dedicated to their particular goal. With our

approach we intend to reach a higher degree of ¯exibility as

far as the task goals are concerned and we provide active

support for the business tasks.

Mahling and King [15] describe an intelligent planning

system that supports goal-based work¯ow similar as in our

approach. For this purpose, they also devised an elaborate

agent architecture such that electronic or human work¯ow

participants may easily cooperate. Their approach, however,

lacks an adequate level of description for the knowledge in

the documents. Hence, the knowledge base of their system

does not grow with its use, such as we require for the typical

knowledge worker.

We share many of the convictions we build on with Leake

et al. [12]. In their approach, they also aim at seamless

interaction in task-based knowledge management. They

provide an integration of various knowledge sources and

some ªproactiveº support. We put proactive between quota-

tion marks, since they use an approach that is more like our

Reactive Agent Support where queries, rather than appro-

priate answers, are compiled proactively. Also in contrast to

our approach, they use information retrieval and case-based

reasoning techniques. This may appear advantageous,

because their system may perhaps degrade somewhat

more gracefully when its is given over- or underspeci®c

queries when compared to our reactive agent support.

However, the drawback they incur is that their scheme is

not semantically based and, hence, may not provide similar

semantic rigorosity, semantic derivations, and semantic-

based, proactive compilation of appropriate answers.

Our approach builds heavily on considerations by

Abecker et al. [1] who establish a common ground for docu-

ments, organization and knowledge (re¯ected by their infor-

mation, enterprise and domain ontologies, respectively).

However, they do not exploit the full potential of ontologies,

as they completely neglect inferencing issues that are a

major topic in this paper.

We differ from common work¯ow management and

of®ce information support systems by considering the docu-

ment semantics in detail. In particular, we model document

structures in order to provide better process support through

inferencing on document knowledge. This support is not

restricted to rigidly structured processes, but it may easily

be exploited for weakly structured processes, too, where

only parts of the overall order of task decomposition are

known.

6. Conclusion

In this paper we have presented an approach for intelligent,

proactive inferencing agents that subsumes our earlier work

on desk support that combined an organizational memory

with business process modeling [19]. The reasons for the

extension of the earlier approach stem from a comparison

of the agent with a (very roughly) corresponding human

assistant. Our ®rst approach exhibited a lack of ¯exibility

and proactivity in adding help to the project management

setting or comparable tasks, while in the improved scheme

presented here, the modeling of interesting queries is facili-

tated. This is because careful balancing between overly

speci®c and overly general questions may be delegated to

the agent and need not be hand crafted as before.

In this paper, we have again focused on the problem of

project management. However, this does not mean that we

are restricted to this scenario. As one may easily see, the Ð

possibly digital Ð travel agent that supports you in your

booking of your next vacation trip has to deal with the very

same problems. The task requires a comprehensive memory

with an ontological structure for all different types of hous-

ing and transport. An intelligent, supportive agent would

proactively think about what you are doing. If you try to

get a ¯ight during Christmas season it might proactively

determine that no matter what airline or exact date you

choose, there are just no ¯ights available for the cheapest

airfare anymore. Current systems badly lack this type of

proactive reasoning, as one of the authors had to experience

recently. The importance of such an approach may then be

derived by the time a particular project manager saves in

executing such a task, the more impressive and important

consequences, however, will be derived from customer

satisfaction as one of the key factors in enterprise services.
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