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Foreword

The Semantic Web and Web Mining are two fast-developing research areas,
which have many points in contact. A growing number of Web resources are
semantically annotated, usually in XML or RDF. Data mining algorithms are
becoming standard modules in data analysis packages, and their application is
becoming a basis for Web reporting and controlling measures. However, inte-
grated theories and software solutions are still lacking. The workshop aims to
advance the convergence between Semantic Web and Web mining research by
bringing together researchers and practitioners from these two areas. Our aim is
to improve, on the one hand, the results of Web mining by exploiting the new
semantic structures in the Web, and on the other hand to exploit Web mining
for building the Semantic Web.

Web mining applies data mining techniques on Web content, usage, and struc-
ture. Methods of Web content mining can, on the one hand, be used to create
semantic annotations from Web page content; on the other hand, content mining
can profit from content that is already structured in XML, RDF, or ontological
format. Methods of Web usage mining can profit from semantically enriched
descriptions of the Web pages visited; this will provide for the identification
of more meaningful patterns within site visits, and better site improvements,
recommendations, and personalization options based on these patterns. Usage
patterns can in turn serve to improve the semantic annotations of pages. The
third form of Web Mining, Web structure mining, utilizes the hyperlink struc-
ture. Crawlers that take into account structure as well as semantic content can
significantly improve search engine results. The rapid development of the field
means that Semantic Web Mining now plays a wide range of different roles.

Our workshop aims to bring together researchers and practitioners from the
involved fields, and to foster the exchange of ideas, the discussion of currently
proposed solutions, and the establishment of an agenda for further emerging is-
sues. In the contributions to this workshop, four categories can be distinguished:

Two invited papers give an overview on different uses of data mining tech-
niques within Semantic Web Mining: Claire Nédellec discusses the use of Ma-
chine Learning and Information Extraction for annotating text, with the aim
to build the Semantic Web. The approach is illustrated by an example taken
from genomics. Nada Lavrač discusses Inductive Logic Programming techniques
for learning from the Semantic Web. She focusses especially on Relational Data
Mining and Subgroup Discovery.

The invited talks are complemented by three full papers which focus on basic
research: Andreas Faatz and Ralf Steinmetz explain how an existing ontology
can be enriched by mining the web. The authors gather a text corpus using the
Google search engine, and compare it with the concepts of the ontology based



on statistical information on word usage. Honghua Dai and Bamshad Mobasher
discuss a Semantic Web Usage Mining approach. They present a way of using
domain ontologies to automatically characterize usage profiles. Multi-faceted
learning for building web taxonomies is the topic of the paper by Wray Buntine
and Henry Tirri. They present results for multi-faceted clustering of bigram
words.

Two application papers discuss the use of existing Data/Web mining meth-
ods to Semantic Web related problems/data: Chung-Hong Lee and Hsin-Chang
Yang consider multilingual text corpora and cluster them using self-organizing
maps. The documents are re-categorized based on their semantic relatedness in
the corpus. Peter Edwards, Gunnar AAstrand Grimmes, and Alun Preece em-
pirically investigate the hypothesis that learning from the Semantic Web will
outperform traditional learning from today’s Web. They compare the perfor-
mance and accuracy of ILP against k-Nearest Neighbor and Näıve Bayes on two
datasets.

Lastly, an important aim of this workshop is to promote the exchange of
ideas for the benefit of ongoing research efforts. This is reflected in four project
descriptions.

With this collection of research papers, we aim to further the convergence of
the Semantic Web and Web mining. We wish to express our appreciation to the
authors and to the members of the program committee, for making the workshop
a valuable contribution to Semantic Web Mining.

Last but not least we wish to thank KDNet for the support provided for the
workshop. Our aim is to use this workshop as a first discussion forum for further
activities within KDNet. We want to clarify and discuss further interests and
needs concerning Semantic-Web-related activities within KDNet. These could
include the organization of further workshops, as well as the participation in
project initiatives, mailing lists and community fora. Of major interest in this
direction is the initiative of the Web Mining Forum as planned by KDNet.

July 2002 Bettina Berendt
Andreas Hotho
Gerd Stumme
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Machine Learning applied to Information Extraction in specific domains — an 
example, gene interaction extraction from bibliography in genomics 

Claire Nédellec 

Laboratoire Mathématique, Informatique et Génome (MIG), INRA 

nedellec@versailles.inra.fr 

 

1. Introduction 
As well as the generalization of multimedia communication, the volume of textual information is 
exponentially increasing. Today mere Information Retrieval technologies are unable to meet specific 
information needs because they provide information at a document collection level. Developing intelligent 
tools and methods, which can give access to document content, is therefore more than ever a key issue for 
knowledge and information management. Text content access is a crucial issue as much in the document 
engineering system of a small firm as in the document management of a whole scientific domain, 
whichever the source of information is: an Intranet information system or the "semantic web". 
As soon as one wants to automate access to the content of texts in electronic form, one needs semantic 
knowledge to localize and interpret the relevant information. The acquisition of semantic knowledge is a 
well-known bottleneck for real-world applications, whichever technology is used (Information Extraction, 
Question/Answering, and more generally document engineering). There are two main reasons. Firstly, 
little semantic knowledge specific to application domains has been available because, until now, effort has 
been mainly devoted to the definition of formal languages for the representation of ontology and to the 
acquisition of generic knowledge bases, either lexical databases such as WordNet or EuroWordNet or 
general ontologies; CYC, for instance. In contrast, almost no community effort has been devoted to the 
acquisition of specific semantic knowledge that is required for particular applications and to the design of 
the acquisition methods that could be applied. We claim that no generic knowledge can be used as such 
and that the required semantic knowledge, even if it is derived from a generic source, must be specifically 
tuned to the application, domain and task that it will be used for. Although the process of acquiring this 
specific semantic knowledge cannot be fully automatic, methods and tools can be designed to efficiently 
help its acquisition. Secondly, it is also noticeable that there has been little dialogue between the various 
disciplines involved in knowledge acquisition and text analysis, although the integration of methods and 
tools from various disciplines is obviously needed. These disciplines include Information Science, 
Linguistics, Natural Language Processing, Knowledge Acquisition, Knowledge Representation, Machine 
Learning, Information Retrieval and Information Extraction. The Caderige project (http://www-
caderige.imag.fr) is an example of such a collaboration in the domain of functional genomics. It involves 
four French laboratories, IRISA (ML and NLP), LIPN (KA, KR and NLP), LRI (ML) and MIG 
(genomics, ML and IE) and more recently a biotechnology company, Hybrygenics. 
After sequencing, the next challenge in genomics is identifying the role of genes in interaction networks. 
Genome research projects have resulted in new experimental approaches, such as using DNA chips, at the 
level of whole organisms. Such chips provide comprehensive data about gene activity, so a research team 
can quickly produce thousands of measurements. More than ever, these new lab technologies are calling 
for fast and efficient access to previous results to interpret elementary measurements from the laboratory. 
Unfortunately, most functional genomics knowledge is not described in databanks; it is only available in 
scientif ic abstracts and articles written in natural language. For instance, the main generalist bibliographic 
database, Medline, contains approximately 12 millions entries. Efficiently using previous research results 
requires automating access to bibliography content. Therefore, exploring bibliographies and extracting 
knowledge from literature is a major milestone toward developing functional models of gene interactions.  
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In our opinion this new challenge offers as many benefits and present the same level of technical 
difficulty as other more popular bioinformatics challenges such as designing predictive algorithmic 
models. Moreover, AI research in natural language processing (NLP), information extraction (IE), 
machine learning (ML), and genomics have now reached the stage where automating IE from genomics 
literature is a realistic and exciting research goal. The specificity of the genomics bibliography, compared 
to other domains, justifies the expectation for short-term and high-quality results. We will illustrate this 
claim in the following by a genomic example about information extraction of gene interaction in Bacillus 
subtilis. 

2. An example of the IE problem in genomics 
Biologists can search bibliographic databases via the Internet using keyword queries that retrieve a 

large superset of relevant papers. Alternatively, they can navigate through hyperlinks between genome 
databanks and the corresponding papers. To extract the requisite gene interaction knowledge from the 
retrieved papers, they must identify the relevant fragments (see the bold text in Figure 1). Such manual 
processing is time consuming and repetitive, because of the bibliography size, the relevant data 
sparseness, and the database continuous updating. 
 
UI  -  99175219 

AB  -  Ger E i s a t r anscr i pt i on f act or  pr oduced i n t he mot her  cel l  compar t ment  of  
spor ul at i ng Baci l l us  subt i l i s .  It is a critical regulator of cot genes encoding 

proteins that form the spore coat late in development. Most  cot  genes,  and t he ger E 

gene,  ar e t r anscr i bed by  si gmaK RNA pol ymer ase.  Previously, it was shown that the GerE 
protein inhibits transcription in vitro of the sigK gene encoding sigmaK. Her e,  we show 

t hat  Ger E bi nds near  t he si gK t r anscr i pt i onal  st ar t  si t e,  t o act  as a r epr essor  [ …]  

Figure 1. An extract of a Medline abstract on transcription in Bacillus subtilis. 

 
Type: negative 
Agent: GerE protein  

Interaction 

Target: Expression Source: sigK gene 
Product: sigmaK protein  

Figure 2. Information extracted from the second selected fragment 

For example, the query “Bacillus subtilis and transcription”  retrieves 2,209 abstracts such as the one of 
Figure 1. We chose this query example because Bacillus subtilis is a model bacterium and transcription is 
a central phenomenon in functional genomics. Gene functions are realized through gene transcription and 
protein production. The example of Figure 1 represents the problems posed by applying IE to a 
bibliography in genomics. Extraction involves understanding and requires expertise in biology. The 
information to be extracted is sparse in the document set. For instance, in the set of 2,209 abstracts I 
mentioned, only 3 percent of the sentences contain relevant information on gene interaction—that is, text 
that mentions the interaction’s agents and type. Hopefully, in biology the bibliography is well structured 
and the information is local, mainly located in a single sentence or in a part of it as opposed to other 
domains where it is spread over the document. Many other biological phenomenon, such as translation or 
gene homology, raise similar IE problems. 

3. L imitations of usual IE methods 
Up to now, DARPA’s MUC (Message Understanding Conference) program has defined automatic IE 

as the task of extracting specific, well-defined types of information from natural language texts in 
restricted domains. The objective is to fill predefined template slots and databases, such as shown in 
Figure 1b. In functional genomics, even such a restrictive view of IE is useful. Until now, no operational 
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IE tool has been made available in genomics, and extraction has not been automated. 
However, applying IE à la MUC to genomics and more generally to biology is not an easy task because 

deep text analysis methods are needed to handle the relevant fragments. IE systems should combine the 
semantic-conceptual analysis of text understanding methods with IE through pattern matching,  [Thomas 
et al., 2000], [Blaschke et al., 99], [Sekimizu et al., 98], [Ono et al., 2001]. Indeed, IE approaches to 
genomics, based either on predefined sets of f ixed patterns, or on shallow representations of the text, yield 
limited results with either a bad recall or a low precision.  

Hand-coded sets of patterns based on significant interaction verbs, gene names, or even syntactic tags 
and dependencies, [Blaschke et al., 99], [Thomas et al., 2000], [Ono et al., 2001], retrieve little high-
quality information. Our experiments with such patterns (described in the IE literature in genomics)—for 
example, [(Protein1/Gene1) *1 (interact/associate/bind) *  (Protein2/Gene2) * ]—yield a precision around 
98 percent with a recall between 0 and 20 percent. The reason is that, even in technical and scientif ic 
domains, there are many ways to express given biological knowledge in natural language. Manually 
encoding all patterns encountered in a corpus is thus unfeasible due to cost and unreliability. Therefore, 
automatically learning such IE patterns or rules from corpus seems to be an appropriate solution. 
Additionally, building IE systems is time consuming if they rely on manually encoded dictionaries and 
extraction rules or patterns that are specific to the domains and tasks at hand and they are not easily 
portable. 

At the opposite end, some methods are based on statistic measures of keywords and gene name co-
occurrences, [Craven, 99]  (for example, shallow information-retrieval-based techniques), [Blaschke et al., 
99]. They yield high recall and low precision because they assume that any pair of genes encountered in 
the retrieved sentences interact, which is not always true. Many false positives are thus retrieved because 
potentially discriminant keywords and gene names occur in sentences where the genes mentioned are not 
semantically related. The following example (Figure 3.a and 3.b) illustrates some of the problems 
encountered by both hand-coded patterns and statistic –based approaches. Figure 3.a gives an example of 
a sentence that cannot be handled by these approaches and Figure 3.b represents the correct gene 
interaction network that should be extracted from this sentence. 

 
"GerE st i mul at es  cotD t r anscr i pt i on and i nhi bi t s  cotA t r anscr i pt i on i n vi t r o by  sigma K 

RNA pol ymer ase,  as expect ed f r om i n vi vo s t udi es,  and,  unexpec t edl y,  pr of oundl y 
i nhi bi t s  i n vi t r o t r anscr i pt i on of  t he gene ( sigK)  t hat  encode sigma K. ". The sentence 
describes five interactions, s i gma K with cotA and cotD, Ger E with cotD, with cotA and with s i gK.  

Figure 3.a An example of sentence that cannot be handled by hand-coded patterns and pure statistic–
based approaches 

An intuitive pattern, such as the one mentioned above, (i. e. [(Protein1/Gene1) *  
(interact/associate/bind) * (Protein2/Gene2) * ]), that would match any pair of gene or protein names and 
interaction verbs or nouns (framed in the figure 3.a), [Craven & Kumlien, 1999], [Blaschke et al., 99], 
would retrieve many erroneous interactions from this sentence, such as cotD [...] inhibits [...] cotA. 
Additional criterion such as a maximum number of words between gene names would yield a better 
precision but would miss some interactions such as the inhibition of sigK gene transcription by GerE (28 
words apart). Statistics and keyword-based approaches would select the relevant sentences but would not 
be able to determine the right interactions between the five different gene and protein names cited in 
Figure 3.a (in bold-faced text). 

                                                        
1 *  matches any string of any length (including zero). 
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Figure 3.b The gene interaction network to be extracted.  

Extracting relevant knowledge in the selected documents thus requires deeper syntactic and semantic 
analysis based on lexical and semantic resources specific to the domain. For instance, in Figure 2.a, 
identifying that GerE is the subject of the verb “ inhibit”  and that sigK is its direct object, and given that 
these relations are compatible with the conceptual agent and target roles, would improve the extraction’s 
quality. To summarize, extraction patterns should be learned, because their manual development is 
unfeasible, and the learning should be based on syntactic–semantic regular expressions. 

4. ML and IE today 
Since the beginning of the nineties, automatically learning extraction rules from examples of pairs of 

filled patterns and annotated documents seemed like an attractive approach.6 However, by the end of the 
decade, people were questioning the relative merits of the trainable and the knowledge engineering 
approaches—Doug E Appelt and David J. Israel, for example, discussed this issue at an IJCAI-99 (Int’ l 
Join Conference on Artificial Intelligence) tutorial on IE (http://www.ai.sri.com/~appelt/ie-tutorial/). 
According to them, trainable (that is, statistics and ML-based) approaches should be preferred when the 
training data is cheap and plentiful, the extraction specifications are stable, and obtaining the highest 
possible performance is not a critical issue. They consider that the best recall the ML-based systems 
obtained is quite low compared to hand-coded IE systems. Appelt and Israel’s analysis is based on the 
current state of the art in IE, in which existing ML-based systems exploit little, if any, background 
knowledge for guiding learning. The systems are often applied to a rather shallow representation of the 
training texts, and most of them are based on general-purpose ML algorithms —mainly K nearest-
neighbor, grammatical inference, naïve Bayes methods, and top-down or bottom-up relational learning 
based on an exhaustive search or a local information gain measure.  

Two related facts explain the limited range of these approaches, despite the rich spectrum of the 
modern state of the art in ML. First, according to the limited experiments performed, [Freitag, 98],  on the 
common and quite simple IE tasks (MUC tasks, IE on the job, and seminar announcements), approaches 
based on linguistic analysis, lexical semantics, and informative representation of the training data do not 
perform much better than more shallow approaches. This does not encourage the design and application of 
novel symbolic and relational ML methods, which would be suitable for richer text analysis. Second, until 
recently, the main stream in text processing was mainly linguistic and statistic but not ML-based, besides 
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some notable exceptions such as S. Soderland’s work and T. Mitchell’s group research, [Soderland, 99]  
[Freitag, 98]. A large part of the effort in learning for IE, including genomic applications, has also been 
devoted to lower-level tasks such as named entity recognition, [Fukuda, 98]. This situation is evolving 
with the growing interest of the ML community in text processing and in IE in particular. Moreover, the 
growing demand for applications brings many new IE tasks, such as IE in functional genomics, that 
require a deeper understanding and consequently call for more sophisticated linguistics- and ML-based 
approaches [Craven & Kumlien, 99]. Additionally, in real-world applications, training complements rather 
than opposes knowledge engineering, as ontology-based and interactive approaches illustrate. 

5. L inguistics- and ML-based approach of IE in future genomics  
In Caderige, we view the genomics IE of the future as a three-step method. In the first step, we select 

the relevant textual fragments from all sentences in the papers, based on shallow criteria (for example, 
discriminant keywords or gene and protein names) to deal with the relevant data’s sparseness. In the 
second step, we build a representation of the content of the fragments using successive interpretation 
operations based on syntactic–semantic lexicon, [Sekimizu et al., 99], [Rindflesh et al., 2000], following a 
classical approach in text understanding. Figure 4 shows an example of this phase’s output. This step 
should involve terminology, ontologies, and predicate argument structures to label the relevant terms and 
syntactic dependencies with the appropriate concepts. In doing so, we rely on the fact that in the language 
of a given specific domain there exists strong syntactic regularities, which make it possible to build a 
semantic structure.  

[cspAp ] [ directs ] [the  expression of  the cspA gene ]

DobjSubject
NprepN

Protein Production GenePositive_ 
interaction

Fragmen t

Semantic labeling

Noun Verb Det Noun Prep Det NounNoun

Syntactic parsing NP NP

Syntactic relation
 

Figure 4. Example of syntactic-semantic interpretation (NP denotes noun phrases and Dobj denotes the 
Direct Object). 

Finally, we apply extraction rules (see Figure 5) to the resulting text interpretation to identify the 
relevant information and store it in a database in the suitable format, or to fill forms as in MUC case. In 
this example, the IE is realized by transducers designed by Intex software, that insert XML labels in the 
text fragments when the syntactic and semantic conditions are verif ied. For example, the transducer in 
Figure 5 says states conditions, among others, there must be a noun phrase, subject of the verb and 
representing a protein (denoted by variable $1), and a noun phrase, direct object of the interaction verb 
(denoted by variable $2), representing a gene expression (denoted by variable $3). The gray boxes 
represent subtransducers. If all conditions are true, then XML protein, interaction and gene expression tags 
should be inserted (for example, see <protein>, <interaction> and <gene_expression> tags in the figure). 

<Protein>

</gene_ 
expression><protein> </protein>

<interaction> </interaction>

<gene_ 
expression>

Semantic Class :
Positive interaction

[NP
( )

1 1
[Ver b

(
2

)
2

[ NP
(

3
)
3]

POSITIVE INTERACTION
Subject( $2 ,$1 )

Dobj($2 ,$3 )
<Gene 

expression>
] ]

 

Figure 5. Example of extraction rule in the form of transducers for extracting gene interactions in 
functional genomics. 

ML methods can help develop the knowledge bases needed for each step. For sentence filtering, 
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discriminant keywords are learnable by classification methods such as naive Bayes or Support Vector 
Machines, [Marcotte et al., 2001], [Nedellec et al., 2001]. For building terminologies and ontologies from 
parsed corpora or assisting their design, unsupervised methods such as conceptual clustering are 
appropriate [Nedellec & Faure, 98]. The many methods designed for semantic class learning, query 
expansion, word sense disambiguation, or for building restrictions of selection are easily applicable to 
ontology and subcategorization frame learning. Then, predicate argument structures are learnable from 
subcategorization frame clustering or from semantically labeled corpora. Finally, extraction rules or 
automata (see Figure 5) are learnable from annotated corpora (see Figure 6) at the suitable level of 
linguistic interpretation (see Figure 4), [Sasaki & Matsuo, 2000]. The feasibility of such learning tasks 
from parsed corpora has been shown many times in the framework of specific domains such as scientif ic 
ones. 
<SENTENCE  name = "2" > 
 <INTERACTION  

id  = "1"  
type  = "Y" 
Previous studies showed that <Agent1 type=" Protein"  func=" Factor" > spoII ID </Agent1> <Interaction> is 
needed to produce </Interaction> <Target1 type="SigmaFactor">sigma K</Target1>  [...] 

 </INTERACTION> 

Figure 5. Example of annotated sentence for IE rule learning. The highlights indicate the graphic 
attributes of the XML tags. For example, the regions tagged as "Interaction" are underlined, and the 
regions tagged as Agent are in bold. 
Superficial approaches will not sufficiently resolve the problem of building IE systems for genomics.  
However, given the specificity of the language used in genomics texts, we can solve the task by 
combining ML from a corpus of annotated and un-annotated texts with syntactic–semantic analysis. 
Genomics provides demanding problems that will stimulate the development of more sophisticated 
approaches in IE.  Although these aspects of extraction are not yet in the mainstream of IE research, this 
seems a promising direction not only for genomics but more generally for biology and for other perhaps 
less technical domains. Preliminary work in this area has produced encouraging results that we should 
now extend and deepen. 

Acknowledgments 
The author thanks her collaborators in the Caderige project, in particular Philippe Bessières, Gilles Bisson, Adeline 
Nazarenko and Mohamed Ould Abdel Vetah for their contribution to the scientific program presented in the paper. 
Caderige project is partially funded by the French inter-EPST program in bioinformatics. 
This paper is a completed and revised version of the paper published by the IEEE Intelligent System Journal (May-
June 2002). 

References 
Blaschke C., Andrade M. A., Ouzounis C. and Valencia A., “Automatic Extraction of Biological Information from 
Scientific Text: Protein-Protein Interactions,”  Proceedings of the International Symposium on. Molecular Biology 
(ISMB’99), AAAI Press, USA pp. 60-67, 1999. 

Craven M. and Kumlien J., “Constructing Biological Knowledge Bases by Extracting Information from Text 
Sources,”  Proceedings of the 7th International Conference on Intelligent Systems for Molecular Biology (ISMB-
99), pp. 77-86, AAAI Press, USA, Heidelberg, Germany, 1999. 

Faure D. and Nédellec C.,"Knowledge Acquisition of Predicate-Argument Structures from technichal Texts using 
Machine Learning" in Proceedings of Current Developments in Knowledge Acquisition: EKAW-99, p. 329-334, 
Fensel D. & Studer R. (Ed.), Springer Verlag, Karlsruhe, Germany, April 1999. 

Freitag D., “Multistrategy Learning for Information Extraction,”  Proceedings of the 15th International Machine 

6



7 

Learning Conference (ML'98), A. Danyluk (ed.) Morgan Kaufmann, pp. 100-107,  Madison, Wisconsin, 1998. 

Fukuda  K., Tsunoda T., Tamura A. and Takagi T., “Toward Information Extraction: Identifying Protein Names 
from Biological Papers,”  Proceedings of the 3d Pacific Symposium on Biocomputing (PSB’1998), 3:705-716 
(http://www-smi.stanford.edu/projects/helix/psb98/), 1998. 

Marcotte E. M., Xenarios I., and Eisenberg D., “Mining Literature for Protein-Protein Interactions,”  
Bioinformatics Journal, vol. 17, no. 4, pp. 359–363, Oxford University Press Applications, 2001. 

Nédellec C., Ould Abdel Vetah M., and Bessières P., “Sentence Filtering for Information Extraction in Genomics: 
A Classification Problem,”  Proceedings of the International Conference on Practical Knowledge Discovery in 
Databases (PKDD’2001), pp. 326–338, Springer Verlag, LNAI 2167, Freiburg, September, 2001. 

Ono T., Hishigaki H., Tanigami A. and Takagi T., “Automated Extraction of Information on Protein-Protein 
Interactions from the Biological Literature,” Bioinformatics Journal, vol. 17, no. 2, pp. 155–161, Oxford 
University Press Applications, 2001. 

Riloff E., “Automatically Constructing a Dictionary for Information Extraction Tasks,” Proceedings of the 11th 
National Conference on Artificial Intelligence (AAAI-93), pp. 811–816, AAAI Press/The MIT Press, Cambridge, 
Mass., 1993. 

Rindflesh T., Tanabe L., Weinstein J.N. and Hunter L., “EDGAR: Extraction of Drugs, Genes and Relations from 
the Biomedical Literature,”  Proceedings of the 5th Pacific Symposium on. Biocomputing (PSB’2000), 
(http://www-smi.stanford.edu/projects/helix/psb00/), pp. 514–525, 2000. 

Sasaki Y. and Matsuo Y., “ Learning Semantic-Level Information Extraction Rules by Type-Oriented ILP,”  
Proceedings of the 18th International Conference on Computational Linguistics (COLING-2000), Morgan 
Kaufmann, Saarbrüken, Germany,  2000 

Sekimizu T., Park H. S. and Tsujii J., “ Identifying the Interaction Between Genes and Gene Products Based on 
Frequently Seen Verbs in MedLine Abstracts,” Genome Informatics, pp. 62–71, Universal Academy Press, Tokyo, 
Japan, 1998. 

Soderland S., “Learning Information Extraction Rules for Semi-Structured and Free Text,”  Machine Learning 
Journal, vol. 34, pp. 233-272, 1999. 

Thomas, J., Milward, D., Ouzounis C., Pulman S. and Caroll M., “Automatic Extraction of Protein Interactions 
from Scientific Abstracts,”  Proceedings of the 5th Pacific Symposium on Biocomputing (PSB’2000), vol. 5, pp. 
502–513, http://wwwsmi.stanford.edu/projects/helix/psb00/, 2000. 

 

7



���������
	�������������
��� 	��	���������������� �!�"��#$�%	�&(')��*��+�
,

-/.102.435.7698:.<;=
>@?2ACBEDGFIH�J4KLJ@MNBEOPBEQ1BEDSR@>7HUTWV�XUH�YUZ1R\[:]S]U]W^1_NQ@`9a _bH�JcHdR2A1aPV�X7D:J@OeH

f1gUhdg\iNj7gUk7lCgCmUndoSp7q\ibq7o

r�sut:v:w�xcyUvSz K{J�KLJ9|@Q9}~BEOeXSDW^�VU�SOP}��u�EVS����HUTWTWOPJ9���IKL^\�5�~R\BE�@D��EDG}:D:JCB�Mb�9O�F�B�VUF
H�BbBED:JCBEOeVUJ F��EVST��@�EVS����HUT�MN�@JCBE�@D:MbOPM5BEV��1J@V���aeD:|@�SD�|@OPMb}:V�X7D~�b���ED:MbQ9a�BED�|�OPJ HS|1�
XUHUJ@}:D�| �EDGa�H�BEOPVSJcH�a�|@H�B�H�TWOPJ9OPJ@��BED:}��9J@Oe�dQ@D:M
BE�cH�B�H��ED)�1��HU}GBEOP}�H�aea��4HU�9�@aPOe}:HU`9aPD
F�VU��|@OPMb}:V�X7D~�EOeJ@���dJ@V���aPD�|1�SD�OPJ��ED:aeH�BEOeVUJcH�a@|@H�B�H�`cHUMbDGM:?S�
�@OPM��cH���DG���UOeXSD:MuH�`@�EOPDGF
OPJCBb�EVd|@Q@}GBEOPVSJ4BEVWKN^���R9�1�ED:MbD:JCBEM�BE�@D)MNB�H�BEDG��V�F���BE�9DG�{H��bB�KL^\��BEDG}~�@J9Oe�CQ9D:M!F�V����EDG�
aeH�BEOPVUJcHUa@�dJ9V���aPD�|@�UD�|@OPMb}:V�X7DG�b��HUJ9|/VSQ1BEaPOeJ@D:Mu�ED:}:D:JCB�H��9�@�EVSHU}��9D:MuBEV��EDGa�H�BEOPVSJcH�a
MbQ@`9�U�EVUQ9��|1OPMb}:V�X7DG�b�C?

  ¡9¢�£�¤2¥)¦/§�¨\£2©E¥�¢

ªb«<0�¬ =�~® 61¯�°�±@² ®�=�³ 8~±@²18:.d´4´ ® «2²¶µ�ªE35·�¸/¹ º@º2»�º@¼2»~½1¼2»�¾7½7¿ ®�À ."8G¯ À ¯U.d8 =:Á .18~¯S. ~Á . +Á . À�®�GÀ
8~±c± :À+® « ® «<0�¬ =�~® 61¯"´4. =:Á2® «2¯ °�¯U.18~« ® «2²Â.1«<0�°�±1² ®�=W³ 8~±@²18:.d´4´ ® «2²�Ã<ªE35·Ä8~¯ À ¯S.d8 =:Á . ® ´ À
.  .ÆÅ�±@8~´�.d°(Å�8:.d´4¯�Ç�±18GÈ�. À Ç�¯U°�°!. À�³ 8:. =�~®�= .1°
.1°�²@±18 ®eGÁ ´ À Å�±@8 ® «<0�¬ =�~® 61¯4°�¯U.18~« ® «2²�±dÅ
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Ç Á2®�=:Á °�¯U0  ± GÁ ¯�0�¯�6@¯�°�± ³ ´4¯U«  ±1Å5«2¯UÇ  ¯ =:Á « ®�Û ¬2¯ À Å�±@8)8~¯U°�. ~® ±1«<.1°Ü02.  .�´ ® « ® «2²<Ã
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 ¬28 ® «<²<Ã

� �O%"N7!$#H�O� B"1*,K02#�;7)L!��&� ò Á ¯ À ¬2Í2²@8~±@¬ ³ 0 ®�ÀG= ±C61¯U8 ÉÐ . À È ®�À 0�¯ ð «2¯S0 . À Å�±@°�°�±CÇ À.9
² ® 61¯�«�. ³ ± ³ ¬2°�. G® ±@« ±1Å ® «<0 ® 6 ® 02¬<.d° À .d«�0 . ³ 8G± ³ ¯�8 EÉ ±1Å GÁ ± À ¯ ® «�0 ® 6 ® 0�¬<.1° À Ç�¯Î.d8G¯
® «  ¯U8~¯ ÀE ¯U0 ® «Ü» ð «<0 GÁ ¯ À ¬2Í<²18G±1¬ ³<À ±dÅ ~Á ¯ ³ ± ³ ¬<°�. ~® ±1« GÁ .  .d8G¯ ÀE . ~®�À�~®�= .d°�° É � ´4± À�
® «  ¯U8~¯ ÀEG® «<²��2» ® Ã ¯1Ã�»u.d8G¯". À °�.d8G²1¯ . À�³ ± ÀGÀ~® Í2°�¯".1«<0 Á .761¯ GÁ ¯"´4± ÀE ¬2«c¬ À ¬�.d° ÀE . ~®�À�~®�= .d°
µ�0 ®�ÀE 8 ® Í2¬ G® ±@«<.d°I¸ =:Á .d8:. =� ¯�8 ®�À�~®�=�À Ç ®eGÁ 8G¯ À~³ ¯ =�� ± GÁ ¯ ³ 8~± ³ ¯U8 EÉ ±dÅ ® «  ¯�8G¯ À� Ãcò Á ¯ À�É�À Ó
 ¯�´ ó�® 0�± À ¹ 	cÚ7¿�²@¬ ® 02¯ ÀÊGÁ ¯  ± ³ Ób0�±CÇ)« À ¯S.d8 =:Á ±1Å ³ ±  ¯�« ~® .d°�° É¶® «  ¯�8G¯ À�~® «2² À ¬<Í2²18G±1¬ ³�À
¬ À�® «2²4«c¬2´4¯�8G±1¬ À ¬ À ¯U8�Ób0�¯ ð «2¯U0 ³ .d8:.d´4¯  ¯�8 À Ã
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ÀE 8~¬ =�~® ±1«�±1Å�´�±�0�¯U° À ±dÅ�0 É «<.1´ ®�=�À~É�ÀE ¯�´ ´�. É Í\¯". ® ´4¯S0�. �Û ¬<.1° ®� . ~® 61¯�´4±�0�¯U°50 ®�À Ó
= ±C61¯U8 É Ã 8 8~¯ = ¯U« !Û ¬<.d° ®� . G® 6@¯�´4±�0�¯�°�0 ®�ÀG= ±C61¯U8 É�À~ÉcÀ� ¯U´ ¹ ½2¾�¿N»U¬ À~® «2²�. � À~® ´�ÓN° ® È1¯�8G¯ ³ 8~¯�Ó
À ¯U«  . G® ±@«Ü» ®�À Í<. À ¯U04±@« Ö ± ® ¯�8:. � À f ¯U«2´4±c02¯�°  ± Ç Á<®�=:Á¶À�® ²1«<.1° ³ 8G± = ¯ À~À~® «<² = . ³ .dÍ ® ° ®eG® ¯ À
Á .761¯�Í�¯U¯�«�.10<0�¯U0uÃ

� �N�"4�5.1�#76wB"1*,K02#�;P)�!��7� ò Á ¯ À~É�ÀE ¯�´ä3 8 f � 8 - f � ¹�¾�
C¿�0 ®�ÀG= ±C61¯U8 À . À ¯  ±dÅ�0 ® ÅIÓ
Å�¯�8G¯�« ~® .d°)¯ Û ¬�. ~® ±1« À Å�8G±1´à.d« ¯�Ñ2.d´ ³ °�¯�Í�¯ Á .76 ® ±@8�±1Å�.Ò0 É «<.1´ ®�=�À~ÉcÀ� ¯U´�Ã �!Ñ2.d´ ³ °�¯
Í�¯ Á .76 ® ±@8 À .d8G¯ À�³ ¯ =�®eð ¯S0×Í É ° ®�ÀE:À ±dÅ/´4¯S. À ¬28~¯U´4¯�« GÀ ±dÅ�. À ¯  ±1Å À~ÉcÀ� ¯U´ 6C.d8 ® .1Í2°�¯ À »
.d«<0�Í�. = Èc²18G±1¬2«�0�Èc«2±CÇ)°�¯U02²1¯ ³ 8G¯U0 ®�= .  ¯ À ¯�«�.dÍ2°�¯ GÁ ¯ ® «  8G±c02¬ =�G® ±@«Î±dÅ!«2¯UÇ 67.18 ® .dÍ<°�¯ À
. À�G® ´4¯Â0�¯U8 ® 6C. G® 6@¯ À » À�® «2¯ À ±18 = ± À~® «2¯ À ±dÅ À�É�À� ¯U´�6C.d8 ® .dÍ2°�¯ À ÃÜ-+¯UÇ 6C.d8 ® .dÍ2°�¯ À�= .d«ÒÍ\¯
Å�¬28 GÁ ¯�8 ® «  8G±�0�¬ = ¯U0�Í É ´ ¬2° ~®�³ ° ®�= . ~® ±1«�Ã
��6OB �"0h5.1*;7) B"4�5.4�%(4�,K)�, Ã 8 G® ² Á9 ¯�8 = ±@«2«2¯ =�~® ±1«�Ç ®�~Á 0�¯U0�¬ =�~® 61¯�02.  .dÍ<. À ¯  ¯ =:Á Ó

«2±1°�±1² ÉWÁ . À Í\¯�¯�«48G¯ = ¯�«  ° É .10�6@± = .  ¯U0 Í É 3Ü¬ = Ù/¯��+.d¯S0  ¹ 	�»GÚ7¿ ® «  8G±c02¬ =�® «2²W.d« ® «�0�¬ = Ó
~® 61¯Æ02.  .dÍ�. À ¯�´ ® « ® «2² Û ¬2¯�8 É °�.d«<²1¬<.1²1¯ ~Á .  ® «  ¯�²@8G.  ¯ ÀW= ±1« = ¯ ³�:À Å�8G±1´ ªE35·
» Ö 3�·
»
0�¯U0�¬ =�~® 61¯+0<.  .1Í<. À ¯ À .1«<0�´4¯  .dÓ ³ 8~±@²18:.d´4´ ® «2² ® «  ±W.�Õ<¯�Ñ ® Í2°�¯)¯U«c6 ® 8G±1«2´4¯�«  Å�±@8!8~¯U°�.dÓ
~® ±1«<.1°9Èc«2±CÇ)°�¯U02²1¯�0 ®�ÀG= ±C6@¯�8 É/® «"02.  .1Í<. À ¯ À Ã � ® « = ¯ ~Á ¯ ³ 8 ® ´ ®�~® 61¯ À ±1Å ~Á ¯Ê°�.d«2²@¬<.d²@¯ = .1«
¯U. À~® ° É Í\¯ = ±@´ Í ® «2¯U0"Ç ®�~Á ·�8G±1°�±1²<» = ±@´ ³ °�¯�Ñ À~ÉcÀ� ¯U´ À .d«<0"Í�¯ Á .76 ® ±@¬28 = .d«�Í\¯ À�³ ¯ =�®eð ¯S0
0�¯ = °�.18G. ~® 61¯�° É Ã�ò Á2®�À�EÉc³ ¯4±dÅ ® «  ¯�²18:. G® ±@«�±1Å = ±@« = ¯ ³�GÀ Å�8G±1´ 0 ®GE ¯�8G¯�«  .d8G¯U. À ±1Å = ±@´�Ó
³ ¬  . ~® ±1«<.1°<°�±1² ®�=)= .d« ³ 8G±C61¯)¯�Ñ  8~¯U´�¯U° É Í�¯U«2¯ ð\=�® .d°2Å�±@8 �+Ù ó « GÁ ¯)Å�¬  ¬28G¯1Ã1ª Ê= .1«�°�¯U.@0
 ±". «2±C61¯U°<ªE35· ³ .18G.@0 ® ²@´ ±1Å ® «�0�¬ =�G® 6@¯�°�±1² ®�=�³ 8~±@²18:.d´4´ ® «<² Û ¬<¯�8 É °�.d«2²@¬<.d²@¯ À Ç Á ± À ¯
¬ À ¯�Å�¬2°�«2¯ ÀGÀ ´�. É Í�¯ ³ 8~±C6@¯U0  ±WÍ�¯ À~® ´ ® °�.d8  ± GÁ ± À ¯Ê±dÅ = ±1« ÀE 8G. ® «  °�±@² ®�=�³ 8~±@²18:.d´4´ ® «2²�Ã

� � � � #7+ )S0 �"4�'*'�)L6"NP)L,t1�6 � ��� !$)�,.)�4�!$0 �
ªE3�· Á . À .1°�8G¯U.@0 É 0�¯U61¯�°�± ³ ¯U0�«c¬2´4¯�8G±1¬ À ¬ À ¯�Å�¬<°  ¯ =:Á « ®�Û ¬<¯ À Å�±18)8G¯�°�. G® ±@«<.d°�Èc«2±CÇ)°�¯U0�²@¯
0 ®�ÀG= ±C6@¯�8 É Ã 8 8G¯ = ¯U«  8G¯ À ¯U.d8 =:Á� 8G¯�«<0 ® «�ªE3�· ®�À� ±"02¯�61¯U°�± ³ .d°�²1±@8 ®�~Á ´ À�® ´ ³ °�¯�´4¯U« G® «<²
.d°�° GÁ ¯"´4± ÀE�³ ± ³ ¬2°�.d8�´�. =:Á2® «2¯ °�¯U.18~« ® «2²  ¯ =:Á « ®�Û ¬<¯ À/® « ~Á ¯ ð 8 ÀE ÓL±@8G0�¯U8+Å�8:.d´4¯�Ç�±18GÈ�Ã
8 °�8~¯S.10 É 0�¯U61¯�°�± ³ ¯U0  ¯ =:Á « ®�Û ¬2¯ À ¬ ³ ²18:.10 ® «2² ³ 8~± ³ ± À�®�~® ±1«�.d°�°�¯U.18~« ® «2²Ð.d°�²1±@8 ®�~Á ´ À ® «�Ó
= °�¬<0�¯ ð 8 À� ÓN±18:0�¯�8�02¯ =�®�À~® ±@«  8G¯�¯+°�¯U.18~« ® «2²Â¹�¾�¿N» ð 8 À� ÓN±18:0�¯�8 = °�¬ ÀE ¯�8 ® «2²�¹ ¼<»G½dºd¿L»18~¯U°�. ~® ±1«<.1°
²1¯�«<¯ ~®�= .1°�²@±18 ®eGÁ ´ À ¹ ½#
C¿N» ð 8 ÀE ÓL±@8G02¯�8 ® « À� .d« = ¯�ÓNÍ<. À ¯S0�°�¯U.18~« ® «2²Î¹�¾M	1¿L» ð 8 À� ÓN±18:0�¯U8+8~¯ ® «2Ó
Å�±18 = ¯�´4¯U«  °�¯U.18~« ® «2²4¹e¾@¾�¿2.d«�0 ð 8 À� ÓN±18:0�¯�8!îÊ. É ¯ À�® .d« = °�. À~À~®�ð ¯�8)¹�¾��C¿NÃ7ª �®�À ¯�Ñ ³ ¯ =� ¯S0 ~Á . 
~Á ¯¶.102. ³� . ~® ±1«Ô±dÅ ³ 8G± ³ ± À~®�~® ±1«<.1°�´�. =:Á2® «2¯Æ°�¯U.18~« ® «2²Î.1°�²@±18 ®eGÁ ´ À� ± ~Á ¯ ð 8 ÀE ÓL±@8G0�¯U8
Å�8G.1´�¯UÇ�±@8~ÈÂÇ ® °�° = ±1« ~® «c¬2¯ .d° À ± ® « GÁ ¯ .d8G¯U. À Å�±18�Ç Á2®�=:Á�ð 8 À� ÓN±18:0�¯�8 ® ´ ³ °�¯�´4¯�«  . ~® ±1« À
ÀEG® °�°+0�±Ò«2±  ¯�Ñ ®�À� Ã�ò Á2®�À�À�Á ±1¬2°�0 ³ 8~±C6 ® 0�¯¶.ÝÅ�¬2°�° ÀG= .1°�¯¶´4¯ ~Á ±c02±1°�±1² É Å�±@848~¯U°�. ~® ±1«<.1°
02.  .�´ ® « ® «2²�Í<. À ¯S0Ý±@«ÐÅ�¬  ¬28G¯ÆªE35· ® ´ ³ °�¯�´4¯�«  . ~® ±1« À ±dÅ ð 8 ÀE ÓL±@8G0�¯U8�îÊ. É ¯ À~® .d«�«<¯  Ó
Ç�±@8~È À » ð 8 ÀE ÓL±@8G02¯�8+«2¯U¬28:.d°(«2¯  Ç�±18GÈ À » ³ ± À~À~® Í<° É¶ð 8 ÀE ÓL±@8G02¯�8)Å�¬ �.��É�À~ÉcÀ� ¯U´ À .1«<0Î± ~Á ¯U8
ªE3�· ¬ ³ ²@8G.@0�¯ À ±dÅ ³ 8G± ³ ± À~®eG® ±@«<.d°�´�. =:Á<® «2¯�°�¯U.18~« ® «2²  ¯ =:Á « ®�Û ¬2¯ À Ã
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Å�±18�0 ®�À~= ±C61¯�8 ® «2² À ¬<Í2²18G±1¬ ³�À .18~¯ �!Ñ ³ °�±18:. ¹ ½2	d¿W.d«<0 ó�® 0�± À ¹ 	9Ú7¿NÃÊò Á ¯ ð 8 À��À~É�ÀE ¯�´
 8G¯U. :À�GÁ ¯Â°�¯U.18~« ® «2²  . À ÈÔ. À . À~® «<²1°�¯Â8G¯�°�. ~® ±1« ³ 8~±@Í2°�¯U´�» ® Ã ¯@Ã�»!.1°�° ~Á ¯�02.  .�.18~¯�. À Ó
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 . À È  ±Æ´"¬2° G® ÓN8G¯�°�. ~® ±1«�.d°�02.  .1Í<. À ¯ À »2Ç Á2®�=:ÁÎ®�À 8G¯�°�.  ¯S0  ±Â.Æ«9¬<´ Í\¯�8�±1Å!± ~Á ¯�8�°�¯U.18~«2Ó
® «2²  . À È À ¹ Qc»�º)
2»�	9¼C¿N»d´4± À� ° É ® « ~Á ¯/ªE3�·Ä¹�¾S½�»G½d¼C¿NÃdªb«�Í\± GÁÆÀ�É�À� ¯�´ À
GÁ ¯ ³ 8G± ³ ± À~®�~® ±1«<.1°
µ�. ~ 8 ® Í<¬  ¯�ÓL6C.d°�¬2¯7¸)°�.d«2²@¬<.d²@¯ ®�À ¬ À ¯U0  ±�0�¯ À~= 8 ® Í\¯ ~Á ¯ ® «<0�¬ = ¯U0 ÁcÉc³ ± ~Á ¯ À ¯ À » ® Ã ¯@Ã�»�0 ®�À Ó
= ±C61¯U8~¯S0 À ¬2Í2²18G±1¬ ³<À .d8G¯¶0�¯ ð «2¯S0 . À�= ±1«dïE¬2« =�G® ±@« À ±dÅ/Å�¯U.  ¬28G¯ À µ�. � 8 ® Í2¬  ¯ À 6C.d°�¬2¯ À ¸�Ã
ò Á ¯+´4± À��® ´ ³ ±18  .1«  Å�¯U.  ¬28G¯ À ±dÅ �!Ñ ³ °�±18:.�.d«<0 ó�® 0�± À�= ±@« = ¯U8~« GÁ ¯+¬ À ¯+±1Å Á ¯�¬28 ®�À�~®�=�À
Å�±18 À ¬2Í2²18G±1¬ ³ 0 ®�ÀG= ±C61¯U8 É � ~Á ¯ Á ¯�¬28 ®�À�~®�=�À .18~¯�±@¬  ° ® «<¯U0¶Í�¯U°�±CÇWÃ
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~® ±1«<.1°18G¬2°�¯�°�¯S.d8G«2¯�8S» GÁ ¯�Ç�¯ ® ² Á9 ¯S0 = ±C61¯U8 ® «2²+.1°�²@±18 ®eGÁ ´�.1«<0 ® « = ±18 ³ ±18:. ~® ±1«�±1Åc¯�Ñ2.d´ ³ °�¯
Ç�¯ ® ² Á@:À!® «  ± ~Á ¯�Ç�¯ ® ² Á9 ¯S0"8G¯�°�. G® 6@¯+. =U= ¬28:. =�É Á ¯U¬28 ®�À�~®�= » ³ 8~±@Í<.dÍ ® ° ®�À�~®�=)= °�. ÀGÀ�®�ð�= . ~® ±1«�»
.d«<0¶.d8G¯U.�¬2«<02¯�8�� � Ö 8G¬2°�¯ À ¯  ¯U6C.d°�¬<. G® ±@«ÜÃ
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1     Introduction

Automatic thesaurus and ontology construction dates back from the last three decades
[1]. Our approach is a further development of methods to construct the whole ontology
automatically. In contrast to these approaches our algorithm can only be applied, if we
enrich an existing ontology instead of fully constructing the ontology.
The following paper focuses on requirements for the semi-automatic enrichment of
medical ontologies based on the statistical information of word usage. An ontology is a
structured network of concepts from an knowledge domain and interconnects the con-
cepts by semantic relations and inheritance. [2] gives a precise technical definition of
an ontology, that we will refer to throughout this paper:

Definition 1: An ontology is a 4-tuple := (C, is_a, R, ), where C is a set we call con-
cepts, is_a is a partial order relation on C, R  is a set of relation names and  

: R  is a function [2].
Throughout this paper we assume that a concept has a character string as a descriptor.
This character string may be a word or a phrase. 

For our purposes we will neglect R as well as  and focus on is_a as the particular re-
lation, which is responsible for superconcept-subconcept dependencies. For example
bacteria is a superconcept of the concept pathogenic bacteria. Whenever we talk of  ’re-
lations’ or ’relational paths’ in the following sections, we refer to the is_a relation. We
also define

Ω σ

σ ℘ CXC( )→

σ

Abstract. The following paper explains, how we can enrich an existing ontology by
mining the WWW. The use of such an ontology may be manifold, for example as a
component of information systems or multimedial repositories. The enrichment proc-
ess  is based on the comparison between statistical information of word usage in a
large text collection, a so called text corpus, and the structure of the ontology itself.
The text corpus will be constructed by using the vocabulary from the ontology and
querying the WWW via Google.
We define similarity measures by optimising their parametrisation and examine the
central properties of the enrichment approach - along with the presentation and eval-
uation of experimental results. Parametrisation of a similarity measure means assign-
ing weights to each word collocation feature we first check in the text corpus and
thereafter integrate into the representation of a word or a concept.
20
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Definition 2 : We call the restriction of an ontology  := (C, is_a, R, ) to (C, is_a) the
hierarchical backbone of .

Ontologies give a formal representation and conceptualisation of a knowledge domain,
which is useful for the administration of large multimedial resource collections: if on-
tologies reflect an agreement of a group of experts and are rich enough in the sense of
a sufficient number of concepts, ontologies are able to handle information exchange
across the borders of one expert’s vocabulary. For example, one could ask an on
to return the names of all bacteria causing diarrhoea and in this way access d
knowledge without the barrier of finding out the names of the particular bacteri
reading texts from the domain of infectiology.
Naturally the construction of an ontology is hard and expensive, as one has to tra
main experts in formal knowledge representation. This is the motivation behind
idea, that for a given ontology we focus on finding new concepts automatically. T
new concepts are propositions, which extend the given ontology. For this we 

•  use a special text corpus derived from WWW search results
•  detect a set of candidate concepts from the corpus 
•  finally select a subset of those candidate concepts ranking their similarity to 

cepts already existing in the given ontology. 

The final selection ends up in new concepts for the ontology to be proposed to a
man) ontology engineer.
The concepts have one or more descriptors, which are words or phrases from n
language. This implies that we develop our method finding suitable definitions fo
semantic similarity of words or ordered sets of words.
The paper is organised as follows: in section 2.1 we describe our approach inform
whereas in 2.2 we give a survey on formalisation, which is explained in detail in se
2.3. Section 3 deals with the experimental results on two very different kinds of tex
pora and especially on mining propositions from Google search hits. Section 4 dis
es related work. At last section 5 summarises and points to future work.

2    Enrichment Approach 

2.1 Overview

Similarity between words is a topic from the theory of word clustering algorithms 
requires statistical information about the context, in which the words are used. M
approaches check collocation features of the words in large text corpora, such 
word is represented by a large vector. The vector has entries communicating, how
a collocation feature was fulfilled in the corpus. The vectors are sparse [3]. The n
of similarity definitions by vector representations normally does not assign a weig
every single dimension of the vectors. In this paper we argue, that this is possible
soft method using the information already defined in the given ontology. The influe
of the ontological structure on the word (-vector) similarities results in an optimisa

Ω σ
Ω
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problem, which determines which dimension in the word (-vector) representation is in-
fluential for the similarity computation. The following definition should clarify, what a
collocator is.

Definition 3: Let a word w be given. A collocator of w is a word, which occurs together
with w due to a predefined rule in a text collection (text corpus).

Thus for example in the phrase ’Medical ontology enrichment in the k-med project’ ,
’enrichment’ and ’medical’ would be collocators for predefined rules like for instanc
’maximal distance 5 words’ or also ’occurrence in the same sentence’.
The way we include the ontological information from := (C, is_a, R, )   may be
guided by different heuristics on a numerical interpretation of is_a, R and . For exam-
ple the abstraction level of a concept, the interconnection by relations, relational 
and their lengths or the local granularity of the modelling can establish distance m
ures on a given ontology . 
Our goal is a comparison of  this distance measures to the information about collo
in a text corpus.

2.2 Enrichment as an optimisation problem

The core idea of our approach is computing enrichment rules, which do not cont
the distance information already given by the ontology we want to enrich.
We first have to state a basic assumption.

Assumption 1: There exists a consistent distance measure d expressing semant
tances between the concepts in . The distance measure is based on the relati
terconnections between the concepts in the hierarchical backbone of . 

By consistency we mean, that d underlies some characteristic heuristics: a long relatio
al path between two concepts rises the distance between them, the abstraction l
the hierarchical backbone influences the distance measure d as well as the number of
concepts, which are subconcepts to the same superconcept. Both abstraction a
number of siblings rise the distance. The distance measure d, which we will from now
on denote by d(x,y) for concepts x and y from  also differentiates between generalis
tion and specialisation in an ontology. We showed in [4] that such distance mea
exist indeed. Thereby our notion of ’consistent’ does not necessarily imply a goo
richment quality, but just means, that the above heuristics are fulfilled. The quali
the heuristics and the resulting distance measures have to be judged by the result
richment experiments.
We also assume a text corpus  to be given and determine the ordered set K of the n
most frequent collocators which cooccur with at least two concepts from .

 be a vector; the i-th entry of this vector  v(x) expresses, how often the descrip
tor of the concept  was a collocator in  with the i-th element of K. 

Ω σ
σ

Ω

Ω
Ω

Ω

ζ
Ω

v x( ) R
n∈

x Ω∈ ζ
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Let now  be a component-wise monotonic function of the dissimilarity  between
two concepts x and y from . For the dissimilarity we postulate, that it must be com-
putable from the vectors  v(x) with concepts x from .
The parametrisation  just weighs each collocation feature positively, it
indicates, how strong the j-th dimension is involved in the dissimilarity computation.
The optimisation process consequently fits the average of the ( (v(x), v(y))) for
possible  with each , to the distances d(x,y) for each pair of con-
cepts from .
To sum it up briefly, the optimisation establishes a dissimilarity measure, which is as
near as possible to the distance measure d in . In the next section we present a formal-
isation of the algorithm. We decided to explain the details of this formalisation to make
a repetition of experiments with the algorithm possible.

2.3 Formalisation of the algorithm 

A distance measure on  is a function d: (C X C) [0,1]. Examples of distance
measures are:

1) d(x,y)= , where e is Euler’s constant and s denotes the number of steps along th
shortest relational path between the concepts x and y. This distance definition corre-
sponds to the heuristics, that long relational paths rise the distance between give
cepts.
2) d(x,y)=1, if there exists a relation between the concepts x and y and  d(x,y)=0, if there
does not exist a relation between the concepts x and y. This definition has only a rea-
sonable application to ontologies, if the transitivity of the is_a-Relation and the con
nation of different relations from R is clearly stated in the a of axioms of . 
3) [5] defined criteria for similarity measures in thesauri, which in turn can be app
to distances in the hierarchical backbone of the ontology   := (C, is_a, R , ).
 [4] showed, that there is an infinite number of distance measures on the hierar
backbone of an ontology fulfilling more restrictive characteristics than 1) and 2).
further details we have to refer to [4].

A text corpus  is a collection of text documents written in exactly one natural la
guage. We assume  to be electronically available. From a text corpus we define
of  words or phrases to be the candidate concepts. A proposition for the ontological en-
richment is a word or a phrase from , which is used similarly to the concepts from
given ontology. Candidates are to be predefined, for example as all nouns occurr

. Note that  might also be extended by additional text material. This may happen
ing or after the application of the enrichment algorithm.
A rule set  is a finite set of linguistic properties, each of which can be tested in te
of its fulfilment frequency in the text corpus. In our case we will always consider 
location properties for the rule set .
The entries  of a representation matrix  list, how often the j-th property
from  was fulfilled in  for the descriptor the i-th concept from C.
The enrichment algorithm processes information available from  and . It comp
an optimal solution for the problem of fitting the distance information among the c
cepts expressed by  and the dissimilarity information between words or phrases
extracted from the word usage statistics considering . 

fk D
Ω D
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Let us assume a given . We search for a set of non-negative
reals with , which will be called configuration of the rule set . Each  corre-
sponds to a rule .
The configuration k decides about the quantities of dissimilarity we derive from

. 
The Kullback-Leibler divergence generally measures the dissimilarity between two
probability mass functions [6] and was applied successfully to statistical language mod-
elling and prediction problems [7]. The Kullback-Leibler D(x,y) divergence for two
words x, y is defined as

In the basic version of the Kullback-Leibler divergence, which is expressed by formula
(1), w is a linguistic property and   is the probability of this property being ful-
filled for the word x. In the sum indicated by formula (1), w ranges over all linguistic
properties one includes in a corpus analysis. In our case the frequencies of observing
the collocation properties are denoted by . We change (1) in such a way, that
k weighs the influence of each property w
:

with  in our case
Considering our representation matrix notation  we obtain

Let us clarify the notation of formula (3): 
 denotes the i-th concept from C. Correspondingly in (3) the  are the matrix en-

tries in in the row expressing the collocation properties of . With this no-
tation  holds. In that sense, we will be able to determine an optimal

.
Taking the distances from the ontology  as an input, which should be approximated
by the  as well as possible, the question of finding an optimal configuration k
reduces to the question:
which configuration k minimises the average squared error expressed by the differences 

                                                        ?

M C ρ ζ, ,( ) k k1
·

kn,{ , }=
k ρ= ρ ki

ρi

M C ρ ζ, ,( )

D x y,( ) P w x( )
P w x( )
P w y( )
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w
∑=        (1)

P w x( )

M C ρ ζ, ,( )

Dk x y,( ) k w( )P w x( )
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Finally we present a formulation of this question in terms of a quadratic optimisation
formula. Searching for an optimal k means searching for a minimum of the following
fitness expression:

 

where and  for all . Note that we minimise over the set
of all configurations, that means over all possible k. We now explain, which words
phrases are propositions for the ontological enrichment.
Once we optimised formula (4) we obtain the configuration in need to compute all the
distance measures between all the concepts from  and the candidates. We apply an
enrichment step starting with the optimal similarity measures . 
We only take into concern the  with  and a candidate y. If such a distance
between a formerly known concept (i.e. its descriptor) and a candidate (i.e. a word from
the corpus) formerly unknown to  is lower than a predefined threshold, y proposition
to enrich . A suitable threshold can for example be defined from the average of the
distances d(x,y) where x ~ y holds for some . 
Additionally the  with  and a candidate y carry even more information,
namely an optimal placement of the candidate concepts. The candidate concepts and the
concepts from   can be presented together, if a candidate turns out to be a proposition.
This simplifies the knowledge engineer’s understanding of how the candidate con
evolved and in which semantic area of  they might belong. 

3    Experimental results

3.1 Basic input: ontology and corpus

The ontology  we enriched in our experiments is a modelling carried out by a medical
expert during the first phase of the k-med project. K-med is an abbreviation for ’kn
edge based multimedia medical education’. This project tries to collect multime
medical learning resources and for the sake of reuse describe the educational res
by applying a metadata scheme and a common medical ontology [8].  
The ontology contains the most abstract concept disease OR symptom along with the
subconcepts measles, German measles, diarrhoea, intestinal infection. Diarrhoea itself
has the subconcepts aqueous diarrhoea and sanguinary diarrhoea. The ontology may
be viewed as an incomplete test ontology for several reasons: it only uses hierar
relations, the superconcept and subconcept relations and also the knowledge dom
not fully clarified (such that a construction like ’disease OR symptom’ with a logical OR
becomes necessary) and at least one additional abstraction level (a concept likeinfec-
tions’) could make the modelling clearer. In fact, this ontology is just a part of a la
ontology  under construction. It  is based on the subjects, which have to be tought d
the first semesters of medical education in Germany.
To sum it up, we enriched this intuitively modelled ontology in the sense of [9], with
deductive or inductive rules or axioms. From our point of view this enrichment o
complete ontologies is, along with the extension of thesauri and catalogues, the

min d xi xj,( ) Dk xi xj,( )–( )
2
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C

∑
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∑
  k

      (4)
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application area of our approach. Furthermore following [9], such a rather informal on-
tology represents a situation, where machine learning techniques should support the
knowledge engineer.
The size of the ontology was kept small for the sake of a rapid application and evalua-
tion. For the experiments presented in the remainder of this paper, it was easier to re-
duce the possible interdependencies by referring to this ontology chunk containing
seven concepts.
As larger ontologies can be segmented to smaller ones - for instance to speed up the
computation - we consider the enrichment of the ontological chunk a good starting point
for experiments.
The computation of the represenation matrix and the derivation of the optimisation
problem was carried out by an implementation of our own. For the sake of a possible
later connection of this component to other existing ontology tools and the linguistic
workbench TATOE [10] we used Smalltalk as the language to implement the algorithm.
The quadratic optimisation (4) itself was carried out by the ampl-solver [11].
For our first experiments, we used a general, but very large (about 28.700.000 sentenc-
es) newspaper corpus available at [12]. The corpus  can be queried by on-line query
tools, which also provide stemming and lemmatisation techniques. All queries are col-
location queries determining, whether two words were used in  at a distance of prede-
fined size. Although these experiments produced bad enrichment results from the
medical expert’s point of view, very important meta-properties of the algorithm
compression of the rule set and a stability of the algorithm were found.
A second experiment was based on the search results of the web search engine 
[13]. We passed each descriptor of a concept to Google [13] and converted the 
ments belonging to the 10 search hits with the highest ranking into a text corpus. In
trast to the newspaper corpus this corpus is more specialised, consisting 
documents with 135.166 words and 15.570 sentences. Because of a restriction
concordancer freeware in use (Wconcord, Darmstadt University of Technology) w
not apply stemming and lemmatisation to the specialised corpus we gained fro
WWW. In our Smalltalk implementation we included a stop list consisting of auxili
verbs, conjunctions, personal pronomina and prepositions.
For the rule set  we always tested, how often a collocation at maximum distance five
tokens, but in the same sentence took place.
All of our enrichment results can be found in table 1. In the column at the very lef
reader will find the concept from , in the middle column the concepts from the gen-
eral newspaper corpus proposed to the concept from . At the right we find the prop-
ositions to  from the special corpus.
In both experiments a candidate became a proposition, if we computed a dissim
below 0.5. The reason for the choice of this threshold was, that a path of length 2
hierarchical backbone of the test ontology led to a distance average of 0.5. All ex
ments were carried out in German, so we show translations here.
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s
With ’stomach ache’ and ’medical doctor’ in German we did not propose word group
but composita (’Bauchschmerzen’ and ’Arzt’ in German).

Table 1: enrichment results

concept from 
general corpus 
(28.700.000 
sentences)

special (www) corpus 
(15.500 sentences)

disease OR symptom loss 
illness 
infections body
leg
wound 
animals 
vaccination
fever
combat

intestinal infection medical doctor
cause

diarrhoea ailment
epidemic
cough
fever
vaccination
infections

vomit
stomach ache
nausea
fever
medical doctor

measles

German measles

sanguinary diarrhoea vomit
stomach ache
nausea
fever
can

aqueous
diarrhoea

vomit
stomach ache
nausea
fever
can

Ω
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3.2 Results for general corpora
 
We refer to the enrichment results depicted in table 1. As the rule set we used collo-
cation in the same sentence at maximal distance of five tokens in .
Although we find some concepts like ’infection’ which is a missing abstraction level in
the ontology, the enrichment results from general corpora are poor. We retrieve o
general propositions like ’body’ and even flaws like the proposition of ’wound’, ’a
mal’ or ’leg’. These flaws occured especially with candidates, which only had one p
erty from . 
Another problem occurs with special concepts - as expected, even a very large newspa-
per corpus does not contain enough information to get propositions for the subconcepts
of diarrhoea.
Although we faced these problems, the experiments for general corpora were worth-
while, because we identified two considerable meta-properties of the approach: stability
and compression.

a) Stability

Before dealing with the core of the enrichment - the proposal of concepts - we test
inner stability of the approach and pruned , which was a square matr
size 102, in two different ways. If  contained not enough information, th
different pruning strategies would bare the danger of destroying the enrichment pro
which means leading to inconsistent optimal configurations or enrichment results

The first pruning strategy was keeping only the ten largest entries per row, result
a 102 X 34 matrix  . The second pruning strategy only kept the ent

 with >10, resulting in a 102 X 63 matrix. With both ma-

Table 2: stability

first 
strrategy

second 
strategy

suffer suffered

diseases fever

illness measles

hepatitis

die died

pregnancy pregnancy

percent percent

stomach

ρ
ζ

ρ

M C ρ ζ, ,( )
M C ρ ζ, ,( )

M C ρfirst ζ, ,( )
cij M C ρ ondsec ζ, ,( )∈ cij
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trices we set up the optimization procedure, solved expression (4) respectively and de-
rived two optimal configurations  and . The collocators belonging to
rules with nonzero weights are listed in table 2. Both strategies mean collocation at
maximal distance five words with a descriptor from the respective column of table 2.
Let us comment the collocators remaining from the two pruning strategies and the op-
timization. In table 2 we listed the collocators in such a way, that we immediatly see the
relation between the two sets. Some of the collocators do not differ at all, some of them
are only different in terms of the grammatical context they stem from (for example suf-
fer’ and ’suffered’), some of them obviously carry a semantic relation (’diseases’ and
’ illness’ on the one hand and their more specialised pendants ’feaver’, ’ measles’ and
’hepatitis’ on the other hand). The only collocator without any direct relative in the o
er set is ’stomach’, so we state, that the analysis of the resulting collocator sets of no
ro weight does not show any inner contradiction in the approach, the represen
matrix in our case seems to be stable and even carrying redundant information.

b) Compression of  

With both pruning strategies only a few properties  from achived a corresponding
weight  from k, with  . This compression of the rule set also occured for differ-
ent definitions of the ontological distance d. We assume, that this compression is closely
related to the sparsity of our representation matrix and to the structure of the optimisa-
tion formula (4). The reason for this assumption are further experiments with artificially
and randomly generated matrices, which we used as pseudo-representation matrices
with sparsity structures similar to the ones of and .
As these experiments ended in a similar compression, we will search for a proper math-
ematical reason why this reduction of influential features with nonzero weight takes
place.

3.3 Results for a special corpus based on Google hits

As we mentioned, we passed each descriptor of a concept to a web search eng
converted the first 10 hits of the Google search result into text files, removing
HTML-specific tagging. The results can be found in table 1.
As the rule set we used again collocation at maximal distance of five words in . For
pruning reasons from our representation matrix we kept only properties from , which
were fulfilled for at least two concepts from the small test ontology. This resulted in a
representation matrix with 292 columns. This means, that - for the special corpus - we
initially found significantly more rules than with the common corpus, but after the so-
lution of (4) we obtained 12 properties from  with a nonzero weight. These were dis-
tance five in the same sentence with chronic, infection, because of, seldom, diarrhoea,
vaccinate, pneunomia, virus.
The choice of the candidates for the enrichment was driven by the observation fro
previous experiments: propositons with only one nonzero property induced flaws t
enrichment. Consequently we accepted candidates, which at least fulfilled two of t
remaining properties from .
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The main results of the experiment with the special corpus crafted from web search hits
are
• enrichment of the special concepts sanguinary diarrhoea and aqueous diarrhoea
• identification of a group of symptoms (vomit, stomach ache, nausea, fever) as

propositions
• lack of propositions for measles and German measles

The flaws in this enrichment are can which should actually be a member of the stopl
and medical doctor which is at least too overgeneral.

3.4 Discussion of the results

As a second general observation we state, that the main flaws identified during the
uation in this section come from candidates, which share only one feature with a
cept from . We conclude, that a possible way to handle this may be an addi
tuning of the definition of d. A potential technique for this is generating artificial usa
profiles, which do not at all reflect real words, and searching for a measure, which 
erly discriminates between real words and randomly constructed feature sets. 
There exist subjective and objective ways of evaluating the results. Roughly spe
the objective evaluation methods base on reference ontologies, the subjective e
tions are based on expert interviews [14]. 
The question posed in the subjective evaluation was: 
Consider the ontology  and the table of propositions from table 1 to be given. W
strategy performs better? Which aspects of the enrichment results are positive, 
ones are negative? 
The subjective evaluation clearly showed, that the enrichment with the special c
performs better, as there are less flaws like wounds or leg and also less overgeneralisa
tions like illness. In addition to this, the results of the specialised enrichment are e
to perceive, as there are not too many propositions and the good propositions wer
precise.
The fact that our specialised enrichment with a web-based corpus performs bette
as trivial as it seems. For instance, the symptom group vomit, stomach ache, nausea, fe-
ver was also on the candidate list for the general corpus experiments - but the co
tion information was insufficient, although the corpus was very large. 
Comparing the experiments, possible causes for lacking propositions for measles and
German measles may be found in the structure of out test ontology. It contains m
information about diarrhetic diseases. At least the special text corpus must be bal
a preprocessing step we will include in future experiments.
Other good candidates (like ’virus’) did not become propositions in the special corp
experiment, as we did not use stemming and lemmatisation. This introduces all in
tions of verbs to the candidate set. Instead of this, the inflections should be unif
one candidate. 
The main goal of a series of evaluations should be finding a correlation between
jective and objective measures. If such a correlation exists, even imprecise obj

Ω

Ω
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evaluation measures can give answers to the quality of parameter tuning or candidate
strategies. The reason for this is, that the objective evaluation measures have to correlate
ordinally but not cardinally with the subjective ones. 
Objective evaluation measures we are developing are guided by the notion of precision
in document retrieval [1]. Naturally we need a larger series of experiments to detect a
possible correlation between objective and subjective evaluation measures.

4    Related work

Two main branches of automated ontology construction by natural language processing
in general and checking collocators in our special case may be identified: those, which
base the similarity of concepts or their descriptors on syntactic criteria or collocation
directly (we will refer to those as first type) and those, which take statistic samples of
the features of a concept or its descriptor. For example the first type declares concepts
or their descriptors as similar, when they often occur together in one sentence. The
works of [15]and [16] are examples of this type of enrichment. 
The second type declares words as similar, if they are used in an similar context. For
example, if a word w is used with a word v in the same sentence very often, and also a
word u is used with a word v in the same sentence very often, then w and u would be
similar according to the assumptions of the second type approaches, even if w and u
never appear in the same sentence all over the text corpus. Note the significant differ-
ence between the approaches: the first type would state a high similarity between w and
v, also between u and v. Representatives of the second type are the works of [17], [18],
[19] and also [20]. The latter ones use syntactic parsing instead of pure collocation in-
formation. [20] moreover does not assume identity between concepts and their descrip-
tors as we did in this paper.
If we try to group our approach among the first or second type approaches, we can clear-
ly state that the way we define word similarities and dissimilarities is due to the second
type as we pointed out in the previous section. Nevertheless the way we restrict our
view to certain candidate concepts and their respective features also refers to the first
type: a candidate concept is a concept, of which we determine similarities or dissimilar-
ities to all ontological concepts. As for almost natural computational restrictions we are
not able to compute the dissimilarities for all the words from a corpus, we must restrict
our observations. Our candidate strategies in section 3 explain possible restrictions in
detail. They are influenced by ideas of the first type.
Although - except [21] - none of the related works mentioned here directly focuses on
ontology enrichment from the WWW, all these works have in common, that their auto-
mated construction features can be extended to our enrichment goals of proposition
identification and placement. 
[15] used pure collocation information for gaining new concepts, but also focuses on
qualitative issues of the collocations to derive statements about relations and the behav-
iour of the relations.
[16] focused on the so-called salient words, which are able to disambiguate word mean-
ing very well. In a way [16] is also a extending special form of ontology, namely a the-
saurus. In contrast to our approach his focus is on disambiguation, which was further
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developed by [21], but with web resources. In our approach a concept can be proposed
to two different concepts, but may also disambiguate, depending on our ontological dis-
tance measures. Especially the identification of the symptom group vomit, stomach
ache, nausea, fever propositions for several concepts from  would be simply impos-
sible with the approaches of [16] or [21], as they found on discriminating descriptors.
They achieve this by a test which detects the mostly diverging contexts of concepts of
a given ontology (or thesaurus).
[19] designed the Mo’K workbench for word clustering and building hierarchies fr
the clusters in a second step. We also implemented a feature based environme
our goal is even more specialised than word clustering. However we share the o
with [19], that collecting many features and assigning weights to the features is a
cellent basis for similarity definitions. Our implementation is in Smalltalk, wher
Mo’K uses C. Smalltalk remains a possible language, as we end up in very cond
representations with a few features of nonzero weight (compare section 3.2). Gen
spoken, in contrast to our work (which systematically computes an optimal config
tion k for a rule set ) [19] do not explicitly offer a strategy for choosing the weights
An approach related to [19], but more founded on collocation networks and determ
artificially specialised corpora can be found in [18] and a comparison of the perf
ance of specialised and common corpora in word clustering can be found in [Asiu
Finally [17] experimented with word similarities expressed by an unsupervised n
network algorithm, the Kohonen map [23], but also for clustering, not for enrichm
goals. Our evaluation methods result from the enrichment goal and could also be a
for an evaluation of the Kohonen maps in word clustering, a task desired by [22].

5    Conclusion and future work

We presented a method for ontology enrichment and applied it to a medical ont
chunk. Our evaluation shows, that the strategy to derive propositions from a speci
pus seems to end up in clearer and more error prone conceptual propositions to a d
expert. The experiments have to be repeated with other specialised corpora fro
web, the major task for future work. Instead of Google one could refer to the hits
medical search engine like Medivista.
From all our experiments we identified very important meta-properties of the algori
These are a possible basis for future extension of the algorithm: a more systematic
ment of the initial rule set  by gradually extending the word distances can be achieved,
if we are able to keep the compression property of the algorithm. 
From our point of view the integration of the presented algorithm in a Delphi me
[9] for k-med-like projects or the evolving semantic web is very promising. In the c
text of the task of the k-med ontology, automatically identifying a whole group of sy
toms is especially helpful for managing documents for case-based medical educa
A number of other interesting questions comes along with the approach. Among
are the following ones: how do we construct and balance a suitable corpus to learn
which linguistic preprocessing is necessary or helpful, how does the approach sc
larger ontologies. The latter question is again closely related to our observations: t

Ω

ρ

ρ
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timisation problems end up in an identification of a few relevant collocation features
and the representation matrix can stand a pruning preprocessing.
Also the question of evaluating the results is interesting for related areas such as Ko-
honen maps for documents and word clustering algorithms [17]. 
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Using Ontologies to Discover Domain-Level

Web Usage Profiles
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Abstract. Usage patterns discovered through Web usage mining are ef-
fective in capturing item-to-item and user-to-user relationships and sim-
ilarities at the level of user sessions. Without the benefit of deeper do-
main knowledge, such patterns provide little insight into the underlying
reasons for which such items or users are grouped together. This can
lead to a number of important shortcomings in personalization systems
based on Web usage mining or collaborative filtering. For example, if
a new item is recently added to the Web site, it is not likely that the
pages associated with the item would be a part of any of the discovered
patterns, and thus these pages cannot be recommended. Keyword-based
content-filtering approaches have been used to enhance the effectiveness
of collaborative filtering systems by focusing on content similarity among
items or pages. These approaches, however, are incapable of capturing
more complex relationships at a deeper semantic level based on different
types of attributes associated with structured objects. This paper rep-
resents work-in-progress towards creating a general framework for using
domain ontologies to automatically characterize usage profiles containing
a set of structured Web objects. Our motivation is to use this framework
in the context of Web personalization, going beyond page- or item-level
constructs, and using the full semantic power of the underlying ontology.

1 Introduction and Problem Statement

The goal of Web usage mining [24] is to capture and model the behavioral
patterns and profiles of users interacting with aWeb site. The discovered patterns
are usually represented as collections of pages that are frequently accessed by
groups of users with common needs or interests. Such patterns can be used to
better understand behavioral characteristics of visitor or user segments, improve
the organization and structure of the site, and create a personalized experience
for visitors by providing dynamic recommendations [25, 7, 3, 15, 9, 10, 22].

At a conceptual level, there may be many different kinds of objects within
a given site that are accessible to users. At the physical level, these objects
may be represented by one or more Web pages. For example, consider a site
containing information about movies. This site may contain pages related to
the movies themselves, actors appearing in the movies, directors, studios, etc.

35



Conceptually, each of these entities represents a different type of semantic object.
During a visit to this site, a user may access several of these objects together
during a session.

Given the session-based Web usage data, a variety of mining techniques can
be used to discover patterns, including clustering, association-rule or sequential
pattern discovery. For example, clustering of user sessions may result in the
discovery of a group of similar sessions based on pages commonly accessed within
those sessions. In order to find an aggregate representation of user interests
captured by such a cluster, one might derive the cluster centroid containing a
set (or a vector) of pages that are common among cluster elements. In [18,
17], we called these aggregate representations of session clusters aggregate usage
profiles and used these profiles for Web personalization.

Specifically, each user session s can be viewed as an n-dimensional vector
over the space of all pages, i.e.,

t = 〈w(p1, s), w(p2, s), . . . , w(pn, s)〉 ,
where w(pi, t) is a weight, in session s, associated with the page pi. The weights
can be binary representing the existence or non-existence of a page access in the
session, or they can be some value representing the user’s interest on the page
(e.g., the page stay time). Applying data mining techniques, such as clustering,
to this space may result in a set CL = {cl1, cl2, . . . , clk} of session clusters, where
each cli is a subset of the set of sessions.

Given a session cluster cl, we can construct a usage profile prcl as a set of
pageview-weight pairs by computing the centroid of cl:

prcl = {〈p, weight(p, prcl)〉 | weight(p, prcl) ≥ µ}
where

– the significance weight, weight(p, prcl), of the page p within the usage profile
prcl is given by

weight(p, prcl) =
1
|cl| ·

∑
s∈cl

w(p, s);

– w(p, s) is the weight of page p in session s ∈ cl; and
– the threshold µ is used to focus only on those pages in the cluster that appear
in a sufficient number of sessions in that cluster.

Each such profile, in turn, can be represented as a vector in the original n-
dimensional space. The aggregate representation of common usage patterns as
sets or vectors of pages makes such usage profiles quite useful for personalization
and collaborative filtering [12]: given a new user, u who has accessed a set of
pages, Pu, so far, we can measure the similarity of Pu to the discovered profiles,
and recommend to the user those pages in matching profiles which have not yet
been accessed by the user.

While in the above discussion we have focused on clustering as the primary
data mining technique for the discovery of usage profiles, it should be noted that
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a variety of other techniques can also be used. For example, frequent itemsets
discovered as part of association rule mining [1] on the usage data, would also
lead to sets of items or pages representing usage profiles [16].

One problem with the above approach is that the profiles only capture com-
mon usage patterns at the page level. They do not reflect the underlying reasons
why the group of users represented by the profile are interested in the accessed
pages. This can lead to a number of important shortcomings in personalization
systems based on Web usage mining or collaborative filtering. For example, if
a new item is recently added to the Web site, it is not likely that the pages
associated with the item would be a part of any of the discovered patterns (due
to a lack of sufficient usage level data). Yet, a user who fits one of the profiles
may indeed be interested in the new item, because the underlying domain char-
acteristics of the item might correspond to those of items in one or more of the
profiles.

In the movie site example mentioned above, consider the situation where a
discovered usage profile may contain pages related to a number of movies many
of which are from the same genre and have been directed by the same director.
Using the above standard approach for personalization, pages appearing in this
profile may be recommended to a user who has accessed some of the other
pages in that profile. However, if a new movie is added to the site with similar
properties, it will not appear in any profile until a sufficient number of users have
accessed this movie together with other similar movies. This problem is often
coined as the “new item problem” in collaborative filtering.

A common approach to resolving this problem has been to integrate content
characteristics of pages with the usage patterns [6, 20, 21, 19]. Generally, in these
approaches, keywords are extracted from the content on the Web site and are
used to either index pages by content or classify pages into various content cat-
egories. In the context of personalization, this approach would allow the system
to recommend pages to a user, not only based on a matching usage profile, but
also (or alternatively) based on the content similarity of these pages to the pages
user has already visited.

Keyword-based approaches, however, are incapable to capturing more com-
plex relationships among objects at a deeper semantic level based on the inherent
properties associated with these objects. In our movie site example, the above
content-based filtering approach would allow the system to recommend other
movies based on similarities in their textual descriptions or other content char-
acterisitcs. But, the system would have considerable difficulty in recommending,
for example, unrelated movies from the same genre, having the same main actors
as those already accessed by the user, etc. To be able recommend different types
of complex objects using their underlying properties and attributes, the sys-
tem must be able to rely on the characterization of user segments and objects,
not just based on keywords, but at a deeper semantic level using the domain
ontologies for the objects.

This paper represents work-in-progress towards creating a general framework
for using domain ontologies to automatically characterize usage profiles contain-
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ing a set of structured Web objects. Our motivation is to use this framework
in the context of Web personalization, going beyond page-level constructs, and
using the full semantic power of the underlying ontology. This effort involves the
following tasks:

1. Given a page in the Web site, we must extract domain-level structured
objects as semantic entities contained within this page. This task involves
the automatic extraction and classification of objects of different types into
classes based on the underlying domain ontologies. Our goal is to create
a representation for a usage profile discovered through Web usage mining
process (e.g., through clustering or association rule mining), not simply as a
set of pages, but as a set of structured objects embedded in those pages.

2. Given a set of structured objects representing a usage profile, we must create
an aggregated representation as a set of pseudo objects each characterizing
objects of different types occurring commonly across the user sessions. We
call such a set of aggregate pseudo objects a Domain-level Aggregate Profile.
Thus, a domain-level aggregate profile characterizes a collection of similar
users based on the common properties of objects in the domain ontology
that were accessed by these users.

We begin by providing a formal framework for the representation of the do-
main ontology and for creating aggregate representations of domain-level objects.
We then discuss how the resulting aggregate profiles can be used in the context
of personalization.

2 Representing Domain Ontologies for Web Objects

There has been much recent work in designing ontology languages to formally
represent knowledge on the Web, such as RDFS [2] and DAML+OIL [13]. The
ontology language DAML+OIL has been extended to include formal semantics
and reasoning support by mapping to the description logic SHOQ(D) [14].

Generally speaking, in our current work we adopt the syntax and semantics of
SHOQ(D) to represent domain ontologies. In SHOQ(D), the notion of concrete
datatype is used to specify literal values and individuals which represent real
objects in the domain ontology. Moreover, concepts can be viewed as sets of
individuals, and roles are binary relations between a pair of concepts or between
concepts and datatypes. The detailed formal definitions for concepts and roles
are given in [11, 14]. Because our current work does not focus on reasoning tasks
such as deciding subsumption and membership, we do not focus our discussion on
these operations. The reasoning apparatus in SHOQ(D) can be used to provide
more intelligent data mining services as part of our future work.

In SHOQ(D), a concept has the meaning of a set of individuals, which in
our context are called “objects”. The notion of a concept is quite general and
may encompass a heterogeneous set of objects with different properties (roles)
and structures. In the present work, we are interested in deriving aggregate
representations of a group of objects that have a homogenous concept structure
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(i.e., have similar properties and data types). For example, we may be interested
in a group of movie objects, each of which has specific values for properties such
as “year”, “genre”, “actors”, etc. For the purpose of presentation, we call such a
group of objects a class. Thus, in our framework, the notion of a class represents
a restriction of the notion of a concept in SHOQ(D).

More specifically, our notion of class can be defined in the context of SHOQ(D)
as follows.

Definition 1 A class C  I (I is the set of all individuals in the domain
ontology) is a set of objects where there exists a set of roles R, such that,
∀r ∈ R,Dr = {v2 | (v1, v2) ∈ r}, and C  ∀R.Dr.

We call the roles that characterize the class C attributes. These attributes
together define the internal properties of the objects in C or relationships with
other concepts that involve the objects in C. And we denote the domain of values
of the attribute r as Dr. Furthermore, because we are specifically interested in
aggregating objects at the attribute level, we extend the notion of a role to
include a domain-specific combination function and an ordering relation.

More formally, a class C is characterized by a finite set of attributes AC ,
where each attribute a ∈ AC is defined as follows.

Definition 2 Let C be a class in the domain ontology. An attribute a ∈ AC is
a 4-tuple, a = 〈Ta, Da, ψa,�a 〉, where
– Ta is the type for the values for the attribute a.
– Da is the domain of the values for a;
– �a is an ordering relation among the values in Da; and
– ψa is a combination function for the attribute a.

The “type” of an attribute in the above definition may be a concrete datatype
or it may be a set of objects (individuals) belonging to another class. Given a
type Ta for an attribute a, we have Da  dom(Ta).

In the context of data mining, comparing and aggregating values are essential
tasks. Therefore, ordering relations among values are necessary properties for
attributes. We associate an ordering relation �a with elements in Da for each
attribute a. The ordering relation �a can be null (if no ordering is specified
in the domain of values), or it can define a partial or a total order among the
domain values. For standard types such as values from a continuous range, we
assume the usual ordering. In cases when an attribute a represents a concept
hierarchy, the domain values of a are a set of labels, and �a is a partial order
representing the “is-a” relation.

Furthermore, we associate a data mining operator, called the combination
function ψa, with each attribute a. The combination function ψa defines an ag-
gregation operation among the corresponding attribute values of a set of objects
belonging to the same class. This function is essentially a generalization of the
“mean” or “average” function applied to corresponding dimension values of set
of vectors when computing the centroid vector. In this context, we assume that
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the combination function is specified as part of the domain ontology for each at-
tribute of a class. An interesting extension would be to automatically learn the
combination function for each attribute based on a set of positive and negative
examples.

Classes in the ontology define the structural and semantic properties of ob-
jects in the domain which are “instances” of that class. Specifically, each object
o in the domain is also characterized by a set of attributes Ao corresponding to
the attributes of a class in the ontology. In order to more precisely define the
notion of an object as an instance of a class, we first define the notion of an
instance of an attribute.

Definition 3 Given an attribute a = 〈Ta, Da, ψa,�a 〉 and an attribute b =
〈Tb, Db, ψb,�b 〉, b is an instance of a, if Db ⊆ Da, Tb = Ta, ψb = ψa, and �b is a
restriction of �a to Db. The attribute b is a null instance of a, if Db = ∅.
Definition 4 Given a class C with attribute set AC = {aC

1 , a
C
2 , . . . , a

C
n }, we say

that an object o is instance of class C, if o has attributes Ao = {ao
1, a

o
2, . . . , a

o
n}

such that, ao
i is a, possibly null, instance of aC

i , for 1 ≤ i ≤ n.
In the context of SHOQ(D), we can use the concept inclusion axiom {o}  C

to denote the “instance-of” relation between o and C. In general, the domain
ontology can be represented as a set of assertions on classes and attributes.

Based on the definitions of attribute and object instances, we can provide a
more formal representation of the combination function ψa. Let c be a class and
{o1, o2, . . . , on} a set of object instances of c. Let a ∈ AC be an attribute of class
c. The combination function ψa can be represented by:

ψa({〈ao1 , w1〉, 〈ao2 , w2〉, . . . , 〈aon , wn〉}) = 〈aagg, wagg〉,
where each aoi belonging to object oi is an instance of the attribute a, and
each wi is a weight associated with the attribute instance aoi representing the
significance of that attribute relative to the other instances. Furthermore, aagg is
a pseudo instance of a meaning that it is an instance of a which does not belong
to a real object in the underlying domain. The weight wagg of aagg is a function
of w1, w2, . . . , wn.

Given a set of object instances, {o1, o2, . . . , on}, of class C, a domain-level
aggregate profile for these instances is obtained by applying the combination
function for each attribute in c to all of the corresponding attribute instances
across all objects o1, o2, . . . , on.

An Example

As an example, let us come back to the movie Web site discussed in the previous
section. The Web site includes collections of pages containing information about
movies, actors, directors, etc. A collection of pages describing a specific movies
might include information such as the movie title, genre, starring actors, director,
etc. An actor or director’s information may include name, filmography (a set of

40



Fig. 1. The Ontology for a movie Web site

movies), gender, nationality, etc. The portion of domain ontology for this site,
as described, contains the classes Movie, Actor and Director (see Figure 1).
The collection of Web pages in the site represent a group of embedded objects
that are the instances of these classes.

The class Movie has attributes Year, Actor (representing the role “acted
by”), Genre, Director, etc. The Actor, and Director attributes have values that
are other objects in the ontology, specifically, object instances of classes Actor
and Director, respectively. The attribute Year is an example of an attribute
whose datatype is positive integers with the usual ordering. The attribute Genre
has a concrete datatype whose domain values in DGenre are a set of labels (e.g.,
“Romance” and “Comedy”). The ordering relation for �Genre defines a partial
order based on the “is-a” relation among these labels (resulting in a concept
hierarchy of Genre’s a portion of which is shown in Figure 1).

An attribute a of an object o has a domain Da. In cases when the attribute
has unique value for an object,Da is a singleton. For example, consider an object
instance of class Movie, “About a Boy” (see Figure 2). The attribute Actor
contains three objects (H. Grant, R. Weisz and T. Collette) that are instances
of the class Actor (for the sake of presentation we use the Actor’s name to
stand for the object of Actor). Therefore, DActor = {H. Grant, R. Weisz and T.
Collette}. Also, A real object may have values for only some of the attributes. In
this case the other attributes have empty domains. For instance, the attribute
Director in the example has an empty domain, and is thus not depicted in the
figure.

We may, optionally, associate a weight with each value in the attribute do-
main Da (usually in [0, 1]). This may be useful in capturing the relative im-
portance of each attribute value. For example, in a given movie the main actors
should have higher weights than other actors. In our example, the object actor H.
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Fig. 2. An Example of an Object in Class Movie

Grant has weight 0.6 and the object Actor Rachel Weisz has weight 0.1. Unless
otherwise specified, we assume that the weight associated with each attribute
value is 1.

In the object o shown in Figure 2, the domain for the attribute Genre
is the set {“Genre-All”, “Comedy”, “Romantic Comedy”, “Kid & Family”}.
The ordering relation �o

Genre is a restriction of �Genre to {Genre-All, Comedy,
Romantic Comedy, Kid & Family}.

Let us now define the combination functions for some of the attributes in class
Movie. Note that the combination functions are only applicable when creating
an aggregate representation of a set of objects. For the attribute Name, we are
interested in all the movie names appearing in the instances. Thus we can define
ψName to be the union operation performed on all the singleton Name attributes
of all movie objects.

The attribute Actor contains a weighted set of objects in class Actor. In
such cases we can use a vector-based weighted mean operation. The domain of
the resulting aggregate attribute instance D′

Actor can be viewed as the union of
the domains of the Actor attributes of the individual Movie objects: D′

Actor =
∪iDActori, and the weight for an object o in D′

Actor is determined by

w′
o =

∑
i wi · wo∑

iwi
.

For example, applying ψActor to {〈{S, 0.7; T, 0.2; U, 0.1}, 1〉, 〈{S, 0.5; T,
0.5}, 0.7〉, 〈{W, 0.6; S, 0.4}, 0.3〉} will result in the aggregate domain D′

Actor of
{〈S, 0.58〉, 〈T, 0.27〉, 〈W, 0.09〉, 〈U, 0.05〉}.

As for the attribute Year, the combination function may create a range of
all the Year values appearing in the objects. Another possible solution is to dis-
cretize the full Year range into decades and find the most common decades that
are in the domains of the attribute. For example, applying ψY ear to {〈{2002},
1>}, 〈{1999}, 0.7〉, 〈{2001}, 0.3〉} may result in an aggregate instance Y ear′ of
attribute Year with D′

Y ear = [1999, 2002].
The attribute Genre of class Movie contains a partial ordering relation

�Genre which represents a concept hierarchy among different Genre labels. Thus,
for each instance object p of Genre, the relation �a

Genre specifies the restriction
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of the partial ordering relation to Dp. The combination function, in this case,
can perform tree (or graph) matching to extract the common parts of the con-
ceptual hierarchies among all instances [23]. Given a set of objects {p1, . . . , pn}
of Genre, we can define ψGenre({〈p1, w1〉, 〈p2, w2〉, . . . , 〈pn, wn〉}) = 〈∩iDpi , w

′〉,
where w′ is the average of the weights of instance values in the intersection.
The relation �′

Genre is a restriction of �Genre to ∩iDpi . This function pro-
vides us the common segment of conceptual hierarchy for Genre in the set
of movie instances. For example, applying ψGenre to {{“Romantic Comedy”,
“Kids&Family”}, {“Romance”, “Comedy”}, {“Romance”}}, and assuming that
all weights are 1, will result in an aggregate instance Genre′ of attribute Genre
with the value {“Romance”}.

3 Creating an Aggregated Representation of a Usage
Profile

We now return to our original problem: how to create an aggregate represen-
tation of a discovered usage profile at the domain-level. As noted earlier, a us-
age profile at the page or item level can be viewed as a weighted set (or vec-
tor) of pages. The problem of extracting instances of the ontology classes from
these pages is an interesting problem in its own right and has been studied
extensively (see, for example, [5]). Here we assume that, either using manual
rules, or through supervised learning methods, we can extract various object
instances represented by the pages in the original page- or item-level usage pro-
file. Thus, the usage profile can be transformed into a weighted set of objects:
pr = {〈o1, wo1〉, 〈o2, wo2〉, . . . , 〈on, won〉} in which each oi is an object in the un-
derlying domain ontology and wi represents oi’s significance in the profile pr.
The profile represents a set of objects accessed together frequently by a group of
users (as determined through Web usage mining). Our goal is to create an aggre-
gate representation of this weighted set of objects to characterize the common
interests of the user segment captures by the profile at the domain level.

Given the representation of a profile pr as a weighted set of objects, the
objects in pr may be instances of different classes c1, c2, . . . , ck in the ontology.
The process of creating a domain-level aggregate profile begins by partitioning
pr into collections of objects with each collection containing all objects that are
instances of a specified class (in other words, the process of classifying the object
instances in pr). Let gi = {〈oci

1 , wo
ci
1
〉, . . . , 〈oci

m, wo
ci
m
〉} be the elements of pr that

are instances of the class ci.
Having partitioned pr into k groups of homogeneous objects, g1, . . . , gk, the

problem is reduced to creating aggregate representation of each partition gi.
This task is accomplished with the help of the combination functions for each of
the attributes of ci some of whose object instances are contained in gi. Once the
representatives for every partition of objects are created, we assign a significance
weight to each representative to mark the importance of this group of objects
in the profile. In our current implementation the significance weight for each
representative is computed as the sum of all the object weights in the partition.
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Input: A weighted set of objects: O = {〈o1, w1〉, . . . , 〈on, wn〉}
Output: The domain-level aggregate of O: {〈o′1, w′

1〉, . . . , 〈o′k, w′
k〉}

Main Procedure:
Result = ∅
Partition objects in O into g1, g2, . . . , gk,

such that ∀gi,∃ a class cgi , with objects in gi being instances of cgi

For each gi(i = 1, . . . , k) do
Build a pseudo object o′i to be an instance of cgi :

For each attribute a in the attribute set of class cgi do

Let ao′
i be an instance of a in the object o′i:

ao′
i = ψa(gi)

Endfor
Result = Result ∪ {o′i}
w′

i =
∑

ok∈gi
wk

Endfor
Return Result

Fig. 3. The Algorithm DPA for Creating and Aggregate Representation of a Weighted
Set of Objects

However, significance weight can be computed using other numeric aggregation
functions. Figure 3 summarizes the algorithm DPA for creating domain-level
aggregate profiles.

Examples Continued: Generating Domain-Level Aggregate Profiles

We present two examples of transforming usage profiles into domain-level aggre-
gates using ontological information. The first example is based on our hypothet-
ical movie Web site (Figure 1), and the second is based on the results of our
experiments with a real Web site containing real estate property listings.

Suppose we have discovered a Web usage profile and transformed it into a
weighted set of 3 movie objects in the class Movie (see Figure 4). We can
generate a domain-level aggregate representation of these movies by applying
the DPA algorithm to this profile. Because the objects are the instances of the
same class, the DPA algorithm does not have to partition the objects. Thus, we
can directly apply combination functions on each attribute in the class Movie.
The details of combination functions used in this example were described in the
previous section. Figure 5 shows the pseudo object instance representing the
domain-level aggregation of these objects.

Note that the original item-level profile gives us little information about the
reasons why these objects were commonly accesed together. However, after we
characterize this profile at the domain-level, we find some interesting patterns:
they all belong to Genre “Romance”, and the actor S has a high score compared
with other actors. This might tell us that this group of users are interested
particularly in the movies belonging to “Romance” and are particularly fond of
the actor S.
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Fig. 4. A Weighted Set of Objects in a Usage Profile from a Movie Web Site

Fig. 5. An Example of Domain-Level Aggregate Profile from a Movie Web site

Our next example is based on a real usage profile discovered from the usage
data belonging to a real estate Web site containing various property listings.
The ontology of the Web site has a single class property. An object which is
the instance of class property represents a real estate property that has been
listed for sale. This ontology is depicted in Figure 6.

In this case, all attributes have atomic values. For example, the attribute
number of bedrooms has a range of values {1, 2, 3, 4, 5, 6} and style of building
has values among {1 Story, 2 Story, Town Home, Ranch}. Figure 6 also shows
an example of a property object instance with the value sets for each attribute
in dashed boxes.

In our experiment, we began by clustering similar user sessions. Then we
generated the usage profiles obtaining the cluster centroids in which each item’s
weight represents the percentage of cluster sessions containing that item. For
example, one of the usage profiles obtained from our experiment is: {〈Property
1,1〉,〈Property 2,0.7〉,〈Property 3,0.18〉,〈Property 4,0.18〉}.
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Fig. 6. The Ontology of a Real Estate Web site Containing Property Listings

We used the “weighted average” as our combination function for the at-
tributes containing numeric data. Let wai be the weight associated with instance
ai of attribute a. Because all the attribute instances contain singletons as their
value sets, we can use vai to represent the only value for the instance ai . The
combination function ψa for each of the numeric attributes (Price, Size and
Rooms) gives the value set D′

a of the aggregate instance, as follows:

D′
a =

{∑
i vai × wai∑

iwai

}

For the attribute Location, the combination function computes the union of
all the values in this attribute. In this example, this function returns {Chicago,
Evanston}. For the attribute Style, the combination function computes the most
frequent style values in this attribute. In this case, the function returns {2 Story}.
Finally, we used the same combination function for the attribute Year as the
one used in the class movie of the previous example. Figures 7 and 8 show the
original usage profiles discovered through clustering and the resulting domain-
level aggregate profile, respectively.

After generating domain-level usage profile, we have the information about
the average price, size, number of rooms, as well as the locations, major styles,
and year range. Such information not only enriches the profile with more knowl-
edge about the listed items, but also provides us more possibilities for Web per-
sonalization. In the following section we discuss how we can leverage domain-level
aggregate profiles for Web personalization.
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Fig. 7. A Weighted Set of Objects in a Usage Profile from a Real Estate Web Site

Fig. 8. An Example of Domain-Level Aggregate Profile from a Real Estate Web site

4 Web Personalization Based on Domain-Level Usage
Profiles

Domain-level aggregate profiles present users’ interests not just as a set of items
or pages, but in terms of the common underlying properties and relationships
among those items that are captured by object attributes. This fine-grained
domain knowledge enables more powerful approaches to personalization.

We consider the browsing history of the current user to be a weighted set of
items that the user has visited. The weight can be based on the amount of time
the user spends on each item or other measures that represent the significance of
the items in the current browsing session. The algorithm DPA can be applied to
this weighted set to create an aggregate domain-level representation of the user
browsing history. We call this aggregate representation the current user model.
Given the current user model, there are two possible approaches to generating
personalized recommendations for the user. These two approaches are depicted
in Figure 9.

The first approach searches the domain ontologies to recommend the items
that have similar features with the current user model. We call the recommen-
dationed objects the instantiations of the current user model. This approach is
essentially a generalization of the keyword-based content filtering approach and
does not rely on any discovered usage profiles. While this approach does not
encounter the “New Item” problem, it does not have the advantages of collabo-
rative filtering systems, namely, considering item-to-item relationships that are
based on how items are used or accessed together rather than based on content
similarity. In addition, this approach requires the definition of possibly complex
similarity or distance functions for each of the attributes of the underlying classes
in the ontology.
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Fig. 9. Personalization Framework utilizing Domain Knowledge

The second method generates recommendations based on the discovered
domain-level aggregate profiles. The recommendation engine matches the cur-
rent user model with all the discovered usage profiles. The usage profiles with
matching score greater than some pre-specified threshold are considered to rep-
resent this user’s potential interests. A successful match implies that the current
user shares common interests with the group of users this usage profile repre-
sents. The recommendation engine also matches the items in the domain with
the user’s potential interests and will recommend to the user the matching items.
This approach is more complex than the pure content-based approach in that
it involves two matching processes: matching the current user with the usage
profiles and matching the item candidates with the user’s potential interests.

The second approach has a number of advantages. First, it retains the user-
to-user relationships that can be captured by the discovered usage profiles. Sec-
ondly, in contrast to standard collaborative filtering, it provides more flexibility
in matching usage profiles with current user model because in this case match-
ing involves comparison of features and relationships, not exact item identities.
Furthermore, the items do not have to appear in any usage profiles in order to
be recommended, since fine-grained domain relationships are considered during
the instantiation process. The following example shows that this approach can
also be used to solve the “New Item” problem.

Let us consider the real estate Web site discussed in the previous section.
We again consider the real usage profile containing property 1, property 2, prop-
erty 3 and property 4 depicted in Figure 7. Suppose that there is a new item
property 5 (recently added to the site) which is not included in any usage pro-
files. Assume that property 5 has attributes 〈Price = {370000}, Location =
{Chicago}, size = {4500}, rooms = {4}, style = {2story}, Y earbuilt = {1993}〉.
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Furthermore, assume that a user has browsed pages related to property 1 and
property 2. If the recommendation engine were based on item-level usage profiles,
property 5 would not be recommended. The recommendation engine would in-
stead recommend property 3, property 4. However, the current user model (prop-
erty 1 and property 2) is indeed more similar to property 5 than to property
3 or property 4 in terms of their domain-level attributes. If the recommenda-
tion engine uses domain-level aggregate profile of Figure 8, it would be able to
recommend property 5.

5 Conclusion and Future Work

In this paper we have presented a general framework for using domain ontologies
to automatically characterize usage profiles containing a set of structured Web
objects. Our motivation has been to use this framework in the context of Web
personalization, going beyond page- or item-level constrcuts, and using the full
semantic power of the underlying ontology.

In our approach we consider a Web site as a collection of objects belonging to
certain classes. Given a collection of similar user sessions (e.g., obtained through
clustering) each containing a set of objects, we have shown how to create an
aggregate representation of for the whole collection based on the attributes of
each object as defined in the domain ontology. This aggregate representation is
a set of pseudo objects each characterizing objects of different types commonly
occurring across the user sessions. We have also presented a framework for Web
personalization based on domain-level aggregate profiles.

Currently we assume that we have the predefined combination functions for
each class attribute specified as part of the domain ontology. One area of future
work involves the study of machine learning techniques in order to discover the
best way to summarize the attribute automatically. Another area of future work
involves the creation of general as well as domain-specific distance ro similarity
functions allowing for the comparison of objects in different classes with the
domain-level profiles. Finally another interesting area of work will be to explore
use of discoverd domain-level aggregates from Web usage mining to enrich the
existing domain ontology for a Web site.
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Abstract. A standard problem for internet commerce is the task of
building a product taxonomy from web pages, without access to corpo-
rate databases. However, a nasty aspect of the real world is that most
web-pages have multiple facets. A web page might contain information
about both cameras and computers, as well as having both speci�cation
and sale data. We are interested in methods for supervised and unsu-
pervised learning of multiple faceted models. Here we present results for
multi-faceted clustering of bigram words data.

1 Introduction

A recognized problem for internet commerce is the task of building a product
taxonomy from web pages, without access to corporate databases, and then
populating a database with link information about service, repair, spare parts,
reviews, product speci�cations, product family and company home pages, and
purchase information from retailers. A key precursor for this task is the ability to
build classi�cation hierarchies in a supervised or unsupervised manner. However,
a nasty aspect of the real world is that most web-pages have multiple facets. A
web page might contain information about cameras and computers, as well as
having both speci�cation and sale data. Whereas another page might mix a
product index with partial speci�cation and sales data. We are interested in
methods for supervised and unsupervised learning of multi-faceted models.

Clustering or unsupervised learning is now a standard method for analysing
discrete data such as documents, and is now being used in industry to create tax-
onomies from web pages. A rich variety of methods exist borrowing theory and
algorithms from a broad spectrum of computer science: spectral (eigenvector)
methods [1], kd-trees [2], using existing high-performance graph partitioning al-
gorithms from CAD [3], hierarchical algorithms [4] and data merging algorithms
[5], etc.

All these methods, however, have one signi�cant drawback for typical appli-
cation in areas such as document or image analysis: each item/document is to be
classi�ed exclusively to one class. Their models make no allowance for instance,
for a product page to have 60% digital camera content and 40% laptop com-
puter content. It is 100% one way or another, and any uncertainty is only about
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whether to place the 100% into one or the other class. In practice documents
invariable mix a few topics, readily seen by inspection of the human-classi�ed
Reuters newswire, so the automated construction of topic hierarchies needs to
reect this. One alternative is to make clustering multi-faceted whereby a docu-
ment can be assigned proportionally (i.e., using a convex combination) across a
number of clusters rather than uniquely to one cluster.

Authors have recently proposed discrete analogues to principle components
analysis (PCA) intended to handle discrete or positive only count data of the
kind used in the bag-of-words representation of web pages. Methods include
non-negative matrix factorization [6], probabilistic latent semantic analysis [7]
latent Dirichlet allocation [8], multinomial PCA [9]. A good discussion of the
motivation for these techniques can be found in [7], and an analysis of related
reduced dimension models and some of the earlier statistical literature here can
be found in [10], and theory and algorithms are presented in [9].

Multinomial PCA by itself does not perform multi-faceted clustering because
on average a page/item/document might be composed of up to 50 components
in some of our experiments, and this does not reect the behaviour of a \few
di�erent topics" we were looking for. We have recently made modi�cations to
the standard algorithms so that multinomial PCA performs multi-faceted clus-
tering. That is, it performs a clustering whereby some items/documents/pages
are assigned with proportion to a few di�erent classes.

In this paper, we �rst expand more on what we mean by a multi-faceted
model, and then we give some examples from our working system. Our experi-
ments are conducted on bigram data for words collected o� a good fraction of
Google's database of web pages for August 2001. The data sizes allowed us to
experiment to understand how many components might be produced.

2 Contrasting Clustering and Multi-Faceted Clustering

For concreteness, consider the problem in terms of the usual \bag of words"
representation for a document [11]. Here the items making up the sample are
documents and the features are the counts of words in the document. A doc-
ument is represented as a sparse vector of words and their occurrence counts.
All positional information is lost. With J di�erent words, the dimensionality for
words/features, each document becomes a vector x 2 ZJ , where the total

P
j xj

might be known. Traditional clustering becomes the problem of forming a map-
ping ZJ 7! f1; : : : ;Kg, where K is the number of clusters. Whereas techniques
such as PCA form a mapping ZJ 7! RK where K is considerably less than J .

The problem we consider, however, is to represent the document as a convex
combination, thus to form a mapping ZI 7! CK where CK denotes the subspace
of RK where every entry is non-negative and the entries sum to 1 (m 2 CK

implies 0 � mk � 1 and
P

kmk = 1). Callm the reduced image of a document.
For instance, suppose we are performing a coarse clustering of newswires

into topics: the topics found might be \sports", \business", \travel", \interna-
tional", \politics", \domestic", and \cultural". Consider a document about a
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major sport-star and the overlap of his honeymoon with a big game. Then tradi-
tional clustering might output the following: \the document is about sports". A
more re�ned clustering system that represents uncertainties as well might out-
put: \with 90% probability it is about sports, with 7% probability it is about
cultural, and 3% probability about something else". General multinomial PCA
considered in this paper might output: \50% of the document is about sports,
35% of the document is about cultural, 7% about business, 5% about interna-
tional". The supposed business content is really a discussion of the hotel for the
honeymoon and the supposed international content comes from the location of
the honeymoon. Note here general multinomial PCA plays the role of dimen-
sionality reduction, and places similar kinds of words into the same bucket for
compression purposes rather than any real topic identi�cation.

The problem we consider is also to perform multi-faceted clustering, which
serves the purpose of extracting multiple mutually occurring topics from a doc-
ument. Suppose m 2 CK is the reduced image of a particular document. For
multi-faceted clustering, m should have most entries zero, and only a few en-
tries signi�cantly depart from zero. A measure we shall use for this is entropy,
H(m) =

P
j mj log(1=mj). Thus multi-faceted clustering prefers low entropy

reduced images from CK . In the limit, when the average entropy of the reduced
images is 0, the mapping becomes equivalent to standard clustering. With the
simple honeymoon example above, the output could be reduced to: \70% of
the document is about sports, 30% of the document is about cultural". This
makes the document have 2H(m) = 1:85 e�ective topics, as opposed to the orig-
inal PCA example above with more proportions (0.5,0.35,0.07,0.05) which had
2H(m) = 3:17 topics.

Note that clustering is usually varied using the dimensionality K, their num-
ber of components, not the nature of their decomposition, H(m). Approaches
such as the Information Bottleneck method [12] and hierarchical approaches in
general yield clustering at di�erent scales and do not relax the assumption of
mutual exclusivity. We make the distinction here between the term component
which is a derived feature discovered for dimensionality reduction, and a facet,
which is similar but is intended instead to be a relaxation of a topic. Documents
should have a few facets for good multi-faceted clustering but many components
for e�ective dimensionality reduction.

3 Theory

We briey review the theory of the multinomial version of PCA, and discuss the
extensions. More details of the basic theory appear in [9].

Given a document, we �rst to sample a K-dimensional probability vectorm
that represents the proportional weighting of components, and then to mix it
with a K � J matrix 
 whose k-th row represents a word probability vector
for the k-th component. For a document with a total count of L words in its
bag-of-words representation x, this is modelled as:

m � Dirichlet(�) ;
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x �Multinomial(m
; L) ;

where� is a vector ofK-dimensional parameters to the Dirichlet. Thus, the mean
of each entry xj is a convex combination of a column of 
, the probabilities for
the j-th word for di�erent components.

This probability model does not readily yield an algorithm. The proportion
vector m is a hidden variable but it cannot be treated with the standard EM
algorithm for hidden variables. However, if we can introduce a second hidden
variable for each document w which is the word counts now broken out by word
index j and topic index k as a J�K matrix. This matrix has row totals equal the
bag of words data x. An algorithm can be derived which iteratively recomputes
an expected value for both the topic proportionsm and the word counts broken
out by topic w.

The following iterative algorithm can be derived using variational methods
[9].

Theorem 1. Given the hidden variable model above, and the priors: m �
Dirichlet(�) and 
kl;� � Dirichlet(2f), where f is an empirical word proba-
bility vector and � is some other vector giving priors for the �rst Dirichlet.
The following updates converge to a lower bound of log p(x;
;�) that is op-
timal for all product approximations q(m)q(w) for the hidden value posterior
p(m;w j
;�;x). The subscript [i] indicates values from the i-th document.
For this the K-dimensional vector � is an intermediate variable representing
a Dirichlet approximation to the posterior distribution for the i-th documents
proportions m[i] and the J � K � I-dimensional array  is an intermediate
variable representing the multinomial probabilities for an approximation to the
posterior distribution for the rows of the i-th documents word matrix w[i].

j;k;[i]  �
1

Z1;j;[i]

k;j exp

 
	0(�k;[i])� 	0

 X
k

�k;[i]

!!
;

�k;[i]  � �k +
X
j

rj;[i]j;k;[i] ;


k;j  �
1

Z2;k

 
2fj +

X
i

rj;[i]j;k;[i]

!
;

where 	0() is the digamma function, and Z1;j;[i] and Z2;k are some normalizing
constants.

The exponential in the �rst rewrite rule is an estimate ofmk;[i]) as exp(Eqflogmk;[i])g)
which tends to reduce the component entropyH(m[i]). Note the last rewrite rule
is the standard MAP estimate for a multinomial parameter vector.

To reduces the entropies of the component proportionsm[i] even further, we
use the additional updates:

j;k;[i]  �
1

Z1;j;[i]

k;jmk;[i]
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mk;[i]  �
nk;[i]P

k nk;[i] � �
�
H(m[i])� log 1=mk;[i]

� ;

where � is a Lagrange multiplier that can be increased to decrease the entropy
H(m[i]). Note this replaces the above update for j;k;[i]. These modi�ed updates

correspond to using an entropic prior pr(m[i]) / exp
�
��H(m[i])

�
, which is a

weighted version of Brand's [13].

4 Experimental Setup

Data was collected about word occurrences from a signi�cant portion of the
English language documents in Google's August 2001 crawl. After HTML and
other tokens are removed, the basic text is processed to determine the most
frequent 5000 words consisting only of letters `a'-`z' ignoring case. Their co-
occurrence data, the so-called bigram data was also collected. Bigrams are only
counted for contiguous words in the same phrase: not broken by punctuation
(excepting `-'), line breaks or other formatting tokens. The large number of
documents used allows the bigram data to be 17% non-zero for bigrams of the
top 5000 words. Note, some web pages contain seemingly random text and more
than enough jargon. The top word \to" has 139; 597; 023 occurrences and the
5; 000-th word \charity" has 920; 343 occurrences. The most frequent bigram
is \to be" with 20; 971; 200 occurrences, while the 1; 000-th most frequent is
\included in" at 2; 333; 447 occurrences.

In this case, the role of document in the theory is played by a word, and the
role of word, is played by the words appearing after this word.

The code for our system is 1300 documented lines of C, with error checking,
input parsing, diagnostic reporting, and component display. The code runs com-
parably to a PCA algorithm, converging in maybe 10-30 iterations, depending on
the accuracy required. It outputs a HTML page with internal links representing
the di�erent aspects of the multi-faceted model constructed.

To measure the component entropies, we use 2H(m j d) where H(m j d) is
the mean of the individual entropies H(m[i]) for each document (which is a
conditional entropy, hence the notation).

5 Experimental Results

We conducted a number of experiments as listed below.

5.1 Basic Illustration

We clustered the 5000 most frequent words on the web into 1500 di�erent multi-
faceted classes based on their occurrence in bigrams. The average e�ective num-
ber of components per word (measured by 2hH(m j d)i) using standard multino-
mial PCA is about 30 and the distinctions are diÆcult to interpret in many cases.
Using the modi�ed version of multinomial PCA which reduces the entropy of
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the component vector m, we got this to the more manageable �gure of about
3 e�ective components per word. Many words had a majority component with
probability over 0.7, while a few had up to 20 di�erent components.

Below we give some examples of the di�erent facets for di�erent words. These
are presented here to illustrate the method. Note the clusters here represent
word use which is subtlety di�erent to word meaning. Look at the examples for
\wedding" below to see this. Our interpretation of each facet is given in italic
prior to the list of words included in the facet,

\wedding": { occasion: birthday, christmas, romantic, holiday, holidays,
vacation, wedding, anniversary, happy,;

{ jewelry: rush, mini, gold, silver, jewelry, diamond, bell, wedding,
\love": { a�ection: kiss, love

{ preference: prefer, expect, recommend, need, like, probably, suggest,
love, want, mean, say, require, never, think

{ emotion: confusion, pride, stress, pleasure, danger, fear, depression,
honor, pain, comfort, britain, su�ering, passion, joy, glory, concern, de-
sire, wealth, beauty, strength, escape, feeling, insight, promise, satisfac-
tion, peace, respect, love

\four": { number: seven, eight, �ve, nine, six, twelve, ten, four, three, twenty,
two, one

{ some/few: few, several, �ve, ten, six, four, couple, three, half
\scene": { event: universe, situation, era, meal, scene, incident, lesson,

province, instance, issue, game, case, event, series, state, class, mission,
project, school, sale, unit

{ play/performance: festival, scene
\e�orts": { group work: initiative, initiatives, projects, proposals, collabo-

ration, e�orts, e�ort, programs, activities, strategies, work
{ attempts: attempts, aim, attempt, e�orts, e�ort
{ relationships: minds, hearts, lives, voices, bodies, families, e�orts, com-
mitment, attention, relationship, original, work

For instance, \love" is broken into an a�ection term, an preference term, and an
emotion term, whereas \e�orts" is broken into a group work term, an attempts
term, and a relationship term.

5.2 Explaining Component Dimensionality

Why does standard multinomial PCA produce di�erent e�ective number of com-
ponents? We varied the input in a number of ways to explore this question.

First, we ran the system with di�erent starting dimensions for the number
of components allowed. Given I documents (i.e., words in the Google data) and
J words/features per document (again, words in the Google data), then with K
starting components, we are attempting to reduce the I � J word count matrix
to the product of a I �K document topic matrix and a K � J topic to word
mapping. Some of the K topics may be rarely used and contribute little, thus
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the e�ective number of total components can be much less. We measure this as
2H(p) where p is the K-dimensional vector of mean proportion for a topic in
all documents (i.e., the mean of the rows of the I �K document topic matrix).
This contrasts with the e�ective number of topics/components per document
2H(m j d) which is the conditional entropy on the I �K document topic matrix,
or the mean of the entropies of the rows of the I �K document topic matrix.

Second, we down-sampled the data. We sampled without replacement from
the data vector to reduce the total size of each \document" by subsampling
factors of 100, 1; 000, 10; 000, 100; 000 respectively. Note the bigram word data
had huge starting counts. This was done to produce \documents" of di�erent
sizes. The characteristics of the data sets produced are given in Figure 1. The
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Fig. 1. Data characteristics for subsampled bigram data

X-axis is the subsampling factor. The solid line (axis on left) represents the
proportion of non-zeros in the resultant data, and the dotted line (axis on right)
represents the count of words in the resultant \document".

The results from these experiments are reported in Figure 2. Each curve rep-
resents the results for one subsampling factor, i.e., an X value on Figure 1. So
the top curve, which has no subsampling and where documents are 8; 000; 000
words on average, the mean e�ective number of components per document in-
creases upto about 40. The second from the bottom curve (/10000) has about 80
words per document and typically 3-4 mean e�ective number of components per
document, no matter how many components are inferred from the data (from
20 upto about 800). The third from the bottom curve (/1000) has about 800
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Fig. 2. Component dimensions

words per document and typically 10 mean e�ective number of components per
document, no matter how many components are inferred from the data (from
20 upto about 1000).

From these experiments, we can conclude that the mean e�ective number of
components is largely inuenced by the document size. This would be result of
the statistical capacity of the document to support a number of components.
Small newswires and web pages can be 100 words, and thus could support a few
topics statistically. Larger ones are about 1000 words and could support upto
about 10 topics statistically. Web pages larger again that correspond to spec
sheets, long details of factual data, etc., could support even more topics.

6 Conclusion

We have demonstrated that recent extensions to PCA for multinomial data are
inadequate for multi-faceted clustering and given results for a modi�cation to the
basic algorithm that performs better in this regard. We argued that multinomial
PCA is really a dimensionality reduction algorithm, and not designed for multi-
faceted clustering.

It remains to be seen how the modi�ed algorithm will perform on the sug-
gested task of performing multi-faceted clustering of web-pages as a pre-processing
step to data mining for the semantic web. For this, we would need at least the
ability to generate full topic hierarchies, and to perform automatic labelling/naming
of topics in the hierarchy. We expect that by doing this for multiple companies
at once, useful hierarchies could be established.
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Another research direction is to modify these algorithms to create supervised
versions of them, whereby each item/document/page is tagged with multiple
topics (as the Reuters and AP news-wires can be), and the task is to learn a
model for the component topics and the proportions for each.
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� &GRCTVOGPV QH 'NGEVTKECN 'PIKPGGTKPI�
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� &GRCTVOGPV QH +PHQTOCVKQP /CPCIGOGPV� %JCPI ,WPI 7PKXGTUKV[�

6CKPCP� 6CKYCP
hcyang@mail.cju.edu.tw 

#DUVTCEV� 6JKU RCRGT FGUETKDGU JQY UGOCPVKE YGD KUUWGU UWEJ CU OCEJKPG�

WPFGTUVCPFCDNG UGOCPVKE TGRTGUGPVCVKQP KP OWNVKRNG NCPIWCIGU CPF CESWKUKVKQP

QH YGD UGOCPVKEU CTG VCEMGF D[ OGCPU QH C OWNVKNKPIWCN VGZV�OKPKPI CRRTQCEJ�

6JKU RCRGT RTGUGPVU CNIQTKVJOU VJCV GPCDNG OWNVKNKPIWCN VGZV OKPKPI DCUGF QP

PGWTCN PGVYQTM VGEJPKSWG� PCOGN[ VJG UGNH�QTICPK\KPI OCRU 
51/� HQT CWVQ�

OCVKECNN[ ITQWRKPI UKOKNCT OWNVKNKPIWCN VGZVU 
K�G� %JKPGUG CPF 'PINKUJ VGZVU��

9G VTGCV VJG 9QTNF 9KFG 9GD CU QWT OWNVKNKPIWCN EQTRWU CPF WVKNK\G VJG VGZV�

OKPKPI OQFGN HQT ITQWRKPI UGOCPVKECNN[ UKOKNCT FQEWOGPVU� 9JGP GZRQUG VQ

TCY OWNVKNKPIWCN VGZV� VJG OQFGN ENWUVGTU YQTFU CPF FQEWOGPVU CEEQTFKPI VQ

VJGKT UGOCPVKE TGNCVGFPGUU VQ HQTO C UGOCPVKE PGVYQTM�� 6JG OQFGN CNUQ UWI�

IGUVU C PQXGN GZRNCPCVKQP QH OWNVKNKPIWCN VGZV ENWUVGTKPI DCUGF QP VJG UGOCPVKE

TGNCVGFPGUU� +P CFFKVKQP� YG RTQRQUG C HTCOGYQTM DCUGF QP VJG UGOCPVKEU GZ�

VTCEVGF HTQO VJG TGUWNVKPI FQEWOGPV ENWUVGTU� CNQPI YKVJ C :/. FQEWOGPV

VGEJPKSWG� VQ ECTT[ QWV VJG VCUM QH TG�ECVGIQTK\CVKQP QH YGD RCIGU� 6JG YGD

RCIGU CTG TG�ECVGIQTK\GF DCUGF QP VJG UGOCPVKE TGNCVGFPGUU KP VJG EQTRWU� (QT

KORNGOGPVCVKQP� YG CRRNKGF VJG FGTKXGF OWNVKNKPIWCN VGZV OKPKPI CRRTQCEJ KP

VJG RTQEGUU QH CWVQOCVKE EQPUVTWEVKQP QH C PGY VGZV FKTGEVQT[� KP QTFGT VQ C

:/. FQEWOGPV FCVCDCUG VJCV CEJKGXGU VJG CKOU QH C UGOCPVKEU�DCUGF MPQYN�

GFIG ECVGIQTK\CVKQP�

� +PVTQFWEVKQP

6JG �5GOCPVKE 9GD� KU WUGF VQ FGPQVG VJG PGZV GXQNWVKQP UVGR QH VJG 9GD� YJKEJ

GUVCDNKUJGU C NC[GT QH OCEJKPG WPFGTUVCPFCDNG FCVC� 6JG FCVC KU UWKVCDNG HQT CWVQOCVGF

CIGPVU� UQRJKUVKECVGF UGCTEJ GPIKPGU CPF KPVGTQRGTCDKNKV[ UGTXKEGU� YJKEJ RTQXKFG C

RTGXKQWUN[ PQV TGCEJCDNG ITCFG QH CWVQOCVKQP� 6JG WNVKOCVG IQCN QH VJG 5GOCPVKE 9GD

KU VQ CNNQY OCEJKPGU VJG UJCTKPI CPF GZRNQKVCVKQP QH MPQYNGFIG KP VJG 9GD YC[� K�G�

YKVJQWV EGPVTCN CWVJQTKV[� YKVJ HGY DCUKE TWNGU� KP C UECNCDNG� CFCRVCDNG� GZVGPUKDNG

OCPPGT�
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��� 5GOCPVKEU KP 9GD %QPVGPV

4GEGPV YQTM KP EQORWVCVKQPCN NKPIWKUVKEU UWIIGUVU VJCV NCTIG COQWPVU QH UGOCPVKE

KPHQTOCVKQP ECP DG GZVTCEVGF CWVQOCVKECNN[ HTQO NCTIG VGZV EQTRQTC QP VJG DCUKU QH

NGZKECN EQ�QEEWTTGPEG KPHQTOCVKQP� 5WEJ UGOCPVKEU JCU DGGP DGEQOKPI KORQTVCPV CPF

WUGHWN HQT DGKPI CU CP GUUGPVKCN TGRTGUGPVCVKQP QH EQPVGPV KP GCEJ YGD RCIG� RCTVKEW�

NCTN[ YKVJ VJG KPETGCUKPI CXCKNCDKNKV[ QH FKIKVCN FQEWOGPVU KP XCTKQWU NCPIWCIGU HTQO

CNN CTQWPF VJG YQTNF� +P VJKU YQTM YG CVVGORV VQ FGXGNQR C PQXGN CNIQTKVJOKE CRRTQCEJ

HQT OWNVKNKPIWCN VGZV OKPKPI VGEJPKSWG VQ GZVTCEV UGOCPVKE KPHQTOCVKQP HTQO VJG YGD

VGZV EQTRQTC� 7UKPI C XCTKCVKQP QH CWVQOCVKE ENWUVGTKPI VGEJPKSWGU� YJKEJ CRRN[ VJG

5GNH�1TICPK\KPI /CRU 
51/�� YG JCXG EQPFWEVGF UGXGTCN GZRGTKOGPVU VQ WPEQXGT

CUUQEKCVGF FQEWOGPVU DCUGF QP %JKPGUG�'PINKUJ DKNKPIWCN RCTCNNGN EQTRQTC� CPF C

J[DTKF %JKPGUG�'PINKUJ EQTRWU� 9JGP GZRQUGF VQ TCY OWNVKNKPIWCN VGZV� VJG OQFGN

ENWUVGTU YQTFU CPF FQEWOGPVU CEEQTFKPI VQ VJGKT UGOCPVKE TGNCVGFPGUU VQ HQTO C UG�

OCPVKE PGVYQTM� CU C UQWTEG QH OGVCFCVC HQT VJG EQPUVTWEVKQP QH VJG 5GOCPVKE 9GD�

� /WNVKNKPIWCN 6GZV�/KPKPI HQT %TGCVKPI /GVCFCVC

/WNVKNKPIWCN VGZV OKPKPI KU VJG GZVTCEVKQP QH KORNKEKV� RTGXKQWUN[ WPMPQYP� CPF UG�

OCPVKECNN[ UKOKNCT VGTOU CPF FQEWOGPVU HTQO OWNVKNKPIWCN EQTRQTC� 6JG QDLGEVKXG KU

VQ GUVCDNKUJ EQORWVGT RTQITCOU VJCV CWVQOCVKECNN[ ENWUVGT EQPEGRVWCNN[ TGNCVGF VGTOU

CPF VGZVU KP XCTKQWU NCPIWCIGU�

+P VJKU YQTM� VJG RTKOCT[ VJTWUV KU VQ OCMG VJG VGZV OKPKPI VGEJPKSWGU HWNN[ OWNVK�

NKPIWCN� OKPKPI QRGP�UQWTEG VGZVU KP FKHHGTGPV NCPIWCIGU� *QYGXGT QWT IQCN KP VJGUG

GZRGTKOGPVU KU PQV VQ GUVCDNKUJ VJG KFGCN HWNN�HWPEVKQPCN OWNVKNKPIWCN KPHQTOCVKQP FKU�

EQXGT[ U[UVGO� CU VJG VKOG CPF TGUQWTEGU TGSWKTGF HQT VJKU VCUM CTG EQPUKFGTCDNG�

4CVJGT� YG TGUVTKEV QWT CVVGPVKQP VQ DKNKPIWCN EQTRQTC CPF VT[ VQ WPFGTUVCPF VJG DCUKE

TGSWKTGOGPVU HQT GHHGEVKXG OWNVKNKPIWCN KPHQTOCVKQP FKUEQXGT[ CPF VJG RTQDNGOU VJCV

CTKUG HTQO C UKORNG KORNGOGPVCVKQP QH UWEJ C U[UVGO� 6JKU TGUGCTEJ YQTM KU OCKPN[

ECTTKGF QWV D[ GZRGTKOGPVKPI YKVJ VGZV GZVTCEVKQP HTQO RCTCNNGN EQTRQTC� C XCTKCVKQP QH

DKNKPIWCN EQTRQTC� $KNKPIWCN EQTRQTC ECP DG WUGF KP OCP[ YC[U� (QT OWNVKNKPIWCN

KPHQTOCVKQP CEEGUU� DKNKPIWCN EQTRQTC OCMG KV RQUUKDNG VQ KPXGUVKICVG U[PVCEVKE� UGOCP�

VKE CPF NGZKECN TGNCVKQPUJKRU DGVYGGP NCPIWCIGU CPF CTG CNUQ KORQTVCPV UQWTEGU QH

EQPVTCUVKXG GXKFGPEG QH NCPIWCIG KP WUCIG� )GPGTCNN[ URGCMKPI� VJGTG CTG VYQ FKHHGTGPV

V[RGU QH DKNKPIWCN EQTRQTC� RCTCNNGN CPF EQORCTCDNG EQTRQTC� 2CTCNNGN VGZV EQTRQTC CTG

UGVU QH VTCPUNCVKQP�GSWKXCNGPV VGZVU� KP YJKEJ IGPGTCNN[ QPG VGZV KU VJG UQWTEG VGZV CPF

VJG QVJGT
U� CTG VTCPUNCVKQPU� %QORCTCDNG VGZV EQTRQTC CTG UGVU QH VGZVU HTQO RCKTU QT

OWNVKRNGU QH NCPIWCIGU YJKEJ ECP DG EQPVTCUVGF CPF EQORCTGF DGECWUG QH VJGKT EQO�

OQP HGCVWTGU� *QYGXGT� WPNKMG RCTCNNGN 
K�G� VTCPUNCVKQP�GSWKXCNGPV� EQTRQTC� VJG[

CNYC[U EQPEGTP C TGUVTKEVGF UWDNCPIWCIG� 6JG[ QHHGT C UQWTEG QH FCVC QP PCVWTCN NCP�

IWCIG NGZKECN GSWKXCNGPVU YKVJKP C IKXGP FQOCKP =��?� (QT OWNVKNKPIWCN VGZV OKPKPI� KP

VJKU YQTM YG GZRGEV KV VQ DG CEVGF CU C UVCTVKPI RQKPV HQT GZRNQTKPI VJG KORCEVU QP

NKPIWKUVKEU KUUWGU YKVJ VJG OCEJKPG NGCTPKPI CRRTQCEJ VQ OKPKPI UGPUKDNG NKPIWKUVKEU

GNGOGPVU HTQO OWNVKNKPIWCN VGZV EQNNGEVKQPU� +V KU DGNKGXGF VJCV� KH VJG EQTRWU KU NCTIG

GPQWIJ� VJGP UVCVKUVKECN QT QVJGT CNIQTKVJO�DCUGF VGEJPKSWGU ECP DG WUGF VQ RTQFWEG
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DKNKPIWCN VGTO GSWKXCNGPVU QT CUUQEKCVKQPU D[ EQORCTKPI YJKEJ UVTKPIU EQ�QEEWT KP VJG

UCOG UGPVGPEGU QXGT VJG YJQNG EQTRWU� 6JGTGHQTG KP VJKU YQTM YG GORNQ[GF C RCTCNNGN

EQTRWU� VJG DKNKPIWCN OCIC\KPG CTVKENGU HTQO VJG 5KPQTCOC /CIC\KPG� VQ ETGCVG C UGV QH

FWCN�NCPIWCIG VTCKPKPI FQEWOGPVU HQT FKUEQXGTKPI ETQUU�NCPIWCIG VGTO CUUQEKCVKQPU

CPF FQEWOGPV CUUQEKCVKQPU�

� 51/ DCUGF 6GZV�/KPKPI #RRTQCEJ

��� &QEWOGPV 2TGRTQEGUUKPI

6JG RTQRQUGF U[UVGO HQEWUGU QP VJG VCUM QH HKPFKPI CUUQEKCVKQPU KP EQNNGEVKQPU QH VGZV�

$CUGF QP CUUQEKCVKQP� UKOKNCT FQEWOGPVU� VJTQWIJ VJG RTQRQUGF VGZV OKPKPI RTQEGUU�

ECP DG ICVJGTGF KP C ENWUVGT� (QT CP 'PINKUJ EQTRWU� VJG FQEWOGPV RTGRTQEGUUKPI KU

SWKVG UVTCKIJVHQTYCTF� 1WT CRRTQCEJ DGIKPU YKVJ C UVCPFCTF RTCEVKEG KP KPHQTOCVKQP

TGVTKGXCN 
+4� =��? VQ GPEQFG FQEWOGPVU YKVJ XGEVQTU� KP YJKEJ GCEJ EQORQPGPV EQTTG�

URQPFU VQ C FKHHGTGPV YQTF� CPF VJG XCNWG QH VJG EQORQPGPV TGHNGEVU VJG HTGSWGPE[ QH

YQTF QEEWTTGPEG KP VJG FQEWOGPV� +P RTCEVKEG� VJG TGUWNVKPI FKOGPUKQPCNKV[ QH VJG

URCEG KU QHVGP VTGOGPFQWUN[ JWIG� UKPEG VJG PWODGT QH FKOGPUKQPU KU FGVGTOKPGF D[

VJG PWODGT QH FKUVKPEV KPFGZGF VGTOU KP VJG EQTRWU� #U C TGUWNV� VGEJPKSWGU HQT EQP�

VTQNNKPI VJG FKOGPUKQPCNKV[ QH VJG XGEVQT URCEG CTG TGSWKTGF� 5WEJ C RTQDNGO EQWNF DG

UQNXGF D[ GNKOKPCVKPI UQOG QH VJG OQUV EQOOQP CPF UQOG QH VJG TCTGUV YQTFU� CPF

D[ CRRN[KPI C PWOGTKECN CNIQTKVJO UWEJ CU .CVGPV 5GOCPVKE +PFGZKPI 
.5+� =�? OGVJQF�

(QT C %JKPGUG EQTRWU� VJG FQEWOGPV RTGRTQEGUUKPI KU TGNCVKXGN[ EQORNKECVGF� 5KPEG C

%JKPGUG UGPVGPEG KU EQORQUGF QH EJCTCEVGTU YKVJQWV DQWPFCTKGU� UGIOGPVCVKQP KU

KPFKURGPUCDNG� 9G GORNQ[ C FKEVKQPCT[� UQOG OQTRJQNQIKECN TWNGU CPF CP CODKIWKV[

TGUQNWVKQP OGEJCPKUO HQT UGIOGPVCVKQP� +P CFFKVKQP� YG CNUQ GZVTCEV PCOGF QTICPK\C�

VKQPU� RGQRNG� CPF NQECVKQPU� CNQPI YKVJ FCVG�VKOG GZRTGUUKQPU CPF OQPGVCT[ CPF RGT�

EGPVCIG GZRTGUUKQPU� 6JG TGUV QH VJG RTQEGUU KU VJG UCOG CU VJCV QH VGZV OKPKPI KP CP

'PINKUJ EQTRWU�

��� 5GNH�1TICPK\KPI /CRU

6JG UGNH�QTICPK\KPI OCR 
51/� =�?=��? KU QPG QH VJG OCLQT WPUWRGTXKUGF CTVKHKEKCN

PGWTCN PGVYQTM OQFGNU� +V DCUKECNN[ RTQXKFGU C YC[ HQT ENWUVGT CPCN[UKU D[ RTQFWEKPI C

OCRRKPI QH JKIJ FKOGPUKQPCN KPRWV XGEVQTU QPVQ C VYQ�FKOGPUKQPCN QWVRWV URCEG

YJKNG RTGUGTXKPI VQRQNQIKECN TGNCVKQPU CU HCKVJHWNN[ CU RQUUKDNG� #HVGT CRRTQRTKCVG

VTCKPKPI KVGTCVKQPU� VJG UKOKNCT KPRWV KVGOU CTG ITQWRGF URCVKCNN[ ENQUG VQ QPG CPQVJGT�

#U UWEJ� VJG TGUWNVKPI OCR KU ECRCDNG QH RGTHQTOKPI VJG ENWUVGTKPI VCUM KP C EQO�

RNGVGN[ WPUWRGTXKUGF HCUJKQP� +P VJKU YQTM YG GORNQ[ VJG 51/ OGVJQF VQ RTQFWEG

VYQ OCRU HQT VGZV OKPKPI� PCOGN[ VJG YQTF ENWUVGT OCR CPF VJG FQEWOGPV ENWUVGT

OCR�
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��� 6JG 9QTF %NWUVGT /CR CPF &QEWOGPV %NWUVGT /CR

6JG YQTF ENWUVGT OCR VJCV KU GORNQ[GF HQT FQEWOGPV GPEQFKPI KU RTQFWEGF CEEQTFKPI

VQ YQTF UKOKNCTKVKGU� OGCUWTGF D[ VJG UKOKNCTKV[ QH VJG EQ�QEEWTTGPEG QH VJG YQTFU�

%QPEGRVWCNN[ TGNCVGF YQTFU VGPF VQ HCNN KPVQ VJG UCOG QT PGKIJDQTKPI OCR PQFGU� $[

OGCPU QH VJG 51/ CNIQTKVJO� YQTF ENWUVGTU ECP DG QTFGTGF CPF QTICPK\GF CU PQFGU QP

VJG OCR� .GV ZK∈ℜ0
� � ≤ K ≤ /� DG VJG HGCVWTG XGEVQT QH VJG K

VJ
FQEWOGPV KP VJG EQTRWU�

YJGTG 0 KU VJG PWODGT QH KPFGZGF VGTOU CPF / KU VJG PWODGT QH FQEWOGPVU� 9G WUGF

VJGUG XGEVQTU CU VJG VTCKPKPI KPRWVU VQ VJG OCR� 6JG OCR EQPUKUVU QH C TGIWNCT ITKF QH

RTQEGUUKPI WPKVU ECNNGF PGWTQPU� 'CEJ PGWTQP KP VJG OCR JCU 0 U[PCRUGU� .GV

YL�]YLP^� ≤ P ≤ 0_� � ≤ L ≤ ,� DG VJG U[PCRVKE YGKIJV XGEVQT QH VJG L
VJ PGWTQP KP VJG

OCR� YJGTG , KU VJG PWODGT QH PGWTQPU QP VJG OCR� 9G VTCKPGF VJG OCR D[ VJG 51/
CNIQTKVJO�
5VGR �� 4CPFQON[ UGNGEV C VTCKPKPI XGEVQT ZK HTQO VJG EQTRWU�

5VGR �� (KPF VJG PGWTQP L YKVJ U[PCRVKE YGKIJVU YL YJKEJ KU ENQUGUV VQ ZK� K�G�


��

5VGR �� (QT GXGT[ PGWTQP N KP VJG PGKIJDQT QH PQFG L� WRFCVG KVU U[PCRVKE YGKIJVU D[


��

YJGTG α
V� KU VJG VTCKPKPI ICKP CV VKOG UVCOR V�

5VGR �� +PETGCUG VKOG UVCOR V� +H V TGCEJGU VJG RTGUGV OCZKOWO VTCKPKPI VKOG 6� JCNV

VJG VTCKPKPI RTQEGUU� QVJGTYKUG FGETGCUG α
V� CPF VJG PGKIJDQTJQQF UK\G� CPF IQ VQ

5VGR ��

6JG VTCKPKPI RTQEGUU UVQRU CHVGT VKOG 6 YJKEJ KU UWHHKEKGPVN[ NCTIG VJCV GXGT[ HGC�

VWTG XGEVQT OC[ DG UGNGEVGF CU VTCKPKPI KPRWV HQT EGTVCKP VKOGU� 6JG VTCKPKPI ICKP CPF

PGKIJDQTJQQF UK\G DQVJ FGETGCUG YJGP V KPETGCUGU�

#HVGT VJG VTCKPKPI RTQEGUU� VJG OCR HQTOU C 9QTF %NWUVGT /CR D[ NCDGNKPI GCEJ

PGWTQP YKVJ EGTVCKP YQTFU� (QT VJG P
VJ

YQTF KP VJG EQTRWU YG EQPUVTWEV CP 0�

FKOGPUKQPCN XGEVQT X
P
KP YJKEJ QPN[ VJG P

VJ
GNGOGPV KU PQP�\GTQ� 6Q NCDGN VJG PGWTQPU�

YG RTGUGPV GCEJ X
P
VQ VJG OCR CPF HKPF VJG DGUV OCVEJKPI PGWTQP� 5KPEG VJG PWODGT QH

PGWTQPU KU IGPGTCNN[ OWEJ UOCNNGT VJCP VJG PWODGT QH YQTFU� GCEJ PGWTQP KP VJG OCR

OC[ JCXG OWNVKRNG NCDGNU� 9G OC[ UC[ VJCV C PGWTQP HQTOU C YQTF ENWUVGT DGECWUG VJG

ENQUGN[ TGNCVGF YQTFU YKNN OCR VQ VJG UCOG PGWTQP� 6JG YQTF ENWUVGT OCR CWVQPQ�

OQWUN[ ENWUVGTU YQTFU CEEQTFKPI VQ VJGKT UKOKNCTKV[ QH EQ�QEEWTTGPEG� 9QTFU VJCV VGPF

VQ DG HQWPF KP VJG UCOG FQEWOGPV YKNN DG OCRRGF VQ ENQUG PGWTQPU KP VJG OCR� (QT

GZCORNG� VJG %JKPGUG YQTFU HQT �PGWTCN� CPF �PGVYQTM� QHVGP QEEWT UKOWNVCPGQWUN[ KP

C FQEWOGPV� 6JG[ YKNN OCR VQ VJG UCOG PGWTQP� QT PGKIJDQTKPI PGWTQPU� QP VJG OCR�

9QTFU VJCV FQ PQV QEEWT KP VJG UCOG FQEWOGPV YKNN OCR VQ FKUVCPV PGWTQPU QP VJG

OCR� #EEQTFKPIN[ YG ECP FGHKPG VJG TGNCVKQPUJKR DGVYGGP VYQ YQTFU CEEQTFKPI VQ

VJGKT EQTTGURQPFKPI PGWTQPU KP VJG YQTF ENWUVGT OCR� CPF VJG OKPKPI VCUM YKNN DG

�PLQ NL
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RGTHQTOGF DCUGF QP UWEJ TGNCVKQPUJKRU� 6JG VTCKPGF OCR CNUQ HQTOU C &QEWOGPV %NWU�

VGT /CR D[ NCDGNKPI GCEJ PGWTQP YKVJ EGTVCKP FQEWOGPVU� 6JG FQEWOGPV HGCVWTG XGE�

VQTU ZK CTG RTGUGPVGF VQ VJG OCR VQ NCDGN VJG PGWTQPU� &QEWOGPVU YKVJ UKOKNCT MG[�

YQTFU YKNN OCR VQ VJG UCOG QT PGKIJDQTKPI PGWTQPU� 6JG UKOKNCTKV[ DGVYGGP VYQ

FQEWOGPVU OC[ DG ECNEWNCVGF D[ OGCUWTKPI VJG 'WENKFGCP FKUVCPEG DGVYGGP VJGKT

OCRRGF PGWTQPU KP VJG OCR� 5KPEG VJG PWODGT QH VJG PGWTQPU KU OWEJ NGUU VJCP VJG

PWODGT QH VJG FQEWOGPVU KP VJG EQTRWU� OWNVKRNG FQEWOGPVU OC[ OCR VQ VJG UCOG

PGWTQP� 6JWU C PGWTQP HQTOU C FQEWOGPV ENWUVGT� $GUKFGU� PGKIJDQTKPI PGWTQPU TGRTG�

UGPV FQEWOGPV ENWUVGTU QH UKOKNCT OGCPKPI� K�G� JKIJ MG[YQTF EQ�QEEWTTGPEG HTG�

SWGPE[�

��� &KUEQXGT[ #NIQTKVJO

+P VJKU UGEVKQP YG GZRNCKP JQY VJG YQTF ENWUVGT OCR CPF FQEWOGPV ENWUVGT OCR GHHGE�

VKXGN[ OQFGN VJG TGNCVKQPUJKR DGVYGGP VJG YQTFU CPF FQEWOGPVU� 9G VTCPUHQTO C

FQEWOGPV VQ C XGEVQT QH YQTF QEEWTTGPEG� #HVGT VJG UGNH�QTICPK\KPI RTQEGUU� VYQ

FQEWOGPVU YKNN OCR VQ PGCT PGWTQPU KH VJG[ EQPVCKP UKOKNCT YQTF QEEWTTGPEGU� 9JGP

FKHHGTGPV YQTFU CTG NCDGNGF QP VJG UCOG PGWTQP QT PGCT PGWTQPU QP VJG YQTF ENWUVGT

OCR� VJG[ VGPF VQ QEEWT KP C TGUVTKEVGF UGV QH FQEWOGPVU� 1P VJG QVJGT JCPF� KH VYQ

YQTFU UGNFQO EQ�QEEWT KP CP[ FQEWOGPV� VJG[ UJQWNF PQV DG NCDGNGF QP PGCT PGWTQPU�

6JKU KU DGECWUG VJG PGWTQP OC[ DG XKGYGF CU TGRTGUGPVKPI C XKTVWCN FQEWOGPV EQPVCKP�

KPI VJQUG YQTFU NCDGNGF QP KV� 6YQ YQTFU YKNN DG OCRRGF VQ VJG UCOG PGWTQP KH� CPF

QPN[ KH� VJG[ QHVGP EQ�QEEWT KP VJG UCOG FQEWOGPV� QVJGTYKUG VJG XKTVWCN FQEWOGPV

OC[ PQV EQPVCKP VJGUG YQTFU UKOWNVCPGQWUN[� 0GKIJDQTKPI PGWTQPU KP VJG YQTF ENWUVGT

OCR TGRTGUGPV YQTF ENWUVGTU EQPVCKPKPI UKOKNCT YQTFU� K�G� YQTFU VGPF VQ EQ�QEEWT KP

VJG UCOG FQEWOGPV� *GPEG VJG UGNH�QTICPK\KPI OCR OC[ OGCUWTG VJG YQTF EQ�

QEEWTTGPEG UKOKNCTKV[ COQPI FQEWOGPVU� 9G FGHKPG VJG UKOKNCTKV[ DGVYGGP VJG RVJ

YQTF CPF VJG SVJ YQTF CU HQNNQYU�

����

����
−1−

+ TS 1*1*

� ��� =TS'

��

YJGTG 0R KU VJG PGWTQP NCDGNGF D[ VJG RVJ YQTF CPF )
0R� KU VJG VYQ�FKOGPUKQPCN

ITKF NQECVKQP QH 0R� 5WEJ UKOKNCTKV[ OGCUWTGU VJG NKMGNKJQQF QH VJG EQ�QEEWTTGPEG QH

YQTFU� .CTIG UKOKNCTKV[ TGXGCNU VJCV VJG VYQ YQTFU QHVGP EQ�QEEWT KP VJG UCOG UGV QH

FQEWOGPVU� YJKEJ OC[ DG EQPUKFGTGF CU C MKPF QH CUUQEKCVKQP RCVVGTP COQPI VJG

YQTFU�

1P VJG FQEWOGPV ENWUVGT OCR C PGWTQP TGRTGUGPVU C FQEWOGPV ENWUVGT VJCV EQPVCKPU

FQEWOGPVU QH UKOKNCT OGCPKPI� YJKEJ KU FGHKPGF D[ VJG UGV QH JKIJN[ EQ�QEEWTTKPI

YQTFU VJG[ EQPVCKP� 5KPEG YG VTCKP VJG OCR WUKPI VJG GPEQFGF FQEWOGPV HGCVWTG XGE�

VQTU CU KPRWV� VJG YGKIJV XGEVQT QH C PGWTQP TGRTGUGPVU VJG QEEWTTGPEG QH VJG YQTFU KP

C XKTVWCN FQEWOGPV� 5WEJ C XKTVWCN FQEWOGPV OC[ DG WUGF CU VJG EGPVTQKF QH VJG

FQEWOGPV ENWUVGT CUUQEKCVGF YKVJ VJCV PGWTQP� 1P VJG FQEWOGPV ENWUVGT OCR QPN[

VJQUG FQEWOGPVU EQPVCKPKPI QXGTNCRRKPI YQTFU OC[ OCR VQ VJG UCOG PGWTQP� &QEW�

OGPVU EQPVCKPKPI PQP�QXGTNCRRKPI YQTFU OC[ OCR VQ FKUVCPV PGWTQPU� 0GKIJDQTKPI

PGWTQPU TGRTGUGPV FQEWOGPV ENWUVGTU YKVJ UKOKNCT 
QXGTNCRRKPI� UGVU QH YQTFU� VJWU

VJG EQ�QEEWTTGPEG QH YQTFU OC[ DG FGVGTOKPGF D[ VJG PGKIJDQTJQQF URCVKCNN[� (QT

CP[ FQEWOGPV� YG ECP HKPF KVU UKOKNCT FQEWOGPVU D[ GZCOKPKPI KVU OCRRGF PGWTQP

65



CPF PGKIJDQTKPI PGWTQPU KP VJG FQEWOGPV ENWUVGT OCR� 6JG UKOKNCTKV[ DGVYGGP VJG KVJ

CPF MVJ FQEWOGPV KU FGHKPGF CU HQNNQYU�

�����

� �������
−−+= NL 1*1*

NL'


��

YJGTG 0K JGTG KU VJG PGWTQP NCDGNGF D[ VJG KVJ FQEWOGPV CPF )
0K� KU ITKF NQECVKQP

QH 0K CU KP 'S���

&QEWOGPVU YJKEJ EQPVCKP VJG UCOG UGVU QH YQTFU YKNN FGHKPKVGN[ OCR VQ VJG UCOG

PGWTQP� TGUWNVKPI KP JKIJ UKOKNCTKV[ FGHKPGF KP 'S��� /QTGQXGT� GXGP KH VJGUG FQEW�

OGPVU FQ PQV EQPVCKP GZCEVN[ VJG UCOG UGV QH YQTFU� YG OC[ UVKNN UC[ VJCV VJG[ CTG

EQPEGRVWCNN[ UKOKNCT DGECWUG �� VJG[ UVKNN EQPVCKP EQOOQP YQTFU VJCV QHVGP EQ�QEEWT

KP VJGUG FQEWOGPVU� CPF �� VJG FKUUKOKNCT YQTFU CTG NKMGN[ QEEWTTKPI KP FQEWOGPVU

OCRRGF VQ VJG PGCTD[ PGWTQPU� &QEWOGPV ENWUVGT OCRU RTQXKFG CP GHHGEVKXGN[ YC[ VQ

HQTO FQEWOGPV ENWUVGTU� # PGWTQP QP VJG OCR TGRTGUGPVU C FQEWOGPV ENWUVGT� 9G ECP

CNUQ FGHKPG VJG UKOKNCTKV[ DGVYGGP VYQ ENWUVGTU D[ VJG FKUVCPEG QH VJGKT EQTTGURQPFKPI

PGWTQPU�

�����

� �������
−−+= OM 1*1*
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��

YJGTG L CPF N CTG VJG PGWTQP KPFKEGU QH VJG VYQ ENWUVGTU�

6JG UKOKNCTKVKGU FGHKPGF KP 'S��� �� CPF � RTQXKFG UQOG MPQYNGFIG CDQWV VJG

FQEWOGPVU KP VJG EQTRWU� 9G WUG 'S�� VQ FKUETKOKPCVG YQTFU DCUGF QP VJG MPQYNGFIG

FKUEQXGTGF HTQO VJG EQTRWU� 6JKU KU CNUQ VTWG HQT 'S�� CPF 'S�� VQ FKUETKOKPCVG FQEW�

OGPVU CPF ENWUVGTU TGURGEVKXGN[� 9QTF CUUQEKCVKQPU� CU YGNN CU FQEWOGPV CUUQEKCVKQPU�

CTG ENGCTN[ FGHKPGF D[ UWEJ UKOKNCTKVKGU� +V KU PCVWTCN VQ CRRN[ UWEJ CUUQEKCVKQPU VQ

CRRNKECVKQPU QH FQEWOGPV TGVTKGXCN� KPFGZKPI� CPF ENWUVGTKPI� # SWGT[� YJKEJ KU HQTOW�

NCVGF CU C MG[YQTF QT C EQODKPCVKQP QH MG[YQTFU CFLCEGPV D[ $QQNGCP QRGTCVQTU� KU

UGPV D[ VJG WUGT VQ TGVTKGXG TGNGXCPV FQEWOGPVU� 9G RGTHQTO C UGCTEJ VJTQWIJ VJG

YQTF ENWUVGT OCR VQ QDVCKP VJG NCDGNGF PGWTQPU QH VJG MG[YQTF QT EQODKPCVKQPU QH

MG[YQTFU� 6JG FQEWOGPVU NCDGNGF QP VJG EQTTGURQPFKPI PGWTQPU QP VJG FQEWOGPV

ENWUVGT OCR CTG UGNGEVGF CPF RTGUGPVGF VQ VJG WUGT� /QTGQXGT� CNN FQEWOGPVU OC[ CNUQ

DG RTGUGPVGF D[ FQEWOGPV UKOKNCTKV[ FGHKPGF KP 'S��� &QEWOGPVU YKVJ JKIJGT UKOKNCTK�

VKGU CRRGCT GCTNKGT KP VJG SWGT[ TGUWNV� 6JG WUGT IGVU C NKUV QH TGNGXCPV FQEWOGPVU GXGP

YJGP VJG SWGT[ YQTFU OC[ PQV QEEWT KP VJG FQEWOGPVU� +ORQTVCPV KPHQTOCVKQP CPF

PGY MPQYNGFIG TGNCVGF VQ VJG WUGT	U SWGT[ OC[ DG TGXGCNGF D[ QWT OGVJQF�

� /WNVKNKPIWCN 6GZV /KPKPI HTQO C *[DTKF %JKPGUG�'PINKUJ

%QTRWU

(WTVJGTOQTG� YG VGUVGF VJG FGXGNQRGF FKUEQXGT[ CNIQTKVJO CICKPUV CTVKENGU QH C J[DTKF

%JKPGUG�'PINKUJ EQTRWU� IGPGTCVGF D[ OKZKPI VJG %JKPGUG YGD�FQEWOGPVU YKVJ VJG

'PINKUJ YGD�FQEWOGPVU HTQO VJG UGNGEVGF DKNKPIWCN OCIC\KPG CTVKENGU KP VJG 5KPQTCOC

/CIC\KPG� +P VJG EQTRWU� GCEJ DKNKPIWCN FQEWOGPV RCKT KU URNKV KPVQ VYQ FQEWOGPVU� CP

'PINKUJ CPF C %JKPGUG FQEWOGPV� +P VJKU ECUG� GCEJ VTCKPKPI FQEWOGPV KP GKVJGT %JK�

PGUG QT 'PINKUJ KP VJG EQTRWU KU FGEQPUVTWEVGF KPVQ C DCI QH %JKPGUG CPF 'PINKUJ
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VGTOU TGURGEVKXGN[� #NVJQWIJ VJG FQEWOGPV RCKTU EQPVCKPGF KP VJG RCTCNNGN EQTRWU CTG

VTCPUNCVKQP�GSWKXCNGPV� YG TGICTF GCEJ QPG QH VJG FQEWOGPV RCKT CU CP KPFGRGPFGPV

VTCKPKPI FQEWOGPV� 6JG FGXGNQRGF 51/ OGVJQF VTGCVU VJKU FQEWOGPV CU C DCI QH

HTGGN[ KPVGTOKPINGF %JKPGUG CPF 'PINKUJ VGTOU� 6JG %JKPGUG�VGZV RCTV QH VJG EQTRWU

YCU HKTUV RTGRTQEGUUGF D[ VJG YQTF UGIOGPVCVKQP RTQITCO CU KP RTGXKQWU GZRGTKOGPVU�

(QT 'PINKUJ FQEWOGPVU� VJG FQEWOGPV RTGRTQEGUUKPI UVKNN DGIKPU YKVJ VGTO KPFGZKPI�

GUVCDNKUJKPI UVQR NKUVU� UVGOOKPI� CPF VJGP GPEQFKPI FQEWOGPVU YKVJ DKPCT[ XGEVQTU�

KP YJKEJ GCEJ EQORQPGPV EQTTGURQPFU VQ C FKHHGTGPV YQTF� CPF VJG XCNWG QH VJG EQO�

RQPGPV TGHNGEVU VJG RTGUGPEG QH YQTF KP VJG FQEWOGPV�

9G EQPUVTWEVGF UGNH�QTICPK\KPI OCRU VJCV EQPVCKP �� PGWTQPU KP �ª� ITKF HQTOCV

VQ EQPFWEV GZRGTKOGPVU DCUGF QP C UOCNN EQNNGEVKQP QH VJG EQTRQTC 
�� %JKPGUG CTVKENGU

CPF �� 'PINKUJ CTVKENGU�� 6JG TGUWNVKPI OCRU IKXG VJG KORTGUUKQP VJCV VJG GHHGEVKXGPGUU

QH VGZV ENWUVGTKPI KU SWKVG UKIPKHKECPV KP C OKZVWTG QH 'PINKUJ CPF %JKPGUG GZRGTKOGP�

VCN CTVKENGU� #P GZCORNG QH TGUWNVKPI YQTF ENWUVGTU HTQO VJG VTCKPGF YQTF ENWUVGT OCR

KU UJQYP KP 6CDNG ��

6CDNG �� #P GZCORNG QH TGUWNVKPI YQTF ENWUVGTU HTQO VJG VTCKPGF YQTF ENWUVGT OCR�

� 5[UVGO (TCOGYQTM

6JG U[UVGO HTCOGYQTM KU UJQYP KP (KI� �� $[ CRRN[KPI VJG 51/ PGWTCN�PGVYQTM

VGEJPKSWG� YG GZVTCEV UGOCPVKEU HTQO VJG EQPVGPVU QH C JWIG *6/.�FQEWOGPV EQNNGE�

VKQP WUKPI VJG FGXGNQRGF OWNVKNKPIWCN VGZV�OKPKPI CNIQTKVJO =��?=��?� 6JG GZVTCEVGF

UGOCPVKEU ECP DG WUGF VQ RTQFWEG OGVCFCVC CPF QPVQNQI[ VQ FGUETKDG VJG KPHQTOCVKQP

KP VJG QTKIKPCN YGD FQEWOGPVU� 6JGTGHQTG� VJG QTKIKPCN YGD FQEWOGPVU ECP DG VTCPU�

HQTOGF KPVQ :/. FQEWOGPVU CPF UVQTGF KP VJG :/. FQEWOGPV FCVCDCUG YKVJ VJG

FGXGNQRGF QPVQNQI[ HQT VGZV ECVGIQTK\CVKQP� #U UWEJ� VJG GZKUVKPI YGD RCIGU ECP DG

CPCN[\GF VQ IGPGTCVG C UGV QH OGVCFCVC VQ FGUETKDG VJGKT EQPVGPV CPF RTQFWEG CP QPVQN�

QI[ HQT VJG :/. FQEWOGPV FCVCDCUG VJTQWIJ C VGZV�OKPKPI VGEJPKSWG� DCUGF QP VJGKT

UGOCPVKE TGNCVGFPGUU�

VLQRUDPD `� `� DCF DTKFI ECWIJV EJKNFNKM

EJKPILW EJTKUUK EQOOWP EQORTGJGPU EQPVTKDWV EQWPVT[Y

EWNVKX EWTKQU FTQXG GCUKNK GPFNGUUNK GXGPV GXGPVW HWNHKN

IQCN ITGCVGUV JKIJGUV KORCTV KPGZJCWUV KPHGTKQT LKCHQPI

LQK OCIC\KP OKUUKQP OQFGN OQFGUVK RNCPV RQVGPVK

RTQDNGO RTQHGUUKQP RWTUW TGEQTF TGRTGU TGURQPU UEJQNCT

UGPU UGTX URCTM URGEKCNKUV VTCPUOKV YCK YCPI YQPFGT 3
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(KI� �� 5[UVGO (TCOGYQTM

� 4GNCVGF 9QTM

6GZV OKPKPI KU C PGY KPVGTFKUEKRNKPCT[ HKGNF� +V EQODKPGU VJG FKUEKRNKPGU QH FCVC OKP�

KPI� KPHQTOCVKQP GZVTCEVKQP� KPHQTOCVKQP TGVTKGXCN� VGZV ECVGIQTK\CVKQP� OCEJKPG NGCTP�

KPI� CPF EQORWVCVKQPCN NKPIWKUVKEU VQ FKUEQXGT UVTWEVWTG� RCVVGTPU� CPF MPQYNGFIG KP

NCTIG VGZVWCN EQTRQTC� 9KVJ VJG JWIG COQWPV QH KPHQTOCVKQP CXCKNCDNG QPNKPG� VJG

9QTNF 9KFG 9GD JCU DGGP DGEQOKPI C HGTVKNG CTGC HQT VGZV OKPKPI TGUGCTEJ� 6JG 9GD

EQPVGPV FCVC KPENWFG WPUVTWEVWTGF FCVC UWEJ CU HTGG VGZVU� UGOK�UVTWEVWTGF FCVC UWEJ CU

*6/. FQEWOGPVU� CPF C OQTG UVTWEVWTGF FCVC UWEJ CU VCDWNCT FCVC KP VJG FCVCDCUGU�

*QYGXGT� OWEJ QH VJG 9GD EQPVGPV FCVC KU WPUVTWEVWTGF VGZV FCVC� 6JG TGUGCTEJ

CTQWPF CRRN[KPI MPQYNGFIG FKUEQXGT[ VGEJPKSWGU VQ WPUVTWEVWTGF VGZV KU VGTOGF

MPQYNGFIG FKUEQXGT[ KP VGZVU 
-&6� =�?� QT VGZV FCVC OKPKPI =�?� QT VGZV OKPKPI� #F�

XCPEGU KP EQORWVCVKQPCN TGUQWTEGU CPF PGY UVCVKUVKECN CNIQTKVJOU HQT VGZV CPCN[UKU

JCXG JGNRGF VGZV OKPKPI FGXGNQR CU C HKGNF� 4GEGPVN[ VJGTG JCXG DGGP UQOG KPPQXCVKXG

VGEJPKSWGU FGXGNQRGF HQT VGZV OKPKPI� (QT GZCORNG� (GNFOCP WUGU VGZV ECVGIQT[ NCDGNU


CUUQEKCVGF YKVJ 4GWVGTU PGYUYKTG� VQ HKPF WPGZRGEVGF RCVVGTPU COQPI VGZV CTVKENGU

=�?=�?=�?=�?� 6GZV OKPKPI D[ WUKPI UGNH�QTICPK\KPI OCR 
51/� VGEJPKSWGU JCU CNTGCF[

ICKPGF UQOG CVVGPVKQPU KP VJG MPQYNGFIG FKUEQXGT[ TGUGCTEJ CPF KPHQTOCVKQP TGVTKGXCN

HKGNF� 6JG RCRGT QH =��? RGTJCRU OCTMU VJG HKTUV CVVGORV VQ WVKNK\G 51/ 
WPUWRGTXKUGF

PGWTCN PGVYQTMU� HQT CP KPHQTOCVKQP TGVTKGXCN YQTM� +P VJKU RCRGT� JQYGXGT� VJG FQEW�

OGPV TGRTGUGPVCVKQP KU OCFG HTQO �� OCPWCNN[ UGNGEVGF KPFGZGF VGTOU CPF KU VJWU PQV

TGCNN[ TGCNKUVKE� +P CFFKVKQP� COQPI VJG OQUV KPHNWGPVKCN YQTM YG EGTVCKPN[ JCXG VQ

OGPVKQP 9'$51/ =�?=�?=��?� 6JGKT YQTM CKOU CV EQPUVTWEVKPI OGVJQFU HQT GZRNQT�

KPI HWNN�VGZV FQEWOGPV EQNNGEVKQPU� VJG 9'$51/ UVCTVGF HTQO *QPMGNC	U UWIIGUVKQP

QH WUKPI VJG UGNH�QTICPK\KPI UGOCPVKE OCRU =��? CU C RTGRTQEGUUKPI UVCIG HQT GPEQFKPI

FQEWOGPVU� 5WEJ OCRU CTG� KP VWTP� WUGF VQ CWVQOCVKECNN[ QTICPK\G 
K�G�� ENWUVGT�
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FQEWOGPVU CEEQTFKPI VQ VJG YQTFU VJCV VJG[ EQPVCKP� 9JGP VJG FQEWOGPVU CTG QTICP�

K\GF� HQNNQYKPI VJG UVGRU KP VJG RTGRTQEGUUKPI UVCIG� QP C OCR KP UWEJ C YC[ VJCV

PGCTD[ NQECVKQPU EQPVCKP UKOKNCT FQEWOGPVU� GZRNQTCVKQP QH VJG EQNNGEVKQP KU HCEKNKVCVGF

D[ VJG KPVWKVKXG PGKIJDQTJQQF TGNCVKQPU� 6JWU� WUGTU ECP GCUKN[ PCXKICVG C YQTF ECVG�

IQT[ OCR CPF \QQO KP QP ITQWRU QH FQEWOGPVU TGNCVGF VQ C URGEKHKE ITQWR QH YQTFU�

&KHHGTKPI HTQO CDQXG VTCFKVKQPCN WVKNK\CVKQP QH 5GNH�1TICPK\KPI /CRU KP VGZV OKPKPI�

KP VJKU RTQLGEV 
KPENWFKPI RTGXKQWU YQTM =��?=��?=��?=��?=��?� YG FKF PQV GORNQ[ VJG

OCR TGRTGUGPVCVKQP HQT XKUWCNK\CVKQP� 4CVJGT� YG RTQXKFG C EQPEGRV�DCUGF SWGT[

OGVJQF HQT FQEWOGPV TGVTKGXCN HTQO VJG FCVCDCUG� KP QTFGT VQ GHHGEVKXGN[ KORTQXG VJG

FKHHKEWNVKGU KP PCXKICVKPI VJG OCRU HQT VGZV UGCTEJ� 1WT U[UVGO CNNQYU WUGT VQ RGTHQTO

C MG[YQTF�DCUGF UGCTEJ UKOKNCT VQ VJCV QH QVJGT UGCTEJ GPIKPGU� 1PEG WUGT KPRWV C

MG[YQTF� VJG KPRWV VGTO YCU WUGF CU CP GPVT[ RQKPV KPVQ VJG IGPGTCVGF YQTF ENWUVGT

CPF VJG UGCTEJKPI VQQN YQWNF TGVWTP C NKUV QH UWIIGUVGF FQEWOGPVU VJCV YGTG TGNCVGF VQ

VJG KPRWV VGTO� CEEQTFKPI VQ VJG 51/ ENWUVGTKPI CNIQTKVJO� 9KVJ RCTVKEWNCT GORJCUGU

QP RTQEGUUKPI OWNVKNKPIWCN KPHQTOCVKQP UQWTEGU� VJG FGXGNQRGF 51/ VGEJPKSWG RGT�

HQTOU C NCPIWCIG�PGWVTCN OGVJQF VQ VCEMNG VJG NKPIWKUVKEU FKHHKEWNVKGU KP VJG VGZV OKP�

KPI RTQEGUU� 6JG CNIQTKVJO YCU RTGUGPVGF KP FGVCKN KP QWT RTGXKQWU YQTM

=��?=��?=��?=��?=��?�

� %QPENWUKQPU

5VKNN� KP VJKU ECUG VGZV OKPKPI HTQO VJG QJ[DTKF %JKPGUG�'PINKUJ EQTRWUR VGZV EQNNGE�

VKQP CEVWCNN[ TGRTGUGPVU V[RKECN UKOKNCTKV[ TCVJGT VJCP VTCPUNCVKQP GSWKXCNGPEG� *QY�

GXGT� KP VJKU ECUG VGTOU KPENWFKPI DQVJ %JKPGUG CPF 'PINKUJ QPGU YJKEJ CTG EQPEGRVW�

CNN[ UKOKNCT CTG ITQWRGF KP C PGWTQP CPF PGKIJDQTKPI PGWTQPU� +P CFFKVKQP� CP KPVGTGUV�

KPI QWVEQOG KU VJCV VJG TGUWNVKPI ENWUVGT ITQWRU YQTFU YKVJ UKOKNCT EQPEGRVU YJKEJ CTG

TGRTGUGPVGF GKVJGT KP 'PINKUJ QT %JKPGUG� 6JKU KORNKGU VJG FGXGNQRGF OKPKPI CNIQ�

TKVJO KU PGWVTCN VQ NCPIWCIGU 
K�G� 'PINKUJ CPF %JKPGUG� WUGF KP VJG GZRGTKOGPVKPI

FQEWOGPVU� 6JKU RQVGPVKCN RTQXKFGU RQUUKDKNKVKGU VQ GUVCDNKUJ CP GHHGEVKXG YC[ HQT EQP�

EGRV GZVTCEVKQP HTQO OWNVKNKPIWCN KPHQTOCVKQP UQWTEGU� (WTVJGTOQTG� VJG TGUWNVKPI

VGTO ENWUVGTU ECP DG WUGF VQ GUVCDNKUJ C UVTWEVWTG QH EQPEGRVU QT CP QPVQNQI[� 6JG

QPVQNQI[ KU QHVGP NCPIWCIG�KPFGRGPFGPV� QT CV NGCUV NCPIWCIG�PGWVTCN� UQ VJCV KV ECP DG

WUGF KP OWNVKNKPIWCN 5GOCPVKE 9GD CRRNKECVKQPU�

#EMPQYNGFIGOGPV� 6JKU TGUGCTEJ JCU DGGP RCTVKCNN[ UWRRQTVGF D[ VJG 0CVKQPCN 5EK�

GPEG %QWPEKN KP 6CKYCP 
05% ��������'����������

4GHGTGPEGU

�� 'DJDQ� ,�� )HOGPDQ� 5� DQG +LUVK� +�³.H\ZRUG�%DVHG %URZVLQJ DQG $QDO\VLV RI /DUJH

'RFXPHQW 6HWV´� 3URF� RI WKH )LIWK $QQXDO 6\PSRVLXP RQ 'RFXPHQW $QDO\VLV DQG ,QIRUPD�

WLRQ 5HWULHYDO �6'$,5�� /DV 9HJDV� 19� �������

�� &GGTYGUVGT� 5�� &WOCKU� 5�� (WTPCU� )� CPF .CPFCWGT� -� Q+PFGZKPI D[ .CVGPV 5GOCPVKE

#PCN[UKU�R ,QWTPCN QH #OGTKECP 5QEKGV[ HQT +PHQTOCVKQP 5EKGPEG ��
��� 
����� ��������
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�� )HOGPDQ� 5� DQG 'DJDQ� ,� ³.'7 � .QRZOHGJH 'LVFRYHU\ LQ 7H[WV´� 3URF� RI WKH )LUVW $Q�

QXDO &RQIHUHQFH RQ .QRZOHGJH 'LVFRYHU\ DQG 'DWD 0LQLQJ �.''�� 0RQWUHDO �������

�� )HOGPDQ� 5�� .ORVJHQ� :� DQG =LOEHUVWHLQ� $� ³9LVXDOL]DWLRQ 7HFKQLTXHV WR ([SORUH 'DWD

0LQLQJ 5HVXOWV IRU 'RFXPHQW &ROOHFWLRQV´� 3URF� RI WKH 7KLUG $QQXDO &RQIHUHQFH RQ

.QRZOHGJH 'LVFRYHU\ DQG 'DWD 0LQLQJ �.''�� 1HZSRUW %HDFK �������

�� (GNFOCP� 4�� &CICP� +� CPF *KTUJ� *� Q/KPKPI 6GZV 7UKPI -G[YQTF &KUVTKDWVKQPUR� ,� QH

+PVGNNKIGPV +PHQTOCVKQP 5[UVGOU� 8QN� ��� 
����� ��������

�� *GCTUV� /�#� Q7PVCPINKPI 6GZV &CVC /KPKPIR� 2TQEGGFKPIU QH #%.O��� VJG ��VJ #PPWCN

/GGVKPI QH #UUQEKCVKQP HQT %QORWVCVKQPCN .KPIWKUVKEU� 
������

�� +RQNHOD� 7�� .DVNL� 6�� /DJXV� .� DQG .RKRQHQ� 7� ³1HZVJURXS ([SORUDWLRQ ZLWK :(%620

0HWKRG DQG %URZVLQJ ,QWHUIDFH´� 7HFKQLFDO 5HSRUW $��� +HOVLQNL 8QLYHUVLW\ RI 7HFKQRO�

RJ\� /DERUDWRU\ RI &RPSXWHU DQG ,QIRUPDWLRQ 6FLHQFH� (VSRR� )LQODQG �������

�� .DVNL� 6�� +RQNHOD� 7�� /DJXV� .� DQG .RKRQHQ� 7� ³:(%620��6HOI�2UJDQL]LQJ 0DSV RI

'RFXPHQW &ROOHFWLRQV� 1HXURFRPSXWLQJ´� 9RO� �� ������ ��������

�� .RKRQHQ� 7� ³6HOI�2UJDQL]LQJ )RUPDWLRQ RI 7RSRORJLFDOO\ &RUUHFW )HDWXUH 0DSV�´ %LRORJL�

FDO &\EHUQHWLFV� 9RO� ��� SS������� �������

���-QJQPGP� 6� 5GNH�1TICPK\KPI /CRU� 5RTKPIGT�8GTNCI� $GTNKP� �����

���-QJQPGP� 6� Q5GNH�1TICPK\CVKQP QH 8GT[ .CTIG &QEWOGPV %QNNGEVKQPU� 5VCVG QH VJG #TVR� +P

0KMNCUUQP� .�� $QFGP� /�� CPF <KGOMG� 6�� GFKVQTU� 2TQE� QH +%#00��� VJG �VJ +PVGTPCVKQPCN

%QPHGTGPEG QP #TVKHKEKCN 0GWTCN 0GVYQTMU� 8QN� �� .QPFQP� 
����� ������ 5RTKPIGT�

���.GG� %�*� CPF ;CPI� *�%�� Q6QYCTFU /WNVKNKPIWCN +PHQTOCVKQP &KUEQXGT[ VJTQWIJ C 51/

DCUGF 6GZV /KPKPI #RRTQCEJR� +P 2TQEGGFKPIU QH +PVGTPCVKQPCN 9QTMUJQR QP 6GZV CPF 9GD

/KPKPI� 6JG 5KZVJ 2CEKHKE 4KO +PVGTPCVKQPCN %QPHGTGPEG QP #TVKHKEKCN +PVGNNKIGPEG 
24+%#+

������ /GNDQWTPG� #WUVTCNKC� #WIWUV ���5GRVGODGT �� 
����� ������

���.GG� %�*� CPF ;CPI� *�%�� Q# /WNVKNKPIWCN 6GZV /KPKPI #RRTQCEJ $CUGF QP 5GNH�

1TICPK\KPI /CRUR� +P #RRNKGF +PVGNNKIGPEG 
6JG +PVGTPCVKQPCN ,QWTPCN QH #TVKHKEKCN +PVGNNK�

IGPEG� 0GWTCN 0GVYQTMU� CPF %QORNGZ 2TQDNGO�5QNXKPI 6GEJPQNQIKGU�� 5RGEKCN +UUWG QP

6GZV CPF 9GD /KPKPI� 
5%+�
'+�� +P 2TGUU� 
������

���/HH� &�+� DQG <DQJ� +�&�� ³$ :HE 7H[W 0LQLQJ $SSURDFK %DVHG RQ 6HOI�2UJDQL]LQJ 0DS´�

3URF� RI WKH $&0 &,.0
�� �QG :RUNVKRS RQ :HE ,QIRUPDWLRQ DQG 'DWD 0DQDJHPHQW

�:,'0
���� .DQVDV &LW\� 0LVVRXUL� 86$� ������ ������

���/HH� &�+� DQG <DQJ� +�&�� ³$ 7H[W 'DWD 0LQLQJ $SSURDFK 8VLQJ D &KLQHVH &RUSXV %DVHG

RQ 6HOI�2UJDQL]LQJ 0DS´� 3URF� RI WKH )RXUWK ,QWHUQDWLRQDO :RUNVKRS RQ ,QIRUPDWLRQ 5H�

WULHYDO ZLWK $VLDQ /DQJXDJH �,5$/
���� 7DLSHL� 7DLZDQ� ������ ������

���.KP� :�� 5QGTIGN� &� CPF /CTEJKQPKPK� )� Q# 5GNH�1TICPK\KPI 5GOCPVKE /CR HQT +PHQTOCVKQP

4GVTKGXCNR� 2TQE� QH VJG #%/ 5+)+4 +PVON %QPH QP 4GUGCTEJ CPF &GXGNQROGPV KP +PHQTOC�

VKQP 4GVTKGXCN 
5+)+4O���� %JKECIQ� +. 
������

���2KEEJK� '� CPF 2GVGTU� %� Q%TQUU�.CPIWCIG +PHQTOCVKQP 4GVTKGXCN� # 5[UVGO HQT %QORCTCDNG

%QTRWU 3WGT[KPIR� +P %TQUU�.CPIWCIG +PHQTOCVKQP 4GVTKGXCN� GFU� D[ )TGHGPUVGVVG� )�

-NWYGT #ECFGOKE 2WDNKUJGTU� 
����� ������

���4KVVGT� *� CPF -QJQPGP� 6� Q5GNH�1TICPK\KPI 5GOCPVKE /CRUR� $KQNQIKECN %[DGTPGVKEU� 8QN�

�� 
����� ��������

���5CNVQP� )� CPF /E)KNN� /�,� +PVTQFWEVKQP VQ /QFGTP +PHQTOCVKQP 4GVTKGXCN� /E)TCY�*KNN

$QQM %QORCP[� 0GY ;QTM� �����

���<DQJ� +�&� DQG /HH� &�+� ������� ³$XWRPDWLF &DWHJRU\ *HQHUDWLRQ IRU 7H[W 'RFXPHQWV E\

6HOI�RUJDQL]LQJ 0DSV´� ,Q 3URFHHGLQJV RI WKH ,(((�,116�(116 ,QWHUQDWLRQDO -RLQW &RQ�

IHUHQFH RQ 1HXUDO 1HWZRUNV �,-&11 ������ &RPR� ,WDO\� -XO\ ������ ����� 9RO� ,,,���������

���;CPI� *�%� CPF .GG� %�*� 
������ Q#WVQOCVKE %CVGIQT[ 5VTWEVWTG )GPGTCVKQP CPF %CVGIQTK�

\CVKQP QH %JKPGUG 6GZV &QEWOGPVUR� +P 6JG (QWTVJ 'WTQRGCP %QPHGTGPEG QP 2TKPEKRNGU CPF

2TCEVKEG QH -PQYNGFIG &KUEQXGT[ KP &CVCDCUGU 
2-&&������� .[QP� (TCPEG� 5GR� ������

�����
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Semantic Methods and Tools for Information Portals
The SemIPort Project
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University of Karlsruhe, D–76128 Karlsruhe, Germany
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1 Objectives and Research topics.

The goal of the SemIPort project is to develop innovative methods for presenting, stor-
ing and accessing scientific information within a Semantic Information Portal. The
project will enable users to access a semantically structured information inventory,
while allowing them to integrate their own information.

Several scenarios as the AIFB portal and the DBLP online bibliography will be used
to test the developed methods. Later, the results of the project will be implemented in
the form of an Internet Portal for the German Informatics Society (GI) as a competency
and service network .

The project is financed by the German bmb+f for a period of 3 years starting June
2002. The participants are the Institute for Applied Informatics and Formal Description
Methods at the University of Karlsruhe (coordinator), the German Research Center for
Artificial Intelligence, the Fraunhofer Institute for Integrated Publication and Informa-
tion Systems, and the Data Bases and Information Systems Group at the University of
Trier.

Theresearch taskswithin the project are:
(1) Ontology Modelling and Metadata Standards. (2) Scalable Storing, Processing

and Querying of Integrated XML and RDF Inventories (Knowledge Warehouse). (3)
Web Mining and Ontology-based Knowledge Integration. (4) Visualization and Brows-
ing of Complex Data Inventories. (5) Personalization and Agent-based Interaction.

The most related to the workshop is task (3). This topic will concentrate on:
i) Semantic Web Content and Structure Mining. The explicit semantics of semantic

web data will be used to improve the results of ’classical’ web and Data Mining tech-
niques. E.g. for ’hubs and authorities’ one could distinguish between different kinds of
authorities.

ii) Semantic Web Usage Mining. The behavior of the portal’s visitors will be used
to optimize the portal’s structure and usability, by developing tools that will help to
manage and update the ontology according to the actual needs of the users. A ’semantic
log file’ will be created and analyzed for this purpose.

iii) Flexible techniques for knowledge integration will be developed. Existing meth-
ods of schema integration for relational data bases and ontologies will be analyzed and
expanded for dynamic integration.
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Project Description 

Introduction 
 
The results of scientific activities that include observations, experiments, interactions, deductions, etc. are stored in data sets 
and often made available to the scientific community. These large volumes of scientific data are typically kept and managed 
in an ad-hoc manner and it requires a substantial effort to discover and evaluate data quality and suitability for a particular 
analysis. The provision of appropriate metadata and links to related resources enables the possibility of intelligent 
assistance in finding and evaluating data sets for scientific research. Such tools are of increasing importance as the volume 
of scientific data is increasing rapidly due to the extensive deployment of automated data collection and monitoring 
systems. To find and process scientific data sets available on the Web is time consuming despite the fast and powerful 
search engines. For example to find files related to temperatures we used the Google search engine. The key word 
“Temperature” was entered and search restricted to the University of East Anglia Climate Research Unit  
(http://www.cru.uea.ac.uk). Google returned 773 pages. For a scientist browsing every single web page to find 
required data sets, without guarantee that they will find what they need, is simply too much time consuming exercise. It 
would be desirable that data files are described in a way that they could be quickly found and their semantics learnt 
automatically by a machine. The framework for such a semantic retrieval of scientific data is offered by W3C in the form of 
Resource Description Framework (RDF) [1,2]. 
 
This project seeks to address methods and provide an architecture for describing, managing, retrieving, and extracting 
semantic information from specific science domains. The conceptualization of the subject domains including the 
development of the vocabulary [3], is performed using RDF model and schema constructs. We distinguish between two 
levels of metadata related to RDF, Instance Metadata and Schema Metadata. The description of a particular resource using 
RDF constructs is known as the instance metadata, whereas Schema Metadata describes a particular ontology The notion of 
a semantic case is being introduced to capture semantic forms. The heterogeneity of data sources is exposed and integration 
of data is achieved through a mediation process [4]. The primary goal of our project is to enable machine processing of 
semantic information that would be utilized to query the actual information from data sets  To address the problem of 
extracting semantic information from data files, we build an ontology for the meteorology domain which is then use to 
create semantic cases as file description templates. We use RDF Model Syntax and RDF Schema to create semantic cases 
instances. The architectural infrastructure is based on the Semantic Retrieval Model [5].  
 
 
Storage and Management of Ontologies 
 
The management of RDF structures is an open issue, and W3C does not recommend any particular method for 
manipulating such data. By definition RDF Model is set of triples. This property can be utilised to achieve manipulation of 
RDF triples as a Relational Model. The storage and manipulation of RDF graph structures represents a problem. It does not 
matter whether the data is kept in RDF syntax or as triples, the problem is that there is no RDF data management system 
that provides access and manipulation of ontologies. In addition the existing RDF parsers are design to work on single 
documents only, so the problem is how to access documents remotely, and how to achieve the maintenance either of parts 
or of the whole documents in terms of modification, insertion, and deletion. Another question that arises is whether there is 
a need to keep whole RDF documents at all. Since modern database management systems are based on the concept of the 
Relational Model it is considered to use the existing RDBMS for manipulation of RDF data or alternatively to build RDF 
native data storage model. 
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Retrieval and Extraction of Semantics (RDF Triple Engine) 
 
The system is based on client-server architecture that includes specialized RDF servers. The advantage of this approach is 
in data management facilities of RDBMS that are utilized for the manipulation of raw RDF data. The architecture 
comprises the 4 layers: 1) Interface Layer, 2) Web Infrastructure Layer, 3) RDF Management Layer and 4) DBMS Layer 
The interface layer provides access to semantics descriptions to human users as well as to application programs. The 
prototype of the Semantics Retrieval Language (SRL) is currently being developed to provide semantics-orientated retrieval 
of DBMS managed RDF data. QBE-like Web form is used to assist users in specifying their requests although SQL-like 
statements are also supported. The interface handlers (access rights and authentication) are built as Java servlet modules 
and they run inside the Apache Tomcat servlet engine, which is seamlessly connected to the Apache Web server. All valid 
requests are transparently forwarded to the Semantics Support Server (SSS). Since SSS runs as a separate service, 
applications can establish direct connection with this server using the internal SRL protocol over TCP/IP connection.  
 
RDF Triples Engine (RTE) is a module responsible for manipulating triples and executing semantic queries. The check for 
namespace existence for each prefix is performed by RTE before the records are inserted into the database. A user with no 
knowledge of graph structures and its specific elements (containers) will find it difficult to assemble the full picture from 
the output. This problem is solved by adding the additional query processing to RTE, which is aware of RDF semantic and 
also is able to produce results suitable for human use (HTML document that conforms to XHTML structure) or for further 
processing (XML structure).  
 
References 
[1] WWW Consortium "Resource Description Framework (RDF), Model and Syntax Specification", Available at: 
http://w3.org./TR/REC-rdf-syntax. 
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Available at: http://w3.org./TR/1999/REC-rdf-schema. 
[3] T. Gruber “Towards Principles for the Design of Ontologies Used for Knowledge Sharing”, International Workshop on 
Formal Ontology, Padova, Italy, 1993. 
[4] D. Smith, M. Lopez, “Information finding and filtering for collections of semi-structured documents”, Proc. INFORSID 
XV, Toulouse, 353-367, 1997. 
[5] G. Soldar, D. Smith “Retrieving Semantics from Scientific Data: A Domain Specific Approach Using RDF”,  
Proceedings of the IASTED International Symposia on Applied Informatics, Innsbruck, Austria, February 2001 
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Abstract: 

According to the Project funded by European Office of Aerospace Research and Development 
(AFRL/IF) we are developing mathematical model, multi-agent architecture and technology realized as a 
software tool supporting design and implementation of Data Fusion (DF) applications of broad spectrum.  
A multitude of tasks to be solved with regard to the development of DF software tool can practically be 
divided into two groups. The tasks whose solutions make use of methods, models and technologies of 
other adjoining scientific fields, for instance, data mining and knowledge discovery, multi-agent systems, 
object-oriented design, etc fall into the first group. The second group includes the tasks specific for DF 
systems and require development of specific methods, models and technologies. In fact, the most part of 
tasks of the last group fall into the interests of Semantic Web Mining. Although the tasks of both above 
groups are the subjects of the Project, below the DF specific tasks are only highlighted. 

In its essence, DF task is one of making decisions (as a rule, classifications) on the basis of distributed 
data sources presented by distributed databases with access through Intra- or Internet. These sources 
contain data that can be represented by different data structures (temporal, sequential, transactional, 
relational) , they can be of different physical nature (images, signals, truth values, etc) and measured in 
different scales (Boolean, categorical, real), be of different accuracy and reliability, they can be uncertain, 
contain missing values, etc. The objective of a DF system is to combine useful information from all of 
these sources to make decision, for instance, classification of an object, object state, situation, etc.  

Within DF specific tasks two classes of them are of most significance. The first is development of 
meta-model of distributed data  sources and the second is development of meta-model of combining 
decisions produced on the basis of particular sources. Note that the former task is purely Semantic Web 
related.  

Three main issues of DF specific R&D of the Project are the subjects of presentation. 
1. The ontology-centric approach which is considered as a basis of the development of meta-model of 

distributed data sources. In particular, ontology-based approach aims to answer the following questions  
associated with the development of meta-model of distributed data sources: 
How to resolve the data non-congruency problem caused by heterogeneity and distribution of data 
sources? The particular questions are: How to provide for monosematic understanding of the terminology 
used in formal specification of distributed entities which, as a rule , are developed by distributed analysts? 
How to solve the entity identification problem, which arises due to the fact that the same entity 
specification is represented by its fragments in distributed databases? How to cope with the diversity of 
data physical natures, scales of attribute measurement, variety of data accuracy, duplication of the same 
attributes in different data sources? How to provide compatibility of ontology-based specifications of DF 
system notions and their interpretations represented in terms of a database language?  

2. The second important issue of DF system design is distributed learning and meta-model of 
combining decisions. The questions to be answered here are as follows: What structures are used to 
combine particular decisions made on the basis of particular data sources to generate global decision? 
How to manage distributed data in order to provide correctness with regard to allocation of training and 
testing data used for learning particular classifiers and how to form and manage meta -data used for 
learning components responsible for combining decisions? What formal techniques are appropriate to 
combine decisions in accordance with the hierarchy of classifiers?  

3. The third issue is of architectural kind. We use multi-agent architecture which to our opinion is the 
most appropriate for the implementation of DF systems and also for many other Semantic Web-based 
applications. This architecture includes specific components (intelligent agents) and protocols aiming at 
solving the questions formulated within both above issues.  

In presentation we intend to highlight our results concerning to the above issues and their correlation 
with Semantic Web Mining-related tasks and problems. In addition, we intend to present an outline of a 
technology supported by a software tool used for design and implementation of DF software tool 
including design and implementation of its ontology component. In conclusion a brief outline of DF 
applications developed and being developed can be outlined.  
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