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Abstract

Keywords: data browsing, knowledge management, knowledge engineering,
knowledge acquisition, knowledge base, information organization, information retrieval,

passage retrieval, term extraction, collocation statistics, relevance ranking.

The expanding availability of on-line information sources, such as on-line
documents, corpora, and the World Wide Web, introduces some challenges. Most
notably, users must search through this material to find high-quality, relevant information.
This is the domain of information retrieval. Alternatively, knowledge bases present
information in a very compact and structured representation. Unfortunately, their creation

is labor intensive.

In order to bridge the gap between the amount of structure in the information
processed by information retrieval and knowledge engineering techniques, the author
presents TAKODO, a tool and a framework designed for bbth (1) facilitating the
extraction of knowledge from unstructured text, possibly to aid in the process of creating
a knowledge base, and (ii) retrieving information from natural language texts and the
knowledge base, using each to their mutual advantage. TAKODO integrates several
existing applications, among them a question answering system, called Text Analyzer,
and a frame-based knowledge management tool, called the Knowledge Organizer, with

the additional support of corpus linguistic techniques.
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Chapter 1: Introduction

The expanding availability of on-line information sources, such as machine-
readable texts, as well as the wealth of information on the World Wide Web, introduces
both interesting problems and numerous opportunities. Among the problems, users must
search through a vast and increasing sea of irrelevant material to find high-quality,
relevant information, satisfying some particular need. This is the domain of information

retrieval,

Alternatively, knowledge bases present information in a very compact and more
structured representation, making retrieval more efficient, and automated processing,
such as logical inferencing, more practical [Lenat et al., 1990]. Unfortunately, their
creation is labor intensive!, often requiring the specialized services of a qualified

knowledge engineer.

Hence, it is harder to find relevant and complete knowledge bases than
unstructured natural language documents; the latter remains the primary method by which
people communicate [Frakes & Baeza-Yates, 1992b]. In fact, most information on the
World Wide Web is expressed without machine-understandable semantics [Etzioni,

1996].

In order to bridge the gap between the amount of structure in the information
processed by information retrieval and knowledge engineering techniques, the author
presents TAKODO: The Way of the Text Analyzer to Knowledge Organizer>. It is
both a tool and a framework designed for the dual purposes of (i) facilitating the
extraction of knowledge from unstructured texts, possibly to aid in the process of creating
a knowledge base, and (ii) retrieving information from natural language texts and the

knowledge base, using both to their mutual advantage. In the first role, the tool is targeted

! This problem is known as the knowledge engineering bottleneck, or knowledge acquisition bottleneck {Luger &
Stubblefield, 1993].

? The name originates from reliance on the Text Analyzer (TA) and the Knowledge Organizer (KO). Do, in Japanese,
means the way of or art. Taken together, TAKODO denotes the art of transferring information between the TA and
the KO.
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to a more specialized audience, familiar with the fundamentals of good knowledge base
construction. The latter role targets the novice, whose goal is simply to answer an

information need, or understand some domain.

User

? Information Need

. (User Query) \

Answers
(Query ‘Results) h-_-—— TA KOD O 4_-“

N

Knowledge Entry
& User Feedback

Text

Analyzer
(TA)

Knowledge
Organizer
(KO)

A 4

Other Information Sources
(World Wide Web, Online
Documents, etc...)

Databases / Knowledge Bases
(Oracle & Sybase)

Documents
(Unprocessed)

TAKODO integrates several existing applications. The first is the Text Analyzer

Figure 1: Data Flow Diagram of TAKODO

(TA), a question answering system that uses proprietary text patterns to find passages
with the desired semantic meanings. The second is the Knowledge Organizer (KO), a
frame-based knowledge management tool with inheritance-based inferencing. Additional
subsystems are needed for preprocessing, relevance ranking, and filtering. These
implement various algorithms of statistics and corpus linguistics for tasks such as term
extraction and collocational analysis. TAKODO manages the various sources of
information and presents them through a unified interface to the user. For an overview of

the system, please refer to the data flow diagram in Figure 1.
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1.1 Goals of the Thesis

This thesis continues the work of the University of Ottawa’s Language Analysis
and Knowledge Engineering group (LAKE), headed by Dr. Douglas Skuce. In the last
decade, the group has been attempting to better integrate standard knowledge
management tools and techniques with those of information retrieval. With each
refinement, the group has been including more basic functionality, while reducing the

complexity of the user interface.

This thesis does not attempt to further the research in information retrieval or in
knowledge management, but rather, attempts to unify and apply the existing research of
several areas by presenting a concrete but prototype implementation satisfying these

goals, to demonstrate the feasibility of such a unifying approach.

Furthermore, the LAKE group further wishes to demonstrate the utility of the tool.
In the future, the group plans on undertaking the construction of sample knowledge bases,

to study and quantify the benefits.

1.2 Target End-User ,
As described, TAKODO has a dual purpose: (i) as an aid to knowledge base
construction and (ii) as a search engine. More specifically, the tool’s feature set

accommodates the needs of users from the following categories:

e Knowledge Engineering: As this is among the primary focus of TAKODO, the
tool includes processing that helps automate several tasks related to knowledge
engineering. Beyond term extraction, it includes partial automation for the
construction of various important hierarchies (hyponymy, meronymy, etc.). As
well, the user interface is designed for rapid extraction of basic facts for entry into

the knowledge base.

¢ Domain Research: The other primary focus of TAKODO is information retrieval.
Here, the user may be, for example, a student, a researcher, or a technical support

person. Two subclasses may be distinguished:
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e Users without any prior domain knowledge: Such a user is interested in
understanding a topic, and needs support for identifying and mentally
organizing the important information from the available documents. For this,
the knowledge management features of TAKODO provide useful navigational
tools for knowledge exploration. However, TAKODO does not offer as rich
navigational support in its user interface as dedicated knowledge management

tools (such as the KO to which it is connected).

o Users with some prior domain knowledge, and specific questions or
information needs: In this case, the user is better able to formulate his query.
The task is less focused on navigation within the document collection, and
more on information retrieval per se, extracting and presenting specific pieces
of information. This is supported by the question answering features of the

TA, and the additional information retrieval features of TAKODO.

e Linguistics: Lexicographers, terminologists, and translators are all interested in
the words and usage patterns of existing texts, deriving their knowledge from
large corpora that serve as case examples. For this, the underlying TA offers many
ways to view specified word categories and word patterns in context. It is a
scaleable tool, easily accommodating the large corpora required in this field.

[Kavanagh, 1995]

¢ Technical Writing: A technical writer performs domain research during the
writing process, in order to understand his subject and present it accurately.
Hence, such a writer derives the same benefits as described above. The writer is,
however, more concerned with the details of terminology, clarifying

inconsistencies and ambiguities in term usage [Kavanagh, 1995].

1.3 Organization of the Thesis
Chapter 2 begins with a presentation of the conceptual background and discussion

of relevant work related to this research, and to which references will be made in later
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chapters. The topics include hypermedia, information retrieval, corpus linguistics, and

knowledge engineering.

Chapter 3 continues with a presentation and evaluation of several independent
systems that were integrated into TAKODO. It first introduces a legacy system,
DocKMan’s Knowledge Base Builder. It follows this with descriptions of the Text
Analyzer and the Knowledge Organizer. All three systems are part of research projects

initiated within the LAKE group.

Chapter 4 describes TAKODO itself. First, the chapter focuses on the knowledge
representation and visualization aspects that guided the implementation. Then, it
describes the user interface as it benefits information retrieval and knowledge
management. From this, one may gain an understanding of TAKODO in use,

demonstrating the steps involved in question answering and knowledge base construction.

Chapter 5 follows with the details of the implementation. The chapter traces the
execution flow from initial preprocessing of source documents, all the way to the
transformations required for presentation within the user interface, with emphasis on the
interactive and iterative refinement of results. Along the way, there is some discussion of
computational complexity issues. Then, the chapter presents the object-oriented

decomposition of the system.

Finally, Chapter 6 summarizes the thesis, discusses any problems encountered,
and provides insight into future work for both the theory and implementation related to

TAKODO.
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This chapter presents the conceptual background that is diréctly related to the
various subsystems of TAKODO. It includes discussions of related work and of existing

systems, implementing theories covered in this chapter.

2.1 Hypertext and Hypermedia

Hypertext is text that “is not constrained to be linear,” and hypermedia is an
extension that incorporates other media such as video and audio [W3C, 1992]. Hypertext
and hypermedia are represented as a network of nodes with links, often directed,
associating them. Each node is a unit of information, containing an (ideally compact,
complete, and cohesive) item of text or other media that may be viewed independently.
The links provide navigational access from one information item to other related
information items. In this respect, navigation constitutes an information retrieval process,

in the broad sense.

Since it mirrors human cognition processes of associative and exploratory
reasoning, the use of hypertext is easy to understand for users (unlike the sometimes

complicated query syntax of classical information retrieval, to be seen later).

Note that hypertext offers little or no benefit in representing information with very
definite linear structure, such as literary or expository texts, and may have limited
advantages for simple hierarchically structured information. These may be presented quite
adequately using the conventional paradigm of printed documents, with divisions such as

chapters and headings emphasizing the subtopic structure [Pilto, 1990].

Rather, inappropriate use of hypertext can lead to very significant difficulties for
the reader, due principally to the increased cognitive load of navigation and possibility of
disorientation. For this reason, hypertext's practical benefit is limited to relatively small
networks, unless some mechanism is employed to provide navigational cues, such as
those that exist in conventional linear texts with a single narrative schema [Foltz, 1996;

LinkSet, 1995].
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Furthermore, authoring of hypertext presents challenges. No single and fixed
organization can accommodate all needs of all readers. Given the current prevalence of
hypertext with fixed topological structure, the applicability of present-day hypertext as an
information retrieval tool remains limited, but research into adding “dynamic coherence”
promises to allow automatic adaptation of documents and links in response to a user’s

personal information needs [Bell, 1995; Foltz, 1996].

2.2 The Internet and The World Wide Web
The Internet is a network of computer networks, connecting computers around the

world. More formally, the Federal Networking Council (FNC) defines® it as:

The global information system that (i) is logically linked together
by a globally unique address space based on the Internet Protocol
(IP) or its subsequent extensions/follow-ons; (ii) is able to support
communications using the Transmission Control Protocol/Internet
Protocol (TCP/IP) suite or its subsequent extensions/follow-ons,
and/or other IP-compatible protocols; and (iii) provides, uses or
makes accessible, either publicly or privately, high level services
layered on the communications and related infrastructure described

herein. [Federal Networking Council, 1995]

Examples of additional layers of information services provided by the Internet
include File Transfer Protocol (FTP), Gopher, and the World Wide Web (WWW, W3,
or Web). Of these, the Web has gained the greater popularity, due to its ease of use and
multimedia support. Originally created in 1989 by Tim Berners-Lee of the European
Particle Physics Laboratory (CERN), it was described as a “wide-area hypermedia
information retrieval initiative aiming to give universal access to a large universe of
documents” [W3C, 1992]. Since then, the World Wide Web Consortium (W3C),
successor to CERN for overseeing the Web’s development, has broadened the definition

to “the universe of network-accessible information, an embodiment of human

3 This official definition was unanimously accepted by the FNC as of October 24, 1995.
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knowledge” [W3C, 1999]. Despite this very broad definition, it is still the hypermedia

aspect that, in practice, plays a pivotal role.

2.2.1 Components of the World Wide Web
The Web consists of various software, protocols, and conventions [W3C, 1999].

The software is modeled on a client-server architecture. The client is called a Web
browser, and provides the user interface to the Web, rendering information and providing
navigational support. The Web server (also called HTTP server) services information

requests received from the Web browser.

The Web server and the client communicate via the HyperText Transfer
Protocol (HTTP), used to retrieve information in the form of Web pages, a collection of
which, residing on a single host Web server, are called a Web site. These Web pages are
-documents expressed in HyperText Markup Language (HTML), a text markup
language, modeled on and specified using the Standard Generalized Markup Language
(SGML). HTML specifies both the structure of information (for example, to identify
paragraph boundaries or document sections and their headings) as well as its layout, with
support for text containing embedded or linked media (such as images, animations,
audio). Recently, HTML is being supplanted by the eXtensible Markup Language
(XML), which offers better support for expressing the logical structure of information,

beyond the structures conventionally used in representing text documents.

Of primary importance to the Web is the method used to specify hypermedia
links. The identification of abstract or physical resources is achieved via the Uniform
Resource Identifier (URI), which provides specific syntax to express a link as a compact
string of ASCII characters [Berners-Lee et al., 1998]. A URI can be one of two kinds: a
Uniform Resource Locator (URL), which specifies a resource by its location (such as
its host and current filename), or a Uniform Resource Name (URN), which identifies
resources by some persistent and globally unique identifier. At present, almost all

information on the Web is located exclusively via URLSs.
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2.2.2 Growth of the Internet and World Wide Web
A premise of this research was the expanding availability of on-line information

sources. This is clearly justified given the growth statistics for the Internet and, in

particular, those of the Web.

Estimates of the number of | Date Number of hosts (in Millions)
Internet hosts and number of Web Registered hosts | Reachable hosts
1993 | 1.3 <04
sites are presented in Table 1 and | 1994 |22 0.6
Table 2. Statistics reveal the Web to | 1995 | 4.9 1.0
1996 |9.5 1.7

be doubling in size every four
months [Venditto, 1998], with the
total number of Web sites, as of November 1999, estimated at about 221 million [Global

Reach, 1999].

Table 1: Growth of the Internet [Gray, 1997]

Furthermore, the coverage | Date Web sites
statistics [Sullivan, 1999] reveal the Total Number | % of Internet Traffic
6/93 | 130 0.5
difficulties faced by search engines | 12/93 [ 623 2.2
(discussed later) in providing a 6/94 | 2,738 6.1
o 12/94 | 10,022 16.0
comprehensive index to the mass of 6/95 | 23.500 239
available information: as of July |12/95 | 100,000 NA
1 6/96 | 230,000 (est.) | NA
1999, there were 800 million 1/97 | 650,000 (est) | NA

(estimated) Web pages, but the Table 2: Growth of the Web [Gray, 1997]
percentage of these which were

indexed by the major search engines reached from 6.3% to, at most, 31%.

2.3 Information Retrieval

Information retrieval (IR) refers to “the representation, storage, organization,
and accessing of information items.” [Salton, 1983] The term is often used to mean ad-
hoc retrieval, which is covered here, and wherein the IR system manages a very large but
relatively static source of information, to which users present an ad-hoc stream of queries
in an interactive manner, expecting immediate results. This is opposed to other classes of

IR applications, such as categorization, the assignment of documents arriving in a stream
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and placed into predefined categories based on content, or information filtering,
distinguished by the distribution mechanism, which is responsible for the routing of
documents to appropriate interested parties based on user profiles describing their
information needs, which are static and predefined [Smeaton & Agosti, 1994]. Although
the problems are similar, the techniques used in one area are not always appropriate to the

others.

Traditionally, strategies for solving retrieval needs were exemplified by libraries,
with resources such as card-based catalogs and subject indexes created manually by
information professionals [Kirk, 1997]. However, since the 1940’s, work on the
automation of retrieval led to significant developments, with the creation of many
techniques, systems, and models [Salton, 1983; Frakes, 1992; Baeza-Yates & Ribeiro-
Neto, 1999]. Originally, the concentration was on identifying relevant documents in the
sense of conventional books, journal articles, and electronic texts. This is referred to as
“classical information retrieval.” More recently, information retrieval has been
significantly influenced by the growing World Wide Web. The following discussion will
briefly cover both classical information retrieval and web-based information retrieval, as

well as some related fields of research.

2.3.1 Database Management
Information can be categorized based on the amount of usable structure in its

representation. An example of highly structured information is that of the records in a
relational database management system, where items sharing common features are stored
in a single database table, which defines columns (or fields) for each record. Since
structured information may have definite syntax and semantics, retrieval systems can be
designed to provide deterministic results that completely and accurately satisfy a request
for information. Software that manages such highly structured data is called a database
management system (DBMS). This is in contrast to information retrieval systems, which
place an emphasis on unstructured information, usually in the form of ambiguous natural

language (NL) text.
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2.3.2 Classical Information Retrieval
Several concepts are of primary importance for an IR system; among them, there

are documents, queries, and indexes.

According to Frakes [1992], “a document is a data object, usually textual, though
it may also contain other types of data such as photographs, graphs, and so on.” The
document is the unit of information retrieval in the classical model. That is, the input to
an IR system is a collection of documents, and the output is some subset of those. A
document surrogate is a document (in the context of IR) that substitutes for another
document. A surrogate typically contains a subset of the information in the original, for
example, an abstract; surrogates are often used for efficiency, such as to reduce the
amount of text that is indexed. Finally, a document base is a collection of documents
gathered together, from which retrieval will be performed. When a set of documents
presents some cohesion, such as being limited to a single subject domain, the document

base is called a corpus.

A user query constitutes the “formal statements of information needs” [Frakes,
1992]. It describes what the user is seeking. A query language defines how a query is
expressed. The expressiveness of the query language has an impact on how faithfully the

information needs of the user can be represented to the IR system.

In classical IR, the kind of query considered is called a content query, as it
specifies requirements based on the content of the retrieved information. In addition,
documents may have associated structured information, such as the date of publication.
This information is suitable for conventional DBMS style retrieval, and its incorporation

into the query language gives rise to the term fielded query.
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Figure 2: The information retrieval process

The process of retrieval (see Figure 2) can be viewed as matching the query
against the documents in the document base, in order to identify those that are most
relevant to the user’s information needs. However, the document base is usually very
large. Hence, for efficiency reasons, IR systems for ad-hoc retrieval often use an
intermediate and optimized data structure, stored in an index. This index is derived from
the document base. During retrieval, the index is consulted first, and from it, potentially

relevant documents are identified quickly.

2.3.3 Web-Based Retrieval
Information retrieval in the context of the World Wide Web presents some special

challenges that distinguish it from classical IR.

First of all, there is the process of gathering the documents of the document base.
Unlike in classical IR, the on-line nature of the information implies that the IR system
does not need to explicitly store documents, as these may be accessed at any time.
However, there is the question of what to index; for this, the size and volatility of the

Web prevent manual collection of documents for indexing. Instead, Web-based IR
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systems must perform their own resource discovery. This is achieved by navigating
through the Web, starting from some manually specified root set of documents and
autonomously following links of interest [Steinberg, 1997]. Here, a document is often

synonymous with a web page.

The software that performs this navigation is called a robot, or equivalently,
web/search-bot, crawler, or spider [Egyhazy et al., 1997; Kirk, 1997]. Since it is
responsible for generating the document base, retrieval quality will be affected by the
nature of its navigation, including decisions of which links to follow and how frequently.
The latter decision is important, since the robot must monitor changes to the Web, due to

its distributed nature and lack of update notification.

With respect to the indexing process, the classical IR assumption of a relatively
static document base allows indexing techniques that require significant computational
effort. The invalidation of this assumption in Web-based retrieval imposes an additional

constraint on their efficiency [Zayour, 1997].

2.3.3.1 Search Engines
Web-based IR systems that directly search the Web, as described above, are called

search engines. An alternative is to reuse one or more existing search engines, delegating
to them the retrieval task and then combining and collating their results. Such meta-
search engines provide a single, consistent query interface to the user. Ideally, they also
provide value added functionality, such as query expansion, relevance ranking, and
improved result presentation and navigation abilities [Mendelson, 1997; Egyhazy et al.,

1997].

2.3.3.2 Navigation and Structural Queries
Given its hypermedia nature, the Web allows information retrieval beyond the

techniques of classical IR, through navigation. Often, retrieval takes on a hybrid
approach: initial query results are used to begin navigation [Bell, 1995]. Thus, the
constraints on the search engine can be relaxed, from finding relevant documents, to

finding documents that are near the relevant information.
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Furthermore, hypermedia allows another kind of query, called a structural query,
which is based on the topological structure of the hypertext [Zayour, 1997]. This can be
used in combination with a conventional content query, to limit the set of documents

considered based on their location and access paths.

These queries may also be applied to the internal structure of Web documents, as
described by their HTML or XML markup. Several proposals for a standard query
language were presented for this purpose at the W3C Query Languages Workshop4.
Among the proposals, one may mention XML Query Language (XQL) [Robie et al.,
1998] and XPath [Clark & DeRose, 1999]. These permit, for example, the identification

of all section headings matching some string.

2.3.4 Passage Retrieval
Classical IR evolved in the context of scholars and analysts seeking

comprehensive bibliographical references; it does not adequately serve users seeking
short answers to specific information needs [Ambroziak & Woods, 1997]. The problem
lies in the retrieval of entire documents. Following retrieval, the user must spend an
inordinate amount of time to manually inspect the resulting documents and identify
relevant passages, hoping not to miss any. This constitutes a very significant impediment
to successful and efficient retrieval, one that is doubly true when the user is seeking a

short, specific fact.

Furthermore, document retrieval is especially problematic when the documents
lack homogeneity. Differences in document length or structure may adversely affect how
an IR system judges the relative relevance between documents. Worse still, a single
document may present several different topics of discourse, only some of which are
relevant to the user’s information needs. Given the presence of non-relevant information,

the IR system may fail to retrieve these.

Instead, passage retrieval defines the unit of retrieval to be document fragments,

which are (possibly overlapping) portions of the original document. Passage retrieval is

4 Available: http://www.w3.0rg/TandS/QL/QL98/
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often achieved by segmenting documents prior to indexing, and then applying classical
retrieval techniques to the resulting fragments, treated as individual documents [Woods,

1997].

Various strategies are used to segment a document. Arbitrary boundaries may be
determined by dividing documents into equal sized pages. Although this simple strategy
works effectively, boundaries motivated by additional document features may provide
greater topic coherence [Hearst & Plaunt, 1993]. Hence, the divisions may attempt to

follow the subtopic structure. In this case, the problem is called discourse segmentation.

Note that typical documents provide cues to their structure via conventional
divisions such as chapters, paragraphs, or sentences. Additionally, the subtopic structure
may be specified explicitly by section headings and subheading. When the latter are not
present, the structure may be inferred using natural language processing or statistical

techniques.

TextTiling [Hearst, 1994] is an algorithm for discourse segmentation in the
context of IR applications that uses lexical cohesion as measured by term frequencies.
The algorithm models discourse structure as a linear sequence of subtopics, generating

contiguous and non-overlapping multi-paragraphs fragments.

Instead of segmenting texts prior to indexing, the IR system may directly identify
relevant passages in response to user queries. Woods [1997] calls this dynamic passage
retrieval, as the segmentation takes into account the broadness of a query in determining
passage lengths. In [Salton et al., 1993], retrieval first applies conventional document
retrieval to identify documents with relevance that satisfies a minimal threshold, and then

proceeds to refine the results to smaller fragments down to the level of sentences.

2.3.5 Related IR Systems: Answer Extraction, Information Extraction, Question
Answering

There are many fields of research that are applicable to the retrieval of
information (see Table 3). Beyond passage retrieval, several of these are applicable to
information needs that are very specific and expressible as a question for which the user

seeks a short answer [Moll4, 1999]. For these needs, classical IR and passage retrieval
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systems are evaluated solely on their ability to find documents or passages containing the
answer, without much consideration for the amount of extraneous information each
retrieved unit contains. In contrast, answer extraction (AE) implies retrieval of “those
exact phrases from a set of unedited textual documents that directly answer the user
query” [Moll4, 1999]. Answer extraction’ was added to the several information retrieval
research tracks addressed as part of the eighth Text REtrieval Conference® (TREC). The

research continues in the latest conference7, TREC-9.

All of the preceding systems return portions of documents without changes to
their structure or presentation. In information extraction (IE), a template for the output
of answers is specified, and the task of answer extraction must fill in the slots of the
template with the appropriate information [Okurowski, 1993]. The imposed structure on
the output thus facilitates further machine processing, such as via conventional database
management systems. Since the template has a fixed form, customized and domain-
specific pattern matching techniques may be employed. The specificity of the domain
(including, perhaps, a controlled vocabulary) often allows more and deeper emphasis on
natural language processing (NLP). Research into information extraction was supported
by the Advanced Research Projects Agency (ARPA), as part of the TIPSTER text
program®. Research continues under the auspices of the Message Understanding

Conferences’ (MUC).

Within the field of Artificial Intelligence (AI), a related problem is question
answering (QA) [Porter et al., 1988; Keyes, 1999]. Here, information is stored in a
knowledge base, and the queries are usually expressed in natural language. In response to

the latter, the system performs inferencing to deduce an answer (often expressed in

 TREC uses the research heading of question answering where answer extraction may be a more appropriate term.
% Available: http://trec.nist.gov/ (Note: Results of TREC-8 have not yet been published)

"TREC-9, recently announced, includes seven tracks: Cross-Language Track, Filtering Track, Interactive Track, Query
Track, Question Answering Track, Spoken Document Retrieval Track, and Web Track. The Filtering Track deals
with information filtering, the Question Answering Track, a misnomer, deals with answer extraction, and the Web
track continues the Ad-hoc Track of previous conferences, addressing ad-hoc retrieval, but in the context of the
Web.

# Was Available: http://www.tipster.org/ (site no longer available)

? Available: http://www.muc.saic.com/
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natural language). Thus, the problem relates natural languagev understanding with those of
logical deduction and inferencing. With respect to IR, the meaning of question answering
expands to include answer extraction, but with connotations of expressing queries in
natural language, and possibly re-representing the output and performing some kind of
inferencing. The amount of inferencing is not as deep as in Al applications, because the
large document base presents computational challenges for meeting the immediate

response constraints of an interactive system.

Finally, one may mention on-line help systems (such as Unix man pages or
Windows WinHelp). These may reuse the research covered so far, such as text matching

or hypertext, to service the information needs of users, but otherwise, their evaluation is

outside the scope of this thesis.

Hypertext Classical IR Web-Based Passage Information Answer Question
IR Retrieval Extraction Extraction Answering
Source of Documents Documents Documents Documents Documents Documents Knowledge
information | w/ hyperlinks w/ hyperlinks base (usually)
Volatility of | Varies Low High Varies Varies Varies Low (usually)
information
Authoring, Manual Manual Automated Manual Manual Manual Manual
resource (usually) (Robots) (usually) (usually) (usually) (usually)
discovery
Retrieval Navigation Queries Queries Queries Queries Queries Natural
(content) (content, (content) (content) (content) language
structure) and queries
Navigation (content)
Unit of Documents Documents Documents Document Facts Document Facts (e.g.
retrieval (Web pages) fragments (predefined fragments sentences)
templates)
Size of Small subset | Very large Very, very Very large Varies Varies Small
information | of a possibly large
base (in very large
practice) hyperspace
Retrieval, None (user Statistical Statistical Statistical Pattern Statistical, Logical
relevance performs (word (word (word matching, limited NLP inferencing
assessment assessment) occurrence), occurrence), occurrence), NLP (usually)
other other other
Natural None None to None to None to Shallow Shallow (Shallow to)
language shallow shallow shallow Deep
processing,
NLU

Table 3: Summary of Differences between hypertext, classical IR, Web-based IR, passage
retrieval, information extraction, answer extraction, and question answering

2.3.6 Precision and Recall
The nature of the information handled by an IR system, specifically that of

ambiguous natural language texts, and the constraints on the expressiveness of the query

language, prevent retrieval from satisfying the user’s information needs exactly. In order
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to judge the effectiveness of retrieval, various measures have been defined. Two of the

most common ones are precision and recall, defined as follows [Salton, 1989]:

Relevant Non-relevant Precision = Number of relevant items retrieved __4a
items retrieved: @ b items retrieved Total number of items retrieved a+b
Relevant items ¢ d Non-relevant items Recall = Number of relevant items retrieved __a

not retrieved not retrieved Total number of relevant items a+c

Document Base

Figure 3: Precision and Recall

The goal of an IR system is to achieve the highest precision and recall, but in
practice, the two are inversely related. Thus, an attempt to increase one often results in a
decrease of the other, and hence a compromise must be made. Motivated by the
observation that exhaustive retrieval of all relevant information is of secondary
importance except in specific applications, such as patent searching, and that information
needs are served as long as some relevant items are retrieved, debate exists on favoring

this compromise towards greater precision [Voorhees & Harmon, 1998].

2.3.7 Relevance Ranking
Given that, in practice, an IR system cannot provide perfect results to match the

user’s information needs, it may instead present the best results first, according to some
metric. This strategy is called relevance ranking. It is particularly useful for two reasons:
(a) the number of retrieved items is often quite large [Frakes, 1992], therefore it allows
the user to decide on how many to inspect manually; and (b) it provides relief for
situations where a query might not otherwise retrieve anything, for example, when an
excessively narrow query is formulated. In this case, the user may inspect the best-ranked
item, and if it is not relevant, then proceed to the next, continuing until a relevant item, if

it exists, is finally found.

Typically, relevance ranking strategies model documents as bags of words, and
accord to each word a weight related to its frequency of occurrence statistics. Many of
these strategies are minor variations of term-frequency inverse-document-frequency
(tf-idf) weighting. This weighting uses the heuristic that important words will be used

frequently in a document, but those used frequently in all documents have little
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discriminatory power. Here, given a document base containing documents
{D,, Ds,..., Dy}, one may define the term frequency #f; as the number of occurrences of a
term 7; in document D;, and the document frequency df; of that term as the number of
documents in which it occurs at least once. The tf-idf weight w;; of a term 7 in document

D; is thus defined as:

N
wij = tfwlog—-j

df
The variations on this formula address issues such as normalization of the weights

according to the document length, for instance.

2.3.8 Relevance Feedback
Related to relevance ranking, relevance feedback is, according to Smeaton

[Smeaton & Agosti, 1994], “a process whereby the relevance (or non-relevance) of a
document as judged by a user is fed back to the IR system to allow the system to adjust
the document ranking taking into account the attributes of known relevant documents.” It
provides the IR system with additional guidance on the user’s information needs, which
may be expressed incompletely or incorrectly due to the limits of the query language or
due to the user’s own lack of understanding of these needs (which may be clarified after

viewing the output of an initial retrieval).

2.3.9 Terminological Concerns
As was mentioned for relevance ranking, the relevance of a document is often

evaluated with respect to the words it contains, using, for example, occurrence statistics.
Unfortunately, the words used in a query to express the information needs may not
correspond exactly to those used in the document base. Hence, various techniques are
employed in IR to address these terminological difficulties. The basic processes perform

substitutions for words occurring as indexing terms, in documents, and in queries.

2.3.9.1 Word Conflation and Disambiguation: Stemming, Lemmatization
First, consider word conflation, in which two words are considered equal for

indexing or retrieval purposes. In order to eliminate distinctions between words with

similar meanings, a dictionary, if one is available, may be consulted to identify synonyms
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and the root form of a word. Alternatively, stemming algorithms exist to remove common

affixes. In the simplest case, handling of plural versus singular forms is often desirable.

Word conflation is a way of improving recall. However, automatic word
conflation may introduce equivalencies between words that do not share the same

meaning, thus decreasing the precision of the query results.

A related problem is word sense disambiguation, where a word has many possible
meanings (and different root forms); the problem is to identify which one is intended in
the context where the word is used. Its interest is increased precision of query results,
although recall may be adversely affected when the incorrect senses are inferred by the IR
system. Applications of word sense disambiguation in IR have had limited success
[Kilgarriff, 1997a], with precision benefits less than 2%. A hypothesis is that queries with
multiple terms inherently provide a kind of sense disambiguation; therefore, the

techniques are redundant except for very short queries.

The concept of a word that includes all of its inflected forms is called a lemma,
and the process of grouping words under their lemma is called lemmatization [Barnbrook,
1996]. Furthermore, let us define a lexeme as “a lexical unit taken in one sense only”, and
a vocable as the “family of lexemes sharing identical signifiers and related to each other
through a common semantic component” [Meyer & Steele, 1990]. For example, the
lemma retrieval includes the inflected forms retrieval, retrieve, and retrieving (in all of
their senses). The vocable retrieve (verb) includes, among others, the two lexemes
retrieve (in the sense of rescue) and retrieve (in the sense of remembering). The previous
vocable is distinct from the vocable retrieve (noun), which includes, among others, the

lexeme retrieve (in the sense of a successful return of a ball, as in tennis).

Thus, conflation by replacing occurrences of words with their root forms or stems
is an attempt at lemmatization. Rather than deriving lemmas, the preceding process can

be coupled with word sense disambiguation, in which case the output is lexemes.
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2.3.9.2 Truncation
The purpose of truncation in the context of IR is similar to that of word

conflation, but the user requests its use explicitly at query formulation time. With
truncation, a set of terms is matched based on the presence of a given prefix. For
example, a query for run* (where » is a wildcard character) should match occurrences of
running, runner, and any other terms beginning with same first three characters.
Truncation offers more user control than stemming or dictionary-based root form lookup,
for example, but note that (i) the prefixes may match words with unrelated meanings,
such as runt, and (ii) some words exhibit minor spelling variations in their various
conjugated forms, or when suffixes are added. Thus, retrieval will fail to find ran, and a

search for sky* will not find the plural, skies.

2.3.9.3 Query Expansion and Thesaural Expansion
Query expansion is the augmenting of the terms in a query with additional terms.

As with truncation, its purpose is similar to that of word conflation, and it is applied at

query formulation time, rather than at indexing time.

Typically, query expansion implies thesaural expansion of the constituent terms of
the query. The International Organization for Standardization (ISO) defines ten standard
types of thesaural relationships, which Table 4 summarizes. These may be applied during

thesaural expansion.
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Thesaural Relationship | Abbreviation Description

Synonym SYN Same semantic meaning

Preferred Term PT Synonym that is preferred in usage

Related Term RT Associated term that is likely relevant

Top Term TT Most general term, according to the generic
hierarchical relationship

Broader Term BT More general term, by some relationship

Narrower Term NT More specific term, by some relationship

Broader Generic Term BTG More general term (hypernym), according to
the generic hierarchical relationship (*‘is-a”)

Narrower Generic Term | NTG More specific term (hyponym), according to
the generic hierarchical relationship (“is-a”")

Broader Partitive Term | BTP More general term (holonym), according to
the partitive hierarchical relationship
(whole/container)

Narrower Partitive Term | NTP More specific term (meronym), according to
the partitive hierarchical relationship (“part-
of”)

Table 4: Standard ISO2788 Thesaural Relationships [1SO, 1986]

The benefits of automatic query expansion are sometimes debated, since the
losses in precision may outweigh the recall benefits, but there have been many good
success stories, particularly those combining query expansion with relevance feedback
[Carpinetti et al., 1998]. Given the problems, particularly those of 'thesaural expansion, an
interactive approach is suggested, allowing the user to guide the query reformulation

process, such as in the IRIS system [Yang et al., 1998].

2.3.9.4 Controlled Vocabularies
When the documents are domain-specific, the terminological difficulties may be

limited through the use of a controlled vocabulary. This controlled vocabulary provides a
consistent way of naming concepts. It may be used to guide information professionals
during manual assignment of indexing terms, or during full-text retrieval to restrict
indexing exclusively to those terms in the vocabulary. Unfortunately, because creation
and use of a controlled vocabulary is domain specific, often labor intensive, and requires
user familiarity during query formulation, its use has found limited applicability outside

of specialized areas, such as in industry for technical documentation.
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2.3.10 Classifications of Information Retrieval Systems
Frakes describes a faceted classification of IR systems, based on their conceptual

models, file structures, query operations, and other characteristics [Frakes, 1992]. In what
follows, one finds a sampling of these and other classifications [Baeza-Yates & Ribeiro-

Neto, 1999].

2.3.10.1 Full-Text Retrieval
Retrieval may be performed based on manually determined indexing terms, also

called keywords, which are assigned to each document. However, this assignment of
indexing terms requires considerable time and skill, and its quality affects the retrieval
performance. Instead, retrieval may depend directly on the content of each document,
using the set of words it contains (or suitable derivations thereof) as the indexing terms.
This is called full-text or free-text retrieval [Lesk, 1995]. Note that, in practice, the set of

words used is not exhaustive, due to efficiency concerns during indexing.

As some concepts cannot be adequately expressed by a single word, one desirable
feature in full-text systems is phrase retrieval. By phrase, one means a sequence of
multiple words used in order. Phrase retrieval is especially useful when the meaning of a
phrase is unrelated to the meanings of its constituent parts. For example, it would be
unfortunate to search for “World Wide Web,” only to find numerous and extraneous

items pertaining to large arachnids living in foreign countries!

2.3.10.2 Text Pattern Matching _
In the text pattern matching conceptual model, the query is a text pattern, such as

a fixed string or a Unix style regular expression. During retrieval, the IR system identifies
those documents containing the text pattern. Often, the results are presented with the

location of the matches highlighted within the retrieved documents

Usually, the retrieval is accomplished without an index, via a full-text sequential
scan of the document base. Although techniques for efficient text scanning exist, the
performance remains, at best, linear with respect to the document length. Nevertheless,
given current processing speeds, full text scanning remains a viable strategy for many

applications.
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In particular, hybrid systems that merge sequential scanning with some degree of
pre-filtering or partial indexing, such as Glimpse [Manber & Wu, 1994], demonstrate the
practical effectiveness. Using default indexing options, Glimpse divides the document
base into 256 approximately equal sized blocks, which may cross document boundaries.
The blocks are indexed using an inverted index that records occurrences with a
granularity at the block level, as will be discussed later. During retrieval, the inverted
index is itself searched using full-text sequential scanning, to yield a set of possibly
relevant blocks. The document fragments within these blocks are subsequently scanned to
verify their relevance. Glimpse’s design accommodates sophisticated pattern matching
with extensions to Unix style regular expressions, and further adds Boolean operators, as

in the following retrieval model.

2.3.10.3 Boolean Retrieval Model
In the Boolean IR conceptual model [Salton, 1989], retrieval of documents occurs

based on the presence or absence of associated indexing terms. The model derives its
name from the query language, which specifies the user’s requirements as Boolean
conjunctions (and), disjunctions (or), and negations (not) of terms. Although this model is
among the earliest and most common, it presents several limitations: it does not
incorporate any relevance ranking, presuming all retrieved items of equal importance, nor
does it offer any control over the number of items retrieved. Furthermore, the model is
very sensitive to the query formulation, significantly more than other models: overly
narrow queries return no items, and insufficiently narrow queries return an excessive

quantity of items.

Extensions to the basic Boolean conceptual model do provide support for
relevance ranking. One strategy, quorum-level searches, defines a sequence of queries
with decreasing relevance derived from the user’s original query. These proceed from
very narrow formulations, consisting of conjunctions of all terms, to progressively

broader formulations, consisting of disjunctions.

Another approach applies fuzzy set extensions that make use of term weighing

information. In this case, the indexing terms for each document are given a weight
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describing their importance to the document, as will be seen for the vector space model
below. The relevance of a document with respect to a given query will then be a function
of the document’s term weights, for those terms used in the query. For complete details,

please refer to [Salton, 1989].

In addition to the preceding operators, Boolean full-text IR systems may allow
proximity constraints that specify a given term must occur within some maximum
distance of another term's occurrence, perhaps with ordering restrictions. This allows the
user to impose a context on word usage within the documents. Such a feature, if present,

may subsume phrase retrieval.

2.3.10.4 Vector Space Model
In the vector space conceptual model, each distinct index term in the document

base forms one orthogonal axis of a multidimensional vector space. In this space, each
document is viewed as a vector extending from the origin to a point defined by the
document’s term weights along each axis. Similarly, the query is represented as a vector
in this same space. The documents are then relevance ranked using a similarity measure

such as the vector dot product or the cosine coefficient.

In the simple case, the value along each axis is either O or 1, based on the absence
or presence, respectively, of the axis’ term in the document or query. More frequently, the

value is based on tf-idf weights.

2.3.10.5 Knowledge-Based Models
In many cases, information needs are related to ideas rather than the language

used to express them. Thus, a criticism of many information retrieval models is their
modeling of documents as sets of words, without any consideration for the concepts
expressed in those documents, nor of the relationships between these concepts. The
addition of such information to the retrieval process results in what is called knowledge-

based retrieval or intelligent information retrieval.

The addition may be as simple as using a thesaurus to augment the set of terms

used in a query, to achieve a form of concept recognition (see query expansion, as
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discussed previously). Alternatively, knowledge-based conceptual models of information
retrieval attempt to directly address the stated criticism by modeling documents as
knowledge bases; their implementations often represent documents explicitly as networks
of connected concept nodes, wherein retrieval is achieved via inferencing to identify
those documents with high probability of relevance. An example of such an inferencing
strategy is spreading activation [Salton, 1988; Crestani, 1995], wherein each node is
initialized to some degree of activation, and subsequently these levels of activation are
propagated iteratively throughout the network, based on the strength of the links. Upon a
specified termination condition, the relevance of nodes is judged based on the final level

of activation.

In practice, knowledge-based models face the challenge of extracting the
knowledge from the documents. In many cases, existing systems use co-occurrence
statistics that once again model documents as sets of words. Other techniques using
thesauri or natural language processing (such as is used for information extraction) are

highly domain dependent [Yang, 1997].

2.3.10.6 Other Models
Other models exist, but their description is outside the scope of this thesis.

Instead, one may briefly mention the following:

* Probabilistic model [Salton, 1989]: Rather than consider the similarity of a
document to the query, as in the vector space model, the probabilisgic model
predicts the probability of relevance given the relevance of prior documents. The
model makes statistical assumptions to evaluate the probabilities of relevance
from term occurrence information.

e Logic model [van Rijsbergen, 1986, cited in Yang, 1997; Gloor, 1997]: Herein,
the documents are represented using formal logic, with logical inferencing used
for retrieval. However, the model once again faces the difficulty of deriving such a

representation from natural language texts using automated techniques.

¢ Cluster model [Gloor, 1997]: Rather than present documents in a (possibly

ranked) list, the cluster model identifies similarity between documents, using
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techniques of the vector space model. The documents are then arranged as

cohesive clusters of self-similar documents.

2.3.11 Indexing
At least two meanings of indexing are relevant in IR: one is “the process of

constructing document surrogates by assigning identifiers to text items” [Salton, 1989],
and the other is “the building of a data structure that will allow quick searching of the
text” [Baeza-Yates, 1992]. The former deals specifically with identifying index terms,
whereas the latter is broader, encompassing both techniques that depend on such assigned
index terms as well as those that do not. Unless explicitly stated, all references to

indexing hereafter shall imply the broader definition.

For the discussion that follows, let us assume that documents are to be indexed (in
the narrow sense) through automated procedures by their content, rather than by manual

intervention. Specifically, let us address the issue of full-text indexing.

2.3.11.1 Filtering and Automated Assignment of Index Terms
Prior to indexing, the documents of the document base may be filtered with goals

of reducing the amount of data that is indexed or of standardizing its representation,
which will later facilitate retrieval [Brooks, 1997]. Typically, preprocessing includes
removal of special non-alphabetic characters, normalization of spacing, capitalization,
punctuation, numbers, dates, and other such transformations. It is at this stage that one
considers the terminological concerns expressed previously, employing word conflation

and disambiguation strategies.

Certain words appear with very high frequency and are present in most natural
language texts; hence, they carry very little discriminatory value for retrieval. Examples
include closed-class or function words, that is, words whose semantic meanings are fixed
and which serve a structural role in language, such as determiners (the, a, an) or
prepositions (on, in, around). Other cases include content words that may be nearly
omnipresent when a document base consists of a single domain-specific corpus. Such
words are often included in a stoplist, which lists any words that should be ignored for

purposes of retrieval, and removed from use as an indexing term.
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Similarly, very rare and thus low-frequency words are sometimes removed, as

they are considered insignificant with respect to describing the content of documents.

These considerations of word frequency as related to their significance, or
“resolving power,” are based on research originating with H. P. Luhn and experiments
using mathematical models of word occurrence patterns, such as Zipf’s Law [cited in van

Rijsbergen, 1979].

As it turns out, a large percentage of the words used in a given document have
limited resolving power. Since the number of indexed word occurrences and total count
of distinct indexing terms significantly affects the space and runtime efficiency of most
indexing techniques, appropriate use of a stoplist provides a useful tradeoff between

retrieval abilities'® and performance.

2.3.11.2 File Structures
The efficiency concerns of IR systems are commonly addressed by

lexicographical indexes, clustered file structures, or hashing-based indexes [Harman et
al., 1992]. The choice of file structures impacts the space overhead, retrieval abilities, and
computational complexity for index updates and retrieval. For a comparative analysis, the
reader should consult some of the voluminous literature on data structures as well as
descriptions of IR techniques in [Baeza-Yates & Ribeiro-Neto, 1999; Frakes & Baeza-
Yates, 1992a; Witten et al., 1999; Zayour, 1997] and others.

Typically, the file structures allow quick identification of those documents
associated with a given indexing term. For full-text indexing, the result of such a lookup
may further specify the locations of all term occurrences, to some greater level of
granularity such as the paragraph, sentence, or exact word within each document.
Although increased granularity adversely affects the index size, it may provide quicker

retrieval or more advanced features such as proximity constraints between occurrences.

1 Thus, in full-text retrieval, any word that is removed from consideration as an indexing term cannot be used in a
query for retrieval (unless the systems falls back to an expensive linear full-text scan of the document base, for
example) '
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2.3.11.3 Inverted Index
An inverted index is a lexicographic index that contains, for each indexing term of

the document base, a list of pointers to all of occurrences of the term. It is a popular type
of index, particularly for Boolean IR systems. Since an inverted index provides as output
the set of documents containing an indexing term, a natural translation of Boolean queries
emerges, replacing Boolean conjunctions, disjunction, and negations of terms in the query

with intersections, unions, and differences, respectively, of document sets.

The standard implementation of an inverted index uses a main index file and a
postings file (see Figure 4). The main index file stores the indexing terms in
lexicographical order, often with summary statistics such as term weights. Typical data
structures include sorted arrays and balanced multi-way trees such as B-trees. The posting
file contains, for each distinct index term, the lists of pointers to its occurrences within
the originating documents. It is essentially a linked list whose entry point is accessed

from the index file.

Term Count Link Doc# Link

aardvark | 4 ~
abacus 15 \ 1 Document #1
3
5
7 Document #2
2 | 7 |
Document #3
5
Document #4
zucchini | 2 / 3
zygote .
Main Index File Postings File Documents

Figure 4: Inverted index (typical implementation using a sorted array)
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Whether the index file is an array or a B-tree, search time remains logarithmic,
that is, O(log n), where n is the number of index terms. The main consideration is that

updating a sorted array is far more expensive.

2.3.11.4 Other Indexes
A bitmap is simply a Boolean matrix with one axis for documents and another for

index terms, where each bit is set if and only if the corresponding document contains the
incident index term. The array can be viewed as a list of bit vectors for each document,
identifying its index terms. With their high space overhead, bitmaps have limited

applications.

Signature files are similar, but employ hashing to generate length-limited bit
vectors for each index term. The signature of a document is the bitwise logical OR of all
bit vectors corresponding to its set of index terms. Retrieval generates a filtered list of
candidate documents. This (hopefully small) list must then be scanned to verify the

presence of the indexing terms in the candidate documents.

Hash tables also employ hashing, but instead, their model is an inverted index,

without the lexicographical ordering.

2.3.11.4.1 PAT Structures: PAT Trees and PAT Arrays
A PAT structure [Gonnet & Baeza-Yates, 1992] is a lexicographic index that

allows rapid access to all matching sistrings within the document base. A sistring is the
semi-infinite string that begins at some position within a document and extends to its end
(it is the “tail” of a document). PAT trees index these sistrings via Patricia trees, which
are digital binary tries without single-descendent nodes. PAT arrays are a different
implementation, with performance tradeoffs in the interest of decreased space overhead

and improved efficiency during construction.

Although implementation details are tricky, the advantage of a PAT structure lies
in retrieval flexibility, allowing more sophisticated query languages. It permits, for

example, efficient searching for regular expressions (including prefixes/truncation and
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phrase retrieval), matches with proximity constraints, lexicographical ranges,

approximate matches, longest matches, and most significant (relevance ranked) matches.

2.3.11.5 Latent Semantic Indexing
One of the difficulties involved with full-text indexing lies in the large number of

indexing terms. For example, this may adversely affect the index size, such as is
commonly used for Boolean retrieval, and the computational complexity for naive

implementations of solutions using the vector space conceptual model.

Instead, Latent Semantic Indexing (LSI) uses singular value decomposition (SVD)
to derive a small number of indexing terms that are aggregates of the original indexing
terms [Berry et al.,, 1994]. Unfortunately, this transformation is itself computationally
expensive. Current research is ongoing to address this issue [O’Brien, 1994]. Similar
techniques, using low-rank orthogonal decompositions such ULV or URV, rather than

SVD, may offer computational advantages [Berry, 1996].

2.3.11.6 Conceptual Indexing
Rather than employ query expansion to alleviate differences in terminology by

augmenting the list of query terms, a system may identify the concepts' associated with
documents during indexing. In effect, LSI is a form of conceptual indexing. Other
techniques, such as those of [Woods, 1997], employ natural language processing and
statistical techniques to derive a conceptual taxonomy from the source documents. This
taxonomy is based on “most specific subsumer” relationships, and is stored in a
knowledge base. This system indexes each document under all of its associated concepts.

Woods noted that the system exhibited space and runtime efficiency concerns.

2.3.12 Information Retrieval Systems
At present, information retrieval is a hot topic, especially with regard to Web

search engines. Rather than attempt an exhaustive'' evaluation that would be quickly

outdated, the following shall present a sampling of current and representative systems.

! At the time of this writing, a useful resource for search engine comparisons is Search Engine Watch, available online
at http://www.searchenginewatch.com/.
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2.3.12.1 Major Web Search Engines: AltaVista, Excite, etc.
Almost all Web search engines use full-text indexing of the contents of Web

pages and plain text documents, with very little linguistic processing or knowledge-based
enhancements. Perhaps the exceptions are Excite'? and InfoSeek Ultra'?, which claim to

perform conceptual indexing”.

AltaVista'® is among the largest'® Web search engines. As is typical, AltaVista
presents the user with a choice between natural language queries (as in a question
answering system) and an advanced, Boolean query language (including a proximity
operator). Experimentation suggests'’ that a natural language query is interpreted as a
simple term list, without any natural language processing beyond using a stoplist to
remove words like what, who, is. The system supports phrase retrieval and term
truncation, but does not employ stemming or any other conflation techniques during
indexing. Limited support for fields allows querying results by date, title, and URL,

among others.

Retrieval is quick: no more than a few seconds. Web pages are relevance ranked,
using term occurrence statistics, and links to the top results (about 20) are presented in
order via a Web page. The latter displays the title of each retrieved link, along with a
short summary (as specified by HTML META tags, or as generated by truncating the
page to the first paragraph or so). Navigation allows the user to proceed to the next 20

most relevant links.

12 Available: http://www.excite.com/
'3 Available: http://ultra.infoseek.com/

!4 Both search engines use technology that is proprietary; no implementation details are publicly available. The patent
pending conceptual indexing technology of Excite is called Intelligent Concept Extraction (ICE). Marketing
documentation [http://www.excite.com/ice/tech.html] compares it to Latent Semantic Indexing in effectiveness, but
notes significantly greater computational efficiency.

'* Available: http://www.altavista.com/

' As of December 1999, the number of indexed web pages was reported in excess of 250 million Web pages. Note that
comparisons between search engines are sometimes contradictory and may contain marketing exaggerations.

'7 Details are not easily available. Indexing technology is a closely guarded corporate secret for many commercial
search engine vendors.
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Marketing documentation'® suggests that AltaVista’s indexing technology uses an
inverted index, but with space optimizations that reduce its overhead to between 10% and
30%. This is despite the unusual design choice of indexing all words and numbers,

without any stoplist during indexing.

Of note during relevance ranking, the major search engines often employ several
heuristics, such as giving preference to query terms occurring in titles, headings, or near
the start of the page. In the case of multiple search terms, those whose matches appear
close together may also be given preference. Some, such as Lycoslg, rank documents by

popularity, via statistics on the number of times a pagé was cited in other pages.

Many search engines provide some support for query reformulation via relevance
feedback, by including for each retrieved item a link to find similar items. Innovations in
search engine technology, as utilized in Northern Lightszo, include the automatic
clustering of documents into a taxonomy of subject classifications, which is automatically

derived using word co-occurrence statistics.

For resource discovery, search engines provide an interface so that Web site
administrators may submit URLs for navigation and indexing by the search engine’s

robot.

2.3.12.2 Oracle ConText Cartridge
Oracle Corporation’s ConText Cartridge [Oracle, 1999] is a complete information

retrieval system built atop Oracle Corporation’s Oracle RDBMS. The system includes
facilities for: (i) automatic indexing of documents; (ii) document categorization into
themes; (iii) document summarization, to create document gists; (iv) ad-hoc retrieval of
documents based on textual content or presence of themes; and (v) viewing of documents

with markup of query terms to highlight hits in context.

'8 Available: http://doc.altavista.com/business_solutions/search_products/search_intranet/specs_indexing.shtml
This documentation describes AltaVista Search Intranet, a commercial application that is functionally identical to
AltaVista Search, but designed for intranets (local area networks) rather than the Web. It is suspected (but cannot be
verified easily) that AltaVista Search and AltaVista Search Intranet use similar indexing technology.

¥ Available: http://www.lycos.com/
2 Available: http://www.northernlight.com/
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Storage of documents may be internal to the Oracle database tables or external to
the tables, as content accessible through the file system or the Web. ConText supports
multilingual document bases. Documents may be stored in several formats: as plain text,
HTML, Adobe’s Portable Document Format, and several others for compatibility with

common word processing packages.

The indexing technology uses a conventional inverted index with a user-
specifiable stoplist. Granularity is to the character level: the index stores, for each
indexing term, the byte-level offsets into the original documents for each occurrence of
the indexing term. Information is recorded on stopwords occurring adjacent to indexing

terms, to allow phrase retrieval with phrases containing stopwords.

Document categorization uses statistical methods and heuristics, in conjunction
with a proprietary 200,000-item knowledge base, called the ConText Knowledge Catalog,
defining a lexicon that recognizes over one million English words and phrases. This
knowledge base organizes its content into a conceptual taxonomy of 2,000 categories.
Categorizing a document results in its assignment under, at most, 16 most-specific
categories, called themes. Membership in a category implies membership in all higher-
level categories in the conceptual taxonomy. Use of these themes provides ConText’s

concept retrieval abilities.

Retrieval is based on Boolean, statistical, and linguistic methods. The first two
methods use the inverted index; the last one is based on the generated themes. The query
language follows an extended Boolean model and supports the standard Boolean
operators, phrase searching, wildcards (which subsume truncation), and DBMS-style
fielded queries on structured information. Additional operators request query expansion.
This query expansion performs word conflation through stemming, morphological
similarity using Soundex or fuzzy matching of the term’s spelling, and thesaural
expansion using any of the ISO2788 relationships. Relevance ranking may be influenced
using score adjustment operators based on the presence, absence, proximity, and manual

weight re-assignment of terms.



Chapter 2: Related Work 35

As a performance enhancement for query refinement, ConText supports stored

query expressions, which record the query and its results, for further processing.

ConText supports distributed operation: Several ConText servers and several

Oracle database servers may co-operate for true parallel execution.

ConText’s services are partitioned into several classes, called personalities.
Examples include the loader personality for gathering, the indexing personalities (DDL
and DML), the query personality for retrieval, and the linguistic personality for document
summarization and categorization. ConText is meant to be an extensible frameworkzl, in

the sense that Oracle Corporation may easily improve or add services to the system.

2.3.12.3 Web Information Collector (WIC)
Prior research by the LAKE group resulted in the development of the Web

Information Collector (WIC) [Zayour, 1997]. This tool acts as an intermediary between
the user and a Web search engine. WIC sends queries to the search engine and retrieves
the Web documents into a local repository. The local repository is then indexed, using
Glimpse, and used as a document base for further ad-hoc retrieval. The advantages are
that (i) subsequent retrieval and navigation, operating on a smaller, local document base,
is faster and more efficient, and (ii) since the local repository already contains (hopefully)
relevant documents, precision may be increased. In effect, the document base acts more

as a corpus rather than a completely heterogeneous collection of documents.

2.3.12.4 Web Directories
At this point, one should mention another, very popular way of finding resources

on the Web: the Web directory. The canonical example is Yahoo!** It is a hypertext table
of contents with links to Web sites related by subject. Unlike search engines, resource
discovery is done manually by librarians that surf the Web in search of new material. This

has beneficial impact on precision, but the recall levels are so far from exhaustive that

2! Oracle ConText is not a framework for end-user customization of the retrieval system.

2 Available: http://www.yahoo.com/
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Web directories are useful only for very broad information needs, or otherwise merely to

begin navigation.

Given their use of an ontological classification, web directories are thus more
related to knowledge management systems, although they do provide a query23 interface
to quickly find subject categories (without the need for lengthy navigation through the

taxonomy).

2.4 Corpus Linguistics

Recently, in the field of corpus linguistics (CL), particular emphasis has been
placed on the exploration of large machine-readable corpora using computer assistance
for statistical analysis and result visualization [McEnery & Wilson, 1996]. The topics
discussed in this section have been implemented in such software tools as the Text

Analyzer (to be discussed later) and WordSmith Tools [WordSmith Tools, 1999].

Please note the specific use of the term corpus®®, which implies that the
documents of which it is composed are representative of a single domain or language.
This is unlike information retrieval, which must often handie a far more heterogeneous

document base.

Sometimes, corpus linguistic research begins with the markup25 of texts [McEnery
& Wilson, 1996] to include, beyond formatting attributes and identifying information
such as authorship, other data such as linguistic part of speech tags, syntactic structure,
and discourse information such as explicit discourse segmentation. This markup
facilitates variou$ kinds of analysis, for example, limiting research exclusively to all

nouns.

2 For this reason, Web directories are sometimes confused with search engines.

** The word corpus sometimes carries the connotation of being a standard reference (for example, the Brown Corpus).
Within corpus linguistics, corpora are often implicitly assumed to be in a machine-readable form. [McEnery et al.,
1997]

% Standardization of the markup exists as part of the Text Encoding Initiative (TEI), based on Structured Generalized
Markup Language (SGML). TEI is now continued and overseen by the TEI Consortium.
Available: http://www.tei-c.org/
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The mention of statistics requires some further explanation. In order to apply
statistical techniques with any rigor, certain assumptions must be made: implicitly, a
model of language is defined. Common but surprising assumptions that have been
employed unjustifiably [Church & Mercer, 1993; Dunning, 1993] in the literature
include: the existence of asymptotic normality, or worse, that words occur independently
of their context and according to a fixed probability, thus enabling word occurrence to be
modeled as a Bernoulli process. Despite the above, useful results have been derived; it’s
just that statistics are used inappropriately to value the methods above ad-hoc or heuristic

techniques.

2.4.1 Visualization: Concordances and Word Lists
The primary visualization technique of the corpus linguist is the concordance, and

the tool to provide this visualization from source corpora is called a concordancer.

A concordance is a list of words in context. Although this includes words
displayed within their sentence, paragraph, or entire document, the most popular
concordance is the Key Word In Context (KWIC) display (as will be seen in Figure 12
and Figure 34 of the following chapters), which presents all occurrences of a specified
keyword, sometimes called the node, one per line and centered, with a fixed amount of
contextual text to the left and right. This enables the study of a particular word, observing

its use and possible meanings.

Of course, the linguist must decide on which words to study. Here, a word list is
of great benefit. The list may be sorted by order of appearance, by frequenC)‘/ of word
occurrence, or alphabetically. Although this latter case of an alphabetically sorted list of
words may naturally cluster inflected forms that are distinguished solely by suffixes (or
prefixes, sorting words as if spelled in reverse), it is not a general solution to the problem
of morphological variation. Instead, lists of lemmas or lexemes are often used as an
adjunct, or else the list may include all words in their various inflections, but grouped

under such headwords.
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2.4.2 Term Extraction
Corpus linguistic studies rely significantly on frequency statistics. For this

discussion, let us distinguish types and tokens. Types may be distinct words, parts of
speech (noun, verb), lexemes, or other word classes; tokens are the instances of the types.
Note that when we talk about words, we sometimes mean distinct words with different
spellings, and at other times we mean word occurrences within a document. To avoid
ambiguity, we may refer to word-types and word-tokens, respectively. To clarify, the
sentence “A can can hold water.” has® five word-tokens but only four word-types. When
one speaks of the frequency of a word, one means the ratio of the number of word-tokens

of a given word-type to the total number of all word-tokens (of all word-types).

A term is a word or multi-word group that has an unambiguous meaning in some
specific domain. Linguists, particularly terminologists, seek their identification and study,

with corpora being a primary source of data.

For single word terms, the word list provides the term candidates, with possible
emphasis on high frequency words (or those with high resolving power as determined by
tf-idf scores, as in IR). Further pruning of the list may be achieved by noting that the
distributional properties of a word that is a term, as used in a specialized domain, will be
different than those of the same word in a general language corpus. Thus, a simple
technique is to compare word frequencies from both corpora, and use a statistical
hypothesis test (such as a t-test). Alternatively, studying the collocational behavior of a
word provides further support. Morphological analysis can also be used for term

identification, by noting that terms contain typical affixes®’ [Heid et al., 1996].

Multi-word term identification relies on finding collocations, which are discussed
below. As it happens, most terms are composed of multiple words [Aussen-Gilles et al.,

1995, cited in Kavanagh, 1995].

% Note that the sentence has five lexeme-types, since there are two senses of can.

a Morphological analysis is language dependent, of course; we assume the language (such as English) uses affixes.
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2.4.3 Co-Occurrence Statistics
When computing co-occurrence statistics, the natural question is “What

constitutes an instance of a co-occurrence?” It could be two words occurring in the same
document, the same paragraph, the same sentence, or within » words, to name a few
cases. Computing co-occurrence statistics begins with a choice of node word, around
which it is possible to build a concordance of some specified span. The length of span is
dictated by the application, but in what follows, the interest lies in tight associations that
tend not to cross sentence boundaries. For practical reasons, including implementation
efficiency, Barnbrook [1996] suggests using a distance of +5 words around the node,
noting that empirical evidence suggests that most lexical relations can be found within

this fixed distance.

Having found co-occurrences, it is necessary to decide which are significant. The
co-occurrences are usually scored (Table 5) using mutual information, z-scores of the
Normal distribution, t-scores of the Student distribution, or other (sometimes ad-hoc)
methods. With many of these techniques, the probability P(W;) of a word W; occurring,

independently of the others, is estimated from the observed frequency of that word, e.g.
IS(W/:') = N,/ N where N, is the number of occurrences of a word W; in the corpus (number

of word-tokens of that word-type) and N is the total number of word-tokens (of any word-
type) in the corpus. Consider a concordance around a node word W; and let N, be the
number of word-tokens in all spans, or about 10N; using a fixed span of +5 words.
Furthermore, let Nj; be the observed number of occurrences of a word W; within the
spans. Using assumptions on word distributions, the expected number of occurrences of
W; within the spans, E[N;;], will be proportional to the size of the span and the probability

of occurrence within the corpus, from which one may derive the estimate

E, =E[N,]=N;P(W,)=10N,N,/N. Finally, the standard deviation is calculated

using ¢ = ,/NP(W.)(1—-P(W.)) or an approximation thereof [Church & Mercer, 1993].
J J
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Table 5: Scoring of Co-Occurrence Significance

A cutoff for significance is determined arbitrarily or by picking a confidence level
(such as 95%) and using statistical hypothesis testing (z-test, t-test, chi-squared, and
others). Note that these tests may have to contend with a very small sample size:
measuring co-occurrences, such as pairs of words, implies a magnification of the
consequences of the asymmetric frequency characteristic that a few common words form
the bulk of a text, and the large number of low-frequency words form the remainder

[Rundell, 1996].

In fact, it is hard to justify the normality assumption that underlies the above
statistics. Thus, other statistical tests with weaker assumptions than those above have
been used. Dunning [1993] presents a bigram ranking technique that uses a Log-
Likelihood Test. The author further indicates the need to explore other, distribution-free

statistical tests. For example, he cites Fischer’s exact method.

2.4.4 Collocational Analysis
Benson [1990, cited in Smadja, 1993] defines a collocation as “an arbitrary and

recurrent word combination”. It has four important properties [Smadja, 1993]: it is
arbitrary (existing in some languages and dialects but not others), domain-dependent
(such as technical jargon), recurrent (in that it is used repeatedly in a given context), and
forms a cohesive lexical cluster (the presence of part of the collocation often implies the

rest).
A collocations is thus more restricted than a mere word co-occurrence.

Smadja further classifies collocations into three kinds: predicative relations

(words used in similar syntactic relations), rigid noun phrases (fixed sequences of words),
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and phrasal templates (idiomatic phrases with slots that must be filled in). Smadja’s
Xtract [Smadja, 1993] is a software tool that identifies collocations through statistical
techniques, similar to the co-occurrence statistics that were presented previously. In a first
stage, Xtract identifies word bigrams that are collocations; thereupon, a second stage uses

concordances containing these word bigrams to find collocations of more than two words.

Useful for term extraction, collocations can also be used to find, for example,
which nouns and verbs go together, such as the verb-noun collocations fly-airplane and

drive-car.

When the interest is not on the associated words themselves, but on the syntactic
surroundings of word and language structure in general, then a similar analysis can be
performed using word classes (syntactic tags, part-of-speech tags, etc.). The result of this

analysis is called a colligation rather than a collocation.

2.5 Knowledge Management and Engineering

The difference between noise, data, information, and knowledge28 [Giarratano &
Riley1994; Rutkowski & Stasko, 1999] is essentially one of degree of meaning and
utility. Noise is without interest, and obscures data. Data is potential information in a raw
form, as random facts, some of which may be useful and some of which may be irrelevant
or redundant. The application of data relevant to some purpose transforms it into
information. When information is applied with human experience or in the context of

some intelligence, it gains meaning and becomes knowledge.

In the context of a knowledge management system, such as an expert system, one
may distinguish further between stated knowledge, which is the set of facts and rules
entered into the system, and derived knowledge, which is the set of facts and rules that are
derived (such as via logical deduction) from others, rather than explicitly stated. The

derivation of this knowledge is called inferencing.

A knowledge base (kb) is a repository for stated knowledge.

*% The meaning of the word knowledge, as it is used in the information technology industry, is rather varied. To quote,
“No two people are talking about knowledge in the same way” [Lucier, C., cited in Rutkowski & Stasko, 1999].
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2.5.1 Knowledge Representation
The choice of knowledge representation formalism impacts what can be

represented and how efficiently it can be processed.

2.5.1.1 Object-Attribute-Value Triplets
With an Object-Attribute-Value (OAV) representation, each triplet is a fact about

some specific object or subject. Each fact describes some property about the object, for

which there is an associated value. Examples of OAV triplets are: (car, is-a,
vehicle), (car, has, wheels), (myCar, instance-of, car), (myCar, has,

wheels), (myCar, color, blue), (myCar, owner, John),and (John, instance-

of, person).

2.5.1.2 Semantic Networks
An associative network [Crestani, 1995] is a graph, with nodes representing

information items and links defining relationships between the nodes. The nodes are
associated via links that may be directed or undirected and labeled or unlabeled. A
semantic network® [Quillian, 1968, cited in Crestani, 1995; Sowa, 1995; Giarratano &
Riley, 1994] is an associative network with directed and labeled links, in which the nodes
represent concepts that may be related in a taxonomy through is-a or instance-of links.
The meaning of the latter two links are that one concept (the species) is a special case of
the superconcept (the genus), inheriting all of its attributes, but with possible alterations
or additions (the differentia). A semantic network can be viewed as a set of OAV triplets.
Thus, the example presented in the section above can be rewritten as a semantic network
(see Figure 5); note the use of inheritance renders the triplet (myCar, has, wheels)

redundant.

29 . . . . . . Lo
The term semantic nerwork is sometimes used inappropriately in place of the terms associative network or graph,
particularly in the IR literature. '
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Figure 5: Example of a Semantic Network

2.5.1.3 Frames
A frame is “a data structure for representing a stereotyped situation [... and can be

thought of] as a network of nodes and relations” [Minsky, 1975, cited in Sowa, 1994]. A
frame describes a type or an instance, and is composed of a set of slots that are each to be
filled in with some value; this value may be subject to possible constraints specified by
the frame. Thus, each slot is an attribute-value pair. In many cases, the value of a slot,
called the slot-filler, is a facet, which is itself a value-attribute pair. As a further
extension, slots may contain default values, pointers to other frames, and procedural
knowledge that may be executed. In this way, a set of frames can be viewed as a semantic
network with extensions. Figure 6 presents the previous example (with some changes) as

frames. In this example, THING is used to represent a single, top-level concept.

vehicle car myCar
is-a | THING is-a vehicle instance-of car
hasPart | type: wheel color blue
quantity: integer
color type: Color owner John
person John
is-a l THING instance-of | person

Figure 6: Example of Frames
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2.5.1.4 Logic Statements
Logic is a formal language for expressing knowledge precisely, allowing

inferencing by logical deduction. Many kinds of logic exist; some examples include:

e Propositional logic: A proposition is a statement that must be true or false (it
cannot be both or neither). In propositional logic, several operators such as
Boolean conjunction, disjunction, and negation may be applied to link
propositions together and make more complex propositions. Propositional logic

does not include the notion of variables.

e Predicate calculus or first-order logic: Similar to propositional logic, predicate

calculus includes variables (specifically, terms) and quantification operators.

e Typed logic: This is a logic where variables are given a type, which specifies that

allowable values must be from some specified set.

2.5.1.5 Production Rules
In a production-rule based system, knowledge is encoded as if-then rules

[Giarrratano & Riley, 1993; Luger & Stubblefield, 1992]. Each if-then rule includes a
premise which, when it is true, will imply the truth of the conclusion. The premise and
the conclusion can take the form of logic statements or, more simply, can be OAV triplets

whose existence within the knowledge base is being queried or asserted.

2.5.2 Knowledge Representation Languages
Many languages exist for representing knowledge. For example, logic statements

may be represented using conventional mathematical notation, as Horn clauses, or as
PROLOG statements, among others. Knowledge Interchange Format (KIF) [NCITS.T2
Committee On Information Interchange And Interpretation, 1999a] and Conceptual Graph
(CG) notation [Sowa, 1995; Delugach, 1999; NCITS.T2 Committee On Information
Interchange And Interpretation, 1999b] are proposed ANSI standards for information
interchange. Ontology Markup Language/Conceptual Knowledge Markup Language
(OML/CKML) are XML based knowledge representation languages [Kent & Neuss,
1997]. Simple HTML Ontology Extensions (SHOE) [Parallel Understanding Systems

Group, 1999a] is another knowledge representation language, influenced by the Web and
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designed to embed formal knowledge into existing HTML documents, using additional

markup.

2.5.3 Frequently Asked Questions (FAQs)
FAQs are compendiums of frequently asked questions, along with their answers,

expressed in natural language. While they are not knowledge bases, lacking the required
formality, they do serve a useful purpose as repositories for (ideally) important and
concise information, as collected by a domain expert. FAQs are often available as plain
text or hypertext documents, requiring the user to browse for relevant information.
Systems such as the EKD QA System [Sneiders, 1998], Auto-FAQ [Whitehead, 1995],
FAQ Finder [Burke et al., 1997], and ExtrAns [Molld, 1999] allow more efficient
retrieval of relevant answers, often using a natural language question answering interface
to a conventional information retrieval system. As, in most FAQs, the document base is
often much smaller than in conventional IR applications, and the questions tend to follow
typical linguistic templates, such as “What is the definition of X”, natural language

processing techniques become more feasible.

2.5.4 Databases and Frame-Based Knowledge Representation Systems
Karp and Paley [1995] criticized knowledge representation systems for failing to

address two important issues with respect to their scalability: inefficient support of large
knowledge bases and lack of concurrent multi-user access. They asserted that, at the time
of their research, all existing frame representation systems required their knowledge bases
to be loaded entirely into main memory. Instead, they advocated the use of database
management technology, and proceeded to implement their ideas in two systems, LOOM
and THEO. They then analyzed the performance impact of frame faults, that is, access to
frames that are not in memory and hence must be loaded from secondary storage. Given
the assumption that only a small subset of the knowledge base may be viewed or updated

at any given time, they found their experiments successful.

PARKA [Parallel Understanding Systems Group, 1999b] is another project
addressing the scalability of knowledge representation systems, aiming to allow efficient

use of knowledge bases exceeding millions of assertions in size. Earlier work emphasized
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massive parallelism to achieve this goal; more recent work, as part of PARKA-DB,

focuses on the utilization of database management technology.

2.5.5 Knowledge Management Systems
This thesis will limit the presentation of the many knowledge management

systems to a small sampling. In addition, let us very briefly mention the High
Performance Knowledge Bases (HPKB) research program. HPKB aimed to “advance the
technology of how computers acquire, represent and manipulate knowledge” [HPKB,
1999} with emphasis on “the technology needed to enable system developers to rapidly
(within months) construct large (100K-1M axiom/rule/frame) knowledge-bases that
provide comprehensive coverage of topics of interest, are reusable by multiple
applications with diverse problem-solving strategies, and are maintainable in rapidly
changing environments” [HPKB, 1999]. HPKB presented several real-world challenge
problems for information systems, and leveraged existing tools, such as LOOM and Cyc
(described below), in solving these. The HPKB project was recently completed, and a
new project started, called Rapid Knowledge Formation (RKF). RKF continues HPKB,
with the goal of enabling “distributed teams of subject matter experts (SMEs) to enter and
modify knowledge directly and easily, without the need for specialized training in
knowledge representation, acquisition, or manipulation.” [RKF, 2000] As such, RKF

overlaps with the research of this thesis.

2.5.5.1 CODE4 and its Successors
Conceptually Oriented Design/Description Environment version 4 (CODE4)

[Skuce, 1995a; Skuce & Lethbridge, 1997] is an interactive, multi-functional, generic
frame-based knowledge management tool aiming to “[amplify] human intelligence rather
than [...] to run autonomously, [... and to] assist average computer users to store and
communicate knowledge more effectively” [Skuce & Lethbridge, 1997]. Emphasis is
placed on providing a rich user interface, favoring expressiveness over rigid formality
within the knowledge base. CODE4 and its predecessors have been used effectively in
several applications, from education to software engineering [Skuce, 1995a; Skuce &

Lethbridge, 1997].
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In CODEA4, the basic units of knowledge are about a concept, which is the basic
knowledge structure that participates in the underlying inheritance mechanism. The
authors of CODE4 distinguish between a concept, as a piece knowledge in a CODE4
knowledge base, and the thing that the concept represents, in the real (or imagined) world
[Skuce, 1995a]. To record meta-level information about a concept itself, rather than the
thing represented, CODE4 features metaconcepts, which are created automatically as

needed.

The name of a concept, called a term, is itself a concept that exists as part of a
lexicon, allowing the knowledge base to record linguistic information such as synonyms

or part of speech information.

CODE4 statements, the basic unit of knowledge, correspond to frame/slot/slot-
filler triplets consisting of a subject, a predicate, and, optionally, a value. Statements and
predicates are treated as concepts, so they also participate in the inheritance hierarchy, can
have statements about them, and can be referenced in other statements. A statement about

a statement is called a facet.

In total, CODEA4 has five kinds of hierarchies:

e The inheritance hierarchy defines a hyponymic taxonomy. This hierarchy has a

single most general concept, called thing by default.

e The property hierarchy is often used for grouping properties into categories, but
may also be used to define entailment relationships. For example, walking entails

moving.

¢ Each concept has a statement hierarchy consisting of the statements that apply to

the concept, as a result of inheriting a sub-hierarchy of the property hierarchy.

e Relation hierarchies are defined by following chains of concepts via the values of
statements of one or more properties. That is, a relation hierarchy can be defined

by the associative network represented by a subset of statements.
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e Facet hierarchies are defined by the recursive nature of statements made about

statements.

CODE4 encourages, but does not require, adherence to certain syntactic
conventions, including the use of a constrained English language called ClearTalk
[Skuce, 1992; Skuce & Lethbridge, 1997; Skuce, 1999b] when entering statement values.
A subset of ClearTalk is machine-interpretable, in the sense that expressions using this
subset carry formal semantics, which may be used during inferencing or constraint

checking. Values that are not interpretable are merely stored for later display.

The CODE4 user interface allows the user to request several kinds of displays,

with various filters to limit the information that is presented.

e An outline browser displays hierarchical relations using different levels of

indentation.
e A graphical browser displays information as a semantic network.

e A property matrix browser displays a grid with concepts along one axis, and
properties along the other. Each cell displays the value (complement)
corresponding to the intersection of the property with the concept. Such a browser

is useful for comparing concepts and identifying differences between them.

CODEH4 is implemented in Smalltalk. The knowledge base is maintained entirely
in memory as Smalltalk objects. The user interface manipulates the knowledge base using
an abstraction called a knowledge map, which defines an associative network of concepts
starting from an initial concept and recursively following specified relations. For use by
external applications, CODE4 defines a socket-based protocol allowing its use as a

knowledge server across the Internet.

In 1995, the LAKE group, including the author of this thesis, undertook the
development of a successor to CODE4, called the Knowledge Processor, version 1 (KP1).
In order to allow concurrent multi-user access to large, shared knowledge bases, KP1

used relational database management technology, specifically, the Borland Database
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Engine, as part of the Paradox RDBMS. Ideas from KP1 served as the foundation for the

group’s future work on knowledge management systems.

However, with the increasing popularity of the Internet and, at that time, the
recently born Web, the KP1 project was abandoned, favoring a new direction towards
Web accessibility that resulted in the Intelligent Knowledge Acquisition, Retrieval, and
Understanding System (IKARUS) [Skuce, 1997]. IKARUS featured an HTML-based
design using a Common Gateway Interface (CGI) server to generate Web pages on
demand. As a result, the knowledge base could be accessed and manipulated worldwide

from any appropriate Web browser.

The interface included a menu of features at the very top, an outline view of the
conceptual taxonomy on the left, and a formatted presentation of statements on the right.
All occurrences of subjects within the lexicon were rendered as hypertext links. Also, as a
consequence of the HTML design, complements could contain arbitrary HTML markup,
including links to embedded images or audio, or to navigate to any other Web page,

including subjects within other IKARUS knowledge bases.

The CGI server was implemented as Perl scripts on a Unix machine, and
employed Berkley’s dbm, a hashing-based persistent storage library, to maintain the
knowledge base in secondary storage. As with database technology, this allowed large
knowledge bases by avoiding the need to always load the entire knowledge base into
main memory. Reliance on HTML, CGI, and JavaScript limited™ the flexibility of the
user interface and imposed‘ some efficiency concerns due to the latency of Internet
communications. However, with the advent of Java®', a complete Web-based applications

development environment, it became possible to overcome the problems. For example, a

* HTML, as opposed to Dynamic HTML (DHTML), is static: a Web page cannot be dynamically modified, instead
requiring the Web page to be regenerated each time there is an update. CGI, without cookies, is stateless, that is,
cannot record state information across multiple transactions. JavaScript has limited user interface capabilities.

* Java, including the Java Language, the Java Platform, the Java 2 Platform, the Java Software Development Kit
(SDK) for the Java Platform (JDK1.1.x) and Java 2 Platform (JDK1.2/1.3), Core Java Class Library and Standard
Extensions, including Java Database Connectivity (JDBC), are all the product of Sun Microsystems.

Available: http://www javasoft.com/
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graphical view of the conceptual taxonomy was added as a Java applet®® that was

implemented by the author of this thesis.

2.5.5.2 Cyc
The Cyc Project [Lenat & Guha, 1989; Lenat et al., 1990; Lenat, 1995; Cycorp,

1999] aims to solve problems of the software brittleness bottleneck and the knowledge

acquisition bottleneck encountered in Artificial Intelligence (Al).

Brittleness is the inability to operate in unexpected situations: brittle software,
when faced with unexpected environments, will fail completely rather than degrade
gracefully. This bottleneck, which lies in the difficulty of creating software that is not

brittle, limits the competence and usability of current software.

The knowledge acquisition bottleneck results from the difficulty of acquiring and
presenting information in a form suitable for machine-processing. At present, knowledge
acquisition is labor intensive, often requiring the services of an expert knowledge

engineer.

Predicated on the belief that brittleness results from a lack of common-sense
knowledge, Cyc’s solution begins with the assembly of an “immense multi-contextual
knowledge base” [Cycorp, 1999], “spanning human consensus knowledge” [Lenat et al.,
1990]. This knowledge base features a very large ontology of the world, and contains
“over 1,000,000 hand-entered assertions” [Cycorp, 1999]. Cyc is further comprised of *“an
efficient inference engine, a set of interface tools, and a number of special-purpose
application modules” [Cycorp, 1999]. It is further assumed that the reuse of existing
knowledge will ease future knowledge acquisition tasks. It is hoped that bootstrapping
with a sufficiently large knowledge base may ultimately allow automated knowledge

acquisition from such sources as natural language texts.

The Cyc knowledge base is expressed using the CycL representation language.

The CycL language was originally described [Lenat & Guha, 1989] as being, in part,

*2 The Graph Viewer applet was later integrated into DocKMan’s Knowledge Base Builder and the Knowledge
Organizer.
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frame-based, with additional support of predicate calculus for situations where frames
lack sufficient expressive power. It is noted that a great amount of knowledge can be
expressed as frames, and that such a representational model offers greater simplicity and
computational efficiency. Within CycL, elements such as slots can themselves be
represented as frames. Furthermore, each slot has several fields to record audit tracking
information and belief values, including who believes an assertion and with what truth
value. Assertions sharing common assumptions can be grouped together, forming
microtheories. Cyc supports uncertainty and contradiction using these belief values and
microtheories. Truth values use a five-point scale for certainty factors: monotonically
false, default false, unknown, default true, and monotonically true. Monotonical truth
values are stronger than default truth values. The former result in contradictions that must
be resolved, whereas the latter merely imply that an assertion is true or false unless there
is another assertion that contradicts it. As well, an assertion may be explicitly declared as

stronger or weaker than another.

More recently, the Cyc authors emphasize that CycL is not frame-based. It is
“essentially an augmentation of first-order predicate calculus with extensions [...] and
second order features”, and the Cyc knowledge base should be viewed as a “sea of
assertions” [Cycorp, 1999]. Cyc terms, corresponding to frames in a frame representation,
are related through Cyc relations, which include predicates and functions. Predicates

have truth values, whereas functions return arbitrary values.

The knowledge base includes information about various concepts, as well as a
lexicon of information about the words used to represent concepts, to aid in applications

such as natural language understanding.

The inference engine performs logical deduction, with many heuristics and special

cases, such as to handle inheritance, for increased efficiency.

The primary user interface to the Cyc knowledge base is based upon dynamically
generated HTML. Each HTML page displays a Cyc term and all of the assertions in
which it is involved. Every occurrence of a Cyc term is itself a hypertext link to its

HTML page, for efficient navigation. The interface allows searching and editing the
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knowledge base, and posing queries to the inference engine. Other interface tools include
a hierarchy browser, which displays any desired subtree of the conceptual taxonomy in

outline format.

2.5.5.3 Web Analysis and Visualization Environment (WAVE)
With respect to the exploration of knowledge bases, the Web Analysis and

Visualization Environment (WAVE) Conceptual Browser [Kent & Neuss, 1997] is a tool
allowing navigating between concepts, using several panes that show related information
based on intensional and extensional similarity to the chosen model concept. Intensional
similarity implies concepts or instances sharing the same or similar properties, regardless
of the instances they have in common. Extensional similarity implies concepts having the

same or a similar set of instances.



Chapter 3: TA, KO, and Related Systems

Having presented the conceptual background, it is now possible to provide very
concise summaries of several independent systems that were integrated as subsystems
into TAKODO. TAKODO and all of the following systems are part of the broader LAKE
project, called DocKMan [Skuce, 1998; Skuce, 1999a], aiming to integrate document

management with knowledge management.

3.1 Historical Background

At the inception of TAKODO, the goal was to integrate a text analysis system
with a knowledge management system. Originally, DocKMan’s Knowledge Base Builder
(DKBB), an existing system to be described later, was to be TAKODO’s only knowledge
management system. However, difficulties were encountered during the ir_ltegration
process, due to several limitations of DKBB and its poorly structured architecture, which
complicated the adaptive maintenance process. An attempt was made by the author of this
thesis to retrofit’> DKBB with a new, object-oriented API, while simultaneously
addressing some of the more major limitations. As progress continued, it became
apparent that this attempt, while adequate for integrating DKBB as an information source,

would not satisfy all of TAKODO’s needs in knowledge management.

Hence, it was concluded that TAKODO needed another persistent storage
mechanism for its knowledge base. The author proceeded to recreate a functionally
similar knowledge management core, using the new APL As development continued, the
project’s complexity was deemed excessive for the specific needs of TAKODO. Existing
code was shelved, and the author undertook a new project, TAKODO Candidates, that

rejected the goal of functional similarity to DKBB.

 In the terminology of design patterns, this is called a facade.

53
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Within the LAKE group, there were other attempts at adaptive maintenance
applied to DKBB, for different research purposes. Subsequent to the failure of these
attempts, the author’s shelved knowledge management core was exhumed by members of
the LAKE group, who undertook concurrent development of a new user interface atop
this core. The result became the Knowledge Organizer (KO). KO quickly replaced
DKBB. Thereupon, DKBB became a legacy system. Further development of DKBB has
been discontinued, although TAKODO still maintains support for existing DKBB

knowledge bases.

Although KO became available very late in the development stage of TAKODO,
it was successfully integrated into TAKODO as its third knowledge management
subsystem, the others being DKBB and TAKODO Candidates. Due to their common
historical origins, TAKODO and KO are tightly integrated and share a common code

base. Hence, several features from one system have migrated into the other.

3.1.1 DocKMan’s Knowledge Base Builder (DKBB)
DocKMan’s Knowledge Base Builder [Prpic, 1997a; Prpic, 1997b] is a generic

frame-based knowledge management tool with inheritance-based inferencing that was
implemented by Jamie Prpic of the LAKE group. DKBB was distinguished from many

other knowledge management tools by the three following features:

e The system followed a client-server architecture. The client was written for the
Java Platform as a Java applet, thus making it available across the Web, via any
Java-enabled browser. Continuing the goals of IKARUS, this allowed

collaborative, distributed knowledge management, worldwide.

e The knowledge base was stored and accessed using conventional database
management technology, using the Sybase®* RDBMS. The goal was to allow very
large knowledge bases, exceeding available physical memory. A secondary benefit
was greater interoperability with other software, since the computer industry

already provides much support for database interaction.

* Available: http://www.sybase.com/
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e There was support for informality and contradiction within the entered
knowledge. Users are encouraged to follow certain conventions and use
ClearTalk. However, as with CODE4, this was not required, and statements could
be entered with any desired character strings. Furthermore, several statements
could be made about some property of a given concept, even if the asserted values

for the properties were contradictory.

Similar to CODE4, knowledge in DKBB is expressed via statements. Each DKBB
statement must have a subject and a predicate. An optional complement stores any phrase
directly associated with the predicate, as it relates to the subject. Normally, these three

parts correspond to the subject, verb, and direct object of a simple sentence.

Additional information may be expressed by associating facets with the statement.
Each facet is a facet-name and facet-value pair. These facets are used to record several
categories of information: linguistic facets store additional syntactic elements, such as
indirect objects or relative clauses; annotation facets store audit information such as
source citations; and meta-knowledge facets store information about the statement itself,

such as the knowledge source, author, or date.

Subjects, predicates, and facet-names are all lexemes, which are textual names
having a sense number (the default sense number is 1). In order to match, the name and
sense number must be identical, including case sensitivity. On the other hand,

complements and facet-values are arbitrary chunks of text.

All subjects must be located wfthin a hyponymic taxonomy used to model the
concept hierarchy. It is the sole hierarchical relationship explicitly supported by the
system. This taxonomy has a lattice-like structure, with a single top element, called
kbTop, and with support for multiple inheritance, that is, multiple hypernyms for any
given subject. Unlike for statements, the taxonomy does not allow uncertainty or
contradiction: (i) every subject, except kbTop, must have at least one hypernym; (ii)
relationships within the taxonomy are either present or absent, without any notion of
certainty factors; and (iii) cycles in the taxonomy are strictly disallowed, so that a subject

may not be its own hypernym.
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The hyponymic taxonomy controls statement inheritance, which is the mechanism
used for inferencing. In addition, each predicate specifies one of three predicate
inheritance modes, for use with all statements having that predicate. Similarly, each facet-
name specifies one of three facet inheritance modes. These modes influence the

inheritance algorithm as follows:

e Full: The statement (or facet) is inherited to all hyponyms, with the predicate (or

facet-name) and complement (or facet-value) preserved unchanged.

e Predicate-Only (or Facet-Only): The statement (or facet) is inherited to all
hyponyms, with the predicate (or facet-name) preserved unchanged, but the
complement (or facet-value) left blank. This inheritance mode is used to specify

templates for new statements.

e None: The statement (or facet) is not inherited to any hyponyms.

Figure 7 shows the DKBB user interface. The top-left area shows an outline view
representing the hyponymic taxonomy, where branches may be selectively expanded or
contracted. The top right area includes the editing area, where new statements are entered
and existing statements are modified. The bottom half shows grids for the statements and

the facets.

Within this outline view, the user may select a single subject of interest, found
either via navigation or via a string searching function. Thereupon, the corresponding
statements are shown in the statements grid. These include either (i) all statements about
the selected subject, with inheritance from hypernyms, or (ii) all statements about the
selected subject or its hyponyms, without inheritance. Optionally, a hiding feature
removes from display any inherited statements that are overridden by other statements

with the same predicate.

In the statement grid, a single statement of interest may be selected. Thereupon,
the corresponding facets are shown in the facet grid, and the statement is made available

for editing in the editing area. As well, all statements, regardless of their associated
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subject, may be displayed in a separate window offering limited filtering abilities by

substring matching on the subject, predicate, and complement columns.
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Figure 7: DocKMan’s Knowledge Base Builder

For ease of navigation and manipulation of the concept hierarchy, DKBB includes
a graphical view®, which models the knowledge base as a semantic network. Figure 8
shows a subgraph of the hyponymic taxonomy. The graphical view has several
visualization options, including color indicating depth, node filters to control the extent of
subgraphs, and whether to include statements in the semantic network. Concept
manipulation functions allow the user to edit the taxonomy, for example, reparenting
subjects as needed. The graphical view is dynamically driven by the knowledge base; any
changes in the graph are immediately reflected in the rest of the DKBB user interface, and

vice-versa.

¥ The Graph Viewer was originally implemented by the author of this thesis, as part of the Ikarus knowledge
management system [Skuce, 1997]. It was subsequently ported to DocKMan’s Knowledge Base Builder and to the
Knowledge Organizer.
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Figure 8: Graph View of Concept Hierarchy (Ikarus, DKBB, and KO)

3.1.2 Limitations and Design Flaws
DKBB was written as a prototype using new and untested Java technologies. As

such, the design and implementation exhibited several major deficiencies:

e Implementation of the system was done using Symantec™ Visual Café®, a
development environment for the Java Platform. DKBB relied on the vendor’s
DBMS middleware, DBAnywhere, which was found to be problematic, exhibiting
a high rate of failure. Furthermore, communication with DBAnywhere used a

proprietary database API designed to overcome limitations of the just-emerging

% Available: http://www.symantec.com/cafe/
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standard database API, called Java DataBase Conhectivity (JDBC). The latter
evolved, displacing the proprietary interface, which was subsequently

discontinued by the vendor.

e The architecture of DKBB was that of a thick-client. That is, most processing
occurred on the client side. In particular, the server consisted purely of the DBMS,
with little support for knowledge management operations. Constraint checking
and enforcement of global consistency was distributed across several clients,
rather than centrally managed. As a result, there was significant data transfer
between the client and server. A specialized server would have alleviated this
problem, transmitting only the results of processing rather than all data needed for

such functions as inferencing.

e Performance was also problematic. The thick-client architecture that required
numerous information requests to satisfy atomic operations, coupled with the

latency of Internet communications, resulted in significant delays’’.

e The current implementation lacked scalability, despite the underlying use of a
DBMS. The entire concept hierarchy and all subjects, predicates, and facet-names
had to be maintained in memory. Only the statements and their facets were loaded

when needed.

e Maintainability and extensibility had been compromised in favor of rapid
development and deployment. Figure 42 of the Appendix shows an abridged class
diagram of the system. Note the lack of adherence to conventional object-oriented
design principles in the modeling of domain data. Although the system was
modular, with classes grouped into Java packages, there was no use of
subclassing, nor evidence of appropriate encapsulation and information hiding.
This is witnessed by the lack of visibility modifiers to separate private

implementation details from the public interface. Failed attempts at extending the

7 Operating on a Local Area Network (LAN), most interaction with the user interface complete in less than two
seconds. However, delays exceeding 45 seconds have been observed when executed remotely via high-speed (56
kbps) modem through the Internet.
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system, such as to add system support for a meronymic hierarchy, confirmed the

maintainability issues.

e The system could not be used as a knowledge server. There was no clean API to
the knowledge management functions, for use by external applications, although
there was an API for access to the user interface (through the classes of the
tables package). Hence, an external application could select a subject in the
outline view, resulting in a display of the associated statements, but there was no
way to retrieve these statements for further processing, other than via the database.
The external application would have to re-implement its own knowledge

management functions, based solely on the database schema.

As a result of the above issues, further development of DKBB was discontinued.

3.2 The Text Analyzer (TA)

The Text Analyzer, originally the Master’s thesis of Judy Kavanagh as member of
the LAKE group, is a tool designed to assist in extracting knowledge from text, with
particular emphasis on question answering. The first version [Kavanagh, 1995] was
implemented in a Unix environment, using Icon, Smalltalk, and C. A second version
[Kavanagh, 1998; Prpic, 1997a] was a complete re-implementation for the Microsoft
- Windows environment, using Visual Basic. Although functionally similar’®, the user
interface was significantly updated. The remainder of this thesis concentrates on the

second version, which is the one integrated into TAKODO.

* The second version omits some collocational analysis features.
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The list of operations performed by the TA is presented in Table 6. Operations are
chosen from a main menu. Each operation uses a distinct window, with its own user
interface, although the TA maintains consistency across these interfaces. Figure 9 shows
the noun frequency list, which presents, in lemmatized form, all words tagged as a noun,
excluding stop-words, sorted in decreasing order of frequency. Such a list is useful for
term extraction. Figure 10 shows subject-verb-object co-occurrences within the tagged
sentences, which may be used to find candidate statements for entry into a knowledge

base [Prpic, 1997al.

Operations Description
Frequency e Nouns Generates word lists from the document base, sorted
statistics e Verbs lexicographically or by frequency. Finds all distinct

values from any single, arbitrary column displayed as
part of output from other operations. Allows simple
filtering by substring matching.

¢ Compound nouns
¢ Column values

Concordances | e KWIC Concordance display of all sentences containing a
e Verbs following specified search pattern (a word or a phrase). The
search pattern is centered; optionally, the following

o XZ;:C tive verb or preceding noun may be displayed in a separate
. column.
preceding noun
Collocations e Noun-Noun Shows all contiguous NN or SVO occurrences, one
* Subject-Verb- per row. Has several fixed and predefined columns
Object corresponding to syntactic structure (premodifiers,

postmodifiers, etc.). Allows sorting and simple
filtering by substring matching on any column.

Question answering Answers several types of questions, using proprietary
text patterns to find passages with the desired
semantic meanings. Output is a displayed as a

concordance.
Superconcept extraction from Information extraction of hypernyms. Limited to a
definitions ' domain-specific corpus that uses Nortel Standard
English, a constrained English language.
Other document management Show greater context of a sentence (e.g. entire
operations paragraph), list of documents, document structure

(section headings), etc.

Table 6: Functional Overview of Text Analyzer Operations

The techniques of question answering in TA are based on linguistic and statistical
analysis of corpora. Research by the LAKE group categorized common questions, as used
in FAQs and other sources, deriving a set of question types (Table 7). Corresponding to

these question types, a collection of relevant linguistic patterns, totaling about 50, was
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identified. These act as indicators or signal phrases, pinpointing the locations of answers
within sentences. For example, the pattern “, that is, “is used to identify sentences
that may contain the definition of a given search word. Experimental evaluation found the
system to have an average recall of 83% and a precision of 84% [LAKE Research Group,
1999].

Figure 9: Noun Frequency using TA
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Figure 10: Subject/Verb/Object Occurrences using TA

Type Question Type Question
1 What is the definition of __? 9a What happens if ___? or
2 What is a broader term What does ____ cause?
(super) for __? 9b What causes __~ ?
3 What kinds of ___ are there? 10 What does ___ require/support?
4 What parts does have? 1la Where is ?
5 What is a part of? 11b Where does ____?
6 Howdol___ a ? NA¥ | What is the acronym for ___ ?
7 What is the function of ___? NA What does the acronym
8 Whendoes ___ _ ?or ___stand for?
Whencanl 7 NA Tell me about ____and __.

Table 7: Question Types Answered by the TA

% The questions related to acronyms are answered directly, using a database of acronym definitions. The question Tell
me about and simply runs a concordance. Unlike the other question types, these do not use the pattern-
based answer extraction technique to derive answers.
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The TA presents the question types to the user as templates where the user must
fill in the blanks (Figure 11). The TA then searches through the document base to identify
the relevant sentences and rank them according to the kinds of patterns they contain. The
TA also performs limited anaphora resolution*’. The output is shown as a concordance
around some search word, with the answer extracted into a separate column (Figure 12).

All displays are shown using grids based on database technology.

Figure 11: Asking a Question using TA

40 Anaphora resolution implies determining the target being referenced by linguistic elements such as pronouns. The
TA uses simple heuristics, for example, matching the pronoun it with the first preceding noun.
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Figure 12: Answers from TA

3.2.1 Preprocessing
In order to enable the kinds of operation discussed so far, the TA first pre-

processes the documents. The source input can be plain ASCII text files or HTML files,
with a preference for the latter, as these support explicit paragraph divisions and may

describe document structure in the form of nested levels of headings.

In the first stage of preprocessing, the files are filtered to delimit sentences and
remove any HTML tags while maintaining information about paragraph divisions, lists,
headers, and sections. The second stage applies LingSoft’s ENGCG tagger [Voutilainen
& Silvonen, 1996] to introduce part of speech and syntactic tags. The third stage
simplifies the ENGCG tags, identifies embedded linguistic patterns and potential question
types, and finally generates three tables for import into a database: a noun table with all
noun occurrences, a verb table with all verb occurrences, and a sentences table with the
structure described in Table 8. Figure 13 shows an example sentence with its tagged

form, as visualized in the Sentence Information window of the TA. A fourth stage derives
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additional summary statistics from the generated tables, and generates a list of potential

compound words by finding all contiguous non-overlapping sequences of two, three, and

four word noun co-occurrences, ordered by frequency.

Column Description
DocumentNumber Unique document identifier.
ParagraphNumber Paragraph sequence number within a document.
SentenceNumber Sentence sequence number within a document.
Header Heading level of a sentence that is a section heading.
PreviousHeaderPosition | Sentence number of previous section heading, if any.
List Indicates if the sentence is part of a header or a list.
ListHeaderPosition Sentence number of the start of the list, if any.
Patterns List of all linguistic patterns embedded in the sentence.
QuestionTypes List of all possible question types answered by this sentence.
Sentence The sentence itself, as text.
TaggedSentence The sentence itself, with tagging information.

nce Information

Table 8: TA Sentence Table Structure
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Figure 13: Sentence Information in TA, having the Structure Presented in Table 8

3.2.2 Indexing

At present, the TA does not employ any full-text indexing*' of the sentences.

Consequently, certain operations where retrieval of candidate sentences constitutes the
greatest factor in processing time, such as question answering, incur a substantial albeit

tolerable delay of about 30 to 40 seconds.

The LAKE group chose to avoid full-text indexing from its own practical research
considerations and human resource limitations, following a series of performance

evaluations using Oracle’s ConText Cartridge full-text indexing engine. Table 9 shows

! Very recently, the LAKE group has begun using Glimpse [Manber & Wu, 1994] with the Text Analyzer.
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the retrieval time of sentences using single word queries, with and without ConText, as
applied to the group’s research corpora42. Most queries showed a speed improvement
having a factor of about 20 with indexing, which was somewhat less than the amount the

group was hoping to achieve.

Retrieval Time (seconds)

Search Sequential Indexed Speed

Word Scan using ConText | Factor
check 31.40 9.25 34
host 34.30 8.14 4.2
port 31.81 2.80 11.4
keyboard 27.87 1.44 19.4
disk 27.97 1.18 23.7
subdirectory 24.61 0.93 26.5
modification 26.76 1.50 17.8
sort 28.67 1.95 14.7
map 23.77 1.33 17.9
compilation 30.07 2.61 11.5
help 31.67 9.43 3.36
current 39.30 22.29 1.8
stream 33.93 14.34 2.4
application 33.15 30.00 1.1 | € Top 12th term by frequency
Java 34.19 12532 0.27 | € Top 5th term by frequency

Table 9: Retrieval Time With and Without Indexing (Courtesy John Talbot)

Worse, the group found degenerate cases where retrieval time actually increased
significantly. The group revealed these cases to occur on high frequency terms, present in
most of the sentences of the group’s research corpora. This revealed a performance
penalty from indexing overhead. This is because high frequency words pose a challenge
to indexing technology43; Context is not a state-of-the-art information retrieval system.

Unfortunately, much of the group’s experimentation focuses on knowledge engineering

%2 The research corpora included various documents related to the Java programming language. Its estimated size was
about 40 megabytes.

“3 Retrieval time, such as from secondary storage, includes at least two components: the latency (such as disk seek
time) and the transfer time. For very small units of retrieval, such as sentences, the former overwhelms the latter.
Thus, a single full-text sequential scan, with reduced latency overhead, may provide better performance than
numerous random accesses. ‘
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and acquisition. For the group, these high frequency words are of great importance, being

the focus of analysis.

The group made some unsuccessful attempts at performance tuning. Given the
difficulty of this process, and the administrative and programmatic complexity of using
such indexing technology, the group decided to proceed without full-text indexing and to
accept the delays. For document bases of up to 40 megabytes, such as the group’s
research corpora, the group found that indexing was not worth the trouble for its

purposes.

3.2.3 Text Analyzer Server Mode .
The TA offers a subset of its functionality for use by external systems. Its

document base and summary data are stored in an Oracle database, which may be
accessed directly. Beyond the interface available through the database schema, the TA
defines a simple socket-based protocol for communication with the question answering
operations. Through this protocol, an outside application may send requests to answer a
given question, such as “supers object” and receive notification upon the completion
of the operation. The results are stored in a database table, to be accessed by the external
application. At present, the TA implementation has limited multi-user abilities and,
without starting several instances of the TA application, cannot concurrently service

multiple question answering requests from external systems.
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3.3 The Knowledge Organizer (KO)
3.3.1 Overview

The Knowledge Organizer borrows heavily from its predecessor, DKBB. Figure
14 shows the main user interface, which resembles that of DKBB. It includes the
hierarchy window, with an outline view of subjects, and grids that display the associated

statements and facets.
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Figure 14: The Knowledge Organizer (Advanced User Mode)

Improvements in the user interface allow editing of statements to occur in-place,
without the need for a separate statement entry area. The statement window presents the
current statement as natural language text, for increased readability. The source window,
borrowed from TAKODO, provides immediate access to passages from the document

base associated with the knowledge base, as specified by URLs in statement facets.
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The hierarchy window offers several visualization options:

o Subjects by level shows all subjects as an outline, just as DKBB. It is possible to
choose among the type of relationship to be represented, such as hyponymy or
meronymy. A subject that has the same such relationship with several subjects,
such as a subject with multiple hypernyms, will appear several times in the

outline, in all places that are relevant.

e Subjects by level with statements is similar to Subjects by level, but includes the
statements corresponding to a subject as child nodes in the outline, with further
child nodes for the facets. Different icons easily distinguish the subjects,

statements, and facets visually.

e Subjects alphabetically is a top-level lexicographic list of all subjects. Each top-
level node is the origin of an expandable outline view, as in Subjects by level,

presenting child nodes according to the chosen type of relationship, such as
hyponymy.

o Subjects alphabetically with statements is similar to Subjects alphabetically, but

the display includes statements and facets, as in Subjects by level with statements.

The statements grid and facets grid employ color-coding to emphasize features
such as non-inheriting predicates of facet-names. Furthermore, statements can be shown
as complete sentences of natural language text (e.g. a car is a vehicle) rather than as

distinct columns for the various parts of the statement (e.g. car | isa | vehicle).

The various windows may be resized and collapsed, as needed. In fact, the
interface shown is that of the advanced user mode. The novice user can hide the source

window and facets grid.

Borrowing from TAKODO once again, all grid views in KO may be resized,
rearranged, sorted and filtered in a variety of ways, with columns selectively hidden or

shown (for a description of these features, please consult the next chapter). This is
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especially useful for the All Statements View, which is a separate window containing all

statements meeting some criterion, regardless of their associated subject.

The graphical view of DKBB was integrated into KO. It remains essentially

unchanged, preserving all visualization and knowledge manipulation functions.

The LAKE group made several significant changes to the knowledge management

core, as compared to DKBB:

As well as the subject, predicate, and complement, statements now include the
verb, the verb prefix, the verb postfix, and the rest. The first three additions
currently exist for presentation purposes, allowing the user to include conjugated
verb forms, auxiliaries (to be or to have: is, are, has, have) or modifiers (adverbs,
modals such as can, should), and prepositions (distinguishing pick up from pick
on) to improve the display of statements as natural language; in the future, these
additions may be used for other purposes, such as for inferencing. The concept of
a complement in DKBB is replaced by the KO complement and rest. The former
contains the phrase most closely associated with the verb. By convention, it
should not include more than one noun phrase or adjective phrase or non-finite
verb phrase (infinitive or gerund), but may include quantifiers and conjunctions
(such as and and or). There are few conventions for the rest, which contains any

other information, such as a phrase that modifies the complement or verb.

Although lexemes still use a default sense number, if none is explicitly given, they
may now specifically omit the sense number. This is different than using a default
sense number, as it records the fact that the specific intended sense was unknown

at the time of entry.

Complements and the rest may contain HTML content, which is rendered within
the KO interface. This allows the knowledge base to embed images and include

links to other, external documents.

The system allows compound statements, which may also be used to enter

procedural information. Compound statements are formed by linking several
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statements together, in sequence, to form a chain. Each link specifies the kind of
relationship. For example, the compound statement “if a vehicle has two wheels
and it has one seat then it is a motorcycle* could be entered as three statements
related by the keywords if, and, then to form a compound statement. Whenever a
statement is selected, the statement window shows it in the greater context of any
compound statement of which it may be a part. At present, the compound
statements do not have any special interpretations by the system. The inferencing
engine does not currently apply any special logic for handling these compound
statements, but this could be added in a subsequent version, using conventional Al

technology.

e The system supports any number of hierarchies, including hyponymic and
meronymic taxonomies. The hierarchy window allows the user to choose among

these.

e All knowledge base elements (subjects, predicates, statements, etc.) maintain
auditing information recording who and when a user created the element, and who

and when it was last modified.

3.3.2 Implementation
Just as DKBB, The Knowledge Organizer is a Java-based applet suitable for

deployment across the Web. It may also be executed as an application, outside of any

Web browser. The current implementation targets the Java 2 Platform.

Altogether, KO consists of about 250 classes totaling over 1.4 megabytes of
source code, not including portions borrowed from TAKODO. Approximately half of the
system was designed and coded by the author of this thesis, and the other half by John
Talbot. Additional input by other members of the LAKE group guided further

development.

The architectural design separates the user interface from the knowledge

management core through an abstract APIL. As a result, the core may be substituted at any
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time with alternative implementations. The abstract API also defines the knowledge

server interface to external applications, such as TAKODO.

The implementation adheres to principles of good object-oriented design [Gamma
et al., 1995; Booch, 1993]. Knowledge base elements were factored into distinct classes
and abstract interfaces, and were related into a class hierarchy. The class diagram in
Figure 43 of the Appendix shows the abstract interfaces for knowledge base elements,
and Figure 44 shows one implementation of these, as used for transient data. The server
API is further depicted in Figure 45. Use of KO as a knowledge server does not require
familiarity with any other, implementation-specific classes, such as those constituting the

concrete implementation found in Figure 46.

The KO server performs central management, maintaining integrity constraints of
the knowledge base. The underlying persistent storage mechanism uses the standard
JDBC API for database interaction, and is essentially database-independent**. Retrieval
of information from the persistent store is demand-based and accommodates very large

knowledge bases, limited in theory® only by the amount of available secondary storage.

Caching of frequently used objects, using an exponential back-off model for cache
cleanup, increases performance and provides greater responsiveness to the system.
Prefetching optimizations, particularly at startup, but also available on request as
specialized query hints, reduce the frequency of frame faults. For example, in the Subjects
alphabetically display, all subjects, to some specified maximum threshold, may be
prefetched in a single bulk operation. This would minimize)ihe total delays from latency
that might otherwise be incurred from retrieval performed one subject at a time. Given the

multithreaded design, prefetching may be executed concurrently as an idle process.

** The Knowledge Organizer has been used with Oracle Corporation’s Oracle RDBMS, Symantec’s Sybase RDBMS,
and Microsoft’s Access RDBMS. There is still some divergence in the various vendors’ implementations of the
Structured Query Language (SQL).

“ In practice, there are restrictions imposed by the time and amount of memory required to perform some kinds of
computation, such as inferencing. Also, the user interface may limit how much information can be displayed
simultaneously, such as in the graphical view of the conceptual taxonomy or of the semantic network. In this case, it
is possible to restrict exploration of the knowledge base to some smaller subset, such as some given branch of the
conceptual taxonomy. :
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Partial lexicographic and hashing indexes on the cache are maintained for very
fast processing of several types of access that are used frequently, for example, retrieval
by exact string matching of lexemes. The indexing mechanism maintains information
about its degree of completeness. As such, in the case of a failure to retrieve information
from the cache, it is possible to distinguish between nonexistent information and
uncached information. Only the latter case will result in a frame fault requiring retrieval

from the underlying database management system.
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Several design goals were of primary importance for the development of

TAKODO. The intent was to provide a useful tool for information retrieval and
knowledge management. By useful, it was meant that the tool should provide a simple
and efficient user interface, allowing rapid knowledge retrieval from diverse on-line
sources. Furthermore, the author wished to design a flexible architecture enabling future

extensions to the system with minimal impact.

As further motivation, a top ten list of research issues for applications of
information retrieval, in the general sense, are presented in Table 10, along with a brief
description of how TAKODO relates to each of these. The descriptions will be covered-in

greater depth throughout this and the next chapter.

With respect to knowledge management, the greatest impediments to knowledge
sharing and reuse are presented in Table 11, with similar descriptions of their relevance to

TAKODO.

zer to Kiorledge Omganizer
All Rights Res d

Figure 15: TAKODO Splash Window
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Research Issue in IR

Relation to TAKODO

Integrated Solutions

Defines an abstract interface for knowledge sources. Combines
information (passage) retrieval, corpus linguistics, and knowledge
management using a common representation and visualization where
possible.

Distributed IR

(Limited.) Abstract interface, RMI, and multithreaded design allow
communication with other information servers. Some support for
collection fusion.

Efficient, Flexible
Indexing and Retrieval

Abstract interface for queries as executable objects, with support for
efficiency optimization through a minimal specification of query hints.
Retrieval modeled as multiple stages, in which indexing technology is
easily replaced.

“Magic” to address
vocabulary mismatch

Automatic and manual query expansion. Knowledge-based query
expansion dynamically driven by the current state of the knowledge base.

Interfaces and Browsing

Simple and advanced user interfaces for query formulation. Simple
presentation of results as a list, with numerous options for user-controlled
sorting and filtering of retrieved query results. Visualization of query hits
in context.

Routing and Filtering

Not applicable.

Effective Retrieval

Support for query expansion, stemming, restrictions on part-of-speech and
syntactic tags; all of these allow human intervention. Passage retrieval
reduces amount of reading needed by the user to find facts.

Multimedia Retrieval

Not applicable. (Support for HTML allows embedding of media, but
media is not directly searchable.)

Information Extraction

Simple OAV modeling of clauses embedded in sentences. Text Analyzer
performs answer extraction for common questions, provides conceptual
operations to find hypernyms, meronyms, etc.

10.

Relevance Feedback

Results of retrieval can be saved to the knowledge base, with a relevance
ranking. Changes to the knowledge base are immediately available for
knowledge-based information retrieval operations.

Table 10: Top ten research issues for applications of IR [Croft, 1995]

the Knowledge Level
(Lack of Shared
Ontologies)

Impediment to Knowledge Relation to TAKODO
Sharing

1. Heterogeneous Defines an abstract interface for knowledge sources, as long as these can

Representations be modeled as OAV triplets. Dynamic, bi-directional translation between
representations.

2.  Dialects within (See above)
Language Families

3. Lack of Communication | (Limited; see above.) Does not currently use any official standards for
Conventions communication of knowledge (KQML, KIF).

4.  Model Mismatches at (Limited) Defines a minimal set of primitive relations, but otherwise does

not impose any ontological commitments. Possible dynamic translation of
statements using different terminology or ontologies (limited example
found in the interface to DKBB).

Table 11: Impediments to Knowledge Sharing [Neches et al., 1991]
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4.1 Starting TAKODO

The TAKODO system can be started as either a Java applet or a Java application.
As an applet, the system may be deployed across the Web using Java-enabled Web
browsers. Alternatively, TAKODO may be launched as an application, independently of

any browser.

4.2 Open TAKODO Wizard

On startup of the TAKODO system, the user is presented with the Open TAKODO
Wizard. This wizard initiates connections between TAKODO and its various subsystems,
requesting of the user any necessary startup information. The steps involved include, in
order: login, connection to the knowledge base server and knowledge base selection,

connection to the Text Analyzer server, and finally, selection of a document base.

4.3 Login and Audit Trails

In a context of multi-user knowledge management, there is a need to maintain
some degree of security, to limit access to authorized individuals, as well as audit trails to
identify who created or modified what knowledge. Subsequently, when information must
be verified or reconciled with other, possibly contradictory, information, it will be

possible to track the source of the knowledge, for further inquiries.

Therefore, initial interaction with the user, as the first step of the Opén TAKODO
Wizard, begins with a login process, requesting a user name and password (Figure 16).
Note that the system allows the user to login anonymously as a guest, in which case direct
access to the knowledge base may be severely restricted, but operation as an information
retrieval tool remains fully operational. (In the future, there may be restrictions on which

document bases can be viewed, in case the documents contain sensitive information.)
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Figure 16: Login to TAKODO

4.4 Initial Selection of Information Sources

TAKODO includes its own knowledge management system, which is called
TAKODO Candidates, and which manages a special knowledge base, which is called the
TAKODO Candidates Knowledge Base (CKB). This knowledge base serves several
diverse needs, as will be described later. It is usually used as a temporary scratch pad, to

store statements as candidates for subsequent entry into a final knowledge base.

In addition, TAKODO can connect to a main knowledge base and to an associated
document base. Henceforth, all references to a knowledge base (kb) shall imply the main

knowledge base, excluding the CKB unless otherwise stated.

A single knowledge base and a single document base are not sufficient to address
the many, varied domains in which users may be interested. Thus, following the login
procedure, the user can choose among several existing knowledge bases and documents
(or document bases), from which to perform retrieval and to which acquired knowledge
may be saved (Figure 17). The union of the CKB, the knowledge base, and the document
base will henceforth be called the document-knowledge base (dkb), consistent with the

terminology of Skuce [1999a]. The union of the dkb and any other information sources
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accessible to TAKODO (such as other databases and network-accessible resources) will

henceforth be called the information base.

E<Opan Takodo - Select Knowledge Rase

I Previous ﬂ Next |

S

Figure 17: Selection of a Knowledge Base in TAKODO

Upon login, the list of available knowledge bases is retrieved by a background
process, which may be aborted. Once obtained, the list is presented as a grid, indicating
through several columns which are accessible as read only to the current user
(disallowing modifications) and which are owned by the user. This display may be sorted
and filtered, as with any grid display in TAKODO (sorting and filtering will be described

later).

The use of a knowledge base is optional: if the user forgoes its selection, then
operation of TAKODO as an information retrieval tool will continue, but without the
benefit of such a knowledge base in knowledge-based query expansion (or any other
features dependent on the existence of a knowledge base). Instead, operation will

continue using only the Candidates Knowledge Base (CKB).

Similarly, the use of the Text Analyzer is optional. The system will attempt to
automatically connect to the TA server following knowledge base selection. The user may
abort this connection at any time, in which case operation of TAKODO will continue, but

without the question answering features of the TA.
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Each external knowledge base may be associated with its own document base
(Figure 18). If the knowledge base has not already been associated with such a document
base (or if no knowledge base was opened), then the final step before entering the main
TAKODO screen will be the selection of a default document base (thenceforth associated
with the knowledge base). The document base can be any set of available documents,
through multiple selection of the items presented in the document list. Some items, such
as “All Java Documents,” represent a set of documents, that is, a document base, rather

than a single document, allowing convenient access to common document bases. Once

again, the interface allows sorting and filtering of the items.

‘ pin Takedo ~Select Documents | ‘ v
The Text Analyzeris software that allows you ta interact with odinary documments,
usifg spe finguistic knowledge to extract additionalstructured information from
nhatural language texi. Tor hest results, please sefect only those documents that

& relevant tothe curren! Kirowedge Base.
L ’ - Document

| Java documents
Java Tutorial
Java Language Specification
Using Java
Baldwin Tutorial
Java Language Environment white paper
Compaosting
Nortel DMS-100 Family Networks Maintenance Guide
Java Developer's Guide
Java Developer's Reference
Java Expent Solutions
Java Unleashed
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Figure 18: Selection of a Document Base in TAKODO

4.5 Main TAKODO Screen

The main TAKODO screen is presented in Figure 19. The user interface contains

several areas, which will be described in order from top to bottom.

e The menu bar includes several menus: System provides access to development
and administration functions. It is of limited use to most users, other than for
importing and exporting knowledge between TAKODO and other external
sources (for example, as part of a knowledge base archival procedure). Edit

(Figure 20) provides access to knowledge base manipulation functions. View
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(Figure 21) allows customization of the visualization aspects of TAKODO. Find
(Figure 22) provides quick access to common questions, as well as options for

specialized, advanced queries.

e The toolbar is a collection of icons for rapid access via mouse to very frequent
operations. The toolbar may be placed in any of the four sides of the TAKODO

window, and may be torn off into a separate window.

e The query pane allows the user to enter information needs in a simple
representation. The query pane also provides a selection of available knowledge

sources from which to perform retrieval.

¢ The answers grid provides the list of answers to the query, and is the main area
of interest to the user. This grid has many features and visualization options,

which will be covered separately.

e The Extras pane at the bottom provides access to diagnostics, additional
information related to the current answers, and interfaces to other tools useful for
information retrieval or knowledge management. The messages pane of this
Extras pane logs the queries that were requested as well as any warnings or errors

that were issued.

e The status bar shows current progress during retrieval, and summary statistics

such as number of retrieved answers.
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Figure 19: Main TAKODO Screen

The user interface* provides multiple ways for the user to access features. Beyond
the menu bar and the toolbar, most components provide context-sensitive popup menus.
Frequently used operations are available via keyboard shortcuts (accelerators) and global
hotkeys. The remainder of this thesis will refer to features by name, where possible;

details of how to invoke these features are deferred to a user manual.

% The toolbar, keyboard shortcuts and global hotkeys are configurable, via editing of an initialization file in a standard
text format.
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Figure 22: Find Menu of TAKODO

4.6 Knowledge Representation and Visualization

Before continuing with a presentation of the user interface, let us describe the

underlying knowledge representation strategy.

In order to achieve an integrated solution that was simple (both programmatically
and in terms of user interface), a common knowledge representation and visualization
was desired. Minimally, the choice had to satisfy the constraints imposed by the inclusion
of the Text Analyzer question answering system and frame-based knowledge

management systems such as the Knowledge Organizer.

4.6.1 Statements and OAV Triplets
Note that the answers to a TA question can be represented as statements (subject-

predicate-complement triplets, possibly with facets), which are essentially OAV triplets.
Since the frames from the Knowledge Organizer can also be represented as OAV triplets,
the latter became the final choice. Thus, knowledge in TAKODO is modeled, at its very
least, as a set of OAV triplets.
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4.6.2 Sentences
Common choices for document fragments include, for example, fragments

motivated by the subtopic structure, as discussed previously, as well as simpler
approaches such as individual paragraphs, or all possible windows of n sentences.
Following the example of the TA, the basic unit of retrieval for the purpose of passage
retrieval in TAKODO is the sentence. Justification for this choice lies in that (i)
TAKODO’s main purpose is closely related to question answering, (ii) most answers can
be found in fragments of one or two sentences [Ambroziak & Woods, 1998], (iii) a
definition?’ of a sentence is “a complete expression of a single thought” [Crystal, 1997],
which represents the ideal during the writing process, and (iv) a larger context for the
retrieved sentence may be displayed when needed, provided a link to the source document

s maintained.

4.6.3 Clauses
We of course wish to relate full sentences to the chosen fundamental model of

knowledge, as OAYV triplets. Ideally, the information contained within sentences would be
re-represented as formal knowledge base statements. This is an information extraction
task, but one that lacks the constraint of having a single, specific application domain for
which to design suitable templates. As such, a completely general solution is not possible
at present [Kilgariff, 1997a], but TAKODO does try to approximate the content of the
sentences, for the benefits of information retrieval and rapid, semi-automated knowledge

entry.

Most sentences [Crystal, 1997] are in the form of major sentences, which are
either simple sentences (a single clause) or multiple sentences (multiple clauses
conjoined, as with a linking word). Hence, TAKODO transforms sentences into OAV
triplets by identifying embedded clauses and mapping subject-verb-object triplets into
OAYV triplets. This technique was used in the START natural language system [Katz,

1997}, which extracted kernel sentences (parts of sentences, usually containing one verb)

47 This is the old, notional definition of a sentence, rather than the more formal definition. The notional definition is
inaccurate, as sentences may actually contain several complete thoughts, and some complete thoughts are expressed
by fragments of sentences. [Crystal, 1997]
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for entry into a knowledge base. There may be loss of some meaning in the translation,
especially since this approach is less sophisticated, but it is felt that the ability to view the

source sentence, in context, limits any disadvantages.

4.6.4 Answers
In TAKODO, the minimal result of retrieval is called an answer™. It is a row with

several columns. Ideally, an answer should include, as one of its columns, a default
representation for visualization purposes. Normally, a number of answers appear as a
table using a grid display. TAKODO supports answers represented as plain text or as
arbitrary HTML, including links to embedded media. Thus, an answer could be a graphic

or audio file.

To match the OAV model, answers are expected49 to have at least three columns,
but may have others with additional information (Figure 23). The recommended

statement columns match> those of KO and share the same semantics.

e G Right |
AAAAA . .method s a class method.

B | of Bystem’s methods . :andvariables are class methods and class va...
be The next method inthe SimpieThread class is the run method.
hegin definition The keyword ‘class begins the class definition for a class named ...
be high The class . is pretty high in the Throwable class hierarchy.
he similar The CheckedinputStream ;class . is very similar to the CheckedOutputStream cla...

Figure 23: Answers with Columns in TAKODO

4.6.5 Beliefs
In practice, information is of varying quality. TAKODO does not assume all

information available to it is 100% accurate and free of contradictions. Hence,
information items in TAKODO are viewed as beliefs, with some certainty factor that a
given fact is true. This certainty factor is represented as an aggregate of two values: the
status and the weight. The status, like Cyc’s truth values [Lenat & Guha, 1989], is

measured on a five-point scale: reject (believed false), reject candidate (possibly false,

4 As will be seen later, answers are, in actual fact, software components, implemented as objects (in the Object-
Oriented Programming sense) with some restrictions.

* Answers are not required to have parts mapping to the subject, predicate, and complement OAYV triplet. If these or
any other parts are missing, the corresponding parts will be assumed empty.

% Support for KO’s verb, verb-prefix, and verb-postfix have been omitted in the current version of TAKODO.
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but not sure), default (no information on truth value), accept candidate (possibly true, but

not sure), and accept (believed true). The weight is a variable scale, from 0% to 100%.

The rationale for having beliefs with two scales is that the fine granularity of the
latter and its semantics may be confusing to users wishing to assign certainty factors
[Lenat & Guha, 1989]. They may exhibit difficulty understanding the subtle difference
and choosing between, say, a 20% and a 30% certainty factor. However, this distinction

remains useful for automated processing or for relevance ranking.

4.6.6 Linguistic Issues, Ontology, and Representational Conventions
Similar to their use in KO, subjects, predicates, complements, and facets in

TAKODO are lexemes, composed of a textual name and a sense number for sense
disambiguation. The notation is also similar: name~sense. The sense number may be
omitted, which is represented as name~?. Such a lexeme will match any sense of another
lexeme having the same name. Furthermore, the notation <name> implies a sysfem-level
sense, usually meant for internal processing by TAKODO, rather than for user

manipulation.

TAKODO does not impose any specific ontology. However, in order to allow
sharing of information between the various subsystems and knowledge bases, meta-data
must correspond, and a minimal amount of fixed semantics is necessary [Skuce, 1995b;
Skuce, 1999a; Lenat, 1995]. Therefore, TAKODO defines a minimum number of
primitive concepts and predicates (Table 12) as well as several columns (Table 13) with

preassigned semantics.
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Lexemes Description
Subjects | <KBTOP> Top of the concept hierarchy.

(Concepts) | <UNPARENTED> Concept meant to group all other concepts whose
position in the concept hierarchy has not been
established.

Predicates | isa, sub Generic relationships (BTG and NTG thesaural
relationships; TA Question Types #2 and #3).

topic Topic/Subtopic relationships.

has part, part of Partitive relationships (BTP and NTP thesaural
relationships; TA Question Types #4 and #5).

term PT thesaural relationships.

synonym SYN thesaural relationships.

definition Definition of the concept. (TA Question Type #1)

function Function or purpose (TA Question Type #7)

location Physical location (TA Question Type #11)

causes, caused by Causality relationships (TA Question Type #9)

requires Requirement relationship (TA Question Type #10)

Facets rest Statement’s rest.
source Statement’s source, which is normally a URL.

Table 12: Predefined Lexemes in TAKODO

Unlike KO, hierarchical relationships are also represented as statements using the

uniform OAV model. These statements use system predicates, such as <isa> for the
hyponymic taxonomy. TAKODO relaxes the constraints on the taxonomy, as compared to
KO, allowing contradictions and cycles, and using certainty factors to record relationships
that may be uncertain or false. Whenever a strict hierarchy is needed, such as during
inferencing, the system will use all relationships that have a belief value of Accept
Candidate or greater, and will avoid cycles by breaking them arbitrarily. In the future,
TAKODO will provide diagnostic warnings, notifying the user of such problems with the

hierarchy.

Of course, problems with the hyponymic taxonomy should be rectified by the user
when the desired product is a proper knowledge base. To this effect, TAKODO offers
some specialized facilities. At present, these are at an experimental stage, and will be

described in the section on finalization of the taxonomy.
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Columns Description
Statements | Subject Subject of the statement, as a Lexeme.
(OAV Predicate Predicate of the statement, as a Lexeme.
Model) Complement Complement of the statement, as a Lexeme.

Rest Rest of the complement of the statement, as text.

Facets Additional facets of the statement or its
complement, as a map from a facet to the value.

Audit Trails | Sentence Actual sentence of context from which the answer
was derived.

Left, Word, Right Surrounding context, within the sentence, and
around which the answer was derived.

Source, Subsource | Textual description of the information source
from which the answer was described, partitioned
as a primary source and secondary information
relating to that source.

Document, Reference to the document/passage from which

Document URL; the answer was derived. The Document URL is a

Reference URL to the document; the reference is in the

(Document#, format®! [doc#.par#.sent#]. Document#,

Paragraph#, Paragraph#, and Sentence# are unique integer

Sentence#, identifiers, assigned by the TA. Character# is an

Character#, Length) | integer character offset.

Relevance | Status Accepted/Rejected status.
Ranking Weight Certainty factor (or relevance weight), on a real-
valued scale from 0O (irrelevant) to 1 (relevant).
Visualization | Answer Most appropriate representation for the answer, as
text or HTML.

Table 13: Predefined Answer Columns in TAKODO (Non-Exhaustive List)

4.6.7 Visualization as a Grid
Knowledge management tools, such as the Knowledge Organizer (KO), usually

employ outline views and graph views to display their conceptual taxonomies. This is
acceptable for small knowledge bases with limited taxonomies. In TAKODO, the
knowledge base may contain a small amount of high quality knowledge, mixed with a
large amount of lower-quality knowledge. For this, navigation becomes inefficient (as
was noted for hypermedia and in early experiments with Cyc). Instead, knowledge in
TAKODO is accessed via queries that present their information in a grid with several

rows and columns. As conceptual taxonomies remain important, TAKODO offers a

3! The exact specification of the Reference format is deferred to a user manual.
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wealth of filtering and grouping options, some of which are specifically designed to

operate based on hierarchies of various kinds.

4.7 Information Retrieval Features

Information retrieval in TAKODO consists of two phases: initial ad-hoc
information retrieval, as defined in section 2.3, followed by subsequent filtering52 and
sorting. This two-phase retrieval borrows from the idea of partial indexing, as used in
Glimpse [Manber & Wu, 1994] or the Web Information Collector (WIC) [Zayour, 1997],
for example. The initial ad-hoc information retrieval phase accesses a very large
information base, but is expected to provide a collection of retrieved items that is
significantly smaller. Therefore, the second phase offers more complex query operations
than those allowed by the efficiency constraints of the initial phase. Final sorting
complements any prior relevance ranking, and allows, for instance, presentation of results

according to alternate relevance ranking criteria, or as part of collection fusion.

4.7.1 Concurrency
In an interactive system, response time is important. The user should not wait for

retrieval of all relevant items before proceeding with their evaluation. This is especially
true when items are relevance ranked, wherein the first few items are more likely to

satisfy the user’s information needs; the remaining items then become redundant.

Thus, in TAKODO, retrieval is performed concurrently with browsing of the
results. As items are found relevant, they are appended to the results lists, without

impeding the user in whatever other tasks exist.

At any time, the user may abort the concurrent retrieval operation, such as when

the information needs are met by the items retrieved so far.

52 The term filtering is used here in its general sense, as any process that accepts or rejects candidate items. The reader
should avoid confusing this with information filtering, as described previously with respect to the field of IR.
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4.7.2 Intended Query Semantics
Most IR systems employ one or more of several common query interfaces:

e Term List: A single text entry field allows the user to type in a list of query terms
(with possible term truncation and phrase retrieval, among other features). The
term list may be interpreted as meaning a search for the conjunction of all terms,
the disjunction, or as a term vector for purposes of similarity computation,
possibly depending on some option that is set in the query interface. A term list

has the advantages of simplicity and rapid entry.

¢ Natural Language Query: A single text entry field allows the user to type in a fully
formed question in natural language, such as in English. Often, a natural language
query is interpreted only as a simple term list, with a stoplist for the function

words commonly used to express questions.

* Boolean Query Expressed as a Textual Formula: A text field allows the user to
type in a Boolean logic specification of the query. Although such an interface
requires significant familiarity and expertise for effective use, studies comparing it
with a natural language query interface are inconclusive, showing both achieve

similar retrieval performance in terms of precision and recall [Hersh et al., 1999].

¢ Fill-in-the-Fields Query: Several entry fields, each with their own (usually fixed)
semantics, allow the specification of restrictions on retrieved items. Examples of
fields include Author, Date, and Title. These are therefore similar to database

management systems.

For TAKODO, it was decided that the query interface should be modeled on OAV
triplets, as they are used in the knowledge base, and likened to simple sentences of natural
language. Thus, a query is composed of three parts: the intended subject, the intended
predicate, and the intended complement. Each of these three parts is presented, in its

simple form, as a term list, with automatic query expansion. Hence, the interface can be

3 We qualify the parts as intended since the nature of retrieval from a document base, containing ambiguous natural
language texts, prevents identifying with absolute certainty whether a passage uses the words of the query with
exactly the specified relationships, as subject, predicate, and complement.
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viewed as a hybrid between the term list and a restricted natural language query. For

example, to ask “What parts does an object have?” the user instead requests “object/has

part/blank” (see Figure 24).
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. iobject has part /.
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. and then invoke e meththe’“ Analyzer Answers

Z=(Anvfhm) Sl
Fincling ariswers - Done:
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Figure 24: Query Interface and Information Sources in TAKODO

Feedback on query expansion, as will be described later, is in the form of popup
hints, or ToolTips, that appear whenever the mouse hovers over a term list. Figure 25
shows the result of the default query expansion applied to the term list “object, class,

method” when used on a document base dealing with the Java programming language.

; | J e Fr- (SubjectVerb/Object) v

Fingt {object, class, methad

imethod, Class methuds Memod ciass tiagses; OBJECT, object, Object: Objects, Methods, objects; METHOD, CLASS

Figure 25: Query Expansion Feedback in TAKODO

The use of a fill-in-the-fields display provides clear semantics to the three parts,
allowing the system to avoid the difficulties of parsing arbitrary, ambiguous natural
language queries. It eliminates the need for typing function words (What, does, an) that

serve a limited purpose for retrieval. It is further hoped that the interface acts as an
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incentive to the user for expressing queries with greater clarity. Subsequent studies are

needed to evaluate the benefits, if any, of this query interface.

As with many IR systems, TAKODO provides a simple query interface and an
advanced query interface. The simple interface is the one just discussed. The advanced
interface, discussed later, allows expressing additional constraints, some of which are

outside the representational capabilities of the OAV query model.

4.7.3 Information Sources
So far, the discussion has focused on what to find, but it is also necessary to know

where to search. Since TAKODO’s information sources are diverse and of varying
quality, TAKODO allows the user to selectively enable and disable information sources
as part of the query. In the simple query interface, this selection is limited to some
predefined sets (presets) of information sources, summarized in Table 14. The advanced
query interface allows arbitrary selections other than those defined by the presets. Such a

condition is indicated with (Advanced) shown in the simple query interface.

Preset Sources Description of the Information Sources

All Sources All information sources are consulted.

Almost All Sources All information sources, except word occurrences.

Most Sources All information sources, except sentences and word
occurrences. (This is the default preset.)

Some Sources All statements and Text Analyzer definitions and supers
(genus)

Clauses Passage retrieval from the document base, defining the unit of

(Subject/Verb/Object) | retrieval to be the document fragments consisting of single
clauses (as embedded in sentences). Subsumes sentences.

Sentences Passage retrieval from the document base, defining the unit of
retrieval to be the document fragments consisting of single
sentences.

Word Occurrences Passage retrieval from the document base, defining the unit of

retrieval to be the document fragments consisting of single
words (word-tokens) in context. Subsumes sentences.

Statements (All) All statements from the CKB and the knowledge base.
Statements (Candidate) [ All statements from the Candidates Knowledge Base (CKB)
Statements (KB) All statements from the knowledge base.

Text Analyzer Answers | All answers derived by the TA from the document base.

Table 14: Information Sources (Presets) used by TAKODO
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4.7.4 Visualization Options
The visualization options for answers, which include column hiding and moving

as well as row filtering and sorting, are quickly accessed from the context-sensitive menu
associated with the column headers of the answers grid (Figure 26). In fact, these same

options are consistently available in any other grid views within TAKODO, such as for

presentation of term lists.
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Figure 26: Advanced Grid Visualization Options in TAKODO
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4.7.4.1 Column Resizing, Rearranging and Hiding
As described, answers may have many columns of associated information. These

may be independently resized, and the columns rearranged to show more important
columns first. Not all columns are necessarily of interest to the user; their display would
simply obfuscate the other, more important information. For such cases, columns may be
selectively and dynamically hidden or shown, as is most appropriate. The visibility status
of a column merely affects the screen presentation. It does not affect the underlying data,
nor does it limit operations on those columns, such as filtering or sorting. Indeed, it is
possible to temporarily show a column, define a filter or sorting criteria on it, and then

hide the column from further display while preserving the filter or sorting criteria.

In practice, several combinations of visible columns were found relevant for
different tasks. These are rapidly accessed via icons on the toolbar and items under the
View menu. Hence, it is very easy to jump between, for example, a statement-style display
of sentence clauses with subject, verb, and object, to a concordance style KWIC display,
or to a merged display as was shown in Figure 23. Users of TAKODO find these three

most useful.

4.7.4.2 Filtering
Grid displays in TAKODO allow the user to specify additional constraints on the

values of the various columns. These constraints define a visibility filter on the
underlying data. By default, the filtering options are hidden in the user interface, in order
to avoid confusing novices when the feature is not needed, but the options are quickly

accessed from the context-sensitive menu associated with the column headers.

When visible, filters appearAabove the column headers. The syntax for filters is
presented’®® in Table 17 within the appendix. It includes Boolean operators, string
matching based on regular expressions, numeric comparisons, word classes, and thesaural
restrictions. For example, the filter object in the Subject column would match any

answer where the subject contains the specified word, without case sensitivity. The same

54 The filter syntax may continue to undergo some revision. A complete specification of the syntax, in BNF notation, is
not available at present.
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filter, using /~[0olbjects?, would match any subject that starts with object, Object,
object, or Objects, with case sensitivity. Again, using the hierarchy filter eisa:vehicle,
it will match vehicle and all of its hyponyms, such as car. A filter of eclass:v/- on a
column whose contents contains tagging information, such as word occurrences (word-

tokens), will find any word used as a verb and that is not part of the stoplist.

4.7.4.3 Sorting
Finally, grid rows may be sorted interactively and dynamically, on multiple

columns. The sort order may be chosen as ascending or descending. Sorting is according
to the natural collation order corresponding to a given column. The natural collation order
is lexicographic for textual data and numeric for numbers. Lexemes are ordered first

lexicographically by name, then numerically by sense number.

The user interface provides feedback on the current sorting order via arrow-
shaped indicators on the columns, shaded to represent the sorting level (darkest for

outermost sorting level to lightest for nested sorting levels).

Of course, rows may be left in their natural sequence, without any sorting. This
does not imply the lack of some sorting order; for example, answers may be retrieved in

order of relevance, in which case explicitly sorting by relevance weight is redundant™.

4.7.4.4 Browsing Hits in Context within Source Documents
While viewing the retrieved items, the user may wish to refer to the source

documents, perhaps to see the greater context of selected passages, or to verify the
accuracy of any translation from the source text into a KB statement. The Sentences pane
serves this role, displaying a scrollable view of the associated passage, with an additional
amount of user-configurable context (n sentences, n paragraphs, etc.); the user may
browse anywhere within the source document, or to other documents, moving the passage
of interest where needed. This pane is located as part of the Extras pane, but may be torn

off into the main window (Figure 24), given its importance.

% The sorting algorithm is optimized for this case.



Chapter 4: TAKODO 97

The Sentences pane displays its content with various styles of formatting that
highlight relevant passages, and bring attention to important elements, as hinted by the
syntactic structure of a sentence. For example, subjects, verbs, and complements are
emphasized. Linguists may inspect the tagging information associated with any word

(Figure 27).

Given an ohjeﬁ, you can find out what methods
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Figure 27: Sentence Pane with Tagging Information in TAKODO

4.7.5 Advanced Queries
The advanced query interface offers considerably greater expressiveness than the

simple query interface. It is available as a dialog, with several tabbed panes: the options

pane, and three other, identical panes, for each of the three OAV parts of the query model.

The options pane (Figure 28) shows the various information sources available to
TAKODO, presented in a grid that may be sorted and filtered as desired. Each source may

be selectively enabled and disabled, as previously discussed.

To the right of the information sources grid, one may see further query options,
starting with the defaults to use for query expansion (Table 15). Any combination of
query expansion options may be chosen. Below this, the user may specify limits on the
number of retrieved items, both per information source and in total; the use of such limits
is of practical benefit, to constrain memory requirements and processing time. Next, the
minimal required status allows the user to concentrate on information that has been
verified, or at least to remove from consideration facts that have been rejected, that is,
marked as incorrect. Finally, TAKODO allows the user to specify a range of sentence

numbers to limit research to specific passages within the document base. It is expected
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that most users will ignore this last selectional criterion, but it was included as an aid

during development and testing of TAKODO.
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Figure 28: Advanced Query Options in TAKODO

Query Expansion Description

Related Word Forms | All inflected forms of a query term that are used in the document
base, as identified by the automatic stemming algorithm.

Broader Concepts All hypernyms of a query term (BTG thesaural relationship), as
defined by the KB and the CKB.

Narrower Concepts All hyponyms of a query term (NTG thesaural relationship), as
defined by the KB and the CKB.

Synonyms All synonyms of a query term (SYN thesaural relationship), as
defined by the KB and the CKB.
Similar Words All words in the document base that contain the query term as a

substring (useful to find compounds, as well as other inflected
forms, including those not automatically recognized). In the
future, may include related concepts obtained via spreading
activation or other techniques.

Table 15: Query Expansion Options in TAKODO

Figure 29 presents the pane for one of the three parts of TAKODO’s OAV query
model (in this case, the Subject pane). The top half shows the term list and allows query

expansion. All information sources are expected to accept, at minimum, a query
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specification composed of a list of query terms; however, other selection criteria of a
more specialized nature are allowed. It is not guaranteed that the latter will be interpreted
by all information sources. Hence, for clarity, these have been grouped together at the

bottom of the interface.
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Figure 29: Advanced Query in TAKODO

4.7.5.1 Term List
Ideally, the term list of the advanced query interface is a set of lexemes, although,

by default, entries do not include a sense number. Nevertheless, the list can include any
patterns, including words, compounds, or phrases. Here, the user may directly edit any
term, add a term, or remove a term. Absence of any term is treated as a blank, that is, the

user doesn’t care about the value for the corresponding part of the OAV query model.

The interface allows manual intervention during query expansion. Associated with
each term is another list of terms, or “related items.” Selection of a query term and of
query expansion options will result in the list of candidates for inclusion in the query. In
this list of candidates, terms may be selectively included or removed, indicated by

checkmarks.
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Once again, both the term list and the “related items” grid displays may be sorted
and filtered interactively, just as with the answers grid. For example, the user may show
all hyponyms of a query term, say vehicle, and concentrate on a subset of these with an
additional hierarchy filter, such as -eisa:car, to look at all known vehicles except cars

(and their hyponyms).

4.7.5.2 Additional Selectional Criteria
Additional selectional criteria, which may not be supported by all information

sources, include the option of ignoring case or performing term truncation. Even greater
flexibility is given by allowing additional, custom criteria that are not specifically
addressed by the query interface. A default collection of such criteria is presented in the
bottom-most grid of the query interface, but the user may at any time add or remove items
from this list. Each such item includes a description and a specification of the criteria, in

the form of a filter.

Three checkboxes indicate how, if at all, the filter should be applied to a candidate
relevant item. Some Word implies that, for any item that is a text passage, at least one
word of the portion matching the query terms must satisfy the filter; All Words implies all
words in the portion matching the query terms must satisfy the filter; and Other implies
that the entire item, whatever it is (text passage, knowledge base statement, other), must

satisfy the filter.

Thus, to find items about object where, in the case of a text passage, the word is
used as the subject of a sentence, the user would type in the term in the term list, and
enable the Subject filter (eclass:s) for Some Word, or equivalently, All Words (both will
have the same effect, since object is not a compound, thus any portion matching the query

terms will consist of exactly one word).
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4.8 Knowledge Management Features
4.8.1 Term Extraction

The Words & Terms panel (Figure 30) of the Extras pane is used to show words>®
(word-types) from the document base and terms from the knowledge base and CKB.
Information for this panel is derived from a full-text inverted index; consequently, the list

is quickly generated and allows unhindered interactive use.

By default, the display is sorted with highest frequency words first. A simple click
of the mouse will toggle a word’s state as being or not being a term, according to the
knowledge bases> (including a third state of not making any such assertion about the
word being a term). When there are several morphological variants, only one of these

should be chosen as a term (akin to a headword in a dictionary).

Figure 30: Words & Terms Panel of TAKODO

Several options (Figure 31) control what words or terms are shown, and how they
are displayed. The user can specify minimum thresholds for occurrence statistics.
Statistics can be computed using various levels of stemming or lemmatization, with word
class restrictions; these results can then be displayed with different options for stemming

or lemmatization.

5 At present, the system does not include compounds in the Words & Terms panel. This will be addressed in a future
upgrade, once the TA compound extraction and TAKODO compound extraction algorithms have been integrated.

57 Information in the Candidates Knowledge Base (CKB) takes precedence over information in the knowledge base
(kb). Asserting a word as a term will, if necessary, add a statement to the CKB, using the term predicate; retracting
such a statement will remove the statement, or, if there is a prior statement in the kb asserting the term, will assert the
rejection of this statement to the CKB. '
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Figure 31: Words & Terms Options in TAKODO

For example, Figure 30 shows all content words, that is, all words not in the
stoplist, lemmatized, and sorted in reverse order of frequency. Figure 32 shows all
content words used as subjects, grouped by their lemma, and then sorted in reverse order
of frequency. From these lists, generated from a document base about the Java
programming language, one finds that good candidates for terms include method, class,
and program, among others. In the second list, one immediately sees all morphological
variants used in the document base, along with their frequency distributions. One may

thus choose™® among word variants to pick the most appropriate one for entry as a term.

i ‘Suhject H

Options... H Show:Now

43
10
792
g}
5481
programs ! 105
,programming:: . i s 891 23] ¢
Programs ! 891 18iv:

¥
*
i

Figure 32: Words Used as Subjects, Grouped by Lexeme, and Sorted by Frequency

5% This manual intervention can be used when automatic lemmatization fails to find the correct root form of a word.
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Advanced filtering through the use of regular expressions allows morphological
exploration to find terms. This use of regular expressions was advocated in [Heid et al.,
1996]. Further analysis of a given word-type through observation of the word-tokens in
context is achieved by querying for all word-occurrences, with the results presented using

the concordance view of the answers grid.

4.8.2 Automated Extraction of a Taxonomy: An Experiment
Initially, it was the author’s intent to use completely automated procedures to

generate a taxonomy of concepts for the hyponymic and meronymic relationships, using
the document base. There has been some previous work on the automated extraction of
taxonomies from corpora [Grefenstette, 1994; Woods, 1997; Hearst, 1998; Sanderson &
Croft, 1998]. Unfortunately, the initial experimentation did not provide the results the
author hoped for. Subsequent research was deferred to future work; instead, the current
version of TAKODO merely provides features to assist the manual creation of such

taxonomies. The following provides some details of the experiment.

Processing began with the generation of a term list, in decreasing order of
importance. This term list included any explicitly identified terms of the knowledge base
and CKB, as well as words from the document base, using frequency of occurrence to

measure importance, and assigning a minimal threshold.

Thereupon, the system iterated over the terms in the list. For each one, the TA was
asked questions such as “What is the super of X?” or “What kinds of X are there?” The
answers were recorded, generating a table of candidate hyponym/hypernym pairs (and
other relations, during different trials of the experiment). Treating the pairs as co-
occurrences, mutual information scores as well as z-scores were computed, to rank the
results. It was hoped the highest-ranking result would be the most likely hypernym for the
given hyponym. Unfortunately, this was not the case, and the results were of insufficient

quality to merit their acceptance.

Manual inspection of the results showed particular difficulty in handling
multiword terms, that is, compounds. This was traced to the answer extraction process

within the version of TA used at that time. Prior experiments with the TA as an
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information retrieval tool showed promise, because retrieval was measured based on the
ability to find relevant sentences. Unfortunately, the algorithm to extract the answer from
the retrieved sentence sometimes failed to adequately identify the correct fragment,
especially when it consisted of more than one word. As discussed in the section on corpus

linguistics, most terms are composed of multiple words.

A greater difficulty was due to morphological variations of the extracted answers,
which adversely affected relevance ranking. The employment of a lemmatization process
was intended to be used, to handle multiple inflected word forms. This proved
considerably harder than expected, since the question answering process lost the tagging
information from the initial preprocessing of source documents. Reconstructing this
information would require tracing of the answers to their source sentence and searching

for the extracted answer.

The author concluded at the time that the TA’s answer extraction system would
need improvement before being directly applicable to this task; indeed, there has been
continued fine tuning of the patterns which may warrant another run of the experiment. If
results are not satisfactéry, the author believes a possible approach to address the
problems is to ignore TA’s answer extraction, and perform independent extraction using
standard corpus-linguistic techniques such as co-occurrence statistics applied directly to

the set of sentences retrieved by the TA.

4.8.3 Extraction of Taxonomies and Statements
Knowledge acquisition from corpora using TAKODO requires manual

intervention. However, the system presents suggestions for entry into the knowledge base,
and provides a user interface for accepting, rejecting, and manipulating suggestions in a

very efficient manner.

Starting from the output of the Words & Terms panel, the user may identify
important concepts. For this, the list of subjects or nouns provides the greatest insight. To
initiate acquisition of knowledge about a given subject of interest, the chosen subject is

pasted into the query interface. The user may ask for all information about this subject, or
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refine the query to limit the results. In particular, common question types are easily

accessed.

Figure 33 shows the result after asking for all broader terms (hypernyms) related
to the concept object, as used in a corpus about the Java programming language. The first
two answers were retrieved from the knowledge basesg, as evidenced by the source®. The
following answers, in order of relevance, were generated by the question answering
features of the TA. The first such answer states that “object isa array”, which is incorrect.
Selection of this answer to trace the source sentence reveals a situation where the inverse
of the relationship holds (an array is an object), and that, it is possible, but not necessary,
for a given object to be an array. Unfortunately, the TA did not expect the linguistic
pattern used in the source sentence. The error is a product of the difficulties faced in
natural language processing and natural language understanding, which hinder the

complete automation of knowledge acquisition.

Since the answer was found incorrect, it may be immediately rejected with a
single click of the mouse on the reject button (depicted as a thumbs-down icon on the
toolbar). If possible, the acceptance or rejection of an answer updates its belief status. In
the case of derived or otherwise non-editable answers, such as this example, the relevance
Judgement is logged by adding an equivalent statement to the CKB, recording the source,

the user, and the desired belief status.

% The Java knowledge base is the work of the LAKE group and is used for instructional purposes. It was created prior
to the completion of TAKODO, using the Text Analyzer, DocKMan’s Knowledge Base Builder, and subsequently
the Knowledge Organizer.

% The source “KB:WJKO” indicates that the answer derives from a Knowledge Base, using the Knowledge Organizer
knowledge management system. During development, the acronym KO was used generically, to mean any
knowledge management system, and the internal development name of the present Knowledge Organizer was
WIKO.
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4.8.3.1 Knowing What is Already Known: The Related Pane
When adding knowledge to a knowledge base, it is vitally important to know what

is already known, to avoid duplication and prevent contradictions. TAKODO addresses

this problem in two ways:

e The answers grid features a column called New, from which it is possible to
identify the information is new with respect to the knowledge base. New answers
are those without any related answers in the knowledge base (kb) or the CKB.
These answers that have not been inspected for inclusion into the information base
as stated knowledge are clearly distinguished from the rest. Filtering allows the
user to restrict the display to new information during knowledge acquisition, or to
eliminate from consideration these answers when the goal is one of knowledge

verification.

e The Related Pane displays information from the knowledge bases (including
CKB) that is related to the currently selected answer. At present, information is
defined to be related if one of two conditions is met: (i) the information has a
similar subject, and, if defined, a similar predicate and complement, using a case
insensitive match ignoring sense numbers; or (ii) the auditing information states
that the information was derived from the selected answer. This auditing
information includes the source sentence and any unique identifier® (ID) that may
be associated with the answer. In the future, one may extend the definition of
relatedness and provide user customization for the kinds of related information

that is displayed.

Continuing the process of knowledge acquisition from the previous example, let
us inspect the 9th answer, “object isa software bundle,” which had been inspected during
a prior knowledge acquisition session. Hence, the New column is unchecked. In Figure

34, the user has dynamically switched to a concordance view®?. The Related Pane shows

81 All knowledge base elements in the Knowledge Organizer have unique object identifiers (OID). Many TAKODO
knowledge base elements have similar unique OIDs.

52 The concordance view is appropriate for answers that are derived from the document base. Answers without a link to
source passages of text will be displayed as empty cells for the concordance columns.
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a statement that was entered into the KB using the source sentence. As it turns out, one
finds a definition of an object. There is no statement relating software bundles as the
hypernym of object, as the authors of the knowledge base preferred, instead, the genus

piece of memory.

4.8.3.2 Navigation via Browsing of Related Answers
Answers in the Related Pane may be sent to the answers grid, replacing its

contents and updating the Related Pane with information related to the new content. This

process may be viewed as navigation, much as in a hypermedia system.

4.8.3.3 Summary Statistics
The number of answers can be quite large. In order to summarize the information,

TAKODO offers the Summary Pane. This pane can be used to calculate frequency of
occurrence statistics for various columns of the answers grid. High frequency may mean
unnecessary duplication, such as the same statement entered twice into the kﬁowledge
base. It may also mean higher relevance, such as several sentences from the document

base repeating the same basic assertion.

Figure 35 shows the distinct subject-predicate-complement statement triples used
by the answers of the previous example, sorted by frequency. One can quickly see that

three statements appear twice®.

% Two statements appear once each in the knowledge base and as an answer from the TA. The last repeated statement
appears from two source sentences that were found relevant by the TA. .
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Figure 35: Summary Statistics for Answers in TAKODQ

The figure also shows yet another filtering option: the answers grid has been
restricted to statements having the selected subject, predicate, and complement. The

display is limited to only those statements asserting that an object is an array.

The combination of summary statistics with the filtering option is very effective
for browsing answers in distinct groups. A simple query can be specified to find all
information about a given subject, and the Summary Pane set to show all distinct
predicates in order of frequency. Such a display shows the highest correlated predicates
for the subject, in effect suggesting important statements for cnfry into the knowledge
base. Simultaneously, the user may browse suggestions of the appropriate complement

for use in any such statements.

4.8.3.4 Editing
Some answers, such as those derived from the document base or inferred from a

knowledge base, exist merely to provide information and may not be edited. Those which
can be edited, such as stated kb statements, may have restrictions regarding which parts
are editable or which users have permission to make edits. The exact nature of the
restrictions depends on the information source. For example, KO has a security and
authentication model that is distinct from its predecessor, DKBB, and different systems
may enforce different integrity constraints. Through an abstract API, TAKODO handles
all of these cases. The editability of an answer or of its parts is reflected in the user

interface through the toolbar, menu, and editing panes of the Extras pane.
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Edits to a single answer may be performed directly in-place, by entering new

values into the answers grid. Equivalently, edits may be performed in the Statement pane

(Figure 36), Facets pane (Figure 37), and Source pane (Figure 38) of the Extras pane.

Any changes are immediately reflected throughout the user interface.
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Figure 37: Facets Pane of TAKODO
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J! User wReferences

Figure 38: Source Pane of TAKODO

Bulk editing operations are supported through the simultaneous updating of all
selected answers. For these, the user may modify only those parts that are uniformly
editable in all selected answers. Any failures encountered during the editing transactions
are signaled to the user. Situations leading to such a failure include violations of integrity

constraints, for example, by attempting to introduce cycles into a taxonomy that
specifically forbids them.

Numerous productivity enhancements allow the user to copy and paste

information between the various user interface elements of TAKODO. Figure 36 showed
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a popup list of suggested values for entry into the complement of a statement. Figure 39
shows a user editing a different statement, after having updated the subject and
complement. Now, a passage from the Sentence pane is being sent to the statement’s rest.

The transfer will update the audit trail to record a reference to the source sentence.

Given s object , you can find out what methods its class dofined

“aQhnw Keantanes

Figure 39: Editing of a Statement in TAKODO

In fact, every edit, whether it is to create a new statement in the knowledge base or
to update an existing answer, will record the user effecting the change, for audit tracing

purposes.

4.8.3.5 Finalizing a Taxonomy
As discussed, TAKODO allows knowledge bases to contain inconsistent

information. This support is continued in the CKB knowledge base. In contrast, systems
such as KO enforce specific integrity constraints on the hyponymic and meronymic
taxonomies. For example, KO disallows cycles. In addition, KO’s predecessor, DKBB,

requires all subjects to be placed under some parent subject.

To assist the user in generating a taxonomy that is suitable for use in these other
systems, TAKODO includes an automatic repair algorithm. This algorithm proceeds in
three phases. The first identifies cycles and breaks them arbitrarily but with preference for
weaker links, according the their belief status and weight. The second phase places any

unparented subjects under a specified top parent (Unparented for KO or kbTop for
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DKBB). The third stage removes any links that are derivable from the transitive® nature

of hierarchical relationships.

The automated algorithm does not guarantee a conceptually correct taxonomy. For
this, manual intervention is required. Presently, TAKODO'’s interface is not ideally suited
to interactive manipulation of the hierarchies such as the conceptual taxonomy. The KO,
particularly with its graphical visualization of the knowledge base as a semantic network,
is a considerably more appropriate tool. The author hopes to further integrate elements of

the KO with those of TAKODO to provide the best of both worlds.

% For example, if a is a hypernym of b, and b is a hypernym of ¢, then by transitivity, @ is a hypernym of c. Recording
the last fact in a knowledge base as a priori knowledge is redundant, since the inference engine will deduce the
required inferred knowledge.
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The design and implementation of the TAKODO core, which excludes external
systems such as TA and KO, was solely the responsibility of the author of this thesis. The
system was targeted towards the Java 2 Platform, currently65 using the Java Development
Kit (JDK) version 1.3 Release Candidate 1. The TAKODO core consists of
approximately 340 classes, organized into 45 distinct Java packages66 and totaling over
1.54 megabytes of source code. Given the complexity of the code, a complete description

of implementation details is beyond the scope of this thesis.

Beyond the listed external systems, TAKODO currently interacts directly with
two relational database management systems (RDBMS): Oracle Corporation’s Oracle
version 8, communicating through Oracle’s Thin JDBC'driver; and, for legacy support of
DocKMan’s Knowledge Base Builder, Sybase Corporation’s Sybase, communicating

through Symantec Corporation’s dbAnywhere JDBC driver.

Throughout the following discussions, the reader is encouraged to refer to the
data-flow diagram of the TAKODO system, as depicted in Figure 40. Parts of this

diagram are described summarily in Table 16.

5 Development began with JDK version 1.2 beta 2 and continued throughout various beta and final releases during the
evolution of the Java 2 Platform.

5 packages in Java form a nested organizational structure with implications for namespace resolution and
encapsulation, and are used for software modularization. A package is the smallest unit used to implement a
complete software specification.

113
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System

Module

Description

TAKODO

TAKO

Combines into a unified interface the linguistic, inferencing,
message delivery, querying, and filtering functions of
TAKODO, delegating to other subsystems as necessary.

Takodo TA

Provides text analysis functions, including:

e Linguistic services, such as lemmatization.

e Statistics, such as word or co-occurrence frequencies.

» Question answering, through delegation to the TA’s Q&A
Server.

Takodo KO

Provides services to access knowledge bases, defining a
generic, abstract interface to knowledge management systems.
Concrete implementations provide communication with
systems such as the Knowledge Organizer (KO), among others.

Candidates

Provides a scaleable solution for the storage and retrieval of

various kinds of statements (all of which share a common

logical model as OAV triplets):

e Manages transient and persistent answers from question
answering using the TA.

¢ Implements a knowledge management system containing
the persistent statements constituting the Candidates
Knowledge Base (CKB).

Takodo
Oracle

Provides an abstract interface for performing information
retrieval, and defines concrete implementations for retrieval
from knowledge bases (CKB, KO, etc.) and the document base
(using sentences, clauses, and TA’s question answering
services).

Text Analyzer

(TA)

TA
Application

Independent Visual Basic application, which provides text
analysis functions. Used by TAKODO core.

Q&A Server

Part of TA Application. Provides question answering features
as a server using a socket-based communications protocol.

Preprocessor

Preprocesses source documents (for example, morphosyntactic
analysis) and stores results into a database for subsequent use
by the TA Application.

Knowledge Organizer (KO)

Independent frame-based knowledge management system.
Used by TAKODO core

Table 16: Main Systems and Modules of TAKODO

5.1 Preprocessing

Preprocessing begins with the use of the Text Analyzer’s preprocessing system,

which has already been described. The TA performs tokenization of source documents (as

text or HTML), including word and sentence boundary determination. Morphosyntactic

analysis, part-of speech tagging, and limited lemmatization (restricted to the identification

of infinitive forms for many conjugated verbs) are performed by ENGCG. Information is

re-represented as one sentence per database row, using TA notation for the tagging
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information, and imported into the Oracle database. Some summary statistics such as

sentence and document length are also generated.

5.1.1 Initialization

On startup of TAKODO, the database schema is inspected to verify whether the

database has been initialized for TAKODO'’s use. If not, any incomplete initialization or

preprocessing is resumed.

TAKODO

|  User Interface |

TAKO (TA+KO Combined Interface)

Linguistics || Inferencing ||Updates & Event Notification || Querying/Filtering

|

ITakodo Oracle (Information Retrieval Module)

Takodo TA (Text Analyzer Module)

I ITakodo KO (Knowledge Management Module)

Linguisticsl lStatistics HQ & A

l Candidates

Persistent Store
& Knowledge
Base)

Interface to the
Knowledge Organizer

Interfaces to
External Information
Sources

Text Q&A
Analyzer (TA) Server
Application

Preprocessor

Sentence Delimiter

ENGCG Tugger

Text Patterns

Knowledge Organizer (KO)
(Knowledge Management System)

Documents
(Unprocessed)

' | Oracle (Relational Database Management System)

~ . World Wide Web,
% | Online Documents,
G W ete,

Figure 40: Data Flow Diagram of TAKODQ Implementation
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Figure 41: Entity-Relationship Diagram of TAKODQO Tables in the Database Schema
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Initialization includes updating the database schema to include the necessary
tables for use by TAKODO. These tables, and some of the more relevant ones from the
TA, are presented in Figure 41. For brevity, this thesis omits a full description of database

indexes and several other performance-tuning concerns.

The TakoProperty and TakoTodo tables record global state information regarding
the TAKODO information base. Of these two, the second maintains the progress of
knowledge acquisition tasks, particularly during experimentation on the automated

extraction of a conceptual taxonomy.

TakoQA records state information regarding the answer cache, which is initially
empty. This cache is a performance improvement for frequently asked questions (FAQs),
and stores frequently needed TA answers in the TakoStmt table. The table clusters
information for efficient retrieval, reducing latency overhead from random seeks, thus

maximizing throughput.

TakoAddList and TakoStopList are used for stopwording during full-text indexing
(described later) and other such processing. A morphologically driven algorithm®’ is used
for initiai identification of stopwords. Any word that does not contain at least one
alphabetic character or that exceeds a maximum length threshold is, by default, marked as
a stopword. TakoStopList contains an additional exclusion list of stopwords, and
TakoAddList records exceptions to the automatic stopwording of the morphological
algorithm. If these two tables have not been initialized, then the former is automatically

filled with a default stoplist (Table 18 of the Appendix), and the latter is left empty.

%7 This algorithm was found appropriate for use with the research corpora regarding the Java language. This corpora
included embedded chunks of source code for illustrative purposes, including many occurrences of unimportant
numbers, unusual symbols, and very long tokens used as program identifiers.
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5.1.2 Full-Text Indexing of the Document Base
In order to address computational efficiency during retrieval, both for interactive

ad-hoc queries by the user, and most importantly for the derivation of summary frequency
of occurrence statistics during other stages of TAKODO’s processing, the author decided
to employ full-text indexing of the document base. Note that the TA, as used by
TAKODO, does not currently make use of full-text indexing, although this is being added

to address performance issues.

Originally, the author intended to use Oracle’s ConText Cartridge as the indexing
engine. The LAKE group’s initial experiments with the TA, as already discussed, had
shown some disadvantages in terms of administrative overhead and retrieval
performance, particularly for high-frequency words. As yet, the group is unsure whether
the poor performance was the result of incorrect tuning of the engine’s and database’s
parameters, or whether it is the database schema that is the problem. The storage of

documents as individual sentences in distinct rows of a database is certainly unusual.

Given the performance goals of TAKODO, and the need for term lists and
additional summary statistics for relevance ranking, the author felt it was warranted to re-
evaluate the decision to disregard ConText. Unfortunately, further inspection revealed
ConText to be inappropriate for TAKODO’s needs. The ConText engine is a complete
information retrieval system, with its own query expansion and semantic analysis
technology. It is also an insufficiently open system, which does not make its lower level
functions available for external modification or reuse. Although it is possible to designate
a thesaurus and stoplist for use by the system, it is not possible to directly intercede in the
indexing, query expansion, or relevance ranking process. Portions such as the stemming
algorithm remain inaccessible outside of information retrieval by ConText. Since
TAKODO must make such linguistic services available to a wide range of information

sources, such as the TA (which, for example, does not perform word stemming), the
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author decided® to provide a custom-designed, minimal implementation of the desired

functionality.

TakoStatWord contains the full-text index of all words in the document base,
except those specified by the stoplist. Index entries are grouped by their lemmas, allowing
efficient access to morphological variations. Granularity is at the document level, and
statistics on syntactic and part-of-speech tags are maintained, for use in computing such
values as tf-idf weights. Efficient storage of this table is the responsibility of the Oracle
RDBMS. The database implementation makes use of B-trees as the underlying data

structure, so retrieval time should be logarithmic in the number of words.

During the indexing process, summary statistics counting the total number of
distinct word classes are maintained and the TakoStatTag table updated accordingly. This
information is used during the computation of relevance and similarity scores, for the

normalization of the values.

At any time, the inverted index may be updated incrementally with additions and

removal of documents to and from the document base.

5.1.3 Statistical Analysis
Co-occurrence statistics may be computed from the document base. TakoStatSVO

contains subject-verb-object co-occurrence statistics listing distinct triplets and their
frequency of occurrence. TakoCooccur is used for collocational analysis, similar to that
used in Xtract [Smadja, 1993]. This collocational analysis may be based on bigrams of
inflected word forms or on any lemmatized form thereof. The design of TakoCooccur
further supports colligational analysis by allowing the specification of word class

bigrams.

5.1.4 Frequently Asked Questions (FAQs)
TakoStmt is an Oracle partitioned database table. In other words, it is a logical

table containing conceptually and structurally similar records but with distinct purposes

% Few information retrieval systems are able to directly support documents stored in a database. Investigations of
publicly available code libraries did not find any that completely satisfied TAKODQO’s requirements, the cost and
effort of acquiring, and possibly modifying, a suitable system from a third party source were evaluated as excessive.
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and different performance characteristics. Information stored in the table is separately

clustered by Oracle based on criteria specified in the database schema.

One use of TakoStmt is to cache frequently asked questions and their
corresponding answers from the TA, clustering the resulting answers as stored in
secondary storage for increased throughput and reduced latency. Whenever a TA question
is requested, TAKODO first inspects the cache for the presence of the answers. If the
answers are found in the cache, then their lease times are renewed. Otherwise, the request
is forwarded to the Text Analyzer server, and the results appended to the cache. The
cache is maintained consistent across multi-user transactions, and uses a hybrid
replacement policy with renewable timed leases and reference counted garbage collection
to prevent answers from being removed prematurely while in use. The lease times
approximate a Least Recently Used (LRU) replacement policy. Also, a limit on the

maximum cache size is imposed.

The cache allows very important answers to be recorded permanently, thus
avoiding the subsequent need to request the same information from the TA during
interactive use of TAKODO. This permanent caching of TA answers may be requested
manually subsequent to query processing. Alternatively, in the experiment regarding the
automated construction of a hyponymic taxonomy, the TakoStmt table was used to store
answers of several question types related to important words in the document base, as

identified by frequency of occurrence statistics.

5.1.5 Indexing of the Knowledge Base
The TakoStmt table is also used to store the Candidates Knowledge Base (CKB).

For efficient retrieval, the table is indexed by subject, predicate, and complement. The

indexes are managed by the Oracle RDBMS.

5.2 Other Processing and User Interface Transformations

5.2.1 Parsing and Processing of Sentences
Rather than use a markup language, TAKODO uses an object-oriented interface to

mode] sentences. Conversion of sentences from the tagged notation as used by TA into
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the objects representing the sentences requires a parsing step. The parser was hand-coded
and contains special handling for ambiguity® resolution and the correction of some

consistent tagging errors.

The TAKODO model provides several linguistic facilities including more
sophisticated lemmatization. Several choices for lemmatization are offered: stemming of
the original word via the Porter stemming algorithm’’; stemming of ENGCG lemmas;
and a combination of case normalization, stemming, and term truncation (to a maximum
length of 5 characters). The last option is sometimes used for hashing purposes or when

there is a need to cluster similar words.

TAKODO does not perform any automated word sense disambiguation. The
limited benefits for retrieval have been discussed previously in Chapter 2. Note that the
knowledge base does include optional sense numbers, and TAKODO was designed to

accommodate future integration of a word sense disambiguation algorithm.

5.2.2 Identifying Clauses
Note that, for efficiency reasons, deep natural language parsing of sentences was

avoided; instead, TAKODO uses only surface morphosyntactic analysis. This analysis,
using the TA and ENGCG, tags, among other parts of speech, the syntactic and, to a
limited extent, semantic subjects, verbs, and objects; unfortunately, the output of this
analysis does not explicitly identify how these are related into clauses. Instead, TAKODO
employs a heuristic based on the observation that 90% of clauses in Modern English
containing a syntactic subject, verb, and object will contain these in exactly that order

[Crystal, 1997].

Therefore, the algorithm to identify clauses begins by finding a word tagged as a
verb, and searching backwards for the first word tagged as a subject, and forwards for the

first word tagged as a direct object. In both cases, if none is found in the initial direction,

% Due to some minor problems with the tagging notation and errors introduced by the TA whilst generating its output,
the tagged sentences contain ambiguities in the interpretation of tag delimiters, especially when the textual content of
a document contains the same characters as these delimiters.

™ A freeware implementation of the Porter stemming algorithm [Lazarinis, 1997] was used.
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the other direction is then searched. If no word tagged as direct object is found, the

algorithm searches for a word tagged as indirect object.

5.2.3 Representational Issues
KO’s predecessor, DKBB, uses different naming conventions for representing

information than does the current system. For legacy support, the interface between
TAKODO and DKBB performs some limited dynamic conversions by renaming certain
predicates and facets to match the TAKODO conventions, for example, to change part or
parts Into has part. Some parts of a statement, such as belief values, have explicit
support in TAKODO but are stored as facets in these knowledge bases. Currently, the
exact nature of the transformations is fixed and hard-coded, and a more flexible approach

is desirable.

5.3 Architectural Design and Object-Oriented Decomposition
The appendix contains some abridged UML class diagrams of the TAKODO

system. Several main classes are presented in Figure 47.

5.3.1 Implementation Platform
To meet the reusability goals of TAKODO, the author wanted to retain as much

platform-independence as possible. To this end, the author chose the Java 2 Platform as
the implementation target, allows deployment to various environments, from Unix to
Macintosh to Windows, and several more. The Java White Paper marketing
documentation describes Java as a simple, object-oriented, distributed, dynamic,
multithreaded, high-performance, robust, secure, architecture neutral and portable system.
Whatever inaccuracies may lie with respect to the use of these buzzwords, the degree of

vendor and platform support for Java are certainly very significant.

In order to service secondary storage needs, TAKODO uses Oracle Corporation’s
Oracle version 8 RDBMS. The choice stems mainly from the reliance on the TA. Use of a
common RDBMS provided greater ease of accessibility to the information base. Vendor

support and quality of the product (in terms of efficiency, stability, and robustness)
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provided further motivation for the choice. TAKODO makes use of Oracle-specific

performance-enhancing features, such as partitioned tables.

For legacy support of DKBB knowledge bases, TAKODO directly manipulates
the databases managed by Sybase Corporation’s Sybase RDBMS.

5.3.2 Componentware for Reusability and Maintainability
TAKODO has been created to make effective use of good object-oriented design

principles in order to achieve an extensible, maintainable architecture suitable for use as a
framework allowing future development. However, object-oriented programming (OOP)
languages have not achieved all of the benefits that proponents claimed, and instead
developers are looking towards componentware to address software reusability issues
[Microsoft Corporation, 1997]. To quote from the JavaBean FAQ'': “Developers are
turning to creating components rather than monolithic applications to free themselves
from slow, expensive application development, and to build up a portable, reusable code
base.” A component is a “reusable program building block that can be combined with
other components in the same or other computers in a distributed network to form an
application.”’? Unlike objects, components are supported at the system software level,

rather than programming language/development environment level [Cottman, 1998].

JavaBeans is Java’s specification for a component model, providing the
component-aware object-enabling system software as well as the design guidelines
required for component construction. A Java bean (note the lowercase) is a reusable
software component conforming to the JavaBeans specification. Also according to the
JavaBeans FAQ, beans are typically characterized by an ability for introspection to allow
analysis of the bean’s external behavior and API, customization support, provisions for
event notification, the existence of mutable or immutable properties, and some form of

persistence.

7! Available: http://www.javasoft.com/beans/faq/faq.general.html

72 what?is. [Online] Available: http://www.whatis.com/
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Component development in Java is greatly simplified as compared to other
development environments. Depending on the required functionality, the difference
between the creation of an object versus the creation of a bean can be as minor as
conformance to JavaBeans naming conventions. This is especially true for very simple

components.

Within TAKODO, both the information itself and the information providers are
modeled using the JavaBeans componentware model. Thus, an answer from the answers
table is really a Java bean. A query specification is a Java bean. The Text Analyzer
information source is a Java bean. Since they are all beans, they may specify their own

computational behavior, and even include their own user interfaces for customization.

The use of Java beans for answers is especially important. Rather than explicitly
store all information about the answer, as would be needed by a simpler data structure or
segment of marked-up text, the answer bean may compute information whenever it is
needed. It is this behavior that allows the dynamic changes to visualization options, going
from a concordance view to a statement view with extraction of a subject, predicate, and

complement.

5.3.3 Persistent Storage Mechanisms
TAKODO, including its related systems such as KO, manages the persistent

storage of various information items. Chiefly, among these, are the statements of the
Candidates Knowledge Base (CKB). The author decided to use an RDBMS because (i)
the relational model, with its flexible handling of tables of data, accommodates much of
the required linguistic and statistical processing; (ii) such systems are designed for
scalability and multi-user access; and (iii) it is a mature technology, with wide vendor and
application support, and standardization of language bindings, such as JDBC, and of

query syntax, via the Structured Query Language (SQL).

Object-Oriented Database Management Systems (OODBMS) and the hybrids,
Object-Relational Database Management Systems (ORDBMS), are just in the process of
maturation. For example, Oracle is an ORDBMS but many of its object-oriented

extensions are proprietary. Queries still employ SQL, with special additions, rather than
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the Object Query Language (OQL) being promulgated by the Object Data Management
Group” (ODMG). Sun Microsystems has approved’® the development of software to
address the need for “a standard way to store Java objects persistently in transactional
data stores [... and] a standard way to treat relational database data as Java objects.” The

ODMG has recently submitted its recommendations to this development.

Given the discussion of future development in the area of persistent storage, let us
at least mention the existence of a project, SQL/MM Part2: Full Text, to add explicit
support for structured text to RDBMS technology [Davis, 1996]. The specification

addresses needs for retrieval, to find textual patterns, and the markup of fragments.

TAKODO’s persistent storage mechanisms must compensate for several
deficiencies of relational databases in the context of knowledge-based systems [Wagner,
1999], some of which have been addressed by database vendors, such as Oracle. Wagner

recommends several extensions, some of which are listed below:

® Unique and immutable object identifiers (OIDs): Identification of rows in an
RDBMS employs unique primary keys. When no natural keys exist for an entity,
artificial keys must be generated. Also, primary keys are mutable, which may be

problematic. TAKODO generates its own OIDs to manage data.

® Complex-valued attributes: The first normal form requires complex attributes to
be split into their constituents rather than treated as a whole. TAKODO assembles
and disassembles complex-valued attributes during the transport from and to the

database.

* Aunribute functions: Information that is computed is poorly handled, and must be
explicitly stored in the database if it is subject to certain kinds of processing. For

example, the inverted index stores rather than computes lemmatized and stemmed

7 Available: http://www.odmg.org/

™ JSR-000012 Java Data Objects (JDO) Specification.
Available: http://java.sun.com/aboutava/communityprocess/jsr/jsr_012_dataobj.html
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word forms, so that indexing will cluster morphological variations. This increases

space consumption.

e Subclass hierarchy and inheritance: Hierarchical data is not supported by many
RDBMS systems; Oracle provides limited, nonstandard extensions. TAKODO

must provide its own inheritance and inferencing.

e User-defined types and large objects: Binary Large Objects (BLOBs) are an

inadequate solution for abstract data types (ADTs).

® Reaction rules: Database triggers offer limited functionality. For example, event
notification is problematic: in a distributed processing environment with multiple,
concurrent users, it is hard to monitor changes to data, so as to maintain the

presentation of information up-to-date in the user interface.

e Security: Security is at the schema level. An RDBMS does not support the fine-
grained security needs of knowledge-based systems, where restrictions depend on
the data’s content. For example, one may wish to limit a user’s updates to a subset

of the conceptual taxonomy [Prpic, 1997a].

e Uncertainty and reliability: There is no explicit support. TAKODO adds its own

extensions to record belief values.

TAKODO employs conventional object-relational mapping techniques to deal
with the object-relational impedance mismatch [Ambler, 1997]. TAKODO defines a
domain-specific query mechanism that hides many underlying retrieval implementation
details and minimizes reliance on the Structured Query Language (SQL) used by the
DBMS system. Caching techniques attempt to maintain frequently used objects in
memory, to avoid the performance penalties associated with access to secondary storage.
Such performance penalties are otherwise frequent when retrieval is essentially
navigational, as the relational model handles navigational access poorly. Some details of
the Knowledge Organizer’s caching system have already been covered. Additional
caching within TAKODO relies on Java’s garbage collection mechanism, using weak

references that do not impact which objects are eligible for reclamation. Of course, the
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storage mechanism must make use of appropriate data structures and indexing strategies
to ensure high performance. These employ the standard Java Collections classes,
including hash-based indexes. In addition, the storage mechanism was designed to be
thread-safe, given the use of concurrency in TAKODO. Due to the complexity inherent in
all of these issues and the space constraints of this thesis, a description of the storage

mechanism in greater detail has been avoided.

5.3.4 User Interface using Model-View-Controller Architecture
The user interface is separated from the core knowledge management systems.

Communication between the two is assured by using a Model-View-Controller design
pattern. Coupling between the systems is limited by using abstract interfaces; information
is kept synchronized and consistent through an event notification system that broadcasts
changes as necessary. This event notification system is fmplemented using a combination
of the standard Java Swing event model, the standard JavaBeans event model, and the
standard Observer/Observable event model, where necessary due to legacy support of the

evolving standard Core Java Class Library.

5.3.5 TAKO Combined Interface
The core knowledge management features of TAKODO are presented through the

TAKO interface (Figure 48), which combines into a unified interface the linguistic,
inferencing, message delivery, querying and filtering functions of the underlying TA, KO
and other subsystems. The TAKO interface provides the API for using TAKODO as a

knowledge server, independent of the user interface.

5.3.6 Representation of Data
Abstract interfaces specify the API for interacting with TAKODO objects. This

includes the API (Figure 49) for knowledge base elements, including statements and parts
thereof, such as belief values or lexemes as used for subjects, predicates, complements,
etc. Collections of objects, such as the collection of statements in a knowledge base,
conform to the standard Java Collections API, with extensions to the framework that add
such features as the ability to query the collection to retrieve, for example, only those

objects satisfying some Filter, as described below.
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As discussed, documents and document fragments such as sentences, words, and
arbitrary phrases have an object-oriented API (Figure 50). This API also defines the
interfaces required by linguistic services such as stemming, lemmatization, and access to

syntactic and part-of-speech tagging information.

5.3.7 Filters and Queries
TAKODO supports a wide array of filters, supporting string matching, regular

expressions, word class restrictions and numerical restrictions. Different filters are
implemented by different concrete classes. The design (Figure 51) is meant to be flexible,

to allow the easy extension or replacement of existing filters.

Every filter must provide the implementation of a method to evaluate whether a
given object matches the filter. This minimal implementation permits the use of a filter
without any additional knowledge about its semantics, although such use requires the
sequential testing of each information item in turn, resulting in performance that is linear
in the number of information items. However, specialized support for specific filters may
allow greater optimization. For example, the TAKODO interface to knowledge
management systems accepts arbitrary filters to limit the set of statements for retrieval,
but recognizes and thereupon optimizes access when used with instances of specific filter
classes. In effect, filter instances become a means of communicating filter specifications,
akin to a query language but with the ability to transmit the required computational

behavior.

In TAKODO, a query may or may not be a filter. That is, queries may specify
requirements that retrieved information items must satisfy, as well as additional
requirements such as the needs for presentation or organization of retrieved information
items. The former requirements are, in effect, a filter. The latter requirements may specify

how the retrieved items are to be collated, for example.

TAKOQuery, the class used for representing TAKODO queries, is not a filter, but
does use aggregation to contain instances of the TAKOPattern class. These instances are
filters (in Java OOP terms, TAKOPattern implements the Filter interface) applicable to

indexing terms, with additional semantics as patterns for searching within sentences.
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Specifically, methods exist to find the start and end offsets of the pattern within regions
of a given phrase. TAKOPattern defines several other methods allowing efficient use in
the presence of indexing technology, such as a full-text inverted index. One of these
methods may optionally return a term list, allowing retrieval to limit the scope to
fragments containing the specified terms, which may then be tested for further

conformance to any other restrictions of the pattern.

5.3.8 Communication with the Text Analyzer
The interface to TA services is handled by the TAKODO TA module, which is

divided into linguistic services, statistics gathering, and question answering. Actual
communication with the TA is via sockets using the TA server’s protocol for requesting
execution of the question answering system. Retrieval of results is performed directly
from the resulting Oracle tables, as specified by the TA’s APIL This is the sole form of
communication made available by the TA to external applications. All other TA-related
functionality has either been re-implemented completely, or has been derived from TA
tables in the database schema. In particular, this means that all concordance operations
have been re-implemented in TAKODO by the author. As TA does not support query
expansion or stemming, these are handled by TAKODO by sending multiple requests to
the TA server.

5.3.9 Communication with a Knowledge Management System
The TAKODO KO module provides a generic, abstract interface to knowledge

management systems, with concrete implementations for the Knowledge Organizer (KO)

and its predecessor, DocKMan’s Knowledge Base Builder (DKBB).

5.3.9.1 Communication with DocKMan’s Knowledge Base Builder (DKBB)
Legacy support of DKBB knowledge bases is handled by the DocKMan

component of the TAKODO KO module. As described, DKBB does not offer a public
API for interacting with the knowledge base independently of the user interface, and even
then, the API is incomplete for knowledge management purposes. Therefore, TAKODO

directly manipulates the underlying Sybase database, and re-implements all required
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knowledge manipulation and inferencing features, including a limited re-implementation

of statement inheritance. DKBB’s external API is used solely for event notification.

5.3.9.2 Communication with the Knowledge Organizer
The interface to the Knowledge Organizer (KO) is handled by the WIKO”

component of the TAKODO KO module. Communication with KO employs its public
APIL. As TAKODO and KO are both available for the Java 2 Platform and have a shared

code base, no special considerations are required.

5.3.10 Communication with Other Information Sources
In TAKODO, information sources (Figure 52) are called Oracles, and are not to

be confused with the Oracle RDBMS. Oracles are accessed through the TAKODO Oracle
module. TAKODO Oracle defines a minimal interface needed for presenting information
needs with subsequent retrieval of results. Since Oracles are Java beans, the addition of
more information sources is trivial, requiring little more than registration with
TAKODO’s Oracle Manager. Several concrete implementations of the TAKODO Oracle
interface provide access to knowledge bases, the answers from the TA, and the document

base itself.

TAKODO uses an abstract interface (Figure 53) to communicate with knowledge
management systems. This interface defines access to knowledge base meta-information,
allows selection of knowledge bases, and provides means for interacting with the
knowledge base to assert new knowledge or retrieve existing knowledge. Concrete
implementations provide access to knowledge management systems such as the

Knowledge Organizer (KO).

The author had considered using an existing standard interface to knowledge
management systems, for greater interoperability. The choices included Open Knowledge
Base Connectivity (OKBC) and its predecessor, the Generic Frame Protocol (GFP) [SRI
International, 1995]. However, neither DKBB nor KO implement such standard

interfaces. As these standards are designed to accommodate very general needs, their API

7 During development, the acronym KO was used generically, to mean any knowledge management system, and the
internal development name of the present Knowledge Organizer was WJKO.
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is more complex than that needed by TAKODO. Consequently the implementation cost
was evaluated as excessive for the research purposes. In any case, it is always possible to
create a concrete implementation of the TAKODO interfaces that acts as a bridge to
OKBC-compliant knowledge management systems, if ever the need arises for increased

interoperability.

5.4 Information Retrieval Issues

5.4.1 Term Weighting
The system supports term weighting internally, such as during query expansion.

This weighting exists primarily for the benefit of future relevance-feedback mechanisms.
However, this term weighting capability is not presented in the user interface. The
justification lies in the difficulty users may have in understanding the consequences of

arbitrary manual weight reassignment [Yang et al., 1998].

The statistics on word usage, as computed during the creation of the inverted

index, allow the use of conventional tf-idf term weights.

5.4.2 Query Expansion
At present, query expansion employs two sources. The first is the knowledge base,

which stores the statements expressing thesaural relationships between concepts. The
strength of the thesaural relationships is directly represented using the statement’s belief

weights.

The second source is the full-text inverted index, as described, which groups
morphological variants under their lexeme. Hence, it is possible to request all words

sharing a common word stem or lemmatized form.

5.4.3 Relevance Ranking of Sentences
Conceptually, the relevance of a sentence is computed as a weighted sum of the

relevance scores associated with two information streams derived from the sentence. The
first stream is the set of word-types occurring in the sentence, with relevance computed as
similarity to query terms using the vector space model and dot product. The second

stream is the set of subject-verb-object clauses embedded within the sentence, with
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relevance computed using penalties for failures to match parts of the statement

represented by the OAV model for queries.

5.4.4 Collection Fusion
TAKODO performs collection fusion by normalizing relevance scores. The

present methodology is somewhat unsophisticated. Different information sources are
associated with different weights, which are used as factors to adjust the relevance scores
of the information items they provide. For research purposes, the weights have been
determined experimentally. The collection fusion strategy corresponds to the merge-sort
technique as described in [Towell et al., 1995]. For more general use with various
heterogeneous information sources, a better collection fusion strategy is required. Towell
et al. note that a poor collection fusion strategy may result in retrieval with significantly

lower precision than retrieval from a single collection.
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6.1 Summary

The purpose of this thesis was to create a software tool with a single, uniform user
interface, designed to help ease several information management problems. Chief among
these was the retrieval of specific facts, such as those needed to answer some question

within a given domain.

The resolution of these problems consisted of two parts. The first was the
provision of effective knowledge management tools to facilitate the creation of
knowledge bases; these store their contents in a compact, knowledge-rich representation
that is particularly useful for satisfying information needs. The second was the integration
of information retrieval techniques, particularly passage retrieval, to provide the support
of existing on-line documents in satisfying information needs. This is needed due to the

limited availability of complete knowledge bases.

This thesis has shown that coupling explicit domain knowledge with a document
base provides mutual benefits: retrieval is more “intelligent” and the information base is

more complete.

A secondary goal was the creation of an extensible system, able to.serve future
needs and capable of accommodating additional subsystems, with seamless integration
and limited impact to the existing code base. Lessons learned from previous prototypes
showed that rapid applications development is useful for experimentation, but without
adequate consideration of software maintainability, the resulting system may poorly

satisfy further research needs.

Chapter 2 presented the needed conceptual background. Chapter 3 described the
Text Analyzer and the Knowledge Organizer. Both of these were integrated into
TAKODO, as presented in Chapter 4. Chapter 5 presented a brief and necessarily

incomplete look at various implementation details.

133
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6.2 Discussion

The main conclusion from this research is that it is indeed feasible to provide
unified and simultaneous access to both knowledge bases and document bases. The
former stores high-quality information, often with some formal semantics. The latter
stores ambiguous, natural language texts, but may be far more complete than the
knowledge base. The direct access to both benefits information retrieval tasks, and aids
during knowledge engineering processes. Although the LAKE group has not completed
any in-depth usability surveys, initial user feedback in the form of word-of-mouth is

promising. The main points are that:

¢ Query interfaces, as used by search engines but with minor modifications, are an
effective means for users to interrogate a knowledge base. In very large
knowledge bases, navigation may be inappropriate when you know what you

want, but don’t know where to find it.

e There is a need for various degrees of formality in knowledge representation.
Information retrieval systems target natural language text, which is at one
extreme. Text presents major difficulties due to its ambiguity and complexity,
allowing many ways of expressing the same idea. Formal knowledge management
systems typically target the other extreme, often requiring their content to be
absolutely correct, consistent, and obeying strict formal semantics. TAKODO
imposes some minimal requirements, with semantics associated with the subject,
predicate, and complement parts of statements, and recommends the use of
ClearTalk conventions. However, TAKODO also allows statements to contain
arbitrary unprocessed text (for example, informal English descriptions, or even
computer code). Certainty factors are used to allow the modeling of beliefs, which
may be contradictory. Like CODE4 and its successors, TAKODO offers such

formality, but does not require it.

e It is believed that cooperative knowledge acquisition should be made more
accessible to a larger class of users. Of course, the information entered by users

without formal knowledge engineering skills may not be of the same quality as
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that entered by experts, but it remains nonetheless useful. An individual may have
a specific question and use an information retrieval system to find its answer.
Thereupon, the query results are lost to other users who may have the same
question. The current state of the art remains in the form of Frequently Asked
Questions (FAQ) lists. TAKODO, instead, allows the user to store retrieved
information into a lightly structured knowledge base, which may be refined

subsequently.

Issues listed as future work during prior projects by the LAKE group [Kavanagh,

1995; Zayour, 1997; Prpic, 1997a] and which have been implemented by the author

during the development of TAKODO include:

Transparent querying of multiple information sources with fusion of the results,
which includes: (i) information retrieval from both the knowledge base and
document base; and (ii) complete and transparent integration of the TA with the

knowledge management system.

Provisions for rapid construction of a knowledge base through: (i) initial
experimentation with automation of the task for the construction of a knowledge
base from the document base; (ii) continuous availability of a lexicon in the form
of a sorted term list; (iii) ability to find relevant predicates associated with a given
subject from the knowledge base, as candidates for new statements during
knowledge entry; (iv) extensive copy/paste functionality in the user interface, for
increased efficiency during manual knowledge entry from the document base; and
(v) automatic maintenance of audit trails for tracing knowledge back to its

sources.

Use of concurrency with incremental retrieval to minimize the impact of delays

during query processing.

Linguistic processing (stopwording, lemmatization, stemming) made available to
all systems, including the TA and the KO, to resolve issues of morphological

variation and multiple inflected word forms.
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Greater flexibility and near universality for filtering and sorting of all kinds of
information items; support for complex pattern matching using regular

expressions;

Support for multiple kinds of taxonomies (hyponymic, meronymic) including

topic hierarchies.

Presentation of formatted text and multimedia content (through HTML).

The greatest difficulties encountered during the implementation of TAKODO

were related to two issues: (i) efficiency concerns, due to the interactive nature of the

system; and (ii) the very rapid evolution of the technologies used during development,

particularly of the Java Platform.

6.3 Future Work

There is much work left to complete the DocKMan project’s vision of a unified

system to integrate documents and knowledge bases, complete with any necessary

linguistic knowledge.

L.

A more complete usability evaluation is certainly necessary. Such a study should
focus on retrieval effectiveness, with standard measures of precision and recall, as
well as knowledge acquisition efficiency. The HPKB project [HPKB, 1999]

provides a guide for the methodology of such a study.

Additional knowledge visualization techniques would be useful. Outline views, as
in the Knowledge Organizer (KO), may yet be added for displaying and
manipulating taxonomies. The graphical view of KO, presenting information as a
semantic network, still has its applicability, especially when restricting the view to
a small subgraph of the entire information base. Fisheye views were cited as
future work for KO’s predecessor, DKBB, but were only partially implemented.

CODE#4’s property matrix browsers were a useful display for comparing subjects.
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3. The Related pane should be enhanced to show answers that are related in several
different ways, perhaps borrowing ideas from the WAVE Conceptual Browser

[Kent & Neuss, 1997].

4. A query history function should be added, to maintain the sequence of queries
used during an information retrieval session. A mechanism to persistently store

the query for subsequent use may be equally beneficial.

5. Relevance feedback is very limited and rather unsophisticated in the current
implementation. Any relevance feedback is used only to make additions to the

knowledge base. It does not result in any automatic query reformulation.

6. It may be possible to improve and generalize query expansion beyond thesaural
relationships and morphological variations, by employing spreading activation on
the semantic network represented by the knowledge base. Such spreading
activation may yield improved concept recognition abilities, by taking into

account the shared context in which the original query terms are used.

7. TAKODO does not yet provide explicit support for KO’s concept of compound
statements, and lacks the linguistically motivated verb, verb prefix, and verb
postfix parts of a statement. These features were added to the KO late in the

development process of the thesis.

8. Updating the document base with changes to existing documents is problematic:
existing references to passages must be maintained in some way. The current
strategy requires marking up the original documents with tags to store unique

sentence identifiers. These miust be left in place during any subsequent editing.

9. TAKODO needs to provide a simple and complete interface for document base
administration. At present, this task is the responsibility of the TA, and the
addition of new documents is excessively complex. Unfortunately, the TA does
not provide an API to allow integration of the task into TAKODO. However,

TAKODO does include administrative features to selectively re-index documents
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10.

11.

12.

13.

following any updates. Ideally, one would like the information gathering facilities

such as those of the Web Information Collector (WIC) [Zayour, 1997].

One may wish to replace the indexing technology with a more sophisticated
implementation. Ideally, TAKODO would use an off-the-shelf IR system, but
there is need of an open system to allow special customizations. For performance
and scalability reasons, the TA should be improved to make use of full-text

indexing. The options are currently under investigation by the LAKE group.

Additional options for importing and exporting the knowledge base are needed,
with preference for standard formats, such as KIF or OML/CKML [Kent & Neuss,
1997]. KO can already export its knowledge base as an XML document, using its
own schema. In particular, one may wish to store knowledge base statements
directly in the source documents, as additional markup such as that of SHOE
[Parallel Understanding Systems Group, 1999a]. Such a solution guarantees that

the associated formal knowledge is always transported with the document.

True multi-user execution of TAKODO remains limited by the TA’s single-client
restrictions, requiring a dedicated instance of the TA server to be started for each

user. At present, this limits the practicality of wide-area Web deployment.

With respect to shared knowledge bases, there is a need for shared ontologies, or
at least, for the mapping between different ontologies. This is a difficult problem
[Lenat & Guha, 1989; Lenat, 1995; Neches at al., 1991], inadequately addressed

by this research.

In closing, let us make a final comment on the integration between TAKODO and

KO. There is much overlap in the two systems. Both share some common formalisms

using statements to represent information. Both display these statements as grids with

several columns (although KO’s columns are fixed, whereas TAKODO’s depend

dynamically on the table’s contents). Both provide their own, independent but similar

interfaces for modifying the knowledge base. During development, features have

migrated in both directions. Although they satisfy different needs, and are expected to
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diverge in some areas, TAKODO has progressively become more KO-like from its
information retrieval origins, improving its knowledge management facilities, and KO
has progressively become more TAKODO-like, improving its respective information
retrieval facilities. Both systems are attacking the DocKMan project’s goal of integrating

documents with knowledge bases, but from different directions.

As research continues in the next decade, the author foresees increased integration
of Al technologies with those of information retrieval. As users become increasingly
inundated with the mass of available information, they may learn to appreciate the
benefits of increased knowledge sharing resulting from greater formality in knowledge
representation. At present, word processors are omnipresent and, despite their numerous
features and significant complexity, are well understood by typical computer users;
unfortunately, knowledge management systems are not. The author believes this will
change, slowly. Documents are more than bags of words; they carry meaning. Natural
language processing techniques, coupled with rich lexical databases and large knowledge
bases, will hopefully allow retrieval of information that is less sensitive to the language
and terminology used in natural language documents. However, this is no excuse for
carelessly and a priori disregarding the option of contributing to a knowledge base in
favor of writing a natural language document (that may be later misunderstood, even by
other, human readers). The world needs better tools for knowledge management,
including its acquisition and its retrieval, aiding authors to be clear and concise, use

appropriate terminology, and avoid unnecessary duplication of effort.



Appendix A: Filters

Filter Syntax

Description
or (First non-whitespace character): Optional, default is &
AND: Require matches of this filter, along with other filters.

OR: Include matches of this filter, regardless of any other filters.

Filter Specifier (Immediately following the Prefix Operator)

NOT: Exclude matches of this filter, regardless of any other filters.

\string Case insensitive substring match on string, including any leading or
trailing whitespace.

' string Exact string match on string, including any leading or trailing
whitespace.

“string Case insensitive exact string match on string, including any leading
or trailing whitespace.

/regex Perl-style Regular Expression match on regex, including any

leading or trailing whitespace.

op number where

op is one of
> < > <= = <>

Numeric comparison. Strings are converted to numbers, or treated
as null if not valid. Can also search for nulls using = without any
value. '

@engcg:data

Match words on the ENGCG base form specified by the data (the
word must be tagged)

@stem:data

Match words on the stemmed form specified by the dara (the word
must be tagged).

@lemma:data

Match words on the ENGCG Stemmed lemma specified by the data
(the word must be tagged).

@root :data Match words on any of the ENGCG Stemmed lemmas found to
exist for the word specified by the data (the word must be tagged).
@same:data The filter is expanded to match on all words having a common

ENGCG Stemmed lemma with the word specified by the data.

@class:include/
exclude

An item must match at least one of the specifiers in the inclusion
list (logical OR), but must not match any of the items in the
optional exclusion list (logical AND). The inclusion list specifies,
in any order, the tags and classes among those of Table 19.

@relation :data

Match on lexemes related to the one specified, using the given

relation type. relation may be one of:

e isa: Includes all broader terms (hypernyms)

¢ sub: Includes all narrower terms (hyponyms)

e syn: Includes all synonyms

e related: Includes all related forms (hypernyms, hyponyms,
synonyms, conjugations)

The optional prefix may be one of:
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+: Exact match.

»: Case insensitive match.

\ (default): Case insensitive substring match.

? Reserved: Expression which evaluates to true/false. # is the object
being searched for.

~ Reserved: String match. Following char may be one of = for exact
match, * for substring, and \ for case-insensitive.

syntax: Reserved: Other syntax

Any other specifier
starting with a
different first
character than the

above list

Case insensitive substring match, excluding trailing whitespace.

Table 17: Filter Syntax in TAKODO

The following stoplist was derived from the Text Analyzer stoplist [Kavanagh,

1995] and from the Brown corpus’®, with further additions during experimentation.

1988 being except into not sincere up

1989 below f is nothing six upon
1990 beside false isn't Nov sixty us

1991 besides Feb it November SO use

1992 between February it_ now some used

1993 beyond few its nowhere somehow uses

1994 bill fifteen it’s 0 someone using
1995 both fify itself Oct someone=else v

1996 bottom fig j October something very

1997 but figure Jan of sometime via

1998 by fill January off sometimes w

1999 c find July often somewhere was

2000 call fire June on still we

a can first k once such week
a=few cannot five keep one system weeks
about cant for know one=another t well
above can' former 1 one=or=more  take were
across co formerly last only ten what
after computer forty latter onto than what__
afterwards  con found latterly or that whatever
again could four least other that_ when
against couldnt from less others the whence
all couldnt front like otherwise their whenever
almost cry full Itd our them where
alone d further m ours themselves whereafter
along dd g made ourselves then whereas
already de get make out thence whereby
also Dec give man over there wherein
although December g0 many own thereafter whereupon

"8 Stoplist available from anonymous source: http://local.dcs.gla.ac.uk/idom/ir_resources/linguistic_utils/
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always describe h Mar p thereby wherever
am detail H1 March part therefore whether
among did h2 May per therein which
amongst didn had me perhaps thereupon while
amoungst dl has meanwhile please these whither
amount do hasnt might put they who

an does have mill q they’ll who_
and doesn't having mine T thick whoever
another done he month rather thin whole
any don’t hence months re third whom
anyhow down her more Record this whose
anyone dt here moreover s this=one why
anything due hereafter most said those will
anyway during hereby mostly same though with
anywhere e.g herein move say three within
April e hereupon much says through without
are each hers must second throughout would
around each=other  herself my see thru X

as eg him myself seem thus y

at eight himself n seemed to year
Aug either his name seeming together years
August eleven how namely seems too yet

b else however neither Select top you
back elsewhere hundred never Sept toward you_

be empty I nevertheless  September towards you'l
became enough ie new serious true your
because et_al i_ next seven twelve you're
become etc i nine several twenty yours
becomes even ie no she two yourself
becoming ever if no_one should two-thirds yourselves
been every in nobody shouldn u z

before everyone inc none show un

beforehand  everything  indeed noone side under

behind everywhere interest nor since until

Table 18: Default Stoplist Used in TAKODO
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Class Type Word Class TAKODO Notation TA Notation
Importance | Term + None
Stop Word - None
Content Word * None
Syntactic Auxiliary Verb X ‘X
Tags Main Verb v ‘V
Subject S ‘S
Formal Subject f ‘F
Direct Object 0 ‘O
Indirect Object i ‘1
Pcompl-S p ‘P
Pcompl-O c ‘D
Adverbial a ‘A
Determiner d ‘D
Part of Adjective A A
Speech Tags | Abbreviation B B
Adverb D D
Coordinating Conjunction | & &
Subordinating Conjunction | C AC
Determiner T AT
Infinitive 1 A
Noun (Singular) S S
Noun (Plural) L AL
Noun (Genitive) G G
| Noun N AN
Number # i
PCP1 -ing 1 !
PCP2 -ed 2 "2
Preposition R "R
Pronoun P AP
Verb \' V
Word Part of a Compound < None (Compound
Groups treated as whole)

Table 19: Word Classes (Tags) in TAKODO
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Figure 42: Abridged Class Diagram of DocKMan's Knowledge Base Builder API
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Figure 43: Class Diagram of KO Knowledge Base Elements API (Abstract Interfaces)
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Figure 45: Abridged Class Diagram of KO Server API

<DOPALN S0l OBJECT

«ramoveFacet rvoid

+outAliStataments:fava.util.Co

+getLocalIEATement s ava ueil.
getLocalStatemente:ava.util.
sgurgcatemenca:java.util.Colte

" 1L.coll

DOMAINSEY. SOl 1

22BRO:Musber

+getAutoConit iboolean
Pr———
+qetDBHetaData:java. nql Databn
+0etDBProperties :0BPYOp ALt ies
+30UCKBS arve
+IDBCKBSar v
+yetUser:String
“getaystamobject :0bect
+interruptediboolaan
“chiackinterruptions:void

“getIntarruptablechoolean
arcuptablesvoid

sgetDIConnect font javi

ccomitivoid

+gethexciDilnt
Munber
ava.util . Collection

oremove:void
aid

preparequary:
+getDapendentbaca: booleal
getDependencOata; boalean

cremove

sgatstacements:java.ucil.Colin

apdateScatenant : SEacament
+updateSTaTement ;5tat ament

supdateStacament statement

supdataStacemant Bubject iEtaten
supdatesitacemencVerbPretix:sra
supdatestatemantVerbiatatenent
<updatescacementPredicatacstar
“updntestatanuntverbpost is:Sc
supdateltAtementConplenent 5ta
dateStatementRest (Catenant

eramoveStatemant ivoid
saelectFacetsrat mment :boolean
suecAliFacetstacementa:ava.ut
+gutLocal FacetSTATeNoNTa I AvA.
sgmtPacatECatamant e Java.uELl,

saetFacetSEaCamente:JavA.uELL .
+adIPacatSEat ament Facacitaten
+addFacetBCatement Facetstat
supdateFacetSeatament iPacetaca

+ramcueFacetSeatement ivoid

satéroperty:void

cautPropertiesivoid
gatProparty:steing
sgeckroparties:iava,util. Hashe

aatRandonly:vnid
*yetKBserver:KBsarver

void

~satKBserver

ssechutocreaceivord
£ ThrowEx] ¢ encaExcent Lons
snutThrovExiscanceBxceptions v
P A S
<setThrowUniquen esaBxcept i ons
saetiot Lty ibwolean
ctioti ty voia

*gethiding String
sethiding:void

sgethinrarchy:string
saatiiararchy:void

147



Appendix B: UML Class Diagrams

ecErobjert

TerTallesIDBCKBTaNLe
suetKuServaT: KbServer
“gethnditandl
“ratrosnivoid

~Aabeluran; b
sostDelerad:votd

1

148

e T
e
TORCKRY wratconpl spent Toecumerk Somckmmess [ pe—y prorrerres
TBCKUFacwramplement ~aDBCKBYart:s e,
n hool: “uatIDONg et ~LoToLIreral ol

s *gercomment StFLMY i

L “haantoce: kne
- getTAbLY: TORCKRTAML mathamecva1d “retrosn:voia

gt o get R 5

+rpat ieans e

“gmtSense:ine

pEnE——

serina

«casering: steing

Any

Tntart

stostring:sring

r————
sartRmvoLd
sigreclunnanes : Strragl |
gt 1 JOBCRBCn ) unn T
~ige o Tinn - JDBCK B um
1gb o Lumname  SCring
unrIDONgucE

raueohect songect
yerconpintazmooinan
gnecumplate.
remecumpinturvold

ot ean

[ ——
ermtimplatn:vold
“qotBuni R Chyneel ]

it EMAppoRdONT e CE Ol
- ERAppecOnTacE Obnet
untianpletsVatus Oby et

it OED ) EsVaLUnEXLSEL  bandne
esercomlntavalustvold

OMmtractRoapper s
ninevotd
getRBServariKBServar
esource:vold
ethovivold

eeFacer s Pacer
et Braliear vt
et Facer ivadd

nateAragoty i

Ctoutrienst g

<Ine gerihlIdixmIngucr

“getitoTumnName  String
getobyect:ohact

epetitomp et eValie: Ui
getCorpletevalunExia
ot Completevaliue: vosd

swercampleresveld
caetiompletesvold
reurcomple

stostring:sering

=DENG ORACLELIAC

“ROMAEE S

DRAINRET Sl 1

“ioulean

Sgathant:kear

smechuscivotd

eethucotomaly vold
+getDBMetaData: fava. aql . Databs

“gerscatementhelation:seatemen

+gectiser:Sering

e
TR

+tio WRnkoAPPAT ¢
oL M er

M

superciolmn

oBcKBCoLumn ()

amrCalumnttame: sex {0y
DBCKEL oL e

syercolumne

oy

ect
Sgettominiaigser (1
e CHappedOl ot sOb 1 ect

Lobae

yetID:Onect
“upetDomaln:Ohfectl |

ryetMappedOLtast sifect
uale: boioan

+ preparediiani an

stostring.

cring

“pecHameSEring

Jmmrr—
ALRCRIEY
="

PRI P
*Antaxkean) £ Loolunn

0. .
Tacawgeary meckacol e stecssrate
gl eteing abogaint,
b e ecntiomminsering +IDRCRRG b e 268300600
leresrring seerInbexiveld 2405 DR
TR b3
PETtTNR—— IDBCRBTaML
* hoveLDsou - ruetindaxiane sgerIndex: Ln
PRI —_
get Imlexndindessint LSEDORY¥OY ool ean

CLans

getKeyColumeount: Lt

Ine

+lnterrupted: hualean
+checkInt erruptions void
et Invarruptarle; boolean
seetinterviptablevold

+gethelaton:sering
Lot Lonivosa

“lntaststatementhelation:boole

<getoraersinr

tng

“eTDBIEALement : Java. 0ql - Stare

«conaltvold
“rollback:votd

- TOBCKBPr adicats.

sretresn:

ia
rearsOhivord

SyetHexeID: it
et Senas:Number

getall: java.util Collection
sappenarvotd

“ramove:vota

removarvora

“LEAPAT ALY - Uary

] davacent

saetkeyponlesn

*Larazionloan

uetbomatnimyect
“gatCachesizoNin:lne

+tasering:string
sequatathoolean
“hashode: it

*getCachedCol unrtiaman St ring
etKeyCachedtal unntiana: Strih

stostring:string

et lumn : JDBCKBCOLamm

“yetialumn JDRCKBCaLunn
sequalesboslean

totHane SeEing

“uottana: String

[PRTNIReN AT
r— ot ienmes ine P
omet vesa L

sertne
syarancestars: gava.ucil.Cotlee || syettanerscance: int

sgaceniiaren: fava weld cotlect []ogee

¢ Descendente: fava aedl ¢

ol ean

©krAncustors

colesn
AL ] ean

Suerinher

AL || ot 1nner s cmmarsvata
et thvar e Preticate
“metInverse vord
seustring sering

+bobescandent st ean
< LaUnparenemd:hostean
+AsTnstance ool ean

tgetkeys:huclean
ot
«finallzeivold

|

st ioiies
Hrrvota omrrepers
archarssering
scluarsveta “maVarcharilnr
sfase:vold “vin:int

[ rre—y

“CachestatiaticamthCunplatene
“Cachestat lericatt

Compl o< ene
covtcumslutesvold
o

ceariveld

omplecarinolann

Tiaestanp:sering
TimaPormat i 1ne
~oun_cachatBrelmg

nasTruncate:banlean

“Integerlasa:Clase

SLAKE FOROT I Lt

wopet Intamet Nubar
or :Munber

Figure 46: Abridged Class Diagram of KO Server Implementation



Appendix B: UML Class Diagrams 149

TAKODO

interface interface
<+ dake,linguistio, Phrase <+ .8ite.lake.linguistic.Nerd
A A s T
A il - —

1 | Pl T

H ] o ‘~___‘.__

| 1 - e
1[- I intertace interface l . Detaxtrazaseword I
{| I e

\ ,,,4},,_/?7__4

I~ Errrrr————— e 1 [t )

I 1 1 1 | S | 1

| ] L ] 1 | |
A

interface interface
+votake. dacn. Sinpledeliaf oo+ ako date. Sinpl abeurve

intertace

interface interface interface interface Intarface
o+« Deraistantldantity » o tako data. Mt rode . Eako. TAROSource vo < Eako.date. Nt ableSource s tako.dats.Sinplestatonant

? & 5 — 4 el Y= B

1 | [« I
intertace intartace interface incertace intarface I «»-Derivedlaversestatament I
" . " T
z’,\ Ay 9 Q /
; g | intertace

H intertace <. ety SimploTARORatLara
. lake.sql.abatractRovatate interface \\ sootake oy 1 iy ————————
Sttt ———— - .pexsistent. Destroyable N
N

N
. A N e
i} e S i ] S
—— TN | | e
| T H H ~.
1+ aite.2ake,aql Revstate Abstractaynchranisedewstate +e12ake, Cakede ko FAESRON [ Jak "
|
|

I IE
I ]

l
—

intertace | " | intertace «+ - quATY. AbSETasESARDOreale intartace
| 1} 1 BAET ee————— e
1 1 J

‘r T =
!l.‘ ? E { r Eli FPrmr—— ! !4................‘.,..,. —

| Irertace - - | [ )= |
_ xo.d | | 1 1 1
L 1 11 Il ]

P A

[ v = 1 — e T 1
' ] i I J 1 |
[ | 1= ] | 1 Irs V[ 1
i j |1 I 1| 1| |
| ] | 1 | | s || o

1 1 1 1 1 11 1

1 ]l

T rw—
!
I

Figure 47: Abridged Class Diagram of Main TAKODO Classes
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Figure 50: Abridged Class Diagram of TAKODO Linguistics
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—excludeTags : String
+WordClassFilter:
+WordclassFilter:

~-isTerm:boolean

-isStopWord:boolean
+toString:String
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Figure 52: Class Diagram of TAKODO Oracles API
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Figure 53: Abridged Class Diagram of TAKODO Knowledge Management System API
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