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Abstract

Ever increasing amounts of information are available in digital form for use in existing and
emerging applications. Data sources, formats and descriptions are accessible in a diversity
unimaginable a few years ago. This information seldom comes with a complete specification
or schema, even though much of it contains some regular structure. Existing specifications
or ontologies, developed separately from the data, are of no direct benefit in organizing
such volumes of data. Tools are needed to assist domain experts linking information from
diverse and changing sources.

This dissertation presents the SKEIN system which is designed around an algebraic
framework. SKEIN is a suite of tools for managing semantic heterogeneity between infor-
mation sources. The presentation focuses on one large scale repository developed using the
algebra. This repository, or nexus, is a graph of dictionary terms related by their definitions
as extracted from an on-line Oxford English Dictionary resource. Two algorithms over the
nexus provide assistance to experts in domain interoperation. ArcRank computes the most
relevant arcs between terms, building on an extension of PageRank. All Pairs Similarity
uses ArcRank values to compute which terms have the most similar link structure.

The nexus is a directed labeled graph, four times the size of two other lexical repositories,
WordNet from Princeton U. and MindNet from Microsoft Research, but required orders of
magnitude less development and maintenance effort. The operators used to build the repos-
itory are generic and apply equally well to thesauri, encyclopedias, and other dictionaries.
The use of the nexus reduces the effort expended by the expert in matching terms between
other sources. Given the task of pairing up English language pages of NATO government
websites, SKEIN achieved 70% of the matches obtained by a human expert, without gen-
erating any false matches. The nexus and assorted algorithms, when used in the context
of the SKEIN system, constitute the first steps towards the systematic interoperation of

heterogeneous data sources.
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Chapter 1

Introduction

The emergence of the World Wide Web as a universal medium of information exchange has
radically transformed our ability to access and exploit heterogeneous information sources.
This shift has exposed issues that have seldom met with deep inquiry in the context of
database research. The assumptions about regularity and quality of information that go
virtually unchallenged in traditional database research are demonstrably not valid in this
environment. The fundamental problem we face is that information is always expressible
and interpretable in multiple different ways. Despite this challenge, it is valuable to be able
to exploit this wealth of information in a coherent fashion. In what follows we examine
the relevance of semantic heterogeneity to data management, and we present a systematic
approach to dealing with it.

Optical illusions and mirages tell us that our senses are not always capable of providing
us with an accurate account of reality. Inspired by the work of Magritte, the preceding pages
contain a lexical component which implicitly encourages us to question where reality ends
and representation begins. Words are objects in their own right, but their principal purpose
is to represent communication about other objects. Semantic heterogeneity arises out of
the ambiguity inherent in the separation between words and what they represent. Puns,
double entendres, and metaphors are the linguistic equivalents of optical illusions. These
statements are examples of semantic heterogeneity, since they contain multiple meanings
purposefully inserted into a single statement. Fortunately, in practice, we only have to deal
with inadvertent semantic heterogeneity, that is, the cases where different meanings arise
because of a lack of a pre-established common meaning. Recently the author had a first-hand

experience with business errors caused by semantic heterogeneity on the Web. He received a



2 CHAPTER 1. INTRODUCTION

targeted mass-mailing offering “the Visa platinum card exclusively for scuba divers,” despite
the fact that his only affiliation to diving is the hobby of springboard diving. The author’s
home page is the only public source of this information. Such semantic mismatch is by
no means unusual. Most mass mailings also blindly apply the feminine gender to the first

name Jan.

The database community is just beginning to investigate some of these issues in the con-
text of model management [BLP00]. In the field of artificial intelligence, however, research
has been accelerating in the last few years [JPVWO9R]. The methodology for representing a
domain is named ontology, a term borrowed from philosophy. Ontology concerns itself with
the representation of the objects in the universe and the web of their various connections.
The traditional task of ontologists has been to extract from this tangle a single ordered
structure, in the form of a tree or lattice [Sow00]. This structure consists of the terms that

represent the objects, and the relationships that represent connections between objects.

We propose to defer the task of globally classifying terms and relationships, and to
focus instead on identifying the appropriate ones as we need them. We distinguish context
from concept, the unit of ontological abstraction, and composition from subsumption, or
containment, the relationships which commonly provide structure to ontologies. Context
expresses the conditions under which statements about concepts are true. Composition
recognizes that statements from separate sources about the same objects are not a priori
true in the same context. Composition also recognizes distinct objects as being equivalent
in the right context. Whenever we compose information from separate contexts, we must
create a new context to define the relationships between terms in the original contexts. As
the composition of contexts requires the creation of new contexts we view this composition
as an algebraic operation. We use articulation as the generic term for a context composition
operation. Given the tools of context and composition, it now becomes possible to consider
potential savings in the cost of constructing and maintaining ontologies from components,

over the costs of monolithic ontologies.

This dissertation presents three results that show the value of the SKEIN system. As
we mentioned in the abstract SKEIN, or Scalable Knowledge Extractor and Integrative
Nexus, is a suite of tools, and the nexus is a repository of word relationships. The nexus
we developed is four times larger than other comparable systems, but required orders of
magnitude less development and maintenance effort. The operators used to build the nexus

are generic and the articulations developed with them are reusable and scalable. The cost
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Table 1.1: Information Sources

Source Size [MB]
Oxford English Dictionary 570
Webster’s Dictionary 50
Roget’s Thesaurus 1
NATO & NATO governments’ websites 10
British Airways Web schedule 6
United Airlines Web schedule 5

of applying the articulations grows linearly in the size of the information sources. The use
of the nexus reduces the effort expended by the expert in matching terms between other
heterogeneous sources, such as the pages of NATO government websites. We used a wide
array of sources in the development of SKEIN and the nexus. Table 1.1 presents a list
of the data sources that we discuss in the dissertation, along with their approximate raw
size. Each of the first three sources listed can be used to build a nexus, and the other
three sources serve to demonstrate the use of the SKEIN system. The three interdependent
components of the SKEIN system, the word nexus and the algorithms computed over the
nexus, constitute first steps towards the systematic interoperation of heterogeneous data
sources.

The following introductory sections outline the material and contributions of the thesis
along with related work. In Section 1.1 we illustrate with a motivating example the specific
problems addressed in the dissertation. We also introduce the SKEIN system and the way
we use it. We present our research hypotheses in Section 1.2 and briefly outline the form our
results have taken. Section 1.3 defines the terms and their usage in this dissertation, thus
the context of the thesis. We describe the solutions we have identified and implemented in

Section 1.4, and present the related work in Section 1.5.

1.1 Semantic Interoperation

This section presents a definition of the problem we address in this work. We seek meth-
ods to achieve efficient identification of relevant information in heterogeneous repositories,
verification of its appropriateness, its deployment and maintenance for application specific

needs.

The major assumptions of this problem statement are the following:
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relevancy is defined with respect to application requirements

e a priori, no consistency exists between separate repositories

data in individual sources may contain errors and irregularities

e sources may undergo autonomous changes at any time

More important than the assumptions are the consequences of the problem statement.
In particular, efficiency drives us to avoid attempting to integrate the entire content of in-
formation sources. The need to maintain knowledge from independently changing sources
means it is unproductive to convert more than the essential information from any source.
Instead, we focus on achieving interoperation of the portions of sources relevant to a spe-
cific application. Another consequence of our problem statement is that we make no effort
to process free text completely. Although we have performed partial text analysis in ap-
plication specific ways, the problem of processing arbitrary texts is far beyond the scope
of the dissertation. We have found, however, that limiting ourselves exclusively to well
formatted structures such as database schemas, XML (eXtensible Markup Language) or
documents, does not simplify the problem in any way except that such documents happen
to be smaller, and somewhat more regular. These formatted documents still possess the full
array of problems such as incompleteness, irregularity, and inconsistency that our research

targets.

Object from BritishAirways.com Object from UAL.com

@rowse Schedules Find a Flight

non- smoklng flight
Greens available to those with
restrlcted food diets Kosher, Vegetarian, Children’s
meals available on request

Figure 1.1: Airline Meal Survey

We continue with a detailed illustration of the technical aspects of this dissertation,
using a survey of airline meals as a motivating application. In the main body of the disser-

tation we will show large scale examples and actual results of the use and the reusability
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of our technology, which are less well suited to this introductory chapter. The data for
this example comes directly from the United Airlines [Uni97] and British Airways [Bri97]
websites. The particular value of this example is that it clearly exposes the different types
of semantic heterogeneity that we deal with in the dissertation. In order to complete the
airline meal survey, we need to be able to access information from different airlines’ web-
sites. Figure 1.1 shows fragments of objects extracted from the schedule pages of both the
British Airways and the United Airlines websites. By inspection, we see that both objects
contain information about flights from San Francisco to London, and some details about
meals available on those flights. We know that the pages contain the appropriate material
to answer human queries about airline meals, and yet the terminology is different enough
that we expect an automatic system would have trouble doing so. For instance, we see
that the labels ‘Flight’ in the British Airways object and ‘Flight Info’ in the United Airlines
object refer to the same type of item, i.e., a flight number, but they are in different positions
in their respective objects, and they do not provide a justification for assuming they are
equivalent. Taking them to be equivalent, we run into our next problem. By extension, we
could then assume that the labels ‘Arr. in’ and ‘Arrive’ refer to equivalent items. Unfortu-
nately that assumption is only partially true, since one only refers to a location, while the

other refers to a time and location.

Application Schema Actual Source Data
Value-Attribute Conversion

Find a Flight

Flight Number

Depart Arrive Meal

o o>

Sample Path: UA930.Meal.Veggie

non-smoking flight
Kosher, Vegetarian, Children’s
meals available on request

Figure 1.2: Airline Meal Wrapper

Attribute Names/Values

Having identified the appropriate material to answer our query (the airline schedule
pages) we need to extract the relevant parts (use a wrapper to extract objects from the

pages). After we have the relevant parts we then map the objects into a common format



6 CHAPTER 1. INTRODUCTION

to answer queries (write an application specific mediator). Systems exist that enable this
work, such as TSIMMIS [PG95]. We go a step further by investigating which parts of the
specification process can be automated. In other words, we aim to provide a set of facilities
that support the process of identifying, wrapping and mediating the relevant information
in heterogeneous data sources. We’ve seen in Figure 1.1 that different information sources
express similar information in different ways. It is typical that the format is also different
between information sources and the requirements of any new application which will use
the data. Figure 1.2 lists some of the types of mismatch we need to recognize in order to
properly wrap the United Airlines schedule page. In particular, we need to know when a
value, shown here as a leaf in the structure, is an attribute elsewhere. Attributes in this
example are nodes that refer to other nodes, as indicated by arcs between the nodes. For
example, the ‘Find a Flight’ object has an attribute, ‘misc’, whose value is the string atom
‘non-smoking flight” together with a reference to the ‘meal’ sub-object. Incidentally, United
Airlines explicitly indicates that all of its international flights are non-smoking, since they
can not assume that all of their potential customers know that they are a smoke free airline.
We also must handle superfluous structure as well as content, such as those among the nodes

referring to meals. We must also handle variety in the names of attributes and their values.

Source #1 Source #2

Find a Flight Airline Catering

United Airlines

Figure 1.3: Airline Meal Mediator

Finally, when it comes to interoperation of information from multiple sources, we uncover
an even wider array of problems to handle. Figure 1.3 shows how the granularity of concepts
may be completely different between differing information sources, and that the scope of
term variation broadens substantially. In order to properly link the objects for use in our

airline meal survey, we must recognize that a flight from San Francisco to London would be
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categorized as ‘Trans Atlantic’. The conceptual granularity differs in that one node referring
to an ocean encapsulates some semantics of two nodes representing a start and destination
point of a flight. Also, the single ‘Trans Atlantic’ node subsumes many other pairs of nodes

from the other source such as ones for flights between Boston and Paris.

“.1 W Mediator
Engine

Sources
O

(dep, arr, fino), (fino,, type), ) 8
3. Result
BA284, UA930 d
Mediator
2. Query Survey App Engine
flight(SF, London, x) & meal(x, veggie) g
S R Iy 2c. filter predicates rs*
° e
Query Sources
Rewrite  2b. query pages _— 3a. raw query result

Figure 1.4: The SKEIN System in the Meal Survey Application

We use the SKEIN system to identify in heterogeneous information sources terms which
are coherent to those in our application requirements, and recognize terms which are similar
across information sources. We also use SKEIN to extract object graphs of these relevant
sources for use by mediators that fulfill our application requirements. Figure 1.4 shows
a sequence of steps that are involved in using SKEIN to obtain a query result for the
meal survey. Starting with the requirements of the airline meal survey application at the
center, we have the process of information refactoring in the top half, followed by query
reformulation in the bottom half of the figure.

We assume that the application requires information from one or more sources designed
for a different original purpose. Information refactoring is the process by which the relevant
source information is cast into a form useful to the application. This iterative process builds
a representation of the source information. Query reformulation is a process which opti-
mizes the development of query expressions over this new representation, given the source
capabilities. Both processes are necessary to fulfill generic query requirements of such an
application. The magnitude of scope of querying semantically heterogeneous information

sources is large enough that this dissertation discusses only information refactoring. The
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slightly lighter shading of the Query Rewrite, Sources and Mediator Engine portions of Fig-
ure 1.4 suggest that these features are less emphasized in the dissertation. Since query
reformulation relies on the prior refactoring of information in heterogeneous environments,

we needed to investigate the refactoring problem first.

I UA
www.britishairways.com/fl.cgi?n=* - <html>...</html> s <html>...</htmI>
www.ual.com/sched/UA* BA 139-
AM <- {UA, BA}
Yeeie s Pt
LA\ UA = “<html>...</htmI> ses <htmlI>...</htmI> ", BA= eee 8

Survey App

AM = “<html>... = (fino, dep, ar)
flight: UA930 = (fino,, type)
depart: 12:40 SF ={‘depart, city}
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Figure 1.5: SKEIN used for Mediator Specification

Information reformulation for the airline survey application consists of building the
mediator to handle the schedule pages of the airlines covered in the survey. Figure 1.5
shows the process of specifying the mediator in more detail. The patterns that describe the
survey’s requirements are shipped to SKEIN along with a list of web pages that must be
crawled to obtain the necessary source data. These patterns form a mediator specification,
with a list of relations, that can be nested, as shown in the lower right of the figure.

At the start of the process, no information from the sources has been analyzed, so there
are no rules yet available to filter the sources. The initial ruleset rsO in the upper right corner
of Figure 1.4 is an empty set, and therefore SKEIN receives unfiltered results back from the
information sources. SKEIN then matches up the the specifications to the terms contained
in the initial results and generates a modified ruleset rsl for expert verification. After
verification, the process can continue, so as to further refine the emerging mediator ruleset.
The key point in the process is that it is progressive. SKEIN iteratively establishes matches
between the content in the information sources and the mediator specification. Each of
these matches builds on the results of the previous matching, and each iteration provides a
further opportunity for expert verification of the rules. The rule sets that represent these
matches are applied to the source data by a mediator engine, a simple rule processor that

applies the rules to the source data. SKEIN uses a combination of the position of the



1.1. SEMANTIC INTEROPERATION 9

information in the source structure as well as the lexical content of the sources to estimate

the best matches for each approximation towards the final mediator.

< > |UA
www.britishairways.com/fl.cgi?n=* I <html>...</html> eee <html>...</html>
www.ual.com/sched/UA* BA 139-
AM.** * veggie <- {BA.*.*.*.greens, UA.*.**.vegetarian} 8 8
A UA.930.depart,*ss,UA.954. arri
VARVARY .930.depart,*s,UA.954 arrive 8

Survey App
__dep. arr. pageid = (flno, dep, arr)
= (fino,, type)
= {'depart’, city}
) = {‘arrive’, city}
AM.meal.*.veggie = {flight’, number}
AM.meal.*.kosher ={'meal’, food}
— - =[1-9999]
.~-. = ) www.ual.com/UA{number}

www.britishairways.com/fl.cgi?n={number}

Figure 1.6: Finished Mediator Specification

The ruleset refinement process continues until the execution of the ruleset against the
source information returns the desired application data with sufficient accuracy. The ter-
mination condition can be determined by the expert using SKEIN, or simply by defining
a benchmark test, which the ruleset, now called rs*, must successfully generate from the
source information.

Once the mediator has been fully specified, as depicted in Figure 1.6 it is possible to ask
queries against it. For instance, we can now ask about the available meals on flights between
San Francisco and London. Since we do not need the full power of SKEIN for query asking,
we have a simpler query reformulation module, that has no facilities for ruleset refinement,
and is fully autonomous. No expert intervention is required to generate query results, since
the human effort went in during the mediator specification.

Although the thesis does not cover query reformulation, there is one aspect of it which
is relevant to our discussion, depicted in Figure 1.7. The query rewrite module determines
how to forward queries to the sources to reduce the amount of superfluous data returned.
The rewrite module also sends the filtering rules to the mediator engine, so that the results
returned by the sources are transformed into the proper format required by the survey
application. The important point is that the query process is symmetrical to the initial
specification process. This is not just for convenience, but is crucial when the information
sources are volatile. The reason for this symmetry is that when a source changes, the

quickest method for updating the mediator rule set is by adapting the existing rules based
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Figure 1.7: Query Answers from a SKEIN Generated Mediator

on the results returned by the mediator engine. The only way to fully leverage this method
is by making the mediator generation functionally equivalent to a sequence of successively

refined queries.

=
ftp.uga.edu/pub/misc/webster/* —— <hw>...</hw> <def>...</def> see
el
/A D.wd <- {WEB.hw, WEB.asp, WEB.ehw} 8 @
A rs
LA\ A, Aardvark, ABC, se 8

2. nexus algorithms
arcrank, all pairs similarity

= (wdlist , deflist)

= {wd+}
= {def+}
= {'<hw>...</hw>'}

= {'<def>...</def>} o
ftp.uga.edu/pub/misc/webster Dictionary App

Figure 1.8: SKEIN used for Mediator Specification

We indicated above that SKEIN uses the lexical content of the sources to estimate the
best matches between the information source and the mediator specification. The method
we developed to enable lexical matches forms the core of the thesis, and is depicted in
Figure 1.8. We use a repository constructed from an on-line dictionary to measure the
strength of relationships between terms used in the information sources and those in the
mediator specification. In order to build this repository, which we call a nexus, we need to
extract the relevant relationships between words in the dictionary. Since we can not use the
nexus to build itself, we do the next best thing: we bootstrap the SKEIN system by using

successive approximations of the nexus to refine its own construction. This bootstrapping



1.1. SEMANTIC INTEROPERATION 11

is the subject of Chapter 3.

To detail the technical requirements of the SKEIN system we recast the information
refactoring process into the trapezoid of Figure 1.9. Each layer represents a further refine-
ment of the presentation of the source information to the target application. At the interface
of each layer there are issues we must resolve in order to arrive at a correct specification of

our research. The SKEIN system incorporates support for each level of the diagram:

1. sources storing information in their individual original formats

2. object structures representing relevant information in each source

3. rules transforming objects and relating them between sources

4. semantic operators governing the presentation of these object structures
5. experts adjusting operators and rules to articulate the sources correctly

6. applications and customers using the articulated source information

Figure 1.9 shows the layering listed above along with the flow of information from sources
to the application. In some cases, such as when there exists a pre-existing agreement about
the semantics of the data provided by the source, some or all of the intermediate stages are
not considered. The information flow will bypass some or all of those intermediate stages
between the information source and the application. In particular, when a data source is
designed specifically for a given application the intermediate transformations do not need
to take place. However, the increasingly common case of heterogeneous information sources
and applications requires at least some transformations. In our definition of the process,
we use rules to specify the object structures of the sources, and the operators to select the
appropriate structures and combine them with others from other sources. The role of the
expert is to provide feedback and to adjust the rules as necessary to maintain or improve
the quality of the results obtained from the sources.

Often initial semantic transformations are insufficient to cover all of the requirements
of an application. We must then resort to multiple iterations of the transformation loop
indicated by the closure arrows in Figure 1.9. Informally, closure consists of adapting the
rules and operators to improve the transformation results. The closure step is repeated until

results meet the application requirements. As we’ve pointed out above in the airline meal
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Figure 1.9: Information Refactoring for Novel Applications

survey example this iterated closure is a critical aspect of the problem space. Note that
closure does not affect the information sources which are autonomous, and are therefore
not available for update by SKEIN.

The next section covers terminology we use throughout the presentation of the disser-
tation. In Section 1.4 we show how our work addresses the problem statement without
making simplifying assumptions. Also, we show our contributions at each of the layers of

the problem space. Finally, we show how our motivating example itself has applications

within our framework.

1.2 Research Hypotheses

This dissertation focuses on a narrow portion of the information refactorization problem.
A single sentence characterization of the question it addresses is:

How do we begin to develop a systematic approach to the interoperation of heterogeneous
data sources?

The answer to this question is in three parts, and combines not only information re-
sources but also the framework to create them and the algorithms that use them. In this
section we present our hypotheses and the techniques we use to confirm them.

Figure 1.10 depicts the approach taken in the dissertation. Starting from an on-line
dictionary, in this case the Oxford English Dictionary, we use a simple rule engine to extract
the word nexus. The nexus is a repository of all the unique terms of an information source,

together with a relationship that expresses how strongly related the terms are to each other.
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Figure 1.10: Thesis Topics

The nexus is the primary result of the dissertation, as indicated by its prominent position
in the figure, but it depends on two other key results without which the nexus is much less
valuable. First among these other results are the nexus algorithms which use the nexus
to compute the strength of the relationships between terms in the nexus. Without these
algorithms it is impossible to determine which terms are most relevant to each other and
which terms are most similar to each other. The second of the ancillary results is the SKEIN
system which uses the nexus to allow other information sources to interoperate. As implied
in Figure 1.10 the three results depend on each other in a cycle, and none is completely

separable from any of the others.

1.2.1 Thesis Goals

In this section we present the hypotheses we verify in the dissertation.

Hx. 1 implicit term relationships contained in dictionary definitions can be efficiently ex-

tracted into a nexus that expresses them explicitly

Hx. 2 algorithms developed to build and use the nexus scale well and can form the basis of

an information composition system

Hx. 3 the cost of articulation development, maintenance and reuse decreases when using

the information composition system

Each of these hypotheses corresponds to one of the points in the cycle in Figure 1.10.

Each hypothesis has individual merit but is strongest in conjunction with the other two.
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Each presents an efficiency, scalability or cost criterion that must be met. We treat each
hypothesis in sequence in Chapters 3, 4 and 5. Together the results we obtain form a
foundation upon which to achieve systematic semantic interoperation. In the next sections

we look at the issues brought up by the hypotheses.

1.2.2 Efficient Nexus Construction

This section concerns the efficiency of the construction of the word nexus. The work pre-
sented in Chapter 3 illustrates the development of an articulation over an on-line Webster’s
dictionary source. This articulation defines the transformation which builds the word nexus

we’ve described above.

1.2.3 Nexus Algorithms Are Scalable

This section concerns the scalability of the algorithms developed using the word nexus. The
dictionary repository explicitly models two relationships present in the source data. First,
term x appears in term y’s definition, and second, term z uses term wy in its definition.
What is less clear is that the structure of the repository allows for the computation of
semantic relationship between words. For instance, we can roughly compute the similarity
of terms based on the number of words they share in their definition. Algorithms over
the graph defined by the structure of the nexus and described in Chapter 4 expose these
implicit relationships for use in other applications. These extensions to the SKEIN system
are crucial for the development of the word nexus.

First, we compute structurally significant definitional terms. These are the terms that
are frequently used in definitions. As expected, articles and common prepositions dominate
this ranking. On its own this ranking does not help to compute the relative importance of
definition words to the words they define. Indeed, articles and prepositions are typically
considered stop words, of little semantic importance in a word’s definition. The insight we
obtain from this ranking is that few words contribute significantly to the words’ rankings.
The measure we finally selected to compute relative word importance is one that relates the
contribution of one word’s rank to the ranks of the words in its definition.

Second, we can go on to use the relative importance measure to find similar words
in separate structures, based on the similarity of their usage rankings in the dictionary

repository. For example, in Figure 2.1 on page 39, the binary articulation between the
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OPEC web pages and the world factbook needs an initial assessment of the most likely
common vocabulary between the two sources. The nexus and a word similarity computation
provide this functionality.

To summarize, we use semantic relationships between the graphs terms to support the
development of other articulations, and we compute these relationships from the repository’s

structure. These algorithms are:

1. Arc Importance which computes significant definitional terms, (Section 4.1.2)
2. ArcRank which determines relevant arcs between terms, (Section 4.2.1)

3. All Pairs Similarity which finds classes of similar objects. (Section 4.4.3)

1.2.4 SKEIN Lowers Articulation Costs

This section concerns the information refactoring phase of mediator development that is the
heart of the SKEIN system. Recall that in this dissertation we consider varied information
sources, from plain text to relational tables. We assume that, in a first step, source infor-
mation is represented by proxy objects generated using AMORL, the rule language for the
AMO object model defined in Section 2.1.4. We will see that the proxy representations and
the rules that generate them are iteratively developed in the course of applying operators
to the source. The notion of approximate solutions that are iteratively improved is central
to all of the operators presented in the following subsections. The iterative process is also
followed when considering an articulation over two pre-existing ontologies for a new target
application. This similarity suggests that it is possible to consider the problem of articula-
tion on well defined source ontologies, while also examining the development of ontologies,
via the articulation mechanism, from arbitrary data sources such as plain text or XML

tagged data.

Articulation Development

The presentation of Chapter 3 introduces the operational framework that performs the
necessary transformations to the dictionary for a target application. The target application
of this articulation is the computation of semantic relationships between the dictionary’s
defined terms, based on the words in their definitions. We have generalized the definition

of articulation in Section 2.1.2 so that it covers refactoring of a single source with respect
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to a target application. Thus, an articulation is a sequence of operators, such as those
listed below. The result of applying an articulation to the sources it transforms is a new
ontology, which may or may not be materialized. Each operator applies an AMORL ruleset
to objects of one or two sources, and returns the result of its operation to the target
application. Articulations are unary or binary, based on the number of sources they operate
on. Articulations initially operate on a rough model of the source or sources, and are refined
iteratively to meet the requirements of the target application. The sequence of operations
listed below follows the order in which the raw dictionary data is transformed into a directed

graph with head words as terms that label the nodes of the graph.

Glossarize

To construct a repository from the dictionary we enumerate all of the items that must

be considered to be individual, and then generate proxy objects for them.

Extract

To associate definition terms with each entry we must find those terms within the
dictionary entry, and enter them in a list associated with a proxy in the sequence

from above.

Match

To link dictionary entries using definition terms we need to match each extracted
term to a proxy in the glossary, and generate a link to this proxy from the proxy it

associated with in the previous step.

These three operations illustrate both unary and binary operations from the algebra.
The unary operations demonstrate the preparation of the relevant portions of the dictionary
source data. The use of a binary operation on information from a single source shows that

single sources can contain inconsistencies when refactored for a new application.

Articulation Refinement and Maintenance

The nexus extracted from the Webster’s dictionary [MIC96] and described in Chapter 4
contains just under 97,000 defined objects, referred to by two million arcs, and requires just
under two hours to generate from the source data downloaded from the ftp (file transfer

protocol) site [MIC96]. A significant aspect of the development of the articulation is that
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it did not initially produce a high quality repository. However, the initial results were good
enough to bootstrap improvements to the articulation. Indeed, we analyzed the data that
did not contribute to the repository, i.e., the exceptions in the data, to generate new rules
that improve the articulation. In addition, the dictionary serves as its own spell checker.
One type of exceptions occur when the defined term in the dictionary is misspelled. The
iterated refinement of the dictionary shows how a knowledge source can bootstrap its own
development.

The maintenance problem for the dictionary repository is the following: the source
maintainer’s goal is to add updates and revisions to the dictionary, while also correcting
errors discovered in the original data. At irregular intervals, approximately semi-annually,
these changes are published to the ftp site. The cost of maintenance is the effort it requires
to adapt the articulation and regenerate the repository to the level of consistency it had
prior to the update. We measure the cost of adaptation in two ways. First, the number of
rules added and deleted in the articulation’s operations. Second, the amount of time spent
between the time the new source data is available, and the time a revised repository, based

on the new data, becomes available.

Articulation Reuse and Scalability

The ability to reuse the articulation on a different source for the same application demon-
strates that articulations can also save development time. We performed two experiments,
one to for reuse, the other for scalability. In the first, we constructed a small scale reposi-
tory based on Roget’s thesaurus [PRO99b], with one thousand nodes and 5,100 arcs between
them. To confirm the quality of its structure we computed an all pairs similarity algorithm
over the entire repository. This algorithm finds all the pairs of nodes which have arcs to
and from the same sets of nodes.

The second experiment confirmed the scalability of the Webster’s dictionary articula-
tion. This experiment required modifying the articulation to accept the Oxford English
Dictionary [Oxf99] as a source. At around ten times the size of its original source, the 570
MB raw data file converts into a 327,000 object, eight million arc graph. When assessing
the effectiveness of articulation scalability, we consider the time required to modify the
articulation, the time to compute the graph, and test the data on a real problem, together
with the original Webster’s repository.

In this section we have asked what are the enabling steps towards interoperation of
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heterogeneous information systems. Our response implies that we need a combination of
an operational framework to perform necessary transformations, and a vocabulary boot-

strapped from the framework to assist in subsequent transformations.

1.3 Terminology

The research in this dissertation is at the crossroads of database systems and artificial
intelligence. Since this work considers the problem of composing information from multiple
heterogeneous sources, it is fitting that the first task of importance is to reconcile the
vocabularies of these fields in the context of this work. Indeed, the terms relating to
the problems covered in this dissertation are not the same in the two fields, nor are the
definitions of these terms entirely consistent within the same field.

We will generally use the terminology listed below in boldface, and it is preferred over the
other terms listed directly below their definition. In Chapter 2 we provide formal definitions
for the most significant terms above as they apply to the thesis. For now, to clarify the

discussion that follows, we provide informal definitions for the terms below:
Object
abstraction of a physical entity, or a concept, e.g., meal
e Tuple/Instance/Frame

Term

named reference to an object, i.e., flight.misc.meal
e Reference/Slot/Attribute

Domain

information scope where consistent use of terms is implicit; UAL Web schedule
e Class/Relation/Frame model

Relationship

mathematical relation between objects of a domain; meal ~ vegetarian

e Facet
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Context

object that specifies semantic consistency constraints on sources
e View/Microtheory

Wrapper

explicit specification of information in an underlying source
e [ixtractor

Articulation

explicit linkages between multiple sources and a target application
e Ruleset/Mapping/Mediator/Facilitator

Repository

information source associated with a domain, i.e., www.ual.com
e Source/Knowledge Base

Ontology

set of terms and the relationships between them; meal, style, kosher

e Schema/Metadata/Model

We present an example centered around the term ‘dog.” The dictionary does not as-
sociate a gender with the generic definition of dog. Dog in this context is associated with
both genders of the animal. However, in the specialized domain of dog clubs, the object
‘dog’ is only an abstraction of the male of the species. An ontology which relies on both
repositories for its definition of dog must reconcile the differing views with an articulation.
To convert the representation of dog in one representation to that of the other, we might
use a rule such as the following:

X € dictionary & x.species == dog & x.gender == male < y € kennelclub &
y.gender == dog.

Note that ‘dog’ appears both as a value and as a schema element in the examples
above. This situation occurs frequently in general information sources. Henceforth we hold

to the definitions given in the vocabulary list above. We will provide formal definitions as
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necessary in the body of the dissertation. The only cases in which the above vocabulary will
be used with differing definitions is to describe related work when that work’s definitions
deviate from the above. We now define some terms which are derived from the results of

our research, but have not generally been used in either the database or the Al community.

Interoperation

use of autonomous sources without affecting their autonomy

Consistency

relationship specifying that given term meanings be everywhere equivalent

Coherence

relationship of relevancy of source data to requirements of a target application
Similarity
relationship of semantic relatedness between information in distinct sources

Closure

constant outputs between iterations of an updated articulation over a source

1.4 The SKEIN System and Word Nexus

This research introduces a novel approach to describing the process of extracting information
from disparate sources and enabling it to interoperate. Figure 1.11 shows how the results
of the work would be applied in a practical setting such as supply chain management.
There are three sections in the figure, each representing an information interoperation
activity. The rightmost section depicts a supply management problem which is solved by
the use of an articulation between a supplier database and a facility database. Before cre-
ating such an articulation we need to have an articulation development toolkit, shown in
the central section of the figure. The articulation toolkit is supported by an articulation of
databases, free text and structured documents geared towards industrial applications such
as supply chain management. The domain repository associated with this toolkit is instan-
tiated from a general purpose articulation generator in the left section of the figure. This

system is developed by bootstrapping an articulation that constructs the OED nexus. Note
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that all of the transitions between sections of the figure are supported by the verification
of an expert, and that a feedback loop allows for improvement of the articulations. Our
research contribution, illustrated to the left of the dashed line, is the nexus and other tools
that form the core of the SKEIN system. SKEIN in turn simplifies the job of constructing
articulations between diverse information sources, such as supplier and facility databases,

as shown in Figure 1.11.
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Figure 1.11: Interoperation in Supply Chain Environment

The following three contributions, which we first introduced in Section 1.2, form the

core of this dissertation:
1. dictionary repository of semantic relationships among terms (Nexus)
2. algorithms for extracting structural relationships from graphs (extensions)

3. framework for rapid development, and maintenance of articulations (SKEIN)
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These contributions are made possible by the development of the simple framework of
an object model and rule language. These two form the basis of an ontology algebra, which
allows an algebraic expression of information extraction and composition. The algebra,
important in its own right, is incompletely specified in this dissertation, and is presented in

Chapter 5 simply as infrastructure to the main body of work.

As a preliminary step in building the SKEIN system we developed a simple object model,
AMO (Atoms Modeled in Objects), in the spirit of OEM [GCCM96] and YAT [CDSS98].
AMO represents objects, their contents and the objects’ relationships to other objects.
AMO is designed to maximize simplicity of conversion from HTML, XML, database tables,
as well as text files. The model captures both the reification of uninterpreted data into
objects, as well as the transformation of objects to relate them to others. We use AMO as

our bridge between the first and second layers of the problem space as depicted in Figure 1.9.

We construct and maintain repositories with the rule language AMORL. Repositories are
collections of related objects whose relationships can be represented as a directed labeled
graph. AMORL consists of nine functions on object patterns. These nine functions are
classified into the categories of constructors, connectors, editors and converters. An object
structure can be transformed into any other using these rules, and the common portions
of any structures can be mapped into a single structure. Object patterns are expressions
that identify zero or more objects in a repository. AMORL bridges the representation gaps

between object structures extracted from different sources.

In order to demonstrate the scalability and efficiency of our work through an example, we
use an on-line dictionary. Initially we worked with a Webster’s dictionary, and then scaled
our efforts to a much larger source, namely the Oxford English Dictionary (OED), second
edition. We begin by extracting a glossary of terms from the head-words of the dictionary,
and separately, a set of definitions that match the glossary. Then we generate a graph from
the glossary, such that each use of a word in a definition results in an arc between the defined
and defining word. The extraction of a graph requires knowledge of the dictionary domain,
as well as the semantics of the language used to express the definitions. The combination
of the glossary and definitions into a graph requires knowledge of English morphology and
the idiosyncrasies of usage in the dictionary. Manipulating the OED data set is not a toy
problem. Its 511,000 defined terms, including approximately 180,000 exact synonyms, and

eight million definition words defy any attempts at systematic manual treatment.

Having generated the dictionary graph we demonstrate our application of the graph
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structure. We apply a ranking algorithm to the nodes of the graph, then to its arcs, in
order to express for each given term which are the most important terms in its definition
and which are the most important terms that use the given term in their own definition.
With this ranking, we are able firstly to generate classes of terms that have strong kinship
to each other and secondly to determine which terms subsume others, and which terms they
specialize. This is a demonstration of a semantic decomposition of a large graph structure
into smaller hierarchies. The benefit of this decomposition is that these classes of related
terms may be used to bootstrap the process of relating other information sources that use

varying nomenclature.

A second algorithm we introduce is one which computes the similarity of all pairs of
objects in a directed graph, based on the similarity of the objects with which they share
arcs. We developed this algorithm on the Roget’s thesaurus graph, which we built to test
the reusability of the Webster’s dictionary articulation. Just as the arc ranking algorithm
allows us to measure the coherence of objects in a graph, the similarity algorithm estimates
the similarity relationship of objects in a graph. These two relationships in turn are the

foundation of our semantic algebra.

The semantic algebra is a higher level language built on top of the rule language, in
the same way relational operators depend on selection conditions, join parameters and
projection attributes. The algebra is a set of composable operators that transform object
repositories into new object repositories. The novel aspect of the algebra is that a form of
closure is applied to the operators, such that each successive application of the operator to
the initial source represents a change to the exported object graph. The iterative application
of the operator terminates when a fixpoint is reached (and the repository no longer changes),

or when an alternative termination criterion has been met.

Our presentation of the semantics of the algebra shows that it adequately represents
the creation, refinement and maintenance of articulations over information sources. In
particular, we discuss the problem of finding matching terms between pages of the British
and Finnish government websites, as linked to by the NATO website. We show how the use
of the OED nexus to support the match operator of the algebra obtains 70% of the matchings
of terms that a human expert determined were correct. Also, the match operator did not
produce any so called false positives or inappropriate matches. These encouraging first

results indicate that the nexus is a crucial part of the SKEIN system.
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There has been a significant amount of scientific investigation touching on various as-
pects of this research, but semantic heterogeneity has also been a subject of intense study
in philosophy, literature and art. Appendix C devotes space to the the non-scientific explo-

ration of heterogeneity, while the next section covers the conventional research literature.

1.5 Related Work

The starting point for the work in this dissertation comes from a proposal for an algebra for
ontology composition [Wie94]. This proposal foresees problems in maintaining knowledge
combined from autonomous knowledge sources. In this section we examine some of the

other work that is relevant to the thesis.

1.5.1 Research in Integration Fundamentals

Integration of data, knowledge and systems is an area that has been gaining attention in
recent years. The relevance of interoperation as opposed to integration has become manifest
with the growth of the Internet. The literature on object models and rule languages appears
in a wide range of domains, so we restrict ourselves here to research in the database field.
Citations on formal contexts and articulations appear primarily in the area of artificial
intelligence.

Most recently, technology transfer to Gigabeat Inc. [Gig00] allowed a generalization of
the ArcRank algorithm of Chapter 4 to measure the similarity between musical artists, as
well as the similarity between songs. A new visualization technique, the affinity chart, also
described in Chapter 4, was invented to simplify the comprehension of and the navigation
through these large data sets. Model management [BLP00] is a new field that aims to achieve
exactly the same goals as the work in this dissertation. One of the stated goals of model
management is to achieve the automatic specification of transformations of mediators to
support new or changing data and changing application requirements. The lack of a method
for iterated improvement of mediators, and the lack of a structure such as the nexus do not
diminish in any way the importance of this work.

Semantic integration is the focus of the research leading up to the Infosleuth agent ar-
chitecture [BJBBT97], in which ontology agents mediate in cases of semantic heterogeneity.

The derivation of the domain models used by the agents is not considered. However, the
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establishment and maintenance of these ontologies has a high cost and should not be ig-
nored. The Infomaster system [GKD97] establishes a reference schema for the information
it integrates. In practice each application requires its own schema, so a double translation
is necessary for any information the client applications receive from data sources. As the
reference schema must serve many applications, it must also be extremely general, and si-
multaneously highly detailed. Such a schema is sensitive to any change in the sources it
integrates. The difficulties in creating and maintaining a reference schema independent of

client applications are not considered in Infomaster.

We have anecdotal evidence from the European Esprit program about the cost of pro-
ducing such a reference schema. One of the Esprit program’s goals was to to provide a fully
object oriented schema to enable the integration of automobile manufacturing information
between all of the German manufacturers. After years of specification efforts the schema
remained incomplete, and too general to allow any individual manufacturer to rely solely

on it.

The TSIMMIS project [PG95] introduced the object exchange model (OEM) [GCCM96],
which predates the extensible mark-up language XML, and is quite similar to it. The IFO
model [AH87] considers semantics, but does not focus on issues relating to heterogeneity.
YAT [CDSS98] is an object model that has the property that it is self describing, and can

represent heterogeneous sources, but lacks facilities to restructure them for consistency.

Sequence Datalog [MB95] is a language that can manipulate ordered sequences. The
ability to handle sequences of objects is a vital part of restructuring languages. The reason
sequences are so vital is that they can represent the ordering of objects within a document.
Mathematical sets and relations are not suited to this document management task. The
rise in importance of HTML and XML accentuate the need for tools that support sequence
processing efficiently. EDITOR [AM97] is a computationally complete language for restruc-
turing text documents, but does not have an object model. This language has a well-defined

class of programs that are polynomial-time restructurings, and therefore efficient.

Description Logics (DL) [Hul97] are used to represent the information content of sources.
There is also discussion of efforts to integrate DL with query languages. Semistructured
data has become a significant area of database research. When such data is updated, its
structure frequently changes shape in complex ways. Tracking change in semistructured
data makes it possible to efficiently reconstruct previous versions of the data, by applying

edit scripts to the current structure. The C? project [CG97] introduces a set of primitive
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operators on objects in a semistructured data graph, in order to express change in the graph
as an edit script. This work does not consider semantic inconsistency, as the graphs are

assumed to be snapshots in time of the same structure.

1.5.2 Research in Algebraic Methods

The notion of articulation between microtheories [Guh91] originated in the Al community.
Microtheories are contexts that are statically linked through their articulations into a larger
complete ontology, such as the CYC system. The CYC system is a handcrafted ontology
that has been applied for years in various technology demonstrations. It has not supported
transparent transformation of microtheories, and the repercussion of any transformations on
the articulations are not well understood. This system also ignores the need for maintenance
when knowledge about a domain changes. The Open Directory [Net99b] is a novel approach
to the construction of a large information repository, which relies on thousands of editors
to maintain the structure as it grows. The editors serve in effect as articulation agents for
their areas of expertise. Multiple definitions are common, and conflicting or contradictory
statements by different editors are accepted. All maintenance in these systems is fully
manual.

There exists some work on the use of context [IKS96] to handle database object semantics.
This research uses a semantic proximity relationship, but does not discuss relevance of
source data to a target application. The paramount importance of the targeted application
in our research can not be overemphasized. We contend that every information source is
tuned to its original application, and that any interoperation of information must explicitly
express the conversions that allow sources to be used in a new setting. Gradations of a
consistency relationship [HM93] can be used to relate information sources, when consistency
also encompasses relevancy. In considering semantic reconciliation between data source and
data receiver [SM91], some issues relating to coherence are raised. That work does not
discuss maintenance issues nor the actual algorithms used to achieve semantic reconciliation.

TSIMMIS is geared towards query answering, and wrapper specification is considered
orthogonally to query answering with a separate mediator specification language (MSL). A
recent refinement of this language, TSL [VP99], or tree specification language, has more
efficiently computable capabilities.

TSIMMIS enables the building of wrappers and mediators that are capable of handling

some semantic heterogeneity, but not systematically nor explicitly. For example, a new
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relation may be created by manually defining the join of two relations in underlying sources
with semantically differing names. Wrappers may be coded to resolve conflicts and incon-
sistency, but do so silently. Such implicit semantic changes are difficult to maintain as the
underlying source changes.

Query languages for semistructured data such as Lorel [AGMT97], UnQL [BDHS96],
XML-QL [DFF*98] skirt the issue of heterogeneity entirely. Wrappers that provide data
for these query languages are generated independently, specified with a separate language,
and must be maintained separately from the query system.

Recent theoretical results define the problem of finding common schema in semistruc-
tured data [NAMOS], which roughly corresponds to our Intersection operator. MDM, the
data model of the Rufus system [RS91] describes Aggregate and Partition operators, which
we subsume in the Summarize operator we will introduce in Chapter 2.

The Onion system [MKWO00], building on the work presented here, investigates the
problems of applying the Intersect operator to semistructured data. A taxonomy of
information extraction techniques [CJN'00] provides a foundation for the choice of the

Extract and Filter operators.

1.5.3 Research in Repository Integration

In the past few years the problems associated with ontology merging and alignment have
become active areas of research. The medical informatics field has played a pioneering role
in integrating information from multiple varying sources.

The medical informatics community has had a long involvement in efforts to inte-
grate and reuse separately designed and maintained knowledge sources. The UMLS sys-
tem [COS98] is the largest of these systems. Recent efforts to improve access to these
integrated knowledge sources include [Pra97] and [OSSM99]. Semi-automatic integration of
medical thesauri [DHRT98] could greatly simplify the interaction between insurance, phar-
maceutical and medical information for medical patients. Research in integrating thesauri
for automatic translation [NTR98] is ongoing, and is highly valuable in governmental and
diplomatic systems. Governmental organizations are also involved in efforts to enable me-
diation between autonomously developed systems, as evidenced by work on environmental
restoration of INEEL [PHW™T99].

A rule-based approach to semantic integration [BCV99] uses a description logic to gen-

erate a shared ontology for the source information, and rules to map terms to the common
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format. However, the notion of maintenance and considerations of scalability are lacking
from the discussion. Also, there is no description of the integration process, as an applica-
tion of an algebra over the source domains. The operations performed in Section 3.2.2 bear
a resemblance to the alignment operation [CHR97] used to reconcile some of the terms of
the CYC upper ontology of 5,000 concepts with the Microkosmos ontology of roughly the
same size.

The fundamental role of placing semantic relationships into an algebra is unique to our
work, but the use of relationships themselves appear in other work as well as ours.

WHIRL [Coh98] uses textual similarity to find co-referent terms in distinct sources with
high accuracy. The textual similarity measure it defines is one example of the multitude of
initial similarity measures that approximate the similarity relationship between sources.

Techniques for the transformation of ontologies and program specifications are discussed
in the context of category theory. While this work describes transformations where the
domains are complete or exception free, it lacks flexibility to deal with real world data and
erroneous specifications.

The problem of reuse of ontologies in new environments is similar to the problem of
articulating information for new applications. An ontology of numerical properties is retar-
geted for use in an engineering project at Boeing [UHW98], and a handcrafted adaptation
of the original ontology is presented. This work applies a one-time transformation of the
ontology to fit the requirements of the target application. The notion of maintenance is not
considered in this work, as changes to the specific source ontology are infrequent.

Early work on specification morphisms [Smi93] develops a system to iteratively refine
a program specification into a working application. Our work follows similar principles for
deriving contexts from sources, and refining them for use in a target application. We extend
the notion of specification to allow for inaccuracy, inconsistency and incompleteness found

in real world information sources.

1.5.4 Research in Repository Algorithms

Dictionaries have been the subject of computer investigations for approximately forty years.
Large scale lexical corpora have been constructed in the the past ten years, and automated
construction of these thesauri has occurred in the last five years. In particular, the com-
putational linguistics community is interested in so-called semantic parsing of dictionary

entries.
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Some early work on constructing taxonomies[Ams80] and extracting semantic primi-
tives [Dai86] used a graph generated from the dictionary definitions. MindNet [RDV9S]
is an example of a lexical knowledge base that relates terms according to some two dozen
relationships. MindNet is generated by phrase parsing an online dictionary. This system
attempts to distinguish semantic relationships between terms by the sentence structure and
keywords in the definitions. A different and freely available system based on the Webster’s
dictionary data is in early development [Res98]. Such systems have limitations relating to
the sparseness of the structures that are extractable from dictionaries, and the inaccuracy

and slowness of phrase parsing techniques.

The WordNet system [MBF190] is a corpus of nouns, verbs and adjectives that lists
lexical relationships between entries in the system. WordNet was manually constructed by
a group of linguists. It is publicly available and has been widely used in other linguistic and
computational research. It is specific about the relationships between entries, but is there-
fore limited to a small set of possible relationships. Also, it separates the four major parts
of speech (noun, adjective, verb, adverb) into separate categories, and is comprehensive

only to the extent that the developers were interested in particular topics

A number of new algorithms exploit the structure of large graphs to extract semantic
features from them. The main focus of these algorithms is the World Wide Web, but these
algorithms apply to directed labeled graphs in general.

The PageRank algorithm [PB98] is used in the Google search engine [Goo99] for ranking
the importance of web pages. PageRank is a flow algorithm over the graph structure of the
World Wide Web that models the links followed during a random browse through the Web.
Google’s phenomenal growth over the past few years from a two person research project
to a system running on several thousand servers supporting over fifty million queries every
day is entirely due to the success of PageRank. This algorithm is the starting point for the
ArcRank algorithm we use to determine the strength of the relationship between dictionary

terms.

Latent semantic indexing (LSI) [DDL190] and hypertext hubs and authorities [Kle98]
exploit properties of eigenvectors to answer queries over a corpus of text documents or web
pages. The eigenvectors are computed from the adjacency matrix of a graph representing
the structure of the corpus. These methods reject, a priori, stop words such as ‘the’ or
‘and,” and any words that appear overly frequently in the document corpus. LSI also fails

to measure the relative importance of relationships between terms. However, the underlying
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mathematics of these systems are close to those of our dictionary nexus.

In the domain of the World Wide Web, there is a great interest in finding related
pages. Most Internet portals, such as Netscape [Net99a], and news services now provide
access to similar pages or related articles in their collections. Dean and Henzinger have
done research on finding structurally similar pages [DH99]. An efficient all pairs proximity
algorithm [GSV(G98] finds which objects in a graph are most strongly linked.

The relationship extraction algorithm we present in Chapter 4 extends and improves
techniques pioneered in the DIPRE algorithm [Bri98]. There is some other work that uses
the notion of patterns and sample sets to extract relations [GW99]. These algorithms begin
with a sample set of data that follow a fixed structural or lexical pattern. The first goal is to
find in a large data set other instances of the data items. Then any new patterns that contain
the data items are identified. Now it becomes possible to search for any data instances in
the large data set that conform to the new patterns. The above procedure can be iteratively
applied until a fixpoint is reached and neither new data nor new patterns are uncovered.
There is also a research direction that seeks to uncover universal techniques for extracting
relations from web pages [CF99]. This work is based on approximate matching techniques.
The notion of related web pages in [DH99], and that of clustering search results [ZE99] are
closely tied to the kinship relationship we extract from the dictionary data. In a similar vein
to our work the CLEVER group at IBM [pro99a] uses the hubs and authorities approach,
as defined by Kleinberg, to cluster web pages.

1.6 Thesis Outline

The remainder of the dissertation proceeds as follows. Chapter 2 presents the groundwork
for the following chapters. This work initially appeared in [JPVW98], covers a simple
object model and rule language, and presents some key definitions. Chapter 3 describes
the Webster’s dictionary source and the iterative process of defining a wrapper over the
source. This work was presented in [JW99] to demonstrate the maintainability of such
wrappers when the underlying sources change. Chapter 3 then shows how the work on the
Webster’s source was extended to the much larger Oxford English Dictionary, with little
additional effort. Chapter 4 presents the ranking algorithms which enable restructuring of
newly incorporated sources. [Jan99a] describes these algorithms. Chapter 4 also describes

iterative techniques for extracting subsuming, specializing, and kinship relationships from
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ranked sources. To provide further infrastructural details, Chapter 5 investigates properties
of an algebra defined over wrapped sources. This is work that appeared in [JMNT99].
Conclusions and directions for future work are given in Chapter 6. Appendix A describes
the relationship between our object model, and semi-structured data, such as XML. The
appendix shows how to convert between XML and our model, and provides XML DTDs
for the nexus, and the visualization scheme we use to navigate the structure of the nexus.
Appendix B presents scripts which transform the raw source data from the OED into two
relations, the first associating the head words to a numerical key, the second all definition
words to the key of the head word they define. The scripts then generate the nexus from
these two relations, and finally use the nexus to match NATO government websites. Finally,
Appendix C provides a few examples of the extreme cases of semantic heterogeneity present
in art and literature. These cases provide amusing anecdotal evidence that fully automated

integration of information sources is not feasible.



Chapter 2

Groundwork for an Algebraic

Approach

Chapter Outline

In this chapter we provide an overview of the background for the thesis work. We begin
by defining ontologies, domains and articulations. We proceed with a simple object model,
AMO. We present a definition of context that we use to encapsulate object graphs. Contexts
are the unit of semantic consistency in our framework and are the operands of the algebra.
We continue with a presentation of AMORL, a language of primitive rule operations that
transform objects. We begin the presentation of AMORL by listing the algebraic operators,
in order to motivate the sections that follow. We then define and motivate our model
of semantic consistency, considering two inherently semantic relationships: coherence and
similarity. While the two relationships are very close, distinguishing the two is important

for scalability. We begin with the foundations of the SKEIN system.

2.1  Architecture

The amount of potentially useful data available on the Internet is growing at a tremendous
rate. There are thousands of sites which contain overlapping or complementary information.
It would be most convenient to access related information in a uniform fashion through a
single interface. For example, there is enough freely available data on airline schedules and

fares, car rentals and hotel reservations to plan any trip. However, without a unified access
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interface, in which all of the data is presented uniformly, it remains much easier to book
travel arrangements through an actual travel agent. In many domains such as the sciences,
freight shipping, construction and pharmaceuticals, such professional intermediaries do not
exist at all. While some programmatic interfaces do exist, they are handcrafted and require
specialized tools to maintain.

To remedy this state of affairs we consider two fundamental obstacles to the development
of such interfaces. First, we examine the task of identifying and keeping track of exactly the
relevant portions of each data source, a task which is complicated by the coherence problem.
Coherence was defined in Section 1.3 as the relevance of information from a source to the
requirements of a target application. The coherence problem, in brief, is that there is no
automatic procedure to determine what elements of an information source are important
for a given application. As a substitute, we define a coherence score to estimate the true

coherence (' ; of a term 2z to a target application ¢:

0<Cry<1 (2.1)

The coherence problem, discussed in more detail in Section 5.2.1, occurs because sources
contain not only superfluous material, but also incomplete or partially incorrect data. Note
that we use superfluity, incompleteness and incorrectness not as absolute terms, but only
relative to a new application for which the sources were not originally designed. In order
to compute the coherence score we need to come up with a procedure to approximate the
true coherence relationship.

Second, we describe the problem of identifying the parts of different sources that overlap,
because they are identical or have related content. We call the recognition of this overlap
the similarity problem. In the introduction we defined similarity as the relatedness of
information in distinct sources. Again, the similarity problem refers to the lack of an
automated procedure to compute similarity. As for coherence above, we define a similarity

score Sy, which stands in for the exact similarity relationship:

0 S Sx,y,t <1 (22)

The similarity score estimates the relatedness of two terms z and y, in the context of a
target application t. The similarity problem is treated in Section 5.2.2, and it ari