SoLvING THE WORD MISMATCH PROBLEM
THROUGH AUTOMATIC TEXT ANALYSIS

A Dissertation Presented

by

JINXI XU

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

DocTOR OF PHILOSOPHY

May 1997

Department of Computer Science



© Copyright by Jinxi Xu 1997

All Rights Reserved



SOLVING THE WORD MISMATCH PROBLEM
THROUGH AUTOMATIC TEXT ANALYSIS

A Dissertation Presented
by

JINXI XU

Approved as to style and content by:

W. Bruce Croft, Chair

James Callan, Member

Jack Wileden, Member

Thomas Roeper, Member

David Stemple, Department Chair
Computer Science



To my wife Hongmin and my parents



ACKNOWLEDGEMENTS

Thanks to Bruce Croft for his guidance throughout this research. Thanks to
members of my dissertation committee, Jamie Callan, Jack Wileden and Thomas
Roeper whose valuable comments improved this disserataion.

Thanks to all CIIR faculty, students and staff members for their help during
my study. Special thanks to Jay Ponte, who carefully read earlier drafts of this
dissertation, corrected many errors in grammer and provided with many valuable
suggestions. Thanks to James Allan, Lisa Ballesteros, John Broglio, Yufeng Jing,
Warren Greiff, Bob Krovetz, Steve Harding and Dan Nachbar for making software

available, help in experiments and helpful discussions.



ABSTRACT

SoviNg THE WORD MISMATCH PROBLEM

THROUGH AUTOMATIC TEXT ANALYSIS
May 1997
JINX1 Xu, B.S., HUNAN UNIVERSITY

M.S., INSTITUTE OF COMPUTING TECHNOLOGY, THE CHINESE ACADEMY OF

SCIENCES
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor W. Bruce Croft

Information Retrieval (IR) is concerned with locating documents that are relevant
for a user’s information need or query from a large collection of documents. A
fundamental problem for information retrieval is word mismatch. A query is usually
a short and incomplete description of the underlying information need. The users of
IR systems and the authors of the documents often use different words to refer to the
same concepts.

This thesis addresses the word mismatch problem through automatic text anal-
ysis. We investigate two text analysis techniques, corpus analysis and local context
analysis, and apply them in two domains of word mismatch, stemming and general
query expansion. Experimental results show that these techniques can result in more

effective retrieval.
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CHAPTER 1

INTRODUCTION
1.1 Information Retrieval and INQUERY

Information Retrieval (IR) is concerned with locating documents relevant to a
user’s information need from a collection of documents. The user describes his/her
information need using a query which consists of a number of words. Information
retrieval systems compare the query with the documents in the collection and return
the documents that are likely to satisfy the information need. In this thesis we will
use the terms “information need” and “query” interchangeably.

There are two central problems in IR. One is how to represent the queries and
the documents. The other is how to compare the representation of the queries and
the representation of the documents. In the field of representation, most research
attempts have been directed at solving the word mismatch problem, which refers to
the phenomenon that the users of IR systems often use different words to describe
the concepts in their queries than the authors use to describe the same concepts
in their documents. The word mismatch problem is a serious one, as observed by
Furnas et al in a more general context[20]. In their experiments, two people use the
same term to describe an object less than 20% of the time. The problem is more
severe for short casual queries than for long elaborate queries because as queries get
longer, there is more chance of some important words co-occurring in the query and
the relevant documents. With the advent of the Internet, short causal queries have
become increasingly more common. Consequently, techniques to address the word
mismatch problem are more urgently needed than ever. Solving the word mismatch
problem through automatic text analysis is the focus of this thesis. We will revisit

this issue later in this chapter.



The problem of how to compare query and document representations is addressed
by retrieval models. Three widely used retrieval models are Boolean, vector space
and probabilistic. In the Boolean retrieval model, a query is represented as a Boolean
expression, in which a query word is regarded as a proposition. If the query word
occurs in the document being compared with the query, the proposition is true.
Otherwise, it is false. The document matches the query if it satisfies the whole
Boolean expression. As the response to a query, a Boolean retrieval system returns a
set of documents which match the query.

In the vector space model [56], we have a set of representation features. A feature
is usually a word or term. Queries and documents are represented as vectors in a high
dimensional space in which a dimension corresponds to a feature. The ¢th element
in a query vector or document vector represents the importance or weight of the ith
feature in the query or document. The weights in a query vector are specified by the
user. The weights in a document vector are usually estimated based on the occurrence
statistics of the features in the document and in the collection. The cosine of the angle
between a query vector and a document vector is normally used to measure how well
the document matches the query. Unlike a Boolean retrieval system, a vector space
retrieval system outputs a ranked list of documents based on their cosine similarity
with the query.

In the probabilistic model, the retrieval is based on the Probability Ranking
Principle [50] which asserts that best retrieval effectiveness will be achieved when
documents are ranked in decreasing order according to their probability of relevance.
Similar to a vector space retrieval system, a probabilistic retrieval system outputs
a ranked list of documents in response to a query. Traditionally, the probability
that a document is relevant to a query () is estimated using Bayes’ theorem based
on a training set of documents whose relevance to () is known. Recently, a new
method to estimate the probability was proposed by Turtle [64] based on the Bayesian

inference network [41]. To distinguish it from the probability estimation method used
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in the traditional probabilistic model, this new method is named the inference network
model.

The INQUERY retrieval system [9], which is the retrieval system used in this
thesis, is based on the inference network model. To facilitate the future discussion in
the thesis, we describe the inference network model and INQUERY in slightly more
detail. The inference network model views information retrieval as an inferential or
evidential reasoning process. An inference network is a directed acyclic dependency
graph in which nodes represent propositional variables and edges represent depen-
dence relations between propositions. An edge from proposition Y to proposition
X represents that Y implies or causes X. Y is called a parent node of X. In the
network, with the exception of the nodes corresponding to the documents, which have
no parent nodes, every node has a link matrix which specifies how to calculate the
probability for the node given the probabilities of its parents. Alternatively, canonical

link matrices can be written as formulas, such as the following INQUERY operators:

Prot (X) = 1- D1

Por(X) = 1—=(1=p1)...(1—pyn)
Panda(X) = pipa---Pn

pmaw(X) = mam(pl, 7pn)
Punm(X) = ML
psum(X) — P1+p2-7f;---+pn

In the formulas, the p;’s are probabilities of X’s parents. The names of the above
operators are NOT, OR, AND, MAX, WSUM (weighted sum) and SUM. The last
two operators are the most commonly used.

In INQUERY, the probability P(Q|t;) that a document ¢; satisfies a query @ is
calculated based on a network like the one shown in Figure 1.1. In the figure, r;’s
are representation concepts and ¢;’s are query concepts of ). The concepts can be
single terms or phrases. For convenience, we sometimes also refer query concepts
as query words. Though the inference network model allows a query concept ¢; to
have multiple parent nodes, ¢; usually has exactly one parent node r; and the two are

identical. The probability P(r;|t;) is estimated based on r;’s frequency in ¢; (term



Document

Query

Network

(©)

Figure 1.1. An example inference network

frequency—tf) and its frequency in the collection (inverse document frequency—idf).
The more frequent r; is in ¢; and the less frequent it is in the collection, the larger is
the estimation. The most common operator for node @ is WSUM. The calculation of
P(Q)|t;) starts with document ¢; by making P(¢;) = 1 (for all remaining documents
ti's, i # j, P(t;) is set to 0). The calculation propagates downwards until node @ is

reached.

1.2 Existing Approaches to Solving Word Mismatch

There are a number of existing approaches to solving the word mismatch problem:
Stemming. Morphological variation is the most obvious and the narrowest type
of word mismatch. For example, if a query contains the word “computer”, the user is
usually also interested in documents containing “computers” though “computers” is
not in the query. This type of word mismatch is often dealt with by stemming.
A stemming algorithm, or stemmer, reduces words in queries and documents to

common roots. As the result of the reduction, documents containing morphological



variants of the query words are retrieved as well as the documents containing the
exact query words. Example stemmers for English are the Porter stemmer [46], the
Lovins stemmer [35] and KSTEM [31].

Manual Thesauri. Synonymous relationships between words are another type of
word mismatch. For example, if a query contains the word “automobile”, documents
that contain the words “car”, “minivan”, “caravan” and so on are likely to be relevant.

Manual thesauri are compiled by linguists and domain experts. A well known
thesaurus is WordNet [39]. An entry in these thesauri lists not only a word but
also the synonyms of the word identified by the human experts. These thesauri are
consulted in query processing so that synonyms of the query words are added into
the original query. A major disadvantage of manual thesauri is that they are costly
to build.

Automatic Thesauri. Automatic thesauri provide an alternative to manual
thesauri. The underlying hypothesis for automatic thesauri construction is the so
called association hypothesis: related words in a corpus (collection) of documents
tend to co-occur in the documents of the corpus [67]. Words that co-occur with the
query words are used for query expansion. This usually can capture word relationships
that are specific to a corpus. For example, the word “growth” has different meanings
in a medical corpus and a corpus of Wall Street Journal articles. It will co-occur
with words such as “tumor” and “cancer” in one corpus and with words such as
“profit” and “economy” in the other. The simplest technique expands each query
word independently by adding its co-occurring words. More sophisticated techniques
expand a query as a whole by adding words co-occurring with all of the query words.

Dimensionality Reduction. Dimensionality reduction techniques decompose
words and documents into vectors in a low dimensional space. The dimensions in
the space can be viewed as “semantic primitives” which can be linearly combined to
form the “meaning” of any word, document or query. The word mismatch problem

is addressed because any word can be matched with another word to some degree in
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the low dimensional space. Latent Semantic Indexing (LSI) is an example of these
techniques [16].

Relevance Feedback. Relevance feedback is a technique that modifies a query
based on the relevance judgment on the retrieved documents [56]. Common words
from the relevant documents are added to the query and the weights of the query
words are adjusted according to their frequencies in the relevant and non-relevant
documents. Relevance feedback techniques can find valuable words which have no ob-
vious semantic relationship with the original query words. For example, “apartheid”,
“ANC” and “Nelson Mandela” may be added to the query “sanctions against South
Africa”. It is hard for thesauri-based techniques to find such words for query expan-
sion. The major disadvantage of relevance feedback is that it increases the burden on
the users.

Local Feedback. Local feedback is similar to relevance feedback [2, 13]. The
only difference is that it assumes that the top retrieved documents for a query are
relevant without human judgment. It saves the cost of relevance judgment, but it
can result in poor retrieval if the top retrieved documents used for feedback are

non-relevant.

1.3 Research Summary

The general research goal of this thesis is to address the word mismatch problem
through automatic text analysis. We will employ two techniques for text analysis in

this thesis:

e Corpus analysis, which attempts to establish word relationships based on co-
occurrence information in a corpus. The underlying hypothesis is the above

mentioned association hypothesis.

e Local context analysis, which attempts to identify words that help to characterize
the underlying information need of a query based on word-word co-occurrence

in the top ranked documents retrieved for the query. The underlying hypothesis
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is that words which co-occur with all query words in the top ranked documents

are useful for characterizing the information need.

The words that are identified by these techniques are explicitly added into the
original queries. One advantage of explicit query expansion is that it provides the
users with a chance to alter the expanded queries if the added words are not desirable.
The other advantage is easy “debugging”: by simply looking at the expanded queries
we can often tell what is wrong with a certain technique. This is very useful for
research.

We will apply the techniques for text analysis in two domains of query expansion:

e Stemming, which involves adding to the original queries the morphological vari-

ants of the query words.

e General query expansion, which goes beyond word variants for query expansion.
Words used for query expansion are not required to be morphologically related

to the query words.

The application of these text analysis techniques attempts to address the following

problems with the existing approaches to the word mismatch problem:
e Human labor.

Traditional stemmers require a considerable amount of human labor to develop.
Linguistic experts need to synthesize the necessary morphology rules. Computer
programmers need to code them. Many IR systems incorporate exception lists
to handle words that are exceptions to the morphology rules. Additional human
labor is required to compile these exception lists. We will use corpus analysis to
save human labor in developing stemmers in two ways. One is to automatically

create new stemmers. The other is to automatically identify exception words.

Manual thesauri require expensive human labor to compile. Relevance feedback
requires human relevance judgment. In comparison, our text analysis techniques

to identify expansion words are completely automatic.



e Lack of effectiveness.

Traditional stemmers have a number of problems which can result in incorrect
conflations. They are not adaptable to corpus specific meanings of word variants.
For example, the meaning of the word “stocks” in Wall Street Journal articles
is different from its meaning in a history book. Traditional stemmers may not
use all the morphology rules. Even if they use all the rules, there are exceptions
to the rules. In this thesis we will use corpus analysis to improve stemming by

identifying related and unrelated word variants.

Automatic thesauri based on corpus analysis have not been consistently success-
ful in improving retrieval effectiveness. In this thesis we will investigate why

corpus analysis is not effective for general query expansion.

Local feedback has enjoyed more success than automatic thesauri. This tech-
nique, however, is not robust and can cause serious retrieval failure when its
assumption about relevance of the top ranked documents is violated. In this
thesis, we will use local context analysis to overcome the problem with local

feedback and achieve more robust and effective retrieval.

e Inefficiency.

Automatic thesauri construction and dimensionality reduction are computation-
ally costly. Automatic thesauri construction needs to collect the co-occurrence
information for every pair of words in a corpus. Dimensionality reduction tech-
niques typically need to decompose a huge matrix which is comparable in size to
the corpus. As text collections are getting increasingly larger, these techniques
become more impractical. In comparison, local context analysis is applied only to

the top ranked documents and is efficient and practical even on large collections.

Collection size is mainly to blame for the inefficiency of automatic thesauri
construction and dimensionality reduction techniques since they rely on the

information in the whole corpus. One research objective of this thesis is to
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determine whether such global information is necessary or even desirable for

effective query expansion.

We have the following hypotheses regarding the application of the text analysis

techniques in stemming and general query expansion.

1. Corpus analysis can help identify related and unrelated word variants specific to
a corpus. A traditional stemmer enhanced by corpus analysis is more suited for
the corpus being searched, makes fewer mistakes, adds fewer word variants to

the original queries and improves retrieval effectiveness and efficiency.

2. It is possible to automatically create a new stemmer solely based on corpus
analysis and simple initial character matching. We use initial character matching
as a simple stemmer and enhance it by corpus analysis. The resulting stemmer

can compete with traditional stemmers in terms of retrieval effectiveness.

3. Corpus analysis has limited value for general query expansion. In general, the
words added by corpus analysis should be related to the query words. But since
individual query words are often ambiguous or too general, the added words may

not be related to the query words in the context of the queries.

4. Global information is not necessary for effective query expansion. The informa-

tion in the top ranked documents is most important.

5. Local context analysis can achieve more effective retrieval than local feedback

and corpus analysis techniques.

6. Local context analysis is computationally practical. Both the one time cost for

a collection and the cost of query expansion for a query should be relatively low.

The main results that are demonstrated are:
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e Corpus analysis significantly reduces the number of incorrect word conflations
made by traditional stemmers. When corpus analysis is used to enhance a
traditional stemmer, the enhanced stemmer avoids most of the incorrect con-
flations made by the original stemmer, reduces the average number of words
in the expanded queries by 50% or more and slightly improves retrieval. This
is desirable in interactive applications where response time is important and

stemming decisions are visible to end users.

e Experiments on both English and Spanish collections show that a simple initial
character matching algorithm enhanced by corpus analysis is comparable with

traditional stemmers in terms of retrieval effectiveness.

e Query expansion based on corpus analysis achieves a small improvement in

retrieval effectiveness on a large collection.

e By requiring expansion words to co-occur with all query words, corpus analysis
achieves large improvements in retrieval effectiveness on two collections. Further
experiments show that the performance largely depends on the top ranked doc-

uments. When applied on low ranked documents, it essentially does not work.

e Local context analysis achieves significant improvements in retrieval effectiveness
on a wide variety of collections of different characteristics and different languages.
Experimental results show that local context analysis is more effective than

corpus analysis and local feedback.

e Building a local context analysis database on a 2.0 GB collection takes 4 hours,
1.5 GB of disk space and 200 MB of memory. Query expansion takes 2 seconds
per query and 240 MB of memory. The time and disk usage are small enough
to be practical. The current implementation is built for flexibility but it can be

easily made more efficient with regard to memory usage.
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Our techniques assume that query words and their alternatives have some chance
to co-occur in a collection. Although the experiments demonstrated that the as-
sumption holds on the test collections used in this thesis, it is not hard to come up
with cases where the assumption is violated. On some collections, the authors of
the documents may never use the words used by some users in their queries due to
difference in things such as personal backgrounds and professions. For example, a user
who describes his information need as “legislations about the state of black America”
to search a collection of congressional bills will meet with retrieval failure because
politicians never use words such as “black America”. Our techniques will not work
in such cases if query expansion and retrieval are carried out on the same collection.
One possible approach awaiting investigation in future work is to expand a query on a
different collection than the one being searched. We expect that some collections, e.g.
newspapers, will be more suitable for query expansion because documents in them
are more likely to use alternative words to describe the same concepts. Potential
benefits and problems of such a cross corpora approach remain to be determined in

future work.

1.4 Research Contributions

e We establish that automatic corpus analysis based on co-occurrence information
can help to identify related and unrelated word variants specific to a corpus. A
stemmer enhanced by corpus analysis is adaptable to the corpus being searched,
significantly reduces the amount of expansion, makes fewer mistakes and im-

proves retrieval effectiveness.

e We propose a retargetable stemming algorithm based on simple initial char-
acter matching and corpus analysis. The algorithm can be easily ported to a
new language and offers retrieval performance competitive with the traditional

stemmers.
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e We establish that global corpus analysis has limited value for general query
expansion. We also establish that contrary to widely held belief, query expansion
based on global co-occurrence information and query context has been successful

almost entirely due to the information in the top retrieved documents.

e We establish that analysis of the top ranked documents is more effective and
more efficient for query expansion than global corpus analysis. Specifically,
we proposed a query expansion technique, called local context analysis, which
outperforms global query expansion techniques in terms of effectiveness and

efficiency.

e We demonstrate that local context analysis is more effective and more robust
than local feedback because local context analysis does not make strong assump-

tions about the relevance of the top ranked documents.

1.5 OQutline of Thesis

The remainder of this thesis is organized as follows: Chapter 2 reviews related
work. Chapter 3 describes the test collections used in this thesis and the evaluation
metrics. Chapter 4 presents the techniques of text analysis in detail. Chapter 5 and
6 present experimental results of applying corpus analysis to stemming and general
query expansion. Chapter 7 presents experimental results of local context analysis.

Chapter 8 discusses the conclusions and future work.



CHAPTER 2

RELATED RESEARCH

In this chapter we review the research related to this thesis. We discuss stemming
in Section 2.1, manual thesauri in Section 2.2, automatic thesaurus construction in
Section 2.3, document clustering in Section 2.4, dimensionality reduction in Section

2.5, local clustering and local feedback in Section 2.6.
2.1 Stemming

In information retrieval systems, stemming is routinely used to reduce different
word forms to common roots. The purpose of stemming is to retrieve documents
which contain morphological variants of the query words. Stemming is a form of
query expansion which adds morphological variants of the query words to the original
query.

English stemming is traditionally carried out by stripping off the common suffixes.
Two widely used stemmers, the Porter stemmer [46] and the Lovins stemmer [35] are
examples. The Lovins stemmer simply removes the longest suffix of a word. The
Porter stemmer is somewhat more complex. It iteratively removes endings from a
word according to a set of rules until no more can be removed. The major problem
with this type of morphologic stemmers is that they make mistakes because they do
not pay attention to the meanings of the words.

To address the problem with the morphologic stemmers, Krovetz devised a new
stemmer, now called KSTEM, which not only makes use of morphologic rules, but also
semantic relationships between words obtained from a machine readable dictionary
[31]. Although KSTEM prevents many mistakes made by the morphologic stemmers,

retrieval effectiveness using it is not consistently better than using the Porter stemmer.
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KSTEM is too conservative in conflation. For example, it does not stem “stocks” to
“stock” because “stocks” may mean something different from “stock”. While the
separation is good in some cases, it definitely hurts retrieval on a collection of Wall
Street Journal articles.

Though some researchers have questioned the value of stemming for information
retrieval in the past [23], more recent studies have demonstrated that stemming can
produce consistent though small improvements in retrieval effectiveness over a large
range of collections [31, 28]. Krovetz also showed that stemming is more useful for
short queries and short documents.

Some studies show that stemming is also useful for retrieval in languages other
than English. Popovic and Willet [45] found that stemming improved retrieval on a

Slovene collection. Kraaij [30] found that stemming helps retrieval in Dutch.

2.2 Manual Thesauri

Generally speaking, manual thesauri describe the synonymous relationship be-
tween words, though many thesauri use finer grained relationships such as Broader
Terms, Narrow Terms and so on. The synonyms in the manual thesauri can be used
for query expansion. Some of the thesauri such as UMLS [65] and MeSH (Medical
Subject Headings) [37] are for specific domains while others such as WordNet [39] are
for general purpose.

Building manual thesauri requires a lot of human labor from linguists or domain
experts. Though they are expensive to build, query expansion using manual thesauri
has not been successful in improving retrieval effectiveness. Salton and Lesk obtained
some improvement in retrieval effectiveness by adding synonyms selected from a
manual thesaurus but the improvement was too small to have any practical value
[57]. A recent study by Voorhees on the large TREC collections using WordNet
even produced negative results [69]. Generally speaking, manual thesauri do not

consistently improve retrieval performance.
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Salton proposed a method to construct a thesaurus based on relevance judgments
for a large number of training queries [53]. The underlying idea is simple: given
a matrix A, which represents the relevance and non-relevance information for each
document-query pair, a similarity function F' and a cut off value 7', there must exist
an optimal non-overlapping clustering of the terms in the sense that after replacing
each term by its cluster, the retrieval matrix B is closest to A. To find the optimal
clustering, the straightforward approach is to try all possible clustering choices. But
it is obviously impractical given the explosive number of choices. Salton suggested
some heuristic methods to find good suboptimal solutions. We should point out this
method of thesaurus construction is designed to optimize retrieval effectiveness rather
than capture the semantic relationship between words. The major disadvantage with
this method is that it requires a large and comprehensive set of training queries. The

cost of relevance judgments for so many queries is prohibitive.
2.3 Automatic Thesaurus Construction

Automatic thesaurus construction is an extensively studied area in information
retrieval. The original motivation behind automatic thesaurus construction is to find
an economic alternative to manual thesauri. Almost all automatic thesauri are based
on the so called association hypothesis, which states that words related in a corpus
tend to co-occur in the documents of that corpus [67].

Term clustering represents the earliest work on automatic thesauri construction.
It groups related terms into clusters based on their co-occurrence in a corpus. The
most representative work on term clustering was conducted by Sparck Jones in the
late 60’s and early 70’s [62, 60]. We briefly summarize Sparck Jones’ experiments and
her conclusions. In her experiments, she investigated different ways to form clusters

and different ways to use the clusters. The variations in her experiments were:

e Clustering all terms vs. clustering only infrequent terms. In term of retrieval

effectiveness, the latter is better than the former.
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e Different similarity metrics: cosine metric, weighted and unweighted Tanimoto.
There are no significant differences in retrieval effectiveness using different sim-

ilarity metrics.

e Different class formation methods: strings, stars, cliques and clumps. Different
methods achieved comparable retrieval effectiveness. The important factor is the
size and tightness of the clusters: small strongly connected clusters are better

than large loosely connected ones.

e Query formulation: simple substitution of query terms with clusters is better
than the combination of substitution and the initial query, though the latter is

supposed to be able to combine the merits of the two representations.

Her major conclusion was that well constructed term clusters can improve retrieval
performance. We should point out that her experiments were based on a small test
collection and used a rather primitive retrieval system. The test corpus had only 200
documents. The retrieval system used coordination level match (number of terms a
query and a document have in common) and did not weight query and document
terms. Her conclusions may not apply to other collections using modern retrieval
systems. To further test the value of term clustering, Minker, Wilson and Zimmerman
[40] applied similar term clustering techniques on two other collections. They used
unweighted Tanimoto similarity, connected component and clique cluster formation
methods, different threshold values to control the class size and a weighting scheme to
weight the terms added to the initial query. They used SMART, a more sophisticated
retrieval system which weights terms in queries and documents by frequencies. After a
thorough investigation, they concluded that term clustering does not improve overall
retrieval effectiveness. A major difference between Sparck Jones’s experiments and
Minker’s is that the former optionally clustered only infrequent terms while the latter
clustered all. It is fair to say that early work on term clustering was not very

successful.



17

Peat and Willet [42] attributed the failure of term clustering to the bad sta-
tistical characteristics of the clusters generated based on co-occurrence data: terms
of comparable collection frequencies tend to be in the same cluster because of the
mathematical properties of similarity metrics used. Because query terms tend to be
frequent ones, the expansion terms also tend to be so. Since frequent terms tends to
be bad discriminators in separating relevant and non-relevant documents, using them
for query expansion is likely to degrade the original query. This also explained why
clustering only infrequent terms was better than clustering all terms in Sparck Jones’
experiments. We think their argument is too simplistic to reveal the true causes of
the failure of term clustering. Firstly, a bad expansion term hurts retrieval because it
is unrelated to the topic of the query, not because it is frequent. Secondly, most query
terms are mid frequency terms, not high frequency ones. For information retrieval,
they are usually the most useful terms [54]. The similarity metrics were indeed a
problem in Sparck Jones and Minker’s work: the metrics used were not properly
normalized for frequent terms. For example, two independent terms each of which
occurs in 50% of the documents will have a Tanimoto similarity value 0.5. A more
serious problem is that term clustering regards whether two terms are related to be
a binary property: two terms are either related or not related. But the reality is that
two terms are usually related to some degree. The most serious problem with term
clustering is that it does not take into account the ambiguity of the query terms. If
a query term has several meanings, term clustering may add terms related to the
incorrect meanings of the term. As the result, the expanded queries may contain
more ambiguity than the original queries and produce poor retrieval.

Lesk [32] proposed a revised version of the association hypothesis. The revised
version is based on the observation that synonyms usually do not co-occur directly, but
co-occur with the same terms. The revised hypothesis, called second order association
hypothesis, states that if two terms are related, they tend to co-occur with the same

terms. To make a distinction, we call the original hypothesis the first order association
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hypothesis. Some recent studies on query expansion also exploited the second order
association hypothesis [58, 52, 21].

Lewis investigated the use of phrase clustering in both traditional IR and text
categorization tasks [34]. His experiments did not produce positive results. Other
attempts to make use of syntactic information in clustering were made by Ruge [52]
and Grefenstette [21].

To address the ambiguity problem of query terms, some recent techniques for
thesaurus construction require the expansion terms to co-occur with all query terms.
The representatives of these techniques are Qiu and Frei’s Concept Based Query
Expansion [47] and Jing and Croft’s Phrasefinder [29]. The basic idea was also used in
Sparck Jones’ work on term clustering in which she optionally used terms co-occurring
with more than one query terms for query expansion [60]. While the early application
of the idea did not work well, the more recent techniques extended it and achieved
better results. In Qiu and Frei’s work, an association thesaurus for a corpus is built

in two steps:

1. Build a term-document matrix 7. Tj; denotes the association significance be-
tween document j and term ¢. It is computed by normalizing the number of

occurrences of term ¢ in document j over the length of document j.

2. The association thesaurus is defined as the matrix S = TT?, where T" is the

transpose of T'. S;; denotes the similarity between term ¢ and term j.

In Qiu and Frei’s work, a query is represented as a vector of weighted terms. The
similarity between a term and a query is defined as the weighted sum of the similarity
values between the term and individual terms in the query. To expand a query, terms
with the highest similarities with the query are added to the query. The weight of
each added term in the expanded query takes its similarity value with the original

query. Qiu and Frei tested their approach on three small test collections and obtained
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significant improvements in retrieval effectiveness. A major disadvantage with Qiu
and Frei’s technique is that its computational cost is very high.

Qiu and Frei’s technique is very similar to a number of other techniques , e.g.,
Wong’s GVSM [72] and Schutze’s context vectors [58], in that they all assign weights
to expansion terms based term-term similarities. The difference is that Qiu and Frei’s
technique only uses the terms with the highest similarities to the query. It is not just
for efficiency. Terms with low similarity values to the query tend to be related to
only one query term but not to the topic of the whole query. If such terms are used
for query expansion, they will hurt retrieval even though they have relatively small
weights in the expanded query.

In Jing and Croft’s work [29], noun phrases, which are called concepts, are used for
query expansion. Similar to Qiu and Frei’s techniques, co-occurrences with all query
terms are considered in choosing expansion concepts. Specifically, each concept C' is
represented as a set of tuples < t1,a; >, < ty, a9 >, ..., where t; is a term co-occurring
with C' and q; is the number of co-occurrences between the concept and the term in
a corpus. The set is called the pseudo-document of the concept. The same metric
to calculate the similarity between a true document and a query is used to calculate
the similarity between a pseudo-document and a query. The concepts whose pseudo-
documents are most similar to the query are used for query expansion. Jing and
Croft’s technique is more efficient than Qiu and Frei’s. Pseudo-documents are easier
to compute than term-term similarity matrix. Document indexing techniques such
as inverted list representation and data compression can be used to index pseudo-
documents to save disk space. The major problem with Jing and Croft’s work is that
it treats pseudo-documents just like true documents although they have very different
characteristics. The length of pseudo-documents conforms to Zipf’s law [74]: a few are
very long, but most are very short. The length distribution of true documents does
not conform to Zipf’s law. The idf of a term in a true document collection measures

the probability that the term occurs in a randomly chosen document. It does not
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depend on the size of the collection. The idf of a term in a pseudo-document collection
measures the probability that a term co-occurs with a randomly chosen concept. It
depends on the size of the original document collection: the more documents are
in the document collection, the greater the chance that a term and a concept ever

CoO-0CCur.
2.4 Document Clustering

Like term clustering, documents can also be clustered. Documents can be grouped
into clusters of documents based on document-document similarity. The purpose of
document clustering is two fold: search efficiency and search effectiveness. Some IR
applications such as browsing, require similar documents to be physically close to each
other. Document clustering is an efficient organization for these applications. We are
more interested in the retrieval effectiveness of document clustering. Document clus-
tering can enhance retrieval effectiveness when the so called cluster hypothesis holds:
closely associated documents tend to be relevant to the same information request [67].
Document clustering can also be viewed as some sort of query expansion: clusters of
documents contain more terms and have a greater chance to match the query terms
than individual documents. There are many works on document clustering in the
literature. Instead of describing all of them, we only summarize the major points
based on Chapter 10 of [54].

First we talk about document cluster organization and generation. The organiza-
tion of document clusters usually conforms to a tree-like structure: smaller and tighter
clusters are at lower levels and larger and coarser ones at higher levels of the tree. The
clusters are composite in that each cluster consists of several smaller ones except for
the leaf clusters that are single documents. Each cluster has a representation, called
its centroid. The centroid is a summary of the contents of the documents which
are its offspring in the tree. To generate the tree-like structure, the straightforward

methods start with the similarity information between all pairs of documents in the
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collection. Usually the pairs must be sorted by the similarity values. This means
that such methods run in O(n?logn), where n is the number of documents in the
corpus. With the information, clustering can proceed either top down or bottom up.
The bottom up approach is also referred to as the agglomerative algorithm, because
in each step, it agglomerates two closest related clusters into a larger one. There are
three definitions of the “closeness” between two clusters: single link, complete link
and average link. The single link similarity between two clusters is the similarity
between the two most similar documents, one of which appears in each cluster. The
complete link similarity is the similarity between the two most dissimilar documents,
one from each cluster. The average link similarity is a compromise between the two.
With the same similarity value, a single link cluster tends to be larger and looser than
an average link one, which in turn tends to be larger and looser than a complete link
one. There are also clustering methods which do not require prior knowledge of the
similarities between all pairs of documents. Though such algorithms run in less than
O(n%logn), they are not robust and the clusters generated using them do not have
some of desirable properties possessed by the ones using the O(n?logn) methods.

Document retrieval based on cluster organization can be either top down or
bottom up. The top down method uses a breadth first search to find clusters whose
similarity to the query is greater than a specified threshold. The bottom up method
only searches the lowest, non-singleton clusters to find those whose similarity to the
query is greater then a specified threshold.

Crouch and Yang proposed a novel approach to term clustering using document
clustering[15]. It is known that clustering of low frequency terms is most useful for
retrieval purpose [60], but co-occurrence based techniques can not properly handle
low frequency terms because there is little co-occurrence information about them.
To address the problem, whether two terms are related is determined based on
whether they co-occur in the same cluster of closed related documents. The complete

link similarity is used to ensure that documents in the same cluster are closely
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related. Though this approach improved retrieval effectiveness on the test collections,
performance is largely dependent on the settings of the parameters in the experiments,
e.g., the similarity threshold between documents in the same cluster, number of
documents per cluster and so on. Because this approach requires document clustering,

it is very expensive and can not easily be scaled up to large collections.
2.5 Dimensionality Reduction Techniques

If documents and queries are viewed as vectors in a n dimensional space, term
clustering can be viewed as a dimensionality reduction technique: before clustering,
n is the number of distinct terms in the corpus, and after clustering, n is the
number of clusters. Since different terms may be represented by the same axis in
the reduced space, documents and queries have a greater chance to be matched. In
this section we discuss several techniques which explicitly make use of dimensionality
reduction. The difference of these techniques from term clustering is that in the
reduced space, a term is decomposed into a number of components. Each component
takes a weight to indicate its importance in the representation of the term. Different
dimensionality reduction techniques have different motivations and are different in the
ways that a term is decomposed. We will discuss Deerwester et al’'s Latent Semantic
Indexing (LSI) [16, 19], HNC’s MatchPlus system [6, 7] and Schutze and Pedersen’s
Coocurrence Thesaurus [58].

Furnas in [19] gave a rationale for LSI and explained how it works. The author
of a document usually chooses only a sample of plausible terms in describing the
topic of the document. Many terms, though not in the document, could also be used
to describe the topic of the document. The purpose of LSI is to “rediscover” these
“missing” terms of the document. More specifically, we can represent a corpus or
collection by a term-document matrix. The true term-document matrix describes the
complete content of each document intended by its author, including the “missing”

terms. The observed term-document matrix only describes what terms are actually
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present in each document. The two matrices are different, but we could rediscover
(or predict) the true based on the observed. The predicted matrix may be somewhat
different from the true matrix but should be closer to the true matrix than the
observed matrix. The mathematical tool to make the prediction is the factor analysis
model, based on the singular value decomposition (SVD) of the observed matrix.
Ignoring some of the technical details, we briefly summarize how LSI works. Let S
be the term-document matrix (observed), S can be decomposed into the product of
three matrices X = T'SD, such that T and D have orthogonal columns and S is
diagonal. The SVD can be geometrically interpreted as a scheme to represent both
documents and terms as vectors in a high dimensional space. Each dimension of the
space is called a LSI factor, which has no intuitive meaning. Most of the diagonal
elements of S are very small and can be discarded as “noise”. By keeping only the £
largest factors and truncating the rows or columns of 7" and D which correspond to
the “noisy” LSI factors, we get X = T'SD. With the “noise” purged, X should be a
better representation of the corpus than X. Therefore, retrieval using X should be
better than using X.

Despite the potential of LSI claimed by its advocates, the retrieval effectiveness
on a number of test collections is not conclusively better than standard vector space
retrieval systems. Dumais [17] pointed out some retrieval failures made by LSI. A
major source of the failures is the lack of specificity of the retrieved documents. In
the reduced space, everything can match anything to some degree. A document
containing no query terms may be ranked high because it contains many terms which
are somewhat related to the query terms. This may also be the major problem
with all dimensionality reduction techniques. The other problem with LSI is its
computational complexity. It is very costly to decompose a very large matrix. It is
true that computer power is growing rapidly, but so is the size of the data. To make
it practical on large collections, SVD has to be applied to subsets of documents at

the price of losing some of the power of the method.
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HNC’s MatchPlus [6] retrieval system used a technique similar to LSI. Words
(terms), queries and documents are represented as vectors in a n dimensional space.
The typical value of n is several hundred. The vectors in the space are called context
vectors. Each dimension of the space is called a feature . Unlike LSI factors which have
no intuitive meanings, these features are intended to be the basic units of semantics.
In fact, some manual selected features even have names like “agriculture”, “DNA”,
“human” and so on. The context vectors of the words are automatically learned from
the collection using machine learning techniques. The context vector of a query or
a document is the centroid of the context vectors of the words in the query or in
the document. Retrieval is carried out by computing and ranking the dot products
between context vectors of the documents and the context vector of the query.

A problem with HNC’s context vector approach is that it can not properly handle
words with multiple meanings. For example, the context vector of “windows” likely
will consist of “computer”, “electronics”, “building” and so on. This will hurt retrieval
precision because of possible spurious query-document matches.

Schutze and Pederen in [58] proposed a slightly different approach from Match-
Plus. They also used context vectors to represent words, documents and queries.
Retrieval is also based on similarities between query and document context vectors.
But there are major differences between their work and HNC’s MatchPlus. The first
difference is how the context vectors are derived. Conceptually, a context vector of a
word in Schutze’s work is a row in a n X n matrix T, where n is the number of words
in the collection and T;; is the number of co-occurrences of word 7 and word j in the
corpus. Since n is very large, T is very costly to compute and store. To save space,
T is single value decomposed and each context vector is reduced to a vector in a low
dimensional space. To make the SVD faster, words are initially clustered. The other
difference is that in Schutze’s work, retrieval results using both standard ¢f x idf

and context vectors are merged to produce a final retrieval result. The purpose is



25

to complement the precision power of ¢f X idf with the recall power of the context

vectors.
2.6 Local Clustering and Local Feedback

Query expansion techniques based on information in a whole corpus is very costly
if the corpus is very large. In this section we discuss query expansion techniques
based on the documents retrieved for the original queries. Because the problem size
is reduced, these techniques are far more efficient.

One of the techniques, which we call local clustering, was proposed by Attar
and Fraenkel [2]. Query expansion using this technique consists of three steps: (1)
Perform an initial search for a query and retrieve a set of documents. (2) Cluster
the terms in the retrieved documents. (3) Expand the query using the term clusters
and perform a second search. Attar and Fraenkel produced positive improvement
in retrieval effectiveness, but the test collection they used is too small to draw any
definite conclusion.

The other technique is local feedback. Local feedback is just like relevance
feedback, except that the top retrieved documents are assumed to be relevant without
relevance judgment. Common terms from the top ranked documents are added to the
original query. If a significant percentage of the top ranked documents are relevant,
local feedback will improve results much like relevance feedback. The major problem
with local feedback is that if few top retrieved documents are relevant, local feedback
can significantly hurt retrieval effectiveness. A number of groups participating in
the TREC conferences used local feedback and obtained significant improvements in
retrieval effectiveness [5]. A related technique using information from the top ranked
documents for query modification was proposed by Croft and Harper [12]. That

technique changes weights of the original query terms but does not add new terms.
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EVALUATION ISSUES

In this chapter we discuss issues related to the evaluation of the techniques in this
thesis. We will describe the test collections in Section 3.1 and effectiveness measures

in Section 3.2.
3.1 Test Collections

We use standard test collections to evaluate the retrieval effectiveness. Each test
collection consists of a set of documents, a set of queries and a relevance judgment file.
The relevance judgment file contains information to determine whether a document is
relevant to a query. The test collections used in this thesis are WSJ, WSJ91, WEST,
TREC3, TREC4, TREC5, TREC4-SPANISH, TREC5-SPANISH, TREC5-CHINESE

and TIME. Table 3.1 lists statistics about these test collections.

e WSJ-This collection consists of 5 years (1987-1991) of Wall Street Journal news
articles. The query set has 66 queries, which are chosen from Tipster (TREC)
topics 1-100 such that each query has more than 50 relevant documents in
the collection. Documents are in English. Past research in stemming showed
that queries with few relevant documents can cause unstable retrieval results
and make the evaluation difficult [28]. We choose queries with enough relevant

documents to avoid the problem.

e WSJ91-This collection consists of 1 year (1991) of Wall Street Journal. The
query set has 60 queries, which are chosen from the 66 WSJ queries such that
each query has more than 10 relevant documents in WSJ91. Documents are in

English.
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e WEST-This collection consists of legal documents and is provided by the WEST
Publishing Company. Documents are in English. The WEST query set has two
versions. One, called the natural language query set, treats a query as a collection
of individual words. The other, called the structured query set, uses phrase and

proximity operators to structure the combinations of words.

e TREC3-This is the test collection for the English ad hoc queries in the third
Text Retrieval Conference [24]. It is 2.2 Gigabytes large and consists of Wall
Street Journal 1987-1992, Associated Press Newswire 1988-1989, Department of
Energy abstracts, Federal Register 1988-1989, and Ziff Davis Computer-Select

articles. The query set has 50 queries. Documents are in English.

e TREC4-This is the test collection for the English ad hoc queries in the fourth
Text Retrieval Conference. It is 2.0 Gigabytes large and consists of Wall Street
Journal 1990-1992, Associated Press Newswire 1988 and 1990, Federal Register
1988, Ziff Davis Computer Select articles, San Jose Mercury News articles 1991,
and U.S. Patents articles 1993. The query set has 49 queries. Documents are in
English.

e TREC5-This is the test collection for the English ad hoc queries in the fifth
Text Retrieval Conference. It is 2.2 Gigabytes large. Content is similar to that
of TREC3 and TREC4. Documents are in English.

e TREC4-SPANISH-This is the test collection for the Spanish ad hoc queries in
the fourth Text Retrieval Conference. It has 25 queries. Documents are Spanish

newspaper articles.

e TREC5-SPANISH-This is the test collection for the Spanish ad hoc queries in
the fifth Text Retrieval Conference. It has 25 queries. Documents are Spanish

newspaper articles.
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e TREC5-CHINESE-This is the test collection for the Chinese ad hoc queries in
the fifth Text Retrieval Conference. It has 19 queries. Documents are Chinese

newspaper articles.

e TIME-This collection consists of 423 articles from TIME magazine. It has 83

queries.

Table 3.1. Statistics on test collections. Stop words are not included. Each Chinese
character is counted as a word.

collection | query | size document | words | words | rel docs | word count

count | (GB) | count per per per in

query | doc query collection

WEST 34 0.26 11,953 9.6 1967 | 28.9 23,516,042
WSJ 66 0.5 163,092 37.5 | 273 144 44,495,324
WSJI1 60 0.15 42,652 35 291 55.6 12,418,568
TREC3 50 2.2 741,856 34.5 | 260 196 192,584,738
TREC4 49 2.0 567,529 7.5 299 133 169,682,351
TRECS5 50 2.2 524,929 7.1 333 110 174,731,151
TREC4-
SPANISH | 25 0.2 57,868 5.3 284 88 16,427,826
TREC5-
SPANISH | 25 0.34 172,952 8.2 156 100 26,907,847
TREC5-
CHINESE | 19 0.17 164,779 21 411 73.6 67,720,598
TIME 83 0.0015 | 423 7.4 323 3.9 136,975

Until recently, IR experiments were carried out on very small test collections.
The use of small collections suffers from a serious problem: The retrieval effectiveness
observed in the experiments may not reflect the true effectiveness of the system
applied to real world text collections. Most of our test collections are reasonably
large. Some of them, e.g, TREC3 and TREC4, are close to realistic text collections
in size. Therefore we largely avoid the above problem. Though most real world
collections are large, some can be quite small. Therefore we also use the small TIME

collection in evaluation.
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It is well known that many IR techniques are sensitive to factors such as query
length [71], document length [59], query structure [31] and so forth. For example,
one technique which works very well for long queries may not work well for short
queries. To ensure that our techniques and conclusions are general, we use a large
number of test collections of different characteristics. The TREC3 queries are very
long, averaging 34.5 words per query. The TREC4-SPANISH queries are very short,
averaging only 5.3 words per query. The WEST documents are very long, about 7
times as long as the TREC4 documents on average. The TREC3 queries have far more
relevant documents than the WEST queries. Some of the collections, e.g, WEST and
WSJ, are homogeneous in that they contain documents of similar types and similar
content. Some of them, e.g., TREC3 and TREC4, are non-homogeneous and contain
documents of different types, different content, different lengths and different sources.
The collections are in different languages: English, Spanish and Chinese. We use both

natural language and structured queries on WEST to evaluate stemming algorithms.

3.2 Effectiveness Measures
3.2.1 Recall and Precision

Recall and precision are two widely used metrics to measure the retrieval effec-
tiveness of an IR system. Suppose we have a collection C, a query Q and a retrieval
system S. C contains R relevant documents to Q. S retrieves a set of n documents for
Q and 7 of the n retrieved documents are relevant to Q. The recall and precision for

Q on C are defined as
recall(S) =r/R

precision(S) =r/n

In other words, recall is the proportion of the relevant documents that the retrieval
system found and precision is the proportion of documents that the system found

that are relevant. But most modern IR systems do not output a set of documents



30

for a query. Instead, they output a list of documents ranked in descending order
of probability of relevance to the query. To get around this problem, we calculate
a recall/precision pair for each relevant document in the ranked output and then
interpolate to find the precision at standard recall points 0.0, 0.1, 0.2, ... 1.0. Precision
for recall point 0.0 is the precision for the first relevant document in the ranked
output. Often the average of the precision values at the standard recall points is used
as a single metric to measure the quality of the ranked output. It is called the 11
point average precision. When a set of query is considered, the precision at a recall
point for the query set takes the average of the precision values of all queries at that
recall point. The average precision for the query set takes the average of the average
precision values of all queries.

When we report the retrieval effectiveness of a method, we use a table showing
the precision values at the standard recall points and the average precision. When
several methods are compared, the table also shows the percentage of improvement of
a method over the base line method. For example, Table 3.2 compares the retrieval

effectiveness of two techniques X and Y for 50 queries on a collection C.

Table 3.2. Retrieval performance of X and Y on collection C

Precision (% change) — 50 queries
Recall X Y
0| 82.2| 85.3 (+3.8)
10 | 57.3 | 65.1 (+13.5)
20 | 46.2 | 54.7 (+18.5)
30 | 39.1| 46.8 (+19.9)
40 | 32.7 | 40.0 (+22.1)
50 | 27.5 | 34.6 (+25.9)
60 | 22.6 | 28.4 (+25.2)
70 | 18.0 | 23.0 (+27.3)
80 | 13.3 | 174 (+30.7)
9 | 7.9 10.7 (+34.4)
00| 05| 0.7 (+36.9)
average | 31.6 | 37.0 (+17.0)
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Besides precision figures averaged over a query set, we want to know whether a
technique is robust. A robust technique improves many queries and rarely hurts a
query substantially. A non-robust technique, however, may significantly improve a
few queries but cause large degradations in the others. Obviously, robust techniques
are preferred over non-robust techniques. Since we usually can not determine whether
a technique is robust based on averaged precision, we sometimes perform query by

query evaluation for that purpose.

3.2.2 Significance Tests

Like in any scientific experiment, the outcome of an IR experiment is affected
by random errors. As the result, we can not conclude that one technique is better
than the other based on a small performance difference between two techniques.
Significance tests are needed to decide whether the performance difference between
two techniques is statistically significant. The paired t-test and sign-test are the most
widely used in IR.

The general idea behind the tests is: we assume that two techniques being com-
pared are equally good. Under the assumption, we calculate a probability (p-value)
that the observed performance difference could occur by chance. The smaller is
the p_value, the less likely that the two techniques are equally good and the more
significant is the difference. If the p_value is very small, i.e. lower than a threshold
a, we reject the original assumption and conclude the two techniques are indeed
different. In this thesis, we use a = 0.05. In other words, if the p_value < 0.05, we
conclude that one technique is better than the other.

Suppose we want to compare two techniques X and Y on n queries @1, Qo, ...,
@,- We define the random variables

D; = average precision of query (); using Y - average precision of ); using X

The t-test assumes that Dy, Ds, ... D, are n independent random variables

following the same normal distribution with 0 mean and unknown variance. It can
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be shown that under that assumption the random variable T defined below follows

the t-distribution with n — 1 degrees of freedom:

_ D
\/ﬁ Sr . (Di—D)*/\/n

T

i=1

The p_value is therefore
pvalue = 1.0 — F(n —1,T)

where F' is the cumulative distribution function of the t-distribution with n — 1
degrees of freedom.

The sign test assumes that P(D; > 0) = P(D; < 0) = 1/2. In other words it
assumes that the number of queries for which Y is better than X is a random variable
which follows the binomial distribution with n trials and success rate 0.5. Let m be
the number of queries for which Y is better than X. When n is large enough (>20),
the random variable (2m — n)/+/n closely follows the standard normal distribution.

Therefore we can calculate
pwalue = 1.0 — G((2m — n)/v/n)

where G is the cumulative distribution function of the standard normal distribu-
tion.

Definitions of the distributions and related proofs can be found in statistics
textbooks (e.g. [48]).

Both tests have pros and cons. The t-test is more powerful in that it can detect
smaller differences between two techniques. But it makes a strong assumption about
the form of the distribution of the data involved. The sign test makes a weaker

assumption about the data but is less powerful. In this thesis we use the t-test. Since
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the data in the experiments may not strictly follow the normal distribution assumed
by the t-test, caution should be taken in interpreting the results of the significance
tests in this thesis. But as Hull pointed out in [27], the problem is not very serious
and the t-test results generally hold even when the data do not strictly follow the
normal distribution.

We should not confuse statistical significance with significance from the users’
perspective. A positive statistical test only means the observed performance difference
between two techniques are unlikely to occur by chance. A powerful test like the t-test
can detect a very small (e.g 1%) improvement in average precision if a query set has
many queries. Though statistically significant, such a small improvement in average
precision is unlikely to have any impact on a user. As an informal rule among IR
researchers, a 5% improvement in average precision is considered to be significant and

a 10% improvement very significant from the users’ perspective [61].



CHAPTER 4
TECHNIQUES FOR AUTOMATIC TEXT ANALYSIS

4.1 Introduction

Past studies on the word mismatch problem focused on establishing and utilizing
relationships among words. Word relationships are either lexical-semantic or statis-
tically derived. Both types of word relationships have been extensively studied.

Lexical-semantic word relationships are usually represented in the form of the-
sauri. Some thesauri such as WordNet [39] are general purpose, while others such as
MeSH [37] and UMLS [65] are for specific domains. Typical relationships used in the
thesauri are Narrower Term (e.g. “workstation” is a narrower term of “computer”),
Broader Term (e.g. “computer” is a broader term of “workstation”), Synonym
(“aircraft” is synonymous with “airplane”) and so on. The intention of using thesauri
is to retrieve more relevant documents by adding words related to the words in a query.

In recent years, some knowledge based and logic based IR systems have used
more sophisticated representations such as frames [70, 33], inference rules [63] and
logic assertions [68, 18, 38| to describe domain knowledge. Since the central part of
domain knowledge is about word relationships, these representations achieve basically
the same function as thesauri.

The acquisition of lexical-semantic word relationships requires expensive human
labor. To overcome this problem, some techniques attempt to establish word rela-
tionships based on statistics about word co-occurrences. Work in this area has been
alternatively known as term clustering [67], keyword classification [62], association
thesauri [29] and so on. Most of these techniques are based on the association

hypothesis discussed in Chapter 1. Also related to term clustering are dimensionality
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reduction techniques such as Latent Semantic Indexing (LSI) [16]. Using LSI, word
relationships are expressed implicitly: Words with similar occurrence patterns have
similar representations in the reduced space.

Generally speaking, past research failed to demonstrate consistent improvements
in retrieval effectiveness using either lexical-semantic or statistical word relationships
[55, 69, 62, 40, 16]. We think the following problems are mainly to blame for this

failure:

e Ambiguous words. If a query word has multiple meanings, query expansion using
either a thesaurus or term clustering will add spurious words. For example,
“tree” and “crop” may be added to the query “power plant”, because “plant” is

ambiguous.

e Query context. Past research incorrectly assumed that the relationship between
two words holds independent of the queries and hence query words were expanded
independently. We use examples to show the problem. The words “tax evasion”,
“computer fraud” and “battery” are obviously narrower terms for the word
“crime”. But for the query “gun control and crime”, we do not want to add
the above words to the query, because the presence of “gun control” in the
query implies that good expansion words must be related to violent crimes, e.g.,
“murder” and “bank robbery”. Similarly, if the query is “computer and crime”,
we do not want to add “murder” and “bank robbery” to the query. These
examples show that word relationships are not query invariant. How to expand

a word depends on other words in the query.

e Relevance. To improve retrieval effectiveness, words added to a query must have
to do with relevance to the query. In other words, these words must be used
in the relevant documents. We say that such words have predictive power of

relevance for the query.
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Past research assumed that if two words are related and one word has predictive
power of relevance for a query, so does the other. Van Rijsbergen, for example,
made such an assumption concerning statistical word relationships [66]. We use
the query “DNA testing in trial of criminal cases” to show why the assumption is
wrong. Two phrases “DNA profile” and “DNA sequence” are nearly synonymous
(both are related to the query word “DNA”). But interestingly, “DNA profile”
is used frequently in the relevant documents and “DNA sequence” is not. The
reason is that journalists reporting crime events such as murder cases tend to
use the word “DNA profile” while the authors of scientific work in biology and

medicine tend to use the word “DNA sequence”.

e Granularity of expansion. There is no agreement in past research on what a
word is. Some researchers treated single terms as words. This can be a problem
because phrases which should be treated as a whole are broken into several
words. For example, it does not make sense to treat “South” and “Africa”
in the query “sanction against South Africa” as two words and expand them
separately. Other researchers treated phrases such as “South Africa” as words.
This introduces another problem: Should we treat the whole query as a phrase
and expand it as a whole or should we treat “sanction” and “South Africa” as two
words and expand them separately? According to the above discussion of query
context, treating the whole query as a phrase may be better. But the number
of words increases exponentially as the word syntax becomes more complex. It

is impossible for thesaurus based techniques to handle such complex phrases.

This thesis deals with two levels of query expansion: stemming and general
query expansion. The two have a number of differences. Stemming involves adding
morphological variants of the query words while general query expansion can add any
words. Granularity is not a problem for stemming, because morphology is usually

applied to one word at a time. Stemming is usually independent of query context:
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Whether two words should be conflated to the same root usually does not depend on
the query. Due to these differences, we will use different techniques for stemming and
general query expansion.

For stemming, we will use corpus analysis. In this thesis, corpus analysis refers to
the technique of identifying related words based on their co-occurrence information
in a corpus. Since query context is a minor problem for stemming, we will ignore it
for sake of simplicity.

For general query expansion, we adopt a query specific approach in order to
overcome the above mentioned problems with past research. Our technique is called
local context analysis. Local context analysis expands a query as a whole, and thus
avoids the problems of query context and granularity. It selects expansion words from
the top ranked documents retrieved for a query. Since the top ranked documents
usually contain several words from the query, it largely avoids the problem of word
ambiguity. Since the top ranked documents are more likely to be relevant to the query
than ordinary documents, words chosen from them are more likely to be predictive
of relevance than words chosen from ordinary documents. Local context analysis
assumes that some of the top ranked documents are relevant. It regards the expansion
words as additional sources of evidence in inferring the relevance of a document, and
combines them with words in the original query under the inference network retrieval
model [64] using the INQUERY retrieval system [9]. David Haines had a thorough
discussion of the issue of incorporating relevance information in the inference network
model [22]. We should point out that though local context analysis can be viewed as
a technique to identify new sources of evidence for a query, it is not specific to the
inference network model or the INQUERY retrieval system. It is a general technique
which can potentially be used with retrieval systems based on other retrieval models
(e.g. the vector space model).

In the rest of this chapter, we will discuss the above techniques in more detail.

We will discuss corpus analysis in Section 4.2. The focus of that section is on the



application of corpus analysis to stemming. We will also discuss the application of

corpus analysis to general query expansion, but the primary purpose of the discussion

is to expose the problems. We will discuss local context analysis in Section 4.3.
4.2 Corpus Analysis

4.2.1 Why Corpus Analysis?

As we mentioned in Section 4.1, corpus analysis refers to the technique of iden-

tifying related words based on their co-occurrence information in a corpus. Query

expansion using corpus analysis has been extensively studied for at least 30 years. In

general, it has failed to produce consistent improvement in retrieval effectiveness. A

number of factors provide the motivation for pursuing this technique further. These

include:

e In the past, corpus analysis was applied on arbitrary pairs of words. The problem

of determining the relationship between two arbitrary words may be too large

to be satisfactorily solved by corpus analysis.

One research objective of this thesis is to investigate the application of corpus
analysis in stemming. Since we limit the use of corpus analysis to morphological

variants, it may be more successful.

Most studies in the past were conducted on small text collections. One widely
suspected cause for the failure of corpus analysis in these studies is that the
corpora used are too small to have sufficient statistics about the words [34, 10].
With the advent of large corpora such as the TREC collections, there is hope

among IR researchers that corpus analysis may prove to be a viable technique.

In recent years, there has been a revitalized interest in techniques that attempt
to find word relationship based on co-occurrence information in a corpus. Two

lines of research are particularly influential. One is the use of co-occurrence
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information with all query words in selecting expansion words [47, 29]. This
line of research has produced promising retrieval results. The other line of
research is dimensionality reduction techniques such as LSI [16]. LSI makes use
of sophisticated mathematical tools but is less successful in improving retrieval
effectiveness than query expansion methods. One research objective of this thesis
is to explain why these techniques work or do not work and what the problems

are.

4.2.2 Corpus Based Stemming
4.2.2.1 What is Corpus Based Stemming?

Stemming refers to a procedure to reduce different word variants to common
roots. In IR systems, stemming is used in document indexing and query formulation
so that documents containing the related variants of the query words are retrieved
in addition to those containing the exact query words. Stemming is a special case of
query expansion that expands a query word to all its variants.

English language stemming is traditionally carried out by stripping off the com-
mon suffixes based on morphologic rules. Two well known stemmers, the Porter
stemmer [46] and Lovins stemmer [35] adopted such an approach. Another stemmer,
devised by Krovetz [31], now known as KSTEM, is more complex. In addition to
morphologic rules, it makes use of a machine readable dictionary to infer the semantic
relationship between word variants.

One problem with traditional stemmers is that they can not handle corpus specific
meanings of words such as “stocks” and “stock”. “Stocks” is the plural form of “stock”
in the Wall Street Journal, but its primary meaning in a corpus about medieval history
may be a device to punish prisoners. The other problem is that traditional stemmers
make mistakes when there are exceptions to the morphologic rules. For example, the
Porter stemmer incorrectly stems “policy” /“police” and “addition” /“additive” to the

same roots.
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Stemming can be viewed as constructing equivalence classes among the words.
Two words are in the same equivalence class if they are stemmed to the same
root. Depending on the stemmer used, one such class may be, for example, “stock”,
“stocks”, “stocked” and “stocking”. In this thesis, we overcome the problems with
traditional stemmers by modifying the equivalence classes based on corpus specific
co-occurrence statistics about word variants. For example, in the Wall Street Journal,
“stocks” and “stock” will co-occur frequently. As a result, we will put them in
the same class. The Porter stemmer incorrectly puts “police” and “policy” in one
equivalence class. Since “police” and “policy” rarely co-occur, we will put them
in different classes. We will show that this produces more effective and efficient
retrieval and makes fewer obvious errors from the end user’s point of view. We label
this approach of modifying equivalence classes based on corpus specific co-occurrence
information corpus based stemming. The equivalence classes obtained from corpus
based stemming can be used at document indexing time or at query time.

Hypothesis 1: Corpus analysis can help to identify related and unrelated word
variants specific to a corpus. A traditional stemmer enhanced by corpus analysis
is adaptable to the corpus being searched, makes fewer mistakes, adds fewer word
variants to the original queries and improves retrieval effectiveness and efficiency.

Traditional stemmers require a considerable amount of human labor to develop
and maintain. Since different languages have different morphologies, we have to write
different stemmers for them. Our approach is to produce equivalence classes based
on co-occurrence information and a simple heuristic about likely word variants. The
heuristic is initial character matching: two words are likely to be word variants of the
same root if they share initial characters. This heuristic should work for languages
such as English and Spanish. For other languages such Arabic, we can use different
heuristics.

Hypothesis 2: It is possible to automatically create a new stemmer solely based

on corpus analysis and simple initial character matching. We use initial character
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matching as a simple stemmer and enhance it by corpus analysis. The resulting

stemmer should compete with traditional stemmers in terms of retrieval effectiveness.

4.2.2.2 Co-occurrence Metrics

Since equivalence classes are modified based on co-occurrence, we need to define
a metric to measure the co-occurrence strength between two word variants. To avoid
problems with long documents, co-occurrences are determined using text windows of
fixed size. Specifically, for two word variants a and b, we define their number of co-
occurrences ng, as the number of elements in the set {< a;, b; > |dist(a;,b;) < win},
where @;’s and b;’s are distinct occurrences of a and b in the corpus, dist(a;, b;) is the
distance between a; and b; measured using a word count within each document, and
win is the window size.

The metric used in this thesis is a variation of EMIM (expected mutual informa-
tion measure) [67, 10]. EMIM is widely used to measure strength of associations. For

word form co-occurrences, EMIM can be defined as

P(a,b) )
P(a)P(b)

where P(a,b) = ng/N, P(a) = ny/N, P(b) = ny/N, N is the number of text windows

EMIM a,b) = P(a,b)logi(

in the corpus, n, and n, are the number of occurrences of a and b in the corpus. The
reason we choose not to use EMIM is that it is not normalized over the number of
occurrences of a and b and unfairly favors high frequency word variants.

The metric we use, em, is defined as

na — En(a,b)

Mg + T

,0)

em(a, b) = max(

where En(a,b) is the expected number of co-occurrences assuming a and b are statis-
tically independent. The em metric measures the percentage of the occurrences of a
and b which are net co-occurrences (co-occurrences minus expected co-occurrences)
and intuitively is more suitable for our purpose. Since a negative number does not

make sense here, we make the em score non-negative.
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The role of En(a,b) in the em formula is important, because two words may
co-occur by chance. For example, the words “the” and “of” almost always co-occur
in a reasonably large text window, but it is erroneous to conclude they are related.

Our formula to calculate En(a,b) is:

En(a,b) = kngnp

where £ is a constant factor given the corpus and the window size. If we assume that
a word never occurs in a text window more than once, we can calculate the expected

co-occurrence using the formula

En(a,b) = P(a,b)N = P(a)P()N = ——N =

based on the independence assumption about a and b’s occurrences and we can derive
k = 1/N. Because in reality a word can occur in a text window several times and our
method of counting co-occurrence counts multiple co-occurrences in a text window,
we can not use the above formula to calculate k. However, 1/N provides a lower
bound for k. In practice, we estimate k based on the co-occurrence data for a large
sample of randomly chosen word pairs by using the value Y ng4/ > ngnp. Though any
single pair of words may be biased, when many random word pairs are considered

together, they should give a good estimation of k.

4.2.2.3 Algorithms for Equivalence Class Refinement

Our approach to corpus based stemming is to break up equivalence classes gener-
ated using an aggressive stemmer or initial character matching. The purpose of using
an aggressive stemmer or initial character matching is to make sure we will not miss
any good conflations. Based on co-occurrence statistics, we detect the equivalence
classes that contain unrelated word variants and break them up properly. We will
use two algorithms for class refinement. One is the connected component algorithm.

The other is the optimal partition algorithm.



43

Connected component algorithm. To refine an equivalence class, the class is
mapped to a graph, each vertex representing a word and an edge between two vertices
representing an em score greater than a threshold ¢. The vertices in each connected
component of the graph form a new equivalence class. The threshold ¢ is a parameter
in our experiments.

The connected component algorithm is efficient. The algorithm runs in O(n?) to
refine a class of size n. But the connected component algorithm occasionally pro-
duces large sparsely connected equivalence classes, called “strings” in the clustering
literature [54|, which hurt the retrieval effectiveness.

Optimal Partition algorithm. Stemming may improve recall by retrieving
more relevant documents. It may also decrease precision by retrieving non-relevant
ones. The motivation behind the optimal partition algorithm is to achieve the best
tradeoff between the two. More precisely, for any pair of words a and b, we let the
recall benefit of keeping a and b together be em(a, b) because the higher the em score,
the more likely that a and b are related and the conflation may improve recall. We
choose a constant ¢ such that the conflation of @ and b will not harm precision more
than §. Thus the net benefit of keeping a and b together is em(a,b) — § and the net
benefit of separating them is 0. The net benefit of a partition of an equivalence class
is the sum of the net benefits for all pairs of words in the class. An optimal partition
of an equivalence class is one that maximizes the net benefit. If there are several
optimal partitions, one of them is chosen arbitrarily to refine the initial equivalence
class.

So far we have not found an efficient implementation of the optimal partition
algorithm. Its similarity to some NP-complete optimization problems such as the
Traveling Salesman Problem prompts us to guess that it may also be NP-complete.
Our current implementation of the algorithm is a brute force search of all possible
partitions. To make it feasible, we first apply the connected component algorithm

to make the input classes smaller before we apply the optimal partition algorithm.
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For a few large ones (containing more than a dozen words), we use the following
approximation algorithm. The solution may be suboptimal, but should be practical
for our purpose.

Approximation of the optimal partition algorithm. To refine an equiva-
lence class, we start by assigning each word in it to a singleton class. At each step,
we merge the pair of classes which have the largest cohesion. The process continues
until either all words are in the same class or no two classes have a positive cohesion.
We define the cohesion of two classes C; and Cy as

cohesion(Cy,Cy) = Y (em(a,b) — 9)

a€Ch,beCs
where 0 is the same as in the original optimal partition algorithm. The approximation
algorithm is a slightly modified version of the average link clustering algorithm [54].
While the latter algorithm is interested in a hierarchical structure and will continue
until all words are put in one cluster, our algorithm is interested in a proper partition
of the words and therefore stops when further merging would result in undesirable
clusters.

The approximation algorithm fails to make the optimal decision in cases where
two strongly connected words a and b are associated with two otherwise unconnected
classes A and B. We can view that a and b form a bridge between A and B. In
such cases, the optimal decision will have a and b in two classes. The approximation

algorithm will put a and b in one class.

4.2.3 Corpus Based Query Expansion

Now we discuss how to apply corpus analysis for general query expansion. The
task is to use corpus analysis to determine the relationship between two arbitrary
words.

The naive approach would be the same as we used for corpus based stemming.

We could put all words in an initial equivalence class and refine it based on the
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co-occurrence information between all pairs of words using either the connected com-
ponent or optimal partition algorithm. We could then expand a query by replacing
each query word with its equivalence class. This naive approach suffers one problem:
by simply replacing query words with equivalence classes, we give all the expansion
words and the original query words the same weight in the expanded query. This is
not desirable for two reasons. Firstly, we want to weight the original query words
more heavily because we have more confidence in them. Secondly, we want to weight
the expansion words based on their co-occurrence strength with the original query
words because how strongly they are related to the query words depends on the
co-occurrence strength.

With the above considerations, we propose a nearest neighbors approach. We
define the “nearness” between two words to be their em score. For a query word,
we add its nearest neighbors to the original query. The central issue is how to use
the nearest neighbors properly in query expansion to achieve effective retrieval. To
cast the question in the context of the inference network retrieval model, what is
the proper way to combine sources of evidence from a query word and its nearest
neighbors? To simplify the discussion, we treat a word as a special nearest neighbor
whose co-occurrence strength with itself is 1.0. Assume we have a document ¢, a
query word W, and its nearest neighbors NV;’s, 0 < i < n, N, being W, itself. In the
inference network in Figure 4.1, node ¢ represents the event that ¢ is observed, node
N; represents the event that V; is a correct indexing word for document ¢ and node
W, represents the event that W, is satisfied. In the basic inference model used in
INQUERY, W, would have only one parent, which is Ny. This means that for a query
word to be satisfied by a document under the basic model, the query word itself must
be a correct indexing word for the document. Figure 4.1 expands the basic model to
allow W, to have multiple parents so that a query word can also be satisfied if its
nearest neighbors are correct indexing words for the document. In the network, we

assume that V;’s are independent. Of course, a query word and its nearest neighbors
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are unlikely to be truly independent. But as in many IR theories, independence is

assumed to make the problem more tractable.

N

Figure 4.1. Represent nearest neighbors in inference network

Let I = (zg,x1,...x,) be a truth assignment for the nodes (Ny, Ny, ...N,), where
x; is either 1 or 0. x; = 1 means N; is a correct indexing word for ¢ and z; = 0 means
N; is not a correct indexing word for ¢. Let P(1V;|t) be the probability that N; is a
correct indexing word for £. Since N;’s are independent,

P(I) = [T P(Ni[t)™ (1 — P(N;[t))' ™
i=0
Let E; be the event that N; causes W, to be satisfied. If we assume that E;’s are

independent, then the probability W, is satisfied given I is

PW,II) = 1— [[(1 - P(E))"

1=0

By law of total probability, the probability that W, is satisfied by ¢ is therefore

P(W,lt) = > P(W,|I)P(I)

all possible I's

It is straightforward to show that
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n
P(W,[t) =1~ Ho(l — P(E;)P(Nilt))
i

We will use the above formula to combine evidence from a word and its near-
est neighbors. We call the formula a weighted OR operator because it is similar
to INQUERY’s OR operator except that each participating probability P(V;|t) is
multiplied by a “weight” P(E;). INQUERY will estimate P(N;|t) using the standard
tf x idf method. We will use em(W,, N;) as an estimation for P(E;). With this
arrangement, the contribution of a nearest neighbor to the score of a document
depends on its co-occurrence strength with the original query words. In theory, we
can use all words in a corpus for query expansion. Using the nearest neighbors is only
an efficiency consideration. We label this approach of query expansion corpus based
because the expansion of a query word depends on the corpus specific co-occurrence
statistics.

The advantage of the corpus based approach is that it employs the statistical word
relationship specific to the corpus being searched. One problem with this approach is
that it is computationally costly. We need to collect the co-occurrence data for every
pair of words in a corpus. Assuming the size of the text window used to determine
co-occurrence is k words and the size of the corpus is [ words, the time cost of
collecting co-occurrence data is O(kl). Assuming the number of word pairs that ever
co-occur in the corpus is r, the space cost is O(r). For large text collections, the
space and time costs are enormous. Other problems, which were discussed in Section
4.1, are concerned with the value of statistical word relationships for retrieval. These
problems severely limit the value of the corpus based approach.

Hypothesis 3: Corpus analysis has limited value for general query expansion. The
words added by corpus analysis should be related to the query words in general. But
since individual query words are usually ambiguous or too general, the added words

may not be related to the query words in the context of the queries.
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4.2.4 Corpus-query Based Query Expansion

In recent years, researchers have proposed the idea of combining corpus analysis
and query context for query expansion [47, 29]. Instead of expanding each query
word independently, the decision whether to use a word for query expansion is made
based on its co-occurrence with all query words. The underlying hypothesis is that
good expansion words should co-occur with all query words. We label this approach
corpus-query based because the decision which words to be used for query expansion
depends on both the corpus being searched and the query in question.

Like the corpus based approach, the corpus-query based approach needs the co-
occurrence data between every pair of words in a corpus. Therefore the efficiency
problem with the corpus based approach is also a problem with the corpus-query
based approach. Unlike the corpus based approach, the corpus-query based approach
has obtained marked improvements in retrieval effectiveness on a number of test
collections [29].

The popular explanation for the success of the corpus-query based approach
is that it employs the query context to disambiguate individual query words. A
problem with the corpus based approach is that it may add words related to the
incorrect meanings of the query words. The corpus-query based approach overcomes
this problem by forcing expansion words to co-occur with all query words.

We have a different explanation for the success of the corpus-query based ap-
proach. Let us notice the fact that if we use a retrieval system to perform a search for
a query @, the common words from the top ranked documents will co-occur with many
or all query words of () a number of times. Since the corpus-query based approach
selects expansion words based on co-occurrence with all query words, this means
that the common words from the top ranked documents have a very good chance of
being used for query expansion. We know that techniques which add common words
from the top ranked documents have achieved significant improvements in retrieval

effectiveness [5]. Our conjecture is that the corpus-query based approach works largely



49

by indirectly finding words from the top ranked documents. The information in the
top ranked documents is mainly responsible for the performance of the corpus-query
based approach. If we only use the co-occurrence information outside the top ranked
documents, query expansion using the words co-occurring with all query words would
not be very successful.

Hypothesis 4: Global information is not necessary for effective query expansion.

The information in the top ranked documents is most important.
4.3 Local Context Analysis

The bottom line of query expansion is to find representative words for the relevant
documents. Research in relevance feedback suggests that such words are usually the
common words (excluding stop words) in the relevant documents. Therefore we can
reformulate the task of query expansion as finding common words from the relevant
documents. Since the top retrieved documents are more likely to be relevant to the
query than average documents, techniques that focus on the information in the top
ranked documents should have a better chance of finding good expansion words than
techniques based on corpus wide information such as corpus analysis. In this section
we describe our technique, local context analysis, which expands a query by analyzing
co-occurrence information in the top ranked documents.

Before we describe local context analysis, a brief discussion about a related
technique, local feedback, is necessary. Local feedback assumes the top ranked doc-
uments are relevant and uses standard relevance feedback techniques to add new
words to the original query and modify the weights of the query words. Usually the
expansion words are the common words from the top ranked documents. Although
local feedback can improve average retrieval effectiveness [5], its performance depends
on the percentage of relevant documents in the set of top ranked documents used for
feedback. If the percentage is very low, local feedback usually finds common words

from non-relevant documents and seriously hurts retrieval effectiveness.
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Local context analysis operates on a set of top ranked documents retrieved for a
query. Rather than assuming all the documents in the top ranked document set are
relevant, local context analysis makes a weaker assumption: a reasonable number of
documents in the set are relevant. Unless a query is totally ill-formed or the collection
has very few relevant documents for the query, this assumption holds if we make the
set of top ranked documents relatively large.

The task of local context analysis is to find common words from top ranked
relevant documents without relevance information. Before we discuss how local
context analysis achieves this task, we make a number of observations about the

top ranked documents.

e Due to the redundant words in typical queries, it is unrealistic to require that

top ranked documents contain all query words.

The purpose of using redundant words in a query is two fold. This first is to
improve recall. To retrieve as many relevant documents as possible, alternative
words are used to describe the same concept or subtopic in a query. For example,
in the query “as a result of DNA testing, are more defendants being absolved
or convicted of crimes?”, the words “defendants” “absolved”, “convicted” and
“crimes” are alternative words to describe one subtopic of the query. The second
is to improve precision. For example, if we remove the word “military” from the
query “deaths caused by friendly fire or training accidents in the military” , a
retrieval system will match the query with documents about a train accident in
which a friend of somebody was caught in the fire (“friendly” and “training”
become “friend” and “train” after stemming). The word “military” in the query

helps to prevent such spurious matches.

If a document contains all of the query words, it is very likely to be relevant. If we
have enough such documents, query expansion is simple: We can simply use the

common words from them for query expansion. But due to the redundant query
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words, few documents, if any, will contain all of the query words. Therefore, we

can not use this simple approach.

Top ranked relevant documents tend to form a cluster.

Because all relevant documents are about the same information need, they tend
to use the same words. More precisely, for a given query, there is a set of words
which will occur frequently in the relevant documents. Since the top ranked
relevant documents are a sample of all relevant documents, such words will occur

frequently in the top ranked relevant documents.

Top ranked non-relevant documents often form clusters too.

This phenomenon can be explained by the existence of overlapping queries. Two
queries are overlapping if they share most of the query words but are about
different information needs. Consider the example query “as a result of DNA
testing, are more defendants being absolved or convicted of crimes?”. One
overlapping query might be “As the result of polygraph test, are more defendants
being convicted or absolved of crimes?”. The other one might be “Blood tests
and defendants being convicted or absolved of crimes for drunk driving”. If
a query has one or more overlapping queries, we expect that the top ranked

documents will consist of several clusters, each of them about a different query.

Local feedback fails when top ranked non-relevant documents form clusters.
More precisely, it fails when one non-relevant document cluster is larger than
the relevant document cluster. In this case, the frequent words in the top ranked

documents are, in fact, from the non-relevant document cluster.
Common words from the top ranked relevant documents tend to co-occur with
all query words in the top ranked documents.

Because of the redundant query words, a relevant document may not contain

all of the query words. We can model the occurrence of a query word in the
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relevant documents as a stochastic process. In any given relevant document,
a query word w has a certain probability p of being used. If we assume that
w’s occurrence/absence in one relevant document is independent of its occur-
rence/absence in another, the probability that it occurs in at least one relevant
document is 1 — (1 — p)™ when n relevant documents are observed. If n is
reasonably large, the probability is close to 1. This means if a word occurs in a
reasonably large number of top ranked relevant documents, it likely will co-occur

at least once with any of the query words in the top ranked relevant documents.

e If a word in the top ranked documents is not a common word in the top ranked
relevant documents, it is likely to co-occur with fewer of the query words in the

top ranked documents.

If a word does not occur, or occurs rarely in the top ranked relevant documents,
its co-occurrences with the query words in the top ranked documents will mostly

happen in the top ranked non-relevant documents. We consider two scenarios.

Scenario 1: The top ranked non-relevant documents are random in content. In
this case, most words in the non-relevant documents (except stop words) will

occur only a small number of times, let alone co-occur with all query words.

Scenario 2: There are clusters of top ranked non-relevant documents. As we
discussed before, each cluster of non-relevant documents can be viewed as the
documents retrieved for an overlapping query with the original query. Since
an overlapping query misses some words in the original query, the documents
retrieved for it will also miss some of them. In this case, even if a word occurs
frequently in a cluster of non-relevant documents, it is unlikely to co-occur with

all of the query words.

From the above discussion, it becomes clear that we can employ co-occurrence
information in the top ranked documents for query expansion. Since only the common

words in the top ranked relevant documents have the property of co-occurring with
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all of the query words, we can conversely use the property to decide whether a word
is a common word in the top ranked relevant documents.

Hypothesis: Common words in the top ranked relevant documents tend to co-
occur with all of the query words in the top ranked documents. Query expansion
using words co-occurring with all of the query words in the top ranked documents
will produce more effective retrieval than local feedback.

Following the IR tradition, we would like to have a function that calculates a
number telling us how good a word c is for expanding a query () based on c¢’s co-
occurrence information with the words of () in the top ranked documents. Assuming

that the words in ) are wy, ws, ...w,, we will consider the following issues:

e What do we mean when we say that ¢ co-occurs with w; in the top ranked

documents?

We must take random co-occurrences into account: ¢ could just co-occur with
w; in the top ranked documents by chance. The higher its frequency in the
whole corpus, the more likely it is that ¢ co-occurs with w; by chance. The
larger the number of co-occurrences, the less likely that ¢ co-occurs with w; by
chance. Let N be the number of documents in the corpus, D the number of
top ranked documents used, n. the number of documents in the corpus that
contain ¢, co(c, w;) the number of co-occurrences between ¢ and w; in the top
ranked documents. We come up with the following metric measuring the degree

of co-occurrence of ¢ with w; :

co_degree(c,w;) = logio(co(c, w;) + 1)idf (¢)/logio(D)

idf (¢) = min(1.0,l0g10(N/N,)/5.0)

The metric takes into account the frequency of ¢ in the corpus (idf(c)) and

the number of co-occurrences between ¢ and w in the top ranked documents
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(co(c,w;)). The logarithm function is used to dampen the raw numbers of
occurrences and co-occurrences. The metric is also normalized over the number
of top ranked documents used. We should point out that our definition of idf is
somewhat different from the standard definition idf(c) = logio(NN/N,) used by
other researchers. The problem with the latter definition is that mathematically
it has no upper limit when N approaches infinity. Our formula sets an upper
limit on idf (c). Any word which occurs in 1/100000 of the documents or fewer

in the collection will have ¢df 1.0.

How do we combine the degrees of co-occurrence with all query words?

To obtain a value measuring how good c is for query () overall, we need to
combine its degrees of co-occurrence with wi, wo, ... w,. We consider two

plausible functions for the purpose.

One is to simply sum the degrees of co-occurrences together. The sum function,
however, has a drawback. If some of the n numbers are very small and the rest
are very large, the sum is still large, though in this case ¢ is not particularly

good according to our hypothesis.

The other is to multiply the » numbers together. In order for the product to be
large, none of them can be very small. This property suits us well. A problem
with the product function is if one of the n numbers is 0, the product is 0 no
matter what the other n — 1 numbers are. If one query word does not occur
in the top ranked documents, the output value will be 0 for any ¢. This is not
desirable. A more desirable function should produce a non-zero value based on
the other n — 1 numbers. To overcome this problem, we add a small value
to each degree of co-occurrence. The function for combining the n numbers is

therefore

g(c,@Q) = J[ (6+ codegree(c,w;))

W; HIQ
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If co_degree(c, c;) = 0 for some j,

g(c,@Q) =196 H (0 + co_degree(c, w;))
w; in Q and ¢ # j

Obviously, not all query words are equally important. While deciding the im-
portance of a query word is a hard problem in general, it is well known that
infrequent query words are usually more important than frequent ones. Based
on this fact, most IR systems incorporate the inverse document frequency (idf)
of the query words in their function of calculating the score of a document to
a query. Taking into account the idf of the query words, we get the following

function,

f(e,Q) = H (0 + co_degree(c, wi))idf(wi)
w; in Q
The idf (w;)’s can be viewed as weights in the formula. It is easy to see this by

taking log on both sides of the formula. This formula is used in this thesis for

selecting expansion words for a query. We call f(c, Q) ¢’s suitability for Q.

To expand a query (), we rank the words in the top ranked documents according
to their suitability for () and choose the top ranked words for query expansion.

With local context analysis, we do not need to build a global data structure. This
cost is the computational bottleneck of the query expansion techniques based corpus
analysis. Local context analysis incurs a run time cost for each query, though the cost
is modest. The run time cost of local context analysis can be broken into two parts.
The first part is the cost to carry out an initial retrieval for a query and return the
top ranked documents. This is the dominant part. Since we are only interested in the
top ranked documents, techniques for efficient retrieval of the top ranked documents
can be used to minimize this cost [4]. The second part is the cost to process the top

ranked documents, build the co-occurrence information, compute the suitability for
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each word in the top ranked documents and return the top ranked words. The time
cost of this part is bounded by O(nl), where n is the number of query words and [ the
total length (in words) of the top ranked documents used. The space cost is O(nm),
where m is the number of unique words in the top ranked documents.

Hypothesis 5: Local context analysis can achieve more effective retrieval than
local feedback and corpus analysis.

Hypothesis 6: Local context analysis is computationally practical.
4.4 Summary

In this chapter we have discussed query expansion techniques based on corpus
analysis and analysis of top retrieved documents. We hypothesized that corpus
analysis based on the association hypothesis is useful for stemming, but its value
is limited for general query expansion. We also hypothesized that applying statistical
co-occurrence analysis on the top ranked documents could find better expansion
words and produce more effective retrieval. In the remaining chapters we will present

experimental results which verify the hypotheses.
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CORPUS ANALYSIS FOR STEMMING: EXPERIMENTS

In this chapter we will carry out experiments to investigate the usefulness of
corpus analysis for stemming, a limited type of query expansion, which expands
a query word to its related morphological variants. We discuss how to use the
equivalence classes for query expansion in Section 5.1. We describe the procedure
of generating equivalence classes based on co-occurrence information in Section 5.2.
We report experimental results on English test collections in Section 5.3 and results
on a Spanish collection in 5.4. We discuss portability of equivalence classes across
corpora in Section 5.5. We discuss efficiency issues in Section 5.6. We summarize the
experimental results in Section 5.7. The test collections used are WSJ, WSJ91, WEST
and TREC4-SPANISH. In previous work, stemming phrases produced different results
than stemming words [31]. To ensure the generality of the results, we use two versions
of queries on WEST, the natural language and the structured query sets. Descriptions

and statistics about these collections can be found in Chapter 3.
5.1 Query Based Stemming vs Indexing Time Stemming

As we discussed in Chapter 4, stemming forms equivalence classes among word
variants. There are two approaches of using equivalence classes generated by a
stemming algorithm. One approach is to assign a unique identifier to each equivalence
class and replace occurrences of a word variant with its class identifier at document
indexing time and at query processing time. We label this approach indering time
stemming. The other approach does not touch the word variants at document indexing
time but instead, at query processing time, expands a word variant to all the word
variants in its equivalence class. We call this approach query based stemming. For

example, given the following query using INQUERY’s query language,
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#SUM(stock prices IBM)

where #SUM is an INQUERY operator that combines the evidence from the individ-

ual words, the expanded query using a particular stemmer could be
#SUM( #SYN(stock stocks) #SYN(price prices) IBM)

where the #SYN operator is used to group synonyms. In INQUERY, this means that
the inverted lists corresponding to each word in the argument of #SYN are combined
to create a list for a new “virtual” word.

Since both approaches of using equivalence classes match a query word with all
the words in its equivalence class, they are equivalent from the retrieval point of
view. Given a query, they should produce identical output. However, this is not
always true depending on the underlying retrieval system. Most retrieval systems
use some form of the tf x idf formula to estimate the likelihood that a document is
relevant to a query. In some variations of the formula, the ¢ f component is normalized
by the maximum frequency of any word in the document. Since the two approaches
can produce different maximum frequencies for the same document, the outputs can
be slightly different. Table 5.1 compares the retrieval effectiveness of indexing time
stemming and query based stemming on the WSJ collection using the 2.1 version of
INQUERY. As we can see, the difference between query based stemming and indexing
time stemming is very small. This means any technique that improves the retrieval
performance using one approach will likely improve retrieval performance using the
other.

Both approaches have pros and cons. Indexing time stemming saves storage space
and offers faster retrieval. But it is inflexible in that the user has no way to alter
the expansion even when it is necessary. Query based stemming requires slightly
more storage space and offers slower retrieval. But it is more flexible in that the
user can alter the expanded query if necessary by adding a word variant missed

by the stemmer or deleting an inappropriate expansion word. The capability of
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Table 5.1. Comparing the retrieval performance of indexing time and query based
stemming

Precision (% change) — 66 queries

Recall | INDEX QUERY BASED
0| 80.6 | 822 (+2.0)
10| 528 | 53.0 (+0.4)
20| 455 | 452 (—0.6)
30| 408 | 40.5 (—0.7)
40| 361 | 35.8 (—0.9)
50 | 31.3 | 31.2 (~0.1)
60| 265 | 26.2 (~1.0)
70| 223 | 221 (—0.9)
80| 172 | 171 (~0.5)
90 | 11.9 | 118 (—0.7)
00| 27 | 27 (=0.1)
average | 33.4 | 33.4 (+0.1)

allowing the user to control the expanded query is very important in cases where small
differences in word forms result in large differences in the relevance of the retrieved
documents. For example, in looking for articles about specific terrorist incidents,
the word “assassination” is very good at discriminating relevant from non-relevant
documents, but the word “assassinations” is much less useful because it tends to be
used in more general stories [49].

In addition to its flexibility, query based stemming is more suitable for investi-
gating the retrieval effectiveness of various methods of generating equivalence classes.
With indexing time stemming, we need to re-index a collection every time we modify
the equivalence classes, even when the modification is limited to only a few equivalence
classes. This is impractical because of amount of the storage and time required. With
query based stemming, we only need to index a collection once. When we modify the
equivalence classes, we only need to modify the expanded queries.

With query based stemming, the retrieval efficiency is significantly affected by
the number of words in the expanded queries, as we will show in Section 5.6. We will

use two metrics to measure how many words on average are added for each query
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word using certain set of equivalence classes. One is the average number of words
in an equivalence class, average class length. The average class length is somewhat
misleading because it does not take into account word frequencies. The other metric,
expansion factor, is based on the actual queries provided for each test collection. The

expansion factor of a set of equivalence classes X for set of queries Y is defined as

number of words in Y after expansion using X

expansion factor = . .
number of words in Y before expansion

5.2 Equivalence Class Generation

As we discussed in Chapter 4, the way we employ corpus analysis for stemming
is to refine a set of initial equivalence classes based on co-occurrence information.
In this section we will describe equivalence class generation in detail. We will first
describe how to construct the initial equivalence classes. Then we will describe the

steps of applying corpus analysis to generate the final equivalence classes.

5.2.1 Initial Equivalence Class Generation

We will use three methods to generate the initial equivalence classes. The first
method is to use an existing stemmer. In this case, each equivalence class corresponds
with a root. The equivalence class corresponding with root r consists of the words

which are stemmed to r by the stemmer.

The second method is to use two different stemmers. In this case, we need
to merge two sets of equivalence classes, each generated by one stemmer. The
algorithm to merge two sets of equivalence classes S1 and S2 to generate a single

set of equivalence classes S is:
1. Make each word a singleton equivalence class in S.
2. For each equivalence class X € S1U S, let X = x1, 2o, .7,

(a) For 2 < i < m, if z; and z; are in two different equivalence classes C; and

Cs in S, merge C and Cs in S.
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The running time of the algorithm is O(nlog*n), “almost” linear time because
log*n is a small number even if n is very large [11].
The third method is to use initial character matching. In this case, two words

are in the same equivalence class if their first 3 characters are the same.

5.2.2 Steps to Apply Corpus Analysis to Generate Equivalence Classes

Four steps are taken to generate the equivalence classes using corpus analysis on

a collection C:

1. Collect all unique word variants in C'. Numbers, stop words and possible proper
nouns are discarded. Words that only occur in the capitalized form (except at

the beginning of a sentence) are considered to be proper nouns.

2. Generate the initial equivalence classes using one of the three methods described

in Section 5.2.1.

3. Collect the co-occurrence data and calculate the em scores for the word pairs
from the same initial equivalence class. Co-occurrence is determined using a fixed
size text window. To estimate k for calculating the expected co-occurrences we
also need to collect the co-occurrence data for a number of randomly chosen

word pairs. The details of calculating the em scores can be found in Chapter 4.

4. Refine the initial equivalence classes based on the em scores using the connected
component and the optimal partition algorithms. The algorithms were discussed
in Chapter 4. The optimal partition algorithm is applied on the equivalence
classes generated by the connected component algorithm. For equivalence classes
having more than 12 members, the approximation algorithm for the optimal
partition algorithm is applied. Two parameters are involved in this step: the em
threshold of the connected component algorithm and  of the optimal partition

algorithm.



62

The equivalence classes generated from the above steps are used for query based
stemming as we discussed in Section 5.1. There are a number of variations and
parameters involved in the above process. In the experiments, we will investigate
different ways of generating equivalence classes and observe their impact on retrieval

performance. Appropriate parameter values will be empirically determined.
5.3 English Experiments
5.3.1 Baseline Stemmers

The Porter stemmer [46] and KSTEM [31] are the two baseline stemmers against
which we compare retrieval results on the English corpora. We will use the terms
collection and corpus interchangeably. Tables 5.2 and 5.3 show some statistics about
the sets of equivalence classes generated by Porter and KSTEM. As we can see from
the tables, the average class lengths of KSTEM and Porter are very close (1.84 vs 1.9
on WEST, 1.7 vs 1.9 on WSJ) but the expansion factor of KSTEM is much smaller
than that of Porter (3.1 vs 5.5 on WEST, 2.8 vs 4.5 on WSJ). The expansion factors
suggest that Porter is more aggressive than KSTEM. Figures 5.1 and 5.2 list some
equivalence classes generated by KSTEM and Porter on the WSJ collection. In the
figures, each line shows an equivalence class if it fits. If an equivalence class is too long
to fit in one line, multiple lines are used but all lines except the first are indented and

start with *~’. These equivalence classes also support that Porter is more aggressive

than KSTEM.

abandon abandoned abandoning abandonment abandonments abandons

abate abated abatement abatements abates abating

abrasion abrasions abrasive abrasively abrasiveness abrasives

absorb absorbable absorbables absorbed absorbencies absorbency
-absorbent absorbents absorber absorbers absorbing absorbs

abusable abuse abused abuser abusers abuses abusing abusive abusively
access accessed accessibility accessible accessing accession

Figure 5.1. Example Porter equivalence classes on WSJ
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abandon abandoning abandonment abandonments abandons
abandoned

abate abated abatement abatements abates abating
abraded abrading

abrasion abrasions

abrasive abrasively abrasiveness abrasives

absorb absorbable absorbables absorbed absorber absorbers absorbs
absorbencies absorbency absorbent absorbents
absorbing absorbingly

abusable abuse abused abuser abusers abuses abusing
abusive abusively

access accessed accessing

accessibility accessible

accession

Figure 5.2. Example KSTEM equivalence classes on WSJ

Table 5.2. Equivalence class statistics of different stemmers on WEST, 49,964 unique
word variants

stemmer KSTEM | Porter | Porter- | Porter- | ngram- | ngram-
CC Optimal | CC Optimal
number of classes 27117 26211 | 40215 | 46632 38343 | 45042
average class length | 1.84 1.9 1.24 1.07 1.32 1.11
expansion factor 3.1 5.5 2.9 2.6 3.99 2.97

Despite the large difference in the amounts of query expansion, Porter and KSTEM
are comparable in terms of retrieval effectiveness, as shown by Tables 5.5, 5.6 and
5.7. KSTEM outperforms Porter on WEST using the natural language queries while
Porter outperforms KSTEM on WSJ. The t-test indicates that only the difference
between Porter and KSTEM on WSJ is statistically significant with p_value=0.03

(Porter is better).
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Table 5.3. Equivalence class statistics of different stemmers on WSJ, 76181 unique
word variants

stemmer KSTEM | Porter | Porter- | Porter- | ngram- | ngram-
CC Optimal | CC Optimal
number of classes 44543 39949 | 64821 | 73015 62174 | 71275
average class length | 1.7 1.9 1.17 1.04 1.23 1.07
expansion factor 2.8 4.5 2.2 2.06 2.85 2.28

5.3.2 Enhancing Porter by Corpus Analysis

As we discussed before, Porter is a relatively aggressive stemmer. In this section
we refine the equivalence classes of Porter based on co-occurrence information. Our
hope is that relying on the co-occurrence metric em (defined in Chapter 4), we will
be able to tell whether two word variants are related. The parameter values used are
window size=100, em threshold=0.01 and 6 = 0.0075. Later in this chapter we will
discuss how sensitive the retrieval results are to the parameter values.

Table 5.4 shows a number of word pairs conflated to the same root by Porter
and their statistics in WSJ. The table clearly shows the correlation between em score
and appropriateness for conflations. Related word pairs such as “bonds”/“bond”
and “stocks” /“stock” have high em scores. In comparison, the inappropriate confla-
tions made by Porter such as “policy” /“police”, “new” /“news”, “arm” /“army” and

“desirable” / “desires” have a zero em score.

Table 5.4. em scores of example word pairs on WSJ with window size 100 words

word pairs frequencies co-occurrences | em
bond/bonds 42255/49331 | 37706 0.35
stock /stocks 144076/35898 | 46030 0.18
cruise/cruises 1253/191 239 0.17
animation/animators | 172/29 28 0.14
votes/voting 3349/4577 625 0.074
policy/police 26122/7290 294 0.0
new/news 225064/81711 | 27307 0.0
arm/army 3004/7684 37 0.0
desirable/desires 681/211 0 0.0
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Applying the connected component and optimal partition algorithms on the
Porter equivalence classes, we obtain much smaller equivalence classes and signifi-
cantly reduce the amount of expansion. This is shown by the data in Tables 5.2
and 5.3. In the tables, we denote Porter equivalence classes refined by the connected
component algorithm PorterCC and Porter equivalence classes refined by the optimal
partition algorithm PorterOptimal. On WEST, the expansion factor of Porter is
reduced from 5.5 to 2.9 by the connected component algorithm and to 2.6 by the
optimal partition algorithm. On WSJ, the expansion factor is reduced from 4.5 to 2.2
to 2.06. In short, corpus analysis reduced the amount of expansion by 50% or more.
The enhanced stemmers, PorterCC and PorterOptimal, make even less expansion to
the original queries than the conservative KSTEM.

Figure 5.3 shows the result of applying the connected component algorithm on

the equivalence classes in Figure 5.1.

abandonment abandonments

abated abatement abatements

abrasive abrasives

absorbable absorbables

absorbencies absorbency absorbent

absorber absorbers

abuse abused abuser abusers abuses abusing abusive
accessibility accessible

Figure 5.3. The result of applying the connected component algorithm on the classes
in Figure 5.1. Singleton classes are not shown.

We mentioned in Chapter 4 that the connected component algorithm can gen-
erate largely loosely connected classes called “strings” which the optimal partition
algorithm avoids. We now examine a concrete example to see why this can happen.
One of the PorterCC equivalence class on WSJ is “organization organizations organize
organized organizer organizers organizing”. Though “organization” and “organize”

are not directly connected (the em score is 0), they are indirectly linked through the
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word pairs “organization” /“organizations”, “organizations” /“organized” and “orga-
nized” / “organize”. The optimal partition algorithm, however, breaks the class into
two classes “organization organizations” and “organize organized organizer organizers
organizing” because the two classes have no connection besides a marginal connection

between “organizations” /“organized”.

Table 5.5. Enhancing Porter by corpus analysis on WEST (natural language queries)

Precision (% change) — 34 queries
Recall | KSTEM Porter PorterCC PorterOptimal
0| 841 | 843 (+0.3)| 85.6 (+18)| 86.3 (+2.6)
10 799 | 782 (—21)| 79.1 (~1.0)| 80.4 (+0.6)
20| 753 | 728 (=3.3)| 74.0 (=1.7)| 758 (+0.6)
30| 714 | 701 (-1.8)| 71.3 (=0.1)| 726 (+1.7)
40| 612 | 602 (—17)| 604 (-1.3)| 61.1 (—0.1)
50 | 54.0 | 52.9 (—2.0) | 54.6 (+1.0)| 54.6 (+1.1)
60 | 441 | 445 (+0.9) | 45.8 (+4.0) | 46.0 (+4.4)
70| 360 | 355 (=1.5)| 37.2 (+3.2)| 37.1 (+2.9)
80| 27.0 | 28.7 (+6.4) | 30.8 (+14.1) | 30.6 (+13.5)
90 | 157 | 165 (+4.9) | 164 (+4.4) | 16.3 (+3.9)
100 81 | 88 (+7.9)| 9.1 (+121)| 89 (+9.9)
average 50.6 50.2 (—0.8) | 51.3 (+1.3) | 51.8 (+2.3)

Tables 5.5, 5.6 and 5.7 report the retrieval effectiveness of PorterCC and PorterOp-
timal. On both WEST and WSJ, PorterCC and PorterOptimal outperform KSTEM
and Porter. The results also show that the optimal partition algorithm is better
than the connected component algorithm. On WEST, PorterOptimal is better than
PorterCC using both natural language and structured queries while on WSJ PorterCC
and PorterOptimal perform equally well. Though the improvements in retrieval
effectiveness are not very impressive, we consider the results encouraging because
corpus analysis reduced the amount of expansion by 50% or more. The fact that
corpus analysis significantly reduced the amount of expansion and resulted in small

improvements in retrieval performance suggests that it successfully prevented many
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Table 5.6. Enhancing Porter by corpus analysis on WEST (structured queries)

Precision (% change) — 34 queries

Recall | KSTEM Porter PorterCC PorterOptimal

0 87.8 88.5 (+0.9) | 88.4 (+0.7) | 88.3 (

10 80.9 80.7 (—0.2) | 80.7 ( )| 81.2 ( )

20 75.5 746 (—1.1) | 74.8 ( )| 75.3 | )

30 72.0 70.7 (-1.9) | 7T1.3 ( )| 721 ( )

40 63.8 63.7 (—-0.2) | 64.0 ( )| 645 ( )

50 57.2 57.4 (+0.3) | 58.6 ( )| 58.6 ( )

60 49.2 49.7 (+0.9) | 50.5 (+2.7) | 504 (+2.4)
(+1.0) (+1.3) (+1.6)
(+8.7) (+8.6) (+8.5)
(+2.3) (+3.7) (+3.8)
(=L.7) (+1.2) (+1.2)
(+0.4) (+1.0) (+1.4)

OOI—‘P—‘OO
WO N O

70 41.5 41.9 (+1.0) | 42.1 42.2

80 30.7 334 (+8.7)| 334 33.3

90 19.7 20.1 (+2. 20.4 20.4

100 9.3 9.1 9.4 9.4
average 53.4 53.6 54.0 04.1

Ol—‘[\D
= W

+

incorrect conflations made by the Porter stemmer. This is advantageous in interactive
applications where expanded queries are accessible to end users.

Table 5.8 shows the t-test results comparing the baseline stemmers, PorterCC and
PorterOptimal. The t-test indicates that PorterOptimal is significantly better than
both KSTEM and Porter on WEST using natural language queries. On WEST, using
structured queries, and on WSJ, PorterOptimal is significantly better than KSTEM
but not significantly better than Porter. There is no significant difference between
PorterOptimal and PorterCC on any of the three data sets, but PorterOptimal
achieved more significant results over the baseline stemmers than PorterCC did.
The t-test and the average precision figures in Tables 5.5, 5.6 and 5.7 show that
corpus analysis does help stemming. They also show that optimal partition algorithm

produces better equivalence classes than the connected component algorithm.

5.3.2.1 Parameter Setting

As we discussed before, there are a number of parameters in class generation.
We now investigate how the parameter settings affect retrieval performance. Table

5.9 shows the effect of the window size and the em threshold on the performance of
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Table 5.7. Enhancing Porter on WSJ

Precision (% change) — 66 queries
Recall | KSTEM Porter PorterCC PorterOptimal
0] 840 | 822 (-2.1)] 81.8 (—25)| 81.9 (—2.4)
10 51.7 53.0 (4+2.6) | 52.7 (+2.0) | 53.0 (+2.6)
20 45.0 45.2 (40.5) | 45.8 (+1.9) | 45.9 (+1.9)
30 39.2 40.5 (+3.3) | 40.8 (+4.2) | 40.9 (+4.4)
40 34.7 35.8 (+3.2) | 36.6 (+5.5)| 36.7 (+5.7)
50 | 30.0 | 312 (+4.1)| 31.2 (+4.0)| 312 (+3.9)
60| 251 | 262 (+4.3)| 264 (+5.1) | 26.3 (+4.6)
70| 208 | 221 (4+6.2) | 22.1 (+6.0) | 21.8 (+4.6)
80 16.4 171 (+4.7) | 17.2 (4+5.2) | 17.0 (+4.1)
90 | 11.3 | 11.8 (+4.6) | 12.0 (+6.5) | 11.9 (+5.9)
100 2.3 2.7 (+17.2) | 2.7 (+19.5) | 2.7 (+18.6)
average 32.8 334 (4+2.1) | 33.6 (+2.5)| 33.6 (+2.5)

Table 5.8. Significance tests on performance difference between baseline stemmers,
PorterCC and PorterOptimal

Collection positive pairs (p_value)

WEST natural language | PorterCC > Porter (0.013)
PorterOptimal > KSTEM (0.013)
PorterOptimal > Porter (0.012)
WEST structure PorterOptimal > KSTEM (0.027)
WSJ PorterCC > KSTEM (0.011)
PorterOptimal > KSTEM (0.007)

PorterCC on WEST using natural language queries. As we can see, many sets of
parameter values achieved good performance. The window size and the em threshold
are not independent: with a larger window, we need to increase the em threshold in
order to achieve good performance. This is understandable because the co-occurrence
statistics depend on the window size: a larger window size means more co-occurrences
for the same pair of words. As long as we use a reasonably large (at least 50 words)
window and an appropriate em threshold for that window, retrieval effectiveness
seems to be independent of the window size. But in practice, window size matters

because the time to collect the co-occurrence data is proportional to the window size.
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In order to minimize computational cost and achieve good retrieval effectiveness, for
the rest of the experiments we use a window size of 100 words and an em threshold

of 0.01.

Table 5.9. The effect of window size and em threshold on retrieval effectiveness on
WEST using natural language queries. 11 point average precision is used

em threshold
window size | 0.005 0.01 0.02 0.03 0.05

20 51.0 51.5 51.0 50.4 49.6
100 51.0 51.3 51.6 51.1 50.6
200 50.9 51.1 514 514 509
200 50.7 509 51.1 51.2 514

Table 5.10 shows the effect of the ¢ value of the optimal partition algorithm on
retrieval effectiveness. The optimal partition algorithm is applied on the PorterCC
equivalence classes (using the default window size 100 and em threshold 0.01). We
get some improvement using § value 0.0075. Even if we can do slightly better using
an even larger ¢ value (0.01 or 0.015), we will use 0.0075 as the default ¢ value. The
reason is that a high ¢ value will prevent many good conflations. Though a high ¢

value is not a problem on WEST, it could be a problem on other collections.

Table 5.10. The effect of § values on retrieval effectiveness on WEST using natural
language queries

) 11 pt precision
0.003 | 51.3
0.005 | 514
0.0075 | 51.8
0.01 52.0
0.015 | 52.2
0.02 51.9
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5.3.3 Using Multiple Stemmers

Though the Porter stemmer is an aggressive stemmer, it occasionally fails to bring
related word variants in an equivalence classes. Examples of word pairs that Porter
stemmer fails to conflate are “abdomen”/“abdominal”, and “searcher”/“search”.
Since the equivalence class refinement algorithms only break up the initial equivalence
classes and never merge them, these word pairs are in different equivalence classes
after applying the algorithms. Many of the related word pairs missed by Porter,
however, are conflated by KSTEM. If we use both Porter and KSTEM to construct
the initial equivalence classes, we will miss fewer good conflations and, it is hoped,
achieve better stemming than using the Porter stemmer alone.

On the WEST collection, merging the equivalence classes of Porter and KSTEM
results in 25496 classes with average class length 1.96 (compared to 1.9 of Porter). We
get slightly longer and fewer equivalence classes than using Porter alone. For example,

)

two equivalence classes of Porter “bribe bribed bribes bribing”, “briber bribery” and
two equivalence classes of KSTEM “bribe bribed briber bribes bribing”, “bribery” are
merged into a single equivalence class “bribe bribed briber bribes bribing bribery”.
Applying the connected component and optimal partition algorithms on the set
of initial equivalence classes constructed using both Porter and KSTEM, we obtained
two sets of equivalence classes PorterKSTEM-CC and PorterKSTEM-Optimal. They
have slightly larger average class lengths than PorterCC and PorterOptimal on WEST
(1.26 and 1.23 of PorterKSTEM-CC and PorterKSTEM-Optimal vs. 1.24 and 1.07
of PorterCC and Porter-Optimal). Table 5.11 shows the retrieval performance of
PorterKSTEM-CC and PorterKSTEM-Optimal on WEST using natural language
queries. As can be seen, the difference in retrieval performance between the two
ways of constructing the initial equivalence classes (Porter alone vs both Porter and
KSTEM) is very small. This can be explained by the fact that KSTEM is a very

conservative stemmer. Using KSTEM in addition to Porter only reduces about 700

equivalence classes on WEST. That does not give us enough additional conflations



71

to have an impact on retrieval performance. In fact, only 25 words in the WEST
queries (repeated query words are counted multiple times) are expanded differently

by PorterCC and PorterKSTEM-CC.

Table 5.11. Enhancing the initial equivalence classes constructed using both KSTEM
and Porter on WEST (natural language queries)

Precision (% change) — 34 queries
Recall | PorterCC | PorterOptimal | PorterKSTEM-CC | PorterKSTEM-Optimal
0| 856 | 86.3 (+08) | 871 (+1.8) | 858 (+0.3)
10| 791 | 804 (+1.6) | 794  (+0.4) | 80.6 (+1.9)
20| 740 | 758 (+24) | 73.9  (-0.2) | 755 (+2.0)
30 713 | 726 (+1.8) | 712 (-02) | 72.3 (+1.4)
40| 604 | 611 (+1.2) | 606  (+0.3) | 61.2 (+1.3)
50 | 54.6 | 54.6 (+0.1) | 541  (=0.9) | 54.5 (=0.1)
60| 458 | 46.0 (+0.4) | 457  (=0.3) | 46.0 (+0.3)
70| 372 | 371 (—0.3) | 368  (=1.0) | 37.0 (—0.6)
80| 308 | 306 (-05)| 303 (=15 | 305 (—0.7)
90| 164 | 163 (—0.4) | 168  (+2.6) | 16.8 (+3.0)
100 9.1 89 (=2.0) | 91  (-0.1) 9.0 (—1.0)
average 51.3 51.8 (4+0.9) | 514 (+0.1) 51.8 (+0.9)

In the future, it would be more interesting to use other combinations of existing
stemming algorithms than KSTEM and Porter. Presumably, corpus analysis applied
on the equivalence classes constructed using two more aggressive stemmers (e.g.
Lovins and Porter) would produce better retrieval performance than using KSTEM

and Porter.

5.3.4 Ngram Stemmers

5.3.4.1 'Trigram Matching

In the previous experiments, corpus analysis was applied on a set of equivalence
classes constructed using existing stemming algorithms. Using existing stemmers has
the problem that if they miss some important conflations, we have no way to recover

the conflations. Also, this method requires that an initial stemmer be available. To
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address the problems, we now use a more aggressive approach to constructing the
initial equivalence classes: two words are in the same equivalence class if their first
three characters are the same. Thus “color”, “cola” and “collect” are initially in the
same equivalence class. We label this approach to constructing initial equivalence
classes wnitial trigram matching, or trigram matching for short. The reason we do
not use fewer than 3 characters is that we would end up with unmanageably large
equivalence classes. The reason we do not use more than 3 characters is that we
would miss the conflations of short words such as “ant” /“ants”, “aim”/“aims” and
“bag” /“bags”. Obviously trigram matching captures almost all potentially good
conflations but makes many mistakes. We will show that the mistakes can be handled
by corpus analysis.

The equivalence classes constructed by trigram matching are very long. The
average class length is 18.5 on WEST and 25.8 on WSJ. On WSJ, 165 classes have
more than 100 members. The largest equivalence class on WSJ, with initial characters
“con”, has 1,124 members. There are over 6 million word pairs whose co-occurrence
data we need to collect from WSJ, but only 278,459 pairs ever co-occur in the
collection. Applying the connected component algorithm, the average class length
is reduced to 1.45 on WEST and 1.32 on WSJ. Some equivalence classes are still too
long: 50 classes have more than 20 members on WEST. Since the optimal partition
algorithm can not handle long equivalence classes, we run the approximation version
of the optimal partition algorithm on the connected component classes. The average
class length is reduced to 1.34 on WEST and 1.25 on WSJ after applying the optimal
partition algorithm.

Table 5.12 shows the retrieval performance of WEST natural language queries
using the trigram optimal partition equivalence classes. Though the performance
is worse than the baseline stemmers, it is reasonable considering the crude way
of constructing the initial equivalence classes. An examination of the expanded

queries shows that many expansion words are only remotely related to the query
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words. These words happen to have the same 3 initial characters as some query
word but are not morphologically related to the query word. Examples are “appli-
cation” / “approval”, “process” / “prosecution” and “discrimination” /“discharge”. But
this simple minded approach also results in good conflations ordinarily missed by
existing stemmers. Examples are “maintain” /“maintenance”, “share” /“shareholder”

and “corp” /“corporation”.

Table 5.12. Enhancing trigram by corpus analysis on WEST using natural language
queries

Precision (% change) — 34 queries
Recall | KSTEM Porter trigram-optimal

0] 841 | 843 (+ 86.3 (+26)
10| 799 | 782 (- 754 (—5.6)
20| 753 | 72.8 (- 701 (=7.0)
30| 714 | 701 (- 66.3 (—7.2)
40| 61.2 | 602 (- 55.7 (- 90)
50 | 540 | 529 (— 48.0 (—11.1)

AAAAA/_?/-\/-\/-\AA
SN o D= WO
OO © = 1O O ~J 00 W+ W
P N g U i i i D A i i e

60 | 441 | 445 405 (-8.2)
70| 360 | 355 (- 318 (—11.8)
80| 270 | 287 (+ 258  (—4.3)
90 | 157 | 165 (+ 12.6 (- 199)
100 | 8.1 88 (+ 75 (—7.8)
average 50.6 50.2 (- 473  (—6.7)

5.3.4.2 Prefix Restriction

Most incorrect conflations made by trigram matching involve words with common
prefixes. Our solution to this problem is prefix restriction: more characters beyond the
3 initial characters are used to determine class membership for words with common
prefixes. Suppose words a and b have the same prefix p. We force the em score
between a and b to be zero (even if they co-occur very often) if either of the following

conditions is true:

1. length(a) > length(p)+4 or length(b) > length(p)+4, and the first 3+length(p)

characters of ¢ and b are not the same.
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2. length(a) = length(b) = length(p) + 3 and the first 1+ length(p) characters are

not the same.

If two or more prefixes are applicable, the longest is used. A prefix is defined as

an initial substring shared by more than 100 words in the WSJ collection. Figure 5.4

lists the all prefixes.
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Figure 5.4. List of English prefixes

blo boo
clo col
dis div
gro han
mar mat
pho pla
rep res
spi spo
tri una

disc disp
para pres

By forcing their em score to be zero, we discourage the decision of putting a and

b in one equivalence class. This does not mean a and b will definitely be in different

classes after applying the class refinement algorithms. They can still end up in one

class by association with other words.

Besides prefix restriction, there is no change to the procedure of equivalence class

generation. We label this modified trigram approach ¢nitial ngram matching, or ngram

matching for short, because more than 3 initial characters may be used to determine

class membership. The corresponding set of equivalence classes generated by the class

refinement algorithms are named ngramCC and ngramOptimal.
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The statistics about ngramCC and ngramOptimal equivalence classes are shown
in Tables 5.2 and 5.3. On WEST, the average class length of ngramCC is 1.32 and
its expansion factor is 3.99. The average class length of ngramOptimal is 1.11 and its
expansion factor is 2.97. On WSJ, the average class length of ngramCC is 1.23 and
its expansion factor is 2.85. The average class length of ngramOptimal is 1.07 and its
expansion factor is 2.28. The amount of expansion made by ngramOptimal is even

less than the conservative KSTEM.

Table 5.13. The performance of ngramCC and ngramOptimal on WEST using natural
language queries

Precision (% change) — 34 queries
Recall | KSTEM Porter ngramCC | ngramOptimal
0 84.1 84.3 (+0.3) | 87.8 (+4.5) | 87.2 (+3.7)
10 79.9 782 (—2.1)| 784 (-1.8)| 79.4 (—0.6)
20 75.3 72.8 (-3.3) | 738 (-2.0) | 75.8 (40.6)
30| 714 | 701 (—1.8)| 69.3 (—2.9)| 71.2 (—0.4)
40 61.2 60.2 (—1.7) | 60.7 (—0.9) | 61.6 (40.7)
50 54.0 529 (—2.0) | 52.9 (—2.0) | 54.9 (+1.6)
60 44.1 44.5 (40.9) | 44.0 (—0.3) | 44.7 (+1.4)
70 36.0 35.5 (—1.5) | 35.7 (—=0.9) | 37.1 (+42.9)
80 27.0 28.7 (+6.4) | 27.2 (+0.8) | 28.6 (+5.9)
90 | 157 | 165 (+4.9)| 155 (—=1.1)| 16.6 (+5.9)
100 8.1 88 (+7.9)| 85 (+4.5)| 9.0 (+10.7)
average 50.6 50.2 (—0.8) | 50.4 (—0.5) | 51.5 (+1.6)

The retrieval effectiveness of ngramCC and ngramOptimal is shown in Tables
5.13, 5.14 and 5.15. They perform at least as well as the baseline stemmers.
NgramOptimal outperforms the baseline stemmers on all three data sets. NgramCC
is worse than ngramOptimal on WEST but is about equally good on WSJ. It is
interesting to compare ngramOptimal with PorterOptimal. Although they start with
very different initial stemmers—a well designed linguistic stemmer and a crude initial
character matching algorithm, they are comparable in terms of retrieval effectiveness.

Tables 5.16, 5.17 and 5.18 show that PorterOptimal is slightly better on WEST
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Table 5.14. The performance of ngramCC and ngramOptimal on WEST using
structured queries

Precision (% change) — 34 queries
Recall | KSTEM Porter ngramCC | ngramOptimal
0 87.8 88.5 (4+0.9) | 89.0 (+1.5)| 83.1 (+40.4)
10 80.9 80.7 (—0.2) | 80.5 (—0.5)| 81.0 (+40.1)
20 75.5 746 (—1.1) | 749 (—0.8) | 75.7 (40.3)
30 72.0 70.7 (-1.9) | 71.0 (—14)| 71.9 (-0.2)
40 63.8 63.7 (—0.2) | 63.6 (—0.3) | 63.7 (—0.1)
50 57.2 57.4 (+0.3) | 56.6 (—1.0)| 58.0 (+1.5)
60 49.2 49.7 (4+0.9) | 49.1 (—0.4) | 49.7 (+0.9)
70 41.5 419 (+1.0) | 40.9 (—1.5) | 41.6 (+0.3)
80 30.7 334 (+8.7)| 319 (+3.8)| 33.2 (+7.9)
90 | 19.7 | 201 (+2.3)] 19.6 (—0.2) | 20.6 (+5.0)
100 9.3 91 (=17)| 99 (+7.1)| 105 (+13.2)
average 53.4 53.6 (+0.4) | 53.4 (—0.1) | 54.0 (+1.1)

(0.6% using natural language queries, 0.3% better using structured queries) and
ngramOptimal is slightly better on WSJ (0.2%).

Table 5.19 shows the t-test result on the differences between the baseline stemmers
and the ngram stemmers. The t-test indicates that ngramOptimal is significantly
better than ngramCC on WEST and significantly better than KSTEM on WSJ.
There is no significant difference between a baseline stemmer and a ngram stemmer
on WEST. Both the t-test and average precision figures show that the ngram stemmers
are at least as good as the baseline stemmers. They also show the optimal partition
algorithm is superior to the connected component algorithm.

Figure 5.5 shows some example ngramCC equivalence classes on WEST. Figure
5.6 gives the classes produced by the optimal partition algorithm.

The ngram approach has two advantages over the traditional approach to stem-
ming. It requires no linguistic knowledge and therefore the process of creating a
ngram stemmer can be fully automated. To retarget it to a new language is very easy.
In contrast, traditional stemmers require costly human labor to code the linguistic

rules for the specific languages. The other advantage of the ngram approach, as we
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Table 5.15. The performance of ngramCC and ngramOptimal on WSJ

Precision (% change) — 66 queries
Recall | KSTEM Porter ngramCC | ngramOptimal
0] 840 | 822 (—2.1)] 849 (+1.1)] 82.0 (—2.3)
10 51.7 53.0 (+2 6) | 52.9 (+2.3)| 53.2 (+2.9)
20 45.0 45.2 (+0.5) | 45.6 (+1.3) | 46.2 (+2.6)
30 39.2 40.5 (+3.3) | 40.3 (+3.0) | 41.2 (+5.3)
40 34.7 35.8 (+3.2) | 35.7 (+2.9) | 369 (+6.2)
50 30.0 31.2 (+4.1) | 31.3 (+4.4) | 31.8 (+6.0)
60 25.1 26.2 (+4.3) | 26.3 (+4.7) | 26.6 (+5.6)
70 20.8 221 (+6.2) | 21.4 (+2.7)| 214 (42.6)
80 16.4 171 (+4.7) | 16.9 (+3.4) | 16.8 (+2.6)
90 | 11.3 11 8 (+4.6) | 11.7 (+4.4) | 11.6 (+3.3)
100 2.3 7 (+17.2) | 2.6 (+12.8) | 2.6 (+12.6)
average 32.8 33 4 (+2.1) | 33.6 (+2.6) | 33.7 (+2.7)

marked marketer marketers marker markers marketed markets marketing
-mark marks market

anchored anchors anchor anchoring anchorage anchorages ancient
-ancestor ancestors ancestory ancestry ancestral

engraving engravings engraver engravers engagement engagements
-engageable engaging engaged engage

payday payroll paychecks payers paycheck payer payout payouts payrolls

Figure 5.5. Example ngramCC classes on WEST

discussed before, is that it can capture conflations which are missed by traditional
stemmers.

The main disadvantage of the ngram approach is that it occasionally produces
equivalence classes containing morphologically unrelated words. For example, in
Figures 5.5 and 5.6, “mark” and “market” are in the same class. The two words
have a high degree of co-occurrence in WEST because documents about trade mark
infringement often mention market share. This type of association usually hurts re-
trieval although it sometimes results in potentially beneficial conflations such as “pay-

roll” /“paycheck” and “punitive” /“punishment”. Since this problem is less common
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Table 5.16. Comparing PorterOptimal and ngramOptimal on WEST using natural
language queries

Precision (% change) — 34 queries

Recall | PorterOptimal | ngramOptimal
0 86.3 872 (+1.1)

10 80.4 794 (=1.2)

20 75.8 75.8  (+0.0)

30 72.6 712 (—2.0)

40 61.1 61.6  (+0.8)

50 54.6 54.9  (+0.5)

60 46.0 4.7 (-2.8)

70 37.1 371 (+0.0)

80 30.6 28.6  (—6.7)

90 16.3 16.6  (+2.0)

100 8.9 9.0  (40.8)
average 51.8 51.5  (—0.6)

in the ngramOptimal classes than in the ngramCC classes, the retrieval performance

of ngramOptimal is better than that of ngramCC.
5.4 Spanish Experiments

As we discussed before, an advantage of the ngram approach to stemming is
that it can be easily ported to a new language. In this section we apply the ngram
approach on Spanish. To simplify the software design and the experiments, accents
are removed from the Spanish characters and upper case characters are converted to
lower case in the TREC4-SPANISH collection. We use exactly the same procedure as
in the English experiments to generate the ngramCC and ngramOptimal equivalence
classes except for one minor change: a prefix is now defined as an initial character
string shared by at least 200 words rather than 100 words to accommodate the richer
morphology of Spanish. The default parameter values (window size 100, em threshold
0.01 and § 0.0075) are used in the Spanish experiments.

The baseline stemmer used in the Spanish experiments is a Porter style stemmer
for Spanish implemented at CIIR of UMass and used by UMass in the Spanish

experiments of TREC conferences [3]. Since the stemmer has no formal name, we
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Table 5.17. Comparing PorterOptimal and ngramOptimal on WEST using structured
queries

Precision (% change) — 34 queries
Recall | PorterOptimal ngramOptimal
0 88.3 881 (—0.2)
10 81.2 810 (—0.2)
20 75.3 757 (+0.6)
30 72.1 719  (—0.4)
40 64.5 63.7 (~1.2)
50 58.6 58.0  (—1.0)
60 50.4 497 (=1.5)
70 42.2 416  (~1.3)
80 33.3 332 (=0.5)
90 20.4 206  (+1.1)
100 9.4 10.5 (+11.9)
average 54.1 54.0  (—0.3)

name it S-Porter. TREC4-SPANISH has 221,095 unique word variants. S-Porter
generates 100,788 equivalence classes with average class length 2.2. The expansion
factor of S-Porter is 20.4. The average class length and the expansion factor of
ngramCC is 1.2 and 8.1. The average class length and the expansion factor of
ngramOptimal are 1.07 and 4.1. The average class lengths of the ngram stemmers
are very small because most of the infrequent words form singleton classes and the
majority of the words in the collection occur infrequently. The expansion factors of
the Spanish ngram stemmers are significantly larger than those of the English ngram
stemmers. This is understandable because Spanish is richer in morphology than
English. Figures 5.7, 5.8 and 5.9 give some equivalence classes of S-Porter, ngramCC
and ngramOptimal on TREC4-SPANISH.

Table 5.20 shows the retrieval performance of S-Porter, ngramCC and ngramOp-
timal. As in the English experiments, the ngram stemmers perform at least as well
as a traditional stemmer. NgramCC and ngramOptimal are 1.8% and 3.3% better
than S-Porter. The t-test indicates no significant difference between S-Porter and

the ngram stemmers. The results seem to suggest that corpus analysis and ngram
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Table 5.18. Comparing PorterOptimal and ngramOptimal on WSJ

Precision (% change) — 66 queries
Recall | PorterOptimal | ngramOptimal
0 81.9 82.0 (+0.1)
10 53.0 53.2  (+0.3)
20 45.9 462 (40.7)
30 40.9 412 (+0.9)
40 36.7 36.9  (+0.5)
50 31.2 31.8  (+2.0)
60 26.3 266  (+1.0)
70 21.8 214 (~1.9)
80 17.0 16.8  (—1.5)
90 11.9 116  (—2.4)
100 2.7 26  (—5.0)
average 33.6 33.7  (4+0.2)

Table 5.19. Significance test on performance differences between baseline stemmers
and ngram stemmers

Collection positive pairs (p_value)

WEST natural language | ngramOptimal > ngramCC (0.01)
WEST structure ngramOptimal > ngramCC (0.02)
WSJ ngramOptimal > KSTEM (0.03)

matching are general techniques that are potentially useful for stemming for a number

of languages.
5.5 Portability

The experimental results in the previous sections show that corpus analysis based
on co-occurrence information helps stemming, but do not answer the questions whether
stemming is corpus specific and how corpus specific it is.

To answer these questions, we use the equivalence classes generated from the co-
occurrence data of one collection to expand the queries on another. We first examine
the case that the two collections have similar content. Our conjecture is that, in this
case, the equivalence classes generated from a different collection should do equally

well. The experimental results support the conjecture. We generate ngramOptimal
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marked

marketer marketers

marker markers

marketed markets marketing mark marks market
anchored anchors anchor anchoring anchorage anchorages
ancient

ancestor ancestors ancestory

ancestry ancestral

engraving engravings engraver engravers
engagement engagements engageable

engaging engaged engage

payers payer

payout payouts

payday payroll paychecks paycheck payrolls

Figure 5.6. Example ngramOptimal classes on WEST

mexica mexico mex mexia mexicas mexicos
navieras navales naves naval nava navo navares navismo
-navidad nave naviera navidades navar navas

Figure 5.7. Example S-Porter equivalence classes on TEC4-SPANISH

classes from the WSJ87 data (0.13 GB) and apply them on WSJ91 queries. Table 5.21
shows that the retrieval performance of using WSJ87 classes (WSJ87ngramOptimal)
is even slightly better than that of using WSJ91 classes (ngramOptimal).

We then repeat the experiment on two dissimilar collections: the ngramOptimal
classes of WSJ are applied on WEST queries. Since WSJ is a collection of newspaper

articles with a focus on financial news and WEST is collection of documents of legal

mexicana mexicano mexicanos mexicanas mexico
navegaba navigator navio nave navegacion navego naves
-navieras naviero navegantes navieros navegan navios
-naval navales naviera navimin naveguen navegaron
-navegar navegables

Figure 5.8. Example ngramCC equivalence classes on TREC4-SPANISH
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mexicana mexicano mexicanos mexicanas mexico
navales naval nave naves navego naviera navimin

Figure 5.9. Example ngramOptimal equivalence classes on TREC4-SPANISH

Table 5.20. Retrieval performance on TREC4-SPANISH

Precision (% change) — 25 queries
Recall | S-Porter | ngramCC ngramOptimal
0 79.4 80.5 (+1.4)| 82.1 (
10 48.9 49.6 ( )| 50.0 (
20 39.3 39.6 ( )| 411 (
30 31.8 33.7 ( )| 33.8 (
40| 264 | 268 (+1.7)| 27.8 (+5.2
50 21.6 219 (+1.3) | 20.8 (-3.9
(+2.7) (+4.3
(+0.2) (
(+1.1) (
(+1.4) (
)
)

60 16.4 16.9 17.1
70 12.6 12.6 12.8
80 9.1 9.2 9.5
90 4.9 5.0 5.2
00| 07 | 05(-325)| 05 (-224
average 26.5 26.9 (+1.8) | 27.3 (+3.3

cases, they should have dissimilar word usage. For example, the word “recoverable”
as in the WEST query “Are punitive damages recoverable under 42 U.S.C. 2000E?”
is related to words “recover” and “recovered” in WEST and has a high degree of
co-occurrence with them. These words are added to the query by WEST equivalence
classes. But these words are not added to the query by WSJ classes because “re-
coverable” is not closely related to these words in WSJ as indicated by a low degree
of co-occurrence. Our conjecture is that the dissimilarity in word usage will cause
the retrieval performance of WSJ equivalence classes to be worse than that of WEST
classes on the WEST queries. The retrieval results in Tables 5.22 and 5.23 support
this conjecture. The retrieval performance of WSJ classes is comparable to those of
Porter and KSTEM, but not as good as that of WEST classes.

The results show that stemming is somewhat corpus specific. The portability of

the equivalence classes depends on the similarity of the corpora.
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Table 5.21. Using WSJ87 classes on WSJ91

Precision (% change) — 60 queries

Recall | KSTEM Porter ngramOptimal | WSJ87ngramOptimal
0| 758 | 755 (—04)| 764 (+0.7) | 76.2 (+0.5)
10| 598 | 61.6 (+2.9)| 60.8 (+1.6) | 60.9 (+1.9)
20| 515 | 51.6 (+0.3) | 524 (+1.9) | 52.8 (+2.7)
30| 445 | 447 (40.4) | 47.0 (+5.5) | 47.1 (+5.9)
40| 391 | 392 (+0.4) | 41.0 (+5.0) | 41.1 (+5.3)
50| 330 | 342 (+3.5)| 354 (+7.2) | 35.9 (+8.7)
60| 278 | 201 (+4.5)| 286 (+2.7) | 29.2 (4+5.0)
70| 226 | 239 (+6.0)| 224 (—0.6) | 22.7 (+0.8)
80| 177 | 184 (4+4.1)| 174 (—14) | 174 (—1.8)
00 | 12.2 | 132 (+8.5)| 126 (+3.8) | 12.9 (+5.6)
00| 3.8 | 4.4 (+158) | 45 (+17.1) | 44 (+14.0)

average 35.3 36.0 (+2.1) | 36.2 (+2.8) | 364 (+3.4)

5.6 Efficiency Issues

In this section we discuss the computational costs of applying corpus analysis to
stemming. Specifically, we will discuss two sources of cost: the cost of generating the
equivalence classes and the cost of retrieval. Timing figures used in this section are

based on experiments on the WSJ collection on a SUN4 workstation.

5.6.1 Cost of Equivalence Class Generation

The following is a breakdown of the time spent on the steps in Section 5.2.2.
Step 1 takes 20 minutes of CPU time to collect the unique word variants in WSJ.
This step can be skipped if the unique word variants are extracted from the indexed
database. Step 2 takes 1 minute of CPU time to generate the initial equivalence
classes. For ngram stemmers, this step is not necessary. Step 3 takes 1 hour 10
minutes of CPU time to collect the co-occurrence data for the word pairs if the initial
equivalence classes are generated by Porter. This step takes 1 hour 30 minutes if the
initial equivalence classes are generated by trigram matching. Step 4 takes less than 1
minute if the connected component algorithm is used to refine the initial equivalence

classes. This step takes 6 minutes if the optimal partition algorithm is used. All
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Table 5.22. Using WSJ equivalence classes on WEST natural language queries

Precision (% change) — 34 queries
Recall | KSTEM Porter ngramOptimal | WSJngramOptimal
0 84.1 84.3 (4+0.3) | 87.2 (+3.7) | 85.4 (+1.6)
10 79.9 782 (=2.1) | 7194 (-0.6) | 78.8 (—1.3)
20 75.3 72.8 (=3.3) | 75.8 (+0.6) | 75.5 (+0.2)
30 71.4 70.1 (—1.8) | 71.2 (—04) | 694 (—2.8)
40 61.2 60.2 (—1.7) | 61.6 (+0.7) | 59.8 (—2.2)
50 54.0 52.9 (—2.0) | 549 (+1.6) | 53.5 (—1.0)
60 44.1 445 (+0.9) | 44.7 (+1.4) | 435 (—1.3)
70 36.0 35.5 (—1.5) | 37.1 (+2.9) | 35.8 (—0.7)
80 27.0 28.7 (+6.4) | 28.6 (+5.9) | 27.8 (+3.1)
90 15.7 16.5 (+4.9) | 16.6 (+5.9) | 16.4 (+4.3)
100 8.1 88 (+7.9)| 9.0 (+10.7) 9.3  (+14.7)
average 50.6 50.2 (—0.8) | 51.5 (+1.6) | 50.5 (—0.3)

steps considered, the most expensive method, ngramOptimal, takes about two hours
to generate the final equivalence classes on WSJ. Most of the time is spent collecting
the co-occurrence data. A better implementation can cut this cost. Even with the
current implementation, two hours of processing time on a 500" MB collection is
reasonable.

One way to cut the time on collecting the co-occurrence data is to use data from
a subset of the collection. Table 5.24 shows the retrieval effectiveness of using parts
of the WSJ collection to generate the ngramOptimal classes. Using 10% of WSJ
(ngramOptimal-0.1), the retrieval performance is slightly worse than using the whole
collection (ngramOptimal). Using 50% of WSJ (ngramOptimal-0.5), the retrieval
performance is as good as using all WSJ. This means that it is possible to use a
subset of a large collection to generate the equivalence classes without losing much
performance. So far we are not sure how much text is necessary in order to achieve
the same performance as we get from using the whole collection. But we can state
that for collections larger than 500 MB, the time on collecting the co-occurrence data
can be cut by at least 50%. For even larger collections (multiple GBs in size), the

time can probably be cut further.
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Table 5.23. Using WSJ equivalence classes on WEST structured queries

Precision (% change) — 34 queries
Recall | KSTEM Porter ngramOptimal | WSJngramOptimal
0 87.8 88.5 (4+0.9) | 88.1 (+0.4) | 85.9 (—2.1)
10 80.9 80.7 (—0.2) | 81.0 (+0.1) | 80.6 (—0.4)
20 75.5 746 (=1.1) | 75.7 (+0.3) | 77.2 (+2.2)
30 72.0 70.7 (-1.9) | 719 (-0.2) | 71.8 (—0.2)
40 63.8 63.7 (—0.2) | 63.7 (—0.1) | 64.4 (+1.0)
50 57.2 574 (4+0.3) | 58.0 (+1.5) | 58.3 (+1.9)
60 49.2 49.7 (40.9) | 49.7 (+0.9) | 49.9 (+1.3)
70 41.5 419 (+1.0) | 41.6 (+0.3) | 404 (—2.6)
80 30.7 334 (+8.7) ] 332 (+7.9) | 314 (+2.2)
90 19.7 20.1 (+2.3) | 20.6 (+5.0) | 20.0 (+1.8)
100 9.3 9.1 (-1.7) | 10.5 (+13.2) 9.8 (+5.8)
average 53.4 53.6 (4+0.4) | 54.0 (+1.1) | 53.6 (+0.4)

5.6.2 Cost of Retrieval

With query based stemming (query expansion using equivalence classes), retrieval
time varies with the stemmer used. We found that there is a strong correlation
between the expansion factor and retrieval time. For example, INQUERY takes 2
hours 27 minutes of CPU time to finish 66 WSJ queries expanded by Porter and 1 hour
23 minutes of CPU time to finish the same queries expanded by the ngramOptimal
stemmer. The expansion factors of the two stemmers on WSJ are 4.5 and 2.28. Since
corpus analysis significantly reduces the expansion factor, it can result in much faster
retrieval. This is especially desirable for interactive applications.

Query based stemming is, however, less efficient than stemming at document
indexing time. It takes only 42 minutes of CPU time to finish the 66 WSJ queries
on a WSJ database pre-stemmed by Porter. We think the efficiency gap is largely
due to the fact that the version of INQUERY (2.1) we used is not well tuned for
query based stemming. For one thing, it merges position information in evaluating
the #SYN operator though position information is often unnecessary. For the other,
its algorithm to merge inverted lists is particularly inefficient for long equivalence

classes. To merge n inverted lists, the algorithm takes n — 1 rounds. The ith round
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Table 5.24. Using equivalence classes for 10% and 50% of WSJ on WSJ

Precision (% change) — 66 queries
Recall | ngramOptimal | ngramOptimal-0.1 | ngramOptimal-0.5
0 82.0 82.4 (+0.5) 83.2 (+1.4)
10 53.2 52.6 (—1.1) 53.7 (+1.0)
20 46.2 45.7 (—1.1) 46.0 (—0.4)
30 41.2 40.5 (—1.9) 41.1 (—0.3)
40 36.9 36.5 (—1.1) 37.0 (4+0.3)
50 31.8 31.3 (—1.6) 31.8 (—0.1)
60 26.6 26.5 (—0.4) 26.6 (4+0.1)
70 214 21.2 (—0.8) 21.3 (—0.5)
80 16.8 16.6 (—1.2) 16.8 (—0.3)
90 11.6 11.6 (40.0) 11.6 (—0.5)
100 2.6 2.5 (—1.5) 2.6 (—0.1)
average 33.7 33.4 (—0.8) 33.8 (+0.3)

merges the merged result for the first ¢ inverted lists with the ¢ 4+ 1th inverted list.
For n inverted lists of length [ each, it needs O(n?l) operations. A better algorithm
used in the merge sort algorithm [11] needs only O(nllogn) operations. We expect
a significant cut in retrieval time with limited modifications to the retrieval system.
With a well tuned retrieval system, query based stemming in combination with the
corpus analysis technique may be even more efficient than indexing time stemming
using an aggressive stemmer such as Porter because corpus analysis can result in

much smaller equivalence classes and shorter inverted lists for the query words.
5.7 Summary

The experimental results in this chapter on both English and Spanish test col-
lections validate the hypotheses 1 and 2. Corpus based stemming does offer slightly
more effective retrieval than traditional stemming. A stemming algorithm based on
simple initial character matching and corpus analysis is competitive with traditional
stemmers in terms of retrieval effectiveness. Corpus analysis can significantly reduce
the number of words in the expanded queries and speed up retrieval. Timing figures

show that applying corpus analysis to stemming is also practical.



CHAPTER 6

CORPUS ANALYSIS FOR GENERAL QUERY
EXPANSION: EXPERIMENTS

In this chapter we will conduct experiments to investigate the usefulness of corpus
analysis for general query expansion. In a sense this chapter is an extension of
the previous chapter. Unlike stemming, we do not require expansion words to be
morphological variants of the query words. In Section 6.1 we will present query
expansion experiments using the corpus based approach. In Section 6.2 we will
present experiments using the corpus-query based approach. In both sections we
will use actual queries to expose the problems with these approaches. In Section 6.3
we will summarize the experiments and draw some conclusions about the value of

corpus analysis for general query expansion.
6.1 Corpus Based Approach
6.1.1 Data Preparation

The experiments in this section are conducted on the TREC4 collection. Before
we report the experimental results, we will first describe how we prepare the data for

the experiments.

6.1.1.1 Query Word Extraction

As we discussed in Chapter 4, the corpus based approach expands a query word by
adding its nearest neighbors. We need to define what a query word is. In stemming,
we define query words as individual terms in a query. This definition has a problem
for general query expansion. For example, if a query contains “United States”, we

do not want to expand “United” and “States” as two query words. Rather, we want
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to treat them as a single query word. If a query is described in natural language,
we need to process the query text properly and recognize the query words. This
is a tricky problem because sometimes several words should be treated as a phrase.
Fortunately the TREC4 queries we will work on are already in a parsed format [1].
Therefore we avoid the problem of recognizing the query words. Figure 6.1 shows
one of the TREC4 queries (in the INQUERY query language). The query contains
both phrases and single terms. Removing stop words, query operators and weights,
the query words in the query are “affirmative”, “action”, “affected”, “construction”,
“industry”, “affirmative action” and “construction industry”. A phrase in a query is

treated as single query word rather than several words.

#WSUM (1.0
1.0 How 1.0 has 1.0 affirmative 1.0 action 1.0 affected 1.0 the
1.0 construction 1.0 industry
1.0 #PHRASE(affirmative action) 1.0 #PHRASE(construction industry)
)

Figure 6.1. An example parsed query

6.1.1.2 Concept Recognition

Past research work suggests that nouns and noun phrases are more informative
than other types of words and phrases and are better units for query expansion [29].
For this reason, we will use nouns and noun phrases for query expansion in the
experiments. The nearest neighbors of a query word are therefore nouns and noun
phrases. To conform with the terminology used by other researchers, we call these
nouns and noun phrases expansion concepts, or concepts in short. In our experiments,
a concept is a single noun or a sequence of consecutive nouns recognized by a part

speech tagger, Jtag [73]. Plural nouns are converted to the singular form. Figure 6.2
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shows a sample document tagged by the tagger. Concepts are put in the brackets (]

D-

The/AT [bill/NN] has/HVZ been/BEN reworked/VBN
since/CS it/PPS was/BEDZ introduced/VBN ,/,

in/IN [order/NN] to/TO meet/VB some/DTI
[employer/NN objections/NNS] ./. But/CC the/AT
[measure/NN] still/RB is/BEZ opposed/VBN by/IN
the/AT [construction/NN industry/NN] ,/, which/WDT
argues/VBZ that/CS it/PPS would/MD impose/VB
[unionism/NN] and/CC higher/JJ [costs/NNS] on/IN
much/AP of/IN the/AT [industry/NN] ’s/$

[work/NN] ./.

Figure 6.2. A sample tagged document with concepts bracketed

6.1.1.3 Co-occurrence Counting and em Calculation

To avoid problems with long documents, which are often about several different
topics, documents are broken up into non-overlapping, fixed size text windows. We
call these text windows passages. Co-occurrences are determined using passages
rather than documents. In our experiments, passage size is 300 words, which has
been shown to be an appropriate passage size by previous work in document retrieval

using passage level evidence [8].

The frequency of a query word or a concept in the collection is defined as the
number of passages containing it. The co-occurrence frequency of a query word and
a concept is the number of passages containing both. The em score of a query word
w and a concept c is calculated as,

Nwe — En(w, c)

em(w, c) = max( ,0)

Ty + Tl
En(w,c) = nyne/N
where N is the number of passages in the collection, n,, n. and n,. are the

frequencies of w and ¢ and their co-occurrence frequency.
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Figure 6.3 lists some concepts for each query word in the example query in Figure
6.1 (the numbers are em scores with the query words). In query expansion, these
concepts will be added to the query and combined with the query words using the
weighted OR operator (see Chapter 4). The em scores are used as weights inside the

operator. For example, the query word “affirmative action” is expanded to

#WOR(1.0 1.0 #PHRASE (affirmative action)
0.13 #PHRASE (action program)
0.046 minority
0.04 quota
0.039  #PHRASE(clarence thomas)

0.039 discrimination

where #WOR is the weighted OR operator, #PHRASE is an INQUERY operator

to construct a phrase from single terms.

6.1.2 Experimental Results

Table 6.1 shows the retrieval performance of the corpus based approach as com-
pared with the baseline queries on TREC4. The baseline queries are the unexpanded
ad hoc queries used by CIIR UMass in the TREC4 conference. In the table, nn-5
means adding the top 5 concepts (nearest neighbors) for each query word, nn-10
adding the top 10 concepts and so forth. Adding 5 nearest neighbors for each query
word produces a 4.2% percent improvement over the base line. The t-test indicates
that the performance difference between the baseline and nn-5 is statistically signif-
icant (p_value=0.0017). Improvements at high recall points are mainly responsible
for the improvement. The precision at recall point 0 is almost unchanged. This is

understandable because query expansion is largely a recall device.
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affirmative: affirmation 0.08, action-program 0.04, minority 0.03,
discrimination 0.028, appeals-court 0.024

action: summary 0.097, notice 0.093, dc 0.08, rule 0.07, washington 0.07

affected: entity 0.069, cfr 0.064, rin 0.057, action-date-fr 0.056,
timetable 0.054

construction: project 0.045, building 0.035, facility 0.03,
housing 0.02, site 0.02

industry: market 0.073, company 0.069, analyst 0.054, stock 0.052,
share 0.051

affirmative-action: action-program 0.13, minority 0.046, quota 0.04,
clarence-thomas 0.039, discrimination 0.039

construction-industry: wage-law 0.037, fringe-benefit-information 0.036,
construction-industry-wage-determination 0.036, wage-determination 0.035

Figure 6.3. Nearest neighbors of the query words of the query shown in Figure 6.1

In Chapter 4, we said that using the nearest neighbors is a tradeoff between
efficiency and effectiveness. We expected that the retrieval performance would keep
increasing as more nearest neighbors are used though after a certain point the rate
of improvement would be too small to be useful. But the data in Table 6.1 tells
a different story. As more concepts are used, the average precision actually drops
slightly. The performance loss may have something to do with the weights of the
concepts we assign to them. Please note that we use the em score to estimate the
probability that a concept is about a query word. The estimation, though reasonable,
may be too crude. A casual examination of the expansion concepts and the em scores
seems to show that the quality of a concept is not proportional to its em score with
the query word. Rather, the quality of a concept seems to drop more quickly than its
em score. In other words, concepts with small em scores deserve smaller weights than

we assign to them. This problem becomes more severe when more concepts are used.
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Table 6.1. Retrieval performance of the corpus based query approach on TREC4

Precision (% change) — 49 queries

Recall | baseline nn-5 nn-10 nn-20 nn-40
0 71.0 71.5 (+0.8) | 679 (—4.4)| 65.6 (—7.6) | 64.7 (—8.8)
10 49.3 50.0 (+1.3) | 49.9 (+1.0) | 50.0 (+1.3) | 50.4 (+2.1)
20 40.4 41.9 (+3.8) | 42.2 (4+4.6) | 42.7 (+5.9) | 429 (+6.2)
30 33.3 34.5 (+3.5) | 34.8 (+4.5) | 347 (+4.2) | 34.7 (+4.3)
40 27.3 288 (+5.3) | 29.2 (+6.8) | 289 (+5.8) | 29.0 (+6.2)
50 21.6 24.0 (+11.1) | 24.0 (+10.8) | 23.8 (+10.3) | 24.1 (+11.4)
60 14.8 16.8 (+13.7) | 17.1 (+15.5) | 17.2 (+16.2) | 17.3 (+17.0)
70 9.5 10 3 (+8.9) 10 4 (+9.4) 10 7 (+12.7) 1() 8 (+14.0)
80 6.2 8 (+10.7) 9 (+12.0) 2 (+16.2) 2 (+17.0)
90 3.1 5 (+10.8) 6 (+14.6) 6 (+12.7) 3 4 (+8.5)
100 0.4 5 (+13.2) 5 (+19.1) 5 (+21.2) 5 (+16.4)
average 25.2 26 2 (+4.2) 26 O (+3.4) 25.9 (+2.9) 25 9 (+2.9)

A suitable transformation from the em score to a weight could avoid the problem.
The performance figures in Table 6.1 also show that as more concepts are used, the
performance change is not uniform across all recall points. Though the precision at
recall point 0 drops significantly, precision at other recall points generally improves
when more concepts are used. This is understandable because when more concepts
are used, the expanded queries can match with more relevant documents and hence
improve recall.

Using the weighted OR operator to combine evidence from the query words and
the expansion concepts are better than using two alternative operators, INQUERY’s
synonym and weighted SUM operators, for the same purpose. Table 6.2 shows the
retrieval performance of using the 3 operators for query expansion. In the table, the
results of the weighted OR, weighted SUM and synonym operators are denoted nn-5,
nn-5-wsum and nn-5-syn respectively. In each case the top 5 concepts are used for each
query word. The synonym operator, which treats the occurrences of the expansion
concepts in the documents exactly the same as the occurrences of the original query
word, results in a significant performance loss over the base line. This means that

weighting the expansion concepts is necessary. The fact that weighted OR is slightly
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better than weighted SUM suggests that it characterizes the relationship between the

original query words and their nearest neighbors better.

Table 6.2. Comparing the retrieval performance of WOR, WSUM and SYN to
combine query words and nearest neighbors

Precision (% change) — 49 queries

Recall | baseline nn-5 nn-5-wsum nn-5-syn
0] 71.0 | 715 (+0.8) | 728 (+2.6) | 644 (—9.3)
10| 493 | 50.0 (+1.3) | 49.9 (+1.2) | 43.4 (=12.0)
20| 404 | 41.9 (+3.8)| 41.2 (+2.0) | 37.2 (=7.9)
30| 333 | 345 (+3.5)| 34.3 (+3.0) | 29.8 (—10.6)
40| 273 | 288 (+5.3)| 281 (+2.9) | 24.8 (—9.3)
50 | 21.6 | 24.0 (+11.1) | 224 (+3.4) | 19.3 (~10.7)
60| 14.8 | 168 (+13.7) | 15.6 (+5.5) 146 (— 1)
0| 9.5 10 3 (+8.9)| 9.9 (+43)| 94 (-0.2)
80| 6.2 8 (+10.7) | 63 (+3.1)| 64 (+4.3)
9| 3.1 5(+10.8) | 3.1 (—0.6)| 3.5 (+10.3)
00| 0.4 5(+13.2) | 05 (+8.1) 0 9(+109 1)
average 25.2 26 2 (+4.2) | 25.8 (+2.6) | 23.1 (—8.4)

6.1.3 Analysis

The experimental results show that the corpus based approach is indeed helpful
in improving retrieval performance. But the improvement (4.2%) is too small to be
cost effective for such an expensive corpus based approach.

We think our results establish a upper bound (or nearly a upper bound) for any
approach that exploits corpus analysis for general query expansion for several reasons.
Firstly our results are based on a very large collection (TREC4, 2 Gigabytes). Most
earlier studies used small collections, which may be a cause for the retrieval failure
in them. Secondly, we use a better metric to choose expansion concepts and a better
model to combine evidence from query words and expansion concepts than earlier
studies. Thirdly, we expand a phrase in a query as a whole rather than expanding

the terms in the phrase independently as in most earlier studies. Lastly, we emphasize
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adding more content bearing nouns and noun phrases to the queries rather than just
words.

The incorrect expansion concepts can be roughly broken down into the following

categories:

1. Expansion concepts of ambiguous query words. For example, the meaning of
“plant” in a query about “nuclear power plants and their rate of production”
is different from its meaning in the query about “conversion of plant material
to energy”. The nearest neighbors of “plant” are related to different meanings
of “plant”. Those related to one meaning are “production”, “reactor”, “GM”,
“worker” and so on. Those related to the other meaning are “tree”, “crop” and
so on. The other example is the word “intelligence” in the query “search for
extraterrestrial life and intelligence”. Its nearest neighbors include such words

as “CIA”, “AI” and “expert system”.

2. Expansion concepts related to the query words in general but not in the context
of the query. As an example, we consider the word “DNA” in the query “as
a result of DNA testing, are more defendants being absolved or convicted of
crimes”. Its nearest neighbors include such words as “gene”, “DNA sequence”,
“chromosome”, “NIH”, “DNA molecule” and so on. In general, these concepts
are related to “DNA”. But for the above query about the forensic application of
DNA test, they are not good expansion words for “DNA”. Adding them to the
query will bring documents about “DNA” in the biological and medical contexts

closer to the top of the ranked output and hurt retrieval performance.

3. Expansion concepts of non-content bearing query words. The word “result” in
the above query is obviously not a content bearing word. Its nearest neighbors

include “quarter”, “loss”, “profit”, “share” and so on.

Though all the above categories hurt retrieval performance, categories 1 and 2

cause the most damage. Incorrect expansion concepts in categories 1 and 2 are more
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common than those in category 3. The expansion concepts of non-content query
words are usually totally unrelated to the query words and are generally random.
Therefore, they generally have a small impact on the ranked output for the query.
The expansion concepts in categories 1 and 2, however, are related to the query words
in some way and are less random. As the result, they are more capable of bringing
non-relevant documents ahead of relevant documents in the ranked output.
Categories 1 and 2 are caused by the same problem: query words are treated
independently and the specific query context is ignored. This problem limits the

value of the corpus based approach for query expansion.
6.2 Corpus-query Based Approach

To address the problem with the corpus based approach, the corpus-query based
approach employs query context in addition to corpus analysis for query expansion.
It selects expansion concepts based on their co-occurrence with all query words rather
than with individual query words. In this section we conduct experiments using the

corpus-query based approach on TREC3 and TREC4.

6.2.1 Description of Experiments

As in the corpus based approach, we break documents into fixed size passages.
Each passage has 300 words. The procedure used to recognize concepts from passages
before is also used here. The frequency of a query word and the co-occurrence
frequency of a query word and a concept are counted the same as before. Unlike
the corpus based experiments, query words are now defined as terms in the queries
to simplify experiments.

We use the following function f(c, @) to measure the suitability of a concept c

for query ). We suppose the query words in () are wy, wo, ...w,.
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fle,Q) = H (0.01 + co_degree(c, wi))idf(wi)
Ww; in Q

New — En(c,w) — 1

co_degree(c,w) = max( ,0)

Te
Ty Tle

N
idf (w) = min(1.0,log10(N/ny)/5)

En(c,w) =

where NV is the number of passages in the collection, n,,, n. and n,,. are the frequencies
of w and ¢ and their co-occurrence frequency. The function f is similar to the one in
Section 4.3 and has similar motivations.

The top 30 concepts are used for each query. The way we use the expansion

concepts is (in INQUERY’s query language):

Qnew = #FWSUM(1.01.0 Q 1.0 Q1)
Q/ #WSUM(]_O 1.0¢11.0¢y ... 1.0 630)

The formulas mean that the 30 expansion concepts form an auxiliary query @/ with
equal weights. The original query and the auxiliary query are combined with equal
weights to form the expanded query.

We should mention that the corpus-query based approach we just described is
very similar to Phrasefinder [29]. The major difference is in the functions used for
concept selection. Phrasefinder used standard document-query similarity for concept
selection. We have pointed out the problem with this function in Chapter 2. The

corpus-query based approach uses a better motivated function for concept selection.

6.2.2 Experimental Results and Analysis

Tables 6.3 and 6.4 show the retrieval performance of the corpus-query based ap-
proach (labeled as corpus-query) as compared with the unexpanded baseline queries.
The corpus-query based approach produces significant improvements in retrieval ef-

fectiveness over the baseline queries on both collections: 17% on TREC3 and 13.7%
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on TREC4. The t-test indicates that the improvements are statistically significant
(p-value=0.00001 on TREC3 and p_value=0.00016 on TREC4).

Table 6.3. Retrieval performance of the corpus-query based approach on TREC3

Precision (% change) — 50 queries
Recall | baseline | Phrasefinder | corpus-query
0 82.2 79.4 (-3.3) | 85.3 (+3.8)
10 57.3 60.1 (+4.8) | 65.1 (+13.5)
20 46.2 50.4 (+9.1) | 54.7 (+18.5)
30 39.1 43.3 (+10.7) | 46.8 (+19.9)
40 32.7 36.9 (+12.8) | 40.0 (+22.1)
50 27.5 31.8 (+15.9) | 34.6 (+25.9)
60 22.6 26.1 (+15.1) | 28.4 (+25.2)
) )
) )
) )
) )
) )

80 13.3 15 8 +18.6

90 7.9 +18.7

100 0.5 +60.9
average 31.6 34.1 (+7.8

(
(
(
(

70 | 18.0 | 20.6 (+14.0) | 23.0 (+27.3
( 17.4 (+30.7
4 ( 10 7 (+34.4
8 ( +36.9

7 (
37 0 (+17.0

Since the corpus-query based approach is similar to Phrasefinder except that
the functions to choose the expansion concepts are different, we also include the
Phrasefinder results in the tables. In the Phrasefinder queries, 30 concepts are added
into each query and are weighted in proportion to their rank position. Phrases
containing only terms in the original query are weighted more heavily than those
containing terms not in the original query. Despite their similarity, the performance
of our corpus-query based approach is significantly better than that of Phrasefinder
(p-value=0.005 on TREC3 and p_value=0.003 on TREC4). The results indicate that
our function f for concept selection is better than that of Phrasefinder.

An examination of the expansion concepts reveals that the corpus-query based
approach largely solves the problem with the corpus based approach. In Figure 6.4
we list the top 30 concepts for the TREC4 query 213, “as a result of DNA testing,
are more defendants being absolved or convicted of crimes”. These concepts are

obviously better than the concepts added by the corpus based approach for the word
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Table 6.4. Retrieval performance of the corpus-query based approach on TREC4

Precision (% change) — 49 queries
Recall | baseline | Phrasefinder | corpus-query
0 71.0 68.6 (—3.3) | 70.4 (—0.8)
10 49.3 48.6 (—1.6) | 54.3 (+10.0)
20 40.4 40.0 (—1.0) | 45.0 (+11.6)
30 33.3 33.9 (+1. 8) 37.7 (+13.4)
40 27.3 28.0 (+2.5) | 32.6 (+19.4)
50 21.6 23.9 (+10.3) | 27.4 (+26.7)
60 14.8 18.8 (+27.1) | 20.8 (+40.7)
70 9.5 11 8 (4+24.7) 13 6 (+43.3)
80 6.2 1 (+31.0) 2 (+33.8)
90 3.1 2 (+33.6) 2 (+34.2)
100 0.4 6 (+24.0) 6 (+36.7)
average | 25.2 26.0 (+3.4) 28 6 (+13.7)

“DNA”. Subtle difference in word usage sometimes can have a significant impact on
the relevance of a document. The concepts “DNA-pattern”, “DNA-evidence” and
“DNA-profile” seem to be synonyms with “DNA-sequence”, a nearest neighbor of
“DNA” found by the corpus based approach. But “DNA-sequence” is more likely
to be used in biological and medical documents and is a poor indicator of relevance
for the query. In contrast, “DNA-pattern”, “DNA-evidence” and “DNA-profile” are
more likely to be used in articles about DNA in law suits and are good indicators of
relevance. A similar phenomenon is observed by Riloff in the context of information

extraction [49].

6.2.3 How Valuable is Global Co-occurrence Information?

Experimental results show that the corpus-query based approach can significantly
improve retrieval performance. But as we pointed out in Section 4.2.4, many of the
expansion concepts used by the corpus-query based approach are likely to be from the
top ranked documents retrieved for the original query. The improvement in retrieval
performance may be largely due to the concepts from the top ranked documents.

Our conjecture is that the performance of the corpus-query based approach largely
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dna-pattern dna-testing 1lifecodes dna-test-result

dna-lab dna-evidence dna-test dna-profile
dna-identification  cellmark cellmark-diagnostics
defense-attorneys-challenging-reliability  bureau-expert
lawyer-peter-neufeld new-york-city-murder-case michael-baird
procedures-track-record dna-laboratory  oregon-rape-case
mark-storolow laboratory-gelatin  supermarket-merchandise
thomas-caskey  procedures-lifecodes  price-code-bar
lifecodes—-corp  tests-reliability maine-case

rape-conviction dna-strand

Figure 6.4. Concepts selected by corpus—query based approach for TREC4 query 213

depends on the top ranked documents (passages). To confirm the conjecture, we
need to see how well the corpus-query based approach works if it is applied to the
documents ranked low for the original query. The experiments are carried out on

TRECA4. The procedure to expand a query () is this:

1. Run INQUERY to rank all passages in the collection for Q).

2. Remove the top n passages from the collection. This results in a slightly smaller

collection consisting of 1084310 — n passages.

3. Apply the corpus-query based approach on the reduced collection to expand Q).

The above procedure is repeated for each TREC4 query. Figure 6.5 shows the
retrieval performance of the corpus-query based approach on TREC4 when the top
ranked passages are removed. The performance drops as more top ranked passages
are removed. When 500 passages are removed for each query, the performance is only
2.5% better than the baseline (Table 6.5). Note that 500 passages only represent
a small fraction of the 17 million passages in the collection. For 99% of the query
words, at least 50% of their occurrences are in passages other than the top 500 ones.
For 92% of the query words, at least 90% of their occurrences are in passages other
than the top 500 ones. In other words, when we exclude the top 500 passages, we

still have sufficient data about most of the query words.
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Figure 6.5. Retrieval performance of the corpus-query based approach when top
ranked passages are removed

The results demonstrate that the performance of the corpus-query based approach
largely depends on the information in the top ranked passages (documents). The vast
amount of data outside the top ranked passages has little value for query expansion.
The results also seem to suggest that the corpus-query based approach, as well as
similar approaches such as Phrasefinder [29] and Concept Based Query Expansion
[47], is largely a local method despite the fact it uses global co-occurrence information.
This conclusion has a major implication: for effective query expansion, we can just
use the information in the top ranked documents. Using the top ranked documents is
more efficient. Though we lose the benefit of the global information, which is limited
anyway, we avoid the potential harm caused by a large amount of noise in the global

information. So using the top ranked documents may be more effective too.
6.3 Summary

The results in this chapter demonstrate that corpus analysis based on global

co-occurrence information has limited value for general query expansion. The results
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Table 6.5. Retrieval performance of the corpus-query based approach on TREC4
when 500 top ranked passages are removed for each query

Precision (% change) — 49 queries

Recall | baseline | remove-500-passages
0 71.0 68.7 (—3.2)
10 49.3 50.9 (+3.1)
20 40.4 42.0 (+4.2)
30 33.3 33.4 (4+0.3)
40 27.3 28.2 (+3.2)
50 21.6 22.8 (+5.3)
60 14.8 16.9 (+14.2)
70 9.5 10.6 (+11.7)
80 6.2 6.7 (4+9.0)
90 3.1 3.3 (+4.5)
100 0.4 0.5 (4+7.9)
average | 25.2 | 25.8 (+2.5)

also show that despite the fact the corpus-query based approach makes use of global

co-occurrence information, its success largely depends on the information in the top

ranked documents. The global co-occurrence information outside the top ranked

documents has little value for query expansion. We therefore confirm hypotheses 3

and 4.



CHAPTER 7

LocAL CONTEXT ANALYSIS: EXPERIMENTS

7.1 Introduction

The results in Chapter 6 show that global co-occurrence information has very
limited value for general query expansion. In this chapter we will conduct experiments
to investigate local methods, which make use of the information in the top ranked
documents retrieved for the original query for query expansion. The local methods
are local feedback [2, 13], a technique which has been around for a long time, and
local context analysis, a new technique proposed in this thesis. We will focus on local
context analysis and use local feedback primarily for the purpose of comparison. To
compare the local methods with the global methods, results of Phrasefinder and the
corpus-query based approach on some collections are also reported. The experiments
are carried out on TREC3, TREC4, TREC5, WEST, TIME, TREC5-SPANISH, and
TREC5-CHINESE. We will use the original queries as the baseline. On WEST, we
will use the natural language query set '.

The rest of this chapter is organized as follows: Section 7.2 lays out the procedure
for the experiments. Section 7.3 reports and analyzes the results obtained on the
English collections. Section 7.4 reports results on the Spanish and Chinese collections.
Section 7.5 discusses some efficiency issues of local context analysis. Section 7.6

summarizes the results and draws some conclusions.

!Due to the difference in the versions of INQUERY used, the WEST results in this chapter are
not directly comparable with those in Chapter 4.
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7.2 Description of Experiments
7.2.1 Local Feedback

The local feedback experiments are based on the local feedback procedure used by
the Cornell group in the TREC conferences [5]. It represents one of the most successful
techniques used in the TREC conferences. To expand a query on a collection, an initial
retrieval is run for the query on the collection. The most frequent 50 terms and 10
phrases (pairs of adjacent non-stop words) from the top ranked documents or passages
are added to the query. The terms in the expanded query are then reweighted using
the Rocchio [51] formula with o : §:y =1:1:0. The default number of documents
or passages used for feedback is 10, though we sometimes change the number to

observe the effect on the retrieval performance.

7.2.2 Local Context Analysis

Below are the steps taken by local context analysis to expand a query () on a

collection:

1. Use a standard IR system (INQUERY) to retrieve the top n ranked passages.
A passage is a text window of fixed size. There are two reasons that we use
passages rather than whole documents. Long documents are usually about
multiple topics. Breaking them into smaller pieces avoids the problem of using
words from unrelated parts of the documents for query expansion. It is also more
efficient to use passages by eliminating the cost of processing the unnecessary

parts of the documents.
The default passage size is 300 words, though we sometimes vary the passage

size to observe the effect on retrieval performance.

2. Concepts in the top ranked passages are ranked according to the formula f(c, Q)

discussed in Section 4.3.
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Different numbers of passages are used to observe the effect on retrieval. In the
experiments on the English collections, the default definition of a concept is a
noun or a sequence of nouns recognized by Jtag. The same procedure for concept
recognition in Chapter 6 is used here. Alternatively, we use terms and pairs of
terms in the top ranked passages as concepts. The default ¢ value in the formula

f(e, @) is 0.1. Other values are used to see the effect on retrieval performance.
3. Add m top ranked concepts to ) using the following weighting formula:

Quew = FWSUM(1.0 1.0 Q w Q)
Ql #WSUM(].O Wy C1 Wg Cy ... Wy Cm)

where ¢; is the ith ranked concept. We call Q)7 the auxiliary query. The default

parameter setting is m = 70, w = 2.0 and w; = 1.0 — 0.9 7 /70.

7.3 Experimental Results
7.3.1 Local Context Analysis

Table 7.1 shows the performance of local context analysis on the TREC4, TREC3
and WEST. The results labeled TREC4, TREC3 and WEST are obtained using the
default parameter values. The results labeled WEST2 are obtained by letting the
weight of the auxiliary query be 1.0 instead of the default 2.0.

Local text analysis performs very well on TREC3 and TREC4. All runs produce
significant improvements over the baseline. The best run on TREC4 (100 passages)
is 23.5% better than the baseline. The best run on TREC3 (200 passages) is 24.4%
better than the baseline. The t-test indicates that the improvements are statistically
significant (p_value=0.00000006 on TREC4 and p_value=0.000005 on TREC3).

On WEST, the improvements over the baseline are not as good as on TREC3
and TREC4. With too many passages, the performance of local context analysis
is even worse than the baseline. But as we will discuss later, the results are still

better than local feedback and Phrasefinder. The best run is 3.0% better than the
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Table 7.1. Performance of local context analysis using 11 point average precision.
The expansion concepts are downweighted by 50% for WEST2

number of

passages used | TREC4 TREC3 WEST WEST?2
baseline 25.2 31.6 53.8 53.8

10 29.5(+17) | 36.6(+16) 54.8(+1.9) | 55.9(+3.8)
20 29.9(+18.6) | 37.5(+18.9) | 55.4(+3.0) | 56.5(+5.0)
30 30.2(+19.8) | 38.7(+22.6) | 54.5(+1.3) | 55.6(+3.4)
50 30.4(+20.6) | 38.9(+23.2) | 54.2(+0.7) | 55.8(+3.7)
100 31.1(+23.5) | 38.9(+23.3) | 54.2(4+0.8) | 55.6(+3.3)
200 31.0(+23.0) | 39.3(+24.4) | 53.1(-1.3) | 54.6(+1.6)
300 30.7(+21.8) | 39.1(+23.7) | 52.7(-2.0) | 54.4(+1.2)
500 29.9(+18.6) | 38.3(+21.3) | 52.1(-3.2) | 53.6(-0.4)
1000 29.0(+15) | 37.6(+19) 51.7(-3.9) | 53.7(-0.1)
2000 27.9(+10.7) | 36.6(+16.0) | 51.7(-3.9) | 53.7(-0.1)

baseline. The t-test indicates the improvement is not statistically significant. The
high baseline of the WEST collection (53.8% average precision) suggests that the
original queries are of very good quality and we should give them more emphasis.
Better results are obtained by reducing the weight of auxiliary query )/ from 2.0
to 1.0 (WEST2). After downweighting the expansion concepts, the best run (20
passages) is 5.0% better than the baseline. The t-test indicates the improvement is
statistically significant (p_value=0.03).

It is interesting to see how the number of passages used affects retrieval perfor-
mance. To see it more clearly, we plot the performance curve of local context analysis
on TREC4 in Figure 7.1. Initially, increasing the number of passages quickly improves
performance. The performance peaks at a certain point. After staying relatively flat
for a period, the performance curve drops slowly when more passages are used. For
TREC3 and TREC4, the optimal number of passages is around 100, while on WEST,
the optimal number of passages is around 20. This is not surprising because the
first two collections are an order of magnitude larger and have far more relevant

documents per query than WEST. Currently we do not know how to automatically

determine the optimal number of passages to use. Fortunately, unlike local feedback,
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local context analysis is very robust and seems relatively insensitive to the number
of the passages used, especially for large collections like the TREC collections. On

the TREC collections, between 30 and 300 passages produces very good retrieval

performance.
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Figure 7.1. Performance curves of local context analysis and local feedback on
TRECA.

Figure 7.2 shows the top 30 concepts chosen by local context analysis for TREC4

query 214 “What are the different techniques used to create self induced hypnosis”.

hypnosis brain-wave ms.-burns
technique pulse reed

brain ms.-olness  trance
hallucination process circuit
van-dyck behavior suggestion
case spiegel finding
hypnotizables subject van-dyke
patient memory application
katie muncie approach
study point contrast

Figure 7.2. Local context analysis concepts for query 214
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Table 7.2. Retrieval Performances on TREC3. 10 documents are used for local
feedback (lf-10doc). 100 passages are used for local context analysis (lca-100p).

Precision (% change) — 50 queries

Recall | base | Phrasefinder | corpus-query 1f-10doc lca-100p
0| 822 | 79.4 (—3.3) | 85.3 (+3.8) | 82.5 (+0.4) | 87.0 (+5.9)
10 | 57.3 | 60.1 (+4.8) | 65.1 (+13.5) | 64.9 (+13.3) | 65.5 (+14.3)
20 | 46.2 | 50.4 (+9.1) | 54.7 (+18.5) | 56.1 (4+21.5) | 57.2 (+23.8)
30 | 39.1| 43.3 (+10.7) | 46.8 (+19.9) | 48.3 (+23.5) | 48.4 (+23.8)
40 | 32.7 | 36.9 (+12.8) | 40.0 (+22.1) | 41.6 (+26.9) | 42.7 (+30.4)
50 | 27.5 | 31.8 (+15.9) | 34.6 (+25.9) | 36.8 (+34.1) | 37.9 (+38.0)
60 | 22.6 | 26.1 (+15.1) | 28.4 (+25.2) | 30.9 (+36.7) | 31.5 (+39.3)
70 | 18.0 | 20.6 (+14.0) | 23.0 (+27.3) | 25.2 (+40.0) | 25.6 (+42.1)
80 | 13.3 15 8 (+18.6) | 17.4 (+30.7) | 19.4 (+45.7) | 19.4 (4+45.7)
90| 7.9 4 (4+18.7) 10 7 (+34.4) | 11.5 (+44.3) | 11.7 (+47.3)
100 | 0.5| 0.8 (+60.9) 7 (+36.9) | 1.2(+143.5) | 1.4(+177.0)
average | 31.6 34.1 (+7.8) 370 (+17.0) | 38.0 (+20.5) | 38.9 (+23.3)

An assumption made by local context analysis is that the top ranked documents
contain a reasonable number of relevant documents. We now discuss how dependent
the performance of local context analysis is on the assumption. Since we use top
ranked passages instead of documents, our discussion is based on how many “relevant”
passages are in the top ranked passages. A relevant passage is a passage from a
relevant document. Table 7.5 shows the number of relevant passages in the top 100
passages for those TREC4 queries whose performance change using local context
analysis is greater than 1.0%. The performance change is the absolute value of the
difference between the 11 point precisions of the original query and the expanded
query. The top 100 passages are used for each query by local context analysis.
Though the data show no hard threshold on the number of relevant passages below
or above which local context analysis will hurt or improve retrieval performance,
the queries improved tend to have more relevant passages than those hurt by local
context analysis. The improved queries have 29.7 relevant passages per query on

average while those hurt only have 8.6 relevant passages per query. These figures
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10 documents are used for local

Precision (% change) — 49 queries

Recall | base | Phrasefinder | corpus-query 1f-10doc lca-100p
0| 71.0| 68.6 (—3.3) | 70.4 (—0.8) | 684 (—3.6)| 73.2 (+3.2)
10 | 49.3 | 48.6 (—1.6) | 54.3 (+10.0) | 52.8 (+7.0) | 57.1 (+15.7)
20 | 40.4 | 40.0 (—1.0) | 45.0 (+11.6) | 43.2 (47.0) | 46.8 (+16.0)
30| 33.3| 339 (+1. 8) 37.7 (+13.4) | 36.0 (+8.0) | 39.9 (+19.8)
40 | 27.3 | 28.0 (+2.5) | 32.6 (+19.4) | 29.8 (4+9.2) | 35.3 (+29.1)
50 | 21.6 | 23.9 (+10.3) | 27.4 (+26.7) | 24.5 (+13.2) | 29.9 (+38.4)
60 | 14.8 | 18.8 (+27.1) | 20.8 (+40.7) | 19.7 (+33.4) | 23.6 (+59.8)
70 9.5 11 8 (4+24.7) 13 6 (+43.3) | 14.8 (+56.9) | 17.9 (+89.1)
80 | 6.2 1 (+31.0) 2 (+33.8) | 10.8 (+74.7) 11 8 (+91.0)
9 | 3.1 2 (+33.6) 2 (+34.2) 6 4(+104 6) 7 (+80.2)
100 | 0.4 6 (+24.0) 6 (+36.7) 9 (+93.3) 8 (+88.2)
average | 25.2 26.0 (+3.4) 28 6 (+13.7) 27 9 (+11.0) 31 1 (+23.5)

show that local context analysis still depends on the relevance of some top ranked
documents (passages) but not as strongly as local feedback.

From the above discussion, it becomes apparent that if we can predict with high
accuracy whether the top ranked passages have enough relevant passages, we would be
able to do a better job using local context analysis to improve retrieval performance.
Rather than expand all queries, we would only expand those which are likely to have
enough top ranked relevant passages. One method we have tried is based on the
number of matched query terms in the top ranked passages. The basic idea is that if
the top ranked passages contain few query terms, they are unlikely to be relevant and
we will not expand the query. Unfortunately, this simple method does not work. Data
obtained on the TREC collections show that the queries improved and the queries
hurt by local context analysis have roughly the same average number of matched

query terms (4.0) in a top ranked passage when top 10 passages are considered for

each query. Whether more refined methods will work awaits further investigation.
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Table 7.4. Retrieval Performances on WEST. 10 documents are used for local feedback
(1f-10doc). 100 passages are used for local context analysis (Ica-100p). Expansion
words are downweighted by 50% for local feedback and local context analysis.

Precision (% change) — 34 queries

Recall | base | phrasefinder | corpus-query 1f-10doc lca-100p
0] 8.0 83.9 (—4.7)| 90.1 (+2.4)| 81.9 (—=7.0)| 92.1 (+4.7)
10 | 80.0 | 745 (—6.9) | 79.8 (—=0.3) | 76.9 (—4.0) | 84.3 (+5.4)
20| 775 | 67.2 (—13. 3) 73.9 (—4.5)| 714 (-7.8)| 785 (+1.3)
30 | 74.1| 64.3 (—13.2) | 68.4 (-7.7) | 68.2 (=79)| 73.9 (-0.1)
40 | 62.9 | 54.6 (—13.2) | 62.5 (-0.7) | 60.8 (—=3.3) | 61.8 (—1.7)
50 | 57.5 | 49.5 (—14.0) | 56.6 (—1.6) | 56.8 (—1.2) | 56.8 (—1.2)
60 | 49.7 | 44.6 (—10.1) | 50.7 (+2.1) | 50.1 (40.8) | 50.7 (+2.2)
70 | 41.5| 374 (—9.9) | 43.8 (+5.5) | 42.1 (+1.3) | 44.2 (+6.4)
80 | 32.7| 30.0 (—8.2)| 37.2 (+13.7) | 33.1 (+1.1) | 36.4 (+11.2)
90 | 19.3 18 4 (—4.6) | 22.0 (+14.2) | 21.8 (+13.0) | 22.6 (+17.1)
100 | 8.6 7 (+0.3) 9.1 (+5.7) 9.3 (+7.8) | 10.0 (+15.3)
average | 53.8 48 5 (=9.9) | 54.0 (4+0.4) | 52.0 (-3.3)| 55.6 (+3.3)

7.3.2 Local Context Analysis vs Local Feedback

Table 7.6 shows the retrieval performance of local feedback using top ranked
documents instead of the top ranked passages. The results labeled WEST2 are
obtained by downweighting the expansion terms and phrases by 50%. Local feedback
does very well on TREC3 and TREC4. The best run on TREC3 produces a 20.5%
improvement over the baseline, close to the 24.4% improvement of the best run of
local context analysis. On TREC4, the best run produces a 14.0% improvement
over the baseline, a substantial increase, but lower than the 23.5% improvement
of the best run of local context analysis. The t-test indicates the improvements
are significant (p_value=0.0002 on TREC3 and p_value=0.0046 on TREC4). On
WEST, local feedback using top ranked documents does not work at all. Without
downweighting the expansion terms and phrases, it results in a significant performance
loss over all runs. Downweighting the expansion concepts by 50% only reduces the

amount of loss.
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Table 7.5. Numbers of relevant passages in the top 100 passages for TREC4 queries.
100 passages are used for each query by local context analysis (lca).

queries improved queries hurt

baseline | lca | relevant passages | baseline | lca | relevant passages
3.2 4.3 |3 1.8 03 |1
1.7 2.8 |4 4.1 14 |2
2.7 11.1 | 4 24.9 195 | 5
2.7 5.6 |5 20.2 19.0 | 12
56.5 63.0 | 5 23.2 21.9 | 15
1.5 33 |6 21.6 17.8 | 17
5.7 9.2 |6

5.2 9.0 |8

5.3 176 | 14

20.0 37.3 |15

28.1 46.5 | 16

17.9 27.3 | 17

20.6 25.0 | 19

28.7 35.2 | 19

42.5 53.2 | 22

33.3 39.8 | 23

49.5 51.0 | 24

54.2 59.1 | 24

25.9 36.5 | 25

32.4 47.4 | 27

23.5 30.1 | 29

18.8 43.3 | 31

16.8 31.1| 33

18.1 29.0 | 37

29.8 39.6 | 37

31.9 43.5 | 42

33.7 35.6 | 47

34.7 35.8 | 48

44.6 65.9 | 49

60.4 67.3 | 50

27.2 29.5 | 55

40.8 48.4 | 56

50.6 59.3 | 56

42.3 56.1 | 63

50.2 07.8 | 64

53.0 63.4 | 87
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Table 7.6. Performance of document level local feedback using 11 point average
precision. Expansion terms and phrases are downweighted by 50% for WEST2

number of

documents used | TREC4 TREC3 WEST WEST?2
baseline 25.2 31.6 53.8 53.8

5 28.7(+14.0) | 36.6(+16.0) | 49.6(-7.8) | 52.6(-2.2)
10 27.9(+11.0) | 38.0(4+20.5) | 49.8(-7.5) | 52.0(-3.3)
20 26.9(+6.8) | 37.6(+19.1) | 46.2(-14.2) | 48.7(-9.5)
30 27.2(+8.2) | 37.7(+19.4) | 44.1(-18.0) | 47.5(-11.6)
50 26.7(+6.2) | 37.7(+19.3) | 40.0(-25.6) | 44.5(-17.2)
100 26.1(+3.5) | 36.6(+15.8) | 35.1(-34.7) | 40.0(-25.7)

Local context analysis is better than local feedback on all three collections. The
t-test indicates the best run of local context analysis is significantly better than the
best run of local feedback on TREC4 and WEST (p_value=0.036 and 0.0001). On
TREC3, though local context analysis is slightly better, the t-test does not indicate
a significant difference. Tables 7.2, 7.3 and 7.4 compare the performances of local
feedback and local context analysis at different recall points on the three collections.
The top 10 documents are used for local feedback and the top 100 passages are used for
local context analysis in these tables. In Table 7.4 for WEST, the expansion concepts
are downweighted by 50% for both local feedback and local context analysis.

The performance of local feedback depends heavily on the number of documents
used. On all three collections, the performance drops quickly when more documents
are used after the optimal number. The sensitivity to the number of documents used
seems to be related to the number of relevant documents in a collection. On TREC3,
which has the largest number of relevant documents per query, the performance drop
is the slowest. Increasing the number of documents from 10 to 100 results in a
small (3.7%) performance loss. On TREC4, which has fewer relevant documents per
query, the performance drops more quickly. The performance drop from 5 to 100
documents is significant (9.1%). On WEST, which has the fewest number of relevant

documents per query, the performance drop from 10 to 100 documents is huge (29%).
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In comparison, local context analysis is less sensitive to the number of passages used.
The difference is more clearly shown in Figure 7.1.

Though both methods significantly improve retrieval performance on TREC4, a
query by query comparison of the best runs shows that local context analysis is more
consistent than local feedback. Of 49 TREC4 queries, local feedback hurts 21 and
improves 28, while local context analysis hurts 11 and improves 38. Of the queries hurt
by local feedback, 5 queries have a more than 5% percent loss in average precision.
In the worst case, the average precision of one query is reduced from 24.8% to 4.3%.
Of those hurt by local context analysis, only one has a more that 5% percent loss in
average precision. Local feedback also tends to hurt queries with poor performance.
Of 9 queries with baseline average precision less than 5%, local feedback hurts 8 and
improves 1. In contrast, local context analysis hurts 4 and improves 5. Its tendency
to hurt “bad” queries and queries with few relevant documents (such as the WEST
queries) shows that local feedback is not robust and very sensitive to the number of
relevant documents in the top ranked documents whereas local context analysis does
not suffer from these limitations.

When top ranked passages (text windows of 300 words) rather than top ranked
documents are used for local feedback, we get slightly different results, as shown
in Table 7.7. The performance of using top ranked passages is similar to that of
using top ranked documents on TREC4. On TREC3, the performance of using top
ranked passages is slightly worse. On WEST, using 10 passages even produces a 4.1%
improvement over the baseline. This is understandable because WEST documents
are very long. Using passages eliminates the terms from the unrelated passages.

From Figure 7.1 we can see another interesting difference between local feedback
and local context analysis in the way the number of passages or documents used affects
their performance. The performance of local feedback and local context analysis peaks
at quite different numbers of passages. For local feedback, the performance peaks

when relatively few passages (around 10) are used. For local context analysis, the
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Table 7.7. Performance of passage level local feedback using 11 point average precision

number of

passages used | TREC4 TREC3 WEST
baseline 25.2 31.6 53.8

5 28.6(+13.6) | 34.7(+9.8) | 55.1(+2.4)
10 28.7(+13.9) | 35.5(+12.4) | 56.0(+4.1)
20 28.4(+12.7) | 36.4(+15.2) | 52.9(-1.7)
30 27.6(+9.6) | 37.0(+17.3) | 53.9(+0.1)
50 26.9(+6.8) | 36.6(+15.8) | 52.2(-3.0)
100 25.4(+0.8) | 35.8(+13.5) | 49.5(-8.1)

peak performance occurs when significantly more passages (100) are used. From 10 to
100, using more passages hurts the performance of local feedback but improves that of
local context analysis. The difference can be explained by the different assumptions
concerning the top ranked documents (passages) made by the two techniques. As
we discussed in Chapter 4, local feedback is based on the assumption that a large
percentage of the top ranked documents are relevant. Since this assumption is
more likely to be violated with more top ranked documents, using more documents
(passages) hurts the performance of local feedback. Local context analysis is based on
the assumption that a reasonably large number of top ranked documents are relevant.
Since this assumption is more likely to be true with more documents (passages), using
more passages improves the performance of local context analysis. The difference in
the assumptions also explains why local context analysis is less likely to hurt queries
with poor initial retrieval performance. Since local context analysis does not assume
a high percentage of relevant documents in the top ranked documents, it is more
effective in separating the concepts in the relevant documents from the concepts in
the non-relevant documents when the percentage of relevant documents is low.

It is interesting to note that although both local context analysis and local
feedback find concepts from top ranked documents (passages), the overlap of the
concepts chosen by them is very small. On TREC4, the average number of unique

terms in the expansion concepts per query is 58 for local feedback and 78 for local
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context analysis (using the default parameter setting). The number of overlapping

terms is only 17.6 terms per query. This means local context analysis and local

feedback are two quite different query expansion techniques. Some queries expanded

quite differently are improved by both methods. For example, the overlap for the

query “What are the different techniques used to create self-induced hypnosis” is 19

terms, yet both methods improve the query significantly. The expansion concepts

added by the two methods to the query are shown in Figures 7.2 and 7.3. This

small overlap is understandable because the concepts chosen by local feedback and

local context analysis have different properties. In general, concepts selected by local

feedback have a high frequency in the top ranked documents while those selected by

local context analysis co-occur with all query words in the top ranked documents.

Figure 7.3. Local feedback terms and phrases for TREC4 query 214.
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7.3.3 Local Context Analysis vs Global Methods

In this section we compare local context analysis with two global methods: the
corpus-query based approach and Phrasefinder. The retrieval performances of the
three techniques are shown in Tables 7.2, 7.3 and 7.4. On all three collections, local
context analysis is better than the global methods.

On TREC3, the improvements over the baseline by Phrasefinder, the corpus-
query based approach and local context analysis are 7.8%, 17.0%, and 23.3% re-
spectively. The t-test indicates local context analysis is significantly better than both
Phrasefinder (p_value=0.0003) and the corpus-query based approach (p_value=0.024).

On TREC4, the improvements over the baseline by Phrasefinder, the corpus-
query based approach and local context analysis are 3.4%, 13.7%, and 23.5% re-
spectively. Again, the t-test indicates local context analysis is significantly bet-
ter than both Phrasefinder (p_value=0.00001) and the corpus-query based approach
(p-value=0.0008).

On WEST, Phrasefinder is 9.9% worse than the baseline, the corpus-query based
approach is 0.4% better than the baseline and local context analysis is 3.3% better
than the baseline. The t-test indicates local context analysis is significantly better
than Phrasefinder (p_value=0.000006) but not than the corpus-query based approach.

We have discussed the impact of the number of passages used on the performance
of local context analysis. We now revisit this issue. If all the passages in a collection
are used, local context analysis is essentially the corpus-query based approach. In
other words, the corpus-query based approach is a special case (an extreme one) of
local context analysis. The performance curve of local context analysis in 7.1 implies
that this special case of local context analysis would be worse than using a few
hundred passages. As we conjectured in Chapter 6, the harm caused by the noise in
the global data outweighs its benefit. As the result, global methods are not as effective
as local context analysis. To illustrate this point, we consider a TREC4 query “Is

there data available to suggest that capital punishment is a deterrent to crime?”.
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Phrasefinder added some non-relevant concepts such as “Iraqi leader”, “world order”
“Iraqi army” and “shields” to the query because they co-occur with query words
“available”, “suggest”, “capital”, “crime” and “deterrent” in the global collection.
This is not a problem for local context analysis because these concepts are unlikely

to occur in the top ranked passages.

7.3.4 Parameter Variation

We now experiment with different parameter values and see how the performance
of local context analysis is affected. The parameters we consider are the passage size,
the § value (in function f(c, Q)) and the number of concepts added to each query and

the concept definition.

7.3.4.1 Passage Size and Number of Passages Used

In Table 7.8, we list the retrieval performance of local context analysis on WEST
using different passage sizes. We experimented with passage sizes 100, 200, 300,
400 and 500 words. For each passage size, we used the top 10, 20, 30, 40, 50, 100,
200 and 300 passages for query expansion. As we can see from the table, local
context analysis produces improvements over the baseline for a wide variety of passage
sizes and numbers of passages used. In general, with a larger window size, optimal
performance occurs with a smaller number of passages. Performance seems to be
independent of the passage size.

Though the experiments on WEST show that the performance is independent of
the passage size, we think neither too large a passage size nor too small a passage
size is desirable. If the passage size is too small, there will be fewer matched words
between a query and the passages. A passage matching only the non-content words
in the query may be ranked highly for the query. Consequently, the quality of the
retrieved passages is affected. Since the WEST queries are short, this is not a serious

problem. But this may be a serious problem for long queries such as the TREC3
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Table 7.8. Effect of passage size and number of passages used on retrieval performance
of local context analysis on WEST

Number of passages used
passage size 10 20 30 40 50 100 200 300
100 55.3 559 55.8 56.3 56.6 554 54.8 54.7
+2.8 +3.8 +3.7 +4.7 +52 +3.0 +1.8 +1.6
200 55.3 56.7 57.0 57.3 57.0 56.1 551 54.6
+2.8 +55 +59 +6.5 +6.0 +44 +2.5 +1.5
300 55.9 56.5 55.6 557 558 556 H4.6 544
+3.8 +5.0 +34 436 +3.7 +33 +1.6 +1.2
400 56.5 56.7 55.7 55.5 55.8 559 545 537
+49 +54 436 +3.1 +38 +40 +13 -0.1
500 56.0 56.4 56.3 56.7 56.2 559 55.0 54.2
+4.1 +4.8 +4.7 455 +45 +4.0 +2.2 +0.7

queries. If the passages are too long, the top ranked passages may contain extraneous
text and the performance may be affected. The adverse effect of very small and
very large passage sizes may be observed if we repeat the experiments on the TREC
collections. Unfortunately, we have not done that because we do not have enough
disk space to carry out more experiments on the large TREC collections. To avoid
the potential problems with small and large passage sizes, we choose 300 words as
the default passage size.

We think, however, that the best method is to segment long documents into
passages such that each passage is about a topic. Some techniques that automatically
segment long documents or text streams by topics are presented in [25] and [43]. We
plan to investigate the application of these techniques for local context analysis in

future work.

7.3.4.2 ¢ Value

Table 7.9 shows the effect of the § value on the performance of local context
analysis on TREC4. We can see that the average precision is relatively insensitive to
the ¢ value. But precision at individual recall points is affected. In general, a small

0 value is good for precision and a large J is good for recall.
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Table 7.9. Effect of § values on performance of local context analysis on TREC4

Precision (% change)

— 49 queries

recall
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77.8
55.1
46.7
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15.9
11.0
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11.6
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35.4 (+1.7
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23.7 (+5.3) ) 24.1 (+7.1)
) [17.9(+12.3) )
) ) )
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avg | 308 [31.1 (+0.8 312 (+1.3 311 (+0.9) [31.0 (+0.7) [30.9 (+0.4

To show the role that § plays in the formula f(c, @), we consider the case that @
has only two words w; and ws. To further simplify the discussion, we ignore the idf

values of w; and wy in f(c¢, Q). Under these simplifications, we have

fle,Q) = (6 + codegree(c,w;))(d + co_degree(c, w,))
= co_degree(c, w;)co_degree(c, ws) + 6(co_degree(c,w:) + co_degree(c, w-))
+4?

The formula consists of three items: The first item, co_degree(c, wy)co_degree(c, w)
emphasizes co-occurrence with both query words. The second item, §(co_degree(c, wi)+
co_degree(c,ws)), emphasizes co-occurrence with individual query words. The third
item, 62, has no effect on the ranking of the concepts. The relative weights of the first
and second items are controlled by the ¢ value. With a small §, concepts co-occurring
with all query words are ranked higher. With a large §, concepts having significant
co-occurrences with individual query words are ranked higher. The experimental

results seem to imply that concepts co-occurring with all query words are good for

precision and concepts co-occurring with individual query words are good for recall.
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7.3.4.3 Number of Concepts to Use

In the above experiments, we add 70 concepts to each query. Adding so many
concepts obviously slows the retrieval process. We now examine how the performance
of local context analysis is affected if we use fewer concepts for query expansion. We
add 30 concepts with equal weights to each query. A property of the INQUERY
weighted SUM operator (#WSUM) is that the fewer items that are inside the oper-
ator, the larger the belief value it returns. To offset the larger belief value produced
by the auxiliary query because of the decrease in the number of concepts used, we
set the weight of the auxiliary query to 1.0 rather than the default 2.0. The retrieval
performance is shown in Table 7.10. The performance using 30 concepts is close
to that using 70 concepts. The performance at low recall points is better and the
performance at high recall points is worse than using 70 concepts. This means that the

concepts ranked below 30 are somewhat useful in retrieving more relevant documents

but can bring non-relevant documents to top of the ranked output.

Table 7.10. Using 70 concepts of local context analysis vs using 30 concepts on
TREC4

Precision (% change) — 49 queries
Recall | baseline lca-70-cpt lca-30-cpt
0 71.0 73.2 (4+3.2) | 73.8 (+4.1)
10 49.3 57.1 (+15.7) | 57.3 (+16.1)
20 40.4 46.8 (+16.0) | 48.0 (4+19.1)
30 33.3 39.9 (+19.8) | 40.1 (4+20.5)
40 27.3 35.3 (+29.1) | 35.0 (+28.0)
50 21.6 29.9 (+38.4) | 29.6 (+37.0)
60 14.8 23.6 (+59.8) | 23.0 (+55.2)
70 9.5 17.9 (+89.1) | 16.4 (+73.5)
80 6.2 11 8 (+91.0) 10 7 (+74.1)
90 3.1 7 (+80.2) 5 (+74.9)
100 0.4 8 (+88.2) 7 (+67.1)
average | 25.2 31 1 (+23.5) 30 9 (+22.9)
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7.3.4.4 One Term and Two Term Concepts

In the above experiments concepts are defined as nouns and noun phrases in the
documents. We now experiment with an alternative definition of concepts. We define
concepts as single terms and pairs of adjacent terms (excluding stop words) in the
documents. The experiments are carried out on TREC4. We can imagine that there
will be a huge number of concepts in the collection with this new concept definition.
In order to reduce the number of concepts, we stem the concepts using the aggressive
Porter stemmer [46].

Figure 7.4 compares the retrieval performance of the old and the new concept
definitions. In general, the old definition (nouns and noun phrases) is better than
the new definition (terms and pairs of terms). The difference is, however, very
small except when 200 or more passages are used. The peak performance of the

two definitions is very close, as shown in Table 7.11.

32 T T T T T

noun-concepts —<—
1 2 term concepts -+
baseline -----

29 | \ c““““c“:

28 E

11 pt avg precision

27 —

26 -

25 1 1 1 1 1
0 100 200 300 400 500 600
number of passages used

Figure 7.4. Performance of local context analysis using terms and pairs of terms vs
using nouns and noun phrases on TREC4
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Table 7.11. Nouns and noun phrases vs terms and pairs of terms as concepts of local
context analysis on TRECA4.

Precision (% change) — 49 queries
Recall | base | noun-concepts | 1-2term-concepts
0| 71.0| 73.2 (+3.2) | 75.8 (46.8)
10 | 49.3 | 57.1 (+15.7) | 56.9 (+15.4)
20 | 40.4 | 46.8 (+16.0) | 46.9 (+16.1)
30| 33.3| 39.9 (+19.8) | 39.3 (+18.2)
40 | 27.3 | 35.3 (4+29.1) | 33.5 (+22.7)
50 | 21.6 | 29.9 (+38.4) | 282 (+30.2)
60 | 14.8 | 23.6 (+59.8) | 22.2 (+50.3)
70 9.5 179 (+89.1) | 18.0 (+490.0)
80| 6.2 11 8 (+91.0) | 12.9 (4+109.9)
90| 3.1 7 (+80.2) 6.9 (+118.3)
100 | 0.4 8 (+88.2) 0.8 (+81.4)
average | 25.2 31 1 (+23.5) | 31.0 (+23.3)

The main advantage of the new concept definition is that it does not require part of
speech recognition and thus is more efficient. The other advantage is that we can easily
apply it to languages for which we do not have the part of speech recognition software.
The main disadvantage is that it produces less readable concepts. In contrast, nouns
phrases are generally more readable and more desirable for interactive applications.
The other disadvantage is that it results in significantly more concepts than the old
definition and therefore consumes more space. The TREC4 collection contains 10
million unique terms and pairs of terms. In comparison, it contains only 4.9 million

unique nouns and noun phrases.

7.3.5 Results on a Small Collection

The collections we have used so far are generally very large. Though most real
world collections are large, some can be quite small. It would be preferable if local
context analysis also works on small collections.

Table 7.12 shows the retrieval performance of local context analysis on TIME,

a very small collection consisting of 423 documents. When 20 passages are used,
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local context analysis produces a 4% improvement over the baseline queries. The
t-test indicates that the improvement is statistically significant (p_value=0.045). The
improvement becomes smaller when more passages are used. This is not surprising
because TIME is such a small collection. The performance of using 100 passages is
almost identical to the baseline. The results show that local context analysis works

on collections of different sizes, from a few hundred to nearly one million documents.

Table 7.12. Retrieval performance of local context analysis on TIME. 20, 50 and 100
passages are used for local context analysis (lca-20p, lca-50p and lca-100p).

Precision (% change) — 83 queries
Recall | baseline lca-20p lca-50p lca~-100p
0| 80.8 | 827 (+2.3)| 821 (+1.5)| 80.2 (—0.8)
10| 80.8 | 82.6 (+2.2) | 82.0 (+1.4)| 79.7 (=1.4)
20| 79.6 | 81.8 (+2.8)| 81.4 (+2.2) | 79.5 (=0.1)
30| 77.0 | 80.3 (+4.2)| 789 (+24) | 76.6 (—0.6)
40| 749 | 796 (+6.3)| 77.0 (+2.8) | 751 (+0.3)
50| 735 | 79.4 (+8.1)| 764 (+4.0) | 744 (+1.3)
60| 674 | 69.9 (+3.8)| 68.2 (+1.3)| 66.6 (—1.1)
70| 649 | 665 (+2.6)| 65.4 (+0.8) | 64.8 (=0.1)
80| 633 | 65.0 (+2.7)| 63.6 (+0.4) | 63.1 (=0.3)
90 | 588 | 61.4 (+4.4) | 60.6 (+3.0) | 60.0 (+2.1)
100 | 580 | 60.9 (+5.1)| 59.8 (+3.1)| 59.3 (+2.3)
average | 70.8 | 73.7 (+4.0) | 723 (+2.1) | 70.9 (+0.1)

7.4 Multilingual Experiments

To see whether local context analysis works on non-English collections, experi-
ments were carried out on a Chinese collection and a Spanish collection. We should
mention that the experiments in this section were mostly carried out by other re-
searchers at CIIR of UMass for the TREC5 conference.? As a result, some parameter

values used in this section are different from the ones used in the previous section.

2Thanks to Lisa Ballesteros, who did all the Spanish experiments, and John Broglio and Hongmin
Shu, who did the major part of the Chinese experiments.
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The Chinese experiments were carried out on the TREC5-CHINESE collection.
The query words in the Chinese queries are recognized using Useg [44], a Chinese
segmenter based on the hidden Markov model. We define concepts as words in
the documents recognized by the segmenter. Documents are broken into passages
containing no more than 1500 Chinese characters. To expand a query, the top 30
concepts from the top 10 passages for the query are used. Concept 7 is assigned the

weight

w; = 1.0 — (i — 1)/60

The weight of the auxiliary query is set to 1.0.

Table 7.13 shows the retrieval performance of local context analysis on the Chinese
collection. The retrieval performance is 14.0% better than that of the unexpanded
queries. Precision at all recall points is improved significantly. The t-test indicates

the improvement is statistically significant (p_value=0.01).

Table 7.13. Performance of local context analysis on TREC5-CHINESE.

Precision (% change) — 19 queries
Recall | baseline lca
0| 601 | 74.9 (+8.4)
10| 568 | 60.7 (+6.8)
20| 49.2 | 56.2 (+14.1)
30| 431 | 485 (+12.4)
40| 372 | 4.2 (+18.9)
50| 332 | 36.3 (+9.3)
60| 269 | 312  (+16.1)
70| 201 | 263  (+31.2)
80| 168 | 21.9  (+30.1)
90 | 125 | 145 (+16.2)
00| 3.7 | 57 (+53.4)
average | 33.5 | 38.2 (+14.0)

The Spanish experiments were carried out on the TREC5-SPANISH collection.

As in the English experiments, query words are terms in the queries and concepts
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are nouns and noun phrases in the documents. The passage size is 200 words. The
top 31 concepts from the top 20 passages are added to each query. The top concept
is given the weight 1.0 with all subsequent concepts downweighted by 1/100 for each
position further down the rank. The weight of the auxiliary query is 1.0. Table 7.14
shows the retrieval performance of local context analysis on the Spanish collection.
Local context analysis produces a 13% improvement over the unexpanded queries.

The t-test indicates the improvement is statistically significant (p_-value=0.005).

Table 7.14. Performance of local context analysis on TREC5-SPANISH.

Precision (% change) — 25 queries
Recall | baseline Ica
0| 855 | 79.6 (=7.0)
10| 720 | 749 (+4.2)
20 | 552 | 66.8 (+21.1)
30| 49.8 | 60.1 (+20.8)
40| 454 | 51.2 (+12.9)
50| 39.8 | 47.1 (+18.3)
60| 335 | 405 (+20.8)
70| 279 | 34.9 (+24.7)
80| 220 | 282 (+28.1)
9 | 166 | 21.3 (+27.9)
100 1.8 | 35 (+86.9)
average 409 | 46.2 (+13.0)

7.5 Efficiency Issues

In this section we discuss the computational costs of local context analysis. We
will first report the costs under the current implementation. Then we will discuss
techniques that can be used in the future to reduce these costs.

Specific figures used in the discussion are based on the TREC4 collection, which
has 2.0 Gigabytes of data. Experiments are carried out on a DEC Alpha workstation.

The concepts used are nouns and noun phrases and the passage size is 300 words.
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7.5.1 Current Implementation

A local context analysis database consists of the following data structures:

e The concept dictionary, which stores for each concept in the collection an integer
coded identifier and its frequency in the collection (number of passages containing

the concept).

The TREC4 concept dictionary contains 4.9 million concepts and uses 167 MB

of space.

e The term dictionary, which is analogous to the concept dictionary except it is

for terms in the collection.

The TREC4 term dictionary contains 1.05 million terms and uses 43 MB of

space.

e The concept file, which sequentially stores for each passage the concepts that
occur in the passage and the numbers of occurrences. To save space and speed

up query expansion, concepts in the file are integer coded.

The TREC4 concept file contains 1.08 million passages and uses 251 MB of

space.

e The term file, which is analogous to the concept file except it is for terms. To
save space, the occurrences of a term in the collection are represented as an

inverted list.

The TREC4 term file uses 213 MB of space.

Besides the above data structures, we need to build an INQUERY database which
indexes the passages in the collection. On TREC4, the INQUERY database uses 850
MB of space.

The time to build the local context analysis database for TREC4 is about 4 hours

of wall clock time. Most of the time (3 hours) is spent on parsing the collection and
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part of speech tagging. After the collection is parsed and concepts are recognized, it
takes only 1 hour to build the local context analysis database. Building the INQUERY
database for the passages takes about 6 hours of wall clock time.

The total building time is about 10 hours on TREC4. The total disk usage to
store the local context analysis database and the INQUERY database is about 1.5
GB. The peak disk usage is 4.0 GB, most of which is used to store temporary files.
The peak memory usage is about 200 MB, most of which is used by a hash table to
store the concepts. Considering the size of the collection, the costs are reasonable.

Query expansion for a query consists of two steps. In the first step, INQUERY
retrieves passage IDs of the top ranked passages for the query. A passage ID is the
sequential number of a passage in the collection. This step takes about 10 seconds
per query. In the second step, concepts in the top ranked passages are ranked and
the top ranked concepts are output for query expansion. This steps takes about 2
seconds per query when the top 100 passages are used. The total time to expand a
query is therefore 12 seconds. The memory usage for query expansion is about 240

MB, most of which is used by the concept dictionary and the term dictionary.

7.5.2 Future Implementation

For each collection, the INQUERY retrieval system needs to build a database,
which we call the document database, that indexes the documents in the collection.
The current implementation of local context analysis builds a second INQUERY
database, which we call the passage database, that indexes the passages in the collec-
tion. The passage database takes a lot of space and time to build. The sole purpose
of the passage database is to retrieve the top ranked passages. If we can retrieve
the top ranked passages from the document database, we can significantly cut the
building costs of local context analysis: on TREC4, the total building time will be
reduced from 10 hours to 4 hours, the total disk usage will be reduced from 1.5 GB

to 0.7 GB and the peak disk usage will be reduced from 4.0 GB to 2.0 GB.
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There several possible approaches that we can perform local context analysis
without building a passage database. The first approach is to use the passages of the
top ranked documents. With this approach, the passages used are no longer the best
passages. Some of them may be totally unrelated to the query. The second approach
is to rank the documents by their best passage (a feature provided by INQUERY) and
use the best passage of each top ranked document for local context analysis. With
this approach we can guarantee the quality of the passages used but we will miss
some good passages because a document may contain several good passages. The
third approach is to modify the retrieval system so that it can retrieve the top ranked
passages from the document database. Experiments are required to determine the
merits and problems of these approaches.

In the current implementation, we preprocess the raw text in a collection and
generate the concept file and the term file so that we can save the cost of parsing the
top ranked passages during query expansion. This speeds up query expansion but
increases the space overhead. If disk space is in short supply, we can save disk space
by parsing the top ranked passages at query expansion time.

As we mentioned before, the memory usage largely depends on the size of the
concept dictionary. The TREC4 concept dictionary has 4.9 million concepts. In
Figure 7.5, we plot the frequency distribution of the concepts on TREC4. As we can
see from the figure, 3.3 million concepts occur only once, 0.67 million concepts occur
only twice. These concepts are largely “noise” and are unlikely to have any impact on
the overall performance. If we remove the concepts that occur only once or twice from
the concept dictionary, we can reduce the concept dictionary size by more than 80%.
The reduced concept dictionary only takes about 30 MB. If compression techniques
are used, we can further reduce the memory usage. Experiments are needed to decide
how many low frequency concepts can be removed and what the impact is on efficiency

and effectiveness.
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Figure 7.5. Frequency distribution of concepts on TREC4
7.6 Summary

The results in this chapter demonstrate that query expansion based on the anal-
ysis of the top ranked documents (passages) is more effective than query expansion
based on global corpus analysis. The results also show that local context analysis, a
query expansion technique which does such an analysis, is more effective than local
feedback. Resource usage statistics on a large collection show that local context
analysis is reasonably efficient. With more implementation effort, the efficiency can
be improved further. We therefore confirm hypotheses 5 and 6.

Recently we have obtained a new set of results using local context analysis on
the TREC) collection. The results are shown in Table 7.15. Although the results
are not as good as on other TREC collections, local context analysis is still better
than local feedback. When 20 passages are used for each query, local context analysis
produces a 9.2% improvement over the baseline. The t-test indicates the improvement
is statistically significant (p_value=0.008). In comparison, local feedback produces

almost no improvement. Using 100 passages, local context analysis only produces a



Table 7.15. Retrieval performance on TRECS5.

129

10 documents are used for local

feedback (If-10doc). 20 and 100 passages are used for local context analysis (lca-20p

and lca-100p).

Precision (% change) — 50 queries

Recall | baseline 1f-10doc lca-20p lca~-100p
0 64.1 48.5 (—24.4) | 62.8 (— 1) | 53.7 (—16.2)
10 37.5 36.8 (—1.9) | 37.2 (—0.9) | 344 (-8.4)
20 29.1 31.0 (+6 5) | 33.0 (+13 3) | 309 (+6.3)
30 24.1 26.5 (+9.9) | 27.2 (+13.0) | 26.4 (+9.3)
40 21.3 226 (4+6.2) | 23.8 (+12.0) | 23.5 (+10.5)
50 17.9 19.3 (+7.8) | 21.1 (+17.6) | 20.7 (+15.8)
60 12.6 15.6 (+24.2) | 17.5 (+39.1) | 17.1 (+36.2)
70| 10.1 12 9 (+27.6) 13 0 (+28.3) 12 7 (+25.2)
80 7.2 4 (+31.5) 9 (+23.9) 7 (+21.6)
90 4.8 (+36 3) 9 (+22.2) 2 (+28.2)
100 2.7 7 (-2.3) 2 5 (=7.6) 4 (—13.5)
average | 21.0 21 1 (+0.2) | 23.0 (+9 2) 21.5 (+2.3)

2.3% improvement, which is not statistically significant. This is different from TREC3
and TREC4 where the optimal number of passages is around 100 and using thousands
of passages still produces a significant improvement in retrieval effectiveness. Also,
unlike the old results, local context analysis is not robust on TRECS5. It seriously hurts
a number of queries. The above problems may be attributed to the peculiarities of the
TRECS5 queries. Three of the TREC) queries have only one or two relevant documents
in the whole collection. It is hard for local context analysis to improve them. Some
queries are ill-formed from the retrieval point of view in that they use terms that
are poor or even negative indicators of relevance. Examples are queries “Evidence of
the existence of human life 10,000 years ago” and “Identify social programs for poor
people in countries other than the U.S.” (“U.S.” is negative evidence of relevance).
For such queries, local context analysis is likely to choose the wrong words for query

expansion by requiring expansion words to co-occur with the “bad” query terms.

Though our hypotheses are still valid, the TREC5 results emphasize the need to find
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ways to decide when not to expand a query. This is an important topic in the future

work.



CHAPTER 8

CONCLUSION

The goal of the research in this thesis was to address the word mismatch problem

through automatic text analysis. We have investigated two text analysis techniques,

corpus analysis and local context analysis, applied them in two domains of word

mismatch, stemming and general query expansion, and presented the experimental

results. In the final chapter, we summarize the research contributions of this thesis

and describe future directions.

8.1 Contributions

The contributions of this research are:

e We established that automatic corpus analysis based on co-occurrence infor-
mation can help to identify related and unrelated word variants specific to a
corpus. A stemmer enhanced by corpus analysis is adaptable to the corpus being
searched, significantly reduces the amount of expansion, makes fewer mistakes

and improves retrieval effectiveness slightly.

We proposed a retargetable stemming algorithm based on simple initial char-
acter matching and corpus analysis. The algorithm can be easily ported to a
new language and offers retrieval performance competitive with the traditional

stemming approach.

We established that global corpus analysis has limited value for general query
expansion. We also established that contrary to widely held belief, query ex-
pansion based on global co-occurrence information and query context largely

depends on the information in the top ranked documents.
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o We established that analysis of the top ranked documents is more effective and
more efficient for query expansion than global corpus analysis. Specifically,
we proposed a query expansion technique, called local context analysis, which
outperforms global query expansion techniques in terms of effectiveness and

efficiency.

e We demonstrated that local context analysis is more effective and more robust
than local feedback because local context analysis does not make strong assump-

tions about the relevance of the top ranked documents.

8.2 Future Work

Though we have largely achieved the research goal set for the thesis, there are a

number of directions in which the work in this thesis can pursued further:

e Overlapping classes for stemming. In this thesis, equivalence classes are non
overlapping: a word belongs to exactly one class. For words with multiple
primary meanings in a corpus, it may be more desirable to let them belong
to multiple classes. It is not totally clear at the moment how to adapt the class

refinement algorithms to handle overlapping classes.

One method to deal with words with multiple primary meanings is to ask the
users for information about the membership of the ambiguous query words.
Another possible method is to use the top ranked documents to automatically
disambiguate the ambiguous query words. But these methods may not be cost

effective because stemming is supposed to be a simple and efficient procedure.

e Stemming for languages other than English and Spanish. We have successfully
applied initial character matching (ngram) and corpus analysis to stemming for
English and Spanish. It would be interesting to apply the ideas to stemming for
other languages. Some languages have more complex morphology. For example,

in Indonesian, both prefixes and suffixes can be added to a word. For such
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languages, initial character matching is not adequate in constructing the initial
equivalence classes. One possible solution is to use more complex heuristics (e.g.

initial and ending character matching) to construct initial equivalence classes.

Problem with ngram stemmers. Though we have shown that ngram stemmers
perform at least as well as traditional stemmers, they occasionally make mistakes.
The mistakes usually happen when two words have the same initial characters
and are somewhat related, but are not morphologically related. One example is
“market/mark” (articles about market share often mention trade mark infringe-
ment). Simple morphological constraints can help address this problem. One
constraint might be: two words can not possibly be morphologically related if

the longer word does not have a legal suffix (“et” is not a legal suffix).

Global vs local information. We have shown that the corpus-query based ap-
proach as well as similar techniques such as Phrasefinder and Concept Based
Query Expansion largely depends on the information in the top ranked docu-
ments. This may also be true for other global techniques. We are particularly in-
terested in the dimensionality reduction techniques such as LSI because they have
very appealing mathematical properties but are computationally prohibitive.
Experiments are needed to confirm the conjecture. If it turns out to be true,
it would be compelling evidence that we should abandon the costly practice of

using global information for query expansion.

More principled approaches of combining evidence from the original query words
and the expansion concepts in local context analysis. Our current method of
combining evidence is ad hoc. We need better ways of deriving the weights of
the expansion concepts and deciding the optimal number of passages to use.
An ideal solution is to find a method to automatically compute the degree of
evidence that a concept supports a query based on the information in the top

ranked documents.
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One possible method is to assign weights to the expansion concepts based on their
suitability values. Currently, the suitability function is only used for concept
ranking. The reason we do not use the suitability function in weight assignment
right now is that it is not normalized over query length. The longer the query, the
smaller the suitability values. It is not totally clear at present how to normalize
the suitability function so that the suitability values can be directly used as
weights in the expanded query. Some form of regression on the suitability values

and query parameters (e.g. query length) may be useful.

Parameter tuning. Results in Section 7.3.4 show that while varying the ¢ value
has little impact on average precision, it affects the precision at different recall
points. Large § values favor recall and small § values favor precision. One
area worth investigation is to establish the appropriate § values for different
applications. For applications where precision is more important (e.g. searching
the Internet), we can use a small § value. For applications where recall is more
important (e.g. searching a database of legal texts for a lawyer), we can use a

large ¢ value.

When to expand and when not to expand? Though experiments show local
context analysis improves average retrieval performance substantially, there are
queries for which no expansion is better. It would be useful if we can auto-
matically decide when to expand and when not to expand. Though the simple
technique we tried based on the number of matched query terms in the top ranked
documents (passages) does not work, more refined techniques may be successful.
One possible method, for example, is to cluster the top ranked documents to see
whether the original query is highly ambiguous (no clusters or several clusters
equally similar to the query). If so, we do not expand the query. One study which
used a similar technique for local feedback appeared to achieve some success [36].

We would like to know whether it will work for local context analysis.
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e Use of local context analysis in interactive environments. Another solution to
the above problem is to interact with the users. When a user types in a query,
local context analysis provides the user with a list of candidate words (concepts)
that may be added to the query. Based on his/her judgment, the user selects
some of the words and discards the others. In this case, local context analysis
functions as a dynamic thesaurus. Like a traditional thesaurus, it provides the
users with alternative words for their queries. Unlike a traditional thesaurus, it
is tailored for each query and avoids the problems with traditional thesauri as

discussed in Section 4.1.

e Cluster based search and spreading activation. In this thesis we have compared
local context analysis with local feedback. There are other techniques that
attempt to utilize the information in the top ranked documents to improve
retrieval performance. Cluster based search [13, 26] and spreading activation
[14] are two examples. It would be interesting to compare local context analysis
with these techniques in terms of retrieval performance. We have done some work
on clustering the top ranked documents and using words from the best cluster
(the one most similar to the query) for query expansion. Though the preliminary

results are not encouraging, more effort in this direction is worthwhile.

o Efficiency issues. Though the query time cost of local context analysis is rela-
tively small, it would be better if we could reduce it further. Remember that
retrieval using local context analysis is a two stage process: evaluate the original
query (first stage) and evaluate the expanded query (second stage). Since local
context analysis needs only the top ranked documents, the first stage can be
speeded up by using the techniques proposed by Eric Brown in [4]. Some of the
techniques can cut the query evaluation time by more than 50% without affecting
the retrieval effectiveness of the top ranked documents. The other place where we

can cut the retrieval time is to make use of results of the first stage in the second
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stage. Note that the original query is part of the expanded query, therefore
the second stage can simply reuse the results for the original query established
by the first stage if the two stages are carried out together. Under the current
implementation, the two stages are carried out separately for simplicity. In an

operational environment, it should be possible to do them together.

Cross corpora query expansion. We did some cross corpora experiments about
corpus based stemming in Chapter 5. Our concern then was on the negative effect
of applying equivalence classes obtained on one collection for query expansion

on the other.

There may be also a positive side of cross corpora query expansion. As we
discussed in Chapter 1, some collections may not use alternative words in their
documents. For such collections, expanding a query on a different collection
(presumably a collection known to use alternative words in its documents) may
be advantageous. Experiments are needed to determine the merits and problems

of cross corpora query expansion.
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