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COMPUTER AIDED DOCUMENT RETRIEVAL

FIELD OF THE INVENTION

The present invention relates to computer aided document retrieval from a

document corpus, especially a controlled document corpus. ' The invention relates

particularly to computer aided document clustering.

BACKGROUND TO THE INVENTION

Computer aided document searching typically involves the use of one or more
computer programs to analyse a document corpus and then to search through the
analysed document corpus. Analysis of a document corpus may involve
organising the documents into a plurality of document clusters in order to
tacilitate the searching process. Typically, this involves the use of one or more
computer programs for implementing a clustering algorithm. Searching through a

document corpus is typically performed by a computer program commonly known

as a search engine.

A feature that has a significant impact on the architectural design of a search
engine is the size of the document corpus. Another important consideration is
whether the maintenance of the document corpus (adding and deleting documents)
1s open to all users (an uncontrolled corpus such as the Interhet) or whether
maintenance is controlled, for example by an administrator, (a controlled corpus
such as an Intranet). More generally, a controlled corpus comprises a dataset that

1s controlled by an administrator or a dataset that it wholly accessible.

Conventional search algorithms return, as a search result, a ranked list of
documents which should contain all or a part of the whole set of keywords
presented in a user query. Such systems determine document relevancy based on

key word frequency occurrence or by making use of references and links between
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documents. Often many search results are returned and the user cannot easily
determine which results are relevant to their needs. Therefore although recall may
be high, the large number of documents returned to achieve this results in low

precision and a laborious search for the user to find the most relevant documents.

Additionally, a conventional search engine returns a flat ranked list of documents.

If the query topic is relatively broad then this list can contain documents

belonging to many narrow subtopics.

In order to obtain the best results from conventional search algorithms, which are
based on word statistics, a user needs to have statistical knowledge about the
document corpus before he forms a query. This knowledge is never known a
prior1 and as such the user rarely forms good queries. With a thematic search,
knowledge about cluster descriptions can.be provided to the user, enabling them

to improve and intelligently refine their queries interactively.

Conventional search engines often use additional information such as links

between web pages or references between documents to improve the search result.

The concept of ddcument-clustering—based searching or browéing 1s known (for
example, the Scatter-Gather browsing tool [4]). The main problems with this type
of approach are its applicability to real life applications, and the efficiency and
eftectiveness of the clustering algorithms. Unsupervised clustering algorithms fall
into hierarchical or partitional paradigms. In general similarities between all pairs
of documents must be determined thus making these approaches un-scalable.
Supervised approaches require a training data set which may not always be readily

available, can add to the cost of a project and can take a long time to prepare.

A different approach to the problem of thematic-focusing retrieval is considered in
|5]. This system uses a set of agents to retrieve from the internet, or filter from a

newsgroup, documents relevant to a specific topic. Topics are described manually
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in text form. Additionally a set of rules is generated manually in a special rule
language to describe how to compare a document with a topic, i.e. which words
from the topic description should be used and how these words influence the
category weights. The resulted document category is determined using calculated
category weights and fuzzy logic. The main disadvantage of this approach is that
all topic descriptions and rules are defined manually. It is impossible to predict in
advance what the given topic descriptions and corresponding rule set, sufficient to
retrieve the relevant documents, are, with high precision and recall. Therefore, a
large amount of manual work and research is required to generate effective topic

descriptions and rules. As such, this approach cannot be considered as scalable.

Automatic topic discovery through the generation of document clusters could be
based on such techniques as Probabilistic Latent Semantic Indexing [6].
Probabilistic Latent Semantic Indexing uses a probabilistic model and the
parameters ot this model are estimated using the Estimation Maximization
algorithm. This 1s seen as a limitation of this approach. For example, the number

of clusters must be set in advance reducing its flexibility.

In [7], another example of a search engine based on information-theoretic
approaches to discover information about topics presented in the document corpus
is outlined. The main idea is to generate a set of so called topic threads and use
them to present the topic of every document in the corpus. The topic thread is a
sequence of words from a fixed system of word classes. These classes are formed
as a result of an analysis of a representative set of randomly selected documents
from the document corpus (a training set). Words from different classes differ by
probabilities of occurrence in the training set and hence represent topics at
different levels of abstraction. A thread is a sequence of these words in which the
next word belongs to a more narrow class and neighbouring words from this
sequence should occur in the same document with a sufficiently high probability.

Every document from the document corpus is assigned one of the possible topic

threads. Cross-entropy is then used as a measure to select a topic thread which is
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most relevant to the topic of the document. This topic thread is stored in the index
and 1S used at the search stage instead of the document itself. The main
disadvantage of this approach is that only a relatively small part of information
about a document is stored in the index and used during search. Also these
thematic threads cannot be used to cluster documents into thematic clusters and

hence mformation about the topic structure of the document corpus is hidden to a

USCT.

It would be desirable to mitigate the problems outlined above.

SUMMARY OF THE INVENTION

One aspect of the invention provides a method of determining cluster attractors
for a plurality of documents, each ddcumént comprising at least one term, the
method comprising: calculating, in respect of each term, a probability distribution
indicative of the frequency of occurrence of the, or each, other term that co-occurs
with said term 1n at least one of said documents; calculating, in respect of each
term, the entropy of the respective probability distribution; selecting at least one

of said probability distributions as a cluster attractor depending on the respective

entropy value.

Each probability distribution may comprise, in respect of each co-occurring term,
an 1ndicator that 1s indicative of the total number of instances of the respective co-
occurring term in all of the documents in which the respective co-occurring term
co-occurs with the term in respect of which the probability distribution is
calculated. Each probability distribution may comprise, in respect of each co-
occurring term, an indicator comprising a conditional probability of the
occurrence of the respective co-occurring term in a document given the
appearance in said document of the term in respect of which the probability

distribution is calculated. Advantageously, each indicator is normalized with
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respect to the total number of terms in the, or each, document in which the term in

respeét ot which the probability distribution is calculated appears.

In a preterred embodiment, the method may comprise assigning each term to one

5  of aplurality of subsets of terms depending on the frequency of occurrence of the
term; and selecting, as a cluster attractor, the respective probabilit)} distribution of
one or more terms from each subset of terms. Each term may be assigned to a
subset depending on the number documents of the corpus in which the respective
term appears. An entropy threshold may be assigned to each subset, and the

10  method may include selecting, as a cluster attractor, the respective probability

distribution of one or more terms from each subset having an entropy that satisfies
the respective entropy threshold. - Advantageously, the method comprises
selecting, as a cluster attractor, the respective probability distribution of one or

more terms from each subset having an entropy that is less than or equal to the

15  respective entropy threshold.

Each subset may be associated with a frequency range, wherein the frequency
ranges for respective subsets are disjoint. Each subset may be associated with a
frequency range, the size of each successive frequency range being equal to a
20  constant multiplied by the size of the preceding frequency range in order of
ncreasing frequency. In one embodiment, the respective entropy threshold

increases, for example linearly, for successive subsets in order of increasing

frequency.

25  Another aspect of the invention provides a computer program product comprising

computer program code for causing a computer to perform the method of

determining cluster attractors.

A turther aspect of the invention provides an apparatus for determining cluster
30  attractors for a plurality of documents, each document comprising at least one

term, the apparatus comprising: means for calculating, in respect of each term, a
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probability distribution indicative of the frequency of occurrence of the, or each,
other term that co-occurs with said term in at least one of said documents: means
for calculating, in respect of each term, the entropy of the respective probability

distribution; and means for selecting at least one of said probability distributions

S5  as acluster attractor depending on the respective entropy value.

1 %

3

A still turther aspect of the invention provides a method of clustering a plurality

of documents, the method inéluding determining cluster attractors in accordance
with the method described above.

10

In one embodiment, the clustering method comprises: calculating, in respect of
each document, a probability distribution indicative of the frequency of
occurrence of each term in the document; comparing the respective probability
distribution of each document with each probability distribution selected as a

15  cluster attractor; and assigning each document to at least one cluster depending on

the similarity between the compared probability distributions.

The clustering method may include organising the documents within each cluster
by: assigning a respective weight to each document, the value of the weight

20  depending on the similarity between the probability distribution of the document
and the probability distribution of the cluster attractor;‘comparing the respective
probability distribution of each document in the cluster with the probability
distribution of each other document in the cluster; assigning a respective weight to
each pair of compared documents, the value of the weight depending on the

25  similarity between the compared respective probability distributions of each

document of the pair; calculating a minimum spanning tree for the cluster based

on the respective calculated weights.

A further aspect of the invention provides a computer program prdduct
30  comprising computer program code for causing a computer to perform the

atoresaid clustering method.
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From one aspect, a preferred embodiment of the invention provides means by
which a document corpus can be indexed efficiently into document clusters, based
on specific narrow contexts that are automatically identified from the corpus as a
whole. Entropy 1s advantageously used to identify these narrow contexts. This

indexing process facilitates very small clusters to be formed enabling more

focused retrieval.

From another aspect, a preferred embodiment provides means for discovering a

plurality of narrow contexts relevant to a user’s query and facilitating retrieval

from the corpus based on this.

The present invention relates to the area of search within a document corpus. It
provides an efficient approach to indexing documents within the corpus bésed on
the concept of narrow contexts. Document clusters are produced that are small in
size and so easily facilitate the visualisation of inter document similarity, enabling
rapid identification of the most relevant documents within a cluster.

Based on detailed analysis of a controlled document corpus, the preferred
embodiment supports a thematic information search by combining a keyword

search facility with browsing. As a result, the user receives a set of documents

relevant to the topics of his information needs.

In the preferred embodiment, the corpus is initially analysed and partitioned into
thematically horﬁogeneous clusters, using a clustering algorithm whose
complexity 1s proportional to the size of the corpus. A keyword search may then
be used to 1dentify a set of clusters relevant to a query. The internal organisation
of documents within a cluster may be represented as a graph-like structure, in
which documents in close proximity have high similarity. The set of the most

relevant documents to the query are advantageously identified within a cluster

through a process of computer guided browsing.
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In a preferred embodiment, a user receives, as a result of a query, a list of narrow
subject-specific clusters of documents. All documents, in all returned clusters, are
considered by the search algorithm as relevant to the user’s information needs.
Many of the returned documents contain no specific keywords from the actual
query itself but they are considered to be relevant by the system because their
topic(s) correspond to the users information needs as defined by the initial query.
Thus, documents may be returned that cannot be retrieved by a conventional

keyword search algdrithrn. This results in high precision and recall and a smaller

search for the user.

In a preterred embodiment, during the searching process a list of clusters are
returned ranked according to their relevancy to the query. These clusters cover a
range of -topics. Theretore, the user has focused access to detailed information
relating to the entire fopical .struct‘ure of that part of the document corpus directly
corresponding to the query. The user can then select a cluster whose topic(s) is of
most relevance to him and continue the search inside this cluster using computer
aided browsing techniques advantageously based on a minimum spanning tree

visualisation of the documents contained within the cluster.

The preferred system 1s unsupervised, but has a complexity proportional to the

size of the document corpus and is therefore cost effective and scalable to real life

applications such as a controlled corpus search.

The preferred clustering algorithm, when applied to. a thematically heterogeneous
document corpus, produces thematically homogeneous clusters of relatively small

size. This simplifies the retrieval stage, as returned clusters are compact enough to

enable efficient computer guided browsing.

The preferred embodiment does not use a probabilistic model and as such the
number of clusters is determined automatically. Additionally, the preferred

information theoretic approach (entropy and Jensen-Shannon divergence) presents
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a more natural measure for estimating similarity between documents, documents

and cluster centroids/attractors and the broadness or narrowness of a context.

Information about the topical structure of the whole document corpus may be

presented to the user. This information can even be used to improve the quality of
querles prepared for conventional enterprise search engines. In addition, it is

possible to use the present invention in combination with a conventional internet
search engine such as Google and Alta Vista to increase the usefulness of the

results of the search procedure, via a synergistic effect.

Further advantageous aspects of the invention will become apparent to those

ordinarily skilled in the art upon review of the following description of a preferred

embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the invention is now described by way of example and with

reference to the accompanying drawings in which:
Figure 1 provides a block diagram of a document retrieval process;

Figure 2 shows an indexing process of the document retrieval process of Figure 1

in more detail;

Figure 3 illustrates a keyword search process showing how relevant clusters are

1dentified from a user query;

Figure 4 illustrates a computer guided browsing process; and

Figure 5 illustrates a computer-based document retrieval system.
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DETAILED DESCRIPTION OF THE DRAWINGS

Referring first to Figure 5, there is shown an example of a document retrieval
system generally indicated as 10. The system 10 comprises at least one computer
12 arrélnged to run one or more computer programs which are represented

collectively at 14.

The computer 12 is in communication with a storage device 24 containing a
document corpus 16 (or any form of heterogeneous unstructured data) (Figures 1
and 2). The document corpus 16 comprises a plurality of computer readable
documents (not shown). The document corpus 16 may be a controlled document
corpus, meaning that the maintenance of the corpus 16 is controlled by one or
more administrators (not shown). Moreover, the documents in the document
COrpus 16~ are typically heterogenéoﬁs in content. The storage device 24 comprise
a database or any other data repository or storage means. It will be understood
that the term “document” as used herein embraces any computer readable or
electronically readable body of text or terms, including emails, SMS messages,

word processor documents or other application generated files or electronic

messages or files.

In the preferred embodiment, the computer programs 14 include a module 18 for
analysing, or indexing, the document corpus 16 in order to form document
clusters (each document cluster comprising a set of one or more documents from
the corpus 16 that have been grouped together). The analysis module 18 includes
means for implementing a clustering algorithm, as is described in more detail
below. A search module or engine 20 is also provided that is capable of
performing key word searches through a plurality of computer readable

documents and presenting a set of results (typically comprising one or more

documents) to a user via a user intertace 26. A browsing module 22 is preferably
also provided that is capable of allowing a user, via the user intertace 26, to

browse through the results provided by the search module 20. It will be
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understood that the analysis, search and browsing modules 18, 20, 22 may each

COmprise one or more computer programes.

The storage device 24 may also be used to store data generated by one or more of
the analysis, search and browsing modules 18, 20, 22. In particular, the storage
means 24 may be used to store term contexts, document clusters and, in the
preferred embodiment, minimum spanning trees, as is described in more detail
below. It will be understood that the document corpus 16, document clusters and

other data need not necessarily be stored in the same storage device.

The system 10 of Figure 5 is shown in simplistic form. The system components
may communicate directly with one another or via a computer network, such as an
intranet. -Moreover, one or more other computers, or clients (not shown), may be
present 1n the system 10, each capab.le of running at least the search module 20, a
user interface 26 and typically also the browsing module 22, or instances thereof,
in order that a respective user may search through the clustered contents of the

document corpus 16. Typically, such client computers are in communication with

the storage means 24 via a computer network.

Figure 1 provides an overview of the preferred document retrieval process. The
process may be considered in three stages. The first stége 1S indexing, the second
1S keyword search and the third i1s computer guided browsing. The indexing stage
involves analysing the documents in the document corpus 16 to produce'
document clusters and, 1n a preferred embodiment, also to organise the documents
within each cluster, e.g. via a minimum spanning tree. The keyword search stage
Involves retrieving one or more document clusters and, where applicable, a
respective minimum spanning tree, in response to a user query comprising key
words. The browsing stage involves browsing through the documents of the

returned clusters, advantageously using the minimum spanning tree.
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The following description of a preferred embodiment of the invention is divided
into two parts. The first, corpus analysis, describes how the document corpus 16 is
indexed to facilitate retrieval (see section 1). The second section, retrieval,
describes the actual search (section 2.1) and browsing (section 2.2) describes

processes used to locate the most relevant documents from the corpus 16 based on

a'user query.

1. Corpus Analysis

A preferred method of corpus analysis is now described and may be implemented

by the analysis module 18.

Corpus analysis is described with reference to Figure 2. Figure 2 illustrates how
document clusters 36 are formed based on aenerated profiles 30 of the documents
and by defining one or more contexts 32 for each document. Figures 3 and 4

show how the concept of a minimum spanning tree 40 can be used to visualise the

inter document similarity within clusters.

Corpus analysis may be divided into three stages: Narrow contexts discovery;
Document clustering; and Internal cluster structure discovering.

E

1.1 Narrow contexts discovery

One problem with document clustering is to determine a respective entity to serve
as the focus, or attractor, for each cluster. The selection of cluster attractors can
have a significant impact on the size and content of the resulting cluster which in
turn can have a significant impact on the effectiveness of a search through the
clusters. One aspect of the present invention provides a method for determining
cluster attractors. In the preferred embodiment this involves identifying one or

more contexts that are considered to be relatively narrow, as is described in more

detail below.
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Each document in the corpus 16 comprises one or more instances of at least one
term and typically comprises a plurality of terms. A term comprises one or more
words. A context for a term is represented by a conditional probability
distribution, or vector of probability indicators, over all, or a plurality of, terms
5  from the corpus, where the probability distribution is defined by the frequency of

terms which co-occur with the context term. In the preferred embodiment, the
frequency of each term is the total number of instances of the term in all of the
documents in which the term co-occurs with the context term. Preferably, each
term frequency i1s normalized with respect to, or divided by, the total number of

10  terms in all of the documents in which the context term appears. In general, given
a context term, the conditional probability of a co-occurring term is the

normalized total number of times the co-occurring term appears across all

documents that the context term appears in.

15  Respective contexts can therefore be represented by a respective probability
distribution, or vector, over a plurality terms. Each probability vector typically
comprises at least one term, each term in the vector being associated with a
respective probability, or frequency, indicator. The probability, or frequency,
indicator preferably indicates the probability of the occurrence, or frequency of

20  occurrence, of the respective term in documents which contain the context term.
A context can be viewed as being either broad or narrow in scope. In the preferred

embodiment, a context 1s described as narrow if its entropy is small and broad if

1ts entropy is large.

25  Referring to Figure 2, an analysis of the documents in the corpus 16 1s performed
(module 31 in Figure 2) to produce document profiles 30, as is described in more
detail below. An analysis of the documents in the corpus 16 is also performed
(module 33 of Figure 2) to calculate a respective context for each term in the
corpus 16, as 1s described in more detail below. In Figure 2, the stored document

30  protiles are indicated as 30 and the stored contexts are indicated as 32 and may be

stored 1n any convenient manner, for example in the storage means 24.
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A preterred method of calculating contexts is now described. Let X denote the set
of all documents in the document corpus 16 and let Y denote the set of all terms
present in X, 1.e. the set of all terms present in one or more of all of the documents
in the corpus 16. For a given term z , where z € Y, we can define a context for
term z as comprising a topic of a set of documents that term z occurs in. More
specifically, the context of the term z is preferably represented in the form of

conditional probability distribution P(Y | z) . Here the random variable Y takes
values from Y and p(y|z) is the probability that, in a randomly selected

document from the corpus 16 which contains the term z , a randomly selected

term 18 the term y . Only when variable Y represents a term that co-occurs with
term z 1n a document will its respective probability contribute to the overall
probability distribution P(Y | z). The probability distribution p(y|z) can be

approximated as

ZfGX(Zlff(x’ y)
Z.reX(z),!eY {f(X, f)

p(ylz)=

where #f (x, y) 1s the term frequency of the term y in the document x and X(z)is

the set of all documents from the corpus 16 which contain the term z and where ¢

1S a term index.

Theretore, given a document corpus 16 and a term z, we can describe the context
of this term as a weighted set, or vector, of terms that occur with the given term z
in one or more documents of the corpus 16. The respective weight associated
with each term preferably comprises an indication of the probability of
occurrence, or frequency of occurrence, of the respective term across all of the
documents in which the term z appears. In one embodiment, to generate this
context, all documents from the corpus 16 in which the given term z appears may
be combined in a single document prototype. Then, the respective frequency of

occurrence of all terms 1n this new document prototype may be calculated and,
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conveniently, normalized by dividing by the prototype document length (i.e. the
number of terms in the prototype document). These normalized frequencies of all
terms from the combined prototype document represent the context for term z.
Hence, the context for term z comprises a plurality or vector of terms that co-
occur with term z 1n at least one of the documents of the corpus 16, each term of
the set being associated with a respective weight that is indicative of the fréquency
of occurrence of the respectivé term in the, or each, document in which term z
appears. A respective context is calculated for each term present in the documents

of the corpus 16. Alternative measures of frequency of occurrence may be used.

In many cases, the context of a term z is too broad to present useful information
about the corpus 16. It is therefore desirable to identify terms which occur in

narrow contexts. The narrowness of the context-of a term z is preferably

estimated as the entropy H(Y | z) of the respective probability distribution
P(Y | z), where:

HY|z)=~) p(y|z)log p(y|2)

It the entropy value is relatively small then the context is considered “narrow”,

-~

otherwise it is “broad”’.

In the preferred embodiment, a respective context is calculated for all meaningful
and non redundant terms presented in the corpus. A respective entropy value is
then calculated for each context. Based on the respective entropy values, a
number of the contexts are then selected to provide a core, or attractor, for a
respective document cluster. As is described in more detail below, contexts with a
relatively low entropy are selected for this purpose.

Let Y(z) denote the set of all different terms from documents from X(z). Where
there 1s a uniform distribution of terms from Y (z) the entropy H (Y | z) is equal to

log | Y(2)]. According to Heaps Law [1] log | Y(z2)|= O(log | X(2)]). Asthe
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document frequency for zis df(z) = X(z)| there is a logarithmic relationship

between the entropy and document frequency and, as such, it is reasonable to use

document frequency as a means for determining the bounds on the subsets of

narrow contexts.

The narrowness, or otherwise, of a context can be determined in terms not only of
its entropy, but also by the freQuency of occurrence of the respective term
collectively throughout all of the documents in the corpus 16. It is difficult to set
in advance the number of narrow contexts that are required to describe the content
of the corpus 16 in detail, i.e. the number of cluster attractors that are required. In
a preferred embodiment, each term in the term set Y is assigned to one of a
plurality of term subsets depending on the frequency of occurrence of the
respective term in the corpus 16, and preferably on the number of documents of
the corpus 16 that the respeétive term appears in (although other measures of
frequency may be used). The subsets are preferably disjoint, or non-overlapping,

in their respective frequency range. This may be expressed as:

Y =UI_Y,.,Y,. = {z:z €Y, df, <df(z)<df,, }i=1,...r

Here df (z) =| X(z) |refers to the document frequency of a term z, the document

frequency being the number of times the term z appears at least once in a
document and 7 is the number of subsets. The parameter » may take a variety of

values and may be set as a system parameter depending on the size and nature of

the corpus 16.

In the preferred embodiment, all terms assigned to a given subset satisfy the
following requirements: the frequency of occurrence of the respective term is
within the respective frequency range for the respective subset; frequency ranges
for respective subsets are disjoint, or non-overlapping; and, more preferably, the

size of the frequency range of a given subset is equal to a constant multiplied by
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the range of the previous subset. The constant can take any value greater than one.
For example, in one embodiment, the constant takes the value 2. Accordingly, the
frequency range of a given subset is twice as large as the frequency range of the
previous subset and half as large as frequency range of the next subset. So, for
example, a first subset may contain terms that appear, say, in between 1 and 25
documents in the.corpus 16, the second subset may contain terms that appear in
between 26 and 75 documents, the third subset may contain terms that appear in

between 76 and 175 documents, and so on.

An entropy threshold 1s assigned to each subset of terms. The respective
thresholds may conveniently be pre-set as system parameters, as may the
definition of term subsets. Preferably, the threshold for a given subset is less than
the threshold for the next subset (where the next subset contains terms with a
higher frequency than the 'pr‘evious subset). More preferably, the respective
threshold for successive subsets (with increasing frequency range) increase

linearly. More formally, in a preferred embodiment, the thresholds df, may be

said to satisty the condition df,,, = « -df, where « > lis a constant. It can be

shown that H (Y | z) 1s bounded from above by a linear function of the index i so

1t 1s reasonable to set a linear function threshold H__ (i) to select a set Z of terms

with narrow context: -

Z=\Jiz:zeY, H(Y |2)<H__ (i)}

Accordingly, in the preferred embodiment, a term context is selected as being
narrow 1f its entropy is less than, or is less than or equal to, the respective

threshold value associated with the term subset to which the term 1s assigned.
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1.2 Document clustering

The set of narrow contexts {P(Y | z)}._, are considered as cluster attractors, i.e.

cach selected narrow context may be used as a core entity about which a

respective document cluster may be formed.

In order to cluster documents,'every document x in the corpus 16 is represented in

the form of a respective document profile 30 comprising a respective probability

distribution P(Y | x), where

if (x,y)
Z!eY tf‘(x’z)

p(y|x)=

Hence the orespective document profile 30 for e-ach document x comprises a
weighted set, or vector, of terms that occur within the document x. The respective
weilght associated with each term 1in the vector preferably comprises an indication
of the probability of occurrence, or frequency of occurrence, of the respective
term in the document x. Conveniently, the respective weight comprises the

frequency of occurrence of the respective term in the document x, normalized with

respect to, or divided by, the number of terms in the document x.

Document clustering (module 34 1n Figure 2) may be performed by comparing the
respective document profile 30 of each document in the corpus 16 with each
context 32 that has been selected as a cluster attractor. In the preferred
embodiment, each document of the corpus 16 1s associated with, or assigned to,
one or more contexts 32 that most closely matches, or resembles, its document
profile 30. The result of assigning each document of the corpus 16 to a cluster
attractor context 32 is to create a plurality of document clusters (collectively

represented as 36 in Figure 2), each cluster comprising a respective plurality of

documents from the corpus 16.
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A preferred method of comparing the document profiles 30 with contexts 32 that
have been selected as a cluster attractors is to estimate the distance, or similarity,

between a document x and the context of the term z using, for example, the

Jensen-Shannon divergence [2] between the probability distributions p, and p,

S5  representing the document x (i.e. its document profile 30) and the context of term

7 a

e [

JS{O.S,O.S} [Py, Py ] = f][E] ~05H] [ p,]- 0.5H][p,],

10  where H[p]denotes the entropy of the probability distribution p and p denotes

the average probability distribution p = 0.5p, + 0.5 D,

A document x is therefore assigned to a cluster 36 with attractor context of the

term z 1f
15
¢ = arg min tel JS{O.S,O.S}[P(Y ' t)s P(Y I JC)]
Hence, a document 1s assigned to a cluster where the JS divergence between a
document and an attractor 1s a minimum over all attractors.
2 0

1.3.Internal cluster structure

In a preterred embodiment, the documents within each cluster 36 are
advantageously analysed in order to structure, or organise, the documents within
25  each cluster 36. To this end, the documents within a cluster 36 are represented as
a set of notional graph vertices, each document corresponding with a respective
vertex. Each vertex 1s assigned a weight that 1s equal to, or dependent on, the
distance between the respective document and the context of the respective cluster

attractor. Each vertex 1s associated with, or connected to, each other vertex, by a

30  respective un-oriented edge, whose weight is dependent on, or equal to, the
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distance between the respective document profiles 30 of the corresponding
documents. The distance between document profiles 30 may conveniently be
determined using the Jensen-Shannon divergence in a manner similar to that
described above. An algorithm, for example the standard Kruskal’s algorithm [3]
may be used (see module 38 of Figure 2) to construct a minimum spanning tree 40
which spans all.graph vertices and has the minimum average wéight for its edges.
The minimum spanning tree can be presented to a user via a suitable user interface
as a complete description of the internal structure of the respective cluster. It is

noted that other conventional algorithms may be used to build the minimum

spanning tree.

The operations described in section 1 may conveniently be performed by the
analysis module 18. The data produced by the analysis module 18 including, as
applicable, the document pr'bﬁlesl'a’ 0, contexts 32, clusters 36 and minimum
spanning trees 40 may be stored in any convenient manner, for example in storage
means 24. The operations performed by the analysis module 18 are typically

pertormed off-line, before a user begins to search the document corpus 16

2. Retrieval

The preferred retrieval algorithm comprises means for conducting a keyword
search (Figure. 3) in combination with means for browsing (Figure 4) through the
results of the keyword search to locate the most relevant documents for a user.
The keyword search and browsing may be performed by separate modules 20, 22

respectively, or may be performed by a single module.

2.1 Keyword search

The goal of the keyword search phase is to find one or more clusters 36 that are

relevant to the topics of a user’s information needs as defined by one or more

keywords provided by the user in a search query.
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From Figure 3, it may be seen that each document cluster 36 comprises a plurality
. of documents (each represented by a respective vertex 41), an attractor context 32

and a centroid 42. The centroid 42 comprises an average probability distribution,

or vector, P, (Y |z), of terms appearing in the documents of the respective
5  document cluster C(z). P, (Y |z)may be calculated in a similar manner to
P(Y | 2) as described above, using the following equation (which is similar to the

equation given above for p(y| z)):

L 2secn 6 )

Por (¥ |2)= S G
10

Hence, every document cluster C(z) may be represented by two probability

distributions over the term set Y, harhely: .

(1) the context P(Y | z) of the term z serving as the attractor for the
cluster; and

15 (n)  the average probability distribution P (Y | z)- , or centroid 42, which

presents information about all documents assigned to the cluster.

During the keyword search phase, the user presents their information needs in the

form of a set of keywords Q = {g,¢ ¢,}. Itis desirable in a controlled document

20  corpus search that the system should achieve maximum recall, therefore all
clusters 36, C(z) which are estimated as relevant to the query are preferably

present to the user via the user interface 26. The preferred criteria used to

determine the relevancy of cluster C(z)to the query Q is as follows:

25 p(qi‘z).pavr(qj'IZ)>O:i:la'”:S-
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That 1s, a cluster 36, C(z) is considered as relevant to the query Q if every query’s
keyword 1s present in both the cluster attractor and at least one document from

that cluster (and hence in the centroid 42).

The degree of cluster C(z)relevance to the query O may be estimated as an

additive function of keywords scores as follows:
rel(Q,C(2)) =2,  P(ql2)p.,(q]2)

This allows relevant clusters to be returned to the user in ranked order of

relevancy. In the preferred embodiment, a list of relevant clusters is returned to

the user in order of decreasing relevancy scores.

To estimate the cluster content the user may be provided with a short summary

description of the cluster in the form of the list of most heavily weighted terms
which occur in the cluster documents. Given term ¢, its weight within a cluster

C(z)1s estimated as a multiplicative function of its respective weight in the

relevant cluster attractor vector P(Y | z) and in the relevant cluster content vector

P (Y |z). Hence:

weight (1 | C(2)) = p(t|2)po, (t] 2).
2.2 Cluster browsing

The preferred browsing process is illustrated in Figure 4. Figure 4 shows a
minimum spanning tree 40 split into sub-trees using a pre-set diameter, or
distance parameter, 1.e. the respective distance between each document and each
other document in a cluster can be calculated, for example using J ensen-Shannon
divergence, and documents can then be grouped in sub-trees, each document in a

sub-tree having a distance from each other document in the sub-tree that is less
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than or equal to the pre-set distance parameter. This enables the user to quickly
locate the most relevant sub-tree wherein lie the most relevant documents. The
minimum spanning tree 40 can thus be used to estimate distances between

documents 41 in the cluster 36. Then any sub-tree of the tree 7'(z), within the

predefined diameter, can be considered as a sub-tree or sub-cluster 36’ of the main

cluster C'(z). This allows the efficient splitting of large clusters into smaller

generally homogeneous sub-clusters 36°. A short summary for each sub-cluster

36" can be generated in the same way as the summary for C(z). The user can then

quickly look through summaries of all sub-clusters and select one or more for

detailed browsing.

As m‘ay be seen from Figure 4, the user may browse documents in a cluster using
a visual répresentation of a minimum Spannin'g_ tree 40, T'(z) as a guide. The tree
40 graphically represents the similarity of documents 41 in the relevant cluster 36

to other documents 41 1n the cluster 36 and to the cluster attractor 32.

Different approaches can then be used to help the user efficiently select the part of

the tree 40 with the most relevant documents. For example, a conventional

keyword search can be used to find a set of documents which contain the given set
of keywords. These documents could be considered as starting points for
browsing using the minimum spanning tree 40 to visualise the internal structure of
the cluster 36. Because every cluster 36 contains a relatively small number of
documents 41, a controlled vocabulary, generated automatically from the
documents themselves (1.e. comprising terms appearing in the document corpus

16 as a whole, or just in the documents of the, or each, cluster 36 being browsed)

1s preferably used to help the user to generate good queries.

The tollowing characteristics and advantages of the preferred embodiment of the
invention will be apparent from the foregoing description. Narrow contexts can

be distinguished, or identified, by words, or terms, which occur only in documents
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belonging to, or associated with, the respective narrow context, where narrowness

1s measured by conditipnal entropy.

During the clustering process, the similarity between documents is estimated not
5  directly but through their similarity to a cluster attractor using, for example,

Jensen-Shannon divergence. This results in more precise similarity estimations
compared to conventional approaches in which all documents are compared
directly with each other to determine similarities. This conventional approach is
meaningless and unnecessary in many cases, as often documents have little

10  resemblance to each other and so there is no need to calculate similarity. In the
preferred embodiment, similarity between documents is determined only for
documents within the same cluster where it is known they have generally common
topics. This results in a more meaningful, efficient.and scaleable approach to
similarity determination. The clﬁstéring techriiqﬁes described herein are

15  unsupervised 1n nature and therefore do not need background knowledge.
When the preferred indexing method is applied to a thematically heterogeneous
document corpus, it produces thematically homogeneous clusters of relatively

small size thus enabling computer guided browsing of the documents they
contain. An additional feature of the preferred indexing method is that subjects or
20  topics that are similar to a user’s query, but which are not directly mentioned in
the query itself, are automatically identified as relevant. This may be seen as
creativity on the part of the indexing algorithm. Hence, during a keyword search
documents clustered around these similar topics are returned as part of the query
result, thus improving recall. The minimum spanning tree describes the structure
25  ofthe cluster in such a way that any sub-tree of the tree within a given small
diameter can be considered as a narrow thematic sub-cluster of the given cluster.
This improves the efficiency of the search for the user as short summaries of these

sub-clusters can be generated and used to locate the most relevant documents.

30  The invention 1s not limited to the embodiment described herein which may be

modified or varied without departing from the scope of the invention.
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CLAIMS.

1. A computer-implemented method of determining cluster attractors in an apparatus for
a plurality of documents, each document comprising at least one term, the method
comprising: calculating, in respect of each term, a probability distribution indicative of
the frequency of occurrence of the, or each, other term that co-occurs with said term In
at least one of said documents; calculating, in respect of each term, an entropy of the
respective probability distribution; selecting at least one of said probability distributions

as a cluster attractor depending on the respective entropy value.

2. A computer-implemented method as claimed in Claim 1, wherein each probability
distribution comprises, in respect of each co-occurring term, a first indicator that is
Indicative of the total number of instances of the respective co-occurring term in all of
the documents in which the respective co-occurring term co-occurs with the term in
respect of which the probability distribution is calculated.

3. A computer-implemented method as claimed in Claim 1 or 2, wherein each
probability distribution comprises, in respect of each co-occurring term, a second
Indicator comprising a conditional probability of the occurrence of the respective co-
occurring term in a document given the appearance in said document of the term in
respect of which the probability distribution is calculated.

4. A computer-implemented method as claimed in any one of Claims 2 to 3, wherein the
indicator is normalized with respect to the total number of terms in the, or each,
document in which the term in respect of which the probability distribution is calculated
appears.

5. A computer-implemented method as claimed in Claim 1, comprising assigning each
term to one of a plurality of subsets of terms depending on the frequency of occurrence

of the term; and selecting, as the cluster attractor, the respective probability distribution
of one or more terms from each subset of terms.
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6. A computer-implemented method as claimed in Claim 5, wherein each term is
assigned to a subset depending on the number documents of the corpus in which the

respective term appears.

7. A computer-implemented method as claimed in Claim 5 or 6, wherein an entropy
threshold is assigned to each subset, the method comprising selecting, as the cluster
attractor, the respective probability distribution of one or more terms from each subset

having an entropy that satisfies the respective entropy threshold.

8. A computer-implemented method as claimed in Claim 7, comprising selecting, as the
cluster attractor, the respective probability distribution of one or more terms from each

subset having an entropy that is less than or equal to the respective entropy threshold.

9. A computer-implemented method as claimed in any one of Claims 5 to 8, wherein
each subset is associated with a frequency range and wherein the frequency ranges for

respective subsets are disjoint.

10. A computer-implemented method as claimed in any one of Claims 5 {0 9, wherein
each subset is associated with a frequency range, the size of each successive
frequency range being equal to a constant multiplied by the size of the preceding

frequency range in order of increasing frequency.

11. A computer-implemented method as claimed in any one of Claims 7 to 10, wherein
the respective entropy threshold increases for successive subsets in order of increasing

frequency.

12. A computer-implemented method as claimed in Claim 11, wherein the respective

entropy threshold for successive subsets increases linearly.
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13. A computer readable storage medium comprising computer program code for

causing a computer to perform the method of Claim 1.

14. An apparatus for determining cluster attractors for a plurality of documents, each
document comprising at least one term, the apparatus comprising: means for
calculating, in respect of each term, a probability distribution indicative of the frequency
of occurrence of the, or each, other term that co-occurs with said term in at least one of
said documents; means for calculating, in respect of each term, an entropy of the
respective probability distribution; and means for selecting at least one of said
probability distributions as a cluster attractor depending on the respective entropy value.

15. A computer-implemented method of clustering a plurality of documents, each
document comprising at least one term, the method comprising determining cluster

attractors in accordance with Claim 1.

16. A computer-implemented method as claimed in Claim 15, comprising. calculating, in
respect of each document, a probability distribution indicative of the frequency of
occurrence of each term in the document; comparing the respective probability
distribution of each document with each probability distribution selected as the cluster
attractor; and assighing each document to at least one cluster depending on the

similarity between the compared probability distributions.

17. A computer-implemented method as claimed in Claim 16, comprising organising the
documents within each cluster by: assigning a respective weight to each document, the
value of the weight depending on the similarity between the probability distribution of the
document and the probability distribution of the cluster attractor; comparing the
respective probability distribution of each document in the cluster with the probability
distribution of each other document in the cluster; assigning a respective weight to each
pair of compared documents, the value of the weight depending on the similarity
between the compared respective probability distributions of each document of the pair;
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calculating a minimum spanning tree for the cluster based on the respective calculated

weights.

18. A computer readable storage medium comprising computer program code for

causing a computer to perform the method of Claim 15.

19. A computer-implemented method of determining cluster attractors for use in
clustering a plurality of documents, each document comprising at least one term, each

term comprising one or more words, the method comprising:
causing a computer to calculate, in respect of each term, a probability distribution

that is indicative of:
In the instance where a document comprises said term and said one other
term that co-occurs with said term in at least one of said documents, the
frequency of occurrence of said one other term, and
In the instance where a document comprises said term and more than one
other term that co-occurs with said term in at least one of said documents,
the respective frequency of occurrence of each other term that co-occurs
with said term In at least one of said documents:

causing a computer to calculate, in respect of each term, an entropy of the

respective probability distribution; and

causing the computer to select at least one of said probability distribution as a

cluster attractor depending on the respective entropy vaiue;

wherein the selected cluster attractor is a clustering focus for at least some of said

documents, and wherein said probability distribution is calculated as

er}((z) tf (x,y)

piy12) = erX(z),teY tf(x,7)

where tf(x, y) Is a term frequency of a term y in a document x and X(z) is a set of all

documents of said plurality of documents that contain a term z and where t is a term

index.
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20. A computer-implement method as claimed in claim 19, wherein the method further
cComprises:
causing the computer to compare each document with each cluster attractor; and
causing the computer to assign each document to one or more cluster attractors
depending on the similarity between the document and the cluster attractors,
wherein assigning each document to one or more cluster attractors creates a plurality of

document clusters, each cluster comprising a respective plurality of documents.

21. A computer-implemented method as claimed in claim 19, wherein said entropy is

calculated as:

H(Y[D) = - ) p(IDloge(r12)
Y

22. An apparatus for determining cluster attractors for a plurality of documents, each
document comprising at least one term, each term comprising one or more words, the
apparatus comprising:
means for calculating, in respect of each term, a probability distribution indicative
of:
In the instance where a document comprises said term and one other term
that co-occurs with said term in at least one of said documents, the
frequency of occurrence of said one other term, and
In the instance where a document comprises said term and more than one
other term that co-occurs with said term in at least one of said documents,
the respective frequency of occurrence of each other term;
means for calculating, in respect of each term, an entropy of the respective
probability distribution; and
means for selecting at least one of said probability distributions as a cluster
attractor depending on the respective entropy value,
wherein the selected cluster attractor is a clustering focus for at least some of said
documents, and wherein said probability distribution is calculated as
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Yxex (2),teY tf(x, )

p(ylz) =
where tf(x, y) is a term frequency of a term y in a document x and X(z) is a set of all
documents of said plurality of documents that contain a term z and where t i1s a term

index.

23. An apparatus as claimed in claim 22, wherein the apparatus further comprises:
means for comparing each document with each cluster attractor; and means for
assigning each document to one or more cluster attractors depending on the similarity
between the document and the cluster attractors, wherein assigning each document to
one or more cluster attractors creates a plurality of document clusters, each cluster

comprising a respective plurality of documents.
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