Chapter 4
Query Languages

with Gonzalo Navarro

4.1 [Introduction

We cover in this chapter the different kinds of queries normally posed to text
retrieval systems. This is in part dependent on the retrieval model the system
adopts, i.e., a full-text system will not answer the same kinds of queries as those
answered by a system based on keyword ranking (as Web search engines) or on a
hypertext model. In Chapter 8 we explain how the user queries are solved, while
in this chapter we show which queries can be formulated. The type of query the
user might formulate is largely dependent on the underlying information retrieval
model. The different models for text retrieval systems are covered in Chapter 2.

As in previous chapters, we want to distinguish between information re-
trieval and data retrieval, as we use this dichotomy to classify different query
languages. We have chosen to distinguish first languages that allow the answer
to be ranked, that is, languages for information retrieval. As covered in Chapter
2, for the basic information retrieval models, keyword-based retrieval is the main
type of querying task. For query languages not aimed at information retrieval,
the concept of ranking cannot be easily defined, so we consider them as languages
for data retrieval. Furthermore, some query languages are not intended for final
users and can be viewed as languages that a higher level software package should
use to query an on-line database or a CD-ROM archive. In that case, we talk
about protocols rather than query languages. Depending on the user experience,
a different query language will be used. For example, if the user knows exactly
what he wants, the retrieval task is easier and ranking may not even be needed.

An important issue is that most query languages try to use the content
(i.e., the semantics) and the structure of the text (i.e., the text syntax) to
find relevant documents. In that sense, the system may fail to find the relevant
answers (see Chapter 3). For this reason, a number of techniques meant to
enhance the usefulness of the queries exist. Examples include the expansion of
a word to the set of its synonyms or the use of a thesaurus and stemming to
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put together all the derivatives of the same word. Moreover, some words which
are very frequent and do not carry meaning (such as ‘the’), called stopwords,
may be removed. This subject is covered in Chapter 7. Here we assume that
all the query preprocessing has already been done. Although these operations
are usually done for information retrieval, many of them can also be useful in
a data retrieval context. When we want to emphasize the difference between
words that can be retrieved by a query and those which cannot, we call the
former ‘keywords.’

Orthogonal to the kind of queries that can be asked is the subject of the
retrievel unit the information system adopts. The retrieval unit is the basic ele-
ment which can be retrieved as an answer to a query (normally a set of such basic
elements is retrieved, sometimes ranked by relevance or other criterion). The re-
trieval unit can be a file, a document, a Web page, a paragraph, or some other
structural unit which contains an answer to the search query. From this point
on, we will simply call those retrieval units ‘documents,” although as explained
this can have different meanings (see also Chapter 2).

This chapter is organized as follows. We first show the queries that can be
formulated with keyword-based query languages. They are aimed at information
retrieval, including simple words and phrases as well as Boolean operators which
manipulate sets of documents. In the second section we cover pattern matching,
which includes more complex queries and is generally aimed at complementing
keyword searching with more powerful data retrieval capabilities. Third, we
cover querying on the structure of the text, which is more dependent on the
particular text model. Finally, we finish with some standard protocols used on
the Internet and by CD-ROM publishers.

4.2 Keyword-Based Querying

A query is the formulation of a user information need. In its simplest form, a
query is composed of keywords and the documents containing such keywords are
searched for. Keyword-based queries are popular because they are intuitive, easy
to express, and allow for fast ranking. Thus, a query can be (and in many cases
is) simply a word, although it can in general be a more complex combination of
operations involving several words.

In the rest of this chapter we will refer to single-word and multiple-word
queries as basic queries. Patterns, which are covered in section 4.3, are also
considered as basic queries.

4.2.1 Single-Ward Queries

The most elementary query that can be formulated in a text retrieval system is
a word. Text documents are assumed to be essentially long sequences of words.
Although some models present a more general view, virtually all models allow us
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syntax syntactic

Figure 4.1 An example of a query syntax tree. It will retrieve all the documents
which contain the word “translation’ as well as either the word ‘syntax’ or the word
‘syntactic’.

with a maximum allowed distance between them. For instance, the above
example could state that the two words should occur within four words, and
therefore a match could be ‘. ..enhance the power of retrieval....’
This distance can be measured in characters or words depending on the
system. The words and phrases may or may not be required to appear in
the same order as in the query.

Phrases can be ranked in a fashion somewhat analogous to single words
(see Chapters 2 and 5 for details). Proximity queries can be ranked in the same
way if the parameters used by the ranking technique do not depend on physical
proximity. Although it is not clear how to do better ranking, physical proximity
has semantic value. This is because in most cases the proximity means that the
words are in the same paragraph, and hence related in some way.

4.2.3 Boolean Queries

The oldest {and still heavily used) form of combining keyword queries is to use
Boolean operators. A Boolean guery has a syntax composed of atoms (i.e.,
basic queries) that retrieve documents, and of Boolean operators which work
on their operands (which are sets of documents) and deliver sets of documents.
Since this scheme is in general compositional (i.e., operators can be composed
over the results of other operators), a query syntax tree is naturally defined,
where the leaves correspond to the basic queries and the internal nodes to the
operators. The query syntax tree operates on an algebra over sets of documents
(and the final answer of the query is also a set of documents). This is much as,
for instance, the syntax trees of arithmetic expressions where the numbers and
variables are the leaves and the operations form the internal nodes. Figure 4.1
shows an example.

The operators most commonly used, given two basic queries or Boolean
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subexpressions e; and ez, are:

e OR The query (e; OR e3) selects all documents which satisfy e; or es.
Duplicates are eliminated.

e AND The query (e; AND eq) selects all documents which satisfy both e;
and es.

e BUT The query (e; BUT eg) selects all documents which satisfy e; but
not ey. Notice that classical Boolean logic uses a NOT operation, where
(NOT eg) is valid whenever e; is not. In this case all documents not
satisfying e should be delivered, which may retrieve a huge amount of
text and is probably not what the user wants. The BUT operator, instead,
restricts the universe of retrievable elements to the result of e;.§

Besides selecting the appropriate documents, the IR system may also sort
the documents by some criterion, highlight the occurrences within the documents
of the words mentioned in the query, and allow feedback by taking the answer
set as a basis to reformulate the query.

With classic Boolean systems, no ranking of the retrieved documents is
normally provided. A document either satisfies the Boolean query (in which
case it is retrieved) or it does not (in which case it is not retrieved). This is quite
a limitation because it does not allow for partial matching between a document
and a user query. To overcome this limitation, the condition for retrieval must
be relaxed. For instance, a document which partially satisfies an AND condition
might be retrieved.

In fact, it is widely accepted that users not trained in mathematics find
the meaning of Boolean operators difficult to grasp. With this problem in mind,
a ‘fuzzy Boolean’ set of operators has been proposed. The idea is that the
meaning of AND and OR. can be relaxed, such that instead of forcing an element
to appear in all the operands (AND) or at least in one of the operands (OR),
they retrieve elements appearing in some operands (the AND may require it to
appear in more operands than the OR). Moreover, the documents are ranked
higher when they have a larger number of elements in common with the query
(see Chapter 2).

4.2.4 Natural Language

Pushing the fuzzy Boolean model even further, the distinction between AND and
OR can be completely blurred, so that a query becomes simply an enumeration
of words and context queries. All the documents matching a portion of the user
query are retrieved. Higher ranking is assigned to those documents matching
more parts of the query. The negation can be handled by letting the user express

+ Notice that the same problem arises in the relational calculus, which is shown similar to the
relational algebra only when ‘unsafe’ expressions are avoided. Unsafe expressions are those
that make direct or indirect reference to a universe of elements, as NOT does.
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that some words are not desired, so that the documents containing them are
penalized in the ranking computation. A threshold may be selected so that the
documents with very low weights are not retrieved. Under this scheme we have
completely eliminated any reference to Boolean operations and entered into the
field of natural language queries. In fact, one can consider that Boolean queries
are a simplified abstraction of natural language gueries.

A number of new issues arise once this model is used, especially those
related to the proper way to rank an element with respect to a query. The
search criterion can be re-expressed using a different model, where documents
and queries are considered just as a vector of ‘term weights’ {with one coordi-
nate per interesting keyword or even per existing text word) and queries are
considered in exactly the same way (context queries are not considered in this
case). Therefore, the query is now internally converted into a vector of term
weights and the aim is to retrieve all the vectors (documents} which are close to
the query (where closeness has to be defined in the model). This allows many
interesting possibilities, for instance a complete document can be used as a guery
(since it is also a vector), which naturally leads to the use of relevance feedback
techniques (i.e., the user can select a document from the result and submit it as
a new query to retrieve documents similar to the selected one). The algorithms
for this model are totally different from those based on searching patterns (it is
even possible that not every text word needs to be searched but only a small set
of hopetully representative keywords extracted from each document). Natural
language querying is also covered in Chapter 14.

4.3 Pattern Matching

In this section we discuss more specific gquery formulations (based on the concept
of a pattern) which allow the retrieval of pieces of text that have some property.
These data retrieval queries are useful for lingnistics, text statistics, and data
extraction. Their result can be fed into the composition mechanism described
above to form phrases and proximity queries, comprising what we have called
basic queries. Basic queries can be combined using Boolean expressions. In
this sense we can view these data retrieval capabilities as enhanced tools for
information retrieval. However, it is more difficult to rank the result of a pattern
matching expression.

A pattern is a set of syntactic features that must occur in a text seg-
ment. Those segments satisfying the pattern specifications are said to ‘match’
the pattern. We are interested in documents containing segments which match
a given search pattern. BEach system allows the specification of some types of
patterns, which range from very simple (for example, words) to rather complex
(such as regular expressions). In general, as more powerful is the set of patterns
allowed, more involved are the queries that the user can formulate and more
complex is the implementation of the search. The most used types of patterns
are:
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Words A string {sequence of characters) which must be a word in the text
(see section 4.2). This is the most basic pattern.

Prefixes A string which must form the beginning of a text word. For
instance, given the prefix ‘comput’ all the documents containing words such
as ‘computer,” ‘computation,’ ‘computing,’ etc. are retrieved.

Suffixes A string which must form the termination of a text word. For
instance, given the suffix ‘ters’ all the documents containing words such
as ‘computers,’ ‘testers, ‘painters,’ etc. are retrieved.

Substrings A string which can appear within a text word. For instance,
given the substring ‘tal’ all the documents containing words such as
‘coastal,’ ‘talk,’ ‘metallic,’ etc. are retrieved. This query can be re-
stricted to find the substrings inside words, or it can go further and search
the substring anywhere in the text (in this case the query is not restricted
to be a sequence of letters but can contain word separators). For instance,
a search for ‘any flow’ will match in the phrase ‘.. .many flowers....’

Ranges A pair of strings which matches any word lying between them in
lexicographical order. Alphabets are normally sorted, and this induces an
order into the strings which is called lexicographical order (this is indeed the
order in which words in a dictionary are listed). For instance, the range
between words ‘held’ and ‘hold’ will retrieve strings such as ‘hoax’ and
‘hissing.’

Allowing errors A word together with an error threshold. This search
pattern retrieves all text words which are ‘similar’ to the given word. The
concept of similarity can be defined in many ways. The general concept is
that the pattern or the text may have errors (coming from typing, spelling,
or from optical character recognition software, among others), and the
query should try to retrieve the given word and what are likely to be its
erroneous variants. Although there are many models for similarity among
words, the most generally accepted in text retrieval is the Levenshtein dis-
tance, or simply edit distance. The edit distance between two strings is
the minimum number of character insertions, deletions, and replacements
needed to make them equal (see Chapter 6). Therefore, the query specifies
the maximum number of allowed errors for a word to match the pattern
(i.e., the maximum allowed edit distance). This model can also be extended
to search substrings (not only words), retrieving any text segment which is
at the allowed edit distance from the search pattern. Under this extended
model, if a typing error splits ‘flower’ into ‘flo wer’ it could still be found
with one error, while in the restricted case of words it could not (since nei-
ther ‘f1o’ nor ‘wer’ are at edit distance 1 from ‘flower’). Variations on
this distance model are of use in computational biclogy for searching on
DNA or protein sequences as well as in signal processing.

Regular expressions Some text retrieval systems allow searching for
regular expressions. A regular expression is a rather general pattern built
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up by simple strings (which are meant to be matched as substrings) and
the following operators:

— union: if e; and ey are regular expressions, then (e;|ea) matches what
€1 or es matches.

— concatenation: if e; and es are regular expressions, the occurrences
of (e1 ez) are formed by the occurrences of e; immediately followed
by those of ey (therefore simple strings can be thought of as a con-
catenation of their individual letters).

— repetition: if e is a regular expression, then (e*) matches a sequence
of zero or more contiguous occurrences of e.

For instance, consider a query like ‘pro (blem | tein) (s | &) (0 | 1 |
2)*’ (where ¢ denotes the empty string). It will match words such as
‘problem02’ and ‘proteins.’ As in previous cases, the matches can be
restricted to comprise a whole word, to occur inside a word, or to match
an arbitrary text segment. This can also be combined with the previous
type of patterns to search a regular expression allowing errors.

o Extended patterns It is normal to use a more user-friendly query lan-
guage to represent some common cases of regular expressions. Extended
patterns are subsets of the regular expressions which are expressed with
a simpler syntax. The retrieval system can internally convert extended
patterns into regular expressions, or search them with specific algorithms.
Each system supports its own set of extended patterns, and therefore no
formal definition exists. Some examples found in many new systems are:

— classes of characters, i.e. one or more positions within the pattern
are matched by any character from a pre-defined set. This involves
features such as case-insensitive matching, use of ranges of characters
(e.g., specifying that some character must be a digit), complements
(e.g., some character must not be a letter), enumeration (e.g., a char-
acter must be a vowel), wild cards (i.e., a position within the pattern
matches with anything), among others.

— conditional expressions, i.e., a part of the pattern may or may not
appear.

— wild characters which match any sequence in the text, e.g. any word
which starts as ‘flo’ and ends with ‘ers,” which matches ‘flowers’
as well as ‘flounders.’

— combinations that allow some parts of the pattern to match exactly
and other parts with errors.

4.4 Structural Queries

Up to now we have considered the text collection as a set of documents which
can be queried with regard to their text content. This model is unable to take
advantage of novel text features which are becoming commonplace, such as the
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4.4.1 Fixed Structure

The structure allowed in texts was traditionally quite restrictive. The documents
had a fixed set of fields, much like a filled form. Each field had some text inside.
Some fields were not present in all documents. Only rarely could the fields
appear in any order or repeat across a document. A document could not have
text not classified under any field. Fields were not allowed to nest or overlap.
The retrieval activity allowed on them was restricted to specifying that a given
basic pattern was to be found only in a given field. Most current commercial
systems use this model.

This model is reasonable when the text collection has a fixed structure.
For instance, a mail archive could be regarded as a set of mails, where each mail
has a sender, a receiver, a date, a subject, and a body field. The user can thus
search for the mails sent to a given person with ‘football’ in the subject field.
However, the model is inadequate to represent the hierarchical structure present
in an HTML document, for instance.

If the division of the text into fields is rigid enough, the content of some
fields can even be interpreted not as text but as numbers, dates, etc. thereby
allowing different queries to be posed on them (e.g., month ranges in dates). It
is not hard to see that this idea leads naturally to the relational model, each field
corresponding to a column in the database table. Looking at the database as a
text allows us to query the textual fields with much more power than is common
in relational database systemns. On the other hand, relational databases may
make better use of their knowledge on the data types involved to build specialized
and more efficient indices. A number of approaches towards combining these
trends have been proposed in recent years, their main problem being that they
do not achieve optimal performance because the text is usually stored together
with other types of data. Nevertheless, there are several proposals that extend
SQL (Structured Query Language) to allow full-text retrieval. Among them we
can mention proposals by leading relational database vendors such as Oracle and
Svbase, as well as SFQL, which is covered in section 4.5.

4.4.2 Hypertext

Hypertexts probably represent the maximum freedom with respect to structuring
power. A hypertext is a directed graph where the nodes hold some text and the
links represent connections between nodes or between positions inside the nodes
(see Chapter 2). Hypertexts have received a lot of attention since the explosion
of the Web, which is indeed a gigantic hypertext-like database spread across the
world.

However, retrieval from a hypertext began as a merely navigational activity.
That is, the user had to manually traverse the hypertext nodes following links
to search what he wanted. It was not possible to query the hypertext based on
its structure. Even in the Web one can search by the text contents of the nodes,
but not by their structural conunectivity.
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An interesting proposal to combine browsing and searching on the Web is
WebGlimpse. It allows classical navigation plus the ability to search by content
in the neighborhood of the current node. Currently, some query tools have
appeared that achieve the goal of querying hypertexts based on their content
and their structure. This problem is covered in detail in Chapter 13.

4.4.3 Hierarchical Structure

An intermediate structuring model which lies between fixed structure and hy-
pertext is the hierarchical structure. This model represents a recursive decom-
position of the text and is a natural model for many text collections (e.g., books,
articles, legal documents, structured programs, ete.). Figure 4.3 shows an exam-
ple of such a hierarchical structure.

The simplification from hypertext to a hierarchy allows the adoption of
faster algorithms to solve queries. As a general rule, the more powerful the
model, the less efficiently it can be implemented.

Qur aim in this section is to analyze and discuss the different approaches
presented by the hierarchical models. We first present a selection of the most
representative models and then discuss the main subjects of this area.
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A Sample of Hierarchical Models

PAT Ezpressions

These are built on the same index as the text index, i.e. there is no special
separate index on the structure. The structure is assumed to be marked in the
text by tags (as in HTML), and therefore is defined in terms of initial and final
tags. This allows a dynamic scheme where the structure of interest is not fixed
but can be determined at query time. For instance, since tags need not to be
especially designed as normal tags, one can define that the end-of-lines are the
marks in order to define a structure on lines. This also allows for a very efficient
implementation and no additional space overhead for the structure.

Each pair of initial and final tags defines a region, which is a set of con-
tiguous text areas. Externally computed regions are also supported. However,
the areas of a region cannot nest or overlap, which is quite restrictive. There is
no restriction on areas of different regions.

Apart from text searching operations, it is possible to select areas contain-
ing (or not) other areas, contained (or not) in other areas, or followed (or not)
by other areas.

A disadvantage is that the algebra mixes regions and sets of text positions
which are incompatible and force complex conversion semantics. For instance, if
the result of a query is going to generate overlapping areas (a fact that cannot
be determined beforehand) then the result is converted to positions. Also, the
dynamic definition of regions is flexible but requires the structure to be express-
able using tags (also called ‘markup’, see Chapter 6), which for instance does
not occur in some structured programming langnages.

Overlapped Lists
These can be seen as an evolution of PAT Expressions. The model allows for the
areas of a region to overlap, but not to nest. This elegantly solves the problems of
mixing regions and sets of positions. The model considers the use of an inverted
list (see Chapter 8) where not only the words but also the regions are indexed.
Apart from the operations of PAT Expressions, the model allows us to
perform set union, and to combine regions. Combination means selecting the
minimal text areas which include any two areas taken from two regions. A
‘followed by’ operator imposes the additional restriction that the first area must
be before the second one. An ‘n words’ operator generates the region of all
(overlapping) sequences of n words of the text (this is further nsed to retrieve
elements close to each other). If an operation produces a region with nested
arecas, only the minimal areas are selected. An example is shown in Figure 2.11.
The implementation of this model can also be very eflicient. It is not
clear, however, whether overlapping is good or not for capturing the structural
properties that information has in practice. A new proposal allows the structure
to be nested and overlapped, showing that more interesting operators can still
be implemented.
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integration of queries on text content with queries on text structure, the query
language must provide for full expressiveness of both types of queries and for
effective means of combining them.

Query language

Typical queries on structure allow the selection of areas that contain {(or not)
other areas, that are contained {or not) in other areas, that follow (or are followed
by) other areas, that are close to other areas, and set manipulation. Many of
them are implemented in most models, although each model has unique features.
Some kind of standardization, expressiveness taxonomy, or formal categorization
would be highly desirable but does not exist yet.

4.5 Query Protocols

In this section we briefly cover some query languages that are used automatically
by software applications to query text databases. Some of them are proposed as
standards for querying CD-ROMs or as intermediate languages to query library
systems. Because they are not intended for human use, we refer to them as
protocols rather than languages. More information on protocols can be found in
Chapters 14 and 15. The most important query protocols are:

e Z39.50 is a protocol approved as a standard in 1995 by ANSI and NISO.
This protocol is intended to query bibliographical information using a stan-
dard interface between the client and the host database manager which is
independent of the client user interface and of the query database language
at the host. The database is assumed to be a text collection with some fixed
fields (although it is more flexible than usual). The Z39.50 protocol is used
broadly and is part, for instance, of WAIS (see below). The protocol does
not only specify the query language and its semantics, but also the way
in which client and server establish a session, communicate and exchange
information, ete. Although originally conceived only to operate on bib-
liographical information (using the Machine Readable Cataloging Record
(MARC) format), it has been extended to query other types of information
as well.

e WAIS (Wide Area Information Service) is a suite of protocols that was
popular at the beginning of the 1990s before the boom of the Webh. The
goal of WAIS was to be a network publishing protocol and to be able to
query databases through the Internet.

In the CD-ROM publishing arena, there are several proposals for query
protocols. The main goal of these protocols is ta provide ‘disk interchangeability.’
This means more flexibility in data communication between primary information
providers and end users. It also enables significant cost savings since it allows
access to diverse information without the need to buy, install, and train users for
different data retrieval applications. We briefly cover three of these proposals:
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e« CCL (Common Command Language) is a NISO proposal (Z39.58 or ISO
8777) based on Z39.50. It defines 19 commands that can be used interac-
tively. It is more popular in Furope, although very few products use it. It
is based on the classical Boolean model.

e CD-RDx (Compact Disk Read only Data exchange) uses a client-server
architecture and has been implemented in most platforms. The client is
generic while the server is designed and provided by the CD-ROM publisher
who includes it with the database in the CD-ROM. It allows fixed-length
fields, images, and audio, and is supported by such US national agencies
as the CIA, NASA, and GSA.

e SFQL (Structured Full-text Query Language) is based on SQL and also
has a client-server architecture. SFQL has been adopted as a standard by
the aerospace community (the Air Transport Association/Aircraft Industry
Association}). Documents are rows in a relational table and can be tagged
using SGML. The language defines the format of the answer, which has a
header and a variable length message area. The language does not define
any specific formatting or markup. For example, a query in SFQL is:

Select abstract from journal .papers where title
contains "text search"

The language supports Boolean and logical operators, thesaurus, proximity
operations, and some special characters such as wild cards and repetition.
For example:

a where paper contains "retrieval" or like "info
%" and date > 1/1/98

Compared with CCL or CD-RDx, SFQL is more general and flexible, al-
though it is based on a relational model, which is not always the best choice
for a document database.

4.6 Trends and Research Issues

We reviewed in this chapter the main aspects of the query languages that retrieve
information from textual databases. Our discussion covered from the most classic
tools to the most novel capabilities that are emerging, from searching words to
extended patterns, from the Boolean model to querying structures. Table 4.1
shows the different basic queries allowed in the different models. Although the
probabilistic and the Bayesian belief network (BBN} models are based on word
queries, they can incorporate set operations.

We present in Figure 4.4 the types of operations we covered and how they
can be structured (not all of them exist in all models and not all of them have
to be used to form a query). The figure shows, for instance, that we can form a
query using Boolean operations over phrases (skipping structural queries), which
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Model Queries allowed
Boolean word, set operations
Vector words

Probabilistic words

BBN words

Table 4.1 Relationship between types of queries and models.

can be formed by words and by regular expressions (skipping the ability to allow
eITors).
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Figure 4.4 The types of queries covered and how they are structured.

The area of query languages for text databases is definitely moving towards
higher flexibility. While text models are moving towards the goal of achieving
a better understanding of the user needs (by providing relevance feedback, for
instance), the query languages are allowing more and more power in the specifica-
tion of the query. While extended patterns and searching allowing errors permit
us to find patterns without complete knowledge of what is wanted, querying on
the structure of the text (and not only on its content) provides greater expres-
siveness and increased functionality.

Another important research topic is visual query languages. Visual meta-
phors can help non-experienced users to pose complex Boolean queries. Also, a
visual query language can include the structure of the document. This topic is
related to user interfaces and visualization and is covered in Chapter 10.
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Using these approximations, equation 5.2 can rewritten as

: |Dy.i] ni — [ Dril
sim(d;, q) = Z Wi,q Wi log [[Dr| ~ 1D = N=TD. - (m = )

=1

Notice that here, contrary to the procedure in the vector space model, no query
expansion occurs. The same query terms are being reweighted using feedback
information provided by the user.

Formula 5.3 poses problems for certain small values of |D,| and |D,.;| that
frequently arise in practice (|Dy| = 1,|D;¢| = 0). For this reason, a 0.5 adjust-
ment factor is often added to the estimation of P(k;|R) and P{k;(R) yiclding

- ID,—}@' + 0.5_

Ty — D,~'.‘ + 0.5

N —|D,.|+1

P(kilR) = (5.4)

This 0.5 adjustment factor may provide unsatisfactory estimates in some cases,
and alternative adjustments have been proposed such as n;/N or (n; — | D, ;)
/(N —|D,|) [843]. Taking n;/N as the adjustment factor (instead of 0.5), equa-
tion 5.4 becomes
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The main advantages of this relevance feedback procedure are that the
feedback process is directly related to the derivation of new weights for guery
terms and that the term reweighting is optimal under the assumptions of term
independence and binary document indexing (w; 4 € {0,1} and w;; € {0,1}).
The disadvantages include: (1) document term weights are nof taken into account
during the feedback loop; (2) weights of terms in the previous query formulations
are also disregarded; and (3) no query expansion is used (the same set of index
terms in the original query is reweighted over and over apgain). As a result
of these disadvantages, the probabilistic relevance feedback methods do not in
general operate as effectively as the conventional vector modification methods.

To extend the probabilistic model with query expansion capabilities, differ-
ent approaches have been proposed in the literature ranging from term weighting
for query expansion to term clustering techniques based on spanning trees. All
of these approaches treat probabilistic query expansion separately from proba-
bilistic term reweighting. While we do not discuss them here, a brief history of
research on this issue and bibliographical references can be found in section 5.6.

5.2.3 A Variant of Probabilistic Term Reweighting

The discussion above on term reweighting is based on the classic probabilis-
tic model introduced by Robertson and Sparck Jones in 1976. In 1983, Croft
extended this weighting scheme by suggesting distinct initial search methods
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5.3.1 Query Expansion Through Local Clustering

Adoption of clustering techniques for query expansion is a basic approach which
has been attempted since the early years of information retrieval. The standard
approach is to build global structures such as association matrices which quantify
term correlations (for instance, number of documents in which two given terms
co-oceirr) and to use correlated terms for query expansion. The main problem
with this strategy is that there is not consistent evidence that global structures
can be used effectively to immprove retrieval performance with general collections.
(One main reason seems to be that global structures do not adapt well to the local
context defined by the current query. One approach to deal with this effect is
to devise strategies which aim at optimizing the eurrent search. Such strategies
are based on local elustering and are now discussed. Our discussion is based on
the original work by Attar and Fraenkel which appeared in 1977.
We first define basic terminology as follows.

Definition Let V(s) be a non-emply subset of words which are grammatical
variants of each other. A canonical form s of V(s) s called a stem. For instance,
if V(s)={polish,polishing,polished} then s=polish.

For a detailed discussion on sternming algorithms see Chapter 7. While stems
are adopted in our discussion, the ideas below are also valid for non-stemmed
keywords. We procced with a characterization of the local nature of the strategies
covered here.

Definition  For o given query q, the sel Dy of documents retrieved is called the
local document set. Further, the set V) of all distinet words in the local document
set s celled the local vocabulary. The set of all distinct stems derived from the
sel Vi 1s referred to as 5.

We operate solely on the documents retrieved for the current query. Since it
is frequently necessary to access the text of such documents, the application of
local strategies to the Web is unlikely at this time. In fact, at a client machine,
retrieving the text of 100 Web documents for local analysis would take too long,
reducing drastically the interactive nature of Web interfaces and the satistaction
of the users. Further, at the search engine site, analyzing the text of 100 Web
documments would represent an extra spending of CPU time which is not cost
effective at this time (because search engines depend on processing a high number
of queries per unit of time for cconomic survival). However, local strategics might
be quite useful in the environment of intranets such as, for instance, the collection
of documents issued by a large business company. Further, local strategies might
also be of great assistance for searching information in specialized document
collections (for instance, medical document collections).

Local feedback strategies are based on expanding the query with terms
correlated to the query terms. Such correlated terms are those present in lo-
cal clusters built from the local document set. Thus, before we discuss local
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Despite the fact that the above clustering procedure adopts stems, it can
equally be applied to non-stemmed keywords. The procedure remains unchanged
except for the usage of keywords instead of stems. Keyword-based local cluster-
ing is equally worthwhile trying because there is controversy over the advantages
of using a stemmed vocabulary, as discussed in Chapter 7.

Metric Clusters

Association clusters are based on the frequency of co-occurrence of pairs of terms
in documents and do not take into account where the terms occur in a document.
Since two terms which occur in the same sentence seem more correlated than
two terms which occur far apart in a document, it might be worthwhile to factor
in the distance between two terms in the computation of their correlation factor.
Metric clusters are based on this idea.

Definition Let the distance r(k;, k'j) between two keywords k; and k; be given
by the number of words between them in a same document. If k; and k; are
mn distinet documents we take r(k,;,kj) = o0. A local stem-stem metric correla-
tion matriz § is defined as follows. Each element s, , of § expresses a metric
correlation ¢, ., between the stems s, and s, namely,

= 2, 2 =

ki€V(sy) kjeV(sy)

In this expression, as already defined, V(s,) and V(s,) indicate the sets of
keywords which have s,, and s, as their respective stems. Variations of the above
expression for ¢, , have been reported in the literature (such as 1/r*(k;, k;)) but
the differences in experimental results are not remarkable.

The correlation factor ¢, , quantifies absolute inverse distances and is said
to be unnormalized. Thus, if we adopt

B = Ol (5.8)

then the association matrix § is said to be unnormalized. An alternative is to
normalize the correlation factor. For instance, if we adopt

v = )] x [Vies)] (5-9)

then the association matrix 5 is said to be normalized.
Given a local metric matrix &, we can use it to build local metric clusters
as follows.

Definition Consider the u-th row in the metric correlation matriz § (1.e., the
row with all the associations for the stem s, ). Let Sy(n) be a function which
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of occurrence of the term k; in the document d;. Further, let t; be the number of
distinct index terms in the document d; and itf; be the inverse term frequency
for document d;. Then,

t
itf; = log ™
b

anologously to the definition of inverse document frequency.

Within this framework, to cach term k; is associated a vector I_c;- given by

-

ky = (M 5 Wi By « 4 Wi, 1)

where, as in Chapter 2, w; ; is a weight associated to the index-document pair
[k, d;]. Here, however, these weights are computed in a rather distinct form as
follows.

B ki, .y
v (O"] +D'5mnm,ff..j)) Zt‘fj (5 11)
i — N : : -
ﬁ;zzl(o.s + 0.5 it f?

where maz;(f;;) computes the maximum of all factors f;; for the i-th term
(i.e., over all documents in the collection). We notice thal the expression above
is a variant of tf-idf weights but one which considers inverse term frequencies
instead.

The relationship between two terms &, and &, is computed as a correlation
factor ¢, 4, given by

Cym = k'u. : kv = Z Uy, 5 X Uy 4 (5.12)
Y d

We notice that this is a variation of the correlation measure used for comput-
ing scalar association matrices (delined by Equation 5.5). The main difference
is that the weights are based on interpreting documents as indexing elements
instead of repositories for term co-occurrence. The global similarity thesaurus
is built through the computation of the correlation factor ¢, , for each pair of
indexing terms [k, k,] in the collection (analogously to the procedure in sec-
tion 5.3). Of course, this is computationally expensive. However, this global
similarity thesaurus has to be computed only once and can be updated incre-
mentally.

Given the global similarity thesaurus, query expansion is done in three
steps as follows.

e First, represent the query in the concept space used for representation of
the index terms.
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5.6 Bibliographic Discussion

Query expansion methods have been studied for a long time. While the success
of expansion methods throughout the years has been debatable, more recently
researchers have reached the consensus that query expansion is a useful and little
explored {commercially) technique. Useful because its modern variants can be
used to consistently improve the retrieval performance with general collections.
Little explored because few commercial systems (and Web search engines) take
advantage of it.

Early work suggesting the expansion ot a user query with closely related
terms was done by Maron and Kuhns in 1960 (547]. The classic technique for
combining query expansion with term reweighting in the vector model was stud-
ied by Rocchio in 1965 {using the Smart system [695] as a testbed)} and published
later on [678]. Ide continued the studies of Roechio and proposed variations to
the term reweighting formula [391).

The probabilistic model was introduced by Robertson and Sparck Jones
[677] in 1976. A thorough and entertaining discussion of this model can be found
in the book by van Rijsbergen [785]. Croft and Harper [199] suggested that the
initial search should use a distinct computation. In 1983, Croft [198] proposed
to extend the probabilistic formula to include within-document frequencies and
introduced the C and K parameters.

Since the probabilistic model does not provide means of expanding the
query, query expansion has to be done separately. In 1978, Harper and van
Rijsbergen [345] used a term-term clustering technique based on a maximum
spanning tree to select terms for probabilistic query expansion. Two years later,
they also introduced a new relevance weighting scheme, called EMIM [344], to be
used with their query expansion technique. In 1981, Wu and Salton [835] used
relevance feedback to reweight terms (using a probabilistic formula) extracted
from relevant documents and used these terms to expand the query. Empirical
results showed improvements in retrieval performance.

Qur discussion on user relevance feedback for the vector and probabilistic
models in section 5.2 is based on four sources: a nice paper by Salton and Buck-
ley [696], the book by van Rijsbergen [785], the book by Salton and McGill [698],
and two book chapters by Harman [340, 339).

Regarding automatic query expansion, Lesk [500] tried variations of term-
term clustering in the Smart system without positive results. Following that,
Sparck Jones and Barber [413] and Minker, Wilson and Zimmerman [562] also
observed no improvements with query expansion based on term-term global clus-
tering. These carly research results left the impression that query expansion
based on global analysis is not an effective technique. However, more recent
results show that this is not the case. In fact, the research results obtained by
Vorhees [793], by Crouch and Yang [200], and by Qiu and Frei [655] indicate
that query expansion based on global analysis can consistently yield improved
retrieval performance.

Our discussion on query expansion through local clustering is based on
early work by Attar and Fraenkel [35] from 1977. The idea of local context
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Document
Presentation Style
Syntax — Text + Structure + /
Other Media \
Semantics

Figure 6.1 Characteristics of a document.

and generic languages are better because documents can be interchanged be-
tween applications and are more flexible. Text can also be written in natural
language. However, at present the semantics of natural language is still not easy
for a computer to understand. The current trend is to use languages which pro-
vide information on the document structure, format, and semantics while being
readable by humans as well as computers. The Standard Generalized Markup
Language (SGML), which is covered later on in this chapter, tries to balance all
the issues above. Metadata, markup, and semantic encoding represent different
levels of formalization of the document, contents.

Most documents have a particular formatting style. However, new appli-
cations are pushing for external formatting such that information can be rep-
resented independently of style, and vice versa. The presentation style can be
embedded in the document, as in TeX or Rich Text Format (RTF). Style can
be complemented by macros (for example, LaTeX in the case of TeX). In most
cases, style is defined by the document author. However, the reader may decide
part of the style (for example, by setting options in a Web browser). The style
of a document defines how the document is visualized in a computer window or
a printed page, but can also include treatment of other media such as audio or
video.

In this chapter we first cover metadata. Iollowing that we discuss text
characteristics such as formats and natural language statistics. Next we cover
languages to describe text structure, presentation style, or semantics. The last
part is devoted to multimedia formats and languages.

6.2 Metadata

Most documents and text colleetions have associated with them what is known as
metadata. Metadata is information on the organization of the data, the various
data domains, and the relationship between them. In short, metadata is ‘data
about the data.” For instance, in a database management system, the schema
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there are many Web projects on ontologies for different application domains (see
also Chapters 13 and 15). Mectadata is also useful for metadescriptions of non-
textual objects. For example, a set of keywords that describe an image. These
keywords can later be used to search for the image using classic text information
rctrieval techniques (on the mctadescriptions).

6.3 Text

With the advent of the computer. it was necessary to code text in binary digits.
The first coding schemes were EBCDIC and ASCII, which used seven bits to
code each possible symbol. Later, ASCII was standardized to eight bits (ISO-
Latin), to accommodate several languages, including accents and other diacritical
marks. Nevertheless, ASCII is not suitable for oriental languages such as Chinese
or Japanese Kanji, where each symbol might represent a concept and therefore
thousands of them exist. For this case, a 16-bit code exists called Unicode (ISO
10616) [783].

In this section we cover different characteristics of text. First, the possible
formats of text, ASCII being the simplest format. Second, how the information
content of text can be measured, followed by different models for it. Finally, we
mention briefly how we can measure similarity between strings or pieces of text.

6.3.1 Formats

There is no single format for a text document, and an IR system should be
able to retrieve information [rom many of them. In the past, IR systems would
convert a document to an internal format. However, that has many disadvan-
tages, because the original application related to the document is not useful any
more. On top of that, we caunot change the contents of & document. Current
IR systems have filters that can handle most popular documents, in particular
those of word processors with some binary syntax such as Word, WordPerfect
or FrameMaker. Even then, good filters might not be possible if the format is
proprietary and its details are not public. This is not the case for full ASCIT
syntax, as in TeX documents. Although documents can be in a binary format
(for example, parts of a Word document), documents that are represented in
human-readable ASCII form imply more portability and are easier to modify
(for example, they can be edited with different applications).

Other text formats were developed for document interchange. Among these
we should mention the Rich Text ormat (RTF), which is used by word proces-
sors and has ASCIT syntax. Other important formats were developed for display-
ing or printing documents. The most popular ones are the Portable Document
Format (PDF) and Postscript (which is a powerful programming language for
drawing). Other interchange formats are used to encode electronic mail, for ex-
ample MIME (Multipurpose Internet Mail Exchange). MIME supports multiple
character sets, multiple languages, and multiple media.

On top of these formats, nowadays many files are compressed. Text com-
pression is treated in detail in Chapler 7. but here we comment on the most
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markup, leaving all the displaying information to CSS. Transitional HTML uses
all the presentational features for pages that should be read for old browsers that
do not understand CSS. Frameset HTML is used when you want to partition the
browser window in two or more frames. HTML 4.0 includes support for style
shects, internationalization, frames, richer tables and forms, and accessibility
options for people with disabilities.

Typical HTML applications use a fixed small set of tags in conformance
with a single SGML specification. Fixing a small set of tags allows users to leave
the language specification out of the document and makes it much easier to build
applications, but this advantage comes at the cost of severely limiting HTML in
several important aspects. In particular, HI'ML does not:

e allow users to specify their own tags or attributes in order to parameterize
or otherwise semantically qualify their data;

e support the specification of nested structures needed to represent database
schemas or object-oriented hierarchies;

e support the kind of language specification that allows consuming applica-
tions to check data for structural validity on importation.

In contrast to HT'MI. stands generic SGML. A generic SGML application is one
that supports SGML language specifications of arbitrary complexity and makes
possible the qualities of extensibility, structure, and validation missing in HTML.
SGML makes it possible to define your own formats for your own documents, to
handle large and complex documents, and to manage large information reposi-
tories. However, full SGML contains many optional features that are not needed
for Web applications and have proven to have a cost/benelit ratio unattractive
to current vendors of Web browsers. All these reasons led to the development of
XML, a simpler metalanguage that is described in the next section.

6.4.3 XML

XML stands for eXtensible Markup Language and is a simplified subset of SGML.
That is, XML is not a markup language, as HTML is, but a metalanguage that
is capable of containing markup languages in the same way as SGML. XML
allows a human-readable semantic markup, which is aiso machine-readable. As a
result, XML makes it easier to develop and deploy new specific markup, enabling
automatic authoring, parsing, and processing of networked data. In some ways,
XML allows one to do many things that today are done by Java scripts or other
program interfaces.

XML does not have many of the restrictions imposed by HTML but on
the other hand imposecs a more rigid syntax on the markup, which becomes
important at processing time. In XML, ending tags cannot be omitted. Also,
tags [or elements that do not have any content, like BR and IMG, are specially
marked by a slash before the closing angle bracket. XML also distinguishes upper
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Following the guiding principle of SGML, HyTime-defined structure is indepen-

dent of any presentation of the encoded document. As an architecture, HyTime

allows DTDs to be written for individual document models that use HyTime

constructs, specifying how these document sets tailor the composition of these

constructs for their particular representational needs. The standard also provides

several metaDTDs, facilitating the design of new multimedia markup languages.
The hypermedia concepts directly rcpresented by HyTime include

e complex locating of document objects,
e relationships (hyperlinks) between document objects, and

e numeric, measured associations between document objects.

The HyTime architecture has three parts: the base linking and addressing
architecture, the scheduling architecture (derived from the base architecture),
and the rendition architecture (which is an application of the scheduling archi-
tecture). The base architecture addresses the syntax and semantics of hyper-
links. For most simple hypermedia presentations, this should be enough. The
scheduling module of HyTime defines the abstract representation of arbitrarily
complex hypermedia structures, including music and interactive presentations.
Its basic mechanism is a simple one: the sequencing of object containers along
axes measured in temporal or spatial units. The rendition module is cssentially
an application of the scheduling architecture that defines a general mechanism
for defining the creation of new schedules from existing schedules by applying
special ‘rendition rules’ of different types.

HyTime does not directly specify graphical interfaces, user navigation, user
interaction, or the placement of media on time lines and screen displays. These
aspects of document processing are rendered from the HyTime constructs in a
manner specified by mechanisms such as style sheets, as is done with SGML
docurents.

One application of HyTime, is the Standard Music Description Language
(SMDL). SDML is an architecture for the representation of music information,
either alone, or in conjunction with other media, also supporting multimedia
time sequencing information. Another application is the Metafile for Interactive
Documents (MID). MID is a common interchange structure, based on SGML
and HyTime, that takes data from various authoring systems and structures it
for display on dissimilar presentation systems, with minimal human intervention.

6.0 Trends and Research Issues

Many changes and proposals are happening, and very rapidly, in particular due
to the advent of the Web. At this point, the reader must be lost in a salad
of acronyms (we were tool), in spite of the fact that we have only mentioned
the most important languages and formats. The most important of these are
included in the Glossary at the end of this book. Some people believe that new
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automated storage schema generation, life-cycle maintenance, and other
management facilities.

o Efforts to convert MARC to SGML by defining a DTD, as well as convert-
ing MARC to XML. This has potential possibilities for enhanced access
and navigation and presentation of MARC record data and the associated
information.

e CGM has become of interest to Web researchers and commercial vendors
for its use on the Internet, by developing a new encoding which can be
parsed by XML.

e Several new proposals have appeared. Among them we can mention SDML
(Signed Document Markup Language), VML (Vector Markup Language),
and PGML (Precision Graphics Markup Language). The latter is based
on the 2D imaging model of Postscript and PDF.

6.7 Bibliographic Discussion

The document model used in the introduction is based on [437]. Specific infor-
mation on Web metadata is given in [487, 753]. Most of the information about
markup languages and related issues is from the World Wide Web Consortium
(see www.w3.org), in particular information on new developments such as DOM
or SMIL. More information on SGML and XML. is given by Goldfarb [303, 304].
Additional references in SGML are [369, 756] (in particular, the SGML exam-
ple has been adapted from [24]). There arc hundreds of books on HTML. Two
sources for HTML 4.0 are [207, 796]. A book on CSS is [517]. For information on
XML, XSL, and XLL see [795, 799, 798]. For a discussion about the advantages
and disadvantages of XML and related languages see [182, 106, 455, 436]. More
information on multimedia formats can be found in [501]. Formats for images
and compression of textual images are covered in detail in [825].
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Despite these benefits, elimination of stopwords might reduce recall. For
instance, consider a user who is looking for documents containing the phrase ‘o
be or not to be.’ Elimination of stopwords might leave only the term be making it
almost impossible to properly recognize the documents which contain the phrase
specified. This is one additional reason for the adoption of a full text index
(i.e., insert all words in the collection into the inverted file) by some Web search
engines.

7.2.3 Stemming

Frequently, the user specifies a word in a query but only a variant of this word
is present in a relevant document. Plurals, gerund forms, and past tense sullixes
arc cxamples of syntactical variations which prevent a perfect match belween
a query word and a respective document word. This problem can be partially
overcome with the substitution of the words by their respective stems.

A stem is the portion of a word which is left after the removal of its affixes
(i.e., prefixes and suffixes). A typical exarnple of a stem is the word connect which
is the stem for the variants connected, connecting, connection, and connections.
Stems are thought to be useful for improving retrieval performance because they
reduce variants of the same root word to a common concept. Furthermore,
stemming has the secondary effect of reducing the size of the indexing structurc
because the number of distinet index terms is reduced.

While the argument supporting stemming seems sensible, there is contro-
versy in the literature about the benefits of stemming for retrieval performance.
In fact, different studies lead to rather conflicting conclusions. Frakes [275] com-
pares eight distinet studics on the potential benefits of sternming. While he
favors the usage ol slemming, the results of the eight experimental studies he
investigated do not allow us to reach a satisfactory conclusion. As a result of
these doubts, many Web search engines do not adopt any stemming algorithm
whatsoever.

Frakes distinguishes four types of stemming strategies: affix removal, table
lookup, successor variety, and n-grams. Table lookup consists simply of looking
for the stem of a word in a table. It is a simple procedure but one which is de-
pendent on data on stems for the whole language. Since such data is not readily
available and mnight require considerable storage space, this type of stemming
algorithm might not be practical. Successor variety stemming is based on the
determination of morpheme boundaries, uses knowledge from structural linguis-
tics, and is more complex than affix removal stemming algorithms. N-grams
stemming is based on the identilication ol digrams and irigrams and is more a
term clustering procedure than a stermming one. Affix removal stermming is intu-
itive, simple, and can be implemented efficiently. Thus, in the remainder of this
scetion we concentrate our discussion on algorithms for affix removal stemming
only.

In affix removal, the most important part is suffix removal because most
variants of & word are generated by the introduction of suffixes (instead of pre-
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using nouns as index terms, we adopt noun groups. A moun group is a set of
nouns whose syntactic distance in the text (measured in terms of number of
words between two nouns) does not exceed a predefined threshold (for instance,
3L

When noun groups are adopted as indexing terms, we obtain a conceptual
logical view of the documents in terms of sets of non-elementary index terms.

7.2.5 Thesauri

The word thesaurus has Greek and Latin origins and is used as a reference to
a treasury of words [261]. In its simplest form, this treasury consists of (1) a
precompiled list of important words in a given domain of knowledge and (2) for
each word in this list, a set of related words. Related words are, in its most
common variation, derived from a synonymity relationship.

In general, however, a thesaurus also involves some normalization of the
vocabulary and includes a structure much more complex than a simple list of
words and their synonyms. For instance, the popular thesaurus published by
Peter Roget [679] also includes phrases which means that concepts more complex
than single words are taken into account. Roget’s thesaurus is of a general nature
(i.e., not specific to a certain domain of knowledge) and organizes words and
phrases in categories and subcategories.

An example of an entry in Roget’s thesaurus is as follows:

cowardly adjective

Tgnobly lacking in courage: cowardly turncoats.

Syns: chicken (slang), chicken-hearted, craven, dastardly, faint-
hearted, gutless, lily-livered, pusillanimous, unmanly, vellow (slang),
yellow-bellied (slang).

To the adjective cowardly, Roget’s thesaurus associates several synonyms which
compose a thesaurus class. While Roget’s thesaurus is of a generic nature, a
thesaurus can be specific to a certain domain of knowledge. For instance, the
Thesaurus of Engineering and Scientific Terms covers concepts related to engi-
neering and technical terminology.

According to Foskett [261], the main purposes of a thesaurus are basically:
(a) to provide a standard vocabulary (or system of references) for indexing and
searching; (b) to assist users with locating terms for proper query formulation;
and (c) to provide classified hierarchies that allow the broadening and narrowing
of the current query request according to the needs of the user. In this section,
however, we do not discuss how to use a thesaurus for modifying the user query.
This issue is covered on Chapter 5 which also discusses algorithms for automatic
construction of thesauri.

Notice that the motivation for building a thesaurus is based on the fun-
damental idea of using a controlled vocabulary for the indexing and searching.
A controlled vocabulary presents important advantages such as normalization
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systems, document databases, and the Web has led to an explosion of tex-
tual information available online. In this scenario, text compression appears
as an attractive option for reducing costs associated with space requirements,
input/output (I/O) overhead, and communication delays. The gain obtained
from compressing text is that it requires less storage space, it takes less time
to be transmitted over a communication link, and it takes less time to search
directly the compressed text. The price paid is the time necessary to code and
decode the text.

A major obstacle for storing text in compressed form is the need for IR
systems to access text randomly. To access a given word in a compressed text,
it is usually necessary to decode the entire text from the beginning until the
desired word is reached. It could be argued that a large text could be divided
into blocks that are compressed independently, thus allowing fast random access
to each block. However, efficient compression methods need to process some
text belore making compression effective (usually more than 10 kilobytes). The
smaller the blocks, the less effective compression is expected to be.

Our discussion here focuses on text compression methods which are suit-
able for use in an IR environment. For instance, a successful idea aimed at
merging the requirements of compression algorithms and the needs of IR systems
is to consider that the symbols to be compressed are words and not characters
(character-based compression is the more conventional approach). Words are the
atoms on which most IR systems are built. Moreover, it is now known that much
better compression is achieved by taking words as symbols (instead of charac-
ters). Further, new word-based compression methods allow random access to
words within the compressed text which is a critical issue for an TR system.

Besides the economy of space obtained by a compression method, there are
other important characteristics to be considered such as compression and decom-
pression speed. In some situations, decompression speed is more important than
compression speed. For instance, this is the case with textual databases in which
it is common to compress the text once and to read it many times from disk.

Another important characteristic of a compression method is the possibility
of performing compressed pattern matching, defined as the task of performing
pattern matching in a compressed text without decompressing it. In this case,
sequential searching can be speeded up by compressing the search key rather than
decoding the compressed text being searched. As a consequence, it is possible
to search faster on compressed text because much less text has to be scanned.
Chapter 8 presents efficient methods to deal with searching the compressed text
directly.

When the text collection is large, efficient text retrieval requires specialized
index techniques. A simple and popular indexing structure for text collections
are the inverted files. Inverted files (see Chapter 8 for details) are especially
adequate when the pattern to be searched for is formed by simple words. Since
this is a common type of query (for instance, when searching the Web), inverted
files are widely used for indexing large text collections.

An inverted file is typically composed of {a) a vector containing all the
distinct words in the text collection (which is called the vocabulary) and (b) for
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least. frequent words first.

Since the text is not only composed of words but also of separators, a model
must also be chosen for them. There are many different ways to deal with separa-
tors. As words and separators always follow one another, two different alphabets
are usually used: one for words and one for separators. Consider the following
example: each rose, a rose is a rose. In the word-based model, the set of
symbols of the alphabet is {a, each, is, rose}, whose frequencies are 2, 1, 1, and
3, respectively, and the set of separators is {*,L°, L}, whose frequencies are 1
and 5, respectively (where U represents a space). Once it is known that the text
starts with a word or a separator, there is confusion about which alphabet to use.

In natural language texts, a word is followed by a single space in most
cases. In the texts of the TREC-3 collection [342] (see Chapter 3), 70-80% of the
separators are single spaces. Another good alternative is to consider the single
space that follows a word as part of the same word. That is, if a word is followed
by a space, we can encode just the word. If not, we can encode the word and
then the following separator. At decoding time, we decode a word and assume
that a space [ollows unless the next symbol corresponds to a separator. Notice
that now a single alphabet for words and separators (single space excluded) is
used. For instance, in the example above, the single alphabet is {*,L’, a, each,
is, rose} and there is no longer an alphabet for separators. As the alphabet
excludes the single space then the words are called spaceless words.

In some situations word-based models for full-text databases have a poten-
tial to generate a great quantity of different codes and care must be exercised to
deal with this fact. For instance, as discussed in the section on lexical analysis
(at the beginning of this chapter), one has to consider whether a sequence of
digits is to be considered as a word. If it is. then a collection which contains
one million documents and includes document numbers as identifiers will gener-
ate one million words composed solely of digits, each one occurring once in the
collection. This can be very inefficient for any kind of compression method avail-
able. One possible good solution is to divide long numbers into shorter ones by
using a null (or implicit) punctuation marker in between. This diminishes the
alphabet size resulting in considerable improvements in the compression ratio
and in the decoding time.

Another important consideration is the size of the alphabet in word-based
schemes. How large is the number of different words in a full-text database? It is
empirically known that the vocabulary V of natural language texts with n» words
grows sublinearly. Heaps [352] shows that V = O(nf), where 3 is a constant
dependent on the particular text. For the 2 gigabyte TREC-3 collection [342],
3 is between 0.4 and 0.6 which means that the alphabet size grows roughly pro-
portional to the square root of n. LEven for this growth of the alphabet, the
generalized Zipf law shows that the probability distribution is skewed so that
the entropy remains constant. This implies that the compression ratio does not
degrade as the text (and hence the number of different symbols) grows. Heaps’
and Zipfs’ laws are explained in Chapter 6.

Finally, it is important to mention that word-based Huffman methods need
large texts to be effective (i.e., they are not adequate to compress and transmit
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any position in the compressed text if static or semi-static algorithms are used.
Third, word-based Huffiman coding methods yield compression ratios as good as
arithmetic coding ones.

Conscquently, Huffman coding is the method of choice in full-text retrieval,
where both speed and random access are important. Thus, we will locus the
remaining of our discussion on semi-static word-based Huffman coding,.

Huffman Coding

Huffman coding is one of the best known compression methods [386]. The idea
is to assign a variable-length encoding in bits to each symbol and encode each
symbol in turn. Compression is achicved by assigning shorter codes to morc
frequent symbols. Decompression unigueness is guaranteed because no code is a
prefix of another. A word-based semi-static model and Huffman coding form a
good compression method for text.

Figure 7.2 presents an example of compression using Huflman coding on
words. In this example the sct of symbols of the alphabet is {¥,U1, a, each, for,
is, rose}, whose frequencies are 1, 2, 1, 1, 1, and 3, respectively. In this case the
alphabet is unique for words and separators. Notice that the separator ‘L' is not
part ol the alphabet because the single space that follows a word is considered
as part of the word. These words are called spaceless words (see more about
spaceless words in Section 7.4.3). The Huffman tree shown in Figure 7.2 is an
example of a binary trie built on binary codes. Tries are explained in Chapter 8.

Decompression is accomplished as follows. The stream of bits in the com-
pressed [ile is traversed fromn left to right. The sequence of bits read is used to also
traverse the Huffman compression tree, starting at the root. Whenever a leaf
node is reached, the corresponding word (which constitutes the decompressed
symbol) is printed out and the tree traversal is restarted. Thus, according to the
tree in Figure 7.2, the presence ol the code 0110 in the compressed [ile leads Lo
tne decompressed symbol for.

To build a Huffinan tree, it is first necessary to obtain the symbols that
constitute the alphabet and their probability distribution in the text to be com-
pressed. The algorithm for building the tree then operates bottom up and starts

{ each |

Original text: for each rose, a rose iz a rose

Compressed text: 0110 0100 1 0101 00 1 0111 0C 1

Figure 7.2 Huffman coding trec for spaccless words.












184 TEXT OPERATIONS

position is shifted by one character.

The main problem with static dictionary encoders is that the dictionary
might be suitable for one text and unsuitable for another. One way to avoid this
problem is to use a semi-static dictionary scheme, constructing a new dictionary
for each text to be compressed. However, the problem of deciding which phrases
should be put in the dictionary is not an casy task at all. Onc elegant solution to
this problem is to use an adaptive dictionary scheme, such as the one proposed
in the 1970s by Ziv and Lempel.

The Ziv-Lempel type of adaptive dictionary scheme uses the idea of re-
placing strings of characters with a reference to a previous occurrence of the
string. This approach is effective because most characters can be coded as part
of a string that has occurred earlier in the text. If the pointer to an earlier
occurrence of a string is stored in fewer bits than the string it replaces then
compression is achieved.

Adaptive dictionary methods present some disadvantages over the statis-
tical word-based Huffman method. First, they do not allow decoding to start
in the middle of a compressed file. As a consequence direct access to a position
in the compressed text is not possible, unless the entire text is decoded from
the beginning until the desired position is reached. Second, dictionary schemes
are still popular for their speed and economy of memory, but the new results
in statistical methods make them the method of choice in an TR environment.
Moreover, the improvement of computing technology will soon make statistical
methods feasible for general use, and the interest in dictionary methods will
eventually decrease.

7.4.5 Inverted File Compression

As already discussed, an inverted file is typically composed of (a) a vector con-
taining all the distinct words in the text collection (which is called the vocabulary)
and (b) for each word in the vocabulary, a list of all documents in which that
word occurs. Inverted files are widely used to index large text files. The size
of an inverted file can be reduced by compressing the inverted lists. Because
the list of document numbers within the inverted list is in ascending order, it
can also be considered as a sequence of gaps between document numbers. Since
processing is usually done sequentially starting from the beginning of the list,
the original document numbers can always be recomputed through sums of the
gaps.

By observing that these gaps are small for frequent words and large for
infrequent words, compression can be obtained by encoding small values with
shorter codes. One possible coding scheme for this case is the unary code, in
which an integer z is coded as (z — 1) one bits followed by a zero bit, so the code
for the integer 3 is 110. The second column of Table 7.1 shows unary codes for
integers between 1 and 10.

Elias [235] presented two other variable-length coding schemes for integers.
One is Elias-y code, which represents the number z by a concatenation of two
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Black 1 Block 2 Block 3 Block 4
This is a text.| A text has many |words. Words are [made from letters.
Text
Vocabulary Cocurrences
letlers 4.,
made 4.
many B
Inverted Index
text 1.2.
words o

Figure 8.2 The sample text split into four blocks, and an inverted index using block
addressing built on it. The occurrences denote block numbers. Notice that both
occurrences of ‘words’ collapsed into one.

different sizes, with and without the use of stopwords. The full inversion stands
for inverting all the words and storing their exact positions, using four bytes per
pointer. The document addressing index assumes that we point to documents
which are of size 10 Kb (and the necessary number of bytes per pointer, i.e.
one, two, and three bytes, depending on text size). The block addressing index
assumes that we use 256 or 64K blocks {one or two bytes per pointer) indepen-
dently of the text size. The space taken by the pointers can be significantly
reduced by using compression. We assume that 45% of all the words are stop-
words, and that there is one non-stopword each 11.5 characters. Our estimation
for the vocabulary is based on Heaps’ law with parameters V = 30n%5. All these
decisions were taken according to our experience and experimentally validated.

The blocks can be of fixed size (imposing a logical block structure over
the text database) or they can be defined using the natural division of the text
collection into files, documents, Web pages, or others. The division into blocks
of fixed size improves efficiency at retrieval time, i.e. the more variance in the
block sizes, the more amount of text sequentially traversed on average. This is
because larger blocks match queries more frequently and are more expensive to
traverse.

Alternatively, the division using natural cuts may eliminate the need for
online traversal. For example, if one block per retrieval unit is used and the
exact match positions are not required, there is no need to traverse the text for
single-word queries, since it is enough to know which retrieval units to report.
But if, on the other hand, many retrieval units are packed into a single block,
the block has to be traversed to determine which units to retrieve.

It is important to notice that in order to use block addressing, the text
must be readily available at search time. This is not the case for remote text (as
in Web search engines), or if the text is in & CD-ROM that has to be mounted,
for instance. Some restricted queries not needing exact positions can still be
solved if the blocks are retrieval units.
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Index Small collection Medium collection Large collection
(1 Mb) (200 Mb) (2 Gb)
Addressing
words 45% 73% 36% 64% 35% 63%
Addressing
documents 19% 26% 18% 32% 26% 47%
Addressing
64K blocks 27% 41% 18% 32% 5% 9%
Addressing
256 blocks 18% 25% 1.7% 2.4% 0.5% 0.7%

Table 8.1 Sizes of an inverted file as approximate percentages of the size the whole
text collection. Four granularities and three collections are considered. For each collec-
tion, the right column considers that stopwords are not indexed while the left column
considers that all words are indexed.

8.2.1 Searching

The search algorithm on an inverted index follows three general steps (some may
be absent for specific queries):

e Vocabulary search The words and patferns present in the query are
isolated and searched in the vocabulary. Notice that phrases and proximity
queries are split into single words.

¢ Retrieval of occurrences The lists of the occurrences of all the words
found are retrieved.

e Manipulation of occurrences The occurrences are processed to solve
phrases, proximity, or Boolean operations. If block addressing is used it
may be necessary to directly search the text to find the information missing
from the occurrences (e.g., exact word positions to form phrases).

Hence, searching on an inverted index always starts in the vocabulary.
Because of this it is a good idea to have it in a separate file. It is possible that
this file fits in main memory even for large text collections.

Single-word queries can be searched using any suitable data structure to
speed up the search, such as hashing, tries, or B-trees. The first two give O(m)
search cost (independent of the text size). However, simply storing the words in
lexicographical order is cheaper in space and very competitive in performance,
since the word can be binary searched at O(logn) cost. Prefix and range queries
can also be solved with binary search, tries, or B-frees, but not with hashing.
If the query is formed by single words, then the process ends by delivering the
list of occurrences (we may need to make a union of many lists if the pattern
matches many words).
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as is done for partial indices. This takes O(n +n'log(n'/M)). Deleting text can
be done by an O(n) pass over the index eliminating the occurrences that point
inside eliminated text areas (and eliminating words if their lists of occurrences
disappear in the process).

8.3 Other Indices for Text
8.3.1 Suffix Trees and Suffix Arrays

Inverted indices assume that the text can be seen as a sequence of words, This
restricts somewhat the kinds of queries that can be answered. Other queries
such as phrases are expensive to solve. Moreover, the concept of word does not
exist in some applications such as genetic databases.

In this section we present suffix arrays. Suffix arrays are a space efficient
implementation of suffix trees. This type of index allows us to answer efficiently
more complex queries. Its main drawbacks are its costly construction process,
that the text must be readily available at query time, and that the results are
not delivered in text position order. This structure can be used to index only
words (without stopwords) as the inverted index as well as to index any text
character. This makes it suitable for a wider spectrum of applications, such as
genetic databases. However, for word-based applications, inverted files perform
better unless complex queries are an important issue.

This index sees the text as one long string. Each position in the text is
considered as a text suffiz (i.e., a string that goes from that text position to the
end of the text). It is not difficult to see that two suffixes starting at different
positions are lexicographically different (assume that a character smaller than all
the rest is placed at the end of the text). Each suffix is thus uniquely identified
by its position.

Not all text positions need to be indexed. Index points are selected from the
text, which point to the beginning of the text positions which will be retrievable.
For instance, it is possible to index only word beginnings to have a functionality
similar to inverted indices. Those elements which are not index points are not
retrievable (as in an inverted index it is not possible to retrieve the middle of a
word). Figure 8.5 illustrates this.

Structure

In essence, a suffix tree is a trie data structure built over all the suffixes of
the text. The pointers to the suffixes are stored at the leaf nodes. To improve
space utilization, this trie is compacted into a Patricia tree.  This involves
compressing unary paths, i.e. paths where each node has just one child. An
indication of the next character position to consider is stored at the nodes which
root a compressed path. Once unary paths are not present the tree has O(n)
nodes instead of the worst-case O(n?) of the trie (see Figure 8.6).
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This is a text. A text has many words. Words are made from letters.

A

text. A text has many words. Words are made from letters.

text has many words. Words are made from letters.
many words., Words are made from letters.
words. Words are made from letters.
Words are made from letters.
Suffixes

mada from letters.

leétters.

Figure 8.5 The sample text with the index points of interest marked. Below, the
suffixes corresponding to those index points.

1 6 9 1] [ 24 28 23 40 46 30 33 60

This is a text. A text has many words. Words are made from letters.

Text

Suffix Trie Suffix Tree

Figure 8.6 The suffix trie and suffix tree for the sample text.

The problem with this structure is its space. Depending on the implemen-
tation, each node of the trie takes 12 to 24 bytes, and therefore even if only word
beginnings are indexed, a space overhead of 120% to 240% over the text size is
produced.

Suffix arrays provide essentially the same functionality as suffix trees with
much less space requirements. If the leaves of the suffix tree are traversed in
left-to-right order (top to bottom in our figures), all the suffixes of the text are
retrieved in lexicographical order. A suffix array is simply an array containing all
the pointers to the text suffixes listed in lexicographical order, as shown in Fig-
ure 8.7. Since they store one pointer per indexed suffix, the space requirements














