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Abstract

Querying a collection of text may be abstractly viewed aslydpg a search predicate to all
substrings of the text and selecting those substrings #tisfys the predicate as solutions to the
guery. A single additional restriction is added to this dienmodel: The substrings accepted as
solutions must not properly contain other substrings thésfy the query. The focus of the thesis
is on the properties and applications of this shortest simgstearch model.

The primary contribution of the thesis is an algebra forcttited text search and its imple-
mentation framework. The algebra manipulates arbitramrirals of text, which are recognized
in the text from implicit or explicit markup. The algebra hseven basic operators, which com-
bine intervals to yield new ones. The ultimate result of argigthe set of intervals that satisfy
it. Implementation is based on four primitive access furdi Recursive definitions for the op-
erators are given in terms of these access functions. Azeg@n of the implementation in terms
of inverted lists is examined.

The model is also applied to the general problem of pattertiehiray in strings, and specif-
ically to the problem of regular expression search. An imp@atation framework for scanning
text with the search algebra is developed. Finally, pragedf the model are exploited to develop
a new technique for ranking query results according to ezleg.
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Chapter 1

Introduction

Text has natural structure. A document may divide into afigpipages, sentences, paragraphs,
sections, subsections, books, volumes, issues, lineever stanzas. A document may include
a title, a preface, an abstract, an epilogue, quotes, refese emphasised passages, digressions
and notes. Characteristics of documents vary greatly. Achent may have an identified author,
or it may be anonymous; it may be precisely dated, or it mayrimated; it may be written in
Russian using cyrillic characters; it may be written in Jags® using Kanji; it may be part of a
larger work; it may stand alone. Each document is structdiéerently, and the structure may
vary even within a document.

Figure 1.1, a facsimile of a page from an edition of Shakegiedragedie of Macbeth
demonstrates the complexity of structure in text. This leiqgage includes stage directions,
speakers, speeches, the start of the play’s first act, itedinst scene and the start of its second.
Marginal notations indicate the act, scene and line numbigcs, small capitals, and two font
sizes are used. The lineation of the spoken verse is consigitd its scansion. A page number
appears at the bottom of the page.

This thesis addresses the problem of searching a collextistnuctured text. Ideally, queries
over the collection should be expressed in terms of the alastiructure of the text within it.
Consider the following queries over a text collection timatudes théVorksof Shakespeare:

1. Find plays that contain “Birnam” followed by “Dunsinane”.
2. Find fragments of text that contain “Birnam” and “Dunsinahe

3. Find the pages on which the word “Birnam” is spoken by a witch.
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Thunder and lightning. Enter three Witches
FIRST WITCH
When shall we three meet again?
In thunder, lightning, or in rain?
SECOND WITCH
When the hurly-burly’s done,
When the battle’s lost and won.

THIRD WITCH

That will be ere the set of sun.
FIRST WITCH

Where the place?
SECOND WITCH Upon the heath.
THIRD WITCH

There to meet with Macbeth.
FIRST WITCH

| come Grey-Malkin.
SECOND WITCH Padock calls!
THIRD WITCH Anon!
ALL

Fair is foul, and foul is fair.
Hover through the fog and filthy air.

Alarum within

Exeunt

Enter King Duncan, Malcolm, Donalbain, Lennox,

with Attendants, meeting a bleeding Captain

KING
What bloody man is that? He can report,

53

10

Figure 1.1: Text structure iMacbeth
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4. Find speeches that contain “toil” or “trouble” in the first ie, and do not contain “burn”
or “bubble” in the second line.

5. Find a speech by an apparition that contains “fife” and thapaars in a scene along with
the line “Something wicked this way comes”.

Not only do these examples use document structure to exjhregsiery, but the required result —
be it play, page, speech, line or merely fragment of text —$® apecified in terms of this
structure.

Most importantly, text within the collection should not equired to adhere to a particular
pre-defined format or schema. Nonetheless, queries shewldlb to reference structure directly,
and to reference equivalent structure across differentipétted documents.

Two themes unify the results of the thesis. The first themeastructure of text and its effect
on text search. The thesis examines the representatioxto$trecture, develops an algebra
for expressing structural queries, and discusses the imguitation of this algebra, both over
indexed text, stored in a text database system, and ovemdexeéd text, stored in a flat text
file. The second theme is a data abstractiba,generalized concordance lishat underlies the
results. A generalized concordance listis an orderedflisinges over the sequence of words that
make up the text collection. These ranges may overlap, lytrtay not nest. This seemingly
inconsequential property of generalized concordanceibdey to the results.

The plan of the thesis: Chapter 2 first provides the necedsskground information con-
cerning the representation of structure in text, makingréiqudar distinction between represen-
tation for display and representation for search. The @rapen introduces a simple model for
capturing text structure that will be used through much efrést of the thesis (the main excep-
tion being Chapter 5). The chapter concludes with a reviemast work in structured text search,
with particular emphasis on two text search systems thactyrinfluenced the present work.

Chapter 3 then formally introduces the basic definitionsrasdlts associated with general-
ized concordance lists and thbortest substring search mod&he chapter is quite short, but as
generalized concordance lists are fundamental to thestitegs material is placed separately.

Chapter 4 presents the core result of the thesis: an algebsdrtictured text search. The
operators of the algebra are defined over generalized cdacoe lists, and evaluate to general-
ized concordance lists. The algebra has seven basic bipargtors: foucontainment operators
that express hierarchical relationships among elementiseiriext, twocombination operators
that associate elements of the text, andadering operatorthat expresses positional relation-
ships among elements of the text. Along with other exampkesalgebra is used to express the
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Macbethqueries given earlier. Properties of the algebra are thploeed. In particular, various
commutative, associative and distributive propertiedaraonstrated. Implementation of the al-
gebra is based on four primitive access functions. Eachsadomction finds the solution to a
guery that is, in some sense, nearest to a given positioriddatabase. Recursive definitions for
the seven operators are given in terms of these accessdusciihe chapter concludes with two
generalizations of operators from the algebra and a cosgraviith related work.

Chapter 5 applies the shortest substring search modelnidathregular expression search
over un-indexed text, extending the method to structuretd his new approach to regular ex-
pression search has been used as the basis for a searchithgitéas proved to be of significant
value in a number of applications, including searching dotdof email messages and program
source code. The chapter also presents an adaptation oligiitea of Chapter 4 to searching
un-indexed text.

Finally, Chapter 6 exploits properties of the shortest sulggsearch model to develop a new
technigue for ranking the results of a text search by relexvan the user.

The structured text model of Chapter 2, the representafieaarch result as GC-lists (Chap-
ter 3), the algebra of Chapter 4 and its implementation freonk have been described in earlier
forms by previous publications of the author [27, 28]. The'kvwaf Chapter 6 was presented as
part of the Fourth Text REtrieval Conference (TREC-4) [29].results and techniques described
in the thesis have been implemented and tested in practibe context of the MultiText Project
at the Univeristy of Waterloo [77].



Chapter 2

Models for Structured Text Search

A database system that provides storage and search céipalfdr a large text collection must
represent the structure of this text and permit queriessadioe structure. At a minimum, the
database system might organize the text into documentsramitip for search over sets of these
documents. If more complex structure must be represeritediatabase system must model that
structure. One readily available source of structuralrmfation is themarkup or formatting
information, embedded in the document for display purpbses word processing or text pro-
cessing program. Alternately, we may express the strutihe form of a relation or a hierarchy
of structural elements. Once the structure has been mqadpledes over the database must be
able to address this structure as part of the search process.

2.1 Document Databases

A simple text database divides the text collection into doents for search and retrieval pur-
poses. Each document is described by a setd#x termghat are matched against a query posed
by a user. The result of a query is the set of documents whalex iterms satisfy the query.
These documents may then be retrieved and perused by thevhsdropefully finds in them the
information she is seeking.

The index terms assigned to a document are usually detedrairtée time the document is
added to the collection. Together, the index terms fornvteabularyof the database. The terms
may be assigned manually or may be created automaticahy fihe contents of the document
itself, by using the words that appear in the document asabislior the index terms. Usually,
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words that are expected to appear in nearly all documents@tresed as index terms. For
English-language text, thistop word listwould include such words as “the” and “of”, which
appear with great frequency in English. Sometimes the wanelseduced to their root forms for
indexing. For English-language text tisiemmingncludes eliminating “-ing” and “-ed” endings.
Finally, the list of index terms may be augmented throughufeof a thesaurus or similar tools.

Queries are expressed using Boolean operators — AND, OR &d-N operating over
sets of documents. The AND operator intersects two docusets; the OR operator combines
two document sets. The NOT operator implements set diféeretaking the complement of a
document set with respect to a second set, which may be theraaiof all documents in the
collection. Words act as elementary terms, each repreggtiie set of documents containing
that word. For example, the query

“Birnam” AND “Dunsinane”

would evaluate to the set of documents that contain both gresV'Birnam” and “Dunsinane”.
Various extensions may be incorporated into this basicbafgeWord truncation operators se-
lect documents containing a word beginning with a specifiedidp Proximity operators select
documents on the basis of the distances between word oncege

Most commercial text database systems provide an extenoele@&n algebra for formulating
gueries. Salton and McGill [96, chapter 2] review severahssystems.

An alternate approach is to treat the user’s query as beprgsentative of the type of docu-
ment the user is seeking, and to compare it statistically eéich of the documents in the collec-
tion, reporting the best matches. Under this model, it bexopossible to order the documents
according to how well they satisfy the user’'s query undempiagicular metric in use. Thesel-
evance rankingechniques have been the subject of considerable studgraraicentral concern
to researchers in tHaformation Retrievahrea [54,92,96,101, 104]. Harman [53] discusses the
well-established ranking methods, and provides genestbttical and background information.
Since 1992, Information Retrieval researchers have matallynat the TREC (Text REtrieval
Conference) series of conferences to compare relevankmgaechniques through experimen-
tation over a common collection of documents and query &2, 54].

One of the simplest and most effective approaches to retevaanking is thevector space
model Under this model, each document and query is treated asterveann-dimensional
space, where each dimension represents a word in the vacglmilthe database. Documents
and queries may then be compared using vector measureshtéttipeasures based on the inner
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product of the vectors, comparing the angle between th@rsefdr ranking, have been found to
be particularly effective [93, 95].

Many research and commercial text database systems pilavitied support for document
structure. Generally, a document is divided into severatiefined fields, typically title, author,
date, abstract and body. Queries may then refer to thesg.fledd example, a query might specify
that the body of a selected document should contain the wRirddm” and that the author field
should contain “Shakespeare”. Large blocks of text arenatieided into sentences, paragraphs
or other predefined units. Documents may then be selectdtbdrasis of words appearing in the
same sentence or paragraph. These techniques for dealindagument structure are inflexible.
Document structure that cannot be mapped into predefineld fietextual units is lost and cannot
be referenced in a query.

A system for capturing document structure should be flex@nleugh to accommodate the
variations in structure that occur naturally. Unfortugtthis requirement can be at odds with
attempts to impose a fixed schema on a database. It shouldsséjeoto index all structure
in a document thought to be important at the time that the ohecu is added to the database;
it should be possible to add further structural indexing #tar time. Furthermore, when a
structural element is irrelevant to the document at hangetbleould be no artificial requirement
to index that structural element — it should not be necessdbyeak a poem into paragraphs.

2.2 Models of Text Structure

2.2.1 Physical Structure

Authors impose structure on text primarily for formattingdedisplay purposes [18]. In a flat text
file, newlines, tabs and other whitespace characters acetasBctate layout. Word processing
programs, such as WordPerfect or MS-Word [16], use formgitdbdes embedded in the internal
representation of the text to indicate font changes, seictip page breaks and other layout and
display information. These programs encourage the useatopulate the text and its structure
strictly from a display perspective. Apart from the conteftext, the author’s only concern is
with the visual appearance of the document. At best, theoayttovides a limited structural
description of the document indirectly through the layoiidrmation.

Text processing systems, includitgff  [80] and EX [47, 67, 68] allow the author to
manipulate directly the encoded form of a document and deoailimited facility (macros) for
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describing abstract document structure. However, theigé¢i®n of structure is completely at the
author’s discretion. If they wish, authors may describedtnecture of their documents purely
in terms of layout and format. More importantly, these systdave no facilities for describing
documentmeta-structurgthe structure of the structure, that a paragraph contantesces, a
play contains lines, and a poem contains verses.

2.2.2 Logical Structure

The markup used by both word processing and text procesgsigms describes the physical
structure of documents when displayed. As an alternatieentarkup may describe the logical
structure of the document, with the author depending on tdoeithent processing software to
translate the logical structure into a physical descriptay display.

Figure 2.1 shows the opening scenéviEdcbeth with embedded markup describing the log-
ical structure of the text. A tag of the fornrxkhane>" indicates the beginning of a named
structural element; a tag of the forre/‘nanme>" indicates the end of a named structural ele-
ment. The logical format includes a specification of act atehe numbers, and delineates the
important structural elements: speakers, speeches,dimkstage directions. The tagging does
not specify pagination, spacing or font changes. Thesectspé presentation are determined
when the logical markup is translated to physical markuisplay.

If approached systematically, the use of logical markuppéiies the interchange of docu-
ments across different systems for processing and dispdajng the document from dependence
on particular software for processing and particular ptglgievices for display [18, 42, 60, 61].
When these documents are stored archivally, this indepeedean increase the useful life of
the documents beyond that of the software which created.tt&ince the logical structure of
different document types will vary, the description of adim@nt in terms of its logical structure
depends on the existence of a method for formally speciffieglocument’s meta-structure, and
requires that the author adhere to this meta-structure witeating or modifying the document.

The Standard Generalized Markup Language (SGML) [18, 42sGDmethod for specifying
document meta-structure and tagging documents with lbgieakup. A document in SGML
format consists of three components: 1dexlarationof the document’s lexical characteristics,
including the document character set; 2j@cument type definitiofDTD) that describes the
document’s meta-structure in the form of a grammar; and &}ekt itself, tagged according to
SGML conventions. Usually, the first two components will beard by many documents, and
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<act> <act-number> 1 </act-number>
<scene> <scene-number> 1 </scene-number>
<direction> Thunder and lightning. Enter three Witches
</direction>
<speaker> First Witch </speaker>
<speech> <line> When shall we three meet again? </line>
<line> In thunder, lightning, or in rain? </line> </speech>
<speaker> Second Witch </speaker>
<speech> <line> When the hurly-burly’'s done, </line>
<line> When the battle’s lost and won. </line> </speech>
<speaker> Third Witch </speaker>
<speech> <line> That will be ere the set of sun.
</line> </speech>
<speaker> First Witch </speaker>
<speech> <line> Where the place? </speech>
<speaker> Second Witch </speaker>
<speech> Upon the heath. </line> </speech>
<speaker> Third Witch </speaker>
<speech> <line> There to meet with Macbeth. </line> </speech>
<speaker> First Witch </speaker>
<speech> <line> | come Grey-Malkin. </speech>
<speaker> Second Witch </speaker>
<speech> Padock calls! </speech>
<speaker> Third Witch </speaker>
<speech> Anon! </line> </speech>
<speaker> All </speaker>
<speech> <line> Fair is foul, and foul is fair. </line>
<line> Hover through the fog and filthy air. </line> </speech>
<direction> Exeunt </direction>
</scene>
<scene> <scene-number> 2 </scene-number>
<direction> Alarum within </direction>
<direction> Enter King Duncan, Malcolm, Donalbain, Lennox with
Attendants, meeting a bleeding Captain </direction>
<speaker> King </speaker>
<speech> <line> What bloody man is that? He can report, </line>
<line> As seemth by his plight, of the revolt </line>

Figure 2.1: Tagging the logical structureacbeth



CHAPTER 2. MODELS FOR STRUCTURED TEXT SEARCH 10

CHAPTER — <chapter> TITLE TEXT SECTIONS</chapter>
TITLE — <title> TEXT </title>

SECTIONS— SECTION SECTIONS

SECTIONS— A

SECTION — <section> TITLE TEXT SECTIONS</section>
TEXT — text

TEXT — A

Figure 2.2: A grammar for the structure of a thesis chapter.

particular document processing and formatting softwang bespecialized to specific declara-
tions and DTD’s. The text of Figure 2.1 is tagged in a stylenaisling that of SGML.

It has been widely observed that an SGML DTD may be intergrasea schema for the pur-
poses of storing SGML documents in a database system [122 14,27,71,87,88,91]. A query
over this database could then reference document strugguederencing the corresponding ele-
ments defined in the DTD.

2.2.3 Grammar-Based Hierarchical Model

The structure of text is often modeled as a hierarchy, withars&ucture described using a
context-free grammar [12-15,22,24,31,32,46,48,49, 5G4 70,71,78,85,87,88,91,97,98].
In its essence, a SGML DTD is a context-free grammar (but wattursion limited to a fixed
depth specified in the declaration). Figure 2.2 gives a ptessgrammar for describing the logical
structure of a chapter from this thesis. We use a standaadionfor specifying the grammar [57,
chapter 4], as the notation of SGML is highly specialized segliires considerable explanation.
In the grammar, the terminals representing tags are spbtitBeally in typewriter font; the
symbol is used to represent the empty string; the only other tednigrfar text, the format of
which is not specified; non-terminals are specifiedMALL CAPITALS using descriptive names.
Note that anyseCTION may have several (subgCcTIONS contained within it. Instead of allow-
ing arbitrary nesting of sections, the recursion could k@ieitly limited to SUBSUBSECTIONS
which would suffice for the present thesis.

Gonnet and Tompa [46] describe an algebra of operations &mipunlating a text database
that has been parsed according to a context-free gramméiny @od Van Gucht [31] build on
the grammar-based model of Gonnet and Tompa, providingrgeartemplates for a number of
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traditional data models and extending the grammar-baseteio support hypertext. Gyssens
et al. [49] take a similar approach, presenting two langsdgetransforming parsed text and
showing the languages to be equivalent. The grammar-baedélmas been proven in practice
for restructuring a large body of highly-structured tex3][1

Document structure is not always strictly hierarchical. n€ider the relationship between
speeches and lines in the example of Figure 1.1 and FigureThé play is broken into lines
to reflect its rhythm and verse. Each speech consists of thésspoken as a unit by a single
speaker or group of speakers. A speech may include seveza| br a line may be divided across
several speeches. The divisions of the play into speecliemtmlines are only weakly related,
but both are clearly part of the play’s logical structure.

There is a similar independence between the physical steiand the logical structure of a
document, and in some cases both must be preserved in as&atéton example, page numbers
are essential in citing U.S. federal court decisions in We8eral courts. Ownership of these
page numbers for citation purposes has been enforced byajoe publisher of U.S. legal deci-
sions [105]. Databases not licensed by this publisher dandex and report citations using the
copyrighted page numbers, making an unlicensed dataliaséedly worthless.

The limitations of the hierarchical model are explicitlgognized in SGML. The CONCUR
feature allows secondary DTD’s to be associated with a decunTags defined by the various
DTD’s may be arbitrarily interleaved in the document, wille tags of the secondary DTD’s
explicitly labeled to indicate the DTD from which they areadmn. A primary purpose of the
CONCUR feature is to allow logical and physical markup to beresd together in the same
document [18].

2.2.4 Relational Model

The success of the relational model [30, 36] suggests iesidn to structured text [7,13,14,72,
88]. A group of documents might be organized into a relatwith each tuple corresponding to
a document and each attribute corresponding to a strudiement. The example in Figure 2.3
shows a table of technical reports. Columns of the tableespnd to titles, authors, abstracts
and other document elements. Each row of the table prowdesmnation for a single technical
report. The example shows the specific information for Refee 26. This simple mapping of
documents into relations is essentially the approach thiteéhe proposed SFQL standard [7].

The relational model may be combined with the hierarchicadleh. The Atlas text database
system supports document structure using a nested redatimdel [88]. Nested relations allow
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Reports:

title authors number | date abstract body

Fast Inverted | C.L. A. Clarke | CS-94-40| Nov. 23, 1994 We describe data Our general concern

Indexes with G. V. Cormack structures and an is the construction
On-line Update| F. J. Burkowski update strategy | of a distributed
for the... full-text information...

Figure 2.3: A relational table of technical reports.

hierarchical structure to be directly supported. Blakd.41&,14] add a TEXT data type to SQL,
with the structure of a TEXT field defined using an SGML grammiBnis approach has since
been proposed for standardization [37].

2.2.5 A Model for Structured Text Search

The models for document structure discussed in this seatigelace significant constraints on
the type of structure that can be represented. The modekatha by this thesis records text
structure without placing constraints upon it. Constartd schema considerations are deferred
until query formulation.

A text database is represented as a string of concatenatdzbtss, ...a drawn from atext
alphabetX7 and astoplist alphabek s, whereXr N 2s = . An index functionZ; maps each
symbol in the text alphabet to the set of positions in thelzizga string where the symbol ap-
pears {7 : &7 — 2{1-M}) No equivalent index function for symbols from the stopéitphabet
is defined; symbols from the stoplist alphabet serve merebctupy positions in the database
string and to maintain proximity relationships. The texgralbet and the stoplist alphabet are
together referred to as thaatabase alphabefp (= X1 U ¥g). The document is marked up
using symbols drawn from mnarkup alphabe®;;, whereXp N 23, = 0. An index function
Iy Xy — 2@ maps each symbol in the markup alphabet to a set of ratiomabats corre-
sponding to the associated positions in the database s8ymbols in the markup alphabet do
not appear in the database string; they are used only foximgl@urposes. Combining the text
alphabet and the markup alphabet into a simglex alphabek = X1 U Xjs, we define the in-
dex functionZ : & — 2® as the union of+ andZ,,. For convenience we define the valute be
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the smallest positioning quantum in the databaseisthe largest rational number for whiphe
is an integer for every valuein the range of the index functidh. It is important to emphasize
thate is an attribute of each particular database, and will vasynfdatabase to database.

A reasonable representation of the document in Figure ldliirtext database model uses
words as the text alphabet:

¥y = { again , air , alarum , all , anon, attendants , battle |, be,

bleeding ,bloody , burly , calls , can, captain , come,... }.
The stoplist alphabet consists of words that occur most comfyrin English text:
¥s=4{ and, for ,in,is , of , that , the , to, said }.

In this instance we made the arbitrary choice to ignore caskepanctuation in creating the
database alphabet. The symbols from the database alplreb=irecatenated in the order they
appear textually to form the database string:

thunder and lightning enter three witches first witch when
shall we three meet again in thunder lightning or in rain
second

The markup tags of Figure 2.1 become the basis for the madkialaet, to which we might
add indexing to describe the physical as well as the logitatgire. A possible indexing for
a portion of our example document is given in Figure 2.4. I figure, markup symbols are
generally indexed at integer positions. It is only in theesathat a structural element begins and
ends at the same word that we index a markup symbol halfwayedaa two database symbols
(and sa = % in this case). In those cases, occurring at positidremd74, the start tag is indexed
at the previous half-word position. This indexing servepteserve the ordering relationship
between start and end tags, a property which will prove Wskfting query formulation. No
symbols are indexed at position&and78 since the word “is” appears in the stoplist alphabet.

The details of this indexing are arbitrary, and there arsaeable alternatives to it. We could
choose to index all markup symbols at the halfway point betwdatabase symbols, or choose to
order the markup symbols between database symbols andagikeaaunique position. The exact
choice depends on details of implementation and loadinghdrexperience of the author it is
usually best to limit positions to rational numbers wheredienominator is a small fixed power
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of 2, in order to simplify the physical representation of gositions. It is then necessary to store
only the numerators of these rational numbers in the dagabas

2.3 Structured Text Search

Many proposals for structural text search are direct géizateons of the document database
approach described in Section 2.1. The generalizationasithd:

1. Extension of set-oriented Boolean search and relevamteéng to document components:
find sections containing the words “information” and “reaval”
2. The introduction of queries relating the structural edats themselves:

find titles of sections containing the word “database”

Sacks-Dauvis et al. [87] discuss this generalization in tr@ext of a database system for SGML
documents.

When document structure is modeled using a meta-struadesadription, by a grammar or
a relation, query formulation is usually heavily dependamtetails of the meta-structure. The
query language developed for the MULTOS project [12] alldlwsuments to be selected on the
basis of the contents of specific components, under a hiecatcdata model. Macleod [71]
describes a language for selecting document componemts d&ro SGML database according
to Boolean search criteria and structural containmentioglships. In that language, elements
of solution sets must be of the same component type, with tissiple types defined by the
non-terminals of the structural grammar. A similar langragscribed by Navarro and Baeza-
Yates [78] adds support for ordering relationships betweeenponents and provides for multiple
hierarchies defined by separate grammars. In that langaag®ution set may be composed of
components of different types, provided that the compaard taken from the same hierarchy.

Kilpelainen and Mannila [64] describe a tree-based patteatching language for query-
ing text structured according to a context-free grammarrisBiphides et al. [24] describe a
mapping of SGML documents into an object-oriented data rnadd describe extensions to
an objected-oriented database system for querying a tiolkeof these documents. Navarro
and Baeza-Yates [78] provide an efficiency and expressegenemparison of the various ap-
proaches, including in the comparison a previously-phblisversion of the algebra developed in
Chapter 4 [27].
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Operator| Meaning

A 1) B | Intersect high
A () B | Intersect low
A1 B | Difference high
A+ B | Difference low
A1) B | Union high
AlY B | Unionlow
n>A Extension right
ndA Extension left

Figure 2.5: Operators in Burkowski’s algebra.

We conclude the chapter with a detailed examination of tvetesys for structured text search
that express the results of search in a manner independeontament meta-structure. In both
cases, query results are represented as sets of interealthewnderlying text.

2.3.1 Textriever

Burkowski [21,22] describes a language for querying highimally ordered text databases. The
language was developed and implemented as a part of theelextsystem created by SigScan
Systems of Toronto.

The language assumes that the text is marked up with a fixegrgchn the style of SGML.

As in the model described in Section 2.2.5, text in the ctlbeds treated as a single sequence
of words, with each word indexed at an integral positionu&tire is represented by statically
defined lists of word position pairs calledncordance listsMembers of a concordance list are
not permitted to partially overlap one another, or to nesg within the other. A concordance
list describing each structural element is created fronsteema and markup at the time a doc-
ument is scanned and parsed for loading into the databasandéx list for a particular word is
considered to be a concordance list in which each elemenpaéravith equal end points, each
describing the position of a single occurrence of the word.

The primary focus of the language is on the selection of efeésnfrfom concordance lists
based on containment relationships. The operators in gebed are given in the table of Fig-
ure 2.5.
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Theintersect highoperator @4 (7] B) selects elements from its left-hand operand (the con-
cordance list4) that contain an element from its right-hand operand. inkersect lowoperator
(A ()] B)selects elements from its left-hand operasdithat are contained in an element from its
right-hand operand. Thaifference hig4 X B) anddifference low(4 + B) operators express
negated versions of the intersect operators. The differbigh operator selects elements from its
left-hand operand that do not contain an element from itst4itand operand. The difference low
operator selects elements from its left-hand operand thai@t contained in an element from its
right-hand operand. Note that the result of an intersectfterdnce operation is automatically a
concordance list, since the result is always a subset oetheperand.

There are two union operators that combine concordance [igte result of ainion high
(A 1) B) operator is the union of its operands with the exceptioniftane element of the result
is nested in another, only the outermost is retained. Thétresaunion low(A |Y B) operator is
the union of its operands with the exception that if one elgroéthe result is nested in another,
only the innermost is retained.

The algebra further contains two extension operators tlagtine used to express adjacency
and proximity relationships. These extension operatanease the bounds of the elements of a
concordance list by a specified integral value. €ktension righbperator £ > A) extends each
element ofA right by » word positions; thextension lefoperator £ < A) extends each element
of A left by n word positions. Taking an example from Burkowski [22, pad2]3he expression

(3 “foul”) ;) “fair”

locates text in which “fair” follows within three words of6til”.
Unfortunately, the extension operators create a semardgldgm within the algebra. Con-
sider the source text

Spam, spam, spam, spam!
Spam, spam, spam, spam!

The expression

1> “spam”
creates a series of overlapping intervals which cannot peessed as a concordance list. This
problem is neither recognized nor addressed by Burkowski.

Similarly, the union operator requires that the concorddists be “hierarchically compati-
ble”, with no element of one operand partially overlappingedement of the other. Otherwise,
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the result of the union operation would not be a concordaste |

A possible solution to these problems is to relax the cooditnat elements of a concordance
list cannot overlap. An approach to relaxing this conditithbe the subject of Chapter 3.

2.3.2 PAT

The RT! text searching system [39, 43, 90] was originally develogiethe Centre for the New
Oxford English Dictionary at the University of Waterloo. &ystem has since been commer-
cialized by Open Text Corporation.

Under the RT system, the source text is treated as a string of charastétts,indexing
specifying character positions within this string. AltlgbLindexing specifies character positions,
generally only the start positions of words and the locaioimarkup tags are actually indexed.
Markup is treated as a part of the text; the only distincti@dmbetween tags and text is for the
purposes of indexing.

A PAT operation results in a set with one of two data typesnaich point sebr aregion
set Each element of a match point set, a match point, is a sifglecter position in the source
text. A region specifies a range of text as a pair of charaasitipns, a start position and an end
position. A region set enforces the main property of a cot@oce list, the members of a region
set may not overlap or nest.

While both match point sets and region sets are concordastsethe distinction between
them is of considerable importance inTP A key aspect of Br is the use of implicit conversions
from region sets to match point sets. The conversion is getliby discarding the end position
from each region in a region set. This conversion is a normaal @f many RT operations,
and it is also used to help address the semantic problemsiaiesbwith taking a union of two
concordance lists (region sets) that are not hierarclyicalinpatible.

The most basic search inPis for a phrase (or a lexicographically ordered range of gésa
A phrase search results in a match point set specifying trémsition of matching phrases in
the source text. For example, the result of the query

"to be or not to be"

1pat is a registered trademark of Open Text Corporation.
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is the character positions where an occurrence of the pbeggias. Literal positions in the text
may be specified with an expression of the form

[ 7]

wheren is a positive integer. The result of such an expression istalm@oint set with a single
element. Literal values may be added to each element of drpatat set using an expression of
the form

shift. n m

wheren is an integer ane specifies a match point set. 7 specifies a region set an implicit
conversion is performed.

The remaining Rr operators are summarized in the table of Figure 2.6. Thenfingt oper-
ators are related to structured text search. The last twmatps, Signif ” and “Iref ", are
used to find frequently occurring and repeated substringseofext, and are not related to the
structured search aspect ofiP

A region definition uses two match point sets to specify thet sind end positions for regions
in a region set. For example, the region definition

plays = "<play>"..(shift.6 "</play>")

defines a region set for plays, namingidys ”. In this definition, the Shift " operator is
used to move the match point set for the end tagpfay> ") six characters to the right. Without
the “shift " operation, the regions in the set would cover only tk&¢haracter of their end tags.

Since elements of a region set cannot overlap, region defisithat would resultin a set with
self-overlapping regions must be resolved into a regiongtit the non-overlapping property.
Salminen and Tompa [90] give the example of a headline

<h>Editor denies <h>Massive Failure</h> misleading</h>
and state that the region definition
headline = docs "<h>"..(shift.3 "</h>")

would “include the region corresponding to the substring
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Operator

Meaning

docs mg.. my
e including. n

e hot including.

e fboy. n m
€ near.

n m

e within r

€0+€1

m

n

Region definition

Elements ot containing at least match points fromn
Elements ot containing fewer than match points fromn
Elements ot starting at a match point im

Elements ot not starting at a match point in

Elements ot starting no more than characters before a
match point inm

Elements ot starting no more than characters from a
match point inm

Elements ot contained in a region from

Set union

signif. n m

Iref. n m

Most frequent repetitions of text

Longest repetitions of text

Figure 2.6: RT operators.
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<h>Massive Failure</h>
but not the surrounding headline.” The fragments

<h>Editor denies <h>Massive Failure</h>
<h>Massive Failure</h> misleading</h>

are also rejected from the region set. Presumably embedateth oints from either match point
set are not permitted. Further, consider the region dedimiti

hh = docs "<h>".."<h>"

All but the last of the potential members of this region sét avierlap the following member by
a character. This problem is not addressed by Salminen angdo

For the operators of Figure 2.6, when a match point set isnedjas an operand and a region
set is provided as an actual operand an automatic type &ords performed. This behavior
produces effects which may be unexpected. Consider aretheple from Salminen and Tompa

line = docs "<line>"..(shift.6 "</line>")
speech = docs "<speech>"..(shift.8 "</speech>")
*line including *speech

This search does not produce all lines containing a compjetech, as might be expected, but
rather all lines containing the start of a speech. SalmimehTwmpa point out that checking
the start position is sufficient to confirm the containmenanfentire region when the regions
are nested. However, speeches are not strictly nestedds. liA line might contain complete
speeches, a speech might contain complete lines, a linet inggbroken across speeches, or
a speech might be broken across lines. The single page Ntaabethin Figure 1.1 contains
examples of all these structural relationships.

If both operands of a union operation{) are match point sets, or if both operands are non-
overlapping region sets, the result of the operation is trenal set union of the two operands. If
one operand is a match point set and the other is a regioreegtgion set is first converted to a
match point set before the operation is performed. If theams are region sets with overlapping
regions they are both converted to match point sets befereghration is performed.

Under these rules, the data type of a union of two region se¢siirely data dependent.
Minor additions or deletions of material can easily havagigant effect on the results of a query.
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Salminen and Tompa give the following example from a datalbastaining th&€omplete Works
of Shakespeare

The query
(*speech including "to be or not to be") + (*line including "dying")
results in a region set with 58 elements, while the query

(*speech including "to be or not to be") + (*line including "death")

results in a match point set with 1030 elements. The diffezén data type is due to two occur-
rences of the word “death” in Hamlet's soliloquy. Concemnihis example, Salminen and Tompa
state:

Although these semantics are self-consistent, this featlAT is easily misunder-
stood and therefore changing it should be considered, psiiyasuitably defining
the union of overlapping regions (as done for example, irr§Bwski [21]]).



Chapter 3

Generalized Concordance Lists

This short chapter introducgeneralized concordance listhe abstract data type or mathemat-
ical object on which the results of the thesis will find theiuhdation. After giving basic defi-
nitions, we prove a number of simple, fundamental resulteeming generalized concordance
lists for use in later chapters.

3.1 Definitions and Discussion

The result of a search is represented as a set of rangedantsover the database string. Each
extentis of the forn{p, ¢), wherep € @ is the start position of the extent agd: @ is the end po-
sition of the extent. The length of an extengis p + ¢, making the smallest extents of length
An extent(p, ¢) overlapsan exten{(p’, ¢') if eitherp’ < p < ¢’ orp’ < ¢ < ¢’ but not both. An
extent(p, ¢) is nestedn an extent(p’, ¢’) if (p,q) # (p',¢') andp’ < p < ¢ <q'. If a=(p,q)
andb = (p/, ¢') are extents, the notatianC b indicates that nests inb; the notatiora C b in-
dicates that: is contained inb: that eithera andb are equal or that nests inb. Extents form a
partial order under.

Over the database string..ay, the range of the index functidh is limited to M = eN
positions. A search over the database may be satisfigd(iy?) extents. If the query is for
a particular word, every extent that includes an occurresfcine word may be considered a
solution to the query. A search to find a word that occurs éxacice in the database is satisfied
by at leastM extents and by as many &M /2] + 1)(|M/2] + 1), depending on the position
of the word in the database string. However, many of thesenéexioverlap and nest. In order

23
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to reduce the number of extents that result from a searchnexthat have other result extents
nested in them are eliminated from the result set. This agmbreo eliminating nested extents is
termed theshortest substring search model

A set of non-nested extents is referred to geaeralized concordance ljgir simplyGC-list,
after theconcordance listef Burkowski [22]. Burkowski's concordance lists have thegerty
that the element extents must be non-overlapping as welbamsasting, forcing an arbitrary
selection of one extent in favor of another. In the case ofackefor a single word that occurs
once in the database, the resultant generalized conc@tanmontains a single extent of length
that begins and ends at the word’s position.

The index functiorf may be viewed as mapping symbols in the index alphabet ontosEC
The elements of the results are interpreted as extentseéhat and end at a single position.

We formalize the reduction of a set of extents to a genemlencordance list as a func-
tion G (S):
G(S)={a|a€c Sand Abc Ssuchthatd a}

A setS is generalized concordance list if and only if

S=g(8)

3.2 Basic Properties

Theorem 3.1
The elements of a GC-list are totally ordered by their stattend positions. The total orders are
identical.

Proof:

Let S be a GC-list. Ifa = (p,¢) € S andb = (p/, ¢') € S then either 1p < p’ andg < ¢’
(and thereforex < ), 2)p > p’ andq > ¢’ (and thereforex > b), or 3)p = p’ andq = ¢’ (and
thereforea = b). Otherwise, ifp > p’ andq < ¢, orif p > p’ andg = ¢, thena C b, and S
would not be a GC-list; ip’ > pandq’ < ¢, orif p’ > p andq’ = ¢, thend C a, andS would
not be a GC-list. O
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Theorem 3.2
If a GC-listS represents the solution to a query over the database siringy then|S| < eN.

Proof:

If S| > €N then two distinct elements &, (u, v) and (u, w), must share a common start
position. Since these elements are distinct w. If v < w then(u, v) C (u, w). If w < v then
(u, w) C (u,v). In either cases cannot be a GC-list. O

Theorem 3.3
If A is a finite set of extents with € A anda ¢ G (A) then there exists’ € G (A) such that

a Ca.

Proof:

From the definition of GC-lists, there exists at least onemixdf A that nests ime. Letn be
the number of extents(, as, ..., a,,) such that; C a, V1 < ¢ <n. We now proceed by induction
onn. For the basis case, if = 1 then there cannot exiat’ € A such thatz” = a;, for then
a’ C a. Thusa; € G (A). Now considem > 1, and assume the theorem true for- 1 and
smaller. Ifa; € G (A) then we are done. Otherwise, singecannot contain more than— 1
elements, by the induction hypothesis there exiSts G (A) suchthat' C a4 C a. O

The theorem does not hold for a non-finite set of extents. identhe set of extents
A ={(-1/n,1/n)| Vn, n anatural numbér

Assume there is an element 4f a = (-1, 1), such that € G (A). From the definition of4,

PRI

the extenia’ = (— 17, 777) is also an element od. Sincea’ T q, o’ cannot be an element of

G (A), a contradiction. Thereforeg (A) = 0. For the remainder of the thesis we deal only with
finite sets.



Chapter 4

An Algebra for Structured Text Search

In this chapter we develop an algebra for structured texthdhat uses GC-lists as its only data
type. Each operator in the algebra operates uniformly o¥ai&s, taking GC-lists as operands
and producing GC-lists as results.

After defining the operators, we provide examples of thee asd present some of their
properties. A framework for implementing the algebra isadiégd and proven correct. The
efficiency of an implementation based on this framework éntbxamined. Finally, we describe
two simple generalizations of the operators.

4.1 An Algebra for Structured Text Search

The query algebra has seven binary operators. The opem®@esented in Figure 4.1. Each
operator is defined over GC-lists and evaluates to a GCHlist.operators fall into three classes:
containment, combination and ordering.

The containment operatorselect the elements of a GC-list that are contained in, not co
tained in, contain, or do not contain the elements of a seG@dist. The containment operators
are used to formulate queries that refer to the hierarchblzalacteristics of structural elements in
the database. The expression on the right-hand side of ainorgnt operator acts as a filter to
restrict the expression on the left-hand side — the resuh@bperation is a subset of the result
of the left-hand side.

The twocombination operatorare similar to the standard Boolean operators AND and OR.
The “both of” operator is similar to AND: Each extent in thesué contains an extent from each

26
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operand. The “one of” operator merges two GC-lists: Eachrein the result is an extent from
one of the operands.

The ordering operatorgeneralizes concatenation. Each extent in the resulsstath an
extent from the first operand and ends with an extent fromekersd operand. The extent from
the first operand will end before the starting position ofélkent from the second operand. The
ordering operator may be used, for example, to connect maalkphabet symbols that delineate
structural elements, producing GC-lists in which each rxterresponds to one occurrence of
the structural element. Examples showing the use of allefétoperators are given in the next
section.

In addition to the seven binary operators, we define two upasjection operatorsz; and
4, over both extents and GC-lists. For extents we define:

m1(p,9) = (P, P)

m2(p, 9) = (¢, 9)

and if A is a GC-list we define;
71(A) = {(p,p) | ¢ with (p,q) € A}
73(A) = {(q,9) | Ip with (p, q) € A}

We may define GC-lists containing all extents of a fixed sizZmBmbering (from Chapter 2)
that the value is defined to be the smallest positioning quantum for a pdeiaatabase string,
we defineX” to represent the GC-list of all extents of length

Y ={p9|qg-pte==a}

An extent of smallest size, havipg= ¢, is defined to have length

As previously described, the index functi@dhmay be viewed as mapping symbols in the
index alphabet onto GC-lists where the start and end pofriteecelements are equal.



CHAPTER 4. AN ALGEBRA FOR STRUCTURED TEXT SEARCH 28

Containment Operators

Contained In:
A< B={a|ac Aand 3b € Bsuch that a C b}

Containing:
Ap B={a|a€c Aand 3b € BsuchthatbC a}

Not Contained In:
A4 B=1{a|ac Aand Ab € B suchthat a C b}

Not Containing:
A B={a|ac Aand Ab € BsuchthatbC a}
Combination Operators

Both Of:
AAB= G ({c|da € Asuchthata C cand 3b € B such that b C c})

One Of:
Ay B= G ({c|da € Asuchthata C cor 3b € B such that b C c})

Ordering Operator

Before:
AOB=G({c| 3(p,q) € Aand 3 (¢/,¢') € B where ¢ < p’ and (p, ¢') C c})

Figure 4.1: Definitions for the binary operators in the quagebra.
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4.2 Query Examples
Our algebra may be used to expresstaebethqueries given in Chapter 1.

1. Find plays that contain “Birnam” followed by “Dunsinane”.
(I (“<play> ") ¢ I (“</play> ")) (Z(“birnam ") ¢ I (“dunsinane "))

The ordering operation is used to build a GC-list of plays ar@iC-list of text fragments
that begin with “Birnam” and end with “Dunsinane”. Each extén the result of the
expressionZ (“<play> ") ¢ Z (“</play> ") exactly delimits the extent of a play. The
GC-list of text fragments that begin with “Birnam” and endthwviDunsinane” is used to
select from the GC-list of plays.

2. Find fragments of text that contain “Birnam” and “Dunsinahe
Z (“birnam ") A Z (“dunsinane )

Since no ordering is specified, the “both of” operator is usétember extents of the
resulting GC-list either begin with “Birnam” and end with tiDsinane”, or begin with
“Dunsinane” and end with “Birnam”.

3. Find the pages on which the word “Birnam” is spoken by a witch.
PAGESD> ( Z (“birnam ") < (BIRNAM < (S> WITCH)))
where

PAGES = Z(“<page>") ¢ I (“</page> ")

BIRNAM = (Z(“<speech>") { T (“</speech> ")) > T (“birnam ")
S = ZI("<speaker> ") { I(“</speech> ")
WITCH = (Z(“<speaker> ") ¢ T (“</speaker> ")) T (“witch ")

The expression&/ITCH andBIRNAM specify speakers that are witches and speeches that
contain “Birnam” respectively. The expressieiiinks speaker and speech together. The
query is arranged to use the actual occurrence of the worthéBi” to select pages. If a
speech by a witch stretched between two pages and contair@ztarrence of “Birnam”

on each page, both pages would be selected.
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4. Find speeches that contain “toil” or “trouble” in the first ie, and do not contain “burn”
or “bubble” in the second line.

SPEECHES> (FIRST2LINES > (T ¢ B))

where
SPEECHES = I (“<speech>") { I (“</speech> ")
FIRST2LINES = Z(“<speech> ") { LINES { LINES
T = LINESD> (Z(“toil ") v Z(“trouble "))
B = LINESK (Z(“burn”) v Z (“bubble "))
LINES = Z(“<line> ") ¢ I (“</line> ")

The expressions ands select extents that match criteria on the contents of tlesliihe
expressiorFIRST2LINES evaluates to a GC-list consisting of the first two lines after
start of each speech. This expression does nothing to geartdrat both lines are contained
within the speech. The outermost containment operatoresshis requirement.

5. Find a speech by an apparition that contains “fife” and thapaars in a scene along with
the line “Something wicked this way comes”.

(FIFE < (S > APPARITION)) < (SCENES[> B)

where
FIFE = SPEECHES> T (“fife ")
S = ZI("<speaker> ") { I(“</speech> ")
APPARITION = SPEAKERS[> Z (“apparition ")
SPEAKERS = T (“<speaker> ") ¢ I (“</speaker> ")
B = X°> (LINES [> BRDBRY)
SPEECHES = I (“<speech>") { I (“</speech> ")
SCENES = I (“<scene>") ¢ I (“</scene> ")
LINES = Z(“<line> ") O I (“</line> ")
BRDBRY = Z (“something ") ¢ Z (“wicked ") ¢ Z (“this ")

O I ("way”) ¢ T (“comes”)
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This last example illustrates the useXjf. The expressioB ensures that only lines that exactly
match the quote are selected. Lines such as “Something pihkvacked this way comes” are
eliminated.

The query expressions given above assume a schema on thas#atdihe expression
T (“<speaker> ") ¢ I (“</speech> ")

occurs in several of the examples to associate speakergheittspeeches. In using this expres-
sion we make the assumption that names of speakers are iatelgdollowed by the speeches
that they make. While the algebra does not depend on thisgsgn holding, the correctness of
the query does. The schema of the database is independéetalfebra and must be described
by mechanisms external to the algebra.

The algebra can be used as a tool to enforce a schema. If akesgemust be followed by a
speech and all speeches must be preceded by a speaker|dhéniplexpressions must evaluate
to the empty GC-list:

(Z (“</speaker> ") ¢ T (“<speaker> ")) (Z(“<speech>") ¢ T (“</speech> "))
(Z (“</speech> ") ¢ T (“<speech> ")) (Z (“<speaker> ") ¢ I (“</speaker> "))

The next example illustrates a technique for handling mesteicture. We assume that our
collection includes Pascal program source, indexed tactatiestructure. The text model permits
this indexing without any need to modify the actual souroéormally our example query is

Find triply-nestedbegin ..end blocks

which may be expressed in the query algebra as
BEGIN2 { END2

where
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BEGIN2 = BEGIN1 ¢ BLOCK1
END2 = ENDI1 4 BLOCK1
BLOCK1 = BEGIN1 { END1
BEGIN1 = BEGINO ¢ BLOCKO
END1 = ENDO <4 BLOCKO
BLOCKO = BEGINO ¢ ENDO
BEGINO = BSRC REM
ENDO = ESRCH REM
BSRC = Z(“begin ") < SRC
ESRC = Z(“end”) < SRC
REM = I (“*<comment>") ¢ Z (“</comment> ")
SRC = I (“<program> ") { Z(“</program> ")

Note that any occurrences of the words “begin” and “end” imowents are ignored.

The algebra is usable for searching data in a wide varietgrofi&ts. A great deal of on-line
data is currently in the form of SQL relations. A simple regmetation of a SQL relation as a
marked-up sequence is sufficient to permit searching of @tioeal database using the struc-
ture algebra of this chapter. This is particularly usefuhiflusion of full-text data in relational
databases becomes more prevalent (Section 2.2.4).

We treat the data in a table as if loaded sequentially in r@jemorder. The extent of each
table is considered to be indexed witktable> ” and “</table> ” markup symbols. The
name of the table is indexed immediately following the taktiart tag and is delineated with
“<tname>" and “</thame> " markup symbols. Each tuple in the relation is delineated by
“<tuple> " and “</tuple> " markup symbols. Each tuple consists of a sequence of atérib
name/value pairs marked-up as follows:

<name> name<value> value</value>

with the end of the name being implied by thevalue> " tag.
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Assume we have a table namdgeports " that stores technical papers with a column for
each of the title, authors, abstract and body (Figure 2.3juéry for papers written by “Clarke,
Cormack and Burkowski” (a select operation) could be wmitis follows:

REPORTS[> CCB-AUTHORS

where
REPORTS = TUPLES <l REPTABLE
TUPLES = I (“<tuple> ") ¢ I (“</tuple> ")
REPTABLE = TABLE > R
TABLE = I (“<table> ") ¢ Z (“</table> ")
R = (ZI(“<thame>") ¢ I (“</tname> ")) > T (“reports ")

CCB-AUTHORS

AUTHORS [> (VALUE > CCB)

AUTHORS = (NAME > 7 (*authors ")) ¢ Z (“</value> ")
NAME = Z(“<name>") ¢ Z (“<value> ")
VALUE = Z(“<value> ") ¢ I (“</value> ")
cce = ZI(“clarke ") A I(*cormack ") A T (“burkowski ")

If we wish only the titles and abstracts of these papers (ggroperation), the query would be

(TITLE 7 ABSTRACT) <1 CCB-REPORTS

where
CCB-REPORTS = REPORTS[> CCB-AUTHORS
TITLE = (NAME > Z(“title ")) Z (“</value> ")
ABSTRACT = (NAME > Z (“abstract ")) I (“</value> ")

Finally, the operators may be used to express orderingoehdtips other than that of the
“before” ordering operator ¢ ). Given GC-listsA and B, suppose we wish to construct the
GC-listC defined as follows:

C=G({c] I(p,q) € Aand 3 (p/,¢') € B where p < p’ and (p, max(q, ¢')) C c})
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An extent inC' contains an extent from each dfand B, with the starting position of the extent
from A before the starting position of the extent frdBh We may express the GC-liét using
the query

C=(m(A)OB)AA

4.3 Properties

This section establishes several properties of the qugsbed, including various associativity,
commutativity and distributivity laws. As observed eatlithe “one of” combination opera-
tor (v ) is similar to the boolean OR operator, the “both of” combio@operator (A ) is similar

to the standard boolean AND operator, while the orderingatpe (¢ ) generalizes concatena-
tion. The properties of these operators are shown to bestensiwith these observations. While
several results from this section will be used in later psptife primary purpose of this section is
to explore and elaborate the semantic characteristicedadltebra.

Commutativity of the combination operators follows immegdiy from the definitions:

Theorem 4.1 (Commutative Properties)
JAAB=BAA
ii)AyB=Bv A

Proof:
Immediate from the commutativity of “and” and “or” in the dafions. d
The ordering operator is, naturally enough, not commugativ
AOB#BOA
For example, considet = {(2,2)} andB = {(1,1), (3, 3)}.

A0B={(23)}#{(1,2)}=B0A

In order to establish associativity and distributivity pesties of the combination and ordering
operators we first establish results concerning the defirétthemselves. The definitions may be
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viewed as consisting of two steps: 1) a predicate that sefemtn the universe of all extents,
followed by 2) an application of theg function. In order to discuss each step separately we
define operators, each one corresponding to one of the ngdericombination operators, that
represents only the first of these two steps. The operaters ar

AAN*B = {c|Jac€ AsuchthataC cand 3b € B such that b C ¢}
Av*B = {c|Jda€ AsuchthataC cord b€ BsuchthatbC c}

AO*B = {c| 3(p,q) € Aand 3 (p/,¢') € B where q < p’ and (p, ¢') C ¢}
so that
AAB = G(AA®B)
Ay B = G(AV™B)
A0B = G(A0"B)

The commutativity of the/A* and <7* operators is immediate from the definitions, as are the
following associativity and distributivity properties:

Theorem 4.2
D(AA*BYA*C =AA"(BA*C)
i) (Av*B) v C=Av" (Bv*C)
i) (AO*B) 0*C =AQ* (BO*C)

Theorem 4.3
D(A*B)A*C=(AAC)v* (BA*C)
iN(AA*B)yy*C=(Av*C)A*(Bvy*(C)
iii) (A7* B) 0~ C = (40" C) v* (BO* C)
V) (AA*B)O*C=(A0"C)A* (BO*C)
VAQT(BV C)=(A0"B) v (40" C)
Vi) AO* (BA*C)=(A0*B) A* (A0~ C)

A key observation concerning the three operators is that tesults are insensitive to the
application of the G function to their arguments. This property will be explditextensively
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in proofs concerning the combination and ordering opesatdhe following theorem formally
establishes the property.

Theorem 4.4
AA*B=G(A)A*B
il AA*B=ANA* G(B)
i) Axy*B= G (A)v*B
iv) Ay*B=Ax* G(B)
VVAO*B= G(A){O*B
vi) AO* B=AO* G (B)

Proof:

i) AA*B= G (A4) A" B:

If cis any element o A* B thenda € A and3b € B such thatz C ¢ andb C ¢. By
theorem 3.33a’ € G (A) such thata’ C a C ¢. Thereforee € G (A) A* B, implying
AAN*BC G(A) A" B.

If cisany element ofG (4) A* Bthenda € G (4) and3b € B such thate C candb C c.
Since G (A) C A, we havea € A. Thereforec € A A* B, implying G (4) A* B C A A* B.

i) AA*B=AA* G(B):
Follows from part i) and the commutativity of\* .
i) Avy*B = G (A) v* B:

If ¢ is any element o4 \7* B thenda € A such that C ¢ or 3b € B such thad C c. If
Jda € A such thate C ¢ then by theorem 3.3'a € G (A) such thate’ C a C ¢. Therefore,
c€ G(A)v* B,implyingAv*BC G (A4) v* B.

If ¢ is any element ofG (4) vv* B thenda € G (A4) suchthate C c or3b € B such that
bCc IfdJa € G(A)suchthata C cthen sinceG (A) C A we havea € A. Therefore,
c€ Ay B,implying G (A) v* B C Av* B.

V) Av*B=Av"* G (B):

Follows from part iii) and the commutativity of7* .
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V) AO* B= G (A) 0* B:

If ¢is any element ofA 0* B then3(p,q) € A and3(p’,¢’) € B such thaty < p’ and
(p,¢’) C c. By theorem3.33(p", ¢") € G (A) such that(p”, ¢") C (p, q). Sinceq” < ¢, we
haveq” < p’ < ¢’ and further we havép”, ¢") C (p,¢') C c. Thereforec € G (A) O* B,
implying A 0* B C G (A4) 0* B.

If cis any element ofG (A) 0* B then3(p,q) € G (A4) and3(p, ¢’) € B such thay < p’
and(p,q’) C c. Since G (A) C A, we have(p,q) € A. Thereforec € A O* B, implying
G(A)0*B C AQ* B.

Vi) AO* B=A 0" G (B):

If ¢ is any element oA 0* B then3(p,q) € A and3(p’,¢') € B such thaty < p’ and
(p,¢') C c. By theorem3.33(p", ¢") € G (B) such that(p”, ¢") C (p’,¢'). Sincep’ < p”, we
haveq < p” < ¢" and further we havép”, ¢") C (p,¢’) C c¢. Thereforec € A 0* G (B),
implying A 0* B C A(* G (B).

If cisany element oA O* G (B) then3(p, q) € A and3(p/,¢’) € G (B) such thay < p’
and(p,q¢’) C ¢. Since G (B) C B, we have(p',¢’) € B. Thereforec € A ¢* B, implying
AO* G(B)C AQ* B.

g

Proofs of associative and distributive properties are nmaightforward. These proofs are
very similar in character to one another. The basic prodiri&pe is to first re-write the left-
hand side of each equation as the two-step application ddigate followed by thes function.
Then theorem 4.4 is used to eliminate all but the outermgsticgtion of the G function. The
underlying predicate is then manipulated directly. Finaleorem 4.4 is used to restore the
application of theG function throughout the equation, leaving it in the desiad.
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Theorem 4.5 (Associative Properties)
D(AAB)AC=AA(BACQC)
i)(AvB)vC=Av (BvC)
i) (AOB)OC=A0(BOCO)

Proof:
VAAB)AC=AAN(BAC):
(AAB)AC = G
= g
= g
= g
= A
i) (AVB)vC=Av (BVC
(AyB)vC = ¢
= g
= g
= g
A
i (A0B)OC=A0(BOC):
(AOB)OC = ¢
= g
= g
= g
A

(G(AA* B
(AA* B
(A A" (B A*C))
(AA* G (B A*C))
A(BAC)

(G (Av*B)v*C)
(Av™B)vC)

(Av™(Bv™())

Mv G (Bv*C))
v(BvC)

((AW
(A0~ B
(A0™ (B <>*
(40" ¢

0(BOC)

(Definitions)

(Theorem 4.4.,i)
(Theorem 4.2,i)
(Theorem 4.4,ii)

(Definitions)

(Definitions)

(Theorem 4.4,iii)
(Theorem 4.2,ii)
(Theorem 4.4,iv)

(Definitions)

(Definitions)

(Theorem 4.4,v)
(Theorem 4.2,iii)
(Theorem 4.4,vi)

(Definitions)
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Theorem 4.6 (Distributive Properties)
DAYB)AC=(ALC)y (BACQ)
NAAB)yC=(AvC)A(Bvy ()
i (AvB)0C=(A0C) (BOCO)
V)(AAB)OC=(A0C)A(BOC)
VAO(BvC)=(A0B)v(A0C)
VD)AO(BAC)=(A0B)A(AOC)

Proof:
DAy B)AC=(AAC)y (BACQC):
(AvVB)AC = G(G(Av*B)A*C) (Definitions)
= G((Av*B)A*C) (Theorem 4.4,i)
= G((AAL*C)vy  (BA*Q)) (Theorem 4.3,i)
= G(GAAC)v* G(BA*C)) (Theorem 4.4;iiiiv)
= (AAC)y (BAC) (Definitions)
i(AAB)vyC=(AyC)A(ByC):
(AAB)yyC = G(G(AA*B)v*C) (Definitions)
= G((AA*B)v*C) (Theorem 4.4.iii)
= G((Avy*C)A*(By* () (Theorem 4.3,ii)
G(G(Av*C)ALA* G(Bv*C)) (Theorem 4.4,iii)
= Ay C)A(BvyO) (Definitions)
iil) (A7 B) 0 C=(40C) v (B)C):
(AvyB)OC = G(G(Avy*B)0o*(C) (Definitions)
= G((Av*B)o*C) (Theorem 4.4,v)
= G((A0"C)vr(BO*C)) (Theorem 4.3,iii)
= G(GA*C)v* G(BO*C)) (Theorem 4.4,iii,iv)
= (A0C)vy (BOCO) (Definitions)
V)(AAB)OC=(A0C)A(BOO):
(AAB)OC = G(G(AA*B)O*C) (Definitions)
= G((AA*B)O*C) (Theorem 4.4,v)
= G((A0*C)A*(BO*C)) (Theorem 4.3,iv)
= G(G(AOC)A* G(BO*C)) (Theorem 4.4,i,ii)

= (A0C)A(BOCQO) (Definitions)

39
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VAO(BVC)=(A0B)vV(AQC):
AO(BvO) G(AO* G(Bv*(C)) (Definitions)
= G(A0"(Bv*()) (Theorem 4.4,vi)
G((AO*B)vw* (A0 C)) (Theorem 4.3,v)
= G(G(AO0*B)v* G(A0*C)) (Theorem 4.4iiii,iv)
= (A0B)v(400C) (Definitions)

V) AO(BAC)=(A0B)A (A0 C):

AO(BAC) = G(AQ* G(BA*C(C)) (Definitions)
= G(AO*(BA*()) (Theorem 4.4,vi)

= G((A0"B)A* (A0 () (Theorem 4.3,vi)
G(G(AO"B)A* G(AO*C)) (Theorem 4.4,i,ii)
(AOB)A(AQC) (Definitions)

The next three results provide information about the stmecof A <7 B, simplifying the
original definition.

Theorem 4.7
Ay BCAUB

Proof:

Assumedc € G (A v* B) suchthat ¢ A andec ¢ B. Sincec € G (A v* B), we have
c € Avy* B. Sincec € A<y* B,da € Asuchthate C cor3b € B suchthat C c. If
a € Athena € A<y* B;if b € Bthenb € A <;* B. In either case cannot be a member of
G (A vv* B), a contradiction. Therefore, ifc Ay B thenc € Aorc € B. O
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Theorem 4.8
AUBCAY"B

Proof:

Immediate from the definition of the7* operator. O

Theorem 4.9
Ay B= G(AUB)

Proof:

Assumedec € A 7 B suchthat ¢ G (AU B). By theorem 4.% ¢ AU B. By the definition
of the G operatorde’ € AU B such that’ C ¢. By theorem 4.8’ € A <;* B. Sincec C ¢, we
havec ¢ G (A " B) (= A v B), a contradiction.

Assumede € G(AU B)suchthate ¢ A<y B (= G (A v* B)). By theorem 4.8

¢ € A 7* B, and thereforela € A such thats C ¢ or 36 € B such thab C ¢. In either case
cannot be an element @ (A U B), a contradiction. a

To complete the list of properties for the combination oppEsg we note that identity elements
exist for both the A and vy operators. ¢ is the set of extents of smallest length dhid the
empty GC-list then

AAY = X*AA = A
Agd = 0vA = A

The containment operators exhibit fewer general propsetti@n the combination and ordering
operators. In some cases the containment operators distabross the; operator:

Theorem 4.10
DAy B)<C=(A<C)vy(B<C)
i) (AV B) it C= (A C) v (B¥C)
i) A (BvC)=(A>B)v (A> C)
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Proof:
DAV B)<C=(A<C)v (B«C):

Let a be any element ofA 57 B) <t C such that ¢ (A < C) v (B < C). Eithera € A
ora € B. Without loss of generality assume that A. Sincea € (A 57 B) < C anda € A,
we havea € A < C. Sincea ¢ (A< C) v (B < C),3b e B < C suchthab C a. But then
db € B suchthab C a, implyinga ¢ A 57 B and therefore ¢ (A 57 B) < C, a contradiction.

Leta be any elementafA <t C') 7 (B < C) suchthat ¢ (A7 B) < C. Eithera €¢ A1 C
ora € B < C. Withoutloss of generality assume that A < C. Sincea ¢ (A 7 B) < C but
a€ A< C,wehaven ¢ A<y B. Sincea € Abuta ¢ Ay B, 3b € B such thab C a. Since
a€ AdC,dce Csuchthab C a C c. Thusb € B Canda ¢ (A< C) vy (B<C),a
contradiction.

i) (AvB)¥ C=(A¥C)v (B¥C):

Let a be any element ofA 57 B) ¥ C suchthat ¢ (A C) vy (B ¥ C). Eithera € A
ora € B. Without loss of generality assume that A. Sincea € (A v B) ¥ C anda € A,
we havea € A ¢ C. Sincea € (A C) 7 (B ¥ C),3b € B C suchthab C a. But then
db € B suchthab C a, implyinga ¢ A 57 B and therefore ¢ (A <7 B) ¥ C, a contradiction.

Leta be any element afA ¥ C') 7 (B ¥ C) suchthat ¢ (A< B) ¥ C. Eithera € Ap C
ora € B ¥ C. Without loss of generality assume that A ¥ C. Sincea ¢ (A v B) ¥ C but
a€ App C,wehaven ¢ A<y B. Sincea € Abuta ¢ Ay B, 3b € B such thab C a. Since
ac (Ap C)v (B C), wehaveb ¢ B C. Thereforede € C suchthat C b C « and
a ¢ A C,acontradiction.

i) A> (ByC)=(A> B)yv (A>C):

Let a be any element off > (B 7 C) such thata ¢ (A > B) v (A > C). Sincea €
Ap> (B (), eitherdb € B such that C a or dc € C such thatc C a. Without loss of
generality assume thab € B such that C a, implyinga € A > B. Sincea € A 1> B but

ad (A B)vyv (A C),3d’ € A C suchthata C a. Thereforeda’ € A such thata C a,
and A is not a GC-list, a contradiction.

Leta be any elementdfA > B) 7 (A > C) suchthat ¢ A> (B 7 C). Eithera € A> B
ora € A > C. Without loss of generality assume that A > B, implying 46 € B such that
bC a.Sinceag A (Bvy C),wehaveh ¢ By C.Ifb¢ B <y Cthende € B vy C such that
¢ C b. Butthenc C a anda € A > (B v/ C), a contradiction.

g



CHAPTER 4. AN ALGEBRA FOR STRUCTURED TEXT SEARCH 43

In the other cases, containment operators do not distrédmutess thes; operator. For exam-
ple, consider

4 ={(25)} B=1{54} C={16)}

By C = {(34)}
Ad(ByC) = 0
AdaB = 0
AaC = {(2,5)}
(A9B)v(4<0) = {(2.5)}
Aq(BvyC) # (A<B)v(A«C)

Theorem 4.11
A>(BAC)=(A>B)>C

Proof:

Ifac A> (B A C)thendd € B A C such thatd C a. Sinced € B A C, 3b € B such
thatb C d C a andde € C' suchthat C d C a. Sinceb C a,a € A > B and, since C a,
ac(A>B)p>C.

If a € (A> B) > C then3b € B such that C a and3c € C such that C a, implying
a € B A*C. Thereforedd € B A C suchthatd C a, implyinga € A (B A C).

g

Finally, the containment operators exhibit a limited vensof commutativity, commutativity
of containment criteria applied to a particular GC-list.

Theorem 4.12
(AoB)e(C =(Ae(C)oB
whereo ande are any of the containment operatoks:, >, 4, and 4 .

Proof:

Immediate from the definitions of the containment operators O
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4.4 A Framework for Implementation

Start points and end points place identical total orderfieretements of a GC-list (theorem 3.1).
We exploit this total order to develop a framework for effitlg implementing the algebra. The
approach consists of indexing into GC-lists; the total oideised as the basis for this indexing.
Given a GC-list and a position in the database we index irdd3@-list to find the extent that is

in some sense “closest to” that position in the database. &yatwith an example and follow

this with a formal exposition of the framework.

Consider evaluating the expressidr) B (see Figure 4.2). An extent from the resultant GC-
list starts with an element from and ends with an element froB. Supposédp, g) is the first
extent inA. If (p/, ¢’) is the first extent fronB with p’ > ¢ theng’ must be the end of the first
extent ofA { B. We index intaB to find the first extent with’ > ¢. The last extent frond that
ends beforg’ starts the first extent of ¢ B. We index intoA to find the greatest exte(@”, ¢”)
whereg” < p’. The exten{(p”, ¢’) is the first solution td ¢ B. Indexing first intoB and then
into A in this manner gives us the first extentAn) B directly in two steps. The next solution
to A O B begins aftep”. We index intoA to produce the first extent aftgf. This procedure of
successively indexing intd and B can be continued to find the remaining extentgity B.

The implementation framework consists of four access fanstthat allow indexing into
GC-lists in various ways. Each of the access functions sgmts a variation on the notion of
“closest extent” in a GC-list to a specified position in théati@ase. We implement the four access
functions for each operator in our algebra using the aceeggibns of its operands.

The access functiom (.5, k) represents the first extent in the GC-lisstarting at or after the

positionk:

(p,q) if3(p,q) € Ssuchthatk <p
T (S, k) = and 7 (p/,¢') € Ssuchthatk <p' <p
(00,00) if A(p,q) € Ssuchthatk <p

The access functiomp (.S, k) represents the first extent thending at or after the positidn

(p,q) if 3 (p,q) € Ssuchthat k <g¢
p (S k)= and 7 (p/,¢') € Ssuchthatk < ¢’ <gq
(00,00) if A(p,q) € Ssuchthatk <gq

The access functions’ (S, k) and p’ (S, k) are the converses of and p . The access func-
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AQB

/ Start of database

Y Last extent inA beforep’

First extent

) ) in B afterq
First extent inA

17 !

J q
First extent inA ¢ B

Increasing Positions

Figure 4.2: Evaluatingl ¢ B.
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tion 7’ (S, k) represents the last extent$hending at or before the positidn the access func-
tion p’ (S, k) represents the last extentSnstarting at or before the positidn

(p,q) if 3 (p, ¢) € S such that k£ > ¢
' (S, k) = and A (p/,¢) € Ssuchthatk > ¢ > ¢
(—o0,—o0) if A(p,q) € Ssuchthatk > ¢

(p,q) if 3(p,q) € Ssuchthatk > p
p' (S, k)= and 7 (p',q') € Ssuchthatk>p >p
(—o0,—o0) if A(p,q) € Ssuchthatk > p

In these definitions and—oo are formal symbols defined such that co andk > —oo,
for any positionk in the database. Figure 4.3 provides an illustrative exarapthe differences
between solutions to the various access functions abowgafepdatabase position.

Figure 4.4, Figure 4.5 and Figure 4.6 give definitions-@nd p over the operators wheén< co.
For simplicity, the case of = oo is omitted from the figures. In that case we have:

T (S,00) = p (S, 0) = (00, ).

Figure 4.7, Figure 4.8 and Figure 4.9 give definitions-b&nd p’ over the operators whén> —oo.
For simplicity, the case 0f = —oo is omitted from the figures. In that case we have:

7' (S, —00) = p' (S, —0) = (—o0, —00).

The equations also require that

The notation used in the figures is loosely based on the fumaitprogramming language ML [75].
An expression of the form

let definitionsin expression

yields the value of the expression following thre evaluated in the context of the definitions
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Increasing Positions

Figure 4.3: Comparison of the access functions.
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following thelet. A conditional expression
if conditionthen expressiorelseexpression

evaluates to the expression following ttien if the Boolean condition following thé is true,
and evaluates to the expression following #feeif the Boolean condition is false.

We examine in detail the equation fer (A <1 B, k) (see Figure 4.10). This equation yields
the first element o4 <1 B that starts at or after the positién The extent(p, ¢) = 7 (4, k) is
taken as a candidate solution. Fer ¢) to be the solution it must be contained in an extenBof
An extent ofB containing(p, ¢) must end at or after. The first such extenti@’, ¢') = p (B, q).
There are now two cases: 1)df < p then(p, ¢) is contained ir(p’, ¢’) and(p, ¢) is the solution
to 7 (A <1 B, k). 2) Otherwise@’ > p and(p, ¢) is not contained irfp’, ¢'). In this case(p, q) is
not contained in any extent &. For if there existed an exte(@”, ¢”) in B that containedp, q)
we would have:

p'>p since(p’,¢’) does not contaifp, ¢)

p>p"’ since(p”, ¢") containgp, )
p’ >p  since(p”, ¢") is after(p’, ¢’) in the GC-listB

This is a contradiction ang, ¢) is not a solutiontor (A <1 B, k). The solutiontor (A < B, k)
must start at or aftey’. Thus, 7 (A < B, k) = 7 (A < B, p').

Following this approach we may formally demonstrate theeminess of the equations. The
associated theorems and proofs are the subject of Secfon 4.

Definitions of the access functions for the projection ofmsaand for fixed intervals may
also be given. For the projection operators the equatians ar

7 (m(A), k) = p(m1(A),k)
= m(7(4,k))
7 (ma(A), k) = p(ma(A), k)
= m(p (4 F))
T (m(A), k) = p'(m(4),k)
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Containment

T (A< B, k)=
let
(pg) = 7 (4,k)
(', d)= p(B,9)
in
if p’ < pthen
(p,9)
else
T (A< B,p)

if p’ > pthen

(P, 9)
else

p(A4B,qd +e¢

p (A< B, k)=
let
(p,g) = p(A k)

T (A< B,p)

T (AD> B, k)=

let
(pg) = 7 (A k)

p(A> B,q)

p (A B k)=
let

(p,g) = p(Ak)

7 (A 4 B, p)
(AW B,k)=
let

(p,9) = 7 (4,k)

p (AW B,q)

if ¢ < gthen
(P, 9)
else
p(A> B,q)

if ¢ > g then

(P, 9)
else

T (AW B,p' +¢)

Figure 4.4: 7 and p for the containment operators.
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Combination
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(min(p//,p///), Ina.X(q”, q///))

T (Av B, k)=
let
(p,q)= 7 (Ak
¥,¢)= 7(B,
in
if ¢ < ¢’ then
(P, 9)
else ifg > ¢’ then
?,q)
else
(max(p, p'), q)

)
k)

p(AAL B k)=
let
(p,q)= T (AA B,k—¢)

T(AA B,p+e)

p(AV B, k)=
let

(p,g)= 7 (AV B, k—¢)

T (A B,p+e¢)

Figure 4.5: 7 and p for the combination operators.
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Ordering

7 (A0 B, k)=
let
(p,g) = 7 (A k)
(@,¢)= 17(B,q+¢)
(p//, q//) — 7_/ (A,p/ _ 6)
n
(p//, q/)

p(AQ B, k)=
let
(p,Q): T/(A<>Bak_€)

T(AQ B,p+¢)

Figure 4.6: = and p for the ordering operator.
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Containment

if ¢ > g then
(P, 9)

else
' (A< B,{)

if ¢ < ¢ then

(P, 9)
else

pl (A{] B,p/—f)

p (A< B k)=
let
(p,g) = P (A k)

" (A< B,q)

if p’ > pthen
(P, 9)

else
p' (A B,p)

if p’ < pthen
(p, q)
else
T (A B,¢' —¢)

Figure 4.7: 7/ and p’ for the containment operators.
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Combination

if p > p’ then
(P, 9)

elseifp < p’ then
?,q)

else
(p, min(g, ¢'))

p'(AA B k)=
let
(pg)=7(AA B k+e¢)
In
T (AA B,qg—¢)

p' (A< B, k)=
let

(p,g)= 7 (AV B, k+¢)

T/(AVB,‘]—G)

Figure 4.8: 7" and p’ for the combination operators.
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Ordering
T (AQ B, k) =
le
p,q) = 7 (Ak)
!

p (A B, k)=
let
(p,g) = 7(AO B, k+e)

(A0 B,q— ¢

Figure 4.9: 7" and p’ for the ordering operator.
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A | |
p q
Casel | I p<p= 7 (A< Bk)=(p,q)
B ;o v
Case 2 » . Pep= t(A<dBk) = r(A<4B,p)
p q

Increasing Positions

Figure 4.10: Evaluating < B.



CHAPTER 4. AN ALGEBRA FOR STRUCTURED TEXT SEARCH 56

T (ma(A), k) = p' (m2(A), k)

For fixed size extents the equations are:

(2% k) = (kk+z—¢)
p(FH) = (k-zteh)
7 (2%, k) = p(X%k)
pE%RE) = T(2%k)

Finally, we note that the access functions themselves maxjessed in terms of the query
algebra. Lefirstandlastbe functions over GC-lists defined as follows:

first(S) = S < ({(—00,—0)} ¢ S)
last(.S) S <1 (S0 {(c0,00)})

The expressioffirst (.S) represents the GC-list containing only the first elemens pénd the
expressiorlast(.S) represents the GC-list containing only the last elemen$.ofThe access
functions may then be expressed as follows:

T(Ak) = first(A' > mo({(k— e,k — )} O mi(A))

(A, k) = first(A' o m({(k— ek — )} O m(4)))
(A k) = laSt(A' b my(ma(A) O {(k + e,k + 0)}))
P (AK) = last(A > m(m(4) 0 {(k+ e k+9})

where

4.4.1 Index Organization

Standard data structures for inverted lists may be usedltimplementations ofr and p for the
database index functidh[66, pages 552-554] [38]. Figure 4.11 shows the abstraeinizgtion
of an inverted list data structure. The dictionary maps éagdéx symbol into a range in the index.
For each index symbol, the index contains a soptestings listof database positions where the
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symbol occurs. For a particular symbol, a binary searchemghts the four access functions
with O(log m) efficiency, wheren is the length of the postings list for the symbol, assuming
that an initial dictionary lookup of symbols is performeddre query evaluation is begun. Using
a binary search, this initial dictionary lookup for each $ghrequiresO(log |X|) time, where

|3] is the number of symbols in the index alphabet. Other datatstring techniques — B-
trees [66, pages 473—-479], surrogate subsets [20], andrdyngdate [26] — may be used to
provideO (log m) implementations that additionally permit efficient ingams and deletions.

In practice, the index and dictionary will be at least pditiatored on secondary storage,
usually a magnetic disk or a CD-ROM. It is then important tosider the number of disk read
operations separately from the number of in-memory opmnati Appropriate data organization
technigues allow the access functions to be implementddangingle disk operation, even when
the dictionary is considerably larger than available mgmresources [26]. The organization
permits direct indexing to the position in a postings lisittbontains the solution to an access
function. If the postings list for a particular symbol is obderate size, small enough to be
brought into memory in its entirety, the same organizatemihhiques allow the postings list for
a particular symbol to be brought into memory with a singkkddperation. The organization
further permits dynamic insertions and deletions of inagd&rimation.

Under the organization, disk storage is divided into indecks of equal size. Together,
the index blocks make up thaisk index which combines the functions of the dictionary and
index of figure 4.11. The disk index contains both index sylsibad postings. Each index block
contains one or moradex entries Each index entry consists of a term symbol followed by
an occurrence count and an occurrence list, indicatingipasiin the database where the term
occurs (Figure 4.12). By using the occurrence counts asuwelaointers, we may treat an index
block as a linked list of entries.

Overall, the index is ordered first by term symbol and thendtaldase position, and divided
into index blocks as appropriate. If an entry for a partictéam symbol does not fit in a single
index block, it is divided into multiple entries and storeda range of index blocks. For update
purposes, disk space allocated for index blocks is treaedcarcular array. The disk index may
start at any pointin the circular array and does not usudlly.fiThe dynamic update algorithm
operates by modifying the disk index according to an updatehd writing the modified disk
index into the unused portion of the array, releasing seteapd by the unmodified index as it is
modified and written back (Figure 4.13).

An index mags stored in main memory, with each entry in the index map rileisg a block
of the disk index. Each entry contains two fields describitdpek of the disk index. The first
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Index
Dictionary
index symbol start ptr end ptr
/_/—/%
birnam é L
Database
Positions
<speech / {

Figure 4.11: Inverted lists.
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banquo
47
Index Terms 16748 >
Database
Positions
Occurrence birnam
Counts = 11 >

Figure 4.12: Index block organization.

field of an index map entry contains the first term symbol irdiei the block, and the second
field contains the first posting for this term symbol indexgdhe block. A binary search of the

index map determines the range in the disk index contaimiagbstings list for any particular

symbol. If it is of small or moderate size, this postings figty then be read with a single disk
access. If the postingslistis long, and cannot be read émiigety, then a further binary search of
the index map may be used to choose the particular block dmhins the solution to an access
function for the symbol.

By slightly extending the data structures discussed ingbétion, it is possible to store any
GC-list as an inverted list. Each index element would contiaé start and end position for an
extent. Since the start and end positions place identitalldoders on the elements of a GC-list,
any data structure usable to implement access functiomsdex symbols will serve equally well
to implement access functions for GC-lists. In this way, & for frequently-posed queries
may be pre-computed and stored as part of the database.

Itis particularly useful to store GC-lists for structurdments — speeches, for example —in
this form.

SPEECHES= Z (“<speech> ") { I (“</speech> ")
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Before Update Cycle

Circular Disk Array

Index Before Update

Free Space

During Update Cycle

Free Space

Updated Portion ‘ Un-Updated Portion
of Index

of Index

\/ \_/

After Update Cycle

Updated Index

N

Free Space

Figure 4.13: Overview of an update cycle.
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Its reasonable to expect that such queries will be frequersitd, and in these cases the work
involved in solving for the structural element is avoiden addition, the actual markup symbols
need not be indexed since the projection operators may litogtract this information. In the
case of speeches,

T (“<speech> ") = m(SPEECHEY

and
T (“<Ispeech> ") = my(SPEECHES

4.5 Correctness of the Framework

Theorem 4.13
The equations of Figure 4.4, Figure 4.5, Figure 4.6, FigureHgure 4.8 and Figure 4.9 correctly
calculater , ', p and p’ for the operators of Figure 4.1.

Proof:

The proof addresses in detail only the equations of FiguteFgure 4.5 and Figure 4.6, which
calculater and p . Since 7" and p’ correspond tor and p under a reversed ordering, the proof
of the remaining equations may be derived in a straightfovashion.

We prove the equations for GC-lists extended to include xtengs(—oo, —oo) and(oo, co)
as members. Use of these extended GC-lists make the spawidiny of the infinity cases in the
definitions of 7, p, 7/ and p’ redundant.

The equations are addressed in order, giving fourteen aasetsl.
1) 7 (A < B, k) (Figure 4.4):

(This case has been informally argued in the previous segtio

SinceA < B C A, 7 (A< B,k) = 7 (4,k)ifand only if 3 (p/,¢') € B such that
7 (A, k) C (p/, ¢). Following the equation, Idlp, ¢) = 7 (4, k) and let(p’, ¢') = p (B, q). By
the definition of p , we havey’ > ¢. Thus, ifp’ < pthen(p,¢) C (p',¢') and 7 (A < B, k) =
T (4, k).

Now, suppose’ > p. Assumed (p”, ¢") € B such tha(p, ¢) C (p”, ¢"), implying thatp” <
p’. By the definition of p , if ¢” > ¢ theng” > ¢'. Therefore(p’, ¢') C (p”, ¢"), contradicting

for B the defining property of GC-lists. Finally, (p"’, ¢"") € A wherep < p"" < p’, we have
(»",¢") # T (A< B,k)sincep (B,q") > (p/,¢'). Thereforer (A< B, k)= 7 (A< B,p).
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2) p (A < B, k) (Figure 4.4):

Let (p,q) = p (A, k) and let(p’,¢') = p (A < B,k). Sinced < B C A, we have
(', 4) > (p, q)- By the definition of p , A (p”, ¢") € A < B suchthak < ¢ < ¢" < ¢’. Since
Ais a GC-list it follows thatd (p”, ¢") € A < B suchthap < p” < p’. Thus from the definition
of 7, wehave(p’,¢') = 7 (A < B,p).

3) 7 (A > B, k) (Figure 4.4):

The argument is similar to the previous case. gtlg) = 7 (A4,k) and let(p’,¢') =
7 (A> B, k). Sinced > B C A, we have(p/, ¢') > (p, q). By the definition of r , 4 (p”, ¢") €
A > Bsuchthat < p < p” < p’. SinceA is a GC-list it follows thatd (p”, ¢") € A > B such
thatg < ¢ < ¢’. Thus from the definition ofp , we have(p’,¢') = p (A > B, q).

4) p (A > B, k) (Figure 4.4):
The argument is similar to that for (A < B, k).

SinceA> B C A, p (A B,k) = p (4,k)ifand only if 3 (p/,¢') € B such that
(»',4¢) C p (A, k). Following the equation, Iglp, ¢) = p (4, k) and let(p’, ¢') = 7 (B, p). By
the definition of 7 , we havep’ > p. Thus, if¢’ < ¢ then(p’,¢') C (p,q) and p (A > B, k) =
p (A k).

Now, suppos@’ > ¢. Assumed (p”, ¢") € B such tha(p”, ¢") C (p, ¢), implying thatg” <
¢'. By the definition of 7 , if p” > p thenp” > p’. Therefore(p”, ¢") C (¢/,¢'), contradicting
for B the defining property of GC-lists. Finally, (p", ¢"’) € A whereq < ¢ < ¢/, we have
®",4")# p(A> B,k)sincer (B,p") > (¢, ¢). Thereforep (A>B,k)= p(A> B,q).
5) 7 (A 4 B, k) (Figure 4.4):

SinceA 4 B C A, 7 (A 4 B,k) = 7 (4,k) if and only if A (p/,¢’) € B such that
7 (A, k) C (p/, ¢). Following the equation, Idlp, ¢) = 7 (4, k) and let(p’, ¢') = p (B, q). By
the definition of p , we havey’ > ¢. Thus, ifp’ < pthen(p,¢) C (p',¢') and 7 (A 4 B, k) #
T (4, k). Indeedv (p”,¢") € Awhereq < ¢’ < ¢ andp’ < p < p”, we have(p”,q") #
T (A 4 B, k). Therefore, and from the definition ef 7 (A 4 B, k) = p (A 4 B,q +¢€).

Now, suppose’ > p. Assume3 (p”’, ¢"') € B such thaip, ¢) C (p", ¢"), implying that
p"” < p'. By the definition of p , if q’” > g theng” > ¢'. Therefore(p’,q') C (p",q"),
contradicting forB the defining property of GC-lists.

6) p (A 4 B, k) (Figure 4.4):

The argument is similar to that fop (A < B, k) and 7 (A > B, k). Let(p,q) = p (4,k)
and let(p’, ¢') = p (A 4 B, k). SinceA 41 B C A, we have(p’, ¢') > (p, ¢). By the definition
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of p, A(",¢") € A4 Bsuchthatt < ¢ < ¢’ < ¢’. SinceA is a GC-list it follows
that A (p”,q") € A < B such thatp < p” < p’. Thus from the definition ofr , we have
(¥, ¢')= 7 (A4 B,p).

7) 7 (A ¥ B, k) (Figure 4.4):

The argument is similar to the previous case. gtg) = 7 (A4,k) and let(p’,¢') =
T (A1t B, k). Sinced ¢ B C A, we have(p/, ¢') > (p, q). By the definition of r , 4 (p”, ¢") €
A t¥ Bsuchthat < p < p” < p’. SinceA is a GC-list it follows thatd (p”, ¢") € A ¥ B such
thatqg < ¢” < ¢’. Thus from the definition ofp , we have(p’,¢') = p (A ¥ B, q).

8) p (A ¥ B, k) (Figure 4.4):

SinceA¥ B C A, p(A B,k) = p (A k)ifand only if A (p/,¢') € B such that
(»’,4¢) C p (A, k). Following the equation, Iglp, ¢) = p (4, k) and let(p’, ¢') = 7 (B, p). By

the definition of 7 , we havep’ > p. Thus, if¢’ < g then(p’,¢') C (p,q) and p (A ¢ B, k) #

p (A, k). Indeedv (p”,¢") € Awherep < p” < p’ andq’ < ¢ < ¢”, we have(p”, ¢") #

p (A 4 B, k). Therefore, and from the definitionef p (A ¢ B, k)= 7 (A ¥ B,p’ +¢€).

Now, supposeg’ > ¢. Assumed (p”,¢") € B such that(p”, ¢") C (p, ¢), implying that
¢" < ¢'. By the definition of =, if p” > p thenp” > p’. Therefore(p”,¢") C_ (', ¢'),
contradicting forB the defining property of GC-lists.

9) 7 (A A B, k) (Figure 4.5):

Followingthe equation, I€p, ¢) = 7 (4, k), (p',¢') = 7 (B, k), (p",¢") = 7 (4, max(q, ¢')),
and(p”,¢") = 7' (B,max(q,q')). In addition, letr = min(p”,p") ands = max(q”, ¢").
Now, either i) = max(q, ¢’) and therefore, from the definition of , we have(p”, ¢”) = (p, q)
andg” < ¢, orii) ¢ = max(q, ¢’) and therefore we hav@”, ¢"") = (p’,¢’) andg” < ¢’. In
either casemax(q, ¢’) = max(q”, ¢"’) = s.

We seek to show a) thét, s) € A A B, and b) thatd(»’, s') € A A B suchthak < ' < r
and therefore that (A A B, k) = (r, s).

a) First, we note thatp”, ¢") € A, (p",¢") C (r,5), (9", ¢") € B, and(p",¢") C (r, ).

Now, assumé(r’, s’) € A A B suchtha(r’, s’) # (r, s) and(+, s’) C (r, s). Now, either
r’ > r (ands’ < s) ors’ < s (andr’ > r). There are now four cases:

i) » > randp” <p":
In this cased(u, v) € A such that: > p” andv < max(q, ¢') implying (p”, ¢") #
7’ (A, max(q, ¢')).
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i) » >randp” > p":
Inthis casei(v/, v') € B suchthat' > p” andv’ < max(q, ¢') implying (p", ¢"") #
7’ (B, max(q, ¢')).

i) s’ <sandq” > ¢":
In this cased(u,v) € A such that(u,v) < (p”,¢") = (p,q) Withu > r > k,
implying that(p, ¢) # 7 (A4, k).

iv) s’ < sandq” < ¢"":
In this cased(v/, v') € B such tha(w/,v") < (p",¢") = (¢, ¢') withw' > r > k,
implying that(p’, ¢') # 7 (B, k).

Since all four cases lead to a contradictipns) € A A B.

b) Assumed(r’,s’) € A A B such thatt < »’ < r. SinceA A B is a GC-lists’ <
s. From the definition ofA A B, 3(u,v) € A and3(v/,v') € B such that(u,v) C
(r',s') and (v/,v") C (r',s'). However, if¢g = max(q,¢') = max(q¢”,¢"") = s then
(u,v) = 7 (4,k) # (p,¢), a contradiction, or iff = max(q,¢’) = max(¢”,¢"’) = s
then(v',v") = 7 (B, k) # (', ¢'), a contradiction.

Thereforer (A A B, k) = (r, s).
10) p (A A B, k) (Figure 4.5):

We prove a more general equation

p(Q, k) =
let
] (p,Q): T/ (Q,k—f)
in
T(Q,p+¢€)

Proof of this equation also establishes the equationgfod <7 B, k), and p (A O B, k).

Let(p,q) = 7 (@, k — €). By the definition of 7' , ¢ < k — eand A(p”, ¢") € Q such that
g < ¢" < k — €. By the definition ofe, we havey < k andA(p”, ¢") € Q such thay < ¢’ < k.
Now, let(p/,¢') = 7 (Q,p+ ¢€). From the definitions ofr ande, p’ > p and A(p", ¢"') € Q
such thap < p” < p'. Since Q is a GC-list and sinc&(p”, ¢") € Q such thay < ¢” < k, we
haveq’ > k. Assumed(¢”, p"') € @ such thak < ¢’ < ¢'. Sinceg < k, we havey < ¢”" < ¢'.
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Since Qis a GC-listy < ¢ < ¢’ implies thatp < p"” < p’, a contradiction. No sucty”, p")
can exist. Sincg’ > k and A(¢",p"") € Q suchthatk < ¢ < ¢’ we havep (Q, k) = (¢, ¢)
as required.

11) 7 (A v B, k) (Figure 4.5):

Following the equation, lep, ¢) = 7 (4, k) and let(p’, ¢') = 7 (B, k).

We begin by showing that either (A v B,k) = (p,q) or 7 (A7 B, k) = (¢/,¢'), and
following show that the conditional expression correctiests from these two possibilities.

Assume(u,v) = T (A v B, k), with both(p, ¢) # (u,v) and(p’, ¢') # (u,v). By theo-
rem 4.7 we havet 7 B C AU B and thereforg¢u, v) € AU B. There are now two cases:

a) (u,v) € A
By the definitionof 7 : w > k, p > k and A(p”, ¢") € A such tha& < p” < p. Therefore,

k < p < w. Further, and also by the definition of , A(v/,v') € A v B such that
k < o' < u. Therefore(p,q) ¢ A B.

Since(p,q) € A but(p,q) ¢ Ay B, 3(p",¢") € A v B such thatp”, ¢") C (p,q)
(theorem 3.3 and theorem 4.9). Thé', ¢"’) ¢ A, for otherwiseA would not be a GC-
list. Therefore(p", ¢"') € B.

Since(p”, ¢"") C (p, ¢), we havey” > pandg” < ¢. Since(p, ¢) € Aand(u,v) € Aand
p < u, we havey < v andthereforg”’ < v. Since(p”’, ¢"") € A<y Band(u,v) € Ay B
andq¢” < v, we havep”’ < u. Sincep > k andp” > p, we havep’”’ > k. But by the
definition of 7, A(p”, ¢"") € A v B suchk < p'’ < u, a contradiction.

Therefore(u,v) ¢ A.

b) (u,v) € B.
By the definition of 7 : « > k, p’ > k and A(p"”,¢") € B such thatt < p” < p'.
Thereforef < p’ < u. Further, and also by the definition of, A(v/,v') € A v B such
thatk < «’ < u. Therefore(p’,¢') ¢ A</ B.
Since(p’, ¢') € B but(p',q') ¢ A~y B, 3(p",¢") € Ay B suchthai(p”,q") C (¢',¢)
(theorem 3.3 and theorem 4.9). Thwé, ¢”) ¢ B, for otherwiseB would not be a GC-list.
Therefore(p”, ¢") € A.
Since(p”, ¢") C (¢, ¢'), we havep” > p’ andqg” < ¢'. Since(p’, ¢') € B and(u,v) € B
andp’ < u, we havey’ < v and thereforg” < v. Since(p”,¢") € A v B and(u,v) €
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Ay Bandq” < v, we havep” < u. Sincep’ > k andp” > p’, we havep” > k. But by
the definition of 7, A(p”, ¢") € A <7 B suchk < p” < w, a contradiction.

Therefore(u,v) ¢ B.

Since (u,v) ¢ A and(u,v) ¢ B, we have(u,v) ¢ A U B, a contradiction. Therefore
T (Av B,k)=(p,q)or 7 (A B, k)= (¢, ¢).

Returning to the equation, the conditional expressionénibdy of the equation determines
which of (p, ¢) and(p’,¢’) is 7 (A v B, k). There are three cases, one corresponding to the
first branch of the conditional expressin < ¢'), one corresponding to the second branch of
the conditional expressidig > ¢'), and one corresponding to the third branch of the conditiona
expressiorfg = ¢’).

a) g <"
If p > p" then(p, ¢) C (¢, ¢'), and thereforép’, ¢') ¢ AV Band 7 (A B, k) = (p, q).
If p < p'and(p’,q') € A v B we have(p, g) < (p',¢') implying 7 (A7 B, k) # (p', ¢)
and therefore that (A v B, k) = (p, q).

b) ¢ > ¢":
If p < p'then(p’,¢’) C (p, ¢) and thereforép,q) ¢ Ay Band r (A7 B, k) = (¢, ¢).
If p > p’ and(p,q) € A v B we have(p',¢') < (p,q) implying 7 (A7 B, k) # (p,9)
and therefore thatr (A v B, k) = (p/, ¢).

c)g=4¢"
If p > p' then(p,q) T (¥',¢), implying (¢',¢') ¢ Ay Band 7 (A v B,k) =
(p,q9) = (max(p,p’),q). If p < p' then(p',¢') C (p,q), implying (p,q) ¢ A v B
and 7 (A B, k) = (¢, ¢') = (max(p,p'),q). f p=p'thent (A< B, k) = (p,q) =
(¢, 4') = (max(p, p'), q).

12) p (A vy B, k) (Figure 4.5):
Proof of this equation follows from the proof of the equatfon p (A A B, k).
13) 7 (A ¢ B, k) (Figure 4.6):

Following the equation, lefp,q) = 7 (4,k), (?,¢') = 7 (B,q+ ¢) and(p”,¢") =
7' (A, p' — €). We seek to show a) th&p”, ¢') € A O B, and b) thatA(r,s) € A ¢ B suchthat
k < r < p” and therefore that (A ¢ B, k) = (p”,¢).
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a) From the definition ofr , and from the definition of, we havey < p’. From the definition
of 7/, and from the definition o, we haveg” < p’. Since(p”,¢") € A and(p,q¢) €
B andg¢” < p/, we have(p”,¢') ¢ A ¢ B ifand only if 3(r,s) € A ¢ B such that
(r,5) C (p",q¢). If (r,s) € A O Bthen3(r",s") € A and3(r',s') € B such that
r <7’ <s <r < < s Now, eitherr > p” (ands < ¢'), ors < ¢’ (andr > p”),
giving two cases:

i) »>p”"ands < ¢
Sincer > p” we haver” > p”. If s < ¢” then(r',s') C (p”,¢") andA is not a
GC-list. If s > ¢" ands” > p’ thenr’ > p/, implying (+/, s') C (¢, ¢') andB is not
aGC-list. If s > ¢"” ands” < p’ then(p”,¢") # 7 (A,p" — ¢).

i) »>p”"ands < ¢’:
Sinces < ¢’ we haves’ < ¢'. If ' > p’ then(r', s') C (p/, ¢') andB is not a GC-list.
If ¥ < p’ andr’ < ¢” thens” < ¢”, implying (»”,s") C (p”,¢") and A is not a
GC-list. From the definition ofr and " we havey” > q. If 7' < p’ andr’ > ¢” then
s’ < ¢ and(p,¢') # 7 (B,q+¢).

Since both cases lead to a contradiction, we talgg’) € A O B.

b) Assumed(r,s) € A O B such thatt < r < p”. Since(r,s) € A B, 3(r",s") € A
and3(r’,s’) € B such thats” < " and(r”,s’) C (r,s). Indeed,(r",s’) = (r,s), for
otherwise4 () B would not be a GC-list. Now, sinde’, s') < (p/, ¢') we haver’ < ¢, for
otherwise(p’, ¢') # 7 (B, ¢ + €). Sincer’ < g ands” < r/, we havek < »” < p and
(p,q) # 7 (A4, k), a contradiction.

Thereforer (A ¢ B, k) = (p”,¢").
14) p (A O B, k) (Figure 4.6):

Proof of this equation follows from the proof of the equatfon p (A A B, k).

4.6 Implementation

We examine implementation of the algebra from a theorepeapective and from an applied
perspective. We examine both the time required to find alltemis to a query and the expected
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P(Q)=
(u,v) & 7(Q,—00);
while u # oo do begin
Output(u, v);
(u,0) < 7(Q,u+e);
end;

Figure 4.14: Driver procedure.

time to find a single solution to a query. This distinctionrigpiortant, since a user might often
require only a small number of solutions before modifying tluery or finding the information
she requires.

The algebra has been implemented and used in practice. \Welies database system that
uses the algebra as an intermediate language. As a speeifippkx we discuss the use of the
database system to implement a Network News server. Aniadditapplication of the database
system is described as part of Chapter 6.

4.6.1 Efficiency

The access function equations defined in Section 4.4 mayémpieted operationally as recursive
functions expressed in a functional programming langu#&ye.driver procedure of Figure 4.14
may be used to report all solutions to a quéryn increasing order. The procedure uses iterative
calls to 7 to generate the solutions. An equivalent driver proceduasg bre written usingp .
Corresponding driver procedures using eitheror p’ generate the solutions in reverse order.
Required storage depends only on the size of the query, d@rahrtbe size of the database.

Consider the number of calls to access functions for sulbessjons (sub-queries) made dur-
ing the evaluation of a single call to one of the access fonsti For the combination, ordering
and projection operators a fixed number of calls are made:ifidhe case of the “both of” com-
bination operator A ), two in the case of the “one of” combination operatay (), three in the
case of the ordering operatok)(), and a single call for either of the projection operatars (
andw,). For fixed-length intervals, an access function call is pated in constant time. For the
index function over a particular symbol, an access funatahis completed irO(log m) time,
wherem is the length of the postings list for that symbol (Sectioh4). These observations are
combined in the following theorem which considers the exatun of an access function for a
query in which the containment operators are not used.
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Theorem 4.14

Let@ be a query that does not involve a containment operationnlizg the length of the longest
postings list for a symbol referenced @y The time to compute a call to an access function for
Q isO(logm) in the worst case.

Proof:

The proof is a simple induction over the height of an expmessiee representing the query.
If the tree is height one, the query is a fixed-length inteexgiression or a reference to the index
function. An access function call for a fixed-length intémgpression requires constant time; an
access function call for the index function requi@dog m) time. Now, assume that the height
of the expression tree f@) is greater than one, and that the theorem holds for the sabesguor
sub-query) of). Since@ represents a combination, ordering or projection of itgapey(s), the
query may be solved with a constant number of calls to accessions for the operand(s), each
of which requireD (log m) time in the worst case. O

The access functions for the containment operators makekegsiall to the access functions
for each of their operands and then check that the containmeitionship is satisfied. If the
containment check fails, a (tail) recursive call is madgydssing infeasible candidates. The time
required to evaluate a call to an access function for a comiant operator depends on the number
of recursive calls that must be made before a solution isdolmthe worst case, all elements of
the operands may have to be eliminated, and a solution mayenfotund at all.

Since a bound cannot be placed on the work required to eesdusingle access function for
a containment operation, we instead examine the behavidhea@ontainment operators when
all solutions are generated using the driver proceduregirgi4.14. Of particular interest, are
the effects of indexing into the GC-lists.

Theorem 4.15

Let = A o B, whereo is one of the containment operatorsl , > , 4 or ¢ . While
generating all solutions @, the driver procedur® (Q) make0(|Q| + min(|A|, |B|)) calls to
access functions fot andB.

Proof:

The essence of the argument is as follows: Each unsuccesdifid + for A o B, which
leads to a further tail-recursive call, eliminates fromnttar consideration an element4fand an
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element ofB, giving rise to themin(| 4|, | B|) term. Each successful call tofor Ao B generates
a new solution, giving rise to th€| term.

We examine in detail the case f@ = A < B. The detailed argument for the remaining
operators is similar.

Let ag, a1, ..., 4441 be the sequence of elementsAf and letdy, by, ..., b3 4+1 be the se-
quence of elements @8, with ap = by = (—o0, —o0) andajs4+1 = bjgj41 = (00, 00). ToO
establish an invariant over thehile loop of Figure 4.14, we defineandj such that; = (u, v)
andb; = p (B, u) afterP outputqu, v). Atthe beginning of the procedure we assumej = 0,
so thata; = b; = (u,v) = (—o0, —00). At the end of the executiod,= |A| 4+ 1,j = |B|+1
anda; = b; = (u,v) = (o0, 00). Each iteration of thevhile loop increases the value 6by at
least one, generating a new solution with each iteration.

We now establish an invariant within the body of for A <« B. Before the conditional
expression is checked, we defih@andj’ such that; = 7 (A, k) = (p,¢) andb;y = p (B, q) =
(', ¢), withk > «/, i > ¢andj’ > j. On a call from withirP, the invariant holds since, C b;
andk = u+e. If p’ < pthena; C bj, the call succeeds, ang is returned as a solution. When
a; is output byP, 7 is advanced td@'.

Otherwise, ifp’ > p thenj’ > j. When the recursive call is made, we advance j to j,
re-establishing the invariant. Each unsuccessful call-tor A < B advances’ by one and
advanceg’ by one. Sincé’ is bounded byA| 4+ 1 andj’ is bounded byB| + 1, the total number
of unsuccessful calls is bounded tyn(| A|, | B|) + 1.

g

In the worst case, a call to an access function for a contaihoperation depends on the size
of the smallest of its operands. If the size of the databasernsased through the addition of new
text, the size of each operand may increase proportionathowt a corresponding increase in
the size of the solution set for the overall containmentti@teship, consequently increasing the
time required to find a solution. On the other hand, we mightia® that the text is produced
by a source with fixed statistical characteristics. In tlaise; the size of the operand sets and the
result set may be expected to increase proportionally asstexided to the database. Under this
assumption, we examine the expected number of calls to afeestions for operands during
the computation of an access function call for a containropetation. The number of calls to
access functions for the operands will depend on probegsiliissociated with the containment
relationships between them.
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For an expressiod o B, whereo is any of the containment operatorsi(, >, 4, 0r [% ),
we define
Pi{A o B]

as the probability that an element dfsatisfies the containment condition. We further assume
that this probability is constant for the particular suleesA and B over text generated by the
source. For a particular database generated by the sourdtavee

|A o B
A

PiA o B] ~

Consider evaluation of the access functiefA < B, k) from Figure 4.4. Initial calls are
made to access functions fdrandB.

If a solution is not found, the access function recursivelysatself
T (A< B, q')

where we note that' is the end position of an element Bf

Consider now the evaluation of this recursive call. Theiahgtep is again to call access
functions forA and B

(Pl,fh) = T(A,q/)
(Pll,fh/) = p(B,q1)

If (p',¢") € B> Athen(py, ¢1) isthefirst element aft containedin(p’, ¢’). By our assumptions,
the probability thatp’, ¢') € B> Ais P{B > A]. If (p1,q1) € A < B then(p:/,¢1") = (7', ¢))
and (p1, ¢1) is returned as the solution. Otherwise, by our assumptithresprobability that
(p1,q1) € A< BisPlA > B]. If (p1,q1) € A < Bthen(p:/, ¢1') is the first element oB that
contains(p1, ¢1). If (p1/, ¢1”) does not contaifip;, ¢1) then a recursive call will again be made.
The probability that this recursive call will not be madedahat a solution will be returned is
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therefore
Py qg=PiB> Al+P{A < B](1-PiB > A])
= Pii{B > A] +P{A < B] PB I} A]
The expected number of calls before a solution is found is

1
PyaB

Note that if A and B are hierarchically related, with either[Rr< B] = 1 or P{B > A] = 1, we
haveP, 4 g = 1, and solutions are found after a constant number of callgtess functions
for the sub-queries. Further,[Ar< B] = 0 ifand only if P{B > A] = 0.

The access functiop(A < B, k) makes a single call to an access functionddollowed by
a call to the access function for A < B. This call in turn may make recursive calls to itself.
As we have seen, the probability of one of these recursive satcessfully finding a solution
without further recursion i®, 4 5.

Under a similar analysis, the access function call{A < B, k) and p’ (A < B, k) also
result in recursive calls that are successful with prolighit, . 5.

We call the probability?, « g thecontainment probabilitjor A <« B. If P, g > 0, we
say that the queryl < B haspositive containment probabilityEquivalent probabilities for the
other containment operators are as follows:

Py p = PIB<<A]+P{AD> B] P{B 4 A]

P,up = PlA# B

P, 45 = PlA4B]

The containment probability? , 4B does not depend on [ ¥ A], nor doesP, % B de-
pend on FB #4 A]. This is in contrast taP, « g and P, ~ . P4 4 g depends on both
P{A < B] and P[B > A]; P, |~ p depends on both P4 > B] and P{B < A]. This differ-
ence is a consequence of the following observation: If wepdad giving (, v), then the single
access function calr (A4, ») will find an element ofd < B with probability P{B > A]. Sim-
ilarly, the single access function call (4, v) will find an element ofA > B with probability
Pi{B < A]. However, no call to an access function fbcan produce an element which we know
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tobeinA ¥ Bor A4 B. The access function can only directly confirm that the palar
elementof BisinB [ AorB 4 A.

We now direct the discussion toward the proof of the follagwineorem:

Theorem 4.16

LetQ be a query such that it and its sub-queries all have positiméatnment probability. Let
m be the length of the longest postings list for a symbol refeeel byQ. The expected time to
compute a call to an access function@is O(logm).

Proof:

As for Theorem 4.14, the proof proceeds by induction overhtight of an expression tree
representing the query If the tree is height one, the quesyfiled-length interval expression or
a reference to the index function. An access function calhféixed-length interval expression
requires constant time; an access function call for thexifdection require® (log m) time.

Now, assume that the height of the expression tre&)fas greater than one, and that the
theorem holds for the sub-queries (or sub-queny@ofif Q) represents a combination, ordering
or projection of its operand(s), then the query may be soWitd a constant number of calls
to access functions for the operand(s)Qlfexpresses a containment relationship, si@ceas
positive containment probability, the query may be solvéith\a constant expected number of
calls to access functions. In either case, the expected euofbcalls is constant. Since, by
assumption, the expected time to compute each cél(lsgm), the expected time to compute
an access function call f@ is alsoO (log m).

g

If all containment probabilities arewe have a special case of the theorem, which generalizes
Theorem 4.14:

Theorem 4.17

Let@Q be a query such that it and its sub-queries all have contaihprebabilitiesl. Letm be
the length of the longest postings list for a symbol refeeghlioy@. The time to compute a call
to an access function fd} is O(log m) in the worst case.
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4.6.2 Experience

The structural query algebra described in this chapter bas lsed as the intermediate query
language for the MultiText distributed text database sysieveloped at the University of Wa-
terloo [19, 77]. The primary focus of the MultiText projest on research issues arising from
the construction of a scalable document repository. Onbexd research issues is the need to
support a variety of document formats, while allowing gastto reference structure across the
various formats, independent of schema. The structuréedddls this role.

The architecture of the MultiText database system is showkigure 4.15. The architecture
consists of a number of search systemsifolex enginesand retrieval systemgdxt servery
connected by a network. Queries, expressed in the strualyebra, are dispatched to the index
engines, which return the extents that satisfy the querg.design of these index engines provide
both an efficient implementation of inverted lists for theegualgebra, and a fault-tolerant data
organization strategy that supports update of the invéidesi[26]. The solution extents returned
from the index engines are forwarded to the appropriatesexters, which yield the final results.
To preserve the abstraction of a single database, the bofdeaintaining search engines, dis-
patching queries and marshalling results must not fall éodlient. The architecture therefore
includes amarshaller/dispatcheto automate this process.

From the client’s viewpoint, the marshaller/dispatchguesps to be a single search engine.
The marshaller/dispatcher maintains a list of availabdeengines, selects the set necessary
to solve the query, and dispatches the query to each of thémecéives the various results,
combines them and returns them to the user as if they wereethudt of a single search. The
marshaller/dispatcher has the further responsibilityystesm maintenance, particularly for the
application of updates.

As a prototype demonstration, the MultiText database systas been used to implement a
server for USENET network news. The NetNews server maistainollection of current net-
work news articles, updated on an on-going basis. The sengports two client protocols: the
Network News Transfer Protocol (NNTP) [63], and the HypextTEransfer Protocol (HTTP),
in combination with the Hyper Text Markup Language (HTMLR&NNTP protocol is used by
standard news reading software for accessing network repesitories. While NNTP does not
directly provide a search interface, NNTP operations aerirally translated into queries by the
NNTP interface software.

The HTTP interface provides full search and display caji#sifor World-Wide-Web brows-
ing clients. Users enter queries using HTML forms that altbem to directly reference the
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Figure 4.15: Architecture of the MultiText System.

structural elements of network news articles (header.estibauthor, newsgroup etc.). Articles
matching a user’s query are displayed in a compact formatsistng of the article’s subject,
author and newgroup information, and including sampletgmis to the user’s query in context,
if this is appropriate. The structure algebra is used toygdeectly for this information, so that
entire articles need not be retrieved in order to displaytrgext of the solution. Hyperlinks are
provided to display the full article, to search for articlesthe same author, to search for articles
on the same subject, and to search for related articles isaim® conversational thread. These
links are implemented as further queries into the news datab
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4.6.3 Memoization

As an efficiency improvement, the MultiText implementatiointhe structure algebra includes
memoization of the most recent solutions to queries and sid-queries. For each quepy the
implementation maintains information associated withiésecall to each access function @9r
We represent this information in the form of tuples with défaalues as follows:

(kTapTaQT) — (OO,OO,OO)
(k WP qp) = (OO,OO,OO)
(k 1 ,P /,q /) = (—OO,—OO,—OO)
(kp/,pp/,q 1) = (—00,—00, —00)

At all times we have the following invariant over the valuéstee tuples:

T(QakT) — (pTaqT)
T’(Q,kT/) = (pT/,qT/)
PQky) = (Pyiay)

On the return from a call to an access function@othe value of the appropriate tuple is updated.

This memoization is of greatest value with queries of thenf@ = A <7 B, in which query
A has a large number of solutions that may be found relativeigidy, and queryB has a small
number of solutions that require relatively more time. Gatieg all the solutions t@) is es-
sentially a merge ofi and B. The generation of each solution arising frehrequires that we
generate a solution froB for comparison purposes. Without memoization, the sofuitiom B
would be discarded; often, the same solution would then{generated for comparison with the
next element ofA. The memoization avoids this repeated effort.

4.7 Generalized Operators

The two combination operators may be generalized into desoygerator with greater flexibility.
Fixed-length intervals may be generalized into an enurieratperation that may be applied to
any GC-list. Neither generalization introduces new semarapabilities, but both have imple-
mentations that improve over a direct approach and botlesept useful notation.
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4.7.1 Combination
Each extent in the solution of
Ag AN AL A As . N A,

contains an extent from all of,...4,,,_1. Each extent in the solution of

AoV A1V A2ee. V At

consists of an extent from one 4f,... A,,,_1. These two expressions represent extremes of a more
general operation: the combinationroéxtents fromn GC-lists. The combination operators may
be used in concert to build these combinations. For exareptd) extent in

(AABVC)V(BAATC))VI(CA(AY B))

contains an extents from two of the three GC-lists:B andC'. Unfortunately, following this
pattern, an expression for combiningxtents fromm GC-lists has size

(%)

Nonetheless, the operation has intuitive appeal and isgoiifgiant practical use. A common
situation in which this operation is of particular use is @esting documents that contain a few
of a large number of terms. During the early stages of a sesss$ion this operation might assist
in narrowing down a list of search terms to those that regrié most relevant documents. We
extend the algebra with am“of m” operator that has a direct implementation.

Formally, we define ther of m” operator as follows:

nA (Ao, ooy A1) = G ({c

‘{A |A € {Ao, ..., Amn—1}and Ja € Asuch thata C c}‘ >n })

Each extentim A (Ao, ..., An—1) contains an element from at leasof the Ao, ..., Ay —1.

Definitions for the access functions are generalizatiorie@de for /A and <7 (Figure 4.16).
For example, the equation for (n A (Ao, Az, ..., Am—1), k) first evaluatesr (4;, k) for each
of the sub-queriesiy, 44, ..., A,,_1. Then letg be the first end point covering at leastof
the resultant extents and 18, ..., B;_; be those members ofy, 44, ..., 4,,_1 that end at or
beforeq. The expressionr’ (Bj, ¢) is evaluated for each of thBy, ..., B;_;. The resulting
extents span the solution of (n A (Ao, 41, ..., Am—1), k). Then letp be the last start point
covering at least of these extents. The extefat, ¢) is thent (n A (Ao, 41, ..., A1), k).
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T (n A (AO,Ala ---aAm—l)a k) =
let

(pi, @) = 7 (Ai, k)

q € {¢;} such that
[{¢i | ¢ < ¢}| <nand
H{aila <q}l>n

{Bo, ... Bi_1} ={A; | ¢ < q}

(Uj,’vj) =7 (Bj’Q) (0 <j< l)

p € {u;} such that
|[{vj | v >p}| <nand
| {u; |u; > p}|>n

(0<i<m)

in
(p, 9)

7'/ (n A (Ao, Al, ey Am_l), k) =
let

(pi, @) = 7' (Ai k)

p € {p;} such that
|{pi | pi > p}| < nand
|{pi | pi > p}|>n

{Bo, ..., Bi_1} = {4; | p;i > p}

(Uj,vj) =T (Bj,p) (0 <j< l)

q € {v;} such that
| {v; |v; <q}|<mnand
[{vilv; <g}l>n

(0<i<m)

in
(p, 9)

p (n A (AOa Ala () Am—l)a k) =
let
(p,g)= 7 (n A (Ao, A1y ooy A1), k —€)
in

T (n A (Ao, A1y ooy A1), P+ €)

pl (n A (AOa Ala () Am—l)a k) =

let

(p,g) = 7(n A (Ao, A1, ...y A1), b+ ¢€)
in

' (n A (Ao, A1, ooy Am—1), ¢ — €)

Figure 4.16: Implementation framework for the generalieechbination operator.
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4.7.2 Enumeration

A fixed length extent (a member &f"*) covers exactly n words. We generalize this idea into
an enumeration operatiodt), where each extent in the solution covers exaatlyxtents of a
GC-list.

A" = G ({c]| Fao, ..., an—1 € AWhereag # ... # a,—1 andap C ¢, ..., an—1 C c})
As an example of an enumeration operation, consider thenraoquery
Find three lines that contain “Birnam” and “Dunsinane”.
which may be expressed as
(Z (“<line> ") ¢ T (“</ine> ”))*> (Z(“birnam ”) A T (“dunsinane "))
Enumeration may be implemented using the existing opeyator

A" = 7T1(A) <> 7T1(A) <> <>A

n-—1

The benefit of an explicit enumeration operator may be se#reievaluation of the expression
A? = m(A) O A

Evaluating this expression using the equationfdn Figure 4.6, we note that if

(p,g) = 7(m(4),k)
,d) = 7(Adq+e
@",¢") = 7' (m(4),p' —¢)

we have
T (m1(A), ' — ) = T (m(4), k)

and evaluation of the~’ operation is not needed. Definitions for the access funsfimnenumer-
ation are given in Figure 4.17.



CHAPTER 4. AN ALGEBRA FOR STRUCTURED TEXT SEARCH 80

T (A", k) = p (A" k)=
if n=1 let
7 (A, k) (pg)= 7 (A" k—¢)
else in
let T (A", p+¢)

in
if ¢ =0
(00, 00)
else
(p,4)
(A", k) = P (A", k) =
if n=1 let
' (A, k) (pg)=1(A" k+e)
else in
let ' (A", ¢ —¢)

Figure 4.17: Implementation framework for enumeration.
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4.8 Comparison with Other Work

The structure algebra described in the present chapter iowels of its intellectual and cultural
heritage to two earlier structured text retrieval langusadgeloped at the University of Waterloo:
the query algebra developed by Burkowski for Textrieves(died in Section 2.3.1) and the1P
text search system developed by the Centre for the New O¥oglish Dictionary (described
in Section 2.3.2). This final section provides a direct corgoa between those efforts and the
structure algebra.

4.8.1 Textriever

The results discussed in this chapter grew directly froenapts to extend the Burkowski’s alge-

bra for use in the MultiText project. Particular effort wasedted toward achieving independence
from a pre-defined fixed schema at the database level, towarecting the semantic problems,

toward providing appropriate ordering and proximity opers, and toward developing an effi-

cient implementation, free from the need for special pueptsta structures.

The operators of Burkowski's algebra may all be expresseettly in the structure alge-
bra. The table in Figure 4.18 provides details of the mappiimgthe case of the intersection
and difference operators, if the operands are concordastedhen the results are concordance
lists, preserving the semantics of Burkowski’s algebrae Thion high (1) ) operator does not
have a direct equivalent in the structure algebra. For theyaior the necessary containment
relationships must be expressed through a combinationmtézonent operators.

Beyond the semantic problems discussed in Section 2.3ithwhe addressed by the struc-
ture algebra, Burkowski’s algebra contains no equivalétit® ordering operator, the “both of”
( A) combination operator, the generalized combination dperfixed-length intervalsX™), or
the generalized enumeration operator.

4.8.2 PAT

The structural operators oRP may be expressed in the structure algebra. Details of th@imgp
are given in Figure 4.19. The mapping assumes that the indetibn ) maps the text and
markup symbols onto character positions rather than onta wositions. Under a mapping
emulating RT, markup would be considered as part of the text and the ingiestibn would
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Burkowski's Operator, Meaning Equivalent
AR B Intersect high Ap> B
A) B Intersect low AJB
Al B Difference high Ap B
A+ B Difference low A4B
Al B Union high (A4B)y (B4A) v (A> B)vy (B> A)
AYB Union low Ay B
n>A Extension right AOX"
nda4A Extension left O A

Figure 4.18: Mapping of Burkowski’s algebra.

map symbols from both the text and markup alphabets ontatigerof character positions each
occupies.

A match point set is represented as a GC-list having elemdttigqual start and end points.
Since it does not appear possible to construct a region sletegual start and end points using
PaT region definitions, match point sets are distinct in the nivagpp

This distinction is used in the mapping for thetPunion operator (#”). Unlike the other
operators, the mapping for the union operator is conditidifae definition is conditioned on de-
termining if either operand is a match point set and, wheh bperands are region sets, whether
the sets contain overlapping regions. The predicate fercbmdition is expressed using the struc-
ture algebra to specify the terms. An expression of the form

ep> 22

is equal to the empty GC-list if and onlydfis a match point set, with all extents one character in
length.

Using AT we are restricted to finding lines that contain the start gfeesh or speeches that
contain the start of a line (page 21). Using the structurelai@ we may search specifically for
lines that contain complete speeches, speeches thatraotaplete lines, lines containing the
start of a speech, lines containing the end of a speech, lspedtat contain the start of a line,
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PaT Operator

Equivalent

docs mg.. my
e including. n

e hot including.

e m
e - m
e fboy. n m

e neal. n m

e within r

€0+€1

m

n

m e i m(m)"

71'1(7710) O 7r1(m1)

e > m(m)"”

e > (mi(e) > m1(m))
et (mi(e) > mi(m))
e > mi((mi(e) O mi(m)) < )
e (mi(e) 1 ((mi(e) & mi(m)) 1 X))

e > (m(e) <r)

mi(eo) V mi(er) if (eo > mi(e1)) ¥ (e > mi(eo)) # 0,
Oreg # 0 andeg > X2 = 0,
ore; # 0 ande; > 22 =0

e v €1 otherwise

Figure 4.19: Mapping of & operators.
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and speeches that contain the end of a line:

LINES > SPEECHES
SPEECHES> LINES
LINES [> 71 (SPEECHES
LINES [> 73 (SPEECHES
SPEECHES> 71 (LINES)

SPEECHES> m3(LINES)

Like Burkowski’s algebra, Br has no equivalent of the “both of” combination operator, the
generalized combination operator, fixed-length intenaithe generalized enumeration operator.
Neither Burkowski's algebra noraP can solve a query such as

Find three lines that contain “Birnam” and “Dunsinane”.

as neither can express the answer, which may contain opantantervals. The commonality
among these operators, shared to an extent by the uniontopesathat a solution cannot be
properly expressed without generalized concordance lists

4.8.3 PaAT trees vs. Inverted Lists

The RAT text searching system is intimately associated with itginal implementation using a
PaT tree or RRT array [45]. The character array representing the text iwetkas a set aemi-
infinite strings or sistrings Each sistring consists of the text beginning at particptaition in
the character array and continuing to the right to the endhefarray. Each sistring typically
begins at the start of a word or markup symbol, but may begeaeh character position, or even
at each bit position.

A PAT tree is essentially a PATRICIA tree [76] over the sistrinfjthe text. A RAT array [43]
has as each of its elements a start position for a sistringeatieixt, with the positions sorted lexi-
cographically according to the values of the sistrings. &rays were developed independently
assuffix arraysby Manber and Myers [74]. A trees and Rr arrays have properties that al-
low efficient implementation of search operations that aresasily implemented using inverted
lists [45]. AT trees and Rr arrays are particularly adept at phrase searching andlgeaphical
range searching, and may additionally be used for efficegnilar expression searching, and for
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the determination of most-frequent and longest repestifrtext. This last ability is used to im-
plement thesignif ~ andlrep PaT operators. The trade-off betweentParrays and Rr trees
one of storage vs. time:AP arrays require less than 25% of the storage ofkm tiree [45], but
suffer from a penalty factor aP(log n) for some operations, whereis the length of the text.
Recently, Clark and Munro [25] have described a compactémphtation okuffix treeswhich
are similar to BT trees, that have storage requirements competitive witbetbb AT arrays.

Both PaT trees and R arrays implement phrase searching and lexicographicgéraearch-
ing in O(logn) time. In the case of aA? array, these operations are effected using binary
searching of the array. Unfortunately, when the array iseston disk, a binary search requires
O(logn) disk read accesses. On a text the length ofNee Oxford English Dictionarg phrase
search may require as many as 50-60 disk accesses [100]. eCathiér hand, a phrase search
using a suffix tree can require as few as 3-4 disk accessesimilarly sized text [25].

PaT arrays and Rr trees cause implementation difficulties for the structopsrations of
PaT, since solutions are generated in lexicographical ordeerahan in positional order. Gonnet
et al. [45] describe the implementation of the query

mgy fhy. n my

where my and m; are match point sets generated fromr Parrays or BT trees. The
sub-queriesmy, and m; are first solved, the smaller ofny and m; is then sorted,
and each element of the larger set is filtered against thisedoset, a procedure that
requires O((|mo| + |m1]) log(min(|mg|, |m1]))) time in total. The equivalent query in
the structure algebra may be solved GN(S log(max(|mg|,|m4]))) time, whereS is the
number of solutions, or, noting that no two solutions mayreha start or end posi-
tion, in O(min(|mg|, |m1|) log(max(|mol, |m1]))) time, assuming thainy, and m; are di-
rectly indexed by the index function. More importantly, tReT implementation requires
O(min(|myo|, |m1]) log(min(|me|, |m1]))) time to generate@ny solution, since the smaller set
must first be sorted. However, the result of amy Btructural operation is a sorted set, and these
sets may be combined without further sorting.



Chapter 5

Pattern Matching in Structured Text

We now turn from indexed text to un-indexed text, from thelgbe of searching in a structured
text database to the problem of searching through an un@adiéat text for a specified pattern,
while taking account of structure within this text.

Regular expressions are widely regarded as a precisenstoaitation for specifying a text
search, with a straightforward efficient implementationanyl people routinely use regular ex-
pressions to specify searches in text editors and with sééomk search tools such as the Unix
grep utility. A regular expression search is generally underdto terms of a recognition prob-
lem: “Does a given string of text match a particular pattérd@wever, searching is a different
problem: “Find the substrings of a text that match a paréicphttern.”

The most widely available regular expression search ytilite Unixgrep command, im-
poses a very rigid structure on search and retrieval. Pattaust be contained on a single line,
and only lines containing or not containing the pattern mayélected for retrieval. Several at-
tempts have been made to loosen the restrictionsaghep search program allows the user to
define record delimiters for searching [106]. The strudttegular expressions provided in the
text editorsam allow the use of regular expressions under a “left-most éshgnatch” rule to
divide a file into records for searching [81, 82].

In this chapter we examine this current practice in lightaf tesults of the previous chapter.
After reviewing the basics of regular expressions, we dgvel theory of regular expression
search under the shortest substring rule. To verify thetioadity of the technique, a regular
expression search toalgrep , has been written. The structure, performance and utifithis
tool is discussed. Finally, we examine implementation efslructure algebra of the previous
chapter as a text scanning tool, complementing regulaessjon search.

86
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5.1 Background

5.1.1 Regular Expressions

A regular expressiom denotes a languagk(r), a set of strings composed of symbols from
an alphabe®. Any regular language may be denoted by a regular expressidinfrom five
primitives defined as follows:

7 L(r)

A {“} (empty string)

a {“a”} (alphabet symbat € %)
ry | re  L(r1) UL(ry) (alternation)

P172 L(r1) o L(rs) (concatenation)

r* L(r)* (repetition)

where the concatenation of two languadgs L. is defined as
LioLy={2y |z € Ly andy € Ly}
andL*, the closure of a languade is defined as the smallest solution to

L*={“}U(LoL")

While these five primitives are sufficient to describe anyutaglanguage, the five primitives
alone do not yield a concise notation. For example, consideoperatordz, —, and+ defined
as follows:

7 L(r)

r1 & ry  L(ry)N L(rgy) (inclusion)

r1 —re  L(r1)\ L(re) (exclusion)

rt L(r)o L(r)*  (repetition at least once)

Regular languages are known to be closed under interseatidiset difference, yet the ex-
pressiong; & r, andr; —r, are not easily represented using the five primitives, andgiesen-
tation may be exponentially larger thapnandr,. Even simpler constructions cause exponential
growth in regular expressionsT is trivially defined in terms of* yet an equivalent expression
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using only the five primitives may be exponentially largearttone usingt. Throughout the
chapter, these and other operators are defined as necdessuggcinctly present the approach.
As an immediate example, a regular expression denoting Hieosymbols in the alphabet may
be easily constructed using the alternation operationlamdymbols in the alphabet, but it is far
simpler to use itself to denote this regular expression.

Regular expressions are easily re-cast in terms of the néidmgproblem: We say that a string
z matches the regular expressioif € L(r). For any regular expression, a finite automaton
may be constructed that solves the recognition proble@(iz|) time where|z| is the number
of symbols inez. A single left-to-right scan is made over Storage requirements depend only on
properties ofr, not on the length of. a speech by a witch that contains the words “Dunsinane”
or “Birnam” matches the regular expression:

<speaker> X* Witch X* </speaker> X* (Birnam |Dunsinane ) X* </speech>

The basic results in the theory of regular languages ane tiitomata were developed in the
1950’s and early 1960’s. A standard account of these reantigheir development is given by
Hopcroft and Ullman [57, Chapter 2]. This account includeskbyorithm for the conversion of
a regular expression to a nondeterministic finite auton™dE&\j and a discussion of the closure
properties of regular languages. This material (or thevedemt) is assumed as background for
the rest of the chapter.

5.1.2 Pattern Matching with Regular Expressions

At its most general, the problem of scanning and searchingnéireious stream of text with a
regular expression may be characterized as follows: “Gavstringz and a regular expression
r, find all substrings of that matchr.” As we discussed in Chapter 3, the cardinality of such
a solution set may be quadratic in the lengthzof Searching this universe of all substrings
may yield a plethora of overlapping and nested results. Ifisrreason, any attempt at general
search will usually apply a restriction to find and reportyosbme subset of these solutions.
These arbitrary restrictions, which alter the semantiahefearch, often appear simple, but are
difficult to formalize, difficult to use precisely, or diffitito implement efficiently.

The most common restriction is the “left-most longest matake. This is the rule mandated
by the POSIX standard [59] and used in many software tools [Be rule is carefully stated in
the rationale to the POSIX standard:
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The search is performed as if all possible suffixes of thagtsiere tested for a prefix
matching the pattern; the longest suffix containing a magipirefix is chosen, and
the longest possible matching prefix of the chosen suffixartified as the matching
sequence.

Having said this, when performing a general search, ratiar looking for a single match, we
are left with the question of what is the next match? Theretaeeobvious choices: 1) begin
the search again after the first character of the match, oe@nlihe search again after the last
character of the match.

The second of these choices is the one usually taken, assheHoice may result in a large
number of nested solutions. We refer to the technique ofessieely applying the left-most
longest-match rule, starting each time after the last dt@raf the match, as “longest-match
disjoint substring search”. We say “disjoint” to indicateat the solutions may not overlap or
nest. Using this rule, searching th&cbethtext file with the regular expression

<speaker> X* Witch X* <\speaker> 3>* <\speech>

results in a single match, starting at the fifth line of FigRré and continuing to the end of the
last speech in the play. This clearly is not the intendedlre$this search. Furthermore, itis not
obvious how to amend the regular expression to yield thexded result.

Aho [2, 3] gives a general review of algorithms for patteginatching in text, with particular
emphasis on regular expression search and practical erpergained with tools developed in
conjunction with the Unix system. He discusses three pdgib for the output of a text search:

1. Ifthe target textis pre-divided into records, such asdirthe records containing the pattern
may be reported.
2. The longest-match disjoint substring rule may be used.

3. A‘yes” or “no” may be reported, indicating if the targekxteontains the pattern.

He assumes the last case for the purposes of his review.

For his PhD thesis, Baeza-Yates [8] formalized the problsthat of finding alb» such that
the textt matches the regular expressiBffrX*. These values af specify the locations in the
text where a match begins.
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In 1968, Thompson described an algorithm for using regupressions to search text [99].
Thompson’s algorithm reports each point in the target tdwene a match ends. Equivalently, the
algorithm finds alkn such that the text matches the regular expressiBiir~™. A number of
variants of Thompson’s algorithm are described by Aho, Hoftand Uliman [5]. The algorithm
described in Section 5.3.2 is a extension of one of the verioposed in their discussion.

In the same year that Thompson published his regular expressarch algorithm, a group
at MIT used regular languages for automatically constngdixical analyzers [62]. This system
used the longest-match rule to resolve simple cases of mgteimbiguity and reported errors
in others. Since then, regular expressions, interprete@uiine longest-match rule, have been
widely used to specify scanners for programming languagdsther translators [6,69]. Scan-
ning is a different problem from searching, requiring a iparting of the input into tokens. The
leftmost longest match rule appears to be a natural choicetnning. Consider the typical def-
inition of an identifier in a programming language, as an alygtic character followed by zero or
more alphanumeric characters. This definition must bepnééed under a longest-match rule to
be correct.

Much effort has been devoted to addressing special casegulfir expression search. Search
algorithms have been developed for finding single keywotds%8, 65], sets of keywords [4],
keywords separated by sequences of “don’t cares” [1, 40an8] other simple patterns [10,107].
A general algorithm for regular expression search in pregssed text with average-case time
complexity ofO(4/n) has been developed by Baeza-Yates and Gonnet [8, 9]. Thaithlg
reports only the start points of matches.

5.2 Shortest Substrings

If L is alanguage over an alphalietve define the languag&(L) as follows:

The stringe € L is an element off(L) if and only if 4y € L such thaty is a proper
substring ofz.

By proper substringve mean thag is a substring o andy # z. If L contains the empty string
thenG(L) = {“”}. For the remainder of this chapter we assume fhdbes not contain the
empty string.
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Theorem 5.1
If L is a regular language th€#(L) is a regular language.

Proof: G(L) = L\ ((L(¥%) o L o L(E*)) U (L(¥*) o L o L(XT))) which is regular by the
various closure properties of regular languages. O

From the proof, we see that this theorem applies equallytavelhy class of languages closed
under set difference, Kleene closure and concatenation.

We may interpret shortest substring searching in terms téimag elements from a language
L. If 2z = ay0-...a,, Where thez; are symbols fronkt;, we can represent the result of such a search
as a set of ordered pairs of integers, each giving a start atgb@sition inz corresponding to
an element in the result. We use the notatipm, v] with « < v to indicate the substring of
starting atz,, and ending at,,. Searching is defined as follows:

If z € ¥* and L is alanguage oveE then G (L, z) = {(u,v) | z[u,v] € G(L)}.

For example,
G (ab | aX*c, “abracadabra”) = {(1, 2), (4,5), (8,9)}

Note that, although the string “abrac” is a member of the l@aganguage denoted lap | aX*c,

it is not a member of7(ab | aX*c) and the pair(1, 5) is not included in the set. By Theo-
rem 3.1, the elements & (L, ) are totally ordered. As a consequence of Theorem 3.2 we have
G (L,2)] < n.

The members of L reported by a longest-match disjoint siftgssearch are dependent on the
text being searched. For example, a longest-match searttefoegular expressiaib | aX*c in
the string “ababab” results in three matches of the form “#oire add a final “c” to the end of the
string (making the string “abababc”) the result changesdimgle match of the form¥*c. The
string still contains three matches of the form “ab”, butsthare no longer reported. In general,
if z € L appears in the target text it is not possible to determineldingest-match substring
search will find a particular occurrencezWwithout reference to the entire text being searched. In
contrast, over any text a shortest-match search reporte@lirrences of the members bithat
are inG(L) and no others.

We return briefly to the problem of recognition to demonsttatw the problem of recogniz-
ing an element of L can be reduced to searching for elemer@ bj. If we have an algorithm
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that searches a text for elements®(L), then by the addition of start and end tokens, the same
algorithm may be used to recognize member$§ of

Theorem 5.2
If = and$ are not symbols i thenG({“ "} o Lo {“$"})={“""}oLo{“$”}.

Proof: Assume there exists =" w$ andy =" z$, elements of “A”} o L o {“$ ”} such thaty
is a proper substring af. Sincey is a proper substring af, y must either be a substring Otv,
or a substring ofv$. The first case implies th&tappears inv; the second implies thatappears
inw. d

This theorem provides a hint on how to use shortest substgargch to find objects, such as
identifiers, that have a longest-match component impliciheir definitions. Instead of directly
using the definition given earlier, we might specify an idfgrtas a non-alphanumeric character,
followed by an alphabetic character, followed by zero oreredphanumeric characters, followed
by a non-alphanumeric character. In the search resultsrausuling pair of non-alphanumeric
characters will be reported with each identifier.

5.3 Substring Search Algorithms

In this section we compare algorithms for longest- and glstmnatch substring search. A string
may be recognized as a member of a regular language by a kftegle-right scan with constant
store. We argue informally that there is no longest-mateicsealgorithm that shares this prop-
erty. Any longest-match search algorithm using constarestan be forced to make multiple
scans. In contrast, we present a simple algorithm for sén@tch substring search that makes
a single left-to-right scan over the string and uses stodagendent only on the regular expres-
sion to be matched. In both cases we assume that matchepareedeas they are discovered and
consequently no storage is required for the matches.

5.3.1 The Complexity of Longest-Match Disjoint Substring Search

Suppose we have an algorithm that performs a longest-megehisof a regular expression with
a single scan of the target string using only constant stdoasider a longest-match search with
the regular expressiaib | a¥*c on a string of the forn{ab)”d for some fixed but arbitrarg.
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The string contains exactly matches of the form “ab”. Since “a” is the initial symbol ineth
string, the algorithm must make a full scan of the stringneixéng every character, to determine
that this initial symbol is not part of a match of the foaB*c. Sincern may be arbitrarily large,
no constant store may be used to maintain the potential msttiat would be discovered while
this determination is being made. It appears that our suggpalgorithm cannot exist.

In this specific case, a longest-match search may be perfowiik two scans and constant
store. In practice, longest-match search algorithms dcemaitiple scans of portions of their
target strings, but this is not a serious problem as seasrkagenerally restricted to a single line
of text.

5.3.2 Shortest-Match Substring Search

We detail an algorithm for shortest-match substring sefmcmembers of the regular language
over a texte = ajas...a, of lengthn. We assume that a nondeterministic finite autonidthas
been constructed to recogniZe(perhaps from a regular expression). Bét= (Q, %, 4, go, F)
whereQ is a set of stateg; is an alphabet of symbols,is a state transition function mapping
each element ) x ¥ onto a subset af, ¢, is the start state, anfl is a set of final states. For
simplicity, we assume that/ has no transitions on the empty strirgttansitions).

For the purposes of the algorithm, we assume that stateseargnated by numbers in the
rangel to |Q| where the start statg is assigned. The algorithm appears in figure 5.1. The two
integer arrays” and P’ are indexed by state number with each element holding ax intez or
the valued. The symbolg, j, ¢ andu designate integer variables, used as counters and indices.

Storage requirements (except for the string itself) deperig on |Q|, the number of states
of M. The outermost loop at lines 3—20 makes a single left-tbtisgan over:. Noting that the
loop at lines 8-9 makes at md€)| iterations for each iteration of the outer loop at lines 79,
is apparent from the structure of the loops that the algoritias worst-case time complexity of
O(|Q|*n). That the algorithm correctly performs a shortest-matdisging search is the subject
of the next theorem. As a final note, in an actual implemeati the algorithm, the array8
and P’ are more efficiently represented as lists of states andipositStates for which an array
element would b@ are omitted from this list.
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1 for i + 1to|Q| do

2 P, + 0;

3 for ¢ < 1 to n do begin

4 Pl —1;

5 for j « 1to |Q]| do

6 P]{ +«— 0;

7 for j « 1to |Q]| do

8 for ¢ € 6(j, a;) do

0 P, + max(F,, P;);

10 u + 0;

1 for j «+ 1to |Q]| do

12 if j € Fthenu « maz(u, P);
13 if w > 0 then begin

14 Output , 7);

15 for j «+ 1to|Q|do

16 if P]{ < uthen P]{ +— 0;
17 end;

18 for j «+ 1to |Q| do

19 Pj — PJ{;

20 end;

Figure 5.1: Shortest-match substring search algorithm.
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Theorem 5.3
A pair (u, v) is output by the algorithm of figure 5.1 if and only(if, v) € G(L, z).

Proof: We begin by establishing invariants for the ari@yover the loop at lines 3—20. At any
point in the execution of the algorithm, Iete the first element of the previous pair output or
0 if no pair has been output. (When a pair is output on linetli4,effectively updated.) The
invariants are: 1) IP; # 0, thenj is not a final state and the strimP;, 7] is the smallest suffix
of z[t + 1, 4] which specifies a path i/ from the start state to staje 2) If P; = 0, there is no
suffix of x[t+1,i] which specifies a path it/ from the start state tg.

Within the body of the loop at lines 3—20, the arYis used to compute the updated value
of P based on the previous value Bf Lines 18—19 effect the update.

The invariants fotP’ over the loop at lines 7-9 are as follows: 1)Af # 0, thenz[P}, 4] is
the smallest suffix ok[t 4 1, ¢] which specifies a path i from the start state tb where the
last transition is from a state numbergdr lower. 2) If P| = 0, then there is no path i from
the start state td where the last transition is from a state numbefed lower. Thus, after line
9, if P{ # 0 thenz[P}, ] is the smallest suffix ot[t + 1, 4] that specifies a path if/ from the
start state tg, and if P} = 0 then there is no suffix af[t + 1, u] that specifies a path it/ from
the start state tg.

After line 9, there may be final state for whigEr]’l # 0. Ifthisis the case, the loop on lines 10—
12 discovers the largestsuch thate[u, 7] is an element oL, thusz[u, ¢] is an element o&7(L).
The lines 13-17 outputy, 7) (implicitly settingt « u) and invalidate all partial or complete
matches starting at or befoteby setting the appropriate elementsifto 0. This implies that
after line 17,ij = 0if j is afinal state.

If (u,v) is a element of7(L) it will the shortest suffix of x[t+1,i] for some and will be
output at line 14. O

5.4 Explicit Containment

A regular expression may be used to define an explicit urévms search. Using the search
restriction advocated by this thesis the regular expressio

<speaker> 3* </speech>
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defines the universe of speeches. In his description &fdirgext editor, Pike makes a distinction
between the use of regular expressions for search and facérh (retrieval) [82]. Using regular
expressions we may specify both a universe of elements figeval and patterns for searching
this universe.

We re-introduce the “containing’¢ ) operator from the previous chapter to express a search
over an explicit universe. The regular expressian s, wherer ands are regular expressions, is
defined as7(r) & (£*s¥").

Consider the query

Find speeches by witches that contain the words “DunsinanéBirnam”.

Using the containing operator and assuming our searchatgstrthis query may be formulated
using a regular expression as:

(<speaker> X* </speech> ) >
(<speaker> X* Witch </speaker>  =* (Birnam | Dunsinane ))

To this point we have not discussed the issue of convertinggalar expression to finite
automata, but some explanation is required in connectitimexplicit containment. In practice,
the conversion is accomplished using a variant of a widsleiechnique [5, 99]. Generally, the
only differences being that the NFA is constructed with¥atransitions and is constructed and
maintained as a list of these transitions. Of some conceteisize of the NFA that will result
from this conversion. The size of an NFA grows additivelydtternation, concatenation and the
varieties of repetition; for inclusion it grows multiplitteely. For most applications this growth
is not a problem. Unfortunately, in order to implement esabm, the NFA must be converted
to a deterministic finite automata, with a possible expaaéiricrease in size. It is then not
reasonable to implement the “containing” operator by diyagsing the relationship in the proof
of Theorem 5.1.

Fortunately, explicit containment may be implemented witthdirect use of that equation.
We observe that the regular expression- G(s) is equivalenttar > s. Itis thus possible to
implement explicit containment by running two concurrempies of the algorithm of figure 5.1,
reporting a match te only when it contains a match to This technique may also be used to
implement the “not containing”i¢ ) operator.

In contrast, the “contained in”4 ) and “not contained in” ¢ ) operators cannot be imple-
mented directly as regular expressions. Consider segrébirab < aX*c in a text of the form
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(ab)™c for some fixed but arbitrarg using a single left-to-right scan of the text. Since theahit
“a” might be (and in fact is) part of a match &*c, each of then matches to “ab” must be
reported. These matches cannot be reported, howeverthmfihal “c” is seen. Since may
be arbitrarily large, no constant store may be used to miaitit@ potential matches that would
be discovered while this determination is being made. Nglsileft-to-right scan with constant
store can implement the; operator.

The final section of this chapter will describe the full addjon of the structure algebra of
Chapter 4 to pattern matching in un-indexed text. In thatiémgntation, several simultaneous
left-to-right scans are made, one for each term in the queysession, but only constant storage
is required.

5.5 Thecgrep Search Tool

The theory described in this chapter has been used as trefbasi search toolkgrep , that
has proved to be of significant value for several applicatidm searching and organizing folders
of mail messages and news articles, the tool allows thetsmbeeind extraction of articles based
on combinations of the contents of the header lines andrpattecurring in the body. The tool
has been used to assist in sorting, organizing and indekingisred documents from the TREC
collection [54]. Other applications have included the astion of World-Wide-Web hypertext
links (URL's) from NetNews articles, searching files of max&hcode in binary format, searching
comments in source code files, and counting actual occlesenicpatterns in files (as opposed
to lines containing the patterns). Formulating equivatg@rations with existing text processing
tools has proven difficult and frustrating.

The regular expression syntaxajrep is based on that of POSIX 1003.2 extended regular
expressions [59]. This regular expression syntax is bas&gn on that okegrep . In addition,
cgrep provides macros, an intersection operator, and severat ofeful extensions. In particu-
lar, the characters<” and “>" may be used to match the beginning and end of file respegtiel
detailed man page for tlegrep search tool is included as part of the software distribufraf.

In the remainder of this section the function and perforreasiche tool is explained by way of
several examples.
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5.5.1 Basic Searching

We begin with simple document processing examples.

Example 1: Multiple Matches within a Line

Sometimes interesting text patterns can be quite short anitpie instances may be found on a
single line. The command

cgrep \\cite\{.*\} paper.tex

will pull a list of citations from a document irfTeX format. If multiple citations appear on a
line, all will be reported. Occurrences of", “{” and “} " appearing in the pattern are escaped
with the backslash character™to prevent special meanings they havecgyep . In all cases,
an escape sequence consisting of afbllowed by any punctuation character may be used to
represent the literal punctuation mark, avoiding any speseaning of the character.

Example 2: Multi-Line Matching
Matching across lines is straightforward widgrep . The command
cgrep ".*United[[:space:]]+States.*$’ constitution.t xt
matches lines containing the name of the country. The twalsvoomposing the name may be
separated by one or more white-space characters. The beagkession
“[[:space:]] " matches any character for which tbigypemacroisspace would return true.
This search will report both
We the people of the United States, in order to form a more

and

age of thirty years, and been nine years a citizen of the United
States and who shall not, when elected, be an inhabitant of that

The shortest match guarantees that only the smallest ngroblenes necessary are printed.
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Example 3: Extracting Structural Elements
Under some mild assumptions, the command
cgrep 'N*X\*/ *c

will print all comments in a group of C source files. The ch&éeat* " is escaped, by preceding

it with a backslash, to prevent its interpretation as a a®sperator. The assumptions necessary
for the extraction to work correctly are basically that coemts contain no nested start patterns
(“/* ™), that the comment start and end patterns do not appeariig sonstants, and that com-
ments are not ill-formed in conditionally-compiled codeg(ein “#ifdef ’s”). Many comments

in C source code will satisfy these assumptions and it isiplesto writecgrep expressions to
detect exceptions — an example will be provided later.

Example 4: Searching SGML Text

SGML files usually contain substantial structure that is limeg oriented. HTML documents
provide an example of documents formatted (approximatatgprding to SGML conventions.
The command

cgrep -i ‘\<title\>.*\</title\>' /users/*/public_html/*.html

extracts the titles of HTML documents from the top level oénss publicly accessible World-
Wide-Web documents. Thei“” flag removes lower and upper case distinctions for matching
purposes. The<” and “>" characters are escaped, as they are usedji®p to match file start
and end characters. In this example and in previous exartipeshortest substring matching
guarantees that the patterns represented the beginnirendraf a match are properly associated
with one another.

Under longest-match disjoint substring search, the condnmdrExample 2 would report a
single match for any text containing the name of the courithe match would cover the entire
file, starting at the beginning of the first line and contirguto the end of the last line. The
command of Example 1 would report a single match startingeabeginning of the first citation
and continuing to the end of the last closing brace. Simitablems occur with Examples 3 and
4.

By Theorem 5.1, it is always possible to re-write a regulgregsion explicitly to exclude
longer matches. This is quite easy in some cases, such aacitiedsexample, where the pattern



CHAPTER 5. PATTERN MATCHING IN STRUCTURED TEXT 100

"["\n]*United[[:space:]]+States[\n]*$’

is sufficient, assuming that the escape sequemcé rhatches the newline character.

Example 3 requires more work. It's necessary to recognieestid pattern*/ ” while al-
lowing the comment to include*™ and “/ ” characters that are not part of the end pattern. One
possibility is:

A (s e S I Vi LA

The other examples exhibit similar difficulties.

Example 5: Intersection of Patterns

In addition to the standard POSIX 1003.2 operatogsep accepts & for the intersection of
two regular expressions. The precedence of the interseagierator is the same as that of union
(“] M- The union and intersection operators associate lefgtat r

The intersection operato®" provides a way to match intervals of text that satisfy a cemb
nation of patterns. The command

cgrep '.{0,100}&.*God.*&.*Moses.* exodus.txt

prints all intervals of text that are 100 characters or lessize and contain both “God” and
“Moses”. Allowing overlap between matches is importantfsat passages such as

Moses took the
rod of God

and

God in his hand.

004:021 And the LORD said unto Moses

can both be reported.
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5.5.2 Search Universes

The “U" option of cgrep is used to specify a search universe. A second regular esipreis
used to select members of the search universe that contaistance of the regular expression.
Through this mechanisnegrep provides a single> operator applied at the top level.

Example 6: Lines

With an appropriate universe definitiozgrep can mimic the behavior of standard Unix search
utilities. The command

cgrep -U ".*$ ’[Vv]egetarians|[Vv]egans’ mbox

prints all lines that contain references to vegetarianggans. Using the search universe of lines,
the capabilities o€grep are a superset of thoseedrep .

Example 7: Groups of Lines

Groups of several lines can be used as a search universeislaoirtumstance, the utility of
allowing overlapping matches becomes obvious, as eactpgfines will overlap with several
others. The command,

cgrep -U "X *¥*¢ ' *God.*&.*Moses.* exodus.txt

will print groups of three lines that contain both “God” anddses”.

At this point, it is worth discussing the exact meaning of‘théand “$” operators incgrep
and the default behavior for printing matches. In standasadch tools, the™ operator matches
the beginning of a line ands” matches the end of a line. Sincgrep allows matching across
line boundaries,™” and “$” have been adapted slightly” * matches a newline character or
the beginning of the file; $” matches a newline or the end of the file. In other words, i§
equivalentto \n|< " and “$” is equivalentto tn|> .

Following these definitions, each match reported by the cantrof Example 6 would be
preceded and terminated by a newline character. Visuabh enatch would appear to be pre-
ceded by a blank line.
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We have found it convenient to automatically strip off thieseling newlines. Similarly, it has
been found convenient to terminate matches that would rmotalty end in a newline by adding
a newline character. This automatic reformatting of thepauis particularly helpful when the
results of acgrep search are to be piped to other Unix commands.

An option (“-binary ") is provided to prevent automatic reformatting of the autpThe
“-binary " option also changes the meaning of the ‘and “$” operators so that they match
only the beginning and end of file, becoming equivalent td'#feand “>" operators. In addition
to automatic reformatting, an optiontag ") allows the user to specify start and end tags to be
placed around matches.

Example 8: Mail Messages
The command
cgrep -U "From *(CFrom |>) ’vegetarian’ mbox

extracts all mail messages that contain the word “vegetariail messages are assumed to start
with the word “From” at the beginning of a line followed immately by a space character. A
mail message ends when another of these patterns is seenanrdiof file is encountered. Unless
it occurred at the end of the input file each match reportelbeiterminated by a line containing
the word “From” followed by a space. In order to create a \gfidrmatted mail folder the output
must be piped through

sed ''From $/d’
or equivalently
cgrep -V "*$ "From §

The latter command prints all lines that do not contain théepa“"From $ ”. The-V optionis
used to specify aanti-search universavhich is the subject of the next example.

Example 9: Anti-Search Universes

Members of an anti-search universe are reported if they toargain a match to a second regular
expression. The command
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cgrep -list -V NAXXN\F W *

will print the names of files containing a comment with a néstemment-start pattern/¢* ),
violating one of the assumptions of Example 3. THist " option specifies that only the names
of files containing matches be reported. Through this masharcgrep provides a singley
operator applied at the top level.

5.5.3 Other Features ofcgrep

Several other features ofrep assist in its use: A macro facility is provided to help foratel
search and retrieval operations involving commonly-usexegpressions. As already mentioned,
a tagging facility allows the user to define delimiters to kecpd around each match reported.

The syntax for macros is slightly ugly. Macro calls come i warietiesfastandtedious A
fast call consists of a@ character followed by an single alphabetic character. dicies macro
call has the form:

[@nane( par anet er 0, parameterl, ..)]

where each of the up to 9 parameters is a regular expresstbe.racro requires no parameters,
the bracket-enclosed parameter list is omitted completely

Macro definitions are placed in files that are read on progtant-gp. Any definitions in the
file ".cgreprc” in the user’s home directory are read first. Thaddfs " option may be used
to specify additional macro files. The definition of fast ardibus macros are identical. Any
un-parameterized, single-letter macro is automaticahble as either a fast macro or a tedious
macro.
An un-parameterized macro definition has the form:

nanme=r egul ar - expr essi on
and a parameterized macro definition has the form:
nanme#n=r egul ar - expr essi on

where the number of parameters is indicated by a singlefditptving the “#” character. Within
the body of a parameterized macro, the actual parameterdmagferenced as#1” through
“#9” A macro name must start with an alphabetic character, andin@dude only alphanumeric
characters and the character'
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Example 10: Macros

Standard macros for handling mail may be definetddgreprc" in the user's home directory:

Mail="From .*("From |>)
From#1="From:["$]*#1
Re#1="Subject:["$]*#1

The command

cgrep -U ’[@Mail] ’'(*[@From([Cclowan)].*)&(.*[@Re((f wd))].*)’ mbox

would then extract all mail messages forwarded by Cowan.

Example 11: Tagging

Since the output froncgrep often consists of multi-line text fragments, the taggingility
allows matches to be easily distinguishable from one ama@ih@ simplifies further searching on
the output. The command,

cgrep -tag '<g>\n’ '</g>\n’\
-U "G *God. *&.*Moses. ' exodus.txt

will tag each excerpt in the style of SGML. A appearing in a tag is replaced by the name of
the file where the occurrence was found. Any escape sequahdénva regular expression (such
as \n ") isvalid in a tag. Thus, in this example, each of the tagsegated by the command will
appear alone on a line.

Example 12: Searching Binary Files

Files of binary data may be searched usigeep . The command

cgrep [[:print:]][[:print:]}{4,}[\n\O]" cgrep
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reports strings of four or more printable characters endiragnewline or null character that ap-
pear in the executable fitegrep” . This search is similar that performed by the Usiisings
command.

Escape sequences allow non-printable characters, sudteasili character {0 "), to be
used in a pattern. These escape sequences follow the symash C, including the sequences
for hexadecimal and octal constants. Escape sequences/antgpecial meaning by ANSI C
always represent the literal character following thé. *

Each result reported logrep will begin with a non-printable character and end with a new-
line or null character. This example further illustratestelongest-match requirement (“four or
more”) can be satisfied with a shortest-match search.

5.5.4 Performance

The table in figure 5.2 gives performance figures for the exesnpunning over typical input
text, reading and writing to a disk file. The programs werecaied on a SPARCServer 670MP
under SunOS 5.3 concurrently with the “normal” activitidsalozen or so other users, mostly
Programming Language and Theory of Computation resear¢heéhe Computer Science De-
partment at the University of Waterloo. The input sourcescdbed as “US Constitution” and
“Exodus” are electronic texts from Project Gutenburg [88he BTEX source is that of refer-
ence [27]. The source toethack supplied an example of C source code with lots of oddly
structured comments. The HTML source is a collection of leszrs’ World-Wide-Web home
pages. The personal email was received by the author overadevonths. Elapsed times include
both system and user times, and are averaged over sevesal run

The figures show that the program is generally quite usaldeacch large files interactively.
One exception is the command of Example 5, which processeadput at less than 1KB per
second. This poor performance is due to a large number ofeastates during the matching
process. The same command searching the entire Old Tedteumieid take more than an hour.
One solution to this problem is to pre-filter the input with@mand such as that of Example
11, tagging each group of lines, and then running the acasath on the result.

The performance ofgrep is often inferior to more specialized tools on equivalesk&a The
command

egrep ’[Vv]egetarians|[Vv]egans’ mbox



CHAPTER 5. PATTERN MATCHING IN STRUCTURED TEXT

Example| Input Description | Input Size| Number of | Output Size| Elapsed Time|

Number (bytes) Matches | (bytes) (seconds)
1 IATEX source 68K 33 0.49K 0.13
2 US Constitution 46K 85 5.2K 0.23
3 nethack source 1.6M 4647 231K 29
4 HTML source 544K 79 3.5K 0.55
5 Exodus 193K 49 2.6K 220
6 Personal email 12M 331 21K 11
7 Exodus 193K 88 12K 3.1
8 Personal email 12M 214 2.8M 46
9 nethack source 1.6M 90 0.75K 0.47
10 Personal email 12M 17 164K 138
11 Exodus 193K 88 13K 3.1
12 cgrep executable 46K 430 7.5K 0.27

Figure 5.2: Performance ofjrep .
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is equivalent to thegrep command of Example 6 but is more than twice as fast, runningsin
over five seconds on the same input. The Unix command

strings -a cgrep

is equivalent to thegrep command of Example 12 but is nearly three times faster, nghim
just under a tenth of a second. On the other hagdep andstrings
search and retrieval operations in the other examples.

cannot perform the

In other cases;grep has proven to be faster than special purpose programs. lgesjpn
readmsg is part of theelm mail package and can be used to extract mail messages based on
patterns in the message body. The command

readmsg -ah -f mbox vegetarian

performs the same function as tbgrep command in Example 8 but takes 56 seconds. In this
case,cgrep is 17% faster. Furthermoreeadmsg cannot be used to perform more complex
retrieval operations, such as that of Example 10.

5.6 The Structure Algebra Revisited

In this final section of the chapter we describe an implentemtaf the structure algebra of the
previous chapter, assuming left-to-right scanning ofnoheked text. This implementation of the
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algebra may also be used with indexed text by scanning thengsdist for each term, rather than
indexing into them. Under this approach, the time to geeatisolutions to a query i9(Xm;),
wherem; is the length of the postings list for the ith term.

An implementation of the algebra for flat text search prosisieveral benefits. As discussed,
the “contained in” (< ) and “not contained in” ¢ ) operators cannot be implemented in terms of
regular expression search, and direct implementationeofdbntaining” (> ) and “not contain-
ing” ( ¥ ) operators requires the possibly-expensive construcfiarDFA from a NFA. Further,

a direct use of the “both of” {\ ) operator may improve the search time of the query in example
5, which then could be written

(God" A ’'Moses’ ) <« {100}

In the context of the MultiText project, an implementatidrtloe algebra over flat text is used to
assist in the process of marking-up query results with HTiLdisplay by a World-Wide-Web
browser.

To implement the structure algebra, we maintain for eacteipih the expression tree for a
query the four attributes

Q.p, Q.9, Q.pnext, ().qnext

where the pair

@.p. Q.9

represents the “current” solution € and the pair

(Q.pnext, Q.qnext)

represents the “next” solution @.

Query terms are regular expressions. The implementatiom &r regular expressions is
based on figure 5.1. We assume that each term in the queryrigigua version of this algo-
rithm with its data structures specialized to the partictggular expression being evaluated and
re-organized so that solutions are returned one-at-a+@ther than being directly output, with
(00, 00) being returned when no solutions remain. If this functionaedsearch , an imple-
mentation of the access functianfor a regular expressionis shown in figure 5.3.
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T(r, k)=
begin
while Q.p < k do begin

(Q.p,Q.9) + (Q.pnext, Q).qnext);
(Q.pnext, Q.qnext) « search(r);
end;

Return(Q.p, Q.9);
end;

Figure 5.3: = for regular expression pattern matching.

The implementation of- for the operators of the structure algebra is taken from gjo@gons
of figure 4.4, figure 4.5 and figure 4.6. With two exceptions,eljuations forp , 7/ and p’ are
not used. The equation fos (A > B, k) is used in the body of the equation for(A > B, k);
the equation forp (A ¥ B, k) is used in the body of the equation fer(A ¥ B, k). In both
cases, we treat the equation fpras being defined within thet statement of the equation far
, restricting the scope of the definition. None of the equetifor p , 7/ or p’ are used directly.
Instead, we defing and 7’ in terms of 7, as shown in figure 5.4 and figure 5.5. No equivalent
definition for p’ is required, sincep’ is not called directly by the equations far. The driver
procedure of figure 4.14 may then be used to generate themswut

For each term in a query, the implementation makes a lefigtit-scan in tandem over the
text. Storage requirements are proportional to the sizeefjtiery, but do not depend on the size
of the text.
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p(Q, k)=
begin
while Q.q < k do
7(Q,Q.p+¢);
Return(Q.p, Q.9);
end;

Figure 5.4: p for structural pattern matching.

T (Q,k) =
begin
while Q.qnext < k do
7(Q,Q.p+¢);
Return(Q.p, Q.9);
end;

Figure 5.5: 7/ for structural pattern matching.



Chapter 6

Shortest Substring Ranking

Section 2.1 discussed two query models for document daathatems. The Boolean query

model allows a user to precisely specify a document set foeval using standard set operations.
In contrast, the statistical query model orders all the duoenis in the collection according to their

statistical similarity with the user’s query. Ideally, sfdrdering corresponds to users’ opinions of
the relative relevance of documents to their queries, apdoaghes to statistical ranking may be
evaluated on this basis.

In this chapter, the principal property of the shortest sl search model is exploited to
develop a combined approach for searching document dasb&olean queries are formu-
lated using the combination operators of the structurebaégevith the “both of” operator {\ )
corresponding to the Boolean AND operator and the “one oBrafor (<7 ) corresponding to
the Boolean OR operator. A document contains a solution¢b suquery if and only if it is a
member of the document set that would be selected by theagoiBoolean query. Documents
containing solutions are ranked according to the lengthise&olution extents contained within
them.

6.1 Ranking of Boolean Queries

The lack of relevance ranking is widely seen a significanitéition of the Boolean query model [41,
84,94,103]. The case for relevance ranking becomes plntigistrong when a Boolean query
matches many documents, forcing the user to rephrase ting gugcan through a large amount
of undifferentiated material.

110
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One simple approach is to select a document set using a Boglesay and then rank these
documents using a statistical technique based on the gelens talone, ignoring the Boolean
operators for ranking purposes [79]. Unfortunately, sitiee Boolean operators are ignored,
term relationships described by the operators are not teflec the ranking, and the results can
be counterintuitive [84].

Waller and Kraft [103] follow an approach based on fuzzy sebty and discuss how the
Boolean query model may be extended to take advantage ofwerghts calculated from doc-
ument characteristics and on weights explicitly added tergterms by the user. Thenorm
model [94] provides a spectrum of ranking techniques, inclwhihe relationships described by
the Boolean operators can be of varying importance. At otree, Boolean relationships are
ignored and the approach is equivalent to the inner prodeeisore. At the other extreme, the
approach is equivalent to the fuzzy set model, with documeratching the Boolean expression
exactly. Intermediate between these extremes, the agphacbeen shown to produce results
that can be superior to either the inner product measureedutzy set model.

6.2 Ranking by Solution Density

Under the shortest substring model, the result of a queteisét of smallest extents that satisfy
a specified predicate. The size of this interval may be usedmasasure of the “goodness” of
the match, particularly in the case of the Boolean-flavoreerigs that are expressible with the
combination operators. For example, if our query is

Find fragments of text that contain both “Nixon” and “Watextg”.

it is not unreasonable to expect that the proximity of theses is positively correlated with our
interest in the text. If we consider a containing documerd,rmost relevant might be expected to
contain many elements from the solution set and for theseazies each to be relatively short.

Ranking is based on two assumptions:

e Assumption A
The smaller a solution extent, the more likely that the gpoading text is relevant.

e Assumption B
The more solution extents contained in a document, the nikely that the document is
relevant.
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The first assumption provides a ranking for individual siolntextents; the second suggests a
ranking technique for particular documents in terms of Bofuextents. Both assumptions are
superficially reasonable. However, a problem remains inbioimg these assumptions to produce
a single score for a document.

Assumption B suggests that a document might be ranked by sgrindividual scores of
solution extents contained within it. A natural value to @sethe score of a particular extent
(p, q) is its length|(p, ¢)| = (¢ — p + €). Unfortunately this approach assigns a higher score to
less relevant document. Summing individual scores is resse only if a higher score indicates
a more relevant document. The problem is rectified if an sweelationship is used.

Score of (p, q) x —
P0) < g

or

Score of (p, q) = S(p,q) = |(p, 9)|

During preliminary trials of the technique it was quicklysaved that if the length of an
extentwas below a threshold of a dozen or so words, assumtio longer appeared to hold and
all extents appeared equally relevant — certainly not vayyn relevance at the level indicated
by an inverse relationship.

Therefore, we take the score for a particular extent as:

S(p,q) =

For any exten{p, ¢), we haved < S(p,q) < 1. If solution extents(p1, ¢1)...(pn, gn) are
contained in a particular document, the score for the dootilee

6.3 TREC-4 Experiment

This section summarizes MultiText participation in therbuText REtrieval Conference (TREC-
4). The focus of the TREC conferences is the experimentaliatran of new Information Re-
trieval technologies. MultiText used TREC-4 as a forum fog introduction and evaluation of
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shortest substring ranking. This summary includes a briefvoew of TREC-4. For a complete
description of TREC-4 experiments, and the activities bieotparticipating groups, refer to the
full conference proceedings [52].

6.3.1 Overview of TREC

Since 1992, the (U. S.) National Institute of Standards aechmology (NIST) has sponsored
the TREC conferences to provide for common comparison aalliation of Information Re-
trieval systems. Participating groups come from both itrguend academia. The conference is
organized around experimental participation in one or nd@@iment ranking tasks.

Each task is structured similarly. Participants are giveetaf user interest statements, called
“topics”, and a document collection. For example, TREC ¢&6 is shown in figure 6.1. Par-
ticipants formulate queries from these topics, either raimwor through automatic processing,
and submits these queries to their systems for evaluatientbe document collection. For each
topic, participants report a scored list of the 1000 documprdged to be the most relevant by
their system. Submissions from all participants are thdxjested to a common evaluation pro-
cedure.

Evaluation is made on the basis of two standzffdctivenesmeasuresprecisionandrecall.
Given a set of documeni®, drawn from a collectiofi, these two measures are defined as follows:

number of relevant documents?h

recision =
P total number of documents

number of relevant documents?h

recall =
number of relevant documents@n

Given a document ranking, precision and recall may be meddor the topr documents. Val-
ues of precision and recall changerais varied. Recall will remain constant or increaseras
is increased, with precision typically falling. By compagiprecision at various recall levels,
approaches to ranking may be compared.

For the TREC experiments, the number of relevant documarttsei collection is estimated
for each run by pooling the top 100 documents submitted bly geaup. All relevant documents
are assumed to be contained in this pool. Independent ass@sdge the relevance of the doc-
uments in the pool, and these relevance judgements formatsis bf the recall and precision
measurements.
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The TREC experiments are organized into two main tasks gttdndc” task and the “routing”
task, and several special-interest tasks. The ad-hocitaskages a user’s initial interaction with
an Information Retrieval system. Queries are developed fiee topics without reference to the
document collection and without additional relevance tinfation. For example, if queries are
developed manually, the searcher may not interactivelpedfie query by using feedback from
initial runs to add query terms or to re-structure the quérige routing task simulates an on-
going user interest. Routing topics are drawn from previbREC conferences, and participants
may use previous relevance judgements and interactiomitpeds to develop and refine their
gueries. Once queries are finalized, participants are gimeentirely new document collection
on which the queries must be run without further refinemengyddd the main tasks, special
purpose tracks address special-interest issues includergnteraction, multi-lingual collections
and data corruption.

6.3.2 Procedure

The MultiText Project participated in both the routing tastd the ad-hoc task. Queries were
developed manually; the procedure differed only slightlythe two tasks. Approximately 15
to 45 minutes were spent developing a query for each topicrin@wcreation of the routing
queries, relevant documents were occasionally pulled @ed as a source of possible terms,
but this practice was not uniformly followed. Besides peeddknowledge, the only external
resources used were an on-line dictionary (Webster's)thig spell  program; an on-line list

of country, state and city names and state postal abbrergtand, in a few cases, current issues
of newspapers.

The final query developed for each topic was a compound quengisting of an ordered
list of one or more sub-queries (2.05 sub-queries on aver&gsults for each sub-query were
determined separately using the ranking techniques destin the previous section. For the
TREC experiments, a value of 16 was used for the con&farithe results were then combined
into a final solution set according to the ordering of the gqubkry list, with results of a particular
sub-query ranked before the results of subsequent suliequeDocuments given a non-zero
score by one sub-query were eliminated from the results lofesguent sub-queries before this
final ranking.

This approach reflects a trade-off between a desire for gicgciand an artificial need to
produce 1000 ranked documents. The query appearing at ¢fvenideg of the list is intended to
be a precise expression of the requirements underlyinghie.tQueries occurring later in the
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list are “weaker” and are intended to pick up a large numbgosEibly relevant documents.

Figure 6.1 shows topic 246 and figure 6.2 gives the correspgrgliery in the internal for-
mat of the MultiText system, which was forwarded to NIST. Soexplanation of the syntax is
required: © ”and “+” are equivalent to “both of” (A ) and “one of” (7 ) operators respectively,
“<>" is equivalent to the ordering operatok)(), the expression[2] ” represents fixed-length
intervals two words in lengths?), and ‘<” represents the “contained in” operatok|(). The
“@output " command sets the output file name for the query. T@r&nk” command takes
a topic number and a compound query as arguments and exdéleatenking procedure. The
topic number is used by the@rank” command only for formatting the output. In this case the
compound query list has only a single sub-query, which has lbssigned the namg™

The query of figure 6.2 is essentially a Boolean expressi@oitjunctive normal form, con-
sisting of three “facets” [33], each built from several nahpteces for convenience. The first
facet ("farms™) is a disjunction of terms and phrases related to militasapons. The second
facet (“export ") is a disjunction of terms related to trade. The final facé&i$broad”) is a
disjunction of 150 geographical place names and abbrewisitelated to the United States. The
definition of this last facet is not included in figure 6.2;dtsfinition is global in scope, and it is
used whenever a topic concerns only the U.S.

Several other global definitions of this type were used iretigying the queries, and these
definitions contributed significantly to the size of the desr For the ad-hoc task, queries con-
tained an average of 67 terms. For the routing task, queoiesgined an average of 53 terms.
The variance was fairly high. For some topics the query tediof hundreds of terms; for
other topics the query consisted of a single two-term phr&eerall, about half of the query
terms resulted from the expansion of global definitionspetelmingly from the expansion of
the “USbroad ” definition. Expansion of phrases into terms and the incngif term variants
also contributed to the large number of terms per query.

Query evaluation proceeds in five steps:

1. Determine extents which satisfy the specified query.

2. For each solution extent, either determine the documdenethat contains it, or if it
overlaps document boundaries eliminate it.
DOCUMENTS > Q

3. For each document containing solution extents, deterhia identifier for the document.
ID < (DOCUMENTS[> Q)
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<top>

<num> Number: 246

<desc> Description:

What is the extent of U.S. arms exports?

</top>

Figure 6.1: TREC topic 246.

@output "246.output”

arms0 = "arms" + "gun" + "guns" + "tanks"
armsl = "firearm" + “firearms" + "weapon" + "weapons" + "rifle" + "rifles”
arms2 = ((“fighter" <> ("jet" + "jets")) < [2]) + "bomber" + "bombers"

arms = armsO + armsl + arms2

exportO="export" + "exports" + "trade" + "sale" + "sales"
exportl="tariff" + "tariffs"

export=export0 + exportl

g = arms’export"USbroad

@rank 246 q

Figure 6.2: Query for topic 246.
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4. For each document containing solution extents, caleaatocument score using the scor-
ing method of Section 6.2.

5. Sort the document identifiers by document score.

The MultiText experiments were run on a dedicated DEC Alpd202300 running OSF V3.2
with 64MB of RAM.

6.3.3 Results and Discussion

Results for the ad-hoc task were quite good. Average poatisas third-best among the partic-
ipating groups. For over 65% of the topics the average petisas above the median average
precision for all groups. Unfortunately, no valid resulemcdbe reported for the routing task,
as approximately one-third of the required test data wasnotided in the database when the
submitted run was generated.

Figure 6.3 compares the ad-hoc runs submitted by each ofaftieipating groups. Groups
were permitted to submit two runs, and in cases where twoweans submitted, the better of the
two is plotted in the figure. The plots are generated direittdyn data supplied by NIST, with
precision plotted against recall. Exact precision valuesrgerpolated to 10% recall increments
by taking the maximum precision achieved at all recall lsgkater than or equal to the level of
the increment. These interpolated precision values alwagsease with increasing recall. When
comparing the results, it should be borne in mind that theessmted systems used extremely
different techniques, some of which are well establishetisome of which are quite experimen-
tal. Because of the diversity of the systems and the limitgdne of the experiment, no general
conclusions about the relative quality of the systems shbaldrawn. However, it does appear
that shortest substring ranking can be competitive wittbtrst known practice.

The ranking technique is reasonably efficient. For the adthsk, system search time re-
quired an average of 40 seconds elapsed time per query (egave 18 seconds per sub-query).
For the routing task, system search time required an avefaddgeseconds elapsed time per query
(an average of 5 seconds per sub-query). After the resufessudbmitted to NIST, simple perfor-
mance tuning, requiring less than an evening’'s work, madetths 38% faster (with an average
of 29 seconds elapsed time per query, 13 seconds per sup-tprahe ad-hoc task). This im-
provement was reported in the MultiText TREC-4 paper [29]nc8 that time, the MultiText
system has undergone additional enhancements that haveetedearch time to an average of
22 seconds elapsed time per query (an average of 10 secarglgpguery) for the ad-hoc task.
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Furthermore, shortest substring ranking produces schatate independent of the characteris-
tics of other documents in the collection, a property notegelty shared by statistical ranking
techniques [102]. This property allows a collection to bkt gpbitrarily into a number of sub-
collections to be searched in parallel by separate seagihes) with the results merged for the
final ranking. This approach would produce essentially edirspeed-up in search time with the
number of engines used.

Figure 6.4 shows equivalent timings for other systems. @&Hhisings were not formally
measured as part of the TREC experiment, and were reponteédffmmation purposes as part
of system descriptions. The systems used a wide varietyrain@ae, including highly-parallel
machines and supercomputers, and the timings are not ripethakith respect to hardware.
Moreover, because of ambiguity in the information questare some groups may have reported
only CPU time, and not included I/O latency time. Due to thesafounds, timing comparisons
must be made with extreme care. However, it does appeartbeest substring ranking can be
competitive in efficiency with the fastest systems.

6.4 Further Related Work

As part of TREC-3 [51], Charoenkitkarn, Chignell and Goloisky [23] produced reasonable
preformance using a simple boolean ranking technique aldtighighly interactive query de-
velopment. Also as part of TREC-3, Hawking and Thistlewgisgd described experiments using
the PADRE patrallel free-text scanning system. For rankimey used a weighted sum based on
term frequency and document length.

As part of TREC-4, Hawking and Thistlewaite [56] continubdeéit work with the PADRE
system using a proximity scoring technique similar to séstrsubstring ranking, but with fixed
proximity limits defined as part of the query. Solutions lenghan this fixed limit were not
considered during the ranking process. Further, they agpdeave considered nested solutions
as well as overlapping solutions. Their scoring techniquelpced good precision-recall results.
In Figure 6.3 their results are labeled as “Australian NaldJniversity”.
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Figure 6.4: TREC-4 system performance.
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Chapter 7

Conclusion

7.1 Closure

Operators in the structure algebra take GC-lists as opsi@mdiproduce GC-lists as results. Clo-
sure of the algebra over GC-lists unifies the contributidnthe thesis. Previous systems for
specifying search over structured text required solutiements to be drawn from pre-defined
sets specified by a meta-structural description or had fegggnt semantic problems directly re-
lated to closure (Section 2.3).

The specific contributions of the thesis are as follows:

e A new model for representing structure in text (Section3).2Jnder the model, structure
is recorded without any requirement for a formal descriptid the relationship between
structural elements. The approach allows the incremeditian of structural descrip-
tions, and provides a uniform representation for both lalggnd physical structure.

e The introduction of GC-lists as a new abstract data type dprasenting the results of
a text search (Chapter 3). In general, a search over a téng stray be satisfied by a
quadratic number of substrings. GC-lists provide a mettdihearizing sizes of solution
sets by disallowing solution substrings that would haveep#olution substrings nested
within them (Theorem 3.2). Other linearizing methods canoiluce a left-to-right (or
right-to-left) bias in the solution set (Section 5.1.2) andy require an examination of the
entire text to determine if a particular substring is pathefsolution set (Section 5.3.1). In
addition, the elements of a GC-lists are totally orderedhgjrtend points (Theorem 3.1),
which permits direct indexing into a GC-list (Section 4.4).

121
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e An algebra for structured text search (Chapter 4, Sectibn 4.

e Proofs for various properties of the algebra (Section 4n8juding commutative, associa-
tive, and distributive laws, and two generalizations objpgrators (Section 4.7).

e Animplementation framework for the algebra (Section 4&gt®n 4.5). Under the statis-
tical assumptions discussed in Section 4.6.1, the franmemay be used to find individual
solutions inO(log(m)) expected time by indexing into GC-lists (Section 4.6). AsHer-
native, a modified version of the framework may be used to ensts of index terms, with
the time for finding all solutions linear in the sum of the l&émgf the lists (Section 5.6).

e Application of the shortest substring search model to i@gekpression pattern matching
(Chapter 5), providing a new method for choosing which magisubstrings to report.
Scanning a text and reporting the locations of matches regjoinly a single left-to-right
scan with constant store (Section 5.3.2). This propertytsshared by other approaches,
particularly those that use the standard “left-most lobhgedch” rule (Section 5.3.1). The
practical value of a search tool based on the approach ismsnated (Section 5.5).

e Application of the shortest substring property to relewananking (Chapter 6). Docu-
ments are ranked according to the length and number of salattents contained within
them. The ranking technique compared well with establisipgggtoaches in an external
experiment conducted by the National Institute of Stanslardi Technology (Section 6.3).

All of these results have been tested in practice in the gbofehe MultiText Project.

In addition to the contributions made directly by the thesii® algebra makes it possible
to give a precise formal semantics for the structural seapsrators of the &4 commercial
text retrieval language (Figure 4.19). Prior publisheccdpsions of AT have been informal in
nature [39,43,90] or have described a heavily modified warsf the language [32].

7.2 Additional Properties of Generalized Concordance Lists

Several further properties related to GC-lists may be detnated. These results have no direct
bearing on the main results of the present thesis, but mayib&ecest for future work.

By Theorem 5.1 regular languages are closed u6dérhe equivalent is not true for context
free languages, and in particular for deterministic cotfieee languages. Consider the determin-
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istic context free language
K = "a"b*c"$ U ab'c’$ U aab’c’$ U ac
wheren, < andj are natural numbers with> j.
G(K) = ~a"b"c"$ U ab’c’$ U aabic'$ U ac

A simple pumping lemma argument [57, pages 125-128] may ée tesshow tha€z (K) is not
context free.

For a languagé define

Further define

and
HY(L)=H"YH(L)) Vi>1

Let the G-heightof a languagel be the smallest such thatd™(L) = 0 if such ann exists;
otherwise define the G-height of the language@asThe GC-heightof a set of extents may be
defined equivalently.

There exists an unlimited number of non-isomorphic regldaguages of any given G-height.
Let

s1 = arb
wherer is any regular expression not involving™or “b”, and let
8; = 8;_1 + (ar)ib

The language defined by the regular expressjphas G-height. The language defined by the
regular expressiofar)”b has G-heighto. If » represents only the empty strirg, represents a
finite language with G-height.
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7.3 Future Work

We conclude with precis for research projects to extend i wf the thesis.

7.3.1 Query Plans and Solution Caching

The indexing strategy of Section 4.4 and the merging styaté&ection 5.6 represent markedly
different approaches to solving a query in the structurelzig Developing an optimization
process for the structure algebra might involve selectimigpfthese alternatives, perhaps choosing
different strategies for different sub-queries.

The algebraic properties developed in Section 4.3 may Welfsere-writing queries to im-
prove performance. For example, the distributive propsentnay be used to eliminate duplicated
terms, and the relationships of Theorem 4.11 and TheorethmMdly potentially reduce the total
number of calls to access functions.

GC-lists for frequently posed queries might be cached in argror on disk. Queries that
are candidates for caching might be recognized dynamiballgxamining the stream of users’
queries, or might be specified statically by the databaseirastmator. Queries for specific
structural elements (documents, paragraphs, verseses) lme particularly good candidates for
caching (Section 4.4.1).

7.3.2 Recursive Nesting

The lack of support for recursive nesting (sections witlgat®ns within sections ...) has been
a major criticism of the structure algebra and the shorteisstsing search model [35, 78, 98].
The example on page 31 shows one possible way of dealing egdtirsively nested structure.
This example, together with the discussion of GC-heighthia previous section, suggest the
representation of a recursively nested set of extents asdmren list of GC-lists, where each
GC-list contains the extents of a particular GC-height drel GC-lists are ordered according
to GC-height. In the example, the sub-quenock0 represents blocks with GC-heightthe
sub-quengLOCK1 represents blocks with GC-heightand the solution to the overall query for
triply-nested blocks has GC-height

Dao et al. [35] have extended the containment operatorseostitucture algebra to general
sets of extents. They impose a total order on a general sgtasfts by first ordering the extents
in ascending order according to their start positions aed ttrdering those extents with equal
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start positions in descending order according to their ersitjpns. Given sets of extents ordered
in this way, they discuss the implementation of the contaimnoperators in linear time using a
merging strategy. They also provide two explicit reductionctions for conversion of general
sets of extents to GC-listén_gcl_min, which is equivalent to th function defined in chapter 3,
andto_gcl_max which is defined as follows:

togcl.maxS) ={a|a € Sand Ab € S such that a C b}

In contrast to theg function, theto_gcl_maxreduction function eliminates extents that are nested
within other extents. They give the following propertieatthelate the two reduction functions
and the containment operators for general sets of exteatsd B:

Ap> B = Ap (togclmin(B))
A4B = A (togcl.maxB))
Ap B = At (togclmin(B))
A4B = A4 (togclmaxB))

7.3.3 Indirection

No support for structures such as footnotes, links to citetiand hypertext is provided by the
algebra. A mechanism to support these indirect referendgist @low the underlying text asso-
ciated with the solution to one query to be used in the fortimeof a second query. Example
gueries that would be solvable with such a mechanism are

Find papers appearing idJACM that cite papers containing the sentence “We'll
always have Paris”

or

Find WWW pages that refer to Walter Mondale that are refezenfrom outside
North America.

Several of the query languages described in Chapter 2 mexidlicit support for indirection [24,
48,64,71,88].

An extension of the algebra to support indirection might&sdal on a predicate that compares
extents on the basis of the underlying text:
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If a = (p, ¢) andbd = (p', ¢') are extents over the database string....ax then the
predicatef(a, b) is true if and only if the text strings,,|...a|q; andap,...a | are
equal under an appropriate string comparison.

An indirection operator could then be defined in terms of ttegljzate as
Ax B={a|a€ Aand 3b€ Bsuchthat £(a,b)}

As an example, ¥ is a GC-list representing World-Wide-Web (WWW) pagésis a GC-
list representing a component of WWW pages that specifigs [teation, andX is a GC-list
representing references to WWW pages, then the query

W (LaW)x X)

would select those pagesW that are referenced hy .

7.3.4 Co-Existence with the Relational Model

The example on page 33 demonstrates one possibility foesepting and searching relational
tables. From a different perspective, the structural $ealigebra could form a basis for extending
SQL with text search capabilities. Attributes in a relateauld be defined by expressions in the
structure algebra. For example, if each tuple in a relatmmsists of a document identifier, the
title of the document, the authors of the document and itsattsthe method of extracting each
of these elements from a text database could be specifiecpgrilrcture algebra.

7.3.5 Syntax Error Analysis

GC-lists may have application in the area of detecting apdnteng syntax errors in programming
languages, and specifically in the area of noncorrectintpgyarror recovery. The basic theory of
noncorrecting syntax error recovery for compilers was e by Richter [86]. His theory had

two goals: 1) to allow parser recovery from a syntax errohwaiitt requiring a heuristic attempt
to skip over or repair the error; and 2) to provide a non-ambigs description of the behavior of
the parser when an error is encountered. Unfortunately,dvéded no method for implementing

his theory.

An implementation for th&ounded contextlass of grammars, a subset of the LR(k) class of
grammars, was described by Cormack [34]. That method degplmulthe creation of a substring
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parser for a bounded-context grammar. The constructicsymed a parser that could be applied
either right-to-left or left-to-right and allowed the ingghentation of Richter’s theory in linear
time for the restricted class of grammars.

A technique for recognizing substrings of LR(Kk) languageléiear time has been developed
by Bates and Lavie [11]. Alone, this technique is not suffiti®d implement noncorrecting
syntax error recovery for LR(k) grammars. However the datactures described in their paper
may be used as a starting point. A further goal is to extenHtRits theory and report the shortest
substrings that are not part of any syntactically correogpam. The main link with the results
of the thesis is through this last property, which is a restent of the shortest substring search
model in the context of syntax error analysis. A further limight be through the “bookkeeping”
that would potentially be added to the data structures oé8ahd Lavie to develop an algorithm
for LR(k) syntax error recovery. It appears likely that thizokkeeping would be similar to that
used in the regular expression search algorithm of Figure 5.
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