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(ABSTRACT)

This dissertation deals with the application of efficient data structures and hashing al-
gorithms to the problems of ::extual information storage and retrieval. We have developed
static and dynamic techniques for handling large dictionaries, inverted lists, and optimiza-
tions applied to ranking algorithms. We have carried out an experiment called REVTOLC
that demonstrated the efficiency and applicability of our algorithms and data structures.
Also, the REVTOLC experiment revealed the effectiveness and ease of use of advanced
information retrieval methods, namely extended Boolean (p-norm), vector, and vector with
probabilistic feedback methods. We have developed efficient static and dynamic data struc-
tures and linear algorithms to find a class of minimal perfect hash functions for the efficient
implementation of dictionaries, inverted lists, and stop lists. Further, we have developed a
linear algorithm that produces order preserving minimal perfect hash functions. These data
structures and algorithms enable much faster indexing of textual data and faster retrieval
of best match documents using advanced information retrieval methods. Finally, we sum-

marize our research findings and some open problems that are worth further investigation.
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Chapter 1

Introduction

The problem of storing, managing, and accessing information is a classic problem in hu-
man society. Modern libraries depend on online catalogs and information retrieval systems
to handle the explosion of information. It is estimated [80] that the Library of Congress
archives roughly 25 terabytes in its collection. This is undoubtedly most valued if it is ac-
cessed and searched effectively and efficiently. To browse through this volume using normal
human techniques would be nearly impossible. It is also estimated [80] that it would take
more than a decade to index and catalog such a vast collection as the Library of Congress
using current computer technology.

So, the problem of enhancing conventional search techniques to handle the vast amount
of online information and the various sources that contribute to this information explosion
have taken on an even greater significance.

Generally, conventional search techniques include one or more of the following:

1. traversing menus,
2. exact matching of titles or title prefixes, or
3. submitting Boolean queries.

Most commercial information retrieval systems adopt the Boolean retrieval strategy.
Yet, it is well known [72] that formulating an information need or question into a suitable
Boolean query is difficult. The other two methods mentioned above have limited applica-
bility and power.

Less popular are a number of advanced approaches that explore the statistical character-

istics of various collections. Although many researchers have developed effective retrieval
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techniques (i.e., extended Boolean, vector), and have demonstrated their utility in the
SMART experimental system, few of these advances have found their way to commercial

systems.

1.1 The SMART Retrieval System

The SMART information retrieval package consists of a set of programs that make up
a fully automatic document retrieval system [67]. The SMART retrieval system allows
for the indexing and searching of online document collections. As information grows at
an explosive rate, research must provide more effective methods of storing and accessing
this information. The SMART system is an effective test-bed for investigating these new
methods. The SMART system was origina.ily implemented around the vector space model
[73]. In this model, each term is associated with a dimension in a multi-dimensional vector
space.

Over the years, SMART (73, 67] has been used to investigate a number of advanced
retrieval techniques in experimental situations. Some of the early studies indicate that
SMART’s fully automatic indexing and retrieval performance compared well with the con-
ventional retrieval systems where trained indexers and searchers used a special controlled
vocabulary [66]. The SMART system has undergone several changes and was rewritten
in the C language to work in the UNIX environment [28]. It was later extended to work
efficiently for online users [9].

In SMART, the general model of information retrieval consists of accessing a set of online
documents. These documents vary from electronic messages to library catalog entries to
full text journal articles. Each document could contain several types of data such as date
of publication, author name, a supplied list of keywords, or even a list of other documents
that are cited. In addition, other types of information may be contained, such as dates,
times, or numbers. When a user submits a query to the system, each of these classes

of information could be useful. In order to distinguish between classes, for each type of
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document concept, the notion of classification type or ctype was developed [29]. This was
made possible by extending the vector space model. The SMART system is also capable
of building feedback queries automatically [72]. The SMART system includes a set of
evaluation and low level data access functions that render it useful for experimental studies.
The data access functions allow looking at stored information as sequences of tuples, and
support efficient access to individual tuples.

The SMART package has been extended at Virginia Tech with a user interface that
is based on the CURSES package [2]. The CURSES package provides a simple, yet quite
portable interface. The new user interfacé is part of an effort to test and develop a new

online retrieval system to access catalog information from Virginia Tech’s Newman Library.

1.2 Research Contributions

In this research, we have studied the effectiveness and applicability of advanced retrieval
methods. In the process, we have developed and used tools whose utility we believe extends
beyond this dissertation. We have developed efficient perfect hashing algorithms that pro-
duce minimal perfect hash functions and order preserving minimal perfect hash functions
that have optimal sizes. We have applied these algorithms to large collections for the first
time (i.e., over 3.8 million keys). Moreover, these algorithms and data structures were used
to organize indexes and provide faster access, and to provide effective and efficient access to
very large collections, dictionaries, and online library catalogs, using an extended version of
the SMART system. We describe an experiment called REVTOLC that was run to test and
improve search methods for online catalogs. The REVT'OLC experiment revealed the effec-
tiveness and ease of use of the advanced information retrieval methods, namely extended

Boolean (p-norm) [71], vector 73], and vector with probabilistic feedback methods [68].
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1.2.1 Main Contributions

The main contributions of this research, in roughly decreasing order of importance, are

as follows:

1. We have developed an efficient minimal perfect hash function generator that produces
optimal MPHFs . The expected time required by the algorithm is Q(n!*") to find an
MPHF of size n/(n1n2) bits, where 7 is the efficiency of representing an MPHF [41].
The algorithm handles large key collections, as well as small ones, efficiently. Also
the algorithm requires minimal main memory, so it is quite practical for very large
key sets. The algorithm computed a minimal perfect hash function for the OCLC key

collection of size 3.8 million keys for the first time.

2. We have developed a novel order preserving minimal perfect hashing algorithm for

handling sorted key collections, large dictionaries, and inverted lists.

3. We have developed a dynamic perfect hashing file structure that is incremental and
has high storage utilization due to the use of compact minimal perfect hashing for
handling buckets. The new data structure outperforms other tree based structures,
is well balanced, and achieves expected constant time for insertion, and worst case
constant time bounds for retrieval and deletion. We illustrated its efficiency with well
known large key sets such as the UNIX dictionary (24K keys) and the OCLC key set
(3.8 million keys).

4. We have developed fast best match search algorithms that enhance the query response
time in vector based information retrieval systems. These algorithms return the rel-
evant document set computing an upperbound on closeness; eliminating the need for

an exact computation in many instances and eliminating useless disk accesses.

5. An underlying theme of this research, as the title of this dissertation suggests, is a
comparison of the advanced retrieval methods. Based on the various results obtained

in this dissertation, we conclude that:
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e The REVTOLC experiment proved that advanced retrieval techniques, namely
extended Boolean (p-norm), probabilistic feedback and vector retrieval are more

effective than Boolean searching.

e The vector methods retrieved more documents than the p-norm and Boolean

method.

e The vector methods found more relevant documents than the p-norm and Boolean

method.

e Vector with Auto Feedback was found to be the easiest method to use. Boolean
was found to be the most difficult. The p-norm was found to be less difficult

than the Boolean method.

e Vector with Auto Feedback was chosen as an effective aid for casual search.
Vector methods were considered as more effective for comprehensive searching
than p-norm and Boolean methods. The Boolean method was most disliked for

casual search.

1.3 Dissertation Overview

In Chapter 2, we survey related literature on information retrieval methods. In Chapter
3, we provide detailed design and discussion of the REVTOLC experiment. In Chapter 4, we
present our optimal minimal perfect hashing algorithms. In Chapter 5, we introduce novel
order preserving perfect hashing algorithms. In Chapter 6, we extend our minimal perfect
hashing and order preserving prefect hashing scheme to handle insertion and deletions.
We also describe dynamic data structures based on these algorithms. In Chapter 7, we
summarize our research findings. Finally, in Chapter 8, we discuss some open problems

that are worth further investigation.



Chapter 2
Related Research

2.1 Introduction

Information retrieval is concerned with the representation, storage, organization, and
accessing of information items. Usually, there are no restrictions on the type of items
handled in information retrieval and, in fact, most ordinary systems have items consisting
of narrative information. This information needs to be analyzed and classified in order to
determine the information content and to assess the role each item may play in satisfying
the information need of the users. This information then needs to be retrieved in an efficient
manner.

Belkin and Croft [4] have given an extensive overview of some of the conventional and
advanced retrieval techniques available. These techniques mainly address the issue of com-
paring a representation of a query with representations of texts for the purpose of identi-
fying, retrieving, and ranking texts in a text collection that might be relevant to a given
query. Some of the general research in the field of information retrieval and the associated
retrieval techniques available have been covered quite well in [74]. Bookstein [6] has recently
reviewed the use of some of the more advanced techniques based on probability and fuzzy
set theories and their related retrieval methods. Although many advances have been made
in finding newer and better retrieval techniques, only a few “conventional” techniques are
actually used in large scale operational information retrieval systems. These techniques are
mainly the Boolean and string searching varieties. Belkin and Croft [4] have rightly put
this situation as, “These techniques have become established more through practice than

theory.” Some of the newer techniques (i.e., probabilistic retrieval, clustering, etc.), with
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strong theoretical basis, are well developed, but have been used mostly for an experimental
setting. Belkin and Croft [4], in their review of retrieval techniques, tried to explain why
the experimental techniques (which very often performed better on standard measures) are
not used in the operational environment. They claim that advanced retrieval techniques
then had not been validated on large collections.

For the last two decades, researchers have explored the statistical characteristics of var-
ious collections of messages, bibliographic citations, and other types of documents. They
developed automatic indexing techniques [74], prepared lexical-relational thesauri [31], de-
vised efficient storage structures and algorithms, and proposed and evaluated retrieval ap-
proaches. Yet as mentioned above, few of these advanced retrieval techniques have found
their way into commercial information retrieval systems [32].

There are several excellent books about information retrieval that discuss problems
related to information retrieval in general and advanced information retrieval methods in
particular. [74] and [84] provide a thorough survey of retrieval approaches, with many
algorithms, file organizations, and data structures. Excellent surveys have appeared on
information retrieval models and related subjects [4]. Some of the recent developments are
efficient ranking algorithms [33], advanced automatic feedback [69], improved techniques for
processing queries [29, 28], fast inversion routines [32], and optimized inverted file searches

[10].

2.2 File Organization

In a typical information retrieval system, many files are collections of records, each
consisting of several keys or other attributes. Usually, these files are large and must be
stored on secondary storage devices such as a magnetic disk unit, magnetic tape, or CD-

ROM. Some of the measures that can be used to evaluate file organization include:
o storage required for the file structure,

o time required to read an arbitrary record,
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e time required to read the next record,

e time required to insert a record,

e time required to modify data item values in a record,
e time required to read all records sequentially, and

e time required to reorganize a file.

Some of the common file organizations include sequential, indexed sequential, B-tree,
search trees, and list structures. Knuth [44] has surveyed the basics of techniques for
organizing a file and its index. The B-tree storage scheme is discussed at length by Comer
[19].

Another scheme, called hashing, has been known for the past two decades for its fast read
access. Efficiency of this scheme mainly depends on the time complexity of computing the
hash function and the loading factor involved. There have been several efforts [12] to develop
algorithms to produce perfect hash functions. The SMART information retrieval system,
which has already been discussed, makes extensive use of hashing for storing information.
There have been some interesting variations in this scheme such as order preserving hash
functions, and multi-key hashing schemes [24].

In summary, we can say that there are a number of techniques available for file organi-
zation; although some techniques are without a doubt superior to the others for a particular

situation, selecting a technique is rather an application-dependent process.

2.3 Hashing

Hashing is considered to be the software equivalent of associative memories [43]. Within
the context of external files, hashing schemes are applied for the fast access of information in
very large files through the use of content addressing. The address of a record is determined

by a simple arithmetic transformation of the content of its key.
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Kahonen [43] and Knuth [44] discuss hashing mainly within the context of static tables.
These “conventional” methods are efficient if one can make an accurate initial estimate for
the size of the file. Even if the specified size varies with time, the performance does not
degrade if the file is stable. A stable file [44] refers to a structure where both insertions and
deletions occur with equal probability, keeping the size of the file almost unchanged.

The idea behind key-to-address transformation methods for external files is to store and
retrieve records of information according to keys that uniquely identify the information.
Algorithms for hashed files have two components: 1) the hashing function, and 2) the col-
lision resolution method. A survey of hashing functions and collision resolution techniques
can be found in [22], [50], [44]. Carter et al. [11] characterize classes of functions which are

suitable to be used with hashing techniques.

2.3.1 Hashing Functions

The hashing function h(k) is a mapping of the key space S onto the address space
Zm where h(k) : S = Z,,. Hashed files rely on the uniformity of the underlying key-to-
address transformation to achieve good performance. The most popular hashing function
is the division method defined as: h(k) - k (mod m), where m is suggested to be a
prime number for good performance of the method [44]. Other methods are the midsquare
hashing method, folding hashing, radix transformation, algebraic coding, and multiplicative
methods [44]. Also, distribution dependent hashing techniques have been proposed [82].
These methods approximate the cumulative probability distribution of the keys over the
key space Fz(). Some of them are the digit analysis method, piece-wise linear function,
multiple frequency distribution, and the Fourier series function [22]. The performance of the
most widely used hashing functions is reported in [23, 54]. Deutsher et. al. [82] characterize
distribution dependent hashing functions and compare them with the division method.
These methods are found to be efficient if static files are considered. Also, [22] introduces

the notion of order preserving hashing based on distribution dependent functions.
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2.3.2 Collision Resolution Methods

When dealing with hashing schemes the underlying key-to-address transformation func-
tion will map different key values to the same storage address location. This is referred
to as a collision. Collisions are handled with overflow management schemes or collision
resolution methods. Secondary storage systems are divided into storage blocks referred to
as buckets. Usually, these address locations have the capacity to hold more than one record.
In this case, collisions occur when the number of records that hash to a bucket exceeds
its capacity. Typical collision resolution methods are open addressing, rehashing, separate
chaining, coalesced chaining, and repeated hashing [44]. Several techniques use a prime (or
home) area for overflow storage.

With open addressing, if the key of a record is mapped to a bucket y, which has already
reached its capacity, then the home storage buckets are probed following a predetermined
sequence until a free location is found. When the sequence follows consecutive buckets start-
ing with bucket y then the method is referred to as linear probing or progressive overflow.

Rehashing also uses a home area to store overflow records. It is proposed as an alter-
native to open addressing to alleviate the problems of primary and secondary clustering
as discussed by Knuth [44]. With rehashing, the probe sequence is determined by a sec-
ond hashing function, which is independent of the initial function. Knuth suggests hashing
functions of the form

hi(k) =k (mod m)

and

ho(k) =1+ (k (mod m —2))

with k£ as the key and m the file size in number of storage buckets. In [22] rehashing is
found to be impractical for external files.

With separate chaining, the overflowing records are stored in a linked list in an overflow
storage area, which is independent of the home storage area of the file. If the overflow

chains are managed with buckets of capacity greater than one, the technique is referred to
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as overflow bucket chaining.

Coalesced chaining mixes the two concepts of open addressing and chaining. The over-
flow chain is stored in the home storage area. This method was analyzed by Vitter [85].

The Repeated hashing relies on multiple hash areas. When a record overflows from
one area, it is rehashed onto a smaller storage area. This idea can be applied recursively
resulting in multiple hashing areas. Repeated hashing method was analyzed by Larson [45],
where he concluded that its usefulness is doubtful.

The performance of hashed files is usually measured in terms of an average cost for differ-
ent parameters, namely successful and unsuccessful searches, record insertion and deletion.
Generally, the cost is expressed in the number of probes related to the number of disk
accesses to secondary storage devices.

Yao [88] follows Ullman’s conjecture [83] to prove that uniform hashing is optimal. While
this is true for static hashing methods, it does not hold for dynamic schemes that require
overflow handling procedures [58, 55]. Continuously changing environments result in files
whose sizes cannot be accurately estimated. This led [46] to the design of file structures
based on dynamic hashing methods. Although with no clear boundaries, these methods
are classified with two distinct classes: dynamic hashing structures with and without a

directory.

2.3.3 Dynamic Hashing Structures with Directory

Dynamic hashing structures with directory methods are represented by the extendible
hashing method [25] and Larson’s dynamic hashing [46]. Another method of direct interest
is trie hashing [51]. The principle behind these techniques is that the file expansion is
dynamically performed by splitting, upon a collision, and overflowing a bucket onto two
new buckets using a split hash function.

The search cost of these methods is equal to the number of probes to the directory, and
one additional probe to the leaf pages pointed to by the directory. If sufficiently small, the

directory fits in main memory and does not require an additional disk access. With very
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large files, this assumption cannot be made, and one typically needs two disk accesses to
retrieve the required record. For insertion, the number of disk accesses required is very close
to two unless directory expansion or leaf splitting is required. The storage space utilization
of these methods is found to vary periodically around an average value [25]. This value is
asymptotically equal to 0.69 and is equivalent to the value for B-trees and their derivatives
[19]

Extendible hashing was introduced and analyzed by Fagin et al. [25], and has been
exhaustively analyzed by Mendelson [57], Yao [89], and Flajolet [27]. Their analysis con-
centrated on the asymptotic behavior for the different extendible hashing and trie file char-
acteristics. Mendelson’s analysis characterizes the probability distribution of the directory
size and depth of extendible hashing and gives a design methodology for practical systems.
Flajolet’s analysis covers the class of dynamic hashing schemes with directories (digital
search trees and their derivatives). His work, together with Yao’s analysis, results in bounds
for the different parameters of extendible hashing.

Some extensions to extendible hashing are found in [52], where exponential hashing is
used to cancel out the periodic behavior of the storage utilization of extendible hashing.
Also, overflow management is applied so that the directory size is kept within an upper
bound determined by the available main memory area.

Dynamic hashing was first proposed by Larson [45] and its performance was analyzed in
detail by Regnier [62]. Extensions to linear dynamic hashing were proposed as well: Scholl
introduced new file structures derived from linear dynamic hashing [76]. His two schemes
increase the storage utilization of linear dynamic hashing and rely on overflow management
techniques. Taminen [81] proposed a data model for order preserving extendible hashing
and analyzed binary trie structures. Regnier [63] presented an analysis of grid file algorithms
as multidimensional generalizations of extendible hashing and linear dynamic hashing.

An important extension proposed for dynamic hashing schemes with directories is the
concept of elastic buckets. This concept was first introduced by Lomet [53] within the

context of indexed file organizations and further applied to B+ trees by Baeza-Yates et. al.
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[3]. The elastic buckets concept is of particular interest to this research and is presented in
detail.

The usual method for file expansion in extendible hashing and linear dynamic hashing
is to redistribute the records that hash to a bucket onto two buckets whenever an overflow
condition occurs. This is performed by rehashing the keys of the records using an additional
hashing depth of one bit. For example, assume that the hashing function transforms keys
in 8 bit code words. Consider a bucket pointed to by directory entry 3 of an extendible
hashing file which is addressed by the rightmost two bits. All keys that hash to this bucket
have a code word representation “xxxxxx11”; with “x” representing a don’t care value.
Assume that due to multiple insertions this bucket overflows. A new bucket is created and
is pointed to by entry number 7 in the directory. Then, the records are redistributed onto
the two buckets using the leftmost 3 bits. This process is referred to as bucket splitting and
doubles the storage space allocated to a key range.

The idea with elastic buckets is, for an overflow condition, to reassign the records that
hash to a bucket of capacity bnin = bg to a bucket of capacity by > bg records. When a home
bucket with a capacity of b; records overflows, the records are written onto a bucket with a
capacity of (b; + db); where db is an incremental bucket capacity. This process is continued
until a predetermined maximum of bucket expansion is reached (say bmax). Elastic buckets
expand the storage space allocated to a key range in small increments; this is referred to
as a technique of partial expansions [53]. This technique results in file structures that grow
incrementally delaying the splitting of the home buckets. Applied to dynamic hashing with
directories, elastic buckets improve the usage of the directory space as well as its storage
utilization factor.

Lomet studies elastic buckets applied to B-trees and points out that the technique can
be applied to any indexed file organization. As an example, consider an extendible hashing
file with elastic buckets with bnin, = 20, bpax = 35 and db = 5 records. One begins with
a bucket capacity of 20 and expands into 3 partial expansions to a bucket capacity of 35
records. When this capacity overflows (i.e., at the 36th insertion), the 4th partial expansion
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takes place and the bucket splits onto two buckets with the capacity of 20 records. Note
that approximately 18 records will be allocated to each bucket.

In general, if r is the number of partial expansions to a full expansion, then bpyin = r*6b
and bpax = (2%r—1)*6b. With a minimum bucket capacity of 20 records and a §b = 5 records
(i.e., 4 partial expansions): the first partial expansion changes the utilization factor to 84%
(21/25), the second partial expansion changes the utilization factor to 86.7% (26/30), the
third partial expansion changes the utilization factor to 88.5% (31/35). Finally, the split
onto two buckets of 20 records each would lead to a change in the utilization factor for the
buckets to 90% (36/40). It is clear that the utilization factor of such a scheme is assured
to be above the 84% mark.

2.3.4 Directoriless Hashing Structures

Dynamic hashing methods that do nof require a directory are mainly represented by
Litwin’s linear hashing [51]. In general, to implement linear hashing, starting from a file
of N buckets, one needs a sequence of hashing functions (ho(k), h1(k), ..., hi(k), hity1(k),...)
with the following properties:

a)0< ho(k) N -1

b)

hips(k) = hi(k) . if hi(k) < sp
hi(k) + N x 2* otherwise

The simple remainder hashing function is one which has the above property. To achieve
an even load, the two cases for h;41(k) should occur with equal probabilities. To keep track
of the state of the file, two variables are needed: L, called the generation number, which
counts the number of times the file size has doubled; and sp, the split pointer, which points
to the next page to split. Figure 2.1 illustrates the process of splitting a bucket in linear
hashing. 4

Expanding the file by one page requires the local reorganization of two pages: the one

being split and the new page appended to the end of the file. The criterion to trigger an
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Figure 2.1: Splitting a Bucket in Linear Hashing Scheme
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expansion was based upon the occurrence of a collision. This mechanism is referred to as
uncontrolled splitting [48]. Another mechanism is to split when a threshold for the storage
utilization is exceeded; then the file is split by one page. This is called storage utilization
controlled splitting. Another mechanism is one where the primary buckets load factor is
controlled and is referred to as load factor controlled expansion [46].

It is noted that the split sequence follows a sequential pattern from the first to the
Nt bucket. This means that the split does not generally take place on the bucket that
undergoes a collision, which is typical of directoriless dynamic hashing methods. A collision
resolution method is proposed to resolve the split by assigning overflow chains [51]. If the
data is uniformly distributed, the performance of the file structure is not degraded by the
overflow chains. Larson reports an average retrieval cost of 1.17 and insertion of 3.57 disk
accesses for a home page size of 20, overflow page size of 5 records and storage utilization
set to 85% [48].

A major extension of linear hashing is the method of partial expansions using elastic
buckets. With partial expansions, the size of the file is doubled over a full expansion cycle
composed of a number of partial expansion cycles. Each partial expansion cycle relocates
expanded buckets into larger buckets, but keeps records physically contiguous. Splitting the
expanding bucket occurs during the last partial expansion cycle of a full expansion cycle.
Keeping records physically contiguous is very useful when used for sequential access. A
brief overview of different linear hashing schemes is provided in [48]. Litwin’s original linear
hashing relies on bucket chaining as the collision resolution method. An important version
of linear hashing is spiral hashing [55, 58]. Spiral hashing uses exponential hashing to cancel
out the periodic behavior of linear hashing over an expansion cycle.

Recent work implemented file structures based on linear hashing that achieved one access
retrieval [47, 46]. These structures use a single file version of linear hashing and a small
amount of internal storage in a table. Typically, one byte of internal storage is needed for
each secondary storage bucket. The table stores descriptors and separators that are used

to uniquely determine the location of any record in one disk access.
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