A Text Retrieval Package for the Unix Operating System

LiamR.E. Quin, SoftQuadInc. (lee@sq.com)

Abstract This paper describes lq›text, an inverted index text re› trieval package written by the author. Inverted index text retrieval provides a fast and effective way of searching large amounts of text. This is implemented by making an index to all of the natural›language words that occur in the text. The actual text remains unaltered in place, or, if desired, can be compressed or archived; the index allows rapid searching even if the data files have been altogether removed.

The design and implementation of lq›text are discussed, and performance measurements are given for comparison with other text searching programs such as grep and agrep. The functionality provided is compared brie�y with other packages such as glimpse and zbrowser.

The lq›text package is available in source form, has been successfully integrated into a number of other systems and products, and is in use at over 100 sites.

1. Intr oduction The main reason for developing lq›textwas to provide an inexpensive (or free) package that could index and search fairly large corpora, and that would integrate well with other Unix tools. Low Cost Solution: There are already a number of commercial text retrieval packages available for the Unix operating system. However, the prices for these packages range from Cdn$30,000 to well over $150,000. In addition, the packages are not always available on any given platform. A few packages were freely available for Unix at the time the project was started, but generally had severe limitations, as mentioned below. A tool for searching large corpora: Some of the freely available tools used grep to search the data. While lq›text is O(n) on the number of matches, irre› spective of the size of the data, grep is O(n) on the size of the data, irrespective of the number of matches. This limits the maximum speed of the sys› tem, and searching for an unusual term in a large da› tabase of several gigabytes would be infeasible with grep. Other packages had limits such as 32767 files indexed or 65535 bytes per file. Tools available on, or ported from, MS/DOS were particularly likely to suffer from this malaise. Unix›based: Unix has always been a productive text processing environment, and one would want to be able to use any new text processing tools in combina› tion with other tools in that environment.

1.1 Results and Benefits Timings are given in detail below, along with a per› spective on how the above goals were met. As a brief example, a search over the SunOS 4.1.1 manual pages for �\<core dump\> on a Sun 4/110 took 52 seconds with grep, and 1•3seconds with lq›text. In addition, lq›text automatically finds matches of a phrase even if there is a newline or punctuation in the text be› tween two words. It is also possible to combine lq› text searches, finding documents containing all of a number of phrases. Complex queries can be built up incrementally.

2. Design Goals The main goals of any text retrieval package were outlined brie�y in the introduction. lq›textwas devel› oped with some more specific goals in mind, de› scribed in the following sections.

2.1 Limited Memory Developed originally on a 4MByte 386 under 386/ix, lq›text does not assume that any of its index files will fit completely into memory. As a result, indexing performance does not degrade significantly if the data does not fit into main, or even virtual, memory.

2.2 Of�ine Storage Once files are indexed, lq›text does not need to con› sult them again during the searching process. The result of a query is a list of matching files, together with locations within those files. The original text files are needed if the user wants to view the matched documents, but it turns out that the file names and document titles are often sufficient.

2.3 Matching With Certainty Packages that use hashing or probablistic techniques often return results that might match the user’s query. A ‘bad drop scan’ is then used to reject the false hits [Lesk78]. These techniques are incompatible with the Of�ine Storage requirement, since a bad drop scan may not be possible.

2.4 Accurate Phrase Matching The package should be able to match a phrase word for word, including getting the words in the right or› der and coping with uneven whitespace. It should also be able to match capitalisation and punctuation at least approximately, so that the user can constrain a search on someone’s name, Brown for example, to match Brown but not brown in the text. Only the first letter of each word is inspected for capitalisation, in order to minimise the data stored in the index. This is sufficient for most queries.

In the literature, the terms recall and precision are used to refer to the proportion of relevant matches retrieved and the proportion of retrieved matches that are relevant, respectively; the goal of lq›textis to have very high precision, and to give the user some control over the recall. These terms are defined more pre› cisely in the literature [Clev66], [Salt88], and are not discussed further in this paper. The term accuracy is used loosely in this paper to refer to literal exactness of a match�for example, whether Ankle matches ankles as well as ankle. In an inaccurate system, Anklemight also match a totally dissimilar word such as yellow. The information that lq›text stores in the database enables it to achieve a high level of accuracy in searching for phrases.

2.5 Updatable Index It should be possible to add new documents to the in› dex at any time. It should also be possible to unindex documents, or to update documents in place, as well as to inform the package when documents are renamed or moved.

2.6 Unix toolkit appr oach It should be possible to manipulate search results with standard Unix tools such as awk and sed. This must be done in a way consistent with the Of�ine Storage requirement. For example, the user should be able to see the first seven matches using head -7 or

sed 7q without having to search the documents them›

selves.

2.7 Summary This paper shows how some of the goals have been met, and indicates where work is still in progress on other goals. All of the original design goals are still felt to be relevant. With continued improvements in price/performance ratios of disks, the of�ine storage goal may become less important, but the design phi› losophy is still very important for CD/ROM work.

3. Technology Overview This section gives a brief background to some of the main approaches to text retrieval.

3.1 Signatur es Packages based on signatures keep a hash of each document or block of each document. The idea is to reduce I/O by identifying those blocks which might contain a given word. This method does not store enough information to match phrases precisely, and software relying on it needs to scan documents to eliminate bad drops [Salt88], [Falo85], [Falo87a], [Falo87b]. A widely distributed publicly available system, zbrowser, uses a cross between block signa› tures and the Document Vector method discussed be› low. This system can answer proximity›style queries (these two words in either order, near each other) fairly well, but does not handle searching for phrases [Zimm91].

3.2 Full Text Inverted Index A full text inverted indexconsists of a record of every occurrence of every word, and hence is generally the largest in size of the indexes discussed; the index also allows the highest accuracy (but not necessarily highest precision, see Future Work below). The larger index increases I/O needed for searching, but on the other hand there is no need to scan documents for bad drops [Salt88], [Mead92].

3.3 Document Vector This strategy keeps a record of every file in which each word appears; one could call it a partial inverted index. This is usually much smaller than a full text inverted index, but cannot be used to find phrases di› rectly without a bad drop scan. A recent example is Glimpse; this and other examples are mentioned in [Salt88], [Mead92], and [Orac92]. Glimpse also appears to be restricted to searching a single file system at a time on a local machine.

3.4 Relational Tables One way of implementing a full or partial inverted in› dex is by storing each occurrence of each word in a cell of a relational table. This is generally by far the least efficient of the strategies discussed, with in› dexes typically three times the size of the data, but it is also the easiest to implement robustly.

3.5 DFA or Patricia Tree These systems store a data structure representing a deterministic finite state automaton that, when exe› cuted against the query, will reach an ‘accept’ state representing all matches. They are usually byte rather than word oriented, although they can be writ› ten either way. It is difficult to allow updates to such an index, and the algorithms are fairly complex. Knuth describes Patricia trees in some detail [Knut81]; a sample in›memory implementation, Cecilia, was described by Tsuchiya [Tsuc91]; PAT, the Oxford En› glish Dictionary (OED) software, also uses Patricia trees [Bray89], [Fawc89].

3.6 Other Many other approaches are possible. There are sev› eral schemes that actually replace the original data with, for example, a multiply›threaded linked list, so that the data can be recreated from the index. This has an unfortunate and well›known failure mode, in which the reconstituted text uses incorrect words. Other schemes include sub›word indexing, either on individual bytes or on n›grams, although these usually fall into the ‘DFA’ category above in terms of their characteristics.

4. The lq›text Design A full text inverted index was chosen to meet the de› sign goals. In particular, this is the only strategy which allows accurate matching of phrases without reverting to a bad drop scan.

In order to make the index smaller, however, the list of matches for each word is compressed, as de› scribed in detail in the Implementation section below.

The package is implemented as a C API in a number of separate libraries, which are in turn used by a number of separate client programs. The pro› grams are typically combined in a pipeline, much in the manner of the probabilistic inverted index used by refer and hunt [Lesk78].

The lq›text package includes a set of input fil› ters for reading documents into a canonical form suit› able for the indexing program lqaddfile, to process; a set of search programs; and programs that take search results and deliver the corresponding text. There are also wrappers so that users don’t have to remember all the individual programs.

5. The lq›text Implementation This section describes the implementation of lq›text.

5.1 Information Stored Information is stored about the documents indexed, and about each distinct word›form(for example, in› formation about occurrences of sock and socks is all stored under sock; see the discussion of stemming under Indexing below).

Three distinct kinds of index are used. The first uses ndbm, a dynamic hashing package [Knut81]. The second type of index is a fixed record size random›ac› cess file, read using lseek(2) and a cache. Finally, the third index contains linked lists of variable›sized blocks; the location of the head of each chain is stored in one of the other indexes, as detailed below. This third index is used to store the variable›sized data constituting the list of matches for each word› form. The combination of the three index schemes al› lows fast access and helps to minimise space over› head. Dynamic Hashing Packages: These have a number of desirable properties, including minimal disk access, since usually only two disk accesses are needed to re› trieve any item, and automatic expansion, since the hash function simply gets wider as the database grows, allowing updates at any time. In addition, the technology is widely available, since many Unix sys› tems include ndbm, and there are also much faster ndbm›clone implementations available.

Two ndbm›clonepackages are distributed with lq›text. One of these, sdbm, has been widely distri› buted and is very portable [Yigi89]. The other, db, is part of the 4.4BSD work at Berkeley, and is described in [Selt91]. A general discussion on implementing such packages was distributed in [Tore87]. See also ndbm(1).

Two ndbm databases are used: one maps file names into File Identifiers (FID), and the other maps natural›language words into Word IDentifiers (WID). Fixed Record Indexes: A word identifier (WID) as ob› tained from the ndbm word map is taken as a record number into a fixed size record file, widindex. The in› formation found in this record is described later; for now, it suffices that one of the fields is a pointer into the linked lists of blocks in the final file, data. Linked Lists of Blocks: Each word can occur many times in any number of files. Hence, a variable›sized data structure is needed. A linked list of 64›bytedisk blocks is used. However, where adjacent blocks in the data correspond to the same thread, they are co› alesced, rather as in the Berkeley Fast File System [McKu83]. Although an lseek(2) and a read(2) may be required for each 64›byte block, the Unix block buffer cache makes this arrangement relatively effi› cient. A Least Recently Used (LRU) cache holds a number of 16 Kbyte segments of these 64›byte blocks, giving a significant speedup, especially over NFS, where write(2) is synchronous.

5.2 Per›file Information Each document is assigned a File Identifier when it is indexed. A File Identifier, or FID, is simply a number.

Conceptually, this number is then used to store and retrieve the information shown in Table 1.

Field Example location /home/hermatech/cabochon/letters name tammuz.ar(june-14.Z) title Star Eyes watched the jellycrusts peel size 1352 bytes last indexed 12th Dec. 1991

Table 1: Per›file Information

In the table, /home/hermatech/cabochon/letters is an absolute path to a directory; if a relative or unrooted path is given, lq›text will search along a document path specified in the database configuration file, or by the DOCPATH environment variable. The search is performed on retrieval, so that the prefix to the path needn’t be stored in the database. The document name is here given separately to emphasise that once a document has been indexed, it can be moved, or even compressed and then stored as a member of an archive, as here: lq›text will automatically extract

june-14.Z from the ar›format archive tammuz.ar and

run uncompress on the result to retrieve the desired document.

The size and date fields shown in the table are used to prevent duplicate indexes of the same file, so that one can run lqaddfile repeatedly on all the files in a directory and add only the new files to the index (no attempt is made to detect duplicated files with differing names). In addition, the file size allows lq› text to make some optimisations to reduce the size of the index, such as reserving numerically smaller file identifiers for large files. The reasoning is that larger file are likely to contain more, and more varied, words. Since the file identifier has to be stored along with each occurrence of each word in the index, and since (as will be shown) lq›text works more effi› ciently with smaller numbers, this can be a significant improvement.

In fact, all of the above information except the document title is stored directly in the ndbm index. Using a multi›waytrie would probably save space for the file locations, but the file index is rarely larger than 10% of the total index size. The DOCPATH confi› guration parameter and Unix environment variable supported by lq›text allow the file names to be stored as relative paths, which can save almost as much space as a trie would, and at the same time allows the user to move entire hierarchies of files after an index has been created. The document title is kept in a sep› arate text file, since users are likely to want to update these independently of the main text.

5.3 Per›word Information For each unique word (that is, for each lemma), lq› text stores the information shown in Table 2.

Field Bytes Word length 1 the Word itself (wordlength) Over�ow Offset 4 No. of Occurrences 4 Flags 1 (Total) 10 + word�length

Table 2: Per›wordInformation

The word length and the word are stored only if the WordList feature is not disabled in the database con› figuration file. The Over�ow Offset is the position in the data over�ow file (described below) at which the data for this word begins. The remainder of the word index record is used to store the first few matches for this word. In many cases, it turns out that all of the matches fit in the word index, and the Over�ow Off› set is set to zero.

The �ags are intended to be a bitwise ‘and’ of all the �ags in the per›word entries described below, but this is not currently implemented, and the space is not reserved. When implemented, this will let lq›text detect whether all occurrences of a word have a given property, such as starting with a capital letter. This information can then be used to recreate the correct word form in generating reports, and when searching the vocabulary.

5.4 Per›occurrence Information For each occurrence of each lemma (that is, for each match), the information shown in Table 3 is stored.

Field Size in Bytes FID (file identifier) 4 Block Number 4 Word In Block 1 Flags 1 Separation 1 (Total) 11

Table 3: Per›occurrenceInformation

Since, on average, English words are approxi› mately four characters long, and allowing one charac› ter for a space between words, one might expect the index to be approximately double the size of the data from the per›match information alone. Many com› mercial text retrieval systems do as badly, or worse [Litt94].

In fact, the information is stored compressed. The matches are stored sorted first by FID and then by block within file, then by word in block. As a re› sult, for all but the first match it is only necessary to store the difference from the previous FID. Further› more, matches for a single FID are grouped together, so that it isn’t necessary to repeat the FID each time. The information ends up being stored as follows:

ΔFID (difference from previous File IDentifier) Number of following matches using this FID Block In File Word In Block Flags (if present) Separation (if not 1)

ΔBlock In File Word In Block Flags (if different from previous) Separation (if not 1)

Storing lower›valued numbers makes the use of a variable›byte representation particularly attractive. The representation used in lq›text is that the top bit is set on all but the last byte in a sequence representing a number. Another common representation is to mark the first byte with the number of bytes in the number, rather like the Class field of an Internet address, but this means that fewer bits are stored in the first byte, so that there are many more two›byte numbers.

The �ags are stored only if they are different from the previous match’s �ags. This is indicated on the disk by setting the least significant bit in the Word In Block value; this bit is automatically bit›shifted away on retrieval. Further, the separation is only stored if the �ags indicate that the value is greater than one (whether or not the �ags were stored expli› citly). The combination of delta›coding, variable› byte representation and optional fields reduces the size of the average match stored on disk from eleven to approximately three bytes. For large databases, the index size is about half the size of the data. Further› more, since lq›texthas enough information stored that it can match phrases accurately without looking at the original documents, it is reasonable to compress and archive (in the sense of ar(1)) the original files. When presenting results to the user, lq›text will fetch the files from such archives automatically.

6. Programs and Algorithms This section describes the programs used first to cre› ate and update lq›text indexes, and then to retrieve data, and outlines the main algorithms used.

6.1 Indexing Storing the Per›File information: Each input file is read a word at a time. A word is defined to be a Word-

Start character followed by zero or more WithinWord

characters. In addition, a character of type Only-

WithinWord may occur any number of times within a

word, but if it occurs two or more times in a row, the first occurrence is taken as the last character in the word. This allows for the apostrophe in possessives (the James’) as well as in such words as can’t. Words shorter than MinWordLength are rejected, and the next word read successfully will have the WPF_LASTHAD-

LETTERS �ag set. Words longer than MaxWordLength are

truncated to that length. In addition, if any punctua› tion was skipped in looking for the start of the word, the WPF_UPPERCASE �ag is set on this word.

The word is then looked up to see if it was in the common words file. If so, it is rejected and the next successfully read word will have the WPF_LAST-

WASCOMMON �ag set. In addition, whenever the start of

this word is more than one character beyond the start of the previous successfully read word�as in the case that a common word, or extra space or punctua› tion, was skipped�the next successfully read word will have the WPF_HASSTUFFBEFORE �ag set, and the dis› tance will be stored in the Separation byte shown in Table 3.

Common word look›up uses linear search in one of two sorted lists, depending on the first letter of the word. Using two lists doubled the speed of the code with very little change, but if more than 50 or so words are used, the common word search becomes a significant overhead; a future version of lq›text will address this.

After being accepted, the word is passed to the stemmer. Currently, the default compiled›instemmer attempts to detect possessive forms, and to reduce plurals to the singular. For example, feet is stored as a match for foot, rather than in its own entry; there will be no entry for feet. When the stemmer decides a word was possessive, it removes the trailing apostro› phe or ’s, and sets the WPF_POSSESSIVE �ag. When a plural is reduced to its singular, the WPF_WASPLURAL �ag is set.

Other stemming strategies are possible. The most widespread is Porter’s Algorithm, and this is discussed with examples in the references [Salt88], [Frak92]. Such an alternate stemmer can be specified in the configuration file. Porter’s algorithm will con› �ate more terms, so that there are many fewer sepa› rate index entries. Since, however, the algorithm does not attempt etymological analysis, these con�ations are often surprising.

The converted words are then mapped to a WID as described above, and stored in an in›memorysym› bol table. Whenever the symbol table is full, and also at the end of an index run, the pending entries are ad› ded to the index, appending to the linked›list chains in the data file. The ability to add to the data for an individual word at any time means that an lq›text in› dex can be added to at any time. Compression: As mentioned above, numbers written to the index are stored in a variable›byte representa› tion. In addition, the numbers stored are the differ› ence between the current and previous values in a se› quence.

1 10 100 1000 10000 100000 1

10

100

1000

10000

n

No. of words occurring n times Figure 1: Vocabulary Distribution

Figure 1 shows the vocabulary distribution graph for the combined index to the King James Bible, the New International Version, and the complete works of Shakespeare, a total of some 15 megabytes of text (the NIV is in modern English; the other two are in 16th›century English). It can be seen from the graph that a few words account for almost all of the data, and almost all words occur fewer than ten times. The frequency f of the nth most frequent word is usually given by Zipf’s Law:

f = k(n + m)^s . . . . . . . . . . . [1] where k, m and s are nearly constant for a given col› lection of documents [Zipf49], [Mand53]. As a result, the optimisation whereby lq›text packs the first half dozen or so matches into the end of the fixed›size record for that word, filling the space reserved for storing long words, is a significant saving. On the other hand, the delta encoding gives spectacular sav› ings for those few very frequent words: ‘the’ occurs over 50,000 times in the SunOS manual pages, for ex› ample; the delta coding and the compressed numbers reduce the storage requirements from 11 to just over three bytes, a saving of almost 400,000 bytes in the index. Although Zipf’s Law is widely quoted in the literature, the author is not aware of any text retrieval packages that are described as optimising for it in this way.

6.2 Retrieval This section describes the various programs used to retrieve information from the index, and some of the algorithms and data structures used. Simple Information: The lqfile program can list in› formation about files in the index. More usefully, lqword can list information about words. For ex› ample, the script

lqword -A | awk ’{print $6}’ | sort -n

was sufficient to generate data for a grap(1) plot of word frequencies shown above (see Figure 1).

It is also possible to pipe the output of lqword into the retrieval programs discussed below in order to see every occurrence of a given word. Processing a Query: A query is currently a string containing a single phrase. The database is searched for all occurrences of that phrase. In order to process a query, a client program first calls LQT_StringTo-

Phrase() to parse the query. This routine uses the

same mechanisms to read words from the string as the indexer (lqaddfile), and the same stemming is per› formed.

The client then calls LQT_MakeMatches() , which uses the data structure to return a set of matches. A better than linear time algorithm, no worse than

O(total number of matches) is used; this is outlined

in Algorithm 1, and the data structure used is illus› trated in Figure 2.

This appears O(m^w) at first sight, if there are w words in the phrase each with w matches, but the search at [3] resumes at the ‘current’ pointer, the high›water mark reached for the previous word at [1]. As a result, each match is inspected no more than once. For a phrase of three or more words, the matches for the last word of the phrase are inspected only if there is at least one two›word prefix of the phrase. As a consequence, the algorithm performs in better than linear time with respect to the total num› ber of matches of all of the words in the phrase. In addition, although the data structure in the figure is shown with all of the information for each word al› ready read from disk, the algorithm is actually some› what lazy, and fetches only on demand. Sample Program: The lqphrase program takes its ar› guments one at a time, treats each as a query, and processes it in turn as described. The main part of the source for lqphrase is shown in the Appendix, to il› lustrate this part of the C API.