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Developing intuition for the content of a digital collection is difficult. Hierarchies of subject terms
allow users to explor¢he space oftopics that a collection covers, to foramd specializeuseful
query terms, and to directly identify interesting documents. Waescribe two interfaces for
navigating suchhierarchies,and present a technique for inferringierarchiesautomatically from
large corpora. We also discussalability issues for théechniquesnvolved, and our solutions to
these problems.

1 Introduction

How can you browse a digital library? Its appearance gives little cluevesatties inside. Atleast
physical collections occupy physicgppace,present a physicahppearanceand exhibittangible
physical organizationWhen standing orthe threshold of a large library orgains a sense of
presence and permanertbat reflects the care taken liilding and maintaining theollection

inside. No-one could confusewviith a dung-heap!Yet in the digital world the difference isot so
palpable. What lies beyond that front page—a carefully-selected collection or a morass of worthless
ephemera?—half a dozen documents or many millibfes’2 you no choice but tobelieve the
home-page blurb—to judgihousands of books by single cover?How canyou experiencea

digital library, as you would stroll through the stacks of a physical one?

The opacity of digital collections isnormously frustrating. Precisely becaubke collection is
availabledigitally it should beamenable to automatic indexing, summarizatemmd visualization
techniques, whiclought tomakebrowsing particularly easy and meaningfstudies of browsing
have shownthat it is a richand fundamental human informatidsehavior, a multifaceted and
multidimensionalactivity (Chang andRice, 1993). Research is progressing on asenal of
techniques that head in quite different directiopBysical-space metaphotike virtual-reality
libraries (Hearst & Karadi, 1997), navigation metaphors like hypertext, information-spastke
topic clustering andrisualization (Cutting,et al, 1992), people-oriented approaches based on
formally-defined roledike network librarians or informadneslike intellectualencounter groups,
market-oriented schemdike negotiation between agents, ethologicales like foraging, and
agricultural ones like harvesting and berry-picking.

Despite the interest and activity in these exciting new possibilities, it is dirgditit, searchinghat
dominates the digital library sceteday—for browsing as foeverything else. Full-textetrieval
makes it possible, iprinciple, to locate relevamformationvery efficiently in ahuge collection.
Retrieval ofmatching documentsvolvesboth precision(not returningrrelevantdocuments) and
recall (not overlookingrelevantdocuments) (Salton, 1989), and theesbeen much research on
how to maximize precision andcall given gparticularquery (Harman,1992-96). Inpractice, the
guestion posed dahe beginning ofthis article tends to be answered by making a selection of
gueries more or less haphazardly to gain a feeling for what the collection holds.

This paper describesreew way ofgetting togrips with the content of a collection. The idea is to
build a hierarchical subject index automatically from the text of the collection ifedf.index is a



hierarchical structure ophrasesthat appeairfrequently. Presentedhteractively to the user, it
provides a new foundation for browsing. Figure 1 shows an example witeHace, whichwill be
discussednore fully in due courseBriefly, userscan select any worttom the lexicon of the
collection (the wordndexhas been selected in the left-hand colurseg@which phrases it appears
in (center column), select one of thanmdéxing and retrievaland see the larger phrasesvinich it
appears (right-hand column). Only part of the window is shown in the figure, and columns continue
to the right. This is reminiscent of the permuted title or keyword-in-contexicjkindexes of days
gone by.However,there arédwo crucial differences. First, dierarchical structure of phrases is
identified. This greatly reducebke size of the index and allows theer tohome in on useful
information in logarithmic time. Second, tplrasesare restricted tohosethat occur more than a
preset number of times—usually twice or more. This shitientionfrom individual items towards
the content of the collection as a whole.

Phrase browsingllows users togain a feelingfor the kind of topicsthat are treated in the
collection. As a bottom-up, lexical approach, it lies atdpposite end othe spectrum tdolistic,
semanticmethodslike documentclustering. Both kinds ofechnique are importangnd future
solutions will incorporate a variety of different approaches, offering different things to pétiple
different cognitive styles or different kinds of requirements.

This paper describes the technique: how the index can be browsed, what it feels likarid atsg
how the index is created. Whkave developed an algorithm (callede@iTur) that infers a
hierarchical structure gfhrases from a sequencedicretesymbols. It isvery efficientand can
easily procesdarge amounts aext (our main example irthis paper is based oncarpus of 62
million words). The details of the algorithm are not centrahte paper and sare deferred to an
appendix. More important, for present purposes, are the kind of phrases ttantired, and how
they can be displayed in a browsalidem. This papergives many examples of thghrases
generated to convey a feel for this new way of browsing, and describes intésfaoeth local X-
windows access and remote acoagx theWorld Wide Web.Finally, wediscussthe distinctive
features awvell assome shortcomings of this approach to browdimg content of document
collections, and review opportunities for future work.

2 Identifying index terms

The EqQuiTur algorithminfers ahierarchical structure ophrases from a sequence discrete
symbols.The technical details of the algorithm afescribed in the Appendix: here uelicate,
through examples, what it can do.

SEQUITUR can operate on any sequencetadens and infers structure frorapeatedsubstrings.

When individual letters are used as tokens, it successfully identifies most words, including, in some
cases, their morphological structure, aswme short phrases. Figure 2 shows partshade
hierarchies inferred from the text of the Bible in English, French, and German. The hierarchies are
formedwithout any knowledge of the preferred structurewadrds and phrases, boevertheless
capture many meaningful regularities. figure 2a, the wordbeginningis split into begin and
ning—a root word and &uffix. Many words andvord groupsappear as distinct parts in the
hierarchy (spacebavebeen made explicit by replacing themith bullets). The same algorithm
produceghe Frenchversion inFigure 2b, wherecommencemens$ split in an analogousay to
beginning—into the roocommencand the suffixment Again,words such a#u, Dieu andcieux

are distinct units in the hierarchy. The German version in Figure 2c correctly idesitiiezds, as

well asthe phrasedie Himmel und dieln fact,the hierarchyfor the heaverand thein Figure 2a

bears some resemblance to the German equivalent.

For the subject hierarchies that are the topithed paper,words rather tharmndividual letters are
used as tokens. Figure 3 showsmaall example osuch ahierarchy. The graphical version in
Figure 3a mirrors the structure of Figure 2, whefagsre 3b shows iteativerepresentation as a
grammar. Eaclbranch in the hierarchgorresponds to aule in the grammar. Theules that



SeQuITUR creates will be illustrated by a grammar constructed from a kaydg of 7000computer
science technical reports, part of th® Gb corpus comprisinthe Computer Scienc&echnical
Report collection of the New Zealand Digital Librgkyitten et al, 1996).Pertinent details of the
collection are summarized in Table 1. Tieportswere presented as a sequence of words, and all
words were mapped, somewhat arbitrarily, to lowmrse beforeprocessing. This produced a
vocabulary of 270,000 words, nearly half of which occur only once in the corpus.

In any hierarchy produced b¥&uiTUR, the rule headed by the start symBekkpands to reproduce
the entire sequence (of 62 million words, in this case). In Figure 3b, for example, the ellipses before
and after the non-termindl in rule S indicate therest ofthe documensurroundingthe phrase,
which wehavenot bothered tavrite out (the ellipses expand to &2illion words lessfive). This
initial rule hasrather a different character to tbthers.All other rulesexpressregularities in the
original sequence, in that th@ontents must occur at ledstice. The top-levelule receives the
leftovers; the unique sequences that do not recur. In the grammar produtedsiample offable
1, the initial rule contained 16 milliosymbols—about a quarter die number ofwords in the
original sequence. There were 2.6 million other rules, that is, phrases; haaveyage obnly 3.3
symbols on their right-hand side. Becatls® grammar is hierarchicapme of thessymbols are
non-terminals that refer to other grammar rules.a@rage, grammar ruleexpands to 9.6 words
if all the non-terminals in it are expanded recursively.

Figure 4a showthefirst few rulesthatinvolve the wordgrammar which occurs aotal of 5109
times in the text. The rules appear in decreasing order of occufreqaency, and the number of
times each occurs is given on the left. Thus the most frequent phifasgrammarn(which occurs
426 times in the text), followed attribute grammaranda grammar Thefirst and thirdphrases
are of little interest. However the secoatlfibute grammaris just the kind of entry that oreould
like to see in a subject index.

Words that occurvery frequently obscure information. Tokelise a andthe degrade the index
because &uiTur often usegshem toform rules, but they adtittle meaning to thghrase. It is of
little interest that themost common phrasewvolving the word grammar isthe grammar.
Consequently, in Figure 4b wavesuppressed rulgbat differ from their parent ruléor parent
word) merely by the addition of a common wérth practice, somewhat ovéalf of therules
formed by &QuITur arespurious oneghat donot add anything meaningful because they differ
from their parent rule only byhe inclusion ofwords that appear in thbundred mostommon
words.

As Figure 4b showssuppressinguninteresting rules generates a much meogthwhile set of
phrases. Infact, half of the twelve phrasesvisible here are definitely index term®r this
collection—attribute grammar context freegrammar montague grammarbison grammar
categorical grammat and reber grammar Of the others,grammar rules grammar rule,
grammarinference and perhapsterpretationgrammar are arguably index terms agll. The
first entry in Figure 4b corresponds to the grammar rule

A - attribute grammar

It is unfortunatethat the same terrappears again ltle further down thelist, in the phrasean
attribute grammarThis is because a rule

B - an attribute
was created prior to rukabove, and this caused a new rule
C - B grammar

1 In fact, these rules are not actually suppressed, but expanded oneléueh&his is explained
in more detail later.



to be formed instead of
D - anA

—which would expand to the same thifidnis last wouldhave been vastly preferableecause it
would have increased the strength of ileHowever, &QuiTur is a greedy algorithm: once a rule
is formed, it is nevereconsidered. A more sophisticated approach wdade such serious
consequences in terms of computational complexity that it would be comjmepelgsible to form
grammars of anythintike this size. Infact, the problem of finding a set gihraseghat produces
the smallesphrase-structure representation is known to be NP-complete (Stor&zgamanski,
1982).

Figure 4c shows expansions of the second phrase of Figuwrentéxt free grammaiThis section
of the hierarchy corresponds to rules

E - context free grammar
F — probabilistic E
G - reduced E

H - E cfg
| - E recognition
etc.

The phrasegrobabilistic context freegrammar reducedcontext freegrammar and context free
grammarrecognitionare valuablendex terms; the remaininghrases in Figure 4are not. The
phrasecontext freegrammar cfgserves to introduce an abbreviation. The occurrenca of
probabilistic context freegrammar indicates that th@hrasea probabilistic was created before

context free grammamanother manifestation of the suboptimality of the rule formation procedure.
Below this point the phrases that are encountered have only been seen two or three times, so it is not
surprisingthat they donot appear to be useful index terrilawever,they are left in the display,
because they fulfill another role: they provide access to actual documents in the collection.

There are just nine expansiongpobbabilistic context free grammgaand thesevenlines of Figure

4d cover all of them. Now a new phenomenon appears: except for the first two, these phrases do not
participate in grammar rules but appear as components of riliie top-levetule. Recall thatthis

initial rule contains 16 million symbols. Buried somewhere in there is something like

... grammars and show that a F using ... definitions and properties a F is just an ... work
best with current day F pcfgarsers ...the highest probability of any for that ... of the
text given the F unfortunately ...

However, it is likely that many of the termir@fmbols showrhere arealso represented by higher-
level rules, and so rulemight contain something more like

S- ...PandQFusing...RaFisT.. UwithVFW ... the X of any F Y .thefi&Z
unfortunately ...

with appropriate expansions ftire non-terminal®, Q, RT, U, V, W, X Y andZ. Excerpts from
the actual technical report text are indicated as such in Figure 4d by the ellipses.

Even at this low level of thkierarchy there arealuablediscoveries to be made. Tkgpansion of
the second rule of Figurdd, probabilistic context freegrammar pcfg leads to an interesting
inference: pcfg is beingused as a synonym fagorobabilistic context-freegrammars The
implication that this acronym is used in place of the phrapetentially extremely useful: theser
may decide to perform another search onalblereviationpecause it is likely that oncehiasbeen
defined, the acronym alonill be used (infact it occursalone 87 times in this collection). It is
interesting to considdrow this information wouldhave beenobscured in a differentnethod of
presentation—it is hard twnaginesuch adiscovery taking place in the absence optaase-
browsing technique, because the co-occurrence phiase and aabbreviationusually has no



special significance. This phenomenon is not uncommofacinit also occurs irthe third rule of
Figure 4ccontext free grammar cfg

3 Interactive browsing

We have built two browsers for this phrase hierarchy, one writteruirk for X-windows, and the

other written as a Java applet for Web browsing. Figure 1 illustrates the féigee 5Sthe latter.

The screen display in Figure 1 showkiararchy baseffor variety’s sake) on different corpus,

the Computists’ Communiquéwww.computists.com). This is an on-line Al reseanméws
magazineoperating since 199lyhich includes grant and funding opportunitiésdustry news,

Internet and Web information, on-line resources, research discussion lists, software offers, software
development resources, and career and entrepreneuridiit@gxamples ifrigures 4—8re taken

from the corpus described in Table 1.

The X-windows browser

The X-windows implementatiodisplaysthe full vocabulary of the collection (at the leftifjure

1). This means that a browsing session can take place entirely with a mouse. Every path through the
hierarchy leads to a phratt&t is guaranteed to occur in the collectionptactice, however, the
vocabulary is far too large to perngbnvenientaccess purely by scrolling. Keystrokesrve to

scroll the list to the appropriafgace, sahat aprefix can be entered on tkeyboard toevoke the
appropriate range of words on the screen.

In Figure 1 the user has selectedex from the vocabulary and thghrases it appears are listed

in the next column to the rightor example,index htmappears siximes. Notethat this particular

phrase appears as artifact of wordparsing: it emanates frote filenameindex.htm—as of

course doemdex htm| further down the list. It is encouragitigat thesgunk entries consume far

less space in the list than they would in a conventional query for thenttgrnEachphrasecan be

selected and expanded in turn. The usershiected thgphraseindexingand retrieval,which also

appears six times in the corpus. In this particular case, each of these six phrases occurs exactly once
and cannot be expanded any further—in fact thealhfanked by ellipseshat would berevealed

by scrolling the third column horizontally.

In general, theusercan traverse the grammarnxtending and hence specializing tipgery term.
Everyword is theroot of atree structure whosdeaves are theccurrences othat word in the
collection. Occurrences in other rula® internahodes corresponding to phraskeat contain the

word. Those phrases are themselves used elsewhere in the grammar, either in the top-level rule or in
other rulesfor longer phrases. It is possible to stop at @mtgrnal node andsethatphrase as a

query term, or continue following the tree to a leaf and retrieve the corresponding document.

SEQUITUR treats different words asompletely differensymbolseventhough theymay be closely
related lexically. The interface overcomes this problem by stemming queries and exaemiirg
include related words from the lexicon. For example, in Figure 1 the user has setiotdalit the
interface displays phrases includingexed, indexers, indexemdindexingas well. This process
is explained in more detail in Section 4

Another feature concernsords that occuronly once.Generally, betwee80% and 50% of the

words inthe vocabulary of any collection app&arly once (inTable 1, theproportion is 45%).

These words can never generate a phrase hierarchy, and are unlikely to be of interest to the user of a
browsing tool whose purpose is to give a feel for the general content of a corpus—even though they
would be highly significant if used in any particular query. Any words that appear lessdimati, a

preset number of times are not included in the vocabulary list and are printednvineregler they

appear in the other columns. The usan change ththreshold sdhat there are no rare words, or

so thatwordsthat occurfewer than a certainumber of times are considered ratas is done
interactively using th&are Wordsnenu item. In Figure 1, thenly rare wordvisible is syntactica



which appears on theurth line of theindexingand retrieval column: in fact itappears in red
although this is not apparent time Figure. Incidentally this word is @rand name inSyntactica
indexing and retrieval systeme possibly interesting feature tbie collection that we wouldurely

never have noticed without such a browsing tool.

As noted earlier, common words are usedéedout profitless phrasdge indexing andby only

displaying phrases that differ from their parents by at least one non-commoriWuwedthe user

performs a search fandex the phraseindexing andis not returned becausend is not an
interesting word. Conversely, thEraseknowledge indexs displayed becaudenowledgeis an

interesting wordPhraseghat arenot interesting are expanded until theybsume ateast one
further interesting wordFor example, whenindexing andis expanded it generateseveral
interesting phrases, includingdexing and retrieval and automatic indexingand fact extraction
from. Common wordsare identified ashosethat occur more than a certainmber of times—by
default,one hundred times. In thisterface,common wordsre shown ingray, and thethreshold
can be changed interactively using @@mmon Wordmenu item.

The Web browser

The Web interfaceshown in Figure 5 provides slightly differemteractive facilitiesfrom the X-
windows version. The word list to the left Bigure 1would either need hugevocabulary to be
transmitted in advance, or extremely rapid Web access to provide the samesgifgcicremental
transmission: thus we have (reluctantly) dispensed withvémsuseful facility. However, a way of
cutting off low-frequencyphrases habeen included. Figure 5 is set to shallvphrases but the
usercould haveopted instead to hide termingthrasespr, in addition,non-terminalphraseswith
frequencies less than a selectable cutaffie. Moreover, thetemming featur@asbeen improved:

the way in which ithasbeen improved iglescribed in the next section because its operation is
intimately bound up with the system structure.

This sectiongives severalllustrations toconvey the feeling of how thgystemcan beused to
browse a huge collection of information. Figure 5 shows phias#saining the wordobot which
was entered textually in theearchbox. Justover half of the toptwelve terms are quitelearly
subject terms: here they includebile robot robot motion robot arm robot navigation robot
control, robot hands androbot vision The phrasea mobile robotappears because of thbove-
mentioned problem of suboptimal rule formation. The page contains péoelsurther
expansion—three panels in all, onevdiich is barely visible in th€igure. Inthe secondone, the
term mobile robothasbeen expanded. The panels can be arrangddtally, asshown in the
illustrations here, or horizontally in the fashion of Figure 1.

Figure 6 shows the results fanguage Nine of the twelve itemsisible are definitelyindex terms,
two of theremainder language constructeind language designare arguablyso. Expanding
programming languagkeads to the secormhnel: here again nine entries are definite indaxs,
two arecaused by suboptimal rule formatioreférence manual for the ada programming
languageanda database programming languggand the remaining one stems from bibliography
entries ¢onference orprogramming language Further expansion gbrogramminglanguage
designleads to thephraseprogramminglanguage design and@mplementation along with a
number of conference titles asdveralexcerpts fromactual technicateports(which would have
been suppressed if the user had selectekideeterminal phrasesption).

If the userselects a terminal phrase, the document in whichptitase occurs is displayed in a
separate browsexindow. As it is possible—even likely—thatvo or more similarphrases are
drawn from the same document, we are investigating ways towhemthis occurs tqrevent the
user from selecting several interesting excerpts from the same document. Anotheaveiyttos
problem is touse a searchnginewith a higher-levelphrase. Ifthe corpus hadeen separately
indexed by a compatible full text retrieval search engine, the user can initiate a trasitanchl for



any phrase by clicking onwith the right mouse button. A separate brows&mdow will display
the results of the search.

Figure 7 shows the results fthre worddigital, and theexpansion othe termgdigital library and
visible humandigital library. The lack of stemming on thghrases (as opposed tioe query)
causes problemstigital library is separated frondigital libraries; digital computerand digital
computersare listed separatelydajor digital library projects are identifiedAlexandrig visible
human lllinois) along with generic kinds of digital library (hational image medical
image—although again suboptimal phrase identification causes some redundancy.

Although it is not evident from the scroll bars in Figures 4—7, only a very small fraction of the index
entries are shown, and one cannot help wondeviveg happens if you go furthefown thelists.
Figure 8 shows, in the top two panels, the direct continuation of Figure 4b: énitiestop-words
in force) forthe wordgrammar Many viable index terms appeaeven attheselower levels:
functional grammarprefix grammayenglish grammardependency grammaregular grammay
generalized phrase structugrammar segmental grammacontrol grammar At this point the
phraseghat arefound appear only a dozetimes; and the scroll bdrears witness tthe fact that
there is a lot further to go! In the bottom paneFajure 8, abouhalfway down thdist, theterms
areless consistently usefulhere are still interesting ternssich afuzzygrammar and random
grammar but there ar@also lengthy phrasesuch ageplay in an attributegrammar framework
with annotation is athat occur only twice. For this reason, a menu selection is providiedittthe
phrases returned to those occurring more than a specific number of times.

Bear in mind that the collection from which this index was formed contains 62 million Wo@I3,
technical reports. An enormouariety oftopics iscoveredand it is not surprisinghat aswell as
genuine subject terms there arauge number of lessterestingphraseghat appeaonly two or
three times each.

4 System structure

The World-Wide Web subject hierarchy browsing system implemented as a client-server
structure, and th@nplementationposessignificant technical challenges because @ah®unts of
information involved are extremely large. Hierarchies generated EpuSUR are roughly
proportional to the size of the original text—380 Nty our main example—and it is clearly
infeasible to retain the entire hierarchy in main memfony such large corpora. Thisreates
problems for two parts of the system: the formation of the hierarchy, amaviéssal at run-time in
order to create the dynamic display. The solution to the first proinlrives amodification to the
SeqQuITuR algorithm, which, while simple, isot germane to the present paper. $&eond problem
is intimately connected to the process of browsing, and our solution is described here.

Figure 9 depictghe structure of the distributedjsk-based browsing systenThe top three
processesre performed oncéor the collection,and produceall of the files necessaryfor the
browsing system. The input is the text of the collection. fiflse processthe tokenizerparses this

text into words and forms a lexicon for it. It also producéie acontaining thefrequencies okach

of the lexicon entriesand urLs for each of thedocuments in the collection. The tokenizer
simultaneously producesstream of numbers—indexes intite lexicon—that represent thext
thereafter. Thesaumbersare treated as atomgymbols by SQuiTur, which forms ahierarchy

from the sequences of numbers, as described in the Appendix, and outputs it as a textual grammar.

This grammar is unsuitable for browsing in its textual form for two reasars$, during browsing

it is necessary to findll occurrences of a particular symbol—whether a word or a reference to a
rule—in the grammar. Without an index, this requires the entire file scéened. Second, finding

a particular rule irorder tocompute its expansion requires a sim#iaan. In order tonake these
operationsacceptably fast, a representation of the grammar is creatédslomwhere asymbol is
represented by a four byte integer. This allows thuadiary indexes to be built thaécord offsets



in the grammar file. The first, theules index, specifies thdfile offset on diskwhere each rule
begins.The second, theymbolindex, lists all offsets foreachunique symbol inthe grammar.
Because symbols occur a variable number of times, a second-level index tee@tdst of the list
of occurrences for each symbol in the symbol index. The third index records the offetstairt
of each document in ruf& In addition to the indexes, there are two files teabrd the frequencies
of words and usage of rules. Thegeused forcalculating stop-wordsand for ranking rules by
usage.All of these files are indicated by tlséore labeled “disk-based grammarwith inverted
index” in Figure 9.

Once the files are produced, a server is startechittsqueries on a socket. The smaller indexes
can be kept in main memoryut the grammar and tlsymbol indexare accessed hgisk seeks.
When a word igequested, it is translated to its index in the lexicongassed to a prograthat
traverses the hierarchy on disk. Each occurrence of the word is located usgmtizéindex, and
the expansion of each ruledalculatedand returned. These ruleseexpressed aword numbers,
and the numbers are translated back into words before being returnedlienthé\longwith each
rule, the non-terminal representing that rule is returned, to allow queries to be maderale, thatl

so on,recursively. Eachlguery involves atleasttwo disk seeks peitem returned,but network
transfer time is usually the bottleneck.

Stop-words arémplementedusingthe lexicon frequenciile, and are operationally defined as the

100 most frequent words. This level is user-adjustable as shown in Figure 5. If a phrase extends the
query word or phrase by merely adding a stop-word, for example the gieagammabased on

the wordgrammay that phrase is considered uninteresting. In ttase, alloccurrences of the
phrasethe grammarare sought, androcessing continueecursively untilall contribute at least

one wordthat is not a stop-word tothe query word or phrase. Thisecursive expansion is
performed by thettfaverse hierarchyprocess in Figure 9.

As mentioned earlier, an improved stemming feature has been added to the user iRigtfexd.0
shows itseffect. A collection ofsix months ofthe Journal of Biological Chemistrywas queried
with the word enzymes The terms returned includmethodsenzymgl a commonly-used
abbreviationfor the journalMethods in Enzymologyboth restriction enzymesnd restriction
enzyme enzymaticactivities and so onStemming is implemented by invoking a black-box
stemming algorithnfwe usethe Lovins,1968, stemmer) on theser’s query word inthe “word
translation” block of Figure 9, and expanditigt stem against the lexicon file larate allwords
that match. Then eackuch word is processed to findhe non-trivial rules that containit, as
described above, and the results are concatenatesberd before displayinthem to theuser. In
our initial tests, stemmingppears to significantly enhance the list of terms. We plampoove
stemming further by merging termadhen their stemmeslersions are identicakFor example, the
termsrestriction enzymeandrestriction enzymen the second and third rows of Figure Would
become a single entry.

5 Discussion

The intention of this work is to give the user a gaeh of the subjeanatter of the text in a large
collection,and present it imanageablehunksdetermined by the branching factor edich rule.
This is especially evident at the very top level, where, in the examples of Figure Bigyamed8, the
list of rulesinvolving the word grammar provides a plausible taxonomy of conceptgolving
grammars. The terms in the list besime resemblance to entries intraditional book index.
Whereasthey may not always be of the same quality as hand-craftes, they ddave the
advantage obeing inferred automaticalljzor multi-gigabyte corpuses, thiadvantage becomes
significant.

The hierarchyproduced by outechnique contrastwith primitive methods such akeyword-in-
context (Kwvic) displays, wherall occurrences of a seardhrm aredisplayed alongwith the
surrounding context. Wic indexes do not scale, because the amount displayed fgneamsearch



term depends linearly on the size of the collectibis is presumablyhy theyhavefallen out of
use. In outhierarchical approach, the amount displagealvs logarithmically with collection size
(although we have not yet been able to establish this result theoretically).

Here are twoexamples thatinderscore this point. First, considee discovery of the acronym
PCFGsthat was made when analyzikggure 4.The fact thatthis acronym co-occurgith the

phrase several times would not be visually apparent imia #isplay, and would natceivemuch
prominence. Its embodiment in a rule, however, ensures thagbe$-based method puts it near

the top of the list of occurrences. Second, the watdxoccurs 487 times in the collectiosed to

create Figure 1, in two hundred separate news articlesu@display ofeach of these occurrences
would be less than useful. The display would have been cluttered up with many junk occurrences of
index htmandindex htm| and the keyphraseindexingand retrieval would be unlikely to be
spotted, as would the other kpkirase<itation index knowledgeindex indexing nlp web index

and so on.

Although $QuITuR'S phrasegjive agood general idea of thstructure of the grammar and the
frequency of the phrases, there aeveral situations where phrasesare giventoo much
importance—or too little. Phrases receive atrtificially high frequency when an author quotes sections
of a paper in its abstract, o—worse still—when the title of a paper is repeated in the headsr of
page. It is usually obvious when this has happened because plees@® veryong and occur at

the samdevel of the grammar. Similaproblemshavebeen encounteredith the headers of news
articles, and with references and bibliographies.

SEQUITUR'S grammars often result in phrase boundary confliets.example, theghraseindexing

and retrievaloccurs twice in thérst column of Figure 1. (The first occurrencemade up of the
symbolsindexing andandretrieval, and thesecond ofindexingandand retrieval) Due tothese
conflicts, importanphrasegnay be overlooked because they are not listed as prominently as they
should be. Thisuboptimality alsaivesrise to uninterestingghrases such as mobile robotin

Figure 5. This is an unfortunate side-effecttlod greedy algorithnthat we use for efficiency
reasonsHowever,this problemwill be corrected by th@ew stemming processyhich will post-
procesgshe phrases beforthey are displayed to theser andamalgamatentriesfor phraseshat

stem to the same thing.

Another problenresults from oudefinition of common words athe most frequently-occurring
terms in the collection. Sometimes wowate inappropriately classed ‘@ommon.” For example,

in one subcollection of the Computer Scied@ehnicalReportlibrary, neural wasfound to be
among the onaundred most frequentlysed words. Inhe Journal ofBiological Chemistry, the
word aminowas deemed a stop-word, so ffeaseaminoacid was expanded as an uninteresting
extension ofacid. We are experimentingith the idea of having ixed list of stop-wordsrather
than inferring them from the collection on a frequebegis.The static list could be formdaased
on the intersection of frequent words from a number of diverse collections.

6 Conclusion

The thrust of this research is to busigstemshat letusersbecome familiar with theontent of a
digital library by browsing a hierarchical structure of phrases that are repeated fregitbirtlyhe
text. Despite our purely lexical approach to phidsetification, thestructureshat are obtained in
practice frequentlyorrespond to plausibleonceptual hierarchies. This permits large corpora of
text to bebrowsedefficiently, and any particular document can be accessed in a numistéepsf
that varies with the logarithm of the size of the corpus.

The method can besed forvery large collectionsand its operatiomas been demonstrated on a
text base of 62million words. Wehaverecently developed &ounded-memory version of the
SeQuITUR algorithm that allows us to process texts of arbitssg, although some work still needs
to be done to make all processing steps operate successfully with unbounded collections.



We believe that in the context of large informatitases such abhe New Zealand Digital Library,
this interface will obviate the “query armbpe” approach to browsing, aralow users todevelop
an intuition that would otherwise be very difficult to acquire.
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Appendix: The S EQUITUR algorithm

The basic insight of thphrase-finding method ihatany phrasevhich appears more than once

can be replaced by a grammatical rule that generates the phndsihat this processcan be
continued recursively. The result is a hierarchical representation of the original sequence. It is not a
grammarfor therulesare not generalized and are capable of generatiygone string. (It does
provide agood basis for going on tmfer a grammar,but that is beyondthe scope of this
appendix.) A scheméhat resembles the ondeveloped herarose fromthe area of language
acquisition (Wolff,1980).Nevill-Manning (1996) andNevill-Manning and Witten(1997) give a

more comprehensive description of th@Tur algorithm and its applications.



SequiTur forms agrammar from a sequenbased omepeategphrases int. The key difference
from conventional grammatical inference techniqaes] from dictionary-basetbxt compression
schemes (see e.Bell et al, 1990), is that a hierarchicstructure is formed fronthe sequence.
Each repetition givesise to a rule inthe grammarand is replaced by a non-terminal symbol,
producing a more concise representation of the sequence. It is this putsenityfthat drives the
algorithm to form andnaintain the grammaand as a by-produgbrovide a hierarchical structure
for the sequence.

We illustrate the algorithrmasing characters as phrase structalementsalthoughwhen applying
the method tdorowsing we generallyse words. Athe left of Figure 1la is a sequendieat

contains the repeating stritig. Notethat thesequence is already a grammarhdal onewith a

single rule. To compress it,reewrule A — bc is formed,and both occurrences bt are replaced
by A. The new grammar is shown at the right the Figure.

The sequence ifrigure 11b show$ow rules can bereused in longer rules. It is formed by
concatenatingwo copies of the sequence Kigure 1la. Since it represents exact repetition,
compressioncan be achieved bforming the ruleA — abcdbcto replaceboth halves of the
sequence. Further gairan be made byorming rule B — bc to compressrule A. This
demonstrates the advantage of treating the sequenc& agdepart of the grammar—rules may be
formed in ruleA in an analogousvay to rules formed from ruleS. These ruleswithin rules
constitute the grammar’s hierarchical structure.

The grammars in Figures 11a and 11b share two properties:
p1: no pair of adjacent symbols appears more than once in the grammar;
p2: every rule is used more than once.

p1 can be restated &svery digram in the grammar ignique,” andwill be referred to asligram
unigueness, ensures that each rule is useful, and wilcakedrule utility. Thesetwo constraints
exactly characterize the grammars tragusrur generates.

Figure 11c shows what happens when these properties are violated. Tefimstar contains two
occurrences olbc, sop; does not hold. This introduces redundabhegauséc appearswice. In
the secondgrammar,B is used onlyonce, sgp, does not hold. If itvere removedthe grammar
would become more concise.

The grammars ifrigures 11a and 1l&re theonly ones forwhich both properties hold foeach
sequenceHowever,there is not always a unique grammath these propertieszor example, the
sequence in Figure 11d can be represented by both of the grammars on its right, and they both obey
p: andp,. We deem either grammar to be acceptable.

SEQUITUR'S operation consists of ensuringhat both properties hold. When describing the
algorithm, the properties act esnstraintsThe algorithm operates by enforcing tt@nstraints on

a grammar: when the digraumiqueness constraint Wolated, a newule is formedandwhen the
rule utility constraint is violated, the useless rule is deleted. Thewegections describkow this

is performed.

Digram uniqueness

When a new symbol is observed, it is appended tdy ke top-level rule. The last twaymbols of

rule S—the new symbol and its predecessor—forrmew digram. If it occurselsewhere in the
grammar, the first constraihiasbeenviolated. Torestoreit, a newrule is formedwith the digram

on the right-hand side, headed by a new non-terminal. The two original digrams are replaced by this
non-terminal. However, the appearance of a duplicate digram does not always result in a new rule. If
the new digram appears as the right-hand side of an existing rule, thew nde need be created:

the digram is replaced by the non-terminal that heads the existing rule. The hierarchy is formed and



maintained by arterative process. Changespple throughthe grammarforming andmatching
longer rules higher in the hierarchy.

Rule utility

So far, it seems that the right-haside of any rule ithe grammawill only ever be twasymbols

long. However, longer rules are formed by the effect of the rule utility constraint, edmcieghat

every rule isusedmore than onceVhen anew symbol is appended tihe top-level rule, the new
digram that it creates may begwith a non-terminal symbol—which must of course be defined
elsewhere in the grammar. Suppose this new digram appears only dheeeist ofthe grammar.

Then a new rule will be defined to replace the digram. The fact that the non-terminal symbol is only
used in this new rule violates the rule utility constraint. Therefore the non-termmeatasedfrom

the grammarits definition being incorporated into timew rule thathas justbeen formed. This is

the mechanisnfor forming long rules: form a shortile temporarily,and if subsequent symbols
continue the match, allow a new rule to supersede the shorter one.



