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Preface

Thisbookwill teachyouhow to useXerox finite-statetoolsandtechniquestobuild
practicalandefficient computersystemsthatperformmorphologicalanalysisand
generation.Thetools includelexc, a high-level languagefor specifyinglexicons,
twolc, ahigh-level languagefor specifyingtherewrite rulesusedin phonologyand
morphology, andxfst, aninterfacethatprovidesaregular-expressioncompilerand
directaccessto theXEROX FINITE-STATE CALCULUS, thetoolboxof algorithms
for building andmanipulatingfinite-statenetworks. Thesetools have beenused
at theXerox Research Centre Europe(XRCE), thePaloAlto Research Center
(PARC) andelsewhereto build many practicallinguisticapplicationsincludingto-
kenizers,morphologicalanalyzer/generators,part-of-speechtaggersandevensyn-
tactic“chunkers”andshallow parsers.

The CD-ROM includedwith this book containsexecutableversionsof xfst,
lexc and twolc compiledfor the Solaris,Linux (both Intel andPowerPC), Win-
dows (bothNT and2000),andMacintoshOSX operatingsystems.Seethe at-
tachednon-commercialsoftwarelicenseagreementfor details.

Linux is a trademarkof Linus Torvalds. WindowsNT andWindows2000are
trademarksof Microsoft Corporation. Intel is a trademarkof Intel Corporation.
PowerPCis a trademarkof IBM Corporation.OSX is a trademarkof AppleCor-
poration.
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Webpage

For thelatestinformationaboutthis bookandthefinite-statesoftware,point your
Internetbrowserto theURL

http://www.fsmbook.com/

Thesitewill eventuallyinclude

Errata.

Clarifications.

New exercises,chapters,andotherauxiliarymaterial.

FrequentlyAskedQuestions(FAQ).

Commercialsoftwarelicensinginformation.

Downloadablesoftwareupdatesandexamples.

In additionthewebpagewill includeinformationabouthow to subscribeto the
emaildistribution lists dedicatedto Xerox finite-statesoftware.Theselists serve
aschannelsfor official announcementsandasforumsfor questionsandtipsamong
users.
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Intr oduction

0.1 TargetAudience

This bookteacheslinguistshow to usetheXerox finite-statetoolsandtechniques
to build usefulandefficient programsthatprocesstext in NATURAL LANGUAGES

suchasFrench,English,Spanish,Yoruba,Navajo andMongolian. Most of the
presentationwill centeraroundmorphologicalanalysisandgeneration,but many
otherapplicationsarepossible.

The presentationis basedon yearsof practicaldevelopmentand training of
computationallinguistsat theXerox PaloAlto Research Center (PARC) andthe
Xerox Research Centre Europe (XRCE). It is aimedsquarelyat our trainees,
who aretypically sophisticatednative speakersof thelanguagethey wish to work
onandhaveat leastabasicbackgroundin computingandformallinguistics.How-
ever, few traineescometo uswith anadequateunderstandingof the formal prop-
ertiesof finite-statenetworks,andevenour professionalcolleaguesoftenneedto
have their eyesopenedto thepracticalpossibilitiesof computingwith finite-state
networks. Beyond learningthe syntaxand idioms of the variousXerox finite-
statetools, the biggerchallengeis to appreciatethe possibilitiesanddevelop the
finite-statemindsetthat is so differentfrom traditionalalgorithmicor procedural
computing.

Most publicationsin finite-statetheoryareaddressedto a small professional
community, including expert teamsat Xerox, Mitsubishi, Paris VII University,
GroningenUniversity, and ITT Research.Long experiencehasshown that the
tersetechnicalpresentationappropriatefor thataudienceis toooftenaclosedbook
to the working linguist who is recruitedto sit down andbuild a real system,for
example,a finite-statemorphologicalanalyzerfor Romanian.This bookis there-
fore apopularization,facingall thedangersof thatmedium,aimednotquiteat the
proverbialmanon thestreetbut at leastat theworking linguist. We try to follow
therulesfor goodpopularization,includingtheuseof wordierdefinitions,plentiful
practicalexamplesandtutorialexercises,while atthesametimestayinghonestand
accurate.Suitablemathematicalrigor mustnot andultimatelycannotbeavoided,
but wetry to easeinto it gradually.

Our training sessionshave repeatedlyshown that certainkey concepts,like
compositionand the semanticsof twolc rule operators,aresurprisinglydifficult
to graspandyet mustbe understoodviscerallyif a traineeis to catchon andbe

vii
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ableto understand,write andespeciallydebug rules. We thereforedo not eschew
repetition,sometimesexplainingthesameconceptin severalways,hopingthatone
will click.

While it is fashionablefor programmingbooksto claim that “no previousex-
perienceis required”,we cannothonestlydo thathere.We doassumeanacquain-
tancewith UNIX-like operatingsystems,theability to useatext editorlike emacs,
xemacsor vi, andsomekind of previous programmingexperiencein a language
like C, C++,Java,Perl,etc. Traineeswithout programmingexperienceoftenhave
adifficult time in ourcourses.

Wealsoassumethatourstudentsaretrainedin formallinguisticsandarecapa-
bleof lookingat their languageobjectively andexplainingin somekind of formal
termswhatis goingon. Thisbookexplainshow to formalizelinguistic factsin the
variousXerox finite-statenotations,but it cannottell youwhatthefactsareor train
youto bea formal linguist. Thetoolscannotdo thelinguisticsfor you.

Having saidthat,we try to assumeno acquaintancewith finite-statenetworks
or formal-languagetheory. We providea wholechapterentitled“A GentleIntro-
duction”to finite-statenetworks,whereinwebegin at thebeginning,evenexplain-
ing what we meanby “finite”, “state”, and“network”; andlaying out in intuitive
fashionwhat finite-statenetworkscando andwhy they areGoodThings. Once
the generalconceptsareestablished,we progressto a moreformal introduction;
andwe presentthe subsequentmaterialin a gradualprogressionof readingsand
lessons,completewith practicalexercises.Studentsarestronglyurgedto do the
exercises.

0.2 Finite-StateTools

Finite-statecomputinginvolvesspecifyingvariousfinite-statenetworksandcom-
biningthemtogethermathematicallyinto applicationssuchastokenizersandmor-
phologicalanalyzers.Traditionalgrammarcomponentssuchaslexicons,morpho-
tacticrules,morphotacticfilters,phonologicalandorthographicalalternationrules
andeven somesyntaxrulesareall implementedin this book asfinite-statenet-
works. Xerox hascreatedan integratedset of softwaretools to facilitate such
linguisticdevelopment:

xfst is aninteractiveinterfaceproviding accessto thebasicalgorithmsof the
Finite-StateCalculus,providing maximumflexibility in definingandmanip-
ulatingfinite-statenetworks.xfst alsoprovidesa compilerfor anextended
metalanguageof regularexpressions,whichincludesapowerful ruleformal-
ismknown asreplacerules.

lexc is a high-level declarative languageusedto specify natural-language
lexicons. Thesyntaxof the languageis designedto facilitate thedefinition
of morphotacticstructure,thetreatmentof grossirregularities,andtheaddi-
tion of thetensof thousandsof baseformstypically encounteredin a natural
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0.3. APPLICATIONS ix

language.lexc sourcefiles areproducedwith a text editor suchasemacs,
andtheresultof thecompilationis afinite-statenetwork.

twolc is ahigh-level declarative languagedesignedfor specifying,in classic
two-level format, the alternationrulesrequiredin phonologicalandortho-
graphicaldescriptions.As with lexc, twolc sourcefiles arewritten usinga
commontext editorandarecompiledinto finite-statenetworks.

Although Xerox developershave now largely abandonedtwolc rulesin favor of
the newer ReplaceRulesof xfst, we continueto supplyanddocumenttwolc for
thosewho supportlegacy systemsandfor thosewho might simply preferwriting
rulesin thetwo-level style.

0.3 Applications

Themathematicalpropertiesof finite-statenetworkshavebeenwell understoodfor
a long time,but it wasoncegenerallybelievedthatfinite-stategrammarsweretoo
weakin descriptivepower to modelinterestingphenomenain naturallanguage.

Morerecently, althoughfinite-statepowerandnaturallanguageshavenotchanged,
the descriptive possibilitiesof finite-stategrammarshave beenreexaminedmore
positively, and the availability of practical tools like xfst , lexc, and twolc has
madepossiblethedevelopmentof

Finite-statemorphologicalanalyzer/generators(oftencalledLEXICAL TRANS-
DUCERS atXerox) for English,French,German,Spanish,Portuguese,Dutch,
Italian,Arabicandotherlanguages;

Finite-statetokenizersthatdivideaninputstringinto tokens,i.e. wordsand
variousmulti-word strings,for furthermorphologicalor syntacticprocess-
ing;

Finite-statepart-of-speechdisambiguatorsor “taggers”thatexaminetokens,
whichareoftenambiguous,in theirsyntacticcontext anddisambiguatethem,
assigninga singleTAG suchasNOUN or VERBto eachtoken;and

Finite-stateshallow syntacticparsers,suchasnominal-phraseidentifiersthat
recognizesyntacticpatternsin a taggedtext andbracketthem.

Morphologicalanalysisis thebasicenablingapplicationfor furtherkindsof natural-
languageprocessing,including part-of-speechtagging, parsing,translationand
otherhigh-level applications.This book concentrateson morphologicalanalysis
while explainingthetoolsandtechniquesthatcanalsobeusedto build largersys-
tems.

Thetwo centralproblemsin morphologyare
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1. WORD FORMATION, alsocalled MORPHOTACTICS or, in other traditions,
MORPHOSYNTAX: Wordsarecomposedof smallerunitsof meaningcalled
MORPHEMES. Themorphemesthatmakeup a word areconstrainedto ap-
pearin certaincombinationsandorders: piti-less-nessandun-guard-ed-ly
are valid wordsof English, but *piti-ness-lessand *un-elephant-ed-lyare
not.

2. PHONOLOGICAL andORTHOGRAPHICAL ALTERNATION: Thespelling(or
sound)shapeof a morphemeoftendependson theenvironment.In English
we notethefollowing alternationsamongmany, andsimilarphenomenaap-
pearin almostall languages.

pity is realizedaspiti in thecontext of a following less

fly is realizedasflie in thecontext of a following s

die is realizedasdy, andswimasswimm, in thecontext of a following
ing

TheXerox work in computationalmorphologyis basedonthefundamentalinsight
thatbothproblems,morphotacticsandalternation,canbesolvedwith thehelpof
finite-statenetworks:

1. The legal combinationsof morphemes(MORPHOTACTICS) canbeencoded
asa finite-statenetwork;

2. The rulesthatdeterminethe form of eachmorpheme(ALTERNATION) can
beimplementedasfinite-statetransducers;and

3. The lexicon network and the rule transducerscan be composedtogether
into a singlenetwork,a LEXICAL TRANSDUCER, that incorporatesall the
morphologicalinformationaboutthelanguageincludingthelexiconof mor-
phemes,derivation, inflection, alternation,infixation, interdigitation, com-
pounding,etc.

Lexical transducershave many advantages.As well asbeingmathematically
beautiful,bidirectionalandhighly efficient,thesefinite-stateapplicationscanhave
wide lexical coverage,takeup little memoryspace,andberobust,commercially-
viableproducts.In 1996theXerox SpanishLexical Transducer, for example,con-
tainedover 46,000baseforms,analyzedand generatedover 3,400,000inflected
wordforms,andyetoccupiedonly 3349kbytesof memory, or about1 byteperin-
flectedwordform.For commercialapplications,it canalsobefurthercompressed,
andyet rundirectly in thecompressedform, usingXerox compressionalgorithms
andruntimecode. The samelanguage-independentruntimecodeis usedfor all
languages.

Large lexical transducersandtaggersnow exist for English,French,German,
Spanish,Portuguese,Dutch,Italian andJapanese,andtheextensionof finite-state
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techniquesto processnew languageshasbecomealmost routine at Xerox and
amongourresearchandbusinessclients.For example,significantworkhasalready
beendoneon the morphologicalanalysisof Basque,Turkish, Arabic, Finnish,
Swedish,Norwegian,Danish,andseveralEasternEuropeanlanguages.

0.4 Requirements

0.4.1 Software

Xerox Finite-StateTools

This bookis a hands-ontutorial in theuseof xfst, lexc andtwolc, so thestudent
shouldhave thesetools installedandrunningfrom the beginning. The enclosed
CD-ROM containsexecutableversionof theseprograms,compiledfor theSolaris
and Linux (both Intel and PowerPC)operatingsystems. Seethe CD-ROM for
informationonnon-commerciallicensingandinstallation.

For any questionsaboutcommerciallicensingandany otherusesbeyondthose
permittedby the attachedlicenseagreement,contactXerox at the following ad-
dress:

XeroxResearchCentreEurope
ATTN: Licensingof Finite-StateProgrammingLanguages
6, chemindeMaupertuis
38240MEYLAN
France

Tel. from insideFrance: 0476615050
Tel. international +334 76615050

Fax from insideFrance: 0476615099
Fax international +334 76615099

http://www.xrce.xerox.com/
xerox-fs@xrce.xerox.com

Text Editor

Thesourcefilesfor xfst, lexcandtwolc arebestcreatedusingcommonlyavailable
text editorssuchas emacs,xemacs,or vi. If you usea word processorsuchas
MicrosoftWord,youmustbecarefulto save thebuffersastext-only files.

TheXerox finite-statetoolshave beenwritten to accommodateUNICODEin-
put, which would have distinct advantagesin many applications. However, the
difficultiesof UNICODEtext-editing,displayandprintingmakethisoptioneffec-
tively unavailableat this time.
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0.4.2 Hardware

The finite-statetools are available in object form, compiledfor SUNOSor So-
laris (SUN workstations),for Microsoft, andfor LINUX. Although modestex-
perimentscanbe performedon modestmachines,large-scalelinguistic develop-
mentcanoften requireseriouscomputercrunchandlargeamountsof RAM. Al-
thoughthe final resultsof mostmorphologicalanalyzers,for example,areunder
five megabytesin size,andwhile theXerox finite-statealgorithmsarethe fastest
andmostmemory-efficientavailable,intermediatestagesof variousoperationscan
oftenexplodein sizebeforeminimizationoperationscanbeinvoked.While 24or
36 MBytesof RAM might beconsidereda minimumfor full-scalework on most
languages,XRCE maintainsSUN workstationswith up to 2 GBytesof RAM to
handleparticularlyintensivefinite-statecomputations.

0.5 Other Documentation

This book replacesprevious documentation,someof which is terse,lacking in
examples,andincreasinglyout of date. Whereappropriate,large sectionsof the
following documentshavebeenrecycled

Karttunen,Lauri. Finite-StateLexicon Compiler, ISTL-NLTT-1993-
04-02.PaloAlto: XeroxCorporation.

Karttunen,Lauri andBeesley, KennethR. Two-Level RuleCompiler,
ISTL-92-2.Palo Alto: XeroxCorporation.

Onlinedocumentationis alsoavailableat

http://www.xrce .xer ox. com/ rese arc h/ml tt/f st/

0.6 Email Distrib ution List

[Completethis sectionwith informationaboutanemaildistribution list for those
interestedin XeroxFinite-StateTools.]
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This book shows how to usethe Xerox finite-stateprogramminglanguages
xfst, lexc and twolc to createfinite-statenetworksthat perform morphological
analysisandrelatedtasks.

1.1 The Beginning

Let’sbegin atthebeginning:WhatareFINITE-STATE NETWORKS andwhyshould
anyonecareaboutthem?

Thefollowinggentleintroductionwill attemptto paintthebigpicture,avoiding
technicalvocabularyandmathematicaldefinitions,butconveying thecoreconcepts
necessaryto makesenseof all theformalismthatmustfollow. We’ll try to provide
a vision of wherewe’re headed,showing how finite-statenetworks,createdusing
variousXerox tools, arecombinedtogetherinto practicalworking applications,
andin particularinto morphologicalanalyzers.Finally, we will try to convey the
generalnotion thatfinite-statenetworksareGoodThings,usefulfor doing many
kindsof linguisticprocessing.Comparedto thealternatives,applicationsbasedon
finite-statenetworksareusuallysmaller, faster, moreelegant,andeasierto main-
tainandmodify.

Analogiesandexplanationsin thisgentleintroductionarenottobetakentoofar
or tooseriously;somewill certainlynotstandupto rigorousscrutiny. Experienced
computationallinguistsand computerscientistscan safelyskip this sectionand
move onto themoreformal introductionin thenext chapter.

1.2 SomeUnavoidable Terminology

First of all, what is meantby thetermsFINITE, STATE andNETWORK? Let’s start
with the term STATE, which haseverydaymeaningsthatarecloselyrelatedto the
formalonewewill need.
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1.2. SOMEUNAVOIDABLE TERMINOLOGY 5

1.2.1 State

Substances,people,and physicalmachinesare often said to be in one stateor
another. For example, is a substancethatcanexist in a frozenstate(ice), a
liquid state(water),or a gaseousstate(watervapor). Underthe right conditions,

will changefrom onestateto another. Similarly, a person,asfar asemotions
areconcerned,may at any given time be in a happystate,a depressedstate,an
excited state,a boredstate,an amorousstate,etc.; andlike , peopleusually
do a lot of changingfrom onestateto anotheruntil they reacha final deadstate.
Finally, many physicalmachinesin therealworld canbedescribedin termsof the
statesthey canassumeandtheway thatthey changefrom onestateto another.

While it is perhapsmostcommonto talk aboutmachinestateswhendiscussing
complex machineslike computers,let’s startwith somesimplermechanicalma-
chinesthat are easierto grasp. Considerfirst a commonlight switch, which is
alwaysin oneof two states,which wewill labelON andOFF. By convention,we
will representor MODEL the statesof this andothermachineswith circlesasin
Figure1.1.

ON OFF

Figure1.1: TheTwo Statesof anOn-Off Light Switch

A commonlight switchchangesfrom theON stateto theOFF state,andvice
versa,whenwehumansphysicallymanipulateit from onestateto theother. Let us
assumethattheOFF statecorrespondsto theswitchleverbeingdown andthatthe
ON statecorrespondsto theswitchlever beingup. Thethingsthatwe cando to a
light switchareprettylimited: whentheswitch is down (OFF state)we canpush
it up; andwhenthe switch is up (ON state)we canpushit down. The possible
TRANSITIONS from onestateto anotheraremodeled,by convention,with arrow-
line ARCS leadingfrom onestateto another. Eacharcis labeledwith theactionor
INPUT thatcausesthatparticularchangeof state.

Note that our little graphicmodelof the light-switch machinein Figure1.2
ignoresdetailsof physicalmaterial,shape,electricalcontactsandwiring thatcan
vary greatlyanddon’t usuallyconcernus. What our modeldoescaptureis the
statebehavior of thelight switch,showing all thepossiblestatesit canassume,all
thepossibleinputs,andhow theinputscausetransitionsfrom onestateto another.
Other inputs,suchasburning the switch with a blowtorchor poundingit with a
hammer, areconceivablebut illegal—they wouldresultin thejammingor eventhe
completedestructionof the machine.Suchillegal inputsaresimply absentfrom
themodel.

Notealsothatparticularinputsmaybelegal only whenthemachineis in par-
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6 CHAPTER1. A GENTLEINTRODUCTION

ON OFF

PUSH DOWN

PUSH UP

Figure1.2: On-Off Light SwitchModelwith StatesandTransitions

ticularstates.Thuswhentheswitchis in theON state,PushingDown is legal; but
if theswitchis alreadyin theOFF state,PushingDown is illegalasit wouldbreak
themachine.Illegal inputsandtransitionsaresimply left outof themodel.

Now let’smodelanotherkind of on-off light switchthathasa singlebuttonto
pushratherthanaleverto manipulate.Pushingthesinglebuttontogglestheswitch
from ON to OFF andalsofrom OFF to ON. Sucha toggling switch hasbut a
singlelegal input,pushingthebutton,asshown in Figure1.3. Noticeherethatthe
effect of an input to a machinecandiffer radicallydependingon thecurrentstate
of themachine.

PUSH BUTTON 

PUSH BUTTON 

ON OFF

Figure1.3: On-Off TogglingSwitch

Beforewe pushtheseexamplestoo far, let’smove on to a slightly morecom-
plex physicalmachineandmodelits behavior in a similar way. Thefan in Ken’s
old carhadexactly four settingsor statesin which it couldbeplaced,OFF, LOW,
MED (medium),andHIGH . Onecould changethe stateby turning a dial Left
(counterclockwise)or Right (clockwise).Figure1.4is a statemodelof thispartic-
ular fanmachine.

The way the fan control wasbuilt, it allowed no direct transitionfrom OFF
to MED or HIGH , from LOW to HIGH , from MED to OFF, or from HIGH to
LOW or OFF; onehadto move the machine,even if ratherquickly, throughthe
intermediatestates.FromtheOFF state,turning thedial Left againwould break
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1.2. SOMEUNAVOIDABLE TERMINOLOGY 7

OFF LOW MED HIGH

RIGHT RIGHT RIGHT

LEFTLEFTLEFT

Figure1.4: Ken’sOld CarFan

the machine;the resultof turning the dial Right from the HIGH statewould be
similarly unfortunate.Suchillegal inputsaresimplynot shown in themodel.

We caneasily imagine,andfind, similar machineswith dials that turn com-
pletelyaroundin eitherdirection,or perhapsonly in onedirection,allowing tran-
sitionsbetweenthe OFF andHIGH states.So-called3-way lampsin the USA
have four states,OFF, LOW, MED , HIGH , controlledby a dial that turnsall the
way around,but only to theright, andthesemachinesaremodeledin Figure1.5.
Comparingthis machinewith theonein Figure1.4,we seethat two machinecan
have exactly thesamestatesbut differentinputsandtransitions.

OFF LOW MED HIGH

RIGHT RIGHT RIGHT

RIGHT

Figure1.5: A Three-Way Light Switch

1.2.2 Finite

Anotherinescapabletechnicalterm within finite-statenetworksis FINITE, which
refersto thenumberof statesandcanbesatisfactorilydefined,for presentpurposes,
assimplybeing“not infinite”.

Sofar we have lookedat somevery simplephysicalmachinesandhave mod-
eledthemin termsof possiblestatesandtransitionsfrom onestateto another. The
exampleshavebeenrestrictedto thosewith afinite numberof states.Considerone
morekind of light control, the dimmeror rheostat, that allows an infinite num-
berof gradations(states)betweenfully OFF andfully ON; sucha machineis not
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8 CHAPTER1. A GENTLEINTRODUCTION

finite-state,andwecannotmodelalight dimmerwith afinite numberof circlesand
arcs.Similarly, humanbeingsdisplaymixturesandinfinitegradationsof emotional
statesthatprecludea finite-statemodeling.

1.2.3 Networks

The final term to examineis NETWORK, which will needto be reexaminedwith
morerigor in thefollowingchapter. For now, let usacceptthatnetworksaregraph-
like structuresof nodeslinked togetherwith directedarc-transitionsasshown in
Figures1.4and1.5.

Other termsfor finite-statenetworkcommonlyusedin more formal discus-
sion are FINITE-STATE MACHINE and FINITE-STATE AUTOMATON (plural AU-
TOMATA). OthermorecomplicatednetworksarecalledTRANSDUCERS. Theword
automatonis alsocommonlyusedto describerobots,especiallythosethatseemto
move aboutandactundertheir own will. Thefinite-statenetworksthatwe will be
definingandmanipulatingmaynot beascuteaslittle metalrodentsnegotiatinga
maze,but wewill seethatthey areindeedabstractmachinesthatcanperformsome
interestinglinguistic tasksfor us.

As a steppingstoneto the linguistic examples,let usexamineandmodelone
lastmechanicalmachinecalledtheColaMachine. It is basedonthefamiliar coin-
operatedsoft-drink machines,andwe will limit our modelingto that part of the
machinethat acceptsour coin inputsanddecideswhenwe have enteredenough
money to deserve a drink. We will not try to model the refrigerator, the drink-
selectionsystem,thedrink-deliverysystem,or anything else.To furtherfacilitate
theexample,wespecifythatourcolamachinehasthefollowing characteristics:

1. Drinkscost25centsin US currency.

2. Theonly coinsacceptedby themachineare

Thequarter(abbreviatedQ) which is worth25cents,

Thedime(abbreviatedD) which is worth10cents,and

Thenickel (abbreviatedN) which is worth5 cents.

3. Themachineacceptsany combinationof thesecoins,in any order, thatadd
up to 25cents.

4. Themachinerequiresexactchange.

Thiscoin-acceptingmachineis in factafinite-statemachine,andour taskis to
modelit asa networkof statesandtransitions.If wewalk up this machine,before
we put any money into it, it will be in a START STATE thatwe canlabelhelpfully
as0 (zero).In the0 state,it will steadfastlyrefuseto deliveradrink, andour job is
to enterappropriatecoinsthatchangethestateof themachineuntil it is in aspecial
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1.2. SOMEUNAVOIDABLE TERMINOLOGY 9

FINAL or ACCEPTING STATE, which we will labelas25, thatallowsa drink to be
selected.By convention,wewill usea doublecircle to marksucha final state.

The first obvious way to changethe machinefrom the startstateto the final
stateis to addaquarterasin Figure1.6.Wecanthenselectourpreferredbeverage,
thecoin-acceptingmachinewill resetto statezero(magicallyfor now), andit will
bereadyfor thenext thirstycustomer.

250

Q

Figure1.6: TheColaMachineAcceptsaQuarter

Thereareof courseotherwaysto geta drink, by addingvariouscombinations
andpermutationsof nickelsanddimes. If we startby addinga nickel (N), the
resultingnew stateof themachinewill becloserto thefinal goal,but themachine
still won’t give us a drink; let’s label the new non-finalstate5 asin Figure1.7.
If we continueto addfour morenickels,we will reachthreemorenon-finalstates
and,at last, the final state. The completemodelof our simpleCola Machineis
shown in Figure1.8.

Addingdimeswill, in thisparticularmachine,causeajumpof two statesata time.
For example,addinga nickel (N), a dime(D) andanotherdime(D), in thatorder,
will move themachinefrom the0 stateto the5 stateto the15 stateandfinally to
the25state.

Now thatwehaveourcompletecoin-acceptingmachinemodeled,welist all the
possiblesequencesof coinsthat it will accept,whereacceptancemeansreaching

0 5

N

Figure1.7: Inputtinga Nickel to theColaMachine
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10 15 252050

N N NN N

DDDD

Q

Figure1.8: TheSimpleColaMachine

thefinal stateandallowing usto geta drink.

Q
DDN
DND
NDD
DNNN
NDNN
NNDN
NNND
NNNNN

Thesenine sequencesof coins are the only valid inputs, to this particularcola
machine,if you want to get a drink. Any othersequenceof coins,including too
few coins,or too many coins(in our simplemachinethat requiresexact change)
simplywon’t work. Otherkindsof coins,like pennies(worthonecent)or any kind
of foreigncoinsincludingMexicanpesosor Canadianquarters,aresimply illegal
inputsandwill causethemechanismto jam.

Hereis wherewecanmakethetransitionfrom ourmechanicalmachinesto the
linguisticonesthatwe will learnaboutandbuild in thisbook:

Think of theinputsto themachinenotascoins(quarters,dimesandnickels)
but asletterSYMBOLS like Q, D andN.

Thesetof valid symbolsthatthemachinewill acceptis its ALPHABET.

Thesequencesof symbolsthatthemachinewill acceptareWORDS.

The entiresetof wordsthat the machineacceptsor recognizesis its LAN-
GUAGE.

In thiscase,theninewordslistedabove wouldconstitutetheentireColaMachine
Language.
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1.3. A FEWINTUITIVE EXAMPLES 11

This technicaluseof theword language,to denotejust a collectionof symbol
strings(words), is somewhat odd, but we are stuck with it in formal language
theory. In what follows, we will seethat the taskof thecomputationallinguist is
usuallyto maketheformal languageacceptedby ourfinite-statenetworkmatchas
closelyaspossibleto a naturallanguage,suchasFrenchandSpanish.Our task,in
short,is to modelnaturallanguages.

1.3 A FewIntuiti ve Examples

1.3.1 Finite-StateLanguagesand Natural Languages

All of ourtechnicalterms,especiallytheoddusageof ALPHABET andLANGUAGE,
will be mademore preciseas we progress. What we will do now is presenta
few smallbut fairly typicalfinite-statenetworksthatlinguistsmight build, andwe
will suggestwaysthat they couldbegenuinelyusefulin variouskindsof natural-
languageprocessing.

Figure1.9showsa very smallfinite-statenetworkthatacceptsthesingleword
“canto ”, which happensto look like a word in Spanish.We canalsosaythatthe
languageof this machineconsistsof thesingleword “canto ”. If we think of the
real Spanishlanguage,ratherperversely, asjust the setof all its possiblewritten
words,thenournew networkmodelsavery smallsubsetof Spanish.Thealphabet
of themachineconsistsof just five symbols:c, a, n, t ando. The machineitself
consistsof a startstate(if not overtly labeled,the start stateis the leftmostone
in our diagrams),a final state(markedwith two circles),andnon-finalstatesin
betweenlinkedby arcslabeledc, a, n, t ando, in thatorder.

c a n t o

Figure1.9: One-WordLanguage

If wewalk upto ournew machine,like wewalkedupto theColaMachinewith
our coins,andif we enterthesymbolsc, a, n, t ando, in thatorder, themachine
will transitionthrougha seriesof states,endingup in thefinal state,andtheword
will be accepted.We don’t get a drink asa reward this time, but the finite-state
machinewill in essencetell us “I acceptthis string”, which means“This stringis
in my language”.If weenterany otherstring,suchas“ libro ”, it will berejected.

Now let’simagineaslightly largermachine,shown in Figure1.10,thataccepts
a languageconsistingof threestrings,“canto ”, “ tigre ” and“mesa”. Again,
all of thesewordshappento look like wordsof Spanish.Again, eachvalid word
correspondsto thesymbolson a pathfrom thestartstate(by conventionthe left-
moststatein the diagram)to a final state(indicatedwith a doublecircle). This
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12 CHAPTER1. A GENTLEINTRODUCTION

e s

a n t

i g r et

c

m

o

a

Figure1.10:A Three-WordLanguage

new machinerecognizesa languagewith a biggeralphabetandvocabulary, but it
is not different in type or usagefrom the first. If you enterthe symbolsm, e, s
anda, in thatorder, theword “mesa” will beaccepted,aswill any otherstringof
symbolsrepresentinga word in the languageof thenetwork. Enterany word not
in thelanguage,suchas“panes ”, andit will berejected.

Now imaginethesamenetworkexpandedto includethreemillion words,all of
themhappeningto correspondto wordsof therealSpanishlanguage.At thispoint,
we have a potentiallyvaluablebasisfor severalnatural-language-processingsys-
tems,themostobviousbeinga spellingchecker. Simplespell-checkinginvolves
somehow looking up eachword from a documentto seeif it is a valid word, and
flaggingall the wordsthat arenot found. Given that we have a large finite-state
networkthat accepts3,000,000Spanish-likewords,all we have to do is to enter
eachword from thedocumentandflag all thewordsthat thenetworkrejects.The
qualityof thespell-checkerwill dependlargelyonthecoverageandaccuracy of the
network,i.e. thedegreeto which the formal languagethat it acceptscorresponds
to therealSpanishlanguage.Xerox linguistsroutinelybuild andmanipulatenet-
works of this size,modelingreal naturallanguageslike Spanishand Frenchas
closelyashumanlypossible.

1.3.2 SymbolMatching and Analysis

It’ s time to introducesomeslightly differentmetaphorsfor theword-enteringand
acceptingprocess,thoseof ANALYSIS (alsocalledLOOKUP) andSYMBOL MATCH-
ING. Whenwe entera word (asa stringof symbols)into a network,to seeif it is
containedin thelanguageof thenetwork,we oftentalk of LOOKING UP theword.
Fromthispointof view, thenetworkis a kind of dictionary. Theanalysis(lookup)
will besuccessfulif andonly if theword is in the languageof thenetwork. Such
analysis,viewed asa process,involvesmatchingthe symbolsof the input word
againstthesymbolson thearcsof a paththroughthenetwork.Let’s returnto our
3-wordlanguageandanalyze(look up)thestring“mesa” asshown in Figure1.11.

Theanalysisalgorithmstartsat thestartstateof thenetworkandat thebegin-
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s ae

a n t

i g r et

c

m

o

m  e  s  aInput:           

Figure1.11:SuccessfulAnalysisof theWord “mesa”

ning of theword to be lookedup. Thefirst symbolof theinput word is m, sothe
algorithmlooksfor anarclabeledm thatleavesthestartstate.Thereis suchanarc,
sothenetworkmachinemovesor TRANSITIONS to thenew stateat theendof the
m arc,andthem in theinput stringis CONSUMED. Then,from thenew state,the
algorithmlooksfor anarclabelede, thenext symbolin theinputstring;finding it,
thenetworktransitionsto thenew stateattheendof theearcandconsumesthee in
the input string. Progressingsimilarly, this analysiswill succeed,reachinga final
stateand,simultaneously, consumingall theinputsymbols.Theword“mesa” is in
thelanguageof thisnetwork,andany attemptsto look up “canto ” and“ tigre ”
will alsosucceed.Analysisof otherstringswill fail for variousreasons,e.g.

Analysisof “ libro ” will fail immediatelybecausethereis no l arcleading
from thestartstate.

Analysisof “ tigra ” will fail, gettingasfar as“ tigr ” beforefailing to
find a transitionto matchtheinputsymbola.

Analysisof “cant ” will fail, eventhoughall theinputis consumed,because
thenetworkwill beleft in anon-finalstate.

Analysisof “mesas” will fail, eventhoughthenetworkreachesafinal state,
becausethefinal sof theinput is unconsumed(left over).

It is importantto understandthat theanalysis(lookup)algorithmknowsnoth-
ing aboutSpanishor any otherlanguage;it just matchesinput symbolsagainsta
networkandeithersucceedsor fails. Soin facttheanalysisalgorithmis language-
independent,andtheverysamealgorithmis usedto performlookupwith networks
thatmodelGerman,French,English,Portuguese,Arabic,etc.
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14 CHAPTER1. A GENTLEINTRODUCTION

1.3.3 Getting More Back fr om Analysis: Transducers

Sofar theanalysisof wordsin anetworkhassimplyyieldedoneof two responses,
eitheranACCEPT, indicatingthat theword is in thelanguageof thenetwork,or a
REJECT, indicatingthatthewordis not in thelanguage.While thiscanbevaluable,
as for instancein spell-checking,networksare capableof storingandreturning
muchmoreinterestinginformation.Thefirst stepin understandingthis capability
is to imagineour three-wordnetworkwith a pair of labelson eacharcratherthan
justasinglelabel.Sucha two-level networkis shown in Figure1.12.

e s

a n t

i g r et

c

m

o

a
m

e s a

ergit

c
a n t o

Figure1.12:A Two-Level Networkor Transducer

Theanalysisprocessis now modifiedslightly:

Startat thestartstate.

Match the input symbolsof a stringagainstthe lower-sidesymbolson the
arcs,consuminginputsymbolsandfindingapathto afinal state.

If successful,returnthestringof upper-sidesymbolsonthepathastheresult.

If theanalysisis not successful,returnnothing.

If we analyzethe word “mesa”, the successfulresultwill now be an output
string“mesa” asshown in Figure1.13. The dottedarrows in the figure indicate
whereinput symbolsarematchedalongthe lower sideof a paththroughthenet-
work from thestartstateto thefinal state.Theoutputis thestringof symbolson
theuppersideof this successfulpath. Granted,this outputis not especiallyinter-
esting,beingexactly thesameastheinput,but in fact theupper-sidesymbolsin a
networkdonot needto bethesameasthelower-sidesymbols.

TheXerox SpanishMorphologicalAnalyzernetworkincludesover 3,000,000
paths,from thestartstateto afinal state,thatlook like thepathin Figure1.14.
When you analyzethe word “canto ”, as in Figure 1.15, one of the solutions
returnedis thestring“cantar+Verb+Pr esI nd+1P+Sg”, which is intendedto
bereadasfollows:
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Output:           
Input:           

Figure1.13:Analyzing“mesa” in a Two-Level TRANSDUCER Network

c a n t ε ε ε o ε ε

c a n t a r +Verb +PresInd +1P +Sg

Figure1.14:OnePathin theXeroxSpanishMorphologicalAnalyzer

1. Thetraditionalbaseformis cantar(“to sing”).

2. Theword is a verb.

3. Theverbis conjugatedin thepresent-indicative(Spanishcombinesthetense
andmoodinto a singleinflectionparadigm).

4. First person.

5. Singular.

Thustheprocessof analysisidentifies“canto ” asthe Spanishequivalentof the
English“I sing”, andyet it’ sall donevia thesimplelanguage-independentprocess
of matchingsymbolsfrom the input string againstpathsof symbolsin the net-
work. Theactualanalysisstepis trivial, languageindependentandvery fastwhen
performedby computers.Thehardpartis definingandbuilding thenetworkitself.

Notice the new MULTICHARACTER SYMBOLS labeling someof the arcs in
Figure1.14: +Verb , +PresInd , +1P and+Sg arein fact singlesymbols,with
multicharacterprint names,thatwerechosenanddefinedby thelinguistswhobuilt
thesystem.Theorderof thesesymbolTAGS, andthechoiceof theinfiniti veasthe
baseform,werealsodeterminedby the linguists. Anotherspecialsymbol in the
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16 CHAPTER1. A GENTLEINTRODUCTION

c a n t ε ε ε o ε ε

c a n t a r +Verb +PresInd +1P +Sg

c  a  n  t  o

Output:

Input:

c a n t a r +Verb +PresInd +1P +Sg

Figure1.15:Analyzing“canto ”

networkof Figure1.14 is the EPSILON symbol( ), which fills in the gapswhen
theupper-level stringof symbolsandthe lower-level stringof symbolsarenot of
thesamelength.Duringanalysis,EPSILON ARCS on thebottomsidearetraversed
freelywithoutconsumingany inputsymbols.Youwill alsoseethesymbol0 (zero)
usedfor the epsilonin Xerox notationsandcompilersbecausethe epsilonis not
availableonstandardASCII keyboards.

c a n ε εεot

c a n t o +Noun +Masc +Sg

Figure1.16:AnotherPathin theSpanishMorphologicalAnalyzer

Anotherof thethreemillion pathsthroughtheSpanishnetworklookslike Fig-
ure1.16.Whenyou look up “canto ”, theanalysisalgorithmdetectsthemultiple
possibilitiesandautomaticallyBACKTRACKS to find andreturna secondsolution
aswell: “canto+Noun+Ma sc+ Sg”. Again, this solution,often calleda LEXI-
CAL STRING, is justanotherstringof symbols,where+Noun and+Masc aremore
multicharacter-symboltagsdefinedby the linguistswho createdthe system.The
Spanishnouncantomeans“song”.

Two-sidednetworks,like theSpanishMorphologicalAnalyzer, arecalledLEX-
ICAL TRANSDUCERS. In morecommondiscourse,a transduceris a device that
convertsenergy from oneform to another;thusa microphoneis a transducerthat
convertsphysicalvibrationsof air into analogouselectricalsignals.Ourfinite-state
transducersconvertonestringof symbolsinto anotherstringor stringsof symbols.
Whenthetransducerisconstructedsothatthelower-sidelanguageconsistsof valid
writtenwordsin Spanish,andtheupper-sidelanguageconsistsof stringsshowing
baseformsandtags,andwhenthestringsareproperlyrelated,theresultis anex-
tremelyvaluablesystemthatreturnsthemorphologicalanalysesof eachword that
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1.3. A FEWINTUITIVE EXAMPLES 17

is analyzed.

1.3.4 Generation

Theoppositeof analysisis GENERATION, andin factweusetheexactsameSpan-
ishnetwork,applyingit backwards, to generatesurfacestringsfrom lexical strings.
Assumethatwewantto generatethefirst-personplural,present-indicativeform of
theSpanishverbcantar. It happensthattheSpanishnetworkalsocontainsthepath
shown in Figure1.17.

c a n t a r +Verb +PresInd +1P +Pl ε

o smaεεεtnac

Figure1.17:AnotherVerbPath

The processof generation(sometimescalledLOOKDOWN) is just the inverse
of analysis(alsocalledLOOKUP). Let usassumethattheinputstring,thestringwe
wanttoputthroughthegenerationprocess,is “cantar+Verb+ Pres Ind+ 1P+Pl ”,
i.e. thefirst-personplural,present-indicativeform of theverbcantar.

Startat thestartstateandat thebeginningof theinputstring.

Matchtheinput symbolsof theinput stringoneby onewith theupper-side
symbolson thearcs,consuminginput symbolsandfinding a pathfrom the
startstateto a final state.

If successful,returnthestringof lower-sidesymbolsonthepathastheresult.

If generationis notsuccessful,returnnothing.

Theoutputof thegenerationin thiscasewill bethesurfacestring“cantamos ”
(“we sing”). Theepsilonsymbolsin thenetworkrepresenttheemptystringandare
ignoredin theoutput.Onecan,of course,turnbackaroundandenter“cantamos ”
for analysisandgetbackthecorrespondinglexical string. Finite-statetransducers
areinherentlybidirectional.

In a more formal sense,the set of lexical stringsproducedduring analysis,
or acceptedduringgeneration,constitutesthelexical language(or upper-sidelan-
guage)of thetransducer;similarly, thesetof surfacestringsconstitutesthesurface
language(or lower-sidelanguage).The transducerMAPS betweenstringsof the
upper-sidelanguageandstringsof thelower-sidelanguage.
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18 CHAPTER1. A GENTLEINTRODUCTION

1.3.5 Further Finite-StateApplications

A morphologicalanalyzer/generator, like theSpanishLexicalTransducerdiscussed
above,is oftenthefirst goalwhenalinguistappliesfinite-statetoolsandtechniques
to anew language.A lexical transducerdoesmorphologicalanalysisor generation,
dependingonwhichwayit is appliedto theinput,andit is oftenavital component
of largersystems,suchassyntacticparsers,or a crucialstartingpoint for making
derivativesystemslike spellingcheckersor part-of-speechtaggers.

Only thesmallestexamplenetworkscanbediagrammed,sowetypically view
a networkasa black-boxcomponent,as in Figure1.18, keepingin mind that it
consistsentirely of state-and-arcpathsas in the examplesshown above, though
theremay well be millions of suchpaths,or even an infinite numberof them,in
a full-scalenetwork. However large the lexical transducermay become,analy-
sis (lookup) andgeneration(lookdown) areperformedby the samelanguage-
independentsymbol-matchingtechniques.

Spanish Lexical Transducer

cantar+Verb+PresInd+1P+Pl

cantamos

Figure1.18:A TransducerViewedasaBlack Box

Besidesmorphologicalanalysisand generation,finite-statenetworkscan do
many otherjobs for us, including TOKENIZATION, which is the dividing up of a
runningtext into individualtermsor TOKENS. Tokensusually, but notalways,cor-
respondto our everydaynotion of words,but therearecomplicatingexceptions,
includingcontractionslike couldn’t, joinedwordslike cannot, andindivisiblemul-
tiword tokenslike to andfro thatoftenrequirespecialattention.

It is possibleandoftenquiteusefulto definefinite-statenetworksthattokenize
stringsof writtennaturallanguage.SuchanEnglishtokenizermight bedefinedso
that the lower-sidelanguageconsistsof stringsthat look like Englishtext. When
suchsurfacestringsare lookedup, the outputstring is the input string plus de-
finedmulticharactersymbols, e.g. ˆTB, for “TokenBoundary”,insertedbetween
tokensasshown in Figure1.19. By convention,feature-likemulticharactersym-
bolsin Xerox finite-statesystemsareusuallyspelledwith aninitial circumflex (ˆ)
character.

Other commonapplicationsof finite-statetechniquesinclude part-of-speech
GUESSERS, which are typically definedto guesscategoriesof words basedon
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1.4. SHARINGSTRUCTURE 19

The^TBfarmer^TBwalked^TBto and fro^TBin^TBthe^TBfield^TB.

The farmer walked to and fro in the field.

English Tokenizer Network

Figure1.19:A NetworkthatTokenizesEnglishText

characteristicaffixes,andsystemsthat performphonological/orthographicalAL-
TERNATIONS, basedon rule typesthathave beenusedby linguistsfor centuries.
Moreadvancedandexperimentalapplicationsincludeshallow syntacticparsingor
“chunking”, certainkindsof counting,perfecthashing,etc. Suffice it to saythat
while systemsof finite-statepower cannotdo everythingnecessaryin linguistics,
they candoagreatdeal;andmoreapplicationsarebeingfoundall thetime.

1.4 Sharing Structur e

All of thenetworkswe have seenin theprevioussectionhave a singleinitial state
anda singlefinal state.Every wordor pair of wordsin theseexampleshasits own
uniquepathsharingonly thecommoninitial andfinal state.

In fact a networkcanhave any numberof final states,andanarcmaybepart
of severaldistinctpaths.Figure1.20shows a simpleexample.This networkrec-
ognizestwo words, “ fat ” and “ father ”. Becausethe wordsbegin with the
samethreeletters,the first threearcsof the networkcanbeshared.The pathfor
“ father ” goesthroughthe final stateterminating“ fat ” andcontinuesto the
secondfinal state.

f a t h e r

Figure1.20:A Networkfor “ fat ” and“ father ”

In anoptimallyconfigurednetwork,all wordsthatbegin or endthesameway
assomeotherword sharethe commonbeginningsand tails. Figure1.21shows
anoptimally encodednetworkthatacceptsthe four words“clear ”, “clever ”,
“ear ” and“ever ”. Becauseall thewordsendin “ r ”, they canall sharethe last
arc leadingto thefinal state.Thepathsfor “clear ” and“clever ” go together
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20 CHAPTER1. A GENTLEINTRODUCTION

up to the point wherethe wordsdiverge andjoin againfor the commonending.
Only thefirst letterof “ear ” and“ever ” needsits own arc.

e

c l e a r

e
v

Figure1.21:A Networkfor “clear ”, “clever ”, “ear ” and“ever ”

The networkin Figure1.21 is MINIMAL in the sensethat it is impossibleto
encodethesamefour pathsusingfewerstatesandarcs.Minimality is animportant
propertyfor many practicalapplications.For atypicalnaturallanguage,aminimal
networkcanencodein the spaceof a few hundredkilobytesa list of wordsthat
takesseveral megabytesof disk spacein text format. The compressionratio is
oftenbetterthanzip or any othergeneralcompressioncanoffer.1 We will discuss
minimality andotherformalpropertiesof networksin Section2.5.

Becauseof structuresharing,removing pathsfrom a network may actually
increaseits size.For example,if we remove “ear ” from thenetworkin 1.21,one
new stateandarchave to beadded,asshown in Figure1.22.

c l e a r

e
e

v

v

Figure1.22:A Networkfor “clear ”, “clever ” and“ever ”

1.5 SomeBackground in SetTheory

Formal languagetheoryassumessomeconceptsandterminologyfrom settheory,
includingmembership,union,andintersection.In thesamespirit astherestof this
chapter, we will introducetheseconceptsmore intuitively thanformally, always
trying to illustrate themwith linguistically orientedexamplesshowing how sets
andoperationson themare representedby finite-statenetworks. Someof these
conceptswill beexaminedmoreformally in thenext chapter.

1For example,the25K Unix word list /usr/dict/wordstakesup 206Kbytesof discspaceasatext
file, 81K asagzippedfile, andjust 75K asafinite-statenetwork.
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1.5. SOMEBACKGROUND IN SETTHEORY 21

1.5.1 Sets

What is a Set?

A SET correspondsto the everydaynotionsof a collectionor group. If you have
objectsA, B, C, D, E andF, they might begroupedinto two setsasshown in Fig-
ure1.23.We useellipses,arbitrarily, to show setgroupingsof objects;they should
not beconfusedwith thecirclesthatrepresentstatesin ournetworkdiagrams.

A    B    C     D E      F

Figure1.23:Two Sets

We say that the first sethasfour MEMBERS or ELEMENTS, A, B, C andD.
The secondsethastwo members,E andF. For setsthat have a finite numberof
members,asin Figure1.23,we canexplicitly list or ENUMERATE thesetsas A,
B, C, D and E, F . The order in which the elementsof a setarelisted hasno
significance. A, B and B, A denotethesameset. Thereis only oneinstance
of eachelementin a set,thus A, A, B is a redundantlisting of theset A, B .

In finite-statelinguistics,we oftentalk abouta networkencodingor accepting
a particularsetof strings;andwe call this seta LANGUAGE. We usuallythink of
thesestringsaswords,andwe usethetwo termsstringandword interchangeably.
For example,Figure1.22showsanetworkwhoselanguageis asetof threestrings.
Eachwordacceptedby anetworkis a MEMBER of thesetof wordsthatconstitutes
thelanguageof thenetwork.For asmalllanguagelike thisone,wecanenumerate
it easilyas “clear ”, “clever ”, “ever ” .

The Empty Set

Somesetsareempty, like the setof all living Neandertalsor the setof all trans-
parentelephants.Empty setshave no members.The EMPTY LANGUAGE is the
languagethatcontainsno stringsof any kind. This notionof theemptylanguage
mustbe distinguishedfrom the notion of the EMPTY STRING, a string of length
zero.Thusif “dog ” is a stringof length3, and“ tiger ” is astringof length5, “”
is a stringof length0 (zero),theemptystring.

In finite-statetermstheemptysetis representedby a networkthatconsistsof
onenon-finalstate(seeFigure1.25).

A networkconsistingof asinglefinal statewith noarcsrepresentsthelanguage
thatcontainsjust theemptystring(seeFigure1.26).Theempty-stringlanguageis
not anemptyset;it containsoneelement,which is theemptystring.
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Figure1.24:The(Empty)Setof All Living Neandertals

Figure1.25:Networkfor theEmptyLanguage

Infinite Sets

Many sets,suchasthesetof all integers,containan infinite numberof elements.
Realhumanlanguagesthatallow productive compounding,like German,contain
an infinite numberof words,at leasttheoretically. Obviously, it is impossibleto
enumerateall themembersof aninfinite set,but asweshallseein thenext chapter,
we caneasily specifymany infinite languages,using the finite metalanguageof
REGULAR EXPRESSIONS.

Someinfinite languagescanberepresentedby averysmallfinite-statenetwork.
For example,thelanguage “”, “a”, “aa”, “aaa ”, . . . thatcontainsall stringsof
zeroor moreas is representedby thenetworkin Figure1.27.

Universal Set

Theinfinite setthatcontainsall stringsof any length,includingtheemptystring,
is called the UNIVERSAL LANGUAGE. If the questionmark (?) representsany
symbol,thenthenetworkshown in Figure1.28acceptstheuniversallanguage.

Ordered Set

An orderedsetis a setwhosemembersareorderedin someway. We will only be
concernedwith onevery specifictypeof orderedset. An ORDERED PAIR is a set
thathastwo members:afirst andasecondelement.To distinguishanorderedpair
from anordinarysetwe list it in anglebrackets.While A, B and B, A denote
thesameset, A, B and B, A aredistinctorderedpairs.Oneis theinverseof
theother.

1.5.2 Relations

A RELATION isasetwhosemembersareorderedpairs.Wordslike father, husband,
wife, spouse, etc.denoterelationsin this technicalsensebecausethey involvepairs
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Figure1.26:Networkfor theEmpty-StringLanguage “”

a

Figure1.27:A Networkfor anInfinite Language

of individuals. For example,considertheBritish royal family treein Figure1.29.
A genealogicaltreeimplicitly definescertainrelationsoverasetof people.For

example,the father relationin Figure1.29is theset Philip, Charles , John,
Diana , Charles,William . Herewechosetheorderingthatreflectstheword
orderin thecorrespondingEnglishsentences:Philip is the fatherof Charles, etc.
By thesameprinciple,thewife relationis theset Elisabeth,Philip , Frances,
John , Diana,Charles . Its inverse,wife , is thehusbandrelation: Philip,
Elisabeth , John,Frances , Charles,Diana .

In thisbookwe focusonrelationsthatcontainpairsof strings,for example,

<‘‘cantar+Ver b+Pr esI nd+1P+Sg’’, ‘‘canto’’>,
<‘‘cantar+Verb +Pr esIn d+1P+Pl ’’, ‘‘cantamos’’>,
<‘‘canto+Noun+ Masc+Sg’’, ‘‘canto’’>

.

Therelationmayinvolvesomephonologicalchange,theexpressionof somemor-
phologicalinflectionor derivation,onestring beingthe analysisor translationof
theother, etc.A string-to-stringrelationis amappingbetweentwo languages.One
languageis thesetof stringsthatappearasthefirst memberof somepair; theother
is thesetof secondmemberstrings. We refer to themasthe UPPER LANGUAGE

andtheLOWER LANGUAGE, respectively. In thecaseathand,theupperlanguageis
“cantar+Verb+ Pres Ind+ 1P+Sg”, “cantar+Verb+P resI nd+1P+Pl ”,

“canto+Noun+ Masc+Sg” andtheloweroneis “canto ”, “cantamos ” .

As we have alreadyseenin Figures1.15 and1.16, string-to-stringrelations
canbe representedasa finite-statetransducerin which every pair in the relation
correspondsto a paththrougha networkfrom thestartstateto a final state.Each
pathenumeratesthesymbolsof thetwo stringsthatconstitutethepair. Eacharcis
labeledwith anuppersymbolanda lowersymbol,which maybeidentical.
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?

Figure1.28:A Networkfor theUniversalLanguage

DianaCharles

William

ElisabethPhilip John Frances

Figure1.29:A RoyalFamily Tree

Infinite Relations

A relationmaycontainaninfinite numberof pairs.Oneexampleof sucharelation
is the mappingof all lower-casestringsto the correspondingupper-casestrings.
This relation containsan infinity of pairssuchas “dog ”, “DOG” , “abc ”,
“ABC” , “xyzzy ”, “XYZZY” , and so on. The upperlanguageis the infi-
nite languageof lower-casestrings,thelowerlanguagecontainsall theupper-case
strings,andtherelationitself is a mappingthatpreservestheword. We denotean
orderedpair a, A of symbolsasa:A , wherea is theupper-sidesymbolandA
is the lower-sidesymbol. Thenetworkfor this infinite relationof upper-caseand
lower-casestringsis like theonesin Figures1.27and1.28exceptthatthearchas
thelabela:A, andthereis a similar loopingarcfor eachuppercase:lowercasepair
in thealphabet.To save space,wemaydraw suchnetworkswith justonemultiply
labeledarc,asin Figure1.30,but in reality eachlabelhasits own arc. Usingthis
network,theanalysisandgenerationmethodsdefinedin theprevioussectionwill
convertany stringfrom uppercaseto lowercaseor vice versa.

c:C
b:B
a:A

... etc.

Figure 1.30: The Lowercase/UppercaseTransducer. Each lower-
case:UPPERCASEpairof symbolsin facthasits own arc.

The path that relates“xyzzy ” to “XYZZY” cycles many times throughthe
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singlestateof thetransducer. Figure1.31showsit in a linearizedform. Thelower-
case/uppercaserelationmaybethoughtof astherepresentationof a simpleortho-
graphicrule. In fact we view all kindsof string-changingrulesin this way, thatis,
asinfinitestring-to-stringrelations.Thenetworksthatrepresentthemaregenerally
muchmorecomplex thanthelittle transducershown in Figure1.30.

Y

yx y z z

X Y Z Z

Figure1.31:A LinearizedPathin theLowercase/UppercaseTransducer

Identity Relation

One technicallyimportantbut otherwiseuninterestingkind of relation is one in
which the upperand the lower languagesare the sameand every string of the
languageis pairedwith itself. This is called the IDENTITY RELATION. For ex-
ample,the network in Figure 1.12 representsthe identity relation “canto ”,
“canto ” , “ tigre ”, “ tigre ” , “mesa”, “mesa” onthelanguage “canto ”,
“ tigre ”, “mesa” of Figure1.10.

1.5.3 SomeBasicSetOperations

Union

Theunionof any two setsS andS is anothersetthatcontainsall theelementsin
S andall theelementsin S . Theunionof thetwo setsintroducedin Figure1.23
is thesetshown in Figure1.32.Theorderof thesetsin theunionoperationmakes
no difference:the union of S andS is the samesetasthe union of S andS ,
justasin addition2+3is thesameas3+2.UnionandadditionareCOMMUTATIVE

operations.
Now consideranotherpairof setsandtheirunion,asshown in Figure1.33.We

have purposelyscatteredthemembersin thesetellipsesto emphasizethefact that
thesetmembersarenotordered;theset Q, R, M is thesameas Q, M, R , M,
R, Q , etc. Notealsothat the two original setshave threememberseach,but the
unionhasfive ratherthansix members.In this case,theQ memberis commonto
boththeoriginalsets,soit appearsonly oncein theunion.

Someof therelationsin Figure1.29areunionsof otherrelations.For example
thespouserelation Elisabeth,Philip Philip, Elisabeth , Frances,John ,

John,Frances , Diana,Charles , Charles,Diana is obviously theunion
of thewife relationwith its inverse,thehusbandrelation. Similarly, parent is the
unionof thefatherandmotherrelations.
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Set 2Set 1

A    B    C     D E      F

A  B  C  D  E  F

Union of Set 1 and Set 2

Figure1.32:TheUnionof Sets A, B, C, D and E, F

Q
R

M
A

Q

P

A R
P

MQ

Set 1 Set 2

Union of Set1 and Set2

Figure1.33:TheUnionof Sets Q, R, M and A, Q, P

Languages,being setsof strings,can also be unioned. So if we start with
the languagerepresentedin Figure1.34, andanotherlanguageasrepresentedin
Figure 1.35, the union of thesetwo languagesis the languageacceptedby the
networkin Figure1.36.Thereis nosignificantorderingof thearcsleadingfrom a
statein afinite-statenetwork,justasthereis nosignificantorderingof membersin
sets.Thenetworkcouldberepresentedin many otherequivalentways.

f a t h e r

Figure1.34:A Networkfor “ fat ” and“ father ”

Unioningof languages(or theunioningof networksthatacceptlanguages)is
valid for bothsimpleone-level languagesandthemorecomplex relations,encoded
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e

c l e a r

e
v

Figure1.35:A Networkfor “clear ”, “clever ”, “ear ” and“ever ”

a t h

f
e

c l e a r

e
v

Figure1.36:Theunionof “ fat ”, “ father ” with “clear ”, “clever ”,
“ear ”, “ever ”

as two-level transducers.In finite-statelinguistic development,this often makes
it possiblefor onepersonto work on adjectives,anotheron nouns,anda third on
verbs,producingthreedifferentnetworksthatcanlatersimplybeunionedtogether
into a singlenetwork.

Intersection

For any two setsS andS , the intersectionis thesetcontainingall themembers
that are commonto both sets. The intersectionof Q, R, M and Q, A, P ,
asshown in Figure1.37, is the set Q . The intersectionof two setsthat share
no members,suchas A, B, Z and M, N, C , is the emptyset. Like union,
intersectionis a commutative operation:the intersectionof S andS is thesame
astheintersectionof S andS .

Simplelanguages,andnetworksacceptingsimplelanguages,canalsobeinter-
sected.Thusif onenetworkacceptsthesimplelanguage “apple ”, “banana ”,
“pear ” , andanothernetworkacceptsthesimplelanguage “kumquat ”, “pear ”,
“grape ”, “quince ”, “banana ” , theintersectionof thesetwo simplenetworks
acceptsthelanguage “banana ”, “pear ” . As we shallseein comingchapters,
only simpleone-level languages(modeledwith one-level networks)canbe inter-
sected;relations(modeledwith two-level transducers)canbe intersectedonly in
specialcases.
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Q
R

M
A

Q

P

Set 1 Set 2

Q

Intersection of Set1 and Set2

Figure1.37:Intersectionof Sets

Subtraction

Thesubtractionof setsis alsoeasyto conceptualizeanddiagram.In thesimplest
case,shown in Figure1.38,set Q, M, R minusset Q leavesset M, R .

Q
R

M

Set 1 Set 2

Subtraction of Set2 from Set1

Q

M
R

Figure1.38:Subtractionof Sets

Simplelanguages,andnetworksacceptingsimplelanguages,canalsobesub-
tracted.Thusif language is “apple ”, “banana ”, “pear ” , andlanguage

is “kumquat ”, “pear ”, “grape ”, “quince ”, “banana ” , thesubtraction
of from is “apple ” . It is importantto understandthatsubtraction,un-
like intersectionandunion, is not a commutative operation: minus canbe
completelydifferentfrom minus , just asin numericsubtraction3-2 is not
thesameas2-3. As we shallseein comingchapters,only simplelanguages(mod-
eledwith one-level networks)canbesubtracted;relations(modeledwith two-level
transducers)canbesubtractedonly in specialcases.
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Concatenation

Theoperationof CONCATENATION is aneasyoneto graspthroughlinguistic ex-
amples;in the most intuitive case,considerthe networkthat correspondsto the
languagethatcontainsa singlestring“work ”, which happensto look like a verb
in English(Figure1.39).Now imagineanotherlanguageof threewords,“s”, “ed”
and“ ing ”, which happento look like verbalsuffixesof English.Thenetworkfor
this languagewill look like Figure1.40. If we concatenatethe verbal-suffix lan-
guageontheendof the“work ” language,wegetthenew languagerecognizedby
thenetworkin Figure1.41,which containsthethreestrings“works ”, “worked ”
and“working ”.

w o r k

Figure1.39:Networkfor theLanguage “work ”

i n g

de

s

Figure1.40:Networkfor theLanguage “s”, “ed”, “ ing ”

de

s

o k niw gr

Figure1.41:Language “work ” Concatenatedwith “s”, “ed”, “ ing ”

We canalsoseethe “work ” string itself asa concatenationof w, o, r andk;
andthe“ed” stringis a concatenationof e andd, andsimilarly for “ ing ”. In any
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finite-statelanguage,the stringsaresimply concatenationsof symbolsavailable
from thealphabetof thelanguage.

As theexamplewouldsuggest,concatenationis themainmechanismfor build-
ing complex words in a finite-stategrammar, and lexc (Chapter4) is the pri-
maryXerox languageto usefor specifyingtheconcatenationsthatconstructentire
natural-languagewordsout of the partsknown as MORPHEMES. The studyand
modelingof legal word formation is called MORPHOTACTICS or, in sometradi-
tions,MORPHOSYNTAX.

But thereis anotherproblemyet to besolved.Theconcatenationof verbbase-
formslike workwith s, edanding is aproductivemorphotacticprocessin English,
alsoapplyingto verbslike talk, kill , kissandprint. However, whenwetry toextend
thissimpleconcatenationof verbalendings“s”, “ed” and“ ing ” to otherEnglish
verbslike try, plot andwiggle, we immediatelyfind problems.

*trys *tryed trying

plots *ploted *ploting

wiggles *wiggleed *wiggleing

We usetheprefixedasterisk(*) to markthosewordsthataren’t spelledcorrectly.
The correct forms, pairedvertically with the incorrectones,are shown below.
Spacesareusedto line up thetwo stringsletter-by-letterascloselyaspossible.

try s tryed plot ed plot ing wiggleed wiggleing
tries tried plotted plotting wiggl ed wiggl ing

Therearemany ways to characterizethe differencesor ALTERNATIONS be-
tweenthe two LEVELS of strings,but we notein roughtermsthatsometimeslet-
tersneedto bechanged,suchasa y becomingi in tried, or added,asin *ploting
becomingplotting, or deleted,asin *wiggleingbecomingwiggling. Thesealterna-
tionsfrom onelevel to theothercanbedescribedby finite-stateRULES written in
theform of Xerox replacerulesor perhapstwolc, analternativeformalism.

Rulesthatdescribephonologicalandorthographicalalternationscanbeviewed
asinfinite string-to-stringrelationsjust like thesimplelowercase/uppercaserule in
Figure1.30. They naturallytendto bemorecomplicatedto express,but thereis
no fundamentaldifference. To discussthis idea in more depthwe first have to
introducethelastoperationin thissection.

Composition

The operationof COMPOSITION is a little morecomplex thanthe oneswe have
seensofar. Compositionis anoperationon two relations,andtheresultis a new
relation. If onerelationcontainsthe orderedpair x, y andthe otherrelation
containstheorderedpair y, z , the relationresultingfrom composing x, y
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and y, z , in thatorder, will containtheorderedpair x, z . Compositionbrings
togetherthe“outside”componentsof thetwopairsandeliminatesthecommonone
in themiddle,asshown in Figure1.42.

< x, y >  composed with < y, z >

Common Middle Elements

Outer Elements

Result of the composition:  < x, z >

Figure1.42:TheCompositionof theOrderedPairs x, y and y, z . The
commonmiddleelementy is eliminatedin theresult,which is theorderedpair

x, z .

Looking backat the royal family tree in Figure1.29, we seethat somenew
relationscan be definedin termsof the othersby way of composition. For ex-
amplethe father-in-law relation, Philip, Diana , John,Charles , is obvi-
ously thecompositionof father, Philip, Charles , John,Diana , Charles,
William , and spouse, Elisabeth,Philip Philip, Elisabeth , Frances,
John , John,Frances , Diana,Charles , Charles,Diana . The grand-
father relation, Philip, William , John,William , is the compositionof
fatherandparent.

To illustratecompositionwith a verysimplestringexample,considertherela-
tion “cat ”, “chat ” andtherelation “chat ”, “Katze ” . Theresult
of thecompositionis “cat ”, “Katze ” , where“chat ” and“Katze ” hap-
pento betheFrenchandGermanwordsfor “cat ”, respectively.

Without going into too many technicaldetails,it is useful to have a general
idea of how compositionis carriedout when suchstring-to-stringrelationsare
representedby finite-statenetworks.Thetransducersrepresentingthetworelations
areshown in Figure1.43. Unlabeledarcsin thesediagramsshouldbeunderstood
to beepsilonarcs.

We canthink of compositionof transducersasa two-stepprocedure.First the
pathsof thetwo networksthathave amatchingstringin themiddlearemerged,as
shown in Figure1.44. Themethodof finding thematchingpathis essentiallythe
sameasdescribedin Sections1.3.3and1.3.4on AnalysisandGenerationexcept
thatherewe aretrackinga string in two networkssimultaneously. We thenelim-
inatethe string “chat ” in the middle, giving us a transducerthat directly maps
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c a t

c h a t

c h a t

K a t z e

Figure1.43:The “cat ”, “chat ” and “chat ”, “Katze ” Transducers

c a t

c h a t

K a t z e

Figure1.44:Merging “cat ”, “chat ” with “chat ”, “Katze ”

“cat ” to “Katze ”, andvice versa,asshown in Figure1.45. If we wereto com-
posein theoppositeorder, that is “chat ”, “Katze ” with “cat ”, “chat ” ,
theresultwould be the emptyrelationbecausethereis no matchingstring in the
middle.

a tc

K a t z e

Figure 1.45: The Composition of “cat ”, “chat ” with “chat ”,
“Katze ” . Thecommonstring“chat ” in themiddledisappearsin thecom-
position.

Let us move on to a lesstrivial exampleof networkcomposition,a casein
which oneof the relationsis infinite. This time we will composethe “cat ”,
“chat ” networkwith the lowercase/uppercasetransducerin Figure1.30. For
conveniencewe draw the networkagainin Figure1.46, makingmoreof its nu-
merousloopingarcsexplicit. Thefirst stepin thecompositionalgorithmgivesus
thestructurein Figure1.47.As in Figure1.31,we linearizethelooping “chat ”,
“CHAT” path.Thesecondstepeliminatesthemiddle-level “chat ” string,giving
usthenetworkin Figure1.48.
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c: C

h: H

a: A

t : T

. . .  et c.

Figure1.46:TheLowercase/UppercaseTransducer

c a t

c h a t

C H A T

Figure 1.47: Merging “cat ”, “chat ” with the Lowercase/Uppercase
Transducer

c a t

C H A T

Figure1.48:Compositionof “cat ”, “chat ” with thelowercase/uppercase
networkin Figure1.46

Projection

It is often usefulto extract onesidefrom a givenrelation. This simpleoperation
on relationsis calledPROJECTION. Fromthe lowercase/uppercaserelationrepre-
sentedin Figure1.46, we canderive a network for all lower casestringsor for
all uppercasestringsby just systematicallyrelabelingthearcsin thedesiredway.
The UPPER projectionis obtainedby replacinga:A by a, c:C by c , andso on.
The LOWER projectionis obtainedby replacingeachpair labelwith the lower (=
second)memberof thepair.

1.6 Compositionand Rule Application

If we think of the lowercase/uppercasetransducerasrepresentinganorthograph-
ical rule, thenthe compositionof the two networksin Figure1.48 is in effect the
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APPLICATION of this ruleon thelowersideof the “cat ”, “chat ” pair. When
a string-changingrule is representedby a finite-statetransducer, compositionand
rule applicationbecomeessentiallythe samenotion. Thereareonly a coupleof
minorpointsof difference.

The first differenceis that compositionis technicallydefinedasanoperation
ontwo relations,whereaswegenerallythink of linguistic rules,suchasthechange
of y to i in somecontext, asbeing appliedto individual underlyingstringslike
“ trys ”. But it is easyto bridgethegapbetweenthetraditionalintuition andthe
formalism.Theapplicationof thelowercase/uppercaseruleto anindividualstring,
suchas“chat ”, canbeseenasthecompositionof thecorrespondingidentity re-
lation “chat ”, “chat ” with thelowercase/uppercaserelation,which gives
ustheresultin Figure1.49.

c h a

C H A T

t

Figure1.49:An applicationof theupper-casingrule

We mustof coursebeawareof thedistinctionbetweena string, the language
consistingof thestring,andthe identity relationon that language;but in fact we
can(anddo)usethesamenetworkto representall threenotionsat thesametime.

The secondunimportantdifferenceis that linguists tendto think of rule ap-
plicationasa processthatyields a string asits output,andnot assomethingthat
yieldsaninput/outputrelationasin Figure1.49.But it is of coursea trivial matter
to obtaintheoutputlanguagefrom theinput/outputrelationby projection,i.e. by
extractingthelower-sidelanguage “CHAT” .

Oncewe think of rule applicationas composition,we immediatelyseethat
a rule can be appliedto several words, or even a whole languageof words, at
the sametime if the words are representedas a finite-statenetwork. Two rule
transducerscanalsobe composedwith oneanotherto yield a single transducer
thatgivesthesameresultasthesuccessiveapplicationof theoriginal rules,justas
our “cat ”, “Katze ” transducertranslatesdirectly from English“cat ” to
German“Katze ”, eliminatingtheintermediateFrenchtranslation“chat ”.

1.7 Lexicon and Rules

Thisis notyetthetimeto gointo thedetailsof reallinguisticrules.Thetransducers
thatrepresentthemareoftenvastlymorecomplex thantheone-statenetworkin our
previousexample. For the time being,let us ignorethe internaldetailsandthink
of a transducerthat, for example,mapsthe incorrectstring“ trys ” to thecorrect
string“ tries ” asshown in theblackbox in Figure1.50.
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Finite-State Transducer
Compiled from Rules

tries

trys

Figure1.50:RulesMapAbtractLEXICAL Stringsinto SURFACE Strings

Typically, thelexicon is a finite-statetransducer, definedwith a lexc program,
thatgeneratesmorphotacticallywell-formedbut still ratherabstractstrings.Such
stringsaresometimescalled“underlying”, morphophonemicor, in thefinite-state
tradition,LEXICAL strings.Rulesthenmaptheabstractlexicalstringsinto properly
spelledSURFACE strings. This schemesupposesat leasttwo separatelydefined
finite-statenetworksasin Figure1.51.

Surface Strings

Rule Transducer Maps Lexical
Strings to Surface Strings

Lexicon Transducer Generates
Abstract "Lexical" Strings

Figure1.51:LexiconandRuleTransducersWork Together

Fromtheperspective of a linguist, this ideaappearstoo simple.Themapping
betweenlexical stringsand surfacestringscan be very complex. It is certainly
not possibleto describedozensof morphologicalalternationsby a single rule.
Orthographicalandphonologicalrulesare typically aboutthe realizationof just
onesymbol, for example,y/ie alternationin English,or abouta particularclass
of symbolssuchasword-finaldevoicing in German.Thelinguistic descriptionof
thephonologicalandmorphologicalalternationsof naturallanguagestypically re-
quiresdozensof rules.And thereareotherpossiblecomplications:somerulesmay
have exceptions,andsomerulesmayhave priority over otherrules.
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For centuries,goingbackto thefamousSanskritgrammarianPanini who lived
around500 BC, linguistshave describedphonologicalalternationsandhistorical
soundchangesin termsof UNDERLYING stringsand REWRITE RULES that are
appliedin a givenorderwith the outputof onerule “feeding” the next (seeFig-
ure1.52).Theoutputof a rewrite rule is anINTERMEDIATE string,with theoutput
of the final rule beinga SURFACE string. Most modernphonologistsmodel the
underlying,intermediateandsurfacestringsassequencesof phonemes,which in
turnarebundlesof features;thealternationrulescanmatchandmodify individual
featureswithin phonemes.In computationallinguistics,we usuallydealwith or-
thographicalsymbolsratherthanphoneticfeaturebundles,but theprincipleis the
same.

Intermediate String

Intermediate String

Intermediate String

Underlying String

Surface String

Rewrite Rule 2

Rewrite Rule 3

Rewrite Rule n

Rewrite Rule 1

Figure1.52:TheClassicPhonologicalParadigmChangingUnderlyingStrings
into SurfaceStringsVia aCascadeof Rewrite Rules

It wasC. DouglasJohnson(Johnson,1972)who apparentlyfirst realizedthat
thephonologicalrewrite rulesusedby linguistscouldtheoreticallybemodeledas
finite-statetransducers(FSTs).Furthermore,individualrule transducerscanbear-
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Intermediate String

Intermediate String

Intermediate String

Surface String

Rule FST 1

Rule FST 2

Rule FST 3

Rule FST n

Underlying String

C
O

M
P

O
S

IT
IO

N

Single Rule FST

Underlying String

Surface String

Figure1.53:A Cascadeof AlternationRules,Compiledinto Finite-StateTrans-
ducers,CanbeCombinedinto a SingleEquivalentFSTvia Composition.This
mathematicalpossibility, shownby Johnson,canbeperformedin practiceusing
theXerox finite-statesoftware.

rangedin a cascadein which the outputof onetransducerservesasthe input for
the next one. Johnsonalsoobservedthat for any cascadeof transducersthatper-
formsaparticularmapping,thereexistsin theoryasingletransducerthatperforms
the samemappingin a singlestep. This single transducercan be computedby
successively composingthe transducerswith oneanotheruntil just oneremains.
In otherwords,even if themappingbetweenlexical stringsandsurfacestringsis
very complex andcannotbedescribedby justonerule,we canin principlealways
producea singlerule transducerthatdoestheequivalentmapping,asFigure1.53
illustrates.

In finite-statestatesystemswe can in fact go one stepfurther. Finite-state
rulesapply to entirelexicons,which arealsoencodedasfinite-statetransducers,
so the separatelexicon networkand rule networkshown in Figure 1.51 can be
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Language of Lexical Strings

Single Lexical Transducer

Language of Surface Strings

Figure1.54: The Lexicon andRule Networksof Figure1.51Composedinto
a SingleFinite-StateTransducer, Calleda Lexical Transducer. A lexical trans-
ducerincorporatesall the informationfrom the lexicon andtherulesandpro-
videsa direct mappingbetweenunderlyinglexical stringsandsurfacestrings,
with no intermediatelevels. Sucha lexical transducercanbeappliedvery ef-
ficiently to input stringsusingstandardalgorithmsthatarealreadywritten and
whicharecompletelylanguage-independent.

composedtogetherinto a singleall-inclusivenetwork,a LEXICAL TRANSDUCER,
asshown in Figure1.54.Suchalexicontransducerincorporatesall thelexiconand
rule informationin asingledatastructure,mappingdirectlybetweenalanguageof
underlyingor “lexical” stringsanda languageof surfacestrings.

Anotherway arrive at a single lexical transduceris to usethe two-level rule
formalisminventedby Kimmo Koskenniemi(Koskenniemi,1983). Like classi-
cal rewrite rules, two-level rulescan alsobe modeledasfinite-statetransducers
(Karttunenetal., 1987),anda systemof two-level rulescanbecomposedwith the
lexicon to produceasingletransducer(Karttunenetal., 1992).

1.8 WhereWeareHeading

TheXerox compilerslexc andtwolc, andtheinterfacexfst, arethetoolsthat lin-
guistsuseto createfinite-statenetworks,includingthe lexical transducersthatdo
morphologicalanalysisandgeneration.You will learnhow to use lexc to build
finite-statelexicons,addingbaseformsanddescribingthemorphotacticpossibili-
ties for eachword. In fact lexc is just oneof several waysto specifyfinite-state
transducers,but it is especiallydesignedto facilitate the work of the lexicogra-
pher. You will also learn to usereplacerules to formalize the alternationrules
traditionallyusedin phonology. You mayalsolearntheformalismof twolc rules,
Koskenniemi’stwo-level alternative to replacerulesfor which Xerox alsooffersa
compiler. And you will learnto usethe full arsenalof the Finite-StateCalculus,
availablethroughthexfst interface,to combine,customize,testandconstrainyour
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systemsto fit yourneeds.
Becauseall the lexicons andrulesdefinedby the linguist arecompiledinto

finite-statenetworks,they can(respectingsomeformal mathematicalrestrictions)
becombinedtogetherusingany operationsthatarevalid for finite-statenetworks,
includingunion,concatenation,subtraction,intersection,andcomposition.Lexi-
con networksarealmostalwayscomposedtogetherwith rule networksthat map
the somewhat abstractlexical stringsinto correctlyspelledsurfacestrings. For
somenaturallanguages,it is possibleandconvenientto divide up the work, do-
ing nouns,verbs,andadjectivesseparately;the resultingsublanguagenetworks
canthensimplybeunionedtogetherinto a singlelexical transducerwhenthey are
finished.

And why doesn’t everyonedo computationallinguistics this way? Because
althoughthe mathematicalpropertiesof finite-statenetworkshave beenwell un-
derstoodfor a long time, robustandefficient computeralgorithmsandcompilers
to build andmanipulatefinite-statenetworksproveddifficult towrite andhavebeen
availableonly sincethemid 1980s;they arestill beingrefined.TheXerox Finite-
StateCalculusandcompilersmakepracticalwhatwasonlyatheoreticalpossibility
a few yearsago.

1.9 Finite-StateNetworks areGoodThings

Without gettinginto formal detailsof how finite-statelanguagesdiffer from other
kinds of formal languages,suchascontext-freeand context-sensitive languages,
we do wantto emphasizeherethatcomputingwith finite-statemachinesis attrac-
tive.First,themathematicalpropertiesof finite-statenetworksarewell understood,
allowing usto manipulateandcombinefinite-statenetworksin waysthatwouldbe
impossibleusingtraditionalalgorithmicprograms;thereis a mathematicalbeauty
to finite-statecomputingthattranslatesinto unparalleledflexibility . Second,finite-
statenetworksarecomputationallyefficient for taskslike natural-languagemor-
phologicalanalysis,resultingin phenomenalprocessingspeeds.Third, in most
cases,finite-statenetworkscanstorea greatdealof informationin relatively lit-
tle memory, andfinite-statenetworkscanbefurthercompressedusingcommercial
Xerox technology.

Fromadevelopmentpointof view, finite-stateprogrammingis declarative; the
linguist encodesfactsaboutthe languagebeingmodeled,not adhoc algorithms.
The algorithmsthat arerequiredfor the compilationof networks,andfor apply-
ing themto do analysisandgeneration,arepart of the toolkit andarecompletely
language-independent.Multiple languagemodulesthereforeall sharethe same
runtime “engine”, and addingnew languagemodulesto an existing systemin-
volvesjustpluggingnew finite-statenetworksinto theexisting framework. Finite-
statemorphologyis anexcellentexampleof theprincipleof separatinglanguage-
independentcodefrom language-dependentdatain natural-languageprocessing
systems.
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1.10 Exercises

It takessomemind-tuningto becomeskilled in thinkingaboutandcomputingwith
finite-statenetworks;it is averydifferentparadigmfrom thewriting of procedures
andalgorithms. Throughoutthe book, we will presentexercisesto consolidate
whathasbeenlearned,andthesearethefirst. Beawarethatsuperficiallydifferent
solutionsmaybeequivalent.

1.10.1 The Better Cola Machine

Startingfrom theexamplein Section1.2.3,considera slightly moresophisticated
colamachinethatreturnschange.As in theoriginalColaMachine,thevalid inputs
arenickels(N) worth 5 cents,dimes(D) worth 10 centsandquarters(Q) worth
25 cents;andit still costs25 centsfor a drink. As before,we won’t try to model
theselectionor thedeliveryof drinks,but thenew andbettermachineshouldnow
returnappropriatechangewhenyouentertoomuchmoney. In particular:

If themachinehasreachedthefinal stateandtheusercontinuesto addcoins,
theextra coinswill simplybereturnedto theuser.

If the userentersa partial sum,e.g. 2 dimes(equalto 20 cents),andthen
(s)heenterstoo muchmoney (i.e. eitheranotherdimeor aquarter),thenthe
machinewill move into thefinal stateandreturnappropriatechange.

Your taskis to draw this bettercolamachineusingstatesandlabeledarcs.
Hints:

1. Startwith themachineasshown in Figure1.8. All thestatesandarcsin this
machinearestill valid for thisexercise.

2. Arbitrarily, we will chooseto think of enteringcoinsasa kind of GENER-
ATION, so we will matchour inputsagainstthe upper-sidesymbolsof the
network.

3. Wewill needto modelthenew machineasatwo-level transducer, with input
symbolson top of the arcsandoutputsymbolson the bottomof the arcs.
Use epsilonsymbolswherenecessaryso that thereis alwaysonesymbol
(or epsilon)above, andonesymbol(or epsilon)below, eacharc. Symbols
indicatingourchange(akindof output)shouldappearonthebottomof arcs.

4. From the final state,thereshouldbe threearcsthat loop back to the final
state:

Onelabeledwith N on top andN on thebottom

Onelabeledwith D on top andD on thebottom

Onelabeledwith Q on topandQ on thebottom
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Thismodelswhathappenswhentoomuchmoney is entered:theextracoins
aresimply returned.

5. Youwill needtocreatesomenew intermediatestatesin thenetworkdiagram.

Tracethebehavior of yourmachinethroughthefollowing scenarios:

If youenterexactly25cents,youshouldreachthefinal stateasin theoriginal
colamachine,with nochangereturned.

If you entera quarterandthena nickel,you shouldreachthefinal stateand
getbacka nickel.

If you entertoo little money, you shouldnot reachthe final state(andyou
will thereforego thirsty).

If you enterthreedimes(“DDD”) you shouldreachthe final stateandget
backa nickel (N).

If you enterthreenickelsandthena quarter, the machineshouldreachthe
final stateandreturn15centsin someappropriatecombinationof coins(the
choiceof coinsto bereturnedis up to you).

Imagineandhandleall otherpossiblescenariosto makesurethatyour ma-
chineis robustandhonest.

Onesolutionto thisexerciseis shown onpage621.

1.10.2 The Softdrink Machine

Thenext exerciseis to draw anevenmoresophisticatedSoftdrinkMachine.This
Softdrink Machinegivescorrectchange,allows you to chooseandreceive your
favorite drink, andeven allows you to abortyour purchase(andget your money
back)by pressingtheCoinReturnbutton.

1. Startwith acopyof TheBetterColaMachine.All thestatesandarcsremain
valid for this exercise.

2. In additionto theold inputs,N, D andQ, theSoftdrinkmachinealsohasthe
following legal inputsin its alphabet:

C, which is whatyou inputwhenyoupresstheCola button

O, which is whatyou inputwhenyou presstheOrangebutton

L , which is whatyou inputwhenyou presstheLemon-Lime button

R, which is whatyou inputwhenyoupresstheCoin Return button
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We arbitrarily chooseto view the machineasa generator, so all the input
symbols,includinginputcoinsandC, O, L andR, shouldappearon thetop
of arcs.Outputsymbols,representingdrinksandreturnedcoins,appearon
the lower sideof arcs,roughly matchingour experienceof whereoutputs
appearon realsoft-drinkmachines.I.e. we entercoinsin a slot towardthe
top,andthedrinksandany changefall out towardthebottom.

3. In additionto theold outputs,N, D andQ (representingchangefrom over-
payment),the new SoftdrinkMachinealsohasthe following possibleout-
puts:

COLA , a multicharactersymbolrepresentinga canof cola

ORANGE, a multicharactersymbolrepresentinga canof orangesoda

LEMONLIME , amulticharactersymbolrepresentingacanof lemon-
lime soda

TheoutputsymbolsCOLA , ORANGE andLEMONLIME shouldappear
only on thebottomof appropriatearcs.

4. Fromthefinal state,enteringC shouldcauseCOLA to bereturned,andthe
machineshouldmove backinto theStartstate(andsimilarly for O andL ).
In otherwords,thereshouldbeanarcleadingfrom thefinal stateto thestart
state, with C on top,andCOLA on thebottom.

5. Froma non-finalstate,enteringC, O or L shouldhave no effect. Thema-
chineshouldaccepttheinput, loop backto thesamestate,andoutputnoth-
ing.

6. From any state,enteringR shouldcauseany money alreadyenteredto be
returned,and the machineshouldtransitionback to the startstate. When
giving changeandwhenperformingacoin return,don’t worry aboutreturn-
ing thesamecoins;just returnsomecombinationof coinsaddingup to the
amountalreadyentered.

Anticipateandhandleall possibleinputscenariossothatyourmachineis hon-
estandrobust. Testit, by tracingthepaththroughthestatesandarcs,for at least
thefollowing cases:

Youenter“DNNNC”. Themachineshouldreturn“COLA”.

Youenter“DDNQNO”. Themachineshouldreturn“QNORANGE”.

Youenter“DDDL”. Themachineshouldreturn“NLEMONLIME”.

Youenter“DDQC”. Themachineshouldreturn20cents(in someappropriate
combinationof coins)anda“COLA”.
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Youenter“NNNLDO”. Themachineshouldreturn“ORANGE”.

You enter“NDR”. Themachineshouldreturn15 cents,in someappropriate
combinationof coins.

1.10.3 Relationsand Relatives

Father-in-Law

In Section1.5.3 on Compositionwe suggestedthat the father-in-law relation is
thecompositionof the fatherandspouserelations.Perhapsthis is wrong. When
CharlesandDianaweremarried,Diana’smotherFrancesandDiana’s fatherJohn,
the8thEarlof Spencer, haddivorced.FranceshadbecomeMrs.RaineMcCorquo-
dale. In the meantimeshe had also beenmarried to Mr. PeterKydd. While
Mr. Kydd is clearlynot PrinceCharles’father-in-law, perhapsMr. McCorquodale
is, by virtue of beingthehusbandof Diana’smother. In thatcaseCharleshastwo
fathers-in-law.

Using compositionand possiblyother set operations,give a new definition
of father-in-law that givesus the relation Philip, Diana , John,Charles ,

Raine,Charles , expandingthefamily treeasshown in Figure1.29.

Cousin

Theinverseof a relationR, denotedR , consistsof thesamepairsasR but in the
oppositeorder. Thushusbandis thesamerelationaswife ; child is theinverseof
parent, andviceversa.

Give a definitionof cousinusinginverserelations,composition,andpossibly
othersetoperationsto ensurethat no oneis his own cousinor the cousinof his
brotheror sister.

Hint: Youmayfind it convenientto startby definingsiblingasthecomposition
of child and parent minus the identity relation. The subtractionof the identity
relationis requiredto satisfytheintuition thatnooneis his own sibling.

1.10.4 Lowercase/UppercaseComposition

Thecompositionof thenetworkrepresenting “Katze ”, “Katze ” with the
lowercase/uppercasetransducerin Figure1.46yieldstheemptyrelationasthere-
sult Why? Becausethe string “Katze ” containsboth uppercaseand lowercase
letters.Thusit is is neitherin theuppernor thelower languageof thenetwork.

Whatmodificationin thenetworkin Figure1.46needsto bemadeif we want
theoutcomein Figure1.55whenthe“Katze ” networkcomesfirst in thecompo-
sition?

Whatresultdowegetif weputthenew lowercase/uppercasetransducerontop
andcomposeit with a networkrepresenting “KATZE”, “KATZE” . Why?
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A T Z EK

a t z eK

Figure1.55:New upper-caseruleappliedto “Katze ”
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A setof strings,a LANGUAGE, canbe representedasa simplefinite-state
networkthatconsistsof statesandarcsthatarelabeledby atomicsymbols.
Eachstring(= word) of thelanguagecorrespondsto a pathin thisnetwork.

A setof pairsof strings,a RELATION, canbe representedasa finite-state
transducer. Thearcsof thetransducerarelabeledby symbolpairs.Eachpath
of the transducerrepresentsa pair of stringsin therelation. Thefirst string
belongsto the UPPER language,the secondstring belongsto the LOWER

languageof therelation.

New languagesandrelationscanbe constructedby setoperationssuchas
UNION, CONCATENATION, and COMPOSITION. Theseoperationscanalso
bedefinedfor finite-statenetworksto createa networkthatencodesthere-
sulting languageor relation. SomenetworkoperationssuchasINTERSEC-
TION andSUBTRACTION canbedefinedonly for languages,notfor relations.

In this chapterwe will examinein greaterdetail therelationshipbetweenlan-
guagesandrelations,their descriptions,andthe finite-stateautomatathatencode
them.Wewill try to bepreciseandclearwithoutbeingpedantic.Wewish to avoid
introducingtoomany formaldefinitionsandirrelevantdetails.This is asystematic
introductionratherthana formal one. We will not presentproofs, theorems,or
detailedalgorithmsbut will includesomereferencesto wherethey canbefound.

2.2 BasicConcepts

Finite-statenetworkscan representonly a subsetof all possiblelanguagesand
relations;thatis, only somelanguagesarefinite-statelanguages.Oneof thefunda-
mentalresultsof formal languagetheory(Kleene,1956) is thedemonstrationthat
finite-statelanguagesarepreciselythesetof languagesthatcanbedescribedby a
REGULAR EXPRESSION.

Figure2.1 givesa simpleexamplethat shows (1) a minimal regular expres-
sion,(2) thelanguageit describes,and(3) a networkthatencodesthelanguage.It
illustrateshow thesenotionsarerelatedto oneanother.

As Figure2.1 indicates,a regular expressionDENOTES a setof strings(i.e. a
language)or asetof stringpairs(i.e. arelation).It canbeCOMPILED INTO afinite-
statenetworkthatcompactlyENCODES thecorrespondinglanguageor relationthat
maywell beinfinite.

The languageof regular expressionsincludesthe commonset operatorsof
Booleanlogic andoperatorssuchasconcatenationthat arespecificto strings. It
follows from Kleene’s theoremthat for eachof the regular-expressionoperators
for finite-statelanguagesthereis a correspondingoperationthatappliesto finite-
statenetworksandproducesa network for the resultinglanguage.Any regular
expressioncanin principlebecompiledinto asinglefinite-statenetwork.

Wecanbuild afinite-statenetworkfor acomplex languageby first constructing
a regularexpressionthatdescribesthe languagein termsof setoperationsandby
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encodes

{ " a" }

LANGUAGE / RELATION

compiles into
a

REGULAR EXPRESSION
a

FINITE-STATE NETWORK

de
no

tes

Figure2.1: RegularExpression Language Network.

thencompilingthatregularexpressioninto anetwork.Thisis in generaleasierthan
constructingacomplex networkdirectly, andin fact it is theonly practicalwayfor
all but themosttrivial infinite languagesandrelations.

We usetheterm FINITE-STATE NETWORK to cover bothsimpleautomatathat
encodea regular languageandtransducersthatencodea regular relation. A net-
work consistsof STATES andARCS. It hasa singledesignatedSTART STATE and
any number(zeroor more)of FINAL STATES. In our networkdiagramsstatesare
representedby circles. The leftmostcircle is the start state;final statesaredis-
tinguishedby a doublecircle. Eachstateis the origin of zero or more labeled
arcsleadingto somedestinationstate.Thearclabelsareeithersimplesymbolsor
symbolpairsdependingon whetherthenetworkencodesa languageor a relation
betweentwo languages.Eachstringor pair of stringsis encodedasa pathof arcs
thatleadsfrom thestartstateto somefinal state.In thenetworkof Figure2.1there
is just onepath; it encodesthe string “a”. Unlike many introductorytextbooks,
we do not treatsimplefinite-stateautomataandtransducersasdifferenttypesof
mathematicalobjects.Ourpresentationreflectsrathercloselythedatastructuresin
theactualXerox implementationof finite-statenetworks.We hopeit is asprecise
but moreapproachablethana rigorousformal introductionin termsof n-tuplesof
setsandfunctions(RocheandSchabes,1997).

2.3 SimpleRegular Expressions

We will startwith a simpleregular-expressionlanguageandexpandit laterin Sec-
tion 2.4 with moreconstructionsandoperators.Even this initial descriptionin-
troducesmany more typesof regular expressionoperatorsthancan be found in
classicalcomputerscienceliterature(Hopcroft andUllman, 1979). Becausethe
expressionsweusearemeantto betyped,on thecomputer, ournotationis slightly
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48 CHAPTER2. A SYSTEMATIC INTRODUCTION

different from what is usedin most textbooks. No Greeksymbols,just simple
ASCII text.

We definethe syntaxand the semanticsof the languagein parallel. Many
regular-expressionoperationscanbeappliedbothto regular languagesandto reg-
ular relations.But someoperatorscanbe appliedonly to expressionswhosede-
notationis semanticallyof thepropertype,a languageor a relation. In particular,
complementation,subtraction,andintersectioncanbe appliedto all regular lan-
guagesbut only to a subsetof regular relations. This issuewill be discussedin
detailin Section2.3.3.

However, we areintentionallyandsystematicallynot makinga distinctionbe-
tweena languageandtheidentity relationon that language.Theidentity relation
is therelationthatmapseverystringto itself. If anoperationsuchasconcatenation
is applicableto bothlanguagesandrelationsandif oneoperanddenotesalanguage
andtheothera relation,we will automaticallyinterpretthe formerasthe identity
relationon thelanguage.Thustheresultwill bea relationasusual.

2.3.1 Definitions

We first introducesomeatomicexpressionsandthenconstructmorecomplex for-
mulaswith brackets,parentheses,braces,and regular-expressionoperators. In
this sectionwe definea family of basicoperators:optionality, iteration, comple-
mentation, concatenation, containment, ignoring, union, intersection, subtraction,
crossproduct, projection, reverse, inverse, andcomposition. More operatorswill
beintroducedin Section2.4.

In the following definitionswe useuppercaseletters,A, B, etc.,asvariables
over regular expressions.Lower caseletters,a, b, etc., standfor symbols. We
shallhavemoreto sayaboutsymbolsin Section2.3.6.

Atomic Expressions

The EPSILON symbol0 denotestheempty-stringlanguageor thecor-
respondingidentity relation.

The ANY symbol? denotesthe languageof all single-symbolstrings
or thecorrespondingidentityrelation.Theemptystringis not included
in ?.

Any singlesymbol,a, denotesthe languagethat consistsof the cor-
respondingstring,here“a”, or the identity relationon that language.

Any pair of symbolsa:b separatedby a colon denotesthe relation
thatconsistsof thecorrespondingpair of strings, “a”, “b” . We
referto a astheUPPER symbolof thepaira:b andto b astheLOWER

symbol.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



2.3. SIMPLEREGULAREXPRESSIONS 49

A pair of identicalsymbols,exceptfor thepair ?:? , is consideredto
beequivalentto thecorrespondingsinglesymbol.For example,wedo
notdistinguishbetweena:a anda.

Thepair?:? denotestherelationthatmapsany symbolto any symbol
includingitself. Theidentity relation,denotedby ?, is asubrelationof
?:? thatmapsany symbolonly to itself. Because? doesnotcover the
emptystring,?:? is anexampleof anEQUAL-LENGTH RELATION: a
relationbetweenstringsthatareof thesamelength.In thiscase,length
= 1.

Theboundarysymbol.#. designatesthebeginningof a stringin the
left context andtheendof thestringin theright context of a restriction
or a replaceexpression.SeeSections2.4.1and2.4.2for discussion.
.#. hasnospecialmeaningelsewhere.

Brackets

[A] denotesthesamelanguageor relationasA.

[] denotesthe emptystring language,i.e. the languagethat consists
of theemptystring. [] is thusequivalentto 0.

[. .] hasaspecialmeaningin replaceexpressions.SeeSection2.4.2
for discussionof dottedbrackets.

In order to ensurethat complex regular expressionshave a uniquesyntax,
we shouldin principle insist thatall compoundexpressionsconstructedby
meansof anoperatorbeenclosedin brackets.However, in keepingwith the
commonpractice,we do not insistoncompletebracketing.As we shallsee
shortly, somesyntacticambiguitiesaresemanticallyirrelevant. Bracketing
canalsobe omittedwhen the intendedinterpretationcan be derived from
the rulesof operatorprecedencepresentedin Section2.3.5. However, we
often addbracketsjust for clarity, to mark off the regular expressionfrom
thesurroundingtext.

Becarefulto distinguishsquarebracketsfrom roundparentheses.Parenthe-
sesindicateoptionality.

Optionality

(A) denotesthe union of the languageor relationA with the empty
stringlanguage.I.e. (A) is equivalentto [A | 0] .

Restriction:None.A canbeany regularexpression.

Iteration

A+ denotestheconcatenationof A with itself oneor moretimes. The
+ operatoris calledKleene-plusor sigma-plus.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



50 CHAPTER2. A SYSTEMATIC INTRODUCTION

A* denotestheunion of A+ with theemptystring language.In other
words, A* denotesthe concatenationof A with itself zero or more
times. The * operatoris known asKleene-staror sigma-star. ?* de-
notestheUNIVERSAL LANGUAGE, thesetof all stringsof any length
includingzero.[?:?]* , equivalentto thenotation?:?* , denotesthe
UNIVERSAL EQUAL-LENGTH RELATION, themappingfrom any string
to any stringof thesamelength.

Restriction:None.A canbeany regularexpression.

Complementation

A denotesthecomplementlanguageof A, thatis, thesetof all strings
thatarenot in thelanguageA. Thecomplementationoperator is also
callednegation. A is equivalentto [?* - A] .

\A denotesthetermcomplementlanguage,thatis, thesetof all single-
symbolstringsthat arenot in A. The \ operatoris alsocalled term
negation. \A is equivalentto [? - A] .

Restriction: In both typesof complementation,A mustdenotea language.
The operationis not definedfor relations. For more about this topic see
Section2.3.3.

Concatenation

[A B] , equivalentto the notationA B, denotestheconcatenationof
the two languagesor relations. The white spacebetweenregular ex-
pressionsservesastheconcatenationoperator. ConcatenationisanAS-
SOCIATIVE operation,thatis, [A [B C]] isequivalentto [[A B] C] .
Becausetheorderin whichmultipleconcatenationsareperformedmakes
nodifferencefor theresult,wecanignoreit andwritesimply[A B C]
omitting theinnerbrackets.This is anexamplewherea syntacticam-
biguity is semanticallyirrelevant. The sameappliesto all associative
operations.

s , wheres is somestringof alphanumericsymbols“abc... ” de-
notestheconcatenationof thecorrespondingsingle-charactersymbols
[a b c ...] . For example, word is equivalentto [w o r d] .

Aˆn denotesthe n-ary concatenationof A with itself. n mustbe an
integer. For example,aˆ3 is equivalentto [a a a] .

Aˆ<n denoteslessthann concatenationsof A, including the empty
string. For example,aˆ<3 denotesthe languagecontaining“” (the
emptystring),“a”, and“aa”.

Aˆ>n denotesmorethann concatenationsof A. For example,aˆ>3 is
equivalentto [a a a a+] .
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Aˆ{i,k} denotesfrom i to k concatenationsof A. For example,the
languageaˆ{1,3} containsthestrings“a”, “aa”, and“aaa ”.

Restriction:None.A andB canbeany regularexpressions.

Containment

$A denotesthelanguageor relationobtainedby concatenatingtheuni-
versal languageboth as a prefix and as a suffix to A. For example,
$[a b] denotesthesetof stringssuchas“cabbage ” thatcontainat
leastoneinstanceof “ab” somewhere.$A isequivalentto [?* A ?*] .

Restriction:None.A canbeany regularexpression.

Ignoring

[A / B] denotesthelanguageor relationobtainedfromA by splicing
in B* everywherewithin thestringsof A. For example,[[a b] / x]
denotesthesetof stringssuchas“xxxxaxxbx ” thatdistort “ab” by
arbitraryinsertionsof “x”. Intuitively, [A / B] denotesthelanguage
or relationA ignoringarbitraryburstsof “noise” from B.

[A ./. B] denotesthelanguageor relationobtainedfromAbysplic-
ing in B* everywherein the inside of the elementsof A but not at
the edges.For example,[[a b] ./. x] containsstringssuchas
“axxxb ” but not “xab ” or “axbx ”.

Restriction:None.A andB canbeany regularexpressions.

Union

[A | B] denotesthe union of the two languagesor relations. The
unionoperator| is alsocalledDISJUNCTION. Theunionoperationis
associativeandalsoCOMMUTATIVE; thatis, [A | B] and[B | A]
denotethesamelanguageor relation.

Restriction:None.A andB canbeany regularexpressions

Intersection

[A & B] denotestheintersectionof thetwo languages.Theintersec-
tion operator& is alsocalledCONJUNCTION. Theoperationis associa-
tive andcommutative. Intersectioncanbeexpressedin termsof com-
plementationandunion. [A & B] and [ A | B] areequiva-
lent.

Restriction:A andB mustdenotelanguagesor equal-lengthrelations.Re-
lations cannot,in general,be intersected.We explain the reasonin Sec-
tion 2.3.3.
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Subtraction

[A - B] denotesthelanguageof all thestringsin A thatarenotmem-
bersof B. [A - B] is equivalentto [A & B] . Subtractionis nei-
therassociativenorcommutative.
The two varietiesof complementationintroducedabove couldbe de-
fined in termsof subtractionbecause A is equivalentto [?* - A]
and\A is equivalentto [? - A] .

Restriction:A andB shoulddenotelanguagesor equal-lengthrelations.Re-
lationscannot,in general,besubtracted.

Crossproduct

[A .x. B] denotestherelationthatpairseverystringof languageA
with every string of languageB. HereA is calledthe upper language
andB the lower languageof therelation.
Becausea pair suchas a:b denotesthe relation betweenthe corre-
spondingstrings,[a .x. b] anda:b areobviously equivalentex-
pressions.Theexpression[?* .x. ?*] denotestheuniversalrela-
tion, the mappingfrom any string to any string, including the empty
string.

[[A] : [B]] denotestherelationthatpairseverystringof language
A with everystringof languageB. HereA is calledtheupperlanguage
andB the lower languageof therelation.
The .x. andthe : arebothgeneral-purposecrossproductoperators,
but they differ widely in precedence(seeSection2.3.5),with : having
very high precedenceand .x. very low precedence.In practice,it
is most importantto rememberthat .x. haslower precedencethan
concatenation,sothat [c a t .x. c h a t] denotesthesame
relationas[[c a t] .x. [c h a t]] ; in contrast,the : has
higherprecedencethanconcatenation,suchthat[c a t : c h a
t] is equivalentto [c a [t:c] h a t] .

Restriction:A andB mustdenotelanguages,not relations.Thisrestrictionis
inherentto how crossproductis defined.

Projection
Recallthatarelationrelatestworegularlanguages,calledtheupperlanguage
andthelower language.

A.u denotestheupperlanguageof therelationof A

A.l denotesthecorrespondinglower languageof A.

Restriction:None. If A denotesa language,A is interpretedasthe identity
relationonA. In thatcase,A.u andA.l denotethesamelanguageasA.
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Reverse

A.r denotesthereverseof thelanguageor relationA. For example,if A
contains “abc ”, “xy ” , thereverserelationA.r contains “cba ”,
“yx ” . Be careful to distinguishREVERSE and INVERSE. Reverse
exchangesleft andright; inverseexchangestheupperandlower sides
of a relation.

Restriction:None.A canbeany regularexpression.

Inverse

A.i denotesthe inverseof therelationA. For example,if A contains
“abc ”, “xy ” , theinverserelationA.i contains “xy ”, “abc ” .

Be careful to distinguishinverseand reverse. Inverseexchangesthe
upperandlowersidesof a relation;reverseexchangesleft andright.

Restriction: None. If A denotesa language,in A.i it is interpretedasan
identity relation.In thiscaseA.i is indistinguishablefrom A.

Composition

[A .o. B] denotesthecompositionof therelationA with therela-
tion B. If A containsthestringpair x, y andB contains y, z , the
compositerelation[A .o. B] containsthestringpair x, z .

Compositionis associative but not commutative. We can write [A
.o. B .o. C] becausetheresultis thesamerelationregardlessof
whetherwe interpretit as[A .o. [B .o. C]] or [[A .o. B]
.o. C] .

Restriction: None. If A or B denotesa language,in [A .o. B] it is in-
terpretedasthecorrespondingidentity relation. If bothA andB denotelan-
guages[A .o. B] and[A & B] areindistinguishable;compositionand
intersectionyield thesameresultin thiscase.

2.3.2 Examples

In orderto understandthe semanticsof regular expressionsit is usefulto look at
somesimpleexamplesin conjunctionwith the correspondinglanguageor rela-
tion andthenetworkthatencodesit. We will startwith theminimal examplesin
Table2.1 andproceedto cover someof the operatorsintroducedin the previous
section.

Becausewe have not introduceda specialsymbolfor theEMPTY LANGUAGE,
i.e. the languagethat containsno strings,not even the emptystring, we have to
designateit by somecomplex expressionsuchas [?*] thatdenotesthecomple-
mentof theuniversallanguage.It compilesinto a networkwith a singlenon-final
statewith noarcs.Theempty-stringlanguage,i.e. thelanguagethatcontainsonly
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Expression Language/ Relation Network

[?*]

[] “”

a “a”
a

(a) “”, “a”
a

Table2.1: Minimal Languages

theemptystring,denotedby 0 or by [] , correspondsto anetworkwith asinglefi-
nalstatewith noarcs.Notethat[a] canalsobeinterpretedastheidentityrelation

“a”, “a” . Thenetworkrepresentationof theANY symbol,?, is acomplex
issue.We will discussit laterin Section2.3.4.

Table2.2illustratesthedifferencebetweenthetwo iterationoperatorsKleene-
starandKleene-plus.Becausethe networksin Table2.2 arecyclic, they contain
an infinite numberof paths. Looking at the middle columnit is evident that a*
is equivalentto (a+) andto [a+ | 0] . This is not aseasilydeducedfrom the
correspondingminimalnetworks.

Expression Language/ Relation Network

a* “”, “a”, “aa”, . . . a

a+ “a”, “aa”, . . . a
a

Table2.2: Iteration

As theshapeof networkfor a+ in Table2.2 suggests,a+ is equivalentto the
concatenation[a a*] . Table2.3showsmoreexamplesof concatenation.

Expression Language/ Relation Network

a 0 b “ab”
ba

a:0 b:a “ab”, “a”
b: aa: 0

a b:0 “ab”, “a”
b: 0a

Table2.3: Concatenation

The concatenationof two languagesyields a language,the concatenationof
two relationsyieldsarelation.As thelastexamplein Table2.3shows,we system-
atically ignorethedifferencebetweena LANGUAGE andits IDENTITY RELATION.
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Thus[a] is interpretedasthe identity relation “a”, “a” whenit is con-
catenated,unioned,or composedwith arelation.

Thelasttwo regularexpressionsin Table2.3denotethesamerelationbut they
do not compileinto thesamenetwork. This is is an importantpoint. Thereis no
generalmethodfor deriving a uniquecanonicalrepresentationfor a relationthat
pairsstringsof unequallength. Two networksmay encodethe samerelationbut
thereis no generalalgorithmfor decidingwhetherthey do. In this respectregu-
lar relationsarecomputationallymoredifficult to handlethanregular languages.
Every regular languagehasa uniqueminimal encodingasa network,but some
relationsdonot. Wewill comebackto thispoint later.

Thecrossproductof two languagesmayalsoproducepairsof stringsthatare
of differentlength,asin thesecondexamplein Table2.4

Expression Language/ Relation Network

a .x. b “a”, “b”
a: b

[a b] .x. c “ab”, “c”
b: 0a: c

Table2.4: Crossproduct

The pair of strings “ab”, “c” could be encodedin a networkin otherways,
for example,by a pathin which thesuccessive labelsarea:0 andb:c insteadof
a:c andb:0 asin Table2.4. However, becauseit is convenientto have a unique
encodingfor crossproductrelations,theXerox compilerpairsthestringsfrom left
to right,symbolby symbol,andintroducesone-sidedepsilonpairsonlyat theright
endof thepathif needed.This is anarbitrarychoice.

Thefinal setof examplesin Table2.5 illustratessomesimplecasesof compo-
sition. In thelastexample,weinterpretb astheidentityrelationbecausecomposi-
tion is inherentlyanoperationon relationsandnoton languages.

Expression Language/ Relation Network

a:b .o. b:c “a”, “c”
a: c

a:b .o. b .o. b:c “a”, “c”
a: c

Table2.5: Composition

Regular expressionswereoriginally inventedto describelanguages.Thefor-
malismwassubsequentlyextendedto describerelations.But aswe have notedin
many places,someoperatorscanbeappliedonly to asubsetof regularexpressions.
Let usnow review this issuein moredetail.
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2.3.3 Closure

A setoperationsuchasunion hasa correspondingoperationon finite-statenet-
worksonly if thesetof regularrelationsandlanguagesis CLOSED underthatoper-
ation. Closuremeansthat if thesetsto which theoperationis appliedareregular,
theresultis alsoregular, thatis, encodableasafinite-statenetwork.

Regular languagesareclosedwith respectto all the commonsetoperations
including intersectionandcomplementation(= negation). This follows directly
from Kleene’s proof. Regular relationsareclosedunderconcatenation,iteration,
union,andcompositionbut not,in general,underintersection,complementationor
subtraction(KaplanandKay, 1994;RocheandSchabes,1997).

KaplanandKay give a simpleexampleof a casein which the intersectionof
two finite-staterelationsis not a finite-staterelation.Considertwo regularexpres-
sionsandthecorrespondingnetworksin Figure2.2.

0: c

0: c

a: b

P = [ a: b] *  [ 0: c] * Q = [ 0: b] *  [ a: c] *

0: b

a: c

a: c

Figure2.2: Networksfor Two RegularRelations

P is the relation that mapsstringsof any numberof as into stringsof the same
numberof bs followedby zeroor morecs. Q is therelationthat mapsstringsof
any numberof as into stringsof thesamenumberof cs precededby zeroor more
bs.

Table2.6showsthecorrespondingstring-to-stringrelationsandtheir intersec-
tion. Theleft sideof Table 2.6is a partialenumerationof theP relation.Theright
sidepartially enumeratestheQ relation. The middlesectionof the tablecontains
theintersectionof thetwo relations,thatis, thepairsthey have in common.

It is easyto seethat the intersectioncontainsonly pairs that have on their
lowerside(i.e. asthesecondcomponent)astringthatcontainssomenumberof bs
followedby exactly thesamenumberof cs.

Thelower-sidelanguage,b c , isnotafinite-statelanguagebut ratheraCONTEXT-
FREE LANGUAGE, generatedby aphrase-structuregrammarthatcruciallydepends
on center-embedding:S , S b S c. Consequentlyit cannotbeencodedby
a finite-statenetwork(HopcroftandUllman,1979).Thesameholdsof coursefor
any relationinvolving this language.No operationon the networksin Figure2.2
canyield afinite-statetransducerfor theintersectionof P andQ; sucha transducer
doesnot exist.

The relationsP and Q both have the propertythat a string in one language
correspondsto infinitely many stringsin theotherlanguagebecauseof theiterated
0:b and0:c pairs. It is this characteristic,the presenceof “one-sidedepsilon

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



2.3. SIMPLEREGULAREXPRESSIONS 57

P P & Q Q
Regular Not Regular Regular
“”, “” “”, “” “”, “”
“”, c “”, b
“”, cc “”, bb
. . . . . .
a,b a,c
a,bc a,bc a,bc
a,bcc a,bbc
a,bccc a,bbbc

. . . . . .
aa,bb aa,cc
aa,bbc aa,bcc
aa,bbcc aa,bbcc aa,bbcc
aa,bbccc aa,bbbcc

. . . . . . . . .

Table2.6: Non-RegularIntersectionof P andQ

loops” in Figure2.2thatmakesit possiblethattheir intersectionis not regular.
Fromthefact thatregularrelationsarenot closedunderintersectionit follows

immediatelythat they arenot closedundercomplementationeither. Intersection
canbedefinedin termsof complementationandunion. If regular relationswere
closedundercomplementation,thesamewouldbetrueof intersection.It alsofol-
lowsthatregularrelationsarenotclosedunderthesubtractionoperation,definable
by meansof intersectionandcomplementation.

The closurepropertiesof regular languagesandrelationsaresummarizedin
Table2.7for themostcommonoperations.

Operation RegularLanguages RegularRelations
union yes yes

concatenation yes yes
iteration yes yes
reversal yes yes

intersection yes no
subtraction yes no

complementation yes no
composition (not applicable) yes

inversion (not applicable) yes

Table2.7: ClosureProperties

Althoughregularrelationsarenot in generalclosedunderintersection,asubset
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of regularrelationshaveregularintersections.In particular, equal-lengthrelations,
relationsbetweenpairs of stringsthat are of the samelength, are closedunder
intersection,subtraction,andcomplementation.Suchrelationscanbeencodedby
a transducerthat doesnot containany epsilonsymbols. This fact is important
for us becauseit is the formal foundationof the two-level rule formalismcalled
twolc, introducedin Chapter5. Transducerscompiledfrom two-level rulescanbe
intersectedbecause0 is treatedasanordinarysymbol in the rule formalismand
notasanemptystring.

The Xerox calculusallows intersectionto apply to all simpleautomataand
to transducersthat do not containany one-sidedepsilonpairs. The test is more
restrictivethanit shouldbein principlebecausethepresenceof one-sidedepsilons
in a transducerdoesnot necessarilyindicatethat the relationit encodesis of the
typethatcouldyield a non-regularintersection.

2.3.4 The ANY Symbol

Sofar we have givenexamplesof regularexpressionsandthecorrespondingnet-
worksfor mostof theoperatorsintroducedin Section2.3.1.Onenotableexception
is complementation.We will cometo thatshortlybut first we needto understand
thesemanticsof theANY symbol,?, introducedin thebeginningof Section2.3.1
asoneof theatomicexpressions.

Let usrecall thatthe termcomplementof a languageA, denotedby \A , is the
union of the single-symbolstringsthat arenot in A. For example,the language
[\a] contains“b”, “c”, . . . “z”. In fact [\a] is an infinite languagebecause
thesetof atomicsymbolsis in principleunbounded.Our symbolalphabetis not
restrictedto the26 lettersof theEnglishalphabetor to the256ASCII characters.

For this reasonwe provide a specialsymbol,?, to representtheinfinite setof
symbolsin someyet unknown alphabet.It is calledtheANY symbol.Theregular
expression? denotesthelanguageof all single-symbolstrings.Note that this set
doesnot includetheemptystring. Becausewe do not makea distinctionbetween
a languageandan identity relation,? canalsobe interpretedasthe relationthat
mapsany symbol into itself. The correspondingnetworkis obviously the onein
Figure2.3.But notetheannotationSigma: ? . We will explain it shortly.

? Sigma: { ?}

Figure2.3: TheLanguageof All Single-SymbolStrings[?] .

The correspondencebetweenthe regular expression? andthe network that
encodesit in Figure2.3 is deceptively straightforward.In fact thesymbol? in the
regularexpressiondoesnot have exactly thesameinterpretationthat thearc label
? hasin thenetwork.

In theregularexpression,? standsfor ANY symbol;thecorrespondingarclabel
? representsany UNKNOWN symbol. In thecaseat handthedifferenceis subtle.
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Becausethe alphabetof known symbolsin this networkcontainsjust ?, the arc
labeled? doesrepresentany symbolwhatsoever in this case.We call theknown
alphabetof a networkits SIGMA. Thusthe annotationSigma: ? in Figure2.3
meansthatthesigmais emptyexceptfor ?.

Thedifferencebetween? asaregularexpressionsymboland? asanarclabel
in networksis anunfortunatesourceof confusionfor almostall usersof theXerox
regular-expressioncalculus. Using two differentsymbols,say? for ANY and¿
for UNKNOWN wouldmakeit explicit. However, employingtwo differentsymbols
suggeststhat ? and¿ could bothappearin regular expressionsandasarc labels.
This would be misleading.The Xerox calculusis designedandimplementedin
sucha way that ANY is exclusively a regular expressionconceptandtheconcept
of UNKNOWN is relevantonly for finite-statenetworks.Becauseof this fact, we
have chosento “overload” the ? sign. We interpret? as the ANY symbol in
regularexpressionsandwealsouse? to displaytheUNKNOWN symbolin network
diagrams.

An expressionthatin someway involvescomplementationtypically compiles
into anetworkthatcontainsaninstanceof theunknown symbol.In suchcasesit is
crucial to know thesigmaalphabetbecauseit cannotin generalbededucedfrom
thearcsandthelabelsof thenetwork.For example,thelanguage[\a] , consisting
of all single-symbolstringsotherthan“a”, is encodedby thenetworkin Figure2.4.

? Sigma: { ?,  a}

Figure2.4: TheLanguage[ a]

In thenetworkof Figure2.4,? doesnot include“a”, in thenetworkof Figure2.3
it does.[\a] is equivalentto [? - a] .

Thesigmaalphabetincludesevery non-epsilonsymbolthatappearsin thenet-
work either by itself or as a componentof a symbol pair. As we seehere,the
sigmaalphabetmayalsocontainsymbolsthatdonotappearin thenetworkbut are
“known” becausethey werepresentin anothernetworkfrom whichthecurrentone
wasderived by someoperationthat eliminatedall the arcswherethesesymbols
occurred.

Complex regularexpressionsthatcontain? asa subexpressionmustbecom-
piled carefully so that the sigmaalphabetis correctandall the requiredarcsare
presentin the resultingnetwork; this wasa challengefor the algorithmwriters.
Table2.8 illustratestheissuewith a few examples.Thefirst networkin Table2.8
is the resultof concatenatingthe [a] networkshown in Table2.1 with the [?]
networkshown in Figure2.3. Theoriginal networksbothcontainjust onearcbut
theresultof theconcatenationhasthreearcs.Thecompileraddsa redundant“a”
arc to the [?] networkto makeexplicit thefact that thestring“a” is includedin
the language.This expansionis necessarybecausethe sigmaof the resulting[a
?] networkin Table2.8 containsa. Consequentlythenetworksfor [a ?] and
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RegularExpression Network Sigma

a ?
a

a

?

?, a

a \a
?a

?, a

a:?

a

a: ?

?, a

?:?

?

?: ?

?

a \?

Table2.8: Expressionswith ?

[a \a] correctlyencodethe fact that the language[a ?] includesthe string
“aa” but thelanguage[a \a] doesnot.

For the samereason,the networkfor a:? containsanexplicit a-arc. Let us
recall that thesymbolpair a:? denotesthecrossproduct[a .x. ?] . Because
“a” is includedin the language[?] , the crossproductrelationincludesthe pair

“a”, “a” alongwith all the pairingsof “a” with othersingle-symbolstrings.
This identity pair is encodedin the networkby the a-arc; the arc labeleda:?
coversall theotherpairs.

The networkfor the expression?:? illustratesanothersubtlefact aboutthe
interpretationof theunknownsymbol.Therelationdenotedby theregularexpres-
sion?:? mapsany symbolto any symbol including itself. That is, the relation
?:? includestheidentity relationdenotedby theexpression?. In thenetworkfor
therelation?:? , the identity partof therelationis representedby thearc labeled
?, thenon-identitymappingby thearclabeled?:? .

Thetermcomplement[\?] denotestheemptylanguage.Concatenationwith
anemptylanguagealwaysyields theemptylanguage.Consequentlytheconcate-
nation[a \?] is alsoempty, asthelastexamplein Table2.8shows.

Figure2.5 givesan exampleof a networkcompiledfrom an expressionthat
contains , theothercomplementationoperator. Herewemakeuseof thegraphic
conventionthatletsusrepresentany numberof arcsthatsharethesameorigin and
destinationby asinglemultiply labeledtransition.In factthenetworkin Figure2.5
hassix arcsof whichonly four areexplicitly shown.

As thecomparisonbetweenFigure2.4andFigure2.5shows,[\a] and[ a]
denotevery differentlanguages.Thesetof single-symbolstringsotherthan“a”,
[\a] , is includedin thelanguage[ a] . In additionthelatter languagecontains
theemptystring(the startstateis final), andany stringwhatever whoselengthis
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?

a a
?

Sigma: { ?,  a}a?

Figure2.5: TheLanguage[ a]

greaterthanone,for example,“aa”. [ a] is equivalentto [?* - a] .
Theexpression?* denotesthe UNIVERSAL LANGUAGE, thesetof all strings

of any lengthincludingtheemptystring. Thecorrespondingnetworkis shown in
Figure2.6. We may alsointerpret?* asthe UNIVERSAL IDENTITY RELATION:
every stringpairedwith itself.

? Sigma: { ?}

Figure2.6: TheUniversalLanguage/IdentityRelation?*

If we addedthesymbolsa, b, andc to thesigmaof thenetworkin Figure2.6,the
encodedlanguagewouldbe[\[a | b | c]]* .

Theexpression[?:?]* denotestheuniversalequal-lengthrelationthatpairs
every stringwith all stringsthathave thesamelength.Thecorrespondingnetwork
is shown in Figure2.7. For thesakeof clarity wedraw herethetwo arcsexplicitly
insteadof abbreviatingthepictureinto asinglearclabeledwith two symbols.

? Sigma: { ?}?: ?

Figure2.7: TheUniversalEqual-LengthRelation[?:?]*

As in the network for the relation ?:? in Table 2.8, the arc labeled? in
Figure2.7representsthemappingof any unknown symbolinto thesameunknown
symbol.Thearclabeled?:? representsthemappingof any unknownsymbolinto
a differentunknown symbol. Both arcsareneededbecausetheapplicationof the
network(in eitherdirection)to a string suchas“a” mustyield two results: “a”
itself and? representingall otherpossibilities.

The expression[?* .x. ?*] in Figure 2.8 is anotherinterestingspecial
case. It denotesthe promiscuousUNIVERSAL RELATION that mapsany string
to any otherstringincludingitself.
The ? loop in the startstatepairsany string with itself; the ?:? loop pairsany
stringwith any otherstringof equallength.The0:? and?:0 arcsallow a string
to be pairedwith anotherstring that doesnot have the samelength. Because
the relation [?* .x. ?*] pairsany string with any string, the expression[A
.o. [?* .x. ?*] .o. B] is equivalentto the crossproductof the “outer”
languagesof theA andB relations[A.u .x. B.l] .
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Sigma: { ?}

?: ?
?

?: 0

0: ?

?: 0

0: ?

Figure2.8: TheUniversalRelation[?* .x. ?*]

2.3.5 Operator Precedence

Like conventionalarithmeticexpressions,complex regular expressionscanoften
be simplified by taking advantageof a convention that ranksthe operatorsin a
precedencehierarchy. For example,[[\a] [b]*] maybeexpressedmorecon-
ciselyas[\a b*] becauseby conventiontheunaryoperators,termcomplement
andKleenestar, “bind moretightly” to their componentexpressionsthanconcate-
nation. Similarly, the innerbracketsin [a | [b c]] areunnecessarybecause
concatenationtakesprecedenceover union; [a | b c] denotesthe samelan-
guage.In turn, union hasprecedenceover crossproduct,allowing us to simplify
[a .x. [b | c]] to [a .x. b | c] . Therankingof all theoperatorsdis-
cussedin theprevioussectionsis summarizedin Table2.9,includingtherestriction
andreplacementoperatorsthatwill beintroducedin Section2.4.

Type Operators
Crossproduct :

Prefix , \ , $
Suffix +, * , ˆ , .r , .u , .l , .i

Ignoring /
Concatenation (whitespace)

Boolean | , &, -
Restrictionandreplacement =>, ->

CrossproductandComposition .x. , .o.

Table2.9: PrecedenceRanking

Unbracketedexpressionswith operatorsthathavethesameprecedencearedis-
ambiguatedfrom left to right. Consequently, [a | b & b*] is interpretedas
[[a | b] & b*] andnot as[a | [b & b*]] . For thesakeof clarity, we
adviseusingbracketsin suchcasesevenif theambiguitywouldberesolvedin the
intendedwayby theleft-to-rightordering.

2.3.6 More About Symbols

In all of our examplesonly ordinarysinglelettershave beenusedassymbols.In
thissectionwediscussbriefly how othertypesof symbolsmayberepresented.

Because0 and? have a specialmeaningin regular expressions,we needto
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provide a way to usethemasordinarysymbols.Thesameappliesto thesymbols
usedasregularexpressionoperators:| , &, - , +, * , etc.

SpecialSymbols

The Xerox regular-expressioncompiler provides two ways to avoid the special
interpretationof a symbol: prefixing thesymbolwith % or enclosingit in double
quotes.For example,%0denotesthestring“0”, containingtheliteral zerosymbol,
ratherthantheepsilon(emptystring);%| denotestheverticalbaritself, asopposed
to the the union operator| . The ordinarypercentsignmay be expressedas%%.
Enclosurein doublequoteshasthesameeffect: "0" , "?" , and"%" areinterpreted
asordinaryletters.

On theotherhand,certainotherstringsreceive a specialinterpretationwithin
a doublyquotedstring. For example,"\n" is interpretedasthenewline symbol,
"\t" asa tab, etc. following C conventions. The backslashis alsousedas a
prefixin octalandhexadecimalnumbers:"\101" and"\x41" arealternateways
to specify the symbol A. Insidedoublequotes,the prefix \u followed by four
hexadecimalnumbersencodesa 16-bit Unicodecharacter;e.g. "\u0633" is the
Arabicsiin character.

Xerox networkscanstoreandmanipulate16-bit Unicodecharacters,but until
Unicode-capableword processorsandoperatingsystemsbecomegenerallyavail-
able,inputandoutputof suchcharacterswill beawkward.

Multicharacter Symbols

All the examplesgivenso far involve symbolsthat consistof a singlecharacter.
TheXerox calculusalsoadmitsmulticharactersymbolssuchas+Noun. (In areg-
ularexpressionthiswouldhaveto specifiedas"+Noun" or %+Nounto escapethe
specialinterpretationof +.) In linguisticapplications,morphologicalandsyntactic
tagsthat convey informationaboutpart-of-speech,tense,mood,number, gender,
etc.aretypically representedby multicharactersymbols.It is oftenconvenientto
dealwith HTML, SGML, andXML tagsasatomicsymbolsratherthanasa concate-
nationof single-characterstrings.

Multicharactersymbolsaretreatedasatomicentitiesby theregularexpression
compiler;thatis, themulticharactersymbol+Noun is storedandmanipulatedjust
like a, b andc. For example,the sigmaalphabetof the networkcompiledfrom
[ cat "+Noun":0] consistsof thesymbolsa, c, t and+Noun.

Becauseof multicharactersymbolsthecorrespondencebetweena regularex-
pressionandthe languageit denotesis lessdirect that we have indicated. There
canbe multiple regular expressionsthat denotewhat could be seenas the same
setof stringsbut compileinto differentnetworksbecausethestringsaretokenized
differently. SeeTable2.10.

Fromthepointof view of thefinite-statecalculus,thesenetworksarenotequiv-
alent. Their intersectionis thenetworkfor theemptyset.To avoid confusionit is
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Expression Network Sigma

a b c
cba

a, b, c

ab c
cab

ab, c

a bc
bca

a, bc

abc
abc

abc

Table2.10:AlternativeRepresentationsof “abc ”

bestto representordinarystringsonly asa sequenceof singlecharactersymbols.
Thethreeotheralternativesin Table2.10shouldbeavoidedalthoughthey areac-
ceptedby theregularexpressioncompiler. Thepurposeof thecurly-bracenotation
for concatenation(Section2.3.1)is to facilitaterepresentingwordsin thepreferred
format. We canwrite abc insteadof [a b c] to tell thecompilerto breakor
“explode” thestringinto a sequenceof single-charactersymbols.

Tokenizationof Input Strings into Symbols

TheAPPLY algorithmsfor finding thepathor pathsfor a stringin a networkmust
takeinto accountthenetwork’s sigmaalphabetandtokenizethe input string into
symbolsaccordingly. If the alphabetcontainsmulticharactersymbols,theremay
not bea uniquetokenizationin all cases.For example,it might be the casethat
“+Noun” couldbetokenizedeitheras<+,N,o,u,n> or asasinglesymbol.The
tokenizerresolvesthe ambiguityby processingthe input string from left to right
andby selectingat eachpoint the longestmatchingsymbol. The multicharacter
symbolalwayshasprecedence.In order to avoid tokenizationproblems,multi-
charactersymbolsshouldnot be confusablewith the ordinaryalphabet.To help
avoid suchconfusion,everymulticharactersymbolshouldbegin with somespecial
character, or besurroundedby somespecialcharacters,thatdo not occurin ordi-
naryalphabeticstrings:"+Noun" , "[Noun]" , "ˆTOKEN" , " TABLE " , etc.
For moreon tokenizationof inputstrings,seeSections3.6.3and7.3.4.

2.4 ComplexRegular Expressions

Thesetof regular-expressionoperatorsintroducedin theprecedingsectionissome-
whatredundantbecausesomeof theoperatorscouldeasilybedefinedin termsof
others.For example,thereis noparticularneedfor theCONTAINS operator$ since
the expression[?* A ?*] denotesthe samelanguageas$A. Its purposeis to
allow thiscommonlyusedconstructionto beexpressedmoreconcisely.

In this sectionwe will discussregularexpressionsfor RESTRICTION andRE-
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PLACEMENT thataremorecomplex thanthosewehavecoveredsofar. Theserule-
like expressionsarespecificto the regular-expressioncompilerin the xfst appli-
cationdescribedin Chapter3. Like theCONTAINS operator, thesenew constructs
aredefinablein termsof moreprimitiveexpressions.Thusthey do not extendthe
descriptivepower of theregular-expressionlanguagebut providea higherlevel of
abstractionthatmakesit easierto definecomplex languagesandrelations.

2.4.1 Restriction

Therestrictionoperator(Koskenniemi,1983)is oneof thetwo fundamentaloper-
atorsin thetwo-level calculus(i.e. the twolc language)describedin Chapter5. It
is alsousedin thexfst regular-expressioncalculus.

Restriction

[A => L R] denotesthe languageof stringsthat have the prop-
erty that any string from A that occursasa substringis immediately
precededby somestring from L and immediatelyfollowedby some
stringfrom R. Wecall L andRheretheLEFT andtheRIGHT context of
A, respectively. For example,[a => b _ c] includesall stringsthat
containno occurrenceof “a” andall stringslike “back-to-back ”
thatcompletelysatisfythecondition,but no stringssuchas“cab ” or
“pack ”.

[A => L1 R1, L2 R2] denotesthelanguagein which every
instanceof A is surroundedeitherby a pair of stringsfrom L1 andR1
or by a pair of stringsfrom L2 andR2. The list of allowedcontexts,
separatedby commas,maybearbitrarily long.

Restriction: All components,A, L, R, etc. mustdenoteregular languages,
not relations.

Therestrictionoperatorhasexactly thesamedefinitionin xfst asit hasin the
twolc two-level calculus.But notetherestriction:all componentsmustdenotereg-
ular languages.Expressionssuch[a:b => c:d _ e:f] are invalid in xfst.
They areallowedin twolc rulesbecausethetwo-level calculusactuallytreatssym-
bol pairsassimpleatomicsymbols.In thexfst regular-expressionlanguagesymbol
pairsdenoterelations.

Therestrictionexpressedby [A => L R] is that thesubstringsin A must
appearin the context L R. The sameconstraintcould alsobe codedin more
primitive termsby meansof complementation,concatenation,iterationandunion.
Theexpression[ [[ [?* b] a ?*] | [?* a [c ?*]]]] denotesthe
samelanguageas [a => b c] , but the latter expressionis obviously more
convenientandperspicuous.

The outeredgesof the left andthe right context extendimplicitly to infinity.
That is, L R is compiledas [?* L] [R ?*] . A restrictionwith a com-
pletely emptycontext suchas [A => ] denotesthe universallanguageas it
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placesnoconstraintonanything. Anotherconsequenceof theimplicit extensionis
thatanoptionalor a negativecomponentat theouteredgeof a context is vacuous.
An expressionsuch[A => (b) c] alsodenotestheuniversallanguagebe-
cause[?* (b)] and [ c ?*] areboth equivalentto ?* . The reasonis that
(b) and c both includethe emptystring. The concatenationbetweenthe uni-
versal languageand any languagethat includesthe emptystring reducesto the
universallanguage.

To refer to the beginningor the endof a string in a context specification,we
needanexplicit marker. Theboundarysymbol.#. indicatesthebeginningof a
stringin theleft context andtheendof astringin theright context. It hasnospecial
meaninganywhereelse.Theboundarysymbolcanbeconcatenated,unioned,etc.
with otherregularexpressionslike anordinarysymbol.For example,[a => b
c | .#.] requiresthata befollowedby c or theendof thestring.As Figure2.9
shows,theboundarymarkeris compiledawayanddoesnotappearin theresulting
network.1

c

c

??

c

a

b

b

Figure2.9: TheLanguagea => b c | .#.

It is easyto seethat the networkin Figure2.9 encodesa languagein which
every occurrenceof a is immediatelyprecededby a b, andthat the string either
terminatesat thea or continueswith a c.

With the help of the boundarysymbol we canspecify contexts that include
theemptystring. For example,[a => .#. [b ?*] ] expressesthecon-
straintthata cannotbeprecededby a string thatstartswith b. Thesetof permis-
sibleleft-context strings, [b ?*] , includestheemptystring. In orderto restrict
a in theintendedway, theleft context muststartwith theboundarysymbol.With-
out it the restrictionis vacuous:[a => [b ?*] ] denotesthe universal
language?* wherea mayoccurfreely anywhere.

Restrictionswith alternativecontextssuchas[a => b c, d e] could
alsobeexpressedasaniteratedunionof elementaryrestrictions:[[a => b c]
| [a => d e]]* denotesthesamelanguage.TheKleenestaris neededhere
becausethelanguagemustincludenotonly stringslike “bac ” and“dae ” but also
stringslike “bacdae ” in whichdifferentinstancesof a aresanctionedby different
contexts.

1Thesigmaalphabetof thenetworkin Figure2.9 containsonly symbolsthat arepresentin the
network:a, b, c , andtheunknown symbol.If thereareno “hidden” symbolsin thesigmaalphabet,
wegenerallydo not list thesigmaexplicitly in ourdiagrams.
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2.4.2 Replacement

This sectionintroducesa large setof expressionsfor creatingcomplex string-to-
stringrelations.Replacementexpressionsdescribestringsof onelanguagein terms
of how they differ from the stringsof anotherlanguage.Becausethe differences
maydependon contexts andotherparameters,thesyntaxof replacementexpres-
sionsinvolvesmany operatorsandspecialconstructs.

Thefamily of replaceoperatorsis specificto theXerox regular-expressioncal-
culus. In theoriginalversion,developedby RonaldM. KaplanandMartin Kay in
the early1980s(KaplanandKay, 1981;KaplanandKay, 1994),the goalwasto
modeltheapplicationof phonologicalrewrite rulesby finite-statetransducers.Al-
thoughtheideahadbeenknown before(Johnson,1972),KaplanandKay werethe
first to presenta compilationalgorithmfor rewrite rules. Thenotationintroduced
in this sectionis basedon KaplanandKay’s work with extensionsintroducedby
researchersat XRCE (Karttunen,1995;KarttunenandKempe,1995; Karttunen,
1996;KempeandKarttunen,1996).

We introducethemaintypesof replacementexpressionsfirst in their uncondi-
tional versionandthengo on to discusshow the operationcanbeconstrainedby
context andby otherconditions.

Unconditional Replacement

A verysimplereplacementof onestringbyanothercanbedescribedasacrossprod-
uct relation. For example,[a b c .x. d e] mapsthe string“abc ” to “de”
andvice versa. The upperand the lower languagesof this relationconsistof a
singlestring. In contrast,the replacementexpressionsintroducedin this section
generallydenoteinfinite relations.

Simple Replacement

[A -> B] denotestherelationin which eachstringof theuniversal
language(the upperlanguage)is pairedwith all stringsthat areiden-
tical to it in every respectexcept thatevery instanceof A thatoccurs
asa substringin theoriginalupper-languagestringis representedby a
stringfrom B.

[A <- B] denotestheinverseof B -> A.

[A (->) B] denotesanoptional replacement,that is, the union of
[A -> B] with theidentity relationonA.

[A (<-) B] is theoptionalversionof A <- B. 2

Restriction:A andB mustdenoteregular languages,not relations.

2Becauseall thereplaceoperatorshave aninverseandan optionalvariantwe will not list them
explicitly in the following sections. Optionality is indicatedby parenthesesaroundthe operator,
inversionby theleftwarddirectionof thearrow.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



68 CHAPTER2. A SYSTEMATIC INTRODUCTION

For example,therelation[a b c -> d e] containsthecrossproduct[a b
c .x. d e] andinfinitely many otherpairsbecausetheupperlanguageof the
relationis theuniversallanguage.The transducerthatencodestherelationis un-
ambiguouswhenapplieddownward.It maps“abcde ” uniquelyto “dede ”. It is
notunambiguousin theotherdirection.Whenappliedupwardsit maps“dede ” to
“abcabc ”, “abcde ”, “deabc ” and“dede ” because“de” in thelowerlanguage
maybean“original” stringor theresultof a replacement.

If theB componentof [A -> B] denotestheemptystringlanguage,thenthe
Asubstringsarein effectdeletedin thelowerlanguage.If Bcontainsmorethanone
string,therelationis one-to-many. It mayfail to beone-to-oneevenif B contains
justonestring.For example,[a | a a -> b] pairstheupper-sidestring“aa”
bothwith “b” and“bb”. We comebackto thispointbelow.

The replacementof a non-emptylanguageby theemptylanguageis in effect
a prohibition of that non-emptylanguage.For example,[a b c -> \?] de-
notesthesameidentity relationas $[a b c] , excludingall stringsthatcontain
“abc ”. Exceptfor this specialcase,the upperlanguageof all -> replacements
is theuniversallanguage.This holdsalsofor expressionssuchas[\? -> a b
c] . If thereis nothingto bereplaced,replacementreducesto theuniversalidentity
relation.

If thesetof stringsto bereplacedcontainsor consistsof theemptystring,as
in [0 -> %+], theresultingtransducerwill containanepsilonloop asshown in
Figure2.10.

?0:+

+

Figure2.10:TheRelation0 -> %+

Whenappliedto an input stringin thedownwarddirection,this transducerinserts
arbitrarily longburstsof + signsin every positionin theinputword. (Thenotation
%+denotesthe literal plussign ratherthanthe Kleene-plusoperator.) This is the
correctbehavior becausetheemptystring hasno lengthandany numberof con-
catenationsof theemptystringwith itself yield theemptystring. Any upper-side
inputstringwill have aninfinite numberof lower-sideoutputs.

It is oftendesirableto definea relationthatinvolvesmakingjust oneinsertion
ateachpositionin theinput string. As thiscannotbedefinedasa replacementfor
theemptystring,wehave to introducespecialnotationto makeit possible.Dotted
bracketsindicatesingleinsertion.

SingleInsertion

[[. A .] -> B] , wherethe input expressionA is surroundedby
thespecial“dottedbrackets”[. and.] , is equivalentto [A -> B]
if the languagedenotedby A doesnot containthe empty string. If
thelanguageof A doesincludetheemptystring,then[[. A .] ->
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B] denotestherelationthatpairseverystringof theuniversallanguage
with all stringsthat are identical to the original except that every in-
stanceof A thatoccursasasubstringin theoriginal is representedby a
stringfrom B, andall theothersubstringsarerepresentedby a copyin
whicha stringfrom B appearsbeforeandafterevery originalsymbol.

Restriction:A andB mustdenoteregular languages,not relations.

Figure 2.11 shows the networkcompiledfrom [[. 0 .] -> %+]. This
transducermaps“cab ” to “+c+a+b+ ”, insertingjust a singleplus sign in each
originalstringposition.

0:+ +
?

0:+

Figure2.11:TheRelation[. 0 .] -> %+

Theepsilonsymbolis redundantin [. 0 .] . Justaswe allow anemptypair of
squarebrackets[] asanalternatenotationfor theemptystring,anemptypair of
dottedbrackets[..] is alsoaccepted.

The dotted-bracketnotationallows us to assignthe desiredinterpretationto
expressionssuchas[[.(a).] -> %+], wherethelanguagedenotedby thefirst
expressionconsistsof “a” and the empty string. The correspondingtransducer
replacesa by + andinsertsa single+ in all positionsin therestof thestring. For
example,it maps“cab ” to “+c+++b+ ”.

Themarkingexpressionintroducedbelow providesa generalway of defining
relationsthatchangetheinputonly by insertionsof new materialleaving theorig-
inal partsunchanged.

Marking

[A -> B ... C] denotesa relation in which eachstring of the
upper-sideuniversallanguageis pairedwith all stringsthat areiden-
tical to the original except that every instanceof A that occursas a
substringis representedby a copy thathasa string from B asa prefix
anda stringfrom Casa suffix.
Thesequenceof threeperiodsis a definedoperatorandis requiredin
suchmarkingrules;it hasnospecialmeaningin otherconstructions.B
or C canbeomitted.

Restriction:A, B, andCmustdenoteregularlanguages,not relations.

Expressionsof theformA -> B ... Caretypicallyusedtomarkorbracket
instancesof the languageA in somespecialway. For example,thetransducerfor
[a|e|i|o|u -> %[ ... %]] maps“abide ” to “ [a]b[i]d[e] ”, enclos-
ing eachvowel in literal squarebrackets.
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Parallel replacement

[A -> B, C -> D] denotesthesimultaneousreplacementof A by
B and C by D. A parallel replacementmay include any numberof
components,separatedby commas.

Restriction:A, B, andC, D, etc.mustdenoteregularlanguages.

Parallel replacementsallow two symbolsto beexchangedfor eachother. For
example,[a -> b, b -> a] maps“baab ” to “abba ”, which is awkwardto
do with sequentiallyorderedrules. Similarly, [%. -> %, , %, -> %.] ex-
changesthecommaandtheperiod,mapping,for example,“1,000.0 ” to “1.000,0 ”.
If theA andC componentscontainstringsthatoverlap,therelationis not one-to-
one. For example,[a b -> x, b c -> y] maps“abc ” to both “xc ” and
“ay ” becausethe two replacementsaremadeindependentlyof oneanotherin all
possiblecombinations.We returnto this issuebelow.

Conditional Replacement

All the differenttypesof replacerelationsintroducedin the previous sectioncan
beconstrainedto applyonly if thestringto bereplacedor its replacementappears
in a certaincontext.

Replacementcontextsarespecifiedin thesamewayasthecontexts for restric-
tion: L R, whereL is theleft context, R is theright context, and marksthesite
of thereplacement.Theboundarysymbol.#. marksthebeginningandtheend
of astring.Any numberof contextsmaybegiven,with acommaastheseparator.

Thenotionof context is self-evidentin thecaseof restrictionexpressionsbe-
causethey denotesimplelanguages,but this is not thecasefor replacementsthat
involve relations. The notationintroducedbelow providesspecialsymbols,|| ,
// , \\ , and\/ , to distinguishamongfour differentwaysof interpretingthecon-
text specification.

Conditional Replacement

Thefour expressionsbelow all denotea relationthatis like [A -> B] ex-
ceptthatthereplacementof anoriginalupper-sidesubstringby astringfrom
B is madeonly if the indicatedadditionalconstraintis fulfilled. Otherwise
no changeis made. Note that theserestrictionsarestatedasthey apply to
right-arrow rules,wheretheuppersideis naturallytreatedastheinputside.

[A -> B || L R]
Every replacedsubstringin the upper languageis immediatelypre-
cededby anupper-sidestringfrom L andimmediatelyfollowedby an
upper-sidestringfrom R.
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[A -> B // L R]
Every replacedsubstringin the upper languageis immediatelyfol-
lowedby anupper-sidestring from R andthe lower-sidereplacement
stringis immediatelyprecededby a stringfrom L.

[A -> B \\ L R]
Every replacedsubstringin the upper languageis immediatelypre-
cededby anupper-sidestring from L andthe lower-sidereplacement
stringis immediatelyfollowedby astringfrom R.

[A -> B \/ L R]
Everylower-sidereplacementstringis immediatelyprecededbyalower-
side string from L and immediatelyfollowed by a lower-sidestring
from R.

Restriction:A, B, L, andRmustdenoteregularlanguages,

In otherwords,in || replacementsboththeleft andright contextsarematched
in the upper-languagestring. In // replacements,the left context is matchedon
thelower-sideandtheright context ontheuppersideof thereplacementsite.In \\
replacements,conversely, theleft context is matchedontheuppersideandtheright
context on the lower side. In \/ replacements,both the left andtheright context
arematchedon the lower side. The slantof the context separatorsis intendedto
convey whereeachcontext is matched.3

In practice,when writing right-arrow phonologial/orthographical alternation
rules,it is usuallydesirableto constraina replacementby the original upper-side
context. Thatis, mostruleswritten in practiceare|| rules,andmany usersof the
Xerox calculushave no needfor theothervariants.However, therearelinguistic
phenomenasuchasvowel harmony, tonespreading,andumlautthataremostnatu-
rally describedin termsof a left-to-rightor right-to-leftprocessin whichtheresult
of areplacementitself servesasthecontext for anotherreplacement.Thetwo-level
rule formalismdiscussedin Chapter5 givestherulewriter asimilaroptionto con-
trol thedistributionof all symbolsandsymbolpairsin termsof boththeupperand
thelowercontext or in any combinationof thetwo.

Figure2.12 illustratesthe differencebetweenthe || and // versionsof the
sameexpression,thedeletionof aninitial a.

?

a:0
? a ? a?

a:0

Figure2.12: [a -> 0 || .#. ] vs. [a -> 0 // .#. ]

3Theslantof thecontext operatorssuggestswherecontextsarematchedin right-arrowrules.For
left-arrow rules,wheretheinputsideis thelowerside,theslantof thecontext operatorsis interpreted
in theinverseway. SeeSection3.5.5.
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Whenapplieddownwardto an input string suchas“aab ”, the transduceron the
left in Figure2.12deletesonly theinitial a, yielding “ab” whereasthe// version
yields“b” becausethedeletionof theinitial a createsthelower-sidecontext for the
deletionof thenext one.Similarly, [a -> 0 || .#.] deletesonly thefinal
a, but [a -> 0 \\ .#.] deletesall theas at theendof a word like “baa ”.
SeeSection3.5.5.

Any numberof parallel replacementsmay be conditionedjointly by one or
morecontexts,asin [a -> b, b -> a || .#. , .#.] thatexchanges
a andb at thebeginningandat theendof a word. Becausethecommais usedas
a separatorbetweenalternatecontexts, we needto introducea secondseparator,
a doublecomma,, to makeit possibleto expressthe parallel combinationof
conditionalreplacements.

In practicalmorphologicalapplications,// replacementcanbeusefulfor lan-
guageswith vowel harmony whereas\\ replacementcanbeusefulfor languages
with umlaut.Mostapplicationsneedonly || replacement.

Parallel Conditional Replacement

We give justoneexampleto illustratethesyntax.

[A -> B || L1 R1 ,, C -> D || L2 R2] replacesA
by B in the context of L1 andR1 andsimultaneouslyC by D in the
context of L2 andR2.

Restriction:All componentsmustdenoteregularlanguages.

As thereadermustwonderwhatusetherecouldpossiblybefor suchcomplex
expressions,we give in Figure 2.13 one example. This expressiondenotesthe
mappingfrom thefirst hundredArabic numeralsto theirRomancounterparts.For
example,it maps“0” to the emptystring, “4” to “ IV ”, “44” to “XLIV ”, andso
on.

%0 -> 0 || _ (?) .#. ,,

1 -> I, 2 -> I I, 3 -> I I I,
4 -> I V, 5 -> V, 6 -> V I,
7 -> V I I, 8 -> V I I I, 9 -> I X || _ .#. ,,

1 -> X, 2 -> X X, 3 -> X X X,
4 -> X L, 5 -> L, 6 -> L X,
7 -> L X X, 8 -> L X X X, 9 -> X C || _ ? .#.

Figure2.13:A Relationfrom Arabic to RomanNumerals

Thethreecontexts arenecessaryin Figure2.13becausezerois mappedto an
epsiloneverywhere,whereasthe Romanvalue of the nine other digits depends
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on their position.Thecorrespondingtransduceris unambiguousin theArabic-to-
Romandirection,but it givesmultiple resultsin theotherdirectionbecauseevery
Romannumeralin the lower languagecan be interpretedas an original one or
as a result of the replacement.An unambiguousbidirectionalconverter can be
derivedby composingtherelationin Figure2.13with $[I|V|X|L|C ] on the
uppersideandwith $[%0|1|2|3|4|5 |6| 7|8| 9] on thelower side.These
constraintseliminateall Romannumeralsfrom theupperlanguageandall Arabic
numeralsfrom thelower language,leaving therelationotherwiseintact.

Dir ectedReplacement

As we alreadymentionedin connectionwith a coupleof examples,replacement
relationsintroducedin theprevioussectionsarenot necessarilyone-to-oneevenif
thereplacementlanguagecontainsjust onestring. Thetransducercompiledfrom
[a | a a -> b] mapsthe upperlanguage“aa” to both “b” and“bb”. The
transducerfor [a b -> x, b c -> y] givestwo results,“xc ” and“ay ”, for
theupper-languageinputstring“abc ”.

This nondeterminismarisesin two ways. First of all, possiblereplacements
may overlap. We get a differentresultin the “abc ” casedependingon which of
thetwo overlappingsubstringsis replaced.Secondly, theremaybemorethanone
possiblereplacementstartingat thesamepoint,asin thebeginningof “aa”, where
either“a” or “aa” couldbereplaced.

The family of directedreplaceoperatorsintroducedin the following section
eliminatesthis type of nondeterminismby addingdirectionalityandlengthcon-
straints.Directionalitymeansthat thereplacementsitesareselectedstartingfrom
the left or from the right, not allowing any overlaps. Whenever therearemulti-
ple candidatestringsstartingat a givenlocation,the longestor theshortestoneis
selected.

Dir ectedReplacement

Thefour expressionsbelow denotea relationthatis like [A -> B] except
thatthesubstringsto bereplacedareselectedunderthespecifiedregimen.

The new replaceoperatorscanbe usedin all typesof replaceexpressions
introducedsofar in placeof -> .

[A @-> B]
Replacementstringsareselectedfrom left to right. If morethanone
candidatestringbeginsat a givenlocation,only the longestoneis re-
placed.

[A ->@ B]
Replacementstringsareselectedfrom right to left. If morethanone
candidatestringbeginsat a givenlocation,only the longestoneis re-
placed.
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[A @> B]
Replacementstringsareselectedfrom left to right. If morethanone
candidatestring begins at a given location, only the shortestone is
replaced.

[A >@ B]
Replacementstringsareselectedfrom right to left. If morethanone
candidatestring begins at a given location, only the shortestone is
replaced.

Restriction:A andB mustdenoteregularlanguages.

Theadditionalconstraintsattachedto thedirectedreplaceoperatorsguarantee
thatany upper-languageinput stringis uniquelyfactorizedinto a sequenceof two
typesof substrings:the onesthat are replacedand the onesthat are passedon
unchanged.

Figure2.14illustratesthedifferencebetween[a | a a -> b] andtheleft-
to-right, longestmatchversion[a | a a @-> b] . It is easyto seethat the
transducerfor the latter mapsthe upperlanguagestring “aa” unambiguouslyto
“b”.

b
?

a:b

a:0

?b
a:b ?

b

a:0

b ?

a:b

Figure2.14:TheRelation[a | a a -> b] vs. [a | a a @-> b]

The left-to-right, longest-matchreplaceoperator@-> is commonlyusedfor
text normalization,tokenization,andfor “chunking” regionsof text that matcha
givenpattern.For example[["\t"|"\n"|" "]+ @-> "\n"] yieldsatrans-
ducerthatreducesa maximallylongsequenceof tabs,newlines,andspacesinto a
singlenewline character.

To give a simpleexampleof chunking,let usassumethata nounphrasecon-
sistsof an optionaldeterminer, (d) , any numberof adjectives,a* , andoneor
morenouns,n+. The expression[(d) a* n+ @-> %[ ... %]] compiles
into a transducerthatinsertsbracketsaroundmaximalinstancesof thenounphrase
pattern.For example,it maps“dannvaan ” into “ [dann]v[aan] ”, asshown in
Figure2.15.

d a n n v a a n
------- -----

[ d a n n ] v [ a a n ]

Figure2.15:Applicationof [(d)a*n+ @-> %[...%]] to “dannvaan ”

Althoughtheinputstring“dannvaan ” containsmany otherinstancesof thenoun
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phrasepattern,“dan ”, “an”, “nn”, etc., the left-to-right andlongest-matchcon-
straintspick out just thetwo maximalones.

Directionalreplacementandmarkingexpressionsmay be furtherconstrained
by specifyingone or more contexts. For example, if C and V standfor conso-
nantsandvowels,respectively, asimplesyllabificationrulemaybeexpressedasin
Figure2.16.

C* V+ C* @-> ... "-" || _ C V

Figure2.16:A SimpleSyllabificationRule

Themarkingexpressionin Figure2.16compilesinto anunambiguoustransducer
thatinsertsahyphenaftereachlongestavailableinstanceof theC* V+ C* pattern
that is followedby a consonantanda vowel. The relationit encodesconsistsof
pairsof stringssuchasthe examplein Figure2.17. The choicebetween|| and
// makesnodifferencein thiscase,but thetwo othercontext markers,\\ and\/ ,
wouldnotyield theintendedresulthere.

s t r u k t u r a l i s m i
s t r u k - t u - r a - l i s - m i

Figure2.17:Applicationof [C* V+ C* @-> ... "-" || C V]

2.5 Propertiesof Finite-StateNetworks

In thissectionweconsiderbriefly theformalpropertiesof finite-stateautomata.All
thenetworkspresentedin this chapterhave thethreeimportantpropertiesdefined
in Table2.11.

EPSILONFREE Therearenoarcslabeledwith
theepsilonsymbol.

DETERMINISTIC No statehasmorethanoneoutgoing
arcwith thesamelabel.

MINIMAL Thereis noothernetworkwith exactly
thesamepathsthathasfewer states.

Table2.11:Propertiesof Networks

The Xerox regular-expressioncompileralwaysmakessurethat the result is
epsilonfree,deterministicandminimal. If thenetworkencodesaregularlanguage,
it is guaranteedthat it is thebestencodingfor the languagein the sensethatany
othernetworkfor thesamelanguagehasthe samenumberof statesandarcsand
differsonly with respectto theorderof thearcs,whichgenerallyis irrelevant.

Thesituationis morecomplex in thecaseof regularrelations.Evenif a trans-
duceris epsilonfree,deterministic,andminimal in the senseof Table2.11 there

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



76 CHAPTER2. A SYSTEMATIC INTRODUCTION

maystill beanothernetworkwith fewerstatesandarcsfor thatsameencodedrela-
tion. If thenetworkhasarcslabeledwith asymbolpair thatcontainsanepsilonon
oneside,theseone-sidedepsilonscouldbedistributeddifferently, or perhapseven
eliminated,andthismight reducethesizeof thenetwork.

For example,thetwonetworksin Figure2.18encodethesamerelation, “aa”,
“a” , “ab”, “ab” . They are both deterministicand minimal, but one is
smallerthanthe otherdueto a moreoptimal placementof the one-sidedepsilon
transition.

a:0

b

a

a:0 a

a b

Figure2.18: [a:0 a|a b] vs. [a [a:0 | b]]

In thegeneralcasethereis no way to determinewhethera giventransduceris the
bestencodingfor anarbitraryrelation.

For transducers,the intuitive notion of determinismmakessenseonly with
respectto a given directionof application. But therestill are two waysto think
aboutdeterminism,asdefinedin Table2.12.

UNAMBIGUOUS For any input thereis atmostoneoutput
SEQUENTIAL No statehasmorethanonearcwith

thesamesymbolontheinputside

Table2.12:Propertiesof Transducers

Althoughbothtransducersin Figure2.18arein fact unambiguousin bothdi-
rections,the one on the left is not SEQUENTIAL in eitherdirection. When it is
applieddownward,to thestring“aa”, therearetwo pathsthathave to bepursued
initially eventhoughonly onewill succeed.Thesameis truein theotherdirection
aswell. In otherwords,thereis local ambiguityat the startstatebecausea may
have to bedeletedor retained.In this case,theambiguityis resolvedby thenext
inputsymbolonesteplater.

If therelationitself is unambiguousin therelevantdirectionandif all theambi-
guitiesin thetransducerresolvethemselveswithin somefixednumberof steps,the
transduceris calledSEQUENTIABLE. That is, we canconstructanequivalentse-
quentialtransducerin thesamedirection(RocheandSchabes,1997;Mohri, 1997).
Figure2.19showsthedownwardsequentializedversionof theleftmosttransducer
in Figure2.18.

The sequentializationalgorithmcombinesthe locally ambiguouspathsinto a
singlepaththatdoesnotproduceany outputuntil theambiguityhasbeenresolved.
In the caseat hand,theambiguouspathcontainsjust onearc. Whena b is seen,
the delayeda is producedasoutput,andthenthe b itself in a one-sidedepsilon
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a:0

b:a

a

0:b

Figure2.19:DownwardSequentializedVersionof [a:0 a | a b]
.

transition.Otherwise,ana mustfollow, andin thiscasethereis nodelayedoutput.
In effect thelocalambiguityis resolvedwith onesymbollookahead.

The network in Figure 2.19 is sequentialbut only in the downward direc-
tion. Upwardsequentializationproducesthesecondnetworkshown in Figure2.18,
which clearlyis thebestencodingfor this little relation.

Evenif a transduceris unambiguous,it maywell beunsequentiableif theres-
olution of a localambiguityrequiresanunboundedamountof lookahead.For ex-
ample,thesimpletransducerfor [a+ @-> 0 || b c] in Figure2.20cannot
besequentializedin eitherdirection.

?

b

b
c

a

a:0

?

a

a:0

c

b

?
c

a

Figure2.20:UnsequentiableTransducer[a+ @-> 0 || b c]

Thistransducerreducesany sequenceof asthatisprecededby ab to anepsilon
or copiesit to theoutputunchanged,dependingon whetherthesequenceof as is
followedby a c. A sequentialtransducerwould have to delaythedecisionuntil it
reachestheendof anarbitrarily longsequenceof as. It is obviously impossiblefor
any finite-statedevice to accumulateanunboundedamountof delayedoutput.

However, in suchcasesit is alwayspossibleto split theunambiguousbut non-
sequentiabletransducerinto a BIMACHINE. A bimachinefor anunambiguousre-
lation consistsof two sequentialtransducersthat areappliedin a sequence.The
first half of the bimachineprocessesthe input from left-to-right; the secondhalf
of thebimachineprocessestheoutputof thefirst half from right-to-left. Although
theapplicationof a bimachinerequirestwo passes,a bimachineis in generalmore
efficient to apply thantheoriginal transducerbecausethe two componentsof the
bimachinearebothsequential.Thereisnolocalambiguityin eithertheleft-to-right
or theright-to-lefthalf of thebimachineif theoriginal transduceris unambiguous
in thegivendirectionof application.Figure2.21showsa bimachinederivedfrom
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thetransducerin Figure2.20.

?

b

b

a:a1

a ?

c

?a1:a

a ? a

a1:0

Left-to-right Right-to-left

Figure2.21:Bimachinefor [a+ @-> 0 || b c]

Theleft-to-right half of thebimachinein Figure2.21is only concernedabout
theleft context of thereplacement.A stringof as that is precededby b is mapped
to a string of a1s, an auxiliary symbol to indicatethat the left context hasbeen
matched.Theright-to-lefthalf of thebimachinemapseachinstanceof theauxiliary
symboleitherto a or to anepsilon,dependingonwhetherit is precededby c when
the intermediateoutputis processedfrom right-to-left. Figure2.22illustratesthe
applicationof thebimachineto threeinputstrings,“aaa ”, “baaa ” and“baaac ”.

<- -- -- --
b a  a  a

b a1 a1 a1

b a  a  a
- -  -  ->

b a  a  a  c
- -  -  -  ->
b a1 a1 a1 c

<- -- -- -- -
b          c

a a a

a a a
<- - -

a a a

- - ->

Figure2.22:Applicationof a Bimachine

The bimachinein Figure2.21encodesexactly the samerelationasthe trans-
ducerin Figure2.20. Thecompositionof theleft-to-righthalf L of thebimachine
with the reverseof theright-to-left half R yields the original singletransducerT.
That is, T = [L .o. R.r] whentheauxiliary symbolsintroducedin thebima-
chinefactorizationareremovedfrom thesigmaalphabet.

2.6 Exercises

Constructionof finite-statenetworksby hand,aswe did in theexercisesof Chap-
ter1, is a tediousaffair andveryerror-proneexceptfor themosttrivial cases.With
the helpof the regular-expressioncalculuswe cangive a precisespecificationof
the languageor the relationwe wish to constructandget the regular-expression
compilerdotherestof thework for us.

As a warm-upexercise,let usfirst constructa regularexpressionthatdenotes
thelanguageof theSimpleColaMachinein Chapter1, redrawn in Figure2.23.

Thestringsof thelanguagearemadeupof threesymbols,N (nickel= 5 cents),
D (dime= 10 cents),andQ (quarter= 25 cents).Thelanguageconsistsof strings
whosevalueis exactly 25centsor, equivalently, five nickels.

Thesimplestmethodto constructthenetworkin Figure2.23is to takeadvan-
tageof thefact that thevalueof eachsymbolin thelanguagecanbeexpressedin
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N N N N N

D D D D
Q

Figure2.23:TheSimpleColaMachine

termsof nickels. A dimeis two nickels,a quarteris five nickels. We canencode
thesefactsasa relation from higher-valuedcoins to the equivalentsequenceof
nickels: [D -> Nˆ2, Q -> Nˆ5] . Theupperlanguageof this relationis the
universallanguagein which thethreesymbolsN, D, andQ occurin any combina-
tion any numberof timesalongwith any othersymbols.

But for our Cola Machine,we areonly interestedin sequenceswhosevalue
addsupto fivenickelsandthereshouldbenoothersymbols.To derivethatsublan-
guage,we simply composethe lower sideof therelationwith [Nˆ5] andextract
the uppersideof the result. The expressionin Figure2.24compilesexactly into
thenetworkdisplayedin Figure2.23.

[[D -> Nˆ2, Q -> Nˆ5] .o. Nˆ5].u

Figure2.24:A regularexpressionfor theSimpleColaMachine

2.6.1 The Better Cola Machine

Modify theregularexpressionin Figure2.24sothat it compilesinto a transducer
thatmapsany sequenceof coinswhosevalueis exactly25centsinto themultichar-
actersymbol[COLA] .

Having succeededin that task,modify theexpressiononcemoreto describea
vendingmachinethatacceptsany sequenceof coinsandoutputs“ [COLA] ” every
time whenthevalueis equalto a multipleof 25cents.

Finally, makethemachinehonest.Any extra money shouldbereturnedto the
customer. For example,the sequence“QDDNNN” shouldmapinto two colasand
a dime: “ [COLA][COLA ]D ”. If the customerdoesnot insertenoughmoney for
a cola, the money shouldbe returned;that is, the transducershouldmapa string
suchas“DN” into itself or into someequivalentsequenceof coinssuchas“NNN”.

A solutionto thisproblemis givenin AppendixD, page621. It is of coursenot
theonly one. Thereareinfinitely many regularexpressionsthatdenoteany given
regularrelation.
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3.1 Intr oduction

3.1.1 What is xfst?

Thischapteris a hands-ontutorialonxfst, a general-purposeinteractiveutility for
creatingandmanipulatingfinite-statenetworks. You shouldhave the xfst appli-
cation installedandrunning in front of you as you work your way throughthe
examplesandexercises.We will review thevariousregular-expressionnotations,
alreadyintroducedin Chapter2, while learningabout the xfst interfaceand its
variouscommands.

xfst providesacompilerfor regularexpressions,creatingnew networksaccord-
ing to your specifications.It canalsoreadin andmanipulatenetworkspreviously
compiledby lexc (Chapter4) and twolc (Chapter5). You canalso,from within
xfst, invokethe lexc compileron a lexc sourcefile, andthereareauxiliary com-
pilers for wordlistsandother text-like formats. Wherenecessary, xfst givesyou
directaccessto the algorithmsof the Finite-StateCalculus,includingconcatena-
tion, union,intersection,composition,complementation,etc.

3.1.2 Getting Started

We introducexfst with a brief tour that shows how the applicationis launched,
queriedandexited in aUNIX-like operatingsystem.

Invoking xfst

Thebasicway to invokexfst is simply to enterxfst at theUNIX command-line
prompt.

unix xfst

xfst will respondwith a welcomebannerandanxfst prompt,andit thenwaitsfor
youto typea commandaftertheprompt.

Copyright c Xerox Corporation 1997-2002
Xerox Finite-State Tool, version 7.9.0

Enter "help" to list all commands available
or "help help" for further help.

xfst[0]:
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usage (alias: compose):
compose net

replaces the stack with the composition of
all networks currently on the stack. If the
stack consists of two networks, defined as
A and B, with A on top of the stack, the
result is equivalent to compiling the regular
expression [A .o. B].

Figure3.1: xfst HelpMessagefor Commandcomposenet

Thezeroin theprompt(xfst[0] ) will beexplainedlater, aswill command-line
flag optionsavailablewheninvokingxfst.

Help

If you enterhelp or a questionmark (?) at the xfst prompt,xfst will displaya
longmenuof availablecommands(Table3.1),organizedinto subclasses.Don’t be
intimidatedby thewealthof choices;you will needonly a few commandsto get
started.

xfst[0]: help

For shortdocumentationona particularcommand,e.g.composenet, enterhelp
followedby thenameof thatcommand.

xfst[0]: help compose net

xfst will respondwith a usefulsummary(Figure3.1) of the usageandsemantics
of thecommand.

Apropos

If you don’t know theexact formatof thecommandyou need,theaproposcom-
mandcanbe very useful. For exampleto find informationaboutcommandsthat
involve thecomposeoperation,enterapropos compose andxfst will returna
list of relevantcommandsandswitchesasshown in Figure3.2.

xfst[0]: apropos compose
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COMMANDCLASS: System commands

alias, quit, set, show, source, system

COMMANDCLASS: Input/out put and stack commands

clear stack, define, list, load defined, load stack, pop stack,
push defined, read lexc, read prolog, read regex, read spaced-
text,
read text, rotate stack, save defined, save stack, turn stack,
undefine, unlist, write prolog, write spaced-t ex t, write text,

COMMANDCLASS: Display commands

apply up, apply down, apropos, echo, help, inspect net,
print aliases, print defined, print directory, print file-info,
print flags, print labels, print label-ta lly , print lists,
print longest-s tr ing , print longest- str in g-s iz e,
print lower-wor ds , print name, print net, print nth-lower,
print nth-upper , print num-lower , print num-uppe r,
print random-lo wer, print random-u pper, print random-wor ds ,
print sigma, print sigma-ta ll y, print sigma-wo rd -ta ll y,
print size, print stack, print upper-wo rd s, print words,
write propertie s

COMMANDCLASS: Tests of network propertie s

test equivalent , test lower-boun ded, test lower-uni ve rsa l,
test non-null, test null, test overlap, test sublangu age,
test upper-boun ded, test upper-uni ve rsa l

COMMANDCLASS: Operation s on networks

add properti es, cleanup net, compact sigma, compile-
replace lower,
compile-re pl ace upper, complete net, compose net, concate-
nate net,
crossprodu ct net, determini ze net, edit properti es,
eliminate flag, epsilon- remov e net, intersect net, invert net,
label net, lower-sid e net, minimize net, minus net, name net,
negate net, one-plus net, prune net, read propertie s, re-
verse net,
shuffle net, sigma net, sort net, substitute defined,
substitute label, substitut e symbol, substring net, union net,
upper-side net, zero-plu s net

Table3.1: TheCommandMenufrom xfst
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compose net
compose the finite-st at e networks in the stack

variable flag-is-s pecia l
when ON, composit ion treats flag diacriti cs as epsilons

variable recursive -a ppl y
when ON, compose apply works depth-firs t

regex: compose net
regular expressio n [A .o. B]

Figure3.2: Responsefrom aproposcompose

The Read-Eval-Print Loop

Thexfst interfaceis aread-eval-print loop; it readsyourcommandtypedmanually
at theprompt,executesit, andthendisplaysa responseanda new prompt.As we
shallseelater, it is alsopossibleto directxfst to performaseriesof commandsthat
werepreviouslyeditedandstoredin afile calleda SCRIPT (seeSection3.3.3).

Exiting from xfst

To exit from the xfst interfaceand return to the host operatingsystem,simply
invoketheexit commandor thequit command.

xfst[0]: exit

xfst[0]: quit

3.2 Compiling Regular Expressions

3.2.1 xfst Regular Expressions

xfst includesacompilerfor theXerox regular-expressionmetalanguage,whichin-
cludesmany usefuloperatorsthatarenot availablein otherimplementations.Tra-
ditional textbooknotationshave beenmodifiedwherenecessaryto allow themto
betypedaslinearstringsof ASCII characters.Readerswhoarealreadyacquainted
with regularexpressionsandwantto getstartedquickly shouldreview thesyntax
alreadypresentedin Section2.3.1andconsulttheonlineregular-expressionsum-
mariesavailablefrom http://www.fs mbook.co m/.

3.2.2 BasicRegular-ExpressionCompilation and Testing

This sectionis intendedfor thosewho are alreadyfairly comfortablewith the
Xerox regular-expressionnotationand want to jump into compilationand test-
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ing. Later we will review, more slowly and incrementally, the variousregular-
expressionoperatorsandxfst commandsavailable.

define

Therearetwo xfst commands,define and read regex, that invoke the regular-
expressioncompiler. Theschemafor thedefinecommandis thefollowing:

xfst[0]: define variable regular-expr essi on ;

Thevariablenameis chosenby theuser. Theregularexpressionmuststarton the
sameline, but it canbearbitrarilycomplicatedandcanextendover multiple lines.
Theregularexpressionmustbeterminatedwith asemicolonfollowedby anewline
(carriagereturn).

Theeffect of suchacommand,e.g.

xfst[0]: define MyVar [ d o g | c a t | h o r s e ] ;

is to invokethe compileron the regular expression,createa network,andassign
thatnetworkto theindicatedvariable,hereMyVar. Oncedefinedin this way, the
variablecanbeusedin subsequentregularexpressions.

The define commandin fact comesin two easily confusablevariants.
When you call define to compile a regular expression,as in the exam-
plesjustshown, thatregularexpressionmustbegin onthesameline asthe
definecommand.Theothervariantof thedefinecommandwill beshown
below.

readregex

Theothercompilercommand,readregex, similarly readsandcompilesa regular
expression,but theresultingnetworkis addedor PUSHED ontoa built-in STACK.

xfst[0]: read regex regular-expre ssio n ;

We will have muchmoreto sayaboutTheStackbelow, but for now it sufficesto
know thatmany xfst operationsreferby defaultto thetopnetworkonTheStack,or
they POP theirargumentsfrom TheStackandpushtheresultbackontoTheStack.

Thexfst promptincludesacounterindicatinghow many networksarecurrently
storedonTheStack.

If weperformthefollowing command:

xfst[0]: read regex [ d o g | c a t | h o r s e ] ;
10 states, 11 arcs, 3 paths.
xfst[1]:
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andhavenotmadeany mistakesin typingtheregularexpression,xfst will respond
with a messageindicating the numberof states,arcsand pathsin the resulting
network.Thedigit 1 printedin thenew promptindicatesthatthereis onenetwork
savedonTheStack.

Becausethey can extend over multiple lines, regular expressionsinside
define and read regexcommandsmust be explicitly terminatedwith a
semicolonfollowedby a newline (carriagereturn). Othercommandsnot
containingregular expressionscannotextendover multiple lines andare
not terminatedwith a semicolon.

BasicNetwork Testing

Oncewe have, on the top of The Stack,a networkthat encodesa language,and
if the languageis finite, we canthenusethe print words commandto have the
languageof thenetworkenumeratedon theterminal.

xfst[0]: read regex [ d o g | c a t | h o r s e ] ;
10 states, 11 arcs, 3 paths.
xfst[1]: print words
dog
cat
horse

Otherusefulcommandsareapply up, whichperformsANALYSIS or LOOKUP,
andapply down, whichperformsGENERATION, alsoknown asLOOKDOWN; both
apply up andapply down usethenetworkon thetop of TheStack.In theformal
terminologyof networks,apply up “appliesthenetworkin anupwarddirection”to
aninputstring,matchingtheinputagainstthelowersideof thenetworkandreturn-
ing any relatedstringson the uppersideof the network. The following example
looks up the word “dog ” andreturns“dog ” astheresponse,indicatingsuccess.
Note that it is not necessaryto recompilethe regularexpressionif thenetworkis
alreadycompiledandon thetopof TheStack.

xfst[0]: read regex [ d o g | c a t | h o r s e ] ;
xfst[1]: apply up dog
dog
xfst[1]:

Any attemptto look up a word not in the languageencodedby the networkwill
resultin failure,andxfst will simply displaya new prompt.

xfst[1]: apply up elephant
xfst[1]:
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If youarehand-testinganumberof inputwords,youmaysoontire of retyping
apply up over andover again. It happensthat theapply up command,like most
commandsin xfst, hasanabbreviation, in thiscaseup.

xfst[0]: read regex [ d o g | c a t | h o r s e ] ;
xfst[1]: up dog
dog
xfst[1]:

In addition,thereis an APPLY UP MODE that you invoke whenyou enterapply
up, or justup, without anargument.Thenew promptbecomesapply up>, and
you simply enterinput stringsoneat a time at the prompt. To exit this apply-up
modeandreturnto thexfst prompt,enterEND;, all in capital(upper-case)letters,
andincludingthesemicolon.OnaUnix-like system,youcanalsoescapeapply-up
modeby enteringControl-D.In aWindowssystem,you cantypeControl-Z.

xfst[0]: read regex [ d o g | c a t | h o r s e ] ;
xfst[1]: apply up
apply up> dog
dog
apply up> cat
cat
apply up> elephant
apply up> END;
xfst[1]:

Finally, if you have a list of input wordsstoredin a file, with oneword per
line, you cananalyzethewholefile by enteringapply up, followedby a left angle
bracket(<) andthenameof thefile. As usual,apply up will applythenetworkon
thetop of TheStack.

xfst[1]: apply up < filename

BasicPushingand Popping

Therearea numberof commandsfor manipulatingThe Stackitself, but for now
we’ll introducejust two. Usethepop stack commandto popthe top networkoff
TheStackanddiscardit. Thecounterin thepromptwill decrementby one.

xfst[1]: pop stack
xfst[0]:

Usetheclear stack commandto popall thenetworksoff of TheStack,leaving it
empty. Thecounterin thenew promptwill be0.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



3.2. COMPILING REGULAREXPRESSIONS 91

xfst[4]: clear stack
xfst[0]:

Be sure to distinguishcommandsfrom regular expressions. You type
commands,including thehelp, apropos, define, read regex, pop stack,
clear stack, apply up andapply down commands,to the xfst interface.
Only twoof thesecommands,defineandreadregex, canincludearegular
expressionaspartof thecommand.Youmustthereforelearnthelanguage
of commandsfor running xfst and the metalanguageof regular expres-
sions,whichhasits own syntax.

3.2.3 BasicRegular ExpressionsDenotingLanguages

Throughthe restof this chapterwe will review the regular-expressionmetalan-
guageprogressively, presentingexamplesandintroducingusefulxfst commands
aswe go. We startwith thebasicSYMBOL notationsshown in Table3.2. Every
basicalphabeticsymbolis, by itself, a valid regularexpression.Caseis significant
everywherein xfst, soz is a separatesymbolfrom Z.

a Alphabeticcharacterslike a, b, c , etc.
"a" Double-quotednormalalphabeticletter like "a" is

equivalentto a.
"+" A literal plussignsymbol;i.e. nota Kleenestar.
%+ A literal plussign;alternatenotation.

" o" " oo" " ooo" A symbolexpressedasanoctalvalue,whereo is a
digit 0-7,e.g." 123" .

" xHH" A symbolexpressedasa hexadecimal(hex) value,
whereH is 0-9,a-f or A-F, e.g." xA3" .

" uHHHH" A 16-bitUnicodecharacter, e.g." u0633" .
" n" Newline symbolin escapenotationasperUnix con-

vention. Also \ t (tab), \ b (backspace),\ r (car-
riage return), \ f (formfeed),\ v (vertical tab), and
\ a (alert).

Table3.2: Regular-ExpressionNotationsfor BasicSymbols
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Note that the backslashnotationsfor symbols, e.g. 142, x63 and
u0633, andthespecialcontrolcharacterslike n and t, canappearonly

insidedoublequotedstrings.

The simplestregular expressionis thereforejust a symbol like a, which by
itself denotesthe languageconsistingof thesinglestring“a”. You compilesuch
an expressionusing the read regexcommandor the define command.Like all
regularexpressionsin xfst, it mustbeterminatedwith asemicolonanda newline.

xfst[0]: clear stack
xfst[0]: read regex a ;
2 states, 1 arc, 1 path.
xfst[1]: print words
a

xfst respondswith a shortmessageindicatingthenumberof states,arcsandpaths
in theresultingnetwork,andthendisplaysanew prompt.The1 in thenew prompt
indicatesthatthereis onenetworkstoredonTheStack.

In additionto basicsymbols,xfst regularexpressionsalsoallow MULTICHAR-
ACTER SYMBOLS, which have multicharacterprint namesbut which aremanipu-
latedin networksexactly like all the othersymbols. Multicharactersymbolsare
not declaredin xfst but aresimply written in regular expressionswith no spaces
betweenthelettersof thename,asshown in Table3.3.Any multicharactersymbol
is, by itself, a valid regularexpression.

A trivial regular expressionconsistingof a single multicharactersymbol is
shown here:

xfst[0]: read regex "+Noun" ;
2 states, 1 arc, 1 path.
xfst[1]: print words
+Noun

Threespecialsymbol-likenotationsarelisted in Table3.4; we will encounter
morelater whendealingwith restrictionsandreplacerules. xfst uses0 and []
to denotetheemptystringbecausethetraditionallyusedepsilonsymbol( ) is not
availableon ASCII keyboards.In regular expressionsthe questionmark denotes
any singlesymbol,includingall possiblenon-alphabeticandmulticharactersym-
bols.

Thefinite-stategrouping,iterationandoptionalityoperatorsareshown in Ta-
ble3.5. In this table,A representsanarbitrarilycomplex regularexpression.

Do not confusesquarebrackets,usedfor grouping, with parentheses,
whichdenoteoptionality.
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cat Compiledasthesinglemulticharactersymbolcat. Usersare
advisednot to definemulticharactersymbolslike cat, consist-
ing of only normalalphabeticalcharacters,becausethey are
too easyto confusewith the concatenationof threeseparate
symbolsc, a andt.

"+Noun" Compiledas the singlemulticharactersymbol+Noun. The
surroundingdoublequotescausethe plus sign to be treated
asa literal letter, i.e. not the Kleeneplus. Usersareencour-
agedto includea punctuationsymbolin the spellingof mul-
ticharactersymbols;thishelpsdistinguish themvisually from
concatenationsof alphabeticcharacters.

%+Noun Anotherwayto notatethemulticharactersymbol+Noun. The
percentsignliteralizestheplussign.

%ˆHIGH The multicharactersymbolˆHIGH, startingwith a literal cir-
cumflex.

%[HIGH%] Themulticharactersymbol[HIGH], startingwith a literal left
squarebracketandendingwith a literal right squarebracket.

"[HIGH]" Anotherwayto notatethemulticharactersymbol[HIGH].

Table3.3: Notationsfor MulticharacterSymbols

Considerthe regular expressiona+, which denotesthe infinite languageof
all stringsconsistingof oneor moreas: “a”, “aa”, “aaa ”, “aaaa ”, etc. Such
an expressioncanbe compiledandtestedlike any other;apply up will succeed
for stringslike “aa” and“aaaaaaa ” but fail for any stringthat is not composed
exclusively of oneor morea symbols.

xfst[0]: read regex a+ ;
xfst[1]: apply up a
a
xfst[1]: apply up aa
aa
xfst[1]: apply up aaaaaaaaaa
aaaaaaaaaa
xfst[1]: apply up aaaab
xfst[1]:

The languagedenotedby a* includesall the wordsin a+ plus the emptystring
(epsilon).Optionalityis indicatedby surroundinganexpressionwith parentheses,
asin (a) . Thenumberediterationoperatorshavemany flavors,thesimplestbeing
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? DenotesANY symbol.
0 Denotestheempty(zero-length)string,alsocalledepsilon.

[] Denotestheemptystring;equivalentto 0.

Table3.4: SpecialSymbol-LikeNotations

[] Groupingbrackets.[A] is equivalentto A.
A* TheKleenestar. Denoteszeroor moreconcatenationsof A with

itself.
A+ TheKleeneplus. Denotesoneor moreconcatenationsof A with

itself. A+ is equivalentto [A A*] .
(A) Optional.(A) is equivalentto [A|0] .
Aˆn Wheren is aninteger, denotesn concatenationsof A with itself.

Aˆ n,m Wheren andm areintegers,denotesn to m concatenationsof A
with itself.

Aˆ n Wheren is an integer, denotesfewer thann concatenationsof A
with itself.

Aˆ n Wheren is aninteger, denotesgreaterthann concatenationsof A
with itself.

Table3.5: Grouping,IterationandOptionality

exemplifiedby aˆ5 , which denotesthe languageconsistingof the singlestring
“aaaaa ”.

Thebasictraditionalfinite-stateoperationsincludeunion,intersect,minus(sub-
traction),complement(negation)andconcatenation.Table3.6showshow theseare
notatedin xfst regularexpressions.In thetable,A andB denotearbitrarilycomplex
regularexpressions.

Note in particulartheoperationof concatenation,which hasno explicit oper-
ator. Symbolsto be concatenatedaresimply typedoneafter another, separated
by whitespace.Theexpression[c a t] , for example,denotesthestring“cat ”,
whichconsistsof thethreeseparatesymbolsc, a, andt.

Compileandtest,usingapply up, theregularexpression[a b]* , which de-
notesthe infinite languageof stringscontainingzeroor moreconcatenationsof
“ab”. Don’t neglect to put a spacebetweenthea andtheb in theregularexpres-
sionor you will inadvertentlybedefininga new multicharactersymbolab, which
is not whatyou wanthere.
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A | B Theunionof A andB.
A & B Theintersectionof A andB. HereA andB mustdenotelanguages,

not relations.
A - B Thesubtractionof B fromA. HereAandBmustdenotelanguages,

not relations.
A The languagecomplementof A, i.e. [?* - A] . HereA must

denotea language,nota relation.
A B The concatenationof B after A. The operandsareseparatedby

whitespace;thereis noexplicit concatenationoperator.
cat Compiledasaconcatenationof thethreesymbolsc, a andt. Sur-

roundinga stringof symbolswith curly braces“explodes”them
into separatesymbols,hereequivalentto [c a t] .

Table3.6: Regular-ExpressionNotationsfor BasicSymbols

Whenoneor bothof theoperandsto beconcatenatedarethemselvesdelimited,
thennoseparatingwhitespaceis necessary;for example

[l o o k] [i n g]

and

[l o o k][i n g]

areequivalentexpressions,bothdenotingthe concatenationof the languagecon-
tainingthestring“ look ” with thelanguagecontainingthestring“ ing ”, to denote
a new languagecontainingthestring“ looking ”.

Thecurly bracesin expressionslike dog aresometimescalled“explosion”
bracesbecausethey tell the compilerto “explode” the containedstring into sep-
aratesymbolsratherthantreatingthemasthe nameof a multicharactersymbol;
the regular expression dog is equivalentto [d o g] . In practiceit is often
moreconvenientto type andread elephant than [e l e p h a n t] ,
especiallyif therearemany suchstringsto type.
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?* Denotestheuniversallanguage,whichcontainsall possible
strings,includingtheemptystring(epsilon).

[?*] Oneof aninfinite numberof waysto denotetheemptylan-
guage,which containsnostringsatall.

[ a - a ] Anotherway to denotetheemptylanguage.

Table3.7: TheUniversalLanguageandtheEmptyLanguage

Warning: It is all too easyto inadvertentlywrite a multicharactersymbol,
e.g.cat , in aregularexpressionwhenyoureallyintendedto writec a t
or cat , indicatingtheconcatenationof threeseparatesymbolsc, a and
t. By Xerox convention,multicharactersymbolsincludea non-alphabetic
characterlike theplussign,e.g. +Noun, or thecircumflex, e.g. ˆHIGH ,
or they surroundanamein punctuation,e.g. [Noun] or [Verb] , to help
themstandout andto avoid visualconfusionwith simpleconcatenations
of alphabeticcharacters.

Fromtheseregular-expressionnotationsandothersto come,you will notethat
almostall theASCII punctuationcharactershavebeenpressedinto serviceasoper-
ators.Thepunctuationcharactersarethereforespecialcharactersin xfst. To notate
literal plussigns,asterisks,verticalbars,etc. they mustbeprecededwith theliter-
alizing percentsign,asin %+, %* and%, or includedinsidedoublequotes,asin
"+" , "*" and" " .

Table 3.7 illustratesexpressionsthat denotethe universal languageand the
emptylanguage.Theregularexpression?* denotestheuniversallanguage,which
containsall possiblestrings,of any length,includingtheemptystring. Theempty
language,whichcontainsnostringsatall, noteventheemptystring,canbenotated
many ways,including [?*] (i.e. thecomplementof theuniversallanguage),[a
- a] , [b - b] , etc.

The union operator constructsa regular languageor relation that contains
all the strings(or orderedstring pairs)of the operands;e.g. a | b denotesthe
languagethatcontainsthestring“a” and“b”. Squarebracketscanbeusedfreelyto
groupexpressions,e.g.[ c a t | d o g ] - [ d o g ] , eitherto make
expressionseasierfor peopleto reador to force the compiler to performcertain
operationsbeforeothers.By convention,concatenationhashigherprecedencethan
union.Theprecedenceof thefinite-stateoperatorsis describedbelow onpage206.

Using theseoperators,which arealreadyfamiliar to mostprogrammers,we
can start to write more interestingregular expressionsand experimentwith the
compilednetworks.Follow alongwith thefollowing examples.
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xfst[0]: read regex d o g | c a t | h o r s e ;
10 states, 11 arcs, 3 paths.
xfst[1]:

This regularexpressiondenotesa languagecontainingjust thethreewords“dog ”,
“cat ” and“horse ”. Oncethecorrespondingnetworkis compiledandpushedon
the top of The Stack,we cancausexfst to enumeratethe wordsof the language
with thecommandprint words.

xfst[1]: print words
dog
cat
horse
xfst[1]:

Thefollowing expressionsubtractsonelanguageof stringsfrom another. Compile
it anduseprint words to seethewordsin theresultinglanguage.

xfst[0]: read regex [ d o g | c a t | r a t |
e l e p h a n t ] - [ d o g | r a t ] ;
10 states, 10 arcs, 2 paths.
xfst[1]: print words
cat
elephant

Also compileandtesttheexpression

(r e)[[m a k e] | [c o m p i l e]]

whichdenotesa languagecontainingthewords“make”, “ remake ”, “compile ”
and“ recompile ”. Rememberto separatethesymbolswith spacesto avoid cre-
atingunwantedmulticharactersymbols.

Similarly, usereadregexto compilethe following regular expression,which
denotesan intersectionof two small languages,andthenenumeratethewordsof
thelanguageusingprint words. In thereadregexcommand,rememberto termi-
natetheregularexpressionwith a semicolonandanewline.

[ d o g | c a t | r a t | e l e p h a n t | p i g ]
& [ c a t | a a r d v a r k | p i g ]

You shouldfind that the resultinglanguagecontainsjust two words,“cat ” and
“pig ”. If you get tired of spacingout all the letters,try the alternative notation
usingcurly braces.

[ dog | cat | rat | elephant | pig ]
& [ cat | aardvark | pig ]
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Try to remembernot to type just plain dog , without curly braces,if you
really intend[d o g] or dog . Plaindog will becompiledasasingle
multicharactersymbol,which is quite different from a concatenationof
threeseparatesymbols.Unwantedmulticharactersymbolscancomeback
to hauntyou laterwith mysteriousproblems.

Theintersectionoperator& operatesonly onnetworksencodinglanguages(not
on transducers)andconstructsa languagethatcontainsall thestringscommonto
theoperands.

Thetwo complementoperators,shown in Table3.8, deserve somespecialat-
tentionbecauselearnersvery oftenconfusethem. WhereA is anarbitrarily com-
plicatedregular expressiondenotinga language,the languagecomplement,e.g.

A, denotesthe universallanguage(all possiblestrings,of any length)minusall
thestringsin A; A is thereforeequivalentto [?* - A] . If languageA doesnot
containtheemptystring,then A will containtheemptystring,aswell asall other
possiblestringsnot in A.

In contrast,thesymbolcomplement,e.g. A, denotesthelanguageof all single-
symbolstrings,minusthestringsin A. Themosttypical usesof thesymbolcom-
plementoperatorinvolvea languageA whichdenoteseitherasingle-symbolstring
or a unionof single-symbolstrings.Thuswe typically seepracticalexampleslike
z , which denotesthe languageof all single-symbolstrings“a”, “b”, “c”, “d”,

etc., except for the string “z”; or [a b c] , which denotesthe languageof all
single-symbolstringsexceptfor thestrings“a”, “b” and“c”.1 Fromthematching
point of view, an expressionlike a mustmatcha singlesymbolandcannever
matchtheemptystringor a stringof lengthgreaterthanone.

A Thelanguagecomplementof A, i.e. [?* - A] . HereA mustdenotea
language,nota relation.

A The symbolcomplementof A, i.e. [? - A] . Thus a contains“b”,
“c”, “d”, etc.,but not “a” or the emptystring or any string of length
greaterthanone.

? Anothernotationfor thenull language.

Table3.8: LanguageComplementvs.SymbolComplement

The semanticsandcompilationof the complementoperatorsarediscussedin
detailin Sections2.3.1and2.3.4andwill notberepeatedhere.If A denotesafinite

1Programmersfamiliar with regular expressionsin Perl and emacsmay comparethe xfst z
notationto theequivalentPerl/emacs[ˆz] notation,and [a b c] to thePerl/emacs[ˆabc] .
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language,then A denotesan infinite languagethat cannotbe enumerated.xfst
callssuchnetworks“Circular”, indicatingthatwhile they containa finite number
of statesandarcs,the arcsincludeloopsthat resultin the networkcontainingan
infinite numberof possiblepaths.

xfst[0]: read regex ˜[c a t] ;
5 states, 20 arcs, Circular.
xfst[1]:

In this example,the languagebeingdenotedis the complementof the language
containingthesingleword “cat ”, i.e. theuniversallanguageminusthelanguage
containingjust “cat ”. This is thereforeaninfinite language,andthenetworkthat
encodesit is circular. Theprint wordscommandwill print outa few examplesbut
hasspeciallogic thatkeepsit from trying to displayan infinite numberof words.
Theprint random-words commandwill print a randomselectionof wordsfrom
thelanguage.

More usefulin suchcasesis theapply up commandthat looksup (analyzes)
an input wordusingthenetworkon top of TheStack.In thecaseof [c a t] ,
apply up will fail for the input word “cat ” andsucceedfor all otherwords,in-
cluding“cats ”, “dog ”, “hippopotamus ”, “monkey” and“wihuiehguwe ”.
Whenapply up succeeds,oneor morestringsarereturned;whenapply up fails,
it returnsnothing,andxfst simplydisplaysanew prompt.

xfst[0]: read regex ˜[c a t] ;
5 states, 20 arcs, Circular.
xfst[1]: apply up cat
xfst[1]: apply up cats
cats
xfst[1]: apply up dog
dog
xfst[1]: apply up hippopotamus
hippopotamus
xfst[1]: apply up monkey
monkey
xfst[1]: apply up wihuiehguwe
wihuiehguwe

The CONTAIN and IGNORE operations,definedin Section2.3.1,aresumma-
rized in Table 3.9. Try compiling and testingthe regular expression$a, which
denotesthelanguageof all stringsthatcontainat leastonea, including“a”, “ab”,
“zzzzzza ”, “alphabet ”, etc. Also compileandtesta+/b , which denotesthe
languageof all stringsconsistingof oneor moreas, i.e. “a”, “aa”, “aaa ”, etc.,
plus all thesestringswith any numberof b symbolsappearingas noise: “ab”,
“bbbab ”, “bababab ”, “aabbbbab ”, etc.
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$A Denotesthelanguageof all strings(or therelationof all ordered
stringpairs)thatcontainA, i.e. [?* A ?*] .

$.A Denotesthe languageof all stringsthat containexactly oneoc-
currenceof astringfrom A.

$?A Denotesthe languageof all stringsthatcontainat mostoneoc-
currenceof astringfrom A.

A/B Denotesthe languageA, ignoring interspersed“noise” strings
from B. In otherwords,A/B denotesthe setof all stringsthat
would be in A if all substringsfrom B, consideredasa kind of
“noise”, wereremoved.

A./.B DenotesthelanguageA, ignoring internally interspersed“noise”
stringsfrom B.

Table3.9: ContainandIgnore

3.2.4 BasicStackOperations

UnderstandingThe Stack

Beforecontinuingwith our review of regular-expressionoperators,let’s look more
closelyat the built-in stackusedby xfst to storeandmanipulatenetworks. The
Stackis a last-in, first-out (LIFO) datastructurethat storesnetworks,andwhen
xfst is launched,TheStackis empty. NetworkscanbePUSHED ontothetopof The
Stack,wherethey areaddedon top of any previously pushednetworks.Networks
canalsobePOPPED or takenoff thetopof TheStack.

Last-in, first-out (LIFO) stacksareoften comparedto the spring-loaded
pop-upstacksof platesfoundin many cafeterias.Whenyou takea plate,
youtakeit fromtheverytopof TheStack;andany newly washedplatesare
addedor “pushed”backontoTheStackfrom thetop. Platesin themiddle
or at thebottomof TheStackareinaccessibleuntil theplatesabove them
havebeen“popped”off.

Many xfst commandsrefer to The Stackin someway, usuallypoppingtheir
argumentsoneat a time from the top of The Stack,computinga result,andthen
pushingthe resultbackontoThe Stack.Othercommands,like print words, ap-
ply up andapply down, refer by default to the topmostnetworkon The Stack
without actuallypoppingor modifying it. Usersof xfst mustconstantlybeaware
of whatis onTheStack.Luckily, thereareanumberof commandsto helpvisualize
andmanipulateTheStack.
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Pushingand Popping

We have alreadyseenthat the read regexcommandreadsa regular expression,
compilesit into a finite-statenetwork,andpushesthe resultontoThe Stack. For
the user’s information,the numberin the xfst promptindicatesat eachstephow
many networksarecurrentlyonTheStack.In thefollowingexamplesession,three
networksarecompiledandpushedsuccessively onTheStack.

xfst[0]: clear stack
xfst[0]: read regex a ;
2 states, 1 arc, 1 path.
xfst[1]: read regex c a t ;
4 states, 3 arcs, 1 path.
xfst[2]: read regex [ dog | cat | elephant ] ;
12 states, 13 arcs, 3 paths.
xfst[3]:

In this case,the resultingstack,picturedin Figure3.3, will have the last-pushed
network,theonecorrespondingto [ dog | cat | elephant ] , on
the top, with thenetworkfor cat underneathit, andthe networkfor a on the
very bottom. Try typing in the samecommandsyourself, recreatingThe Stack
stateshown in Figure3.3. Continuingthesamesession,if we invokeprint words
it will referby defaultto thetopnetworkonTheStack.Theothernetworksbelow
thetop aretemporarilyinaccessible.

xfst[3]: print words
elephant
dog
cat

Network for [ a ]

Network for [ c a t ]

Network for  [ d o g | c a t | e l e p h a n t ]

Figure3.3: TheStackwith ThreeNetworks
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To seewhatis onTheStackat any time,invoketheprint stackcommand:

xfst[3]: print stack
0: 12 states, 13 arcs, 3 paths.
1: 4 states, 3 arcs, 1 path.
2: 2 states, 1 arc, 1 path.
xfst[3]:

print stack displaysthe size of eachnetworkon The Stack,startingat the top
network,which it numbers0.

To seedetailedinformation abouta particularnetwork, including its sigma
alphabet(seeSection3.2.4)anda listing of statesandarcs,usetheprint net com-
mand.If it is invokedwithoutanargument,print net by defaultdisplaysinforma-
tion aboutthetopnetworkonTheStack.

xfst[3]: print net
Sigma: a c d e g h l n o p t
Size: 11
Net: EE3E0
Flags: deterministi c, pruned, minimized, epsilon_free,
loop_free
Arity: 1
s0: c -> s1, d -> s2, e -> s3.
s1: a -> s4.
s2: o -> s5.
s3: l -> s6.
s4: t -> fs7.
s5: g -> fs7.
s6: e -> s8.
fs7: (no arcs)
s8: p -> s9.
s9: h -> s10.
s10: a -> s11.
s11: n -> s4.

In this display, thenotations0 indicatesthenon-finalstartstatethat is numbered
0. A notationlike fs7 , with an initial f, indicatesa final state,numbered7. The
notations3: l - s6 indicatesthat thereis anarc labeledl from state3 to
state6. The sigmaalphabet is a list of all the singlesymbolsthat occureither
on the upperor lower sideof arcs. The arity is 1 for networksencodingsimple
languagesand2 for networks(transducers)encodingnon-identityrelations.

If you call thedefinecommandandseta variableto a networkvalue,you can
also indicatethat variableasan argumentto print net or print words. Try the
following:
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xfst[3]: define XXX ( r e ) [ l o c k | c o r k ]
[ i n g | e d | s | 0 ] ;
13 states, 17 arcs, 16 paths.
xfst[3]: print net XXX
Sigma: c d e g i k l n o r s
Size: 11
Net: EE438
Flags: deterministic, pruned, minimized, epsilon_free,
loop_free
Arity: 1
s0: c -> s1, l -> s2, r -> s3.
s1: o -> s4.
s2: o -> s5.
s3: e -> s6.
s4: r -> s7.
s5: c -> s7.
s6: c -> s1, l -> s2.
s7: k -> fs8.
fs8: e -> s9, i -> s10, s -> fs11.
s9: d -> fs11.
s10: n -> s12.
fs11: (no arcs)
s12: g -> fs11.
xfst[3]: print words XXX
lock
locking
locks
locked
cork
corking
corks
corked
relock
relocking
relocks
relocked
recork
recorking
recorks
recorked

To popthetopnetworkoff of TheStackanddiscardit, usethepop stackcom-
mand.Thecounterin thepromptwill decrementby one,andthenext networkwill
thenbecomethenew topnetwork,becomingvisibletocommandslike print words
andprint net.

xfst[3]: pop stack
xfst[2]: print words
cat
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xfst[2]: print net
Sigma: a c t
Size: 3
Net: EE388
Flags: deterministi c, pruned, minimized, epsilon_free,
loop_free
Arity: 1
s0: c -> s1.
s1: a -> s2.
s2: t -> fs3.
fs3: (no arcs)
xfst[2]:

To popall of thenetworksoff of TheStack,leaving it completelyempty, usethe
clear stackcommand.Thecounterin thenew xfst promptwill thenbezero.

xfst[2]: clear stack
xfst[0]:

Play with The Stack until you becomecomfortablewith it. Formally
speaking,TheStackof xfst is a LIFO (Last-In,FirstOut) storagemecha-
nismthatis familiar to mostcomputerscientistsbut a bit of a challengeto
thosefrom otherbackgrounds.Failureto understandtheoperationof The
Stackis acommonsourceof confusionandfrustrationwhenlearningand
usingxfst.

Pushingand Popping DefinedVariables

We have alreadyintroducedthe define commandin one variant that calls the
regular-expressioncompiler. For example,

xfst[0]: define Var [ dog | cat | snake ] ;

compilesthe indicatedregular expressionandstoresthenetworkvaluein the in-
dicatedvariable,hereVar, without affecting The Stack. The othervariantof the
definecommand,however, doesnot includearegularexpression(or a terminating
semicolon);insteadit popsthetopnetworkoff of TheStackandassignsthatvalue
to the indicatedvariable. The following sequenceof operationsis equivalent,in
theend,to thedefinestatementjustabove.

xfst[0]: read regex [ dog | cat | snake ] ;
xfst[1]: define Var
xfst[0]:
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Notethatthecounterin thepromptdecrementsafterthecall to define, whichpops
TheStackto getthevalueto assignto Var .

xfst commandsthat end with regular expressions,like read regexand
somedefine commands,musthave thoseregular expressionsterminated
with a semicolonand a newline. xfst commandsthat do not containa
regularexpressionarenot terminatedwith a semicolon.

Whena define commandincludesa regular expressionto be compiled(see
page88), that regular expressionmustbegin on the sameline as the command
name;otherwisexfst cannotdistinguishit from the define variant that popsits
argumentoff of TheStack.It is a verycommonerrorto write

xfst[0]: define myvariable
[ d o g | c a t | b i r d ] ;

expectingthe regular expressionto be compiledandthe variableto be setto the
networkvalue.To invoketheregularexpressioncompilerwith define, at leastone
characterof theregularexpressionto becompiledmustappearonthesameline as
thedefinestatement,e.g.

xfst[0]: define myvariable [
d o g | c a t | b i r d ] ;

After anetworkvaluehasbeenstoredin adefinedvariable,it maylaterbecome
necessaryto pushit backonTheStackusingthepushdefinedcommand.Notein
thefollowing examplehow thecounterincrementsafterthepush.

xfst[0]: read regex a b c* d (e) f+ ;
xfst[1]: define VarX
xfst[0]: push defined VarX
xfst[1]:

Thecommandpush defined VarX is completelyequivalentto thecommand
read regex VarX ; (but note that the latter commandcompilesVarX asa
regularexpressionandsoneedsto beterminatedwith a semicolon).

Pushingthevalueof thedefinedvariableVarX ontoTheStackdoesnotresetor
destroyVarX ; its valuepersistsuntil VarX is resetby anotherdefineor undefined
usingtheundefinecommand.

xfst[1]: undefine VarX

Undefinitioncausesthememorytied up by VarX , which maybeconsiderable,to
berecycledandmadeavailablefor othernetworks.
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U .x. L Thecrossproductof U andL, whereU andL areregularexpres-
sionsdenotinglanguages,not relations. The result is a relation
thatmapsevery stringin U, theupperlanguage,to everystringin
L, thelower language.

U:L Thecrossproductof U andL, whereU andL areregularexpres-
sions denotinglanguages,not relations. The expressionU:L
is equivalent to [U .x. L] . The colon is a general-purpose
crossproductoperator, but it hashigherprecedencethanthe.x.
operator;in particular, it hashigherprecedencethanconcatena-
tion.

a:a Denotesthe relation “a”, “a” but is, by convention,stored
asa simplelabel a in the network. The regular expressiona is
thereforeequivalentto a:a .

?:? Denotesthe relation consistingof all pairs of ANY symbol
mappedto ANY symbol.

? Denotestherelationconsistingof all symbolsidentity-mappedto
themselves.

Table3.10:RegularExpressionsDenotingRelations

3.2.5 BasicRegular ExpressionsDenotingRelations

crossproduct

Returningto our review of regular-expressionoperators,thebasicregularexpres-
sionsfor denotingrelationsareshown in Table3.10. Otherrule-likenotationsfor
denotingrelationswill bepresentedlater.

Thecrossproductoperation,denotedwith the.x. operator, whichconsistsof a
period,anx, andanotherperiod,without interveningspaces,is thebasicoperation
for defininga relation.

In theU .x. L notationfor thecrossproduct,bothUandL mustdenote
languages,not relations.TheoverallexpressionU .x. L denotesthere-
lationwhereineachstringof U is mappedto eachstringof L. Thelanguage
denotedby U is theupperlanguageandthelanguagedenotedby L is the
lower language.

Thecolonnotationwasoriginally implementedonly asaconvenientshorthand
for notatingthe crossproductof two single symbols,e.g. a:b is equivalent to
[a .x. b] anda bit moreconvenientto type. Now thecoloncanbeusedasa
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general-purposecrossproductoperator, but it hasa precedencehigherthanthatof
.x. (seepage206).

Thecolon(:) andtheoperator.x. arebothgeneral-purposecrossproduct
operators,but thecolonhashigherprecedence.In particular, it is impor-
tantto notethattheprecedenceof thecolonoperatoris higherthanthatof
concatenation,while theprecedenceof .x. is lower thanthatof concate-
nation.

Experimenting with the crossproduct Operation

Thissectionwill continuewith somesimpleexamplesusingthecrossproductoper-
ators.If you arecomfortablewith thenotionof crossproducts,proceedto thenext
section.

Let us supposethat languageY consistsof the two strings“dog ” and“cat ”
andthatlanguageZ consistsof thetwo strings“chien ” and“chat ”, which hap-
pen to mean“dog ” and “cat ” respectively in French. In xfst, they might be
definedin thefollowing way:

xfst[0]: clear stack
xfst[0]: define Y [ d o g | c a t ] ;
xfst[0]: define Z [ c h i e n | c h a t ] ;

If we thencomputethecrossproductof Y andZ usingreadregex, theresultwill
beasingletransducernetworkonTheStack.

xfst[0]: read regex Y .x. Z ;
xfst[1]:

Invoke xfst, compilethe relationasshown, andfollow along in the testsbelow.
Rememberthat in the expressionY .x. Z, the Y languageis the upper-sideof
therelationandtheZ languageis thelower-side.

We now useapply up andapply down to testthebehavior of our transducer.
If we apply up or analyzethestring“chien ” we getbackthetwo strings“dog ”
and“cat ”. Notethat “dog ” and“cat ” areall thestringsin theupperlanguage
Y.

xfst[1]: apply up chien
dog
cat

Similarly, if we analyzethestring“chat ”, wegetthesameanswer.
Now try usingapply down to thestrings“dog ” and“cat ”. You shouldsee

thefollowing output.
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xfst[1]: apply down dog
chien
chat
xfst[1]: apply down cat
chien
chat

The responseshouldbe “chien ” and “chat ” in both cases;theseare all the
stringsin thelowerlanguageZ. Thisbehavior resultsfromthefactthatthecrossprod-
uctoperatorrelateseachstringof onelanguageto every stringof theother.

The crossproductoperator, .x. , is a binary operatorbetweentwo regu-
lar languagesY andZ, e.g. [Y .x. Z] , suchthat Y is the upper-level
language,Z is thelower-level language,eachstringin Y is relatedto each
stringof Z, andeachstringof Z is relatedtoeachstringof Y. X andY them-
selvesmustbothdenoteregularlanguages,notrelations.Thecrossproduct
[Y .x. X] denotesarelation.

Studentsoftenwonderwhatpossibleusethereis for anoperatorlike .x. that
relateseachstringin onelanguagetoeverystringof theother. In practice,however,
thelanguagesY andZ oftencontainonly a singlestringasin

xfst[0]: clear stack
xfst[0]: read regex [ [ d o g .x. c h i e n ] |

[ c a t .x. c h a t ] ] ;

Try enteringthis expressionandusingapply up andapply down to test the re-
sultingnetwork.Theupper-sidelanguageagainconsistsof thetwo strings“dog ”
and“cat ”, andthelower-sidelanguageagainconsistsof thetwostrings“chien ”
and“chat ”, but therelationbetweenthelanguageshaschanged.Now whenyou
apply down “dog ”, you shouldget only “chien ”, andwhenyou apply down
“cat ” you shouldgetonly “chat ”.

With the relationdenotedabove, try apply up on “chien ” and“chat ”.
Whataretheresults?

Try apply up on “dog ” and “cat ”. Try apply down on “chien ” and
“chat ”. Whataretheresults?Why?

Definea relationsuchthat theupper-sidelanguagecontainsthetwo strings
“dog ” and“cat ”, thelower-sidelanguagecontainsthefourstrings“chien ”,
“chienne ”, “chat ” and“chatte ”, andsothat“dog ” is relatedto “chien ”
and“chienne ” andsothat“cat ” is relatedto “chat ” and“chatte ”. (A
“chienne ” is a femaledog(bitch)anda “chatte ” is a femalecat,while
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“chien ” and“chat ” aremasculine/unmarked.)Compileyourdescription
usingreadregex. Testthenetworkusingapply up andapply down.

You may have notedthat the last two relationsperforma kind of dictionary
lookup or “translation” betweenEnglish and Frenchwords. Although this par-
ticular kind of mapping,i.e. French-English,is not very efficiently storedas a
finite-statetransducer, theconceptof relationsasbilingual mappersor translators
of wordsbetweentwo languagesis valid anduseful.

In a full-sized Spanishmorphologicalanalyzer, for example,the lower-side
languageis a setof millions of stringsthatlook like conventionallyspelledwords
of Spanish.Theupper-sidelanguage,definedentirelyby the linguist, consistsof
stringsthattypically containbaseformsandmulticharacterTAG symbolsthatindi-
catetense,number, person,mood,aspect,etc.Therelationbetweenthesetwo lan-
guagesis defined,by thelinguist,usingfinite-stategrammars,compiledinto trans-
ducers,sothatwhenyou apply up anorthographic(surface)word like “canto ”,
yougetbackrelatedupper-sideor lexical stringslike “canto+Noun+ Masc+Sg”
and“cantar+Verb+P resI ndic +1P+Sg” thatrepresentusefulANALYSES of
thesurfaceinput. Conversely, if you apply down “canto+Noun+Mas c+Sg” or
“cantar+Verb +Pre sInd ic+ 1P+Sg”, the relation returnsthe surfaceword
“canto ”.2

It is oftennecessaryto designatea relationthathasa certainsymbol,e.g. b,
on theuppersideandtheemptystring(epsilon)on thelowerside; this is notated
b:0 or [b .x. 0] or [b .x. []] . Similarly, the relationhaving b on the
lower sideandtheemptystring(epsilon)on theuppersidecanbenotated0:b or
[0 .x. b] or [[] .x. b] .

In the regular expressiona:b , rememberthat the a is on the upperside
andtheb is on thelowersideof theresultingrelation.

Try compilingthefollowing relation:

xfst[0]: clear stack
xfst[0]: read regex [ s w i:a m | s w i m ] ;

Test it using apply down and apply up. The samerelation could be notated
as[ s:s w:w i:a m:m | s:s w:w i:i m:m ] becausein aregularex-
pressiondenotinga relation,the symbols is compiledlike s:s . This particular
relationcouldalsobedefinedas[ swim : swam | swim ] , aswell as
many otherways.Thereare,in fact,aninfinite numberof regularexpressionsthat
denotethesamelanguageor relationandcompileinto equivalentnetworks.

2While thesurfacestringsto beanalyzedareusuallypre-definedfor usby thestandardorthogra-
phy, theupper-sideanalysisstringsaredesignedaccordingto thetastesandneedsof thedevelopers.
This topic is discussedin detail in Chapter6.
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The colon (:) is a general-purposecomposition operator, but un-
like .x. it has higher precedencethan concatenation. The regular
expression[ s w i:a m | s w i m ] is thereforeequivalent to
[ s w [i:a] m | s w i m ] .

Projections

As explainedin Chapter2, a transducerencodesa relationbetweentwo regular
languages,an upperlanguageanda lower language.The upperlanguageis also
calledthe UPPER PROJECTION, andthelower languageis alsocalledthe LOWER

PROJECTION of the relation. Givena transducerN, the operationsin Table3.11
returnoneof theprojectionsof N, i.e. they takea transducerandreturna simple
automatonencodingoneof thetwo relatedlanguages.

Thefollowingxfst sessiondefinesasmallrelationandsetsthevariablemyvar .
Thentheupperprojectionof myvar is computedandpushedontothetop of The
Stack,and the words of that upperlanguageare enumerated.Then the lower-
sidelanguageis extractedandenumerated.It shouldbeclearthattheoperatorsin
Table3.11disassemblea relationinto its componentlanguages.WhenN denotes
a language,N.u andN.l areequivalentto N.

xfst[0]: clear stack
xfst[0]: define myvar [ [ d o g .x. c h i e n ] |

[ c a t .x. c h a t ] ] ;
9 states, 9 arcs, 2 paths.
xfst[0]: read regex myvar.u ;
6 states, 6 arcs, 2 paths.
xfst[1]: print words
cat
dog
xfst[1]: pop stack
xfst[0]: read regex myvar.l ;
7 states, 7 arcs, 2 paths.
xfst[1]: print words
chat
chien

Orientations

Usingthefinite-stateoperationsin Table3.12,onecancomputebothverticaland
left-to-rightre-orientationsof anetwork.WhereN is atransducer, relatinganupper
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N.u Returntheupperprojectionof networkN.
N.l Returnthelowerprojectionof networkN.

Table3.11:Operationsfor ExtractingProjectionsof a Transducer

N.i Returntheupper-lowerinverseof networkN.
N.r Returntheleft-to-right reverseof networkN.

Table3.12:Re-OrientingOperations

languageUandalowerlanguageL, theINVERSE of N, traditionallynotated , is
anupside-downversionof N, with theoriginalupperlanguagebecomingthelower
language,andvice versa.In xfst regular expressions,the inverseof N is denoted
N.i . If N is asimpleautomaton,denotinga language,theinverseoperationhasno
effect. Any networkN is equivalentto [[N.i].i] .

The following xfst sessionstartswith the sametrivial relation/transduceras
in the previous example. After enumeratingthe languageof the original upper
side,it theninvertsthenetworkandenumeratestheresultingupperside,which is
theoriginal lower-sidelanguage.It shouldbeobviousthattheinversionoperation
simply turnsthetransducerupside-down.

xfst[0]: clear stack
xfst[0]: define myvar [ [ d o g .x. c h i e n ] |

[ c a t .x. c h a t ] ] ;
9 states, 9 arcs, 2 paths.
xfst[0]: read regex myvar.u ;
6 states, 6 arcs, 2 paths.
xfst[1]: print words
cat
dog
xfst[1]: pop stack
xfst[0]: read regex [myvar.i].u ;
7 states, 7 arcs, 2 paths.
xfst[1]: print words
chat
chien

If N is any network,thenotationN.r denotestheleft-to-right REVERSE of N.
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xfst[0]: clear stack
xfst[0]: define myvar [ d o g | c a t ] ;
xfst[0]: read regex myvar.r ;
xfst[1]: print words
tac
god

3.3 Interacting with the Operating System

3.3.1 File I/0, DefinedVariablesand The Stack

Sofar wehaveusedxfst asaninteractivecommand-lineinterface;wetypea com-
mandat the prompt, and xfst executesthe commandand returnswith another
prompt. In this section,we will learnhow xfst canusefiles for outputand for
inputof dataandcommands.

Regular ExpressionFiles

We arealreadyacquaintedwith thereadregexcommandandhow it allowsus to
entera regularexpressionmanuallyandhave it compiledinto a network.

xfst[0]: read regex ( r e )
[ l o c k | c o r k | m a r k | p a r k ]
[ i n g | e d | s | 0 ] ;
xfst[1]:

Recallthattheregularexpressioncanextendover any numberof lines,andthat it
mustbeterminatedwith asemicolonfollowedby a newline.

Whenyou progressbeyond trivial regular expressions,typing themmanually
into the xfst interfacewill soonbecometediousand impractical; a single error
will preventcompilationandforceyouto retypetheentireregularexpression.xfst
thereforeallowsyouto typeyourregularexpressioninto aREGULAR-EXPRESSION

FILE, usingyour favorite text editor,3 andto compileit usingthereadregexcom-
mand,addingthe < symbolto indicatethat the input is to be takenfrom the file.
Thecommandschemais thefollowing:

xfst[0]: read regex < filename

Theregular-expressionfile shouldcontainonly a singleregularexpression,termi-
nated,asalwaysin xfst, with a semicolonanda newline. Your regular-expression
file mightappearasin Figure3.4.

3Wheneditingregular-expressionfiles in aUnix-like system,besureto useatext editorlike vi or
xemacsthatstoresits outputasplain text. Word processorstypically try to storefiles in proprietary
formats,includinginvisiblemarkupcodesthatwill confusethexfst regular-expressioncompiler. In
Windows,theNotepadeditorcreatesplain-text files.
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( r e )
[ l o c k | c o r k | m a r k | p a r k ]
[ i n g | e d | s | 0 ] ;

Figure3.4: A Regular-ExpressionFile Containsa SingleRegular Expression
with a TerminatingSemicolonandNewline

Thetext in a regular-expressionfile mustcontaina singleregularexpres-
sion, and,aswith regular expressionstypedmanuallyin the interface,it
mustbe terminatedwith a semicolonand a newline. Failure to add the
newline after the semicolonis a commonmistake. It is an unfortunate
quirk of theregular-expressioncompilerthataninvalid regular-expression
file, lacking just a final newline after the semicolon,is visually indistin-
guishablefrom avalid regular-expressionfile containingthefinal newline.

If thefile is namedfragment.rege x , thenthecommand

xfst[0]: read regex < fragment.reg ex

will causethe text to be readin andcompiledinto a networkthat is pushedonto
The Stack,just asif the text hadbeentypedmanuallyat thecommandline. The
advantage,of course,is that the regular expressionneedsto be typedonly once,
evenif it is compiledmany times;andyousimplyuseyour text editorto makeany
correctionsor additionsto thefile.

By conventionatXerox, regular-expressionfilenamesaregiventheexten-
sion.regex .

Insidea regular-expressionfile, it is oftendesirableto addcomments.In xfst
regular-expressionfiles,any text from anexclamationmarkto theendof theline,
asin Figure3.5,is acommentandis ignoredby thecompiler.

Binary Filesand The Stack

Onceoneor morenetworksarecompiledandpushedontoTheStack,they canbe
savedto a BINARY FILE usingthesave stack command,specifyinga filenameas
anargument.E.g. to save anetworkonTheStackto myfile.fst :
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! This is a comment
( r e ) ! prefix
[ l o c k | c o r k | m a r k | p a r k ] ! root
[ i n g | e d | s | 0 ] ; ! suffix

Figure3.5: A Regular-ExpressionFile ContainingComments

xfst[0]: clear stack
xfst[0]: read regex [ dog | cat | elephant ] ;
xfst[1]: save stack myfile.fst
xfst[1]:

As this exampleshows,saving TheStackto file doesnot clearor popTheStack.
Theresultingfile doesnot containtheregularexpression[ dog | cat |
elephant ] but ratherabinaryrepresentationof thecompilednetwork;sucha

binaryfile is not human-readable.

By conventionat Xerox, binaryfiles areoftengiventheextension.fst
or .fsm .

Thesavestackcommandsavesall thenetworksonTheStack,sotheresulting
binaryfile maystoreany numberof pre-compilednetworks.Thenetworkor net-
workssavedin a binaryfile canbereadbackontoTheStack,in theoriginalorder,
usingthe load stackcommand.

xfst[0]: clear stack
xfst[0]: load stack myfile.fst
xfst[1]:

If thebinaryfile containsmultiplenetworks,thenmultiplenetworkswill bepushed
ontoTheStack,andtheappropriatenumberwill bedisplayedin theprompt.Load-
ing a binary file pushesthe storednetworksbackonto The Stack,on top of any
othernetworksthatmayalreadybethere.

Binary Filesand DefinedVariables

Compilednetworksin xfst mustbestoredonTheStack,in definedvariables,or in a
binaryfile. Youarealreadyacquaintedwith thevariantof thedefinecommandthat
is followedby a regularexpression,terminatedwith a semicolonanda newline, as
in
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xfst[0]: define Var [ m o u s e |
r a b b i t |
b i r d ] ;

You arealsoacquaintedwith thevariantof define thathasno overt argumentand
so,like somany xfst commands,takesasits defaultargumentthetop networkon
TheStack,poppingit andassigningthevalueto thevariable.

xfst[0]: clear stack
xfst[0]: read regex [ m o u s e |
r a b b i t |
b i r d ] ;
xfst[1]: define Var
xfst[0]:

We saw above that a usermight well want to save a setof networkson The
Stackto file, andthesamemayapplyto a setof networksstoredin variables.The
commandto save all thecurrentdefined-variablenetworksto file is save defined,
which takesa filenameargument.

xfst[0]: save defined myfile.vars

Thecommandto readsucha file backin, restoringall thepreviousvariabledefini-
tions,is load defined.

xfst[0]: load defined myfile.vars

Thesave definedcommandallows you to save potentiallyusefulnetworksto file
andrestorethemlater, usingload defined, perhapsin a futurexfst session.

Wordlist or Text Files

In practicalnatural-languageprocessing,it isoftenusefulto takeasimpleWORDLIST

file andcompileit into anetwork.By simplewordlistfile wemeanafile like thatin
Figure3.6containinga list of words,onewordto a line, whereeachwordconsists
of normalalphabeticcharacters(i.e. thereareno multicharactersymbols). The
exampleshowswordslistedin alphabeticalorder, but this is not required.

Onetediousway to compilethis list of words,which effectively enumeratesa
language,into a networkis first to edit the file andconvert it into an appropriate
regular-expressionfile like that in Figure3.7 or theequivalentin Figure3.8. The
convertedfile canthenbecompiledusingreadregex filename.

Mercifully, xfst providesaspecialcompilercalledreadtext thattakesasinput
a simplewordlist as shown in Figure 3.6 and compilesit into the network that
encodesthelanguage.readtext automatically“explodes”eachword,compilingit
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aardvark
apple
avatar
binary
boy
bucolic
cat
coriander
cyclops
day

Figure3.6: A TypicalWordlist

a a r d v a r k |
a p p l e |
a v a t a r |
b i n a r y |
b o y |
b u c o l i c |
c a t |
c o r i a n d e r |
c y c l o p s |
d a y ;

Figure3.7: A WordlistConvertedinto a RegularExpression
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aardvark |
apple |
avatar |
binary |
boy |
bucolic |
cat |
coriander |
cyclops |
day ;

Figure3.8: AnotherWay to ConvertaWordlist into a RegularExpression

asa concatenationof alphabeticsymbols,andall thewordsin thelist areunioned
to form theresult.Theresult,asusual,is pushedontoTheStack.

xfst[0]: read text myfile.wordlist
xfst[1]:

In suchread text commands,thenameof thefile to be readfrom canoptionally
beprecededwith a left anglebracket.

xfst[0]: read text < myfile.wordli st
xfst[1]:

If it’ ssmallenoughto behumanlyconvenient,thewordlist to becompiledby read
text canbe typedin interactively. If onetypesread text followedby a newline,
xfst goesinto a text-entrymodeanddisplaystheprompttext> . After typingone
stringperline, theuserexits text-entrymodeby typing thepseudo-entryEND; (in
all capitalletters,andincludingthesemicolon),e.g.

xfst[0]: read text
text> dog
text> elephant
text> gorilla
text> whale
text> salamander
text> END;

1.0 Kb. 30 states, 33 arcs, 5 paths.
xfst[1]:
xfst[1]:

Insteadof typing END;, Unix userscantypeControl-Dto escapefrom text-entry
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mode;onWindows,theequivalentis Control-Z.
The reverseoperation,write text filename, takesthe top networkon The

Stack,which mustencodea language(not a relation),andoutputsall the words
recognizedby thenetworkto anindicatedfile.

xfst[0]: write text > myfile.wordlist
xfst[1]:

The nameof the outputfile mustbe precededwith a right anglebracket. If no
outputfile is specified,thenwrite text is effectively equivalentto print words,
outputtingthestringsto thestandardoutput(theterminal).

Spaced-Text Files

The read text and write text commandsjust presentedreadand write simple
wordlist files that containstraightforwardalphabeticwords, typedone to a line.
Suchafile containsasetof wordsandthereforeenumeratesafinite language.The
routinesarereciprocalin thatany wordlistfile createdfromanetworkby write text
canbereadbackin andcompiledinto anequivalentnetworkusingreadtext.

If a networkcontainsmulticharactersymbolslike +Noun, +Sg and+Pl , or if
it is a transducer(encodinga relation,which is a setof orderedstringpairs),then
write text andreadtext cannotbeused.xfst will promptyou in suchcasesto use
write spaced-textandreadspaced-textinstead.

readtext readsa plain wordlistfile andcompilesit into a simpleautoma-
ton that recognizesthat setof words. write text doesthe reverse. For
transducersandfor any networkcontainingmulticharactersymbols,use
readspaced-textandwrite spaced-text.

Figure3.9showspartof atypicaloutputfile from write spaced-text, with pairs
of stringsseparatedwith ablankline,andwith individualsymbolsspacedout. The
first stringof eachpair is takento representtheuppermemberof theorderedpair,
andall symbolsarespaced,allowing +Noun, +Sg and+Pl to berecognizedand
handledappropriatelyasmulticharactersymbols. The routinesarereciprocalin
that any wordlist file createdfrom a networkby write spaced-textcanbe read
backin andcompiledinto anequivalentnetworkusingreadspaced-text.

The syntaxis similar to that of read text andwrite text, e.g. the following
commandswouldresultin two equivalentnetworksbeingplacedonTheStack.

xfst[0]: clear stack
xfst[0]: read regex [ d o g %+Noun %+Sg .x. d o g |
d o g %+Noun %+Pl .x. d o g s ] ;
xfst[1]: write spaced-text > myfile.space d
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d o g +Noun +Sg
d o g

d o g +Noun +Pl
d o g s

e l e p h a n t +Noun +Sg
e l e p h a n t

e l e p h a n t +Noun +Pl
e l e p h a n t s

l o u s e +Noun +Sg
l o u s e

l o u s e +Noun +Pl
l i c e

o x +Noun +Sg
o x

o x +Noun +Pl
o x e n

m o u s e +Noun +Sg
m o u s e

m o u s e +Noun +Pl
m i c e

Figure3.9: Typical File Outputfrom write spaced-text
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xfst[1]: read spaced-text myfile.spaced
xfst[2]:

If write spaced-textis notgivenafilenameargument,it will outputto theterminal.

lexcFiles

Sourcefileswritten in thelexc language,whichwill bepresentedin Chapter4, can
becompiledfrom within xfst.

xfst[0]: read lexc < lexc_source_fil e
xfst[1]:

This command,parallelto readregexfrom a file, requiresthe left-angle-bracket,
andit handlesonly a singleinput file at a time. The resultingnetworkis pushed
ontoTheStack.

PrologFiles

For completenesswe mentionyet anotherkind of input-outputfile, the PROLOG

FILE. Thecommandwrite prolog outputsnetworksto file in a Prologformatthat
canbereadbackin by readprolog. Seethehelp messagesfor furtherinformation.

3.3.2 Referring to Binary Fileswithin Regular Expressions

A file storinga singlebinary network,a regular expression,a wordlist, a spaced
wordlist or a prologrepresentationcanbereferencedanduseddirectly in regular
expressions.Assume,for example,thata networkwascompiledandstoredin the
binary file myfile.fst . Then@"myfile.fst" is a regular expressionthat
denotesthevalueof thatnetwork.Suchexpressionscanappearinsideotherregu-
larexpressionswithin readregexanddefinecommands,andin regular-expression
files. Thefollowing examplecausestwo networksto bereadfrom two previously
storedbinaryfiles,myfile.fst andyourfile.fst , unionsthenetworksto-
gether, andpushestheresultonTheStack.

xfst[0]: read regex @"myfile.fst " | @"yourfile.fst" ;
xfst[1]:

Table3.13summarizesthevariousregular-expressionoperatorsthatareavail-
ablefor referencingafile. Binaryfilesareby far themostusedin practice.Double
quotesareshown aroundthefilenamein all examples,but they areoptionalunless,
asin theexamplejust above, thefilenamecontainsnon-alphabeticcharacterslike
theperiod.
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@"filename" Denotesthe networkvaluestoredin the binary file
filename . Thefile format,which is compressed,
is readanddecompressed.

@bin"filename" Equivalentto @"filename" .
@re"filename " Denotes the network value representedin the

regular-expressionfile filename . The regular-
expressioncompileris called.

@txt"filename" Denotes the network value representedby the
wordlist file filename . The wordlist (text) com-
piler is called.

@stxt"filenam e" Denotes the network value representedin the
spaced-text file filename . The spaced-text com-
piler is called.

@pl"filename " Denotesthe networkvaluestoredin the Prologfile
filename . TheProlognotationis readandrebuilt
into theoriginalnetwork.

Table3.13:RegularExpressionsReferencingaFile

3.3.3 Scripts in xfst

Script Files

Whenworking interactively with xfst, you typea commandat thecommandline,
andxfst executesit andreturnsa new prompt. An xfst sessionconsistsof a se-
quenceof commandsandresponses.For complex operations,andespeciallythose
thatwill beperformedmultiple times,you cantypea sequenceof commandsinto
anxfst SCRIPT file usingany convenienttext editorandthencommandxfst to ex-
ecutetheentirescript. Theeffect is thesameasif all thecommandsin thescript
wereretypedmanually. Theadvantages,of course,arethatthescriptcanbeedited
until it is correctand that the entire script can then be rerun as many times as
desiredwithout retyping.

If myfile.xfst is an xfst script file, you can executeit from within the
interactive interfaceby usingthesourcecommand.

xfst[0]: source myfile.xfst

Thefilenamemayin factbeacomplex pathname.Whenyoufirst invokexfst from
theUNIX commandline, youcanalsospecifyascriptnameafterthe-f flag.

unix xfst -f myfile.xfst
unix
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Wheninvokedin this way, xfst will executethescriptandthenexit automatically
backto theoperatingsystem.

By convention,scriptfilesaregiventheextension.xfst or .script .

To executea start-upscriptandthencontinueto entercommandsmanuallyin the
xfst interactiveloop, invokexfst with the-l flag.

unix xfst -l myfile.xfst
xfst[0]:

In general,any sequenceof xfst commandsthatyoumighttypemanuallyatthe
commandline canbeput in a scriptfile, executedwith source (or from theUNIX
commandline usingthe-l and-f flags),re-editeduntil thecommandsarecorrect,
and then re-executedwhenever you desire. The constructionof somelinguistic
products,especiallytokenizersand taggers,traditionally involvesthe writing of
complex xfst scriptfiles.

xfst beginnersoften confuseregular-expressionfiles andscript files. A
regular-expressionfile containsonly a single regular expression,termi-
natedby a semicolonand a newline, and is read using the command
read regex filename . A script file, in contrast,containsa se-
quenceof xfst commands;scriptsareexecutedusingthe source com-
mand. Insidea scriptfile, theremayof coursebedefineandread regex
commandsthatincluderegularexpressions.

echo

Theechocommanddisplaysits stringargument,which is terminatedby anewline,
to the terminal. echo is primarily useful in scriptsto give the developersome
runtime feedbackon the progressof time-intensive computations.The general
templatefor echocommandsis thefollowing:

echo text_terminat ed_by_a _newlin e

The following script for building a lexical transducerincludespotentiallyuseful
echocommands.The asterisksandanglebracketsarenot necessarybut help to
maketheechoedtext standout onyour terminal.

echo *** Script to build lt.fst ***
clear stack
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echo << Creating the lexicon FST >>
read regex < lex.regex
define LEX
echo << Creating the rule FST >>
read regex < rul.regex
define RUL
echo << Creating the lexical transducer >>
read regex LEX .o. RUL ;
save stack lt.fst
echo << Output written to binary file lt.fst >>
echo << End of Script >>

3.3.4 TokenizedInput Files for apply up and apply down

Tokenizedfiles of words, i.e. files with oneword per line, can alsobe usedas
input to theapply up andapply down commands.First recallthatthetopnetwork
on thestackcanbeappliedto individualwordsby typing thewordmanuallyafter
apply up or apply down asappropriate.Theseexampleswereproducedwith an
Englishmorphological-analyzertransduceronTheStack.

xfst[1]: apply up sink
sink+Noun+Sg
sink+Verb+Pr es+Non3sg
xfst[1]: apply down sink+Noun+Sg
sink

Theabbreviationsup anddown canbeusedinsteadof thefull names.
If you needto testa numberof words,thentyping “apply up” or “apply

down” (or even just “up” or “down”) beforeeachone of them soonbecomes
tedious.If you entersimply apply up or up without anargument,xfst will switch
into apply-upmodeanddisplaythepromptapply up>. Inputwordscanthenbe
typedwithoutany prefix.

xfst[1]: apply up
apply up> sink
sink+Noun+Sg
sink+Verb+Pr es+Non3sg
apply up> sank
sink+Verb+Pa stTe nse +123SP
apply up> sunk
sink+Verb+Pa stPe rf+ 123SP
sunk+Adj
apply up> END;
xfst[1]:
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To escapefrom apply-upmodebackto normalxfst interactivemode,enter“END;”
asshown, includingthesemicolon.Apply-downmodeworksin just thesameway.

Finally, apply up andapply down cantakebatchinput from pre-editedtok-
enizedfilesthathaveonestring(i.e. token)perline.4 If thetokenizedfile is named
english-input andcontainsthetwo strings

left
leaves

andthesameEnglishtransduceris on thetop of TheStack,thentheoutputis the
following:

xfst[1]: apply up < english-input
Opening file english-input...

left
leave+Verb+PastBoth+123SP
left+Adv
left+Adj
left+Noun+Sg

leaves
leave+Verb+Pres+3sg
leave+Noun+Pl
leave+Verb+Pres+3sg
leaf+Verb+Pres+3sg
leaf+Noun+Pl
Closing file english-input...
xfst[1]:

Theoutputfor eachinput word consistsof a blankline, theinput word itself, and
a setof solutions.Theapply down utility canalsotakeits input from a tokenized
file in exactly thesameway.

3.3.5 SystemCalls

Thesystemcommandpassesits stringargument,whichis terminatedby anewline,
to the hostoperatingsystem. In a Unix system,for example,the ls command
causesthecontentsof thecurrentdirectoryto bedisplayedon the terminal. The
following systemcommandcalls the Unix ls commandwithout having to exit
from xfst.

xfst[0]: system ls

4Eachwhole line of the input file, including internalspaces,is treatedasa stringof input. The
tokenizedfile thereforecannotcontaincommentsof any kind.
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In modernmultiwindow operatingsystems,wherexfst canberun in onewindow
andthebareoperatingsystemin another, systemcallsareseldomused.

Anotherlittle usedcommandin xfst is print dir ectory, which prints out the
contentsof the currentdirectory. It is sometimesusefulwheninputtingandout-
puttingfiles.

xfst[0]: print directory

In aUnix system,this is theequivalentof invoking

xfst[0]: system ls -F

Seehelp print dir ectory andhelp systemfor moreinformation.

3.4 Incr ementalComputation of Networks

3.4.1 Modularization

Any finite-statelanguageor relation can theoreticallybe describedin a single,
monolithic regular expression. However, asyou modelmoreandmorecompli-
catedlanguagesand relations,your regular expressionswill tend to get bigger,
harderto edit,andmuchharderto read.In extremecases,asinglelargeregularex-
pressionmaybecomedifficult for your computerto compile.Whetherfor human
or computationalconsiderations,it is oftenusefulto breakupthetaskinto smaller
modules.

xfst offers two approachesto modularization,which canbe characterizedas
computingwith definedvariablesand computingon The Stack. The two ap-
proachesare not incompatibleat all, and may be mixed as the developerfinds
necessaryandconvenient.

3.4.2 Computing with DefinedVariables

Thedefineutility givesusa way to compilea regularexpression,seta variableto
thenetworkvalue,andthenusethevariablein subsequentregularexpressions.In
thisapproach,TheStackmaybeleft completelyuntouched.

As anexercise,definethefollowing threevariables.

xfst[0]: define FEE [ a | b | c | d ] ;
xfst[0]: define FIE [ d | e | f | g ] ;
xfst[0]: define FOO [ f | g | h | i | j ] ;

Recallthatoncesuchavariableis defined,youcanmakethesystemdisplayall the
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wordsin thelanguageby invoking theprint words command,e.g.

xfst[0]: print words FEE
d
c
b
a
xfst[0]:

To seemoredetailedinformationaboutthenetwork,usetheprint net command:

xfst[0]: print net FEE
Sigma: a b c d
Size: 4
Net: EE3E0
Flags: deterministi c, pruned, minimized, epsilon_free,
loop_free
Arity: 1
s0: a -> fs1, b -> fs1, c -> fs1, d -> fs1.
fs1: (no arcs)
xfst[0]:

Oncenetworksaredefinedandnamed,the namescanbeusedin subsequent
regular expressions.For example,the intersectionof FEE andFIE canbe com-
putedand the resultinglanguageprinted to the screenwith the following com-
mands.

xfst[0]: define mylang1 FEE & FIE ;
xfst[0]: print words mylang1
d
xfst[0]:

Try thefollowing operations,usingdefineandvariables.

Computetheintersectionof FIE andFOO. Whatword(s)doestheresulting
networkrecognize?

Computetheintersectionof FEEandFOO. Whatword(s)doestheresulting
networkrecognize?

Computethe unionof FEE andFIE . Whatword(s)doestheresultingnet-
work recognize?

ComputeFEEminusFIE . Whatword(s)doesit recognize?

Definethreevariables:
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1. Prefix , includingthewords“un” and“ re ”

2. Root , includingthewords“ lock ” and“cork ”

3. Suffix , includingthewords“ ing ”, “ed”, “s” andtheemptystring

andthenconcatenatethemin theorderPrefix followedby Root followed
by Suffix usinganotherregularexpression.Whatwordsdoestheresulting
networkrecognize?

Computingwith definedvariablesis intuitiveto mostusersandleadsto more
readableandmaintainablescripts(seeSection3.3.3).

3.4.3 Computing on The Stack

Stack-BasedFinite-StateAlgorithms

As analternativeto building networksvia regular-expressions,wheresyntacticop-
eratorsdenotefinite-stateoperationssuchasunion ( ), intersection(& ), subtrac-
tion (-) and composition(.o.), xfst alsoprovidesexplicit spelled-outcommands
like union net, intersect net, minus net, concatenatenet andcomposenet that
invokethealgorithmsdirectly, poppingtheirargumentsoff of TheStackandpush-
ing theresultingnetworkbackontoTheStack.

Theway to computenetworksonTheStackis to pushsuitableargumentsand
then invoke a commandlike union net; this union net popsits argumentsoff
The Stack,computesthe result,andpushesthe resultingnetwork,encodingthe
unionof thearguments,backontoTheStack.Dif ferentcommandsneeddifferent
numbersof arguments.Someunarycommands,suchasnegatenet, invert net,
reversenet andone-plusnet, referto andoperateononly onenet,thetopnetwork
onTheStack.Somebinarycommands,suchascrossproduct net andminus net ,
operateon thetop two networksonTheStack,andother“n-ary” commands,such
asunion net, intersect net, concatenatenet andcomposenet, operateonall the
networksonTheStack.

Try enteringthefollowing sequenceof commands.Tracewhatis happeningat
eachstep,sketchingdiagramsasnecessary.

xfst[0]: clear stack
xfst[0]: read regex d o g | c a t | e l e p h a n t ;
xfst[1]: read regex b i r d | s n a k e | h o r s e ;
xfst[2]: print stack
xfst[2]: union net
xfst[1]: print stack
xfst[1]: print net
xfst[1]: print words

The commandsabove computethe union of two networks,encodingtwo small
languages,thathave beenpushedontoTheStack.Similarly, thecommandsbelow
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computetheintersectionof threesmallnetworks.Again, tracewhat is happening
at eachstep,sketchingdiagramsasnecessary. Recall that the read regexcom-
mandscanextendovermultiple lines;asalways,theregularexpressionpartof the
commandmustbeterminatedwith a semicolonfollowedby anewline.

xfst[0]: clear stack
xfst[0]: read regex
d o g |
c a t |
e l e p h a n t |
b i r d |
w o r m ;
xfst[1]: read regex
b i r d |
s n a k e |
h o r s e |
w o r m ;
xfst[2]: read regex
s n a k e |
d o n k e y |
c r a b |
f i s h |
w o r m |
f r o g ;
xfst[3]: print stack
xfst[3]: intersect net
xfst[1]: print stack
xfst[1]: print net
xfst[1]: print words

If you wantmorepractice,redothetwo previousexercisesusingdefinedvariables
andperformtheunionor intersectionusingregular-expressionoperators.

intersect net and union net are two COMMUTATIVE finite-stateoperations
wherethe orderof the argumentsis irrelevant. The argumentsin the two exam-
plesabove couldhave beenpushedontoThe Stackin otherordersandthe result
would have beencompletelyequivalent.With othernon-commutativeoperations,
however, the order is significantanda clearunderstandingof The Stackand its
LIFO (Last-In,First-Out)behavior becomescrucial.

The order-dependent(non-commutative) operationswe will exemplify here
areconcatenatenet andminus net. Anotherone,composenet, is alsoorder-
dependent,but compositionis a moredifficult operationto graspandwill behan-
dledlater.

Concatenation(from CATENA, theLatin word for “chain”) refersto thelinear
chainingtogetherof languages,oneafter another. If we have two languagesA
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andB, andwe wish to concatenateB afterA, we would notatethis in theregular
expressionmetalanguageas[ A B ] . It shouldbeobviousthatthisdenotesquite
adifferentlanguagefrom [ B A ] , which is theconcatenationof B beforeA. To
compute[ A B ] onTheStack,wemustbeawarethatthefirst argumentisA and
thesecondargumentis B; butbecauseTheStackis LIFO, i.e. Last-InFirst-Out,we
mustfirst pushB on TheStackandthenA beforewe invoketheconcatenatenet
command.SeeFigure3.10.

Push first

A

B

The Stack

A B

Pop second

Pop first

Push second

1st Arg.       2nd Arg.

Figure3.10: PushingandPoppingNetworks.To computetheconcatenation[
A B ] on The Stackusingthe commandconcatenatenet, it is importantto
rememberthat1) TheStackin xfst is last-in,first-out,and2) thefirst-popped
argumentto concatenatenet is thefirst argumentpoppedoff TheStack.Thus
to computethe concatenation[ A B ] , the B networkmustbepushedfirst,
andthenthe A network. Thenwhenconcatenatenet is invoked,it will pop
A (its first argument)first, andthenpopB (its secondargument)second.The
sameis truefor otherorderedoperationslike minus net andcomposenet.

concatenatenet will thenpop the top network,A, off The Stackas its first
argument,afterwhich it will popthenext network,B, off TheStackasits second
argument,computingthe concatenationof B after A or [ A B ] ; the resulting
networkwill thenbepushedontoTheStack.For orderedoperationslike concate-
nate net, theorderin which you pushargumentson TheStackis theoppositeof
how they arepoppedoff asarguments;this seemsbackwardsto mostusers,andit
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is a causeof many errorsandmuchconfusion.
The following examplegeneratesa networkwhoselanguagecontainsa few

regularEnglishverbs.Noteespeciallythatthelanguageof verbendingsis pushed
onTheStackfirst.

xfst[0]: clear stack
xfst[0]: read regex e d | i n g | s | [] ;
xfst[1]: print words
xfst[1]: read regex t a l k | w a l k | k i c k ;
xfst[2]: print stack
xfst[2]: print net
xfst[2]: print words
xfst[2]: concatenate net
xfst[1]: print words

Whentheconcatenatenet commandis called,it popsits first argument(thenet-
work encodingtheverbstems)off TheStackandthenit popsits secondargument
(encodingtheverbalendings)off TheStack.Theconcatenationis thenperformed
andtheresultis pushedbackontoTheStack.

The minus net operationis anotheronewherethe orderobviously makesa
difference:[ A - B ] is usuallyvery differentfrom [ B - A ] , just asthe
arithmeticexpression(5 - 2) hasa valuedistinctfrom (2 - 5) . As anexer-
cise,definea language(think of it astheBig Language)containingthewords

apple
peach
pear
orange
plum
watermelon
cherry
medlar

In a regularexpression,rememberto put white spacebetweensymbolsthatareto
beconcatenatedor to enclosestringswith curly bracesto “explode” them. Then
defineanotherlanguage(think of it as the Small Language)containingjust the
words

peach
plum
cherry
banana

Usingtheminus net commandandTheStack,subtracttheSmallLanguagefrom
theBig Languageandprint the wordsin theresultinglanguage.Tracethe effect
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Unary Commands
invertnet
lower-sidenet
negatenet
one-plusnet
reversenet
upper-sidenet
zero-plusnet

Binary Commands
crossproductnet
minusnet

N-ary Commands
composenet
concatenatenet
intersectnet
unionnet

Table3.14: The Main Stack-BasedFinite-StateCommands.Most userswill
find it wiseto avoid thesecommandsin favor of computingwith definedvari-
ables.SeeSection3.4.2.

of the commands,sketchinga representationof The Stackandshowing how the
variousnetsarepushedandpoppedduringtheprocessing.

The Stackis a Last-In, First-Outdatastructure. If you have an ordered
operationlike concatenationwhoseargumentsareA, B, C, andD, in that
order, thento computethe operationequivalentto [A B C D] on The
Stack,you mustpushD first, C second,B third andfinally A. Thenwhen
you invoke concatenatenet the argumentswill thenbe poppedoff The
Stackoneata time in thedesiredorder.

The main commandsthat operateon stack-basednetworksareshown in Ta-
ble 3.14. Computingon The Stacktypically appealsto expertswho areexperi-
mentinginteractivelyandperhapsevendebuggingnew finite-statealgorithms;xfst
startedout asanalgorithmdebuggingtool andonly graduallyaddedthecapabil-
ity of definingnetworksvia regular expressions,inputting from andoutputtingto
files, etc. For mostpracticalusers,computingwith definedvariablesandregular
expressionsis usuallymoreperspicuous.
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Reordering Networks on The Stack

Whenworkinginteractivelywith xfst, usersoftenpushnetworksontoTheStackin
thewrongorderfor subsequentstack-basedoperations.xfst offersthecommands
rotatestack andturn stack thatcanoftenresolve theorder.

Let’s assumethatwe wantto definea simplelanguageconsistingof prefixes,
root andsuffixes,andthatwe wantto concatenatethemon TheStack.Intuitively,
but incorrectly, mostusersbegin by defining,andpushingontoThe Stack,a net-
work for prefixesfirst, thena network for the roots,and thena networkfor the
suffixes,asin thisxfst session:

xfst[0]: echo ! This is Wrong !
xfst[0]: clear stack
xfst[0]: read regex re | un | 0 ;
xfst[1]: read regex cork | lock ;
xfst[2]: read regex ing | ed | s | 0 ;
xfst[3]: concatenate net

The intent would thenbe to invoke concatenatenet to pop andconcatenatethe
threenetworksandpushtheresultingnetworkbackontoTheStack.Unfortunately,
this intuitive way of goingaboutthedefinition leavesthenetworkson The Stack
in thewrongorder;for concatenatenet to work,TheStackmusthave theleftmost
networkto beconcatenatedon the top of the stackandthe rightmostnetworkon
thebottom.SeeFigure3.11.

In thisexample,we canrecover from ourerrorby invoking turn stack, which
flips theorderof all thenetworksonTheStack.

xfst[3]: turn stack
xfst[3]: concatenate net
xfst[1]: print words
recork
recorking
recorks
recorked
relock
relocking
relocks
relocked
uncork
uncorking
uncorks
uncorked
unlock
unlocking
unlocks

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



3.4. INCREMENTAL COMPUTATION OFNETWORKS 133

Pref

Suff

Root

Suff

Root

Pref

Wrong! Right

Figure3.11: WrongandRight Orderingof Argumentson TheStack.To com-
putetheconcatenation[ Pref Root Suff ] onTheStackusingconcate-
nate net, the argumentsshouldbe orderedasshown on the right, with Suff
pushedfirst, thenRoot , thenPref . Backwardstackordering,asshown on
the left, is a commonerror. The commandturn stack will changethewrong
orderingto theright orderingin thiscase.

unlocked
cork
corking
corks
corked
lock
locking
locks
locked

Try this example,with andwithout invoking turn stack beforeinvokingconcate-
natenet.

xfst alsoprovidesthecommandrotatestack(seeFigure3.12),whichpopsthe
top networkandreinsertsit on thebottomof TheStack.Whenthereareonly two
networksonTheStack,rotate stack is equivalentto turn stack.
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For mostusers,it is bestto avoid usingstack-basedcommandslike con-
catenatenet, minus net and composenet; the orderingof arguments
on The Stackcausesmuchconfusion. Instead,definevariablesanduse
thevariablesin subsequentregular expressionasshown in Section3.4.2,
page125.

Before rotate stack After rotate stack

P

Q

R

Q

R

P

Figure3.12:Rotationof ArgumentsonTheStack.Therotate stack command
popsthetopnetworkof off TheStackandinsertsit onthebottomof TheStack.

3.5 Rule-Lik eNotations

xfst offersa largeselectionof rule-likenotations.They areall partof theextended
Xerox regular-expressionmetalanguage,and they compile into networksin the
usualways,usingthedefineandreadregexcommands.

3.5.1 Context Restriction

Therestrictionoperator, , consistingof anequalsignfollowedimmediatelyby
arightanglebracket,formsregularexpressionsaccordingto thefollowingtemplate

A => L _ R

whereA, L andR areregular expressionsdenotinglanguages(not relations),and
L andR areoptional. The notationis rule-like in that the L functionsasa left
context andtheRasa right context. Theoverall restrictionexpressiondenotesthe
languageof all stringswith therestrictionthatif astringcontainsa substringfrom
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A, thatsubstringmustbe immediatelyprecededby a substringfrom L andimme-
diatelyfollowedby asubstringfrom R. In otherwords,A L Rdenotesthe
universallanguageminusall stringsthatdonot satisfythecontextual restriction.

As asimpleconcreteexample,consider

x => a _ e

The languagedenotedby this regular expressionincludesall stringsthat do not
containthesymbolx; in addition,it containsall stringscontainingx whereeachx
is immediatelyprecededby a andimmediatelyfollowedby e. Thusthe language
includestheemptystring,“a”, “ fish ”, “zzzzz ”, “axe ”, and“zzzzaxemmmm”
but not“oxe ” or “x” or “axi ” thatdonotsatisfythecontextualrestrictionsonthe
presenceof x.

Therestrictionwrittenas A L R is in factcompiledasif it werewrit-
ten A ?* L R ?* , extendingthe left context on the left, andtheright
context on the right, with the universallanguage?* . This reflectsthe require-
mentthatanA mustbe immediatelyprecededby anL andimmediatelyfollowed
by anR; but it allows theL to beprecededby othersymbolsandtheR to befol-
lowedby othersymbols. A restrictionsuchasx , which is compiledas
x ?* ?* , effectively restrictsnothingandis just anothernotationfor the
universallanguage.

To block eithercontextual extension,the special.#. notationcan be used
to indicatethe absolutebeginning or endof a string. ThusA .#. L R
requiresthatany A beimmediatelyprecededby anL thatis at thebeginningof the
word; A .#. RrequiresthattheA itself beatthebeginningof theword;
A L R .#. requiresthatA beimmediatelyfollowedby anRwhich is at
theendof a word; and A L .#. requiresthat theA itself beat theend
of a word. Both the beginning and the endof the word can be specified,as in
A .#. L R .#. .

Thenotation.#. in rule-likeregularexpressionsdesignatesthebeginning
or theendof a word,but it is not a symbolanddoesnot appearasa label
in a compilednetwork. In a network, the notion beginning-of-stringis
inherentin the startstate,andthe notion end-of-stringis inherentin the
final state(s).

Restrictionexpressionsarejustconvenientshorthandsfor longerandlessread-
able regular expressionsusing more fundamentaloperators(seeSection2.4.1).
They are compiledinto networksin the usualways, using the define and read
regexcommands.Try the following andmakesurethat you understandtheout-
puts.

xfst[0]: read regex x => a _ a ;
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xfst[0]: apply up dog
dog
xfst[0]: apply up xylophone
xfst[0]: apply up laxative
laxative
xfst[0]: apply up axe
xfst[0]: apply up lax

Anotherrestrictionexample,[ A B ] , readas“A beforeB”, denotesthe
languageof all stringssuchthatnosubstringfromBcanprecede,evenatadistance,
any substringfrom A. Similarly, [ A B ] , read“A afterB”, denotesthelan-
guageof all stringssuchthatno substringfrom B canfollow, evenat a distance,
any substringfrom A. Therestrictionoperatorsaresummarizedin Table3.15.

A L R Any substringfrom A mustbe immediatelyprecededby a
substringfrom L andimmediatelyfollowedby a substring
from R.

A B A beforeB. Denotesthelanguageof all stringswhereinno
substringfrom B canprecedeany substringfrom A.

A B A after B. Denotesthe languageof all stringswhereinno
substringfrom B canfollow any substringfrom A.

Table3.15:RestrictionOperators

3.5.2 Simple replacerules

Aspartof itsextendedregular-expressionnotation,xfst includesREPLACE RULES.
Theserules are very much like the rewrite rules usedin traditional phonology,
including classicworks like TheSoundPattern of English (Chomsky andHalle,
1968)andthe ProblemBookin Phonology(Halle andClements,1983). replace
rulesareanextensionof regular expressions—they arein fact just shorthandno-
tationsfor complicatedandratheropaqueregularexpressionsbuilt with moreba-
sic operators.Like all regular expressions,replacerulesarecompiledusingthe
readregexanddefineutilities availablein thexfst interface.Grammarsof replace
rulescanbewrittenin regular-expressionfiles,tobecompiledwith readregex file-
namecommands;andcomplex sequencesof xfst commandsfor compiling and
manipulatingrulegrammarscanbewritten in xfst scriptfiles,which arerunusing
thesourcecommand(seeSection3.3.3).

replacerulesdo not increasethedescriptivepower of regularexpressions,but
they allow us to definecomplicatedfinite-staterelationsin perspicuousrule-like
notationsthat are alreadyfamiliar to formal linguists. The overall replacerule
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notationis very rich, andXerox researcherscontinueto augmentit. However, in
this sectionwill concentrateon thesimplestandmostoftenusedformsof replace
rules,anddosomeexercises,beforemoving onto themoreesoterictypes.

The moststraightforwardkind of replacerule, the right-arrow unconditional
replacerule, is built on thefollowing template:

A -> B

whereA andB areregularexpressionsdenotinglanguages(not relations),andthe
right-arrow operatorconsistsof a hyphenanda right anglebracket,with no space
betweenthem. Theoverall right-arrow rule denotesa relation,and(with oneex-
ceptionto be discussedbelow) the upperlanguageof the relation denotedby a
right-arrow rule is theuniversallanguage.Therelationis theidentity relation,ex-
ceptthatwherever anupperstringcontainsa substringfrom A, thestringis related
to asurfacestringor stringscontainingasubstringfrom B in placeof thesubstring
from A.

In a more down-to-earthexample,the rule [a -> b] denotesthe relation
whereineverysymbola in stringsof theupper-sidelanguageis relatedto asymbol
b in stringsof thelower-sidelanguage.Theupper-sidelanguageof sucharelation
is theuniversallanguage;andany upper-sidestringthatdoesnot containa simply
mapsto itself on thelower side.For every upper-sidestringthatdoescontaina, it
is mappedto a lower-sidestringthatcontainsb in theplaceof a.

Thefact thattheupper-sidelanguageis theuniversallanguagemeansthat the
resultingnetworkcanbeappliedsuccessfullyin a downwarddirectionto any in-
put string. If the networkfor the rule is applieddownwardto the string “dog ”,
the output is “dog ”. If it is applieddownward to “aardvark ”, the output is
“bbrdvbrk ”. Whenthis right-arrow rule is usedfor generation,we often think
of it procedurallyas “not matching”the input “dog ” and just passingthe word
through;but it “matches”the string “aardvark ”, which containsas, andout-
putsa modificationof thestring,“bbrdvbrk ”, with theas “replaced”by bs. Of
course,no suchproceduralreplacementis going on; the rule denotesa relation,
andcompilesinto a transducer. Theapplicationof therule for inputs“dog ” and
“aardvark ” simply returnstheoutputstringsrelatedto eachinputstring.

The expression[a -> b] definesa regular relation betweentwo lan-
guages. It is tempting,and occasionallyirresistible, to think of this as
a little algorithmicprogramthat “changes”as into bs duringgeneration.
However, nosuchprogramor processis involved,andsuchrulesareprop-
erly thoughtof as representingan infinite setof pairsof stringsthat are
relatedto eachotherin acertainway.

Replacerulesarecompiledinto networksandpushedonTheStackin theusual
way. Try reproducingthefollowing examplestepby step.
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xfst[0]: read regex a -> b ;

As with any otherregularexpression,it is alsopossibleto defineavariableto hold
thenetworkvalue.

xfst[0]: define Rule1 a -> b ;

Whensucha relation is compiledinto a networkandpushedon the top of The
Stack,youcantestit asusualwith theapply down and apply up commands.The
apply down operationappliesthenetworkon thetop of TheStackin a downward
directionto theinputstring,whatwenormallythink of asgeneration.For example,
if thenetworkcompiledfrom [a -> b] is applieddownwardto theinputstring
“abcda ”, theresultis thestring“bbcdb ”. Thatis, therelationstatesthatfor every
a in anupper-sidestring,theremustbeab in relatedstringsonthelower-side.Try
thefollowing:

xfst[0]: clear stack
xfst[0]: read regex a -> b ;
xfst[1]: apply down dog
dog
xfst[1]: apply down aardvark
bbrdvbrk
xfst[1]: apply down abcda
bbcdb
xfst[1]: clear stack
xfst[0]: read regex c -> r ;
xfst[1]: apply down cat
rat
xfst[1]: apply down dog
dog

Notethatif therule doesnot “match” aninputstring,asin thecaseof “dog ”, the
stringis identitymapped(i.e. it is passedthroughunchanged).

In thegeneralpatternfor simplereplacerules:

A -> B

A andB arenot limited to singlesymbolsbut canbearbitrarily complicatedregu-
lar expressionsthatdenotelanguages,but not relations;theoverall rule denotesa
relation.A andB do not have to bethesamelengthor conformto any limitations
otherthandenotingregular languages.

Replacerulescanalsospecifyleft andright contexts,asin thetemplate

A -> B || L _ R
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which indicatesthat any lexical or upper-sidestring containinga string from A
is relatedto a string or stringson the lower sidecontaininga string from B but
only whenthe left context endswith L andtheright context beginswith R. From
a purelysyntacticpoint of view, thearrow consistsof a hyphenanda right angle
bracket,with nospacein between;andthecontext separator is a singleoperator
consistingof two vertical-barcharacters,with no spacein between. Otherwise,
white spacecan be usedfreely as in other regular expressions.The underscore
characterindicatesthesiteof thereplacementbetweenthetwo contexts.

Thedouble-vertical-baroperatorbetweenthereplacementspecificationandthe
context indicatesthat both the context expressionsmustmatchon the upper-side
of therelation.Othervariationsof this notationareexplainedin Chapter2, below
in Section3.5.5,andin theonlinedocumentation.Theright-arrow rulesarethe
mostcommonlyusedandcorrespondmostcloselyto traditionalrewrite rules.

As with therestrictionnotationin Section3.5.1,theleft andright contexts are
automaticallyextendedwith theuniversallanguage,suchthattherulewritten

A -> B || L _ R

is compiledas

A -> B || ?* L _ R ?*

A, B, L andR candenotearbitrarily complex languages(not relations),andL and
R areoptional. If a context L or R is empty, the resultingleft or right context is
thentheuniversallanguage(i.e. any possiblecontext is allowed).Theoverall rule
denotesa relationandis compiled,usingtheusualdefineor readregexutilities,
into a transducer.

xfst[0]: read regex A -> B || L _ R ;

Fromthenaive algorithmicpoint of view, we often think of this rule asspec-
ifying that a lexical (upper-side)substringfrom A is to be replacedobligatorily
by the substringsfrom B in the specifiedcontext; however, the rule in fact states
a restrictionon the relationbetweentwo regular languagesandcompilesinto a
transducer.

As explainedin Section2.4.2, replacerulescanhave multiple replacements
thatarenotcontextually conditioned,asin

[ A -> B, B -> A ]

or multiplereplacementsthatsharethesamecontext; themultiplereplacementsare
againseparatedby commas.The useof squarebracketsaroundsuchrulesoften
improvesreadability, evenif they aren’t formally required.

[ A -> B, C -> D, E -> F || L _ R ]
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In addition,a rulecanhavemultiplecontexts,similarly separatedby commas,e.g.

A -> B || L1 _ R1, L2 _ R2

A singlerulecanhave bothmultiple replacementsandmultiplecontexts.

A -> B, C -> D, E -> F || L1 _ R1, L2 _ R2, L3 _ R3

When regular expressionscontainingrules are compiledby define or read
regexcommands,the regular expressionsmust, as always,be terminatedwith
semicolons.In practice,to avoid confusingthe compilerandyourself,it is often
wiseto surroundreplaceruleswith squarebrackets.

xfst[0]: read regex [ a -> b || l _ r ] ;
xfst[1]:

In replace-rulecontexts,usethespecialsymbol.#. to referto eithertheabsolute
beginningor the absoluteendof a string. The .#. is a specialnotationspelled
with a period,a poundsign,andanotherperiod,with no interveningspaces.The
end-of-wordnotationis nota symbolanddoesnot appearin thesigmaalphabetof
theresultingnetwork.

e -> i || .#. p _ r

This rule “replaces”lexical (upper-side)e with surface(lower-side)i whenit ap-
pearsbeforer andafterap at thebeginningof aword. Whena .#. appearsin the
left context, it refersto thebeginningof theword; whenoneappearsin theright
context, it refersto theendof theword. It is possibleto defineruleswhosecontexts
referto boththebeginningandtheendof a word.

g o -> w e n t || .#. _ .#.

Occasionallyonewantsto specify that an alternationoccurseither in a specific
symbolcontext or ata wordboundary. For example,if A mapsto B eitherbeforea
right context Ror at thevery endof theword,thiscouldbenotatedaseither

A -> B || _ R , _ .#.

or equivalentlyas

A -> B || _ [ R | .#. ]

Optional right-arrow mappingis indicatedwith the (->) operator, which is
just the right arrow with parenthesesaroundit. For example,the rule [ a (-
>) b ] mapseachupper-sidea bothto b andto theoriginala.
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xfst[0]: clear stack
xfst[0]: read regex a (->) b ;
xfst[1]: apply down abba
bbbb
bbba
abbb
abba

Theuppersidelanguageof aright-arrow rule is usuallytheuniversallanguage.
Theoneexceptionalcaseis whena languageis mappedto thenull language.Re-
call that ?* denotesthe universallanguage,which containsall possiblestrings.
Thenotation [?*] thereforedenotesthecomplementof theuniversallanguage,
which is thenull or emptylanguagecontainingno stringsat all. Therearein fact
an infinite numberof waysto denotethe empty language,including [a - a] ,
which effectively subtractsa languagefrom itself, leaving no strings.Theexcep-
tional replacerulesthenlook like thefollowing:

A -> [?*]

or

A -> [a - a]

In suchcases,all stringscontaininga string from A areremoved from the upper
language,leaving an identity relation of all stringsthat do not containA. Thus
[A -> [?*]] is equivalentto $[A] , thelanguageof all stringsthatdo not
containasubstringfrom A.

Beforelooking at any otherreplace-ruletypes,we will consolidateour under-
standingof theright-arrow ruleswith someexercises.

3.5.3 Rule Ordering and Composition

Thecompositionoperationwasintroducedformally in Section2.3.1. We reintro-
duceit herein examplesandexercisesthatinvolvereplacerulesandruleordering.
Youareurgedto reproducetheexamplesasyou read.

The kaNpatExercise

The Linguistic Phenomenato Capture As a first exercisein writing replace
rules,andlearningaboutrule orderingandcomposition,considera fictional lan-
guage,wherekaNpatis anabstractlexical stringconsistingof themorphemekaN
(containinganunderspecifiednasalmorphophonemeN) concatenatedwith thesuf-
fix pat. Here,asin many naturallanguages,strangethingshappenat morpheme
boundaries.It sohappensthatin this language,anunderspecifiednasalN thatoc-
cursjustbeforep getsREALIZED as(or “replacedby”) anm. This is formalizedin
a replacerule asfollows
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N -> m || _ p

Readthisrule informally as“N is obligatorilyreplacedby m whenit appearsin the
context beforep”. This is agarden-varietykind of nasalassimilationthatoccursin
many languages.

Noticethattheleft context in theprecedingrule is empty, whichmeansthatthe
left context doesn’t matter;any left context will match.Theapplicationof thisrule
to the input string “kaNpat ” yields the new intermediatestring “kampat ”. A
secondrule in this languagestatesthata p thatoccursjustafteranm getsrealized
asm, andthis rule is formalizedas

p -> m || m _

Notethat in this formalism,the linguist mustkeeptrackof therule order. In this
language,the first rule can “feed” the second;i.e. the m in the left context of
the secondrule can be either a lexical (underlying)m or an m that replaceda
lexical N. A completeDERIVATION from theunderlyingstring“kaNpat ” through
“kampat ” to thefinal surfacestring“kammat” is shown in Figure3.13.

Lexical: kaNpat

N -> m || _ p

Intermediate: kampat

p -> m || m _

Surface: kammat

Figure3.13:RulesmappingkaNpatto kampatto kammat

A replacerule Grammar for kaNpat Eachreplacerule iscompiledinto afinite-
statetransducer, andthe mathematicsof finite-statetransducerstells us that if a
first transducermapsfrom initial “kaNpat ” to intermediate“kampat ”, andthat
if asecondtransducermapsfrom intermediate“kampat ” to final “kammat”, then
thereexists,mathematically, asingletransducerthatmaps,in asinglestep,directly
from “kaNpat ” to “kammat”, with no intermediatelevel. Algorithmically, that
singletransduceris theCOMPOSITION of thetwo originalnetworks,andatXerox
we have an efficient compositionalgorithmthatcancomputeit in mostpractical
cases.
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[ N -> m || _ p ]
.o.
[ p -> m || m _ ] ;

Figure3.14: A Regular ExpressionDenotinga Cascadeof Rules. Rulesin a
cascadearecombinedvia the compositionoperation.The squarebracketsin
thisexamplearenot formally necessary.

xfst[0]: clear stack
xfst[0]: define Rule1 [ N -> m || _ p ] ;
xfst[0]: define Rule2 [ p -> m || m _ ] ;
xfst[0]: read regex Rule1 .o. Rule2 ;

Figure3.15:A Cascadeof RulesImplementedvia DefinedVariablesandCom-
position

Composition,which is anorderedoperation,is indicatedin theXerox regular-
expressionformalismby the.o. operatorasshown in Figure3.14.Thecomposi-
tion operatoris spelledwith aperiod,thesmalllettero andanotherperiod,with no
interveningspaces.Compositionis ann-aryoperation,meaningthatany number
of transducerscanbecomposedtogetherin a cascade.

Alternatively, onecancompilethe two rulesseparately, definingappropriate
variables,andthencomposethemtogetherin a subsequentregular expressionas
in Figure 3.15. One could alsocompile the rulesseparately, using read regex,
pushingthe resultsonto The Stackand then invoking composenet as in Fig-
ure 3.16. In sucha case,it is vitally importantto compileandpushthe second
(lower) rule [ p m m ] first, so that the networkfor theupperrule
[ N - m p ] will bepushedon topof it beforecomposenet is called.

Aswhenusingotherorderedoperationssuchasminusnetandconcatenatenet,
theorderof theargumentspushedonTheStackis critical. It is upto youto ensure
that the “top” rule networkin a cascadeis on the top of The Stack,andthat the
overall final orderof argumentson the stackmirrors the graphicorderingof the
cascade,beforeyou invokethe composenet command.Review Section3.2.4if
you arestill uncomfortablewith the orderingof argumentson The Stack. Better
yet, avoid performingsuchoperationson The Stackin favor of computingwith
definedvariablesareshown in Figure3.15.

TestingYour kaNpatGrammar
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xfst[0]: clear stack
xfst[0]: read regex [ p -> m || m _ ] ;
xfst[1]: read regex [ N -> m || _ p ] ;
xfst[2]: compose net
xfst[1]:

Figure3.16: A Cascadeof RulesComputedon The Stack. As usual,when
invokingstack-basedoperationslike composenet, theusermustbeextremely
careful to pushthe operandsonto The Stackin the correctorder. SeeSec-
tion 3.4.3.

Type the grammarusing a text editor as a regular-expressionfile named
somethinglike kaNpat.regex . Rememberthata regular-expressionfile
containsjustasingleregularexpressionandmustbeterminatedwith asemi-
colon followedby a newline. Your regular-expressionfile shouldlook like
Figure3.14,makingsurethatthesemicolonis followedby a newline.

Thenlaunchthe xfst interfaceandcompileyour grammarusingthe com-
mandreadregex filename.

xfst[0]: read regex < kaNpat.regex

If therearenomistakesin thefile, thegrammarshouldcompilecleanly, and
theresultingtransducernetworkwill bepushedontoTheStack.

Onceyou have therule networkon TheStack,you canuseapply down to
testtheeffect of thegrammaron variousinput strings.Usingapply down,
the input string is matchedagainsttheuppersideof thetransducer, andthe
outputstringor stringsarereadoff thelowersideof thetransducer. Weoften
think of suchdownwardapplicationasGENERATION or LOOKDOWN.

If you applya networkin theupwarddirectionto an input string,usingthe
apply up command,theinputstringis matchedagainstthelowersideof the
transducer, andthesolutionor solutionsarereadoff of theuppersideof the
transducer. Weoftenthink of upwardapplicationof thenetworkasLOOKUP

or ANALYSIS of theinputstring.

In thisexample,weareprimarily interestedin generatingfromtheabstractor
underlyingstring“kaNpat ”, hopingthatour ruleswill producethecorrect
surfaceform asoutput. With therule grammarcompiledandon the top of
TheStack,try
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xfst[1]: apply down kaNpat

If you typedthe grammarcorrectly, the systemshouldreturn “kammat”.
Youhave justwrittenyourfirst finite-statereplacerules.

Experiments

1. Performapply down on the string kampat. You shouldbe ableto explain
theoutputby tracingits derivationthroughtherules.

2. Performapply down on the string kammat. Again, tracethecourseof the
derivation.

3. Performapply up on thestringkammat. Why aretheremultiple analyses?
Hint: Rememberthattransducersarebidirectionalmappersbetweenstrings
in thelexical languageandstringsin thesurfacelanguage.

4. Startoverandcompilethesamegrammarbut with theorderof thetwo rules
reversed.Doesit still work?Why or why not?

Putting replacerules in Context The regular-expressionnotationwe call re-
placerulescorrespondsvery closelyto the traditionalrewrite rulesusedby pho-
nologists,and much seriousphonologicalwork hasbeendonewith suchrules.
Onegrammarof Mongolian(Street,1963)hasa cascadeof about60 suchrules
mappingfrom abstractmorphophonemicstringsto surfacestringswritten in the
Cyrillic orthography.

Traditionalrewrite-rulegrammarswerealwayssomewhatproblematicbecause

The grammarsusuallyexistedonly on paperandwerecheckedtediously,
andvery incompletely, by hand.

Whereresearchersdid try to computerizetheir rewrite-rulegrammars,they
did not understandthat therulescouldbeimplementedasfinite-statetrans-
ducers.Thesolutionwasoftento implementthecascadeof rulesasacascade
of adhocprogramsthatmatchedthecontextsandperformedtheappropriate
replacements,passingtheoutputto thenext adhocprogramin thecascade.
A grammarof 60 ruleswould require60 differentprocessingstepsat run-
time.

Wheregrammarsweresuccessfullycomputerizedascascadesof adhocpro-
grams,they tendedto run only in a downwardor generatingdirection.Run-
ningthesegrammarsbackwardsto doanalysisusuallyproved impossibleor
atleastextremelyinefficient.For example,generatingthekaNpatexamplein
aPerl (version5.6)scriptwouldbeespeciallyeasy, asshown in Figure3.17,
but it is impossibleto run thescriptbackwardsto performanalysisbecause
thePerlsubstitutioncommandsarereallyproceduralprograms.
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$_ = "kaNpat" ;
s/N(?=p)/m/g ;
s/(?<=m)p/m/g ;
print ;

Figure3.17:ThekaNpatExamplein Perl 5.6Worksfor GenerationOnly. This
exampletakestheinputstring“kaNpat ” andoutputs“kammat”.

Evenwhensomeresearchersdid understand,afterJohnson’swork (Johnson,
1972), that rewrite rulescould theoreticallybe implementedasfinite-state
transducers,therewereno rule compilersor compositionalgorithmsavail-
able.

The Xerox Finite-StateCalculusnow includesthe algorithmsnecessaryto
compileandcomposereplacerules,resultingin singletransducersthatnot
only runefficiently but alsorunbackwards(for analysis)aswell asforwards
(for generation).Transducersareinherentlybidirectional.replacerulescan
beuseddirectly for building morphologicalanalyzer/generators,or they can
beusedasanauxiliary formalismfor filtering andcustomizingtransducers
built usingtheXerox finite-statecompilerslexcandtwolc.

replacerulesarenotationalabbreviationsof regular expressionsbuilt with
morebasicoperators,andthey compileinto finite-statetransducers.twolc
rules,which we will introducein Chapter5, usea ratherdifferentnotation
thatwasintroducedby KimmoKoskenniemiin his1983dissertationentitled
Two-levelmorphology:a general computationalmodelfor word-formrecog-
nition and production(Koskenniemi,1983); but twolc rulesalso compile
into transducers.Becausea finite-statetransducermadeoneway is mathe-
maticallyasgoodasafinite-statetransducermadeany otherway, thechoice
of usingreplacerulesvs. twolc rulesis ultimatelya matterof humantaste
andconvenienceratherthantheoryor mathematics.

Writing a grammarwith replacerulesusuallyrequireswriting a cascadeof
rules,with rulespotentiallyfeedingeachother, andgreatcaremustbetaken
to ordertherulescorrectlyin thecascade.5

Currentresearchanddevelopmentin finite-statecomputinginvolvesimprov-
ing thealgorithmsandproviding yet moreperspicuoushigh-level notations

5With agrammarof twolc rules,all rulesin agrammarapplysimultaneously, avoidingany prob-
lemswith ruleordering,but introducingthecomplicationof ruleconflicts;eachrulein a twolc gram-
mar mustpotentiallybe awareof what all theotherrulesaretrying to do simultaneously. Neither
wayof writing grammarsis simple,but at leastyou getto chooseyourheadachesto someextent.
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for linguists to use. XRCE in particularcontinueswork on replacerules,
addingmoreoperatorsandfeatures;andwewill introducesomeof thembe-
low. twolc rules,beinganestablishedandwidely-usednotation,arebeing
left prettymuchasthey are.

Parallel Rules

Sometimesrulescannotconvenientlybe orderedin a cascadebut mustapply in
parallel.Theclassicexampleinvolvestheexchangeof twosymbols,e.g.to replace
all as by bs and,simultaneously, all bs by as. Thusfor an input string “abba ”,
thedesiredoutputfrom generationwouldbe“baab ”. Theindividualrulesarejust
[ a -> b ] and[ b -> a ] , but any attemptto orderthemyieldsthewrong
results.

Considerthefollowing attempt,where[ a -> b ] is orderedfirst.

xfst[0]: clear stack
xfst[0]: read regex a -> b .o. b -> a ;
xfst[1]: apply down abba
aaaa

Herethe outputis “aaaa ”, resultingconceptuallyfrom the top rule mappingthe
inputstring“abba ” to theintermediatestring“bbbb ”, which in turnis mappedto
“aaaa ” by thesecondrule in thecascade.

In thesecondattempt,weorder[ b -> a ] first:

xfst[0]: clear stack
xfst[0]: read regex b -> a .o. a -> b ;
xfst[1]: apply down abba
bbbb

which alsofails to producethedesiredresult.It is obviousthatneitherorderingis
right.

Luckily thereis a waynot to ordertherulesbut to have themapplyin parallel.
For simpleruleshaving no context specification,theparallelrulesaresimply sep-
aratedby commas.Themultiple rulesarecompiledinto a singletransducerwhich
performsthedesiredmapping.

xfst[0]: clear stack
xfst[0]: read regex b -> a , a -> b ;
xfst[1]: apply down abba
baab

For ruleshaving contexts, therule separatoris not the commabut thedouble
comma;thiscomplicationis requiredbecauseevena singlerulecanhavemultiple
left-hand-sidesor contexts, separatedby singlecommas(seeSection3.5.2). The
following ratherartificial exampleillustratesparallelruleswith contexts,separated
by a doublecomma.
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xfst[0]: clear stack
xfst[0]: read regex
b -> a || .#. s ?* _ ,, a -> b || _ ?* e .#. ;
xfst[1]: apply down sabbae
sbaabe

In mostpracticalcases,orderedcascadesof rulesaresufficient andaremoreeffi-
cientlycompiled;youshouldthereforeavoid writing parallelrulesif you can.

Parallelrulesmustsharethesametemplate,i.e. all mustbeof thegeneral
form [ A -> B ] , or all of theform [ A -> B || L R ] , etc.

Ordering Rule Networks on The Stack

Considerthecasewheretheuserintendstocomposearulenetworkbelow alexicon
network,but mistakenlypushesthelexiconnetworkonTheStackfirst:

xfst[0]: clear stack
xfst[0]: define Cons b|c|d|f|g|h|j|k|l|m|n|p|q|r|
s|t|v|w|y|z ;
xfst[0]: read regex
[ kick | try | bore ]
[ %+Prog: ing | %+Pres3PSg:s | %+Past: ed | %+Bare:0 ] ;
xfst[1]: read regex
[ y -> i || Cons _ e d .#. ,, y -> i e || Cons _ s .#. ]
.o.
e -> 0 || Cons _ [ ing | ed ] ;
xfst[2]: print stack
0: 17 states, 222 arcs, Circular.
1: 14 states, 18 arcs, 12 paths.

As shown by print stack, thesecommandsleave two networkson TheStack,the
rule networkabove the lexicon network,which is thewrongorderif onethenin-
tendsto call composenet to composetheruleson thebottomof thelexicon. The
solutionhereis to call turn-stack, which reversesthe order of all the networks
storedon The Stack. The new outputof print stack shows that the orderof the
networkshasindeedbeenreversed,andnow composenet will yield the desired
result.

xfst[2]: turn stack
xfst[2]: print stack
0: 14 states, 18 arcs, 12 paths.
1: 17 states, 222 arcs, Circular.
xfst[2]: compose net
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xfst[1]: print lower-words
trying
try
tries
tried
kicks
kick
kicking
kicked
bored
boring
bore
bores

If you have morethantwo networkson the stackandwant to turn the whole
stackupsidedown, useturn stack.

3.5.4 MoreExercises

Southern Brazilian PortuguesePronunciation Exercise

Capturing Phonemicsvs. Orthography When linguists have written finite-
statemorphologysystemsat Xerox, the practicalgoal hasusuallybeento map
betweenanabstractlexical level, whereinthe stringsconsistof a canonicalbase-
form plusspeciallydefinedmulticharactersymboltags,anda surfacelevel, where
the stringsarewordswritten in a standardorthography. For example,oneof the
analysesof thePortuguesesurfaceword “canto ”, usinga largePortugueselex-
ical transducerbuilt at XRCE, is “cantar+Verb+P resI nd+1P+Sg”, having
the baseform“cantar ” (usedby conventionas the citation form in traditional
printeddictionaries)and the tags+Verb , +PresInd (presentindicative), +1P
(first person),and+Sg (singular). The multicharacter-symboltagswerechosen
anddefinedby the linguistswho wrote thesystem;there’s nothingmysteriousor
sacredaboutthem. By Xerox convention,the lexical sideis alwaysrepresented
graphicallyontheuppersideof therelationwith thesurfacesideonthelowerside.

Lexical: cantar+Verb+P resI nd+1P+Sg
Surface: canto

The emphasison generatingandanalyzingorthographicalwordsreflectsthe
factthatXerox researchersdealwith naturallanguagemainlyin theform of online
written texts. However, traditionalrewrite rulesweremostoftenusedby linguists
attemptingto capturethephonological,ratherthanorthographical,factsof a lan-
guage.Replacerules,whichcloselyresemblethetraditionalrewrite rules,arealso
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well suitedfor formalizingphonologicalalternationswhich maybeonly partially
or awkwardly reflectedin thestandardorthography.

For this exercise,thetaskis to createa cascadeof rulesthatmapsfrom ortho-
graphicalstringsin Portuguese(this will be the lexical level) down to stringsthat
representtheir pronunciation(this will be the surfaceside). Therewill not be a
lexicon. A samplemappingof written “caso ” to spoken“kazu ” looks like this,
with, by convention,thelexical stringon topandthesurfacestringon thebottom.

Lexical: caso
Surface: kazu

After studyingthefactslistedbelow, youhave achoiceof approaches:

1. Youcanwrite yourgrammarasa single,monolithicregularexpression,in a
regular-expressionfile namedsomethinglike port-pronun. rege x . You
would thencompileit into a networkandpushit on TheStackby entering
readregex port-pr onun.regex.

2. Youcanwrite yourgrammarasanxfst script,definingvariablesandthenus-
ing thevariablesin subsequentregularexpressions(seeSection3.4.2).The
script,namedsomethinglike port-pronun.x fst orport-pronun. scr ipt ,
would thenberun by enteringsourceport-pr onun.xfst. Thescriptshould
leave thefinal networkonTheStackto allow immediatetesting.

Whenwriting grammarsinvolving cascadesof rules,it is usuallymoreconvenient
to write thegrammarin theform of a script,first defininga variablefor eachrule,
andthencompilinga regularexpressionthatrefersto therule variablesandcom-
posesthemtogetherin theproperorder. This facilitatesany necessaryre-ordering
of rulesin the cascadeduring debugging. Either way, the resultingnetworkwill
betestedby usingtheapply down utility asin thekaNpatexercise.Youwill once
againneedto write acascadeof replacerules,andtherelativeorderingof therules
will bevery important.

StandardPortugueseorthographyis not alwaysa completeguideto the pro-
nunciationof a word(especiallyin thecaseof theletterx andthevowelswritteno
ande). As usual,wewill restrictandsimplify thedataslightly to makethesolution
manageableasanexercise.

The Factsto beModeled

Thefollowing descriptionis basedon theratherconservativepronunciation
of Portuguesein PortoAlegre,Rio Grandedo Sul, Brazil. Becausetheor-
thographyis evenmoreconservative,theruleswill roughlycharacterizethe
phonologicalchangesthathave occuredin thisonedialectsincetheorthog-
raphyfossilized.
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The final transducerproducedby your regular expressionor script should
generate(usingapply down) from lexical stringslike thefollowing, written
in standardBrazilian Portugueseorthography. We will limit the input to
lowercasewordsin thisexercise.

casa
cimento
me
disse
peruca
simp´atico
braç o
árvore

The surfacelevel producedby your grammarwill be written in a kind of
crudephonemicalphabet,with specialuseof the symbolsin Table 3.16.
Becausewehave limited our inputwordsto lowercaseletters,thesix special
characterswill appearonly in surfacestrings,never at thelexical level. The
dollar sign$ characteris specialin regularexpressions,soyou will needto
literalize it with a precedingpercentsign (%) or with surroundingdouble
quotes.

J palatalizedd, similarto thephonemespelledj in English“judge”
C palatalizedt, similar to thephonemespelledch in “church”
$ alveopalatalsibilant, like the phonemespelled sh in English

“ship”
L phonemespelledlh in Portuguesefilho (or gli in Italianfiglio)
N phonemespellednh in Portugueseninho (like the Frenchgn in

digne)
R phonemespelledrr inside words, single r at the beginning of

words

Table3.16: SpecialSymbolsUsedon theLower-Sideto RepresentPortuguese
PhonemesandAllophones

Themappingfrom orthography(lexical side)to pronunciation(surfaceside)
includesthefollowing alternations:

– The orthographical(lexical-side)ç is alwayspronounced/s/; in other
words,a ç on the uppersidealwayscorrespondsto ans on the lower
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side. In theseexplanations,we follow the IPA conventionof indicat-
ing phonemes,thelower-sidesymbols,betweenslashes.Theseslashes
shouldnotappearin theoutputstrings.

Lexical: braç o
Surface: brasu

Hint: Your rule cascadeshouldinclude a rule that looks like
[ ç -> s ] . Warning: It will have to be orderedcarefully
with respectto theotherrulesin thecascadesothat thes is not
changedby subsequentrulesin thecascade.

– Theorthographicalssis alwayspronounced/s/. In this andfollowing
illustrations,the lexical andsurfacestringsarelined up characterpair
by characterpair, with the 0 (zero,alsocalledepsilon)filling out the
placeswherea lexical symbolmapsto the emptystring. Thesezeros
arefor illustration only andshouldnot actuallyappearin the surface
languageof your transducer.

Lexical: interesse
Surface: interes0i

Hint: Your cascadeshouldincludea simplerule that lookslike
[ s s -> s ] , andit will have to beorderedcarefullyrela-
tive to theotherrules.Rememberthatreplacerulesareregular
expressionsandthat thetwo symbolss ands on theleft sideof
thearrow mustbeseparatedby whitespaceto indicateconcate-
nation;if you write themtogetherasss, thecompilerwill treat
themasa singlemulticharactersymbol,which is not whatyou
want.

– Theorthographicalc beforeeor i, or beforeaccentedversionsof these
vowel letters,is alwayspronounced/s/.

Lexical: cimento
Surface: simentu

– Theorthographicaldigraphch is pronounced/$/.

Lexical: chato
Surface: $0atu
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Your grammarshouldincludea rule [ c h -> %$ ] . The
literalizing percentsign % is requiredbecausethe dollar sign
$ is a specialcharacterin xfst regular expressions.Alterna-
tively, onecanliteralizethedollar signby puttingit insidedou-
blequotes,i.e. [ c h -> ¨$¨ ] .

– Elsewhere(i.e. not ch, andnot ci or ce), orthographicalc is always
pronounced/k/.

Lexical: casa
Surface: kaza

No c shouldappearin surfacestrings.

– Theorthographicaldigraphlh is realizedas/L/ .

Lexical: filho
Surface: fiL0u

– Theorthographicaldigraphnh is realizedas/N/.

Lexical: ninho
Surface: niN0u

Rememberthat the zerosshown in theseexamplesarefor illustration
only andshouldnotappearin your realoutputstrings.

– Elsewhere,h is silent and is simply realizedas 0 (zero, the empty
string).

Lexical: homem
Surface: 0omem

– Theorthographicaldigraphrr is alwaysrealizedas/R/. Also, thesin-
gle r at thebeginningof a word is alwaysrealizedas/R/. Elsewhere,
r:r , i.e. lexical r is realizedas/r/ .

Lexical: carro r´apido caro cantar
Surface: kaR0u Rápidu karu kantar

– The unaccentede is pronounced/i/ at the endof a word, andwhenit
appearsin thecontext betweenp andr at thebeginningof aword;e.g.

Lexical: peruca case
Surface: piruka kazi
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An unaccentede is alsopronounced/i/ beforeansat theendof aword.
Elsewheree:e.

Lexical: cases
Surface: kazis

– An unaccentedo is pronounced/u/ at theendof aword.

Lexical: braç o caso
Surface: brasu kazu

An unaccentedo is alsopronounced/u/ beforeansattheendof aword.
Elsewhereo:o.

Lexical: braç os
Surface: brasus

– A singles is pronounced/z/ whenit appearsbetweentwo vowels.

Lexical: camisa case
Surface: kamiza kazi

Elsewheres:s(but seeabovewheres s - s).

– A word-finalz is pronouncedas/s/.

Lexical: vez
Surface: ves

Elsewhere,z:z.

– A d is pronounced/J/ whenit appearsbeforea surfacephoneme/i/.
(N.B. Thischangeoccursin theenvironmentof any surface/i/, nomat-
ter whatthatsurface/i/ mayhave beenat thelexical level.) Elsewhere
d:d.

Lexical: disse verdade paredes
Surface: Jis0i verdaJi pareJis

– A t is pronounced/C/ whenit appearsbeforea surfacephoneme/i/.
(N.B. Thischangeoccursin theenvironmentof any surface/i/, nomat-
ter whatthatsurface/i/ mayhave beenat thelexical level.) Elsewhere
t:t .

Lexical: tio partes
Surface: Ciu parCis

– Thevowelsarea, e, i, o, u, á, é, ı́, ó, ú, ã, õ, â, ê, ô, ü andà. All lexical
symbolsmapto themselveson thesurfacelevel by default.
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TestingPortuguesePronunciation Write asetof replacerulesthatperformsthe
mappingsindicated.As in thekaNpatexample,therulesshouldbeorganizedin a
cascade,with thecompositionoperator(.o. ) betweentherules. Be very careful
aboutorderingyour rulescorrectly; the rulescannotbe expressedin exactly the
sameorderasthefactslistedjustabove.

If you write your grammarasa monolithic regular expression,thenyou can
compileit by entering

xfst[0]: read regex < regex_filena me

If youwrite thegrammarasanxfst script(seeSection3.3.3),thenyouwill runthe
scriptby entering

xfst[0]: source script_filenam e

It is probablypreferableto write thegrammarasascript.
Usingapply down, youshouldbeabletohandleall theexamplesin Table3.17,

enteringthe lexical or upper-sidestring in eachcaseandgettingbackthesurface
or lower-sidestring. Thezerosrepresentingtheemptystringsin examplesabove
arenot shown hereandshouldnot appearin your output.To facilitatethetesting,
you shouldtypeall the input (upper-side)wordsinto a file, calledsomethinglike
mydata , with oneword to a line, andtell apply down to readthe variousinput
stringsfrom thatfile (review Section3.3.4).

xfst[1]: apply down < mydata

If you have written your grammarasa script,you canevenincludethis line at the
endof the script. Be sureto test all the examplesto ensurethat your rulesare
really workingasthey should.Modify your rules,or theruleordering,andre-test
theinputwordsuntil thegrammaris workingperfectly.

The BambonaLanguageExercise

For studentswho needa challenge,our next exerciseconcernsvowel changesin
the mythical Bambonalanguage.This is a moredifficult exercise,involving the
definition of a lexicon relationanda rule-basedrelation that arethencomposed
together.

SomePreliminaries Recallthatin regularexpressions,stringsof characterswrit-
tentogethersuchasdog aretreatedassinglesymbolscalledmulticharactersym-
bols.By Xerox convention,weusemulticharactersymbolssuchas+Verb , +Noun,
+Sg (singular),and+Pl (plural) (or [Noun] , [Verb] , etc.) in our networksto
convey part-of-speechandotherfeaturalinformation. The punctuationmarksin-
cludedby Xerox conventionin the spellingof the multicharactersymbolsmake
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disse peru pedac¸o
Jisi piru pedasu
livro parte parede
livru parCi pareJi
sabe cada simṕatico
sabi kada simṕaCiku
verdade casa braço
verdaJi kaza brasu
chato vermelho gatinho
$atu vermeLu gaCiNu
filhos luz case
fiLus lus kazi
braços partes paredes
brasus parCis pareJis
me antes ninhos
mi anCis niNus
rápido carro caro
Rápidu kaRu karu
cantar bicho diferentes
kantar bi$u JiferenCis

Table 3.17: Test Data for the PortuguesePronunciationExercise. Type the
upper-sidestringsinto a separatefile, calledsomethinglike mydata , with one
wordto a line, to facilitaterepeatedtestingwith apply down.
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theoutputmorereadable,but becausetheplussignandsquarebrackets(and,in-
deed,almostall the punctuationcharacters)arespecialcharactersin regular ex-
pressions,we needto literalizethemwith a precedingpercentsign,e.g. %+Noun
or %[Noun%], or by placingthe entiremulticharactersymbol in doublequotes,
e.g."+Noun" or "[Noun]" .

Recallalsothatthecrossproductoperatorin expressionssuchas[Y .x. Z]
designatesthe relationwhereinY is the upper-sidelanguage,Z is the lower-side
language,andeachstring in eachlanguageis relatedto all thestringsin theother
language. Similarly, the colon operatoras in a:b denotescrossproduct,but it
hashigherprecedencethan.x. andhigherprecedencethanconcatenation.The
expression[%+Noun:0] , which is equivalentto [%+Noun .x. 0] therefore
denotesthe relationthat hasthe singlesymbol+Noun on the uppersideandthe
empty string on the lower side. The expression[%+Pl: il ] , equivalent to
[%+Pl .x. [ i l ]] , denotesthe relation that hasthe singlesymbol +Pl
on theuppersideandtheconcatenation[i l] on the lower side. You will need
to usesuchnotationsin thisexercise.Beawarethatmulticharactersymbolscannot
appearinsidecurly braces.

The curly bracenotation,as in ing and %+PresPart: ing , can
containonly simplealphabeticsymbols,notmulticharactersymbols.If ˆU
is a multicharactersymbol,do not try to write %+Tag: ˆUabc ; rather
write %+Tag:[%ˆU a b c] or [ %+Tag .x. %ˆU a b c ] .

The Facts Herearethelinguistic factsof Bambona:

1. Therearesevenvowelsin Bambona.

i u
e o
é ó

a

whereeis amid-highfront vowel, é is amid-low frontvowel,o isamid-high
backvowel andó is amid-low backvowel. Thereareno lengthdistinctions.

2. We will limit this exampleto Bambonanouns. Nounsalwaysstartwith a
root,which is usuallybasedonthepatternCVC or CVCC.E.g.

mad "book"
nat "house"
posk "girl"
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rip "arm"
kuzm "cooking pot"
karj "cellular telephone"
zib "enemy"
l´er "wild pig"
kóp "nuclear reactor"
sob "dentist"
mélk "stone axe"
rut "integrated circuit"

Hint: Thenoun-rootsublanguagein your regularexpressionshould
simply betheunionof all thenounrootslistedabove. Do not try to
handleall possibleBambonarootsin thisexercise.

3. The Englishglosseslisted for therootsandfor the suffixesbelow arepro-
vided for informationalpurposesonly. Do not try to includethe glossesin
yournetwork.

4. After theroot,nounscancontinuewith anoptionalsuffix from thefollowing
list:

ak "pejorative"
et "diminutive"
ig "augmentativ e"

A maximumof oneof thesethreesuffixescanappearin a word. In regular
expressions,an expressionis madeoptionalby surroundingit with paren-
thesesor by unioningit with the emptystring: thusthe expression(a) is
equivalentto [a []] . This new sublanguageshouldeventuallybecon-
catenatedontotheendof thenoun-rootsublanguage.Usethemulticharacter
tags+Pej , +Dim and+Aug asappropriateon thelexical side.

Hint: Oneportionof your regularexpressionshouldlook like this: [
%+Pej: ak | %+Dim: et | %+Aug: ig ] .

5. Next cancome,optionally, a singlesuffix indicatingthe spreaker’s confi-
dencefrom thefollowing list:
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izm "obvious"
ubap "probable"
ópot "alleged"

Usethetags+Obv, +Prob and+All onthelexical side.

6. Next cancome,optionally, asinglesuffix thatindicatesnumber.

il "plural"
ejak "paucal (a few)"

Overt numbermarking is alwaysoptional, even when the referentof the
word is obviously plural or paucal. In fact, in the syntax,whenthe noun
is precededby anotherword that statesa numberexplicitly, the numberis
nevermarkedin thenounitself. Thereisnosuffix tomarkthesingular(really
unmarkednumber)readingexplicitly, but constructthegrammarsothateach
noun is markedeither +Pl or +Pauc , or +NoNum(which is realizedas
zero/epsilonon the lower side); this effectively makesa numbermarking
obligatory.

7. After thenumbermarkingmustcomeoneof thefollowing casesuffixes(or
nothingfor nominative/unmarked).

0 nominative/un marked
am accusative (marks direct objects)
ad dative (like English "to")
it ablative (like English "from")
ek benefactive (like English "for")

ozk genitive (like English "of")

ém inessive ("in"/"at")
ót elative ("from/out of")

ep comitative ("with")

Thefollowingdetailsareabit tricky, soreadcarefully:Whenovertpreposi-
tionsareusedin thesentence,thenounmaybeunmarkedfor case.Theac-
cusative,dative,ablativeandbenefactive (andnominative)cases,if present,
alwaysendtheword. Thegenitive ozkcanenda word, or it canoptionally
befollowedby theonsuffix whichdenotesinalienablepossession(like your
own armsandlegs,asopposedto aSony Walkmanor Saab9000or thesev-
eredlimbs of anenemy).Rememberthat optionality in regular expression
is indicatedby surroundingan expressionwith parentheses.The inessive
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émandthe elative ót canoptionallybe followedwith a suffix el, a general
intensifierin the language,resultingin the meanings“into” and “out of”,
respectively. The comitative ep canbe followedoptionallywith the suffix
eg, denotingthe negative, yielding the reading“without”. The suffix eg is
alsousedin theverbsystem,not treatedhere.Usethefollowing tagson the
lexical side:

+Nom +Acc +Dat +Abl +Ben +Gen +Ine +Ela +Com
+Inalien +Int +Neg

Readthe precedingdescriptioncarefully and picture the possible
suffix sequencesbeforewriting your regular expressions.Graphing
sometimeshelps.Publishednatural-languagegrammarsareseldom
this explicit in specifyingthe morphotacticpossibilities, requiring
you to readbetweenthe lines, studythe examples,and,ideally, do
someoriginal fieldwork with native informants. Finite-statetools
give you a way to encodethe linguistic factsaboutyour language,
but they cannotdothelinguisticsfor you.

8. Therearetwo waysof goingaboutwriting afinite-statedescriptionof Bam-
bonamorphotactics:Oneway is to write it asa singleregularexpression(a
“regular-expressionfile”) to becompiledwith read regex filename; the
otheris to write it asanxfst script (a “script file”) to beexecutedusingthe
source command.Review the distinctionbetweenregular-expressionfiles
andscripts(Section3.3.3)if this is not clear.

It is probablybestto write the grammarasa script. Either way, the lexi-
cal (upper)sideshouldcontainalphabeticsymbolsandmulticharactertags,
while thesurface(lower)sidecontainsonly alphabeticsymbols.

If youwrite thegrammarasamonolithicregularexpressionin thefile bambona-
lex.regex you wouldcompileit with thecommand

xfst[0]: read regex < bambona-lex.r egex
xfst[1]: save stack bambona-lex.fst

Save theresultingnetwork,usingsave stack, asthebinaryfile bambona-
lex.fst . If you write your grammarasa script file namedbambona-
lex.xfst , you wouldrun thescriptwith

xfst[0]: source bambona-lex.xfs t
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Lexical nat+Pej+NoNum+Nom
Surface natak
Lexical nat+Dim+Obv+NoNum+Com+Neg
Surface natetizmepeg
Lexical sob+Dim+All+Pauc+Gen
Surface sobet́opotejakozk
Lexical lér+Aug+All+Pauc+Ine+Int
Surface lérigópotejaḱemel
Lexical kóp+Aug+Pl+Ela
Surface kópigilót
Lexical rip+Dim+Pl+Gen+Inalien
Surface ripetilozkon

Table 3.18: Lexical/SurfacePairs from the Lexicon Alone. Note that these
surfaceformsarestill just intermediateforms,awaitingcorrectionvia rules.

andthescriptitself shouldcontainthecommandto saveTheStackoutto file
bambona-lex.f st .

The lexicon networkby itself is a transducerthat shouldencodea relation
that includesthe orderedpairsof wordsshown in Table3.18; test to make
sure(usingapply up andapply downasappropriate).Bewarnedthatsome
of theselower-sideformsfrom thelexiconarenotquiteright yet—thisisstill
just thefirst stepof thesolution.

Thesurfaceformsin Table3.18arebestthoughtof asintermediatestepson
theway to afinal solution.Thefinal mappingof theseintermediateformsto
therealsurfaceformswill bedonelaterby rules. Thewordsin Table3.18
might be glossedasin Table3.19,but do not try to makeyour transducer
produceanything like a translation.

9. In actualsurfacewordsof Bambona,the consonantsp, t, andk arenever
followedby thefront vowelsi, e, or ébut alwaysby theircorrespondingback
vowelsu, o andó respectively: andthesymbolpairs i:u , e:o andé:ó occur
onlyafterp, t or k. Thevowel a is neutralin thisphenomenon.Thereforethe
example“ rip+Dim+Pl+Gen +Ina lie n” conceptuallyhasthreelevels:

Lexical: rip+Dim+Pl+Gen +In alie n
Intermediate: ripetilozkon
Surface: ripotulozkon

wherethe intermediatee after p is realizedin the surfacestring aso, and
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natak ”awful house(s)”
natetizmepeg ”without (the)obviouslittle house(s)”
sobet́opotejakozk ”of (the)few allegeddentists”
lérigópotejaḱemel ”into (the)few allegedwild-pigs”
kópigilót ”from (the)big nuclearreactors”
ripetilozkon ”of (the)little arms”

Table3.19: Glossesfor SomeIntermediateBambonaWords. Again, theseex-
amplesareintermediatewordsformedby simpleconcatenationor morphemes;
they mustsubsequentlybecorrectedvia theapplicationof suitablealternation
rules.

the i after t is realizedasu. Note that the mappingfrom the lexical level
to the intermediate“ ripetilozkon ” is alreadyperformedby the lexi-
con transduceritself. Thus, for the lexicon grammar, the analysisstring
“ rip+Dim+Pl+G en+I nal ien ” is thelexical or upperside,andthestring
“ ripetilozkon ” is thesurfaceor lowerside.

Lexical (lexicon FST): rip+Dim+Pl+Gen +Ina lien
Surface (lexicon FST): ripetilozkon

For the alternationrules, the string “ ripetilozkon ” will be the upper
side, and the final form “ ripotulozkon ” will be the lower side. The
rule transducerperformsthe mappingbetweenintermediate,not yet cor-
rect, stringslike “ ripetilozko n” andfinal correctsurfacestringslike
“ ripotulozkon ”.

Lexical (rule FST): ripetilozkon
Surface (rule FST): ripotulozkon

Whenthe rule transduceris composedon the bottomof the lexicon trans-
ducer, theresultingtransducerwill mapdirectly from thestringson theup-
persideof thelexicon transducerto thestringson thelowersideof therule
transducer. The intermediatelevel simply disappearsin the processof the
composition.Don’t proceeduntil you understandthis. SeeSections1.5.3
and2.3.1for a review of composition.

Lexical (final FST): rip+Dim+Pl+Ge n+I nali en
Surface (final FST): ripotulozkon

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



3.5. RULE-LIKE NOTATIONS 163

Intermediate ripetilozkon
Surface ripotulozkon
Intermediate kópizmepeg
Surface kópuzmepog
Intermediate poskigizmilek
Surface poskugizmilek
Intermediate natet́opotilótel
Surface natot́opotuĺotol

Table3.20: SomeIntermediateto SurfaceMappings,Showing Vowel Alterna-
tions

In a separatefile bambona-rul.reg ex write a regularexpressionconsist-
ing of replacerulesthatperformthevowel alternationsdescribedabove. Compile
therulesin xfst usingthecommandread regex < bambona-rul.r egex
andsave thecompilednetworkto file asbambona-rul.fst .

xfst[0]: clear stack
xfst[0]: read regex < bambona-rul. rege x
xfst[1]: save stack bambona-rul.fs t

This will still leave therule transduceron TheStack.Testtherulesseparatelyby
usingapply down, enteringstringsfrom thelowersideof thelexiconnetwork(e.g.
“ ripetilozko n” andotherlower-sideexamplesfrom Table3.18)to seeif the
rulesproducethecorrectsurfaceform. Usetheadditionalexamplesin Table3.20
to testyour rules(performapply down on theintermediatestring,andyoushould
getthesurfacestring).

Composethe Rulesunder the Lexicon Having written,compiledandtestedthe
lexicon and the rulesseparately, the next stepis to composethe rulesunderthe
lexicon andtesttheresult.Thereareseveralwaysto do this.

Composition on The Stack Both bambona-lex.fs t and bambona-
rul.fst aresavedto file, sothey canbereadbackontoTheStack,in thecorrect
order, andcomposedon TheStack.In orderto composetherule transducerunder
the lexicon transducer, it mustappearunderthe lexicon transduceron TheStack;
thereforeit mustbe pushedonto The Stackfirst. The following commandswill
leave TheStackasshown in Figure3.18.

xfst[0]: clear stack
xfst[0]: load stack bambona-rul.fs t
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bambona−rul.fst

bambona−lex.fst

Figure3.18:TheLexicon FSTabovetheRuleFSTonTheStack

xfst[1]: load stack bambona-lex.f st

Thereshouldbetwo networkson TheStack.Thefinal networkis thencreatedby
callingcomposenet.

xfst[2]: compose net
xfst[1]: save stack bambona.fst

This shouldleave onenetworkon TheStack,readyfor testing.Also save a copy
to file bambona.fst asshown.

Composition in a Regular Expression The binary networkssaved in the
filesbambona-lex. fst andbambona-rul. fst canalsobecomposedusing
aregularexpression.Theregular-expressionnotation@"filename" retrievesthe
valueof thebinarynetworkstoredin filename . Onecanthereforecomposethe
two networkswith thefollowing commands:

xfst[0]: clear stack
xfst[0]: read regex @"bambona-lex .fst "
.o.
@"bambona-rul.f st" ;
xfst[1]: save stack bambona.fst

Onceagain,this shouldresultin onenetworkbeingleft on The Stack,beingthe
compositionof therulesontothebottomof thelexicon.

Testthis lexical transducerwith all the examplesin Table3.21,andmakeup
someof your own. Usebothapply up andapply down asappropriate.Notethat
themappingbetweentheupper-sideandlower-sidestringsis now donein onestep;
theintermediatestringlevelshave literally disappearedin thecomposition.
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Lexical nat+Pej+NoNum+Nom
Surface natak
Lexical nat+Dim+Obv+NoNum+Com+Neg
Surface natotuzmepog
Lexical sob+Dim+All+Pauc+Gen
Surface sobet́opotojakozk
Lexical lér+Aug+All+Pauc+Ine+Int
Surface lérigópotojaḱomel
Lexical kóp+Aug+Pl+Ela
Surface kópugilót
Lexical rip+Dim+Pl+Gen+Inalien
Surface ripotulozkon

Table3.21:Lexical/SurfacePairs in theFinalBambonaLexical Transducer

BambonaUsinga SingleScript File

The Bambonaexerciseabove involvedwriting two separategrammarfiles, com-
piling or sourcingthemseparatelyinto networks,andcomposingthemtogether.
Usinganxfst script,thewholegrammar, plusfinal testing,canbewritten together
in onefile.6

In real applications,it is often necessaryto edit your lexicon andrulesmany
timesbeforeyou geteverythingworkingcorrectly, andevery time you changethe
regular-expressionfilesyouwill needto re-executeall thexfst commandsrequired
to rebuild thefinal networkandretestit. Retypingthesecommandsmanuallycan
be tediousanderror-prone. It is usuallypreferableto put all the necessaryxfst
commandsin a scriptfile (seeSection3.3.3)andthenusethesourcecommandto
re-executethescriptaftereachchangeof thegrammar.

Lexicon andrule grammarsthemselvescanalsobemademuchmorereadable
by writing themin scriptfiles. For example,Bambonanounrootscanbedefined
asasublanguageusingthedefinecommand,written in ascriptfile like this:

define NROOT[ mad | nat | posk | rip | kuzm |
karj | zib | l´er | kóp |
sob | mélk | rut

] ;

Recallthattheregularexpression mad is equivalentto [m a d] . Oncedefined
in this way, the nameNROOT can be usedin subsequentregular expressions.

6The useof makefiles,seeAppendix C, is an even more generaland powerful techniquefor
compilingandtestingcomplex systems.
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Similarly, theclassof Bambonasuffixesak/et/igcanbedefinedin ascriptfile with
thefollowing statement:

define SUFF1 [ %+Pej: ak | %+Dim: et | %+Aug: ig ] ;

After eachof the morphemeclasseshasbeendefinedandnamedin this manner,
a final definitioncanconcatenatethenamedsublexiconsinto thepreliminaryfull
lexicon:

define Lexicon NROOT(SUFF1) (SUFF2) SUFF3 SUFF4 ;

In the expressionabove, SUFF1 andSUFF2 areparenthesizedbecausethey are
optionalsuffixesin Bambona.replacerulescanalsobedefined,named,andcom-
posedwith thelexicon via commandsin thescriptfile.

Now redotheBambonaexercise,writing everythingin a singlexfst scriptfile
thatdefinesall thesublexiconsandrulesandthenperformsall theoperationsnec-
essaryto build the final Bambonanetwork, test it, and save it to file as bam-
bona2.fst . Thisbambona2.fst shouldbeequivalentto thebambona.fst
youbuilt andsavedpreviouslyusingmultiplesourcefiles.

To test the equivalenceof two networks,load them onto an xfst stackand
invokethetest equivalentcommand.

xfst[0]: clear stack
xfst[0]: load stack bambona.fst
xfst[1]: load stack bambona2.fst
xfst[2]: test equivalent

xfst will thenindicateif thetwo networksareequivalentor not.

The Monish LanguageExercise

Thefollowing exerciseis basedon thefictionalMonishlanguage.

1. Monishhaseightvowels,dividedinto FrontandBackgroups,asshown in
Table3.22.

2. Monishexhibitsasimplekind of vowel harmony: all of thevowelsin aword
mustbeeitherfront vowelsor backvowels.Sooneneverfindsfront vowels
andbackvowelsmixedin thesameword.

3. Morphotactically, Monishwordsalwaysbegin with a root andalwayshave
suffixes;rootsareBOUND morphemes,meaningthatthey arenotvalidwords
by themselves.We will concernourselveswith a subsetof theMonishverb
system.
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Front Back
i u
e o
é ó
ä a

Table3.22:TheEightVowelsof Monish

ruuzod “walk”
tsarĺok “drink”
ntonól “gamble”
bunoots “fish”
vésiimb “inventfactsfor sociologists”
yääqin “drink (alcoholic)”
feśeéng “steal/borrow”

Table3.23:A Few MonishRoots
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4. Table3.23showsa few Monishverbroots. TheEnglishglossesgivenhere
andbelow arefor informationonly andshouldnot be includedin any way
in yourmorphologicalanalysis.Write your grammarsothat it acceptsonly
wordsthatarebasedon thelistedroots.

5. Monish suffixes in the lexicon containunderspecifiedvowels that are re-
alizedon the surfaceas front vowels or asbackvowels dependingon the
overall harmony establishedby the vowels in the root. The following rep-
resentationschemeis recommended,but you canuseanotherif you design
anddocumentit well.

Monishsuffixescontainthefollowingfourunderspecifiedvowel ARCHIPHONEMES

or MORPHOPHONEMES:

ˆU ˆO ˆ Ó ˆA

ˆU is theunderspecifiedhigh vowel; it mustberealizedon thesurface
aseitheru, in back-vowel words,or asi in front-vowel words.

Similarly, ˆO is theunderspecifiedmid-highvowel; it mustberealized
on thesurfaceaseithero, in back-vowel words,or ase in front-vowel
words.

Theunderspecifiedmid-low vowel ˆÓ is realizedaseitheré (front) or
ó (back).

Theunderspecified̂A is realizedaseitherä (front) or a (back).

6. All Monishverbsbegin with a root. After theroot comesanoptionalinten-
sifier thatat thelexical level is spelled

ˆUˆUk

consistingof twounderspecifiedhighvowelsandak. Usethemulticharacter-
symboltag+Int at thelexical level for thisoptionalintensifiermorpheme.

Note that you cannotusethe curly brackes,as in %+Pl: ed , to
map +Int to a string of symbolslike “ ˆUˆUk ”; the problemis
that multicharactersymbolscannotappearinside the curly-brace
notation. Instead,use [ %+Int .x. [ %ˆU %ˆU k ] ] or
[ %+Int : [ %ˆU %ˆU k ] ] . SeeSection3.2.5,page106.

7. Next comesa single requiredaspectmarker, one of thoseshown in Ta-
ble3.24.Usethetags+Perf , +Imperf , and+Opt on thelexical side.
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Lexical Tag Morphophonemic Form Semantics
+Perf ˆOn “perfective”
+Imperf ˆÓmb “imperfective”
+Opt ˆUdd “optative”

Table3.24:MonishAspectSuffixes

Lexical Tag Morphophonemic Form Semantics
+True ˆAnk “true” (thespeakerinvitesyouto

believethathe/shewitnessedthe
eventpersonally)

+Belief ˆAˆAvˆOt “belief” (second-hand,from a
witnessjudgedreliable)

+Doubt ˆUˆUz “credulous”(second-hand,from
rumoror anunreliablewitness)

+False ˆÓq “false” (negative)

Table3.25:MonishConfidenceSuffixes

8. After the aspectmarkercancomeanoptionalsuffix, shown in Table3.25,
conveying theconfidenceof thespeaker.

Usethetags+True , +Belief , +Doubt , and+False at thelexical level.

9. Next thesevensuffixesshown in Table3.26convey personandnumber. Ex-
actlyoneis requiredin eachverb.

Usethetags+1P, +2P, +3P, +Sg, +Pl , +Incl , and+Excl on thelexical
level.

10. Visualizethemorphotacticsof thewordsbeforewriting aregular-expression
grammar. Diagrammingoftenhelps.

11. Use commentsin your sourcefiles to documentthe meaningof the tags.
They may seemobvious now, but they won’t be in a week. Commentsin
regular-expressionfiles and in xfst scriptsstartwith an exclamationmark
andextendto theendof theline.

! This is a comment
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Lexical Tags Morphophonemic Form Semantics
+1P+Sg ˆAˆAbˆA “I”
+2P+Sg ˆÓmˆA “you (sing)”
+3P+Sg ˆUvvˆU “he/she”
+1P+Pl +Excl ˆAˆAbˆOrˆA “we (exclusive)”
+1P+Pl +Incl ˆAˆAbˆUgˆA “we (inclusive)”
+2P+Pl ˆÓmˆOrˆA “you (plural)”
+3P+ Pl ˆUvvˆOrˆU “they”

Table3.26:MonishPerson-NumberSuffixes

12. Younow have acoupleof choices:either

Createaregular-expressionlexiconfile calledmonish-lex.r egex ,
compileit usingread regex monish-lex.re gex andsavestack
theresultasmonish-lex.fst ; or

Definethe lexicon usinga scriptfile andrun it usingthesourcecom-
mand.Thisscriptfile shouldsavethefinal resultasmonish-lex.fs t .

Eitherway, thelexiconfile will describethemorphotacticsof Monishwords,
andtheresultingnetworkshouldhavebaseformsandtagsontheupperside,
andbaseformsfollowedby abstractsuffixesonthelowerside.Assumingthat
youchooseto write yourgrammarasanxfst script,youwill havedefinitions
like thefollowing:

define Root [
r u u z o d |
t s a r l ó k |
n t o n ó l |
b u n o o t s |
v é s i i m b |
y ä ä q i n |
f e s é é n g

] ;

define Suff1 %+Int .x. [ %ˆU %ˆU k ] ;

define Suff2 [ %+Perf .x. [ %ˆO n ] ] |
[ %+Imperf .x. [ %ˆÓ m b ] ] |
[ %+Opt .x. [ %ˆU d d ] ] ;

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



3.5. RULE-LIKE NOTATIONS 171

Lexical yääqin+Perf+2P+Pl
Surface yääqineńemer̈a
Lexical feśeéng+Opt+False+1P+Pl+Incl
Surface feśeéngidd́eq̈aäbig̈a
Lexical bunoots+Int+Perf+2P+Sg
Surface bunootsuukonóma
Lexical tsarĺok+Opt+False+1P+Sg
Surface tsarĺokudd́oqaaba
Lexical ntonól+Imperf+1P+Pl+Excl
Surface ntonólómbaabora

Table3.27:SomePairsof Wordsin theFinalMonishTransducer

13. After writing yourlexicongrammar, createaseparaterulefile calledmonish-
rul.regex thatdescribesthe alternationsrequiredfor Monish. Compile
it, andsave the resultasmonish-rul.fst . Alternatively, if you wrote
the lexicon in a script,simply expandthescript to definetherulesaswell.
Thetrick is to write rulesthatrealizeeachunderspecifiedvowel asfront or
backdependingon thefrontnessor backnessof thevowelsof theroot.

14. Composetherule networkunderthelexicon network,andsave theresultas
monish.fst , i.e. performthefollowing by handor addthecommandsto
yourscriptfile.7

xfst[0]: clear stack
xfst[0]: read regex @"monish-lex.f st"
.o.
@"monish-rul. fst" ;
xfst[1]: save stack monish.fst

15. Testtheresultingsystem.It shouldanalyzeandgenerateexampleslike those
shown in Table3.27.

16. Testfor baddataaswell. Your systemshouldnot beableto analyzeinput
stringslike “yääqinen´ emorä”, becauseit containso in a front-harmony
word; andit shouldsimilarly fail to analyze“ tsarl´ okudd óqaab e” be-
causeit containse in a back-harmony word.

7Youcan,of course,alsopushthetwo compilednetworksonTheStackandcomposethemusing
composenet; in this case,rememberthatmonish-ru l.f st mustbepushedontoTheStackfirst
sothatit is underneathmonish-le x. fst .
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The Monish Guesser

TheMonishlexicon above containsonly sevenrootsandcananalyzeonly words
thatarebasedon theseknown roots. In a realdevelopmentproject,you will typi-
cally addtensof thousandsof rootsto thelexicon beforeyouhave acommercially
viablesystem.

In someapplicationsyou maywantto build anauxiliaryanalyzeror GUESSER

thattriesto analyzewordswith rootsthatarenot in thedictionary. To do this,you
needto definea regularexpressionthatmatchesall possiblerootsin thelanguage,
andthenusethatin placeof thesevenunionedrootsin theoriginalexample.This
doesnot meanthat the systemshouldacceptjust anything as a root; we know,
or at leastcanintelligently guess,somefactsaboutMonish rootsthat shouldbe
respectedin ourguesser:

1. A Monishrootmustcontainat leastonevowel.

2. A Monishrootcannotcontainbotha front vowel andabackvowel.

3. In addition,wecanassumethattheunderspecifiedmorphophonemeŝU, ˆO,
ˆÓ andˆA cannotappearin a root; they appearonly in suffixes.

Makeacopyof yourscript-basedgrammarof Monish,modify thedefinitionof
rootsto coverall possibleroots(whichshouldof coursecoverall theknown ones),
rebuild the system,andsave the resultingnetworkasmonish-guesser .fst .
Thetrick is to define,usingaregularexpression,your rootsasthesetof all strings
thateither

1. Containa backvowel plus any numberof othersymbolsthat arenot front
vowelsandnot morphophonemicvowels,or

2. Containa front vowel plusany numberof othersymbolsthatarenot back
vowelsandnot morphophonemicvowels.

Thecontainmentoperator$ shouldcomein handyfor thisexercise.Testtheresult
by reanalyzingthe good andbadsurfaceexamplesgiven above on page171; it
shouldreturnanalysesfor the goodwordsandnot for thewordsthathave illegal
combinationsof front andbackvowels. In addition,analyzethe following strings
whichcannotbeanalyzedby monish.fst .

viin´ embivveri

monobuddóqaabor a

minebidd´ eqääber ä

In eachcase,your guessershouldproposean analysisthat identifiesa potential
root. The following examplesshouldbe analyzedto show two possibleroots;
confirmthisandexplain theresults.
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viiniiken¨ ank émä

bunootsuukon óma

3.5.5 MoreReplaceRules

Replacerulesarea very rich, andstill growing,8 setof formalismsfor specifying
transducernetworks.Wewill first look at thefamily of right-arrow rules,progress-
ing laterto left-arrow anddouble-arrow rules.

Right-Arr ow Rules

Double-Vertical-Bar Rules The most commonlyusedform, the right-arrow,
double-vertical-barrules,wereintroducedabove in Section3.5.2. You will recall
thattheserulesarebasedon thefollowing template

A -> B || L _ R

whereA, B, L andR areregular expressions,denotinglanguages(not relations),
andL andR areoptional. Theoverall rule denotesa relation. The left context L
is extendedby defaulton the left, andthe right context R on the right, with ?* ,
the universallanguage.The .#. notationmay be usedto override this default
andindicatethebeginningand/orendof aword. Thesenotationalconventionswill
hold for theothersubtypesof replacerulesto bepresented.

But beforewemove onto themoreesotericrules,it is importantto explain the
operator, which indicates,in a right-arrow rule, that thecontexts L andR must

both matchon the upper-sideof the relation. Relationsand the transducersthat
encodethemareof coursebi-directional,but theuppersideof a right-arrow rule is
mostnaturallyviewedasthe“input” side;i.e. right-arrow rulesarewritten with a
notationalbiastowardgeneration.Thissemantics,wherethesequenceL A R must
appearin theuppersideor inputwordfor therule to matchandapply, corresponds
to traditionalrewrite rules. Somesignificantfinite-statesystemsrequireno other
subtypesof rules.

Double-SlashRules Right-arrow, double-slashrulesarebuilt on the following
template:

A -> B // L _ R

whereA, B, L andRhavethesamerestrictionsandpossibilitiesasfor right-arrow,
double-vertical-barrules.Theoverall ruleagaindenotesarelation,but herethe//
operatorindicatesthat the left context L mustmatchon the lower or outputside,
while theright context Rmustmatchon theupperor inputside.

8For thelatestinformation,seehttp://www .f smbook.c om.
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xfst[0]: define FrontVowel i | e | é | ä ;
xfst[0]: define Rules
%ˆU -> i, %ˆO -> e, %ˆÓ -> é, %ˆA -> ä || $[FrontVowel] _
.o.
%ˆU -> u
.o.
%ˆO -> o
.o.
%ˆÓ -> ó
.o.
%ˆA -> a ;

Figure3.19:MonishAlternationMappingFrontVowelsFirst

For someexamples,// rulesappearto “generatetheir own left context” and
have beenfoundusefulfor modelingvowel harmony, which conceptuallymoves
left-to-right insidea word. As we saw in theMonishexercise(Section3.5.4),the
simplestkind of vowel harmony requiresthat all the vowels in a word be either
front or back. Theroot, which itself containsonly front or backvowels,setsthe
harmony for theentireword.

In reallife, languageswith vowel harmony areoftenmorecomplicated.They
mayallow compoundingof roots,which meansthat front-vowel andback-vowel
roots may occur togetherin the sameword. In suchcases,the harmony may
changeseveral timesfrom left-to-right asrootsareadded,with the finally com-
poundedrootdictatingtheharmony for any followingsuffixes.And whereasMon-
ish suffixes containedonly underspecifiedmorphophonemicvowels, somelan-
guagescontainsuffixeswith surfacy fully-specifiedvowels thatcanattachto any
word,regardlessof thepreviousharmony setting,andthatpotentiallyresetthehar-
mony for theremainderof theword(or until someothersuffix re-setstheharmony
again).

MonishsuffixescontaintheunderspecifiedvowelsˆU, ˆO, ˆÓ andˆA, andthe
simple rules in Figure3.19 suffice to realizethemcorrectly. That is, in sucha
simplevowel-harmony language,wherea wholewordcontainsonly front or back
vowels, the underspecifiedvowels arerealizedasfront vowels if andonly if the
left context containsone or more front vowels. Otherwisethey are realizedas
backvowels. Therulescouldjust aswell bewritten theotherway, of course,first
realizingthe underspecifiedvowels asback vowels after a root containingback
vowels,andthenrealizingany leftoversasfront vowels,asshown in Figure3.20.

In amorecomplicatedvowelharmony languagewheretheharmony maychange
asyou move from left to right, the left context may containboth front andback
vowels. Any underspecifiedvowels mustbe realizedaccordingto the most re-
centlysetharmony feature,whichis exemplifiedby thenearestvowel to theleft on
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xfst[0]: define BackVowel u | o | ó | a ;
xfst[0]: define Rules
%ˆU -> u, %ˆO -> o, %ˆÓ -> ó, %ˆA -> a || $[BackVowel] _
.o.
%ˆU -> i
.o.
%ˆO -> e
.o.
%ˆÓ -> é
.o.
%ˆA -> ä ;

Figure3.20:MonishAlternationMappingBackVowelsFirst

the surfaceside. The following example,usinga double-slashrule, achievesthe
desiredmapping:

xfst[0]: define FrontVowel i | e | é | ä ;
xfst[0]: define Cons b|c|d|f|g|h|j|k|l|m|n|p|q|
r|s|t|v|w|y|z ;
xfst[0]: read regex
%ˆU -> i, %ˆO -> e, %ˆÓ -> é, %ˆA -> ä // FrontVowel Cons* _
.o.
%ˆU -> u
.o.
%ˆO -> o
.o.
%ˆÓ -> ó
.o.
%ˆA -> a ;

Let us suppose,for example,that a languagemuch like Monish, but with com-
poundingandfully specifiedvowels in certainsuffixes,constructslexical strings
like thefollowing:

Abstract word: totutikeˆUˆU mˆAqrˆO ˆOno tun ˆUq

Morphemes:
totu root
tike root
ˆUˆUm suffix
ˆAqr suffix
ˆOˆOn suffix
otun suffix (N.B. the fully-specifi ed vowels)
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ˆUq suffix

In thisexample,theroot totustartsthewordin backharmony, but thecompounded
stemtike thenchangesit to front harmony. Thefollowing ˆUˆUm, ˆAqr andˆOˆOn
suffixescontainonly underspecifiedvowels and so must agreewith the current
(front) harmony. Thentheotunsuffix comesalong,resettingtheharmony to back
with its fully-specifiedbackvowels,andthenthe suffix ˆUq mustbe realizedac-
cordingto thecurrentlyactive backharmony. Themappingshouldbeasfollows
(spacesline upthesymbolsherefor comparisonof thetwo levelsbut donot really
appearin thesurfacestring)

Lexical: totutikeˆUˆU mˆAqrˆOˆ Onotunˆ Uq
Surface: totutike i im äqr e enotun uq

Notethateachunderspecifiedvowel mustberealizedin accordancewith thehar-
mony of theprecedingvowel on the left asit appearson the surfaceside. The //
rule,whichmatchestheleft context onthesurfaceside,is thereforeperfectlysuited
for capturingthiskind of vowel harmony.

Typein therulesabove,generateusingthelexical string

totutikeˆUˆUmˆA qrˆO ˆOnotun ˆUq

as input, and satisfy yourself that the propersurfaceform is generated. Then
generatefrom “ tikewalowoˆUˆU mˆAqrˆOˆ Onetiqˆ UqˆAmmÂ” and sat-
isfy yourselfthattheresultis correct.

To furthercompare and// rules,try thefollowing:

xfst[0]: clear stack
xfst[0]: read regex b -> a || a _ ;
xfst[1]: down abbbbb
aabbbb

Notein thisexamplethattheleft-context a mustmatchontheupper(input)sideof
therelation,andthatonly thefirst b hasana astheupperleft context, sotheoutput
is “aabbbb ”. Now try thefollowing variantwith adouble-slashoperator.

xfst[0]: clear stack
xfst[0]: read regex b -> a // a _ ;
xfst[1]: down abbbbb
aaaaaa

Theoutputhereis “aaaaaa ” becausethefirst a in theinput maps(by default)to
itself on thesurface,the first b is mappedto ana on thesurfacebecauseit hasa
surfaceleft-context of a, andthenthe remainingbs alsomapto a, with the rule
appearingto generateits own left context. In reality, of course,therule denotesa
relationratherthansomekind of algorithm,andtherelationsimply mapsa lexical
“abbbbb ” to asurface“aaaaaa ”.
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Double-BackslashRules The right-arrow, double-backslashrules arebuilt on
thefollowing template:

A -> B L _ R

whereA, B, L andRhave thesamerestrictionsandpossibilitiesasin theprevious
rules. Sucha rule indicatesthat the left context L is to bematchedon the upper
(input) sideof the relationandthe right context R is to bematchedon the lower
or outputsideof therelation.Thedouble-backslashrule is thereforetheinverseof
thedouble-slashruleasfar ascontext matchingis concerned.

As youmightexpect,thedouble-backslashrulecanappearto generateits own
surfacecontext fromright to left, andit canbeusefulfor modelingthephonological
processof umlaut,which is theoppositeof vowel harmony.

To compare and rules,try thefollowing:

xfst[0]: clear stack
xfst[0]: read regex b -> a || _ a ;
xfst[1]: down bbbbba
bbbbaa

Notein this examplethat theright context a mustmatchon theupper(input) side
of the relation, and that only the last b hasan a as the upperright context, so
the outputis “bbbbaa ”. Now try the following variantwith a double-backslash
operator.

xfst[0]: clear stack
xfst[0]: read regex b -> a _ a ;
xfst[1]: down bbbbba
aaaaaa

Theoutputhereis “aaaaaa ” becausethelasta in theinput maps(by default)to
itself on the surface,the lastb is mappedto an a on the surfacebecauseit hasa
surfaceright context of a; andthentheremainingbs alsomapto a, with therule
appearingto generateits own right context. In reality, of course,theruledenotesa
relationratherthansomekind of algorithm,andtherelationsimplymapsa lexical
“bbbbba ” to a surface“aaaaaa ”.

Longest Match Right-arrow, left-to-right, longest-matchrulesarebuilt on the
following template

A @-> B || L _ R

whereA, B, L andRhavethesamerestrictionsandpossibilitiesasin otherrulesub-
types.Thenew arrow operatoris @->, consistingof anat-sign,a minussignand
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a right angle-bracket,written without any interveningspaces.Wherethe expres-
sionA canmatchthe input in multiple ways,the @-> rule conceptuallymatches
left-to-rightandreplacesonly thelongestmatchateachstep.

Right-arrow, right-to-left, longest-matchrulesarebuilt on the following tem-
plate

A ->@ B || L _ R

whereA, B, L andR have the samerestrictionsandpossibilitiesasin otherrule
subtypes. The new arrow operatoris ->@, consistingof a minus sign, a right
angle-bracketandanat-sign,written without any interveningspaces.Wherethe
expressionA can matchthe input in multiple ways, the ->@ rule conceptually
matchesright-to-leftandreplacesonly thelongestmatchateachstep.

Longest-matchrulesareoften useful in noun-phraseidentificationandother
kindsof syntactic“chunking”.

ShortestMatch Right-arrow, left-to-right, shortest-matchrulesarebuilt on the
following template

A @> B || L _ R

whereA, B, L andR have the samerestrictionsandpossibilitiesasin otherrule
subtypes.Thenew arrow operatoris @>, consistingof anat-signandaright angle-
bracket,writtenwithoutany interveningspaces.WheretheexpressionAcanmatch
the input in multiple ways,the @>rule conceptuallymatchesleft-to-right andre-
placesonly theshortestmatchateachstep.

Right-arrow, right-to-left, shortest-matchrulesarebuilt on thefollowing tem-
plate

A >@ B || L _ R

whereA, B, L andR have the samerestrictionsandpossibilitiesasin otherrule
subtypes.The new arrow operatoris >@, consistingof a right angle-bracketand
an at-sign,written without any interveningspaces.Wherethe expressionA can
matchthe input in multiple ways,the >@rule conceptuallymatchesright-to-left
andreplacesonly theshortestmatchateachstep.

Shortest-matchrulesarenot widely used.

Backslash-SlashRules The right-arrow backslash-slashrules are built on the
following template:

A -> B \/ L _ R

whereA, B, L andR have the samerestrictionsandpossibilitiesasin otherrule
subtypes.The\/ operatorindicatesthatbothcontexts L andRmustmatchon the
lower(output)sideof therelation.

Backslash-slashruleshavenot beenwidely used.
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[..] -> p || m _ k

Figure3.21: A SimpleEpenthesisRulethatMaps“pumkin ” to “pumpkin ”,
Insertinga Singlep betweenm andk

[] -> p || m _ k

Figure3.22: A BadEpenthesisRulethatwill Try to InsertanInfinite Number
of psbetweenm andk

EpenthesisRules Epenthesisrules insert new symbolsex nihilo into strings,
mappingtheemptystringinto non-emptystrings.Suchrulesarebuilt on thetem-
plate:

[..] -> A || L _ R

whereA, L andR have thesamerestrictionsandpossibilitiesasin otherrule sub-
types. A simpleepenthesisrule that insertsthe symbolp betweena left context
m anda right context k is shown in Figure3.21. If thenetworkcorrespondingto
this rule is appliedin a downwarddirectionto thestring“pumkin ”, theoutputis
“pumpkin ”.

xfst[0]: clear stack
xfst[0]: read regex [..] -> p || m _ k ;
xfst[1]: apply down pumkin
pumpkin

The rule in Figure3.21 illustratesthe DOTTED BRACKETS [. and .], which
are requiredin suchepenthesisrules. The needfor the dottedbracketsis best
explainedby illustratingwhat will happenif onetries to write the rule usingor-
dinary squarebracketsasin Figure3.22,or with the equivalent0 notationasin
0 -> p m k . Thenotation[] or 0 denotestheemptystring,andtherule
wouldappearatfirst glanceto becorrect,mappingtheemptystringinto p between
m andk. However, it mustbeunderstoodthatthereareaninfinitenumberof empty
strings(whichtakeupnospace)betweenthem andthek in awordlike “pumkin ”,
andthereforetherule in Figure3.22will dutifully try to insertan infinite number
of ps. In practice,this resultsin anerroror strangeoutput.

xfst[0]: clear stack
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[.a*.] @-> p || m _ k

Figure3.23: DottedBracketsAroundtheExpressiona* , which canMatchthe
EmptyString

[a|e|i|o|u] -> %[ ... %]

Figure3.24: A BracketingRuleto SurroundVowelsin theOutputwith Literal
SquareBracketSymbols

xfst[0]: read regex [] -> p || m _ k ;
xfst[1]: apply down pumkin
Network has an epsilon loop on the input side.
pumkin
pumpkin

Herexfst warnsthatthenetworkhasanepsilonloop,correspondingto theinfinite
numberof epsilons(emptystrings)betweenm andk, andthe outputis not what
we expected.In somecases,an attemptto applysuchruleswill even result in a
segmentationfault andcausexfst to crash.

Theusefuleffectof thenew [. and.] dottedbracketsis to causetheruletobe
compiledwithoutanepsilonloop,sothatit will treattheinputashaving only one
emptystringbeforeandaftereachinputsymbol.In additionto thenotation[..] ,
indicatingasingleemptystring,dottedbracketsarealsonecessaryin exampleslike
therule in Figure3.23,wheretheexpressionbeingreplacedis [.a*.] . It should
by now beunderstoodthattheregularexpressiona* matchesall stringscontaining
zeroor moreas, andthat this includestheemptystring. The badepenthesisrule
a* @-> p m k will thereforetry, in caseswherethereare no as in the
context, to insertaninfinite numberof psbetweenm andk. Soin any replacerule,
wheretheinputexpressioncanmatchtheemptystring,theinputexpressionshould
beenclosedin dottedbrackets.

Bracketing or Markup Rules It is oftenusefulto have rulesthatmatchcertain
patternsin inputstringsandsurroundthemin theoutputwith somekind of brack-
eting. This bracketingmight consistof punctuationsymbolslike [ and ], XML
tagslike latin and /latin , or whateveris meaningfulandusefulin the
currentapplication. For example,the rule in Figure3.24surroundsvowels with
literal squarebrackets.The threedots..., written without interveningspaces,are
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in fact a specialfinite-stateoperatorthat refersto thematchedsymbols.Therule
indicatesthatthematchedsymbolsareto bemappedwithout changeto theoutput
andsurroundedwith squarebrackets.

xfst[0]: clear stack
xfst[0]: read regex [a|e|i|o|u] -> %[ ... %] ;
xfst[1]: apply down unnecessarily
[u]nn[e]c[e]ss[a]r[i]ly

Bracketingrulesperforma kind of doubleepenthesisaroundthematchedsub-
string. Thevowel-bracketingrule couldberewritten, in a lessreadableandharder
to maintainform, usinga pairof parallelepenthesisrules.

xfst[0]: clear stack
xfst[0]: read regex [ [..] -> %[ || _ [a|e|i|o|u] ,,
[..] -> %] || [a|e|i|o|u] _ ];
xfst[1]: apply down unnecessarily
[u]nn[e]c[e]ss[a]r[i]ly

Thebracketingexpressionscanincludestringsof symbols,for exampleXML tags.

xfst[0]: clear stack
xfst[0]: read regex "ad hoc" -> %<latin%> ... %<%/latin%> ;
xfst[1]: apply down avoid writing ad hoc code
avoid writing <latin>ad hoc</latin> code

Bracketingrulescanalsobeconditionedwith contexts in theusualways.The
following rule surrounds“ad hoc ” with the tags latin and /latin
unlessit is alreadysurroundedwith suchtags.

xfst[0]: clear stack
xfst[0]: read regex "ad hoc" -> %<latin%> ... %<%/latin%> ||
.#. ˜[ ?* %<latin%> " "* ] _ ˜[ " "* %<%/latin%> ?* ] .#. ;
xfst[1]: apply down avoid writing ad hoc code
avoid writing <latin>ad hoc</latin> code
xfst[1]: apply down avoid writing <latin>ad hoc</latin> code
avoid writing <latin>ad hoc</latin> code

Bracketingrulesusingthe longest-matchoperatorareoften usefulfor brack-
eting maximally long sequenceswherethe matchingexpressioncould matchin
multiple ways. As a simpleexample,assumethat we wantedto bracketnot just
singlevowelsbut sequencesof vowels. Thefollowing rule canmatchtheinput in
multiplewaysandsogeneratesmultipleoutputs.

xfst[0]: clear stack
xfst[0]: read regex [a|e|i|o|u]+ -> %[ ... %] ;
xfst[1]: apply down feeling
f[e][e]l[i]ng
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f[ee]l[i]ng
xfst[1]: apply down poolcleaning
p[o][o]lcl[e][a]n[i]ng
p[o][o]lcl[ea]n[i]ng
p[oo]lcl[e][a]n[i]ng
p[oo]lcl[ea]n[i]ng

To favor thelongestmatches,the@->operatorcanbeused:

xfst[0]: clear stack
xfst[0]: read regex [a|e|i|o|u]+ @-> %[ ... %] ;
xfst[1]: apply down feeling
f[ee]l[i]ng
xfst[1]: apply down poolcleaning
p[oo]lcl[ea]n[i ]ng

This longest-matchbehavior is often usefulin syntactic“chunking” applications,
suchasbracketingnounphrasesin text. Let’s assumethat the words in our in-
putsentenceshave alreadybeenmorphologicallyanalyzedandreducedto part-of-
speechtagssuchasd for determiner, a for adjective,n for nouns,p for prepositions
and v for verbs. The sentenceoriginally reading“The quick brown fox
jumped over the lazy dogs. ” wouldthenbereducedto “daanvpdan ”.
Similarly, “Boy scouts do good deeds for the senior citizens
living on the poor side of town. ” would reduceto the string of
symbols“nnvanpdanvpdan pn”. A very loosecharacterizationof Englishnoun
phrases,appropriatefor thissimpleexample,is thatthey startwith anoptionalde-
terminer(d) , followedby any numberof adjectivesa* , andendwith oneor more
nounsn+. Thefollowing rulebracketsall possiblenounphrases:

xfst[0]: clear stack
xfst[0]: read regex (d) a* n+ -> %[ ... %] ;
xfst[0]: apply down daanvpdan
[daan]vp[dan]
[daan]vpd[an]
[daan]vpda[n]
d[aan]vp[dan]
d[aan]vpd[an]
d[aan]vpda[n]
da[an]vp[dan]
da[an]vpd[an]
da[an]vpda[n]
daa[n]vp[dan]
daa[n]vpd[an]
daa[n]vpda[n]
xfst[0]: apply down nnvanpdanvpda npn
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[n][n]v[an]p [dan ]vp [dan ]p[n ]
[n][n]v[an]p [dan ]vp d[an ]p[n ]
[n][n]v[an]p [dan ]vp da[n ]p[n ]
[n][n]v[an]p d[an ]vp [dan ]p[n ]
[n][n]v[an]p d[an ]vp d[an ]p[n ]
[n][n]v[an]p d[an ]vp da[n ]p[n ]
[n][n]v[an]p da[n ]vp [dan ]p[n ]
[n][n]v[an]p da[n ]vp d[an ]p[n ]
[n][n]v[an]p da[n ]vp da[n ]p[n ]
[n][n]va[n]p [dan ]vp [dan ]p[n ]
[n][n]va[n]p [dan ]vp d[an ]p[n ]
[n][n]va[n]p [dan ]vp da[n ]p[n ]
[n][n]va[n]p d[an ]vp [dan ]p[n ]
[n][n]va[n]p d[an ]vp d[an ]p[n ]
[n][n]va[n]p d[an ]vp da[n ]p[n ]
[n][n]va[n]p da[n ]vp [dan ]p[n ]
[n][n]va[n]p da[n ]vp d[an ]p[n ]
[n][n]va[n]p da[n ]vp da[n ]p[n ]
[nn]v[an]p[d an]v p[d an]p [n]
[nn]v[an]p[d an]v pd[ an]p [n]
[nn]v[an]p[d an]v pda [n]p [n]
[nn]v[an]pd[ an]v p[d an]p [n]
[nn]v[an]pd[ an]v pd[ an]p [n]
[nn]v[an]pd[ an]v pda [n]p [n]
[nn]v[an]pda [n]v p[d an]p [n]
[nn]v[an]pda [n]v pd[ an]p [n]
[nn]v[an]pda [n]v pda [n]p [n]
[nn]va[n]p[d an]v p[d an]p [n]
[nn]va[n]p[d an]v pd[ an]p [n]
[nn]va[n]p[d an]v pda [n]p [n]
[nn]va[n]pd[ an]v p[d an]p [n]
[nn]va[n]pd[ an]v pd[ an]p [n]
[nn]va[n]pd[ an]v pda [n]p [n]
[nn]va[n]pda [n]v p[d an]p [n]
[nn]va[n]pda [n]v pd[ an]p [n]
[nn]va[n]pda [n]v pda [n]p [n]

The reasonfor all theoutputsis thata string like “ the lazy dogs ” is a noun
phrase,but so are“ lazy dogs ” andjust “dogs ”. What we want, in practice,
is to bracketwhole nounphrases,preferringthe longestpossiblematchin each
casewheremultiple matchesarepossible.Again, the@->operatorsavestheday,
returninga singleoutputfor eachinputstring.

xfst[0]: clear stack
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xfst[0]: read regex (d) a* n+ @-> %[ ... %] ;
xfst[0]: apply down daanvpdan
[daan]vp[dan]
xfst[0]: apply down nnvanpdanvpda npn
[nn]v[an]p[dan] vp[d an] p[n]

Left-Arr ow Rules

While all replacerulescompileinto transducers,andso arebi-directional,right-
arrow rulesarewrittenwith acertainnotationalbiastowardsgeneration.Theinput
sideof a right-arrow rule is mostnaturallyvisualizedas the upperside. Right-
arrow rulesarevery frequentlyusedin phonologyandmorphologyto mapfrom
abstractlexical strings,on theupperside,to surfaceor moresurfacy stringsonthe
lower side;networkscompiledfrom right-arrow rulesaretypically composedon
thebottomof a lexicon network.

Thefamily of left-arrow rules,in contrast,hasanotationalbiastowardsupward
or analysis-likeapplication.Left-arrow rulesareoftencomposedontheupperside
of a lexicon network,mappingfrom lexical stringsupwardsto modified lexical
strings.

Thesimplestleft-arrow rulesarebuilt on thefollowing template

B <- A

whereA andB are regular expressionsdenotinglanguages(not relations). The
overallB <- A rulecompilesinto a transducerthatis theinversionof A -> B.

In morphologicalanalyzersatXerox, left-arrow replacerulesareoftenusedto
modify morphologicaltagson theuppersideof a lexical transducer. Considerthe
casewhereanEnglish-speakinglinguist haswritten a morphologicalanalyzerof
Portuguesethatcontainspairsof stringslike thefollowing,where+Noun, +Masc
and+Pl aremulticharactersymbols.

Lexical: livro+Noun+Ma sc+P l
Surface: livros

A Portuguese-speakingusermightprefertoseeataglike +Subst , for substantivo,
in placeof the English-oriented+Noun tag. Changingsucha tag on the upper
sideis a trivial matterusingleft-arrow rules. Assumingthat the original lexical
transduceris storedin a binaryfile namedlexicon.fst , thecommand

xfst[0]: clear stack
xfst[0]: read regex [%+Subst <- %+Noun] .o. @"lexicon.fst" ;
xfst[1]: save stack lexicon-port.fst

will producea new versionof the lexical transducerwith pairsof stringslike the
following
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Lexical: livro+Subst+Ma sc+P l
Surface: livros

As far asanyonecantell from lookingat theresultlexicon-port.f st , thetag
+Subst wastherefrom thebeginning.

Of course,it caneasilybeshown that left-arrow rulesarenot formally neces-
sary. Onecouldachieve thesameresultby

1. Invertinglexicon.fst ,

2. Composingtheright-arrow rule [ %+Noun - %+Subst ] on thebot-
tomof theinvertedlexicon,and

3. Invertingtheresult.

asin thefollowing commands.

xfst[0]: clear stack
xfst[0]: read regex
[[@"lexicon. fst" ].i .x. [ %+Noun -> %+Subst ] ].i ;
xfst[1]: save stack lexicon-port.f st

However, suchmultiple inversions,andthewriting of upside-down rules,arenot
at all naturalto mostdevelopers.

Left-arrow rulescanalsohavecontexts

B <- A || L _ R

andthe operatorhereindicatesthatbothcontextsmustmatchonthedefaultinput
side,which in a left-arrow rule is the lower side.

The // and\\ operatorsarealsoavailablein left-arrow rules,but their inter-
pretationrequiressomecomment.In left-arrow double-slashrulessuchas

B <- A // L _ R

the // operatorindicatesthatthe left context mustbematchedon theupperside,
i.e. the outputside,andthat the right context mustbe matchedon the lower or
inputside.Conversely, in arulesuchas

B <- A \\ L _ R

the left context is matchedon the lower or input side, and the right context is
matchedon theupperor outputside.

Theleft-arrow backslash-slashrulesarebuilt on thefollowing template.

A <- B \/ L _ R
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In a left-arrow rule, the \/ operatorindicatesthat both contexts L and R must
matchon theupper(output)sideof therelation.

Optionalleft-arrow mappingis alsopossibleusingthe(<-) operator, whichis
just theleft arrow with parenthesesaroundit. A rule like [ b (<-) a ] maps
eachlower-sidea bothto b andto a, resultingin behavior like thefollowing:

xfst[0]: clear stack
xfst[0]: read regex b (<-) a ;
xfst[1]: apply up abba
bbbb
bbba
abbb
abba

Thedevelopmentof new subtypesof replacerulesis a continuingproject,and
xfst doesnot currentlyimplementtheleft-arrow operators -@, @, @ - or @ ,
althoughthey wouldbewelcomeadditions.

Double-Arrow Rules

Finally, xfst providesdouble-arrow rulesbuilt on thefollowing templates:

A <-> B
A <-> B || L _ R

whereA, B, L andRmustdenotelanguages,not relations.Sucha rule is compiled
like thesimultaneouspairof rules

[ A -> B || L _ R ,, A <- B || L _ R ]

wherein thefirst rule,A -> B || L _ R, thecontextsmustmatchontheupper
sideof therelation,andin thesecondrule,A <- B || L _ R they mustmatch
on thelower side.Double-arrow rulesarealsopossiblewith the // and\\ oper-
ators,but in thesecasestheunderstandingof wherethecontexts mustmatchtran-
scendsnormalhumancomprehension.Double-arrow ruleshave not beenwidely
usedin practice.

3.6 Examining Networks

Oncea networkhasbeencompiledandpushedonto The Stack,onecanalways
testit usingtheapply up andapply down commands.However, thereexist other
helpfulcommandsthatrevealthenatureandcontentsof yournetworks.
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3.6.1 BooleanTestingof Networks

xfst doesnot includecontrolstructuressuchasif-then, while or for that respond
to booleantests,but certaintestsareavailableduringmanualinteraction.

N-ary BooleanTests

The test-equivalentcommandreturns1 (TRUE) if andonly if all the net-
workson thestackareequivalent.

Thetest overlap commandreturns1 (TRUE) if andonly if all thenetworks
on thestackhave a non-emptyintersection.

The test sublanguagereturns1 (TRUE) if andonly if the languageof the
i-th networkis asublanguageof thenext (i+1-th)networkonTheStack.The
comparisonstartsat thetopmostnetwork(i=0) andworksdown.

Unary BooleanTesting

Theunarybooleantestsarealwaysappliedto thetopnetworkonTheStack.

The test null commandreturns1 (TRUE) if andonly if the top networkon
TheStackencodesthenull language.

Thetestnon-null commandreturns1 (TRUE) if andonly if thetopnetwork
onTheStackencodesa non-nulllanguageor relation.

Thetestupper-boundedcommandreturns1(TRUE) if andonly if theupper
sideof thenetworkonthetop of TheStackhasnoepsiloncycles.

Thetest upper-universal commandreturns1 (TRUE) if andonly if theup-
persideof the networkon the top of The Stackcontainstheuniversallan-
guage.

Thetest lower-boundedcommandreturns1 (TRUE) if andonly if thelower
sideof thenetworkonthetop of TheStackhasnoepsiloncycles.

Thetestlower-universalcommandreturns1(TRUE) if andonly if thelower
sideof thenetworkonthetop of TheStackcontainstheuniversallanguage.

3.6.2 Printing Words and Paths

Print Commands We have alreadyintroducedthe print words utility, which
might betterbe termedprint paths. When the networkon the top of The Stack
encodesa language,asin Figure3.25,theoutputis just a list of thewordsin the
language.
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xfst[0]: clear stack
xfst[0]: read regex [ dog | cat | horse ] [s|0] ;
xfst[1]: print words
dog
dogs
cat
cats
horse
horses

Figure3.25:print words Enumeratesa Language

Whenthenetworkonthetopof TheStackencodesarelation,asin Figure3.26,
print words outputseachpath,usingthenotation u:l whenanarclabelhasu
ontheuppersideandl on thelowerside.

For any transducer, i.e. any networkdenotinga relation, useprint upper-
words to seean enumerationof the upperlanguage;similarly, useprint lower-
words to seeanenumerationof thelower language.

As networksgrow larger, precludingpracticalenumerationto the terminal
of the entirelanguageor relation,you canresortto usingprint random-words,
which,asits namesuggests,printsa randomselectionof thepaths.xfst alsopro-
videsprint random-upper andprint random-lower to display randomstrings
from theupperor lower language,respectively.

Finally, it is sometimesusefulto identify thelongeststringin a network,or its
length,andthecommandsprint longest-stringandprint longest-string-sizeare
provided.

Variables Affecting Print Commands By default,the print commandsreturn
valid “words ”, i.e. stringsto which the networkcould be successfullyapplied.
Thesewordsdo not show which sequencesof lettersaretreatedasmulticharacter
symbols.

xfst providestheinterfacevariableprint-space, setto OFF by default,thatcan
besetON to forcethevariousprint commandsto print spacesbetweensymbols.
Theeffectcanbeseenin thefollowing example:

xfst[0]: read regex [ dog | cat ]
%+Noun:0
[ %+Pl:s | %+Sg:0 ] ;
364 bytes. 8 states, 9 arcs, 4 paths.
xfst[1]: up dog
dog+Noun+Sg
xfst[1]: up cats
cat+Noun+Pl
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xfst[0]: clear stack
xfst[0]: read regex
[ dog | cat | horse ] %+Noun:0 [ %+Pl:s | %+Sg:0 ]
| ox %+Noun:0 [ %+Sg:0 | %+Pl: en ]
| [ sheep | deer ] %+Noun:0 [ %+Sg:0 | %+Pl:0 ]
;
xfst[1]: print words
cat<+Noun:0><+Sg:0>
cat<+Noun:0><+Pl:s>
horse<+Noun:0><+Sg:0>
horse<+Noun:0><+Pl:s>
ox<+Noun:0><+Sg:0>
ox<+Noun:0><+Pl:e><0:n>
sheep<+Noun:0><+Pl:0>
sheep<+Noun:0><+Sg:0>
dog<+Noun:0><+Sg:0>
dog<+Noun:0><+Pl:s>
deer<+Noun:0><+Pl:0>
deer<+Noun:0><+Sg:0>

Figure3.26:print words Enumeratesa Relation

xfst[1]: set print-space ON
variable print-space = ON
xfst[1]: up dog
d o g +Noun +Sg
xfst[1]: up cat
c a t +Noun +Sg
xfst[1]: up cats
c a t +Noun +Pl

Notethattheoutput,whenprint-space=ON, showsclearlythat+Noun, +Sg and
+Pl arebeingtreatedasmulticharactersymbolsin thenetwork.

Theeffectof asimilarvariable,show-flags, will bedemonstratedin Chapter8.

3.6.3 Alphabetsof a Network

Printing Alphabets

Eachnetworkhastwo alphabetswhichareusuallydistinct: theLABEL ALPHABET

andthe SIGMA ALPHABET. The labelalphabetis thecollectionof labelsthatac-
tually appearon arcsin thenetwork.Labelsof theform u:l overly signalthat the
networkis atransducer, andsingle-characterlabelssuchasa areeffectively treated
like a:a in theXerox encodingof networks.
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print words
print upper-words
print lower-words
print random-words
print random-upper
print random-lower
print longest-string
print longest-string-size
print sigma
print labels
print sigma-tally
print label-tally

Figure3.27:SomeUsefulPrintCommands

The sigmaalphabetis the set of individual symbolsknown to the network;
the sigmaalphabetnever containslabelsof the form u:l but only the individual
symbolsu andl. Theexamplein Figure3.28illustratestheuseof theprint labels
commandtodisplaythelabelalphabetandtheprint sigmacommandtodisplaythe
sigmaalphabet.As usual,thesecommandsreferby defaultto thenetworkon the
topof TheStack.If Myvar is adefinedvariablesetto anetworkvalue,thenprint
labels Myvar andprint sigma Myvar will print the alphabetsfor that network.
The rarelyusedprint label-tally andprint sigma-tally quantify the frequencies
of labelsandsymbols,respectively.

In somecases(seeSection2.3.4),symbolsin thesigmaalphabetmaynot ac-
tually appearonany arcandsowill notappearin thelabelalphabet.Thesimplest
andmostobviousexamplesinvolve networkscompiledfrom a regularexpression
thatcontainsthesymbol-complementoperator asin Figure3.29.Thenetworkfor
[ a] is shown in Figure3.30.Notethatthesymbola occursin thesigmaalphabet
but not in the labelalphabet.Thequestionmarkin thesigmaalphabetrepresents
UNKNOWN (or “OTHER”) symbols,andthepresenceof a in thesigmaalphabet
indicatesthata is known (andthereforenot includedin theUNKNOWN symbols).

The questionmark (denotingUNKNOWN symbols)must alwaysbe inter-
pretedrelative to the symbolsthat areknown, i.e. to the concretesymbolsthat
arein thesigmaalphabet.For this reason,networksarealwaysassociatedwith a
sigmaalphabet.In finite-stateoperationslike unionandcompositionthatjoin two
networks,theresolutionof therespective sigmaalphabetsis a non-trivial problem
thatis takencareof by theunderlyingalgorithms.
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xfst[0]: clear stack
xfst[0]: read regex
[ dog | cat | horse ] %+Noun:0 [ %+Pl:s | %+Sg:0 ]
| ox %+Noun:0 [ %+Sg:0 | %+Pl: en ]
| [ sheep | deer ] %+Noun:0 [ %+Sg:0 | %+Pl:0 ]
;
xfst[1]: print labels
a c d e g h o p r s t x <0:n> <+Noun:0> <+Pl:e>
<+Pl:s> <+Pl:0> <+Sg:0>
Size: 18
xfst[1]: print sigma
a c d e g h n o p r s t x +Noun +Pl +Sg
Size: 16

Figure3.28:DisplayingtheLabelandSigmaAlphabetof aNetwork

xfst[0]: clear stack
xfst[0]: read regex a ;
xfst[1]: print labels
?
xfst[1]: print sigma
? a

Figure3.29:LabelAlphabetvs. SigmaAlphabet

SymbolTokenizationof Input Strings

Whena networkis appliedto an input stringusingapply up or apply down, the
input string is first tokenizedinto individual symbols(seeSection2.3.6). This
tokenizationincludesthe identification of multicharactersymbols,and it must
be performedrelative to the sigmaalphabetof the network being applied. In
the following example,the network’s sigmaincludesthe multicharactersymbols
+Noun, +Pl and+Sg; whenthenetworkis appliedin adownwarddirectionto the
string“dog+Noun+Pl ”, thesigmaalphabetis consultedandthestringis symbol-
tokenizedinto

d o g +Noun +Pl

beforethesymbolsarematchedagainstupper-sidelabelsin thenetwork.

xfst[0]: read regex [ dog | cat ]
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? Sigma: { ?,  a}

Figure3.30:TheNetworkEncodingtheLanguage[ a]

%+Noun:0
[ %+Pl:s | %+Sg:0 ] ;
364 bytes. 8 states, 9 arcs, 4 paths.
xfst[1]: sigma
a c d g o s t +Noun +Pl +Sg
Size: 10
xfst[1]: apply down dog+Noun+Pl
dogs

Whereaninputstringmight betokenizedin multiple ways,theapplyroutines
resolve theambiguityby processingtheinput stringleft-to-right,alwaysselecting
at eachpoint the longestpossiblematch. If the sigmaincludes+, P, l, and+Pl,
the multicharactersymbolwill alwaysbechosenover the singlesymbols. If the
sigmaincludesmultiple multicharactersymbolswhosespellingsstart the same
way, e.g. +Pl, +Plur and+Plural , the longestmulticharactersymbolwill always
haveprecedence.

The deterministictokenizationof input stringsis oneof the several rea-
sonsto avoid creatingmulticharactersymbolslike ing, which arevisually
indistinguishable from concatenationsof singlealphabeticsymbols. If it
looks like a networkshouldmatchan input string, but doesn’t, thenyou
shouldsuspecta problemwith multicharactersymbolsandtokenization.
Useprint sigmato seewhatthenetwork’ssymbolsreallyare.

3.6.4 Printing Inf ormation about Networks

Whendealingwith non-trivial networks,sizeoftenbecomesanissue.Theprint size
commanddisplaysthesizeof anetworkin termsof states,arcsandpaths,thesame
informationthatis displayedwhenanetworkis compiledusingreadregex. If the
networkcontainsa loop, andso containsan infinite numberof paths,print size
indicatesthatthenetworkis “Circular”.

xfst[0]: clear stack
xfst[0]: read regex dog | cat ;
6 states, 6 arcs, 2 paths.
xfst[1]: print size
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6 states, 6 arcs, 2 paths.
xfst[1]: clear stack
xfst[0]: read regex a b* (c) d+ [e|f] ;
5 states, 8 arcs, Circular.
xfst[1]: print size
5 states, 8 arcs, Circular.

Theoutputof print sizecanalsobedirectedto afile usingprint-size filename.
By default,print sizedisplaysinformationaboutthetopnetworkonTheStack.

If MyNet isavariabledefinedtohaveanetworkvalue,thenprint size MyNet
will displaythesizeof thatnetwork.

xfst[0]: define MyNet [ dog | cat ] [ s | 0 ] ;
7 states, 7 arcs, 4 paths.
xfst[0]: print size MyNet
7 states, 7 arcs, 4 paths.

The print stack command,previously introducedin Section3.2.4, displays
sizeinformationaboutall thenetworkson The Stack. The outputof print stack
canalsobedirectedtoafile usingprint-stack filename. Similarly, useprint de-
fined andprint-defined filename to display informationaboutthe setof net-
worksstoredin definedvariables.

Theprint netcommand,with thevariantsprint net defined-variableandprint
net filenamedisplaysdetailedinformationaboutanetwork,includingthesigma
alphabet,thesize(in paths),andotherfeaturesincludingtheARITY, whereanarity
of 1 indicatesasimpleautomatonencodinga languageandanarity of 2 indicatesa
transducer. Finally, print net lists eachstatein thenetwork,followedby notations
describingthearcsleadingfrom thatstate.

xfst[0]: clear stack
xfst[0]: read regex [ dog | cat ] [ s | 0 ] ;
7 states, 7 arcs, 4 paths.
xfst[0]: print net
Sigma: a c d g o s t
Size: 7
Net: EE2D8
Flags: deterministi c, pruned, minimized, epsilon_free,
loop_free
Arity: 1
s0: c -> s1, d -> s2.
s1: a -> s3.
s2: o -> s4.
s3: t -> fs5.
s4: g -> fs5.
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fs5: s -> fs6.
fs6: (no arcs)

In the listing of statesandarcs,notationssuchass0, s1ands2 indicatenon-final
states.Thestatenumbered0 is thestartstate,andtheothernumberingis moreor
lessarbitrarythoughusedconsistentlyin theoutput.Theline

s0: c -> s1, d -> s2.

indicatesthatstate0 hastwoarcsleadingfrom it: oneis labeledc andleadsto state
1; andtheotheris labeledd andleadsto state2. Thenotationsfs5andfs6 indicate
final states.

3.6.5 Inspectionof Networks

The print net command,which identifiesall the statesandarcsof a network,is
usefulfor visualizingfairly small nets. However, a full-sizednet for naturallan-
guageprocessingfrequentlycontainhundredsof thousandsof statesandarcs,and
theoutputfrom print net would beoverwhelming.To explorea largernetwork,
traversingit stateby state,following the arcs,usethe inspectnet command.As
inspectnet is primarily intendedfor expertusers,andparticularlyfor Xerox de-
velopersdebuggingnew finite-statealgorithms,wewill notgo into thedetailshere.
If you want to experimentwith networkinspection,seehelp inspectnet andthe
commandsummariesdisplayedwhenyou invokeinspectnet.

3.7 MiscellaneousOperationson Networks

3.7.1 Substitution

Substitution Commands

Thevarioussubstitutecommandsareapowerful methodfor modifyingnetworks.

Thesubstitute label commandis built on thefollowing template

substitute label list-of-labels for label

It replacesthetopnetworkonTheStackwith anetworkderivedby replacing
every arcwith thegivenlabelby anarcor arcs,eachlabeledwith oneof the
substitutelabels. If the list consistsof the keyword NOTHING, all paths
containingthegivenlabelareremoved.Thelabelandthesubstitutesmaybe
singlesymbolsor a symbolpairs.

The following examplewould replaceall instancesof the label V with the
labelsa, e, i, o andu.
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xfst[1]: substitute label a e i o u for V

Note that this command,aswritten, will not affect any labelssuchasV:x
or y:V , whereV is not thewhole labelbut only a symbolon onesideof an
upper:lowerlabel.

Thesubstitutesymbolcommandis built on thefollowing template

substitute symbol list-of-symbol s for symbol

It replacesthetopnetworkonTheStackwith anetworkderivedby replacing
every arc whoselabel containsthe given symbolby an arc or arcswhose
label insteadcontainsoneof the substitutesymbols. If the list consistsof
thekeywordNOTHING, all pathscontainingthegivensymbolareremoved.
Thesymbolandthesubstitutesmustbesinglesymbols,notsymbolpairs.

Thefollowing examplewouldreplaceall instancesof thesymbolV with the
symbolsa, e, i, o andu.

xfst[1]: substitute symbol a e i o u for V

Note that this command,in contrastto thesubstitute label command,will
affect labelssuchasV:x andy:V whereV is a symbolin a label. It will also
affect thelabelV, which,in theXerox implementationof networks,encodes
therelationV:V .

The substitute symbol commandcanalsobe indicatedin regular expres-
sionsas

‘[ [A], S, L ]

whereA is thenetworkto beaffected,S is thesymbolto bereplaced,andL
is thelist of replacementsymbols,e.g.

‘[ [ @"MyNetwork. fst" ], V, a e i o u ]

Theregular-expressionsyntaxis not muchused.

Thesubstitutedefinedcommandis built on thefollowing template

substitute defined defined-varia ble for label

It replacesthe top networkon thestackwith a networkderivedby splicing
in the networkassociatedwith the givendefinedvariablefor eacharc that
hastheindicatedlabel. If thenetworkis a transducer, thelabelmustnot be
a symbolthatoccursin a (non-identity)symbolpair.
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Thesubstitute commandsprovide powerful, andprobablyunder-appreciated,
waysto modify networks.Thesubstitutedefinedcommand,in particular, allows
networksto be built with single placeholderlabelsthat can later be substituted
with wholenetworks(seeSection10.5.4).Dif ferentversionsof acommonsystem
couldbeproducedby building amasternetworkwith placeholderlabels,andthen
substitutingin differentnetworksfor theplaceholderlabels.

Substitution Applications

Shuffling Theshufflenet function,which is invokedby thebinaryoperator
in regular expressions,was developedsomeyearsago to shuffle the individual
lettersof thestringsof onelanguagewith the individual lettersof thestringsof a
secondlanguage.For example,

xfst[0]: read regex [ a b <> c d ] ;
9 states, 12 arcs, 6 paths.
xfst[1]: print words
acdb
acbd
abcd
cadb
cabd
cdab

However, shuffling found little practicaluseuntil we lookedat someAmerican
Indian languagesandsaw suffix classesthat could appearin free relative order.
Whenshuffle is usedwith individual symbols,the resultis a languageof strings
that containsall permutationsof thosesymbols,i.e. they appearin free relative
order.

xfst[0]: read regex [ Suff1 <> Suff2 ] <> Suff3 ;
8 states, 12 arcs, 6 paths.
xfst[1]: words
Suff1Suff3Suff2
Suff1Suff2Suff3
Suff2Suff3Suff1
Suff2Suff1Suff3
Suff3Suff1Suff2
Suff3Suff2Suff1

Oncesuchpermutationsareencodedin a networkwith individual multicharacter
labelslike Suff1, Suff2 andSuff3, andif thenetworkis left onthetopof thestack,
onecanthenusesubstitute defined to replacethemwith networksof arbitrary
complexity representingthecorrespondingsuffix classes.
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xfst[1]: define S1 [ k o n | d i i | f o t ] ;
xfst[1]: substitute defined S1 for Suff1
xfst[1]: define S2 [ l l a t | b o o | t e e ] ;
xfst[1]: substitute defined S2 for Suff2
xfst[1]: define S3 [ x o n | l m a n | k o z ] ;
xfst[1]: substitute defined S3 for Suff3

In thisexample,theresultingnetworkcontains162paths,representingthepossible
permutationsof all theindividualsuffixesin thethreeclasses.

Adding Rootsto a Network Thefollowing scriptdefinesanetworkthataccepts
a languageof wordsbuilt on two roots,raamandcazard.

! lexicon script

clear stack
define Roots raam | cazard ;
define Suff1 ze | azuu ;
define Suff2 lazam | mule | kiba ;
read regex Roots Suff1 Suff2 ;
save stack Lex.fst

To addthetwo new rootszalamandgexar, you usuallyhave to edit thescriptand
changethedefine Roots line, e.g.

define Roots raam | cazard | zalam | gexar ;

andthenrecompileeverythingfrom scratch.
In somesimplecases,like thisone,it’ spossibleto addnew rootsto acompiled

lexicon without recompilation.Thetrick is to introducea placeholdermultichar-
actersymbolsuchas%*R OOTPLACEHOLDER%* , asin thefollowing script.

! lexicon script

clear stack
define Roots raam | cazard | %*ROOTPLACEHOLDER%* ;
define Suff1 ze | azuu ;
define Suff2 lazam | mule | kiba ;
read regex Roots Suff1 Suff2 ;
save stack Lex.fst

Thiswill addmeaninglessstringslike “*ROOTPLACEHOLDER*z elaz am” to the
language,but if theplaceholdersymbolisgivenabizarrenamelike thisone,prefer-
ably with someliteral punctuationsymbolsthrown in, the bizarrestringswon’t
matchany normalinput. Now wecanaddnew rootsto thelexiconvia substitution,
e.g.
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xfst[0]: define New zalam | gexar |
%*ROOTPLACEHOLDER%* ;
xfst[0]: load stack Lex.fst
xfst[1]: substitute defined New for %*ROOTPLACEHOLDER%*

Theresultingnetworknow containsfour rootsplusanew copyof theplaceholder,
in casesomemorenew rootsneedto beaddedlater. Testtheseexamples,using
print words to seethelanguagebeforeandafterthesubstitutecommand.

It shouldbenotedthat this substitution trick, avoiding a recompilation,works
only if therootsareunaffectedby subsequentlycomposedalternationrulesor other
similarprocessing;thegeneralability to addnew rootsto a complex lexical trans-
duceris a non-trivial problem.Nevertheless,thesubstitutiontrick shown herehas
provedusefulin certainapplications.

3.7.2 Network Properties

It is often usefulto attachdocumentationto a network,includinga versionnum-
ber, the dateof creation,thenamesof the authors,etc. This is especiallyimpor-
tant for commercialproductsand any other networksthat are deliveredfor use
in otherprojects.xfst thereforeallows anarbitrarynumberof feature:valuepairs
calledPROPERTIES to beassociatedwith a network,wherethe featureandvalue
arestringschosenby the developer. Propertiesdo not affect the functioningof a
networkin any way.

The read properties filenamecommandreadsa setof feature:valuepairs
from a text file andstoresthemin the top networkon The Stack. If you don’t
specifyafilename,xfst will expectyou to enterfeature:valuepairsat theterminal.
Theinputshouldbeof theformat

FEATURE1: VALUE1
FEATURE2: VALUE2
FEATURE3: VALUE3
etc.

whereFEATUREnandVALUEn arestrings,andthey mustbeenclosedby double
quotesif they containspaces.Eachfeature:valuepair mustresideona singleline.
Suchfilesaretypically createdwith a text editorlike xemacsor vi.

Thefollowing is a slightly editedversionof a realpropertyfile usedto marka
networkthatperformedmorphologicalanalysisfor Italian.

LANGUAGE: ITALIAN
CHARENCODING:ISO8859/1
VERSIONSTRING: "1.2"
COPYRIGHT1: "Copyright (c) 1994 1995 Xerox Corporation. "
COPYRIGHT2: "All rights reserved."
TIMESTAMP: "29 November 1995; 16:30 GMT"
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AUTHOR1: "Antonio Romano"
AUTHOR2: "Cristina Barbero"
AUTHOR3: "Dario Sestero"
AUTHOR4: "Kenneth Beesley"

Thereadpropertiescommandoverwritesany previouslysetproperties.
The add properties commandis like read properties, readingfeature:value

pairsfrom a file or the terminal,but thenew pairsareaddedto any existing pairs
ratherthanoverwriting them.

The edit properties commandinitiatesa dialog that allows the developerto
edit the propertylist manually. The dialogsarea bit awkward, so most devel-
opersprefer to edit feature:valuepairs in a text file andcall read properties or
add properties.

Finally, write properties filenamewritesthepropertiesof thetop network
on TheStackout to thedesignatedfile in theformatrequiredby readproperties.
If you do not specify a filename,the output is displayedon the terminal. Use
write propertiesdefined-variableto write thepropertiesof a networkstoredin a
definedvariable.

3.7.3 HousekeepingOperations

The housekeepingoperationslisted in Table3.28are rarely usedby developers.
For example,afteracall to analgorithmlike union net, theresultis automatically
pruned,epsilon-removed,determinizedandminimizedbeforebeingpushedonto
TheStack.Seethehelp messagesfor moreinformation.

cleanupnet
completenet
determinizenet
epsilon-removenet
minimizenet
prunenet
sortnet
compactsigma

Table3.28:HousekeepingOperations

3.7.4 Generationof Derived Networks

Theoperationslistedin Table3.29producevariouskindsof derivednetworksfrom
thetop networkonTheStack.Seethehelp messagesfor moreinformation.
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labelnet
namenet
sigmanet
substringnet

Table3.29:Commandsto Build DerivedNetworks

3.8 Advancedxfst

3.8.1 Word-Number Mapping

Any loop-freenetworkcontainsafinite number of paths,andsuchfinite-statenet-
workscanassigna uniqueinteger , where , to eachword. With appro-
priateword-numbermappingroutines,thenetworkmapsfrom wordsto numbers
andnumbersto words.Thiscapabilitycanbeusedto implementperfecthashing.

The print nth-upper andprint nth-lower commandsmap from integersto
numbers.The upper-lower distinction is necessaryfor transducers;with simple
automatathatencodelanguages,thecommandsareequivalent.

xfst[0]: clear stack
xfst[0]: read regex cant
[ o | a s | a t | a m u s | a t i s | a n t ] ;
6 states, 10 arcs, 6 paths.
xfst[1]: print nth-lower 0
canto
xfst[1]: print nth-lower 1
cantas
xfst[1]: print nth-lower 2
cantamus
xfst[1]: print nth-lower 3
cantant
xfst[1]: print nth-lower 4
cantat
xfst[1]: print nth-lower 5
cantatis
xfst[1]: print nth-lower 6
Argument too large: 6.

Note in this example that the network includes6 pathsand that the numbered
words,whichhappento look like wordsof Latin, rangefrom 0 to 5.

Theprint num-upper andprint num-lower routinesmapfrom wordsto num-
bers.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



3.8. ADVANCED XFST 201

xfst[0]: clear stack
xfst[0]: read regex cant
[ o | a s | a t | a m u s | a t i s | a n t ] ;
6 states, 10 arcs, 6 paths.
xfst[1]: print num-lower cantant
3
xfst[1]: print num-lower cantatis
5
xfst[1]: print num-lower cantamus
2
xfst[1]: print num-lower cantat
4
xfst[1]: print num-lower cantas
1
xfst[1]: print num-lower canto
0
xfst[1]: print num-lower cantabimus

For thefinal input shown, “cantabimus ”, thereis no outputbecausethestring
is not includedin thelanguageof thenetwork.

Startingfrom a regular expression,thereis no generalway to predictor force
which numberswill beassignedto which words,but obviously theword-number
mappingwill beconsistentin bothdirections.If you build a networkfrom anal-
phabeticallypre-sortedwordfileusingreadtext (seeSection3.3.1)thentheword-
numbermappingwill matchtheorderof thewordsin thesortedfile, with thefirst
word in thefile numbered0.

3.8.2 Modifying the Behavior of xfst

Quiteseparatefrom thedefinedvariablesthatholdnetworkvalues,thereis afixed
predefinedsetof internalinterfacevariablesthatcontrolthebehavior of xfst. You
canseealist of theinternalvariables,andthecommandsthatqueryandresetthem,
by enteringaproposvariable.

xfst[0]: apropos variable
set : sets a new value to the variable
show : show the value of the variable
assert : OFF : quit if a test fails and quit-on-fa il is ON
flag-is- spe ci al : OFF : treat flags as epsilons in composit io n
minimal : ON : minimize the result of calculus operatio ns
obey-fla gs : ON : enforce flag diacritics
name-net s : OFF : use regular expressio ns as network names
print-pa irs : OFF : show both sides of labels in apply
print-si gma : ON : show the sigma when a network is printed
print-sp ace : ON : insert a space between symbols in printing words
recursiv e-d ef in e : OFF : allow self-refer ence in definitio ns
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recursive- apply : OFF : work depth-fi rs t in ’compose-a pply ’
quit-on-fa il : OFF : quit abruptly on any error
show-flags : OFF : show flag diacritics when printing
quote-spec ia l : OFF : print special characte rs in double quotes
random-see d : seed of the random number generato r.
retokenize : ON : retokeni ze regular expressi ons in ’compile-
replace’
sort-arcs : ON : sort the arcs before printing a network
verbose : ON : print messages

We have alreadyseenprint-space in Section3.6.2. We will eventually learn
aboutsomeof theothers,includingobey-flags, show-flags, retokenizeandflag-
is-special, in comingchapters.

To displayshortdocumentationaboutaparticularinternalvariable,usehelp as
usual,e.g.

xfst[0]: help obey-flags
variable obey-flags == ON|OFF

when ON, the constraints expressed as flag diacritics
are taken into account by ’print [upper|lower]-words’
and ’print random-[upper|lower]’ commands. When OFF,
flag diacritics are treated as ordinary symbols in
listing the contents of a network. Default is ON.
Current value is ON.

To show thecurrentvalueof a variable,useshowvariable-name, e.g.

xfst[0]: show obey-flags
variable obey-flags = ON

To resetthevalueof aninternalvariable,usesetvariable-namenew-value, e.g.

xfst[0]: set obey-flags OFF
variable obey-flags = OFF

As shown, xfst will resetandreflectthenew value.

3.8.3 CommandAbbr eviations

You will have notedthat xfst commandsconsistof two or even threeseparate
words. However, almostall the commandscanbe enteredasa singleword fol-
lowing the examplesshown in Table3.30. Notice that the abbreviatedcommand
consistsof thecontentword of the full command,droppingthe qualifying words
suchasapply, print , andnet.
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Full Command Abbreviation
applyup up
applydown down
clearstack clear
loadstack load
save stack save
rotatestack rotate
print words words
print upper-words upper-words
print lower-words lower-words
print random-words random-words
print random-upper random-upper
print random-lower random-lower
print labels labels
print sigma sigma
testequivalent equivalent
composenet compose
concatenatenet concatenate
intersectnet intersect
invertnet invert
negatenet negate
reversenet reverse
unionnet union

Table3.30:SomeCommonCommandAbbreviations
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3.8.4 CommandAliases

xfst includesasimplekind of macrocapabilitycalledALIASES. An aliasdefinition
consistsof thekeyword alias followedby a user-chosenaliasname,a newline, a
seriesof xfst commands,andthenEND; to terminate.After enteringthealiasname
andnewline, a specialpromptis displayedto remindyou thatyou aredefiningan
alias.Thealiasnameshouldconsistof plain alphabeticletters.

xfst[0]: alias myaliasname
alias> load lexicon.fst
alias> print sigma
alias> END;
xfst[0];

Thealiasnamecanthenbeenteredlike any otherxfst command,e.g.

xfst[0]: myaliasname

An aliasis thuslike a scriptfile thatcanbeinvokedwithout thesourcecommand.
An alternative definition format puts the commandson the sameline as the

aliascommand,andthealiasis thenterminatedby thenewline. In thissingle-line
format,multiplecommandsmustbeseparatedby semicolons.

xfst[0]: alias myaliasname load lexicon.fst; print sigma
xfst[0]:

To seewhichaliaseshavealreadybeendefined,typeprint aliases. Thedefined
aliasescanalsobeoutputto file usingprint aliases filename.

3.8.5 xfst Command-Line Options

If you invoke xfst -h from the operating-systemcommandline, you will see
thefollowing list of command-lineoptions.

unix xfst -h
usage: xfst [-pipe] [-flush] [-q] [-v] [-V]
[-f scriptfile] [-l startscript]
[-o output_buffer_size] [-s fsm-file] [-e commands] [-stop]

To print out theversionnumber, use-v . The-V flag is obsolete.

unix xfst -v

To invokexfst andrunastartupscript,usethe-l flag. xfst will performthescript
andthengointo normalinteractivemode.Multiple startupscriptscanbeindicated
usingmultiple -l flags.
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unix xfst -l startup_script
xfst[0]:

To run anxfst scriptfile andthenexit immediatelybackto theoperatingsystem,
use-f .

unix xfst -f script

This is equivalentto

unix xfst
xfst[0]: source script
xfst[0]: exit

To indicateanxfst commandontheoperating-systemcommand-lineitself,use
the-e flag. Thecommandsthemselvesmustbeenclosedin doublequotesif they
containspacesor othersymbolsthatcouldconfusetheoperatingsystem.Multiple
commandscanbespecifiedwith multiple -e flags. Use-stop if you wantxfst
to exit back to the operatingsystemimmediatelyafter performingthe indicated
commands.

unix xfst -e "regex d o g | c a t | m o u s e ;" \
-e "print words" -e "apply up mouse" -stop
10 states, 11 arcs, 3 paths.
dog
cat
mouse
mouse
unix

Use -q to indicate“quiet mode”, suppressinginteractive messages.This is par-
ticularly appropriatewhenrunningxfst asa backgroundprocess.The-stop flag
tellsxfst to terminatethebackgroundprocess,e.g.

unix xfst -q -e "load myfile.fst" -e "apply up dog" \
-stop > outputfile

Thebackslashin this exampleindicatesto theUnix-like operatingsystemthatthe
commandcontinuesonthenext line. Thecommandcouldalsobetypedonasingle
line, in whichcasenobackslashshouldbeused.

Here’s anotherexamplethat invokesxfst, loadsa network,analyzesa whole
list of wordsfrom a tokenizedfile, andthenstops.

unix xfst -q -e "load myfile.fst" \
-e "apply up < myInput" -stop > outputfile

Moreexoticflagsinclude-pipe whichcausesxfst to takecommandsasusual,
but withoutprintingcommandprompts.Theflag-flush flushestheoutputbuffer
aftereachprint commandwithout waitingfor anend-of-linecharacter.
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: High-precedencecrossproductoperator
$ $?$. Complement,symbolcomplement,containment

+ * ˆ .1 .2 .u .l .i .r Kleeneplus and star, iteration,upper-lower, invert
andreverse

/ Ignore
Concatenation(noovertoperator)
Precedeandfollow

& Union,intersect,minus
= - (- ) @- etc. Ruleoperators
.x. .o. Crossproductandcompose

Table3.31:Precedenceof Operatorsfrom High to Low

3.9 Operator Precedence

In regularexpressionsasin arithmeticexpressions,operatorshave to beassigned
a precedence.For example,in the unbracketedarithmeticexpression ,
multiplication conventionallyhasprecedenceover addition, resultingin a value
of 11. It is obvious that theprecedenceis importantbecauseif theadditionwere
perverselyperformedfirst, the answerwould be 14. If in fact the intent of the
authoris to have theadditionperformedfirst, thenthat interpretationwould need
to beforcedby parenthesizingtheexpressionas .

Thexfst regular-expressionoperatorshavetheprecedenceshown in Table3.31,
which descendsfrom high precedenceat thetop to low precedenceat thebottom.
In regular expressions,to force particularsubexpressionsto beperformedbefore
others,they canbegroupedusingsquarebrackets[] . Rememberthatparenthe-
sesin xfst regular expressionsdenoteoptionality. Note also that thereare two
crossproductoperatorsin xfst regular expressions,the colon (:) which hashigh
precedence,andthe.x. , which haslow precedence.

3.10 Conclusion

xfst is a largeandpowerful tool for finite-statedevelopment.In additionto stack-
basedoperations,it includesa compilerfor regularexpressionsin theXerox for-
mat, which includespowerful abbreviatednotationssuchasreplacerules. You
shouldnow be comfortablewith regular expressionsandthe basiccommandsin
xfst; andyou shouldknow how to usehelp andapropos to explore therich and
somewhatoverwhelmingsetof options.Masteryof xfst will comeonly aftercon-
siderablepractice.

In practicaldevelopment,xfst is usuallyusedtogetherwith lexc (Chapter4) to
build completesystems.
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4.1 Intr oduction

lexc, for LexiconCompiler, is ahigh-level declarativeprogramminglanguageand
associatedcompilerfor definingfinite-stateautomataandtransducers;asits name
indicates,it is particularlywell suitedfor definingnatural-languagelexicons. In a
traditionalXerox morphologicalanalyzer, lexc is usedto describethemorphotac-
ticsof a languagewhile twolc (Chapter5) is usedto describethephonologicaland
orthographicalalternationrules.More recently, Xerox linguistshave increasingly
adoptedxfst replacerules(seeSections2.4.2,3.5.2and3.5.5)asanalternative to
twolc rules.

Formally, the lexc languageis a kind of right-recursivephrase-structuregram-
mar. The lexc compilerwaswritten in C at Xerox PARC in 1992-93by Lauri
Karttunen andToddYampol(Karttunen,1993). It is basedon Karttunen’s 1990
CommonLisp implementationof a similarutility.

The input to lexc is a text file in a formatsimilar to thatacceptedby Kimmo
Koskenniemi’sTwoLprogram(Koskenniemi,1983;Koskenniemi,1984)andEvan
Antworth’s(Antworth,1990)PC-KIMMO (version1), but with severalnovel fea-
tures.Oneinnovationis thatindividual lexical entriescannow specifya two-level
relationbetweenforms. Suppletions(grossirregularities)andidiosyncraticmap-
pingssuchasthe i-a alternationof swimto swamcannow becodeddirectly in the
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lexicon whereasregularandproductive alternations,suchasthe lossof thestem-
final e from dine to dining may behandledby generalrules. Anotherinnovation
allows lexc entriesto definefinite-statesubnetworksusingtheregular-expression
notation.

A lexc descriptioncompilesinto a standardXerox finite-statenetwork,either
a simpleautomatonor a transducer. Insidethe lexc interface,this networkcanbe
subsequentlycomposedwith rule transducers,compiledwith twolc or xfst, that
performalternations,filter the morphotacticsor in otherwaysmodify the initial
lexc result.Thenetworkscompiledfrom lexccanalsobesavedto file, loadedinto
xfst, andmanipulatedlike any othernetworks;xfst caneven compile lexc files
directly, usingthereadlexccommand.

Thepresentationproceedsasfollows:

Section2,entitledDefiningSimpleAutomata, is abrief tutorialonusinglexc
to createbasicfinite-statelexiconsthatencodelanguages.

Section3, entitledDefiningLexical Transducers, completesthepresentation
of lexcsyntaxandleadsto morecomplicatedexamplesandexercises.

Section4, entitledThe lexc Interface, looks in moredetail at the various
finite-statealgorithmsavailablefrom the lexc interfaceandhow they canbe
usedto testandmanipulateyournetworks.

Section5, entitledUseful lexc Strategies, explainsstrategies for moreso-
phisticatedusageof lexc, includingtheprincipleddivision of datainto sub-
lexicons,thechoiceandconsistentusageof multicharacter-symboltags,and
theproperuseof lexical overgenerationandfilters.

Section6, entitledIntegration andTesting, examineshow lexc networksfit
into largersystemsandhow they canbetestedusingfinite-statetechniques.

Section7,entitledlexcSummaryandUsageNotes, is intendedasasummary
for thosewhoneedto switchbackandforth betweenxfst andlexcandneed
a quickreview of lexcsyntax,semantics,andspecialcharacters.

In mostpracticalsystems,lexcandxfst areusedtogetherbuild afinal LEXICAL

TRANSDUCER, andthischapterwill discussbothlanguagesasappropriate.

4.2 Defining SimpleAutomata

4.2.1 Invoking lexc

Thebestwayto learnlexc is by workingwith it. Thelexc interfaceis invokedfrom
thecommandline by enteringlexc .

unix lexc
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As shown in Figure 4.1, the lexc interfacerespondswith a welcomebanner, a
menuof COMMANDS that canbe invoked,anda lexc prompt. It thenwaits for
youto enteracommand,terminatedwith a carriagereturn,at thepromptline. The
commandsaregroupedunderthreegeneralheadings:Input/Output,Operations,
andDisplay. Eachgroupis furtherdividedinto subsectionsof relatedcommands
for easierreference.Don’t beoverwhelmedby all thechoices;only a few of them
will berequiredfor our first few examplesandexercises.Youcanentera question
mark(?) atany time to have thecommandmenuredisplayed,andyoucanalsoen-
terhelp commandnameatany time to seeshortdocumentationof whataparticular
commanddoes.

For example,entering

lexc help compile-source

causesthefollowing tersebut usefulsummaryto bedisplayed:

’compile-source <textfile>’ reads the lexc source file contained in
<textfile>, compiles it, and stores the resulting network in the
SOURCEregister. You can save this network to file with the command
’save-source’. To read a pre-compiled network from file into the
SOURCEregister, use the command ’read-source’. To compose the SOURCE
network with a set of rule transducers, previously read in by
’read-rules’, use the command ’compose-result’.

Theutilities thatyouwill needto startare

compile-source: Usethis commandto reada textfile, containinga lexc de-
scription, andcompile it into a finite-statenetwork. The networkwill be
placedin a buffer known asthe SOURCE REGISTER. For example,if you
haveediteda lexcdescriptionandsavedit in file mylanguage-lex .txt ,
you compileit in lexcwith thecommand:

lexc compile-source mylanguage-le x.tx t

If youdonotspecifyafilename,lexcwill promptyoufor one.Thecompile-
sourcecommandcanalsobepassedmultiplesourcefiles,whichit will com-
bineandtreatasa singlelexc sourcedescription,producingonenetworkas
theresult.

lexc compile-source part1-lex.txt part2-lex.txt part3-
lex.txt

It is a common convention at Xerox to give namesending -
lex.txt or -lexc.txt to lexc sourcefiles, e.g. french-lex.t xt or
afrikaans-lex.t xt .
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***************************************** *********** ***
* Finite-State Lexicon Compiler 3.2.1 (7.9.1) *
* created by *
* Lauri Karttunen and Todd Yampol *
* Copyright c 1993-2002 by the Xerox Corporation. *
* All Rights Reserved. *
***************************************** *********** ***

Input/Output --------------------------------------- -----
Source: compile-source, merge-source, read-

source,
result-to-source, save-source.

Rules: read-rules.
Result: merge-result, read-result, save-result,

source-to-result.
Properties: add-props, reset-props, save-props.

Operations ----------------------------------------- -----
Composition: compose-result, extract-surface-forms,

invert-source, invert-result.
Checking: check-all, lookdown, lookup, random,

random-lex, random-surf.
Switches: ambiguities, duplicates, failures,

obey-flags, print-space, quit-on-fail,
show-flags, singles, time.

Scripts: begin-script, end-script, run-script.
Display --------------------------------- ----------- -----

Misc: banner, labels, props, status, storage.
Help: completion, help, history, ?.

Type ’quit’ to exit.

lexc

Figure4.1: TheWelcomeBannerandCommandMenuof lexc
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lookup: Onceyou have successfullycompileda sourcefile, andthe result
is storedin the sourcebuffer, you cantest it with the lookup utility. This
lookup works like apply up in xfst; it attemptsto look up or analyzethe
inputstringusingthenetworkin theSOURCEregister.

lexc lookup elephant

lookdown: Similarly, lookdown workslike apply down in xfst; it attempts
to look down or generatetheinputstringusingthenetworkin theSOURCE
register.

lexc lookdown cantar+Verb+ Pres Ind +1P+Sg

save-source: Savethebinarynetworkin thesourcebuffer tofile with save-
source .

lexc save-source mylanguage-le x.f st

If youdonot supplya filename,theinterfacewill promptyoufor one.

TheusualXerox conventionis to give thebinaryoutputfile a name
ending-lex.fst, e.g. french-lex.fs t . You do not, of course,
have to useXerox file-namingconventions,but consistency andthe
useof mnemonicnamesarehighly encouraged.

quit : Usequit to exit from lexc.

lexc quit

Thesefivecommandsareall thatwewill needto getstarted.We’ll introduceothers
asweneedthem.

4.2.2 LEXICON Root

Let’s startoff with a minimal example. You areencouragedto type in theexam-
plesyourself to help you get the feel of the lexc syntaxandinterface. Useyour
favorite text editor to createa sourcefile, calledsomethinglike ex1-lex.txt ,
thatlookslike Figure4.2; theninvokelexc itself, andcompilethesourcefile using
thecompile-sourcecommand.

The completelexc programshown in Figure4.2 consistsof a singleLEXI-
CON, namedRoot, threeENTRIES, anda comment.Every lexc programshould
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! ex1-lex.txt

LEXICON Root
dog # ;
cat # ;
bird # ;

Figure4.2: A SimplelexcProgram

have aLEXICON Root ; it marksthestartstateof thenetworkto becompiled.In
general,theremaybeany numberof LEXICONs,but exactly oneshouldhave the
reservednameRoot.

Thereareseveralthingsto noteabouttheentries:

Eachentryconsistsof two parts,a FORM anda CONTINUATION CLASS. In
Figure4.2, the form in thefirst entry is dogandthecontinuationclassis #,
a reserved lexc symbolindicatingtheendof word. We’ll have moreto say
aboutcontinuationclasseslater.

Eachentry is terminatedwith a semicolon(;), but note that thereis not a
semicolonaftertheLEXICON name.

lexcby defaultinterpretsthethreeentryformsasconsistingof separatesym-
bols,i.e. dog is interpretedlike theregular expression[d o g] , cat as
[c a t] , and bird as [b i r d] . In other words, lexc “explodes”
eachstringentryby defaultinto separatesymbols,quiteunlikethestringsin
regularexpressionscompiledby xfst.

Commentsin lexc areintroducedwith anexclamationmark(!) andextend
to theendof theline. Youareencouragedto uselotsof them.

lexc syntaxis fairly free-form,andmultiple entriescanbeplacedon thesame
line asin Figure4.3,althoughthisseldomimprovesreadability. Thereservedword
END canoptionallybeplacedat theendof thefile asin Figure4.4. Any text after
theENDcommandis ignored.BecauseEND is areservedwordin lexc, youcannot
useit for any otherpurpose,e.g.asthenameof a LEXICON. Thepoundsign(#)
and the semicolon (;) are both specialcharactersfor lexc; to indicatea literal
poundsignor semicolon,youmustprecedethemwith theliteralizingpercentsign
(%# and%;). To indicatea literal percentsign,use%%.
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! ex2-lex.txt (equivalent to ex1-lex.txt)

LEXICON Root
dog # ; cat # ; bird # ;

Figure4.3: Multiple Entriesona Line

! ex3-lex.txt

LEXICON Root
dog # ;
cat # ;
bird # ;

END

this text will be ignored

Figure4.4: OptionalEND. Any text aftertheEND keyword is ignored.

4.2.3 lexcand Finite-StateNetworks

Theresultof a lexc compilationis a finite-statenetworkin Xerox standardformat
thatiscompletelycompatiblewith networksbuilt in xfst with thereadregexutility
(seeSection3.2.2).In fact,lexc is justanotherformalismfor specifyingfinite-state
networks.

Consideragainour first lexc example,reprintedhereasFigure4.6. Theresult
of compile-source is anautomatonthat looks like Figure4.7. Typethis example
into a file, usinga text editor, compileit usingcompile-source, andperformthe
following experiments:

1. Performlookup on theword “dog ”. It shouldsucceed,returningthesame
string“dog ” astheresult.

lexc lookup dog

Lookup shouldalsosucceedfor the words“cat ” and“bird ”. Also try
lookdown. Theresultsshouldbethesame.
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! ex4-lex.txt

LEXICON Root
dog # ;
cat # ;
bird # ;
%# # ; ! a literal pound-sign entry
%;foo # ; ! contains a literal semicolon
20%% # ; ! contains a literal percent sign

Figure4.5: NotatingLiteral PoundSigns,Semicolons,andPercentSigns

! ex1-lex.txt

LEXICON Root
dog # ;
cat # ;
bird # ;

Figure4.6: A SimplelexcProgram

2. Performlookup ontheword“elephant ”. It shouldfail, returningastring
of asterisks.

3. Invoke the random utility inside lexc. It shouldprint out a randomlist of
wordsfrom thenetwork,including“dog ”, “cat ” and“bird ”.

lexc random

Save the network to file using save-source and quit lexc (using the quit
command).

lexc save-source ex1-lex.fst
lexc exit

4. Enterxfst anduseload stack to readthe samenetworkfrom the file onto
thexfst stack.Testit usingapply up andapply down. Thebehavior of the
networkshouldbethesamein xfst andlexc. Quit from xfst.
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d

o

g

c a t

b
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Figure4.7: NetworkAcceptingthe“dog ”, “cat ”, “bird ” Language

lexc load stack ex1-lex.fst

5. Useyourtext editorto openanew sourcefile anddefinethesameautomaton
with a regularexpression.It shouldlook somethinglike

d o g | c a t | b i r d ;

Rememberthat in Xerox regular expressions,symbolsmustbe separated
by white space,andtheentireregularexpressionmustbeterminatedwith a
semicolonanda carriagereturn,evenwhentheregular expressionis typed
into a file. Invokexfst againandcompilethe regular expressionusingthe
readregex facility (Section3.3.1).Testit usingapply up andapply down.
Thencall load stack to readin thebinaryfile createdby lexc. You should
now have two networkson the stack. Invoke test equivalent (seeSec-
tion 3.5.4) to seeif the two networksare indeedequivalent; they should
be.

6. Re-editthe lexc sourcefile andaddthe following words: elephant, horse,
hippopotamus,aardvark,snake, donkey, monkey, deer, mastodon, tiger, lion,
cow, baboon, pigeon, fish, whale, shark, rat, bat, gazelle, gorilla , stingray,
earthwormandbutterfly. Recompileit in lexcusingcompile-sourceandtest
theresult.

7. Re-edittheregular-expressionsourcefile andaddthesamenew words.Re-
memberthat in regular expressionsyou needto put spacesbetweenall the
separatesymbolsor tosurroundthestringswith curlybraces,e.g. elephant .
Compiletheregularexpression,usingreadregex insidexfst, andtestthe
result.

Even thoughyou candefinecompletelycompatibleandequivalentnetworks
usingeitherxfst or lexc, you may have found that addingjust two dozenwords
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to a regular expression(including all the requiredspacesbetweencharacters,or
thecurly bracesaroundwholewords)wasrathertedious,andtheresultingregular-
expressionfile is lessreadablethanthe lexc file. The lexc notationis designed
especiallyfor useby lexicographerswho may needto add tensof thousandsof
wordsto thesourcefile. Thebasicassumptionof lexc, thatentrystringsshouldbe
“exploded” apartinto separatesymbols,generallyfacilitateslexical work. How-
ever, the linguist mustbecareful,whenmoving backandforth betweenlexc and
xfst (and,aswe shallsee,betweenlexc andtwolc) to keepthedifferentassump-
tionsandnotationalconventionsstraight.

lexc, in explodingstringsby defaultinto separatesymbols,is the excep-
tion to all theotherXerox finite-statetools. Theassumptionsof lexc are
intendedto facilitatelarge-scalelexicography.

4.2.4 Continuation Classes

Let’s look atanothersimplelexcgrammar.

LEXICON Root
walk # ;
walks # ;
walked # ;
walking # ;

talk # ;
talks # ;
talked # ;
talking # ;

pack # ;
packs # ;
packed # ;
packing # ;

Noticethatthisgrammarwill successfullycompileinto a networkthataccepts
all the words,but linguistically it’ s not very satisfyingor perspicuous:somereg-
ularities are being missed. And to add a new verb lemma,suchas “quack ”,
to the grammar, we will have to add four new strings: “quack ”, “quacks ”,
“quacked ” and“quacking ”. To capturesuchregularitiesandsave a lot of un-
necessarytyping, lexcallowsusto breakwordsup into parts,typically morpheme
parts,to put similarmorphemestogetherin separateLEXICONs, andto show the
connectionsor word-formationrulesvia CONTINUATION CLASSES. Thestudyof
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suchword formationis formally called MORPHOTACTICS or MORPHOSYNTAX.
Here’sanequivalentgrammarwritten in amoreperspicuousway.

LEXICON Root
walk V ;
talk V ;
pack V ;

LEXICON V
s # ;
ed # ;
ing # ;

# ; ! <- an empty-string entry

Note that the commonsuffixes of the first grammarhave beenidentified, “fac-
toredout” and placedin a secondLEXICON namedV (a namechosenby the
linguistto suggest“verb”). Now, to addthewholeparadigmfor quack thelexicog-
rapherhasto addonly a singlenew entryunderLEXICON Root , assigningto it
theV continuationclass.

LEXICON Root
walk V ;
talk V ;
pack V ;
quack V ; ! <- new entry here

LEXICON V
s # ;
ed # ;
ing # ;

# ; ! <- an empty-string entry

Compilethis grammarin lexc andsatisfyyourselfthatsixteenseparatewordsare
defined. Add “kick ” and“ fail ” to LEXICON Root and confirm that eight
new wordshavebeenadded.

Youshouldnotethefollowing syntacticconstructionsandfeatures:

The linguist candefineasmany LEXICONs areheor shefindsconvenient
anduseful.In practice,theremaybedozensor hundredsof them.

An entrycanhaveasits continuationclassthenameof anyLEXICON in the
samelexcsourcefile.

Thechoiceof lexicon names,exceptfor Root, which is reserved,is entirely
left up to thelinguist.
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Lexicon namesdo not becomepartof theresultingnetwork;they exist only
in the lexcsourcefile.

Caseis significanteverywhere.

The form of an entry, as in the last entry of LEXICON V, canbe empty,
representingtheemptystring.

Eachentryis terminatedby a semicolon.

LEXICON namesarenot terminatedby a semicolon.

Exclamationmarksintroducecommentsthatcontinueto theendof line. You
areencouragedto uselotsof them.

Asalways,thereshouldbeexactlyoneLEXICON Root in every lexcsource
file; it correspondsto thestartstateof theresultingnetwork.If youneglectto
specifya LEXICON Root , lexcwill treatthefirst LEXICON in thesource
file astheroot.

The pathof continuationclassesmusteventually lead to a specialcontin-
uationclass#, indicatingthe endof word. Justas the LEXICON Root
correspondsto thestartstatein theresultingnetwork,thespecial# continu-
ationclasscorrespondsto afinal state.

Continuationclasses,inheritedfrom Koskenniemi’s Two-Level Morphology
notation,arethebasicmechanismfor describingmorphotacticsin lexc. Notethat
themechanismof continuationclassestranslatesinto CONCATENATION in regular
expressions,andmostlanguagesdoindeedbuild wordsprimarily by concatenating
morphemestogether. However, continuationclasseshave comeunderfire, quite
rightly, for beinginadequatefor describingmorphotacticphenomenathatoccurin
somelanguages,including:

1. Separateddependencies

2. Interdigitation

3. Infixation

4. Reduplication

As weshallseein goodtime(Chapter9), thefull arsenalof theFinite-StateCalcu-
lus offersuswaysto overcomethelimitationsof thecontinuationclassesof lexc.
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LEXICON Root
dog N ;
cat N ;
bird N ;
walk V ;
talk V ;
pack V ;
old # ;
big # ;
blue # ;
and # ;
or # ;

LEXICON N
# ; ! an empty entry for single noun

s # ; ! add ’s’ for plural nouns

LEXICON V
s # ; ! ’s’ suffix for 3rd-person sing. verbs
ed # ; ! ’ed’ suffix for past tense
ing # ; ! ’ing’ for the present progressive

# ; ! an empty entry for bare verbs

Figure4.8: Mixing Morphemeswith DifferentContinuationClassesin LEXI-
CON Root
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4.2.5 Multiple Classesof Words

With appropriatelydefinedcontinuationclassesandLEXICONs,a singlelexc file
canaccommodatemultiple classesandsubclassesof words. Theexamplein Fig-
ure4.8mixesvariouskindsof rootstogetherin theLEXICON Root , giving each
entryanappropriatecontinuationclass.

Anotherstyleof lexcprogrammingseeksto makeeachLEXICON ascoherent
aspossible,groupingtogethermorphemeshaving a commoncontinuationclass.
The examplein Figure4.9, equivalentto the one in Figure4.8, shows how this
canbedone.Noteasalwaysthat theorderof LEXICONs in thesourcefile is not
significant.

If you compiletheprogramin Figure4.9,lexcoutputsthefollowing messages

lexc compile-sour ce temp-lex.txt
Opening ’temp-lex.txt’. ..
Root...4, Nouns...3, N...2, Verbs...3, V...4,
Adjectives.. .3, Conjunctions.. .2
Building lexicon...Mini mizi ng. ..Do ne!
SOURCE: 23 states, 34 arcs, 23 paths.

showing thenumberof entriesin eachLEXICON (theremaybetensof thousands
in acommercialdescription)andshowing thesizeof theresultingnetworkin terms
of states,arcsandpaths.

4.2.6 Optionality and Loops

The lexc LEXICONs andcontinuationclassesallow someslightly clumsyways
to indicateoptionality of morphemeclassesandloops. Considerthe caseof the
Esperantoverb, which optionally placesthe aspectualmorphemead, indicating
repetitionor continuousaction,betweenthe root and the requiredverbalsuffix.
Figure4.10showsonemethodof makingadoptional,by includinganemptyentry
in thesameLEXICON. Satisfyyourselfthattheresultingnetworkcanacceptboth
kantis(“sang”)andkantadis(“sangrepeatedly”).

Anotherultimatelyequivalentwayto makeadoptionalis to createaninterme-
diateLEXICON, suchasLEXICON V in Figure4.11,that leadseitherto LEX-
ICON ADor bypassesit completely, continuingdirectly to theverbsuffixes.The
choicebetweenthetwo methodsis largelyoneof programmingstyle.

Compile the grammarsin Figure 4.10 andFigure4.11, save the two results
to file, andverify, using test equivalent in xfst (seeSection3.5.4),that they are
indeedequivalent.

Continuationclassesalsogive us a way to model iterationvia loops. Let us
considerthe caseof the fictional languageZing that optionally addsthe prefix
mega to any nounto form theaugmentative(“big”) form, andthismegaprefix can
theoreticallyberepeatedany numberof times.We canmodelthis behavior with a
lexc loop asin Figure4.12.
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LEXICON Root ! empty branches to the various
! LEXICONs that can start a word

Nouns ;
Verbs ;
Adjectives ;
Conjunctions ;
! add more classes here as needed

LEXICON Nouns
dog N ;
cat N ;
bird N ;

LEXICON N
# ;

s # ;

LEXICON Verbs
walk V ;
talk V ;
pack V ;

LEXICON V
s # ;
ed # ;
ing # ;

# ;

LEXICON Adjectives
old # ;
big # ;
blue # ;

LEXICON Conjunctions
and # ;
or # ;

Figure 4.9: A ProgrammingStyle that Groups Morphemesinto Coherent
ClassesthatSharetheSameContinuationClass
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LEXICON Root
kant V ; ! sing
dir V ; ! say
vid V ; ! see

LEXICON V
ad Vend ; ! aspect (an optional morpheme)

Vend ; ! empty form

LEXICON Vend
i # ; ! infinitive
as # ; ! present
is # ; ! past
os # ; ! future
us # ; ! conditional
u # ; ! subjunctive

Figure4.10:OptionalMorphemeClassUsinganEmpty-Form Entry

Compilethisgrammarandverify thatit will acceptwarj, megawarj,megamegawarj,
etc.Notethata lexcloop,asseenin LEXICON MEGA, mustalwayshaveanescape
continuationor thewordwill never reach#, a final state.

4.2.7 Alter nation

Many programmerswith experiencein traditionalproceduralprogramminglan-
guageslike C haveanaturalbut inappropriatetendency to readlexcprogramspro-
cedurally. For example,they might try to interprettheLEXICON in Figure4.13—
andwe stressthatthis is not correct—as1) first try to matchtheeg morpheme,2)
elsetry to matchtheet morpheme,3) elsetry to matchtheort morpheme,elsejust
continueon to LEXICON EVO.

It cannotbeemphasizedenoughthatthis is notwhathappens.Theentriesindi-
catedin aLEXICON simply indicateall thepossiblepathsthatavalid wordmight
take,andin finite-statelookupandgeneration,all of thosepathswill ultimatelybe
explored,regardlessof theorderin which they aredeclared.Theorderof entriesin
a LEXICON is not significant,andsotheLEXICON in Figure4.14is completely
equivalentto theonein Figure4.13.

lexc sourcefiles arestatementsof fact aboutthemorphotacticsof a language,
andthey arecompiledinto finite-statenetworks,which aredatastructuresrather
than proceduralalgorithms. Thesenetworksare appliedto input stringsin the
mannerillustratedin Section1.3.2.
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LEXICON Root
kant V ; ! sing
dir V ; ! say
vid V ; ! see

LEXICON V
AD ; ! empty entry--go to AD

Vend ; ! empty entry--go to Vend

LEXICON AD
ad Vend ; ! aspect (an optional morpheme)

LEXICON Vend
i # ; ! infinitive
as # ; ! present
is # ; ! past
os # ; ! future
us # ; ! conditional
u # ; ! subjunctive

Figure4.11:Optionalityvia Bypassing

Entriesin a lexcLEXICON arejustOR-edalternatives.Theorderin which
they arewritten is notsignificant.

4.2.8 Exercises

EsperantoNouns

A Little History Esperantowasinventedor constructedby Dr. L. L. Zamenhof,
aPolishoculist,andwasfirst describedin aRussian-languagepublicationin 1887.
AnotherconstructedlanguagecalledVolapük wasalreadyenjoyingsomepopular-
ity, but mostof its speakersdesertedto join thenew Esperantomovement,which
showedimpressivevitality upuntil World War I, in which anestimated50percent
of all Esperantospeakersdied. The movementhasnever really recovered,but it
continuestodayamonga speakingpopulationestimatedat anywherefrom oneto
eightmillion speakers,thefigurebeinghotly contested.In over a centuryof activ-
ity, mostof theworld’sliteraryclassicshave beentranslatedinto Esperanto,andit

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



4.2. DEFINING SIMPLEAUTOMATA 229

LEXICON Root
MEGA ; ! go to LEXICON MEGAfirst

LEXICON MEGA
mega MEGA; ! this is the looping point

Nouns ; ! the escape path to Nouns

LEXICON Nouns
warj # ; ! buffalo
kanjum # ; ! paper clip
slarp # ; ! kangaroo

Figure4.12:IterationLoop in LEXICON MEGA

! an INCORRECT way to read a LEXICON

LEXICON Foo
eg ARD ; ! first try -eg; if found, go to ARD
et # ; ! else try -et; if found, end.
ort AKK ; ! else try -ort; if found, go to AKK

EVO ; ! else go to LEXICON EVO

Figure4.13: Do NOT Try to Readlexc ProgramsProcedurally. The orderof
theentrieswithin aLEXICON is notsignificant.A lexcdescriptionis compiled
into a finite-statenetwork,not aproceduralprogram.

! reordering the entries in a LEXICON has no effect

LEXICON Foo
EVO ;

eg ARD ;
ort AKK ;
et # ;

Figure4.14:TheOrderof Entriesin a LEXICON is Not Significant
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alsoboastsa considerableoriginal literature.
While Esperantois oftenchargedwith beingtoo stronglybasedon Romance

languages,it hasalsohelpedinspireLatineSineFlexione,Interlinguaandseveral
other languageswhoseinventorsbelieve strongly that Esperantoisn’t Romance
enough.Despitepredictionsthatnon-Indo-Europeanswouldneveracceptit, China
andJapanarerelative Esperantostrongholds.It hasbeenaccusedof being“too
inflected”althoughin formal linguistic termsit is not an inflectinglanguageat all
but is almostpurelyagglutinating. Languageconstructionis definitelyoneof those
activitieswhereyou can’t pleaseeveryone.

In any case,whateveranyonethinksof it asaviablehumanlanguage,Esperan-
to’s simplicity andregularity makea perfectsubjectfor initial exercisesin lexc;
wecanmodelmuchof thelanguageusingonly lexc, without any twolc or replace
rulesatall.

In this exercise,you will uselexc to modela portion of the Esperantonoun
system.Thefactsof thenounsublanguagehave beenlimited to keeptheexercise
easilymanageable.If you know someEsperanto,don’t worry right now aboutthe
gapsandovergeneration—someof themwill befixedin futureexercises.

The goalsof this exerciseare1) to reinforcethe basiclexc syntax,and2) to
reinforcethe lexc interfacecommandsfor compilingandsaving files.

The Facts

1. Esperantonounsusuallybegin with aroot suchasthefollowing:

hund ("dog")
kat ("cat")
bird ("bird")
elefant ("elephant")

The English glossesare provided for informationonly and shouldnot be
includedin thegrammar, exceptperhapsin comments.

2. A bareroot, like hundis not avalid wordby itself.

3. All Esperantonounsmusthaveano suffix, e.g.hundoandelefantoarevalid
words.

4. A word like hundois masculineor perhapsbetterviewedasunmarkedfor
gender. To markit asfeminine, the in suffix is placedbetweentheroot and
theo suffix. E.g.hundino, meaning“bitch”, is avalid word.

5. To markawordasdiminutive,Esperantoplacesanetsuffix betweentheroot
andtheo suffix, e.g.elefanteto(“little elephant”)is a valid word. To marka
wordasaugmentative,thereis a paralleleg suffix, e.g.hundego (“big dog”)
is avalid word.
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6. The augmentative, diminutive andfemininesuffixescanco-occur, andit is
not clearif thereareany rulesto limit their mutualorderor co-occurrence.
For thisexercise,usea lexc loop to allow any numberof thesethreesuffixes,
in any order, betweenthe root and the o suffix. Do not worry aboutthe
overgenerationfor now.

7. To mark a nounasplural, addthe j suffix, which, if present,mustappear
immediatelyaftertheo suffix. E.g.birdoj means“birds”. Nounsnotmarked
overtly aspluralaresingular.

8. To markanounasaccusative,then suffix appearsjustafterthej pluralsuffix
(if present)or elsejustaftertheo suffix (which is alwayspresent).No other
morphemecanoccuraftertheaccusativen.

The Task Basedon the simplified facts listed above, write a grammarof Es-
perantonounsusinglexc. Putyourgrammarin a file namedsomethinglike esp-
nouns-lex.tx t . We suggestthatyou startthegrammarthisway:

LEXICON Root
Nouns ;

LEXICON Nouns
bird Nmf ;
hund Nmf ;
kat Nmf ;
elefant Nmf ;

whereNmf is intendedto mark nounrootsthat denoteanimalsthatcanbeeither
maleor female.

After creatingthe sourcefile, invoke lexc with the lexc commandfrom the
commandline:

unix lexc

At the lexcprompt,enter

lexc compile-sourc e esp-nouns-lex .txt

This will readyoursourcefile, invokethe lexc compiler, andput theresultin the
SOURCEregister. If the lexc compilerfindsany errors,it will print suitablemes-
sagesthatyou shouldreadcarefully. Fix any errorsin yoursourcefile usingyour
text editor, andrecompilethesourcefile until it compilescleanly. Onesolutionto
thisexerciseis shown onpage637.
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Testing Testthecompilednetworkin lexc usingthe lookup andlookdown util-
ities. It shouldsuccessfullylookup thefollowing words:

birdo
birdoj
birdon
birdeton
birdetinegojn
elefantegegegoj

Re-editandrecompilethesourcefile until thenetworkbehavescorrectly, thensave
thenetworkto file asfollows:

lexc save-source esp-nouns-lex.f st

Thenquit (exit) from lexc.

lexc quit

To test your new FST file more easily, without having to type lookup or
lookdown for eachword, load thebinaryfile ontoanxfst stackandinvokeap-
ply up with noargument.

unix xfst
xfst[0]: load stack esp-nouns-lex .fst
xfst[1]: apply up
apply up>

This will put xfst into an interactive apply-upmodein which you simply enter
a string to be analyzedon eachline, without having to retypea commandlike
apply up eachtime. To escapefrom apply-upmodeandreturnto thenormalxfst
commandline, enterEND;, includingthesemicolon.1

unix xfst
xfst[0]: load stack esp-nouns-lex .fst
xfst[1]: apply up
apply up> input_word1
apply up> input_word2
apply up> END;
xfst[1]:

Continueyour testing.Thenetworkshouldacceptall thefollowing words.

1OnaUnix system,youcanalsoescapetheapply up modeby enterinĝ D , i.e. by holdingdown
theControl key andtypingD. In Windows,theˆZ commandhasthesameeffect.
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hundo
hundinoj
elefantineto jn
kategino
birdinego

You canfacilitaterepeatedtestingby typing thewordsto beanalyzedinto a sepa-
ratefile, e.g.testwords.tx t , with onewordto a line. Theninvoke

xfst[1]: apply up < testwords.txt

to have apply up operateonall thestringsin thefile.
Negative testingcanalsobeuseful. Thegrammarshouldrejectthe following

ill-formed strings

hund
hundjo
katoego
elefantonj

Like positivetesting,negativetestingcanbeautomatedby typingill-formedstrings
into anotherfile, e.g. badwords.txt , andenteringthe commandapply up

badwords.txt .
Now gobackto thelexcsourcefile andaddthefollowingnew nounroots,with

appropriatecontinuationclasses.

tigr ("tiger")
best ("animal")
leon ("lion")

Again, theEnglishglossesareprovidedfor your informationonly andshouldnot
beincludedin thegrammarexceptperhapsin comments.Recompilethegrammar
andtestthe new entriesusing lookup and lookdown in lexc, or usingapply up
andapply down in xfst.

Reducethe Taskto Lexicography Onemaintaskfor thecomputationallinguist
is to discoverwhatmorphotacticstructuresexist in thelanguage,andthento model
thosestructuresusingappropriatelexc LEXICONs andcontinuationclasses.In
most languages,alternationruleswill alsohave to be written using twolc or re-
placerules.Onceall theclasses(andsubclasses)of wordshave beensuccessfully
modeled,thetaskis thenreducedto lexicography, thecarefuladdingof new roots
with appropriatecontinuationclassesto the lexc sourcefile. Theremayin fact be
dozensof nounsubclassesto distinguish—but if they arewell definedanddoc-
umented,the lexicographicalwork canoften becontinuedby aneducatednative
speakerwhomayhavenobackgroundin lexcorcomputerprogrammingin general.
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Always try to reducethe taskto lexicography. If you do your work well,
theprojectcanbeexpandedby goodlexicographers.

EsperantoAdjectives

Background Esperantoadjectivesaresimilarto nouns,butnotidentical.As with
nouns,thetaskis to capturethesystem(or systems)of adjectivesin generalsothat
the taskcaneventuallybe reducedto goodlexicography. Wherever possibleand
appropriate,try to designyour adjective analysisso that it is parallelto the noun
analysis.In afutureexerciseyouwill beaskedto combineyournounandadjective
analysestogetherinto a singlegrammar.

The Facts The facts to be modeledhave againbeenlimited andsimplified to
makeamanageableexercise.

1. Esperantoadjectivescanbegin optionallywith oneof thefollowingprefixes:

ne (negation of the root)
mal (opposite of the root)

2. Everyadjectivemustcontainaroot,andanadjectivecanbegin with theroot.

bon ("good")
long ("long")
alt ("tall/high")
grav ("important")
jun ("young")

A root like long is nota valid wordby itself. A prefix by itself is nota valid
word,andneitheris a prefixplusa root.

3. All Esperantoadjectivesmusthave ana suffix, e.g. bonaandgrava, which
arevalid words.

4. Like nouns,adjectivescanbeoptionallymarkedasaugmentative or diminu-
tive:

eg ("augmentative" )
et ("diminutive")
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As with nouns,theeg or et mustcomeafter theroot but beforethea suffix.
The augmentative anddiminutive canco-occur, andit is not clearif there
areany rulesto limit their mutualorderor co-occurrence.For this exercise,
allow any numberof thesesuffixesto appearinsideanadjective.

5. Unlike nounslike hundo/hundino, adjectives cannotbe markedfeminine
with the in suffix.

6. To markanadjectiveasplural,addthej suffix, which,if present,mustappear
immediatelyafterthea suffix. E.g. longaj. Adjectivesnotovertly markedas
pluralaresingular.

7. To markanadjectiveasaccusative,then suffix appearsjust afterthej plural
suffix (if present)or just after the a suffix (which is alwayspresent). No
suffix canappearaftertheaccusativen.

The Task First, try to visualizetheadjective systemgraphically. Thenbasedon
thefactslistedabove,write agrammarof Esperantoadjectivesusinglexc. Edit the
grammarin a sourcefile namedsomethinglike esp-adjs-lex. txt . Oneway
to startis thefollowing:

! esp-adjs-lex.t xt

LEXICON Root
Adjectives ;
AdjPrefix ;

LEXICON AdjPrefix
mal Adjectives ;
ne Adjectives ;

LEXICON Adjectives
bon Adj ;
long Adj ;
alt Adj ;
grav Adj ;
jun Adj ;

Completethe grammar, compilethe file using lexc, andsave the resultasesp-
adjs-lex.fst . Onesolutionto thisproblemis shown onpage638.

Testing To testyour new network,useapply up in xfst. The grammarshould
acceptstringslike thefollowing:
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bona
bonaj
bonajn
junetaj
malbonetajn
nealtaj
gravegeta

Thegrammarshouldrejectthefollowing strings:

mal
bon
bonja
boneg
gravaeg
altanj

Reducingthe Taskto Lexicography Now gobackinto yoursourcefile andadd
thefollowing new adjective roots:

ideal ("ideal")
luks ("luxurious")
blank ("white")
nigr ("black")
liber ("free")
evident ("obvious")
grandioz ("sublime/magn ifi cent ")
oportun ("convenient")

The Englishglossesareshown for your informationonly andshouldnot appear
in the grammar, exceptperhapsin comments.Recompilethe grammar, save the
networkto file, andtestthenew entriesusinglookup in lexcor apply up in xfst.

Nounsand Adjectives

In Esperanto,asin many languages,nounsandadjectiveshavemuchin common.

1. Createa singlelexc grammarthathandlesbothadjectivesandnouns.Typi-
cally suchagrammarwill begin like this.

LEXICON Root
Nouns ;
Adjectives ;
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Cut andpastesectionsfrom your existing nounandadjective grammarsto
makethenew comprehensivegrammar. Retestit to makesurethatit covers
all thesamephenomenaasbefore.

2. It is now time to enhancethegrammara bit. In Esperanto,nounroots,and
nounroots concatenatedwith augmentative, diminutive and femininesuf-
fixes,cancontinueto takeadjectivesuffixes,asin hunda(“canine”or “dog-
like”), hundina(“bitch-like”), elefantega (“big-elephantine”),elefantegajn
(“big-elephantine[PL, ACC]”), etc.Fix yourgrammartohandlesuchwords.

3. Esperantonounrootsdenotinganimalswith masculineandfemininesexes
cantakethegeprefixdenoting“maleandfemale”.Fix yourgrammarto ac-
ceptwordssuchasgehundoj(“maleandfemaledogs”),geelefantegoj (“male
andfemalebig elephants”),andgekatetoj(“male andfemalekittens”). Do
not worry aboutovergenerationat this stage.In reality, whenge is present,
thepluralsuffix j is perhapsrequiredandthein femininesuffix is forbidden.
We’ll fix thisovergenerationin laterexercises.

4. Adjectivescanbenominalizedwith theecsuffix, whichthencontinuesonto
takenominalsuffixes,e.g. boneco(“goodness”),alteco(“height”), juneco
(“youth”), malbonegecon(“extremeevil [ACC]”), etc.

5. Testyour enhancedgrammar(onepossiblesolutionis shown on page639).
It shouldaccept

hundo hundino hundetoj hundeginojn gehundoj
hunda hundaj hundinajn
bona bonaj bonan boneco bonecojn
malbona malbonecoj malbonega neboneco
elefanto elefantinojn geelefantoj
elefanta elefantaj elefantajn

6. Yourgrammarshouldreject

bon elefant alt
bono geelefant hundeco gealtaj

In fact, our grammaris still far from complete,and someof the rejected
words,especiallyhundeco, mayin factbevalid wordsof therealEsperanto
language.Yourchallengeasalinguist is to try tomakeyourformallanguage,
describedin your lexcgrammar, asmuchlike thetargetlanguageaspossible,
minimizing bothundergenerationandovergeneration.This alwaysrequires
somegoodold-fashionedlinguistic researchbecauseyou cannever get the
wholestoryfrom thetextbooksor from yourown intuition.
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LEXICON Root
swim # ;
swim:swam # ; ! <- an upper:lower entry

Figure4.15:Theupper:lowerNotationof lexc

Linguistic toolssuchasxfst andlexc giveyou powerful waysto en-
codelinguistic facts,but they cannottell you what the factsareor
otherwisedo thelinguisticsfor you.

4.3 Defining Lexical Transducers

4.3.1 Upper:LowerEntries

So far we have usedlexc to makesimpleone-level automata,but lexc hasbeen
enhancedto allow thedirectspecificationof usefultransducersaswell. Themost
straightforwardmechanismis theupper:lower form in lexical entries.

In Figure4.15,theswim:swamentryspecifiesatransducerthathas[s w i m]
on theupper-sideand[s w a m] on thelower-side.As with simpleentries,the
upperand lower stringsare explodedinto separatesymbolsby default, and the
continuationclasseswork the sameasbefore. In Figure4.15, the simplerentry
swimis alsointerpretedin two levels,justasif it hadbeenwrittenswim:swim. The
networkcompiledfrom thisgrammaris shown in Figure4.16.

s w m

w ms

i

i
a

i

Figure4.16:TheTransducerfor swim:swamandswim:swim

Compilethegrammarandconfirmthatwhenyou lookup “swam” or “swim”
the responseis “swim”. When you lookdown (generate)from “swim” the re-
sponseshouldconsistof two strings,“swim” and“swam”, bothlower-sidestrings
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thatrelateto theinputontheupperside.

In lexc the colon (:) is a specialcharacter, andthe upper:lower notation
canhaveastringof charactersoneachsideof thecolon,asin swim:swam.
The strings“swim” and“swam” areexplodedinto individual characters
accordingto thenormallexcassumptions.

4.3.2 Epsilons

Add somemoretwo-level pathsto the lexicon, including think:thought, win:won,
go:went. Notethatwhenthe lengthsof thestringsdiffer, lexc automaticallypads
out theshorteronewith zeros(epsilons)on theendasin Figure4.17.

g o 0 0

w e n t

Figure4.17:TheTransducerfor go:went

Note that the two stringsin anupper:lower entryarealwayslined up symbol-by-
symbol,startingat theleft sideof bothstrings.In thego:wentexample,upper-side
g pairswith lower-sidew, upper-sideo pairswith lower-sidee, andtheremaining
two lower-sidesymbolsarepairedwith filler epsilons(shown hereaszeros)onthe
upperside.

Thesezeros(epsilons)arenot real charactersbut ratherrepresentthe empty
string. Whenmatchinginput againstthe arcsof a network,a zeroarc is a free
matchand free transitionthat consumesno input characters.When stringsare
outputfrom anetwork,a zeroarcoutputsnothing(theemptystring).

In lexc upper:lower entriesyou cancontrol wherethe zerosoccurby typing
themexplicitly. Theentryfight:fought wouldnormallybelinedupas

upper: f i g h t 0
lower: f o u g h t

with a zerofilling out theupperstringon theend,but you maywantto minimize
thenumberof mixedcharacterpairsby paddingout theshorterstringwith a zero
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in themiddle,eitherfi0ght:fought , which would line up

upper: f i 0 g h t
lower: f o u g h t

or f0ight:fought , which would line upas

upper: f 0 i g h t
lower: f o u g h t

Thepracticalresultswill bethesamein all threelineups.2

4.3.3 Regular-ExpressionEntries

In additionto simplestring andupper :lower entries,thereis a third andfinal
type of lexc entry thatallows you to usethe power of regular expressionsinside
lexc.

LEXICON Root
go # ; ! simple entry (same as go:go)
go:went # ; ! upper:lower entry
< d o:i 0:d > # ; ! regular-expr essi on entry

! (same as do:did)
< a b c* (d) e+ > # ; ! another regular-express ion

! entry

In lexc, regular-expressionforms arewritten inside anglebrackets( ), using
the notationandassumptionsof regular expressions.Thesefactsdeserve some
repetitionand expansionbecausethey accountfor much confusionamonglexc
users.

Inside lexc anglebrackets,most of the notationof regular expressionsis
available,includingKleenestars(* ), Kleenepluses(+), optionality(shown
with parentheses),union (shown with vertical bars),complex iteration,
complementation,intersection,etc.3 Outsidethe anglebrackets,lexc does
not offer suchapowerful formalism.

Along with thepower of regularexpressionscomesthecorollaryof full as-
sumptionsof regular expressions. Asterisksand plus signs,circumflexes
andcommas,vertical barsandothercharactersthat arenormally not spe-
cial charactersin lexc do becomespecialwhenusedinsideanglebrackets.
All notationsinsideanglebracketsarecompiledlike theregularexpressions
describedin thexfst chapter.

2The manualspecificationof the positionof the zero,which minimizedthe numberof mixed-
characterlabelsin the resultingnetwork,usedto be a Good Thing. However, it is now seldom
necessaryto worry aboutthenumberof labels.

3Insidelexc, it is notpossibleto defineandreusexfst variables.
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Recallthat thedefaultassumptionfor compilingxfst regularexpressionsis
that any string of characterswritten together, without spacesbetweenthe
characters,is interpretedasa singlemulticharactersymbol. Thus,thereg-
ular expressioncat denotesa languageconsistingof a singlestring“cat ”
thatconsistsof asinglesymbolspelledcat. In completecontrast,thedefault
conventionof simplestring andupper:lower lexc entriesis that stringsof
characterswritten togetherareto beexplodedapartinto separatesymbols.
Thusthe lexcgrammar

LEXICON Root
cat # ;

denotesa languageconsistingof a singlestring,“cat ”, composedof three
separateconcatenatedsymbolsspelledc, a and t. However, insideangle
bracketsinsidea lexc program,all the conventionsof regular expressions
apply, including the one that interpretsandcompilesstringsof characters
written togetherasasinglesymbol(with amulticharacterprint name).

LEXICON Root
cat # ; ! cat will be exploded into

! three separate symbols, as
! per normal lexc assumptions

< dog > # ; ! inside angle brackets, dog
! is not exploded but is
! compiled, as in all regular
! expressions, as a single
! symbol

< c a t > # ; ! denotes the string "cat" as three
! concatenated symbols; here the
! explosion was done manually
! by the linguist

Becauseanglebracketsareusedinsidelexc to delimit regular expressions,
anglebracketsarespecialcharactersfor lexc in general. To unspecialize
them(i.e. to denotetheliteral anglebracketcharacters),precedethemwith
percentsigns:% and% .

The specialcharactersof lexc arethesemicolon(;), thepoundsign
(#), thecolon(:), andtheanglebrackets( and ). Insidetheangle
brackets,the compilerreverts to all the assumptionsof xfst regular
expressions,wherealmostall thepunctuationmarksarespecial.
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Therearegoodpracticalreasonsfor lexc to explodestringsby default,except,
of course,whenthey appearinsideanglebrackets.Therearealsogoodreasons
for the very differentconventionsusedwhencompiling regularexpressions.It is
up to the linguist to keepthesediffering conventionsstraightwhenworking with
lexc andother tools, andwhenworking inside andoutsideof anglebracketsin
a lexc file. Failure to understandthe differing conventionsis the sourceof many
compilationerrorsandruntimebugs.

4.3.4 Multicharacter Symbols

We have stressedthat lexc explodesstringsinto separatesymbolsby default, but
whatdoyoudowhenyouwantto overridethatdefaultandusemulticharactersym-
bolssuchas+Noun, +Verb , +1P, and+Sg in a lexcgrammar?Theansweris that
youhave to declarethemexplicitly asMultichar Symbols at thebeginningof
the lexc sourcefile. Figure4.18 is a partial grammarof someLatin verbs(-are
class)in thepresent-indicativeactiveconjugation.

In lexc, multicharactersymbolsmustbeexplicitly declaredin the Multi-
charSymbolssectionat thetop of the lexcsourcefile.

This grammardefinesa relationthatcontainspairsof stringsthatlook like the
following. As usual,we follow the Xerox conventionof showing the upper-side
(or lexical) stringabove thelower-side(or surface)string.

Lexical: canto+Verb+P resI nd+Act+ 1P+Pl
Surface: cantamus

Lexical: canto+Verb+P resI nd+Act+ 2P+Sg
Surface: cantas

Thegrammaris written so that the lexical stringsstartwith a form like cantobe-
causethis form (“I sing”) is usedby conventionastheheadwordin printedLatin
dictionaries.Definedmulticharactersymbolssuchas+PresInd and+Verb are
manipulatedin lexc, andby any subsequentrules,like any othersinglesymbols.
Linguistscandefineany multicharactersymbolsthatthey find useful,andthey can
spell themany way they want; however, by a usefulXerox convention,thesym-
bol tagsintendedto convey morphologicalor syntacticfeaturesbackto the user
includea plussignor othernon-alphabetcharacteror characters.Notethatin lexc
theplussignis not special(exceptinsideanglebrackets)andneedsno literalizing
percentsignin theexamplein Figure4.18.
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Multichar_Symbols +Verb +PresInd +Act
+1P +2P +3P +Sg +Pl

LEXICON Root
AreVerbs ;

LEXICON AreVerbs
cant AreV ; ! to sing
laud AreV ; ! to praise
am AreV ; ! to love

LEXICON AreV
o+Verb:0 AreConj ; ! N.B. two symbols,

! o and +Verb on the
! lexical side

LEXICON AreConj
ArePresIndicAct ;

! ArePresIndicPass ; ! add later

LEXICON ArePresIndicAct
+PresInd+Act:0 ArePresIndicEnds ;

LEXICON ArePresIndicEnds
+1P+Sg:o # ;
+2P+Sg:as # ;
+3P+Sg:at # ;

+1P+Pl:amus # ;
+2P+Pl:atis # ;
+3P+Pl:ant # ;

Figure4.18:A SmallFragmentof Latin VerbConjugation
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The lexc default is to explodewritten stringsinto separate,concatenated
symbols.You overridethe lexc explosionassumptionby declaringMul-
tichar Symbols . In contrast,the assumptionin xfst regular expres-
sionsis thatstringsof contiguouscharactersareinterpretedassinglesym-
bols. Whenseparatesymbolsaredesiredin xfst regular expressions,and
inside lexc angle-bracketentries,the grammarwriter must separatethe
symbolsmanually, e.g. [ c a t ] , or surroundthemwith curly braces
asin cat .

4.3.5 Exercises

EsperantoNounsand Adjectiveswith Upper-SideTags

Rewrite yourEsperantonoun-and-adjectivegrammarsothatthelexical strings(i.e.
theupper-sidestrings)consistof rootsandmulticharacter-symboltags.Follow the
generalplanshown in thetreatmentof Latin -are verbsin Figure4.18.

1. Eachnounroot shouldbe markedon the uppersidewith the +Noun tag;
eachadjective root shouldbemarkedwith the+Adj tag. Declaretheseand
all othertagsasMultichar Symbols .

2. In addition,use+NSuff to marktheo suffix, +ASuf to markthea suffix,
and+Nize to markthenominalizingecsuffix.

3. Declareandusethefollowing tagsaswell:

+Pl for plural (j)
+Sg for singular (i.e. not plural)
+Acc for accusative (n)
MF+ for male-female (ge)
+Aug for augmentative (eg)
+Dim for diminutive (et)
+Fem for feminine (in)
Op+ for opposite (mal)
Neg+ for negative (ne)

Thetagswith plus-signsafterthemareusedfor markingprefixes.

4. Your resultingnetworkshouldacceptthe following stringpairs; i.e. if you
lookup the lower string, you shouldget backthe upperstring, andif you
lookdown theupperstring,you shouldgetbackthelowerstring. Testcare-
fully, fixing yourgrammarasnecessaryto handlethestringsasshown here:
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Lexical: hund+Noun+NSuff +Sg
Surface: hundo

Lexical: hund+Noun+ASuff +Pl
Surface: hundaj

Lexical: MF+hund+Noun+NSuff+ Pl+ Acc
Surface: gehundojn

Lexical: elefant+Noun+Au g+Fem+NSuff +Pl
Surface: elefanteginoj

Lexical: Op+bon+Adj+Nize +NSuff+ Sg
Surface: malboneco

A solutionto thisexerciseis shown onpage640.

EsperantoVerbs

It’ s now time to addEsperantoverbsto your grammar. As usual,the factshave
beenlimited for thisexercise.Your root lexicon shouldlook somethinglike

LEXICON Root
Nouns ;
Adjectives ;
Verbs ;

As usual,theorderingof entriesin aLEXICON andtheorderingof LEXICONsin
a lexcsourcefile arenot significant.

The Facts

1. Esperantoverbscanstartwith a verbroot or with oneof thefollowing pre-
fixes.Theglossesshownbelow arefor yourinformationonly andshouldnot
beincludedinsideyourgrammar.

mal ("opposite")
ne ("negation")

2. Every verbrequiresa verb root, but therootsarenot valid wordsby them-
selves.

don ("give")
est ("be")
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pens ("think")
dir ("say")
fal ("fall")

3. Directly after the verb root, therecanappearanoptionalaspectmarkerad
thatdenotescontinuousor repeatedaction.

ad ("continuous/re peat ed" )

4. After the root (or after theroot plusad) the verbmusthave exactly oneof
thefollowing tense/moodsuffixes:

i ("infinitive")
as ("present")
is ("past")
os ("future")
us ("conditional")
u ("subjunctive")

The Task

Visualizethe verbalsystemgraphically, andplan out an analysiswith the
goalof relatingpairsof lexical/surfacestringslike thefollowing:

Lexical: don+Verb+Cont+P ast
Surface: donadis

Declareandusethe tags+Verb , +Past , +Pres , +Fut , +Subj , +Inf ,
+Cond (definedat the top of the lexc file in the Multichar Symbols
statement).Usethe+Cont tagfor thead suffix.

Testby looking up thefollowing examples.

donis donos donadus
fali falu faladi
pensas pensadas

A solutionto thisexerciseis shown onpage641.

Now addthefollowing new verbrootsto thelexicon.
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ir ("go")
ven ("come")
vetur ("travel")
parol ("speak")
far ("do")
raz ("shave")
kant ("sing")

Add thefollowing new nounrootsto thelexicon. Nounsthatdonot referto
male/femaleanimalsshouldnot allow the in suffix; createappropriatenew
continuationclassesasnecessary.

dom ("house")
mond ("world")
infan ("child")
tag ("day")
monat ("month")
jar ("year")
odor ("odor"/"smell ")
urb ("city")
urs ("bear")

Add thefollowing adjectiveroots.

verd ("green")
plat ("flat")
san ("healthy")

Saveyournoun-adjective-verbdescriptionin esperanto-lex .txt , com-
pile it with lexc, andtestit asthoroughlyasyou can.

EsperantoVerbalization

Consultany grammarof Esperantoandresearchthe behavior of the suffixes -ig
and-iĝ, which verbalizenounsandadjectives.Augmentyour Esperantogrammar
to handletheseverbalizingsuffixes.

Bambona

RedotheBambonaexerciseonpage155,this time usinglexc to build thelexicon,
but usingreplacerulesto performthe vowel changesasbefore. You shouldfirst
compilethe lexc file andsave theresultingnetwork(usingsave-source) to a file,
saybambona-lex.fs t . Thenexit lexc andenterxfst. In xfst, first compile
therules,andthencomposetherule networkunderneaththelexicon network(see
Section3.5.4,page163).
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Simplified Germanic Compounding

Assumethatwe aredealingwith a SimplifiedGermaniclanguagethat looksa lot
like English. For this examplewe will dealonly with simpleadjectives,simple
nouns,andcompoundwordscontainingadjective andnounroots.Our Simplified
Germanicexamplewill exhibit freecompounding:A compoundword consistsof
any twoor moreadjectiveor nounroots,concatenatedtogether, andtheoverallpart
of speechof thecompoundwordisdeterminedby thefinal compoundelement.The
finalcompoundelementhasthenormaladjectiveornouninflectionsasappropriate,
andnon-finalcompoundelementsshouldconsistonly of barenounandadjective
roots.

Warning: this exercisewill overgeneratewildly, acceptingand produc-
ing compoundwordsthat makelittle or no sense.The languagewill in
fact cover an infinite numberof words. Becauseit is impossibleto pre-
dict which compoundwordspeoplewill makeup,such overgenerationis
practicallyunavoidablewhenmodelingfree-compoundinglanguages.

Herearethefacts:

1. Assumewehave thefollowing nounroots:

LEXICON Nouns
dog N ;
horse N ;
cow N ;
food N ;
bicycle N ;
tree N ;
sky N ;
house N ;

2. Nounscanbesingularor plural,with theplural expressedass andsingular
expressedasnothing. Write LEXICON N so that you get string-to-string
mappingslike thefollowing (zerosareusedto markepsilons)

Lexical: horse+Noun+S g horse+Noun+P l
Surface: horse0 0 horse0 s

with thelexical- andsurface-level symbolslinedupasshown.

3. Adjectiverootsincludethefollowing:
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LEXICON Adjectives
small Adj ;
red Adj ;
big Adj ;
black Adj ;
blue Adj ;
tall Adj ;
brown Adj ;

4. Adjectivescanbeplainor comparative(+Comp:er) orsuperlative(+Sup:est).
Write the continuationlexicons to supportthe following examples,which
show thezerosovertly (don’t worryaboutspellingslike “biger ” and“skys ”—
they areOK in SimplifiedGermanic).

Lexical: small+Adj
Surface: small0

Lexical: small+Adj+Comp
Surface: smalle r

Lexical: small+Adj+Sup0
Surface: smalle s t

5. Now addproductive compounding,by allowing all barenounandadjective
rootsto loop backto pick up morenounand/oradjective roots. Mark non-
final nounelementswith +NC(noun-compoundelement)andnon-finalad-
jectiveelementsas+AC. Also, placeˆCB (compoundboundary)asa feature
betweencompoundelements.As usual,you shoulddeclarê CB, +AC, +NC
andothertagsin theMultichar Symbols section.Thefinal elementin
acompound,whetheradjectiveor noun,shouldreceive thenormaladjective
or nountagsasappropriate.Striveto handlethefollowingstringpairs(zeros
arenot shown here,andthereis no attemptto align the lexical andsurface
characters).

Lexical: dog+NCˆCBhouse+Noun+Sg
Surface: doghouse

Lexical: dog+NCˆCBhouse+Noun+Pl
Surface: doghouses

Lexical: small+ACˆCBh orse +Noun+Sg
Surface: smallhorse
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Lexical: blue+ACˆCBsky+N oun+Sg
Surface: bluesky

Lexical: sky+NCˆCBblue+A dj
Surface: skyblue

Lexical: dog+NCˆCBfood+N CˆCBhouse+Noun+Sg
Surface: dogfoodhouse

Lexical: dog+NCˆCBhouse+ NCˆCBfo od+Noun+Pl
Surface: doghousefoods

Lexical: sky+NCˆCBblack+ Adj+ Comp
Surface: skyblacker

6. It’ s fairly easyto imaginescenariosin which thecompoundwordsjust cited
mightbeusefulandwouldmakesense.But it is almostimpossibleto injecta
notionof whatmakessenseinto asystemthathandlesproductivecompound-
ing. Yoursystemshouldalsoanalyzethefollowing unlikely compounds.

dogbicycle
cowsky
bluecows
skybluedogfoo dhouses
dogsmallest
horsehorsehor seh orse
redsmallbigbl ack

The price of handlingproductive compoundingis alwaysovergeneration
andoverrecognitionto someextent; any attemptto prevent suchmeaning-
lesscompoundswill alsoprevent the analysisof real compoundsthat real
speakersproducespontaneouslyevery day. Note,however, that the system
shouldnotacceptjustanything; it should,accordingto therulescitedabove,
refuseto analyzewordslike thefollowing:

dogshouse
smallerhouses
dogssmallest
bigesthouse

7. Yourcompoundingsystemshouldstill handlenon-compoundwordslike

houses
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Source Register

Rules Register

Result Register

Figure4.19:TheThreeMemoryRegistersof lexc. lexcdoesnotstorenetworks
in a stack.

dog
horses
small
smaller
smallest

4.4 The lexc Interface

4.4.1 Intr oduction

Historically, lexcandtwolc weresometimeslicensedwithoutaninterfacelike xfst
thatgivesaccessto all thealgorithmsof theFinite-StateCalculus.The lexc inter-
facewasthereforeenrichedto provide a numberof themostessentialalgorithms
for manipulatingfinite-statenetworksandcombiningmultiplenetworksinto Lex-
ical Transducers.Unfortunately, thesealgorithmssometimeshideunderidiosyn-
craticnames.

4.4.2 lexcRegisters

The lexcmemorystructureis composedof just threeregisters:theSOURCE REG-
ISTER, the RULES REGISTER, andthe RESULT REGISTER. They arebestvisu-
alizedasshown in Figure4.19. It is importantto keepthis memorystructurein
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mindasyouwork with thelexc interface;many of thelexccommandshavenames
thatreferto theregisters,andall theoperationstaketheir datafrom, or write their
resultsto, oneor moreof theregisters.

lexc organizesits workingmemoryinto threenamedregisters:SOURCE,
RULES,andRESULT. In contrast,thexfst interfaceorganizesits memory
asa last-infirst-outstack.

TheSOURCEregisterandtheRESULT registercanholdonlyasinglenetwork
at a time. The RULES register may containone networkor a set of networks,
typically resultingfrom compilingasetof twolc rules(seeSection5.2.4).

4.4.3 CommandMenu

Let’s look againat thecommandsavailablein lexc:

Input/Output ------------------------------------------ ----
Source: compile-source, merge-source, read-source,

result-to-source, save-source.
Rules: read-rules.
Result: merge-result, read-result, save-result,

source-to-result.
Properties: add-props, reset-props, save-props.

Operations --------------------------------- ----------- ----
Composition: compose-result, extract-surface-forms,

invert-source, invert-result.
Checking: check-all, lookdown, lookup, random,

random-lex, random-surf.
Switches: ambiguities, duplicates, failures,

obey-flags, print-space, quit-on-fail,
show-flags, singles, time.

Scripts: begin-script, end-script, run-script.
Display ------------------------------------ ----------- ----

Misc: banner, labels, props, status, storage.
Help: completion, help, history, ?.

Type ’quit’ to exit.

This menuis displayedwhen you first invoke lexc, andyou can causeit to be
redisplayedatany timeby enteringhelp or thequestionmark(?) at thecommand
line. Youcanalsoenterhelp followedby thenameof any commandto seeashort
summaryof its operation.You canalsoenterthe commandstatus to seewhich
registersarefilled andto seethecurrentsettingof thevariousswitchesthataffect
how lexcoperates.
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4.4.4 Individual lexc Commands

Keepthethreelexcregistersin mindaswereview thevariousutilities. In eachcase,
theonlinehelpmessageis shown, followedin somecasesby additionalcomments.

Input-Output Commands

The SourceRegister

compile-source ’ compile-sourcetextfile’ readsthe lexc sourcefile containedin
textfile, compilesit, andstoresthe resultingnetworkin the SOURCEregister. You can
save thisnetworkto file with thecommand’save-source’.To reada pre-compilednetwork
from file into the SOURCEregister, usethe command’read-source’.To composethe
SOURCEnetworkwith asetof ruletransducers,previouslyreadin by ’read-rules’,usethe
command’compose-result’.

merge-source ’ merge-sourcefsmfile’ loadthepre-compilednetworkin fsmfileand
merges(unions)it with thenetworkcurrentlystoredin theSOURCEregister(if any), stor-
ing theresultin theSOURCEregister. ThisallowstheSOURCEnetworkto beconstructed
asa unionof any numberof savednetworks.

read-source ’ read-sourcefsmfile’ loadsthe pre-compilednetwork in fsmfileand
storesit in theSOURCEregister. Any previousSOURCEnetworkis overwritten.

result-to-source ’ result-to-source’moves the network in the RESULT register
to the SOURCEregister, clearing the RESULT register and overwriting any previous
SOURCEnetwork.

save-source ’ save-sourcefilename’ storesthecurrentSOURCEnetworkto file in
a binaryformat.Use’read-source’or ’read-result’to readin filescreatedin thisway.

The RulesRegister

read-rules ’ read-rulesfsmfile’ loadsthetransducernetwork(s)in fsmfileandstores
themin theRULES register, overwriting any previousRULES network(s).Thefiles read
by ’read-rules’shouldbebinaryfiles savedfrom xfst or twolc.

The Result Register

merge-result ’ merge-resultfsmfile’ load thepre-compilednetworkin fsmfileand
merges(unions)it with thenetworkcurrentlystoredin theRESULT register(if any), stor-
ing theresultin theRESULT register. ThisallowstheRESULT networkto beconstructed
asa unionof any numberof savednetworks.
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read-result ’ read-resultfsmfile’ loadsthepre-compilednetworkin fsmfileandstores
it in theRESULT register. Any previousRESULT networkis overwritten.

save-result ’ save-resultfilename’ storesthecurrentRESULT networkto file in a
binaryformat.Use’read-result’or ’read-source’to readin files createdin this way.

source-to-result ’ source-to-result’copiesthenetworkin theSOURCEregisterto
theRESULT register, overwritingany previousRESULT network.

Properties

add-props ’ add-props’readsa setof attribute-valuepairsfrom a text file andap-
pendsthemto thepropertylist of theSOURCEor theRESULT network.

reset-props ’ reset-props’readsasetof attribute-valuepairsfrom atext file andre-
setsthepropertylist of theSOURCEor theRESULT network,overwritingany previously
storedproperties.

save-props ’ save-props’write the propertylist of the SOURCEor the RESULT
networkto a text file in theformatexpectedby ’add-props’and’reset-props’.

OperationsamongRegisters

Composition

compose-result ’ compose-result’composestheRULESnetwork(s)undertheSOURCE
network, storing the result in the RESULT register. This commandrequiresthat the
SOURCEandRULES registerscontainnetworks.’compose-result’usestheintersecting-
compositionalgorithm. TheRULES registermaycontaina singleFSTor a setof trans-
ducersproducedby compilingasetof twolc rulesandsaving themwithout intersecting;in
suchcases,theintersecting-compositionalgorithmperformsthenecessaryintersectionand
composition.Any FlagDiacriticsonthelower-sideof theSOURCEnetworkaretreatedas
epsilonsin thecompositionandarepreservedon the lower-sideof theRESULT network.
TheRULESmaynotcontainFlagDiacritics.

extract-surface-forms ’ extract-surface-forms’replacestheRESULT networkwith
asimpleFSM thatcontainsonly thesurfaceformsfrom theoriginalRESULT network.

invert-source ’ invert-source’invertsthetwo sidesof theSOURCEnetwork.If the
SOURCEnetworkis a transducer, theuppersidebecomesthe lower sideandvice versa.
If thenetworkis nota transducer, theinvert commandhasnoeffect.
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invert-result ’ invert-result’invertsthe two sidesof the RESULT network. If the
RESULT networkis a transducer, theuppersidebecomesthelowersideandviceversa.If
thenetworkis not a transducer, theinvert commandhasnoeffect.

Checking

check-all ’ check-all’ helpsyou verify the RESULT network producedby using
’compose-result’to composetheSOURCEnetworkwith theRULES network(s).’check-
all’ comparestheuppersideof theSOURCEnetworkto theRESULT networkandtabu-
latesanddisplaysthenumberof upper-sideSOURCEstringsthathaveone,noneor several
realizationsin theRESULT net.Theenumerationof examplesby ’check-all’ is controlled
by a setof switches:If the ’singles’switch is ON, all upper-sideSOURCEstringswith
oneoutputin theRESULT areprintedalongsidetheresult. If the’failures’ switchis ON,
every upper-sideSOURCEstringthat is no longerin theRESULT is printed,followedby
a row of asterisks.If the’duplicates’switchis ON, eachupper-sideSOURCEstringwith
multiple outputsin the RESULT is printedwith all of its outputforms. If the ’ambigui-
ties’ switchis ON, eachlower-sideRESULT stringthatcorrespondsto two or morelexical
stringsis printedout with all of therelatedlexical strings.Thedefaultsettingsare: ’fail-
ures’= ON, ’duplicates’= ON, ’singles’= OFF, and’ambiguities’= OFF. Usethe’status’
commandto seethesettingsof theswitches.

lookdown ’ lookdown string’ searchestheSOURCEnetworkor theRESULT net-
work for string by matchingstring againstthe uppersideof the transducer, andprinting
out all relatedstringson thelowersideof thetransducer.

lookup ’ lookup string’ searchesthe SOURCEnetworkor the RESULT network
for string by matchingstring againstthelower sideof thetransducer, andprinting out all
relatedstringson theuppersideof thetransducer.

random ’ random’prints15 randompaths(words)from eithertheSOURCEnet-
work or theRESULT network,dependingon theuser’s choice.Eachpathis printedasa
sequenceof symbolpairs.

random-lex ’ random-lex’ prints 15 randomwordsfrom the upper-sidelanguage
of eithertheSOURCEnetworkor theRESULT network,dependingon theuser’s choice.
Only thelexical or uppersidewordsareprinted.

random-surf ’ random-surf’ prints15randomwordsfromthelower-sidelanguage
of eithertheSOURCEnetworkor theRESULT network,dependingon theuser’s choice.
Only thesurfaceor lowersidewordsareprinted.

Switches
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ambiguities ’ ambiguities’is aswitchthataffectstheoutputof the’check-all’ com-
mand.If the’ambiguities’switchis ON,’check-all’ printsall thesurfaceformsin RESULT
thatrelateto two or morelexical forms. For example,it candetectthat theFrenchword
’suis’belongsto two paradigms:thecopula’tre’ andtheverb’suivre’. If the’ambiguities’
switchis OFF, ’check-all’ doesnotprint suchforms.Thedefaultsettingis OFF.

duplicates ’ duplicates’is a switch thataffectsthe outputof the ’check-all’ com-
mand.If the’duplicates’switchis ON, ’check-all’ printsall lexical formsin theRESULT
networkwith multiple surfaceoutputs.If the ’duplicates’switchis OFF, ’check-all’ does
notprint suchforms.Thedefaultsettingis ON.

failur es ’ failures’ is a switchthataffectstheoutputof the’check-all’ command.If
the’failures’ switchis ON, ’check-all’ printsall lexical formsfrom theSOURCEnetwork
that yield no output in the RESULT network; eachlexical form is pairedwith a string
of asterisksto indicatethe failure. If the ’failures’ switch is OFF, ’check-all’ doesnot
print suchforms. Theeffect of ’failures’=ON is to displayall the formsthatwerelost in
theprocessof composingtheRULES network(s).This is usuallyhelpful, andthedefault
settingis ON.

obey-flags ’ obey-flags’ is anON/OFFor toggledswitch.If it is ON,Flag-Diacritic
constraintsareenforcedandFlagDiacriticsarenot displayed.If it is OFF, Flag-Diacritic
constraintsarenot enforcedandFlagDiacriticsarevisible; i.e. FlagDiacriticsaretreated
asnormalmulticharactersymbols.Thedefaultsettingis ON.

print-space ’ print-space’is anON/OFFswitch. If it is ON, ’random’,’random-
lex’, and’random-surf’ print a spacebetweenoutputsymbols.Defaultis OFF.

quit-on-fail ’ quit-on-fail’ is anON/OFFor toggledswitch. If it is ON, lexc quits
with anerrormessageif a commandis incorrectlyspelledor cannotbeexecutedbecause
of a missingfile or someotherproblem.This is usefulwhenlexc is run by a shellscript.
Thedefaultsettingis OFF.

show-flags ’ show-flags’ is anON/OFFswitch. If it is ON, ’random’,’random-lex’,
and’random-surf’ displayflagdiacritics.Defaultis OFF.

singles ’ singles’ is an ON/OFF or toggledswitch that affects the output of the
’check-all’ command.If the’singles’switchis ON, ’check-all’ printsall upper-sidestrings
from theSOURCEnetworkthatyield exactly onesurfaceoutputin theRESULT network.
If the’singles’switchis OFF, ’check-all’ doesnot print suchforms. Usuallythelisting of
such’singles’solutionsis overwhelmingandnot interesting,sothedefaultsettingis OFF.

time ’ time’ is anON/OFFor toggledswitch thatprovidestiming informationfor
somecommands.Thedefaultsettingis OFF.
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Scripts

begin-script ’ begin-scriptfile’ recordsall subsequentlytypedlexc commandsin
file until ’end-script’.Sucha scriptof commandscanthenberunusing’run-script’.

end-script ’ end-script’stopsrecordinglexc commandsinto a script file. Begin
recordinga new scriptwith ’begin-script’; runanexisting scriptwith ’run-script’.

run-script ’ run-script textfile’ executesthe script of lexc commandspreviously
storedin textfile. Recorda new script with ’begin-script’ and ’end-script’. Scriptscan
alsobecreatedin a text editor.

Display

Miscellaneous

banner ’ banner’displaysinformationabouttheversionandtheauthorsof theXe-
rox Finite-StateLexicon Compiler.

labels ’ labels’ displaysthe label set of the SOURCE,RESULT, or RULES net-
work. ThelowersideSOURCEnetworklabelsshouldmatchtheuppersideof theRULES
networklabels. If a symbolon the lower sideof somesourcelabel doesnot appearon
the uppersideof at leastonerule label, every string that containsthat sourcelabel will
disappearin thecomposition.

props ’ props’displaysthepropertylist of theSOURCEor theRESULT network.

status ’ status’displaysinformationaboutthecurrentSOURCE,RULES,andRE-
SULT. It alsodisplaysthecurrentsettingof theswitches.

storage ’ storage’displaysstatisticsaboutcurrentmemoryusage.

Help

completion ’ completion’is toggledswitchthatturnsOFF/ONtheautomaticcom-
mandcompletionfeatureandactivates(or deactivates)thehistorymechanism.Thedefault
settingis OFF.

help ’ helpcommand’ displaysshortdocumentationonwhatcommanddoes.’help
all’ printsoutall helpmessages.For moredetaileddocumentation,consultTheBook.

history ’ history’ displaysthehistorylist.
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? ’ ?’ displaysa menuof availablelexc commands.

Quit/Exit

quit ’ quit’ exits lexc.

4.5 Useful lexcStrategies

4.5.1 Compiling lexcFilesDir ectly fr om xfst

Many developersusethe lexc interfaceonly for compilinga lexc sourcefile and
saving the result to file; then they closethe lexc interface,openxfst, readthe
compiledresultfrom file, andcontinueworking within xfst. For suchusers,it is
now possibleto compile lexc files directly from within xfst andavoid usingthe
lexc interfacealtogether. Thexfst commandis readlexc, followedby a left angle-
bracketandthenameof thesourcefile, e.g.my-lex.txt .

xfst[0]: read lexc < my-lex.txt
xfst[1]:

If the compilationis successful,thenew networkwill bepushedontoThe Stack.
Thereadlexccommandis parallelto readregex.

4.5.2 The Art and Craft of lexc

As with any programminglanguage,thereis anart (or at leasta craft) to writing
goodlexc code.First andforemost,thereis no substitutefor startingwith a clear
plan, a coherentlinguistic model to be formalized;you can do good linguistics
withoutcomputers,but noamountof computerizingwill makebadlinguisticsinto
good linguistics (or bad linguists into good linguists). Second,thereare some
usefulconventions,techniquesandidioms for using lexc to bestadvantage;and
while thesetricks of the tradearenot alwaysobviousto thebeginner, they canbe
illustratedandtaught.Third, therearesomenotoriouslexc trapswaiting to catch
the unwary. This sectionis dedicatedto transmittingsomeof the accumulated
wisdomof experiencedlexcprogrammers.

4.5.3 Expert Morphotactics

Defining Sublexicons

All MorphemesareOrganizedinto LEXICONs Thevariousmorphemes(pre-
fixes,roots,suffixes,andperhapspatterns,infixes,tonality markersandotherfea-
tural archiphonemes)thatareusedto build wordsin your languageall have to be
organizedinto LEXICONs in a lexc program. Theremustbe at leastoneLEX-
ICON, the obligatoryLEXICON Root , andin practicethe linguist may needto
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LEXICON Root
Nouns ;
Verbs ;
Adjectives ;
Prepositions ;
Pronouns ;
FunctionWord s ;
Numbers ;
Dates ;
Punctuation ;

Figure4.20:A TypicalLEXICON Root for a NaturalLanguage

definedozensor evenhundredsof others.Whatarethe criteria for groupingand
dividing morphemes?While thereis no singleanswer, andwhile even two good
linguistswill neverdo thingsin quitethesameway, therearesomegeneralprinci-
plesto follow.

A LEXICON ShouldbeCoherent Coherenceis anidealandachallengeto the
linguist,alwaysthreatenedby theidiosyncrasiesof reallanguage.Themorphemes
groupedinto a LEXICON shouldgenerallybelinguisticallycoherent;thatis, they
shouldsharethesame(or at leasta very similar) morphotacticdistribution. Thus
a linguist usuallystartsby defininga LEXICON for verb roots,anotherfor noun
roots, and third for adjective roots, and perhapsa dozenmore to handlemajor
categories. A typical lexc programstartswith a LEXICON Root as shown in
Figure4.20.

Major classesmay be further divided accordingto the tasteor needsof the
linguist. You may, for example,find it usefulto subdivide the nounsinto several
distinct subclasses,or the verbsinto dozensof verb subclasses,especiallyif you
aremodifyingexistinglexiconsor morphologicalanalyzersthatalreadymakesuch
distinctions.You canalwaysgroupthesubclassesunderanumbrellaLEXICON,
if convenient,asshown in Figure4.21.

All elsebeingequal,it is usuallybetterto preserve distinctionsat the lower
levelsof lexc thanto collapsethem.It’ salwayseasyto collapsedistinctionslater;
but distinctionserasedat thelower levelsaredifficult to restore.

Other valid LEXICON groupingsgenerallyconform to the notion of affix
classessuchasnounsuffixes,adjective prefixes,adjective suffixes,verb suffixes,
etc.
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LEXICON Nouns
CommonNouns ;
SingularOnlyNo uns ;
PluralOnlyNoun s ;

Figure4.21:An UmbrellaLEXICON for ThreeNounSubclasses

A LEXICON is a Potential Continuation Target Beginnersin lexc sometimes
assumethatLEXICON coherencemeansthatall theentriesin a LEXICON could
(or should)have the samecontinuationclass,that all the entriesshouldpoint to
thesametarget.This is not necessarilythecase.While theentriesin a LEXICON
shouldusuallyappearin similarmorphotacticframes,it is importantto understand
that

Eachentry in a LEXICON hasits own continuationclass,so a LEXICON
containingfive entriescouldconceivablybranchandcontinuein five differ-
entdirections.

Morphemes(andthis is a key notion) areproperlygroupedundera single
LEXICON becausethey form acoherenttargetfor continuationsfrom other
morphemes.In otherwords,think of a LEXICON assomethingcoherentto
branchto, not necessarilyto branchfrom.

That beingsaid,a significantschoolof lexc usersprefer to build maximally
coherentLEXICONs, with eachentry sharingthe samecontinuationclass. lexc
certainlydoesnot force this programmingstyle,but it mayfacilitatemaintenance
andvisualizationof themorphotacticdescription.

Refining LEXICON Targets A good linguist puts someseriousthoughtinto
planningan analysisbeforetrying to formalize it in lexc; but nobodyis perfect,
andthe rigorouscodingof lexc will often openyour eyesto regularitiesor sub-
tle distinctionsthat you missedbefore. For example,it is often the casethat the
linguistwill startananalysisby groupinga fairly obvioussubclassof morphemes
underasinglesublexicon. Imaginealanguagethathasthreecasesuffixesfor nouns
asin Figure4.22.

Thousandsof nounrootssuchaskirit mayshareCaseEnd asa continuation
class,and the grammarwould recognizestringssuchas kiritu, kiriti andkirita.
However, you may later find a small subclassof noun roots, or perhapsjust a
singlenounroot, that simply never occursin the genitive case(perhapsbecause
theresultingform is phonologicallyawkwardor becauseit soundslike adifferent,
vulgarword). Let’s assumethat the nounroot wup is of this type,allowing only
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LEXICON CaseEnd
u # ; ! the nominative suffix
a # ; ! the accusative suffix
i # ; ! the genitive suffix

Figure4.22:ThreeCaseSuffixesGroupedin a LEXICON

thenominativeandaccusativesuffixes.Onesolutionto thisproblem,not generally
recommended,is to copythetwo allowablecasesuffixesto anew LEXICON (let’s
call it NomAcc) andpointwupto themorelimited lexiconasin Figure4.23.

While thissolutionwill work, thecopyingof identicalmorphemesto multiple
placesin the grammaris inherentlydangerous,especiallywhen forms andtheir
ramificationsbecomemore complex. Maintaining multiple copiesof the same
morphemeis generallya BadThing; if you edit oneof them,you maywell forget
to edit theothercopiesin parallel.

Thebettersolutionis to createthenew sublexiconasbefore,extractingout the
subsetof suffixesfrom CaseEnd andcreatinganemptycontinuationfrom theold
CaseEnd LEXICON to the new subset,asshown in Figure4.24. Note that this
solutionprovidesavalid targetfor wupwhilestill maintainingCaseEnd asavalid
targetfor thethousandsof moreregularnounsin thelanguage.You can,andmay
needto, carrysuchsubdivisionsdown to lowerlevelsasyoufind new idiosyncratic
nounroots.If youdoit carefully, youcanavoid re-editingthousandsof entriesthat
point to theoriginal CaseEnd lexicon. Yourfinal resultmaylook somethinglike
Figure4.25.

Choosingand Using Multichar Symbols

Symbol Tags Xerox finite-statemorphologysystemsstorefeatureinformation
includingcategory or part-of-speech,aspect,mood,person,number, gender, etc.
in the form of multicharacter-symbol TAGS suchas +Noun, +PresInd , +1P,
+Sg, and+Masc. Thesetagsarein fact justsymbols,manipulatedexactly like the
alphabeticsymbolsa, b, andc, but they have multicharacterprint names.Thereis
nothingmagicabout+Noun, +PresInd and+Sg; they mustall bechosenand
declaredby the linguist in the Multichar Symbols sectionat the top of the
lexcsourcefile.

Becauselanguagesdiffer somuchin thedistinctionsthey makeandin theter-
minologytraditionallyusedto describethosedistinctions,imposingrigid rulesfor
definingmulticharacter-symboltagsis bothimpossibleandundesirable.However,
thereis at leastsomebenefitto behadif reasonablysimilar languagesadopt,where
appropriate,thesametagsto markthesamephenomena.If nothingelse,this facil-
itatesmaintenanceof thesystemsby thosewho mayhave to move backandforth
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LEXICON Nouns
kirit CaseEnd ;
wadil CaseEnd ;
ridok CaseEnd ;
faarum CaseEnd ;
! and thousands of others

wup NomAcc ; ! the idiosyncratic exception

LEXICON CaseEnd
u # ; ! the nominative suffix
a # ; ! the accusative suffix
i # ; ! the genitive suffix

LEXICON NomAcc
u # ; ! the nominative suffix (copied)
a # ; ! the accusative suffix (copied)

# ; ! N.B. no genitive here

Figure4.23:A SuboptimalSolutionfor IdiosyncraticNouns

LEXICON CaseEnd
NomAcc ; ! an empty continuation to NomAcc

i # ; ! the genitive suffix

LEXICON NomAcc
u # ; ! the nominative suffix
a # ; ! the accusative suffix

Figure4.24:FactoringOutanIdiosyncraticSubsetof Suffixes
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LEXICON CaseEnd ! for normal productive nouns
! that take all three case suffixes

Nom ;
Acc ;
Gen ;

LEXICON NomAcc ! for a few nouns that take
! only the nom. and the acc.

Nom ;
Acc ;

LEXICON NomGen ! for a few nouns that take
! only the nom. and the gen.

Nom ;
Gen ;

LEXICON Nom
u # ;

LEXICON Acc
a # ;

LEXICON Gen
i # ;

Figure4.25:Avoid Multiple Copiesof MorphemeEntries
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from onelanguageto another.
Thefollowing guidelinesandexamplesareofferedashelpfulsuggestions,and

youareencouragedto follow them,unlessof courseyou haveany goodreasonfor
doingotherwise.Aboveall, donotgetoverly wroughtabouttagnames;remember
that

Mostenduserswill probablyneverseethem;

Tagsdon’t really meananything, except as you definethem and contrast
them with other tagsin your system—don’t get hungup on how tagsare
spelled;

For your own convenience,during developmentand testing,you want to
choosetagnamesthatarereasonablymnemonicandyetarenot too long to
type;

It is absolutelytrivial to changetagnameslater, usingreplacerulesandthe
compositionoperation.

SomeGeneralPrinciples for Tag-NameChoice

1. Prime Dir ective: Usemorphological-analysistagsthat areappropriatefor
indicatingthedistinctionsin thelanguagebeinganalyzed.Do nottry to force
your languageinto a descriptive framework that is foreign to it. If thereis
anestablishedandwell-motivatedlinguistic vocabulary for describingyour
language,considerdefiningtagsthatevokethatvocabulary.

2. SecondaryDir ective: Wherea setof wordsact thesamesyntactically, i.e.
wherea setof wordsfit into the samesyntacticframes,then they should
probablybeanalyzedwith thesametags.Wheretwo wordsactdifferently
in thesyntax,they shouldprobablybeanalyzedwith distinctstringsof tags.
Usetags,andstringsof tags,consistently.

3. Tertiary Dir ective: Use the tagsand tag orderswhich have alreadybeen
usedin grammarsfor relatedlanguages,unlessthis violatesthe PrimeDi-
rectiveor SecondaryDirective.

A list of tagspreviously-usedin Xerox systemsis foundin theRecommended-
TagsAppendix on page585. If you can selectfrom them, consistentwith the
directivesjust listed,it will somewhatfacilitatefuturemaintenance.

SeparatedDependencies

The Problemof SeparatedDependencies Most languagesbuild wordsby con-
catenatingmorphemestogether, andsuchconcatenationis prettywell modeledby
thecontinuationclassesprovidedin lexc. Otherrarerbut well-attestedmorphotac-
tic phenomenasuchasinfixation, reduplicationandinterdigitationarenothandled
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well at all by continuationclassesaloneandwill bediscussedin Chapter9. But
even for languageswith concatenative morphotactics,continuationclassesfail to
capturewhat areknown as SEPARATED DEPENDENCIES, DISCONTIGUOUS DE-
PENDENCIES or LONG-DISTANCE DEPENDENCIES. Usingfinite-statefilters,and
theFlagDiacriticsto bepresentedin Chapter8, we canremedythelimitationsof
lexcandsimilar languagesthatmodelmorphotacticswith continuationclasses.

In lexc, eachmorphemeis assigneda continuationclass,which is either the
nameof aLEXICON or #, aspecialcontinuationclassindicatingtheendof word.
Continuationclassescontrolwhich morphemescanappearnext in the word, and
thelinguistcandefineasmany continuationclassesasarenecessaryto limit which
morphemescanappearnext. The contiguousdependenciesof the language,i.e.
the dependenciesbetweena morphemeandthe morphemesthatcanappearnext,
directly after it, can thereforebe capturedperfectlywell. The key word hereis
next.

However, in Arabic andmany other languages,even in Esperanto,thereare
dependenciesor restrictionsinvolving the co-occurrenceof morphemesthat are
not contiguousin the word. Continuationclassescancontrol which morphemes
appearnext, but they cannotin generalcontrol what othermorphemesappearin
theoverall word. To focuson theissueof separateddependencies,ignoringsome
othercomplicationof Arabic,we introducea simplifiedlanguagethatwe will call
Pseudo-Arabic.AssumethatPseudo-Arabichasaconcatenativemorphologywith
thefollowing characteristics:

1. Thenounrootsincludekital, larumandfaalin.

2. Therearethreedefinitecasesuffixes,u for definitenominative,a for definite
accusative,andi for definitegenitive. Theword larumu is thereforedefinite
andnominative,which we will indicateon thelexical sideusingtwo multi-
charactertags+Def and+Nom. Accusativecasewill bemarked+Acc , and
genitive+Gen.

3. Therearealsothreeindefinitecasesuffixes,whichwewill notatehereasuN
for indefinitenominative,aN for indefiniteaccusative,andiN for indefinite
genitive.ThereforefaalinaN is indefiniteaccusative,whichwewill markon
thelexical sideas+Indef+Acc .

A lexcgrammarthatcapturesthesepartialfactsis shown in Figure4.26.Typethis
grammarinto a file, compile it, andtest it againstthe statedfacts. Ask yourself
how elsethesamelanguagemight bedefinedandexperimentwith thealternative
codings.

All of the stringsgeneratedso far by the grammararecorrectandshouldbe
maintainedas we continueto expandand refine the example. It’ s now time to
introducethe complicatingfactsof Pseudo-Arabic(which alsohold for Modern
StandardArabic).
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Multichar_Symbo ls +Noun +Def +Indef +Nom +Acc +Gen
uN aN iN

LEXICON Root
kital N ;
larum N ;
faalin N ;

LEXICON N
+Noun:0 CaseEnds ;

LEXICON CaseEnds
+Def+Nom:u # ;
+Def+Acc:a # ;
+Def+Gen:i # ;

+Indef+Nom:uN # ;
+Indef+Acc:aA # ;
+Indef+Gen:iN # ;

Figure4.26:A FirstModelof Pseudo-Arabic

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



4.5. USEFULLEXC STRATEGIES 267

1. Thedefinitearticle,whichwewill modelhereasal, isoptional,andit simply
concatenatesontothebeginningof thenounrootasin alkitalu.

2. If the definitearticle prefix is present,the word musthave a definitecase
suffix. Thatis, kitalu, kitaluN andalkitalu arevalid words,but *alkitaluN is
ill-formed becauseit combinesanovertdefinitearticleprefix with anindef-
inite casesuffix.

3. Theprefix bi is like anEnglishpreposition(“for”); like al it is optionaland,
if present,simply concatenatesonto the beginning of the word. If both bi
andal arepresent,bi mustappearbeforeal.

4. However, bi governsthe genitive case,so if a nounhasa bi prefix, it must
have a genitive casesuffix, eitheri or iN. If bothbi andal arepresent,then
thecasesuffix mustbethedefinitegenitive i.

Pseudo-Arabicthusdisplaysa classiccaseof separateddependencies,where
prefixeson oneendof theword requirerestrictionson discontiguoussuffixesthat
appearon theotherendof theword. Sucha separateddependency is awkwardto
encodedirectly in any lexc-like notation. The problemis inherentto finite-state
machinesbecauseat any point during lookup, whena machineis in a particular
state,it hasnostackor othermemoryof whatit hasseenbefore.Thuswhenafinite-
statelookupalgorithmstartsto explorethesubnetworkof Arabic casesuffixes,it
can’t rememberif it previously found an al or a bi prefix. The next transitionis
determinedonly by thenext inputsymbol.

As always,our ultimategoal is to write a grammarthat acceptsall the valid
wordsof a languageandnoneof theinvalid ones.Try to write a lexcgrammarthat
capturesthe factsof Pseudo-Arabic.Use+Prep+ on the lexical sideto markbi
and+Art+ to markal.

Onesolution,a badone,is shown in Figure4.27. Themodelis badbothbe-
causeit is hardto readandbecauseit raisestheold problemwesaw in Figure4.23:
multiple copiesof morphemes.Note that the articleal is repeatedtwice andthe
nounrootshave to berepeatedno fewer thanfour times.Justimaginetheproblem
if therewerein fact tensof thousandsof nounrootsto list andmaintain;thelexi-
cographerwouldhaveto makeeveryadditionandeverycorrectionin four different
places.In practice,sucharepetitiouslexcdescriptionis unmaintainable.

Constraining SeparatedDependencieswith Filters The irony is that the net-
work createdby compilingthegrammarin Figure4.27is in fact correct;to model
separateddependenciesusingapurefinite-statetransducer, thenounrootsandthe
articledohave to becopied.Whatweneed,until weintroduceFlagDiacritics(see
page439),is a way to write the lexcgrammarin a straightforwardwaysothatthe
linguist maintainsonly a singlecopyof thenounroots,andsothat thefinite-state
toolscopytherelevantstructuresautomaticallyandreliablyatcompiletime. Wedo
thisby 1) writing a lexcgrammarthatpurposelyovergeneratesandthen2),writing
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Multichar_ Symbols +Noun +Def +Indef +Nom +Acc +Gen
+Prep+ +Art+ uN aN iN

LEXICON Root
BiPref ;
AlPref ;
BareNounRoot s ;

LEXICON BiPref
bi+Prep+:b i BiAl ;
LEXICON BiAl
al+Art+:al BiAlNoun Roots ;

BiNounRoo ts ;
LEXICON AlPref
al+Art+:al AlNounRo ot s ;
LEXICON BareNounRoot s
kital N ;
larum N ;
faalin N ;
LEXICON BiAlNounR oot s
kital BiAlN ;
larum BiAlN ;
faalin BiAlN ;
LEXICON BiNounRoo ts
kital BiN ;
larum BiN ;
faalin BiN ;
LEXICON AlNounRoo ts
kital AlN ;
larum AlN ;
faalin AlN ;
LEXICON N
+Noun:0 CaseEnds ;
LEXICON BiAlN
+Noun:0 DefGenCaseEnd ;
LEXICON BiN
+Noun:0 GenCaseEnds ;
LEXICON AlN
+Noun:0 DefCaseEnd s ;
LEXICON CaseEnds

DefCaseEn ds ;
IndefCase Ends ;

LEXICON GenCaseEnds
DefGenCaseEnd ;
IndefGenC ase End ;

LEXICON DefCaseEn ds
+Def+Nom:u # ;
+Def+Acc:a # ;

DefGenCaseEnd ;
LEXICON DefGenCaseEnd
+Def+Gen:i # ;
LEXICON IndefCase Ends
+Indef+Nom :u N # ;
+Indef+Acc :a N # ;

IndefGenCa se End ;
LEXICON IndefGenC ase End
+Indef+Gen :i N # ;

Figure4.27:A BadModelof Pseudo-Arabic
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filter networksthatarecomposedwith thelexicon to eliminatetheovergeneration.
Theovergeneratinglexcgrammaris shown in Figure4.28.

Thisgrammaris muchsimplerto readandmaintain,but by itself it overgener-
atesoutrageously, includingimpossiblestringpairssuchasthefollowing:

Lexical: al+Art+kital+N oun+ Inde f+A cc
Surface: alkitalaN

Lexical: bi+Prep+larum+ Noun+Def +Acc
Surface: bilaruma

Lexical: bi+Prep+Art+fa alin +Noun+I ndef +Gen
Surface: bialfaaliniN

A string like “alkitalaN ” is, of course,ill-formed becausethe definitearticle
prefix al co-occurswith an indefinitecasesuffix. Our next stepis to characterize
thestringsthatarebadandremove themfrom thenetwork.

Notethatsomeof theill-formed stringson thelexical sidecanbecharacter-
izedin regularexpressionssuchas

?* %+Art%+ ?* %+Indef ?*

or, equivalently

$[ %+Art%+ ?* %+Indef]

That is, any string pair that contains+Art+ followed at any distanceby
+Indef on thelexical sideis ill-formed. (The$ operatorin Xerox regular
expressionsmeans“contains”.)

Similarly, wecancharacterizetheremainingbadlexical stringswith thefol-
lowing regularexpression.

$[ %+Prep%+ ?* [ %+Acc | %+Nom] ]

That is, any stringpair thathas+Prep+ followedat any distanceby either
+Acc or +Nomon thelexical sideis ill-formed.

All theill-formed lexical stringswill thereforebematchedby thefollowing
regularexpression:

[ $[ %+Art%+ ?* %+Indef]
| $[ %+Prep%+ ?* [ %+Acc | %+Nom] ]

]
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Multichar_Symbo ls +Noun +Def +Indef +Nom +Acc +Gen
+Prep+ +Art+ uN aN iN

LEXICON Root
BI ;
AL ;

LEXICON BI
bi+Prep+:bi AL ;

LEXICON AL
al+Art+:al Nouns ;

Nouns ;

LEXICON Nouns
kital N ;
larum N ;
faalin N ;

LEXICON N
+Noun:0 CaseEnds ;

LEXICON CaseEnds
+Def+Nom:u # ;
+Def+Acc:a # ;
+Def+Gen:i # ;

+Indef+Nom:uN # ;
+Indef+Acc:aN # ;
+Indef+Gen:iN # ;

Figure4.28:A Pseudo-ArabiclexcGrammarthatPurposelyOvergenerates
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As we saw in the xfst chapter, page94, if A denotesa language(a setof
strings),then˜A denotestheCOMPLEMENT of A, thelanguagethatcontains
all andonly thestringsthatarenot denotedby A. Therefore,theexpression
in Figure4.29 will matchall the valid strings(the complementof the in-
valid strings)on the lexical sideof our overgeneratinglexc grammar. This
regular expressionwill be our FILTER; let us assumethat it residesin file
filter.regex .

˜[ $[ %+Art%+ ?* %+Indef]
| $[ %+Prep%+ ?* [ %+Acc | %+Nom] ]

] ;

Figure4.29:A RegularExpressionFilter in file filter.regex

Let us assumethat the overgeneratinggrammarin Figure 4.28 has been
compiledandsavedto file pseudo-arabic-l ex. fst . Now to remove
theovergeneration,we load stackour overgeneratingnetworkontothexfst
stack,andthenwecompileourfilter usingreadregex, whichputsthefilter
networkon The Stackon top of the overgeneratingnetwork. The stateof
TheStackis shown in Figure4.30.

Filter FST

Overgenerating Network from lexc

Bottom of Stack

Figure4.30:OvergeneratinglexcNetworkandFilter onTheStack

Now we simply invokecomposenet and,in thecompositionoperation,all
andonly the well-formedstringson the uppersideof the lexc networkare
matched.Theill-formed stringsarenotmatchedandarethereforeeliminated
in theprocessof thecomposition.Thecommandsarelistedin Figure4.31.
Notethatthefilter in thiscaseis composedontopof thelexc lexicon,which
is wherethe tagsarevisible. Compositionis anorderedoperation,andthe
relativepositionof theargumentson TheStackis vitally important.
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lexc [0]: clear stack
lexc [0]: load stack pseudo-arabi c-le x.f st
lexc [1]: read regex < filter.regex
lexc [2]: compose net
lexc [1]: save stack pseudo-arabi c.fs t

Figure4.31:Compositionof a Filter to Remove Overgeneration

lexc [0]: clear stack
lexc [0]: read regex @re"filter.r egex "
.o. @"pseudo-arabi c-l ex.f st" ;
lexc [1]: save stack pseudo-arabi c.fs t

Figure4.32:Compositionof a Filter to Remove Overgeneration

Computingwith regularexpressionsratherthanonTheStack,thecommands
in Figure4.32areequivalent.

All necessarycopying,asfor thenounroots,is performedautomaticallyand
reliably in theprocessof thecomposition.

replacerules asFilters In thePseudo-Arabicexample,we eliminatedtheover-
generationby composingafiltering networkonthelexical side.Thefilter matched
all andonly thevalid strings,eliminatingtheinvalid stringsin thecomposition.It
is alsopossibleto visualizethefilter asreplacerulesthateliminatethe ill-formed
strings,andthismaybemoreintuitively satisfyingto somelinguists.

Thetrick is to write replacerulesthatmaptheoffendingill-formed stringsto
thenull automaton.Thenull automatondenotestheemptylanguageandis not to
beconfusedwith the emptystring thatwe denoteas0 (zero)or (epsilon). The
emptylanguageis thelanguagethatcontainsno stringsat all, not eventheempty
string.Oneof theinfinitely many waysof denotingthisemptylanguagein regular
expressionsis ˜[?*] , i.e. thecomplementof theuniversallanguage.Alternatives
include ˜$[] , [? - ?] , [a - a] , etc. In any case,the filter, expressedas
replacerules,couldbewrittenasshown in Figure4.33.In theend,of course,it all
amountsto thesamething. replacerulesarecompiledinto finite-statetransducers,
andherethey arecomposedontopof theovergeneratingPseudo-Arabiclexicon to
eliminatetheill-formed strings.
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[ ˜[?*] <- $[ %+Art%+ ?* %+Indef] ]
.o.
[ ˜[?*] <- $[ %+Prep%+ ?* [ %+Acc | %+Nom] ] ] ;

Figure4.33: Filters ExpressedasReplaceRules. Theserulesmapill-formed
stringsto thenull language,which deletesthem.

Exercises

Pseudo-Arabic CompiletheovergeneratingPseudo-Arabicgrammarasshown
in Figure4.28.How many words(pairsof strings)aretherein thenetwork?How
many statesandarcsarein the network? (The lexc compileritself will tell you.
Write down thesenumbers.)Save theovergeneratingnetworkto file.

Now write a filter regular-expressionusingthenotationin Figure4.29. Com-
posethenetworks,makingsurethat thefilter is composedon top of theovergen-
eratinglexicon transducer. How many stringsareleft? How many statesandarcs
arein thefinal restrictednetwork?Filter restrictionscanbeexpensive in memory
spacebecausepartsof theoriginalnetworkgetcopied,perhapsseveraltimes.

Repeatthe restrictionbut usingthe replacerulesnotationto write the filters
(asin Figure4.33).Confirmthat theserulesdo thejob equallywell in tamingthe
overgenerationof Pseudo-Arabic.

EsperantoOvergeneration In Section4.3.5,we wroteanEsperantogram-
mar in lexc that handlednounsandadjectivesandverbs. In fact, this grammar
overgeneratesin certainwaysthatwecannow fix with filters.

1. Recompilethe Esperantogrammar;following the original descriptions,it
shouldacceptaninfinite numberof strings(i.e. lexc will inform you thatit
is “circular”, thatthenetworkhasat leastoneloop in it).

2. Thestringswill includeexampleslike thefollowing

Lexical: hund+Noun+Aug+Aug+Aug+NSuff +Sg
Surface: hundegegego

Let usassumefor thisexercisethatany stringwith morethanone+Aug tag
on theupper-sideis ill-formed. Similarly, any stringwith multiple +Femor
+Dim tagsis ill-formed.

3. Write suitablefilter rulesto restrictthe augmentative, diminutive andfem-
inine overgenerationof your lexc Esperantogrammar. Composethe filters
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on topof thelexicon transducer. How do theserestrictionsaffect thesizeof
yournetwork(states,arcs,numberof words)?

4. In Esperantonounswith thegeprefix,meaning“masculineor feminine”,the
femininein suffix cannotco-occur. In otherwords,a lexical-sidestringwith
MF+ followedat any distanceby +Fem is ill-formed. Write a lexical-side
filter that kills wordslike *gehundinoj, leaving goodwords like gehundoj
andgehundegoj.

5. Let us assume(it may not bestrictly true) that the geprefix for masculine
andfemininerequirestheplural suffix j. In otherwords,assumethat thege
prefix (markedMF+on the lexical side)is incompatiblewith +Sg. Write a
suitablefilter andcomposeit ontopof theovergeneratinglexicontransducer.
In the process,wordslike *gehundoshoulddisappear, leaving goodwords
like gehundoj.

4.5.4 Properties

lexcprovidescommandsto marka networkwith a list of properties,documenting
informationsuchasthenaturallanguagemodeled,theauthor, thedateof creation,
thereleaseversion,etc. Suchinformationbecomesespeciallyimportantin com-
mercialapplications.Hereis thepropertylist, displayedwith thepropscommand,
from anItalian-morphologynetworkbuilt in 1995:

LANGUAGE: ITALIAN
CHARENCODING:ISO8859/1
VERSIONSTRING: "1.2"
COPYRIGHT: "Copyright (c) 1994 1995 Xerox Corporation."
COPYRIGHT2: "All rights reserved."
TIMESTAMP: "29 November 1995; 16:30 GMT"
AUTHOR: "Antonio Romano, Cristina Barbero, Dario Sestero"

Eachline is of theform

PROPERTYNAME:PROPERTYVALUE

and if the PROPERTYVALUE containsspaces,it shouldbe enclosedin double
quotes.Thechoiceof PROPERTYNAMEs andPROPERTYVALUEs is free,to be
definedasnecessarybetweenthedeveloperandtheconsumer. Thesepropertiesdo
notaffect in any waytheoperationof thenetwork.

In practice,the most commonway of defininga propertylist is to edit one
usinga text editorandstoreit to a file. The lexc commandreset-props readsthe
propertylist from sucha file andassignsthe propertiesto the SOURCEor the
RESULT network,overwritingany previousproperties.Theadd-propscommand
readsa suitably formattedpropertyfile and addsthe propertiesto the network.
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save-propswritesthepropertylist of a networkout to file in the formatexpected
by add-props andreset-props. To have thepropertiesof a networkdisplayedto
thescreen,usethepropscommand.

4.5.5 lexcStrategySummary

Goodlexcprogrammershave learnedthefollowing factsandstrategies:

A LEXICON shouldsubsumeagenerallycoherentcollectionof morphemes.

A LEXICON is apotentialtargetfor continuationsfrom othermorphemes.

lexc allows eachentry in a LEXICON to have its own continuationclass.
However, onestyleof lexcprogrammingtriesto maximizethecoherenceof
eachmorphemeclass,with eachentryin aLEXICON sharingthesamecon-
tinuationclass.This styleof programmingis facilitatedby FlagDiacritics,
whichwill bepresentedin Chapter8.

A lexc sourcefile shouldavoid having multiple copiesof the samemor-
phemes,whicharedifficult to maintainin parallel.

Separateddependenciescannotbemodeledsatisfactorilyusinglexc contin-
uationclassesalone.It is oftenbetterto write a lexcgrammarthatpurposely
overgeneratesandtheneliminatetheovergenerationvia thecompositionof
suitablefilters. FlagDiacritics (seeChapter8) canhave thesameeffect as
filterswhile avoidinganincreasein thesizeof thenetwork.

When compiling lexc grammars,readall error messagesand diagnostics
carefully. Be awarewhenyou have loopsin your grammars.Be awareof
filters thatmaycauseyournetworksto explodein size.

Attachingpropertiesto your networksis usefulfor long-termmaintenance,
especiallyin commercialdevelopmentprojectsthatinvolvemultiplereleases
andversions.

4.5.6 CommonlexcErr ors

Everyonemakesmistakesin programming,andcertainlexc mistakesaresocom-
monasto beexpected.At therisk of reinforcingthebad,someclassicerrorsare
listedhere.

Err or: Putting a Semicolonafter the LEXICON Name

Becausesemicolonsare placedafter entry lines, beginning programmersoften
overgeneralizeandtry to put themafterLEXICON namesaswell.
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LEXICON Nouns ; ! this semicolon is an error
dog N ;
cat N ;

In short,thereshouldbenosemicolonafteraLEXICON name.Thecompilerwill
clearlysignalsucherrors.

Err or: Forgetting to Put a Semicolonafter an Entry

Eachentrymustterminatewith a semicolon,andthefailure to typethesemicolon
is a commonerror.

LEXICON Nouns
dog N ;
cat N ! Error: a missing semicolon
horse N ;

In thesecases,whereasemicolonis missing,thecompilereffectively seesasingle
ill-formed entrythatlookslike

cat N horse N ;

andsignalsanerror. If you readtheerrormessagescarefully, thesemissingsemi-
colonsshouldbeeasyto find andfix.

Err or: Failur eto Declarea Multicharacter Symbol

Oneof the moreseriousandtroublingerrors,becauseit cannotbecaughtby the
compiler, is the failure to declarea multicharactersymbol. In the example in
Figure4.34, the linguist obviously intendedto use+Sg and+Pl astags(single
symbols),but becausethey arenot declaredasMultichar Symbols , lexc will
happilyandsilently explodetheminto separateconcatenatedsymbols+, S, g and
+, P, l.

Errorsin symboldeclarationcanbeparticularlymysteriousbecausethelexical
stringdisplayedas“girl+Noun+Sg ” looks exactly like the string displayedas
“girl+Noun+Sg ” even if thefirst involvesa singlesymbol+Sgandthesecond
threeseparatesymbols+, S andg. Thingsget really mysteriousif a subsequent
rule or filter dependson a tag like +Sg beinga singlecharacterandit wasnever
declaredto beone.To thelinguisttrying to debugsucharule,it lookslike it should
fire, but it doesn’t.

Thefailureof a rule to fire ona stringthat“looks right” is oftena signthatthe
stringis not beingdividedup into symbolsin themanneryou intended.Learnto
suspectundeclaredmulticharactersymbols.

Oneof thebestandsimplestmechanicaltestsfor suchproblemsis to checkthe
alphabetof thenetwork,which involvesthefollowing:
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Multichar_Sy mbol s +Noun +Verb

LEXICON Root
boy N ;
girl N ;

LEXICON N
+Noun:0 Number ;

LEXICON Number
+Sg:0 # ; ! error: failure to declare +Sg
+Pl:s # ; ! error: failure to declare +Pl

Figure4.34:Failureto DeclareMulticharacterSymbols

1. Pushyourcompilednetworkontothexfst stack,

2. Invoke the upper-side net utility to computethe networkthat acceptsjust
theupper-sideor lexical language,and

3. Invoketheprint labelsutility to seethefull setof symbols.

Similarly, do the sametestbut invoking lower-sidenet andthenprint labels to
seethe lower-sideor surfacesymbols. On the upperside,wheremulticharacter
tagsusuallylurk, try to identify any omissions;thiskind of negativetestingis most
successfulif you know what you’re looking for. For a morepositive test, recall
that(by Xerox convention)multicharactertagsalwaysincludeapunctuationmark,
like theplussignor thecircumfixor squarebrackets.If any of thesesymbolsturn
up in your lexical labels,you shouldsuspectthata lexc string you intendedasa
multicharactersymbolwasneverdeclaredandsowasexplodedapartinto separate
alphabeticsymbols.

In othercases,andespeciallyon the surfaceside,you will often find multi-
charactersymbolsthatyoudidn’t expect.Theseoftenresultfrom errorsintroduced
inadvertentlyin xfst regularexpressionsor in twolc. We’ll cover theseandmany
morewaysto usethefinite-statetoolsto testyournetworksin Chapter7.

Err or: Trying to do Concatenationin an Entry Line

Eachlexc entryconsistsof just two parts,a FORM anda CONTINUATION CLASS.
Intuitively, many beginnerstry to placemultiple formson thesameline, assuming
thatthey will simplybeconcatenated.Thiswouldin factbeanimprovementto the
lexcsyntax,but it just isn’t allowed.
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LEXICON Noun
dog +Noun:0 Number ; ! error: two forms in one entry
girl +Noun:0 Number ; ! error: two forms in one entry

Of course,concatenationcanbeperformedwithin anglebrackets( ), wherethe
notationof regularexpressionsis available,but hereyou mustrespecttheconven-
tions of xfst regular expressions,spacingout the symbols(or surroundingthem
with curly braces)yourself

LEXICON Noun
< d o g %+Noun:0 > Number ; ! legal concatenatio ns

! inside angle brackets
< girl %+Noun:0 > Number ;

4.6 Integration and Testing

4.6.1 Mind Tuning for lexc Integration

A lexc grammaris usuallyonly onepartof a full grammar, which mayconsistof
severallexcgrammars,twolc grammars,andvariouskindsof filtersandmappings
describedusingregularexpressions,includingxfst replacerules.It’ s importantto
geta feelingfor how a largersystemwill fit together, andthis requiressomemind
tuningandreview.

Thinking about Languages

Thefirst kind of mind tuningneededby a new finite-statedeveloperis to think of
regularexpressions,lexc, andotherfinite-statenotationsasformalwaysto specify
regularLANGUAGES andregularRELATIONS betweenlanguages.Hereweareus-
ing thetermLANGUAGE in its formal andsomewhatperversesense,meaningjust
asetof strings,whereeachstringis composedof symbolsfrom analphabet.From
our formal modelingpoint of view, a naturallanguagesuchasMongolianis sim-
ply a setof strings;andour goalaslinguistswriting a morphologicalanalyzerof
Mongolianis to definea formal language(anothersetof strings)thatcorresponds
ascloselyaspossibleto realMongolian.We furtherspecifya relationbetweenthe
languageof Mongolian-likestringsandanotherlanguageof analysisstrings(lexi-
cal strings)thatwe defineourselves.Thelinguist modelsMongolianmorphology
muchlike anastrophysicistmodelsthesolarsystem,like aneconomistmodelsan
economicsystem,or like a botanistmodelsphotosynthesis.

Ideally, ourformalMongoliansystemshouldacceptandgenerateall thestrings
that characterizereal Mongolian,andit shouldnot acceptor generateany string
which is not acceptablein realMongolian. In otherwords,our formalMongolian
systemshouldideally never undergenerateor overgenerate.In practice,linguists
areimperfect,andnaturallanguagesaresomewhatfuzzy andmoving targets—we
mustcontentourselveswith closerandcloserapproximations.
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Morphotactic Filters

Raw lexc Network

Alternation Rules
Phonological/Orthographical

.o.

.o.

Figure4.35:RefininglexcRelationswith FiltersandRules

Most naturallanguageshave somestructureto their words; they build words
from partscalledmorphemes,andthereis agrammarthatcontrolshow validwords
areformed.Thestudyof suchword-building rules,to discover therelevantgram-
mar, is calledMORPHOTACTICS or sometimesMORPHOSYNTAX; and lexc is de-
signedprincipally to allow linguiststo notatethemorphotacticgrammarsthatthey
discover, and to compile thesegrammarsinto finite-statenetworksthat we can
computewith.

We have alreadyshown above (page267) that lexc grammarsin themselves
areawkward or unsuitablefor describingseparateddependenciesandothernon-
concatenative phenomena.And we showedwaysthatfinite-statefilters could be
composedon top of lexc grammarsto imposedesiredconstraints.Indeed,we will
often find it convenientandperspicuousto write a lexc grammarthat purposely
overgenerates,denotinganintermediatelanguageor relationthatwill laterbemade
more constrainedand closerto the real natural-languagetarget via composition
with suitablemorphotacticfilters.

Justas raw lexc grammarsoften denotelanguagesthat are unfinishedmor-
photactically, andneedsomesubsequentfiltering, thesamelanguagesare(except
for preternaturallyregularexampleslike Esperanto)usuallyunfinishedphonologi-
cally or orthographicallyaswell. Thatis, lexcgrammarstypically producesurface
stringsthatneedsomedegreeof, andsometimesa lot of, modificationor alterna-
tion beforethey look like therealstringsof thetarget language.Thelinguistmust
discover the alternationsapplicablefor eachlanguage,which may reflectortho-
graphicalconventionsand/orphonologicalprocessessuchasdeletion,epenthesis,
andassimilation.Thesealternationsarenotatedusingfinite-staterules,eitherthe
replacerulespresentedin Sections2.4.2and3.5.2or the twolc rulesto be intro-
ducedin Chapter5. Suchrulesarecompiledinto finite-statetransducersandare
typically composedon thebottomof thelexc grammarasshown in Figure4.35.
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For example,the lower sideof the original lexc grammarmight producean
INTERMEDIATE STRING like try+s that needsto be mappedto tries beforeit is
acceptable.Similarly, it might producea Spanish-likestring vez+sthatneedsto
bemappedto theultimatetargetveces, or anAymara-likestringuta+ma+na+ka-
pxa+raki-i+wa thatneedsto bemappedto utamankapxarakiwa. Suchmappings
arenotatedusing twolc or replacerules, arecompiledinto transducers,andare
typically composedon the bottomof the lexicon transducer. The notion of rule
applicationreducesto thefinite-statecompositionoperation.

Justasit is awkward,impracticalandoftenevenundesirableto captureall the
morphotacticfacts in lexc alone, it is usually just as awkward, impracticaland
undesirableto captureall themorphophonologicalfactsdirectly in lexc. Justasit
is usuallydesirableto write a lexcgrammarthatovergeneratesmorphotactically, it
isusuallydesirableto write lexcgrammarsthatinitially producesomewhatabstract
andregularizedsurfaceformsthatneedsubsequentfixing via alternationrules.

Thinking about Transducers

A finite-stateor regular language,in our formal sense,is just a setof strings;and
a simplefinite-stateautomatonis an abstractmachinethat acceptsall and only
thestringsof a regular language.A finite-statetransduceris anabstractmachine
that mapsbetweenthe stringsof two regular languages.More formally, a trans-
ducerencodesa RELATION betweentwo regular languages.At Xerox, we always
picturetransducersashaving anuppersideandalowerside.Thisup-and-downvi-
sualizationis aXerox convention,notnecessarilysharedwith otherresearchersin
finite-statenetworks,andonecouldalternativelyvisualizetransducersleft-to-right,
right-to-left,or evenupsidedown from theXerox convention.However, thisbook
andotherXerox documentationareat leastconsistent,andit is terribly important
for learnersto becomecomfortablewith thedistinctionbetweenupanddown in a
transducer.

Eachtransduceracceptstwo regular languages.Theupper-sideor lexical lan-
guageis the setof stringsthat matchthe pathsof symbolson the uppersideof
the arcs. The lower-sideor surfacelanguageis the setof stringsthat matchthe
pathsof symbolson the lower sideof the arcs. In additionto acceptingthe two
languages(eachonits appropriateside),thetransducerdescribesarelationor map-
ping betweenthestringsof the two languagessuchthat for every string matched
on the upperside, thereis a relatedstring or stringsin the lower-sidelanguage;
andfor every stringmatchedon the lower side,thereis a relatedstringor strings
in the upper-sidelanguage.The Xerox visualizationof a transducerandits two
languagesis shown in Figure4.36.

Whena transducersubsumesa lexicon, typically createdwith lexc, andrules,
createdwith twolc or replacerules,andperhapsfilters,wecall it aLEXICAL TRANS-
DUCER. By typical Xerox convention,theupper-level languagein a systemsuch
astheSpanishLexical Transducerconsistsof stringslike
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Finite−State Transducer

Upper Language

Lower Language

Figure4.36:A TransducerMapsBetweenTwo RegularLanguages

Finite−State Transducer

cantar+Verb+PresInd+2P+Sg

cantas

Figure4.37:LookingUp cantas

cantar+Verb+ Pres Ind +2P+Sg

consistingof a baseformandtags,andthelower-level languageconsistsof ortho-
graphicalstringssuchas “cantas ”. In otherapplications,it may be desirable
to includetheabstractmorphophonologicalform of eachsuffix on theupperside,
andthelower-sidemight representphonologicalstrings,usingasuitablealphabet,
ratherthanconventionalorthographicalstrings.

Whenwe LOOKUP aword,usingthetransducer, weapplyastringto thelower
sideof the transducer, asin Figure4.37. If the string is not, in fact, in the lower
languageof thetransducer, therewill benomatchandnooutput.If however, asin
the SpanishLexical Transducer, the string“cantas ” is indeedin the lower-side
language,it will match,and the transducerwill return the correspondingupper-
sidestring,which happensto be“cantar+Verb+Pr esIn d+2P+Sg”. That is,
in lookup, the transducerrelatesthe lower-level string “cantas ” to the upper-
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Finite−State Transducer

cantar+Verb+PresInd+2P+Sg

cantas

Figure4.38:LookingDown cantar+Verb+PresInd+2P+Sg

level string“cantar+Verb+P resI nd+2P+Sg”. Theprocessof lookupis also
calledANALYSIS.

Transducersareinherentlybidirectionalandcanequallywell berunbackwards
to perform LOOKDOWN , alsocalled GENERATION. In the caseof lookdown, a
stringis appliedto theuppersideof thetransducerasin Figure4.38. If the input
stringis in fact in theupperlanguage,it will matchandthetransducerwill return
oneor morerelatedstringsfrom thesurfacelanguage.If theinput stringis not in
theupperlanguage,therewill benomatchandnooutput.

Studentsareurgedto review thisandotherrelevantsectionsuntil theup/down
visualizationbecomessecond-nature.As simpleasthe conceptsmay seem,they
prove to be surprisinglydifficult for somestudents,andfailure to distinguishup
from down andlookupfrom lookdown leadsto muchconfusionanddistress.

Learnto distinguishbetweentheuppersideandthelower sideof a trans-
ducer. Learnthedistinctionbetweenlookupandlookdown.

Keepingup anddown straightis especiallyimportantwhen trying to under-
standcomposition.A finite-statefilter, ason page279, that refersto tagshasto
becomposedon the uppersideof the lexc transducer, wherethestringswith the
tagsare.Similarly, a rule transducerto mapintermediatesurfacy stringsinto final
surfacestringswould have to becomposedon thebottomof the lexc transducer,
wherethesurfacy stringsare.

Keepingupanddown straightis vitally importantwhencomposingtrans-
ducerstogether.

Moregenerally, afinite-statesystemmayconsistof many componentlexcand
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rule grammars,andrulescanalsobeorganizedinto multi-level cascades.Experi-
enceddevelopersthink of eachlevel asaregularlanguage,andthey cancharacter-
ize whatthestringslook like ateachlevel. Developerswhocannotkeeptheir own
levels(languages)straightsoongetlost.

Getusedto thinking of eachlevel in yoursystemasa regular languageof
strings,andbe preparedto describewhat the stringslook like in eachof
thoselanguages.Makeyour variouslanguagesasconsistentaspossible,
especiallytheultimatelexical andsurfacelanguages.

Finally, experienceddevelopersarealwaysawarethatthelowersideof a final
Lexical Transducermatchesalanguage,asetof stringsthatcorrespondsasclosely
aspossibleto thestringsof a reallanguagelike Spanish.Suchdevelopersarealso
awarethat the uppersideof the transduceralsomatchesa language,this time a
languageconsisting(in typicalXerox systems)of stringswith baseformsfollowed
by tags.This upper-sidelanguageis ultimatelydefinedby the linguist, andexpe-
riencedlinguistsput considerablethoughtandplanninginto makingthatlanguage
coherent,informative, consistent,asbeautifulaspossible,andflexible enoughto
supportmultipleprojects.In Section7.4.1,we will look at LEXICAL GRAMMARS

andhow they canbeusedfor definition, testinganddocumentationof theupper-
level languageof a lexical transducer.

Thinking about Rules

Thelower-sidelanguageof a lexc transducertypically consistsof surfacy strings,
but thesestringsareusuallystill abstractandunnaturallyregular; they needto be
mappedvia rulesinto thegenuinesurfacestrings.

Developersareoftenfacedwith therealdecisionabouthow muchof thework
to do in thelexicon(with lexc) andhow muchto dowith rules.Theconsiderations
arethefollowing:

1. Aim to createanoverallsystemthatis formally beautiful,concise,maintain-
ableandeasilyexpandable.If anapparentsimplificationin onepart of the
systemcreateshorriblecomplicationsin another, reexamineyourstrategy.

2. Aim to reducethefuturework asmuchaspossibleto lexicography, therel-
atively simpleprocessof addingnew baseforms,eachwith an appropriate
continuationclass,to thelexicon. Try to designthesystemsothatnew regu-
lar vocabularycanbeaddedby anativelexicographerwith minimal training
in lexc.

3. For suppletion,grossirregularitiessuchasthe Englishanalysisof wentas
a form of go, or the analysisof the Frenchyeuxasthe plural of oeil, defi-
nitely usetheupper:lower notationin lexc ratherthantrying to derive such
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examplesvia rules. This is sometimesreferredto ashandlingan example
by “brute force”. Try to do all thenastyandirregularexamplesduring ini-
tial development,leaving only regularvocabulary, which representsthevast
majority in mostsystems,for futurelexicographersto add.

4. In most cases,irregular andsuperficiallyunpredictablemappingssuchas
dig/dug, swim/swamand think/thoughtarealsobesthandledin lexc using
upper:lower entries. If a learnerof a languagesimply hasto memorizea
phenomenon,thenit’ sa goodcandidatefor brute-forcehandlingin lexc.

5. Wherephonological/orthographicalalternationsareregular, productive and
predictable,try to handlethemwith rulesratherthanbrute-forcingthemin
thelexicon. But if youfind yourselfwriting alternationrulesto handleindi-
vidualwords,or veryfinite setsof idiosyncraticwords,considergoingback
into lexcandhandlingthemby bruteforce.

To saythatthereis a rulecontrollingcertainphenomenaimpliespredictability
andproductivity. Whensuchrule-basedalternationsarehandledby twolc or re-
placerules,the lexc lexicon stayssimplerandtheoverall linguistic descriptionis
moremotivated.While thereisnohard-and-fastmetricfor judgingamongalternate
linguisticdescriptionsthatwork, theoneswhicharecleanestandmostconcise,dis-
playingcreative lazinesson thepartof thedeveloper, arepreferred.

Thinking about Composition

Intermediate Languages The finite-stateoperationof compositionhasalways
beena difficult one for newcomersto finite-statetheory. Most of the problems
resultfrom afailureto distinguishupanddown in thetransducersbeingcomposed
andfrom a failure to think properlyof transducersasabstractmachinesthatrelate
two regularlanguages.

Considerthe casein Figure4.39,wherea transducercompiledfrom a setof
rules(eithertwolc or replacerules) is to be composedon the bottomof a trans-
ducercompiledfrom a lexc grammar. As usual,the lexc transducermapsbetween
anupper-level regular languageanda lower-level regular language.Similarly, the
ruletransducermapsbetweenanupper-level languageanda lower-level language.
An importantkey to understandingcompositionis thatif onetransducer(herefrom
therulegrammar)is beingcomposedunderanothertransducer(herefrom thelexc
grammar),thenthe lower-sidelanguageof the lexc grammarwill be intersected
with theupper-sidelanguageof therulegrammar. In Figure4.39,thesharedinter-
sectedlanguageis calledtheINTERMEDIATE LANGUAGE.

Froma generation(lookdown) pointof view, thelower-sideoutputof the lexc
networkbecomestheupper-sideinput of the rule network. Conversely, from the
analysis(lookup)pointof view, theupper-sideoutputof therulenetworkbecomes
the lower-sideinput of the lexc network. In Figure4.39,theupper-sidelanguage
of the lexc network is not visible to the rule network; all the rules seeare the
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Lower Language

Upper Language

Lexc Grammar

Rule Grammar

Intermediate Language

Figure4.39:VisualizingRegularLanguagesin Composition

lower-sidestringsof the lexc networkbecause,in this case,the rulesarebeing
composedon thebottomof the lexicon. Similarly, the lower-sidelanguageof the
rule network is not visible to the lexc network. In the processof composition,
asshown in Figure4.40,the intermediatelanguagedisappears,andthe resulting
Lexical Transducermapsdirectlybetweentheoriginalupper-level languageof the
lexcnetworkandtheoriginal lower-level languageof therulenetwork.

Comparing Composition with UNIX Pipes Thosestudentswho are familiar
with UNIX pipesmaybenefitfrom thefollowingcomparison,whichcanbepushed
only sofar. ConsideraUNIX commandlike thefollowing,whereinput is a text
file containing1000words,with onewordto a line.

unix cat input | sort | uniq > output

Thebuilt-in UNIX utility cat will openandlist theinput file, andits outputwill
bepipedto theUNIX sort utility, whichwill sortit alphabetically;thenthatsorted
outputis in turnpipedto theuniq utility, whichremovesduplicatewords;thefinal
outputfrom uniq is thendirectedto anotherfile calledoutput .

Thispipingprocessis superficiallyvery similar to whathappensin finite-state
generation(lookdown). The input file, a setof strings,is asit wereappliedto
the“top” or input sideof thesort utility, which performsa mapping,yielding an
intermediatelower-sideoutputthatbecomestheinput (upperside)to thetheuniq
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Upper Language

Lower Language

Lexical Transducer

Figure4.40: IntermediateLanguagesDisappearin Composition

utility, which in turn hasits own lower-sideoutput. Thereis nothingto prevent
us from constructingelaboratecascadesof pipedutilities, andoncesucha piped
commandis constructedand tested,we might createan alias for it and reuseit
frequently, eventuallyevenforgettingthatintermediateresultsarebeingproduced
andpipedfrom oneutility to thenext. Think of thepipes(indicatedin UNIX with
verticallines)ascompositionoperators(.o. ), andof thesort utility asbeingcom-
posedontopof theuniq utility; this is a superficialwayof lookingatcomposition
thatis usefulto somestudents.As with pipedUNIX utilities, it is vitally important
to composetransducersin theright order, sothatthey “feed” eachotherproperly;
andit mustbe stressedthat the piping analogyrelatesto transducersonly when
viewedin agenerationor lookdown direction.

It is dangerousto pushananalogytoo far, andherewe have to stop. In fact,
finite-statetransducersand compositionaremuch more interestingthanpipable
UNIX utilities. For one thing, whenyou composetwo or more transducersto-
gether, the componenttransducersare literally combinedtogetherinto a single
transducer. It’ s asif, in our analogy, the utilities sort anduniq werebeingcom-
binedtogetheralgorithmicallyinto a singleprogram,which is definitelynotpossi-
ble in UNIX . Pipesalwaysgo throughthestep-by-stepgenerationof theultimate
output,whereasacomposedtransducerproducestheoutputin asinglestep,which
is far moreefficient. Finally, a Lexical Transducer(and transducersin general)
canalsobe run backwardsto do analysis,which is alsonot possiblewith UNIX
utilities like sort anduniq.

ComposingTransducersin xfst Thexfst interfaceofferstwo waysto compose
transducers:

1. In regularexpressions,usingthe.o. operator, and

2. OnTheStack,usingthecomposenet command.
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Supposethat we have previously compiledtwo transducers,a lexicon transducer
definedwith lexc anda rule transducerdefinedwith replacerules,andhave saved
themto file aslex.fst andrules.fst respectively. Let usalsosupposethat
we wantto composetherulesunderthelexicon. Thefollowing sequenceof com-
mandsshows how to performthecompositionusinga regular expression.Recall
that in xfst regular expressions,theat-signoperatorinterpretsits argumentasthe
filenameof a pre-composedbinarynetworkandreadsit in.

xfst[0]: read regex @"lex.fst" .o. @"rule.fst" ;

As in UNIX pipes,thefirst or leftmostargumentis the“top” argument.Wecanalso
write acompletelyequivalentregularexpressiononmultiple lines,whichresultsin
amoresatisfactoryvisualrepresentationof thelexicontransducerbeingcomposed
on top of therule transducer.

xfst[0]: read regex
@"lex.fst"
.o.
@"rule.fst" ;

If wehappenedtohavemultiplepre-compiledrulefilesrule1.fst , rule2.fst
andrule3.fst , to becomposedon thebottomof the lexicon, in thatorder, we
couldspecifyour regularexpressionasfollows:

xfst[0]: read regex
@"lex.fst"
.o.
@"rule1.fst"
.o.
@"rule2.fst"
.o.
@"rule3.fst" ;

PerformingthesamecompositiononTheStackin xfst is oneof themostcon-
sistentlyconfusingoperationsfor students.Stacksarelast-in,first-outdatastruc-
tures,which meansthatif youpushNetwork1ontoTheStack,thenNetwork2and
thenNetwork3, they will be poppedoff of The Stackin exactly the reverseor-
der: first Network3,thenNetwork2andfinally Network1.Theway thatxfst pops
off networksandassignsthemasargumentsto operationsis not psychologically
intuitive,andmoststudentsstartout by building their stacksbackwards.For un-
ordered(commutative) operations,suchasunionandintersection,theorderof the
argumentsonTheStackdoesn’t matter;but for orderedoperationslike minus net
andcomposenet, correctorderingof argumentsonTheStackis vital.

The composenet function, like all xfst stack-basedoperations,will pop its
argumentsoff of The Stackone-by-one,computethe result,andpushthe result
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Bottom of Stack

Y

X

Figure4.41:Two NetworksonTheStack

rules.fst

lex.fst

Bottom of Stack

Figure4.42:ComposingRulesundera LexicononTheStack

backonTheStack.If netsX andY areonTheStackasshown in Figure4.41,and
theuserinvokescomposenet, firstX will bepoppedoff of TheStacktobeassigned
asthefirst argumentof thecomposition,andthenY will bepoppedoff TheStack
to beassignedasthe secondargument.The resultwill be [ X .o. Y ] , with
X beingthe first or top argument,andY beingcomposedunderit.4 For success
in performingorderedoperationsin xfst, try to visualizeThe Stackitself, as in
Figure4.41,wheretheargumentsareorderedintuitively.

However, peoplefind it difficult to visualizeTheStackperse,andindeedThe
Stackis not particularlyeasyto visualize.Oncea networkis put on TheStack,it
hasno nameor label;TheStackis a pile of anonymousnetworks.Theproblemis
thatto achieve thestackstateshown in Figure4.41,theusermustfirst pushtheY
networkontoTheStack,andthentheX network. Usersintuitively rememberthe
orderin which they pushargumentson TheStack—andthey tendnot to visualize
theresultingstateof TheStack.Sowhenuserswantto perform[ X .o. Y ] ,
theirfirst reactionis almostalwaysto pushX onTheStackfirst andthenY, which
for xfst is backwards.

4Thexfst assignmentof thefirst-poppednetworkasthefirst or leftmostargumentfor theoper-
ationis theoppositeof theconventionusedin Hewlett-Packardcalculatorsandin moststack-based
machinesusedby compilersandinterpretersto evaluateexpressions.
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Letusassumeagainthatwehavetwopre-compiledfiles,lex.fst andrules.fst ,
andthatwe needto composetherulesunderthelexicon; i.e., we wantto perform
[ lex.fst .o. rules.fst ] . To achieve the stackstateshown in Fig-
ure4.42,theusermustpushrules.fst ontoTheStackfirst andthenlex.fst .

xfst[0]: load stack rules.fst
xfst[1]: load stack lex.fst
xfst[2]: compose net

The key in xfst stack-basedoperationsis to visualizeThe Stackitself andmake
it look like the cascadeof networksthat needto be composed,with the upper
argument(s)on top of The Stack. BecauseThe Stackis so difficult to visualize,
even experienceddevelopersmustoften sketchtheir planson paperbeforethey
canuseTheStackreliably.

Theorderingof argumentson TheStackin xfst is a trapwaiting to catch
theunwary. Beware.

Studystack-basedcompositionuntil you arecomfortablewith it. An example
below will askyou to write a fragmentof an Irish lexicon, using lexc, andalso
replacerulesto performa necessaryphonological/orthographicalalternation.You
will beaskedto composethe resultinglexicon andrule transducerstogetherfirst
with anovert regularexpressionandthen,equivalently, onTheStack.

ComposingLexiconsand Rulesin lexc The lexc interfacedoesnot usea stack
but ratherhasthreenamedregisters: SOURCE,RULES and RESULT. The as-
sumptionin lexc is that linguistswill uselexc to definetheSOURCE(or lexicon)
network, twolc or xfst to pre-compile(andsave to binary file) the RULES net-
work(s),andthat theRULES networkor networksareto becomposedunderthe
SOURCEnetwork to computethe RESULT network. Thesebasicassumptions
reflectthegeometryof early“Two-Level” morphologysystems.

Onetypically usesthecompile-sourcecommandto compilea lexcsourcefile
andput theresultin theSOURCEregister;if thefile waspreviouslycompiledand
savedasa binary file, it canbe readbackinto theSOURCEregisterusingread-
source. Thecommandread-rulescanthenbeusedto readin abinaryfile thatwas
previously compiledby the twolc compileror by xfst. The commandcompose-
result thencomposestherulenetwork(s)(in theRULESregister)underthelexicon
network(in theSOURCEregister)andplacestheresultingnetworkin theRESULT
register. Thestandardvisualizationof thethreeregistersasin Figure4.43,with the
SOURCEabove theRULES, is consistentwith theorderof thecomposition.

The Intersecting-CompositionAlgorithm The compose-result utility in lexc
is basedon a specialalgorithm called INTERSECTING-COMPOSITION, which is
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Source Register

Rules Register

Result Register

Figure4.43:TheThreeMemoryRegistersof lexc

differentin somesignificantwaysfrom thegeneralcompositionalgorithmusedby
the composenet utility in xfst. The differencesbetweenthesetwo composition
algorithmssometimesleadto confusion.

lexc wascreatedbeforexfst ReplaceRules,whenXerox linguistswrotetwo-
level rulesusingthe twolc rule compiler(seeChapter5). Compilationof a setof
two-level rules(seeSection5.2.4,Section5.3.5)resultsinitially in asetof separate
networks,onefor eachrule,andthesemultiple networkscanbesavedto a single
file via thetwolc utility save-binary (Section5.2.4).

The lexcread-rulescommandcanreadin suchabinaryfile, containingmulti-
plerulenetworks,andtheintersecting-compositionalgorithm,invokedbycompose-
result, simultaneouslyintersectsandcomposestherulenetworkswith theSOURCE
network,putting the result in the RESULT register. The generalcompositional-
gorithmusedby thexfst composenet utility cannotsimultaneouslyintersectand
composein thisway.

The intersecting-composition algorithm invoked by the lexc utility
compose-resultcan,asits namesuggests,simultaneousintersectandcom-
poseasetof rulenetworksundertheSOURCEnetwork.

Anotherparticularfeatureof intersecting-composition is that it assumesthat
any Flag Diacritics (Chapter8) arecontainedonly in the SOURCEnetwork,i.e.
that the rule networkscontainno referencesto Flag Diacritics. The algorithm
thereforeallowsrulesto matchlexical stringsignoringFlag Diacritics, andit also
preservesany FlagDiacriticsonthelowersideof theSOURCElexicon,projecting
themontothelower sideof theRESULT lexicon. This is known as“treatingFlag
Diacriticsasspecial”. lexc cantreatFlagDiacriticsasspecialbecauseit assumes
(fairly safely)thatoneis following theold two-level way of doingthings.5 These

5If you haveFlagDiacriticsin bothof two networksyouarecomposing,andtry to treatthemas
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featuresof intersecting-compositionarehardfor everyoneto remember, especially
astwolc rulesareseldomusednow.

Intersecting-compositionis alsoperfectlycapableof handlingsinglerule net-
workscompiledby xfst andsinglerulenetworkscreatedin twolc by runningcom-
pile andthen intersect, which intersectsthe multiple rule networksinto a single
network,beforesaving to file with save-binary.

As alreadystated,the compositionalgorithmusedby the xfst composenet
utility is not intersecting-compositionbut rathergeneralcomposition.

1. If you want to composea setof rule networksfrom twolc usingxfst, you
mustfirst pre-intersectthem(usingthe intersectcommandof twolc) before
saving themto file (save-binary).

2. xfst compositioncouldbeappliedto any imaginablepair of networks,from
whoknowswhere.It cannotassumethetwo-levelgeometryasin lexc, where
the SOURCEis assumedto be a lexicon networkand the RULES areas-
sumedto be compiledfrom twolc rules. Thereforeit cannotassumethat
only one(atmost)of thenetworksbeingcomposedcontainsFlagDiacritics.
The defaultbehavior of xfst compositionis thereforeto treatFlagDiacrit-
ics like any othermulticharactersymbol; i.e. not special. Indeed,onecan
imaginecaseswhereyou wantxfst rulesto matchon, map,andinsertFlag
Diacritics.

3. If you want Flag Diacritics to be treatedas special in xfst (i.e. if you
want xfst compositionto handleFlagDiacritics the way lexc intersecting-
compositiondoes),thenyou needto set the following xfst variablebefore
invokingcomposenet.

xfst[0]: set flag-is-epsilon ON

Thisvariableis setOFFby default.

4.6.2 The check-allUtility

Intr oduction

Thecheck-allutility in lexc is usedto compareanetworkbeforecompositionwith
asetof rulesto theresultaftercompositionof therules.It helpsyoufind whatwas
gainedandlost in thecomposition,which canbevery helpful whendebugginga
complex setof rules.

In the lexc interface,theBefore-FSTis in theSOURCEregister;it is typically
compiledfrom a lexcsourcefile usingcompile-source, but it couldbeany network
readinto theSOURCEregisterusingread-source.

special,this leadsto horriblemathematicalproblems.
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In the lexc interfaceyou readinto the RULES register a pre-compiled(i.e.
binary) file of rule transducersusingthe read-rulescommand,andthenyou in-
vokecompose-result, which composestheRULES networkon thebottomof the
SOURCEnetworkandputstheresultin theRESULT register. Sothenetworkin
theRESULT registeris theAfter-FST. Theoverallplanis shown in Figure4.44.

Soaftercompose-result the lexc interfacehasthefollowing networksto work
with

SOURCE

RESULT

RULES

the Before Network

the After Network

Figure4.44: The check-all Algorithm Comparesthe SOURCEand the RE-
SULT. Whenrulesarecomposedon the bottomof the SOURCEto createthe
RESULT, theremaybe failures,duplicatesor ambiguitiesintroduced.check-
all comparesthe SOURCEandTARGET and prints reportshighlighting the
sometimesunexpectedeffectsof your rules.

check-all comparesthe SOURCE(Before)andRESULT (After) networks;it ig-
norestheRULES network.

What HappenswhenRulesareComposed

Usually, andespeciallywhenweareworkingwith atraditionaltwo-levelgeometry
wherewehaveasinglelexiconandasinglesetof rulestobecomposedonthelower
sideof thelexicon, we think of applyingrulesto modify the lower-sidestringsin
thelexiconnetwork.But a lot of thingscanhappenduringthecompositionof aset
of rules,perhapsnotall of themexpectedor desirable.In particular,

1. The effect of composingsomerulesmay be to deletewholepathsthat ex-
istedin theBefore-FST. This is especiallyeasywhencomposinga rule like
a -> ˜[?*] , which kills any pathwhereinthelower-sidestringcontains
the symbola. This may be your intent (which is fine), but if you weren’t
expectingany pathsto be deleted,thenyou might well want check-all to
identify thepathsthatfailedto survivethecomposition.
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Switch Default Display
failures ON Sourcepathslost in thecomposition

duplicates ON Lexical stringsin theresultwith multipleoutputs
ambiguities OFF Surfacestringsin theresultwith multipleanalyses

singles OFF Lexical stringsin theresultwith singleoutputs

Figure4.45:SwitchesthatControlcheck-allOutput

2. Theeffect of composingsomerulesmaybeto addnew pathsto theresult.
This is especiallyeasywith ruleslike a -> [a|b] , whichwill tendto add
a new RESULT pathfor every SOURCEpaththathasa stringon thelower
sidecontaininga symbola. Theaddedpathswill, of course,have a similar
stringon thelowersidebut with b insteadof a. If thatwasyour intent,then
everythingis fine. But if your rulesareaddingunexpectednew pathsto the
RESULT, thenyouwill wantcheck-all to helpyouidentify thosenew paths.

Output fr om check-all

Thecheck-allutility alwaysoperatesin thesameway, countingphenomenaknown
asSINGLES, FAILURES, DUPLICATES andAMBIGUITIES, anddisplayinga small
summarytableof theresults.In addition,verboseoutputof theexamplesof each
phenomenonis user-controlledwith theswitchesshown in Figure4.45.

The underlyingcheck-all algorithmstartsby extractinganddeterminizinga
networkrepresentingtheupper-sidelanguageof theSOURCEnetwork(theBefore-
FSM). Any loopsareremoved. This networkof strings,let us call it the upper-
sourcenetwork,is thencomparedwith theRESULT network.

FAILURES arecaseswherea stringin theupper-sourcenetworkdoesnot exist
on theuppersideof theRESULT network.Thesefailurescorrespondto pathsthat
wereeliminatedin theprocessof composingtheRULES network.As developers
areusuallyinterestedin seeingsuchcases,thefailur estoggleis appropriatelyON
by default,causinga listing of all upper-sourcestringsthathave no realizationin
theRESULT network.

DUPLICATES arecaseswherea string in the upper-sourcenetworkexists on
theuppersideof theRESULT networkandhasmorethanonesurfacerealization
in theRESULT network.In mostnatural-languageorthographies,suchduplicates
arerare,e.g. theFrenchword for “I pay” canbespelledeitherpayeor paie. The
duplicates toggle is appropriatelyON by default, assumingthat the userwants
to seea listing of suchduplicates.6 check-all finds duplicatesin the RESULT

6Theexceptionalcaseswouldbelike Arabic,wherein thestandardorthographyshortvowelsand
otherdiacriticsareonly optionallywritten in surfacewords,andso every lexical string in thefinal
networkhasduplicates.
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network,but it doesnot currentlydistinguish betweenduplicatesintroducedvia
therule compositionandduplicatesthatalreadyexistedin theSOURCEnetwork.

AMBIGUITIES arecaseswhere,in theRESULT network,asinglesurfacestring
is relatedto two or morelexical strings.Ambiguitiesarethereforetheoppositeof
duplicates,but theambiguityof surfaceforms in natural-languageorthographyis
common,often pervasive, andthe ambiguities toggleis appropriateOFF by de-
fault, preventinga listing. check-alldoesnot currentlydistinguishbetweenambi-
guitiesintroducedvia therule compositionandambiguitiesthatalreadyexistedin
theSOURCEnetwork.

SINGLES arecaseswherea string in the upper-sourcenetworkexists on the
uppersideof theRESULT networkandhasa singlesurfacerealizationin theRE-
SULT network.Thesinglestoggleis appropriatelyOFFby default,preventingthe
listing of suchcases,whichareusuallyoverwhelmingin numberanduninteresting
anyway.

Switch Settings Thedefaultswitchsettingsthereforeassumethattheuserwants
to seeaverboselisting of failuresandduplicates,but notof ambiguitiesor singles.
To seethecurrentsettingof all theswitches,usethepropscommand.

lexc props

The switchescanof coursebe toggledto matchthe needsof atypicalcases,e.g.
simplyenterambiguities to thelexc interfaceto toggletheswitchON or OFF.
lexcwill print a messageindicatingthenew value:

lexc ambiguities
(check-all) Ambiguities is ON.

Usingcheck-all after Composition in xfst

Although check-all was originally intendedfor checkingthe RESULT network
aftercompose-result, youcanstill usecheck-allevenif youperformedyourcom-
positionin xfst. Assumethatlexicon.fst is afile containingabinarynetwork
representinga lexicon, andthat rules.fst is a file containinganotherbinary
networkfrom compiledrules. Insidexfst we might composerules.fst under
lexicon.fst , writing theresultof thecompositionout to file result.fst .

xfst[ n]: clear stack
xfst[0]: read regex @"lexicon.fst " .o. @"rules.fst" ;
xfst[1]: save stack result.fst
xfst[1]: quit

Wecanthencall up the lexc interfaceanddo thefollowing:
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lexc read-source lexicon.fst
lexc read-result result.fst
lexc check-all

SoherewesimplyreadtheBefore-FST(lexicon.fst ) into theSOURCEregis-
ter, readtheAfter-FST(result.fst ) into theRESULT register, andcall check-
all asusual.

Finding Ambiguities and/or Duplicatesin a SingleFST

After you have created,by whatever means,a singlenetworkandstoredit in a
binary file network.fst , it may be useful to know if it containsambiguities
and/orduplicatesin thecheck-allsense.

An easyway to testthis is to do thefollowing in lexc:

lexc read-source network.fst
lexc source-to-res ult
lexc check-all

BecausetheSOURCEnetworkis simply copiedinto the RESULT register, there
will obviouslybenofailures.But thelisting of duplicates(theduplicatesswitchis
automaticallyinitialized to ON) will bedoneby default. If your network.fst
representsa morphologicalanalyzerfor French,it shouldcontainrareduplicate
realizationslike payeand paie, and check-all shouldenumeratesuchcasesfor
you.

To checkthenetworkfor ambiguities,you will have to toggletheambiguities
switchON beforeinvokingcheck-all,e.g.

lexc read-source network.fst
lexc source-to-res ult
lexc ambiguities
(check-all) Ambiguities is ON.
lexc check-all

Whenever a switch is toggled,asin this case,lexc respondswith a shortmessage
informing youof thenew value.To seethecurrentsettingof all the lexcswitches,
enterthepropscommandor thestatuscommand.

lexc status
SOURCE: (none)

RULES: (none)
RESULT: (none)
Switches: singles=OFF, duplicates=ON, failures=ON,

ambiguities=OFF, obey-flags=ON, print-space=OFF,
quit-on-fail=OFF, show-flags=OFF, time=OFF,
verbose=OFF, completion=OFF
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Basic Lenited Pronunciation
b bh /v/
m mh /v/
p ph /f/
f fh (silent)
s sh /h/
t th /h/
c ch /x/
d dh / /
g gh / /

Figure4.46:LenitedConsonantsin Irish Gaelic

4.6.3 Exercises

Irish GaelicLenition

Background ThefollowingGaeilge (Irish Gaelic)examplewaskindly supplied
by DonnchaO’Croinin of the Institiúid TeangeoláıochtaÉireann(TheLinguistics
Instituteof Ireland). As usual,we have limited andsimplifiedthedatato makea
manageableexercise,which will requireboth lexc andsomereplaceruleswritten
in a separatefile andcompiledwith xfst.

Gaeilgehasaninterestingphonologicalalternation,sharedwith ScottishGaelic
andWelsh,thatoccursat thebeginningof certainwords,analternationcalledcon-
sonantlenition. We will modela small fragmentof thedatathat includespositive
andnegativeverbs.

The Data Thefollowing descriptionwill betakenasthedatato bemodeled:

1. Thealphabetof Irish Gaelicis thefollowing (wewill dealonly in lower-case
letters):

a á b c d e é f g h i ı́ l m n o ó p r s t u ú v

2. Many of the consonantshave lenitedforms, indicatedorthographically by
addingan h letter after the consonant.The lenited form of b is therefore
spelledbh. Thelenitableconsonants,theirlenitedspellings,andtheirphono-
logicalvaluesareshown in Figure4.46.

As usualin text-basednatural-languageprocessing,our goalwill beto cap-
ture theorthographicalchangethat reflectstheunderlyingphonologicalle-
nition.
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3. The Irish Gaelicverb rootsfor our examplearerith, caith andbris. These
verbscantakevarioussuffixes:

Infinitive: (empty suffix)
Past: (empty suffix)
Present: eann
Future: fidh
Conditional: feadh

bris, briseann, brisfidhandbrisfeadharevalid words.

4. Negativeformsof thesewords(i.e. thesameverbsusedin negativesyntactic
constructions)aresubjectto initial-consonantlenition;e.g.thenegativeform
of briseannis bhriseann. (Not all consonantsundergo lenition; for example,
r doesnot,sothereis no form * rhith asa form of rith.)

The Task

Write a lexc grammarto generatelexical formsanda smallgrammarof re-
placerulesto handletheorthographicalalternationthatreflectsthelenition.

Write the lexcgrammarto produceatransducer, with baseformsandtagson
top andintermediatestringson the bottom. The ruleswill thenmapthese
intermediatestringsinto thefinal surfacestrings.

Defineandusethefollowing multicharactersymbolsin your lexcgrammar:
+Verb , +Neg (i.e. negative), +Past , +Pres (i.e. present),+Fut (i.e.
future),+Inf (i.e. infiniti ve)and+Cond (i.e. conditional).There’snothing
sacredabout thesetags,but they have the advantagesof being short and
readable,andthe sametagsarealreadyused(with the samemeanings)in
existing Xerox products.

Using lexc LEXICONs andcontinuations,createa transducerthat accepts
string pairs like the following. Write the grammarso that the +Neg tag
appearsonbothsidesof thelexicon transducerwhile othertagsappearonly
on theupperside.Symbolpairsareroughlylined upin theseexamples.

Lexical: bris+Verb+Pr es
Surface: bris eann

Lexical: bris+Verb+Pr es+Neg
Surface: bris eann +Neg
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Opena new file with your text editorandwrite replacerulesthatmapnega-
tivestringslike “briseann+Neg ” into “bhriseann ”, andthenmapping
the+Neg symbolto zeroon thesurface.Maketherulesgeneralenoughto
handleall the datacited above. The first rule shouldlook somethinglike
this:

[..] -> h || .#. [ b | m | p | f | s | t | c | d | g ]
_ ?* %+Neg

Compile the rulesusing the read regexutility of xfst andsave the result
in a file namedsomethinglike irish-rul.fst . Then, in lexc, com-
pile the lexc file usingcompile-sourceasusual;save theresultin irish-
lex.fst . Enterxfst again,readthe rule FST onto the stack,then read
the lexicon FST onto The Stack(this will put the lexicon FST above the
rule FST) andinvokethecomposenet utility. Theresultleft on TheStack
shouldbeasingletransducerthatmapsdirectlyfrom “bris+Verb+Pre s”
to “briseann ” and,moreinterestingly, from “bris+Verb+Pres +Neg”
to “bhriseann ”.

TesttheResultusinglookdown andlookup insidelexc, or usingapply up
andapply down in xfst.

4.7 lexcSummary and UsageNotes

4.7.1 Mindtuning

Input

lexc inputis aplainASCII text file createdusingvi, xemacsor asimilartext editor.

Output

The lexc compiler producesas output a finite-statetransducer(FST) in Xerox
standardformat. This formatis completelycompatiblewith thenetworksthatare
producedandreadby xfst andtwolc.

lexc Interface

lexc is accessedvia the lexc interface.In additionto compiling lexc text files, this
interfaceofferstheability to composea lexical FST with rule FSTs pre-compiled
by xfst or twolc. The interfacealsoofferssomeusefultestingfacilities including
lookup, lookdown, check-all, random-surf, random-lex anda few otherhelpful
routinesfor manipulatingfinite-statemachines.
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Avoiding the lexc Interface

If you just needto compile lexc sourcefiles for subsequentusein xfst, you can
compilethemdirectly from xfst usingthereadlexccommand.If your lexcsource
file is navajo-lex.t xt , thefollowing commandswill compileit andplacethe
resultingnetworkonthexfst stack.

xfst[0]: read lexc < navajo-lex.t xt
xfst[1]:

Right-RecursivePhrase-Structure Grammar

The lexcgrammar, summarizedbelow, is akind of right-recursivephrase-structure
grammar. Thereareotherlanguagesfor specifyingFSTs,but lexc is speciallyde-
signedto facilitatethecreationof finite-statelexiconsfor naturallanguage,where
one typically needsto enterthousandsof stringsrepresentingroots and affixes.
Comparedto alternativeslike xfst, lexc syntaxfacilitatesthe typing in of typical
lexical entries,andthe lexc compileris optimizedto performlarge lexical unions
efficiently.

4.7.2 lexcSyntax

Multichar SymbolsDeclaration

Thefirst (optional)statementin a lexcsourcefile is thedeclarationof multicharac-
ter symbols,separatedby spaces.Thedeclarationmayextendover multiple lines,
andthereis nosemicolonor otherovert terminator.

Multichar_Sy mbol s +Noun +Verb +Adj +Sg +Pl
+Bare +3PSg

Thefailure to declareall themulticharactersymbolsintendedin thegrammaris a
commonerror.

Comments

Commentcanappearanywhereandareintroducedby anexclamationmark(!). Ev-
erythingfrom theexclamationmarkto theendof theline is consideredacomment
andis ignoredby thecompiler.

! this is a lexc comment--use lots of them

LEXICONs

LEXICON Root Thebodyof a lexc sourcefile consistsof oneor morenamed
LEXICONs,eachonecontainingoneor moreentrylines.TheLEXICON with the
reservednameRoot correspondsto thestartstateof theresultingnetwork.
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LEXICON Root
dog N ;
cat N ;
bird N ;
sing V ;
prevaricate V ;

If no LEXICON Root is present,then lexc will try to usethefirst LEXICON in
thefile asthestartstate.

User-NamedLEXICONs EachadditionalLEXICON musthavea uniquename
chosenby theuser, suchasNor V.

LEXICON N
+Sg:0 # ;
+Pl:s # ;

LEXICON V
+Bare:0 # ;
+3PSg:0 # ;

Entries

Entry Fields Entry lines insidea LEXICON arealwaysbuilt on the following
abstracttemplate.

Data ContinuationC lass ;

Thefirst field consistsof thedataitself; thesecondfield consistsof thenameof a
CONTINUATION CLASS; anda semicolonterminatestheentry.

The continuationclassis the nameof anothersublexicon to which the given
datacan“continue” to form legalwords.Thepound-sign(#) is a specialcontinua-
tion classdesignatingtheendof word.

Data # ;

Data Formats

SimpleString Entries Thedatafield canappearin oneof four formats.The
first is thesimplest,consistingof astringof charactersthatoftenlookslike anormal
wordor morpheme.Hereis a smallLEXICON namedNouns with threesimple-
stringentries.
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LEXICON Nouns
elephant Noun ;
dog Noun ;
book Noun ;

lexc assumesthata stringof datacharacterswritten asdogis to beinterpreted
asthreeseparatesymbols,andit compilesdogasthenetworkshown in Figure4.47.

d o g

Figure4.47:TheNetworkCompiledfrom theDatadog

lexc’s assumptionthat entry stringslike dog are to be “exploded” into separate
symbolsis very useful for specifyingnatural-languagelexicons,wherethe lexi-
cographermustoftentypein tensof thousandsof suchstrings.7

Upper:Lower Entries Thesecondformat for lexc datain anentry is again
designedwith naturallanguagesin mind. Theupper:lowerformatindicatesastring
of upperor lexical characterswhichareto bemappedto astringof loweror surface
characters,andthetwo stringsareseparatedby acolon.

man:men Noun ;
child:children Noun ;

N.B. thattheformatis upper:lower , with theupper-level stringon theleft-
handsideof thecolon. lexc by defaultagain“explodes”eachstringandcompiles
thisnotationinto FSTsasshown in Figure4.48.

c h i l d 0:n0:e0:r

m a:e n

Figure 4.48: The Networks Compiled from child:childre n and
man:men

7In xfst, stringsof symbolsmustbetypedwith thelettersseparatedby spaces,or surroundedby
curly braces;youcouldcreatea largenatural-languagelexicon in xfst, but it wouldbetedious.
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Whenthe two stringsareof unequallength,asin child:childre n, the com-
piler automaticallyfills out theendof theshorterstringwith zeros(epsilons).This
upper:lower notationis especiallyuseful for handlingsuppletionsandother
grossirregularities.

Regular-ExpressionEntries Thethird legal formatfor lexcdatais aregular
expression.Whenthis format is used,the regular expressionmustbe delimited
with anglebrackets.Theanglebracketsarethesignalto the lexc compilerthat it
shouldcompilethecontainedexpressionaccordingto thenormalassumptionsfor
xfst regularexpressions—andnotaccordingto thenormalassumptionsfor lexc.

< a b* c+ (d) > N ;

Notethatinsideanglebrackets,all theusualassumptionsaboutregularexpressions
apply, includingthefact thatthestringdog, intendedto bethreeseparatesymbols,
wouldhave to berepresentedinsideanglebracketsas[d o g] or dog . If you
write thestringdog insideanglebrackets,withoutspacesor surroundingbrackets,
it will beinterpretedasa singlemulti-charactersymbol,just asit would beinside
twolc or insideanxfst regularexpression.

Empty-Data Entries Finally, notethat theData partof a lexc entrycanbe
empty, in which casethe entry addsno symbolsbut simply indicatesa possible
continuationto thenamedContinuationClass.

LEXICON Foo
ContinuationCl ass ; ! an empty-data entry

Emptyentriescanbeusedto implementoptionality, andthey arecommonlyseen
underLEXICONRootto indicatean initial branchingto variousmajorword-class
LEXICONs,e.g.

LEXICON Root
Nouns ;
Verbs ;
Adjectives ;
Adverbs ;
Conjunctions ;
TimeStrings ;
CurrencyString ;
RomanNumerals ;
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4.7.3 SpecialAttention

SpecialCharacters

Thespecialcharactersaredifferentin xfst andlexc, anddevelopersswitchingfrom
onelanguageto theotheroftenfalls into thecracks.

Becauselexc is designedprimarily for typingstringsof charactersthatoccurin
naturallanguage,thegeneralassumptionis thatonewill not needregularexpres-
sionsandall the specialcharactersassociatedwith them. Thus,outsideof angle
brackets,lexcassumesthatplussigns(+), stars(*), circumflexes(ˆ) andmostother
charactershave their literal value.

Outsideof theanglebrackets,very few charactersarespecialto lexc, namely
anglebracketsthemselves,colons,semicolons,poundsignsandexclamationmarks;
seeTable4.1. To literalizethem,usea precedingpercentsign: % , % , %#,%;,
%:, %!.

SpecialCharacter Why It’ s Specialin lexc
Introducesregular-expressiondata
Terminatesregular-expressiondata

# A specialcontinuationclassdesignatingend-of-word
; Terminatesanentry
: Separatesupper:lowerdatain entries
! Introducescomments

Table4.1: SpecialCharactersin lexc, EvenOutsideAngleBrackets.To literal-
ize thesecharacters,precedethemwith apercentsign.

Insideanglebrackets,which allow you to specifyregular expressionswithin
lexc, thenormalassumptionsof xfst regularexpressionsapply:

In regularexpressions,andinsideanglebracketsin lexc, stringsof characters
writtentogetherareautomaticallyassumedto representasinglesymbol.E.g.

< a b quark >

specifiesthe concatenationof threesymbols,with the third beinga multi-
charactersymbolspelledquark. It is almostalwaysa Bad Thing to have
multicharactersymbolslike quark thatareeasilyconfusedwith concatena-
tionsof normalalphabeticsymbols.

In regular expressions,andinside lexc anglebrackets,to specify the FST
thatlookslike Figure4.47you wouldhave to specify
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< d o g >

or

< {dog} >

If you insteadwrite dog , it will becompiledasshown in Figure4.49.

dog

Figure4.49: The NetworkCompiledfrom the lexc Regular-ExpressionEntry
<dog>

In xfst regularexpressions,andinsidelexc anglebrackets,plussigns,stars
andotherregular-expressionsymbolsarespecialsymbols. If you want to
indicatea literal plussign,for example,you mustunspecializeit with a pre-
cedingpercentsign(%).

< %+Noun:o 0:n 0:d >

Explosionvs. Multicharacter Symbols

lexc is designedto facilitate the building of finite-statelexicons for naturallan-
guage,and its designis basedon the assumptionthat the lexicographerwill be
typing a lot of stringslike elephantthatshouldbeexplodedinto individual sym-
bols.

LEXICON NRoot
antelope N ;
elephant N ;
horse N ;
raccoon N ;
...
zebra N ;

DeclaredMultichar Symbolsoverridetheexplosionassumption.

Multichar_Symbo ls +Noun +Verb +Sg +Pl +Sg ˆFEATURE

Givensuchadeclaration,whenever lexcseesthestring+Noun, it will not explode
it but shouldinsteadtreatit asa singlesymbol.Thustheentry

+Noun:ond N ;

will becompiledasin Figure4.50.
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0:n 0:d+Noun:o

Figure4.50: The NetworkCompiledfrom +Noun:ond if +Noun is Defined
asaMulticharacterSymbol

Failur e to Declare Multicharacter Symbols

Thefailure to declareamulticharactersymbolis averycommonerrorin lexcpro-
gramming.For example,if youstartusingataglike +Adv (for Adverbs)but forget
to declareit in theMultichar Symbolsstatement,lexcwill happilyandsilentlyex-
plodeit into four separatesymbols, , A, d andv. SeeSection4.5.6for information
on whento suspectandhow to find suchomissions.SeealsoChapter7, which is
devotedto testing.
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5.1 Intr oduction to twolc

twolc, for Two-Level Compiler, is a high-level languagefor describingmorpho-
logicalalternationsasin fly:flies, swim:swimmingandwiggle:wiggling. Thetwolc
syntaxisbasedonthedeclarativesystemof ruleconstraints,knownasTWO-LEVEL

RULES, proposedin Kimmo Koskenniemi’s1983dissertation(Koskenniemi,1983;
Koskenniemi,1984).

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



5.1. INTRODUCTIONTO TWOLC 309

Like the replacerulesdescribedin Section3.5.2, twolc rulesdenoteregular
relations.But twolc ruleshaveadistinctsyntaxandsemantics,andthey requirethe
linguist to adopta differentmindsetandgrammar-writing approach.This chapter
describesthesyntaxof twolc sourcefiles,thetwolc compilerinterface,andtheuse
of theresultswithin finite-statesystems.

At Xerox, wheredevelopershave a choice, they are increasinglyavoiding
twolc andusingreplacerules. For the time being,somedeveloperswill have to
learntwolc aswell asreplacerules,especiallythosewho needto supportlegacy
systems.

twolc rulesarealwayswritten in a file usinga text editor like xemacs, emacs
or vi. Thetwolc compilerinterface,written in C, providescommandsfor thesyn-
tactic checkingof sourcefiles, compilation,testing,andwriting of the resultsto
file. Two distinct formatsof outputcanbe generated:1) standardXerox binary
format suitablefor composition,inside lexc, with lexiconsandothertransducers
producedwith the Xerox finite-statetools,and2) TABULAR format, suitablefor
useby traditionaltwo-level or “KIMMO” systems,in particularthosewrittenwith
theLingsoftTwoL implementationandEvanAntworth’sPC-KIMMO (Antworth,
1990),which is availablefrom theSummerInstituteof Linguistics(SIL). 1

Theintroductionwill continuewith a bit of history, laying thegroundworkfor
understandingwhy twolc ruleswereinventedandhow they work. Specialattention
will bepaidto visualizinghow twolc rulescanfit into anoverallgrammar.

5.1.1 History

The origins of finite-statemorphology

Traditionalphonologicalgrammars,formalizedin the 1960sby NoamChomsky
andMorris Halle(Chomsky andHalle,1968), consistedof anorderedsequenceof
REWRITE RULES thatconvertedabstractphonologicalrepresentationsinto surface
forms througha seriesof intermediaterepresentations.Suchrewrite ruleshave
the generalform where , , , and canbe arbitrarily complex
stringsor feature-matrices.Therule is read“ is rewrittenas in theenvironment
between and ”. In mathematicallinguistics(Parteeet al., 1993),suchrulesare
called CONTEXT-SENSITIVE REWRITE RULES, andthey aremorepowerful than
regularexpressionsor context-freerewrite rules.

In 1972, C. DouglasJohnsonpublishedhis dissertation,Formal Aspectsof
PhonologicalDescription(Johnson,1972),whereinheshowedthatphonological
rewrite rulesareactuallymuchlesspowerful thanthenotationsuggests.Johnson
observedthatwhile thesamecontext-sensitiverule couldbeappliedseveraltimes
recursively to its own output,phonologistshave alwaysassumedimplicitly that
the site of applicationmoves to the right or to the left of the string after each
application. For example,if the rule is usedto rewrite the string

as , any subsequentapplicationof the samerule must leave the part

1http://www .s il. or g/c omputin g/ cat al og/pc -k immo. ht ml

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html
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unchanged,affecting only or . Johnsondemonstratedthat the effect of this
constraintis thatthepairsof inputsandoutputsproducedby aphonologicalrewrite
rule can be modeledby a finite-statetransducer. Unfortunately, this result was
largely overlookedat the time and wasrediscoveredby RonaldM. Kaplanand
Martin Kay around1980(KaplanandKay, 1981;KaplanandKay, 1994).Putting
things into a morealgebraicperspective thanJohnson,KaplanandKay showed
that phonologicalrewrite rulesdescribeREGULAR RELATIONS. By definition, a
regularrelationcanberepresentedby afinite-statetransducer.

Johnsonwasalreadyawareof an importantmathematicalpropertyof finite-
statetransducers(Scḧutzenberger, 1961): thereexists, for any pair of transducers
appliedsequentially, anequivalentsingletransducer. Any cascadeof ruletransduc-
erscanin principlebecomposedinto a singletransducerthatmapslexical forms
directly into the correspondingsurfaceforms,andvice versa,without any inter-
mediaterepresentations.Later, KaplanandKay hadthe sameidea,illustratedin
Figure5.1.

Rule 1

Rule n

Rule 2

...

Lexical Strings

Surface Strings

FST
Single Rule

Surface Strings

Lexical Strings

Figure5.1: A Cascadeof Finite-StateRewrite RulesComposedinto anSingle
EquivalentFST

Thesetheoreticalinsightsdid notimmediatelyleadto practicalresults.Thede-
velopmentof a compilerfor rewrite rulesturnedout to bea very complex task. It
becameclearthatbuildingacompilerrequiredasafirst stepacompleteimplemen-
tationof basicfinite-stateoperationssuchasunion,intersection,complementation,
andcomposition.Developinga completefinite-statecalculuswasa challengein
itself on thecomputersthatwereavailableat thetime.

Anotherreasonfor theslow progressmayhave beenthattherewerepersistent
doubtsabout the practicality of the approachfor morphologicalanalysis. Tra-
ditional phonologicalrewrite rules describethe correspondencebetweenlexical
forms and surfaceforms as a uni-directional,sequentialmappingfrom lexical
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forms to surfaceforms. Even if it waspossibleto model the generation of sur-
faceformsefficiently by meansof finite-statetransducers,it wasnotevidentthatit
would leadto anefficient analysisproceduregoing in the reversedirection,from
surfaceformsto lexical forms.

kampatkaNpat

kammat

kampat kammat

Surface Strings

N −> m || _ p

p −> m || m _

Lexical Strings

Intermediate Strings

kammat

Figure5.2: RulesMappingkammatto kaNpat,kampat,kammat

ThekaNpatexercise(seeSection3.5.3)is asimpleillustrationof theproblem.
Thetransducerscompiledfrom thetwo xfst replacerules,

N -> m || _ p

and

p -> m || m _

mapthelexical form“kaNpat ” unambiguouslydownto “kammat”, with “kampat ”
astheintermediaterepresentation(seeFigure3.13).Howeverif weapplythesame
transducersin theupwarddirectionto theinput“kammat”, wegetthethreeresults
“kaNpat ”, “kampat ” and“kammat” shown in Figure5.2.Thereasonis thatthe
surfaceform “kammat” hastwo potentialsourceson the intermediatelevel; the
downwardapplicationof the p -> m || m rulemapsboth“kampat ” and
“kammat” to the samesurfaceform. The intermediateform “kampat ” in turn
couldcomeeitherfrom “kampat ” or from “kaNpat ” by thedownwardapplica-
tion of the N -> m || p rule. Thetwo rule transducersareunambiguous
whenappliedin the downwarddirectionbut ambiguouswhenappliedin the up-
warddirection.

This asymmetryis an inherentpropertyof the generative approachto phono-
logicaldescription.If all therulesaredeterministicandobligatoryandif theorder
of therulesis fixed, theneachlexical form generatesonly onesurfaceform. But
a surfaceform cantypically begeneratedin morethanoneway, andthe number
of possibleanalysesgrows with thenumberof rulesinvolved. Someof the anal-
ysesmayeventuallyturn out to be invalid becausetheputative lexical forms,say
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“kammat” and“kampat ” in this case,might not exist in the language.But in
orderto look themup in the lexicon, the systemfirst hadto completethe analy-
sis,producingall thephonologicalpossibilities. Thelexicon wasassumedto bea
separatemodulethatwasusedsubsequentlyto acceptor rejectthepossibleanaly-
ses.Dependingon thenumberof rulesinvolved,a surfaceform couldeasilyhave
dozensor hundredsof potentiallexical forms,evenaninfinite numberin thecase
of certaindeletionrules.

Although the generationproblemhad beensolved by Johnson,Kaplan and
Kay, at leastin principle, the problemof efficient morphologicalanalysisin the
Chomsky-Halle paradigmwasstill seenasa formidablechallenge.As counterin-
tuitive as it wasfrom a psycholinguistic point of view, it appearedthat analysis
wasmuchhardercomputationallythangeneration.Composingall therule trans-
ducersinto a singleone would not solve the “over-analysis”problem. Because
theresultingsingletransduceris equivalentto theoriginal cascade,theambiguity
remains.

Thesolutionto theover-analysisproblemshouldhavebeenobvious: to formal-
ize thelexicon itself asa finite-statetransducerandcomposethelexicon with the
rules. With the lexicon includedin the composition,all the spuriousambiguities
producedby the rulesareeliminatedat compiletime. The runtimeanalysisbe-
comesmoreefficient becausetheresultingsingletransducercontainsonly lexical
formsthatactuallyexist in thelanguage.

The ideaof composingthe lexicon andtherulestogetheris not mentionedin
Johnson’sbook or in the earlyXerox work. Although thereobviously hadto be
someinterfacerelatinga lexicon componentto a rule component,theseweretra-
ditionally thoughtof asdifferenttypesof objects.Furthermore,rewrite ruleswere
seenasapplyingto individual word forms; the ideaof applyingthemsimultane-
ouslyto a lexicon asa wholerequireda new mindsetandcomputationaltoolsthat
werenot yetavailable.

The observation that a singlefinite-statetransducercould encodethe inven-
tory of valid lexical forms aswell asthe mappingfrom lexical forms to surface
forms took a while to emerge. Whenit first appearedin print (Karttunenet al.,
1992),it wasnot in connectionwith traditionalrewrite rulesbut with anentirely
differentfinite-stateformalismthathadbeenintroducedin themeantime,Kimmo
Koskenniemi’sTWO-LEVEL RULES (Koskenniemi,1983).

Two-Level Morphology

In thespringof 1981whenKimmo Koskenniemicameto theUSA for a visit, he
learnedaboutKaplanandKay’s finite-statediscovery. (They weren’t thenaware
of Johnson’s 1972publication.) Xerox hadbegun work on the finite-statealgo-
rithms,but they would prove to bemany yearsin the making. Koskenniemiwas
not convincedthat efficient morphologicalanalysiswould ever be practicalwith
generative rules,even if they werecompiledinto finite-statetransducers.Some
otherway to usefinite automatamight bemoreefficient.
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ta

a

pa Nk

k a mm t

k a N a t

a a tk m

p

m

Figure5.3: An Exampleof Two-Level Constraints

Backin Finland,Koskenniemiinventedanew wayto describephonologicalal-
ternationsin finite-stateterms.Insteadof cascadedruleswith intermediatestages
andthecomputationalproblemsthey seemedto leadto, rulescouldbethoughtof as
statementsthatdirectlyconstrainthesurfacerealizationof lexical strings.Multiple
ruleswould beappliednot sequentiallybut in parallel.Eachrule would constrain
a certainlexical/surfacecorrespondenceandthe environmentin which the corre-
spondencewasallowed,required,or prohibited.For his1983dissertation,Kosken-
niemi constructedaningeniousimplementationof his constraint-basedmodelthat
did not dependona rulecompiler, compositionor any otherfinite-statealgorithm,
andhecalledit TWO-LEVEL MORPHOLOGY. Two-level morphologyis basedon
threeideas:

Rulesaresymbol-to-symbolconstraintsthatareappliedin parallel,not se-
quentiallylike rewrite rules.

Theconstraintscanrefer to the lexical context, to thesurfacecontext, or to
bothcontextsat thesametime.

Lexical lookupandmorphologicalanalysisareperformedin tandem.

To illustratethe first two principleswe canturn backto the kaNpatexample
again. A two-level descriptionof the lexical-surfacerelationis sketchedin Fig-
ure5.3.As thelinesindicate,eachsymbolin thelexical string“kaNpat ” is paired
with its realizationin thesurfacestring“kammat”. Twoof thesymbolpairsin Fig-
ure5.3areconstrainedby thecontext markedby theassociatedbox. TheN:m pair
is restrictedto theenvironmenthaving animmediatelyfollowing p on thelexical
side. In fact theconstraintis tighter. In this context, all otherpossiblerealizations
of a lexical N areprohibited. Similarly, thep:m pair requirestheprecedingsurface
m, andno otherrealizationof p is allowedhere.Thetwo constraintsareindepen-
dentof eachother. Acting in parallel, they have the sameeffect as the cascade
of the two rewrite rulesin Figure5.2. In Koskenniemi’s notation,theserulesare
writtenasN:m <=> p: andp:m <=> :m , where<=> is anoperatorthat
combinesa context restrictionwith theprohibitionof any otherrealizationfor the
lexical symbolof the pair. Thep followedby a colon in theright context of first
rule, p: , indicatesthatp refersto a lexical symbol;thecolonprecedingm in the
left context of thesecondrule, :m, indicatesthatm is asurfacesymbol.
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p
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y

Figure5.4: A Two-Level View of y ie Alternationin English

Two-level rulesmay refer to both sidesof the context at the sametime. The
y ie alternationin English plural nounscould be describedby two rules: one
realizesy asi in front of anepenthetice; theotherinsertsanepenthetice between
a lexical consonant-y sequenceanda morphemeboundary(+) that is followedby
ans. Figure5.4illustratesthey:i and0:e constraints.

Notethatthee in Figure5.4is pairedwith a0 (= zero)onthelexical level. For-
mally the rulesareexpressedasy:i <=> 0:e and0:e <=> y: %+:.
Fromthe point of view of two-level rules,zerois a symbollike any other; it can
be usedto constrainthe realizationof othersymbols. In fact, all the otherrules
must“know” wherezerosmayoccur. In two-level rules,thezerosarenotepsilons,
eventhoughthey aretreatedassuchwhentwo-level rulesareeventuallyappliedto
strings.

Like replacerules, two-level rulesdescriberegular relations;but thereis an
importantdifference.Becausethezerosin two-level rulesarein factordinarysym-
bols,a two-level rule representsanequal-lengthrelation(seeSection2.3). Count-
ingthe“hardzeros”,eachstringandits relatedstringsalwayshaveexactlythesame
length.Thishasanimportantconsequence:althoughtransducerscannotin general
beintersected(seeSection2.3.3),equal-lengthtransducersarea specialcase,and
soKoskenniemi’sconstrainttransducerscanbeintersected.In fact,whena setof
two-level transducersareappliedin parallel,theapplyroutinein a KIMMO-style
systemsimulatesthe intersectionof therule automataandthecompositionof the
inputstringwith thevirtual constraintnetwork(seeSection1.6).

Figure5.5illustratestheupwardapplicationof theN:m andp:m rulessketched
in Figure 5.3 to the input “kammat”. At eachpoint in the process,all lexical
candidatescorrespondingto thecurrentsurfacesymbolareconsideredoneby one.
If bothrulesacceptthepair, theprocessmovesonto thenext point in theinput. In
thesituationshown in Figure5.5,thepairp:m will beacceptedby bothrules.The
N:m rule acceptsthe pair becausethe p on the lexical sideis requiredto license
theN:m pair thathastentatively beenacceptedat thepreviousstep.Thep:m rule
acceptsthep:m pairbecausetheprecedingpairhasanm onthesurfaceside.

Whenthe pair in questionhasbeenaccepted,the apply routinemoveson to
considerthe next input symbolandeventuallycomesbackto the point shown in
Figure5.5to considerotherpossiblelexical counterpartsof asurfacem. They will
all berejectedby theN:m rule,andtheapplyroutinewill returnto thepreviousm
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Rule Rule
p:mN:m

ak

k a a tm

pN

m

Figure5.5: ParallelApplicationof Two-Level Rulesfor Analysis

in the input to considerotheralternative lexical counterpartsfor it suchasp and
m. At every point in the input the apply routinemustalsoconsiderall possible
deletions,thatis, pairssuchas+:0 ande:0 thathave a zeroon theinputside.

Applying the rulesin paralleldoesnot in itself solve the over-analysisprob-
lem discussedin theprevious section.The two constraintssketchedabove allow
“kammat” to be analyzedas“kaNpat ”, “kampat ”, or “kammat”. However,
the problemis easyto managein a systemthat hasonly two levels; the possible
upper-sidesymbolsareconstrainedat eachstepby consultingthe lexicon, which
is itself implementedasa kind of network. In Koskenniemi’s two-level system,
lexical lookup andthe analysisof the surfaceform areperformedin tandem.In
orderto arrive at thepoint shown in Figure5.5,we musthave traverseda pathin
thelexicon thatcontainsthelexical stringin question,seeFigure5.6. Thelexicon
thusactsasa continuouslexical filter on the analysis.The analysisroutineonly
considerssymbolpairswhoselexical sidematchesoneof theoutgoingarcsof the
currentstateof thelexicon network.

Rule
N:m

Rule
p:m

ma tak m

p
k a

N

Figure5.6: Following a Path in theLexicon. The lexicon actsasa continuous
filter ontheanalysesproducedby a traditionaltwo-level system.

In Koskenniemi’s1983system,thelexicon wasrepresentedasa forestof tries
(alsoknown asletter trees),tied togetherby continuation-classlinks from leaves
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of onetreeto rootsof anothertreeor treesin the forest.2 Koskenniemi’s lexicon
canbe thoughtof asa partially deterministic,unminimizedsimplenetwork. In
the Xerox lexc tool, the lexicon is actuallycompiledinto a minimizednetwork,
typically a transducer, but the filtering principle is the same.The lookup utility
in lexc matchesthe lexical stringproposedby therulesdirectly againstthe lower
side of the lexicon. It doesnot pursueanalysesthat have no matchinglexical
path.Furthermore,thelexiconmaybecomposedwith therulesatcompiletime to
producea singletransducerthatmapssurfaceformsdirectly to lexical forms,and
viceversa(seeSection4.6.1).

Koskenniemi’s two-level morphologywasthefirst practicalgeneralmodelin
thehistory of computationallinguisticsfor theanalysisof morphologicallycom-
plex languages.Thelanguage-specificcomponents,therulesandthelexicon,were
combinedwith auniversalruntimeengineapplicableto all languages.Theoriginal
implementationwasprimarily intendedfor analysis,but themodelwasin principle
bidirectionalandcouldbeusedfor generation.

Linguistic Issues

Althoughthe two-level approachto morphologicalanalysiswasquickly accepted
asa usefulpracticalmethod,thelinguistic insightbehindit wasnot pickedup by
mainstreamlinguists. The ideaof rulesasparallelconstraintsbetweena lexical
symbolandits surfacecounterpartwasnot takenseriouslyat thetime outsidethe
circle of computationallinguists. Many argumentshadbeenadvancedin the lit-
eratureto show thatphonologicalalternationscouldnot bedescribedor explained
adequatelywithout sequentialrewrite rules. It went largely unnoticedthat two-
level rulescould have the sameeffect asorderedrewrite rulesbecausetwo-level
rulesallow therealizationof alexical symbolto beconstrainedeitherby thelexical
sideor by thesurfaceside. Thestandardargumentsfor rule orderingwerebased
onthea priori assumptionthata rulecouldreferonly to theinputcontext.

But the world haschanged.Currentphonologists, writing in the framework
of OT (Optimality Theory), aresharplycritical of the “serialist” tradition of or-
deredrewrite rulesthatJohnson,KaplanandKay wantedto formalize(Princeand
Smolensky, 1993;Kager, 1999;McCarthy, 2002).3 In a nutshell,OT is a two-level
theorywith rankedparallelconstraints.Many typesof optimality constraintscan
berepresentedtrivially astwo-level rules.In contrastto Koskenniemi’s“hard” con-
straints,optimality constraintsare“soft” andviolable. Thereareof coursemany
otherdifferences.Most importantly, OT constraintsaremeantto beuniversal.The
fact thattwo-level rulescandescribeorthographicidiosyncrasiessuchasthey ie
alternationin Englishwith no appealto universalprinciplesmakesthe approach
uninterestingfrom theOT pointof view.4

2TheTEXFIN analyzerdevelopedattheUniversityof TexasatAustin(Karttunenetal.,1981)had
thesamelexiconarchitecture.

3ThetermSERIAL, apejorative termin anOT context, refersto SEQUENTIAL rule application.
4Finite-stateapproachesto Optimality Theoryhavebeenexploredin severalrecentarticles(Eis-
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Two-Level Rule Compilers

In his 1983dissertation,Koskenniemiintroduceda formalismfor two-level rules.
Thesemanticsof two-level ruleswerewell-definedbut therewasno rulecompiler
availableat thetime. Koskenniemiandotherearlypractitionersof two-level mor-
phologyhadto compiletheir rulesby hand into finite-statetransducers.This is
tediousin the extremeanddemandsa detailedunderstandingof transducersand
rule semanticsthat few humanbeingscanbe expectedto grasp.A complex rule
with multiple overlappingcontexts maytakehoursof concentratedeffort to com-
pile and test,even for an expert human“compiler”. In practice,linguistsusing
two-level morphologyconsciouslyor unconsciouslytendedto postulaterathersur-
facy lexical strings,whichkeptthetwo-level rulesrelatively simple.

Although two-level rules are formally quite different from the rewrite rules
studiedby Kaplan and Kay, the basicfinite-statemethodsthat had beendevel-
opedfor compiling rewrite-ruleswere applicableto two-level rulesas well. In
bothformalisms,themostdifficult caseis arulewherethesymbolthatis replaced
or constrainedappearsalsoin the context part of the rule. This problemKaplan
andKay hadalreadysolvedby an ingenioustechniquefor introducingandthen
eliminatingauxiliary symbolsto mark context boundaries.Anotherfundamental
insightwasthe encodingof contextual requirementsin termsof doublenegation.
For example,a constraintsuchas“p mustbefollowedby q” canbeexpressedas
“it is not thecasethatsomethingendingin p is not followedby somethingstarting
with q.” In Koskenniemi’sformalism,thesameconstraintis expressedby therule
p => q.

In the summerof 1985, when Koskenniemiwas a visitor at the Centerfor
the Studyof LanguageandInformation(CSLI) at Stanford,KaplanandKosken-
niemi workedout the basiccompilationalgorithmfor two-level rules. The first
two-level rulecompilerwaswritten in InterLispby KoskenniemiandKarttunenin
1985-87usingKaplan’s implementationof thefinite-statecalculus(Koskenniemi,
1986; Karttunenet al., 1987). The currentC-versionof the compiler, basedon
Karttunen’s1989CommonLisp implementation,waswritten by Lauri Karttunen,
ToddYampolandKennethR.Beesley in consultationwith KaplanatXerox PARC
in 1991-92(KarttunenandBeesley, 1992). The landmark1994articleby Kaplan
andKay on the mathematicalfoundationsof finite-statelinguisticsgivesa com-
pilation algorithmfor phonologicalrewrite rulesandfor Koskenniemi’s two-level
rules.5

The Xerox two-level compilerhasbeenusedto compilerulesfor large-scale
morphologicalanalyzersfor French,English,Spanish,Portuguese,Dutch, Italian

ner, 1997;FrankandSatta,1998;Karttunen,1998).
5TheKaplanandKay articleappearedmany yearsafter thework on thetwo-level compilerwas

completedbut beforethe implementationof the so-calledREPLACE RULES in the currentXerox
regular-expressioncompiler. The article is accurateon the former topic, but the compilationalgo-
rithm for replacerules(Karttunen,1995;Karttunen,1996;KempeandKarttunen,1996)differs in
many detailsfrom thecompilationmethodfor rewrite rulesdescribedby KaplanandKay.
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andmany otherlanguages.

Implementationsof Two-Level Morphology

Thefirst implementationof Two-LevelMorphology(Koskenniemi,1983)wasquickly
followedby others.Themostinfluential implementationwasby Lauri Karttunen
andhis studentsat the Universityof Texas(Karttunen,1983;Gajeket al., 1983;
Dalrympleet al., 1983). Publishedaccountsof this projectinspiredmany copies
andvariations,includingthosebyBeesley (Beesley, 1989;Beesley, 1990).A copy-
rightedbut freely distributedimplementationof classicTwo-Level Morphology,
calledPC-KIMMO , availablefromtheSummerInstituteof Linguistics(Antworth,
1990),runsonPCs,MacsandUnix systems.6

In Europe,two-level morphologicalanalyzersbecamea standardcomponent
in severallargesystemsfor natural-languageprocessingsuchastheBritish Alvey
project(Black et al., 1987; Ritchie et al., 1987; Ritchie et al., 1992),SRI’s CLE

CoreLanguageEngine(Carter, 1995), the ALEP NaturalLanguageEngineering
Platform(Pulman,1991)andtheMULTEXT project(Armstrong,1996).ALEP and
MULTEXT werefundedby theEuropeanCommission.TheMMORPH morphology
tool (PetitpierreandRussel,1995)built at ISSCO for MULTEXT is now available
underGNU PublicLicense.7

Someof thesesystemswere implementedin Lisp (Alvey), somein Prolog
(CLE, ALEP), somein C (MMORPH). They werebasedon simplified two-level
rules, the so-calledPARTITION-BASED formalism(Ruessink,1989), which was
claimedto beeasierfor linguiststo learnthantheoriginal Koskennieminotation.
But noneof thesesystemshada finite-staterule compiler. Anotherdifferencewas
that morphologicalparsingcould be constrainedby featureunification. Because
theruleswereinterpretedatruntimeandbecauseof theunificationoverhead,these
systemswerenotveryefficient,andtwo-level morphologyacquired,undeservedly,
a reputationfor beingslow. MMORPH solvesthe speedproblemby allowing the
userto run the morphologytool off-line to producea databaseof fully inflected
word formsandtheir lemmas.A compilationalgorithmhassincebeendeveloped
for thepartition-basedformalism(Grimley-Evanset al., 1996),but to our knowl-
edgethereis nopublicly availablecompilerfor it.

A considerableamountof workhasbeendone,andcontinuesto bedone,in the
generalframework of Two-Level Morphology, andthe twolc compilerhasmade
that work much lessonerous. The newer Xerox replacerules, which are part
of an extendedregular-expressionlanguageandarecompiledusing the regular-
expressioncompiler in xfst, have largely supplantedtwolc rules in someappli-
cations. For the time being,somelinguistic developerswill have to masterboth
replacerulesandtwolc rules.

6http://ww w.s il .or g/ co mputi ng/ ca ta log /p c-k im mo.ht ml
7http://pa cka ges.d ebia n.o rg /st able /mi sc /mmor ph.ht ml
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5.1.2 Visualizing twolc Rules

At Xerox, twolc rulesarecompiledautomaticallyinto rule transducersandare
typically composedon the lower sideof lexicon transducersmadewith lexc. As
shown in Figure5.7, thetwo-level rulesconceptuallymapbetweenstringson the
lower sideof the lexicon andrealsurfacestrings. That is, theuppersideof each
twolc ruletransducerrefersto thelower-sidelanguageof thelexicon,andthelower
sideof eachrule transduceris thesurfacelanguage.The twolc rulesarearranged
in onehorizontallevel andapplyin parallel—theorderof therulesin a twolc file
is thereforenot significant.

(FST Compiled from lexc)

Upper Side

Lower Side

FSTFSTFSTFSTFSTFST

Surface Strings

Figure5.7: twolc RulesRelateLower-SideLexiconStringsandSurfaceStrings.
twolc rulesapplyin parallel,andtheir relativeorderis not significant.

Thismodelof parallel,simultaneouslyappliedtwolc rulesmustbesharplycon-
trastedwith theserialor cascademodelof replacerules,asshown in Figure5.8.
Replacerulesarearrangedvertically, mappingstringsfrom the lower sideof the
lexicon througha cascadeof stepsdown to thesurfacelevel. Thefollowing differ-
encesmustbenotedandunderstood:

Replacerulesareorganizedvertically, in a cascade,andsothey potentially
feedeachother. In contrast,a grammarof twolc rulesis organizedhorizon-
tally; thetwolc rulesapplyin parallelanddonot feedeachother.

Becausethey canfeedeachother, replacerulesmustusuallybeorderedcare-
fully. A grammarof twolc rules,on the otherhand,canbe written in any
orderwithout affecting the outputat all. Ruleorderin a twolc grammaris
formally insignificant.8

8In a PC-KIMMO -like system,in which eachtwo-level rule is storedasa separatetransducer
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Upper Side

(FST Compiled from lexc)

Lower Side

FST

FST

FST

Surface Strings

...

Figure5.8: A Cascadeof ReplaceRules. In a cascade,rulescan“feed” each
other, andsotheproperorderingof therulesis oftencrucial.

Replacerules conceptuallyproducemany intermediatelanguages(levels)
whenmappingbetweenthe lower sideof the lexicon andthe final surface
language.twolc ruleseachmapdirectly from the lower-sideof the lexicon
to thesurfacein onestep.

twolc rulesconceptuallyapplysimultaneously;thisavoidstheorderingprob-
lemsbut meansthat setsof twolc rulesmustbe carefully written to avoid
nastyandoften mysteriousconflictsamongrules. Correct,non-conflicting
twolc rule setsarenotoriouslydifficult to write whensomeof therulesper-
form deletionor, especially, epenthesis.

Replacerulesarecompiledusingthe normalxfst regular-expressioncom-
piler, which is invokedby the read regexanddefine commands;replace
rulesare just an extensionof the Xerox regular-expressionmetalanguage.
twolc rulesmustbecompiledusingthededicatedtwolc compilerthatcanbe
accessedonly throughthetwolc interface.

andconsultedindividually at eachstepof analysis,ruleordercanaffect theperformancebut not the
outputof a system.In particular, performancecanbe improved by identifying the rulesthat most
frequentlyblockanalysispathsin practice,andorderingthemearlyin thesetsothatthey arechecked
first.
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A systemof replacerulesis relatively easyto checkandmodify becauseeach
rule canbe appliedindividually. The outputfrom onerule canbe typedasinput
to thenext rule andtheeffect of a wholecascadeof replacerulescanbechecked
stepby step. Whenwe move to twolc rules,however, the semanticsof the rules
demandthatwe conceiveof themalwaysassimultaneouslyappliedconstraintson
therelationbetweenthelexical languageandthesurfacelanguage.Becausetwolc
rulesaredesignedto applyin parallel,it is difficult to testthemindividually.

Written correctly, grammarsof unorderedtwolc rulescanperformthe same
mappingsthat requirecarefully orderedcascadesof replacerules. Conversely,
any twolc grammarcan be rewritten asa grammarof replacerules; this formal
equivalenceis guaranteedby thefact thatboth formalismsarejust metalanguages
for describingregularrelations.Thepracticalchoiceis thereforeoneof notational
perspicuity, humaneaseof use,andhumantaste.Xerox developers,givenachoice
betweentwolc rulesandreplacerules,areincreasinglychoosingreplacerules.

5.1.3 Plan of Attack

Thepresentationwill continueasfollows:

Section2 (Basictwolc Syntax)describesthebasicsyntaxandinterfacecom-
mandsneededto getstarted,consolidatingtheconceptswith somepractical
exercises.

Section3 (Full twolc Syntax)completestheformaldescription.

Section4 (The Art andCraft of Writing twolc Grammars)discussessome
usefultricks andidioms.

Section5 (Debugging twolc Rules)explainswhy twolc rulesconflict with
eachotherandhow to understandandresolve theclashes.Thetroublesome
epenthesisrulesanddiacritics,aswell asclassicprogrammingerrors,are
alsodiscussed.

Section6 (Final Reflectionson Two-Level Rules)looks at the real choice
betweenusingtwolc or replacerulesin variousapplications.Thepossibility
of upward-orientedtwo-level rulesis alsoexplored.

5.2 Basictwolc Syntax

This sectioncontainsa descriptionof thebasictwolc syntaxthatyou needto get
started.twolc sourcefilesarecreatedusinga text editorsuchasemacs, xemacsor
vi. Eachtwolc file consistsof namedSECTIONS, two of which, theAlphabet
sectionandtheRules section,areobligatory.
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5.2.1 Alphabet

TheAlphabet keyword introducestheobligatoryAlphabetsection,which must
appearat the top of the twolc sourcefile. The Alphabetsectionmustcontainat
leastonedeclaredupper:lowersymbolpair andis terminatedby asemicolon.

Alphabet a:a ;

Figure5.9: A Minimal AlphabetSection.TheAlphabetsectionis requiredand
mustappearat thetopof thetwolc sourcefile.

twolc grammarsoperaterelative to analphabetof characterpairssuchasa:a,
a:0, 0:u, e:i, etc. In twolc rules,thenotationz:y mustalwayshaveasinglesymbol
ontheleft andasinglesymbolontheright of thecolon.As in regularexpressions,
thesymbolto theleft of thecolonis theupper-sidesymbol,andthesymbolonthe
rightof thecolonis thelower-sidesymbol.Whenonlyasinglesymbola is written,
asin Figure5.10,it is automaticallyinterpretedby twolc asa shorthandnotation
for a:a.

Alphabet a ;

Figure5.10:Declarationof a is Equivalentto a:a

The alphabetin a twolc grammaralways consistsof SYMBOL PAIRS,
sometimescalled FEASIBLE PAIRS in two-level systems.twolc usesthe
u:d notationto designatea symbolpair with u on theuppersideandd on
thelowerside.Bothu andd mustbesinglesymbolsin a twolc grammar.

By default,twolc assumesthat the identity symbolpairs,a:a, b:b, c:c, d:d,
etc.,arepartof thealphabet;they do not normallyhave to bedeclared.Alphabet
pairslike e:i andh:0, representingphonologicalor orthographicalalternations,can
bedeclaredexplicitly in theAlphabet section,or they canbedeclaredimplicitly
simplyby usingthemin a rule.

Theassumptionsaboutdefaultidentity pairs,suchasa:a, b:b, c:c, etc.,being
in thealphabetareoverriddenby theexplicit “mentioning” of particularsymbols.
For example,thedeclarationof thesymbolpair a:e in Figure5.11involvesmen-
tioningbotha ande, andsoit overridesthedefaultassumptionthata:a ande:eare
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possiblecharacterpairsin thealphabet.

Alphabet a:e ;

Figure5.11:Declaringa:eSuppressestheDefaultDeclarationof a:a ande:e

In practice,declaringa:e by itself causestwolc to concludethata canappearonly
on the lexical sideand that e canappearonly on the surfaceside. If you wish
to declarea:e andyet retaina:a ande:e aspossiblesymbolpairs,you mustthen
declarea:a ande:easwell asin Figure5.12;alternatively a:a ande:earedeclared
implicitly if they areusedanywherein a rule.

Alphabet a:e a e ;

Figure5.12:Regaininga:a ande:eby Overt Declaration

In practice,the alphabetin a twolc grammaris often a sourceof errors
andmystery, especiallywhena mistakein a rule inadvertentlydeclaresan
unintendedsymbolpair.

5.2.2 BasicRules

TheRules keyword introducestheobligatoryRulessection,which mustcontain
at leastonerule.

Rule Syntax

"Unique Rule Name"

Center <=> LeftContext _ RightContext ;

Figure5.13:TheMostCommonlyUsedtwolc RuleTemplate

Themostcommonlyusedtwolc rulesarebuilt on the templateshown in Fig-
ure 5.13. Eachtwolc rule mustbeprecededby a uniquenamein doublequotes.
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TheCenterpartontheleft sideof a twolc ruletypically consistsof asinglesymbol
pair like u:d, whereu is theupper-level symbolandd is thelower-level symbol.

Rules

"Rule 1"
s:z <=> Vowel _ Vowel ;

Figure5.14: A SimpleRulessectionwith oneTwo-Level Rule. Thekeyword
Rulesintroducesthesection,which mustcontainoneor morerules. Eachrule
musthave auniquename.

TheCentermayalsobeaunionof two or moresymbolpairs,e.g. [u1:d1 |
u2:d2] , thataresubjectto identicalconstraints.For example,to indicatethatthe
voicedstopsb, d, andg areall realizedasunvoicedin thesamecontext (e.g.at the
endof theword, asin someGermaniclanguages),onewould write theCenteras
[ b:p | d:t | g:k ] asin Figure5.15.

"Rule 2"
[ b:p | d:t | g:k ] <=> _ .#. ;

Figure5.15:A Two-Level Rulewith a Complex Left-HandSide

After the Centercomesan operator;the mostcommonlyusedis the <=> or
double-arrow operator, typed as a left angle-bracket,an equalsign, and a right
angle-bracket.After theoperator, theLeftContext andRightContext arearbitrarily
complex twolc regular expressionsthatsurroundanunderscore( ) indicatingthe
environmentin which theCenterrelationis constrained.The LeftContext and/or
the RightContext may be empty. Theremay be multiple contexts, and eachis
terminatedwith asemicolonasshown in Figure5.16.

Oneor morerulesmayappearin theRules section.Theorderof therulesin
a twolc file hasno formaleffect on thefunctioningof thegrammar.

twolc Rule Operators

In additionto thedouble-arrow <=> twolc rule operator, which is by far themost
frequentlyusedin practice,therearealsothe right-arrow =>, the left arrow <=,
andthenegatedleft-arrow /<= operators.All four operatorsareexemplifiedand
explainedin Table5.1.
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"Rule 3"
n:m <=> .#. _ ;

u _ i ;
i _ u ;

Figure5.16: A Two-Level Rulewith a Multiple Contexts. Eachcontext must
beterminatedwith asemicolon.

Thekey to successin reading,writing, anddebuggingtwolc rulesis to know
thesemanticsof therule operatorsby heart.As unfashionableasit mayseem,the
studentis urged to commit Table5.1 to memory. Thereis no avoiding the fact
thatthemasteryof twolc rulesis difficult for many students,but it’ s impossiblefor
thosewhodonot learnthesemanticsof theruleoperators.

Figure5.17showsexamplesof ruleswith thefour differentoperatortypesand
thestringpairsthatthey allow andblock; theblockedstringpairsarecrossedout.
After learningthesemanticsof twolc ruleoperators,youshouldbeableto explain
why thecrossed-outstringpairsareblockedby eachrule,andwhy theotherstring
pairsareallowed.

Notethat in twolc rulesthe left-arrow andright-arrow constraintsarenot
symmetrical.

twolc Rule Contexts

Complex left contexts andright contexts arebuilt usinga syntaxthat resembles
xfst regular expressionsin many, but not all, ways. The following arethe main
pointsof twolc regularexpressions:

A notationu:d is aregularexpressionthatdenotestherelationof upper-side
u to lower-sided. In twolc thecolonnotationu:d mustalwayshaveatmost
a singlesymboloneachsideof thecolon.

twolc contexts arealwaystwo-level. If a rule context includesa symbolx
written alone,it is interpretedasx:x . Thecontext written p: matchesany
symbolpair in thealphabethaving p on theupperside.Thecontext written
:q matchesany symbolpair in thealphabethaving q on thelowerside.The
notation: , i.e. acolonwith aspaceoneachside,matchesany symbolpairin
thealphabet.Thenotation? alsomatchesany symbolpair in thealphabet.
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it must be in the context l _ r.  
1.  If the symbol pair a:b appears,

be realized on the surface as b.
context l _ r, then it must be
2.  If lexical a appears in the

If lexical a appears in the context  
l _ r, it must be realized on the 
surface as b.

If the symbol pair a:b appears,
it must be in the context l _ r.  

1.  If the symbol pair a:b appears
outside the context l _ r, FAIL.

a:b <=> l _ r ;

a:b <=  l _ r ;

a:b /<= l _ r ;

If the symbol pair a:b appears
outside the context l _ r, FAIL.

If lexical a appears in the context
l _ r and is realized as anything
other than b, FAIL.

If lexical a is realized as b in the

anything other than b, FAIL.

2. If lexical a appears in the
context l _ r and is realized as

context l _ r, FAIL.
Lexical a is never realized as b

in the context l _ r .

Positive Reading Negative Reading

a:b  => l _ r ;  

Table5.1: twolc RuleOperatorSemantics

The left sideof the left context and the right sideof the right context are
extendedto infinity by concatenatingtherelation:* on theappropriateside
of eachcontext, asshown in Figure5.18.

Bracketingcanbeusedasin xfst regularexpressions:[b] is equivalentto
b. An emptypair of brackets,[] , denotestheemptyrelationthatmapsthe
emptystringto itself.

The 0 (zero) in twolc rulesdenotesnot the emptystring (asin xfst) but a
special“hard zero” symbol. More will be saidaboutthis below. (As part
of a largerexpressionlike 007 , the zerois not hard.) The expressionb:0
denotestherelationof theupper-sidesymbolb to the lower-sidehard-zero
symbol0, which,within twolc rules,is anordinarysymboljust like b.

Theconcatenationof regularexpressionsX andY is notatedX Y, i.e. sepa-
ratedby white spaceandwithoutany overtoperator.

The union of regular expressionsX andY is notated X | Y . In twolc,
both curly bracketsandsquarebracketscan be usedto surroundunioned
expressions.

Optionalityis indicatedby surroundinganexpressionwith parenthesis:(X)
is equivalentto [ X [] ] .
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a:b /<= l _ r ;  

a:b  => l _ r ;

a:b <=> l _ r ;  

! lar  lar  lbr  xay    

! lbr  lar  lbr  xby

! lar  lar  lbr  xay    

! lbr  lar  lbr  xby

! lar  lar  lbr  xay    

! lbr  lar  lbr  xby

a:b <=  l _ r ;  ! lar  lar  lbr  xay    

! lbr  lar  lbr  xby

Figure5.17: RuleConstraintsAllow CertainStringPairsandDisallow Others.
Review the semanticsof two-level rulesuntil you understandwhy eachrule
blocksandallowswhatit does.

TheKleeneStar(* ), meaningzeroor moreiterations,canbepostfixedto an
expression,e.g.X* .

TheKleenePlus(+), meaningoneor moreiterations,canbepostfixedto an
expression,e.g.X+.

The notationXˆn , wheren is an integer, denotesn iterations:e.g. Xˆ3 is
equivalentto [X X X] .

ThenotationXˆn,m , wheren andmareintegers,denotesn to m iterations.9

ThenotationX/Y denotesthe languageX, ignoringany interveningstrings
from languageY.

X denotestheunionof all thesymbolpairsin thealphabetexcludingpairs
thatbelongto X. E.g. s:z will matchany singlesymbolpairin thealphabet
excepts:z.

$X denotestherelationof all stringpairscontainingX. $a:b is equivalent
to [?* a:b ?*] .

Punctuationsymbolsnormally interpretedas regular-expressionoperators
canbeunspecializedby precedingthemwith apercentsign;e.g.%+denotes

9In xfst regularexpressions,thenotationis slightly different:Xˆ n,m .
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Automatic Context Extensions

a:b <=>        LeftContext  _  RightContext  ;

a:b <=>   :*  LeftContext  _  RightContext   :*  ;

Figure5.18: TheLeft andRight Contexts areAutomaticallyExpandedby the
Compilerwith :* , theUniversalLanguageover theAlphabet

the literal plus sign ratherthanthe KleenePlusoperator. The notation%0
denotestheliteral digit symbolzero(parallelto 1, 2, 3, etc.)ratherthanthe
hardzero.

Thenotation.#. denotestheabsolutebeginningor absoluteendof astring.
Thisnotationcanappearin rulecontexts,but it is nota symbolperse.

Alphabetsandcontexts in twolc grammarsarealwaystwo-level.

In twolc rules,contextsarealwaystwo-level,matchingstringsonboththelex-
ical (upper)andsurface(lower)sides.Althoughtwo-level regularexpressionsde-
noterelations,andalthoughrelationscannotusuallybeintersected,complemented
or subtracted,twolc relationsareaspecialcasethatdoallow theseoperations.The
following notationsarethereforevalid in twolc regularexpressions.

WhereX andY denotetwolc relations,X - Y denotesthe relationX not
includingany relationin Y.

WhereX andY denotetwolc relations,X & Y denotestheintersectionof X
andY.

WhereX denotesa twolc relation,˜X denotesthecomplementof that rela-
tion.

Theseoperationsare legal in the twolc regular-expressionlanguagebecausethe
hardzeroin pairssuchase:0 is treatedasanordinarysymbol.Consequentlytwolc
rulesalwaysdenoteregular equal-lengthrelations,which areclosedeven under
complementation,intersection,andsubtraction.
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5.2.3 Thinking in twolc

Theway to goaboutwriting twolc rulesis to

1. Write out a lexical string.Thiswill typically bea stringfrom thelowerside
of a lexicon transducercreatedwith lexc. In ourkaNpatexample,thelexical
stringis “kaNpat ” itself (seeSection3.5.3).

kaNpat

2. Thenwrite out, underthe lexical string,theultimatesurfacestring thatyou
wantto generateusingtheentiregrammarof rules.

Lexical: kaNpat
Surface: kammat

3. Align thetwo strings,symbolby symbol.Padoutthestringswith hardzeros
if necessaryuntil they areof exactly the samelength. Whereyou put the
zerosis ultimatelyup to you, but beconsistentandmaximizethelinguistic
motivationsfor yourchoices.Youwill endup with a pair of stringsconsist-
ing of a sequenceof symbolpairs. Thesearethe two levels of a twolc or
any two-level morphology. Thefollowing lineupmight beappropriatefor a
languagewhereanunderlying“banay+at ” string is realizedas“banat ”
on thesurface.

Lexical: banay+at
Surface: ban000at

4. Identify theALTERNATIONS or discrepanciesbetweenthetwo strings.Write
twolc rulesasnecessaryto allow andconstrainthesymbolpairsthataccount
for thealternations.Thebanay+atexamplejustabovewouldrequirerulesto
constrainwherea:0, y:0 and+:0 canandmustoccur. ThekaNpatexample
will requiretwo rulesto constrainwhereN:m andp:m canandmustoccur.

Of course,for mostrealnaturallanguages,therearemany alternationsbetween
thelexical andsurfacestrings,andyou will have to write out andalignmany pairs
of stringsaspart of your grammarplanning. If you don’t write out andline up
your lexical andsurfacestrings,identify yoursymbolpairs,andthenwrite suitable
twolc rules,in thatorder, you’redoingit wrong.

Thereareoftenseveralreasonablewaysto line up thestrings,with hardzeros
in differentplaces,that leadto equivalentresults.For example,the“banay+at ”
stringmight bealignedas

Lexical: banay+at
Surface: bana000t
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However, any grammarof compatiblerules will dependon the examplesbeing
lined up consistently. It is highly recommendedthat you documentyour rules
with commentsshowingsomesamplepairsof lexical andsurfacestringsto remind
yourselfhow you originally decidedto line up the symbol pairs. Changingthe
lineupconventionsin themiddleof developmentmayrequirechangesto multiple
rules—rememberthatall therulesapplyin parallelandmustagreein how thetwo
levelsline up.

Plananddocumentthe lexical-surfacelineupof all symbolpairsin your
examples.This lineupmustbemotivatedandconsistentsothatacoherent
setof two-level rulescanbewritten.

twolc commentsareprecededby anexclamationmarkandcontinueto theend
of theline.

! twolc comments extend to the End of Line

! banay+at comment alignments for future reference
! ban000at

! kaNpat
! kammat

! Comments are Good Things, use lots of them

Useplentyof commentsin your twolc files, includingexamplesthatshow
how thelexical andsurfacestringsarelinedupsymbolby symbol.

twolc rulesdiffer fromreplacerulesbothin theirsyntaxandsemantics,andthis
is a commonsourceof confusion.Thefollowing pointsneedto beemphasized:

1. Basictwolc rulesconstrainasinglepairof symbols.Theleft sideof a twolc
rule consistsof a singlesymbolpair u:d, with onesinglesymbolu on the
uppersideandanothersinglesymbold on the lower side. Multicharacter
symbolsarepossible,andasin xfst they aredeclaredimplicitly by writing
several symbolstogether:e.g. %+Noun:o. As the plus sign is a special
characterin twolc rules,literalizeit wherenecessaryby precedingit with a
percentsign(%).10

10In twolc regular expressions,specialcharacterscannotbe literalizedby surroundingthemin
doublequotes,asin xfst.
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2. twolc contextsarealwaysinterpretedto betwo-level. Thatis, in twolc rules,
the contexts alwaysrefer to both the upperandlower sidesof therelation.
Youcanleave thelowersideunspecifiedby leaving theright (lower)sideof
apairempty, asin theu: notation.Youcanleavetheuppersideunspecified,
asin the :l notation.A colonby itself, i.e. : , refersto any singlesymbol
pair in thealphabet.

3. twolc grammarsalwayswork relative to analphabetof symbolpairs. The
alphabetfor a twolc ruletransduceris thecollectionof overtly andimplicitly
declaredsymbolpairs.

4. Within twolc rules,the0 (hardzero)characteris a realcharacterandshould
be treatedassuchwhenaligning examplesandwriting rule contexts. The
hardzerosof twolc arethereforedifferentfrom the zerosin xfst and lexc,
where0 simplydenotesanepsilonor emptystring.

5. twolc rulearrowshavetheirown semantics,asshown in Table5.1.Theleft-
arrow andright-arrow restrictionsarenot symmetrical,andboth arequite
differentfrom thesemanticsof xfst replacerules.

5.2.4 Basictwolc Interface Commands

In orderto attemptthefirst exercisebelow, you will needto know thebasiccom-
mandsin thetwolc interfaceto readandcompileyour twolc sourcefile. Thetwolc
interfaceis invokedby enteringtwolc at thecommandline.

unix twolc

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



332 CHAPTER5. THE TWOLC LANGUAGE

twolc will respondwith a welcomebanner, a menuof commands,and a twolc
prompt.

******** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** **
* Two-Level Compiler 3.1.8 (7.8.1) *
* created by *
* Lauri Karttunen, Todd Yampol, *
* Kenneth R. Beesley, and Ronald M. Kaplan. *
* Copyright (c) 1991-2002 by the Xerox Corporat ion . *
* All Rights Reserved. *
******** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** **

Input/Ou tp ut --------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- -- --
Rules: read-gram mar.
Transduce rs : install-b ina ry , save-binar y, save-tabu la r.
Lexicon: install-l exi co n, uninstall -l exi co n.

Operatio ns --------- -- --- -- --- -- -- --- -- --- -- -- --- -- --- -- -- --
Compilati on: compile, redo.
Intersect io n: intersect .
Testing: lex-test, lex-test- fi le, pair-tes t,

pair-test -f il e.
Switches: closed-si gma, quit-on-fa il , resolve, time,

trace.
Display ---------- -- -- --- -- --- -- -- --- -- --- -- -- --- -- --- -- -- --

Result: labels, list-rul es, show, show-rules .
Misc: banner, storage, switches.
Help: completio n, help, history, ?.

Type ’quit’ to exit.
twolc>

Youcancausethemenuof commandsto beredisplayedat any time by enteringa
questionmark. You will needto know justa few utilities from the twolc interface
to getstarted.

read-grammarfilenamereadsin yoursourcefilenameandchecksfor purely
syntacticerrors.

compile causesa successfullyread-intwolc sourcefile to becompiledinto
finite-statetransducers,onetransducerfor eachrule. Compilationis there-
fore a two-stepprocessof read-grammar followedby compile.

lex-test allows you to test your compiledrules immediatelyby manually
inputtinglexical stringsfor generation.

save-binary saves the compiledrule transducersto file. Eachindividual
transduceris written into thefile separately, they arenotautomaticallycom-
binedinto asinglenetworkby intersection.

save-tabular is usedto save compiledtwolc rulesin the tabular format re-
quiredby TwoL andPC-KIMMO .
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quit exits from twolc.

5.2.5 Exercises

The kaNpat Exercise

The first exercise,just to get usedto usingbasictwolc commands,is to redothe
kaNpatexampleusing twolc rules. The first step,as usual, is to write out the
relevantexamplesasstringpairs,with the lexical stringon theuppersideandthe
surfacestringon thelowerside.

Lexical: kaNpat kampat kammat
Surface: kammat kammat kammat

Thatis,wewantlexical “kaNpat ” tomaptosurface“kammat”, lexical “kampat ”
alsoto mapto surface“kammat”, andin additionlexical “kammat” will mapto
itself. A little studyof theseexampleswill show thatin somepreciseenvironments
a lexical N hasto mapto a surfacem, andin otherpreciseenvironmentsa lexical
p mustmapto a surfacem. In additionwe want to allow m:m andp:p in other
environments.

Typein thefollowing twolc sourcefile usinga text editorandsave it to file as
kaNpat-twolc .txt .

! This is a comment. Use lots of them.

Alphabet m p ;

Rules

"N:m rule"
N:m <=> _ p: ;

"p:m rule"
p:m <=> :m _ ;

Entertwolc anduseread-grammarandcompile to compiletherules.

twolc read-grammar kaNpat-twolc.t xt
twolc compile

If read-grammar reportssyntaxerrors, re-edit the sourcefile until it readsin
cleanly. During compilation,ignoreany warningmessagesaboutthe left-arrow
restrictionof theN:m rule beingredundant.Any genuineerrormessageindicates
a typing error thatyou shouldcorrectbeforeproceeding.Testthegrammarusing
lex-test, inputtingthelexical strings“kaNpat ”, “kampat ” and“kammat”.
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twolc lex-test kaNpat

They should all have the samesurfaceoutput “kammat”. Input other strings
like “book ” and “monkey” that are not affectedby the rules; they shouldall
bemappedto themselves.

Edit thesourcefile, reversetheorderof therules,recompileandretest.Such
reorderinghasnoeffect in a twolc grammarbecausetherulesareappliedin paral-
lel.

In thisexample,m andp aredeclaredin theAlphabetsection;thisis equivalent
to declaringm:m andp:p. Thesedeclarationsarerequiredbecausewe “mention”
thesymbolsp andm in thepairsp:m andN:m in therules.Unlesswegobackand
explicitly declarem:m andp:p, twolc will assumethatp canappearonly on the
lexical sideandthatm canappearonly on thesurfaceside.Wedon’t declareN:N,
in this case,becauseN standsfor anabstractunderspecifiedmorphophonemethat
shouldnever reachthesurfaceasN. In a morecompletegrammar, N:n andN:NG
(whereNG is the nameof a singlesymbol)may alsobe possiblerealizationsin
otherenvironments,but N itself shouldnever reachthe surfacelevel. Any UN-
KNOWN symbolthatdoesnotappearanywherein therulesis treatedasanidentity
pair. If you try theinput “hello ” in lex-teston your grammar, you will seethat
theoutputstring is “hello ”. Becausethesymbolsh, e, l, ando arenot affected
by any rule in thekaNpatgrammar, thecompilerdoesnot imposeany constraints
onthem.

NotethattheN:m rulehasaright context p: whichmatchesall symbolpairsin
thealphabetthathavep on theupperside.Becausetheparallelp:mrule is relating
this sameupper-sidep to a lower-sidem, why is it importantfor theN:m rule to
specifya right context of p: ratherthanp:p or p?

Similarly, thep:mrulehasa left context :m, whichmatchesall symbolpairsin
thealphabethaving m onthelower-side.Why is it importantin thiscaseto specify
a left context of :m ratherthanm:mor m?

Try editingthesourcefile to makethecontextsmorespecificandseeif therules
still producethecorrectoutput. You will find in writing twolc rulesthat making
contexts toospecificis justasdangerousasnotmakingthemspecificenough.

Brazilian PortuguesePronunciation

Thenext exerciseis to redotheBrazilian-PortuguesePronunciationexerciseusing
twolc rules.Referbackto page150for thefactsto becaptured.

Thefirst step,asalwayswith twolc rules,is to line upmany examplesaslexi-
cal/surfacestringpairs.Matchthelexical andsurfacesymbolsone-to-oneaseco-
nomically, consistentlyandbeautifullyaspossible.Usehardzerosto padout the
lexical andsurfacestringsso that eachpair of stringshasthe samelength. Use
zerosconsistentlyin parallelexamples. Table5.2 shows our recommendedway
to line up the Portuguese-pronunciationexamples,but it is ultimatelyup to each
linguist to definehow the levels line up. Anotherway of sayingthis is that it is

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



5.2. BASIC TWOLC SYNTAX 335

me disse tarde partes verdade
mi Jis0i tarJi parCis verdaJi
do tio filho ninho carro
du Ciu fiL0u niN0u kaR0u
caro camisa vez zebra casa
karu kamiza ves zebra kaza
peruca braç o chato chatinho interesse
piruka brasu $0atu $0aCiN0u interes0i
homem r´apido peru braç os hostil
0omem Rápidu piru brasus 0osCil
antes paredes livros cada cedilha
anCis pareJis livrus kada seJiL0a
pedaç o parte parede sabe simp´atico
pedasu parCi pareJi sabi simp´aCiku
filhos case ninhos cantar bicho
fiL0us kazi niN0us kantar bi$0u
time fortes usar dente tempo
Cimi forCis uzar denCi tempu
dia rato cimento cases luz
Jia Ratu simentu kazis lus
cachorro vermelho diferentes sonho e
ka$0oR0u vermeL0u JiferenCis soN0u i

Table 5.2: Pairs of Stringsfor the PortuguesePronunciationExample. The
twolc rulesshouldaccepttheupper-sidestringsasinputandproducethelower-
sidestringsasoutput.

up to the linguist to decidewherethezerosare. It is alsoup to the linguist to be
consistentin placingthezeros.

The fully lined-upstring pairswill identify the symbolalternationsbetween
the lexical and surfacelevels. Write the necessarytwolc rules to constrainthe
relation betweenlexical andsurfacestrings. Keepthe semanticsof twolc rules
constantlyin mind. Rememberthatyouarewriting rulesthatwill applyin parallel,
andrememberalsoto treatzerosasrealsymbolsinsidetwolc rules.

Herearea few hints:

Thereshouldbeonly onerule to constraineachsymbolpair suchasd:Jand
r:R.

A rule may have multiple contexts, eachcontext terminatedwith a semi-
colon.
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Thedollar sign($) is a specialcharacterin twolc, asin otherXerox regular
expressions.To useit asa literal characterrepresentingthephoneme/ /, it
mustbe madeun-specialby precedingit with the literalizing percentsign
(%).

Remembernot to makeyour contexts overly specific. In several rulesyou
will needto specifya context only on theupperside,e.g.h: . In others,you
will needto specifyonly a lower-sidecontext, e.g.:i .

Oncetheruleshave beensuccessfullycompiled,try testinga few examples
manuallyusingthecommandlex-text.

For batchtesting,type theupper-sidestringsinto a file, oneword to a line,
andusethe commandlex-test-file to generateall of them. Edit andretest
your rulesuntil all theexamplesaregeneratedcorrectly.

Thisexerciseisnotsimplefor mostpeople.A solutionisprovidedonpage628.

5.3 Full twolc Syntax

5.3.1 HeaderSections

Eachtwolc sourcefile muststartwith an Alphabetsectionand include a Rules
sectionasdescribedabove. In addition,thefollowingoptionalsectionsmayappear
betweentheAlphabetandRulessections.

Sets

To aid in writing rules,you canoptionallydefinesetsof characters.Thekeyword
Sets is followedby assignmententries:

Sets
Vowels = a e i o u ;
Conson = b c d f g h j k l m n p q r s t v w x y z ;

Eachentry consistsof a set nameon the left side, an equalsign, and a list of
symbols;andeachentry is terminatedwith a semicolon.Becausethe semicolon
indicatestheendof eachset,youcancontinuethelisting over multiple lines.

SetdefinitionscanincludepreviousSetdefinitions.

Sets
Vowels = a e i o u ;
Conson = b c d f g h j k l m n p q r s t v w x y z ;
ExtendedVowels = Vowels w y ;

Thesedefinedsetnamescanthenbeusedin rule contextsandin rule-scopedvari-
ables(to bepresentedbelow). A bug (or “feature”) of setsis thatall thesymbols
mentionedin asetmustbelistedexplicitly in theAlphabetsection.
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Definitions

If multiplerulesrequirethesameleft or right context (or asignificantpartof acon-
text) it maybewiseandconvenientto definethecontext in theoptionalDefinitions
section.Thesyntaxis similar to thatin theSetssection,but theright sideof each
assignmentis a twolc regularexpression.Definitionscanmakeuseof previously
declareddefinitions.

Definitions
XContext = [ p | t | k | g:k ] ;
YContext = [ m | n | n g ] ;
ZContext = [ a | e | i | o | u ]* XContext ;

Diacritics

Diacritics, explainedbelow, are a deprecatedfeatureof twolc. Do not confuse
twolc Diacriticswith theverydifferentFlagDiacriticsexplainedin Chapter8.

5.3.2 Full twolc Rule Syntax

Multiple Contexts

A singlerule canhave multiplecontexts,e.g.

"Rule 1"
s:z <=> Vowel _ Vowel ;

Vowel _ [ m | n ] ;

Eachcontext mustendwith a semicolon. Left-arrow restrictionsare interpreted
conjunctively, imposingthe constraintthata lexical s mustbe realizedasz in all
of the indicatedcontexts. Right-arrow restrictionsare interpreteddisjunctively,
limiting the symbolpair, heres:z, to appearingin any of the indicatedcontexts
(but in noothercontexts).

Rule-ScopedVariables

A twolc rulemaycontainany numberof local VARIABLES thatrangeover asetof
simplesymbols.Variablesandtheassignmentof valuesto themarespecifiedin a
where clausethat follows the lastcontext of therule. A where clauseconsists
of (1) thekeywordwhere followedby (2) oneor morevariabledeclarations,and
(3) an optionalkeyword (matched or mixed ) that specifiesthe modeof value
assignment.A variabledeclarationcontains(1) a local-variablenamechosenby
theprogrammer(2) thekeyword in , and(3) a rangeof values.Therangemaybe
eithera definedsetnameor a list enclosedin parenthesescontainingsymbolsor
setnames,for example.
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"foo rule"
Cx:Cy <=> _ .#. ;

where Cx in (b d c g)
Cy in (p t c2 k)

matched ;

In this rule, the two local variables,Cx andCy, have four possiblevalues. The
keyword matched meansthat the assignmentof valuesto the two variablesis
donein tandemso thatwhenCx takesits nth value,Cy hasits nth valueaswell.
The compiler interpretsthis type of rule as an intersectionof four independent
subrules:

b:p <=> _ .#. ;
d:t <=> _ .#. ;
c:c2 <=> _ .#. ;
g:k <=> _ .#. ;

If thekeywordmatched is not presentat theendof a where clause,theassign-
mentof valuesto variablesis notcoordinated.In thiscase,assigningvaluesfreely
to the two variableswould create16 subruleswith all possiblepairingsof values
from thetwo sets.Thekeywordmixed indicatessucha freeassignmentovertly.

Matchedvariablesarealsoconvenientwhen thereis a dependency between
thecorrespondenceandcontext partsof therule. A caseof thatsort is a rule that
createsa geminateconsonantat amorphemeboundary:

"gemination"
%+:Cx <=> Cy _ Vowel ;

where Cy in (b c d f g k l m n p r s t v z)
Cx in (b k d f g k l m n p r s t v z)

matched ;

For example, the rule would realize lexical forms suchas “big+er ”, “pic-
nic+ed ” and“yak+ing ” asthe appropriateEnglishsurfaceforms“bigger ”,
“picnicked ” and“yakking ”.

Variablescanalsobeusedto encodedependenciesbetweenthe left andright
partsof thecontext. For example,if HighLabialis definedas

HighLabial = u y ;

thefollowing rule realizesk asv in two contexts. (AssumethatClosedOffset is a
regularexpressiondefinedin theDefinitionssection.)

"Gradation of k between u/y" ! k weakens to v between
! u’s and y’s

k:v <=> Cons Vx _ Vx ClosedOffset ;
where Vx in HighLabial ;
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In thiscasenovariableoccursin thecorrespondencepartof therule; thecompiler
only needsto expandthecontext partasfollows:

k:v <=> Cons u _ u ClosedOffset ;
Cons y _ y ClosedOffset ;

Becausetherulecontainsonly onevariable,theinterpretationof the“Gradationof
k betweenu/y” rule is the sameregardlessof whetherthe keyword matched is
presentor absent.

5.3.3 Full twolc Interface

Utilities for Rule Testingand Intersection

In additionto thebasictwolc operationsdescribedabove,therearealsothefollow-
ing utilities thatmayproveuseful.Usehelp for moreinformation.

install-binary

install-binary is a commandto reada binary file from disk for usein the
twolc interface.A binaryfile is onethathasalreadybeencompiled,typically
by previousinvocationsof read-grammar, compileandthensave-binary.

intersect

Whentwolc compilesa setof rules,eachrule is storedasa transducer, and
the transducersarekeptseparateby default. To force twolc to intersectthe
varioustransducersinto a singletransducer, invoke intersect after invoking
compile.

twolc read-grammar yourlang-two lc. txt
twolc compile
twolc intersect
twolc save-binary yourlang-twol c.f st

Keepingthetransducersseparateby defaultis importantfor ruletestingwith
pair-test (seebelow). If all the rule transducerswereautomaticallyinter-
sectedinto a single transducer, thenpair-test could not identify which of
the componentruleswasresponsiblefor blocking a mappingbetweentwo
strings.

lex-test

Thelex-testutility allowsthelinguist to testasetof compiledrulesby man-
ually typing in lexical stringsfor generation. lex-test outputsthe surface
form or formsdictatedby therules.

Notethat lex-testappliestherule transducersin a downwarddirection,per-
forming generationon theinput strings.Theopposite,analysis,directionis
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not generallypossiblebecausemostpracticalrule setsproducean infinite
numberof analyseswhenthoseanalysesarenot constrainedby a lexicon.

lex-test-file

lex-test-file is like lex-testexceptthatyou specifyan input file (consisting
of a list of strings,writtenoneto a line, to begeneratedfrom) andanoutput
file for theresults.Theinterfacepromptsyou for thefilenames.

pair-test

pair-test is ausefulutility thatallowsyouto identify whichrule in yourrule
setis blockinga desiredmapping.Supposethatyouhave writtenasetof 50
rules,andthatoneof thedesiredandexpectedmappingsis thefollowing:

Lexical: simp´atico
Surface: simp´aCiku

If, in fact, you input “simp´atico ” to lex-test and thereis no output,or
if the outputis not the desired“simp´aCiku ”, thenidentifying the villain
in a setof 50 rulesmay be anything but trivial. The solutionis to invoke
pair-test, which will promptyou for thelexical stringandthesurfacestring
thatyou think shouldbegeneratedfrom it. Thenpair-test will run thetwo
strings,symbol pair by symbol pair, throughthe rule set and identify by
which rule,andat whichpositionin thestring,thedesiredmappingis being
blocked.

Notethat for pair-test thelexical stringandthesurfacestringmustcontain
exactly thesamenumberof symbols,includinghardzerospositionedin ex-
actly theright places.It’ s at timeslike this, testingfor blockedderivations,
that you will be especiallygrateful for your own documentationshowing
how lexical andsurfacestringsaresupposedto line up.

pair-test-file

Thepair-test-file utility is like pair-test exceptthat it takesits input (pairs
of strings)from a file you specifyandoutputsits resultto anotherfile that
you specify. Theinputfile shouldbeformattedasfollows,with a blankline
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betweenthepairsof strings:

simp´atico
simp´aCiku

partes
parCis

vermelho
vermeL0u

ninho
niN0u

carro
kaR0u

If you maintaina file of valid lexical-surfacepairs, i.e. mappingsthat the
rules shouldperform, then re-runningthat file periodically throughpair-
test-file is a valuableform of regressiontesting.

install-lexicon

install-lexicon allows you to load a lexicon (or pseudolexicon) into the
twolc interfacefor filtering out conflict reports.Whencompilingtwo-level
rules,twolc is extremelygood(sometimesdismayinglygood)at identifying
andreportingpossibleconflictsbetweenrules. But twolc assumesthatany
possiblestring,i.e. theuniversallanguage,couldbeappliedfor generation—
if theconflictsoccuronly for input stringsthatcannot,in fact, occurin the
naturallanguagein question,thentherule writer mayfind theconflict hard
to understand,andfixing therulesmayseempointlessor at leastaprofound
nuisance.

Considerthefollowing two rules.

"Rule 1"
x:y <=> _ a ;

"Rule 2"
x:z <=> i _ ;

Duringcompilation,twolc will dutifully reporta left-arrow conflictbetween
thetwo rules,recognizingthatwhengeneratingfrom a possibleinputstring
like “ ixa ”, Rule 1 would insist on realizing the x as y, yielding “ iya ”;
whereasthesecondrule would insiston realizingthesamex asz, yielding
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“ iza ”. This is a fatal left-arrow conflict, assumingthata stringcontaining
“ ixa ” might indeedbeinput for generation.

However, it may be the casein the languagein questionthat the sequence
“ ixa ” simplynever occurs;andthereforethepotentialconflictbetweenthe
two rules just doesn’t matter. It is in suchcasesthat install-lexicon can
prove useful. Let us assumethat the linguist hasalreadybuilt a lexicon
transducer, perhapsusinglexc, andthatthis transducerhasbeensavedto file
aslex.fst . Let usalsoassumethatthelower-sidelanguageof lex.fst
naturally containsno stringscontaining“ ixa ”. After install-lexicon has
beeninvokedto readthis lex.fst into twolc’s lexicon buffer, twolc will
subsequentlyconsultthe lower sideof the lexicon to filter out rule-conflict
messagesthatjustdon’t matter. For thetworulesabove,thepotentialconflict
will be ignored,andno conflict messagewill bereported,whentwolc finds
thatthelower-sidelanguageof thelexicon includesno stringcontainingthe
problematic“ ixa ” sequence.

The lexicon loadedusing install-lexicon neednot be a real lexicon, andit
neednot even be two-level. In the caseabove, the linguist could compile,
usingxfst, a simpleregularexpression

˜$[ i x a ] ;

denotingthelanguageof all stringsthatdonotcontain“ ixa ”. Installingthis
pseudo-lexicon will be sufficient to suppressthe left-arrow conflict report
for the cited rules. install-lexicon can thereforeuseeithera real lexicon
or a pseudo-lexicon, andthe pseudo-lexicon could of coursebe arbitrarily
complex, tailoredto filter outall kindsof errormessagesthatarenotrelevant
for thelanguagebeingmodeled.

uninstall-lexicon

Theuninstall-lexicon utility removesanddiscardsa lexicon previously in-
stalledusinginstall-lexicon. Onceuninstalled,thelexiconwill no longerbe
usedfor filtering outconflictmessages.

Miscellaneoustwolc Utilities

In addition,twolc providesmoreutilities for timing, tracing,examiningcompiled
rules,etc. Most of theseutilities aremoreusefulto twolc maintainersanddebug-
gersthanto theaverageuser.

You cancausethe full menuof twolc utilities to bedisplayedat any time by
enteringa questionmark(?) at theprompt.Usethehelp utility to seesomeshort
documentationfor eachcommand.
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5.3.4 Exercises

Monish VowelHarmony

Review thefactsof themythicalMonishlanguagestartingonpage166.Thenredo
theexerciseusinglexcandtwolc.

Createa lexcfile calledmonish-lex.tx t , compileit usinglexc, andsave
theresultto file asmonish-lex.fst .

Createatwolc file for Monishvowel-harmony calledmonish-rul.txt,compile
it usingtwolc, andsave theresultasmonish-rul.t wol . Thetrick is to
write a grammarthat realizeseachunderspecifiedvowel as front or back
dependingon thefrontnessor backnessof thepreviousvowel. Two possible
solutionsareshown onpage634.

Composethe lexicon andrulesusingthe lexc interface,andsave the result
to file asmonish.fst , i.e.

lexc read-source monish-lex.fst
lexc read-rules monish-rul.t wol
lexc compose-resu lt
lexc save-result monish.fst

Test the resultingsystemusing lookup and lookdown in lexc. It should
analyzeandgenerateexampleslike thefollowing.

yääqin+Perf+2P+Pl
yääqineńemer̈a

feśeéng+Opt+False+1P+Pl+Incl
feśeéngidd́eq̈aäbig̈a

bunoots+Int+Perf+2P+Sg
bunootsuukońoma

tsarĺok+Opt+False+1P+Sg
tsarĺokudd́oqaaba

ntonól+Imperf+1P+Pl+Excl
ntonólómbaabora

Test for baddataaswell. Your systemshouldnot be able to analyzethe
following ill-spelledMonishwords.

yääqinen´ emor ä [contains ’o’ in a front-harmony word]

tsarl´ okudd´oqaabe [contains ’e’ in a back-harmony word]
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5.3.5 Understandingtwolc and Networks

Whenyou compilea two-level rule grammarwith twolc andsave the resultasa
binaryfile usingsave-binary, the transducersaresaved into the file one-by-one.
They arenot intersectedinto a singlenetwork,unlessyou have explicitly already
donesoby invokingthe intersectcommand.

A file that containsseveral compiledtwo-level rulescanbe loadedbackinto
twolc andlexc, but in generalit is notadvisableto loadsuchafile into xfst. In xfst,
themultiple rulenetworksarepushedontoTheStackasusual;but any subsequent
stackoperationonthem,suchascomposition,is not likely to producetheintended
result.Intersectionof two-level networksin xfst workscorrectlybut printsaflurry
of warningmessagesif therulescontainone-sidedepsilonpairsbecauseintersec-
tion is not in generalapplicableto suchnetworks.

xfst is a generaltool for computingwith finite-statenetworks,andthe trans-
ducersthat representcompiledtwo-level ruleshave no specialstatuswithin xfst.
Let us recall, for example,that the apply up andapply down commandsin xfst
applyonly thetop networkon TheStackto theinput. If thestackcontainsseveral
rule transducersthatwereintendedto beappliedin parallel,theresultwill not be
asexpected.

In lexc, you usethe commandcompile-source or read-source to put a net-
work in thelexc SOURCE register, andyouuseread-rulesto readoneor morerule
networks,compiledpreviously by twolc, into the RULES register;whenyou then
invokecompose-result, lexcusesaspecialINTERSECTING COMPOSITION11 algo-
rithm thatcomposestheSOURCE with theRULES andputstheresultingsinglenet-
work into theRESULT register. For example,if you have a lexicon my-lex.fst
previouslycompiledandsavedin lexc, andif youhave a file my-rul.twol that
youcompiledandsavedin twolc, thefollowingseriesof lexccommandswill com-
posethemandwrite out thesingleresultto thefile result.fst .

lexc read-source my-lex.fst
lexc read-rules my-rul.twol
lexc compose-result
lexc save-result result.fst

Noteherethat read-source is usedto readin analreadycompiledtransducer
from file. If all youhave is themy-lex.txt sourcefile, dothefollowing instead
to compilethelexcsourcefile andput thelexiconnetworkin theSOURCE register.
Note that the rule file my-rul.twol must alwaysbe compiledseparatelyby
twolc and storedusingsave-binary; you cannotcompilea sourcefile of twolc

11As its namesuggests,theintersectingcompositionalgorithmperformstheintersectionandcom-
positionof therulessimultaneously. Seepages254,290and289.
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rulesfrom insidelexc.

lexc compile-source my-lex.txt
lexc read-rules my-rul.twol
lexc compose-result
lexc save-result result.fst

Therearegoodpracticalreasonsfor storingtheresultstwolc by defaultasaset
of separaterule networks.Theserule transducersarenot intersected,unlessyou
specificallytell twolc to dosousingintersect, for four reasons.

1. twolc allowsyouto showthetransducercorrespondingto anindividualrule,
which canbeusefulfor debugging.Thecommandshow is followedby the
nameof a rule.

twolc show unique_rule_ name

2. Thepair-testutility appliestherulesindividually to apairof stringsandtells
youwhichruleis preventingthemapping;it can’t identify theindividualrule
blockingthemappingif all therule transducersareintersectedinto a single
transducer.

3. twolc alsoofferssave-tabular output,which outputstherule transducersin
a state-tableformatsuitablefor useby PC-KIMMO andtheTwoL imple-
mentationof Lingsoft.12 Hereagain,separaterule transducersareneeded
for debugging, and an intersectedrule transducermight grow too big for
practicaluseonsmallmachines.

4. Theintersectionof largerule systemsmaybeimpossibleor impracticalbe-
causethesizeof theresultingnetworkmaybevery large. In theworstcase,
theintersectionof two networks,onewith k states,otherwith n states,may
produceanetworkwith theproductk n states.

Therecipeto compileandintersecttheruleswithin twolc lookslike this:

twolc read-grammar yourlang-rul .txt
twolc compile
twolc intersect
twolc save-binary yourlang-rul. fst

If therulenetworkscanbeintersectedinto asinglenetwork,all furtherprocessing,
suchasthecompositionwith analreadycompiledsourcelexicon,canbedonewith
the genericxfst interface.The intersectionshouldbedonewithin twolc because

12If you hand-compileyour two-level rules for PC-KIMMO they mustbe typed in this same
state-tableformat.
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it will bedonemoreefficiently andwithout provoking thewarningmessagesthat
xfst wouldgenerate.

The compositionof anentirelexicon transducerwith a full setof twolc rules
canblow up in size,at leasttemporarilyduringthecomputation.Theintersecting-
compositionalgorithmin lexc wasoncethe only way to handlesuchlarge com-
positions,andit maystill be theonly way in certaincases.In the meantime,the
generalcompositionalgorithm,as found in xfst, hasbecomemoreefficient and
maybeuseddirectly in mostor all casesin which the intersectionof therulesis
practical.

5.4 The Art and Craft of Writing twolc Grammars

5.4.1 UsingLeft-Arr ow and Right-Arr ow Rules

In mostpracticaltwolc rulesystems,thevastmajorityof therulesare,andshould
be,double-arrow (<=>) rules. Attemptsby beginnersto useleft-arrow (<=) and
right-arrow (=>) rulesareusuallymistakes,revealingapoorgraspof thesemantics
of theruleoperators(seeTable5.1,page326).

Onecasein which the useof single-arrow rules is justified andnecessaryis
whentherealizationof a lexical symbol,e.g.e, is obligatorilyonething, e.g. i, in
context A, but eithere or i in adifferentcontext B.

Modifying thePortuguesePronunciationdata,let usassumeadialectin which
thepair e:i canappearat the endof a word, andin this context, a lexical e must
berealizedasi. Thatwouldnormallybeexpressedwith a double-arrow rule asin
Rule1.

"Rule 1"
e:i <=> _ .#.

Let usfurtherassumethatthepair e:i is alsopossiblein thecontext .#. p _ r ,
but that the realizationof lexical e in this context is not obligatory: it could be
realizedaseither i or ase. If the Alphabetsupportsonly e:e ande:i aspossible
realizationof e, thenwewouldnotatethesephenomenawith aright arrow (=>) as
in Rule2.

"Rule 2"
e:i => .#. p _ r ;

Theproblemhereis thatRule1 andRule2 arein right-arrow conflict; Rule1
statesthatthepair e:i canoccuronly in thecontext _ .#. , andRule2 statesthat
thesamepaircanoccuronly in thecontext .#. p _ r . Thesolutionthatavoids
all conflictsis thefollowingpairof rules,oneusingtheleft arrow, andonetheright
arrow.
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"Rule 1’"
e:i <= _ .#.

"Rule 2’"
e:i => .#. p _ r ;

_ .#. ;

Rule 1’ now indicatesthat if a lexical e appearsat the end of a word, it must
be realizedas i, but this left-arrow rule placesno constraintson wherethe pair
e:i canappear. Rule2’ now indicatesthat thepair e:i canappearonly in the two
contexts indicated,withoutforcinglexical e to berealizedasi in eitherof them.By
combiningthe left-arrow andright-arrow constraintsof the two rules,thedesired
behavior is achieved. Thelexical input “sabe ” will begeneratedas“sabi ”, and
thelexical input “peru ” will begeneratedasboth“peru ” and“piru ”.

Suchalternationsthatareobligatoryin onecontext but optionalin anotherare
fairly rare,atleastin standardorthographies.Thesingle-arrow rulesmightbemore
usefulwhenmodelingphonologicalalternations.

5.4.2 Multiples Levelsof Two-Level Rules

Koskenniemi-styleTwo-LevelMorphologyandthegeneraltwo-levelOT approaches
to phonologyandmorphologyclaimthatit is notonlypossiblebut virtuousto have
a single level of simultaneousrules that directly constrainlexical-surfacemap-
pings. Proponentsinsist that the intermediatelanguagessuggestedby sequential
(cascaded)rulesdonotexist andhavenoplacein thenotation.

However, giventhat setsof two-level rulescompileinto transducers,thereis
no formal restrictionagainstwriting a systemthatincludesmultiple levelsof two-
level rules,or evenmixturesof setsof two-level ruleswith sequentialreplacerules.
The multi-level systemoutline shown in Figure5.19, including two setsof two-
level rules,SetA andSetB, is notonly possiblebut is typicalof somecommercial
morphologicalanalyzersthatwerebuilt atXerox in theearly1990s,beforereplace
rulesbecameavailable.

In suchasystem,theuppersideof theSetA rulesmatchesthelowersideof the
LexiconFst;andthelower-sideof theSetA rulesis not thefinal surfacelanguage
but anintermediatelanguageI. Similarly, theuppersideof theSetB rulesmatches
I, andthelowersideis, finally, therealsurfacelanguage.Soin practice,theremay
beany numberof levelsandintermediatelanguagesin a system,evenwhenusing
thetwolc rulenotation.Of course,oncethecompositionis performed,theresultis
asingletransducer, andall theintermediatelanguagesdisappear. To computational
linguistswhoaremoreimpressedby formal power thanby thesuperficialexpres-
sionof thegrammar, theprohibitionagainstmultiple levelsseemsmorethana bit
religious.

It is often convenient to composefiltering or modifying transducerson the
uppersideof a lexicon, and in the daysbeforereplacerulesthis wasdonewith
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R1 & R2 & R3 & R4 ... Rn Set B of twolc rules

R1 & R2 & R3 & R4 ... Rn Set A of twolc rules

.o.

.o.

Lexicon FST

Figure5.19:A Systemwith Multiple Levelsof twolc Rules.HereSetA of rules
is compiled,intersectedandthencomposedon the lower sideof the lexicon
transducer. ThenSetB is compiled,intersectedandcomposedonthebottomof
thepreviousresult.Theremight beany numberof levels,evenusingtwo-level
rulenotation.

twolc rulesaswell. However, twolc rulesassumea downwardorientation,with
theinput on theupperside;soto write rulesthatmapupwardfrom theupperside
of the lexicon transducerto a modifiedupper-sidelanguage,the trick is to write
therules(we’ll call themSetC) upsidedown,compiletheminto a transducer, and
theninvert thetransducerbeforecomposition.Again,theremaybeany numberof
transducers,compiledfrom twolc rulesandinverted,to becomposedon theupper
sideof thelexicon. Suchinversionsandcompositionsareeasilyperformedin xfst,
asshown in Figure5.20.

Usingthelexc interfaceinsteadof xfst, thecompositionof multiple ruletrans-
ducerson thelower sideof a lexicon,andthecompositionof invertedtransducers
on thetop of a lexicon,area bit moredifficult. The lexc interfacehasbuilt into it
theKIMMO-like assumptionthat thereis but onelexicon,storedin theSOURCE
register, andonesetof rules,readinto theRULESregister;andthe lexccommand
compose-resultcomposestherulesonthelowersideof thelexicon andstoresthe
resultin theRESULT register.

However, therearesomelexc interfacetricks that allow inversionsandmul-
tiple compositions. Assumingthat SetsA, B, and C of twolc rules have been
pre-compiledandsaved in files A.fst , B.fst andC.fst , andassumingthat
the lexicon is storedin lexicon.fst , the lexc-interfaceidiom for performing

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



5.4. THE ART AND CRAFTOFWRITING TWOLC GRAMMARS 349

R1 & R2 & R3 & R4 ... Rn

.o.

Set A of twolc rules

.o.

R1 & R2 & R3 & R4 ... Rn
(inverted)

Lexicon FST

.o.

R1 & R2 & R3 & R4 ... Rn Set B of twolc rules

Set C of twolc rules

Figure5.20:A Systemwith Invertedtwolc RulesComposedontheUpperSide
of theLexicon Transducer. Theremight beany numberof levelsof rulescom-
posedon theupperside,evenusinga two-level rulenotation.

thevariousinversionsandcompositionsshown in Figure5.20is

lexc read-source lexicon.fst

lexc read-rules A.fst
lexc compose-result
lexc result-to-sourc e

lexc read-rules B.fst
lexc compose-result
lexc result-to-sourc e

lexc invert-source

lexc read-rules C.fst
lexc compose-result
lexc invert-result

Noticeherethatto composeruleson theuppersideof thelexicon, thelexicon
is first invertedso that the upperside and lower side are switched. The twolc
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interfacecanthencomposeC.fst on thenew lower side(old upperside)of the
lexicon to createa resultthatis upsidedown. Theresultis theninvertedto getthe
final transducer. This is obviouslyabit awkward,andmostXerox developersnow
avoid thelexc interface,andveryoftentwolc rulesthemselves,in favor of xfst and
replacerules.

5.4.3 Moving Tags

Occasionallylinguists feel a needto “move” a tag that was most naturally put
in an undesirablepositionby a lexc grammar. Suchmoving is accomplishedby
introducinga new tagvia anepenthesisrule in thedesirednew location,andthen
deletingtheoriginal tag,mappingit to theemptystring.

Such“moving” of tagsis not alwaysrecommendable,as it may result in the
copyingof large portionsof your networks. The following little lexc grammar
(adj-lexc.txt ) illustratestheproblem:

! adj-lexc.txt

Multichar_Symbols Neg+ +Adj

LEXICON Root
Adjectives ;

LEXICON Adjectives
NegPrefix ;
AdjRoots ;

LEXICON NegPrefix
Neg+:un AdjRoots ;

LEXICON AdjRoots
healthy Adj ;
worthy Adj ;
likely Adj ;

LEXICON Adj
+Adj:0 # ;

In the lexc grammar, the un- prefix is naturallypairedwith the Neg+ tag on the
lexical side,yielding string pairslike the following (showing epsilonsovertly as
zeros).

Upper: healthy+Adj Neg+0healthy+A dj
Lower: healthy0 u nhealthy0

Now supposethatwe really wantto have lexical stringsthatalwaysbegin with a
root,with all thetagsconcatenatedafter it. That is, in thenegative casewe might
wantsomethingmorelike
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Upper: 00healthy+Adj +Neg
Lower: unhealthy0 0

with all thetags,includingthe+Neg, on theend.This will almostdoublethesize
of thetransducer, becauseit createsaseparateddependency (seeSections4.5.3and
8.3.1),but it makesaninstructiveexercise.

Tag-Moving Exercise1

Takethe lexcgrammarasshown above,compileit usinglexc, andstorethebinary
resultasadj-lexc.fst . Then“move” thetagsby composingxfst replacerules
on thetop. Onerule shouldmapa singleemptystring[..] upwardsto +Neg at the
very endof theword, if thestringis currentlymarkedwith a Neg+; andtheother
shouldmap the original tag Neg+ upwardsto epsilon. In essence,the moving
of tagswill involve the insertionof one tag andthe deletionof another. Do the
compositionon thexfst stack,or usingregularexpressions,arrangingtheorderof
thenetworkscarefully. Onesolutionis shown onpage635.

Tag-Moving Exercise2

Do the sameusing twolc rulesandcomposingthe lexicon with the rules inside
lexc. This will bea bit tricky. twolc ruleshave a built-in downwardorientation,
andtheusualassumptionis thatthey will becomposedonthelowersideof asource
lexicon insidelexc. To modify the uppersideof a transducer, asin this case,the
trick is to write the twolc rulesupside-down. Then,inside lexc, readthe lexicon
networkandinvert it beforecomposingthetwolc rules(whichwerewrittenupside-
down). Theninvert theresult.The lexc interfaceincludesthenecessaryinversion
commands.

lexc read-source adj-lexc.fst
lexc invert-source
lexc read-rules my-rul.twol
lexc compose-result
lexc invert-result

A solutionis shown onpage635.

Tag-Moving Exercise3

Do the sameexerciseusing twolc rules, but doing the compositionon the xfst
stack. Compileandintersecttherulesin twolc, save theresultingnetworkinto a
file, andload the file into xfst. Next, invert the rule networkandcomposeit on
uppersideof thelexiconusingcomposenet utility of xfst. A solutionis shown on
page637.
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Theproblemwith all of thesesolutionsis thatthesizeof thetransducerjumps
from 17states,21arcsand6 pathsto 31states,35arcsfor thesame6 paths.That’s
ahighpriceto payfor acosmeticchangein thespellingof thelexical strings.

5.5 Debugging twolc Rules

5.5.1 Rule Clashes

Becauseall the rulesin a twolc grammarapply in parallel,simultaneously, there
areabundantopportunitiesfor rulesto get in eachother’s way andconflict. Rule
conflictsarediscoveredandreportedby therule compiler, andsomeof themare
evenresolvedautomatically, with appropriatewarningmessages.However, all rule
conflictsaretechnicallyerrors,andsomeof themcannotberesolvedautomatically,
so every twolc userneedsto understandrule conflictsand learn the idioms for
resolvingthem.As apracticalmatter, alwaysreadtheerrorandwarningmessages
carefully.

Therearetwo basickindsof ruleconflict:

1. Right-Arrow Conflicts

2. Left-Arrow Conflicts

Thekey to understandingruleconflictsis understandingthesemanticsof thetwolc
left andright arrows. Review thesemanticsonpage326asnecessary.

Right-Arr ow Conflicts

It is possiblefor two rulesto bein aright-arrow conflict. Right-arrow conflictsare
usuallybenign.Hereis asimpleexample.

"Rule 1"
a:b <=> l _ r ;

"Rule 2"
a:b <=> x _ y ;

Fromtheright-arrow point of view, Rule1 statesthat thepair a:b canoccuronly
in theenvironmentl r ; andat thesametime, Rule2 statesthat thesamepair
a:b canoccuronly in adifferentenvironmentx y . Whereveronerulesucceeds,
theotherwill fail; they arein mortalconflict.

Fortunately, suchconflictsareresolvedquiteeasily. If bothcontextsarein fact
valid, thensimplycollapsethetwo rulesinto onerulewith two contexts.

"Rule 3"
a:b <=> l _ r ;

x _ y ;
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The twolc compiler will thenconstraina:b to appeareither in the first context
l r or in thesecondcontext x y .

The rule writer may prefer to leave the resolutionof right-arrow conflictsto
thecompileritself. Thetwolc interfacehasaspecialswitchthatcanbetoggledoff
andon with thecommandresolve. Thedefaultpositionis ON. Whenthe resolve
switch is ON, the compiler looks for and tries to resolve rule conflicts. In the
caseof a right-arrow conflict, it assumesthat the rule writer intendsto allow the
particularrealizationin all of thecontexts thatarementionedin the rules. In the
caseat hand,theeffect is thatbothRule1 andRule2 arein factcompiledasRule
3, andthecompilerprintsthemessage:

>>> Resolving a => conflict with respect to ’a:b’
between "Rule 1"

and "Rule 2"

If the resolveflag is OFFanda right arrow conflict is not resolvedmanually,
theeffect is thatlexical a cannotberealizedasb in eitherof thetwo environments.

Right-arrow conflictsoccurwhen two right-arrow or double-arrow rules
constrainthe samefeasiblepair to occurin differentenvironments.The
conflict is usuallyresolvableby collapsingthetwo rulesinto onerulewith
two contexts. Thecompilerwill do thisautomaticallyby default.

Left-Arr ow Rule Conflicts

Left-arrow conflictsaremoredifficult to detectandresolvecorrectly. Considerthe
grammarin Figure5.21. Accordingto the semanticsof twolc rule operators,the
left-arrow constraintof Rule4 statesthat if lexical a is betweena left context that
endswith l anda right context thatbeginswith r , it mustberealizedasb. Simul-
taneously, the left-arrow constraintof Rule 5 statesthat a lexical a in this same
environmentmustbe realizedasc. The two rules imposecontradictoryrequire-
ments: wherever Rule 4 matchesandsucceeds,Rule 5 will fail, andvice versa.
Becauseof theconflict,a lexical a hasnovalid realizationin thecontext l r .

Two rulesare in left-arrow conflict when they eachimposea left-arrow
restriction,have overlappingcontexts, andtry to realizethe samelexical
symbolin two differentways.

If the resolveswitch is ON, the compiler looks for and tries to resolve left-
arrow conflictsasbestit can. It tries to determinewhich of the ruleshasa more
specificcontext. In thecaseof Rules4 and5, thereisnodifference;thecontextsare
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Alphabet a a:b a:c b c ;

Rules

"Rule 4"
a:b <=> l _ r ;

"Rule 5"
a:c <=> l _ r ;

Figure5.21:Rule4 andRule5 arein Left-Arrow Conflict

identical. In thatcase,the compilerwill arbitrarily give precedenceto whichever
rulecomesfirst. HereRule4 will prevail overRule5. Thecompilerreports:

>>> Resolving a <= conflict with respect to ’a:b’ vs. ’a:c’
between "Rule 4"

and "Rule 5"
by giving precedence to "Rule 4"

In effect, Rule 5 becomescompletelyirrelevant. In the context l r , the pre-
ferredRule4 requiresa to berealizedasb. Becausetheright-arrow restrictionof
Rule5 doesnotallow thec realizationin any othercontexts,theresultis thata can
neverberealizedasc. In acasesuchasthisone,automaticconflict resolutionis as
goodasno resolutionatall. Thereis a logicalerrorthathasto becorrectedby the
rulewriter. Theonly realbenefitis thattheconflict is noticedandreported.

Alphabet a a:b a:c b c ;

Rules
"Rule 6"
a:b <=> _ r ;

"Rule 7"
a:c <=> l _ r ;

Figure5.22:Rule6 andRule7 arein Left-Arrow Conflict

A moreinterestingcaseof a left-arrow conflict is demonstratedby Rules6 and
7 in Figure5.22. Rule6 andRule7 have thesameright context. Becausetheleft
context of Rule6 is empty, therulerequiresthatalexical a berealizedasb in front
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of a following r regardlessof whatprecedesit on theleft. Rule7 is morespecific.
It requiresa to berealizedasc only whenit is bothprecededby l andfollowedby
r . Notethatevery instanceof thecontext l r is alsoaninstanceof thecontext

r . Formally speaking,thecontext of Rule7 is SUBSUMED by themoregeneral
context of Rule6. Figure5.23illustratestherelationshipbetweenthecontexts of
thetwo conflictingrules.

l _ r

a:b

a:c
_ r

Figure5.23:An AutomaticallyResolvableLeft-Arrow ConflictBetweenaGen-
eralandaMoreSpecificRule

In suchcases,the compilerresolvesthe conflict by giving precedenceto the
more specificrule. It interpretsthe <= part of Rule 6 as if the rule writer had
written it as a:b | a:c <= r . This doesno harmbecausein a two-level
grammarall theruleswork together. Rule6 canberelaxedto allow a to haveeither
realizationin its context becauseRule 7 will prevent the c realizationoutsideits
own specificcontext. Thecombinedeffect is thata is realizedasc betweenl andr
andasb in all othercaseswhenr follows.

In a systemof replacerules,thereareno conflictsbetweenrules,but therule
writer hasto ordertherulesin a properway. In particular, a specificrule always
hasto beorderedbeforea moregeneralrule. In phonologicalliterature(Chomsky
andHalle, 1968)this is calledDISJUNCTIVE ORDERING. The way in which the
twolc compilerresolvesleft-arrow conflictsis motivatedby this tradition.

Thereare,however, left-arrow conflictsthatcannotberesolvedin aprincipled
way. When twolc discoversandreportsanunresolvableleft-arrow conflict, read
the error messagecarefully, identify the rules involved, review the semanticsof
twolc left arrows if necessary, andmakesurethat you understandwhy the rules
are in conflict. DO NOT startmakingchangesuntil you understandthe conflict
completely. Beginnerstoo oftenstartchangingarrows,fiddling with contexts,and
flailing aboutaimlessly. Takethetime to understandfirst.

After youunderstandwhateachruleis intendedto do,andwhy they arein con-
flict, thenoneof themwill needto bechangedintelligently to resolve theconflict.
If oneof the rules is simply in grosserror, thenfixing it shouldbe easy. Where
bothof therulesseemright, thentheusualproblemis thatoneneedsto bemade
morespecificin its contextual requirements.Considerthissimplecase:
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"Rule 8"
a:b <=> l _ ;

"Rule 9"
a:c <=> _ r ;

Rule8 andRule9 arein left-arrow conflictbecausebothleft contexts canmatcha
stringendingwith l, andbothright contexts canmatcha stringbeginningwith r .
Therulesarein mortalconflict with respectto how stringssuchas“ lar ” should
berealized,andthecompilercannotresolvetheconflictfor you. Veryoftenin such
cases,oneof therulesis thegeneralcaseandtheotheris amorespecificexception.
If so,theerrorcanbefixedby simplymakingoneof therulesmorespecificthanthe
other. Thatis, thecontext of themorespecificruleshouldbecompletelysubsumed
by thecontext of themoregeneralrule insteadof justpartiallyoverlappingwith it.
As we showedabove, thecompilerthenresolvessuchconflictsautomatically.

"Rule 8"
a:b <=> :* l _ :* ;

"Rule 9"
a:c <=> :* _ r :* ;

Figure5.24: AutomaticContext Extension.The twolc rule compilerautomati-
cally extendstheleft context to theleft, andtheright context to theright, with
theuniversalrelationover thealphabetof feasiblepairs.

"Rule 8"
a:b <=> l _ ;

"Rule 9’"
a:c <=> .#. [:* - [:* l]] _ r ;

Figure5.25: Resolvinga Left-Arrow Conflict, Giving Precedenceto Rule 8,
by Context Subtraction.WhereasRule9 matchesanything for theleft context,
Rule 9’ matchesany left context, except (minus) left contexts that end with
l. The subtractedleft context, herel, might be anarbitrarily complex regular
expression.
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If this is truly a caseof partialoverlapbetweentwo rules,the rule writer has
to decidewhich of the two rulesshouldapply in the context wherethey are in
conflict. Thegeneralidiom for fixing suchleft-arrow conflictsis calledCONTEXT

SUBTRACTION. In thecaseabove,if wewantto giveRule8 precedenceoverRule
9, with respectto stringssuchas“ lar ”, we mustsubtracttheleft context of Rule
8, hereany stringendingin l, from theleft context of Rule9, which is theuniveral
relation.Recallthattherule compilerautomaticallyextendseachcontext with the
universalrelationover thefeasiblepairsof thealphabet,asshown in Figure5.24.
Thenew non-conflictingversion,Rule9’ in Figure5.25,hasthesameright context
astheoriginalrule,but theleft context ismodifiedby removing, i.e. subtracting,all
stringsthatmatchtheleft context of thecompetingrule. Becausethecomplement
of languageL, written L, is equivalentto :* - L, i.e. to theuniversalrelation
minusthestringsin L, Rule9’ couldbewrittenequivalentlyasin Figure5.26.

"Rule 8"
a:b <=> l _ ;

"Rule 9’"
a:c <=> .#. [:* l] _ r ;

Figure5.26: Resolvinga Left-Arrow Conflict, Giving Precedenceto Rule 8,
by Context Complementation.WhereasRule 9 matchedanything for the left
context, Rule9’ matchesany left context thatdoesnotendin l.

While context subtractionandthe equivalentcontext complementationmake
perfectsense,they are notoriouslydifficult for studentsto grasp. Indeed,even
experienceddevelopershave hadto reinvent the idiom several times. The key to
understandingcontext subtractionis to rememberthatrulesarecompiledautomat-
ically with :* addedon theleft of theleft context and:* on theright of theright
context, asshown in Figure5.24 and in Figure5.18 on page328. The full left
context of Rule8 is therefore[:* l] andthefull left context of theoriginalRule
9 is :* , theKleene-starrelationon thepair alphabet.Theexpression[ :* - [:* l]]
in theleft context of Rule9’ subtractsthe full left context of Rule8 from the full
left context of theoriginalRule9.

Notethat the initial a in stringssuchas“ar ” shouldbemappedto c by these
rules;Rule9’ mustbewritten to allow thepossibility of anempty-stringleft con-
text. Thesubtractionwouldnot have theintendedeffect without indicatingtheex-
plicit word-boundarymarker.#. in theleft context of 9’ becausetherelation[:*
- [:* l]] includestheemptystring.Of course,theequivalent [:* l] also
includestheemptystring. As we have seen,thecompileralwaysconcatenatesthe
relation:* to theleft sideof whatever therule writer hasspecified.Theconcate-
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nationof aKleene-starrelationto anythingthatcontainstheemptystringis equiv-
alentto the Kleene-starrelationitself.13 That is, :* [:* - [:* - l]] and
:* [:* l] denotethesamerelationas:* . Without theinitial wordboundary
.#. explicitly specified,the left context of Rule9’ would be exactly equivalent
to the left context of the original rule. The intentof Rule9’ is to restrictthe left
context to “all sequencesof symbolpairs that do not endwith l ”. Becausethis
includesthe emptycontext, thereis no way to formally expressthe ideawithout
theboundarysymbol.

The boundarysymbol .#. is necessaryin all caseswherea specific
context (somesubsetof :* ) includes the empty string. Without the
initial .#. , a rule such as a:c <=> .#. :* - [:* l] or
a:c <=> .#. [:* l] is vacuous.Without the final .#. the
optionalright context in a rule like a:b <=> (r :*) .#. has
noeffect.

In theexampleathand,wheretheoriginalcontext consistsof justonesymbol,
it might seemthat thereis a simpler solution using , the symbol-complement
operator. If, as in Rule 9 Not-Quite-Right,we changethe left context of Rule 9
to be l , thatis any singlesymbolor symbolpair exceptfor l, thentheconflict is
resolvedfavoringRule8.

"Rule 8"
a:b <=> l _ ;

"Rule 9 Not-Quite-Ri ght"
a:c <=> l _ r ;

However, whereastheoriginalRule9 mapstheinitial a in stringssuchas“ar ” to
c, theNot-Quite-Rightmodifiedversiondoesnot; it requiresat leastonesymbolof
left context. To get thecorrectresult,we mustspecificallyhandlethecaseof the
emptycontext asshown below.

"Rule 9’’"
a:c <=> [.#. | l] _ r ;

All the versionsof Rule 9’ and9” areequivalent. They all requirea to be
realizedasc at thebeginningof a stringor afterany symbolor symbolpair other
thanl. Notethatthebackslashidiom, evenwith theleft word-boundaryspecified,
cannotresolve clasheswherethe left context is over onesymbol long. Context
subtraction,or context complementation,is the generalidiom for suchconflict
resolution.

13Seethediscussionof theRestrictionoperatorin Section2.4.1.
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Let’s look now at theoppositecase:If wewantto resolve theconflictbetween
Rule8 andRule9 in favor of thelatterone,we mustsubtracttheright context of
Rule 9 from the right context of Rule8 asshown in Figure5.27. The new right
context [:* - [r :*]] denotesany string,exceptthosebeginningwith r . The
trailing .#. in themodifiedRule8’ is necessaryfor thereasonsdiscussedabove.

"Rule 8’"
a:b <=> l _ [:* - [r :*]] .#. ;

"Rule 9"
a:c <=> _ r ;

Figure5.27: Resolvinga Left-Arrow Conflict, Giving Precedenceto Rule 9,
by Context Subtractionof theRight Context. Theright context of Rule8’ now
matchesall possiblestrings,includingtheemptystring,exceptfor thosestrings
thatbegin with r .

An equivalentresultis obtainedvia context complementation,shown in Rule
8” in Figure5.28.

"Rule 8’’"
a:b <=> l _ [r :*] .#. ;

"Rule 9"
a:c <=> _ r ;

Figure5.28: Resolvinga Left-Arrow Conflict, Giving Precedenceto Rule 9,
by Context Complementationof the Right Context. The right context shown
hereasr couldbeanarbitrarily complex regular expression.Theright word-
boundary.#. mustbeexplicitly indicatedasshown.

Thecontext-subtractionidiom alsoworkswheretheoverlappingcontexts are
morecomplex, asin Figure5.29. Let usassumethat the intent of the rule writer
is that the more generalRule 11 is to apply whenever the left context endsin
a consonant,except when the left context endswith the more specificcontext
[ l e f t ] . That is, Rule 10 expressesan exception to the more general
rule. The context subtractionidiom worksperfectlyin this casetoo, but it is not
necessaryto useit becausethecompilerwill automaticallyresolve theconflict in
thedesiredway. That is, it automaticallyrelaxestheleft-arrow restrictionof Rule
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10to allow a lexical a to berealizedaseitherb or c.

Alphabet a b c d f g h j k l
m n p q r s t v y;

Sets
Conson = b c d f g h j k l

m n p q r s t v y ;
Rules

"Rule 10"
a:b <=> l e f t _ r ;

"Rule 11"
a:c <=> Conson _ r ;

Figure5.29:Complex OverlappingContexts

If therule writer optsfor themanualsolutionby context subtraction,the left
context of Rule11shouldbemodifiedasshown below in Rule11’.

"Rule 11’"
a:c <=> .#. [[ :* Conson] - [:* l e f t ]] _ r ;

Theautomaticresolutionof theconflictwill producea transducerfor Rule11 that
is differentfrom the transducercompiledfrom the manuallymodifiedRule 11’.
However, theintersectionof the“relaxed” versionof Rule11with Rule10 is iden-
tical to thetransducerresultingfrom theintersectionof Rule10andRule11’. That
is, consideringtherule systemasa whole, the automaticresolutionof left-arrow
conflictsandthemanualmethodof context subtractionproduceexactly the same
result.

SpuriousCompiler Warnings

Althoughthecompilercorrectlydetectsmostleft-arrow conflicts,it is not perfect.
In somecasesthecompilerissuesspuriouswarnings.A simpleexampleis shown
in Figure5.30. The two rules in Figure5.30 allow a lexical a to be realizedas
eitherb or c but requirethatwhichever way is chosenin a particularcase,it must
bechosenconsistently. Thatis, “aa” canberealizedas“bb” or as“cc ” but notas
“ac ” or “ca ”.
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Alphabet a:b a:c;

Rules

"Rule 12"
a:b <=> $[a:b] _ ;

"Rule 13"
a:c <=> $[a:c] _ ;

Figure5.30: twolc is Not Perfect.In spiteof warningsfrom thecompiler, there
is no real<= conflictbetweenthesetwo rules.

Thecompilercompilestherulescorrectlybut givesa spuriouswarningabout
a left-arrow conflict.

*** Warning: Unresolved <= conflict with respect to
’a:b’ vs. ’a:c’

between "Rule 12"
and "Rule 13"

**** Conflicting pair(s) of contexts:
$a:b _ ;
$a:c _ ;
Left context example: a:c a:b

Thereasonis thatthecompilercannot“seeahead”whateffectstheruleor rules
it is working on aregoingto have at theend. At the point wherethe compileris
comparingthecontext wherea mustberealizedasb andthecontext wherea must
berealizedasc, it seesapotentialconflict in thecasewhereastringcontainingtwo
ashasbeenseenandoneof theashasbeenrealizedasb andtheotherasc. At the
point wherethecompileris comparingthetwo rules,it cannotyet deducethatthe
combinedeffect of thetwo rulesis to disallow theproblematiccase.

In real life, examplesof this sortarevery rare. Becausethemessageincludes
anexampleof theproblematiccontext, therule writer candecidewhetherto take
thewarningseriouslyor to ignoreit. In ourexperience,if thecompilerwarnsabout
anunresolvedleft-arrow conflict, it is nearlyalwaysright.

Why Context Subtraction Works

Thecontext-subtractionandcontext-complementationidiomsperformsubtraction
andcomplementationon relations,which is not generallypossible.As pointedout
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above onpage328,theequal-lengthrelationsdenotedby twolc rulesarea special
case.

Fromanotherpointof view, thetransducersof twolc andtwo-levelmorphology
in generalarereducedto simpleFSMs denotinglanguagesthatconsistof strings
that in turn consistof letterslike a:a,b:b, y:0, 0:i, etc. Thebasicalphabetalways
consistsof suchfeasiblepairs.Thezerosin suchpairsarethe“hardzeros”of twolc,
asrealasb andc, andnotequal(insiderules)to theemptystring.Thetransducers
of twolc andtwo-level morphologyarethereforereallyone-level networksthatare
cleverly interpretedasif they weretransducers.

5.5.2 EpenthesisRules

Epenthesisor insertionrulesareachallengefor any grammar, andthey aresurpris-
ingly hardto get right in a finite-statesystem(whereyour rulesarecompiledand
performedliterally by acomputer).Considerthefollowing badtwolc rule:

Alphabet 0:h %+Neg:0 ;

Rules

! this is a bad epenthesis rule

"Lenition"
0:h <=> .#. [ b | t | s ] _ :* %+Neg: ;

Theintentof this rule is to performthefollowing mapping:

Lexical: b0riseann+Neg
Surface: bhriseann0

where“briseann+Neg ” is a stringfrom thelexicon. As usual,twolc ruleswill
matchandimposetheir constraintseverywherethey can. Theproblemis that the
colon(:) matchesany feasiblepair in thealphabet,including0:h,sotheleft-arrow
portionof therule continuesto matchandtriesto insertan infinite numberof 0:h
pairs.

Lexical: b0000...0000ri sean n+Neg
Surface: bhhhh...hhhhri sean n0

However, theright-arrow restrictionof the samerule prohibitsany 0:h insertions
that arenot immediatelyafter an initial consonant,andso the rule is in conflict
with itself.

Oneway to fix this particularrule is to specifysomethingmorespecificthan
just :* asthestartof theright context, e.g.
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"Lenition"
0:h <=> .#. [ b | t | s ] _ 0:h* %+Neg: ;

This new rule specifiesthat 0:h is insertedafter a b, t or s at the beginning of
a word, wherethe right context consistsof any numberof symbolsthat are not
0:h andthena lexical +Neg. This preventsthe infinite insertionandallows the
intendedinsertionof asingle0:h.

A similar problemoccurswhenever a left or right context is left out entirely,
e.g.

"bad epenthesis rule"
0:i <=> c k _ ;

This rule is writtensothatany right context will match,soif theintentis to do the
following

Upper: rack0
Lower: racki

0:i is alsoa valid right context for the rule, andit will matchandrequireanother
insertion.

Upper: rack00
Lower: rackii

And in fact it will matchrepeatedlyandrequirean infinite numberof insertions,
but onceagaintherulewill bein conflictwith itself.

Upper: rack000...0000 0
Lower: rackiii...iiii i

The way to fix the rule is the specifya right context that blocksthe infinite
insertion.

"good epenthesis rule"
0:i <=> c k _ [ 0:i | .#. ] ;

A similarproblemis foundin xfst replacerules(seeSection3.5.5,page179),
wherethebadepenthesisrule

! this is a bad xfst epenthesis rule

[] -> i || l _ r ;

would try to insertan infinite numberof is in betweenl and r in the following
example:
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Lexical: l000...0000r
Surface: liii...iiiir

An infinite numberof emptystringsexist betweenl andr on thelexical side,and
therule triesto mapthemall into i.

For replacerules,thesolutionis providedin the[..] or “dotted-bracket”oper-
ator, which constrainsstringsto beinterpretedashaving exactly oneemptystring
betweeneachsymbol.Thefollowing replacerulehasexactly oneoutput.

[..] -> i || l _ r

Lexical: l0r
Surface: lir

5.5.3 Diacritics

In a twolc file, anoptionalsectionallowsyou to declarediacriticalcharacters,e.g.

Diacritics %ˆFOO %ˆDOUBLE %ˆDEL ;

Of all thefeaturesof twolc, theDiacriticshavealwaysbeentheworstdocumented
and the most poorly understood. They also complicatethe methodsdescribed
above to resolve rule clashes.Diacritics arenow a deprecatedfeatureof twolc,
but they aredescribedherefor completeness.

twolc Diacriticsshouldnotbeconfusedwith theFlagDiacriticsdescribed
in Chapter8.

The Raw Factsabout Diacritics

Whena twolc grammarhasDiacriticsdeclared,therulesin thegrammararecom-
piled in sucha waythat

TheDiacriticsarealwaysmappedto epsilon(zero)on thelowerside,and

The rules, by default, simply ignore the presenceof the Diacritics in the
lexical strings

However, if a ruleexplicitly “mentions”or refersto a Diacritic in its context, then
thatrule is compiledin suchaway thatit “notices” thatDiacritic symbol.

Thenotionof Diacriticsappliesonly in twolc files,andadeclarationof Diacrit-
icsonly affectsthewayin whichtherulesof thefile arecompiledinto transducers.
Insidethe grammarasa whole, the Diacritic symbolsarejust symbols,typically
multicharactersymbols,like any other.
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The Motivation for Diacritics

To understandtwolc diacritics,recallthattheclassicalapproachto finite-statemor-
phologyis to build a lexicon,typically usingthe lexc language,andto write asep-
arategrammarof rules,typically usingtwolc, to maptheabstractstringsfrom the
lexicon into surfacestrings.Therulesaretraditionallycomposedonthelowerside
of the lexicon suchthat the lower-sidelanguageof the lexicon is the upper-side
languageof thetwolc rules.

In a lexicon, thereis oftena needto inject a featuresymbolinto certainstrings
which eventually, whenthe twolc rulesareapplied,eithertriggersthe firing of a
particularruleor blocksthefiring of aparticularrule. Suchasymbolautomatically
becomespart of the alphabetof the lexicon, andnormally all twolc ruleswould
have to bewritten to useor at leastallow thepresenceof suchfeaturesymbolsin
thestrings.

However, writing all therulesto beawareof all thefeaturesis oftennot desir-
able,especiallyif only a coupleof rulesneedto beawareof the featuresymbols.
The problemis especiallyacutein a relatively maturelexicon wherethe linguist
feelsa needto inject somenew featurecharactersto capturebehaviors thatwere
not anticipatedat the beginning. The injectionof new featuresymbolsin certain
stringsmayrequirethereview andrewriting of all therulesin thegrammarto allow
thepresenceof thenew symbols.

The motivation behindDiacritics was to let linguists inject featuresymbols
freely into their lexical strings(typically in a lexc program),but to allow them,in
twolc, to declaresuchcharactersasDiacriticssothatthey wouldbeignoredby all
rulesexceptthoserulesthatovertly referto them.

Noticing and Ignoring Diacritics

twolc rulesarecompiled,by default,in sucha way that they ignorethe symbols
declaredto beDiacritics.Therearein fact two waysto overridethedefault:

Any rule thatspecificallymentionsa Diacritic symbolin its context will be
compiledin suchaway thatit notices(i.e. doesnot ignore)thatsymbol.

Anotherovert way to force a particularrule to notice or pay attentionto
a Diacritic is to includean Attention statementimmediatelyafter the rule
name.

Thefollowing exampleshows theuseof theAttentionstatement,wheretheword
Attentionis followedby anequalsignanda list of Diacritic symbols(oneor more)
to benoticed.

Diacritics %ˆMF %ˆSG %ˆPL ;

Rules
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"my rule"
Attention = ( %ˆMF )

0:x <=> l _ r ;

Sucha rule would normallybecompiledin sucha way that it ignorescompletely
the symbol ˆMF, declaredin the samefile to be a Diacritic; but with the overt
Attentionstatement,thedefaultis overriddenandtherulewill becompiledsothat
it treatŝ MF like any othersymbol.

Diacritics and Rule Conflicts

Although the automaticresolutionof left-arrow conflictsusuallyworkscorrectly
evenwhendiacriticsareinvolved,they presentdifficult problemsif theconflicthas
to be resolved by the brute-forcecontext-subtractionmethod. This is oneof the
majorreasonswhy Diacriticsarecurrentlydeprecated.

Most twolc writerseventuallyneedcontext subtraction(seeSection5.5.1,page
356)to cleanup rule conflictsin their grammars.If you feel a strongneedto use
context subtractionandDiacriticsat thesametime,youcanoftengetawaywith it
by overtly forcingtherulesin conflict to noticeall thedeclaredDiacritics,asin the
following example.

Alphabet A:0 ; ! a token alphabet declaration

Diacritics %ˆFOO ; ! rules will ignore ˆFOO by default

Rules

"Rule 1"
Attention = ( %ˆFOO )
a:e <=> .#. ˜[:* y] _ z ; ! with Diacritics declared,

! and Rule 1 forced to pay
"Rule 2" ! attention to them, the
Attention = ( %ˆFOO ) ! rules are no longer in
a:o <=> y _ z ; ! conflict.

5.5.4 Classictwolc Err ors

Whenwriting twolc grammars,beginnersoftenfall victim to someclassicerrors.
Thefollowing pointsareworthreviewing.

1. Youshouldalwaysstarta twolc analysisby writing out numeroustwo-level
exampleswith thelexical stringabovethesurfacestring,andwith twolc hard
zerosinsertedatappropriateplacesto padout thestringsto thesamelength.
Thefailure to “line up yourstrings”,to documentthelineup,andto becon-
sistentin the lining up of your examplesis a fundamentalmethodological
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error. Two-level rulesconstraintheappearanceof feasiblepairsin two-level
strings,andyou cannotwrite a workablesetof rulesunlessyou know what
you’re trying to accomplish.

2. twolc rulesmapstringsfrom anupperlevel to a lower level, andtheupper
level of the rules is typically the lower level of the lexicon. Sometimes,
linguistswrite multiple levelsof twolc rules,mappingthrougha cascadeof
levels. Thefailure to planandunderstandyour own levels is a fundamental
methodologicalerror. Youshouldthink of eachlevel of intermediatestrings
asa languageandbeableto characterizewhat thestringslook like at each
level.

3. Thetwolc compilerprintsouterrormessagesandwarningswhenit compiles
a sourcefile. Beginnerstend to ignore the messages;expertsstudy them
carefully, fixing syntacticerrorsandrewriting rulesto resolve conflictsthat
arenot resolvedautomaticallyby thecompiler.

4. twolc rulesaredeonticstatementsof fact thatconstrainwhereparticularfea-
siblepairscanappearin apairof lexical/surfacestrings.A simplerulestates
constraintson a singlefeasiblepair like x:y, while a compoundrule with
where clausesis justanabbreviationfor multiplesinglerulesthatconstrain
a singlefeasiblepair.

"unique rule name"
r:l <=> i _ .#. ;

! A typical rule constrains where a feasible pair
! like r:l can appear in a valid pair of lexical-
! surface strings

Attemptstomaketwolc rulesmapstringsof symbolsinto stringsof symbols,
which is possiblein replacerules, is a commonerror that betraysa poor
graspof thesyntaxandsemanticsof twolc rules.Thefollowing twolc rule,
which might appearto map+Participle into the symbolsi, n and g,
will in fact implicitly declarea singlemulticharactersymbolnameding and
constrainwherethefeasiblepair%+Participle:ing canappear.

! declaring multicharacter symbols like ing is
! almost always an error

"bad ing rule"
%+Participle:in g <=> l _ r ;

In twolc, multiple letterswritten together, suchas%+Nounor %+Pl or ing,
areautomaticallyinterpreted,andimplicitly declared,assinglesymbolswith
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multicharacterprint names.Wherethesenamescontainspecialcharacters
like theplussignor thecircumflex, thespecialcharactersmustbeliteralized
with theprecedingpercentsign.14 Whentheintentis to representa genuine
string of concatenatedalphabeticalcharacterssuchas i concatenatedto n
concatenatedto g, it is almostalwaysamistaketo useasinglemulticharacter
symbolsuchasing in twolc.

5. twolc alwaysworkswithin afixedalphabetof feasiblepairs,andin theearli-
estversionsof thelanguagethelinguistwasforcedto declareall thefeasible
pairsovertly in theAlphabetsection.Thiswastediousandledto mysterious
errorswhenthelinguist forgot to declaresimpleidentity pairssuchast:t or
u:u.

In anattemptto remedythisproblem,thecurrentversionsof twolc automat-
ically assumethatidentitypairssuchasa:a, b:b, t:t , etc.arein thealphabet,
unlesstheovertly “mentioned”symbolssuggestotherwise.For example,if
theuserovertly declaresthepair a:e or writesa rule to controla:e, or even
writesarulewherea:eappearsin thecontext, thenthecompilerwill assume
thata canappearonly on the lexical sideandthate canappearonly on the
surfaceside.That is, “mentioning”a:e will overridethedefaultassumption
thata:a ande:earein thealphabet;if thelinguistwantsto retaina:a ande:e
afterdeclaringa:e, thenthey will haveto bedeclaredovertly in theAlphabet
section.

It is anopenquestionwhetherthenew alphabeticassumptionsareany better
thanthe old ones. In any case,the failure to understandwhat the alphabet
is leadsto many mysteriouserrorsfor beginners.Be awarethatalphabetic
symbolscanbedeclaredovertly, in the Alphabetsection,or implicitly via
their usein rules.

6. Often a linguist will declarefeasiblepairs like %+Pl:s ands:s, intending
to limit %+Pl only to theupper-siderule language.Then,unwittingly, the
linguistwill write arule like thefollowing,

0:e <=> z: _ %+Pl ;

intendingto insertasurfacee into pluralslike theSpanish“vez+Pl:veces ”.
However, theright context of therule,written simply as%+Pl, is automat-
ically interpretedas%+Pl:%+Pl , andthis feasiblepair is thenaddedauto-
maticallyto thealphabet.Whatthelinguistshouldhavewritten is oneof the
following:

0:e <=> z: _ %+Pl: ;

14Notethatspecialcharactersin twolc cannotbeliteralizedby surroundingthemin doublequotes,
which is possiblein xfst regularexpressions.
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! or

0:e <=> z: _ %+Pl:s ;

Thiscommonerrordoesnotshow upin errormessagesbecausethecompiler
hasnowayof knowing whetheryou reallymeanto declare%+Pl:%+Pl or
not. The typical signof this problemis whenyou generate,via lex-test, a
stringlike “vez+Pl ” andyougetmultipleoutputstringslike “vece+Pl ”,
“vezs ” and“vez+Pl ” insteadof thesinglesolution“veces ” thatwasex-
pected.Expertslearnto expectandcheckfor problemsin thetwolc alphabet.

7. Finally, thelittle where clausesthatdefinerule-scopedvariablescausetheir
shareof problems.Linguistsoftenwrite a rule like thefollowing

"rule with a where clause"
XX:YY <=> l _ r ;

where XX in ( i e )
YY in ( u o ) matched;

andthentry to adda new context on theendof therule,e.g.

! the where clause must appear after
! all the contexts

"rule with a where clause"
XX:YY <=> l _ r ;

where XX in ( i e )
YY in ( u o ) matched;

m _ n ; ! ERROR, ERROR

However, if a where clauseappears,it mustbeafter thevery lastcontext.
Unfortunately, the twolc rule compilerdoesnot give an error messagebut
simply stopsparsingat the addedcontext andignorestheremainderof the
file. Onceagain,it is importantto look carefullyat themessagesreturnedby
the compiler, including the listing of the rulesthat weresuccessfullycom-
piled.

5.6 Final Reflectionson Two-Level Rules

5.6.1 Upward-Oriented Two-Level Rules

It will be noticed(seeTable 5.1, page326), that the right-arrow and left-arrow
restrictionsof two-level rulesarenot symmetrical.Theright-arrow => restriction,
asin
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a:b => l _ r ;

statesthat thesymbolpair a:b is restrictedto appearin the indicatedcontext; the
rulewill thereforeblocktheappearanceof thepaira:b in any othercontext. Notice
thatthereis nodirectionalityin theright-arrow restriction—itis thepaira:b thatis
restrictedto appearin a certaincontext or contexts.

In contrast,theleft-arrow <= restrictionhasa cleardownwardorientation.

a:b <= l _ r ;

It statesthatif thelexical symbola occursin theindicatedcontext, thenthisa must
berealizedon thesurfaceasb. Any otherrealizationof lexical a in theindicated
context or contexts is blockedby therule. Significantly, therule doesnot saythat
a surfaceb in the indicatedcontext mustbe a realizationof lexical a; the twolc
left-arrow restrictionis downwardoriented,from lexical to surface.

The doublearrow <=> straightforwardlycombinesthe non-directionalright-
arrow constraintsandthedownward-orientedleft-arrow constraints.

Thedownward-orientationof the<= restrictionsuggeststhatonemight define
anew kind of two-level rulewith anupward-orientedsemantics.Let theleft arrow
with asinglebar<- beanew operatorsuchthattherule

a:b <- l _ r

statesthatif thesurfacesymbolb appearsin theindicatedcontext, thenit mustbe
mappedto a on the lexical side; therule would thereforeblock any otherlexical
sourcefor surfaceb in theindicatedcontext.

Suchupward-orientedrulescancertainlybecompiledby handandincludedin
asetof two-level rules,but to ourknowledgesuchupward-orientedtwo-level rules
have never beensupportedby automaticrule compilersor seriouslyinvestigated
for their usefulness.

5.6.2 Comparing Sequentialand Parallel Approaches

The applicationof a setof replacerulesto an input string involvesa cascadeof
transductions,that is, a sequenceof compositionsthat yields a relationmapping
the input string to oneor moresurfacerealizations.The applicationof a setof
twolc rulesinvolvesacombinationof intersectionandcomposition.

A setof rulesof eithertypecanin principlealwaysbecombinedinto anequiv-
alentsingletransducer. Replacerulesaremergedby composition,twolc rulesby
intersection.Thefinal outcomecanbethesame,asthefollowing exampleshows.

Yokuts vowels (Kisseberth,1969)are subjectto threetypesof alternations.
(Theperiod,., is usedhereto indicatethattheprecedingvowel is long.)

Underspecifiedsuffix vowels are roundedin the presenceof a roundstem
vowel of thesameheight:dub+hIn dubhun, bok’+Al bok’ol.
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Longhighvowelsarelowered:?u.t+It ?o.tut, mi.k+It me.kit.

Vowelsareshortenedin closedsyllables:sa.p sap, go.b+hIn gobhin.

Becauseof examplessuchas ?u.t+hIn ?othun, the rules mustbe appliedin
the ordershown. Roundingmustprecedelowering becausethe suffix vowel in
?u.t+hIn emergesasu. Shorteningmustfollow loweringbecausethestemvowel
in ?u.t+hIn would otherwiseremainhigh giving ?uthunratherthan?othunasthe
final output.

Kisseberth’sanalysisof thisdatacanbeformalizedstraightforwardlyasregular
replaceexpressionsin xfst.

define Cons [b|d|f|g|h|k|k’ |l| m|n| p|q| r|s |t|v |w|% ?];
define Rounding [I -> u || u $%+ _ ,,

A -> o || o $%+ _ ];
define Lowering [i -> e, u -> o || _ %. ];
define Shortening [%. -> 0 || _ Cons [Cons | .#.]] ;
define Defaults A -> a, I -> i, %+ -> 0;

Thecomposition[Rounding .o. Lowering .o. Shortening .o.
Defaults] yieldsa 63-statesingletransducerthatmapsYakut lexical formsto
surfaceforms,andviceversa.

Thesamedatacanalsobeanalyzedin twolc terms.Thetwolc Shorteningand
Loweringrulesaresimplenotationalvariantsof theirxfst counterparts.Thetwolc
Roundingrule,however, isdifferentfromits xfst counterpartin onecrucialrespect:
the left context of the alternation[ Vz: $%+: ] requiresa roundedlexical vowel
without specifyingits surfacerealization.Thustheloweringof thestemvowel in
?u.t+hIndoesnotpreventit from triggeringtheroundingof thesuffix vowel. This
is oneof themany casesin which under-specificationin two-level rulesdoesthe
samework asruleorderingin theold Chomsky-Hallephonologicalmodel.

Alphabet
%+:0 %.:0 %. i i:e u u:o o e i I:u I:i A:a A:o a
b d f g h k k’ l m n p q r s t v w %? ;

Sets
Cons = b d f g h k k’ l m n p q r s t v w %? ;

Rules
"Rounding"

Vx:Vy <=> Vz: $%+: _ ; where Vx in (I A)
Vy in (u o)
Vz in (u o)

matched;
"Lowering"

i:e | u:o <=> _ %.: ;
"Shortening"

%.:0 <=> _ Cons [Cons | .#.];

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



372 CHAPTER5. THE TWOLC LANGUAGE

Theintersectionof the twolc rulesfor Yakutalsoyieldsa 63-statetransducer
thatis virtually identicalto its xfst counterpart.Theonly differenceis thatthetwo
rulesystemsmakeadifferentpredictionabouttherealizationof hypotheticalYakut
formssuchas?u.t+hI.n in which theunderspecifiedsuffix vowel is long. In this
case,thexfst Yakutrulespredictthatit wouldundergoall threeprocessesyielding
?othonas the final outputwhereasthe twolc Yakut rulesproduce?othunin this
case.With a little tinkering,it wouldbeeasyto maketwo rulesystemscompletely
equivalent,if oneknew whattheright outcomewouldbein thatunattestedcase.

Fromamathematicalandcomputationalpointof view, twolc andxfst rulesys-
temsareequivalentin thesensethatthey describeregularrelations.Thesequential
replacerulesandtheparalleltwolc rulesdecompose,in adifferentway, acomplex
relationbetweenlexical andsurfaceforms into smallersubrelationsthat we can
understandandmanipulate.They representdifferent intuitions of what the best
wayis to accomplishthetask.In practice,thetwo approachesareoftencombined,
for example,by composinga setof intersectedtwolc ruleswith networksthatrep-
resentconstraints,replacerules,or anothersetof intersectedtwolc rules.

Dependingon the application,oneapproachmayhave anadvantageover the
other. A cascadeof replacerulesis well-suitedfor casesin which an upperlan-
guagestring is typically very different from its lower languagecounterpart. In
suchcaseswe are often interestedonly in string-to-stringmappingsand do not
careabouthow thestringsareexactlyalignedwith respectto eachother. But if it is
importantto describetherelationin termsof exact symbol-to-symbolcorrespon-
dences,twolc rulesmay be a morenaturalchoicebecausethat is preciselywhat
they weredesignedto do.
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Writing a finite-statesystemsuchas a morphologicalanalyzerdemandsthe
sameplanninganddisciplineasfor any largesoftware-developmentproject.Every
experiencedsoftwaredevelopercantell horrorstoriesaboutinadequatehardware,
codebeinglost andcorrupted,andthenightmareof maintainingpoorly designed
andundocumentedsystems.

Fromthesoftware-engineeringpointof view, thefinite-statedeveloperfacesa
bewildering arrayof choicesin how the projectis dividedinto modulesandhow
the work shouldbe dividedup amonglexc, xfst, andperhapseven twolc. From
thestrategic pointof view, it mayappearthatchoicesmustbemadeconcerningor-
thography, dialect,registerandevenpolitical correctness;but therearetechniques
that allow a singleflexible coresystemto be modifiedvia finite-stateoperations
to serve multiple ends.Finally, theexpertuseof finite-stateoperationslike union,
compositionandpriority unioncansimplify grammarsandallow cleanerhandling
of grammaticalirregularity.

This chapterwill discusshardwareandsoftwareinfrastructure,the kinds of
softwareandlinguistic planningthatshouldbedonebefore coding,andsomeex-
pert idioms that keepyour grammaticaldescriptionssimplerwhile makingthem
maximallyflexible.
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6.1 Infrastructur e

6.1.1 Operating System

TheXerox Finite-StateToolslicensedwith thisbookarecompiledfor theSolaris,
Linux (bothIntel andPowerPC), Windows(bothNT and2000)andMacintoshOS
X operatingsystems.

6.1.2 Hardware

Onecanlearnandexperimentwith theXerox Finite-StateCalculususingalmost
any moderncomputerthatrunsoneof thesupportedoperatingsystems.However,
large-scalegrammarscaneasilycompileinto finite-statenetworksthattaxmemory
resources.

Theproblematicmorphologicalphenomenathatoftenresultin largenetworks
includeproductivecompounding(asin GermanandDutch),infixation(asin Taga-
log), interdigitation(as in Hebrew and Arabic) and separateddependenciesbe-
tweenmorphemesin a word. The intersectionand compositionoperations,in
general,canresultin hugenetworksor requirelargeamountsof intermediatepro-
cessingmemorybeforeminimizationcanbeinvoked.TheXerox Research Cen-
tr e Europe maintainssomehuge workstations,including a SUN Ultra with 2
GBytesof RAM, to handlethe most intensive finite-statecalculationsfor com-
mercialsystems.

Having sufficient RAM is often a key to successfullarge-scaledevelopment.
TheXerox finite-statealgorithmsusuallyrun very fast in RAM, but performance
degradessharply if RAM becomesexhaustedand the algorithm must start ac-
cessingdisk memory(known as “hitting the disk”). When the RAM threshold
is crossed,sometimesin the middle of a developmentproject,compilationsthat
oncetook minutesmay suddenlystart takinghours. While it may bepossibleto
restructuretheoffendingcompilationin suchawayasto avoid crossingthethresh-
old, oftentheonlypracticalsolutionis to moveto abiggermachineor to addRAM
to theold one.

6.1.3 Software

Licenseto Xerox Finite-StateSoftware

TheXerox finite-statesoftwaresoftwaretoolsarelicensedfor non-commercialuse
undertheconditionsspecifiedon thelicenseagreement.Requestsfor commercial
licensingarereviewedandnegotiatedona case-by-casebasis.1

1Seehttp:www. fsm book .co m/ for thelatestinformationoncommerciallicensing.
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ProtectingYour SourceCode

Your lexc, twolc andxfst files,plusmakefilesanddocumentation,will oftenrepre-
senta greatdealof your work anddeserve protection.The long-termsuccessand
maintainabilityof any significantprojectdependson regular backupsandcareful
useof versioncontrol.

Backups Any maturesoftwarelaboratoryhasaregularbackupprocedureallow-
ing lost files to berestored.Filescanbelostatany time throughhumanerror, sab-
otage,operating-systembugs,disk crashes,poweroutages,fires,lightningstrikes,
earthquakesandany numberof otherdisasters.

Withoutbackups,it is all tooeasyto loseweeksor monthsof work in afraction
of a second.Experienceddevelopershave all lost work this way, andthey have
learnedthe hardway to insist on backups. Intelligent beginnerslearn the same
lessonby exampleratherthanthroughtheir own painfulexperiences.

Talk to your systemsupportgroupaboutbackupsat your site. If thereis no
systemsupportgroup,or if their backupproceduresareinadequateandcannotbe
improved, thenmakeyour own backups. It’ s a nuisance,but somedayyou will
thankyourself.

At majorstablepointsin your developmentcycle, especiallywhenyou reach
a contractualmilestoneor makeany kind of delivery, thefull stateof your system
shouldbe archived, andcopiesshouldbe storedin secureareasaway from your
developmentsite,suchasasafety-depositbox in abank.

Version Control The useof a version-controlsystemlike CVS2 is alwaysrec-
ommended,andit is vital if two or morepeoplehavewrite-accessto thesamefiles.
An inherentdangerin teamdevelopmentis thattwo developerswill try to edit the
samefile at thesametime; eacheditsa copyin anedit buffer, andwhenthey save
thebuffer to file they destroyeachother’scorrectionsandchanges.

Version-controlsystemsimposeteamdiscipline, typically requiringa devel-
operto CHECK OUT a file or whole directoryfor editing, andto CHECK IN3 the
file or directorywhenheor sheis finished.During the time thata file is checked
out,it remainslockedandunchangeableby therestof theteam.CVSis somewhat
lessstrict,allowingmultipleresearchersto checkoutcopiesof thesamefiles,but it
keepsstrict trackof changesandsignalsyouwhenyourchangesneedto bemerged
with someoneelse’s.

Eachtime a file is checkedin, CVS savesa recordof the changesthat were
made. This allows CVS to backtrackand restoreany previous checked-inver-
sion of a file. At major stablemilestones,andespeciallyfor deliveredsystems,
thedevelopersshouldtakea CVS snapshotthatrecordsthestateof all thesource

2http://ww w.c vs home. or g/
3Theterminologyof check out andcheck in comesfrom libraries. Whena patronchecksout a

bookfrom thelibrary, heor shehascontrolof it until it is checkedbackin, afterwhichsomeoneelse
cancheckit out.
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files underversioncontrol. Therearethreemainscenarioswhereversion-control
systemscomein handy.

If youstartonadevelopmentpath,editinga file, but thenchangeyourmind
andwantto startover, CVS canrestorea previousversionof yourfile. It is
thereforegoodpracticeto checkin a stablefile just before startingany new
anddangerousediting. In general,think of versioncontrolasa way to save
softwareversionsthatyou mightwantto returnto.

Whenyouaretestinganew stableversionof youroverallsystem,youshould
alwayscompareit againstthepreviousstableversionof thesamesystem.If
youfaithfully tookasnapshotof thepreviousversion,CVScanrestoreit for
your tests.

If you have delivereda versionof your projectto any otherorganizationor
developmentteam,they maycomebackto you monthsor weekslaterwith
bug reportsandrequestsfor changes.Youmayneedto restoreacopyof the
versionthatwasdeliveredin orderto confirmthebugs.

Experiencedsoftwaredevelopersuseandappreciateversioncontrol,evenif it does
imposesomeoverheadin checkingout andcheckingin files.

Makefilesand SystemCharts

Typicallexical transducersaremadefrommultiplelexc, twolc andxfst sourcefiles,
andtheresultingnetworksareunioned,composedandintersectedin variousways
to makethefinal network. While recompilingandre-assemblinga wholesystem
cantheoreticallybedoneby hand,in practicetheonly way to ensurereliability is
to put all thecommandsin a makefile.

Makefiles Makefilesareorganizedin termsof goals,with thetop-level goalbe-
ing theproductionof thefile thatcontainsthefinal lexical transducer. A makefile
typically containsmany subgoalsthat mustbe producedon the way to the final
goal,includingtheappropriatecompilationof all thecomponentfiles andcalcula-
tion of intermediateresults.In a properlywrittenmakefile,eachgoalis associated
with all of thesubgoalsor sourcefiles on which it depends,andthemake utility
is intelligentenoughto recomputea goalonly if oneof its subgoalshaschanged.
Wheneveryoueditandsaveany sourcefile of yoursystem,youshouldbeablesim-
ply to entermake to have all (andonly) theaffectedpartsof your overall system
recompiled.SeeAppendixC for anintroductionto makefiles.

SystemCharts While a properlywritten makefilewill automatetherecompila-
tion andre-assemblyof your lexical transducers,experiencehasshown thatfinite-
stateproductdevelopersquickly losetrackof theoverall organizationof theirsys-
tem modulesunlessthey arevisualizedgraphically. This problemis particularly
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acuteif the developercan’t write, or perhapseven read,the makefilehimself or
herself.It is thereforehighly recommendedthatthecomponentsandoperationsof
themakefilebeplottedgraphicallyasboxeson a chartandthat thechartbetaped
prominentlyto thewall for easyreferenceduringdevelopment.Suchachartshould
beaslargeasnecessary, showingexplicitly how thesystemmodulesarecompiled,
unioned,intersectedandcomposedtogether.

Thewall chartis especiallyvaluablewhentracingbugs,and,of course,when
understandingandmodifying themakefileitself. It is up to thedeveloperto keep
themakefileandthewall chartin sync.

6.2 Linguistic Planning

lexc, twolc andxfst are tools that allow the developerto stateformal linguistic
facts in notationsthat are alreadyfamiliar to formal linguists. Thus lexc gives
usa framework for specifyingmorphotacticfactsin termsof sublexicons,entries
andcontinuationclasses;and twolc andrewrite rulesprovide a coupleof ways
to specifyfactsof phonologicalor orthographicalalternation.But thesetoolsare
only frameworksfor theformalizationof facts;they cannottell you whatthefacts
are. The discipline that examinesnaturallanguages,discovering their rulesand
formalizingthem,is FORMAL LINGUISTICS.

6.2.1 Formal Linguistics

Whenwereferto linguistsin thisbook,wemeanformal linguists,typically people
who have beentrainedat the university level in formal linguistic description. In
commonparlance,a linguist is anyonewhospeaksmultiple languages,i.e. apoly-
glot, which is somethingquitedifferent. Theability to speakmultiple languages,
thoughadmirable,doesn’t makeoneaformallinguistany morethanhaving aheart
makesoneacardiologist.

A greatdealof goodformal linguisticswasdonebeforecomputerizedtools
wereavailable,anda greatdealof badformal linguisticscanbe doneeven with
the bestcomputationaltools. It is importantto realizethat codingin lexc, twolc
andxfst is not linguisticsperseandthattheformalizationof badlinguisticmodels
simply resultsin bad programs. Formal linguistics is what it alwayshasbeen,
the formal study and understandingof linguistic structures;and that study and
understandingshouldcomefirst. After theformal linguisticsis done,afteramodel
is workedout,we implementandtestthemodelusingthefinite-statetools.

Thelessonis this: studythelanguageanddosomeold-fashionedpurelinguis-
tic modelingbeforejumping into thecoding. Your programswill never bebetter
thanthelinguisticmodelbehindthem.
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6.2.2 Programming Decisions

Experiencedfinite-statedevelopersunderstandthatmostprogrammingprojectscan
bedividedup in many ways,andthis is especiallythecasewhenonehasa choice
of threetools, lexc, xfst andtwolc, whosecapabilitiesoverlap. A little planning,
in theform of softwareengineering,is alwaysrecommended.

Tool Choice

lexc, xfst and twolc areall notationsthatcompileinto finite-statenetworks,so a
developermustoftenchoosewhich tool to useto defineaparticularnetwork.lexc
is convenientfor definingnatural-languagelexiconsandmorphotactics;it is opti-
mizedto handlethetypically hugelexical unionsefficiently, andthecontinuation
classesprovideaconvenientnotationfor encodinggeneralcompoundingandloop-
ing. lexc alsoprovidesconvenientnotationsfor handlingirregularities,including
thegrossirregularitiescalledSUPPLETIONS. Anythingthatcanbeencodedin lexc
can theoreticallybe encodedin xfst, using the regular-expressioncompiler, but
with somepracticallimitations:

1. xfst is not optimized,aslexc is, to handlehugeunionsefficiently, and

2. regular expressionsthat encodegeneralcompoundingand looping can be
veryhardto write andto read

For thesereasons,lexc is thepreferredchoicefor defininglexiconsandmorpho-
tactics.

Alternationrules,which alsocompileinto networks,canbe written in either
twolc or in xfst. At Xerox, twolc hasfallen out of use,with most developers
preferringto write cascadesof replacerulesin xfst.

Modularity

Dependingon your language,you maywantto keepverbs,nouns,adjectives,etc.
in separatelexc lexiconsandcompiletheminto networksseparately. The corre-
spondingverb,noun,adjective,andothernetworksmaysubsequentlybeunioned
togetherbeforealternationrulesarecomposed,or youmayneedto write andapply
at leastsomerulesthatarespecificto particularcategories.For languageswith pro-
ductivecompounding,whereadjective,nounandverbrootsattachto eachother, all
thecompoundingcategorieswill have to bekept togetherin thesamelexc source
file.

For alternationrules,you maywantto organizeyour rulesinto several layers,
creatingvariousintermediatelanguagesbetweenthelexical andsurfacelevels(see
Section5.4.2).Youwill almostcertainlywantto applylittle cleanuptransducersto
thelexical side,andperhapsto thesurfaceside,of your final lexical transducer. It
is impossibleto lay down rigid rules,becauselanguagesdiffer somuch,but some
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decentadvanceplanningcansavemuchrewriting andreorganizationof thesystem
duringdevelopment.

Whenever possible,formal linguistic studiesanddescriptionsshouldbe pre-
sentedto otherlinguistsfor commentbeforeyou jump into thecoding.Part of the
planshouldincludea wall chart(seepage379),a graphicdisplayof the various
componentsof thesystemandhow they will becombinedtogether.

ChoosingLexical Baseforms

By convention,Xerox lexical transducershavelexical (upper-side)stringsthatcon-
sistof BASEFORMS followedbymulticharacter-symboltags.Thebaseformitself is
theheadwordusedconventionallywhenlookingupthesurfacewordsin astandard
printed(or perhapsonline)dictionary. For example,aSpanishverblemmaconsists
of perhaps300 differentsurfaceforms, but only the infiniti ve form, the conven-
tional baseform,appearsasa headwordin dictionaries.Thuscanto(“I sing”) is
analyzedasa form of cantar(“to sing”).

Upper: cantar+Verb+Pr esIn d+1P+Sg
Lower: canto

Thereis nothingnecessaryor obviousaboutusingtheinfiniti veto representthe
wholelemma;it is only a lexicographicalconventionof Spanish,andtheconven-
tionschangefrom languageto language.Latin, for example,hasa cognateinfini-
tivecantare, but theheadwordin standarddictionariesiscanto, thefirst-personsin-
gularpresent-indicativeactive form. In a typical Xerox Latin analyzer, we would
thereforeexpectcantare andall othersurfaceformsof the lemmato beanalyzed
asformsof canto.

Upper: canto+Verb+Inf
Lower: cantare

In analyzingotherlanguages,wherelexicographicalconventionsaremixedor
non-existent,it is ultimatelyup to thelinguist to decidewhatthebaseformwill be.
Somedictionaries,suchasthosefor EsperantoandSanskrit,follow theadmirable
conventionof usingstemsratherthanwholesurfacewordsasthekeys in dictionar-
ies. Dictionariesfor Semiticlanguagesareusuallyorganizedundervery abstract
rootkeys,whicharetypically tripletsof consonantsthataren’t evenpronounceable
by themselves.

The overall goal is to choosebaseformsthat will be of maximumfamiliarity
andusefulnessin futureprojects.Wherea lexical traditionalreadyexists,writing
aXerox-stylesystemthatreturnstheconventionalkeywordswill facilitatelooking
updefinitionsandtranslationsin existinglexicons.For alanguagethathasnogood
traditionfor choosingbaseforms,it is up to you to choosethem. In any case,you
shouldhaveasolidview of whatthebaseformswill bebeforeyoustartcodingwith
toolslike lexc andtwolc.
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Multicharacter -Symbol Tagsand TagOrders

ChoosingTags Seethe Appendixon tags,page585, for detailedinformation
on choosingappropriatetagsfor your language.Purelinguistic planningshould
clarify which distinctionsarereal in the morphologyand, therefore,which tags
will benecessaryto representthosedistinctions.As muchaspossible,thechoice
of apreliminarysetof tagsshouldbedonebeforecodingstarts.

Tag String Orders Wheremultiple tagsfollow thebaseform,the linguist must
definetheorderin which tagswill appear. Failureto definestandardcombinations
andordersof tagswill makeit impossiblefor anyoneto useyoursystemfor gener-
ation.Tagordersshouldbedocumentedin aLexical Grammar(seeSection7.4.1).

The Lexical Languageis Definedby the Linguist

A transducerencodesa relationbetweenanupper-sidelanguageanda lower-side
language,wherea languageis a setof strings. Whendefininga transducerthat
performsmorphologicalanalysisfor a naturallanguagelike French,the surface
languageis usuallydefinedfor thelinguistby theofficial orthography. Theupper-
sideor lexical language,however, mustbedefinedby thelinguistaccordingto his
or herneedsandtastes.

The Xerox convention of defining lexical stringsthat consistof a baseform
followedby tagsmaynotbesuitablein all cases,andindeedthisconventionis not
alwaysfollowedevenat Xerox. Herearesomecasesthatsuggestotherwaysto
designthelexical language:

1. If the languagemakesproductive useof prefixationratherthansuffixation,
thenit may bemuchmorepracticalto definea lexical languagewherethe
tagsareprefixedto thebaseform.

2. If thelanguageis Semitic,involvingsurfacestemsthatarecomplex interdig-
itatedconstructs,thenit maybeconvenientto definea lexical languagethat
separatesandlabelsthe componentroot andpattern(or root, templateand
vocalization)on thelexical side,dependingonyour theory.

3. If the goal of the systemis pedagogical,then it may be convenientto de-
fine a lexical languagethat containsthe (morpho)phonologicalcontentof
theaffixes,not justof thebaseform.

So thereareno hard-and-fastrulesfor thedesignof lexical language.Expertde-
velopersunderstandthatthelexical languageis definedby thedeveloper, andthey
put considerableplanninginto makingit asusefulaspossiblefor the application
or applicationsathand.
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6.2.3 Planning vs. Discovery

PlanBeforeYou Codeis alwaysa goodmaxim,but no onecanplan everything,
andtherecomesa point whereonemustsimply sit down andstartwriting lexc,
xfst andperhapstwolc code. Therigor of formalizingyour modelsin thesepro-
gramminglanguageswill inevitably highlightpossibilitiesandgapsthatyoudidn’t
even imagine.You will find your own initial intuitionsto beunreliable;andeven
theprinteddescriptionsof your languagewill soonprove to be inaccurateandin-
complete,intendedas informal guidanceto thinking humansratherthan formal
descriptionsfor a computerprogram.This is never a surpriseto formal linguists,
but it cancomeasashockto thosetrainedonly in traditionalschoolbookgrammar.

Finite-statemorphologicalanalyzerscantypically processthousandsof words
persecond,analyzinghugecorporawhile youeatlunch,andquickly revealingthe
errorsandomissionsof your grammarsanddictionaries. Building andtestinga
morphologicalanalyzercanthereforebeanimportantpartof thelinguistic investi-
gationitself.

As problemsarise,be preparedto refineyour linguistic theoriesandrewrite
partsof your system.Linguistic developmentis anendlessroundof observation,
theorizing,formalizing and testing; and the goal, for a lexical transducer, is to
createasystemthatcorrectlyanalyzesandgeneratesalanguagethatlooksasmuch
like therealnaturallanguageaspossible.

The ultimategoalsof any morphologicalanalyzerareto acceptandcor-
rectlyanalyzeall valid words,andnot to acceptany invalid words.

6.2.4 Planning for Flexibility

First-timeusersof theXerox Finite-StateToolsusuallyhave a singlefinal appli-
cation in mind, suchasa spelling-checker, part-of-speechdisambiguator, parser
or even an automaticmachine-translationsystem,and they tend to makedesign
choicesthat limit thepotentialusesof thesystem.Experienceddevelopersunder-
standthat a singlelexical transducercanandshouldbe the basisfor multiple fu-
tureapplications,andthey build thisflexibility into therulesandlexiconsat many
levels.A soundunderstandingof thefull powerof thefinite-statecalculus,andes-
peciallytheunionandcompositionalgorithms,is theprerequisiteto planningand
maintainingflexibility .

Thinking about Multiple Final Applications

The first taskof finite-statedevelopersis usually to createa morphologicalana-
lyzer, i.e. a Lexical Transducer, andsuchsystemsarea key componentof many
otherapplications.For example,the extractedlower sideof a lexical transducer
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canserve asa spellingchecker, andmorphologicalanalysisis a vital stepbefore
part-of-speechtagging,parsing,andall the variousNLP systemsthat dependon
parsing.Xerox tokenizersandHMM (HiddenMarkov Model) taggersusea mod-
ified lexical transducerasa vital component.

Even within a particularapplication,suchas a spelling checker, one might
imagineversionsthatacceptvulgarwords,andothersthatdo not. Somemorpho-
logical analyzersmight acceptandanalyzewordsfrom BrazilianPortugueseand
ContinentalPortuguese,andothersmight specializein oneor the other. In some
languages,spellingreformsareadoptedfrom time to time, changingthe surface
languagethat needsto beanalyzedandgenerated.The keys to flexibility arethe
following:

Avoid makingdecisionsthat limit flexibility . Insteadof choosingOptionA
or OptionB, try to createa coresystemthatsupportsboth.

Plant the seedsof flexibility , typically in the form of featuremarkings,in
yoursourcefiles.

Usethefinite-statecalculus,andparticularlyunionandcomposition,to gen-
eratemultiplevariationsfrom thesamesourcefiles.

One Core,Many Modifications

In supportingflexibility , the onething you want to avoid is maintainingmultiple
copiesof corefilessuchaslexiconsandalternationrules.Youdonot,for example,
want to maintainseparatedictionariesfor AmericanEnglishandBritish English
that differ only in small details. It is humanlyimpossibleto maintainmultiple
largefiles in parallel.

Dialects Suppose,for example,that you arebuilding a Portuguesesystemand
that thereare two major dialects: Brazilian andContinental(i.e. Portugueseas
spokenin Portugal).While mostwrittenwordsin thelanguagearecommonto the
two dialects,therearesomeidiosyncraticandeven somesystematicdifferences.
For example,the man’s nameAntônio in Brazil is spelledAntónio, reflectinga
significantlydifferentpronunciationof the accentedvowel, in Portugal.The two
verbformsspelledcantamosandcant́amosin Portugalarebothspelledcantamos
in Brazil. In addition,theratherproductivediminutivesuffix -ito/-ita usedin Por-
tugalis foundonly in a few fossilizedexamples,suchascabrito (“kid” or “young
goat”) in Brazil, wheretheproductivediminutivesuffixesare-inho and-inha. Fi-
nally, therearesomegrossterminologicaldifferencessuchasanańas(“pineapple”)
in Portugalvs. abacaxiin Brazil.

In suchcases,oneshouldnot chooseonedialector theother, andoneshould
definitely not maintaintwo separatelexicons. Instead,the properfinite-stateap-
proachis to go into the commonsourcedictionaryandplacea distinctive feature
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marking,e.g.ˆC , on thelexical sideof all wordsthatareexclusively usedin Con-
tinentalPortuguese.A parallelfeaturemark,like ˆB , is placedon thelexical side
of all wordsthatareexclusively usedin BrazilianPortuguese.

! Marking dialectal vocabulary with multicharacter
! ’features’

Multichar_Symbols ˆC ˆB

LEXICON Root
Nouns ;

LEXICON Nouns
gato Nm ; ! common word for ’cat’
cachorro Nm ; ! common word for ’dog’

anan ás NmC; ! Continental for ’pineapple’
abacaxi NmB ; ! Brazilian for ’pineapple’

el´ectrico NmC; ! Continental for ’streetcar’
bonde NmB ; ! Brazilian for ’streetcar’

LEXICON NmC
ˆC:0 Nm ;

LEXICON NmB
ˆB:0 Nm ;

A non-finalCommonCoreversionof thelexical transducerwill thenhaveamajor-
ity of lexical stringscontainingno ˆB or ˆC feature,somestringsmarkedwith ˆB ,
andsomewith ˆC . To createaversionof thesystemthatacceptsbothBrazilianand
Continentalwords,all oneneedsto do is to startwith theCommonCorenetwork
andmapbothˆC andˆB upwardto theemptystringasshown in Figure6.1.

[] <- [ %ˆC | %ˆB ]
.o.
CommonCoreSyste m

Figure6.1: Leave BothBrazilianandContinentalWords

Similarly, to createapurelyBraziliansystemthatcontainsnoexclusively Con-
tinentalwords,wemapˆB to theemptystringandˆC to thenull language(which
eliminatesall theContinentalpaths)asin Figure6.2. (Thenull languageis thatlan-
guagethatcontainsno stringsat all, not eventheemptystring. Thenull language
canbenotatedin aninfinite numberways,including˜$ , ˜ ?* , [a - a] , etc.)
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˜$[] <- %ˆC
.o.
[] <- %ˆB
.o.
CommonCoreSystem

Figure6.2: KeepBrazilianWords,Kill ContinentalWords

Finally, to createa purely Continentalsystemthat containsno exclusively
Brazilian words,we do the opposite,asshown in Figure 6.3. The order of the
compositionsin Figures6.2and6.3is notsignificantfor theseexamples.

[] <- %ˆC
.o.
˜$[] <- %ˆB
.o.
CommonCoreSystem

Figure6.3: Kill BrazilianWords,KeepContinentalWords

Spelling Reforms Spellingreforms,like dialectaldifferences,areproblemsthat
plagueall developersin natural-languageprocessing.Beginning developerstoo
often feel that they have to makea choice,to acceptonly theold orthographyor
only the new orthography. The bettersolution,of course,is to acceptboth, or
either, in variantsof thesamecoresystem.Spellingreformsareoftenannounced
and thenabandoned,or new andold forms may exist side-by-sidefor years;in
any case,largecorporaof text in theold orthographymayexist for yearsandstill
needto beprocessed.Creative flexibility is highly encouragedwhendealingwith
spellingreforms.

Thebasicmechanismis thesameasfor dialectaldifferences.Onefeature,such
asˆN (for “new”) is placedon theuppersideof new word forms,andsomething
like ˆO (for “old”) is placedon formsdestinedsomedayto disappear. Thenyou
usesimplecomposition,asin the dialectexamplesabove, to allow or deletenew
andold orthographicalformsin variationsof thefinal lexical transducer.
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In any apparentchoicebetweentwodesirablealternatives,always
try to have it threeways:eitherone,or theother, or both.

Spellingdifferencescanstraddlethelinebetweendialectsandspellingreforms.
In Brazil, therewasatraditionaldistinctionbetweenthespellingsqui representing
/ki/ andqüi representing/kwi/; a Brazilianor studentof Braziliancouldtherefore
look at thewritten word tranqüilo (“tranquil”) andknow how it waspronounced.
Thepronunciationof thewordis thesamein Portugal,but theü letteris neverused
in theorthography, makingwritten tranquilophoneticallyambiguous,at leastto a
foreignertrying to learnthelanguage.Thesolutionin suchcasesis alwaysto adopt
thespellingconventionwith themaximumnumberof distinctionsfor thecommon
corelexicon, makingthespellingtranqüilo, with the ü, thebaseform.It’ s always
easyto collapsetheorthographicalu/ü distinctionfor ContinentalPortuguese,asin
Figure6.4,but addingdistinctionsposthocrequiresgoingin andeditingthecore
lexicons.

u <- ü
.o.
CommonCoreSyste m
.o.
ü -> u

Figure6.4: Collapsingall üs to us for ContinentalPortuguese

In recentyears,Brazil andPortugalhave beentrying to maketheir orthogra-
phiesmoresimilar, andoneelementof theproposalwasfor Brazil to abandonthe
useof ü. Thecompositionin Figure6.4will thereforeserve for theNew Brazilian
orthographyaswell. Yet we still do not wantto edit thesourcefiles;we maystill,
for yearsto come,wantto beableto createversionsof oursystemthatacceptonly
TraditionalBrazilianorthography.

Vulgar, Slang,SubstandardWords As with dialectwords,it is sometimesde-
sirableto producevariationsof asystemthatcontainnovulgar, slang,substandard
orotherpolitically incorrectwords.Thismaybethecase,for example,in aspelling
checkerthatreturnssuggestedcorrections.Suchwordsshouldalsobemarkedwith
featuresin thecorelexicons,perhaps

ˆV for Vulgar
ˆS for Slang
ˆD for Substandard/Dep reca ted
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Compositioncanonceagainbeusedto createmany customizedfinal versionswith-
out any re-editingof thesourcefiles.

Handling DegradedSpelling In someapplications,suchasparsingemailmes-
sagesor text retrieval, it is oftendesirableto createa versionof a morphological
analyzerthatacceptswordsevenwhenthey areincorrectlyaccented.Onceagain,
the trick is first to createa strict coresystemthathasa lower-sidelanguagecon-
sistingof only properlyspelledwords,andthenusecompositionto createversions
that acceptdegradedspellings. For example,it is very commonfor Spanishand
Portugueseemailwritersto dispensewith accents,degradingletterslike é to eand
ô to o. Thebestwayto handlesuchdeaccentuationis to createapermissiveversion
of your basicstrict systemby composinga RELAXING GRAMMAR on thebottom
of thecommoncoresystem.Therelaxinggrammarfor Spanishin Figure6.5 op-
tionally allowsaccentedlettersto beunaccentedon thenew surfacelevel.

StrictSpanishCoreNetwork
.o.
[ á (->) a ] .o. [ Á (->) A ]
.o.
[ é (->) e ] .o. [ É (->) E ]
.o.
[ í (->) i ] .o. [ Í (->) I ]
.o.
[ ó (->) o ] .o. [ Ó (->) O ]
.o.
[ ú (->) u ] .o. [ Ú (->) U ]
.o.
[ ü (->) u ] .o. [ Ü (->) U ]

Figure6.5:AllowingDegradedSpanishSpelling.Thesetrivial rules,composed
on the lower side of a strict network that analyzesproperlyspelledSpanish
words,allow thesamewordsto be recognizedwith or without properaccents
on thevowels.Both thestrictandtherelaxedversionsof thesystemmayprove
usefulfor differentapplications.

In anotheruseful but technicallytrivial example,Germanspelling haslong
toleratedtheconventionthatü canbespelledue, ö canbespelledoe, andßcanbe
spelledasss if thecorrectlettersarenot available. Startingwith a strict German
transducer, with ü, ö andß on the lower side,the rulesshown in Figure6.6 will
createa morepermissiveversion.

SpecializedExtra Words Often one customerwill want specialstrings,such
asproprietarypartnumbers,emailaddresses,internaltelephonenumbersor even
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StrictGermanCoreNetwork
.o.
[ ü (->) u e ]
.o.
[ ö (->) o e ]
.o.
[ ß (->) s s ]

Figure6.6: Allowing RelaxedGermanSpelling.Thesetrivial rules,composed
on the lower side of a strict network that analyzesproperlyspelledGerman
words,allow theresultingnetworkto acceptconventionalrespellings.

commonmisspellings,addedto themorphologysystem;but othercustomersmay
not needor wantsuchwordsat all. The solutionin suchcasesis to build a com-
moncoresystemof wordsthateveryoneis likely to want,andthenwrite separate
grammarsof specializedwords. Theseseparategrammarscanthenbeselectively
unionedwith thestrictcoresystemto makecustomizedversionsfor particularcus-
tomers.

To takeaconcreteSpanishexample,thepluralwordfor “countries”is formally
páıses, with anacuteaccenton the i, but evensomeotherwisecarefulnewspapers
omit theaccentin thisonecase.If thecorrectlyspelledwordanalyzesas

paı́s+Noun+Masc+ Pl

thenthestrictcoresystemcanbeloosenedup for thisonewordwith thefollowing
trivial union.

StrictSpanishCo reNe two rk |
[ [ paı́s %+Noun %+Masc %+Pl ] .x. paises ]

6.3 Composition is Our Friend

As is clear from the examplesshown above, compositionis a powerful tool for
customizinglexical transducers,allowing a singlecoresystemto serve multiple
ends. In this section,we presenta summaryof useful things you can do with
transducersandcomposition.

6.3.1 Modifying Strings

We usuallypicturetransducersaslittle abstractmachinesthatmaponestringinto
anotherstringor strings. For example,from a generationpoint of view, consider
thefollowing mapping
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a −> b

xay

xby

which changes“xay ” (perhapsa word in our dictionary) into “xby ”. In such
cases,we usuallydo not think of therule aschangingthesizeof original lexical
language,but just modifying oneor morestringsin someway. If we have the
following four stringsin the lexical language,they would bemappedinto surface
strings(in verticalcorrespondence)asshown.

a −> b

xay       xxx        yyy       aaa

xby       xxx        yyy       bbb

Notethatwherea ruledoesn’t apply, asin thecasesof “xxx ” and“yyy ”, therule
simplymapstheinput to theoutputwith nochange.

In somecases,by accident,rulescan effectively collapsetwo stringsin the
mapping.If, for example,thelexical languagealsocontains“bbb ”, we wouldsee
thefollowing:

a −> b

xay       xxx        yyy       aaa        bbb

xby       xxx        yyy       bbb       bbb

wherethegenerationof lexical “aaa ” andlexical “bbb ” bothappearon thesur-
faceas“bbb ”. Theresultingsurface“bbb ” is thereforeambiguous,andthelower
languagehasonefewer distinct stringsthanthe upperlanguage.Suchambigui-
tiesareoftenseenin naturallanguage.ConsidertheSpanishnouncantomeaning
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“song” or “chant”. It happensthatcanto is also“I sing”, oneof themany conju-
gatedforms of the verb cantar (“to sing”). Supposethat the initial lexc lexicon
specifiesthefollowing two stringpairs

Upper: canto+Noun+Mas c+Sg
Lower: canto+Noun+Mas c+Sg

Upper: cantar+V1+Pres Ind+ 1P+Sg
Lower: cantar+V1+Pres Ind+ 1P+Sg

andthatwedefinethefollowing cascadeof rulesto becomposedonthebottomof
thelexicon.

[ a r -> [] || _ %+V1 ]
.o.
[ %+V1 %+PresInd %+1P %+Sg -> o ]
.o.
[ %+V1 %+PresInd %+2P %+Sg -> a s ]
.o.
[ %+V1 %+PresInd %+3P %+Sg -> a ]
.o.
... ! many more rules
.o.
[ %+Noun %+Masc %+Sg -> [] ] ;

If you tracethegenerationby hand(or usingxfst), you will find thatbothsurface
stringsendupas“canto ”.4

Whenusedin theway justdescribed,theapplication(composition)of rulesto
thelexicon tendsnot to modify thesizeof theresultinglanguagesvery much.The
assumptionis thatthelexicon is generatingvalid abstractstrings,andthat it is the
job of the rulessimply to modify themto producevalid surfacestrings,someof
whichwill beambiguous.

6.3.2 Extracting Subsetsof a Transducer

Compositioncanbeusedto extractsubsetsof pathsfrom atransduceror language,
andthis is oftendoneduringtesting.Assumingwe have a largetransducerin file
Esperanto.fst thatcoversnouns,adjectivesandverbs,andassumingthatthe
tags+Noun, +Adj and+Verb marktheappropriatewordson theupperside,we
canreadin Esperanto.fst andisolatejustthenounswith thefollowingregular
expression:

4Beware:youshouldtestsuchbarecascadesof rulesusingapply down; apply up mayyield odd
resultsor evensegmentationfaultsuntil a restrictinglexicon itself is composedon topof therules.
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xfst[0]: read regex
$[%+Noun]
.o.
@"Esperanto. fst" ;

Theregular-expressionnotation@"Esperanto.f st" tells thexfst regexcom-
piler to read in the network storedin the binary file Esperanto.fs t . The
doublequotesare necessaryif the filenamecontainspunctuationcharacters,as
in this case.The expression$[%+Noun] denotesthe languageconsistingof all
andonly stringsthatcontainthe symbol+Noun. Whencomposedon the top of
Esperanto.fs t , it will matchall thenounstrings(becausethey havea+Noun
symbolin them)andwill fail to matchany of theverbandadjective strings(pre-
ciselybecausethey lack a +Noun symbol). Theresultof thecompositionis that
subsetof Esperanto.fst thatcontainsjustnounstrings;all theadjectivesand
verbsandanything elsewithout a +Noun symbolon theuppersidearedeletedin
thecomposition.

Conversely, wecanfilter out thenouns,leaving everythingelse,by composing
thecomplementof $[%+Noun] , i.e. ˜$[%+Noun] , on topof thelexicon:

xfst[0]: read regex
˜$[%+Noun]
.o.
@"Esperanto. fst" ;

The expressioñ $[%+Noun] compilesinto a simple-languagenetworkthatac-
ceptsall andonly stringswhichdonotcontain+Noun.

Multiple levelsof regularexpressionsor rulescanbecomposedon eitherside
of a transducerasappropriate,but it is up to the developerto keeptrackof what
kind of stringsareoneachside.If you have a transducersavedasmyfile.fst ,
with thesurfacestringson thelowerside,asusual,youcanlimit it to containonly
thosepathswith surfacestringsthatendin ly with thefollowing composition:

xfst[0]: read regex
@"myfile.fst "
.o.
[ ?* l y ] ;

Notice that sucha surfacefilter needsto be composedon the lower sideof the
lexicon transducer, wherethe surfacestringsarevisible. You canlimit the same
grammarto coveronly surfacestringsthatbegin with re:

xfst[0]: read regex
@"myfile.fst "
.o.
[ r e ?* ] ;
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Note that in generalregular expressions,including examplessuch as
[ ?* l y ] and [ r e ?* ] , the beginning andthe endof the de-
notedstringsareimplicitly specified.[ ?* l y ] denotesthelanguage
of all stringsthatendwith ly; [ r e ?* ] denotesthe languageof all
stringsthatbegin with re. The.#. notation,is not appropriatehere;.#.
can appearonly in restrictioncontexts and in replace-rulecontexts (see
pages49and140).

You canextractall thewordsthat,on thesurface,begin with re andendwith
ly with thefollowing:

xfst[0]: read regex
@"myfile.fst"
.o.
[ r e ?* l y ] ;

Youcanlimit thesystemto containonly adjectivesending(on thesurface)with ly
with thefollowing:

xfst[0]: read regex
$[%+Adj]
.o.
@"myfile.fst"
.o.
[ ?* l y ] ;

If myfile.fst hasgoodcoverageof Englishadjectives,this final exercisewill
isolatecaseslike friendly, comely, homelyandcowardly.

Note that tags,by Xerox convention,arefoundon the uppersideof a lexical
transducer, so the restriction$[%+Adj] mustbe composedon the top of my-
file.fst , while the ly requirementis a restrictionon surfacestrings,and so
thatrestrictionmustbecomposedon thebottomwherethesurfacestringsare.As
always,it is vitally importantto keepstraightwhich sideis up andwhich sideis
down,andwhatthestringslook like ateachlevel, whenperformingcomposition.

6.3.3 Filtering out Morphotactic Overgeneration

It is alsopossible,andoftenuseful,to usecompositionto restrictanovergenerating
lexicon. Many morphotacticrestrictionsfound in real languageareawkward to
imposewithin lexc (or any otherformalismfor specifyingfinite-statenetworks),
and in suchcasesit may be useful to define,on purpose,an initial lexicon that
overgenerates.As asimpleexample,considertheEsperantoAnimal Nouns,where
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readerswereurged(seeSection6,page231)notto worryaboutrestrictingmultiple
occurrencesof thefeminine(+Fem) suffix in , theaugmentative (+Aug) suffix eg
or thediminutive(+Dim) suffix et.

Here’sonepurposelyovergeneratinglexcdescription:

Multichar_Symbols +Noun +Aug +Dim +Fem +Sg +Pl +Acc

LEXICON Root
Nouns ;

LEXICON Nouns
hund N ; ! dog
kat N ; ! cat
elefant N ; ! elephant

LEXICON N
+Aug:eg N ; ! looping site!
+Dim:et N ;
+Fem:in N ;

NSuff ; ! escape from the loop

LEXICON NSuff
+Noun:o Number ;

LEXICON Number
+Sg:0 Case ;
+Pl:j Case ;

LEXICON Case
# ;

+Acc:n # ;

Despitetheinstructions,many readersdoworry a lot aboutthefact thatthisgram-
marwill happilyovergeneratestringslike

hundegego
hundininoj
elefantinegineg inet ojn

and they try to incorporatein the lexc descriptionvariousrestrictionsthat may
or not reflect realitiesin Esperantogrammar. In any case,let us assumefor the
purposesof thisexamplethatthethreesuffixeset, eg andin canall co-occurin the
sameword, in any order, but thata maximumof only oneof eachcanappearin
a valid word. Let us alsoassumethatwe have compiledour overgeneratinglexc
grammarandstoredthe resultsin esp-lex.fst . If you actuallycompilethis
grammar, lexcwill inform youthatit contains18states,23arcsandis CIRCULAR;
thismeansthatthegrammarproducesaninfinite numberof strings.Thecircularity
of courseresultsfrom theloop in LEXICON N.
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Hereis a step-by-stepreasoningto a solutionthatremovestheovergeneration:

We wantto restrictour lexicon to containonly thosestringpairswherethe
stringon thelexical sidecontainszeroor oneappearancesof +Dim, zeroor
oneappearancesof +Aug, andzeroor oneappearancesof +Fem. We will
let thesethreesuffixesoccurin any order, but we never wantto seetwo or
moreof thesamesuffix in a singlestring.

Anotherway to look at theproblemis to realizethatany lexical string that
containstwo or more+Aug symbolsis bad. We canformalize thesebad
stringsas

$[%+Aug ?* %+Aug] ! some bad lexical strings

Readthis as“all stringsthatcontainone+Aug followedat any distanceby
another+Aug”. This is a finite-statecharacterizationof what we do not
want:having two or more+Aug symbolsin thesameword.

Similarly, a lexical string thatcontainstwo or more+Dim symbols,or two
or more+Femsymbols,is alsobad.

$[%+Dim ?* %+Dim] ! more bad lexical strings

$[%+Fem ?* %+Fem] ! yet more bad lexical strings

A singleexpressionthatmatchesall thebadstringsis thefollowing:

[ $[%+Aug ?* %+Aug]
| $[%+Dim ?* %+Dim]
| $[%+Fem ?* %+Fem] ]

We want to remove every string pair whoselexical sideis in this language
from the overgeneratingtransducercreatedby lexc. We cannotsubtract
transducers,becausesubtractionis not a valid operationon transducers,but
we canaccomplishourgoalby creativecomposition.

The complementof the badstringsdenotesa languageconsistingof good
strings:

˜[ $[%+Aug ?* %+Aug]
| $[%+Dim ?* %+Dim]
| $[%+Fem ?* %+Fem] ]

This expressionwill matchall stringsexceptthebadoneswe wantto elimi-
nate.
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Andwhenwecomposethisnetontopof theovergeneratinglexicon(remem-
berthatthetagsareon thetop), thecompositionwill imposetherestrictions
we desire.Theunmatchedstrings,which arebad,aresimply eliminatedin
thecomposition.

xfst[0]: read regex
˜[ $[%+Aug ?* %+Aug]

| $[%+Dim ?* %+Dim]
| $[%+Fem ?* %+Fem] ]

.o.
@"esp-lex.fst " ;

Whenyoucompilethisexpression,xfst tellsyoutheresultcontains34states,
48 arcs,and 192 words. As the original esp-lex.fst was circular, it
containedaninfinite numberof words.By imposingtherestriction,wehave
reducedthe numberof wordscoveredand,in doing so,have increasedthe
memorysize(the numberof statesandarcs)of the network. Imposingre-
strictionson a transduceroften resultsin increasedmemory. In the worst
cases,compositionrestrictionson a transducercancauseit to “blow up” in
size.

Theuseof composedfilters to eliminateovergenerationis oftenmuchcleaner
thantrying to imposethesamerestrictionsin lexc. For analternativeexpertmethod
to limit morphotacticovergeneration,seeChapter8 onFlagDiacritics.

6.4 Priority Union for Handling Irr egular Forms

6.4.1 Irr egular Forms

Whenwriting morphologicalanalyzersfor naturallanguages,one is often faced
with a finite numberof idiosyncraticirregular forms that simply do not follow
the usualrules. Englishnounpluralsprovide convenientexamples,andwe shall
seethat it is sometimesconvenientto add exceptionalplurals to the productive
pluralsin atransducer, whileothertimesit is convenientto overrideproductive,but
unacceptable,pluralswith irregularones.Theaddingof new pathsto a transducer
is easilyaccomplishedusingtheunionalgorithm,which is alreadyfamiliar to us.
Theoverridingof pathsin onetransducerwith pathsfrom anotheris accomplished
elegantlyusingthePRIORITY UNION algorithm,which will beillustratedbelow.

Lookingat thedata,wenotethatsomeEnglishnounslike moneyhaveanormal
productive plural plusoneor moreexceptionalpluralsasshown in Table6.1. In
thesecasesthefinal morphologicalanalyzermustrecognizetheirregularformsas
well astheregularones.Wewill referto theseirregularformsasEXTRA PLURALS.
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Noun Regular Irregular
money moneys monies
octopus octopuses octopi
bus buses busses
cherub cherubs cherubim
fish fishes fish

Table6.1: SomeEnglishNounswith ExtraIrregularPlurals

Noun Regular Irregular
sheep *sheeps sheep
deer *deers deer
kibbutz *kibbutzes kibbutzim
automaton *automatons automata

Table6.2: SomeIrregularEnglishPluralsthatOverridetheRegularForms

Somenounslike sheepanddeerdo not changein theplural, andothernouns
like kibbutzhave beenhalf-borrowedinto English,keepingonly their native plu-
rals,whichareirregularfrom theEnglishpointof view. In suchcases,illustratedin
Table6.2,thefinalmorphologicalanalyzershouldnotrecognizetheregularplurals
but only theirregularones.We will referto theseirregularformsasOVERRIDING

PLURALS.

We will now examinethreewaysthat theseirregular pluralscanbe handled,
concludingwith thetechniqueof usingpriority unionto overrideundesiredforms
with desiredforms.Thisnew techniqueis especiallyappropriateandelegantwhen
theexceptionsare,aswith theseEnglishplurals,finite andgenuinelyidiosyncratic.

6.4.2 Handling Irr egularities in lexc and Rules

It is possible,but usuallyawkward,to handleirregularEnglishpluralsby encoding
themspeciallyin lexc andperhapswriting extra alternationrulesfor them. Thus
onecould imaginewriting a lexc grammarlike theonein Figure6.7,whereeach
of the irregularnounsis givena customizedcontinuationclass.For example,the
continuationclassNsamefor sheepanddeeris easilydefined,asis theclassNim
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Multichar_Symbols +Noun +Sg +Pl

LEXICON Root
Nouns ;

LEXICON Nouns
dog Nreg ; ! regular nouns, take -s plural
cat Nreg ;
dish Nreg ; ! regular noun, takes -es plural

! (handled by productive rule)

money NregIes ; ! noun takes -s plural plus -ies
octopus NregI ; ! noun takes -s plural plus -i
bus NregSes ; ! noun takes -es plural plus -ses
cherub NregIm ; ! noun takes -s plural plus -im
sheep Nsame ; ! no change in the plural
deer Nsame ;
kibbutz Nim ; ! -im plural only
automaton Na ; ! -a plural only
fish NregSame ! plurals fish and fishes

Figure6.7: Trying to HandleIrregularPluralsin lexcwith CustomizedContin-
uationClasses
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for kibbutz.

LEXICON Nreg
+Noun+Sg:0 # ;
+Noun+Pl:s # ;

LEXICON Nsame
+Noun+Sg:0 # ; ! deer
+Noun+Pl:0 # ; ! deer

LEXICON Nim
+Noun+Sg:0 # ; ! kibbutz
+Noun+Pl:im # ; ! kibbutzim

ThemoreinterestingNregIm classfor cherubcouldleadtoasublexiconthatin turn
leadsto thenormalsingleandplural endingsandthenaddstheextra -im ending.
A similarsolutionis possiblefor NregSesandNregSame(for fish).

LEXICON NregSes
Nreg ;

+Noun+Pl:ses # ;

LEXICON NregIm
Nreg ; ! for regular endings: cherub/cherubs

+Noun+Pl:im # ; ! for the extra -im plural: cherubim

LEXICON NregSame
Nreg ; ! for the regular endings: fish/fishes

+Noun+Pl:0 # ; ! for fish as plural

Othercasesareharder. For example,theNregIesclassfor money will needto lead
to theregularendingsandto -ies, but simplyadding-ieswill yield *moneyies, and
rulesof sometypewill needto beappliedto yield thefinal correctform monies.

LEXICON NregIes
Nreg ; ! money/moneys

+Noun+Pl:ies # ; ! *moneyies
! needing rules to map it to monies

For finite exceptionalcaseslike theseEnglishplurals,trying to handlethemin
lexc leadsto a proliferationof continuationclasses,andonemustoften write ad
hocrulesto handlea singleroot or asmallhandfulof obviouslyexceptionalroots.
In general,onewould preferto keepthe lexc grammarsimplerandto reserve the
writing of rulesfor moreproductivephenomena.
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Multichar_Symbols +Noun +Sg +Pl

LEXICON Root
Nouns ;

LEXICON Nouns
cat Nreg ;
dog Nreg ;
dish Nreg ;
money Nreg ;
octopus Nreg ;
cherub Nreg ;
fish Nreg ;

Figure6.8: A lexcGrammarthatGeneratesonly RegularPlurals

6.4.3 Handling Exceptionsvia Union and Composition

Handling Extra Plurals

Recall that we madea distinction in Section6.4.1betweenextra plurals,which
needto be recognizedin addition to the regular plurals,and overriding plurals,
which needto overrideor supplanttheregularplurals.

In thefinite-stateworld, thenotionof adding-tois easilyaccomplishedvia the
unionalgorithm,sowe’ll startwith thehandlingof extraplurals.Wecanstartwith
a lexc grammarthatundergenerates,producingonly theregularpluralsfor nouns
like money, cherub, octopusandfishasshown in Figure6.8. All thatremainsis to
union in the extra irregular plurals,which areeasilydefinedby hand;sometimes
this is referredto asaddingformsby “brute force”. This canbedonein lexc itself
asshown in Figure6.9.

Recallthat in lexc, theentriesin any LEXICON aresimply unionedtogether,
sothis grammarwill uniontogetherall thepathsbuilt by following theNreg con-
tinuationandall theextra hand-definedplurals. Theproliferationof continuation
classesis avoided,asis thewriting of adhocalternationrules.

Therearemany waysto accomplishthe sametask. In lexc, the extra plurals
couldbegroupedinto aseparatesublexicon,asin Figure6.10.Theirregularforms
couldalsobedefined,againby hand,in a completelyseparatelexc program,com-
piled into a separatenetwork,andthenthemainnetworkandthenetworkof extra
nounpluralscouldsimplybeunionedtogetherin xfst. Theextrapluralscouldalso
bedefineddirectly in xfst itself andthenunionedwith theundergeneratinglexicon
from lexc. Thexfst script in Figure6.11assumesthat the lexc grammarhasbeen
compiledandthatthenetworkis storedin file lex.fst .
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Multichar_Symbols +Noun +Sg +Pl

LEXICON Root
Nouns ;

LEXICON Nouns
cat Nreg ;
dog Nreg ;
dish Nreg ;

money Nreg ;
money+Noun+Pl:monies # ; ! extra plural

octopus Nreg ;
octopus+Noun+Pl:octopi # ; ! extra plural

cherub Nreg ;
cherub+Noun+Pl:cherubim # ; ! extra plural

fish Nreg ;
fish+Noun+Pl:fish # ; ! extra plural

Figure6.9: Unioningin IrregularExtraPluralsby BruteForce
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Multichar_Symbols +Noun +Sg +Pl

LEXICON Root
Nouns ;
ExtraIrregularPlurals ;

LEXICON Nouns
cat Nreg ;
dog Nreg ;
dish Nreg ;
money Nreg ;
octopus Nreg ;
cherub Nreg ;
fish Nreg ;

LEXICON ExtraIrregularPlurals
money+Noun+Pl:monies # ;
octopus+Noun+Pl:octopi # ;
cherub+Noun+Pl:cherubim # ;
fish+Noun+Pl:fish # ;

Figure6.10:Unioningin ExtraPluralsin aSeparateSublexicon

clear stack

define ExtraIrregularPlurals [ money : monies
| octopus : octopi
| cherub : cherubim
| fish
] %+Noun:0 %+Pl:0
;

read regex ExtraIrregularPlurals | @"lex.fst" ;
save stack augmentedlex.fst

Figure6.11: Unioningin ExtraPluralsin xfst. Thenetworkthathandlesonly
regularpluralsis storedin lex.fst . Thescriptunionstheextra pluralswith
lex.fst andsavestheresultasaugmentedlex .fst .
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Handling Overriding Plurals with Composition, then Union

For handlingtheoverridingplurals,wecan

1. first definea lexcgrammarthatovergeneratesregularplurals

2. usecompositionto filter the overgeneratedplurals from the network,and
then

3. useunionto addtheoverridingplurals

As weshallseein thenext section,this idiom is helpfully encapsulatedin asingle
finite-statealgorithmcalledpriority union.

Multichar_Symbols +Noun +Sg +Pl

LEXICON Root
Nouns ;

LEXICON Nouns
cat Nreg ;
dog Nreg ;
dish Nreg ;
money Nreg ; ! undergenerates; no monies pl.
octopus Nreg ; ! no octopi pl.
cherub Nreg ; ! no cherubim pl.
fish Nreg ; ! no fish pl.

sheep Nreg ; ! overgenerates *sheeps
deer Nreg ; ! *deers
kibbutz Nreg ; ! *kibbutzes
automaton Nreg ; ! *automatons

Figure6.12:A lexcGrammarthatBothUndergeneratesandOvergeneratesPlu-
rals

To illustratethe idiom stepby step,assumethatwe startwith the lexc gram-
mar in Figure6.12thatovergeneratesregularpluralsfor sheep, deer, kibbutzand
automaton. It alsoundergeneratesby not handlingthe irregular pluralsfor these
rootsandfor wordslike money thathave bothregularandirregularplurals.

In aseparatexfst grammar, wecandefineasetof overridingpluralsin addition
to thesetof extra plurals.Thescriptin Figure6.13assumesthatthenetworkfrom
the lexc grammaris storedin file lex.fst . Follow the commentsin the script
to seehow theincorrectregularpluralsarefirst removedby anupper-sidefiltering
compositionbeforetheirregularpluralsareunionedinto theresult.
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clear stack

define ExtraIrregularPlurals [ money : monies
| octopus : octopi
| cherub : cherubim
| fish
] %+Noun:0 %+Pl:0
;

define OverridingIrregularPlurals [ sheep
| deer
| kibbutz : kibbutzim
| automaton : automata
] %+Noun:0 %+Pl:0
;

# now set Filter to the upper-side language of
# OverridingIrregularPlurals; it contains strings like
# sheep+Noun+Pl and automaton+Noun+Pl

define Filter OverridingIrregularPlurals.u ;

# read lex.fst from file, and compose on top of it
# the complement of the Filter. This filters out
# the paths that have sheep+Noun+Pl, deer+Noun+Pl,
# kibbutz+Noun+Pl and automaton+Noun+Pl on the
# upper side. The operation therefore removes the
# overgenerated regular plural paths.

define FilteredLex ˜Filter .o. @"lex.fst" ;

# now simply union in the extra plurals and
# the overriding plurals to create the
# final result

read regex
FilteredLex |
ExtraIrregularPlurals |
OverridingIrregularPlurals ;

save stack augmentedlex.fst

Figure6.13:Overridingvia a ComposedFilter andUnion
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Handling Overriding Plurals via Priority Union

clear stack

define ExtraIrregularPlurals [ money : monies
| octopus : octopi
| cherub : cherubim
| fish
] %+Noun:0 %+Pl:0
;

define OverridingIrregularPlurals [ sheep
| deer
| kibbutz : kibbutzim
| automaton : automata
] %+Noun:0 %+Pl:0
;

# use of upper-side priority union .P.
# overrides bad plurals with good plurals

read regex
[ OverridingIrregularPlurals .P. @"lex.fst" ] |
ExtraIrregularPlurals ;

save stack augmentedlex.fst

Figure6.14:SimplifiedOverridingUsingtheUpper-SidePriority-UnionOper-
ator.P.

As illustratedin the previoussection,irregularpluralscanoverrideunwanted
regularpluralsvia anidiom thatcombinesupper-sidefiltering andunion. This id-
iom is sousefulthat it hasbeenpackagedin a singlefinite-statealgorithmcalled
PRIORITY UNION, or moreprecisely, upper-sidepriority union. In a regular ex-
pression,upper-sidepriority unionis notatedwith theoperator.P. asin thescript
in Figure6.14. Note that the .P. operationis ordered,with the left-sidenetwork
operandhaving thepriority. For theoperationL .P. R, the resultis a unionof
L andR, exceptthatwhenever L andRhave thesamestringon theupperside,the
pathin L overrides(hasprecedenceover) thepathin R.

For completeness,the regular-expressionlanguagealsoincludesthe operator
.p. , for lower-sidepriority union,but the.P. operatoris moreusefulin practice
giventheXerox conventionof puttingbaseformsandtagson the uppersideof a
transducer.
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6.5 Conclusions

6.5.1 TakeSoftwareEngineeringSeriously

Thebuildingof afinite-statemorphologicalanalyzerisasignificantsoftwareproject
that deservescarefulplanning. Developersshouldmakesurethat they have ade-
quatehardware,up-to-dateversionsof thefinite-statesoftware,a version-control
system,backups,andthe ability to automatecomplex compilationsusingmake-
files. Thismayrequirecooperationamonglinguistsandcomputerscientists.

6.5.2 TakeLinguistic Planning Seriously

The bulk of linguistic planningandmodelingshouldbe donebeforethe coding
starts,althoughtherigor of writing anautomaticmorphologicalanalyzeris alsoa
discovery processthatcanleadto many insights.The overall planof thesystem,
showing thedivisioninto lexiconandrulemodules,andthewaythatvarioustrans-
ducerscombinetogetherinto thefinal lexical transducer(s),shouldbeformalized
in makefilesandmadevisualin wall chartsfor easyreference.Fromthebeginning,
developersshouldhave a clearlydefinedstrategy for handlingirregularformsand
for supportingmultiplefinal applications.

Handling Irr egular Forms

When making decisionsconcerningthe handlingof morphologicalphenomena,
the principle of CREATIVE LAZINESS shouldapply. For morphotacticandmor-
phophonologicalphenomenathat are truly productive, it is bestto handlethem
usinglexc andalternationrules. Writing rulesis the“lazy” way to handlelots of
similar examplesthat would be tediousto handleby bruteforce. But for finite,
idiosyncraticirregularitieslike theEnglishpluralsshown above, it is oftencleaner
andeasierto createaninitial lexicontransducerthatovergeneratesandundergener-
ates,andthenfix it usingunion,composition,andperhapspriority union.Handling
averyfinite numberof exceptionsvia bruteforceis easierandlazierthanwriting a
lot of adhocrules,mostof which are,in any case,suspiciousfrom any phonolog-
ical point of view. Thesetricks facilitatethelexicographyandkeepthegrammars
smallerandeasierto maintain.

Customizationand Multiple Use

Expert finite-statedevelopersplan from the beginning for flexibility and adapt-
ability. Startingwith a commoncorenetwork,which mayby itself beuselessfor
any particularapplication,the goal is to be ableto modify that corenetworkvia
finite-stateoperations,notablycomposition,union andpriority union, to createa
multitudeof variantsystemsthatsupport
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Multiple final applications,suchasmorphologicalanalyzers,automaticdic-
tionary lookup systems,disambiguators,parsers,machine-translationsys-
tems,etc.(seepage384)

Multiple dialectsof thesamelanguage(seepage385)

Multiple orthographies(e.g.aftera spellingreform,seepage387)

Multiple registers,includingorexcludingvulgar, slangandsubstandardwords
(seepage388)

Multiple levelsof strictness,e.g. properlyaccentedvs. deaccentedSpanish
(seepage389)

Thekey in thiscustomizationtechnique,asit is in thefiltering outof morphotactic
generation(Section6.3.3)is to understandthata finite-statenetworkis anobject
that canbe modifiedby finite-stateoperations,without having to returnandedit
thesourcefiles thatcreatedit in thefirst place.
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7.1 The Challengeof Testingand Debugging

The testingof any sizablenatural-languageprocessingsystemis notoriouslydif-
ficult. A full-scalemorphologicalanalyzerwill typically grow to containtensof
thousandsof baseformsandmillions of surfaceforms. An analyzerthat handles
productive compoundingwill in fact handlean infinite numberof surfaceforms.
Whenyou edit your lexiconsor rulesandrecompilethesystem,how canyou tell
whatwasadded,lostor perhapsbrokenin theprocess?

Fortunately, the finite-statecalculusprovides many powerful ways to test a
systemagainstlarge corpora,wordlists, other lexicons, Lexical Grammars,and
previousversionsof thesystemitself. Networkscanalsobeexaminedin various
ways, in particularto print lists of their alphabetsor labels,to flush out typical
programmingerrors.This chapterdescribestheidiomsfor testinganddebugging
finite-statemorphologysystemsusingtheFinite-StateCalculusitself.

7.2 Testingon RealCorpora

7.2.1 Hand-Testingvs. AutomatedTesting

In thedaysbeforecomputers,or at leastbeforecomputationallinguisticsbecame
practical,linguistswith formalinstinctsandtrainingwouldoftenproduceelaborate
grammarson paper. While muchexcellentlinguisticswasdonein this way, faute
de mieux, all testinghad to be doneby hand;andrare is the humanbeingwith
thepatienceandconcentrationnecessaryto run evena hundredexamplesreliably
througha complicatedgrammar, let alonethousands.It is not surprisingthatmost
papergrammarsarepoorly testedandinaccurate.

With Xerox finite-statecompilersandinterfaces,grammarsarecompiledand
combinedinto highly efficient Lexical Transducersthat typically analyzerealtext
at ratesof thousandsof wordsper second. However, the testingfacilities built
into thedevelopmenttoolsthemselvesarequitelimited, intendedmainly for quick
manualcheckingof a few wordshereandthereduring development. Thus lexc
offers the lookup and lookdown commands(page216),which operateon just a
singletoken(string)atatime. Theapply up andapply down (page89)commands
in xfst canhandlesingletokens,andevenacceptinput from awordlistfile thathas
onetokenper line; but neithertool offers a way to output to file, or to pipe the
outputof morphologicalanalysisto a subsequentprocesslike a disambiguatoror
parser.

For serioustesting,weneedtoautomatetheprocess,applyingourlexical trans-
ducersto corporacontaininghundreds,thousandsor evenmillions of words,and
outputtingsuccessfulanalysesandFAILURES (not-foundwords)to variousoutput
files for laterreview. By CORPUS, plural CORPORA, we meanany files containing
normalrunningtext.

Thetestingprocedure,shown in overview in Figure7.1, is to pipe thecorpus
to a TOKENIZER utility thatbreaksit up into individual TOKENS, which aretypi-
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Corpus LookupTokenizer Output

Figure7.1: An Overview of AutomatedTesting

cally orthographicalwords,andwhich arein turn pipedto a LOOKUP utility that
tries to analyzethem. The softwareavailablewith this book includescommand-
line utilities calledtokenizeand lookup which we will examinemorecloselyin
Chapter10. Theuseof tokenize, in particular, requiresthedefinitionof a special
language-specifictokenizingtransducerthatwedon’t wantto dealwith just yet.

Whereaslexc, xfst and twolc are DEVELOPMENT TOOLS for creating
finite-statenetworks,tokenizeandlookup areRUNTIME APPLICATIONS

that apply your transducersto do serioustestingand practicalnatural-
languageprocessing.

The runtimeapplicationcalled lookup shouldnot be confusedwith the
lookup commandthatis foundin the lexc interface.

In this chapter, we will provide someusefultestingidiomsthatcanbecopied
andusedwithoutnecessarilyunderstandingall thedetailsandoptions.

7.2.2 Testingfor Failur es

Morphologicalanalyzersarenever completeor perfect,andweneedvariousways
to testthemandfind theproblems.

Collecting Words that Ar en’t Analyzed

Whentestingyour morphologicalanalyzeron a largecorpus,it is usuallypracti-
cal to collect and look only at the failures,that is, at the input wordsfor which
theanalyzerfails to find any analysisat all. In this section,we will presentsome
usefulidiomsfor collectingandsortingsuchfailuresor “sinsof omission”.In Sec-
tion 7.2.3wewill look atmorepositivetestingthatdiscovers“sinsof commission”
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andpartialanalysisfailures.
Failurescanresult from mistakesin your xfst or twolc rules,or mistakesin

your lexc morphotacticdescription;otherfailuresresultfrom thesimplefact that
you haven’t yet addedthe appropriatebaseformsto the lexc lexicon. After the
basicoutlinesof your analyzerarewritten andworking, subsequentdevelopment
becomesa never-endingroundof additionandrefinementof your rulesandlexi-
cons,trying to makethelanguageacceptedby theLexical Transducercorrespond
to thetargetnaturallanguageascloselyaspossible.

Assumingthat your corpusis storedin file mycorpus.txt and that your
morphologicalanalyzeris storedin mylanguage.f st , thefollowing testingid-
iom generatesanoutputfile of not-foundwordscalledfailures.all .1

unix cat mycorpus.txt | \
tr -sc "[:alpha:]" "[\n*]" | \
lookup mylanguage.f st | \
grep ’+?’ | \
gawk ’ print $1 ’ > failures.all

Thissomewhatintimidatingcommandusesthefairly standardUnix command-line
utilities cat, tr , grep andgawk; andit requiresthatthe lookup utility, includedin
theXerox softwarelicensedwith thisbook,beinstalledin adirectorythatis in your
searchpath.Consulta localguruif youneedhelpinstallingprogramsor modifying
thecommandto work in yourparticularoperatingsystem.

Without goinginto toomuchdetail,thecommandoperatesasfollows:

1. Thetext in thecorpusis pipedto thetr utility.

2. tr translatesall non-alphabeticcharactersinto newlines,squeezingmultiple
newlinesinto a singlenewline, andpipesits outputto lookup

3. lookup usesmylanguage.fst to look upeachword,pipingits output(in
its own idiosyncraticformat)to grep

4. grepactsasafilter, searchingfor andoutputtingonly thoselinescontaining
+?, which is what lookup outputsasthe pseudo-solutionfor a word when
nosolutionis found

5. andfinally gawk printsout thefirst field of the lookup output,which is the
not-foundword itself.

The result is output to a file, failures.all , containingall the words from
mycorpus.txt , for whichnosolutionatall wasfoundby mylanguage.fst .

1The backslashes in the exampleprecedenewlines andeffectively tell the operatingsystemto
treatthecommandasif it wereall typedon a singlelong line. You canliterally typethecommand
onasingleline if you wish,but in thatcasethebackslashesshouldnot betyped.
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Finite-statemorphologicalanalyzersareso fast that it is completelypractical
to testrepeatedlyagainstcorporacontainingmillions of words. But even if you
aresaving only thefailures,thiscanstill resultin unmanageablylargeoutputfiles,
usually including many duplicates. Developersneedsomeway to collapsethe
duplicatesandidentify which failuresarethemostimportantto fix first.

The simplestsolutionis to sort the collectedfailuresby frequency of occur-
rence. If the failuresarestoredin failures.all , the following Unix idiom
will producefailures.sorte d, with the mostfrequentfailuressortedto the
top of thefile.

cat failures. al l | sort | uniq -c | sort -rnb > failures .so rt ed

Thefirst sort will arrangeall thenot-foundwordsalphabetically,whichwill have
theeffect of puttingall multiplecopiesof thesameword togetherin theoutput.If
you areanalyzinganEnglishcorpusandtheword cantonis missingthreetimes,
andtheword dahlia is missingfour times,theoutputof this first sortwould look
like this:

...
canton
canton
canton
dahlia
dahlia
dahlia
dahlia
...

Theseresultsarethenpipedto the uniq utility with the -c flag, which collapses
multiple adjacentlinescontainingthesameword into asingleline with a countof
theoriginalnumberof lines,e.g.

3 canton
4 dahlia

Theseresultsarepipedin turn to thesort utility, but this time with theflags-rnb,
which causethe lines to be sortedin reversenumericalorder, basedon the first
numericalfield.

4 dahlia
3 canton

Themostfrequentnot-foundwordsendupat thetopof thefailures.sorted
file. Youcanthenexaminetheoutputfile andconcentrateonthetop100or somost
frequentlymissedwords,eitheraddingthenecessarybaseformsto the lexicon or
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fixing the lexcdescriptionor therulesthatpreventtheformsfrom beinganalyzed.
If thenot-foundwordscontainmisspellings,thenyou maysimply wantto correct
the test corpus. The additionof one new baseformwill often resolve multiple
missingsurfacewords,soafterfixing thetop 100missingwordsthewholetestis
usuallybestrepeatedto find thenext 100mostimportantmissingwords.Retesting
the wholecorpusat reasonableintervals is alsoa valuableform of REGRESSION

TESTING, highlighting errorsthat you inadvertentlyintroducewhile trying to fix
your lexiconsandrules.

Usethetestingidiomsto runevenhugecorporathroughyourmorpholog-
ical analyzer, looking for failures. Re-runningthe corpusat reasonable
intervalsis a usefulform of regressiontesting.

If you know what you’re doing, suchcommandsare infinitely customizable
to meetyour particularneeds.For example,the idiom shown above usesthe tr
utility to replaceall non-alphabeticcharacterswith the newline character, where
alphabeticcharactersaredesignatedby the built-in :alpha: notation,which is
locale-specific.If necessaryor desired,you canalsospecifythesetof alphabetic
lettersexplicitly by enumeration,as in the following example,which would be
suitablefor a languagewherethealphabetcontainsA to Z, Ñ, Ä, Ï , Ü (all in both
cases)andtheapostrophe’ .

cat corpus | \
tr -sc "[A-Z] Ñ̈AÏ Ü[a -z] ’˜näı̈ ü" "[\n*]" | \
lookup lexical_tran sdu cer | \
grep ’+?’ | \
gawk ’ print $1 ’ > failures_file

Theessenceof tokenizationis simply to insertanewline characterbetweento-
kens,andthatcanalsobedoneusingPerlor asimilarscriptinglanguage.ThePerl
scriptin Figure7.2,whichrequiresPerlversion5.00503or higher, doesareason-
ablejob of tokenizationfor Englishtext, andany Perlhackercancustomizeit for
a particularlanguage.Unlike the tr -basedtokenizersshown above, this solution
separatesandretainsthe punctuationcharactersastokens.The script readsfrom
standardinputandwritesto thestandardoutput;soif it is storedin tokenize.pl
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#!/usr/bin/p erl -w
# requires Perl version 5.005_03 or higher
# you may need to edit the path above to point
# to the Perl executable in your environment

while (<STDIN>) {
chop ;
s/ˆ\s+// ;
s/\s+$// ;
/ˆ$/ && next ; # ignore blank lines

# separate left punc(s) from beg of word
s/ˆ([’"]+)(?=\ w)/$ 1\n /g ;
s/(?<=\W)([’"] +)(? =\w )/$1 \n/g ;

# separate right punc(s) from end of word
s/(?<=\w)([’". ,;:? !]+ )(?= \W)/ \n$ 1/g ;
s/(?<=\w)([’". ,;:? !]+ )$/\ n$1/ g ;

# sep strings of multiple punc
s/(?<=[ˆ\w\s]) ([ˆ\ w\s ])/\ n$1/ g ;

# break on whitespace
s/\s+/\n/g ;
print $_, "\n" ;

}

Figure7.2: A Perl Script thatTokenizesEnglishText. This script readsfrom
standardinput, writes to standardoutput,andpreservespunctuationmarksas
tokens.
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andmadeanexecutablefile,2 it canreplacetr in thepipe.

cat corpus | \
tokenize.pl | \
lookup lexical_tran sdu cer | \
grep ’+?’ | \
gawk ’ print $1 ’ > failures_file

The idioms for failure collectionand sortingcan of coursebe collapsedto-
getherinto a singlecommand,which is besttypedinto afile, editedto matchyour
filenames,andrunusingtheUnix utility source.

cat corpus | \
tr -sc "[:alpha:]" "[\n*]" | \
lookup lexical_tran sdu cer | \
grep ’+?’ | \
gawk ’ print $1 ’ | \
sort | uniq -c | sort -rnb > sorted_failu res

Becausethe sortingallows the linguist to concentrateon the most important
missingwords,thismethodis practicalevenwith hugecorpora,andnew texts can
beaddedto the testcorpusat any time. Eventually, aftermany roundsof testing
andlexical work, whenthesystemis finding solutionsfor over 97%of thecorpus
words,themostfrequentlymissedwordswill tendto betypographicalerrors,for-
eignwords,propernames,andvariousrarenounsandadjectives,with mostof the
missingwordsoccurringonly onceor twiceevenin a very largecorpus.After this
point,in any natural-language-processingsystem,it becomesincreasinglydifficult
to improve thecoveragesignificantly.

Testingfor Failur eswith a Guesser

Anotherway to testfor failuresis to constructboth a normalmorphologicalan-
alyzerandan auxiliary analyzercalleda GUESSER. Guessersarebuilt arounda
definition of phonologicallypossibleroots,ratherthanenumeratedknown roots,
andthey areparticularlyvaluablefor testingin theearlystagesof a project,when
thedictionaryof knownrootsis small.Theuseof guessers,whichrequiresadeeper
understandingof the lookup applicationthanwe canapproachhere,is explained
in Section10.5.4.

lab:guessers

7.2.3 PositiveTesting

As useful as the saving, sorting andrepairingof failures is, it doesnot help to
discovercaseswheretheLexical Transduceranalyzeswordsincorrectly, i.e. over-

2The Unix commandto makeit executableis chmod 755 tokenize .p l . Seeyour local
gurufor details.
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Lexical: spit+Verb+Pr esPart
Surface: spiting

Figure7.3: A Sinof Commission,AnalyzingspitingErroneouslyasthePresent
Participleof spit.

recognitionor SINS OF COMMISSION, or wheretheanalyzerfindssomebut notall
of thevalid analysesfor aword,whichwemight termincompleteanalysisor SINS

OF PARTIAL OMISSION.
A typical sin of commissionwould be the Englishspitingbeinganalyzedin-

correctlyasthepresentparticipleof theverbspitasin Figure7.3. In reality, spiting
is a form of theverbspite; theverbspit wouldproperlyhave thepresentparticiple
spitting, with two ts. Theincorrectanalysisof spitingasaform of spitwill needto
befixedby thelinguist,but thebiggestproblemis notusuallyfixing suchproblems
but finding themin thefirst place.Whenany natural-languageprocessingsystem
containstensof thousandsof baseformsandanalyzesandgeneratesmillions of
surfaceforms, finding a spit:spitingproblemis like searchingfor the proverbial
needlein a haystack.

Similarly, sinsof partialomissionor incompleteanalysisoccurwhenasurface
word is ambiguous,andthesystemdoesnotfind all of its valid readings.Consider
the Englishwordstable and tables, which have both nounandverb readings.If
the lexicon containsthenounbaseformtablebut happensnot to containthe verb
baseformtable, thenevenin anotherwiseperfectsystemonly thenounsolutions
will befound:

Lexical: table+Noun+Sg table+Noun+Pl
Surface: table tables

The saving andsortingof failureswill of coursenot identify suchcaseswherea
correctbut incompleteanalysisis beingperformed.

While thereis no perfectsolutionto theproblemof flushingout sinsof com-
missionandpartialomission,oneusefuldaily exerciseis thefollowing:

1. During development,pick out a new paragraphor two of text every dayand
type it or storeit in a separatefile. Thetext shouldcomefrom a varietyof
sources,for examplethe latestmagazines,newspapers,a bookyou happen
to bereading,amessagethatsomeonepostedontheInternet,etc. In general,
collectasmuchnew text asyoucanfind for thelargetestcorpus,but choose
justoneor two randomparagraphsof text for thisdaily exercise.

2. Runtheparagraphsthroughthetokenizerandlookup,andthenexamineall
theoutputby handto seeif theanalysesarebothcorrectandcomplete.
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3. Fix thelexiconsandrulesasappropriate.

A usefulidiom for suchpositive testingis the following, wherethe input file
containsa smallishtext.

cat corpus | \
tr -sc "[:alpha:]" "[\n*]" | \
lookup lexical_tran sdu cer > output_file

Theoutputfile canthenbeexaminedmanuallyusinga text editor. If you have the
luxury of independenttesters,makeit partof their job to dosuchPOSITIVE TEST-
ING of real runningtext every day, enteringmanageablysmall texts andlooking
at absolutelyeverythingthat the systemreturns. It is a necessarybalanceto the
NEGATIVE TESTING thatlooksonly for failures.

The senator promised to table the bill
DET NOUN VERB PREP NOUN DET NOUN

Figure7.4: TaggingErrorBasedon IncompleteMorphologicalAnalysis

Inevitably, sins of partial omissionwill continueto presentthemselves for
monthsandyearsto come. Sometimesthey becomeobvious only after a part-
of-speechdisambiguator(“tagger”) is written, and the taggeris found to make
mistakesasin Figure7.4. Herewe have a sentenceusingtableasa verb,but the
taggeris labelingit incorrectlyasaNOUN. Whentrackingdown suchproblems,it
is oftendiscoveredthatthemorphologicalanalysissimply lackstheverbbaseform
tableandsois presentingthetaggerwith anunambiguousnounsolution.

7.3 Checkingthe Alphabet

7.3.1 The Gap in Symbol-ParsingAssumptions

Duringdevelopment,aLexical Transducerwill oftenbefoundto containmistakes
in its alphabet,eithermissingsymbolsor strange,undesiredsymbolsthat arein-
troducedby errorsin the varioussourcefiles. You should“check the alphabet”
regularly to find suchmistakes,which comefrom thefollowing sources:

1. xfst andtwolc maketheassumptionthatany stringof characterswritten to-
gether, e.g. abc, representsa singlemulticharactersymbol. lexc, for good
lexicographicalreasons,is theexceptionin makingtheopposite“exploding”
assumption,i.e. thatabcrepresentsthreeseparatesymbolsconcatenatedto-
gether; the only way to override the lexc exploding assumptionis to de-
clarewritten sequencesof symbolsasMultichar Symbols to be kept
together.
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2. xfst and twolc treat a numberof charactersas special, including + (for
KleenePlus), * (for KleeneStar), | (alternation),& (intersection),̂ (it-
eration),etc. In lexc, on the otherhand,suchsymbolsare not generally
special,unlessthey occurinsideanglebrackets,e.g.< a b* c >, where
theformalismandsothespecialcharactersof regularexpressionsapply.

Eventhoughtherearegoodreasonsfor thedifferentassumptions,thelinguistwho
switchesbackandforth from twolc to lexc to regularexpressionsin xfst will often
have troublekeepingthevaryingassumptionsstraight.Evenwithin lexc files, the
linguist hasto juggle differentassumptionsinsideandoutsideof anglebrackets.
Theseconflictingassumptionsabouthow to parsetypedstringsinto symbolsare
theroot causeof mostalphabetproblemsin finite-statesystems.

LEXICON Adjectives
dark Adj ;
quick Adj ;
heavy Adj ;

LEXICON Adj
+Adj:0 # ;

Figure7.5: +Adj Intendedto bea MulticharacterTag

7.3.2 Failur e to Declare Multichar Symbolsin lexc

The most commonalphabetproblemin lexc comesfrom the failure to declare
all the intendedMultichar Symbols. If you write LEXICONs as in Figure 7.5,
intending+Adj to beamulticharactersymbol,but failing to declareit in theMul-
tichar Symbolsstatement,lexc will happilyandsilently explodethe string+Adj
into four separatesymbols,leadingto thecompilationof a lexc transducerhaving
pathslike thefollowing:

Upper: d a r k + A d j
Lower: d a r k 0 0 0 0

If you analyzethe string “dark ” usingthis transducer(e.g. usingapply up in
xfst), the resultstring will look correct,i.e. it will be printedout superficiallyas
“dark+Adj ”, but it will in fact be wrong if you intended+Adj to be a single
symbol.Notethat theplussign+ is not specialin lexc, exceptwhenit appearsin
a regular expressioninsideanglebrackets;lexc will not treat the sequence+Adj
asamulticharactersymbolunlessit is declared.Failureto declareall theintended
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multicharactersymbolsin lexc is acommonmistakethatresultsin multiplenormal
symbolswhereyou intendeda singlemulticharactersymbol.

7.3.3 Inadvertent Declarationsof Multicharacter Symbolsin xfst and
twolc

xfst[]: read regex [ talk | walk ] %+Verb:0
[ %+Bare:0 | %+3PSg:s | %+Past:ed | %+PresPart:ing ] ;

Figure7.6: An xfst RegularExpressionthat Implicitly Declaresed anding as
MulticharacterSymbols. Suchcasesarealmostalwayserrorsandcancause
your lexical transducerto actmysteriously.

Theoppositeproblemoccursin xfst andtwolc, andin lexc regularexpressions
betweenanglebrackets,whenthe linguist forgetsthat stringsof characterswrit-
ten togetherare automaticallyparsedas namesfor multicharactersymbols. An
xfst regular expressionlike the onein Figure7.6 implicitly declaresed and ing
asmulticharactersymbolssimply becausethey arewritten togetherwithout any
separatingspaces.xfst ReplaceRulesarealsoregularexpressions,andtherule in
Figure7.7implicitly declaresamusasamulticharactersymbol.

xfst[]: define Rule1 %+Verb
%+Pres %+Indic %+Act %+1P %+Pl -> amus

Figure7.7:An xfst ReplaceRulethatInadvertentlyDeclarestheMulticharacter
Symbolamus

In the lexc exampleshown in Figure7.8, thesequencesedanding appearing
in regular expressions,inside lexc anglebrackets,aresimilarly treatedassingle
symbolsandareautomaticallyaddedto thealphabetof theresultingnetwork.The
grammarsin bothFigure7.6andFigure7.8will resultin transducersymbolpair-
ingslike thefollowing

Upper: t a l k +Verb +PresPart
Lower: t a l k 0 ing

where,again, ing is being storedand manipulatedas a single symbol. Having
multicharactersymbolslike ed, ing andamusin yourLexical Transduceris almost
alwaysaBadThing,especiallyif subsequentlycomposedrulesarelooking for the
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Multichar_Symbols +Verb +Bare +3PSg +Past +PresPart

LEXICON Root
Verbs ;

LEXICON Verbs
talk V ;
walk V ;

LEXICON V
+Verb:0 VEndings ;

! bad definition of verb endings

LEXICON VEndings
< %+Bare:0 > # ;
< %+3PSg:s > # ;
< %+Past:ed > # ; ! Error
< %+PresPart:ing > # ; ! Error

Figure7.8: UnintentionalDeclarationof theMulticharacterSymbolsedanding
insidelexc Angle-BracketEntries.Suchdeclarationsarealmostalwayserrors.
The presenceof suchunintendedmulticharactersymbolsin the alphabetof a
networkcanoftenleadto mysteriousproblemsin analysisandtheapplication
of rules.

symbolsequences[ e d ] , [ i n g ] and [ a m u s ] that just aren’t
there.

7.3.4 When to Suspectan Alphabet Problem

Youshouldalwayssuspectalphabetproblems.Alphabetproblemsaresocommon
thatexperienceddeveloperslearnto checkfor themregularly, andidiomsfor this
purposearepresentedin thenext section.Theovert signof analphabetproblem
is whenit looks like a rule shouldfire, but doesn’t, or whenit looks like a word
shouldbeanalyzed,but isn’t. Theunderlyingproblemis oftenthatthealphabetis
corrupted,causingyourstringsto bedividedinto symbolsin unexpectedways.

For example,considerthe xfst sessionin Figure7.9 that builds a transducer
for fiveregularEnglishverbsandthentestsit usingapply up. Theregularexpres-
sion that definesthe networkinadvertentlydeclaresed and ing asmulticharacter
symbols,addingthemto thealphabetof thenetwork.

Theapplicationroutines(suchasapply up andapply down) needto parsein-
put stringsinto symbols,includingmulticharactersymbols,beforematchingthem
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againsttransducerpaths.This symboltokenizationis alwaysdonerelative to the
sigmaof the networkbeingapplied,andin casesof ambiguity they alwaysgive
precedenceto longersymbolmatches.Thusif e, d andedarein thealphabet,and
the input is a string like “edits ”, the input string is brokenup into symbolsas
ed-i-t-s andis not foundbecauseno stringsin thelanguagebegin with themulti-
charactersymboled.

xfst[ n]: clear stack
xfst[0]: read regex [ talk | walk | bark | snort | edit ]
%+Verb:0
[ %+Bare:0 | %+3PSg:s | %+Past:ed | %+PresPart:ing ] ;
xfst[1]: apply up talk
talk+Verb+Bare
xfst[1]: apply up walks
walk+Verb+3PSg
xfst[1]: apply up barked
bark+Verb+Past
xfst[1]: apply up snorting
snort+Verb+PresPart
xfst[1]: apply up edit
xfst[1]: apply up edits
xfst[1]: apply up edited
xfst[1]: apply up editing

Figure7.9: A Typical AlphabetProblem.Becauseed is inadvertentlydeclared
asamulticharactersymbol,inputstringslike “edit ”, whichcontained, cannot
be found. When a word looks like it shouldbe analyzed,but mysteriously
isn’t found, it is often a clue that the alphabetis corruptedwith unintended
multicharactersymbols.

Anothernot immediatelyobvious problemwith the transducerin Figure7.9
is that “snorting ” is analyzed,but probablynot asintended.Becauseing is a
multicharactersymbolin thealphabet,theinputstring“snorting ” is brokenup
into symbolsass-n-o-r-t-ing; it is foundbecausethelower-sidelanguagecontains
this stringwith thesymbol ing on theend. Beginningdevelopersoften think that
they cangetaway with a few multicharactersymbolsof this type.However, when
the verb stemsring andping are later addedto the lexicon, the presenceof the
multicharactersymbol ing in thealphabetwould preventany form of “ping ” or
“ ring ” from beinganalyzed.Inappropriatemulticharactersymbolsusuallycome
backto hauntyou.

The otherclassicmanifestationof an alphabetproblemis whena rule looks
like it shouldapply to andmodify a network,but doesn’t. Supposethat invoking
print random-lower in xfst showsthatthelowersideof anetworkcontainsstrings
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suchas“ ringort ” andthattherule

g -> 0 || n _ [o | a]

is subsequentlyappliedto thelowerside,with theintentionof effectingthefollow-
ing mapping:

Upper: ringort
Lower: rinort

If it definitelylookslike a ruleshouldfire, but doesn’t, thenit maybethecasethat
theinputstring,printedoutby defaultas“ ringort ”, might in fact consistof the
symbols

r ing o r t

In sucha case,therulecannotapplybecausethereis nog symbolin thestring.
It is almostalwaysa mistaketo declaremulticharactersymbolslike ed and

ing that look like concatenationsof normalalphabeticcharacters.3 Following the
Xerox convention,which includesa punctuationmarklike theplussign(+) or the
circumflex (ˆ ) in every multicharactersymbolcanhelpavoid andcorrecterrors.

7.3.5 Idioms for Checkingthe Alphabet

Learnto suspectandtest regularly for alphabetproblems. In particular, if it ap-
pearsthata rule shouldbeapplying,but doesn’t, or thatan input stringshouldbe
accepted,but isn’t, thevery first thing to do is to “checkthealphabet”.

Printing Out the Sigmaand Labels

Thewayto testawholenetworkfor alphabetproblemsis simplyto loadit ontothe
top of anxfst stackandprint out thelabels.

xfst[0]: load stack MyLanguage.fst
xfst[1]: print labels

Theresult,whichshowsall thesymbolpairs in thesystem,canbeabit confusing,
so printing the SIGMA, i.e. the alphabetof symbol characters,is usuallymore
readable.

xfst[0]: load stack MyLanguage.fst
xfst[1]: print sigma

3Justifiableexceptionsmay be appropriatefor orthographieswhere ngramsrepresentsingle
phonemesandcannotbe confusedwith sequences of separateletters. For example, if a particu-
lar orthographyusesp, t andk to representunaspiratedconsonantsandph, th andkh to represent
theiraspiratedcounterparts,andif h is notusedelsewherein theorthography;thenph, th andkh are
unambiguousandcouldbesafelydeclaredasmulticharactersymbols.
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To betterlocalize alphabetproblems,it is often preferableto look at the labels
of the upperand lower sidesseparatelyas in Figure 7.10. Justscanthe list of
labelsprintedout; if youspotanythingbizarre,like surfaceing or edbeingtreated
assinglesymbols,isolatethe words in which they appearby composingsimple
filters.

xfst[ n]: clear stack
xfst[0]: load stack MyLanguage.fs t
xfst[1]: upper-side net
xfst[1]: print labels

xfst[ n]: clear stack
xfst[0]: load stack MyLanguage.fs t
xfst[1]: lower-side net
xfst[1]: print labels

Figure7.10: Idioms to Examinethe Labelson the UpperandLower Sideof
a Transducer. Thesesimpletestsshouldbe performedregularly to checkthe
alphabetfor missingandextraneousmulticharactersymbolscausedby errorsin
thesourcefiles.

If the networkis found to containan unexpectedmulticharactersymbol like
ing on the lower side,the idiom in Figure7.11will isolatethosewordsin which
it appears,which canhelpyou locatetheerror in your sourcefiles. Note that the
idiom composes$[ing] , whichdenotesthelanguageof all stringscontainingthe
multicharactersymbol ing, on the lower sideof the network,wherethe surface
stringsarevisible.

xfst[0]: read regex @"MyLanguage.fst " .o. $[ing] ;
xfst[1]: print random-lower
xfst[1]: print random-upper

Figure7.11: Idiom to IsolateWordsContainingtheSuspiciousMulticharacter
Symboling on theLowerSideof theNetwork

Oncethe offendingstringshave beenidentified, the fixes are usuallypretty
obvious: If ing is beingtreated,unexpectedly, asa multicharactersymbol, then
fix the rule or otherregular expressionthat is implicitly declaringit. Conversely,
if you expect to seea particularmulticharacterlexical symbol like +Adj , andit
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doesn’t appearin thealphabetof theupper-sidelanguage,thenyoushouldgoback
to your lexcdescriptionanddeclareit.

If you’renotsurewhatto look for, identifyingundeclaredmulticharactersym-
bols is slightly moredifficult. If you follow the Xerox conventionsfor spelling
multicharactersymbolsand features,and if you seea separateplus sign (+) or
circumflex (ˆ ) or squarebracketin thealphabetof the upper-sidelanguage,then
this is often a tell-talesign thatyou have failed to declareeithera tag like +Foo
or [+Foo] , or a featurelike ˆFEAT. To isolateand identify which multichar-
actersymbolsand tagsareundefined,composea little filter on top of MyLan-
guage.fst thatmatchesall andonly stringscontainingtheunexpectedseparate
punctuationmarks. This idiom is illustratedin Figure7.12; the randomstrings
printedoutshouldprovideenoughinformationto helpyoutrackdown whichmul-
ticharactersymbolswerenot declared.

xfst[0]: read regex $[ %ˆ | %+ | %] | %] ]
.o.
@"MyLanguage.fst" ;
xfst[1]: print random-upper

Figure7.12: An Idiom to Help Find UndeclaredMulticharacterSymbols. If
you includeaplussignor acircumflex or squarebracketsaspartof thespelling
of every multicharactersymbol,thenfinding any of themasa separatesymbol
on the uppersideof a networkmay be the signof an intendedmulticharacter
symbolthatwasnotproperlydeclaredin lexc.

It is only a Xerox conventionto includesomekind of punctuation,e.g.
a plussignor circumflex, in thespellingof every multicharactersymbol.
Anotherconventionthathasbeenusedis to spellall tagswith surrounding
squarebrackets,e.g.[Noun]. Suchconventionsmakemulticharactersym-
bols standout visually andcanhelp to discover intendedmulticharacter
symbolsthatwerenotproperlydeclared.

Settingprint-spaceON

Whenworking interactively with networksin xfst, developersoften invokeprint
random-upper andprint random-lower to seewhatthestringsin anetworklook
like. By default, theseprint routinesprint out connectedstringsto which the
networkcouldsuccessfullybeapplied,but they donotshow how thosestringsare
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tokenizedinto symbols.Whenprint random-lower is invokedasin thefollowing
example,noalphabetproblemis apparent.

xfst[ n]: clear stack
xfst[0]: read regex [ talk | walk | bark | snort | edit ]
%+Verb:0
[ %+Bare:0 | %+3PSg:s | %+Past:ed | %+PresPart:ing ] ;
xfst[1]: print random-lower
edits
edits
snorted
snort
bark
walk
barks
edit
snorting
walks
barked
walk
walking
talking
walked
xfst[1]:

If analphabetproblemis evenslightly suspected,a goodfirst stepis to setthe
xfst interfacevariableprint-space to ON. Thiscausestheprint routinesto print a
spacebetweensymbols,showing clearlywhich sequencesarebeingtokenizedas
multicharactersymbols.

xfst[1]: set print-space ON
variable print-space = ON
xfst[1]: print random-lower
t a l k
b a r k ed
t a l k
e d i t ed
w a l k s
w a l k s
e d i t s
s n o r t
b a r k
w a l k
s n o r t s
b a r k
w a l k ed
t a l k s
e d i t ing

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



7.4. TESTINGWITH SUBTRACTION 427

With print-spacesetto ON, thesuspiciousmulticharactersymbolsing andedare
hardto miss.For moreinformationon theuseof print-space, seeSections8.4.2,
3.6.2and3.8.2.

7.4 Testingwith Subtraction

A regular relation,encodedby a finite-statetransducer, is a mappingbetweentwo
regularlanguages,where(followingXerox conventions)theupperlanguageis typ-
ically a setof stringsthatconsistof a baseformandtags,andthe lower language
is a setof surfacestrings.Usingthefinite-statecalculus,andparticularlythesub-
tractionoperationin xfst, wecancomparetheselanguagesagainstotherlanguages
thatweor othershave defined.

It shouldbe rememberedthat regular relations(and the transducersthat
encodethem) are not closedundersubtraction. Regular languagesare,
however, closedundersubtraction,andthefollowingexamplesandidioms
requireextractingtheupper-sideor lower-sidelanguagefrom atransducer
beforesubtractionis performed.

7.4.1 Testingthe Lexical Language

All developersarestronglyurgedto plan out their analysesasmuchaspossible
beforestartingthecoding.Alternatively, developersshouldfeelfreeto experiment
for a while andthenrestartthework after they have a betterideaof thedirections
to take.

An importantpart of planningis to choosea reasonabletagsetandto decide
on the physicalorderin which co-occurringtagswill appear. Thesechoicescan
andshouldbe formalizedin a LEXICAL GRAMMAR that describesall possible
legally constructedlexical strings.Lexical Grammarscanbewrittenin somecases
assinglemonolithicregularexpressionsto becompiledby readregexinsidexfst,
but it is usuallybetterto definethemusingxfst scripts,which areexecutedwith
thesourceutility. For a review of xfst scripts,seeSection3.3.3.

Let usassumethatwe wantto defineanupper-sidelanguagewherethestrings
consistof a baseformfollowedby multicharacter-symboltags. A regular expres-
sionthatmatchesall possiblebaseformswill look somethinglike thefollowing:

[ a | b | c | d | e | f | g | h | i | j | k |
l | m | n | o | p | q | r | s | t | u | v |
w | x | y | z |
A | B | C | D | E | F | G | H | I | J | K |
L | M | N | O | P | Q | R | S | T | U | V |
W | X | Y | Z ]+
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Thisrathercrudeexpression,whichmatchesany stringof oneor morelettersfrom
analphabet,shouldbemodified,of course,to containall andonly the lettersthat
canvalidly appearin thebaseformsof your language.Following, i.e. concatenated
after, thesepseudo-baseformsarethe legal stringsof tags,describedin a regular
expressionsomethinglike thefollowing:

[
%+Noun ([%+Aug | %+Dim]) [%+Masc | %+Fem] [%+Sg | %+Pl]
|
%+Adj ([%+Comp | %+Sup]) [%+Masc | %+Fem] [%+Sg | %+Pl]
|
%+Verb [%+Past | %+Pres | %+Fut] [%+1P | %+2P | %+3P]

[%+Sg | %+Pl]
]

In this illustration,weassumethatnounsareoptionallymarkedasaugmentativeor
diminutive,obligatorilymarkedasmasculineor feminine,andobligatorilymarked
assingularor plural via tagsthat appearin that order. Similar distinctionsand
ordersaredefinedfor adjectivesandverbs. Of course,the tags, tag ordersand
overall taggingpatternswill differ for eachlanguage,andtheremaybeprefix tags
appearingbeforethebaseform.A realLexical Grammarwill befar morecomplex
thantheexampleabove,perhapsextendingto severalpages.

clear stack
define InitialC [p|t|k|b|d|g|s|z|r|l|n|m|w|y] ;
define CodaC [p|t|k|s|r|l|n|m|w|y] ;
define Vowel [a|e|i|o|u] ;
define Syllable InitialC Vowel (CodaC) ;
define Baseform Syllableˆ 1,3 ;
define Nouns %+Noun ([%+Aug | %+Dim])
[%+Masc | %+Fem] [%+Sg | %+Pl] ;
define Adjs %+Adj ([%+Comp | %+Sup])
[%+Masc | %+Fem] [%+Sg | %+Pl] ;
define Verbs %+Verb [%+Past | %+Pres | %+Fut]
[%+1P | %+2P | %+3P] [%+Sg | %+Pl] ;
define XolaLexGram Baseform [Nouns | Adjs | Verbs] ;

Figure7.13: Thexfst ScriptXola-lexgram.scriptDefininga Lexical Grammar
for anImaginaryLanguage,IncludingBaseformswith ConstraintsonSyllables,
PossibleInitial Consonants,andPossibleCodaConsonants

The definition or “modeling” of pseudo-baseformsmay alsobe much more
constrainedand sophisticated,reflectingknown phonologicalconstraintsin the
language. For example,Figure 7.13 shows a lexical grammarfor the mythical
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Xola language,in theform of anxfst script,whereinthebaseformsconsistof one
to threesyllablesof form CV or CVC, andwherethereareconstraintson which
consonantscanappearin initial andcodaposition.

Theobjectof writing andmaintaininga Lexical Grammaris to encourageyou
to defineandconformto a consistentformatfor analysisstrings;suchconsistency
is absolutelyessentialto anyone,includingyourself,whoneedsto usetheLexical
Transducerto dogeneration.

xfst[ n]: clear stack
xfst[0]: read regex < MyLanguage-lexgram.regex
xfst[1]: define LexGram
xfst[0]: read regex [@"MyLanguage.fst"].u - LexGram ;
xfst[1]: print size
xfst[1]: print words

Figure 7.14: An Idiom to Checkthe Upper-Side LanguageUsing a Lexical
GrammarDefinedin a Regular-ExpressionFile. Notethatthelexical grammar
is subtractedfrom the extractedupper-side languageof MyLanguage.f st .
If the upper-side languageis fully coveredby the lexical grammar, then the
networkleft on thestackwill denotetheemptylanguage.

The Lexical Grammaris alsoa powerful tool for testinganddebugging. As-
sumethatyour lexical transduceris writtenasaregularexpressionin file MyLan-
guage.fst andthatyourLexical Grammaris in file MyLanguage-le xgr am.r egex .
Theidiom in Figure7.14subtractstheLexical Grammarlanguagefrom theupper-
sidelanguageof MyLanguage.fst , leaving on thestacka networkcontaining
all theupper-sidestringsof MyLanguage.fst thatdonotconform,for whatever
reason,to theLexicalGrammarasit isdefinedin MyLanguage-lexg ram. reg ex .
If theupper-sidelanguageis fully coveredby thelexical grammar, thentheresult
of thesubtractionwill betheemptylanguage.

If you havedefinedyourLexical Grammarasanxfst script, asin Figure7.13,
thentheidiom shown in Figure7.15will performtheappropriatecheck.Let usas-
sumethat thelexical-grammarscript is storedin Xola-lexgram .scr ipt and
thatthelexical transducerto betestedis in Xola.fst . Runningthescriptin Fig-
ure7.13,usingtheusualsourceutility in xfst, causesthevariableXolaLexGram
to bedefined.

Howeverit is defined,theLexical Grammarshouldproduceanetworkthaten-
codesa simplelanguage,not a transducer. Whenthatlanguageis subtractedfrom
the upper-sidelanguageof the lexical transducer, the resultshouldbe the empty
language.In practice,thisexerciseoftenflushesout a setof lexical stringsthatdo
not conform,for whatever reason,to the lexical grammar. Any non-conforming
stringsshouldbe examinedmanually, and any necessarycorrectionsshouldbe
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xfst[ n]: clear stack
xfst[0]: source Xola-lexgram.script
xfst[0]: read regex [@"Xola.fst"].u - XolaLexGram ;
xfst[1]: print size
xfst[1]: print words

Figure7.15: Idiom to Checkthe Lexical LanguageUsinga Lexical Grammar
Definedin anxfst ScriptFile. In thiscase,thescript(seeFigure7.13)computes
thelexical-grammarnetworkanddefinesthevariableXolaLexGram.This Xo-
laLexGramis thensubtractedfrom theupper-sidelanguageof Xola.fst .

done.It may, of course,benecessaryto correctyour lexc andxfst files,or it may
benecessaryto augmentandcorrectyour Lexical Grammar, especiallyafter you
introducenew partsof speechor any changesin thetags.

The Lexical Grammarwill naturallygrow andneedmodificationduring de-
velopment. Don’t be afraid to changeit as necessary, but do useit throughout
developmentto keepyour lexical-level stringsasconsistentandbeautifulaspossi-
ble. Finally, putcommentedexamplesinsidetheLexical Grammarsourcefile; this
file, without modification,shouldserve asanimportantpartof thefinal documen-
tationof yoursystem.Anyonewantingto useyoursystemfor generationwill have
to know exactlyhow theupper-sidestringsarespelled.

Do not try to subtractin theotherdirection,computingtheLexical Gram-
marminustheuppersideof your lexical transducer. BecauseyourLexical
Grammaracceptsstringsbasedon any possiblebaseform,its language
coversa hugeor even infinite numberof strings,andthe differencewill
alsobehugeor infinite in size.

7.4.2 Testingthe SurfaceLanguage

Justasthelexical languageof a transducercanbeextractedandcomparedagainst
a languagedefinedin aLexical Grammar, thesurfacelanguageof aLexical Trans-
ducercanalsobeextractedandcomparedagainstothersuitablelanguages.These
comparisonlanguagescancomefrom externalwordlists, external lexicons,and
previous versionsof your own system.Comparisonagainstprevious versionsof
yourown systemis known asregressiontesting.
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TestingAgainst Wordlists

A wordlist—aplain list of surfacewords,usuallyextractedfrom a corpus—isnot
often of hugevaluein computationallinguistics. But many suchlists have been
prepared,often to supportprimitive spellingcheckers,andthey canoften be ac-
quiredfreefrom theInternet.A plain wordlist is seldomworth buying,but where
oneis available,it canbeusedprofitably to testthe surfacesideof your Lexical
Transducer.

Wordlistscanbeviewedasattempts,very primitive andinadequateattempts,
to modela languageby simply enumeratingall thepossiblestrings.Youcanauto-
maticallycreateyour own wordlist from any corpus,simply by tokenizingit, one
word to a line, andsort-ing it anduniq-ing to remove duplicates.

cat corpus | \
tr -sc "[:alpha:]" "[\n*]" | \
sort | uniq > wordlist

Oneway to testour Lexical Transducerson a wordlist is to simply pipe the
wordlist to the lookup utility, which expectsits input to have onetokento a line.
The failurescanbe collectedandmanuallyreviewedasusual,andyour lexicons
andrulescanbemodified,if appropriate,to acceptthem.

cat wordlist | \
lookup lexical_transducer | \
grep ’+?’ | gawk ’ print $1 ’ > failures

However, we cangetmorefrom a wordlist, faster, by compilingit into a network
andusingsubtractionto compareit againstthe surfacelanguageof our Lexical
Transducer.Considera plainwordlist thatstartslike this:

aardvark
about
apple
day
diaper
dynasty
easy
finances
grapes
grovel
...

We could tediouslyedit thewordlist into a suitablelexc file or evena regularex-
pressionfor compilationinto a network,but theneedto compilea networkfrom a
plain wordlist is commonenoughthatxfst offersthe read text utility for exactly
thatpurpose.readtext takesthenameof a wordlist file, containingoneword per
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line,explodesthestringsinto separatesymbolsjust like lexc, buildsanetworkthat
acceptsall andonly thestringsin thewordlist,andpushesthatnetworkonthexfst
stack.

The first way, andsometimesthe only practicalway, to usethe wordlist lan-
guageis to subtractfrom it yoursurfacelanguage,i.e. to compute

wordlist - YourSurfaceLa ngua ge

An xfst idiom to do this is shown in Figure7.16. We assumeagainthatour Lex-
ical Transduceris in file MyLanguage.fs t and that the wordlist is in the file
wordlist.txt .

xfst[ n]: clear stack
xfst[0]: read text < wordlist.txt
xfst[1]: define WordList
xfst[0]: read regex WordList - [@"MyLanguage.fst"].l ;
xfst[1]: write text > words-missing.txt

Figure7.16: Idiom to Subtractthe Lower-SideLanguageof a Network from
a Wordlist Language.The remaininglanguage,which canbeprintedout asa
wordlist file, is the setof words in the wordlist that are not analyzedby the
transducer.

However it is computed,the differencelanguagewill containa setof surface
wordsthat are in the wordlist but arenot in the surfacelanguageof the Lexical
Transducer.You can usethe write text utility to write thesewordsout to file.
Thesewordsshouldbe reviewed carefully for possibleadditionto your Lexical
Transducer.Becausepublicly availablewordlistscomefrom who-knows-where
andwerebuilt from who-knows-whatcorpora,they arenotoriousfor containing
garbage.

Dependingonthesizeof thewordlist—thelargerthebetter—youcanalsoper-
form thereversesubtractionandgetmanageableresults,asshown in Figure7.17.
This subtractionwill yield a list of all wordsthatarein your surfacelanguagebut
whichwerenot in thewordlist. Thismayflushoutsomebadstringsthathavecrept
into yoursurfacelanguagevia errorsof varioussorts.But if thewordlist language
is too small, or if your surfacelanguageis exceptionallylarge (especiallyif you
haveacompoundinglanguagewith aninfinite numberof strings),thenthissecond
testbecomesimpractical.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



7.4. TESTINGWITH SUBTRACTION 433

xfst[ n]: clear stack
xfst[0]: read text < wordlist.txt
xfst[1]: define WordList
xfst[0]: read regex [@"MyLanguage.fst"].l
- WordList ;
xfst[1]: print size
xfst[1]: write text > words-extra.txt

Figure7.17: Idiom to Subtractthe Wordlist Languagefrom the SurfaceLan-
guageof a Lexical Transducer. For this testto bepractical,the lower-sidelan-
guageof Mylanguage.fst shouldnotbeinfinite or toomuchlargerthanthe
languageof wordlist.txt .

A corpusof runningtext is generallymorevaluablefor testingthanaplain
wordlist. With a corpus,you cansort the not-foundwordsby frequency
of occurrence,allowing you to concentrateon fixing the most important
gapsin your system;andyou cansearchthecorpusto seethe context of
mysteriousallegedwords.With awordlist,all thenot-foundwordsarejust
disembodiedstringsof characters,with no informationasto frequency or
context.

TestingAgainst Previous Versions

Morphologysystemsget big andcomplex, to the point whereit is humanlyim-
possibleto predictall the implicationsof adding,deletingandchangingrulesor
lexical entries.Luckily, thefinite-statecalculusgivesuspowerfulwaysof compar-
ing thecoverageof differentversionsof our own systems,which is theessenceof
regressiontesting.

For testingpurposesandfor safety, youshouldkeepbackupsandwork within a
version-controlsystem(seeChapter6). Fromtimeto time,thesystemwill reacha
relatively stablestate,andatsuchtimesyou shouldtakea “snapshot”of theentire
statusof your sourcefiles. You shouldalwaystakea snapshotwhenany kind of
contractualmilestoneis reachedor adeliveryis made.Theversion-controlsystem
will thenallow you to restorethatstateata latertime.

Here’s a typicalscenario:Assumethatyoursystemreacheda relatively stable
state,andthatyou tooka snapshotof it asVersion1.A weekor a monthlater, you
have addedafew lexical items,addedthreerules,changedseveralotherrules,and
you wonderif you’vebrokenanything in theprocess.

Assumethatthenew lexical transduceris namednew.fst , andthatyousaved
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a copyof the previousVersion1transducerasold.fst . If you forgot to save a
copy, usetheversion-controlsystemto reconstructit; that’swhataversion-control
systemis for. Figure7.18showsanxfst idiom for seeingwhichsurfacewordshave
beenlostgoingfrom old.fst to new.fst .

xfst[ n]: clear stack
xfst[0]: read regex [@"old.fst"].l - [@"new.fst"].l ;
xfst[1]: print size
xfst[1]: print random-lower
xfst[1]: write text > words-lost.txt

Figure7.18:RegressionTesting,ComparingTwo Versionsto FindLostSurface
Words

Creatingtheoutputfile maynotbenecessary. Recallthatyoucanuseprint size
to seehow many wordswerelost, if any. If thenumberis not zero,thenyoumight
wantto look at a few of thewordsusingprint random-upper or print random-
lower; or, if thenumberis very small,useprint words to seethemall displayed
onthescreen.

To seewhichsurfacewordswereaddedin goingfromold.fst to new.fst ,
simplydo thereversesubtractionasshown in Figure7.19.

xfst[ n]: clear stack
xfst[0]: read regex [@"new.fst"].l - [@"old.fst"].l ;
xfst[1]: print size
xfst[1]: print random-lower
xfst[1]: write text > words-added.txt

Figure7.19: RegressionTesting,ComparingTwo Versionto Look for Added
Words

Testingagainstyour own previous systemis often the only practicalway to
catchregressions(degradations)andintroducederrors.After performingthesub-
tractions,if all thewordsin thefile words-lost.tx t arein factbadwords,then
thesystemhasimproved. And if all thewordsin words-added.tx t aregood
words,thenagainthe systemhasimproved. But if you’ve lost any goodwords,
or gainedany badwords,you needto fix thecurrentfiles andrerunthetestsuntil
you seeall improvementandno degradation. At that point, if your new system
is generallystable,it is a goodideato takea new snapshotandsave the current
Lexical Transducerasold.fst for thenext roundof regressiontesting.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



7.4. TESTINGWITH SUBTRACTION 435

Learnto useyour local versioncontrol system,even if it seemslike irri-
tating overhead. The ability to resurrectthe previous stablesystemand
compareit againstyour new systemis often theonly practicalway to do
regressiontesting.

TestingAgainst External Lexicons

Occasionallyyou canbuy or find externallyproducedLEXICONS thatcanalsobe
usedfor testingagainstyoursystem’ssurfacelanguage,whereby lexiconwemean
anon-lineresourcethat is moreinformative thana barewordlist, suchasa list of
baseformswith category andfeatureinformation.Themoreauxiliary information
a lexicon contains,the morepotentiallyvaluableit is. Suchexternally produced
lexiconscanbea goldminefor testinganddevelopment.

If youcanextractor generatealist of surfacewordsfromanexternallexicon,
thatlist canbeusedlike any otherwordlist for testingagainstyoursystem’s
surfacelanguage.

If youcanestablishtheequivalencebetweentheexternallexicon’scategories
andyour own, you may be ableto extract large numbersof lexical entries
from the lexicon, edit themwith macros,andaddthemsemi-automatically
to yourown lexicons.

If theexternallexicon containspart-of-speechandfeatureinformation,you
shouldbe ableto constructtestingscriptsthat checkto seeif your system
analyzesthewordsandassignsequivalenttagsandfeatures.

Comparingyour systemagainstanothercarefullyproducedlexicon is oneof the
few effectivewaysto find sinsof partialomission,e.g.whenyoursystemanalyzes
tableasanounbut notalsoasaverb. Althoughany lexiconwill havemistakesand
omissions,the chancesof two independentlyproducedlexiconshaving the same
mistakesanderrorsarerelatively low.

For example,a wordlist of wordsthatareidentifiedin theexternallexicon as
nounscanbecomparedprofitablyagainstthesetof surfacenounsin yoursystem.
Figure7.20showstheidiom for extractingthesetof surfacenouns(asa language)
from yoursystem,whichwe’ll assumeis storedin MyLanguage.fst . Let’salso
assumethatthelist of allegednounsextractedsomehow from theexternallexicon
is callednounlist.txt . Theidiom effectively identifiesasetof words,alleged
to be nounsin anotherdictionary, thatarenot analyzedasnounsby your lexical
transducer. The left-over wordsshouldbe consideredcarefully for addition, as
nouns,to your lexicons.
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xfst[ n]: clear stack
xfst[0]: define MyLanguageNouns [ $[%+Noun]
.o.
@"MyLanguage.fst"].l ;
xfst[0]: read text < nounlist.txt
xfst[1]: define NounList
xfst[1]: read regex NounList - MyLanguageNouns ;
xfst[1]: print size
xfst[1]: print random-lower
xfst[1]: write text > nouns-to-add.txt

Figure7.20: ExtractingNounsfrom a Lexical Transducerfor Comparisonto
a Wordlist of NounsExtractedfrom AnotherDictionary. The subtractionof
MyLanguageNounsfrom Nounlistwill leaveonthestacka languageof alleged
nounsthatarenotanalyzedasnounsby thetransducer.

If the nounwordlist is comparablein sizeto the nouncoverageof your sys-
tem,thenthereversesubtractionmayalsobepossibleandinteresting,identifying
allegednounsanalyzedby your systemthat arenot includedin the external list
of nouns. This is the way to find if your transduceris generatingany ill-formed
nouns.

Typically, boththeexternalwordlistandyouranalyzerwill bein errorin vari-
ousways,but theprobabilitythatbothwill err in exactlythesamewayis low. This
is whatmakescross-wordlistor cross-lexicon testingsovaluable;it subtractsone
haystackfrom another, leaving relatively little hayandamanageableassortmentof
needlesto examine.

Themorefinely anexternallexicon is coded,thebetterit is for testingagainst
ourfinite-statesystems.Two separateSpanishnounlists,for example,oneof fem-
inine nounsandoneof masculinenouns,aremorevaluablethanonelist of undif-
ferentiatedSpanishnouns.Thetestingof a list of feminineSpanishnounsagainst
a full Spanishlexical transducercanbedoneexactly like theMyLanguageNouns
testin Figure7.20,exceptthatonestartsby extractingjustthefemininenounsfrom
Spanish.fst , asin Figure7.21. Simplecomparison,via subtraction,of what
yoursystemcallsfeminineSpanishnounsfrom whatanothersystemcallsfeminine
Spanishnounscaneasilyhighlightgapsandmis-codings.

A decentlexicon with precisesubcodingscan often be split automatically,
e.g. with Perl scripts,into dozensof separatewordlists for comparisonagainst
the wordsandanalysesin your own system.Acquire any goodlexiconsandla-
beledwordliststhatyou can,everythingfrom listsof people,citiesandcompanies
to full-scalelexiconsfrom otherNLP projects.A list of Germancompoundnouns
is valuable;a list of Spanishverb infiniti ves,with eachverbmarkedfor its conju-
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xfst[ n]: clear stack
xfst[1]: define FemNounList [ $[%+Noun ?* %+Fem]
.o.
@"MyLanguage.fst"].l ;

Figure7.21: ExtractingFeminineNounsOnly. This exampleassumesthat the
tagsareon theuppersideandthatthe+Noun tagsprecedethe+Femtags.

gationclass,is agift; andadetailedlexiconfrom anotherseriousnatural-language-
processingprojectcanbepriceless.A carefullyconstructedlexicon of baseforms,
with detailedmarkingof inflectionalpossibilities,conjugationtypesandderiva-
tionalpossibilitiescanoftenbeconvertedsemi-automaticallyinto reallexc format.
Suchlexicons,usuallyjealouslyguardedby their owners,canbeextremelyvalu-
able for acceleratinga developmentproject, saving you person-yearsof tedious
lexicographicaldevelopment.

Unfortunately, lexiconsvarytremendouslyin quality, coverage,formatandter-
minology; andthey arenotoriouslydifficult to acquirefor commercialpurposes.
Eachcaseis unique,usuallyrequiringsomedetectivework to interpretandfind the
informationyou need,andyou mayneedto dependheavily on local systemgurus
to write conversionscripts.But while it is never easy, “mining” anindependently
producedlexicon of goodquality is oneof the mostvaluableexercisesyou can
performfor testing.
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8.1 Featuresin Finite-StateSystems

FlagDiacriticsareanextensionof theXerox finite-stateimplementation,provid-
ing feature-settingandfeature-unificationoperationsthathelpto keeptransducers
small, enforcedesirableconstraints,andsimplify grammars.FlagDiacriticsare
oftenusedto enforceseparatedor “long-distance”constraintsontheco-occurrence
of morphemeswithin words,constraintswhich areawkwardto handlein regular
expressionsor lexc alone. The useof Flag Diacritics is thereforean alternative
to composingsuchconstraintsinto the transducerusingrulesor filters, a practice
thatcansometimescauseanexplosionin thesizeof theresultingtransducer. Flag
Diacriticscanalsobeusefulfor markingrootsfor idiosyncraticmorphotacticbe-
havior, constrainingcircumfixes,andgenerallyhandlingotherconstraintsthatare
feature-basedratherthanphonological.

Severalimplementationsof finite-statemorphologyhaveaddedfull-scalefeature-
unification packagesthat representsignificantoverheadandcanresult in unac-
ceptablyslow analysisandgeneration.FlagDiacriticsrepresentasimplified,light-
weightapproachdesignedfor speed.
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8.2 What Ar eFlag Diacritics?

8.2.1 BasicConcepts

As far as lexc, twolc, xfst regular expressionsandnetworksthemselvesarecon-
cerned,FlagDiacriticsarejust normalmulticharactersymbols thatcanappearin
strings. Flag Diacritics do, however, have a distinctive spelling andaretreated
speciallyby applicationroutinesthat have beenwritten to be sensitive to them:
First, FlagDiacriticsaretreatedlike epsilonswhena networkis appliedto input;
they arenot matchedagainstthesymbolsof the input string,andthey do not ap-
pearin outputstrings. Second,the applicationroutinesthemselves,i.e. analysis
andgeneration,noticeandinterpretFlagDiacriticsasfeaturesettingandfeature-
unificationoperationsthatconstrainatruntimethepossiblepathsfollowedthrough
a network.

A networkcontainingFlagDiacriticstypically containsmany illegalpathsthat
would normally resultin overgenerationandoverrecognition.Theseillegal paths
canbeliterally removed from thenetworkby composingthenetworkwith finite-
statefilters,but only at thecostof a significantincreasein thesizeof theresulting
network(seeSection6.3.3).Theuseof FlagDiacriticsallowstheillegalpathsto be
blockedat runtimeby theanalysisandgenerationroutines,keepingthetransducer
small.

8.2.2 Implementation of Flag Diacritics

This chapterexplainstheimplementationof FlagDiacriticsby Lauri Karttunenat
XRCE, asreflectedin thesoftwareavailablewith thisbook.1

8.2.3 SomePractical Points

Experiencehasshown thatstudentshaveconsiderabledifficulty understandingand
usingFlagDiacritics. Most finite-statecomputinghasbeendonewithout any use
of FlagDiacriticsatall, andwehaveavoidedall discussionof themuntil now. But
FlagDiacriticsareextremelyusefulin thehandsof anexpertdeveloperandmay
beessentialto keeptransducersto a manageablesize.Thefollowing observations
mayhelp:

1. You shoulddefinitely useFlag Diacritics if your wordscontainseparated
dependenciesthatarelikely to leadto abnormallylargenetworks.

2. You canincludeFlagDiacritics from thebeginningof your project,or add
themat any time, without committingyour final systemto this approach;
it is alwayseasyto eliminateFlagDiacritics from a network. Adding Flag

1Developersat PARC andat theXerox spinoff Inxight have theirown implementationsof Flag
Diacriticsthatdiffer in many details.
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Diacriticsposthocto anexistingsystemcanrequirenon-trivial re-editingof
yoursourcefiles.

3. In form,aFlagDiacritic is justamulticharactersymbol.In lexc, they should
bedeclaredin theMultichar Symbolssection.

4. Insideanetwork,FlagDiacriticsaremulticharactersymbolsthathaveaspe-
cial meaningandconstrainingeffect only at runtimewhen the network is
appliedusinganalysisandgenerationroutinesthatare“flag-aware”. xfst ,
lexc andthecommand-linelookup utility (seeSection10.3)areflag-aware
or sensitiveto FlagDiacritics.

5. Flag Diacritics are insertedstrategically in a networkby the developeras
partof theabstractspellingof strings.Typically, youwantto think of aFlag
Diacritic asbeingpartof theabstractspellingof a morphemeor asa prefix
or suffix to aclassof morphemes.

6. For reasonsthatwill beexplainedbelow, FlagDiacriticsshouldtypically be
two-sidedsymbols;i.e. they shouldbevisible on boththeupperandlower
sidesof apathin thetransducerif it is desiredto haveparallelrestrictionsin
bothanalysisandgeneration.

Danger:Do not confuseFlagDiacriticswith thedeprecated(i.e. obsolete
andhighly discouraged)Diacritics of twolc. They arecompletely
different.

8.2.4 How Flag Diacritics Work

WhenanalysisandgenerationroutinesrecognizeanduseFlag Diacritics at run-
time, they are essentiallycheating,addinga bit of memory to the finite-state
paradigm.Normally whenapplyinga finite-statenetwork,thetransitionfrom one
stateto thenext dependsonly on thecurrentstateandthenext input symbol,and
thereis no stackor othermemorythat canbeconsultedto constrainwhich paths
arefollowednext. But with FlagDiacritics,theapplicationroutinescan“remem-
ber”, during the courseof application,useful bits of information in the form of
feature-valuesettings,andtheapplicationroutinescanthenusethatinformationto
constrainwhichsubsequentpathsarefollowed.

Traversinganarcwith a FlagDiacritic is like anepsilontransitionbut is con-
ditionalonthesuccessor failureof anOPERATION specifiedby theFlagDiacritic.
The resultdependson the stateof a featureregister that is initialized in the be-
ginningof theanalysisor generationandis continuouslyupdatedalongeachpath
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thatis beingexplored.Theflag-awareapplicationroutinesperformon-the-flyfea-
turesettingandunificationatruntime,rememberingandcarryingalongtheunified
featuresetsaspartof theanalysisor generationprocess.

8.3 UsingFlag Diacritics

To illustrate the useof Flag Diacritics, we will start with the simplestpossible
examples,usingthe simplestandmostcommonlyusedU-TYPE flags. Thenwe
will continuewith a descriptionof thespellingandsemanticsof thewhole range
of FlagDiacritic subtypes.

8.3.1 U-Typeor Unification Flags

Unification Flag Names

FlagDiacriticsaredistinguishedfromothermulticharactersymbolsby theirspelling.
The simplestand most commonlyusedform of Flag Diacritic is the U-type or
Unification-type,spelledaccordingto thefollowing template:

@U.feature . va lue @

That is, the Flag Diacritic is spelledwith an initial at-sign, the uppercaseletter
U (standingfor theUnificationoperation),a period,a featurestringchosenby the
developer, anotherperiod,avaluestringchosenby thedeveloper, andaterminating
at-sign. The feature andvaluestringscannotincludethe dot or periodcharacter
itself. Uppercasingvs. lowercasingin thestringsis significant.For example:

@U.CASE.NOM@
@U.CASE.ACC@
@U.CASE.GEN@
@U.num.sing@
@U.num.plur@
@U.gender.mas c@
@U.gender.fem @

The featureandvaluenameshave no inherentmeaningandarechosenpurely
for theconvenienceof thedeveloper. Intuitively, thethreeCASE examplesabove
mightbedefinedto markcaseendingsthatarenominative,accusativeandgenitive
respectively. Thenum examplesmight markmorphemesthataresingularvs.plu-
ral; andthegenderflagsmight markmorphemesthataremasculinevs. feminine.
Marking a morphemewith a FlagDiacritic meanssimply includingtheFlagDia-
critic asanadditionalsymbolin thespellingof thatmorpheme.Othervarietiesof
FlagDiacriticsbesidestheU-typewill bediscussedbelow.
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In yourgrammarsandin thenetworksthemselves,FlagDiacriticsarejust
normalmulticharactersymbols.It is theapplicationroutineslike apply up
andapply down thatrecognizethem,by virtueof theirdistinctivespelling,
andtreatthemspecially.

Why the Funny At-Sign (@) Spelling?

The spelling of Flag Diacritics with surroundingat-signs, as in @U.FOO.X@,
simplymimicsanearlierimplementationof FlagDiacriticsusedat Inxight .2

XRCE Flag Diacritics do not needto be declaredin any way other thanas
standardmulticharactersymbols.At runtimethey arerecognizedandusedasFlag
Diacriticsby virtue of their distinctivespellingalone.

Danger: The at-signs(@) andperiodsusedin the spellingof Flag Dia-
critics arespecial charactersin regular expressionsandinsidetheangle-
bracketentriesof lexc, andso they mustbe literalized in theseenviron-
mentsby usingprefixed%-signsor by double-quotingtheentireFlagDi-
acritic. Thespellingof FlagDiacriticsin regularexpressionsis thereforea
bit awkward,andfailure to literalizethespecialcharactersis a very com-
monerror.

UsingUnification Flagsin Arabic

A verycommoncasein natural-languagemorphotacticsis thatonemorpheme,say
a particularprefix,cannotappearin thesamewordwith anothermorpheme,saya
particularsuffix. Suchaffixescannotco-occurin the sameword. The traditional
andmoststraightforwardway to useFlagDiacritics is to marksuchincompatible
morphemeswith U-type Flag Diacritics that have the samefeature but different,
incompatiblevalues.

For example,Arabicnounstemslike kitaab(“book”) canusuallytakeany one
of six caseendings:3

2In fact, it wasnot originally intendedthat theseoddstringsshouldbe written or even seenby
developers;ratherit wasassumedthat developerswould declaresetsof incompatiblefeaturesand
that thesewould be convertedautomaticallyinto the internalspellingsusingat-signs.The XRCE
implementationnow provides a wider rangeof flag operationsthan the Inxight implementation,
goingbeyondtheoriginal constraintson mutualco-occurrence,but theat-signspellingwasretained
to avoid arbitrarydifferencesbetweentheInxight andXRCE implementations.

3In Arabic, theindefinitecaseendingsarephonologically/un/, /an/and/in/, but in thestandard
orthographythey arewritten, if at all, with specialdiacriticalsymbols;for theindefiniteaccusative
ending/an/,thestandardorthographyalsorequirestheadditionof an letter in mostcases.For
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kitaab+u definite nominative
kitaab+a definite accusative
kitaab+i definite genitive

kitaab+uN indefinite nominative
kitaab+aN indefinite accusative
kitaab+iN indefinite genitive

The definitearticle al- in Arabic is a prefix that attachesorthographicallyto the
front of a noun; if it is present,thenonly the definitecaseendingsarepossible.
Thus the word alkitaabu is well-formed, but *alkitaabuN is ill-formed. From
the negative point of view, we say that the definite-articleprefix al- is incom-
patible with the indefinite casesuffixes. To constrainthis long-distancedepen-
dency, it suffices to include a Flag Diacritic symbol like @U.ART.PRESENT@
(intendedto suggestto the linguist “the definitearticle is present”)aspart of the
spellingof the al- morphemeandto includean incompatibleFlag Diacritic like
@U.ART.ABSENT@(intendedto suggest“the definitearticleis/must-beabsent”)
asasymbolin eachof theindefinitecaseendings.

In a lexcsourcefile, theentryfor al- might look like this

LEXICON Article
al@U.ART.PRESENT@ Stems ;

while theentriesfor thecaseendingsmightbenotatedas

LEXICON Case
u # ;
a # ;
i # ;
@U.ART.ABSENT@ IndefCase ;

LEXICON IndefCase
uN # ;
aN # ;
iN # ;

The entire lexc mini-grammarcould thenbe written asin Figure8.1. Note that
the FlagDiacriticsaredeclaredasnormalmulticharactersymbols.The onestem
kitaabwill beusedhereto representtensof thousandsof nounstems,andthey are
compiledinto a subnetworkthatwewill representasin Figure8.2.

The FST compiledfrom this grammar, asshown in Figure8.3, will include
pathslike thefollowing,which, ignoringtheFlagDiacritics,representmorphotac-
tically well-formedwordsin Arabic.

thepurposesof thepresentexample,therepresentationsof boththeArabicdefinite-articleprefixand
thecaseendingsaresimplified.
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Multichar_Symbols @U.ART.PRESENT@@U.ART.ABSENT@uN aN iN

LEXICON Root
Article ;

LEXICON Article
al@U.ART.PRESENT@ Stems ; ! optional article prefix

Stems ; ! empty string entry

LEXICON Stems
kitaab Case ; ! one stem to represent tens of

! thousands

LEXICON Case
u # ;
a # ;
i # ;
@U.ART.ABSENT@IndefCase ;

LEXICON IndefCase
uN # ;
aN # ;
iN # ;

Figure8.1: An Arabic GrammarthatUsesFlagDiacritics to ConstrainWhich
CaseSuffixescanAppearon NounsMarkedwith theExplicit Definite-Article
Prefix.Withoutthedefinite-articleprefix,anounstemcanacceptany oneof the
six casesuffixes.If thedefinite-articleprefix is present,indefinite-casesuffixes
areblockedat runtime.

k i t a a b

Figure8.2: AbbreviatedRepresentationof theSubnetworkContainingall Ara-
bic NounStems
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a l @.U.ART.PRESENT@

0

k i t a a b

0

0

i

u

a

@U.ART.ABSENT@
uN

aN

iN

Figure8.3: Networkof anArabicNounFragment,BeforeEpsilonRemoval
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kitaabu
kitaaba
kitaabi
kitaab@U.ART.AB SENT@uN
kitaab@U.ART.AB SENT@aN
kitaab@U.ART.AB SENT@iN
al@U.ART.PRESENT@kitaa bu
al@U.ART.PRESENT@kitaa ba
al@U.ART.PRESENT@kitaa bi

As alreadymentioned,the Flag Diacritics in the networkare indeedignoredat
applicationtimewhenit comesto matchinginputcharactersor producingoutput—
they aretreatedlike epsilons.Thusthe FST will recognizeinput wordssuchas
kitaabu, kitaabuN andalkitaabu.

However, theFST alsocontainsthefollowingpaths,whichcorrespondto mor-
photacticallyill-formedwordsof Arabicthatcontainboththedefinite-articleprefix
andanindefinitecasesuffix.

al@U.ART.PRESENT@kitaa b@U.ART.ABSENT@uN
al@U.ART.PRESENT@kitaa b@U.ART.ABSENT@aN
al@U.ART.PRESENT@kitaa b@U.ART.ABSENT@iN

Notice, however, that eachof theseillegal pathscontainstwo Flag Diacritics,
@U.ART.PRESENT@indicatingthat the article is present,andthe semantically
incompatible@U.ART.ABSENT@indicatingthatthearticleis (or mustbe)absent.
The valuesclash;they cannotbeunified. The flag-aware lexc lookup and look-
down routines,andtheapply up andapply down utilities in xfst, recognizethis
incompatibilityat runtimeandblockany analysescorrespondingto thesepaths.If
thesamerestrictionswereimposedby composingin filters, theentiresubnetwork
of nounstemswould beduplicated,almostdoublingthesizeof thefinal network
asshown in Sections4.5.3and6.3.3.

The real situationis even more complicated. Arabic also allows the prefix
bi-, with a prepositionalmeaning,to attachto the front of a noun; and if both
the prepositionbi- andthe article al- arepresent,thenthe bi- mustcomebefore
the al-, e.g. bialkitaabi. The complicationis that bi- governsthe genitive case,
meaningthatif bi- is present,thenthenominativeandaccusative casesuffixesare
incompatible.This is anotherstraightforwardcaseof long-distanceco-occurrence
restrictionsamongmorphemesthatcanbehandledwith simpleU-typeFlagDia-
critics. If thesamerestrictionswereimposedby composingin filters, the sizeof
thefinal networkwouldmultiply yetagain.

As bi- governsthe genitive, we will mark it with a Flag Diacritic that sets
CASE to GEN. (As always,the developeris free to spell the featurenameand
valuenamein any way thatheor shefindsmnemonicallyhelpful.)

bi@U.CASE.GEN@
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Multichar_Symbols @U.ART.PRESENT@@U.ART.ABSENT@
@U.CASE.NOM@@U.CASE.ACC@@U.CASE.GEN@uN aN iN

LEXICON Root
Preposition ;

LEXICON Preposition
bi@U.CASE.GEN@ Article ; ! optional preposition prefix

Article ; ! empty string entry

LEXICON Article
al@U.ART.PRESENT@ Stems ; ! optional def. arti-
cle prefix

Stems ; ! empty string entry
LEXICON Stems
kitaab Case ; ! one stem representing tens of thousands

LEXICON Case
u@U.CASE.NOM@ # ;
a@U.CASE.ACC@ # ;
i@U.CASE.GEN@ # ;
@U.ART.ABSENT@ IndefCase ;

LEXICON IndefCase
uN@U.CASE.NOM@ # ;
aN@U.CASE.ACC@ # ;
iN@U.CASE.GEN@ # ;

Figure8.4: An Arabic Grammarthat UsesFlag Diacritics to Constrainboth
IndefiniteCaseEndingsandCaseGoverningby bi-

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



450 CHAPTER8. FLAG DIACRITICS

In addition, we will alsoneedto mark the casesuffixeswith @U.CASE.NOM@
(nominative),@U.CASE.ACC@(accusative), or @U.CASE.GEN@asappropriate.
In fact, markingthegenitivesuffixeswith @U.CASE.GEN@is formally unneces-
saryin this case,but it will do no harm. Theextendedgrammaris shown in Fig-
ure8.4; noteagainthat theFlagDiacriticsaredeclaredasnormalmulticharacter
symbols.

The FST compiledfrom this grammarwill include valid pathslike the fol-
lowing, which, whenthe Flag Diacritics are ignored,correspondto well-formed
words:

bi@U.CASE.GEN@kit aab i@U. CASE.GEN@
bi@U.CASE.GEN@kit aab@U.ART.ABSENT@iN@U.CASE.GEN@
bi@U.CASE.GEN@al@U.ART.PRESENT@kita abi@U.CASE.GEN@

TheresultingFST alsoincludesinvalid pathslike thefollowing

bi@U.CASE.GEN@kit aabu@U.CASE.NOM@
bi@U.CASE.GEN@al@U.ART.PRESENT@kita aba@U.CASE.ACC@
bi@U.CASE.GEN@kit aab@U.ART.ABSENT@uN@U.CASE.NOM@

thatcontaintwo CASE flagswith incompatiblevalues.As with theART features
shownabove,theseCASE incompatibilitiesor clashesarenoticedby theapply up
andapply down utilities in xfst (or by the lookup andlookdown utilities in lexc),
andtheillegalpathsareblockedat runtime.

Note thateven if theCASE featuresarecompatible,theART valuescanstill
clashandblock aninvalid pathlike thefollowing:

bi@U.CASE.GEN@al@U.ART.P RESENT@kit aab@U.A RT. ABSENT@iN @U.CASE.GEN@

Whenbothbi- andal- arepresent,theonly valid caseendingis -i, asin thepath

bi@U.CASE.GEN@al@U.ART.P RESENT@kit aabi@U. CASE. GEN@

correspondingto thewordbialkitaabi.
Thereis nopracticallimit on thenumberof FlagDiacritic featuresthatcanbe

used;theapplyroutineskeepa runningcheckon all featurevaluesandblock any
pathwhereinany featureclashis detected.

UsingFlag Diacritics and Upper-SideTags

WhenFlagDiacriticsareusedtogetherwith typical multicharacterTAGS marking
part-of-speech,person,number, etc.,thesemanticsof FlagDiacriticsremainsthe
same,but theadditionof FlagDiacritics to a lexc or regular-expressiongrammar
becomesmorecomplicatedsyntactically. Recall thatmulticharactertagssuchas
+Noun, +Verb , +Masc, +Fem, +Sg and+Pl (or [Noun] , [Verb] , etc.) are
meantto beseenby theuser, andthey typically appearonly on theuppersideof a
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transducer. FlagDiacritics,in contrast,arenot intendedto beseenby theuser, and
they typically mustbevisibleonboththeupperandlowersidesof a transducerif,
asusual,it is desiredto haveparallelrestrictionsin bothanalysisandgeneration.

For lexc’s lookup andxfst’sapply up to seeFlagDiacritics,they mustbe
visibleon thelowersideof thenetwork,wheretheinput is matched.Con-
versely, for lexc’s lookdownandxfst’sapply down to seeFlagDiacritics,
theflagsmustbevisibleon theuppersideof thenetwork,wheretheinput
is matched.In practice,FlagDiacriticsshouldtypically bevisibleonboth
sidesof thenetworkto getparallelconstraintsonanalysisandgeneration.

Expertdevelopersmightgetspecialdesiredbehavior by puttingsomeFlag
Diacriticsonly on the lower sideor only on the upperside,but for most
practicalapplications,FlagDiacriticsshouldappearonbothsides.Failure
to maketheFlagDiacriticsvisibleonbothsidesof a transduceris a cause
of muchbafflementamongbeginners.

Themarkingof theArabicprefixal- with theFlagDiacritic@U.ART.PRESENT@
wasperformedabovewith theentry:

al@U.ART.PRESENT@ Stems ;

This will resultin a transducerthathasthesamesymbolsvisible on eachside. In
theactualXerox implementationof network,a simpleFSM encodinga language
is not distinguishedfrom theFSTencodingtheidentity relationon that language.
Thusa single-symbollabelon anarc is effectively visible both to thelookupand
generationapplications.

Upper: a l @U.ART.PRESENT@
Lower: a l @U.ART.PRESENT@

Suppose,however, thatwe wantthetag+Art to appearon theupperside;yet we
still want the othersymbols,including the FlagDiacritics, to appearon both the
upperandlowersides.Thegoalis thereforeto produceatwo-level transducerthat
lookssomethinglike this:

Upper: a l +Art @U.ART.PRESENT@
Lower: a l 0 @U.ART.PRESENT@

Oneway to accomplishthis is by usingthelexc colonnotationasin

al+Art@U.ART.P RESENT@:al0 @U.ART.PRESENT@ Stems ;
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Unfortunately, thesyntacticlimitationsof lexc requiretheratherawkwardrepeti-
tion of theal andthe@U.ART.PRESENT@on bothsidesof the colon. Another
possibility is to useregular-expressionnotation,which inside lexc must appear
insideanglebrackets.

< a l %+Art:0 %@U%.ART%.PRESENT%@> Nouns ;

Here,asdesired,thea, l andFlagDiacritic @U.ART.PRESENT@will bevisible
on both sideswhile the +Art tag will be visible only on the upperside. The
developermustrememberthatin regularexpressions,includingthoseinsideangle
bracketsin lexc, at-signsandperiodsarespecialcharactersandmustbeliteralized
with aprecedingpercentsign(%). Plussignsandotherpunctuationmarks,usedby
conventionin thespellingof tags,arealsospecialinsideanglebrackets.Themore
legible alternative is to surroundentireFlagDiacriticsandtagsin doublequotes,
which literalizeeverythingthey enclose.

< a l "+Art":0 "@U.ART.PRESENT@" > Nouns ;

Thesyntacticresultis admittedlyabit awkward,andthefailureto literalizetheat-
signsandperiodsof a FlagDiacritic in regularexpressionsis a commonsourceof
errorsandfrustration.Somedeveloperspreferto write theirgrammarsusingortho-
graphicallysimplermulticharactersymbolslike ˆART andˆNOART, andthenuse
substitutioncommands(Section3.7.1)or rulesto replacethemwith FlagDiacritic
symbols.

Insideregularexpressions,a FlagDiacritic like @U.feature.va lue @
must be spelled %@U%.feature %.va lue% @ or alternatively
"@U.feature.va lue @" becauseat-signs and periods are spe-
cial characters.

Respectingspecialcharactersandtheneedto put FlagDiacriticsonbothsides
of the resultingFST, the entriesfor the Arabic caseendingsmight look like the
following:

LEXICON Case
< u "+Def":0 "+Nom":0 "@U.CASE.NOM@"> # ;
< a "+Def":0 "+Acc":0 "@U.CASE.ACC@"> # ;
< i "+Def":0 "+Gen":0 "@U.CASE.GEN@"> # ;
@U.ART.ABSENT@ IndefCase ;

LEXICON IndefCase
< uN "+Indef":0 "+Nom":0 "@U.CASE.NOM@" > # ;
< aN "+Indef":0 "+Acc":0 "@U.CASE.ACC@" > # ;
< iN "+Indef":0 "+Gen":0 "@U.CASE.GEN@" > # ;

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



8.3. USINGFLAG DIACRITICS 453

Anotherapproachis to avoid theregular-expressionnotation,creatingnew LEXI-
CONsto hold theFlagDiacritics.

LEXICON Case
+Def+Nom:u MarkNOM ;
+Def+Acc:a MarkACC ;
+Def+Gen:i MarkGEN ;
@U.ART.ABSENT@ IndefCase ;

LEXICON IndefCase
+Indef+Nom:u N MarkNOM ;
+Indef+Acc:a N MarkACC ;
+Indef+Gen:i N MarkGEN ;

LEXICON MarkNOM
@U.CASE.NOM@ # ;

LEXICON MarkACC
@U.CASE.ACC@ # ;

LEXICON MarkGEN
@U.CASE.GEN@ # ;

In practice,thesyntacticawkwardnessof addingFlagDiacriticsto mostgram-
marsoftenleadsto mistakeswheredevelopersaddFlagDiacriticsonly to theupper
sideof theFST. Rememberthatif FlagDiacriticsareto benoticedduringanalysis,
they mustbepresent(visible) on the lower sideof theFST, whereinput symbols
arematched.Conversely, if Flag Diacritics areto be noticedduring generation,
they mustbe present(visible) on the uppersideof the FST, wherethe input is
matched.

For the defaultcase,whereit is desirableto have parallel restrictionsin
analysisandgeneration,FlagDiacriticsmustbevisibleon bothsidesof a
transducer.

How Analysisand GenerationRoutinesInterpr et Flags

While it is intuitivelyeasyto graspthataFlagDiacritic like @U.ART.PRESENT@
is incompatiblewith anotherlike @U.ART.ABSENT@, a full understandingof
Flag Diacritics requiresknowing how the analysisandgenerationroutinesinter-
pret them. In lexc, theseroutinesarecalledlookup andlookdown; in xfst, they
arecalledapply up andapply down.
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Whenanalysisor generationof an input stringbegins,thesmallbit of feature
memoryin theapplicationroutineis initialized. All potentialfeaturesbegin with
anunsetor neutralvalue.Arbitrarily, we will takeanexamplefrom analysis;gen-
eration,asusual,is just theinverseoperation.Theinput to theanalysiswill bethe
ill-formedArabicword*alkitaabuN,whichincludesadefinite-articleprefixandan
incompatibleindefinitecasesuffix. Thepathin the transducerfrom thegrammar
in Figure8.4 thatthreatensto acceptthisstringlookslike

al+Art@U.ART.PRESENT@kitaab@U.ART .ABSENT@uN@U.CASE.NOM@
al0 @U.ART.PRESENT@kitaab@U.ART.ABSENT@uN@U.CASE.NOM@

After initialization,theanalysisroutinewill successfullymatchtheinputsym-
bolsa andl againstthe lower-sideof the pathin the transducer. Theepsilonarc,
labeledhereas0, is thentraversedwithoutconsumingany input. Thentheanalysis
routinesees,still onthelowerside,themulticharactersymbol@U.ART.PRESENT@
andknows,justfrom thedistinctivespelling,thatit isaFlagDiacritic. Theanalysis
routinethereforetreatsit asanepsilon,not matchingit againstany input symbol.
Butatthesametime,theanalysisroutinetriestoperformtheoperationindicatedby
theFlagDiacritic; in thiscase,it triesto unify thevalueof thefeatureART, which
is currentlyneutral,with thevaluePRESENT. This unificationsucceeds,because
unificationwith theneutralvaluealwayssucceeds,andtheanalysisroutinerecords
in its featurememorythat ART = PRESENT. This feature-valueinformationis
thencarriedalongastheanalysisprogresses.

Becausetheindicatedoperation,in thiscaseunification,succeeded,theanaly-
sisroutinetraversesthearclabeled@U.ART.PRESENT@andcontinuesto match
andconsumeinputsymbolsk, i, t, a, a, b beforefindingyetanothermulticharacter
symbolwith thedistinctiveflag-diacriticspelling,@U.ART.ABSENT@, which in-
dicatesanotherunificationoperation.But whenanalysistriesto unify ART = AB-
SENT with thecurrentlystoredvalueART = PRESENT, theunificationfails and
theanalysispathis blocked.Analysisthenbacktracks,asappropriate,to seeif any
otheranalysispathsarepossible—therearenonein this case—andstops. If the
backtrackingproceedspastarcswherefeaturevalueswerechanged,the previous
featurevaluesareautomaticallyrestoredasappropriate.

Thus althoughthe network itself includesthe illegal path, the way that the
analysisroutineinterpretsthe FlagDiacritics at runtimepreventsthe illegal path
from succeeding.Generationis constrainedin exactly the sameway, but using
symbolsandFlagDiacriticsvisible on theuppersideof the transducer. We shall
seebelow thatotherflag-diacriticoperationsbesidesunificationarepossible,but
theleft-to-rightprocessingof FlagDiacriticsduringanalysisor generationoperates
in thesamefashion.
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Rememberthat featurenamesandfeaturevaluesarechosenby the pro-
grammerand have no inherentmeaningto the analysisand generation
routines.Therestrictionimposedaboveby the@U.ART.PRESENT@and
@U.ART.ABSENT@FlagDiacriticscouldjustaswell have beendoneby
markingtheal- morphemewith @U.FOO.XXRM@andtheindefinitecase
suffix morphemeswith @U.FOO.ELEPHANT@; the effect would be ex-
actly the same. After finding al- and recordingthat FOO = XXRM , a
subsequentattemptto unify with FOO = ELEPHANT would fail, block-
ing theillegalpath.

8.3.2 The Full Rangeof Flag-Diacritic Operators

AlthoughtheU-type(Unification) flagsarethemostusedandwill besufficientfor
someapplications,theoverallXRCE flag-diacriticschemeallowsotherpotentially
valuableflag operationsfor setting,unsetting,resettingandtestingfeaturevalues.
Thegeneralflag-diacritictemplatesare

@operator . fe atu re . value @

and

@operator . fe atu re @

Eachoperationtype,with its spellingandsemanticeffect, is explainedseparately
below. It is importantto realizethatwhenanalysisor generationstartson a new
inputstring,all potentialfeaturevaluesareinitializedto theunsetor neutralvalue.

P or Positive(Re)Setting

@P.feature . valu e@

Whena @P.feature.value@ FlagDiacritic is encountered,thevalueof thein-
dicatedfeature is simply setor resetto theindicatedvalue. This (re)settingnever
causesfailure(i.e. nevercausestheanalysisor generationroutineto fail andback-
track for othersolutions).TheP commandis intendedasa mnemonicfor POSI-
TIVE (RE)SETTING of a featurevalue.

N or Negative(Re)Setting

@N.feature . valu e@

Whenan@N.feature.value@ FlagDiacritic is encountered,the valueof fea-
ture is setor resetto thenegationor complementof value. This (re)settingnever
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causesfailureor backtracking.In any subsequentunificationchecks,thenegation
of value is compatiblewith any valueexceptvalue itself. The N is intendedto
suggestNEGATIVE (RE)SETTING of a featurevalue.

If analysisor generationencounters@N.FOO.BLAH@it will remember
thatFOO BLAH . A subsequentattemptto unify @U.FOO.BLAH@will
fail, while anattemptto unify @U.FOO.ON@or @U.FOO.OFF@or any
othervalueexceptBLAH will succeed.

R or Require Test

@R.feature . valu e@

Whenan@R.feature.value@FlagDiacritic isencountered,atestisperformed;
this testsucceedsif andonly if feature is currentlysetto value. If the testfails,
the path is blockedand the applicationroutinebacktracksfor otherpossibleso-
lutions. The R standsfor REQUIRE TEST. Note that for @R.feature.value@ to
succeed,featuremustcurrentlybesetto theprecisevalueindicated.Thesequence
@N.FEAT.X@@R.FEAT.Y @causesfailure.

@R.feature @

Whenan@R.feature@ FlagDiacritic is encountered,thetestsucceedsif and
only if feature is currentlysetto somevalueotherthanneutral. This non-neutral
valuecan includea negative setting: e.g. if @N.MYFEAT.MYVAL@hasset the
featureMYFEAT to the negationof MYVAL , a subsequenttest@R.MYFEAT@
will succeed.

The combinationof P-typeandR-typeflags is often usefulfor tying to-
getherthe two halvesof a circumfix. Circumfixesarecoordinatedpairs
consistingof aprefix andasuffix (seeSections8.5.4and9.3.3).

D or Disallow Test

@D.feature . valu e@

Whena @D.feature.value@FlagDiacritic is encountered,thetestsucceedsif
andonly if feature is currentlyneutralor is setto a valuethatis incompatiblewith
value. Otherwisefailure andbacktrackingresult. The D standsfor DISALLOW

TEST. Note that the sequence@N.FEAT.M@@D.FEAT. Q@fails; the sequence
@N.FEAT.M@@D.FEAT.M@succeeds.
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@D.feature @

Whena @D.feature@ FlagDiacritic is encountered,the testsucceedsif and
only if feature is currentlyneutral(unset).

A combinationof theP-,R-, andD-typeFlagDiacriticsis oftenusefulfor
controlling the idiosyncraticinflectionalandderivationalpossibilitiesof
individual rootsandfor constrainingcircumfixation. SeeSections8.5.2,
8.5.4and9.3.3.

C or Clear Feature

@C.feature @

When a @C.feature@ Flag Diacritic is encountered,the value of feature is
resetto neutral. This resettingitself cannotcausefailure or backtracking.TheC
standsfor CLEAR.

U or Unification Test

@U.feature . valu e@

For completeness,we recapthe semanticsof the U operatorhere. If feature
is currentlyneutral,thenencountering@U.feature.value@ simply causesfeature
to besetto value. Elseif feature is currentlyset(non-neutral),thenthe testwill
succeedif andonly if valueis compatiblewith thecurrentvalueof feature. Note
thatthesequence@N.FEAT.M@@U.FEAT.Q@succeeds,leaving FEAT=Q in the
featurememory. TheU standsfor UNIFICATION. Theoverall Flag-Diacriticsys-
temis intentionallynon-monotonicbecauseotheroperationscanchangeandclear
featurevalues.

8.4 Flag Diacritics and Finite-StateAlgorithms

8.4.1 Analysisand Generation

As alreadymentioned,theFlagDiacriticsinsidegrammarsandnetworkshave the
samestatusasany othermulticharactersymbols. In order for Flag Diacritics to
work, they mustbeusedin conjunctionwith analysisandgenerationroutinesthat
arewritten to noticeandobey them. In otherwords,FlagDiacriticsmustbeused
togetherwith applicationroutinesthat arespeciallywritten to be FLAG-AWARE,
alsoknown asFLAG-SENSITIVE.
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xfst apply up and apply down

Theapply up andapply down routinesin xfst areflag-awareandobey FlagDi-
acriticsby default,treatingthemasa specialkind of epsilonsymbol. Like a real
epsilon,aFlagDiacritic is notmatchedby any symbolin theinput,andaFlagDi-
acritic transitionon theoutputsideproducesno output.Traversinganarc labeled
with a FlagDiacritic is like anepsilontransition,but the transitionis conditional
on the successor failure of the specifiedflag operation. The result dependson
thestateof a featureregisterthat is initialized at the beginningof the analysisor
generationandis continuouslyupdatedalongeachpaththatis beingexplored.

For example,if the first label on a path is @U.Harmony.Back @, the Har-
mony featureis neutralat thatpointandthearccanbetraversed,settingHarmony
= Back in theprocess.After that,anarclabeled@U.Harmony.Fro nt@ cannot
subsequentlybe traversedunlessthereis an intervening@C.Harmony@arc that
resetstheHarmony featurebackto theinitial neutralvalue,or anarcwith a label
suchas@P.Harmony.Fro nt@ or @N.Harmony.Ba ck@thatresetsHarmony
to a valuecompatiblewith Front.

The normal processingof Flag Diacritics in xfst occurswhen the interface
variableobey-flagsis ON, which is thedefault. Whenobey-flagsis resetby the
userto OFF, FlagDiacriticsaretreatedlike any othermulticharactersymbols.In
xfst, usethe commandshow obey-flagsto seethe currentvalueof the variable
obey-flags.

xfst[]: show obey-flags

Useset obey-flagsOFF or set obey-flagsON to changethe value. The default
ON valueis appropriatefor mostusers.

xfst[]: set obey-flags OFF
xfst[]: set obey-flags ON

lexc lookup and lookdown

Theuser-settablevariablesthataffect theoperationof lexcarecalledSWITCHES.
Whenthelexcswitchobey-flagsis setto ON (thedefaultvalue),FlagDiacrit-

icsareprocessednormally, asaspecialkindof epsilonsymbol.Thelexccommand
statusprintsout thecurrentsettingof obey-flagsandall theotherlexcswitches.

lexc> status

Simplyenteringthelexccommandobey-flagswill toggletheswitchto theopposite
value.

lexc> obey-flags
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8.4.2 SeeingFlag Diacritics in Networks

Checking the Alphabet

FlagDiacriticsarenormallyintendedto have a semanticstatus,andat application
timethey are,by default,notseenin eithertheinputor theoutput.Duringdevelop-
mentanddebugging,however, it is oftenimportantto seewhatyourFlagDiacritics
areandwherethey appearin thestringsof yournetwork.

Thefirst techniquefor checkingFlagDiacriticsis “checkingthealphabet”,i.e.
loadingthenetworkontoanxfst stackandenteringprint sigmaor print labels.
TheoutputidentifiesFlagDiacriticsandtheir semanticeffect. SeeSection7.3.

Using the xfst print Commandsto seeFlags

The secondgeneraltechniquefor seeingwhereyour FlagDiacriticsareis to use
thevariousprint andprint random commandsof xfst:

print words
print upper-words
print lower-words
print random-words
print random-upper
print random-lower

What thesecommandsdisplayis influencedby the settingof threexfst interface
variables,discussedbelow:

obey-flags (ON/OFF, default ON)
show-flags (ON/OFF, default OFF)
print-space (ON/OFF, default OFF)

To seetersedocumentationaboutall thexfst interfacevariables,enter

xfst[0]: help variable

To seetersedocumentationabouta particularvariable,e.g.obey-flags, enter

xfst[0]: help obey-flags

To seethecurrentsettingof any variable,e.g.obey-flags, enter

xfst[0]: show obey-flags
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The obey-flagsVariable Theobey-flagsvariableaffectstheapplicationroutines
apply up andapply down, andthey affect the outputof the variousprint com-
mands.

With the defaultsettingobey-flags=ON, theapplicationroutineswill “obey”
FlagDiacriticsandnotanalyzeor generateany stringthatwouldinvolveaviolation
of flag-diacritic restrictions. In this mode,Flag Diacritics arenot shown in the
outputstrings.

If you manuallyset obey-flagsto OFF, then the normal restrictionsof the
FlagDiacritics in the networkwill be ignored,andthey will beoutputaspart of
the outputstrings. The input string, however, doesnot have to includethe Flag
Diacriticsfor applicationto besuccessful.Seetheexamplebelow in Section8.5.5.

The print commandswill obey Flag Diacritics, and not print out any flag-
invalid examples,whenobey-flagsis ON.

The show-flagsVariable If you wantthevariousprint commandsto obey Flag
Diacriticsandyet to displaythemaswell, setthevariableshow-flagsto ON.

xfst[0]: set show-flags ON

The print-spaceVariable Thevariousprint commandswill normallyprint out
orthographicalexamplesof stringsthatthenetworkwill accept,but they donot,by
default,show youhow thosestringsaretokenizedinto symbols.To causetheprint
commandsto print spacesbetweensymbols,andthusto show you exactly where
themulticharactersymbolsare,settheprint-spacevariableto ON.

xfst[0]: set print-space ON

Flag Diacritics, Variables,and Debugging

For practicalinspectionanddebuggingof networks,especiallywhendealingwith
FlagDiacriticsandthecompile-replacealgorithmpresentedin Chapter9, devel-
opersareadvisedto setbothshow-flagsandprint-space to ON.

xfst[0]: set print-space ON
xfst[0]: set show-flags ON

Subsequentuseof print commandssuchasprint random-lower will thenalways
print spacesbetweensymbols,showing youwherethemulticharactersymbolsare,
andwill alwaysdisplayany Flag Diacritics that arepresent,whetheror not they
arebeingobeyed.

Thesecommandscanbeputintoatrivial xfst scriptfile, perhapscalledvariable-
settings.script, which couldberunwhenyou invokexfst:

unix xfst -l variable-settings.script
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If you want xfst alwaysto start up with customizedvariablesettings,then the
following aliascouldbedefinedin your .cshrc(or equivalent)file.4

alias xfst ’xfst -l variable-s et tin gs .s cri pt ’

Anotherwayto getthesameresultis to definethefollowing alias:

alias xfst ’xfst -e "set show-flags ON" -e "set print-sp ace ON"’

Suchanaliasmightalsobegivena differentname,e.g.xfstdbfor “xfst debug”.

8.4.3 Eliminating Flag Diacritics

Froma formal point of view, any restrictionthatyou canenforceusingFlagDia-
critics couldalsobedoneby writing suitablefilters andcomposingthemwith the
networkatcompiletime. For example,thefactthattheal prefixin Arabicis incom-
patiblewith the indefinitecaseendingsuN, aN, andiN couldeasilybeexpressed
on thelexical level asaco-occurrencerestrictiononthecorrespondingtags,which
we will assumehereare+Art and+Indef . Using xfst, the appropriatefilter
networkcanbedefinedas

xfst[]: define Filter ˜$["+Art" ?* "+Indef"] ;

which denotesthelanguageof all stringsthatdo not containa +Art tagfollowed
at any distanceby an +Indef tag. The compositionof this filter on top of the
original,unconstrainedsourcelexicon,

xfst[]: define FilteredFST Filter .o. Lexicon ;

yieldsaconstrainednetworkresultin whichtheal prefix,taggedas+Art , is never
followedby any of thethreecaseendingsmarkedwith the+Indef tag. In every
otherrespecttheresultis identicalto theoriginal lexicon.

Thedisadvantageof “composingin” suchrestrictionsis thattheresultingtrans-
ducercanoftenexplodein size,asshown in Section6.3.3;theadvantageof Flag
Diacriticsis thatthey donotcauseasizeexplosionandimposethesameconstraints
at runtimeusinganalysisandgenerationroutinesthathave beenspeciallywritten
to recognizeand“obey” theFlagDiacritics.Thebenefitin size,however, comesat
a costof slightly slowerapplicationspeedbecausetheruntimeroutinemustspend
time in exploringpathsthatultimatelyfail becauseof aflag constraint.

It is oftenusefulto experimentwith thesize/speedtradeoff betweenusingand
not usingflagsto enforceparticularconstraints.This is in fact very easyto do in
xfst. Thecommandeliminateflag removesfromthenetworkall flagdiacriticsym-
bolsfor agivenfeatureand,at thesametime,composesin therestrictionsthatthey

4In a Unix-like system,thefile named.cshrc,or somethingsimilar to that,is automaticallyexe-
cutedwheneveranew window is opened.Seeyoursystemgurufor localdetails.
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encode.For example,if theArabic lexicographerhasused@U.ART.PRESENT@
and@U.ART.ABSENT@to constraintheincompatibilityof thedefinitearticleand
the indefinite caseendings,he or shecan load the lexicon (let us call it ara-
bic.fst ) ontothetopof thexfst stackandeliminatetheFlagDiacriticsfor ART
with thefollowing commands:

xfst[ n]: clear stack
xfst[0]: load arabic.fst
xfst[1]: eliminate flag ART

The effect of the eliminate flag commandis that xfst first composesthe lexicon
with filters thatinterprettheflag diacritic operatorsU, P, C, etc.for thegivenfea-
ture, ART, andthenremoves from the networkall diacritic symbolsthat contain
ART as the feature. The resultingnetworkleft on the stackis equivalentto the
original in that it doesnot containany illegal sequencesthatwereblockedby the
removeddiacritics.It is typically largerbut fasterto applyat runtime.

To takeaconcreteexample,let usconsiderthemini lexicon for Arabic in Sec-
tion 8.4 (page449). Let usassumethat the lexicon hasbeencompiledwith lexc
andthatwehavesavedtheresultingnetworkin file arabic.fst . Thesizeof the
lexiconat thispoint is 18states,25arcs.It contains24paths,of whichonly 12are
valid, obeying flag constraints.

This lexicon containstwo typesof FlagDiacritics. TheART diacriticsblock
theco-occurrenceof thedefinitearticleal with indefinitecaseendings;theCASE
flagsconstrainthe bi prefix to co-occuronly with genitive caseendings. In the
following, we eliminatethetwo typesof flagsoneby one,watchingtheeffect on
thesizeof thenetwork.Theorderof theeliminationdoesnot matter.

xfst[ n]: clear stack
xfst[0]: load arabic.fst
xfst[1]: print size
716 bytes. 18 states, 25 arcs, 24 paths.
xfst[1]: eliminate flag ART
852 bytes. 22 states, 31 arcs, 18 paths.
xfst[1]: eliminate flag CASE
1.1 Kb. 32 states, 42 arcs, 12 paths.

Astheabovetraceshows,theeffectof eliminatingtheflagsis twofold. Thenumber
of statesandarcsgoesup while thenumberof pathsdecreases.At theendwe are
left with a networkthat is considerablylarger thantheoriginal, but it containsno
illegaldead-endpathsthatcouldslow down theruntimeroutinessomewhat.
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Developersshouldnot be too worried aboutthe performancepenaltyof
FlagDiacritics. First, FlagDiacritics wereimplementedvery efficiently,
comparedto earlier schemesbasedon generalfeatureunification. Sec-
ond,you canalwaysremove FlagDiacritics trivially by using theelimi-
nateflag command.

8.4.4 Flag Diacritics and Composition

FlagDiacriticscreatecomplicationsfor composition.
In mostprojects,FlagDiacriticsareinitially includedin a networkby writing

theminto the lexc or xfst grammarthatdefinesthe lexicon; andat this point, the
systemis typically only partiallyfinished.Developersmaysubsequentlycompose
rules and filters on both the top and bottom of the original lexicon network to
createthe final transducer. The challengein suchcasesis to preserve the Flag
Diacritics,which aretypically intendedto be visible on both the top andbottom
of the final transducer. In examining how compositionhandlesFlag Diacritics,
therearetwo compositionalgorithmsin theXerox calculusto beconsidered:the
compose-result algorithmin lexc, andcomposenet in xfst. For historicaland
practicalreasons,they have differentdefaultbehavior.

lexcComposition

In lexc, thecompositionalgorithminvokedby the compose-result commandas-
sumesthat the rules,loadedinto theRULES register(seeSection4.4), arebeing
composedon the lower sideof the lexicon (storedin the SOURCEregister),that
any Flag Diacritics are in the lexicon, and that the rulesdo not containor refer
to FlagDiacritics in any way. Undertheseassumptions,it is safeto composethe
ruleson the lower sideof the lexicon andpreserve the lower-sideFlagDiacritics
from thelexicon in theresult,andthis is whatcompose-result does.After invok-
ing compose-result in lexc, any FlagDiacriticson the lower sideof the original
SOURCElexiconFSTautomaticallyre-appearonthebottomsideof theRESULT
FST asshown in Figure8.5.

xfst Composition

In contrast,thecompositionalgorithminvokedby thexfst composenet command,
or by the .o. operatorin regularexpressions,treatsFlagDiacriticsby defaultas
ordinarymulticharactersymbols. This defaultsettingis suitablefor caseswhere
therulesbeingcomposedactuallychange,deleteor insertFlagDiacriticsor where
thepresenceof FlagDiacriticsshouldcausearulecontext to match(or notmatch).
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Upper Side Language

Lower Side Language

Upper Side Language

Lower Side Language

Upper Side Language

Lower Side Language

SOURCE

RULES

RESULT

Flag Diacritics

Figure8.5: Lexc Handlingof FlagDiacriticsin Composition.Whencompose-
result is invoked,lexcmakestheassumptionthatany FlagDiacriticsarelimited
to thenetworkin theSOURCEregister. FlagDiacritics in the lower-sidelan-
guageof the SOURCElexicon areautomaticallypreserved in the lower-side
languageof theRESULT lexicon.

To makethe xfst composenet function work like compositionin lexc, pre-
servingFlagDiacritics in the result,theuser-settableswitchflag-is-epsilonmust
beresetto ON; it is OFF by default.

xfst[1]: show flag-is-epsi lon
variable flag-is-epsil on = OFF
xfst[1]:

To resetflag-is-epsilon, entersetflag-is-epsilonOFF or setflag-is-epsilonON as
appropriate.xfst will echothenew setting.

xfst[]: set flag-is-epsilo n ON
variable flag-is-epsil on = ON

In xfst composition,FlagDiacriticsaretreatedby defaultasnormalmul-
ticharactersymbols.To have FlagDiacriticstreatedspeciallyduringcom-
position,as in lexc, just set the xfst interfacevariableflag-is-epsilonto
ON.
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Thereis a formal reasonwhy flag-is-epsilonis OFF by default.Thecomposi-
tion of two FSTs,bothcontainingFlagDiacriticstreatedasepsilons,canresultin
mathematicalconfusionandunpredictability. lexc avoids theproblemonly by as-
sumingthatFlagDiacritics(if any) arepresentonly in theSOURCElexicon;given
thetraditionalwaythatlexcwasused,this is a reasonableassumption.But suchan
assumptionis notgenerallysafein xfst. In xfst with flag-is-epsilonmanuallyreset
to ON, thecompositionalgorithmfirst checksthelabelalphabetsof bothmachines
andgeneratesa warningmessageif bothcontainFlagDiacritics.

8.4.5 Flag Diacritics and compile-replace

Like composition,thecompile-replacealgorithmpresentedin Chapter9 modifies
onesideof a network,andtheremayof coursebeFlagDiacriticson themodified
side.Thecompile-replacealgorithmpreservestheFlagDiacriticsin themodified
networkasexplainedin Section9.5.2.

8.4.6 ReflectingFlag Diacritics Side-to-Side

In someprojects,it maybeconvenientto placeFlagDiacriticsononly onesideof
a network,e.g. on theupperside,thenperformvariousoptionslike composition
andcompile-replaceon the other(e.g. lower) side,and thencauseall the Flag
Diacriticson eithersideto be reflectedor echoedonto the otherside. The result
is a networkwhereinall theFlagDiacriticsarevisible on bothsides.This some-
whatcontroversialandpotentiallydangerousoperationis availableunderthename
twosided flag-diacritics; it takesasits argumentthe networkon top of the xfst
stack,makesall theFlagDiacriticsvisibleonbothsides,andthenpushestheresult
backontothestack.

xfst[0]: twosided flag-diacrit ics

Wherethe original networkcontainsanarc labeledwith a one-sideflag-diacritic
like @U.X.Y@:a, thisalgorithmwill createasequenceof twoarcslabeled@U.X.Y@
and 0:a. Similarly, an arc labeledb:@U.M.N@ will becomethe sequenceb:0
@U.M.N@. Any arc labeled0:@U.Q.R@ or @U.Q.R@:0 will be simplified to
@U.Q.R@.5

5As FlagDiacriticsaretreatedlike epsilonsduringapplication,andastwo-sidedepsilonspresent
mathematicaldilemmasfor operationslike composition,any arcwith a FlagDiacritic on eachside,
like @U.X.Y@:@R.M.N@, is alreadysuspect;the regular-expressioncompilersgeneratea warn-
ing messagewhensuchlabelsareproduced.The twosidedflag-diacritics algorithmcannotknow
whetherto change@U.X.Y@:@R.M.N@ into thesequence@U.X.Y@@R.M.N@or into theoppo-
sitely orderedsequence@R.M.N@@U.X.Y@. Theorderingcouldbesignificant,andthesuitability
of theoutputcannotbeguaranteed.
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8.5 Examples

8.5.1 FrenchArticles

TheArabic examplein Figure8.4 illustratesa classicapplicationwhereFlagDi-
acriticsareusedto constrainlong-distancedependencieswithin words. Another
examplealong the samelines comesfrom French,wherethe definite article le
(masculine)or la (feminine)is elidedontothefront of anounor adjective,but

1. Thenounor adjective mustbegin with a vowel phonemeasin l’arbr e (“the
tree”). In theorthography, somewordsbeginwith a“silenth” andaresubject
to thesameelision,e.g.l’homme(“the man”)andl’heure(“the hour”).

2. The nounor adjective mustbe singular, e.g. l’arbr e is goodbut the plural
* l’arbr esis definitelybad.

Themoststraightforwardwayto build a lexc lexiconfor Frenchinvolvesdefin-
ing the elidedarticle l’ initially asa kind of prefix that continuesto attachto all
nounsandadjectives,e.g.

LEXICON Root
l’ NounOrAdj ;

NounOrAdj ;

LEXICON NounOrAdj
Nouns ;
Adjectives ;

Therestrictingof l’ to nounsandadjectivesbeginningwith a vowel phonemecan
bedoneby theusualcompositionof a filter withoutmuchof asizepenalty, but the
restrictionthatpreventsl’ fromco-occurringwith theplural+s suffix causesalarge
sectionof thenounandadjective networksto becopiedif donevia thetraditional
compositionof afilter. FlagDiacriticsareidealfor sucha task,e.g.

LEXICON Root
< l %’ "@U.NUM.SG@"> NounOrAdj ;

NounOrAdj ;

LEXICON Num
+Sg:0 # ;
< "+Pl":s "@U.NUM.PL@" > # ;

That is, the l’ morphemehasassociatedwith it theFlagDiacritic @U.NUM.SG@
andtheincompatiblepluralsuffix contains,aspartof its spelling,theincompatible
FlagDiacritic@U.NUM.PL@. With FlagDiacriticsdefinedin thisway, theanalysis
routinewill reject* l’arbr eswithoutanexplosionin thesizeof thenetwork.
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8.5.2 Using the R-type Flag Diacritics

AlthoughFlagDiacriticswereoriginally conceivedwith the U-typefunctionality
centrallyin mind (to disallow wordsthatcontainedincompatiblemorphemes,per-
hapswidelyseparated),theusefulnessof someof theotherflag-diacriticoperations
is easilydemonstrated.TheR-typeFlagDiacritics,for example,areusefulfor lim-
iting certainsuffixesto occuronly with specially-markedsemanticsubclassesof
stems.

As will berecalledfrom theEsperantoexercisein Section4.2.8,therearecer-
tain stemslike kat- (“cat”), hund- (“dog”) and elefant-(“elephant”) that denote
animalsthatcanbemasculineor feminine.Esperantohasan-in suffix thatmarks
feminine(asopposedto theunmarkedor masculineform) thatcanattachto such
stems,but it cannotattachto othercommon-nounstemslike libr - (“book”) and
dom-(“house”). Sucha restrictioncouldbehandledwith continuationclassesas
in thefollowing lexc fragment:

LEXICON Nouns
kat Nmf ; ! Nmf for nouns that can take -in
hund Nmf ;
elefant Nmf ;
libr N ; ! N for nouns that cannot take -in
dom N ;

LEXICON Nmf
in Nmf ;
eg Nmf ;
et Nmf ;

NEnd ;

LEXICON N
eg N ;
et N ;

NEnd ;

but this typically requiresthatthelexicographermaintainmultiple copiesof some
suffixes,here-eg and-et, which canbe problematic.(In full-sized systems,try-
ing to handleidiosyncraticsemanticandderivationalrestrictionswith continuation
classesalonecanresult in a proliferationof little LEXICONs.) The sameeffect
canbeachievedby markingall andonly the subsetof stemsthatallow the femi-
nine -in suffix with a distinctive feature,e.g. @U.MF.ON@or @P.MF.ON@, and
thenmarkingthe-in suffix with @R.MF.ON@meaning“succeedif andonly if the
MF featurehasbeensetto ON”. Thelexiconswould look somethinglike this:

LEXICON Nouns
kat@P.MF.ON@ N ; ! compatible with -in suffix
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hund@P.MF.ON@ N ;
elefant@P.MF.ON @ N ;

libr N ; ! not compatible with -in
dom N ;

LEXICON N
@R.MF.ON@in N ; ! -in is allowed iff MF = ON
eg N ;
et N ;

NEnd ;

OncesuchFlagDiacriticsarein place,thesuffix -in will beallowedonly on roots
marked@P.MF.ON@; any attemptto attach-in to a nounstemlike libr - will be
blockedat runtime. Thesameeffect couldbeachieved in differentway by mark-
ing all the roots like libr - and dom-with @P.MF.OFF@, and marking -in with
@U.MF.ON, but thiswould involvemorework andbelessintuitive.

8.5.3 UsingP-typeFlag Diacritics for Positive(Re)Set

TheP-typeFlagDiacriticssimply setor reseta featureto a specifiedvalue,never
causinga failure. Thiscanbeextremelyusefulin a languagelike Finnishor Mon-
golian,which havevowel harmony. Typically anoverallwordwill haveonly front
harmony or only backharmony, andincompatibilitiesbetweenvariousmorphemes
canbe handledusingonly U-type Flag Diacritics. But in compoundwords,the
possibility exists thata front-harmony word will compoundontoa back-harmony
word(or viceversa)sothattheharmony featurehasto changein mid-word.

TaketheFinnishexampleitäänmuuttoko(“eastwardmigration?”)whereitä isa
front-vowelrootmeaning“east”,Vn(realizedhereasän) asuffix meaning“toward-
s”, muuttoa back-vowel root meaning“migration”, andkO (realizedhereasko) is
the questionmarker. Assumingthat itä andother front-vowel rootsaremarked
@P.VOWEL.FRONT@, the analysisroutine will rememberVOWEL = FRONT
andmakesurethatonly compatiblymarkedfront-vowel versionsof suffixes,like
än, attachto it. Onegrammarof Finnish(Blåberg, 1994)handlesall vowel har-
mony by simply listing the allomorphsandmarkingeachwith suitableharmony
features.

LEXICON Ward
än@U.VOWEL.FRONT@ Next ; ! front-vowel variant
an@U.VOWEL.BACK@ Next ; ! back-vowel variant

But at the compoundboundary, the vowel harmony changesabruptly (andquite
legally) to BACK with themuuttoroot. In suchacase,thepositivesettingindicated
by the flag @P.VOWEL.BACK@is usedto resetthe valueof VOWEL without
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causinga failure. Thensubsequentunificationswill selecttheright allomorphof
kO, which in thiscaseis ko.

LEXICON Question
kö@U.VOWEL.FRONT@ # ; ! front-vowel variant
ko@U.VOWEL.BACK@ # ; ! back-vowel variant

Of course,it is not necessaryto useFlag Diacritics for phenomenasuchas
vowel harmony. The traditionalrule-basedsolution,avoiding FlagDiacriticsand
thelisting of all theallomorphs,is to definelexiconslike

LEXICON Ward
ˆAn Next ;

LEXICON Question
kˆO # ;

wheremulticharactersymbolˆA representstheopenvowel andˆO representsthe
mid vowel, bothunderspecifiedfor harmony. Thegrammarwill thengeneratelex-
ical wordslike itäˆAnmuuttokˆOcontainingunderspecifiedvowels.Thefollowing
xfst ReplaceRulecanthenbeapplied,via composition,to enforcethevowel har-
mony in thesurfaceword.

xfst[]: define FrontVowel [i|e|¨ a] ;
xfst[]: define VowelHarmony Rul e %ˆO -> ö,
%ˆA -> ä // FrontVowel Con+ _
.o.
%ˆA -> a
.o.
%ˆO -> o ;

If theVowelHarmonyRuleisappliedin adownwarddirectionto itäˆAnmuuttokˆO,
the result is the desireditäänmuuttoko. Note that VowelHarmonyRule is defined
with the rarely used// operator, which causesthe left context to be matchedon
the lower sideof the relation. This behavior is especiallyappropriatefor vowel
harmony in languageswherethe harmony can changewithin the word, and the
realizationof eachunderspecifiedvowel is controlledby thesurfacerealizationof
theimmediatelyprecedingvowel.

8.5.4 UsingFlag Diacritics to Constrain Cir cumfixes

Circumfixes arecoordinatedpairsconsistingof a prefix anda suffix. In a typi-
cal case,the prefix part will be only oneof many possibleprefixes,andall will
concatenateto thesetof stems.Thestemsin turn continueon to setsof suffixes,
including the suffix part of a circumfix. The challenge,then, is to recognizethe
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suffix part of a circumfix if andonly if theprefix part of thesamecircumfix was
recognizedearlierin theword. This is aclassicjob for FlagDiacritics.

Consideran artificial examplewhereik and lu aresimpleprefixes,never co-
occurringwith any suffix, ka andsin aresimplesuffixes,never co-occurringwith
any prefix, andwherelan-sibandzan-fiarecircumfixes. Thefollowing grammar
will constraintheprefixesandsuffixesappropriately.

Multichar_Symbo ls

LEXICON Root
Prefixes ;

LEXICON Prefixes
ik@P.PREF.simpl e@ Stems ;
lu@P.PREF.simpl e@ Stems ;
lan@P.PREF.lan@ Stems ;
zan@P.PREF.zan@ Stems ;

Stems ; ! empty entry

LEXICON Stems
ranik Suffixes ;
fin Suffixes ;
zolar Suffixes ;

LEXICON Suffixes
ka@D.PREF@ # ; ! disallow any prefixes
ik@D.PREF@ # ;

sib@R.PREF.lan@ # ; ! suffix sib requires
! the lan prefix

fi@R.PREF.zan@ # ; ! suffix fi requires
! the zan prefix

@R.PREF.simple@ # ; ! for simple prefixes with
! no phonological suffix

@D.PREF@ # ; ! for bare stems

Notein this examplehow theD- andR-Type flagson thesuffixescontrollingthe
blockingor requiringof particularprefixes. A morecomplicated(andmorereal)
exampleinvolving circumfixesin Malay is shown in Section9.3.3.
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8.5.5 Finnish Proper Namesand Derivatives

The Problem

FlagDiacriticscanbeusedto handleanotherchallengein Finnish,whereproper
namesmustappearwith an initial uppercaseletter, but their derivativesarenor-
mally in lowercase,althoughthey will of coursebe capitalizedat the beginning
of a sentencelike all ordinarywords. For example,the Finnishword for “Paris”
is Pariisi , with anobligatorycapitalP at thebeginning;but thecorrespondingad-
jective “Parisian” translatesnormally into pariisilainen, or into Pariisilainen if it
happensto bethefirst word in asentence.

The derivativesof multiword names,e.g. Palo Alto, losethe internalcapital
and any internal spaces:paloaltolainenor Paloaltolainenbut not, for example,
*Palo altolainenor *PaloAltolainen. Therearesomeadditionalcomplexities, but
we will ignorethemfor thepurposesof thefollowing example.

A Solution

Onesolutionis to prefix Finnishpropernames,in thelexicon,with a pair of alter-
nateFlagDiacritics,@U.Cap.Obl@and@U.Cap.Opt@, to signify “initial cap-
ital letteris obligatory”and“initial capitalletteris optional”,respectively. Deriva-
tive noun-to-adjectiveandnoun-to-nounsuffixes,suchas-lainenabove,arecom-
patiblewith eitherflag. Thepropernountag+PN, on theotherhand,is compatible
only with @U.Cap.Obl@. Hereis thelexicon,written in lexc.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!! !!!!!!
! demo-lex.txt
!
! Simple Finnish Lexicon with Flag Diacritics
!
! Includes words like "Pariisi" (Paris) "pariisilainen"
! (Parisian), "Palo Alto", "paloaltolainen" (Palo Altan).
! The initial capital is obligatory in "Pariisi",
! optional in "pariisilainen". The internal space in
! "Palo Alto" is not present in "paloaltolainen".

Multichar_Symbols
@U.Cap.Obl@ @U.Cap.Opt@
+PN +Adj +Der+

LEXICON Root
@U.Cap.Obl@ PropNoun ;
@U.Cap.Opt@ PropNoun ;

LEXICON PropNoun
Pariisi PNSuff ;
Grenoble PNSuff ;
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Palo_Alto PNSuff ;

! N.B. that _ denotes the literal space
! character in this grammar

LEXICON PNSuff
@U.Cap.Obl@ PN ;
@U.Cap.Opt@ AdjSuff ;

LEXICON PN
+PN:0 # ;

LEXICON AdjSuff
+Der+:0 LAINEN ;

LEXICON LAINEN
lainen ADJ ;

LEXICON ADJ
+Adj:0 # ;

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!! !!!!!!!!!!! !!!

If you compilethis lexicon (usingcompile-source) andcall lookup with the
obey-flagsswitchsetto ON (thedefaultvalue),you will not seeany flagsin the
output.

lexc> lookup Palo_Alto
NOTE: Using SOURCE.
Palo_Alto+PN

If youtoggletheswitchOFF, by simplyenteringobey-flags, youseethatthereare
actuallytwo matchingpathsin thetransducer:

lexc> obey-flags
Obey-flags is OFF.

lexc> lookup Palo_Alto
NOTE: Using SOURCE.
@U.Cap.Obl@Palo _Al to@U.Cap .Ob l@+PN
@U.Cap.Opt@Palo _Al to@U.Cap .Ob l@+PN

With obey-flagssetto ON, thesecondpathis blockedat applicationtimebecause
thetwo valuesfor theCap featurearein conflict. Notealsothatwhenobey-flags
is OFF, FlagDiacriticsarestill treatedasepsilonsfor analysispurposes,but the
FlagDiacriticsaredisplayedin theoutput.

Let’sassumethatthelexc lexiconis compiledandthattheresultingbinarynet-
work is savedin file lex.fst . Thedowncasingof theinitial Pin thederivedform
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pariisilainen is thenhandledby anoptionalrule triggeredby the@U.Cap.Opt@
flag. Thetwo otherrulesforcethedeletionof any word-internalspacesandcapitals
following the@U.Cap.Opt@flag, evenif theinitial capitalremains.Hereis the
associatedxfst scriptfile containingtherules.

clear stack

define UC A | B | C | D | E | F | G | H |
I | J | K | L | M | N | O | P | Q | R | S |
T | U | V | W | X | Y | Z ;

read regex [

# Allow optional initial downcasing after @U.Cap.Opt@

A (->) a, B (->) b, C (->) c, D (->) d, E (->) e,
F (->) f, G (->) g, H (->) h, I (->) i, J (->) j,
K (->) k, L (->) l, M (->) m, N (->) n, O (->) o,
P (->) p, Q (->) q, R (->) r, S (->) s, T (->) t,
U (->) u, V (->) v, W (->) w, X (->) x, Y (->) y,
Z (->) z

|| .#. %@U%.Cap%.Opt%@ _

.o.

# No uppercase in the middle of a downcasable word

A->a, B->b, C->c, D->d, E->e, F->f, G->g, H->h,
I->i, J->j, K->k, L->l, M->m, N->n, O->o, P->p,
Q->q, R->r, S->s, T->t, U->u, V->v, W->w, X->x,
Y->y, Z->z

|| %@U%.Cap%.Opt%@?+ _

.o.

# Eliminate internal spaces inside a downcasable word
# Spaces are indicated here with the literal
# underscore character

%_ -> [] || .#. %@U%.Cap%.Opt%@?+ _

] ;

echo >>>>This leaves the rule transducer on the stack
print stack

echo >>>>Loading lex.fst onto the stack
load stack lex.fst
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echo >>>>There should now be two networks on the stack
print stack

echo >>>>Composing the rules under the lexicon
compose net

echo >>>>Composition complete

If we save theresultto a file andlook at it in xfst, we seethatflagskeepthe
sizeof thenetworksmaller:

xfst[1]: size
34 states, 41 arcs, 18 paths.

Theeliminate flag commandgivesusanequivalentnetworkwithoutany diacritic
symbolsfor thespecifiedfeature:

xfst[1]: eliminate flag Cap
46 states, 51 arcs, 9 paths.

In this case,compilingtheconstraint(via eliminate flag) into thestructureof the
networkincreasesthesizeof thenetby about35%.Notethatthenumberof words
dropsfrom 18to 9 asthepathsthatviolateCap constraintsareeliminated.

8.5.6 Forward-Looking FeatureRequirements

It is sometimesthe casethat the presenceof one morpheme,let us call it foo,
requiresthepresenceof anothermorpheme,let uscall it fum, somewherelater in
the sameword. The morphemefoo thenhasa forward-lookingrequirementof
fum, andany word containingfoo without a following fum is illegal andshould
beblocked. While suchforward-lookingrequirementsarenot directly supported
by the currentimplementationof FlagDiacritics,a simpleidiom canachieve the
desiredrestriction.

To capturesuchforward-lookingfeaturerequirements,think of themorpheme
fooassettingor “raising” a featurerequirementthatmustsubsequentlybesatisfied
or clearedby a following morphemefum. In a lexc grammar, the entry for foo
mightbeasfollows:

LEXICON A
foo@P.RequireFu m.ON@ CC1 ;

Featurenameslike RequireFumareof coursemeaninglessto thesystem,but they
help thedeveloperto rememberthe intent. Whenthesystemmatchesfoo, it will
alsorememberthesettingRequireFum = ON. Of course,only thosemorphemes
requiringasubsequentfumshouldbemarkedin thisway.

Thefummorphemecanthenbeencodedthus:
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LEXICON Q
fum@C.Requir eFum@ CC2 ;

with aClearFlagDiacritic thatsimplyclearsor satisfiestherequirementsraisedby
thepresenceof a precedingfoo. Of course,only fumshouldclearthis feature.The
only remainingstepis to ensurethefailure of any analysisor generationwith any
unsatisfiedrequirements,andthis requiresa final featurecheckat theendof each
word. In lexc, this is achievedby definingafinal LEXICON like thefollowingand
makingsurethatit is theonly LEXICON thatdirectly refersto # for end-of-word.

LEXICON End
@D.RequireFu m@ # ;

In sucha grammar, all wordsmustbefunneledthroughLEXICON Endasa final
step,andtheD-typeFlagDiacritic will performa final feature-check,disallowing
(blocking) any word whereRequireFum is currentlyset to ON or to any value
other thanneutral. In a grammarwheremultiple forward-lookingrequirements
mustbe constrained,e.g. RequireFum, RequireFie andRequireBar, thenthe
final LEXICON throughwhichall wordsarefunneledmustperformafinal feature-
checkfor all of them,e.g.

LEXICON End
@D.RequireFu m@@D.Requir eFi e@@D.Req uir eBar @ # ;
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9.1 Intr oduction

9.1.1 The Challengeof Non-ConcatenativeMorphotactics

Non-concatenative morphotacticsis a difficult topic, deservinga book all to it-
self. This chapterintroducesthe compile-replacealgorithm, included in xfst,
which the authorshave usedsuccessfullyto handlesometraditionally difficult
non-concatenativephenomena—namelyfull-stemreduplicationandSemiticstem
interdigitation—withoutgoingbeyondfinite-statepower (Beesley andKarttunen,
2000).Thereis muchexperimentalandpracticalwork thatremainsto bedone.

It shouldbenotedthatnon-concatenativemorphotacticsis achallengenomat-
terhow yougoaboutit, andthatthis is asubjectbestreservedfor expertswhoare
alreadyfully comfortablewith therestof theXerox finite-statecalculus.

Non-concatenative morphotacticsandthe compile-replacealgorithmare
bestapproachedby experiencedfinite-statedevelopers.
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9.1.2 Morphotactic Processes

Concatenationvs. Non-ConcatenativeProcesses

As we have seen,mostnaturallanguagesconstructwordsby concatenatingmor-
phemestogether, andconcatenationis of courseafinite-stateoperation.Suchcon-
catenative morphotacticscanbe impressively productive,especiallyin agglutina-
tiveandpolysyntheticlanguages.In Inuktitut, asshown in Table9.1,asingleword
maycontainasmany morphemesasanaverage-lengthEnglishsentence(example
from (Mallon, 1999)).

Upper Paris+mut+nngau+juma+niraq+lauq+sima+nngit+junga
Lower Parimunngaujumaniralauqsimanngittunga
Gloss “I neversaidI wantedto go to Paris.”

Table9.1: An Inuktitut word,built by concatenation,cancontainasmany mor-
phemesasanaverage-lengthEnglishsentence.

However, somelanguagesdo not form their wordsexclusively via concatena-
tion. ThetermsNON-CONCATENATIVE MORPHOTACTICS or NON-CONCATENATIVE

PROCESSES arecommonlyusedto coveravarietyof phenomenaincludingredupli-
cation,infixation, interdigitation andmetathesis.The languagesthatexhibit non-
concatenative processesaresometimescallednon-concatenative languages;how-
ever, mostof themalsoemployconcatenationor areevenprincipallyconcatenative,
so thedescription“not totally concatenative” (Lavie et al., 1988)is usuallymore
appropriate.We will first look very briefly at somenon-concatenativephenomena
in Tagalog,MalayandArabic, thenintroducethecompile-replacealgorithm,and
thenillustrateits useto handlethosephenomena.

Fixed-Length Reduplication in Tagalog

In Tagalog,asreportedin Antworth (Antworth, 1990),onederivationalprocess,
which we will referto asfixed-lengthreduplication,involvescopyingthefirst CV
syllableof a verbroot,whatever thatsyllablemightbe(seeTable9.2).

Full-Stem Reduplication in Malay

In Malay, Indonesianandmany otherlanguages,wholestems,of whatever length,
maybecopied.We will refer to this asfull-stemreduplicationor variable-length
reduplication(seeTable9.3).
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ROOT CV+ROOT GLOSS
pili pipili “choose”
tahi tatahi “sew”
kuha kukuha “take”

Table9.2: Onefixed-lengthform of Tagalogreduplicationinvolvescopyingthe
first CV syllableof averbrootandcanbehandledevenusingclassicTwo-Level
Morphology.

ROOT GLOSS REDUPLICATION GLOSS
anak “child” anak-anak “children”
lembu “cow” lembu-lembu “cows”
buku “book” buku-buku “books”
basikal “bicycle” basikal-basikal “bicycles”

Table9.3: Overtnounpluralsin MalayandIndonesianareformedby full-stem
reduplication.Suchphenomenacanbehandledin finite-statemorphologyusing
thecompile-replacealgorithm.

StemInterdigitation in Arabic

In Arabic, and in otherSemitic languages,prefixes andsuffixesattachto stems
via theusualprocessof concatenation,but thestemsaregenerallyheldto benon-
concatenatively composedof two or threemorphemes,dependingonone’s theory.
Thetheorymostcommonlyimplementedin natural-languageprocessingsystems
(see(Beesley, 1998c)for citations)postulatesthatstemsarecomposedof a ROOT,
usuallyconsistingof threeconsonantslike ktb or drs, andaPATTERN like a a or
’i ta a , which consistsof vowels,sometimesconsonantsandlengtheningmor-
phophonemes,andslots into which the consonantsof the root areinserted.The
root andpatternaresaidinformally to be “interdigitated” togetherto form stems
like kataband’iktatab. SeeFigure9.1.

Accordingto a classicandratherinfluential paperby McCarthy(McCarthy,
1981),Semiticstemsarecomposedof not two but threemorphemes,a root like
ktb or drs (just asin the root-patterntheories),a templateconsistingof C (con-
sonant)andV (vowel) slots,anda vocalization,e.g. a (denotingperfectaspect
andactive voice), u i (denotingperfectaspectandpassive voice), etc. SeeFig-
ure 9.2. McCarthy’s rules instantiatethe C slotswith consonantsfrom the root,
andthe V slotswith vowels from the vocalization,to form the stem. In essence,
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Pattern:         _ a  _  a _

Root:             k     t     b

Stem:              katab

Figure 9.1: In traditionalanalyses,both in Europeand in the Arabic world,
Arabic stemsareformedby the non-concatenative “interdigitation” of a root
anda pattern,neitherof which is pronounceableby itself.

thethree-morphemetheoriesfactorthepatterninto two separatemorphemes.

   

Root tier:                     k      t      b

Template tier               C V C V C

Vocalization tier:            a

Stem tier:                        katab

Figure9.2: Accordingto the analysisin (McCarthy, 1981),Arabic stemsare
formedby the non-concatenative combinationof a root, a CV template,anda
vocalization.McCarthyproposedin thispaperthattheserepresentedthreedif-
ferentmorphemes,residingon threeseparatetiersasin autosegmentalphonol-
ogy.

The differencebetweenthe two-morphemeand three-morphemetheoriesof
Semitic stemsis not significanthere. Both approachesagreethat the root is a
separatemorphemeand that the stemis not formedby concatenation;andboth
approachescanbemodeledandcomputedusingthecompile-replacealgorithm.

9.2 Formal Mor photactic Description

9.2.1 ConcatenativeAssumptionsand Limitations

Beforeshowing our solutionsfor Tagalog,Malay andArabic, we mustplacethe
compile-replacealgorithmin the context of generalmorphologicaldescription.
Concatenativemorphotacticsis easilyexpressedin regularexpressionsvia thesim-
plejuxtapositionof operands,andin formalismslike lexc, whereLEXICON entries
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themselvesaretypically just concatenationsof symbols,andwherecontinuation
classestranslateinto concatenationbetweenmorphemes(seeFigure9.3).

LEXICON  Root
dog             N ;
cat              N ;
duck          N ;

LEXICON N
+Noun:0    Num ;

LEXICON  Num
+Sg:0          # ;
+Pl:s           # ;

lexc continuation classes translate 
into concatenation

Multichar_Symbols  +Noun  +Sg  +Pl

Figure9.3: The continuationclassesof lexc mostnaturallydenoteconcatena-
tionsof morphemes.

Finite-statemorphologyin thetraditionof theTwo-Level (Koskenniemi,1983)
andXerox implementationshasbeenverysuccessfulin implementinglarge-scale,
robustandefficientmorphologicalanalyzer-generatorsfor concatenativelanguages,
includingthecommerciallyimportantEuropeanlanguagesandagglutinatingnon-
Indo-Europeanexampleslike Finnish,Turkish,BasqueandHungarian.However,
Koskenniemihimself understoodthat his initial implementationhad significant
limitationsin handlingnon-concatenativemorphotacticprocesses:

Only restrictedinfixationandreduplicationcanbehandledadequately
with the presentsystem. Someextensionsor revisionswill be nec-
essaryfor anadequatedescriptionof languagespossessingextensive
infixationor reduplication.(Koskenniemi,1983)

Thesetraditionallimitationshave not escapedthenoticeof variousreviewers,e.g.
(Sproat,1992),andnon-concatenative morphotacticsis rightly recognizedasthe
cuttingedgeof computationalmorphology.

9.2.2 Overcomingthe ConcatenativeLimitation

A NewMindset

Giventhatfinite-stateimplementationshavereliedon lexcandsimilar formalisms,
whichmostnaturallydenoteconcatenationsof morphemes,it is notsurprisingthat
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they appearto be limited to modelingconcatenative morphotactics.The way to
overcomethis limitation, in thebroadestfinite-stateterms,is to openup morpho-
tactic descriptionto includefinite-stateoperationsother thanconcatenation,and
this is whatthecompile-replacealgorithmdoes.

Whenmodelinga languagewith non-concatenative phenomena,the linguist
startsin theusualwaybywriting anabstractmorphotacticdescriptionusingregular-
expressionsor lexc, and compiling the descriptioninto a network. We are al-
readycomfortablewith the notion that this initial lexicon networkis phonologi-
cally and/ororthographicallyabstract,requiringtheapplicationof alternationrules
to maptheabstractstringsinto well-formedsurfacestringsasshown in Figure9.4.
We arealsocomfortablewith the ideathat the initial lexicon networkmay over-
generate,requiringrestrictionvia composedfilters or FlagDiacriticsasshown in
Figure9.5.

Initial lexicon from lexc 
with unfinished lower side

Alternation rules mapping
from the lower side of the
lexicon fst to surface strings

.o.

Figure9.4: In a typical applicationof the Xerox finite-statetools,a morpho-
tacticdescriptionis written in lexcandcompiledinto aninitial lexiconnetwork
thatis morphophonologically abstractandhyper-regular. Theunfinishedstrings
onthelowersidearesubsequentlymappedinto properlyspelledsurfacestrings
via theapplicationof alternationruleson thelowersideof theinitial network.

We extendthis notionof abstractnessto includethepossibility that the initial
networkis morphotacticallyabstract,includingmeta-morphotacticdescriptionsof
non-concatenativephenomena.Thesubsequentapplicationof compile-replaceto
thelower-sideof a networkasin Figure9.6makestheresultinglower-sidestrings
moremorphotacticallysurfacy, just asthe applicationof alternationruleson the
lowersideof anetworkmakestheresultinglower-sidestringsmorephonologically
or orthographicallysurfacy.

Thenotationweproposefor meta-morphotacticdescriptionis alreadyfamiliar
to us;it is thelanguageof regularexpressions.Theuseof thecompile-replaceal-
gorithminvolvesfirst usinglexcor regularexpressionsasusualto defineanetwork
whosestringscontainmeta-morphotacticdescriptionswhicharethemselvesin the
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Alternation rules mapping

from the lower side of the

lexicon fst to surface strings

.o.

Initial lexicon from lexc 

with unfinished lower side

.o.

Rules and filters to remove
overgeneration

Figure9.5: The initial lexicon networkdefinedusing lexc may overgenerate
morphotactically, requiringtheapplicationof filters,typically ontheupperside,
to remove ungrammaticalstrings.Thesameeffect canbeachievedusingFlag
Diacritics.
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Initial lexicon from lexc 

with unfinished lower side

.o.

Rules and filters to remove
overgeneration

Application of compile−replace

descriptions on the lower side

of the lexicon fst

lexicon fst to surface strings

from the lower side of the

Alternation rules mapping

.o.

to resolve meta−morphotactic

Figure 9.6: The initial lexicon networkmay alsobe morphotacticallyunfin-
ishedin that it containsmeta-morphotacticdescriptionsof non-concatenative
processeslike reduplicationand Semitic stem interdigitation. Thesemeta-
morphotacticdescriptionsaresubstringsthathave theformatof regularexpres-
sions;they areresolvedby thecompile-replacealgorithm.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



486 CHAPTER9. NON-CONCATENATIVE MORPHOTACTICS

format of regular expressions.Then compile-replaceappliesto the initial net-
work, finding the meta-morphotacticdescriptions,calling the regular-expression
compilerto compilethemasregular expressions,andreplacingthemin the net-
work with thenetworkresultingfrom thecompilation.

Both lexc andthe readregexutility of xfst producefinite-statenetworks
andcanbeconsideredfinite-statecompilers.The compile-replacealgo-
rithm doesakind of bootstrapping,applyingaregular-expressioncompiler
to theoutputof a regular-expressioncompiler. Theresultis amodifiedbut
still finite-statenetwork.

The Mechanicsof compile-replace

Theregular-expressionsubstringsin thenetworktobemodifiedbycompile-replace
mustbedelimitedby theˆ[ andˆ] multicharactersymbols.Thesedelimiterswere
arbitrarily chosenand mustbe declaredas Multichar Symbolsif they are intro-
ducedin a lexc description.Beforecompile-replacecanwork successfully, every
substringof charactersappearingon a subpathbetween̂ [ andˆ] mustbecompil-
ableasa regularexpression;in otherwords,anything between̂ [ andˆ] mustlook
like avalid regularexpression.It is theresponsibilityof thedeveloperto makesure
that thedelimitedsubstringshave the format of regular expressions,andthis is a
challengebestreserved for experienceddevelopers. If any of the delimitedsub-
stringscannotbe compiledasregular expressions,compile-replacewill display
appropriateerrormessagesthatincludetheoffendingsubstrings.

Beforegoingintospecificlinguisticexamples,wewill startwith anon-linguistic
examplethatillustratestheoperationof thealgorithm.Figure9.7representsanet-
work containingthe lower-sidesubstring“a* ”, enclosedbetweenthe two delim-
iters,ˆ[ andˆ], thatmark thepathasa regular-expressionsubstring.As far asthe
networkitself is concerned,thedelimitedsubstring“a* ” is simplyaconcatenation
of thetwo symbolsa and* .

a *0:^[ 0:^]

Figure9.7:A networkwith adelimitedsubstringthathastheformatof aregular
expression.As far asthenetworkitself is concerned,“a* ” is just a concatena-
tion of thetwo symbolsa and* .

Theapplicationof thecompile-replacealgorithmto thelowersideof thenet-
work eliminatesthedelimitersandmapsthestring“a* ” into theinfinite language
thattheregularexpressiona* denotes.Theresultis shown in Figure9.8.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



9.3. PRACTICAL NON-CONCATENATIVE EXAMPLES 487

a:0

a

*:0

*:0

0:a
*:a

Figure9.8: Thenetworkafter theapplicationof compile-replaceto the lower
side.

Whenappliedin theupwarddirection,the transducerin Figure9.8 mapsany
string of the infinite a* language,i.e. “”, “a”, “aa”, “aaa ”, ..., into the regular
expression(i.e. a* ) from whichthelanguagewascompiled.

Theuseof compile-replaceis a challenge.We have to defineaninitial trans-
ducer(using lexc or regular expressions)that relatestwo regular languagesasin
Figure9.7;andwehavetodefineoneorbothof theselanguagessothatthey contain
delimitedsubstringsthatthemselvesarevalid xfst regularexpressions.Thebiggest
challengeis to visualizethenon-concatenative phenomenain abstractfinite-state
termsandto definethedelimitedregular-expressionsubstringsappropriately. This
is bestshown in practicalexamples.

9.3 Practical Non-ConcatenativeExamples

9.3.1 RestrictedReduplication in Tagalog

Antworthpresentedakindof restrictedreduplicationthatappearsin Tagalog(Antworth,
1990)[pp.151–162].He handledit elegantly in classicKIMMO-style Two-Level
Morphology, andhis solution is easily reproducedusing the Xerox formalisms,
without any recourseto thecompile-replacealgorithm. We will briefly examine
his Tagalogsolutionbeforemoving on to the moredifficult variable-length,full-
stemreduplicationseenin Malay.

ROOT CV+ROOT GLOSS
pili pipili “choose”
tahi tatahi “sew”
kuha kukuha “take”

Table9.4: Limited Reduplicationof theInitial CV Syllablein TagalogVerbs

TheTagalogreduplicationinvolvesthecopyingof theinitial CV syllable,what-
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ever thatsyllablemight be. Thebarerootsarealsovalid words. Thesampledata
is repeatedherein Table9.4. In his lexicon,Antworthformalizesthereduplication
at the lexical level asan abstractprefix of the form RE+, whereR standsfor a
consonantandE for avowel. A bare-bonesrecreationof hisdictionarymight look
like this in lexc:

LEXICON Root
RE+ VRoots ;

VRoots ; ! empty entry

LEXICON VRoots
pili # ;
tahi # ;
kuha # ;

Thustheinitial lexiconnetworkgeneratesbothpili andRE+pili. Usingalternation
rules,we thensimply realizeR asa copyof the first following consonantandE
asa copyof thefirst following vowel. It happensthat twolc rulesarerathermore
convenientthan xfst replacerules for this purpose. We assumethat Conson is
definedasanappropriatesetof root-initial consonantsandVowelasanappropriate
setof vowels;we alsoassumethat the twolc alphabetcontainsthepair %+:0 and
nootherpairwith theliteral plussignon thetop.

Alphabet %+:0 p t k a e i o u ;

Sets
Conson = p t k ; ! expand as appropriate
Vowel = a e i o u ;

Rules

"R realization as Consonant"
R:CC <=> _ E: %+: CC ; where CC in Conson ;

"E realization as Vowel"
E:VV <=> _ %+: (Conson:) VV ; where VV in Vowel ;

As desired,thesestraightforwardruleswill maptheabstractRE+pili into pip-
ili , RE+tahi into tatahi, etc.Antworth’soriginal rulesalsohandlesomeinfixation,
whichcanactaloneor in combinationwith reduplication;this is aclassicexample
of the “restrictedinfixation andreduplication”thatKoskenniemiknew his gram-
marscouldhandle.
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The key to Antworth’s Tagalogsolution is his abstractionaway from
the varying surfacy realizations,finding a singleconsistentnotation,i.e.
RE+stem, of thereduplicationat anunderlyinglevel. Suchabstractionis
alsothekey to usingcompile-replace.

9.3.2 Full-Stem Reduplication in Malay

The Tagalogexamplesjust shown arerelatively easyto handlebecausethe sub-
stringto bereduplicatedis limited andpredictablein its length;examplesof more
difficult full-stemreduplicationoccurin MalayandIndonesian,which areclosely
related. The Malay stembuku means“book”; this bareform is in fact number-
neutralandcantranslatein somecontextsastheEnglishplural. Theovertplural is
phonologicallybukubuku,1 formedby reduplicatingtheentirestem.Stemsvary in
length: theovert plural of pelabuhan(“port”), itself a derivedform, is pelabuhan-
pelabuhan.

Tounderstandthegeneralsolutionto full-stemreduplicationusingthecompile-
replacealgorithmrequiresa bit of background.Recallthat in theXerox regular-
expressionsyntax,expressionsof the form Aˆn , wheren is an integer, denoten
concatenationsof A. Recallalsothat abc denotestheconcatenationof thesym-
bolsa, b, andc.

Thefull reduplicationof any strings canthenbenotateduniformly, in finite-
stateterms,as{ s}ˆ2 . This is our abstractmeta-descriptionof full-stemredupli-
cations,andwe startby defininga networkwherethe lower-sidestringsarebuilt
by straightforwardconcatenationof a prefix ˆ[, a root enclosedin braces,andan
abstractovert-pluralsuffix ˆ2 followedby theclosingdelimiter ˆ]. A simple lexc

1In thestandardorthography, suchreduplicatedwordsarenow writtenwith ahyphen,e.g.buku-
buku, thatwewill ignorein thisfirst example.
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grammarto illustratethetechniqueis thefollowing:

Multichar_Symbo ls ˆ[ ˆ] +Noun +Unmarked +Plural

LEXICON Root
0:ˆ[{ NRoots ;

NRoots ;

LEXICON NRoots
buku NSuff ;
lembu NSuff ;
pelabuhan NSuff ;

LEXICON NSuff
+Noun:0 Num ;

LEXICON Num
+Unmarked:0 # ;
+Plural:}ˆ2ˆ] # ;

Expressedin anxfst scriptusingregularexpressions,theequivalentgrammaris

define Prefix 0 .x. "ˆ[" "{" ;
define NRoots {buku} | {lembu} | {pelabuhan} ;
define NSuff "+Noun":0 ;
define Num "+Unmarked": 0 |

[ "+Plural" .x. "}" "ˆ" 2 "ˆ]" ] ;
read regex (Prefix) NRoots NSuff Num ;

Compilationof either grammarwill yield an initial transducerwherein the
lower-sidelanguagecontainsill-formedstringshavingunmatcheddelimiters.These
undesirablestringscan be removed easily by composingthe following regular-
expressionfilter, compiledin xfst, on thelowerside:

[ ?* "ˆ[" $["ˆ]"] ] & [ $["ˆ["] "ˆ]" ?* ]

Thevariousgroupingandliteral bracketsmaketheexpressiondifficult to read,but
in the end the applicationof the filter will simply eliminateall pathswherethe
lower-sidestringcontainsanopeningdelimiter ˆ[ without a matchingclosingde-
limiter ˆ], or a closingdelimiterˆ] withoutamatchingopeningdelimiterˆ[. Lining
upthesymbolsfor easycomparisonwith thegrammar, thevalid overt-pluralpaths
look like this

Upper: b u k u +Noun +Plural
Lower: ˆ[ { b u k u } ˆ 2 ˆ]
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Upper: p e l a b u h a n +Noun +Plural
Lower: ˆ[ { p e l a b u h a n } ˆ 2 ˆ]

and without the lineup, the lower-sidestringsaresimply ˆ[{buku}ˆ2ˆ] and
ˆ[{pelabuhan }ˆ2ˆ ] .

Thecompile-replacealgorithm,appliedto thelower-sideof thisnetwork,rec-
ognizeseachindividualdelimitedregular-expressionsubstringlike ˆ[ buku ˆ2ˆ] ,
compilesit, andreplacesit with theresultof thecompilation,herebukubuku. The
sameprocessappliesto theentirelower-sidelanguage,resultingin a networkthat
directly relatespairsof stringslike thefollowing.

Upper: buku+Noun+Pl ural
Lower: bukubuku

Upper: pelabuhan+No un+Plur al
Lower: pelabuhanpel abuh an

This providesthedesiredsolution,still completelyfinite-state,for analyzingand
generatingfull-stemreduplicationin Malay.

Thekey to thesolutionfor full-stemreduplicationis to abstractawayfrom
the surfacephenomenaandto find an underlyingmeta-morphotacticde-
scription,here s ˆ2 , thatuniformly describesfull-stemreduplicationfor
any stems.

9.3.3 MoreMalay Reduplication

Therearein factat leastadozenderivationalprocessesin Malay thatinvolveredu-
plication,andoneof the authorshaswritten a prototypemorphologicalanalyzer
that so far hasmanagedto handleall the processeswith minor variationsof the
techniquejustshown.

Thefollowing Malay/Indonesiangrammarfragmentillustrateshow onemight
handlesomemorecomplicatedkindsof full-stemreduplication.Malayhasnoreal
inflectionalmorphology, but stemscanundergo dozensof derivationalprocesses
involving prefixation,suffixation, circumfixation(a coordinatedcombinationof
prefixationandsuffixation), infixation andreduplication. The reduplicationcan
occurby itself or togetherwith otherderivationalprocesses,andin thisexamplewe
alsohandletheorthographicalhyphenthatappearsbetweenreduplicatedelements.
Theanalysishasbeensimplifiedslightly to makea manageableexample,andwe
mix MalayandIndonesianstems.

Any individual stemtakesonly an idiosyncraticsubsetof thepossiblederiva-
tional processes,andtheseneedto bemarkedexplicitly in thedictionary. On the
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Suffix Tag Human Reading
+-an Suffix -anattachesafterthestem.
+meN- PrefixmeN-attachesbeforethestem.
+per-an Circumfixationof thestemby prefixper- andsuffix -an.
+meN-kan Circumfixationof the stemby prefix meN- andsuffix

-kan.
+redup[-] Reduplicationof thestem.
+meN[redup[-]] Reduplicationof the stem,with a meN- prefix on the

result.
+meN[redup[-]]kan Reduplicationof thestem,thenthatresultcircumfixed

by prefixmeN-andsuffix -kan.

Table9.5: Multicharactersuffix tagsaredesignedto indicate,to humanreaders,
theprefixation,suffixation,circumfixation,reduplications,etc.thatareinvolved
in a particularderivationof a stem.

uppersideof the lexicon transducerwe will representeachof thesederivational
processesasa singlemulticharactertag suffix, spellingthemulticharactertagsin
a human-readableway thatreflectstheformalnotationsin someMalaygrammars
anddictionaries(EcholsandShadily, 1989). For example,Table9.5 shows a few
tagsandtheir intendedreadings.It mustbeemphasizedthat tagslike +per-an
and+meN[redup[- ]]ka n meannothingto thesystem;they arejustmultichar-
actersymbolsthatwerespelledfor humanconvenience.

In overview, we formalizeMalaymorphotacticsasinvolving thesetof all pre-
fixesconcatenatingto all stems(seeFigure9.9),andeachstemhasa continuation
classor classesthatleadto theidiosyncraticsetof “derivationsuffixes”allowedfor
thatstem.Theschemethreatensto overgeneratewildly, for while thesuffixesof a
givenstemcanbestrictly controlledby its continuationclass,the prefixesattach
promiscuouslyto all stems.We will useFlag Diacritics, andin particularthe P,
R andD types,to constrainthedependencies;stemsconstraintheir suffixes,and
FlagDiacriticsin thesuffixeswill in turn constraintheallowableprefixes.This is
a classicexampleof flag-constrainedcircumfixation,of which a simplerexample
is shown in Section8.5.4.

The prefixes and suffixes can be ratherabstract,and one of the prefixes is
empty. All prefixesin this grammarhave theemptystringon theupperside. Let
usassumethatthe lexcgrammarbelow is in thefile malay-lexc.txt .

! malay-lexc.tx t

Multichar_Symbo ls

! tag suffixes for the upper side
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meN

peN

ber

per

ter

ke

...

stem1

stem2

stem3

suff1

suff2

suff3

suff4

suff5

suff6

suff7

Figure9.9: In the Malay system,eachstemcontrolsits suffixesvia continua-
tion classes,but all prefixesattachinitially to all stems.Legal combinationsof
prefixesandsuffixesaretreatedlike circumfixesandareconstrainedwith the
useof FlagDiacritics.

+Bare +-an +ke-an +per-an +peN-an
+meN- +meN-i +redup[-]
+meN-kan +meN[redup[-]] +meN[redup[-]] kan

! flag diacritics

@P.PREF.peN@@R.PREF.peN@
@P.PREF.ter@ @R.PREF.ter@
@P.PREF.ber@ @R.PREF.ber@
@P.PREF.per@ @R.PREF.per@
@P.PREF.ke@ @R.PREF.ke@
@P.PREF.redu p[-] @ @R.PREF.redu p[-] @
@P.PREF.meN@@R.PREF.meN@
@P.PREF.meN[redu p[- ]]@ @R.PREF.meN[redup[ -]]@
@D.PREF@

! morphophoneme
ˆN ! underspecified nasal
ˆREHYPH ! reduplication hyphen

!********* end of Multichar_Sy mbol s*** *** **** **

LEXICON Root
Prefixes ;

LEXICON Prefixes
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Stems ;
! the empty prefix
< [ 0 .x. p e "ˆN" ] "@P.PREF.peN@" > Stems ;
< [ 0 .x. t e r ] "@P.PREF.ter @" > Stems ;
< [ 0 .x. b e r ] "@P.PREF.ber @" > Stems ;
< [ 0 .x. p e r ] "@P.PREF.per @" > Stems ;
< [ 0 .x. k e ] "@P.PREF.ke@" > Stems ;
< [ 0 .x. "ˆ[" "[" "{" ]

"@P.PREF.red up[- ]@" > Stems ;
< [ 0 .x. m e "ˆN" ] "@P.PREF.meN@" > Stems ;
< [ 0 .x. m e "ˆN" "ˆ[" "[" "{" ]

"@P.PREF.meN[red up[- ]]@" > Stems ;

LEXICON Stems
ajar bare ;
ajar meN- ;
ajar meN-kan ;
capai meN- ;
curah meN[redup[-]] ;
dapat meN- ;
baik redup[-] ;
bagi -an ;
bagi meN[redup[-]] ;
baka meN- ;
pakai meN- ;
paksa meN[redup[-]] ;
payah meN[redup[-]]k an ;
taman meN- ;
tampar meN[redup[-]] ;
galah meN- ;
kaji meN- ;
kuyuh meN[redup[-]] ;
salak meN- ;
sama meN[redup[-]] ;
maki meN- ;

LEXICON bare
< "+Bare":0 "@D.PREF@" > # ;

LEXICON -an
< [ "+-an" .x. a n ] "@D.PREF@" > # ;
! simple suffix blocks all prefixes

LEXICON ke-an
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< [ "+ke-an" .x. a n ] "@R.PREF.ke@" > # ;
! circumfix requires ke-

LEXICON per-an
< [ "+per-an" .x. a n ] "@R.PREF.per@" > # ;

LEXICON peN-an
< [ "+peN-an" .x. a n ] "@R.PREF.peN@" > # ;

LEXICON meN-
< "+meN-":0 "@R.PREF.meN@" > # ;
! require simple prefix, no phonological suffix

LEXICON meN-i
< "+meN-i":i "@R.PREF.meN@" > # ;

LEXICON redup[-]
< "+redup[-]" .x. "}" "%ˆREHYPH" "]" "ˆ" 2 "ˆ]"

"@R.PREF.redup[ -]@ " > # ;

LEXICON meN-kan
< [ "+meN-kan" .x. k a n ] "@R.PREF.meN@" > # ;

LEXICON meN[redup[-]]
< [ "+meN[redup[ -]] " .x.

"}" "%ˆREHYPH" "]" "ˆ" 2 "ˆ]"
] "@R.PREF.meN[redu p[-] ]@" > # ;

LEXICON meN[redup[-]]ka n
< [ "+meN[redup[ -]] kan" .x.

"}" "%ˆREHYPH" "]" "ˆ" 2 "ˆ]" k a n
] "@R.PREF.meN[redu p[-] ]@" > # ;

We cancompilethis grammarinsidethe lexc interface,of course,or from the
xfst interfaceusingthereadlexccommand.Weignorethecompilerwarnings,not
shown here,whichsimplytell usthatsomeof thedefinedsuffixesarenotyetbeing
used.

xfst[0]: read lexc < malay-lexc.tx t
4.5 Kb. 100 states, 136 arcs, 189 paths.
xfst[1]: eliminate flag PREF
4.1 Kb. 95 states, 114 arcs, 21 paths.
xfst[1]: print lower-words
ˆ[[{baik}%ˆR EHYPH]ˆ 2ˆ]
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meˆNˆ[[{tampar} %ˆREHYPH]ˆ2 ˆ]
meˆNˆ[[{sama}%ˆ REHYPH] ˆ2ˆ]
meˆNˆ[[{payah}% ˆREHYPH]ˆ2ˆ ]kan
meˆNˆ[[{paksa}% ˆREHYPH]ˆ2ˆ ]
meˆNˆ[[{kuyuh}% ˆREHYPH]ˆ2ˆ ]
meˆNˆ[[{curah}% ˆREHYPH]ˆ2ˆ ]
meˆNˆ[[{bagi}%ˆ REHYPH] ˆ2ˆ]
meˆNtaman
meˆNsalak
meˆNpakai
meˆNmaki
meˆNkaji
meˆNgalah
meˆNdapat
meˆNcapai
meˆNbaka
meˆNajar
meˆNajarkan
bagian
ajar

Notice that eight of the lower-sidestringscontaindelimited regular expres-
sionsthat will ultimatelybe handledby the compile-replacealgorithm. But be-
fore we invokecompile-replacelower, we needto considerassimilationandre-
syllabification.2 Herewe will treata fairly straightforwardassimilationto point-
of-articulation:Theunderlyingunderspecified-nasalˆN disappearscompletelybe-
fore nasals,liquids,andsemi-vowels;It assimilatesto /m/ beforelabial andlabio-
dentalstopsandfricatives(/p/, /b/ and/f/), to /nj/ (orthographicalny) before/s/,
to n beforeotheralveolars,and to / / (orthographicalng) beforevowels, velars
and/h/. ThusmeˆNbakashouldberealizedasmembaka, meˆNdapatasmendapat,
meˆNgalahasmenggalah,meˆNmakiasmemaki, etc.Thefirst-draftrulesto handle
theseassimilations,usingorthographicalnotation,areshown in Figure9.10.

Thereare,however, someinterestingcomplications,thefirst involving assim-
ilation of ˆN with voicelessstopsand/s/. UnderlyingmeˆNpakaiis realizednot
as*mempakaibut asmemakai; thep is effectively deleted.Similarly, meˆNtaman
is realizedasmenaman, meˆNkajiasmengaji, andmeˆNsalakasmenyalak. Thus
the ˆN assimilatesto the placeof articulationof the following underlyingvoice-
lessconsonant,but theconsonantitself doesn’t reachthesurface.Thesecond-draft
rules in Figure9.11handlethesedeletionsaswell; note that we usethe double
commato separaterulesthatareto becompiledin parallel.

2I wish to thankProf. GeorgePoulosof theUniversityof SouthAfrica for clarifying to methe
effect of re-syllabificationin someof the reduplicationphenomena.Similar casescanbe seenin
Bantulanguages.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



9.3. PRACTICAL NON-CONCATENATIVE EXAMPLES 497

%ˆN -> m || _ [ p | b | f ]
.o.
%ˆN -> n || _ [ t | d | c | j | s y | z ]
.o.
%ˆN -> n y || _ s
.o.
%ˆN -> n g || _ [ a | e | i | o | u | k | g | h ]
.o.
%ˆN -> 0 || _ [ m | n | l | r | w | y ]

Figure9.10:First-DraftRulesto HandleNasalAssimilationin Malay

Anothercomplicationconcernsreduplication. Looking first at a straightfor-
wardexample,ourgrammarincludestheabstract̂[[{baik}%ˆR EHYPH]ˆ 2ˆ] ,
which aftercompile-replacewill bebaikˆREHYPHbaik ˆREHYPH. Theappli-
cationof thefollowing rules

xfst[1]: define HyphenRules %ˆREHYPH-> 0 || %ˆREHYPH?* _
.o.
%ˆREHYPH-> "-" ;

will thenmapbaikˆREHYPHbai kˆR EHYPH to baik-baik, whichis thefinal sur-
faceform.

Themostinterestingcasesof reduplicationoccurwhenassimilationanddele-
tion affect thesyllabificationof thestem. WhenmeˆNtamanis realizedasmena-
man, theresultingsyllablestructurechangesfromabstract/meˆN.ta.man/to /me.na.man/.
In examplessuchas meˆNˆ[[{tampar }%ˆREHYPH]ˆ 2ˆ] , the result is not
*menampar-tamparbut menampar-nampar. Similarly, theunderlyingstring

meˆNˆ[[{paksa }%ˆ REHYPH]ˆ 2ˆ]

is realizedasmemaksa-maksa,

meˆNˆ[[{payah }%ˆ REHYPH]ˆ 2ˆ] kan

asmemayah-mahahkan,

meˆNˆ[[{kuyuh }%ˆ REHYPH]ˆ 2ˆ]

asmenguyuh-gnuyuh,

meˆNˆ[[{sama} %ˆREHYPH]ˆ2 ˆ]
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[ %ˆN -> m || _ [ p | b | f ] ,, p -> 0 || %ˆN _ ]
.o.
[ %ˆN -> n || _ [ t | d | c | j | s y | z ] ,,
t -> 0 || %ˆN _ ]
.o.
[ %ˆN -> n y || _ s ,, s -> 0 || %ˆN _ ]
.o.
[ %ˆN -> n g || _ [ a | e | i | o | u | k | g | h ] ,,
k -> 0 || %ˆN _ ]
.o.
%ˆN -> 0 || _ [ m | n | l | r | w | y ]

Figure9.11:Second-DraftRulesfor MalayNasalAssimilation

asmenyama-nyama, etc. The assimilationanddeletionconceptuallyoccurfirst,
modifying thestem,andthenthemodifiedstemis reduplicated.We canvisualize
themaksaexamplein thefollowing way:

Lexicon upper level: paksa+meN[re dup [-]]
Lexicon lower level: meˆNˆ[[{paks a}%ˆ REHYPH] ˆ2ˆ]

Eliminate the PREF flag

Apply the assimilation /del eti on rules

Intermediate level: meˆ[[{maksa} %ˆREHYPH]ˆ2 ˆ]

Apply compile-repl ace

Intermediate level: memaksaˆREHYPHmaksaˆ REHYPH

Apply the hyphenation rules

Surface level: memaksa-maksa

Thefinalsystemshouldbeabletoanalyzememaksa-maksaandreturnpaksa+meN[red up[-
]] , whichclearlyidentifiesthestempaksa, which is theheadwordin any standard
paperdictionary.
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Thefinal draft rulesfor assimilationanddeletionarethenasfollows:

xfst[1]: define lbraces "ˆ[" | "[" | "{" ;

xfst[1]: define AssimDelRules [
p -> m || %ˆN lbraces* _ ,,
%ˆN -> 0 || _ lbraces* p ]
.o.
%ˆN -> m || _ lbraces* [ b | f ]
.o.
[ t -> n || %ˆN lbraces* _ ,,
%ˆN -> 0 || _ lbraces* t ]
.o.
%ˆN -> n || _ lbraces* [ d | c | j | s y | z ]
.o.
[ s -> n y || %ˆN lbraces* _ ,,
%ˆN -> 0 || _ lbraces* s ]
.o.
[ k -> n g || %ˆN lbraces* _ ,,
%ˆN -> 0 || _ lbraces* k ]
.o.
%ˆN -> n g || _ lbraces* [ a | e | i | o | u | g | h ]
.o.
%ˆN -> 0 || _ lbraces* [ m | n | l | r | w | y ] ;

We cannow build andtesttheentiresystemby performingthefollowing steps
in order:

1. Compilethe lexcfile malay-lexc.t xt

2. EliminatethePREFflag

3. Apply theAssimDelRules

4. Apply compile-replacelower

5. Apply theHyphenRules

xfst[0]: read lexc < malay-lexc.tx t
4.5 Kb. 100 states, 136 arcs, 189 paths.
xfst[1]: eliminate flag PREF
xfst[1]: define initialnet
defined initialnet: 4.1 Kb. 95 states, 114 arcs, 21 paths.
xfst[0]: read regex initialnet .o. AssimDelRules ;
4.4 Kb. 107 states, 126 arcs, 21 paths.
xfst[1]: compile-replac e lower
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8 regular expressions compiled successfully. No errors.
4.8 Kb. 120 states, 139 arcs, 21 paths.
xfst[1]: define intermediatene t
defined intermediatene t: 4.8 Kb. 120 states, 139 arcs, 21 paths.
xfst[0]: read regex intermediaten et .o. HyphenRules ;
4.7 Kb. 118 states, 137 arcs, 21 paths.
xfst[1]: print lower-words
menguyuh-nguyuh
mengaji
menyama-nyama
menyalak
menampar-nampar
menaman
menggalah
mengajar
mengajarkan
mendapat
mencurah-curah
mencapai
memayah-mayahkan
memakai
memaksa-maksa
memaki
membaka
membagi-bagi
baik-baik
bagian

We cannow playwith apply up to seehow thesesurfacestringsareanalyzed:

xfst[1]: apply up
apply up> ajar
ajar+Bare
apply up> bagian
bagi+-an
apply up> membaka
baka+meN-
apply up> membagi-bagi
bagi+meN[redup[ -]]
apply up> menampar-nampar
tampar+meN[redu p[-] ]
apply up> memaksa-maksa
paksa+meN[redup [-]]
apply up> memayah-mayahkan
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payah+meN[re dup[ -]] kan
apply up> menguyuh-nguy uh
kuyuh+meN[re dup[ -]]
apply up> menyama-nyama
sama+meN[red up[- ]]
apply up> END;
xfst[1]:

Notethateachsolutionstartswith a stem,andthatthederivationalprocessis rep-
resentedassinglemulticharacter-symboltagfollowing thestem.

9.3.4 SemiticStemInterdigitation

The Traditional Conceptionof Interdigitation

Thenon-concatenativenatureof Semiticstemformationhasbeenappreciatedfor
centuries. Traditional Arabic grammariansidentified abstractroots underlying
wholefamiliesof derivationallyrelatedwords;theroot ktb , for example,is found
in wordsrelatingto writing, documents,libraries,bookstores,offices,schools,etc.
Thenumberof rootsusedin ModernStandardArabic is estimatedsomewherebe-
tween5000and7000.

The root itself consistsof consonantsonly andis unpronounceable;the root
ktb shouldnot beconfusedwith thepronounceablecitationform katabaconven-
tionally usedto refer to the root. The word katabais in fact the perfectaspect,
active voiceform of ktb , with ana suffix for third-personmasculinesingular;this
citationform translatesroughlyas“he wrote”. Thevowelsthatappearbetweenthe
consonantsor RADICALS of theroot are,accordingto traditionaltheory, partof a
separatemorphemecalledthepattern.In this casethepatterncouldbeformalized
asCaCaCor a a , with theCsor underscoresindicatingslotswheretheradicals
areto be insertedor interdigitatedto form a stem.3 Anotherroot like drs could
combinewith the samepatternto form thestemdaras. Prefixesandsuffixescan
thenattachto theresultingstemsin theusualconcatenativeway.

In the traditional linguistic analysisof Semitic stems(see(Harris, 1941)),
patternscan containradical slots, vowels, non-radicalconsonantsand morpho-
phonemesthat indicatelengtheningor doublingof the previous vowel or conso-
nant.TheXerox Arabic morphologicalanalyzer4 is basedon this traditionaldivi-
sionof rootsandpatterns,andthedictionariescontainover4900rootsandapprox-
imately400phonologicallydistinctpatterns,many of which areambiguous.

In traditionalArabic lexicography, includingthebestdictionariesproducedin
theEuropeanArabisttradition,wordsmustbelookedupunderrootheadings.This
meansthatonemustsomehow know or surmisetheroot in orderto look upaword.

3In thenative tradition,therealArabic root f l is usedconventionallyasafiller for citing pattern
paradigms,e.g.fa al ratherthanCaCaC

4http://www .a rab ic -morp holog y. com/
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As root radicalsaresometimesseparated,assimilated,or evenmissingcompletely
in surfacewords,root identificationanddictionarylookuparedifficult subjectsfor
all studentsandmany natives.Arabic is thereforea languagewheremorphological
analysis,returningtheroot, is requiredevenfor simpledictionarylookup.

ThreeFormalizations of SemiticStems

Whenwriting a morphologicalanalyzerfor a Semiticlanguage,thereareat least
threepossibleapproachesto handlingstems: First, one could simply ignoreall
traditionandtreatwholestemsasindivisibleunits; this reducesSemiticmorpho-
tacticsdown to concatenation.Second,onecould modelthe traditionaltwo-way
division of stemsinto roots and patterns,writing a morphologicalanalyzerthat
somehow managesto separateandidentify themasseparatemorphemesin analy-
ses.Third, onecouldmodela three-waydivision of stemsinto ROOT, TEMPLATE

andVOCALIZATION asproposedin thepaperby McCarthy.5.
McCarthy’s 1981paper, thoughnot computational,waswell written andpro-

videdenoughdatafor othersto testtheir theoriesandprograms.In his formaliza-
tion, aSemiticstemis a compositeof threeseparatemorphemes:aroot like ktb , a
CV templatelike CVCVCor CVVCVC, andavocalizationlike a or u i. In arough
summary, this three-waytheorypositsthesamerootsasthetwo-waytheories,but
thepatternsarefactoredinto two separatemorphemes.

McCarthy’s notationwasbasedon autosegmentalphonology, proposingthat
eachof thesemorphemesoccupiesaseparateTIER, andthattheroot, templateand
vocalizationtiers combineto producea stemtier. A passive example,usingthe
vocalizationu i is shown in Figure9.12.

   

Template tier               C V C V C

Root tier                      k      t      b

Vocalization tier             u      i

Stem tier                         kutib

Figure9.12:In McCarthy’s1981analysis,aperfectpassivestemlike kutibwas
producedby instantiatingC slotsin a templatewith root radicalsandV slots
with vowelsfrom aperfectpassivevocalization,whichhenotatedasu i.

The rulesthat insertedtheradicalsinto the C slotsandthevowels into theV
slots in McCarthy’s paper1981paperwerecriticized from several quarters,see

5(McCarthy, 1981)
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for example(Hudson,1986),andMcCarthyhimselfeventuallymovedon to other
formalizationsof Arabic. Martin Kay (Kay, 1987)reformalizedtheautosegmen-
tal tiersof McCarthyasprojectionsof a multi-level transducerandwrote a small
Prolog-basedprototypethathandledtheinterdigitationof roots,CV-templatesand
vocalizationsinto abstractArabic stems;this generalapproachusingmulti-tape
transducershasbeenexplored and extendedby George Kiraz in several papers
(Kiraz, 1994a;Kiraz, 1996;Kiraz, 1994b;Kiraz, 2000)with applicationto Syriac.
Theimplementationis describedin (Kiraz andGrimley-Evans,1999).

In whatfollows,wewill generallyassumethatit is importantfor aSemiticmor-
phologicalanalyzerto returnanalysesthat identify at leasttheroot, andprobably
thepatternaswell, thoughwewill alsoshow how suchasystemcouldbemodified
to returnwholeundividedstems.Our solutionsarebasedon the formalizationof
Semiticsteminterdigitationasfinite-stateintersection.

StemInterdigitation asIntersection

In finite-stateterms,the morphotacticformationof Semiticstemscanbe formal-
izedvery cleanlyandintuitively asintersection.That is, therootsandpatternsof
the two-way analysis,or the roots, templatesandvocalizationsof the three-way
analysis,canbe formalizedasregular languages,andstemscanbeformalizedas
the intersectionsof thoseregular languages.We will review the history of this
formalizationandthevariouswaysthatthis intersectionhasbeenimplementedin
practicalsystems.Our own bestsolutionwill involve themergeoperation,which
is anefficientsubtypeof generalintersection,andthecompile-replacealgorithm.

To our knowledge,the first researcherswho overtly formalizedSemiticstem
interdigitationasfinite-stateintersectionwereKatajaandKoskenniemi(Katajaand
Koskenniemi,1988),whowereworkingonAncientAkkadian,which is a Semitic
language,usinga classicTwo-Level Morphology. Thiswasthefirst hint thatmor-
photacticdescriptioncould be openedup to includefinite-stateoperationsother
thanjustconcatenation.

In this and othersystems,the formalizationmust be distinguishedfrom the
actualcomputationalimplementation;classicTwo-Level Morphologydid not, in
fact, have any kind of intersectionalgorithm to work with. Rootslike ktb and
patternslike CaCaC existedin separatesourcelexicons,but in a pre-compilation
stepthey werecombinedby awk scriptsinto thestemkatabandwritteninto anew
sourcefile for the TwoL compiler, which is similar to lexc. This TwoL file was
thencompiledinto astandardlexicon.

This approachwasnot completelysatisfactory. Thelexiconsin a classicTwo-
Level systemareone-level,6 andoncektb andCaCaC hadbeenpre-intersected
into katabbeforecompilation,the resultingmorphologicalanalyzerhadno way
to separatethe root andpatternaspart of the analysis.Onewould, for example,

6Thetwo levelsin Two-Level Morphologyrefer to thelexicon level andthesurfacelevel, which
arerelatedby asinglesetof rulescompiledin parallel,asin twolc.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



504 CHAPTER9. NON-CONCATENATIVE MORPHOTACTICS

analyzetheinputstringkatabaandgetbackthestemkatabandthesuffix a, justas
in a purelyconcatenativeanalysisbasedonstems.

In 1989attheALPNETcompany, Beesley (Beesley, 1989;Beesley etal.,1989;
Beesley, 1990;Beesley, 1991)tookthis intersectionformalizationfrom Katajaand
Koskenniemiandimplementedit differently. Using an enhancedTwo-Level im-
plementation,he performedthe combinationof the root andpatternat runtime,
in a way thatkept theroot andpatternseparateon the lexical sidebut effectively
createdan intermediatelevel that includedthe intersectedbut still abstractstem.
Again,therewasnoactualfinite-statealgorithmto performtheintersection,which
wassimulatedat runtimein C codein a techniquehecalled“detouring”.

Analysis level: prefixes ktb CaCaC suffixes

Intermediate level
(at runtime): prefixes katab suffixes

Thentwo-level rulesmappedbetweenthe intermediatelevel andthe realsurface
strings.Analysisof katabayieldedananalysisstringlike

ktb CaCaC a

thatshowedtheroot, patternandsuffix clearlyasseparatemorphemes.This was
animprovementovertheKatajaandKoskenniemiimplementation,but it ranrather
slowly, at abouttwo wordspersecondonasmallIBM mainframe.

When Beesley joined Xerox, the old dictionarieswere licensedfrom ALP-
NET andthe systemwascompletelyrewritten usingXerox finite-statemorphol-
ogy(Beesley, 1996;Beesley, 1998a).Thedictionarieswerecompiledastwo-level
transducerswith thepatternsinitially concatenatedaftertheroots,bothon theup-
perandlowersides.

Upper: prefixes ktb CaCaC suffixes
Lower: prefixes ktb CaCaC suffixes

An elaborateand rather inefficient compile-timealgorithm was then appliedto
this initial lexicon transducerto find therootsandpatternson the lower sideand
transformtheminto intersectedstems.This algorithmemployedthecomposition
operation,applyingrule-like transductionsto thelower sidesothat theupperside
wouldnot beaffected.

Upper: prefixes krb CaCaC suffixes
Lower: prefixes katab suffixes

Alternationruleswerethenappliedin theusualway, atcompiletime, to thelower
sideof this lexicon transducerto yield the final lexical transducer, which maps
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directly from surfacestringsto analysisstringsthatseparateandidentify themor-
phemes,includingtherootandpattern.Theruntimeperformance,i.e. theprocess-
ing of realinput, thenreachedhundredsof wordspersecond.

The lower-sidestem-intersectionalgorithmworkedperfectlywell, but it was
ratherslow.7 Thisstemintersectionis now computedequivalently, usingcompile-
replaceanda new finite-stateoperationcalledmerge, which is muchfasterthan
generalintersectionandissufficienttohandlethespecial-caseintersectionrequired
to interdigitateSemiticstems.

StemInterdigitation usingcompile-replace

Three-Way Solution using Merge Intersectionandthespecial-casemergeare
n-aryoperationsandsocantakeany numberof arguments.For Semiticstems,this
meansthatyou canpostulateeithera two-wayor a three-waydivisionof thestem,
accordingto your taste.Eitherway, thestemis formedby intersection/merge.We
will startwith a three-wayexample.

Themergealgorithmis implementedin tworegular-expressionoperators:.m .
for merge-to-the-rightand . m. for merge-to-the-left. Having both operatorsis
perhapsformally unnecessary, but it allowsabit morefreedomin thewaythatyou
setup thedelimitedsubstringsbeforeinvoking compile-replace. Themergeop-
erationis intendedespeciallyfor cases,asin Semiticlanguages,whereconsonant
radicalsandvowelsaremergedinto a template.

For this illustration,we startby defininga networkthat,whencompiled,con-
tainsonthelowersidedelimitedsubstringsof theform

ˆ[{ktb}.m>.{CV CVC}.<m .[a+ ]ˆ]

wherektb representstheroot,CVCVCrepresentsthetemplate,and[a+] represents
thevocalization.̂ [ andˆ] mustbemulticharactersymbols,andasfarasthenetwork
is concerned,everything betweenthesetwo specialboundarysymbolsis just a
stringof symbols.What is vital for subsequentapplicationof compile-replaceis
thatthesedelimitedsubstringshave theformatof avalid regularexpression.

The rightwardmerge operator.m . indicatesa merging of the root radicals,
beingk, t, andb in this example,into the templateCVCVC , wherethey fill the
C slotsto form kVtVb . Thenthevowelingexpressionis mergedleftwardinto the
templateto getkatab. Themergeoperationallowsthedefinitionanduseof super-
symbols,e.g.definingC to cover thesetof all possibleconsonantradicalsandV to
cover thesetof all vowels.If thepossiblevaluesof C andV areproperlyspecified,
then ktb .m . CVCVC. m.[a +] is a valid regular expression,andit can

7It shouldbeunderstoodthatthisslownesswasfacedonly once,atcompiletime,notat runtime.
However, theslow compiletimewassomethingof ahindranceduringdevelopment.
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becomputedby compile-replaceor by thenormalreadregexcommandof xfst.

xfst[0]: list C b t y k l m n f w r z d s
xfst[0]: list V a i u
xfst[0]: read regex {ktb} .m>. {CVCVC} .<m. [a+] ;
xfst[1]: print words
katab
xfst[1]:

Super-symbolslike C andV aremeaningfulonly to themergeoperationand
aredefinedusingthelist command.Thecommandlist is followedby anenumera-
tion of symbolsseparatedby spaces,andall thesymbolsmustappearon thesame
line. Note that thesymbolsfollowing the list commandarenot a regular expres-
sion,andsothey arenot terminatedwith a semicolonasin a call to readregexor
define. After the following list specifications,theregularexpressionis compiled,
andtheresultingnetworkacceptsonly onestring:katab.

As in the Malay example,the initial networkis definedusingeither lexc or
regular expressions,andthe challengeis to useconcatenationto build delimited
substringsthatlook like

ˆ[{ktb}.m>.{CVC VC}. <m.[a+] ˆ]

ˆ[{drs}.m>.{CVV CVC}.<m.[u* i]ˆ]

etc. on the lower side. Figure 9.13 shows one way, of many, to build a small
example in lexc. Figure 9.14 shows an equivalentgrammarwritten as an xfst
script.

If eitherof thesegrammarsis compiledandstoredaslex.fst , we canthen
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Multichar_Symbols ˆ[ ˆ] +3P +Masc +Fem
+Sg +Act +Pass +FormI +FormIII

LEXICON Root
LBound ;

LEXICON LBound
[:ˆ[ Roots ;

LEXICON Roots
ktb MergeRight ;
drs MergeRight ;

LEXICON MergeRight
0: .m%>. Template ; ! % literalizes the >

LEXICON Template
+FormI:CVCVC MergeLeft ;
+FormIII:CVVCVC MergeLeft ;

LEXICON MergeLeft
0: .%<m. Vocalization ; ! % literalizes the <

LEXICON Vocalization
+Act:[a+] RBound ;
+Pass:[u*i] RBound ;

LEXICON RBound
]:ˆ] PerfEnd ;

LEXICON PerfEnd
+3P+Masc+Sg:a # ;
+3P+Fem+Sg:at # ;

Figure9.13: A lexc grammarof a fragmentof Arabic verbsshowing a three-
waydivisionof stemsinto root, templateandvocalization.
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clear stack
define rootlanguage {ktb} | {drs} ;
define tpltlanguage "+FormI":{CV CVC}

| "+FormIII":{ CVVCVC} ;
define vocalization "+Pass":"[u* i]"

| "+Act":"[a+] " ;
define perfsuffixes "+3P":0 [ [ "+Masc" "+Sg" .x. a ]

| [ "+Fem" "+Sg" .x. a t ]
] ;

read regex "[":"ˆ["
0:"{" rootlanguage 0:"}"
0:".m>."
0:"{" tpltlanguage 0:"}"
0:".<m."
vocalization
"]":"ˆ]"
perfsuffixes ;

Figure9.14: An xfst scriptgrammarof a fragmentof Arabic verbsshowing a
three-waydivisionof stemsinto root, templateandvocalization.
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loadit ontoanxfst stackandexaminethelower-sidestrings.

xfst[0]: load lex.fst
xfst[1]: print lower-words
ˆ[ ktb .m>. CVCVC.<m.[a+]ˆ]a
ˆ[ ktb .m>. CVCVC.<m.[a+]ˆ]at
ˆ[ ktb .m>. CVCVC.<m.[u*i]ˆ]a
ˆ[ ktb .m>. CVCVC.<m.[u*i]ˆ]at
ˆ[ ktb .m>. CVVCVC.<m.[a+]ˆ]a
ˆ[ ktb .m>. CVVCVC.<m.[a+]ˆ]at
ˆ[ ktb .m>. CVVCVC.<m.[u*i]ˆ]a
ˆ[ ktb .m>. CVVCVC.<m.[u*i]ˆ]at
ˆ[ drs .m>. CVCVC.<m.[a+]ˆ]a
ˆ[ drs .m>. CVCVC.<m.[a+]ˆ]at
ˆ[ drs .m>. CVCVC.<m.[u*i]ˆ]a
ˆ[ drs .m>. CVCVC.<m.[u*i]ˆ]at
ˆ[ drs .m>. CVVCVC.<m.[a+]ˆ]a
ˆ[ drs .m>. CVVCVC.<m.[a+]ˆ]at
ˆ[ drs .m>. CVVCVC.<m.[u*i]ˆ]a
ˆ[ drs .m>. CVVCVC.<m.[u*i]ˆ]at

For alargergrammar, print lower-wordswill beimpractical,andprint random-
lower would be moreappropriate.Note that theselower-sidestringsdo indeed
containsubstringsof symbolsbetween̂ [ andˆ] thatlook like regularexpressions.
However, we admitthatwe didn’t get it right thefirst time,andyou too will typi-
cally have to gothroughafew roundsof checkingandeditingbeforethedelimited
substringsareright.

In thiscase,thegrammarhasbeenwritten to show rootsandtagson theupper
side,with bracketsaroundthepartsrepresentingthestem.

xfst[1]: print upper-words
[ktb+FormI+Act]+3P+Masc+Sg
[ktb+FormI+Act]+3P+Fem+Sg
[ktb+FormI+Pass]+3P+Masc+Sg
[ktb+FormI+Pass]+3P+Fem+Sg
[ktb+FormIII+Act]+3P+Masc+Sg
[ktb+FormIII+Act]+3P+Fem+Sg
[ktb+FormIII+Pass]+3P+Masc+Sg
[ktb+FormIII+Pass]+3P+Fem+Sg
[drs+FormI+Act]+3P+Masc+Sg
[drs+FormI+Act]+3P+Fem+Sg
[drs+FormI+Pass]+3P+Masc+Sg
[drs+FormI+Pass]+3P+Fem+Sg
[drs+FormIII+Act]+3P+Masc+Sg
[drs+FormIII+Act]+3P+Fem+Sg
[drs+FormIII+Pass]+3P+Masc+Sg
[drs+FormIII+Pass]+3P+Fem+Sg

Of course,the upper-sidestringscould be designedin any numberof ways,ac-
cordingto thetastesandneedsof theusers.
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If we thenapplycompile-replacelower to this network,rememberingto use
list to specifythesymbolscoveredby C andV, theresultis thefollowing:

xfst[1]: list C b t y k l m n f w r z d s
xfst[1]: list V a i u
xfst[1]: compile-replace lower
8 regular expressions compiled successfully. No errors.
1.2 Kb. 31 states, 38 arcs, 16 paths.
xfst[1]: print lower-words
kataba
katabat
kaataba
kaatabat
kutiba
kutibat
kuutiba
kuutibat
darasa
darasat
daarasa
daarasat
durisa
durisat
duurisa
duurisat
xfst[1]: apply up kataba
[ktb+FormI+Act]+3P+Masc+Sg
xfst[1]:

As canbe seen,the resultingsystemanalyzessurfacewords,returninganalyses
thatseparateandidentify theroot, templateandvocalization.

Two-Way Solution using Merge A two-way root-and-patternanalysiscan be
modeledandcomputedin muchthe sameway. Let’s assumeherethat the user
wantsto seetheactualroot andpatternsymbolson theupperside. Thegrammar
in Figure9.15arbitrarilyusesa literal hyphensymbolontheuppersideasavisual
separatorof therootandpatternsymbols.

Notein thisexamplethatthepatternseffectively combinethetemplateandthe
vocalizationof thethree-waytheory. Compiledin lexc, saved,andthenloadedonto
an xfst stack,we first verify the lower-sidewordsbeforetrying to call compile-
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Multichar_Sy mbol s ˆ[ ˆ] +3P +Masc +Fem
+Sg +Act +Pass +FormI +FormIII

LEXICON Root
LBound ;

LEXICON LBound
[:ˆ[{ Roots ;

LEXICON Roots
ktb MergeRight ;
drs MergeRight ;

LEXICON MergeRight
-:}.m%>.{ Pattern ;

LEXICON Pattern
CaCaC RBound ;
CaaCaC RBound ;
CuCiC RBound ;
CuuCiC RBound ;

LEXICON RBound
]:}ˆ] PerfEnd ;

LEXICON PerfEnd
+3P+Masc+Sg: a # ;
+3P+Fem+Sg:at # ;

Figure9.15:A lexcgrammarencodinga fragmentof Arabicverbsusinga two-
wayroot andpatternanalysisof stems.
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replace.

xfst[0]: load lex2.fst
xfst[1]: print lower-words
ˆ[ ktb .m>. CaCaC ˆ]a
ˆ[ ktb .m>. CaCaC ˆ]at
ˆ[ ktb .m>. CaaCaC ˆ]a
ˆ[ ktb .m>. CaaCaC ˆ]at
ˆ[ ktb .m>. CuCiC ˆ]a
ˆ[ ktb .m>. CuCiC ˆ]at
ˆ[ ktb .m>. CuuCiC ˆ]a
ˆ[ ktb .m>. CuuCiC ˆ]at
ˆ[ drs .m>. CaCaC ˆ]a
ˆ[ drs .m>. CaCaC ˆ]at
ˆ[ drs .m>. CaaCaC ˆ]a
ˆ[ drs .m>. CaaCaC ˆ]at
ˆ[ drs .m>. CuCiC ˆ]a
ˆ[ drs .m>. CuCiC ˆ]at
ˆ[ drs .m>. CuuCiC ˆ]a
ˆ[ drs .m>. CuuCiC ˆ]at
xfst[1]:

In this example, the upper-sidestringsshow a root and pattern,separatedby a
hyphen.

xfst[1]: print upper-words
[ktb-CaCaC]+3P+Masc+Sg
[ktb-CaCaC]+3P+Fem+Sg
[ktb-CaaCaC]+3P+Masc+Sg
[ktb-CaaCaC]+3P+Fem+Sg
[ktb-CuCiC]+3P+Masc+Sg
[ktb-CuCiC]+3P+Fem+Sg
[ktb-CuuCiC]+3P+Masc+Sg
[ktb-CuuCiC]+3P+Fem+Sg
[drs-CaCaC]+3P+Masc+Sg
[drs-CaCaC]+3P+Fem+Sg
[drs-CaaCaC]+3P+Masc+Sg
[drs-CaaCaC]+3P+Fem+Sg
[drs-CuCiC]+3P+Masc+Sg
[drs-CuCiC]+3P+Fem+Sg
[drs-CuuCiC]+3P+Masc+Sg
[drs-CuuCiC]+3P+Fem+Sg
xfst[1]:

After specifyingthe coverageof C andV using list commands,andcalling
compile-replace, the lower sideis exactly the sameasin the three-wayexample
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above.

xfst[1]: list C b t y k l m n f w r z d s
xfst[1]: list V a i u
xfst[1]: compile-replace lower
8 regular expressions compiled successfully. No errors.
1.4 Kb. 40 states, 47 arcs, 16 paths.
xfst[1]: print lower-words
kataba
katabat
kaataba
kaatabat
kutiba
kutibat
kuutiba
kuutibat
darasa
darasat
daarasa
daarasat
durisa
durisat
duurisa
duurisat
xfst[1]: apply up kataba
[ktb-CaCaC]+3P+Masc+Sg
xfst[1]: apply up kuutiba
[ktb-CuuCiC]+3P+Masc+Sg
xfst[1]:

Thisexampleillustratesin simplifiedmicrocosmthewaythatthefull-sizedXerox
Arabic morphologicalanalyzeris implemented.Thecall to compile-replacethat
intersectsover 700,000root-patterncombinationson the lower sidetakesten to
twentyminutesonaSUNUltra workstation.8

Three-Way Solution using General-PurposeIntersection The merge opera-
tion efficiently implementsthespecialcaseof intersectionthat involvesplugging
consonantsandvowels into templateslots. But, asillustratedby Beesley9, stems
canbe constructedusinggeneral-purposeintersection.This approachis not rec-
ommended,andhasnever beenusedby us in practice,becausegeneral-purpose
intersectionis relatively slow; but we offer the following examplesjust to show
thatit is possible.

As always,we first definean initial lexicon transducerthat containsdelim-
itedregular-expressionsubstringsthatindicatetheliteral intersectionof a root lan-

8Thespeeddependsmainlyon theamountof RAM available.
9(Beesley, 1998b)
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guage,a templatelanguage,anda vocalizationlanguage.For variety, webuild the
initial transducerin thiscaseusinganxfst script(seeFigure9.16)ratherthanlexc.

clear stack
define rootlanguage {ktb} | {drs} ;
define templatelang uage "C V C V C" | "C V V C V C" ;
define vocalization "[u*i]" | "[a+]" ;
define perfsuffixes "+3P":0

[ [ "+Masc" "+Sg" .x. a ]
| [ "+Fem" "+Sg" .x. a t ]
] ;

read regex "[":"ˆ["
0:"{" rootlanguage 0:"}" 0:"/" 0:"?"
"-":"&"
templatelangu age
"-":"&"
vocalization 0:"/" 0:"\\" 0:"V"
"]":"ˆ]"
perfsuffixes ;

define C k | t | b | d | r | s | z | m | n | q ;
define V a | i | u ;

Figure9.16:Arabicsteminterdigitationusingcompile-replaceandthegeneral-
purposeintersectionalgorithm. This approachis possiblebut not recom-
mended.

Oncethis script is run, theinitial networkon the top of thestackcontainsthe
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following lower-sidestrings:

xfst[1]: print lower-words
ˆ[ drs /?&C V V C V C&[a+]/\Vˆ]at
ˆ[ drs /?&C V V C V C&[a+]/\Vˆ]a
ˆ[ drs /?&C V V C V C&[u*i]/\Vˆ]at
ˆ[ drs /?&C V V C V C&[u*i]/\Vˆ]a
ˆ[ drs /?&C V C V C&[a+]/\Vˆ]at
ˆ[ drs /?&C V C V C&[a+]/\Vˆ]a
ˆ[ drs /?&C V C V C&[u*i]/\Vˆ]at
ˆ[ drs /?&C V C V C&[u*i]/\Vˆ]a
ˆ[ ktb /?&C V V C V C&[a+]/\Vˆ]at
ˆ[ ktb /?&C V V C V C&[a+]/\Vˆ]a
ˆ[ ktb /?&C V V C V C&[u*i]/\Vˆ]at
ˆ[ ktb /?&C V V C V C&[u*i]/\Vˆ]a
ˆ[ ktb /?&C V C V C&[a+]/\Vˆ]at
ˆ[ ktb /?&C V C V C&[a+]/\Vˆ]a
ˆ[ ktb /?&C V C V C&[u*i]/\Vˆ]at
ˆ[ ktb /?&C V C V C&[u*i]/\Vˆ]a

Thisscript,which is admittedlytricky to write, definesstemsastheintersectionof
threeseparatelanguages.Takingtheexampleof

ˆ[ drs /?&C V V C V C&[u*i]/\Vˆ]at

therootwenormallythink of asdrs is encodedas drs /? , a regularexpression
that denotesthe languageof all stringsthat containa d, an r and an s, in that
left-to-right order, ignoring any charactersthat might appeararoundor between
them; this languageis the finite-stateapproximationof all possiblestringsthat
containthe root drs. The secondlanguageis encodedasC V V C V C, which
denotesa concatenationof CsandVs,whereC andV aredefinedsubsequentlyin
the scriptasvariablesrangingover consonantsandvowels, respectively. Finally,
the vocalizationis modeledas [u*i]/\V (Beesley, 1998c),which denotesthe
languageof all stringsthatcontainzeroor moreus,followedby asinglei, ignoring
any othernon-vowel symbolsthat might appeararoundor betweenthem. (The
notation\V denotesthelanguageof all single-symbolstringsexceptfor thestrings
denotedby V, which arevowels.) Thuseachof the threepartsof the delimited
substring

1. {drs}/?

2. C V V C V C

3. [u*i]/\V

denotesa languageandthereforea constraint.Theintersectionof thesethreelan-
guagesis the languagecontainingthe singlestring duuris; this stemis the only
stringthatsatisfiesall theconstraints.
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The delimitedstringsareall resolved, at compile time, by calling compile-
replace.

xfst[1]: compile-repl ace lower

The algorithm finds eachsubstringdelimited by ˆ[ and ˆ] , compilesit into a
network, and then replacesthe original substringpath on the lower side of the
transducerwith theresultof thecompilation.Theresultinglower-sidestringsare
exactly thesameasin thepreviousexamples.

xfst[1]: print lower-words
daarasat
daarasa
darasat
darasa
duurisat
duurisa
durisat
durisa
kaatabat
kaataba
katabat
kataba
kuutibat
kuutiba
kutibat
kutiba

Therearemany variationsof thestem-intersectionscriptthatwill work,but the
codingis tricky, andeven theslightestcodingerrorcanprevent compile-replace
from working at all.10 The conceptualdifficulty is that theusermustwrite regu-
lar expressionsandscriptssuchthat the resultingnetworkwill containdelimited
substringsthat themselveslook like valid regular expressions.The script in Fig-
ure 9.17 is a variation that appliessomerules to the lower sideof the network
beforeinvokingcompile-replacelower.

Constructionof Arabicstemsvia general-purposeintersectionis thereforepos-
siblebut not recommended;we at Xerox have never doneit this way becausethe
general-purposeintersectionalgorithmis relatively slow. Themergeoperationim-
plementsa specialcaseof intersectionwhich is far moreefficient andis perfectly
adequatefor handlingtheArabicdata.

Returning StemsInstead of Roots We have assumedup to now that the ulti-
mateuserwishesto seeSemiticrootsandpatterns,or perhapsroots,templatesand
vocalizations,returnedandidentifiedsomehow in theanalysisstrings.But in some

10As biologistRichardDawkinsstatesin TheBlind Watchmaker, “Howevermany waystheremay
beof beingalive it is certainthattherearemorewaysof beingdead.”
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clear stack
define rootlanguage {ktb} | {drs} ;
define templatelangu age {CVCVC} | {CVVCVC} ;
define vocalization "[u*i]" | "[a+]" ;
define perfsuffixes "+3P":0

[ "+Masc" "+Sg" .x. a ]
| [ "+Fem" "+Sg" .x. a t ] ;

read regex [ "[":"ˆ["
0:"{" rootlanguage 0:"}" 0:"/?"
"-":"&"
templatelangua ge
"-":"&"
vocalization 0:"/" 0:"\\" 0:"V"
"]":"ˆ]"
perfsuffixes

]
.o.

C -> Cons " "
.o.

V -> Vow " " ;
define Cons k | t | b | d | r | s | z | m | n | q ;
define Vow a | i | u ;
compile-repl ace lower

Figure9.17: A variationof Arabic steminterdigitationusingcompile-replace
andthe general-purposeintersectionalgorithm. This script illustratesthat the
networkcan be modified,e.g. by the compositionof rules,beforecompile-
replaceis invoked.
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applications,it might bevaluableto build a variantof theanalyzerthatreturnsin-
terdigitatedstems,collapsingtheunderlyingrootsandpatterns.All thatwouldbe
necessaryto performthis trick is to apply the compile-replacealgorithmto the
uppersideaswell asto the lower sideof the initial network. This requiresthat
the networkhave properly-delimitedregular-expressionsubstringson both sides,
asproducedby thisxfst script:

clear stack
define rootlanguage {ktb} | {drs} ;
define tpltlanguage {CVCVC} | {CVVCVC} ;
define vowel a | i | u ;
define vocalization "[u*i]" | "[a+]" ;
define perfsuffixes "+3P":0 [ "+Masc" "+Sing" .x. a ]

| [ "+Fem" "+Sg" .x. a t ] ;
read regex "ˆ[" "{" rootlanguage "}" ".m>."

"{" tpltlanguage "}" ".<m."
vocalization

"ˆ]" perfsuffixes ;
list C k t b d r s
list V a i u

Upper ˆ[{drs}.m>.{CV VCVC}.<m .[u *i]ˆ ]+3P +Masc+S ing
Lower ˆ[{drs}.m>.{CV VCVC}.<m .[u *i]ˆ ]a

Table9.6: In orderto applycompile-replaceto bothsidesof a network,both
sidesmusthaveproperlydefinedanddelimitedregular-expressionsubstrings.

Before applicationof compile-replace, the resultingnetwork has two-level
pathsthat look like thosein Table9.6. After applyingcompile-replaceto both
sides,

xfst[1]: compile-repla ce lower
xfst[1]: compile-repla ce upper

thesamepathwill appearasin Table9.7,with intersectedstemsonbothsides.

9.4 UsageNotesfor compile-replace

9.4.1 The Non-ConcatenativeChallenge

Non-concatenative morphotacticsis inherentlya challenge,no matterhow it is
handled. This is the cutting edgeof morphologicaltheory, andit is not surpris-
ing that compile-replace is a challengeto understandandmaster. It shouldbe
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Upper duuris+3P+Mas c+Si ng
Lower duurisa

Table9.7: After applyingcompile-replaceon both sides,the resultingtrans-
ducerwill returnanalysisstringsthat identify only thecollapsedstem,not the
componentroot,patternandvocalization.

attemptedafterthedeveloperis alreadycomfortablewith therestof thefinite-state
techniques.

9.4.2 Morphotactic Abstraction

The ability to abstractaway from surfacy phenomenais often the key to suc-
cessfulfinite-statedevelopment.In the caseof non-concatenative morphotactics,
the developermust avoid trying to describesurfacy stringsdirectly in favor of
meta-descriptionsthatemployfinite-stateoperationslike iterationandintersection
(merge).Otherfinite-stateoperationsmayprove usefulin thefuture.

9.4.3 Upper or Lower Application

The compile-replacealgorithm comesin two varieties,compile-replacelower
andcompile-replaceupper. Thuscompile-replacecanbe appliedto eitherthe
uppersideor thelowersideof a transducer, or both,asshown in Table9.6and9.7
onpage518.

9.4.4 Multiple Application

In theexamplesshown, theregular-expressionsubstrings,includingthedelimiters
ˆ[ andˆ] werebuilt directlyby theoriginal lexcdescriptionsor regularexpressions
that describethe lexicon. However, there is nothing to prevent the appropriate
delimitersfrom beingintroducedor reintroducedinto anetworkin otherways,e.g.
by substitutionor transduction,andcompile-replacecould be invokedmultiple
timeson thesamenetwork.

9.4.5 The No-RetokenizeOption

Two Modesof Operation

Thereweretwo pointsof view, representedseparatelyby the two authors,about
how compile-replaceshouldwork, andaftersometimeswarmdebate,two modes
of operationarenow possible.The defaultmode,which hasbeenassumedthus
far, is calledtheRETOKENIZATION MODE. In this mode,eachsubstringbetween
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ˆ[ andˆ] is extractedasastand-alonestringandthenparsedasaregularexpression,
includingretokenizationaccordingto theusualrulesof regular-expressioncompi-
lation. Thuseachextractedsubstringis handledasif it werewritten in a text file
andparsedby a call to readregex.

The alternative is the PRE-TOKENIZED MODE, wherein the delimited sub-
stringsare extractedand parsed,but the regular-expressionparserrespectsand
dependson the symbol tokenizationestablishedin the original network. In this
mode,thecompile-replaceparserdoesnot retokenizetheregular-expressionsub-
string.

Theselectionbetweenthe two modesis controlledby anxfst variableappro-
priatelynamedretokenize. By default,retokenizeis ON. To turn it off, enter

xfst[0]: set retokenize OFF

An Examplewith retokenize=OFF

Experiencehasshown thatit is achallengeto createanetworkthatcanbesuccess-
ful processedby compile-replace; writing regular expressions(or lexc descrip-
tions) that themselvesproduceregular expressionsinvolvesa level of abstraction
beyondwhat is normally required.Whentheusersetsthe retokenizevariableto
OFF, thetasksof compilingandreplacingbecomeeasierfor thealgorithmbut ar-
guablyharderfor theuser. Not only mustthedelimitedsubstringslook like regular
expressions,but they mustalsobeproperlypre-tokenized.

Considerthe following xfst script namednoretok.scri pt that correctly
definesa networkfor compile-replacewithout retokenization.Keepin mind that
the typical developermustgo throughseveral roundsof scrutiny andcorrection
beforethedelimitedsubstringsarewell-formed.

clear stack
define rootlanguage {ktb} | {drs} ;
define tpltlanguage "+FormI":{CV CVC}

| "+FormIII":{ CVVCVC} ;
define vocalization [ "+Pass" .x. "[" u "*" i "]" ]

| [ "+Act" .x. "[" a "+" "]" ] ;
define perfsuffixes "+3P":0 [ [ "+Masc" "+Sg" .x. a ]

| [ "+Fem" "+Sg" .x. a t ]
] ;

read regex "[":"ˆ[" rootlanguage 0:".m>."
tpltlanguage 0:".<m."

vocalization
"]":"ˆ]" perfsuffixes ;

list C k t b d r s
list V a i u
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If you run the script and theninvoke print lower-words, you get the following
output:

xfst[0]: source noretok.script
Opening file noretok.script ...
defined rootlanguage: 248 bytes. 6 states, 6 arcs, 2 paths.
defined tpltlanguage: 300 bytes. 7 states, 7 arcs, 2 paths.
defined vocalization: 400 bytes. 8 states, 8 arcs, 2 paths.
defined perfsuffixes: 316 bytes. 5 states, 5 arcs, 2 paths.
1.0 Kb. 27 states, 30 arcs, 16 paths.
Closing file noretok.script ...
xfst[1]: print lower-words
ˆ[drs.m>.CVV CVC.<m.[u*i ]ˆ]a t
ˆ[drs.m>.CVV CVC.<m.[u*i ]ˆ]a
ˆ[drs.m>.CVV CVC.<m.[a+] ˆ]at
ˆ[drs.m>.CVV CVC.<m.[a+] ˆ]a
ˆ[drs.m>.CVC VC.<m.[ u*i] ˆ]at
ˆ[drs.m>.CVC VC.<m.[ u*i] ˆ]a
ˆ[drs.m>.CVC VC.<m.[ a+]ˆ ]at
ˆ[drs.m>.CVC VC.<m.[ a+]ˆ ]a
ˆ[ktb.m>.CVV CVC.<m.[u*i ]ˆ]a t
ˆ[ktb.m>.CVV CVC.<m.[u*i ]ˆ]a
ˆ[ktb.m>.CVV CVC.<m.[a+] ˆ]at
ˆ[ktb.m>.CVV CVC.<m.[a+] ˆ]a
ˆ[ktb.m>.CVC VC.<m.[ u*i] ˆ]at
ˆ[ktb.m>.CVC VC.<m.[ u*i] ˆ]a
ˆ[ktb.m>.CVC VC.<m.[ a+]ˆ ]at
ˆ[ktb.m>.CVC VC.<m.[ a+]ˆ ]a

The delimitedsubstrings,asdisplayedby print lower-words or print random-
lower, donotin factlook like valid regularexpressions.If, for example,youcutthe
stringktb.m>.CVCVC. <m.[ a+] andtry pasteit to readregexfor compilation,
it will fail.

xfst[1]: read regex ktb.m>.CVCVC.< m.[a +] ;
304 bytes. 1 state, 0 arcs, 0 paths.

However, thisnetworkis in factcorrectlysetupfor compile-replacein theno-
retokenizemodebecausethestringbetween̂[ andˆ] is pre-tokenized.As far asthe
networkitself is concerned,the stringdisplayedasktb.m>.CVCVC .<m. [a+]
is theconcatenationof thefollowing symbols:

k t b .m>. C V C V C .<m. [ a + ]

andthatspacedstring,if fed to readregex, is successfullyparsed.
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xfst[1]: read regex k t b .m>. C V C V C .<m. [ a + ] ;
324 bytes. 6 states, 5 arcs, 1 path.
xfst[2]: words
katab

To seethetokenizationwhenyou invoketheprint commands,youneedto set
the xfst interfacevariableprint-space to ON. This causesa spaceto be printed
betweeneachsymbol,showing whichareconsideredasmulticharactersymbols.

fst[1]: set print-space ON
variable print-space = ON
fst[1]: print lower-words
ˆ[ d r s .m>. C V V C V C .<m. [ u * i ] ˆ] a t
ˆ[ d r s .m>. C V V C V C .<m. [ u * i ] ˆ] a
ˆ[ d r s .m>. C V V C V C .<m. [ a + ] ˆ] a t
ˆ[ d r s .m>. C V V C V C .<m. [ a + ] ˆ] a
ˆ[ d r s .m>. C V C V C .<m. [ u * i ] ˆ] a t
ˆ[ d r s .m>. C V C V C .<m. [ u * i ] ˆ] a
ˆ[ d r s .m>. C V C V C .<m. [ a + ] ˆ] a t
ˆ[ d r s .m>. C V C V C .<m. [ a + ] ˆ] a
ˆ[ k t b .m>. C V V C V C .<m. [ u * i ] ˆ] a t
ˆ[ k t b .m>. C V V C V C .<m. [ u * i ] ˆ] a
ˆ[ k t b .m>. C V V C V C .<m. [ a + ] ˆ] a t
ˆ[ k t b .m>. C V V C V C .<m. [ a + ] ˆ] a
ˆ[ k t b .m>. C V C V C .<m. [ u * i ] ˆ] a t
ˆ[ k t b .m>. C V C V C .<m. [ u * i ] ˆ] a
ˆ[ k t b .m>. C V C V C .<m. [ a + ] ˆ] a t
ˆ[ k t b .m>. C V C V C .<m. [ a + ] ˆ] a

Note that when working in this no-retokenizemode,you must definecomplex
regular-expressionoperatorslike .m¿.and.¡m. to bemulticharactersymbols.

With thenetworkdefinedasit is, with thesymboltokenizationasshown, the
usercantheninvoke set retokenizeOFF andcompile-replacelower to get the
desiredresult.

xfst[1]: set retokenize OFF
variable retokenize = OFF
xfst[1]: compile-repla ce lower
8 regular expressions compiled successfully. No errors.
1.2 Kb. 32 states, 39 arcs, 16 paths.
fst[1]: print lower-words
d u u r i s a t
d u u r i s a
d u r i s a t
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d u r i s a
d a a r a s a t
d a a r a s a
d a r a s a t
d a r a s a
k u u t i b a t
k u u t i b a
k u t i b a t
k u t i b a
k a a t a b a t
k a a t a b a
k a t a b a t
k a t a b a

This exampleshows that it is certainlypossibleto definenetworksfor suc-
cessfuluseof compile-replacein no-retokenizemode,but in the opinion of one
author(Beesley), thejob of visualizingthedelimitedregular-expressionsubstrings
andgettingthemright is ratherharder. In particular, if the initial tokenizationis
wrong,asit often will beduringdevelopment,thenthe defaultdisplaysof print
random-lower tendto hidethetokenizationproblemsfrom you.

Themainproblemis thatprint random-lower by defaultdoesnotprint spaces
betweenthesymbolsin thestringsthatit outputs,ratherit printsconnectedstrings
to which the transducercould be successfullyapplied. The practicalneedof the
developeranddebugger, on theotherhand,is moreoftento seewhatthepathsof
thenetworklook like, includingwherethesymbolsaredivided.To getmoreuseful
displaysfor debugging,besureto setthevariablesshow-flagsandprint-space to
ON beforeinvoking theprint utilities, e.g.

xfst[1]: set show-flags ON
xfst[1]: set print-space ON
xfst[1]: print random-lower

Thesecommandscanbeinvokedautomaticallyvia aliasesasshownin Section8.4.2.

9.5 DebuggingTips for compile-replace

9.5.1 Properly Defining the Initial Network

Settingup a network prior to the applicationof compile-replace is admittedly
tricky, often requiring a bit of lexc or regular-expressionvirtuosity. compile-
replacewill itself reportany errorsin trying tocompiledelimitedsubstrings,which
aresupposedto bevalid regular expressions.But during initial developmentyou
canalmostbeassuredthatyouhavemadesystematicerrors,andit’ susuallybestto
examinethenetworkcarefullyandfix asmany aspossiblebeforetrying to apply
compile-replace.
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Default RetokenizeMode

If you areusingcompile-replacein the defaultretokenizemode,the stringsbe-
tweenˆ[ andˆ] shouldlook like valid regular expressionswhendisplayedby the
defaultprint lower-words andprint random-lower commands.Assumingthat
thedefinedvariableinitialnet holdstheinitial transducerandthatcompile-replace
is to beappliedto thelowerside,thedeveloperis advisedto invoke

xfst[0]: read regex initialnet .o. $["ˆ["] ;

to limit the networkto the subsethaving delimitedregular-expressionsubstrings
onthelowerside,then

xfst[1]: print random-lower

multiple timesandexaminecloselythesubstringsthatappearbetweenthedelim-
iters ˆ[ and ˆ]. They should look like regular expressions,and if you copy any
delimitedstring from the displayandpasteit as the input to read regex, then it
shouldcompilesuccessfullyinto thedesiredresult. Fix your sourcegrammarsas
necessaryandrecompilethe initialnet until the lower-side delimited substrings
look right—andtheninvokecompile-replace.

Alternative No-RetokenizeMode

If you haveexplicitly setthexfst retokenizevariableto OFF,

xfst[1]: set retokenize OFF

then it is your responsibilityto ensurethat the delimited substringsare both in
theformatof regular expressionsandareproperlypre-tokenized.To seehow the
stringsarebeingtokenized,setthe print-spacesvariableto ON beforeinvoking
thevariousprint commands.

xfst[1]: set print-space ON
xfst[1]: print random-lower

In this mode,the spacedout stringsdisplayedby print lower-words andprint
random-lower shouldlook like andbecompilableasregularexpressions.

9.5.2 Flag Diacritics

Flag Diacritics and compile-replace

As shown above, thecompile-replacealgorithmtakesstringsthatlook like

ˆ[[{buku}%ˆR EHYPH]ˆ 2ˆ]
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or

ˆ{{ktb}.m>.{ CVVCVC}.<m. [u*i ]ˆ] at

andcompilestheexpressionsthatappearbetweentheˆ[ andˆ] delimiters.If Flag
Diacritics occur inside the delimiters,then compile-replacefirst extractsthem,
retainingtheoriginal order, andreplacesthemat theendof thereplacedstring. In
mostcases,therefore,developersdo not needto worry aboutthepresenceof Flag
Diacriticswheninvokingcompile-replace.

If you do feel a needto seeexactly wheretheFlagDiacriticsare,setthexfst
interfacevariablesshow-flagsandprint-space to ON.

xfst[1]: set show-flags ON
xfst[1]: set print-space ON

With thesesettings,the variousprint commandswill alwaysshow you the Flag
Diacritics and will alwaysprint a spacebetweensymbols,showing you clearly
which sequencesarebeingtreatedasmulticharactersymbols.

9.5.3 SizeProblems

Theapplicationof compile-replaceto onesideof anetworkwill usuallyintroduce
significantdiscrepanciesbetweentheupperandlowerstrings.Thesediscrepancies
translatedirectly into morestatesandarcsbecausethenetworkis notableto share
structureas efficiently as before. The applicationof compile-replace therefore
tendsto makeanetworksignificantlylarger.

During the applicationof compile-replace, the algorithmmusthandlemany
intermediateresultsbeforeminimizationcanbeinvoked,andthiscanrequirea lot
of memory. A greatdealof effort hasbeenput into compile-replaceto makeits
performanceandmemoryusageasefficientaspossible,but,aswith otherintensive
operationslike intersectionandcomposition,it maysometimesnecessaryto have
a greatdealof RAM to makea particularcomputationpractical.

9.6 The Formal Power of Mor photactics

9.6.1 The Formal Power of Full-Stem Reduplication

It is well known that the formal languagecontainingall reduplicatedstrings ,
wherethefirst half andsecondhalf of eachwordareidentical,cannotbedescribed
by finite-stateor evencontext-freeformalisms.This languageis in factcontext-
sensitive in power, andthecorollary is that this languagecannotbeencodedin a
finite-statenetwork.

It mightbeassumedfromthismathematicalresultthatit is impossibleto handle
Malay reduplicationin a finite-statesystem.However, thepropertaskin writing a
morphologicalanalyzerfor Malay is not to recognizethe language,but rather
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to recognizeall andonly valid Malay reduplications.We don’t wantto acceptjust
any string from the infinite language,but only the finite subsetof strings
wherein is a valid Malay stemandwhere is known to be the kind of Malay
stemthatreduplicates.To put thingsevenmorein perspective,wedon’t evenwant
to accepttheplainunreduplicatedstem for any languageunlessit is avalid stem
in that language.As always,thesetof valid stemsfor a naturallanguageis finite
andmustbespecifiedin a dictionary.

Soalthoughwecannot,mathematically, build afinite-statetransducerthatrec-
ognizesandanalyzesthe language,we can,usingcompile-replace, build a
finite-statetransducerthathandlesMalayreduplicationoversomefinite setof valid
Malaystems.

9.6.2 Analyzing vs. GuessingReduplications

Section10.5.4showshow to write finite-statemorphologicalguessersthatcanan-
alyzewordsbasedonguessedrootsthatarenotenumeratedin alexicon. Thetrick,
in suchmorphologicalguessers,is to definea languageof phonologicallypossible
rootsusingregularexpressions,andthento build that languageinto a networkin
placeof theusuallanguageof enumeratedroots. Whensucha guesserreturnsan
analysis,basedontheguessedrootR, it isbasicallysaying“this isasolution,if and
only if R is a valid rootwith theseaffixes”. Theguessercanbeavaluableback-up
to thenormalmorphologicalanalyzer, filling thegapsuntil thewide-coveragedic-
tionaryof rootsis built, andactively suggestingrootsthatmight needto beadded
to thatdictionary.

It is interestingto notethat building sucha guesserfor a languagewith non-
concatenative phenomenais usuallyimpracticalor impossible.If the languagein
questionusesfull-stemreduplicationfor nounplurals,andthe languageof guess-
ablerootsis notconstrainedin its length,thenthetaskof recognizingany possible
plural becomesonceagaintherecognitionof the language,which is known to
bebeyondfinite-statepower.

9.7 Conclusion

Non-concatenativemorphotacticsisverymuchahotissuein descriptivephonology
andmorphology, andit is probablythe main challengein currentcomputational
morphology. Wearewell awarethatsomelanguagesillustratemorecomplex kinds
of reduplicationthanwe have tried to handleso far, andso thereremainsmuch
interestingwork to bedone. In additionto our own experimentswith Arabic and
Malay, weareawareof currentwork beingdonewith compile-replaceonHebrew
andAmharic, which areSemitic languageswith the samechallengesasArabic,
and on Bantu languages,which exhibit reduplication. We expect somegrowth
andmodificationin ourfinite-statealgorithms,andwe look forwardto reportsand
feedbackfrom theseandotherdevelopersworkingon thecuttingedge.
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10.1 Intr oduction

This bookhasconcentratedonmorphologicalanalysis,but in this chapterwe will
show somerelatedlinguistic applicationsthat can be built using the finite-state
tools and the command-lineutilities tokenize and lookup, introducedbriefly in
Chapter7. The applicationsincludetokenization,normalization,morphological
guessing,spellingcheckingandcorrection,andeventuallypart-of-speechdisam-
biguationandsomekindsof shallow syntacticparsing.

Thexfst, lexcandtwolc languagesdescribedin this bookareDEVELOPMENT

TOOLS intendedfor constructingfinite-statenetworks.In orderto integratethese
finite-statenetworks,practicalsoftwareapplicationsmustincludeRUNTIME CODE

thatknowshow to accessandapplythem.
Xerox andits commercialpartnershave developeda numberof runtimepack-

ages,and two simple runtime utilities, called tokenize and lookup, have been

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



10.2. THE TOKENIZE UTILITY 529

includedin the softwaresuppliedwith this book to facilitate testingand the in-
tegrationof transducersin non-commercialsystems.1 On-linedocumentationfor
tokenizeand lookup is availablevia http://www.f smbook.c om/ , andthis
pagewill beupdatedasnecessaryto includeup-to-dateinformationon available
runtimecodeandlicensingprocedures.

tokenize and lookup are command-lineutilities that accessand apply
finite-statetransducersbuilt using lexc, xfst and twolc. Do not confuse
thecommand-linelookup utility with the lookup commandavailablein-
sidethe lexc interface.

10.2 The tokenizeUtility

10.2.1 Tokenization is Non-Trivial

Tokenizationis the processof dividing a running text into individual word-like
chunksknown asTOKENS. In Section7.2.2we illustratedsomefairly simpleto-
kenizersbuilt usingPerlandoff-the-shelfUnix utilities; they did little morethan
mapwhitespaceandpunctuationinto newline characters,creatingtokenizedout-
put files, i.e. files thatcontainexactly onetokenper line. The tokenizeutility is
tool that mapsa string of runningtext into a tokenizedstring usinga finite-state
transducer.

But beforegettinginto tokenize, it’ s importantto realizethat tokenizationis
a non-trivial task. In real life, tokenizationis seldomassimpleasdividing a text
at thespacesandpunctuationmarks. For onething, MULTI-WORD TOKENS like
theclassicsto andfro andfar andawaycontainspacesandyetshouldbekeptto-
getherassingletokens;themeaningof thesetokensis not a syntacticfunctionof
the individual orthographicalwords,which sometimes,like the archaicword fro,
cannotevenappearoutsidethefixed construction.Otherpossiblemulti-word to-
kensareshown in Table10.1.In practicalsystems,atokenis any stringthatshould
bekept togetherfor purposesof morphologicalanalysis.In somesystems,multi-
word tokensmayincludedates,times,andthepropernamesof people,countries,
companies,etc.

Automaticseparationof punctuationfrom lettersis not alwaysappropriateei-
ther, asevidencedin abbreviationssuchasetc., et al., Mr., Mrs., R.S.V.P. andin
filenamesandURLssuchasmyfile.txt andhttp://www.arabic-morphology.com/.

Finally, in a numberof languageslike Japanese,ChineseandThai, the stan-
dard orthographydoesnot insert spacesbetweenwords, making tokenizationa
very difficult challengeindeed.Herewe will limit thediscussionto Europeanor-

1Anothermuchlargerandhighly sophisticatedruntimepackage,calledXeLDA, is licensedcom-
merciallyby Xerox. XeLDA is not includedwith thisbook.
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Borrowedexpressions
Latin apriori, adhoc,in situ,personanongrata
French coupd’état

Prepositions
English in front of, onbehalfof, insteadof
French le longde,àcausede,enfacede
Spanish dentrode,frentea
German in Bezugauf

Multi-word Conjunctions
French parceque,afinde
Spanish bienque,luegoque

AdverbialExpressions
English insideout,to andfro
French aufur et àmesure,parconśequent
German einbisschen,gangundgäbe
Spanish enparticular, porel contrario

Table10.1:SomeMulti-WordTokens

thographies,but it shouldstill be fairly obvious that intelligent tokenizationis a
difficult taskrequiringa greatdealof language-specificinformation.

In finite-statetokenizationusingthetokenizeutility, thelanguage-specificknowl-
edgeis incorporatedinto a finite-statetransducerthat acceptsas input a string
of runningtext andoutputsa string containingtoken-boundaries.If thesetoken
boundariesarejust newline symbols,asshown in Figure10.1,thentheoutputcan
bewrittenoutasa tokenizedfile, i.e. asafile with onetokenoneachline.

10.2.2 Using the tokenizeUtility

Input to tokenize

tokenizeis acommand-lineutility thattakesastringor file of runningtext asinput
and,usinga language-specificTOKENIZING TRANSDUCER, producesasoutputa
tokenizedtext, with one tokenper line. tokenize may appearin pipes,reading
from thestandardinput andwriting to thestandardoutput.Onlinedocumentation
is available,2 andthemostimportantoptionsarepresentedhere.

Printing a Help Message

To displaya tersesummaryof usageandoptions,enter

2See the link to tokenize from http://w ww.fs mbook .c om/ .
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(using a tokenizing transducer)

tokenize

"John", he said, "put down the gun".

"\nJohn\n"\n,\nhe\nsaid\n,\n"\nput\ndown\nthe\ngun\n"\n.

Figure10.1:Usinga TokenizingTransducerto MapaRunningText Stringinto
aTokenizedString.Thetokenboundaryhereis thenewline,shownas n. When
theoutputstringis written to a file, therewill beonetokenperline.

unix tokenize -h

Displaying the VersionNumber

To displaythetokenizeversionnumber, enter

unix tokenize -v

Invoking tokenize

In use,tokenize takesasits argumentthe pathnameof a binary file containinga
singletransducer. File-basedinput canbedirectedto theapplicationusingtheleft
anglebracket( ); andoutputcanbedirectedto afile usingtheright anglebracket
( ). If nooutputfile is specified,thentheoutputis displayedon thescreen.

unix tokenize binary_fst_file < input_file > output_file

Invoking tokenizein a Pipe

tokenizeusuallyoperatesin acommand-linepipe,followingthefollowingpattern,

... | tokenize tokenizing_f st | ...

where tokenizingfst is the nameof a file containinga pre-compiledtokenizing
transducer. Technicallyspeaking,tokenizealwaysreadsfrom the standardinput
andwritesto thestandardoutput.
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Examples

Assumingthatasuitablepre-compiledtokenizingtransduceris storedin thebinary
file MyLanguageTok. fst , anecho-edstringof wordscanbepipedto it, with
theoutputprintedby defaultto thescreen.

unix echo "This is a test." | tokenize MyLanguageTok.f st
This
is
a
test
.

Theinput to tokenizemayalsocomefrom a cat-edfile containinga runningtext.

unix cat corpus_file | tokenize MyLanguageTok.fst

tokenizeoutputmaybedirectedinto afile, whichwill haveonetokenoneachline,
or pipedto a subsequentprocesslike lookup, to beexplainedbelow. The lookup
utility is a perfectmatch,expectingits input to have onetokenperline.3

unix cat corpus_file | tokenize tokenizing_fst > \
tokenized_output_file

unix cat corpus_file | tokenize tokenizing_fst | \
lookup analyzer_fst | ...

At runtime, tokenize loadsthe indicatedtokenizingtransducerfrom file andap-
pliesit in anupward(analysis)directionto all theinput tokens.

10.2.3 Transducersfor Finite-StateTokenization

Tokenizingtransducersaredefinedusingxfst regularexpressionsandscripts,just
like any othertransducer, andthey allow you to incorporatelanguage-specificin-
formationaboutmulti-word expressions,dates,abbreviations,etc. If you aren’t
quitereadyto get into writing your own tokenizingtransducers,someof thesim-
plertokenizationsolutionsshown in Section7.2.2maybesufficientfor yourearlier
stagesof testing.

Althoughtokenizedoeshavesomeexperimentalprovisionsfor non-deterministic,
ambiguoustokenization,we assumeherethatall tokenizationis deterministicand
unambiguous.Thetransducerusedby tokenizemustthereforesatisfythefollow-
ing two requirements:

3Thebackslashesin theseexamplesindicateto theUnix-like operatingsystemthatthecommand
continueson thenext line. Thesecommandscouldalsobetypedon a singleline, in which caseno
backslashshouldbeused.
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1. Thelower side(heretheinput side)mustmatchtheuniversallanguage?* .
In otherwords,thelowersidemustacceptany inputstring.

2. The outputmustbe unambiguous.For eachinput string, theremustbe a
singletokenizedoutputstring.

Thefirst requirementis easilytestedby loadingthe transduceronto thexfst stack
andinvoking test lower-universal, whichwill return1 for trueand0 for false.

xfst[]: load MyLanguageTok. fst
xfst[]: test lower-universa l

Thesecondrequirement,that theoutputbeunambiguous,is not easilytestable.If
onefollowsthelinesof theexamplesgivenbelow, anunambiguoustransducerwill
beproduced.

Example1: Separateon Whitespaceand Punctuation

The following simplexfst script by AnneSchiller builds a tokenizingtransducer
for English that separateson whitespaceandpunctuation,andconsidersnumber
expressions,initials, andabbreviations,but doesnothandlemulti-wordtokenslike
to and fro. Note theuseof commentsandthehelpful echo statementsthatprint
messagesto thescreen,informingtheuserof theprogressof thecomputation.

# ======================================= =========== =======
# CONTENT: Sample Finite-State Tokenizer
# (no multi-words)
# AUTHOR: Anne Schiller
# CREATED: 12-Jun-1997
# UPDATED: 05-Sep-2001
# ======================================= =========== =======
# Usage: xfst -f [ThisFile]
# ======================================= =========== =======

clear stack

echo >>> define white space
define SP " ";
define TAB "\t";
define NL "\n";

define WS [SP|NL|TAB];

# ======================================= =========== =======
echo >>> define single character symbols
define SINGLE [ %" | %. | %, | %; | %: | %! | %?
| %( | %) | %[ | %] | % | %
];
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define PUNCT[ %. %. (%.) | %‘ %‘ | %’ %’ | %, %, ] ;

define Char \[ WS | SINGLE ] ;

# ========================================== =========== ====
echo >>> define SYMBOL
define SYMBOL[ SINGLE | PUNCT ] ;

echo >>> define WORD
define WORD [ Char ]+ ;

# ========================================== =========== ====
echo >>> list of abbreviations
define ABBR [
Mr. | Mrs. | Ms.

| etc. | e.g. | i.e.
| ltd. | Ltd. | inc. | Inc.
];

# ========================================== =========== ====
echo >>> regular abbreviations
define Letter [A|B|C|D|E|F|G|H|I|J|K|L|M|
N|O|P|Q|R|S|T|U|V|W|X|Y|Z
|a|b|c|d|e|f|g|h|i|j|k|l|m|
n|o|p|q|r|s|t|u|v|w|x|y|z
];

define INIT [ Letter %. ]+ ;

# ========================================== =========== ====
echo >>> numeric expressions
define Digit [ %0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9];
define NumOp[ %- | %+ | %* | %/ | %= | %: ];
define NumSep [ %. | %, ];

define NUM[ Digit | NumOp| NumSep]+ & $[Digit] ;

# ========================================== =========== ====
echo >>> define tokens
define Token [ WORD| SYMBOL| ABBR | INIT | NUM];

# ========================================== =========== ====
echo >>> longest match--insert a newline after each token
define TOK1 [ Token @-> ... NL ] ;

echo >>> map spaces to a newline
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define TOK2 [ [WS]+ @-> NL ];

# ======================================= =========== =======
echo >>> compose
read regex [TOK1 .o. TOK2 ];
invert net
save stack tok1.fst

Thefinal tokenizingtransducermustwork in anupward-orientedfashion,map-
ping from runningtext onthelowersideto tokenizedtext asshown in Figure10.1.
Notein thisscriptthatthetokenizingtransduceris first built upside-downandthen
inverted; this is becausethe longest-matchoperator, @->, doesnot yet have an
upward-orientedcounterpart.Thelongest-matchoperatoris crucialto ensurethat
theoutputis unambiguous.

Assumingthat the script is in file tok1.xfst , the following commandwill
runthescript,whichoutputstheresultingtransducerto thebinaryfile tok1.fst ,
andthenxfst will automaticallyexit backto theoperatingsystem.

unix xfst -f tok1.xfst
unix

With thetokenizingtransducercompiledandstoredin binaryfile tok1.fst ,
it canbeusedby thetokenizeutility asfollows,

unix echo "A New Yorker lives in New York." | \
tokenize tok1.fst

which will producetheoutput

A
New
Yorker
lives
in
New
York
.

Example2: NaiveHandling of Multi-W ord Tokens

Handlingmulti-word tokenscorrectlyis a challenge.Thefollowing scriptbegins
in thesamewayasthepreviousone(page533),up to thedefinitionof NUM, and
thenincludesa few multi-word tokensandhandlesthemin a naive andultimately
inadequateway.
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% same as Example 1 up to and including the following definition

define NUM[ Digit | NumOp| NumSep]+ & $[Digit] ;

# ========================================== =========== ====
echo >>> some multi-words
define MWE[
a priori | A priori | ad hoc | Ad hoc

| New York | Hong Kong | Tel Aviv | to and fro
];

# ========================================== =========== ====
echo >>> define tokens
define Token [ WORD| SYMBOL| ABBR | INIT | NUM| MWE];

# ========================================== =========== ====
echo >>> longest match

define TOK1 [ Token @-> ... NL ] ;

echo >>> remove spaces
define WS1 [WS]+ & $[NL] ;
define WS2 [TAB|SP]+ ;
define TOK2 [ WS1 @-> NL ] .o. [ WS2 @-> SP ];

# ========================================== =========== ====
echo >>> compose
read regex [TOK1 .o. TOK2 ];
invert net
save stack tok2.fst

Assumingthatthescriptis in file tok2.xfst , it canberunwith thecommand

unix xfst -f tok2.xfst

andtheresultingtransduceris storedin thebinaryfile tok2.fst . It canthenbe
usedby thetokenizeutility to producethefollowing output.

unix echo "A New Yorker comes from New York." | \
tokenize tok2.fst
A
New York
er
comes
from
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New York
.

Theobviousproblemwith this script is thatmulti-word tokenslike New York are
recognizedevenwhenthey arejust partof a longeralphabeticstring,suchasNew
Yorker. This leadsto theundesirabletokenizationshown.

Example3: Better Handling of Multi-W ord Tokens

Thefollowing xfst script illustratesa betterhandlingof multi-word tokens.It be-
ginsby insertedspecialbracketsaroundmaximally long multi-word expressions,
but only if theexpressionboundariescorrespondto normalwordboundaries.4 This
script, tok3.xfst , is thesameasthefirst script (page533)up to thedefinition
of NUM.

% same as Example 1 up to and including the following definition

define NUM[ Digit | NumOp | NumSep]+ & $[Digit] ;

# ======================================= =========== =======
echo >>> some multi-words
define MWE[
a priori | A priori | ad hoc | Ad hoc

| New York | Hong Kong | Tel Aviv | to and fro
];

# marker for multi-words:
define M1 "<<" ;
define M2 ">>" ;

define MWE1[M1 MWEM2];

# ======================================= =========== =======
echo >>> define tokens
define Token [ WORD| SYMBOL| ABBR | INIT | NUM| MWE1];

# ======================================= =========== =======
echo >>> longest match

define Bound [ SINGLE | WS | .#. ] ;

define TOK1 [

4Theauxiliaryspecialbracketsaroundmultiwordexpressionsaredeletedwhenthey arenolonger
needed.Justdeletingthem,however, is not enough.If theauxiliary bracketsremainin thesigma
alphabet,the input side of the resultingtransduceris not the universallanguage. To restorethis
importantproperty, weneedto explicitly “absorb”theauxiliarysymbolsinto theunknownalphabet.
This is theeffect of thetwo substitutecommandsneartheendof thescript.
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MWE@-> M1 ... M2 || Bound _ Bound
.o. Token @-> ... NL
.o. [M1|M2] -> 0
];

# ========================================== =========== ====
echo >>> normalize space
define TOK0 [ WS+ @-> SP ];

echo >>> remove spaces
define WS1 [WS]+ & $[NL] ;
define TOK2 [ WS1 @-> NL ] ;

# ========================================== =========== ====
echo >>> compose
read regex [TOK0 .o. TOK1 .o. TOK2 ];

# absorb the special brackets into the unknown alphabet
substitute symbol ? for "<<"
substitute symbol ? for ">>"

invert net
save stack tok3.fst

With thetokenizingtransducercompiledandsavedin tok3.fst , theoutput
is now

unix echo "A New Yorker comes from New York." | \
tokenize tok3.fst
A
New
Yorker
comes
from
New York
.

avoiding thebreakupof Yorker. Of course,New Yorker andmany otherexamples
couldnow beaddedto thelist of multi-word tokens.

What countsas adequatetokenizationcan vary widely, from the simple tr -
basedsolutionsshown in Section7.2.2to transducersmuchmorecomplicatedthan
we have shown above.5 Developersshouldbeawarethat tokenizingtransducers,
especiallythosethatincorporatelotsof multi-word tokens,can“blow up” in size.

5See(Karttunenet al., 1996)for somemoresophisticatedexamples.
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10.3 The lookup Utility

10.3.1 Intr oduction to lookup

The lookup utility is a runtimeprogram,invokedfrom thecommandline, thatap-
plies a pre-compiledtransduceror transducersto look up words. lookup canbe
usedin conjunctionwith otherprogramsto build prototypeapplications.Theinput
to lookup is typically pipedto it from a tokenizer, andtheoutputis, in turn, typi-
cally pipedto a subsequentprogramsuchasa disambiguatoror syntacticparser.

10.3.2 Input to lookup

The lookup utility takesasinputa tokenizedfile, i.e. a file thathasonetokenper
line. As shown in Section7.2.2,suchatokenizedfile canbeproducedby standard
command-lineutilities suchas tr andby languagessuchasPerl. The tokenize
utility, usedin thestandardway, outputsa tokenizedfile; sotheoutputof tokenize
canbepipeddirectly to theinputof lookup.

unix cat input | tokenize options | lookup options | ...

10.3.3 Documentation

Documentationfor lookup canbe foundonline,6 andthemostimportantoptions
arepresentedhere. A summaryof usageandcommand-lineoptionsis displayed
whenyou enter

unix lookup -h

To displaytheversionnumber, enter

unix lookup -v

10.3.4 lookup with a SingleFST

To uselookup with a singletransducer, pre-compiledandstoredin a binaryfile,
simply indicatethebinaryfilenameastheargumentto lookup.

... | lookup binary_fst_fil e | ...

At runtime, lookup loadsthe transducerfrom the indicatedfile andappliesit in
anupward(analysis)directionto theinput tokens.Examplesof theuseof lookup
with asingletransducerhavealreadybeenshown in Section7.2.2.

6http://www.fsmbook.com/
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10.3.5 Lookup StrategyScripts

Specifyinga lookup StrategyScript

Insteadof using a single transducer, the lookup utility can be controlledby a
LOOKUP STRATEGY SCRIPT, storedasaplaintext file, thatrefersto multipletrans-
ducersandspecifiesa lookup strategy. The nameof the lookup script is written
afterthe-f flag.

... | lookup -f lookup_script_ fil e | ...

Lookup Scripts and Virtual Composition

Theformat of a lookup script is simpleandsomewhat idiosyncratic.Eachscript
startswith avariable-declarationsectionwhereineachlineassociatesauser-chosen
variablenamewith thepathnameof a binaryfile. The user-chosennameandthe
nameof the file areseparatedby whitespace.Eachbinary file shouldcontaina
singlepre-compilednetwork.

user_chosen_nam e binary_filen ame

Any numberof variablescanbedefined,e.g.

deaccent allow-deaccent uat ion. fst
normalize allow-allcaps. fst
analyzer /opt/lexicons/ myl angu age. fst

Thereshouldbeno blanklinesin this declarationsection,andtheorderof defini-
tion is not significant.

After the declarationsection,separatedby a blank line, comesthe lookup-
strategy section,which maycontainoneor morelookupstrategies,which areei-
ther single transducersor virtual compositionsof transducersto be simulatedat
runtime.Thevirtual compositionsarenotatedin termsof thedefinedvariables.

Thecompletelookupscriptin Figure10.2definesthreevariablesandindicates
that the input tokensareto be lookedup usinga virtual compositionof the three
networks. In moredetail,encoding in the script is intendedto denotea trans-
ducerthat maps,in anupwarddirection,from stringsrepresentedin encodingX
to equivalentstringsin encodingY; it might, for example,beusedto mapfrom a
proprietaryMicrosoft encodingto a standardISO8859encoding.deaccent is
intendedto denotea transducerthat allows deaccentedwordsto be mappedup-
wardto properlyaccentedwords;andanalyzer is intendedto denotea normal
morphologicalanalyzer. Thelookupstrategy indicatesthat inputwordsshouldbe
lookedup in asimulatedcompositionequivalentto

[analyzer .o. deaccent .o. encoding]
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encoding encodingX2encod ing Y.fs t
deaccent allow-deaccent. fst
analyzer mylanguage.fst

encoding deaccent analyzer

Figure 10.2: A SimpleLookup-Strategy Script. The first part of the file as-
sociatesuser-selectedvariablenameswith namesof binaryfiles. encoding
hereis intendedto denotea transducerthatmaps,in anupwarddirection,from
stringsrepresentedin encodingX to equivalentstringsin encodingY. deac-
cent is intendedto denotea transducerthat allows deaccentedwordsto be
mappedto properlyaccentedwords; andanalyzer is intendedto denotea
normalmorphologicalanalyzer. Thelookupstrategy indicatesthatinputwords
shouldbe looked up in a simulatedcompositionequivalent to [analyzer
.o. deaccent .o. encoding] .

Notetheway thatvirtual compositionis notatedin thescript,

encoding deaccent analyzer

which is intendedto indicatea kind of left-to-right pipedprocessingof an input
token,first throughthe encoding transducer, thenthroughdeaccent , andfi-
nally throughanalyzer . In eachcase,the transduceris appliedin an upward
(analysis)directionon its input.

Thecompositionof thethreetransducersis simulatedin theruntimecode;the
realcomputationmightbevery time-consumingor resultin anetworkthatis huge
or eventoo largeto computeon your machine.The lookup utility, usinglookup-
strategy scripts,canthereforehelpto keepyourtransducersfrom explodingin size.

Lookup Strategy

Lookup-strategy scriptscanindicatemultiple strategies,which aretried one-at-a-
time in thespecifiedtop-to-bottomorder. For example,thelookup-strategy script
in Figure10.3setsthreevariablesanddefinesthreelookupstrategies. The script
indicatesthatinputwordsarefirst to belookedupin analyzer alone.If andonly
if that fails, then lookup is performedusinga simulationof [analyzer .o.
allcap] . If andonly if thatfails, thenlookupis performedusingasimulationof
[analyzer .o. allcap .o. deaccent] .
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deaccent allow-deaccent .fs t
allcap allcap.fst
analyzer mylanguage.fst

analyzer
allcap analyzer
deaccent allcap analyzer

Figure 10.3: A Typical Lookup Strategy Script. Here input wordsare first
lookedup usinganalyzer alone,second,if that fails, usinga simulationof
[analyzer .o. allcap] andthird, if that fails, usinga simulationof
[analyzer .o. allcap .o. deaccent] .

10.3.6 Output of lookup

Theoutputof lookup is ratheridiosyncraticandmakescertaindefaultassumptions
thatmay not besuitablefor your application.Flagsareavailableto overridethe
defaultsandcustomizetheoutputfor yourneeds.

Thetransducersandsimulatedcompositionsof transducersusedin lookup of-
ten producemultiple outputsfor input tokens,reflectingthe ambiguityof the to-
kens.Theoutputof lookup containsoneline for eachsolution,with a blankline
terminatingeachsetof solutionsfor oneinput token.

input_token1 TAB baseform1_1 TAB tags1_1
input_token1 TAB baseform1_2 TAB tags1_2
...
input_token1 TAB baseform1_n TAB tags1_n
<blank line>
input_token2 TAB baseform2_1 TAB tags2_1
input_token2 TAB baseform2_2 TAB tags2_2
...
input_token2 TAB baseform2_n TAB tags2_n
<blank line>
...

Eachdefaultoutputline,asshownhere,containsthreecolumns:input-token,base-
form andtags,with tabsseparatingthecolumns.Thedefaultsandflagsfor chang-
ing theoutputsarebestexplainedwith concreteexamples.

Let usassumethatthetokenizedinputfile is calledtokenized-inp ut and
containsthefollowing threewords.

table
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the
bills

Let usalsoassumethata morphologicalanalyzerfor Englishis containedin a file
calledEnglish , andthattheoutputis simplydisplayedon thescreen.Thebasic
call is thenthis:

unix cat tokenized-inp ut | lookup English

At runtime,lookup will load the indicatedtransducerfrom file, useit to analyze
theinputwords,andthendisplaytheresults.

By default,lookup echoestheinputwordin thefirst column,andseparatesthe
solutionstringinto a baseform,printedin thesecondcolumn,andthetags,printed
in thethird column.Thecolumnsareseparated,by default,with tabs.

table table +Noun+Sg
table table +Verb+Pres+Non 3sg

the the +Det+Def+SP

bills bill +Noun+Pl
bills bill +Verb+Pres+3sg

To split up the analysisstringsinto baseform(column 2) and tags(column 3),
lookup makestheassumption,perhapsinappropriatefor yourmorphologicalana-
lyzer, thateachanalysisstringbeginswith thebaseformandthatall thetagsbegin
with a plussign(+) or circumflex (ˆ). Theseparationis madeat thefirst plussign
or circumflex.

If aninput tokenlike ciper is not found,thedefaultoutputis

ciper ciper +?

with +? in thethird column.
To suppresstheechoingof theinputword in thefirst column,specify-flags

x after lookup . E.g. thecommand

unix cat tokenized-inp ut | lookup -flags x English

producestheoutput

table +Noun+Sg
table +Verb+Pres+Non 3sg

the +Det+Def+SP

bill +Noun+Pl
bill +Verb+Pres+3sg
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Thethreecolumnsareseparated,by default,with tabs.Theseparatorbetween
thefirst andsecondcolumnscanbeexplicitly resetto whatever by specifyingthe
flagLwhateverL. E.g. to resetthefirst separatorto a colon,thecommand

unix cat tokenized-in put | lookup -flags L:L English

producesthefollowing output.

table:table +Noun+Sg
table:table +Verb+Pres+Non 3sg

the:the +Det+Def+SP

bills:bill +Noun+Pl
bills:bill +Verb+Pres+3sg

The secondseparatorcanberesetto whatever by placingit betweenTs asin
TwhateverT. E.g. to setthesecondseparatorto theemptystring,

unix cat tokenized-in put | lookup -flags TT English

producesthefollowing output,with theanalysisstringskeptintact.

table table+Noun+Sg
table table+Verb+Pre s+Non3sg

the the+Det+Def+SP

bills bill+Noun+Pl
bills bill+Verb+Pres +3sg

Flagscanbe combined. To set the first separatorto a colon andthe second
separatorto theemptystring,

unix cat tokenized-in put | lookup -flags L:LTT English

producesthefollowing output.

table:table+Nou n+Sg
table:table+Ver b+Pr es+ Non3sg

the:the+Det+Def +SP

bills:bill+Noun +Pl
bills:bill+Verb +Pre s+3 sg
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To outputjust thesolutionstrings,with nocolumnseparatorsatall,

unix cat tokenized-inp ut | lookup -flags xLLTT English

producesthefollowing output.

table+Noun+S g
table+Verb+P res+ Non3sg

the+Det+Def+ SP

bill+Noun+Pl
bill+Verb+Pr es+3 sg

The lookup command-lineinterfacewasnever intendedasa polishedor com-
merciallyviabletool; its assumptionsandidiosyncrasiesmatchedtheneedsof the
original programmers.Usethe TT flag if your analysisstringsdo not follow the
defaultconventionsexpectedby lookup. In particular, useTT if

1. Your tagsdonot alwaysbegin with a plussignor circumflex

2. Youranalysisstringsincludeprefixesand/ortagsthatappearbeforethebase-
form, or

3. You have any otherreasonto divideup analysisstringsdifferentlyfrom the
default.

If you needto divide up analysisstringsdifferently, usetheTT flag andpipe the
outputof lookup to yourscript, written in Perl or your favorite language,to do
whatever you needto do beforepiping the output to the subsequentprocessing
step.

unix cat tokenized-input | lookup -flags TT English | yourscript | ...

10.3.7 Multicharacter Symbolsand lookup

The lookup utility wasbuilt for speed,andthehandlingof multicharactersymbols
is relatively expensive.By default,therefore,lookup assumesthattheinputstrings
are normal alphabeticwords that do not containmulticharactersymbols,and it
furtherassumesthatit is safeto outputtheresultsasstringsof individualalphabetic
characters,without worrying aboutwhetherany of thestringsof charactersbeing
outputarereallymulticharactersymbols.Theseassumptionsarenotappropriatein
somecases.

If your input stringsdo containsequencesthatshouldbetreatedasmultichar-
actersymbols,thenyou shouldspecify the flag ml . The flag ml specifiesthat
a parsetable,capableof processingmulticharactersymbolspresenton the lower
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sideof thetransducer, shouldbecreatedandusedto tokenizeeachinputword into
symbols.7

unix cat input | tokenize tok.fst | \
lookup -flags ml binary_fst_file | ...

If it is importantfor multicharactersymbolsto behandledproperlyon theoutput
or upperside,thenyou shouldspecifytheflag mu. This tagmight beappropriate
if theinput wordsthemselvescontainno multicharactersymbols,but theuserhas
specifieda lookup-strategy scriptwhereinvirtually composednetworksexpectto
“pass”stringscontainingmulticharactersymbolsamongthemselves.

unix cat input | tokenize tok.fst | \
lookup -flags mu -f lookup_strategy_script | ...

For example,if theuserhasspecifiedthelookupstrategy

lowfst midfst highfst

andthelowfst hasmulticharactersymbolsonits upperside,andthosemulticharac-
tersymbolsarealsopresentonthelowersideof midfst,thentheflagmuis needed.

Finally, thembflag tells lookup alwaysto handlemulticharactersymbolscor-
rectlyonbothsides.

unix cat input | tokenize tok.fst | \
lookup -flags mb -f lookup_strategy_script | ...

Thustheflag mb is alwaysthesafestoption,but it carriesanunnecessaryperfor-
mancepenaltyif justml , mu, or noflagatall is sufficient.

Thevariousmflagscanbecombinedwith otherflags,e.g.

unix cat input | tokenize tok.fst | \
lookup -flags mbL:LTT -f lookup_strategy_script | ...

10.4 Usingxfst in Batch Mode

Bulk datacanalsobe processedby runningxfst in batchmode. If the file my-
Input containstokenizedwords,andthefile myLex containsa transducer, then
thefollowing commandwill look upall thewordsandoutputtheresultsto thefile
myOutput .

unix xfst -q -e "load myLex" -e "apply up < myInput" -stop > myOutput

7Themi flag specifiesequivalentlythat a parsetablebe createdfor the input side,which is the
sameasthelower sidewhenusinglookup.
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10.5 Transducersfor Mor phologicalAnalysis

10.5.1 Monolithic Lexical Transducers

Until now we have generallyassumedthatmorphologicalanalysisshouldbeper-
formedby a singlemonolithic transducer, a LEXICAL TRANSDUCER, that incor-
poratesthe lexicon, morphotactics,filters andmorphophonologicalalternations.
Sucha lexical transduceris constructedby compile-timecompositionof various
componenttransducers,definedusinglexc, xfst andperhapstwolc. While mono-
lithic lexical transducersaremaximallyefficient, in somecasesthey maybecome
too largeto bepracticalor eventoo largeto computeat all on your machine.The
timenecessaryto compilealexical transducermayalsobeunjustifiable,especially
if the result is temporaryor usedto processonly a small amountof input. The
lookup utility, with its compositionssimulatedat runtime, is a solutionto these
problems.

The otherproblemwith a lexical transduceris that it necessarilyencodesa
singlerelation;in morphologyapplicationsthis is typically a mappingbetweena
languageof properlyspelledwords(accordingto a standardorthography)anda
languageof analysisstrings. In many applications,it maybenecessaryor useful
to analyzeinput tokensvia a sequenceof relations,trying first to analyzetheword
strictly, andthenif that fails, resortingto increasinglymodifiedandrelaxed rela-
tionsthathandleaccidentsor mistakesin capitalization,accentuation,spelling,etc.
The lookup utility, with its ability to performauser-specifiedsequenceof analysis
strategies,wasdesignedfor suchapplications.Wewill proceedwith apresentation
of variousauxiliary transducersthat can be usedin morphologicalanalysisand
relatedapplications.

10.5.2 Normalizers

Initial-Capitalization Normalization

Normalizationof wordsis thegeneralprocessof mappingaccidentalspellingvari-
ationsto yield normalizedformsfor analysis.Themostcommonlyneedednormal-
izationsin natural-languageprocessingarethosethat handleinitial capitalization
(upper-casing)andwhole-wordcapitalization.For example,theinitial capitaliza-
tion of “ It ” in the sentence“ It is a dog. ” is accidental,reflectingtheEn-
glish orthographicalconventionof capitalizingthefirst letterof thefirst word in a
sentence.Oneway or another, “ It ” needsto benormalizedto “ it ” for lookup.
The all-capsspelling“HUGE” in “ It was a HUGEcockroach! ” needsto
bereducedsimilarly.

Handlingaccidentalinitial capitalizationin a finite-statesystemis easy. Con-
siderthefollowing rule:

xfst[]: define initcap a (->) A, b (->) B, c (->) C,
d (->) D, e (->) E, f (->) F, g (->) G, h (->) H, i (->) I,
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j (->) J, k (->) K, l (->) L, m (->) M, n (->) N, o (->) O,
p (->) P, q (->) Q, r (->) R, s (->) S, t (->) T, u (->) U,
v (->) V, w (->) W, x (->) X, y (->) Y, z (->) Z || .#. _ ;

This rulestatesthatupper-sidea canoptionallybewrittenaslower-sideA, upper-
side b can optionally be written as lower-side B, etc. when it appearsas the
first symbol in a word. If we have a networkthat recognizesthe words“dog ”,
“cat ”, and“mouse”, andwe composethe initcap transducerunderneathit, the
resultingtransducerwill recognizethe original wordsand, in addition,will ana-
lyze “Mouse” as“mouse”, “Dog” as“dog ” and“Cat ” as“cat ”. This canbe
demonstratedeasilyin xfst.

xfst[ n]: clear stack
xfst[0]: define mylang dog | cat | mouse ;
10 states, 11 arcs, 3 paths.
xfst[0]: print words mylang
dog
cat
mouse
xfst[0]: push initcap
xfst[1]: apply down dog
dog
Dog
xfst[1]: clear stack
xfst[0]: define mylanginitcap mylang .o. initcap ;
10 states, 14 arcs, 6 paths.
xfst[0]: print words mylanginitcap
mouse
<m:M>ouse
dog
<d:D>og
cat
<c:C>at
xfst[0]: push mylanginitcap
xfst[1]: apply up Cat
cat
xfst[1]: apply up cat
cat

Accidentalinitial capitalizationis thuseasilyhandled,and the compile-time
compositionof thenormalizingtransduceron thebottomof a morphologicalana-
lyzeraddsonly asmallnumber(26or so,dependingonthenumberof lettersin the
alphabet)additionalarcsat thestartof thenetwork.This is only a tiny overheadin
a typical morphological-analyzernetwork,which maycontainshundredsof thou-
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sandsof arcs.In this trivial case,only threearcsareadded.Initial capitalizationis
almostalwaysbesthandledvia compile-timecomposition.

All-Capitalization Normalization

The moredifficult problemis all-capsnormalization,recognizing“CAT”, for ex-
ample,asa form of “cat ”. In all-capsexamples,the usualconventionis that a
particularlettercanbecapitalizedonly if all thelettersin thewordarecapitalized
at thesametime. Thetransducerfor suchall-capsnormalizationis easilydefined,
e.g.

xfst[]: define upper [A|B|C|D|E|F|G|H|I|J|K|L|
M|N|O|P|Q|R|S|T|U|V|W|X|Y|Z] ;
xfst[]: define allcaps a (->) A, b (->) B, c (->) C,
d (->) D, e (->) E, f (->) F, g (->) G, h (->) H, i (->) I,
j (->) J, k (->) K, l (->) L, m (->) M, n (->) N, o (->) O,
p (->) P, q (->) Q, r (->) R, s (->) S, t (->) T, u (->) U,
v (->) V, w (->) W, x (->) X, y (->) Y, z (->) Z
\/ .#. upper* _ upper* .#. ;

This rule statesthatany letter in theword canbeaccidentallycapitalized,aslong
asall theotherletterson the surfaceareupper-caseaswell; the \ / rule operator,
introducedin Section3.5.5,matchesboththeleft andright contexts on theoutput
sideof therelation,whichin aright-arrow ruleis thelowerside.Wheretheoriginal
networkaccepts“dog ”, compositionof allcapson the lower sidewill resultin a
transducerthat alsoaccepts“DOG” asa form of “dog ”, but not “Dog”, “dOg”,
“doG” or any otherstringthatis not all-caps.This is easilydemonstratedin xfst:

xfst[ n]: clear stack
xfst[0]: define mylang dog | cat | mouse ;
10 states, 11 arcs, 3 paths.
xfst[0]: push allcaps
xfst[1]: apply down dog
DOG
dog
xfst[1]: clear stack
xfst[0]: define mylangallcaps mylang .o. allcaps ;
18 states, 22 arcs, 6 paths.
xfst[0]: push mylangallcaps
xfst[1]: up dog
dog
xfst[1]: up DOG
dog
xfst[1]: up dOg
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Unfortunately, thecompositionof allcapsonthelowersideof thelexicon typi-
cally resultsin averysignificantincreasein thesizeof theresultingnetwork.Even
in this trivial example,the numberof statesjumpsfrom 10 to 18, andthe num-
ber of arcsfrom 11 to 22. In full-sized systems,the “explosion” may grow too
largeto bepractical.To avoid thisexplosion,causedby composingallcapsatcom-
pile time, the compositioncanbe simulatedat runtimeusing the lookup utility.
Assumingthatthemorphologicalanalyzer, with normalizationof initial capitaliza-
tion alreadycomposedin, hasbeenstoredin the file analyzer.fst , andthat
theall-capsnormalizeris storedin allcaps.fst , thenthe lookup strategy file
would look asfollows:

analyzer analyzer.fst
allcaps allcaps.fst

allcaps analyzer

Usingthis lookupstrategy, lookup will look up eachinput tokenusingthesimu-
latedcomposition[ analyzer .o. allcaps ] .

EncodingNormalization

For someorthographiesthereexist anumberof file encodingsin currentuse;Ara-
bic encodings,for example,including Unicode,ISO8859-6,MS 1256,andeven
somestrict Roman-alphabettransliterationsthatcanbeconvertedunambiguously
into Unicode.AssumingthatonecreatesastandardArabicmorphologicalanalyzer
arabic.fst thathasUnicodestringson the lower side,theaccommodationof
the othercompatibleencodingscanbe performedby creatingfairly trivial trans-
ducersthatmapupwardfrom thetargetencodingto Unicode,e.g.iso2unicode.fst,
ms2unicode.fst,etc.

As with initial capitalization,anencodingtransducercanusuallybecomposed
onthebottomof thestandardArabicmorphologicalanalyzeratcompiletimewith-
outany significantincreasein size,but if thereareahalf dozenalternateencodings
to dealwith, thestorageof ahalf dozenfull-sizedpre-compiledtransducersmight
be inconvenient. By keepingthe standardArabic transducerand the encoding-
mappingtransducersseparate,andby usinga setof appropriatelookup-strategy
scripts,thesamecoretransducercanbeusedto handleincomingtext in a variety
of differentbut compatibleencodings.A representative lookup-strategy script,for
handlingtheMS 1256encoding,might look like this:

analyzer Arabic.fst
ms ms2unicode.fst

ms analyzer
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10.5.3 Relaxation

Relaxationof AccentuationRules

Someorthographies,like thosefor SpanishandPortuguese,useaccentedletters
like á, é, ı́, ó, ú, ü and ñ, but in somecontexts and kinds of text, the accents
areoftenmissing.Evenin correctlyspelledSpanish,upper-caseaccentedvowels
mayrespectablylosetheir accents(althoughÑ is never properlyreducedto N). In
informal text, suchasemail,evenlower-casevowelsandtheñ areoftenreducedto
their unaccentedcounterparts.

The first (orthographicallyrespectable)deaccentuationof uppercasevowels
canbecontrolledby thefollowing rule:

xfst[ n]: clear stack
xfst[0]: define upperdeaccent Á (->) A, É (->) E, Í (->) I,
Ó (->) O, Ú (->) U, Ü (->) U ;
xfst[0]: push upperdeaccent
xfst[1]: save stack upperdeaccent.fst

Thesecond(sloppy)deaccentuationcanbecontrolledby asimilar rule.

xfst[ n]: clear stack
xfst[0]: define sloppydeaccent Á (->) A, É (->) E, Í (->) I,
Ó (->) O, Ú (->) U , Ü (->) U, Ñ (->) N, á (->) a, é (->) e,
ı́ (->) i, ó (->) o, ú (->) u, ü (->) u, ñ (->) n ;
xfst[0]: push sloppydeaccent
xfst[1]: save stack sloppydeaccent.fst

Assumethatthetransducerthathandlesfully accentedSpanishwordsis stored
in Spanish.fst . A lookupstrategy thatfirst triesto look up a word in Span-
ish.fst , andthenresorts,if necessary, to allowing upper-casedeaccentuation,
andthensloppydeaccentuation,is thefollowing:

analyzer Spanish.fst
upperdeaccen t upperdeaccent. fst
sloppydeacce nt sloppydeaccent .fst

analyzer
upperdeaccen t analyzer
sloppydeacce nt analyzer

GeneralRelaxationof SpellingRules

In somelanguages,even educatedusersmay producecertainkinds of spelling
errorssooftenthata robustnatural-languageprocessingsystemmustbewrittento
handlethem.In Arabicorthography, for example,theofficial rulesfor spellingthe
glottal-stopsoundaresocomplicatedthatfew peoplefully masterthem.
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This doesnot mean,however, thatmisspellingsshouldbebuilt into yourbasic
dictionariesandrules. It is almostalwaysbestto write your coremorphological
analyzerto acceptonly formally correctspellings,sothatit canbeusedasa basis
for strict spellingcheckingandspellingcorrection(seeSection10.6). But using
the lookup utility andappropriatespelling-relaxationtransducers,similar to the
accent-relaxationexamplesabove, the coremorphologicalanalyzercan also be
usedto analyzecharacteristicmisspellings.

10.5.4 Guessers

Guessersvs. Normal Morphological Analyzers

Assumingthat the morphotacticsandmorphophonologyhave beencorrectlyde-
scribed,anormalfinite-statemorphologicalanalyzerwill still notrecognizeaword
unlessits stemis includedin the lexc lexicon. As it maytakeseveralperson-years
of work to build up a lexicon with the tensof thousandsof stemsnecessaryfor
broadcoverageof realtext, it is oftenusefulto definea GUESSER versionof your
analyzer. Unlikeanormalmorphologicalanalyzer, whereinthesetof knownstems
is explicitly enumerated,a guesseris designedto analyzewords that arebased
on any PHONOLOGICALLY POSSIBLE STEM. The setof phonologicallypossible
stemsis definable,moreor lessprecisely, usingregular expressionsandscripts.
Guesserscanbe usedasa generalbackupwhennormalmorphologicalanalysis
fails, andthey canbevery usefulfor suggestingnew stemsthatneedto beadded
to thelexicon.

A GUESSER is a variant of a morphologicalanalyzerthat containsall
phonologicallypossiblestems.

Constructing a SimpleMorphological Guesser

Guessersmaybedefinedandusedin variousways;this sectiondescribesa fairly
straightforwardapproachto building a guesserthat couldbe usedin conjunction
with the lookup utility. Thebasicideaof a guesseris thatyou substitute(or aug-
ment)thelexicon (or lexicons)of enumeratedstemswith a lexicon of phonologi-
cally possiblestems,usuallydefinedseparatelyin a regularexpressionor script.

In a typical morphotacticdescription,your lexc file containsscoresor even
hundredsof LEXICONs, but only a very few representopenclasses,like noun
stems,verbstems,etc.asin Figure10.4.In suchtraditionallexiconsyoumanually
enumerateasmany real,attestedstemsof thelanguageasyour timeandresources
permit.Theresultinganalyzerfindssolutionsonly for wordsthatarebasedon the
enumeratedstems.

Thestandardmorphologicalanalyzerandtheguessershouldsharea common
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LEXICON NounStems
rana CNN ;
vo CCN ;
zimaba CCN ;
...

LEXICON VerbStems
dami CCV ;
wojo CCV ;
pi CCV ;
...

Figure10.4:A NormalLexicon for MorphologyContainsanExplicit Enumer-
ationof Stemsfor OpenClasseslike NounStemsandVerbStems

LEXICON NounStems
ˆGUESSNOUNSTEM CCN ; ! add a dummy entry
rana CNN ;
vo CCN ;
zimaba CCN ;
...

LEXICON VerbStems
ˆGUESSVERBSTEM CCV ; ! add a dummy entry
dami CCV ;
wojo CCV ;
pi CCV ;
...

Figure10.5: In the lexcLexicon,Add DummyEntriesin EachOpenClass
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LEXICON NounStems
ˆGUESSNOUNSTEMCCN1 ; ! dummy entry for CCN1
ˆGUESSNOUNSTEMCCN2 ; ! dummy entry for CCN2
rana CNN1 ;
vo CCN1 ;
zimaba CCN2 ;
...

LEXICON VerbStems
ˆGUESSVERBSTEM CCV1 ; ! dummy entry for CCV1
ˆGUESSVERBSTEM CCV2 ; ! dummy entry for CCV2
dami CCV1 ;
wojo CCV2 ;
pi CCV2 ;
...

Figure10.6:Add aDummyEntry for SubclassHaving a DistinctContinuation

lexc file. One way to start is to inserta dummy entry in eachopenclassas in
Figure10.5,whereˆGUESSNOUNSTEMandˆGUESSVERBSTEMaredefined
asmulticharactersymbols. If you have multiple continuationclassesfor nouns,
e.g. CCN1,CCN2,etc.,thenyou probablywantto adda GUESSentry for each,
asin Figure10.6.

Now compileyour lexcgrammarin theusualway. It will bejustasbefore,but
it will now alsoincludethesepseudo-stemsthat look like ˆGUESSNOUNSTEM
andˆGUESSVERBSTEM, expandedout with all possibleprefixesandsuffixes.
Beforecomposingonany filtersor rules,definethesetof phonologicallypossible
lexical stems.It is usuallymostconvenientto dothis in xfst regularexpressionsor
scripts.Thecrudestmodelis simplysigma-plus,i.e. somethinglike

xfst[ n]: clear stack
xfst[0]: define guessstems [a|b|c|d|e|f|g |h| i|j|
k|l|m|n|o|p|q|r |s|t |u| v|w| x|y| z]+ %+Guess:0 ;
xfst[0]: push guessstems
xfst[1]: save stack possible-stem s.fs t

modifyingthealphabetasnecessaryto reflectthealphabetof theunderlyingstems
in your particularlanguage.Insteadof just sigma-plus,onecoulduseaniteration
operatorsomethinglike ˆ 3,8 , which would specify that guessedstemsmust
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have threeto eightcharacters.

xfst[0]: define guessstems [a|b|c|d|e|f|g |h|i |j|
k|l|m|n|o|p| q|r| s|t |u|v |w|x |y| z]ˆ 3, 8 %+Guess:0 ;

A moresophisticatedmodelingof possiblestemswill be shown below. Note in
this examplethateachguessedstemhasthetag+Guess on theupperside.Then,
assumingthat the networkfrom your lexc grammaris storedin file lexc.fst ,
continuewith

xfst[1]: clear stack
xfst[0]: load stack lexc.fst
xfst[1]: substitute defined guessstems for %ˆGUESSNOUNSTEM
xfst[1]: substitute defined guessstems for %ˆGUESSVERBSTEM
xfst[1]: define AllInclusive

Thenapplyall theusualfilters andrulesof themorphologicalanalyzer. This
shouldleave you with an AllInclusive FST that containsall your enumeratedat-
testedstemsplus all possibleguessedstems,with eachguessedstemhaving a
+Guess tag on the top. Now separateout the FST with the realstemsfrom the
FSTwith theguessesusingfinite-statefilters (seeSection6.3.2).

xfst[1]: clear stack
xfst[0]: read regex ˜$[%+Guess] .o. AllInclusive ;
xfst[1]: save stack MyLanguage.fs t

xfst[1]: clear stack
xfst[0]: read regex $[%+Guess] .o. AllInclusive ;
xfst[1]: save stack MyLanguage-gu esse r.f st

TheresultingMyLanguage.fs t shouldbeexactly like youroriginalmorpholo-
gical-analyzerFST, andthenew guesserwill bestoredin MyLanguage-gues ser .fst .
Thebasicideais to try to lookupeachinputwordfirst in MyLanguage.fs t , and
then,if andonly if that fails, in MyLanguage-g uess er.f st . Thatcanbeac-
complishedusingthesimplelookup scriptshown in Figure10.7.

A Better Definition of PossibleStems

You shouldtry to definethe notion of phonologicallypossiblestemastightly as
possible.To improveonthesimplesigma-plussolutionshownabove,letusassume
thatwe know somefactsof thephonologyandwantto modelthem.For now, let’s
assumethat our languagehasstemsthat are alwaysof the form CV, CVCV or
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analyzer MyLanguage.fst
guesser MyLanguage-gue sse r.fs t

analyzer
guesser

Figure10.7: A Simple lookup Script that Incorporatesa Guesser. The vari-
ableanalyzer is associatedwith thenetworkin thefile MyLanguage.f st ;
andthe variableguesser is associatedwith the networkin MyLanguage-
guesser.fst . The minimal lookup strategy is first to try looking up each
wordin analyzer . If thatfails, thentry to look upthewordusingguesser .

CVCVCV. Thefollowing xfst scriptdefinesguessstems appropriately.

xfst[ n]: clear stack
xfst[0]: define Cons [b|c|d|f|g|h |j|k |l|
m|n|p|q|r|s|t|v |w|x |y| z] ;
xfst[0]: define Vowel [a|e|i|o|u] ;
xfst[0]: define Syllable Cons Vowel ;
xfst[0]: define guessstems Syllableˆ 1,3 ;

Theremay be consonantclustersto consider(the allowableclustersareusually
very limited), restrictedsetsof consonantsthatcanbegin or enda stem,CVC syl-
lables,longvowels,tones,etc.dependingonyourlanguageandontheconventions
youusein yournormallexcfile for notatingstems.Justtry to modelthelanguage
of phonologicallypossiblestemsascloselyaspossiblein guessstems network,
andthenperformtheindicatedsubstitutionoperation(s)asindicatedabove.

Morphologicalanalyzersbasedon lookup andlookup-strategy scriptscan
of coursegrow ascomplicatedasnecessary, referringto transducersthat
mapencodings,performnormalizationof capitalization,allow relaxation
of accentuationandotherorthographicalrules,andincorporateguessing
of variouskinds.
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10.6 Spelling

10.6.1 SpellingCheckers

Spellingcheckersaremodulesusuallybuilt into a largerapplication,like a text ed-
itor, andtheirbasictaskis to look upall thewordsin adocument,usingsomekind
of languagemodel,andto indicatewhich wordswerenot found.Thesurrounding
applicationthentypicallymarksthenot-foundwords,presumablymisspellings,for
attentionfrom theuser.

Many traditional spelling checkersare basedon simple wordlists extracted
from corpora,and this approachis known to be problematicfor highly inflect-
ing languages.A singleFinnishverb,for example,mayhaveover10,000different
inflected/derivedforms,andso addinga singlenew Finnishlexemeto a wordlist
is no fun. Luckily, finite-statenetworksmodellanguages,storemillions of words
compactly, andcanbedefinedwith powerful lexcdescriptionsandxfst regularex-
pressionsratherthanjust wordlists.If onehasa well-writtengrammarof Finnish,
thenaddinganew lexemeshouldbeassimpleasaddingthestemor baseformto the
lexcdescription,with thegrammarexpandingit outautomaticallyinto the10,000+
differentforms. Finally, finite-statenetworksperformacceptanceor lookup effi-
ciently, rejectingall unknown words; this makesfinite-statenetworksthe perfect
technicalfoundationfor spellingcheckers.

In practice,developersoften startby creatinga morphologicalanalyzer, and
then extracting the lower-side languagenetwork to serve as a spelling checker.
Additional words, including thosesuppliedby the user, canbe trivially unioned
into the networkor built into an auxiliary networkusingapplicationslike read
text (seeSection7.4.2).

10.6.2 SpellingCorrectors

Finite-statemethodscanalsobe appliednaturally to implementspellingcorrec-
tion. Assumethatwe have a large-coveragemorphologicalanalyzer, andthatwe
againextract thenetworkthatacceptsthelower-sidelanguageandusethatasour
languagemodel.Whereasspellingcheckingwill simplyacceptor rejecteachcan-
didateword,spellingcorrectionshouldin additionsuggestasetof properlyspelled
wordsfor eachpresumablymisspelledcandidateword thatdoesnot belongto the
known language. The suggestedcorrectionsshouldof coursebe similar to the
misspelledword,reflectingcommonmisspellingsandtypographicalerrors.

Spellingcorrectioncanbe implementedusingrule-definedtransducersanda
suitablelookup strategy file. To supportthecorrectionfacility, thedeveloperwrites
a set of ReplaceRulesthat describetypical misspellingsand typos as optional
mappingsfrom goodspellingsdown to badspellings,e.g. for Englishyou might
have ruleslike

p h (->) f ! e.g. "fone" for "phone"
.o.
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o u g h (->) u || _ .#. ! thru for through
.o.
o m m o (->) o m o ! e.g. "accomodation"
.o.
e i (->) i e ! thier for their
.o.
h t e (->) t h e || .#. _ .#. ! common typo
.o.
...

For SouthandCentralAmericanSpanish,thefollowing rulesareastart.Notethat
in a spellingcorrector, deaccentuationis besttreatedasa kind of spellingerror.
Peoplewhobotherto useaspellingchecker/correctorareaimingto conformto the
formal rules.

[ z (->) s, s (->) z ]
.o.
[ c (->) s, s (->) c || _ [ i | e ] ]
.o.
[ Á (->) A, É (->) E, Í (->) I,
Ó (->) O, Ú (->) U , Ü (->) U, Ñ (->) N,
á (->) a, é (->) e, ı́ (->) i, ó (->) o,
ú (->) u, ü (->) u, ñ (->) n ]
.o.
...

Theremaybedozensof suchrules,or hundreds,includingelision,epenthesis,and
limited casesof metathesis.It takesawhile to getinto theright mindsetfor writing
suchrules,andorderingthemcorrectly, but it’ sausefulexercise.Therulesshould
bebasedon a goodsampleof therealerrorsmadeby realpeople.Of course,the
errorscanvaryby dialect.In SouthAmerica,peopleoftenconfuseorthographicals
andz, whicharebothpronounced/s/. In Spain,however, thephonemesaredistinct
andsuchconfusionis unlikely.

Assumingthatthemodelof correctlyspelledwordsisstoredin mylanguage.f sm
andthat thespelling-correctionrulesarestoredin correction.fst , thestrat-
egy for spellingcheckingandcorrectionis thento

1. Firstapplymylanguage.fsm to thecandidateword. If found,returnSuc-
cess.Theword is good.

2. Elseapply [mylanguage.fs m .o. correction.fst] in an up-
ward directionto the misspelledword. Returnthe setof properlyspelled
suggestions.

Thus if the input word is “ fone ”, it will not be found in English.fsm,but the
lookup in [English.fsm .o. correction.fs t] , wherecorrection.fst
containstherulep h (->) f , will yield thepossiblecorrection“phone ”. What-
ever thelanguage,thebasicnetworkwill constrainthesetof correctionsto words
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known to bespelledcorrectly, andthecorrectionruleswill constrainthepossible
mappingsbetweenmisspelledwordsandproperlyspelledwords.

10.7 Beyond Tokenizationand Mor phologicalAnalysis

It is beyond the scopeof this book to treat applicationsbeyond morphological
analysisandgenerationin any detail;thefieldof finite-statelinguisticdevelopment
deservesanumberof specializedbooks.However, we list herea few of thehigher
linguisticapplicationswherefinite-statetechniqueshave proveduseful.

10.7.1 Other Usesfor tokenize

The tokenizeutility is not necessarilylimited to tokenization;it usesa finite-state
transducerto transformonestringof inputcharactersinto anotherstringof output
characters,andsoit might beusedfor a varietyof text transformations,including
mappingbetweencharacterencodings,insertionor deletionof markuptags,lower-
casingor upper-casing,etc. Suchtaskscanoften beperformedby Unix utilities
suchassedandgawk, or by languageslike PerlandPython,but transductionmay
be preferable,dependingon the tasteof the developersand the difficulty of the
transformationto beperformed.

Thetransducerusedby tokenizemustsatisfytheformal requirementsdetailed
in Section10.2.3,page532,i.e. it mustaccepttheuniversallanguageon thelower
sideandbeunambiguous.

10.7.2 AdvancedTokenizationand Normalization

Experiencedcomputationallinguistswill have noticedthat the tokenizationper-
formed by tokenize is fairly simple, performedin isolation and deterministic.
Normalizationcan also be much more complicated,including the rejoining of
words that are hyphenatedover line breaks. Advancednormalizationand non-
deterministictokenizationaretopicspursuedat Xerox Research,but they arebe-
yondthescopeof thisbook.

10.7.3 Part-of-SpeechDisambiguation

The lookup utility outputsoneline for eachsolution,andthesetof solutionsfor
eachinputwordis terminatedby ablankline. For example,whereEnglish.fst
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walk walk +Noun+Sg
walk walk +Verb+Pres+Non 3sg

the the +Det+Def+SP

dog dog +Noun+Sg
dog dog +Verb+Pres+Non 3sg

Figure10.8: Default Output from lookup. The first columnshows the input
word,thesecondcolumnthebaseform,andthethird columnthesetof analysis
tags.Thesetof analysesfor eachinputword is terminatedwith a blankline.

is a lexical transducerfor English,theUnix command

unix echo "walk the dog" | \
tr -sc "[:alpha:]" "[\n*]" | \
lookup English.fst

producestheoutputshown in Figure10.8,wherebothwalkanddogareambiguous,
with nounandverbreadings.8

A part-of-speechdisambiguator, alsocalleda tagger, takestheambiguousout-
put of a morphologicalanalyzer, examineseachambiguousword in context, and
triesto selectthesinglecorrectanalysisfor eachword. For thetrivial exampleat
hand,thedesiredoutputof a taggerwouldbesomethinglike

walk walk +Verb+Pres+Non 3sg

the the +Det+Def+SP

dog dog +Noun+Sg

or, in anothercommonlyusedformat

walk/V the/Det dog/N

or, in a versionof XML,

<word cat="N">walk< /wo rd>
<word cat="Det">the </w ord>
<word cat="V">dog</ wor d>

8Otheroutputformatscanbeproducedby settingflags;seeSection10.3.6,page543.
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Whatever the output,the basicideais that the ambiguousword walk is resolved
asa verbandtheambiguousdogis resolvedasa nounby a part-of-speechdisam-
biguatorthatexamineseachwork in context andmakesa choice.

Whilepart-of-speechdisambiguationisbeyondthescopeof thisbook,it should
be understoodthat the outputof the lookup utility couldbe pipedto any disam-
biguatorutility thatis written to acceptthekind of outputthatlookup produces.

cat input_file | \
tokenize tokenizing_fst | \
lookup lookup_fst | disambiguator ....

10.7.4 Parsingand Higher Linguistic Processing

Syntacticparsing,which usuallyinvolvesassigninga treestructureor dependency
structureto an input sentence,is alsobeyond thescopeof this book. However, it
shouldbe understoodthat tokenizationandmorphologicalanalysisareprerequi-
sitemodulesinsidealmostany systemthatperformssyntacticparsing,andparsing
itself is a requiredmoduleinsidealmostany systemfor natural-languageunder-
standing,questionanswering,discourseanalysis,machinetranslation,etc.

Onestyleof parsing,oftenknown asshallow or robustparsing, canbeper-
formed usingfinite-statetransducers.In practice,suchrobust parsersareoften
designedto acceptinput from a part-of-speechdisambiguatorandto outputrela-
tively flat parsetrees.Again,theoverallsystemcanoftenbeconstructedwith Unix
pipes.

cat input_file | \
tokenize tokenizing_fst | \
lookup lookup_fst | disambiguator ... | \
robustparser ...

Disambiguatorsandparsersmay, of course,bewritten in any convenientwayand
mayemploytechniquesbeyondfinite-statepower.

10.8 Application Summary

Finite-statemethodscannotdoeverythingin natural-languageprocessing,but they
have beenfoundadequate,elegantandvery efficient for lower-level taskslike to-
kenization,normalization,relaxation,morphologicalanalysis,guessing,spelling
checkingandcorrection,part-of-speechtagging,andeven somekinds of robust
parsingor “chunking”.

The integrationof finite-statemodulesinsidelarger systemsis dependenton
runtimecode,suchastokenizeandlookup, thatcanaccessandapplypre-compiled
networks.Finite-statecomponentscanoftenbeconnectedinto largersystemsvia
standardUnix pipes.Within the lookup utility, theuseof lookup-strategy scripts

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



562 CHAPTER10. FINITE-STATE LINGUISTIC APPLICATIONS

provides flexibility and simulatedcompositionsthat can help keep transducers
small.

Thetokenizeandlookup utilities includedwith thisbookanddescribedin this
chapterareadequatefor many kindsof testingandprototypeapplications,but they
have their limitations. Xerox selectively licensesXeLDA, a muchmoresophisti-
catedruntimeenvironment,for advancedresearchandcommercialapplications.9

9http://ww w.f smbook. co m/
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11.1 Complexity

11.1.1 The Challengefr om Barton

In presentinghis Two-Level implementationof finite-statemorphology, Kimmo
Koskenniemimadea numberof claimsaboutits computationalcomplexity. In his
dissertation(Koskenniemi,1983)hewrites,“The computationalcomplexity of the
two-level modelis minimal, it reliesmainlyon smallfinite-stateautomata.In this
wayit providesanestimateof thecomplexity of the‘real’ morphologicalandmor-
phophonologicalprocesses.” He alsowrites that “eachtwo-level rule ultimately
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correspondsto a finite stateautomaton,andthereexistsanefficient algorithmus-
ing theseautomatafor bothproductionandanalysisof wordforms.”

Thenin a seriesof publicationsin themid 1980s,G. EdwardBarton,Jr. (Bar-
ton, 1986b;Barton,1986a;Barton,1987)challengedsuchclaims,showing that,
in theworstcase,Two-Level Morphologycouldsolve problemsknown to beNP-
complete,and thereforeinefficient to process. “It follows,” he wrote, “that the
finite-statetwo-level framework itself cannotguaranteecomputationalefficiency.”
Bartontook this to bea seriousfault, requiringsomekind of constraintsto limit
thepower of Two-Level Morphology;andmany computationallinguistsaccepted
andcontinueto accepthis conclusionsasdamagingcriticismsof the Two-Level
andmoregeneralfinite-stateparadigms.

11.1.2 The Reply fr om Koskenniemiand Church

Barton’s challengewasansweredby KoskenniemiandChurchin 1988(Kosken-
niemi and Church,1988). They argue that Finite-StateMorphology has been
shown, in practice,to beefficient for processingnatural-languagewords,even in
notoriouslydifficult languageslike Finnish.Barton’sNP-completeworst-caseex-
ample,thoughcleverly constructed,is not a natural-languageproblemat all but
ratherthe BooleanSatisfaction(SAT) problemfor formulasin the propositional
calculus.WheresymbolsP, Q, R andS representpropositions, suchas“Kimmo
is Finnish”and“Mary is a lawyer”, thatareeithertrueor false,theSAT problemis
to find theconsistentassignmentsof trueor falseto eachvariablesuchthatwhole
sentenceslike

(P | Q | R | S) & ˜P & (P | Q) & (˜R | ˜S) & (R | P | ˜Q)

are“satisfied”,having anoverall truevalue.Thereis, in thisexample,asinglecon-
sistentassignmentof valuesthat leadsto satisfaction:P=False,Q=True,R=True,
andS=False.

The SAT problemis indeedNP-completeandgenerallytakesa long time for
both humanbeingsandcomputersto solve. The problemis that suchformulas
exhibit anunlimitednumberof “long-distancedependencies”.Natural-languages
can display similar long-distancedependencies,suchas umlaut and vowel har-
mony, but the numberof suchprocessesin natural-languagewordsappears,in
practice,to bestrictly limited, with anobservedmaximumof perhapstwo.

11.1.3 Practical Consequences

KoskenniemiandChurcharguethatBarton’sconclusionsarecorrectbut basically
irrelevant. Two-Level morphologyhasprovedin practiceto beefficient for word-
analysisand-generationin naturallanguage,andthe samepracticalresultshave
beenshown repeatedlyin applicationsof finite-statemorphologyat Xerox. It
shouldalsobe pointedout that Barton’s worst-caselimitations applynot only to
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Two-Level or Finite-Statemorphology, but to any analyzerthatis at leastof finite-
statepower.

11.2 Finite-StateSolutionsto Constraint Problems

Now that the world is safeagainfor finite-statenatural-languagemorphology,1

andnow that finite-statemethodshave beenshown adequateto handlethe non-
linguistic SAT problem,it is both instructive and amusingto devise finite-state
solutionsto avarietyof SAT-like logical-constraintproblems.

11.2.1 Barton’ sSAT Problem

Let’slook first atBarton’soriginalSAT problem(Barton,1986b;Koskenniemiand
Church,1988)andexaminesolutionsusingfinite-statetools.

The Original Problemand Two-Level Solution

As originally statedby Barton,thepropositionalsentencesor formulasto beana-
lyzedarebasedon threevariables,x, y andz thatcantakethevaluesT (true)or F
(false).Thenegationof avariable’svalueis shown with aprefixedminussign,e.g.
-x , andthe disjunctionor OR-ingof valuesis indicatedby concatenation.Thus
xyz denotes“x ORy ORz” and-xy denotes“(NOT x) ORy”. Conjunctionis in-
dicatedwith commas,e.g.xyz,-x denotes“(x ORy ORz) AND (NOT x)”. Bar-
ton’s Two-Level solution,with hand-compiledrulesexpressedin KIMMO-style
notation(Antworth, 1990), is shown in Figure11.1. Wheninput stringssuchas
“xyz,-x,y-z, xz ” aregeneratedvia thisgrammar, all thesatisfactionsolutions
arereturned.

The x-consistency rule, shown asa networkin Figure11.2,ensuresthat x is
alwaysgiven(that is, realizedas)thesamevalueacrosstheentireexpression.In
particular, if x is realizedasT (true) thenthe machinemovesinto state2, andx
mustbe consistentlyrealizedasT from thenon; similarly, if x is realizedasF
(false) thenthe machinemoves into state3 andconstrainsx to be realizedasF
from thenon. Theothertwo consistency rulessimilarly constraintherealizations
of y andz.

Thesatisfactionrule,shown asadiagramin Figure11.3,constrainstheoverall
expressionto betrue.Within adisjunction,any truevaluemovesthemachinefrom
state1 to final state2, whereit remainsfor therestof thedisjunction;thestartof
a new disjunction,signaledby the commathat indicatesAND, putsthe machine
backin state1. State3 handlesthenegationprefix; if f thefollowing valueis false,
thenthecurrentdisjunctionis necessarilytrue,andthemachinemovesinto state2.

1Debatecontinueson the formal descriptive power of finite-statemorphologysystems,and
whetherit matters.
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ALPHABET x y z T F - ,
ANY =
END

"x-consistency" 3 3
x x =
T F =

1: 2 3 1
2: 2 0 2
3: 0 3 3

"y-consistency" 3 3
y y =
T F =

1: 2 3 1
2: 2 0 2
3: 0 3 3

"z-consistency" 3 3
z z =
T F =

1: 2 3 1
2: 2 0 2
3: 0 3 3

"satisfaction" 3 4
= = - ,
T F - ,

1. 2 1 3 0
2: 2 2 2 1
3. 1 2 0 0

END

Figure11.1:TheSAT Problemin KIMMO-Style Notation
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1

=:=
2

x:T

3

x:F

=:=
x:T

=:=
x:F

Figure11.2:TheX-consistency Ruleasa Network

1

=:F

2

=:T

3
-:-

,:,

=:T
=:F
-:-

=:T

=:F

Figure11.3:TheSatisfactionRuleasaNetwork
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A twolc Solution

Karttunenhaswrittenasolutionto theSAT problemin twolc. In aslightcomplica-
tion of theoriginalproblem,thissolutionallowsupto four propositionalvariables:
p, q, r ands. Again,propositionalformulasaregeneratedvia thegrammarto find
solutions.

Alphabet
p:T q:T r:T s:T
p:F q:F r:F s:F
%- %,;

Sets
Variable = p q r s ;
TruthValue = T F ;

Definitions
SimpleClause = :T | :F ;
Expr = %- | SimpleClause ;
NoNegation = [#: | %, | SimpleClause] ;
TrueSimpleClaus e = :T ;
FalseSimpleClau se = :F ;
TrueClause = NoNegation TrueSimpleCla use

| %- FalseSimpleC laus e ;

Rules

"Satisfaction"
%, => TrueClause Expr* _ ;

"Consistency"
Vx:Ty <= $[Vx:Ty] _ ;

where Ty in TruthValue
Vx in Variable ;

In this formulation,the comma(the AND operator)is restrictedto appearing
after a true disjunct, and the consistency rule, employingthe convenient twolc
where clause,makessurethateachvariablehasaconsistentvaluethroughoutthe
overallexpression.2

2The Consistency rule triggersa setof spuriouscompilerwarningsaboutleft-arrow conflicts.
The compilerseespotentialproblemsin contexts whereconsistency doesnot hold. It cannot“see
ahead”thattherule it is currentlyworkingon will have theeffect of eliminatingall suchcases.The
warningscanbeignored.
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An xfst Solution

In yet anothervariation,which triesto maketheinput andoutputlanguagesmore
readable,Beesley haswritten the following solutionin the form of anxfst script.
The propositionalvariablesusedhereareP, Q, R andS, andthe input formulas
use| for disjunction,& for conjunction,and- or for negation.For humancon-
venienceandreadability, disjunctscanoptionallybesurroundedwith parentheses,
andspacesare ignored. Arbitrarily, the grammaris written so that the resulting
FST is appliedin anupwarddirection(apply up) to theinput formulas,e.g.

xfst[1]: apply up P & Q & -R & -S & ( R | S | P)

andthe outputcontainsindicationsof the form P=T, with any duplicatesweeded
out.

# Barton’s SAT Problem in an xfst Script

# Use ’apply up’ on a Boolean satisfaction sentence
# in up to four variables P Q R S to
# find satisfaction possibilitie s
# Use | for disjunctions (parentheses can optionally
# be placed around disjunctions only)
# Use prefixed ˜ or - for negation of a variable,
# e.g. ˜P or -P
# Use & for conjunction of disjunctions
# You can insert spaces for readability

# input strings should look like
# P & Q & R
# (P | Q | R | S)
# (˜P | Q) & R & (S | P) & P & ˜S
# (P | Q | R) & ˜Q & ˜P
# ˜P & (Q | R | S | P) & (˜Q | ˜S) & Q & ˜R
# P & Q & -R & -S & (R | S | P)
# etc.

# filter to ensure consistency of T/F assignments
# throughout the input; e.g. you cannot have P=True
# in one part of the formula and P=False in another

define ConsistencyF ilte r ˜[ $Pt & $Pf ] & ˜[ $Qt & $Qf ] &
˜[ $Rt & $Rf ] & ˜[ $St & $Sf ] ;

# within each disjunction set, the set must not contain an
# ampersand (which separates disjunction sets), and must
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# either begin with a true setting, or contain a true
# setting, not preceded by ˜, or contain the negation
# of a false setting

define DisSat ˜$[%&]
&
[ [ Pt | Qt | Rt | St ] ?*

|
$[ [ \%˜ [ Pt | Qt | Rt | St ] ]

|
[ %˜ [ Pf | Qf | Rf | Sf ] ]

]
] ;

# In the conjunction of possibly multiple disjunctions,
# all the disjunctions must be satisfied

define AllSat DisSat [ %& DisSat ]* ;

# Modify the upper language for more readable display
# of the variable settings

read regex [ P=T% <- Pt , P=F% <- Pf ,
Q=T% <- Qt , Q=F% <- Qf ,
R=T% <- Rt , R=F% <- Rf ,
S=T% <- St , S=F% <- Sf ,
0 <- %& , 0 <- %˜

]
.o.
0 <- Pt || .#. $Pt _ .o. 0 <- Pf || .#. $Pf _
.o.
0 <- Qt || .#. $Qt _ .o. 0 <- Qf || .#. $Qf _
.o.
0 <- Rt || .#. $Rt _ .o. 0 <- Rf || .#. $Rf _
.o.
0 <- St || .#. $St _ .o. 0 <- Sf || .#. $Sf _
.o.
AllSat
.o.
ConsistencyFi lter
.o.
[ Pt | Pf <- P,

Qt | Qf <- Q,
Rt | Rf <- R,
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St | Sf <- S ]
.o.
[ 0 <- %) ,

0 <- %( ,
0 <- % ,
%˜ <- %- ,
0 <- %| ] ;

Note that rulescomposedon top of the final FST remove multiple instancesof
variablesandpresenttheresultsin a fairly readableformat:e.g.theanalysisof

˜P & ( Q | R | S | P) & (˜Q | ˜S) & Q & ˜R

returnsthestring“P=F Q=T R=F S=F”.

11.2.2 The Einstein Problem

The following problemwasallegedlyproposedby Albert Einstein,who (alsoal-
legedly)claimedthat98%of peoplecouldnot solve it. This andmany othercon-
straintproblemscanbesolvedelegantlywith finite-statemethods.

Herearethefactsor constraintsto beresolved:

1. Therearefive housesin arow, eachoneof a differentcolor.

2. In eachhousetherelivesaperson,eachoneof a differentnationality.

3. Eachpersonuniquely drinks one kind of beverage,smokesone brandof
cigarette,andraisesonekind of animal.

4. TheEnglishmanlivesin theredhouse.

5. TheSwederaisesdogs.

6. TheDanedrinkstea.

7. Thegreenhouseis just to theleft of thewhite house.

8. Theownerof thegreenhousedrinkscoffee.

9. ThePall Mall smokerraisesbirds.

10. Theownerof theyellow housesmokesDunhills.

11. Themanwholivesin thecenterhousedrinksmilk.

12. TheNorwegianlivesin thefirst house.

13. ThemanwhosmokesBlendslivesnext doorto theonewhoraisescats.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



572 CHAPTER11. COMPUTATIONAL COMPLEXITY

14. Themanwho raiseshorseslivesnext doorto theDunhill smoker.

15. ThemanwhosmokesBlueMastersdrinksbeer.

16. TheGermansmokesPrincecigarettes.

17. TheNorwegianlivesnext doorto thebluehouse.

18. ThemanwhosmokesBlendshasa neighborwhodrinkswater.

Problem:Findwhich personraisesfish.

As bizarreasthisproblemmayseem,it canbesolvedby asimplesimultaneous
resolutionof constraints,andthereis in fact justa singlevalid solution.

Karttunen’ s Einstein Solution

Karttunen’s solution is written in the form of an xfst script. As always,an xfst
scriptis runby calling thesourceutility.

# Solution to the Einstein Problem as an xfst Script

# We need five basic variables:
# Color of the house,
# Nationality of the owner,
# and his favorite Drink,
# Cigarette, and Pet.
# We define each variable as the language of the
# possible values of the variable.

clear stack

define Color [blue | green | red | white | yellow];
define Nationality [Dane | Englishman | German |

Swede | Norwegian];
define Drink [beer | coffee | milk | tea | water];
define Cigarette [Blend | BlueMaster | Dunhill |

PallMall | Prince];
define Pet [birds | cats | dogs | fish | horses];

define House Color Nationality Drink Cigarette Pet ;

# With five variables each taking one of five
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# possible values, this gives quite a number of
# possible households, 5x5x5x5x5 = 3125, to be
# exact. A road with five houses next to each other,
# Houseˆ5, provides an astronomical number of possible
# combinations of colors, nationalitie s, drinks,
# cigarettes and pets.

# To solve Einstein’s puzzle, we represent each of
# the fifteen constraints as a regular language and
# intersect these languages with the initial set of
# all possibilities . If all goes well at the end we
# will know who keeps fish. For example, we can
# interpret ’The Englishman lives in the red house.’
# as $[red Englishman]. This constraint is trivial
# to encode because in our representation of a house,
# the color and the nationality are adjacent. The
# second costraint, The Swede keeps dogs could be
# represented as $[Swede Drink Cigarette dogs] but
# we will choose a less verbose formulation,
# $[Swede ˜$Pet dogs], that does not explicitly
# list the variables that separate Nationality and
# Pet. The fifteen constraints are shown below.

define C1 $[red Englishman];
# The Englishman lives in the red house.
define C2 $[Swede ˜$Pet dogs];
# The Swede keeps dogs.
define C3 $[Dane tea];
# The Dane drinks tea.
define C4 $[green ˜$Color white];
# The green house is just to the left of the white one.
define C5 $[green ˜$Drink coffee];
# The owner of the green house drinks coffee.
define C6 $[PallMall birds];
# The Pall Mall smoker keeps birds.
define C7 $[yellow ˜$Cigarette Dunhill];
# The owner of the yellow house smokes Dunhills.
define C8 [Houseˆ2 ˜$Drink milk ˜$Drink Houseˆ2];
# The man in the center house drinks milk.
define C9 [? Norwegian ?*];
# The Norwegian lives in the first house.
define C10 $[Blend ? ˜$Pet cats | cats ˜$Cigarette Blend];
# The Blend smoker has a neighbor who keeps cats.
define C11 $[horses ˜$Cigarette Dunhill |
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Dunhill ? ˜$Pet horses];
# The man who keeps horses lives next to the Dunhill
# smoker.
define C12 $[beer BlueMaster];
# The man who smokes Blue Masters drinks beer.
define C13 $[German ˜$Cigarette Prince];
# The German smokes Prince.
define C14 $[Norwegian ˜$Color blue

| blue ? ˜$Nationalit y Norwegian];
# The Norwegian lives next to the blue house.
define C15 $[Blend ˜$Drink water

| water ? ˜$Cigarette Blend];
# The Blend smoker has a neighbor who drinks water.

# All that we need to do to solve the problem is
# to impose the constraints on the row of five
# houses by intersection. The solution below is
# almost correct.

define Solution [Houseˆ5 & C1 & C2 & C3 & C4 & C5 &
C6 & C7 & C8 & C9 & C10 &
C11 & C12 & C13 & C14 & C15];

# The result is a network with five paths. In four
# of the solutions nobody keeps fish and two people
# have the same kind of pet. We need one final
# constraint, presupposed by the question
# "Who keeps fish?":

define C16 $fish;
# There is someone who keeps fish.

define Solution [Houseˆ5 & C1 & C2 & C3 & C4 & C5 &
C6 & C7 & C8 & C9 & C10 &
C11 & C12 & C13 & C14 & C15 & C16];

# With C16 added, only one solution remains.
# To make it easier to see, we compose the solution
# with the transducer that adds some prose around the
# pieces along the one remaining path:

define Describe [House -> "In the "... .o.
Color -> ... " house " .o.
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Nationality -> "the " ... " " .o.
Drink -> "drinks "... ",\n" .o.
Cigarette -> "smokes "... "s, and " .o.
Pet -> "keeps " ... ".\n"] ;

# We can now see the solution.

regex [Solution .o. Describe];
print lower-words

In the yellow house the Norwegian drinks water,
smokes Dunhills, and keeps cats.
In the blue house the Dane drinks tea,
smokes Blends, and keeps horses.
In the red house the Englishman drinks milk,
smokes PallMalls, and keeps birds.
In the green house the German drinks coffee,
smokes Princes, and keeps fish.
In the white house the Swede drinks beer,
smokes BlueMasters, and keeps dogs.

In short,it’ s theGermanwhokeepsthefish.

Beesley’s Solution

Thereareusuallymany waysto modelthesameconstraintproblem.Beesley’sso-
lution, alsowrittenin theform of anxfst script,inserts“Wall” symbolsto separate
onehousefrom another. In theend,theresultis equivalent.

clear stack

define Color green | white | blue | red | yellow ;
define Nationality German | English | Swede | Dane |

Norwegian ;
define Beverage tea | coffee | beer | water | milk ;
define Cigarette Prince | PallMall | Dunhills |

BlueMasters | Blends ;
define Pets dogs | birds | cats | horses | fish ;

define House Color Nationality Beverage Cigarette Pets ;

define FiveHouses Wall [ House Wall ]ˆ5 ;

define NoWall [\Wall]* ;
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define NextDoor NoWall Wall NoWall ;

read regex [ [ FiveHouses
&
$[ red NoWall English ]
&
$[ Swede NoWall dogs ]
&
$[ Dane NoWall tea ]
&
$[ green NextDoor white ]
&
$[ green NoWall coffee ]
&
$[ PallMall NoWall birds ]
&
$[ yellow NoWall Dunhills ]
&
Wall [ House Wall ]ˆ2 $[ milk ] [ Wall House ]ˆ2 Wall
&
$[ Norwegian ] Wall [ House Wall]ˆ4
&
[ $[ Blends NextDoor cats ] |

$[ cats NextDoor Blends ] ]
&
[ $[ Dunhills NextDoor horses ] |

$[ horses NextDoor Dunhills ] ]
&
$[ beer NoWall BlueMasters ]
&
$[ German NoWall Prince ]
&
[ $[ Norwegian NextDoor blue ] |

$[ blue NextDoor Norwegian ] ]
&
[ $[ Blends NextDoor water ] |

$[ water NextDoor Blends ] ]
&
$[ fish ]
] .o. ? -> ... % .o. Wall -> "\n" ].l ;
print words

Theoutputof thisscript is
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yellow Norwegian water Dunhills cats
blue Dane tea Blends horses
red English milk PallMall birds
green German coffee Prince fish
white Swede beer BlueMasters dogs

showing againthatit’ s theGermanwho raisesfish.

11.2.3 Einstein II Exercise

If you would like to try anotherpuzzleof this kind, hereis a variantof Einstein’s
puzzlefrom www.riddleaday. com. Onceagain,thetrick is to modelthecon-
straintsaslanguagesandto find theuniquesolutionvia intersection.

Description

Therearefive carsparkednext to eachother in the parkinggarage.Eachcar is
a differentcolor. Eachof the five car ownersdrinks a differentbeverage,hasa
differenthobby(or participatesin a differentsport)andownsa differentbreedof
dog. No two ownerspreferthesamebeverage,have thesamehobby(or sport)or
own thesamebreedof dog.

Constraints

1. Mark ownsthefirst car.

2. Lucieownsthetealcar.

3. Dave drinkssparklingwater.

4. Thepurplecaris on theleft of thetancar.

5. Theonewho racescarsparksnext to theonewhodrinksespresso.

6. BrendahasaYellow Lab.

7. Theonewhogolfs,alsodrinkstea.

8. Thepurplecarownerdrinksraspberrymocha.

9. Thepersonwhocollectsstampsalsohastwo poodles.

10. Thepersonwhoracescars,parksnext to theonewhohasaterrier.

11. Thepersonwhohasa collie parksnext to theonewhoswims.

12. Susanpaintsoil paintings.

13. Theownerof thecentercardrinksgrapesoda.
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14. Mark parkshiscarnext to thebluecar.

15. Theownerof thegreencarswims.

Question

Thequestionis: WhoownstheBichonFrise?(It’ sabreedof dog.)
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Graphing Quiz

Draw anetwork,usingcirclesfor statesandlabeledarrowsfor arcs,for eachof the
regularexpressionsbelow. Then,if thelanguageis finite, enumeratethestrings;if
thelanguageis infinite, givea few examplesof thestrings.

1. a

2. d o g

3. [ d | o | g ]

4. [ d o g | c a t | h o r s e ]

5. [ d o g %+Noun %+Sg ]

6. [ d o g | h o u s e | f o o d ]

7. [ d o g ] | [ h o u s e | f o o d ]

8. [ d o g ] [ h o u s e | f o o d ]

9. a b* c

10. a b+ c

11. [ h a ]*

12. [ a | b | c ]*

13. [ x | y | z ]+

14. a (b) c

15. a [ b c ]* d

16. a [ b | c ]+ (d)

581
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17. [ h u n d | e l e f a n t | k a t ]
[ e g | e t | i n ]* o (j) (n)

18. ( m a l | n e ) [ b o n | a l t ]
[ e g | e t ]+ a (j) (n)

19. [ d o g | p i g | d u c k | f r o g ]

20. []

21. ?*

22. ˜[?*]

23. $[a]

24. ˜$[]

25. [ w o r k | f i l l | p a c k ]
[ s | e d | i n g | [] ]

26. [ b o o k %+Noun:0 %+Sg:0 |
b o o k %+Noun:0 %+Pl:s ]

27. [ h u n d | e l e f a n t | k a t ]
[ %+Aug:e 0:g | %+Dim:e 0:t | %+Fem:i 0:n ]*
%+Noun:o (%+Pl:j) (%+Acc:n)

28. [ b o o k | d o g | d u c k ] %+Noun:0
[ %+Sg:0 | %+Pl:s ]

29. [ a i m e:0 r:0 ] %+Verb:0 %+PresInd:0
[ %+1P:e %+Sg:0 |

%+2P:e %+Sg:s |
%+3P:e %+Sg:0 |
%+1P:o %+Pl:n 0:s |
%+2P:e %+Pl:z |
%+3P:e %+Pl:n 0:t ]

Write theregular-expressiongrammarsandgraphthenetworksfor thefollow-
ing:

1. Write a grammarof 24-hourtimes,e.g. 06h23,14h32,21h00,23:59. The
exactformatis somewhatlanguage-dependent.

2. Write a grammarof telephonenumbersfor yourcountry.

3. If you speakFrench,write theregularexpressionandgraphthenetworkfor
thefollowing:
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Describeregular Frenchfuture and conditionalverbs,using lexical-
level tagssuchas+Verb , +Cond, +Fut , +1P, +2P, +3P, +Sg and
+Pl . Thelexical sideshouldshow theinfiniti veplustags.

Add someirregularcases,suchasdevenir, être, aller andfaire.

4. Findothertypesof stringsthathaveapredictablestructureandwrite regular
expressionsto characterizethem.
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B.1 The Challengeof TagChoice

Xerox finite-statenetworksstorefeatureinformation,includingpart-of-speechcat-
egory, tense,aspect,mood,person,numberandgender, in the form of multichar-
acter-symbolTAGS suchas+Noun, +PresInd , +1P, +Sg, and+Masc. These
tagsare in fact just symbols,manipulatedexactly like the alphabeticsymbolsa,
b, andc, but they have multicharacterprint namesthathopefullymeansomething
to thedevelopers.Thereis nothingmagicabouttheselectionandspellingof the
tags;they mustall bechosenby thedevelopersanddeclared,usuallyin theMulti-
charSymbolsstatement(seeSection4.3.4)of the lexcsourcefile.

Becausenaturallanguagesdiffer so much in the distinctionsthey makeand
in theterminologytraditionallyusedto describethosedistinctions,imposingrigid
rulesfor definingmulticharacter-symboltagsis both impossibleandundesirable.
However, thereis at leastsomebenefitto behadif reasonablysimilar languages
adopt,whereappropriate,thesametagsto markthesamephenomena.If nothing
else,this facilitatesfuturemaintenanceby thosewho mayhave to move backand
forth from onesystemto another.

Thefollowing guidelinesandexamplesareofferedashelpfulsuggestions.

B.2 Tag-NameSpelling

B.2.1 Punctuation Alter natives

Initial PlusSign

In this book,mostof theexampleshave employedtagsspelledwith aninitial plus
sign,followedby lettersanddigits,suchas+Verb . Whenreadinganalysisstrings,
asin the following Portugueseexample,this conventionhelpsthe humaneye to
identify andseparatethetags.

Upper: cantar+Verb+Pr esIn d+1P+Pl
Lower: cantamos
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Final PlusSign

Theinitial plus-signconventionworkswell for languageswheretheanalysisstrings
begin with abaseform,like cantar, andcontinuewith tagsthatmapto surfacesuf-
fixes. In a languagewith productive prefixation,however, it maybenecessaryor
usefulto mapthesurfaceprefixesdirectly to prefix tags,suchthatprefix tagswill
precedethebaseformin theanalysisstring. As in the following Esperantoexam-
ple,Xerox linguistsoftendefineprefix tagswith nameslike Neg+ thathaveaplus
signat theend.ThetagNeg+ mapsto thesurfaceprefix ne.

Upper: Neg+bon+Adj+Pl+ Acc
Lower: nebonajn

Withouttheplussignattheend,theanalysisstringwouldlook like Negbon+Adj-
+Pl+Acc , with theboundarybetweenthefirst tagandthestembonvisually un-
clear.

Initial and Final PlusSign

In many systems,it maybedesirableto defineanalysisstringsthatcontainnotonly
thebaseformandtags,but alsothelexical form of someor all of thevariousaffixes.
In suchcases,it may beusefulto definetagsspelledlike +Neg+, +AdjRoot+ ,
+AdjSuff+ and+Pl+ , with a plus sign at the beginning andat the end. That
would leadto analyseslike this:

Upper: ne+Neg+bon+AdjR oot+ a+AdjSu ff+j +Pl +n+Acc
Lower: nebonajn

In general,it shouldbe rememberedthat the lexical languageis a creationof the
developer(seeSection6.2.2),andshouldincludewhatever (morpho)phonological
material,tags,anddelimitersare requiredfor readabilityand for supportof the
subsequentapplications.

Other Conventions

Anotherpossibleandrespectableconventionis to spell all tagswith surrounding
squarebrackets,e.g. [Noun] , [Sg] , [Pl] , etc.Thatwould leadto analysesthat
look like thefollowing:

Upper: cantar[Verb][Pr esIn d][ 1P][ Pl]
Lower: cantamos

Upper: ne[Neg]bon[AdjR oot] a[A djSu ff]j [Pl ]n[A cc]
Lower: nebonajn
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B.2.2 Principles for Tag-NamePunctuation

Whicheverconventionis chosen,thefollowing recommendationshold:

1. Alwaysincludeapunctuationcharacterin thespellingof eachtagname.This
canbeusedto helpfind caseswherethelinguistforgottodeclareanintended
tag(seeSection7.3.5).

2. Chooseaspellingconventionthatvisuallyseparatesaffixesfrom baseforms.

3. Beconsistent.

For the remainderof this appendix,we will assumethat tagsarespelledwith an
initial plussign. Theremainingquestionsarethenhow to choosetheappropriate
distinctionsandhow to spellthealphabeticpartof thetags.

B.3 Principles for Tag-NameChoice

B.3.1 Thr eeDir ectives

The Prime Dir ective

Choosemorphological-analysistagsthatareappropriatefor indicatingthedistinc-
tions in the languagebeing analyzed. Do not try to force your languageinto a
descriptive framework that is foreign to it. If there is an establishedlinguistic
vocabulary for describingyour language,considerdefining tagsthat evoke that
vocabulary.

The SecondaryDir ective

Whereasetof wordsactthesamesyntactically, i.e. whereasetof wordsfit into the
samesyntacticframes,thenthey shouldprobablybeanalyzedwith thesametags.
Wheretwo wordsactdifferently in thesyntax,they shouldprobablybeanalyzed
with distinctstringsof tags.Usetags,andstringsof tags,consistently.

The Tertiary Dir ective

Usethetagsandtagorderswhichhavealreadybeenusedin relatedsystems,unless
thisviolatesthePrimeDirectiveor SecondaryDirective.

B.3.2 Don’t Work in Isolation

It is highly recommendedthatyou not work in isolationwhenchoosingtagsand
tagorders.Makeadetailedplanasearlyasyoucan,selectinga preliminarytagset
anddefiningtagorders,andpresentthisplanto yourcolleaguesfor discussionand
approval beforeyoucontinuewith furtherdevelopment.Formalizeyour tagsetand
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tag ordersasa regular expressionin a LEXICAL GRAMMAR (seeSection7.4.1)
and usethis lexical grammarperiodically for testing. You will alwaysneedto
refineyour tagnamesandtagsetasyou progress,but somethoughtfulplanningat
thebeginningcanhelpmakea moretransparentandmaintainablesystem.

B.3.3 Don’t Panic

Do not getoverly wroughtabouttagnames;rememberthat

Thetagsin thealphabetof a networkaretypically usedandseenonly by a
few developers.Realcustomerswill probablynever seethemat all.

Tagsarejustmulticharactersymbolsthatdonotreallymeananything,except
asyou definethemandcontrastthemwith othertagsin yoursystem.

For your own convenience,you wantto choosetagnamesthatareinforma-
tiveandyetarenot too long to type.

It is absolutelytrivial to changetagnamescosmetically, usingreplacerules
(seeSection3.5.5).

B.4 SuggestedTagsto ChooseFrom

If you have no good reasonto usea differentsystem,we presentthe following
suggestedtagsto choosefrom.

B.4.1 Major CategoryTags

Major-category tags,shown in TableB.1, correspondroughlyto thecategoriesof
headwordsin aprinteddictionary, or to thekindsof distinctionsneededfor a part-
of-speechtaggeror asyntacticparserthatwill usetheoutputof yourmorphological
analyzer. Therearegoodargumentsfor placingthemajorcategory tageitherat the
very beginningof thetagstringor at theveryend.Theconventionof puttingthem
at thebeginninghasbeenusedfor Spanish,Portuguese,Dutch,Italian,Hungarian,
Czechandothersystemsat Xerox.

B.4.2 Noun Distinctions

In many languages,nounsmaybefurtherdistinguishedasaugmentativeor diminu-
tive,resultingin tagstringslike +Noun+Aug and+Noun+Dim.

+Aug augmentative
+Dim diminutive

Genderdistinctionsarealsoverycommon.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



590 APPENDIXB. SUGGESTEDANALYSISTAGS

+Noun noun(house)
+Prop propernoun(John)
+Verb verb
+Adj adjective
+Adv adverb
+Pron pronoun
+Art article(like Englishtheanda)
+Det determiner(like this, that, those)
+Quant quantifier(like many, some)
+Conj conjunction(like and, or, but)
+Prep preposition
+Title monsieur, senhor, Herr
+Punc punctuationmark
+Command idiomatic orders,usually military: march, fire, shoulder

arms, attention, at ease, shutup (often difficult to distin-
guishfrom themoregeneralimperativeverbs)

+Exclam exclamations:Damn, Merde, Ouch
+Interj interjections:what, quoi, right
+Onom onomatopoeia:bow-wow, au-au, guau-guau, cocorićo,

cockle-doodle-do, croak, ribbit , vrekekex koaxkoax(what
Greekfrogssay)

+Num number(usuallyalphabeticallybased)
+Dig digit-basedword
+Prt particle,ahardto defineclass,sometimesusedfor question

particles
+Initial Upper-caseletter followedby a period,e.g.Q. asin many

names:JohnQ. Citizen
+Let anindividual letterappearingby itself, e.g.q

TableB.1: SuggestedMajor-Category Tags
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+Nom nominativecase
+Gen genitive
+Acc accusative
+Abl ablative (from)
+Ela elative (out of)
+All allative (to)
+Ess essive(as)
+Par partitive(partof)
+Com comitative (with)
+Abe abessive(without)
+Ine inessive(in)
+Ill illati ve(into)
+Ins instructive(by)
+Ade adessive(on)
+Tra translative(changeto)

TableB.2: CaseMarking for Nouns

+Masc masculine
+Fem feminine
+Neut neuter
+MF masculineor feminine,within a systemwheremostnouns

areoneor theother
+MN masculineor neuter
+FN feminineor neuter

Eachlanguagehasto be handledon its own terms. Dutch requireda much
more complex gender-marking schemeto accommodatesubtleFlemishdistinc-
tions(which have mostlybeenlost in Dutchproper).Whenin doubt,it is usually
betterto makedistinctions;it is alwayseasyto collapsethemlater.

Casemarkingsin somelanguages,like Finnish,areparticularlyrich, function-
ing muchlike appendedpostpositions. TableB.2 is a list of casedistinctionsthat
aresignificantin at leastsomelanguagesaroundtheworld.

While somelanguagesdo not marknounsfor number, otherswill distinguish
singular, dual,pluralandsometimesrarertypeslike paucal(“a few”). In languages
like English, that almostalwaysmark a nounassingularor plural, a specialtag
like +SP canbeusedto marksheep, deer, grouseanda handfulof othersthatdo
not changein theplural.
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+Inf infiniti ve
+PresInd presentindicative
+PresSubj presentsubjunctive
+ImpInd imperfectindicative
+ImpSubj imperfectsubjunctive
+FutInd futureindicative
+FutSubj futuresubjunctive
+Cond conditional
+Impv imperative
+Perf pastperfect
+Pluperf pluperfect
+Gerund gerund
+PastPart pastparticiple

Table B.3: PortmanteauTense/Aspect/MoodDistinctionson Verbsin Romance
Languages

+Sg singular
+Dual dual
+Tri triple
+Pauc paucal
+Pl plural
+SP for Englishsheep, etc.

Nountagshave typically beenorderedin thefollowing way:

+Noun+Fem+Sg

+Noun+Dim+Masc+Pl

+Noun+Nom+Masc+Sg

If, in the grammaticaltradition of your language,the featuresof a nounare
rattledoff in a particularorder, e.g. “Masculine-SingularNominative”, thenyou
mightbestreflectthatorderin thetagsequences.

Finally, CLASSIFYING languagesdivide thewholeuniverseof “things” into a
setof morphologicallyandsyntacticallysignificantCLASSES thatmaybeassimple
asanimatevs. inanimateor mayextend,asin Navajo, to distinctionslike animate
erectvs. animatenon-erect,inanimatecontainedvs. inanimatenon-contained,
inanimatecontainedrigid vs. inanimatecontainednon-rigid,etc. Wherever pos-
sible, the tagsusedto mark suchclassesshouldreflectthe standardterminology
usedin thefield. In Bantulanguagesthenounclassesarestandardlynumbered,so
thetagsshouldobviously includethosenumbers,e.g.+C1, +C2, +C3, etc.
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B.4.3 Verb Distinctions

In the Romancelanguagestreatedso far, tense,aspectandmoodwerecombined
into single tagsreflectingthe realitiesof the verbalparadigms,asshown in Ta-
ble B.3. Portuguesehasinflectedinfiniti ves,andsoit needsa taglike +InfFlex
distinguishthesefrom bareinfiniti ves.

In other languages,andespeciallyin agglutinatinglanguages,it might make
moresenseto usetwo tags,e.g. +Pres+Ind or +Pres+Subj , separatingthe
tenseandmood,if thatbetterreflectsthemorphotacticsystemof thelanguage.

+Ind indicative
+Subj subjunctive
+Junc junctive
+Juss jussive
+Opt optative
etc.

Youmayalsoneedindividualaspecttagsin additionto or insteadof tensetags:

+Perf perfect
+Imp imperfect
+Cont continuative
etc.

Youmayalsoneedasystemof voicetags:

+Act active
+Pass passive
+Middle middle
+Caus causative
etc.

And of coursemany languagesmakepersondistinctionsin their verbs:

+1P first person
+2P secondperson
+3P third person

In somelanguages,you will needto distinguishbetween“inclusive we” and
“exclusive we” (perhaps+1P+Pl+Incl vs. +1P+Pl+Excl ). Yet other lan-
guageswill requiremarking+Neg, +Pos, focus,andotherdistinctionsright in the
verbitself. Again, thegoalis to chooseandconsistentlyusetagsthatbestexpress
thesignificantmorphological/syntactic distinctionsin your language.It is impos-
sibleandundesirableto forceall languagesinto a rigid system—youwill have to
decidewhatis significantanddevisethemostbeautifultagencodingthatyoucan.
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B.4.4 Proper Noun Distinctions

A languagetypically hasmany subtypesof propernouns,andthedistinctionscan
oftenbesyntacticallysignificant. For example,givennamesmay typically come
beforefamily names,or vice versa,andnamesfor countries,citiesandgeographi-
calareasmayrequiredifferentsyntacticstructures.

Unlessmoredistinctionsarereallyneededfor thesyntax,thefollowingproper-
nounsubtypesaresuggestedasa start. Onemight proposefive primary distinc-
tions:

+Prop+Giv givenor first names
+Prop+Fam family names
+Prop+Place any geographical/politicalname
+Prop+Org any kind of organization,e.g.Xerox
+Prop+Misc leftovers

Marking leftovers explicitly helpsto identify and extract them later if becomes
desirableto addmoredistinctions.

Within theplacenames,therearefivesub-sub-divisionsthathave beenusedin
someprojects:

+Prop+Place+Country countries
+Prop+Place+City cities
+Prop+Place+Continentcontinents
+Prop+Place+Region departments,sub-states,provinces;especially

in thecountrieswherethelanguageis spoken
+Prop+Place+Usastate statesof theUSA
+Prop+Place+Misc for anything left over

Dependingon your language,it may be necessaryto mark gender, caseand
numberonpropernouns,e.g.Asie+Prop+Pl ace +Contine nt+ Fem+Sg. As
usual,thegoal is to choosetagsthatreflectrealdistinctionsin your languageand
whichmaybenecessaryfor a subsequenttasksuchastaggingor parsing.

B.4.5 Pronoun Distinctions

Pronounsystemsarevery language-specific.Casetagsareoftenusefulfor distin-
guishingdifferentclassesof pronouns.

+Nom nominative
+Dat dative
+Acc accusative
etc.

Otherdistinctions,like possessive,maybemarked+Gen or +Poss :
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+Gen +Pron+Genin ahighly case-markedlanguage
+Poss +Pron+Possfor possessivepronounsin English

Yet otherdistinctions, like reflexive,maybesignificantin thepronounsystem.

+Rel relative
+Refl reflexive
+Interrog interrogative
+Dem demonstrative
+PrepObj post-prepositional

Pronounsareusuallydistinguishedby personandnumber, parallelto verbs,as
in +Pron+Nom+3P+Masc+Sg.

B.4.6 Adjective Distinctions

Thefollowing distinctionshave proveduseful:

+Comp +Adj+Comp comparative
+Sup +Adj+Sup superlative

Insteadof +Sup, onelinguist felt obligedto use+Int (for intensive). Augmen-
tative/diminutive,gender, numberandcasetagsarealsoappropriatein languages
wheretheadjectivesagreewith thenounsthey modify.

B.4.7 Number-Word Distinctions

Words representingnumbersandnumber-relatedconceptscomein many forms.
Thefollowing distinctionshave provedusefulin many languages:

+Num for alphabeticstringsrepresentingnumbers
+Dig for digit-basedstring
+Rom for Romannumerals

Subtypesmayincludethefollowing:

+Num+Card for cardinalnumbersoneandtwo
+Num+Ord for ordinalnumbersfirst andsecond
+Dig+Card for 1, 2, 3
+Dig+Ord for 1st, 2nd, 3rd
+Rom+Card for I, II , III , IV
+Rom+Ord for Ie, IIe, IIIe

The main-category tag +Numis typically usedfor stringsof alphabeticchar-
acters,e.g. first might analyzeas+Num+Ord. Numberstringsbasedon strings
of digits, like 23, areusuallygiventhemain-category tag+Dig with oneor more
qualifying tags.For digit-basedstrings,analyseslike thefollowing maybeappro-
priate.
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Upper: 1996+Dig+Year
Lower: 1996

Upper: 23%+Dig+Percen t
Lower: 23%

Upper: 23 +Dig+Degree
Lower: 23

Upper: 3.+Dig+Item
Lower: 3.

Upper: 3)+Dig+Item
Lower: 3)

Upper: 2nd+Dig+Ord
Lower: 2nd

Upper: 02/07/95+Dig+D ate
Lower: 02/07/95

Upper: 555-3496+Dig+T el
Lower: 555-3496

Upper: $24+Dig+Curr
Lower: $24

Upper: 12:24+Dig+Time
Lower: 12:24

Upper: 548-04-1579+Di g+ID
Lower: 548-04-1579

Upper: 38240+Dig+Post al
Lower: 38240

Thereareseldomany easyanswers,andoftensomedilemmas,whenit comes
to tag selection.Ordinal numbersarevery often markedfor genderandnumber
andactexactly like adjectives.In somecases,it mightbebestsimply to treatthem
asadjectives.
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B.4.8 Article/Determiner/Quantifier Distinctions

Articles,determinersandquantifierswill usuallyneedto besubcategorizedin var-
iousways,e.g.

Upper: the+Art+Def
Lower: the

Upper: a+Art+Indef
Lower: a

Gender, number, case,etc. tagswill benecessaryin many languages.

B.4.9 Adverbs

In non-technicalschoolgrammars,all the little wordsthatno oneknows what to
do with are lumpedinto a category of Adverbs,a very dangerouspseudo-class.
Avoid thattendency, trying to makesyntacticallyrealdistinctionswhereappropri-
ate.Someadverbsmightneedonly the+Adv tagfor yourpurposes:

Upper: well+Adv
Lower: well

Othersare obviously, and fairly productively, derived from adjectives, and this
canbeshown by conventionwith tagstringslike the following, whereinˆDB is a
multicharactersymbolrepresentinga derivationalboundary.

Upper: claro+AdjˆDB+Ad v
Lower: claramente

Upper: claro+Adj+SupˆD B+Adv
Lower: clarissimamente

Theintentof analysisstringslike “claro+AdjˆDB+A dv ” is to identify thebase-
formasanadjective,i.e. somethingthatwill bemarkedasanadjectivein astandard
dictionary, while markingthewholewordasanadverb.

The secondarytags+Dim, +Aug, +Interrog , +Manner , +Extent and
+Neg havealsobeenusedwith +Adv to distinguishvarioussubtypes.

B.4.10 Title Distinctions

Titles maybedistinguishedby gender, numberandothersub-tags.

+Title+Addr for Mr., Mrs., Dr.
+Title+Post for titles thatcomeafteraname,suchasJr. andEsq.
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B.4.11 Punctuation

Subcategoriesof Punctuation

Thepunctuationtag(+Punc) is intendedfor analyzinginputwordsthatconsistof
a singlepunctuationsymbol,includingperiods,commasandexclamationmarks.
They do show up isolatedin texts, andsometokenizerswill separatepunctuation
from wordsandfeedthepunctuationtokensseparatelyto themorphologicalana-
lyzer.

It wasoncethoughtusefulto distinguishbetweenbeginning,middleandend-
ing punctuation,wherethepositionsreferto individualwords.

+Punc+Beg e.g. in English, the left singlequote‘, the left parenthe-
sis,andotherpunctuationmarksthattypically comeat the
beginningof aword

+Punc+Mid e.g. in English,underscore,hyphenandslash,asin Multi-
char Symbols, twenty-five, andand/or

+Punc+End e.g. in English,theright singlequote’, theright parenthe-
sis,etc.

Thisclassificationhasbeenproblematic.Of course,all thelinguist cando is indi-
catethemostlikely positioningof thepunctuationmarkrelative to aword.

Taggersseemto needdifferent information, in particularthey needto know
if a punctuationmark typically terminatesa whole sentence.In the end,no one
reallyknowshow bestto analyzeisolatedpunctuationmarkswithin thecontext of
amorphologicalanalyzer. Consultwith colleaguesandany customersto determine
themostusefulencodingfor subsequentapplications.

Handling SeparatedPunctuation in lexc

As a purely practicalmatterit is usuallybestto handlenormalalphabeticwords
in one lexc lexicon andindividual punctuationmarksin a separatelexc lexicon;
theresultingnetworkscansubsequentlybeunionedtogetherto form thefinal lex-
ical transducer. This providesa cleanseparationbetweenrealpunctuationmarks
andthepunctuationmarksthatareincludedin thespellingof multicharactersym-
bols. Whenexaminingthealphabetof thealphabetic-wordnetwork,thepresence
of punctuationcharacterscanbea usefulclueto trackingdown undeclaredmulti-
charactersymbols(seeSection7.3.5).

Delimiters in Lexical Strings

If you needto insertdelimitersin your lexical strings,which might includecom-
poundboundaries,the boundariesbetweenthe root and the affixes,derivational
boundaries,etc.,usemulticharactersymbolsfor thispurpose.Do not useordinary
punctuationsymbolsasdelimitersin lexical strings.
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B.5 MiscellaneousProblematicLeftovers

Every languagewill provide new challengesfor defininga tagset.Herearea few
left-over tagsthathave provedhelpful,or troublesome,in thepast.

B.5.1 RegisterTags

Languagesalwayshave a cline of registers,rangingfrom thevulgarandinformal
to theformalandcourtly. Morphologicalanalyzersaretypically written to handle
properlyspelledtext producedby educatednativespeakersof thestandarddialect.
However, thereis usuallya needto handleat leastsomeinformal, dialectal,and
evenvulgarwordsthatoccurin texts,andyet to beableto distinguishthemfrom
the standardwords. The following tags,usuallyaddedat the end of otherwise
normaltagstrings,have beenusedin somesystems.

+Slang signalsthatthesurfaceform is popularor informal
+NonStd signalsthat thesurfaceform is from a non-standard

dialect
+Vulgar signalsthatthesurfaceform is vulgar
+Off signalsthat thesurfaceform is offensive or not po-

litically correct
etc.

B.5.2 +Emph

To emphasizewritten words,Dutch can just addacuteaccentsto wordsthat are
normally written without accents—suchaccentedforms canbe distinguishedby
addinganextra+Emphtagon theendof thenormaltags.

B.5.3 +NP

Theproblematictag+NPwasusedin a Xerox Portugueseanalyzerto marksome
propernounsthat actasa full nounphraseandresistthe additionof the definite
article. Unlike in English,many PortugueseandCatalanpropernounscantake
a definitearticle,e.g. PortugueseO Jorge (“(the) George”) or CatalanLa Maria
(“(the) Mary”).

B.5.4 +Abbr

Thereis a certaintendency for beginningdevelopersto markall abbreviationsas
just +Abbr or somethingsimilar, asif it werea part-of-speech.This is of course
uselessfor subsequentprocesseslike taggingthatneedto know how wordsbehave
syntactically. If a taglike +Abbr is used,thenit needsto beadded,perhapsat the
end,to a morenormalsetof tagsthat indicatesthemajorpart-of-speechcategory
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andother standarddistinctions. Your analyzermight handleupper:lower string
pairslike thefollowing:

Upper: IBM+Prop+Org+S g+Abbr
Lower: IBM

Upper: RSVP+Command+Abbr
Lower: RSVP

Upper: TGIF+Interj+Ab br
Lower: TGIF

Upper: v.+Adv+Extent+ Abbr
Lower: v.

Thereis anever-resolvedquestionwhetherthelexical sideshouldspellout the
abbreviation,mapping,e.g.,TGIF to ThankGodIt’ sFriday or v. to very. The lexc
grammarthathandlesabbreviationscanof coursebewritteneitherway.

B.5.5 +Meas

+Meas is a problematictag that hasbeenusedto mark variousmeasureterms,
e.g. km, cm, k (for kilo), etc. Thesemight be bettermarked+Noun...+Abb r
with otherappropriatetagsbetween+Noun and+Abbr reflectinghow thewords
behave syntactically. If +Meas is used,it might be subdivided into +Meas-
+Distance , +Meas+Size , +Meas+Weight , +Meas+Temp, etc.
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C.1 Intr oduction

C.1.1 The Goal of this Appendix

This appendixillustrateshow to usemakefilesto help build and maintainyour
applications.TheexamplesassumeaUnix-like operatingsystem,butafreeversion
of themakeapplicationis alsoavailablefor Windowsfrom theCygwinProject.1

Wewill assume,for illustration,thattheapplicationis astraightforwardfinite-
statemorphologicalanalyzer, compiledfrom lexc andxfst sourcesinto a single
lexical transducer, but makefilescanbevaluableor evenvital in mostdevelopment
projects.

1Seehttp://sou rc es .re dhat. co m/cyg wi n/ . For improved Unix-like look andfeel,
thisWindowsversionof makealsocomeswith othertools(if youaskfor themin theinstallprocess)
like sedandsort thatcanfacilitatewriting makefiles.

601
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602 APPENDIXC. MAKEFILES

C.1.2 What do MakefilesDo?

Makefilesautomateandoptimizethe processof building your sourcefiles into a
lexical transducer. They areGoodThings.

In any non-trivial morphologicalanalyzer, you will have a numberof source
files (i.e. files thatyou edit) thatmaybewordlists,lexc sourcefiles, xfst regular-
expressionfiles, xfst scriptsor twolc sourcefiles. To build (or rebuild) the mor-
phologicalanalyzer, you typically needto call lexc, xfst andperhapsalso twolc,
possiblymultiple times,to compilethesourcefiles into finite-statenetworks,and
thento combinethosenetworkstogethervia composition,unionandotherfinite-
stateoperationsto createthefinal lexical transducer.

Dif ferentfiles dependoneachother. If you edit a sourcefile, thenit will need
to berecompiledinto a network,andevery partof thefinal lexical transducerthat
dependson thatnew networkwill needto berebuilt aswell, oftenin averycritical
order. It shouldbeobviousthatrecompilingany non-trivial systembyhand,relying
on thedeveloper’s memoryof which sourcefiles have beenchangedandhow the
overall systemfits together, is problematic.

Makefilesautomaticallykeeptrackof which filesdependonwhich otherfiles,
andthey cancall lexc, xfst, twolc andUnix command-lineutilities asnecessary
to rebuild the final lexical transducer. If your makefileis properlywritten, then
you canedit oneor moreof thesourcefiles, entertheUnix commandmake, and
themakefilewill takecareof everything,invoking all necessaryoperationsin the
correctorder, andnot recompilinganything thatdoesn’t needto berecompiled.

unix make

If nothinghaschanged,andeverythingis up to date,thena call to make simply
printsout amessagethatall is well.

TheGNU versionof make is theonewe use,andon our systemit happensto
residein /opt/gnu/bin/make. Thealiasgmake is oftendefinedto invoketheGNU
versionof make, wherever it mightbestored.

unix gmake

Theexamplesbelow will usegmakeandtheGNU flavor of makefilesyntax.

C.1.3 Makefilesare Another Formalism to Master

As valuableasmakefilesare,they requirethedeveloperto masteryetanotherfor-
malism,andthis is why weavoidedintroducingmakefilesin thebodyof thebook.
Makefilesandtheassociatedmake or gmakeapplicationalsovary subtlyon dif-
ferentsystems,andyou maywell needto consultyour local systems-programmer
gurusto translatethe following examplesto work in your environment. Almost
everyoneneedshelpgettingstartedwith makefiles,but onceyou have a working
exampleto study, it is relatively easyto copy, edit andexpandit asyour project
progresses.
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C.2 Example: A SimpleMor phologicalAnalyzer

C.2.1 Two SourceFiles

We will begin by assumingthat the applicationis a morphologicalanalyzerfor
Mylang(themythical“my language”),andthatthereis onelexcsourcefile called
mylang-lex.t xt , containingthe lexicon and morphotacticdescription,and
a regular-expressionfile calledmylang-rules. rege x containingalternation
rules.As shown in FigureC.1,thelexcsourcefile is to becompiledinto anetwork
using lexc, andthe alternationrulesareto be compiledinto a networkusingthe
xfst regular-expressioncompiler. Theresultingrule networkis thencomposedon
thelowersideof thelexiconnetworkto form thefinal lexical transducer.

mylang−lex.txt

mylang−rules.regex

Mylang.fst

lexc compiler

mylang−lex.fst

mylang−rules.fst

composition

xfst regular−expression compiler

FigureC.1: Outlineof aSimpleMorphologicalAnalyzer. Thesourcefilesmylang-
lex.txt andmylang-rules.regex arecompiledby lexc andxfst respectively into in-
termediatenetworksmylang-lex.fstandmylang-rules.fst,whicharethencombined
by compositionto form thefinal lexical transducerMylang.fst.

C.2.2 Building the Lexical Transducerby Hand

Before we dive into a makefile,let’s review how sucha systemwould be built
or rebuilt by hand. The developermight first invokexfst, enteringthecommand
compile-sour ce mylang-lex.t xt followedbysave-source mylang-
lex.fst , followedby quit .

unix lexc
lexc> compile-sour ce mylang-lex.t xt
lexc> save-source mylang-lex.fst
lexc> quit
unix

Assumingthat therewereno errors,thecompiledlexicon networkwill bestored
in the file mylang-lex.f st . The nameof the outputfile could of coursebe
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any string,but giving it thesamebasicnameasthesourcefile, but with the .fst
extension,is ausefulconvention.

To compiletherules,thedeveloperwould theninvokexfst, enteringthecom-
mandsread regex mylang-rules.re gex , save stack mylang-
rules.fst andfinally quit .

unix xfst
xfst[0]: read regex < mylang-rules.re gex
xfst[1]: save stack mylang-rules. fst
xfst[1]: quit
unix

Again,thesavingof theresultasmylang-rules .fst is justausefulmnemonic
convention.

Finally, with thetwo componentnetworksalreadycompiledandsavedto file,
we caninvokexfst a secondtime to composethemtogetherinto the final lexical
transducer, whichwe’ll save to file asMylang.fst .

unix xfst
xfst[0]: read regex @"mylang-lex .fst "
.o.
@"mylang-rules. fst" ;
xfst[1]: save stack Mylang.fst
xfst[1]: quit
unix

Thesesamexfst and lexc commandswill be built into the makefilethat we are
aboutto write.

Canny readerswill have noticedthat it is not absolutelynecessaryto save
mylang-rules.fs t and invoke xfst a secondtime. However, breakingthe
taskdeliberatelyinto suchdiscretepartsshows the stepsmorecleanlyandtrans-
latesinto a bettermakefile.

Note that if we subsequentlyedit the lexc file, but not therules,thentherule
file doesnothave to berecompiledatall. Similarly, if therulefile is edited,but not
the lexc file, thentherecompilationof the lexc file would just bea wasteof time.
In a largesystem,someof theprocessingstepsmay bevery time-consuming,so
theability of a well-writtenmakefileto avoid unnecessaryrecompilationscanbea
big time-saver. Editingeithersourcefile will alwaysrequireits own recompilation
andtherecompilationof thefinal lexical transducer. Theorderis of coursevital:
therecompilationof thefinal lexical transducermustbedoneafterthecomponent
fileshavebeenrecompiled.

C.2.3 Building the Lexical Transducerwith a Makefile

Thealternativeto building thelexical transducerby handis to write amakefilethat
reflectsall theproperdependenciesandinvokesall thenecessaryoperations,in the
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correctorder. Syntactically, themakefileis just a plain text file composedof goals
built on thefollowing template.

goal : subgoals ...
unix-command
...

Thegoal is very oftenthenameof a file to beproduced,andthesubgoalsarethe
namesof otherfilesor goalsthatthecurrentgoal is dependenton. Whena goalis
invoked,gmakefirst checksits subgoalsto seeif they areup to date. If they are
indeedall upto date,thenthecurrentgoalis consideredupto dateaswell, andthe
commandsin thebodyof therulearenotperformed.It is upto themakefilewriter
to makesurethatthedependenciesareproperlyspecified.

If, however, any subgoalis not up to date,thenit is first broughtup to date,
andthecurrentgoalis thenrecomputedby invoking thecommandsin thebodyof
thegoal. (Syntactically, eachcommandin thebodyof thegoalmustbe indented
with a tab.) If thesubgoalis thenameof a sourcefile, thenthecurrentgoalwill
be recomputedif the goal file doesn’t exist at all or if the sourcefile hasa more
recentmodificationdatethanthegoalfile. In practice,this meansthata goalwill
be recomputedif you have subsequentlyeditedany of thesourcefiles it depends
on.

Thecommandsin thebodyof agoalmustbeindentedwith aTAB charac-
ter, not spaces,andthis is aninvisible trapwaiting to catchtheunwary.

It’ s time to look ata realexample.Here’sonewayto build Mylang.fst in a
GNU makefile,which is namedliterally Makefile andshouldresidein thesame
directoryasthetwo sourcefiles.

# The First (Default) Goal is to build Mylang.fst
# This goal depends on mylang-lex.fst and
# mylang-rules. fst being up to date

Mylang.fst: mylang-lex.fst mylang-rules.f st
@echo
@echo "*** Building Mylang.fst ***" ;
@echo
@printf "read regex @\"mylang-lex .fst \" \
.o. @\"mylang-rules .fs t\" ; \n\
save stack Mylang.fst \n\
quit \n" > /tmp/mylang-scr ipt
@xfst < /tmp/mylang-sc ript
@rm -f /tmp/mylang- scr ipt
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# The Second Goal is to build mylang-lex.fst
# This goal depends on mylang-lex.txt , the lexc
# source file

mylang-lex.fst: mylang-lex.txt
@echo
@echo "*** Building mylang-lex.fs t ***"
@echo
@printf "compile-sourc e mylang-lex.t xt \n\
save-source mylang-lex.fs t \n\
quit \n" > /tmp/mylang-sc ript
@lexc < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

# The Third Goal is to build mylang-rules .fs t
# This goal depends on mylang-rules.r egex , the
# regular-expr essi on source file

mylang-rules.fs t: mylang-rules .re gex
@echo
@echo "*** Building mylang-rules. fst ***"
@echo
@printf "read regex < mylang-rules.r egex \n\
save stack mylang-rules.f st \n\
quit \n" > /tmp/mylang-sc ript
@xfst < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

# Finally, the clean goal can be invoked manually to
# erase all the non-source files. As in this case,
# the goal name does not have to be a filename.

clean:
@rm -f *.fst

The goalsin a makefilecanbeinvokedindividually by giving their namesas
argumentsto gmake, e.g.

unix gmake clean
unix gmake mylang-rules.f st

If gmakeis invokedwithout any overt argument,thenthetopmostgoalin thefile,
hereMylang.fst,is thedefault;if themakefileis properlywritten,it will invokeall
theothersubgoalsasneeded.
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As we saw above in themanualmethod,we cannotbuild Mylang.fst until
mylang-lex.f st andmylang-rules.fs t areup to date,andso this first
goallists themappropriatelyassubgoals.

# The First (Default) Goal is to build Mylang.fst
# This goal depends on mylang-lex.fst and
# mylang-rules. fst being up to date

Mylang.fst: mylang-lex.fst mylang-rules.f st
@echo
@echo "*** Building Mylang.fst ***" ;
@echo
@printf "read regex @\"mylang-lex .fst \" \
.o. @\"mylang-rules .fs t\" ; \n\
save stack Mylang.fst \n\
quit \n" > /tmp/mylang-scr ipt
@xfst < /tmp/mylang-sc ript
@rm -f /tmp/mylang- scr ipt

Looking morecloselyat the text just beforethefirst goal, the pound-signsimply
introducescommentsthatcontinueto theend-of-line.In thebodyof thegoal,the
echostatementsarestandardUnix commandsthat echotheir string argumentto
theterminal.Thefirst threecommandsthereforeprint newlinesandamessagethat
helpfully informsusof theprogressof themakefile.Thefourthcommand,printf ,
writesits stringargumentto /tmp/mylang-script.Thisstringrepresentsthreecom-
mandsto be performedby xfst, andin the makefileit includesthe backslashto
insert literal double-quotesandnewlines ( n), and to breakthe string argument
over multiple lines for legibility. The /tmp directory into which printf writes is
accessibleto all usersandis usuallyanappropriateplaceto storesuchatemporary
script; consultyour gurusfor the local policy. The nameof the script file, here
mylang-scrip t , is chosenby theuser.

The fifth commandcalls xfst, andthe left angle-brackettells xfst to readits
commandsfrom thesamescriptfile thatwe justcreated.Finally, a call to thestan-
dardUnix rm commandremovesthetemporaryscript.All of theUnix commands
in thisexampleareprecededwith theat-sign(@),whichis optionalandsuppresses
theechoingof theUnix commandsthemselvesduringexecutionof themakefile.

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



608 APPENDIXC. MAKEFILES

In someenvironments,you can usethe echoutility insteadof printf to
write thecommandsinto thetemporaryscriptfile. However, someflavors
of Unix shell,in particulartheC shell,theKornshellandtheBourneshell,
have built-in echocommandsthatdonot recognizeescapedcharacters.In
suchsystems,you shouldstick with printf or invoke a differentversion
of echo, typically by specifyingtheexplicit path/usr/bin/echo.Ask your
localgurushow echoandprintf work in yourenvironment,andmanually
examinethefiles thatthey createwhenyoustartwriting makefiles.

The goal that builds mylang-lex.fst is very similar to what we have seenin
the first goal. In this case,the commandswritten to the temporaryfile are lexc
commands,andthe lexcapplicationis of courseinvokedto executethem.

# The Second Goal is to build mylang-lex.fst
# This goal depends on mylang-lex.txt , the lexc
# source file

mylang-lex.fst: mylang-lex.txt
@echo
@echo "*** Building mylang-lex.fs t ***"
@echo
@printf "compile-sourc e mylang-lex.t xt \n\
save-source mylang-lex.fs t \n\
quit \n" > /tmp/mylang-sc ript
@lexc < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

Thefile mylang-lex.fs t dependsonthesourcefile mylang-lex.tx t , and
gmakewill rebuild mylang-lex.fst if andonly if it doesn’t exist at all or if
themodificationdateof mylang-lex.txt is morerecent.

The goal thatbuilds mylang-rules.fs t is moreof thesame,exceptthat
this time thegoaldependson thesourcefile mylang-rules. rege x andagain
callsxfst. Therearenosurpriseshere.

# The Third Goal is to build mylang-rules .fs t
# This goal depends on mylang-rules.r egex , the
# regular-expr essi on source file

mylang-rules.fs t: mylang-rules .re gex
@echo
@echo "*** Building mylang-rules. fst ***"
@echo
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@printf "read regex < mylang-rules.re gex \n\
save stack mylang-rules.fs t \n\
quit \n" > /tmp/mylang-scr ipt
@xfst < /tmp/mylang-sc ript
@rm -f /tmp/mylang- scr ipt

C.3 Example: Separating Source, Intermediate, and Bi-
nary Files

Beginning developersusuallymix sourcefiles, intermediatefiles andfinal-result
“binary” filesall togetherpromiscuouslyin thesamedirectory—expertdevelopers
learnto keepthemin separatedirectories.In particular, keepingthesourcefiles in
a dedicatedsourcedirectorygreatlyfacilitatesbackups,versioncontrol,creation
of tar-files,etc.

A recommendeddirectorystructurefor Mylang is shown in FigureC.2. The
morph(morphology)directoryunderMylang is just oneof severaldaughtersthat
mayeventuallyappear, andit hasthreedaughterdirectories:src,int, andbin. The
sourcefilesandthemakefilewill bestoredin Mylang/morph/src,intermediatefiles
like mylang-lex.fs t andmylang-rules .fs t in Mylang/morph/int,and
thefinal lexical transducerMylang.fst will bestoredin Mylang/morph/bin.

Mylang/

    morph/          tokenize/       disamb/       parse/

src/          int/            bin/

FigureC.2: It is recommendedthat sourcefiles be kept in a dedicateddirectory
src/,intermediatefiles in int/, andfinal “binary” files in bin/.

While sucha file structuremayseemharderto work in, thehardpartscanbe
written just oncein the makefile.The following makefileis assumedto residein
themorph/src/directory. It createsandaccessestheintermediatefiles in thesister
int/ directory, andit writesthefinal resultin thesisterbin/ directory.

# Makefile Modified to Use src/, int/ and bin/

# The First (Default) Goal is named Mylang.fst;
# It has a subgoal ../bin/Mylang.f st
# This allows the user to type ’gmake Mylang.fst’
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# rather than ’gmake ../bin/Mylang.f st’

Mylang.fst: ../bin/Mylang. fst

# This goal depends on the intermediate files
# mylang-lex.f st and mylang-rules.fs t being
# up to date

../bin/Mylang.f st: ../int/mylang- lex. fst \
../int/mylang- rule s.fs t
@echo
@echo "*** Building Mylang.fst ***" ;
@echo
@printf "read regex @\"../int/myl ang-lex .fst \" \
.o. \
@\"../int/myla ng-r ules .fs t\" ; \n\
save stack ../bin/Mylang. fst \n\
quit \n" > /tmp/mylang-sc ript
@xfst < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

# The Second Goal is to build mylang-lex.fst
# This goal depends on mylang-lex.txt , the lexc
# source file, being up to date

mylang-tex.fst: ../int/mylang- lex .fst

../int/mylang-l ex.f st: mylang-lex.txt
@echo
@echo "*** Building mylang-lex.fs t ***"
@echo
@printf "compile-sourc e mylang-lex.t xt \n\
save-source ../int/mylang -lex .fst \n\
quit \n" > /tmp/mylang-sc ript
@lexc < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

# The Third Goal is to build mylang-rules .fs t
# This goal depends on mylang-rules.r egex , the
# regular-expr essi on source file, being up to date

mylang-rules.fs t: ../int/mylan g-r ules .fst

../int/mylang-r ules .fs t: mylang-rules .reg ex
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@echo
@echo "*** Building mylang-rules. fst ***"
@echo
@printf "read regex < mylang-rules.re gex \n\
save stack ../int/mylang-r ules .fs t \n\
quit \n" > /tmp/mylang-scr ipt
@xfst < /tmp/mylang-sc ript
@rm -f /tmp/mylang- scr ipt

clean:
@rm -f ../bin/* ../int/*

Notein thisversionthattheclean goalsimplyerasesall thefiles in theinterme-
diateandbinarydirectories.

C.4 twolc and Makefiles

The twolc languageis not muchusedthesedaysat Xerox, having beenlargely
replacedby thenewerreplacerulesin xfst. But wheretwolc is still used,makefiles
can of coursecontaingoalsthat invoke the twolc compiler. Let us assumethat
the twolc sourcefile is namedmytwolc-rules. txt andthat the rulesareto
be compiledand intersected,with the binary result saved to file as mytwolc-
rules.fst . Donemanually, thecommandswouldbe

unix twolc
twolc> read-grammar mytwolc-rules. txt
twolc> compile
twolc> intersect
twolc> save-binary mytwolc-rules.f st
twolc> quit
unix

Hereis thesamesetof commands,recastasamakefilegoal:

# Goal to compile and intersect a file of twolc rules

mytwolc-rule s.fs t: mytwolc-rules.t xt
@echo
@echo "*** Updating mytwolc-rules .fst *** "
@echo
@printf "read-grammar mytwolc-rules.t xt \n\
compile \n\
intersect \n\
save-binary mytwolc-rules. fst \n\
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quit \n" > /tmp/mylang-sc ript
@twolc < /tmp/mylang-s cri pt
@rm -f /tmp/mylang-scr ipt

C.5 quit-on-fail

Whenrebuilding largesystemsvia makefiles,it maybedesirablefor lexcandxfst
to quit whenthey encounteranerror. lexc providestheswitchquit-on-fail , OFF
by default,whichcanbetoggledON (seeSection4.4.4),e.g.

mylang-lex.fst: mylang-lex.txt
@echo
@echo "*** Building mylang-lex.fs t ***"
@echo
@printf "quit-on-fail \n\
compile-source mylang-lex.txt \n\
save-source ../int/mylang -lex .fst \n\
quit \n" > /tmp/mylang-sc ript
@lexc < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

Similarly, xfst providesaninterfacevariable,alsocalledquit-on-fail , thatcan
besetto ON for thesameeffect,e.g.

mylang-rules.fs t: mylang-rules .re gex
@echo
@echo "*** Building mylang-rules. fst ***"
@echo
@printf "set quit-on-fail ON \n\
read regex < mylang-rules .reg ex \n\
save stack ../int/mylang- rule s.fs t \n\
quit \n" > /tmp/mylang-sc ript
@xfst < /tmp/mylang-sc rip t
@rm -f /tmp/mylang-scr ipt

C.6 Conclusion

MakefilesareGoodThings. Large morphologicalanalyzersandsimilar applica-
tionsmayhavedozensof differentsourcefilesandveryintricateinterdependencies.
But onceyou have createdanddebuggeda makefilefor your project,you should
thereafterbeableto edityoursourcefilesatwill andsimply invokegmaketo have
thewholesystemrebuilt automatically.
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therearemany possiblesolutionsto eachproblem.
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D.1 Graphing Quiz

Thegraphingquiz is in AppendixA, page581.

a

1. Network:a

d o g

2. Network:d o g

d

g

o

3. Network: [ d o g ]

c

d

h

a

o

o

t

g

r s
e

4. Network: [ d o g c a t h o r se ]

d o g +Noun +Sg

5. Network: [ d o g %+Noun%+Sg]
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d

f

h

o

o

o

g

o

u

d

s
e

6. Network: [ d o g h o u se f o o d ]

d

f

h

o

o

o

g

o

u

d

s
e

7. Network: [ d o g ] [ h o u se f o o d ]

d o g
f

h

o

o

o

u

d

s
e

8. Network: [ d o g ] [ h o u se f o o d ]

a

b

c

9. Network:a b* c

a b

b

c

10. Network:a b+ c
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h

a

11. Network: [ h a ]*

a
b
c

12. Network: [ a b c ]*

x

y

z

x
y
z

13. Network: [ x y z ]+

a
b

c

c

14. Network:a (b) c
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a

b

d

c

15. Network:a [ b c ]* d

a b

c

b
c

d

16. Network:a [ b c ]+ (d)

e

h

k

l

u

a

e

n

t
f

d

e

i

o

a

g

t

n

j

n

n

n

17. Network: [ h u n d e l e f an t k a t ] [ e g e t i n ]* o (j) (n)
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a

b

m

n

l

o

a

e

t

n

l a

b
e

g

t

e

a
j

n

n

18. Network: ( m a l n e ) [ b o n a l t ] [ eg e t ]+ a (j) (n)

d

f

p

o

u

r

i

g

c

o

k

19. Network: [ d o g p i g d u c k f r o g ]

20. Network: []

?

21. Network:?*

22. Network: ˜[?*]
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?

a

?
a

23. Network:$[a]

24. Network: ˜$[]

f

p

w

i

a

o

l

c

r

l

k

e

i

s

d

n g

25. Network: [ w o r k f i l l p a c k ] [ s e d i n g [] ]

b o o k +Noun:0 +Pl:s

+Sg:0

26. Network: [ b o o k %+Noun:0%+Sg:0 b o o k %+Noun:0%+Pl:s]
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e

h

k

l

u

a

e

n

t
f

d

+Aug:e

+Dim:e

+Fem:i

+Noun:o

a

0:g

0:t

0:n

+Acc:n

+Pl:j

n

+Acc:n

27. Network: [ h u n d e l e f a n t k a t ] [ %+Aug:e0:g %+Dim:e0:t
%+Fem:i0:n ]* %+Noun:o(%+Pl:j) (%+Acc:n)

b

d

o

o

u

o

g

c
k

+Noun:0 +Pl:s

+Sg:0

28. Network: [ b o o k d o g d u c k ] %+Noun:0[ %+Sg:0 %+Pl:s]

a i m e:0 r:0 +Verb:0 +PresInd:0

+1P:e

+1P:o

+2P:e

+3P:e

+Sg:0

+Pl:n

+Pl:z

+Sg:s

+Sg:0

+Pl:n

0:s

0:t

29. Network: [ a i m e:0 r:0 ] %+Verb:0 %+PresInd:0[ %+1P:e%+Sg:0
%+2P:e%+Sg:s %+3P:e%+Sg:0 %+1P:o%+Pl:n0:s %+2P:e%+Pl:z
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N

0

N N N

0 0 0

D

0

Q

0

D D D

0 0 0

Q

N

Q
D

Q

D

Q 0

Q

Q
D

N

N

D

D D

D
N

0

N

N

0

FigureD.1: A BetterColaMachinethatReturnsChange

%+3P:e%+Pl:n0:t ]

D.2 The Better Cola Machine Diagram

Figure D.1 shows one possiblesolution to the Better Cola Machineexercisein
Section1.10.1,on page40. Notethat this machineindicatestheinputs(coins)on
theuppersideandtheoutputs(change)on thelowersideof eacharc.

D.3 The Better Cola Machine Network

In theBetterColaMachineexercisein Section1.10.1,thereaderis invited to con-
structby handa transducerthatacceptsa sequenceof nickels(N), dimes(D), and
quarters(Q) andgivesin returnacolafor 25cents.In Section2.6.1,onpage79,the
taskis to constructaregularexpressionfrom whichthetransducercanbecompiled
automatically. We give thesolutionbelow to thelatterexercise.

The upperlanguagein the relationwe want to describeconsistsof stringsin
which thethreesymbolsmayoccurin any order: [N|D|Q]* andthevalueof the
string mustbe exactly 25 cents. As we have alreadyseen,this languagecanbe
definedby theregularexpression[[D -> Nˆ2, Q -> Nˆ5] .o. Nˆ5].u .

To definea transducerthatmapssuchastringto “ [COLA] ”, wecanjust leave
out the upper-sideextractionoperator.u andcomposethe relationwith another
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622 APPENDIXD. SOLUTIONSTO EXERCISES

relationthatmapsasequenceof fivenickelsinto acola: [Nˆ5 -> "[COLA]"] .
Thesolutionto thefirst taskis givenin FigureD.2.

[ D -> Nˆ2, Q -> Nˆ5 ]
.o.
Nˆ5
.o.

Nˆ5 -> "[COLA]"

FigureD.2: First solution

If thevalueof theoriginalcoinsequenceis worthmorethanfivenickels,thetrans-
ducerin FigureD.2 givesnooutput.To remedythisproblem,wecansimply relax
theconstraintthatlimits thevalueof theinputstringto fivenickels.If wereplaced
thesecondcomponent,[Nˆ5] , by [Nˆ5]* , theresultingtransducerwouldaccept
any sequenceof coinswhosevalueis somemultipleof fivenickels.But wechoose
thereplacementN* to allow stringssuchas“NNDDQNNN” thatareworthmorethan
onecolabut donotnecessarilytranslateinto amultipleof five nickels.FigureD.3
showsthenew solution.

[ D -> Nˆ2, Q -> Nˆ5 ]
.o.
N*

.o.
Nˆ5 @-> "[COLA]"

FigureD.3: Secondsolution

Note that we have to introducethe left-to-right, longest-matchreplaceoperator,
@->, in FigureD.3 to guaranteea uniqueoutcomein thecasethattheinput string
is worth morethanonecola. Any extra money is returnedto theuserin the form
of nickels.

As a favor to theuser, let usmakea little improvement.We will paytherefund
usingthesmallestpossiblenumberof coins.For example,theoverpaymentof 20
centswill bereturnedastwo dimesinsteadof four nickels.FigureD.4presentsthe
new solution. This regularexpressioncompilesinto a transducerof 12 statesand
39arcs.Theeffectof theN* componentin thiscascadeof compositionsis thatthe
upperlanguageof the relationis restrictedto stringsthataremadeup of Ns and
thetwo othercoinsymbolsthataremappedto N. If theN* componentis removed,
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[ D -> Nˆ2, Q -> Nˆ5 ]
.o.
N*

.o.
Nˆ5 @-> "[COLA]"

.o.
Nˆ2 @-> D

FigureD.4: Third solution

the upperlanguageof the resultingrelationwill be the universallanguage.Any
unknown symbolswill simply bemappedto themselves.For example,theupper-
languageinput“QXQ” wouldbemappedto “ [COLA]X[COLA] ” , representingthe
returnof two colasandthe unknown coin. Perhapsthis would bethe bestpolicy
for real-lifecolamachines.

Allowing unknown symbolsin the upper-languageinput gives rise to a new
problem.Wewouldlike to map,say, “NDXD” to “X[COLA] ”, recognizingthatthe
nonadjacentcoins“ND..D ” addup to five nickels. But the relation [Nˆ5 @->
"[COLA]"] in FigureD.4presupposesanuninterruptedsequenceof coins.It has
to be modified. With the help of the ignore operator/ we can describestrings
thatcontainfivenickelsandpossiblysomeothersymbols.[Nˆ5/\N] denotesthe
setof stringsthat containexactly five Ns interspersedwith any numberof other
symbols. Recall that \N denotesthe term complementof N, all single symbol
stringsotherthan“N”.

[ D -> Nˆ2, Q -> Nˆ5 ]
.o.

Nˆ5/\N @-> ... "[COLA]"
.o.

N -> 0 || $"[COLA]"
.o.

Nˆ2/\N @-> ... D
.o.

N -> 0 || $D

FigureD.5: Finalsolution

Becausethenickelsshouldbemappedto acolawhile theothersymbolsshould
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passthroughunchanged,it is convenientto describethenickels-to-colamappingas
acompositionof twosimplerelations:[Nˆ5/\N @-> ... "[COLA]" .o.
N -> 0 || $"[COLA]"] . Thefirst part insertsa “ [COLA] ” suffix aftera
string thatcontainsexactly five nickelspossiblyinterruptedby othertokens.The
secondpart deletesall the nickelsthat have been“consumed”in the process.A
similarsplit hasto beintroducedin convertingasequenceof two extranickelsto a
dimebecausethetwo nickelsneednotbeadjacent.FigureD.5 givesthefinal solu-
tion. Therobustcolamachinecompiledfrom theexpressionin FigureD.5contains
27 statesand116arcs.It effectively countstherealcoinsin theinput andreturns
theappropriatenumberof colaswith any extrachangedue.All unknown coinsare
simply passedthroughunchanged.For example,for the input “XNDQYZDNWDN”
thecustomerreceivestwo colas,two dimesof changeandthefour unusableinput
symbols:“X[COLA]YZ[COL A]WDD”.

D.4 Brazilian PortuguesePronunciation

D.4.1 Portuguesein xfst

The Brazilian PortuguesePronunciationexerciseis presentedin Section3.5.4,
page149.Thefirst solutionshown hereusesanxfst scriptto defineVowel, which
is usedin thecontext of a rule, andthenspecifiesthe cascadeof rulesdirectly in
oneregularexpression.Noteespeciallytheorderof thereplacerules—someof the
relativeorderingof rulesis critical, andtherestof therelativeorderingis arbitrary.
An alternativesolution,usinga define statementfor eachrule, is shown below.

# Solution
# Southern Brazilian Portuguese Pronunciation
# using an xfst script file
# scripts are run from xfst using the ’source <filename>’
# command

echo <<Defining Vowel>>

define Vowel [ a | e | i | o | u
| á | é | ı́ | ó | ú
| â | ê | ô
| ã | õ
| à
| ü
] ;

echo <<Vowel is defined>>
echo <<Compiling the Rules>>

# the square brackets around the following rules are not
# technically necessary

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



D.4. BRAZILIAN PORTUGUESEPRONUNCIATION 625

read regex
[ s -> z || Vowel _ Vowel ] # this rule must come before

# the [ ç -> s ] rule and
# the [ s s -> s ] rule

.o.
[ ç -> s ]
.o.
[ c h -> %$ ] # a special case, h is part of the digraph ’ch’

# such special cases need to be
# handled "first"

.o.
[ c -> s || _ [ e | i | é | ı́ | ê ] ]

# c -> s is another special case, reflecting
# historical phonological changes as Latin
# evolved into Portuguese

.o.
[ c -> k ] # the default--Latin c always represented /k/
.o.
[ s s -> s ]
.o.
[ n h -> N ] # special case, h is part of the digraph ’nh’
.o.
[ l h -> L ] # special case, h is part of the digraph ’lh’
.o.
[ h -> 0 ] # all other hs are silent
.o.
[ r r -> R ]
.o.
[ r -> R || .#. _ ]
.o.
[ e -> i || _ (s) .#. , .#. p _ r ]

# this e -> i rule must apply before the d -> J and
# the t -> C rules

.o.
[ o -> u || _ (s) .#. ]
.o.
[ d -> J || _ [ i | ı́ ] ]
.o.
[ t -> C || _ [ i | ı́ ] ]

# the two rules above could be abbreviated equivalently
# as one
# [ d -> J, t -> C || _ [ i | ı́ ] ];
# they must be ordered after the e -> i rule

.o.
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[ z -> s || _ .#. ]
;

echo <<Successful Completion>>
echo <<The Network is on Top of the Stack>>

The following alternative solutiondefinesa variablefor eachindividual rule
andthencomposesthe variablevaluestogether. This approachcanfacilitateany
necessaryreorderingof therulesduringtesting.

# Alternative Solution
# Southern Brazilian Portuguese Pronunciation
# using an xfst script file;
# scripts are run from xfst using the ’source <filename>’
# command

echo <<Defining Vowel>>

define Vowel [ a | e | i | o | u
| á | é | ı́ | ó | ú
| â | ê | ô
| ã | õ
| à
| ü
] ;

echo <<Vowel is defined>>
echo <<Compiling the Rules>>

echo <<Defining Individual Rules>>

define Rule1 [ s -> z || Vowel _ Vowel ] ;
# this rule must come before
# the [ ç -> s ] rule and
# the [ s s -> s ] rule

define Rule2 [ ç -> s ] ;

define Rule3 [ c h -> %$ ] ;
# a special case, h is part of the digraph ’ch’
# such special cases need to be
# handled "first"

define Rule4 [ c -> s || _ [ e | i | é | ı́ | ê ] ] ;
# c -> s is another special case, reflecting
# historical phonological changes as Latin
# evolved into Portuguese
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define Rule5 [ c -> k ] ;
# the default--Latin c always represented /k/

define Rule6 [ s s -> s ] ;

define Rule7 [ n h -> N ] ;
# a special case, h is part of the digraph ’nh’

define Rule8 [ l h -> L ] ;
# a special case, h is part of the digraph ’lh’

define Rule9 [ h -> 0 ] ;
# all other hs are silent
# (no phonological realization)

define Rule10 [ r r -> R ] ;

define Rule11 [ r -> R || .#. _ ] ;

define Rule12 [ e -> i || _ (s) .#. , .#. p _ r ] ;
# this e -> i rule must apply before the d -> J and
# the t -> C rules

define Rule13 [ o -> u || _ (s) .#. ] ;

define Rule14 [ d -> J || _ [ i | ı́ ] ] ;

define Rule15 [ t -> C || _ [ i | ı́ ] ] ;
# the two rules above could be abbreviated
# equivalently as one
# [ d -> J, t -> C || _ [ i | ı́ ] ]

define Rule16 [ z -> s || _ .#. ] ;

# now that all the rules are individually defined, they
# can be composed together in the proper order

read regex Rule1 .o. Rule2 .o. Rule3 .o. Rule4 .o. Rule5 .o.
Rule6 .o. Rule7 .o. Rule8 .o. Rule9 .o. Rule10 .o.
Rule11 .o. Rule12 .o. Rule13 .o. Rule14 .o.
Rule15 .o. Rule16 ;

# the advantage of such an approach is that any necessary
# editing of the order of the individual rules during
# testing is easier

echo <<Successful Completion>>
echo <<The Network is Left on Top of the Stack>>
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D.4.2 PortuguesePronunciation in twolc

ThePortuguesePronunciationexercise,usingtwolc rules,isproposedonpage334.
Hereis onepossibletwolc solution.

Alphabet h:0 ç:s c:s k t d l s z r n
a e i o u
á é ı́ ó ú
â ô
ã õ
à

ü ;
! c appears only on the upper side, no c:c possible
! h is always realized as 0
! ç is always realized as s

Sets
Vowel = a e i o u

á é ı́ ó ú
â ô
ã õ
à

ü ;
! all symbols that appear in Sets must be overtly
! declared in the Alphabet section;
! this is a ’feature’ of twolc

Rules

"e:i"
e:i <=> _ (s) .#. ;

.#. p _ r ;

! note that the e:i rule has two contexts, each
! terminated with a semicolon; the syntax and
! semantics of twolc rules are different from
! the syntax and semantics of the replace rules
! in xfst

"o:u"
o:u <=> _ (s) .#. ;

"c:k"
c:k <=> _ [ a | o: | u |

á | ó | ú | â | ô | ã | õ | à | ü ] ;

! the right context o: specifies only the upper
! side because the rule just above maps some
! non-stressed final o vowels to u. A right
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! context of just o would be interpreted as o:o,
! which is too specific for the rule to work
! correctly on examples like
! Upper: oco
! Lower: oku

"h digraphs"
[ l:L | n:N | c:%$ ] <=> _ h: ;

! L, N and $ appear only on the surface ;
! h never appears on the surface. The Alphabet
! specifies h:0, but not h, and so twolc will
! therefore assume (correctly) that h appears
! only on the upper side

"palatalization"
[ t:C | d:J ] <=> _ [ :i | :´ı ] ;

! C and J appear only on the surface.
! This palatalization occurs when the following
! surface vowel is /i/, hence the notation :i and :´ı

"ss"
s:0 <=> s _ ;

"s:z"
s:z <=> Vowel: _ Vowel: ;

! There are three possible realizations for s, being
! s:0, s:z and s:s
! This requires two rules and the declaration of
! s (i.e. s:s) in the Alphabet.
! With rules defined to control the s:0 and s:z cases,
! the s:s realization is the traditional ’elsewhere’
! case.

"z:s"
z:s <=> _ .#. ;

! There are two possible realizations for z, being
! z:s and z:z
! This requires one rule and the declaration of
! z (i.e. z:z) in the Alphabet.
! With the z:s rule defined, the z:z realization
! is the traditional ’elsewhere’ case.

"r:R"
r:R <=> .#. _ ;

_ r: ;
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! R appears only on the surface

"r:0"
r:0 <=> r: _ ;

! There are three possible realizations for r
! r:R, r:0 and r:r.

! end of twolc source file

Assumingthat thesourcefile is in port-pronun-t wolc .tx t thefollow-
ing commandsshouldbeinvokedto compiletherules.

twolc read-grammar port-pronun-t wolc .tx t
twolc compile

The read-grammar commandreadsin the sourcefile andchecksfor purely
syntacticerrors,printing any necessarywarningsanderror messages.After any
necessarycorrection,whenread-grammarreadsthefile cleanly, thenthecompile
commandshouldbe invokedto compiletherules. During thecompilationof the
grammarshown above, thecompilerwill print thefollowing semanticwarning:

*** Warning: Unresolved <= conflict with respect
to ’r:R’ vs. ’r:0’

between "r:R"
and "r:0"

**** Conflicting pair(s) of contexts:
_ r: ;

r: _ ;
Left context example: r
Right context example: r

Thewarningidentifiesthetwo conflictingrulesr:R andr:0 by theiruniquenames,
asindicatedin thesourcefile, andit identifiesthespecificcontexts thatarein left-
arrow conflict.Thefirst context, _ r: , hastheuniversalrelationastheleft context
andr: astheright context. Thesecondcontext, r: _, hasr: astheleft context
andtheuniversalrelationastheright context. As therule compilerclearlyshows,
theruleswill be in conflict whenthe lexical context is r on the left andr on the
right.

In otherwords,thetworulesconflictfor theinputword“ rrr ”, or for any input
wordcontainingthesubstring“ rrr ”; for sucha word, therewill beno output. In
this case,the conflict doesn’t matterbecausethe sequence“ rrr ” never occurs
in properlyspelledPortuguesewords. So ignorethe warning in this case. (See
Section5.5for waysto resolveruleconflicts,wherenecessary.)
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Theirrelevantwarningmessagecanbesuppressedby “installing” a reference
lexicon (e.g.a lexical transducer)or a pseudo-lexiconof thelanguagein question,
which in this caseis Portuguese.Whenthe twolc compilerseesthat thelanguage
of the lower sideof the lexicon doesnot containany string that containsthe se-
quence“ rrr ”, it will suppressthewarningmessage.Installinga pseudo-lexicon
compiledfromtheregularexpression $[r r r] wouldbesufficienttosuppress
themessagein thiscase;seepage342.

Oncetheruleshavebeencompiled,they canbetestedusingthecommandlex-
test. This commandpromptsyou to manuallyenterindividual lexical wordsand
showswhattherulesproduceasoutput.

twolc lex-test

If all the lexical testwordshave beentypedinto the file portwordlist , with
one word per line, then they can all be run throughthe rulesat onceusing the
commandlex-test-file.

twolc lex-test-fil e portwordlist

twolc will thenpromptyou for thenameof theoutputfile andprint theoutputfor
eachword,alsoshowing how thelexical andsurfacestringsarealigned.

D.5 The Monish Language

D.5.1 OneSolution to Monish Analysis

# One solution to The Monish Language
# This xfst script is limited to compiling the lexicon
# and saving it to file; the rules are written
# in a separate regex file

clear stack

define FrontV [ i | e | é | ä ] ; # Front Vowels

define BackV [ u | o | ó | a ] ; # Back Vowels

define MorphoV [ %ˆU | %ˆO | %ˆÓ | %ˆA ] ;

# Morphophonemic Vowels

define Root [ r u u z o d | # verb roots
t s a r l ó k | n t o n ó l | b u n o o t s |
v é s i i m b | y ä ä q i n | f e s é é n g ] ;

define Suff1 [ %+Int .x. [ %ˆU %ˆU k ] ] ;
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# intensifier

# aspect marker
define Suff2 [ %+Perf .x. [ %ˆO n ] ] | # perfective
[ %+Imperf .x. [ %ˆÓ m b ] ] | # imperfective
[ %+Opt .x. [ %ˆU d d ] ] ; # optative

# confidence of the speaker
define Suff3 [ %+True .x. [ %ˆA n k ] ] | # true
[ %+Belief .x. [ %ˆA %ˆA v %ˆO t ] ] | # belief
[ %+Doubt .x. [ %ˆU %ˆU z ] ] | # credulous
[ %+False .x. [ %ˆÓ q ] ] ; # false

# person & number
define Suff4 [ %+1P %+Sg .x. %ˆA %ˆA b %ˆA ] |
[ %+2P %+Sg .x. %ˆÓ m %ˆA ] |
[ %+3P %+Sg .x. %ˆU v v %ˆU ] |
[ %+1P %+Pl %+Excl .x. %ˆA %ˆA b %ˆO r %ˆA ] |

# +Excl == exclusive
[ %+1P %+Pl %+Incl .x. %ˆA %ˆA b %ˆU g %ˆA ] |

# +Incl == inclusive
[ %+2P %+Pl .x. %ˆÓ m %ˆO r %ˆA ] |
[ %+3P %+Pl .x. %ˆU v v %ˆO r %ˆU ] ;

read regex [ Root (Suff1) Suff2 (Suff3) Suff4 ] ;
save stack monish-lex.fst
clear stack

This above scriptwill save monish-lex.fst to file. Oneway to complete
theexampleis to write thenecessaryreplacerulesin aseparateregular-expression
file, compilethem,andthenusexfst to composerulesonthebottomof thelexicon.

# this is monish-rul.regex, a regular-expression file

[ %ˆU -> u , %ˆO -> o , %ˆÓ -> ó , %ˆA -> a || BackV ?* _ ]
.o.
[ %ˆU -> i , %ˆO -> e , %ˆÓ -> é , %ˆA -> ä ] ;

D.5.2 Monish Guesser-Analyzer

Anotherway to approachtheproblemis to definetherulesright in thescriptand
performthe compositionof the lexicon and the rules in the script as well. The
following script,which is alsomodifiedto bea guessinganalyzer, takesthis ap-
proach.Notethatthedefinitionof Roothasbeenmodifiedto acceptanything that
lookslike avalid Monishroot.

# The Monish Guesser
# Note the definition of Root to cover any string that
# looks like a valid Monish root
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clear stack

define FrontV [ i | e | é | ä ] ; # Front Vowels

define BackV [ u | o | ó | a ] ; # Back Vowels

define MorphoV [ %ˆU | %ˆO | %ˆÓ | %ˆA ] ;

# Morphophonemic Vowels

# this was the original definition of Root
# define Root [ r u u z o d | # verb roots
# t s a r l ó k | n t o n ó l | b u n o o t s |
# v é s i i m b | y ä ä q i n | f e s é é n g ] ;

# this is the new version of Root which includes all
# strings that look like valid Monish roots.

define Root [ [ ? - [ BackV | MorphoV ] ]+ & $[ FrontV ] ] |
[ [ ? - [ FrontV | MorphoV ] ]+ & $[ BackV ] ] ;

define Suff1 [ %+Int .x. [ %ˆU %ˆU k ] ] ;# intensifier

# aspect marker
define Suff2 [ %+Perf .x. [ %ˆO n ] ] | # perfective
[ %+Imperf .x. [ %ˆÓ m b ] ] | # imperfective
[ %+Opt .x. [ %ˆU d d ] ] ; # optative

# confidence of the speaker
define Suff3 [ %+True .x. [ %ˆA n k ] ] | # true
[ %+Belief .x. [ %ˆA %ˆA v %ˆO t ] ] | # belief
[ %+Doubt .x. [ %ˆU %ˆU z ] ] | # credulous
[ %+False .x. [ %ˆÓ q ] ] ; # false

# person & number
define Suff4 [ %+1P %+Sg .x. %ˆA %ˆA b %ˆA ] |
[ %+2P %+Sg .x. %ˆÓ m %ˆA ] |
[ %+3P %+Sg .x. %ˆU v v %ˆU ] |
[ %+1P %+Pl %+Excl .x. %ˆA %ˆA b %ˆO r %ˆA ] |

# +Excl == exclusive
[ %+1P %+Pl %+Incl .x. %ˆA %ˆA b %ˆU g %ˆA ] |

# +Incl == inclusive
[ %+2P %+Pl .x. %ˆÓ m %ˆO r %ˆA ] |
[ %+3P %+Pl .x. %ˆU v v %ˆO r %ˆU ] ;

define Verbs [ Root (Suff1) Suff2 (Suff3) Suff4 ] ;
define Rules [ %ˆU -> u , %ˆO -> o , %ˆÓ -> ó ,
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%ˆA -> a || BackV ?* _ ]
.o.
[ %ˆU -> i , %ˆO -> e , %ˆÓ -> é , %ˆA -> ä ] ;

# here the lexicon (Verbs) and Rules are composed
# together by the script

read regex Verbs .o. Rules ;
echo << saving monish-guesser.fst to file >>
save stack monish-guesser.fst

echo << monish-guesser.fst is also left on the stack >>

D.5.3 Monish Rulesin twolc

This is oneway to write theMonishalternationrulesin twolc.

Alphabet
%ˆU:i %ˆO:e %ˆÓ: é %ˆA: ä
i e é ä
u o ó a ;

! In the Alphabet section the realizations of
! the underspecified vowels as front vowels are
! declared. The realization of the same
! underspecified vowels as back vowels is
! declared implicitly in the rule below. The
! feasible pairs like %ˆU:u could also be
! declared overtly in the Alphabet section,
! without affecting the result.

Sets
BackV = u o ó a ;

Rules

"Back Rule"
[ %ˆU:u | %ˆO:o | %ˆÓ: ó | %ˆA:a ] <=> BackV :* _ ;

Therule statesthat theunderspecifiedvowelswill berealizedasbackvowels
alwaysandonly in wordsthatcontainbackvowels. GiventhedefinedAlphabet,
thegrammarwill realizeall underspecifiedvowelsnot in thegivencontext asfront
vowels.Onecouldalsowrite thegrammarwith aruleto realizetheunderspecified
vowels as front vowels in the appropriatecontext, leaving all other casesto be
realizedasbackvowels.

! This is another way to write the Monish alternation
! rules in twolc.
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Alphabet
%ˆU:u %ˆO:o %ˆÓ: ó %ˆA:a
i e é ä
u o ó a ;

! In the Alphabet section the realizations of
! the underspecified vowels as front vowels are
! declared. The realization of the same
! underspecified vowels as back vowels is
! declared implicitly in the rule below. The
! feasible pairs like %ˆU:i could also be
! declared overtly in the Alphabet section,
! without affecting the result.

Sets
FrontV = i e é ä ;

Rules

"Front Rule"
[ %ˆU:i | %ˆO:e | %ˆÓ: é | %ˆA: ä ] <=> FrontV :* _ ;

D.6 TagMoving

D.6.1 Tag Moving in a Regular Expression

Hereis onesolutionto theTagMoving exerciseonpage351.Assumethatthelex-
icon, with stringslike “Neg+healthy+A dj ” on the upperside,hasbeencom-
piled andstoredin adj-lexc.fst . Therule composeddirectly above thelexi-
con insertsa new suffix-like tag,+Neg, at theendof stringsthatcontaina prefix
tagNeg+. Thetopmostrule thendeletestheoriginalNeg+ tag.

xfst[0]: read regex
0 <- "Neg+"
.o.
"+Neg" <- [..] || $["Neg+"] _ .#.
.o.
@"adj-lexc.fst" ;

xfst offers theseupward-orientedleft-arrow replacerules, which are intuitively
idealfor rulesthatareto becomposedon thetopof a lexicon transducer.

D.6.2 Tag Moving with twolc Rulesand lexc Composition

Hereis onesolutionto TagMoving exerciseon page351. twolc rulesoffer only
a downwardorientation,sowe will first needto write therule(s)upside-down, to
mapa stringlike “Neg+healthy+Ad j ” downwardto “healthy+Adj+N eg”.
Assumethatthefollowing grammaris written in file neg-twolc.txt .
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! file neg-twolc.tx t

Alphabet Neg%+:0 ;

Rules

"Insert Neg Suffix Tag"
0:%+Neg <=> $[Neg%+:] \0:%+Neg _ .#. ;

! N.B. it is important to specify a left context
! that contains Neg%+: rather than just Neg%+,
! which would be interpreted as Neg%+:Neg%+

! the \0:%+Neg in the immediate left context
! prevents twolc from trying to insert an infinite
number of new tags

In twolc, you shouldbeableto compileandtestthegrammarwith thefollow-
ing instructions:

twolc read-grammar neg-twolc.txt
twolc compile
twolc lex-test Neg+worthy+Adj

worthy+Adj+Neg

The outputof lex-test shouldshow “worthy+Adj+Ne g” with the negative tag
effectively movedto theendof theword. Thenquit from lex-testmode,save the
networkto thebinaryfile neg-twolc.fst , andquit twolc.

Lexical string ("q" = quit): q
twolc save-binary neg-twolc.fst
twolc quit

Thento composethe ruleson the lexicon usinglexc, performthe following lexc
instructions.

lexc read-source adj-lexc.fst
lexc lookup unhealthy
Neg+healthy+Adj
lexc invert-source
lexc read-rules neg-twolc.fst
lexc compose-result
lexc invert-result
lexc lookup unhealthy
Use (s)ource or (r)esult? [r]: r
healthy+Adj+Neg

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



D.7. ESPERANTO NOUNS 637

Notethatbecausethetwolc ruleswerenecessarilywrittenupsidedown, thelexicon
mustfirst be inverted,so that the rulescanapply to the correctside. That leaves
theresultinverted,sowetheninvert theresultto getthefinal solution.

D.6.3 Tag Moving with twolc Rulesand xfst Composition

This is onesolutionto theexerciseon page351. Assumingthatwe have the lexc
lexicon andthe twolc rulesalreadycompiledandstoredasadj-lexc.fst and
neg-twolc.fs t respectively, we cancomposethemin xfst. As thetwolc rules
hadto be written upside-down, we simply needto invert the rule transducerand
composeit on theupper-sideof thelexicon,asin thefollowing xfst session:

xfst[0]: read regex
[@"neg-twolc.fst"].i
.o.
@"adj-lexc.fst" ;
xfst[1]:

Anotherequivalentsolution,performingtheinversionandcompositiononthexfst
stack,is thefollowing:

xfst[0]: load adj-lexc.fst
xfst[1]: load neg-twolc.fst
xfst[2]: invert net
xfst[2]: compose net

D.7 EsperantoNouns

Onesolutionto theEsperantoNounexerciseonpage230.

LEXICON Root ! corresponds to the start state
Nouns ;

LEXICON Nouns ! noun roots
bird Nmf ;
hund Nmf ;
kat Nmf ;
elefant Nmf ;

LEXICON Nmf
in Nmf ; ! feminine; note the loop back to Nmf
et Nmf ; ! diminutive; note the loop
eg Nmf ; ! augmentative; note the loop

Nend ; ! escape path to Nend

LEXICON Nend
o Number ; ! required noun suffix
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LEXICON Number
j Case ; ! optional number suffix

Case ;

LEXICON Case
n # ; ! optional accusative case suffix

# ;

D.8 EsperantoAdjectives

This is onesolutionto theEsperantoAdjectivesexerciseonpage234.

! esp-adjs-lex.txt

LEXICON Root
Adjectives ; ! start with an adj root
AdjPrefix ; ! or a prefix

LEXICON AdjPrefix
mal Adjectives ;
ne Adjectives ;

LEXICON Adjectives ! adjective roots
bon Adj ;
long Adj ;
jun Adj ;
alt Adj ;
grav Adj ;

LEXICON Adj ! looped
eg Adj ; ! augmentative
et Adj ; ! diminutive

Adjend ; ! escape

LEXICON Adjend
a Number ; ! required adjective suffix

LEXICON Number
j Case ; ! optional plural suffix

Case ;

LEXICON Case
n # ; ! optional accusative-case

! suffix
# ;
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D.9 EsperantoNounsand Adjectives

This is onesolutionto theEsperantoNounsandAdjectivesexerciseonpage236.

LEXICON Root
Nouns ;
Adjectives ;

LEXICON Nouns
NounRoots ;

ge NounRoots ; ! optional ge prefix
! ("male and female")

LEXICON NounRoots ! noun roots
bird Nmf ;
hund Nmf ;
kat Nmf ;
elefant Nmf ;

LEXICON Nmf
in Nmf ; ! feminine; note the loop back to Nmf
et Nmf ; ! diminutive; note the loop
eg Nmf ; ! augmentative; note the loop

Nend ; ! escape path to Nend
Adjend ; ! escape path to Adjend for

! derivation of noun to adjective

LEXICON Nend
o Number ; ! required noun suffix

LEXICON Adjectives
AdjPrefixes ; ! start with a prefix
AdjRoots ; ! or an adjective root

LEXICON AdjPrefixes
mal AdjRoots ;
ne AdjRoots ;

LEXICON AdjRoots ! adjective roots
bon Adj ;
long Adj ;
jun Adj ;
alt Adj ;
grav Adj ;

LEXICON Adj ! looped
eg Adj ; ! augmentative
et Adj ; ! diminutive

Adjend ; ! escape to Adjend
ec Nend ; ! escape to Nend for derivation
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! of adjective to noun

LEXICON Adjend
a Number ; ! required adjective suffix

LEXICON Number
j Case ; ! optional plural suffix

Case ;

LEXICON Case
n # ; ! optional accusative-case

! suffix
# ;

D.10 Esperanto Nouns and Adjectives with Upper-Side
Tags

This is onesolutionto theEsperantoNounsandAdjectiveswith Upper-SideTags
exerciseonpage244.

Multichar_Symbols +Noun +Adj +NSuff +ASuff +Nize
+Pl +Sg +Acc MF+
+Aug +Dim +Fem Op+ Neg+

LEXICON Root
Nouns ;
Adjectives ;

LEXICON Nouns
NounRoots ;

MF+:ge NounRoots ; ! optional ge prefix
! ("male and female")

LEXICON NounRoots ! noun roots
bird Nmf ;
hund Nmf ;
kat Nmf ;
elefant Nmf ;

LEXICON Nmf
+Noun:0 AugDimFem ;

LEXICON AugDimFem
+Fem:in AugDimFem ; ! feminine; note the loop back to

! AugDimFem
+Dim:et AugDimFem ; ! diminutive; note the loop
+Aug:eg AugDimFem ; ! augmentative; note the loop

Nend ; ! escape path to Nend
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Adjend ; ! escape path to Adjend for
! derivation of noun to adjective

LEXICON Nend
+NSuff:o Number ; ! required noun suffix

LEXICON Adjectives
AdjPrefixes ; ! start with a prefix
AdjRoots ; ! or an adjective root

LEXICON AdjPrefixes
Op+:mal AdjRoots ;
Neg+:ne AdjRoots ;

LEXICON AdjRoots ! adjective roots
bon Adj ;
long Adj ;
jun Adj ;
alt Adj ;
grav Adj ;

LEXICON Adj
+Adj:0 AugDimNize ;

LEXICON AugDimNize ! looped
+Aug:eg AugDimNize ; ! augmentative
+Dim:et AugDimNize ; ! diminutive

Adjend ; ! escape to Adjend
+Nize:ec Nend ; ! escape to Nend for derivation

! of adjective to noun

LEXICON Adjend
+ASuff:a Number ; ! required adjective suffix

LEXICON Number
+Pl:j Case ; ! optional plural suffix
+Sg:0 Case ;

LEXICON Case
+Acc:n # ; ! optional accusative-case

! suffix
# ;

D.11 EsperantoNouns,Adjectivesand Verbs

This is one solution to the EsperantoNouns,Adjectives and Verbsexerciseon
page245.

Multichar_Symbols +Noun +Adj +NSuff +ASuff +Nize
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+Pl +Sg +Acc MF+
+Aug +Dim +Fem Op+ Neg+
+Verb +Cont +Inf +Pres +Past +Fut +Cond +Subj

LEXICON Root
Nouns ;
Adjectives ;
Verbs ;

LEXICON Nouns
NounRoots ;

MF+:ge NounRoots ; ! optional ge prefix
! ("male and female")

LEXICON NounRoots ! noun roots
bird Nmf ;
hund Nmf ;
kat Nmf ;
elefant Nmf ;

LEXICON Nmf
+Noun:0 AugDimFem ;

LEXICON AugDimFem
+Fem:in AugDimFem ; ! feminine; note the loop back to

! AugDimFem
+Dim:et AugDimFem ; ! diminutive; note the loop
+Aug:eg AugDimFem ; ! augmentative; note the loop

Nend ; ! escape path to Nend
Adjend ; ! escape path to Adjend

! (noun to adjective)

LEXICON Nend
+NSuff:o Number ; ! required noun suffix

LEXICON Adjectives
AdjPrefixes ;
AdjRoots ; ! start with a prefix or

! an adjective root

LEXICON AdjPrefixes
Op+:mal AdjRoots ;
Neg+:ne AdjRoots ;

LEXICON AdjRoots ! adjective roots
bon Adj ;
long Adj ;
jun Adj ;
alt Adj ;
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grav Adj ;

LEXICON Adj
+Adj:0 AugDimNize ;

LEXICON AugDimNize ! looped
+Aug:eg AugDimNize ; ! augmentative
+Dim:et AugDimNize ; ! diminutive

Adjend ; ! escape to Adjend
+Nize:ec Nend ; ! escape to Nend, derivation

! of adjective to noun

LEXICON Adjend
+ASuff:a Number ; ! required adjective suffix

LEXICON Number
+Pl:j Case ; ! optional plural suffix
+Sg:0 Case ;

LEXICON Case
+Acc:n # ; ! optional accusative-case

!suffix
# ;

LEXICON Verbs
VerbPrefixes ;
VerbRoots ;

LEXICON VerbPrefixes
Op+:mal VerbRoots ;
Neg+:ne VerbRoots ;

LEXICON VerbRoots
don V ; ! give
est V ; ! be
pens V ; ! think
dir V ; ! say
fal V ; ! fall

LEXICON V
+Verb:0 Aspect ;

LEXICON Aspect
+Cont:ad Vend ;

Vend ;

LEXICON Vend
+Inf:i # ;
+Pres:as # ;
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+Past:is # ;
+Fut:os # ;
+Cond:us # ;
+Subj:u # ;

D.12 Einstein II Problem

Hereis onesolutionto theEinsteinII problemon page577. Eachcar is modeled
asaconcatenationof name,color, beverage,hobbyanddog,in thatorder. Thefive
cars,parkedin a row, aremodeledasa concatenationof carmodels,with a Line
symbol(like a paintedparkingline) betweencarsandat thebeginningandend.

! A Solution to the Einstein II problem.

! Model each car as a concatenation of
! Name, Color, Beverage, Hobby and Dog, in that order.

! Model the line of cars as a concatenation of five
! car strings with a Line symbol between cars and
! at the beginning and end.

clear stack
define Name Mark | Lucie | Dave | Brenda | Susan ;
define Color teal | purple | tan | blue | green ;
define Beverage sparklingwater | espresso | tea |

raspberrymocha | grapesoda ;
define Hobby stampcollect ing | carracing | golf |

swimming | painting ;
define Dog yellowlab | poodles | terrier |

collie | bichonfrise ;

define Car Name Color Beverage Hobby Dog ;
define FiveCars Line [Car Line]ˆ5 ;

define SameCar [\Line]* ;
define NextTo SameCar Line SameCar ;

! as defined here, X NextTo Y means that
! X is on the left and Y on the right;
! Y NextTo X is the reverse

read regex [ [ FiveCars
.o.
Line $[Mark] [Line Car]ˆ4 Line

No license: PDF produced by PStill (c) F. Siegert - http://www.this.net/~frank/pstill.html



D.12. EINSTEINII PROBLEM 645

.o.
$[Lucie SameCar teal]
.o.
$[Dave SameCar sparklingwat er]
.o.
$[purple NextTo tan]
.o.
$[ [carracing NextTo espresso] | [ espresso NextTo car-
racing ] ]
.o.
$[Brenda SameCar yellowlab]
.o.
$[tea SameCar golf]
.o.
$[purple SameCar raspberrymoch a]
.o.
$[stampcolle ctin g SameCar poodles]
.o.
$[ [carracing NextTo terrier] | [terrier NextTo carrac-
ing] ]
.o.
$[ [collie NextTo swimming] | [swimming NextTo collie] ]
.o.
$[ Susan SameCar painting ]
.o.
Line [Car Line]ˆ2 $[grapesoda] [Line Car]ˆ2 Line
.o.
$[ [Mark NextTo blue] | [blue NextTo Mark] ]
.o.
$[ green SameCar swimming ]
.o.
$[bichonfris e]
] .o. Line -> "\n" .o. ? -> ... % ].l ;
print words

Theoutputof thisscript is

Mark green espresso swimming terrier
Dave blue sparklingwat er carracing collie
Lucie teal grapesoda stampcollect ing poodles
Susan purple raspberrymoch a painting bichonfrise
Brenda tan tea golf yellowlab

showing thatit is SusanwhoownstheBichonFrise.
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