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We presentanew framework for describingmorphologicamodelswhich combinesseveraltypesof
descriptionsin a single unified declaratve language:simple morphologicalrules relate stringsto
feature structures;rules can be groupedinto inheritancehierarchiesof paradigms;rules can be
composedor describingsimple agglutinatve morphology;they canalsobe combinedto describe
more complex morphotacticstructures.Rules are compiled as extendedfinite-statetransducers
whereleft projectionsare characterandright projectionsarefeaturestructuresunificationis used
instead of concatenation to compute the output of a transduction.

1 Intr oduction

Language-relatediork at NMSU/CRL focusestoday on the developmentof linguistic processingnodels
for alargevariety of languagesvith arealisticcoverageandwith limited resourcesln our researctprojects,
it is not realisticto spendmorethansix monthsto develop anadequatenorphologicalgrammarfor a given
languageandwe very clearlyfeel the needfor higherlevel descriptve devices,even moreso sincesomeof
the linguists who are working on the particular have little computationalbackground.In this paper we
describea new framavork for the specificationof morphologicalmodels,the Sambalanguage which
combines, in a unified declanaiframevork, sereral types of descriptions alling for the specification of:

» simpleaffixationsandinfixationson a stemusingregular expression®n charactestringsandtyped
feature structures for specifying morphological properties associated with a string pattern;

» paradigmatic morphology using tables of rules, thenesabganized in an inheritance hieraych

» agglutinationof affixes by prefixationor suffixation by simple (binary) compositionof rules (or
tables) and é&ikes.

» complex morphotactics by usinggelar expressions of rules (or tables).

Work on languagesvith complex morphologysuchasArabic, Koreanor Turkishshows thatthedifficulty in
developinga computationaimodelof morphologyhasbeenoftenunderestimatedn mary NLP systemsthe
morphologicaknalyzeiis oftenimplementediirectlyin someprogrammindanguagesuchasC. Onereason
can be the lack of a generaldeclaratve formalism powerful enoughto describecomplex morphological
models;anothereasoncanbe that powerful formalismsare often complex anddifficult to learn:the direct
useof a generalprogramminglanguagemight requirelesseffort in the developmentof a morphological
analyzerThis has,for example,beenthe caseatthe ComputingResearch.aboratory wheremorphological
analyzerdor Arabic, SpanishRussianand Serbo-Croatianvere developedusingC, Lisp or Prologfor the
lack of a systemthatwould be sufficiently easyto learnandwould matchthe intuition of linguistsaboutthe
structureof a morphologicaimodel(Sheremetyea et al. 97). In particular asnotedby (Anick & Artemieff
92), mary formalismsderived from the two-level model(Koskenniemi83) concentraten orthographicand
affixation rules, whereasa large part of the morphologicaldescriptionof languagessuch as Spanishor
Serbo-Croatiarfocus on capturingregularities betweenand within paradigms.Two-level formalismsare
alsodifficult to useto describecomplex affixation or infixation phenomengOflazer93, Beeslg et al. 89,
Kiraz 94). Therearehoweverformalismswhich areexplicitly basednthenotionof paradigmFor example,
in the Morfogen system(Pentheroudakig Higginbotham91), the basicunit of descriptionis a paradigm
definedasa setof tableswhich describethe differentinflectionalpatternsof words.The systemdescribedn
(Anick & Artemieff 92) is basedon the sameideaswithin a more declaratve framavork. Declaratve



systemdasedn stringunificationsuchasthe onedescribedy (Calder89) arealsovery attractive but more
difficult to implement;they also lack the power to describecomplex affixation phenomenaas well as
morphotactics in a simpleay.

Thework describedn this papercanalsoberelatedto thefirst efforts in building genericunification-based
parsingsystemssuchas D-PATR (Karttunen86). Earlier parsingsystemswherebuilt using (augmented)
contet-free parsersthe grammamwasa purecontect-free grammarsometimesugmentedvith attributesor
actions.The outputof an analysiswasa derivation treewith propertyvalueson the nodes.In unification-
basedparsingsystem,the backboneis still a contect-free parsey but rules are augmentedising feature
structuresand equationver featurestructuresandthe outputis a featurestructure By comparisonmary
currentmorphologicalsystemsare basedon finite-statetechnology and the most popularonesuse some
version of two-level morphology (Koskenniemi 83) which is basedon finite-state transduction:left
projectionsare charactersand right projectionsare also charactersin Sambawe departfrom this basic
model,andin a way similar to unification-basegbarserswe retainthe finite-statebackboneput insteadof
usingcharacterén theright projection,we usefeaturestructuresandinsteadof usingconcatenatiomo build
the outputof thetransducerwe useunificationon featurestructuresthe outputof thetransducers afeature
structure, not a string of characters.

We face,of course the sameefficiency issueghatwereraisedfor unification-basegarsersandtechniques
developedfor unification-basegbarserdor dealingwith theseissuescanbe adaptedo our morphological
systemlt is clearthatsucha systemwill be outperformedy traditionalfinite-statetransduceri the same
way thatunification-basegarsersareoutperformedy simplercontet-free parsersHowever, we hopethat

thefinite-statebackbonewill helpin keepingruntimeperformanceatareasonabléevel, andwe believe that

a unification-basednorphologicalkystemwill bring usthe samebenefitsthatweresoughtfrom unification-

basedparsers:declaratvity and conciseformulation of linguistic knowledge. The initial implementation
providesaninterpretednodeonly which is necessaryor dehuggingthe morphologicaimodel.It alsomakes

it easierto implementanddehug the Sambasystemitself. This choicedoesnot precludea compiledmode

which will be necessary forllding realistic applications.

There have beenseveral proposalsto integrate featurestructuresand finite-statemodelsfor morphology
which have beensourceof inspirationfor our work. Calder(1988)andBird (1992)first suggestedhe use
of featurestructurego describemorphologicalmodels.Trostand Matiasek(1994)integratean augmented
two-level model (X2MorF) in a unification-basedystemwritten in Prolog.Kriegeretal. (1994)suggestain
encodingof morphophonemicandmorphotacticsisingfeaturestructurego represenfinite-statemachines
anduseunificationon featurestructurego implementoperation®n finite-statemachinegintersectionetc.).
Our work concentrate®n the definition of a high-level descriptve languagefor morphologybasedon
regular expressions,feature structuresand inheritance,and on an implementationof a parsing and
generatiorsystemallowing for rapid developmentof formal morphologicalmodelsin the spirit of (Carter
1995).

2 The Samba language

Paradigmatic inflectional morphology

The basic elementof a morphological descriptionis a morpholaical rule which associatesa form
representinga sequencef morphemedo a linguistic structure, a setof morphologicalfeatures.The form
itself is formally represented@sa regular expressionon charactersThe linguistic structuie describeshowv
the morphologicalfeaturesof the stemandthe morphemeare combined.For example,the following rule
describeghe conjugation of a Frenchverbbelongingto the paradigmChanterin thefirst personsingularof



the indicative presenttense(string variablesare prefixed with the dollar sign, regular expressionsare
enclosed between angle brat¥):

[form: <$chant 'e'>, /* A simple suffixation */

structure: [infl: Chanter, /* Paradigm of the stem */
stem: <$chant>, /* Form of the stem */
tense: Present, mood: Ind, /* Conjugation information */
num: Sing, pers: First]] /* Morpheme information */

A Samba morphological rule describesthe concatenationof stems and morphemes(using regular
expressions)and the combinationof morphological featuresof words and morphemes(using feature
structuresand unification). Stemsand their featuresare storedin the lexicon: a lexicon entry is a feature
structure,andthestructure ~ zonein arule is a partial descriptionof anentry In the exampleabove, the
structure  describesa setof wordswhich belongto the inflectional paradigmChanter (infl  feature).
The stemof the verbis specifiedunderthe featurestem asthe stringvariable$chant andthis variableis

usedin theregularexpressiordescribingthe inflectedform.! The otherfeaturesin the structue encodethe
morphological properties of this particufarm by specifying alues for tense, mood, number and person.

Rules can be groupedtogetherin tablesdescribingforms that belongto the sameparadigm.A tableis
simply a disjunctionof rules which sharesomecommoninformation: VPI_ER belaw is an exampleof a

table for a sampleof Frenchverb morpholog)? which matchestraditional descriptionsgiven in French
grammar books.dfmally, a table is defined as folls, using the language of feature structures:

Tableld = [paradigm: <par adi gn®, features: <f eat ur es>, rules: <rul es>];

The paradigm featurestructuredefinesthe sub-setof lexical entrieswhich belongto the paradigmthus
defined.The paradigmdescribedn tablevPI_ER (Presentndicative for -er verbs)below is reducedo two

featuresand specifiesboth the morphologicalinflectional paradigmof the verbs and their stems.For

example,the verb ‘ajouter’, which belongsto the ‘chanter’ paradigmwill have [stem:  ‘ajout] in the

dictionary and the table simply refersto the value of this stemusingthe $chant variable.The second
featurestructureunderfeatures  specifieghe setof morphologicaffeaturegtense mood,mode,etc.)that
is associatedo the conjugationtable as a whole it representshe commoncontrikution of all rulesof the

table.The successfuapplicationof arule will add(unify) this structureto the outputfeaturestructure The

rulesin thetablearegroupedundertherules featurewhereeachrule is namedindividually. A rule needs
only to specify its own particular contritution. The following morphologicaltable definesa setof rules
which describe a conjugation of French verbs of the first group (i.e., the Chanter paradigm) as
concatenations of a stem andfisufs.

VPI_ER =
[paradigm: [infl: Chanter, stem: <$chant>],
features: [tense: Present, mood: Ind],
rules:
[sgl: [form: <$chant 'e'>, structure: [num: Sing, pers: First]],
sg2: [form: <$chant 'es">, structure: [num: Sing, pers: Second]],
sg3: [form: <$chant 'e">, structure: [num: Sing, pers: Third]],
pll: [form: <$chant 'ons'>, structure: [num: Plu, pers: First]],
pl2: [form: <$chant 'ez'>, structure: [num: Plu, pers: Second]],
pl3: [form: <$chant 'ent">, structure: [num: Plu, pers: Third]]];

1. Thisis asimplified example.In mostcasesthe stemis derived from the citationform andtherelationbetweerthe
citation form and the stem will bexgressed using gellar expressions with ariables (see belg.

2. Examples are adapted from (Pentheroudakis and Higginbotham 91).



The abore examplesuseonly sufiixation, but a form is a full regular expressionandallows us to express
prefixation and infixation as well as sufiixation. As an example of a combinationof prefixation and
suffixation, German past participles in the ‘leben’ paradigm (‘gelebt’) can be analyzed asfollo

VPP_LEB = /* A table with a single rule */
[paradigm: [infl: Leben, stem: <$leb>],
rules: [pp: [form: <'ge’ $leb 't'>, structure: PastParticiple]]]];

Agglutinati ve morphology

Agglutinative morphology can be describedusing composedtablesthat combine descriptionsof other
tables.Simple tablesdescribeinflectionson stemsstoredin the lexicon (as describedabove); composed
tables describefurther inflections on a form describedin other tables, simple or composed.Besides
composedables,onecanalsouseregular expressiongon morphologicalrulesor tables)to describemore

comple structuresTablecompositiorandregularexpressionsllow for simpledescriptionof agglutinatve

morphologyaswell asderivationalmorphology(whenderivationalmorphologyis basedon prefixationor

suffixation). However, the formalism forbids the type of recursionthat would make the formalism truly

contt-free.In composedables the basetableusedin the compositionis suppliedin thebase declaration:
it has the same structure as a morphological ruleferitihh andstructure  features:

Tableld = [base: [ <fornmp, <structure>], <rules>];

Thebase featureholdstheresultof theapplicationof therulesof thebasetable:theform holdstheform of

the word as describedin the basetable, and the structure  holds the correspondingpartially specified
featurestructure.The definitionsbelov are an exampleof an analysisfor Frenchparticiples:the two first

tablesarecomposedables;thethird is a regular expression(a simpledisjunctionin this case)andthe last
two are simple tables.

VPAG_N =
[base: VPA_GJ[form: <$vpa>],
rules: [sing: [form: <$vpa ">, structure: [num: Sing]],
plu: [form: <$vpa ‘s>, structure: [num: PIull]];

VPA_G =
[base: VPA EIR[form: <$vpa>],
rules: [masc: [form: <$vpa ">, structure: [gen: Masc]],
fem: [form: <$vpa ‘e’>, structure: [gen: Fem]]]];

VPA_EIR = <VPA-ER | VPA-IR>;

VPA_ER =
[paradigm: [infl: Chanter, stemQ: <$chant0>],
rules: [presPart: [form: <$chantO 'ant’>, [structure: PresentParticiple]],
pastPart: [form: <$chant0 'e’>, [structure: PastParticiple]]]];

VPA_IR =
[paradigm: [infl: Finir, stemO: <$fin0>],
rules: [presPart: [form: <$fin0 ‘issant’>, [structure: PresentParticiple]],
pastPart: [form: <$fin0 ‘i">, [structure: PastParticiple]]]];



Applying this descriptionto plural feminine form of the presentparticiple of “finir’ (to end), ‘finissantes’,
yields the follaving decomposition:

VPAG_N

VPA_G

VPA_IR

St en

fin |issant e s

3 Transduction in Samba

A Sambagrammaris composecf a setof definitionsof rules,tablesor regular expressionsover rulesor

tables.A setof definitionsis compiledasa finite-statetransducemwherethe lower part of the transduction
(left projection)is a string andthe higherpart (right projection)is a featurestructure.ln sucha finite-state
machine anedgecarriesa string (input) anda featurestructure(output).Fromananalysispoint of view, the

inflected form is decomposednto lexemesand morphemesby traversing the network using the left

projection,asin standardinite-statetransducerstHowever, insteadof simply concatenatinghe symbol of

the right projectionto build the output, the transducelusesthe right projectionto build a single feature
structureby usingunificationinsteadof concatenationf-or eachedgetraversed the transduceunifieseach
right projectionwith the outputfeaturestructurethe structuralcontritution of eachmorphemeor lexemeis

addedto the word structureby unifying in the feature structurerepresentingthe morpheme.From a

generationpoint of view, the network is traversedbasedon the right projectionusing featureunification
insteadof symbolequality andconcatenatinghe string elementsf theleft projectionto build theinflected
word form.

Formally, a SambatransducerT is a tuple (I, O, S, s, F, ) wherel is the input alphabet,O the output
alphabetSis afinite setof statess s theinitial state,F is a setof final states is the transitionfunction
from Sx | x Oto S Theinputalphabet is a (finite) setof charactersThe outputalphabe®O is an (infinite)
setof typedfeaturestructuresspecifiedby a setof type definitions(Zajac92). The compilationof a setof
Samba definitions as a transducer is done in four major sueesps:

1. All tablesare expandedas disjunctionsof simple morphologicalrules. This steptransformsall
Sambatable definitionsas definitionswhich have regular expressionson morphologicalrules as
right-hand sides: the leas of the rgular expression trees are morphological rules.

2. In all Sambadefinitions, all morphologicalrules are then compiled as finite-statetransducers
producing rgular xpression trees where g are FSTs.

3. Theseregular expressionsare compiledasfinite-statetransducersvherethe leavesof the regular
expressions becomes sub-FSTs.

4. In adefinition, all referencego otherdefinitionsarethenreplacedwith the corresponding-STs
(this process terminates since recursion is notvali).

Rules and dictionary entries

A morphologicalrule is a pair <f, s> wherethe form f is a regular expressionon charactergthe left
projection)andthe structuie s is a typedfeaturestructure(the right projection).lt is compiledin anFSTM
in two stepsFirst,theformf is compiledasafinite-statetransduceM; whereall right projectionsareempty

(theemptyfeaturestructureT is thetop of thelattice of featurestructures)Then,from the (single)final state



f, of this intermediaryFST, we add one more epsilon-transitiorto the final statef of M wherethe right
projection is the feature structusétransitione/s). The initial staté of M is the initial staté; of M4:

In the form of arule, therewill usuallybe string variablesthatarealsopresentin the structure of therule.
Typically, the structure will specifythevalueof a stemandthis variablewill be usedin the definition of the
form. We impose the follving restrictions onariables:

1. String \ariables in thestructuie refer to string &lues in a dictionary entry
2. Any variable in the rgular expression defining thisrm must also appear in tis¢ructuie.

Theseconstraintsare imposedin orderto guarantyfinitenessof substitutionsWith theseconstraintsthe
compilation of a rule is done as follows. First, all string variablesin the structue are instantiatedby
qgueryingthe dictionaryfor all entriessubsumedy the structue. Then,the occurrence®f the variablesin
theform are replaced with FSTs representing these strirggsexemple, the follaving rule:

[form: <$chant 'e'>,

structure: [infl: Chanter,
stem: <$chant>,
tense: Present, mood: Ind,
num: Sing, pers: First]]

will becompiledasthe FST picturedbelon. Thevariable$chant is instantiatedy queryingthe dictionary
for all entriessubsumedby thestructuie: this produces disjunctionof pairs{<f; , 5> | f; is astring(stem),s

is a dictionary entry}. This disjunction is compiled as the sub-¢Hiht

[infl: Chanter,
stem: <$chant>,
tense: Present, mood: Ind,
num: Sing, pers: First]

0 3 @ 'e‘/j @

Tablesare expandedasdisjunctionsof simple morphologicalrules. This stepreformulatesall Sambatable
definitionsasregular expression®n morphologicalrules.A disjunctionof morphologicalrulesis simply a
set{<f; , 5>} of morphologicakules.A simpletableis atriple <P, F, {<f; , s>}>, whereP is the paradigm(a
featurestructure) F representshefeaturesof thetable,and{<f; , 5>} thesetof rules.The compilationof a
simple table rerites the table as a set of rules:

Tables

<P E{<f, 5>}> - {<f, POFOs>}



whereP OF Os is theunificationof thefeaturestructures?, F ands;. The Sambacompilermakessurethat
the unification succeeds during the type checking phase of the compilation process.

A composedableis a pair< <f, s>, {<f; , 5>} >, where<f, s> is thebaseand{<f; , 5>} thesetof rules.The
compilation of a composed tableurite the table as a set rules:

<<f, s> {<fi, 55> - {<fOf,sOs>}

wheref O f; is the compositionof the two regular expressionsinds O s is the unificationbetweenthe two

featurestructures.The compiler checksthat the intersectionsare not empty and that the unificationsare
successfulThecompositionf [ f; is computedasfollows. We imposeconstrainton variablessimilar to the

onefor rules:the form of the basef is a string variableandthis variablemustappeaiin eachformf; of the
rulesof the composedable.Eachregular expressionf; is compiledasan FST, and eachoccurrenceof the

variablef in rulesis replacedwith the correspondingub-FST the basetableis a sub-FSTof the composed
FST as shen in the @ample belo.

VPAG_N =
[base: VPA_G[form: $vpa],
rules:  [plu:  [form: <$vpa ‘s>,  structure: [num:  PIu]lll;

[num: Plu]

O s

Regular expressions

All Sambadefinitionswhich are regular expressionson rules are compiled as finite-statetransducersas
follows (we use standard construction algorithms, see e.g., Hopcroft & Uliman 79):

» The concatenatiorof two morphologicalrules is simply definedas the rule whoseform is the
concatenatiomf the forms of the two rulesandwhosestructue is the unification of the structures

<f,s>e<fy, 9> <fiefy,50s,>.
* The Kleene closure is defined<af s >* - <f* s>,
» The disjunction follavs the standard constructionf; , 5 > | <f,, s, > is compiled as:

When a regular expressioncontainsan identifier which standsfor a Sambadefinition, the identifier is
replacedwith its compileddefinition, exactly like in macro-&pansion . Sincerecursvity is not allowed, this
process terminates, producing a single FST which is defined as a composition of sub-FSTs.



The Samba intepreter

The Sambanterpretettakesasinput eithera string (for analysis) or afeaturestructure(for generation)The
interpreteris parametrizedby the startstate specifiedby the userastheidentifierof someSambadefinition.
The interpreterexits in the correspondindinal state.This facility allows usto delug a Sambagrammar
definition by definition.

The Sambainterpreterin analysismode works as a standardfinite-statetransducerinput is read one
characteatatime. The maindifferencewith classicalFSTsis thatthe outputof atransitionis notappended
to the outputstring; instead,the output of a transition(right projection)is unified with the output of the
transducerthe transduces outputis initialized to the emptyfeaturestructure(top of the lattice of feature
structuresjnsteadof the emptystring. Sinceunificationcanfail, atransitionis traversedsuccessfullyonly if
the transition input (left projection) matchesthe current characterinput and if the unification of the
transition output with the transduces output succeedsTraversing the graph of transitions,the right
projectionof eachtransitionis unified with the globaltransduces output.Whenreachinga final state the
outputhasaccumulatedll informationdefinedin theright projectionof eachtransition.For generationthe
interpretersimply reversegheinterpretatiorof input andoutputon transitionswhentraversinga transition,
theinterpreteffirst unifiesthe input with the transitions right projection.If unificationsucceedst appends
the transitiors left projection to the output string and proceeds with tixeimgut feature structure.

Since the transduceris non-deterministic, alternatve branches must all be explored. Several

implementation®f the searcharepossible For parsing we usea variantof the algorithmfor computingthe

intersectionof two finite-statemachinesthe input word is represente@sa linear finite-statemachineand

the outputis also representeds a finite-statemachinewith a tree-like topology The parsingalgorithm

computeghe intersectionof the transduceandthe input word usingthe left projectionsof the transducer;
duringtraversal right projectionsareunifiedwith the output. The unificationalgorithmfor featurestructures
usesstructuresharing(seee.g.,Emele91) which allows to minimize the amountof copying: the feature
structuresn variousbranche®f the outputgraphrecordexactly the incrementof informationaddedby the

corresponding transitions of the transducer

4 Conclusion

Preliminary researchin the morphologicaldescriptionof Arabic, Russian,Serbo-Croatiarand Japanese
usingthe Sambdanguagesupportour hypothesighatthis formalismcanbe usedfor describinga variety of
morphologicaimodelsin acompactnddeclaratve way. A mock-upof a Sambadnterpretetasbeenbuilt to
testvariousimplementatiorchoicesanda completeimplementatioris currentlyunderway at CRL. Future
work on Sambawill includetheimplementatiorof a versionsupportingdynamicaccesgo dictionariesthe
additionof orthographicrules,andan extensionto handlecomposition.The Sambalanguageis currently
usedto develop a morphologicalanalyzerfor Persianand will also be usedfor several other languages
including for kample Spanish anddfean.
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