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We presenta new framework for describingmorphologicalmodelswhich combinesseveraltypesof
descriptionsin a single unified declarative language:simple morphologicalrules relatestringsto
featurestructures;rules can be groupedinto inheritancehierarchiesof paradigms;rules can be
composedfor describingsimpleagglutinative morphology;they canalsobe combinedto describe
more complex morphotacticstructures.Rules are compiled as extendedfinite-statetransducers
whereleft projectionsarecharactersandright projectionsarefeaturestructures:unificationis used
instead of concatenation to compute the output of a transduction.

1 Intr oduction

Language-relatedwork at NMSU/CRL focusestodayon the developmentof linguistic processingmodels
for a largevarietyof languageswith a realisticcoverageandwith limited resources.In our researchprojects,
it is not realisticto spendmorethansix monthsto developanadequatemorphologicalgrammarfor a given
language,andwe very clearlyfeel theneedfor higherlevel descriptive devices,evenmoresosincesomeof
the linguists who are working on the particularhave little computationalbackground.In this paper, we
describea new framework for the specificationof morphologicalmodels,the Sambalanguage,which
combines, in a unified declarative framework, several types of descriptions allowing for the specification of:

• simpleaffixationsandinfixationson a stemusingregularexpressionson characterstringsandtyped
feature structures for specifying morphological properties associated with a string pattern;

• paradigmatic morphology using tables of rules, themselves organized in an inheritance hierarchy.

• agglutinationof affixes by prefixationor suffixation by simple (binary) compositionof rules (or
tables) and affixes.

• complex morphotactics by using regular expressions of rules (or tables).

Work on languageswith complex morphologysuchasArabic,Koreanor Turkishshows thatthedifficulty in
developingacomputationalmodelof morphologyhasbeenoftenunderestimated.In many NLP systems,the
morphologicalanalyzeris oftenimplementeddirectly in someprogramminglanguagesuchasC. Onereason
can be the lack of a generaldeclarative formalism powerful enoughto describecomplex morphological
models;anotherreasoncanbethatpowerful formalismsareoftencomplex anddifficult to learn:thedirect
useof a generalprogramminglanguagemight requirelesseffort in the developmentof a morphological
analyzer. This has,for example,beenthecaseat theComputingResearchLaboratory, wheremorphological
analyzersfor Arabic, Spanish,RussianandSerbo-CroatianweredevelopedusingC, Lisp or Prologfor the
lack of a systemthatwould besufficiently easyto learnandwould matchtheintuition of linguistsaboutthe
structureof a morphologicalmodel(Sheremetyeva et al. 97). In particular, asnotedby (Anick & Artemieff
92),many formalismsderivedfrom thetwo-level model(Koskenniemi83) concentrateon orthographicand
affixation rules, whereasa large part of the morphologicaldescriptionof languagessuchas Spanishor
Serbo-Croatianfocus on capturingregularitiesbetweenand within paradigms.Two-level formalismsare
alsodifficult to useto describecomplex affixation or infixation phenomena(Oflazer93, Beesley et al. 89,
Kiraz 94).Therearehowever formalismswhichareexplicitly basedonthenotionof paradigm.For example,
in the Morfogensystem(Pentheroudakis& Higginbotham91), the basicunit of descriptionis a paradigm
definedasasetof tableswhichdescribethedifferentinflectionalpatternsof words.Thesystemdescribedin
(Anick & Artemieff 92) is basedon the sameideaswithin a more declarative framework. Declarative



systemsbasedonstringunificationsuchastheonedescribedby (Calder89)arealsoveryattractivebut more
difficult to implement; they also lack the power to describecomplex affixation phenomenaas well as
morphotactics in a simple way.

Thework describedin this papercanalsoberelatedto thefirst efforts in building genericunification-based
parsingsystemssuchas D-PATR (Karttunen86). Earlier parsingsystemswherebuilt using (augmented)
context-freeparsers:thegrammarwasa purecontext-freegrammarsometimesaugmentedwith attributesor
actions.The outputof an analysiswasa derivation treewith propertyvalueson the nodes.In unification-
basedparsingsystem,the backboneis still a context-free parser, but rules are augmentedusing feature
structuresandequationsover featurestructuresandtheoutputis a featurestructure.By comparison,many
currentmorphologicalsystemsarebasedon finite-statetechnology, and the most popularonesusesome
version of two-level morphology (Koskenniemi 83) which is basedon finite-state transduction:left
projectionsare charactersand right projectionsare also characters.In Samba,we departfrom this basic
model,andin a way similar to unification-basedparsers,we retainthefinite-statebackbone,but insteadof
usingcharactersin theright projection,weusefeaturestructures,andinsteadof usingconcatenationto build
theoutputof thetransducer, weuseunificationon featurestructures:theoutputof thetransduceris a feature
structure, not a string of characters.

We face,of course,thesameefficiency issuesthatwereraisedfor unification-basedparsers,andtechniques
developedfor unification-basedparsersfor dealingwith theseissuescanbe adaptedto our morphological
system.It is clearthatsucha systemwill beoutperformedby traditionalfinite-statetransducersin thesame
way thatunification-basedparsersareoutperformedby simplercontext-freeparsers.However, we hopethat
thefinite-statebackbonewill helpin keepingruntimeperformancesatareasonablelevel, andwebelievethat
a unification-basedmorphologicalsystemwill bring usthesamebenefitsthatweresoughtfrom unification-
basedparsers:declarativity and conciseformulation of linguistic knowledge.The initial implementation
providesaninterpretedmodeonly which is necessaryfor debuggingthemorphologicalmodel.It alsomakes
it easierto implementanddebug theSambasystemitself. This choicedoesnot precludea compiledmode
which will be necessary for building realistic applications.

Therehave beenseveral proposalsto integratefeaturestructuresand finite-statemodelsfor morphology
which have beensourcesof inspirationfor our work. Calder(1988)andBird (1992)first suggestedtheuse
of featurestructuresto describemorphologicalmodels.TrostandMatiasek(1994)integrateanaugmented
two-level model(X2MorF) in a unification-basedsystemwritten in Prolog.Kriegeret al. (1994)suggestan
encodingof morphophonemicsandmorphotacticsusingfeaturestructuresto representfinite-statemachines
anduseunificationonfeaturestructuresto implementoperationsonfinite-statemachines(intersection,etc.).
Our work concentrateson the definition of a high-level descriptive languagefor morphologybasedon
regular expressions,feature structuresand inheritance,and on an implementationof a parsing and
generationsystemallowing for rapid developmentof formal morphologicalmodelsin the spirit of (Carter
1995).

2 The Samba language

Paradigmatic inflectional morphology

The basic element of a morphological description is a morphological rule which associatesa form
representinga sequenceof morphemesto a linguistic structure, a setof morphologicalfeatures.The form
itself is formally representedasa regular expressionon characters.The linguistic structure describeshow
the morphologicalfeaturesof the stemandthe morphemearecombined.For example,the following rule
describestheconjugationof a Frenchverbbelongingto theparadigmChanterin thefirst personsingularof



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

[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
structuresandunification).Stemsandtheir featuresarestoredin the lexicon: a lexicon entry is a feature
structure,andthe structure zonein a rule is a partial descriptionof an entry. In the exampleabove, the
structure describesa setof wordswhich belongto the inflectionalparadigmChanter (infl feature).
Thestemof theverb is specifiedunderthe featurestem asthestringvariable$chant andthis variableis

usedin theregularexpressiondescribingthe inflectedform.1 Theotherfeaturesin thestructure encodethe
morphological properties of this particularform by specifying values for tense, mood, number and person.

Rulescan be groupedtogetherin tablesdescribingforms that belongto the sameparadigm.A table is
simply a disjunctionof ruleswhich sharesomecommoninformation: VPI_ER below is an exampleof a

table for a sampleof Frenchverb morphology2 which matchestraditional descriptionsgiven in French
grammar books. Formally, a table is defined as follows, using the language of feature structures:

TableId = [paradigm: <paradigm>, features: <features>, rules: <rules>];

The paradigm featurestructuredefinesthe sub-setof lexical entrieswhich belongto the paradigmthus
defined.Theparadigmdescribedin tableVPI_ER (PresentIndicative for -er verbs)below is reducedto two
featuresand specifiesboth the morphologicalinflectional paradigmof the verbs and their stems.For
example,theverb ‘ajouter’, which belongsto the ‘chanter’paradigm,will have [stem: ‘ajout’] in the
dictionary and the table simply refers to the value of this stemusing the $chant variable.The second
featurestructureunderfeatures specifiesthesetof morphologicalfeatures(tense,mood,mode,etc.)that
is associatedto the conjugationtable as a whole: it representsthe commoncontribution of all rulesof the
table.Thesuccessfulapplicationof a rule will add(unify) this structureto theoutputfeaturestructure.The
rulesin thetablearegroupedunderthe rules featurewhereeachrule is namedindividually. A rule needs
only to specify its own particularcontribution. The following morphologicaltable definesa set of rules
which describe a conjugation of French verbs of the first group (i.e., the Chanter paradigm) as
concatenations of a stem and suffixes.

VPI_ER =
[paradigm: [infl: Chanter, stem: <$chant>],

features: [tense: Present, mood: Ind],
rules:

[sg1: [form: <$chant 'e'>, structure: [num: Sing, pers: First]],
 sg2: [form: <$chant 'es'>, structure: [num: Sing, pers: Second]],
 sg3: [form: <$chant 'e'>, structure: [num: Sing, pers: Third]],
 pl1: [form: <$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. This is a simplifiedexample.In mostcases,thestemis derivedfrom thecitationform andtherelationbetweenthe
citation form and the stem will be expressed using regular expressions with variables (see below).

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



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

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 morphologycan be describedusing composedtables that combinedescriptionsof other
tables.Simple tablesdescribeinflectionson stemsstoredin the lexicon (as describedabove); composed
tables describefurther inflections on a form describedin other tables, simple or composed.Besides
composedtables,onecanalsouseregularexpressions(on morphologicalrulesor tables)to describemore
complex structures.Tablecompositionandregularexpressionsallow for simpledescriptionsof agglutinative
morphologyaswell asderivationalmorphology(whenderivationalmorphologyis basedon prefixationor
suffixation). However, the formalism forbids the type of recursionthat would make the formalism truly
context-free.In composedtables,thebasetableusedin thecompositionis suppliedin thebase declaration:
it has the same structure as a morphological rule withform  andstructure  features:

TableId = [base: [ <form>, <structure>], <rules>];

Thebase featureholdstheresultof theapplicationof therulesof thebasetable:theform holdstheformof
the word as describedin the basetable,and the structure holds the correspondingpartially specified
featurestructure.The definitionsbelow arean exampleof an analysisfor Frenchparticiples:the two first
tablesarecomposedtables;the third is a regularexpression(a simpledisjunctionin this case),andthe last
two are simple tables.

VPAG_N =
[base: VPA_G[form: <$vpa>],

rules: [sing: [form: <$vpa ‘’>, structure: [num: Sing]],
 plu: [form: <$vpa ‘s’>, structure: [num: Plu]]]];

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, stem0: <$chant0>],

rules: [presPart: [form: <$chant0 ’ant’>, [structure: PresentParticiple]],
 pastPart: [form: <$chant0 ’e’>, [structure: PastParticiple]]]];

VPA_IR =
[paradigm: [infl: Finir, stem0: <$fin0>],

rules: [presPart: [form: <$fin0 ‘issant’>, [structure: PresentParticiple]],
 pastPart: [form: <$fin0 ‘i’>, [structure: PastParticiple]]]];



Applying this descriptionto plural feminineform of the presentparticipleof ‘finir’ (to end),‘finissantes’,
yields the following decomposition:

3 Transduction in Samba

A Sambagrammaris composedof a setof definitionsof rules,tablesor regular expressionsover rulesor
tables.A setof definitionsis compiledasa finite-statetransducerwherethe lower part of the transduction
(left projection)is a stringandthehigherpart (right projection)is a featurestructure.In sucha finite-state
machine,anedgecarriesastring(input)anda featurestructure(output).Fromananalysispointof view, the
inflected form is decomposedinto lexemesand morphemesby traversing the network using the left
projection,asin standardfinite-statetransducers.However, insteadof simply concatenatingthe symbolof
the right projectionto build the output, the transducerusesthe right projectionto build a single feature
structureby usingunificationinsteadof concatenation.For eachedgetraversed,thetransducerunifieseach
right projectionwith theoutputfeaturestructure:thestructuralcontribution 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, andconcatenatingthestringelementsof theleft projectionto build theinflected
word form.

Formally, a SambatransducerT is a tuple (I, O, S, s, F, δ) where I is the input alphabet,O the output
alphabet,S is a finite setof states,s is the initial state,F is a setof final states,δ is the transitionfunction
from S× I × O to S. Theinput alphabetI is a (finite) setof characters.TheoutputalphabetO is an(infinite)
setof typedfeaturestructuresspecifiedby a setof typedefinitions(Zajac92). Thecompilationof a setof
Samba definitions as a transducer is done in four major successive steps:

1. All tablesare expandedas disjunctionsof simple morphologicalrules. This steptransformsall
Sambatabledefinitionsasdefinitionswhich have regular expressionson morphologicalrulesas
right-hand sides: the leaves of the regular expression trees are morphological rules.

2. In all Sambadefinitions, all morphologicalrules are then compiled as finite-statetransducers
producing regular expression trees where leaves are FSTs.

3. Theseregular expressionsarecompiledasfinite-statetransducerswherethe leavesof the regular
expressions becomes sub-FSTs.

4. In a definition, all referencesto otherdefinitionsare thenreplacedwith the correspondingFSTs
(this process terminates since recursion is not allowed).

Rules and dictionary entries

A morphologicalrule is a pair <f, s> where the form f is a regular expressionon characters(the left
projection)andthestructure s is a typedfeaturestructure(theright projection).It is compiledin anFSTM
in two steps.First, theformf is compiledasafinite-statetransducerM1 whereall right projectionsareempty
(theemptyfeaturestructure

�
is thetopof thelatticeof featurestructures).Then,from the(single)final state

fin issant e s

Stem
VPA_IR

VPA_G
VPAG_N



f1 of this intermediaryFST, we add one more epsilon-transitionto the final statef of M wherethe right
projection is the feature structures (transitionε/s). The initial statei of M is the initial statei1 of M1:

In the form of a rule, therewill usuallybestringvariablesthatarealsopresentin thestructure of the rule.
Typically, thestructure will specifythevalueof a stemandthis variablewill beusedin thedefinitionof the
form. We impose the following restrictions on variables:

1. String variables in thestructure refer to string values in a dictionary entry.

2. Any variable in the regular expression defining theform must also appear in thestructure.

Theseconstraintsare imposedin order to guarantyfinitenessof substitutions.With theseconstraints,the
compilation of a rule is done as follows. First, all string variablesin the structure are instantiatedby
queryingthedictionaryfor all entriessubsumedby thestructure. Then,theoccurrencesof thevariablesin
theform are replaced with FSTs representing these strings. For example, the following rule:

[form: <$chant 'e'>,
 structure: [infl: Chanter,

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

will becompiledastheFSTpicturedbelow. Thevariable$chant is instantiatedby queryingthedictionary
for all entriessubsumedby thestructure: thisproducesadisjunctionof pairs{< fi , si> | fi is astring(stem),si

is a dictionary entry}. This disjunction is compiled as the sub-FSTchant:

Tables

Tablesareexpandedasdisjunctionsof simplemorphologicalrules.This stepreformulatesall Sambatable
definitionsasregularexpressionson morphologicalrules.A disjunctionof morphologicalrulesis simply a
set{< fi , si>} of morphologicalrules.A simpletableis a triple <P, F, {< fi , si>}>, whereP is theparadigm(a
featurestructure),F representsthefeaturesof thetable,and{< fi , si>} thesetof rules.Thecompilationof a
simple table rewrites the table as a set of rules:

<P, F, {< fi, si>}> → { <fi , P∧ F ∧ si> }

i1 f1 fM1
ε/s

M

f0chant 'e'/i0
ε

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



whereP ∧ F ∧ si is theunificationof thefeaturestructuresP, F andsi. TheSambacompilermakessurethat
the unification succeeds during the type checking phase of the compilation process.

A composedtableis apair< <f, s>, {< fi , si>} >, where<f, s> is thebaseand{< fi , si>} thesetof rules.The
compilation of a composed table rewrite the table as a set rules:

< <f, s>, {< fi , si>}> → { < f ⊗ fi , s∧ si> }

wheref ⊗ fi is thecompositionof the two regularexpressionsands ∧ si is theunificationbetweenthe two
featurestructures.The compiler checksthat the intersectionsare not empty and that the unificationsare
successful.Thecompositionf ⊗ fi is computedasfollows.We imposeconstraintsonvariablessimilar to the
onefor rules:the form of thebasef is a stringvariableandthis variablemustappearin eachform fi of the
rulesof the composedtable.Eachregular expressionfi is compiledasan FST, andeachoccurrenceof the
variablef in rulesis replacedwith thecorrespondingsub-FST: thebasetableis a sub-FSTof thecomposed
FST as shown in the example below.

Regular expressions

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

• The concatenationof two morphologicalrules is simply definedas the rule whose form is the
concatenationof the formsof the two rulesandwhosestructure is theunificationof thestructures:
< f1, s1 > • < f2 , s2 > → < f1 • f2 , s1 ∧ s2 >.

• The Kleene closure is defined as< f, s >* → < f*, s >.

• The disjunction follows the standard construction:< f1 , s1 > | <f2 , s2 > is compiled as:

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

f0
ε/i0

ε

[num: Plu]

a0
si1 f1vpa

VPAG_N =

[base: VPA_G[form: $vpa],

rules: [plu: [form: <$vpa ‘s’>, structure: [num: Plu]]]];

i1 f1

f0

M1 ε

i2 f2M2

i0 εε

ε



The Samba interpreter

TheSambainterpretertakesasinputeitherastring(for analysis),or a featurestructure(for generation).The
interpreteris parametrizedby thestartstate,specifiedby theuserastheidentifierof someSambadefinition.
The interpreterexits in the correspondingfinal state.This facility allows us to debug a Sambagrammar
definition by definition.

The Sambainterpreterin analysismode works as a standardfinite-statetransducer:input is read one
characterata time.Themaindifferencewith classicalFSTsis thattheoutputof a transitionis notappended
to the output string; instead,the output of a transition(right projection)is unified with the output of the
transducer:the transducer’s outputis initialized to the emptyfeaturestructure(top of the lattice of feature
structures)insteadof theemptystring.Sinceunificationcanfail, a transitionis traversedsuccessfullyonly if
the transition input (left projection) matchesthe current characterinput and if the unification of the
transition output with the transducer’s output succeeds.Traversing the graph of transitions,the right
projectionof eachtransitionis unifiedwith theglobal transducer’s output.Whenreachinga final state,the
outputhasaccumulatedall informationdefinedin theright projectionof eachtransition.For generation,the
interpretersimply reversestheinterpretationof input andoutputon transitions:whentraversinga transition,
theinterpreterfirst unifiestheinput with thetransition’s right projection.If unificationsucceeds,it appends
the transition’s left projection to the output string and proceeds with the new input feature structure.

Since the transducer is non-deterministic, alternative branches must all be explored. Several
implementationsof thesearcharepossible.For parsing,we usea variantof thealgorithmfor computingthe
intersectionof two finite-statemachines:the input word is representedasa linear finite-statemachineand
the output is also representedas a finite-statemachinewith a tree-like topology. The parsingalgorithm
computesthe intersectionof the transducerandthe input word usingthe left projectionsof the transducer;
duringtraversal,right projectionsareunifiedwith theoutput.Theunificationalgorithmfor featurestructures
usesstructuresharing(seee.g.,Emele91) which allows to minimize the amountof copying: the feature
structuresin variousbranchesof theoutputgraphrecordexactly theincrementof informationaddedby the
corresponding transitions of the transducer.

4 Conclusion

Preliminary researchin the morphologicaldescriptionof Arabic, Russian,Serbo-Croatianand Japanese
usingtheSambalanguagesupportsourhypothesisthatthis formalismcanbeusedfor describingavarietyof
morphologicalmodelsin acompactanddeclarativeway. A mock-upof aSambainterpreterhasbeenbuilt to
testvariousimplementationchoicesanda completeimplementationis currentlyunderway at CRL. Future
work on Sambawill includetheimplementationof a versionsupportingdynamicaccessto dictionaries,the
additionof orthographicrules,andan extensionto handlecomposition.The Sambalanguageis currently
usedto develop a morphologicalanalyzerfor Persianand will also be usedfor several other languages
including for example Spanish and Korean.
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