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Abstract

Twentyyearsagomorphologicalanalysisof naturallanguagewasachal-
lengeto computationallinguists. Simplecut-and-pasteprogramscould be
andwerewritten to analyzestringsin particularlanguages,but therewasno
generallanguage-independentmethodavailable.Furthermore,cut-and-paste
programsfor analysiswerenotreversible,they couldnotbeusedto generate
words. Generative phonologistsof that time describedmorphologicalalter-
nationsby meansof orderedrewrite rules, but it was not understoodhow
suchrulescouldbeusedfor analysis.

This wasthesituationin thespringof 1981whenKimmo Koskenniemi
cameto a conferenceon parsingthat Lauri Karttunenhadorganizedat the
Universityof Texasat Austin. Also at thesameconferenceweretwo Xerox
researchersfrom Palo Alto, RonaldM. KaplanandMartin Kay. The four
Ks discoveredthatall of themwereinterestedandhadbeenworkingon the
problemof morphologicalanalysis. Koskenniemiwent on to Palo Alto to
visit Kay andKaplanat PARC.

Thiswasthebeginningof Two-Level Morphology, theÞrstgeneralmodel
in the history of computationallinguistics for the analysisand generation
of morphologicallycomplex languages.The language-speciÞc components,
the lexicon andthe rules,werecombinedwith a runtimeengineapplicable
to all languages.In this article we tracethedevelopmentof the Þnite-state
technologythatTwo-Level Morphologyis basedon.

1 The Origins

Traditionalphonologicalgrammars,formalizedin the1960sbyNoamChom-
sky andMorris Halle (Chomsky andHalle, 1968), consistedof anordered
sequenceof rewrite rules that convertedabstractphonologicalrepresenta-
tions into surfaceforms througha seriesof intermediaterepresentations.
Suchruleshave thegeneralform x - > y / z w wherex, y, z, and
w can be arbitrarily complex stringsor feature-matrices.In mathematical
linguistics(Parteeet al., 1993),suchrulesarecalledCONTEXT-SENSITIVE

REWRITE RULES, and they are morepowerful thanregular expressionsor
context-freerewrite rules.
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In 1972,C. DouglasJohnsonpublishedhis dissertation,Formal Aspects
ofPhonologicalDescription(Johnson,1972),whereinheshowedthatphono-
logical rewrite rulesareactuallymuchlesspowerful thanthe notationsug-
gests.Johnsonobservedthatwhile thesamecontext-sensitive rule couldbe
appliedseveraltimesrecursively to its own output,phonologistshavealways
assumedimplicitly thatthesiteof applicationmoves to therightor to theleft
of thestringaftereachapplication.For example,if therulex - > y / z
wisusedtorewrite thestringÒuzxwv ÓasÒuzywv Ó,any subsequentapplica-
tion of thesamerulemustleave theÒyÓpartunchanged,affectingonly Òuz Ó
or ÒwvÓ. Johnsondemonstratedthat the effect of this constraintis that the
pairsof inputsandoutputsof any suchrule canbemodeledby a Þnite-state
transducer. Unfortunately, this resultwaslargelyoverlookedat thetime and
wasrediscoveredbyRonaldM. KaplanandMartinKayaround1980(Kaplan
andKay, 1981;KaplanandKay, 1994).Puttingthingsinto a morealgebraic
perspective thanJohnson,KaplanandKay showedthatphonologicalrewrite
rulesdescribeREGULAR RELATIONS. By deÞnition, a regular relationcan
berepresentedby a Þnite-statetransducer.

Johnsonwas alreadyaware of an importantmathematicalpropertyof
Þnite-statetransducers(Sch¬utzenberger, 1961): thereexists, for any pair of
transducersappliedsequentially, an equivalentsingletransducer. Any cas-
cadeof rule transducerscouldin principlebecomposedinto onetransducer
that mapslexical forms directly into the correspondingsurfaceforms, and
vice versa,withoutany intermediaterepresentations.Later, KaplanandKay
hadthesameidea,illustratedin Figure1.

Rule 1

Rule n

Rule 2

...

Lexical Strings

Surface Strings

FST
Single Rule

Surface Strings

Lexical Strings

Figure1: A Cascadeof Rewrite RulesComposedinto a SingleFST

Thesetheoreticalinsightsdid not immediatelyleadto practicalresults.
Thedevelopmentof acompilerfor rewrite rulesturnedout to beaverycom-
plex task. It becameclearthatbuilding a compilerrequiredasa Þrst stepa
completeimplementationof basicÞnite-stateoperationssuchasunion,inter-
section,complementation,andcomposition.Developinga completeÞnite-
statecalculuswasa challengein itself on thecomputersthatwereavailable
at thetime.

Anotherreasonfor theslow progressmayhave beenthattherewereper-
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sistentdoubtsaboutthepracticalityof theapproachfor morphologicalanal-
ysis. Traditionalphonologicalrewrite rulesdescribethecorrespondencebe-
tweenlexical formsandsurfaceformsasa one-directional,sequentialmap-
pingfrom lexical formstosurfaceforms.Evenif it waspossibletomodelthe
generation of surfaceformsefÞciently by meansof Þnite-statetransducers,
it wasnotevidentthatit would leadto anefÞcientanalysisproceduregoing
in thereversedirection,from surfaceformsto lexical forms.

Let usconsiderasimpleillustrationof theproblemwith twosequentially
appliedrewrite rules, N ->m / p and p - > m / m . Thecor-
respondingtransducersmapthe lexical form ÒkaNpat Óunambiguouslyto
ÒkammatÓ,with Òkampat Óas theintermediaterepresentation.However if
weapplythesametransducersin theotherdirectionto theinputÒkammatÓ,
we getthethreeresultsshown in Figure2.

kampatkaNpat

kammat

kampat kammat

Surface Strings

N !> m / _ p

p !> m / m _

Lexical Strings

Intermediate Strings

kammat

Figure2: RulesMappingkammatto kaNpat,kampat,kammat

Thereasonis thatthesurfaceform ÒkammatÓhastwo potentialsourceson
theintermediatelevel. Theapplicationof the p - > m / m rulemaps
Òkampat ÓandÒkammatÓto thesamesurfaceform. Theintermediateform
Òkampat Óin turn could comeeitherfrom Òkampat Óor from ÒkaNpat Ó
by theapplicationof the N - > m / p rule. Thetwo rule transducers
areunambiguousin the downwarddirectionbut ambiguousin the upward
direction.

This asymmetryis an inherentpropertyof the generative approachto
phonologicaldescription.If all therulesaredeterministicandobligatoryand
if theorderof therulesis Þxed,eachlexical form generatesonly onesurface
form. But a surfaceform cantypically be generatedin morethanoneway,
and the numberof possibleanalysesgrows with the numberof rules that
are involved. Someof the analysesmay turn out to be invalid becausethe
putativelexical forms,sayÒkammatÓandÒkampat Óin thiscase,mightnot
exist in thelanguage.But in orderto look themup in thelexicon,thesystem
mustÞrstcompletetheanalysis.Dependingonthenumberof rulesinvolved,
a surfaceform couldeasilyhave dozensof potentiallexical forms,even an
inÞnitenumberin thecaseof certaindeletionrules.

Althoughthe generationproblemhadbeensolved by Johnson,Kaplan
andKay, at leastin principle,theproblemof efÞcientmorphologicalanalysis
in theChomsky-Halleparadigmwasstill seenasa formidablechallenge.As
counterintuitiveasit wasfrom a psycholinguisticpoint of view, it appeared
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thatanalysiswasmuchhardercomputationallythangeneration.Composing
all therule transducersinto a singleonewouldnot solve theÒoveranalysisÓ
problem.Becausetheresultingsingletransduceris equivalentto theoriginal
cascade,theambiguityremains.

The solutionto the overanalysisproblemshouldhave beenobvious: to
formalizethe lexicon itself asa Þnite statetransducerandcomposethelex-
icon with the rules. With the lexicon includedin the composition,all the
spuriousambiguitiesproducedby the rulesareeliminatedat compiletime.
The runtime analysisbecomesmore efÞcient becausethe resultingsingle
transducercontainsonly lexical formsthatactuallyexist in thelanguage.

Theideaof composingthelexiconandtherulestogetherisnotmentioned
in JohnsonÕs book or in the early Xerox work. Although thereobviously
hadto besomeinterfacerelatinga lexicon componentto a rule component,
theseweretraditionallythoughtof asdifferenttypesof objects.Furthermore,
rewrite ruleswere seenas applyingto individual word forms; the idea of
applyingthemsimultaneouslytoalexiconasawholerequiredanew mindset
andcomputationaltoolsthatwerenotyetavailable.

Theobservationthata singleÞnite-statetransducercouldencodethein-
ventoryof valid lexical formsaswell asthemappingfrom lexical formsto
surfaceformstook a while to emerge. Whenit Þrst appearedin print (Kart-
tunenet al., 1992), it was not in connectionwith traditionalrewrite rules
but with anentirelydifferentÞnite-stateformalismthathadbeenintroduced
in themeantime,Kimmo KoskenniemiÕsTWO-LEVEL RULES (Koskenniemi,
1983).

2 Two-level Mor phology

In the springof 1981when Kimmo Koskenniemicameto the USA for a
visit, helearnedaboutKaplanandKayÕsÞnite-statediscovery. (They werenÕt
thenawareof JohnsonÕs 1972publication.) Xerox hadbegun work on the
Þnite-statealgorithms,but they wouldprove to bemany yearsin themaking.
KoskenniemiwasnotconvincedthatefÞcientmorphologicalanalysiswould
ever bepracticalwith generativerules,even if they werecompiledintoÞnite-
statetransducers.Someotherway to useÞnite automatamight be more
efÞcient.

Back in Finland,Koskenniemiinventeda new way to describephono-
logicalalternationsin Þnite-stateterms.Insteadof cascadedruleswith inter-
mediatestagesandthecomputationalproblemsthey seemedto leadto, rules
couldbethoughtof asstatementsthatdirectlyconstrainthesurfacerealiza-
tion of lexical strings. The ruleswould not be appliedsequentiallybut in
parallel.Eachrule wouldconstraina certainlexical/surfacecorrespondence
and the environmentin which the correspondencewas allowed, required,
or prohibited. For his 1983dissertation,Koskenniemiconstructedan inge-
niousimplementationof hisconstraint-basedmodelthatdid notdependona
rule compiler, compositionor any otherÞnite-statealgorithm,andhecalled
it TWO-LEVEL MORPHOLOGY. Two-level morphologyis basedon three
ideas:

Rulesaresymbol-to-symbolconstraintsthatareappliedin parallel,not
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sequentiallylike rewrite rules.

Theconstraintscanrefer to the lexical context, to thesurfacecontext,
or to bothcontextsat thesametime.

Lexical lookupandmorphologicalanalysisareperformedin tandem.

To illustratetheÞrst twoprincipleswecanturnbackto thekaNpatexam-
ple again.A two-level descriptionof thelexical-surfacerelationis sketched
in Figure3.

ta

a

pa Nk

k a mm t

k a N a t

a a tk m

p

m

Figure3: Exampleof Two-Level Constraints

As the lines indicate,eachsymbolin the lexical stringÒkaNpat Óis paired
with its realizationin thesurfacestringÒkammatÓ.Two of thesymbolpairs
in Figure3 areconstrainedby thecontext markedby theassociatedbox. The
N:m pair is restrictedto the environmenthaving an immediatelyfollowing
p on thelexical side.In fact theconstraintis tighter. In thiscontext, all other
possiblerealizationsof a lexical N areprohibited. Similarly, the p:m pair
requiresthe precedingsurfacem, andno otherrealizationof p is allowed
here.Thetwo constraintsareindependentof eachother. Acting in parallel,
they have thesameeffect asthecascadeof thetwo rewrite rulesin Figure2.
In KoskenniemiÕs notation,theserulesarewritten asN:m <=> p: and
p:m <=> :m , where<=> is an operatorthat combinesa context re-
strictionwith theprohibition of any otherrealizationfor the lexical symbol
of the pair. The colon in theright context of Þrst rule, p: , indicatesthat it
referstoa lexical symbol;thecolonin theleft context of thesecondrule,:m,
indicatesa surfacesymbol.

Two-level rulesmay refer to bothsidesof thecontext at thesametime.
They ie alternationin Englishpluralnounscouldbedescribedby two rules:
onerealizesy asi in front of anepenthetice; theotherinsertsanepenthetice
betweena lexical consonant-y sequenceanda morphemeboundary(+) that
is followedby ans. Figure4 illustratesthey:i and0:e constraints.

p

p

s

s e

0s p + s

s e

0 s

s0

+y

s0ip i

y

Figure4: A Two-Level View of y ie Alternationin English

Note that the e in Figure4 is pairedwith a 0 (= zero)on the lexical level.
Formally this rule is expressedas y:i <=> 0:e . From the point of
view of two-level rules, zero is a symbol like any other; it canbe usedto
constrainthe realizationof othersymbols. In fact, all the otherrulesmust
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ÒknowÓwherezerosmay occur. In two-level rules,zerosarenot epsilons,
even thoughthey are treatedas suchwhen two-level rules are appliedto
strings.

Like rewrite rules, two-level rulesdescriberegular relations;but there
is an importantdifference.Becausethe zerosin two-level rulesare in fact
ordinarysymbols,a two-level rule representsanequal-lengthrelation. This
hasan importantconsequence:Althoughtransducerscannotin generalbe
intersected,KoskenniemiÕsconstrainttransducerscanbeintersected.In fact,
whena setof two-level transducersareappliedin parallel,theapplyroutine
simulatestheintersectionof theruleautomataandcomposestheinputstring
with thevirtual constraintnetwork.

Figure5 illustratesthe applicationof the N:m andp:m rulessketched
in Figure3 to theinputÒkammatÓ.At eachpoint in theprocess,all lexical
candidatescorrespondingto the currentsurfacesymbolareconsideredone
by one. If bothrulesacceptthepair, theprocessmoves on to thenext point
in theinput. In thesituationshown in Figure5, thepairp:m will beaccepted
by bothrules.TheN:m ruleacceptsthepairbecausethep onthelexical side
is requiredto licensethe N:m pair thathastentatively beenacceptedat the
previousstep.Thep:m ruleacceptsthep:m pairbecausetheprecedingpair
hasanm onthesurfaceside.

Rule Rule
p:mN:m

ak

k a a tm

pN

m

Figure5: ParallelApplication

When the pair in questionhasbeenaccepted,the apply routinemoves
on to considerthenext inputsymbolandeventuallycomesbackto thepoint
shown in Figure5 to considerotherpossiblelexical counterpartsof asurface
m. They will all be rejectedby the N:m rule, and the apply routinewill
return to the previous m in the input to considerother alternative lexical
counterpartsfor it suchasp andm. At every point in the input the apply
routinemustalsoconsiderall possibledeletions,that is, pairssuchas+:0
ande:0 thathave a zeroon theinputside.

Applying the rules in parallel doesnot in itself solve the overanalysis
problemdiscussedin the previous section. The two constraintssketched
aboveallow ÒkammatÓto beanalyzedasÒkaNpat Ó,Òkampat Ó,orÒkam-
matÓ.However, theproblemis easyto managein asystemthathasonly two
levels. Thepossibleupper-sidesymbolsareconstrainedat eachstepby con-
sultingthe lexicon. In KoskenniemiÕs two-level system,lexical lookupand
theanalysisof thesurfaceform areperformedin tandem.In orderto arrive
at thepointshown in Figure5, we musthave traverseda pathin thelexicon
thatcontainsthelexical stringin question,seeFigure6. The lexicon actsas
a continuouslexical Þlter. Theanalysisroutineonly considerssymbolpairs
whoselexical sidematchesoneof theoutgoingarcsof thecurrentstate.
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Rule
N:m

Rule
p:m

ma tak m

p
k a

N

Figure6: Following a Pathin theLexicon

In KoskenniemiÕs1983system,thelexiconwasrepresentedasa forestof
tries(= lettertrees),tied togetherby continuation-classlinks from leaves of
onetreeto rootsof anothertreeor treesin theforest.1 KoskenniemiÕslexicon
canbethoughtof asa partiallydeterministic,unminimizedsimplenetwork.
In currentÞnite-statesystemsthe lexicon is a minimizednetwork,typically
a transducer, but theÞltering principleis the same.The apply routinedoes
notpursueanalysesthathave nomatchinglexical path.

KoskenniemiÕstwo-level morphologywastheÞrstpracticalgeneralmodel
in the history of computationallinguisticsfor the analysisof morphologi-
cally complex languages.The language-speciÞc components,the rulesand
thelexicon,werecombinedwith a universalruntimeengineapplicableto all
languages.Theoriginalimplementationwasprimarily intendedfor analysis,
but themodelwasin principlebidirectionalandcouldbeusedfor generation.

3 Linguistic Issues

Althoughthe two-level approachto morphologicalanalysiswasquickly ac-
ceptedasa usefulpracticalmethod,the linguistic insightbehindit wasnot
pickedup by mainstreamlinguists. The ideaof rulesasparallelconstraints
betweena lexical symbolandits surfacecounterpartwasnot takenseriously
at thetimeoutsidethecircleof computationallinguists.Many argumentshad
beenadvancedin the literatureto show thatphonologicalalternationscould
notbedescribedor explainedadequatelywithoutsequentialrewrite rules. It
wentlargely unnoticedthattwo-level rulescouldhave thesameeffect asor-
deredrewrite rulesbecausetwo-level rulesallow therealizationof a lexical
symbolto beconstrainedeitherby thelexical sideor by thesurfaceside.The
standardargumentsfor rule orderingwerebasedon thea priori assumption
thata rulecouldreferonly to theinputcontext.

But theworld haschanged.Currentphonologists,writing in the frame-
work of OT (OptimalityTheory),aresharplycritical of theÒserialistÓtradi-
tion of orderedrewrite rulesthat Johnson,KaplanandKay wantedto for-
malize (PrinceandSmolensky, 1993; Kager, 1999;McCarthy, 2002).2 In

1TheTEXFIN analyzerdevelopedat theUniversityof TexasatAustin(Karttunenetal., 1981)had
thesamelexiconarchitecture.

2Theterm SERIAL, apejorative termin anOT context, refersto SEQUENTIAL rule application.
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a nutshell,OT is a two-level theorywith rankedparallelconstraints.Many
typesof optimalityconstraintscanberepresentedtrivially astwo-level rules.
In contrastto KoskenniemiÕs ÒhardÓconstraints,optimality constraintsare
ÒsoftÓandviolable. Thereareof coursemany otherdifferences.Most im-
portantly, OT constraintsaremeantto be universal. The fact that two-level
rulescandescribeorthographicidiosyncrasiessuchasthey ie alternationin
Englishwith no help from universalprinciplesmakestheapproachuninter-
estingfrom theOT pointof view. 3

4 Two-Level Rule Compilers

In his 1983dissertation,Koskenniemiintroduceda formalismfor two-level
rules. The semanticsof two-level ruleswerewell-deÞnedbut therewasno
rulecompileravailableatthetime. Koskenniemiandotherearlypractitioners
of two-level morphologyhadto compiletheir rulesby handinto Þnite-state
transducers.This is tediousin the extremeanddemandsa detailedunder-
standingof transducersandrulesemanticsthatfew humanbeingscanbeex-
pectedtograsp.A complex rulewith multipleoverlappingcontextsmaytake
hoursof concentratedeffort to compileandtest,even for an expert human
ÒcompilerÓ.In practice,linguistsusingtwo-level morphologyconsciouslyor
unconsciouslytendedto postulaterathersurfacy lexical strings,which kept
thetwo-level rulesrelatively simple.

Although two-level rules are formally quite different from the rewrite
rulesstudiedby KaplanandKay, thebasicÞnite-statemethodsthathadbeen
developedfor compilingrewrite-ruleswereapplicableto two-level rulesas
well. In both formalisms,the mostdifÞcult caseis a rule wherethe sym-
bol that is replacedor constrainedappearsalso in the context part of the
rule. ThisproblemKaplanandKay hadalreadysolvedby aningenioustech-
niquefor introducingandtheneliminatingauxiliarysymbolsto markcontext
boundaries.Anotherfundamentalinsightwastheencodingof contextual re-
quirementsin termsof doublenegation.For example,aconstraintsuchasÒp
mustbefollowedby qÓcanbeexpressedasÒitis not thecasethatsomething
endingin p is not followedby somethingstartingwith q.ÓIn KoskenniemiÕs
formalism,thesameconstraintis expressedby therule p => q.

In the summerof 1985, when Koskenniemiwas a visitor at the Cen-
ter for the Studyof LanguageandInformation(CSLI) at Stanford,Kaplan
andKoskenniemiworkedout thebasiccompilationalgorithmfor two-level
rules. TheÞrst two-level rule compilerwaswritten in InterLispby Kosken-
niemiandKarttunenin 1985-87usingKaplanÕsimplementationof theÞnite-
statecalculus(Koskenniemi,1986; Karttunenet al., 1987). The current
C-versionof the compiler, basedon KarttunenÕs 1989CommonLisp im-
plementation,was written by Lauri Karttunen,Todd YampolandKenneth
R. Beesley in consultationwith Kaplanat Xerox PARC in 1991-92(Kart-
tunenandBeesley, 1992).Thelandmark1994articleby KaplanandKay on
the mathematicalfoundationsof Þnite-statelinguisticsgives a compilation
algorithm for phonologicalrewrite rules and for KoskenniemiÕs two-level

3Finite-stateapproachesto Optimality Theoryhavebeenexploredin severalrecentarticles(Eis-
ner, 1997;FrankandSatta,1998;Karttunen,1998).
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rules.4

The Xerox two-level compilerhasbeenusedto createlarge-scalemor-
phologicalanalyzersfor French,English,Spanish,Portuguese,Dutch, Ital-
ian andmany otherlanguages.In the courseof this work, it soonbecame
evidentthatthetwo-level formalismwasdifÞcult for thelinguiststo master.
It is far too easyto write rulesthatare in conßict with oneanother. It was
necessaryto makethecompilercheckfor, andautomaticallyeliminate,most
commontypesof conßicts.

For example,in Finnishconsonantgradation,anintervocalick generally
disappearsin theweakgrade.However, betweentwo highlabial vowelsk is
realizedasa v. Consequently, thegenitiveof ÒmakuÓÕtasteÕis ÒmaunÓ,but
thegenitive of Òpuku ÓÕsuit, dressÕis Òpuvun Ó.The problemis that thek
in Òpuku Óis alsoan instanceof an intervocalick, andit shouldbedeleted
by thegeneralrule. Figure7 illustratestheconßict.

Vowel _ Vowel

u _ u

k:0

k:v

Figure7: Conßict BetweenaGeneralandaSpeciÞc Rule

Thissituationis notaproblemfor aderivationalphonologistbecausethe
rule thatturnsk into v in themorespeciÞc context canbeorderedbeforethe
deletionrule that appliesin the moregeneralenvironment. This is known
asDISJUNCTIVE ordering.In OptimalityTheory, casesof this sortarehan-
dled by constraintranking. In a two-level framework, thereis seeminglya
problem.If oneconstraintrequiresthegenitiveof Òpuku Óto be realizedas
Òpuun ÓandanotheracceptsonlyÒpuvun Ó,theresultis thatÒpuku Ócannot
berealizedin thegenitiveatall.

This is oneof the many typesof conßicts that the Xerox compilerde-
tectsandresolveswithoutdifÞculty. It seesthatthecontext of thek:v rule is
subsumedby thecontext of thek:0 rule. Theconßict is resolvedby compil-
ing themoregeneralrule in sucha way thatan intervocalick canbe either
deletedor realizedasv. Thecompilertakesadvantageof UNDERSPECIFICA-
TION, averyusefuloptionin adeclarativesystemof constraints.Thegeneral
rule relieson thespeciÞc oneto producethecorrectresult. In thetwo-level
model, it is not the responsibilityof any singlerule to get everythingright
becausetheotherruleswill alsohave their say.

4TheKaplanandKay articleappearedmany yearsafter thework on thetwo-level compilerwas
completedbut beforethe implementationof the so-calledREPLACE RULES in the currentXerox
regularexpressioncompiler. Thearticleisaccurateontheformertopic,but thecompilationalgorithm
for replacerules(Karttunen,1995;Karttunen,1996;KempeandKarttunen,1996)differs in many
detailsfrom thecompilationmethodfor rewrite rulesdescribedby KaplanandKay.
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5 Two-Level Implementations

TheÞrst implementation(Koskenniemi,1983)wasquickly followedby oth-
ers. The most inßuential implementationwas by Lauri Karttunenandhis
studentsat theUniversityof Texas(Karttunen,1983;Gajeketal., 1983;Dal-
rympleetal., 1983).Publishedaccountsof thisprojectinspiredmany copies
andvariations,includingthoseby Beesley (Beesley, 1989;Beesley, 1990).
A copyrightedbut freely distributed implementationof classicTwo-Level
Morphology, calledPC-KIMMO , available from the SummerInstituteof
Linguistics(Antworth,1990),runsonPCs,MacsandUnix systems.

In Europe,two-level morphologicalanalyzersbecamea standardcom-
ponentin several largesystemsfor naturallanguageprocessingsuchasthe
British Alvey project(Black et al., 1987;Ritchieet al., 1987;Ritchieet al.,
1992),SRIÕs CLE CoreLanguageEngine(Carter, 1995),the ALEP Natural
LanguageEngineeringPlatform(Pulman,1991)andthe MULTEXT project
(Armstrong,1996).ALEP andMULTEXT werefundedby theEuropeanCom-
mission.TheMMORPH morphologytool (PetitpierreandRussel,1995)built
at ISSCO for MULTEXT is now availableunderGNU PublicLicense.5

Someof thesesystemswereimplementedin Lisp (Alvey), somein Pro-
log (CLE, ALEP), somein C (MMORPH). They werebasedonsimpliÞedtwo-
level rules, the so-calledPARTITION-BASED formalism (Ruessink,1989),
whichwasclaimedtobeeasierfor linguiststo learnthantheoriginalKosken-
niemi notation. But noneof thesesystemshada Þnite-staterule compiler.
Anotherdifferenceis that morphologicalparsingcould be constrainedby
featureuniÞcation.Becausetherulesareinterpretedat runtimeandbecause
of theuniÞcationoverhead,thesesystemsarenotveryefÞcient,andtwo-level
morphologyacquired,undeservedly, a reputationfor beingslow. MMORPH

solvesthe speedproblemby allowing the userto run the morphologytool
off-line to producea databaseof fully inßectedword forms andtheir lem-
mas. A compilationalgorithmhasbeendevelopedfor the partition-based
formalism(Grimley-Evanset al., 1996),but to our knowledgethereis no
publicly availablecompilerfor it.

6 Lexical Transducers

The pioneersof Þnite-statemorphologyknew well that a cascadeof trans-
ducerscompiledfrom phonologicalrewrite rulescouldbe composedinto a
singleone(seeFigure1). It wasalsoknown from the beginning thata set
of two-level transducerscouldbemergedintoasingleone(Karttunen,1983;
Koskenniemi,1983)by intersectingthem,as in Figure8. The problemis
that in bothcasestheresultingsingletransduceris typically hugecompared
to thesizesof theoriginal rule networks.Compositionandintersectionare
exponentialin the worst case. That is, the numberof statesin the result-
ing networkmay be theproductof thesizesof theoperands.Althoughthe
worstcaseispurelytheoretical,in practiceit turnedoutthatintersectinglarge
two-level rulesystemswaseitherimpossibleor impracticalonthecomputers
availablein theearly90s.

5http://packages.debian.org/stable/misc/mmorph.html
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FST
Single Rule

Surface Strings

Lexical StringsLexical Strings

Surface Strings

...Rule 2 Rule nRule 1

Figure8: A Setof Two-Level RulesIntersectedinto a SingleFST

It wasat thattime thattheresearchersat Xerox (Karttunenet al., 1992)
realizedwhatshouldhave beenobviousto themmuchearlier. The intersec-
tion of two-level rulesblows up becauseit constrainsthe realizationof all
thestringsin theuniversallanguage.But in fact we aretypically interested
only in thestringsof a particularlanguage.If the lexicon is composedwith
therules,it Þltersoutall thespuriousstrings.Thismethodhadnotbeentried
earlierbecauseit seemedthatthecompositionof a largelexiconwith a large
rule systemwould resultin somethingeven larger. It soonbecameevident
that the resultof composinga sourcelexicon with an intersectedtwo-level
rule systemwasnever signiÞcantly larger thanthe original sourcelexicon,
andtypically muchsmallerthanthe intersectionof therulesby themselves.
Figure9 illustratesthis interestingphenomenon.

&

Lexicon

o

& ...

Transducer
Lexical

Source

R 2 R nR 1

Figure9: IntersectingandComposingTwo-Level Ruleswith aLexicon

The resultingsinglelexical transducercontainsall the lexical forms of the
sourcelexicon andall of their propersurfacerealizationsasdeterminedby
therules.Theconstructionof aspecialINTERSECTING COMPOSITION algo-
rithm madeit possibleto carryout theconstructioneven in caseswherethe
rulescouldnotbeintersectedby themselves.

IncludingthelexiconatcompiletimeobviouslybringsthesamebeneÞt in
thecaseof a cascadeof rewrite rules.Theresultdoesnotgrow signiÞcantly
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if thecompositionis doneÒtop-downÓ,startingwith thelexiconandtheÞrst
ruleof thecascade.

7 The Futur e

A considerableamountof work hasbeendone,andcontinuesto be done,
in the generalframework of two-level morphology. However, at Xerox the
newer xfst tool that includesan extendedregular expressioncompilerwith
replaceruleshaslargelysupplantedtwo-level rulesin many applications.

If the lexical forms are very different from the correspondingsurface
forms, it appearsthat for mostcomputationallinguistsa cascadeof replace
rulesisconceptuallyeasiertomasterthananequivalentsetof two-level rules.
Theorderingof therulesseemstobelessof aproblemthanthementaldisci-
pline requiredto avoid rule conßicts in a two-level system,even if thecom-
piler automaticallyresolvesmostof them.Fromaformalpointof view there
is no substantive difference;a cascadeof rewrite rulesanda setof paral-
lel two-level constraintsarejust two differentwaysto decomposea complex
regularrelationintoasetof simplerrelationsthatareeasiertounderstandand
manipulate.Finite-stateoptimality theorycanbe thoughtof asyet another
way to accomplishthis task.

When two-level rules were introduced,the received wisdom was that
morphologicalalternationsshouldbedescribedbyacascadeof rewrite-rules.
Practitionersof two-level morphologyusedto write paperspointingout that
a two-level accountof certainphenomenawasno lessadequatethana se-
rialist description(Karttunen,1993). It is interestingto notehow linguistic
fashionshave changed.

From the currentpoint of view, two-level rules have many interesting
properties.They aresymbol-to-symbolconstraints,notstring-to-string rela-
tionslike generalrewrite rules. Two-level rulesmakeit possibleto directly
constraindeletionandepenthesissitesbecausethezerois anordinarysym-
bol. Two-level rules enablethe linguist to refer to the input and the out-
put context in the sameconstraint. The only anachronisticfeatureis that
two-level constraintsareinviolable. Perhapswe will seein thefuturea new
Þnite-stateformalismwith weightedandviolabletwo-level constraints.

All the systemsthat have beenusedfor the descriptionof morpholog-
ical alternations,rewrite rules, two-level rules, and optimality constraints
areUNIDIRECTIONAL. They have a generative orientation,viewing surface
formsasa realizationof thecorrespondinglexical forms,not theotherway
around. In the two-level formalism, the left-arrow part of a rule suchas
N:m <=> p: constrainsthe realizationof a lexical N, not the interpre-
tationof a surfacem. This is an arbitrarychoice,it would be easyto have
anotheroperatorjust like <=> but orientedin theotherdirection,constrain-
ing thepotentiallexical sourcesof a surfacem. In fact, bothtypesof rules
couldco-exist within thesameBIDIRECTIONAL two-level rule system.This
is aninterestingpossibility, especiallyfor weightedconstraints.
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