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Abstract

Twentyyearsagomorphologicahnalysisof naturallanguagevasa chal-
lengeto computationalinguists. Simple cut-and-past@rogramscould be
andwerewrittento analyzestringsin particularlanguagesbut therewasno
generalanguage-independemtethodavailable. Furthermorecut-and-paste
programdor analysiswverenotreversible they couldnotbeusedto geneate
words. Generatie phonologistof thattime describedmorphologicaklter
nationsby meansof orderedrewrite rules, but it was not understoochow
suchrulescouldbe usedfor analysis

This wasthe situationin the springof 1981whenKimmo Koskenniemi
cameto a conferenceon parsingthat Lauri Karttunenhad organizedat the
Universityof Texasat Austin. Also atthe sameconferenceveretwo Xerox
researcherfrom Palo Alto, RonaldM. KaplanandMartin Kay. The four
Ks discoreredthatall of themwereinterestecandhadbeenworking on the
problemof morphologicalanalysis. Koskenniemiwenton to Palo Alto to
visit Kay andKaplanat PARC.

Thiswasthebeginningof Two-Level Morphology thebrstgeneramodel
in the history of computationalinguisticsfor the analysisand generation
of morphologicallycomplex languagesThe language-spebt components,
the lexicon andthe rules, were combinedwith a runtime engineapplicable
to all languages.In this article we tracethe developmentof the Pnite-state
technologythat Two-Level Morphologyis basedon.

1 The Origins

Traditionalphonologicagrammarsformalizedin the 1960y NoamChom-
sky andMorris Halle (Chomsly andHalle, 1968), consistecf anordered
sequenceof rewrite rules that converted abstractphonologicalrepresenta-
tions into surfaceforms througha seriesof intermediaterepresentations.
Suchruleshave thegeneraform x ->vy / z _ w wherex,y, z, and
w can be arbitrarily complec stringsor feature-matrices.In mathematical
linguistics(Parteeet al., 1993),suchrulesare called CONTEXT-SENSITIVE
REWRITE RULES, andthey are more powerful thanregular expressionsor
contet-freerewrite rules.
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In 1972,C. DouglasJohnsompublishedhis dissertationFormal Aspects
of PhonologicaDescription(Johnson1972),whereinheshavedthatphono-
logical rewrite rulesare actuallymuchlesspowerful thanthe notationsug-
gests.Johnsorobsened thatwhile the samecontet-sensitve rule could be
appliedseveraltimesrecursvely to its own output,phonologisthave always
assumedmplicitly thatthesiteof applicationrmoves to theright or to theleft
of thestringaftereachapplication.For example,if therulex ->y / z _
wis usedto rewrite thestringQuzxwv Gas Quzywv O ary subsequerdapplica-
tion of thesamerule mustleave the § Opartunchangedaffectingonly Quz O
or GwO. Johnsordemonstratedhat the effect of this constraintis thatthe
pairsof inputsandoutputsof ary suchrule canbe modeledby a bnite-state
transducerUnfortunatelythis resultwaslargely overlookedat thetime and
wasrediscweredby RonaldM. KaplanandMartin Kay aroundl980(Kaplan
andKay, 1981;KaplanandKay, 1994).Puttingthingsinto a morealgebraic
perspectie thanJohnsonKaplanandKay shavedthatphonologicatewrite
rulesdescribeREGULAR RELATIONS. By debnition, a regular relationcan
berepresentebly a bnite-stateransducer

Johnsonwas alreadyaware of an importantmathematicalproperty of
Pnite-stateransducergSchitzenbeger, 1961): thereexists, for ary pair of
transducersppliedsequentiallyan equivalentsingletransducer Any cas-
cadeof rule transducersouldin principlebe composednto onetransducer
that mapslexical forms directly into the correspondingurfaceforms, and
vice versa,withoutary intermediateepresentationd.ater, KaplanandKay
hadthesameidea,illustratedin Figurel.
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Figurel: A Cascadef Rewrite RulesComposednto a SingleFST

Thesetheoreticalinsightsdid not immediatelylead to practicalresults.
The developmentof acompilerfor rewrite rulesturnedoutto beavery com-
plex task. It becameclearthatbuilding a compilerrequiredasa brst stepa
completamplementatiorof basicbnite-stateoperationsuchasunion,inter-
section,complementationand composition. Developinga completepnite-
statecalculuswasa challengen itself on the computerghatwereavailable
atthetime.

Anotherreasorfor the slow progressnay have beenthattherewereper



sistentdoubtsaboutthe practicalityof the approactfor morphologicabnal-
ysis Traditionalphonologicalewrite rulesdescribehe correspondenckee-
tweenlexical forms andsurfaceforms asa one-directionalsequentiamap-
pingfrom lexical formsto surfaceforms. Evenif it waspossibleo modelthe
geneation of surfaceforms efbciently by meansof bnite-statetransducers,
it wasnotevidentthatit wouldleadto an efbcientanalysisproceduregoing
in thereversedirection,from surfaceformsto lexical forms.

Let usconsideta simpleillustrationof the problemwith two sequentially
appliedrewriterules, N ->m / _p and p -> m/ m _ . Thecor
respondingransducersnap the lexical form GkaNpat Ounambiguousliyto
kammatO with kampat Oas the intermediataepresentationHowever if
we applythesametransducer# the otherdirectionto theinputkammatO,
we getthethreeresultsshovn in Figure2.

Lexical Strings kaNpat kampat kammat
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Figure2: RulesMappingkammato kaNpat,kampatkammat

Thereasoris thatthe surfaceform GkammatOhastwo potentialsourceson

theintermediatdevel. Theapplicationofthe p -> m/ m _ rulemaps

kampat OandammatOto the samesurfaceform. Theintermediatdorm

(kampat Oin turn could come eitherfrom Ckampat Oor from kaNpat O
by theapplicationofthe N -> m/ _ p rule. Thetwo ruletransducers
are unambiguousn the downward directionbut ambiguousin the upward

direction.

This asymmetryis an inherentpropertyof the generatre approachto
phonologicabescription If all therulesaredeterministicandobligatoryand
if theorderof therulesis Pxed, eachlexical form generatesnly onesurface
form. But a surfaceform cantypically be generatedn morethanoneway,
and the numberof possibleanalysegyrows with the numberof rules that
areinvolved. Someof the analysesnay turn out to be invalid becausehe
putative lexical forms, sayCkammatOandkampat Ointhis case mightnot
existin thelanguageButin orderto look themupin thelexicon, thesystem
mustprstcompletetheanalysis. Dependingonthenumberof rulesinvolved,
a surfaceform could easilyhave dozensof potentiallexical forms, even an
inPnite numberin the caseof certaindeletionrules.

Althoughthe generatiorproblemhad beensolved by JohnsonKaplan
andKay, at leastin principle,theproblemof efbcientmorphologicalnalysis
in the Chomsly-Halle paradigmwasstill seenasaformidablechallenge As
counterintuitve asit wasfrom a psycholinguistigoint of view, it appeared
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thatanalysiswasmuchhardercomputationallythangeneration Composing
all therule transducernto a singleonewould not solve the OweranalysisO
problem.Becauseheresultingsingletransduceis equivalentto theoriginal
cascadetheambiguityremains.

The solutionto the overanalysigproblemshouldhave beenobvious: to
formalizethe lexicon itself asa bnite statetransduceandcomposehe lex-
icon with the rules. With the lexicon includedin the composition,all the
spuriousambiguitiesproducedby the rulesare eliminatedat compiletime.
The runtime analysisbecomesamore efbcient becausehe resultingsingle
transducecontainsonly lexical formsthatactuallyexist in thelanguage.

Theideaof composinghelexiconandtherulestogetheiis notmentioned
in Johnsor&book or in the early Xerox work. Although thereobviously
hadto be someinterfacerelatinga lexicon componento a rule component,
theseweretraditionallythoughtof asdifferenttypesof objects.Furthermore,
rewrite ruleswere seenas applyingto individual word forms; the idea of
applyingthemsimultaneouslyo alexiconasawholerequiredanew mindset
andcomputationaloolsthatwerenotyet available.

The obsenationthata singlebnite-stateransducecouldencodethein-
ventoryof valid lexical formsaswell asthe mappingfrom lexical formsto
surfaceformstook a while to emege. Whenit brstappearedn print (Kart-
tunenet al., 1992), it was not in connectionwith traditionalrewrite rules
but with an entirely differentbnite-stateformalismthathadbeenintroduced
in themeantime Kimmo Koskenniem&rwo-LEVEL RULES (Koskenniemi,
1983).

2 Two-level Mor phology

In the springof 1981 when Kimmo Koskenniemicameto the USA for a
visit, helearnedaboutKaplanandKay®@pnite-stateliscovery. (They weren©
thenaware of Johnsorg1972 publication.) Xerox had begun work on the
Pnite-statealgorithms but they would prove to be mary yearsin themaking.
Koskenniemivasnot corvincedthatefbcientmorphologicaknalysiswvould
ever be practicalwith generatie rules,even if they werecompiledinto Pnite-
statetransducers. Someotherway to use Pnite automatamight be more
efbcient.

Back in Finland, Koskennieminventeda new way to describephono-
logical alternationsn bnite-statderms.Insteadof cascadeduleswith inter-
mediatestagesandthe computationaproblemsthey seemedo leadto, rules
couldbethoughtof asstatementshatdirectly constrainthe surfacerealiza-
tion of lexical strings. The ruleswould not be appliedsequentiallybut in
parallel. Eachrule would constraina certainlexical/surfacecorrespondence
and the ervironmentin which the correspondencevas allowed, required,
or prohibited. For his 1983dissertationKoskenniemtonstructecaninge-
niousimplementatiorof his constraint-baseshodelthatdid notdepencna
rule compiler compositionor ary otherpnite-statealgorithm,andhe called
it Two-LEVEL MORPHOLOGY. Two-level morphologyis basedon three
ideas:

¢ Rulesaresymbol-to-symbotonstraintshatareappliedin parallel,not



sequentiallylike rewrite rules.

e Theconstraintanreferto the lexical contet, to the surfacecontet,
or to bothcontets atthe sametime.

¢ Lexical lookupandmorphologicabnalysisareperformedn tandem.
Toillustratethe brsttwo principleswe canturn backto the kaNpatexam-

ple again. A two-level descriptionof thelexical-surfacerelationis sketched
in Figure3.

Figure3: Exampleof Two-Level Constraints

As thelinesindicate,eachsymbolin the lexical string xaNpat Ois paired
with its realizationin the surfacestring@ammatO.Two of the symbolpairs
in Figure3 areconstrainedy the context markedby theassociatethox. The
N:m pair is restrictedto the ervironmenthaving animmediatelyfollowing
p onthelexical side.In factthe constrainis tighter In this contet, all other
possiblerealizationsof a lexical N are prohibited Similarly, the p:m pair
requiresthe precedingsurfacem, andno otherrealizationof p is allowed
here. The two constraintsareindependentf eachother Acting in parallel,
they have the sameeffect asthe cascadef thetwo rewrite rulesin Figure2.
In Koskenniemihotation,theserulesarewrittenasN:m <=> _ p: and
p:m <=> :m _ , where<=> is an operatorthat combinesa contet re-
strictionwith the prohibition of any otherrealizationfor the lexical symbol
of the pair. The colonin theright contet of brstrule, p: , indicatesthatit
refersto alexical symbol;thecolonin theleft contet of thesecondule,:m,
indicatesa surfacesymbol.

Two-level rulesmay refer to bothsidesof the contet at the sametime.
They~ie alternatiorin Englishpluralnounscouldbedescribedy tworules:
onerealizesy asi in front of anepenthetie; theotherinsertsanepenthetie
betweena lexical consonanit sequencanda morphemeboundary(+) that
is followedby ans. Figure4 illustratesthey:i and0O:e constraints.

=P y[o]+ s e v]o
. e

[+ 5]

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

0 s

Note thatthe e in Figure4 is pairedwith a O (= zero) on the lexical level.
Formally this rule is expressedasy:i <=> _ 0:e . From the point of
view of two-level rules, zerois a symbollike ary other; it canbe usedto
constrainthe realizationof othersymbols. In fact, all the otherrulesmust
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OknavOwherezerosmay occut In two-level rules, zerosare not epsilons,
even thoughthey are treatedas suchwhentwo-level rules are appliedto
strings.

Like rewrite rules, two-level rules describeregular relations;but there
is animportantdifference. Becausehe zerosin two-level rulesarein fact
ordinarysymbols,a two-level rule representan equal-lengthrelation This
hasan importantconsequenceAlthough transducergannotin generalbe
intersectedk oskenniemizonstraintransducersanbe intersectedin fact,
whena setof two-level transducerareappliedin parallel,theapplyroutine
simulategheintersectiorof therule automataandcomposesheinput string
with the virtual constrainhetwork.

Figure5 illustratesthe applicationof the N:m and p:m rules sketched
in Figure3 to theinput kammatO.At eachpointin the processall lexical
candidatesorrespondingo the currentsurfacesymbolare considerecne
by one. If bothrulesacceptthe pair, the procesamoves on to the next point
in theinput. In the situationshawvn in Figure5, the pair p:m will beaccepted
by bothrules. TheN:m rule acceptghepairbecausehep onthelexical side
is requiredto licensethe N:m pair thathastentatively beenacceptecdht the
previousstep.The p:m rule acceptghep:m pairbecausehe precedingpair
hasanm onthesurfaceside.

k a N P

|

| N:m p:m
| Rule Rule

kémmat

Figure5: Parallel Application

Whenthe pair in questionhasbeenacceptedthe apply routine moves
onto considerthe next inputsymbolandeventuallycomesbackto the point
shavn in Figure5 to considemtherpossibldexical counterpartef asurface
m. They will all be rejectedby the N:m rule, and the apply routine will
returnto the previous m in the input to considerother alternatve lexical
counterpartdor it suchasp andm. At every pointin the input the apply
routinemustalso considerall possibledeletions,thatis, pairssuchas+:0
ande:0thathave azeroontheinputside.

Applying the rulesin paralleldoesnot in itself solve the overanalysis
problemdiscussedn the previous section. The two constraintssketched
above allow CkammatOto be analyzedasGkaNpat O (kampat O,or Ckam-
mat O.However, theproblemis easyto managén asystenthathasonly two
levels. The possibleuppersidesymbolsareconstrainedt eachstepby con-
sultingthe lexicon. In Koskenniem&iwo-level system lexical lookupand
the analysisof the surfaceform are performedn tandem.In orderto arrive
atthe pointshavn in Figure5, we musthave traverseda pathin the lexicon
thatcontainghelexical stringin questionseeFigure6. Thelexicon actsas
a continuoudexical Plter. The analysisroutineonly considerssymbolpairs
whoselexical sidematcheneof the outgoingarcsof the currentstate.
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Figure6: Following a Pathin the Lexicon

In Koskenniemi€1983system thelexiconwasrepresentedsa forestof
tries (= lettertrees) tied togethey continuation-clasinks from leaves of
onetreeto rootsof anothetreeor treesin theforest! Koskenniemiéexicon
canbe thoughtof asa partially deterministicunminimizedsimplenetwork.
In currentbnite-statesystemghe lexicon is a minimizednetwork,typically
a transducerbut the Pltering principleis the same. The apply routinedoes
not pursueanalyseshathave no matchinglexical path.

Koskenniemi&wo-level morphologywasthebrstpracticalgeneramodel
in the history of computationalinguisticsfor the analysisof morphologi-
cally compl languages.The language-spebt componentsthe rulesand
thelexicon, werecombinedwith a universalruntimeengineapplicableto all
languagesThe originalimplementatiorwasprimarily intendedor analysis,
but themodelwasin principlebidirectionalandcouldbeusedfor generation.

3 Linguistic Issues

Althoughthe two-level approachto morphologicaknalysiswasquickly ac-
ceptedas a usefulpracticalmethod,the linguistic insight behindit wasnot
pickedup by mainstreamiinguists. The ideaof rulesasparallelconstraints
betweenralexical symbolandits surfacecounterpartvasnottakenseriously
atthetime outsidethecircle of computationalinguists.Many argumentshad
beenadwancedin the literatureto shav thatphonologicaklternationssould
notbe describedr explainedadequatelwithout sequentiatewrite rules. It
wentlargely unnoticedhattwo-level rulescouldhave the sameeffect asor-
deredrewrite rulesbecausdwo-level rulesallow therealizationof a lexical
symbolto beconstraineeitherby thelexical sideor by thesurfaceside. The
standardargumentdor rule orderingwerebasedon the a priori assumption
thatarule couldreferonly to theinputcontext.

But theworld haschanged.Currentphonologistswriting in the frame-
work of oT (Optimality Theory),are sharplycritical of the Oserialist®adi-
tion of orderedrewrite rulesthat JohnsonKaplanand Kay wantedto for-
malize (Princeand Smolensl, 1993; Kager 1999; McCarthy 2002)? In

TheTEXFIN analyzedevelopedat the University of Texasat Austin (Karttunenetal., 1981)had
the samdexicon architecture.
2Theterm SERIAL, apejorative termin anoT context, refersto SEQUENTIAL rule application.



8 4 TWO-LEVEL RULE COMPILERS

a nutshell,oT is a two-level theorywith rankedparallelconstraints.Many
typesof optimalityconstraintg€anberepresentettivially astwo-level rules.
In contrastto Koskenniemi&Ohard@onstraints optimality constraintsare
Osoft@ndviolable. Thereareof coursemary otherdifferences.Most im-
portantly OT constraintsare meantto be universal. The fact that two-level
rulescandescribeorthographiddiosyncrasiesuchasthey~ie alternatiorin
Englishwith no help from universalprinciplesmakesthe approachuninter
estingfrom the oT pointof view. 3

4 Two-Level Rule Compilers

In his 1983dissertationKoskenniemintroduceda formalismfor two-level
rules. The semanticf two-level ruleswerewell-dePnedbut therewasno
rule compileravailableatthetime. Koskenniemandotherearlypractitioners
of two-level morphologyhadto compiletheir rulesby handinto pnite-state
transducers.This is tediousin the extremeand demandsa detailedunder
standingof transducerandrule semanticghatfew humanbeingscanbe ex-
pectedo grasp.A comple rulewith multipleoverlappingcontets maytake
hoursof concentrateeffort to compileandtest, even for an experthuman
OcompilerQn practice Jinguistsusingtwo-level morphologyconscioushor
unconsciouslyendedto postulaterathersurfag lexical strings,which kept
thetwo-level rulesrelatively simple.

Although two-level rules are formally quite differentfrom the rewrite
rulesstudiedby KaplanandKay, the basicbnite-statenethodghathadbeen
developedfor compiling rewrite-ruleswere applicableto two-level rulesas
well. In both formalisms,the mostdifbcult caseis a rule wherethe sym-
bol that is replacedor constrainedappearsalsoin the context part of the
rule. This problemKaplanandKay hadalreadysolvedby aningeniougech-
niguefor introducingandtheneliminatingauxiliary symbolsto markcontext
boundariesAnotherfundamentainsightwasthe encodingof contectual re-
quirementsn termsof doublenegation. For example,a constrainsuchas(
mustbefollowedby gOcanbe expressedisQitis notthe casethatsomething
endingin p is notfollowedby somethingstartingwith q.OIn Koskenniemi
formalism,thesameconstrainis expressedy therule p => _ q.

In the summerof 1985, when Koskenniemiwas a visitor at the Cen-
ter for the Study of Languageand Information(csL1) at Stanford,Kaplan
and Koskenniemivorkedout the basiccompilationalgorithmfor two-level
rules. The brst two-level rule compilerwaswrittenin InterLispby Kosken-
niemiandKarttunenin 1985-87usingKaplan®implementatiorof the bnite-
state calculus (Koskenniemi,1986; Karttunenet al., 1987). The current
C-versionof the compiler basedon Karttunen§1989 CommonLisp im-
plementationwas written by Lauri Karttunen,Todd Yampol and Kenneth
R. Beeslg in consultatiorwith Kaplanat Xerox PARC in 1991-92(Kart-
tunenandBeesly, 1992). Thelandmarkl1994article by KaplanandKay on
the mathematicafoundationsof Pnite-statdinguisticsgives a compilation
algorithmfor phonologicalrewrite rules and for Koskenniemiwo-level

3Finite-stateapproache® Optimality Theoryhave beenexploredin severalrecentarticles(Eis-
ner, 1997;FrankandSatta,1998;Karttunen,1998).
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The Xerox two-level compilerhasbeenusedto createlarge-scalemor-
phologicalanalyzerdor French,English,SpanishPortugueseDutch, Ital-
ian andmary otherlanguages.In the courseof this work, it soonbecame
evidentthatthetwo-level formalismwasdifbcult for the linguiststo master
It is far too easyto write rulesthatarein conict with oneanother It was
necessaryo makethe compilercheckfor, andautomaticallyeliminate,most
commontypesof com3icts.

For example,in Finnishconsonangradationanintervocalick generally
disappeari theweakgrade.However, betweertwo high labial vowelsk is
realizedasav. Consequentlthe genitive of GnakuO®@aste@ GnaunO but
the genitive of Gouku O@uit, dress@ puvun O. The problemis thatthe k
in Gouku Ois alsoaninstanceof anintervocalick, andit shouldbe deleted
by thegenerakule. Figure7 illustratesthe corfiict.

k:0

Vowel _ Vowel

Figure7: Comiict Betweema Generalanda Speckc Rule

k:v

This situationis nota problemfor a derivationalphonologisbecausehe
rule thatturnsk into v in themorespeckc contet canbe orderedbeforethe
deletionrule that appliesin the more generalernvironment. This is known
asDISJUNCTIVE ordering. In Optimality Theory caseof this sortarehan-
dled by constraintranking. In a two-level framework, thereis seeminglya
problem.If oneconstraintrequiresthe genitive of Gouku Oto be realizedas
Qpuun Gandanothercceptonly ouvun O theresultis thatGuku Ocannot
berealizedin thegenitive atall.

This is one of the mary typesof conicts thatthe Xerox compilerde-
tectsandresoheswithoutdifbculty. It seeghatthe contet of thek:v ruleis
subsumedby the context of thek:0 rule. The corfiict is resolved by compil-
ing the moregeneralrule in sucha way thatanintervocalick canbe either
deletedor realizedasv. The compilertakesadvantageof UNDERSPECIFICA-
TION, averyusefuloptionin adeclaratve systemof constraintsThegeneral
rule relieson the speckc oneto producethe correctresult. In the two-level
model, it is not the responsibilityof ary singlerule to geteverythingright
becauseheotherruleswill alsohave their say

“TheKaplanandKay article appearednary yearsafterthework on thetwo-level compilerwas
completedbut beforethe implementationof the so-calledREPLACE RULES in the currentXerox
regularexpressiorcompiler Thearticleis accurat@ntheformertopic, but thecompilationalgorithm
for replacerules(Karttunen,1995; Karttunen,1996; KempeandKarttunen,1996)differs in mary
detailsfrom the compilationmethodfor rewrite rulesdescribedy KaplanandKay.
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5 Two-Level Implementations

The brstimplementatior{Koskenniemil1983)wasquickly followedby oth-
ers. The mostinfBuentialimplementatiorwas by Lauri Karttunenand his
studentattheUniversityof Texas(Karttunen, 1983;Gajeketal., 1983;Dal-
rympleetal., 1983).Publishedaccountsf this projectinspiredmary copies
andvariations,includingthoseby Beeslg (Beesly, 1989;Beesly, 1990).
A copyrightedbut freely distributedimplementationof classicTwo-Level
Morphology called PC-KIMMO , available from the Summerlnstitute of
Linguistics(Antworth,1990),runson PCs,MacsandUnix systems.

In Europe,two-level morphologicalanalyzersbecamea standardcom-
ponentin several large systemdfor naturallanguageprocessinguchasthe
British Alvey project(Black et al., 1987;Ritchieet al., 1987;Ritchieetal.,
1992),srI@ cLE Core LanguageEngine(Cartey 1995),the ALEP Natural
LanguageEngineeringPlatform (Pulman,1991)andthe MULTEXT project
(Armstrong,1996).ALEP andMULTEXT werefundedby theEuropearCom-
mission. The MMORPH morphologytool (PetitpierreandRussel, 1995)built
at1ssco for MULTEXT is now availableunderaNu PublicLicense®

Someof thesesystemsavereimplementedn Lisp (Alvey), somein Pro-
log (CLE, ALEP), somein C (MMORPH). They werebasedn simplibedtwo-
level rules, the so-calledPARTITION-BASED formalism (Ruessink,1989),
whichwasclaimedto beeasieffor linguiststo learnthantheoriginalKosken-
niemi notation. But noneof thesesystemshada bnite-staterule compilet
Another differenceis that morphologicalparsingcould be constrainedby
featureunibcation. Becausehe rulesareinterpretecat runtimeandbecause
of theunibcationoverheadthesesystemsarenotvery efbcient,andtwo-level
morphologyacquired,undesergdly, a reputationfor beingslow. MMORPH
solvesthe speedproblemby allowing the userto run the morphologytool
off-line to producea databasef fully infRectedword 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 bnite-statemorphologyknewn well thata cascadeof trans-
ducerscompiledfrom phonologicarewrite rulescould be composednto a

singleone (seeFigurel). It wasalsoknown from the beginningthata set

of two-level transducersouldbemegedinto asingleone(Karttunen,1983;

Koskenniemi,1983) by intersectingthem, asin Figure8. The problemis

thatin bothcasegheresultingsingletransducers typically hugecompared
to the sizesof the original rule networks. Compositionandintersectiorare

exponentialin the worst case. Thatis, the numberof statesin the result-

ing networkmay be the productof the sizesof the operands Althoughthe

worstcaseis purelytheoreticaljn practiceit turnedoutthatintersectindarge

two-level rule systemsvaseitherimpossibleorimpracticalonthecomputers
availablein theearly 90s.

Shttp://packages.debiangistable/misc/mmorph.html
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Figure8: A Setof Two-Level Rulesintersectednto a SingleFST

It wasat thattime thattheresearcherat Xerox (Karttunenetal., 1992)
realizedwhatshouldhave beenobviousto themmuchearlier Theintersec-
tion of two-level rulesblows up becausét constrainghe realizationof all
the stringsin the universallanguage But in fact we aretypically interested
only in the stringsof a particularlanguage If the lexiconis composedvith
therules,it Pitersoutall thespuriousstrings.This methodhadnotbeentried
earlierbecauseat seemedhatthe compositiorof a largelexicon with alarge
rule systemwould resultin somethingeven larger. It soonbecameevident
thatthe resultof composinga sourcelexicon with an intersectedwo-level
rule systemwas never signibcantly larger thanthe original sourcelexicon,
andtypically muchsmallerthanthe intersectiorof the rulesby themseles.
Figure9 illustratesthisinterestingphenomenon.

Source
Lexicon \\\\\ Lexical
Transducer
o ////
R1| & |R 2 & Rn

Figure9: IntersectingandComposingTwo-Level Ruleswith aLexicon

The resultingsingle lexical transducercontainsall the lexical forms of the
sourcelexicon andall of their propersurfacerealizationsas determinedoy
therules. Theconstructiorof aspeciallNTERSECTING COMPOSITION algo-
rithm madeit possibleto carry outthe constructioreven in caseswvherethe
rulescouldnotbeintersectedy themseles.
Includingthelexiconatcompiletime obviouslybringsthesamebendst in
the caseof a cascadef rewrite rules. The resultdoesnot grow signipcantly

11
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if thecompositioris doneOtop-danO startingwith thelexicon andthe brst
rule of thecascade.

7 The Future

A considerableamountof work hasbeendone,and continuesto be done,
in the generalframeawork of two-level morphology However, at Xerox the
newer xfst tool thatincludesan extendedregular expressioncompilerwith
replaceruleshaslargely supplantedwo-level rulesin mary applications.

If the lexical forms are very differentfrom the correspondingsurface
forms, it appearghatfor mostcomputationalinguistsa cascadef replace
rulesis conceptuallyeasietto mastethananequialentsetof two-level rules.
Theorderingof therulesseemso belessof a problemthanthe mentaldisci-
pline requiredto avoid rule conicts in a two-level system even if thecom-
piler automaticallyresohesmostof them. Fromaformal pointof view there
is no substantie difference;a cascadeof rewrite rulesand a setof paral-
lel two-level constraintarejusttwo differentwaysto decomposa comple
regularrelationinto a setof simplerrelationsthatareeasieto understandnd
manipulate.Finite-stateoptimality theorycan be thoughtof asyet another
way to accomplisithistask.

When two-level rules were introduced,the receved wisdom was that
morphologicahlternationshouldbedescribedy acascad®f rewrite-rules.
Practitionerof two-level morphologyusedto write paperspointingout that
a two-level accountof certainphenomenavas no lessadequateghana se-
rialist description(Karttunen,1993). It is interestingto notehow linguistic
fashionshave changed.

From the currentpoint of view, two-level rules have mary interesting
properties.They aresymbol-to-symbotonstraintsnot string-to-strirg rela-
tionslike generalrewrite rules. Two-level rulesmakeit possibleto directly
constraindeletionandepenthesisitesbecausehe zerois an ordinarysym-
bol. Two-level rules enablethe linguist to refer to the input and the out-
put contet in the sameconstraint. The only anachronistideatureis that
two-level constraintsareinviolable. Perhapsve will seein the futurea new
Pnite-statformalismwith 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 generatie orientation,viewing surface
formsasa realizationof the correspondindexical forms, not the otherway
around. In the two-level formalism, the left-arron part of a rule suchas
N:m <=> _ p: constraingherealizationof a lexical N, notthe interpre-
tation of a surfacem. Thisis anarbitrarychoice,it would be easyto have
anotheroperatorjust like <=> but orientedin the otherdirection,constrain-
ing the potentiallexical sourcesof a surfacem. In fact, bothtypesof rules
could co-&xist within the sameBIDIRECTIONAL two-level rule system.This
is aninterestingpossibility, especiallyfor weightedconstraints.
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