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FormalLanguages

•Amathematicalabstractionofreallanguages:NaturalLanguagesand

ComputerLanguages

•Alanguageisnomorethanasetofitemscalledwords(theequivalentof

sentencesinanaturallanguage)

•Languagescanbedefineddeclaratively,descriptivelyorcomputationally

•FormalLanguageTheory:Thestudyofpropertiesofthevarioustypesand

classesoflanguagesusingformalmathematicalproofs

•Fundamentalproblem-wordmembership:

GivenawordwandalanguageL-isw∈L?

•whatalgorithmorcomputationaldeviceisnecessarytoanswerthisquestion

dependsontheclassofthelanguage
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BasicDefinitions

•Σ:thealphabet-afinite(non-empty)setofatomicsymbols

–eachsymbolσinthesetisaletter

–lettersaredenotedbylowercaseLatinlettersa,b,c,...

•awordisastringoflettersfromagivenalphabetΣ

•|w|denotesthelengthofwordw

•εdenotestheemptyword:|ε|=0

•weonlyconsiderwordsoffinitelength

•Def:alanguageLisaset(finiteorinfinite)ofwordsconstructedfromagivenalphabet
Σ

•Examples:L1={ε}L2=ØL3={anbn|n≥0}
•SetTheoryandoperationsapplytoformallanguages:

–union,intersection,complementation,membership

–L={w∈Σ∗|w6∈L}
•Importantnotation:

Σ∗=setofallfinitewordsoverthealphabetΣ

Σi=setofallwordsoflengthioverthealphabetΣ
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LanguageClasses

•Setsofformallanguagesthatcanbedefinedusingaparticulardescriptive

definitionorabstractionofacomputationalframework

•Examples:

–ThesetoflanguagesthatcanbedescribedbyRegularExpressions

–ThesetoflanguagesforwhichwecanconstructaFiniteStateAutomaton

–ThesetoflanguagesthatcanbedefinedusingaContext-freeGrammar

•Knowingtheclasstowhichalanguagebelongswillallowustodevelop

efficientalgorithmsforprocessingthelanguageordecidingmembershipin

thelanguage
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DeterministicFSA

•FormalDefinitionofaDFSA:A=(Q,Σ,δ,q0,F)where:

–Qisafinitesetofstates

–Σisafinitealphabet

–q0∈Qisaninitial(start)state

–F⊆Qisasetoffinalstates

–δ:Q×Σ→Qisthecompletetransitionfunction

•ThelanguageacceptedbyaDFSAAisdefinedtobe:
L(A)={w∈Σ∗|aftercomputingonw,Aisinastateq∈F}
•basedonthefunctionδ,wedefineδ̂,thefunctiononwordsthatmodelsthecomputation

ofaDFSArecursivelyasfollows:

–δ̂:Q×Σ∗→Q

–δ̂(q,ε)=q∀q∈Q
–δ̂(q,xσ)=δ(δ̂(q,x),σ)

•FormaldefinitionofL(A):L(A)={w∈Σ∗|δ̂(q0,w)∈F}
•Def:RegularLanguage:alanguageL⊆Σ∗iscalledregularifthereexistssome

DFSAAsuchthatL=L(A)

•Examplesofregularlanguages:L=Σ∗L={ε}L=(aab)∗
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Context-FreeGrammars

•Adescriptivegenerativeformalismforspecifyingthesetofwordsina

languageusingproductionrules

•FormalDefinition:acontext-freegrammarG=(V,T,P,S)

–Visafinitesetofvariables

–Tisafinitesetofterminalsymbols(similartoΣforFSAs)

–Pisasetofcontext-freeproductionrules,eachoftheform

A→α,whereα∈(V∪T)∗

–Sisastartnon-terminal(S∈V)

•Notations:

–wedenoteelementsofVbyS,A,B,C...
–wedenoteelementsofTbya,b,c...
–wedenotestringsoverT∗byw,x,y...
–wedenotestringsover(T∪V)∗byα,β,γ...
–wedenotesinglevariablesorterminalsbyX,Y,Z...
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Context-FreeGrammars

•Example:L={a
n
b
n
|n≥1}

G:S-->aSb

S-->ab

•inthiscasethelanguageL(G)couldbespecifiedinasuccinctmathematical

form-oftenthisisdifficultornotpossible
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CFGDerivations

•derivationsdescribetheprocessofusingthecontext-freerulestoderivea

stringofterminalsymbols

•Definition:letϕ1,ϕ2∈(V∪T)∗.

ϕ1directlyderivesϕ2,denotedby:ϕ1=⇒Gϕ2,

ifϕ1=αAβ,ϕ2=αγβandA→γisaruleinPG

•ϕ1derivesϕ2,denotedbyϕ1
∗

=⇒Gϕ2,

ifthereexistsafinitesequenceofdirectderivationssuchthat

ϕ1=⇒Gϕ′
1=⇒Gϕ′

2=⇒Gϕ′
3=⇒G···=⇒Gϕ2

•ϕ1
i

=⇒Gϕ2denotesthatϕ1derivesϕ2inexactlyiderivationsteps

•arightmostderivationisaderivationinwhichateachstep,therightmost

non-terminalinthestringispickedforexpansion

•similarlyforaleftmostderivation
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ContextFreeLanguages(CFLs)

•FormalDefinition:thelanguageofaCFGGisdefinedas:

L(G)={w∈T∗|S∗
=⇒Gw}

•alanguageLiscontext-freeifthereexistsagrammarGsuchthatL=L(G)

•thesetofallsuchlanguagesiscalledthesetofcontext-freelanguages(CFLs)

•twogrammarsG1andG2arecalledequivalentifL(G1)=L(G2)
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ParseTrees

•aParseTreeisagraphicalrepresentationofaderivation

•theleaves(yield)ofthetreecorrespondtoaterminalstringinL(G)

•thetreedoesnotrepresentthederivationorderofthenon-terminals

•thetreedoesreflectthestructureoftheinputstring-whatruleswereusedto

derivethevarioussubstringsoftheinput

•aparsetreeconstitutesaproofthatagiveninputstringisinL(G)

•agrammarGiscalledambiguousifthereexistsawordw∈L(G)thathas

twoormoredifferentparsetrees

•ThereexistCFLsthatareinherentlyambiguous
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PushdownAutomata

•AnextensionofaFSAthatispowerfulenoughtoacceptCFLs

•TheFSAisaugmentedwithamemorystoragedeviceintheformofastack

•FormalDefinition:aPDAM=(Q,Σ,Γ,δ,q0,Z0,F)where:

–Q,Σ,q0,FaresimilartothoseofaFSA

–Γisafinitesetofstacksymbols

–Z0isastartstacksymbol

–δ:Q×(Σ∪{ε})×Γ→2
Q×Γ∗

δ(q,σ,Z)={(q1,γ1),(q2,γ2),...,(qm,γm)}

•NotethataPDAisnon-deterministic:itcanmakeε-movesontheinput

•Itcanalso:replacethetopelementofthestack,“push”anelementontothe

stack,and“pop”anelementfromthestack
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RecognitionandParsingofCFLs

•therecognitionproblem:

givenagrammarGandawordw,isw∈L(G)

•theparsingproblem:

givenagrammarGandawordw,ifw∈L(G),findaparsetree(orall

possibleparsetrees)forw

•thereexistavarietyofalgorithmsforparsingCFLsandtheirvariants
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ContextSensitiveandUnrestrictedGrammars

•CFGsarecalledcontext-freebecausetheformofthegrammarrulesallows

themtobeusedinaderivationregardlessofthecontextinwhicha

non-terminalappears

•thereexistlessrestrictedformsofgrammars:

•ContextSensitivegrammarsaregrammarswheretheruleshavetheform

α→β,withtherestrictionthat|α|≤|β|

•inordertobeappliedinaderivation,theentireleft-handsideoftherulemust

matchasubstringofthecurrentderivedstring

•Unrestrictedgrammarsaregrammarswheretherulesareunrestrictedin

form-α→β,whereαcontainsoneormoregrammarsymbols,andβ

containszeroormoregrammarsymbols

•morepowerfulcomputationdevicesarerequiredinordertorecognizethe

languagesdefinedbythesetypesofgrammars

1211-722GrammarFormalisms



TheChomskyHierarchy

•Chomskywasoneofthepioneersinidentifyingthecorrespondencebetween

thedifferenttypesofgrammarsandtheformalcomputationalmodelsthatare

requiredtorecognizethem:

•Type-0Grammarsareunrestrictedgrammars,correspondtorecursively

enumerablelanguages,requireTuringMachinestorecognizethem

•Type-1Grammarsarecontext-sensitivegrammars,correspondto

context-sensitivelanguagesandrequireatypeofautomatacalled

linear-boundedautomatatorecognizethem

•Type-2Grammarsarecontext-freegrammars,correspondtoCFLsand

requirePDAstorecognizethem

•Type-3Grammarsareregulargrammars,correspondtoregularlanguages

andrequireFSAstorecognizethem

•Thesyntaxofnaturallanguagesisoftendescribedbyphrasestructurerules

thatare“extended”CFGs.Algorithmsforparsingthemareoftenbasedon

extensionsofparsersforCFGs.
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ParsingAlgorithms

•Cleardistinctioninallgrammarformalisms:

–TheGrammar:adeclarative(usuallygenerative)finitedescriptionofwhat
structuresinthelanguagearegrammatical

–TheLanguage:the(possiblyinfinite)setofallstringsthatarederivableaccording
tothegrammar

–TheParser:analgorithmthatforagiveninput,decidesmembershipinthe
language,anddeterminesit’sstructureaccordingtothegrammar

•InmanygrammarformalismsCFGsarebasisfordescribingtheconstituentstructureof
NLsentences

•Recognitionvs.Parsing:

–Recognition-decidingthemembershipinthelanguage:
ForagivengrammarG,analgorithmthatgivenaninputwdecides:isw∈L(G)?

–Parsing-Recognition+producingaparsetreeforw

•Isparsingmore“difficult”thanrecognition?(timecomplexity)

•Ambiguity-aparseforworallparsesforw?

–Identifyingthe“correct”parse

–Ambiguityrepresentation-aninputmayhaveexponentiallymanyparses
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CFLParsingAlgorithms

ParsingGeneralCFLsvs.LimitedForms

•Efficiency:

–Deterministic(LR)languagescanbeparsedinlineartime

–AnumberofparsingalgorithmsforgeneralCFLsrequireO(n
3
)time

–AsymptoticallybestparsingalgorithmforgeneralCFLsrequires

O(n
2.376

),butisnotpractical

•Utility-whyparsegeneralgrammarsandnotjustCNF?

–Grammarintendedtoreflectactualstructureoflanguage

–ConversiontoCNFcompletelydestroystheparsestructure

•ParsingUnification-basedgrammarsisquiteadifferentstory...
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Top-Downvs.Bottom-UpParsing

Top-DownParsing:

•Constructtheparse-treestartingfromtheroot(“S”)ofthegrammar

•Ateachstep,expandanon-terminalusingoneselectedgrammarrule

•matchterminalnodeswiththeinput

•backtrackwhentreeisinconsistentwithinput

•Advantage:onlyconstructspartialtreesthatcanbederivedfromtheroot“S”

•Problems:efficiency,handlingambiguity,left-recursion

Bottom-UpParsing:

•Constructaparsestartingfromtheinputsymbols

•Buildconstituentsfromsub-constituents

•WhenallconstituentsontheRHSofarulearematched,createaconstituentforthe
LHSoftherule

•Advantage:onlycreatesconstituentsthatareconsistentwiththeinput

•Problems:efficiency,handlingambiguity
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Top-Downvs.Bottom-UpParsing

•VariousCFGparsingalgorithmsareahybridofTop-DownandBottom-Up

•Attempttocombinetheadvantagesofboth

•AChartallowsstoringpartialanalyses,sothattheycanbesharedor

memorized

•AmbiguityPackingallowsefficientstorageofambiguousanalyses
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TheEarleyParsingAlgorithm

GeneralPrinciples:

•AcleverhybridBottom-UpandTop-Downapproach

•Bottom-UpparsingcompletelyguidedbyTop-Downpredictions

•Maintainssetsof“dotted”grammarrulesthat:

–Reflectwhattheparserhas“seen”sofar

–Explicitlypredicttherulesandconstituentsthatwillcombineintoa

completeparse

•TimeComplexityO(n
3
),butbetteronparticularsub-classes

•Firstefficientparsingalgorithmforgeneralcontext-freegrammars.
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TheEarleyParsingMethod

•MainDataStructure:The“state”(or“item”)

•Astateisa“dotted”ruleandstartingposition:

[A→X1...•C...Xm,pi]

•Thealgorithmmaintainssetsofstates,onesetforeachpositionintheinput

string(startingfrom0)

•WedenotethesetofstatesforpositionibySi
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TheEarleyParsingAlgorithm

ThreeMainOperations:

•Predictor:Ifstate[A→X1...•C...Xm,j]∈Sithenforeveryruleofthe

formC→Y1...Yk,addtoSithestate[C→•Y1...Yk,i]

•Completer:Ifstate[A→X1...Xm•,j]∈SithenforeverystateinSjof

form[B→X1...•A...Xk,l],addtoSithestate[B→X1...A•...Xk,l]

•Scanner:Ifstate[A→X1...•a...Xm,j]∈Siandthenextinputwordis

xi+1=a,thenaddtoSi+1thestate[A→X1...a•...Xm,j]
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TheEarleyRecognitionAlgorithm

•Simplifiedversionwithnolookaheadsandforgrammarswithout

epsilon-rules

•Assumesinputisstringofgrammarterminalsymbols

•WeextendthegrammarwithanewruleS′→S$

•ThealgorithmsequentiallyconstructsthesetsSifor0≤i≤n+1

•WeinitializethesetS0withS0={[S′→•S$,0]}
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TheEarleyRecognitionAlgorithm

TheMainAlgorithm:parsinginputx=x1...xn

1.S0={[S′→•S$,0]}

2.For0≤i≤ndo:

Processeachitems∈Siinorderbyapplyingtoitthesingleapplicable

operationamong:

(a)Predictor(addsnewitemstoSi)

(b)Completer(addsnewitemstoSi)

(c)Scanner(addsnewitemstoSi+1)

3.IfSi+1=φ,Rejecttheinput

4.Ifi=nandSn+1={[S′→S$•,0]}thenAccepttheinput
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ParsingwithanEarleyParser

•Weneedtokeepback-pointerstotheconstituentsthatwecombinetogether

whenwecompletearule

•Eachitemmustbeextendedtohavetheform[A→X1(pt1)...•C...Xm,j],

wheretheptiare“pointers”tothealreadyfoundRHSsub-constituents

•theconstituentsandthepointerscanbecreatedduringScannerand

Completer

•Attheend-reconstructparsefromthe“back-pointers”
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EfficientRepresentationofAmbiguities

•aLocalAmbiguity-multiplewaystoderivethesamesubstringfroma

non-terminalA

•WhatdolocalambiguitieslooklikewithEarleyParsing?

–Multipleitemsintheconstituentchartoftheform

[A→X1(pt1)...Xm(ptm)](pk,pj),withthesameA,pjandpk.

•LocalAmbiguityPacking:createasingleitemintheChartforA(pj,pk),

withpointerstothevariouspossiblederivations.

•A(pj,pk)canthenbeasufficient“back-pointer”inthechart

•Allowstoefficientlyrepresentaverylargenumberofambiguities(even

exponentiallymany)

•Unpacking-producingoneormoreofthepackedparsetreesbyfollowing

theback-pointers.
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TimeComplexityofEarleyAlgorithm

•Algorithmiteratesforeachwordofinput(i.e.niterations)

•HowmanyitemscanbecreatedandprocessedinSi?

–EachiteminSihastheform[A→X1...•C...Xm,j],0≤j≤i
–ThusO(n)items

•TheScannerandPredictoroperationsonanitemeachrequireconstanttime

•TheCompleteroperationonanitemaddsitemsofform

[B→X1...A•...Xk,l]toSi,with0≤l≤i,soitmayrequireuptoO(n)

timeforeachprocesseditem

•Timerequiredforeachiteration(Si)isthusO(n
2
)

•TimeboundonentirealgorithmisthereforeO(n
3
)
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TimeComplexityofEarleyAlgorithm

SpecialCases:

•CompleteristheoperationthatmayrequireO(i
2
)timeiniterationi

•Forunambiguousgrammars,Earleyshowsthatthecompleteroperationwill

requireatmostO(i)time

•ThustimecomplexityforunambiguousgrammarsisO(n
2
)

•Forsomegrammars,thenumberofitemsineachSiisboundedbyaconstant

•Thesearecalledbounded-stategrammarsandincludeevensomeambiguious

grammars.

•Forbounded-stategrammars,thetimecomplexityofthealgorithmislinear-

O(n)
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EarleyParsing-Example

TheGrammar:

(1)S→NPVP

(2)NP→artadjn

(3)NP→artn

(4)NP→adjn

(5)VP→auxVP

(6)VP→vNP

Theoriginalinput:“x=Thelargecancanholdthewater”

POSassignedinput:“x=artadjnauxvartn”

Parserinput:“x=artadjnauxvartn$”
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S0:[S′→•S$,0]

[S→•NPVP,0]

[NP→•artadjn,0]

[NP→•artn,0]

[NP→•adjn,0]

S1:[NP→art1•adjn,0]1art(0,1)

[NP→art1•n,0]
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S1:[NP→art1•adjn,0]

[NP→art1•n,0]

S2:[NP→art1adj2•n,0]2adj(1,2)
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S2:[NP→art1adj2•n,0]

S3:[NP4→art1adj2n3•,0]3n(2,3)

4NP→art1adj2n3(0,3)
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S3:[NP4→art1adj2n3•,0]

[S→NP4•VP,0]

[VP→•auxVP,3]

[VP→•vNP,3]

S4:[VP→aux5•VP,3]5aux(3,4)
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S4:[VP→aux5•VP,3]

[VP→•auxVP,4]

[VP→•vNP,4]

S5:[VP→v6•NP,4]6v(4,5)
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S5:[VP→v6•NP,4]

[NP→•artadjn,5]

[NP→•artn,5]

[NP→•adjn,5]

S6:[NP→art7•adjn,5]7art(5,6)

[NP→art7•n,5]
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S6:[NP→art7•adjn,5]

[NP→art7•n,5]

S7:[NP9→art7n8•,5]8n(6,7)

9NP→art7n8(5,7)
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EarleyParsing-Example

Theinput:“x=artadjnauxvartn$”

S7:[NP9→art7n8•,5]

[VP10→v6NP9•,4]10VP→v6NP9(4,7)

[VP11→aux5VP10•,3]11VP→aux5VP10(3,7)

[S12→NP4VP11•,0]12S→NP4VP11(0,7)

[S′→S•$,0]

S8:[S′→S$•,0]

3611-722GrammarFormalisms



AugmentingCFGswithFeatures

•CertainlinguisticconstraintsarenotnaturallydescribedviaCFGs

•Example:NumberAgreementbetweenconstituents-“aboys”

•PossibletodescribeusingrefinedCFrules:

NP-Sing-->ART-SingN-Sing

NP-Plu-->ART-PluN-Plu

•Muchmorenaturaltodescribeviaasinglefeature-augmentedCFrule:

NP-->ARTN

((x1number=x2number))

•DescribingalargesetofsuchfeatureconstraintsusingonlyCFrulesisnot

practical
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FeatureStructures

•Constituentscanbeviewedasstructures(collections)offeaturesthathave

assignedvalues

•Featurescanbesharedbetweenconstituents

•Linguisticconstraintsexpressrulesabouthowthefeature-structureofa

constituentisformedfromitssub-constituents

•SomebasicfeaturesforEnglish:

–Number,GenderandPersonagreement

–Verbformfeaturesandsub-categorizations

•ComplexFeatureStructures:Featurevaluescanthemselvesbefeature

structures
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UnificationofFeatureStructures

•UnificationGrammars(suchasHPSG)establishacompletelinguistictheory

foralanguageviaasetofrelationshipsbetweenfeaturestructuresof

constituents

•Keyconcept-subsumptionrelationshipbetweentwoFSs:

F1subsumesF2ifeveryfeature-valuepairinF1isalsoinF2

•TwoFSsF1andF2unifyifthereexistsaFSFthatbothF1andF2subsume.

•TheMostGeneralUnifieristheminimalFSFthatbothF1andF2subsume.

•TheUnificationoperationallowseasyexpressionofgrammatical

relationshipsamongconstituentfeaturestructures
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UnificationofFeatureStructures

Example:

•F1subsumesF2:

F1=((cat*v))F2=((cat*v)

(root*cry))

•F3isMGUofF1andF2:

F1=((cat*v)F2=((cat*v)F3=((cat*v)

(root*cry))(vform*pres))(root*cry)

(vform*pres))

•F1andF2donotunify:

F1=((cat*v)F2=((cat*v)

(agr*3s))(agr*3p))
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Unification-basedGrammars

•Grammarrulescanbecompletelyspecifiedusingunification

•Example:

X0-->X1X2

((x0cat=S)

(x1cat=NP)

(x2cat=VP)

(x1agr=x2agr)

(x0subj=X1))

•Ifafeature(suchascat)isalwaysspecified,itcanbeassociatedwiththe

non-terminalofaCFGrule

•Example:

S-->NPVP

((x1agr=x2agr)

(x0subj=x1))
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Unification-basedGrammars

Example:

•Thegrammarrule:

NP-->ARTN

(((x1agr)=(x2agr))

((x0spec)=(x1spec))

(x0=x2))

•TheFeatureStructures:

ART:((agr*3s,*3p)N:((agr*3s)NP:((agr*3s)

(root*the)(root*boy))(spec*def)

(spec*def))(root*boy))
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CFGParsingwithFeatureUnification

•Back-boneCFGisaugmentedwithafunctionaldescriptionthatdescribes

unificationconstraintsbetweengrammarconstituents

•TheFScorrespondingtothe“root”ofthegrammarisconstructed

compositionallyduringparsing

•ThisiscalledInterleavedUnification

•Otherapproachesarealsopossible
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UnificationAugmentedEarleyParsing

•CFGisaugmentedwithunificationequations

•Duringparsetime-theparsermaintainsaFSassociatedwitheach

constituentinthechart

•WheneverCOMPLETERapplies(forrulei)-theunificationoperations

associatedwithruleiareappliedtothegivenFSsoftheRHSconstituents

•Ifunificationsucceeds,theFSassociatedwiththeLHSconstituentoftherule

isreturnedandattachedtothenewconstituentcreatedfortheLHSoftherule.

•Iftheunificationfunctionfails-therulecompletion“fails”-LHSconstituent

isnotcreated
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AmbiguityPackingandUnificationGrammars

•Complexinteractionbetweenambiguitydetectionandpackingand

unification

•Unificationcreatesnon-localchainsofdependencies

•Pureunificationgrammarscannotalwaysbeparsedefficiently

•inunification-augmentedCFGparsingwithinterleavedunification:

–Unificationcaninterferewithefficientambiguitypacking

–f-structuresmustalsobeefficientlyrepresentedandpacked

–Parsingalgorithmscanbeoptimizedtoachievemaximalambiguity

packing[LavieandRose2000]

•Strategiesotherthaninterleavedunificationarepossible:

–Computepackedc-structurefirst,thensolveunificationconstraints

–multi-passstrategiesforcomputingc-structureandf-structurecan

improveparsingefficiency[Placeway2002]

–Insomepureunificationgrammars,subsumptioncanreplaceambiguity

packing
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