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� An introductionto theparsingproblem

� Context freegrammars

� A brief(!) sketchof thesyntaxof English

� Examplesof ambiguousstructures

� PCFGs,their formalproperties,andusefulalgorithms
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Parsing (SyntacticStructur e)

INPUT:
Boeingis locatedin Seattle.

OUTPUT:
S

NP

N

Boeing

VP

V

is

VP

V

located

PP

P

in

NP

N

Seattle
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SyntacticFormalisms

� Work in formal syntaxgoesbackto Chomsky's PhDthesisin
the1950s

� Examples of current formalisms: minimalism, lexical
functional grammar (LFG), head-driven phrase-structure
grammar(HPSG),treeadjoininggrammars(TAG), categorial
grammars
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Data for Parsing Experiments

� PennWSJTreebank= 50,000sentenceswith associatedtrees

� Usualset-up:40,000trainingsentences,2400testsentences

An exampletr ee:

Canadian

NNP

Utilities

NNPS

NP

had

VBD

1988

CD

revenue

NN

NP

of

IN

C$

$

1.16

CD

billion

CD

,

PUNC,

QP

NP

PP

NP

mainly

RB

ADVP

from

IN

its

PRP$

natural

JJ

gas

NN

and

CC

electric

JJ

utility

NN

businesses

NNS

NP

in

IN

Alberta

NNP

,

PUNC,

NP

where

WRB

WHADVP

the

DT

company

NN

NP

serves

VBZ

about

RB

800,000

CD

QP

customers

NNS

.

PUNC.

NP

VP

S

SBAR

NP

PP

NP

PP

VP

S

TOP

CanadianUtilities had1988revenueof C$ 1.16 billion , mainly from its
naturalgasandelectricutility businessesin Alberta , wherethe company
servesabout800,000customers.
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The Inf ormation Conveyedby ParseTrees

1) Partof speechfor eachword

(N = noun,V = verb,D = determiner)

S

NP

D

the

N

burglar

VP

V

robbed

NP

D

the

N

apartment
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2) Phrases S

NP

DT

the

N

burglar

VP

V

robbed

NP

DT

the

N

apartment

NounPhrases(NP): “the burglar”, “the apartment”

VerbPhrases(VP): “robbedtheapartment”

Sentences(S): “the burglar robbedtheapartment”
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3) UsefulRelationships

S

NP

subject

VP

V

verb

S

NP

DT

the

N

burglar

VP

V

robbed

NP

DT

the

N

apartment

) “the burglar” is thesubjectof “robbed”
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An ExampleApplication: Machine Translation

� Englishwordorderis subject– verb– object

� Japanesewordorderis subject– object– verb

English: IBM boughtLotus
Japanese: IBM Lotusbought

English: SourcessaidthatIBM boughtLotusyesterday
Japanese: SourcesyesterdayIBM Lotusboughtthatsaid
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Syntaxand CompositionalSemantics

S:bought(I BM ; Lotus)

NP:IBM

IBM

VP:�y bought(y; Lotus)

V:�x; y bought(y; x)

bought

NP:Lotus

Lotus

� Eachsyntacticnon-terminalnow hasan associatedsemantic
expression
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Context-FreeGrammars

[HopcroftandUllman1979]
A context freegrammarG = (N; � ; R; S) where:

� N is asetof non-terminalsymbols

� � is asetof terminalsymbols

� R is asetof rulesof theform X ! Y1Y2 : : : Yn

for n � 0, X 2 N , Yi 2 (N [ �)

� S 2 N is adistinguishedstartsymbol
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A Context-FreeGrammar for English

N = f S,NP, VP, PP, DT, Vi, Vt, NN, INg
S = S
� = f sleeps,saw, man,woman,telescope,the,with, ing

R = S ) NP VP
VP ) Vi
VP ) Vt NP
VP ) VP PP
NP ) DT NN
NP ) NP PP
PP ) IN NP

Vi ) sleeps
Vt ) saw
NN ) man
NN ) woman
NN ) telescope
DT ) the
IN ) with
IN ) in

Note: S=sentence,VP=verb phrase, NP=noun phrase, PP=prepositional
phrase,DT=determiner, Vi=intransitive verb, Vt=transitive verb, NN=noun,
IN=preposition
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Left-Most Derivations
A left-mostderivationis a sequenceof stringss1 : : : sn , where

� s1 = S, thestartsymbol

� sn 2 � � , i.e. sn is madeupof terminalsymbolsonly

� Eachsi for i = 2: : : n is derivedfrom si � 1 by pickingtheleft-
mostnon-terminalX in si � 1 andreplacingit by some� where
X ! � is a rule in R

For example: [S], [NP VP], [D N VP], [the N VP], [the manVP],
[themanVi], [themansleeps]

Representationof aderivationasa tree:
S

NP

D

the

N

man

VP

Vi

sleeps
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DERIVATION RULESUSED
S S ! NP VP
NPVP NP! DT N
DT N VP DT ! the
theN VP N ! dog
thedogVP VP ! VB
thedogVB VB ! laughs
thedoglaughs

S

NP

DT

the

N

dog

VP

VB

laughs
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Propertiesof CFGs

� A CFGde�nesa setof possiblederivations

� A strings 2 � � is in thelanguagede�ned by theCFGif there
is at leastonederivationwhichyieldss

� Eachstring in the languagegeneratedby the CFG may have
morethanonederivation(“ambiguity”)
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DERIVATION RULESUSED
S S ! NP VP
NPVP NP ! he
heVP VP ! VP PP
heVP PP VP ! VB PP
heVB PPPP VB! drove
hedrovePPPP PP! down thestreet
hedrovedown thestreetPP PP! in thecar
hedrovedown thestreetin thecar

S

NP

he

VP

VP

VB

drove

PP

down the street

PP

in the car
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DERIVATION RULESUSED
S S ! NP VP
NPVP NP ! he
heVP VP ! VB PP
heVB PP VB ! drove
hedrovePP PP! down NP
hedrovedown NP NP ! NP PP
hedrovedown NP PP NP ! thestreet
hedrovedown thestreetPP PP! in thecar
hedrovedown thestreetin thecar

S

NP

he

VP

VB

drove

PP

down NP

NP

the street

PP

in the car
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The Problemwith Parsing: Ambiguity

INPUT:
Sheannouncedaprogramto promotesafetyin trucksandvans

+

POSSIBLEOUTPUTS:

S

NP

She

VP

announced NP

NP

a program

VP

to promote NP

safety PP

in NP

trucks and vans

S

NP

She

VP

announced NP

NP

NP

a program

VP

to promote NP

safety PP

in NP

trucks

and NP

vans

S

NP

She

VP

announced NP

NP

a program

VP

to promote NP

NP

safety PP

in NP

trucks

and NP

vans

S

NP

She

VP

announced NP

NP

a program

VP

to promote NP

safety

PP

in NP

trucks and vans

S

NP

She

VP

announced NP

NP

NP

a program

VP

to promote NP

safety

PP

in NP

trucks

and NP

vans

S

NP

She

VP

announced NP

NP

NP

a program

VP

to promote NP

safety

PP

in NP

trucks and vans

And therearemore...
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A Brief Overview of English Syntax

Parts of Speech(tagsfr om the Brown corpus):

� Nouns

NN = singularnoun e.g.,man,dog,park
NNS= plural noun e.g.,telescopes,houses,buildings
NNP= propernoun e.g.,Smith,Gates,IBM

� Determiners
DT = determiner e.g.,the,a,some,every

� Adjectives
JJ= adjective e.g.,red,green,large,idealistic
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A Fragment of a Noun PhraseGrammar

�N ) NN
�N ) NN �N
�N ) JJ �N
�N ) �N �N
NP ) DT �N

NN ) box
NN ) car
NN ) mechanic
NN ) pigeon

DT ) the
DT ) a

JJ ) fast
JJ ) metal
JJ ) idealistic
JJ ) clay

Generates:
abox, thebox, themetalbox, thefastcarmechanic,: : :
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Prepositions,and PrepositionalPhrases

� Prepositions
IN = preposition e.g.,of, in, out,beside,as
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An ExtendedGrammar

�N ) NN
�N ) NN �N
�N ) JJ �N
�N ) �N �N
NP ) DT �N

PP ) IN NP
�N ) �N PP

NN ) box
NN ) car
NN ) mechanic
NN ) pigeon

DT ) the
DT ) a

JJ ) fast
JJ ) metal
JJ ) idealistic
JJ ) clay

IN ) in
IN ) under
IN ) of
IN ) on
IN ) with
IN ) as

Generates:
in abox,underthebox, thefastcarmechanicunderthepigeonin thebox, : : :
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Verbs,Verb Phrases,and Sentences

� BasicVerbTypes
Vi = Intransitive verb e.g.,sleeps,walks,laughs
Vt = Transitive verb e.g.,sees,saw, likes
Vd = Ditransitive verb e.g.,gave

� BasicVP Rules
VP ! Vi
VP ! Vt NP
VP ! Vd NP NP

� BasicSRule
S ! NP VP

Examplesof VP:
sleeps,walks, likesthe mechanic,gave the mechanicthe fastcar,
gave thefastcarmechanicthepigeonin thebox, : : :
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Examplesof S:
themansleeps,thedogwalks,thedoglikesthemechanic,thedog
in theboxgave themechanicthefastcar,: : :
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PPsModifying Verb Phrases

A newrule:
VP ! VP PP

Newexamplesof VP:
sleepsin the car, walks like the mechanic,gave the mechanicthe
fastcaronTuesday, : : :
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Complementizers,and SBARs

� Complementizers
COMP= complementizer e.g.,that

� SBAR
SBAR ! COMP S

Examples:
thatthemansleeps,thatthemechanicsaw thedog: : :
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Mor eVerbs

� New VerbTypes
V[5] e.g.,said,reported
V[6] e.g.,told, informed
V[7] e.g.,bet

� New VP Rules
VP ! V[5] SBAR
VP ! V[6] NP SBAR
VP ! V[7] NP NP SBAR

Examplesof NewVPs:
saidthatthemansleeps
told thedogthatthemechaniclikesthepigeon
betthepigeon$50thatthemechanicownsa fastcar
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Coordination

� A New Part-of-Speech:
CC= Coordinator e.g.,and,or, but

� New Rules
NP ! NP CC NP
�N ! �N CC �N
VP ! VP CC VP
S ! S CC S
SBAR ! SBAR CC SBAR
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Sourcesof Ambiguity

� Part-of-Speechambiguity
NNS ! walks
Vi ! walks

� PrepositionalPhraseAttachment
thefastcarmechanicunderthepigeonin thebox
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35

NP

D

the

�N

�N

JJ

fast

�N

NN

car

�N

NN

mechanic

PP

IN

under

NP

D

the

�N

�N

NN

pigeon

PP

IN

in

NP

D

the

�N

NN

box36



37

NP

D

the

�N

�N

�N

JJ

fast

�N

NN

car

�N

NN

mechanic

PP

IN

under

NP

D

the

�N

�N

NN

pigeon

PP

IN

in

NP

D

the

�N

NN

box
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VP

VP

Vt

drove

PP

down the street

PP

in the car

VP

Vt

drove

PP

down NP

the �N

street PP

in the car
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Two analysesfor: Johnwasbelievedto havebeenshotby Bill

40



Sourcesof Ambiguity: Noun Premodi�ers

� Nounpremodi�ers:

NP

D

the

�N

JJ

fast

�N

NN

car

�N

NN

mechanic

NP

D

the

�N

�N

JJ

fast

�N

NN

car

�N

NN

mechanic
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A Funny Thing about the PennTreebank

LeavesNP premodi�er structure �at, or underspeci�ed:

NP

DT

the

JJ

fast

NN

car

NN

mechanic

NP

NP

DT

the

JJ

fast

NN

car

NN

mechanic

PP

IN

under

NP

DT

the

NN

pigeon
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A Probabilistic Context-FreeGrammar (PCFG)

S ) NP VP 1.0
VP ) Vi 0.4
VP ) Vt NP 0.4
VP ) VP PP 0.2
NP ) DT NN 0.3
NP ) NP PP 0.7
PP ) P NP 1.0

Vi ) sleeps 1.0
Vt ) saw 1.0
NN ) man 0.7
NN ) woman 0.2
NN ) telescope 0.1
DT ) the 1.0
IN ) with 0.5
IN ) in 0.5

� Probabilityof a treewith rules� i ! � i is
Q

i P(� i ! � i j� i )
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DERIVATION RULESUSED PROBABILITY
S S ! NP VP 1.0
NPVP NP ! DT N 0.3
DT N VP DT ! the 1.0
theN VP N ! dog 0.1
thedogVP VP ! VB 0.4
thedogVB VB ! laughs 0.5
thedoglaughs

TOTAL PROBABILITY = 1:0 � 0:3 � 1:0 � 0:1 � 0:4 � 0:5
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Propertiesof PCFGs

� Assignsa probability to eachleft-mostderivation, or parse-
tree,allowedby theunderlyingCFG

� Saywe have a sentenceS, setof derivationsfor thatsentence
is T (S). Thena PCFGassignsa probability to eachmember
of T (S). i.e.,wenowhavea rankingin orderof probability.

� Theprobabilityof astringS is
X

T 2T (S)

P(T; S)
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Deriving a PCFG fr om a Corpus

� Givena setof exampletrees,theunderlyingCFGcansimply beall rules
seenin the corpus

� MaximumLikelihoodestimates:

PM L (� ! � j � ) =
Count(� ! � )

Count(� )

wherethecountsaretakenfrom a trainingsetof exampletrees.

� If the training data is generatedby a PCFG, thenasthe training data
sizegoesto in®nity, themaximum-likelihoodPCFGwill converge to the
samedistributionastheªtrueºPCFG.
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PCFGs
[BoothandThompson73] showed that a CFG with rule
probabilities correctly de�nes a distribution over the set of
derivationsprovidedthat:

1. Theruleprobabilitiesde�ne conditionaldistributionsover the
differentwaysof rewriting eachnon-terminal.

2. A technicalconditionon the rule probabilitiesensuringthat
theprobabilityof thederivationterminatingin a �nite number
of stepsis 1. (Thisconditionis not reallyapracticalconcern.)
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Algorithms for PCFGs

� Givena PCFGanda sentenceS, de®neT (S) to be
thesetof treeswith S astheyield.

� GivenaPCFGandasentenceS, how dowe®nd

arg max
T2T (S)

P(T; S)

� GivenaPCFGandasentenceS, how dowe®nd

P(S) =
X

T2T (S)
P(T; S)
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Chomsky Normal Form

A context free grammarG = (N; � ; R; S) in Chomsky Normal
Form is asfollows

� N is asetof non-terminalsymbols

� � is asetof terminalsymbols

� R is asetof ruleswhich take oneof two forms:

– X ! Y1Y2 for X 2 N , andY1; Y2 2 N

– X ! Y for X 2 N , andY 2 �

� S 2 N is adistinguishedstartsymbol

50

A Dynamic Programming Algorithm
� GivenaPCFGandasentenceS, how dowe®nd

max
T 2T (S)

P(T; S)

� Notation:

n = numberof wordsin thesentence

Nk for k = 1: : : K is k' th non-terminal

N1 = S (thestartsymbol)

� De®nea dynamicprogrammingtable

� [i; j; k] = maximumprobabilityof a constituentwith non-terminalNk

spanningwordsi : : : j inclusive

� Ourgoalis to calculatemaxT 2T (S) P(T; S) = � [1; n; 1]
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A Dynamic Programming Algorithm

� Basecasede®nition: for all i = 1: : : n, for k = 1: : : K

� [i; i; k] = P(Nk ! wi j Nk )

(note:de®neP(Nk ! wi j Nk ) = 0 if Nk ! wi is not in thegrammar)

� Recursivede®nition: for all i = 1: : : n, j = (i + 1) : : : n, k = 1: : : K ,

� [i; j; k] = max
i � s < j
1 � l � K
1 � m � K

f P(Nk ! Nl Nm j Nk ) � � [i; s; l ] � � [s + 1; j; m]g

(note: de®neP(Nk ! Nl Nm j Nk ) = 0 if Nk ! Nl Nm is not in the
grammar)
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Initialization:
For i = 1 ... n, k = 1 ... K

� [i; i; k] = P(Nk ! wi jNk)

Main Loop:
For length = 1: : : (n � 1), i = 1: : : (n � 1ength), k = 1: : : K

j  i + length
max  0
For s = i : : : (j � 1),
For Nl ; Nm suchthatNk ! NlNm is in thegrammar

prob P(Nk ! Nl Nm) � � [i; s; l ] � � [s + 1; j; m]
If prob> max

max  prob
//Storebackpointerswhich imply thebestparse
Split (i; j; k) = f s; l ; mg

� [i; j; k] = max

53

A Dynamic Programming Algorithm for the Sum
� GivenaPCFGandasentenceS, how dowe®nd

X

T 2T (S)

P(T; S)

� Notation:

n = numberof wordsin thesentence

Nk for k = 1: : : K is k' th non-terminal

N1 = S (thestartsymbol)

� De®nea dynamicprogrammingtable

� [i; j; k] = sumof probabilityof parseswith root labelNk

spanningwordsi : : : j inclusive

� Ourgoalis to calculate
P

T 2T (S) P(T; S) = � [1; n; 1]
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A Dynamic Programming Algorithm for the Sum

� Basecasede®nition: for all i = 1: : : n, for k = 1: : : K

� [i; i; k] = P(Nk ! wi j Nk )

(note:de®neP(Nk ! wi j Nk ) = 0 if Nk ! wi is not in thegrammar)

� Recursivede®nition: for all i = 1: : : n, j = (i + 1) : : : n, k = 1: : : K ,

� [i; j; k] =
X

i � s < j
1 � l � K
1 � m � K

f P(Nk ! Nl Nm j Nk ) � � [i; s; l ] � � [s + 1; j; m]g

(note: de®neP(Nk ! Nl Nm j Nk ) = 0 if Nk ! Nl Nm is not in the
grammar)
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Initialization:
For i = 1 ... n, k = 1 ... K

� [i; i; k] = P(Nk ! wi jNk)

Main Loop:
For length = 1: : : (n � 1), i = 1: : : (n � 1ength), k = 1: : : K

j  i + length
sum  0
For s = i : : : (j � 1),
For Nl ; Nm suchthatNk ! NlNm is in thegrammar

prob P(Nk ! Nl Nm) � � [i; s; l ] � � [s + 1; j; m]
sum  sum + prob

� [i; j; k] = sum
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Weaknessesof PCFGs

� Lackof sensitivity to lexical information

� Lackof sensitivity to structuralfrequencies

59

S

NP

NNP

IBM

VP

Vt

bought

NP

NNP

Lotus

PROB = P(S ! NP VP j S) � P(NNP ! I BM j NNP)
� P(VP ! V NP j VP) � P(Vt ! bought j Vt)
� P(NP ! NNP j NP) � P(NNP ! Lotus j NNP)
� P(NP ! NNP j NP)
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Another Caseof PPAttachment Ambiguity

(a) S

NP

NNS

workers

VP

VP

VBD

dumped

NP

NNS

sacks

PP

IN

into

NP

DT

a

NN

bin
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(b) S

NP

NNS

workers

VP

VBD

dumped

NP

NP

NNS

sacks

PP

IN

into

NP

DT

a

NN

bin
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(a)

Rules
S ! NPVP
NP ! NNS
VP ! VP PP
VP ! VBD NP
NP ! NNS
PP! IN NP
NP ! DT NN
NNS ! workers
VBD ! dumped
NNS ! sacks
IN ! into
DT ! a
NN ! bin

(b)

Rules
S ! NP VP
NP! NNS
NP ! NP PP
VP ! VBD NP
NP! NNS
PP! IN NP
NP! DT NN
NNS! workers
VBD ! dumped
NNS! sacks
IN ! into
DT ! a
NN ! bin

If P(NP ! NP PP j NP) > P(VP ! VP PP j VP) then (b) is
moreprobable,else(a) is moreprobable.

Attachment decisionis completelyindependentof the words
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A Caseof Coordination Ambiguity

(a) NP

NP

NP

NNS

dogs

PP

IN

in

NP

NNS

houses

CC

and

NP

NNS

cats
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(b) NP

NP

NNS

dogs

PP

IN

in

NP

NP

NNS

houses

CC

and

NP

NNS

cats
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(a)

Rules
NP ! NPCC NP
NP ! NPPP
NP ! NNS
PP! IN NP
NP ! NNS
NP ! NNS
NNS! dogs
IN ! in
NNS! houses
CC ! and
NNS! cats

(b)

Rules
NP! NP CCNP
NP! NP PP
NP! NNS
PP! IN NP
NP! NNS
NP! NNS
NNS! dogs
IN ! in
NNS! houses
CC ! and
NNS! cats

Here the two parseshave identical rules, and therefore have
identical probability under any assignment of PCFG rule
probabilities
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Structural Preferences:CloseAttachment

(a) NP

NP

NN

PP

IN NP

NP

NN

PP

IN NP

NN

(b) NP

NP

NP

NN

PP

IN NP

NN

PP

IN NP

NN

� Example:presidentof acompany in Africa

� Both parseshave the same rules, therefore receive same
probabilityunderaPCFG

� “Close attachment”(structure(a)) is twice as likely in Wall
StreetJournaltext.
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Structural Preferences:CloseAttachment

Previous example: Johnwasbelievedto havebeenshotby Bill

Herethe low attachmentanalysis(Bill doestheshooting) contains
samerulesasthehighattachmentanalysis(Bill doesthebelieving),
sothetwo analysesreceive sameprobability.
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