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Context-Free Grammars

A CFG grammar G is denoted by
e a finite set of nonterminal symbols N

» a finite set of terminal symbols 2 with>2n N =@

e a finite set R of rules of the form X =+ a where

e XeNandae (2uN)*
S e N adistinguished start symbol

Let € denote an empty string



Example CFG

S = NP VP
VP — Vi

VP — Vt NP
VP — VP PP
NP — DT NN

NP — NP PP

N
N
N

Vi — sleeps
Vt — saw

N — man
N — dog
N — telescope

D —the
N — with



(Generative Device

Left-most derivation
e seguence of strings s1 ... S
* §1 =3

¢ Snez*

* Si-2 derived from si.1 by picking the left-most
nonterminal X

* replacing it by some asuchthat X > aeR
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Example of Derivation

S

NP VP
DT NN VP
the NN VP

the man VP

the man Vi

the man sleeps

S =" the man sleeps

5

Substitution
S— NPVP
NP — DT NN
DT — the
NN — man
VP — Vi

Vi — sleeps




Example of Generation
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Example of Generation

S

NP VP

DT NN

the man



Example of Generation

S

/\
NP VP

/\ /\
DT NN V]

/N /N

the man




Example of Generation

S

/\
NP VP

/\ /\
DT NN V]

/N /N N

the man sleeps




Example of Recognition



Example of Recognition

The man saw the dog



Example of Recognition

DT

The man saw the dog



Example of Recognition

DT NN

The man saw the dog



Example of Recognition

V1
DT NN

The man saw the dog



Example of Recognition

V1
DT NN DT

The man saw the dog



Example of Recognition

V1
DT NN DT NN

The man saw the dog



Example of Recognition

NP

/\ )
DT NN

ANALVAN

The man saw the dog




Example of Recognition

NP

T

DT NN

ANALVAN

The man saw the dog




Example of Recognition

VP
/\

DT NN

ANLVANA

The man saw the dog




Example of Recognition

S

/\
NP VP
PN

DT NN DT NN

JANVAN I VANAN

The man saw the dog




| anguage

A string s = S1 ... Sn IS generated/accepted by G if
S="8s
= denotes a sequence of rule applications

Language of G
L(G) ={s: S="8} C 2"



Chomsky Normal Form

Every CFG is weakly equivalent to another such that

e XY /Z whereX, Y, ZeN
e X W where w € 2

e and possibly S = ¢

[Hopcroft and Ullman, 1979]



Parsing as Deduction



Parsing as Deduction

Deductive process to prove claims about grammaticality
[Shieber et al., 1995]
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Parsing as Deduction

Deductive process to prove claims about grammaticality
[Shieber et al., 1995]

e focus on strategy rather than implementation
e soundness/completeness easier to prove

e complexity determined by inspection

* dynamic program follows directly

* generality

10



Deductive systems

ltem: a statement / intermediate sound result
e formula or schemata expressed with variables

Inference rule: statement derived from existing items

Ai... An .
— = (condition) where Ajand B are items

e Al are called antecedents

 Bis called consequent

11



Deductive program

Axioms: trivial items

e do not depend on previous statements
Goal: states that a proof exists
Proof:

e start from axioms

e exhaustively deduce items

* never twice under the same premises
e accept if goal is proven

12



Shift-Reduce Example

Input: the man sleeps

13

S— NPVP
VP — Vi

VP — Vit NP
VP — VP PP
NP — DT NN
NP — NP PP
PP — IN NP
Vi — sleeps
Vt — saw
NN — man
NN — dog
NN — telescope
DT — the

IN — with



Shift-Reduce Example P

Input: the man sleeps NP —» NP PP
PP — IN NP

Condition Statement @IV Vi~ sleeps
Vit — saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with

13



Shift-Reduce Example P

Input: the man sleeps NP —» NP PP
PP — IN NP

Condition Statement @IV Vi~ sleeps

Axiom 1 [0.0] 1 Vt — saw
NN — man

NN — dog

NN — telescope
DT — the

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
* NP:DTNN
Input: the man sleeps IF\’IFF:_’INNPNPPP

Condition Statement @IV Vi~ sleeps

Axiom 1 [0.0] 1 Vt — saw
NN — man

NN — dog

NN — telescope
DT — the

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
VP — VP PP
* NP — DT NN
Input: the man sleeps NP — NP PP
PP — IN NP
Condition Statement Vi — sleeps
Axiom 1 [0.0] 1 Vt — saw

NN —
Shift: [1] 2 [thee 1] 2 NN s ;njgn

NN — telescope
DT — the
IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
VP — VP PP
* NP — DT NN
Input: the man sleeps NP — NP PP
PP — IN NP
Condition Statement Vi — sleeps
Axiom 1 [0.0] 1 Vt — saw

NN —
Shift: [1] 2 [thee 1] 2 NN s ;njgn

NN — telescope

DT »the <«

IN — with

13



S— NP VP

. VP — Vi
Shift-Reduce Example P v
VP — VP PP
* NP — DT NN
Input: the man sleeps NP — NP PP
PP — IN NP
Condition Statement Vi— sleeps
AXiom 1 [e,0] 1 \l\/ltNa saw
: i — man
Shift: [1] 2 thee, 1] 2 NN - dog
Reduce: 2] DT — the 3 [DTe1] 3 NN - telescope

DT »the <«

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 / D7

Input: the man sleeps NP — NP PP
PP — IN NP
Condition Statement Vi — sleeps
Axiom 1 e 0] 1 \l\/ltN—;s?n\/\; n
Shift: [1] 2 thee 1] 2 NN dog
Reduce: [2] DT — the 3 ‘DTe, 1] 3 NN — telescope

DT »the <«

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 / D7

Input: the man sleeps NP = NP PP
PP — IN NP
Condition Statement @IIIIY Vi~ sleeps
Axiom 1 [e,0] 1 XItN:S’:‘nV;n
Shift: [1] 2  [thee 1] 2 NN = dog
Reduce: [2] DT — the 3 [DTe1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 / D7

Input: the man sleeps NP —» NP PP
PP — IN NP
Condition Statement @IV Vi~ sleeps
AXiom 1 [e,0] 1 Vt - saw
T : NN — man ‘
Shift: [1] 2 thee, 1] 2 AN > dog
Reduce: [2] DT = the 3 :DT.’ 1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«

IN — with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 / D7

Input: the man sleeps NP — NP PP
PP — IN NP

Condition Statement Vi — sleeps
Axiom 1 [e,0] 1 Vt = saw
Shift: [1] > [thee 1] > e <+
Reduce: [2] DT — the 3 ‘DTe 1] 3 NN —» telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 DT NN o, 2] 5 IN = with

13



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ A / DT

Input: the man sleeps NP — NP PP
PP — IN NP

Condition Statement Vi — sleeps
Axiom 1 [e,0] 1 Vt = saw
Shift: [1] > [thee 1] > e <+
Reduce: [2] DT — the 3 ‘DTe 1] 3 NN —» telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 DT NN o, 2] 5 IN = with

13



Shift-Reduce Example
\ A /

Input: the man sleeps

Axiom
Shift: [1]
Reduce: [2]
Shift: [3]
Reduce: [4]
Reduce: [5]

Condition

DT — the

NN — man
NP — DT NN

o O B WO N =

13

Statement
*,0]

thee 1]
DTe,1]

DT man e, 2]
DT NN e, 2]

NP o, 2]

S O A WO N =

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 — dog

<

NN — telescope

DT — the
IN — with

<



Shift-Reduce Example
\ 2 A /

Input: the man sleeps

Axiom
Shift: [1]
Reduce: [2]
Shift: [3]
Reduce: [4]
Reduce: [5]

Condition

DT — the

NN — man
NP — DT NN

o O B WO N =

13

Statement
*,0]

thee 1]
DTe,1]

DT man e, 2]
DT NN e, 2]

NP o, 2]

S O A WO N =

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 — dog

<

NN — telescope

DT — the
IN — with

<



Shift-Reduce Example
\ 2 A /

Input: the man sleeps

Axiom
Shift: [1]
Reduce: [2]
Shift: [3]
Reduce: [4]
Reduce: [5]
Shift: [6]

Condition

DT — the

NN — man
NP — DT NN

~N O O A WO DN =

13

Statement
e O] 1
thee, 1] 2
DTe 1] 3
DT mane 2] 4
5
6
7

DT NN e, 2]
NP o, 2]

NP sleeps e, 3]

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 — dog

<

NN — telescope

DT — the
IN — with

<



Shift-Reduce Example
\ 2 A /

Input: the man sleeps

Axiom
Shift: [1]
Reduce: [2]
Shift: [3]
Reduce: [4]
Reduce: [5]
Shift: [6]

Condition

DT — the

NN — man
NP — DT NN

~N O O A WO DN =

13

Statement
e O] 1
thee, 1] 2
DTe 1] 3
DT mane 2] 4
5
6
7

DT NN e, 2]
NP o, 2]

NP sleeps e, 3]

S— NPVP

VP — Vi

VP — Vit NP

VP — VP PP

NP — DT NN ‘
NP — NP PP

PP — IN NP

Vi — sleeps ‘
Vt — saw

NN — man ‘
NN — dog

NN — telescope

DT »the <«

IN — with




S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 A | DT

Input: the man sleeps NP — NP PP
PP — IN NP

Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘j; <+
Reduce: [2] DT — the 3 [DTe,1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 3

13



S— NP VP

Shift-Reduce Example e

VP — VP PP
* * * NP — DT NN ‘

Input: the man sleeps NP — NP PP
PP — IN NP

Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘j; <+
Reduce: [2] DT — the 3 [DTe,1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 3

13



S— NP VP

Shift-Reduce Example e

VP — VP PP
* * * NP — DT NN ‘

Input: the man sleeps NP = NP PP
PP — IN NP

Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘fg <+
Reduce: [2] DT — the 3 [DTe 1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 3
Reduce: [8] VP — Vi 9 NP VP o 3] 9

13



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 A | DT

Input: the man sleeps NP = NP PP
PP — IN NP

Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘fg <+
Reduce: [2] DT — the 3 [DTe 1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 3
Reduce: [8] VP — Vi 9 NP VP o 3] 9

13



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 A | DT

Input: the man sleeps NP = NP PP
PP — IN NP

Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘j; <+
Reduce: [2] DT — the 3 [DTe,1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 8
Reduce: [8 VP — Vi 9 NP VP e 3] 9
Reduce: [9] S— NP VP 10 [Se, 3] 10

—
w



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 A | DT

Input: the man sleeps NP = NP PP
PP — IN NP
Condition Statement Vi = sleeps ‘
Axiom 1 [e,0] 1 Vi saw
Shift: [1] > [thee 1] 2 EE - g‘j; <+
Reduce: [2] DT — the 3 [DTe 1] 3 NN — telescope
Shift: [3] 4 [DTmane, 2] 4 DT »the <«
Reduce: [4] NN — man 5 [DTNNe 2] 5 IN = with
Reduce: [5] NP — DT NN 6 [NPe 2] 6
Shift: [6] / NP sleeps e, 3] 7
Reduce: [7] Vi — sleeps 8 NP Vi e 3] 8
Reduce: [8 VP — Vi 9 NP VP e 3] 9
Reduce: [9] S— NP VP 10 [Se, 3] 10
%

GOAL: [10]

—
w



Shift-Reduce

Input: G and w;y ... w, Iltem form: [Qe, |]
asserts thata = wy ... w;or

Axiom: [¢ O]
Goal: [Se n oe,

L5e.n, SHIFT | J,] "
Scan (shift) Qwjy1,J + 1]
asserts that a wi,1 = Wy ... Wi Wi, 1 |

e, j]
REDUCE - B—>~v€eR

Complete (reduce) « Be, j]

asserts that aB = wy ... w,

14



Top-Down recognition

Input: G and w1 ... wp Item form: [¢f3, ]
asserts that S =" wi ... w; [3

Axiom: [¢S 0]
Goal: [* n]

[‘wj—l-lﬁaj]

SCAN

Scan * 3,5 + 1]
assertsthat S = wq ... wywi.1 3

B [,

_ PREDICT - B—>v€¢€R

Predict oy 3, 7]

asserts that S =" wy ... w;B [3

15



Top-Down Example

Input: the man sleeps

16

S— NPVP
VP — Vi

VP — Vi NP
VR P PP
NP — DT NN
NP — NP PP
PP — IN NP
Vi — sleeps
Vt = saw
NN — man
NN — dog
NN — telescope
DT — the

IN — with



Top-Down Example

Input: the man sleeps
Condition

16

Statement

Queue

S— NPVP
VP — Vi

VP — Vit NP
VR P PP
NP — DT NN
NP — NP PP
PP — IN NP
Vi — sleeps
Vt = saw
NN — man
NN — dog
NN — telescope
DT — the

IN — with



Top-Down Example

Input: the man sleeps

Axiom

Condition

1

16

Statement
[¢ S, O]

Queue
1

S— NPVP
VP — Vi

VP — Vit NP
VR P PP
NP — DT NN
NP — NP PP
PP — IN NP
Vi — sleeps
Vt = saw
NN — man
NN — dog
NN — telescope
DT — the

IN — with



Top-Down Example o weve

VP — Vi
VP — Vit NP
Input: the man sleeps VP \/p PP

Condition Statement Queue NP — DT NN

Axiom 1 [eS 0] ; NP — NP PP
PP — IN NP

Vi — sleeps

Vt = saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with

16



Top-Down Example o weve

VP = Vi

VP — Vit NP
Input: the man sleeps VP \/p PP

Condition Statement NP — DT NN
Axiom 1 [eS,0] 1 NP — NP PP
. PP — IN NP
Predict: [1] S — NP VP 2 [¢ NP VP, O] 2

Vi — sleeps

Vt = saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with

16



Top-Down Example o weve

VP = Vi

VP — Vit NP
Input: the man sleeps VP \/p PP

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP — NP PP
. PP — IN NP
Predict: [1] S— NP VP 2 [ NP VP, O] 2

Vi — sleeps

Vt = saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with

16



Top-Down Example A

VP = Vi

VP — Vit NP
Input: the man sleeps VP \/p PP

Condition Statement e[TCII-A NP — DT NN *
Axiom 1 [eS,0] 1 NP = NP PP
Predict: [1] S—>NPVP 2 [eNPVPO] 2 o :slll:eI;I:
Predict: [2] NP—-DTNN 3 [¢DTNNVP O] 3

Vt = saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with

16



Top-Down Example A

VP = Vi

VP — Vit NP
Input: the man sleeps VP \/p PP

Condition Statement e[TCII-A NP — DT NN *
Axiom 1 [eS,0] 1 NP = NP PP
Predict: [1] S—>NPVP 2 [eNPVPO] 2 o :slll:eI;I:
Predict: [2] NP—-DTNN 3 [¢DTNNVP O] 3

Vt = saw

NN — man

NN — dog

NN — telescope

DT the <

IN — with

16



Top-Down Example PR

VP — Vit NP

Input: the man sleeps VP \/p PP
Condition Statement eI NP — DT NN *

Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—+DTNN 3 [¢DTNNVP O] 3 Vi o> saw
Predict: [3] DT — the 4 [ethe NNVPO] 4 NN — man

NN — dog

NN — telescope

DT the <

IN — with

16



Top—chvn Example A

VP — Vit NP

Input: the man sleeps VP \/p PP
Condition Statement eI NP — DT NN *

Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—+DTNN 3 [¢DTNNVP O] 3 Vi o> saw
Predict: [3] DT — the 4 [ethe NNVPO] 4 NN — man

NN — dog

NN — telescope

DT the <

IN — with

16



Top—chvn Example A

VP — Vit NP

Input: the man sleeps VP \/p PP
Condition Statement eI NP — DT NN *

Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—+DTNN 3 [¢DTNNVP O] 3 Vi o> saw
Predict: [3] DT — the 4 [ethe NNVPO] 4 NN — man
Scan: [4] 5 e NN VP 1] 5 NN — dog

NN — telescope

DT the <

IN — with

16



Top—chvn Example A

VP — Vit NP
Input: the man sleeps VP \/p PP
Condition Statement eI NP — DT NN *
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—+DTNN 3 [¢DTNNVP O] 3 Vi o> saw
Predict: [3] DT — the 4 [ethe NNVPO] 4 NN man <«
Scan: [4] 5 e NN VP 1] 5 NN — dog

NN — telescope

DT the <

IN — with

16



Top—Qovvn Example A

VP — Vt NP
Input: the man sleeps VP \/p PP
Condition Statement Queue BLLEndIRN *
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—-DTNN 3 [¢DTNNVPO] 3 Vi —» saw
Predict: [3] DT — the 4 [ethe NN VPO] 4 NN > man
Scan: [4] 5 e NN VP 1] 5 NN — dog
: - NN — telescope
Predict; [5] NN — man 6 [emanVP, 1] 6 N p*

IN — with

16



Top—Qown Example PR

VP — Vt NP
Input: the man sleeps VP \/p PP
Condition Statement Queue BLLEndIRN *
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP—-DTNN 3 [¢DTNNVPO] 3 Vi —» saw
Predict: [3] DT — the 4 [ethe NN VPO] 4 NN > man
Scan: [4] 5 e NN VP 1] 5 NN — dog
: - NN — telescope
Predict; [5] NN — man 6 [emanVP, 1] 6 N p*

IN — with

16



Top—Qown Example o wneve <

VP — Vit NP
Input: the man sleeps VP \/p PP
Condition Statement NP — DT NN <
Axiom 1 [¢S 0] 1 NP — NP PP
bredict: [1] S—>NPVP 2 [eNPVPO] 2 5?:8'26':5
Predict: [2. NP — DT NN 3 e DT NN VP, 0] 3 Vit — saw
bredict: [3] DT — the 4 [ethe NNVPO] 4 NN+ man <
Scan: [4] 5 ‘o NN VP, 1] 5 NN — dog
Predict: [5] NN — man 6 [*manVP 1] 6 NN = telescope
_ DT the <
Scan: [6] / o \/P 2] /

IN — with

16



Top—Qown Example

Input: the man sleeps

Axiom
Predict: [1]
Predict: [2]
Predict: |
Scan: [4]
Predict: [5]
Scan: [6]

W

Condition

S— NP VP
NP — DT NN
DT — the

NN — man

~N O O B WO N =

16

Statement

* S, 0]

e NP VP, O]

e DT NN VP, O]
e the NN VP,0]
e NN VP, 1]

e man VP, 1]

o VP, 2]

~N O O & WO N =

S — NP VP
VP — Vi
VP — Vt NP

$

NP — DT NN <

NP — NP PP

PP — IN NP

Vi — sleeps

Vt = saw

NN — man *
NN — dog

NN — telescope

DT the <

IN — with



Top—chn Example —

VP — Vit NP
Input: the man sleeps VPP PP
Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
bredict: 1] S NPVP 2 [eNPVPO] 2 s oo
oredict: [2] NP -DTNN 3 [¢DTNNVP, 0] 3 Ut s s
oredict: [3] DT — the 4 [ethe NN VPO] 4 NN man <
Scan: [4] 5 e NN VP, 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP, 1] 6 NN = telescope
i DT — the *
Scan: [6] / o \/P 2] /

IN — with

16



Top—Qown Example —

VP — VI NP

Input: the man sleeps ML i

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
dredict: [2] NP —-DTNN 3 [¢DTNNVP 0] 3 Ut s s
Oredict: [3] DT — the 4  [ethe NN VPO] 4 NN man <
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP, 1] 6 ';_';'::iescwe*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [ Vi 2] 8, 9

16



Top—Qown Example —

VP — VI NP

Input: the man sleeps ML i

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
dredict: [2] NP —-DTNN 3 [¢DTNNVP 0] 3 Ut s s
Oredict: [3] DT — the 4  [ethe NN VPO] 4 NN man <
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP 1] 6 ';_';'::iescwe*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [ Vi 2] 8, 9

VP> VINP 9 [eVINP 2]

16



Top—Qown Example

Input: the man sleeps

Condition
Axiom
Predict: [1 S — NP VP
Predict: [2] NP — DT NN
Predict: [3 DT — the
Scan: [4]
Predict: [5] NN — man
Scan: [6]
Predict: [7] VP — Vi

VP — Vit NP

© O N O Or & WO N —

16

Statement

* S, 0]

e NP VP, O]

e DT NN VP, O]
‘e the NN VP,0]
e NN VP 1]

e man VP, 1]

o VP 2]

o Vi 2]

o Vi NP, 2]

0 N 6 O B WO N =

©

S — NP VP
VP - Vi

VP — Vit NP
VP VP PP
NP — DT NN <
NP — NP PP

PP — IN NP

Vi — sleeps *

Vit — saw

NN — man *

NN — dog
NN — telescope

DT the <

IN — with




Top—Qown Example —

VP — Vt NP
Input: the man sleeps ML i
Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
L _ PP — IN NP
bredict: [1] S — NP VP 2 [eNPVP O] 2 i sleops m
Predict: [2] NP >DTNN 3 [¢DTNNVP, 0] 3 Vi o sau
Predict: [3] DT — the 4 [ethe NN VPO] 4 NN > man
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP 1] 6 '[\')_';':EGSCODG*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [eVi 2] 8, 9
VP > VINP 9 [eViNP 2]
Predict: [8] Vi — sleeps 10 [ sleeps, 2] 9,10

16



Top—Qown Example —

VP — VI NP

Input: the man sleeps ML i

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP —>DTNN 3 [¢DTNNVP, 0] 3 Ut > s
bredict: [3] DT — the 4 [ethe NNVPO] 4 NN —» man
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP 1] 6 '[\')_';':EGSCODG*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [eVi 2] 8, 9

VP VEINP 9  [eVINP 2]
Predict: [8] Vi — sleeps 10 [ sleeps, 2] 9,10

16



Top—Qown Example —

VP — VI NP

Input: the man sleeps ML i

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP —>DTNN 3 [¢DTNNVP, 0] 3 Ut > s
bredict: [3] DT — the 4 [ethe NNVPO] 4 NN —» man
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP 1] 6 '[\')_';':EGSCODG*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [eVi 2] 8, 9

VP VEINP 9  [eVINP 2]
Predict: [8] Vi — sleeps 10 [ sleeps, 2] 9,10

9] 10

16



Top-Down Example 5 NP VP
p v v v p VP — Vi

VP — VI NP

Input: the man sleeps ML i

Condition Statement NP — DT NN <
Axiom 1 [eS,0] 1 NP = NP PP
oredict: [1] S—NPVP 2 [eNPVPO] 2 o :S'Se:'):
Predict: [2] NP —>DTNN 3 [¢DTNNVP, 0] 3 Ut > s
bredict: [3] DT — the 4 [ethe NNVPO] 4 NN —» man
Scan: [4] 5 e NN VP 1] 5 NN — dog
Predict: [5] NN — man 6 [emanVP 1] 6 '[\')_';':EGSCODG*
Scan: [6] / o \/P 2] / TeR——
Predict: [7] VP — Vi 8 [eVi 2] 8, 9

VP VEINP 9  [eVINP 2]
Predict: [8] Vi — sleeps 10 [ sleeps, 2] 9,10

9] 10

16



Top—Qown I;xample

Input: the man sleeps

Axiom
Predict: [1]
Predict: [2]
Predict: [3]
Scan: [4]
Predict: [5]

]

[

Scan: [6
Predict: [7]

Predict: [8]

[9]
Scan: [10]

Condition

S— NP VP
NP — DT NN
DT — the

NN — man

VP — Vi
VP — Vi NP
Vi — sleeps

Statement

* S, 0]

e NP VP, O]

e DT NN VP, O]

e the NN VP,0]

e NN VP 1]

e man VP, 1]

o VP 2]

o Vi 2]

o Vit NP, 2]

e sleeps, 2] 9,10
10

11 [e, 3] 11

0 N 6 O B WO N =

©

— O 00 N O O b W N =

@)

16

S — NP VP

VP Vi

VP — Vit NP
VP VP PP
NP — DT NN <
NP — NP PP
PP — IN NP
Vi — sleeps

Vit — saw

NN — man
NN — dog
NN — telescope

DT the <

IN — with




Top—Qown I;xamp\e

Input: the man sleeps

Axiom
Predict: [1]
Predict: [2]
Predict: [3]
Scan: [4]
Predict: [5]

]

[

Scan: [6
Predict: [7]

Predict: [8]
[9]

Scan: [10]

GOAL: [11]

Condition

S— NP VP
NP — DT NN
DT — the

NN — man

VP — Vi
VP — Vi NP
Vi — sleeps

Statement

* S, 0]

e NP VP, O]

e DT NN VP, O]
e the NN VP,0]
e NN VP 1]

e man VP, 1]
o VP 2]

o Vi 2]

o Vit NP, 2]

@ sleeps, 2]

— O 00 N O O b W N =

@)

11 [e, 3]

16

0 N 6 O B WO N =

©

9, 10
10
11

S — NP VP

VP Vi

VP — Vit NP
VP VP PP
NP — DT NN <
NP — NP PP
PP — IN NP
Vi — sleeps

Vit — saw

NN — man
NN — dog
NN — telescope

DT the <

IN — with




CKY - CNF only

Input: G and s=w+ ... wq Item form: [i, X, |]
asserts that X =" wis1 ... w;

Axioms: [i, X, i+1] X—>w;e R

Goal: [0, S, n]
Merge: [ZaAv.k] [kv.Baj] C s ABcR
asserts that i, C, j]

Wit ... Wk Wk .o W)= Wikt ... W,

17



CKY Example

Input: the man saw the dog

18

S — NP VP
VP — Vi

VP — Vit NP
VP — VP PP
NP — DT NN
NP — NP PP
PP — IN NP

Vi = sleeps

Vt — saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with



S—NPVP Vi = sleeps

CKY Examp‘e VP — Vi NP NN_;S?TWV\{/;II’]

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the

PP — IN NP IN — with

Condition Statement Queue Passive

18



S—NPVP Vi = sleeps

CKY Examp‘e VP — Vi NP NN_;S?TWV\{/;II’]

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the

PP — IN NP IN — with

Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1

18



S—NPVP Vi = sleeps

C KY Ex am p | e VP — Vit NP AN s e

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the

PP — IN NP IN — with

Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2

18



S—NPVP Vi = sleeps

C KY Ex am p | e VP — Vit NP AN s e

VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vit — saw 3  [2, Vi, 3] 1,2, 3

18



S—NPVP Vi = sleeps

VEP—=A Vt — saw
CKY Examp‘e VP — Vit NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4

18



S—NPVP Vi = sleeps

VEP—=A Vt — saw
CKY Examp‘e VP — Vit NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 34,5

18



S—NPVP Vi = sleeps

C KY E ‘ VP—=\4 Vt — saw
VP — Vit NP NN — man
Xamp e VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with

Condition Statement Queue Passive

Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4  [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2, 34,5
2,3,4,5 1

18



S—NPVP Vi = sleeps

VEP—=A Vt — saw
CKY Examp‘e VP — Vit NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 34,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5, 06 2

18



S—NPVP Vi = sleeps

VEP—=A Vt — saw
CKY Examp‘e VP — Vit NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT - the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2, ,3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5, 06 2
4,5, 6 3

18



S—NPVP Vi = sleeps

C KY E ‘ VP—=\4 Vt — saw
VP — Vit NP NN — man
Xamp e VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with

Condition Statement Queue Passive

Axiom DT — the 1 0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4  [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 34,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5 6 2
4,5, 6 3
5,6 4

18



S—NPVP Vi = sleeps

VE— Vt — saw
CKY Examp‘e VP - Vi NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5 6 2
4,5, 6 3
5,6 4
Merge: [4][5] NP — DT NN 7 [3, NP 5] o, 7 5

18



S—NPVP Vi = sleeps

C KY E ‘ VP—=\4 Vt — saw
VP — Vit NP NN — man
Xamp e VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with

Condition Statement Queue Passive

Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4 [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5, 6 2
4,5, 6 3
5,6 4
Merge: [4][5] NP — DT NN 7 [3, NP 5] o, 7 5
7 6

18



S—NPVP Vi = sleeps
VRP—=\ Vt — saw

CKY Examp‘e VP - Vi NP NN — man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4  [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5 6 2
4.5, 6 3
5,6 4
Merge: [4][5] NP — DT NN 7 [3, NP 5] o, 7 5
7 6
Merge: [3] [7] VP — Vi NP 8 [2, VP 5] 8 /

18



S—NPVP Vi = sleeps
VRP—=\ Vt — saw

CKY Examp‘e VP —» Vi NP NN > man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vt — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4  [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5 6 2
4.5, 6 3
5,6 4
Merge: [4][5] NP — DT NN 7 [3, NP 5] o, 7 5
7 6
Merge: [3] [7] VP — Vt NP 8 [2, VP 5] 8 /
Merge: [6] [8] S — NP VP 9 [0, S, 5] 9 8

18



S—NPVP Vi = sleeps
VRP—=\ Vt — saw

CKY Examp|e VP —» Vi NP NN > man
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man saw the dog NP — NP PP DT — the
PP — IN NP IN — with
Condition Statement Queue Passive
Axiom DT — the 1 [0, DT, 1] 1
NN — man 2 [1,NN, 2] 1,2
Vit — saw 3 [2, Vi, 3] 1,2, 3
DT — the 4  [3, DT, 4] 1,2,3,4
NN — dog 5 [4,NN,5] 1,2 3,4,5
2,3,4,5 1
Merge: [1][2] NP — DT NN 6 [0, NP 2] 3,4,5 6 2
4.5, 6 3
5,6 4
Merge: [4][5] NP — DT NN 7 [3, NP 5] o, 7 5
7 6
Merge: [3] [7] VP — Vt NP 8 [2, VP 5] 8 /
Merge: [6] [8] S — NP VP 9 [0, S, 5] 9 8
GOAL: [9] Z 9

18



Rule Segmentation: "Split Points'

093 — oNP2 2VP3
oNP2 = oD T1 1NN2
2VP3 = oV

oDT1 — the

1iNN2 — man

°Viz — sleeps

19



Rule Segmentation: "Split Points'

093 — oNP2 2VP3
oNP2 = oD T1 1NN2
2VP3 = oV

oDT1 — the

1iNN2 — man

°Viz — sleeps

the man sleeps
0 1 2 3

19



Rule Segmentation: "Split Points'

093 — oNP2 2VP3
oNP2 = oD T1 1NN2
2VP3 = oV

DT oDT1 — the

1iNN2 — man

°Viz — sleeps

the man sleeps
0 1 2 3

19



Rule Segmentation: "Split Points'

093 = oNP2 2VP3
oNP2 = oD T1 1NN2
2VP3 = oV

DT+ NN- oDT1 — the

1iNN2 — man

°Viz — sleeps

the man sleeps
0 1 2 3

19



Rule Segmentation: "Split Points'

093 — oNP2 2VP3
oNP2 = oD T1 1NN2
2VP3 = oV

oDT1 1NNz 2Vi3 oDT1 = the

1iNN2 — man

°Viz — sleeps

the man sleeps
0 1 2 3

19



Rule Segmentation: "Split Points'

093 — oNP2 2VP3

oNP2 oNP2> — oD T4 {NN>
/\ VP33 = 5Vi3
oDT+ 1NNz  5Vis oD T1 = the

/\ /\ /\ 1NIN2—>man

Viz — g
the  man_sleeps 2VIs > SIeEPS

19



Rule Segmentation: "Split Points'

093 — oNP2 2VP3

oNP2 oVP3 oNP2> — oDT1 1NN>
/\ /\ NP3 — oVis
oDT1 1NNz  2Vi3 oD 1 — the

/\ /\ /\ 1NIN2—>man

Viz — g
the  man_sleeps 2VIs > SIeEPS

19



Rule Segmentation: "Split Points'

093
/\ 093 = oNP2 2VP3
oNP2 2VP3 oNP2> — oD T+ 1NNb>
KOR W
oDT1 1NNz 2Vis DT+ = the

/\ /\ /\ 1NIN2—>man

Viz — g
the  man_sleeps 2VIs > SIeEPS

19



‘Dotted items’



‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

20



‘Dotted items’
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‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

When that's not the case, we have to scan rules symbol by symbol using a
general mechanism:

Iltem form: [i, X = am®f-, || Wwhere X > a e Risarule

* In general, we segment rules with respect to the input wy ... w,
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‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

When that's not the case, we have to scan rules symbol by symbol using a
general mechanism:

Iltem form: [i, X = am®f-, || Wwhere X > a e Risarule

* In general, we segment rules with respect to the input wy ... w,

* The dot represents progress through the rule's right-hand side (RHS)
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‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

When that's not the case, we have to scan rules symbol by symbol using a
general mechanism:

Iltem form: [i, X = am®f-, || Wwhere X > a e Risarule

* In general, we segment rules with respect to the input wy ... w,
* The dot represents progress through the rule's right-hand side (RHS)

e The prefix a has already been parsed and we are waiting for 3

20



‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

When that's not the case, we have to scan rules symbol by symbol using a
general mechanism:

Iltem form: [i, X = am®f-, || Wwhere X > a e Risarule

In general, we segment rules with respect to the input wy ... w,

The dot represents progress through the rule's right-hand side (RHS)

The prefix a has already been parsed and we are waiting for 3

The filled box represents a segmentation of [O .. j] into |a| adjacent parts
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‘Dotted items’

Parsing a CNF grammar is easy because we know the shape of rules

When that's not the case, we have to scan rules symbol by symbol using a
general mechanism:

Iltem form: [i, X = am®f-, || Wwhere X > a e Risarule

In general, we segment rules with respect to the input wy ... w,

The dot represents progress through the rule's right-hand side (RHS)

The prefix a has already been parsed and we are waiting for 3

The filled box represents a segmentation of [O .. j] into |a| adjacent parts

The empty box has no actual role, it's just a reminder that the segmentation
beyond | is unknown

20



CKY+

Input: G and s =w; ... w, Iltem form: [i, X = am®Bo, |]
asserts that X =" w1 ... w;[3

Axioms: [i, X > w;® ag, i+1] X—=>w;aeR
[i, X > e e |] X—>eelR

Goal: [0, S — am °, N]
Scan Prefix
i, X — amew;y1 80, ]] 5, Y — ame, j]

: : : - X —>YPBER
[%X%Oé.wj—l—l'ﬁma]_'_l] [ZaX%Yi,j.ﬁmaj] 6

Complete
i, X = ameYfo,kl[k,Y — me, J]
i, X - omYs,e b0, ]

21



CKY+ Example

Input: the man sleeps

22

S — NP VP
VP — Vi

VP — Vit NP
VP — VP PP
NP — DT NN
NP — NP PP
PP — IN NP

Vi — sleeps

Vt — saw

NN — man

NN — dog

NN — telescope
DT — the

IN — with



S—NPVP Vi — sleeps

CKY+ Example =5 5

VP — VP PP NN — dog
NP — DT NN NN — telescope
: NP — NP PP DT — the
Input: the man sleeps |
PP — IN NP IN — with

Condition Active Passive

22



S—NPVP Vi — sleeps

CKY+ Example =5 5

VP — VP PP NN — dog
NP — DT NN NN — telescope
: NP — NP PP DT — th
Input: the man sleeps "
PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1

22



S—NPVP Vi — sleeps

CKY+ Example =5 5

VP — VP PP NN — dog
NP — DT NN NN — telescope
: NP — NP PP DT — th
Input: the man sleeps "
PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1

NN — man 2 [1, NN —>mane, 2] 1 2

22



S—NPVP Vi — sleeps

CKY+ Example =5 5

VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man sleeps NP> P PP T ine
PP — IN NP IN — with
Condition Active Passive
Axiom DT — the 1 [0, DT — the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3

22



S—NPVP Vi — sleeps

VP — Vi Vt = saw
+ EXample wrowe i
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man sleeps NP> P PP T ine
PP — IN NP IN — with
Condition Active Passive
Axiom DT — the 1 [0, DT — the o 1] 1
NN — man 2 [1, NN —=man e, 2] 1,2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1

22



S—NPVP Vi — sleeps

VP — Vi Vt = saw
+ EXample wrowe i
VP — VP PP NN — dog
NP — DT NN NN — telescope
Input: the man sleeps NP> P PP T ine
PP — IN NP IN — with
Condition Active Passive
Axiom DT — the 1 [0, DT — the o 1] 1
NN — man 2 [1, NN —=man e, 2] 1,2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1

22



S—NPVP Vi — sleeps

VP — Vi Vt = saw
CKY+ Example e Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1
3, 4 2

Prefix: [3] VP — Vi 5 [2,VP > Visse 3] 4,5 3

22



S—NPVP Vi — sleeps

VP — Vi Vt = saw
CKY+ Example e Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive

Axiom DT — the 1 [0, DT = the o 1] 1

NN — man 2 [1, NN —>mane, 2] 1 2

Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1

3, 4 2

Prefix: [3] VP — Vi 5 [2,VP > Vicze 3] 4.5 3
Complete: [4] [2] 6 [0O,NP—=>DTo1NNioe 2] 5 6 4

22



S—NPVP Vi — sleeps

VP — Vi Vt — saw
CKY+ Example wwe Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1
3, 4 2
Prefix: [3] VP — Vi 5 [2,VP > Vicze 3] 4.5 3
Complete: [4] [2] 6 [0O,NP—=>DTo1NNioe 2] 5 6 4
6 5

22



S—NPVP Vi — sleeps

VP — Vi Vt = saw
CKY+ Example e Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—=DTNN 4 [0, NP—=DTo1eNN,2] 2,34 1
3, 4 2
Prefix: [3] VP — Vi 5 [2,VP > Vicze 3] 4.5 3
Complete: [4] [2] 6 [0O,NP—=>DTo1NNioe 2] 5 6 4
6 5
Prefix: [6] S— NPVP 7 [0,S—>NPg2e VP 2] / 6

22



S—NPVP Vi — sleeps

VP — Vi Vt — saw
CKY+ Example wwe Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—>DTNN 4 [0, NP—-DTlo1eNN,2] 2 3,4 1
3, 4 2
Prefix: [3] VP — Vi 5 [2,VP > Vicze 3] 4.5 3
Complete: [4] [2] 6 [0O,NP—=>DTo1NNioe 2] 5 6 4
6 5
Prefix: [6] S— NPVP 7 [0,S—>NPg2e VP 2] / 6
Complete: [7] [5] 8 [0,5S>NPg2VP23e 3] 8 /

22



S—NPVP Vi — sleeps

VP — Vi Vt — saw
CKY+ Example wwe Wi

VP — VP PP NN — dog

NP — DT NN NN — telescope
Input: the man sleeps NP NP PR DT the

PP — IN NP IN — with

Condition Active Passive
Axiom DT — the 1 [0, DT = the o 1] 1
NN — man 2 [1, NN —>mane, 2] 1 2
Vi — sleeps 3 [2, Vi—sleeps e, 3] 1,2,3
Prefix: [1] NP—>DTNN 4 [0, NP—-DTlo1eNN,2] 2 3,4 1
3, 4 2
Prefix: [3] VP — Vi 5 [2,VP > Vicze 3] 4,5 3
Complete: [4] [2] 6 [0O,NP—=>DTo1NNioe 2] 5 6 4
6 5
Prefix: [6] S—NPVP 7 [0,S = NPo2oe VP 2] / 6
Complete: [7] [5] 8 [0,5S>NPg2VP23e 3] 8 /
%

GOAL.: [8]

22



Correctness of Parsing Strategy

Soundness: if a goal item is proven for s

 thens e L(G)
Completeness: it s € L(G)

* then a goal item can be proven for s

23



Parse Forest

Efficient representation of the whole space Ta(S)

* each and every possible tree yielding s

We must be able to represent partial derivations

* Including alternative ones

24



Ambiguity

Some strings may have more than one derivation in G
: ﬁ

TN

S NP VP
/\ T N
NG Vp DT NN
o VP PP
DT/\NN /\ the man "~ N
| | Vi NP Vit NP IN NP
the man salw /\ saw DT NN wih DT NN

NP PP | | | |
PN PN the dog the telescope
IN NP

the dog with DT NN

the telescope

25



Dealing with Ambiguity

Statistical model: weight steps in a derivation
* Induces a partial ordering over derivations
* can be used to make a decision

* e.g. best tree under the model

20



Probabilistic CFG

CFG extended with parameters 0 < 6, < 1

e wherer € R and

Z 9X—>oz:1

a: X —>acR

27



Probabilistic CFG

Distribution over trees



Estimation

Let us assume the parametric form of 8 is a
multinomial

* one categorical distribution per X e N

SUpPpPoOse we can observe a treebank, then by MLE

oy . — n(X — a)
n(X — a)
2o (X — )

29



Weighted CKY +

Input: G and s = w;y ... w, Item form: [i, X = am*B0o, |]
asserts that X =" w1 ... w3

Axioms: [I, X2 w;eag, i+1]:6, r=X—>w,aeR

I, X > e e (].6 r=X—>eekR
Goal: [0, S — am *, n]
Scan Prefix
0, X — amew;160,7]: 01 5, Y — ame,j] : 0

r=X—->YBER

[Z.,X%Oé.qu_l'ﬁ[l,j—l_l] :6)1 [in_)ifi,j.BEbj] :6)7“

Complete
i, X > ameYp,k|: 01k, Y — yme, j| : 0
[ZaX — On Yk,j i 5|:|7j] 1 64

30



Joint Distribution

093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps
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093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps

the man sleeps
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Joint Distribution

093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps

oD T+

I OpTothe

the man sleeps
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Joint Distribution

093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps

oD T+ 1NN2

T OpTothe ,[GNN—vman

the man sleeps

31



Joint Distribution

093 = oNP2 2VP3
oNP2 = oD T+ 1NN>2
2VP3 = 2Vi3

oDT1 — the

iNN2 — man

°Viz = sleeps

oD T+ 1NN2 °Vi3

/[ eDTathe ,[GNN—»man /[ 9Vi—>sleeps

the man sleeps

31



Joint Distribution

093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps

oNP>

/I@um NN

oD T+ 1NN2

T OpTothe ,[GNN—vman

the man

31

2Vi3

/[ 9Vi—>sleeps

sleeps



Joint Distribution

093 —* oNP2 2VP3
oNP2 = oD T1 1NN2
oVP3 = oVi3

oDT1 — the

iNN2 = man

°Viz = sleeps

oNP>

/I@um NN

oD T+ 1NN2

T OpTothe ,[GNN—vman

the man

31

°VP3

T BvpP_vi

2Vi3

/[ 9Vi—>sleeps

sleeps



Joint Distribution

093 = oNP2 2VP3
oNP2 = oD T+ 1NN>2
2VP3 = 2Vi3

oDT1 — the

iNN2 — man

°Viz = sleeps

093
oNP2 >\ P3
)@“DT NN T Bvp_wvi
oD T+ 1NN2 2Vi3

/[ eDTathe ,[GNN—»man /[ 9Vi—>sleeps

the man sleeps

31



Ambiguity



Ambiguity

the man

Saw

the dog

32 with  the telescope



oDT

the man

Saw

the dog

32

Ambiguity

with  the telescope



DT+ NN
GDT—vtheT T ONN-man
the man
saw

the dog

32

Ambiguity

with  the telescope



oDT

GDT—vtheT

the

1NN2

]\ eNN—vman

man
oVi3

th—vsaw

Saw

the dog

32

Ambiguity

with

the

telescope



oDT

GDT—vtheT

the

1NN2

]\ eNN—vman

man
oVi3

th—vsaw

Saw

3DT4

eDT—vtheT

the dog

32

Ambiguity

with

the

telescope



Ambiguity

oDT+ 1NN>
GDT—vtheT I ONN-man
the man
oVi3
N
th—vsaw
3D T4 4NNs
saw
eDT—»theT I ONN-dog
the dog

32 with  the telescope



Ambiguity

oDT+ 1NN
GDT—vtheT I ONN-man
the man
oV13
N
th—vsaw
3D T4 4NNs
saw
eDT—»theT I ONN-dog
IN
the dog .

TeIN—vvvith
32 with  the telescope



Ambiguity

oDT+ 1NN
GDT—vtheT I ONN-man
the man
oV13
N
th—vsaw
3D T4 4NNs
saw
eDT—»theT I ONN-dog
6|N7 7DT8
the dog

TelNﬁwith T ODTsthe
32 with  the telescope



AmDbiguity

oDT+ 1NN2
GDT—vtheT I ONN-man
the man
oV13
N
th—vsaw
3DT4 4NNs
saw
eDT—»theT I ONN-dog
the dog N PTe NN

TeIN—vwith T GDT—vthe \GNN—vtelescope

32 with  the telescope



AmDbiguity

oNP2
ONPoDT Nﬂ

oDT+ 1NN2

GDT—vtheT I ONN-man
the man
oV13
N
th—vsaw
3DT4 4NNs
saw
eDT—»theT I ONN-dog
6IN7 7DTs sNNog

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



AmDbiguity

oNP2
ONPoDT Nﬂ
oDT+ 1NN2
eDT—vtheT I ONN-man
the man
o\V13 3NPs
T ONPLDT NN
th—vsaw
3DT4 4NNs
saw
eDT—vtheT I ONN-dog
6IN7 7DTs sNNog

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



AmDbiguity

oNP>
ONPDT Nﬂ
oD T+ 1NN2
eDT—vtheT I ONN-—man
the man
o\V13 sNPs
T ONPLDT NN
th—vsaw
3 3D T4 4NNs5 7NPg
saw 5
eDT—vtheT I ONN-dog bt NN/ﬁ\

6IN7 7DTs sNNg

TeIN—vwith T GDT—vthe \GNN—vtelescope

32 with  the telescope

the dog



oNP2

ONPLDT Nﬂ

oDT+ 1NN2

eDT—vtheT I ONN-man

the man
oV1s
th—vsaw
saw

AmDbiguity

sNPs sPPg
ONPoDT Nﬂ OpPpP_IN NP
3D T4 4NNs5 7NPg
BnPo
eDT—vtheT I ONN-dog bt NN/ﬁ\
6IN7 7DTs sNNg

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



oNP2

ONPLDT Nﬂ

oDT+ 1NN2

eDT—vtheT I ONN-man

the man
oVi3

A

th—»saw

Saw

AmDbiguity

2VPs

TGVP—N’[ NP

sNPs sPPg
ONPoDT Nﬂ OPP_IN NP
3D T4 4NNs5 7NPg
BnPo
eDT—vtheT I ONN-dog bt Ny\
6IN7 7DTs sNNg

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



oNP2

ONPLDT N}L

oDT+ 1NN2

eDT—vtheT I ONN-man

the man
oVi3

A

th—»saw

Saw

AmDbiguity

2VPg
T@vpavp PP

2VPs

TGVP—N’[ NP

3NPs sPPo
ONPoDT N}L OpPpP_IN NP
3D T4 4NNs5 7NPg
ONP-
eDT—vtheT I ONN-dog bt Ny\
6IN7 ;DTs NNy

the dog
T@IN—»with T BDTothe I\GNN—vtelescope

32 with  the telescope



oNP2

ONPLDT N}L

oDT+ 1NN2

eDT—vtheT I ONN-man

the man
oVi3

A

th—»saw

Saw

AmDbiguity

T@vpavp PP

2VPs
sNPg

/IWNP  leewrw
sPPg

3NPs

ONPoDT N}L BpPPLIN NP

3D T4 4NNs5 7NPg

ONPLDT NN
eDT—vtheT I ONN-dog

the dog N PTe NN

TGIN—vwith T eDT—vthe I\GNN—vtelescope

32 with  the telescope



oNP2

ONPLDT N}K

oDT+ 1NN2

eDT—vtheT T ONN-man

the man
oV1s
th—»saw
saw

/‘w - ONP-sNP PP
_’

AmDbiguity

T@vpavp PP

2VPs

3sNPs sPPg
ONPoDT N}K OpPpP_IN NP
3D T4 4NNs5 7NPg
SINEIR
eDT—vtheT T ONN-dog bt NN/¢\
6IN7 ;DTs NNy

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



/IPS%NP "

AmDbiguity

oNP2

ONPLDT N}K

oDT+ 1NN2

eDT—vtheT T ONN-man

the man
oV1s
th—»saw
saw

/‘w - ONP-sNP PP
_’

2VPg

T@vpavp PP

2VPs

3sNPs sPPg
ONPoDT N}K OpPpP_IN NP
3D T4 4NNs5 7NPg
SINEIR
eDT—vtheT T ONN-dog bt NN/¢\
6IN7 ;DTs NNy

the dog
T@IN—»with T BDTothe \GNN—vtelescope

32 with  the telescope



Complexity



Complexity

Item form: [i, X = ame(3-, |]



Complexity

Item form: [i, X = ame(3-, |]

 Each rule segments the input w1 .. wn
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Complexity

Iltem form: [i, X = ame[30, |]
 Each rule segments the input w1 .. wn

Every CFG can be written in CNF (max arity = 2)
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Complexity

Iltem form: [i, X = ame[30, |]
 Each rule segments the input w1 .. wn
Every CFG can be written in CNF (max arity = 2)

* |n total we get up to 3 indices ranging from O .. n
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Complexity

Iltem form: [i, X = ame[30, |]

 Each rule segments the input w1 .. wn

Every CFG can be written in CNF (max arity = 2)

* |n total we get up to 3 indices ranging from O .. n

 O(n%) annotated rules

33



Bitext Parsing

Imagine we have two streams of text

the man sleeps < dort ' homme

We want to parse both strings simultaneously
such that their trees are isomorphic

* same structure up to
* relabelling and permutation of siblings

34



lsomorpnic trees



Synchronous Grammar

A CFG paired with another

« RHS symbols map one-to-one

36



Synchronous Grammar

A CFG paired with another

e RHS symbols map one-to-one
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Synchronous Grammar

A CFG paired with another

e RHS symbols map one-to-one

X— A A copy
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Synchronous Grammar

A CFG paired with another

« RHS symbols map one-to-one

X— A A copy
X— BC BC cCopy
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Synchronous Grammar

A CFG paired with another

« RHS symbols map one-to-one

X— A A copy
X— BC BC Copy
CB invert

36



Synchronous Grammar

A CFG paired with another

« RHS symbols map one-to-one

X— A A copy
X— BC BC Copy
CB invert

X e f transduce

36



Parse E

Parse with the English side of the grammar

093 —* oNP2 2VP3
oNP2 = oD T+ 1NN>
2VP3 = 5V

oDT1 — the

1NN2 — man

°Viz = sleeps

37



Projection



Projection

English French



093 —

Projection

English French
oNP2 2VP3 oNP2 2VP3

38



093 —

Projection

English French

oNP2 2VP3 oNP2 2VP3
>VP3 NP2

38



Projection

English French
oNP2 2VP3 oNP2 2VP3
°VP3 oNP2

oDT1 1NN2 oDT+1 1NN2

38



Projection

English French
oNP2 2VP3 oNP2 2VP3
°VP3 oNP2

oDT1 1NN2 oDT+1 1NN2
1{NN2 oD T+

38



oNP2 —

\VP3 —

Projection

English

oNP2 2VP3

oDT1 1NN2

Vi3

38

French

oNP2 5VP3
oV P3oNP2
oD T+ 1NNb>
1NN2 oD T+
Vi3



Projection

English French
093 — oNP2 2VP3 oNP2 2VP3
>VP3 oNP>
oNP2> — oD T+ 1NNb> oD T+ 1NNb>
1NN2 oD T+
VP3 — Vi3 Vi3

oDT1 — the le

38



Projection

English French
093 — oNP2 2VP3 oNP2 2VP3
>VP3 oNP»
oNP2> — oD T4 1NN>2 oD T4 1NN>2
1INN2 oD T+
VP33 — °Vi3 oVl3
oDT1 — the e

d

38



Projection

English French
093 — oNP2 2VP3 oNP2 2VP3
>VP3 oNP»
oNP2> — oD T4 1NN>2 oD T4 1NN>2
1INN2 oD T+
VP33 — °Vi3 oVl3
oDT1 — the e

d

38



Projection

English

oNP2 2VP3

oDT1 1NN2

2Vi3
the

man

38

French

oNP2 5VP3
oV P3oNP2
oD T+ 1NNb>
1NN2 oD T+
Vi3

e

d

NOMIMeE



English
oNP2 2VP3

oDT1 1NN2
Vi3

the

man
sleeps

38

Projection

French

oNP2 5VP3
oV P3oNP2
oD T+ 1NNb>
1NN2 oD T+
Vi3

e

d

nomme
dort



French Grammar

French
093 — oNP2 2VP3
oVP3oNP2
oNP2 — oDT1 1NNz
1NN2 oD T+
VP3 — Vi3
oDT¢ — e
d
{NNo — nomme

o\I3 — dort

39



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

nomme
dort

Parse r

40



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

Parse r

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

c

d

nomme
dort

40

0

dort

1

" homme
2 3



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

Parse r

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

c

d

nomme
dort

40

0

2Vi3

dort

1

" homme
2 3



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

Parse r

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

c

d

nomme
dort

40

0

2Vi3

oD T+

AYA

dort

1

hommge



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

Parse r

French

oNP2 2VP3

oV P3oNP2

oDT1 1NNz

1INN2 oD T+

Vi3

c oViz  oDT1 1NNz

: AA/\

dort | homme
nomme 1

dort

40



oNP2> —
VP3 —
oDT1—

1NN2 —

oViz —

Parse r

French

oNP2 2VP3

VP33 oNP2

oDT1 1NN-> VP-

1NN2 oD T+

>V13 /\

e °Viz oDT1 1NNz

.a /\ /\ /\
dort | homme

nomme 1

dort

40



oNP2 —
oVP3 —
oDT1+ —

1NN2 —

oViz —

Parse r

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

c

d

nomme
dort

40

>V P3 oNP>

VAN

°Viz oDT1 1NN>

AA/\

dort 1 | homme



oNP2 —
oVP3 —
oDT1+ —

1NN2 —

oViz —

Parse r

French

oNP2 2VP3
oV P3oNP2
oDT1 1NNz
1INN2 oD T+
Vi3

c

d

nomme
dort

40

093

/\

>V P3 oNP>

VAN

°Viz oDT1 1NN>

JAVAVAN

dort 1 | homme




Cascade of Monolingual Parsers
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This neat property makes cascading intersection
operations (parsers) appealing [pyer, 2010]

41



Cascade of Monolingual Parsers

CFG parsing can be seen as intersecting a CFG and
an FSA [Bar-Hillel, 1961: Billot and Lang, 1989]

CFGs are closed under intersection [Hopcroft and Uliman, 1979]

e | (CFG) n L(FSA) is a context-free language

This neat property makes cascading intersection
operations (parsers) appealing [pyer, 2010]

e ©.7g. bitext parsing

41



Biproduct: alignments

42

093 —

oNP2> —
VP33 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
VI3 — dort



Biproduct: alignments

dort

homme

42

093 —

oNP2> —
VP33 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
VI3 — dort



Biproduct: alignments

0.2VI3 1

dort

homme

42

093 —

oNP2> —
VP33 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
VI3 — dort



0

Biproduct: alignments

02Viz1 10DT12

dort

1

homme

42

093 —

oNP2> —
VP33 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
VI3 — dort



0

Biproduct: alignments

02Viz1 10DT12 2,1NN23

dort

1

2

homme

3

42

093 —

oNP2> —
VP33 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
oViz — dort



Biproduct: alignments

French
093 — oNP2 2VP3
oVP3oNP>
0,2VP3,1 oNP2 = oDT1 1NNz

/\ 1NN2 oD T+
VP3z = 2Vi3

02Viz1 10DT12 2,1NN23

D71 — le
/\AA O
dort | ?

hmnme

1 1NN2 —  {NN2> =+ homme

>Viz —  2Viz3 — dort

42



Biproduct: alignments

French
093 =  oNP2 2VP3
>VP3 oNP>
0.2VP3 1 1,0NP23 oNP2 = oDT+4 1NN32

/\ /\ 1NN2 oD T+
VP3s = Vi

02Viz1 10DT12 2,1NN23

D71 — le
/\A/\ O
dort | ?

hmnme

1 1NN2 —  {NN2> =+ homme

Vis = oViz — dort

42



Biproduct: alignments

/\

00933

0.2VP3 1

AN

1.0NP23

02Viz1 10DT12 2,1NN23

VAVAPAN

dort

1

homme

42

093 —

oNP2> —
2VP3 —
oDT1 —

1{NN2 —
oViz —

French

oNP2 2VP3
o\VP3oNP2
oDT1 1NNz
1NN2 oD T+
Vi3

c

d

1NN2 = homme
VI3 — dort



Complexity

e O(I8 x m3)
* where | is the length of the English string
 and m is the length of the French string

e Joint parsing or cascade of parsers has the same
theoretical complexity

* Can cascading be more efficient on average?
Why"?
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