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Context-Free Grammars

A CFG grammar G is denoted by

 afinite set of nonterminal symbols 7’

e a finite set of terminal symbols > with 2 n 7= @

e afinite set 2 of rules of the form X = 3 where
e Xe Yand B e (2u 7)"

¢ S e 7’a distinguished 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 a1 ... an
e a1 =<5
* Ohe2”

* Qi2 derived from ai-1 by picking the left-most
nonterminal X

e and replacing it by some asuchthat X >3 e &%

4
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String Substitution
ar= S S— NPVP



Example of Derivation

String Substitution
ar= S S— NPVP
a2=  NPVP NP — DT NN




Example of Derivation

A1
A2

as

String

S
NPV
DT N

N VP

Substitution

S—N
NP —

Y

DT

DT — the

D

NN



Example of Derivation

A1
A2
as

Q4

NPV

DT N

String
S

D

N VP

the NN VP

Substitution

S—N
NP —

Y

DT

DT — the

D

NN

NN — man



Example of Derivation

A1
A2
as
Q4

QA5

NPV

DT N

String
S

D

N VP

the NN VP
the man VP

Substitution

S—N
NP —

Y

DT

DT — the

D

NN

NN — man

VP — Vi



Example of Derivation

String
S

NP VP
DT NN VP
the NN VP

the man VP

the man Vi

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

Vi — sleeps




Example of Derivation

String
S

NP VP
DT NN VP

the NN VP

{
{
{

ne man VP

ne man Vi

ne man sleeps

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

Vi — sleeps




Example of Derivation

String
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



Example of Generation

S



Example of Generation

S

NP VP



Example of Generation

S

NP VP

DT NN



Example of Generation

S

NP VP

DT NN

the



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 w € 2* is generated/accepted by G if
S="Ww
=* denotes a sequence of rule applications

Language of G
L(G) ={w: S="w} ¢ 2*



Chomsky Normal Form

Every CFG is weakly equivalent to another such that

e XY /Z whereX, Y, Ze 7

e X W where w € 2

 and possibly S = ¢

[Hopcroft and Ullman, 1979]



Parsing as Deduction



Parsing as Deduction

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

10



Parsing as Deduction

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

e focus on strategy rather than implementation

10



Parsing as Deduction

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

e focus on strategy rather than implementation

* soundness/completeness easier to prove

10



Parsing as Deduction

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

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

e complexity determined by inspection

10



Parsing as Deduction

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

e focus on strategy rather than implementation
* soundness/completeness easier to prove
e complexity determined by inspection

e dynamic program follows directly

10



Parsing as Deduction

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

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

e complexity determined by inspection

e dynamic program follows directly

* generality

10



Deductive systems

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

Inference rule: statement derived from existing items

Ai... A .
. = (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

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

12



Bottom-up: Shift-Reduce



Bottom-up: Shift-Reduce

The man saw the dog



Bottom-up: Shift-Reduce

DT

The man saw the dog



Bottom-up: Shift-Reduce

DT NN

The man saw the dog



Bottom-up: Shift-Reduce

V1
DT NN

The man saw the dog



Bottom-up: Shift-Reduce

V1
DT NN DT

The man saw the dog



Bottom-up: Shift-Reduce

V1
DT NN DT NN

The man saw the dog



Bottom-up: Shift-Reduce

NP

V1
DT NN DT NN

The man saw the dog



Bottom-up: Shift-Reduce

NP

T

DT NN DT NN

JANVAN I VAWAN

The man saw the dog




Bottom-up: Shift-Reduce

NP VP
/\

DT NN DT NN

JANVAN I VANAN

The man saw the dog




Bottom-up: Shift-Reduce

S

/\
NP VP
PN

DT NN DT NN

JANVAN I VANAN

The man saw the dog




Shift-Reduce Example

Input: the man sleeps

14

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

14



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

14



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

14



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

14



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

14



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

14



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ A / 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

14



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ A / 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

14



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ A / 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

14



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ A / 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

14



S— NP VP
VP — Vi

Shift-Reduce Example P v
\ 2 / 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

14



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 =

14

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 =

14

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 =

14

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 =

14

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
\ 2B 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

14



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

14



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

14



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2B 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

14



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2B 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

—_—
N



S — NP VP
VP — Vi

Shift-Reduce Example P v
\ 2B 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]

—_—
N



Shift-Reduce

Input: G and X1 ... Xn Iltem form: [Qe, |]
asserts that a ="x; ... xjor

that a Xj+1 ... Xn =" X1 ... Xn

Axiom: [¢ O]

Goal: [Se,n] SHIFT [04‘7 J ]
[CV Lit1y] + 1]

Scan (shift)
asserts that a xj+1 =" X1 ... X Xj+1

o Be, j]
o B, j]

REDUCE B— 38R

Complete (reduce)
asserts that aB =" x4 ... X

15



Top-down: Predict-Scan
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NP VP



Top-down: Predict-Scan

S

NP VP

DT NN



Top-down: Predict-Scan

S

NP VP

DT NN

the



Top-down: Predict-Scan

S

NP VP

DT NN

the man



Top-down: Predict-Scan

S

NP VP

DT NN Vi

the man



Top-down: Predict-Scan

S

/\
NP VP

/\ /\
DT NN V]

/N /N N

the man sleeps




Top-Down Example

Input: the man sleeps

17

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

17

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

17

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

17



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

17



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

17



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

17



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

17



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

17



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

17



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

17



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

17



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

17



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

17



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

17



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 =

17

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

17



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

17



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]

17



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 —

17

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

17



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

17



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

17



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

17



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 =

@)

17

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]

17

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




Top-Down recognition

Input: G and x1 ... Xn Item form: [¢f3, ]
assertsthat s ="x1 ... x; 3

Axiom: [¢S 0]
Goal: [* n . 7 :
[®,N] SEAN ['xﬁ—.lﬁ ]]
Scan ['67] + 1]
assertsthat S =" x1 ... XjXj+1 3
A B, ]|
Predict PREDICT e d Ao aceR

assertsthat S ="x1 ... x,B 3

18



Bottom-Up for CNF: CKY

the man saw the dog
0 1 2 3 3 3

19



Bottom-Up for CNF: CKY

DT

the man saw the dog
0 1 2 3 3 3

19



Bottom-Up for CNF: CKY

DT NN

the man saw the dog
0 1 2 3 3 3

19



Bottom-Up for CNF: CKY

Vi

DT NN

/N /N

the man, = saw the dog
3 3 3

19



Bottom-Up for CNF: CKY

Vit
DT NN
/\ /N A
the man saw the dog

2 3 3

19



Bottom-Up for CNF: CKY

Vi

DT NN

/N /N A A

the man _ saw the dog
2 3 3

19




Bottom-Up for CNF: CKY

NP

/\ W

DT NN

/N /N A A

the man _ saw the dog
2 3 3

19




Bottom-Up for CNF: CKY

NP

DT NN

/N /N A A

the man _ saw the dog
2 3 3

19




Bottom-Up for CNF: CKY

NP VP

/\ PN
/\

DT NN

/N /N A A

the man _ saw the dog
2 3 3

19




Bottom-Up for CNF: CKY

/\ PN
/\

DT NN

/N /N A A

the man _ saw the dog
2 3 3

19




CKY - CNF only

Input: G and s=x1 ... xn Item form: [i, X, |]
asserts that X =" X1 ... X

Axioms: [, X, i+1] X2 X e &£

Goal: [0, S, n]

A klk B, g
Merge: g - I - J] C +ABcR
asserts that [Z’ C, 7 ]

Xit1 .o Xk Xkl oo Xj = Xig1 ... X

20



CKY Example

Input: the man saw the dog

21

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

21



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

21



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

21



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

21



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

21



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

21



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

21



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

21



S—NPVP Vi = sleeps

V= 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

21



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

21



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

21



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

21



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 /

21



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

21



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

21



Graphical view

Goal item

i Merges
ltems map to nodes E
Inferences map to edges T
- /\ .

oDT+ 1NN oVi3 3DT4 4NN5

Axioms | T T T T

the man saw the dog

22



Ambiguity

Some strings may have more than one derivation in G
S _

-~

- -~
-’ ~
- .
e s
N
- -
-~ s

-

e h
- ~ - .
- - - -
- s
. - T . :
- -~ - .
. - -

r r -~ S
| / - N
-~
- - ~
- -~ e g N
- ~ - ~

B the man
| | Vi NP Vit NP IN NP
- ~— . ) r . -~ -
AW Saw D|T NN with DT NN
| |

NP PP
the dog the telescope

the man

DT NN |5 NP
the dog with DT NN
| |

the telescope

23



D Parse Forest

NPz 2VPs
)\ E Multiple Inferences
-4,
oDT:  NN> et _
e but same item
[
he man b
Nia | " 5NPs 5PPs
3DT4 4NNs sNPs
saw T I X
the dog Mo DTr NN

[ N\

24 with  the telescope



oNP> 2VPs
/k S Multiple Inferences
K S
oDT+  NNo e T _
et L but same item
the man L 1y
Vis [P NT=7 e 5PPs
A A
3DT4 4NNs sNPs
saw T T X
the dog ¢ PTr NN

[ N\

24 with  the telescope



Parse Forest

Efficient representation of the whole space Tg(w)
* each and every possible tree yielding w

ltems (other than the goal) represent partial
derivations

* Including alternative ones

25



Dealing with Ambiguity

Statistical model: PCFG

* 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 e &2 and

27



Probabilistic CFG

Distribution over trees and their yields

PDS|NM(R71n — 747177,7 X? — yield(r'ﬂln”nv m)

m m
— H Or, = H Ov;— 8,
1=1 1=1

where r; corresponds to v; — 5;

28



Joint Distribution

093
Each inference gets a weight .
S—NP VP
.e. categorical parameter /\
Ox-p oNP> >VP3
of the underlying rule /Iﬁumm T .
oD T+ 1NN2 Vi3

/[ GDTathe IGNN—»man /[ 9Vi—>sleeps

the man sleeps

29



/IPS%NP "

Welghted rForest

oNP2

ONPLDT N}L

oDT+ 1NN2

eDT—vtheT I ONN-man

the man
oV1s
th—»saw
saw

/‘w - ONP-sNP PP
_’

2VPs

T@vpavp PP

VP—-Vt NP

2VPs

3sNPs 5PPs
ONPoDT N}L OpPpP_IN NP
3D T4 4NNs5 sNPs
SINEIR
eDT—vtheT I ONN-dog bt Ny\
5IN6 sDT7  7NNg

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

30 with  the telescope



/IPS—»NP VP
2VPs

oNP2
ONP-sDT N}k Tevpﬂvp PP
oDT+ 1NN2
eDT—»the,I\ ,l\ eNN—»man 2\/P5
the man P /Iw
o\V13 sNPs 5PPsg
T ONP-DT NN OpPpP_IN NP
th—»saw
3D T4 4NNs5 sNPs
Saw ONPLDT NN
eDT—»theT T ONN-dog /ﬁ\

5IN6 sDT7  7NNs

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

with  the telescope

the dog



Marginal Probability

P5|n(x71’“|n) = I(0Sn) = Z Hevi_)Bi

riteg(zy) =1



Marginal Probability

_et the goal item stand for the sentence. What's
its (marginal/inside) probability 1(0Ss)?

P5|n(x71’“|n) = 1(05n) = Z Hevi_)Bi

riteg(zy) =1



Marginal Probability

US.‘::

,A_- .
| 954N uP

,/
AT VF3
n
- /
= TVERNY rﬂ\ / JQ\'P WP P2
/
[
oDT;1 NN - /;f N\
— Bp_v ne \\
~\/ - /k\ ) N
eDT d?‘(’I Wef‘lh wmnan z JP»/‘ ///// 3 I\IF% \\\\
t}-le r]-la rl ,9////{ Q\/i:/f NP - Ie&f\p PF’\
At NP, — sPPs
Err-01 NN Epaan Mo
ew *Saw
DTs  <NNs sNPs

saw y & ..
eDT vl t—T T eNN sodng B NA
sINg

The dog sDT7 NNz

A
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Inside Weight

* Let us denote nodes/items by v, @,

ai,...,
v: 0

e 0isthe weight of the rule underlying the inference

a
» et us denote an edge/inference by =

 f(v)is the set of edges incoming to a node

e |.e. Inferences that prove the node

We call Inside weight the sum of weights of all derivations of a
certain node



lNsige recursion

1 if B(v) =10
I(v) = Z 6 x H I(a;) otherwise

a’la“:'éa”n GB('U) 1=1

(¥

For a PCFG, the inside of the GOAL node corresponds to the
marginal probability of the sentence

Psip(2fn) =I(0Sn) = Y [ 6u.—s

riteg(zl) =1



Maximum Probability

max PST|NM(x?7TT|n7m) = V(0Sn)
ri"€g(z7)



Maximum Probability

_et the goal item stand for the sentence. What's
the probability of best tree under it V(0Ss)?

max  Pepina(2t,ri|n,m) =V (oSy)
riv€g(z7)
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Viterpl
1 if B(v) =0
Imax(v) = max 0 x H I(a;) otherwise

For a PCFG, the inside algorithm computed with max instead
of sum corresponds to the probability of the best derivation of
the sentence

V(()Sn) — ImaX(OSn) — mIélga(Xn> PST|NM(x7117 TT|”7 m)



Many in One

The inside recursion Is very general

* |t includes other dynamic programs
* e.g. Viterbl

Semirings

* (Generalise sum and products



Semirings

Marginal (probability) Log-marginal (probability)

a®db=a+Db a @ b=log(expa+ expb)
a®@b=axb a®b=a+0b

1=1 1=0

0=0 0=—¢

Viterbi (max-probability) Log-viterbi (max-log-prob)

a @ b = max(a,b) a @® b = max(a,b)
a®b=axb a®b=a+0b
1=1 1=0

0=0 0= —



INside semiring

With generalised operations

1 if B(v) =10
I(v) = { 69 0 ® ®I(ai) otherwise

UogtneB(v) 0=l
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