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Function Application

()‘f<(e,t),(e,t)> -f()\£Ee-b00k<e,t> ($)))()\9<e,t> Aye-My) /\ T€d<e,t> (31))
H ()‘g(e,t)-)‘ye'g(y) /\ red<e,t>(31))(Afl3e-b00k<e,t>($))
H Aye.()\xe.b00k<ejt> /\ red<€¢>
i—> Ay€.book<e,t> /\ red<67t>



Function Composition
g<<e,t),(e,t)) = Ah<e,t>.)\me.h(w) /\ yellow(:1:)
f<<e,t>,<e’t)) = Ak<e,t).)\ye.k(y) /\ square(y)
Let A<e,t> be a (e, t)-typed logical expression
g((e,t),<e,t)>(A<e,t>) = (Ah<e,t>.)\xe.h(a§) /\ yellow(:v))(A<e,t)) =

(Ame.h(a:) /\ yellow(:1:))[h +—> A<e,t>] —-
Axe/1m” /\ yellow(:1:)

f((e,t),(e,t))(h((e,t),(e,t))(A(e,t))) =
(Ak<e,t>.)\ye.k(y) /\ square(y))()\xe.A<e,t> /\ yellow(x)) =
(Aye.k(y) /\ square(y))[k 1—) Axe/1m” /\ yellow(a:)] =
Aye.(/\a:e.A<e,t> /\ yellow(m))(y) /\ square(y)) =
Aye.(A(e,t) /\ yellow(:c))[a: I—) y] /\ square(y)) =
Aye.A<e,t) (y) /\ yellow(y) /\ square(y))

Add a new variable and mapping: Az<e,t).f<(e,t),(e,t>)(g(<e,t),<e,t)>(A(e,t)))[A i—> z] =
(Az<e,t)./\ye.A(e,t> (y) /\ yellow(y) /\ square(y)))[A +——> z] =
)‘Z(e,t)')‘y€'z(y) /\ WHOM?!) /\ Square(y)) = (f((e,t),(e,t)) 'g((e,t),(e,t)))((e,t),(e,t))
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Complex Conjunction with 
Composition

square blue or round yellow pillow

N/N N/N (N/N)\(N/N)/(N/N) N/N N/N N

�f.�x.f(x) ^ square(x) �f.�x.f(x) ^ blue(x) �h.�g.�f.�x.f(x) ^ (g(�y.true, x) _ f(�y.true, x)) �f.�x.f(x) ^ round(x) �f.�x.f(x) ^ yellow(x) �x.pillow(x)

>B >B
N/N N/N

�f.�x.f(x) ^ square(x) ^ blue(x) �f.�x.f(x) ^ round(x) ^ yellow(x)

>
(N/N)\(N/N)

�g.�f.�x.f(x) ^ (g(�y.true, x) _ (round(x) ^ yellow(x)))

<
N/N

�f.�x.f(x) ^ ((square(x) ^ blue(x)) _ (round(x) ^ yellow(x)))

>
N

�x.pillow(x) ^ ((square(x) ^ blue(x)) _ (round(x) ^ yellow(x)))
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Factored LeXIcon
S|N .- Amlflight

)flight - SiNP/(SINP) .- /\f.Aa:\f.l/flgzht') /\ f(x)
Original Flight-'F SINP\(S!NP) -' Mmmzh'm) /\ f(£v)
Lexicon ‘Woumtransp‘l- SINP : Aw.tmns($)

figmunransport f- SlNP/(SlNP) : Afojt‘tmnw) /\ f(a:)
ransport }- SINP\(S|NP) : Af.)\$:§§l§.rans) /\ f(:I:)

(flight, {flightD
(ground transport, {trans})

  

     

 

Factored
Lexicon  

 

  

Mu), #- SINP : Awrvl
‘ /\(w, l- S]NP/(S|NP) : Af.)\:v.v1(x) /\

/\(w, l- SINP\(S__JINP): /\f.A:c.v1 /\ *
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Structured Perceptron
0 Simple additive updates

- Only requires efficient decoding (argmax)

- Closely related to MaxEnt and other
feature rich models

- Provably finds linear separator in finite
updates, if one exists

0 Challenge: learning with hidden variables  



Structured Perceptron

Data: : z' —— 1 . . .n}
F C

or t —- 1 . . .T : MW" [iterate epochs]W
Forz' —— 1 . . .n: \ K [M [iterate examples]

[predict]
[check]

[update]

[Collins ZOOJ

y* <— arg maxy (6, @(wi,
Ify* 7”é yd:  



One Derivation of the Perceptron

Log-linear model: 19(yl513) —_ yZI€f(,y)wx.l——
y!

Step I: Differentiate, to maximize data log-likelihood

update —_ Z f($ia yz‘) — Ep(y|a:i)f($ia 3!)

Step 2: Use online, stochastic gradient updates, for example i:

——_ _

Step 3: Replace expectations with maxes (Viterbi approx.)

Updatez' —— “337:7?12') — f($z',y*) where 9* = arg myaxw ' “$17 y)



Hidden Variable Perceptron

Data: : z' —— 1. ..n}

\\*\§clil:‘~n\o\l<’3 [iterate epochs]

J\ [iterate examples]

y*, h* <— arg maxyfiw, ©(mi, h, [predict]
If y* 7E yi: [check]

h, <—- arg maxh<6, (13(131', h, [predict hidden]
9 <— 9 -l- @(JZZ', h], — (13($z',h*,y*) [update]

Fort——'1...T:

Forz'——1...n:

[Liang et al. 2006; Zettlemoyer and Collins 200_7

 



The Perceptron with Hidden Variables
\r‘Mf‘POM

Log-linear Z hllo _
model: P(yl$) = hp(y,h|a:) My» l3?) — Z

ew'f(mahay)

ew'f($ahlayl)y! ,h/

Step I: Differentiate marginal, to maximize data log-likelihood

update I Z Ep(h|yi,wi)lf($i7 h) 3%)] — Ep(y,h|a:i)lf($i7 h, y)l

Step 2: Use onzline, stochastic gradient updates, for example i:

Updatez' —— Ep(y7;,h|a:i)lf(wia h, 3%)] — Ep(y,h|a:7;)lf(xi7 h, 9)]
Step 3: Replace expectations with maxes (Viterbi approx.)

Updatez' —— “33¢, h], yi) — “1132', my 31*) Where

9*,” = argm‘faxw ' f($iah7y) and h’ —— argmhaxw - f(a:i,h,yi)y L 1

 



Hidden Variable Perceptron
O No known convergence guarantees

- Log-linear version is non-convex

0 Simple and easy to implement

- Works well with careful initialization

0 Modifications for semantic parsing

- Lots of different hidden information

- Can add a margin constraint, do
probabilistic version, etc.  



Learning Algorithm
Initialize 6 using A0 , A <— A0 0 Online
Fort——1...T,2'=1...n:

0 Input:

{(mfl/i.) 27L: 1.. .n}

0 2 steps:

Step 1: (Lexical generation)
Step 2: (Update parameters)

Output: Parameters (9 and lexicon A

- Lexical generation

- Parameter update  



MW; l S‘Hal I@clco»/l/ /‘ A e)

Initialize 6 using A0 ,A <— A0 I j T
b—fic cow 0

Fort——1...T,2'=1...n><zour :Mthf
E] L/Ibl‘let 0971'») k) 0 #
Step: (Lexical generation)

a. Set=0»figmENLEX1-,Vz-;A,0),
A eA UflGA 37€Hfl loxkofl

ml“ QM.
9” W.L t I' k 'k—scr' sAN GEN’V_eLh1hestomg pares from

v < GEN<§C1‘,";W >
c. Selectle'X'ica entries from the highest scor—

wibv ing valid parses:

Li 9 Uy\e,A,f4\I.rAxfii/;Y,-0)~_.5QLEX)
(1. Update lex1'con:r_~_<— A‘ U

flStepZ (Update parameters)
/ :

Output-Wflarametersenq(lex1conA’ L’A/flmgor
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Initialize 0 using A0 , A (— A0

Fort——1...T,2'= 1...n:

Step 1: (Lexical generation) W—J «army
Val‘ P") V.

Step 2: (Update parameters) / mi 3 /

a. Set G2. 4- MAXVz-(rh‘GENQi; A); a) 3004 new
anda‘ZB- <— {ele E GEN($¢;A) de [OWJPJ

b: Construct sets of margin violating go‘od and
K bad parses:

15%2'4—{9196Gi AEbEBZ'
S-t- (9"1’2'(9)— (1)1'(b)> < ’YAi(9ab)}

ADEZ' (— E /\ 39 E —‘__
S-t- <93@1'(9)‘<1>i(b)> < 7134971)»

c. Apply L‘f;Emiliaheaddi''
Zr

5 («07‘ Va/‘ot
paw»

$69M
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Output: Parameters (9 and lexicon A





 



Learning Algorithm: Step-by-
step



Unified Learning Algorithm

• Online

• Input:

• 2 steps:

- Lexical generation

- Parameter update

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

{(xi,Vi) : i = 1 . . . n}



Initialize parameters and 
lexicon

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

⇤0 initial lexicon



Iterate over data

T # iterations

n # samples

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤



Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤



Generate a large set of 
potential lexical entries

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

xi sentence

Vi validation function

GENLEX(xi,Vi;⇤, ✓)

lexical generation function



Generate a large set of 
potential lexical entries

Procedure to propose 
potential new lexical 
entries for a sentence

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

xi sentence

Vi validation function

GENLEX(xi,Vi;⇤, ✓)

lexical generation function



Generate a large set of 
potential lexical entries

V : Y ! {t, f}
Y all parses

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

xi sentence

Vi validation function

GENLEX(xi,Vi;⇤, ✓)

lexical generation function



Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

Get top parses
xi sentence

k beam size

GEN(xi;�) set of all parses



Get lexical entries from 
highest scoring valid 

parses

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

V validation function

LEX(y) set of lexical entries

�i(y) = �(xi, y)

MAXVi(Y ; ✓) = {y|y 2 Y ^ Vi(y)^
8y0 2 Y.Vi(y) =)

h✓,�i(y
0
)i  h✓,�i(y)i}



Update model’s lexicon

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

a. Set �G  GENLEX(xi,Vi;⇤, ✓),
� ⇤ [ �G

b. Let Y be the k highest scoring parses from

GEN(xi;�)

c. Select lexical entries from the highest scor-

ing valid parses:

�i  
S

y2MAXVi(Y ;✓) LEX(y)

d. Update lexicon: ⇤ ⇤ [ �i

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤



Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

a. Set Gi  MAXVi(GEN(xi;⇤); ✓)
and Bi  {e|e 2 GEN(xi;⇤) ^ ¬Vi(y)}

b. Construct sets of margin violating good and

bad parses:

Ri  {g|g 2 Gi ^ 9b 2 Bi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
Ei  {b|b 2 Bi ^ 9g 2 Gi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
c. Apply the additive update:

✓  ✓ + 1
|Ri|

P
r2Ri

�i(r)

� 1
|Ei|

P
e2Ei

�i(e)

Output: Parameters ✓ and lexicon ⇤



Re-parse and group all 
parses into ‘good’ and 

‘bad’ sets

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

a. Set Gi  MAXVi(GEN(xi;⇤); ✓)
and Bi  {e|e 2 GEN(xi;⇤) ^ ¬Vi(y)}

b. Construct sets of margin violating good and

bad parses:

Ri  {g|g 2 Gi ^ 9b 2 Bi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
Ei  {b|b 2 Bi ^ 9g 2 Gi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
c. Apply the additive update:

✓  ✓ + 1
|Ri|

P
r2Ri

�i(r)

� 1
|Ei|

P
e2Ei

�i(e)

Output: Parameters ✓ and lexicon ⇤

✓ weights

xi sentence

Vi validation function

GEN(xi;�) set of all parses

�i(y) = �(xi, y)

MAXVi(Y ; ✓) = {y|y 2 Y ^ Vi(y)^
8y0 2 Y.Vi(y) =)

h✓,�i(y
0
)i  h✓,�i(y)i}



For all pairs of ‘good’ 
and ‘bad’ parses, if their 

scores violate the 
margin, add each to 

‘right’ and ‘error’ sets 
respectively

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

a. Set Gi  MAXVi(GEN(xi;⇤); ✓)
and Bi  {e|e 2 GEN(xi;⇤) ^ ¬Vi(y)}

b. Construct sets of margin violating good and

bad parses:

Ri  {g|g 2 Gi ^ 9b 2 Bi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
Ei  {b|b 2 Bi ^ 9g 2 Gi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
c. Apply the additive update:

✓  ✓ + 1
|Ri|

P
r2Ri

�i(r)

� 1
|Ei|

P
e2Ei

�i(e)

Output: Parameters ✓ and lexicon ⇤

✓ weights

� margin

�i(y) = �(xi, y)

�i(y, y
0) = |�i(y)� �i(y

0)|1



Update towards 
violating ‘good’ parses 

and against violating ‘bad’ 
parses

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

a. Set Gi  MAXVi(GEN(xi;⇤); ✓)
and Bi  {e|e 2 GEN(xi;⇤) ^ ¬Vi(y)}

b. Construct sets of margin violating good and

bad parses:

Ri  {g|g 2 Gi ^ 9b 2 Bi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
Ei  {b|b 2 Bi ^ 9g 2 Gi

s.t. h✓,�i(g)��i(b)i < ��i(g, b)}
c. Apply the additive update:

✓  ✓ + 1
|Ri|

P
r2Ri

�i(r)

� 1
|Ei|

P
e2Ei

�i(e)

Output: Parameters ✓ and lexicon ⇤

✓ weights

�i(y) = �(xi, y)



Return grammar

Initialize ✓ using ⇤0 , ⇤ ⇤0

For t = 1 . . . T, i = 1 . . . n :

Step 1: (Lexical generation)

Step 2: (Update parameters)

Output: Parameters ✓ and lexicon ⇤

✓ weights

⇤ lexicon



Unified Learning Algorithm

• Two parts of the algorithm we still need to define

• Depend on the task and supervision signal

V validation function

GENLEX(x,V;�, ✓)
lexical generation function

VV
GENLEXGENLEXGENLEX


