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Open problems in machine translation

Machine translation of speech and informal text

Spanish

E- ella su ma- el marido de ella es de aqui gverdad?

English  H- her husb- her husband 1s from here, right?

MT

E-ma-she her husband she 1s here right?



Some open problems in machine translation

Machine translation of complex syntactic, semantic, and
morphological phenomena

German  Anna fehlt ihrem Kater
English Anna’s cat is missing her (Jones et al. 2012)
MT Anna is missing her cat

Dutch  omdat ik Cecilia Henk de nijlpaarden zag helpen voeren
English because I saw Cecilia help Henk feed the hippopotamuses
MT because I saw the hippos help implement Cecilia Henk

English the allocation of resources has completed

Russian pacnpepelieHe  pecypcoB 3aBEPIIICHO
Gloss NN+sgt+tnom-+neut NN+sg+gen+pl+masc VERB+perf+pass+part+neut+sg
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Syntax-based translation
[ oG oL Gisaweighted pushdown assembler (Aho and Ullman 1969)

S S
NP NP VP
watashi wa NP v Vv NP
N | | /"
hako wo akemasu open the box

watashi wa hako wo akemasu [ open the box
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Context-Free Parsing
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Context-Free Parsing

S
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/ SBAR VP14
PRP VBD PRP VB SBAR, 4

I saw her duck /fﬁ
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Context-free parsing

... 1s Intersection (Lang 1994)
Bar-Hillel et al., 1961

Given CFG ¢ and NFA D, L(G') = L(G) N L(D)
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Context-free parsing
... 1s Intersection (Lang 1994)

NN3z,4 — duck

NP24 — PRP%23 NN34
PRP>3 — her

PRPo1 — 1

PRP$,3; — her

S04 — PRPo1 VP14
SBARQA — PRPz,?, VB3,4
VBg,4 — duck

VP1,4 — VBDLz NP2,4 VBDLQ PRP273

VP14 — VBD125BARo4 pPRP, , PRP$5 3 / NN34

VBD1, — saw N\ '\7 \
I; saws hers ducks




Context-free parsing
... 1s translation (Satta 2005)

NN34 — duck

NP>,4 — PRP$23 NN34
PRP>3 — her

PRPp1 — 1

PRP%,3 — her

S04 — PRPo1 VP14
SBARQA — PRPz,?, VB3,4
VBg,4 — duck

VP14 —= VBD12 NP24
VP14 — VBDi125BAR24
VBDi, — saw

NNs3 4 — pato

NP> 4 — PRP$2,3 NN3 4
PRP>3 — su

PRPo1 — vo

PRP%, 3 — ella

S04 — PRPo1 VP14
SBAR2,4 — PRP2,3 VB3,4
VBs,4 — agacharse
VP14 —= VBD1o2 NP4
VP1,4 — VBDLz SBAR2,4
VBDi, — vi



Context-free parsing
... 1s translation (Satta 2005)

NN34 — duck NN34 — pato

NP24 — PRP$%23 NN34  NP24 — PRP%$23 NN3 4

PRP2,3 — her PRP2,3 —> SUu

PRPg; — I PRP,; — vo Yo viellaagacharse
PRP$, 3 — her PRP$, 3 — ella yo Vi su pato
S04 — PRPo1 VP14 S04 — PRPo1 VP14

SBARQA — PRPz,?, VB3,4 SBAR2,4 — PRP2,3 VB3,4

VB34 — duck VB34 — agacharse

VP14 — VBD12 NP24 VP14 — VBD12 NP> 4
VP14 — VBD1,SBAR>4s VP14 — VBD12SBAR>4
VBDLz — SaAW VBDLZ — V1



Context-free parsing
... 1s translation

+Wu (1997) ’
60 - °this work + I
40 - # |
20 A ++*.* ’
0 4 ' ' ’ u&ttt::nououo:noouno:uo |
10 20 30 40 50 60

Figure 3: Average synchronous parser run-time (in sec- K

onds) as a function of Arabic sentence length (in words).
R — ‘—‘—"__d

source: Dyer 2010
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Aho and Ullman 1969; Wu 1997
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Some problems

Natural language is not context-free.
Swiss-German, under string homomorphism: wa™b"zc™d™y

Intersect with wa*b*xzc*d*y (Shieber 1985)

None of these transformations preserve semantics.

Source: Anna fehlt threm Kater

MT: Anna is missing her cat ~ (Jones etal. 2012)
Reterence: Anna’s cat is missing her

It's (arguably) hard to make SCFG translation models efficient.

Chiang 2005; Huang & Chiang 2007; Venugopal et al. 2007; Petrov et al. 2008; Zhang &
Gildea 2008; Hopkins & Langmead 2009; Iglesias et al. 2009, 2011; Huang & Mi 2010;
Rush & Collins 2011; Gesmundo et al. 2012



Desiderata for a formal model of translation

[JLinguistically expressive.
[JExplicit preservation of semantics.

[]Efficient algorithms.

[) Existence of synchronous formalism.



Combinatory categorial grammar

Steedman, 2000.
The Syntactic Process

TAKING SCOPE

Ajdukiewicz, 1935. Die syntaktische konnexitit 1 oo
Paul thinks that John sleeps ‘
n  s/(n)n]  n/ls] n s/(n)
n s/(n)n] n/[s] S
n s/(n)n n

S. } Steedman, 2011.
ERe— Taking Scope
Bar-Hillel, 1953. A Quasi-Arithmetical Notation for

Syntactic Description
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NP :we’” S\NP/VP/NP : \x.\f.\y.helped fry NP : Hans’ VP/NP : Ax.paint’x NP : house’
> >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

forward application backward application
A/B:f B:g=A: fg B:g A\B: f=A: fg

we helped Hans paint the house

NP :we’” S\NP/VP/NP : Ax.Af.\y.helped' fxry NP : Hans’ VP/NP : Az.paint’x NP : house’
> >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

forward application backward application
A/B:f B:g=A: fg B:g A\B: f=A: fg

we helped Hans paint the house

NP :we’” S\NP/VP/NP : Ax.Af.\y.helped' fxry NP : Hans’ VP/NP : Az.paint’x NP : house’
> >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’
S\NP : \y.helped' (paint’house’) Hans'y

>

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

forward application backward application
A/B:f B:g=A: fg B:g A\B: f=A: fg

we helped Hans paint the house

NP : we’ S\NP/VP/NP : Ax.Af.\y.helped' fxry NP : Hans’ VP/NP : Azx.paint’x NP : house’
> >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’
SANP : \y.helped (paint’house’) Hans'y

>

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

forward application backward application
A/B:f B:g=A: fg B:g A\B: f=A: fg

we helped Hans paint the house

NP : we’ S\NP/VP/NP : Az Af.Ay.helped’ fxy NP : Hans' VP/NP: Ax.paint’z NP : house’
. S\NP/VP : Af.\y.helped' f Hans'y 7 VP : paint’ house’ 7
SANP : \y.helped (paint’house’) Hans'y
S : helped' (paint’ house’) Hans' we’

>

<

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

forward application backward application
A/B:f B:g=A: fg B:g A\B: f=A: fg

we helped Hans paint the house

NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
. S\NP/VP : Af.\y.helped' f Hans'y 7 VP : paint’ house’ 7
S\NP : \y.helped' (paint’house’) Hans'y
S : helped' (paint’ house’) Hans' we’

>

<

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’




Categorial grammar

CG is context-free (Bar-Hillel et al., 1964)

we helped Hans paint the house
NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
: > >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’

>

S\NP : \y.helped' (paint’house’) Hans'y
S : helped' (paint’ house’) Hans' we’

<

we = NP : we’
helped - S\NP/VP /NP : Ax. A f. \y.helped’ fry
Hans = NP : Hans'
paint = VP /NP : Az.paint’x
the house F NP : house’
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Categorial grammar

CG is context-free (Bar-Hillel et al., 1964)

helped

Hans paint

the house

NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
: >
S\NP/VP : Af.\y.helped' f Hans'y

>

VP : paint’ house’

S\NP : \y.helped' (paint’house’) Hans'y

>

we
helped
Hans
paint

the house

S : helped' (paint’ house’) Hans' we’

- NP : we' NP —
= S\NP/VP/NP : Ax. Af.\y.helped fxy S —
- NP : Hans' NP —
- VP /NP : Az.paint’x VP —
— NP : house’ NP —

<

we

NP helped NP VP
Hans

paint NP

house
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Categorial grammar

CG is context-free (Bar-Hillel et al., 1964)

helped

Hans paint

the house

NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
: >
S\NP/VP : Af.\y.helped' f Hans'y

>

VP : paint’ house’

S\NP : \y.helped' (paint’house’) Hans'y

>

we
helped
Hans
paint

the house

S : helped' (paint’ house’) Hans' we’

- NP : we' NP —
= S\NP/VP/NP : Ax. Af.\y.helped' fxy S —
- NP : Hans' NP —
- VP /NP : Az.paint’x VP —
— NP : house’ NP —

<

WAe/—\ A~ O\
NP helped NP VP

Hans
7

paint NP

house



Categorial grammar

CG is context-free (Bar-Hillel et al., 1964)

NS TN N

we helped Hans paint the house
NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
: > >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’

>
S\NP : \y.helped' (paint’house’) Hans'y

S : helped' (paint’ house’) Hans' we’

<

we = NP : we’ NP — we_ _——__
helped F S\NP/VP/NP : Ax.Af.\y.helped fry S— NP helped NP VP
Hans - NP : Hans’ NP —  Hans
paint - VP/NP : Ax.paint’x VP —  paint NP
the house — NP : house’ NP —  house




Categorial grammar

CG 1s context-free (Bar-Hillel et al., 1964)
it is also a projective dependency grammar (Hays, 1964; Gaifman, 1965)

NS TN N

we helped Hans paint the house
NP : we’ S\NP/VP/NP : Az AfAy.helped fxy NP : Hans' VP/NP:Azx.paint’z NP : house’
: > >
S\NP/VP : Af.\y.helped' f Hans'y VP : paint’ house’

>
S\NP : \y.helped' (paint’house’) Hans'y

S : helped' (paint’ house’) Hans' we’

<

we = NP : we’ NP — we_ _——__
helped F S\NP/VP/NP : Ax.Af.\y.helped fry S— NP helped NP VP
Hans - NP : Hans’ NP —  Hans
paint - VP/NP : Ax.paint’x VP —  paint NP
the house — NP : house’ NP —  house




Combinatory categorial grammar

mer em Hans es huus halfed aastriiche

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar

mer em Hans es huus halfed aastriiche
NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af. x. \y.helped fry VP\NP : Ax.paint’x

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar

mer em Hans es huus halfed aastriiche
NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : A\f. x. \y.helped fry NMP\NP : Ax.paint’x

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : A\f. x. \y.helped fry NMP\NP : Ax.paint’x

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : A\f. x. \y.helped fry NMP\NP : Ax.paint’x
>B><
S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af. x. \y.helped fry VP\NP : Ax.paint’x
>B><
S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af x. \y.helped fry VPANP : Ax.paint’x
>B><
S\NP\NPAXNP : Az.Ax.\y.helped’ (paint’ z)xy

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af. x. \y.helped fry VP\NP : Ax.paint’x
>B><
S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar
torward A/B: f B|1Ch...|nCh i Azp. Ax1.9(21, .0y T

composition
= A1 CY...Ch s Az Ay fg(aq, ...y xp)
(degree n)
mer em Hans es huus halfed aastriiche

NP : we’ NP :Hans" NP :house’ S\NP\NP/VP : AfAzx.\y.helped fxy VP\NP : Az.paint’z
. . . S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy e
S\NP\NP : Az.\y.helped (paint’ house’)zy
S\NP : \y.helped (paint’ house’)Hans'y )
S : helped' (paint’house’) Hans we’

<

<

mer F NP : we’
em Hans +~ NP : Hans’
es huus F NP : house’
hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
aastriiche = VP\NP : Az.paint’z




Combinatory categorial grammar

is mildly non-projective dependency grammar (Kuhlmann, 2013)

SN

mer em Hans es huus halfed aastriiche
NP : we’ NP :Hans" NP :house’ S\NP\NP/VP : AfAzx.\y.helped fxy VP\NP : Az.paint’z
. . . S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy e
S\NP\NP : Az.\y.helped (paint’ house’)zy
S\NP : \y.helped (paint’ house’)Hans'y )
S : helped' (paint’house’) Hans we’

<

<

mer —ND:we’ NP — we
em Hans + NP : Hans’ NP — em Hans
es huus F NP : house’ NP — es huus

hialfed - S\NP\NP/VP : Af. Az.\y.helped fxy s — Nm@pf)
aastriiche = VP\NP : Ax.paint’x VP® _, NP. aastriiche




Combinatory categorial grammar

is mildly non-projective dependency grammar (Kuhlmann, 2013)

ﬁ/\

em Hans es huus halfed aastriiche
NP - we' : Hans' NP house S\NP\NP /VP : A f.Ax.\y.helped fxy VPXNP : Ax.paint’x

S\NP\NPXNP : Az \x.A\y.helped (paint’ z)xy e
S\NP\NP : Az.\y.helped (paint’ house’)zy
S\NP : \y.helped (paint’ house’)Hans'y )
S : helped' (paint’house’) Hans we’

<

<

mer F NP : weé’ NP — we
em Hans + NP : Hans’ NP — em Hans
es huus + NP : house’ NP — es huus

hilfed + S\NP\NP/VP : Af. Az \y.helped fzy S — Nm@P(f)
aastriiche + VP\NP : Az.paint’z vP®@ _, Nmmichc




Combinatory categorial grammar

is mildly non-projective dependency grammar (Kuhlmann, 2013)

SN

mer em Hans es huus halfed aastriiche

NP : we’ NP :Hans" NP :house’ S\NP\NP/VP : AfAzx.\y.helped fxy VP\NP : Az.paint’z
. . . S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy e
S\NP\NP : Az.\y.helped (paint’ house’)zy
S\NP : \y.helped (paint’ house’)Hans'y )
S : helped' (paint’house’) Hans we’

<

<
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CCG 1s not context-free

- A
- 5\A4/C intersected with a*b"c® = a"b"c"
—S\A/C/S
-
a a a b b b c ¢ c

A A A 8\4/C/S S\AJC]S S\AJC T C C
S\A/CNA/CIS
S\A/C\A/C\A/C
S\A/C\A/C\A
S\AJC\A/C
S\A/C\A
SNA/C
S\A
S
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S & & & & & & & &

1:(bb,b) 2:(b,bb) 3: (ab,ba)

Grammar A
= S/R/(S/R) : Af. Ax.b(b(f(1(x))))
= S/(S/R) = Af.b(b(f(1)))
- S/R : Ax.b(b(1(x))
- S/R/(S/R) : Af Ax.b(f(2(x)))
= S/(S/R) : Af0(f(2))
- S/R: Ax.b(2(x))
= S/R/(S/R) : Af.Az.a(b(f(3(x))))
= S/(S/R) = Af.a(b(f(3)))

- S/R : Ax.a(b(3(x)))

&S E & & & &8 &g & &

Grammar B
- S/R/(S/R) : Af.Ax.b(f(1(x)))
= S/(S/R) : Af0(f(1))
- S/R: Ax.b(1(x))
= S/R/(S/R) : AMf.Ax.b(b(f(2(x))))
= S/(S/R) = Af-b(b(f(2)))
- S/R : Ax.b(b(2(x))
= S/R/(S/R) : AMf.Ax.b(a(f(3(x))))
= S/(S/R) = Af-b(a(f(3)))

(f
- S/R : Aa.b(a(3(2)))



S & & & & & & & &

I: (bb,b) 2: (b,bb) 3: (ab,ba)

Grammar A
= S/R/(S/R) : Af. Az b(b( f(E(x))))
= S/(S/R) - Af0(0(f (X))
- S/R : Ax:b(b(1(x))
- S/R/(S/R) : Af Ax.b(f(2(x)))
= S/(S/R) : Af0(f(2))
- S/R: Ax.b(2(x))
= S/R/(S/R) : Af.Az.a(b(f(3(x))))
= S/(S/R) = Af.a(b(f(3)))

- S/R : Ax.a(b(3(x)))

&S E & & & &8 &g & &

Grammar B
- S/R/(S/R) : Af.Ax.b(f(1(x)))
= S/(S/R) : Af0(f(1))
- S/R: Ax.b(1(x))
= S/R/(S/R) : AMf.Ax.b(b(f(2(x))))
= S/(S/R) = Af-b(b(f(2)))
- S/R : Ax.b(b(2(x))
= S/R/(S/R) : AMf.Ax.b(a(f(3(x))))
= S/(S/R) = Af-b(a(f(3)))

(f
- S/R : Aa.b(a(3(2)))



S & & & & & & & &

1:(bb,b) 2:(b,bb) 3: (ab,ba)

Grammar A
= S/R/(S/R) : Af. Ax.b(b(f(1(x))))
= S/(S/R) = Af.b(b(f(1)))
- S/R : Ax.b(b(1(x))
- S/R/(S/R) : Af Ax.b(f(2(x)))
= S/(S/R) : Af0(f(2))
- S/R: Ax.b(2(x))
= S/R/(S/R) : Af.Az.a(b(f(3(x))))
= S/(S/R) = Af.a(b(f(3)))

- S/R : Ax.a(b(3(x)))

&S E & & & &8 &g & &

Grammar B
- S/R/(S/R) : Af.Ax.b(f(1(x)))
= S/(S/R) : Af0(f(1))
- S/R: Ax.b(1(x))
= S/R/(S/R) : AMf.Ax.b(b(f(2(x))))
= S/(S/R) = Af-b(b(f(2)))
- S/R : Ax.b(b(2(x))
= S/R/(S/R) : AMf.Ax.b(a(f(3(x))))
= S/(S/R) = Af-b(a(f(3)))

(f
- S/R : Aa.b(a(3(2)))



S & & & & & & & &

1:(bb,b) 2:(b,bb) 3: (ab,ba)

Grammar A
= S/R/(S/R) : Af. Ax.b(b(f(1(x))))
= S/(S/R) = Af.b(b(f(1)))
- S/R : Ax.b(b(1(x))
- S/R/(S/R) : Af Ax.b(f(2(x)))
= S/(S/R) : Af0(f(2))
- S/R: Ax.b(2(x))
= S/R/(S/R) : Af.Az.a(b(f(3(x))))
= S/(S/R) = Af.a(b(f(3)))

- S/R : Ax.a(b(3(x)))

&S E & & & &8 &g & &

Grammar B
- S/R/(S/R) : Af.Ax.b(f(1(x)))
= S/(S/R) : Af0(f(1))
- S/R: Ax.b(1(x))
= S/R/(S/R) : AMf.Ax.b(b(f(2(x))))
= S/(S/R) = Af-b(b(f(2)))
- S/R : Ax.b(b(2(x))
= S/R/(S/R) : AMf.Ax.b(a(f(3(x))))
= S/(S/R) = Af-b(a(f(3)))

(f
- S/R : Aa.b(a(3(2)))

W \%Y%

S/R/(S/R) : S/R:
' )\f)\a{a(é(f/(Bga:)))) )\af.b/(Q(x)>)B
. S/R/(S/R) S/R :
| Af-Az.a(b(f(3(z)))) Az.a(b(b(2(3(3(2)))))) i
S/(S/R) : S/R : g
Af-b(b(f(1))) Az.a(b(a(b(b(2




S & & & & & & & &

1:(bb,b)

Grammar A
= S/R/(S/R) : Af. Ax.b(b(f(1(x))))
= S/(S/R) = Af.b(b(f(1)))
- S/R : Ax.b(b(1(x))
- S/R/(S/R) : Af Ax.b(f(2(x)))
= S/(S/R) : Af0(f(2))
- S/R: Ax.b(2(x))
= S/R/(S/R) : Af.Az.a(b(f(3(x))))
= S/(S/R) = Af.a(b(f(3)))

- S/R : Ax.a(b(3(x)))

w w

&S E & & & &8 &g & &

W

2:(b,bb) 3: (ab,ba)

Grammar B
- S/R/(S/R) : Af.Ax.b(f(1(x)))
= S/(S/R) : Af0(f(1))
- S/R: Ax.b(1(x))
= S/R/(S/R) : AMf.Ax.b(b(f(2(x))))
= S/(S/R) = Af-b(b(f(2)))
- S/R : Ax.b(b(2(x))
= S/R/(S/R) : AMf.Ax.b(a(f(3(x))))

= S/(S/R) : Af.b(a(f(3)))
- S/R : Aa.b(a(3(2)))

W

S/R/(S/R) : S/R :

: Af.Ax.abf3x )\aj.bZQ:B

: >

S/R/(S/R S/R

: )\é‘” )\/:c( aé f 3);13 )\:U.a/bb233x .

>
S/(S/R S/R :
<§Fb/bf% )\x.ab{zbeSSx

>B

S :

bbababb2331



S & & & & & & & &

1:(bb,b) 2:(b,bb) 3: (ab,ba)

Grammar A Grammar B
_ S/R/(S/R) LG DILCl DA F A b(f(1(2)))
- S/(S/R) : X p(f(1))
- S/R: . b(ﬂ Given two arbitrary CCGs, it ))A o
! gjfg//(g)/ RL is undecidable whether they | ‘(fb( ;(25))( JE@D)
- 5/R: xeb(f produce a pair of strings with |(2)))
~ S/R/(S/R) - . N Azb(a(f(3(2))))
- S/(S/R) : ) equivalent semantics. (a(£(3)))
- S/R : A\x. a(n ) F
T O
: i;‘}ié(géﬁgw )\:Ufz/bleZSSx B
S<}%/b};% )\x.asl;{ngéSSx
< >B

bbababb2331



Desiderata for a formal model of translation

[JLinguistically expressive.
[} Explicit preservation of semantics.

[ Efficient algorithms.

[J Existence of synchronous formalism.
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Desiderata for a formal model of translation

[ALinguistically expressive.
[A Explicit preservation of semantics.

[AEfficient algorithms.

[AExistence of synchronous formalism.

Synchronous Combinatory Categorial Grammar

® No rule restrictions (pure CCG).
® 1 - .
for rest of No higher 91jder argur.nen.t categories. |
this talk =~ ° No type-raising, substitution, or D combinator.
® Bound variables appear exactly once in a term.

Fine print



Synchronous CCG

we - NP : we’

- em Hans + NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
 the house = NP : house’
- hilfed = S\NP\NP/VP : \f.\x.\y.helped' fxy
- helped - S\NP/VP /NP : Az A f.\y.helped' fxy
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : \x.paint’x

. mer + NP:we’]
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Synchronous CCG

Both left and right projections are CCGs.

we - NP : we’

- em Hans + NP : Hans’
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- helped - S\NP/VP /NP : Az A f.\y.helped' fxy
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : \x.paint’x

. mer + NP:we’]




Synchronous CCG

- mer = NP : we' ]
we = NP : we' [somorphic up to ordering

em Hans = NP : Hans’ of bound variables...
Hans = NP : Hans’

es huus = NP : house’
 the house = NP : house’
 hilfed - S\NP\NP /VP :IXfiX@X\yhelped i
- helped - S\NP/VP /NP : Az A f. Ay.helped’ fxy
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : \x.paint’x



Synchronous CCG

- mer = NP : we' ]
we = NP : we' [somorphic up to ordering

em Hans = NP : Hans’ of bound variables...
Hans = NP : Hans’

es huus = NP : house’
 the house = NP : house’

 hilfed = S\NP\NP/VP : \f\x.\y.helped' fxy
 helped - S\NP/VP /NP : Az A f.\y.helped’ fxy

- aastriiche - VP\NP : X¢.paint’x

paint = VP/NP : Az

... hence isomorphic up to order
and directionality of arguments
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Synchronous CCG

1. Each string must be a permutation, in its projection, of a
shared set of lexical entries.

mer em Hans es huus h’cilfed aastriiche

\\"’~~

we helped Hans pa"int the“house




Synchronous CCG

S : helped (paint’house’) Hans we’

<
NP : we’ S\NP : Ay.helped' (paint’house’) Hans'y
<
NP : Hans' S\NP\NP : Az \y.helped (paint’ house’)xy
<
NP : house’ S\NP\NP\NP : Az.\z.\y.helped (paint’z)zy
>By
S\NP\NP /VP : Af Az Ay.helped' fxy VP\NP : Ax.paint’z
mer em Hans es huus hilfed aastriiche
we helped Hans paint the house

2. Each string must be derivable in its projection.



Synchronous CCG

3. There must be a pair of derivations with identical semantics.

S : helped' (paint’house’) Hans'we’

NP : we’ S\NP : Ay.helped' (paint’house’) Hans'y )
NP : Hans' S\NP\NP : )\aj.)\y.helped’(paint’hguse’):vy
NP : house’ S\NP\NP\NP : Az \z.\y.helped (paint’ z)xy )
S\NP\NP/VP : Af Az \y.helped fxy VP\NP : )\ZE.pCLi;tB/;Z
mer em Hans es huus hilfed aastriiche
we helped Hans paint the house
. S\NP/VP/NP : Ax.Af.\y.helped fxry NP : Hans' VP/NP : Ax.paint’x NP : house’
: S\NP/VP : Af.\y.helped' f Hans'y - VP : paint’ house’ -
NP : we’ S\NP : \y.helped (paint’house’) Hans'y -

S : helped' (paint’house’) Hans' we'



Synchronous CCG

S : helped (paint’house’) Hans we’

NP : we’ S\NP : Ay.helped' (paint’house’) Hans'y )
NP : Hans' S\NP\NP : Aa:.)\y.helped’(pamt’h;use’)xy
NP : house’ S\NP\NP\NP : Az.\z.\y.helped (paint’z)zy )
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Synchronous CCG

S : helped (paint’house’) Hans we’

NP : we’ S\NP : Ay.helped' (paint’house’) Hans'y )
NP : Hans' S\NP\NP : Aa:.)\y.helped’(pamt’h;use’)xy
NP : house’ S\NP\NP\NP : Az.\z.\y.helped (paint’z)zy )
S\NP\NP/VP )\f )\a: )\y helped’f:z:y VP\NP AT pazfzf’x
mer “eshuus  hilfed I mch

we | o Hans  opaint  thehouse |
 SNPPINP NN N eined Fon NP Hany .VP§P By pmf

: S\NP/VP : Af.\y.helped' f Hans'y - VP : pamt’house -

NP : we’ S\NP : \y.helped (paint’house’) Hans'y -

S : helped' (paint’house’) Hans' we'
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Set-theoretic view

halfed
S\NP\NP/VP
helped’

// : \
mer ¢m Hans aastriche
NP NP VP\NP
we!  Hans' _—  paint’

: : : es huus '

NP
house’

.
.
.
.
.
.
o ®
.

mer em Hans eshuus halfed aastriiche



Set-theoretic view

hilfed ’g
S\NP\NP/VP |

-

fmer em Hans
{ NP NP

fwe’  Hans'

mer em Hans

helped’ \

aastrichei

VP\NP }

_—  paint’ §

es huus ]
NP

CCG valency tree (Koller & Kuhlmann 2009)
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Set-theoretic view

[ mer - NP : we’
we F NP : we’

[ emHans + NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
| the house = NP : house’

[ hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy

| helped = S\NP/VP/NP : Az \f.\y.helped' fry

.o [ aastriiche = VP\NP : \z.paint'z
halfed I paint = VP/NP : \z.paint’z }

S\NP\NP/VP

helped’

-

mer ¢m Hans aastriche
NP NP § VP\NP
we!  Hans' _—  paint’
: : : es huus :
NP
house’

.
.
.
.
.
.
.
o ®
.
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Set-theoretic view

[ mer - NP : we’
we F NP : we’

[ emHans + NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
| the house NP : house’

[ hilfed - S\NP\NP/VP : Af.\z.\y.helped' fxy
| helped = S\NP/VP/NP : Az \f.\y.helped' fry

hilfed e L VN e | helped
S\NP\NP/VP ........................................... S\NP/VP/NP
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NP NP VP\NP NP NP VP/NP
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Set-theoretic view

halfed helped
S\NP\NP/VP ........................................... S\NP/VP/NP
helped’
e . .
mer em Hans aastriche we Hans  paint
NP NP VP\NP NP NP VP/NP
we’ Hans' ........... — paint’ wf?,/ ........... """"" Hans' paint’ T~
: : : e's. hU.US ............ panseeseee et the house
N = ST PUSURURPOS O UOUIRURRPOS IOURPRPIRRONS e, e, NP
house’ house’

.
.
.
.
.
.
o ®
.

mer em Hans eshuus hilfed aastriiche we helped Hans paint the house



SCCG recognition by intersection

® Given SCGG G and string pair u, v:

® Construct a CCG G} producing all and only the set
of valency trees of derivations of u.

® Project the lexical categories of G; through the
synchronous lexicon to obtain CCG §F.

® Parse v with G’,.



SCCG recognition by intersection

® Given SCGG G and strmg pair u, v:

» Constructa CCG g T producmg all and only the set
’. of valency trees of derivations of u. |

® Pro]ect the 1ex1ca1 categories of Q I through the
synchronous lexicon to obtain CCG §F.

® Parse v with G’,.
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Mark Steedman steedman@inf.ed.ac.uk via cs.jhu.e 12/13/12
to alopez |~

Hi, Adam

> is there a constructive proof that CCG is closed under intersection
> with regular languages?

| don't know of one. Its easy to show (as informally in my 2000

book) that for every CCG there is a weakly equivalent LIG. However,
it's not so easy to show the reverse, and it isn't entirely clear

whether that is actually the case. So | guess it doesn't follow from
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Bar-Hillel construction for CCG?

Mark Steedman steedman@inf.ed.ac.uk via cs.jhu.e 12/13/12
to alopez ~

Hi, Adam

> is there a constructive proof that CCG is closed under intersection
> with regular languages?

| don't know of one. Its easy to show (as informally in my 2000
book) that for every CCG there is a weakly equivalent LIG. However,
it's not so easy to show the reverse, and it isn't entirely clear

whether that is actually the case. So | guess it doesn't follow from




Easier: CCG intersected with finite language

® Represent finite language with an acyclic NFA.

® Can represent exponentially many strings, as in speech
recognizer output or segmentation/tokenization
lattices.



mer em Hans
NP NP
we' Hans'

o mer ; em Hans ;3

Intuitions

halted
S\NP\NP/VP
helped’

es huus 5

\

aastriche
VP\NP
/ paint’
es huus
NP
house’

h'ailféd 6 aastriiche 7
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Intuitions

halfed
S(0,7)\NP0,1)\NP 1 3)/VP
helped'
em Hans aastriche
N P(o,1> NP (1,3) VPANP (5 5)
we’ Hans' / paint’

es huus
NP (35)
house’

o mer ; emHans 3 eshuus 5 hilfed ¢ aastriiche -



halfed

Intuitions

S(0,7)\NP0,1)\NP(1.3)/VP 6 7)\NP(35.6.7)

/ -~
mer em Hans
NPo1  NPags)
we' Hans'

o mer ; em Hans ;3

helped’

es huus 5

\
aastriche
VP 6.7)\nP(3,5,6,7) \NP (3 5)
paint’
/
es huus
NP (35)
house’

h'eilféd 6 aastriiche 7



Compositional behavior of categories

S\NP\NP/VP

Sa

NP—NP—VP



Compositional behavior of categories

S\NP\NP/VP VP\NP = S\NP\NP\NP

Sq s NP

NP—NP—VP> /////;;\\\\\




Compositional behavior of categories

mer em Hans es huus hilfed aastriiche
NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af x. \y.helped fry VP\NP : Ax.paint’x
: : : >B,
S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy
<

S\NP\NP : Az.\y.helped (paint’ house’)zy
<
S\NP : \y.helped (paint’ house’)Hans'y
S : helped' (paint’house’) Hans we’

<




Compositional behavior of categories

mer em Hans es huus hilfed aastriiche
NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af x. \y.helped fry NMP\NP : Ax.paint’x
: : : >B,
S\NP\NP\NP : Az.Azx.\y.helped’ (paint’ z)xy
<

S\NP\NP : Az.\y.helped (paint’ house’)zy
<
S\NP : \y.helped (paint’ house’)Hans'y
S : helped' (paint’house’) Hans we’

<

VP (6.7)



Compositional behavior of categories

mer em Hans es huus hilfed aastriiche
NP :we’ NP : Hans" NP : house’ S\NP\NP/VP : Af x. \y.helped fry NMP\NP : Ax.paint’x
: : : >B,
S\NP\NPAXNP : Az.Ax.\y.helped’ (paint’ z)xy
<

S\NP\NP : Az.\y.helped (paint’ house’)zy
<
S\NP : \y.helped (paint’ house’)Hans'y
S : helped' (paint’house’) Hans we’

<

VP 6 7)\NP



Compositional behavior of categories

mer em Hans es huus halfed aastriiche
NP :we’ NP :Hans" NP : house’ S\NP\NP/VP : AfA\x.\y.helped' fxy NMP\NP : A\x.paint’z
. . . S\NP\NPAXNP : Az.Ax.\y.helped’ (paint’ z)xy e
S\NP\NP : Az.\y.helped (paint’ house’)zy
S\NP : \y.helped (paint’ house’)Hans'y )
S : helped' (paint’house’) Hans we’

<

<

VP (6 7)\NP(3,5,6,7)



Yield of a CCG category

,."II ])I l’ p I J (1 Jl ql jll

Summary: (iaj)a(ila (p7 Q)aj/)ﬁ(i”7 (plv q/)vj//)



Construction

For all sequences of
states s.t. that there is a

path in DFA that visits
in this order:

-1/ / -/

A I & 5k g

-/ 5 /

and all sequences of up to n arguments «, 3, Y....

and all categories A

-/

A ali’, (p,q), 786", (0 ), 5") isa category in G,




Construction

It wkA/B isin
and t € §(s, w)

Then

w =A@ pa, (v,9),7)86", @ ), 5")]
B, (i, s)eld, (p,0,), 7)8G", 0, d'), 5"

1S1n G;



Construction

It wkA/B isin
and t € §(s, w)

Then

w =A@ pa, (v,9),7)86", @ ), 5")]
B, (i, s)eld, (p,0,), 7)8G", 0, d'), 5"

1S1n G; ...and spans (s, ?)



Recognition Again

halfed

S(0,7)\NP0,1)\NP(1.3)/VP 6 7)\NP(35.6.7)

/ -~
mer em Hans
NPo1  NPags)
we' Hans'

o mer ; em Hans ;3

helped’

es huus 5

\
aastriche
VP 6.7)\nP(3,5,6,7) \NP (3 5)
paint’
/
es huus
NP (35)
house’

h'eilféd 6 aastriiche 7



Recognition Again

halfed
S(0,7)\NP(0.1)\NP 1 3)/VP 6 7)\NP(3,5.6,7)
helped’
1
G' produces only — =
mer em Hans aastriche
strings with this  NPe1y  NPag VP (6,7)\NP(3,5,6,7) \NP(35)
we' Hans' paint’
valency tree -~
es huus
NP<375)

house’

o mer ; emHans 3 eshuus 5 hilfed ¢ aastriiche -

mer = NP1y : we’
em Hans = NP(; 3) : Hans’
es huus = NP3 5 : house’
hilfed 5(0,7)\NP(0’1)\NP(1,3)/VP(677)\NP(3,5,6,7) X )\f)\x)\yhelped’fxy
aastriiche VP(6,7)\NP’(3,5)\NP(375) : Ax.paint’x




mer
em Hans
es huus

halfed
aastriiche

Recognition Again

[ mer - NP : we’
we - NP : we’

[ em Hans - NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
| the house = NP : house'
- hilfed - S\NP\NP/VP : A f.\x.\y.helped fxy
- helped = S\NP/VP/NP : Az A f.\y.helped' fxy
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : Ax.paint’x

— N 3(071) : ’UJG,
— NP1 3y : Hans'

~ NP3 5y : house’
= 500,7)\NP0,1)\NP1.3)/VP 6 7)\NP(3,5,6,7) : M- Ax.Ay.helped' fxy

— VP(6,7)\NP’(3,5)\NP(375) : )\az.paint’a}



mer
em Hans
es huus

halfed
aastriiche

Recognition Again

we F NP : we’

[ em Hans - NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
the house - NP : house’

" hilfed HS\NPRNP VP : )\ £z \y.helped' fry
' helped H S\NP /VP-: Ax A f. )y helped' fay
- aastriiche = VP\NP : \z.paint’x

paint = VP/NP : Ax.paint’x

[ mer + NP:we’]

— N 3(0,1) : we’
— NP1 3y : Hans'

~ NP3 5y : house’
a S(O,?)\NP(O,l)_/VP(6,7)\NP(3,5,6,7) . )\f)\a:‘)\yhelped’fazy

— VP(6’7)\NP7(3’5)\NP(3’5) : )\:U.pamt’ac



we

Hans

the house
helped

paint

Recognition Again

[ mer - NP : we’
we - NP : we’

[ em Hans - NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
| the house = NP : house'
- hilfed - S\NP\NP/VP : A f.\x.\y.helped fxy
- helped = S\NP/VP/NP : Az A f.\y.helped' fxy
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : Ax.paint’x

- N 3(0,1) . we’

— NP1 3y : Hans'

— NP (35 : house’

= 500,7)\NP0.1)/VP6.7)\NP(3,5,6,7)/NP(1,3) : Az Af. Ay.helped fry

— VP(6,7>\NP’(375)/NP(375) : )\:c.paint’z



Recognition Again

[ mer - NP : we’
- we b NP : we’

[ em Hans - NP : Hans’
Hans - NP : Hans’

es huus = NP : house’
| the house = NP : house'
" hilfed HS\NPRNP VP : )\ £z \y.helped' fry
' helped H S\NP /VP-: Ax A f. )y helped' fay
- aastriiche = VP\NP : \z.paint’x
paint = VP/NP : Ax.paint’x

we - N D(O,l) : we’
Hans = NP4 3y : Hans'
the house = NP 3 5) : house’

helped - 5(0,7)\NP(o,l)/VP(6,7)\NP(3,5,6,7-) : Ax Ay helped' fxy
paint - VP(6’7)\NP7(375)/NP(375) : \x.paint’x




Recognition again

® Given SCGG G and string pair u, v:

® Construct a CCG G} producing all and only the set
of valency trees of derivations of u.

® Project the nodes of the valency trees through the
synchronous lexicon to obtain CCG Gf,.

® Parse v with G’,.



Why not arbitrary regular languages?

(abb)*

intersected with

a = S\S b FX/X
a -S/X b X




Why not arbitrary regular languages?

O ®
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2 b b a b b a b b
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2 b b 4 b b a4 b b
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Why not arbitrary regular languages?

. O Q
Yield of valency tree OO OO0
rooted at leftmost a
a b b a b b a b b
S/X X/X I I
(abb)* S/X © X/X ; .
>B —— . : :
S/X S\S : : :
intersected with / <|§X S
S/X  X/X .
S/X 0 XX -
a - S\S b FX/X S’x P Ss .o
a -S/X b X Sx XX
S/X 0 X
<Bx




CCG and graph grammars

If bound variables appear more than once (Clark et al. 2002) ...

The  company that Marks wants to buy
NPe/Nei  Ne  (NPANP)/(S2/NPi) NP . (Su\NPe1) [(S2ANP) (SANPe1)/(S,2\NPe) (Sy\NPy) /NP,
NP, Sx/(S\NP) (Sy\NP)/NP .
(S, \NP)/NP g
>B
S, /NP
>
NP, \NP,
NP, <
2
2 2

...Result is a
dependency The company that Marks Wants

graph: \/ \/ w



Open problems

® Higher-order categories: from Kuhlmann et al. 2010
® [ype-raising: reverses a dependency edge.

® Substitution and the D combinator (Hoyt & Baldridge
2008) may permit Bar-Hillel-style construction.

® Non-pure CCG.

® Normal form yield expressions.

® CCG as LCFERS.
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KIV" <
Wi F /
|~

... And remember your

intersection constructions!

Yehoshua Bar-Hillel



