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Open problems in machine translation

 Spanish E- ella su ma- el marido de ella es de aquí ¿verdad?
 English H- her husb- her husband is from here, right?
 MT    E-ma-she her husband she is here right?

Machine translation of speech and informal text

 Spanish yo la kiero ver pork me encanta Yonghwa jijiji
 English I want to see it because I love Yonghwa hehehe
 MT   I love pork kiero see Yonghwa jijiji



Some open problems in machine translation

 English the allocation of  resources has completed
 Russian распределение   ресурсов      завершено

Gloss  NN+sg+nom+neut NN+sg+gen+pl+masc VERB+perf+pass+part+neut+sg

Machine translation of complex syntactic, semantic, and 
morphological phenomena

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



Machine Translation = Automata Theory +
                             Probability +

                         Linguistics

Kevin Knight



Phrase-based translation
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S

NP VP

NP Vwatashi  wa

akemasuhako  wo

S

NP VP

V NPI

open the  box

watashi  wa  hako  wo  akemasu I  open  the  box

G is a weighted pushdown assembler (Aho and Ullman 1969)I ◦ G ◦ L
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source: Dyer 2010
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... is translation
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Some problems

None of these transformations preserve semantics.

(Jones et al. 2012)

Source: Anna fehlt ihrem Kater
MT: Anna is missing her cat

Reference: 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

Natural language is not context-free.
wambnxcmdny

wa∗b∗xc∗d∗y

Swiss-German, under string homomorphism:
Intersect with (Shieber 1985)



Desiderata for a formal model of translation

Linguistically expressive.

Explicit preservation of semantics.

Efficient algorithms.

Existence of synchronous formalism.



Combinatory categorial grammar

Ajdukiewicz, 1935. Die syntaktische konnexität

53 A QUASI-ARITHMETICAL NOTATION 

within Poor John sleeps with respect to this derivation, but John sleeps is not 
connex within Poor John sleeps with respect to this derivation. 

We now define 'ml is connex within mnl as short for 'ml is connex within m2 
with respect to all proper derivations of ms', and 'ml is thoroughly connex' as 
short for 'ml is connex within all mi of which it is a (proper or improper) part'. 

Clearly, not every connex string has to be also thoroughly connex. In English, 
John sleeps is connex but not thoroughly connex since it is not connex within 
Poor John sleeps. That a language should exhibit this character may be deplored, 
since it introduces complications into its description and into the analyses car- 
ried out on the basis of such a description. We shall take up this point again at  a 
later stage. 

The complications mentioned are not such as to cause, by necessity, any 
major ambiguities. The knowledge that a string is thoroughly connex would 
indeed dispense with the task of testing whether this string is connex within some 
given context. That this knowledge is not at  our disposal might necessitate 
more complex checking procedures, but the outcome of these procedures can 
still be unique. Knowing that John sleeps, though connex, is not thoroughly 
connex, we might be interested in finding out whether it is connex within Paul 
thinks that John sleeps, or a t  least whether it is connex within this larger string 
with respect to some of its proper derivations. This last question can indeed be 
answered in the affirmative by exhibiting the following proper derivation: 

Paul thinks that John sleeps 

(14) 

The relevant subderivation is framed. But is John sleeps also connex with re- 
spect to all other proper derivations of Paul thinks that John sleeps? The deriva- 
tion given above is the only proper one with (14) as the original index-sequence. 
But (14) is only one out of many other possible original sequences. Thinks may 
also have at  least the indexes s/(n) and s/(n)[s] (as in Paul thinks and Paul 
thinks John is sleeping, waiving possible sophistications) and that also has the 
indexes n and n/[n] (as in Paul believes that and Paul likes that girl). Disregarding 
other possible indexes, we have therefore before us at  least nine original index- 
sequences for the given string, which we might arrange in the following way: 

Paul thinks that John sleeps 

By systematic testing we can find that only one other original index-sequence 

Bar-Hillel, 1953. A Quasi-Arithmetical Notation for 
Syntactic Description

Steedman, 2000. 
The Syntactic Process

Steedman, 2011. 
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�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



primary premise

Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



secondary premise

Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
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x

�

mer � NP : we
�
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�
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�
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�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y
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S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

forward application backward application
B : g A\B : f ⇒ A : fgA/B : f B : g ⇒ A : fg



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

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



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

NP→ we

S→ NP helped NP VP

NP→ Hans

VP→ paint NP

NP→ house

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



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

NP→ we

S→ NP helped NP VP

NP→ Hans

VP→ paint NP

NP→ house

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



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

NP→ we

S→ NP helped NP VP

NP→ Hans

VP→ paint NP

NP→ house

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



Categorial grammar

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

NP→ we

S→ NP helped NP VP

NP→ Hans

VP→ paint NP

NP→ house

it is also a projective dependency grammar (Hays, 1964; Gaifman, 1965)

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



mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

Combinatory categorial grammar

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x



mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
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�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
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CCG is not context-free
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{NP, S, VP}

a � A
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4 Mildly Context-Sensitive Languages

Combinatory categorial grammar can generate mildly context-sensitive languages. It is sufficient to include
composition rules. Here’s an example that generates the context-sensitive language {anbncn : n ≥ 1} using
cross-composition:

a := A

b := S\A/C

b := S\A/C/S

c := C

a a a b b b c c c

A A A S\A/C/S S\A/C/S S\A/C C C C
: : : >B : : : :
: : : S\A/C\A/C/S : : : :
: : : >B : : :
: : : S\A/C\A/C\A/C : : :
: : : > : :
: : : S\A/C\A/C\A : :
: : < : :
: : S\A/C\A/C : :
: : > :
: : S\A/C\A :
: < :
: S\A/C :
: >
: S\A

<
S

The idea here is that the category S\A/C/S can wrap arguments around an adjacent secondary category
with target S, simulating adjunction onto a node dominating the foot note in a tree-adjoining grammar. I
haven’t figured out if there’s a way to do this without cross-composition (the dependencies come out slighly
differently than in the TAG example). There’s a construction from TAG in David Weir’s thesis.

Note that if the rule schema is restricted to a finite number of classes (i.e. if there is a fixed, finite rule
grammar as in some practical implementations) then the CCG is context-free (Fowler & Penn).
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Post correspondence problem
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w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
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1



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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

Grammar A Grammar B



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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

Grammar A Grammar B



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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

Grammar A Grammar B



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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

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

w � S/R/(S/R) : λf.λx.b(b(f(1(x))))
w � S/(S/R) : λf.b(b(f(1)))
w � S/R : λx.b(b(1(x)))
w � S/R/(S/R) : λf.λx.b(f(2(x)))
w � S/(S/R) : λf.b(f(2))
w � S/R : λx.b(2(x))
w � S/R/(S/R) : λf.λx.a(b(f(3(x))))
w � S/(S/R) : λf.a(b(f(3)))
w � S/R : λx.a(b(3(x)))

w � S/R/(S/R) : λf.λx.b(f(1(x)))
w � S/(S/R) : λf.b(f(1))
w � S/R : λx.b(1(x))
w � S/R/(S/R) : λf.λx.b(b(f(2(x))))
w � S/(S/R) : λf.b(b(f(2)))
w � S/R : λx.b(b(2(x)))
w � S/R/(S/R) : λf.λx.b(a(f(3(x))))
w � S/(S/R) : λf.b(a(f(3)))
w � S/R : λx.b(a(3(x)))

1

Grammar A Grammar B

w w w w
: :

: : S/R/(S/R) :
λf.λx.a(b(f(3(x))))

S/R :
λx.b(2(x))

: >B

: S/R/(S/R) :
λf.λx.a(b(f(3(x))))

S/R :
λx.a(b(b(2(3(3(x))))))

>B
S/(S/R) :
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Given two arbitrary CCGs, it 
is undecidable whether they 

produce a pair of strings with 
equivalent semantics.
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Existence of synchronous formalism.
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✔
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✔
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Synchronous

Fine print 
for rest of 
this talk

•No rule restrictions (pure CCG).
•No higher-order argument categories.
•No type-raising, substitution, or D combinator.
•Bound variables appear exactly once in a term.



Synchronous CCG
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hälfed � S\NP\NP/VP : λf.λx.λy.helped
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�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�

Both left and right projections are CCGs.



Isomorphic up to ordering 
of bound variables...

Synchronous CCG

{we, helped, Hans, paint, the house}

{NP, S, VP}

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�



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

Isomorphic up to ordering 
of bound variables...

Synchronous CCG

{we, helped, Hans, paint, the house}

{NP, S, VP}

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�



Synchronous CCG

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�



Synchronous CCG

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

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



Synchronous CCG

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�

2. Each string must be derivable in its projection.



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

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�



Synchronous CCG

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�



Synchronous CCG

S : helped
�(paint

�
house

�)Hans
�
we

�
<

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
: NP : Hans

� S\NP\NP : λx.λy.helped
�(paint

�
house

�)xy
: <
: : NP : house

� S\NP\NP\NP : λz.λx.λy.helped
�(paint

�
z)xy

: : >B×
: : : S\NP\NP/VP : λf.λx.λy.helped

�
fxy VP\NP : λx.paint

�
x

: : :
mer em Hans es huus hälfed aastriiche

NP : we
� NP : Hans

� NP : house
� S\NP\NP/VP : λx.λf.λy.helped

�(fy)x VP\NP : λx.paint
�
x

we helped Hans paint the house
:
: S\NP/VP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
>

NP : we
� S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

NP : we
� S\NP/NP/NP : λx.λf.λy.helped

�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
No isomorphic binary-branching derivation process



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

CCG valency tree (Koller & Kuhlmann 2009)



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

{we, helped, Hans, paint, the house}

{NP, S, VP}

�
mer � NP : we

�

we � NP : we
�

�

�
em Hans � NP : Hans

�

Hans � NP : Hans
�

�

�
es huus � NP : house

�

the house � NP : house
�

�

�
hälfed � S\NP\NP/VP : λf.λx.λy.helped

�
fxy

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

�

�
aastriiche � VP\NP : λx.paint

�
x

paint � VP/NP : λx.paint
�
x

�

mer � NP : we
�

em Hans � NP : Hans
�

es huus � NP : house
�

hälfed � S\NP\NP/VP : λf.λx.λy.helped
�
fxy

aastriiche � VP\NP : λx.paint
�
x

we � NP : we
�

helped � S\NP/VP/NP : λx.λf.λy.helped
�
fxy

Hans � NP : Hans
�

paint � VP/NP : λx.paint
�
x

the house � NP : house
�



Set-theoretic view

mer em Hans es huus hälfed aastriiche

mer
NP
we

�

em Hans
NP

Hans
�

es huus
NP

house
�

hälfed
S\NP\NP/VP

helped
�

aastriche
VP\NP
paint

�

we helped Hans paint the house

we
NP
we

�

helped
S\NP/VP/NP

helped
�

Hans
NP

Hans
�

paint
VP/NP
paint

�

the house
NP

house
�

mer em Hans es huus hälfed aastriiche
NP : we

� NP : Hans
� NP : house

� S\NP\NP/VP : λf.λx.λy.helped
�
fxy VP\NP : λx.paint

�
x

: : : >B×
: : : S\NP\NP\NP : λz.λx.λy.helped

�(paint
�
z)xy

: : <
: : S\NP\NP : λx.λy.helped

�(paint
�
house

�)xy
: <
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

we helped Hans paint the house
NP : we

� S\NP/VP/NP : λx.λf.λy.helped
�
fxy NP : Hans

� VP/NP : λx.paint
�
x NP : house

�
: > >
: S\NP/VP : λf.λy.helped

�
fHans

�
y VP : paint

�
house

�
: >
: S\NP : λy.helped

�(paint
�
house

�)Hans
�
y

<
S : helped

�(paint
�
house

�)Hans
�
we

�

{we, helped, Hans, paint, the house}

{NP, S, VP}

�
mer � NP : we
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SCCG recognition by intersection

•Given SCGG      and string pair u, v:

• Construct a CCG        producing all and only the set 
of valency trees of derivations of u.

• Project the lexical categories of       through the 
synchronous lexicon to obtain CCG       .

• Parse v with       .
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Bar-Hillel construction for CCG?



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.
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The following lemma expresses a useful property of valency trees and cate-
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Lemma 1. If categoryA|1B1...|nBn appears in derivation d andA is atomic, then
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tree by substituting one subtree into the frontier of another. For example, when
S\NP\NP/VP combines with VP\NP, a corresponding valency subtree is built.
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Yield of a CCG category
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Recognition Again
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paint
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NP→ we
NP→ em Hans
NP→ es huus

S→ NP NP VP(2)
1 hälfed VP(2)

2

VP(2) → NP, aastriiche

The following lemma expresses a useful property of valency trees and cate-
gories.

Lemma 1. If categoryA|1B1...|nBn appears in derivation d andA is atomic, then
V (d)must contain a subtree rooted at some lexical entry with targetA, which itself
contains a subtree rooted at some lexical entry with target Bi, for each 1 ≤ i ≤ n.

Proof. IfA|1B1...|nBn is a lexical category in d, Lemma 1 holds by definition. By
induction, it holds on the conclusion of a rule if in both premises.

Lemma 1 implies that we can view each derivation step as building up a valency
tree by substituting one subtree into the frontier of another. For example, when
S\NP\NP/VP combines with VP\NP, a corresponding valency subtree is built.

3
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Recognition again

•Given SCGG      and string pair u, v:

• Construct a CCG        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       .

• Parse v with       .

G�
L

G�
R

G�
R

G



Why not arbitrary regular languages?

3.1 Preservation of Strong Structure

This informal example is directly inspired by the
construction of Bar-Hillel et al. (1961). Each
atomic category of the grammar consists of a non-
terminal of G1 paired with a tuple of paired indices
representing a sequence of spans in the input sen-
tence. Specifically, the target category of each lex-
ical entry is associated with the set of spans that
the lexical entry dominates in a dependency anal-
ysis of the string.
Koller and Kuhlmann (2009) observe that we

can define a surface dependency analysis of a CCG
parse in terms of CCG valency trees, which can
be viewed as implicit derivation trees. A valency
tree V(d) of a derivation d is an ordered tree with
one node for each lexical entry appearing in d.
A node representing a lexical entry with an n-
ary category has n children, one for each argu-
ment. Each child is the lexical entry whose target
category satisfied the corresponding argument of
its parent category. The valency tree language
LV(G) = {V(d)|d ∈ ∆(G)} of a grammar is
the set of valency trees that the grammar can pro-
duce. Due to the transparent syntax-semantics in-
terface of CCG, a valency tree is all we require
to reconstruct a semantic representation (Koller
and Kuhlmann, 2009). Every derivation step con-
structs exactly one parent-child edge in the corre-
sponding valency tree. For example, in the deriva-
tion of Figure 1, when the NP assigned to es huus
satisfies the \NP argument of VP\NP assigned to
aastriiche, we draw the edge from aastriiche to es
huus, and this composition must always yield the
semantic representation paint�house�.
This view of CCG parses motivates a specific

definition of structure preservation. Specifically,
we will require that valency trees of a grammar be
identical to those of the grammar whose structure
we expect to preserve. It is therefore insufficient
Formally, we say that CCG G� preserves the

strong structure of CCG G on language L if and
only if there is a mapping h from categories in G�

to categories in G such that two conditions hold.

• For every derivation d ∈ ∆(G) whose yield
is in L, there is a derivation d� ∈ ∆(G�) such
that, for every rule A B ⇒ C in d

there is a bijection h : ∆(G�)→ ∆(G) for every
string in L(G ∩ G�).

mer em Hans es huus hälfed aastriiche

mer
NP

en Hans
NP

es huus
NP

hälfed
S\NP\NP/VP

aastriche
VP\NP

Figure 2: Dependency tree of Figure 1.

3.2 A Troublesome Example
It is tempting to take the construction for G�

1 and
try to extend it to the general case of intersection
with a regular language, replacing span indices
with states of a finite-state automaton just as in the
classic construction for CFG. Indeed, it is possible
to do this for a finite language (anonymous, under
review). However, it is difficult to extend the con-
struction to general regular languages, as we will
now illustrate. Consider the following CCG.

a � S\S b �X/X (CCG G2)
a � S/X b �X

Figure 3 shows a derivation in this grammar and
its corresponding dependency analysis. It exhibits
a property of CCG dependency analyses identified
by Koller and Kuhlmann (2009): they may be of
unbounded block degree. Informally, the block
degree of a dependency tree node is simply the
number of disconnected spans that it dominates.
In the example of Figure 3, the maximum block
degree is three, because the leftmost a dominates
all of the b’s, which appear in three distinct spans
of the sentence. Since the analysis shown here can
be extended to an arbitrarily long sequence of ab
pairs, it can generate dependency analyses of arbi-
trary block degree.
In the construction for G�

1, we see that each cat-
egory is associated with a yield indicated by a tu-
ple of spans, and that the number of spans is equal
to the block degree of an associated dependency
node. Now suppose that we intersect L(G2) with
the language L3 = (ab)∗. Now the construction
becomes problematic, since the intersected lan-
guage L(G2)∩L3 contains analyses with infinitely
many possible block degrees. Our proposed con-
struction would render this into an infinite number

(abb)*
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Why not arbitrary regular languages?

a b b a b b a b b: : : : : : :
S/X X/X : : : : : : :

>B : : : : : :
S/X X/X : : : : : :

>B : : : : :
S/X S\S : : : : :

<B× : : : :
S/X X/X : : : :

>B : : :
S/X X/X : : :

>B : :
S/X S\S : :

<B× :
S/X X/X :

>B
S/X X

<B×
S

S/X X/X X/X S\S X/X X/X S\S X/X X

Figure 3: A derivation of string abbabbabb in grammar G2, showing the CCG parse below and corre-
sponding dependency analysis above.

of categories, which is not permitted by any defi-
nition of CCG.
This observation does not in and of itself consti-

tute a proof that preservation of strong structure is
impossible—we might imagine that there is some
finite construction that encodes L(G2) ∩ L3 while
preserving the structure of G2. Nevertheless, it
does strongly suggest that the result is impossible.
We now show that this is indeed the case.

4 The Strong Structure of CCG is Not
Preserved Under Regular Intersection

Our main result is the following theorem.

Theorem 1. There exists a CCG G and a finite
automaton D such that there can be no CCG G�

for which L(G�) = L(G)∩L(D) and for which G�

preserves the strong structure of G on L(G�).

Proof. Consider the example of Section 3.2 con-
sisting of the CCG G2 and the regular language
L3 = (ab)∗. Observe that L(G2) ∩ L3 = L3.
Let G�

2 be a grammar that preserves the strong
structure of G2 on L3 under mapping h. By defini-
tion, G�

2 must have a finite number of atomic cate-
gories. Then there is some finite set of atomic cat-
egories {S1, ..., SI} in G�

2 such that for all i ∈ [I],
h(Si) = S, and a finite set of atomic categories
{X1, ...,XJ} in G�

2 such that for all j ∈ [J ],
h(Xi) = X. We can then see that the rules of G�

2

must be limited to some subset of the following

instantiations.

Si/Xj Xj/Xj� ⇒ Si/Xj�

Si/Xj Si�\Si ⇒ Si�/Xj

Si/Xj Xj ⇒ Si

5 CCGWith Bounded Gap Degree

We have argued that preservation of strong struc-
ture is an important property for applications of
grammars, but our counterexample is primarily of
theoretical interest: in practical applications de-
signed for finite input that we will never encounter
an arbitrary regular language with unbounded gap
degree. For the practical applications on real nat-
ural language input, such as parsing of individual
sentences or even lattices (e.g. from a speech rec-
ognizer), a construction for intersection of a CCG
with a finite language suffices. However, even
in this case, it may indeed be useful to control
the block degree of CCG analyses, since the con-
struction described informally in Section 3 will
in general require algorithms that are exponential
in block degree, a familiar result from the fam-
ily of mildly non-projective dependency languages
(Kuhlmann, 2013). In applications that require
such constructions, we would like to keep this fac-
tor as low as possible.

3.1 Preservation of Strong Structure

This informal example is directly inspired by the
construction of Bar-Hillel et al. (1961). Each
atomic category of the grammar consists of a non-
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tion of Figure 1, when the NP assigned to es huus
satisfies the \NP argument of VP\NP assigned to
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now illustrate. Consider the following CCG.
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unbounded block degree. Informally, the block
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duce. Due to the transparent syntax-semantics in-
terface of CCG, a valency tree is all we require
to reconstruct a semantic representation (Koller
and Kuhlmann, 2009). Every derivation step con-
structs exactly one parent-child edge in the corre-
sponding valency tree. For example, in the deriva-
tion of Figure 1, when the NP assigned to es huus
satisfies the \NP argument of VP\NP assigned to
aastriiche, we draw the edge from aastriiche to es
huus, and this composition must always yield the
semantic representation paint�house�.
This view of CCG parses motivates a specific

definition of structure preservation. Specifically,
we will require that valency trees of a grammar be
identical to those of the grammar whose structure
we expect to preserve. It is therefore insufficient
Formally, we say that CCG G� preserves the

strong structure of CCG G on language L if and
only if there is a mapping h from categories in G�

to categories in G such that two conditions hold.

• For every derivation d ∈ ∆(G) whose yield
is in L, there is a derivation d� ∈ ∆(G�) such
that, for every rule A B ⇒ C in d

there is a bijection h : ∆(G�)→ ∆(G) for every
string in L(G ∩ G�).

mer em Hans es huus hälfed aastriiche

mer
NP

en Hans
NP
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NP
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Figure 2: Dependency tree of Figure 1.

3.2 A Troublesome Example
It is tempting to take the construction for G�

1 and
try to extend it to the general case of intersection
with a regular language, replacing span indices
with states of a finite-state automaton just as in the
classic construction for CFG. Indeed, it is possible
to do this for a finite language (anonymous, under
review). However, it is difficult to extend the con-
struction to general regular languages, as we will
now illustrate. Consider the following CCG.

a � S\S b �X/X (CCG G2)
a � S/X b �X

Figure 3 shows a derivation in this grammar and
its corresponding dependency analysis. It exhibits
a property of CCG dependency analyses identified
by Koller and Kuhlmann (2009): they may be of
unbounded block degree. Informally, the block
degree of a dependency tree node is simply the
number of disconnected spans that it dominates.
In the example of Figure 3, the maximum block
degree is three, because the leftmost a dominates
all of the b’s, which appear in three distinct spans
of the sentence. Since the analysis shown here can
be extended to an arbitrarily long sequence of ab
pairs, it can generate dependency analyses of arbi-
trary block degree.
In the construction for G�

1, we see that each cat-
egory is associated with a yield indicated by a tu-
ple of spans, and that the number of spans is equal
to the block degree of an associated dependency
node. Now suppose that we intersect L(G2) with
the language L3 = (ab)∗. Now the construction
becomes problematic, since the intersected lan-
guage L(G2)∩L3 contains analyses with infinitely
many possible block degrees. Our proposed con-
struction would render this into an infinite number

(abb)*
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Why not arbitrary regular languages?

a b b a b b a b b: : : : : : :
S/X X/X : : : : : : :

>B : : : : : :
S/X X/X : : : : : :

>B : : : : :
S/X S\S : : : : :

<B× : : : :
S/X X/X : : : :

>B : : :
S/X X/X : : :

>B : :
S/X S\S : :

<B× :
S/X X/X :

>B
S/X X

<B×
S

S/X X/X X/X S\S X/X X/X S\S X/X X

Figure 3: A derivation of string abbabbabb in grammar G2, showing the CCG parse below and corre-
sponding dependency analysis above.

of categories, which is not permitted by any defi-
nition of CCG.
This observation does not in and of itself consti-

tute a proof that preservation of strong structure is
impossible—we might imagine that there is some
finite construction that encodes L(G2) ∩ L3 while
preserving the structure of G2. Nevertheless, it
does strongly suggest that the result is impossible.
We now show that this is indeed the case.

4 The Strong Structure of CCG is Not
Preserved Under Regular Intersection

Our main result is the following theorem.

Theorem 1. There exists a CCG G and a finite
automaton D such that there can be no CCG G�

for which L(G�) = L(G)∩L(D) and for which G�

preserves the strong structure of G on L(G�).

Proof. Consider the example of Section 3.2 con-
sisting of the CCG G2 and the regular language
L3 = (ab)∗. Observe that L(G2) ∩ L3 = L3.
Let G�

2 be a grammar that preserves the strong
structure of G2 on L3 under mapping h. By defini-
tion, G�

2 must have a finite number of atomic cate-
gories. Then there is some finite set of atomic cat-
egories {S1, ..., SI} in G�

2 such that for all i ∈ [I],
h(Si) = S, and a finite set of atomic categories
{X1, ...,XJ} in G�

2 such that for all j ∈ [J ],
h(Xi) = X. We can then see that the rules of G�

2

must be limited to some subset of the following

instantiations.

Si/Xj Xj/Xj� ⇒ Si/Xj�

Si/Xj Si�\Si ⇒ Si�/Xj

Si/Xj Xj ⇒ Si

5 CCGWith Bounded Gap Degree

We have argued that preservation of strong struc-
ture is an important property for applications of
grammars, but our counterexample is primarily of
theoretical interest: in practical applications de-
signed for finite input that we will never encounter
an arbitrary regular language with unbounded gap
degree. For the practical applications on real nat-
ural language input, such as parsing of individual
sentences or even lattices (e.g. from a speech rec-
ognizer), a construction for intersection of a CCG
with a finite language suffices. However, even
in this case, it may indeed be useful to control
the block degree of CCG analyses, since the con-
struction described informally in Section 3 will
in general require algorithms that are exponential
in block degree, a familiar result from the fam-
ily of mildly non-projective dependency languages
(Kuhlmann, 2013). In applications that require
such constructions, we would like to keep this fac-
tor as low as possible.

3.1 Preservation of Strong Structure

This informal example is directly inspired by the
construction of Bar-Hillel et al. (1961). Each
atomic category of the grammar consists of a non-
terminal of G1 paired with a tuple of paired indices
representing a sequence of spans in the input sen-
tence. Specifically, the target category of each lex-
ical entry is associated with the set of spans that
the lexical entry dominates in a dependency anal-
ysis of the string.
Koller and Kuhlmann (2009) observe that we

can define a surface dependency analysis of a CCG
parse in terms of CCG valency trees, which can
be viewed as implicit derivation trees. A valency
tree V(d) of a derivation d is an ordered tree with
one node for each lexical entry appearing in d.
A node representing a lexical entry with an n-
ary category has n children, one for each argu-
ment. Each child is the lexical entry whose target
category satisfied the corresponding argument of
its parent category. The valency tree language
LV(G) = {V(d)|d ∈ ∆(G)} of a grammar is
the set of valency trees that the grammar can pro-
duce. Due to the transparent syntax-semantics in-
terface of CCG, a valency tree is all we require
to reconstruct a semantic representation (Koller
and Kuhlmann, 2009). Every derivation step con-
structs exactly one parent-child edge in the corre-
sponding valency tree. For example, in the deriva-
tion of Figure 1, when the NP assigned to es huus
satisfies the \NP argument of VP\NP assigned to
aastriiche, we draw the edge from aastriiche to es
huus, and this composition must always yield the
semantic representation paint�house�.
This view of CCG parses motivates a specific

definition of structure preservation. Specifically,
we will require that valency trees of a grammar be
identical to those of the grammar whose structure
we expect to preserve. It is therefore insufficient
Formally, we say that CCG G� preserves the

strong structure of CCG G on language L if and
only if there is a mapping h from categories in G�

to categories in G such that two conditions hold.

• For every derivation d ∈ ∆(G) whose yield
is in L, there is a derivation d� ∈ ∆(G�) such
that, for every rule A B ⇒ C in d

there is a bijection h : ∆(G�)→ ∆(G) for every
string in L(G ∩ G�).
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3.2 A Troublesome Example
It is tempting to take the construction for G�

1 and
try to extend it to the general case of intersection
with a regular language, replacing span indices
with states of a finite-state automaton just as in the
classic construction for CFG. Indeed, it is possible
to do this for a finite language (anonymous, under
review). However, it is difficult to extend the con-
struction to general regular languages, as we will
now illustrate. Consider the following CCG.

a � S\S b �X/X (CCG G2)
a � S/X b �X

Figure 3 shows a derivation in this grammar and
its corresponding dependency analysis. It exhibits
a property of CCG dependency analyses identified
by Koller and Kuhlmann (2009): they may be of
unbounded block degree. Informally, the block
degree of a dependency tree node is simply the
number of disconnected spans that it dominates.
In the example of Figure 3, the maximum block
degree is three, because the leftmost a dominates
all of the b’s, which appear in three distinct spans
of the sentence. Since the analysis shown here can
be extended to an arbitrarily long sequence of ab
pairs, it can generate dependency analyses of arbi-
trary block degree.
In the construction for G�

1, we see that each cat-
egory is associated with a yield indicated by a tu-
ple of spans, and that the number of spans is equal
to the block degree of an associated dependency
node. Now suppose that we intersect L(G2) with
the language L3 = (ab)∗. Now the construction
becomes problematic, since the intersected lan-
guage L(G2)∩L3 contains analyses with infinitely
many possible block degrees. Our proposed con-
struction would render this into an infinite number
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CCG and graph grammars

The company that Marks wants to buy
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Figure 1: Relative clause derivation

with co-indexing of heads, mediate transmission of
the head of the NP the company onto the object of
buy. The corresponding dependencies are given in
the following figure, with the convention that arcs
point away from arguments. The relevant argument
slot in the functor category labels the arcs.
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The towantscompany Marksthat buy

Note that we encode the subject argument of the
to category as a dependency relation (Marks is a
“subject” of to), since our philosophy at this stage
is to encode every argument as a dependency, where
possible. The number of dependency types may be
reduced in future work.

3 The Probability Model

The DAG-like nature of the dependency structures
makes it difficult to apply generative modelling tech-
niques (Abney, 1997; Johnson et al., 1999), so
we have defined a conditional model, similar to
the model of Collins (1996) (see also the condi-
tional model in Eisner (1996b)). While the model
of Collins (1996) is technically unsound (Collins,
1999), our aim at this stage is to demonstrate that
accurate, efficient wide-coverage parsing is possible
with CCG, even with an over-simplified statistical
model. Future work will look at alternative models.4

4The reentrancies creating the DAG-like structures are fairly
limited, and moreover determined by the lexical categories. We
conjecture that it is possible to define a generative model that
includes the deep dependencies.

The parse selection component must choose the
most probable dependency structure, given the sen-
tence S. A sentence S w1 t1 w2 t2 wn tn
is assumed to be a sequence of word, pos-tag
pairs. For our purposes, a dependency structure !
is a C D pair, where C c1 c2 cn is the se-
quence of categories assigned to the words, and
D hfi fi si hai i 1 m is the set of de-
pendencies. The probability of a dependency struc-
ture can be written as follows:

(7) P ! P C D S P C S P D C S

The probability P C S can be approximated as
follows:

(8) P C S "n
i 1P ci Xi

where Xi is the local context for the ith word. We
have explained elsewhere (Clark, 2002) how suit-
able features can be defined in terms of the word,
pos-tag pairs in the context, and how maximum en-
tropy techniques can be used to estimate the proba-
bilities, following Ratnaparkhi (1996).
We assume that each argument slot in the cat-

egory sequence is filled independently, and write
P D C S as follows:

(9) P D C S "m
i 1P hai C S

where hai is the head word filling the argument slot
of the ith dependency, and m is the number of de-
pendencies entailed by the category sequenceC.

3.1 Estimating the dependency probabilities
The estimation method is based on Collins (1996).
We assume that the probability of a dependency only
depends on those words involved in the dependency,
together with their categories. We follow Collins
and base the estimate of a dependency probability
on the following intuition: given a pair of words,
with a pair of categories, which are in the same sen-

The company that Marks wants to buy
NPx Nx,1 Nc NPx NPx,1 S2 NPx NPm Sw NPx,1 S2 NPx Sy NPx,1 Sy,2 NPx Sb NP1 NP2

NPc Sx Sx NPm Sb NP NP
Sw NP NP

Sw NP
NPx NPx

NPc

Figure 1: Relative clause derivation

with co-indexing of heads, mediate transmission of
the head of the NP the company onto the object of
buy. The corresponding dependencies are given in
the following figure, with the convention that arcs
point away from arguments. The relevant argument
slot in the functor category labels the arcs.

1

2
2 2

2

1
11 1

The towantscompany Marksthat buy

Note that we encode the subject argument of the
to category as a dependency relation (Marks is a
“subject” of to), since our philosophy at this stage
is to encode every argument as a dependency, where
possible. The number of dependency types may be
reduced in future work.

3 The Probability Model

The DAG-like nature of the dependency structures
makes it difficult to apply generative modelling tech-
niques (Abney, 1997; Johnson et al., 1999), so
we have defined a conditional model, similar to
the model of Collins (1996) (see also the condi-
tional model in Eisner (1996b)). While the model
of Collins (1996) is technically unsound (Collins,
1999), our aim at this stage is to demonstrate that
accurate, efficient wide-coverage parsing is possible
with CCG, even with an over-simplified statistical
model. Future work will look at alternative models.4

4The reentrancies creating the DAG-like structures are fairly
limited, and moreover determined by the lexical categories. We
conjecture that it is possible to define a generative model that
includes the deep dependencies.

The parse selection component must choose the
most probable dependency structure, given the sen-
tence S. A sentence S w1 t1 w2 t2 wn tn
is assumed to be a sequence of word, pos-tag
pairs. For our purposes, a dependency structure !
is a C D pair, where C c1 c2 cn is the se-
quence of categories assigned to the words, and
D hfi fi si hai i 1 m is the set of de-
pendencies. The probability of a dependency struc-
ture can be written as follows:

(7) P ! P C D S P C S P D C S

The probability P C S can be approximated as
follows:

(8) P C S "n
i 1P ci Xi

where Xi is the local context for the ith word. We
have explained elsewhere (Clark, 2002) how suit-
able features can be defined in terms of the word,
pos-tag pairs in the context, and how maximum en-
tropy techniques can be used to estimate the proba-
bilities, following Ratnaparkhi (1996).
We assume that each argument slot in the cat-

egory sequence is filled independently, and write
P D C S as follows:

(9) P D C S "m
i 1P hai C S

where hai is the head word filling the argument slot
of the ith dependency, and m is the number of de-
pendencies entailed by the category sequenceC.

3.1 Estimating the dependency probabilities
The estimation method is based on Collins (1996).
We assume that the probability of a dependency only
depends on those words involved in the dependency,
together with their categories. We follow Collins
and base the estimate of a dependency probability
on the following intuition: given a pair of words,
with a pair of categories, which are in the same sen-

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

...Result is a 
dependency 

graph:



Open problems

•Higher-order categories: from Kuhlmann et al. 2010

• Type-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 LCFRS.



Conclusions: Synchronous CCG

Linguistically expressive.

Explicit preservation of semantics.

Efficient algorithms.

Existence of synchronous formalism.

✔

✔

✔
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... And remember your 
intersection constructions!

Yehoshua Bar-Hillel


