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An abstract NLU-pipeline

“Mary saw foxes."

’ Morphological ‘ 1
Mary see.PAST fox.PL
Lexical i}
{ Mary:NP see:TV.PAST fox:NP.PL
Syntactic 1

Mary:NP [see:TV.PAST fox:NP.PL]

!

dp.Vx.p(x) D (fox(x) A past(see(mary, x)))

7
1
;
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A simple semantic calculus

Type A,B =e|t|A—B
Term M,N =x | C | >x.M | (M N)

Constant C =V |J |~ |D|A|V]| ...
(x:A)yerl A
MFx:A ™
Nx:AFM:B | r-m:A— B FFN:A_>E
FAM:A>B -(MN):B
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An example

saw foxes
_ TUALSD A

e, eet,el eet Ax e, eet,el-e XE mary A
e,eet,et et - e, eet,ete x
e,eet,ert
\

mary : e, saw : eet, foxes : e - ((saw foxes) mary) : t
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An example

saw mary
————— Ax ————— Ax
e, eet,et eet e, eet,ete foxes
—E Ax
e ,eet,elet e,eet,et-e £
e, eet,ert —
\

mary : e,saw : eet, foxes : e - ((saw foxes) mary) : t
mary : e,saw : eet, foxes : e - ((saw mary) foxes) : t
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No implicit set structure

Structure A M= |A|TeA

AFA X
reAFB FASB  AFA
-A— B FeAF B
T[Fer]kB ires o
S[rFs o S[reA[FB e

Y[ e o]+ B

T[rF B
Z[AOF]I—B Z[(FQA)QI_I]I—BA
T[feAlFB oM™ T[fe(Ae)FB =
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An example

saw Ax foxes Ax
eet |- eet Fe E mary Ax
eetecl et eke

(eetec)eetet —E

ce(eetec)tet

4

Comm.

mary : e,saw : eet, foxes : e - ((saw foxes) mary) : t
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An example

saw mary A
eetFeet '~ ele %XE foxes Ax
cetecl et Fe E
(eetee)eclet
(eoecet)echet Comm.
Ass.

ce(eetec)tet
4

mary : e, saw : eet, foxes : e - ((saw mary) foxes) : t
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An example

saw A mary Ax
eet - eet ete mary
E Ax
eetectet eFe "¢
(eetee)oelet
eete(ceoe)tet CSS'
(eee)eecethet omm-
ceeetelet ont.
Weak.

ce(eetec)ket
4

mary : e,saw : eet, foxes : e - ((saw mary) mary) : t
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An example

saw foxes A
eet - eet Fe E foxes A
eetecl et Fe E

(eetec)echet A

eete (cec)ket >
Cont.

eetec ket Weak

(eetec)eeclk et '

Comm.

ce(eectec)et

4

mary : e,saw : eet, foxes : e - ((saw foxes) foxes) : t

Pepijn Kokke
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A simple syntactic calculus

Type AB=S|N|NP|A\B|B/A
Structure [TA =A|Te A

A A Ax
AOFFB\l A AI—A\B E
FFA\B FeAFB
r.AFB/l FPB/A AFA /E
FB/A FeAl B
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An example

saw foxes
mary (NP\S)/NPF(NP\S) /NP ™ "NPENP AE
NP NP ™% (NP\S) /NPeNP-NP\S /
NP e ((NP\'S) /NP eNP)FS \
\
?
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From syntactic to semantic calculus

S* =t
N* —e—t NP* — e
(A\B)" — A" = B" (B/A) — A =B
AFAM = ara M
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From syntactic to semantic calculus

S* —t
N* e—t NP* e
(A\B)" — A" = B" (B/A) — A =B

Aol B A e l* B*

— T pr comm.
| * * *
FI—A\B\ —FEF'Z‘*F%* _=
Ffe A-B e A* |- B*

| — 1AL
FFB/A/ ™ FA* = B* !
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From syntactic to semantic calculus

S* —t
N* e—t NP* e
(A\B)" — A" = B" (B/A) — A =B

—E
\E = A e[ B
FfeAFB e A E B Comm.
[FB/A  AFA A B ATEA
rears  /E T FeA B —E
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An example

saw foxes
mary (NP\S) /NP - (NP\S) /NP ™ NP NP "X
NP NP ™ (NP\S) /NP eNPHNP\S E /
NP e (NP\S) /NP e NP)F S \
U

mary : e,saw : eet, foxes : e - ((saw foxes) mary) : t
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Joachim Lambek (1922-2014)
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Display calculus

Generalises the sequent calculus;

Generic proof of cut-elimination;

r=A AFA
MN=A

Cut

Decidable, easy-to-implement proof search;

Focusing can be used to restrict spurious ambiguity.
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Display calculus

Structure™ I
Structure™ A

A [Tiel,
A |T\A|A/T

AT A AX
A BEA |\ [--A\ B R\
A\ B FT\ A [--A\ B
A BEA, TEB/A L,
B/AFA/T r--B/A
MEM\A MEA/T,
== ——————Res/e
r10r2|_A rl.rz}_A
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An example

NP-F NP ss
NP\ S -NP-\ -G NP-F NP f
NP\ S) /NP-F (NP-\ 5) /NP -/
NP\ S)/NP-e NP-F NP-\ &
‘NP-e-(NP\S)/NP-e NP §.

4

7
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From display calculus to semantic calculus

(-A-)* — A* (-A)™ — A
(Trel) —Tjel; (T ol)™ =T x T35
(-A)* — A*

(A/T) =T = A7
(T A" =TI — A" (rA)" —TI"EFA"
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From display calculus to semantic calculus

e -A. B-FA \ [--A -B-FA L/
A\BFT\A ' B/AFA/T
4
* * * * * * Ax ok *
B*FA ) A - B*"-FA*—> B ™~ rFA E
oFB - A A =B el"FB
A B el A ~
A — B T — A*
Pepijn Kokke Type Theory and NLP December 7, 2015

14 / 30



From display calculus to semantic calculus

M--A\-B +-B-/-A
TEAVB N TEBA Y

4

"+ B* — A
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From display calculus to semantic calculus

A/ el FA
Fef,r A Re/e TEAsT, R
Y Y
Mbry — A Trery A Mrefyrar
" el5 A - M s — A
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From display calculus to semantic calculus

MEM\A

P\ A Mel,FA
r10r2|—A

LET\A
¢ ¢

MFEr s A PRy ™ el A

Res\e Rese\

e e s Comm.
ey F A E o meryraA
Comm. Hk *k ¥
F{* [ ] F;* FA* r2 H rl — A
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An example

Ax Ax Ax
tHt etet eFe
orw eteelt —F
—E
eteelt N A A
eti-et N eetheet X efe —>><E
o+ (et)et eeteelet
—E
eeteefet i Ax
eet |- eet ete
—E Ax
eeteelet ete _E
(eetee)eelrt ¢
ee(eectoe)i-t omm.
((Ax.(Ak.Ay.(A\z.z) (k y)) (saw x)) foxes) mary)
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An example

Ax Ax
eet - eet eke E

eeteel et
(eetoe)oel—t

ee(eetee)lrt

4

Ax

ete E

Comm.

((saw foxes) mary)
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Let's take a step back

We now have:

a natural deduction semantic calculus;

a display logic syntactic calculus;

a decidable algorithm for proof search in the syntactic calculus;

a translation from the syntactic to the semantic calculus.

If we put all these items together, we can build our semantic function!

Mary:NP [see:TV.PAST fox:NP.PL]
1

1
Ip.Vx.p(x) D (fox(x) A past(see(mary, x)))
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Sometimes language doesn’t look compositional

“l walked the dog.”

‘I seems to refer to an entity that is always available, but whose
denotation varies with context.

Pepijn Kokke Type Theory and NLP December 7, 2015 17 / 30



Sometimes language doesn’t look compositional

“l walked the dog.”

‘I seems to refer to an entity that is always available, but whose
denotation varies with context.

“I walked the damned dog.”

‘Damned’ doesn’t seem to interact directly with the sentence
meaning, but conveys an additional meaning of dislike towards
the dog or general annoyance.

Pepijn Kokke Type Theory and NLP December 7, 2015 17 / 30



Sometimes language doesn’t look compositional

“l walked the dog.”

‘I seems to refer to an entity that is always available, but whose
denotation varies with context.

“I walked the damned dog.”
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But we know better. ..

“l walked the dog.”

‘I" seems to refer to an entity that is always available, but whose
denotation varies with context.

v" Reader Monad
“I walked the damned dog.”

‘Damned’ doesn't seem to interact directly with the sentence
meaning, but conveys an additional meaning of dislike towards
the dog or general annoyance.

v" Writer Monad
“John left. He was whistling.”

‘He' seems to be able to refer to ‘John’ when the sentences in are
in this order, but not when they're the other way around.

v’ State Monad

Pepijn Kokke Type Theory and NLP December 7, 2015 17 / 30



Quantifier Raising

“Mary saw foxes.”
Given that the parse tree is:

mary

saw foxes

And the denotation is:

((see foxes) mary)
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Quantifier Raising

“Mary saw foxes.”
Given that the parse tree is:

mary

saw foxes

And the denotation is:

Ip.Vx.p(x) D (fox(x) A past(see(mary, x)))
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Quantifier Raising

“John loves everyone.”
Given that the parse tree is:

john
loves everyone

And the denotation is:

Vx.person(x) D love(john, x)
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Scope Ambiguity

“A professor talked to every student.”
Given that the parse tree is:

a professor

loves every student

And the denotation is:

dx.professor(x) A (Vy.student(y) D talk(x, y))
Vy.student(y) D (Ix.professor(x) A talk(x, y))
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Scope Islands

“Mary said everyone left.”
Given that the parse tree is:

mary
said
everyone left
And the denotation is: And definitely isn't:
said(mary, Vx.left(x)) Vx.said(mary, left(x))
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What could we do right now?

Use higher order functions, but:
— many different types
S/(NP\S), (NP\S)/NP)\ (NP\YS), ...
Use a continuation monad, but:
— only one interpretation, so no scope ambiguity
— can only take scope at the top-level
— can not be delimited
Use delimited continuations, but:
— again, only one interpretation
— is not a monad, but an indexed monad, which has three
arguments, so should be reflected in the syntactic calculus
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Quantifier Raising

Ax Ax
‘NP-E -NP- S-F.S. A

NPAS NP S
‘NP-e NP\ S F 5 RZ;\
NP\S-FNP-\S o
NP\STNP\S RV srs AX
S/(NP\S)-FS /-NP\S
S/(NP\S)-e-NP\S F-S

Res/e
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Quantifier Raising

NP NP AX S.F.S. ﬁi(
NP\ S-F-NP-\ -S. Reste
'NP-e NP\ S} 5|

Rese'\

NP\ S F-NP-\ S

NP\ S-+-NP\ S \ 51 AX
S /(NP\S)-F-5/-NP\S:
R
S/(NP\S) e NP\S .5 Res/*
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Quantifier Raising

‘NP- e -(NP\'S) /NP- e -NP--S.
‘NP- e -NP-e-(NP\S)/NP-eolF-S.
‘NP-e-(NP\S)/NP-eIF -NP-\ S
‘NP-e-(NP\S)/NP-elF-NP\S- \ smﬁ;
.S/ (NP\S)-+-5-/(-NP-e-(NP\S)/NP-el) Res /o
.S/ (NP\S)-e-NP-e-(NP\S)/NP-elF S
‘NP-e-(NP\S)/NP--S /(NP \S) IS T

{
Rese'\
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Quantifier Raising

Fex[1]FA
T[T]FA
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Quantifier Raising

o -(NP\S) / NP- e -NP- .S

‘NP-e-NP-o-(NP\S)/NP-elIF S éeso\
o-(NP\S)/NP-elF NP-\ S
~ele-(NP\S)/NP-elF -NP-\ S ées\.

‘NP-e-NP-ele-(NP\S)/NP-elF-S
o -NP-e-(NP\S)/NP-elF S T
NP-e-(NP\'S)/NP-e-NP--S.
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Quantifier Raising and NLg¢c

Structure® T=... [1|B|C
AelFA =B
Ara Y Tare R
rl.(r2.r3)|_A (r10r2).r3|_A

rzo((Borl)or3)|—AB rlo((Corz)org)l—AC
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Quantifier Raising and NLg¢c

NP-o-(NP\'S)/ NP- o -NP- I -5

{(NP\S) / NP- e -NP-F -NP-\ 5.

NP-F -(NP\ S) /NP-\ -NP-\ -5
NP-eTF-(NP\ S)/NP-\ -NP-\ 5.
NP\ S) /NP (-NP- e 1) - -NP- \ 5.
‘NP-e((Be-(NP\S)/NP) el -NP-\ 5
‘NP-o (NP-e ((Be-(NP\S)/NP)e D) F 5
‘NP-e ((Be-NP-)e((Be-(NP\S)/NP-)el))l-S-

Rese\

Rese\

RI

Res\e

B
Rese),

r. (BeNP)e((Be(NP\S)/NP) o)) NP\ S Eis'\
SFES ™ ((Be-NP-)e((Be-(NP\S)/NP-)el)F-NP\S. L
S/(NP\S)-F-S-/((BeNP)e((Be-(NP\S)/NP)el)) /.
-S/(NP\S) (Be-NP-)e((Be-(NP\S)/NP-)el))F S
*(S/(NP\S)- e ((Be(NP\S)/NPYe)F-S S.\
S/(NP\S) ((Be(NP\S)/NP)el)F NP-\'S
(NP\S) /NP-o (S/(NP\S)- e ) NP\ S
S/(NP\S)- el (NP\S)/NP-\-NP-\ S’ Lles\’
S/ (NP\S)-F-(NP\S)/NP-\ :NP-\ -S- Rese!,
(NP\S) /NP-o-S /(NP \S)-F-NP-\ S o
‘NP~ (NP\S) /NP- S/ (NP1 5) 5 e
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Quantifier Raising and NLg¢c

‘NP- ¢ (NP \S) / NP- ¢ -NP- - :S.

‘NP-e ((Be-NP-)e((B o'~(NP \S)/NP-)el))F-S- R
S5 A T(Be-NP)e((Bs-(NP\S)/NP-Yel))F-NP\S. L\
S/ (NP\S)-e((Be-NP-)e((Be-(NP\S)/NP-)el))IS- /

NP-e-(NP\S)/ NP-o S /(NP S)-F-S.
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Quantifier Raising and NLg¢c

~o(Bo-S/(NP\S)-Q(Co(.BoB)oI)Q(Bo-(NP\S)/NP-)OH—-S
‘S/(NP\S)-e(Be- .-)o(Bo-(NP\S)/NP-)oH—-S-

-.-(NP\S)./NP-o-S/(NP\S)-I—-S-
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Quantifier Raising and NLg¢c

Structuret T:=... |10l |I|B]|C

Structure™ A =... |A JT|T\A

(copy of rules for {\,e,/} for {\\,0, /})

AolFA MN--B.
Ara Y Torre R
rl.(r20r3)}_A (r10r2)0r3|_A C
,o((Bel)el3)FA Mo((Cely)el3)FA
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Quantifier Raising and NLg¢c

: ((NP-ol)ol)e-NP\S-ekS.
‘(NP\'S)/NP-o(Be-NP-)e ((Cel)e-NP:) :
: (‘NP-o1)e-NP\S-e+S-
‘NP-e-(NP\'S) /NP- e -NP-S- :
‘NP- e -NP\S-eFS-
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Quantifier Raising and NLg¢c

Type AB=...]Q(A)
Structure™ [=...|Tiol|1|B]|C
Structure™ A=...|AJT|T\A
(copy of rules for {\,e, /} for {\\,0, /})
A-olFA Ll +-B- RI M=A I-
‘Q(A)-+ A ol -Q(B)- ol A
rl.(r20r3)|_A (r10r2)0r3|_A

r2o((Bor1)or3)}—AB rlo((Cor2)0r3)|—AC
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Quantifier Raising and NLg¢c

‘NP- ¢ -(NP\'S) / NP- e -NP- - :S.

‘NP-o ((Be-NP-)e((B o.~(NP\S) /NP-)el))FS-
S F5 A (BeNP)e((Be-(NP\S)/NP)el))F NP S L\
S // (NP\S)-o((Be-NP-)e((Be-(NP\S) / NP-)el))IS- /

‘NP-e-(NP\'S) / NP- ..-Q(s J (NP, S))-F S
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Scope Islands

“Mary said everyone left.”
Given that the parse tree is:

mary
said
everyone left
And the denotation is: And definitely isn't:
said(mary, Vx.left(x)) Vx.said(mary, left(x))
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Quantifier Raising and Scope Islands

Type A B=...|CA|OA
Structure™® F=...| (I
Structure™ A=...|[A]]

((A)EFA r--.B.
—— RO
SAFA 0 N oB
A A =[-8
———— L0 -
‘DA - [4] r--.o8 RH
MF[4] Res1
_— O
nra o
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Quantifier Raising and Scope Islands

“Mary said everyone left.”

NP- ¢ (NP\S)/S--Q(S / (NP S))- e -NP\S:FS.
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Quantifier Raising and Scope Islands

“Mary said everyone left.”

NP- ¢ -NP\ S-S

QS / (NP\S).)-o-NP\S-I—-S-
(Q(S / (NP S))-e-NP\ S F-OS.

RO

NP-o-(NP\S)/OS- e <-Q(S. J (NP S))-e NP\ S:)F-S
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Conclusion

We have:
— set up a logical calculus;
— has a decidable proof search;
— which can deal with:

— adjacent composition;
— quantifier raising;
— scope islands;

— infixation — i.e. moving up and staying there;
— extraction — i.e. moving down and staying there.
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Future Work

Mary:NP see:TV.PAST fox:NP.PL
1

T
Mary:NP [see:TV.PAST fox:NP.PL]

1

1
dp.Vx.p(x) D (fox(x) A past(see(mary, x)))
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Future Work

Forward-Chaining Proof Search:
— generate all possible sentences;

— filter on the sentences with the right word order.
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Future Work

Forward-Chaining Proof Search:

— generate all possible sentences;

— filter on the sentences with the right word order.
Weak vs. Strong quantifiers:

— existential quantifier can sometimes move out of scope islands
where universal cannot;

— boxes might be useful, since they can cancel out diamonds
i.e. using Q(S/(aNP\S));

— further research is needed.
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Conclusion

We have:
— set up a logical calculus;
— has a decidable proof search;
— which can deal with:

— adjacent composition;
— quantifier raising;
— scope islands;

— infixation — i.e. moving up and staying there;
— extraction — i.e. moving down and staying there.
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Bonus Slides
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L/ and R\\1T as derivable rules

‘NP-e-(NP\ S) / NP- e -NP- I S

‘NP-o ((Be-NP-)e((Be-(NP\S)/NP-)el))F-S- R
S-S Ax ((Be-NP-)e ((Be-(NP\S)/NP-)el))F NP S- Lx
S JJ(NP\S)-o((Be-NP-)e((Be-(NP\S)/NP-)el))F-S: J

‘NP-e (NP \ S) / NP- .'.Q(s J (NPYS))-F-S.
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L/ and R\\1T as derivable rules

‘NP- ¢ -(NP\'S) /NP- ¢ -NP- | :S-

‘NP-o ((Be-NP-)e((Be-(NP\S)/NP-)el))FS- TR
SF 5 A (Be-NP-)e((Be-(NP\S)/NP)el))F-NP S L\
S JJ (NP S)-o((Be-NP-)e((Be-(NP\S)/NP-)el))FS- . J

‘NP-e-(NP\S)/NP-e-Q(S / (NP S))-F -S-
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L/ and R\\1T as derivable rules

.NP- o -(NP\ S) / NP- e -NP- |- :S.
(Be-NP-)e ((Be-(NP\S)/NP-)el))r NPT S
NP-e-(NP\S)/NP-e-Q(S / (NP S)) S

R
LJL

S .5 Ax
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L/ and R\\1T as derivable rules

ContextX =0 |XeA|TeX

o[f]—T Trace(O) — |
(Ze Al — (X[ eA) Trace(XeA) +— ((CeX[l])eA)
(AeX)[l— (AeX[l]) Trace(AeY) +— ((BeA)eX[l])

CHA  Trace(S)F B S[A]F-B-
SQC J B o Y Taemrave (M
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