Ling 5801: Lecture Notes 20
Cued Association Semantics

Natural language sometimes uses complex generalizations over sets of objects.

20.1 Start with Generalized Quantifiers (Barwise & Cooper, 1981)

Here’s a simple generalized quantifier analysis for the sentence Most cars have four wheels:

(most (4,, car uy)
(4,, four (1,; wheel us)
(4,5 have v, vs)))
It works like this python program:

U=['cl’,’c2’,’c3’,’wl’,’w2’,’w3’,’wd’ ,’w5’,’w6’, w7’ , w8’ ]

def most(f,g): def four(f,g):
count,count2 = 0,0 count = 0
for u in U: for u in U:
if f(u): count+=1 if f(u) and g(u): count+=1
if f(u) and g(u): count2+=1 return count > 4

return count2 > 0.5*count

def car(u): return u in [’cl’,’c2’,’c3’]

def wheel(u): return u in [’'wl’,’w2’,’w3’,’wd’,’w5’,’w6’,’w7’, w8’]

def have(u,v): return (u,v) in [(Ccl’,’wl’),(Ccl’,’w2’),(Ccl’,’w3’),('cl’,’wd’),
(’c2’,’w5’),Cc2’,’w6’),(Cc2’,’w7’),(’c2’,’w8’)]

most( lambda u2: car(u2), lambda v2: four( lambda u5: wheel(u5), lambda v5: have(v2,v5) ) )

Here the variables have clear meanings (indices just identify source word by token number):

e 1, 1S a variable over cars;

e 1, is a variable over things that have four wheels;

e 15 is a variable over wheels;

e Vs is a variable for each car v, over things that car has.

20.2 Eventualities (Davidson, 1967; Parsons, 1990)

Unfortunately this doesn’t admit modification yet: Most cars have four wheels today.
Fix this by adding variable ;5 over eventualities (where U is the universe of discourse):

(most (4,, car uy)
(4,, four (1,; wheel us)
(4,, some (4,, have uz v, vs A today uz) U)))



Add eventuality/proposition vars for other predicates (call them e,, es when u’s are taken):

(most (4,, some (4., car e, uy) U)
(4,, four (1,, some (4., wheel es us) U)

(4, some (4,, have uz v, vs A some (4, today ug u3) U) U)))

ue
Now we can think of eventualities/propositions as objects (so let’s give predicates gerundy names):
(most (4,, some (4., beingACar e, u,) U)

(4,, four (1,, some (4., beingAWheel es us) U)
(4,5, some (4,, having u3 v, vs A some (4, beingToday us u3) U) U)))

The new variables still have (mostly) clear meanings:

e ¢, is a variable for each car u, over instances of it being a car (say it’s wrecked and recycled);
e ¢5 is a variable for each wheel 15 over instances of it being a wheel (it used to be a doorstop);
e 15 is a variable for each car v, and wheel vs over instances of v, having vs;

® 1 is...not so important (a variable over propositions, mainly just there for consistency).

These extra variables let us quantify over things that happen — Most cars work twice:

(most (4,, some (4., beingACar e, u,) U)
(4,, two (4,, working uz v;) U))

V2

and negate them — Most cars do not work:

(most (4,, some (4., beingACar e, u,) U)
(4,, none (4,, working us v,) U))

Hobbs (1985) calls this ‘reification.’

We can reify quantifier predicates as well (but then those propositions will need quantifiers, etc. . .).

20.3 Cognitive States and Cued Associations (Anderson et al., 1977)

How is meaning implemented in the brain?

We have durable, rapidly-mutable weight-based (‘associative’) memory (Howard & Kahana, 2002).
This associates cue and target referential cognitive states (generalizations over stimuli), w/o rehersal.
We use it to store sentence meaning, not form (Sachs, 1967; Jarvella, 1971; Bransford & Franks, 1971).

We have cognitive states u,,v, and associative memory M, such that:

def
M = V¢ ® u;

def
where: (v® u); ;1 = v - ugj



The associative memory can then be queried using u, to get (an approximation of) v;:
v, & M u;
. def g
where: (M Lt)[,'] = Zj:l M[i,j] S U
Model dependency relations r, with label ¢, between cue and target u, and v;:

def
M= Vi®r+rl +r®u

Cue with diagonal product:
v, & M diag(M ¢,) M u,

. def
where: (diag(v) u);;; = vy - up

or more simply (ignoring the approximation):

v, = (£, uy)

20.4 Semantic Argument Dependencies and Elementary Prediations

Define semantic argument dependencies in elementary predications (Copestake et al., 2005):
(fuvvy’ ..) & fyu=vy A fTuw=v A B uw)=" A Gu=" A ...
For example, to define an eventuality u:
(have uvv') & (fy u)=vhae A (F1 )=v A (£ u)=V'

Graphically:

()
07 1 1N\2

have () @)

Also, quantifiers (where p is a proposition):

(mostpuv) & (fy p)=Vmost A (f1 p)=u A (£, p)=v

07 | IN\2
most ()



20.5 Scope Dependencies (Schuler & Wheeler, 2014)

Also use cued associations to define scope dependencies:
’
(fscope V)=v
Now we can define entire expressions, e.g. Cars usually have four wheels:

scope

most car have four wheel

20.6 Simple Translation to Lambda Calculus (Schuler & Wheeler, 2014)
Translate source predications I" into lambda expression A (w. Q as a set of quantifier functions):
1. Add alambda term to I" for each predication in I" with no outscoped variables:

L,(fvovi.v.vy); A
LA, fvovi.v.vy); A

f €0, Vv, (fscope w=ve¢l (P)

2. Conjoin lambda terms over the same variable in I" (this combines modifier predications):

I (4 @), () 5 A

LLoAD): A ©

3. Move terms in I with no missing predications or outscoped variables to A:
% Vigo(fov.) &, Yy (Byeope w=v ¢ T (M)

4. Add translations 7, of quantifiers f in I" over complete lambda terms in A:
R o0 i oo ! < @
I, (fscope V)=V, (17 (A @) (4, ) 5 A Q2)

F, (/lv’ Ty (/lu ¢) (/lv lﬁ)) ; A

For example, our graph:



scope

most car have four wheel

which consists of the following elementary predications and scope dependencies:
(most p; us v2), (Fscope V5)=v2, (fOur ps us vs), (car e; u,), (Wheel es us), (have uz v, vs)
translates like this (assume unbound eventuality variables have low existential scope):

(most p1 uz v2), (Escope vs)=v2, (four p4 us vs), (car ey uy), (wheel es us), (have usz v, vs) ;
P (most py up v2), (fseope v5)=v2, (four ps us vs), (A, car ez up), (1,5 wheel es us), (1,5 have uz v, vs) ;
M (most py uz v2), (Escope vs)=v2, (four ps us vs) ; (4, car ez u), (1,5 wheel es us), (4,5 have uz v, vs)
Q1 (most p1 uz v2), (Fscope vs)=V2, (four (1,; wheel es us) (4,; have uz v vs)) ; (dy, car ez uz), (Ays ...), (Ays ...)
Q2 (most p; uz v2), (4, four (4,, wheel es us) (4,, have u3z v, vs)) ; (A, car ez uz), (Ays -..), (Ays ...)
M (most py uz v2) 5 (4,, four (1,; wheel es us) (4,5 have uz v vs)), (1, car ez uz), (Ays -..), (Ays ...)
Q1 (most (4,, car ez uz) (4,, four (1,, wheel es us) (4,, have uz vz vs))) ; (A, ...), (Ayg ...), (Ays ...)

20.7 Restriction Inheritance

We need references to previous restrictor sets: Ten pumps work. Most of them are busy.

ten pump work most busy

But preferred reading is often reference to restrictor N nuclear scope sets (pumps that work).

We can handle this with inheritance dependencies (‘restriction inheritance,’ rin):




Now v, is a variable over the set of pumps that work, not just things that work.

This is valid because most natural language quantifiers are conservative: Q(R,S) = Q(R,RN S).

20.8 Conjunction Inheritance

Conjunctions also require inheritance (‘conjunction inheritance,” cin):

scope

2 )
most car have four  wheel an engine

20.9 Full Translation to Lambda Calculus
Translate source predications I" into lambda expression A (w. Q as a set of quantifier functions):
1. Add alambda term to I for each predication in I with no outscoped variables or inheritances:

I,(fvovi.v.vy); A
I, fvovi.vavy); A

f ¢ Q, Vu (fscope M):V ¢ F, vfeifrin,fcm,fum} (f V):u ¢ (P)

2. Conjoin lambda terms over the same variable in I" (this combines modifier predications):

I (4, ¢), (4, ¥); A
L, ¢ AY) 5 A

©)

3. Move terms in I with no missing predications, outscoped variables or inheritances to A:

L) 5 A

T4, ¥),A Vigo (f'cv.) € 1, Yy (Bscope )=V € T, Vpeityy tintn) (fV)=u ¢ (M)

4. Add translations 7, of quantifiers f in I" over complete lambda terms in A:

I (fpuv); (4 @), (4 ¥), A
L, (77 (A @) (4 ¥)) s (A §), (A, ), A

€0, Voetutantan (f)=V &L, Voo (f..v.) T (Q1)



T, (fscope V):vl, (Tf (A ¢) (4, l//)) 3 A
r’ (/lv’ Tr (/lu ¢) (/11’ l//)) ; A

I, (fscope u)=u’, (fscope V)=V, (Tf (Ay ¢) (4, w)) s A

A (fscope u):u’ g (Q2)

T, (Fucope W=tt', (Ay T (A, (A $) V') (4, ) 5 A (Q3)

5. Add a lambda term to I" for each inheritance that is empty or from complete term in A:
T, (fl;;i];’v();u_r;ruAe) A felfinfen), Ypgo (fou.) ¢l (1)
L, (fv)=u; (4, ¢),A £ e (o), Vo (e )il £ T -

L (4 (A @) v) 5 (A ¢), A
T, (fscope u)=u, (f v)=u; (4, (P)a A
I, (fscope u)=u', (fscope v)=u', (A4, (A, §) v) 5 (A @), A
I, (fscope u)=u', (fscope V)=V, (f v)=u; (4, ¢)’ A
[, (fscope u)=u', (fscope V):VI’ (A, (/lu (/lu’ ¢) V) V) ; (/lu ¢), A

f € {fin, Lein}, Vo (fscope V):V, ¢ (13)

f € {frin’ f(:in} (14)



For example, our graph:

scope

2 )
most car have four wheel an engine

which consists of the following elementary predications and scope dependencies:

(M py up v2), (fr vo)=un, (s v5)=va, (£ vg)=va, (f p4 us vs),(@ p7 ug vg), (fr vs)=us, (fr vg)=ug, (fc vs)=ve, (fc v§)=ve, (W e5 us), (€ eg ug), (fc us)=uq, (fc ug)=uq. (C ez u),(h ez vz vg)

translates like this (assume unbound eventuality variables have low existential scope):

(mpy
P(mpy
11 (m py
M (m p,
12(m p;
P (m p;
C(mp,
M (mp;
12 (m py
C(mp;
M (m p;
Q1 (mpy
02 (m py
12 (m p;
C(mpy

M (mp)

uy v2), (fr vo)=up, (fs vs)=va, (fs vg)=va, (f ps us vs),(@ p7 ug vg), (fr vs)=us, (f; vg)=ug, (fc v5)=ve, (fc v§)=ve, (W e5 us), (e eg ug), (fc us)=uq, (fc ug)=ue, (c €2 uz),(h ez va vg) :

uz v2), (fr vo)=uz, (fs vs)=va, (fs vg)=v2, (f p4 us vs). (@ p7 ug vg), (fr vs)=us, (£ vg)=ug, (fc vs)=ve. (fc vg)=ve, (W e5 us), (€ eg ug), (fe us)=ue, (fc ug)=ug, (luy C ez uz), (Aygh ez vz v) ;

uz v2), (fr va)=uz, (fs vs)=va, (fs vg)=v2, (f p4 us vs), (@ p7 ug vg). (fr vs)=us, (£ vg)=ug, (e vs)=ve, (fc vg)=vs, (W e5 us), (€ eg ug), (fe us)=us, (fc ug)=ug, (Au, ¢ €2 u2), (Aygh ez vz ve), (Aug T) 3
uz v2), (fr va)=uz, (£ vs)=va, (£ vg)=va. (f p4 us vs).(@ p7 ug vg). (fr vs)=us, (£ vg)=ug. (fec vs)=ve. (fc vg)=ve. (W e5 us), (€ eg ug). (fe us)=ug. (fe ug)=ue ; (Auy ¢ e u2), (Avgh €3 v2 v6). (Aug T)
up v2), (fr vo)=uy, (fs vs)=va, (fs vg)=va, (f p4 us vs), (@ p7 ug vg), (fr vs)=us, (fr vg)=ug, (fc vs)=ve, (fc v8)=ve, (W 5 us), (€ eg ug), (Aus T), (Aug T) 5 (Auy C €2 u2), (Avg h €3 v2 v6), (Aug T)

uz v2), (fr va)=up, (£ vs)=va, (£ vg)=va, (f p4 us vs). (@ p7 ug vg), (fr vs)=us, (fr vg)=ug, (fe v5)=ve, (fc v3)=ve, (dus W €5 us), (dug € eg ug), (dus T), (ug T) 5 (Auy € €2 ), (dvg €3 v2 v6), (Aug T)
uz v2), (fr va)=ua, (fs vs)=va, (fs vg)=v2, (f p4 us vs), (@ p7 ug vg). (fr vs)=us, (£ vg)=ug, (e vs)=ve, (fc vg)=ve, (dug W €5 us), (Aug € eg ug) ; (Auy C ez u2), (Ayg he3 vy vg), (Aug T)

up v2), (fr vo)=uz, (fs vs)=va. (fs vg)=v2. (f p4 us vs). (@ p7 ug vg). (£ vs)=us, (£ vg)=ug. (fc vs)=ve. (e v8)=v6 : (dug W €5 us). (dug € eg ug), (duy C e uz), (dyg he3 vy ve). (Aug T)

up v2), (fr v2)=ua, (fs vs)=va., (fs vg)=v2. (f p4 us vs),(@ p7 ug vg). (Avg W es us). (Avg € eg ug), (Avg he3 v2 vs), (Avg he3 vy vg) 5 (Aus Wees us), (ug € eg ug), (duy C ez u2), (Avg N ez v v6), (Aug T)
uy v2), (fr vo)=uy, (fs vs)=va, (fs vg)=va, (f p4 us vs), (@ p7 ug vg), (s Wes vs AN ez vy vs), (dug € eg vg Ahez va vg) ;s (dug Wes us), (dug € eg ug), (duy C ez un), (dvg ez va ), (dug T)

up v2), (e vo)=u, (fs vs)=va, (fs vg)=va, (f p4 us vs),(@ p7 ug vg) ; (dvg Wes vs Ahe3 vy vs),(dvg € eg vg Ahe3 vy vg), (dus Wes us), (lug € eg ug), (duy C ez un), (Avg ez va ve), (dug T)

u v2), (fr vo)=uz, (f (Aus W es us) (dys Wes vs AN ez vy vs)), (@ (ug € eg ug) (dvg € eg vg Ahez vo vg)) 5 (g -..), (Avg ) (ug ). (Aug ), (Auy Cep un), (Ayg hrez v ve), (Aug T)

uy v2), (fr v2)=uz.(,{y2 f(/l,,5 W es us) (/lv5 Wesvs Ahe3 vy "5)).(/{,-2 a (A“8 eeg ug) (’{"8 eegvg Ahezvyvg)): (/{V5 ,“),(/l‘-g s (/i“5 )y (Aug )y (Auy C ez uz), (/l"é hes vy v(,),(,l,,é‘ )

u v2), (Ay, € ez v2), (dv, f(/lu5 Wes us) (dys Wes vs A h ez v vs)), (Avy a(dug € eg ug) (dvg € eg vg A hesvavg)); (Avg ), (Avg ) (ug ) (ug ), (Auy € e 1), (Avg hes vy v6)s (Aug T)

u vz).(ﬂ\vz cey vy /\f(/l,,5 W es us) (ﬂys Wesvs Ahesvyvs)Aa (/l,,8 eeg ug) (/l\'s eegvg Ahezvyvg)): M"S .,,),(/l\-8 ..,),(/lus ..,),(/lug ..,),(/1“2 cey ll’l),(/lyﬁ hes vy V(,).(/l“ﬁ T)

up v2) 3 (dvy Ceg vy Af(dug Wes us) (yg Wes vs Ahe3 vy vs) Aa(dug € eg ug) (Avg € eg vg Ahe3 vy vg)), (g ...), (Avg o), (dug ), (Aug ), (Auy Cep u2), (Ayg ez vo ve), (Aug T)

Q1 (M (Auy Cep up) (dyy Cex vy Af(dus Wes us) (dvs Wes vs Ahez vy vs) Aa(lug € eg ug) (dug € eg vg Ahez vo vg)) s (Ayy o), (dvg ) (g o), (Aug ), (Aug ), (Auy € €2 u2), (Avg 1 €3 v2 ), (dug T)

The result, with existential quantifiers over eventualities filled in (note inheritances now explicit):

(most (4,, some (4,, car e; uy))

(4,, some (4,, car e, v») A four (4,, some (1., wheel es us))
(1,, some (4., wheel es vs) A some (4., have e; v; vs))
Aan (4, some (4, engine eg ug))
(4,, some (4., engine eg vg) A some (4., have e; v; vg))))



20.10 Donkey sentences (Kamp, 1981)

E.g. Every farmer who owns a donkey beats it

scope

every  farmer a onkey beat Sg

which consists of the following elementary predications and scope dependencies:
(€ p1ua va), (f:va)=ua, (Fex ua), (£ vs)=ua, (@ ps us vs), (£ v7)=va, (S p7 v5 v7), (D U v2 v7), (£ v7)=vs, (0 u3 uz vs), (£ vs)=us, (d es us)
translates like this (assume unbound eventuality variables have low existential scope):

(e p1 up v2), (Fr va)=uy, (f ez uz), (fs vs)=uy, (@ pg us vs), (fs v7)=va, (s p7 vs v7), (b ug v v7), (fr v7)=vs, (0 u3 uy vs), (f; vs)=us,(d e5 us) ;
P (e py up v2), (fr va)=us, (fex ua), (fs vs)=ua, (@ ps us vs), (fs v7)=va, (s p7 vs v7), (b ug va v7), (fr v7)=vs, (0 u3 uy vs), (fr vs)=uis, (dug des us);
M (e p1 up vo). (fr va)=up, (f 3 up). (£ vs)=u. (@ pa us vs). (s v7)=v2.(s p7 vs v7). 0 ug vo v7), (fr v7)=vs. (0 uz us vs), (fr vs)=us ; (lug des us)
12 (e p1 uz v2), (fr vo)=uz. (f ez up), (fs vs)=us.(a p4 us vs), (fs v7)=va. (s p7 vs v7). (b ug v2 v7). (fr v7)=vs. (0 u3 u vs). (A5 d es vs) ; (dus d es us)
P (e p1 up va), (fr va)=uz, (f ez un), (s vs)=ua, (@ pa us vs), (fs v7)=va, (s p7 v5 v7), (D ug v2 v7), (fr v7)=vs, (dvs 0 uz uz vs), (Avs des vs) ; (dus d es us)
C (e p1 up v2), (fr vo)=up, (f ez up), (fs vs)=uz, (@ pg us vs), (fs v7)=va, (s p7 vs v7), (0 ug v2 v7), (fr v7)=vs, (Avs O uz up vs Ades vs); (Aug des us)
M (e py up vo), (Fr vo)=uy, (f ez un), (Fs vs)=un, (@ pg us vs), (s v7)=va, (s p7 v5 v7), (b ug vy v7), (fr v7)=vs ; (,l‘vj ouzuyvs Ades L’5),(/l“5 des us)
14 (e p1 uz va). (fr v2)=ua, (f ez un), (fs vs)=uz, (@ p4 us vs), (fs v7)=va, (s p7 vs v7), (D ug v2 v7),(Ady; Ouz va vz Ades vy); (Ayg O uz Uy vs A desvs), (Aug des us)
P (e py uy vp). (fr va)=un, (fep u). (fs vs)=uz, (@ pa us vs), (fs v7)=va, (s p7 vs v7). (dyy D ug v2 v7),(dyy Ouz vy vz Ades vy); (dys O uz uy vs A desvs), (Aug des us)
C (e p1 up v2), (fr vo)=un, (f ez up), (fs vs)=uz, (@ pa us vs), (fs v7)=va, (s p7 vs v7), (Av; Dug va v7 AOuz v2 vz Ades v7); (Avs O uz uz vs Ades vs), (dus d es us)
M (e p1 uz v2), (fr va)=up, (f e3 up), (fs vs)=uz, (@ pa us vs), (s v7)=v2,(s p7 vs v7) ; (dvy Dug va v7 AOuz v2 v7 Ades v7),(dvs O uz up vs Ades vs), (dug des us)
Q1 (e py up vo), (£ vo)=uy, (f ex un), (Fs vs)=us, (@ py us vs), (fs v7)=va, (s (/l\,S ouz up vs Ades us) (/l‘v7 bugvavi Aouzvavy Adesvy)); (/{\‘7 ...),(/l\‘5 ...),(/l“5 )
Q3 (e py up va), (£ vo)=uy, (fex un), (ks vs)=uo, (a py us vs), (Ayy s (/lv5 ouz vy vs Ades us) (A bug vy vz Aouz vy vy Adesvy)); (Ayg ), (/l‘,5 ...).,(/l,,5 )
Q1 (e py ug va)., (fr vo)=uo, (f ez up), (fs vs)=us. (@ (Ausg des us) (dys O uz uy vs A des vs)), (A, s (Avg Ouz vo v5 A des us) (dv; bugva vy Aouzvavy Adesvy)): (dyg .A.).(/{‘-5 ,“).(A,,5 )
Q2 (e py up va), (fr va)=uy, (fex ug),(/l“2 a (/l“S des us) (/l"i ouz upy vs Ades vs)), (/lpz s (,i\-5 ouz vy vs Ades us) (/1\7 bug vy vy Aouz vy vy Adesvy)); (11\7 ...)4,(11“5 4..),(,1”5 )
P (e py uy va), (fr Vz):llz‘(/l,;z fey uz),(ﬁ“z a (11,5 des us) (ﬁ\‘s ouzuyvs Ades Vj)),(/l\vz s (/l\‘s ouz vy vs Ades us) (11\‘7 bug vy vy Aouz vy vy Adesvy)); (/l|v7 ..,),(/l\-5 ..,)4,(/1,,5 )
C (e py uz va), (fr vo)=u3, (duy feoup na (/ll,5 des us) M“S ouzuyvs Ades v5)), (dv, S (/!\‘5 ouz vy vs Ades us) (,1‘7 bugvavsAouzvyvy Adesvy)); (/l‘v7 ...),(/l‘-5 ...).(A,,S )
Avg ) (lus )
L (g ) (Aug )

M (e pyuzva); (Avy fepup Ao AS (dys Ouz vp vs Ades us) (Avg Dug va vz A0 uz v vz Ades v7)), (duy Tz up Aa(dug des us) (Advs 0 uz uz vs Ades vs)), (dyg ..., (Ayg ), (dug )

M (e py up ), (fr v)=uz, (dyy S (/l\-s ouz vy vs Ades us) (v, bugvyvi Aouzvavy Adesvy)); (Aus feoup na (/{”5 des us) (/!\‘5 ouz upy vs Ades vs)),(/lv7 s (

12(e py up v2),(Avy fep up Ao AS (dyg Ouz vp vs Ades us) (dvg bug vy vz Aouz vy vy Ades vy)): (duy fea up Aa(dus des us) (Advs 0 uz up vs Ades vs)), (g

Ql (e (4”2 ferup na M”S des us) (/l\rs ouz uy vs Ades vs)) (/'.yz fepup AoAS (/l"s ouz vy vs Ades us) (/1\7 bug vy vy Aouz vy vy Adesvy))); (/ly2 ..,),(/1“2 ..,),(/1\7 ..,)4,(/1‘»5 ,..)‘(/1,15 )

Not satisfied when farmers own multiple donkeys because singular pronoun unsatisfied.
Generates ‘strong’ reading with plural (‘Every farmer that owns some donkeys beats them”).



20.11 Summation anaphora (Kamp, 1981)

6. Add union of conjunct constraints to complete lambda terms in A:

T, (fuin V):M > A
I, (fcin V):l/t, (funion V):I/t ; A (Ul)
T, (funion v)=u; (4, ‘/’)’ A

1,.)¢Tl U2
L, (A, (4, ) u) 5 (4, 9), A ()8 U2

T, (/lu ¢)’ (funion V):M ; (/lv w)» A
U3
L ¢V (A4 g u) ;s (4, ¢), A )
LD IRy g v=ugr (U4)

Iy (g AY), A
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