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Distributional Formal Semantics—SMxP

‣ A set of logical models M that truth-conditionally and probabilistically capture  
the state of the world 

‣ A set of atomic propositions P — e.g., order(beth,cola), enter(thom,bar)

‣ The meaning of a (complex) proposition p is defined by a  
vector v(p) in SMxP, reflecting its truth/falsehood relative to  
each model in M 

‣ Fully compositional at the propositional level

Q: What about sub-propositional meaning?  
     e.g., ‘beth’, ‘ordered’
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Distributional Formal Semantics—SMxP

‣ Vectors representing (combinations of) propositions are binary, reflecting truth/
falsehood relative to each model

→ Alternatively, we can model this derivation using a 
Simple Recurrent artificial neural Network (SRN)

→ The derivation of the meaning of an expression 
w1…wi is a trajectory through SMxP

be
thM

1
M2

0

1

1

pa
y(b

eth
)

ord
er(

be
th,

co
la)

lea
ve

(be
th)

Next: A primer on Artificial Neural Networks

⟦beth⟧SMxP = {v(p)|p ∈ {pay(beth),order(beth,cola),leave(beth), …}}

… which can be modeled using operations on sets of 
vectors (sets of points in space)

‣ But the meaning space SMxP is itself continuous

‣ The sub-propositional meaning of an expression e is a real-valued vector defining a 
point in SMxP lying in between the propositions that e pertains to



Biological Neurons

excitatory/inhibitory 
input signal

excitatory/inhibitory 
input signal

output 
signal

action potentials 
(spikes of electrical activity)

Q: significant excitatory input?

> synapses transform action potentials into an excitatory or inhibitory chemical signal



Artificial “Model” Neurons

output signals of 
projecting neurons

output 
signal

weights/“synapses” 
(excitatory/inhibitory transformation)

net input

yj = f(xj)f(x) =
1

1 + e�x
xj =

X

i

yiwij

activity level 
(“firing rate”)

artificial “model” neuron



Artificial Neural Networks

sensory 
neurons

feature 
detectors

“response” to 
stimulus



Recurrence—Modeling Memory

Elman (1990), Cogn. Sci.

previous hidden layer

copy projections

recurrent projections

> a Simple Recurrent Network (SRN) is a very powerful tool for cognitive modeling

Q: What about temporally extended stimuli (e.g., sentences)?



Learning in Neural Networks

> Neural Networks learn from experience (training)

Rumelhart et al. (1986), Nature

stimulus pattern
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target pattern

error backpropagation

determine error

adjust weights to 
reduce error

> challenge in neural network modeling is to minimize error for a set of stimuli



A Neural Model of Comprehension

output (150 units)

hidden (100 units)

input (21 units)context (100 units)

[ neural semantic representation ]

[ localist word representation ]

( internal representation at t )

( internal representation at t-1 )

Elman (1990) 
Cognitive Sci.

“Beth entered the restaurant and ordered champagne”

enter(beth,restaurant) ∧ order(beth,champagne)

<“beth”, “entered”, “the”, “restaurant”, “and” “ordered”, “champagne”>

< [0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0], [0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0], […] >

[1,0,1,0,0,1,1,0,1,0,0,1,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,1,0,…]

perceived 
word at t

context 
established 

at t-1

understood 
meaning at t

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



DP Model — Atomic propositions

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



DP Model — Meaning space

(only propositions for ‘beth’ are shown)

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



DP Model — Grammar

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.

Highly frequent (x9): “NPperson ordered dinner,” “NPperson ate popcorn,” 
“NPperson ordered champagne,” “NPperson drank water”;

Relatively frequent (x5): “NPperson ordered cola,” “NPperson drank cola.” 

Default (x1): All other structures
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Comprehension is meaning-space navigation

Multi-dimensional scaling: 150D ↦ 3D

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Comprehension is meaning-space navigation

[“beth”]

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Comprehension is meaning-space navigation

[“beth”, “ordered”] (scalars ∝ distance)

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Comprehension is meaning-space navigation

[“beth”, “ordered”, “cola”] (scalars ∝ distance)

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Comprehension is meaning-space navigation

[“beth”, “left”] (scalars ∝ distance)

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



What does the model ‘understand’?

●
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−0.5

0.0

0.5
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beth entered the restaurant and ordered champagne
Word

C
om

pr
eh

en
si
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 s
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re

●

●

enter(beth,restaurant)

order(beth,champagne)

order(beth,dinner)

leave(dave)

order(beth,water)

enter(beth,cinema)

Word−by−word comprehension proposition

inference

inference

> Points in meaning-space capture meaning beyond literal propositional 
content; i.e., model engages in direct knowledge-driven inferencing

proposition

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.

[comprehension score = inf(v(p),v(output))]



Processing in the model



What does the model ‘understand’?



Discussion

‣ The meaning space SMxP is continuous 

‣ The sub-propositional meaning of an expression e is a real-valued vector 
defining a point in SMxP lying in between the propositions that e pertains to

‣ The derivation of the meaning of a multiword expression w1…wi is a trajectory 
through SMxP 

‣ This derivation can be modeled using an SRN that incrementally maps words 
in context onto (complex) propositional meanings 

‣ This synergy between DFS and neural networks paves way towards novel 
investigations into formal meaning representation and construction



MODELING SEMANTIC AND PRAGMATIC THEORY (I)

➤ Reference [Van Berkum et al., 2004] 
 1-ref: David shot at Linda as he jumped … ↦ shot(d,l) & jump(d) 
 0-ref: Anna shot at Linda as he jumped  … ↦ shot(a,l) & (jump(d) | jump(j) | …) 
 2-ref: David shot at John as he jumped  … ↦ shot(d,j) & ???? [~Nref]

➤ Inference — bridging / presupposition [Burkhardt, 2007] 

 Student shot      + the pistol  ↦  inf(instr(pistol),shot) ~ +1  
 Student killed     + the pistol  ↦  0 < inf(instr(pistol),killed) < +1 
 Student found dead + the pistol  ↦  0 < inf(instr(pistol),found_dead) < +1 
 No student shot     + the pistol  ↦  inf(instr(pistol),!shot) ~ −1  

➤ Quantification [e.g., Spychalska et al., 2015] 
 Someone entered restaurant ↦  enter(a,r) | enter(b,r) | enter(c,r) 
 Two people entered restaurant ↦  (enter(a,r) & enter(b,r)) | (enter(b,r) & …) | … 
 All people entered restaurant ↦  enter(a,r) & enter(b,r) & enter(c,r)



MODELING SEMANTIC AND PRAGMATIC THEORY (II)

➤ Inference — non-literal meaning (irony/metaphor) [Regel et al., 2011] 
 [no context]   + These artists are gifted  ↦  are_gifted(a) 
 Good performance   + These artists are gifted ↦  … & are_gifted(a) 
 Bad performance  + These artists are gifted ↦  … & suck_big_time(a) 

➤ Scalar implicatures [Noveck & Posada, 2003; Nieuwland et al., 2010; Hunt III et al., 2012] 
 Context:  All Xs are P   ↦   p(x1) & p(x2) & p(x3) 
 Logical:   Some Xs are P ↦   p(x1) | … | (p(x2) & p(x3)) |  (p(x1) & p(x2) & p(x3)) 
 Pragmatic: Some Xs are P ↦   (p(x1) | … | (p(x2) & p(x3))) & !(p(x1) & p(x2) & p(x3)) 

➤ Negation [Fischler et al., 1983] 
 True affirmative: A robin is a bird    ↦ inf(bird,robin) ~ +1 
 False affirmative: A robin is a vehicle   ↦ inf(vehicle,robin)  ~ −1  
 True negative:  A robin is not a vehicle   ↦ inf(!vehicle,robin) ~ +1 
 False negative: A robin is not a bird   ↦ inf(!bird,robin) ~ −1
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