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Surprisal Theory

Cognitive effort induced by a word is proportional to the amount of 
information that it conveys in context:

Hale (2001), NAACL Levy (2008), Cognition

difficulty(wt) ∝ Surprisal(wt) = -log P(wt|w1…t-1,CONTEXT)

> Surprisal models of linguistic experience (wt|w1…t-1) account for reading 
times for a broad range of phenomena
(e.g., Hale, 2001; Boston, Hale, Kliegl, Patil, & Vasishth, 2008; Brouwer, Fitz, & Hoeks, 2010; Demberg & Keller, 2008; Frank, 2009; Roark, Bachrach, 
Cardenas, & Pallier, 2009; Levy, 2008; Smith & Levy, 2008)

> But a word’s processing difficulty is affected by the discourse context 
and world knowledge, above and beyond linguistic experience alone
(e.g., Albrecht & O’Brien, 1993; Altmann & Kamide, 1999; Camblin, Gordon, & Swaab, 2007; Cook & Myers, 2004; Garrod & Terras, 2000; Hess, 
Foss, & Carroll, 1995; Knoeferle, Crocker, Scheepers, & Pickering, 2005; Knoeferle, Habets, Crocker, & Münte, 2008; Kuperberg, Paczynski, & 
Ditman, 2011; Morris, 1994; Myers & O’Brien, 1998; O’Brien & Albrecht, 1992; Otten & van Berkum, 2008; van Berkum, Brown, Zwitserlood, 
Kooijman, & Hagoort, 2005; van Berkum, Hagoort, & Brown, 1999; van Berkum, Zwitserlood, Hagoort, & Brown, 2003)

Idea: linguistic experience, discourse context, and world knowledge all 
interact in the unfolding interpretation that is being constructed

→ Surprisal models need to quantify and factor in ‘CONTEXT’
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Discourse Process.

Brouwer, Crocker, Venhuizen & Hoeks (2017) 
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“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,…]
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Brouwer, Crocker, Venhuizen & Hoeks (2017), Cognitive Sci. 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



What does the model ‘understand’?
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Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.

How much is situation a understood to be the case from situation b?
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Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.
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Surprisal ∝ distance

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

[“beth”, “ordered”, “water”]

Surprisal ∝ distance

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

[“beth”, “ordered”, “cola”]

Surprisal ∝ distance

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

or
de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

lef
t

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th

lea
ve
(be
th)

lef
t

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

or
de
r(b
eth
,w
ate
r)

wa
ter

or
de
r(b
eth
,po
pc
or
n)

dri
nk
(be
th,
wa
ter
)

en
ter
(be
th,
cin
em
a)

0.69

be
th1.04

lea
ve
(be
th)

lef
t

dr
ink
(b
eth
,co
la)

co
laor

de
r(b
eth
,co
la)

en
ter
(be
th,
res
tau
ran
t)

0.66
0.75

or
de
r(b
eth
,di
nn
er
)

or
de
re
d

0.46

dri
nk
(be
th,
ch
am
pa
gn
e)

ch
am
pa
gn
e

or
de
r(b
eth
,ch
am
pa
gn
e)

[“beth”, “left”]

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.

Surprisal ∝ distance



Surprisal in comprehension

difficulty(wt)∝ Surprisal(wt) = -log P(vt|vt-1)
Meaning-level Surprisal 

Venhuizen, Crocker & Brouwer (2018) 
Discourse Process.
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Person ordered champagne/water

↑popcorn

↑dinner

↑cola

↑water

LE: f(popcorn) < f(dinner)

WK: p(popcorn) = p(dinner)

LE: f(popcorn|cinema) 
    = f(dinner|cinema)

WK: p(popcorn|cinema)  
     > p(dinner|cinema)

LE: f(cola) > f(water)

WK: p(cola) < p(water)

LE: f(champagne) >> f(water)

WK: p(champagne) < p(water)

Beyond context, there are two sources for Surprisal in the model:
> Linguistic Experience (LE) — the model’s linguistic input history
> World Knowledge (WK) — the model’s probabilistic knowledge of the world

Venhuizen, Crocker & Brouwer (2019) 
Discourse Process.



“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,…]

word meaning

integration

interpretation

retrieval

word form

→P600

→N400

→Surprisal

[ localist ]

[ feature-based ]

[ neural semantics ]

Brouwer, Crocker, Venhuizen & Hoeks (2017), Cognitive Sci. Venhuizen, Crocker & Brouwer (2019), Discourse Process.

Fo
rm

 ⟼
 M

ea
ni

ng

retrieval: provided word and 
context, activate word meaning  
 
N400 = Δ activity from t-1 to t

integration: integrate word  
meaning with context to update 
utterance interpretation 

P600 = Δ activity from t-1 to t

Surprisal(wt) = -log P(vt|vt-1)

Surprisal ~ P600



Testing Surprisal ~ P600
Baseline:
John entered the restaurant. Before long he opened the menu and …

John left the restaurant.
Event-related:

Before long he opened the menu and …
↑Surprisal

John entered the apartment.
Event-unrelated:

Before long he opened the menu and …
↑Surprisal

1"

2"

3"

4"

5"

6"

7"

enter%restaurant%)%
menu%

leave%restaurant%)%
menu%

enter%apartment%)%
menu%

Plausibility ratings (1-7pt scale)

↑Integration/P600

↑Integration/P600

1"

2"

3"

4"

5"

6"

7"

Restaurant)/)Menu) Apartment)/)Menu)

Association norms (1-7pt scale)

↑Retrieval/N400

Delogu, Brouwer & Crocker (in press)



ERP Model — World specification

• Events: enter, leave, open 

• Referents: (colours indicate objects that are ‘presupposed' by places)  
• persons: john, mary 
• places: apartment, restaurant 
• openable objects: mail, menu, umbrella 
• other objects: bed, couch, table, waiter 

• Preferred combinations: (WK ≈ 5:1, LE = 4:1) 
• enter(x,apartment) & open(x,mail) 
• enter(x,restaurant) & open(x,menu) 
• leave(x,apartment/restaurant) & open(x,umbrella)

↦ plausibility



ERP Model — Training sentences

NPperson V the Nlocation and he/she opened the Nobject

Condition V Nlocation Nobject Effect

Baseline (×4) entered apartment 
restaurant

mail 
menu —

Event Related (×1) left apartment 
restaurant

mail 
menu P600

Event Unrelated (×1) entered apartment 
restaurant

menu 
mail N400 + P600

Control Fit (×4) left apartment 
restaurant

umbrella 
umbrella

Control No Fit (×1)
entered apartment 

restaurant
umbrella 
umbrella

left apartment 
restaurant

menu 
mail



ERP Model — Sentence semantics

• Sentence statistics: types = 24, tokens = 48

• Word statistics: types = 14, tokens = 432

Word co-occurrences
apartment & mail 10

restaurant & menu 10
apartment & menu 4
restaurant & mail 4

Word frequencies
john 24 and 48
mary 24 he 24

entered 24 she 24
left 24 opened 48
the 96 mail 14

apartment 24 menu 14
restaurant 24 umbrella 20

↦ association



Model predictions

Baseline (“entered restaurant - menu”) 
Event-related (“left restaurant - menu) 
Event-unrelated (“entered apartment - menu)

Linguistic Semantic
0,4 0,19

1,79 1,6
1,79 2,32

Online
0,11
2,28
2,36

Surprisal
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N400
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Yes

ERP effects
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Yes
Yes



ERP results

Baseline (“entered restaurant - menu”) 
Event-related (“left restaurant - menu) 
Event-unrelated (“entered apartment - menu)

N400
Model Data

— —
No ✓
Yes ✓

P600
Model Data

— —
Yes ✓
Yes ✖

P600 (corrected)
Model Data

— —
Yes ✓
Yes ✓

(cf. Hagoort, 2003)

positive 
shift

po
sitive shift

component  
overlap?

Delogu, Brouwer & Crocker (in press)



Discussion

> Model offers a more direct link between representations, surprisal 
(meaning-conditional probabilities) and processes (integration)

> Integrated comprehension model predicts close link between 
Integration/P600 processes and interpretation-level Surprisal

> ERP data support this link between Surprisal and Integration/P600

> Surprisal models typically focus on linguistic experience and offer no 
direct performance ↔ representations/processes link (causal bottleneck)

What’s next? Investigate P600 ~ Surprisal/RT (combined EEG and eye-
tracking), component overlap (using MVPA, rERPs)





Surprisal

Offline syntactic (linguistic) Surprisal:

Offline semantic (situation) Surprisal:

Online Surprisal:

[3.22 − 1.02] [0.95 − 0.83] [1.27 − 0.48]
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Venhuizen, Crocker & Brouwer (accepted) 
Discourse Process.


