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Pronoun interpretation

The girls wave at the teacher...

707
...and then she leaves.



Pronoun interpretation

The girls wave at the teacher...

pl .
277

...and then she leaves.
SY

i‘ Agreement mismatch: “she” is singular IS plur

—




Pronoun interpretation

The girls wave at th'é teacher...

Ol S 8g
297

...and then she leaves.
SY

;Agreement match: both “she’

——




Pronoun interpretation

The girls wave at the teacher...
SY

...and then she leaves.
SY

|

| o How to chose o
m Use linguistic knowledge of agreement. |




Pronoun interpretation

The girl waves at the teacher...

277

...and then she leaves.
SY



Pronoun interpretation

&= ||

/

The girl waves at the teacher...

S
. 7
...and then she leaves.
S9

This could work both s’ and




Pronoun interpretation

£ |
Ry

The girl waves at thé teacher. ..

S 7 sg
° 2377

..and then she leaves.
SY

=

B tso Could thls both “she and teacher are smgular “



Pronoun interpretation

Ihe girl waves at the teacher...
= 297 =

...and then she leaves.

e

How to Choose’? 1



Pronoun interpretation

The girl waves at the teacher...

S S
. 77?77 7
..and then she leaves.
SY

How to choose?
i Use contextual knowledge (Whos Ilkely to be Ieavmg) ‘

Maybe the girl is getting ready to leave the classroom.



Pronoun interpretation

1The girl waves at the teacher...

/o i S SQ
%SUDJGC’[ 9 299
...and then she |leaves.
S9

| How to choose?
"d Use linguistic knowledge about connectives. |

Maybe pronouns after “and then” tend to refer to the previous subject.




Pronoun interpretation

The gIrls wave at the teacher...
%subjeot_! o 299 SY

...and then she leaves.
SY

‘What about when interpretation cues conflict?]




Pronoun interpretation

The girls wave at the teacher...
Rfsubject| o - sQ
...and then she leaves.

17-,
|
J
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Pronoun interpretation

The girls wave at the teacher...
%subjectj o 700 SY
..and then she leaves.

‘ What about When mterpretatlon cues Confhct’? N

' Here, English-speaking adults let agreement matter |
| more than the connective.

| So, they interpret “she” as “the teacher”. |




Pronoun interpretation

The girls wave at the teacher...
Rfsubject| o - SQ

...and then she leaves.
SY

| | SometHing English-speaking adults have earned:
wﬂterpretation cue conflicts in context. |




Pronoun interpretation

Ihe girls wave at the teacher...

Wsubjeot‘ﬁ pl 297 SY

...and then she leaves.
SY

The need to integrate multiple cues to interpretation
doesn’t just happen in English, of course.




Pronoun interpretation

| as ninas saludan a la maestra...

The girls | wave  at the teacher...
S
. 27077 °
...y despues ella sale.
... and then she leaves.
SY

Here’s the same sentence in Spanish.



Pronoun interpretation

2= il

Las ninas saludan a la maestra...
The girls wave  at the teacher...

P ???Sg

...y despues @ sale.
... and then PRONOUN [eaves.
SY
Spanish also allows the form of the pronoun to be null
(this means the agreement information is on the verb).



Pronoun interpretation

Las ninas saludan a la maestra...
The girls wave  at the teacher...

P ???Sg

...y despues @ sale.
... and then PRONOUN /eaves.

sg

Just like English, there are multiple cues available
to interpret the pronoun.



Pronoun interpretation

2= il

Las ninas saludan a la maestra...
The girls wave  at the teacher...

P ???Sg

...y despues @ sale.
... and then PRONOUN /eaves.

sg

Spanish-speaking adults also
have interpretation preferences.




Pronoun interpretation

Las ninas saludan a la maestra...
The qgirls wave at the teacher...

%subjeot! pl ???Sg

...y despues @ sale.
... and then PRONOUN /eaves.

S9
For Spanish-speaking adults...

...the connective favors the subject.




Pronoun interpretation

2l

Las ninas saludan a la maestra...
The qgirls wave at the teacher...

Q{subjeot! pl ???Sg

...y despues @ sale.
... and then PRONOUN /eaves.

S9
For Spanish-speaking adults...

...the (singular) agreement (on the verb) indicates
the singular object.




Pronoun interpretation

Las ninas saludan a la maestra...
NThgg/r/s wave at the teacher...

gsubjectj pl ??? SY

...y despues @ sale.
... and then PRONOUN /eaves.

S9
For Spanish-speaking adults...

...the (null) form favors the subject.




Pronoun interpretation

Las ninas saludan a la maestra...
NThgg/r/s wave at the teacher...

%subjectj pl ??? SY

.y despues @ sale.
... and then PRONOUN /eaves.

S9
For Spanish-speaking adults...

...this collection of cues generally causes
the pronoun to be interpreted as the singular object
(agreement matters the most).




Pronoun interpretation development

Las ninas saludan a la maestra...
NThgg/r/s wave at the teacher...

gsubjectj pl ??? SY

...y despues @ sale.
... and then PRONOUN /eaves.

sg

How do Spanish-learning children develop this ability
to interpret pronouns in context?




Pronoun interpretation development

NN/

Children’s ability to interpret a pronoun in an
adult-like way depends on (at least) two things.




Pronoun interpretation development

PRONOUN

First, children need adult-like knowledge of what
each cue signals.




Pronoun interpretation development

PRONOUN

Second, children need adult-like ability to deploy
that knowledge In real time.




Pronoun interpretation development

N/ —
) PRONOUN ——
N/

When both of these are adult-like, we should get
adult-like pronoun interpretation.




Pronoun interpretation development

o

NN/ —
) PRONOUN ——
N/

But if we get non-adult-like pronoun interpretation,
then it could be due to immature knowledge,
immature deployment of that knowledge, or !




Pronoun interpretation development

N/ —
r PRONOUN ——
N/

How do we tell what the differences are between child and adult
oronoun interpretation”? When we understand this better, we’ll
understand what children need to do to become adults.




Understanding pronoun interpretation development

I —
r PRONOUN ——
N/

The plan, part 1: Get some empirical data on how children and adults
Interpret the same pronoun in a context where multiple cues are available.

|

ﬁ

Forsythe & Pearl 2019, in prep



Understanding pronoun interpretation development

The plan, part 1: Get some empirical data on how children and adults
Interpret the same pronoun in a context where multiple cues are available.

Forsythe & Pearl 2019, in prep



Understanding pronoun interpretation development

N |
PRONOUN ———
fQJJ .
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The plan, part 2: Use computational cognitive modeling to formally
articulate the potential process of pronoun interpretation in the context of
these multiple cues.

Forsythe & Pearl 2019, in prep



Understanding pronoun interpretation development

The plan, part 2: Use the
computational cognitive model to
identify the specific differences
leading to child and adult pronoun
Interpretation in context.

Forsythe & Pearl 2019, in prep



Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

Children (~3, 4, and ~5) and adults

Las ninas saludan a la maestra... | .
are asked to interpret pronouns in the

Lheﬂ/s wave  at the teacher...
%SU'OJGCTJ p! 1559 kind of contexts we saw before.

<=3 1:11-3:10 (N=33)
=W | |4 40411 (N=35)
\ " >=5: 5,0‘6,9 (N:29)

..y despues @ sale.
... and then PRONOUN leaves.

SY

Adults (N=47)

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ’)\

~3VYrs 4yrs ~Byrs adults

L as ninas saludan a |a maestra...

The qgirls wave  at the teacher...
~ subject | P =S50
ject 277

..y despues @ sale.
... and then PRONOUN leaves.

SY

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

L as ninas saludan a la maestra... Choice: Is the pronoun

The girls wave  at the teacher... Interpreted as the subject or
ﬂsubject J o 1559 the object?
N T = u

..y despues @ sale.
... and then PRONOUN leaves.

SY

We can plot the rate of subject responses.

Rate of subject responses

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

Context:
Does agreement favor the
subject or the object?

Las ninas saludan a la maestra...
The girls wave  at the teacher...

P ’?’??Sg

...y despues @ sale.
... and then PRONOUN [eaves.

SY

subject object

Favored by agreement

Rate of subject responses

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

Context:
Does agreement favor the
subject or the object?

Las ninas saludan a la maestra...
The girls wave  at the teacher...

— Pl ???sg

...y despues @ salen.
... and then PRONOUN leave.

Ol

subject object

Favored by agreement

Rate of subject responses

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

~3VYrs 4yrs ~Byrs adults

Las nifas saludan a la maestra... Context:
The girls wave  at the teacher... Does agreement favor the
Pl ,?,%39 subject or the object?

...y despues @ sale.
... and then PRONOUN leaves.

SY

subject object

Favored by agreement

Rate of subject responses

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

~3VYrs 4yrs ~Byrs adults

. Context:
Las ninas saludan a la maestra... Noes th o f
The girls wave  at the teacher... OES .e pronoun Orm avor
Pl sQ the subject or the object?
227

...y después (@  sale.
... and then PRONOUN leaves.

sg

Rate of subject responses

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

. Context:
Las ninas saludan a la maestra... Does th orm f
The girls wave  at the teacher... OES .e pronoun Orm 2vor
NLsubject! ol ??ng the subject or the object”

..y despues @ sale.
... and then PRONOUN leaves.

SY

& (favors subject)

Rate of subject responses

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

Context:
Does the pronoun form favor
the subject or the object?

Las ninas saludan a la maestra...
The girls wave  at the teacher,..

o Sg 2 obiect
?rp? M

...y después ella sale.
... and then PRONOUN leaves.

SY

overt (favors object)

Rate of subject responses

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

Las ninas saludan a la maestra... Context:
The girls wave  at the teacher... Does the connective favor
p ??ng the subject or the object?

...y despues &  sale.
... and then PRONOUN leaves.

SY

Rate of subject responses
(102lqo sJoney) peno (108lgns sione)) @
w0} AQg paione

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

~3VYrs 4yrs ~Byrs adults

Las ninas saludan a la maestra... Context:
The girls wave at the teacher... Does the connective favor
%ubjec’[! Pl ,P,P,?Sg the subject or the object?

.y después &  sale.
.. and then PRONOUN [eaves.

SY

y después (favors subject)

Rate of subject responses
(102lqo sJoney) peno (108lgns sione)) @
w0} AQg paione

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation ”)\

~3VYrs 4yrs ~Byrs adults

Las ninas saludan a la maestra... Context:
The girls wave  at the teacher.. Does the connective favor
p f;fmsg %Obiect! the subject or the object?

...porque ) sale.
... because PRONOUN leaves.

SY

porque (favors object)

Rate of subject responses
(102lqo sJoney) peno (108lgns sione)) @
w0} AQg paione

subject object

Favored by agreement

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

Favored by connective
y despues (favors subject)  porque (favors object)

~3Yrs 4yrs ~5yrs adults

(108lgns sJionel) @

w0} AQ paione

Rate of subject responses

e
<
®
3

=
»
<
o
S
w
o)

O.
o)
O

=t

subject object subject object subject object subject object

Favored by agreement
Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

7:& '

: Favored by connective
y despues (favors subject)  porque (favors object)

~3Vyrs 4yrs ~byrs adults

(108lgns sJione)) @

w0} AQ paione

- - — - -

Rate of subject responses

(108[QO SJIOAB)) LBAO

' subject object subject object subject object ' subject object

Favored by agreement
Forsythe & Pearl 2019, in prep



—mpirical data on pronoun interpretation

" Big qualitative picture: »
.: Children don’t behave like adults. §

Favored by connective
y después (favors subject)  porque (favors object)

~3Vyrs 4yrs ~byrs adults

(108lgns sJione)) @

w0} AQ paione

- ——— -

Rate of subject responses

(108[QO SJIOAB)) LBAO

-subject object subject object subject object  subject  object

Favored by agreement
Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

Favored by connective

7:& .

y despues (favors subject)  porque (favors object)

~3VYIS 4yrs ~byrs adults

Rate of subject responses

=

(108[QO SJIOAB)) LBAO

' subject object subject object subject object ' subject object

Favored by agreement

(108lgns sJione)) @

w0} AQ paione

Forsythe & Pearl 2019, in prep



Empirical data on pronoun interpretation

7:& '

 Something needsto |
t change for childrento
i become adult-like —
t but what?

L -

: Favored by connective
y despues (favors subject)  porque (favors object)

~3Vyrs 4yrs ~byrs adults

(108lgns sJione)) @

w0} AQ paione

- - — - -

Rate of subject responses

(108[QO SJIOAB)) LBAO

' subject object subject object subject object ' subject object

Favored by agreement
Forsythe & Pearl 2019, in prep



Understanding pronoun interpretation development

The plan, part 2:
Use computational cognitive modeling to
formally articulate the potential process

of pronoun interpretation in the context N pRONOUN —
of these multiple cues. ~ T

Forsythe & Pearl 2019, in prep



Understanding pronoun interpretation development

The computational cognitive model
formally articulates and implements
(what we think are) relevant aspects of
pronoun interpretation in context.

Forsythe & Pearl 2019, in prep



Here: Implement how a modeled listener
represents pronoun information and deploys that
iInformation in order to predict the probability of a
particular interpretation in context.

Forsythe & Pearl 2019, in prep



Then, see which options for representation
and deployment best match child vs. adult
pronoun interpretation behavior.

Forsythe & Pearl 2019, in prep



This will articulate how children differ from
adults, and what needs to develop In
children for them to become adult-like.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

o £ PRONOUN —
The model uses Bayesian inference to ~

Implement the cognitive mechanism that
combines information to generate a
particular interpretation in context.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

Bayesian inference is commonly used to
model human cognition in general and
language development in particular, since

| | | 7 PRONOUN —
it matches human behavior quite well (see ~

Pearl in press and b for recent reviews).

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

The particular Bayesian model we use is

adapted from Gagliardi, Feldman & Lidz (2017),
N/ —

and offers one way to separate out the , PRONOUN —

contributions of information representation vs.

iInformation deployment in the moment.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

Ny —_—
'~ PRONOUN —
N/

Interpretation
P(subj.sc|FORM, CON, MOR) X P(Qsupjsc) * P(FORM, CON, MOR|Qgup;.s6)

Interpreting the pronoun as the subject, which is singular....

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

I —
'~ PRONOUN —
N/

interpretation context
P(Qsubj.sc|[FORM, CON, MOR) o P(Qsupj.sc) * P(FORM, CON, MOR |0rgyp).s)

O ella

...given the particular context involving
the pronoun’s form,

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

I —
'~ PRONOUN —
N/

interpretation context
P(Qsubjsc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM, CON, MOR|(tsyp;.sc)

y despues porque

...given the particular context involving
the pronoun’s form,
the connective,

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

I —
. PRONOUN ——
ny/

interpretation context
P(Qsubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM, CON, MOR|(syp;.sc)

sqg pl

...given the particular context involving
the pronoun’s form,

the connective,

and the agreement morphology.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

interpretation context
P(subj.sc|FORM, CON, MOR) X P(Qsupjsc) * P(FORM, CON, MOR|Qsup;.s6)

This is proportional to the prior probability of that
Interpretation irrespective of this particular context...

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

a

NN/ —
' PRONOUN ——
N/

interpretation context
P(subj.sc|FORM, CON, MOR) X P(Qsupjsc) * P(FORM, CON, MOR|Qsup;.sc)

...multiplied by the likelihood of these context values,
given this Kind of interpretation (a singular subject).

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/ —
' PRONOUN ——
N/

interpretation context
p(asubj.SG FORM, CON, MOR) X p(asubj.SG) X p(FORM a’subj.SG)*

p(CON asubj.SG) *
p(MOR C‘isubj.SG)

Here, we assume these context values are independent, so
we can calculate the likelihood this way.

(For example, the probability of a particular pronoun form, given a certain interpretation, is assumed
to be independent from the probability of a particular connective, given a certain interpretation.)

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/
' PRONOUN ——
N/

interpretation context // //

P(Asubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM|Qsupj.sc)*
(CON asubj.SG)*

p(MOR asubj.SG)

This is the baseline model, which has accurate representations
of information and accurately deploys those representations in
the moment.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

interpretation context X /

P(subj.sc|FORM, CON, MOR) X p(Qsupj.sc) * P(FORM
p(CON
p(MOR

asubj.SG)* o
a’subj.SG)* O
asubj.SG)

What about a modeled listener who has inaccurate representations?
This could involve inaccurately representing the prior or the likelihood

information, or both.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

N "~ PRONOUN —
interpretation context X / X /
P(Asubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM|Qsupj.sc)* o
(CON asubj.SG)* o
X ' | o p(MOR asubj.SG)

| Inaccurate representations

We implement this as a softmax on the true probability (prior or
likelihood), with contrast parameter o. _‘O’.

ea*ln(pmbability) — p?’ObCZbilitya

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

~ "~ PRONOUN —
interpretation context X / X /
P(Asubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM|Qsupj.sc)* o

p(CON asubj.SG)* O

5%accurate representations p robabili tya P(MOR|tsupsc)
About o: - . .
o <1: probability differences are smoothed away.
o =1: probabilities remain accurate. 0.324 vs. 0676
o >1: probability differences are sharpened.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

~ 7 PRONOUN ——
interpretation context X / X /
P(Asubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM|Qsupj.sc)* o
X p(CON asubj.SG)* O

inaccurate representations prgbabilityg P(MOR|subjisa)

About o: -D- m B

o =0.5: probabllity differences are smoothed away. 0.409 vs. 0.591
o =1: probabillities remain accurate. 0.324 vs. 0.676

o >1: probability differences are sharpened.
Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

~ £ PRONOUN —
interpretation context X / X /
P(Asubj.sc|FORM, CON, MOR) X p(Qsubjsc) * P(FORM|Qsupj.sc)* o
X p(CON asubj.SG)* O
inaccurate representations p robabili tya P(MOR|@supj.sq)
About o: -D- - I
o <1: probability differences are smoothed away.
o =1 probabilities remain accurate. 0.324 vs. 0.676
o = 2: probability differences are sharpened. 0.187 vs. 0.813

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

~ PRONOUN —
'Y '
, | -\O- probability®
INnterpretation context N X
pa(anuma a’subj? |FORM7 CON7 MOR) X p(anuma asubj?)aa O

* p(FORM Ia’numa asubj?)aforrb( o

* p(CON|anum7 asubj?)acon
* p(MORlanuma A subj?

| Inaccurate representations

)o'mor

One o for each information type:
(in the prior) o,

(in the likelihood) Otorms Ocon' Omor

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

'~ PRONOUN ——
N

-\C"’- probability®
Po(Qnum; Csupj?|FORM, CON, MOR) X D(Qnum, asubj?)ax

interpretation context

O

* p(FORM|anum7 asubj?)afomb( o
* p(CON|anum7 asubj?)acon
*

)O'mor

| Inaccurate representations

MOR|Opym A subj?

We allow 0.01 < 6 < 4, and see which o value combinations best

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

a

PRONOUN —

interpretation context / X / X

p(asubj.SG FORM, CON, MOR) X p(asubj.SG) X p(FORM Oésubj.SG)"‘
p(CON asubj.SG)*
p(MOR asubj.sc)

What about a modeled listener who has inaccurate deployment of
information in the representations”? This could involve inaccurately
deploying the prior or the likelihood information, or both.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/
' PRONOUN ——
N/

interpretation context / X / X

p(asubj.SG|FORM7 CON7 MOR) X p(asubj.SG) X p(FORM asubj.SG)*

p(CON asubj.SG) *

'inaccurate deployment P(MOR|@supjsc)

We implement this as ignoring that information. So,
for any piece of information, the modeled listener
either pays attention to it (and so uses it) or ignores it

IN the moment. w 5 :

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/ —
. PRONOUN ——
ny/

interpretation context / X / X

p(asubj.SG|FORM7 CON7 MOR) X p(asubj.SG) X p(FORM asubj.SG)*

p(CON asubj.SG)*

5iﬁaccurate deployment w Mt P(MOR|Qsubj.sc)

Not using information means not incorporating it into the inference.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

PRONOUN —
interpretation context X
Punie(Qnum, Xsubj?|[FORM, CON, MOR) o< p(UNIF)

Qqy

* p(FORM|anum7 asubj?)

5iﬁaccurate deployment w M€ * P(CON|Qnum, Qsub;?)

* p(MOR|anum7 asubj?)

Not using the prior means relying on a uniform prior.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/ —
' PRONOUN ——
N/

interpretation  context x
P(Qsubj.sc|[FORM, CON, MOR) X p(Qsubjisc) * P(FORM|lsubj.sc)*

p(CON|asubj.SG)*

5iﬁaccurate deployment w o NS P(MOR}subjs)

Not using likelihood information for a cue means not using
that cue’s information. For example, ignoring morphology
iInformation means not using the morphology likelihood.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/ —
' PRONOUN ——
N/

interpretation context
p(anuma asubj?|FORMa CON) X p(anuma asubj?)

* p(FORMlanuma asubj?)

X " - - ' * p(CON|a’num7 a’subj?)
"inaccurate deployment w o NS

Not using likelihood information for a cue means not using
that cue’s information. For example, ignoring morphology
iInformation means not using the morphology likelihood.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

NN/ —
. PRONOUN ——
ny/

interpretation context / X / X

p(asubj.SG|FORM7 CON, MOR) X p(asubj.SG) X p(FORM asubj.SG)*

p(CON asubj.SG)*

5iﬁaccurate deployment w et P(MOR|Qsubj.sc)

For any information, the modeled listener could use or not

use it in the moment. Use parameter // determines whether a
particular information type is used.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

L 22
Zng A 5 R
Q529 752 .8 £

By
Sov
5 ©,:°

3 1‘“‘
A\

F

NN/ —
. PRONOUN ——
ny/

interpretation context / X / X

p(asubj.SG|FORM7 CON: MOR) X p(asubj.SG) X p(FORM asubj.SG)*

p(CON asubj.SG) *

5iﬁaccurate deployment w Mt P(MOR|Qsubj.sc)

Each of the four information types has its own /7:
(prior) /7,
(likelihood) ﬁform, Peons Bror

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

~
) PRONOUN ——

C >

| iInaccurate deployment

{

interpretation  context
pp(0|[FORM, CON, MOR, Qpym, Qsubj?) =

(Borm)(Beon) (Bmor) (Ba) * p(C|FORM, CON, MOR, Qnym, Ctsubj?)+
(Bform)(Beon) (Bmor) (1 — Ba) * Punir(| FORM, CON, MOR, Qtpum, Osub;j?)+
(1 = Bsorm) (Beon) (Bmor) (Ba) * p(| CON, MOR, Qtum, Csubjz)+
(1 - ﬁform)(ﬁcon) (Bmm,)(l - IBa) * pUNIF(a|CONﬂ MOR, Opym, asubj?)+
(Bform)(l — Beon) (Bmor)(Ba) * p(c|[FORM, MOR, 0t asubﬂ)"’
(/Bform)(l - /Bcon)(ﬁmor)(]- - /Ba) * pUNIF(alFORM; MOR, Opym, asubj?)+
(Btorm)(Beon) (L — Bmor)(Ba) * (| FORM, CON, Qnum, Qsubj?) +
(ﬁform)(ﬁcon)(]- - 6mor)(]- - Ba) * pUNIF(a|FORM; CON, Opym, Gfsubj?)+
(1 = Brorm)(1 = Beon) (Bmor) (Ba) * P(|MOR, Qpum, Ctsubjz) +
(1 - 5form)(1 - ﬁcon) (/Bmor)(l - /Ba) * pUNIF(a|M0R7 Cnum, asubj?)+
(Btorm)(1 = Beon) (1 = Bmor) (Ba) * P(0t|FORM, Qi Qtsubjz) +
(Bform)(l - 5con)(1 - Bmor)(]- - ,Ba) * pUNIF(a|FORMa Anpyum, asubj?)+
(1 = Brorm)(Beon) (1 = Bmor)(Ba) * p(t|CON, Otnum, Qsub?)+
(L = Brorm)(Beon) (1 = Bmor) (1 — Ba) * Punir(t|CON, Qtpum, Qsubjz)+
(L = Brorm)(1 = Beon) (1 = Bumor)(Ba) * P(Ctnum, Qtsubj?) +

(1- Bform)(l — Beon)(1 = Brmor) (1 — Ba) * p(UNIF)

S
™

SN
T

This yields 16 possible use
combinations for any particular
moment, implemented with a

mixture model p .

GG GEGE

& GEcE
¢ &
¢ & & & €& &€ & ¢

¢ &

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

| iInaccurate deployment

interpretation  context
pp(0|[FORM, CON, MOR, Qpym, Qsubj?) =

(Borm)(Beon) (Bmor) (Ba) * p(C|FORM, CON, MOR, Qnym, Ctsubj?)+
(Bform)(Beon) (Bmor) (1 — Ba) * Punir(| FORM, CON, MOR, Qtpum, Osub;j?)+
(1 = Brorm)(Beon) (Bmor) (Ba) * (| CON, MOR, Qtum, Ctsubjz)+
(1 - ﬁform)(ﬁcon) (Bmm,)(l - IBa) * pUNIF(a|CONﬂ MOR, Opym, asubj?)+
(Bform)(l — Beon) (Bmor)(Ba) * p(c|[FORM, MOR, 0t asubj7)+
(/Bform)(l - 5con)(/3mor)(1 - /Ba) * pUNIF(alFORM; MOR, Opym, asubj?)+
(Btorm)(Beon) (L — Bmor)(Ba) * (| FORM, CON, Qnum, Qsubj?) +
(ﬁform)(ﬂcon)(]- - 6mor)(]- - Ba) * pUNIF(a|FORM; CON, Opym, Gfsubj?)+
(1 = Brorm)(1 = Beon) (Bmor) (Ba) * P(|MOR, Qpum, Ctsubjz) +
(1 - 5form)(1 - ﬁcon) (/Bmor)(l - /Ba) * pUNIF(a|M0R7 Cnum, asubj?)+
(Btorm)(1 = Beon) (1 = Bmor) (Ba) * P(0t|FORM, Qi Qtsubjz) +
(ﬂform)(l - 5con)(1 - Bmor)(]- - ,Ba) * pUNIF(a|FORMa Cnum, asubj?)+
(1 = Brorm)(Beon) (1 = Bmor)(Ba) * p(t|CON, Otnum, Qsub?)+
(L = Brorm)(Beon) (1 = Bmor) (1 — Ba) * Punir(t|CON, Qtpum, Qsubjz)+
(L = Brorm)(1 = Beon) (1 = Bumor)(Ba) * P(Ctnum, Qtsubj?) +

(1- Bform)(l — Beon)(1 = Brmor) (1 — Ba) * p(UNIF)

>
X >
X >
X >

¢ €

¢ &

{

GG GEGE

¢ &
¢ & & & €& &€ & ¢

S
™

We allow 0 < f/ £ 1, and

see which f value
combinations best predict
child and adult pronoun
interpretation behavior.

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

\inaccurate deployment

interpretation context X X X X

p(asubj.SG FORM7 CON7 MOR) 0.8 p(asubj.SG) * p(FORM asubj.SG)*
p(CON asubj.SG)*
p(MOR asubj.SG)

What about a modeled listener who has both
iInaccurate representations of information and
naccurate deployment of those representations?

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

@ | Inaccurate representations -,(P\-pd ST L
¥ ' PRONOUN ——
inaccurate deployment | s PRI (@)

1L

inaccurate both S e pﬁ
pp(a|FORM, CON, MOR, Qpum, Qisubj?) =

KX
,O\-p c
' (/Bform)(ﬂcon) (/Bmor)(ﬁa) * p(a|FORM1 CON; MOR; AXnyum, asubj?)

pa(anum7 O subj? |FORM1 CON, MOR) X p(anuma asubj?)aa (ﬂfwm)(ﬁczz)(ﬂgor)(l)(; 5a))(;PUN)12(ﬁa|)F0Rz\4,|zgz,EZE anumyasubj?;
— Pform con 'mor a) * P& ) y Onumy Qsubj?

* p(FORM |anum7 asubj?)aform (]- - ﬂform)(ﬂcon)(ﬂmor)(l - ,Ba) Gk pUNIF(a|CON> MOR; AXnum, asubj?)
. Ocon (ﬁform)(l - ﬂc(m) (ﬂmor)(ﬂa) &3 P(a|F0RM; MOR; Apum, asubj?)

* p(CON | anum’ a'SUbJ?) (Bform)(]- - ﬁwn)(ﬂmo’r)(l - ﬂa) e pUNIF(a|FORM7 MOR: AXnum, asuij)
* p(MORla’numa asubj?)amor (ﬁfwm)(ﬁcon)(l — Bmor)(Ba) * P(|FORM, CON, pum, asubﬁ)
(ﬂform)(ﬂcon)(l - /Bmm')(l - Ba) &3 pUNIF(alFORMv CON, Qpum, asubj'7)

(1 - ﬂform)(l - 5con) (ﬁmor) (/Ba) * p(alMOR; AXnyum, asubj?)

)

)

)

)

)

)

)

We implement this as a of the (1= B BB~ 8] e aO. aam s

(ﬁfm‘m)(]- - ﬂcon)(l - ,Bmor)(ﬁa) * P(04|F0RM, Anums Xsubj
(Bfm‘m)(l - ,Bcon)(l - ﬂmm‘)(l - ,Ba) * pUNIF(a|FORM; Onums Csubj?

previous two modeled listeners, including o values (1= B B (L= B (Bo) * P(GICON, crmm i

(]- - /Bform)(/gctm)(l - ﬁmo‘r)(]- y ﬁvz) * pUNlF(a|CON7 Apum, asubj?

' ' (1 = Brorm )L = Ben) (1 = Brer) (Ba) D@ sty
for inaccurate representations and /7 values for B0 Bt
Inaccurate deployment.

FFFF¥FfF¥F¥F¥fFFFrFrs+~
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Modeling pronoun interpretation in context

iﬂ

Inaccurate representations TS E!

N ' " N/ R
nace . PRONOUN —
inaccurate deployment | s »«3 Ay O

inaccurate both & e 3
XX D-p,

pa(anum7 U subj? |FORM, CON, MOR) X p(anuma asubj?)aa (ﬁfarm)(ﬁa(»;)(ﬂ;or)(l)(; 5a))(;PUN)12(ﬁOl|)F0RéVI,|EZE,xgi, Qnum, Olsubj
— Mform con 'mor o) * Pla ) y Onum, Olsubj
* p(FORM |anum7 asubj?)aform (]- - ﬂform)(ﬂcon)(ﬂmor)(l - ,Ba) * pUNIF(a|CON, MOR; AXnum, asubj?

pp(a|FORM, CON, MOR, Qpum, Qsubj?) =

\\\\\\\\\

2
2

)
)
)
) Ocon (ﬁform)(l - ﬂco’n) (ﬂmor)(ﬂa) * p(O[|FORM, MOR; Qnum, asubj?)

* p(CON | anum’ a'SUbJ?) (ﬂform)(]- - ﬁmn)(ﬂmo’r)(l - ﬂa) * pUNIF(a|FORM7 MOR: AXnum, asubj )
% D(MOR | 0tpyym , Xsupjz) ™" (B orm) (Beon) (1 = Bmor) (B) * P FORM, CON, G, Csus2)
(ﬂfo’rm)(ﬂcon)(l - /Bmm')(l - Ba) * pUNIF(alFORMa CON, Qpum, asubj'7)

(1 - ﬂform)(l - 5con) (ﬁmor) (/Ba) * p(alMOR; AXnyum, asubj?)

)

)

)

)

)

)

)

2
2

(1 - ﬁfo’rm)(l - ﬂcon)(ﬁmo’r)(l - Ba) *pUNlF(alMORy Anum, asubj?
(ﬁfm‘m)(]- - ﬂcon)(l - ,Bmor)(ﬁa) * p(a|FORM, AXnum, asubj?
(Bfo’rm)(l - ,Bcon)(l - ﬂmm‘)(l - ,Ba) * pUNIF(a|FORM; Onums Csubj?

Each term of Pp has o values for all information (1~ Bpom) Bom) (1~ Ber) )  D(@1CON, G iy

(1 - ﬂform)(ﬁcon)(l - ﬁmo‘r)(l - /Boz) * pUNlF(a|CON7 Anum, Olsubj?

types that are used. (1= Brorm)(1 — Bn) (1~ Brr) () Py @

(1- IBfOTm)(l — Beon) (1 = Brmor) (1 — Ba) * p(UNIF

FFF¥F¥FfF¥F¥F¥FFFrFrrs+ =
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Modeling pronoun interpretation in context

iﬂ

Inaccurate representations TS E!

N ' " N/ R
nace . PRONOUN —
inaccurate deployment | s »«3 Ay O

Inaccurate both ey pﬁ
ps(@|FORM, CON, MOR, Qpym, Qsubj?) =

KX
D-P,
4 ' (/Bfo'rm)(ﬂcon) (/Bmor)(ﬁa) * p(a|FORM1 CON; MOR; AXnyum, asubj?)

pa(anum7 A subj? |FORM, CON, MOR) X p(anuma asubj?)aa (Bfwm)(ﬂaa)(ﬂ;wxl)(; 5a))(;PUN)12(ﬁOl|)F0RéVI,|zZE,EZE, Onum, Olsubj
— Mform con 'mor o) * Pla ) y Onum, Olsubj
* p(FORM |anu’m7 asubj?)aform (]- - ﬂform)(,Bczm)(IBmor)(l - ,Ba) i pUNIF(a|CON, MOR; AXnum, asubj?

3 Ocon (ﬁform)(]- - ,Bctm) (ﬂmor)(ﬂa) * p(O[|FORM, MOR; Qnumy Xsubj?
* p(CON | anum’ a'SUbJ?) (ﬂfm‘m)(]- - ﬁwn)(ﬁmo’r)(l - /Ba) e pUNIF(a|FORM7 MOR: AXnum, asubj
* p(MORlanuma asubj?)amor (ﬁf”"m)(ﬂcon)(l - ﬂmor) (IBa) * p(alFORM, CON, Qnum, Qsubj

)
)
)
)
)
)
(Bform)(Beon)(1 = Bmor)(1 — Ba) * Punie(| FORM, CON, Qtpum, Cisub;?)
(L = Bform)(L = Beon) (Brmor) (Ba) * P(@IMOR, Cpum, Osubj?)

)

)

)

)

)

)

)

2
2

(]- - ﬁfo’rm)(l - ﬂcon)(ﬁmo’r)(l - Ba) *pUNlF(alMORy Anum, asubj

SO, pa ﬂ haS 8 param eter Values : (ﬁfm‘m)(]' - ﬂcon)(l _5mor)(ﬁa) *p(a|FORM, anum7asubj':7

2 . (5form)(1 - ,Bcon)(l - ﬂmm‘)(l - ,Ba) * pUNIF(a|FORM; Qpums Xsubj?
- - B Lo (1 = Brorm)(Beon) (1 = Bmor) (Ba) * (| CON, Cnum, Ctauty?
(I n th e p rl O r) Ga, ﬁa (1 - ﬁform)(ﬁcon)(l - ﬁmo’r)(l - ﬁa) * pUN".-(Ot|CON, QAnum, Xsubj?

0 N N (1 - /Bform)(l 4 ﬁcon)(l - ﬂmo’r)(ﬁa) * p(anuma asubj?
- D QW ot (Y e (1= Brorm) (1 = Beon) (1 = Bruor) (1 = B)  p(UNIF

(in the likelihood) o, %, 6:%. o

FFFF¥FfF¥F¥F¥fFFFrFrs+~

con’ mor?’ fOl"I/I”l’ con’ mor

Forsythe & Pearl 2019, in prep



Modeling pronoun interpretation in context

@ sﬁ
oo

Inaccurate representations

| | PRONOUN —
inaccurate deployment | s »«3 Ay O

inaccurate both & e 3

XX ‘O' :
el pG pp(a|FORM, CON, MOR, Qpum, Qsubj?) =

po—(anum, asuij |FORM, CON, MOR) 0.4 p(anum, asubj?)aa (Bfo‘rm)(ﬁwn)(ﬂmor)(l - /Bot) *pUNlF(a|FORMa CON, MOR, num, A subj

Gfo’l‘m (1 - ﬂform) (ﬂcon) (ﬁmm‘)(ﬁa) * p(a|CON7 MOR, Qpum, Qsubj?
* p(FORM |anum7 asubj?) (]- - ﬂform)(ﬂcon)(ﬁmor)(l - ,Ba) * pUNIF(a|CON, MOR; AXnum, asubj?

) Ocon (ﬁform)(l - ﬁco’n) (ﬂmor)(ﬂa) * p(O[|FORM, MOR; Qnumy Xsubj?
* p(CON | anum’ a'SUbJ?) - (Bform)(]- - ﬁmn)(ﬂmo’r)(l - ﬂa) * pUNIF(a|FORM7 MOR: AXnum, Ol.snl,bj
k p(MORlanum, asubj‘?) e (ﬁfm‘m)(ﬁcon)(l - ﬂmor) (,Ba) * P(OZ|F0RM, CON, Gpum, Osubj

(ﬂform)(ﬂcon)(l - /Bmm')(l - Ba) * pUNIF(alFORMa CON, Qpum, Qsubj?

)

)

)

)

)

)

)

(1 = Brorm)(1 = Beon) (Bmor) (Ba) * P(0|MOR, i, Cupj?)
We allow 0.01 <o <4and0< ﬁ < 1, and see L Bl B B — ) % B (GIMOR, O, )
)

)

)

)

)

)

2
2

(ﬁfm‘m)(]- - ﬂcon)(l - ,Bmor)(ﬁa) * p(a|FORMa AXnum, Olsu,b]"?

which ¢ and f# value combinations best predict (Bsorm) (1= om0 = Ber )1 = o) P (alFORM, G, vty

(1 - Bform) (ﬁcon)(l - ﬂmo’r)(ﬂa) * p(OZ|CON, Apum, asubj?

child and adult pronoun interpretation behavior. (7 B om0~ B 1 60 D Q1O

FFF¥F¥FfF¥F¥F¥FFFrFrrs+ =

(1 - /Bform)(l - ﬁcon)(l - ﬂmw)(xga) * p(anurm asubj?
(1 - ﬂfm‘m)(l - ﬂwn)(l - ,Bmor)(l - /Ba) *P(UNIF

Forsythe & Pearl 2019, in prep




Input to the modeled listener

a

 PRONOUN ——

What input is the modeled
listener using to represent the
various information types?

- 7 T NS
@ /inaccurate representations |-(:P;
‘ : : )

N

inaccurate both | &cp* |

p(asubj.SG FORM, CON, MOR) X p(asubj.SG) * p(FORM
p(CON
p(MOR

asubj.SG)*
asubj.SG)*

asubj.SG)

Forsythe & Pearl 2019, in prep



Input to the modeled listener

a

‘ - — . N
@ | Inaccurate representations -,C'D;pg
) wpﬁ

N

PRONOUN —

L[>
N/
NN/
NN/

inaccurate both | &cp* |

P(Qsubj.sc[FORM, CON, MOR) X P(Qsubj.sc) * P(FORM|sypjsc)*

p(CON|azups6)* 54,757 utterances of Mexico City

p(MOR|aup5c)  SPONtaneous child-directed speech
to children 1;6-5;11 from the
Schmitt-Miller corpus (Miller &
Schmitt 2012).

Forsythe & Pearl 2019, in prep



Input to the modeled listener

L N »
\inaccurate representations |-(@-p T
| a0 A~
- 'Y —
" | PRONOUN —
O
wl
P(Qsubj.s6|FORM, CON, MOR) X P(Qsubjs) * P(FORM|Qsubj.sc)*
p(CON asubj.SG)*
p(MOR asubj.SG)
prior likelihoods
p(a) p(FORM|av) p(CON|a) p(MOR|)
antecedent type @ overt | después porque | SG PL
SUBJ SG [0.362 [ 0.938 0.062 | 0.324 0.676 | 0.998 0.002
PL | 0.071 | 0984 0.016 | 0.750  0.250 | 0.005 0.995
STRT SG |0.438 0817 0.183 | 0.132  0.868 | 0.998 0.002
0.129 | 0.959 0.041 | 0.394 0.606 | 0.005 0.995

From this, we estimate the
relevant priors and likelihoods.

Forsythe & Pearl 2019, in prep



Input to the modeled listener

L N »
\inaccurate representations |-(@-p T
| a0 A~
" PRONOUN —
O
wl
P(Qsubj.s6|FORM, CON, MOR) X P(Qsubjs) * P(FORM|Qsubj.sc)*
p(CON asubj.SG)*
p(MOR asubj.SG)
prior likelihoods
p(a) p(FORM|av) p(CON|a) p(MOR|)
antecedent type @ overt | después porque | SG PL
SUBJ SG [0.362 | 0.938 0.062 | 0.324 0.676 | 0.998 0.002
PL | 0.071 | 0984 0.016 | 0.750  0.250 | 0.005 0.995
STRT SG |0.438 | 0.817 0.183 | 0.132  0.868 | 0.998 0.002
0.129 | 0.959 0.041 | 0.394 0.606 | 0.005 0.995

Singular antecedents generally
occur more often.

Forsythe & Pearl 2019, in prep



Input to the modeled listener

- 7 T N ‘ Y
\inaccurate representations |-(@-p 5 A
1” f , S0 Ay

\inaccurate deploymeﬂt ) Wpﬁ

inaccurate both -0 ]

™~ PRONOUN —

1 AN
p(asubj.SG FORM, CON, MOR) X p(asubj.SG) * p(FORM asubj.SG)*
p(CON asubj.SG)*
P(MOR|subjisc)
prior likelihoods
p(a) p(FORM|av) p(CON|a) p(MOR|)
antecedent type @ overt | después porque | SG PL
SUBJ SG [0.362 [ 0.938 0.062 | 0.324 0.676 | 0.998 0.002
PL | 0.071 | 0984 0.016 | 0.750  0.250 | 0.005 0.995
S SG |0.438 | 0.817 0.183 | 0.132 0.868 | 0.998 0.002
PL | 0.129 | 0959 0.041 | 0.394 0.606 | 0.005 0.995
'
'Y

The null pronoun form is generally
used, though some antecedent
types use it more often.

Forsythe & Pearl 2019, in prep



Input to the modeled listener

\ ! 4
-,C.'\-p o

PRONOUN —

inaccurate deployment |k »[3
1 e
. | _O_
inaccurate bow . I
P(Qsubj.sc|[FORM, CON, MOR) X p(Qsubjsc) * P(FORM|lsub; sc)*
P(CON|supj.sc)*
P(MOR|asup;.56)
prior likelihoods . .
p(a) p(FORM|a) p(CON|a) p(MOR|a) The connective porque is used
antecedent type @ overt | después porque | SG PL
<oy SG | 03620938 0062 0324 0676 | 0998 0.002 more, often for ahtecedents that
PL | 0.071 | 0.984 0.016 | 0.750  0.250 | 0.005 0.995 aren’t plural subjects, though how
_supy 5G| 0438[0817 0.183] 0.132 0868 |0.998 0.002 much more often varies.
PL | 0.129 | 0.959 0.041 | 0394 0.606 | 0.005 0.995
NN/ I
NN/ 'Y

Forsythe & Pearl 2019, in prep



Input to the modeled listener

iInaccurate both

'C:"p o
»‘ -O

| st

4

PRONOUN

P(Qsubj.s6|FORM, CON, MOR) X P(Qsubj.sc) * P(FORM|®sypjsc)*

p(CON asubj.SG)*
P(MOR|@tsybj.sc)

prior likelihoods
p(FORM|av) p(CON|a) p(MOR|)
antecedent type p(o) @ overt | después porque | SG PL
SUBJ SG [0.362 [ 0.938 0.062 | 0.324 0.676 | 0.998 0.002
PL | 0.071 | 0984 0.016 | 0.750  0.250 | 0.005 0.995
S SG |0.438 | 0.817 0.183 | 0.132 0.868 | 0.998 0.002
0.129 | 0.959 0.041 | 0.394  0.606 | 0.005 0.995
' I —
'Y Y e

Agreement morphology is nearly
categorical, with a very strong
preference for matching morphology.

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

N/ —
) PRONOUN ——
N/

&5 inaccurate deployment
I

N\ | inaccurate both | . Po.

-

The plan, part 2: Use the computational
cognitive model to identify the specific
differences leading to child and adult
pronoun interpretation in context.

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

‘inaccurate deployment
!

7l \iInaccurate both

Which modeled listener variant
best matches the observed
pronoun interpretation behavior?

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

a

-
Q
Q o )
) 75
Q
‘—|-
('D [
—
D
1 O
N
(D
U) 3
D ‘
D)
’_|_
Q
—
@)
D)
(0))

PRONOUN —
SR
inaccurate both | {;EC.D; |
e = el Tl

e ——

Important: Model variants with
more parameters have an easier
time fitting the data because they
have more degrees of freedom.

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

 inaccurate representations |-}

N I
~ ) PRONOUN ——

2 Pop

| baseline: accurate representations and deployment | p

P(Asubj.s6|FORM, CON, MOR) X p(Qsubj.sc) * P(FORM|Qisubj.sc)*
0 free parameters P(CON|0rgyp;isc)*
p(MOR asubj.SG)

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

@ ‘inaccurate deployment
!

¢&=%. | inaccurate both

\f ' 7 7 / 7 p) l 4
(2} | inaccurate representations -,O;pa
o ,

4 free parameters: o,,, Oform: Ocon’ Omor

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

——— e ———
B/ g
N
: :
|

P 0 free parameters

; baseline: accurate representations and deployment

con’ ~“mor

N ) ] - 3 | v
{g} | Inaccurate representations -,Q\-pa 4 free parameters: 6,, Gy Cpops O

(o)

% inaccurate deployment | wpﬁ

4 free parameters: Py, Drorm Peons Pmor

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

t [ 0 free parameters

N ) ] - 3 | v
{g} | Inaccurate representations -,Q\-pa 4 free parameters: 6,, Gy Cpops O

con’ ~“mor

B e pﬂ 4 free parameters: By, Brorms Beons Pror

s inaccurate both | & p(;’ﬂ

8 free parameters: O-a’ Uform’ Gcon’ Gmor’ ﬂa’ ﬂform’ ﬂcon’ ’BmO’” Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

' PRONOUN ——
N

We want variants with more parameters to have a
substantially better fit in order to favor them over
variants with fewer parameters.

ip ‘O free parameters

con’ ~“mor

“_. ' ' - . <l
(2} | Inaccurate representations -,CP\-pU 4 free parameters: 6, 67, Cpon: O

[inaccurate deployment (s > g 4 free parameters: By, Brorm: Peons Pror

=% | Inaccurate both | =5 P 0. 8 free parameters: 6,, Oy Opons O,

h

con’ ~“mor’

:Ba’ ﬂform’ ﬂcon’ :Bmor

Forsythe & Pearl 2019, in prep




Understanding the development of pronoun interpretation

~
~

'~ PRONOUN — | f
N T T : T T T T ¥ T T
The Bayesian Information Criterion (BIC) is one way to ? ’ :

quantify this preference (Schwarz 1978). o

ip ‘O free parameters

con’ ~“mor

“_. ' ' - . <l
(2} | Inaccurate representations -,CP\-pU 4 free parameters: 6, 67, Cpon: O

[inaccurate deployment (s > g 4 free parameters: By, Brorm: Peons Pror

=% | Inaccurate both | =5 Po.p 8 free parameters: o Oorm> Ocom O

h

con’ ~“mor’

:Ba’ ﬂform’ ﬂcon’ :Bmor

Forsythe & Pearl 2019, in prep




Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation

age | baseline | inacc rep 1nacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04

3-year-old pronoun interpretation behavior is best
captured by children having inaccurate representations,

but accurate deployment @

o
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Understanding the development of pronoun interpretation

~~ PRONOUN
I
ny/

age | baseline | inacc rep 1inacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04

...though all 5 inaccurate variants are far better than
the baseline of both accurate representations and
accurate deployment.
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Understanding the development of pronoun interpretation

I

age | baseline | inacc rep

~ PRONOU

inacc deploy both inacc

3548.40 | 1450.67 1453.05 1473.04

3497.57 | 1510.55 1515.28 1532.71

2528.07 | 1216.34 1219.04 1239.78

This same pattern holds for 4-year-olds
and 5-year-olds, too.

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation

" PRONOUN =
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age | baseline | inaccrep inacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04
3497.57 | 1510.55 1515.28 1532.71
2528.07 | 1216.34 1219.04 1239.78
2402.53 | 1637.24 1612.84 1277.71

Adult pronoun interpretation behavior is best
captured by the model that has both inaccurate
representations and inaccurate deployment.
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Understanding the development of pronoun interpretation

.O < BIC < o0 (closer to O is better)
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baseline | inacc rep 1inacc deploy both inacc

3548.40 | 1450.67 1453.05 1473.04

3497.57 | 1510.55 1515.28 1532.71

2528.07 | 1216.34 1219.04 1239.78

2402.53 | 1637.24 1612.84 1277.71

Like the child models, all inaccurate variants are far better
than the baseline that has both accurate representations
and accurate deployment.
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Understanding the development of pronoun interpretation
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age | baseline | inaccrep inacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04
3497.57 | 1510.55 1515.28 1532.71
2528.07 | 1216.34 1219.04 1239.78
2402.53 |+1637.24 1612.84 1277.71

..but within the inaccurate variants, the both inaccurate
variant is much better than the other two.
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Understanding the development of pronoun interpretation

~ PRONOUN — -
N 0.754 :/
.O < BIC < oo (closer to 0 is better) = |
-D- W b
o 3

age | baseline | inaccrep inacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04
3497.57 | 1510.55 1515.28 1532.71
2528.07 | 1216.34 1219.04 1239.78
2402.53 | 1637.24 1612.84 1277.71

o Takeaway: Both child and adult pronoun interpretation
behavior are captured by modeled listeners that are
Inaccurate in some way.
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Understanding the development of pronoun interpretation
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age | baseline | inaccrep inacc deploy both inacc
3548.40 | 1450.67 1453.05 1473.04
3497.57 | 1510.55 1515.28 1532.71
2528.07 | 1216.34 1219.04 1239.78
2402.53 | 1637.24 1612.84 1277.71

Becoming adult-like doesn’t mean becoming more accuratel!
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Understanding the development of pronoun interpretation
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age | baseline | inaccrep inacc deploy both inacc

<3 | 3548.40 | 1450.67 1453.05 1473.04
4 3497.57 | 1510.55 1515.28 1532.71
>5 | 2528.07 | 1216.34 1219.04 1239.78
adults | 2402.53 | 1637.24 1612.84 1277.71

CP- QB e

But what does it mean?
It means learning to become inaccurate in adult-like ways.
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Understanding the development of pronoun interpretation
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~ PRONOUN —
N 0.754
'O < BIC < o (closer to O is better) = .
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age | baseline | inaccrep inacc deploy both inacc
<3 | 3548.40 | 1450.67 1453.05 1473.04
4 3497.57 | 1510.55 1515.28 1532.71
>9S5 | 2528.07 | 1216.34 1219.04 1239.78
adults | 2402.53 | 1637.24 1612.84 1277.71

We know that adults inaccurately deploy their representations.
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Understanding the development of pronoun interpretation

~ PRONOUN — -
N 0.754 :/
.O < BIC < oo (closer to 0 is better) = |
-D- W b
o©

age | baseline | inaccrep inacc deploy both inacc
<3 | 3548.40 | 1450.67 1453.05 1473.04
4 3497.57 | 1510.55 1515.28 1532.71
>5 | 2528.07 | 1216.34 1219.04 1239.78
adults | 2402.53 | 1637.24 1612.84 1277.71

So we can look at the // values to see which informationis . ,
being ignored and how often it’s being ignored.
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Understanding the development of pronoun interpretation
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.O < BIC < o0 (closer to O is better)
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age | baseline | inaccrep inacc deploy both inacc
<3 |3548.40 | 1450.67 1453.05 1473.04
4 | 3497.57 | 1510.55 1515.28 1532.71
>5 |2528.07 | 1216.34 1219.04 1239.78
adults | 2402.53 | 1637.24 1612.84 1277.71
We can also look at the o values to see how the inaccurate
representations are inaccurate — are they too smooth or too sharp?
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Understanding the development of pronoun interpretation
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adults
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Understanding the development of pronoun interpretation
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adults 025 040 080 098 (B )...
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Understanding the development of pronoun interpretation
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children: inaccurate representations _

<3 1 1 1 1 ...and much less attention to
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- - | édlilltszi both inaccurate connective (ﬁcon)-
adults 025 040 0.80 0.98
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Understanding the development of pronoun interpretation
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Ofor Ocon  Omor o B for 5 con B mor Ba
children: inaccurate representations

<3 1 1 1 1

4 1 1 1 1

>5 o , S 1 1 1 1
adults: both inaccurate

adults 0.25 040 0.80 0.98

Becoming adult-like:
Learn how much to ignore certain information
(the pronoun form and connective more often, sometimes the

agreement morphology, and occasionally even the prior).
Forsythe & Pearl 2019, in prep




Understanding the development of pronoun interpretation
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Ofor Ocon  Omor o ﬁ for 5 con Bmo'r Ba
children: inaccurate representations

<3

>5

adults: both inaccurate /. | /.
adults

What about the representations? Both
child and adult representations are
inaccurate, but how are they inaccurate”?
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Understanding the development of pronoun interpretation
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Ofor Ocon  Omor o ﬁ for 5 con Bmo'r Ba
children: inaccurate representations

<3 0.01 023 0.02 0.01
4 0.01 0.07 0.10 0.01
>5 0.01 0.11 0.10 0.01

adults: both inaccurate LB i ﬁ
adults

Child representations, with ¢ values often much <1,
seem to smooth away probability differences, O
effectively turning down the contrast.
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Understanding the development of pronoun interpretation
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children: inaccurate representations

0.01 0.23 0.02 0.01

0.01 0.07 0.10 0.01
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adults: both inaccurate LB l ﬁml
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Understanding the development of pronoun interpretation
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children: inaccurate representations
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Understanding the development of pronoun interpretation
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Ofor Ocon Omor Oq IB for ﬁcon Bmar Ba
children: inaccurate representations

0.01 0.23 0.02 0.01
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Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation
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Ofor Ocon  Omor o ﬁ for 5 con Bmo'r Ba
children: inaccurate representations

<3 0.01 0.23 0.02 0.01
4 0.01 0.07 0.10 0.01
>5 0.01 0.11 0.10 0.01

adults: both inaccurate & i &
adults 4.00 3.00 4.00- 0.01 wL*m"'
0- a0
But adults substantially sharpen all the
other information (o = 3.00, 4.00)
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Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation
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Understanding the development of pronoun interpretation
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rather than smooth away probability differences.

adults: both inaccurate LB i ﬁ
Yl -

Becoming adult-like: Children need to learn to
sharpen certain perceived representations,

@

Forsythe & Pearl 2019, in prep



Understanding the development of pronoun interpretation
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Takeaway:

To generate adult-like pronoun interpretation
behavior in context, children need to change
both how they represent relevant information

from their input and how they deploy those
representations.
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Understanding the development of pronoun interpretation
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Takeaway:

Child representations are overly smooth — to

become adult-like, many representations must
sharpen perceived probability differences.
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Understanding the development of pronoun interpretation

PRONOUN —

Takeaway:

Child representations are overly smooth — to
become adult-like, many representations must
sharpen perceived probability differences.
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Understanding the development of pronoun interpretation

Takeaway:

Adult deployment is selective — to become

adult-like, children must learn how to selectively
ignore information like adults.
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The big picture

More generally, this case study demonstrates how we
can use computational cognitive modeling...
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More generally, this case study demonstrates how we
can use computational cognitive modeling, grounded
In empirical data...
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The big picture
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More generally, this case study demonstrates how we
can use computational cognitive modeling, grounded
iIn empirical data, to better understand how children
and adults...

Forsythe & Pearl 2019, in prep



The big picture
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More generally, this case study demonstrates how we
can use computational cognitive modeling, grounded
INn empirical data, to better understand how children
and adults can solve complex linguistic tasks (like
Interpreting pronouns in a context with muiltiple,
potentially conflicting, cues).

N/
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The big picture

‘a

PRONOUN —

This helps us better understand what
children need to do to become adult-like

(and it seems to be about learning the
right helpful biases). _

B s e
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Thank you!
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