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ith O
ptim
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radual
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P
aola E

scudero and P
aul B

oersm
a

O
n

e
 o

f th
e

 ta
sks o

f th
e

 la
n

g
u

a
g

e
 a

cq
u

isitio
n

 p
ro

ce
ss is to

 o
p

tim
ize

 stra
te

g
ie

s
fo

r co
m

p
re

h
e

n
sio

n
. F

o
r sp

e
e

ch
 p

e
rce

p
tio

n
, th

is m
e

a
n

s th
a

t th
e

 le
a

rn
e

r h
a

s to
e

sta
b

lish
 a

n
 a

ccu
ra

te
 m

a
p

p
in

g
 fro

m
 a

co
u

stica
lly d

e
ta

ile
d

 in
p

u
t to

 d
iscre

te
p

h
o

n
o

lo
g

ica
l ca

te
g

o
rie

s. A
s a

n
 e

xa
m

p
le

, th
is p

a
p

e
r co

n
sid

e
rs th

e
 d

e
ve

lo
p-

m
ent of the perception of the E

nglish vow
els 
/
I/ and /i/ in native speakers.

P
roduction-w

ise, the tw
o vow

els differ in various respects. In this paper,
w

e w
ill lim

it ourselves to considering duration and F
1 (first form

ant). It turns
o

u
t (§

1
) th

a
t th

e
 u

se
 o

f th
e

se
 tw

o
 a

co
u

stic d
im

e
n

sio
n

s in
 p

ro
d

u
ctio

n
 d

e
p

e
n

d
s

o
n

 th
e

 d
ia

le
ct a

t h
a

n
d

: fo
r S

co
ttish

 E
n

g
lish

 sp
e

a
ke

rs, 
/I/ a

n
d

 /i/ d
iffe

r m
u

ch
m

ore in F
1 and m

uch less in duration than for S
outhern E

nglish speakers.
In

 th
is p

a
p

e
r, w

e
 h

yp
o

th
e

size
 th

a
t h

u
m

a
n

s h
a

ve
 a

n
 o

p
tim

a
l p

e
rce

p
tio

n
stra

te
g

y th
a

t m
in

im
ize

s th
e

 p
ro

b
a

b
ility o

f co
n

fu
sio

n
 a

n
d

 th
a

t th
e

re
 is a

kn
o

w
le

d
g

e
 th

a
t u

n
d

e
rlie

s th
e

 im
p

le
m

e
n

ta
tio

n
 o

f th
is stra

te
g

y. W
e

 m
o

d
e

l th
e

kn
o

w
le

d
g

e
 b

e
h

in
d

 sp
e

e
ch

 p
e

rce
p

tio
n

 a
s a

n
 O

p
tim

a
lity-T

h
e

o
re

tic p
e

rce
p

tio
n

g
ra

m
m

a
r, a

n
d

 w
e

 m
o

d
e

l th
e

 a
cq

u
isitio

n
 o

f th
is kn

o
w

le
d

g
e

 w
ith

 th
e

 G
ra

d
u

a
l

L
e

a
rn

in
g

 A
lg

o
rith

m
. U

sin
g

 a
n

 e
n

viro
n

m
e

n
t b

a
se

d
 o

n
 re

a
l p

ro
d

u
ctio

n
 d

a
ta

,
w

e
 sim

u
la

te
 th

e
 d

e
ve

lo
p

m
e

n
t o

f a
 S

co
ttish

 a
n

d
 a

 S
o

u
th

e
rn

 E
n

g
lish

 liste
n

e
r,

and show
 that the S

cot com
es to rely alm

ost exclusively on height (F
1) w

hen
d

istin
g

u
ish

in
g

 /I/ a
n

d
 /i/, w

h
e

re
a

s th
e

 S
o

u
th

e
rn

e
r co

m
e

s to
 re

ly o
n

 b
o

th
height and duration, and so the m

odel indeed im
plem

ents an optim
al strategy

for acoustic cue integration. P
erception experim

ents show
 that real S

cots and
real S

outherners also use this optim
al strategy in their ow

n environm
ents.

W
e

 fin
d

, th
e

re
fo

re
, th

a
t p

e
rce

p
tu

a
l stra

te
g

ie
s d

e
p

e
n

d
 o

n
 th

e
 p

ro
d

u
ctio

n
environm

ent, and that w
e can successfully m

odel this dependency w
ithin the

fram
ew

ork of stochastic O
ptim

ality T
heory, thus bringing speech-processing

system
s w

ithin the reach of form
al phonological theory.

1  P
roduction of /�/ and /i/ in S

cottish and S
outhern E

nglish

O
u

r e
xp

la
n

a
tio

n
 a

n
d

 m
o

d
e

llin
g

 o
f th

e
 a

ccu
ra

te
 p

e
rce

p
tio

n
 o

f a
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u
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e
ta

il
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2
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3
) re

q
u
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s th

a
t w

e
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ccu
ra

te
ly m

e
a

su
re

 h
o

w
 th

e
 tw

o
 vo

w
e

ls 
/I/ and /i/

are realized in S
cotland and in the S

outh of E
ngland.
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1.1  T
he P

roduction E
xperim

ent

W
e

 re
co

rd
e

d
 fifty to

ke
n

s o
f e

a
ch

 o
f th

e
 w

o
rd

s 
sh

ip, sh
e

e
p, fillin

g
, fe

e
lin

g,
S

n
icke

r, sn
e

a
ke

r, lid
, a

n
d

 le
a

d in
 th

e
 ca

rrie
r se

n
te

n
ce

 
T

H
IS

 is a
 _

_
 a

s w
e

ll,
spoken by a m

ale speaker of S
cottish E

nglish and a m
ale speaker of S

outhern
E

n
g

lish
. T

h
e

se
 w

o
rd

s w
e

re
 ch

o
se

n
 in

 o
rd

e
r to

 o
b

ta
in

 so
m

e
 re

a
listic va

ria
tio

n
w

ith
 re

sp
e

ct to
 th

e
 vo

icin
g

 o
f th

e
 fo

llo
w

in
g

 co
n

so
n

a
n

t a
n

d
 th

e
 n

u
m

b
e

r o
f

sylla
b

le
s. W

e
 to

ld
 th

e
 sp

e
a

ke
rs to

 stre
ss th

e
 w

o
rd

 
T

H
IS, e

xp
e

ctin
g

 th
e

m
 to

d
e

stre
ss th

e
 ta

rg
e

t w
o

rd
s. T

h
e

re
 w

e
re

 a
lso

 te
n

 d
istra

cto
r w

o
rd

s, w
h

ich
 w

e
re

re
co

rd
e

d
 te

n
 tim

e
s e

a
ch

: 
c

a
r, b

icycle, ch
a

ir, kitch
e

n, p
a

d, lip
, sp

e
a

ke
r,

m
a

ilin
g, w

a
rn

in
g, a

n
d

 ta
b

le
. 

In
 

to
ta

l, 
e

a
ch

 
sp

e
a

ke
r 

p
ro

n
o

u
n

ce
d

 
5

0
0

se
n

te
n

ce
s, in

 a
b

o
u

t 3
0

 m
in

u
te

s. T
h

e
 w

o
rd

s w
e

re
 p

u
t in

 a
 se

m
i-ra

n
d

o
m

 o
rd

e
r,

w
ith

 a
ll e

ig
h

t ta
rg

e
t w

o
rd

s o
ccu

rrin
g

 in
 e

ve
ry d

e
ca

d
e

. F
o

r e
xa

m
p

le
, th

e
 first

te
n

 w
o

rd
s w

e
re

 lea
d, S

n
icke

r, sh
ip, fe

e
lin

g, ca
r, sn

e
a

ke
r, lid

, sh
e

e
p, fillin

g
,

and b
icycle; the next decade w

ould have the target w
ords in a different order,

but the m
em

bers of each pair w
ere alw

ays separated by a distractor w
ord.

T
h

e
 sp

e
a

ke
r w

o
u

ld
 sit a

t a
 ta

b
le

 w
ith

 a
 m

icro
p

h
o

n
e

, a
n

d
 th

e
 ca

rrie
r

p
h

ra
se

 w
a

s stu
ck to

 th
is ta

b
le

. T
h

e
 w

o
rd

s w
e

re
 w

ritte
n

 o
n

 5
0

0
 ca

rd
s. T

h
e

sp
e

a
ke

r w
a

s first a
ske

d
 to

 sa
y tw

o
 se

ts o
f te

n
 se

n
te

n
ce

s, in
 o

rd
e

r to
 se

e
 if h

e
u

n
d

e
rsto

o
d

 th
e

 ta
sk. T

h
e

 sp
e

a
ke

r w
a

s th
e

n
 a

ske
d

 to
 h

a
n

d
le

 five
 d

e
cks o

f 5
0

ca
rd

s e
a

ch
, a

n
d

 a
fte

r a
 b

re
a

k h
e

 w
a

s a
ske

d
 to

 h
a

n
d

le
 th

e
 re

m
a

in
in

g
 five

d
e

cks. T
h

e
 e

xp
e

rim
e

n
te

r w
a

s sittin
g

 b
e

sid
e

 th
e

 sp
e

a
ke

r w
ith

 a
 co

p
y o

f th
e

w
o

rd
 list, o

n
 w

h
ich

 sh
e

 o
r h

e
 co

u
ld

 m
a

rk a
n

y h
e

sita
tio

n
s. If th

e
 sp

e
a

ke
r

hesitated at any w
ords, these w

ords w
ere recorded again afterw

ards.

1.2  R
esults of the P

roduction E
xperim

ent

T
h

e
 vo

w
e

ls w
e

re
 se

g
m

e
n

te
d

 b
y b

o
th

 o
f u

s se
p

a
ra

te
ly w

ith
 th

e
 h

e
lp

 o
f th

e
P

ra
a

t p
ro

g
ra

m
. T

h
e

 a
ve

ra
g

e
s o

f o
u

r tim
e

 m
a

rkin
g

s w
e

re
 u

se
d

 fo
r a

n
a

u
to

m
a

tic a
n

a
lysis o

f d
u

ra
tio

n
 a

n
d

 first fo
rm

a
n

t. T
h

e
 re

su
lts a

re
 in

 T
a

b
le

s 1
a

n
d

 2
 a

n
d

 in
 F

ig
u

re
 1

. W
e

 u
se

 g
e

o
m

e
tric a

ve
ra

g
in

g
 fo

r F
1

 a
s w

e
ll a

s fo
r

d
u

ra
tio

n
, b

e
ca

u
se

 b
o

th
 d

im
e

n
sio

n
s h

a
ve

 o
n

ly p
o

sitive
 va

lu
e

s (so
 th

a
t e

ffe
ct

size
s a

n
d

 sta
n

d
a

rd
 d

e
via

tio
n

s te
n

d
 to

 b
e

 co
n

sta
n

t a
lo

n
g

 a
 lo

g
a

rith
m

ic sca
le

).
T

he standard deviations are expressed in base-2 logarithm
ic units.

A
 first d

iffe
re

n
ce

 b
e

tw
e

e
n

 th
e

 tw
o

 d
ia

le
cts is fo

u
n

d
 in

 th
e

 w
a

y th
e

 tw
o

a
co

u
stic d

im
e

n
sio

n
s co

rre
la

te
 w

ith
 o

th
e

r fa
cto

rs th
a

n
 th

e
 vo

w
e

l co
n

tra
st. W

e
observe (F

ig. 1) that for the S
cottish E

nglish speaker, the vow
el category is a

m
in

o
r fa

cto
r in

 d
e

te
rm

in
in

g
 th

e
 d

u
ra

tio
n

 va
lu

e
 (w

h
ich

 d
e

p
e

n
d

s m
u

ch
 m

o
re

o
n

 th
e

 n
u

m
b

e
r o

f sylla
b

le
s a

n
d

 o
n

 th
e

 vo
icin

g
 o

f th
e

 fo
llo

w
in

g
 co

n
so

n
a

n
t),

w
hereas it is the prim

ary factor for the S
outhern E

nglish speaker.

µ
σ

µ
σ

µ
σ

µ
σ

sh
ip

90.7
480

0.183
0.038

lid
134.0
480

0.182
0.051

S
n

i-
cke

r
55.5
489

0.151
0.098

fil-
lin

g
76.8
492

0.096
0.054

sh
e

e
p 92.0

327
0.143
0.067

le
a

d
162.2
324

0.184
0.064

sn
e

a
-

ke
r

56.2
378

0.194
0.059

fe
e

-
lin

g
93.1
346

0.095
0.034

T
a

b
le

 1
: G

e
o

m
e

tric a
ve

ra
g

e
s (
µ

) 
o

f 
d

u
ra

tio
n

 
(to

p
) 

a
n

d
 

F
1

 
(b

o
tto

m
),

e
xp

re
sse

d
 in

 m
s a

n
d

 H
z, a

n
d

 th
e

ir sta
n

d
a

rd
 d

e
via

tio
n

s (
σ

), e
xp

re
sse

d
 in

duration doublings and octaves, for the S
cottish E

nglish speaker.

µ
σ

µ
σ

µ
σ

µ
σ

sh
ip

55.7
331

0.176
0.057

lid
75.0
359

0.128
0.086

S
n

i-
cke

r
48.0
287

0.155
0.101

fil-
lin

g
63.2
379

0.168
0.069

sh
e

e
p 103.1

287
0.125
0.085

le
a

d
120.3
290

0.111
0.098

sn
e

a
-

ke
r

91.4
278

0.101
0.095

fe
e

-
lin

g
105.4
313

0.159
0.086

T
able 2: T

he sam
e for the S

outhern E
nglish speaker.
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D
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F
ig

. 1
: S

co
ttish

 (le
ft) a

n
d

 S
o

u
th

e
rn

 (rig
h

t) p
ro

d
u

ctio
n

 o
f 

/I/ (lig
h

t) a
n

d
 /i/

(dark). T
he axes are logarithm

ic. T
he ellipses show

 the standard deviations.

1.3  R
elative C

ue U
se

O
u

r m
o

d
e

llin
g

 o
f th

e
 p

e
rce

p
tio

n
 o

f th
e

 
/I/-/i/ d

istin
ctio

n
 (§

2
) w

ill b
e

 b
a

se
d

o
n

 th
e

 a
va

ila
b

ility o
f d

u
ra

tio
n

 a
n

d
 F

1
 cu

e
s in

 th
e

 d
iffe

re
n

t p
ro

d
u

ctio
n

environm
ents. T

herefore, w
e have to accurately com

pare the S
cottish and the

S
o

u
th

e
rn

 sp
e

a
ke

r w
ith

 re
sp

e
ct to

 th
e

ir re
la

tive
 u

se
 o

f th
e

 tw
o

 a
co

u
stic

dim
ensions.
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S
cottish

µ
σ

S
outhern

µ
σ

/I/
dur.
F

1
84.8 m

s
485 H

z
0.485
0.066

/I/
dur.
F

1
59.7 m

s
337 H

z
0.284
0.170

/i/
dur.
F

1
94.0 m

s
343 H

z
0.565
0.105

/i/
dur.
F

1
104.6 m

s
292 H

z
0.188
0.110

T
a

b
le

 3
: D

u
ra

tio
n

 a
n

d
 F

1
 fo

r /I/ a
n

d
 /i/ fo

r th
e

 S
co

ttish
 a

n
d

 S
o

u
th

e
rn

speaker, averaged across the four contexts, and the total standard deviations.

260

300

400

50050
60

90
120

D
uration (m

s)

Scottish
S

outhern

/
I/ /

i/
/
I/

/
i/

F1 (Hz)

F
ig. 2: D

uration and F
1 for 

/I/ and /i/ for the S
cottish and S

outhern E
nglish

speaker, averaged across the four contexts.

In
 o

rd
e

r to
 sin

g
le

 o
u

t th
e

 co
rre

la
tio

n
 b

e
tw

e
e

n
 th

e
 vo

w
e

l co
n

tra
st a

n
d

 th
e

tw
o

 a
co

u
stic d

im
e

n
sio

n
s, w

e
 a

ve
ra

g
e

 (g
e

o
m

e
trica

lly) th
e

 d
u

ra
tio

n
 a

n
d

 F
1

va
lu

e
s fo

r th
e

 tw
o

 vo
w

e
ls in

 th
e

 tw
o

 d
ia

le
cts a

cro
ss co

n
so

n
a

n
ta

l co
n

te
xt (i.e

.
w

h
e

th
e

r o
r n

o
t th

e
 fo

llo
w

in
g

 co
n

so
n

a
n

t is vo
ice

d
) a

n
d

 a
cro

ss n
u

m
b

e
r o

f
syllables (one or tw

o). T
he averaged data are show

n in T
able 3 and F

igure 2.
W

e
 ca

n
 n

o
w

 p
ro

p
o

se
 a

 n
u

m
e

ric ch
a

ra
cte

riza
tio

n
 o

f a
 sp

e
a

ke
r’s re

la
tive

u
se

 o
f th

e
 tw

o
 a

co
u

stic d
im

e
n

sio
n

s. It is e
xp

re
sse

d
 in

 te
rm

s o
f th

e
 h

o
rizo

n
ta

l
a

n
d

 ve
rtica

l d
ista

n
ce

s b
e

tw
e

e
n

 th
e

 tw
o

 vo
w

e
ls in

 th
e

 d
u

ra
tio

n
-F

1
 p

la
n

e
. In

g
o

in
g

 fro
m

 S
co

ttish
 /I/ to

 /i/, th
e

 m
e

a
n

 F
1

 fa
lls fro

m
 4

8
5

 to
 3

4
3

 H
z, w

h
ich

is 0
.5

0
0

 o
cta

ve
s, w

h
ile

 th
e

 m
e

a
n

 d
u

ra
tio

n
 rise

s fro
m

 8
4

.8
 to

 9
4

.0
 m

s, w
h

ich
is 0

.1
4

9
 d

u
ra

tio
n

 d
o

u
b

lin
g

s. T
h

is ca
n

 le
a

d
 u

s to
 d

e
fin

e
 a

 sp
e

ctra
l

/duration
cu

e
-u

se
 ra

tio
 o

f -0
.5

0
0/0

.1
4

9
 =

 -3.4 o
ct/d

u
r.d

o
u

b
lin

g
. T

h
is n

u
m

b
e

r is e
q

u
a

l
to

 th
e

 slo
p

e
 o

f th
e

 im
a

g
in

a
ry lin

e
 th

a
t co

n
n

e
cts th

e
 S

co
ttish

 
/I/ a

n
d

 /i/ in
F

ig
u

re
 2

. F
o

r th
e

 S
o

u
th

e
rn

e
r, F

1
 fa

lls b
y 0

.2
0

7
 o

cta
ve

s, w
h

ile
 th

e
 d

u
ra

tio
n

rise
s b

y 0
.8

0
9

 d
o

u
b

lin
g

s, so
 th

a
t h

is cu
e

-u
se

 ra
tio

 is 
-0.26 o

ct/dur.doubling.
A

p
p

a
re

n
tly, th

e
 S

co
t p

re
fe

rs th
e

 F
1

 d
im

e
n

sio
n

 (o
r d

isfa
vo

u
rs th

e
 d

u
ra

tio
n

dim
ension) 13 tim

es m
ore than the S

outherner does.

2  M
odelling the P

erception P
rocess and its A

cquisition

In
 g

e
n

e
ra

l, th
e

 p
e

rce
p

tio
n

 p
ro

ce
ss m

a
p

s m
u

ltip
le

 a
co

u
stic cu

e
s to

 m
u

ltip
le

phonological contrasts sim
ultaneously (e.g. vow

el duration plays a role in the
perception of the vow

el contrast as w
ell as in the perception of the voicing of

th
e

 fo
llo

w
in

g
 co

n
so

n
a

n
t). T

h
is p

a
p

e
r w

ill re
strict itse

lf to
 th

e
 in

te
g

ra
tio

n
 o

f
tw

o acoustic cues into 
o

n
e phonological contrast.

T
h

is se
ctio

n
 p

re
se

n
ts o

u
r m

o
d

e
l o

f p
e

rce
p

tu
a

l d
e

ve
lo

p
m

e
n

t, illu
stra

te
d

b
y th

e
 b

e
h

a
vio

u
r o

f virtu
a

l E
lsp

e
th

 a
n

d
 virtu

a
l L

iz, w
h

o
 g

ro
w

 u
p

 in
 virtu

a
l

S
co

ttish
 a

n
d

 S
o

u
th

e
rn

 E
n

g
lish

 e
n

viro
n

m
e

n
ts, re

sp
e

ctive
ly. W

e
 w

ill sh
o

w
h

o
w

 th
e

 p
e

rce
p

tu
a

l stra
te

g
y im

p
le

m
e

n
te

d
 b

y th
e

 m
o

d
e

l d
e

p
e

n
d

s o
n

 th
e

re
lia

b
ility o

f th
e

 tw
o

 cu
e

s in
 th

e
 virtu

a
l p

ro
d

u
ctio

n
 e

n
viro

n
m

e
n

ts. In
 §

3
, w

e
w

ill ve
rify th

e
 p

re
d

ictio
n

s o
f th

is m
o

d
e

l in
 a

 co
m

p
u

te
r sim

u
la

tio
n

 a
n

d
 sh

o
w

that the predictions are borne out by the behaviour of real listeners.

2.1  T
he V

irtual P
roduction E

nvironm
ent

W
e

 a
ssu

m
e

 th
a

t th
e

 vo
w

e
ls th

a
t E

lsp
e

th
 a

n
d

 L
iz h

e
a

r a
re

 d
ra

w
n

 fro
m

G
a

u
ssia

n
 d

istrib
u

tio
n

s th
a

t a
re

 ce
n

tre
d

 a
b

o
u

t th
e

 m
e

a
n

 F
1

 a
n

d
 d

u
ra

tio
n

va
lu

e
s fo

r th
e

 S
co

ttish
 a

n
d

 S
o

u
th

e
rn

 E
n

g
lish

 sp
e

a
ke

rs (T
a

b
le

 3
), so

 th
a

t th
e

re
la

tive
 cu

e
 u

se
 in

 E
lsp

e
th

’s a
n

d
 L

iz’ p
ro

d
u

ctio
n

 e
n

viro
n

m
e

n
ts is e

q
u

a
l to

that of the real speakers in §1.3.
F

o
r o

u
r G

a
u

ssia
n

 p
ro

d
u

ctio
n

 d
istrib

u
tio

n
s, w

e
 ch

o
o

se
 fixe

d
 sta

n
d

a
rd

deviations of σF
1  =

 0.20 octaves and 
σ

d
u

r  =
 0.40 duration doublings for both

vo
w

e
ls a

n
d

 b
o

th
 d

ia
le

cts. T
h

e
se

 va
lu

e
s a

re
 d

iffe
re

n
t fro

m
 th

o
se

 in
 T

a
b

le
 3

,
fo

r th
e

 fo
llo

w
in

g
 re

a
so

n
s. T

h
e

 sta
n

d
a

rd
 d

e
via

tio
n

s in
 T

a
b

le
 3

 in
clu

d
e

 th
e

variation that no listener can norm
alize for, i.e. the random

 variation betw
een

to
ke

n
s o

f th
e

 sa
m

e
 u

tte
ra

n
ce

, a
s w

e
ll a

s th
e

 va
ria

tio
n

 d
u

e
 to

 th
e

 co
n

so
n

a
n

t
e

n
viro

n
m

e
n

t a
n

d
 th

e
 n

u
m

b
e

r o
f sylla

b
le

s, w
h

ich
 liste

n
e

rs ca
n

 p
a

rtia
lly

norm
alize aw

ay (this w
ould lead to low

er 
σ

 than those in T
able 3). H

ow
ever,

va
ria

tio
n

s d
u

e
 to

 sp
e

a
kin

g
 ra

te
, stre

ss, a
n

d
 vo

ca
l tra

ct size
 w

e
re

 n
o

t in
clu

d
e

d
in

 o
u

r p
ro

d
u

ctio
n

 e
xp

e
rim

e
n

t a
n

d
 w

ill h
a

ve
 u

n
kn

o
w

n
 b

u
t p

o
sitive

 e
ffe

cts o
n

th
e

 va
ria

tio
n

 in
 th

e
 liste

n
e

r’s in
p

u
t d

a
ta

 (th
is w

o
u

ld
 le

a
d

 to
 h

ig
h

e
r 

σ
 va

lu
e

s).
In

 th
e

 p
ro

d
u

ctio
n

 e
xp

e
rim

e
n

t (T
a

b
le

s 1
, 2

, a
n

d
 3

), w
e

 sa
w

 th
a

t th
e

 sta
n

d
a

rd
d

e
via

tio
n

s fo
r d

u
ra

tio
n

 te
n

d
e

d
 to

 b
e

 h
ig

h
e

r th
a

n
 th

o
se

 fo
r F

1
, so

 w
e

 u
se

 th
e

som
ew

hat arbitrary values of 0.20 and 0.40. T
hese values are large enough to

ensure that a w
ide range of duration-F

1 pairs w
ill occur in E

lspeth’s and Liz’
e

n
viro

n
m

e
n

ts. U
n

fo
rtu

n
a

te
ly, th

e
 re

su
lts o

f o
u

r sim
u

la
tio

n
s w

ill b
e

 ve
ry

sensitive to the exact values of these standard deviations.
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F
ig

. 3
: T

h
e

 p
ro

d
u

ctio
n

 e
n

viro
n

m
e

n
ts fo

r virtu
a

l S
co

ttish
 E

lsp
e

th
 (le

ft) a
n

d
S

outhern E
nglish Liz (right).

N
o

w
 th

a
t w

e
 h

a
ve

 va
lu

e
s fo

r th
e

 sta
n

d
a

rd
 d

e
via

tio
n

s, w
e

 ca
n

 e
sta

b
lish

 a
n

u
m

e
ric m

e
a

su
re

 fo
r th

e
 re

lia
b

ility o
f th

e
 tw

o
 cu

e
s th

a
t sig

n
a

l th
e

 
/I/-/i/

co
n

tra
st. T

h
e

 cu
e

s ca
n

 b
e

 m
o

re
 o

r le
ss re

lia
b

le
 a

cco
rd

in
g

 to
 h

o
w

 m
u

ch
in

fo
rm

a
tio

n
 th

e
y g

ive
 to

 th
e

 p
e

rce
p

tio
n

 p
ro

ce
ss, e

.g
. th

e
 re

lia
b

ility o
f th

e
 F

1
cu

e
 fo

r S
co

ttish
 d

e
p

e
n

d
s o

n
 h

o
w

 little
 th

e
 F

1
 va

lu
e

s fo
r 

/I/ o
ve

rla
p

 w
ith

th
o

se
 fo

r /i/. T
h

e
 n

u
m

e
ric m

e
a

su
re

 e
xp

re
sse

s th
e

 cu
e

 ra
n

g
e

s (§
1

.3
) in

 te
rm

s
o

f sta
n

d
a

rd
 d

e
via

tio
n

s. F
o

r S
co

ttish
, th

e
 F

1
 ra

n
g

e
 o

f 0
.5

0
0

 o
cta

ve
s is

e
q

u
iva

le
n

t to
 0

.5
0

0/0
.2

0
 =

 2
.5

 σ
F

1  (ve
ry re

lia
b

le
), th

e
 d

u
ra

tio
n

 ra
n

g
e

 o
f

0.149 doublings am
ounts to 0.37 

σ
d

u
r  (unreliable). F

or S
outhern E

nglish, the
F

1
 ra

n
g

e
 is 1

.0
4

 σF
1  (n

o
t ve

ry re
lia

b
le

), th
e

 d
u

ra
tio

n
 ra

n
g

e
 2

.0
1

 
σ

d
u

r  (q
u

ite
re

lia
b

le
). F

ro
m

 th
e

se
 va

lu
e

s, w
e

 ca
n

 p
re

d
ict th

a
t a

n
 id

e
a

l E
lsp

e
th

, w
h

o
 w

ill
rely m

ainly on reliable cues, w
ill rely alm

ost exclusively on F
1 and hardly on

duration, w
hereas Liz w

ill rely on duration prim
arily, on F

1 secondarily.
F

igure 3 show
s how

 likely it is that any duration-F
1 pair w

as intended as
/i/ (black) or as /I/ (w

hite) in the tw
o dialects, assum

ing that the tw
o vow

els
occur equally often in the environm

ent. T
he black line connects the duration

-
F

1 pairs that are equally likely to be 
/i/ or /I/. It can be show

n that the slope
o

f th
is e

q
u

a
l-like

lih
o

o
d

 lin
e

 is g
ive

n
 b

y 
σ

F
1 /σ

d
u

r  tim
e

s th
e

 ra
tio

 o
f th

e
re

lia
b

ilitie
s. F

o
r th

e
 virtu

a
l S

co
ttish

 e
n

viro
n

m
e

n
t, th

e
 e

q
u

a
l-like

lih
o

o
d

 slo
p

e
is (0

.2
0/0

.4
0

) · (0
.3

7/2
.5

) =
 0.075 o

ct/d
u

r.d
o

u
b

lin
g

, fo
r th

e
 S

o
u

th
e

rn
e

r it is
0.98 oct/dur.doubling, w

hich is (again) 13 tim
es greater than the S

cottish.

2.2  T
he O

ptim
al P

erception

W
e hypothesize that listeners m

inim
ize the probability of m

iscom
prehension

b
y 

m
a

kin
g

 
d

e
cisio

n
s 

th
a

t 
le

a
d

 
to

 
m

a
xim

u
m

-like
lih

o
o

d
 

b
e

h
a

vio
u

r 
in

p
e

rce
p

tio
n

. F
o

r sp
e

e
ch

 p
e

rce
p

tio
n

, th
is m

e
a

n
s th

a
t th

e
 b

e
st th

in
g

 fo
r th

e

liste
n

e
r to

 d
o

 is to
 p

e
rce

ive
 a

n
y in

co
m

in
g

 a
co

u
stic e

ve
n

t a
s th

e
 p

h
o

n
o

lo
g

ica
l

category that w
as m

ost likely to have been intended by the speaker.
S

u
p

p
o

se
, fo

r in
sta

n
ce

, th
a

t b
o

th
 S

co
ttish

 E
lsp

e
th

 a
n

d
 S

o
u

th
e

rn
 E

n
g

lish
L

iz a
re

 co
n

fro
n

te
d

 w
ith

 th
e

 sa
m

e
 a

co
u

stic e
ve

n
t (d

u
ra

tio
n

-F
1

 p
a

ir), fo
r

e
xa

m
p

le
 [3

4
9

 H
z, 7

4
 m

s]. F
ig

u
re

 3
 sh

o
w

s th
a

t if th
e

 tw
o

 liste
n

e
rs e

xh
ib

it
o

p
tim

a
l p

e
rce

p
tio

n
 (i.e

. if th
e

y m
a

n
ife

st m
a

xim
u

m
-like

lih
o

o
d

 b
e

h
a

vio
u

r),
then E

lspeth w
ill perceive this acoustic event as 

/i/, and Liz w
ill perceive the

sa
m

e
 e

ve
n

t a
s 
/
I/. M

o
re

 g
e

n
e

ra
lly, th

e
y w

ill p
e

rce
ive

 e
ve

ryth
in

g
 a

b
o

ve
 th

e
ir

ow
n equal-likelihood line as 

/i/, everything below
 as 

/I/.
T

h
e

 o
p

tim
a

l p
e

rce
ive

r w
ill th

e
re

fo
re

 h
a

ve
 a

 d
e

cisio
n

 b
o

u
n

d
a

ry in
p

e
rce

p
tio

n
 th

a
t co

in
cid

e
s e

xa
ctly w

ith
 th

e
 e

q
u

a
l-like

lih
o

o
d

 lin
e

 in
 h

e
r

production environm
ent. T

he slope of this category boundary is a m
easure of

th
e

 ra
tio

 o
f th

e
 liste

n
e

r’s re
lia

n
ce

 o
n

 d
u

ra
tio

n
 a

n
d

 h
e

r re
lia

n
ce

 o
n

 F
1

. T
h

e
o

p
tim

a
l d

u
ra

tio
n/sp

e
ctra

l re
lia

n
ce

 ra
tio

 fo
r th

e
 S

co
ttish

 liste
n

e
r, th

e
re

fo
re

, is
0.075 o

ct/d
u

r.d
o

u
b

lin
g

, fo
r th

e
 S

o
u

th
e

rn
 liste

n
e

r it is 
0.98 o

ct/dur.doubling,
a

g
a

in
 1

3
 tim

e
s a

s h
ig

h
 a

s th
a

t o
f th

e
 S

co
t. T

a
kin

g
 in

to
 a

cco
u

n
t th

e
 slo

p
e

fo
rm

u
la

 a
t th

e
 e

n
d

 o
f §

2
.1

, w
e

 se
e

 th
a

t su
ch

 d
u

ra
tio

n
/sp

e
ctra

l re
lia

n
ce

 ra
tio

s
depend directly on the reliability of the cues in the production environm

ent.
W

e
 co

u
ld

 n
o

w
 te

st o
u

r h
yp

o
th

e
sis a

g
a

in
st re

a
l liste

n
in

g
 e

xp
e

rim
e

n
ts.

H
o

w
e

ve
r, w

e
 b

e
lie

ve
 th

a
t th

e
re

 is a
 n

e
e

d
 to

 e
xp

la
in

 in
 d

e
ta

il th
e

 kn
o

w
le

d
g

e
th

a
t u

n
d

e
rlie

s o
ve

rt p
e

rce
p

tu
a

l b
e

h
a

vio
u

r. T
h

e
re

fo
re

, th
e

 n
e

xt tw
o

 se
ctio

n
s

w
ill p

re
se

n
t a

 m
o

d
e

l th
a

t a
n

sw
e

rs th
e

 q
u

e
stio

n
s: h

o
w

 d
o

 liste
n

e
rs im

p
le

m
e

n
t

an optim
al perception strategy, and how

 do they 
le

a
rn to do it? W

e w
ill later

(§3) verify the validity of our m
odel and test w

hether the m
odel is realistic.

2.3  M
odelling the P

erception P
rocess

S
o

 h
o

w
 d

o
 E

lsp
e

th
 a

n
d

 L
iz im

p
le

m
e

n
t a

n
 o

p
tim

a
l p

e
rce

p
tio

n
 stra

te
g

y?
 O

u
r

a
n

sw
e

r is th
a

t th
e

 kn
o

w
le

d
g

e
 b

e
h

in
d

 th
e

ir p
e

rce
p

tio
n

 p
ro

ce
ss is a

 fo
rm

a
l

g
ra

m
m

a
r. T

h
is p

e
rce

p
tio

n
 g

ra
m

m
a

r co
n

ta
in

s co
n

stra
in

ts w
ith

 ra
n

kin
g

s th
a

t
ch

o
o

se
 a

n
 o

p
tim

a
l o

u
tp

u
t (h

e
re

: p
h

o
n

o
lo

g
ica

l ca
te

g
o

ry) o
n

 th
e

 b
a

sis o
f a

n
in

p
u

t (h
e

re
: a

co
u

stic e
ve

n
t). T

h
e

 d
e

cisio
n

 sch
e

m
e

 w
o

rks a
cco

rd
in

g
 to

 th
e

fra
m

e
w

o
rk o

f O
p

tim
a

lity T
h

e
o

ry (O
T

; P
rin

ce
 &

 S
m

o
le

n
sky 1

9
9

3
), o

r m
o

re
specifically its probabilistic version (stochastic O

T
; B

oersm
a 1998).

B
o

e
rsm

a
 (1

9
9

8
:1

6
4

) p
ro

p
o

se
d

 co
n

stra
in

ts fo
r m

a
p

p
in

g
 a

co
u

stic cu
e

s to
p

h
o

n
o

lo
g

ica
l ca

te
g

o
rie

s. In
 th

e
 ca

se
 a

t h
a

n
d

, w
e

 la
b

e
l th

e
 ca

te
g

o
rie

s
a

rb
itra

rily a
s /I/ a

n
d

 /i/. W
e

 d
ivid

e
 th

e
 F

1
 co

n
tin

u
u

m
 a

rb
itra

rily in
to

 2
1

lo
g

a
rith

m
ica

lly e
q

u
a

l ste
p

s, g
ivin

g
 co

n
stra

in
ts fro

m
 “2

6
0

 H
z sh

o
u

ld
 n

o
t b

e
p

e
rce

ive
d

 a
s /I/” 

to
 

“5
0

0
 

H
z 

sh
o

u
ld

 
n

o
t 

b
e

 
p

e
rce

ive
d

 
a

s 
/I/”, 

a
n

d
a

n
a

lo
g

o
u

sly fo
r /i/. W

e
 a

lso
 d

ivid
e

 th
e

 d
u

ra
tio

n
 co

n
tin

u
u

m
 in

to
 2

1
 ste

p
s,
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g
ivin

g
 co

n
stra

in
ts fro

m
 “5

0
 m

s sh
o

u
ld

 n
o

t b
e

 p
e

rce
ive

d
 a

s 
/
I/” to

 “1
2

0
 m

s
sh

o
u

ld
 n

o
t b

e
 p

e
rce

ive
d

 a
s 

/I/” (a
n

d
 th

e
 sa

m
e

 fo
r /i/). S

o
 w

e
 u

se
 8

4
negatively w

orded constraints for m
odelling the perception of the tw

o vow
els

(using positively w
orded constraints such as “260 H

z should be perceived as
/i/” w

o
u

ld
 n

o
t w

o
rk if w

e
 h

a
d

 m
o

re
 th

a
n

 tw
o

 ca
te

g
o

rie
s, e

.g
. if w

e
 a

lso
w

anted to take into account the vow
els 
/e/ and /E/).

T
h

e
 u

n
d

e
rlyin

g
 kn

o
w

le
d

g
e

 o
f E

lsp
e

th
’s p

e
rce

p
tio

n
 o

f th
e

 a
co

u
stic e

ve
n

t
[3

4
9

 H
z, 7

4
 m

s] ca
n

 n
o

w
 b

e
 re

p
re

se
n

te
d

 a
s th

e
 co

n
stra

in
t ra

n
kin

g
 in

T
a

b
le

a
u

 1
. O

n
ly fo

u
r o

f o
u

r 8
4

 co
n

stra
in

ts a
re

 re
le

va
n

t h
e

re
. T

h
e

 h
ig

h
e

st
ranked of these m

ust be “349 H
z is not 

/I/”, because of the large distance (in
term

s of standard deviations) betw
een 349 H

z and the m
ean F

1 for 
/I/ (§2.2).

O
n

ly th
e

 tw
o

 re
le

va
n

t vo
w

e
l ca

te
g

o
rie

s a
re

 sh
o

w
n

 a
s ca

n
d

id
a

te
s in

 T
a

b
le

a
u

1
. W

h
e

n
 th

e
 a

co
u

stic e
ve

n
t [3

4
9

 H
z, 7

4
 m

s] a
rrive

s, th
e

 ta
b

le
a

u
 w

ill se
le

ct
th

e
 ca

n
d

id
a

te
 /i/ a

s th
e

 w
in

n
e

r (i.e
. a

s th
e

 a
ctu

a
lly p

e
rce

ive
d

 ca
te

g
o

ry)
because this candidate violates the least high-ranked constraints.

[349 H
z, 74 m

s]
349 H

z
not /I/

74 m
s

not /i/
74 m

s
not /I/

349 H
z

not /i/

/I/
* !

*

☞
                 /i/

*
*

T
ableau 1: T

he perception of the acoustic event [349 H
z, 74 m

s] for E
lspeth,

w
ho lives in a S

cottish E
nglish production environm

ent.

[349 H
z, 74 m

s]
349 H

z
not /i/

74 m
s

not /i/
74 m

s
not /I/

349 H
z

not /I/

☞
                 /I/

*
*

/i/
* !

*

T
ableau 2: T

he perception of the acoustic event [349 H
z, 74 m

s] for Liz, w
ho

lives in a S
outhern E

nglish production environm
ent.

T
he know

ledge underlying the perception of the sam
e acoustic event for

L
iz is sh

o
w

n
 in

 T
a

b
le

a
u

 2
. H

e
r tw

o
 F

1
 co

n
stra

in
ts a

re
 ra

n
ke

d
 in

 th
e

 re
ve

rse
order from

 E
lspeth’s, and she w

ill choose to perceive 
/I/.

W
e

 sh
o

u
ld

 n
o

te
 th

a
t in

 sto
ch

a
stic O

T
, th

e
 liste

n
e

r h
a

s n
o

 d
ire

ct
kn

o
w

le
d

g
e

 o
f p

ro
b

a
b

ilitie
s. H

e
r o

n
ly kn

o
w

le
d

g
e

 re
sid

e
s in

 th
e

 ra
n

kin
g

s o
f

the constraints, and any apparent optim
al behaviour is derived from

 that.

2.4  M
odelling the A

cquisition of P
erception

It’s fin
e

 to
 h

a
ve

 th
o

se
 ra

n
kin

g
s, b

u
t h

o
w

 d
id

 th
e

y co
m

e
 a

b
o

u
t?

 A
re

 E
lsp

e
th

and Liz able to learn this optim
al strategy at any point during their lives? O

ur
a

n
sw

e
r is th

a
t th

e
y su

cce
e

d
 b

y a
p

p
lyin

g
 th

e
 G

ra
d

u
a

l L
e

a
rn

in
g

 A
lg

o
rith

m
(B

oersm
a and H

ayes 2001) to the perception gram
m

ar.
F

o
r e

xa
m

p
le

, E
lsp

e
th

 m
a

y e
n

te
rta

in
 a

t a
 ce

rta
in

 p
o

in
t d

u
rin

g
 h

e
r

p
e

rce
p

tu
a

l d
e

ve
lo

p
m

e
n

t a
 g

ra
m

m
a

r th
a

t w
o

u
ld

 b
e

 a
p

p
ro

p
ria

te
 fo

r L
iz. A

s a
co

n
se

q
u

e
n

ce
, E

lsp
e

th
 p

e
rce

ive
s 

[�e�p], w
ith

 th
e

 vo
w

e
l cu

e
s [3

4
9

 H
z, 7

4
 m

s],
a

s /
I/, a

s sh
o

w
n

 in
 T

a
b

le
a

u
 3

. H
o

w
e

ve
r, h

e
r e

n
viro

n
m

e
n

t is S
co

ttish
, so

 th
is

a
co

u
stic e

ve
n

t is m
u

ch
 m

o
re

 like
ly to

 h
a

ve
 b

e
e

n
 re

la
te

d
 to

 th
e

 flu
ffy a

n
im

a
l

(underlyingly |�ip|) than to the floating m
eans of transportation (

|�	p|).

[349 H
z, 74 m

s]
349 H

z
not /i/

74 m
s

not /i/
74 m

s
not /I/

349 H
z

not /I/

☞
             /�	p/

←
*

←
*

√                /�ip/
* ! →

* →

T
a

b
le

a
u

 3
: E

rro
r-d

rive
n

 le
a

rn
in

g
 b

y th
e

 G
ra

d
u

a
l L

e
a

rn
in

g
 A

lg
o

rith
m

 in
 a

n
O

ptim
ality-T

heoretic perception gram
m

ar.

If w
e

 a
ssu

m
e

 th
a

t E
lsp

e
th

 d
e

te
cts h

e
r p

e
rce

p
tio

n
 e

rro
r (b

e
ca

u
se

 th
e

 se
m

a
n

tic
co

n
te

xt te
lls h

e
r th

a
t |�ip| ‘sh

e
e

p
’ is th

e
 co

rre
ct re

co
g

n
itio

n
 o

f th
is p

a
rticu

la
r

/�	p/ p
e

rce
p

tio
n

), sh
e

 w
ill ch

a
n

g
e

 h
e

r p
e

rce
p

tio
n

 g
ra

m
m

a
r b

y ra
isin

g
 th

e
ra

n
kin

g
s o

f a
ll th

e
 co

n
stra

in
ts vio

la
te

d
 in

 h
e

r in
co

rre
ct w

in
n

e
r a

n
d

 b
y

lo
w

e
rin

g
 th

e
 ra

n
kin

g
s o

f a
ll th

e
 co

n
stra

in
ts vio

la
te

d
 in

 th
e

 fo
rm

 th
a

t sh
e

co
n

sid
e

rs co
rre

ct, th
u

s in
cre

a
sin

g
 th

e
 p

ro
b

a
b

ility th
a

t sh
e

 w
ill p

e
rce

ive
[3

4
9

 H
z, 7

4
 m

s] a
s /�ip/ o

n
 th

e
 n

e
xt o

cca
sio

n
. T

h
e

 ra
n

kin
g

s a
re

 ch
a

n
g

e
d

 b
y

only a sm
all step (called the 

p
la

sticity) along the continuous ranking scale of
sto

ch
a

stic O
T

, b
u

t a
fte

r a
 la

rg
e

 n
u

m
b

e
r o

f p
e

rce
p

tio
n

 e
rro

rs th
e

 ra
n

kin
g

s o
f

the constraints w
ill have becom

e that of an adult E
lspeth, as in T

ableau 1.
W

e
 sh

o
u

ld
 n

o
te

 th
a

t th
e

 G
ra

d
u

a
l L

e
a

rn
in

g
 A

lg
o

rith
m

 h
a

s n
o

 kn
o

w
le

d
g

e
of any optim

al perception strategy. B
oersm

a (1998:338) nevertheless show
ed

th
a

t in
 th

e
 ca

se
 o

f sin
g

le
-cu

e
 ca

te
g

o
riza

tio
n

, th
is a

lg
o

rith
m

 le
a

d
s to

 a
p

ro
b

a
b

ility-m
a

tch
in

g p
e

rce
ive

r, i.e
. o

n
e

 w
h

o
se

 ca
te

g
o

ry b
o

u
n

d
a

rie
s co

in
cid

e
w

ith
 th

e
 e

q
u

a
l-like

lih
o

o
d

 b
o

u
n

d
a

rie
s o

f p
ro

d
u

ctio
n

, b
u

t w
h

o
se

 b
o

u
n

d
a

ry
slopes are sm

ooth (as in real listeners) rather than sudden (as for an ‘optim
al’

m
a

xim
u

m
-like

lih
o

o
d

 p
e

rce
ive

r). T
h

e
 n

e
xt se

ctio
n

 w
ill te

ll u
s w

h
e

th
e

r th
is

desirable near-optim
al property of the algorithm

 extends to the tw
o-cue case.
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260
300

400

500

dur.rel. 0.5%

spec.rel. 83.3%

1 m
onth

Elspeth

dur.rel. 11.2%

spec.rel. 88.2%

10 m
onths

dur.rel. 4.5%

spec.rel. 93.6%

100 m
onths

dur.rel. 8.4%

spec.rel. 92.8%
1000 m

onths

260
300

400

50050
70

90
120

dur.rel. 57.9%

spec.rel. 27.8%

Liz

50
70

90
120

dur.rel. 57.7%

spec.rel. 53.7%

50
70

90
120

dur.rel. 74.2%

spec.rel. 53.4%

50
70

90
120

dur.rel. 68.2%

spec.rel. 48.9%

F
ig. 4: T

he perceptual developm
ent of S

cottish E
lspeth and S

outhern Liz.

3  T
he S

im
ulations

W
e

 w
ill sim

u
la

te
 h

e
re

 th
e

 p
e

rce
p

tu
a

l d
e

ve
lo

p
m

e
n

t o
f o

u
r virtu

a
l liste

n
e

rs
E

lsp
e

th
 a

n
d

 L
iz, w

h
o

 w
e

 in
tro

d
u

ce
d

 in
 §

2
, fro

m
 in

fa
n

cy th
ro

u
g

h
 a

d
u

lth
o

o
d

.
W

e
 w

ill te
st w

h
e

th
e

r th
e

y a
cq

u
ire

 a
n

 o
p

tim
a

l p
e

rce
p

tio
n

 (i.e
. w

h
e

th
e

r o
u

r
m

o
d

e
l in

d
e

e
d

 im
p

le
m

e
n

ts a
 m

a
xim

u
m

-like
lih

o
o

d
 typ

e
 o

f b
e

h
a

vio
u

r) a
n

d
 w

e
w

ill co
m

p
a

re
 th

e
ir fin

a
l sta

g
e

s w
ith

 th
o

se
 o

f re
a

l a
d

u
lt S

co
ttish

 a
n

d
 S

o
u

th
e

rn
E

nglish listeners.
In

 E
lsp

e
th

’s a
n

d
 L

iz’ in
itia

l sta
te

, a
ll 8

4
 co

n
stra

in
ts a

re
 ra

n
ke

d
 a

t th
e

sa
m

e
 h

e
ig

h
t, so

 th
a

t th
e

 b
a

b
y is e

q
u

a
lly like

ly to
 p

e
rce

ive
 a

n
y a

co
u

stic e
ve

n
t

a
s /I/ o

r a
s /i/. W

e
 u

n
d

e
rsta

n
d

 th
a

t th
is is a

 ra
th

e
r a

rtificia
l in

itia
l sta

te
. It

a
ssu

m
e

s th
a

t th
e

 b
a

b
y h

a
s d

iffe
re

n
t le

xica
l re

p
re

se
n

ta
tio

n
s fo

r 
/
I/ a

n
d

 /i/
w

ith
o

u
t b

e
in

g
 a

b
le

 to
 d

istin
g

u
ish

 th
e

m
 p

e
rce

p
tu

a
lly ye

t. In
 re

a
lity, th

e
e

m
e

rg
e

n
ce

 o
f le

xica
l ca

te
g

o
rie

s m
u

st b
e

 b
a

se
d

 o
n

 a
 p

e
rce

p
tu

a
l d

istin
ctio

n
.

H
ow

ever, this paper w
ill not pursue a discussion of category em

ergence.

3.1  T
he S

im
ulated D

evelopm
ent

W
e

 sim
u

la
te

d
 th

e
 d

e
ve

lo
p

m
e

n
t o

f a
 S

co
ttish

 a
n

d
 a

 S
o

u
th

e
rn

 E
n

g
lish

 liste
n

e
r

b
y fe

e
d

in
g

 th
e

m
 w

ith
 in

p
u

t-o
u

tp
u

t p
a

irs d
ra

w
n

 ra
n

d
o

m
ly fro

m
 th

e
 G

a
u

ssia
n

distributions (§2.1) that represent the probability of occurrence of each of the
4

4
1

 F
1

-d
u

ra
tio

n
 va

lu
e

s fo
r /i/ a

n
d

 /
I/ in

 th
e

 le
a

rn
e

r’s e
n

viro
n

m
e

n
t.

T
hroughout her life, each listener receives 1000 data per m

onth, and changes
so

m
e

 co
n

stra
in

t ra
n

kin
g

s e
ve

ry tim
e

 sh
e

 n
o

tice
s a

 m
ism

a
tch

 b
e

tw
e

e
n

 h
e

r
p

e
rce

ive
d

 ca
te

g
o

ry a
n

d
 th

e
 co

rre
ct le

xica
l ca

te
g

o
ry. D

u
rin

g
 th

e
 first 1

0
virtu

a
l m

o
n

th
s, th

e
 p

la
sticity is 1

.0
, w

h
ich

 m
e

a
n

s th
a

t th
e

 ra
n

kin
g

s a
re

changed by an am
ount of 1.0 along the ranking scale (this am

ount is one half
o

f th
e

 e
va

lu
a

tio
n

 n
o

ise
 o

f sto
ch

a
stic O

T
, w

h
ich

 w
e

 ke
e

p
 co

n
sta

n
t a

t 2
.0

th
ro

u
g

h
o

u
t o

u
r sim

u
la

tio
n

s). B
e

tw
e

e
n

 1
0

 a
n

d
 1

0
0

 virtu
a

l m
o

n
th

s o
f a

g
e

, h
e

r
plasticity is only 0.1, w

hich m
eans that she learns m

ore slow
ly, but also m

ore
a

ccu
ra

te
ly b

e
ca

u
se

 th
e

 e
va

lu
a

tio
n

 n
o

ise
 is still 2

.0
. B

e
tw

e
e

n
 1

0
0

 a
n

d
 1

0
0

0
m

onths, her plasticity is only 0.01.
F

ig
u

re
 4

 sh
o

w
s th

e
 p

e
rce

p
tu

a
l p

e
rfo

rm
a

n
ce

 o
f E

lsp
e

th
 in

 va
rio

u
s sta

g
e

s.
F

o
r e

a
ch

 p
ictu

re
, w

e
 m

e
a

su
re

d
 E

lsp
e

th
’s o

u
tp

u
t d

istrib
u

tio
n

 b
y co

n
fro

n
tin

g
h

e
r w

ith
 1

0
0

0
 in

sta
n

ce
s o

f e
a

ch
 o

f th
e

 4
4

1
 F

1
-d

u
ra

tio
n

 p
a

irs, a
n

d
 co

u
n

tin
g

th
e

 n
u

m
b

e
r o

f /I/ a
n

d
 /i/ re

sp
o

n
se

s fo
r e

a
ch

 o
f th

e
se

 4
4

1
 p

o
ssib

le
 a

co
u

stic
events. B

lack areas stand for 
/i/ perceptions, w

hite areas for 
/I/ perceptions,

and the black curve is the 50%
 contour, i.e. the category boundary ‘line’. T

he
sp

e
ctra

l re
lia

n
ce

 (“sp
e

c.re
l.”) is co

m
p

u
te

d
 a

s th
e

 a
ve

ra
g

e
 fra

ctio
n

 o
f 

/i/

re
sp

o
n

se
s a

lo
n

g
 th

e
 to

p
 e

d
g

e
 m

in
u

s th
e

 a
ve

ra
g

e
 fra

ctio
n

 o
f 

/i/ re
sp

o
n

se
s

a
lo

n
g

 th
e

 b
o

tto
m

 e
d

g
e

 o
f th

e
 p

ictu
re

. T
h

e
 d

u
ra

tio
n

 re
lia

n
ce

 (“d
u

r.re
l.”) is

likew
ise com

puted from
 the fractions of 

/i/ responses along the right and left
edges (E

scudero 2001).
E

lsp
e

th
 g

ra
d

u
a

lly im
p

ro
ve

s in
 d

istin
g

u
ish

in
g

 
/I/ fro

m
 /i/. It ca

n
 b

e
sh

o
w

n
 th

a
t th

e
 ra

tio
 o

f th
e

 d
u

ra
tio

n
 re

lia
n

ce
 a

n
d

 th
e

 sp
e

ctra
l re

lia
n

ce
 (in

te
rm

s o
f th

e
 F

1
 a

n
d

 d
u

ra
tio

n
 ra

n
g

e
s, re

sp
e

ctive
ly!) is a

 g
o

o
d

 e
stim

a
te

 o
f th

e
slo

p
e

 o
f th

e
 b

o
u

n
d

a
ry lin

e
 (cf. §

2
.1

). U
ltim

a
te

ly, E
lsp

e
th

’s d
u

ra
tio

n
/sp

e
ctra

l
re

lia
n

ce
 ra

tio
 (th

e
 slo

p
e

 o
f th

e
 b

o
u

n
d

a
ry lin

e
 in

 E
lsp

e
th

’s fo
u

rth
 p

ictu
re

)
b

e
co

m
e

s (8
.4

%
 · lo

g2  (5
0

0/2
6

0
)) / (9

2
.8

%
 · lo

g2  (1
2

0/5
0

)) =
 0

.0
6

8
oct/dur.doubling.

T
h

e
 d

e
ve

lo
p

m
e

n
t o

f L
iz in

 S
o

u
th

e
rn

 E
n

g
la

n
d

 is ve
ry d

iffe
re

n
t. F

ig
u

re
 4

show
s that her final duration/spectral reliance ratio is 

1.04 oct/dur.doubling.
T

h
e

 sim
u

la
te

d
 re

lia
n

ce
 ra

tio
s o

f 0
.0

6
8

 a
n

d
 1

.0
4

 co
m

p
a

re
 w

e
ll w

ith
 th

e
o

p
tim

a
l o

n
e

s (§
2

.2
) o

f 0
.0

7
5

 a
n

d
 0

.9
8

 (th
e

 sm
a

ll d
iffe

re
n

ce
s a

re
 d

u
e

 to
 th

e
fin

ite
 a

ccu
ra

cy o
f th

e
 le

a
rn

in
g

 p
ro

ce
ss). M

o
re

 g
e

n
e

ra
lly, th

e
 fin

a
l sta

g
e

s in
F

ig
u

re
 4

 a
re

 ve
ry sim

ila
r to

 F
ig

u
re

 3
. W

e
 co

n
clu

d
e

 th
a

t o
u

r m
o

d
e

l in
d

e
e

d
im

plem
ents a m

axim
um

-likelihood-like (probability m
atching) listener, even

w
hen confronted w

ith m
ultiple cues.

A
 d

im
e

n
sio

n
le

ss lan
g

u
a

g
e

-sp
e

cific re
lia

n
ce

 ra
tio

 ca
n

 b
e

 co
m

p
u

te
d

 b
y

n
o

rm
a

lizin
g

 
th

e
 

d
u

ra
tio

n/sp
e

ctra
l re

lia
n

ce
 ra

tio
s fo

r th
e

 cu
e

 ra
n

g
e

s in
production (§1.3). F

or E
lspeth, this gives a language-specific reliance ratio of
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D
uration (m

s), rel. 10.6%

F1 (Hz), rel. 93.4%

83
177

480

344

            
D

uration (m
s), rel. 34.6%

F1 (Hz), rel. 65.2%

83
177

480

344

F
ig

. 5
: R

e
lia

n
ce

 o
n

 sp
e

ctra
l a

n
d

 d
u

ra
tio

n
 cu

e
s fo

r a
ve

ra
g

e
 re

a
l S

co
ttish

E
nglish listeners (left) and S

outhern E
nglish listeners (right).

0.068·(0.149/0.500) =
 0.020, i.e. she relies on the spectral cue 50 tim

es m
ore

th
a

n
 o

n
 th

e
 d

u
ra

tio
n

 cu
e

 w
h

e
n

 liste
n

in
g

 to
 th

e
 co

n
tra

st b
e

tw
e

e
n

 S
co

ttish
 

/I/
a

n
d

 
S

co
ttish

 /i/
. 

L
iz 

h
a

s 
a

 
la

n
g

u
a

g
e

-sp
e

cific 
re

lia
n

ce
 

ra
tio

 
o

f
1.04·(0.809/0

.2
0

7
) =

 4.1, i.e
. sh

e
 re

lie
s 4

.1
 tim

e
s m

o
re

 o
n

 d
u

ra
tio

n
 th

a
n

 o
n

F
1 for distinguishing S

outhern 
/I/ and /i/.

3.2  C
om

parison w
ith R

eal Listeners

W
e

 ca
n

 n
o

w
 te

st th
e

 o
p

tim
a

l-p
e

rce
p

tio
n

 h
yp

o
th

e
sis b

y co
m

p
a

rin
g

 th
e

 re
su

lts
o

f th
e

 sim
u

la
tio

n
s w

ith
 th

o
se

 o
f a

n
 o

ld
e

r e
xp

e
rim

e
n

t w
ith

 re
a

l liste
n

e
rs,

re
p

o
rte

d
 in

 E
scu

d
e

ro
 (2

0
0

1
). F

ig
u

re
 5

 sh
o

w
s th

e
 a

ve
ra

g
e

 cu
e

 re
lia

n
ce

 o
f 2

0
S

co
ttish

 E
n

g
lish

 liste
n

e
rs, a

n
d

 th
a

t o
f 2

1
 S

o
u

th
e

rn
 E

n
g

lish
 liste

n
e

rs, a
ll o

f
w

h
o

m
 w

e
re

 te
ste

d
 w

ith
 th

e
 sa

m
e

 la
rg

e
 d

u
ra

tio
n

-F
1

 stim
u

lu
s co

n
tin

u
u

m
 o

f
syn

th
e

tic vo
w

e
ls (F

2
 w

a
s a

lso
 va

rie
d

). T
h

e
 d

u
ra

tio
n

/sp
e

ctra
l re

lia
n

ce
 ra

tio
(i.e

. a
n

 e
stim

a
te

 o
f th

e
 b

o
u

n
d

a
ry slo

p
e

 in
 F

ig
u

re
 5

) fo
r th

e
 S

co
ts is

(10.6%
·log(480/344)) / (93.4%

·log(177/8
3

)) =
 0.050 o

ct/dur. doubling, and
for the S

outherners it is 
0.233 oct/dur.doubling.

If th
e

 a
ve

ra
g

e
 cu

e
 va

lu
e

s in
 th

e
 liste

n
e

rs’ la
n

g
u

a
g

e
 e

n
viro

n
m

e
n

ts a
re

equal to those that w
e m

easured in our production experim
ent, the language-

specific duration/spectral reliance ratios (§3.1) can be com
puted as 

0.015 for
th

e
 S

co
ts (i.e

. th
e

y re
ly o

n
 F

1
 7

0
 tim

e
s a

s m
u

ch
 a

s o
n

 d
u

ra
tio

n
) a

n
d

 a
s 

0.93
for the S

outherners (i.e. they rely equally on F
1 and duration).

If w
e com

pare the boundary line of the real S
cots (F

igure 5) w
ith that of

E
lsp

e
th

 (F
ig

u
re

 4
), w

e
 se

e
 th

a
t th

e
ir h

e
ig

h
ts a

re
 e

q
u

a
l (a

ro
u

n
d

 4
0

0
 H

z) a
n

d
that their slopes are alm

ost equal (0.050 vs. 0.068 oct
/dur.doubling). T

he real
S

o
u

th
e

rn
e

rs, b
y co

n
tra

st, a
re

 q
u

ite
 d

iffe
re

n
t fro

m
 L

iz: th
e

ir ca
te

g
o

ry
b

o
u

n
d

a
ry lin

e
 is m

u
ch

 lo
w

e
r (th

o
u

g
h

 h
ig

h
e

r th
a

n
 th

a
t fo

r th
e

 S
co

ts) a
n

d
 th

e
slo

p
e

 is m
u

ch
 sm

a
lle

r (0
.2

3
3

 vs. 1
.0

4
; §

3
.1

), th
o

u
g

h
 m

u
ch

 g
re

a
te

r th
a

n
 th

a
t

o
f th

e
 S

co
ts. T

h
is d

iffe
re

n
ce

 co
u

ld
 b

e
 d

u
e

 to
 a

n
y o

r a
ll o

f th
e

 fo
llo

w
in

g
 o

r
m

ore:

(a
) In

 th
e

 liste
n

in
g

 e
xp

e
rim

e
n

t, th
e

 sp
e

ctra
l cu

e
 fo

r th
e

 S
o

u
th

e
rn

e
rs w

a
s

e
n

h
a

n
ce

d
 in

 a
n

 u
n

n
a

tu
ra

l w
a

y, i.e
. th

e
 F

1
 ra

n
g

e
 in

 F
ig

u
re

 5
 w

a
s m

u
ch

 la
rg

e
r

th
a

n
 th

e
ir n

a
tive

 h
e

ig
h

t co
n

tra
st. T

h
is m

a
y h

a
ve

 e
n

h
a

n
ce

d
 th

e
se

 liste
n

e
rs’

a
w

a
re

n
e

ss o
f th

is cu
e

 a
n

d
 th

u
s se

le
ctive

ly re
d

u
ce

d
 th

e
 d

u
ra

tio
n

/sp
e

ctra
l

re
lia

n
ce

 ra
tio

 fo
r th

e
 S

o
u

th
e

rn
e

rs o
n

ly (n
o

te
 th

a
t a

 sim
ila

r a
rg

u
m

e
n

t is n
o

t
va

lid
 

fo
r 

th
e

 
S

co
ts, 

fo
r 

w
h

o
m

 
th

e
 

la
rg

e
 

d
u

ra
tio

n
 

ra
n

g
e

 
in

 
F

ig
u

re
 

5
co

rre
sp

o
n

d
s to

 th
e

ir o
w

n
 n

a
tu

ra
l, th

o
u

g
h

 a
llo

p
h

o
n

ic, va
ria

tio
n

 in
 d

u
ra

tio
n

).
T

his could be solved by testing listeners w
ith stim

ulus sets that do not extend
beyond the duration and F

1 ranges that are appropriate for their dialect;

(b) T
he listening experim

ent had tw
o properties that m

ay have contributed to
lo

w
e

r d
u

ra
tio

n/sp
e

ctra
l re

lia
n

ce
 ra

tio
s: (1

) th
e

 first cu
e

 a
va

ila
b

le
 w

a
s

sp
e

ctra
l, a

n
d

 (2
) w

ith
 iso

la
te

d
 vo

w
e

ls, liste
n

e
rs ca

n
 h

a
rd

ly n
o

rm
a

lize
 a

w
a

y
the influence of speaking rate on duration, w

hereas they can partly norm
alize

aw
ay the influence of vocal tract size on the basis of the available pitch;

(c) T
h

e
 sim

u
la

te
d

 re
lia

n
ce

 ra
tio

s a
re

 se
n

sitive
 to

 th
e

 sta
n

d
a

rd
 d

e
via

tio
n

s
(§

2
.1

) u
se

d
 fo

r sim
u

la
tin

g
 th

e
 va

ria
tio

n
 in

 F
1

 a
n

d
 d

u
ra

tio
n

, b
u

t w
e

 d
o

 n
o

t
kn

o
w

 w
h

a
t th

e
se

 a
re

, sin
ce

 w
e

 d
o

 n
o

t kn
o

w
 to

 w
h

a
t e

xte
n

t th
e

 liste
n

e
r

co
m

p
e

n
sa

te
s fo

r co
n

so
n

a
n

t e
n

viro
n

m
e

n
t, n

u
m

b
e

r o
f sylla

b
le

s, stre
ss, o

r
speaking rate. If w

e double the S
outhern 

σ
d

u
r  to 0.80 doublings (or halve the

S
o

u
th

e
rn

 σF
1  to

 0
.1

0
 o

cta
ve

s), L
iz w

ill a
cq

u
ire

 a
 d

u
ra

tio
n

/sp
e

ctra
l re

lia
n

ce
ratio of about 0.25 oct/dur.doubling, i.e. equal to that of the real listeners;

(d
) In

 g
e

n
e

ra
l, re

a
l liste

n
e

rs h
a

ve
 co

n
ta

ct w
ith

 m
u

ltip
le

 d
ia

le
cts, so

 th
e

ir
p

e
rce

p
tio

n
 stra

te
g

ie
s te

n
d

 to
 co

n
ve

rg
e

, w
h

e
re

a
s th

e
 sim

u
la

te
d

 liste
n

e
rs w

e
re

raised in com
pletely isolated environm

ents;

(e
) T

h
e

 S
o

u
th

e
rn

 E
n

g
lish

 sp
e

a
ke

r d
e

stre
sse

d
 th

e
 ta

rg
e

t w
o

rd
s, a

s e
xp

e
cte

d
 in

th
e

 e
n

viro
n

m
e

n
t “T

H
IS

 is a
 _

_
 a

s w
e

ll”, b
u

t th
e

 S
co

ttish
 sp

e
a

ke
r g

a
ve

 th
e

target w
ord a secondary stress. T

he effect of this rem
ains unknow

n to us.

(f) 
T

h
e

 
S

o
u

th
e

rn
 

sp
e

a
ke

r 
m

a
y 

n
o

t 
h

a
ve

 
b

e
e

n
 

re
p

re
se

n
ta

tive
 

o
f 

th
e

environm
ent of the S

outhern listeners.

M
ost of these facts seem

 to support our view
 of the optim

al perceiver, w
hose

m
ore fine-grained form

al m
odelling, how

ever, has to aw
ait future research.
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4  D
iscussion

W
e have hypothesized that adult listeners have a perception tuned accurately

to
 th

e
ir p

ro
d

u
ctio

n
 e

n
viro

n
m

e
n

t, a
n

d
 w

e
 h

a
ve

 p
ro

p
o

se
d

 a
 m

o
d

e
l fo

r th
e

kn
o

w
le

d
g

e
 b

e
h

in
d

 th
is n

e
a

r-o
p

tim
a

l p
e

rce
p

tio
n

 a
n

d
 fo

r its a
cq

u
isitio

n
. W

e
m

o
d

e
l th

e
 p

e
rce

p
tio

n
 p

ro
ce

ss w
ith

 a
n

 O
p

tim
a

lity-T
h

e
o

re
tic co

n
stra

in
t

g
ra

m
m

a
r th

a
t m

a
p

s ra
w

 a
co

u
stic in

p
u

t to
 d

iscre
te

 p
h

o
n

o
lo

g
ica

l ca
te

g
o

rie
s,

a
n

d
 w

e
 m

o
d

e
l th

e
 a

cq
u

isitio
n

 o
f th

is p
ro

ce
ss w

ith
 th

e
 G

ra
d

u
a

l L
e

a
rn

in
g

A
lgorithm

, w
hich reranks the constraints in case of m

isclassification.
O

u
r sim

u
la

tio
n

s sh
o

w
 th

a
t o

u
r m

o
d

e
l in

d
e

e
d

 im
p

le
m

e
n

ts a
 n

e
a

r-o
p

tim
a

l
in

te
g

ra
tio

n
 o

f tw
o

 a
co

u
stic cu

e
s (i.e

. cu
e

 re
lia

n
ce

 d
e

p
e

n
d

s o
n

 cu
e

 re
lia

b
ility)

a
n

d
 h

a
n

d
le

s its d
e

ve
lo

p
m

e
n

t su
cce

ssfu
lly. In

 re
a

l liste
n

e
rs, d

iffe
re

n
ce

s in
 th

e
p

ro
d

u
ctio

n
 e

n
viro

n
m

e
n

t tu
rn

 o
u

t to
 le

a
d

 to
 sim

ila
r d

iffe
re

n
ce

s in
 p

e
rce

p
tio

n
.

S
o

 w
e

 ca
n

 co
n

clu
d

e
 th

a
t th

e
se

 liste
n

e
rs h

a
ve

 a
 g

ra
m

m
a

r sim
ila

r to
 th

e
 o

n
e

p
ro

p
o

se
d

 in
 o

u
r m

o
d

e
l. W

e
 u

se
 O

p
tim

a
lity T

h
e

o
ry ra

th
e

r th
a

n
 o

th
e

r p
o

ssib
le

fram
ew

orks in order that our m
odel becom

es part of phonological theory.
F

u
tu

re
 re

se
a

rch
 w

ill h
a

ve
 to

 m
o

d
e

l ca
te

g
o

ry sp
lit a

n
d

/o
r m

e
rg

e
r a

n
d

 th
e

in
flu

e
n

ce
s o

f co
n

so
n

a
n

t vo
icin

g
, th

e
 n

u
m

b
e

r o
f sylla

b
le

s, stre
ss, sp

e
a

kin
g

ra
te

, in
te

r-sp
e

a
ke

r va
ria

tio
n

, a
n

d
 d

ia
le

ct in
te

ra
ctio

n
s. F

u
tu

re
 w

o
rk in

vo
lve

s
second-language perception as w

ell as longitudinal studies.
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