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Dispersion Theory (Liljencrants and Lindblom, 1972): the world's most common vowel
systems exhibit maximal perceptual contrast
@ e.g. ‘corner’ vowels /iau/ found in most systems (Crothers, 1978) minimize confusion
@ Perceptual contrast quantified using ‘energy’ function
° Z:-le ZJ'.’Z,-H l/dg where dj; is pairwise psychoacoustic distance between vowels i and j
@ Optimal systems with minimal energy resemble typologically most common systems
e e.g. /iau/, /ieau/, /ieaou/, etc.
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o Adaptive Dispersion Theory (Lindblom, 1986)
e Dispersion-Focalization Theory (Schwartz et al., 1997b)
e OT-Dispersion Theory (Flemming, 1995, 2004)

Schwartz et al. (1997b): most successful model based directly on acoustics

@ baseline for prediction of typologically dominant vowel systems
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Shortcomings of Dispersion Theory

Schwartz et al. (1997b) fail to predict vowels in interior of vowel space like /3/
Larger systems with more than 7 vowels not well predicted

Conceptual basis for energy as measure of perceptual contrast is weak
@ Inspired by physical laws governing repulsion between charged particles

@ Possible to quantify contrast directly from models of speech perception?

Typological variation beyond optimal systems not well explained

e e.g. multiple attested 6-vowel systems: /ieaous/, /iecaou/, /ieasou/

Lack of mechanism for system emergence
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Proposed sound change mechanisms:
e Blevins (2004, p. 285-289): chain shifts using Exemplar Theory
o chain shifts are considered mechanism of contrast-maintenance (Martinet, 1955)
e Boersma and Hamann (2008): sibilant dispersion using Stochastic Optimality Theory
@ Both accounts involve a perception-production feedback loop
e speakers adjust phonetic distributions to produce fewer perceptually confusable tokens

@ Not computationally implemented over vowel space to predict typology

Emergent vowel typology with unrealistic mechanism:
e De Boer (1999, 2000): naturalistic vowel systems emerge at realistic rates in
agent-based simulations

o ‘The way in which vowel systems emerge [...] is not realistic’ (de Boer, 2000, p. 424)
e baseline for prediction of typological frequencies
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Optimal Listener Behavior

Human speech perception is well approximated by Bayesian models of optimal listeners

o Clayards et al. (2008); Norris and McQueen (2008); Feldman et al. (2009); Kleinschmidt
(2019)

Such accounts model phonetic categories as probability distributions over phonetic continua

@ allows for mathematical characterization of rational listener behavior
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optimal speaker behavior

A speaker can minimize the confusion of a maximum-likelihood listener by adopting system S’:

5'= {azguin [ pedoP(6 # Csx)) | € 5

where:
@ ®: set of possible phonetic distributions

@ S C ®: pre-existing phonetic system expected by maximum-likelihood listener

@ Cs: maximume-likelihood classifier
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5'= {azguin [ pedoP(6 # Csx)) | € 5

where:
@ ®: set of possible phonetic distributions

@ S C ®: pre-existing phonetic system expected by maximum-likelihood listener
@ Cs: maximume-likelihood classifier

Requires constrained set of possible phonetic distributions ¢

e e.g. normal distributions N (i, 02) with F1 mean 300Hz < ;2 < 700Hz and s.d. o = 50Hz

John McGahay (UCLA)

Optimal Listener-Speakers & Vowel Typology

15 April 2026, Berkeley, CA 12 /34



Iterated Confusion Minimization (ICM)
0000080

Iterated Confusion Minimization

New Vowel System [a 2 u]

0.010

0.008

0.006 -

0.004

likelihood p(x|¢)

0.002

0.000 T T T T T T T
900 800 700 600 500 400 300 200 100

F1 x (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 13 /34



Iterated Confusion Minimization (ICM)
0000080

Iterated Confusion Minimization

New Vowel System [a 2 u]

0.010

0.008

0.006 -

0.004

likelihood p(x|¢)

0.002

0.000 ‘/

T T T T T T
900 800 700 600 500 400 300 200 100
F1 x (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 13 /34



Iterated Confusion Minimization (ICM)

[e]e]ele]e] Te}

Iterated Confusion Minimization

01DListener Re-Optimizes Perceptual Boundaries

Given speaker’s new system, the

]
optimal listener updates their !
1 4 1
perceptual boundaries = 0.008 :
= i
& 0.006 |
B 1
S ]
2 1
£ 0.004 - |
g 1
= '
0.002 - ! :
I i
_/ i !
0.000 , L

T T T T T T
900 800 700 600 500 400 300 200 100
F1 x (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

13/34



Iterated Confusion Minimization (ICM)
0000080

Iterated Confusion Minimization

Updated Perceptual Boundaries

Given speaker’s new system, the 0.010
optimal listener updates their
perceptual boundaries = 0.008 -
=
3 0.006 -
=
o
[=]
£ 0.004 -
)
X
0.002 -
0.000 . . . ; . . .
900 800 700 600 500 400 300 200 100

F1 x (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 13 /34



Iterated Confusion Minimization (ICM)
0000080

Iterated Confusion Minimization

mSpeaker Re-Optimizes Phonetic Distributions

Given speaker’s new system, the

optimal listener updates their
perceptual boundaries = 0.008 -
=3
) 3 0.006 -
Then, the optimal speaker updates E
their phonetic distributions again £ 0.004 -
ks
0.002 -
0.000 . . . — . T
900 800 700 600 500 400 300 200 100
F1 x (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 13 /34



Iterated Confusion Minimization (ICM)
0000080
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Given speaker's new system, the 01DSpeaker Re-Optimizes Phonetic Distributions

optimal listener updates their
perceptual boundaries = 0.008 -
=3
] = 0.006 |
Then, the optimal speaker updates E
their phonetic distributions again £ 0.004 -
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We will call this repeated process 0.0027
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Iterated Confusion Minimization Algorithm

Iterated Confusion Minimization (ICM)

Input: Sy C &, where ® is set of possible phonetic distributions
Output: S; C
i+ 0

' Optimal listener behavior
'Ci(x) « argmaxd)esip(x](b)

ol T

'> Optimal speaker behavior

'Siv1 + {argming o [ p(x|¢/)P(¢ # Cs(x))dx|é € S;}

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

cuntil S; = 5,4
. return S;
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Implementing ICM over the Vowel Space

2D normal distributions over F1 & F2
@ boundaries on formant means
adapted from L&L (1972)
@ standard deviations modeled as
function of F1 & F2 means
o Based on linear regression over
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o F2 standard deviations scaled up
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F2 Scaling

Schwartz et al.'s (1997b) optimal 6V systems

1

Past models have found it necessary to

enforce greater dispersion in F2 than F1 09
@ Schwartz et al.'s (1997b) scale down 08f
distances in F2 using weight A 0T _
@ Weak F2 scaling over-predicts high 06 '
vowel, e.g. [iy w u a p] for 6V aosp €
@ Stronger F2 scaling predicts more 04t
peripheral vowels il e
eeg fiecagu]vs. [ieaoui wl
0l F
Scaling up F2 s.d. has analogous effects to )
scaling down F2 distances in past models o ol
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Example Simulation 1: Chain Shifts
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Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 2

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 2

/

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 2

/

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 3

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 3

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 A

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 3

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 A

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 4

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 4

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 4

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 5

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 5

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space

0080000000000 00

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 5

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 6

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 6

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 7

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 7

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 8

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 8

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 9

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 9

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 10

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 10

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 11

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards

vowel space periphery 200 Vowel System at Iteration 11

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 12

vowel space periphery 200

Incremental chain shift reminiscent of 300 4
real-world sound change

400

500 -

F1 (Hz)

600

700 -

800

T T T T T T
2500 2200 1900 1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA

17/34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 12

vowel space periphery 200
Incremental chain shift reminiscent of 300 4
real-world sound change
o . 400 |
e cf. California/Canada shift _
]
[ — [e] = [=] = [o] = [7] £ 500 |
z
600 -
700 -
BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 12

vowel space periphery 200
Incremental chain shift reminiscent of 300 4
real-world sound change
o . 400 |
e cf. California/Canada shift _
]
[ — [e] = [=] = [o] = [7] £ 500 |
—
o desideratum 2 v/ -
600 -
700 -
BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 12

vowel space periphery 200
Incremental chain shift reminiscent of 300 4
real-world sound change
o . 400 |
e cf. California/Canada shift _
]
[ = [e] = [&] = [a] = [] £ 500 1
—
o desideratum 2 v/ -
600 -
ICM yields naturalistic equilibrium 700
system with dispersed vowels
BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
00®000000000000

Example Simulation 1: Chain Shifts

ICM exerts strong pressure towards )
Vowel System at Iteration 12

vowel space periphery 200
Incremental chain shift reminiscent of 300 4
real-world sound change
o . 400 |
e cf. California/Canada shift _
]
[ = [e] = [&] = [a] = [] £ 500 1
—
o desideratum 2 v/ -
600 -
ICM yields naturalistic equilibrium 700
system with dispersed vowels
: 800 . . . . . .
© /iecaou/ 2nd most common 6V 2500 2200 1900 1600 1300 1000 700
system (Schwartz et al., 1997a) F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 17 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 0
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 0

(Schwartz et al., 1997a) also emerges 200 \\ \\
300

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 0

(Schwartz et al., 1997a) also emerges 200 \\ \\
300

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 1
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 1
(Schwartz et al., 1997a) also emerges 200

300 -

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 1
(Schwartz et al., 1997a) also emerges 200

300 -

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 2
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 2
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 2
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 3
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 3
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 4
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 4
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 5
(Schwartz et al., 1997a) also emerges 200

300 -

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 5
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 6
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 6
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 7
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 7
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 8
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 8
(Schwartz et al., 1997a) also emerges 200

Lowering [+] to [a] reduces confusion 300 4

400 -

500 -

F1 (Hz)

600

700 -

BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 9

(Schwartz et al., 1997a) also emerges 200

300 -

Lowering [+] to [s] reduces confusion

400

500 -

F1 (Hz)

600

700 -

800

T T
2500 2200 1900

T T T T
1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology

15 April 2026, Berkeley, CA

18/34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 9
(Schwartz et al., 1997a) also emerges 200 / \\
Lowering [+] to [a] reduces confusion 300 4 “
400 -
o~
L 500 -
=
('S
600
700 1
BDD T T T T T T
2500 2200 1900 1600 1300 1000 700

F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ Vowel System at Iteration 10

(Schwartz et al., 1997a) also emerges 200

300 -

Lowering [+] to [s] reduces confusion

400

500 -

F1 (Hz)

600

700 -

800

T T
2500 2200 1900

T T T T
1600 1300 1000 700
F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology

15 April 2026, Berkeley, CA

18/34



ICM over the Vowel Space
000@00000000000

Example Simulation 2: Interior Vowels and Multiple Stable Systems

Most common 6V system /ieaous/ - Vowel System at Iteration 10

(Schwartz et al., 1997a) also emerges //f\
Lowering [+] to [a] reduces confusion 300 4
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Most common 6V system /ieaous/ Vowel System at Iteration 13
(Schwartz et al., 1997a) also emerges 200

Lowering [#] to [s] reduces confusion 300 + /\

@ Contrast with Schwartz et al.’s 400 4 -

(1997b) non-prediction of /3/ =
@ [#] has greater overlap with /i/ ‘;t 2007
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Reason for variation: local optima 700 -
e /iegaou/ is local optimum 800 . | . . | .
2500 2200 1900 1600 1300 1000 700

@ /ieaous/ is global optimum
/ /isg P F2 (Hz)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 18 /34



ICM over the Vowel Space

0000800000000 00

Acoustic Structure of /ieaous/

Optimal 6V system matches acoustic structure [ieaous] reported by Becker-Kristal (2010)

200 Optimal 6 Vowel System Observed Acoustics of /ieaoua/ Systems
200
300 300 4 T
400 4 400 4 +
= o
L 500 L 500
- -
o I
600 | 600 -
700 | 700 -
800 T T T T T T 800 T T T T T T
2500 2200 1900 1600 1300 1000 700 2500 2200 1900 1600 1300 1000 700
F2 (Hz) F2 (Hz)
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Modeling Vowel System Typology

Approach:
@ Run large number of ICM simulations over random initial systems

e 100 simulations per parameter setting
e 310 parameter settings

@ 10 inventory sizes 3 to 12 vowels
o 31 F2 s.d. weights 1.0 < X <4.0
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Modeling Vowel System Typology

Approach:
@ Run large number of ICM simulations over random initial systems

e 100 simulations per parameter setting
e 310 parameter settings

@ 10 inventory sizes 3 to 12 vowels
o 31 F2 s.d. weights 1.0 < X <4.0

e 31,000 simulations
@ Compare emergence rate of different vowel system types against a typological baseline

@ Compare performance in predicting typology against past models
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Our baseline is derived from Schwartz et al. (1997a) analysis of UPSID (Maddieson, 1984)
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Our baseline is derived from Schwartz et al. (1997a) analysis of UPSID (Maddieson, 1984)
@ UPSID is a genetically and areally balanced survey of world's phoneme inventories
@ restricted to ‘primary’ vowel systems consisting of short oral monophthongs
@ used as typological baseline by Schwartz et al.'s (1997b) and de Boer (1999)

However, we will recast this baseline into a vowel system taxonomy motivated by
Becker-Kristal's (2010) acoustic typology
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@ restricted to ‘primary’ vowel systems consisting of short oral monophthongs
@ used as typological baseline by Schwartz et al.'s (1997b) and de Boer (1999)

However, we will recast this baseline into a vowel system taxonomy motivated by

Becker-Kristal's (2010) acoustic typology
@ Several distinctions made by Schwartz et al. (1997a) appear acoustically unsupported
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Typological Baseline

Our baseline is derived from Schwartz et al. (1997a) analysis of UPSID (Maddieson, 1984)
@ UPSID is a genetically and areally balanced survey of world's phoneme inventories
@ restricted to ‘primary’ vowel systems consisting of short oral monophthongs
@ used as typological baseline by Schwartz et al.'s (1997b) and de Boer (1999)

However, we will recast this baseline into a vowel system taxonomy motivated by

Becker-Kristal's (2010) acoustic typology
@ Several distinctions made by Schwartz et al. (1997a) appear acoustically unsupported
o e.g. /ieaoui/ vs. /ieaous/ appears to be an artifact of transcriber choice in UPSID for a
single system with interior vowel [9] intermediate between [i] and [3]
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Becker-Kristal (2010)'s Vowel System Taxonomy
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Becker-Kristal (2010)'s Vowel System Taxonomy

Systems take a label #,X#,,, where:
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Becker-Kristal (2010)'s Vowel System Taxonomy

Systems take a label #,X#,,, where:

@ #,: number of peripheral vowels
@ X indicates organization of periphery

e S: symmetric
o L: left-crowded (more front vowels)
o R: right-crowded (more back vowels)
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Becker-Kristal (2010)'s Vowel System Taxonomy

Systems take a label #,X#,,, where:
@ #,: number of peripheral vowels

@ X indicates organization of periphery

e S: symmetric
o L: left-crowded (more front vowels)
o R: right-crowded (more back vowels)

@ #,p: number of non-peripheral vowels
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Becker-Kristal (2010)'s Vowel System Taxonomy

Systems take a label #,X#,,, where:
@ #,: number of peripheral vowels

@ X indicates organization of periphery

e S: symmetric
o L: left-crowded (more front vowels)
o R: right-crowded (more back vowels)

@ #,p: number of non-peripheral vowels
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Typological Dominant Systems in the Baseline

Most common system in UPSID by number of vowels:

Inventory Size H Dominant System \ Example IPA \ Frequency

3 (n=19) 350 Jiau/ 1.000
4 (n=25) 4L0 /ieau/ 0.560
5 (n=109) 550 /ieaou/ 0.890
6 (n=60) 551 /ieaous/ 0.683
7 (n=44) 750 /iegadou/ 0.523
8 (n=19) 751 /iegadous/ 0.421
9 (n=24) 7S2a /iegadouta/ 0.292

9S0 /iiegasouu/ 0.292
10 (n=8) 8L2a /iiegadouta/ 0.250

9S1 /iiegasouvus/ 0.250
11 (n=4) 8L3a /iegzadouygs/ 0.667
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Predicting Typologically Dominant Vowel Systems

Most Frequent ICM Output

34 350
4 A 4L0 [BLO
g 5 {1 550
G 6 551 6L0 [ | 6L0 PROPLO] |
?g 7 5524 BL1 750
g 8 [ 8L0 [ 8LO
/]
=
£
10L2a
1.0 1.5 2.0 2.5 3.0 3.5 4.0
F2 Weight A
— ,
dominant attested unattested
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Predicting Typologically Dominant Vowel Systems

Most Frequent ICM Output
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4 o[ | aLo0 [ BLO|
&% 5 {[BRY 550
B 6 551 6L0 [ [ 6L0 BROBLO [ |
> 7-552a BL1 750
.g 8 [ 8L0 [] 8LO ) )
g inventory sizes > 7 not reported
[=
. by Schwartz et al. (1997b)
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F2 Weight A
| T T
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Every dominant system up to 12 vowels most frequent under some setting
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Predicting Typologically Dominant Vowel Systems

Most Frequent ICM Output

3 350
4 o[ | 4L0 [ BLO|
% s{[BRY 550
@ 6 551 6L0 [ [ 6L0 BROBLO [ |
> 7-552a BLL 750
.g 8 751 [ 8L0 [T 8LO
g 9 [ 8L1 ] 950 inventory sizes > 7 not reported
£ 10 8L2a 951
11 by Schwartz et al. (1997b)
124 ] 10L.Za
1.0 1.5 2.0 2.5 3.0 3.5 4.0
F2 Weight A
| ! ,
dominant attested unattested

Every dominant system up to 12 vowels most frequent under some setting
@ Best model (A = 1.8) predicts dominant system for 8/10 inventory sizes
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Optimal Systems Visualized
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Optimal Systems Visualized

Optimal systems generally match acoustic typology (Becker-Kristal, 2010)

Optimal 3-Vowel System (A=

8) Optimal 4-Vowel System (A=1.8) Optimal 5-Vowel System (A=1.8) Optimal 6-Vowel System (A=1.8) Optimal 7-Vowel System (A=2.3)

- 600 b 600 - 600 - 600
200 Optimal 8-Vowel System (A=1.8) 200 Optimal 9-Vowel System (A=1.8) 200 Optimal 10-Vowel System (A=1.8) 201 Optimal 11-Vowel System (A=1.8) 200 Optimal 12-Vowel System (A=1.8)
- . . o
w0 o o . s

b 600 b 600 b 600 b 600 b 600

F2 (Hz)
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Optimal Systems Visualized

Optimal systems generally match acoustic typology (Becker-Kristal, 2010)

Optimal 3-Vowel System (A=1.8) Optimal 4-Vowel System (A=1.8) Optimal 5-Vowel System (A=1.8) Optimal 6-Vowel System (A=1.8) Optimal 7-Vowel System (A=2.3)

- 600 b 600 - 600 - 600
200 Optimal 8-Vowel System (A=1.8) 20 Optimal 9-Vowel System (A=1.8) 200 Optimal 10-Vowel System (A=1.8) 200 Optimal 11-Vowel System (A=1.8) 200 Optimal 12-Vowel System (A=1.8)
- . . o
w0 o o . s
b 600 b 600 b 600 b 600 b 600
F2 (Hz) F2 (Hz) F2 (Hz) F2 (Hz) F2 (Hz)

Improvement for larger inventories appears thanks to ability to predict interior vowels
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Inventory Size

Most Frequent ICM Output

3 350
4 L a0 [ BLo|
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9 7¥a [ 8l | 950
10 753a 8L2a 951
11 BL3
12 10L2a
1.0 1.5 2.0 2.5 3.0 3.5 4.0
F2 Weight A
T T
dominant attested unattested
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System with Lowest Confusion

3 350

4 4.0

5 {4 | 550

6 4 551 6L0

74 6L | 750

84 6lza | 751 [ 8L0

9 752a [ 81 | 950
10 L2a 951 10L0
11 8L3a
12 10L2a

1.0 15 2.0 25 3.0 3.5 4.0
F2 Weight A
[ : ;
dominant attested unattested

Most frequent ICM outputs are both typologically dominant and perceptually optimal
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System with Lowest Confusion

3 350

4 4.0

5 {4 | 550

6 4 551 6L0

74 6L | 750

84 6lza | 751 [ 8L0

9 752a [ 81 | 950
10 L2a 951 10L0
11 8L3a
12 10L2a

1.0 15 2.0 25 3.0 3.5 4.0
F2 Weight A
[ : ;
dominant attested unattested

Most frequent ICM outputs are both typologically dominant and perceptually optimal
o desideratum 3 v/
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Dominant Systems Optimize Confusion

Most Frequent ICM Output

System with Lowest Confusion

3 350 3 350
4 4L a0 [ FLo| 4 4.0
4 s{[ERY 550 & s{Aam ] 550
" 6] 551 [__6L0 | ] 6L0 pROBLO] | "6 551 6L0
> 7{552a BLL | 750 z 7 6L | 750
£ 84 6lZa | 751 [ 8L0_] ] 8LO £ 84 Blza_ | 751 I 8L0
g 9 TPa [ 8L1 ] 950 g 9 7523 [ 81 ] 950
g 10 753a 8L2a 951 g 10 L2a 951 10L0
11 BL3 11 8L3a
12 10L2a 12 10L2a
1.0 15 2.0 2.5 3.0 35 4.0 L0 1.5 2.0 2.5 3.0 3.5 4.0
F2 Weight A F2 Weight A
T T l T T
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Most frequent ICM outputs are both typologically dominant and perceptually optimal
o desideratum 3 v/
@ Optimal systems common because they emerge more easily through sound change
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We can quantitatively evaluate prediction

of variation with KL divergence Typology-ICM Divergence
o,
Kullback-Leibler (KL) divergence . % | inventory Size
P(S = —e— 3
Dre(PIIQ) = Y5 P(S) log (53} "
where: .g . 5
. o - w6
@ P = typological frequencies ¥ —— 7
@ @ = model emergence rates ) ‘. e®evssssace
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Lower KL divergence = better model F2 Standard Deviation Weight (A)
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We can quantitatively evaluate prediction
of variation with KL divergence

Kullback-Leibler (KL) divergence

o)

Dki(P||Q) = > 5 P(S) log (

where:

e P = typological frequencies
@ @ = model emergence rates

Lower KL divergence = better model

Again, A = 1.8 yields best overall model

KL Divergence

Typology ICM Divergence
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Future Directions

Less idealized vowel space modeling
@ Modeling diphthongs and duration contrasts
@ Instead of fixed vowel space boundaries, incorporate notion of articulatory cost

@ Modeling language-specific factors, e.g. with prior probabilities

Modeling consonant distributions
@ Inferring acoustic overlap from confusion matrix data, e.g. Miller and Nicely (1955)
e Extracting consonant confusability from HMM/GMM acoustic models
@ Modeling confusability and acoustic cues for place contrasts in Australian languages
e with Coralie Cram & Megha Sundara

15 April 2026, Berkeley, CA 31/34

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences

John McGahay ( Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)
@ ICM over biphones predicts allophony as way to cue difficult conditioning contrasts

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)
@ ICM over biphones predicts allophony as way to cue difficult conditioning contrasts
o e.g. velar-adjacent vs. uvular-adjacent vowel allophones: /ak/ [ek] vs. /aq/ [aq]

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 32/34



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)
@ ICM over biphones predicts allophony as way to cue difficult conditioning contrasts
o e.g. velar-adjacent vs. uvular-adjacent vowel allophones: /ak/ [ek] vs. /aq/ [aq]
@ ICM over words predicts reduced dispersion between categories with few minimal pairs

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 32/34



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)
@ ICM over biphones predicts allophony as way to cue difficult conditioning contrasts
o e.g. velar-adjacent vs. uvular-adjacent vowel allophones: /ak/ [ek] vs. /aq/ [aq]

@ ICM over words predicts reduced dispersion between categories with few minimal pairs
e Way to reconcile dispersion and merger?

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 32/34



Discussion
coeo

Future Directions

Confusion minimization over larger sound sequences
@ Speech perception is sensitive to larger units like words and sound sequences
o Ganong (1980); Massaro and Cohen (1983); Steffman and Sundara (2024)
@ ICM over biphones predicts allophony as way to cue difficult conditioning contrasts
o e.g. velar-adjacent vs. uvular-adjacent vowel allophones: /ak/ [ek] vs. /aq/ [aq]
@ ICM over words predicts reduced dispersion between categories with few minimal pairs

e Way to reconcile dispersion and merger?
o cf. functional load hypothesis (Gilliéron, 1918; Wedel et al., 2013)

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology 15 April 2026, Berkeley, CA 32/34



Discussion
ocooe

Takeaways

ICM improves on Dispersion Theory (/3/, larger systems, variation, mechanism)

These results highlight the explanatory potential computational models of sound change
informed by mathematical models of speech perception

Way to resolve tension between synchronic & diachronic approaches to phonological typology
@ synchronic optimality (OT) vs. non-goal-oriented sound change (Evolutionary Phonology)

@ Short-sighted local optimizations can accumulate over time into globally optimal structure

15 April 2026, Berkeley, CA 33/34

John McGahay (UCLA) Optimal Listener-Speakers & Vowel Typology



Discussion
ocooe

Takeaways

ICM improves on Dispersion Theory (/3/, larger systems, variation, mechanism)

These results highlight the explanatory potential computational models of sound change
informed by mathematical models of speech perception

Way to resolve tension between synchronic & diachronic approaches to phonological typology
@ synchronic optimality (OT) vs. non-goal-oriented sound change (Evolutionary Phonology)

@ Short-sighted local optimizations can accumulate over time into globally optimal structure

Thank You!
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Implementing ICM over the Vowel Space

boundaries on the vowel space

We will consider vowel distributions with F1 and F2 means (u1, i2) in Hz limited by the

following equations, adapted from Liljencrants & Lindblom (1972) to match the space
reported by Becker-Kristal (2010) for /ieaou/:

314 < 1 < 699

699 — 111
<1 2164 — 1373)/ -1 2
p2 < 1373 + (2164 — 1373)y | o (2)

699 — /11

> 137 —1373)4/ —— L
p2 > 1373 + (889 — 1373)y | e (3)

N.B. — Simulations here use Hz (not psychoacoustic scales used in past models) since
phonetic overlap does not depend on choice of scale.
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Implementing ICM over the Vowel Space

set of possible vowel distributions

Vowels are modeled as bivariate normal distributions with 0 covariance:
2.0
F1,F2) ~ N “1],["1 D 4
( ) ([Mz 0 o5 “)

e formant means (1, u2) are limited by the previous equations, and

where:

e standard deviations (o1, 07) are calculated as a function of formant means using a linear
regression model fit to a crosslinguistic dataset.
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Implementing ICM over the Vowel Space

formant standard deviation model

The standard deviation model was fit to z-scored data for 19 speakers of 21 languages from 10
studies? with random effects for speaker and study:

11 — 498.7212 11> — 1460.05
D I e 5
Al 163.5568 2= 5434261 (5)

o1 = 34.9728 + 8.07382; — 0.26332, — 0.39062; 2,
o2 = A(86.803 — 6.6112; + 6.7412, + 5.136212,)

“Holtse, 1972; Thongkum, 1986; McCord, 1989; Svantesson, 1995; Olson, 2001; Calamai et al., 2003;
Calamai, 2004; Thornell and Nagano-Madsen, 2004; Chiang and Chiang, 2005; Mayr and Davies, 2009

Following past dispersion models, this model also experiments with F2 scaling, implemented as
a weight 1.0 < X < 4.0 on oy.
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Each ICM lteration Reduces Overall Confusion

System Evolution under ICM Change in Confusion under ICM
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Idealizations of Maximum-Likelihood Behavior

Maximum-likelihood behavior makes two idealization:

@ Prior probabilities are ignored
e prior probabilities vary from language to language
@ More relevant for language-specific modeling than language-general typological models
o also ignored in past Bayesian models (e.g Clayards et al., 2008)

@ Categorical perceptual boundaries are perfectly sharp
e Human phonetic categorization follows more gradient sigmoid functions
o Can be modeled if categorization tracks posterior probability (Clayards et al., 2008; Feldman
et al., 2009; Kleinschmidt, 2019)
e Simulations with posterior-tracking vs. maximum-likelihood behavior are qualitatively similar
e Sharp boundaries give intuitive definition: listener confusion = phonetic overlap
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Probabilistic Categorization

Actual human phonetic categorization
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Categorical (Maximum-Likelihood) vs. Gradient (Posterior-Tracking) ICM

More realistic probabilistic listener behavior does not significantly alter behavior of ICM

ICM Simulation (Maximume-Likelihood) ICM Simulation (Posterior-Based)
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