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Dispersion Theory

Dispersion Theory (Liljencrants and Lindblom, 1972): world's most common sound
systems exhibit maximal perceptual contrast
@ e.g. ‘corner’ vowels /iau/ found in most systems minimize confusion
@ Systems optimizing psychoacoustic distance between vowels match typology
e e.g. /iau/, /ieaou/, etc.
@ Many subsequent versions
o e.g. Lindblom (1986), Schwartz et al. (1997b), Flemming (1995, 2004)

@ Generally restricted to predicting inventories of individual segments, especially vowels
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English but not kift and giss
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Sensitivity of Perception to Larger Sequences

Perception of individual speech sounds is sensitive to properties of larger sequences:
e wordhood (Ganong, 1980)
o Ambiguous stop perceived as /g/ in /_ift/ but /k/ in /_is/ since gift and kiss are words of
English but not kift and giss
@ phonotactic legality (Massaro and Cohen, 1983)
e Ambiguous liquid perceived as /I/ after /s/ but /1/ after /t/ since /sl/ and /ti/ are legal
English onsets but not /*si/ and /*tl/
@ biphone frequency (Steffman and Sundara, 2024)

e Exposure to biphones at different frequencies induces categorization bias towards more
frequent biphone
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Bayesian Models of Speech Perception

Such sequence effects look Bayesian

@ When the bottom-up acoustic signal is ambiguous, listeners rely on prior bias from
top-down knowledge of the lexicon and phonotactics

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

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

Suggests potential for computational modeling of perceptual pressures due to sequence effects
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Background
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Dispersion over Phonetic Sequences

Proposal: perceptually optimal sound systems optimize not only segments but also sequences
o Not new; Steriade (1993, 1997) attributes phonotactic patterns to perceptual pressures
o Perceptual pressures encoded in OT constraints, not computational model of perception

Iterated Confusion Minimization (McGahay, 2025)

@ Algorithm simulating interaction of optimal listeners and speakers over time

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 5/27



Iterated Confusion Minimization (ICM)
00000000

Optimal Listener Behavior

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 6/27



Iterated Confusion Minimization (ICM)
00000000

Optimal Listener Behavior

Simplifying assumption: phonetic categories have equal prior probabilities

John McGahay ( Allophony as Dispersion over Sequences January 11, 2026



Iterated Confusion Minimization (ICM)
00000000

Optimal Listener Behavior

Simplifying assumption: phonetic categories have equal prior probabilities

= Optimal Bayesian listener follows maximum-likelihood behavior

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

0.4+

0.3 A

0.2 4

likelihood p(x|$)

0.1+

0.0 T T T T T T U
-50 -25 00 25 50 7.5 10,0 125 15.0

phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4
highest likelihood at phonetic value
0.3 4
0.2 1
maximum-likelihood behavior ,
0.1 A
C(x) = argmax p(x|¢)
PES 00

-5.0 -2. 0.0 100 125 15.0
phonetlc ualue X

likelihood p(x|$)

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 l
highest likelihood at phonetic value _
% 0.3 4 |
3 I
2 0.2 |
maximum-likelihood behavior 4 :
0.1
C(x) = argmax p(x|¢) I
PES |
0.0 T T T T T T T
-50 -25 00 25 50 75 100 125 15.0

phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 -
highest likelihood at phonetic value
0.3

02 \

likelihood p(x|$)

maximum-likelihood behavior

C(x) = argmax p(x|¢) " K
PES

0.0 T T T T T T U
-50 -25 00 25 50 7.5 10,0 125 15.0

phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 -
highest likelihood at phonetic value _
B=3

=» categorical perceptual boundaries X 031
B

g 02;
maximum-likelihood behavior 4

0.1 1

C(x) = argmax p(x|¢)
s 0.0

T T T T T
=50 -25 00 2.5 5.0 7.5 10,0 125 15.0
phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 -
highest likelihood at phonetic value _
B=3

=» categorical perceptual boundaries X 031
B

g 02;
maximum-likelihood behavior 4

0.1 1

C(x) = argmax p(x|¢)
s 0.0

T T T T T
=50 -25 00 2.5 5.0 7.5 10,0 125 15.0
phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 -
highest likelihood at phonetic value _
B=3

=» categorical perceptual boundaries X 031
B

g 02;
maximum-likelihood behavior 4

0.1 1

C(x) = argmax p(x|¢)
s 0.0

T T T T T
=50 -25 00 2.5 5.0 7.5 10,0 125 15.0
phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
080000000

Optimal Listener Behavior

System S of phonetic categories ¢

Tokens classified as category with 0.4 - %
highest likelihood at phonetic value s ?
= categorical perceptual boundaries X 031 /
3 /
g 021 /
maximum-likelihood behavior 2 /
0.1 /
C(x) = argmax p(x|¢)
$€S oo 7

T T T T T
=50 -25 00 2.5 5.0 7.5 10,0 125 15.0
phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 7/27



Iterated Confusion Minimization (ICM)
008000000

Optimal Listener Confusion

Tokens on ‘wrong’ side of boundaries
classified incorrectly

John McGahay (UCLA)

likelihood p(x|¢)

System S of phonetic categories ¢

0.4 4

0.3 4

0.2

0.1 ~

0.0

-5.0

T
2.5

0.0

Allophony as Dispersion over Sequences

T T T T T
2.5 5.0 7.5 10.0 12.5 15.0
phonetic value x

January 11, 2026

8/27



Iterated Confusion Minimization (ICM)
008000000

Optimal Listener Confusion

Tokens on ‘wrong’ side of boundaries
classified incorrectly

John McGahay (UCLA)

likelihood p(x|¢)

System S of phonetic categories ¢

0.4 4

0.3 4

0.2

0.1 ~

0.0

-5.0

T
2.5

0.0

Allophony as Dispersion over Sequences

T T T T T
2.5 5.0 7.5 10.0 12.5 15.0
phonetic value x

January 11, 2026

8/27



Iterated Confusion Minimization (ICM)
008000000

Optimal Listener Confusion

Token:s on ‘wrong’ side of boundaries System S of phonetic categories ¢
classified incorrectly
0.4 4
=
= 0.3
=t
=]
S 0.2 ]
£ g
5 4
=
0.1 A ot
)
]
255
0.0 T < ’.."‘ T T T T T
-5.0 =25 0.0 2.5 5.0 7.5 10.0 12.5 15.0
phonetic value x
John McGahay ( Allophony as Dispersion over Sequences January 11, 2026 8/27




Iterated Confusion Minimization (ICM)

[e]e] lelelelele]e]

Optimal Listener Confusion

z_lc;:;:ise;’”in‘(‘:"(’;orziljide of boundaries System S of phonetic categories ¢
0.4
Confusion is equivalent to area of =~
phonetic overlap (times normalizing % %37
constant) E 0
I
classifier confusion rate 01y J:
1 0.0 —t ‘ e . . . .
E Z/p(xM))P(C(X) 2 ¢) dx 50 -2.5 0.0 E:Onet?(;ovaluz.i 100 125 15.0

PES

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 8/27



Iterated Confusion Minimization (ICM)
000800000

Optimal Speaker Behavior

System S of phonetic categories ¢

0.4+

0.3 A

0.2 4

likelihood p(x|$)

0.1+

0.0 T T T T T T U
-50 -25 00 25 50 7.5 10,0 125 15.0

phonetic value x

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026



Iterated Confusion Minimization (ICM)
000800000

Optimal Speaker Behavior

System S of phonetic categories ¢

A new set of distributions can reduce

\

confusion, even if the listener expects 0.4 A
the original distributions =
= 0.3
=
, 3
least confusing system S’ S 02+
Given set of possible distributions ®: 4
0.1
§' = {argnin P(C(#) # 0) ]¢ e s} .

!
p'ed 50 -2.5 0.0

John McGahay (UCLA) Allophony as Dispersion over Sequences

T
2.5

T
5.0

T T T
7.5 10,0 125 15.0

phonetic value x

January 11, 2026

9/27



Iterated Confusion Minimization (ICM)
000800000

Optimal Speaker Behavior

System §

of phonetic categories ¢

A new set of distributions can reduce
confusion, even if the listener expects 0.4 A
the original distributions

=
* 03
a
: ki
least confusing system S’ 2 02 _
Given set of possible distributions ®: < ]
0.1 2

’0

S = {argmin P(C(qﬁ’) == (b) ’(b € 5}

\

P'ed

John McGahay (UCLA) Allophony as Dispersion over Sequences

T T T T T
2.5 5.0 7.5 10,0 125 15.0
phonetic value x

January 11, 2026

9/27



Iterated Confusion Minimization (ICM)
000800000

Optimal Speaker Behavior

System S of phonetic categories ¢

A new set of distributions can reduce

confusion, even if the listener expects 0.4 A
the original distributions =
= 0.3
=
, 3
least confusing system S’ S 02+
Given set of possible distributions ®: 4
0.1
§' = {argnin P(C(#) # 0) ]¢ e s} .

\

!
p'ed 50 -2.5 0.0

John McGahay (UCLA) Allophony as Dispersion over Sequences

T
2.5

T
5.0

T T T
7.5 10,0 125 15.0

phonetic value x

January 11, 2026

9/27



Iterated Confusion Minimization (ICM)
000080000

Iterated Confusion Minimization

New phonetic system with old boundaries

0.4+

0.3 A

0.2 4

Likelihood

0.1+

0.0 T T T T T T T
=50 =25 00 2.5 5.0 7.5 10.0 125 15.0
Phonetic Value

John McGahay (UCLA)

Allophony as Dispersion over Sequences January 11, 2026



Iterated Confusion Minimization (ICM)

000080000

Iterated Confusion Minimization

Given speaker’s new system, the
optimal listener updates their
perceptual boundaries

John McGahay (UCLA)

Listener re-optimizes perceptual boundaries

0.4+

0.3 A

0.2 4

Likelihood

0.1+

0.0 T T

T
I
>

=50 -25 00

Allophony as Dispersion over Sequences

T T T T T
2.5 5.0 7.5 10.0 125 15.0
Phonetic Value

January 11, 2026



Iterated Confusion Minimization (ICM)

000080000

Iterated Confusion Minimization

Given speaker’s new system, the
optimal listener updates their
perceptual boundaries

John McGahay (UCLA)

Updated optimal perceptual boundaries

0.4+

0.3 A

0.2 4

Likelihood

0.1+

0.0 T T

\

=50 -25 00

Allophony as Dispersion over Sequences

T
2.5

T
5.0

T T T
7.5 10,0 125 15.0

Phonetic Value

January 11, 2026



Iterated Confusion Minimization (ICM)

000080000

Iterated Confusion Minimization

Given speaker’s new system, the
optimal listener updates their
perceptual boundaries

Then, the optimal speaker updates
their phonetic distributions again

John McGahay (UCLA)

Speaker re-optimizes phonetic distributions

0.4+

0.3 A

0.2 4

Likelihood

0.1+

0.0 T T

\_

=50 -25 00

Allophony as Dispersion over Sequences

T
2.5

T
5.0

T T T
7.5 10,0 125 15.0

Phonetic Value

January 11, 2026

10/27



Iterated Confusion Minimization (ICM)

000080000

Iterated Confusion Minimization

Given speaker’s new system, the
optimal listener updates their
perceptual boundaries

Then, the optimal speaker updates
their phonetic distributions again

We will call this repeated process
Iterated Confusion Minimization
(ICM)
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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(Ci(¢') # @)|¢ € Si} i

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

cuntil S; = 5,4
. return S;
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McGahay (2025, under review) simulated ICM over the vowel space to predict typology
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ICM over the Vowel Space

McGahay (2025, under review) simulated ICM over the vowel space to predict typology

Vowels modeled as bivariate normal distributions over F1xF2 space
e Boundaries on vowel formant means adapted from Liljencrants and Lindblom (1972)

@ Formant standard deviations based on linear regression over cross-linguistic data set

Outputs compared against a typological baseline based on Schwartz et al.’s (1997a) analysis of
the UPSID (Maddieson, 1984)
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Every vowel system type in UPSID up to 12 vowels
is stable under some parameter setting
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Predicting Vowel System Typology

Every vowel system type in UPSID up to 12 vowels

is stable under some parameter setting

ICM Emergence vs. Typology

@ Past models only successful up to 7 or 8 .

(Schwartz et al., 1997b; de Boer, 1999) ue
Y og)
2 In\fentory Size
. . S - S 064 &
Variation predicted based on initial condition g 4 ; :
@ Equilibrium systems correspond to local optima goal 8 - .
3 024 &
5 g
Typological frequency up to 6 vowels (67% of o~
languages) tightly correlated with ICM emergence 000 Ty%f,,?,gic%f?reqﬂ;iy +oo

rate from random initial system
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Predicting Vowel System Typology

Every vowel system type in UPSID up to 12 vowels

is stable under some parameter setting

ICM Emergence vs. Typology

@ Past models only successful up to 7 or 8 .

(Schwartz et al., 1997b; de Boer, 1999) ue
Y og)
2 In\fentory Size
. . S - S 064 &
Variation predicted based on initial condition g 4 ; :
@ Equilibrium systems correspond to local optima goal 8 - .
3 024 &
5 g
Typological frequency up to 6 vowels (67% of o~
languages) tightly correlated with ICM emergence 000 Ty%f,,?,gic%f?reqﬂ;iy +oo

rate from random initial system

= Typological frequency of vowel systems reflects
how easily they emerge through sound change
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Generalizing ICM to Phonetic Sequences

Today: ICM over CV sequences

e simplifying assumption: consonant distributions held fixed (while vowel distributions vary)

2 case studies:
@ Vowel allophones adjacent to uvulars

@ Vertical vowel systems
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Maximum-Likelihood vs. Posterior-Tracking Listener Behavior

maximume-likelihood categorization

C(x) = argmax p(x|¢)
€S
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Maximum-Likelihood vs. Posterior-Tracking Listener Behavior

maximume-likelihood categorization

C(x) = argmax p(x|¢)
€S

Categorization Function (Maximum-Likelihood)
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Maximum-Likelihood vs. Posterior-Tracking Listener Behavior

maximum-likelihood categorization posterior-tracking categorization
C(x) = argmax p(x p(x|9)P(¢)
F =gt P(C(x) = 8) = P(glx) = 21908
Categorization Function (Maximum-Likelihood) Categorization Function (Posterior-Tracking)
1.0 4 104
# o0z & o8]
£ 06 2 064
é 0.4 % 041
S 62 .
0.0 T T - : 0.0 T T T T T
-4 -2 0 2 4 -4 -2 0 2 4
phonetic value phonetic value

Human speech perception resembles posterior-tracking behavior (cf. Clayards et al., 2008)
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Posterior-Tracking Categorization of Sequences

With some idealizing independence assumptions, a posterior-tracking classifier C categorizes a
CV token x as CV type ¢ at the following rate:

) Plole) = — PLeldPl16)P(0)
PLEBI =00 = POk = 5 s peld)p(x )P
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With some idealizing independence assumptions, a posterior-tracking classifier C categorizes a
CV token x as CV type ¢ at the following rate:

) Plole) = — PLeldPl16)P(0)
PLEBI =00 = POk = 5 s peld)p(x )P

where:

@ p(x,|¢y): vowel likelihoods based on existing vowel distribution model (McGahay, 2025)
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With some idealizing independence assumptions, a posterior-tracking classifier C categorizes a
CV token x as CV type ¢ at the following rate:

oy __ Plxc|oc)p(xv|dv)P(9)
P(C(x) = ¢) = P(¢|x) = Z¢>’€S p(xe| ) p(xy|8,)P(&)

where:

@ p(x,|¢y): vowel likelihoods based on existing vowel distribution model (McGahay, 2025)

@ P(¢): prior probabilities over sequence types (cancel out assuming uniform priors)
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Posterior-Tracking Categorization of Sequences

With some idealizing independence assumptions, a posterior-tracking classifier C categorizes a
CV token x as CV type ¢ at the following rate:

oy __ Plxc|oc)p(xv|dv)P(9)
P(C(x) = ¢) = P(¢|x) = Z¢>’€S p(xe| ) p(xy|8,)P(&)

where:

@ p(x,|¢y): vowel likelihoods based on existing vowel distribution model (McGahay, 2025)

@ P(¢): prior probabilities over sequence types (cancel out assuming uniform priors)
@ p(xc|odc): consonant likelihoods (difficult to explicitly model)

o Possible to select values that emulate expected consonant confusability, e.g. based on
experimental confusion matrices (Miller and Nicely, 1955)
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ICM generalized over CV sequences

ICM over CV sequences with fixed consonant distributions

Input: Sy C &, x &, initial system of CV sequences ¢ = ¢y, dc € P, ¢y € D, where O,

Output: S; C &, x ®,: the sound system S; resulting from / iterations over Sy

s CORDSL

and ®, denote sets of possible consonant and vowel distributions.

1< 0

\> Optimal listener behavior

P(Ci(x) = 6) = Ps,(6lx) |

w|> Optimal speaker behavior |
}5,+1 = {argmingciy1x0, P(Ci(¢) # @) | ¢ € Si} 1

until $; = 5;_4
return S;
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Case Study 1: Allophony Adjacent to Uvulars

Vowels commonly lowered /retracted adjacent to uvulars, e.g.:
@ Arabic (McCarthy, 1994)
@ Quechua (Gallagher, 2016)
@ West Greenlandic (Rischel, 1974)
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Case Study 1: Allophony Adjacent to Uvulars

Vowels commonly lowered /retracted adjacent to uvulars, e.g.:
@ Arabic (McCarthy, 1994)
@ Quechua (Gallagher, 2016)
@ West Greenlandic (Rischel, 1974)

ICM simulation:

e 6 sequences {/ki/, /ka/, /ku/, /qi/, /qa/, /qu/}
e Small differences in mean vowel formants (< 20Hz) due to coarticulation

@ 10% of /k/ and /q/ tokens confused without disambiguation from vowel
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Case Study 1: Allophony Adjacent to Uvulars

System at Iteration 0
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Case Study 1: Allophony Adjacent to Uvulars

200 System at Iteration 0 Confusion Matrix at Iteration 0 Lo
/ki/ JOEI)N 0.000 0.000 0.099 0.000 0.000
300 | 0.8
@ fka/-0.000 [JELN] 0.000 0.000 0.100 0.000 o
v &
400 4 2 5
L]
= S /ku/-0.000 0.000 WELEN 0.000 0.000 0.099 065
Z 500 g H
— w N
= = /qif-0.099 0.000 0.000 XEIAN 0.000 0.000 04 S
o 048
600 | = b3}
] ©
consonant < jga/-0.000 0.100 0.000 0.000 Rl 0.000 U
700 4 @ /K -0.2
00 8 /al /qu/f - 0.000 0.000 0.099 0.000 0.000 [{RLEE
T T T T T T
2500 2200 1900 1600 1300 1000 700 -0.0

! I | ! |
E2 (Hz) fkif - fka/  fku/ JQil - jaaljqui
Perceived Sequence
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones

System at Iteration 0 Confusion Matrix at Iteration 0
200 1.0
/kif {oBls}¥ 0.000 0.000 0.099 0.000 0.000
300 | 0.8
o /kas-0.000 [EDLNS] 0.000 0.000 0.100 0.000 o
v &
400 4 2 5
L]
I 2 Jku/ - 0.000 0.000 [WENIY 0.000 0.000 0.099 065
Z 500 @ =
— w N
v = /qi/-0.099 0.000 0.000 [Xls48 0.000 0.000 04 S
[ 0.4 8
600 | 3 b3}
o] =
consonant < jga/-0.000 0.100 0.000 0.000 Rl 0.000 U
700 4 @ /K -0.2
800 8 /al /qu/f - 0.000 0.000 0.099 0.000 0.000 [{RLEE
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2500 2200 1900 1600 1300 1000 700 -0.0
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F2 (Hz) !
Perceived Sequence
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones

System at Iteration 1 Confusion Matrix at Iteration 1
200 1.0
fkuo.oou 0.000 0.027 0.000 0.000
300 4 08
o /ka/-0.000 o.ooo 0.002 0.009 0.000 o
g &
400 g ]
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Z 500 @ =
— w N
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[ 0.4 8
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o] 5
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700 4 @ /K -0.2
800 8 /al /qu/-0.000 0.000 0.037 0.001 0.002 (eI
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F2 (Hz) !
Perceived Sequence
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones

System at Iteration 4 Confusion Matrix at Iteration 4

200
fkuo.ooo 0.000 0.009 0.000 0.000
300 4 08
o /ka/-0.000 o.ooo 0.006 0.010 0.000 o
g &
400 g ]
L]
= S /ku/ -0.000 0.0000.000 0.000 0.015 065
Z 500 g H
— w N
v — /qi/-0.009 0.006 0.000 [ReEEY 0.000 0.001 | _, 46
[ 0.4 8
600 4 3 g
o] 5
consonant < jga/-0.000 0.010 0.000 0.000 PREH 0.003 U
700 4 @ /K -0.2
800 8 /al /qu/ -0.000 0.000 0.015 0.001 0.003 (L3
T T T T T T
2500 2200 1900 1600 1300 1000 700 -0.0

Jkif - jkaf  fku/ fqif jqal  fquf

F2 (Hz) !
Perceived Sequence

John McGahay (UCLA) Allophony as Dispersion over Sequences January 11, 2026 20/27



ICM over Phonetic Sequences
0000080000

Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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Case Study 1: Allophony Adjacent to Uvulars

Initial iteration amplifies small differences attributable to coarticulation into robust allophones
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200 1.0
fkuo.oou 0.000 0.009 0.000 0.000
300 4 08
o /ka/-0.000 o.ooo 0.006 0.012 0.000 o
g &
400 g ]
L]
I~ S /ku/ -0.000 0.0000.000 0.000 0.005 065
Z 500 g H
— w N
v = /ai/ -0.009 0.006 0.000 (VKLY 0.000 0.001 0.4 §,
600 4 = g
] w
consonant < jga/-0.000 0.012 0.000 0.000 [ReEH 0.003 U
700 4 @ /K -0.2
800 8 /al /qu/ -0.000 0.000 0.005 0.001 0.003 (LN
T T T T T T
2500 2200 1900 1600 1300 1000 700 -0.0

! I | ! |
E2 (Hz) fkif - fka/  fku/ JQil - jaaljqui
Perceived Sequence

Equilibrium has naturalistic allophones [izeu] beside /k/ and [eao| beside /q/
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)

Further typological generalizations:
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)

Further typological generalizations:

@ Dramatic allophony more common in small vowel inventories
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)

Further typological generalizations:

@ Dramatic allophony more common in small vowel inventories
o Allophony only perceptually optimizing in non-crowded spaces?
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)

Further typological generalizations:

@ Dramatic allophony more common in small vowel inventories
o Allophony only perceptually optimizing in non-crowded spaces?

@ Phonemic /k-q/ contrast less common in languages with crowded vowel inventories
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Case Study 1: Allophony Adjacent to Uvulars

Vowel allophones reduce confusion by cuing difficult /k-q/ contrast

o Consistent with Quechua speech perception experiments (Gallagher, 2016)

Further typological generalizations:

@ Dramatic allophony more common in small vowel inventories
o Allophony only perceptually optimizing in non-crowded spaces?

@ Phonemic /k-q/ contrast less common in languages with crowded vowel inventories
e /k-q/ contrast difficult to learn/maintain if not reinforced by allophones?
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Case Study 1: Allophony Adjacent to Uvulars
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Case Study 1: Allophony Adjacent to Uvulars

Allophony adjacent to uvulars not predicted for crowded vowel inventories

System at lteration 0 System at Iteration 6
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)

Front and back allophones adjacent to palatalized and labialized /velarized consonants
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)

Front and back allophones adjacent to palatalized and labialized /velarized consonants

o Consistent with dispersion if allophones considered?
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)

Front and back allophones adjacent to palatalized and labialized /velarized consonants

o Consistent with dispersion if allophones considered?

ICM simulation:
@ 9 sequences of /isa/ across palatalized /C//, plain /C/, and labialized /C%/ contexts:

o {/Ci/, /Ca/, /Ca/, /Gi/, /Co/, [Ca/, [C¥[, /C¥/, [C¥a/}
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)

Front and back allophones adjacent to palatalized and labialized /velarized consonants

o Consistent with dispersion if allophones considered?

ICM simulation:
@ 9 sequences of /isa/ across palatalized /C//, plain /C/, and labialized /C%/ contexts:
o {/Ci/, /Ca/, /Ca/, /Gi/, /Co/, [Ca/, [C¥[, /C¥/, [C¥a/}

e Small differences in mean F2 (£25Hz) due to coarticulation
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Case Study 2: Vertical Vowel Systems

Uncommon but attested, e.g. /waa/ in Marshallese (Choi, 1992)
e Under-utilization of F2 problematic for Dispersion Theory (cf. Vaux and Samuels, 2015)

Front and back allophones adjacent to palatalized and labialized /velarized consonants

o Consistent with dispersion if allophones considered?

ICM simulation:
@ 9 sequences of /isa/ across palatalized /C//, plain /C/, and labialized /C%/ contexts:
o {/C4/, /Cs/, [Ca/, /Gi/, /Co/, [Ca/, [CY/, [C¥s/, [CVa[}
e Small differences in mean F2 (£25Hz) due to coarticulation

@ 10% of consonant tokens confused without disambiguation from vowel
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems

. Confusion Matrix at Iteration 1
System at Iteration 1
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Case Study 2: Vertical Vowel Systems

. Confusion Matrix at Iteration 2
System at Iteration 2

200 fOif.
-
300 0.8

10

w
Y car- B 3
o
0 g ol . 06 g
" S o 2
3 - m
Z 500 4 " . 8
@ T JCal- . -04 g,
600 1 consonant E JCif - . 5
® o Jcmay B 02
7004 8 o
B jcry fcral - -
800 ! ; ; . . : I R T T T T R -00
2500 2200 1900 1600 1300 1000 700 = 8 T3 ‘g "S‘ F PR
F2 (Hz) =& 2 == =2 00

Perceived Sequence

John McGahay

Allophony as Dispersion over Sequences January 11, 2026 24 /27



ICM over Phonetic Sequences

O00000000e

Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems

F1 (Hz)

System at Iteration 7

200
[Ciaf -
300 4
U /Cia/-
c
400 g JCif -
g s
500 4 B -
g Icaf -
600 4 consonant 2 /e -
@® /i JCvar -
7004 8 o
| jcy JCcral -
800

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

John McGahay

Allophony as Dispersion over Sequences

e JJ]

Confusion Matrix at Iteration 7

10

. 0.8
|
. 0.6
|
. “04
B
. -02

-0.0

Categorization Rate

jcraf .

/C -
I/Ciaf -
/Ciaf -

JCH -
ICaf -
ICaf -
fC -

1Craf -

Perceived Sequence

January 11, 2026




ICM over Phonetic Sequences

O00000000e

Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems
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Case Study 2: Vertical Vowel Systems

Vertical vowel systems stable as long as front & back allophones cue consonant contrast
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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
200 q
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300 : -e- fif
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ICM with Maximum-Likelihood vs. Posterior-Tracking Behavior

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

ICM Simulation (Maximume-Likelihood) ICM Simulation (Posterior-Based)
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— —
'S [E8

600 - 600 1

700 4 700 1

800 . . T T . T 800 : : T T . ‘

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

John McGahay ( Allophony as Dispersion over Sequences January 11, 2026 5/9




Appendix Slides
0000080

Consonant Likelihoods

Assume it is possible to discretize the phonetic space of consonant distributions into m regions

Given n consonant categories, let L be an n x m matrix encoding likelihood of a phonetic
token in a region corresponding to a column given a consonant corresponding to a row

Assuming posterior-tracking behavior and a prior probability vector 7t over consonants, the
expected n X n consonant confusion matrix M is defined:

M = L diag(L" ) 1L  diag(m)
Given a confusion matrix M* encoding our expectations about consonant confusability, we can

work backwards from this equation using projected gradient descent to find a likelihood matrix
L such that M ~ M*
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Consonant Likelihoods

Given a target confusion matrix M* based on an experimental confusion matrix with 0 SNR
(Miller and Nicely, 1955), we can find a likelihood matrix L yielding a simulation confusion
matrix M that closely emulates the confusabilities encoding in M*:

Target Confusion Matrix M * Estimated Likelihood Matrix L Simulated Confusion Matrix M

. 10

P 10 ] b 10

- W - W t- W

k- [ S | k-

P u 08 P ] 0.8 i 0.8
c e- o € 6- € 8- - 3
2 s- || 2 2 s- ] 2 s- | 2
S I- ] 06 5 S I- [} 0637 S - ] 0.6 c
2o u 2  Zb- [ ] 2 Zob- 2
5 3 S £ 5 u ®
o d- | | N o d- | | 3 8 d- ] g
® 9- ] -048 T 0- | | -043 g og- || -04 §
S v- ] 2 2 v- ] S v- g
=1 2 =1 2 v | | 3
O 5. 9 5 O 5_ o
< o < L] R 8

z- | “02 z- | ] -02 z- | -02

3- || 3- || 3- |

m- [ | m- | | m- |

n-SUBNPINNANNNNNNNNEN n - B, " AREANNRENENEN.
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