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Phonological Theory

3
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Contrast

“bit”  vs. “bead”

“bit”  vs. “bid”

“spit” vs. “sbit”

The Classical Model:

/t/ vs /d/

+coronal
+obstruent
-sonorant
-voice
.
.
.

+coronal
+obstruent
-sonorant
+voice
.
.
.

Words

Non-minimal contrast

Lack of contrast

Phonemes Features
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p* i

i
i

i

i
Ini$al Posi$on: VOT “p”

Dura(on

“b”

Diagnos+cs of Contrast
Word Recogni,on

“pea” vs. “bee”

Phoneme Recogni,on: Categorical Percep,on Experiment

5

“d”

“t”

Dura(on

t*
oʊ

oʊ
oʊ
oʊ
oʊ
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Diagnos+cs of Contrast
Word Recogni,on Phoneme Recogni,on: Categorical Percep,on Experiment

“coat” vs. “code” Preceding Vowel 
Dura$on

6
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Allophony

• /p/➝[pʰ]/ˡ__V
• /b/➝[p]/#__
• /p/➝[b]/ˡV__V
• /b/➝[p]/__#
• /p/➝[p]̚/__#

rapid/rabid: 
/p/ has longer closure 
duraOon than /b/, post-
stress, word medially

tap/tab:
Vowel preceding /b/ is 
longer than vowel preceding 
/p/, in coda posiOon

pat/bat:
/p/ has longer VOT than /b/, 
word-iniOally

What is the underlying contras8ve feature?

/b/ ≠ [b]

Paradox 1:
phone,c symbol system

is iden,cal to 
phonological symbol system

/χ/ ≠ [b]

7
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Allophony

Allophony implies 
normaliza,on [ˡpʰV] !"p/

/p/
[pʰ]

[pʰ]

/p/➝[pʰ]/ˡ__V

8

That has to be “undone”

What is stored

What is generated

8
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Trading Rela+ons

• shorter following vowel shiCs
category boundary to shorter stop

Summerfield (1981); Miller & Volai(s (1982)

i“b”

• longer preceding vowel shiCs 
category boundary to longer stop

Summerfield (1981); Miller & Volai(s (1982) 

• Longer VOT changes category 
membership

The (lack of) invariance problem

9

i“p”

i“p”

i # i“b”

9

Cues that could be exploited by listeners
Word-Final stops:
• duraLon of voicing
• intensity of voicing
• AspiraLon
• F0 contour
• length of vowel formant transiLons 

with respect to steady state 
duraLon
• F1 offset frequency
• speed of jaw lowering
• jaw offset posiLon
Fitch 1981; Crowther & Mann 1992; Van Summers 1987
cf. Bailey & Summerfield 1980

…/acous8c/ar8culatory/phone8c/ phonological/…

Con8nuous “trade offs”

10

But why does allophony occur in the first place?

Paradox 2: 
Contrast should prevent allophony!

10



2/7/22

6

Specifica+on and Underspecifica+on

Control of ar,cula,on is 
evidence for specifica,on

Varia,on is allowed on dimensions 
that are not specified

[voice]
[±voice]

or not

aspirated/un-aspirated
long VOT/short VOT
Released/un-released

∅ voiced/voiceless/
parOally voiced

voicing present when 
context is appropriate

p#d
VpV

11

voicing present

11

What are the Underlying Features?

English:
[spread gloQs] vs. ∅

Kim 1970; Iverson & Salmons 1995

Regressive assimila,on to 
voiceless
Stevens et al 1992;Jansen 2004

Blocking of passive voicing
Kulikov 2012

Russian:
[voice] vs. ∅

Kea(ng 1984; Beckman et al 2013

Swedish:
[spread gloQs] vs. [voice]
Beckman et al 2001

12

Ar,culatory rather than acous,c? 
Fitch 1981; Crowther & Mann 1992; Van Summers 1987; Bailey & Summerfield 1980

Specifica,ons are not 
necessarily 

parsimonious in real 
human languages

(“p” vs. “b”)

(“b”   vs.   “p”)

12
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Important Implica+ons: [wake up here]

• Categorical percep,on does not entail a necessarily contras,ve feature, only a 
possible one (when all other informa,on is absent). See Trading Rela,ons.

• There is a very large number of possible allophonic rules (at least on the acous,c 
side).

• Allophonic rules imply normaliza,on

• The rela,onship between underspecifica,on and varia,on implies an inverse 
rela,onship between contrast and allophony

• Specifica,on is likely to be con,nuous, and not necessarily parsimonious [this is 
an empirical ques,on]

13

13

Sound Change

14

14
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The Actua+on Paradox
A direct result of the normaliza8on assump8on

/V/

[V] [Ṽ]/__N

/V/ /Ṽ/>

NormalizaOon: No Change Lack of NormalizaOon: Change

Paradox 3

In collusion with the discrete sequencing assump8on k+æ+t

15

15

/V/ vs. /Ṽ/

V→Ṽ/__N

The Actua+on Paradox

Allophonic Vowel Nasaliza,on Rule [synchronic]:

Loss of coda nasals [diachronic]:

N>∅/__.

V→Ṽ/__??
V→V/__??

Loss of allophonic rule/predictability [synchronic]

Minimal Pair Test

Paradox 3:
loss of allophonic context 

should lead to
loss of allophone

16

16
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Models of Sound Change
Phone8cally ambiguous/outlier tokens are discarded
• As a result of compe8ng contras8ve categories 

(Blevins & Wedel 2009;Wedel 2006, 2007; Tupper 2014)

• In speech mode, but not non-speech mode 
(GarreY & Johnson 2013)

• For some (neurotypical) individuals, but not others 
(Yu 2013)

• Except when misparsing occurs 
(Kirby 2014)

17

Some,mes you normalize
Some,mes you don’t

17

Exemplars: episodic memory traces

18

/N/ +

[ṼN]

V

Ṽ

Paradox 4:
unnormalized tokens 

are not consistent with 
allophonic rules

No Normaliza+on = Change?

18
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No Normaliza+on = Change?

Exemplars: episodic memory traces

19

/N/ +

[ṼD]

V

Ṽ

/D/

Paradox 4:
unnormalized tokens 

are not consistent with 
allophonic rules

19

No Normaliza+on = Change?

Exemplars: episodic memory traces

20

/N/ +

[ ""𝑉N]??

V

Ṽ

/D/

Paradox 5:
the same symbol systems  

are used for acous,c
and ar,culatory 
representa,ons!

Paradox 4:
unnormalized tokens 

are not consistent with 
allophonic rules

20
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Why do allophones exist?

Coar8cula8on!
V N+

/æ/	 /m/	

narrow	pharyngeal	

wide	VEL	

TB	

Browman & Goldstein 1988

21

21

Why do allophones exist?

Coar8cula8on!
Ṽ N+

22

/m/

wideVEL

TB

+

narrow pharyngeal

/ɑ̃/

VEL

TB

wi
de

22



2/7/22

12

?

[ṼN]

V+N?

There is an inverse correla3on between degree of nasaliza3on on 
vowel and length of nasal (Beddor 2013). 

Model (Morley 2019):

• Ambiguity in normal 
speech processing

• Compe3ng Hypotheses 
(Parses) for each 
acous3c input

• Parse depends on 
acous3c variables

• Not nasal loss, but 
nasal merger

Percep+on ⬄ Produc+on

Ṽ?

Ṽ+N?

23

Hypotheses about 
arOculaOons

23

Important Implica+ons: [wake up here]

• Speech percep,on must involve: 

• mapping acous,c input to ar,culatory categories (targets)

• Segmenta,on of ambiguous input

• Lack of normaliza,on implies lack of allophony

• Unless allophony is an emergent property of ar,cula,on

• Incremental change is possible with distribu,ons of stored, unnormalized 
acous,c tokens (exemplars)

24

24
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Speech Processing

25

25

1. Longer vowel creates expecta8on for following voiced (rather than 
voiceless) stop:

oʊ

Sounds like “coat”

2. Nasalized vowel spliced into non-nasal syllable sounds more 
like lower vowel (higher F1): Krakow et al 1988

3. Expected degree (and direc8on) of place-of-ar8cula8on 
assimila8on facilitates word recogni8on: Gow and McMurray 2007

ɡɹin bin ɡɹin dɔɡ, >> ɡɹi n dɔɡn ɡɹi n binn,

Is Normaliza+on Required?

oʊ

Sounds like “code”

sɛñd /ɛ/
/æ/

26

sɛñd

sɛd
s ɛ̃ dɛ ̃

26
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Is Normaliza+on Required?

27

[sɛñd] !/ɛ/

oʊ d ! /oʊ/

ɡɹinʷ bin ! /n/

Acous8c Normaliza8on: 
• acribu8ng distributed acous8c cues to individual (source) segments
• adjus8ng acous8c cue values based on context

e.g., Gow (2002); Beddor et al. (2002); Kirby (2014); McMurray et al (2011)

Implies a more 
abstract/invariant 

underlying 
representa,on that 

must be closely 
matched

27

Is Normaliza+on Required?

• Trading Rela8ons/Categorical Percep8on/(In)Variance Problem
• Expecta8on/Compensa8on/Predic8on

28

• No acous,c cues are absolute

• Classifica,on depends strongly on other cues present, context
• Previous input, current context, current knowledge generate 

predic,ons about upcoming material

• listeners are highly sensi,ve to correla,ons among acous,c cues

28
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“gray ship”

Vowel Silence Frica(on

“great chip”

“gray chip”

eɪ ʃɡɹ ɪp

eɪ ʃɡɹ ɪp

Repp et al. (1978) 

“great ship”

eɪ ʃɡɹ ɪp

eɪ ʃɡɹ ɪp

29

Lengthen silence

Shorten frica,on noise

Lengthen silence again

The Phonological Parser

29

eɪ ʃɡɹ ɪp
#

t

tʃ͡

eɪt.

Ambiguous: silence 
followed by start of ʃ

The Phonological Parser

Given the length of the silence relaOve to eɪ
And the length of t relaOve to ʃ:
#ʃ is highest probability parse

“gray ship”
30

30
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t

#

tʃ͡

eɪt.

Ambiguous: silence 
followed by start of ʃ

eɪ ʃɡɹ ɪp
Increased 

duraOon of 
silence increases 

likelihood of t

Highest probability parse: 

“great ship”

31

The Phonological Parser

31

Rather than matching abstract acous8c symbols, 
speech percep8on can be described as choosing the op8mal 
phonological parse, that is, 
the likeliest string of ar#culatory symbols that would result in the 
observed acous8c input

32

Is Normaliza+on Required?

Remember Paradox 5!

OR!

32
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Rather than matching abstract acous8c symbols, 
speech percep8on can be described as choosing the op8mal 
phonological parse, based on:
• All available contextual informa,on
• Self-consistency

• Rela,ve feature values

33

Is Normaliza+on Required?

• In most cases, from a small candidate set (~ 2 words)

• In most cases, involving local comparisons within a 2-3 segment window

Loca l  Op#mum

33

“send”

A World without Normaliza+on?

Krakow et al. 1988

sɛñd “said”

Word-level

/ɛ/Classifica8on/Iden8fica8on

34

global 
acous2c 

similarity

34
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“send”

A World without Normaliza+on?

Krakow et al. 1988

“said”

weird “send”?

weird “said”?
Word-level

Classifica8on/Iden8fica8on

s ɛ̃ dɛ ̃
sɛñd
sɛd

35

global 
acous2c 

similarity

35

A World without Normaliza+on?
ɛ + d ?

/ɛ/

/æ/

Analysis-By-Synthesis: Halle & Stevens (1967); Poeppel & Monahan (2011)

ACOUSTIC
CONTINUOUS

DISCRETE
ARTICULATORY

Ar2culatory simula2on

Bigram-level

Classifica8on/Iden8fica8on

s ɛ̃ dɛ ̃
sɛñd
sɛd

36

(assuming fixed segmenta(on) gestural 
coordina3on 
mechanism

≠
allophonic 

rule

36
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A World without Normaliza+on?

/ɛ/

/æ/

Analysis-By-Synthesis: Halle & Stevens (1967); Poeppel & Monahan (2011)

ɛ + d ?

æ + d ?

Bigram-level

Classifica8on/Iden8fica8on

s ɛ̃ dɛ ̃
sɛñd
sɛd

37

global 
acous2c 

similarity

(assuming fixed segmenta(on)

37

A World without Normaliza+on?

Krakow et al. 1988

ɛ ̃

ɛ + d ?

/ɛ/

/æ/

æ
+

 d ?

ɛ + n ?

æ + n ?

Phoneme-level

Classifica8on/Iden8fica8on

38

(assuming fixed segmenta(on)

38
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A World without Normaliza+on?

Krakow et al. 1988

/ɛ/

/æ/

ɛ + n ?

æ + n ?

n

“normal en”Phoneme-level

Classifica8on/Iden8fica8on

39

ɛ + d ?

æ
+

 d ?

(assuming fixed segmenta(on)

ɛ ̃

39

ɛ + d ?

A World without Normaliza+on?

Krakow et al. 1988

/ɛ/

/æ/

“weird e/ai” 
Phoneme-level

Classifica8on/Iden8fica8on

40

æ
+

 d ?

ɛ + n ?

æ + n ?

(assuming fixed segmenta(on)

ɛ ̃

40
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A World without Normaliza+on?

/ɛ/

/æ/

Phoneme-level

Storage

41

nɛ ̃

41

A World without Normaliza+on?

/ɛ/

/æ/

Phoneme-level

Storage

“I said I would do the dishes”

42

ɛ ̃

42
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A World without Normaliza+on?

/ɛ/

/æ/

Phoneme-level

Produc8on

43

/N/

/D/

ɛ + n

No allophonic rule. But gestural coordina(on rou(nes/motor 
plans that are subject to external sources of varia(on:
Speaking rate, word predictability/frequency, ease of ar(cula(on…

43

The Model (implementa*on is crucial) 

44

• Synchronic varia8on is the result of normal speech processing
• Sound change is present in synchronic varia8on
• allophony of con,nuously fluctua,ng degree

• Allophones are emergent from the interac8on of 
• ar,culatory specifica,on
• gestural coordina,on
• acous,c specifica,on

44
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The Model 

• Speaker/Listeners store:

45

/x/

short-term adapta(on/accomoda(on

incremental sound change

acous8c targets

ar8culatory targets

unnormalized acous8c experiences

check/constrain output

for produc(on to be possible

45

The Model 

• Speaker/Listeners store acous8c targets, ar8culatory targets, and 
unnormalized acous8c experiences

46

/x/

Short-term adapta(on/accommoda(on

Incremental sound change

• Degree of specifica8on for each acous8c 
feature depends on its informa8vity wrt
the contrast 

Phonological Specifica(on

[𝑤!, 𝑤", 𝑤#, 𝑤$, 𝑤%,…]

46
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The Model 
PercepLon

47

/x/

• Acous8c input is evaluated by simula8on, 
using underlying ar8culatory categories

Local context sensi(vity

Avoids normaliza(on

Parsing window

• Best overall acous8c similarity determines 
category membership

Avoids normaliza(on

47

The Model 
PercepLon

48

• Acous8c input is evaluated by simula8on, 
using underlying ar8culatory categories

• Best overall acous8c similarity determines 
category membership

• Targets are directly affected by changes 
to the distribu8on of stored acous8c 
exemplars

Incremental sound change Avoids actua(on paradox

/x/

[𝑤!, 𝑤", 𝑤#, 𝑤$, 𝑤%,…]

48
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The Model
ProducLon

• Ar8culatory targets are perturbed by: produc8on error and gestural 
overlap of adjacent units

49

• Ul8mate acous8c realiza8on is 
constrained by degree of specifica8on of 
each individual feature

Emergent Allophony /x/

[𝑤!, 𝑤", 𝑤#, 𝑤$, 𝑤%,…]

49

Thank You!

50

50
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Observed Distribution: Acoustics

30%
in 

assimilatory 
context

80%
in 

assimilatory 
context

• No acous3c 
normaliza3on

• Acous3c targets updated 
from acous3c clouds

• Weights updated from 
acous3c clouds

• Fixed ar3culatory targets
• Range of allophony

constrained by weight 
values

51
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80%
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Acoustic Clouds

ɛ ̃ ɛñ

Cat A=/ɛ/ Cat A=/ɛ/

More assimilatory contexts, more en3re 
category is shiSed: bug or feature?
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