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Producing vowels

2http://www.ling.upenn.edu/courses/Fall_2013/ling520/LectureNotes2.html



Vocal tract simulator

3https://dood.al/pinktrombone/



Vocal tract cavity shape→vowel quality

4Credit to Mark Huckvale: https://www.phon.ucl.ac.uk/home/mark/vowels/



Formants and vowel quality
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First 

formant

Second 
formant

(Recorded and visualized with Praat)



Vowel space, articulatory
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http://www.azlifa.com/pp-lecture-7/

http://haskinslabs.org/about-us/features-and-demos/
articulatory-synthesis/articulatory-synthesis-vowels



English vowel inventory, in formant space
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A vowel continuum
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Same/different judgments
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(Feldman et al., 2009)



The perceptual magnet effect
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How can we account for this phenomenon?



Rational analysis
• Background assumption: cognitive agent is optimized via 

evolution and learning to solve everyday tasks effectively 

1. Specify precisely the goals of the cognitive system 

2. Formalize model of the environment to which the 
cognitive system is adapted 

3. Make minimal assumptions re: computational limitations 

4. Derive predicted optimal behavior given 1—3 

5. Compare predictions with empirical data 

6. If necessary, iterate 1—5

11(Anderson, 1990, 1991)



Candidate theory: categorize then check match
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Is this adequate?



The problem with categorize-then-check
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Human "same" 
response rate



A more complex proposal
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Same? Different?

(Feldman et al., 2009, Psychological Review)



Noisy-channel models

15(Shannon, 1948)



T

Noisy-channel model of target production
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(Feldman et al., 2009)



Inferring target production (1 category)

17(Feldman et al., 2009)



P (T |c)
P (S|T )

Inferring target production (1 category)
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(Feldman et al., 2009)



Perceptual warping
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(µT|S,c)

P (T |c)

(Feldman et al., 2009)



Warping with multiple categories
• We want to compute P(T|S,c), but we don’t know c 
• Solution: marginalization!
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P (T |S) =
X

c

P (T |S, c)P (c)

Bayes Rule!

P (X|Y, I) = P (Y |X, I)P (X|I)
P (Y |I)

/ P (Y |X, I)P (X|I)
Likelihood Prior

= ∑
c

P(S |T )P(T |c)
P(S |c)

P(c)

(Feldman et al., 2009)
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Warping with multiple categories

21(Feldman et al., 2009)



Warping with multiple categories

22(Feldman et al., 2009)



Summarizing the posterior
• We’ll compare the posterior mean to human responses 
• Mathematically, this is the expectation 

• Case for a discrete random variable: 

• Case for a continuous random variable:
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E(X) =
X

x

xP (X = x)

E(X) =

Z 1

�1
x p(X = x) dx



Warping with multiple categories

24

(S)

(E(T|S))
(Feldman et al., 2009)



Comparing with human data

25(Feldman et al., 2009)



Comparing with human data

26(Feldman et al., 2009)



Summary
• Our subjective experience of phonetic similarity is warped 

relative to acoustic space by phonetic categories 
• A simple directed graphical model offers a noisy-channel 

account of this perceptual magnet effect 
• This is another example of successful application of 

rational analysis to human language understanding

27
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