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1.1

(de Saussure, 1959) 1.1

Denes and Pinson (1993)

Linguistic 
level

Linguistic 
level

Physiological 
level

Acoustic 
level

Physiological 
level

Speaker Listener

Brain Vocal muscles BrainEar

Ear

Sound wave

1.1 ( ) Denes and Pinson (1993)

(Pisoni, 1985)
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(Schuller

et al., 2013)

(Plomp, 2002; Samuel, 2011)

1.1.1

(Potter, 1945)

( ) 1.2

(Cooper,

Liberman, & Borst, 1951)

(Haskins Laboratories)

(Delattre, Liberman,

Cooper, & Gerstman, 1952; Liberman, 1957)
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1.3 ( /a/ /i/) (

/a/ /i/)

Liberman

(Liberman, Cooper, Shankweiler, &

Studdert-Kennedy, 1967) (Motor Theory)

(Rand, 1974)

(Liberman, Harris, Hoffman, & Griffith, 1957)

Blumstein

Stevens

Blumstein and Stevens

(1979, 1980)
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20–30 ms

( – )

( –

)

(Blumstein, Isaacs, & Mertus, 1982; Walley & Carrell, 1983)

(Direct Realism Theory;

Fowler, 1991), (General Approach; Diehl, Lotto, & Holt, 2004)

(Fowler & Rosenblum, 1990)

(Kluender, Diehl, Killeen, et al., 1987)

(Diehl et al., 2004)

1.1.2

(Schnupp, Nelken, & King, 2011; Plack, 2014)

(Patterson, 1974; Unoki, Irino, Glasberg, Moore, & Patterson,

2006; Moore, 2013) (Fletcher, 1940; Zwicker & Terhardt,
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1980; Greenwood, 1990; Schneider, Morrongiello, & Trehub, 1990)

(Fletcher, 1940; Zwicker & Terhardt, 1980) 500 Hz

100 Hz 500 Hz 20%

Patterson (1974)

(Moore, 2013)

1.4

1.3 mm

(Fastl & Zwicker, 2006) 1/4 1/3

(Plomp, 2002)
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10

100

1000

100 1000 10000500 500050

50

500

Center frequnecy (Hz)

B
a

n
d

w
id

th
 (

H
z
)

Critical bandwidth 

Equivalent rectangular bandwidth

1.4 Zwicker and

Terhardt (1980) Moore (2013)

50–8000 Hz

(French & Steinberg, 1947;

Hirsh, Reynolds, & Joseph, 1954; Miller & Nicely, 1955; Studebaker, Pavlovic, & Sherbecoe,

1987)

( 1700 Hz )

50%

1/3
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1/20

1500 Hz Warren, Riener, Bashford,

and Brubaker (1995)

Ter Keurs,

Festen, and Plomp (1992, 1993)

1/3

(Dudley,

1939) ( )

( )

( 1.5) (noise-vocoded speech)

(sine-vocoded speech)

(Xu & Pfingst, 2008)
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Original speech

Carrier signal

BPF 1

Σ

BPF 2

BPF N

BPF 1 BPF 2 BPF N

LPF

LPF

LPF

Vocoded 
speech

Rect.

Rect.

Rect.

…… … …
…
…

・
・・

1.5 N

N ( BPF)

( Rect.) ( LPF)

( )

Shannon, Zeng, Kamath, Wygonski, and Ekelid (1995) 4000 Hz

90%

90%

(Dorman, Loizou, & Rainey, 1997)

(Loizou, Dorman, & Tu, 1999)

(Sheldon, Pichora-Fuller, & Schneider, 2008) (Souza &

Rosen, 2009), (Ellermeier, Kattner, Ueda, Doumoto,

& Nakajima, 2015)

(Shannon et al.,

1995)
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(Roberts, Summers, & Bailey, 2010)

1.1.3

Plomp, Pols, and Geer (1967) 15

1/3 18

2 70%

15

(Pols, Tromp, & Plomp, 1973; Plomp, 1976, 2002)

Zahorian and Jagharghi (1993)

Ueda and Nakajima (2017) Plomp et al. (1967); Pols et al. (1973); Plomp (1976, 2002)

Zwicker and Terhardt (1980) 20

1 ms 20
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Ueda and Nakajima (2017)

Ellermeier et al. (2015) Ueda and Nakajima (2017)

Zahorian and Rothenberg (1981) Plomp et

al. (1967)

1.1.4

(Handel, 1989)

Ramus, Nespor, and

12



Mehler (1999)

(stress-timed language) (syllable-timed language)

(mora-timed language)

(Ladefoged &

Johnson, 2011) (Port, Dalby, & O

Dell, 1987; Ramus et al., 1999)

(Cutler, 1994)

(Cutler, Mehler, Norris, & Segui, 1986)

(Otake, Hatano, Cutler, &

Mehler, 1993)

Yamashita et

al. (2013)

15 20 24 Ueda and

Nakajima (2017)

1100 Hz

1100 Hz

Nakajima,

Ueda, Fujimaru, Motomura, and Ohsaka (2017) Nakajima et al. (2017)

Ueda and Nakajima (2017)
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(sonority)

1100 Hz

3300 Hz

(Selkirk, 1984; Harris, 1994;

Spencer, 1996) de Saussure (1959)

(aperture)

Spencer (1996)

(sonority sequencing

principle; Rahilly, 2016)

Nakajima et al. (2017)

stop

/s/ /t/ /s/

(Handel,

1989) Galves, Garcia, Duarte, and Galves (2002)

Ueda and Nakajima (2017) Nakajima

et al. (2017)
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1.2

1.3

2 4

Ueda and Nakajima (2017)

( )

Ueda and Nakajima (2017)
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2

2.1

Ueda and Nakajima (2017)

20

20

Ueda and Nakajima (2017)

4

(origin-shifted principal component analysis)

17



2.2

2.2.1

NTT-AT 2002 (NTT-AT, 2002) (16-bit

16000 Hz ) ( )

200

( ) 78

s

( )

2484 s 1979 s 870 s

30 s (Li, Hughes, & House, 1969; Zahorian & Rothenberg, 1981)

( )

136 Hz SD = 31 Hz 126 Hz SD = 30 Hz 164 Hz SD = 38 Hz

Ueda and Nakajima (2017)

( )

(Cutler, 1994; Ramus et al., 1999) Ueda and Nakajima

(2017)
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2.2.2

2.1

Signal 

Processing

…

…

File 1 File 2 File 200

Origin-shifted
principal component analysis

&
Varimax rotation

1
2

20

Power fluctuations in 
each critical band

Spectral change factors

Speech signals

0.5 s

0.5 s

75
150
250
350
450
570
700
840

1000
1170
1370
1600
1850
2150
2500
2900
3400
4000
4800
5800

Center 
frequency (Hz)

2.1 20

20
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2.2

20 ms

30 ms

30 ms

( ) ( )

(Fant, 1960)

Ueda and Nakajima (2017)

(e.g., Rabiner & Schafer, 1978)

(

) ( )

20
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Input: speech signal

Short segment

Power spectrum

Smoothed
power spectrum

Critical band 
filter output

Output: power fluctuations

2.2 20
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ms ( )

20

20

ms ( ms )

20 ms 20

Ueda and Nakajima (2017); Nakajima et al. (2017)

Zwicker and Terhardt (1980) 50 Hz

1 0–100 Hz

50–100 Hz 50–6400 Hz 20

( 2.1) 8000 Hz

6400 Hz 6400 Hz

16000 Hz

6400 Hz

150 Hz 100 Hz

20

22



2.1

Band no. Center frequency (Hz) Passband (Hz)

1 75 50–100

2 150 100–200

3 250 200–300

4 350 300–400

5 450 400–510

6 570 510–630

7 700 630–770

8 840 770–920

9 1000 920–1080

10 1170 1080–1270

11 1370 1270–1480

12 1600 1480–1720

13 1850 1720–2000

14 2150 2000–2320

15 2500 2320–2700

16 2900 2700–3150

17 3400 3150–3700

18 4000 3700–4400

19 4800 4400–5300

20 5800 5300–6400

2.2 20 20

(Kaiser, 1958)

(e.g.,

Jolliffe, 2002)
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Zahorian and Rothenberg (1981)

1

2.3

V1

V2

Gravity center of data

PC1

V1

V2 PC1

Conventional PCA Origin-shifted PCA

2.3 ( ) ( )

1
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2.2.3

2.4 2.5 2.6

Ueda and

Nakajima (2017)

( )

1000 Hz

1000 Hz 3000 Hz

500 Hz

( 1500–3000 Hz)

Ueda and Nakajima (2017)

Ueda and Nakajima (2017)

Ueda and Nakajima (2017)

1000 Hz

( )
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Center frequency of critical bands (Hz)
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Center frequency of critical bands (Hz)
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2.5
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Center frequency of critical bands (Hz)
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2.6

50–6400 Hz 20

2.1

( )

7 8 9
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( 2.4)

500 Hz

( )

(

)

2.2

17–22%

74–77%

49–56%

%

Plomp et al. (1967)
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2

2.7

1.9–2.0 s

1000–1500 Hz

2
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2.2

Japanese

Cumulative contribution (%)

Number of factors Conventional Proposal

1 23.3 22.9

2 38.0 37.3

3 49.9 47.9

4 55.9 55.6

5 61.7 61.3

6 66.5 66.3

7 70.7 70.5

8 74.3 74.1

9 77.7 77.6

British English

Cumulative contribution (%)

Number of factors Conventional Proposal

1 22.4 21.5

2 35.3 34.5

3 48.7 45.6

4 54.0 53.7

5 59.9 59.7

6 65.2 64.5

7 69.2 68.8

8 73.3 72.3

9 76.5 76.3

Mandarin Chinese

Cumulative contribution (%)

Number of factors Conventional Proposal

1 17.9 17.3

2 32.0 31.5

3 43.1 40.7

4 48.8 48.6

5 55.7 55.3

6 61.2 60.3

7 65.8 65.4

8 70.3 69.3

9 73.8 73.7

31



Time (s)

-0.4

0.4

0

Time (s)

-0.4

0.4

0

Time (s)
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0.4
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Time (s)

0

8000
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c
y
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H
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)

0 0.4396 0.8792 1.319 1.758 2.198

0 0.4396 0.8792 1.319 1.758 2.198

0 0.4396 0.8792 1.319 1.758 2.198 0 0.4396 0.8792 1.758

0 0.4396 0.8792 1.758

0 0.4396 0.8792 1.758
0

1600
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4800
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Original

Resynthesized with conventional PCA

Resynthesized with origin-shifted PCA

1.319

1.319

1.319

2.198

2.198

2.198

2.7 ( ) ( )

( ) ( )

( ) 1.9 2.0 s
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2.3

(Yamashita et al.,

2013; Ueda & Nakajima, 2017; Nakajima et al., 2017)

1

2.3.1

19 24 ( = 21.5 SD = 1.6 )

25 B HL 125–8000 Hz

2.3.2

25 B A

(E-MU 0404) (Frontier, KZFM71/N)

(16-bit 16000 Hz ) D/A (ONKYO,

SE-U55GX) (NF , DV-04 DV8FL 7000 Hz)

(Roland, RDQ-2031) (STAX, SRM-323S)

(STAX, SR-307) ( 2.8)

78 B A

33



(Brüel &

Kjær, Type 4153) (Aco, Type 6240)

Amplifier

STAX, SRM-323S

Digital graphic equalizer

Roland, RDQ-2031

Headphones

STAX, SR-307

Active low-pass filter

NF, DV-04 DV8FL

(cutoff at 7000 Hz)

Digital-to-analog 

converter

ONKYO, SE-U55GX

Computer

Frontier, KZFM71/N

(Audio card: E-MU 0404)

Computer screen

2.8

2.3.3

NTT-AT 2002

NJ01M

57 12

45

34



45

17 19 18 (

2.3)

2.3: NTT-AT

2002 17

19 45 45

No. List Database

No.

Sentence Number of

mora

Average

1 44 17

2 60 18

3 A 91 18 18

4 133 18

5 102 19

6 69 17

7 123 18

8 B 138 18 18

9 114 18

10 131 19

11 17 17

12 193 18

13 C 125 18 18

14 105 18

15 22 19

16 29 17

17 71 18

18 D 200 18 18

19 6 18

20 57 19

21 75 17

22 100 18

23 E 77 18 18

24 27 18

25 11 19

26 70 17
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No. List Database

No.

Sentence Number of

mora

Average

27 120 18

28 F 34 18 18

29 66 18

30 108 19

31 92 17

32 58 18

33 G 159 18 18

34 85 18

35 7 19

36 89 17

37 181 18

38 H 50 18 18

39 192 18

40 74 19

41 65 17

42 39 18

43 I 124 18 18

44 173 18

45 82 19
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2.9

Signal 

Processing

Reconstructing
by

spectral-change 
factors

Noise
vocoding

Original speech

Reconstructed power 
fluctuations

Noise-vocoded speech

Power fluctuations

2.9 20

20

( 2.10) 20
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Xk,t =
20∑

n=1

Wk,nYn,t, (2.1)

Xk,t k t Wk,n k

n Yn,t n t

20

Ŷn,t =
K∑

k=1

Wk,nXk,t, (2.2)

Ŷn,t n t

K (K = 1, 2, · · · , 9)

38



Y20, t

Y2, t

Y1, t

Y20, t

Y2, t

Y1, t

^

^

^

X4, t

X3, t

X2, t

X1, t

Power fluctuations 
in 20 critical bands

Reconstructed 
power fluctuationsFactor scores

w1, 1 

Yn, t Yn, t

^

w4, 20

w4, n

w1, n 

w4, 20

w4, n

w1, n 

w1, 1 

2.10

( )

( 2.11

) 2.1 20

σ = 20 ms

39



7 Hz 9.5 dB/oct. 3

2.2

20

Amplitude 

modulation

&

Filtering

Filtering

Squaring

&

Smoothing

Calculating 

ratios

Adding 

together

Input: reconsturcted 
power fluctuations

Output: 
noise-vocoded speech

Whtie noise Filtered 
band noises

Modulated 
band noises

Power fluctuations
of band noises

2.11

A

3 σ
σ = 20 ms
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A ( 2.4)

2.4

Sentence list

A B C D E F G H I

Participant I 1 2 3 4 5 6 7 8 9

Participant II 9 1 2 3 4 5 6 7 8

Participant III 8 9 1 2 3 4 5 6 7

Participant IV 7 8 9 1 2 3 4 5 6

Participant V 6 7 8 9 1 2 3 4 5

Participant VI 5 6 7 8 9 1 2 3 4

Participant VII 4 5 6 7 8 9 1 2 3

Participant VIII 3 4 5 6 7 8 9 1 2

Participant IX 2 3 4 5 6 7 8 9 1

Participant X 9 8 7 6 5 4 3 2 1

Participant XI 8 7 6 5 4 3 2 1 9

Participant XII 7 6 5 4 3 2 1 9 8

2.3.4

48

1.5

2

(16 )
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2.3.5

2.12

0.83%

6.9%

1

69.2%

83.7%

F (8, 88) = 315.4

p < 0.001 Tukey

( – : p < 0.05, – , – p < 0.001)

(p = 0.96, n.s.)

( – : p < 0.05, – , , : p < 0.01)

( – , p < 0.01, – : p < 0.05)

( – : p = 0.066, n.s.)

47.9%

69.2%

(French & Steinberg,

1947; Hirsh et al., 1954; Miller & Nicely, 1955; Studebaker et al., 1987)
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2.12 95%
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(i) Ueda

and Nakajima (2017)

(ii)

(iii)

(iv)
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3

3.1

( )

45



3.2

3.2.1

1.

2.

( )

3.1

3.2.2

3.1

2.7–5.6%
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Center frequency of critical bands (Hz)

F
a

c
to

r 
lo

a
d

in
g

1-factor 4-factor 7-factor

2-factor 5-factor 8-factor

3-factor 6-factor 9-factor

3.1
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3.1

Cumulative contribution (%)

Number of factors Spectral-change factors Non-negative bases

1 22.9 22.9

2 37.3 33.5

3 47.9 43.4

4 55.6 52.9

5 61.3 57.0

6 66.3 61.3

7 70.5 64.9

8 74.1 68.8

9 77.6 72.3

3.3

3.3.1

19 25 ( = 21.3 SD = 1.5 )

25 B HL 125–8000 Hz

3.3.2

( 2.8)
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3.3.3

NTT-AT

2002 (16-bit 16000 Hz ) 57

57

3.3.4

(16 )

3.3.5

3.2

93.1%

F (8, 88) = 285.4

p < 0.001 Tukey

(

p < 0.01) (

p = 0.99, n.s.)
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Experiment 2

Experiment 1

n = 12

3.2 95%

(10.0%

66.1%)

80%

93.1%

t Bonferroni

3 (t = 0.57, p = 0.58, n.s.)

(t = 3.90, p < 0.01)

3.3
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70%

80%

80%
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0 1 2 3 4
Time (s)
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(a)

(b)

(c)

3.3 (a)

(b)

(c)
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(i)

2.7–5.6%

(ii)

(iii)
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4

4.1

( )
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4.2

4.2.1

20 24 ( = 21.6 SD = 1.3 )

25 B HL 125–8000 Hz

4.2.2

25 B A

(BTO) (16-bit 44100 Hz )

(Roland, OCTA-CAPTURE)

(NF, DV-04 DV8FL, : 15000 Hz)

(Roland, RDQ-2031) (STAX, SRM-323S) (STAX,

SR-307) ( 4.1)

78 B A

(Brüel & Kjær, Type 4153) (Aco, Type 6240)
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Amplifier

STAX, SRM-323S

Digital graphic equalizer

Roland, RDQ-2031

Headphones

STAX, SR-307

Active low-pass filter

NF, DV-04 DV8FL

(cutoff at 15000 Hz)

Computer

BTO

Computer screen

Audio interface

Roland, OCTACAPTURE

4.1

4.2.3

NTT-AT 2002

(16-bit 16000 Hz )

40 10

25 25

45 A E ( 2.3)

Praat (Boersma & Weenink, 2014) 44100 Hz

( 4.2)
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4-1 4-2

4-3 4-4 510–1480 Hz

4-2

( )

1.5 s

s

s

66.2 ms

4.3

A 4-1

A ( 4.1)
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4.1

Sentence list

A B C D E

Participant I 4-1 4-2 4-3 4-4 none

Participant II none 4-1 4-2 4-3 4-4

Participant III 4-4 none 4-1 4-2 4-3

Participant IV 4-3 4-4 none 4-1 4-2

Participant V 4-2 4-3 4-4 none 4-1

Participant VI none 4-4 4-3 4-2 4-1

Participant VII 4-4 4-3 4-2 4-1 none

Participant VIII 4-3 4-2 4-1 none 4-4

Participant IX 4-2 4-1 none 4-4 4-3

Participant X 4-1 none 4-4 4-3 4-2

Center frequency of critical bands (Hz)

F
a

c
to

r 
lo

a
d

in
g

Factor 4-1

Factor 4-2
Factor 4-3

Factor 4-4

4.2

4-1 4-2 4-3 4-4

58



Time (s)
0 14.92
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0
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0 3 6 9 12 0 3 6 9 12

0 3 6 9 12 0 3 6 9 12

(a) Resynthesized speech signal from 4 factors

(b) Resynthesized speech signal from factors 4-2, -3, and -4 

(c) Resynthesized speech signal from factors 4-1, -3, and -4 

(d) Resynthesized speech signal from factors 4-1, -2, and -4 

(e) Resynthesized speech signal from factors 4-1, -2, and -3 

4.3

1.5 s

(a) (b) (e)

(b) 4-1 (c) 4-2 (d) 4-3 (e) 4-4

4.2.4

10 5

13 14
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0.5 s

(13 14 ) 10

4.2.5

4.4

95%

83.6%

4-1 64.1% 4-2 36.8%

4-3 60.1% 4-4 61.4%

F (4, 36) =

22.29 p < 0.0001 Tukey

4 %

4-2 4-1

4-3 4-4 %

4-1, 4-3, 4-4

( 4-1 4-3 p = 0.97, n.s.)
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4.4

95%

4-2

4-1 4-3 4-4

4-2 510–1480 Hz

4-2

4-2

( 2.4)
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4-2

510–1480 Hz

4.3

510–1480 Hz

3 —

— ( 4.5)

510–1480 Hz
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Center frequency of critical bands (Hz)

F
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a
d
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g

Factor 4-1

Factor 4-2

Factor 4-3

Factor 4-4

Factor 3-1

Factor 3-2

Factor 3-3

Factor 2-1

Factor 2-2

4.5
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4.3.1

19 23 20.6 SD = 1.2

25 B HL 125–8000 Hz

4.3.2

( 4.1)

4.3.3

NTT-AT

2002 (16-bit 16000 Hz )

80 16

16 80 45

35 4.2

64



4.2: 4 35

No. List Database

No.

Sentence Number of

mora

Average

46 80 17

47 149 17

48 J 13 18 18.2

49 53 20

50 33 19

51 81 17

52 154 17

53 K 199 17 18.2

54 47 20

55 28 20

56 94 17

57 157 17

58 L 141 18 18.2

59 163 19

60 9 20

61 99 17

62 168 17

63 M 62 19 18.4

64 185 19

65 31 20

66 121 17

67 174 17

68 N 109 19 18.4

69 188 19

70 45 20

71 129 17

72 176 17

73 O 117 19 18.2

74 197 19

75 155 19

76 140 17

77 184 17

78 P 136 19 18.2

79 198 19

80 5 19
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( 4.5)

2-1 2-2

3-1 3-2 3-3

16

16 4.3

13 13

3

s 66.2 ms

1.5 s 3 s 66.2 ms

16

A 4.3 A

4.3 ( 4.4)
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4.3

Condition no. Factors used in resynthesizing

1 2–1 2–2 – –

2 3–1 3–2 – –

3 3–1 3–3 – –

4 3–2 3–3 – –

5 4–1 4–2 – –

6 4–1 4–3 – –

7 4–1 4–4 – –

8 4–2 4–3 – –

9 4–2 4–4 – –

10 4–3 4–4 – –

11 3–1 3–2 3–3 –

12 4–1 4–2 4–3 –

13 4–1 4–2 4–4 –

14 4–1 4–3 4–4 –

15 4–2 4–3 4–4 –

16 4–1 4–2 4–3 4–4

67



4.4 4.3

Sentence list

A B C D E F G H I J K L M N O P

Participant I 1 11 4 3 2 16 15 14 13 12 10 7 5 6 8 9

Participant II 9 1 11 4 3 2 16 15 14 13 12 10 7 5 6 8

Participant III 8 9 1 11 4 3 2 16 15 14 13 12 10 7 5 6

Participant IV 6 8 9 1 11 4 3 2 16 15 14 13 12 10 7 5

Participant V 5 6 8 9 1 11 4 3 2 16 15 14 13 12 10 7

Participant VI 7 5 6 8 9 1 11 4 3 2 16 15 14 13 12 10

Participant VII 10 7 5 6 8 9 1 11 4 3 2 16 15 14 13 12

Participant VIII 12 10 7 5 6 8 9 1 11 4 3 2 16 15 14 13

Participant IX 13 12 10 7 5 6 8 9 1 11 4 3 2 16 15 14

Participant X 14 13 12 10 7 5 6 8 9 1 11 4 3 2 16 15

Participant XI 15 14 13 12 10 7 5 6 8 9 1 11 4 3 2 16

Participant XII 16 15 14 13 12 10 7 5 6 8 9 1 11 4 3 2

Participant XIII 2 16 15 14 13 12 10 7 5 6 8 9 1 11 4 3

Participant XIV 3 2 16 15 14 13 12 10 7 5 6 8 9 1 11 4

Participant XV 4 3 2 16 15 14 13 12 10 7 5 6 8 9 1 11

Participant XVI 11 4 3 2 16 15 14 13 12 10 7 5 6 8 9 1

4.3.4

16 21

16 16

16 16

(21 ) 10

4.3.5

4.6

95%

8.7–31.8% 38.7–60.8%
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81.8%

N = 16

Factors used in resynthesizing

4.6 ( )

95%

F (15, 225) = 71.3

p < 0.001 Tukey 2

45 13 %

%

( 4.7) %

2-1, -2 vs. 3-1, -2

2-1, -2 vs. 3-2, -3 2-1, -2 vs. 4-2, -3 3-1, -2 vs. 4-1, -3 3-1,

-2 vs. 4-1, -4 3-1, -2 vs. 4-3, -4 3-1, -3 vs. 4-1, -3 3-2, -3 vs.

4-1, -3 3-1, -3 vs. 4-1, -4 3-2, -3 vs. 4-3, -4 4-1, -3 vs.

4-2, -3 4-1, -4 vs. 4-2, -3 4-2, -3 vs. 4-3, -4 %

3-1, -2 vs. 4-2, -4 4-1, -2

vs. 4-2, -4 2-1, -2 vs.

3-1, -3 (p = 0.061) 4-1, -4 vs. 4-2, -4 (p = 0.054)
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 (

%
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Factors used in resynthesizing

**
**
*
**

**
**
**

**

*
**

**
**

p < 0.05 *

p < 0.01 **

**
**
**

4.7 ( )

95%

15 [ 3-1, -2 vs. 4-2, -4] [

3-1, -3 vs. 4-1, -4] 510–1480 Hz

( 3-2 4-2)

3-2 4-2

2-1, -2 vs. 4-2, -4 (p = 0.99, n.s.) 3-1,

-2 vs. 3-1, -3 (p = 0.18, n.s.) 3-1, -3 vs. 3-2, -3 (p = 0.97, n.s.) 4-1, -2

vs. 4-1, -4 (p = 0.25, n.s.) 4-1, -2 vs. 4-3, -4 (p = 0.26, n.s.) 4-2, -4 vs.

4-3, -4 (p = 0.60, n.s.) 3-2

4-2

4-2

20% 4-2, -3

4-2 4-1, -3 4-1, -4 4-3, -4

4-2 4-2, -4
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(p = 0.71, n.s.)

510–1480 Hz

3-2 4-2

2

510–1480 Hz

510–1480 Hz

(i) 510–1480 Hz

(ii)

(iii)
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5

2 4

5.1

2

( )

( 80% )

( 90% )

1 ( )

83.6%

50–510 Hz 64.1% 510–

1480 Hz 36.3% 1480–3700 Hz
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60.7% 3700–6400 Hz

62% 510–1480 Hz

5.2

510–1480 Hz

(Nakajima et al., 2017)
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•
500–1500 Hz

•

Zwicker and Terhardt (1980)

(Moore, 2013)

510–1480 Hz

510–1480 Hz

(Yamashita et al., 2013)

200

5.1

Yamashita et al. (2013) 0.2 s ( 5.2)

4-2 0.2–0.4 s

Yamashita et al. (2013)
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(Otake et al., 1993)
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5.3.1

(Shannon et al., 1995; Dorman et al., 1997; Loizou et al., 1999;

Sheldon et al., 2008; Souza & Rosen, 2009; Roberts et al., 2010; Ellermeier et al., 2015)

60–90%

20

70–90%

500–1500 Hz

(Shannon et al., 1995; Dorman et al., 1997; Loizou et

al., 1999; Sheldon et al., 2008; Souza & Rosen, 2009; Ellermeier et al., 2015)

400–700 Hz

1000–1500 Hz

Warren et al. (1995)

French and Steinberg (1947); Hirsh et al. (1954); Miller and Nicely (1955);

Studebaker et al. (1987)

Warren et al. (1995)

1700 Hz (French & Steinberg,
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1947; Hirsh et al., 1954; Miller & Nicely, 1955; Studebaker et al., 1987)

(Ter Keurs et al.,

1992, 1993)

1500 Hz (Warren et

al., 1995)

5.3.2

Plomp (Plomp et al., 1967; Pols et al.,

1973; Plomp, 1976, 2002) Ueda and Nakajima (2017)

Nakajima et al. (2017) Yamashita et al.

(2013)

5.3.3

Blumstein Stevens (Blumstein & Stevens, 1979, 1980)

20–30 ms /g/ /k/ – kHz

/d/ /t/ /b/ /p/

– –

510–1480 Hz
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(Liberman et al., 1967)

5.3.4

–

– (e.g., Miller & Nicely, 1955)

4-4

3-3 Nakajima et al. (2017)

79



5.3.5

(Kameoka, 2016)

500–1500 Hz

5.4

Ueda and Nakajima (2017)

(Port et al., 1987) (Otake et al., 1993)
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