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Abstract The present study proposes a method for estimating the appropriate HRTFs for an individual listener. The 
proposed method estimates the frequencies of the two lowest spectral notches (N1 and N2), which play an important roll in 
vertical localization, in the HRTF of an individual listener by anthropometry of the listener's pinnae. The best-matching 
HRTFs, of which N1 and N2 are the closest to the estimates, are then selected from an HRTF database. In order to examine the 
validity of the proposed method, localization tests in the upper median plane were performed using four subjects. The results 
revealed that the best-matching HRTFs provided approximately the same performance as the listener’s own HRTFs for the 
target directions of front and rear for all the four subjects. For the upper target directions, however, the performance of the 
localization for some of the subjects degraded.  
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1. はじめに 

(HRTF: head-related 
transfer function)

(Morimoto and Ando, 1980) HRTF

HRTF
 

Sottek and Genuit (1999) HRTF
” a person who enters a multimedia shop 

is scanned by a camera and some instants later his/her 
individual HRTF set is ready for use in advanced 3D 
applications” Blauert

 

HRTF

HRTF PCA 
(principal component analysis) (Kistler and 
Wightman, 1992; Middlebrooks and Green, 1992)

(Rodriguez and Ramirez, 2005; Hu et al., 2008; Xu et 
al., 2008; Hugeng et al., 2010)

HRTF
 

HRTF
BEM (boundary element method) 

(Katz, 2001; Kahana and 



 
  
 

 

Nelson, 2006; Kreuzer et al., 2009) BEM
FDTD (finite-difference time- 

domain)
HRTF

(Takemoto et al., 2012)
BEM FDTD

fMRI(functional 
magnetic resonance imaging system)

 
HRTF

Middlebrooks (1999a,b) HRTF
DTF (directional transfer functions)

scaling
Middlebrooks (2000) DTF

frequency-scaled DTF quadrant errors 
15.6% 14.7%

quadrant error 90°
scale 

factor 1 20
1 3 Iwaya (2006)

32
HRTF

15
HRTF

 
Zotkin et al. (2003) 

HRTF

HRTF KEMAR HRTF

8
1.9° HRTF

(Takemoto et al., 
2012)

HRTF
 

(2013)
HRTF

HRTF
 

HRTF
HRTF

 
 

2. スペクトラルキューの個人差 

2.1. 推定すべきスペクトラルキュー 

5kHz
 (Hebrank and 

Wright, 1974; Butler and Belendiuk, 1977; Mehrgardt and 
Mellert, 1977; Musicant and Butler, 1984).  

Kulkarni and Colburn (1998)  (0, 
±45, 180°) HRTF 7

 
Iida et al. (2007)  

(Shaw and Teranishi, 1968) 4kHz (P1)
HRTF

P1 (N1, N2)
HRTF HRTF

N1 N2
Fig.1 HRTF

4
N1 N2 P1   

Kulkarni and Colburn (1998)

N2 N2
 
N1 N2

P1 N1 N2

 
 

 
Figure 1 Amplitude spectrum of HRTF in the median plane. 
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2.2. N1・N2・P1 周波数の個人差  
HRTF

N1 N2 P1
HRTF

HRTF
N1 N2 P1  

2.2.1. HRTF の測定 

28
7 (30° ) HRTF
(FOSTEX FE83E) swept sine wave(218 )

(Iida et al., 2007) (blocked-
entrance condition) 48kHz

1.2m
HRTF  

 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻!,!(𝜔𝜔) = 𝐺𝐺!,!(𝜔𝜔) 𝐹𝐹(𝜔𝜔)  (1) 

 
F(ω)

f(t) Gl,r(ω)
g(t)

 

2.2.2. N1・N2・P1 の抽出 

HRTF 28 56
HRTF N1 N2 P1 N1 N2 P1

(Shaw and Teranishi, 1968; 
Lopez-Poveda and Meddis, 1996; Takemoto et al., 2012)  

(HRIR: head-related impulse 
response) 

 
1) HRIR

 
2) HRIR 4 96 Blackman–Harris 

1) 
 

3) 512
2) HRIR

257  
4) FFT 512

 
5) 

P1
N1 N2  

54 (26 2 ) N1
N2 P1 2

 
54 N1 N2 P1

5,719–9,563Hz (0.74 oct.) 8,250–13,500Hz (0.71 oct.)
3,469–4,313Hz (0.31 oct.) P1

N1 N2 N1 N2
 

P1
(JND: just-noticeable difference)  0.35 oct. (

) 0.47 oct. ( ) ( , 
2013) P1

P1
N1 N2 JND 0.1–

0.2 oct. (Iida and Ishii, 2011b) N1 N2
 (0.74 0.71 oct.)

 
 

3. 耳介形状の個人差 

Takemoto et al. (2012) 4
FDTD HRTF 4 N1 N2

N1
1 2 1

N1
N2

 
Algazi et al. (2001) 10

(Fig.2)

1 q2 (pinna flare angle)
x4 (width of the helix)

 
54 9 (x1–x8 

xd) (xa) 
Table 1

10–25 mm
(xa) 4–40°  

 

 

Figure 2 Ten anthropometric parameters of the pinna. 
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Table 1 Measured ten pinnae dimensions for 54 ears (mm). 

 

 

4. 耳介形状による N1・N2 周波数の推定 

4.1. 重回帰モデル 

54 10
N1 N2

( (2))  
 
𝑓𝑓(𝑆𝑆)!",!" = 𝛼𝛼!𝑥𝑥! + 𝛼𝛼!𝑥𝑥! + ⋯+ 𝛼𝛼!𝑥𝑥! + b  [Hz] (2) 

 
S, a i , b, and xi

 

4.2. 重回帰モデルの精度 

N1 N2
0.84 0.87 p

N1 x1, x4, x7 0.05
N2 x1, x2, x3, x4, xa 0.05

N1 N2

p 0.05
N1

6  (x2, x3, x6, x8, xd, xa) N2  3
(x6, x8, xd) 

N1
N2

p 95%
Table 2  

 
Table 2 Multiple regression coefficients, p-values, and 95% 

confidence intervals of N1 and N2 for the front direction. 

 
 

N1 N2 HRTF
Fig.3

Table 3 N1 N2
0.81 0.82
0.07 0.08 oct.

JND N1 N2 91%
JND 0.1–0.2 oct.

0.15 oct.  

 

Figure 3 Relationship between the frequencies extracted from 

the measured HRIR and those estimated from the listener’s 

anthropometric parameters for 54 ears. (a): N1, (b): N2. 

 
Table 3 Statistics of the multiple regression models of N1 and 

N2 for the front direction. 

 

Pinna 

Width of Length of Depth of Tilt of 

pinna concha incisura 
intertragica helix pinna concha cymba 

conchae scapha concha pinna (°) 

x1 x2 x3 x4 x5 x6 x7 x8 xd xa 
1 37.0  20.1  8.3  29.7  69.1  21.0  9.3  16.8  15.2  18  
2 35.7  19.6  6.5  29.4  72.1  21.5  9.8  15.5  14.9  24  
3 33.0  19.7  5.9  27.0  66.3  21.8  6.4  19.8  15.8  29  
4 37.5  15.8  5.5  24.7  75.8  19.3  9.9  18.8  13.8  30  
5 35.9  18.6  9.0  24.7  73.8  22.9  6.2  19.6  11.9  16  
6 34.2  19.5  9.8  26.3  72.0  22.3  9.3  17.9  12.1  17  
7 34.7  14.9  5.3  20.1  71.3  21.4  5.9  20.8  16.7  7  
8 31.9  16.8  6.8  25.2  70.1  20.2  4.5  21.4  17.2  12  
9 34.4  17.8  7.0  25.7  71.4  22.3  5.3  19.4  13.3  17  
10 35.0  18.8  9.0  26.1  63.4  22.2  4.7  20.8  14.1  18  
11 34.4  18.2  8.3  24.8  64.4  20.4  7.1  20.8  15.0  19  
12 38.0  17.6  8.3  28.3  67.0  17.7  8.8  19.2  12.5  23  
13 35.1  19.1  8.4  26.3  68.5  17.1  8.1  19.8  13.8  7  
14 34.8  18.3  8.7  22.2  66.4  18.8  6.6  22.5  14.1  23  
15 35.2  18.7  8.3  27.1  67.0  18.6  8.3  22.0  13.8  24  
16 36.1  16.5  5.5  27.3  64.3  19.3  5.5  17.3  14.0  30  
17 37.5  16.6  5.5  29.7  66.4  18.7  8.0  17.2  13.8  40  
18 36.6  21.2  8.4  27.0  67.2  19.3  7.5  18.4  11.3  27  
19 36.1  19.8  7.5  28.1  66.4  19.2  8.5  18.3  11.1  21  
20 35.7  15.6  5.8  25.7  69.2  20.5  8.6  20.3  13.7  28  
21 35.8  15.4  6.4  26.8  70.8  20.9  9.4  21.2  13.1  36  
22 36.1  20.5  6.7  27.0  64.0  21.0  6.0  20.2  14.8  32  
23 33.4  16.5  5.9  27.5  63.8  22.5  4.3  21.1  13.8  27  
24 43.8  20.2  8.3  31.6  78.3  21.9  8.0  24.1  14.1  27  
25 42.1  19.2  7.3  31.8  77.8  19.0  9.3  23.1  14.4  20  
26 36.9  14.8  6.7  27.5  72.8  24.1  7.5  19.4  13.0  23  
27 36.1  17.4  7.5  24.3  70.4  22.9  9.3  17.4  13.8  31  
28 31.7  16.6  8.9  19.0  69.2  23.3  7.7  15.9  16.0  25  
29 32.8  16.7  8.7  18.1  69.3  20.4  9.1  17.1  15.7  24  
30 36.0  20.1  10.8  28.3  64.0  22.0  5.8  16.7  13.8  27  
31 34.0  21.8  11.9  26.9  64.4  22.0  10.3  14.2  13.1  36  
32 40.6  19.1  10.2  28.0  75.8  25.1  2.6  21.1  14.1  23  
33 36.4  18.4  7.6  26.2  83.2  24.9  4.7  22.1  13.8  29  
34 31.2  19.3  10.9  21.6  63.5  20.4  5.9  15.4  13.3  13  
35 32.5  19.9  10.1  23.0  65.1  21.3  8.2  15.9  11.7  14  
36 33.1  21.0  9.0  23.1  58.2  18.4  3.5  14.0  9.9  32  
37 32.7  20.4  7.2  26.6  59.1  17.8  5.1  16.9  9.7  16  
38 35.7  19.7  7.4  29.0  66.9  20.2  5.3  17.6  11.8  19  
39 35.0  21.8  7.3  28.8  68.9  19.5  7.7  20.0  12.5  28  
40 34.5  17.5  8.4  24.3  66.1  23.0  5.9  16.5  14.9  29  
41 34.5  19.9  8.1  25.3  68.2  23.1  6.3  17.9  15.0  17  
42 35.2  19.0  10.0  26.6  69.9  21.6  4.0  20.3  12.6  18  
43 34.5  19.1  6.1  28.3  72.5  21.0  6.0  20.7  15.2  20  
44 37.4  20.9  7.5  29.4  73.8  19.4  9.7  23.2  13.6  33  
45 35.3  20.0  11.2  25.2  63.4  24.1  3.5  18.5  15.6  14  
46 33.2  18.5  9.9  22.8  68.7  24.5  3.9  16.5  17.6  10  
47 32.9  18.5  10.4  24.0  62.4  21.2  5.8  18.9  14.8  4  
48 35.9  19.2  9.0  26.1  63.2  20.1  7.1  17.1  14.0  17  
49 32.9  20.0  9.3  23.2  64.5  23.5  2.9  13.2  17.6  14  
50 37.3  18.1  8.3  23.9  65.7  21.8  4.7  14.9  17.4  15  
51 35.7  18.1  8.8  26.2  66.7  22.3  6.1  18.8  13.4  20  
52 38.4  17.9  10.1  26.4  65.4  20.4  5.6  20.8  11.3  9  
53 36.9  19.9  11.5  28.8  66.8  21.0  6.5  19.4  13.6  39  
54 38.0  21.7  8.1  28.2  68.8  22.8  7.5  21.4  14.8  28  

Min 31.2  14.8  5.3  18.1  58.2  17.1  2.6  13.2  9.7  4  
Max 43.8  21.8  11.9  31.8  83.2  25.1  10.3  24.1  17.6  40  

 lower upper lower upper
N1 N2 N1 N2

a 1

a 2 116.9 1.6.E-02 22.9 210.9
a 3 -157.5 4.7.E-03 -264.2 -50.8
a 4

a 5

a 6 -183.4 -327.0 8.3.E-05 2.9.E-07 -269.1 -97.8 -438.0 -216.0
a 7

a 8 -93.2 -245.0 2.3.E-03 4.4.E-08 -151.5 -34.9 -321.3 -168.6
a d -131.4 -172.8 4.0.E-03 3.7.E-03 -218.7 -44.2 -286.9 -58.7
a a -48.7 7.2.E-07 -65.8 -31.6
b 14906.4 23903.1 9.2.E-14 2.0.E-22 12019.9 17792.9 21079.9 26726.3

Regression coefficient P-value
95% confidence intervals

N1 N2
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r = 0.81
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15 (b)$N2

r = 0.82

14131211109 158

Correlation 
coefficient 

Significance 
level 

Absolute mean residual error Probability that residual error 
is less than 0.15 octaves [%] [Hz] [oct.] 

N1 0.81  1.1.E-09 357  0.07  91  
N2 0.82  5.4.E-12 550  0.08  91  



 
  
 

 

x2, x3, 
x6, x8, xd, xa x6, x8, xd VIF (variance 
inflation factor) VIF

 
𝑉𝑉𝑉𝑉𝑉𝑉(𝑗𝑗) = 1 ( 1 − 𝑅𝑅(𝑗𝑗)!) (3) 

 
𝑅𝑅(𝑗𝑗)! j

VIF N1
6 N2 3 VIF 10

(Chatterjee and Hadi, 2012). 

JND N1 N2
 

4.3. ナイーブな被験者の N1・N2 周波数推定精度 

N1 N2
 

3 (OIS, TCY, 
MTZ) 1 (CKT) 21–25

6
Table 4 (2)

N1 N2 HRIR N1
N2

Table 5 N1 N2 8
JND

CKT (0.10 oct.) MTZ (0.09 
oct.) TCY (0.09 oct.)  

Table 4 Six pinnae dimensions of four subjects (mm). 

 
 

Table 5 Estimated and extracted frequencies of N1 and N2 and 

the residual errors for four subjects. 

 

5. best-matching HRTF の選出 

HRTF best-matching HRTF

best-matching HRTF
N1 N2 HRTF  

5.1. 正中面内の best-matching HRTF の選出方法 

HRTF best-matching HRTF 
NFD (notch frequency distance) 

NFD j  HRTFj k
HRTFk

(Iida and Ishii, 2011a)  
 
𝑁𝑁𝑁𝑁𝑁𝑁! = log! 𝑓𝑓!!(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻!) 𝑓𝑓!!(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻!)  [oct.] (4) 
𝑁𝑁𝑁𝑁𝑁𝑁! = log! 𝑓𝑓!!(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻!) 𝑓𝑓!!(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻!)  [oct.] (5) 

  𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑁𝑁! + 𝑁𝑁𝑁𝑁𝑁𝑁!  [oct.]    (6) 
 

fN1  fN2 N1 N2
 

N1 N2 NFD
HRTF best- 

matching HRTF ( )
best-matching 

HRTF best-matching HRTF
HRTF  

120
7 HRTF 120

54 4

(http://www.iida-lab.it-chiba.ac.jp/e/)  

5.2. best-matching HRTF の物理的精度  
4 (OIS, TCY, CKT, MTZ)

best-matching HRTF N1 N2
 

Fig.4 4 HRTF best-matching 
HRTF best-matching HRTF
N1 N2 ( , ) HRTF ( , )

.
best-matching HRTF( ) HRTF( )

CKT best-matching HRTF HRTF
best-matching HRTF

N1 N2
 

 
Table 6  HRTF

best-matching HRTF N1 N2
N1 N2

best-matching HRTF  

Subject Ear 

Width of Length of Depth of Tilt of 

concha incisura 
intertragica concha scapha concha pinna (°) 

x2 x3 x6 x8 xd xa 

OIS 
L 19.2  7.9  23.3  19.5  12.9  28 
R 17.0  8.7  21.0  20.1  13.5  18 

TCY 
L 14.4  8.0  23.0  20.3  12.5  29 
R 14.3  7.6  22.8  20.4  12.9  23 

CKT 
L 15.7  7.4  19.7  18.3  13.9  22 
R 15.0  8.2  19.6  18.3  12.1  21 

MTZ 
L 17.6  7.6  22.6  17.2  11.2  28 
R 18.1  7.2  21.5  18.0  13.9  24 

Subject Ear 
Estimated frequency [Hz] Extracted frequency [Hz] Residual error [oct.] 

N1 N2 N1 N2 N1 N2 

OIS 
L 6749  9273  6938  9375  -0.04  -0.02  
R 7147  9779  6938  9281  0.04  0.08  

TCY 
L 6163  9249  6094  9656  0.02  -0.06  
R 6481  9221  6094  9375  0.09  -0.02  

CKT 
L 7358  10576  6844  10406  0.10  0.02  
R 7454  10920  7219  11250  0.05  -0.04  

MTZ 
L 7182  10364  6750  10875  0.09  -0.07  
R 7271  10061  7313  10125  -0.01  -0.01  



 
  
 

 

 
Figure 4 Amplitude spectrum of the subjects’ own (solid line) 

and best-matching HRTFs (broken line) for the front direction. 

: N1 (own), : N1 (best-matching), : N2 (own), ▲: N2 

(best-matching). 

 
Table 6 N1 and N2 frequencies of subjects’ own HRTFs and 

best-matching HRTFs for the front direction. 

 
 

 

Figure 5 Scatter plot of the subjects’ own HRTFs and 

best-matched HRTFs on the N1-N2 plane. (a): N1, (b): N2. : 

OIS (own), : OIS (best-matching), : TCY (own); : TCY 

(best-matching), : CKT (own), ▲: CKT (best-matching), : 

MTZ (own), : MTZ (best-matching), ×: other 120 ears. 

N1 N2 8
JND CKT

(0.11 oct.) MTZ (0.10 oct.) TCY
(0.09 oct.) Table 5

 
Fig.5  HRTF best-matching HRTF
N1-N2 120

HRTF
best-matching HRTF
CKT MTZ

 
7  

(Table 7). Table 6 0° JND
6  

JND N1
OIS 180° (0.20 oct.) 150° (0.16 oct.)

CKT 120°  (-0.16 oct.)
JND  

best-matching HRTFs
HRTF

 
 
Table 7 Residual errors in the N1 and N2 frequencies between 

the subjects’ own HRTFs and best-matching HRTFs for each ear 

for seven vertical angles in the upper median plane (oct.). 

 
 

5.3. best-matching HRTF の知覚的精度  
5.3.1. 実験方法 

A. HRTF を用いた音像定位実験 

4.6m 
(W)  5.8m (D)  2.8m (H) 19.5 dB(A)

PC (DELL 
XPS M1330) (RME Fireface 
400)  (Marantz PM4001)

 (AKG K1000) A/D  
(Roland M-10MX)  

Subject Ear 
best-matched frequency [Hz] Extracted frequency [Hz] Residual error [oct.] 

N1 N2 N1 N2 N1 N2 

OIS 
L 6844  9375  6938  9375  -0.02  0.00  
R 6938  9844  6938  9281  0.00  0.08  

TCY 
L 6094  9188  6094  9656  0.00  -0.07  
R 6469  9188  6094  9375  0.09  -0.03  

CKT 
L 7406  10594  6844  10406  0.11  0.03  
R 7500  10875  7219  11250  0.06  -0.05  

MTZ 
L 7219  10313  6750  10875  0.10  -0.08  
R 7219  10313  7313  10125  -0.02  0.03  

7
5

N
2 

fr
eq
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nc

y 
[k

H
z]

N1 frequency [kHz]

(a) left ear

1110

14

9876

13
12
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N
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fr
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[k

H
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N1 frequency [kHz]

(b) right ear

1110

14

9876

13
12

10

9

8

11

15

Subject Ear 
Vertical angle (°) 

0 30 60 90 120 150 180 

OIS 
L 

N1 -0.02  0.10  -0.09  -0.03  -0.04  0.13  0.20  
N2 0.00  0.14  0.07  -0.04  0.06  0.11  0.08  

R 
N1 -0.02  0.05  0.00  0.08  0.06  0.16  0.00  
N2 0.08  0.06  0.01  0.03  0.04  0.00  0.00  

TCY 
L 

N1 -0.02  -0.04  -0.02  0.00  -0.07  0.01  -0.05  
N2 -0.09  0.01  -0.03  0.06  0.02  -0.02  0.08  

R 
N1 0.09  0.00  0.00  -0.07  -0.05  -0.01  -0.03  
N2 -0.03  0.08  0.00  0.08  0.00  -0.10  0.05  

CKT 
L 

N1 0.11  0.13  -0.03  -0.08  -0.09  -0.07  -0.09  
N2 0.03  -0.01  0.06  0.11  0.04  -0.07  -0.01  

R 
N1 0.06  0.02  -0.12  -0.04  -0.16  -0.03  -0.06  
N2 -0.05  -0.08  -0.14  -0.03  -0.04  0.12  0.04  

MTZ 
L 

N1 0.10  0.07  0.08  -0.06  -0.02  0.07  0.08  
N2 -0.08  0.08  -0.03  -0.07  -0.06  0.10  0.06  

R 
N1 -0.02  0.09  0.00  -0.06  0.05  -0.09  -0.08  
N2 0.03  0.03  0.01  -0.01  -0.03  0.05  -0.05  
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B. 実音源を用いた音像定位実験 

HRTF

 200Hz–17kHz
30° 7

(FOSTEX FE83E)

1.2m 250Hz
16kHz 1/3

1dB

10  

5.3.2. 実験結果 

A. 実音源と各 HRTF に対する回答 

Figs.6–9 HRTF
best-matching HRTF 4

5°  
OIS (Fig.6) (a)

S
HRTF(b) S

60° 120°
best-matching HRTFs (c)

N1 N2 0°
HRTF
30, 60, 180° HRTF

90° 120° 120–
150° 150°

 
TCY (Fig.7) (a)

0–60° 180°
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HRTF(b)
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0° HRTF
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150°
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150°
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Figure 6 Responses of subject OIS to (a) the real sound sources, 

(b) the subject’s own HRTFs, and (c) the best-matching HRTFs. 

The ordinate represents the perceived vertical angle, and the 

abscissa represents the target vertical angle. The diameter of 

each circle is proportional to the number of responses. 

 
Figure 7 Responses of subject TCY to (a) the real sound sources, 

(b) the subject’s own HRTFs, and (c) the best-matching HRTFs.  

Figure 8 Responses of subject CKT to (a) the real sound sources, 

(b) the subject’s own HRTFs, and (c) the best-matching HRTFs. 

 
Figure 9 Responses of subject MTZ to (a) the real sound sources, 

(b) the subject’s own HRTFs, and (c) the best-matching HRTFs. 

 

B. 平均定位誤差 

Table 8

 
OIS , best-matching HRTF 0°

180° 5.2° 3.4°
HRTF  

150° 47.3° HRTF
3 Table 7 HRTF
best-matching HRTF N1

( : 0.16 oct., : 0.13 oct.)
Table 7 N1

(180° : 0.20 oct.)
N1 N2 0.00 oct.

(3.4°)
 

TCY , best-matching HRTF 0°
180° 0.3° 2.4°

HRTF
5 best-matching HRTF

HRTF  
CKT , best-matching HRTF 0°

180° 2.1° 3.5°
HRTF  

30° 29.2° HRTF
2 Table 7 HRTF
best-matching HRTF N1
( : 0.13 oct.) 120° 

31.9° HRTF 2
HRTF best-matching HRTF

N1 ( : -0.16 oct.)
 

MYZ , best-matching HRTF 0°
180° 3.3° 0.5°

HRTF
5 best-matching HRTF

HRTF  
 
Table 8 Mean localization errors for each subject, HRTF, and 

target vertical angle (°). 

 

(a)$real$sound$$ 
$$$$$$source 

(b)$own (c)$best1matching 

(a)$real$sound$$ 
$$$$$$source 

(b)$own (c)$best1matching 

(a)$real$sound$$ 
$$$$$$source 

(b)$own (c)$best1matching 

(a)$real$sound$$ 
$$$$$$source 

(b)$own (c)$best1matching 

Subject HRTF 
Target vertical angle (°) 

0 30 60 90 120 150 180 Ave. 

OIS 
real sound source 2.5 25.9 27.4 32.0 9.5 12.4 17.5 18.2 

own HRTF 8.7 40.4 30.5 28.1 29.7 16.4 0.5 22.0 
best-matching HRTF 5.2 36.7 44.3 39.8 20.4 47.3 3.4 28.2 

TCY 
real sound source 0.4 2.8 25.7 45.7 44.0 52.2 2.8 24.8 

own HRTF 0.7 1.8 17.3 29.5 34.2 56.8 3.0 20.5 
best-matching HRTF 0.3 1.9 4.9 30.5 36.7 40.0 2.4 16.7 

CKT 
real sound source 20.8 25.2 32.9 14.8 13.3 13.2 15.4 19.4 

own HRTF 5.9 13.6 19.1 12.1 17.4 29.0 4.1 14.4 
best-matching HRTF 2.1 29.2 30.8 21.3 31.9 17.3 3.5 19.5 

MTZ 
real sound source 0.9 25.1 41.6 26.9 5.4 39.0 0.8 20.0 

own HRTF 5.9 16.6 39.2 46.2 25.4 17.1 1.1 21.6 
best-matching HRTF 3.3 24.8 27.9 38.5 20.6 13.1 0.5 18.4 



 
  
 

 

C. 前後誤判定率 

Table 9

 
best-matching HRTF

0° 180° HRTF
0% . 5 best-matching 
HRTF HRTF

OIS 150° CKT 60° MTZ 120°
best-matching HRTF HRTF

 
 
Table 9 Ratio of front–back confusion for each subject, HRTF, 

and target vertical angle (%). 

 

 

D. 頭内定位率 

best-matching HRTF
HRTF  

 

E. 音像定位実験結果のまとめ 

N1 N2
(0°) best-matching HRTF

HRTF
best-matching HRTF (180°)

5
HRTF  

 

6. 考察 

6.1. 従来の HRTF 個人化方法との比較  
6

N1 N2
best-matching HRTF

3
Middlebrooks et al. (2000) 

scale factor 1 
20 1 3

Iwaya (2006)
32 HRTF

15

HRTF

 

  

6.2. 3 次元空間の任意の方向への展開  
HRTF

HRTF
HRTF  

3
HRTF

HRTF
(

1° )

3
 

HRTF 3

Morimoto and Aokata (1984)

Morimoto et al. (2003) 
3
HRTF

best-matching 
HRTF

 
 

7.  

HRTF N1 N2
N1

N2 best-matching HRTF HRTF

 
(1) 54 N1 N2 P

HRTF 0.74, 
0.71, 0.31  

(2) 54 N1 N2 6

N1 N2 0.81 0.82
 

(3) 4 N1 N2
6 8

JND  

Subject HRTF 
Target vertical angle (°) 

0 30 60 90 120 150 180 Ave. 

OIS 
real sound source 0 0 40 - 10 0 0 8.3  

own HRTF 0 20 70 - 20 10 0 20.0  
best-matching HRTF 0 10 60 - 0 30 0 16.7  

TCY 
real sound source 0 0 10 - 0 20 0 5.0  

own HRTF 0 0 10 - 30 50 0 15.0  
best-matching HRTF 0 0 0 - 30 20 0 8.3  

CKT 
real sound source 10 0 60 - 10 0 0 13.3  

own HRTF 0 0 10 - 20 30 0 10.0  
best-matching HRTF 0 0 30 - 20 0 0 8.3  

MTZ 
real sound source 0 0 100 - 0 0 0 16.7  

own HRTF 0 0 100 - 0 0 0 16.7  
best-matching HRTF 0 10 50 - 20 0 0 13.3  



 
  
 

 

(4) 4
 N1 N2 0° 

( ) best-matching HRTF
HRTF  

(5) 180° ( ) best-matching HRTF
HRTF  

(6) 5
HRTF  

(7) 3
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