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D D
1 - 2
log N (x; 1, 3) = ~3 (D log 27 + Z log o3, + Z (mda—fd)> (2.9)
d=1 d=1 d

gogobboooobbboooobbbooobobbooobooboooobbooon
goobobuoooobobooooboo

2222 000000 (GMM: Gaussian Mixture Model)
gogobbuoooobobtooouobbuoooobbboooobbbooobbboooo
ggoboboooobbboooobbbooobobbuooobobobuoooobbooon
goooooooo GgMMOOOODODOO MO GMMOOOODOOOODOOODOOO
m(m=1,---,M)00000000000000000 Pr(m) = wp (3, wm = 1)
gooooooooooGMMOOOOOOODODOOODODOOODOOOO

o

Pr(x|\) Pr(m) Pr(x|m, \)

3
'[

Wi N (X5 fomy X)) (2.10)

-

3
’[

ooooaxOGMMOOOOOODOOOOOO
A =A{wm, i, Zmm =1,--- M} (2.11)

Fig. 240 100 200 GMMODOOOOOODOOOOOOOOOODOOODOOOO
goooo GMMOOOOOOOOODOOOO

OO0 GMMDOOODODOODOODODOODOODOOODODO0O0ODOO0O0OO0OOO0oDOoO0oooOn
gOoo0ooOooOoooGMMOOOOOOOOOOOOOOOOOOOOOOOOOO
ggoboboooobobboooobobboooobobobooooooboooobobooon
guobobbbdooouobobboobdoooobbbooouooboobbboooobobbo
goooboboooboobooboobOoobooboobooobDbooboobooo
oo0doooooooooo GMMOOOOOOmOOOOOOODOOODOOODOOO
OO0 GMMOOOOOOOOOO xOOOOOOOOOOODOODOODOODOO
0000 m»mOO0DODOD0O0O0O0DD0O000D00O000D00000D (x,m) 000000
0000000000 xOooo GMMOOOOOOOOOOOOOOOODOOODOO
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Pr(x|4)

0.025(
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0.01f

0.005f

0 2.4 Gaussian mixture model

bbb muobObOO0OO0o0OO0OOoobObOoobboooboobobooobboaoboog
gbobobbboooobbouoooooobobobobbbouooooooooboboboboood
000000000000000000000 EM (Expectation Maximization) O O O
OO000000000000D00D0000EMUOO0O0O0DO0OQO ExpectationDOO00O0O
Maximization 0000 200000000000000C000000O0OO0OCDOOO
0000000000000000000000000 QUDOUDOO (Expectation
0000) 00000 QUOD0OD0D00U0OUDO00O00O000D0DO (Maximization
0000) 0000000000000 00o0U0o00oo00oOoUoOoUooooOo

Expectation 00000000 OGMMOOOOODOOOOOOOOOOOOOOQRO
DbOoboobooboobo

Q(A|A) = E[log Pr(x, m|\)|A]

Pr(m|x, A) log Pr(x, m|\). (2.12)

E

m=1

OO0ONOOOOOODOOxOOOODOOODOOODOOOOOOD

Pr(x,m|\) = Pr(x,, m|\)

=

3
I
—

A

mN(XMﬁJmaEm)- (2'13)

I
1=
I3

3
Il
—
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QAN = ZZPr = k|xn, \) log iy,
+ ZZPr m = k|xpn, \) log N (xp; fi, 3r)- (2.14)
k n

000000 Maximization 000000 (2.14)000000000000000O00
0000000000000 we OO

N
o1
= nz_: Pr(k|x,, \) (2.15)

0000000000 000D 4,00

. Z Pr(k|x,, \)xp,

2.1
e = 3 ekl N (210
godoooooooooooo ﬁJkDD
- P k n» Xn — 1 n - i )t

> o, Pr(klxn, A)
gooooodg Pr(k’|xn,)\)DDDD X, 00000 kO0000O0O0O0O00o0o0oooa
goooooopoopoooogn

W N (Xp; o, k)
Yok Wi N (X3 e, i)

Pr(k|x,, \) = (2.18)

2223 000000000 (HMM: Hidden Markov Model)
HMMOOOOOOOD s; 000D000000O0OODODODOOOOOOOOOOO0
obo0obOoboboOoboOoobDooboOobOobDOoOobD sO0b0 300Db00ODOODOOD
left-to-right HMM O Fig. 250 0000000000000 HMM O left-to-right O
goobbobodoodoooobboodoooobbbooooob bbb ooooboobboo
ocoGMMOOOOOOOODOOOOOODOOOODODODGMMOOOOOOOOO
00000o00o0O0oo0OooOD HMMOODOODODOOODOODOODOO
GMMOOOODODOOODOOOOODOODOOOOODODOO0OOOOOODODoOOOooOoOO
00000000000HMMOODOODOODO0OO00OO0¢t000000000000 s(t) O
ggoboboooobbboooobbbooobobbooobooboooobbooon
0000000000000 0000DO00O00DbODO0oDO ViterhiDOODODOO
00000000 Baum-WelchOOODOOOOODOO0OO 2800000 sOO0OOOOO
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Pr(Xs) Pr(Xls) Pr(x|s)

O 2.5 HMM structure of 5 states and 3 loop

0000 x000000000 HMMOOOD

= H Asp_1,5n Z Ws,, m N (Xnj fhs,,ms Bs,,m) (2.19)
n=1 m=1

ooooodoas, .., 0DO00odoodd s, doodoodoodon s, doo
0000 (D000)00000000000000 GMMUOOOODODODODOOO EMO
O00000000000000QOOO00DOOO00DoOO
QIA) = Ellog Pr(x, s,m|A)|
M

= Z Pr(s,m|x, A) log Pr(x, s, m|\). (2.20)

m=1

gooobooooooo

N

Pr(x,s,m|\) = H As, 1.5, Ws, m, Pr(Xp|sn, mp, A)
n=1
N

asnfl,snwsn,mnN(XnQNsn,mnaEsn,mn) (2.21)

n=1

O00o00oo (2200000000

)\|)\ ZZZPr Sp—1=1,5, = j|Xn, A)loga; ;
+ ZZZPr (Sn = 7, mp, = k|xp, A) log w; i
j k n
+ D 0D Pr(sn = j.mn = klxn, ) 1og N (X fljn, k) (2:22)
j k n
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0000 Maximization 00000 (222) 0000000000000 OOOOOOOO
O00oo00000000000 a;; 0

> nPr(i, jxn, \)
Zi > nPr(i, j|x,, \) ’

Qi,j =

(2.23)

000000 w0

R > nPr(j, k|xn, \)
g = 2.24
Gk = S S Pr(j, Kl A) (2.24)

0000000000 0

. 2 nPr(j klxn, A)x,

R 2.25
Ak = S 0 Pa(j, b, ) (2:25)
00000000000 3,0
. Pr(j, k|xn, A) (% — fi.1) (Xn — fij 1)
&$:ZMZM»R )(Xn = f,1) (X0 — flj k) (2.26)

>_nPr(j, klxn, A)
gogobboooobbboooobbbooobobbooobooboooobbooon
goboobboooouobbbodooouobbooooobb bbb oLoobboboo
(MMI: Maximum Mutual Information) 00 [29] 00000000 (MPE: Minimum
Phone Error) 00O [30) 000000000

23 ODO00O0OO0O0OOO0O0O
2.3.1 CSP (Cross-power Spectrum Phase)

Fig. 26 00000000000000000000000000000 (po0p,0 pe0
. Opy-1)0000000000000D0000000000000 p,000000
0000000000000 000000000000 §0;08020--- Odop—1 00000
0000 r(t) 00000000 p; 00000000000 00000000 p; 0
0000000 s(¢) 0

Sl(t) = Oéﬂ“(t — Ti) (227)

oot ,; U000 p, 000 oooooboonoooobon pg
0000000000 p 000DD0O0ODDODODO 60

5ik =T — T; (228)

goooo
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N .
N ® : Acoustic source

1 N .
V O : Microphone
S ~

O 2.6 Wavefront propagation of an acoustic stimulus

000000000006, 0000000000000000000000000p;
00000000 s(t)0 p, 00000000 s(t) 0000000 Ry(r)00000
0000000

Rir(7) = Els;(t)sp(t + 7). (2.29)

000 FOOOOOOOO0O (2.27)DDDDDD (2.29)DDDDDDDDDD
Rk (1) = cja Ry (T — 65). (2.30)
000000000000000s;(t)0 s(#) 000000000 Gy(f)0DDOOO0O0
Gir(f) = 0 Grp(f)e 72 O, (2.31)

0000 [230000000000000000000000000000000000
oooo RY(moooooo

—+o00

ROT) = [ ¢y(HGu(f)e>I7df. (2.32)

ogg l/Jg(f)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
DDDDDDDDDDDDDD¢g(f)D

1

%“7:E$@ﬂ (2.33)
000000000000 RP(moooooo
“+o0
(p) o sz(f) 27 fT
R (r) = /_ e (2.34)
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Gir(f) _ i fbu (2.35)
G (f)]
0 (2.34)0(235) 000RP(r)000000000000000000 600000
0Doooooooo
D000 RP(r)0000000000000000000000000000000
000000000000000000O0s,0 5,000 ¢t0000000000000
0 Si(t, f)OSk(t, f)00DDOD

A

 SDS D)
A= Ta ISt ) (230)

Rii(t,7) = DFT  o(t, f)] (2.37)

0000000 R(t,7)0 CSPOODODO0O0DO0D (2.34)0(2.35)000RY ()0
r=6,00000000000CSPOD Ry(n,))00000000000 ;0000
sfslsfs)sfs]s

N
fi = argmax Rz n,l)]. 2.38
k= argt g; k(n, )] (2.38)

2.3.2 MUSIC (MUltiple SIgnal Classification)

Fig. 2700000M 00000000000 d00000000O0000000O0
KO0OOO0OODOOO0OO0O00000000000 000 ¢0000 6,000000
000000000000 S,(+)000000000000000000000000
7, =dsinf,/c0i00000000000000000000 S,(t)e0-Y7 000
O0KOO0ODOODOO0OO0O0O0000000000000000000 x(¢)0000
000000

> Sy(t)ag +n(t) (2.39)
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1,6 ]qu’e ]w27—q7 . 7e—jOJ(M—1)Tq]T
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0000000000a0000000000D00D000ON(t)D0D00O0O0OOOOO
ggobobooooobooada
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Microphone
% (t)

X5 (1) X, (t)

O 2.7 Microphone arrays model

0000000000000 00000000000000000x(t) 00000 Ry,
HEN

R.. = E[x(t)x(t)"] (2.40)

O00OCOR,, 000000000 O0O0OODOOOODOOODOOODOOODODOOOO
goo

R.r = VA VE £V, A, VE (2.41)
M 00 A1 00
As=1 o 0 | An= 0 0
0 0 Mg 0 0 Ay
Ve=[vi, -, vk, Vo = [V, , Vi)

O0O00DHOODOODODODOOR,, 00000 A, 1<m<M)OMN,000000000
00v,1<m<M)OOODOON,000000000000

)\1Z)\QZ"'Z)\K>)\K+1:"':)\M. (242)
000000000 a,()00000000000000 V,0000
a,(0)a,(9)
P 0) = d 1 2.43
uvste0) = o @IV, V iTa, @ 249

0000000000vy,---,vy 00000000000000000 vy, ,vkg 0
Vi1, - ,vy 000000000 ay,---,ax 0 vgi1,---,vy 0000000000
0 (243)0 00 6, 00000000a;,---,ax 0 Vgy1,---,vyy 000000000
00000000000 6000000Pyys;c(d)0000000000000000
Y000 ¢q0O0000000000
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When the sound source is
located in front of the parabolic
surface, any wave is reflected
toward the focal point.

Parabolic surface Focal point

‘When the sound source is not
+ located in front of the parabolic
surface, no reflection waves will
travel toward the focal point.

0 3.1 Concept of parabolic reflection
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|+ Clean speech —e- Observed speech |

1.5

\
4

Normalized Power [dB]
(e
]
Normalized Power [dB]

30 50 70 90 110 130 150 30 50 70 90 110 130 150
Direction [degree] Direction [degree]

Same text utterance for each angle Different text utterance for each angle

O 3.2 Power of a clean speech segment and the speech segment observed by
the microphone with a parabolic reflection board for each angle. The power was

normalized so that the mean values of all directions was 0 dB.
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e argmaxZZlog|Oi(w;n)|2. (3.1)
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T

p 0 (Reflection wave)

irect wave
— 0 L)

O
(Focal point)

wabolic surface

0 3.3 Observed signal at the focal point, where the input signal is coming from

directly in front of the parabolic surface
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oft) = p(t) + 3 (1 (32)
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(Input signal)

O degrees

. .
O: Focal point

Tangential line (Reflected signal)

Parabolic surface

O 3.4 Observed signal at the focal point, where the input signal is coming from § degrees

o(t), z,0z, (m=1,---,M)0000000000000DO00O00O0O00OO0DOO0
gogoooboboboboobobooobbobbbbbb nUO00ooooooooOoDOOoODO
(3.2) 0000000000000

o(t) = s(t) % hy(t) + Y s(t —7) % hp(t) (3.3)

st)Dr000000000000000000O0AR,OR, 0000000000000
gobobbooooboobbooooboobbooduobonboooobbboooobo
gooooooooooo

O(w;n)
M
~ S(win) - (Hp(win) + e 2™ Y " Hy (w;n))

= S(w;n) - (Hp(w;n) + Hy(w;n)). (3.4)

H,00000000000000000000O0O0O00000O0O0O0O0H,,O0000A0
gobboooobbboooobbboooon.

O00Fig. 3400000000000000000 00000000 ODODOOOO
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O(w;n) = S(w;n) - Hy(w;n). (3.5)
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Microphone
¥ (Focal point)
Rotation
manually

70 degrees  wmmmmp 00 degrees — em—) 110 degrees wmmmmmp 130 degrees

O 3.6 Rotated active microphone

3.24 0O00O0O0O0OOO

Fig. 3.500000000000000000000000000000000000
0000000000000000000000000000000000000000
000 Fig. 3.60000000000000000000000000000000

0 (3.4)0(35)0000000000000000000 4000000400000
000 Hy(w;n) O

Og(w;n) = Sp(w;n) - Hyp(w;n)
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® : Acoustic transfer function
<« : Distance

' (2) [ (b)

0 3.7 Acoustic transfer function in a feature space for each angle of the active
microphone. (a) The case that the direction 0 has the acoustic transfer function
which is the farthest from those of other directions. (b) The case that the acoustic
transfer function of 4 is similar to most of the acoustic transfer functions of other

directions.
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0 = argmax Z(FI@ — Hy)? (3.7)
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z(t) =Y s(t—1)h(l) (3.8)
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O(w;n) =~ S(w;n) - H(w;n) (3.9)
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0000000000000000000wO00000000000
000000000000000000000000000000000000000
000000000000000000000000000000000000

Ocep(d;n) = Scep(d;n) + Heep(d;n) (3.10)
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000000000000000000000000000000000000 MFCC
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002212000000000000000000000000000000 (3.9)00
0(3.10)00000000000000000 [42)0000000000000000
000000000000 0000000000000000000000000000
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000000000000 00000000000000000000000
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Heep(d;n) = Ogep(d;n) — Seep(d;n). (3.11)
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H = argmax Pr(O|H, Ag). (3.12)
H
000 A OD0OO0O0ODOOGMMOOODOOODOOOODOO

)\5 = {wk,u,(cs), EECS)}, Zwk =1 (3.13)
k

ka,ukDE,(f)DDDDDDDDD kO0O0DO0O0O00OOOoO0OooOoobooogoooooo
0(00000o0ooUoOo)0ooo
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QUH|H)
= E[log Pr(O, c|H, \g)|H, \s]

_ Z PI‘(O, C’H7 )\S)
B Pr(O|H, \s)

-1og Pr(0, ¢|H, Ag) (3.14)
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Pr(0,c|H,\s) = [ [ wem) Pr(O(n)|H, As) (3.15)
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We(n) U On)0000O0n0000000000000O0O0UDOOOOOOOOOO
00000 (3.10)0000000000000000000000O00O0UO0DOO0O0
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Pr(O, ¢|H, \g)
S A S
T wemy - N(OW); ), + H(n), L)) (3.16)

N(O;M,E)DDDDDDDDDDDDDDDDDD (3.14)DDDDDDDDDDDD
[45]0

QUH|H)

= ZZPI‘ = k|As) log wy,
ZZPr = k|\g)

Jog N(O(n); 1l + H(n), 2. (3.17)
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0 3.9 Performance of an active microphone with a parabolic reflection board
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0 3.10 Shotgun microphone (SONY ECM-674)
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O 3.11 Performance of a shotgun microphone without a parabolic reflection board
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* Conventional single-kernel SVM
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0 4.3 A conventional SVM with single-kernel, original MKL for SVMs and a
new weighting method based on MKL
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k(H;, Hy) = >, Biki(Hy, Hy) (4.10)
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k(Hi, Hy) = 2, Baka(Hi(d), H;(d)) (4.11)
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O 4.1 Mean square error of the acoustic transfer function separated using a
clean speech GMM, clean speech HMMs with the 1-best hypothesis and HMMs
with the correct transcription. The MSE of the observed speech was calculated
by substituting O(d;n) for H(d;n) in Eq. (4.14).

Observed HMM HMM
speech GMM  (1-best hypothesis) (correct transcription)
MSE  9485.97  2264.33 2096.14 1968.36
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Ground truth of the ATF
ATF estimated using GMM

——— ATF estimated using HMM with 1-best hypothesis
—o— ATF estimated using HMM with correct transcription
— — — Observed speech
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0 4.6 Mel spectra of the ground truth of the acoustic transfer function (ATF),
estimated acoustic transfer functions and observed speech of a sample frame
(top figure). The bottom figure is a close-up of the estimated acoustic transfer

functions.
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0 4.2 True positive rate [%] of comparison methods for each position and av-

erage of true positive rates (accuracy)

Average
30°  90° 130° (accuracy)
SVM with single kernel 952 794 824 85.7
MKL-SVM with an identical 92.1 90.8 87.0 90.0

kernel dimensionally
MKL-SVM with different 92.8 96.8 84.1 91.2

kernels dimensionally

0 4.3 False positive rate [%] of comparison methods for each position and av-

erage of false positive rates

Average
30°  90° 130° (accuracy)
SVM with single kernel 20.3 0.2 225 14.3
MKL-SVM with an identical 13.0 1.5 15.6 10.0
kernel dimensionally
MKL-SVM with different 141 3.0 9.0 8.8

kernels dimensionally
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0 4.4 Feature weights for some cepstral dimensions trained using MKL for each

position. Bold type shows the highest weight for the position.
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0 4.7 Mean acoustic transfer function values for some cepstral dimensions
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0 4.8 Localization accuracies [%] as a function of the number of training data (words)
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0 4.9 Localization accuracies [%] as a function of the number of positions
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0 4.5 Localization accuracies [%] for each set of positions

SVM  MKL-SVM

30, 90, 130 deg  85.7 90.0
10, 30, 50 deg 58.0 68.7
70, 90, 110 deg ~ 42.8 24.9

0 4.6 Confusion matrix [%], where the testing position (Actual) that was not
pre-trained is estimated as the most likely position from the set of pre-trained
positions (Predicted).

Predicted
degree | 10 50 90 | 130 | 170
30 32.7 1352 | 0.2 | 179 | 14.0
Actual 70 5.2 | 42.3 | 26.7 | 239 | 1.9
110 1.2 | 239 | 51.8 | 18.7 | 44
150 4.4 | 19.0 | 1.7 | 40.0 | 34.9
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0 4.7 Localization accuracies [%] for a noisy environment and multi-talker situation.

SVM  MKL-SVM

clean 85.7 90.0
whitenoise 45.6 49.4
multi-talker  40.2 46.0

0 4.8 Confusion matrix [%] for multi-talker situation, where a non-target
speaker spoke at a position of 30 degrees.

Predicted
degree | 30 90 | 130
Actual 30 989 | 1.1 | 0.0
90 63.6 | 36.7 | 0.3
130 94.2 | 34 | 24
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0 4.9 Localization accuracies [%)] using the speaker-independent HMM and
speaker-adapted HMM for estimating the acoustic transfer function. (The speech
data for training the position and testing were uttered by the same speaker.)

SVM  MKL-SVM

speaker-dependent HMM 85.7 90.0
speaker-independent HMM  80.3 81.7
speaker-adapted HMM 80.7 82.1

0 4.10 Localization accuracies [%] using the speaker-independent HMM and
speaker-adapted HMM for estimating the acoustic transfer function. (The speech
data for training the position and testing were uttered by different speakers.)

SVM MKL-SVM
speaker-independent HMM  58.6 58.8
speaker-adapted HMM 73.1 71.7
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(Each training position)
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0 5.3 Training process for the acoustic transfer function SGM
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O 5.4 Composite model of the mixed speech of two talkers using CRS model
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O 5.5 Composite model of the mixed speech of two talkers using DTRS model
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Both talker positions

At least one talker position

340,

18.1 v‘
g |%
1 5

Number of training sentences

I
10 ‘

Number of training sentences

B CRS model
(] DTRS model
DTMS model

0 5.10 Two-talker localization accuracies [%], where the number of positions is

five. Test data consists of 100 speech segments having a time length 1 sec.
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three. Test data consists of 50 speech segments having a time length 5 sec.
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five. Test data consists of 50 speech segments having a time length 5 sec.
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0 6.1 A head orientation estimation system based on a network of microphone arrays
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0 6.3 Experimental room environment and the loudspeaker position. The di-
rection of each position means the direction from the microphones.
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0 6.4 The head orientation of the loudspeaker for each position
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O 6.5 Photo of the recording environment
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0 6.1 Localization accuracy [%] of the proposed method for each position (pos.),
where the number of the possible orientations (ori.) is one (90 degrees, top table),
three (0, 90 and 180 degrees, middle table), and five (0, 45, 90, 135 and 180
degrees, bottom table)

ori. \ pos. pos. 1 pos. 2 pos. 3
90 deg. 95.1 78.6 83.3

ori. \ pos. pos. 1 pos.2 pos. 3

0 deg. 92.2 75.0 93.2
90 deg. 95.6 79.5 76.1
180 deg. 83.4 88.4 79.1
average 90.4 81.0 82.8

ori. \ pos. pos. 1 pos. 2 pos. 3

0 deg. 90.2 73.0 92.2
45 deg. 90.5 77.3 84.9
90 deg. 92.8 76.5 74.1
135 deg. 83.4 74.2 58.6
180 deg. 80.9 88.6 77.1
average 87.6 77.9 77.4
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0 6.6 Mean values of the acoustic transfer function for each position fixing the

head orientation at 90 degrees

0 6.2 Estimation accuracy [%] of the sound-source-direction using CSP analysis

for each position and the orientation within an error of 20 degrees.

ori. \ pos. pos. 1 pos. 2 pos. 3

0 deg. 65.7 100.0 87.5
45 deg. 100.0  100.0 99.1
90 deg. 100.0  100.0  100.0
135 deg. 100.0  100.0 99.1
180 deg. 89.4 100.0 75.9
average 91.1 100.0 92.3
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0 6.3 Orientation estimation accuracies [%] for each fixed position (pos.), where
the number of possible orientations (ori.) is three (0, 90 and 180 degrees, top
table) and five (0, 45, 90, 135 and 180 degrees, bottom table)

ori. \ pos. pos. 1 pos. 2 pos. 3

0 deg. 73.5 78.5 93.7
90 deg. 81.2 68.1 68.4
180 deg. 75.9 74.8 66.4
average 76.9 73.8 76.2

ori. \ pos. pos. 1 pos. 2 pos. 3

0 deg. 65.7 70.8 86.9
45 deg. 40.8 8.9 55.6
90 deg. 59.0 54.7 48.9
135 deg. 23.6 28.8 32.1
180 deg. 72.6 72.9 50.5
average 52.3 47.2 54.8
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O 6.7 Mean values of the acoustic transfer function of three head orientations
(90, 135 and 180 degrees) fixing the location at position 1.
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0 6.4 Localization and head orientation estimation accuracy [%], where the
number of head orientations is three (0, 90 and 180 degrees, top table) and five
(0, 45, 90, 135 and 180 degrees, bottom table)

ori. \ pos. pos. 1 pos.2 pos. 3

0 deg. 70.6 58.1 90.2
90 deg. 80.7 04.7 49.4
180 deg. 61.9 1.7 56.8
average 71.1 61.5 65.5

ori. \ pos. pos. 1 pos. 2 pos. 3

0 deg. 63.9 529  82.1
45 deg. 404 5.9 54.2
90 deg. 57.7 404 34.9
135 deg. 152 173 6.2
180 deg. 571 72.6 444

average 46.8 37.8 44.4
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