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Abstract This paper presents a talker’s head orientation estimation method using only a single micro-
phone, where phoneme HMMs (Hidden Markov Models) of clean speech are introduced to separate the
acoustic transfer function at the user’s position and head orientation. The frame sequence of the acoustic
transfer function is estimated by maximizing the likelihood of training data uttered from a given position
with a given head orientation. Using the separated frame sequence data, the user’s position and the head
orientation are trained by Support Vector Machine (SVM) in advance. Then, for each test utterance, the
frame sequence of the acoustic transfer function is separated based on the maximum likelihood estima-
tion using the label sequence obtained from the phoneme recognition, and the user’s position and head
orientation are estimated by discriminating the separated acoustic transfer function using SVM. The
effectiveness of this method has been confirmed by talker localization and head orientation estimation
experiments performed in a real environment.

Key words head orientation, talker localization, single channel, reverberant speech, acoustic transfer

function

goobooooooooocoooboboboooobooo

gooooooobooooobocoboooboobooooon

gboboooooooooobooooooood ooooooooooooooooooboboooooon
oobOoooooboobooooooooooboooo gobooooooooobooooooooooooooon

1. OO0 o0an



gooooooooboooooboooobooooon
gobooooooooooooooooboooooooaon
goooooboooboooooooooboobooogon
gbooooooooobooooooo
goooooboooobobbooooooooboooo
0000oo0o0o0ooo0oooo0oooOoO0OnoooMUsIC
(MUltiple SIgnal Classification) O CSP (Cross-power
Spectrum Phase) 0000000000000 O00O0O
goboobooboboobooboobooboon
0000000000 [0[4000000000000
gbooooooooboooooboooobooogn
0000000000000000 [5,[6]0
gboooooobooboooobooboobooobog
goobooooobooooooooboooooooon
000000 (7000000000 00000000
goobooooooobooobooooooboobogoon
gboooooooooooobooboooboobooooon
000o0oo0oooo0ooooOoOoo roooooooo
0000o0o0ooooooooooooood SRP-PHAT
(Steered Response Power with the PHAse Transform)
O00000OO0OO0oO0oOoDOoOoOoODO SRP-PHATO OO
gobooboooboobobooboooboobobo
gbooboooooboboocboooobooooooon
0000000000000000000 (8),[9] 000
gboooooooooooobooobooooboobooooon
000000000009 000000000 [7]00
gooooooooooooboooboooboobooooon
oooooooooooooooooooooooDo
goooooooooooboobooboobooooon
gbooooboooocoboooocobooboobooooon
oo0o
gooobOoooooooboboooooobbooo
goboooobooboobooboobooboon
gbooboooooooooboboooboooooooon
goooooooooobobooooooooooogn
gboooooboooooooobooooboooon
goobooooooobooobooooooooogn
gooooooooooooobooboobooooon
0000000000000000 [11)0[14)0
gooooboooooboooobooboooooboooo
gobooouobobooobooooobooooobooOoooboo
gooooooooooboooooooboooboooooon
gooooooboocooooobooboooboobooooon
O0o0oooOoooooOooosUouoooooo
gbooooobooooooooooooooboooobooon
goooobo gMMOOOO0O0OO0O0DOOOOOOOO0D
gbooooobooooboobooooboooooboooon
gooooooooobooooboooooooooooa
gooooobooooobooooooooooon

gboooooooooooooooobooboooo
gooooooooodooooobooooboobooooo
goooooooooboooboobooooboooon
goboooobbooooooooooooboooooboo
goooooooooooooooobooboooobooo
gboooboooobooobocoboooobooboooooon
gooooooobobobOoooooobooDboDo
gbooboooboobooooobooocoooboobooon
gooooooobooobooboobooboobooooo
gbooobooooobooooboooobooooon
goooooooobooooboooobooogn
gboooooooobooocobooobooobooooon
goooboooboooobos3sobooooooooogn
goooooooooo

2. JO0bOooobooboooobooooboo

2.1 0000000
000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0ooooooo

000000000 100000000000000
0000000000000000000000000
00000 60000000000 ¢00000000
000000 0%Y nooDoo000o000000
00000000 HMMOOOOOOOOOOOOOO0
oooooooooooooooooo &%% o svm
(Support Vector Machine) 0000000000000
ooooo oY ooooooo0oO0DOoOoO0Oono
0000000000000000000000000
0A%Y 00000000 SVMOOOO0O0D00000
00000000 (6,§) 000000

2.2 D0 HMMOOOOOOOOOOODO
000000 HMMOOOOOOOO 000000
000 HOOOOOOOODOOOOO0O0OO000000
0000000000 SO00000000 HOOOO
000000000000000000 »000000

OO0 oooboooooa
Ocep(d;n) & Scep(d;n) + Heep(d;n) (1)

ooooooodOooooooooooooooooo
gboooooooobooooboooobooooo
goooobooooobooobooooooooooboon
gbooobooooobooooboooobooooon
ooooog soooooooooooooo HO

Heep(d;n) = Ocep(d;n) — Seep(d;n) (2)

— 2 —



[User’sposition:¢}@ Jdooooooooooooo
Head orientation : @

QUT|)

6 Single mic.
training data test data = E[log Pr(O, p, by, cp|H, As)|H, As]

(observed speech)  (observed speech) . Pr(0,p,bp,cp|H,\g)
0 lo(aﬁ,a) 8*&8 fal =2, Ebp ECP T PrO[HAs)

train l

wouoyd yoey)

test A
Estimation of acoustic transfer function </1_s 8"8"8 / f?/ -log Pr(O, p, by, cp|H, As) (4)
using clean speech HMMs (Figure 2) : -
[0 £760) Phoneme HMMs= 4,00 ¢, 0000000 pO0000 HMMOOOOODODO
train rest of clean speech 0000000p0b0c00000 Pr(O,p,by, Cp|E[7 As)

Training for each pair of position

and head orientation using SVM ooooooooooooa

Pr(O, p, by, cp|H, \s)

|Classiﬁcation of acoustic transfer function using SVM

_ , l(¢_’_9) - = I @b, (n-1).bp () Woy (n) e (m)
Estimated pair of the user’s position and head orientation .
-Pr(O(n)|p, bp(n), cp(n); H, As) (5)

nJedwO0O00O0O00O0COO0OO0O0OOCOOODOOO

01 O000o0ooo
@[Uwﬂyﬁ@m¢} g&é&éﬁm 00D000000D(1)000 00 SO HOOODO
- \Head orientation : § 00000000 000000000000 HMMOD

?Q@EMQ 8M%4%@= 00000D00000000000
: B
Phoneme HMMs Pr(O,p, by, cp|H, As)

Ob d h
serves speee o0 A of clean speech

Phoneme recognition

oyd yoeg)

!

= I, ab(n-1),6(n) Wo(n),e(n)

using clean speech HMMs N(O(n); M}()i_)’k + ﬁ(n)’ Ez(jsj)k) (6)
Recognition results
(label data) N(O;p,2)0000000000004,055, 0

Concatenation of 0000 SO000 b(n)=400000 ¢(n)=k000
phoneme HMM
0000000000000 (0000)0000000

8#8“8+m48%843 0000 (40000000 [16]0

"0(“”9) | As (Concatenated HMM) R
Estimation of the acoustic transfer function Q(H|H)
using the concatenated clean speech HMM => 3. >3
P 2 J n
7 (4.0) _ (4.0) . .
) =argma pil0*) | 1. Pr(O(n), p, by(n) = j,bp(n — 1) = i| H, As) log ap,i,;
Estimated acoustic transfer function
+ Zp Z J Zk Zn
02 D0 HMMOODOO0000000 Pr(O(n), p,by(n) = j, cp(n) = k|H, As) log wp, .k
+ Zp Z J Zk Zn

O000oo0o00oooooooooooo sooo

D0000000 HOOOOOOODOOOOOOOO0OOO Pr(O(n), p, bp(n) = j, cp(n) = k| H, As)

S Fy S
S000000000000000000000000 Qog N(O(n); ) + H(n), 25, (7)
Do onn HODD0OD 000O0HOOOOODOODOOO0OOODO0OO0O0O0D00O0

gbooooooocoboooo 2000000000 ooo
0ooooooooooo MFCCOOO HMMOOO

O000000HMMOOO00000O0O000000 Q(H|H)
00000000000000000000000000 =, S ()
00000000 HMMO0OO000000000000 5)2
- 25:1 {% IOg(Q“)DU;,]’),k,d
0000000000000000000000000
(0@dm)—pl®) —H(din))?
EMMOO0OO0O0OO0000O0 HMMOOOOO0O0OO ks (8)
0000000000000000 MFCCOOOOOO 20, j.k,d
H= arg;{nax Pr(O|As, H) 3) Yp.j.k(n) = Pr(O(n), p, j, k|\s) (9)

2
As00000000000000000000@) 00 Dbooooog®), 06, , 00000000000
D0 EMODODDODOOO0ODD0O0OOODO0000Q O0Od0000000000000d000000000

— 3 —



130°

T000 mm " ‘d
o ’dE

300 mm!

3170 mm

1500 mm

40°

6260 mm

03 0DO000

O

04 0O0O0O0O0DCOOOOOOOCOOOO

00000000000 HOOJQH|H)/OH =0
000000000000

()
EP Ej 2k ’Yp»j,k(n)Tzl’Wl

Tp,j.k.d ) (10)
3.k (1)
Zp Zj 2k 7:(2)’;

p.J,k.d

H(d;n) =

(lo)d0o00O0o00o0UO0UDOOoDOOOOUDO
00o00o0oooooo svMOoOoooooooooo
goooooooooobooooooooooobo

3. UoOn0O0O

3.1 0000

goooooooooobooooboobooboooo
gobooooooboooboo 3bobooboooboooon
gboooooo0ooO0ob 400000 63 m x 32 m
x28m (WxDxH)OOODOODODOOOOOOOO
gooooboooboooooooooooboooooon
gooooooooobO0o0 2ch0O000O0O00O0ODO
go0o00o0ooooo00 2ch000000000O00O0O
gooooobooooooooooooooooooon
goboo0d 3s0omsecdd0O0O0O00OOOOOOOOn
000 1.5mO000000090° 000000000
goco00oO0oo0oo0ooUooUo s0000ooooo
0 BOSE Mediamate 1000000000 0O0O0O0O
00 (SONY ECM-66B) D0 OUOOoOoOooooooo
40°090°0130°0 3000000000000 0O0 0°0
45°090° 0 300000000O0DO0OLOOOOO 90U
ooooo

Microphone

06 B

o4t E

02r B

- L L L ! L I L

o oz 04 ik 08 1 12 14 16 18

05 00009°0000000000 00000000
ooo

01 00obo0ooOo0oOoobOo0oOoooOo0ooocsPOO
goooooooooooooo

Position | 40 deg. | 90 deg. | 130 deg. | average
Accuracy [%] | 83.6 93.5 98.3 91.8
CSP [deg.] | 40.9 90 131.4 -
15
- 10r
5
s 5r
15}
£ of
s}
(9] 5t
=
S0t
(é x
£ 15t
2 o . 290 deg.
2 207 ori. : 0 deg.
N o5tk . pos. : 130 deg. L |
~ ori :0deg. *
230 T T T L L L L
-25 -20 -15 -10 -5 0 5 10 15

1st principal component

06 ODOOOOOOOOOOOOOO

goooo0o ATROOOODOOOOOQOOODOOOO
0A0O0O0O0O0OO01000000000O0ODODOOOODOO
000 12kHzO0ODO 32 msecd 0000000 8 msec
gooooo MrFCCl6eODODODDOOOOODOOOO
goooooooOoobooOooOoobDoooooog HEMM
g0d2620000000000000000 40000
HMMOOOODO 300000 320000000000
goo0oO0os00000000D0 116600000000
00odoo4-fold00D0D00ODOOO0OO0O0O0OOOOO
goboooooboobooooooooooooobobooooboo
goboobooobooboobooobooboobooo
0000o000svMOO SVMYM 1710000000
00 RBF (Gaussian) 00000000 O one-vs-rest O
gooooooobooboboobo

3.2 0O O0OO

3.2.1 J0000O00OO0O0ObOObOO

gbobooboooboooooobbooboobobooo
ooooc00o0000o0oU0oooUoooooooo



02 0000000 (pes)D00O0O0DOODOOOOOOO
(ori.) 0000000 DDDOOOOODODO 2(0°090°)
000000000000000D00 3(0°045°090°)
gooooooooooo

pos. \ ori. | 0 deg. | 90 deg. | average
40 deg. | 81.6 84.3 83.0
90 deg. | 96.1 92.6 94.4
130 deg. | 94.4 93.7 94.1
average | 90.7 90.2 90.5
pos. \ ori. | 0 deg. | 45 deg. | 90 deg. | average
40 deg. | 73.0 20.0 86.7 59.9

90 deg. | 97.1 10.2 90.1 65.8
130 deg. | 82.8 33.7 97.1 71.2
average | 84.3 21.3 91.3 65.7

000oO0o0ooooOooooocspO 2000000
000000000 000ooooOoo 1o0o00gcspO
0 GCC-PHAT (Generalized Cross-Correlation PHAse
Transform) 00000000000 O00000O0O0O0O
goboooobboooobbooouobbooboboboo
cCSspOOOO0O0OODODODOOOOO30ecm O0OO0OO0O
000 2ch 00000000000 OCOOOCOODOOO
gogooccspOiooOoOoOoOoOoOooooOoDbooOg
gbobobobobooboooooooboobobo

CSP(r)

_ DF7*1{<DFT@KU)'DFT%OAU)} (11)

|DFT(o(t))] - IDFT (0r(1))]

7 = argmax CSP(7) (12)

70y 180

ds- fs T (13)

degree = cos™! (

o) o(t)00000000000000O00000
000000000+4000000000000000
000COdsO fs00000000000000000
00000000000
00D0O0CSPOOOODOOODOOODNOOOOOODO
0000000000000000000000000
000000000000000000000000 6
000D0000D00000D00000D00000000
0000000000000000000 (2)0000
0000000D00000D00000D00000000

O20000000000000000C0DOO0DOO0O

130°00000000000O0Oo0oooooooo
00000040°000000000000000O0O0O
oobooooobobcoobooooooo
3.2.2 0O00O0OO0OOOOOODOOODDO
goooooooooooooooboboooooaa
gobooooobooboOobooooboooboooo

10t pos. : 90 deg. ||
% ori. :0 deg.
= S5f pos. : 90 deg.
o .
= ori. :45 deg. ||
g pos. : 90 deg.
° 5 ori. :90 deg. H
<
RIS 1
=
£ 15t i
= X
A X e 4
E -20¢ N
25t A% d |
230 L L L L L L L
-25 -20 -15 -10 -5 0 5 10 15

1st principal component

07 00009 000000000000 DOOODODOOO
oooo

03 0000oo0o0ooooooooooooooo ecspOoOn
ooooooooo

pos. \ ori. | 0 deg. | 45 deg. | 90 deg.
40 deg. | 40.9 | 40.9 | 40.9
90 deg. 90 90 90

130 deg. | 131.4 | 1314 100.9

gooooobooooobooooobooooogon
200 (0°090°) 0000000000300 (0°045°0
90°) 0000000000 2000000000000
00000000000 0°0Y° 0000000084
%00000000000000000D0UOO0ODOO
45°0 0000000000000 00DO0OUDOOOOO
oooo9o°iooUiooUooUuooUoouoooo
goooob robooooooboooobobooooo
gbooooooooooboooboooobooooon
0000o00o00o0oo0ooooooooo 45’0
gbooooooooooobooooobooboobooooon
oo

000o0oooooooooooogcesepooooOOO
goooooooocooboobodono socooooooooo
gooooOooogoo cspooooDoOoOoOoOOooOoOO
gooooooooooooooo

3.2.3 000O0ODOODOOODOOOOODODOOO

oo

goboooboooboobooboobooboboooo
gboooooooobooooboooobooooon
gobooobooobooboooboooodo 2000000
goooooooo3soooooooooooooon 4
gooooooooooooooooobooooooooon
gooooooooooooooooooooooooo
o000 45° 00000000o0ouooooooooo
goooooooooboob 20000000000
80 % 0300000000 UDG0% UDOOLOOLOOO
goooooboooboooooboooooooooDboo



04 O000O0O0O0O0OOOOOOOOOOOCOOOOOOO
00000000 2(0°090°)000000000000
00000 3(0°045°090°) 000000000000

0 deg.
48.6
87.2
95.0
77.0

90 deg.
70.8
93.4
84.5
82.9

pos. \ ori.
40 deg.
90 deg.
130 deg.

average

average
59.7
90.3
89.8
79.9

pos. \ ori.
40 deg.

90 deg.
130 deg.

0 deg.
44.3
83.7
76.8
68.3

45 deg.
15.7
29.8
50.8
32.1

90 deg.
68.2
84.9
87.5
80.2

average
42.7
66.2
1.7
60.2

average

4. OO OO

goooooobooboooboobooboboooo
obooboooobooooboooboooboobooooon
goboooooboobooboooobooooooo
oo0O0000ooooDO0O00O0 HMMOOOO0O00O0O
O00o0oO0opoooooosvMOoOoOoOogooooooo
gooooooboooooboboooboboooooo
ooobooooobooooboobooobooog
ooboooboooOoooOo 30ooooooooooo
00 2000000000000009%%00000
000000 300000000000000 87.5%0
uobodobooobooooboooobooooooo
gooobooobooooobooboobooboooo
O0000o0O0oOoUo 4 0000oooooouoo
ooooooooooooooobooooboooo
oooboooooboooboooooboooboooo
goooooobooboOobooboobooboooo
gobooboooboooooboooooooobooooo
goboboooooooobooooobooooooo
oooOooooboooooboooooooobooooo
ooooooooo

a a

[1] D. Johnson and D. Dudgeon, “Array Signal Process-
ing,” Prentice Hall, 1996.

2] M. Omologo and P. Svaizer, “Acoustic event localiza-
tion in noisy and reverberant environment using CSP
analysis,” Proc. ICASSP96, pp. 921-924, 1996.

(3] F. Asano and H. Asoh and T. Matsui, “Sound source

IEICE
Trans. on Fundamentals of Electronics, Communica-
tions and Computer Sciences, E83-A, pp. 2286-2294,
2006.

[4] Y. Denda and T. Nishiura and Y. Yamashita, “Ro-
bust talker direction estimation based on weighted

localization and separation in near field,”

CSP analysis and maximum likelihood estimation,”
IEICE Trans. on Information and Systems, E89-D,
pp- 1050-1057, 2000.

5] F. Keyrouz and Y. Naous and K. Diepold, “A

7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

new method for binaural 3-D localization based on
HRTFs,” Proc. ICASSPO06, pp. V-341-V-344, 2006.
M. Takimoto and T. Nishino and K. Takeda, “Esti-
mation of a talker and listener’s positions in a car us-
ing binaural signals,” The Fourth Joint Meeting ASA
and ASJ, pp. 3216, 2006.

A. Brutti, M. Omologo, and P. Svaizer, “Oriented
global coherence field for the estimation of the head
orientation in smart rooms equipped with distributed
microphone arrays,” Proc. Interspeech05, pp. 2337-
2340, 2005.

J. M. Sachar and H. F. Silverman, “A baseline algo-
rithm for estimating talker orientation using acous-
tical data from a large-aperture microphone array,”
Proc. ICASSPO04, vol. 4, pp. 65-68, 2004.

C. Segura, A. Abad, J. Hernando and C. Nadeu,
“Speaker orientation estimation based on hybridation
of GCC-PHAT and HLBR,” Proc. Interspeech08, pp.
1325-1328, 2008.

M. Togami and Y. Kawaguchi, “Head orientation es-
timation of a speaker by utilizing kurtosis of a DOA
histogram with restoration of distance effect,” Proc.
ICASSP10, pp. 133-136, 2010.

T. Kristjansson and H. Attias and J. Hershey, “Single
microphone source separation using high resolution
signal reconstruction,” Proc. ICASSP04, pp. 817-820,
2004.

B. Raj and M. V. S. Shashanka and P. Smaragdis,
“Latent direchlet decomposition for single channel
speaker separation,” Proc. ICASSP06, pp. 821-824,
2006.

G.-J. Jang and T.-W. Lee and Y.-H. Oh, “A sub-
space approach to single channel signal separation
using maximum likelihood weighting filters,”
ICASSPO03, pp. 45-48, 2003.

T. Nakatani and B.-H. Juang, “Speech dereverbera-
tion based on probabilistic models of source and room
acoustics,” Proc. ICASSP06, pp. [-821-1-824, 2006.
R. Takashima, T. Takiguchi, Y. Ariki, “HMM-based
Separation of Acoustic Transfer Function for Single-
channel Sound Source Localization,” ICASSP2010,
pp- 2830-2833, 2010.

B.-H. Juang,
mixture multivariate stochastic observations of
Markov chains,” AT&T Tech. J., Vol. 64, pp. 1235-
1249, 1985.

T. Joachims, “Making large-scale SVM learning prac-
tical,” in Advances in Kernel Methods - Support Vec-
tor Learning, B. Scholkopf, C. Burges and A. Smola,
Ed. MIT Press, 1999.

Proc.

“Maximum-likelihood estimation of



