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Distant-talking Speech Acquisition Using
Acoustic Distance Measurement and

Microphone-array in Noisy Environments

Masato Nakayama

Abstract

A hands-free speech interface has become essential as a stress-free, efficient con-
troller of information equipment by general users. And it requires distant-talking
speech acquisition. However, distant-talking speech is distorted and degraded by
environmental noises and reverberations. Microphone-array technology is an ideal
candidate for overcoming this problem. In high-quality distant-talking speech ac-
quisition using a microphone-array, two technologies are required: 1) direction (or
position) estimation of the talker and 2) beamforming by steering high-sensitive
directivity for the estimated direction (or position) of the talker.

Accordingly, in this thesis, the author discusses a noise-robust distant-talking
speech acquisition method consisting of three components: (I) robust acoustic dis-
tance measurement based on interference in noisy environments, (II) talker localiza-
tion based on interference between transmitted and reflected audible sounds, (III)
noise-robust distant-talking speech acquisition using an adaptive microphone-array
based on vowel/consonant features.

As component (I), the acoustic distance measurement method based on the in-
terference between the transmitted wave and the reflected waves is expanded to a
noise-robust method in a noisy environment, which is necessary for a distance sen-

sor. Distance sensors are very important in numerous engineering fields. In order
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to measure distance in a low-signal-to-noise ratio (low-SNR) environment, the au-
thor introduces a concept from synchronous addition and spectral subtraction to
the proposed method. FEvaluation experiments in a real environment reveal that
the proposed method was valid and effective because the proposed method could
measure distance in a low-SNR environment.

As component (I), a talker localization method is proposed by expanding the
acoustic distance measurement method to a microphone-array because the acoustic
distance measurement method can measure distance with component (I) in a noisy
environment. In addition, the talker’s speech can be used for estimating the direction
of arrival (DOA) of the talker. Therefore, the author proposes the combination of
the proposed method and the cross-power spectrum phase (CSP) analysis method,
which is a DOA estimation method. As a result of evaluation experiments in a real
environment, the effectiveness of the proposed method was confirmed.

Finally, as component (II), using a talker position estimated by the talker local-
ization described above, the author proposes an adaptive microphone-array based
on vowel/consonant features designed under the condition of a constraint that tol-
erates distortion of the desired signal. In addition, vowel/consonant segmentation
is required in order to realize the proposed method. Therefore, the author uses
phoneme recognition with the hidden Markov model (HMM) for vowel/consonant
segmentation. The results of the evaluation experiments revealed that the proposed

method was effective in a low-SNR environment.

Keywords:

Microphone-array, High-quality distant-talking speech acquisition, Acoustic distance
measurement, Talker localization, Adaptive microphone-array, Vowel /consonant fea-

tures
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ggd

N
v (b2) = 3 Ay peitin Ot e 2110 (3.2)
=1
0000d,0 nDDDDDDDDDDDDDDD%mej‘f’i’"D nO0O00000000
goooon

0000 0000000000000 0000000 ue(t,x)DODOODOOO

va(t,x) = b(t) * (vp(t,z) + Z Ug, (t,x)) +w(t), (3.3)
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O0000«x000000000y) 000000000000 DODOOOOUDOO
O000000w() 0000000000000 OooOO

00000000 z=0000000000w(t,0)000000000000
oboogd

o0

Vo(f,0) = / vo(t, 0)e 2t qt, (3.4)
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0000000y,..,w<l000000000 (3.1)0(3.5)000p(f,000000
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p(f.0) = JANPIBNHHL+CU}+ W NI, (3.6)

) = 2D gwcos(TLE ),
n=1
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F(f) = /OO f(t)e 32 Itqt, (3.11)
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3.3.1 JUguoooouooooobood

OoOoooooboboOooDboDbOobOOooobOOoobobOobobOO0OO0oboO Synchro-
nous Addition; SAO[64]0 000000000 00000 Spectral Subtraction; SSO
610 000000000000000000O0000SA0DDODOOOOOOOOn
gbogbouooobbobooobboooobboouoboobobooobbbobn
O0SADOODOOOOOOOOOO

|

B(t) = x(t) + ! Zwi(t), (3.15)

DDDDi’(t)DDDDDDDDDDDDDDWDDDDDDDDDDDDDDD
w,()000000000L000000000000 (315000002000
00000 2()0000000LY% w()00000000000000000
DDDDDDDWDDDDDDDwi(t)DDDDDDDDDDDDDSADDDD
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SAD OO OO0 Ob(t)*(vr(t, 2) 15" omn(t, 2)) O b()*(wp(t, 1)+ vgn(t, )0
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3.4.1 JO0OU
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031 000odagdobobogogobooadg

Microphone AUDIO-TECHNICA, AT-805F
Loudspeaker FOSTEX, FES7TE

Speaker box DAITO-VOICE, SV-70

Power amplifier YAMAHA, A100a

Microphone amplifier AUDIO-TECHNICA, AT-MA2
Audio interface M-AUDIO, MOBILE PRE USB
Target Plywood square

(H0.3m x W 0.225 m x D 0.05 m)
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NRR = 101logy £, (3.23)
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ky by gy ny hy ry py p t k ts ch
bddygzmnsshhfrq

Vowel /consonant

Vowel aiueoa: i u e o
Consonant N w y jmy ky by gy ny hy ry py p t
ktschbddygzmnsshhfrq

00000000 AMNOROOOODOOOQOOOooOoOOoooOoO
M
S(wik) = Y AF(w) Oi(w;k), (5.1)
i=1

000 Sw; k)0 kOODDOOODOOO AMNORODODOODOOOOOOODOOOOO
O00|AF(w)|0 000000000 AMNOROOOOOOODOOODOOOOO
FIRODOOODODOODOUOOOO(w; k)0 kOODDOODOODOD0000000D0DO
O000000000MOOOO0000000000 (5.1)00000 S(w;k)O
Mel-Frequency Cepstrum Coefficientsdd MFCCOO O OO0 OO O0O0OOOOOOO
(5.2) D000 HMMOOOOOOOO [83]000 V/COOOODDOOOOOOOOO

Ap = argmax P(C,gs) A, (5.2)

000 ¢¥0 Sw; k000000 k00000000 MFCCOMAO AOOOO
0000000000000000¢0 sp,v,c000000000XNPO00O00
DoooooooooooooNYgoooooooooN90oooooooog
ooo
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5.2.4 V/CO0000ODO0O0O0O0O0OO0OOOOODODOOODOODOOO
oo

0510 (h)0O0O000000000V/COOOO0O0D000000000000
D000 FIROOOOOOOOO AMNOROOOOODOOO00O0O00O00000
000000000000 V/COO0OO0O0000000000000000000
0000000000000000

00000000000000 V/COOOO0O0000000000000000
D000000000000000000000000000000000000
00 (5.3),(54) 000000000

wow) = h(k)*(Niviwm(w;nn)m(w), (53)
wolw) = h(k>*(Nici|spc(w;n)y>+gc(w>, (5.4)

000 Dw,(w)00O00000000000 0w, ()0 000000000000 0w
00000000000RKOOO0DD00000N,00000000000000
00000000O0N,00000000000000000000000|SP,(w;n)|
0000000 sp,(tn)000000000|SP,(w;n)|0000000 sp,(t;n)0
00000000g(wO0000000000000000000000¢.(w)00
0000000000000000000000000000000000000
9(w),0.(w)000000000000000000000D00000000000
000000000000000 A(k)00000000000000000000
0000000000000000000000000000000V/CO0000
0000000000000000000000000000000000000
00000000
000000000000000000000000000000000000
0000000 JNASOOODODO [8400000000000V/CO000000
0000000000000000000000000000000000000
00000000000 000000000002dB000000000000
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052 V/COD0OD0OOOOOOOOOOO
Speech database JNAS-DB [84]
Phoneme addition || 30000 frames

Frame length 32 msec (Hamming window)

Frame interval 8 msec

Sampling frequency || 16 kHz

Quantization 16 bits

000V/COOODOO0D0D0000000000000000 AMNOROOOOO
0000000000 (217)0 AMNORODODODODOO V/COOOOO0OO0O0O0OO
00000000000 FRODOOOOOOOO

00000000000 Hw)DOODOOO0OV/CO0O000000 H,(w), He(w)
00 (5.5),(5.6)0000000

Hy(w) = wy(w)H(w), (5.5)
He(w) = we(w)H (W), (5.6)

000 Dw,(w),w(w)D V/COOOOO0O0000
V/CO00O00O00000000000000000FIROOOO0O0000000
0000000 V/CO00O0000000000000000000 5.2,5.30000
V/C0000000000000 5200000000000000000000
00000 AMNOROOOOOO V/COOOO0OO000000000000000
OO0 FIROOOOO0O0O0O0O000000 VC-AMNOROOOOOOOOO V/CO
0000000000 FROOODODOO0OOO0OOO0O0V/COOOOO000000O
0000000000000000000000000
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5. 3. Lo

gbogogoogobobbooboboobooboooooboboooo
0000D00OD Signal-to-Noise Ratioy SNROO OO DOOOOOODOODODDOO
goobooboobobobobooboobobbobobboboobooobogn
gobobbooogobobobobobboobobooboobooboobo
oboboobooboobgoo

5.3.1 JUUu

000000 Room ADOOOOOORoom BOUOOODOOOOOOODODOODO
oooooooobbonb s4,ss00dbooooboboboobbobon 300
OboOobOdg s400000000 b50000

gobooooobobobooooooSNROODOOOODOODOoOODbDOO
gbobboboobobobooobobbobobooboobobobobobbo
O00000000Room ADODODOOOOOODDOOOOOOOOOODOO Room
BOOOOOOOOOOOOvV/COOODOOOoDDOoOooooOoooooooooooo

0000000000000 0000000 ()0 (iv)yD0oO00oooooooooo

() V/COOODOOODODO0D0 V/COOOODO00 00 Room ADRoom BO
(i) SNROOOOODOOODODOOODOOO Room A

i) 0000000000000 000000 Room A

(ivy 0000000000 Room AO Room BO

()0 v/cCOooOooooooooOooov/Coooooooooooooooo
0000000000 VvV/CoOoDOooooooooooooooooooooo v/e
0000000 30000000000000OooOooOoyv/cooooooood
O HTKR6| DO ODODDODOOoOoOoOooooooOo

(i)0D SNROODOOOODODOOOO0OO0OO0OO0OO0OO0OO0OSNROOOODOOODOOO
OSNRODODOOOOODODODODOOODOOOOOOO (5.7)0 Spectral Distortion
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D
j 13m . 07m . 03m_ oo
- > o - |
§ Window oom
Sound source (White noise)
Sound source ,,——"' i - o
(Speech) X \,‘/;) o
S 1.0m
23 m '/
:
1)
‘\ Microphone-array
\ . (linear, 4ch)
/', o
. 180
v
b 32m -

0 54 VC-AMNOROOOOOOOODOOOODOOOOOOOODOOOD Room

AQ

’
0/4010m : ?

Sound source (Whlte noise)

I /
/

Door

Air-conditioner %} I

Server

— Bookshelf

Sound source (Speech)

%} Air-conditioner

55m

6.0m

0 55 VC-AMNOROOOOOOOODOOODOOOOOOODOOOD Room

BO
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0 5.3 VC-AMNOR

gboodboogooogd

Room A

Room size 23m x 3.2m
Reverberation time || Tgo = 0.12 sec
Ambient noise level || 17 dBA
Room B

Room size 5.5 m x 6.0 m
Reverberation time || Tgo = 0.48 sec
Ambient noise level || 56 dBA
Recording conditions
Temperature 21.5 °C
Humidity 46 %

Sampling frequency | 16 kHz
Quantization 16 bits

0 5.4 VC-AMNOR

goodbooogogogd

Microphone-array

Linear type 4 transducers

Microphone interval

2.125 cm

Microphone

HOSHIDEN, KUC-1333

Microphone amplifer

PAVEC, MA-2016B

Loudspeaker

MITSUBISHI, DIATONE DS-7

Speaker amplifer

YAMAHA, P4050

AD/DA converter

PAVEC, DF-2021/22

69



O 55 VC-AMNOROOOOOODOOOOOOO

Parameter settings

Filter tap

61

Distortion

0,0.01,0.05,0.1,0.2,0.3

Frame length

32 msec (Hanning window)

Frame interval

16 msec

Test data (open)

Desired sound

source

Phoneme balanced 216 words in ATR-DB [85]

(2 females and 2 males)

Noise sound source

White Gaussian noise

SNR

~5,0,5,10 dB

Acoustic model
(HMM)

IPA monophone model [83]

(Clean training and gender model)
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measurel] SDO[78]0 000 0O

SD = | 703 (logyg 5]~ losyo [5'() ) (5.7

w=1

O00D00ONOOOODOOOOSDOODO0O0OO0O0O0S(w)D0Ooooooooood
000Sw0O000000DO0oDoDO0ooooooOoooooDoooooog (2.17)
0000000 0.01,020 000000000000 1%020%0C 00000000
000000 SNRODOOOO SDOOODOOO

i) 00 0000000000000 00Dooo 21mybocoooooo2m 0O
0000000000 20%000000000SNRO -5dBOO0COOOOOO
ooooo

(iv)DOOOD0OD0D0D0D000000O000O0O00000 Julius-3.4 (7710000
0000000000000 00000O0O0ODOODOODODOOOO 9% %0000
gbobooboooboooooboobobbooboooboobobooboboobon
gboboobooooobobooooobobbobooboobobobooobbobobobon
ooobodobooooboooooooobobboooooboobooboobo
OO000D0O00D00C00D0O0O0O0DOSNRO SDOOODOOOODOOODODO
goboooobobboboobobbobbooboooobobobobbobobo
OODOAMNOROOOODOOODOOOODODODOODOO MLLROO [76)]0 00000
O0000000O0OMLLRODOODO HTK[86)O O OO OJNAS-DBO 20 000
00000000000 0O00O00O000DODODO MLLROODOODODODOOD
gooboogooobobogoboobbobboooobooboboon

gboogbooobooboobbooboobbooboooooboooooogg

1. AMNORO OODODOO AMNOR

2. S-AMNORO OODODODOODO SSAMNOR

3. VC-AMNORO OO O OOOO VC-AMNOR

4. VC-AMNOR (with clean labe)D O OO 0O OO VC-AMNORO O OO OODO
ooo0oOov/cooooo
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056 000000 Room AODO V/COOO
SNR —-5dB | 0dB 5dB | 10dB

Correct V/C rate | 75.2 % | 79.4 % | 81.9 % | 83.9 %

0 5.7 00000 Room BOO V/COOO
SNR —-5dB | 0dB 5dB | 10dB

Correct V/C rate | 70.1 % | 73.6 % | 75.9 % | 76.5 %

5.3.2 JUUOU
v/cCO0000o0oooooyv/cooooooooooo

05600000000000000Recom ATI0OIDODOV/COODOOOOOO 5.6
O000000000000D000000000 Room BOOOOO V/COOOOO
000 560000000000000000 V/COODDOODODODODOO
SNROOOOOOOOOOOooooov/coooooooo -5dBOOOOOO
7% 00000000000000000000 700000000 OOOOO
0000000 VvV/CODOoOOooooooooo 5600000000 SNROO
O0000000000oooov/coooooooo -5dBO00OOOO 70 %00
oboobobooboooooon

gboobobobooboobobooboboboobobbooobobobo
000000000 vV/cOoooooooooooooooooooooooooo
0000000 v/coooooooooooooooooooooooooooo
godbooooogboboobboooodouoouubbbbbbooobon
O000000000VC-AMNOR (with clean label) 0 V/CO O OO 100 %0 00O
OoOOo0ooOo0ooboooo0ooobooooobDbO VC-AMNORO VC-AMNOR
(with clean label) D 0 000 V/COO0OODOODOOOOOOOOOOOOOO
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O 58 VC-AMNOROOOODOOODOOOO001O000O0SNROOODO

SNR —-5dB 0 dB 5 dB 10 dB
AMNOR 20.2dB | 20.3dB | 20.3dB | 20.4 dB
S-AMNOR 16.1 dB | 16.1 dB | 16.1 dB | 16.2 dB
VC-AMNOR 18.0dB | 18.0dB | 18.1dB | 18.1 dB
VC-AMNOR (with clean label) | 19.0 dB | 18.9 dB | 19.0 dB | 18.6 dB

O 5.9 VC-AMNOROOODODOOODOOO 020000 SNROOODO

SNR —-5dB | 0dB 5dB 10 dB
AMNOR 25.5dB | 25.6 dB | 25.8 dB | 26.1 dB
S-AMNOR 22.5dB | 22.6 dB | 22.6 dB | 22.7 dB
VC-AMNOR 249dB | 249dB | 25.0dB | 25.1 dB
VC-AMNOR (with clean label) | 25.6 dB | 25.6 dB | 25.6 dB | 25.8 dB

SNROOOOO SDOOOOO

0 5.8,5.90 SNRODOODODOOODO O 5.10,5.110000000000000O00O
00000000 ShbOOOO O 5.8,5.1000 (2170000000 0.0100 5.9,

51100 (217) 0000000 02000000 SNROOOO SDOODOO

O 58,5100 0000000000DODOOODOOODOOSNRODODODDOO AM-
NOROOOOOOOoooooo Sboouooobooooooooooobon 5.9,
51100000000000DO000C0O0DO0OOSNROODODODO AMNORO
O0O00DoOooosbO AMNOROOOOOOOOOODOOOOOOOOOOO
0000000000 SSAMNOROOOODO AMNORODOOO SNROODOO
000000000 0D0000O0O VC-AMNORO AMNORODOOODO SNRODOO
O00000000DO0D0O00b00O0O SSAMNORODOODOOO AMNORODOO
SNROOOOOOOOOQOOODODOoOOoD SbOOoOooooOooDOvVvVC-AMNORO
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0 5.10 VC-AMNOROOODODOOODOOO 0.010000 SD

SNR —5dB| 0dB | 5dB | 10dB
AMNOR 30dB | 24dB|19dB | 1.7dB
S-AMNOR 27dB | 20dB|1.7dB | 1.4dB
VC-AMNOR 23dB | 1.8dB|15dB | 1.3dB
VC-AMNOR (with clean label) | 2.3 dB | 1.8 dB | 1.5 dB | 1.3 dB

0 5.11 VC-AMNOROOODOOOOOOO 020000 SD

SNR —5dB| 0dB | 5dB | 10dB
AMNOR 8.1dB |81dB|82dB |82dB
S-AMNOR 25dB|24dB|23dB|22dB
VC-AMNOR 24dB|23dB|23dB|23dB
VC-AMNOR (with clean label) | 2.4 dB | 2.4 dB | 2.4 dB | 2.4 dB
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AMNOR
S-AMNOR
VC-AMNOR

Room A (0.12 sec)

0dB  5dB 10dB Average -5dB

0 5.12 VC-AMNORO OOODOODOOOO0O0000O0O
Clean training(%WRR)

Room B (0.48 sec)
0dB 5dB 10dB

VC-AMNOR with clean label

Clean training and ML LR adaptation to AMNOR distortion (%WRR)

-5dB

Room A (0.12 sec)

Room B (0.48 sec)

0dB

5dB

10dB Average -5dB

0dB

5dB

10 dB

Overall

Average Average
73.9 80.4
75.9 82.0
78.0 83.2
80.8 85.0

Overall
Average Average

AMNOR 80.7 85.0
S-AMNOR 79.9 84.4
VC-AMNOR 79.8 84.9
VC-AMNOR with clean label 85.9 88.3

SSAMNORO OOODOOO SDO SNROOOOODOOOOOOODOO

gbbobooobobodoboooon

O560000000020S5SNRO -5dBOOOODODOOOOOO S7O000ODO
oogooboobboobooobo

O 56, 5700000000000 0DOO0O0O0ODOOOOOO AMNOROODO
000000000000 00DOO00O0O0ObDO0ODObDOOOOoS-AMNORDO VC-
AMNOROOOOODOOOOODODOOOOODOOODODODOODODOOO
00000 56(e), 5.7e)D00D0CDODOODOOOUODODOOODOUDDODDOODOOO
ooov/COOoOoooooooooooooooooooo

oboboobooboob

0 51200000000000000Rcom ADODOOODOOOODDOODO
OO000000Room BOODODODODODOODOODOOO

O 5120 Room ADOOOODODDOOOODOOOOOOOOOOOOOOODO
OO00o00oboooOoO0ooobOoooOooobooooSNROOOOOOODODO
000000000000 5120 Room BOOOOOOOOORoom AOODOOO
gubbbobobooboboooououoooobouooobobooooboon

1)



nnnnn

nnnnnn

() 000000

nnnnn

nnnnnn

(byOooo

nnnnn

Shihbe. N
Y vm A 40 0t aa s

nnnnnn

(¢) AMNORO ODODOO

s

12000

nnnnnn

(d) SAMNORO OO OO

R "SS—a——"”0

nnnnn

nnnnnn

(e) VC-AMNORDO OO OO

v

nnnnn

nnnnnn

(f) VC-AMNOR(with clean label) D O 00O O
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gbbobobooobooboboboobobbooobooboobboobobobab
OSNROODOOOOOOOoOOOOoOOoOobDOoDDooOD

ooboooboobooboobooobOooSNRODOODODODOODbOObOO
000000000000 b0DOO0oCOCoOOo0O00o0oooooOggvec-AMNOR
(with clean label) D 000 V/COOO0OOD0OO0O0OOOOOOOOODOOOOOO
Oo0oOO00obOoDooO0oOooooboob0OoOoooooOboOobOOoOoOoSNROOODOO
O000000000000000000000OVC-AMNORO OVC-AMNOR (with
clean labe) DO 0O O0D0O0OOO0ODOOOOOOOOO 56,570 V/COOOO
00000000 SNROOOO 70000 V/cOOOOOoOooooooooo
goboboooboboboboobbooood

O 5120 AMNOROODODOOO MLLRODDOOOOOOOOOOOOOO
0000000000 OVC-AMNOR (with clean labe) 000000000000
O0O00OOO00OO0OoOooOoAMNORODODOOOODODODDO MLLROOOODOODO
00000000000 Oo0boOoooOoAMNOROODDODOO MLLROOOO
OO0OO0AMNOROOOOOOO 5% 0000000000000000O00OCOO
203%0000000000000 0VC-AMNOR (with clean label) O O AMNOR
o000 MLLROOOOOOOOOOOOoODOOoOOoOobOoOOobOooboobooooo
O0000O0OO000OoooooooOobobocAMNOROOOOODODO MLLROO
0000 S-AMNORDO VC-AMNOROOOOOOOOO MLLRODODOOOOOO
gogobbobobooboobboooobooboboobobboobboonobo
0000000 OAMNOR, S-AMNOR, VC-AMNOROOOOOOOOOOOOO
gooboobboogobobobobbobooboboobbobboboon
ooooooooooMLLROODOODOOODOOOOOODOODOOOODOOOOOO
gogbooobooboooboboooooboouobboboobooboooob MLLR
oboboooooooboobooboboooboboon

OooooooDOoOoOooOoOoOoosSNRODODOODOOOOOOOODOOODO
gbobobobobobbooboobobobobobobobooooboooobo
000000000 00000D00 SSAMNOROOODOOOOODOOS-AMNORDO
O0O00O0 AMNOROUOOO SNROOOOODOOODODOOOSDODOOO
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79



5.4. OO

gboobooooobgobooooboobboboboobo1oooobbo
00000 AMNOROOOOOV/COOUOODOODOUOOODOOUOODOOoOOoOO
OooooooooooboOoOobOo VC-AMNOROOODOOooOooDoOooooDoooo
000 V/CO00000oo0oooyv/Coooooopooooooooooooo
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el OO

6.1. UO0oonon
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ooo0ooOo0oO00bO0o0ObOo0o0o0obObOobOoobDUooObObDOoOoobooD
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0000000000000 0000000 Back-Ground Components Cancellation
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OO0O00O0OSNROOOOODOOOODOOOOODODOOOODODOODODOOOOO
O0000000O0O0ODO00DO0ODO00O0bODOOobOOoOSNROOODOOODODOOD
O0000O0O00b0o0obOobOon
4A0000300000000000000000DOO0O0OO0O0ODOODODOOO0O0n
O00000000000000000000O00DO000D0DbOO00oO0DOODOn
000000000000 0000OO00OO0O0000/O0oO00ooooDooOoo
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OCSpO0000030000000000DO0OD0O0ODO0O0ODOOODOSGO0000
000000000000 00O0000O00O00O0000go0.2mOO0Oooon
O0DDOO0000ObO0o0ooogoo
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O000D0O00D00DO0000o0ooO0O VC-AMNOROODODOOOOOOOODOO
000000 vV/coooooooooo v/coooooooooooooooo
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