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NAM Interface Communication®
-Development and evaluation of flesh conduction voice sensors as the basis-

Yoshitaka Nakajima
Abstract

Non-Audible Murmur (NAM) is a non-voiced speech sound, created by turbulent
airflow generated in the glottis and articulated in the vocal tract by speech-like
movements of the tongue, lips, and jaw. It is similar to whisper, but is generally
inaudible to persons other than the speaker. It can be detected by use of a
skin-mounted microphone worn below the ear.

By sampling NAM signals directly through the thin layer of flesh at the top of the
neck, the speech-like sounds can be converted into audible speech. By using a
stethoscopic microphone, external noises can be shielded, yielding a speech source
that is robust in noise, inaudible to nearby listeners, and suitable for recognition using
a suitable retrained but otherwise standard speech recogniser. This thesis presents
motivation for the design and placement of the NAM microphone, and presents results
of large-vocabulary speech recognition tests using NAM speech. NAM speech is
compared with Body Transmitted Ordinary Speech (ordinary voiced speech
transmited through the flesh) sampled with a NAM stethoscopic microphone, and
recognition results are presented for each type of speech.

As a prototype application for such non-voiced speech, the thesis describes a
'silent-speech-phone, where the NAM signal is rendered audible by signal processing,
yielding clear formant information up to 2KHz. Several different designs of

microphone were tested, using soft silicone, which has an acoustic impedance close to

* Doctor’s Thesis, Department of Information Processing, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-1S-DD0361026, February 2,
2005.



that of human flesh, as an acoustic-damping material. This resulted in greater
wideband sensitivity and higher contact sensitivity which served top increase
robustness against external noise, and significantly improved recognition accuracy.

In order to increase sensitivity to prosodic information for this speech sensing
technique, as developed and tested a further design, using the stereo signal generated
by a pair of vertically-mounted NAM microphones. This enabled us to measure
changes related to fundamental frequency that arise from movements of the larynx.

We propose NAM speech as a new all-purpose voice input interface and present
speech signal-processing algorithms that alow this speech source to be used both for
human-to-human and human-to-machine communication which is robust to noisy
environments yet unobtrusive even in a quiet room where other people may be
present.

Keywords:

Interface, Non-Audible Murmur (NAM), flesh conduction, NAM recognition,
Non-Voice Phone, NAM microphone, Body Transmitted Ordinary Speech
(BTOS)
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3.6 NAM
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3.6.1
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3.6.2
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3.12 NAM
16 32768
NAM S/N
NAM NAM
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3.6.3 NMHF
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NAM
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NAM
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BTOS NAM
NMHF
NAM
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NAM
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62 3.15 3.19 OCWHS
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3.16

NAM TSP 12000 BTOS
2000
317 OCMSS  NAM TSP 38000 BTOS
NAM
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3.18 OCWSS NAM
NAM TSP
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3.19 TMSS 39  3.10
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3.6.4

NAM
5
NAM
5 3
[ | TMSS OCMSS OCWSS OCWHS
3
[ | OCWSS OCMSS OCWHS TMSS
OECM 2
[ | OCWSS OCWHS O0OCMSS TMSS
OECM
OCWSS OCMSS 3.1 NAM
3.1 NAM
EEER N=Fi)a=—2s8 YRR =

ST OCWHS | OCMSS | OCWSS | TMSS
Band Width 0-2KHz | 0-4KHz | 0-6KHz | 0-5KHz | 0-7KHz
Contact Sensitivity | middle low middle high low

Noise Robustness low high midde high low
ERALTLSEYY—  EcM OECM OECM OECM Transducer
RITFNAMT A o0 74>
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NAM NAM BTOS
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3.20 NAM

68



3.7

NAM

NAM
Iterative MLLR

NAM

24 [21]
16KHz

3000 HTK[64]

Iterative

Julius3.4[19]

NAM
NAM HMM
NAM
OCMSS TMSS
OCWSS NAM
NAM
NAM
NAM NAM
50Hz

Phonetic Tied Mixture (PTM) 64

350 128 10
MLLR [24]

20K [4]
3.21 MLLR
NAM
5%

Acc. % 94.8%
94 | -~ __f.___,___.rf'@
9 e 89.7% |
" S o

o
86 |

84
a2 | f/
80 ' !

| —=&— Sijlicone type

4 \teration 6

‘ —— Stethoscopic typel——!

8 10

69

JDTK[21]

( Initial model )
3000 states
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PTM

( MLLR condition)

mean & variance

128 class regression tree
adaptation data : 350 utterances

( Test condition )
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3.22 NAM OCMSS

NAM Iterative MLLR
Julius
3.4.2 3.20 3.23
BTOS NAM
BTOS NAM BTOS
300 400
3.24 NAM
NAM NAM NAM
NAM
(Iterative MLLR)
Julius3.4.2
10 400 OCMSS OCWSS
TMSS NAM
NAM 3.25
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OCMSS TMSS NAM
OCCWSS BTOS
3.24 3.25

NAM
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3.8

NAM

NAM BTOS
NAM

NAM

NAM
NAM

3.8.1

12

3.2

NAM

NAM

NAM

BTOS

HMM

BTOS
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12
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36

12
12

75

2 NAM
8KH 16KHz
2 8KHz 16KHz
3.3
NAM
OCMSS
3.3
BE = AEEE {07 #, oA e —}
MA ST 08 MlAh EEs BB AT OO T BKHz
MA ST 16 M A ?Eﬁﬁ%“'lwﬁnﬂ? OO0 4% 1 GKHz
BT ST 08 BTOS EEs BB AT OO 77 BKHz
BT ST 16 BTOS EEs BB AT OO 77 1 GkHz
MNA OC 08 M AM U2 a— BN AMT 190770 Bk Hz
MA OC 16 M AN U2 a— BN AMT SO0 7 30 16KHz
BT OC 08| BTOS U2 =B AMT SO0 7 30 Bk Hz
BT OC 16| BTOS U2 O—BINAMT 1907 40 16KHz
WS HS 08 | SS0EE ] S A e B B 8KHz
WS HS 16 | SS0EE ] ol A e B B 1 GkHz
NS HS 0B | BEEE oyt OO BKHz
NS HS 16 | BEEE oyt O 1 GkHz
12
12
3.3 12

3.4




12

3.4
fEES 1 2 3 4 5 i 7 8 8 10 11 12 |HE#H
101 |BT.5T16 |BT.OC.16]|NA OC 08 |Ns HS 08 [ws_HS 08 [NAST 16 |ws_HS 16 [MA ST 08 NS HS 16 |NA OC_16|ET_OC 08|BT_ST_08 12
102 |NS_HS_16 |NS_HS_08 [WS_HS 08 |NA_ OC 16|NA ST 16 [BT_OC 16|BT 5T 16 [MA OC_08|BT _ST.08 |WS_HS 16 |ET_OC 08 |NAST 08 13
103 |Ws_HS.08|MA_OC_16|MA OC_08|NS_HS 08 |BT ST.08 [BT_OC16|MA ST 16 |NAST 08 |MNS_HS.16 |BT_ST16 [WS_HS 16 |ET_OC_ 08 13
104 |MAST 08 |Ws_HZ 08 |NS_HS.08 |ET ST 16 |NA OC 16|NS_HS 16 [BT_OC_16|MA OC_08|MA ST 16 |BT ST.08 |ET_OC_08|WS_HS_16 12
105  |Ws_HS.08|BT_ST.08 |MAST 16 |NS_HS 16 |MA OC 03|BT_OC 16|MS_HS_ 08 |MA OC_16|MA ST 08 |We_HS 16 |BT ST 16 |ET_OC 08 13
106 |NA_OC_08|BT_OC.08|NS_HS 16 |ET ST 08 [NA ST 16 [WS_HS 16 |Ws_HS 08 [MA_OC_16|BT_OC_16|NS_HS 08 |ET ST 16 [NAST 08 14
107 |MAST 16 |BT_OC.08|NS_HS.08 |NAOC 16|Ws_HES 08 [BT_OC 16| Ws_HS 16 [BT_ST 08 |NA ST 08 |NS_HS_16 |NA_OC 08|BT ST 16 13
108 |NAST 08 |NA OC_08 |WS_HS 08 |NS_HS 16 [Wws_HS 16 |BT ST 08 [BT ST 16 |BT_0C_16|NS_HS_08 |MA ST 16 |NAOC 16|ET_OC 08 11
109 |MAOC_16|ws_Hs 08 |BT_OC_08|NS_HS 16 |NA OC 08|BT ST 16 |NAST 16 |MAST 08 |BT_5T.08 |NS_HS.08 |ET_OC_16|WS_HS 16 11
110 |BT_0C_08|MA OC_08|NAOC16|ET_OC16|NAST 16 [BT_ ST 16 |NS_HS 16 |NS_HS_08 |BT_ST_08 |MAST_08 |WS_HS 16 |WS_HS_08 17
111 |BT_OC_08|NS_HS_08 |BT ST 08 |NA OC 16|NA ST 16 [NS_HS 16 [WS HS 08 |NA ST 08 |MA OC_08|Ws_HS 16 |BT ST 16 |ET_OC 16 16
112 |Ws H 08 |MA OC 16]|BT ST 16 |Ns H 16 |BT_0C 16[ma OC 08 |ns Hs 08 |ws HS 16 |MA ST 16 |MA ST 08 |BT ST 08 |BT OC 08 11
701 |Ma oco8|Ma oc16|ET ST 16 [ws_ He 16|nasT 16 [BT OCc 16|ns He 16 [BT_OC 08|BT 5T.08 |NS_HS 08 [Ws_HS 08 [MA ST 08 1
202 |Ws_HS 08 |Ws_HS 16 |NS_HS 16 |ET ST 16 |ET_OC 16|MS_HS 08 [BT_ST_08 |BT_0C_08|MA ST 08 |MA OC 16 |NAST 16 |NAOC 08 1
203 |MAOC_08|BT_ST16 |WS_Hs 08 |NA ST 16 [BT_OC 16[MA OC 16|NS_HS 16 [Ws_HS 16 |BT_OC_08 |NS_HS 08 |ET_ST_08 [NA ST 08 1
204 |NS_HS_08 |BT_ST.08 |NAST 08 |ET_OC.16|NS_HS 16 [Wws_HS 08 [NAST 16 |BT_OC_08|Ws_HS 16 |BT_ST16 |NAOC 16|NAOC 08 1
205 |MAST 16 |ws_HI 16 |ws_Hs 08 |NS_HS 08 |ET_OC 16|BT ST .08 [NAST 08 |BT ST .16 |BT_OC_08|NS_HS 16 |NA OC 08B |NAOC 16 1
206 |NS_HS_16 |NS_HS_08 |NA OG0B |WS_HS 08 [ws_HS 16 |BT_OC 09 [BT_0C 16|37 _5T 16 |NA ST 08 |BT_ST.08 [NAST 16 |NAOC 16 1
207 |NS_HS_0B |NS_HS_16 |NAST 16 |WsS_HS 16 |BT_0C 16|BT_OC 08 |NA ST 08 [MA OC_08|BT ST.16 |NAOC16|WS_HS_08 |[BT ST 08 1
208 |WS_HS.08|MAST 16 |NAST 08 |ET ST 16 |ET_3T_08 [NA OC 08 |NS_HS_08 |NA_OC_16|BT_0C_08|NS_HS_16 [WS_HS 16 |ET_OC 16 1
209 |BT_OC_08|NS_HS .08 |NA OC 16|NAST 16 |BT ST 16 [WS_HS 08 |BT 5T 08 [BT_OC 16 |WS_HS 16 |NS_HS 16 |NA OC 08 |NA ST 08 1
210 |MAOC_16|MA ST 08 |BT_OC_08|NS HS 16 |BT ST .16 NA OC 08|BT 5T 08 |Ws_HS 16 |Ws_HS 08 |BT_OC 16|NAST 16 |NS_HS 08 1
211 |BT.ST.06 |Ws_Hs 16 |BT_OC 08 |WS_HS_08 |NS_HS 16 [NS_HS 08 |NA OC_08|BT ST 16 |BT_OC_16|NA OC 16|NAST 16 [NAST 08 1
712 |BT.ST16 |MA ST 08 |Ws Hs 08 NS HS 08 [na 0C 08fma OC 16|MA ST 16 |BT ST 08 |BT_OC 08NS HS 16 |BT OC 16 |WS HS 16 1
301 |BT.0c08|ws_He 16 |ET ST 08 |ET_OC 16|Ms_HS 08 [Ma OC 08|BT 5T 16 [Ma OC_16|MA ST 16 [MA ST 08 |NS_HS 16 [WS_HS_0B 1
302 |BT.0C.08|BT_ST.16 |NAST 08 |NS_HS 08 [NA OC 16[Ws_HS 08 |NS_HS 16 [We_HS 16 |BT_OC_16|NAOC_08|ET ST .08 [NA ST 16 1
303 |WS_HS16|MAST 16 |BT_OC.08|NAOC 16|NS_HS 08 [MA OC 08 |Ws_HS 08 [BT ST 16 |BT_OC_16|NA ST 08 |NS_HS 16 [BT ST 08 1
304 |BT.0C_08|BT_OC.16|WS_Hs 16 [We_HS 08 |ET ST 16 [MS_HS 08 [NA ST 08 |BT ST .08 |NS_HS_16 |MA OC_08 |NAST 16 |NAOC 16 1
305 |BT.STA6 |NS_HS.08 |BT_OC.08|ET_ST.08 [NS_HS 16 [NAST 16 [WS_HS 08 |Ws_HS 16 |BT_0C_16|MA OC_16|NA ST 08 |NA OC 08 1
306 |BT.ST16 |ws_Hs 08 |NAST 08 |ET_OC.08|BT_ST_08 [NS_HS 16 |NA OC_08[NS_HS_08 |Ws_HS 16 |NAOC 16|ET_OC 16|NAST 16 1
307 |MAOC_08|ws_H3 16 |BT ST 16 |ET_OC 08|NA OC 16|NS HS 08 [NAST 16 |NS_HS 16 |BT_OC 16|BT ST 08 |NA ST 08 [WS_HS 08 1
308 |MAOC_16|BT ST 16 |BT_OC_08|NA OC 08|NS HS 16 [WS_HS 08 |NA ST 08 |MAST 16 |BT ST .08 |BT_OC_16|NS_HS 08 [WS HS 16 1
309 |BT_OC_16|MAST 16 |WS_HS 16 [WS_HS 06 |Ns_HS 16 |BT_OC 08 |MA OC 16|NS_HS 08 |BT_ST16 |MA ST 08 |BT_ST_08 |NA OC 08 1
30 |Ws_HS.16|NS_HS_16 |[ws_Hs 08 |Na_ 0c_0a|BT_oc 16|MA OC 16|8T_0C_08|MA ST 08 |BT_ST.16 |NS_HS.08 |BT_ST.08 [NAST 16 1
311 |BT.ST16 |ws_Hs 08 |BT_OC_16|Ns_HS 08 [MA OC 16|BT_ST.08 |BT_0C_08|Ws_HS_16 |NS_HS_16 |NA ST 08 |NA_OC 08|NA ST 16 1
312 |BT.ST.08 |NS HS 08 |BT OC 08|MA OC 16[Ns HE 16 [BT ST 16 [ws HS 08 |NA ST 08 |MA OC_08|WS HS 16 |NAST 16 |ET OC 16 1
EEMERI (M A5 ] 1 24 M15 I 39 F 68 F32 F24 F a5 Fi3 .63 F 50
NAM BTOS 10 60
6 6 12
41.83 38.83
12
12x 3x 3 108
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3.8.2

8KHz
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12

16KHz

NAM

EZBINAM= 20
o (NAM)

UL a— BINAM
T4 OO74 2 (NAM)

EZBUNAMTAS0
4 (BTOS)

YIkA) 23— BINAM
2074 2 {BTOS)

Bt P e & = b
L EEpEE)

~uFesbe4 a7+
= GBEER)

0 8KHz

57.48%

89.10%

88.89%

96.79%

97.65%

95.30%

| | GKHz>

45.61%

90.17%

83.33%

98.29%

95.94%

98.71%

3.26
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NAM
3.27

NAM
NAM NAM

NAM

FHO * [F95% S FEX R

R o

AR YRR IO T3 (SSHEE)
YIRS —aLBINAMT A4S 074

B HRENAMT /2074
—@EB _
=EB
NAM —E8 * i 1] =} * =E8 * #ASt *
T3 22 RINAM= 507 2 3942% | 1482% | 5481% | 1575% | 6026% | 1409% | 5068% | 845%

YRR =B A IO A 78.20% | 11.38% | 8487% 582% | 95.83% 541% | 88.86% | 4.83%

Fabtobwaodig /S a v s s 91.67% 591% | 99.04% 151% | 99.68% 0.78% | 96.68% | 2.14%

3.27 NAM
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B
o
- I=}
Eﬂ
o S0 * 5:95% ISR
J AFE YRR Ty (BRER)
VIR —a BEINAMT A5 A7+
BEZBEINAMTA AT+
1] = -
=EB
BTOS —[E8 * —E8 * =[EH * st *
FEi528 BINAM= 707 32 7852% | 1224% | 8782% | 940% | 9199% | 6.17% | 8558% | 5.44%
VIR U= BINAM = A 0T 3 6391% | 519% | 9936% | 1.00% | 99.36% | 1.00% | 97.35% | 1.82%
Aubybw 120732 (AEEE 91.99% 832% [ 9903% | 1.00% | 10000% | 0.00% | 9685% | 282%
3.28 BTOS
3.28
BTOS NAM BTOS
NAM
NAM
12 12
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3.29 330 NAM BTOS

- NAM
NAM 44.44% 6.94%
m - NAM 80.56% 11.11%
95.83% 47.22%

3.29 NAM

- NAM
NAM 65.28% 26.39%
] - NAM 94.44% 45.83%
100% 97.22%

3.30 BTOS
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NAM

8KHz
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BTOS

NAM

NAM
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BTOS
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3.31 3.32 I 1
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3.9 NAM

3.9.1 NAM
NAM NAM
NAM NAM
A)
B) NAM
C)
D)
E)
F) NAM
A) DAT AC
NAM
B)
NAM
C)

D)

83



E)

NAM NAM
F) A E)
NAM
NAM
A) B) C)
3.9.2
2ok
- A . — €3]+ mEmF
1%1“1 1853 15%;1 | B]-mans

c3 Qz
BC5588
ANWF(SIG)
AFHEF(GND) 5,

HAHMF(SIG)

U.‘Iln;l—
=
Y

=Tyuy

NAM
NAM

NAM Microphone
Amplifier

@i _
WEEE.” DC6 — 12V(EL (L)
“ 1.6Vrms(THD = 0.1%)

# BOmMVrms
L #12.2mA

Ik " 63Hz — 40kHz(— 3dB)
+ SN H.~ RRdB(1kHz)

- ADERL 30k 0 #H LR T DCOV B

Vi—§
N +RENT | :
WSy " L s _:::; - r'+'| '__|
EE § E B GND Hh SIG ‘
(=5
T wn
500k @ BT E ‘ | ;
O < |
- m»w?zﬁmxﬁﬁ (B Ed)
HTILANIVERE 12— s0k0) HIRRAR (R yFL I )
3.33 NAM

84



NAM

1im

PC DAT AC AC
PC

3.33

3.34
NAM

RAOTTDTSYIZIETNDS

3.34

85



3.94 NAM

NAM

NAM

3.6
NAM
S/IN
50Hz

3.35 NAM

NAM

86

NAM



NAM

NAM

3.35 NAM
S/IN

i 5T .*-:“ s .

OEd|Sf|ibea| & a4k om

(¥ »
s .
o ad
S i - - ey
s . 3 v | f el My i
= Pl LT e e 2 wdiy e # i 4
: B i, _\‘;.' ERA J prae o v e L, , [ e A i""
[i= : At L2 il i 2 12 i | Py 13 ia ia iy 2
| —— B8 ——
[— mmlmmm#ﬂ"‘“ﬂ | ¥treefrm o 00,060 1 081 DO bt 001067, 0010361318, 0665

?H'CNAM74‘7D77J'./’E[EIE FYINURENAMT A IO T4
3.35 NAM

NAM
NAM

87



NAM

3.36

WACKER

NAM

3.36

NAM

NAM

88



3.37
NAM

Bluetooth
NAM

3.37 NAM

NAM

89



3.38 NAM

3.39
USB NAM

3.39 NAM

90



3.9.5 NAM

NAM 3.40
OCMSS OCWSS
NAM
e % . — HEE‘ it —T
iﬁﬁﬁgn) ég;dg_i%ﬁ%i?{::fﬁfé?kéiuJ
\ | _ .

TAF IS
GEMH)

N—FLa—2 (SR Ya—1HA) OECM(/—TJ352FK) SRS REmIR

BELON(O——aTFRAMI: P——)

ocMmssi OCWSS#Y

3.40 NAM

91



3.10

Throat
NAM
NAM
NAM
3.41 3.44
3.6
NMHF
TSP
OCMSS
NAM NAM

BTOS

92

Throat

NAM

[18]

NAM

NAM

NAM



NAM

BTOS

Bone Conduction Microphone(N. corp. Itd.)
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Throat Microphone (Made in Taiwan)

Microphone amplifier for normal speech is already implanted
1. Spectra (Frequency Bandwidth)
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Flesh Conduction Microphone (M. corp. Itd.)
Based on NAM Microphone gimmick, using ECM instead of OECM
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Soft-Silicone NAM Microphone (Handmade)
OCMSS Type Neckband Fixation
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