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Abstract ZIZT, T A, MMEXY Mva EHWT, A =

The problem of moving sound targets is impor-
tant for auditory system of robots. In this ar-
ticle, applicability of techniques used for mov-
ing targets in the area of radar/sonar or com-
puter vision, such as EM algorithm, Kalman

filter and particle filter is considered.
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2 EOERFIGHRC, HEREDSETIX, BEMADEBEH
ICOWT, SHOWREGIRH S [3]. AHETE, “hbo
SETHELILTWAEM 7AITY XA, IASL T 40
B, NR—=TFT 4 I NT A NEZ R EERY B, BEIFROB
B & Sy BEA~ OISO FREHEIZ SN TE 2 5.

2 {EBDOETIL

A, ARMERCRESERS. 22T, KEL
BDOFEESNVRT LT 0T, FREER OB
55 &L ZDHFBEDET MTHONTIRATEL.

2.1 £#HEIRY FILODETIL
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A7 R ETCOEESTOGEERKEZHAWVT, a =
[Ap e wmt oo Ay emd@mn] X S I END. &
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NORR LN =T —ZIcxt L, BEFHELE#{toLr—7
ZROEBELVERTSZICXY, BOWEESXELN
U, REROBIEFESS MUSIC 72 &, itz 18
LT FEICHS, #EBEOm LAFRIID.
¥, FREMO TR, FROETIL (1) IKESN
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3.2 EM 7ZIL3dYXLIZEITRIEESEBTE
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Kalman Filter IZ3F 2 %03 [7] 2 E2HWT, KAD X
5CHHT S 2 LRTE D [6).
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x(n) = Gy(n). (15)

%(n) 13, BECBT 2EWS L OFE (A 7 uky
ASD) x(n) DRI THS Z L b, H4 v G ICTHES



Gain [dB]

0 20 40 60 80
Direction [deal
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Figure 2: Block diagram of the EM Algorithm
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FADFTED, FIRS2 DHHOEA (RBROFHR) (LT
LTWERFB G5,

K22, EM7LTY) XLDMiEEE 05, 7T, 8l
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ZON—TENRY D5 ECTRIETS.
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Figure 3: Directivity of the conventional and the pro-

posed MV beamformer.

E— AT —vERT
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FTREF I BHOEFROMERY P ThHD. Cyid, 2.2
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I T, [6]TiE, C, pfRDVIZ, EMTAIY X LD
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i3, Ky 2RV, K, =Y Ky 28mE L
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Ky_lfil

v 19
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B (REREE) ORI E — b7 4 —~ D ERERMETH
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REOTE T, #FROFROREN 10dBRETH S
oizxt L, BBETIE, BLGAWEADBTERINLTNDD
Db,

FWT, BIEPBEIT A58 OV TOY Izl —Ts
VIERERT. FROYHALEE, [20,60]° THY, P
£ 1.5m OMHE EEFhER, [3,2) km/s DEET, %
EESHLTWEbO LT 5. BENERE, (1) BV, A
Z ERROEBCH S T b Eh Z Lick b, A
TENCER LTz, HEE n(t) D LV~00iE, 155 As(t) okt
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Figure 4: Trajectory estimated by the EM algorithm.

Solid line: true; Dotted line: estimated.

(a) HIRIEH

(b) HEEMHE

Figure 5: (a) Original waveform, (b) Separated wave-
form (at 1000Hz).

&Y, BEEREZSBELIERTHS (RERITHE—E
D R).

4 Kalman Filter

4.1 BRARRUASREDETIL

Kalman Filter Ti%, BEITAERDOL > RFAFIv Y
RVAT L%, WYRBNRLEL CBHT256%%
Z, BHEE 2T AONEIREE (] 2 X EIRALECHEE
REDNRIAE) &, UTOXITETNMET 5.

H()x(t) + v(t) (20)
F(t+1,0)x(t) + wi(t) (21)

y(t) =
x(t+1) =

TIT, (20) 1%, BEEREKX LT, AT LAORNE
WEEx(t) %, BRRHE) 2@ L CBRT2 2L %2F LT
W5, —%, (21)iX, Fee2HFRREMFTIN, VAT A
DOWNERRE ORI 2B ZR LTS, v(t) R0 w(t)
i, BlHIRE VAT ANEHOHEETTH 5.

2 FFEBOBBEIC S TIH TR LS. NERRE
(BFWD/NT A 2) ZFIROFR 0 KOAEE w &L, K
b t+1~DOBBIX, UToXoicE7Mbshd

bOLT 5.
Ot +1) = 0(t) + w(t) A, (22)

TIZT, AdlE, Rt +1 Lt EoORBERTHS. F
7=, BUHME L LTiX, MUSIC IERRkLHEER LIk v,
BRI BEOHEEME 0(t) ELRTVWEEDET5. Lk
Mo, BRFER, Yt FREROFERERIT, UT

DEITRD.
Ay o(t)
i) = [1 O}lwﬁ) +ot)  (23)
ot+1) | |1 A, o(t)
wlt+1) | [o 1 ] w(t) Tt (24)
BREREZGRE LI25E, MUSIC IR E ORI

FRERGE LI HFETIE, RE LEHEEIE LR
BENHBH. 22T, Kalman Filter Ti, #EEZZD
FEBEHICTHOTIERL, BE (REERB) 0T L
EEALT, ZOFEFAMCKVMEBDOMELITH 2 &
LD, RVRELEHEEEZBLIETIHIHDOTHS.
ERERZRBE E L TE, #EEME D Smoothing X 9 72%h
ErHFEIND.

4.2 Kalman Filter Qg%

LITFiZ, Kalman Filter iCXAREOFHmEa T L DD
(8].
Propagation:

()

% Fx(t —1) (25)
P (t)

FP(t - 1)F' +Q (26)

Kalman Gain:

G(t) =P~ ()H” [HP~()HT +R]*  (27)

1-GOH% + Gty (28)
1— G()H| P~ (1) (29)

Propagation TiZ, &l t—1 OHEEEN S, IREEBBD
ETNVF ZHAWT, Bt TOREEZTFHIT 5. Update
T, REBBICL S THIE X (t) &, BIIEOHEM y(t)
Enn, #EMOEEZFTS. Kalman Gain, G(¢) 1%, T
P x(t) LBIECHEM y(t) L DEALD LS 2 &E %
R+, 75 P() 1%, KA TEBShHHEEREDLS
BTH5.

P(t) = B [(x(t) - (1)) (x(t) - x())"]  (30)

QR R I, ME w(t) RO v(t) DHSETHS. =h
bIL, RATHDZ ENEL, HEMLE FREOEARZE
25H/FAH L LTHISNS.
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Figure 7: Trajectory estimated by the maximum likeli-

hood method.

4.3 ERAH

ZZRTHITIE, ERIFCBAR L7zt 2—~ /1 FHRP-
2 DEEERICIER Lz S HD~A 7 uk v 2R L. FR
. U RAE—IEPATHY, FEIREEONEILE
EL, Ry NOFEERE X — T —7 )V (HEHEETT-
1000) IZHE T, FAREEBZ I, K61Z, EBRO
5= m

B 713, AHECIY, S 2 EOMNEHEZIT7
RRTHD. BRAHETIE, 5.1HTRTLIC, @)%
KEBECCRME L, ZivE B S TR LT, BKH
REEZFEM Uz, RRIT, REHE (10° /sec) & ITIT
BEHLAEFROBBACHD. MELZLET D L, Y
OEHX, FIROEBE —B3 253, SBFLIS ORI
WHEERSBELTWAESbHDH. ZuxEL, BEmn
HORERe, BRDONRY —RFHOES (FFEOTERY)
TOHEERD L Bbh 3.

8 1%, Kalman Filter {Z X % Smoothing DFER TH
5. R=10O8AE, HEHECITERNKE BHHE
ZFRL—RT5X5RREARSTNS. —F, R=150
DA, FHEEICKTH2EANBKE 2D, BBHNIED
P72 > TS, BEFOEEE OFTiEdH 553, ORI
MNE->TE 21X, Smoothing IZX Y, FIRDKENZREN
BN, HOREHEIN, R8RS D K& RHEERZE
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Figure 8: Trajectory smoothed by the Kalman filter.
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91, ANIBIZERRL L7=T —#1Z Kalman Filter &
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ZOBEE, TFOREIIKREVDR, EF—FDBFEL
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FIHEBEORHADIAT Y FILLDIbDLEEZDNS.

4.4 Kalman Filter O¥5E5E

Kalman Filter TiZ, REEB F 28, HF v(t) KO
wt) Z TV AMEFLRETHZ EITLY, ER(bEKIE
WIZFE(E LT3, LaL, MEICE-> T, Zhb D
ETLTLL T TRVWGESELH L. #ilxiE, Eilkofio
X5 REHEEETIX, MPOREESTHLTH DN,
RO X 5 ITEBE DS DITEEEEE LTV TH, Bo
e MES Iph oo LD KO ICBLIIME D KR I 72 D
BET, BEOREBE CIIR+2TH 5. £z, RREC
AT HANBERET S X O RGET, RESMD, B
MR T T AZHTIIAR T+ RGELH D, HESCL—F/
I = EOSBHTHRIEORENH Y, Kalman Filter
X, BARIEREZINTE 2. R, 20—z E L
»5. EKF TiX, FERBRIREESE 1 RO Taylor ERH
Z AW THEIAL (Linearliation) L TW5. UKF RO PF



(a) Observation

Observation

150

i

50

0

o o5 1 15 2 25 s a5
(b) Smooted by Kalman Filter

Location
140

120

100

80

60

40

20

6o o5 1 15 2 25 3 85
Figure 9: Kalman filter smoothing for artificial data.

# 1: Extention of Kalman filter.

REBER GaKil

Kalman Filter %I A

Extended Kalman Filter (EKF) FERRIE TR

Unscented Kalman Filter (UKF) | 3E#RI HY A
Particle Filter (PF) M | FEHT TR

X, YTV o EEMTR, S EOER (Eidk

E) DRERAT, REBBICIY FREZH#EL, =
NHOTFTHUED S FH LWL TONMA 2 BHERT 5729
EEOREEBEZHAVDLZ LN TED. éBLPFTi
DHEERBEEOBRERBEZLENTE S, 20X
BHENHEMT 5 KE, #EEBHEKRTIEND FL—
FE78H 5.

5 Particle Filter

5.1 REBBHEELLE

Z Z TiX, Kalman Filter 2B} 572 — ik L T,
—EOBREREFHAN 1 : T BT H2EHEE Yir =
[Y(1),---,Y(D)] &, ZhiZHET 2HERIRE (FIHD
(LBPHER E DT A H) Xyr = [X(1), -, X(T)) (8
HRF) BbHbDETH. &, BRLVOIX, BHNEIZX

Block40-Model1

Figure 10: An example of likelihood function.

T HNEREBOFESRHEE P(X1.r|Yi.r) THDH. FHEMHEER
1%, RIS P(Xyr, Yir) DB300UE, A ADOEH%
FAWT, FHERETHDH. 22T, ZORIESAHD,

P(Xyp, Yir) = HP )P(X(t)X(t 1))
(31)
DX, REBBHESE P(X(H)|X(t—1)) &, BRAMEICS

Tétgp((MX(n@ﬁ:ﬁ%ﬁﬁé%@&ﬁifé.

ZDHH, REEBHESR P(X(t)X(t— 1)) 22V TI,
Kalman Filter Dfi TR LTc B S EER O€ 7 L7
ED X9z, NEIRIEEOBBICET 5 RN FRRICES
WCEZDOR I TH D, —JF, BE P(Y(t)X(t))
WZOWTIE, NEREBEZRTNF A Z 00, BREIESD
EFNVEHRL, ZOFFMTLY, BRHESN L ORRE
FHATEXZ200%E, TS, RARETIE, 228 TRL
TR (4) VWS, ZORNLEMD LI, Bl
SNTET—FITEET 4T 4 VT HITH DO TIERL,
F—F B S BATHIORITE & D, YAyt @B
) LETNEDNMEDT 4T 4V T EITH.

(4) TIE, BB, FROFEEONT—0HE 72>
TWVWER, NI AZEBEORTEROT O, KfhET
X, FRONSRT—IZOWTIE, (13) & FRE, RROEBIEF
&KID%E%HW\ﬁﬁ@%&kﬁéioﬂbfwa
_ af(6)Cya(t)

o) 32

(@) (32)

SBIT, BRI 5 L 5, AR LB &
NAELEOHEZHAWTWA.

==IILA@W%YWJD (33)

X 102, LEBEEOFZRT. ZoFITIX, FFEEK

L=2ThbDT, 6=
JTLLRD.

[01,02] &72v, LEBE¥IX 2K

5.2 Particle Filter ®7JL 31 XL

R OAEERE AT XS O RE D S 5T RTOME
BhRCOVTHITIE, RS (31) 23515 2



ERTES. LhL, TNREERERHEX N 20LE
LT 5. FlzE, FIE 28, JBEEAR (800,3000/Hz @
BAT, 200BEDT—HIZOWVWTEEZHETS &,
Matlab (2D THFE Y HTIZITZ2 5720D) & Pentium
IV 3.6GHz BRED~T T, K1 BOHEEZLELT 5.
Particle Filter Ti¥, Ki¥ (particle) iIZ &Y, REBEHK%
Yo7V T, TOV TN T LIZEDHITEBWNT
X (33) #FMET 22 &k, HEOBIRLER>TW
5. 2L, BECY U7 I Lo, BERBKO
BIFRER X520, BEBKD S b, BEER
R BEOBEWR) OEE U TY) ST HEKE & D

(Importance Sampling).
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Figure 12: Estimation results by particle filter.
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Figure 11: Explanation of particle filter algorithm.
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Abstract

This paper presents a novel sound interface for HAL-like
environmental man-machine system. The interface consists
of multiple loud speakers. It utilizes and controls
interference phenomenon of sound wave to concentrate
sound, voice or music at multiple spot like small areas in
the environment. The are is called sound spot. Location of
these sound spots can be specified arbitrarily. The authors
have implemented 128-channel large scale speaker array as
a prototype of the interface. The current implementation has
succeeded to transmit four different sound contents at four
locations simultaneously. In other words, up to four people
can separately enjoy to listen their own contents
simultaneously even if they are in the same room.
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Figure 1: Image of simultaneous sound spots generation
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Figure 10: 16-channel linear microphone array
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Abstract

It is important for auditory robots to localize
the sound source. Authors proposed an adap-
tive audio servo system which made a robot
with two microphones direct to the sound
source in horizontal plane. In order to ex-
tend this method to the sagittal plane, spec-
tral cues by pinnae are considered in this pa-
per. The shape of the artificial pinna which
plays an important role to cause spectral cues
is discussed. A simple physical acoustic model
is used to design the shape and spectral re-
sponses of the designed pinnae are investi-

gated.
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(b) HRTF of KEMAR|[Gradner, 1994]

(a) Pinna

[X] 1: Schematic diagrams of Pinna Notch
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3: Spectral Response of the Proposed Pinna

7272 L, ZOHNMNFIPC ETER L S ICigibL 7z
EFMCHDOTHE L b0 THY ZoFic DT
ITEBRDFERZ I C TMEL 2 T A ENH 5. ZZ TR
HINQESR N OB RAS |7 N = B RN =t (A O i34
BOCERWEL =M E2RT.



JEERBUFE
3.3.1 EE

KERAFR L 2 BN %X 410R 7. X 4(a) 13 TG
Lo Budiello b 0TH Y | igo 729 N O HANZA
T b o (A (b)) bIFRL 7. RIEICIREAO T

Fon)

3.3

(a) Proposed Pinnae (b) Pinnae like Hu-

mans

[X| 4: Pinnae used at Experiments

RITODWTHEZL TE 7248, Uk [Lopez-Poveda, 1996]
IS 6cm DBYTE Rz e L. £, E
% o EAE TR OEAY 9mm RIS D kO KESE A
=)V, Biffio b DlcRSKICKE RS D2 ERHL
7. BMEEE 0.5mm O7 NI = LB MITEb 0T
Hb.

X 51 KERREE ORI 2o~ T, £/, RELHAN
X0 AT 7 RABIFR DI D KX K QYR LT
K&z 6 12Rd.  JHERREBICIE A 7 a7 ¢

VIix.

:
i

Controller

5: Block Diagram of the System

UPDIAATH Y | OB OERICHAZ IO 71T
5. RA a7 4 TSGR L TSI T o~ 7 CHIlE L
2k, FYUBNIFPICTH IV T, arva—4
PCy ICTHUIEE NG, & PCy 1 RTBE M 2 I E T
B DICHET OISR ENFLZAT D T2 DITH WS . JHER
BT o0E®—-FICk o TS h, I—fiiB Ly F
EDLICOIET 5 LAHKSE. E—FIZiFya—
END AT H6NTEY, 2V Ea—F PCy, 16 0HS
EIELE IEHIH SN S.

o

e e il o
S

. i

L

A e i e B e i

(b) Head Part(Front and Side)

[X] 6: Photos of the System

3.3.2 [EAEBURHE

O Ry FDRI 0.5m OFFICA ¥R EZFEE LT
TSP 15%5 [Suzuki, 1992] % H\v>, Z DJEE & B TSP 13
FEEPALZ ETHNO B EZlIEL 2. &
JHROATE % TN L S B 22088 FIBERULNE & HIE
L.

X 71X 4(a) DH A% W R 0— 15 O H O R0
ZoRd. Ml ECH 0 Mt o K& &% dB
HAITRLAVDTH S, KRIFFETIE v F ORJEEBUC
FHFHLTOWEDT, FORE SIFEETCITRL TR
<~ A a7y VEECHMT 2E YT VI NVEERIRL
TWo. 2BV 7Y V7RI 44.1kHz TH 5.

FIROME N FHP S TATE Zrad & LEHED
MR DITHENIEIZR B 1A S . RIERTIE A =2
S A=3" $TE I LB THEL .

WESHhER/EREDY, 2TCOFFEDMFITONT 3N
5 15kHz ICBWWTE =2 & ) v FWNEREhTns. L
MLRDE, 2TD ) v FRFHESFINARS S DT
e®, B/ v FEIFET 5 0B Cldan. 22T
FHEH M OZEAUCEDLE T, A OZ/AL Tnb )y
FRFARIZ & Z AN Ny, Ng 26T Ng &RIL 7



[dB] [dB]
—40 —40
—80 —80
—120 N4 —120 IN 4
10k 20k [Hz] 10k 20k [Hz]
A = 7 [rad] A = Z[rad]
[dB]
—40
—80 —80 v
N4 4
—120 N ~120 1 INg
10k 20k[Hz] 10k 20k[Hz]
A = 2Zrad] A = F[rad]
[dB] [dB]
—40 —40
_80 [N —80
-120 | Ing —120| NVBNe
10k 20k [Hz] 10k 20k|[Hz]
A = Z[rad] A = Z[rad]
[dB]
—40
—80
—120 ngc
10k 20k [Hz]
A = 2 rad]

[X| 7: Spectral Cues of Proposed Pinna
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[X] 8: Spectral Cues of Pinna like Humans Ear
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Source Localization and Mixed Speech Recognition

by using Four-line Directional Microphones Mounted on Head of Robot
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Abstract

Sound source separation and localization meth-
ods using four-line directivity microphones
mounted on a head of a robot are proposed.
These methods are free from strict estima-
tions of HRTF. The separation method utilizes
a difference of the power specturm with the
robot head acting as a sound barrier. It per-
formes signal processing in three layers:two-line
SAFTA, two-line Spectral Subtraction and their
Integration. The localization method utilizes
the idea that the direction of arrival depends on
a sound gain difference from four microphones
and traces it statistically. The experimental re-
sults prove that the proposed separation and
localization methods are very effective.
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Abstract

This paper presents a humanoid audition system
that gives a humanoid the ability to localize, sep-
arate and recognize simultaneous sound sources. A
microphone array is used along with a real-time
dedicated implementation of Geometric Source
Separation (GSS) and a multi-channel post- filter
that gives us a further reduction of interferences
from other sources. An automatic speech recog-
nizer (ASR) based on the Missing Feature Theory
(MFT) recognizes separated sounds in real-time
by generating missing feature masks automatically
from the post-filtering step. The main advantage
of this approach for humanoids resides in the fact
that the ASR with a clean acoustic model can adapt
the distortion of separated sound by consulting the
post-filter feature masks. Recognition rates are pre-
sented for three simultaneous speakers located at
2m from the robot. Use of both the post-filter and
the missing feature mask results in an average re-
duction in error rate of 42% (relative).
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a) Spectrogram at multi-channel post-filter input

¢) Mel-frequency missing feature mask

Figure 1: Missing feature mask computation
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Abstract

This paper describes speech recognition based on
nonverbal information for communication robots. It
will explain how arobot can extract human emotions
from nonverba information and limit the number of
possible situations. First, the results of an experiment
on interaction between a human and a robot, lead a
conclusion that there are two types of emotions: one,
including emotions (joy, anger, fear, etc.) which
depend on the context, and the other, including
emotions (strain, etc.) which do not depend on it.
Also, discussed are the possibility that the presence
of strain emotion prevents displaying context
dependent emotions, and results obtained by using
emotion recognition based on the prosodic features
of voice and facial information.
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Figure 3: Measured Result of Speaker Directivity at 1 kHz
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Figure 4: New Communication System Architecture by Directional Speaker
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Figure 5: Basic Performance of Communication System
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ASIMO ear | loudspeaker
position position

omni-directional 70dBA 62 dBA
speaker inside AISMO
directional speaker 58 dBA 70dBA
with max power
directional speaker 56 dBA 62 dBA
with optimal power
ASIMO switched on 55dBA 51dBA
background noise 23dBA 23dBA

Table 1: Sound Pressure Levels in Evaluation
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Figure 6: Isolated Word Recognition Result
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Development of Human-like Talking Robot Having Auditory Feedback System
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Abstract—This paper describes an autonomous control
method of an anthropomorphic talking robot WT-4 (Wa-
seda Talker No.4) to mimic continuous human speech
sounds by auditory feedback. WT-4 consisted of 1-DOF
lungs, 4-DOF vocal cords and articulators (the 7-DOF
tongue, 5-DOF lips, 1-DOF teeth, nasal cavity and 1-DOF
soft palate), and could reproduce human-like articulatory
motion; the total DOF was 19. In this method, the trajec-
tory of each robot parameter was controlled so that the
acoustic parameters (pitch, sound power, formant fre-
quencies that are resonant frequencies of the vocal tract
and have the peak of the output spectrum, and the timing
of the switch between voiced and voiceless sounds) gen-
erated from the robot were close to those of human

speech sounds. The trajectory of each robot parameter
was optimized by inputting the acoustic parameters. This
method will help to clarify the human speech mechanism
and to create a new speech production system.
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Fig. 1 Mechanical overview and control systems of talking robot WT-4
to mimic human speech sounds by auditory feedback
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FIOW+ (Side View)

(a) Vocal cords

Flow Valve
V| : Lungs Velocity

(b) Lungs

Fig. 2 WT-4’s vocal cords and lungs mechanisms and the three manipulated parameters (A, T ,V, )
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(b) Relation between the lung velocity and the sound power
Fig. 3 Relation of the robot parameters of the vocal cords
and lungs and the acoustic parameters
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X5: Lips Protrude

X,: Teet
X3: Corner of Mouth

(a) Lips
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(b) Tongue
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Fig. 4 WT-4’s lips and tongue mechanisms and the eleven manipulated parameters ( X, X, ,..., X;;)
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Fig. 5 Optimization algorithm
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Table 1 Target acoustic parameters )7

Parameter Value

Target 1| Target 2| Target 3
FO Hz 105 105 105
Power dB 75 75 75
F1 Hz 500 500 650
F2 Hz 1500 1900 1300

Table 2 Initial robot parameters x© (Fig. 2-3)

Parameter Value
Initial 1| Initial 2| Initial 3
X1 mm 10 10 15
X2 mm 0 0 0
X3 mm 0 -5 0
Xa  mm 10 5 10
Xs mm 10 4 14
Xe mm 10 2 19.5
X7z mm 10 2 25
Xs  mm 10 6.5 26
Xo mm 10 8 10
X0 mm 10 15 10
X112 mm 10 23 10
A  mm 0 0 0
V. mm/s 7 7 7

(c) Initial 3
Fig. 6 Initial vocal tract shape
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Table 3 Organized experiment 1 (Target 1 and Initial 1)

Parameter Value

Initial Estimated| Target
FO Hz | 100.0 105.2 105
Power dB 63.7 —> 66.5 75
F1 Hz | 586.4 501.4 500
F2 Hz [1467.7 1504.9 | 1500

Table 4 Organized experiment 2 (Target 2 and Initial 2)
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Fig. 7 Organized experiment 1 (Target 1 and Initial 1)
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Fig. 8 Organized experiment 2 (Target 2 and Initial 2)
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Fig. 9 Organized experiment to mimic human speech sounds “hassei”
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