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Signal Separation and Extraction of Speech Signal
Based on Its Statistical Characteristics

TRk 1 943 A
B R

L1 B RS B TR ZE R






L B

AL, BEFICRLNEFEOTFESND, THELSE - T 572DICF
B OMHHSMEEZFIA LR oD FEIOVWTIRRS.

—Blz, EEMBOSFIIBNT, B —TZESNEEES» LT Z R
£ LTHENEERBIZ L, EERMED1-°THS. ZORMERZMAEIZOHICE
BEEOHMEIS U T 7 A VEREEEE TS 7 A VEBEDND. &
iz LRBEOER T A VE ZRVARENREIL LT, BROBFEIPLERSH
BEEENEVICES S TEED v —CRAISh Tz L &, REFTRGER
DfERERME LT, BRESOAZAVTURESEHET SHEXHS. TN,
754 v RIEE4RE (BSS) E L iENn 5. BIXIZRESTHEFRORGIL, HEGE
FORAEFNOBECEFZM]Y M4 HE, I TA =T 4 —HEL LT
H MEEBEEINTE .

JE4E, BSS BIEEAMEL 720 DF LVWEXF L LT, BHHRERICE SV ERRA
FFu—FRBHD. FORTHIFC, MIRDHHT (ICA) LRI D FIEPEAIC
BWEEN TV, ICAIL, BABERIRE THIHEIL, RAODFRESHHERIC
WMITHBLVWIREDHEZRANT, BRIEE»ORESTEHE T HMEHAMEFTL
HEETHS. ICA TR, FEITIVRESNIHBHERZBRESITHE LIk
ERICIVBEELHETS. OBRBERZRETDLOOEFT VI X L%
W L X CHEEOMSIEORBER AV O, RERARICADEEFT VIY XALT
X, ZOHEE LTHBESOREERER/MESAVOND. ZOLE, DRHE
B ORISR OREREEBREE 58I b odRBEENNEL Shd. RO ICA
Ti, ZOERBEHRORRICS VTS FREHESAVLORTWS S, RIEFOHR
REEEBEOBRICE > TiE, EELMRTERVWEANFETD. £IT, B2
ETE, EECELRENICEN - BEREERS (RBF) X v MV —7 OREEFIAT S
CLlizky, ICARMEL SNBHERFEEE TEIETERICERT DFEZR



RT3, I, RELBRFEOTNETNORRELENLIeNATY v FICA
BEL, EEOMONKEAY—FEEEORER M LEZ BT,

—ARE972 ICA DEF T AT Y A 51X, BRSO BSS I LTEHSLTW
3. LLedb, EFEOL ) REHEEREZEBRTERVESCHLTE, B
RSN ICARZFDEIFEATH Z LI TE RV, EHELERME ST BSSHES
2 2D ICA DEBT AT Y X1, BEERER CEENICR > b0 & BREER
WWEH L TOETE L0022 KRELHITbND. FAEEEETIOMEEZR -
A, BEEBRLECERFESDOICABNFATE 570, HHEEETHRI LV b
2RFALITY XLZEMITES. £I T, BIETIE, FEEKERICA D& 2T
MHLEESABMFELZRETS. =7, BEEERICA AV TERICEHGEL
BRIRHEET A HESRL, RIZ, TREAVEESSBEFEICOWTE~NS. &
iz, HELZBASBRRBROGEHGEERRE & BEREELFA LB REMDFIEICS
WTHRTY.

T, 5 TRRTELICAIXBSS HEERZ B D DFIETH LA, FRIE LT
2O LEDBHIEREHLELTE. 205, ICAIX1>OBRAEFDANL T,
BEEELHMETAZLIXTERY. T0Y, ICAIKEICERRFETESHD
2, REDOBRTEELEH I TANN—T 4 —BBEEHRN TS EFFLRV. £Z
T, BA4ETE, BEFHEOTFLMWOBEFEEOTFENRE L1 >08HAES
nh, BEFEOEFZMHMBTIHEEEZD. 0L, ICADX S8R L
2ETIIRL, BHELEVWEFCOWTEINMLAOBERAFE LN TV D HETH
WEBERRAVD. REFIETIE, #EEES L L CAREERICR T 55EE OEMEDS
Ehhd. BEMICIE, BEFEOHRREFNOFIIERESND, AN by
R EBE L HELAVIFEERETS.

Bz, REEROEFESDOEEHEIZICA ZRAWVWSFEEZRE L TA5. ICA
X, BREGOKEMBISHIRRIL TS, £ T, EROFEEL LT

ii



INE T2y FERICARY T3 EEEKEE, Bt EERROELMEME TR
HLTWA. LT, EHMRENEVICHEFANCMSIIC RS & 5 REKRHZ ICA
L DRDTVS, B5ETIE, ICAZEFESOREMHICRAL, 0Xd2
HEEBEENELNDNERET S, ICAICL BB EHHIX, A —Ra—-F 17
1ok B R & BEEARBEERD D, ANN—Ra—F 4 U7, ERORKEROE
BT F VKRSV TERIIER (R/S—R) OEBEBRTILickY, PHOE
EEKCES*ERTAIFETHD. £IT, ICAIKL> THELNEEREKRD
HTLEEESLEER TS I EATENE 52, FREROBRILBREZITD.

o

iii



Abstract

This thesis describes several methods of signal separation and extraction of speech
signal based on its statistical characteristics. The speech signal is often corrupted
by other speech signals or background noise in a real environment. The extraction
of the target speech signal from the mixed speech signal is important for smooth
communication. This is called a cocktail party problem in speech signal processing.
In general, the problem of separating or extracting the desired signals from the
observed signals is important in the field of signal processing. Unsupervised or
supervised adaptive filters are widely used to solve this problem. The adaptive filters
determine the filter coefficients by using the statistical characteristics of the observed
signals. The typical example of the unsupervised adaptive filters is the blind signal
separation (BSS). The BSS is an effective approach to separate source signals from
the observed ones, which are a linear mixture of the source signals. This separation
is carried out without knowing the mixing coefficients and the properties of the
source signals. The independent component analysis (ICA) is a statistical method
to solve the BSS problem by applying a linear transformation to the observed signals
so that the separated signals become statistically independent of each other.

The major ICA algorithm is derived by minimizing the mutual information of the
separated signals. In this ICA algorithm, the nonlinear functions, concretely the
derivatives of the logarithmic marginal probability density functions (PDFs) of the
separated signals, are to be described explicitly in the learning process of the ICA.
In general, the sigmoid functions are often employed for the description of those
nonlinear functions. However, a simple function like the sigmoid function is not
suitable to deal with a wide variety of probability distributions.

In chapter 2 of this thesis, we apply the RBF networks to describe those nonlinear
functions as precisely as possible. The point of the proposed method lies in its
description ability for the complicated probability distributions of signals. We also
propose a hybrid ICA with the conventional ICA and the RBF-ICA. In the hybrid
ICA, the conventional ICA is employed at the beginning stage of signal separation
to get a rough separated signal with high speed, and then later it is switched to the
RBF-ICA to get a better signal separation accuracy.

Many ICA algorithms are presented for the BSS problem of instantaneous mix-
tures. However, when, for example, the source signals are the speech signals, we have
to consider the propagation time delays of the source signals in the BSS problem.
Several methods for solving this problem have been reported in the time domain.
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However, in case where this problem is treated in the time domain, the method
becomes very complex just at that moment. On the other hand, the separation
process is simplified by the frequency-domain ICA. The frequency-domain ICA is
a straightforward extension of the commonly used ICA algorithm for instantaneous
mixtures. In chapter 3, we propose a simple and effective method by extending the
frequency-domain ICA. The proposed method estimates at first the relative prop-
agation time delays and the propagation coefficient ratios. Then by making use
of these estimates, the signal separation is carried out with a higher performance
than the conventional frequency-domain ICA. Furthermore, the sound localization
is realized by employing the estimated relative propagation time delays and the
propagation coefficient ratios.

The ICA needs two or more observed signals because of using the statistical
distance between signals, and thus, the ICA cannot extract the target signal from
only one mixed signal. From this reason, the ICA is not a method to solve a real
cocktail party problem. In chapter 4, we propose a speech extraction method from
one mixed speech signal using the speaker individualities in the frequency domain.
The speech signal has many features in the frequency domain, for example, the
fundamental frequency, the formant frequency, and the spectral envelope and so on.
These features represent the speaker individualities attributed to the human speech
organs. In the proposed method, the speaker individualities are reflected in the
dictionary, which is composed in advance from the clear speech signal of a target
speaker. That is, this method is one of the supervised filters that are different from
the ICA based methods mentioned above.

In chapter 5, we report the result of applying ICA to feature extractions of the
speech signal in the time domain. The ICA is closely related to the sparse cod-
ing. The sparse coding is a method to represent an image signal by using a few
basis functions for natural image. This is based on the perceptual system of the
mammalian visual cortex. We first show the basis functions obtained by the ICA
from the speech signal, and then investigate whether the target speech signal can
be represented by using a couple of these basis functions obtained from the signal
compression viewpoint.

Chapter 6 is devoted to conclusions.
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VE4E, BSSFHEEZML 2DDH LVWEZXF L LT, vv /) VITHEDIERER
[13][14] KBSV ERARIT TR —FBb 5. ZOFTHEIS, MIRIIH (In-
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FEemSIEORE L L THEEREOR/MLERAW =S, ICADEET VA



U ZATBNT, SEEE B ORD S OMEEEE B % 518 b ORI EES L
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ZIT, BAETE, BEREOEF LEEFEEOEFNLIEONDBRESZ,
ICA © L 5 ICEEOBREENL TR, $5 1 208HHESDH ) LRFERE D
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R B Z L AERED Y ) 2, EHEEL LI EFESOBREL ThiCEbn i BERK
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DERAL L RFER2 ICA DFEZTAITY ZLIZOWTHBE L%, ICA DT
BOYNEL ShDERBEEOELIC RBF Xy NV —2 2F AT 2 FHELRET
%, BI3IETII, GIHEERE% ST BSS MO ER L & EAH 72 FR BRI ICA
DEZFEHAL, FBEEEICA CESWIEFES N L FREMLOFEIC
WT, ThENRETS. F4ETHE, FACBEEEREDOAY MEREZE
BifEE & LT, BEFEEDER LEEGEEDEFNOIEOND 1 DOBRAIEFZ1 b,
BEEEOEF LT3 FHRIIOVWTRET 5. FHETIE, ICAZAVWEEF
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B 1.1: Organization of this thesis.

(EEOKEHIE L EOREEBEE- L EFEERL, FREROBRN»LRFT .
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£28F RBF®*vY FJ—0ZHU-M
MRS AT

2.1 #®E

AETIE, BEREDT T4 v MES5BE (BSS) MO ER(L & REHI2IM L
5353HT (ICA) DFEEZE TN T Y ZAIZDOWTHAZ Lictk, BEFIETHD ICADFE
TEECTHLEL S5 RS OTLLIZ Radial Basis Function(RBF) % v kU —
7 ZRIRT HFEICOVTHRRB.

BSS BifIx, BHEDRESORFEHZIRE THIBAEST»L, BEBERLK
BEOEELRME LTRES2HETIMETHS. ICAIL, RIEFDOHEHIM
SIHEDHEFENRNY & LT BSS MBEZAEL 72D DFEERIEFLEFIETH D, ICA
T, BRUESICHRBEREZHETZ &1L Y, TEX2MY BEVICHERICMILIZR
5XORNEEREBS. ZOBONENBETRHEINERESLRS.

REHZ ICA DFEETNLTY XL1E, HEFREDOE/IMLIZESWT, SBHES
DFEAHERFERE L SBEE S ORDHERE EBB O L OREEHHIEREEZ &/
DR EBRERDTVS [19]21]. NI EVELNZICADEZET NI Y XLT
1%, DEEHEE OB DHREEEROEREELMD Z LB ICA DFEBRRETYLE
LB [21). —ARIC, fEERBRYL, BIIEY A NEEREUR &R, ZOHREE
BORD YV IZHEDI TV [20][25)[42]). LA LA b, 7EA FEIEEEKR E T,
FIEROMES ORI L - TULELEE L LTEEATRVWESRHY, ok
XIFESOHRENERICTE 2. BSS DB LM LX¥5720ITi%, T0




G TE AL ERICER TSI LARDOEND.

FIT, AETIE, ZORBICRBFXy NV —27 2FER LI ICADERT VI
Y X (RBF-ICA) ZRET 5. IbIT, KD ICA & RBF-ICA Z#/H LcFik
(N TV v FICA) 282RL, EE5SMONRA Y — NEBEDOE RS A Lz KE
L. BEFEOEDMEL, HEEI Iz L—Ya ik VERINT.

2.2 BREERARISM v FMESDE

AHTIE, BB T T 1 2 FESHHE (BSS) MBI SV TEREEAT .

5, NEORESIMBHICRESh, PEOE Y —CRESAELTS. =
DLk, BRHES () BUTOLSICE2bRS.

o(t) = As(t) (t=0,1,2,...), (2.1)

T 1T, ARBAFHI LTI, PFNFIOFSITHS. tide(t) FEET 5 BT
BERIZET. s(t) REESERL, KE&NO~Y M ThHS.

s(t) = (s1(t),...,sn(t)T, (2.2)

ZIT, s(t) 3B BROEFRENLOERSNDIREFERT. £, TRHEEZ
#T. BHES LR ML TRESHh, TOREEFIPTHD.

z(t) = (z1(2),...,zp(t)T, (2.3)

ZIT, zi(t) 3EiBROE Y —CRRIShIBRAEFTERT. BERS BSSH
BTG, BERYLEVT—REAESN TV LEEESNSZD, RATTH AIXES
B et —DEBCIS CZREBORECHRTREIND. DD, RAETTS
ARt IZ X o TR L2WREATIIE 2.

AFETOBHRTIE, BESOEN L P—DEPIEERDELEZ. 1L,
VH—DENRBEESORLIY LEVEE, T2bL, N<POLXR, EHEIS



#7 (Principle Component Analysis, PCA) 72 ¥ DR TR DOFIEZE I &, P OK
i NICHEL T LN TE5[28). 20D, SH%IZP=N, T4bb, RIS
ANREFTRITHDE LTHERTS. N < POREIE, B5EHFEH (Overcomplete
Representations)[81][82] & FEiiL, —MRIZITARIT 2\,

BREIE S BSS RIREZ iR < 72 D— IR FIETIE, BAUES =(t) I N{TNFID
EHITHIW 2R ST THEONDET y(t) 2 RES s(t) DHEEE T5.

y(t) = Wa(?), (2.4)
ZIT, WIASEET, y(t) i XoBEER LFRTh,
y(t) = (i), .-, un(®)”, (2.5)

ThD. N=20EE0ORFES BSS ML 2.1 17T, b LoBTIINRET
FIOMFTFNC R ote b &, Thbh, W=A"0Lx, HEESy(t) LFES ()
IX—3 L, BEERS BSSRIREIIMI -z itk s, B, BERREL VY —ON
B CEEROBERENHETE 52 51F, BAETTH A»550% D THEHT
FIW ILSBICRD B N TE S, Lal, —REICE, REZOEELSHOR
AERIIRMTH D 2 LBE. 2O LI BREBRHERPBONLR2VESTYH, K
IR~ BMSTER S T2 VD & BE R BT R T H L3 TE D,

2.3 MDA

AETIX, WIS DH (ICA) DRE\ARZF TN IY LSOV TRHAZTD
b, TOTATY X AOBHEER CEDLZREFRER/ML [19][21] £ BRAS
Bk [65] 12 DWW T 5.

ICA I, BUEE s(t) DRERNA & DGR SBRICET 5 EROERY b
Iz, FEEEOGHIHMSIMOREZERNY & LT, BREE o) »bEIEE s(t)
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Mixing Matrix Unmixing Matrix

S R
_

Vi

A 4

Xi W.

o y:
y | 1

Source signals I Observed signals Separated signals

Unknown

v

2.1: A schematic diagram of the BSS problem (N=2).

PWETAFETHS. [CADBMIL, SEERy() 28, TEBETEVCHE
[T 725 X 5 RBETTRIW 2RET DI L THD. 72721, RIESHHEH
[CMSLR T T A THHHE, PBEE S EHEIIMICT 2 2BHTFITERIC
FETAD, HUASHICHLTICA ZEHATEZ LIXTER.

2.3.1 HEFEHRER/ME

ICA DB T ATY XM, HEMSIEOREEOBUFIC L THZ B b DR
BESNTNS. TORORENAZBOL LT, HEESOREKRSREEE/MLT
BREICESWEREBT AT XA8bD. T, SEESOBETL har—%
H(Y), TOERHDTL hat—% HY) 15, MERREINUTOLIK
355 [29][30].

D(W) =) H(Y) - H(Y), (26)

=1

11



H(Y)=— /Py(y) log py () dy, (2.7)

H(Y) = - /pm) log v, (4:) dyi (28)

£(2.6) 13, HEEEEORAHREER K py (v) & £ OB IREREEBROB YL, pv.()
E DDA NSy 7 EHE (Kullback-Leibler Divergence, KLD) & LTETD & 5
WWERRTHZLEHTES.

p(y)
HL p(¥:)
A1%1E, fERLD T DHERFEBBORTIIERTS. ZITR, 2BHTIIW %
BRI Z LIC k> THERRE D 25/MLT20RBMTH S0, D D3I
EWIZ25. |

KLD 13 2 D ORERSF R Ot e L St D RED 1> T, £OMEII 0 EDE
LD, 0DL XTI 2ODOHRNMI—ET 2. TDD, HEEESOHEEFREDN
0l L%,

D(W) = /p(y> log dy. (2.9)

N
p(v) =[] p(ws), (2.10)

i=1
LY, SEHMERIEEENICI S 2D, Xo T, X(QI)KRARTEEZEALT
MEBSEZR/IMET 2 W 2R 5. 2721, ICA TIEEHMIIEDSEZE
T30, FEBEOKRESLIEERZRETHZLIITERY. $12bb,

W =PDA™, (2.11)
BREL B, T 2T, PIXEHITH, DIIMAITIITHY, ZOTRERPHEDORIT

®D.

12




£ (2.9) 1, ply) = p(x)/| detW| ICEET 5L, UTFOLS LR TE 5.

N
D(W) = /p(m) log p(x) dz — log | det W| — Z /p(a:) logp(y;)de.  (2.12)

ZIT, det W IR W OFTFIR, |- | idiExHEEZ RS, K (2.12) OREAOFEHEE, W
B L TR NEHETE S, LoT, FBTHOEFRNIT, EFNLRIETIE
FEATAHZILICLIVUTOLIEXDNS.

oD(W
AW = ‘"a;f)

= n(I-{(oy)y™)) W), (2.13)

TIT, AWEW OEHE, nI3FERE, < >3HHETHD, EREOHET
SRR EEBI LN, E, oY) iE, UTOHSZ O M ThHS.

¢(y) = (¢(y1)’ Ty ¢(yN))’ (214)
o(y) = _m%;(y,l (2.15)

EAMREERTEI2—7 ) v FEROBEREZRTEREINTEY, FES
FrLEABRTHFRIZ—%T5. LarLiens, fTHI0ESZERIXY —<ZERT
HY, EEEOBFICL > TEBRENELT S, LoT, V-2 ETERY
REARTELER LGS, BEZOFRARIERSETOLFRTRY. J—vr&E
BB 2 RAaR TOFMIXBRAE L iTh, TOEMETEEZ{TOSRE, K
Ik 2 BRAEENS LAV,

2.3.2 BROEE

2% T —E D(W) o8B 2 RBBRTOH L, W 2REOCHEH»L AW 721}
HNELERLE, (W OKREESE—ELLT, D(W)DELE,

' D(W +edW) — D(W), (2.16)

13



BELBOTE LR IW OFATHD. c INeEHRTHD. dW ITTHI2D
T, EANRRERTELERT? LICGEAEB2>TLES. SETIIOFEEZ
EEICAT O 2Dy, BRAREZERATILENHD. UTICERRITHIZRMIC
BT 5 BRBEIEIC OV THBICHAT 2.

9, BATHITICBTAMOENEBEIX OKEZE, 7a=UX /) VAITk
WETOXSIZERTD.

ldX||f = tr(dXdXxT)
= D (dxy)?, (2.17)

ZZT, IO b v— A ERT. SETINIIERHTAIROT, V-2 2d [59].
Y—BOMEND, WILBIT2WMAELER W 1T,

(W +dW)W™ = I +dWW, (2.18)

XY, TERIBMOBEIWW LIZEEND. ZOMIE(EBOKE ST,
) —BEOEBIK LT —EIRND [65]. £oT,
ldaW iy = [[dWW [
= tr (dWW (W HTdwT), (2.19)
L2y, WIZBITAMINELEDORE ESHHETES.
DW) ICB I 2RAETOFAERDDITIE, 0 ||[dW||w 2—ELTHE
ZiE, Tbb,

tr dWW (W )TdaWw7) =¢, (2.20)

DOF, K(2.16) #B/NMNITIUENRHD. ZITclT1UTOEETHS. K (2.16)
IZBWTeD2RULEDELERT S L,

D(W + edW) — D(W) = etr ( (81;3;&/ ))wa) , (2.21)

14




Li2d, XoT, R(220) X (22X LTTI T VaRERBEEZHANDL L

a(div) {“‘r ( (M;va : ) ' dW)

“Ae—tr (dWW-l(W-l)TdWT))} =0.

(2.22)
INEEL L, B#EREEO dW BRED.
_ € aD(W) T
dW = — X BW ——wiw. (2.23)

bbb, ERIRITHEMICE Y2 BRAEEIL, ERNLRRSETECEND
WTW HT BV Z & 23505 [7)[29][31][65).

LoT, RQI)ITHEILL WIW 2#IT5 L,

_ 2w
AW = oW

= n(I—(o(w)y )W

— wTw

(2.24)
L0, ThABMEEFRER/MUICE D ICADFEET VT Y ALIZRD [21]

(2.24) ICHEV W B FEHT 5 L ABHTFINMR L TV &, X TELABLND. LA
Lighis, MEBRER/MLL BRAEREC LV EPNK

(2.24) 121, 3 (2.15)
TREND ¢(y;) DEGBHZEBERBBLELRD.

2.3.3 ICA D#E CTHELIEZRIEIDIE

—RRE IR IR, o(y) ZIERIERES, BIAE, VA FEBEHRETR
B+ aHEThS. £, o) KEENDHMESORDRREEREEp(v) 2, 7

5 nv ) TEE YTy U — B 19 TEPLEZY TEEELSHS. L

LERE, WThoFEL, BIESORESMOBRICL > THMEFIREZ ERIC
175 Z N TERWEERFEET S [60].

15



¥, HEBREBERY=2—FVFy NU—IRETHELT ¢(y) &RDDHF
BELRESNTVWAR 1), REEEBBEOMSZRD S L EITHBNRESTE
PlLTWB®, BREEEENIKNE BT 252 ETIE, EOURKEICRIER
ETD. BEBEBEBENATA N v RFETHEETI7TAIY XLBREEH
TWBR[62], NTA—FBICFBRLELRY, FETLITY XARBHICRD.
MR B EERAENT 52 L2 LIS, BB ¢(y) 2ERT2HFEBRREENT
WBR[63], AT T VERBRAVLENTWARDR bR EEEEED Z LR
LW, 22T, KETIE, hbDORBEAEMART S0, RBFXY hU—27 %/
WT o(y;) ZIEPLIE 2 F ik (RBF-ICA) 2 RET D.

2.4 BEJTBRBFR*Y FI—2I2KBHICA

AEITIE, BEFIETH D ICA OFFERTLEL ShHEREEEDELI
RBF % v U —7 2R+ 5 FEEZRATD.

RBF % v b U—7 %, EEOIHFEE L BEELERL (Radial Basis Function,
RBF) TRETHHETH Y, BHERBEEELALTIENTENL TV S [33]-[36]. B
REEEH L L, TOERENBEOFLILEINIERRICL > TREIBEK
ThHY, REHRFIE LTH Y ABEHNHS. RBF Ry N —2 13 FEEN 18
DExy hT—7THBHEDT, D=2—FVRy NU—7 OFEICHS, BfEz
HIERWAEARHD.

RBF % v h7—2 % ICAICRIA L7=Bliddh 528 [64], %2 Tit, HEMHEHKOM
BEHOELICRBF Xy FU—2 ZHWTED, RBF Xy MU —27 25 BHRER
RFEEL L ERD. BEFEICBITARBF Ry NV —2 OFRIER, Tv AR
¥EEEBELE TS RBF Xy N —7 OHAIOWEIH, EREC, BREICHETES
ZEICEBRL, SEEESOXEAsMERE RBFRry NU—7 THEEL, &b6IT, £
NEWHT B Lic k) EmEREEREOMS, $2bb, X (215) TRIND

16




HREHER/LIZLTHD.

2.4.1 WPEBSHHROMS & 5 FRHEABDEE

RBF *v h7—2 &2FA LK, R (2.15) TREND ¢(y;) PELEUILLTOL 51
Fhohd., %, HDEEESy DL AT LE2HETIEDIZ, v OFHT M
Z K A0SR eREICHEL, ZORBNCBT S vy OBEFD. KIZ, 5
NEER RN SANDHEE R N T L23ETS. 2720, A N7 ADEDR
0D & &I, FORMBIZOETH. LT, ThERBF Xy FU—7 TEUT DT
Lizk D, M4 FTRER T B BUE O log n(y:) 285, TORKRTF
X 2277

SHEEE 5y R log n(y;) DML, UTIWCRTEY, MEHEREEEEOMS
LELLRDODT,

dlogp(y)  9(logn(y:) — log M)
0y; Oyi
_ Ologn(w) (2.25)

b(y:) i, HEEBSfR logn(y;), T72PDH, RBF Ry MU —7 OHAEMS
F+HZLickoTELNS. 22T, MIZEHORE, T72bb, p(y) =nly)/M
THbH. KETIX, RBF %y U —2 OEEMREESVTERS.

2.4.2 RBF #v F7—2I2&k2EHEBEHDERIRE RBF-ICA

Z 2T, RBF Ry NU—2IC X BB ORI S L L RBF-ICA DFET
LT Y ZBIZDNWTHRARB.

RBF % v hU—Z R 1BDFy U —7 ThD. K23iE, RBFRv b
U—7 OEYERTRT. 2T, BEEHE L TROL ) v ARBEKERNVS.

i (y;) = exp (_(ﬁ%z)z) , (2.26)

17



= RBF Network
e ;
Logarithmic _

-histogram P

Logarithmic frequency

Vil ik Vik yi

2.2: The logarithmic frequency curve approximated by the RBF network. y; is
a middle point of the k-th interval (k =1,2,--- , K).

I, i ERBF Ry hI—2 ~DANEETHY, hy) Xl EBOEERE o
&b A T ABIBEBOIRERD B /8T A—F ThHD. o IEREEEOFLONME
¥E L, b IREEBROERY #%T. RBF Xy FU—2 OHMIL, ZORERK
DEHFEMETEZBNS.

fly) = Zwlhl(yi)a (2.27)
1=1

DI, w k() KRBT Ry N7 ORAOESTHY, LIXEEEKOR

BTHD.
EEOHEBEEIT, B w 2EIICRE T2 LICL-TEUENS. TDE
B bE, KR & > RBRETHEREEER/MLT 288 H 0 FEIC L - THRE SIS,

K
B(w,a,b) = 3 (ogn(ya) — ()", (2.29)
k=1

22T, logn(y) BANER yo ODOEEFEETH Y, K AHEHESORET
5. KIXER NS MBI BREORE LS L 25, £, wTEHR<Y k

18




hi(yi) —C "
ha(yw) +—(
Vik ? E]W _ﬂgﬁigfmo
| hy) —Qr
he(ys) —( e
log n(ya)-f(yi)

2.3: A Structure of the RBF network.

V, a & bIREEERKD/NAT A—FRT MATHY, UTOLIIIRIND.

w = (wy,...,wp)%, (2.29)
a = ‘(al,...,aL)T, (2.30)
b = (by,...,b0)". ; (2.31)

EANARRABRTECLY, v 0EHFRIUTOLIICEAOND.

a@E(w,a,b)

Awl = - awl

K

= ) (logn(y) — f (i) ha(yan), (2.32)

k=1

19



DI, aRFBRETHE. o kb bw LABRFETRESND,

OFE(w, a,b)
6(11

K
= 20 Z{(log n(yix) — f(ar)) wiba(yir) (Yie — al)/bl}, (2.33)

Aal = —ﬂ

OE(w,a,b)
ob,

= 7> _{(logn(yix) — £ (yax)) wilu(yx) (yax — a)*/07}, (2.34)

Ay = —v

TIT, Bl RFERETHD.
$(ys) 1%, XBUEHK ST logn(y:) & RBF kv hV =2 ko TREI L ek,
X (2.27) WA TH LI E > TRLNS.

_Ologp(y:) _ Ologn(y:)  _0f(u)

o) = Oy; - Oyi - Oyi
L
S A ) _i—a)
= -2 2 Wy exp 5 : (2.35)

. (2.35) DIEA, ICA DR (2.24) TRINDIFBBBRTEOND.

2.41%, N =20%4DRBF-ICAIZXAESHBEERERL TS, RITRE
WTW3EY, RBF-ICAIZIX, 2 00RARDFEFBRNEDHD. 121, ICAILRBIT
BHETFIW OFEETHY, b O 1201, IEREEE O(y) 2ERT 572D RBF
Ry FU—2 i BET A—F DEETHD. £0k), RBEICA R, FEH
RIDRERIEIC AKX R BRARD D, HEHEE L 2RI, Wbod hL—
KA 7 OBRICR D, F2T, RETIE, EESBOIRAY— FEBEDRERDM
Ex BT, #ERDICA & RBF-ICA DEFZEMN L, ~M 7V v RICA
RRETD.

20




RBF RBF
1 2 I 1
0g n02) og (1) Network Network
\ 4 v
Logarithmic| |Logarithmic
902) 901 Histogram Histogram
v \ 4
Updating Rule
> Y,
> Y2

2.4: The learning process of the ICA by using the RBF networks (RBF-ICA).

2.4.3 NA4TYvy FICA

TITEIANATY v FICAIL, HERDICA & RBF-ICA D2 0% AiabET
FEChB. B, LA NI ) FESERITLAHARDY, &
#13, ERECRO-HEBEEEICLVBEORVWESHBERNTADFIRYEHD. £
D, " TV v FICAIK, 2200EFEENLT, KRINHERDICA ZHAL
TEEICEESEEITY, KRICRBFICAICHIVEZ DI LIZX>T, LVBED
BWESHBEE ERTD.

F) 021, HERD ICA OFEFMSIFIR LZFERATITY. NERRAOHEL
KRD L5 ROBITIIW OBFEORE S ZAVD

AW = ZZMU, (2.36)

i=1 j=1

21



ZIZT, ||| ETRR=0 R Vs ERT. TuR=U R VAL, TTHIZERICE
WT 2 0DFTFIRIDERERED 1 oL LTHEDIS. ICA DB MUK T 5 IZHE
AW I ZZBITINGEL 2B DT, ||AW|| bEMEBIC0ITEL 2D, £DTD, »A
7V v FICA Tid, ||AW]|| %, ICA DB ORI ZHET 2 7= O
L UTHRATS. REkD ICA 75 RBF-ICA~DOHI VB X, ||[AW]| 25, fRELE
LEWVMEe L V/INEL ot b &iTiTbA. W O, O X FFICRER
& ICA 7+ RBF-ICA Ic3| 2 fk#5h 5.

2.5 EEHIIaL—3UER

AT, BEFEOEDEELTAL7-DIZ, RBF-ICA DHE#L I 21— 3
VHER Y, MFELOREL L bR, X, EBOTFESERAVWENAT
U v FICA DWERETT.

2.5.1 RBF-ICA
2.5.1.1 REBR&EH

HEMI Ia2L—Talid, N =208%8TTo7. K(2.5(a)) i, EXIKO0.5sin(30wpt)
(t=0,...,48,000) TREND, FEF 51(t) PEFD 1,600 RETT. ZIT, wp
BEAFBEE THD. K2.5(0b) 1k, #EE[—0.3,03] PAT—HKAIMETD, b5
1 DDRIER sy(t) 2T, BEUES () 1%, RIEF s(t) RAD X S ITHEHET
BELTHES.

z1(t) = 0.7s1(¢t) + 0.4s2(2), (2.37)
2o(t) = 0.551(t) + 0.655(t). (2.38)
Thbb, BT,
0.7 04
A= ( 0.5 0.6 ) ’ (2:39)
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Lipd. £21145EHDRBF-ICAICRITSRBF Xy NV —7 DEBRAT AT %
Y

2% 2.1: Parameters for the RBF network

Range of histogram -1~1
Number of intervals for histogram (K) 33
Number of the basis functions (L) 66
Initial value of the parameter b; 0.005
Learning rate a for the wight w; 0.1
Learning rate (3 for the parameter a; 0
Learning rate v for the parameter b 0

2.5.1.2 =EERER

K261, BEUES z(t) &R 7. RBF-ICAICL - THELNIDREES y(t) 1T, X
27T REINS. 2.7 %V, HEEEEIEX (2.11) TREN D ICA DREMEZERN
T, BEEE () LIEER—TH DI LB THD. TR LT, #ERD ICATHWY
BNBTTEA NI, —BAHE DO f(y) I EERTERVED, &
BASEER D F L TETVRY. EEDICAICEBIT S ¢(y) L LT, TI T,
_
1+ exp(—4i)’

FRWE. Foft, —1+2(1/(1 +exp(—y:))) = 2tanh(y;)[20] 72 £ DB BHAL T
BT, BRITNFEALEDL R

$2.81%, RBF*y NT—ZI2XoTGEBRILE ¢(y1) & d(y) &Y. 22T, K

2.8 IREN TV B AL, WA THREINS Alogn(yw) & Alogn(yx) 27

o(y:) = (2.40)

Alogn(yx) = {logn(ys + Ax/2) —logn(yix-1 — Ar/2)}/ A, (2.41)
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TIT, A=y — Y1) 1T, B22 TRENZER N LAORMERY. K28
76, RBF Xy hU—2 OHAOHMSENE, Alogn(yix) & E<—HLTWDHZ L
BGyIB.

B D=, FEREEEOINE, BEEETI<AVWOhD AT T 1 V%
HEoTITFoTH. T TR, BRAT 74 VEEEZHEALI[66)[67]). K2.91%, A
TS VB GEB LT ¢(y) & $lye) BTFT. BRRXTTA VBB, 3 EMS T
BETHHH, —F, RBF #ié&ﬁﬁ&@?ﬁ?h‘ﬁﬁ‘é'@&;é. ZOEVA, K28 K29, Kk
U, B214 L@ 215 TRENTVD L5 72, FPREOIHHERICRLTND Z
LRSDE. Thbb, ZRLOEMERBF Ry FU—2 Itk BELEERE, AT
SAVEHOENLED S, KVELNLTHE. ZOZ LN, UTIRBRRSESOH
DIEEICERL TV L Bbhs. ,

ICAICXBEESBREZIMT 572012, KA TEREN S Performance In-
dex(PI) 28 & < b5 [21].

N N N N i
PI = > () Pl +> (>0 Pl 4 (2.42)
mgleiq| ; i—1 m?,XIqu| ’

i=1 \ j=1 j=1
ZIT, P, i3T5I P(= WA) DB THS. PLIZEICETHY, NEVEIELR
W BEHERE R TR T

X 2.10(a) £ 2.10(b) i, XD ICA, 2774 VEEERVICA, BETS
RBF-ICA # AVTEALNE PLETT. “0kx, X (2.24) 0BT 32 HKL,
n=01&n=001&L7. #£22iZ, ICAD¥EEH2,000ETD, TAEZNDOF
EDPL &Y.

2.10 32255, RBF-ICA %, D2 00FEL D boREEREORTENT
WBIZERSND. AT TA VEERERO ICAIRENCOBEITE TV, £
. OFEEEIER 2.10(a) X 2.10(b) TRENTWD & 51T, FERE 9 ICBRETHDZ
Llb»nd. 77, EHEEIIRBF-ICA XV b A7 T4 VEEERWEICADF
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BHORNDT, BEXHEVERETHERMZEN LEZWVWGEEIZIE, X771
A AT HRERWNTHA .

% 2.2: Pls after 2,000 steps of the ICA learning.

RBF-ICA Spline function Conventional ICA
n=0.1 0.00377 0.162 2.99
n=0.01 | 0.00379 0.00410 2.99

2.5.2 N4 T1)v FICA
2.5.2.1 SEEREH

HEH IaL—Taid, "M T Yy RICA L, WBED), HERDICA &N
4Ty FEPIEDEEMEL DL, ~A 7Yy FERZRBF Ry b7 —2 0
RbVIZATTA VBEEERWZbOD, 53 2TIToTk.

HEMYIaL—Ya v TR, 2AOBMEEOTFERST, FfEF (@) LT
25 (EEWE) O [RIXZOAEFEICERELFATWE, REFs(t) L L
< TS W T) (BEER) O IUFROBEILAL S TERE L) &
FLELOEAWE[31]. &bi, 37V I ERKE 16kHz, BFLE >y FK16
vy b, 3BEIOEINVEETHT.

BRANES o(t) 12, BIEiEFUR (2.39) THEXBNHRAITIIC L VEIES s(t) &
EK FCRALTES. K211 EK2.121%, £hTh, REFES s(t) LBRIE
Bz(t) 27T, FEDOYIab—var TR, LEWVEZ107° L LT, FEOY)
DEEx BT o7, TERDICA D ¢(y:) & LTI, BiE R (2.40) V. K
(2.24) I2B1F BF BRI, WEDICA, RBF-ICA LbiZn=01¢L, A7 74
CEBOBEAIEn =001 & L. R23ICAEDNATY v FICA D RBF-ICA IZ
BIFBRBF Xy U —7 DER/NT A—F ZIRT.
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#* 2.3: Parameters for the RBF network

Range of histogram -1~1
Number of intervals for histogram (K) 33
Number of the basis functions (L) 66
Initial value of the parameter b; 0.01
Learning rate a for the wight w; 0.1
Learning rate § for the parameter g 0
Learning rate +y for the parameter &; || 0.000001

2.5.2.2 EER#EFER

@213k, N7V y FICAILK > THRONEGHEFTZRLTEY, ZORR®
5, EESEENFSITTORTNEZ 05, B21413, ZOYIalb—Va
VICBWTRBF Xy bU—27 &> GERLENT ¢(y1) & d(ye) ZFT. —F, B
2.151%, RBF Xy hTU—2 DRV IZAT T4 VBHKIZ K> GEELENT ¢(yr) &
$(y) ZFT. RBF Xy hU—2 Ko TRELE N ¢(y:) DTARIZ, RiIfiE R T <
ATFSAVEBEOLDOIN Y, LVIBLNTHD I EBDNPD.

X 2.16 iX, fE3RDICA DH, RBF-ICAIZX A NATY v RICA, R7F54 B
Bick BTV v FICA, KE->THLNZPIZTRT. ZORA5, RBF-ICA
WL BNATY Y FICAD, OFEIV ROV ABERESZEXTNWD Z L1880
3. ®241%, ICA OFBE¥ 1,000 EITH, TRENFHEDPI %Y. RBF-ICA
IZEBNATY v FICA DEBHBEEESR, MFELEBRLTRVWI EHXH015.

3 2.4: PIs after 1,000 steps of the ICA learning.

Hybrid (RBF network) Hybrid (spline function) Conventional ICA
0.00169 0.0273 0.0273
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2.6 #EE

AETI, BEERS BSS AL 202, HAFHRER/IMLIZ K> THEMIN
[CA DEBET7ALIY AR LK, I TRELINIFRFBEROTRZ TE
BIPTEREITD 7-DITRBF & v U —2 % V2 RBF-ICA 22 F L, FF7h
BEOMEZBEIELE. £, #EDICA & RBF-ICA DZNETNORFTZENL
7oA 7Y v RICAZRELT. '

B I 2 L— 3 URERIZ, RELKLRBFICAD, V7 €A NUEKZHAH
WBRERD ICARA TS5 4 VEBERWAFEIN S, ROWOHEEZ5XDZ L
R LI, £72, RBF-ICA X, fERDICA THEO EL HBETERWVWE D 2Ry
TR bOEREH LTS, ERICHBETE L ERLE. &b, M7 U R
ICA WAL, EESHMONEALY — FEBEDOERIAENERTELILE
LT

L4 DB, RBF-ICA OHEERZ TEBIZITHRL, RETED FREKFER

CICAIENATY v RICARZERTDZLTHS.
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Amplitude
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t (x10%)
(a)
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3
B
g 0
0.5
| : ; .
0 4 8 12
t (x10%)
(b)

2.5: The source signals. (a) s;(t). (b) sa(t).
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Amplitude
o
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Amplitude

4 8 12 16

4 8 12 16
t(x109)
(b)

2.6: The mixed signals. (a) z1(t). (b) z2(t).
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Amplitude

0.2

Amplitude

0 4 8 12 16
t(x10%)
(b)

2.7: The separated signals obtained by using the RBF-ICA. (a) y1(t). (b) y2(%).
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200

100l / RBF network
Alog n(yik) \ ]

200

100 ¢

(b)

9.8: The nonlinear functions approximated by the RBF networks. (a) ¢(y1). (b)
P(y2)-
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300

Alog n(yix)

5 0
T
Spline function
-300 .
-1 -0.4 0 0.4 1
yi
(a)
300 . .
Alog n(yzk)
N
T
Spline function
30
-1 -0.4 0 0.4 1
y2
(b)

2.9: The nonlinear functions approximated by the spline functions. (a) ¢(y1).
(b) ¢(y2)-
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Performance Index PI

Conventional ICA

ICA with spline function

! RBF-ICA /
0 10 20
step (x10%)
T (a) T T T T
Conventional ICA
3 fem ~~
~ .
> '\‘ “..-, ICA with spline function|
[} &
= | .
= 2 | /
(0] i \
Q | :
= i .
N ' .
g !
by |
< 1t \
O \
A RBF-ICA i
\
4
N\
0 e bt
0 10 20
step (x102)
(b)

2.10: The results of PIs obtained
function, and the proposed RBF-IC

by using the conventional ICA, ICA with spline
A. (a) n=0.1. (b) n = 0.01.
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] . : : : ;
0 16 32 48
t (x10°)
(b)

2.11: The source speech signals. (a) s1(t). (b) s2(t).
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Amplitude

Amplitude

0 16 32 48
1 (x10%)

0 16 32 48
t (x10°)
(b)

[ 2.12: The mixed speech signals. (a) z1(t). (b) z2(t).

35



0.3

Amplitude
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-0.3

0.3
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0 16 32 48
t (x10%)
(b)

[X] 2.13: The separated speech signals obtained by using the hybrid method followed
by the RBF-ICA. (a) y1(t). (b) ya(t).
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9.14: The nonlinear functions approximated by the RBF networks. (a) ¢(y1).
(b) #(y2)-
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100
sol Alog n(yix)
20
i
50 Spline function
;| M S S U
-1 -0.4 0 0.4 1

yi

(a)
100 r - . . . . : .
sol | \/\ / Alog n(yz«)
/

-50F  Spline function

(b)

2.15: The nonlinear functions approximated by the spline functions. (a) ¢(y).
(b) é(y2)-
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=
—

& 008}
S
g=] Conventional ICA
=t
= /
Q
=
g
= 0.04 ICA with spline function 1
: /
~ \

\

\‘

\\.\ /RBF-ICA
0 , I S e
0 4 8 10

step (x10%)

2.16: The results of PIs by using only the conventional ICA, and by using the
hybrid methods followed by the RBF-ICA and by the ICA with spline function.
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E3E RRBMEEICAICEDW =&
FlEEDHETIREM

3.1 8

AETIY, GHRBIERREZ ST 71 » NMEE0BE (BSS) MIBED ERL & EARY/2
RIS TOMII K SHT (ICA), bbb, EREEE ICA (Frequency-Domain
ICA) DEZFEBH L%, REFETH S AEKERICA KESVWEEHES
5B & FIREMDOFIEITOVWTIEND.

AETRR XYL, ICADFEETNIY X AT, —REICEFRHES (Instanta-
neous Mixture) ® BSS BREICH L CEHEN TV, ZhEBRIHES ICA LIEST
LD, LrLaid, EFOLD REWREBIERFMZER TERVMERSIIR LT
%, BEEASICA2ZFOEEEATAZILIITERY. ZOMEEZEL ZDDOFHE
D 1 DIZEHEEER ICA 235 5 [40]. FEEEERICA T, RREGEIRIZRIT 58LH1E
BERERE T — ) o ERE RV TEREERICER T2 Licky, ZoORMBELER
HHEBREORREAMBEL LTHROI FETHD. T0D, (EROBEFHES ICA
ZOEFHEATEDI L LY, RGN TESEMIZERLY S LV b [20)37]-[39],
IORBEEEMLT S LB TES.

FIT, RETIE, EEORABRIIBWTHEENEZEZRETILEND S BSS
RAREIZ® LT, BAEEER ICAICESWEESBFEEZRETS. £7°, AEK
IR ICA Z AW CTERICGIHBIERFZHE T 2 FELZRETS. KIZ, £205K5L
NI ERBEREICESWEEEIBFELRETS. 6T, #HELEZESBRE
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DIEHGRIERER & BEREEZFIA LEEREMLDOFEIC OV THERETS. #EF
ORI, HE#Y I L—Ta VI VRS,

3.2 EHHBERMEZEECISA Y FMESDHE

AHEITIE, E%d)?‘ﬁéu‘@%i’éﬁﬁ%&ﬁﬂ#lﬂaﬁ e 7 74 v FES5RE (BSS) &
IZOWTERILZITY.

A N EOEEENS 4 EIREBIERREZ2E A THRENIRE SN, NEOEY
P—CHAINhAEEE2EZS. Z0LE, L BEBOBAIEE z,() IFLLTOR TR
Eha.

:Dk(t) =Zaklsl(t—du) (k= ].,...,N), (31)
=1

IIT, I BRORES, tida () 2BRTIRRTHD. dy & an 1XEHE
TR L BEREE ENENET. IhLDORAFREOMEL, |BEOESENL
FBEHOE L —FTOEMTHEES. K311, N =2088I267 2 nikEER
BZ2ECREBEEBEZRLTWVD.

wiIZ, TOMBEYEREERTELX LD, KB ET7— VBT D ERAD
£ 912725 [42).

w(f) = Y AulHalf), (3.2)

Au(f) = amexp(—j27fdu), (3.3)

ZoT, FIRANE, jIEREMERT. R (3.2) BTABRNTREATIL, KX
DESICEHEBICELDDIENTES.

o(f) = A(f)s(f), (3-4)
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a
/— i
Y, dz 2 + X2
3.1: The BSS problem of two signals and two sensors with the propagation time
delays included in the mixing process.

22T AW( = (Au()) 13, BESEHICET B N 1T N SIORATTIITHD.
z(f) & 8(f) 1%,

zt) = (@), en@), (3.5)
st) = (s1(t),--.,sn(t))", (3.6)

EENEFNT—VZER LR PV THD. 22T, TREEZRT.
SETOHRTIE, BEtE —conboo PEETEL T — U = EHEIToT.
L LR 5, EREOAMETIX —00 22D oo TTORMIIHFELRZNOT, BEFES
MBTHEICISHANOND 7 L— LB EE S [54][68]. 7 L —LLETIE, KK
TREINBINIVIBOL D e BEEEAVS.

(3.7)

wit) = 0.54 — 0.46 cos(2nt/Lr) 0<t< Lp
0 otherwise

ZIZT, L3 L—20EIERT. TOREEREEST, BHEEELRRADLS
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o

06 0.07 0.08 0.09 0.1 0.11
T T T T T T T T T T| me [seC]

Amplitude

ts th frame Hamming window

ts+1 th frame

Frame step Frame length

3.2: Speech signals divided into frames by Hamming windows.

HBRED 7 L—LEIZH Y Y.
zi(t, ts) = w(t — t5)zi(2), (3.8)
LT, 3T L—ABERRT. 7L —AEBOBFER 32T, Tzt t)
PERE—V=EHmTIZLick Y, X (34) LTS [40].
z(f,ts) = A(f)s(f, 1), (3.9)
ZIT, z(fit,) & s(fit.) 1k, TNEh, TL—2bFEt, TV HLZ x(t,t,) &
s(t, t;) DHERFE 7 — U =Z# (Short-Time Fourier Transform, STFT) T% 5.

B EGE ICA 1, =(f,t,) 2FFt, TRASNDIERIMES LB T, BAERK
FEICHEROBERIFRS ICA 2R (3.9) KHEATAZFETH S, BFREA ICA LB
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OEIR ICA OMEAIE, BEES ICA TIHEATTIINME— DT FET 2 DIk
L, BEEEER ICA CRREAREBICRETINFETDI L THD.

HETIE, R (3.9) THEENHIBAES OBRBEERS «(f,ts) I LT, ICAZiH#
T3 FEIZOWTHATS.

3.3 BR#MMEEICA

RETIE, B ICA DEAMNLRE X FIZONTHHATS.

BRI ICA T3, BREED T L—2LES ¢, 1B 3 AEERS «(f,t,) I
NiTNFIOBERITFIW(f) 2ERASETHELN I HBEEF y(f.ts) 2, RIEFDT
L— LB S t, TR B AEESS s(f,t) DEEEELTS.

y(f,ts) = W(fz(f,ts) (3.10)

fEEETHE, X (3.10) iZBRFES BSSHEOERLER L THS. £DID,
INEREL oD ITIIRTE TR ERHR S ICA BRI TE 57°, BEFIERETH
BIEMNRERD. 2T, BIETRALR (2.24) TEX O D DBETIIOEHNE
ZOEFHERFBRICEEZELTHS.

AW (f) =n (I- < ®(y(f,t.)y(f, 1) >) W, (3.11)

IIT, B, R (2.24) D o MEHRSY MATHD I L ERIET D DBICKITF
THRLE. Fh, <>t AT EHRELRY, HIZEREELTT.
bL, PETFIOEBERIEK LTS L,

I-(®(y)y") =0, (3.12)
Lind. ThETFIORS TETERAD L S22 5.
(®(y)y;) = 0 (i#7), (3.13)

(@w)y:) = 1, (3.14)
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DT, «HERBEERT. K (313) 13y, &y, SHEEEITMIL & 2B e D&M
LLTHRETHD. —F, R (3.14) BELY Lo 0ICiT y, DER & EHR LR
BN & 2 B 2 EREREN DD, OER LHEHICMSLE 22720 D&HEF L
LCRMERY. £0k), K (3.13) DRHERET 2L T L 5T, X(3.11) 2EFS
BT EeRAXDLHITRD.

AW(f) = n|diag (< By(f,t))y(f,t.)" >)
— < By(f Ny, t)" > | W), (3.15)
ZZT, diag(X) i, FHIXORARSE bORNATIITHD. B()iF, KATH
2 b BHERT b ThH D [40][41).
B(y(ft) = (Re(y(f, 1)) + 5 SIm(y(f, %)), (3.16)
(y) = (8(w1), - .-, é(yn)), (3.17)

T I, Re() ¥ Im()1E, TRZNy(f,t,) PERBLEHZRLTEY, ¢()iF¥7
A FRIEHO L O REBOHGHER THS. ®()ICo\Ti, K (3.16) DX
TR ERTEOBEECERT 2 ELH S [49]. BB, HBEESy(1)IE, ¥
SRR 7 — U = %5#1 (ISTFT) % y(f,t) WCHEA T2 8ICL o TH/RDZ LB TE S,

y(t) = ) ISTFT(y(f,t,)): (3.18)
3.4 RETHIESOMFTELTREM

AEITIE, BEFETHHEHELERE L BREAROME EL, ThbOHE
ExAVZES TR FREMIIOVTHAT .
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3.4.1 (GWGEIERRE & BZERBOHEE

BT, 2 (3.10) DAMETHI W (f) B> HIEABRICHIT 5 EHEBIERR L R
BAHETE BT L AR ERCH, ChbOREEE, BIESLETAThOE
L — B DRI P2 B ER C B F B R EHEERT & MR TH B = &
RENB.

7Y o T ERK F, TEB S BRIE S () I© M A STFT 2T 5 &,
= (3.3) DRAFEEIIHRED & o IR TREND. STFT T, Ba&E7—V =
Z#i (Fast Fourier Transform, FFT) Z W 5.

An(fr) = an exp(—527 fodi), (3.19)

(v
(Y
A

fo = (F/M)n (n=0,...,M —1). (3.20)

BAITFI A(f,) D= DLBETHI W (f,) 13K (3.15) It k> TEBENB B, A(f)
PERTHIOD—FITRE LR, FDY), EEROLBETHI W (f,) DIURIE
X, TOMEMEICEEFELTLES 7). 22T, =7, XB19) 2RRXDE 51T
SIELTHD.

A'(f,)ding(A(f.)), (3.21)

A(fn) =
1 k=1
A n) = ) .
ufe) {%WMﬁ%h%)k#l (3.22)
ZZT,
a;cl = akl/au, (323)
dy = du—du, (3.24)
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ZIT, ay IXBERELL, d, 3R EBEERETH .

e, A(f,) OBITFI A"l(fn)( = (AgY( fn))) D& x DEREBHEMAL, o,
D1IROEE TTELT 2 LRADFELND.

A = { et E21

ZIT, ~IBEPEICE LW L EERT S, K (3.25) b, ATN(f.) X, BEESE
B f DI K-> TRAATHIOR Y ZIREIT 5 2 & 0335, 72ZL L, ZoOiEEl
Titdy, © 2K EOEXERT D70, | FBEORESS 1 EROBRESITR
LEETALRELE. Thbb, dy—dy>0 (k#1) & aufan<1 (k#1)Th
B lLi. HE#YIaL—Var TR, ERTHORKRE CEAITIIZHMES
LTEELEW(f,) 2, FB%RICAT(f,) TS 2B mRHD Z L AR IN
7o, E, W(f) OTHMENBAITII Cdy —du >0 (k#1) & awfan <1 (k#1)
RREESNS & X, EREERICAICBITAX (2.11) THEA LIS ICA DREME
(o & 5 R [40][52) 1% 0 FIRE L 2 2o 7z |

2B W(f,) 1 AT(f,) DIEEIE 2o THDR, Ay(fa) (k#1) OISTFT A
KADEHITEZBNDZ EICERTS.

(3.25)

ISTET(AL(f.))

M-1
nM
MZak,exp J M (Fd fF_))

m—O
faM

Z aj €O S( Fd;cl I =)

m=0

M-1
Zaklsm( 3 ™ (F.d, i}—,ﬂf-)). (3.26)

m==0
2t (3.96) 13 ISTET(A(f,)) DEM f, = F2dy/M DL %, Thbb, n=Fdy
DL EBKER LB EEFT. TORD, bL, n=py Dk ISTFT(Ay(f.)
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DEMHBBRMEE & 57261, HRHERORIERR 4, KRN0 L O ICHEShS.
dyy = pu/F., (3:27)

Z 2T, dy, OBREGEIX1/F, Th5. d, OR/MELBKXEL, ThEh, 0L
(M —1)/F, TH 3. ZOZ LT, HHEMEERRESFAREEKICA /LN
Fe A BEATRIORATH W' (f,) (= (Wir'(fa) ) R X THETE BT L &RLT
V5.

WELIIIL, ROXDCHEICHEShD. Thbb, Wi(f) B A (f) D
ERThB LEERTHE, R (3.22) &V, HESNBMEREL 6, 1%, KX
DEdicExbh3.

dy =< W (fu)l/IWy ™ (fa)] >, (3.28)

ZIT, <> ICHETAEGRETHY, || IERROBNETHD. (W H(fa)]
ko TEIZEAIL, f, KET2 W(f,) PWHLEICEALT, ERILEITI> DT
H5.

3.4.2 HELEBERBIZKLDESHHTFE

SR8 BN M ERREIERER] & BRI & o o 1B B BEFEIC DV TR 5.
HERSTH A (f) 1, KRADEYicd, &a, ick-TEDRS.

A;cl(fn) = d;cz eXP(—jQan‘i;cl)- (3.29)

BRSO BETRI W (1) 1, A'(f,) ORFFFIRHET Z LitkoTALR
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5. FOLE, FEESNIERERSIZRAOLIICEZAOND.

9(fa) = W(fa)a(fa)
= W(fa)A(f2)s(fx)
= W(fo)A'(fa)diag(A(fn)s(fn)
~ diag(A(fn))s(fn)- (3.30)
E6IZ, §(fn) CISTFT 2EATHZLICL D, HBEHES 9(t) PREFOHEEE L
LTERAD LI IZH/LND.

Gi(t) = ausi(t — du). (3.31)

FEOH) I EVESHEERTOR DD, TI T, SHICRVWORHERERZSED
=iz, 0 §(t) EHE LERAREEBRIESCER S5 EEAMFERERE
T5. FF, ausi(t—du) 25, 3(3.31) D gi(t) LK (3.27) D dy, LK (3.28) D, &
EHZLICEY, KROISIEHENS Z LITERTS.

i

il

ausi(t — di) = ayapsi(t —dy — diy)
~ afi(t - diy)
~ it — dy). (3.32)
+3&, R(3.1) &R (3.32) ERABDLEDZLITLY, BREHLRIBEES 2(t) 23
Bohb.

N
() = m(t)— Y @ud(t—dy)
I=1,l#k
~ akksk(t—dkk). (333)

X (3.33) 06, TOBESHZFIERL, kFEBEOE v —TEHRIEND L EB DR
EBDRT—NVEZERICEETED I ENTND.
FEHROFEIZIROLDICELDDB LN TES.

—
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Step 1. EREGER ICA H* b OBETHI W (f,) 2585,
Step 2. W (f,) 7> bRSHEMCRIER R d,, & WMBARMLL o), 2 HET 5.
Step 3. dl; & ai, > BRAITH A'(f,) EHET S.

Step 4. A'(f,) 5> BOBEITEI W (f,,) 2 FHERLT 5.

Step 5. W (f,) & d}, & ay, > DEREHIRIBES 2(t) 258 5.

BEFHEIL, LD Step 12°5 Step 5 T TOBBRTHERIND. BREFIEOERE
B2 M, Step 1 TOREEEFEIRK ICA[40] D%F & Step 2 TD M EIDFEITFH|D
BB L N(N —1)[EDFFT OFt#E L Step 4 D M BIOHTHIOHETHD. D
D, BRFEOHEEIIN & M PHEXDICONEMTS. 7721, Step 4iTHBW
T, 3 (3.22) DHTFIOREREEATHRL Th, X (3.22) DHMEMED = Lic
EOHEREEMT S L ASTRL 5. |

ARELRUFEETH D, GIHEIERE % &1 BSS MR LBRIE 5 OB R
DEREZFIA LT, BARKOHECTRESMEIT IR ONDOT N T Y XLBRRES
nTW3 [73]-[76]. TDHFTREARBD L LT, Degenerate Unmixing Estimation
Technique(DUET) 7 /=Y XA [73][74]) 8% 5. DUET 7V ) X A%, RIEEH
W-disjoint orthogonal &/t [74] W7z 3 & &, 2 DDBAEFOLZER L TREE
DEHOBEEEEZDEETHZENTESD. L L5, W-disjoint orthogonality 5
Hit, H2HA0HZAFEHICTBOTIE, 1 20FRES LIERIERWET K
D), ROVEFHREFALTIIMRETS Z &IFE LY. £/, DUET 7/
U X LTRAEEEHET IO 2RITE A N T LEEI N, 2RITER NS
SADFRIZE X T LORBORBOFIZESIEFTHDT, EINLbHNE—
7 &#B/5 I LIXME TRV, —F, BEFIEIL, XN (3.26) 0OEHOT—7 21K
T ETHETC & &R (3.28) DEZFHET B2 Lic ko> T, BARKEMEICHET
BILEMTED.
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7, MAZORADDEERBEZHEET 2 HELRESN T[T, A
PR DL XICEROAESFIA SN D OBENELRT L, BEFEOL I
RER S ARAEZ AREIC T D Z e W TE RN

3.4.3 HELESBRBICKLSIEFRENM

HETE SN T MRS R R & BEREUL 2RI A L 2B REM DO FIEIC OV TR
®+5. FREMORENRFEE LT, Multiple Signal Classification(MUSIC)
BB [69)[70]. L Liessb, ZOFRIFMERDOTADMEST MMELE
L3371, ZOREBRZ M EBLEDIZE, EROBITCET HRENZFES
L rr—ROEEERZSERD R FIER LRV, —F, BREFHEIIICAILE
SNEFETH B, BRIEEOEBOLZFA L EREMNTETHS. =
I, EORED N =2084, Thbb, 28528 P—0BEEEIDLN,
NIZ2 EOEBOBRICEBITIERTE 5.

33 RENTVWBRY, Evd—1¢kr¥—2%, ThEh, EE(S0) &
FEAE (—5,0) KRB S - HRIER 2 E X 5.

Lu (k=12 2FR1 05—k ETOEBLTIIE, UTOLIIIRT
ILMNTEB.

Ly = /(Xi—8)2+Y2 (3.34)
Ly = /(Xi+8)2+77. (3.35)

dy ¥, BR1D»H 2200y —ETORBBERROETHEDOT, Ly & Ly
DEF, RADEHITdy ICX>TREASND.

L21 - L11 = 'Ud/21, . (336)
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Sound
X2, 2)g Source 1
Sound
Source
Sensor
o ) >
(-S’ O) X

(vd’21/ 2,0

X 3.3: Rectangular coordinates for the sound localization.

T, o RBEEEOEETHS. K (3.36) 1%, KRD L D ITR#RDHEADE
ERICEEETZLNATES.
2 2
X1 L (3.37)

(vdp /2> R2 7

R? = S — (vdy /2)?, (3.38)

({
(Y

vdl, /2 < 8. (3.39)

TP 1%, K33 TRINAWhE LI BT S, 22T, BREGHRTLIEFD
BEAHIT, KO XD ICEBCHRLAT D Z EBMON TS [72].

1
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Lo, R (340) Lk W RRANELND.

Lll . a/
- Wa21-
Loy

R (3.37) £ (3.38) &K (3.41) DEILFBREMS Z &L, X3 & Y IFKRAT
Ezbhd.

(3.41)

1(1+ap) (vdy)*

SR (e 44
2R L
= — - (—=)2 4
XY b, Xy LY LEERRFETEADND.
_ _1(1+aly) (vdsp)*
Xy = “i(0=d, 5 (3.44)
2R vd]
Vo = g X R (3.45)

EoT, ER1LEFR2DOEMMPFERTHD Z LDBT0D.

3.5 FEMIIaL—Y 3 iER

AT, GEBIEREZ ST BSS MBI T 2REBEFHEOBREEFEFEH
WTkR5. £7, GEHREBERBOHEERER LESFIBERICOVWTRL, £01R,
EBREMOERETT.

3.5.1 EERBOHEELES
3.5.1.1 ZEEREH

HEH I 2 L—a i, BIELRILL, 2ADRRZBEFEEO LTI
RS 16kHz, BEFLEy ME16 Y b, IREDOE/ FAEFEE s1(t) & s2(t)
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AW, BREES ()X, RIES s@t) 2RO LS ICHER L TRA L THED.

z1(t) = 0.651(t) + 0.455(t — 0.005), (3.46)
29(t) = 0.55, (¢ — 0.003) + 0.652(t — 0.001). (3.47)

# 3.1 \2AE O BEEER ICA ITBIT 2 ER/NNT A—F R,

% 3.1: Parameters for the frequency-domain ICA

Frame step 160 points(10 ms)
Frame length 512 points(32 ms)
Window function Hamming window
FFT length . 2,048 points
Number of iterations for ICA learning 1,000 steps
Learning rate n 0.1
Nonlinear function ¢ 1/(1 + exp(—wy:))

3.5.1.2 =EEHER

3.4 LR351% ThEN, BIEEs(t) LERES () 27T, K3.61%, Wi (f.)
& Wyl(fn) DISTFT 2773, ZORMPG, HEMCHEERREICHIGT S —7 23
EMEETHARERTE, REFERICIZHENRVEBE TITOA TS Z LA
5. B3.71E, Wik(fa) & Wl(fn) P ISTFT 79, ZHbDETIE, 00%
FHCE— 27 BEEL, K (3.22) DBEREWMILLTWD I LB T0D.

FAXHEHEER R OMEMIL d, = 4.00 x 1073 & d)y; = 3.00 x 1073 TH Y, —
¥, BEfEIZd, =400x10"2 & dy =3.00x 1073 THY, HEKRIIEETHTZ.
¥, BEAELIZBNT, FOHEMIT ), =0.658 & d) =0.805THH, —7F,
EfEIX a}, = 0.667 & a), = 0.833 Th o7z, BIFREL DHETERE B (3AHRHEHEE
BREIOZNLY LR R0, HEIBREHETETNDI LB D.
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MFEOHBE LT, BRIES 1(t) & zo(t) OEEMEREREEK 77 2FAL T, 1
SHEWGBERSE O ELZIT> Thz. TORBREZR3SITTT. ZORMD, EfE
TdH 5 4.00 x 1073 & 3.00 x 103 OHFFHEIC L — 27 BEFEET D0, BEFHREIL
EREBETRS, £, MOBFICLEY—IBEELTEY, ThoZ2EEL K
THZLITEELW.
| @&w@k3umnﬁﬁ%%®—%ﬁéﬁf.m&%m&mam@wisi@w)
TE % LN AR B EREER ICA 12 X A HBHES y(t) =7 [40. —F, K 3.9(c)
L$3.10(c) 1%, R (3.31) TEXONIREFIECLDIHMES §(t) 277, 7,
3.9(d) £E3.10(d) i, X (3.33) THE 2 LN HREFHEIZL DHBEEF 2(t) 2777

IhHOENS, REFEL, BEEENLIZTERIIREESEOBML TS
LaShs. MEBRDFRARTH, TALONBHEEIEES LB L THE T
B5H0THY, z(t) BEbEMPT.

X HiT, HEEEREY EEMICHE TS0, &2 DFERX, KATERIND
1555 1 (Signal to Noise Ratio, SNR) IZ & o THB & 7z [43].

S, (aresi(t — dix))?
Ok (8) = amesi(t — du))?’ (3.48)

ZIT, () WIARER DB IR ICA TH DK (3.18) THEA LD (), L
ik, BEFETHDIR(331) TEALND (), £, KX (3.33) TEALBN
% z(t) BRRAE D, K321, EROBBEMES ICA & REFHED SNR, &7
+. BREFHEOSNRIL, EROBEEHERICA LHBELTHESNALTVDHI LN
FINB.

SNRk = ].O ].Oglo Z
t

3.5.2 HIREM
3.5.2.1 HEREH

2 (3.46) L (347) THEX BN ABAIEES P LRESOEREMOBERETY.
ZIZT, §=3 v=1000%&L7.
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# 3.2: SNRy (dB) of the conventional and the proposed methods.

Separated signal SNR; SNR,

y (Conventional method using Eq. (3.18)) 6.33 5.27

i (Proposed method using Eq. (3.31)) 10.2 7.96

z (Proposed method using Eq. (3.33)) 12.7 11.0
3.5.2.2 EERER

LEMBOHREREIL (X, Y1) = (6.94,11.7) & (X,,V2) = (—6.46,6.87) THY, —
F, B (X, Y)) = (8.25,14.1) & (X5, Y2) = (—6.67,7.11) THD. ZhbDRER
E3ALITET. ®3.11 26, FR2OEMIL, FERILTND, FR1IOE
fobE, HEV BBV, T, BEREH OHERE IS HEHMEIR ER I
TN EREETH B, Z0RD, &bICHREMOMEY H L SE DI,
BEREHOHEEBREZM LTI LBLETHD.

3.6 f&s

RETIE, GHHEERE LSt BSS MM 72912, AR ICA &S
R RIEESSBFEYRR L. I TR, #EINHEIHMEIEERE & 3
EREEMEDNEZ. £, ThbOHEELZFA LEFREMDOFEIC OV TR
RLTI.

HEMY I 2 L—va URERIL, HEISNEMGIREERRS, YT T
EEE TR E ARG ENTERICHE TE D LR, £, BREFEN,
EESBBEICB O TREROEEKICA LV bRWEREEXDZLERLE. &
BEMIZBELTIE, BERELOHEEORBEICLD, ZIEHETE LD LEE
BELZLORDHY, FRICLTRERNATYXEHoTz.
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S OMREL, BEAELOHREREZM EEELI LR, P —0BRRE
BEOBL Y BORVBERCEAR L OREET TORKICOLHEATE 2 &L 5 IR
FHRETLRT DI LR ETHD.
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0 12 24 36 48
t(x10%)
(b)

3.4: The source speech signals. (a) s1(t). (b) sa2(t).

58



0.6 -

0.6

0 12 24 36 48
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3.5: The mixed speech signals. (a) z1(t). (b) z2(2).
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3.6: The real parts of the ISTFT of (a) W5 () and (b) Wy (fn)-
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3.7: The real parts of the ISTFT of (a) W;;!(f.) and (b) W' (fn)-
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Cross—correlation
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3.8: The cross-correlation function of z1(t) and za(t).
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X 3.9: Signal separation results corresponding to si(t). (a) The source speech
signal s1(t). (b) The conventional frequency-domain ICA, y;(t) of Eq. (3.18). (c)
The proposed method, ;(t) of Eq. (3.31). (d) The proposed method, z (t) of Eq.

(3.33).
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3.10: Signal separation results corresponding to s»(t). (a) The source speech
signal s5(t). (b) The conventional frequency-domain ICA, y(t) of Eq. (3.18). (c)
The proposed method, 9(t) of Eq. (3.31). (d) The proposed method, z;(t) of Eq.

(3.33).
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¥ 3.11: Results of the sound localization by using the proposed method.
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0)5 iR BN DIFEREE
= 4

F4E

8!—‘

4.1 #®BE

AETIE, BEFEOEFNEREETOMOFEZEOFFRLICI VSN TER
IhaLx, ERCBRSEREDANY MEREERIES L LT, TOEANE
ENLEEREOSTELMHT A -OOFELRETS. 2T, BEEFILI
ZiFEds.

BEFETIE, EEESORENI MMPLERENIFHEZEMTD. N
7 M OERE, TRTOFREELEFOARY MUBRTHS. BEL, BE
FHEOFRLEF»LERICER S, BRIESHOHEFEOTFZMHT I
DIZEPND. BERFEOFHER, HEHI I2L—Tva VTR L0,

{l

4.2 HITFIINR—T 4 =B EMILES A

EBETICRTAEFERE, L LSNP bESEEEL Ty —ItA
HENBED, BRESICSRORENBASND O bRV, ThoZ, B
BIER D LFTEOEFES LI 52 813, BE TR 202 ESm, &
FEMAAR Y TRE SN ES D OBFET, BRI L 5EHBMRSEARIER L0
HIALER SRR R TR RSANEZ NS,

B1ETR LS I, EEESLBEOLT CHEREEDRAEF N DREES
DEEZRY Mo LiE, D7 TFAN—F 4 —FEE RTINS [8)[0). 4% THRART

ll

lll
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& T JRSLER Y534 (ICA) 1X, TOMEERB DD 1 ODFETHD. L LaR
5, ICAIXMEERIDMEAEREEFE-> T 2720, RAIE LT2 2L ELOBAKES
BPVELTS. Fhwz, ICAIX12OBAUES DAL TIE, BHEFFZHHT
B LIETERV. ABMOBEEHRAIEIL, b7 TAN—T 4 —RBEMLPDF
ETHRWNTWS., Z0LE, BV —»2RN2 00FAICEYTIMEIC L 228134
FTLHEMETIIRL, TRUADMONPOFERFELN TN LRSS, Z0D
HlED, ICAREEICERRFETIEDH L, KYOBEKTREIIHN 7 T /V/3—
T4 —FBEZRNTVD EIFE X2V, '
ZITIE, BEREOEFLERFEEOEF»POLEDNORATF2BAILS
&, ICAD XS IZBEHEOBRAEE»H TR, $2 1 20BBEEDOH»LEERE
EZEOEFLEZRHMETAIFECOVTRANTS. 20L&, BREFETIE, BEEER
BT DEEOBENMEDND. BEFEESIL, BEREEEICEZ OFEE LT
5. Bz, ERRAEE, T7ar~r FMEEE, AR MAEKRERDH D 53] T
o ORMIE, EEOREREICHRTIEE OEEEZRT b4 BERFEIIBL
T, FEEOEMKZ, FEEEOHBELREFPOEFMCERINIFEIIRMEIND.

4.3 RETLSEFRHMLE

RETRRBBRFER, UTIKRRB20DRT v 7hbid, $2bb, &
EERE ZOHELET-EFFMHTSH D,

4.3.1 FHEERK

LENE, BET— ) TE# (FFT) I L > TH LN AT FARKBEARZ by,
T7bb, HFEOERL LTRASKS. #EL, FEFEOTATOTELED
BABREFICL > TELND. ZOFEDX, BEFEEICL > TIHENRLDOTH
D, BEFEOTEIEA RETHEENEGAICEATE S, HEOERIL, Al
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BRI REI2TEINDI 7L — LB EERTS. £42DT7 L —ATO
FFTIC X o TELNE ALY ML, BER7 b LTEHEICERINS.

4.3.2 BEFIALL-FFHH

BAERILESIICT L—AMIREIESh, 20T L—ATODRNRY FEHS,
HEEROBEBLFEBICLTHESNS. ZOART MUWIASRZ by, &
E~EFHICANENRD. Z0LE, Y LA S MBI LI BEAS b
NEBETEDIZ, AANZ PV EHERNORKEY M OEBREREDNS.

AN bk i BB OB PAEUTOX S ITRT.

)T

z=(z1,...,ZN (4.1)

v = (v'ila e ,’U'L'N)T’ (42)

’

TIT, NiZRZ MOKRTETHY, TIRHEBEET. THFESORARY T
i3, BEEFNFNOREREOMEIZL > THRES D, 202DART MVEDOEE
BEREX, “hbOMEEERLATERZLRN. Thdi, ThboktrR
Y EMREL LT, AR TEXONEXY MVHOEBEROEL & 2 Rtk
OFn di(z) BT 5.

N
di(@) = > _ wn(Tn — vin)?, (4.3)

n=1
TIT, wy IEEREOEEERTEALLD.

B DI CEZ0PREL 2D, SENIELUTOLIICEZTAHS. &
FOMEMEI, ERARECT <y MNEBEEE Vo BEOBREEBICBNT
BEICEND. Thx, ZOFML, BEFEDAS MERZERMLUICHE
NOBMNZ MLVORHBTERRTESLEX, SEIEIRRDOL S ICEL w, & L
T, TRTOBENY MOEHERALTARS. TOLE, EEOEMEIIX (4.3)
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CRBREND.

1 M
Wp = szim

ZIT, MIXBEEB7 M ORETHS.

(4.4)

HEOMA y(x) 13, AT bV EBIEHET D K BORERT MVOERfHE

MELLTRRDLHIILEZEND.

ZkK=1 () v

ve) = 5% @
ZZ T,
di(x
”“)zl“zﬁkgy

BRERO TR, ZOHAZFEFFTIFFT) 752 8ICE0VBLNS.

4.4 SHE#IIaL—Ya ER

(4.5)

(4.6)

EETIE, BEFEOEDEEZRAL-HIC, HHEMEI I L—Ya VERER

~D.

4.4.1 =ZER&EH

FEEVERIL, HMEEE D ATRER/NNT VAXS0XD 5 H 493, Y 1 TFEH
5L LTRW.. ATRERAT VAL, i, HEE /8, FK BRESH,»
LDE0BNDXET, FENATUVAREND LD IR LD THS. 7))
7L 16kHz, BF Ly M6 ¥y N TE/ FAEFEF Thol. &E
YERR TRV Iz 49 XD D AT 283.904 W Th 7. K4.11%, SEMER LI

21X (44) ZEAL TBONEEREZRT.
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1 ODBEANEE 2:(t) 13, E4.2(a) TR ENDHEBERICAV R o7 ATR FHR
NS URAXD1IX HEHROHEDE—AIENIENHDIZRV] OHIFEET 51(t)
Lo 1 ADBEEED TRIZZOAEEICEELATWE] ([225) (KB
WE)) DEIRE T 55(t) LMD 1 ADKMEFEED T oW HBREZ T THIDT~
RUBITFREDE] OBFEEF s3(t) BRRO L O ICHER ETRE LTES.

xl(t) = Sl(t) + 0.482(t) + 0583(13) (47)

s1(t) 7b>¥ﬂatljl,7u\4#m‘f§‘a‘f® BFTHD. s1(t), s2t), sat) LbicHrFI 7
B 16kHz, BF{bEy rEl6Ey b, 3BEOT/ IAEFESTHo. K
4.2(b) 1%, BEES 2.(t) & PRT. 411, BAOFFEEBROERBREOFY &

E¥RELTT.

% 4.1; Fundamental frequency (Hz) of each speech signal.

Mean | SD

s1(t) (Target speech signal of a feamale) | 229.0 | 28.9
53(t) (Speech signal of a male) 133.5 | 25.6
s3(t) (Speech signal of another female) | 308.1 | 53.5

4.4.2 EEBRER

B 4.2(c) 1%, MEFECI VB INZEFES y(t) 2777, K4.3(a) £1X4.3(b)
LE43(c) 1L, FNEN, M4.2(a) &E4.2(b) LR 42(c) DEFEFNY TV FX
Ry valtIrERT.

IHHDREEY, MHEFIL, BEFREOTFESOMME LCRBATHDZL
WD, £, HMHEFZERICEVNTARS L, MOEEOTHFEMTL A ZTY
BRALTRY, DRMHICEFHENTE TSI L ZRRTE L,
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X 4.1: The weight obtained by averaging the feature vectors in the dictionary.

X5z, HiEMEREE EENICHEBTADIC, KR TEESNIESXIHTL
(SNR) #3tE L 7.

Et sl(t)2 -
) — s O (48

ZIT, s () REEEEOTFES, () WER(47) TEXONHBRIES 2.(1),
Fioix, BRFBECLVMBENEZTFES yt) BRASND. £421F, SNROD
ERERT.

t

s

# 4.2: SNR (dB) of the speech signal defined by Eq. (4.8).

x(t) SNR

z1(t) (Mixed speech signal) 6.390
y(t) (Extracted speech signal) 6.932
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Fiz, NRU—2Y P L THRATEE SN S SNR 25HHE L7z,
2 fute |51 (frs ) ®

12 (X (frs ts)] = [81(fn, 2)1)?

TIT, fo SRR, t, 137 L— &, || ITEREROEHETH D, s1(fats)
TEEEDTL—Lt, BEOBEBRANZ FLVTHY, X(fa, te) 1IT1E 31 (t) DBERAN
7 Mz (fo ts)s ET2HE, y(t) OBEBARS MV y(fo,ts) BRASHD. K431,
SNR DR EFT. £4.2 L% 4300, il Eh7=EFIEF O SNR IZEFHEE,
R —=ZR7 MDOBE L BIIHESNTND Z LB T0D.

(4.9)

SNR = 10log,, 5
fr,s

# 4.3: SNR (dB) of the power spectrum defined by Eq. (4.9).

X(fn,ts) SNR
21(fa,ts) (Mixed speech signal) 9.57
y(fn,ts) (Extracted speech signal) 9.94

4.5 #©E

RETI, EFCBEEEFEEDANY MUFREREAY L e LTEHERNIC
L, TOHELFH-oTHAEES»OREREOEF LN T2 FERZRE L.
EREOICIE, BEERORKERZ MLV EBRIRESORE~S M OEBREL LT,
EEOEMELEZETESX IR bOEEL, ThEAVTRITN BB ORBE~7
M bHEREES T2 52 RE L.

HEMYIalL—va VR, BREFENSHERCHBERFECLPPDLT, 3
HEEORAEFENLELND 1 OB OBAEENOBEFEEOETFLMHTE S
ZEERLE.
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L% OEE, 7 MR8 ZRVAZ EICX Y, MHEFOREE D
FDERDC L ORVEENY NVREOEMRFEL ThERVEES R ER
BT, k£, HEOEMFELICLRRTIEMREXET I LRETHD.
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4.2: Results of the speech extraction. (a) The target speech signal of a female
s1(t). (b) The mixed speech signal of three people (two females and one male) 1 (¢).
(c) The extracted speech signal by the proposed method y(t).
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4.3: Sound spectrograms corresponding to the signals shown in Figs.4.2(a), (b),
and (c), respectively.
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B5E MIUBRNAWMERVE-EFES
DYFEmE & Bk

51 S

FETIE, ERESOBEREBEICHEHE S TOBMSIRA A (ICA) 2, #H
EROEEEEOBERMEICAV R L EET S,

BB HERMICRET B0, BEOWEE L KRBT 28O 3EE
CEEChHD. EEORMEL L TR ZLORELBLAN, - TR bl
REFAREL, EENHIEEREOELTEMETHRDESL LRETS. 22
TOEEBMT, B2E R~ RBF ¥ v NV —27 0EEEK L EEORBRITAR
V. e E, EEOBMBEIEERRLTOERIRDS. ZIT, BREMOR
EhD, TEAEFVAVEEMBCESLERRTIILREXD. BT, &¥
B I hD, ZOEFANTORREFHETIEDICT7—V BRABPAVLNT
X7, L Lasd, 7—) cREREESRKE SABKCEEL TV S, &
BEORHHOBERRBSNT, £< OEEREY AV ARTIZESERDERVK
BE2bHB.

¥, EEORHENOEEERLRET 2 FEL LTRROZ S DICERS S
¥ (PCA) 2% % [83]. PCA I, BED 2R EEZAVTEEREZRET D
b, bIEEESORIMEELEE L EEEEEB5 L ATETHS. L
LaRs, EEESICESEERAMLTVSED, B6N05EEENI=ABEK
CER L b0l s, $i, REEROKE, EEBROKRTLIEITEIL
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FTERV.

— %, BSRER SNTVAEEL LT, A8—2a3—F 1775 [31][57)[58][84].
20—z a—F 4 7L, BRERICET 2 BHMEREOLDICE ZHENLFE
ThDH. TOARNR—RA—F 4 U FE, BRICH (A=) EOEKEEMMT 5.
F7-, EEERICERSGERST, EEERORZEEREORTLVELTD
SERTED. ChICEY, PEROEEEEOMECESERIT D I LHHHEIC
5. BoNFEEEEOBRITEAEROZAEFICLIPTND LREINTHDY,
EEOHHIMELZ LS RBLTND Z L BT 5.

CPAR—RT—F 4 Y/ IZICA LEEREERDY, BXHFELTE, B A
PRALTHD I ENRENTNS 58] EE, XS—R2a—F 4 I ORRERIT
T,MA%E%E@@%@%&K@%bt%%,ﬁbiitgﬁﬁﬁﬁﬁBntk
HE XN TS [55][56).

7T, AETIIICA 2 EFESOKEBHICERL, 0L REEEENRE
BhBPEES, Fi, BLNEEEEASRTHERESEEMRT S LN
TEEME 5 7y, FHR LETFEBOREL ThcEDbNEERROHORERE
B Licky, BREBOBED L ERHIRFZITY.

5.2 MR AHHTIC & SIS

KETH, BIIRAMTIC L B EHESOBMIIBOTEII OV TE~S. &4
B, EIRE S OREHHOFEICEL TN S [55]

5.2.1 EBEESORE

EEEERREERERETH BN, 10ms BEDOHMRMTHL S L ER LIELT D
CrbTED B EORD, TORENEVERARMOEFES it EEEK
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a; DEARfTEME,

N

r = Z 8;a;, (51)

TEBEIND LKET S [85]). N IIEEBRBORE, s, TEEREK a; OFRIC
FoTHREINAELTHD. £, L a; i, THTH,

= (z1,...,c0)", (5.2)

a; = (Cbﬂ, ce- aa'iM)T> (5-3)
ThEz2 b5, MITESEILEINEZEFERORTTHD. N MITERRR-T
LR, M < NOBSIHREBEE LT [81](82], FHHH TII—MIITHD.
LAL, ZZTRRA(224) ZAWTER T2 M=N £¥5.
5.2.2 HEBHLEIEADEE

2 (5.1) #ITFIRATEXET &,

x = As, (5.4)

LB, ZZT
s=(s,...,sn)", = (5.5)
A=(ay,...,an)7, (5.6)

ThB. R (54) ER(21) LIS SRS L, EEEHOESMBEITI, EEEK
DREAFIES, BRILSNCEREROSERIRAMES L 25, ICAZAVS
BEIE, R s, BEVICHEENCIT T, BOBRARIC L > TERMOESE
BRMRCE AEERK e 2 RATHI L THS.

ICA D¥EIIBEFEEOLBIRVWEF %, H£3E, 4EO L) ICERHDT L—
ACHID LTS, FEL, 99 HUEEBREAKICE VRET 5.
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5.3 HE#IIaAL—Y3UiRR

AETIZ, EFEEOEMHEICICA ZAVWERER, BonicEERHICOVT
HETS, KIS, ThefolHHEREROBREZ SOV TEREROBRD LT,

5.3.1 EEREH

EEEBOERICE, MEOHEER LR U LEFEED ATR EFR T VAKX
50D 5 H493X, F 7Y v F AR 16kHz, BFEE Y ME16 Yy b, 283.904
WEOE ) FVEFESEY, FULrH 7Y LTRkHzIZ L b DRV, Z
DEEBEESEHALTHEERTIEFERL LT, REEOEEEEOMERIZAY
TWRWATREEATFVAXD 13X, 3PR0E/ FIVEFRSE, FVrIrT
Yo LT8kHz IZ Lz bDE RV,

ICA DB IE, X (2.24) ZHEETFEICLELbOEMED [29).

AW =1 (I - d(y)y") W. (5.7)

X (2.24) HATF — FBAASNTHE W R EFT 55, R (5.7) X7 —FBANE
NAFNEW 2EEHT5. £/, 9oL LT, ZZTH,

2

Erem) .

$(y:) = -1+
RV [20][55]. 7 L—L5&i30.008%, 819 H LT L— A0REIE 10,000 &,

2EEHIE 1,000 ETHS.

5.3.2 EEBRHER

511, ICAICE->TEALNZEERKEZTT. JOEERKOREIIFRT
64 45 (0.008%) B 1, HENIRIBETH 2. FEEE LOLO, HEOD L5 2FRAIR
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5.1: The basis functions obtained by the ICA from the speech signal.

LD, FFHREEE bObL DR Y, Ha IR RERRHD Z L IR TE 5.

B 5.2(a) IZEEEZTY. K5.2(b) LK5.2(c) EE5.2(d) iX, ThTh, EEH
¥ 3ME, 9O, T (64M8) ZAVTHEBR L-EFESFLRT. 3ETIIRE
EORMITIRZTWVWA b DDORENRKE VA, 9ETIEIHI2BEBRBEHRTE TV
ENGND. BEBEETSTEDS LREFEERICETLTED.

FEREFICAVW-EEREOB L BEREF L REFHOREL DBREZEER
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5.2: Results of the speech reconstruction. (a) The source speech signal. (b) The
reconstructed speech signal by three basis functions, (c) nine basis functions, (d) all

basis functions.

BTN B =0, KATEBSNIERL L 2RBRELERLL.

MCGE s -

SEELE 53R, BP0 10 EREE TARICES L, &iZYHenBd LT

NSE =
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¥ 5.3: The normalized square error defined by Eq. (5.9) versus number of the basis
functions.

5.4 &

FETIL, ICAICL BIEHIMOFIEL R Lk, ZThaEriEscELr
ERERE L.

SEMS S 2 L—s o VERICE D, ICAICL VBB RERKS, ity
bobm, HEOD LS BRRHAANRLD, BEFNLEEE b ObDRY, KRe RBFH
BT T B T L AR TR, T, HEMLRWEERRTY, bHHREY
FIEE R ERRT S C L RTE, WRER~OSANTETSHS & LRSI,

A% OB, WHRERY S bICED 572, ERICHLTRIL TS ICA D
M OB, BEOREHOZME L+ IR TE IR BT 5 2 L2t
Fons, KATHAL LTI, BFLEREROKEHIZMEICENT, BEL
e RSER D AR LB L, TEEBOLERKIC L ARRLBALNE,LE
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ABICTIE, I TAR—FT 4 —RIEE LTHMDBNTWDS, HEFICELNIFTE
DEFEENLEOEFES LM - BT 2HELEL 20T, FFEOREIR
MEEZFIA LB OO FEICOWVWTRAT.

BN 0E, 3ETIE, 2507 54 FIES4HE (BSS) BIEICH LT, MR
S5 (ICA) 1B S ESDBET V) XAZRE L. 1201, BEBERICH
BN L RETE 5HE, Tabb, BFEHES BSSHECHT 5T ATY X
AT, b 120%, BABECHEIRBEERMZERE L2RITHIEZR G720 BSS MEIC
HTBTNATY XLTHB.

o ETL, BHES BSS BEZMEL 2DIHA S BRFES ICA TR T,
FOF¥EBRBTLEL ShDFFREESE TE LT ERICERT 270IC, RBF
Xy hU— 2 2EHLEICADFETNIT) XL ERE L. HEH T Iz —Ts
URERICL Y, BREFHIIERFECHGEEIENT 2 MESSBEOKEL M
EL, 7, PERFETRINHERTERVL S RERSHEZ L OREFIIHLTH
NEERITABZ L RHER L. SHICHERFELBEFHEOEAEET NVOERL,
EENBOIEA Y — REBEOERAIMEEZ A L. ZOFMELEFESIC
AT HEEM I L—a VTR VR IR

B 3ETIE, EIEIERR %2 ST BSS MIREICH LT, FHREEE ICA [2&5<
FEERRELL. BREFETIE, BEEERICA THEONSETIICERL, &
BEFTHI D> DI RHEIE BT & BERBLE S REA L2 RH L. #HEHII=
L—a URRICEY, BICHEMEBBIEREL, Yo7 I ERBRTRE SR
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R ENOERI TRESZLZHRLEZ. Tk, ZThbnBZESFEBCAN
BL, PERREICHASBEERENA LT A L ERB L. EbIT, MHRMEEEL
B L RS R D DIEREOMEERRD AL, Thbh, FREMAFETDH
bRl UL, BERELOHEEOREE S HEXHEEBIERRIZ CIER
TR, TOIER, EESNEERUBORECREZRIELL.

KOE4E, 5ETIE, TFESOBMEML S ThE AV EFRL - BB
ICoWNWT, 20oNFEERRELE. 1oL, THEESORREKERICR T 55HHE
EHYHOT, b5 120, ICARANS—Ra—F 4 JICESWIHHFEROEF
EBOREHETSHD.

&4 BT, BACERBESEEDARS MVEREHHEAY PV E LTHERN
CERL, TORERFE-oCEAES»LREFREFOTFLMHT 2 HIERERL
7o, BRFETE, HEROBEANS ML EEREE OB MV OBEBERE L
LT, ESFEORELEERTXZLORbDOEEX, TOEMREZRVWTRIINT
HENOKBEOHESY M h b, MHEFEES T HEERL. HEMII=
L URERICE Y, REFENERICHELRFECL2DLT, 3HEEDR
ATEENLELNLS 1 DETOBREENLEEREOEF MU TE 2 Z L 2
L.

%5213, [CA KX 2 2 BREROTFESICER LIERZREL
P, BEHT I 2 L—vaUERICKY, BONEEREES, AEZ OO,
MEOL S RAHAE O, BINREEEZ b ObORY, Re RBHIRERT
$B T LEERLE. TR ENOEERBOBHRSITIIITo TRV, b,
EZEOHEIME LRI L TVADOTRARVMEEZXOND. £, FREREOE
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ZORE, HBMLRVWEEERTY, HIRETFESVEHRRTEOIL2H

L.
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