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Jrx—7Ly MNEREIEADAZ7AT S L
KIREE R REFF v /38R
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13:00-14:00 HRH & GEHA BEEI L)
IR RiflcE DK SRS BicoWwWe, S
HER DAG = UBEAT T IR N 2 B 5 BRI N2 7 7 —F L LT, M
ST HT (ICA - Independent Component Analysis) 2% %, Z 2 Tlx, ICA D
HE D & FRIICIAT 72 ik F TZRIRRINSHB R T, ICA Z#HBISHEHA T 5 LT
AR 78 A — VR AT IEE D A EMERTE D RIS O WTEIH 5, Bz, &S
mEzplic, ICA ICBEFEMi 2P L T, XD EBELHRZE 2 -0 Dlife, H#E
B ICA 2T 2O EBEHREICOWTERT 2 L EbIC, S5k sEMREL
I TR R EEZ IR T 5,

14:15-15:15 E B (EUHEGEMTRIARSE B TR Ghlls 27 L)
[SENERY I —TL Y N EREZORES

fRpriE s oh o BEES 2, 28T 2 72O ICHFENEER Y = — 7L v P A
ZREL, ZHUIEREEEZICHGL TNV FEE7 2 LY EBHIE7 4 VY %8G
L. ZN6ZiERDEEELY = — 7Ly PEUIZEH T2 D THS, LL NV
R 7 4 LY OB IZFERDNA RRA LT —R A7 4 VLY DOEER L H BB,
BEOI VX —HBENHKEL Z0RRIZHETH 3,

15:45-16:45 =47 H ¥ (AR TA0FAR Ak 127)
(M TFEEEEICH T BRRIVVBEORIA & RHES
ISR EICE VT, AdRBET LB HENS, ZOETILDINHICE

WTHELNDZHRIMET I, N—=FEFNOERLYz—7 Ly FEDERIZOWVT
DOFEZZEL, HEad 5,
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MTENE L TORERSIETE 20053 ETH 2, NOHEEERT 25
i A



ryuichi
タイプライターテキスト

ryuichi
タイプライターテキスト
·  ·  ·  ·  ·  5


ryuichi
タイプライターテキスト

ryuichi
タイプライターテキスト
·  ·  ·  ·  ·  21

ryuichi
タイプライターテキスト
·  ·  ·  ·  ·  51

ryuichi
タイプライターテキスト
·  ·  ·  ·  ·  61


Proceedings of the MEXT & OKU 2011 Workshop on Wavelet Theory and its Applications to Engineering

R 23 F 9 B 13 B (K) 9:00 - 12:30

9:00-10:00 5F& R (KIRFEE KY: [EHEHY)

EBYLFIz—JLy N ERLEO<EGNE 00

KHEHTIX, W O DHEINES S NEB OB &, oGz 7EEd

LEA#Z 5. —fRIC, BRLEGO y JIZXSHICHEE SR THh h,
POILHERD Ty PDRZEb DI TH 5 Z EBMFTE 20T, BEHEDO

o)
Y
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Lotz 77t d 2. 2 2T, A ClRmigo Ly St 217) 2t LT

’ @

eV F 7z —7 Ly FEREREL, REEEROTHEFEICIEH T 2 B fkd

NE[MEZRET 5.
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51z
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FRNZER T 3T IS FE D C FIR IS DT

R
FUTEERY: PESERTAAA

BEE.  GERBN I RN 2 (B 5 o BRI 0 g 5 5k & L CHRAZ Ry b (ICA)
BHsb, TITIE, ICA oEEE» S FHHMICHIT 7 78 —F 2R MBS, £,
ICA DG E L CHMSMENERZ# 2, ICA ICBEFREMZ M LTk ) B2 RERHE
L7007 7a—F%, HEREICICA 2#EHT2BoFERHEHICOVWTIS KT S L
b, X5 sEERIChT TR TR EREE LT 5.

Sound source separation based on independent component
analysis

Hiromu Gotanda*
*Faculty of Humanity-Oriented Science and Engineering, Kinki University

Abstract.  Independent component analysis (ICA) attracts much attention as a useful
method for signal separation problems having been unsolved by the conventional technolo-
gies. In this report, the foundation of ICA is explained and several approaches for its
application are systematically described. As an example of ICA application, we consider a
noise cancellation problem; some approaches together with conventional technologies are
presented for a more highly efficient cancellation, and useful comments are given on the
real environmental applications. We also point out several problems to be solved for robust
noise cancellation.

1. EU®IC

Hx DHITIZRE LG DIN SO BERE MEE) HEL > TASD, ﬁ&ilb
BLHHRATEOH DR OMEDFDOAZIY T 2 N TE S, HIZIX, HOETE, @
ITANDEEF, HEP OGN A ERPLEHEB T T 7 v AR EDOKRLZ BB AL %nﬁ/ﬁk L
THHHET, YA LY ZBS LANSEITVTL 2RAHZERL-D, TFY v, L)
*%#6@5uub?%DﬁWTﬁﬁi%iT%ﬁﬁi HIZA2EBOED D & FiE

H (REWZER) ZIODHLTWE I EZ2MEITRLT0ESE, 2O L) ITEBDED
¢@6ﬁm®m%a%ﬁ§ JBEES GFIRDEEREN) 13h 7 T R—F 4 2R E L THl
LT3

754 v HE.C”\[%E (BSS: Blind Source Separation) 1%, Z DX I ITHEL REFBAD
RBL > TSN T =225 nnE5 %2 NI 2 BilioRIrT, fEkoF50
BB C UL R PR 3 7 R 63 2 B e vk & LT, FIRTBE, IIEARAT, @IS ikE e,
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HGAHE, REIfENT, KRN MHZ EDJLHI T CIHEHINTWwS, BSSOT7 7u—F
2%, M2 AT (ICA: Independent Component Analysis) [1-3], RefElEE# < 2 7
¥ v 7%k (TFM: Time Frequency Masking) [4,5], A/8—Ra—5« v 7 [6], FEAMHELT
GUGTIR[7], 7 =— 7Ly FEBICED ST [8] % E03d 5.

Z 2T, ICA DFHERED & FERULICHNT 7S £ T 26 RIICIERT, ICA 2 FEERIE
S 2 ETARIRG R 7 — o E O AN EEREDEHE IO W THHT 5, £,
TR 2B, ICA ICBEFEMiZ0FH L CX D ERELE R 2852 oD, FB
B ICA ZHH T 2BOMBERFHII OV TERT 2 L LD, 364 2EER T
TR T RN EREZ T 271,

2. ICAICEDLKTZVRESHE

WS s (ICA) 13, WEOESIHEIANICHSITHh 5 2 L 2RI, E5H
ot v —F TOEERERRADL ET, ¥ —TOBMHFT—% DAZHTILD
BEHEZHT T 2HENHETH 2. ICA BREHESL T TRIGEESTHERERRED
JEERAZF O IHETE 2 &0 ) PRI WM ZE > TB D, E5EOHER T Tk
$, BT — 2 0BERIOBOHECRHBOMIC I N THL 5,

2.1 BATETILERBTETIL

FEHICHRSZ 72 N 2) DB SR s(H)=[s1(0), s2(2), - - , sy(O]T 25 75505 N fHD
¥ —T

2.1 x(t) = As(?)

LN GE RETTNV) 2825, 2218, @) = [xi(0), x2(), -, xy]T 12
W7F—% (REET) C TRHELTZET. £/, AL a, 2HELT2ERATS
(NXN), apy 13 n FHOEBZIEL O METZD m FHO VY —ICFHET 2 £ TOBE
k2 R TRADEHTH S, DL E, BRFESETVICNLT, THETLVE

(2.2) u(t) = Wx(r)

EEZD. 22T, u®) =), uxt), -, uy@®]" ZTEHES, Wik w,, ZEELET I
HEfTHI (N X N) ThH 5.

DEodb et BAEET{xz®|t=1,2,---} 227 —% L LTHHLT, 7H{ESD
et & 72 B X9 IS BTHI W 2B EH L 5036, FES (w0 t=1,2,---}
ZHERL LI ERIDVICA T NVITYRLTH 5,

*LRRIE TBORTIIZEITEE SR No. 1743) BRI N NEEZ ~BHIZBIELE S fizEml zboT
b5,
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2.2 Kullback-Leibler {E4RE

B9 s DK% p(si,---,sy) (=p(s)), AT % p(s,) £RiLT 22, 2D
LE, BB % 5 2 D DBESEER, plsi,-esy) = TV, p(sa)
EERING, LEEPoT, JHES v ZHETNICIT E 22 X H 12T 512,
PG, un)=[1", plu,) & HEESORMSEHIFAIFORM EHE L A2 LI i, R
Q22 DWEHFHLTHWIFIERVWI LICkD, 2T, 791 p(u) & qu) DEZ R RE
L CAIS T3 KL (Kullback-Leibler) [

p(u)

d
q(u) v

(2.3) KL(u) = f p(u)log

IZBWT, q(u) ZASAORE [TV, p(u,) TEEHRZTRD X ) 1B 5N 2 IR TH
HE(E S u DBOIIEZ WS C LI B,
2.4) KL(u) = fp(u) log Af?(—u)du

n=1 p(uy)
KL E#EE, KL(u) >0 LIFEADMHEE LD, u D’ pluy, -, un)=[1", p(u,) LD L
EKL(u) =0 &> Th/ANDIEZ LD, 202, DHEES W TS 208
2%, X (2.4) O KL EREIC X DHWITE 2,

o2 L XD, Mt 2 n G5 2 AR 5121, KL [H#EE2 W icBIL ¢
mAMETHUE R, 22 CUUT T, KL E#HEZ W olaBse LtEltbs2. K
(2.4) O KL f5#&IE, = brE—2H0TKLw)=Y", H(u,) - Hu) L ESZLD 5N
5. 222, Hw) = - [ puw)log pw)du & H(u,) = — [ pluy)log p(uy)du, 1&Z 2
SEHES ORIy FuE—Edy rutE—Thsb. 7, X Q2) ICEITHT
DEWZITH L, p(x) = pw)/|W| 5@, Z2Ig, || Xz RTES
Ths., ZOBFRZARZY FrE—DRXUITRAT S L, H(u) = H(x) +log|W| &>
T, WA, KL EHED W OBa2aBske LT

N
(2.5) KL(W) = ) H(uy) - log|W| - H(x)
n=1

ERBISNB I LICh B,

2.3 BARWEE

KL(W) Z5Hii & LT, Atk (RAMKTE) 2@EH UL, 2875 W oEHis
(2.6) W — W — nEle(w)u’ - W'

2Pk, BEERRIIERD EE (), MEREREADLEE sDEHICERLT 3.

3
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LoD, 22, p KRR T Y TR, TIZHEATH, E[] EPFEL <L -4,
o(w)=[p@), p(u2), - -+, euy)]’ T, ZDHEE o(u,) 1A a2 7% & MEIXN 3 IE 2 KIVEIEL
&2 AT, AldiElE, Juk, =7V vy FEHE (EY 37 ZADEMIKILT 5 24[H) 1<
B BERETHS, LrL, THITHIW O N BOEEw,, DEZZEMEI—7y
RZERTIRZ, 20, FEEw,, DR TENZAEVICER T 22 -7 v FZEHTIE R
$, Moz (V——v) ZETdH2b. #ITAmari 1 [9], OB &Z%E VY —< 2]
WHEIR L, 22 TO W OFHi%Z HAAR (NG: Natural Gradient) 73 XL E LT

2.7) W« W — gE[p(w)u’ — W

EERMUL 7, Ledio T, HHKX 2.7 12k KL(uw) ZH/N2T 5 W 2Kk, 21
2R (2.2) ITfRAT 5 2 LT, MEHICHNZ R BEHE T w@) BRSNS T LIl 5,

3. FastlCA &

KL RN 2.5), 2D, KLW)=XN| H(u,) - log|W| - H(z) DhT, BAEES
Dxrvrut—Hx) l KLW) O/IMUIZEF S Law, £, BRETETILVOHBEE®D X
12, KL(W) 2/ 208750 W id 1 T 8 (B I3 MRME) FET 2. L
7e3o T, WRTHIRD (W =1 L% 215 WIwW=1) O/ 7 ARELTHAEL
XA\, ZO8A, KL IE#REZ

N
(3.1) KL(W) ~ Z H(u,)
n=1

Dk Il % DDEHES u, DLy o E—DRTERTE S, S0z s L,
191 2 BTN D IAA 26, KL EREZRMET 2 2 L 1E, gEET o4 o
Yruev—2R/MET 5 L LEiIC A 5. Hyvirinen 1%, ZOEZZHRIET, mH
ZICA7NMTY XL ELTHISGNT % FastICA %2 LT X 9 12872 [10] [11].

3.1 EGESOHRiIMEEHREIL

STHEATS W 2 IR X ) ITEITINCK D iAD IR, i4x DoiiHE 7oy tuE—%
BAMET 5 2 LT, MEtICHNI R EHE S 2B TE 5, 2L, W ZIEZITINCH
DiAEicix, &6 U DEABT N L TR (hofk e Affl) %2179 B3E1H 5.
Ml e & = 2 - E[z] D L) ICEAETOFY (hh) Z2EAICBE I 20D 2
EThHD, T, Aafbi 3, Bz’ | OFEAEMHEFEER7 brzzntinig, e, L L
TERIND A =diag[y, -, 4,1 ET =[cp, - ,c,] ITHEIWT, &=A"1TTg LA
L, ElzaT]=1 %259 2HBLT 30D L Th 5,
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ZoLE, JFET s, Dz, gzl LEL T, HELERDIRARES & L5
57 s DBIfRZ HTA S &,

(3.2) & =A"TTAs

%%, LEDoT, AOLBORAGTITINZ, A=A TTA L RE SN, AAT =1 %
T EDs, ERNICERTIIERS, 2ol sk, XQ2) onieT Lz 2.1) D
BAE TN OWEEER L AL, THEITIIW = [wy, -, wy]" BEZRTIND 7 7RI
MOIADZZ ERRBL TS, T, WREKTHDOEA, |lwl?>=1 % %57, HR
eI DA E NS 720, HRTILITY XL (ICAT7NALITY L) OIEIZAS
%5 E265, LEDOZ Epo, BAEBTITNT ZETABIK, ST W 21ERLT
FNTHL D AT 7 D DHEf, EAEDT 65,

3.2 FastiICAZILdV XL

it & B EAL ORI 217 21, X G.D) DIELT 5 2 Eh 6, TGS OftaHrvAR
MR, fE A DT EEE

(3.3) U, = w &

DXy rut—Hu, 2/MbT 2 2L TERINSE Z LIRS, LaL, w, ZHEHT
L, DHESOSMEEEL T H(u,) Z2RDZ 0, WHRERTHTHLZ LZ
RIS D JAA TRAMEZ X 5 2 LA S T\, % 2C, Hyvirinen & [2], =¥
P vY— Hu,) zr/MbT 200 1,

(3.4) J(up) = H) = H(u,)=0

tERINSZ XTI E—%2RAILT S 2 LT, DEHESEHEINICHL ST
U—F% Lok, T2, vIFEE0 TOED 1 DH T RAGWIHE ) WEREHTH 5.
Frvbut—iX, Ju,) >0 LIEADHEEZ ED, u, DT ITADTHDE ERAND 0 E%>
T, Uy DT T AFADP ORI DN BIEERELS DI 00, EXTRAEOREL L
THHTZ 5.

27V b= ) ZIEBLT, HRIGHE P = 1 ZIRD AL L, Felbrh & R
B

(3.5) L(w,) = {E[G(u,)] - E[GOW)]}* - Blllw,|I* - 1}

DEIHITHEPNG, I, GO IFar koA FEBEMRIEN S IE 2 RV T, BT
7V 2 DOREEBTHS. 2L T, X35 oAREE (0L(w,)/0w, =0 £ 555) I
BB EkRkD 3 &,

(3.6) ElZg(w! &)] - fw, = 0

5
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mpEEANESNS, 22T, g¢) 1k GC) DEEE T, XQ7) vARAR T LY X
LIZBITS () ITHYT 2R a7BTHh 5. 3612, ZoEFRIc=a— T ViE2EH
T3 2 ET, mENIC, SR w, %

(3.7 w; = E[2g(w! )] - E[g (w! &)]w
w+

=

(3.8) w, =

DEHIZHFTT 5 FastiCA 73V RLPED2NS,. ZOHEFTN (3.7)(3.8) 1%

(3.9 Iw,{()]d'wn,newl ~ 1

DX ICHBFHIBRD w, DAL E, WRLZLHEINSG, I, AT
D old & new X ZNZTNHEFOFIEZIET.

FERDOFMET, T (n=1) IR O5NZTHEHTE w, 26 &2, uy =wl& LAERIND
SHHEEE, NEOEZROTTIED Y AW RARDE T 5, &0 ﬁt%%@&&%“
ZLTC n=2LLTHONITHNE w, b LICERSI N THHES 1L, FETY A
D2FHICKEVCEZRZDHML-bDERS, DN, B5RIEEITAEOREVDD

GIHIZ IS 2 LIl 5,

72720, n>2 DFMWEIZE LTI, JHEHE w, 23BICHEE S 17208 E w;(i <n—1)
EHFEILA B0 TL0, 7740323y FPOFIET

(3.10) w, = W, — Z 'wiT'w,,wn

D &) icERMLI T, KX (3.8) THIKLT 24681 DH 5.

FastiCA 7V TV X &2lE, MED L HIZ w, 2129 2HHH T 271 3Y X
2 (Deflationary FastICA) Oz, w, (n = 1,2,---,N) ZEFICF & 71775
W=[w,w, - ,wy]’ %L THEFH T2 7)L3Y XL (Symmetric FastICA) b H %,
ZOFMITOWTIZ 2] ZBHI N,

4. RBIREWEE | CAEDBIAXRT NIV

A THEEEE 2 HRICHREED 2. 20k0, EEHREE Ly y—ikvA
LHRABR L. COBA, 2EITERLR (2.1) OBIHEAE TV, SEED S
W4 D24 2 ICAFICEIET 2 L 59 RENREF NV E A>T LE S, BEOBUE

B R (©2.1) DBAEFNMTIZHMEDS 2720, ICA RIZIZEBT 2 27 — L OAREMR R EL D EH
b3, TORSEBIGERL T, RUICESNIDEHES u) 34T L HESR s ZKML 2E5 & 134k
57\,
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TIX, 4 DEPD S DEFEPAM A TEEP KD 6 DD =4 7ICAS 70,

N N T'-1
@.1) n(0) = Y an(@) + 50(0) = Y )" (st = )
n=1 n=1 =0

DEIITBIENSG, 2212, s,(0) (n=1,2,--- ,N) G, {xu@®lf =0,1,2,---} (m =
1,2, ,N) i mBEHDO=A 7 TOBIES (BRAES), am@) dn FHOEEDL»S m
FHDOA 7 FTDOA Y OVRINE, ¢IDENERE, T 134 v SV RAIRER, * I3BAR
£, X @) BHEMEASETILVH 2 0IZFEEHEBEAARSGE TV LTINS,

4.1 [FREITEE ICA

IR EAARSE T VN LT, Z00ET V%

N N T"-1
(4.2) () = D Wam(D) # X (D) = D> W) (= 1)
m=1 m=1 t"=0

DENCY Y TREBT DFEET7 4 VT — wy(t) THERT 2, 0L E, BRAEEBFOT—
T @) t=0,1,2,---}(m=1,2,--- , M) >S5 ICDOHFEZ R (4.2) D L H I8 - BT
% )i % Wil fEIg ICA (TDICA: Time Domain ICA) & =9 .

TDICA 13, S5 H355 < FREEREFE Too[sec] /N E WIGAR, Telsec] BREL TH =
£ 705 FIRE TOMREASE WG, RIFICKERET 2, L L, w4 7035 E» 51+
VFA—PLLEENG L, KEOWE B R 570, RIEFLEREZE2 0L %
5. 2, BHlziE, FRERERIAS Teo=50[msec] £/NZWIEGAHTYH, SKHz %> 7)) v 7
DEZDALVINVAIERIZT =400 Lo TH, ZREFABREDY v TEDTHE7 4
W —ZHEEL R ITNER SRV 6THS, 2Fh, Wi74 V¥ —DF v 7E%xHfic
T" =T £EA7-ELTY, 1O 4 L7 —I12OF 400 LMD THE D5 XA —%
WD =0,1,2,--- ,T" =1} ZHEE L 2T U % 69, BREREPIRESRBI1EL,
ZOMBUIIEZ 2 2 LI >T, IURDEEL < 7 570,

4.2 RiREEE ICA

oz Es, FEEET T, R @) 27—V &8 L &S 3 FNEGE
BREAGET NV

4.3) T(wy, k) = A(wy)s(wy, k)

“EWDOFELEDIEE > TH 5, FEREFH 60dB I 2 £ TOR,
B URNVAGEE T 3B Teolsec] &9 > 77V ¥ VR f,[Hz] DRET T »~ Teofs LERITEH

5 [12].
6 42OV Z BT L S IRAMIMHER L 1ZIRS BT, DERTE T A NIBELNBZPERI T ED
MIEIC 2 5,
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BEZDONBRNTH S, T2, o & k3ZNFNHEBT 5 | FH OB
L7V — LR, Alw) 1E am () D7 —V T a,,(w) ZEFE LT 5 RAD I
(EEBASATH, sp(wnk) BRADZFIROFERHARY vV TH B, £, xu(w,k) F
RATHEBICEIE L TESNIIEAEFOERFH AR v (BLF, BEAXY }‘Ib
EWER) THD., Tabb, BAEGBS (x.(0]t=0,1,2,---} %2 LEATOUHHL T,
{Xu(l+kR)|1=0,1,2,--- ,L—1} 86N 2 k 7L —LHDOFT =¥ 2RI LT, HFFH
7—Y BRI KD,

~

-1
(4.4) xp(wnk) = > x, (I + kR) h(l) e T 1=0,1,2,---,L—1
[
EEHELTRAARY ML x,(w,k) ZRKD 2, 2212, w=2xl/L1=0,1,2,--- ,L—1)
FHIAL RS, RIZ7 L — LM (> 7 MIE), h() 3B, j= V-1Tdh 2.
¥ 72, K (4.3) OFEEGEISR AT T MK L, R (4.2) % uy(wi, k) = N wam(@)xm(wr, k)
ERERR] 7 — ) AL L TR S B

I
[}

4.5) w(wy, k) = W(wp)z(w, k)

RN BEER e TV EEET S, 2218, wwnk) ZOHESOERE AR P L
(uF THEART PIVEMES), W(w) 378TIICH S, 2oL E, flx DR w
BV, BAARY PV xu(w, k) |k=0,1,2,--- K} 5 55875 W(w) ZH#EE LT,
SEER R BV w(w, k) ERD, %m%@@ﬁﬁ7—01%@¢%:em;b,ﬁ®%
RIS 2 0 HHE S w,(0) (n = 1,2, zw%i&biﬁ,&iﬁwﬁﬁﬁﬁ%ﬁmm
(FDICA: Frequency Domain ICA) T&% %. FDICA Oy, 7—% & L THWV3EAA
7 bV xp(wn, k) | k=0,1,2,--- K} RHEETRED %ﬁﬂwwgw%ii@%ﬂf%%
b%,ZﬁTﬁ&tiﬁW®EA7wzuxAi@?ﬁ%ux%?%%%#%a
£9, FBEEEREARAE (NG) 713V X084, R (Q2.7) OEERMIZ

(4.6W(w;) «— W(w;) — nE[ g(u(w;, k))u(w, k) — diag( B[ p(u(wy, k)u(w, k)7) TW(w)

NFNEER BB ZEL, HIZT)L I — MREZSTH 3.
¥ 72, JEPBGEIE FastiCA 7V 3 ) XA Die, 3 (3.7)(3.8) DEZEIRIZ

wi (wp, k) — E[&(wy, k)it (w;, k)g(ua(wr, k)]

4.7 —E[g(un(wr, D) + lun(wr, k)¢’ (un(wy, D)) w,(wy, k)
(4.8) umij—lﬂﬁi@-
llw; (wp, k)|

L2505 [14]. 2202, up(w,k) = wll(w, DE(w, k) T, &(w, k) 3B E Y o
T {x(wp k) [ k=1,2,--- , K} <6t LTl & Lo RiLEE 2 17 - 2B ORA A7 b
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VTHD, i, 7 BERIEEERT. XU@6)De() EXEDDgH) BEXX g D
WD 695025 £ 91, A a2 7RAIBUIEPBEBEIE NG 7L 3 ) XA CTIIEELEZ L 5D
WAL, FBEBGEIK FastiCA 7L 3 ) AL TIRERER &£ 3 2 LICHEEI N,

43 RENART NIV

JE BRI NG X2 B I 53 FastICA 72 & o B %5l ICA (FDICA) 7u3) XL
THEETH W(w) ZHEE L 72856, RN @3) ICHHELRD 579,

4.9) W(w)A(w) = P(w)D(w))

DE IR = VOARENE LR EBROMENE S, 2 212, D(w) 3NATTI, P(w)
FER T (BT ERFICBVT, 1Ofix L 2 ~HOBERZRNT, ZOMhoEEZ
TR0 L2570 TH2E, Sz s, Ww) DEEMZX 4.5 ITRALT
w(wy, k) = W(w)x(w, k) EERINEDEEART FLiE, BT LHFHEDARY b L%
Lok, 2%0, BFLY u(wpk) = sp(w, k) £137% 567, n BHDODEEA L7 b
WZ u,(wy, k)=di(w))si(wp, k) DE I n FHOFR TR i(#n) BFHOBFRZ di(w) 5
L7722, COXIITTEEART FIVDIEFE n EFTRD AT MVIEE § D3—F L
BWI ERRDESE S, £, AT =) diw) BREERC Y IBICE RS, Ik R
F—=NVDAEMREE W,

L7eD3o T, A7 = )VOREN & RTERPEN S kil uE, @S5 »68603
SEEA 7 PV {w(w,k) | 1=0,1,--- ,L—1k=1,2,--- , K} 2R 7 —) 221 <
RFFEIFEIRIC R L T, u,(f) DWIRFT 2 s5,(0) IZEILTE &\,

ZITIE, AT NVORNEWERTEROMEOAREZHONICT 270, FEHBE
YRV —LFT N TCERT S, F, THEART PV BERS LT
22 EEWHRNTED, THEARY bV u DETE uz DX H)ICRTTEFEZTDTIHRTD n
I 7 AT, w=lug s, ugl” ERGELET, MRS S E, FHARZ PV u D
B BHDOT usz 13 N DG {51, 50, , sy} DEND 1 O PG 228, &
NEMIGT 2DELTRG, 2F0, Bh {up,us, - ug) LA {s1,50,- sy} E 1R
DRERICH 503, ENBENITHIGT 50, BERNGSIEAHTS 5.

Pl Eo¥EfD S & T, BUTFTIE, Murata 5 [15]12X D

(4.10) &=W10,---,0, uz 0, ---, 0]"

EERINDART PV & = [fm,fzrq,"' €yt ,fN,ﬁ]T ZIGHT 2 Z2ET, AT7—1LD
PNEEPCHRTERFHETE L 2 L2k RD, HHDOD, TOART PV EFHARY
)V (Decomposed Spectrum 5 JTEDATICIR I 7z A7 boL) LES, ZOFEA RS
FZoOWTE, B aBHODEARI ML & DB mBFE &,y EFEn BHOHFR s, &
DN DBARAIL Y 32D [16] [17] [18].

4.11) Epin = Qupsy, m=1,2, -+, N
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ZIZT, uz 1¥, FonBHOEW s, DOEEARY bL u TRIEZESANE L TH I &
HOoBaE LTHEEINZZDDT, a3 RATHS Z EICHERINTZL, DX D, 5, W8
{ug, us, -+ ,uz) DENEXNIET 20HRE LD, LDHAT u; EERLLTRBITT
v, L7doT, u 26 410) DL ICFEINLHE a FHOBET YR & I
DWThH, ZNDEAMRIIEH DFHFISHIG L TWE 0005 7\,

R @11) 1%, 2L ZAHRDONEF n LFHART FVDOIEFE 7t OXN)EVARFTS, 2HEA
R7 MV EIIFTOMENH 2 2 2 FREL WS [17].

1. FEARY PVDOBEE £,5 12, B s, 268~ A 7 (m=1,2,--- ,N) ~D AN
ZRLTHWDS,

2. Eui L oam it F2HRTBAL nOXIICHEZLELTH, HIRTFRAL m %
£S5, OFD, KOBEMERH 7L LThH, &n DE1LIEBTm X ap, DFE 1IHT m
DEFK% Z D F LK T 5.

3.  DHEARZ Moy BOTEIARY PV Ea(m = 1,2, N) DBER I NBEED 2
7= () VE, BB s, 262 A 7 x, (m=1,2,--- ,N) £ TOEZERE (a,) 12
Lo,

WE2L3%2FLD5E, nTHOER»OESA 7 (n=1,2,--- ,N) ~DIEEX 7
Z AL, uy DOTEARY PV Epm=1,2,--- \N) ZERT 2 A=A LIHASI N
5, LtnZ%, Bz 5L, WIZARSERIEE CuZELTH, 2EART ML
REFRZ LIk o, BEELOE YT —AD (CRHID) {G#EX =X 5 (BEER)
BT 2 EWRBfRoNS, L)l Eichd, £, TOILIFICAT7TNVITY RLDHE
BRI L T2\,

4.4 RT—=ILDAREHEERDERDZEIE

AT = IVDAREMWEIZOWTIE, TEIARY PLVEEBEATAIETUTOLIICHT LR
mEnzg, X@1) Z2REKEEY o, 7L —2F5 kK 2HEIEL T
(4.12) Emi(wi, k) = amp(w)sp(wi, k) m=1,2, -+, N

EFRRTIUE DD B X912, THEART MV &pa(w, k) 13HIREZE apn(w) FEL7MEE RS,
B9 &, TEART PV En(w, k) 1Z, B n BHOZFRDOAZ TGS Z Db
T2 AIEEIC L22RIT, B m BHO-A 7 TSN ZMETH S, ZOHE, am(w)
X, KK, HRE~A 7HORBEBRETHZ LS, KRB 0 TORTr—V (fF
K) 1%, THOREEBETREINMER L Z EICERSNLL, DEDOZ Ehrs,
FEART BV Epa(w, k) ITIF AT —VDOAREMIZ 20 LRSI 5405 [16] [19].

JRATEEIZ DWW T H I (4.12) ITHEDW TR TE 5. £7, S E v A 7 DALERRDS
TEBRNICG Z 6N 5HICOVWTIERS, Thbb, fHOL®, 2MfHOERE 2o~
A 7PNALTCHATED, n=1FHOEFIEm=1FHDO~A 271G, n=27%H
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DERIIm=2FHD<A 710, &) EBRIERVH 2856%252 %, Zo5H, 8
FEBIEL apn(w)) DT A v ENAHIZDONWT

(413) |ann(wl)| > |amn(wl)|a Zann(wl) > Zamn(wl) form #n

% 2 AEADKD I, e (4.12) IS E S &,

(4.14) IE11(wr, K| > |E21(wy, |, 1E22(wr, k)| > [E12(wy, k)
(4.15) L& 1(w, k) > L& (wp, k), LExn(wy, k) > £E12(wy, k)

2 HBRBER S LS [16] [20]. L7235 C, LM I N BART bL & K (4.14)
TAVEMERT T EEMTEIRIE W EHES N, e S %0 E R EIRSIEE Tw»
5 LHETES, Tz, A (4.15) OAMHEND S DHEBRZHEMTZ S, 74 V& et
MG R B FiliTH 523, FEEEDIGH T EE 5 D@ Rtk R Ecirg ¢
Rix 2720, WO 5 2 L TREDRWIRTEROBIE2EE & 7% % [20].
RIZ, BIRWESE LG OGG, HiEDOTMIEIEA T AT, BHEDIMIEH T A5
IDEWZ EPHIGNTVES, N2y o E—DBALOBEESEL TOEARTZ b LD
Iy hatE—oKhERE LTS N2 EERERICIEE D W, HoriEfaz @ik d 2 515 S
RESINT0 S [21). ZOHEEFFRE A 7 ORLEIKAEL R ORISR H H, H—
EOEFOMNEZ HINE T 28 ERELELE L TIFEHNTSH 5.

72, 20D A 7DOHLS BT s1(f) & s2(r) DELKITIHZ ZNF N 6,(w) &
O(w) £T5LE, TN DHEEMIZTETY] W(w) O#TH% D &I,

c(LIW w1 — ZIW  (wp)]i1)

(4.16) 0, (w;) = cos™I( 24 )
A W_1 _ W—l
4.17) 02 (wy) = Cos'l(c(l[ (wl);ﬁFs:,[ (wl)]lz))

526N 3 2K @12) »oEPND, 22T, cldE®, did~e A 7R, F, X
Y)Y TRERT, AW N w)lm 1& W(w) DFETH W(w)™ D (n,m) BEDAHT
HB, LEhoT, FRAADOHTEM 0 (w) & b(w) 2T, FIPREdI R iERZ
ETE2, ZoHReRERELEE L2 RICRERD Y, 7725 v 7 %#EY)IC
19 2L T2 EOFWRICH L TIIRTE 5.

5. RIRIFTTO FDICABRICKITSBESIHLRE

22Tk, FEBBEI T CFDICA M T 28, MEIREHHELL T, <A ZHREOR
E, AaT7B% (av b7 2 MR 0EE, FDICA #ICFE 2 BHEEDREZICOWLT
B2, F7, SohsEERLICAT T, SBRMIRTREHE (BRET oMM, ¥
FERicn 4 28H, V7L A4 LUBHEE) 10w TRR S,
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51 YA VHEREERNTIVFZOVT

v A 7ICADE (EFESE) 29 7V v LIRS IC B TS, Yy 7Y v A
Bk Fy %85 E 5 DB I Fray) O 2 B EICT 208 23H D, Z 0%z S 72\
oy, RENZY 7>y 7 (iR LER) BPEES LR ICASNTYS, 2 ML
DA 7RI GE, KRNI Y 7o v 7721 Tnl, ERNDY 7 v 7 bl s 3 nHg
Wb s, ZnzPEET 512F, d<c/QFpw) 27T LA 7R d #RET S
WD 5, T, c[mfsec] 1FEMERT, HlZIF, c=340[m/sec] & LT, HerifEE
DS Foax)=4KHz O, <A 7 [0 d 1 4.25cm Kl i T 2 068035 3,

5.2 AOA7BEDFEE

HIRD X 91z, Aa 78 E LTiE o) = —dlog p(u)/du 3L F L33, JFES s X
KHTHDLI D6, ZOEILES u DI pu) ZIEMEICKRD 2D IFH L, 22T,
BRZNRET 50, BBNICS L IREINICEE I N 91 pu) DA ——=H"
ST VDEE ou) =tanh(u), YT HISTYDEE o) =ud ZREDBINTH
5. LaL, EHAZTHICE->T, Aa7B#zE ED L) ITGESNT, ICA OITHEREIIZ
KELEL 2, A2, BESHOR—ZNY FEEZ2MRET IS, 22 7K
o(u) = |ul?sig(u) LB 72 DRIF LS RIE S 15 [24].

LLED Z &5 6, A2 7B EE 5 OMERE BB E 4 b & o THEE T % Peason ICA
%> Kerner ICA 7% % [25] [26]. Peason ICA T, A2 7B¥% o) = (u— a)/(bu® +
biu+By) EETMUEL T, Z2D/8F A =% a,by, by, by % —nboun—1) — (n+ Dby, — (n +
Dbypn + D=pmn + 1) — au, DBRPSBRMEET 5. T2, g, 3nXDE—X Y FT
H5, ZDXHICRARaTHBOMECTHDOHEE GO ICA 7 70 —FIZOWTHFH
JEPEEND,

53 EEENER

KB FTOBEETEZRNRCT 254, 1 7L —2%28+ [msec] £ LT, BRAESD
FTIRRIARZ P V2RO 5 2 BT H L. ZOHS, AV SVAIRERNL 71—
AP FUE, R @3) 3EPET L E LTHIREREZ LT, LaLl, £ V0L R
IWEREB 7V —LE28Z 5L, X@3) omlUzhnsg. oF 0, LGRS ThRE
HETNVELTERMLT 2 LHEL K %%, ZD7®, FDICA I IEIRS R 7 —
)y 7% EIE L THRBEBE S IR L TH 7 v A b — 7 R EADE S, BEERE (FH
DY) PREDOHEDHBNEWES, ThoD/7uX b—r7PEREEAIZ, A
R7 PVEGERT 4 —F =7 4 VY EOBRNB [27] [28] 2T 2 LIC X DI TE 5.,
L2 L, BREFREEE msec E £ %o T, 4 V2OLAIREEDR 7 L — L E% KIEICH
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2 580, FRIEGES COWIES T T ISR L CERL X 117z FDICA 135 L) & 7
5, INE2WEBET 570, RERHEBIROWEGSG, RIS TOEIARE TV [29] 2%
JB & 7251 (23] 2, ICA L IZDOBE L6 D7 7a—F23ffi4 kA S T %28 [30],
FHL AT TR TR EFE I D2 v,

54 BEIFEREUZILIALIEL

774 v FMEanitz GUGFOMERERMZ, Wcm) &, FAlcT—F 2o
AATHRL LA ML= 7279 2 8ickh, HWEFRPHES O HzitEL, H
(SN T 2RI Z R 2 £ & HIC, MEHIANOIRAEZ5® 2 2 L %2 HAJE
IS DREZIT>T0S, 2070, HREICEEPES, HFHBEEIN T8
&, B ORAAE A I7NET =% bLictL—=v7 (FDICA) #1795 Z &I
X0, BN EY) 7LY AL 2bETS 2 EETRETH D, L L, HRVSBEIL 2D M
OB L 7= 0 T 272 L, BREIZLT 2856, V7LV A4 MUIZE#L RS, L
TeloT, E0ARwET—7%2b LICHREZ B NR MO 2 L0 E
ns,

6. ¥&bbic

ARETIE, ST aH (ICA) OREWFIETH 2 HARAELE & FastiCA £ IO W
T, BHRHRAT TV OMNTEHFIZIBR 2 & & HI12, FastiCA EDPCR2SH AR AR
ICHARTHOEEZH S 202 Lk, HBRE T CICA Z#EMH T 254, RFFEIREIAAE
TIZHED IR EIFHIR ICA (TDICA) &, FPEEGEISBRRHRE &€ 7 WD SRR
ICA (FDICA) D 2007 7R —FPEZ 6505, 73TV RXLDOIFHIFETHICHERT
BEDER ERDZZEEHOPIC L, 4, ICAREORELE L TAISNDE AT —1LD
ANEME & BorERFEICE L, S ORENGEIARY PV 2EAT 5 L THRIRT
BRI ERNLL, 510, FEBREETTFDICA Z# T 20, METANIHEEL LT,
<A 7HEEowE, 2Aa7B% (2> F 7 2 M%) 0iEE, FDICA #ICFE2BHEED
BREFICOVWTIHIRS 5 & Ebig, ok rEmtEmbicig <, SBRBERIXEIHE (5
WETCcOWM, BERFFRICNT 28, U 7Ly A4 LS 1I2ow TR 7%,

SE X
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Parasitic Discrete Wavelet Transform and its Problems
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Tetsuo Miyake® Hiroshi Toda*
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Abstract.  Parasitic Discrete Wavelet Transform (P-DWT) has parasitic filters that are
effective for the extraction and the de-noising of abnormal signals has been developed.
The P-DWT is a method of using the parasitic filter, which has a band pass filter and
a band rejected filter approximated to effective Real-signal Mother Wavelet (RMW) and
added to traditional Discrete Wavelet Transform (DWT), for the detecting of abnormal
signal. However, the P-DWT has matters loss of precision because it comes up energy
loss of frequency element that exists in a specific frequency domain and how improve this
drawback becomes problem.
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Table 1. Number of multiplication
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Time Series Analysis in Subsurface Geophysical Exploration

Hitoshi Mikada*
*Graduate School of Engineering, Kyoto University

Abstract. Wavelet is in general called as basic waveform and is a very important concept
in geophysical structural exploration. This concept is used with autoregressive modeling
in the exploration of subsurface structure. In the application of the concepts, there exist
two kinds of models called the Akaike and the Burg models. The difference between the
two models is outlined, and the wavelet processing that should be considered in the future
is discussed in terms of wavelet processing.
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Fig. 1. Typical reflection seismo- solid circles indicate discretized
gram that is composed of the ba- waveform. Any impulsive sig-
sic waveform convolved with the un- nal could be expressed by a
derground reflectivity series (Left). group of samples that give
Right figure depicts that a descretized equivalent spectrum in the
time series is obtained after sampling range of frequencies inside
by equispaced time. alias frequency.
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Content protection method (Data Hiding) based on wavelets
Kohei Arai,

Graduate School of Science and Engineering, Saga University

Abstract. One of the major problems on wavelet based content protection methods is
invisibility of the secret information which is embedded in the circulation contents followed by
robustness of the method against information manipulations or processing to the circulation contents.

This paper describes some solutions to solve the aforementioned problems.
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Fig.1 Discrete Wavelet Transformation: DWT (up to the third level)

(a) level 1 (b) level 2
Fig.2 Examples of images of which 1% and 2" levels of DWT applied to Lena of original image.
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Fig.4 Laprasian Pyramid representing Wavelet Multi-Resolution Analysis (MRA)
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Original Image——— Wulti-Resolution Analysis
Decomposition —HHn, HLn, LHn, LLn

Hiding Data ——» Embedded

Publicly

Available v _

Image <4+— Reconstruction
v v

Original Image  Hiding Data
Fig.5 Process flows of data hiding based on MRA
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Fig.6 Examples of data hiding of which hiding data are put into the HH1 or HH2 of the image after
the DWT.
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(c) Level 3 (d) Level 4
Fig.7 Examples of the distributing images (Hiding data are imbedded into HH1 (Top left).
(Top right), HH3 (Bottom left) and HH4 (Bottom right).

CDEE. RAVTUY(LenalR) L EMRBGERITEZREL. TDOLN)n OHH A% HHn
IZHBE T — 2 (ZeldaBR) 1R HA A, T D%, BER L TREBBRZER LI EDREER
EFBEREDTEN _RFERMS) £HARS ETable 1IDKLSIZH-TEY., ERHMOER

BB CIEDRAAESEEDOWET — 2 DRZREMESMICEFEN I AT D,

Table 1 Root Mean Square difference between the original and the distributing images.

Level RMS

1 0.0137
2 0.0144
3 0.0153
4 0.0169

2.3 Daubechies ZEER# DY HR— FK., LR, BBEEROEZHRZ I VR—RV M
Daubechies ERB# DY R— R, LA, MEEBOEEHRZIAVR—RV MEFEEZR.

3 g m, S L OTER R OBRME N 5, wETBE g LR RS
m P i i

7
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T—ANATAVTIZEBITE2INLNRTA—ADEEDESVEERERMICHIEL -, Fig8
[Z Lena B2 Mandrill B #1BHADIZEEEHELTENLDFHEETT,

-
B
-
-
-
—
—
-
.
—
—
—

(c) MRA image with secret image (d) Reconstructed image (Level 3)
Fig.8 Resultant images of wavelet based MRA which contains the secret image of Mandrill (left
bottom), LL (left top), LH (right top), and HH (right bottom) as well as reconstructed image

(circulation image) which contains embedded secret image
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F 1=, Table 2 IZ Daubechies HEEBEBD Y R— FR. LA, MEEBOEEHRA I KR—
FTUMEDOEEEFREGLEBEREBRED RMS REICKS2>TERT, CORMD.
Daubechies ZEEBBOYR— FRE L UBEBEGRODEZTHZ I VR—R Y FEIZEL D RMS
REDEFSIFELL, LRILDEEIXEMTHLZ EADM D,

Table 2 Root Mean Square: RMS difference between the original image and reconstructed image

containing secret image (Lvi: Level of MRA, Db;: Daubechies base function with support length of

J)-

RMS Difference

Lv, Db, Dby Dby
LH 78.25 77.17 77.26
HH 78.27 77.26 77.41
HL 78.91 77.64 77.61
Ly Db, Dby Dby
LH 43.57 4275 43.68
HH 43.8 41.04 43.93
HL 45.2 43.71 44.44
Lv; Db, Dby Dby
LH 21.27 21.51 20.78
HH 20.94 20.97 20.86
HL 24.84 25.05 23.77

Fig.9 IZ Daubechies EEBE#BDHR— bR, LAN)L, MEBEBOETHRZ I VR—F ME
EEZ-BEOBERERENTT 5,

lena_lvl_db2_LH lena_Ivl_db8_HH lena_Ivi_db8_LH
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Fig.9 Some examples of reconstructed images of MRA based data hiding (Iv; db; denotes i level and

Daubechies base function with support length of j, respectively)

4 FRERZMNI LI5S OMEEROHERY
MEEREZERAKIVAR—RY MR ICEERARICEEBRL-REEGREZ. BEZ
BOFAENHIALIEE. BORAALZMEEGRIEAZLENTRZORBEZRD S DH
HATREMEIC D WWTHRET L=, H7R— KA 8 D Daubechies EEREICE IS LAL 1 DN
TA=F Y MIBITEBEREGREZER L TREEZRSE L, TAICEERE, £ TRE.
ERILKRQ B ZEA L. VEZOEGL, SWEEGOME AR E Fig.10 ITRT,
hoh SEZRIERLEICH L TIEMRA IZEDILK T—EN1N\A T4 VT IXHBMICTER T
HEMN., TOMOLIECH L TIXBEBBEEGROBEIIRHETHL LN Dh o1,
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(d) Extracted: without image process

(f) Extracted image: Intensity inversion

(h) Extracted image: Intensity inversion

(1) Reconstructed: LH_Lvl Db8 (j) Extracted image: up-side -down conversion

11
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(m)Reconstructed: LH _Lvl _Db8 (n) Extracted image: Magnification

(o)Reconstructed: LH_Lv3 Db8 (p) Extracted image: Magnification

Fig.10 Robustness of the proposed data hiding against image processing, intensity inversion,

up-side-down of geometric conversion, magnification with the different level of MRA of which the

secret image is replaced to it.

2.5 TREMBIIT HmE

RBEERICT—2EfREEEAL-EE. EEELSEBMTHhNIIHEERICHFER 2 M
T HEEEENH D, CITRHARMET—E2ER/ELELTIOY I HFSETHEROBEELEN
HBHIPEGELUIT—T Ly FEMBTHY . HEHRIBEDLL JIPEG2000 ZHIIZ&E Y, FEF
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EROMEE A=, TR EMEEZ 100 [TERE L. JPEG $ & U JPEG2000 % Lena E&(C
WA L1, Figll ICEREDERZTYT, JPEG EREDOERICIE IOV I HFELEFEENT
Ay Y UVTHNEETH D, £z, ERAXF— /A X, BUOTHIPHESINS, TDH.
JPEG2000 [(EZN 5D VT AMEL . EMICKDT IV FABEILIZAELY,

S 4P

(a) JPEG (b) JPEG 2000

Fig.11 Enlarged portions of images of decompressed images of JPEG and JPEG 2000 with data

compression ratio of 100.

N EZERT S & 52 PSNR(Peak Signal-to-Noise Ratio) AN TH D EEME. Ev L
— MZBIKRET BN, TRTOEESITHE LT JPEG2000 A JPEG @D PSNR & Y LA TLVS
_EBRDH B,

. /
40

_
@ %
% 35 / =—JPECG
)
A~ 30
/ —8-JPEG2000
25 +
20
0 05 1 1.5 2 2.5 3
Bitrate (bpp)

Fig.12 PSNR (Peak Signal-to-Noise Ratio) of JPEG and JPEG 2000 as a function of bit rate.
Mandrill DR FEE D EFERF % Merssene Twister [Z & 5 —#ELIZ K > TANE X HTAL
BET—9NAT427ITEAL, MEEGORRZREEZR LS E-, ChBIZIPEG S
&K U JPEG2000 D T7—42 [Effe %@ A L =158 DEEHI % Fig.13 IZRY . REE{&IC JPEG £
MEEeERALLERISH L TRREZEL TLRROBENEET 510, BEERIITELIC
BRI HILFTES. EXEBREIRERED RMSE 25 fid 5 &. 638 THo1=. —A.
JPEG2000 [ZEMDIBENZ =, EREG, STLITREBGIRRTE S0, L%
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MBERICEFENIHEBEGLTLEICHETE S, COLE, HRLTADL, RMSE=0TH

(a) JPEG (b) JPEG 2000
Fig.13 Circulation images with embedded secret image of Mandrill with the data compression by
JPEG and JPEG 2000 with the same permutation by the same random number which is generated by

Mersenne Twister
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NTED, COAEFREFEIVTUVYDERLEBEROANMY FEHEHOTICHEZD
DTUYDHMERIEIE oD, T, ERAEBRHRTABRAXFICLIBEELIZEK
2 TR VT 2 Y DLSB: Least Significant Bit(EFILICH T IRTRE Y MITHEAT S &
IT&Y., MEMHFSOITHRET S ENAREICHES, CCTRERSEBRSLIUHRR
FEZE A S SEMRBERNICEICT—EINATA VT EBNT 5,

Fig l4ICCDHEDREBDORNETRT ., T, ERAERICE > THREBGODIRILF—F
S, TREOIMABEBROEREEZRREZICEBRLTESICIRILEF—EPE
ZEH. CNITMRAZERA L THOBROVIIADLANIL, BREESICHET—% %18
ORAARICBBREZTI CEICKYRBEREZR D, BRIV TUYDEZEEERL
MREFREBRNTA— 2B LVREGOBEFE. BERY ML LLELERDEHR/T A
—ANBRMTHID TCREBRELUMET —F BT TEININLEZMYBLHVESE
FEXHIERHETHD, WET—FZRBATIHNEZEET S LICK Y. EERGERN
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[CEDILKT—ENATA VI MET -2 DRERERET DRENEBHDHENTES,

Oblique
— Coordinate
Conversion

)
OCC parameter — MRA Decomposition
—HHn, HLn, LHn, LLn

Hinding Data ——» Embedded

Eigen Vector

Original Image — Decomposition

PCA Analysis ~

i Publicly
, Available
OccC parameter\ Reconstruction — Image
- H“-\-__
PCA Parameter __ T
—

N .
. Oblique
Eigen Vector  __ Coorqdinate
Decomposition Conversion

Original Image «—
Fig.14 Process flow of the data hiding based on MRA using eigen vector decomposition (or Principal
Component Analysis: PCA) and coordination conversion from Cartesian to oblique coordination

systems.
“REFEICE TS, EXEREMREZFERE LT,

W=X+Y cos(6) (1)
Z =Ysin(0) 2)

EVWSEENH D, CCTWZERREZICE TAREBMTHY . XYFERERFIZE T HEE
REHTHD, T, IRXEFRLERICE TIERBOAETH D, CD—HIZFig151ZR
ED

PC2’ »\ | .f I':’C1I’

250 /

ey

pcz W0 PC1
150
0
100,
50 ]

R

Fig.15 PCA and Oblique-coordinate conversion (OCC) as a preprocessing of the MRA based data
hiding.
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RENTAVITTHHDERTRERICEY . ERHPEBOFRRIEL D,

ERBIZRITRT, RERE LTINE T—2 EiETHEAZFEEEER T —5 X—X(SIDBA)
DM 5EA T Mandrill(Fig.16)E AUV, £z, MEBET—42 & L TFig17ISRTERSIT—

BT HERAW=,

Fig.16 Original image of Mandrill of SIDBA database for data compression algorithm evaluation,
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Fig.17 Hiding data of image (time series of data graph).
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Fig.18 Red and Green colored images of the original colored image of Mandrill (Fig.13).
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Fig.19 Scatter diagrams of the original red and green coordinate system and that of the first and

second components coordinate system.
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Fig.20 Oblique coordinate converted scatter diagrams with 110 and 70 degrees.
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RAERSBIZIE. HHIFES)DERELGASHIDAETHMYFLIDET S, Thbb,
LEENRATIEENY FLFEOFERENS A —F0EEZBEIRMET D,

Fig.21 Widely available image of which hiding image (time series of data graph) is hidden in the

original image (Mandrill).
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Fig.22 Root Mean Square difference between original and distributing image of the proposed

watermarking with 90 to 110 degrees of OCC.
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Fig.23 RMS error between original and restored hiding data derived from the distributing image.
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Fig.24 Hiding performance for which normal distributed noise with zero mean and standard

deviation ranges from 5 to 20 (5 step) is added to the distributing image.
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(a) Original (b) Hiding data
Fig.25 Original image of Landsat-5/TM Band 3 data of Saga city and hiding data
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BRTETCLEIA, FUVFLEREDBERFEARERICREIXE/ANFTA—2ZLLAITA
EMET—2ZETT S EIFTERL,

(a) Line by line scanning (b) Random scanning
Fig.26 Reconstructed hiding data from publicly available image content derived from the MRA

based methods with the different scanning schemes.
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Image separation based on continuous multiwavelet transform

Akira Morimoto*
*Osaka Kyoiku University

Abstract. This lecture is concerned with an image separation problem to separate
original images from mixed observed images. Natural images have pixels where there
is a sharp contrast in intensity. The set of such pixels is called edge. Discontinuities in
natural images are generated by edges and most edges are composed of piecewise continuous
curves. In other words, edges of natural images are essentially one dimensional objects.
By this reason, the edges of mixed images can be easily separated into the edges of original
images. This process can estimate an unknown mixing matrix and separate mixed images.
A continuous multiwavelet transform is proposed for edge extraction. Several issues to be
solved are raised when the continuous multiwavelet transform is applied to image separation
problem.
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Fig. 4. F(x1(DWwo), x1(DWe, x2(D)Wr DEEEMA. a =1.25,1.5,2.5

Fig. 5. fi:MBRDEVF I —T Ly FEROS A7, gz LJ v 7icks
RIVF Tz —T Ly NEBEOS A7,

N

FHlT T, IR 3 25, (RWAS; SWAS) 7551 VY 7 LF Y x—T Ly I

I2/5%. BGSHEOT Y SRS IV B & B I, ThZhyz—7 Ly i
B LT RyLY & Oyl RISy o — 7 Loy MRS

553 MARA)JIcKBRIVFU—T Ly FEE
ik [3] TIRELEIIVF T2 —T Ly FEBZHAWS. JBEFEECEEZ Fig. 5 HD XS
WCHEIT A, RO 4K ERIUKREEID 4 AE 12 A7)V F T c—T7 Ly MR E
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Fig. 6. /2 1 gS?, it RSP 471 9yiSP. BB (a, Pp) = (15,12, 1), (2,20,4), (2.5,28,2).

95%.

CORIVFT—T L R FPEEZERT 1 D3|

12
(5.11) }lz

JezZ p=1

— 2
W) =1, ae €

Zii’zd. Fig. 712Dy z—7 Ly MEKDO~S AT (), FEi (F), &5 B Z#
Wz,

WA KBV F T 2 —7 Ly MR, FFEFEM (5.4) 2Tz L TWizn
(72T KOICEEIITES) DT, 7FI3AVVIRIVFT =T Ly FTEEVH, X
INETCR R B B U7z BARCRD I S— T 7 VT L— LK% DT, ZOXEMANS. H
G5y BED Ty DI RIT S BB Z B & B I, ThZEnY = —7 L MR Ry
LSyt RO 1 — T Ly NERRES . Sk [5] T, ZOXLVFI—7
L ~EEZE O CHG B 21T Tz,
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Fig. 7. PUfAA Y Y A& BT o —T Ly NEEE - o D= A7 HH5
RyS™P, 4B Sy DD, (a.p) = (1.5,1), (2,3), (2.5,2).

5.6 RFEHBZEEODEEN—ET7IVTL—L
RVNICTT YA U LiexovF o o —7 Ly MR, Bz Tcaz s FYR—F

ZRD, JEAPERZERTO 1 DOfE (5.9), (5.10), (5.11) Ziifi7z LTV,

EES VT V=T Ly FEBY = ) € PR WEBEEZERTa 87 by

R— 2L, & suppy? N —UDEE 2r DV HKICEENS LTS, T a> 1
PEANT, JEREZERT 1 Dl

P
(5.12) SN e =1, ae ¢
JEZ p=1
FWilzd L3S cOLE, MR
(5'13) {wik(x) = anj/Zw(ajx B k)}jeZ, kez", p=1,...,P

99



Proceedings of the MEXT & OKU 2011 Workshop on Wavelet Theory and its Applications to Engineering 100

X, 8= TTIVTL—LERRT S, DD, [FED fe 2R ICHLT,

D D VAT N

JEZ, keZ", p=1,...,P

=S )l

jez, kez", p=1,...,P

AN AVAC RN

6. UERT—IVIEHITS!

SR [2] TIRE LAz VUL, B2 —EIROZ T ENTE S, BlllEG
yvilg.rl, j=1,..., JicTy VIt HOMIEAEHZE B & By Z{FHE 871752 YJB = By,
aﬁ“:&n&bwh.E@ﬁﬂ@@woﬁﬁ%&gdk2xJ®ﬁwG@m

YBlq,r] YBlq,r] ... YPZ[q,r]
@ =i ] e
Yi'lg.rl1 Y'lg,rl ... Y)'[q,r]

BT —IVIERITFIE LS., k HHOTHEGROADEEH L TV A MEOEFICEE
N3 (q,r) € EENED Tl iR — USRS,

@) [al,ka[q,r] az’kS,f[q,r] aJ,ka[q,r]]
q,r) =
a1 S7g. ] aiStg.r] ... auS;'lq.r]
S7lg.r]
:(al,k (25 a‘],k) B
Si'lg.7]

EBERB L ICRD. Lieho T, MiERXT — )VIEMRITH 7z BAE D R Gg,r) =
Ulg, Z(q.r)V(g,r)' L, B 1 FeEEDE 2 REEEIC R TR D R E L K2 M2 B5580 1
ELT, JxJDEITH Vg, r) DF 1 {17285E Uiz J THEXT SV g, r) Zidikd 5.
Wg, r) MEBTTHIDOH B5ORKEE 2 1ITIERIELIEXT MVOHEEMEZD T, Wg,r) D
DAiZE RS OBAIERE S/ FICRWT, E—7 OB STlBOBNHETES. £
Te ©— 0 % AR DIRGITHIDHEE T X %, HAMBEIX [13] ZHVNhE, 22X
TEDT T AR VT EMRL AT S.

7. BERERA

4 ATl ziEE T8 A

0.3977 0.1940 0.4265 0.4982
0.4907 0.1761 0.2611 0.3875
0.3137 0.3519 0.3949 0.4821
0.3157 0.4351 0.4320 0.2544

4=
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TR LTz Fig. 8 OBMEIRO 7 EERERZTT 5. MEEDEI~ILVFY 2 —7 Ly bBET,

Fig. 8. @Bl y;, j=1,...,4.

o =2, MBI P =28 %5 LBy, OFH Lz Y = —7 Ly bR
EUTHW Y 2 —7 Ly Mz Ty D ORIBEME L LTV .

fir i 2 — VIS HRAITHNG, 2 x 4 DITFNCRD, BEEC 1 THO KL 4 KHENZ B L
V=,...,w) Zp=1,..., 14 ICE> T LT MIVZHWTE AN S L%
<.

4 RTEDE AT S LIZDT vj, v D2 RTICHF LI A N TS5 L% 6 Fiffi &
Fig. 9 #13%. ¥ —ZDMFEDC AN TS LTE 47%50DT, JTHGEORIE M=4Thb
EHEET . No.3 D AT I LNRIZEN—FERVE L, E—7HOR/NERE>—F
BN =T DB E R EDIST A—REHVT, 4 X020 TH ORI LRI [2,13] ZHV
TIRGITHEHEE T . HE LIRIRATTH 4 LIRATTH A ORHIOKEE % 1 ICERIL
LTRETTH 4 13,

0.5162 0.5975 0.3170 0.5534 0.5147 0.3140 0.5540 0.5974
T= 0.6337 0.4659 0.2861 0.3464 1= 0.6351 0.2850 0.3392 0.4646
~10.4079 0.5773 0.5691 0.5127|° ~10.4060 0.5695 0.5130 0.5781

0.4067 0.3043 0.7026 0.5573 0.4086 0.7042 0.5612 0.3050

TH>T, ADHE 1,2,3, 4 FINZFNFNEHL LIRS A DE 1, 4,2, 3 5 H597%
HETHILELTWEZ N 5. 8L B S % Fig. 10 1ICHIF S, FionBksE
7 Table 1 ICHIT 5.
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BRI & 3Rl « PESE & OIS X B RE A I R— 3 Y OREE ] B X OKBREE K

DK ZRZ T TIrbNz.
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Fig. 10. 77HEL7cE{R o) j=1,...,4.

Table 1. JEWif% (SI) & HEEMI{ (EST) OREZRVA.

SI | ESI | square error SNR

s1 | o | 0.01296 % | 38.88 [dB]
sy | o3 | 0.00031 % | 55.05[dB]
s3 | o4 | 0.00131% | 48.82 [dB]
s4 | o2 | 0.01066 % | 39.72 [dB]
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BEPLOFEBRIEEIZEIT S
FEE Y = — 7Ly P EHIZOWT

R i
RIS > AT AT

BE. Rz —HEE L 2T, RADLTHDT Chdr 2. AR EEH O~ R R
ICEHEERLESTES. 20t s, A, HE (Rr—)u) EFEEIR GEEN)
ZOHEME T 2B AR o T 2bDEEZ TS, TOEREMRE LT, ZEby = —
TLy b2 UEMEREL CE. ZOMmEZIIT, ik, 2 8 AOGEHER DR 7
hCHEBRILZ R, #EHRLEZRD ZFERZITo 7. B THERMNARZ FL) |k
T1IMHDART PVDR TR AT —NVERZIT S ) —TEDAXT VB R /NS
S BEBDATr — VR e FEREE L. S SRR 2 9 L, etk &
HMEEMRERGE L. Ok, #HERBEIR D R > 7D, EERICLEFEED &K
DI D DML 7 4 VY 2 WEGETH > 7. ED, O = —7 L v b
BT A B AT —VEBE T TR R WI E3bh s, INoDNREMEZHEMNL,
HETEIERTAE & o 7 BRI A 2 0GR L T2 & 2o,

Auditory wavelet transform for vocal tract length estimation
from speech sounds

Toshio Irino*

“Faculty of Systems Engineering, Wakayama University

Abstract.

We hear vowels pronounced by adults and children as approximately the same although
the vocal tract length (VTL) varies considerably from group to group. At the same time,
we can identify the speaker group. This suggests that the auditory system can extract and
separate information about the size of the vocal-tract from information about its shape.
We had proposed a computational theory, named Stabilized Wavelet-Meliin Transform
(SWMT), to explain the observation. Recently, we performed a VTL estimation experi-
ments using the knowledge of the theory. We found that the nonlinear auditory filter bank
, which was estimated by psychoacoustical measurement, was better than any other linear
filterbanks including wavelet-like one. This implies the problem of the VTL estimation
in real speech sounds is not solely the issue of the scale estimation which can be dealt
with the wavelet transform. In this talk, we introduce the background and results for the
discussion of the theoretical framework including the auditory nonlinearity.
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1. EU&IC

HE (BAE) X, BEECO2AEBEZzAWHEIRIC L > THEIT 5 2 LIc X > TAIRE
N5, 2, TV=A7 4 VFETFIN,) EMERS. BBEDEN (2 & A3/ L)) 1%, 5
BOIRDENTEEH I N, A7 PV ETRIHRAEEOHARDLENEL S, —H, K
ANTH TS, AURE/a/13, /a/ & LTHFETE S, L 2A0, O ENEL ) HER
R B0, A7 MASAEIZ R B, 172, 2 2 CHAIRA MBS EE W0 il L
AT = VERICEBE X Z o TWw3. Lad> T, HiliR (Vocal Tract Length, VTL) %
IEHAET 2 2 LIk D, HEREARY FUVGHiZHiZ 5 2L TELHZEZLNT VS,

CoFERIESMIE, ARERE O HE S F Rk AR & Tk & S 4, Wakita [1] BUOR
B2 R TEDREINT VS, £/, o, FERIESMIC X 2 2558 HOERE—7 4 &~
7 (FRICHLZH) OEEPUEING I EDPMESIN TS [2,3]. ZNo6DHERE LS
T3 FETUE, R 7 — ) 28480 [E R R Eh 2 2 v JR I8 250 25 o @ADL Bl 1< J
BB — v TBIBEEIC I D EL, ZOLETART P LY 7 bRV 7 MAEEMZ(TS .
ZDIbDEDHEFZZLETIUIR VL, HEEE (L ZX¥EEE) 280kH173
DOFEIMDNR E o> TE. L, EFETIE, A7 MVEBRAKROZ Y40 IE S
NTVuRWVnEITHS.

ABERTIE, B2 ICB T 3 EERIEA Lo 4] 20 R2RT. 22T, BER
L x—7Ly FEBEDBROENT . 518, ZORRENLAREZIEE 7 4 Lo
YIULRVTHEAL LFEBREEETFE LA OVTHANT 5. MR E LT, ERERD
IERRIGEDIA > T 2 GED TR L D QHEEREEDI R D > 7o, B DT Z DIERR
TEAEIZ DWW TR, BERHERO R — 2 21t L 72 0.

2. BRRICEITZITETIRAE EIEE
2.1 EEFRIRRH

M IIWCRT XIS, RANEPEBRHEFELEZAL SHEZBEVEZEE, INS5DOHFHIFA
R7ZIVGAAE LTRSS T THRICEEE LTHIE T2 2 L3 TE 5. MHIRIC
MHEDRAD P ZBHET 2 LN TH L. 2O L6, ANHOWPIRERRICE
WG, BV E D S E RO (=FER) Bl ETR (=5 EOBmERI%) HHicsy
BEL, T 2 EEH 2 L LIRS Z T, BEZIRE L T B [4-6]. T E ) CHE
MEEBRLITON, FHEORIBEIEZEB L Z 5 BETHL I LBbhroT03. E5I,
T FE I 2 13 5 0 IS 2 T AR ER OHAGOEDOARBE LI IR EHIC
BOLTYH, FHHPHEDO LRI EBb o T3 [8-10].



Proceedings of the MEXT & OKU 2011 Workshop on Wavelet Theory and its Applications to Engineering 109

CAITBI

HERAR
(FEFARHE)

Fig. 1. Size and Shape perception from sound source.

2.2 BEREHIES

RO MTERE 2 BH T 5 72 12, WIHIET R O E i L TR IE W il 2
ToTWVB EVIHIFHEBERZIREL T3 [4-6]. K212, 207NV XL TH LT
Jx—7VLy b XY VEHOTOY JMERT. FELADAT—IIZOVWT, HRE2 H H 1%
JEE DT 5.

FB SAl SSI Ml
(Filter- (Stabilized Auditory Image) (Size-Shape Image) (Mellin Image)
Bank)

2

Auditory Figure

a
E:

Frequancy (He)

N Boundary

Tims-Fraq. product, b

Fig. 2. Computational theory of the size-shape perception: Stabilized Wavelet-Mellin Transform

221 BEEXEROIZAILINVIETIL

AN S NFEHR, R 7 « V&80 7 (FB) T, Wil & ERBy il [7]CRERIN %08 2
i) Z2Rf> A7 b ar o AT bi . £, FEEICHEMEEOTEE) £ THREES %
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Bl EPEER 2T\, fRIEE) Y — > (NAP) EMERRBLICT 2. ZOREHE 74 L%
@%Iﬁ ¥, DIEYEEEBRIICHEE TE B [11-14]. #EE I 7 4 L & Btk I3 IERRIE % £5
B, ASIFHEICRTE L TR ED AL, IS L 2T 2 (EfREZ2 D) 2 &
MoNnTwW3, 2o DIEFBIBIEICEI L TiZ 4 fi Tl 3238, S0 % —XaERl e L TiE
Jr—7Ly FEIIPTVS EES SRS TW S [17].

Z OYERE AN R O FIEESHTICEE U CTIIFR O BRI E <, 3Ly 2 SR By g 2° &
BT 20HELORBVT7 4 VI NV 7 E T, BE L DETIUPREIN TS [18].
74 NI Ny 7 DREBREO—F %, K3 EXICRT.

0
100 250 500 1000 2000 4000 8000
Frequency (Hz)

WWWWW

100 250 500 1000 2000 4000 8000
Frequency (Hz)

1
MFFB

Fig. 3. Characteristics of gammachirp filterbank (upper panel). The number of the filter
is restricted for the plot. Characteristics of mel-frequency filterbank (lower panel).

BEONEDIET 2 &, 4 VOV RAIREDIRENICHfE I N D, 27— VAL %
Z>. COBEDART—NVEBICN LT, 74 VI RICKZEAZLGZ 0 E W) FEKTIE, #
Do =701y PEEPROEW., 23U, ED7 4 V¥ BEL A v o0OL A (kernel
BIE) TR — IV DARDES 12D, NADZEBRA T — VAL THLSHTHEED 74 LY
TIN5 THS. 2D 2 —7 Ly FEHTIE, B E FSEE § 2 & Q
FREDRAZ L T 5 2 EDMESEM L 2 2. EROMEROMS RIS/ N, 74 V%
DL B L AR O BfR 2 X 4 (SRS, i, BER O EYE T X v S 1 5 Sl
FEFARIRIE (Equivalent Rectangular Bandwidth, ERB) T, {@i#% » ERBy (Hz) 17 4 V%
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DOHFLEPEE f. (Hz) I LRATE Z 605 [11].
ERBy =24.7 - (4.37 = £./1000 + 1).
COMERS L, BE L Z 500Hz DL IS I TRIBEEE AHRIED LG L, & Q Kk % i

RBLTWRIEBbr%. T bbb, ZOMHEBTIE72—7Ly FEBEZHWT 7 4L %
2R TEBZ LIRS,

10°} o

107 :

Equivalent Rectangular Bandwidth (Hz)

10° 10° 10*
Center frequency (Hz)

Fig. 4. The relationship between the center frequency and the bandwidth estimated by
psychoacoustic experiments. This is used for the gammatone filter. The bandwidth for the
gammachirp filter is about 1.5 times.

TANINY P ERERT 28 F 22 VD7 4% (kemnel B9E) & LTk, v < b —
¥ (gammatone) D RFEPROENTH 2. ZOH V< b =L, AHEERTRD &5k
F 2 DEERWHRB D A v OV RIGEZIERIT 2 720 DFEEE L T4 RESI N D
ThH5[15]. 20Dk, kA LGEEBZFECIEE TROR(EDONLE 74 V%L >T
W5, ZOHIZIE, Lyon 2324 L 7 one-zero gammatone % Meddis © @ DRNL, Irino and
Patterson D74 >~ % F ¥ — 7" (gammachirp) 7 ED3H 5 (B Xk [16,18-20] ).

DA V=F v =772 1%, DU TR 2 PEGE R O NTRREL (R 77 —V£Bl) D&%
IZBE A IA Z, Mellin 2841 (3.2.4 THZ ) & IR ([EIRR) Bl TR 2 22 D i/ NAEETE 2 K55

1 7 < b= (gamma-tone) (&, CLIERAS A > < B (gamma) T, #EEIEHSIERKIL D F — > (tone) TH %
IEMPOLDEETH D,

2 47 v < F ¥ — 7 (gamma-chirp) &, MDA ¥ < B (gamma) T, R REHENDH 2 F ¥ — 7
I (chirp) TH 2 Z &S Mr& SN [20]. 2DH V< F v — 7B%UE Gabor BIBERE, FIHANAH % 58] i1
FIE VIR D FPEE 0 TEAY 0 1272 53 admissible &E 2 i/ S Wi, BB RBEWRTOY = —7 Ly
FA—=F LIRS EERABICERRIIHE DT, 2 ED Yo —T7 Ly b RO
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BIS & L CRIERTINIC SR ® S 17 b DTH % [20] . Appendix A IZZ DEHZRT. v
VT X =T ORHBETH DT e b=V b EOTRER 7 4 VI, HIRE B R 7
FRERERL T B LT 2 ENTES.

222 {IHRERRICETIREES
BRONSBEEOHEZEP LT L, BIA2EORES (77 F2R) 24

WWREL R IEVBHIGNT WS, T, BERERICKFRE D ORENH 2 2 L 2R LT
W3 [9]. ZOFHET IV E LT KEEBEZ PO (RLA=Y V7)) #8252k
BTES. LoL, AEIZR 42 % 26§ 2 gtad, ARFICHEZ S22 EbTE S,
Z 2T, Z ORI 2 35S (temporal fine structure) % P59 2 BEREDSHIE LI & 72 %
D, HEFDRVETFTIVRREEIN TR, NS Z2FHHT L2010, TOKE IHEDLH
MRSGEATE L Vo R L ICHEDOE TV ZES Z LiX, v B L DHITIDJFEFD S
AKED HEE D 5 ATREEDIK Z o,

Z T CRAIRE Iy OFE 2 £ B D D IGRIVEEMIFHME D LREE T 2 7 0 ICE A I N D3,
2 b v — 7RETE S (strobed temporal integration) T&H % [5,7,18]. Z vk, iREifA% 2 k
ORZa—=7S2HOTRE L RGAR, Fvun2a— 7R T — Pz /&2 RN
EHEPDbDEEZIFR W, BERETILICEBWTE, L2 OREEF v 2L LI, &
% IR RO MRRIGE S 7 — v %, IRREIERE & I Ofl 2 K52 2 XD A A =P8y 7 71T
E— 7 Wi 2 RSB0 T 2. 28213, TE THIUTTEARRL Z & IR 2 ol
FRIREN Y — U DRDIRI NG, 2Tz Ey FoOLRICHEHIL TS T%. Z2hvcion
2R ELHEREA A=Y SAD &S (K202 70y Z7H). 2D 2RILA A=
X, AP EFR R SIEEFRE TIHEFNT, THoB D Zb ) T2{LT 2 Bl iy & KB
%%, 2D SAI O BT, FERRBEEZ EICH CTEHEE Y — v hiR3ns. 2ol
JAIA 353, 56 Ol O HARR M 2 78 3] (Auditory Figure, AF) Tb 5.

ZOBEHEX (AF) 2 ViU, SEOFF L 0 3 HHEPHEE O EERE 2 LE ICHEE T
EB13TTHE. N, HEHEOEE ST, 2D SAI DRI ETORRL RGP TR~ 27 b L
ZHLD , Web LD ERERIHE ) A b Rafe R I LT % [21].

223 ART—JLHZHRIR

Z DOREEX (AF) %, Mo F v > 2oL Z & BPEEGy 72V R R g 2 5| = 4
WL TIEBULT 2 L, 74 VMDA VSV RIBEDRET ¥ V2V TZE A5 B TRET
ELLIIkD. ZONBIK, 7 2—T7 Ly MATHiERZ IEFRAL T, F—aA v
2 (kernel BAE) 23R, &F ¥ v FNICZ A A THERT VR 2 EICHYST 3. Hon

HNFTRVORS Lz, o b b, HEMMICE L TIHMEV NS (S0HZz UT) 3EGEHTE 30T, 7
VRF v =7 THHRENIONMAERRZZMRTE 5.

3 2 b a RPERE —ERRTRROE X ¢ 2 ME, IREAOIRB R AN ¥ 2 & #iLEREY S AT H
3.
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T FBBE HEIRA X =2 (SSD) EMEE (K2 D 3 7ay 7 H). ZOEE LTI, FiEREMm
fii (A7 —nZk) DREE, o uE— 1y —>r o ETEH L L Ik
HENBZLIhD. THBAT— VAL TH 3.

2 T, RO RN UE, SAT IZEB W THERX (AF) 23 EAIH T L ICEALR S Z LI
HEEPVDECTHS. SSIZWD L ZICZOERLEYDFIVPUDHETCoNE D, K2D3 7
v v 7 HIZ/R L 7z, Boundary(Bi A1) O NN IEEE DM A22 5523 TE 5. LD A
FR—=7 L%ty ForOLRRED G HEN S I20E\, BRI 88 — v O T RBBEEDE &
2. ZOZEAETE, AKFIENA VoL A THIUTET Z L DT F BRI, A
Wl (=1/Fy) DB X DRI TEL VT TH 5. 2, FEOFEE % o A o H R
B X o TERENT 2 S A 0RO BT 237 WS TH 5. FHEE R REICHEET 5729
Ik, R O SRR & BRENE O IR 2 A XY P VIE#RD & BT 1) BB
D 5.

2.2.4 RT—ILAEHFH

A& B X, SST DffEF M 7 — ) 88 % Ui 2 B> TSHEZ IERL L 72, VU ~
AAXA=Y MD) THS (X2 D& 7 0y 7). EEHCNT 27 —) Z&8HmIZ A Y Ak
MY 2. 2O, SFEERIIVHEEE LTEs S, oM, KKo—RIEEE T
TREIN T3 AEEdENCER X AL b 7 b E—FRHEM» S, FEBKT %D
BRE, EHICHETOMIIEDGREE 2%, ZOBKRT, 2D XY A X — 1%, Shamma
DIRET 5 KN E DZRE (Receptive Field, RF) [22,23] O—f%&RIL T3 &4
BTSN S, W E Z1E, RF OHiZid Mellin £#t: L CTERMLTEZ25D083H 26D
LEZoN5.

3. BEEMNSOFERIETE

TANINY 7 (HBVIET =7 Ly A ICko T EFHEDTE (FHER) ©A
FeVEMET AZHEEZEZ 5. COFRBEEEMEZZEITT) IO, Aif o g
FROAR, FI 2.2.3 HOBERK (AF) O THREEBDOFZEZ T2 H AN s 2 L EE L 7
2THA). SITIERALR T A NIV 7RI T 57012, WIBORERE 7 £ V¥ N
YIOMNE T FEEEEAHET 2MEEZEZ 2.

31 TZ4IFIN Y LRARBEEBDZE

"R, T2 74NN ZIEBESREINTVS, 2Oo0H26, mOREVLD
BBEIDBENRD . I 50T, BIi TR X5 ISR FE I BGEIR (3 B A B S A
BXEN IR T OTIR DB % Z 1 2. FRICHERIX (AF) TRBTE 2 TIRAREICITER
DILEETH 5. F 7, W EIIE M AMEDFEDI R E {, #il 213 4~5kHz (I BURE IZ X
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BEDHAET BHEL BB, D 2 DDFURICHF NI, FOHE RN b B b
NDHEWHH 53T TH 2. 2 2 CREBEHROREIIC X > T, #EERAENED L H 1T
(L3 2 H 2 B, BB & 7% 2 R 2 BUET 2 DD 5.

3.2 HMERER

FEROFEMII AR T [3,24-26] 1235 53, LT O 28R 5.

321 2FEEROFRERILDERE

2QANDEE L, jRRET S, ~RICFEEVSERE L D7D AR PV HNERR S, 2T,
F—JiDARY bV S; &R —VAHED rffz2 L, b IR — T DFEEDART FLS,; &
ROV F VI TEERTIEE2EZ25. 22T, 2 O0DARY MVOBESRNE 22 %
AT — AR 1 %2, 2D 2 NOFEE i, j OMAGORICE T 2 HEERLOHEEM &
ER-Y

322 Z2FERILOHTE
BLE 28 L DOFEEMOFERE D ZRY 72D (P = 756 D) THEE T 5. 22T
FLATD 11 D 7 4 VI N7 %, 5 56 HEHO FHEEAEIC W T, 3 EZHwT
fiole. A7 — VAR r; 2RO 270 T Y X80, RAMEL 720 A X7 B V%
Dpec(i, jyr) EL T U TD X9 IS 5.
for Nyijterpank = 1 — 11 (for all filtebanks) do
for Ngenence = 1 — 3 (for all sentences) do
for Nr,egion = 1 — 56 (for all combinations of frequency region) do
for i = 1 — 28 (for all speakers) do
for j =1 — 28,i # j (for all speakers except for the same) do
¥i,j(N fitterbank> Nsentence> NFregion) = arg min(Dipec(i, j, 1))
end for '
end for
end for
end for
end for
FOERHHEE 2 42 140 JA] (=11 X 3 X 28 X 27 X 56) 17 9 M AR 2 g cdhH 5. &
DFA DEFIZOVTU TN,

3.2.3 [mEEH IR
BT 4NNV TS BRGSO T, FER L ; 23K F - 72 5T, Appendix B
IR L e FETHEYR T 247 9 [3,24-26]. BRI OREK E > BRI 7 &, 1D
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ri; DD ms HEHEETAE L L, 29Ud, | ADFEED 1 DOFEROEMZR > T
8L, BAR2HEDOHENSEHICN LT, EOBRETNL2Z2HM->T0w5 I LICk
5. EDEEDHAGDLER, EOXKFENETH -7 LTH, 5D EIWWNIITFIUTLE
BHEE LS ) LD TES.

BARRIC IE R ER O BEAES D U R\ A5, BT, 72 & 2 MRI 2E{E % H o 7 75 E
HHIEZT> CHOHHMBEICRETE R\, $74, EBOFEERE L HEH AT ML EDOBIRIE,
F1IGERLE LTE A7 — VBAfR (HBIBIGR) 232 F %23, £ 28I IS T v ik
W, IS5, ZITRARY L=y F Uy 7 REIBHND O, Hiffize 27— VERZE 2
T\ % (Appendix B Z[#).

324 HBHROT7<ILTINVY

MBS 7 4 VN VIR IRE I TV LD, 74 VI N 7 ORSEIC X D AR
VRS 270, EREDPSRE 213 THS. TITE, Av~Fr—TT7 4 VIV
27 (GCFB), Ik o TWwW B A< b —r 7 4 V¥ 27 (GTFB), TH dik T b H
WHENTWE A IVEEE T « V&3 7 (MFFB) ZHERN SR E LT, BLUFD 11 §tF %%
% L 72. STRAIGHT BAZHZ, 25ms @ hamming BTN — %2 L L7 AXT t a7 F A
Z Tz,

o GCFByy, : BIWNIEMELAT Y = F v =77 4 V530 7 [14] GEIEDORL 7 4 v
%) . FPEEEIBE 100, 6000] T 100ch & L 7.

o GCFBy, : BEREDOMIEOHMEIA v ~F v =TT 4 VI NV 7,

e GTFBg : BIEEHENICR S Hw o, v b=y 7 4 0730 7 [10].

e GTFBys : Hirisilig % 0.5 %5 L 72 GTFB.

e GTFBys : 7irfkiiF % 0.25 5 L 72 GTFB.

e MFFBgrros @ A NVEIET7 4 Vo8V 7 BB EIZR 3 TRICR L7 [27].
Z 2T, HTK U HEHL L |, [0,8000] T 24ch & L 7. STRAIGHT AX7 b+ L%
ez U CHEIK.

e MFFBgrr4o : [l L. 40ch.

e MFFBgrr120 © [Al_E. 120ch.

e MFFBgrpros @ B 7 — U T &1 (STFT) % H\» 72 EEHERY 22 MFFB. Z fiDU4 1%
MFFBgrros & RIS

e MFFBgrrrs : Al L. 40ch.

e MFFBgrrria0 : [l L. 120ch.

MFFB, &, fK[E] 7 — ) =215 STRAIGHT THi-FEHERBIC L 72 EToEAR
BTHD. ZOEHETIEA VOV RIBEIFEREIN TR, X3 TRIZRT X 9 I, 4
CEDELEDEGEINETSEEL L) EE—ZICRLT1IDEAELZ X ICERINT
WE3DT, R Eary TV =74 VIR I7DETH D, ZHUH L, GCFB,.(X 3 EX)
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P GTFB, 374 NVFEILDELBZYDBKREL A== TV =7 4 VIRV T DO
Rl > T 3. 7, GCFBy, (&, GTFB g9 DI 1.5 {5 DHRIEZ £ 7 4 )L 7 2 & KK
INTVBERED, F—N—ary 7Y —F 2 AL I 5ITE.

3.25 HWEDHDOREKRHMEEETFMATE

TEHEX (AF) OFIRED &, R OHEE I\ 2 JE RS 2 FIR L 725 2SR ATRg ik
b, 2T T, BRA BB Z R T 2 729, TIRMAMEE 100~800Hz T
100Hz % &, EFRRE 3% 2000~8000Hz T 1000Hz %A Ti%E L7z, 216 Dflad by
X 8x7(=56D) DAy 2IRT, Hm Z EICHEERAZFEL 2.

Fl, GEY Y TINVICE o TCHEESNZFEREN R 2WMELH 2. 22T, #HEED
LEMEZTHIT 2712, RIDRL 2 3 XFE (%% 10, 14, 20 HHITHEER) oFaE%2 M
Wi, FEE B LK 14 L0 — DO XFERFEEE L SRy v IV CRER AR T 5.

1.4 ‘ ‘ ‘ ‘ ‘ —
O MFFB_STR40 74

i3 + dcGCFB &
[0] O T
o ?
[0}
+-= O
S 1.2} 9 °
©
5
2 1.1 o o
wn
C
o
B 1|
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©
o)
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g 09 5
—
E 0
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VTL ratio from regression analysis

Fig. 5. Relationship between VTL ratios r and 7 estimated using GCFBgyy, (+) and
MFFBgrr49 (o) with best frequency regions.

3.3 EEHER

5 12, GCFBgyy (dcGCFB) (+) & MFFBstrag (0) THEE L 72 R & /R 9. Kl 1%,
[T OfE RO FEE R (7), fiflilx, oo A7 P V> S RO -FEERWN (r) TH
5. 51, Z2nZiurd B HEE S N AR BEEEZ EA TW S, 2D S5, GCFByyy, D
HIPHEEMEDIEEDEWNI W LDV D. ZDOFEEIHETETCVELLEEZLND.

612, 74 NF Ny 7 OB T ISR RBBEBGTISZ BIR L 25608 E 277 7
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Fig. 6. Standard deviation for the filterbanks. Bar shows the minimum error when the
frequency range is properly selected. + shows the error when the frequency region is
[500,5000].

TAT. JIREGEISIX, 74 NVINV P T EICEB LS. ZOXKDOUTDOZ E3bhr b,

GCFByyn D%/ N2 T, #ED GCFBiy & D H R L.

GTFB g |3, GCFBy;, L EfETH 5.

GTFB, OHASIRD £ 21254, #EEIIKREL 2 5.

MFFBgtRro4 ~MFFBgtrr40 (& AR DFEET, GTFBg9 & GTFBgso D HiH 22 il &
%%,

e MFFBgrrriao 13, Fo JEMFED STRAIGHT A X7 b L% 312 L 72 MFFBgtr120 & 0
FEEBICRRAEDIR & W,

£ 1 ICRNIGE & 5 7 5 BB R T

o EDOBGETH FMEGERO TR AL 500Hz ML ET, Z0LUT 8137 5 7\,
e  GCFBgyy,, GTFB, (&, EFRMFEHEDS S000Hz THIERAWGEE E > T 3.
e MFFB, &, AREGEIS D R R 503, 2000Hz~3000Hz T LLEE Ik >,

—J5, RO I L2 v FMERIE, 2000Hz ML EICSEET 5 (7L 21F, BRF/i/R/e/ D 2
Fl=evbh) . COBEREHVEED, ED X)) RERETCHLHEEEZLEICH ETE S

11
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Table 1. Frequency region for minimum error

FB Freq.Region | Error FB Freq.Region | Error

GCFBygyn [700,5000] | 0.013 GCFBjiy [500,3000] | 0.015
GTFB ¢ [600,5000] | 0.017 GTFByso [800,5000] | 0.028
GTFBgas [800,5000] | 0.033
MFFBgstr24 | [500,2000] | 0.020 | MFFBstrro4 | [600,2000] | 0.020
MFFBgsrtrao | [600,2000] | 0.020 | MFFBstrrao | [800,3000] | 0.026
MFFBgstri20 | [600,2000] | 0.023 | MFFBgtrri2o | [800,3000] | 0.045

E,—RINICIZEAZSNS.
6 D+ — 712, FPEGEEZ [500,5000] & L7285 E08R~EEZRT.

e GCFB, GTFB, T, /N2 5 2 2588 & 1ZIXFE U T, 2D RAMEIZIT.
e MFFB, T, A BKEL ERT 3. 9405, 2000Hz M EofEEOE#HRIZT L A
FHEHER & 2> TWB 2 b5,

3.4 EE

ERD X BFERICE S ZHBICOWTELRT 5. X7 I, EERICH W 1 X0 B
FEDHDRFE [0/I2 7 RNVATF SN TV BFTDFHART bV () 50ms 77) %2, 74 V¥
Ny ZEICEH L D %2R T. 7 EXD»S D TDZ EBbhb.

o GCFByyy DAXRT VDI A F I v 7Ly PBRH/NIChoT0S, ZHUL, &
FEDMR T2 imai U, EHEDOE T2 T 2 EMRHE [12-14] 239 5 7. D TH 5.
L, Fve v MERZEIAT H2EE 0D 5.

e GCFByj, | GTFB gy L [FHFRED AR F AR TH 53, PR RZohTHS. C
Ui, GCFBy;, DAFIRIE K 1.5 fERE AN 2 ISR T 3.

e GTFBys) TAXZ F )LD Y v 7))L TR E 45 resolved harmonics ™ 23K & 72 3.
HHRIE D GTFBps TIE I HICKE L % 5. Jaud, HEARIE Fo O EdiHL
FORENTVDE7DT, 74 VYHIRIEIEE 21 ETNE— 7 Lo TEOVREK
BETHYY DLk ITk 3.

7T TSI Z &35,

Dkl Fo DEFABRTICE 2 A2 PV EDY v 7)1 resolved harmonics & S OVBRSY B C 1
BNTws, D74 NVI Ny 7Tl ODERBRT 2L TE—210557:0T, 7 4 V58—l
DS Fo ICHRTREL BB L E—T3EbNR LD,
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Fig. 7. Spectra of vowel /o/ derived by GCFB, GTFB, and MFFB.
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MFFBgtrri20 (& GTFBp5 [HIAE, resolved harmonics 23HZ.> T\ 5.

Z AU K L MFFBsprras, MEFBsrrrao (& H 3772 70 \0%8, 7 4 L & BHKIE S 40 Ak =
WO EZEILNS.

MFFBgstr, T resolved harmonics 235 & 1172\ DX, Fy JEMKFED STRAIGHT A X
7 PNVERISGHRELTwS70ThH 5.

MFFB, & GCFB, % GTFB, D26, A —"—a >y 7V =22 LD, 7 4L
8 OHIRIRCTHERBBIRE S L) TH .

4. WDV —TLy  NEBRZEBZT

A — VIR L CEERIN I E 2 3T OO = —7 Ly FE X D b, JERIE
D7 4 VI N I DT INLREICHEBERMEETZ S 2 Ld3bhrof. 2O EIE, D
FEREHEE ORMED EHi A A r — VAR I TRET LD TERVEVL) T EZRLT
W3, 22T, BERRMARDIEMIEREZ KIS T s hv~F v — 7R 7 4 V%
N7 (GCFByyn) DIEBIEHEIC D WA L, BEERRESEOHROEA L LTz,

4.1 FiREEH

AR, 25E 2 AR 13 500Hz Bl Lo BB 0 3 C L BSETETH
2LV EERLTVRS, FEICBLWIEERED Ay — W EE I RERT 20 Th NI,
27— VBB L TEH, Zi3Torc—7 1Ly FE#2 o +49c, Bz
T BRI VIRTTH B, LinL Bdis, A 2IEIT 2 7 O HAREI 15 5 7-
W, Z DHARPEL Fy & HMMEOFEIE S LTHIT 5. $7, BERMR ORI
BILTYH, 4R LEE SIS, QM7 4 L Lk 2DIE, 500Hz ML ETH 3. sl
RO B IREDI D B DD Fikim DRMDID 5 .

4.2 FERRAIEDINA

6 DFERD S M7 4 V& 3> 7 (GCFByi, ~MFFBgreriag ) 2R L T, BEE KRS R
DIEFRTE R 2 I S ¢ 72 GCFBayn 2 7 I EERED R\ 2 ED3b D2 5.

8 I, DEWBEEIC X > TRD oy ~F v —THWET7 4 V¥ DASIGFEITK
T2 7 4 VY OIRIEBABEERMEOZZRT [14]. 9, TEPEL L3 2o0T, PO
BHC (2000 Hz) 1B % 7 4 VY ORGP T 5 2 Ebd 5. £, FLABERED b
BENL 72 R B (51 2.1 1000 Hz LU 3000Hz BLE) T3, L ~OUREEEDNIZ & A E i 2
Ebbhrd. £, COREEZERTZ 74 0P8 WT, 4 V2V AIREITE T 5 R
WEEAIZFEA O DA ANICDHOoNTEY, AveF =R 74 V%
WCHRIE T35,
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Fig. 8. Level dependent gain and filter shape when the input sound pressure level is varied
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Fig. 10. Cochlear spectrograms, or cochleograms, for the Japanese word ’aikyaku,” plot-
ted on a linear scale to reveal level differences: (a) GCFBpuria, (b)GCFBy;y, and (c)
GCFByp.

DT 4NY R L%H%O) Aﬁ%ﬁ&tﬂﬂ%&@%ﬁ%%l9 RS, R D X AR DY
A3 1:1 DRIZDOHEAETH 5. THUTK LEETR 7 4 L& I2E W TR, AE-EDOBINIC
LT E[Em%@ﬂu@%ué\b@tc {,BBXZ%02~03dB/dB DEIATH 3. Z DR
ZILT, EHMEEL PR SsHbINTVRE, Zoftlicd, 74 VZ BRI T 4 LI NV
IZBWTIE, 2 BIES %@#&W%ﬁ%%n%nmxa

Hv<F 2 —TWH7 4 V5307 GCFByy, TEH (Fah ThwE e <)) 2ahL
7%, K () 1 d. X (a),(b) I, #E 7 4 11/§7/\/70)WJ“63«5%. Ffiz 600 ~ 800
(ms) DFTD 80ch FAICE T 2 HF v~ b (FEFEE OMIRKE) 235585 S L TRI
NTWB I EDBLM3. £, 40 ~ 120 (ms) D 40ch FHED F L= v bIFEDEGEIC
HRTH LAV TARDNELLEoTWE, ZOZELS  JER 74 V27ICBITSIE

S BB IER I ANTEBIL 2854 X 0 b, S 5122 DU FEBIC 2 D HOIEKH % 2 785
BDOHBBNBRA T 2BR. ANZEPL LB S THANEDT 5.
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I, SR OREEZ RO ETET 2 FENICERAT 2 X IC@CTnw2 2 b s,
N, ShoEEEHEEICELWTOANE I D EEZ NS,

5. bDHIC

WIHAETE R O FHEBER O FI HL 2 PO RHEE IO L 72 R TR, ko FE
BHEETFILETIE, 74 VN 7 O&HHRZ O THEE I NS 2 & 03% 0> 7203, J#Y) 72 8
WRGES 2 W3 2 EWEETH B 2 EBbhrot. 1, BERNROIERIEEZ R o
THERE 7 4 VI N I DFFDY, 7z —7 Ly MURKEIER LD b FEERMEE 2 LEIITA
22 RN LT £72, ZOFBIVEEICOWTHOHIEL 7. Lo L, BEoyz—71y
FEEREZIAIRT 2I2IE B> T, FOEREZ L T Z I UE$nTdH 5.

BIRE AW —31%, BIEHF EahBh 4388 (A) 19200017 3 X O (B)21300069 12 X 3
KPR %2 1. BEATE LR 1B L T, Roy D. Patterson fi+: (Cambridge X CNBH) &
DOIFEMTETH 2. FIEEHEEICE U TR S B (FIRILER A A T L T, R
AEHEFR EDLFANEDOERTH 5. T ITEHT 5.

Appendix A. HYIYFv—7EBODEL
7y F o — 7BIB0E Mellin 25838 2 22 0 it N HEEHE 2 O BIs s LTk 3
ZEMTES [20].

A1 Mellin Zig
285 s(0),(t > 0) DAY 2 [28] 13
S(p) = fo i s(neP~dr,
TITCp 3EFELEKTH D HELRHIE LT,
if s(t) = S(p), then s(at) = aPS(p),
DRALT 5. T 2 CRANIEWZ R L, a \FFEROMHE (AT — V) RETH L. Thbb,

A7 = WIS LIEBML L 72 S (p) OFHED AR IR 2L S, A7 —WARKRBL L2 5.

A2 EEFEE Mellin T

BT I DR RIS B T, BT HETH SN TE LHEHE T EPRRD
FLEL S BASI N T3 [29]. KRR T 7 = ¢, RIS S 1T 2 AR 1
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W =—jd/dt) ZBEATSH. T2& CohenlZk? "A7—)LHET (X,
1 1
C= 5(7”W+(W‘7'):T‘W—§j,

LRING, I, BT HRCE TR 7 74 VEBAZRHTAHET L LTRICAS N
T3 [30]. SOEBETFICRIBT 2 TR — LA, [29] 1

1 o0 ,
D(c) = —— f s(Hr 712 dy,
V2r Jo

T, AV VBBV T p=—jc+ 12 ERELLDBDTHS. ZOXDBEHIEHP 2T 5
72N A T REDFE R g & u #EAL T,

p=—Jjlc—co)+ u+1/2).
NIRRT 5. WB T 5 2 ) ViR FIERA LR S,
Con=TW+{co+ju—-1/2)}.

Fx OBILEI, BEREARNEBD 74 NI 7 EBTHS. 2 2T, TR 7 FHE] w)
BREADTANY ZRETHLOICEBATS. T4 LHEHETIZUTO L) ICEETE 5.

Co =T (W —wpo) +{co +ju—1/2)}.

CDRPE 7 P wo 1, ALD 2.2.3 i THARISEGIRA A = (SSI) ([ BT B JEE
BOFHAL OB X D SERICHD R 2N TE L. 2Dk, X ) VEEOVSHAD S
N, I E COEEFOHFIZATN L 5.

[7.Cal =[T.Cnl =[T.CI =j7.

HEFH0 L 570D T, KH & COHFEFORT XY ¥ BRI OAEIIIZICEHHITE
v, ZOROANEEMEDBIfRIZ, LT TEIN 5.

<t>
2

22T, A B, < > 132 BIBORRIFEMED 12 v S ek
%. KEiIT, 2o EENEZ w7 BB ZEH T 5.
mE, RCHS T 2 - BRI B T 2 MEEHEDOBIRIEXATH % [29].

1 1
At-Acaz§|<[T,Ca]>|:§|<jT>|:

1 1 1
At~Aw2§|<[T,(W]>|:§|<j>|:§,

ZORIMEZILS D13, b E A A Gabor BI%L [31] TH 5.

18



Proceedings of the MEXT & OKU 2011 Workshop on Wavelet Theory and its Applications to Engineering 125

A3 RINAETEMZ B9 BEE

HEFDPERTE S &, /IAHEEMNEZ R BRI EAEREZFE 2 LItk > TR
HDoND. C, % Cp i, u =0 DAL Hermitian Tl 72\, Lo L, FHEZ 5w
(Cs— < C, >) F Hermitian & 75 % 7 O FE[EAEAK £ 5. 2 OEE T L] & Tk % 22[H
B DER/NATEEN 2 R oS, LN oA HEMEEOR E LT on s,

(Cu—<Cu>»)s(t) = AT —<t>)s(p).

(Y
(Y
-

_<I7,Cd> j<t>
CO2AT): 2(A0?

TH 5. MAMEMEOAZENT 2 LU TDX )12k s,

d
H(=j ) () = (wo + ja)t s(t) + (=1 + jaz) s(t) = 0.

ZIT,a=<t> 200 ar=pu—1/2-Im<c, >+ <t>>[2(At)*,c; =Re < ¢, > —cy
T,Re., Im. ZZNZNFEH, BHZRT. COMIE, DITDOXIITKE 3.

st) = at™t exp(—ait + jwot),
= at™ exp(—ait) exp(jwot + jciln t).

I TaldEHT, In IZAARNETH S.

Z DGR 12 exp(—ant) (0 v 23 MBIE y(r) TH 5. MR exp(jwot + jeiInt) T
FIN 5. WeXB DA 2 R T 5 &, BRREE f; PR o0n 5.
1
2
T, IR R LT 2 S 2R L TE D, HE L THET 2 L F v — 78
Thb. 22T, ZOBH%E "hHr~F v —7 (gammachirp); &M L7z. 22 T,c1=0
ET 5L, MR T —E P EDIELK ERD, Th < b — (gammatone); BIEE 72 5.
Thbb, hv~Fr—71, wcFEHRAL LTEZonkhd vy~ b= 2Rk s LTk
O, HABRIBORIRE K> T B 2 L b 5.

fi=

C1
(wo + 7)

Appendix B. FEREEFE

T 2T, TR [24-26] I BT B A EEHEEICO W THEHBEISHENT 5.
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B.1 ARY NILEEEICED K FERILDH#E

U XERFHTELHEE A GEEB OEFEIZ 74 VI 71k o Tl En, ik
ENLARZ ba s T L Py(f,0) & Pe(f,0) 3 Rwonz. 22T flav— 7T,
7 4NN 712K D) ERB B ferp ® % 0 1% mel AR frng DTN E2ERT. X
7o EMIA (OB OHLIEG) 28T, o0 EHEOGEOHBMEIZR > TWw5
720, FTBDAXRY bu /7 L0REEZ A LE) XH)ICEBT S, BB LAY b
077 L3 Ppy(f,1) TEIND. A LBOFEREZ I 57%0IT, Pp,(f,1) %, LD
R TR r RIS S 0 R r I N rf £ D, 2R T — TR
BICEWT 2 & rf £ 5. Lo T EMEINIARY VI Pe,(rf,f) TEINS. &
szl o & %, dB LTh A7 bOVEHEZ, S50E (rms) & LT TFoRTRINS.

Dp
Dygp(t,r) = — = s
aB(t, 1) A

N Pa(f.1) P 1.0\
Dp = ‘ffl (1010g10 T(l‘) - 1010g10 T([)) df

i & fu IRFRBECHERO FIRFHE L AT, Pad) & Pau(t) ZRBKOTHETH
% Jibli s AOEIR O HEEN 1 13, CEEA ORI DY % FyMET 2 1TH 5.

r=arg min(D%“l ().
r

ZIT, DAy 1k, 7L — LT E DAY PVEREE Dyp(t,r) ST O X ) ISR I LS.

1
Dl (ry = \/m LvDﬁB(L rydt,,

dB
VIIXEDOAFEBZEDEHTTH 5.

B2 FERIDEEFE

1112, Z0OETEOMKZ T mBHE n ZBHOFEED VIL 2 1, & 1, £ T3
&, FRERIE ryy =0yl TREING. W B2 BT LT, 2T TRTILENTE S,

log(7m,n) = log(l,,) — log(l,).

0 B 70 S HEE LU THEDMTh N TV 3 EE L TV 5. EBEOBHRIZ S 5 4 LEMET 1 KBS Easis
Tt b H 5. L L, 2o0BTHoRRE R I TN TuRw, 22T, F—7DiEsoE L
TAYTAVIDREID L —FA 7%, HEROYRE (v HLDHT]) & AIC HIMES: % T
LCEZDLRETHA).
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FIHE R FIHE

Fig. 11. Vocal tract length of 28 speakers l,{n | | < n < 28} and vocal tract length ratio
Fmafm,n|m#n,1 <m <28,1 <n <28}

FERLZ KD BB, 7 4 VI Ny 7 ETHEEDIENTR E 5 5 7, HiflisflAaGbE T

[ log(ri) ][ I -1 0 -~ 0 0 ]
log(r3) 1 o -1.--- 0 O
: : . log(ly)
log(r27,28) 0 0 0 1 -1 log(l>)
log(l’z’l) = -1 1 0 0 0 .
log(r3,1) —1 0 1 O O .
: : . : log(lag)
10g(7'2827) 0 0 0o --- -1 1
i 0 111 1 1 --- 1 1

2 2T, B OITIE, FHIER ORM A ME 2 BRI 2 HIE T, T8l &2 IEHIE T 5 72
WCEALTWA,

ERDEZ rie(= log(r), £UDREATI Z H, FERDNED R T L V& L,(=
log(l)) Lt EHZET.

rlog = Hllog.

Z TR R T, R 1= [0, D, ..., lhg] DHEEMEZ /N 2 FHEIC X D EHET 3.
ilag = (HTH)_IHTrloga
,l\ = [i17 i27 seey iZS]T = eXp(ilog)-

F 7, g B & FER IO 7 bEHETE 3.

P = exp(Hilog).
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ZOfE, ARy P OVHRED SR L AR - & DW= 2 Y FHBE dey (s )
<, HEE B2 P X 5.

dest = |lr = 7l = o

oy 1 F, THEEGEME P =r) ZH0E LIEERZE o LIZIEFAICTH S, L7235 T o 2V)
IWIEE, HAADEDEEDOHEIC L 2EHI/NS K, REICHETETWEEEZSZ
EIXTES.
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MIZIZ L D e FOIRIEHEE DT D
Vx—7 by FFREDLH

FEE R iR R ATH AR RRE e
F UM TR

BEE. AWMTHE, v=—T7 Ly MERTFIES, TORMPA—TVar L bBEXD N
TELENT AR VAINT IV F % T S T fRAG FEFRAT T % A& A HERR b 38 D AT <0,
BCI (Brain Computer Interface) (2351 2B OIS L= FH 2429 2.

Application of Wavelet Analysis
to estimate human state using EEG

Katsuhiro Inoué¢ Tomonari Yamaguchi Makoto Maeda
Mitsuhiko Fujio
*Kyushu Institute of Technology

Abstract.  There are wavelet method and morphological method as tool of time-series
analysis. Morphological method is thought to be a non-linear version of wavelet method.
In this paper, it introduces the case where these method are applied to the analysis of
human sleep EEG(electroencephalogram) and feature extraction of evoked potential in
BCI (Brain Computer interface).

1. XU ®IZ

fii (EEG:Electroencephalogramjfii N ORiEIZ L > T LT 5 Z &1, Mk % R#E
TH D BergeriZ k- T 19294 (25 X h, 1933412 Adrian 12 L - TIER - BT
ALTLK, AR BOBKI ORI BT, MDA =X LERIIT 5 ECTHERD 25045
LT, 2L OMFREICE > THIZENM TR TE TV 5.

B HER e 2 7 — 0%, Mg, R Bk ) X (EOG:Electro-oculogram),f & {ir
(EMG:Electromyogramy)» & O & # % & & 12, Hat S5 03, €O — B OERB IR T
o D HEIR N2 0%, BRSSO MEIRER 5L O B4 12 L 240 ER e, R 7o BEAR RERE, AREE D
P55, IR BEONIERICL VELEND. /- T, ZNEFHIIT I Z Eic k- T, #5
FHOWRFIREBEA I 720, SR DI FIRE & 72 D Z & 026, Z DT FIEIZ DN T
%< DTN INTWD., £, el THE, BIRERFO F 5B BN O L/, FMAE
I D JER A S C 7o B JE e 2 28 &y, B R R D A E A L, 2 B2 — & %0
WEOA X7 x2—AL LTHIHAL LS &) BCI(Brain Computer Interface} % i

1
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BMI(Brain Machine Interface)- FEIZIL W8S S AT TV D, 2, FROR
HHEQRNACT 4%y vy Ta—FOld0dE@E L LT, HERED 5TV D08, M~ v
A LW TZIEF A OB 2 Eik L2 b ihE > T 5.

Fex b, ZIET, MERIE N Z 2kl T 5 FiEE LT, a2 ik FIERIE
TEARFERRTFIE, B Y = —7 Ly NEMZRIH LR 2 7 — P HEHE Y AT A%
ML, AR A TERY [2], BCHIZE L TYH, HF - £ FEMWERRGREO iR £ 8 % i
ML,AIBO Z U7 /WEALBIECTEHVAT AZEEL TET5 [9).

Fox L, 2N E T, M DR TITHHE 2SN EE 2 BEIR IZEE 5 L 0 3G s a il 9
L2 LA, v=—7 by M FIEZETT 2780, BCl & A7 LB W THER
BLEEN LHE B O 2 BRI, IEMBERFE LWL EL T+ 0 PN T 4 V2 %
5 U 7= 2 ARG S AT RSB T 290 2 O TE TR Y, AR TlE, 2o O FEICS
WIS 5.

2. AR
2.1 FEERRN

BT X FE TN CABRE IR TR 2 45 LT DAY, 1B 22 ERIE O M 13 FE AR IE L
URXLEHLTEY, all, e 228 & & T RENI (DL Lk & I8 7), SRR
WeZe EOH R &, £ HICEE L CTHEBLT 2 MEIRBG SR, K 60, BTEESUK, HEH)
TR, SRR R ERB D, TN DOWREERZ DO, a %, Lk, BREGRN, IR HE
W, KEGEO—F% Fig. LIRS, 20D OMERE 2 > O HEBLERECHBLR S & IRER
EFI ) 5 O ZGEIREKES) (REMs: Rapid Eye Movements$§ i, & X H> & O ENLL L~
Vb LA, BEIRANIE A 7 — I3 E e Sh, — kI, RERERE (Stage W)<& HERE: [ (Stage
1~4, Stage REMY> 6 Bt 4313 5T 5 [3,7].

WM AN Wiy 3R

AN A/ NI NN AN N it L&

MW BHRIBH

A Sl W BEBR SE

 —

Fig. 1. Typical humarsleep EEG patterns



Proceedings of the MEXT & OKU 2011 Workshop on Wavelet Theory and its Applications to Engineering 133

ZIZTOHRME, ZOMBRRRERKE AT — YOI E EE 57, L0 MR
MEAR I X 7 — PICBE T 2l R R EHB L5 2L THY, TORLMEEMF T 51E
e LT, s, RPAZMOTERONTERELZMEST 2R L L TE AR

RYZXLOEFEREFP LTS, ZoBEEMKEY X200, LEMKO R-R HREZE %
i #T L 1% b, LF(Low Frequency 0.04H20.15Hz) i 53 13 22 & A e 15 8 0, HF(High
Frequency:0.15H20.4Hz) 553 13RI REAFREIG B O L~V 2k 3 2 LV BTV 5 [5].

2.2 G SRR AR R 0D i 25

THEERFIZ W TG, Flix OERIC K o TKIITEB 2. 385, Ll 178, HE R & ok
PSS « FRENEEN AN DER & 72 2 23, JCRPpORBIER R X, HRFHRENM (VEP:Visual
Evoked Potential) 73BT 2 Z LM LN TWS. ZOHRZF|H L7SS-VEP (Steady
State VEP)Z &k %5 BCl ' 27 ADOBREBTOILTWDN, KTANADMERMEEIED Z
EHHY, ZITHE, SN RINTHES  HRPBARZ RS G 2, 2 OSBRI
DD E DN AL & L LT D A R 5 EBRICOW TR 5.

AFEHEOXTNT 4 A7 A BIZKORT LI ICEREN, #BRETZ0> b—XF%
EHT 2 X9 RENS (Fig. 2). &4 OCFE, L5WEMORE 2% (Fig. 20F
KM THIESED. 1A 2703158y Fabipk i, JEmRATREfH 50msec, JtiH
ST 50msecTdH 5. #ErE L E=% (261 F LCD 7 1 A7 L) [WDHEREE Im
Thd. 5 NOWBRENZOERIZEML, 1 HIZ2640Y% 1 7L (12044 7 /L x22set)
DFEERT, KBS 3 HMIERE L. 2ok, ML, 17 &M (Fig. 3) o EL, o7
U TR EIL 512HZz & L 7.

020

100000

12 3 4 5 6 7 8 9 1011231415
A 1 1 01 1001010000 1 /
B O 1 1 01 01 1 1100010 QPSR /
C1 01 10010100001 1 D © €
D 1 1 0 1 01 1 11000100 - Y =
1: stimulus, 0: non-stimulus ’
Fig. 2.  Stimulus patterns Fig. 3. Electrode positions
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3. fEHTFE
31 vx—7 v M

A (B.1) CRENDEFEY = —T Ly NEBIIRT A X a(Rr— ) L T RT A—H) L
b(>7 "RT AR BT HRNEHRTHDH. ZOEHIC L - T, Bif-EREEmz2 55 2

EMNTE D, Z 2T, BREE®R & BEAM T ORS 72X (3.2) IR d R — VB % H
T5.

1 . t—-b
3.1 W, f)(b,a) = — f(t)y|——|dt
31 o)== 1w (5]
1 2,2 .
(3.2) way-zvarmm(ﬁ/ ) exp(jt)

WY = —7 Ly MET, X (3.2) I KD (HERH) Offi o 2T 52 LIk o T,
JE L R D S fFRE 2 R T & 5.

WHOY =—7 Ly MR, BE A RIS U CHBIICZ L S, ReR- I 0
FrEdTo5 b O THDHH, A Tt L7z & 918, BRI D56, o B0 MEIR B #ERE O &
NI JE BB D m I, e L2 & L TER IV TN D DI L, miRIER
RK-BEEWED XS REOWERBOWITHE—JE L LTERINTWD., 2O &L, BFO
Vx—7 Ly NEMNUEENOWKRERZR T2 5 X5 BigziET 2 2 Liox L, M
HER 104 9882 Y52 T AL FH LAt D ZRMR ISR PUEDNMFAE T 2 Z L 2RI LT 5.

2T, 22T, BRI R EAR IR DN DN, RO K D70 o BN ELEANLEIE
Vx—7 by MEWEEZ X H LTS,

. K
1+ exp[-Kr(1/a-1/ac)]

(3.3) 0 = Omin

72721, omin, K, K1, 8 IZEETH 5.

T, HERTA—ZDfEE, 0mn=08,K=10,Kr =25, =01 LtFEL TS
3, ZO%a, AR (1/a < 1/ag) <2, mE ek (1/a> 1/a;) I8\ T o OfEIELL
TOXIITR5.

a=a . oc=omntK/2 =58

ax>a. . ocx~omntK/expKr/aj] =0.8
a<ka . ocxomntK =10.8

ZOREEAWEHAO EEGHIE L AMIET HEEY = —7 Ly kA Fig. 410777,
PRI AP C I, DEMRAGATENE A7 C 1 6 R DRIE 2 FF 0 L 5 BE LT D 2 &
PING.
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2W
A Wavelet

W\WW\["V\I\IV\«\/\/\’W\___

14Hz
A A A A A~ Wavelet

Fig. 4. EEG waes and the corresponding wavelets

1=Ky 7 08) OMKET —X T 2@EO Y =—7 Ly NEHFER % Fig. 512,
BIEY =—7 Ly NEERE R % Fig. 610”7, WiFzligkdsL BEEV-=—T7 Ly A
Ba WD Z LIk o T B IR T 2B RN EGEINTND Z e D,
Fig. 7138 &K DO = —7 Ly NEBOFERZ R LTS, FIg. 6IIRENTWND 1 =Ry 7
(20F) O F¥LfiEE 7y R Licb DO THD. 728, 2T 2 TlE, o7V v 7%k 500Hz
TEE L7z EEGIE & (C3-A2) 0TIV TN D,

Fig. 5. Result of ordinaryavelet transform.

Fig. 6. Result of modifiedvavelet transform.

3.2 ENATHOTAIIT 4 IVH E T L B R E fEAT

AREITIL, IERICHBEIC L DE B AT O TN 740 POV T 4V Z 2R L4 E
AR FE R VR IZ O W T T 5.
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Fig. 7. Maodified waelet transform result of one night.

321 FATFxaIHINLT 4 VE
FLT P —OHAREE & LT, Minkowski fil @, Minkowski Z= e 3% 0 , D EFEIT
PITomEh TH 5.

(3.4) [f®g] () = max(f (t—u) +g(u)
ueG
(35) [fogl(®) = min(f (t-u) - g(u)

Z 2T, () IFEH R TH DRI, gt) 127 4 VX OFEERET HREEREKTH D.
F 72, F IS0 ERE, G IIMERBOERE AR L, ERES TE SITADERK
DiEZEFFOL DO LT 5. b ZflAA 7, Erosion, Dilation, Opening, Closing 4 >
EENTFRIANT 4 NEDORRFER LT 5. 2T,

(3.6) Erosion (f © 9% (t) = Teicg{f (t+u) —g(u)}

(3.7) Dilation (f ® g°) (t) = mg%({f (t+u) +g(u)
ueG

(3.8) Opening fy () = [(f © ¢°) @ g] (1)

(3.9) Closing f9(t) =[(f @ g’ o g](t)

TEFRIND. 22T, g%t) = g-t) TH 5. ErosiontIHEER S OFIR TR GBI D £
H25HEMH Y, Dilation [ IHEERIE O CIEF AN D EE RN H 5. TN D 2k
T CALEE L 7= Openingld, &% 2 A M B LY T & &, iERE VLB x5z
HEATEDHEZTEL, EATE WS ZRET 28D H 5. ClosinglZ, Opening®
X7 7 7HC B FWC, SRS A IE TR DI LY T, A ORI & BRE T 5 R

6
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N5, IHIC, FAEDOEERIRZRET SO L LT, Openingd Closing Z #l 44+
7= Open-Closing” « V% €3 T& % [16]. ZAIREEBEIC R T/ S il 2 Hl 5
YL TH Y, —FEOIERIE R IRBOEIE 7 4 VX Th D, EERDODA T — Va2 RELT
L&, FOBBEEIIENT TR 2D, i, \miEGEiE T o & X, KEGEE T o V2 O
MR EZITCDEFTNPOEEEDLZ L THIN SN D.

(3.10) low pass yg(t) = (f)’

(3.11) high pass wgy(t) = f(t) — yg(t)

(3.12) band pass pg,,g,(t) = ¥g,(t) — ¥g, (1)
(3.13) band stop cg, g,(t) = f(t) — g, (t) + g, (1)

ENT AR TINT VE ZERT D T DITREERIE A 6D BN B D 73, Bl 20, TE
BeclU4 L FUDHE2n+1 23T A—42 L9 2 HaarlEBEIILL FToOXNTERIND.

c -n<t<n
(3.14) 9 = { S ((otherwisé)

POV AVED RSN EE LTEBIC L CEA T 0P h T 4 VR i LT- & & OmEst
% Fig. 812~

2 L 4
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Fig. 8. Morphological filter

3.22 IRNH AT RV

NG AR NVITEGRRN G ER DRI DEN T A 0 IV T 4V E ERE T
T, kS D., £, N—REROMERE B ZERNL, T/ 7rndhln—/IA
T AN ENANRAT (JVFB 24T . RIS, W C#EL, JER L 72EREE 2z v
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ZL T, TREND LNV OGBS OMEE1T) 2 LIk ->THLN 5.
(315)  P(f,B.) =) lwjs(t)
t
(B=BeBe&---&#B (j-1times® operations), Bc2Bc---c JB)

=L, wp) i, LUl | OBERES Th 5.

3.2.3 BB L EAG AT

Open-Closing” « /v 2 1%, (Riga@i 7 4 V2 Th Y, TN EREE L DX E LD 2 L
WX EEEIE T 4 L2 B ELND. S HIC, Wil TE DI, HEBEE ORI
T o7, HHEL R DEERB B DO AR — VB2 THITER 2 3 2 &%, ZEMBEBER
WaiTH> 2 L2BEWT D [17]. BHROEGE V, W, &T5. V) IZL~b | OEEEK
5, Wi iEL~UL | O @A Th 5. Vj DBEFEE x; T, W OEFRE Yy, TR, £z,
ENANT AR TANT NV E E RNTAG S BB T, 2 (3.10) DARJE B 5y D ffi 23,
Yl V) 5 Vi1 THD LT D, ATIMEE X € Vo 35-2 H AL, RO TR 53R A — K%
Exb.

(3.16) Xo = {X1, Y1} = {X2,¥2,¥1} = ... = {Xc, Vi, Ykt - - - Y1} — - ..
T,

(3.17) Xj+1 = WJT(Xj) € Vji1

(3.18) Yir1 = Xj = Xjr1 € Wis1
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Fig. 9. Schematic diagram sfgnal decomposition
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(3.19) Xjr1(t) = min(x;(2t), x;(2t+ 1)),  yj1(t) = xj(2t+ 1) — x;(21)
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(3.20) Xj+1(t) = €(6; (05 (&;(X)MNM),  Yjs2(t) = Xj(t) — Xj42(t)
0j(f) =0(o(---6(f))---), €(f) = e(e(---€(f))---)
j j
S(F)() = max(f(t), f(t+ 1)), e(f)(t) = min(f (), f(t+ 1))
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Fig. 12. Time-frequencgnalysis (short data)
(analyzing step: 16 [pt] (0.8 [ms]), processing length: 40 [pt] (2 [ms]))
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4.2.1 FEEShH & ERRIE
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