53

NPHMM< ze IMM €18 &

&4 B3

tio
e

‘?;I

IMM Algorithm with NPHMM for Speech Enhancement

o] 7] §*
Ki-Yong Lee

ABSTRACT

The nonlinear speech enhancement method with interactive parallel-extended Kalman filter
is applied to speech contaminated by additive white noise. To represent the nonlinear and
nonstationary nature of speech, we assume that speech is the output of a nonlinear prediction
HMM (NPHMM) combining both neural network and HMM. The NPHMM is a nonlinear
autoregressive process whose time-varying parameters are controlled by a hidden Markov chain.
The simulation results shows that the proposed method offers better performance gains relative
to the previous results [6] with slightly increased complexity.

Keywords : Nonlinear speech enhancement, Parallel-extended Kalman filter,
Nonlinear prediction HMM, Neural network

1.4 &

2% 3] A(AR: autoregressive) €4 otz T R @ (HMM: Hidden Markov models) ¥ & 2
A5t A4 FA V€9 7ol Hol AoH1-4] ol e WHENAM 4 ASe AW MY o
2 rdz 23D AES 2AYey] dAAE 45 2 A AR A AE wAaY
A, AE Ho 9 HA vl (viscous friction) T} H =] (softness), Y&l Al (radiation),
¥ 7 A (nasal coupling) T o] A7te] wel Wste EAHES nedfor ok wEA, A
2 A% ARHMM 7|wst §4 FAVIHE AHSSTH A9 wAd3AH AL E
A&3sA Wyl PEHGL

HZol, ole g BAE AAs7) A%, 4 G4 4% IZ(Neural Predictive) HMM
(NPHMM)el 7iwtd F2Wg o] ALHAT6] olaid WA S4A5e vtzz A

HEQAA T

* A

oX

al

_Ls(_:



54 SPEECH SCIENCES Vol. 11, No. 4 (December 2004)

(Markov chain)e] Arejol &3t Felve|5 S b WA E & (Perceptron) 27 % (Neural
Network)ell 283t ®|d¥ dF 2dz FHAY. 24 F4E A4 AAF F3L& ARG
S48 A322F 5" NPHMMo| FoA™H, ¥3 #AQ &% I g9 7F5ges F
BEH 9714, ¥ HEHE Aol A5 AELL FAE. ol g WHE SMM(SMM: separate
multiple model) &8l & o]t g},

2913 84 & AHE3te WlolA 3L oA FevlEHSr} v FFH R Fs] Wi
o ¥ Hol dUuh. Austd HH FAHL EE /e detviE e HAgY w3 "E
3¢t BAZ A7) dEolvh AR o2, 7Hd W fH(hypotheses merging) oteltiol A& &
& #(sub-optimal) 3 €xeF HAE 3t Fasdy, 714 HFe Hd ZF(degree)s
IMM(interacting multiple models)oll ¢]&] ot} [7.8]. '

B =8dAE &4 F4S A8 BE 33 EAdA g AddHE MM ¢1dEE H§
dAaom, IMM g1 Fe] E&HQA WA HE HEHE Alole] 435F LS gFa oz
A ATk F71 ol 54 T2 Asol AHHU

2. 47 o3 &Y vpzT SYU(NPHMM)A 7|ud &4 29
NPHMM< ml2x A7 Aelel 238 devlgE 7M1 Ay o mdo|t, [-3HE
A iaEel Qe 84 delEE A7) Ay ()0 e AR Gt ol e,
x(e)= kg (X0 - 1))+ e, 0). oY)
Anad Xe-D=l-0+-plf £ 34 p Ao vageln, 229 driving sequence)
ep)E Bl 0013, Baro) o2 SN Faolth hyy, ()€ P 4TS AZe) ANug

3} B (feedforward) N7 o], th&3} o] 9 dHArt,

b e-0)= Sy oyt )| @

A7 wy & BHH 4% Aol ASHEIL, w, = YAEH 9% Aolo 7}
% 4Yolth gt sigmoid B4 B AR WY Foolth QoI A AN FAR 7
z2E 48 w8 124 AAFA
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AEEE d¢ & Acke digo] 614 AAFHA.

o] 7%, NPHMMS Zgste Bave 38 1={A, o, W} 2 587 o =[5,0,..0,].
w=mw,.w ] W= I.wlli""'wK|i'wl,l|i""’w1(,p|ilol o

Z27) 29 N AFsle, B3 F4(objective function)E Baum re-estimation algorithm
(11 g3 o537 o] Fojz
,A) @3)

01,4 )= Zp(sp(, 2 JogP(s

7oA, §={s(1)s@Q)...sT) s)e{L2.. L} = X = {()xQ2).. (1) 2= 2
&23 ol

ot 2™, (D& A3t 54 F58 o4 vERAY & Aok
LI 1 (x(e)- B, (X(e ~1)))?
A = " 1 e | - i (4)
Q( ) i,j2=lt§17U(t{ o8y * 0g«[270',. 20',-2 :

A71eA, y,(0) e B5L3 RLAS FoiAW, AN fAHZ Holghe AF HE

NPHMMol A, %] &8 ojholxe] Hie HMMS] Aeli(state)ol]l A3t F(network)
& Aoz Agdch % dFvele Fel(state)d] W} WstHn, F Feolge o
d&719e A2 FHHA geo

0(1)& Azse7) M 29 seoig 1 {A={g,}, W=} o*={?} iFL..
Ztztg v EFo 2, e [6ldAM9 AFFHeztH =Y 3}3}“1515 tiaa g

4 L 3t ARE SAH H4ZEo F¥7HE £ A)EFE NPHMMS %5 7
2oz} Folx ™, Azt ¢l M vtaE A s()efl..,L} 2 ¥4Y el F7Hnonlinear state
space) Ed& 03 2ol BE F A

x(t) = fs(,)(x(t - l))+'GeS(,)(t) , (5)
z(t)= Hx(f)+v(t) (6)
A7 x(t)=[x(t)...x( - p)f f5) (x(c-1)) [hs(, ) (x(e —1))xle - 1)...x(e - p)]’ o1, H %

Gt nxn 332 H={10-0, G=[10--0] olt}.
240 ¥rhE B¢ AE ot SHNES} FAHCE So|1, F#o] 0olm BAto] R
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QWA TS AI Gl AFEA B, ()t WoE Bl gikn s B

3. B9 3 27 €y E o] vy 34 ¥4

Fgol %748 A% 2()={z(1)- 2} AN x() ) MMSE 28& 21 370 98 Fol
A,

i(t)= E{x(tlz(t)} = J.: x(t)p(x(t)| z(t))dx(t) (7

k=(ko.kyr.on k) 2 A, Hist(t, k)= {5(0)= ko, s(1) = ky,...,s(t) =k, } & 2= 7158 ¢4 7
BN dojd mdse] §F &xdolztn gaA 21 B2 Ei() ()} & 54 s2ES
E(histories) 2 Foi7 AA 24 HTF S 7HFF22AN ALE 5 Ut

Efx( ()= ; E(x(e)| Hist(s, ) 2{e))- pCHist(t, )| 2(0)) @®)

4 (89 LEF oA 24 21 HEL A3HE U HHE ALFoZN A + A
a2y ojgd | AEYE FE A we FAA FrAHER, HF fE A7) °1?—‘1-°r4,°1‘fi
A8} (approximation) ol &7, 7P €3] HH ez IMMe] UTH5]L

A (MY =4 & ¥ X (Conditional probability density) ¥4+ thS3 2o] EAE 4 9l
o}

plx(e) ()= gp(x(t) s(0)= 1, 2)pls(0)= 12() ©
A @E Aol UgdgezA g 2ol x(HE F8E & Aok
()= z %,(0)p(s) = 712(0)) 10

4714 &,() = Ex()l 5()= j.z{e)} oI o

31948 84 2% g 9% X () F3
41008 247 () = L AY & 287 1,() o H3gez EIdo AE 22
pls)=jlz(e) & @ee) 2748 BEAAAY Fuh FEolth 2 237 &,() & B 2
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K;(t)=M,

P()=M,(t)- K, ()HM (),

of 7] ol A,
a é
F; (X - 1)) = EFS(:)(X(t - 1)1 x{-1)=%, (+-1)

%, (e -1)= E{x(t - 1) 5(e) = j,2(e - 1)},
P(t-1)= E{x(r-1)-%, (- - T15) = i)

ok HA X (- F P(r-1)& FE37) AN, AA Fg9 Jl1Eol HE BE 48 AN

p(x(t=1)|s(t) = j,z(t - D) =2 {p(x(t - D | s(t 1) =i, s(6) = j, z(t - 1))
Ps@e =1 =i|s() = j,2(t - 1))}

of @AA FHE i Hez A & F Ut
p&x(t =D s(t) = j,z(t = 1))~ N[X,(t 1), P,(¢ - 1)]

471 N[ & AT EXolg).

T} s() € ¢ AHE, s() 7t x-S FHol2E uF AL dA 2¢ F AUtk

px( -1 st - =i,s(t) = j,z(t D) = p(x(t - | st D =i,2(¢ - 1)).
g Aol sl He BYsw

pst =1 =i|s(t) = j,z(t -1)) = a;p(s(t 1) =i | z(t = 1))/ p(s(t) = j| z(¢ - 1))
7t "o AN H o2 7 E,
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D ayp(s(t-1)=il2e~ 1) px(t~1)|s(t ~1) = i,2(1 - 1))

Pix(t =D [s(t) = j,2(1 - 1)) = P O] (1)
g T3z, CDAY EEe usF Zo] Fodr
ps@)=jlzt-D) =X a;p(s(t-1)=i|z(t-1) (22)

4 (15, (16), CDEFH, E¥Y 27 2JE X,(-DF s@)=,¢ 9 sAgss 2% I
Rakis E(t—l)—% &3 ol Addr

i

X, (-1 =Y a, Kt -Dp(st 1) =izt 1)/ p(s(t) = 1| 2(¢ ~ 1)) (23)

B zaij(p(s(t—l)=i|Z(t—l))'[E(t—l)+[ii(t -1)-%,(t ‘D]["'ﬂ
P(-1=-
=1 ps@®=7lz¢-1))

32 A%A plsle)= =) A2
4 (108 745 229 p(s()= jl2(~D)E HWolAg Rl o8l A& + Uk,

)< PEO1s(O) = 2t = D)p(s() = | 2t =1) 25

p(s()=Jj|z(t) p(z(8)| z( - 1))

293, 4 (2599 B4 R WA 4 e o) A,
P(z(O)|s(t) = j,2(t =) = N[H' ;X - 1)), 2, ()] (26)

A 4 (2602 4 (25)9] HAFL2ZA 4 (22)% AHESIY AAH2Z p(s(r) = j|z(z-1))
g 44E + o

pls(0)=12(0) = DV £, &, (e~ D)z, (O} plo()) = 2le-1) @)

A7M D, & Tplsl)=jlzl)=1¢ nAste A7 F42 A9 j=1-,L 9
W, 27 2ae p(s(0)=j|20)=1L. %,(0)=0. P,(0)=00I5 &8¢ ¥ NPHMME
ol4@ IMM ¢1aZ $de 29 1o dehhdich R A4 wAE 4 (2D), (23), 2] o8
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AMNE & F npA Gt ol 4 (104X A4k 4 (23), (24)] FFHNUD, MM L2
g5 $8¢ FEY EFmixing) 2 SMM g FANE #& F ik

2 ®o17) A8 (e4p) AAAA J() ) ANE AQAAT %o g P
+ Aoz 78 F 3t

=0 - 1] 3¢+ p-0). (28)

4. A9 43}

Ak WP Y48 SNRe] 42 5101520 dBY WA F&d 4 #HEE AFEHRZ AF
ARAA, EZRTA F7A F o] 358 Fdste WHez AFaAh 9714 SNRE A
39 Hduxg F&e Hi duxle ngz2x Hod) #&Soe] A H(stationary)ojetr 7+
B, e E4L o3 A5 Pt Yu AEY 27 FRoz2REH FY FHUG &
A e (10104 24 FHE st AT

€ 9% NPHMMS| 52 3 39 947 3 B9 44 A=A ARY d7 549
& AHEete] FHET. HAE g AAEE SHL FEA X AMEHA 4L 5
e S4E AEEAT. T4 T4 AEe ¥ B AN e o4y s dHdd 4 A
AL AHEE s

(-1 £(-1) ps(t-1y=j1Z(-1)

F Mixing

M

0 1 (1) j %,(t~1)

i Extended Extended
NPHMM Kalman Filter Kalman Filter
s(t)=1 s(1)=2

I, Y,

B " N
N Probability update
p(s()=j1Z@)

Py | Outputgeneration

A0 (0 1)

ag 1, L=2¢ o, 4 348 913 NPHMM-E o] &% IMM algorithm
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AN AL 11 kHzZ AEYHAJT MLPE &8 S 1 7, 29 ZdX4E 2 A, ¢
AZAME 12709 Dol NPHMM HH £+ 8/& AH&3le AAR oz Aulse
e &9 Awa A7 Y(a single hidden-layer feedforward neural network)e]t},

E 12 4% IMMF AgE HHe AeE vjud Adoit 9y FEH {FA¥E BT
Al ALE B HFel FAES € 5 Ut AT Aol SNRH|ZLF ¥of AF-E V&9 Wy
o At w9 ol AA #AHAY. E 1eAM dFd 48 SNRo|l Foi A$, A4
4 As AoleE vxdga, £8 SNRE o 1~2dB AE AHHAD. 948 SNRe) o #H&$
E Age Y 4o U F4EE ¢ F UAAT

a4 23,494 &4 A&} A¥EIAE ved otk 29 244 (e ART ¢4 A
Zol3, (b), ()= H4FSTH 74 FTE A7 34 Bt ART FAHNI ()Y 2HE

%E d)°ﬂ*1 BoEn 29 32 34 FEHA fF4 A dg F4E 54 2%E 9w
A, 28 45 Aol L¥E Az F4d A5 a"EIH|) AN F Lo NZE 94
Feel A7tE $49 2¥EOY, ALd B, AFH Wi o8 FYE S4& 29 344
ok fA4 FEol HtE SAE 2 PHoE FF 298 A3e P4E Az 2
B a9 494 BReFa gtk v & HF £¥ SNRe] 15 dBRU @A %, AE Mol 949 F
el A€ dL o A¢str] HEe] S HolA AT Ao AATh 2y} 2¥ED
FAdAE A ¥x ?’l aY& Holed, SNR 1 dB vgte] H$ 2dEaRr HA FEE
F

H3AH 3 4 482 15 % AEH 3 EFEEAN FYPT A4 IMMEY e
wHlol o $& A% BAFAUh 948 SNRe] 10 dBY o, 4F AL g9 &AM 2
S B3 F AR U 45 7HAY B F B AU AL HHe dsel 9 F¥xvn
Eh=g00= 3

5.4

¢4 AB9 &4 PHL Aste T2 AW 4Y 4% 2de AR 18U 24
AYy MG SHE AT gonz, 72 4™ AFHA APPPozE H7
87 ogth ol EAE AWy Asted 417 dZol vy P PR AV A4
#2344 Feol $osel £ ¢4 AT FAS Aol IMM FuYF) UY Lg
4o AALRAZES ALHAT. $4 4 A BE 23 AN 9 A$HE MM @
293¢ A4, MM dudFel TEAQ WolA HY BEE Alold) 43HEE OF

o genz, ANF AT 37 gl S48 B4 Aol ANIYh ALY Wel N L4
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(a) o=}
pro&o S:: d[dB] 884 1215 1579 1964 2325
White Noise meto o~
conventiona!
: : 1492 18, _
method [dB) 719 11.17 9 8.70 22.79
proposed .
9. 1445 17, 20, 2,
. method [dB] 53 84 0.75 06
Colored Noise p——
onven
8.32 . ! 10. 1
method [dB] 3 13.03 16.09 79 23.13
(b) &=
SNR [dB] 0 5 " = —
prot;;lo sded[ dB] 9.76 13.32 16.50 20.25 23.90
White Noise D -
conventional
. . . 18. |
method [dB] 8.13 12.16 14.95 8.36 2294
proposed
. method [dB] 1077 138 1726 2126 2467
Colored Noise -~
conventiona 263 L& 1562 o0 s

method {dB]
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(a)

(b)

(c)

(d)

23, 2 (a) clean speech waveform, (b) noisy speech waveform with 10dB white noise, (c)
noisy speech waveform with 10 dB colored noise, (d) spectrogram of clean speech
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(a)

(b)

(c)

a9 3. Spectrograms of (a) white noisy speech, (b) enhanced speech by proposed method,
(c) enhanced speech by conventional method
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(b

(o)

219 4. Spectrograms of (a) colored noisy speech, (b) enhanced speech by proposed method
(c) enhanced speech by conventional method



