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A study of enhancing the modulation spectrum of speech signals
via nonnegative matrix factorization
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Abstract

In this paper, we propose to enhance the modulation spectrum of the spectrograms for speech
signals via the technique of non-negative matrix factorization (NMF). In the training phase,
the clean speech and noise in the training set are separately transformed to spectrograms and
modulation spectra in turn, and then the magnitude modulation spectra are used to train the
NMF-based basis matrices for clean speech and noise, respectively. In the test phase, the test
signal is converted to its modulation spectrum, which is then enhanced via NMF with the basis
matrices obtained in the training phase. The updated modulation spectrum is finally
transformed back to the time domain as the enhanced signal. In addition, we propose two
variants for the newly method in order to possess relatively high computation complexity One
is to consider the several adjacent acoustic frequencies as a whole for the subsequent processing,
and the other is to process the low modulation frequency components. These new methods are
validated via a subset of the Aurora-2 noisy connected-digit database. Preliminary experiments
have indicated that these methods can achieve better signal quality relative to the baseline
results in terms of the Perceptual Evaluation of Speech Quality (PESQ) index, and they
outperform some well-known speech enhancement methods including spectral subtraction (SS),
Wiener filtering (WF) and minimum mean squared error short-time spectral amplitude
estimation (MMSE-STSA).
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SRR RSN S TR E S ST - ISR RIS
o FTBITA  B A B IR AT B A - BT BT -
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R SRIE  SET R TR AR I b (SR R S m R
Bk - BURTE - BRGHN SR TIRE A B2 5% - 14B) - ABS (Anti-lock Braking
System) L% FAEANMM AL » T4 BRI T S A S R 2t
SR » SR PR L BAIA IR At (B e Th R R > A
O S A R + OB\ T TR B AR el 3 B AL T T
B ~ R AT TSR o (AL T\ PISEE - B T AL sbesll » 7% g
ERRESTR > HOURR S IR R E - RS 3 E R
T BRI » 5 R R S TR SYNCI] > AT 3B B a2 E I
S+ A1EM SR - SRS FURSE R - IR © (B B AT
HepE e — o FERTE BN T4 > URDIEE - 58 - BRRANTREMEH T At
A G RGBT o P T G O T (BB T B 2 98
SEIE » TR S IR R, > F T AE TS (AL N - (ERE AR
TR b » MR EE S AR TR R » T LUE R (SR I8 D0 b S50
SERIIEISE R LR AR -

FEBL IR bR A B S EMERE IS - B T T T
(intelligibility) BLEE (quality) » (FelS eI 12 75 B R I 98 (T B A »
(NG L A BN (L - B(ERBARER, (stationary noise) » 7 HIFA{FRBAEER
(non-stationary noise) + TIARIEELEE T AIERACH IS ARG » HRAIEsT BT :

(1) DR (additive noise) : A2y SHAESR, - MESRIEST S5 RIBERS FpR i iEAr
i1 (linear addition) HIRH{% » IREHER Ao — 26 43 Fud FEEABE I e SR S Pl e
o ATER R - WEBHRTS  HAE A TR (babble) SIEHHER

(siren noise) Z o
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(2) fBfEMEFEER (convolutional noise) © JRRE(E N - FEEREEE S FIRFR B o]

i LATETE (convolution) FYRH (% » {52 BEaE 8 X ME RN 28 v JE A 28 SUE » TN 2 i
7BILE (channel distortion) » 35 28 v EURE E (1 & > AllZE Y B X0 AT (DL R IR 82 >
EEgEPuR (A ESETRNACE TAEN ) WTEhEsE M - RIE a2 i
ﬁ o

s o b H BV AR A TR S B8 1O GE S TR VEE S e BB R R
DIARA L2 HB R I EAERE » — kR E et F s bA T or R Wit BEEr=(
(supervised) FIJEEZEF( (unsupervised) - f&EAGER » Wi 2= RAE IS E RIS Z 55
e A o

BB A NVRE B v LA [EI (R A B S AR T U > H SRRy 80 %
B AVEISR AP (i AERS: - Bl E ZAHBIF & B3 f##% (phoneme-dependent NMF) [2] -
H A5 55 (codebook) 7Y 58 LA [3] ~ A& H IR IR & B [l o g 45 & el 5 v RIEADE
(BNMF-HMM)[4] ~ Tn A FEMFEi M 2 FEfEIE & 5B fiE4  (convolutive nonnegative matrix
factorization with cosparsity)[5] - JEEEE A AVRE = i L AW AN BR BRI RE F R K A
A - HAERE E P RHGE = IR SR8 - IWE R T AR S A
(spectral subtraction , SS)[6] ~ ELRE#% (Wiener filter)[7] ~ KE 2875 (Kalman
filter)[8] ~ E I HIHT /NS iR AsE S8 {b/E (Laplacian-based MMSE estimator
for speech enhancement)[9] ~ BE.3# 78 ¥ HH {55 2 98 {E7E (Enhancement of single channel

periodic signals in the time-domain)[10] ~ ER%EzE 58 L (compressive speech enhancement)

[11]~ 7t HIRIFEFEM g 2 4% EEE#EA (Online BNMF)[4] ~ f e HUE S (mixtures
of local dictionaries)[12] » BB =AY T /AR BB ATENE S & » 758 TS 8 SEEN
FERTE N TTE - BRI EAR SIS EEE 2 SIS EENE

Kem X FEE(EHIEE A ETE % (nonnegative matrix factorization, NMF)[13] 7
e LEE S Rl - NMF A2 HEERZ (Bell Laboratory) #Y D.D. Lee fJifi &3 T.
B2l (Massachusetts Institute of Technology, MIT) #Y H.S. Seung [ [ H 3R AEEE »
REVTFI TSGR B > 1R E A g EsE S 98 b b « B NMF 4% » Bt T
B P98 ERE (modulation spectrum) HY58(EFET

H—RETNS  WITEZREEHTEEVIRETE (frame) HYFYI - &S S HEEH
B TS - SRR EAREE (short-time acoustic spectrum) » #2 F (R £2
ARG Y e 51 P E — 2 T BE R - B TS 5] 2 R B AR 7 SR - [T A G ST
DAHEY 772 #E E NMF JESEA _baft > SRS Fastn e B fGE 8 - #EEaISR &R Rz
s SOHERR o ISR RN 5 2 SRR SRS Y NMF AL (basis) » FA1 R J7HVESE AR
e EEE 2 B R  [REL DR FEEE IR % BlE HaatE A ~ &l E
T EEEHA (inverse Fourier transform) G HVEEEARRENRT 741 (€1 A58 bt s alat «
TN By TR RAE RS - MR T RIS A - —fE R Al B A AR —
O E ~ S5—fERI 2 H R ARG Y - IRIRE GG » S A# R 2L
ARG HERE SIS ~ TR AT BT E -

IR EE—EIE BTGP A = i v LAMERE: - 3 B Ri
s F 24 (spectral subtraction, SS)[6] ~ BEANJER g5% (Wiener filter)[7] DL Sca/ N7 35
7240 B ] AR B HR 8 {5 0% (minimum mean-squared error short-time spectral amplitude
estimation, MMSE-STSA) [14] » {0 EER&ER 0B - IRAFIFTIRAVHT )7 /A T Rt HER
5T RELLIEE =M A B YR B -
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(—) FEEFEMEII A Z ST

NMF %EEKJ?&EHE#H—{I?FE%E@ TR SN (E TR B R - i AEFE AT (DR & W

{EFEFERSRRS - Aradd B - ZFEEEARITTER (clement) HYUZEKNREGEENZNE
B o FEDIBEE - BT — RS RN x MEYIEESER > B NMF 5347 > ook R
FEEFEFHEWHIH » 41 N H0R:

\

V= WH (1)

Lt e

FEPEV I H T R BRI (data matrix) EZEEAEFE (sample matrix) » E1TERHE
KIVHEE RN x 1> fHERVEE TEN x I EEAR

Wi i Ry R e A e (BaSismatriX) RS AN xr (—fEERrg/ NANELM) » H
r BEEEE - Bt (1) TR o BRMERVAYE—E7 TR 2 ] TR AR W
A TRE 2 RS -

H# 5 T8 Rt Ef (Encoding matrix) » RS] Fsr x M » Hig— (TR 17 Rl 414
HEWRE > sFPAoRER - AR (AR  AAEEWHEYT TR ER » AR
VEVEa[ BT & BIEjEER) BN (BERED AEHHEEET
[ & e

TRIBRT NMF 22 HiY > — 2R ERMEE VS BRI EZE A 7 1m (B

Sl > BIpTS 2 A RAEEW ) - ISR E (BERYREEREHS) - fRiEidfe s » oK
FRIFEREWHIHEY T AR —fRiM S - MR E R —(ERCA L (cost function) »
REWHELVHYZ PEEGE TR - fEH SR MBI A ey 77 = WHE ATV
TR Y2 AR EL R Y ECAS e
> B HEEIEEE ) (Squared Euclidean distance) :

dy =%;;(Vij — (WH)ij)z (2)

» KL B{E (Kullback-Leibler divergence) :

7
dz = Zi,j (Vulogm - Vij + (WH)U) (3)

PEE(LEAAAAR] (multiplication rule) SErWELH i (2) HEd (3) ZATFR/RHVERA L
o baE > EEA Q) 3 RIWEHAYZEE a0 T

(VHT);
W, « Wy m “)
H.. < H (WTV)yj 5
kj kj (WTWH)kj ( )

AR (3) WA
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XjHy;Vij/(WH)

Wik — Wik T He,
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(6)

2jWikVij/(WH);;
i B ™S

(7

Rl —1RHE - ARG Y NMF 7% » HECARREEE f (2) 2B B
PEEEP T > INEEWEEHETRACE I A0 (4) =UR1 (5) = -

(=) BERIERIEME AR 2 SRS R (LA (NMF-MSE) Z /M 4H

TE PE AR A 48 A G S P2 Y B )7 A —E N JE A FE [ o i 2 S S MR v B A
(NMF-based modulation spectrum enhancement, NMF-MSE) - —f#%ifi & > NMF & FH LL5& b
shE 2 HESEE] (spectrogram) [15] @ JREJELEZEESHE (acoustic spectrum) FYHFFE%I] (time
series) » [MAEHIHTJT/AM » FHEEAKER » BIFRAFTF 2 B B A S v FE e e 1 L
17 EEfEHA (Fourier transform) ~ 52| EEHSEERE (modulation spectrum) [19,20,21]7% » {F
HIHERE AT E NMF Y581k
FATERL T D7 7A 9 » s LAY e et A S I 31 < B A s HL o il
73 (magnitude part) » £ FEFAFIICRE /T AMROR GRS SHES - W—ERET S » a0
HEHE E VI —H B EE (frame) » UGS TEAYIF S > AR HE Y B HUGEI R
17 EEfEHA (short-time Fourier transform, STFT) » B[I'n] DA 21|55 S HEAY 5o IS L 2 5E 5T
(short-time acoustic spectrum) » =41 -

X[n k] = Shzb xa (e T ®)
0<n<N-10<k<K-1,
Hrp {x,(£),0 < £ < L — 1} FE 7 En(dSHEAYRFEENSE > NELK 737l By S tEAR S iR
EENRREBEEL - () VX [n, k78 T8 B Z HHHLE (spectrogram) » 3% FRAFT¥EHME—
AR B bR N RE ARG8T | X [, k]|~ V2 S ERS e (Bindih) FH—X M7 3E
A (Fourier transform) » B[V R[55I SR E2ARARE 7 SHEHERE » A=) -

X[k,m] = SN[, k]le ™/ ©)
0<m<M-10<k<K-1,
Horh M RS AR R B - EFAMIFTHT R AT NMF-MSE &1 » B2 81 =0(9) > s s fasy
Hoafg CAUIXTk, m]|) JobAseiL - #EEER AR L AYRUE © BL—AR RS NMF Y58
{B7EMEL > NMF-MSE JAHL & 1 5/l 4R IS B BUATGPE B - 38R0 B FH UG SR S &R
HYESE (EAREMERTTE ) » RS B AIF A Eafry B sk D &R B i R e
JilE BRIy & FEIERERARE Y © SRt
Step 1:5l|%k[5EE (training phase)
ik A SR B 275555 (clean speech) EFEGH (noise) - 488 48 K5 AR fia] {67 17 B A
(STFT) {28 Rl » 1580 oz F et B R A e BRI AR R - A [FIsEH) 2 R a8 2
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AR AR R B A s B AR R 5 B ISR RS [k 2 [ X [k,m]| 0 <m <
M/2) Fepk—{EXERE - B1E SeAREER RS TR & (column vector) HYJE = HERHZF6E
HERIEM Vs o [ eV ERCE % - SRR A AR S A R SRR
AR TR S R S — (BRI VY - BEERIVELV iE i NMF )5 SRR (W
Wy ) DU ARIEFEIE (HsBiHy) » JIISRIZ 20 BRan T~

1 e (WeBIWy) HATRE[EE v ((T2EMHEE)

2. RAEEERIEME (WeBIWy) EdRaIElE (HsBdHy) 1aft - JEFERANFTE EE &~

FyE e

3. EWEAW AT EMOERIL - IR TRE TR 1 -

4. BRI P B AR S R PR AR AR © fE JeAu A2 EHY NMF J% » HEEE VS

B ERRE PRV 73 B0 DA o i - MR S R P BR G- EIRYRIEG(E - i (4) B (5) =

AR RUIE AR AE WS ~ Wy KRt g ~ Hy -

ERTFENE » RHCPEREH B — (B EARAR BUER AL - (R E R E A K (E & 2250
Y - FACPERRRMKR - BEIKAHA [EIRVEEREE (W, Wy) -
STEP 2 : JHEAFEEZ (testing phase) :

REHERFEENEE S (noisy speech) » 77 A8 A5 IRF ] (AT BEREHR. (STFT) $EUA R AH ]
FRORH B — R B N TRV S B AR 8 T Rl oy DA EvERor » B35 STEP 1 58/ &
JECHE P Wi EETWy 745 SR B 7T B G 15 81— (TR S R AR > RIS WL = [Ws Wy - 24
1% » ¥&HH NMF A5 g m Ev » Blv ~ Wh > {HEERF FUE SRS £h - BRAAHEWHE
FARE -~ BE Ry Rl 2 WA FEHWE"  HFEEREEFIH STEP 1 2 WeE2Wy Fr 41 Hil

S FREE AN o BIEASEREIRM R
hg
V= Wh = [WS WN] h ] = Ws-hs + WNhN' (10)
N
1% > HUSITRZ FeE S L 2 v e {IWshgEk
(Wshg/(Wshs + Wyhg)) X v, (11)

(Erfr o /X" R R R B — T RBEBRABEO AR ) - RS & v R ietH
sy » AHSEIE RS R AR EAREE - RS (Inverse Fourier transform)
B EsR(bry (REEIRR) BERRRERFY] > &k - @RI ABEEM
PR 7B RS RE R & FUATHAL - R EFHTHVEARIE - S EE i SO R e (17 55
% (Inverse STFT) wt AJf53Z 5@ LILHVREE 1SR -

(=) NMF-MSEZEAM &S

® (K& IHA 2 NMF-MSE
EEE25 ek > B REE S T ENE R E TR IR EIEL - fl0E ZHE
B By 100 Hz B - SRS RS H S pE s i R R &R E By 0 31 50 Hz » B35S Wik~ BT AH

186



SRECE R 0 22 16 Hz » HIL 4 Hz RSy Ry B3 - TeMIE RSBV - KL 4.1 &)1
FATEERY NMF-MSE 72 - JRENEAM S B S SR A AR 5o DI LASRA L - TTRERERAY
AR T PR A B o [ R E > RPIELE R T —(E2 8 MRS 2
T HBHELEED] (Low-to-fullratio) - fES HLFR > BIAIELFR = 0.25 > AR B =38
AR AT 25 ESRRT R ST © BEFIMRGY 1 HYLFRATARE i & 240 1] LA (X NMF-MSE
TEREEHEEE - N AR (CAVRE SRR M BAY RSN T - (HLFRE R REER
s > 75 R T AR S AR A A R B A T (B R i oy

® [FRAFENTE 2 NMF-MSE

TERT—EAFTHY NMF-MSE At » FAME 1 EHE 1 22 BT s SRR i D&
b > (HHMEARE SR ATRI B H AR L AR IR AR AR R — 8 - Hs
BEELE FE L [E F DL NMF AYESESKRELATHI4R_E - PR Rl eR B0kt ST i - BLJE AR
KE e BN - BRSNS ERE (b L B =R EE - FMTEIE
F—ESHBL (block) » (RFT — O AL AR AYELEL - TE[H1AHT MSE-NMF
fBi=f > BL = 1> M EZRIVERSE > KA b 2,3 #1 4 - REFEEN > EBLHK
K RFRZARAER EI R R — RN DARE - R FE 8K - [RIIE > BEZA
BeHMBLET{E NMF FlISRE 825 » (0 0] BE R AR A AR R AT FE T R RS R LAY RER: -
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Two-dimensional spectrum
Xk, m]

ARRRAMMAAAMARRAMAARARAARRRRSRED |
‘T | BL

=

»
>

K/2

the modulation spectrum with respect to
a specific acoustic frequency

acoustic frequency index

0123 ... ...

BL BL: block size, the number of acoustic
l frequencies processed together
» M

012 .. ...... M/2
modulation frequency index

&~ 2EBLYRERE
= BREREROE
(—) FrfEHRVEEE &R

Kim LA FHE 8L T A2 EEHNE ST ER > 2 NEBUNEGEER S
(European-Telecommunications Standards Institute, ETSI) F728{THY AURORA 2.0 zEE&
KRHE[16] » 2 ahE RIEBINTE R L WEFy— ZYEER I F 7 a] - HhahRHERE
) FIE IR I 2 sE S Whala Al b o)l f i 2 A HY BRI Wi 52 5[ 4R (clean-
condition training) FRET  fEHAVEISREERHE N B EFERAVEZFEEE (clean speech); 55—
TERIZE GH)% (multi-condition training) HRET © JIISREEREE A [FIREE 2 AELL (Signal-
to-noise ratio, SNR) FYFEEHGES o HIRNFRIHEARS R SO » BRI ERE S 8 bRty 38
BHEPAE - G ARG SRS ] DAGE 2 W > PRIHREE b il R A | SR PR B A B -

TERHEFFIFT R HAYAY NMF 7 giss i SR aRatins Lok Feff(E H 172K E Aurora-
2 EREREIR FAK 7 2 EEEA L FeE 5 0] > Hrp 39 A LAFISREZ 556 NMF
FEIERFEFEWS - 1554 MY 10 A0 EE RN (siren noise) JERGERHEEE » (F Rl
{bEEREE] - HHEAZELE (signal-to-noise ratio, SNR) 3£4 20dB ~ 15dB -~ 10dB ~ 5
dB ~ 0 dB 7Fifd o & Hy et sH A FH LA SREZ #5575 NMF L RAEfHEW,y - FRAFRE i ELJE
FERE (WeEAWy ) AYFTELEE £ 20 -

(=) P HeVEE S B %

H AT B R S (5 AT 25 R S8 (subjective) MBI R % Bi(objective) 1§
Al e EEERIREE S mE G E R XY TTEA R E RS (mean opinion score,
MOSYA[17] - FEFRIHEES mE 5% - BA BB EE A et s R siEs - H
SEEIEN T AR E ReEE R 2 B EEAVEE &K - AV JT7EN ¢ Perceptual
Evaluation of Speech Quality (PESQ);A[18] = FEAEm S H » i ER HZ B RIHY PESQ JA2K
SHLEET S PESQ Sy B E By 1.0~4.5 7 [ F S FES] F BT 1Y MOS -
B o AREE S B M - —ARRER T BEE 4 T REETEE G WE SRR W -
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V0~ HERER B A

R PO AR -

(—) 4 NMF-MSE - BBt
FERSHE > FePBRSAT AL 2 J516 NMF-MSE S50 S8 T4 sh e (LR - 1
RISREHE - L A% NME-MSE SA5RHT T B — RS (HIBLSRGR S 1) IH5ITH:
ST (HILFRSBGES 1) R—FIHI T MR T4 7 35 23 L% PESQ fA -
ek —BREREH  HRE R S S A - [l NMEF-MSE ST
FRERELL (SNR) 2% 2 BEET - SVAEURBRTt PESQ (6 - W10 T LLHT A7 AR
PRI CSOE AT - BAILELRE BEBAAALL - NMF-MSE JA(% PESQ {4 74537t
T 10% » Hr X 2L SNR By 0dB Hyfy RHHER » 3271 1 21% ©

% 1 SEREELRR R 4R NMF-MSE SR {347 PESQ (A

#esH by siren 0 [E7EBL = 181LFR = 1.2 NMF-MSE £ PESQ 454
SNR 0dB 5dB 10 dB 15 dB 20 dB
Baseline (R ) 1.8266 | 2.1700 | 2.5367 | 2.8015 | 3.1490
NMF-MSE 22215 | 23892 | 27011 | 2.9321 | 3.2008

(=) NEEEFIZKEEEHT 2 NMF-MSE 7 & Eis5HE

FEARHT » B 2IRAE LB 2 (RaRE5ETT 2 NMF-MSE g~ PESQ {H » 40FIAT

it - 28 LFR {3 T NMF-MSE S 2 (RARH AR S AR E I AR E 2 EEBI (low-

to-full ratio)  fE AT EE T S ELFRSY RIMEERE R 1~ 0.75 ~ 0.50 £ 0.25 > 2 LFR{E

HIIETR - BT SRR FE RS S IR )\ o [F)F » NMF-MSE jE BLSEEEE R 1

R B — R B AR PR e e b -

FTHNHE T 2T B4 ) NMF-MSE 78{L1&1J PESQ {H - 8% &RFALLT

AU 2L

1. ERMAVFEESERT EN (BILFREV]N) IF » NMF-MSE FrffERY PSEQ f2HAEE
— IR > fE—FIYNE 15 dB BYEHGEEERF > LFR = 0.750Y3% ELELFR = 103 E
S-E 5 =Y PESQ fH -

2. HERFE(RLF RSB A RAVE S 18 B - (HEE PESQ & ENVRUEL A #E -
Frhl B E st S B T o P EHELFRYE 1 (%5 0.5 BF » SNR £ 10 dB HY;ik
BEN » PSEQ K&YH TR T 0.01 2 0.02 » (HEERAEE AT DRI MET—F (H
Ty B FH 50%0Y SRS AERL ) -

3. 1E/5 SNR I » pRIE{K 2 1/40V TSI SIS A 2 T R 2SR IVRER - (HE
SNR R (410dB 5% 5 dB ) - FEE 2 SEAH) NMF-MSE {52808 & 15 -

T SR MENIREE T o B E N SR EILFR{E . NMF-MSE JERT15HY PESQ B
HesH By siren > [EEBL = 1 ~ 8{LLFR{H” NMF-MSE £ PESQ 455
SNR 0dB 5dB 10 dB 15 dB 20 dB
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Baseline 1.8266 2.1700 2.5367 2.8015 3.1490
LFR =1 2.2215 2.3892 2.7011 2.9321 3.2008
NMF- LFR = 0.75 | 2.2176 2.3815 2.6931 2.9387 3.1991
MSE LFR =0.5 | 2.1632 2.3476 2.6819 2.9267 3.1967
LFR = 0.25 | 2.0703 2.2486 2.6280 2.8880 3.1885

(=) AEEFESAREE 238 Hw 2 NMF-MSE ~ Biasi R

FEAREN Pl 22 A A BRI 2 23887 2 NMF-MSE ¥ ifri& 2 PESQ {H -
YOFTEERTAL > 28 BL {3 T A4 NMF-MSE S8 2 A A ERSHRAYREEL - fEAE
B2 BBLYAIWGEER 1~ 2~ 3 B 4> [EEBLERIEI > {0FF T NMF-MSE Fr
Pt P R AT ARS8\ « (R - NMF-MSE JATHYLFRZHAEE K 1> 3
P BRH T BT BT Z SRS ARRE -

5 T SRR THE > ST A NMF-MSE %574/ PESQ (£ - 18 » BFIE I
B BRI AT (EBLAK 1) 8 » NMF-MSE 38{bAT8C i % LR E
SRR  BIBLAERY 1) ARETETE » BABOTHE T R FIRIEIATEE » MApE e > Joo
SR VAR - R — BB T - ELDBRENIEE AR - 5 NMF SE4E5 580
HEF L ECAER > METT (3 NMF-MSE FRGE g - N » SRAARY 1 (9BLAE (I
FSEERARATTE ) T {3 NMF-MSE JE B S5 A0 o LU AR D 2 4T L3
S B BB -

T EHGREEREE T  AEEEE A A FEIBL{EZ NMF-MSE JEFTSHY PESQ {H

Feaf By siren > [EELFR = 1 ~ 8(LBL{H 2 NMF-MSE J£2 PESQ 455
SNR 0dB 5dB 10 dB 15 dB 20 dB
Baseline 1.8266 2.1700 2.5367 2.8015 3.1490
BL =1 2.2215 2.3892 2.7011 2.9321 3.2008
NMEF- BL =2 2.2445 2.3981 2.7020 2.9372 3.1991
MSE BL =3 2.2453 2.3969 2.7062 2.9356 3.2015
BL = 4 2.2322 2.3882 2.6960 2.9319 3.1870

(PU) NMF-MSE JA81 = fiiah & s (LA 2 BHE LR

TEAER » Fe I 2 F BT — S FEE% E Y NMF-MSE A8 =% 2555 i LA MELEr > 2
Bl Ry SR JH 5 75(SS) ~ BNIEIR 2875 (WF) DR B /NS 5 87 2 F R PR IR s 15 A
(MMSE-STSA) - Eg45 R (PESQ {B) W13 - [FEF » et i ib & J77AE5 A [F SNR
Z PESQ P {HHE kI — 2 (7R lE LT (HEE# -

FRAR R VY R [ — > T o DUBRZE 2 = (& A sE 5 5 bk ARG Y NMF-MSE %
FEFfE SNRGIRRR 3 FIBARASEFaR G~ S - MMSE-STSA (YRR RIUmR (&
HAR AL A NMF-MSE » WF 22 » SS f&K » fi5lHYE > #£ SNR £50 dB
i » NMF-MSE JA{52(#Y PESQ {EZFTA AR H RN - HEHEREEER (baseline)
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MHEE > $271 T 0.4187 - [ EHEEZ R (SNR £y 20dB Hf) - WF JARTHIERT PESQ
FotefE 1l NMF-MSE HIEEEE L5 1 0.0525 « ([ EHTZ IR NMF-MSE HY
BLSEEOE Ry 3 > MHE R EPEREANTE R R IFA6HT1/3 > AL A E RAE R R
o YRS RIEEE RIS R(ECR -

U EEGREIREE T - EBEE R - NMF-MSE  (HBLE% 5y 3 ~ LFRE% Ry 1) Bl =fdgk
ZoafbiA (SS, WE, MMSE-STSA ) Fif5f PESQ {H

SNR 0dB 5dB 10 dB 15 dB 20 dB
Baseline 1.8266 2.1700 2.5367 2.8015 3.1490
NMF-MSE 2.2453 2.3969 2.7062 2.9356 3.2015
SS 1.9320 2.2362 2.7176 2.9483 3.2350
WF 1.6569 2.2042 2.6856 2.9632 3.3036
MMSE-STSA 2.0098 2.4355 2.7472 3.0262 3.2873
PESQI£4{i
2.8
2.75

2.7

2.65
2.6
2.55
2.5
2.45
2.4
2.35

H Baseline B NMF-MSE m®SS WF ® MMSE-STSA

B — ~ AEEEEER - NMF-MSE (HBL&tRy 3 ~ LFRu Ry 1) Bl=fEzEE8{L0% (SS,
WF, MMSE-STSA) & J57AMt{s 25 [E SNR #J PESQ “F#5({H

I~ 4

we EHH

TEARERSCH - PRI T AR IFRIEM L (NMF) 1EBE5a(b AV R -
{ER NMF A5 S SR > SR sa e 3 > i85 NMF-MSE (NMF-based
modulation spectrum enhancement) - 7£ NMF-MSE 3£t » Fp143 B3lSREE ) iz et
Fe R SR SRR SR Y NMF JETE (basis) » fEHFT - BEES A DA S It o A 1 3
SPHREIRE - FRRR(L RNV ISR A B S (H T 35 (inverse Fourier transform) 5.5
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AR E o E— SRR LR AVEE S SRR - [FIRF - FRAFTHE a7 ARt T
T T EOR IR R - Rl B AR [EIEL G 2 RS ETRT ~ NMF-MSE 535 Je A [5]3
B R 2SR 2 NMF-MSE 53 1 PESQ R fafERvEE & a8 Al b -l
JIE B R AR R EE S B IS -

A —42072  NMF-MSE A Z $ 58 S I AR By 38 B A 0 ASE T - sRFFIpT Al -
H AT NMF #YsEE R LA R 2 B et M RE A S e b - &/ A0 R SR
S NIHFAMAYE T A ERNEE T NMF JAEES (b EAVER - fERKEE T >
A RI DA NMF-MSE A4S & HAt A RE & v A2 FHIH R s e s e -
A > FH DAEE SR HIHI AR EE O 25 7% (spectral subtraction, SS) ~ BE4NIER L (Wiener
filtering, WF) EZ 3215 &5 /N 35 72 50 BF A 22 = & 15 014 (minimum mean-square error
short-time spectral amplitude estimation, MMSE-STSA) - [I14h » T M BRIz IEE NMF-MSE
ARV ELRE AT 2 REE B S A R IR RV EE S R b b SSAME AT DI E— P
it ERHE FEEE (M SRR B S TR E R E) - MRS HEREEERY
fE1E -

E= BN
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