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Abstract: Speech intelligibility enhancement is a perceptual enhancément technique for clean speech reproduced in noisy
environments. Speaking style conversion (SSC) is used in many studies to achieve speech intelligibility, which relies
solely on the Lombard effect and thus demonstrates poor performance with strong noise interference. In addition, the SSC
method models the conversion of fundamental frequency (F0) with a straight forward linear transform and only maps
Mel-frequency cepstral coefficients (MFCCs) with few dimensions. As FO and MFCCs are critical aspects of hierarchical
intonation, adequate‘médeling of these features is essential. Therefore, we use the continuous wavelet transform (CWT) to
decompose F0 into ten dimensions to describe speech at different time scales for effective 0 conversion and represent
MFCCs with 20 dimensions for MFCC conversion. Furthermore, we utilize an iMetricGAN to optimize speech
intelligibility metrics in strong noise. The experimental results show that in objective and subjective evaluations, the
proposed non-parallel speech style conversion method using CWT and iMetricGAN based on CycleGAN (NS-CiC)
significantly increases speech intelligibility in robust noise environments.

Key words: deep learning; intelligibility enhancement; continuous wavelet transform (CWT); iMetricGAN; CycleGAN

O HETH : FxE SRR (1502-211100026)
WA ] 2021-09-14; A& BT [A]: 2021-10-14; K FHES [A]: 2021-10-29; csa 7E£R Hi RIS [A]: 2022-05-26

Special Issue & ifZEik 1

© EREERREST  hup/iwww.c-s-a.org.en


http://www.c-s-a.org.cn/1003-3254/8541.html
http://www.c-s-a.org.cn/1003-3254/8541.html
mailto:cas@iscas.ac.cn
http://dx.doi.org/10.15888/j.cnki.csa.008541
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

20224F #5314 H6

V5 T R O A 7 T R BB o AR T
(A5 MR 5 T B R R, 5 I I /E RS B iR i S
IF. 3 JL ARk, T AT R R s BOR B T
Serk. BRI ER S R R U T HE I R R RS
b 3 A R R A SR R . — e
UL B TV T 1 7 VA IS SO Y, e ik
AN R A, e e (B R (55 B SR [4],
SRV U, L R e R R fr A .

ik KA 4 (SSC) S — R Htis Bk 3h /73, 1% 05
VR T — PR R A B R R R R R AR, B
TE U 4 B VR 15 5 10 RURG 7 IS (R R D155 5 10 75 2
1, UAYE SRS 5 T RE . SSC it 2 ¥4k, 7 v SO,
skt IE 35 JRURG 5 35 S48 B 55 JRURG V835 i A 2 ST A
R, VT LG5 35 B AT T AR TH A A B, (RS (%
5 (098 1 B 1SR P % SRR ) 1 2 £
Fi—FhET WORLD 748" S8k 7.

H 1T 1) SSC J11%58 4T SSC FHEF47 SSC.
o FFAT SSC, LR 732 R 3 P47 B0 102 )
FAR S R AR (GMM)!Y, VR R 2 [ 2% (DNN)
e U RNN 22002 % AR I T4 208 (IF

W) BF A E AR (16 EEE) iBF PATIEE X R, 18
EEL 5 SO N UL T P V8 8 3 518 AT SSC R B A
FEY B 160 %ot 5 38 A1 ot 1 G i AT PA B o 4 85—
SLAEAE B, DRI B DR A F A SFAT SSC Rk S i
X SFHR1E. T — i 7 O A S TR — 8
RTINS (CycleGANS) K2 > A iz il B br 0 45
AW, 1% )5 BN T BAT HE 5 I8 CycleGAN
23 7 AEPAT SSC, 7 LA p I E & P AT SSC A
JR T S A R P R R AR

B, 517 22 P/ E TR SRR e

(1) FEA (FO) /& HERHEAD FO W32 H I A 5%
F (950, BB I RO R (52, @ Wi 1 TR,
B T & A A7 7R, S8R0 RAVESE. 5 A
B B (FRFAE RO MG 2R (535 R 40 (MCEPs) J& —Fh s 4
SEHRRAE. SCHR [13] 4 MCEPs Fl—4Ef() FO — 2 b
S MIRE, T HHIERT 40 48 MCEPs, {H2 R
F 10 4E3EATRFAE B AN REAR SR 58 2 A0 B2 505 XUk

(2) 16 B2 55 28 B T AN (] M s B IS8 w1 B 7 THT A7 A
JR PR, ACH A 48 BB 20N K SSC 7 15 Mk LL AR H (K 1)
S 7 TP R R AN, T AE SNR<0 dB 5L T,

%—; 200

= =T / (T~

£ 100 f Aﬁ ﬂ \ \k\\/\ﬂ ]

=

‘g 0 1 1 1 1 | 1 1 1 1 1

& 0 50 100 150 200 250 300 350 400 450 500 \
Frame \ B

B 1O (U, FO RS R LRHE (I IR 1Y WL b 2 )

N T TEMRER 1A JRBRE, $2 A AT 82N AR i

(CWT) WS FO RIS [a]AH SC 1%, FEAE A 20 48 MCEPs_ |

R IE 4 THT M 6 7 75 2R CWIT 4 FH SR 4 3k 2 NI 1]
JUEE L BB S, b5 b, SO G B ARV 2 s,
U SCHR [14]. "

J9T SEIREE 2 AR BR I, 32 AT iMetricGAN!),
iMetricGAN & —ME TP (GAN) R GE, HA R
AR ) 25 2H R, AR AR AR D TR R e AR R P SR
SR (55, J A FH R 2 S0 T A= B3 A B (1
A H. 5 GAN M4 AT, iMetricGAN
H 50 38 AN R S0 AR, TR A N — A IR ER
] e B2 3T T FR bR, AR5 W] LAZE X AMRE K i
TG G I A s

ASCHEZTTRRELERS: 1) 32 T — M ET CycleGAN
ffH CWT #1 iMetricGAN f13EF4T SSC HEZE, Fx A

2 T ife45ik Special Issue

: )
NS-@iC; 2) 415 Z& 1 FO 5k = 5 AR 5% 1 170 5L, 4
CWT ZZ IR 4E [ FO KEFRRL 10 4Ef) CWT R 5wt
ST W E4E) MCEPs 4%1iF; 3) FIH iMetricGAN J77k
PRALKT B0 B 2% (GANS) (15 & P18 BE FE bx. SEga gl
FEH, NS-CiC 7EZ WA EREH 115 B35 3w 7 o
e 7 PR R 1)1 i MR

1 ZMJ77%: P47 SSC HESE
1.1 EfbiEsR

gL [ AEFAT SSCHEZE A 2 Fw. VRE
T IN) A IEH RS IR, T H bRiE S G 2N
M AE B8 KR 15 5. JE T AT SSC HEZR 2 2 i
3 o PR A A M A O S R S B R
A B, W AL A AT 88 A 5 R PR OB
fiE. SR, FIFI M R G005 SSC B UIHI 5% bk 47

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

20224F #5314 5 63

http://www.c-s-a.org.cn

i H AR SN A

A, SRS, e PRI PR R OR B R AR SN PR R 2, S
T A8A e LA XUk 1 H FRif .
1.2 CycleGAN
CycleGAN L5 3 #ior 4 Xfhudish. fEH—5
PR 2R A By LS P 2, GBI IR 3 N R R Rk 5
PR EHR A AR EE 2 /0 I e A ) R XS T IE [
W, o SUA:
Lapv (Gx—y,Dy,X,Y) =
Ey~py) [Dy)] +Exepinllog (1 = Dy (Gx—y(x)] (1)

Fe e )5 M 8E 5 H AR B 19 0 AR, Lapy

AN, N TIRIEX S Gy y B E R UER—8, & X
TR — S PR R A R
Leye (Gx—y,Gy—x) = Exop [IGy—x (Gx—y(x)) — xll; ]

+Ey~po) [IIGx—y (Gy-x(3) =yl ]
@

AR Gyoy M Gy, I B 4R 3] (x,
v) WA DART. 9 7 AE WA AT BN A B 1 50 R
RIEEE R, 9N T R B4 i -a 2% s 4
Lip (Gx—y,Gy—x) = Exep) [lIGy—x(x) — xl[]
+Eyp IGx—syM =yl (3)

MCEP coeffs c0, cl, ..., ¢9 & FO

CycleGAN

A
MCEqueﬁv‘?S‘ CO; cl, .-, c9 & FO

)

Normal Lombard
style style
speech Vocoder Ap+MCEP coeffs c10, cl1, ---, ¢39 Vocoder speech
analysis “ synthesis
v

K2 qEF4T SSCrEH

2 £:T CycleGAN fii ] CWT 1 iMetricGAN
[119E~F4T SSC

SCHR [13] AL AN L1 1 4k FO J4 L 5% 48
[ 10 4 MCEPs — 2 Il 2k, 1 H.i% 2 25 A 18 K b B 55
W B O T SR IRX S R R, 2 H T NS-CIiC J5i.
2.1 ERHEZ

PRI BN SRR A 3 TR, WORLD g
#LL 5 ms FIMURBSHAT O HTRI AR, FETE S PN T
BURIE, 4 MHESR S PS4 T CWT BEEAT iMetric-

GAN b, 155 A2 PR BUE 515 51 FO Fil MCEP- |

FHIE. SRR RGUE CycleGAN {FE LRSS B,
P E A P ANRFE I CW T BEERAT iMetricGAN
*ﬁﬁ%ﬁ@ﬁ&ﬁ%ﬁiﬁﬁﬂ%ﬁi BB, TR R IR AR F)
fE— A2 E A AR s AN LB S 5 1T .

16 CWT B, FO J&—4E4F1E. ONTE & R AFLE
W /E S, I WORLD 7 fith 28 th 2 UK FO HFAE
FRAES. HT CWT X FO FIAN 4L VAR UK, it
FO HEAT DA R TRACEE G B8 1) 7638 35 X 3 _E 3k 47 26 P 4
{8; 2) 4 FO MZRMEEL 3 6T EL 3) ¥ FO bRk (6 5L
BN 0 J7 2209 1 ATE /M CWT 3% 1 4E/ FO 4y
iR 10 eI ANESE I FO S V&SR E. 85 H
CycleGAN [ 2% Sk B S5 I S5 5 A H Fr Il 2R a1
SEEHE 352K E TR — AN, (B FRAS [ f XA R i 4

B B, F CWT WAR ks WLs 1 10 4E FO AR 1 4.

7 iMetricGAN #3540 4] MCEPs 3R /R 4l
AL, FT 20 4E MCEPs (c0—c19) 1F NI 3. 765
1 BB, fli ] CycleGAN 383t i dt 2k FAE A — S5 1
S [FJ s 27 2] TR [a) R R [l B, 48 CycleGAN PN, 1E
B3 1Y) MCEPs #7458 A6 BB AR, 7655 2 B BL, 18
iMetricGAN 1 %5 7 Bk 74 BRSE e 1 7] B . 41 TR B
F R 75 R AIE A A8 ) MCEP — 24 )9 iMetricGAN
AL SN, AT 794855 (¥) MCEPs.
2.2, TEEUET R (CWT) 1EIR

AN HONE SR T — 5 T R PR
AR AL CWT, B LLKAS 5 23 A g A [] (0 B ] B

WAWEZE CWT &b A 35 35 4 k!
A 5 e,

Y E — M RIELAE S ko, T2 CWT H Wiko)(z, 1)
FoRAI LS Al

W (ko) (r,1) =712 f +°°k0(x)w(x7—t)dx @

—00

Horh, ¢ 72 Mexican-hat BE/NJE R EL. R UG1E 5 ko 7T LA
JE I AR NN R IR Wke) HRRE, W
ko(f) = f T W x)T*S%(’_—x)dxdr )
—oo 0 T

{3, WERKT Wiko) A {5 S ATA AT, Wi
AR AN SE B AR X TR TR, R 3 A A ] E AR

Special Issue T iftZEik 3

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

i E RSN

http://www.c-s-a.org.cn

20224 314 F o

10 /N E B R b, ARG — N\, i T

HEAT UK e k.

Wi (ko) (1) = W; (ko) (2% 70,1) (i +2.5) ™2 (6) 2.3 iMetricGAN &3k
WARAS B ke IEAL R iMetricGAN BUHERL AN 5 FioR. & H— M kA
10 (G) MZEAI—NFI 3% (D) MG k. G FEWGE & s &F
ko) = 2 Wilka) (i-+25°% ) TR w RS, 2 BRI 5. AL 2R

Hordr i=1, -+, 10, 7,=5 ms, X S F )& 7E SCRik [18] H$2
H L R 1 R R AR LE AN [R] R B B 4 B b ) R I 2
AFEM. B 4b) 45T 10 NEEE CWT 205, 11 & 4(a)
SRR — YA SR AL, B 2 4k fE ROoR, IRYEE
AT DA A 05 HAAR AL, e 4 B AT LA A 2 AR L. @
XA, BB ST FO AN E R 2 BB AR R 5 4

G(s, w). 45 3€ s Fl w, D $H T TG 5835 & G(s, w) B
N353 ﬁa\i&z D W RN D(G(s, w), s, w), 37538
e H T 38 Ik R e g VT A B ) B S AT R 4 4.
NTHRE O() %i%r%@%ﬁﬁi%fgmm R DAL R
D BRAOL )  0 5 JE 5 5 PTG (STIB G-auss)™ Al
FELI WA F%F‘\(ES@I)”O](E%EXHTH:?%E’H@%)

Noisg MCEP \

Converted MCEP ¥

Source MCEP Augmented MCEP
coeffs ¢0, cl, coeffs c0, cl o coeffs 0, cl,
-, cl9 s c19 -, cl9
. iMetricGAN block
v
- "
. * ’ Source Converted |:| CWT block
h 2 10-scales 10-scales
bl FO CWT FO CycleGAN FO CWT FO l:l Vocoder block
Anatlysis model sythesis

Normal Lombard
style style
speech Vesasksr Ap+MCEP coeffs ¢20, ¢21, ---, 39 Vsl speech
Noise Analysis Synthesis
speech

B3 $2HH NS-CIiC HiEnrEE \

- NiEs
7 " \ =

i
= 6
=
s
S
&n
2
4 L L L — L L L L L
0 50 100 150 200 250 300 350 400 450 500
A i - ‘,Fﬁ}: (HZ)
* (@) FO [y 5o R s
o . 3 : 25
[ | [
2L L |I1 | - % | noer .'ﬁ' /
0 \:_”1 JJ ‘ A I‘U b’ _,mﬂ,_ J 0 .\_\‘|'||v~| f "n'wd| |LI /"L-"r\'-“.JUI ola "'-_,.'I || I'("u I| |I . N | | 056 /\“‘ /. llll |'I |
2L \ W RYAVYRY| 3 | \ |
. 1f VWA | sl ) [
-4 r 2 ||| ! r |/ \/\}
] -1.5¢ \/
6 nnnnnnnnnnnnnnnnnnnnn L T T S T

6O 100 200 300400 500 0 100 200 300 400 500

2.0 - 1.5 — . 1.5 —— 15 ——
}(5): [\ 1O\ Of Lo/~ LOF /N
osb—~ [\ /| %t \ . o5y N\ o5y N
ot \ [/ | sl \ / L ot _ ot \
NS\ -10f /| -ost 051 \ /| 05t N
15k . ot 1.5¢ Nf -1.0F 1.0 P 1.0 3 "
20l 20 -15 sl e sl =

.5
0 100 200 300 400 500 0 100200 300 400 500

"0 100200300400500 0 100 200 300 400 500 0 100200 300 4oo 500
(b) 10 WA CWT REL (AT AAIZE (Hz), 4N A —1K log (FO) IE{H)

B4 —4 FO 524 CWT ZEH4E K

4 iR eL3ik Special Issue

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

20224F #5314 5 63

http://www.c-s-a.org.cn

i H AR SN A

fEH ERFFS, Bl 5(a) ' D BiIlZk B brml ARIR
B/ IME PR 45K BR AL

Lp=E;u [(D(G(s, w), s,w) — Q(G(s,w), s, w))z] )

75 D ISR R b, 450K R A4 2120 (9):

Lp = Ey ,[D(G(s,w), s,w) — Q(G(s,w), 5,w))*

+(D(S, 5,w) = QS 5,w))? )
AT LA R (9) F0A A il Bh AR F 45k s 3, 20 (8)
WA Z2 R A0 26 R B VTR R, S S o s
B ERHE BN ZAr 2. G gt FE i 5(b) Fior, H

t, D KIZHOR B E R, B2k G LLIA B W] RE R
FIRERE B O T SEBLR — K (10) ) H ARy
0 B E AT LR AR I iR

Lg =By [(D(G(s,), 5,w) = 7] (10)

G I D AR, BRI, G 7o 4t SR, i
ISR G RIS D LAFRAS S o (1 T 3 40 . 53—
T, D 5% S A Bk B T £ 25 U 3 1 495K
BB R A G D A TR,
G A LMR B GES AT, | L

[0 function | 3 —
unction
Qfunction | y
§ = True scores
"\ Gradient flow
Noise MCEP 4 [ MSE loss
L Generator Progessed Discriminator Predicted scores
model MCEP model
Lombard MCEP
»
| b
. B (a) %035 D W2
W
' Maximum scores
fronnenmmmmmmmmnnnnnnas Gradientflow ______________________ MSE loss
Noise MCEP Fixed
Generator Processed Lo )
— discriminator — Predicted scores
model MCEP
Lombard MCEP model
I
(b) ZERLAE G YIZRd R
. . N N \
K5 iMetricGAN F M ZEHE 42 & Hol Zrid 72 ‘\ \

3 SEEGAr AT
31 LEERE
FodE e kBT T B FIRAS RSB ERLE OMEH

MUAHAE) Lombard Grid™"! 5 A% 45, %38 k1 E 1 )

B 30 AR AN 24 4 BVEULEE, B A LA 16 kHz
RFEFALIE T 50 A IEH RS 915 5 AT 50 46 L2 IR
W5 B ERLEEDN2/3 A1/3 53 51 T IRV A
AR T — M EVE R R 1 N R, AR
BERE 8 MNUIEH I 40 A)1E, FAIERA 3 MR
e LA X% 0 55, 70.

PRBENE 5 SIS, M NOISEX-92 $i#fs 7
FROEHR 3 PP S AL () R S AT SIS IX 3 PR 4 i) 2
Factoryl (3F°F-2). Factory2 (E*F-£2) 1 Volvo (*F42).
AT Volvo M 75 )15 M L ¥ B —25 dB #1-15 dB,
Factory1 #1 Factory2 M 75 {5 I LU 15 B -5 dB #1 0 dB.

XLV AT E T 4 AXF s, 47 2
CycleGAN 75, it IISPA 75304, $2 441 10 4

MCEPs ) NC-GiL€ A 20 4 MCEPs Bl NS-CiHC 5
2 R T SR VB T R R A O, TR SE I R
TIERIES

TR ERISEI: 7F CycleGAN Hi, B3 E
H5ZRONEME. WK 5 R, D B NFEZ 3 #iE
AR (B CAREE, RAFE, ). D 5 ZEEAGLLR
B i e S A G AZ DN [8 (5, 5)1- [16 (7, )]~ [32
(10, 10)]+ [48 (15, 15)] 1 [64 (20, 20)] K] 2 4E CNN 41
R, Horh 4 2 EHA LeakyReLU OSBRI 4R 1
W2 G 2B CNN JZ, ZEr= A &1 64 4Ek;
fE. FRESLA I AN 1A LeakyReL U B0 B 51 45

— R AERE, E R AR T AR 1 L
I, 55— 2 T R S T AT R FR AR T s . AT
¥ ESTOI W bn i db A LY [y 0 2 1, ik, A
ESTOI vF4r I ZRi, 55— 24 H Sigmoid B R4
HSHRE: CWT B i RERE: ¥ FO 7 ffAA

Special Issue T ifeZEik 5

© TEREBIK R

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

20224F #5314 6

[Fil BF () 4 B2 1) CWT R AL, F:40 Bl L CWT R AL
H L OHRRAE AR 4 1 B AR R DL R SR R AL B
6(a) AT/, i REE A2 460 0 2 R0 B2 R RT3, R
¥ FO iR 10 481 CWT REHE 436, MCEPs 4%
WE: B 6(b) M IE—H)FAE K 772 MCEPs lg{A

Average RMSE distortion

0.16

0.14

0.12

0.10 }

Converted FO loss

0.08

0.06

. . 4 = k =7
5 7 8 9 10 1& 12 15 20 30
Time scales

. (@) RMSE $i I
L]

Magnitude (dB)

Magnitude (dB)

B (q=40). K AS[FI4E S i) MCEPs RREHHT ELR, 76K
2y g=<20 AT LUFE 20 B B0l 2 5, TR 20 485
MCEP {H#RTE 0 £c A7, MR 8 & A B B A
Z 5 I SE, R 40 4E R R SR AT Ik B A
20 HEAE N WLEHRRE.

—q30 | 7 — q=60
2
0 > 0 r
el
2
gﬁ sl
s
! . . -10 L — .
0 10 20 30 0 20‘ 40 60
Dimension #" Dimension
— g0 | AT — 4=120
2
0 ° 0 r
]
2
go 5|
s
Ll . . . —10 L . . .
0 30 60 90 0 40 80 120
Dimension Dimension

(b) MCEPs [l 8 i

K6 AFRZEUERFILE 7K R

FUSEIG Ve E AR FO IR 2 (RMSE)™
AL FO LSS ERE, HE1HEE STIB Gauss 20 40A11 ESTOI
S3 BORAIE B AE 2R 75 A5 TR d IS iMetricGAN BLAY 4
T AT, AT . B E, BT BT
I EAR M BE.

i RMSE R3E FO T A VERE. #2405 (1 FO AN
FHN. I H BR FO f) RMSE %€ SUN:

1 &
RMSE =

LS ooy

i=1

(11)

o, FOS ANFOL 73 59 3 7 T A H A5 47 (B F O RFALE,

N A FO PRI KIE. RMSE (/MRS FO UMM g
f. R B E: FNT AV R A EBCT B B PP
SFFAE (CMOS)PE R TE N SR IT 5 56 Wb 7 45 51
MIIE—Bidigh — -3 233 3 05 -3: IR ZE;
2. 7 -1 FE 2 0: ZEAZE: 12 f8hF: 2: 4 3: 1RIF. ¥E5
RET R, BRENEEE. 20 855 MEA
FE S IEAR AT ATH-MS0x HALHHATIR, 25
FWr B A AL BRI I SRR A R RS 53
FERRTE 18 ) 30 ¥ 2 8] HIGE DB A, BT onk &
HIR, BARHEENEREIAT AT S, IR B SR
A—5 dB 1 0 dB B [¥] Factoryl A1 Factory2 P {= Mgl
N—15 dB F1-25 dB ] Volvo 1y = & AN B 1 75 B

i

6%

%R Special Issue

B, RO T 96 403k REA)IE 3 Fi it 2 4
L2 45 ) x6 RIS 3 4LELER.
3.2 MEEEMIR

FO 4 03k | o, 2ot m) FO RE S 4
7R, S R A G R O . Y e
) RMSE 5/ T LR B 1K) RMSE 8.
KL T 8% SHB Gauss 4 41 10% 1) ESTOL
%ﬂgﬂ@ﬁfﬁrg}aﬁw B 1, 5 2187 CycleGAN
A ZRFI EL, NS-CiC ¥ FO 20~ 10 4] CWT &
HUEAT T SR 56 2040 O LG5 0 M 2 4 7

# 1 FO P RMSE #ik
wmE Ml T T CycleGAN NS-CiC
obk A 0.085 0.078
p— ESELD 0.097 0.093
P B 0.089 0.081
ESELD 0.099 0.095
Lt b 0.052 0.048
- NI 0.062 0.057
o T BT 0.056 0.050
ANV AT 0.065 0.059

I iMetricGAN 85 AIE & 3£ 2 45 tH T ANFEME
MLk FIE R EE . B EFIEEMAET iMetricGAN
AbFE 8 % ¥ SIIB Guass 73301 ESTOT 43 %, M
AT DA Y, AN AR S A8 B 365 280 7 42 Tk 1) Wl 4 B 355 v

© TEREBIK R

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

20224 314 F 6 http://www.c-s-a.org.cn HEN RS MNH

HARGF B8 FHAE L, (EAE 7™ 2 ) 4% 3R 85 p R 1A Wi 2 [ 25 S8, AN bls. B 7(a)- B 7(c)
PR ROR . 1R BOR, (£ FEIAEE R, iMetric- o5 T B A H, RUAE S Z (R BEE s B2, B
GAN J5ykA# SIIB Guass 43 #(F1 ESTOI 4505 2 = PLAEE T BAGIXH). 51EHEAUH L, 767 5 = A5

T 23.2% F123.6%. i, STIB Guass 70 5 & 42 50% 1l ESTOT 73 AU
%2 iMetricGAN 3546 [ 4 18 3% 1040 Bk P 1 115%. fER M I, il T IR AR S A S
W3 JEHEIEFE  SNRs Normal Lombard IISPA NS-CiHC TEMEE, SIIB Guass 738 T 35% Zitq, ESTOI 73-4%
Mild 66.0 89.5 88.3 91.1 o ‘o NN
SIIB Gauss BET 50%. 5 CycleGAN ML, FeATM 7 3 80k
- Severe  34.7 39.7 43.6 51.7 . .
S pstop | Mild 0297 0445 0433 0447 SIIB Guass 73 #4217 K& 25%, ESTOI 7 #idem 1
Severe 0.183 0301 0311 0.3%4 30%. SHoHTH USPA JriAHEL, BRI AR T AT 2
Mild 44.0 143.9 133.4 144.2 S B 10 e 4 o ) N
o SUBOWSS oere 186 472 451 703 VY 15% feAi @A MCEPS 42, RIHEIETT
BTN 02 042 0398 04 m@%ﬂ&&%rg@kamzmﬁ 3R, # STIB
Severe 0.157 0307 0355  0.401 Guass ﬁ%ﬁ*ﬂ‘E Oﬂ}%ﬁzﬁ%ﬂ%&%é’ﬂ 17% 1 18.6%.
3.3 BEXW _ELT7(@-E 7(f) BoRfEAEIE I U T SRR BN .
-
ZAVEH: SIIB Guass Al ESTOI A TG BEIEE AT & &, NS-CiHC FUHUAh LR 77 B e b il 1.
b
140 - 60 100
126 R 52 L
120 o5 101528 S0t 44 38 - no
100 | (8 40 | ] T g &
80 1 65 30 | i Of nody
60 1 4550 2% 4 nuE o ¥
40 20 + 17 30 |
20 | 10 nr
0 0 0
Volvo severe Volvo mild Factoryl severe  Factoryl mild Factory2 severe  Factory2 mild
250 80 160
145
200 | 200 | 70 F ©F | 140 | 131
175 60 51658 120 111
150 F 143 50 : 100 % 96
40 | - 80 | o5 74
100 + 83 g09L7 95 30 b 94528 31 60 57 49
20 g 40 1 o6
10 20
0 0 3
Volvo severe Volvo mild Factoryl severe  Factoryl mild 4 Facto‘yZ se_vere" Factory2 mild
(a) Volvo M7~ SIIB Gauss (b) Factory1 75~ f] SIIB Gausi ‘ \ (c)dactory2 [ 75 T [¥] SIIB Gauss
-
03 - 0.423 oue'l° 04 r N 0370 P L 042 g’
0.4 i 036337 oans it 0.3034322'358 ol 0.4 i 0332.362'401 0378
o3 [ 0.325 0315 0.3 [0S 0.275 03 | 03 0.301
02 [ 0201 02 0152 0.2 [ 0.196
o1 f 0.1 f o1 |
o L 0 ol
Vo‘l\ﬁ) severe Volvo mild Factoryl severe  Factoryl mild Factory2 severe ~ Factory2 mild
0.5 7 0.403 0.5 0455
L 0.436 1 04 0.384 L 0.421
04 ¢ 0379 0428 L 0 30%-33(3)'362 0348725 04 035(5).379'402 03792
[ 033 0.3 F 0285 0.289 r 1 0311
0.3 i — [ 03 : 0.301 ol
02 02 16 02 Foamr
F 0.132 B -
0.1 f 0.1 0.1 t
0 0 ol
Volvo severe Volvo mild Factoryl severe  Factoryl mild Factory2 severe  Factory2 mild
(d) Volvo M7 R i) ESTOI (e) Factoryl M7 R [ ESTOL (f) Factory2 7 "~ (1] ESTOI

u Normal ~ Cyclegan IISPA m CWT_LowCyclegan m CWT_HighCyclegan

7 RIS R RSO TR ( (AR SRS (OB), SRR AT (%)
BTHE | TR R, 5 2 R R LR

Special Issue T itZEik 7

© TEREERIREGSTT  hiip:/iwww.c-s-a.org.cn


http://www.c-s-a.org.cn

i E RSN

http://www.c-s-a.org.cn

2022 4F #5314 H 6

FPFA: W 8 Fiow, WAIKT 0 B4 4, IXE
R B H I VEA ST T CMOS 14> 7, NS-CiC 75 5
&2 FIRAR T IERIES, 199248 1.8 47, 5 CycleGAN
FHEE, REIIEF] T 0.9 73, 5 EEME FEIAEIAH L, AT
JPELEE E M FE IR N AT A SR T 10%. 2,
RS2 56 114 225 R 5 2 W S 36 P R IS AR — 3L

@ NS-CiHC VS. Normal

B NS-CiHC VS. CycleGAN
@ NS-CiHC VS. NS-CiLC

3.\|u:h better
& |

s | %5 5y 5| 5 Py

CMOS rating
HH

()/About the same

— ] Worse
Volvo Volvo Factoryl Factoryl Factory2 Factory2
SNR=-25dB SNR=-15dB SNR=-5dB SNR=0dB SNR=—5dB SNR=0dB

K8 HA 95% EAEXEKTH CMOS o

3.4 jHRhSCIE

FATEE 2 H 1) NS-CiC HEZEHEAT T AR 1 5L
oW, a0k 3, A0 FO AL ER RE S (1 5 1) & T 4
TS, (R F I RE B A R AR AL, W] R R T
30% /idq, AAEVE 5 FIA H 48 J7 55 Lombard 5 4%
i, X MCEP AL FEIRATH B T iMetricGAN, 15 & 5
RN TIE S R Re s R/, 7T LG W AR R A 47 Bk

S Je T8 R > ORI RE R SR T, T HAHEL T IE e

Lombard B & TF T 10%. A ARBATA B H
FO X 035 G v s PEAE ), A0 B 28 0t 15 35 11 A
R Y A P, RS BIREAT FO (92 0 1 R A 46t
5 MCEP {4 75 BB b 3 s 512 0 V5 75 1 18 1 (1 189 55

#3  REEHHES AT SIIB Gauss 4F T

SNR  Normal FO conversion Spectrum conversion

Mild 66.0 75.3 81.8
Severe 34.7 42.6 46.8
4 iR

ASCHE T —Fh s B AR T AT B 1 5 RS e e
28, BT CycleGAN #EATHUE A ER . FH—FaRLk
VE 7 ERBE FOAL P E SN A2 e (CWT) K5 FO 73 A

8 TR +Z5iR Special Issue

10 4k, AT SEIL FO 1A 2807 45, i {8 20 4E MCEPs
oK B 4 THT 1) 3R 7 75 22 A AT SE I MCEPs #:46e. 25 /&
B4 5 RN TE 5 M 7 RS TR R IS 4R A, BT B
{8 iMetricGAN AR H it — D 1. SRit 5 R,
P FESEIL TS 077, R MIFAN H#4 SIIB Guass
AT ESTOTL 43 ¥ 50 B T 25% F 30%, 7E F A LFA o
# CMOS 75T+ T 0.9, B 238 58 715 T E

SE 30k
Kleijn WB, Crespo JB, Hendriks ‘IJ;’gC,"~et al. Optimizing
speech intelligib‘ility in a noisy efivironment: A unified view.
IEEE Signal Processing Magazine, 2015, 32(2): 43-54. [doi:
10.1 109/MSP.2014.2365594]
2 Taal CH, Hendriks RC, Heusdens R. Speech energy

redistribution for intelligibility improvement in noise based

—_

on a perceptual distortion measure. Computer Speech &
Language, 2014, 28(4): 858-872.

3 Licklider JCR, Pollack 1. Effects of differentiation,
integration, and infinite peak clipping upon the intelligibility
of speech. The Journal of the Acoustical Society of America,
1948, 20(1): 42-51. [doi: 10.1121/1.1906346]

4 Arai T, Hodoshima N, Yasu K. Using steady-state
suppression to improve speech intelligibility in reverberant
environments for elderly listeners. IEEE Transactions on
Audio, Speech, and Language Processing, 2010, 18(7):
1775-1780. [doi: 10.1 109/TASL.2016.‘2(;'5_2165]

5 Kusumoto A, Arai T, Kinoshita K, et al. Modulation
enhancement\of‘x’speech by a pre-processing algorithm for
improving intelligibility in reverberant environments. Speech
Communication,2005,45(2):101-113.[doi: 10.1016/j.specom.
2004.06.003]

6 Aubanel V, Cooke M. Information-preserving temporal
reallocation of speech in the presence of fluctuating maskers.
Proceedings of the 14th Annual Conference of the
International Speech Communication Association. Lyon:
ISCA, 2013. 3592-3596.

7 Paul D, Shifas MPV, Pantazis Y, et al. Enhancing speech
intelligibility in text-to-speech synthesis using speaking style
conversion. Proceedings of the 21st Annual Conference of
the International Speech Communication Association.
Shanghai: ISCA, 2020. 1361-1365.

Garnier M, Henrich N. Speaking in noise: How does the

oo

Lombard effect improve acoustic contrasts between speech
and ambient noise? Computer Speech & Language, 2014,
28(2): 580-597.

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://dx.doi.org/10.1109/MSP.2014.2365594
http://dx.doi.org/10.1121/1.1906346
http://dx.doi.org/10.1109/TASL.2010.2052165
http://dx.doi.org/10.1016/j.specom.2004.06.003
http://dx.doi.org/10.1016/j.specom.2004.06.003
http://dx.doi.org/10.1109/MSP.2014.2365594
http://dx.doi.org/10.1121/1.1906346
http://dx.doi.org/10.1109/TASL.2010.2052165
http://dx.doi.org/10.1016/j.specom.2004.06.003
http://dx.doi.org/10.1016/j.specom.2004.06.003
http://www.c-s-a.org.cn

20224F #5314 H 6

http://www.c-s-a.org.cn

i H AR SN A

9

10

11

12

13

14

15

16

17

Morise M, Yokomori F, Ozawa K. WORLD: A vocoder-
based high-quality speech synthesis system for real-time
applications. IEICE Transactions
Systems, 2016, E99-D(7): 1877—-1884. [doi: 10.1587/transinf.
2015EDP7457]

Kawanami H, Iwami Y, Toda T, et al. GMM-based voice

conversion

on Information and

applied to emotional speech synthesis.
Proceedings of the 8th European Conference on Speech
Communication and Technology. Geneva: ISCA, 2003.
208-211.

Seshadri S, Juvela L, Risdnen O, et al. Vocal effort based
speaking style conversion using vocoder features and parallel
learning. IEEE Access, 2019, 7: 17230-17246. [doi: 10.1109/
ACCESS.2019.2895923]

Ming HP, Huang DY, Xie L, ef al. Deep bidirectional LSTM
modeling of timbre and prosody for emotional “voice
conversion. Proceedings of the 17th Annual Conference of
the International Speech Communication Association. San
Francisco: ISCA,2016: 2453"—24\57.

Seshadri S, Juvela® L,“Yamagishi J, et al. Cycle-consistent
adversarial networks for non-parallel vocal effort based
speaking style conversion. Proceedings of 2019 IEEE
International Conference on Acoustics, Speech and Signal
Processing. Brighton: IEEE, 2019. 6835-6839.

Ribeiro MS, Clark RAJ. A multi-level representation of FO
using the continuous wavelet transform and the discrete
cosine transform. Proceedings of 2015 IEEE International
Conference on Acoustics, Speech and Signal Processing.
South Brisbane: IEEE, 2015. 4909—4913.

Li HY, Fu SW, Tsao Y, et al. iMetricGAN: Intelligibility

enhancement for speech-in-noise using generative adversarial

network-based metric learning. Proceedings of the 21st. |

Annual Conference of the International Speech
Communication ~ Association. ~Shanghai: ISCA, 2020.
1336-1340. >y

Kruschke H, Lenz M Estimation of the parameters of the
quantitative intonation model with continuous wavelet
analysis. Proceedings of the 8th European Conference on
Speech Communication and Technology. Geneva: ISCA,
2003. 2881-2884.

Mishra T, Van Santen J, Klabbers E. Decomposition of pitch

18

19

20

21

22

23

24

25

26

curves in the general superpositional intonation model.
Proceedings of the 3rd International Conference on Speech
Prosody 2006. Dresden: ISCA, 2006.

Sisman B, Li HZ. Wavelet analysis of speaker dependent and
independent prosody for voice conversion. Proceedings of
the 19th Annual Conference of the International Speech
Communication Association. Hyderabad: ISCA, 2018.
52-56.

van Kuyk S, Kleijn WB, Hendriks RC. An evaluation of
intrusive instrumental intelligibility metrics. IEEE/ACM
Transactions on Audio, Speech, and‘Laﬁguage Processing,
2018, 26(11): 2153-2166. [doi: T0.1109/TASLP.2018.28563
74] )

Alghamdi“A, Chan WY. Modified ESTOI for improving
spf;ech intelligibility prediction. Proceedings of 2020 IEEE
Canadian Conference on Electrical and Computer
Engineering (CCECE). London: IEEE, 2020. 1-5.

Alghamdi N, Maddock S, Marxer R, ef al. A corpus of audio-
visual Lombard speech with frontal and profile views. The
Journal of the Acoustical Society of America, 2018, 143(6):
EL523-EL529. [doi: 10.1121/1.5042758]

Soloducha M, Raake A, Kettler F, ef al. Lombard speech
database for German language. Proceedings of the 42nd
Annual Conference on Acoustics. Aachen, 2016.

Varga A, Steeneken HIM. Assessment for automatic speech
recognition: II. NOISEX-92: A database and an experiment
to study the effect of additive noise? lon. speech recognition
systems. SpeechﬁCommunication‘;‘l993, 12(3): 247-251.
Schéadler. MR. * Optimization
intelligibility-improving signal processing approach (IISPA)
for the Hurricane Challenge 2.0 with FADE. Proceedings of
the 21st Annual Conference of the International Speech
ISCA, 2020.

and evaluation of an

Communication  Association.
1331-1335.
Chai T, Draxler RR. Root mean square error (RMSE) or

Shanghai:

mean absolute error (MAE)? —Arguments against avoiding
RMSE in the literature. Geoscientific Model Development,
2014, 7(3): 1247-1250. [doi: 10.5194/gmd-7-1247-2014]
Rec IP. 800: Methods for subjective determination of
transmission quality. Geneva: ITU, 1996. 22.

Special Issue % i&+£5ik 9

© TEREBIK R

http://www.c-s-a.org.cn


http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.5194/gmd-7-1247-2014
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.5194/gmd-7-1247-2014
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1587/transinf.2015EDP7457
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/ACCESS.2019.2895923
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.5194/gmd-7-1247-2014
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1109/TASLP.2018.2856374
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.1121/1.5042758
http://dx.doi.org/10.5194/gmd-7-1247-2014
http://www.c-s-a.org.cn

	1 参照方法: 非平行SSC框架
	1.1 基础框架
	1.2 CycleGAN

	2 基于CycleGAN使用CWT和iMetricGAN的非平行SSC
	2.1 基础框架
	2.2 连续小波变换(CWT)模块
	2.3 iMetricGAN模块

	3 实验分析
	3.1 实验设置
	3.2 性能测试
	3.3 整体实验
	3.4 消融实验

	4 结论

