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Speech Enhancement System with Optical Laser

Microphone®

CAI Chengkai

Abstract

Speech measurement is a common method for information acquisition in daily life.
For speech acquisition, various devices have been developed. However, in the case of
disaster relief and crime prevention security, it is necessary to acquire speech from a
long distance. In such a case, the ordinary speech acquisition method is to use an air-
conduction microphone. It is not only difficult to acquire speech from a distance but
also includes noise around the microphone. Here, an optical laser microphone was
proposed to measure the vibration generated by the sound source by irradiating an
object near the sound source using a laser Doppler vibrometer (LDV) and restoring
the vibration to sound. Since the laser beam has strong straightness, it can measure
the sound from very far away.

However, there are several problems with this technology. Since the sound quality
of the observed speech depends on the vibration characteristics of the object, the
speech component is lacking in the frequency bands with small amplitude responses.
Also, when irradiating laser to an object with a rough surface, the intensity of the
reflected light is reduced so that noise is included in the acquired speech. Moreover,
the characteristics of the optical laser microphone (laser wavelength, sampling rate,
etc.) can affect the sound quality. Therefore, in order to obtain high-quality speech,

it is necessary to apply speech enhancement processing to the speech acquired by
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optical laser microphone. Conventional speech enhancement methods estimate noise
components from observed speech or use machine learning to obtain the mapping
between observed speech and clean speech. However, in both methods, the phase
information of the observed speech is used when generating the enhanced speech.
The noise power estimation method cannot restore the lacking frequency band com-
ponents caused by the amplitude response. Methods using machine learning can
restore lacking parts to some extent, but they cannot deal with phase-induced dis-
tortions. Moreover, existing models cannot be used when the irradiated object is
unknown.

In this paper, three speech enhancement methods for optical laser microphone
using deep learning were proposed. In the case that the irradiated object is known,
considering the deterioration of observed speech, two speech-enhancement methods
that are based on the frequency and time domains were proposed. Both meth-
ods use multiple deep neural networks to handle different types of deterioration.
With our frequency-domain-processing method (hereafter, short-time Fourier trans-
fer (STFT)-based method), the noise power in the power spectrum of the observed
speech is first removed. The phase difference between the observed speech and clean
speech is then calculated using the noise-suppressed power spectrum to obtain the
phase spectrum of the enhanced speech. With our time-domain-processing method
(hereafter, waveform-based method), the low-frequency waveform is first restored,
and then the high-frequency waveform is estimated using the restored low-frequency
waveform. In the case of the irradiated object is unknown, the envelope of the power
spectrum is first estimated by using the difference in the frame direction of the power
spectrum. Then, the fundamental frequency information of the observed speech is
extracted, and the power spectrum of the enhanced speech is reconstructed using
the estimated envelope of the power spectrum. Finally, the phase spectrum is esti-
mated from the power spectrum and the enhanced speech is generated. Objective
evaluations are carried out to evaluate the three proposed methods. As the results

of the experiments, the effectiveness of the proposed method was confirmed.
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FAF v I, XVR=NAREFHLZ. K 2.3(c),(d),(e),(f) &b, R 2 WG
YR TR ZAT 5356, SRR ORETED Ri2s. $7-, YWIAKE KSR
DEL DD, HELVLOBEVWHIERTE 2. IERNAL LT, TIMIT Acoustic
Phonetic[18] 125 % 4620 XX LT, SHERBFWAEIC 2 BONEREITV, 202
419240 LEFHWTERT — X E(ER L7, ZDHD 9000 XX (£ 4 i) 07— & %
Ay bY—Z Db L=V 7L, 240 X (#)1297) OF - X & FHIRER T AL
L7z

12



x 2.1 EBSM

Environment Sound-proof room
Ambient noise level 20.8 dB
Sampling frequency 16 kHz
Quantization bit rate 16 bits
Temperature 25.9°C
Humidity 19.4 %
Data TIMIT Acoustic Phonetic

Continuous Speech Corpus[18]
9,000 samples(4 hours) for training

240 samples(12 minutes) for validation

X 2.2 EBEEM

LDV Polytec NLV-2500-5

Loudspeaker FOSTEX, FE83En

Loudspeaker amplifier YAMAHA, P4050

Audio interface ROLAND, UA-1010

13



3.0m

0.2§ m

LDV

Vibrating object

Loudspeaker

Sound-proof room

[

2.4 FEEECLEX

Irradiate the vibrating object Vibrating object

2.5 FEEREE
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2.5. Za—JILRy 7=V -BEHEFADRRFE

T, DNN BB L 72D, EENECHIMRA MH SR, SEARK(19),
FEZERL[20, 21], HAHEGER [22, 23, 24, 25, 26] R E DB THMEIIREINT VWS,
DNN Z W EFE@#A%, STFT (Short-time Fourier transform) (2340 < FE & R
B HD < FRICKRAIE N 5.

STFT IZEDWFIRE, NREFRB LU Y — Y EFDRIFEA RS ML DR
REe¥ET 5. Z2LTC, aREzEMET 5B, ESNLR|ARY ML
W E R DOMUMHARY PV HWTERBIEZEILS 5. L L, JEREEBLE
BT 2 EFEFAOKEEIX, IRIEART MLREITTRIMHERARY FUITHHEFT
%. FRHZ, LDVIZ X B PEREFICBWT, SEFEEICB T 2 NEIED B 5729,
BREREZETT 2 BBIIERE R OMMEARY PLEHWS &, SAEHORED
KRT2HEALD 5. 2070, MHETFESEAHEZINTED, 20—
¥ LT Griffin-Lim £ [27, 28] BT S 5. £z, IEFETIX, DNN ZFIH L7itH
HEETFIE [29, 30] HIREINTWS. flZIX, S. Takamichi H1F, RIFARZ MLz
HWTHHARY bAZHEE L, Z0% Griffin-Lim IEOFIHMEE 3 2 FIEZRREL
TW3 [29]. Zzoftucd, HREAXRY MLz HWTRIE: Uz FRRICHE T 2F
% [30] BFET 5.

—77, REEIGIRE  fHOWM T 2 &7, REREE2REEL $52 LT,
MHICER ST 2EBADREZIS 2N TE S, LarL, REBIGISEM ST
Fiolz, EfEERERBRH#AZFEIT 572DI121E, Z2LDANRINY > TABBE
BB, Ay P —=ITEDZBLOY Y IV ZUBEE 2729, AV.D. Oord 51
Dilated convolution #i&%ZH 3 % % v b7 —2 WaveNet[31] Z$2Z L7z. WaveNet
WZHEDWT, D. Rethage 5 & Y. Gu HI3MEBERRETIE [32] L WIBILKRTFE (33 2 %
NENRE L. £/, K- FHHECE (Long short-term memory: LSTM) Z Wz
il =2 —F 1% v b7 —2 (Recurrent neural network: RNN) IZHE-2WT, Y.Gu
DIFEFE OWIBILRTE (34, 35 28R L. Lo L, LDVIRKBIGRERIZX, &
ST DRETZ T TR, MERREDRET 27D, Zho0FEEZELEHL
TH, AWMETREZE2 Z 23 L.
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2.5.1 STFTICEDLZa—5IF%xvrcI7—2

STFT DW= a—F bty b= DA, HLEFL 7V —VF
DX T — 2RtV (Log-power spectrum: LPS) 72 ¥ ORHEENEH XN T
BY, FH3FEEE (Mean square error: MSE) ZH/IMb 3 2 X S5 AHIO~ v
vy IBREEE L, 2y MU OERBELBITORTWS. HEOKIE 2 PR
TBRHC, v P —=ZIZ X DHEE L 7R — AT PV AJIAHE % F Tl
7 —V T ZHUC KD FHEIIP2EILT X 2203, ARG T 2 & mars &
&, IRIE720 TR, HIZHEET 2. F1iC, LDVIE2BIHIEF D X 5 22
HOBRAMPRIET 255 ICBWT, HABIEZEILT 2BICHLER DMHEAR~RY
FLEAWS E, BIRROEENIT Tk 5. WAIZ LDV OBHFIERICHN LT,
MAHOFE S HE L 72 5. (AHGIHORER 2 )77E L LT, Griffin-Lim X [27] 232
JFohd, £/AETIE, DNN ZRH LU MEEEFEbIRESI N, HEARSY
ML VT, IRIE & A 2 R § 5 F1E [30], I3 RBARS Fds
NEZHEES 5 [36) FiED D 5.

2.5.2 BEEFICEOW-Za—-SIlxyc7—2

R 3R IE & MBSO T 2 &0, REEEZRNEEL T2, #HE
MM EDRELT =T 4 7727 "3FRELRV. Lo L, REEBOREEIIE
MRS RFE O, BWIERERE 270121, 2L DANY Y TR
Beks, 22T, BEBBICES =2 —-F 12y PV —2 & LT, WaveNet[3]]
WOWTHIHS %. WaveNet 13 Dilated convolution fi& % W 72 I DB AIA A &
DHDHBEET Ty 7R E 5. Dilated convolution DREIE R X 2.6 1278 F .
2.6 & D, Dilated convolution Tl&, 7 4 VX & BEAAHIIES 25RO MR Z 22T
B2, LD KRERZEY (receptive field | RF) #E§TE 2. v bV —2 @K
DIV, v b7 —27 REBIERINICHERT 5. £oT, BAAA=a—7
Nt b7 —2 (Convolutional neural network : CNN) %z F\WTHRYI DTl & A]
REL 725,

WaveNet Z W EHE BRI HILER 2 p-law[37] 12 LD 8y P TEAULL 74

16



Enhanced sample
¥

QQQ Q Q QO QIO QQC Q0 0
N

> Dilated factor =4
OO0 OQQ)KQQO OO0 RF =15

/ /) N\ 1,/ Dilated factor =2

@ €) & & Rii'= J
Dilated factor = 1

@) O O REF*= 3

( )

[
Previous samples Current sample Future samples

2.6 Dilated convolution D&

Rre A5 5. 3282, EEEREE softmax Z FHWT, K (25)i1ck b, %1k
Az =[2(0),z(1),...,x(N = 1) OFHFTFOEITER g = [5(0),4(1), ..., g(N — 1)]
DHERTER DM ZFTH T 5.

p(ylz) = Hp( ) |z <n—§>x(n+§)) (2.5)

ZZT, R+1IERFOH A4 XTH 5. AHNEDRZEL Y + v ¥ — (Cross-entropy:
CE) ZH/M2i2 2 K5 1Ay VI —=2 % L —=V27F5%. LaL, LDVIZX B
S IZEEOEBADRAT 2729, HEMENKRTT 5.

B TR Ol E 2
KX T, REBEFEOEINN 2R T 272012, LDV IZ & & A 2
J-E R R T 5. AREERTIE, FHMlifERE L LT, Wideband perceptual

17



Original »| Perceptual
signal model
Time .| Cognitive | Estimated
alignment model MOS
Degraded Perceptual
signal "  model

2.7 PESQ a7 0B HiE

evaluation of speech quality (PESQ), Log-spectal distance (LSD), Short-time ob-
jective intelligibility (STOI) @ 3 #5iEz2 HWT, &H, HILE, HAKREZHKT 5.
728, PESQIEEWIYEENE L, LSDIXNEWEEEFDOLHLD W, 2,
STOL I mWIEE R SN Z & 25K, T, PESQ, LSD, STOI Zzhiziul
DWTEHHT 5.

e PESQ

PESQ[38] &, #Hili{E5 D FEIHY R0 E 2 2 BIFIHEE Al R #HliFEIE T H % .PESQ
2277 ATV L% 2.7ITRT. XL, ZV—-rEREHLER Y
HEET V2 HWTELEIN B R « N—27 ZART FMVEEBUCHE T 5. ZL
T, BAROEAD HERKIE T L% HWTES Mean opinion score (MOS) OHEE B
(PESQ{H) Z&HHIT 5.

o LLSD

THELR R 7 S OVERRE (LSD)[39] 1%, MR RT bILELF 213 - RN
AT FLIEREY HIEEN, 2 D0DARY PABOFEHMORETH 3. BT —
VBB W LIEEB AR PVEBICEIEI N 258, 1 DD 7L — 210

18



LT, LSDIELFORICE D EERINS.

1

K— 2
1 P(k)
LSD = J = ; (10@10%) : (2.6)
ZIIT, P, PEIEhZPH2ODEED T —ZARY MLTHY, kIZEEREA >~
FUORATH 3.

e STOI

TR A SIS (STOI)[40] 1%, BEHAREZNE T 2700 TH 5. &
FESHTOHEIIEMTE25ALEMTERVWEAD 2B LrRnwI eh b,
FHIR X 2fETH B & EZ BN B728, STOI DEDHFHIX 025 1 F TOHIPATE
Efbkxns. X 1 OGERTRICHEBRTELIL2EKT 5. STOLEZ Y —>
BRI NEFEEANL, 7Y —UER CUHE WHEEZEDESD AT b L
TrOLX — ORI ZEE L, KAEF (150 Hz~ #3800 Hz) DAZEHET 5. &
H NI RECE STOI OfEE § 5.

2.7. ¥F&

AETIE, LDV O7-DDEFRRHFHAS 2T LDREBIZOWTHRRT, 2.2 {iTlI,
LDV OPERFEHICOWTHA L 72, 2.3 81 TlE, LDV OB DR & FIRESIC
DVWTHARTz. 24 HiTlE, RFSCTHELZER 7 — X OINERTE L IEREEF 1D
WTCEBH L 72, 258iTlE, fERO=2—F 1%y vV =27 EHW-EREATFEL
ZFh o % LDV OGRS ICEH T E R WM 2SI L. &% 2.6 iTIEARRY
TfEH U7 & Bl R E IS D W CEA L 7.
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E£3F WHREMEHLE (F5E) D%
BICH T B EREN

3.1. [IL®IC

EIEEE D FHE IR ICHEHOME T —<~TH 5. Z0OH, LDV IZIEHITENE
CARZRELEZOEFEZBHTE, ~4 270k EHEOMSEORERZIT VLWV
SFEERSL, BFHMiZATHS. LeLADS, LDVICKD, BllxhiEA
WITMEEDRAL, HIBEROIRIEISE O/ & BIEERIBICBWT, EHRD
DBREST 5. £oT, LDV OBIFER N LT, HHEFALENIHEL RS, LDV
DBHIE IR ND D 5720, (EROEFREHIATIRIERICHEHAT2 2
DREETH S, Lied>T, ZOETE, HEEMEIEEH (FE) DBEITBWT,
BHDODNN ZfEH L, LDV OBHIEFE DR EFEHICELXIET 520D T
FEERIRET 5. REFIRIESTET & RERIE 2 2 U H O MR L T\W5. STFT
WKHEDSFIETIE, TFERAEEFALT, BlER DT -2 bL EDHE
BHERIMHIL, RELEEFRDZ2EICT 3. K, WHEEBED Y — X7 hLEF]
LT, BlllERe 7 ) - ERoMoMEEZHE T 5. REBICED L
T, FTREEH D OMEZIRET 2. KICEFAS NBEBESZHRH L TEEIE
SrHEET 5.

ARFETIE, 3.2HiT, STFT IZHED  FHMHATFIE, 3.3HT, RHEBIEICED L
HRMATEZNZCOWTHHT 3. 2L T, 348iT, 2200FETHHLE
Foy b — 7 OREE L FEEEEFIAL, FHEEBRIC KD 2 DDREFIRICH LT,
TR OREE R RN D Rk, 35 81T, 2 0DRETFEE HVCEBIEEA
REFL, TOMREIMIT 5.
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3.2. REEL:STFT ICcEDLK ESmEE

HIETIBR7z X 512, TERFHETIE, BREIEZETT 2 BICIERE O R
R7 MRV, SREHADKEEIMRNMARICSH 5. Z 2T, STFTICHED
, IRE AL Z AT 2 _BREE A RFAFEZIRET 5. BHEOFRIZZERH
ZIEREL, BHWARZIREIZE 2720, BHIVIAROIRENIZ RIS X D RE L L=
DH ZMANRE B X 55, K311y bR MLEBIVIA Y T 255 OIS
R (a), (b), BHIYIADIRIERE () RUTEREF & 7V — Y BERONMEZE (d) 275
T (c) OIRMEREX D, # 3kHz M LD EBREHEIC BT 2 RIBOISE I T 5
A5 5. (a) & (b) DEKED, SHEKRTOREIMS XD oS WGE,
2 4-8 kHz OIS H % 7 ¥ X LEOROEF BMIEHAREE 2 5. o T, IR
TEE T T, AR =2—5 1%y +7—72 (Recurrent Neural Network: RNN)
ZRALT, PERERL 27V -V ERORIERARY PLOBGREZFEE L, IRIEAR
7 MVEIRTET 5.

—7, M3.1(a), (b) DERNIRT X512, MHARY MVIEHREEZRD,
PWERER L 7)) = BEROMERARY MVOBREZEREYE T2 Z L 3R#ETH 5.
22T, K3.1(d) kb, PERER L 7V — > E R OMHEZEZINEE H DIRIEICH <
BT 2 Z e MR T E 5. NEREFOIREARY P AZBWT, &lED (4-8
kHz) 1ZR¥&E L TW3 23, ZOEBMEMREESERITHD, ZoMEIEs v X
LHE T, MAHRREDFEA L THIEEACEXARTE RV, Ko T, (EET
WITIE, BAAA=2—F L v b7 —2 (Convolutional neural network: CNN)
ZRALT, IEREROIRIBERARY bLick b, IERER L 27V — > & H ORIEK
77 (0—4 kHz) DfMHZEZED A ZHEE L, BHEIHARZ MLEMET 5 2 & TEuhz
HARZ bL%E(RS.

21



8000 20 8000

3
2
6000 0 6000
&} g '3
> = 17}
£ 4000 202 £ 4000 0
= 9 = o
g T 8 =
= Z = .
2000 -40 2000
2
0E -60 0 -3
0.5 1 1.5 2 2.5
Time [s]
VERDNRT—=RARY MV (F) LR RV (h)
8000 = 20 8000 3
2
6000 0 6000
£ F 2 =
= o
> = > 7]
£ 4000 208 £ 4000 0=
= & = S
g ; T 4=
“2000f & & 40— 2000
2
. et === &0 0 B == 33
0.5 1 1.5 2 2.5 05 1 15 2 25
Time [s] Time [s]
(b) IEREFE DT — 2T bL () e ifHRRZ b ()
8000 3
2
} __ 6000
2 =S 'z
o
3. 2 4000 § 08
= 2 2
) 2 1=
< 200
2
80 ‘ ‘ ‘ ‘. =
0 2000 4000 6000 8000 05 1 Ls 2 25
Frequency [Hz] Time [s]
(c) BER K ORI () firke
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REFE 1 OUHEFIREZK 3.2 1RT. FEHERETE, 3, Z2V-—VEfz LY
BEAy 27—V MK D, ZRERONNBORT — A7 FL | XS] YL
EREARRY PV @y, ¢, ZRHIT . IRIER RS P AEITTH DNNIZBWT, $v
FY—ZDAHIEENZN YIS v | XIS TH D, P (Mean Squared
Error: MSE) Z /M2 % & 5 kb3 5. RIEEICH DNN Of#EIEX 3.3 127K
TEOIE, 2BOLSTME 3D EFERIC X Dl s. EHELREIE ReLU
ZRHT 5. MHARZ PAETCH DNN O ANZ [YWS|Tth b, Hhik ¢, & ¢,
DB SNINEE TP TH B, MHRARY PV 2r ORISR, 28D
SICHIA U7 BRI (3.1) BRI NS X 51T, HEEEREIH 0—4 kHz 12
B3, 7L —2BOHNMHEZE L HEMMEED IV 1 VEBO G TH 5.

K
Losspp(m) = » (1 — cos(@"P(k,m) — ¢ (k,m))), (3.1)
k=0
ZIZT, k, K, m, ¢'°, P I3 ENER, A v F IR, 7V a7
L—uA 7oA, BENEZE, #HEMEZETHS. K341RT LIS, MHEET
F DNN OfEE 5 BOBEAAABEIC X DRI 5. EMHLREEIZ Gated Linear
Units (GLU)[41] 2RI $ 3. &8, AEEHET I, Mty b7—2 i
Adaptive moment estimation(Adam)[42] ZFH L 7.

F7, BAHFAOKRMETIX, $3, IEREROMBT —ZART L | XS 24
B U 7-{RIEETCH DNN ¥ A HI1E7CH DNN IS A L, HEEME ST —2_27 b
| XUPS| e HEE MM oFP 2 HIT 5. EICAAMIEHEE AR 7P L NGRS A D hL
Ho™ ZMET 2 2 TEoN5. REIZ, | XS L ¢ ZHNWT, Hy—1) T
U K DS A RS 5.
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Clean speech X, STFT feature ¢ * Phase difference
Observed speech Y| extraction < calculation

I XLPS | |YLPS |
\ 4 \ 4
Training
------------- Amplitude |- ---
Enhancement | reconstruction reconstruction |
— DNN DNN |
)y P 1~
|yLPS| |prsr $PP ||YLPS|
L e Enhanced
A
f S h speech
Observed speech =* STFT egture g \,& peecil s
y extraction ¢y Jd’y reconstruction | Yy

32 BEFE1IO7uy 7N
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llyLPsl
I -

LSTM Layer X2

1 .

Fully-connect Layer

llyLPsl

3.3 IRIEMEICH DNN O i

l | yLPS |
Convolution Layer
Gated Linear Units

x4

Convolution Layer

l P

3.4 {itA1ECH DNN O i
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3.3. RFEX2:KEKEICEDVW/I-EFMEH

LDV IZ K2 IEREFIIE, FIME DREA & &isn O RiED 2 MEO AL
£33 %. —BRINC, SRS OETTFREHER IR DR ETH L. £z, K
3.1(a) ITRT XD, HROMEEE ST EL 2EEFFOD, 109Dy hTU—
I TIRTOHITHLT 2 Z v ZREETH 2. 22T, BEROMEINEL LU
IS DT D BRI X % LDV OUNERHE DS ik 2 18R T 5.

AFEONFFNEZ X 3.5 17, FHERICBWT, IEREF x O&E BRI
FEFORHIZEEDSFELRWED, XU YTV Ik, e )=V
Ry FNFNOEER S EZRET . 20Kk, FooH 27T U ITHOERS B
yNB RMEEMEADNNICASIL, *y b= 2FEREXES. £LT, V-
VEROREIZEDLES LI, REERAETE N 2T v YTV TS K
‘iz, Ty IV IV IRBROER VB Ly 2T plaw37] 1K D 8w b
BEAELUERZHWT, &EIETCH DNN 2488 38 5.

3.6~ T & H1Z, HEEHIERH DNN I 8 /8 Dilated convolution #hE %z H3 %
BAAABEIC X DRI NS, BRI IEHELBEIEIZ 224 MSE & PReLU[43]
ZHMT 5. MSE 24K L 3258, 04N MSE OERE 2B — yNB 12
kb5zx6h3. 22T, HEFEESDORY—MEBICETT 2720, BRI
FEBE A L TH NI We ARE2 ZIERHT 5. $kbb, 2B —y'B
IR DIRIEZIC & DIZIFRE S, - T, MSE %W 0%Ex, (K)FE
BRI DiThbh, o3 o)y r73nizE8sH0ws gk, BHIE
BOREEBBICE ENMEDREIN, KIROEFMEEEHET 2 2 23]
RETH 3.

Lo L, HiffiTiN7 L5, BEROEEBICH 2MEEFOMEIEHRTA F /4 X
DEIBRT VX LIEDE VT L BT 2/ AT 5. 20D, BARAAT 4
N X DR EOMPIRETH S, 51T, v PV =% MSEICH I XY
V3258, BIRLEERKOEEN 27 ) — V&R LD HEb X2 aTREMA
H5[44]. XoT, EEESOETETIX, RNN ZHWT, Kln £ TOERIC
b, Ffln B2 e FTHlT2. 22T, AMIT—XTH 3R
Z8E vy FEFET ST, FEBEEOIRIED 0 — 255 DB ERD, PL—=V
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IEREHRILTE S, BREEEO 13> BT 2 a8 o, SEMEICH
VI BHERDHTH D, 256 KLOXRZ b3, v b7 —7HERK 3.7 121
T, K3TIORT LD, EBIETHO A Y bV =213 28D LSTM & 2 BD 2k
B oM Eh, KEXT Yy PMANEIG 2T 5. FZlin 2B % LSTM &
DL % I (3.2) IR

S(n) =G(S(n—1),""(n)), (3.2)

ZZT, S(n)EXLSTM oSy, #NB(n) &y vV —2D AT, G(-)I1ELSTM Dif
MALBIE T H 5. /ﬁl@ﬁﬂﬁgayﬁlsoftmax%}ﬂb\f REEEOH TN LT, mdK
ERMEREWZ THMEEH NS5, RAln e8I 3, H59VB0) 2R (3.3) DM
(&R ETHET 3.

p(E)[EYE(1),2VE(2), ..., 2%P(n)) = FC(S(n), (3:3)

ZZT, FC() 3&Ma ot hTths. 2y vV =D L —=V 7Tl #HE
MELIGRER 2VB e 7)) -V Ry 2 AT 5. SES 0T TlE, 18
JKBIE L LT Cross entropy (CE) %, &@E{LEZE LT Adam Z 22 H W .
BREARE T, 7, FU oy By Uy ickd, EREF x 5 @y
ZRET . 20K, XU YTV Y IBOER NP I LTSI A DNN (2
X BHEEMEERITY, KK 2T 2. 2 LT, KEGEAL RN Z27 v
TH VL, ZhEplawicih 8 ¥y bEFET 3. Z0MREEEIET
FIDNNICASI L, @D 2 EfEERT 5. mikic, s s 3EEiEcH DNN o
B VB % prlaw Ik D Fa—F 4 v LThLESNS.
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u-law

Training * encoding
NB
Clean y
speech y sampling
NB v QNB /x'\WB C X —
Observed X Up-
—_— . —>1 — . > i
speech sampling _ sampling encoding High-frequency
———————— Noise | 77— | bandwidth
Enhancement Suppression reconstruction
DNN DNN
Observed R Up-
h = samplin, ) ) samplin, "| encoding —
speec pling { ) pling \[/AWB
x B ZNB ~WB
Enhanced u-law
speech decoding

3.5 BEFE 2070y 7N

1xNB

v

Convolution Layers

¥

RelLU

Dilated convolution

layers X7

3
1

Convolution Layers

1§NB

3.6 MEWED v bV —27 OWEE
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1 §WB

LSTM Layers X2

Fully-connected Layers

'

ReLU

\ 4

Fully-connected Layers

|

Softmax
b

3.7 WEETOX v b7 — 2 O

3.4. WEHMMEHEIH (F5E) DIHE DEFRFARER

AREITIE, FTHRBTFRCBT 25HMIERZ S 5 Z & T 2 REFLHE O K E
ey 2. zotk, 7V —rEH, DERER, ICRTFRIC X 2 WBHER, kO
REFIRIC X 2GR 2R L, RETROANEZMES 5. 1B, BIRGY)
VRDIBERN (RFE) DEHEITHBNWT, AEBRTIER Yy MR bz W8S S 26 H
L7, Ry bR MV X 2BHAIER IREREORS SWEBAIEFTH D, WD
2B L B RE ORI TE 2.
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3.4.1 2w hI7—UDBERVFEEEY
REFE1ICHITE DNN

STFT R E 2 M T 58, 7—VZrfx 1024 L, 7L —L4> 7 FRIE
256 sy L7z, B, BT —) 22 BORNMEEZEEL, 71— 410 L TR
TE1E7CH DNN @ A1 ORIT% 513 ICEE L7z, LSTM Jg & il o &5 &8 O
=v MIF 1024 & L, FEBRIZ0.001ITHRE L.

NAHETCH DNN ICBWT, AR LD 7 L— L0 2ERB L, 1
ZL—LDOHINIM LU THIR2 7L —20%2 87, Gt 7L -2 AL &
HIABBIZBNT, 1 BHDBAIAALT 4 LAY A XT 5 xIIREL, FHLANE
Ix9WRHEL. T, BAAARBED 7 4 V2ZFUZBWT, HAEX1THD, %
ALME 128 & L7z, 2EZIZ0.00001 1IZEEE L7z,

REFE2I1CHITE DNN

HEEHERH DNN @O A 2048 3> T AVEODRIRIEE Lz, vy hU—2
lZ Dilated convolution #iE% H 3 % BAIAAKE 8 JEH O X4, Dilated fRENX
2" n=0,1,..,TIHRELTz. BAAATZ A NZTFAL XX, Ix1TH5. HIED
TANZBIE1THY, ThDANEED 7 4 Vv 2E01E 128 TL . FEH1% 0.0001

WZRE L7z,

EIIEC DNN I 2 5 LSTM B e A O 2= v MUIET 1024 1IZRE
L7z, 3y b —2%%E 5 5812, Backpropagation through time (BPTT)[45] %
FHL, &% 480 ROKRIR T v FE T D, BHERZNDOKTZ TR L. FE =R
WFHEE I DNN ¥ [FIR£IZ 0.0001 WFE L7z,

3.4.2 REFE1ICH|TIHMEER

REFE L OEMELTERE T 27012, PEREH, IRIEARZ bLOAETTL 7258
B, RIEARZ bLE Griffin-Lim 32 (200 [&18) 12 & 2 0MHHARZ bVE 518
TOIC K 2 BT A M OIREFIE LI X 28T H 2 HWCIHMEESR 2 FE ML 72, %
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3, K3SICKEFRDIRIERARY burTa%RT. K38 &b, BREFiE1 DR
(e) 1%, IRMEEICDADRER (c) ¥ Griffin-Lim iK1 & 2 MAHHEICZ X 245K (d) 12
EERMEEPIEINT WS Z e 25bh 5. F1Z, 0—1 kHz I FORIBICE T 24 E
DHIE XN, BEEREOFEMESIAMICR > T0Wd 2 bR TE 3.

R, BB UINMECTFEZ R T 272012, [GREROME, RIERFAZOIR
MEA_27 M2 XD, Griffin-Lim 7% FWT 200 BIREEE$ 2 2 ¥ THER L7207
MM CIREFRIC I DETELMHEZRZN L 7 ) — EROMED a3 4 > ik
W CEHMliSEER 2 it L7z, BTty 7V — & FE OMMHD a1 >V HHlEE X
3.91TRT. AKNZBWT, av A VIV NI WIZEMAHETORBENEWZ L%
KL TW%. X39&D, 0—4 kHz OEFEFERBICE VT, 18EFEEX Griffin-Lim
BktRay A4 VHEEEDY 0412 NE L BoTWB Z e b b, Fi2, 0-8 kHz,
TROBETTNILZ T o TR WEBRS 2 &D T, BEFEE Griffin-Lim {£IC
oy A4 VD 0.21Z 8 /N & o TWB Z e dbhd. UEOKERIZE->T,
IRIEMETTE & OMATETCO M DNN % FWw 2 1R BT 1 IR E O WS IA (< v +
A MV ZRWBIRIEFE OMABETTICEN TH 5 Z L 2R T .
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X 3.9 BRFE1ICBI2EFHRICIVETREINIMEE 7)) — v EROAMMED a
B4 > FREE

3.4.3 REFE2ICH T HEEER

REF L2 0EMEZHET 272012, IEREH, EELER L ORRL F1EE
FE2OMER, Thehz VW TIHEERZE ML 2. £3, K3.10I7V—-VF
L, IGREHE, MEIELEOADORERKR CREFE 2 ORRORIERARY M i
AT, K310 &, BEFE2REVEERIHETLINTVE I brs. %
7z, ®3.10(c) &b, REFE2 OMSFIEDNNIC XD, EEPEHEICB T 55
FEEFADTITONTVWE Z e bbhd. R, LSDEEEHWT, AN
BucBlF 5, (b), (c), (d) ZHlis 2. FBREPEBEFIBICEIT 2 LSD 2K 3.11 1R
T K311 &b, EEIETEIT-57%4-8 kHz ICBWTLSD 2349 0.3 dB/h& { A5
TWBZehbhd. £/, 0—-4 kHz IZBWT, SETTOEREIC KL % LSD D%k
IEEIT NI VW e b bhs. XD, BEFE2 2REOBRISYIR (Ry MR B
V) 2 W BRE IS USSR, SElnsifi S e 2 & 2T 2 7.
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- Observed speech
- - -Observed speech processed with noise suppression
——Observed speech processed with noise suppression and high-frequency component reconstruction

2.5

LSD [dB]

Frequency band [kHz]

X 3.11 $2ZRTFE 2128 3 SR BT 2 #F 5 = O LSD

3.5. BREEIHGERRUVER

REFFEOBNEZHET 372012, LDV IT X 3 INEREHE % F V-5 i =5
BPERMELT-. AEEBTIE, FHMEfEEY LT, PESQ, LSD, STOI ZH\WT, &4,
PACEE, BHBEEE 2 LB U7z, ot RIERy PR PR AWEIGESE, (ERFE
[12] 1CHEDO L FREFADKER, REFIE 1 OHRKCIREFIE 2 OB RDG 4 5
ThHYH, ZNZTNI7 V)V —VERL L. SEFDARY burZ L% K 31212,
BETTE IS 2 F MG 2 K 3.1 1T~ 7.

X312 &b, BEFHEL 212&D, #HEPIMEZINRTVWE Z DR TES. £
7z, IRENIMARDEBUCE I L D RIELEZEFRRTICBWT, ERFIETIE, N>
RARZT7 4 VR ERWTZEDE D ZREBIREL TWER, IBEFHEL 21CkD,
Z DREERBICH 2 EFR BT DELINTVWE e bbh b, KIZ, £31&D,
PESQ Za 7BV T, BEFEL, 2 FMERFE L ZZFAFOME L 2->THD,
INERE IR PESQ 23 0.5 1Z X E Ro TV Z e DR TE 5. ¥/, LSDIK
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# 3.1 BFFIINT 2 FBIEHiTEE
PESQ score LSD[dB] STOI score
BlE 1.764£0.40  1.62+0.10  0.8540.04
TERFIEDHER 2.2540.35  2.174£0.30  0.8740.04
REFIE1LORE 2254030  1.094£0.08  0.9340.02
REFE208HE 2354030 1.114+0.08  0.9440.03

BWT, ##ETEL 2ERTFIRICHANLSD 2N XK 2o TED, HEOHLHI/N
EL RO TWVB I ebhr5b. B, ERFETIRNERER D 4-8 kHz O, 5
BOBHEDPERICHAKRELS BRo TV R HIHTOEFMMAPNEETH 2720, 12
ZFEL 2ITHARLSD BREL RoTW3. H&KZIZ, STOLIZBWT, ##ETFHEL,
23R E A LD 0.081F M EL, MERFIELD H0.061ZE A ELZ ebhb.
DILEOFER XD, BEFEL 22 LDV IC X BRFEDHIREYIR (Y FKR ML) %
W8S R OFICANTH 5 Z e hmE .
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3.6. F&&

LDV IZL—H¥HERAL, EiKIC X 2IREIZEHIT 2720, FHYVIKROIRENIRE
WED, ZEEOEBANIRATS. ZOZHEOEAICLD, EROEF®EHAFILEL
HOTd TR BEFRBEFABEIME LNV WS MEND L. 2 I TARETIE, R
MR, (AHEITIC & 2 EERSALIE DNN %2 W=k, M T © Sisig s
D 25D DNN ZF|H U7z BRI & 2 FIERRE L7, 3.28iT, STFTIcH#
O HHEBFATFIE, 33HT, R ICE D ERmHAFEET N2 U OV THA
L7z, ZLTC, 34HiT, 2200FETHHA LRy bV — 27 OWIE & 85055
HAL, FHMiSEERIC XD 2 DOREFHRICH LT, ZEREWHEO BB 2R, &
%2, 358IT, 2O00REBEFEZHVTRY PR ML ZHAWEBIHIEE 2L,
Z OFEREZFH L7z, FHliEBROMERIC X D, IREFIRIIFEOHIBFWIK (R b
R IV ZROEERICHT 2 EMEEZRT Z e N TE .
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BB BESMEORAOBE BT
3 EEHA

4.1. I ZL®IC

2.5 HiTii N7z K 51T, DNN Z W SR E#AFEOMFAGEEIX, bLr—=27
F—REy MIRELMFET 2. Ld->T, DNN ZfH L CEH 2 240
KFETIE, WREVELIRADGEICB VT, ZOEHMRIERIEIEFICETRL
TW5. BIEE» 27— SR ZEEHE T 2IERFIEL Bz D, AETHRSR
LE=FiEER, 75, BHEE» o M aBEErsmb L, fv—2xxr e
MM RARZ PR L BIETLT 5. REIC, SETERICHESEEHFE2AMT 2 ik
PIRET 5. 00 OFRHEIIHIEEYROIRBEIREIC X 2 B v, K
HOBESYMARICHHEHATE 2. 428I2BWT, BETEOER T v 7O E
LLEHS 2. ZLC, 438iTlE, BR7 vy I LRy b =27 DG L2
BHEM2RRE. R, 44 8T, FHEERZITY, ZOMRICED, BEFED
BMEEHERT 5.

4.2. REFE EHEZERALICEFBAK

M 4.1 ICREFEDO Ty ZKERT. HEICHOBRNT X512, RO E RN
FiFEE, BHEREDRY —ZARZ MILOARIM L, FH % ENES 2 B8
HEFRONHERARY M EZOFEAMAT S, 72721, LDVIC X2 OBHIEH 2
ZRRRBADFELTED, FRCREFHEIC X D BEFEROBRE L, AR 5
5%, XoT, BIHIEHEOMNMHRARY b2 EFRETCICEREH S 2 &, FHHK
ENLEBREOEENELLETT S, Ld->T, LDV OBHEFICBNT, RIiE
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CNMHRARY MLDW G EHEE T2 DHEND 5. RIEART bUZOWTIE, #EIR
SR DIRIEISE D AP IRDOEHE DT X LF —, Wb % AT MLaiEE
PET BRI THY, EFEOEy FERITZE LY. Zhud, K23 XDiERT
3. LdoT, £, BHIZEFDONRY —ZARTZ MABRLE Y F L AR FILE
IEREHE L, A7 PLEBOAZMIEST 5. £2L T, By F e UHEDO AR
7 MVEREERWT, BEASTV =AY MLVEEHAKRT 5. EROMEARY ML
DHEEIZIERICHEMTD 2720, BHIEFR 27V -V EFONMHDO~ v BV 7 %%
BL, NHEZEBETT 2 2 3RETHS. Lid->T, MHARY ML, B
R ENTBERDNST — AR MLEFRICHET 3. IBETFEORZRRT v FI2o0n
T, ROETHHT 3.

4.2.1 EvFragiEmRoinL

2.3 HiTIE, LDVIZX 2 OBHIER OERADRKZHHAL 2. HRMNIARTE O
KEPRIEEORMETH 2720, IREIL R WEETHEHEEH ICHEDFEET 5
(K 1.1, BHEFROEEH 2 ESK). 2L C, WEPIREIT 2, HFECHEL -
HMEPRET 20 (212, WEROREIH W=D, KEPEOMENDTrICE(
T3), M11TRLEEIL, HEEOLVLIIFEELTED, FHLHEET 3
MEZRFLALBREINZ. X518, 4A3HOEBRERICED, HHELHET 24
FIXITEBRERICEEL S XV, LD - T, HEEIER ONNEEMES © E
L, BEFIRX @) cRT e TES.

2(t) = y(t) * h(t) + n(t), (4.1)

22T, x(t), y(t), n(t), h(t), tik, THENERER, 7V —VEH, #E, W%
SR D A4 VNV RIEEB L OKEEA > T v 72 TH D, * 1ZBAAAEETT
H5.
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Observed speech i
p N R N01se' - Envelqpe
x X suppression | g extraction
l }’Z]rinnv
Pltch ,| Power spectmm Enyelopg
extraction | f, | reconstruction |yEnv modification
\ 4 |Ym|
Initial phase
estimation
v (’ﬁ
Enhanced speech y Ph
ase
< ~ IFFT [ ) :
y modification

41 /EFEO 7wy 7K

B A SHPEE 2 R0 720, RS E(E S IR CHAME R B2 RS, L
7ehoT, ZOHCHEY -7 Y22 RT 2L, ¥y FE fo/lpeac & LTHEHT
X%, ZIZT, f &lpeax &, TOhZENY VTV O REBEHRE BEMHEY —7 > X
DEET 2V — ORI THZ. 7L—LRET 7 FRIZ64 ms & 16 ms ITRTE
T5. 11208 HTZ2 X512, LDV OBHIEF X 75 Hz U ORRERECT
BIZBWT, HICKREREENEENTED, Ly FrBHOBEICKESEELE
Z570, By FritBT 2iIcRERMEE ZRET 2 083D 5. koT, 7,
F1 v A 7 EEEL100 Hz DANA SRR 7 4 VX —%#HT 5. X512, BFED 7
L — L3 EE A XE» B2 2T 272012, BOMHBEREOHED G LT
NIRA=R aZBET 5. BIIEH O G E PRSI IS S5 & FROBEZ RO
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HMEDPBTHET 270, EFITEID a DREZ 0.04 IZRELL. a > 0.04 DI
&, BEO7L—23EEHD 7L —L 2 LTHIL, 2RO E IS A
TV—L5RBEEE 7L -2 LTERSINS. N\HOEFREZEZERLT, &
FHHOD7 L —2DE y FHiFIX 50-300 Hz ICHIRT 5. EyFHHE7Lr—22
119578, HREDO 7L —20Dy FIXZOHEENDOEE, F72E37 L — a0
FEDZWVEEER LTHH XN TOWEIEE, Yy F 0 Hz ITRET 3.
HEZWXEFRIESMES TH 2 e RESN TV T8, AT MVIBETE (46, 47) %
FHT 2770 THEETICMETE 2 EZ 605, BHIERD T —XRT b
NDHEE KT AR FOVIBEIRIC X > THIE L7218, 7 —2ZART b LOEIEHR
EHHT 2. 27 ML OTIEHIE 48, 49| KX X FXERAELD 253, B
NZEBEREZHELTWE 7D, SRETHNT 2023 RWV. Ko T, KX T,
PHBARMER R 27 P IR LT, #7 — 1 T2 (Inverse Fourier transform: IFT) %
1TV, FEROREREGT 2 i & LCThlitl 3 5.

4.2.2 DIEHLE

AR PVEREOMIER, RHMOMBYMRIHILS 27008 5. TORT Y
7" Cl&, DNN ZH|H L THIRG N RY DIREFEIC K o THIL L ZART b rd
WEMIES 5. HHEEMRIIRITH 2720, BR2VEERFET2Zi12koT
BN EFEESOUMMORL L. ANEHNhE LTBRRIEF L 27—V inE
FDOARY PVERMEEZE L —=V 752523 AAEETH 5. Lo T, K
X TIE, RENOHRE MRS T 272012, IREFFIEDRE L Z VR %
DNN DA LTHETT 5. R (41) IcEo%, BHlER L 7)) — v R ER 2 ER
7 — 1) TZH# (Fast Fourier transform: FFT) IZ X o TR LN 2 RIERA RS LI
DEHITHRES.

Y| X |H| = [ Xon| — [N, (4.2)

ZZT, |Yal, | Xnl, INn|i&Zesreh, 7V -8R, BllER NS D 0T —
ZRZ MVTHY, m & H| 1 EZT7V—uA4 YTy 7 ALRIBHETHS. 3.1HT
BRI K ST, [N, 1BIRICARY MREEIC X > THEE SN S, 22T, | X,
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B X = [N OBREL, SHEL2E, RA)BADESCHEHRZ LS.
logwlYm\ = 10%10‘Xm’ - 10%10’H|- (4'3)

1og10] X| & log,|Y| & 27 FLElK L MAIRGEDME L LTRT L, log| X,,| =
XBnv g XDt o)V, | = YEV 4 YD v e 2, kT, R (43) IZRDLIICES

mo )

ZBZEeNTES.
Y oy Det — XT%HV + Xget — logo| H]. (4.4)

IREVFHEIZ EICARY PLVERGICHE L 5.2 270, MMIEANOEEI/ NI V.
L7935 T, YDt = XDt viEBICEZ 2 Z e A TE S, Lo T, R (44) 13XD
XoIcEE3.

Y, = XnE@nV — log,|H|. (4.5)

log, o H| \ZIREEDEEOMETH 2720, 7L —2HMDEREL DL, IR
RO ELBBTEL2E 2 5. XoT, X (45) ERDLI KB,

Y Y = X5 X (10

BHHEEBE 7 L -2 ARTHEEEEZR O 2FRL, HRME=2—-F12v +
7 —2 (RNN) ZRHL T, M421TRF X512, AR PLEBD 7 L — LTFHD
AR RHALUTARY P ZHET 2 Z e AREL EZ N 5.

Yn};]nv _ G[XlEnV o X(])Env’ " Xr}inv o Xgn_vl], (47)

ZZT, G IXRNNOitER2RT. o%h, ##EFRZ, BHUEEFe 7V -V EHH
DARZ PLVEREEIO~ Y ¥V T DR Z, AXRT PLAEDED L AT brd
D~y B 7ML Tz, — RN, IR FUDBERITH UL, A7 bv
TR ZHICEB T2 2056, DXHOIDNN Z2HHT 2 BEDRNWESITH
Z o5, HiffiCHHLZ L1, BB IS EIERBADETEND D,
ARY MVBEETIEZEN S TR TZREATE2DITIERY. SFHEEICAXRS b
NEFEZHEE S 572, DNN OfFHIIMKARE L TREL RS, KX TIE, AXRY
N L ELES ¥ AR IE DS B &2 I X B F2 D, RIFI TNz X 51T, KL~V
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Yo = Xm —loglH|
l X1 —log|H]|

Frame >
! ! Take the
difference

vEnv vEnv
vEnv vEnv i
Xm+2 _Xm+1 Yanfz
}
<S>
$ )
Frame Frame

X 4.2 AT bLVElk&H ELEE O F)IE

FME AL TH, ERSINALEAOTHEIITHE LRV, 20X, Yk
RENL TWBIGE, #HEINIARY MVEIKICE T2 M/ N2 AHREHEE B 79 D %
V—I3ERERDOBRIC, BROIINF - ARINDINLTHD. EOIRER
WO EEHIEL T, PL—=V 7T 5B, ART MVAEHEE ORI
WX MSE 2R3 2 [44]. FEEMHE LT, FEEE0.0001 ITHREL, FFTE: >
7 FRIEFFNFN 64 ms £ 16 ms & L7-.

4.2.3 INT—2ZRYT N BESE

CDRT v TOUHZK 4.312R8F. BAEOFHBEEEREITCT 5729, 3, #
HEE»SHMH XYy FIEREZHWT, Vv FOEEE ORI o E5X
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AL, HREDLE L. ARSI NLBIUIC FFT Z@H L, 4.2.1 THOWLH ¥ [Fkk
2, WIS 2R S 5. T, fi S BIREE & HEE S - TR TR R R FI A
LT, DAY = 2T PV EERT 5. &&IZ, DNN 2L T, EREhi
NRT—RARZ P eI )—VHEFEDNY =AY PLOMFREET ML, BEfD
IS TFIE B0 ZFIHL, T —ZART MLEISIZNETS. ZORT v 7O
MUE, MO A v b7 — 2 (Generative adversarial networks: GAN)[51] 12 & o
THEITEIN, KDHAREREZERT 27012, MRICSEIFERT VX LM
E2MMA 5. Apkds & IR BRI Z N ZNRD LS ITEHET 5.

L = Eg 5 [(D(G(S)) = 1)* + AlIG(S) — S]], (4.8)

L = Eg ) -3 [D(S) + (D(G(S)) — 1)7], (4.9)

ZZT, 8, S, p, BEUONE, FRAPRERSINIZNRT AR ML, 2Y =
BREDART—2ZR_Z ML, §, SO, BEUP LI/ VADRKTH 5. £k
D, MF 10 ICHEEL. G(-) & D) 1F, Eles o hTHY, ¥ERIZ
Mi/7 e % 0.0001 ICRRE L.
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4.3 X7 —Z2R7 s IHEEDTFIE

4.2.4 (ItHANRY L)L EBIEE

WHE OB D FHEICOWT, £F, PIHIMHEARY bLrz#HEEL, Zh%
Griffin-Lim 7/v3'V X 4 [27, 28] Z#H LU CRIEHEE X %3 % [36]. fiHHR~RY
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MWIEMEX e 7 o X R SO, DNN ZERFEHL T, $lllgFre sy —>
REFRETYEY T EINEETHZ. ko T, HEFETIE, L—IHHHR
X NTEDBAHTD 5728, DNN Z{HEH LT 87 =TtV [29] 22 & WIHANE
AR " VEHEEST S, 2y b —2DAN L, #2024 GANIZE-T
BRI NTNT = ZART PV EHESINIHRARY MLV THD. T —ZART b
MI7 L—adjmcEsitkzRiol L 2B R L, HEMEZR LEE272DI12, A
HANRT —ZARZ MV 7 L — A LHi%2 7L — L %kilAaEbE-b DY 5. 18
KBIEL Lppase.cst 1 F XD KD ITEFRT 5.

LPhase,est = LPhase + aLGroupDelay; (410)
K-1

LPhase = Z 1 - COS(¢/€ - ¢k)7 (411)
k=0
K-1

LGroupDelay = Z I COS(A¢k - A¢k)a (412)
k=0

Adr = Grs1 — Su Ay = Pre1 — P, (4.13)

ZITy k, ¢, QIRAEKA Ty IR, 2V —VEFROMHRRY b, HEER
HARZ FLTHD, o 3MRET, 0.1 ICRET 2. EHRDOERBERD DZ  I3HE
FETHD, ZOWEIZKRYA /4 XOMEICLITNE72%, DNNTIZZhsD
R EETMMET 2 Z e BREEY 725, ZD70, ST DOHEE RS X ERE B R
TOWEERE LD KL KD, X512, ANEOBERIZ I, 20D &5 R HHE &K
SOMAICH L THETH 2 e EZ N3, Ld->T, EFETE, MNHRR
7 FVOHETE %R 0~4000 Hz DIEIRD A2 L TITW, EIROMAMHR RS b VIdEl
HlXh7-BEOMHEZOFEEEMHHT S, MHARY FMLVEMEEK DNN O E
Griffin-Lim 7L 32 ) X 2 D RIEFEIEUE, ZH2410.0001 & 200 IZFE L7z,
BRIz, WEH 7 — 1) ZZHE (Inverse fast Fourier transform: IFFT) I k- T, #
EENZ T —ZARY FILENHD AR FLZHWT, WilEEE2EMRT 5.
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4.3. WIRHFMEHLRIDIZE DS FEFEEE

COHITIE, £7F, DNNO#EYL FL—= Y &0 EICOWTEEL L AT
Z. RiZ, BETFHEOEMERHER T 27201217 o - BEFHAEE 2 53 3.

431 2y cI—=0ODML—Z2T

Fy P =R X—=2FK AL, 4.21R8F. AREHEER DNN & 6 DO2k5E
£ 12D LSTM J@h s, EHLBIBE LTI X MY v 7 BRIE L=
I (Parametric rectified linear unit: PReLu)[52] Z 3R L7z, RV —2X 27 bLERE
Bty b7 —27TlE, M44IRT LI, Bt LTA4DODEAAAREYL 40D
LB EAAAEEMA A — by a—K 3y V=2 2fFHT2. ra—XJE
7 aA—=X@RFECRILT, AFy TGz ALz, HHlgEoMEIEy =+
L—RDLya—XEn e AERTH 5. Lakds e HnlgEm s & dEMELEE e L
T PReLU 23 5. AiHRARZ MBS Y bY =234 DDEAIAAET
M xh, 77— ME2=> b (Gated linear units: GLU)[41] 23EMELEI% E LT
HFHZN 5.
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#41 =a2—F1xy b7 -7 DO (1/2)

Envelope estimation:

Input: The first order difference of observed speech spectrum envelope
after noise suppression process (513)

LSTM (1024) x 1

Fully connected (512) x 2, PReLU

Fully connected (256) x 2, PReL.U

Fully connected (512) x 2, PReLU

Fully connected (513) x 1

Output: Estimated speech spectrum envelope (513)

Power spectrum reconstruction:

Generator input: Initial power spectrum (1 x 32 x 513)
Conv. 1D (512), kernel width: 9, stride: 2, PReLLU

Conv. 1D (512), kernel width: 5, stride: 2, PReLU

Conv. 1D (1024), kernel width: 3, stride: 2, PReLLU

Conv. 1D (1024), kernel width: 4, stride: 2, PReL.U

Trans. Conv. 1D (1024), kernel width: 4, stride: 1, PReLU
Trans. Conv. 1D (1024), kernel width: 4, stride: 2, PReLU
Trans. Conv. 1D (512), kernel width: 4, stride: 2, PReLU
Trans. Conv. 1D (513), kernel width: 4, stride: 2

Generator output: Estimated power spectrum (1 x 32 x 513)

Discriminator input: Generated power spectrum (1 x 32 x 513)
Conv. 1D (128), kernel width: 3, stride: 2, ReLU

Conv. 1D (256), kernel width: 3, stride: 2, ReLLU

Conv. 1D (512), kernel width: 3, stride: 2, ReLLU

Conv. 1D (1), kernel width: 4, stride: 1

Discriminator output: Real/Fake score

20



£ 42 =a2—Fxy bT—7 DO (2/2)

Initial phase estimation:

Input: Generated power spectrum (256 x 5)

Conv. 2D (128), kernel width: 9 x 5, stride: 1, padding: [4,4,0,0], GLU
Conv. 1D (128), kernel width: 9, stride: 1, padding: same size, GLU
Conv. 1D (128), kernel width: 9, stride: 1, padding: same size, GLU
Conv. 1D (128), kernel width: 9, stride: 1, padding: same size

Output: Estimated initial phase (256)

4.3.2 TIRHTEIERETMM
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2L, RFFREIMEOIREFHEIC & 2 BARKIRT 2 FiEEREF T2 2 e BHMT
BB, HEREYHRKIE—DOMEICTHRE N, 50 mm x 50 mm MRFEIKRE L, ¥
PRI U 7258288 Y OB R SRR ZHE L 7-.

Al R ORIC K D ERL, HEIAVNIWIFEHEE L2 AR bLEgiE s
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4.3 ART M IVARRHETE DHEER

Test data Printing paper Aluminum sheet
Training data obs. | con. | pro. | obs. | con. | pro.
Printing paper 9.00 | 1.08 | 1.63 | 7.69 | 6.68 | 3.09
Aluminum sheet 9.00 | 891 | 3.34 | 7.69 | 1.06 | 1.55
Plastic plate 9.00 | 16.81 | 3.38 | 7.69 | 15.81 | 3.43

Test data Plastic plate Cardboard box
Training data obs. | con. | pro. | obs. | con. | pro.
Printing paper 893 | 7.20 | 3.27 | 9.87 | 7.15 | 4.32
Aluminum sheet 893 | 7.20 | 3.39 | 9.87 | 6.80 | 3.90
Plastic plate 8.93 | 1.43 | 1.85 | 9.87 | 10.06 | 4.22

obs.: BIHIET, con.: TERTFIEDHER, pro.: BT LR

FE N -V THOBEBER5E, OF DBEEALRADGETD, L
DEDFIA-5 dB R E§ 5 Z L ZHERTE /-,
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4.4. BREHEHAGRRUVZE

ZDEFRTIE, LSD, PESQ, STOI ZaHfik#Ey LT L. KD LDV D7
D OE L, HRSIEDBER (FFE) THZ e ZHMHR L LTF X=X
EROTWz. koT, REFEOBEMMEEZMEIMNCHAES 272018, 78RO DNN
WCED K BHEEHFTFIE D B GR & 35 23], MR EX 4.5, 4.6, 4.712R3. LSD
FHiE T — ART MUVIZDABEHEIN S 72, 7 — AT MLFIEDHER D X
4.6 DLSDMEREZZMTEZ 2L EZIONS.

X 4.612& b, LSDfHllifERICB T, BENKRBEATH 2HBETD, BETF
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BFEMPRERTEID BKEICH ELEZ. F592F v Z7HRICE 2BHBEA 2 AL
TETNLE L=V I LESBECBOT, MERTFIEOMEETIE, RADOHIESY
ROBHEFE LD B XSIE R LTV, ZOBATH, RETEOREZ, B
BREOMR LD HH 0513 PESQ DED M E L. K 4.7 STOI OFHfifERICHB W
T, "Nv—=V T =R TR T—=XDBFE—DOYIKRTH 2 DEEICIX, REFE
DIERIIERFIRICHNRNTETE MR e 2o/, L L, HREMIELRM DL
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BIHE AT STOL OfEA A L L7z 2 DR T = 5.

Ble LT, K482 491, 7ILIME XY R 2BHEFEHNT, b
L—=V 7 LR3DDFETNNVEHOWEMERDO AT —ZART ML ZRT. K48k 4.9
PO 3 XD, MADIREINE L ZDREDKFLDENZ LD, RO E
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4.5. F&H
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