8B TeW 7T

(=32t
8-

FRE:
FRE L
HFRELL:

B

xiE IR

B e H TSR B SU BT

TEEmit

YyEE T

B SR B B TSR BT SU BT

20184 6 A



Deep Recurrent Neural Network Based Speech Denoising in

LDV Remote Voice Acquisition System

A Thesis Submitted to
University of Chinese Academy of Sciences
in partial fulfillment of the requirement
for the degree of
Master of Science in Engineering
in Physical Electronics
By
Bai Tao

Supervisor: Professor Wu Jin

Institute of Electronics, Chinese Academy of Sciences

June 2018



PERFERAF
REFNIR R FRA

ANKBHFEW  fT R A AL SORANALSIN 978 T FIRSLEAT B 5T T AR
TSI R o JRIRFTAL, BRoC b A FEW ST ARSI, AL SO ST
il N AR A B 40 R R u BB L M BF TR o X8 SO M FFT AR DTR
(1 FC A AN NG, 3 B4 30 LU 5 Ch W a5l

sy 107
s Wb

PEMFERAF
FAOR SRR E A AERE

AN GEA T MRS ) SRy b R AT G PR AT R A AL B ST, B
25 A AL B IG5 AR ST, FeVFIZAR SO B, T BRI AR B 5T
ONTF IR RO ARG ARG BTN S5 U A AR ST A FB B 4 . aT LU S2ED.
5 D A AR R ) T- B ARAE G A 708 5L

P8 BCREIR T (R R0 8 DA AR 4 R IR I i AR TR 1)

ERE AT T .

Aet$ )



I

B % B3R (Laser Doppler Vibrometer, LDV)Z R %2 E#h5MN
W BEWIEAREN B — RS, EATIRREE . I8 A 0 I B HR I f 1R
It LA 32 BRI AE Tk A F= RS 25 45450 LDV WIS R R F A LDV 4
WS AT SEE S BYIENIRS, NMEESEERBMNEE, BRWLS
WrER”. WORME RS EE R, Rtk AT ESRA, RS EFE
WigE., RENWESBEIEZENH.

SR, BTIMIERERS. e BAnEsl. KR AHTEOERN., Mg
SLFEEMEW, RGN LDV M R%MINESRA R, THEER. B
BEBSHE, XIS EMNE, AR, RERRES R, R LDV
M 75 RG T AR B A R

AT A P AE T R EOR, X LDV IS R HIE SRR IR T
Wot.

HHER A 1550nm FOLESL T EFRZEHRNE LDV B RGN LREE,
EF LabVIEW BfEgm# T LDV WFE RGIEHIER, AMEIMREFR, 2l
T B SR SRR

HIR, RAMZMEIEEEREN TS, ETRERTIHENS, ®ETEF
2 EMEEMESEEET . KA = YT A MG & SRR
&£, BRTEEB/AHREME OGN BRLERRH, FIENRERER
AW E L R, (E(5WEEE-6dB~6dB YL, SEULA MG S HLE.

BJE, TRTETHREBAMEMEIEZHEER LDV WS 245k, #id
RE LDV Ui R HIIEE (5 SHHEMRE (5 S4FIE, IR P& ML
BTG, REBEZMESTESREWNER, SLEFEHESESNRENEN
P, FEECT FT LDV WS RGUE SRR RN SN . TR FE S EI0E
FIES, 78 10m A1 75m W/MEE b, SR8 TIREEIRME W25 5 ER AR EE
TIHIERY, RERI LM EE T EGR 7%, 5ESRNTES ERJT%57E SDR,
SIR. SAR =Wifsts bAHEL, F 5dB F| 15dB fEF+, 7€ PESQ ##x L# 0.2dB
3 0.5dB {94, 7£ STOL k5 B 0.05 F) 0.1 (3RF. 7848 4 8 B 25



ETRERAEMHELMEN LDV IS REIEERR

REUEERHE, HHNMS RSN 3, BRREN k£, #iFREC08 RELU
I, BTG ZER AR DR % 0 P B B

4 R, IR RE 45T A R R BOLZ 31U RGER KR
KIBEEES PR, I HS5EGMIESRRTMIL, 4B EE2NIESE
SHRERENRET.

REEE: POLER; WOLLERIIRLG EFER; REEHA LML

I



Abstract

Abstract

Laser Doppler vibrometer is an instrument for measuring object vibration based
on laser Doppler effect. It has the advantages of high accuracy, non-contact and long
distance detection. So it is widely applied in the fields of industrial production and
precision measurement. LDV remote voice acquisition system is a device for reducing
sound information, LDV detection sound through the air coupling caused by the
vibration of the objection, commonly known as “laser eavesdropper”. LDV remote
voice acquisition system has the characteristics of non-contact, good concealment and
convenient ¢, -ation, has important applications in military reconnaissance,
anti-terrorism, security monitoring and other fields.

However, due to environmental noise, vibration target motion, atmospheric
turbulence, coherent speckle effect, circuit noise and other factors, the highly sensitive
LDV system has large noise and low intelligibility. The farther the target is, the more
serious this phenomenon is.

In this paper, we use the application of deep recurrent neural network noise
reduction technology, the speech de-noising problem of LDV remote voice
acquisition system is studied.

First, by using 1550nm laser, based on the homodyne detection LDV remote
voice acquisition system is built. The control program of LDV remote voice
acquisition system is compiled based on LabVIEW software, wavelet analysis and
other means are used to achieve real-time data acquisition and analysis.

Then, by using the neural network method of speech denoising, based on deep
recurrent neural network, a speech denoising program with multi-layer network
structure is written. Using Gauss additive noise model to construct noisy speech
simulation dataset, complete the training and optimization of deep recurrent neural
network. Simulation results show that the speech noise reduction program based on
deep recurrent neural network achieve effective noise reduction of speech in
-6dB~6dB SNR.

Finally, an experiment of LDV remote voice acquisition system based on deep
recurrent neural network speech noise reduction is carried out. The characteristics of
speech signal and noise signal of LDV remote voice acquisition system are extracted,

then fed into a constructed deep recurrent neural network for training. According to
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the quality evaluation index of multiple speech signals, the quality of processed
speech signals is quantitatively evaluated, the optimal network structure for speech
noise reduction in LDV remote voice acquisition system has been formed. Using
loudspeakers to play voice signals, on the two distances between 10m and 75m,
experiments on the performance of deep recurrent neural network speech noise
reduction. . xperimental data show that, the deep recurrent neural network speech
denoising method is compared with the traditional speech denoising method,
compared to the three indexes of SDR, SIR and SAR, have promotion of 5dB to 15dB.
In the index of PESQ, have promotion of 0.2dB to 0.5dB. In the index of STOI, have
promotion of 0.05 to 0.1.

The results show that deep recurrent neural network can effectively remove the
noise from the voice signals collected from the LDV remote voice acquisition, and
compared with the traditional speech signal denoising method, the quality of speech
signal after processing is obviously improved. This is of practical significance for

improving the performance of LDV remote voice acquisition system.

Key Words: Laser Technology; Laser Doppler Vibrometer; Speech Signal Denoising;

Deep Recurrent Neural Network
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-2a.a, cos[(a)s +,)t+(p, +9, ):|+2aoas cos[(a)s -,)t+(p, —qpo)] . (2.3)

He, KFRRCHEEMBHEEREE. AKX (23) FaTlEH, BS54
ZAERSEASHERSE. ZHES8. ZESHRESHANSE M ZE R
AR, B RBREE, BHEARERNAY =y, —v, NEHRES:

I,, =Ka.a, cos(2mAvi+Ap), Ap=0,—0, o (2.9)
T ARGHE SOCREMR, EXA&N
I,, =Ka.a, cos(Ap) ... (2.5)

R (2.5) AREFAUOFRER, HEMRET TR LDV W7 RS
EEHR,
BRSO 0, =271, (1~ A1), BERBIIR R 0, =271, (t-1,)»
Horh Ar FRTIRED B ARRIA LB I R
F L (1) Fm 9 Y b BN Bl 2 IV BE B, JULE-F 8k o B (R S0E 3 B30
i
L(t)=R,+R(t)=R,+acos(wt+9) ... (2.6)

fooi R FRHRE) EARRII S 2 FIROBE RS, R(¢) NREN BARIOREITER, o

9



ETRERAMEMEN LDV JE RGEE RS

ATRST EIREIRIE, o NIRE) BARIKIREINE, ¢ AIR3D HARMHAL
A,

pe=2E0) e
c
EZEZRMFLT,
Ap=w,-o,=2xrf,(At—t))
2nf 2(R, +acos(wt+9)) onft .8
c
B (2.8) AR 25, 17
I, =Ka.a, cos[ana 2(R0 +ac0s(a)t+¢)) —27rfoto) ... (2.9
c

AUESH, FIBENRIERAEEL ML, BT 1, WEMRIER
155, MRAELENRIRSHITNENIRSIE S

22 LDV ERSGHE

BOL 2 LR AR 4 AR EROCE B RIIRBOR SN Z BOE 2 # il ik
Bk, BEEOLZEHNRBARMIZEFEZ HPMIREAAMEL, A IR
%, HTFENHMBEARATENSELMBILE, RERFESCRIER, BF
FHE 87 B R G E M, 7 SRSk BL

/2.1 HEZE LDV IE REHSHWIER. BI5EH06S (Laser) , L,
P 1550nm B9 FUSTUAS 28 S0t a% . UL R HIBOSIREDGE MR & 4%
(OC) 43 AW, — AR, —HEARMEN. FHAEET M (Circulator)
BRI RS (BF) REERS) BrRE, HREETSERRS AR
EF AR, MRS BARIIBUH e =4 2 S8R . B ARE M R B [E]
HARRGERERE, EIHBRERE TN, RERMANm RS
(Six-Port) o AIRNGE B ICFRBEHNIS UG RIS . 73 RS f
VU B IRATG BIBE NPT SN E BRI 28 (Balanced Detector) F=42 INQ PIER(E 5.
P (5 S 2T U RBCR SR, AR E I R R R RN,

10



#F2E BILDVIERZLREE

lPaperBoxJ | Speaker l

I Laser} ‘ Oc | {Circulator' r BF |

Balanced
Detector DAQ

|
LDV ; Q
B 2.1 LDV WiFE R4

Figure2.1 LDV remote voice acquisition

BRCREZFEE NQ B 53R A m, () M my(¢), WA LAEM T E R

m(t)=m, (t)+ j-m,(t) ... (2.10)

WRENME R s, (1) BETEm(e) KALLY, B BESACHE, RS T

BRI EA LIRS R K, B

s, () =unwrap angle[ m(¢)]) .. (2.10)

GEEXTIRBNGE B 5, (1) HITIEBWSLAHE, MPETEERES. AL, XK

BINEEES—RRER. BT, FERREIIRETEGSEBERE, 75
(R AP RS E B EMBEAE, A MENER.

2.3 ET LabVIEW HEEBRES L E
LabVIEW (laboratory virtual instrument engineering workbench) & —#i 3% &

ExRNEE (ND HENEFTFRIE, ARBANRERE G RESEF, &
RIEER RO B SR, RS A RMCGRIGERNITIRE, CaEr#
RIS T RS B Z R A .

—/> LabVIEW 12 /7 i B9 #8725 A«

() RiER, B4 TXEXRWEFED, BMUTERMUESKER, L
BEHEA. JF5. BN, APl RN A vy DU R ACBR s A S SR 2

11



BT IREREME MK LDV IS REE S EGR

w~ BIRERFES,

(2) HHRRBEEE, BIEREERRZRERRIEISY, ZFRAENRE
Worid. XRMERAREBBUHREES .

M3 1) LabVIEW F2 /5 H RO AR A0 2.2 Fom:

xmmmmmmmmmsm
. Fee

2.2 LabVIEW $#ERESHT RERTTHIR
Figure2.2 LabVIEW front panel of data acquisition and analysis system

GRTER G5 RESEPHNSHREL S WEIBKESHRE. REER
B, BEGESRERE. UHRFERE. UAERBS: DM MEEZESHIE
i &R, M LDV JlF REFTIRIUIE S SRR Bon. BRibz g, #
A LU B 5 FAE B SR R .

FfA 2 LabVIEW 2 P HE B B 2.3 iR i BREE R ISR 2 4 100 kHz,
St I\Q Bk IEALE 5 RESG, NI P B dE et i on7ERT AR £, Rl it
517, DMEF RSN ALETE. ERXZE, BIRE TP RMEARERIREE
B, BERWRIEKBIEE, RERT BB EMRRNEERES

12



EoE BIIDVIERSZLRES

mmmammmymmmmm; ; ) ‘ j:
SRl cJle] : ‘ 13
Om
gt
L
H 14l
3 gy 1
o]l B
o

& 2.3 LabVIEW $IEREE 4T RAEFIER
Figure2.3 LabVIEW block diagram of data acquisition and analysis system

534, EHET LabVIEW /NS ifiEtk, T sER 8 ERM LDV il 2R
GREERN RS G FEIES(ES, B ML NEESBEREY, FMT
T ## LDV ?Dlﬂ?ﬁ‘?% }EE’J‘~ i’éﬁ o/INE S RREHL) LabVIEW BITEAR G0 2.4 FoR -

& 2.4 LabVIEW /N R R G RITER

Figure2.4 Front panel of wavelet decomposition system

HE—25, ®E5INT LabVIEW /NEIES(E SRR, 77 LRSS F /A,
ZHNE S RER, DK PEERIERS, i REREER. B RERRE, M
LDV U5 &G0 K4E B R EE EE 5T SE A PR B , 2B S5t s 2.5
FioR:

13



ETHRERIMEMEN LDV IS RGE S ER

Data Source File Path Configueation e .
(O From terminal File path | DA1.22\voice7.wav V@w
@ From file :

[Prompt to choose a file each time this Vi runs

Original and Denoised

Amplitude

-4k~
27.2 27 5

Transform Settings Threshhold Settings Data Type and
Display Mode
Transform type  Wavelet Data type
CUWT o~ " bior6 8 v Soft threshold et
Levels _ Analysis wavelet
Rescahng method Option for approx. Display mode
| Multiple Levels ~ | Threshold v real

& 2.5 ETF LabVIEW FI/NEE S BRI R
Figure2.5 Front panel of wavelet speech signal denoising based on LabVIEW

B 2.5 hEGHMERNLBRITINER, AOMBEAERERSGR. NEF
ALAEH, EBEAENNEE . A&/ NES RE B R BRI, T
Br—#5> LDV MU RGNS, HR, LIREI, 27 ERRIER, X5
HEEENREDRE —eBENHE . XM HRESTE S PRERIERGRERN
A3, RFIH LDV B REHNESESHEES, FETWRW. L,
FOREEWSTE Bk LDV WIS RGN ER, XREIESEESNEE~ L8N
AT, AEE BRI,

24 LDVNERFEZESIFN

FT RN LDV ME RS RERKHIESESIFHEE &M M 1
MR, 1FHZHESE ST FES M LDV U E RS RE M RIES (S SR
ST o

>

EHREN H AR IR R4 75 SRR E 2.6 s Ti#iEEES, B 2.6 B
a5 S Y, B 2.6 T MENZIE S (5 5 i nE.
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FoE B LDVIUFERGLREE

Normalization
[=1

Fraguency
E-3
=2
[=1
¥

02 04 086 08 1 12 14 16 18
Time

B 2.6 FHIEEETAIEER

Figure2.6 Clean voice signals and their spectrogram

W B HI7 7 S BBOER, W LDV I RERERE]-4dB £ 4dB KIEE(E
. FR, XREERMESESWMA—MIBRMA—cabE. B 2.7 EFFR
HM LDV JifE RGP A R IESE S HNEER, THRRAESE
(&S AHR B .

5K 2.6 SHBATLLRIL, 1EE(E 5 EE S SME RIS Biniksh, K58
TEOLZ EEME RGRERIBEEFESHER, SESFESPHENTRESERS,
FH, BEESRERTS, MMM EBOLES EHE RGAT I ARG,
R, BEEESHIBEAMEERRNER, LREESME, NEEERFEAR
EAMBEMESESHHE. TH, FEEESRANEN, BEESITH5
AT —ERAEERIERS, XEATESE SRR T ERIPR.

e

o
2
=

Narmalzation
o
Nermalization
Narmalization
Normiasization

25

15



BT REGH L MG N LDV IS REE T F%

B 2.7 AEMGREEAERES LB EE
Figure2.7 Speech signal and spectrogram of different SNR
ASCRI AR SO R E) T LabVIEW /N RIIE S RS, WA LDV R
SR M B HEAT PN A 2
YHEE 2.7 FiRIESE S8 LabVIEW Mg IEZ R RS, SEH
bior /NEFE, DHREHCN 5 Z, EFRARIR/MEEIE(Minimax) g IR B {H £ 5
EER, 1837 I0E 2.8 B RR R LG R,

Original and Denvised

Amplitude

"
1
Time

i
1
Time

2.8 ZTF LabVIEW DEE R AL R
Figure2.8 Result of wavelet speech signal denoising based on LabVIEW
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F2E BILDVIUERALREE

ME 2.8 FAETLAEH, ET LabVIEW /NG5 [ R 5 R DUREF (1%
& LDV s RGP RIS . (R, EERRIERN, MESESHREHNARA
MI3RE. mxT LDV WE RGH, ERRNANREESFESTNER, &
PR R A B R R4 B 2.8 FORINE RATLIEH, INEIE S
R FBREATE ZEAZRITRIARE.

Tk, BATLATFR—MERRIET PRBENFEY, REREEEPEAE
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i

TEFRA L LDV JIlE RS540
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$3 8 BEESHERNSREFH

FI3E BEESHEERDSREFY

31 EEESHERR

B (E SR, SRR, R AE AN RO B H R R AR
BB, 34k, SRS RO, T R AE B2 B RO A T PR,
BTl A SCrEf S B AN A 2 BT, BB R TR . 75
TR, SR PR DU ) R BT 2% ¥ 5 ST 4R, 4 B2
(S SRR B PRI AR (B . XESOHEAR I . AT T
Ty SR B (5 B RS BUS 5, Bl P 2 4 AL 5 45 5 36 b
7,

EE(E A LDV Z MM X R AR A, RS AT B
B0, 3 BT LA MO A A e 7

$(6) = 5(0) + () LG

o (1) 2R I ZIA LDV 7 B AR ERNERE S, xOFR M
RERIESEE, n()RR M LDV RL7e i 2RI 55 B 7S,

B B S R R AR I . RO AR (5034 B PR
by stk L

3.1.1 5ERHERITTR

St (3.1) FlME EE B AR HT DLRIR N
Y=X+N, oo (302D
B X FI N FRTHNESES LDV IS RS S HUE B2 #.
Y RoAbIIRIAn.
Stz ST AW, RFETTESNE S DFT 24

T-1
Y(w) =Y y(Oh@)e ™", w=0,1,...,T -1, N G D)

Ho a() FoRERE, wRRESIRRED, S EE ST U
&, AR5 X 5 5 5 A B A, RO A4S SR I 5 5 O AR I L AR e

19



ETRERAMEFLE LDV JIlE R5HE S ER

3.1.2  WEIHERIE
BRiEY(w) e X AR (3.3) e XK, UL AR E ST %

Y(w) = log[Y (W), w=0,1,...,W 1, (3D
Heb, w=T/2+1%, BUESE5 M58 Th g X (w) FI LDV SREUE R 7S
MR E R N(w) , B EATRFLY (W) FEAZE L RGN, BB ZE R4 T
M HE S E S AT T RE N X (w) , BT AB AN AU, Fr

UAAT DA HE I 75 1V 3 S AR L A 2R JE B R S X() -

3.1.3 fRERE

M/ R 313 (Mel-Frequency Cepstral Coefficient, MFCC) |2 f R /E1E S
RAIAIE S5 S U, & ARINEERERY, BT AEXARRE
BES MG R ), 15 = AT A A R AR By, (15
SRE S R BN EFTT R LA, B AERARE = 3015 SR B —H 1 % 2
ROV RS, K IR B (S S I RERAE NS 5 RFIE, SRRkt —b 4k
HG S DME IS5 5 0RHE . XFRHEER A 7 AR R EE, xR
SE UL, FFENERYT R, FrUAE 7 2R

HEREIE M AL B AR I 3.1 Fo

>

Mel Frequency Cepstral Coefficients(MFCC)

Spectrum Mel Frequency
. Fast Fourie S
Speech Signal Transf T Mel Scale Filtering
ransform Spectrum
Log()
Cepstral
L. Discrete Cosine
Feature Vector Derivatives
Transform
Cofficients

B 3.1 #REE A ERE
Figure3.1 MFCC process flow

MR ERERTHES AU TSR,
BS540 R 25ms (T, WP 10ms, RFMMEES. RaxtE-—
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BB B BB E A, REREWE ST . EERIEILE, K
WL HE/RUE IR B 4H . MR B AR 4H R 20-40 N = MBI AR . B BT /RIE
BRI BIESESHILE, TESMNERSTHRRE. £F2RER, I
AR B E LA (Discrete Cosine Transform, DCT) , {R¥IFEEHKZT
B —E S R, BREXBAFHERABGESE S PR BT E. WRE
TR VR RS I BB R AU A, T IR BRI A AR A 3R K O /R 183 (Log
Mel-Frequency Cepstral Coefficient, LOGMFCC) .

i

32 BEESREENER

NTHERERESESE AR EERE, A5IANT S MERERE
S E A AR, 2R RE S BRA B E TP (Perceptual Evaluation of
Speech Quality, PESQ) BY, 4Gy Z W v & | & ( Short-time Objective
Intelligibility Measure, STOD B2, PAKfE5-5RE-HZE (Source to Distortion,
SDR) . {£8- A T-ttZ (Source to Artifacts Ratio, SAR) . {5 5-FH#i-tb % (Signal
to interference ratio, SIR) ,IX=FEMIEIrrl LIHREEFRFINEEETEE
B SE, EE(ES MRS S BRI,

32.1 BERMRETMN
RAESEESHBRMEERZN, AT ERIPN RS RMANESESRERN
AL EREVIFN A EFERE BENES, MRETFHIEPIRE K
$ 77, T ERRN R R E BRI EE R E KRR REY, T R A,
H A — B R HORILA BRI R WA 2 (AR R -
S§=1(0) .. (35

ot S ABIPEM RN EWIPNIE, T() AEREE o ARMITHN T
B2 E.

EREEREENTN, MERFHHERERFN— PN EL, 28
HESREN—NEEREFR.

322 SERZENAEENE
ENENTEENEREENTHEESZESHTEEMREN. 1EEE
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ETHRER/FAMEMER LDV IS REE SRR

SERGEREKNE, ZIrEEEESHNEFRA g, BR, EREBRILRE
W, RIMESESHTEREE AEE, FrolEn 2 EE PN Iair eIk fE %R
HLR TS O N R =

323 BEESIENE

AT B U BRI S E S MRS 2 B rtEee, BERENEIE, TR
=M TR R BE SRR WA ARBESEEREH (D FE
R EIRES, RIEREELEETS, fF s (2 THRAGRBRMES, HKHE
NTIES, B e - (3) RIRBEARRE, MHAREFS, 1ifFey,. -

(4) EMELESHIREDT BEEIANGES, REAMANLES, BfF ey

RZJLER T R

FESEEA B, BT =M,

S5 RELE (Source to Distortion Ratio, SDR) :

2

s
SDR :=10log,, " s - ... (35
einterf + enoise + eanif "
S5 FIEEZE (Source to Interferences Ratio, SIR) :
2
S T}
SIR :=10log,, -1 ... (3.6)
einterf "
=5 ALEZE (Sources to Artifacts Ratio, SAR) :
”Starget + einterf + enoise ’
SAR :=10log,, ... (3.7

2
||eartif ”
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B4E ETHREBRIHEMEKESER

F4E ETREEGEMENIEFTEER

4.1 REMEIFREMLETESPERE
4.1.1 FHEIMEEN

EEZ M4 (Deep Neural Networks) &= A L #45 WX 4% (Artificial Neural
Network )RIZGHE, 5 % B T e A T2 R 7E 1 2ot R e 7 31 A B84
BRI ER, B 4.1 FrsZiREraE M sy BB K —FhE,

2

k&R

LN

4.1 FEHEME
Figure4.1 Deep Neural Network

BEHEAR, WLENRSRAM, BE M EEH AT B 4.1 FoR:
K" =logistic(b* +W*r*™) (4D

Hp, pRRELEHIMEREE, b RAFLBENNEKmEE, 'R
TNER k-1 2B FIEE k BRI 48 2 [0 IR RFERE, S RHON:

| logistic(x) = = ... (42)
BoE R B AT A 2 AN FEREE, A0 tanh B,
tanh (x) = :;Z L (43)
0 Relu,
Relu (x) = max (0, x) (44

5 H sigmoid BUF R, RIKMBHRIZEEON, WE R RIS % H A

23



HETRERAMEMLE R LDV IS REE S R

L eb,.’ _I_inlhz—l
i Zeb} +leh[_1 ... (45)
J

Ho b R RGN AT ER, W RREIR, HiTH
WA TR EAEFE

412 RERIHENHELEN

AT T AR AR & 2%, TEM L8 G5 TE Tk G, Reim AN EIR4EE
MM 2 e, TIEIHRHELMNE (Recurrent Neural Network, RNN) i@ B 7
PRI 24540, AR AL SR mTARLE S A AN BRI 45 RNN W28 54 7E /7 51 )
R B RHIRALY, RNN MY T RMAEMSEHIIT R, EHMKHES
Mz MgHt, B8F TERNAHE. 4.1.1 FTARKEEHEM L K2Rl
BB M2 R 8, T RNN /] DL LI Fr i i P 48 S5 146 P 21E Sl
J& Z TR AR SR A

RNN 2 TR 4REUAS FP e, RBAETRAE (stated HIFIA. E—FF
KENEINZE G, RNN AT ARSI — RS, AREIRMIRGHEER
W, R, XRFIESHT —ZImA—BEW T —Mal, AR
JPHRRPRES, BRI NS SN, BB ARNFFRETE R K. 7
DHEREF R M ECIZER, et TR FEWEE, W
BOET R AR 3 . FEIXABARRIES D, AT R R—MERIIE E S
FEZ KNHEAIRIEEES, £RINLERRGEES.

FMER B9 RNN MR S5 T LA 1 4.2 %0,

& 4.2 RNN M S840

Figure4.2 RNN parameter architecture

BRSEAREMZRMAN X, oy y,, RERRENA, tfUGRNTE,
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F4% ETHRERTHENEKEERE

W B2 e 7T LhsE SUA

b= f, (x,h_) ... (46)
v=f(h) 4D
4 N MNEFH,

D={(x, ). (£} @B

Wé%qjﬁ/l\iﬁtﬂﬂﬁﬁﬁjiﬁﬁﬂT,
¥, =Vh =V (Ux,) ... (49)
¥, =Vh, =V (Wh, +Ux,) .. (4100
y, =Vh =V (Ws,_, +Ux,) ... (41D

AHEBLE W, XSRS, RN £ UEER B2 ML, 5l
i, x,—>h—o, (i=..t-Ltt+1.. )HEEEH.

Qutput Layer
Output

Hidden Layer Hidden Layers

Input Layer
Input Layer

Time
-
Time
] 4.3 RNN 7l DRNN P4 &% tb

Figure4.3 RNN and DRNN architecture contrast

% FIREEH LM% (Deep Recurrent Neural Network, DRNN) B3, &
Mgt 4. 3 HIFTR. REBH LN RIR SR BE O,

O = £ (hy—l), A )=¢h(mfh§1{+ufh}’—‘>) ... (412)

b ) RRERE 5 1 RNRE BRICRE, ¢ R IERERIE RS W&
AE BN EER, U RFEIEWMANNERER. makE - EZNREET
BSER, BN,

=1, (hs%)=8,(V"h,) L. (413)
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ETREEAGENEN LDV = RGIEEER

W, v o R R SR

4.1.3 fEINHEMELEMTL

A F R R A1 4E 36 805 (back propagation through time, BPTT)ROUALH]
R BIIEFF AR 2 P4 1200 ief P I [ 44 1 vk A — T FE T DA AR e 2 X 4% (0 SRR A
T, R LR R FE3EHE % (back propagation, BP) HE:Afi_EAIE
RGBT, R [ A% S AR BT AR 4 F R AR AR,

4.4 RNN 2¥4H#)

Figure4.4 RNN parameter structure

RNN W& S 8L 4.4 ik, RNN YIS, BHAE#HITIINES
BIERE, Mg EER R, TSR R |

o, =p(Vh)=o(V$ (U, +Wh,_)) ... (414)

Hr,
hy=0=(0,0,...,0)", . (415

iz,
o =Vh, k =Uh+Wh_, ... (4.16)

A,
ol =Vh, b =Uh+Wh_, o,=p(0), s,=p(s), ... 41D

NIGE

oL, oL, do, oL, ./ .
L=t L= —Txg (o)) . (4.18)

%
* * t
0o, 0Oo, 0, Oo,
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B4E ETREBANENEKIESER

o, o, ovh (0L, . ) .
. OL  OVh (0L, h (4
o ovh o (ao,w(o’)]x’ (4.19)

BMFL=31L,, \TEAE,

OL, <&(OL o » T
o (EZX(D(()[)]X}Z[ ... (4200

PP R 1 3 SR R S T R R LR, R AR RE SR R R R = ]
G AT R o, > b > x,, TR FF S A A% 38 505 30 7 B I () 38 0 A% 4%
b=y —> o> by RIS E ¢ B e FRIRIESAE] 1, TUIA R)E TS b iR B AT PASR

NA:
oL _oh [on V' oL ol or [OL of s
i T =g (B )| VT x| —= ) ... (42
oh ok [ oh, Xth,) #( ){ * ao,xw(o) (42D
oL, oh, oL (. r OL
=X =@ I )| W x— (k=11 ... (422
oh,_, Oh,_, Ol # (i 1)( 6hkj( ) (4.22)

I F I (R T8 OB EE T BLTHEE U A g X -

_= X i . (4.23)

oU Somw oUu Som F

oL, 0L oh oL, .
L sk = tx bl . (424)

ow Son ow ;ahk k-

1% RNN WIS ZER (8] £, 35 1 R M45 [0 o )«
K" = tanh (Ux, + Wh,_,) . ... (425

Zitk, A LR AIIGFRINSE SRS, URINREREE, 1530 RIE

42 LDV MERGIEFMEERIE

EHEER—FNAER. EFRNEIES. EEETRAXFNEERNE
AR, FERARE RS RRRESEEE 5H A R REUE LR,

Wit LDV JiE RGBS 55 S &P &R HREPTIS 4. BT
BEE S M R EE A TREEE T RS AL

LDV W RGEMEEMRAEFEE L, SRR, MM bk It R
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EFHRERANEMEN LDV IS REEEER

Fo XTI, (FSREERA:
y() =x(t) + n(?) ... (426)
Hr, yO) FoRtZIN LDV RERHIRIIEERES, *O . n@) nilZon
LI IO MR P TR R S RS
BHREEIESESHE BB N EBINL R IR RN
B TR R AR G AER, BT CAR BAS B I AR ST
Y (k,t)=[Y (k1) =X (k,t)+ N (k,£) =|X (k)| " +|N (k1) ... (427

Hot k B, (RaitE. X(kt)s N(kt) Y(kt)nRRa T80

o

HIES. B, HIRAESE SENS (k) WIS, £X . 4N, LY RR%

RLRAALE B BT ABRAALAGUR, B LAAT DU LR DA -

[ (k,6)| =| X (&, £)|+| N (K.2) . (428)
R (4.28) FrRM1E S IR AT LUR 0 N A TR SORERR
Y=X+N ... (429

Hep Yy e RT, X eRYT. Ne R HRIRFHENEERFS. THNIEE
TSR LDV RAMEFE NG . B K RR-PE R, T RRA R

W 4.5 PR AR Z R M ARG LSRR EE. MARNSNES x 29
RERIESES, REBERME. ME MR APED ) A D, 0 RIRR
SHE S5 M T R RS TR . HhRERNERN, BRiREE

%y‘jylr;ﬂ]yzt o

28



48 ETREBIHEMSEINESTER

'/
Output
~ S N N
3
h,
7]
Hidden Layers e htz ———l-
h'l—‘ hr+l
1
hl
Input Layer

& 4.5 ZREMAEEH
Figure4.5 Denoised network architecture

EHRERIESE S HMERLEY 5, BRAFSGENESEESIMEA, /E
AR HESE S ALK AT, BT E B AR e B AT 15 215 5 1 I it
L,

BUEEE S AL X(w) FIN LDV SREUFKI M B0E N(w) , BEAIRM
Y(w) B2 RN, BRRMAFE LT E S5 S ARG X (W) ,
BT ABSF AR AL A SN B ARG, fir LT DLUd L 7 e 7 FRE (5 S A AL
MEEEREEES *0):

)”((w):exp{)i'(w)/z} exp{j2Y(d)} ... (430)

L B AR T AR BN S 5 X(0)
$0) =23 X (k) ... (43D
Tk=0

IR BT LAS 3] 0 2 AR L (5 1B B RGR5 A(7) .«
M LR MG ER PR S Y, HTESE S EROREEA LM LE
FR, FEHFEMNESER, — MRS RBERRES, 75— M0 RMEEHY
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ETHRERFRMEMZ N LDV S AGRE

i
Clean
Voices
o Filter. Feature DRNN
TrSalnlng Normalization |7 Extraction Training
t
ase LDV
Systems
Noise
Enhancement Voices Filter. Feature DRNN Waveform
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