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Abstract

Speech enhancement algorithm has always been very important in application
of hearing AIDS, Bluetooth headsets and mobile phone devices. With the
development of Artificial Intelligence and the rise of new generation smart devices
like smart Audio and smart headset, Far-field voice interaction technology has
received wide attention again. In the far filed voice interaction, a key technology is
the speech enhancement algorithm. The SNR (Signal -Noise Ratio) is always lower in
far-field scenes, which means that far-field voice interaction technology has more
challenges than near-field case. These challenges mainly include background noise,
reverberation, and multi-speaker interference. The key technology of far-field voice
interaction is speech enhancement. Therefore, the speech enhancement technology in
the complex noise environment has important research significance both for the
human's speech intelligibility and the recognition rate of the voice interaction device.

In order to reduce the noises, microphone array becomes a mainstream
solution. And beamforming technology have become a mainstream solution in
far-field speech interaction due to their simple calculation and small distortion of the
target speech. And the dual microphone array has become a mainstream choice
because of its simple installation and low cost. With the launch of Google Home, the
dual-microphone speech enhancement algorithms have been widely studied. However,
due to the srhall number of microphones, traditional fixed beamforming algorithm has
limited effectiveness. With the rapid developmeht of deep learning, speech
enhancement algorithms based on deep neural networks have also been extensively
studied, and the method of unsupervised clustering combined with multi-channel
beamforming has also achieved remarkable results. Although many scholars have
proposed a series of speech dereverberation, speech denoising, and speech separation
schemes in recent years, the robustness of these algorithm remains to be improved in

the actual environment. Therefore, this paper uses traditional signal processing ,
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machine learning and deep learning method to reseach the binaural speech
enhancement algorithm in the actual environment. The main research content and
innovations include:

1: In order to overcome the drawback of the traditional precedence effect
models, a simple and robust algorithm is propésed to estimate the time-delay values in
the environment of noise and reverberation. And then the estimated time-delay values
were applied to the coherent-to-diffuse power ratio (CDR) estimator, which can be
used for reverberation suppression.

2: A speech covariance estimation algorithm based on independent vector
analysis is proposed. Existing supervised deep learning and unsupervised
clustering-based mask estimation algorithms can effectively suppression noise but
cannot solve speech separation tasks. In this paper, we use the DNN and the
independent vector analysis to estimated the interference plus noise covariance matrix.
Finally, the final gain is obtained by combining with the multichannel Wiener filter.

3: For the case of underdetermined speech separation, a binaural speech
enhancement algorithm is first proposed under the condition that the target direction is
known. And then a neural network structure combining noise reduction and separation
systerﬁ is proposed for speech separation. This algorithm does not require prior
information such as the number and the direction of the sound source, which can be
completed speech separation task in a noisy environment.

Key Words: Binaural model, noise reduction, dereverberation, speech separation,

deep learning
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Figure 1.1 Practicality picture of Google home
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Figure 1.2 binaural auditory scene
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Hr R 2 R log MMSE i35 (5] X7 ERIR AR XIES IAEALAEL
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Table 1.1 Traditional speech enhancement algorithm
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o £ () F 7,(0) HHIRFEER SNR AUEK: SNR, HHRIFEISER SNR HPG 50
4T SNR RIS ATROSEK SNR FOITALTH. MUk EASFTT LB, XM
9 00 T T R P T A, HOVE TR e W RO TS A — R A
VAD (Voice Activity Detection) 50 S AFFEMRAERA . 5 FRIIBE AL
R R i MBS B O P BERT 101, KSR B R R
FREERE R, BASIEBIREE A

S £7146 ME M (Non-negative Matrix Factorization) /2 53 — S WA IIEI FH¥A(1L 1], 31
R EUAERE V TSR WH P53k SR, LMETXTEUERE W #7526
S, RN, NMF G5 BB, &
o B R SRR A S R F TS, T NME Tl
BB S R EERE W RIS, SR AR M ARER. RIER
R, NMF LU SRR TR BRI A S T T
(Euclidean Distance)s KL BUE (Kullback-Leibler djvergence) . ISER }E(Itakura-Saito
divergence)[12]. NMF HEGLIE T B4 ATRE R T IS SIHme, 2
S AN SRS S R T T Bk BB
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Table 1.2 Deep learing based speech enhancement algorithm
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BRI logil :
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Hh 4R T RSN ESEBESHNETFTIRY, EFMHENE T
DNN(Deep neural network)JH/71E & B WA M4 L5 LT BIREEFRA
Ideal binary mask(IBM), B}l B4R Ei %k 0 BP 13X%F Binary mask HH R 5EIEFLT
S BRIk, EE LY Soft mask B9 B FREEHE H , E1HE Ideal Ratio Mask[14], Spectral
Magnitude Mask, L\ 5% FEIEE FHLAY Complex Mask[15-16]o B T Mask HY 14,
B b7t A T DA B A B S BAHE, — N EE Y log 1% (RIMRETE
Y log) [17-18]. 7€ DNN Efih I, BFESRNBESHRERE, ¥ THENER
B b 47 15 5 BB 1 4% 25 M9 [19) A I A B BR 7 52 (Skip connection) B Z5 ##t
20], SCHEETAHIE I S HARET (4 451 DNN 2t BAE TR0 A e
5 AMEERMIZE 2411 long short-term memory (LSTM) i Ti& & F AL EAT TN
FIRH, o TS B 21, BBUMEM% (Convolutional Neural
Network CNN) th, 4 1F B 7615 & SR rh REA S N ER AR 22] 0 £ TR
Generative Adversarial Networks i #ti Fi T 1B 1458 H(23], 4E O RIS HEY
AR G FITHRBINEENES, HBED ATHIEENES SARET
SRR fh, R, SR G BB MUK Encoder-decoder 45
MR, MBS BT NEES, B ER AN RENEERES, B
T HiEE R, BRI g 24
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B i B P RS P TR B DR A B AR, AR AL R — 2
HEEFRATTER RS E S (CASA/computational auditory scene analysis) . 11
B S AT VR T BB BRSBTS DRI B 25, 13
Gammtone JEW2E LK Meddis #HI% FHIAG CASA FEFEATHE T k.
SEGUBHEAME NME M FIE S A BAES, 78 NMF RATAT A B A
L BN W, i NMF 2SR, R B B A e
A R ST — YRR T (B P T A B o BT
FREYLTNEAEESAE, — MR A=

Speakerer Separation, [l FRi1E AFITHLiE \HHE

Target dependent, EFFUHEAERE, THBHEATE

Speaker independent, H#RULEAN S THULIE AR 22
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Figure 1.3 Block diagram of speech separation
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Heh YrHRFRA(ESELE t M S REE. Si, S2 A PIREBTA B S

ROt E . Bl X:

cost = Z ({pred _ output, — true _ output,) + (pred _ output, — true _ output,))
. (D

cost, = Y. ((pred _output, — true _ output,) + (pred _ output, — true _ output,))
2

. (1.8
ST RTFRAE S, A TR LAR IR AN B B0)I45(26-27):
cost = cost — y cost, .. (1.9

Hiph—ANF 1 ER. BE, AREARETETERAZE PIT

(Permutation invariant training) FIYIZ577¥:(28], ZINGIT 3 EZERA T MERIE
2 AT SR HERE I, B0 AR B EE SR MRS Z R A R
& FERBIB/NGAS, ERRBINREE. UGBS BEETRE, 1
B ARAN RN -

cost = min(cost, cost,) .. (1.10)
SEFRERE (Deep Clusering, DC) IUHE AP BT HERSH —Fi 2B
EEATREERY), VOTEETREME, BEMUIE— I IEALSES,

ORI TR M4 BUGES R B — e i, MET R4 = A A
PG T B I ST IR LR T B R, R SIS A RS
AR PR IERE . 340, 25l SEGAN ZIEFMIBEIANSH, GAN
R F T IEE A BESF 1300
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T B SRR AR ENE R, M TFAF THXM S BirEE e
HER OIS AN E BRI G, BRDA RFEENETS BRI, B
SERRAE LT B PR A 1 42 AL T B RAR BT TR R T I e i R R BOR
WA o G BRI BRI — R b R R B SRR 71— BRI SR A TR
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1231 B EBRERERE
WAL — R 2 S S IS B R . HA DRI A E R, fE
SE R R [ E BRI P £ B AR EEE AN (DS, Delay and sum) R
R EAZERFEFIB1), LUK MVDR BSER BRSS9 1 BRI .
Hr DS WARE MM AR SRS RS, 2R B&/NTHMS) fEiEn
PR R AR IEERNIE R E T, X7 A RIRRI I L DS SRR
(B RSChrE T fE, HETA RN R F A o
1232 BENFEARTERARE
BEENERVAESHE-—CSNBENEENNABERNE. HFEE
MVDR,GSC,MAXsnr, MWF (mult-channel wiener filter) 252, MVDR 22— H
FR T 1 T4k B RO ) B TR IR A Th R B MR AL T HE R A s 030, T
GSC Hif 5 MVDR %48, 7T LA A2 MVDR B9—F B BN #5245 (LMS NLMS
) WSEERS, QUL GSC FRERERA SR, Hrp b SCEE A E 2RO A
BRI BARES, T XEA— N EEER, HIRIEBRET RS E WA
(32]. HrPPEZEEMAEITTREIRNZ 0TS, AT BN GSC NE#HE, wad
Sk S f ) LMS 5355 (coefficient-constrained adaptive filters, CCAF)REHI A B ZE
b, [ER7E B IERARE RN (norm-constrained adaptive filter, NCAF)
X CCAF-NCAF £5#41 GSC i A—E & A A B @R 8PP, BiJ5 Cohen
s NSRRI TFGSC SEkgthal) A5 M A [33-34]. MAXsnr 22— MK
SNR #EMFIEB RS, AT OB AEE AR T Bk RB IR B G E . ZIBEL4ESN
JEPEEE MWEF 2—FhET MMSE MR REHE, Bt EuSiasF3T MVDR
fin_b B ERE A A IR (3510 A T B NITE R AR BRI A A ROALSS , MWE HKIE
AR B/ N T IR Z N A E T 1 52] SDW-MWF BIK[36]. {HE 18N
B, D BRI R RN S H AR AR, AR EFHBAAKRRER, ARKE
TR ROTE T e B ARiE S R BRI MR T AR A R EXREIET A
EER TN AT ZE AR, AL T SCE EXHE R MVDR SR
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sib F R, BB R R ISR B E T B AU, (B2 TR
R AR 2 (AR R 1 B — B R 2 U R B SR IR )
e, R E O — . TR R R SR, R
SRR 37390 IXETTIRHIA R BN SR B ARE—EHEEP, AT
2 A PSR B R . T R VRIS R AT LUBST Madab f CVX
TRERRAM, XA A, WS, — T EX A AR
AT R 80 28 2 AL AN R U BT TSRO B R, A R A B AL
SRS, —EET T EEEERN T EIRE . 7EE5R MVDR F, RIS
(S BT B R A T T 1 U 7 2B R , RO S BB B 1
BRARAESER, A5 ks BREEERIR . X AR AR R
BT 4. Gu Y 2 SR H—FR TN Py 240 M AR
Jrige AR B A T S ATR T, Xz Ty L E KPS EAT capon
BRTSY, KSR B AR A T AT S B AR M0 73
FE T B A S P 7 2 AR AR 1 2B R — B, (RS
AR R R TRE T, AR AR, M T R AR M Ty
W BRI, MELLSIRTASSHL,

HF CGMM(complex Gaussian mixture modeD A S [ B 1177 B [41], JBILIBL
R B AR B T 2R A BT A o BT M B, SRR AR
R AT AR R , B P A YT 2 SR N I R T 2 PRI B B S
ke, BUAS S BT ZEM B L R A S E, %
FIRAENS TSR SNR, B EFRES LEBUN. BR, PrEMTIESABES
R FHRTT. B EM B e A A EAURE R, AT E N
#414 Time-frequency mask 5 MVDR £ 377 ¥ b~ I ST [42-43] o 1507 B 5 20
P Mask TG B0, 35 B PR A A ST AT Mask HOfTHSR

RELR T E4ERE, TS CGMM T iE3R1G Bbr. BTRE¥EST
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EMETHRAGEE, (LOUEFIEEE BT Mask i, BETREFEININE
[FIFEANRERR LR A S THRAIIE L

L7518 NMF 2 —F TS BN EEES A BEE, wike=Rs =8
B H 57 NMF MR (V=WHHZ&44].  Nikunen ] 5 A[45-46]7E%
B AR SR R P B AL IR B IR T AL, T MRISERFESMAZ] MNMF
o SCHR[47-48]82 44— Rank-1 spatial model £56 NMF B, 207 BE
FAFENZSESER H=ore", HAoflRMME. FE5E independent vector
analysis) IVA HARFRRBRSLFIHEF A, %07 1k R AERF R Mic 8B & T =IREE
HotES, FRLAGEE(EE) PCA WEUERTHAE. XETHETEHTHERTA
B2 )T, R EIFRIER ARNESINE, HESESERTRESIET
B S FEIFNE, HREMAEEEITEES, MR EREREURE R.
124 NEFREMEE
Lord Rayleigh 25 A\ T 1907 E B WRAEBR Y A SABRLELA |, IRIBBET HEERERERN

FEEEAIER, HE—RIINNEE YT IEEEHIRE RIS FATAE,

VAR NS SRRY, BT 22N RRE R SE T WE B M INEE, TH
FASLEBHOERY , R4 1B E 2 . XW 2 ZHIFR N B B]H [E] £ ITD (Interaural
ime difference) FIELAIAEEZE ILD (Interaural level difference) o HAE/NF 1.5K Hz
ORI, TTD AFEEMRE. EHT 1.5K Hz &K, LD AEREN
FEBO. MARBRT XHANEERS AT, TEREEN—EEMER. FHX
soERgR, BRTEERSEEES 2 %:
1241 ETHEZERNEM
1948 4F Jeffress B YRIRH T SRR “TH &L BN TE A 24 RE MARRL 51
FE BRI AL |, 1983 € Lyon BFFIA T SRR AL IS, FHEHT
B4 PRI RS B RN BT E S A AR 52). REEBIENEES 1t
(TR, SRR, E8T T DREEHEXEL, FRITAT
M EAESE RBOEAT BN, 8T B R EAE B E(E BRI 152 ITD
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. NE4H, RoMimEEGETNPIRERRETZAER ., KinY IEAME
FH BB H B T R A A B R 2 A T A 153], HFEFIFIE B R R
HEHHE BT ) &R Mt E MABAEGR L, R RER X &M URETI
REES, NTIEREAMNER, ERERFE TRIARR. LDEFFE
Wi, ABXE SRR B AR, NEF RGN ZIRRHEEREIRE
SIHIRETINGR . UL ARG A, Braasch & AW T WHE AR ZEEA
54, IERZEF AN R TEMNEEMRE, BRAZEREL
MR SHIEE R ER B TR,

1242 BTSLEREBREHRIELL

ITD 71 ILD {5 EAMULEREZ AR B R EERRE, b EABRE
SO TRR RS T AR S &R, TLHE % RE AR T Ira N EALR,
R AT IS i S S A5 MBI T IR AT IASE A 3D ZS IR AR IRERL. X2 RN
Hm?%ﬁ%ﬂ%kl%ﬁﬁﬂﬁﬁ%%%%,ﬁ%ﬁﬁ@%?%ﬁ%ﬂﬁ,ﬁ
B R R4 5 B I HRTE $HT R IREM I — RS2 FIRHE%
FEATHRTF, 7Y%, ESChrillitiy, 3R R R RAEFF 5 I 2R 80 L Aot
17403 BIMZT T LASEE @ 2 AR E AL, AR BTN AKRESFEZE,
T @ P A9 HIRTE B 77 7E 50 R ITES S8 R IERRBIER, TR SR
A TREER) HRTF B B8 R EI 2R o

1.2.5 WEESHBEX

HEF %S H7[55] (computational auditory scene analysis, CASA) REFIHLY
T WEES R . A REE N NEH RIS ThReEs, RAEHE
SRR o 1990 48, M AIERE/R K3 44 0TI 225K Albert Bregman
HRBITRIG R (ASA) MBS, AT BARERE IR WA &
e B E SR A BN RN, ok R R B AR T IH2E(56).
Bregman 15, AHMRAETNRMSEBE W . BT B AT E

(segmentation) , £ EIRAE—BNHEFERMEANZITET, §—THT
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RETHOEAFRENEEEE. B HBERNEL (Grouping) , XML
MR TR T AR AT T A AT — . % HRASER” K
SHIEEESR CASA MERIZ BLEHT[57-58] . 2004 £F, HuG H AR T — MR
HIRE AR B E RS, B T BRI A B AR50, N, B
= g AR A B T ORI i, B AR S A BRSO
A EIFI BRI (0. TS AR A 35N BRI TK T BFRREI5A 2%
[61]. SRR IR B R HI B EIR £ 2 H B F62-63].

Dl bt e R R T B A E A TR AT, T WEL CASA R
451 545 1983 4B Lyon 324, 2003 4F Deliang Wang % AR IS F IR EALAVE
BTG, SRR SR ENEEAE, WS B PR
B. EAE2ER T R AT B S A ERGs. BFR
AT INERES, HRSRREES, A7 WENE R,

B A AR B R R F AT BRI — N U B R S SRS [66), 10 ¥
AL B TR ST R R R RE O (R B VR 2SS . B2 H RIS BT AL 4R
BT b7 2450 AR R B T 2R B T R L 5 R L SRR
W&, AT, TR RS Ty ZERER T EERRNEE, ZT
TR TR BRI AR ES AR R, R B AL TRER,
SR TR R H 28 BT T T4 BB AR 53 A0EA — R AU FDLEL %
FIG IR (Head Related Transfer Function) S64 FSUE-BUA EAKIGS], SATFFFI
PR T SRR R E e e . AR VAD %5 BT A b
Jr 245 MR IUEE MVDR 5 SV R (691 o S UL 5 TR S T LA
AIAHIES I, (R, WEMFS [ s A% — Stk Bk
G TEAE, AN FEER T A MM EE (Interaural time
difference, ITD) FIGEEZ (Interaural level difference, ILD), HH ILD {FEHH%L
H ARSI AR B AR . FIRXEWHARER (binaural cucs), —E2E{RE—K
B DCE PRV L S5 4 B A 70731 SLFP 53 PR B SB35 TTD A1 ILD (5 8
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SRR SIS KR, TR A EM ikt Time-frequency mask[74]. IR
F IR 2 SR T IREES LPS (BEESE) 5 1TD A1 ILD (Z[ESHL) #AT1EE
yTR g TRt AR S S H RN [75-76) (ERXBIEEAE T ZMA SR TR
g5, MTFWENARERN, BLTEANZERES (TDJID %), AfFIH
VR ST RO T HEAE 2 IR R A I (R B TR TR N A R T SR IR

1.3 FRXEEMRAE

AW EBEHR T WEESERE R, FRNESER TSI, TREE
A BT BT IR B M2 AR 1 T Bt B A YRR E O, IR HIFITE S 0 B
BT T AR
S— R T B RN T IR A RS AR R R E B . 44T
TIEGE SRR GRS U S MR RRE, BEEEY
AEEY:, LEEESIEEERE, WEESERERNTIFRIREST T 41k,
- ETEEEMESMARNNE, FTENECHE: ABERNTERENBEE
T LARORER RS RUs” IﬁlHﬂﬁ%i‘ﬁ9&1%1%@%5((HRTF)$D%%HEE%J‘&
GTNE. EEire, MEERFERN, BEMFCERRNEAILRIRAA
FE L R BB R BT T B &5, MR T EIRS BRI
BB
S =E YN R T RIS TR IEZ M5 COR AR, IR EH—FF
PR SE 280N R o B R E AU 7 v ZEEE T, RATESEREB T 24
HIRSER AT | HEAMT & R G4 %s, BEE IR —FhEET A T I E
SEARSENE , RN ER R A B B0 T B TIE ZE A T R TR
AR S B I 25 {2 B A A S RS AR RS B I SE 22 il T AT T EOAR B
&, ASCSRTEZ T EE S COR I EHRARNLE &, FIA COR f51HE, 4
E— AR R, VET MR AT o
SR BATRE RS A B SR T T AT, FRH BRI ERTRE
HTF Mask (FiT SERERESWITE, ZTENMOBIESIGRY, MEHIN—H
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5

MEREAGUR. W EHATERINET CGMM BEERIRE Y IR Mask XA
AT HAMEIR T BB, A SR H —FET LA BT CVA) I Mask (51T 535,
FRST I B M IV A) R FESSL AT ACA) LA o5 I3 B R RS HET )Y
ML . ARSCRI A IVA fETHH I RIRIERE, $RH—FF Mask (GITHIR, K4
RERIZIT L E R R R T RS R G E RS T .
ghET, BITEEAFRRESETHBEE, BARE—FEBRFEIMLE
M TR ANESAEBRERERER THERESAEEE T HRIHES
WL EF BRI —RTIAE, IRFERE T RRBERN TR, T\%ZT%RT%?‘E
MBI, BETE A E S, Sl — R ETREE SRR ES
NERFE. ZRGET AW, —%Bﬁj\j@i%%ﬁ%ﬂig,?%, —HANEESER
%, FEES N BERERRATF A BRA TSI EIA TS, FRF HEZRE
1% BRIEET . Z RS E REEANRIE T KRB AR B 21 40g
BEEo

FEAE, HIAHTREIN B EE R REEER AR R, RE TSR
FIAE,
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P2 F BEMEELERM
2.1 AEWTRETES A
211 NAEMS ARG SHFER
1 NAERRRSGEAE, A\FFERETEHE, FEMREAR. X+
SNE AR RO IER, TS ESHEEEFTHEL. PHA=R
W NE LR . X ST NE BEARVER, BRRSEBIROCA ERIThAE, RN tEERT L
KA S RRE ., NEREAMTHNRFMRETS, HPEREESERE
TG4y, BIEERMA S S NERHAEFRT RN EMARFBTRI(77]. T
[TTE R ag s YRR L N 2y i

E2.1 ABWERSGHRIE

Figure 2.1 Model of human auditory system

2.1.2 EiREREMESREFEEE
L 0 2 e B R A R, — RS gammtone JEESLIN[78]. HH
(] gammtone T SEEH 2R 4 H R IR N R BUL Tl

g(F ) = {t’“i exp(—2mbt) cos2rft) ift>0 o
0 else

Hrb f RSSO, | BB . B ESCNERIEL A % (equivalent
rectangle bandwidth,ERB). H0RZ £ 5 ERB — 21 TR &R [79]:

ERB(f)=24.7(0.0043+1.0) . 22)
2 F—A 8 BIE K gammtone IR 5% (TR SR AT B B o
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EEHRERER

5 20
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Time [ms]

30 3as 40 45

50

. NAY /N
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/ /A
2707 ‘*\Tﬂ"r | / \\ /’ \
E; 1810 {WHM‘V‘ & / / ‘}/ \\
§. 1188 -JUVW An g \
g i . A / \ \
5 fi § / / \ / \
£ ol ava
E 453-’\}\\/\/’\'\}[\:/\/\/\ 2 ’/ \'\// \
5 245__\/\‘ /\\‘,//’\ /\ g T \ /,/ \\ \\
. . . / A
o SN S ] 2N \
E %0 1500 2000 2500 3000 3500 400 4500 5000

Frequency [Hz)

B 2.2 8iEiE ganmtone IR HETIRAISRIT N N
Figure 2.2 The time and frequency domain response of the 8 channel gammtone filter
2.1.3 AEEMBEBEF TR
1986 4 Meddis 32 A B B4R BUS BRSO — Mt F 2 4 14 S
[80]. FTIEE40 f A2 JC e vk 6 00 2 B 40 MR 6 41 28 2R 2 1R R AT M B A2 T Rt
B, ESETIRNEEE ARG, S3RBRARMEREE, BER
hOS5FRAESHREFR, BT

A + stim(t) A+ stim(D) > 0
h(t)={ A+ B + stim(t) 7 T SHT . (23)
0, A+ stim(t) <0

Hopstin(t) RE SR EEA 1 B RRBENSERBEER. BB
AT EL— A DU R A UREIR -

2 Y-l @O - O
% = h(t)q(t) — lc(t) — re(t) - (2.5)
p(t) = he(t)dt .. (2.6

B 2325 4 HIH— A 5000z MAHES, BREEEAFISE ganmtone P
2250 Meddis BB S 0% E, WETTT L EE HET Meddis AR, #EfF5
BRI B A B R AR IR, BOE SEWRT TRRES, K0
RS AR S TLR(SIS3MA, B ST AT i
IR IR, B BRI, SRR T TR,
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B 2.3 500Hz AFRBES
Figure 2.3 original S00Hz pure tone signal

Amplitude

r r r r r r r r r i,
0 10 20 30 40 50 60 70 80 90 100
Time [ms]

& 2.4 HOERK 500Hz EE A K ganmtone WEAMHE S
Figure 2.4 The output signal of gammtone filter in the 500Hz

Fiing rte {spkes/sec)

2.5 £&5tMeddis RELTRENES
Figure 2.5 The signal processed by Meddis model

2.1.4 MEHL

SUEX T EEE A — R, KESANEER, FEAENENEZE ITD, WH
Ge B3 LD, HINpEm, DR AEROEESEE. BT AKEKES, M7
bR YEAE P E 2 AT R B AT ) 22 5 ReE 2, HWET 1500Hz i, ITD S &
%, &T 1500Hz i, ILD HEF.
ANEZRHBS—AERE “HIHN". BRRRR—MEELER, RULE
N BIEE B G A 34 P AR B i rh 25— B [ AN S e A AN EE, X
e 57 ST R () B A Sl B T TS b (R4S« TSI ALE, RS0 bR U7 RANE
b £ B SR B 7 U R R S R R BOR IX Bl T LXK A R T B AN X 7
PR AL I HT[84] o
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EEREERER

NE AL T AR SE U E OB, FERIRRIR T, NERRRES AR
AL, XEBHETAFR “HAEMB7. *F B (Precedence Effect), T
L HEERERETA, G0N REIERMTE T A LB £ 8
RAERZEANNE, BRI ANEESAEFEEMTERESEN
[85-89]. ZHAZMKIEHEATIAN “RAETT” WEMEDE.

2.2 X MERRY

FRAT A 7 VR B 2% 2 AT R B W AR LR — MRS, B R RS ARAITE R
A RS S 5 R HHE S 2 AMSE R . TSk A5 1% R BRI R B IR 7 5 2
FEHEEY MOMmAERS. EWd, RIOBATIER—RIVEMLR, T
HRTF Hi¢ a3 T U AT AT UL LB R .

HRTF 3003k BT BAEIE KEMAR A Tkl Esiiid Bin A2 A 3. |
SRS B T 20, EEWRIT RS, EBRHRIBEEZERN, ERETX
24 M3 HRTF 3547 TR AT IT . H 8T thE S 28000 B S iR R
FFE HRTF .

2.3 REERAIR

RIS R FRE S NAT SR RIS, Xeya TR AEmE, i
W, RIEREWE. E—AFEELRERE, BTXEMERNNGFE, £555
CBERED EEIE, MEASH—RIIRNE, FE—BNRAEEL. Xh—RER
8 1 TR/ B HCA T60, T60 H5E SUR: FEIRIF IR R 5 5, 75 > 3 60dB
f i TRV RR VR R I (] [90],  ERALMAD
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05+
direct path

0.4F
ZE03¢ early echoes
02

reverberation
0.1
0 L - i > ; - i
0 20 40 60 80 100

7 {ms)

& 2.6 RT60=0.25s A9 55 R phad g B [93]

Figure 2.6 The room impose response function of RT60=0.25s

2.4 WRRBEREMY

S o R B M R R — RS R S s A, BURECA M AR, [
BRI 5 R XN:

v (Z’) - ds (t) +n (t) .. (2D
== AW R
yi (@) dys(t —1y) ny (1)
v2(t) dys(t —13) 1, (t)
: = + .. (2.8)
ym-1(t) dpg—15(t — Tag-1) ny-1(6)
yu(t) dpys(t — Ta) ny(t)

o ¢ R, yORERES, sONBREES, nONREES d J9FHIA
B, BHRIEA:

Ve”) = Se)d + Ne™) . (29)
d B — 4 SRR A T SRR E A K I8, —RIEEA B T B RIEE
RN, W dR—EEEER R ZIE N EZE R, i d):

d" = lexp(—jwz), exp(—jwz,) ..., exp(=Jwr,)] 7 (2.10)
TR U AR L i L B A
. (21D

YE”) = iW (e™MX (") =W"'X
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EEHEEREM

2.4.1 FHFRE
S R B B TR AT S B R 25, #919  T (Directivety index, DI, ALK
Beampatten J 5T . FLob e 25 2 SOAHY R b S (5 18 LA LR [91]:

swe.._ |w"d|
6= —omt=_L . (2.12)
SNR_— w'R w

Hebo CARERHITEERE. BAEREE, Ly SERLE WY =P =
@%,%N®M%$ﬁﬁ%LwEm%%1,Eﬁ%%ﬁ%aﬁﬁ%%%ﬁﬁ%
#1825 (White Noise Gain, WNG):

2
74
Wt = ——— . (213
W'y
51T DIFSIIR, K 530 5 e 7= (diffuse noise) 168 77[92]:
DI =101 ‘Wﬂdz ( )
= og,, WHFWW .. (2.14
Hr BORBSNHRE, —BHELT:
r, = sinc(ﬂ‘—’) . (215
c

W E— A RAR N E S EARE T M LK, B—AEREEE 8.
| w7

‘H(@)' = —101og,, VT

.. (2.16)

P B AR, BT R

242 BEIERRIM

3E3R KNI BRI i (Delay-and-Sum beamforming)& 5 {8 B — I R RUT %,
ZH BB &E TR AN IEEI T 555 E RN —BUE & M93]. XTIk
FISEI0 2 6] e R, BRid ok, DS BRTE AR K 7= 1 2 0 M
(R X HE T 75 S i S5 SR U AN ER AR

AT REIH TSRS ST, R R R B AR R . R PR AL
o H 4 78 T7ERSRIE th DS B ITR R T . B3 MBS E R R Rl
B 3 A7 3 % 17 e P M 7, U L e iy 22 4 e T DG o 847 A B2 1
RIS IR, —RIERT9:
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wi.d

I = sinc(——) . 21D

C
BT MVDR [/ ] LA T (75 H SR B 98 28 U E O :
rd
i
d"rld
AR AEIE [ RS TE IR A 0 FE IR T, BR BRI 2 AR K. SERRfEM
i, TR SRR A ] e S T, R BIRRERERRESES
gk 488 25 R [ B T 2 (B P o — F AT LB ot A ok 42 v B g 1 B AR
=y U

.. (2.18)

(T, +pl)'d

= . (219
d*(C, + pl)'d

/4

HApp I AmEE.

5 bh— 2 [ 2 Y R B B U i 4> Z S RS (Differential microphone
arrays), 243 00 R FI— AR TR AT 4E M, BRI B A2 2 WA T L TV Y
—BrES. TIREEER RS ERM, MtpEE e, g bR, ZAZRR
FEF B 20T LA 22 50 RO 1 B, (ERREE M SN, (R 5 5 5
S EE LR, FTERU—MZN 6, REPESETREIEAR. THE
BRI E T RALE ST A BB A RRRE, FARS. WTLRHAR
oyt BB . (Dipole: «;;=0; Cardioid : ai;=-1; Hypercardioid : 01,=-1/2;
Supercardioid: o;;=-1/2 F ;=0 /c)

H, >

B 2.7 —BrESER RS

Figure 2.7 First-order Differential microphone arrays
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1T

semeenec {wpzreardioid

e Supercardioid

3 S 2
180

& 2.8 AFEERRHBHEE
243 BiERCERTBRIER
B R R R 2 A PR, T E R TR 3R, — RIUKI B &SP
SRR, EEREEERABRETIRENFAMNRESER, BEM
THBATIE], KIGRTREIES, (B2 EHENBRERAEE LR, EEEER
FETEESFRE, SEELK EIERBIREREE N BIR .

2.43.1 MVDR

Capon % A F 1969 442 i #) MVDR 38 5RY R 88 B9 — P AT B2 () B IR 5
R RLAR[94]. ZEIERI BN
minw’R w st w'd =1 . (220
AIGEE B AR AR R DB RTIR T, AR IR e PR EET
TBLAH MVDR RIS |
Rd

2.4.3.2GSC

A—RT AR SRR RN, TGRS, — M GSC S
BIE=AES: —NEERREREEFEBF), — M HEEERBMMI—AEEN
JEIE 2R (MC)[32]. Heth FBF &8 T Hs& HiR{E 5, BM B THERRMES,
AT S £, &5 FBF MfiH 5 BM RUSH#ET B ENIER, KRS
ME S, ERdREPRAFENETSE BM B, B GSC HErFRRRT &
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HEE IR R B AREY, BN SERE, BAHA GSC KFEMERME B AIER
FREER, EESRERE/NIER T, TR AEZESEAR S R IR B AR
EEMEEEFESHFHEAER, 23 GSC i £ T 3B [95].

*f”&f) FBF:[l 5 % HOY B4
“!:: > BM: gﬁ%ﬂgiﬁ %g
x(0) MC:Z B AT TH &
| FBF | jyr—7 dk-0Q) il
> Z by
X, (k)
| v, (k) MC
¥, (k)
BM "
}’;w—l(k)

A 2.9 GSC SHIHER
Figure 2.9 Block diagram of GSC

2433 LiBEHENIERRE

LIS AN IEI S (Multi-channel wiener filter, MWF) /&% MMSE #EM#7 H
ERTES, Bt ST MVDR SR BEAS I — A BB E SR Ik
MVDR,GSC #BF] AR AR %2 BB 4EghE i 3% (PMWEF) HI—FFIR IR BL[96] -
BRI E 5 9:

y(t, £) = O, 1) + 0, ) (222)
MWF 7533 T MMSE IR E S R R E

W = argmin Ew’y — x |}
o gml \ Y | . (2213)

BT BINE S de BRI A HHI RORET, MWEF Eikilid 7e i/ N5 mZE R
AT IAEF ¢ B3] SDW-MWF Hi4[97-100], iZEVERIHENDy:

”{?DW—.WF = arg mil’l E{'W”X B Xl} TH ‘Wﬂnl} .. (224)

AN

/

HI# -
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EEHEERER

=[R, +uR, ] Ry, . (225

”{S'DW —MHF
2434 BAEREERTR
B £ 18 LY SO AR 14 B b0 P T R R K ROV T R R R I [101]

{EFREEL T PLE XN
H
s _ ¥ ARSI . (226)

XX

n_WﬂW

Hr_ RBRESHMYEEM, £ RTINS0 ZEME. SRR

92 R T BT W RCIR,, (TS (4 KRB
%22 AREUTHEEEBEE

Table 2.2 Multi-channel filter under different criteria

CRERNMBRK

e

TH XX

2.5 MM ERY
o ] — SR 2 T M, B RS T B T B R«

i S bR
Pt E

Toe

B 2. 10 #HSMEEREH

Figure 2.10 Basic structure of neural network

EHERBIMENSES, —HFEEE LABRRM RS (cost function). BijEIE

23



i IE S $UE %S R M EREEE AR ERE M P RSH, ERMEMES
B SR EERr. FRNSERENEFEELRE: IHREHRME
P4 5 g R R, BRI/, EEIREET LT 2 MR sigmiod B
ERBIRE AT 1, WE): SlE GRS RE GRS, AR &R
i) FARGEEERUIIG, ARRARBRRSES. XERE EEHEN
W AN I (WERENE) FrE.

oix) do{x}jdx
1.04
0.8
0.6

-10 -5 [ 5 10 -10 ~5 o 5 10

/2. 11 Sigmoid BIEHHK (&) FHMIH ()

Figure 2.11 activation function of Sigmoid (left) and its partial derivative (right)
W62 Hinton 25 AXTHZ & IIBE, SEFENEMSRIIMAIARE, Xk
SR WEGE RB0IRH, 0 Relu, PReLU , ELU, Swish &%, &3
BOE R B AR 8:

#£22 AAWRERREARRSE

Table 2.2 Different activation functions and their partial derivatives.

BUEHE AN "R

1
1+e

Sigmoid (x) = (x) = Ax)A-fx))

—X

RelU (x) = 0 for x <0 | £lx) = 0 for x <0
a x for x 20 1 for x>0

PReLU £lx) = Jox for x <0 £l < Ja for x <0
x for x 20 1 for x 20

£0x) = {a(e"—l) for x < 0 Flx) = {f(X)Jra for x <0

ELU 1 for x 20

X for x 20
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EEHEERER

X

£ = Foos I

X 1+e&*

Swish x) =
1+e

B T BoE R EGE, — RAIHHIET LR R B R K SR BT RS iR
XEHEFEMRE. BINTEHER SGD, HHEEEHN Adagrad LK ESHK
W M &N AdaDelta/ RMSProp. T Adam M&5& 7 L BT, #—
WEhE, —WEELe, TR E A EROSER .

ARRB, ERMENBIFEREN R, SHASELVIZRA . RE
22 5] SR A H I B ZRHLE (2006 4F Hinton $&HD. AR — RFIFTHIEE &
¥: ReLU, ¥R EMMEMLITIE, FORARS, HHOPELEHETE (Bl
BEHLE 32 588 Dropout, EMLES) BHISHER k. FXEINEEEAZN T#
&1%2£H@%E?$ééﬁﬂé%ﬁ@—%$&: B Wk, SRIA. XEHHER I
WEE BRNAEHENERE T ZHEA. |
WL DA IR A2 4% rh IR Z ML 41, SREEGELEFEH
[ CNNCEFIMZ M 4),15 & BT & A RNN(TEH 2 M 4%),GAN[102] (4 AL

PREANGESY
BEERERE IR, FRATHASRL B CRHREEITRERY, T2
FEUTILE:

Tensorflow: HIAIMEY, RERFERAREN—E. Tensorflow KILRZERE
HAFEHK, 7 Github ] IR B K &M E I WH S

Keras: Keras T python 4i 5, J53i A LA;Z TensorFlow BX Theano, ] LA NZTE
Tensorflow &M T $E. SENIHE tensorflow WEANEFTHEH. Keras HiFE
R, FERAFRR, ERFERE RIERGR .

Caffe: Caffe £ CHHIIRE ¥ IHESE. H Facebook HEH . (LHREHR, EER
/%t RNN 3255 . B AMEBIE BRI Facebook # Hi % T python ¥ 5 H Pytorcho
Fi R — TR R AR TR THRAE SR

54k, Matlab 2017 fRASHHTHE T SR EE S 3 BT B R BT

2.6 HRHBERIOER
BEEABR—MERNRY TBRIS” FENE. WE 212 FR, EEE
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SEAEST, BPEMCEDRNEMNLEERES, KEHTEEEINER &1
JFRIEFE IR RE[103].

[

Figure 2.12 The system of blind source separation

— AR R R (BRRTRERL) W LASRIRON:

ER
ey

-G

y@) = As@) + n(e) . (227
5 R [
BACE a1 Gy an [ 1O 7 [ )]
y2 () Q1 22 Gy || s2(t) n, ()
= S ™ D WG )
Yu—-1(t) Ap-1,1 Am-12  Au-1N || Sy—1(T) ny-1()
Ly (t) am,a - Ou2 aun L sy(®) 1 L ny(t) |

by AMRES, A NESEUEE BT M IEBEREL n HEHE. MAZE
EREE, N AFERE. HESENERRE MR SER B, REBEE
AL YRS T, 24 M>N B B AT LUBEXT A REZERIRE . SR EE
ke B RARK— AN TERLHE M (Independent Component Analysis,
ICA)D. :

# ICA "F— IR B BB & AME S RIS (0 B AAER T 4 A . X RHJ9 ICA 1
(I — A EAE s B T AR IR B L B AN SIS B R ATIE AU A R T
. EZEEMERLE, RNEOTEE, BRIEHEHRB S5 Y Mt hE—
ABITEVR S, BY HATAT —A S #REEHEE R 4377, BRall BY 55T S, BTELICA
B AR AR WY S S BABRAAER . XA RERE, &4
EEMIER TR ICA fiHEkmxs. BREERFENSHEREFLUTIL
. IEREE/BYRE Kurtosis, KL BU¥, 1%, Hf5EE (Mutual Information) 5§, A
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ETHBERER

RN BB EE AR EERAR. FEHT ICA 2, FEFEFM (Principal
Component Analysis, PCA) #{THikbHE, PCA —HHATHIERIRELE, R
MR, AT AR, AT RS, TR, —BRAM
B, (Frequency-Domain ICA, FDICA) HZE#TIEEWE 7. FDICA HEAM
AN BE—AMERNAREHEESNRECTE), XA HEE ICA v—KE
BEREREANFENTERN 1. F-MUEEARE-HF R 8, S raEEE
F, RITBE—WIBIE bacch)EES, HEZERTHEWES. M ICA 4T

FHHE—#R, B—AMECRERITE. RE— R FIME ST FIER ) R R
W, FEFERR—FESURE A, SEFA DOAFE. AT HIEMER
Sk, ICA /7 18, —FFRAMLFEAHT (Independent vector Analysis, TVA)
R ARBEIR E[104]. TE 2.13 i IVA A EAER, 7 IVA §, BEANIMEHE
H—ABAIRERR, ZITEABRRT ICA RIHEF R

o R e A 0

z il = A L 5 _ X
"21; 1 %21
R = e T S I g o
Ve lz’,zi,;E _ A, £ . X,
08 I N ool |

o om b o o s e o i 2 0 e e PR T Y

A 2.13 IVA £5#giER [105]
Figure 2.13 The structure diagram of IVA
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WEAE SRR ET

EI3E WNEERMMHIE

31 5|8

EANEMV % RS H, ITD M ILD #iA VR AE ALK R EZHE.
T A 22 BB 52 A BLEE PR R ARE 1TD, B F GG S, 1TD E R A i
ILD HEAE /MY E. frbl, AZEESHEWIE T K ITD it BT #4105
. ITD it R B —REERET Jeffress B, ZEAE AN
R TSR, (R R IR EIA ST, MR IR A A MR IE,
4 7 75 I B 2 B 7 A T AR PR S — N TT R I BOE R S (7 A YR ]
2 1

HJCho

N Jeffress' Model {7 )

i 3
2 4
] o
3 3
N 200 I PSR
. 5 1

Left Auditory Right
Tract Auditory Tract

B 3.1 Jeeffress B [106]

Figure 3.1 Jeeffress’s model
HETFZHE, KSEERRELY, P RSHEELET TR LEHEXNIEE
[107-110133E4T B 2 f i, X KT VATE SR A TR IR 75 () 3R s T A B R
HIE, ERENENES R EEEFEY KRGS AW AR, EXF
AT, E8MTEEMIEEaRM. T IESIRMASE T e CHERE, —
o “ A SR RAERL ” BRH . PRSE SR AR N EAEVRMIFAEE T R IE I B S Fl
ENE R B Ik AT P VR S AL T 2 0% JE IR S M TR [111]. Jie huang FA$
Hy T — 2 S I 4 BEAERS [112], AR AR v ORI s B0 B o o WAL S R A
B ANEAE SRS A, R A A A B SR B AT B S T (H R
K TR 7 PO A I B LS R, TIN5 DR ek i L B8 OUAN R, X R )
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B IR 3 SR

TR E
Martin 25 \ 38 B 54— AR R [113], IAE B RS Zurek BB SE L TEZR AL o,
HAE R A RERARSE, AEET Meddis BAMLRNEIS0], BEE
A PR S A — S B, BB A S e L X E SRRt
EREA . U AT R R R R R, FLM IR T et
Fodl R — A .

nstantaneou:
2 o e e
" Ti " .
A Localisation/ J—q Average Perception

Laterafisation 5

Penpheral Cross-correlogram g

Processmg}( -

Hy " H 2

e inhibition | [ Perpheral { ¥ Onset * aeo L B

- Detection © i 1Processmgg Detection mh'bmonz g
() by

B 3.2 Zurek ## (a) R Martin BE (b)

Figure 3.2 Zurek’s model and Martin’s model
Faller 1 Merimaa 25 A\ 32 th—F (O3 T SR SR AR SE BUR R L [114], 24K
RUPEAGA TP B — AN ELAH S BR 8, F FAR o R B0 KA AL O ALK/ sk
BT I B, RJE RA RS R F Rt AT il vt i — 20
= %?ksﬁtl:m%% T E a5 R E MR BT RBR R [115-116] REIX
SR RIR M T — RFI K07 5 T AR RS IR ECE AE 5, (R ERR A AT
RESAESRER SR, BAEERERE GRS,

500Hz 2000Hz

AL [dB)

. e o & i i f i

— e =7 % g e e st o
g of ¢ = E b - 1 £ Zrog i3

& p .o E PR };- < i % koo d

N L i3 i it e FE R i
; HE: ; & A =
gL F 1R A K D gt %
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B 3.3 £#HEEH 1C(h)S ILDE)R ITD(F)ZFFRE
Figure 3.3 The relationship between the IC(upper) and the ILD(middle), ITD(lower) of the

narrow-band signal.
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XU B ISR SRR L

BRI EERN T SEE S R ANSEFEE S, FRXT U I R&m
B, WMEE TIESRTEE. AT REERRRNEE, R FEERE
T—AFIREYE. SR ERERIGE T R EAEE: ETRRERITE. &
TG R v TR B 2 ST v . B T IS AR AR A R T R —
B A R AR T, TV B ) R AR TR S A SR SE B R
F T, BT R LA R I \ 5 S E RS, FTRARRE SRR —
ERRMINEERE, ERNFUNEES RN, BTERRBERD, HRBRE
R 7 i M A B A5 B AR . BTSRRIV M A 405 B R T
E TR S ARSI, i TR e A%, IR BRI ROR . BT
REF B B SHES, S SRIAE S S SN ES
S 45 1 2 TR O R

ETHTREWERMNE TEETELAMHEF DL ZHHA
[117-119]. SRR T E B EREEF{ESERMERRZ AR, T
1 B 2 ) 1A I S B TN G VR L 5 U0 DA D R R AR T B O R S

(diffuse noise). WA 3.4 Fi7r, EREGEHS ARIERED

05r
direct path -

<
Ta

early echoes

gnitude
o
Ll

A

202}
reverberation
0.1+
0 11 48 i i " i :
(¢ 20 40 60 80 100

7 (1ms)

Bl 3.4 RT60=0.25s B 55 Bl R (93]

Figure 3.4 The room impose response function of RT60=0.25s

YFHA, T CDR (Coherent-to-Diffuse power Ratio) HJYENAHIHIE RS ZH A
[120]. Marco Jeub %5 AZEMSBEPI AN 22 T X2 (A1 B0 i SE ZZE () 1 0 1 5 i — b
& CDR ffi+®%, BEJ5 Marco Jeub 5 A\ XER R AL MIENEEELT, &
IR UL — A SR EZ A SRR E T RIRGAREERK CDR &
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[121]. Schwarz % \JC 3 T RIARIL BIFHI—RFIH CDOR Flafhit &%, 2
SR R (5 BRSO 5 B v B [122]. SRR 5 R Bk AR BI R
MR, $ P XU ORI T R [123]. (R EAE U TR,
KA B A o IR R T R HE 2 B A BT IR T TR, ORI
BB HE 2 £ o 2 R — R A

RSt — B AT R S T2 A PR S A” B, A RH URRE f
SRR . RENEEHI T SRR AT ARG SR, A
AT RSB0 CDR (i IOE e AIiR: B RS E AN BT RITR
T, IR T TR I T LR CDR (it 7 SR WH
SR BRI BRI A E N,

32 {ESEE
AT S A S R e S B

x;=s5;(8)+m(®) i=1Lr . D
H  FRFREA, @) T (O BT EFREEMTHES . LRS-
X, Aw =S A +NQAu)i="Lr (32

o A M 4 B R WIEOIR . S I 1] A SR T R e SN
Txuer (A1) = Pacier (i) . (33

VPx1x1(ity Pyrxer (Aoit)
o Py Proe(A,00) 50 B XA, )F0 X,(,p) 9 B THEAE, T Proxr(pe) 9 Xi(Ap)
M XG0 EIhRE . BT EAKN:
Py ) = a- Prixi(A— L)+ (1 —a)- X, LW i=Lr . G4
Poxr (A1) = @ - Py A — L) + (1 — o) - X, (A, X7 (4, p1) .. (3.5
HF a FAEABIZ A IE BT

3.2.1 BEBEATSRENETRE
A RS FEE TSN T, EENETREE X8

Tiear (A ) = e/ 75" . (36

BARXRITA:
iaear(h ) = cos(w - fs- 1) +j-sinw - fs-7) . (3D
Heh ¢ REAERRZ AR EZE, BIEAE SR A T B BSE A A R A 0 Al
Real = cos(w - fs- 1) . (38
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Imag = sin(w " fs - 7) .. (39)
BATR AT R B EEN 1.
ITigea: (b i)] = Jeos(w - fs- D)2 +sin{w - fs-?=1 .. (3.10)
T i o7 R 2E T S AR A R B SRR R 3 . X R A 22 ST RURIEE Y
0.255m, EREZRN 16 kHz, HUSEN 256.
12/fs (s)
1p,~ ,—:—. ,—\,—: ‘,»\y,—\t P ' - —real
O~ . . —— imaginary
al B s n ‘ ‘\;er' : ;-;.r
0 50 100 150 200 250 300
Bifs (s)
1 e, N real
0_,/ \‘\ /// N \ /‘ NN ,,4 imaginary
Al e - e /\,; r\ ,,,,, X 'r
0 50 100 150 200 250 300
0 (s)
15 : : T T
1 real
os- /T imaginary
0
0.5 : : e : :
0 50 100 150 200 250 300

& 3.5 ARENE T HEEHTRESES
Figure 3.5 The Real and Imag of the ideal coherence function at different time-delays
3.2.2 CDR &I EAIEICEA
BAVER—AFEESEFRNERR AEEREE, LETNREESES,
WA -

Pslsl('l;;u) = Pgrsr()l“u) = RS(A;[L) .. (3.1
Pt 1) = Popr (4, 1) = By (4,08 (312
le:’d (A’ y) = erxr(l:#) = Px(l,;z) .. (3.13)
P(Apw) =PAw+P 4w . (314
AP (A, OHIB, (A, w) 2 BIRFE S MBI B Th=iE, AR5 CDR E308:
_ Pg(ﬁ,ﬂ)
CDR = PO .. (3.15)
XE:
— Pslsruuﬂ)
LW =250 . (3.16)
_ P atnr (10
LA u = TR . (317

HA L, ORI, (4, 1) 5 B 95 S MRS TR 4L BJEE CDR € E08:

Iy ()T (A

CDR = (AT

. (3.18)
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& 3.6 AXETHTRRRREEHILER

Figure 3.6 The proposed coherence based binaural cues selection system

A SCE R SRR SR I E B FTR, BRI — A RIS R O SRR AR A
skt B S S BHTIRE, MEXTRAMMERE ST 1TD i, BE/EfETHaY
ITD Bt# CDR {5k, #ATH RIS

3.3.1 ETHETREMIEETR

FEASHT HR R ATTHR ) — bR AR T B S ST R R R A I AR v Bk . — N TR (E
B SERE P E R R R EIEAE 3.3.1 iR L, A5 A (K-Nearest Neighbor,
KNN) AT 2 4T B JE B R AL 45 R AT « 78 3.2.1 Frh AT T EAE LR
TAEERHETER, FEHER, WEHETRENBEES 1. AT, EKPRHER
T, BFREASFEETROEE, E8MUHTRBEEN 0-1 ZIF
f%. Faller Al Merimaa & A RHEE i@ 7 AR T B BOREAT (5 5 AT SR ERY
HIWT . ZETERER, BAURH U TRE: B8N, WRETRHEE
FR R U 76 12030 5 I BLAA 7S o 5 S AT AT e iR . AT R A 5 Faller
Merimaa 5 A [T A X B2 A BLE SRS T ISR 8L, LB R T
HEE., BT H/MERE MR EDREETEER MR AN R EEIET YR
WE[124], FH B R ERE T DR R UM ERR T R RThRIE[125]. 2
BZTERE R, RATIRE T R TR A TR S, BT &
HORLE KNSRt 8 B0 A T B BBk AT

_ (az-Peak(A—1,pu) if |Txix2(4 )] < [Peak(2 -1, p)]
Peak(4, 1) = { ey -Peak(A—1,1) + (1 — ay) - Tyyxo(4, 1) else

SR, BHTIRE TR H RN T BB E R T R R E R, XN
BN EIAS & E AR E R,

. (319
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3.3.2 BIEEGTTEE

TE SRR IR AT, RATE RB I N EENHETREE, ELTNFTE
St HE T RBUHATIRE Y, T A KNN Bkt T4 R

B 3.7 EEARKIER, BEAR 3.6, RO LRGN RN TR T REE
FAT R B SCER A B ER . X &350 R AE A AT LARI A KNN BEAT 22, KNN 72
— A ST, BHEIEA S AT . BATKNIEE (-12/fs 2
12/6s) FHRISH 25 A3, ERAN KNN BR$, K BUER 25, KRAES
(Euclidean distance, EU) #52 SCldvE . FELLTRIM B, BATE Sk
B BB N AR BB, 28R R A R AN I8 T8 TR AR T B
¥, R 33.1 HHITRIEETERAR M Peak(4, 1), REFIA KNN #
Peak(A, 1) 5B LMAIILES, 5 HRENTFNE.

fot Real Train
ifferent .
time delay | eJ'a).f‘ T the
. bl Imaginary model
A 3.7 R
Figure 3.7 Offline model
X,(m) > VW1ndows+ > X0 |
FFT »
___________________________________ o xix2( 1)
i + Yo,
Xo(m) > Windows > X .
FFT
T T Y | Poak(i )=, -Peak(-11)+
<] >|Peak(d-14)| 7 /—b i e
\l\l (\lﬂ)l [Pea ?/"#)l (1-)* Taxa(h)

v ‘

Peak(hp)=a, Peak(l-1u) (—p ¢ " 5 06 Praginary pars

A 3.8 ZELTH

Figure 3.8 Online prediction

3.4 CDR {3+ ¥3%
7E 322 g, TAHES T CDR HIfETHAR:

T () —T(Au)

CDR =4 G Tt

. (320
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SR M HE

~ EAF CDR AR PEEFEAET AN ESRENEE, X THFER
EZMIEM, Schwarz F1 Kellermann % A2 H —Fhsusk EvE[122], Z2E &K
—AMEBIE T e7¥=r, FeLAFERE CDR AR

2 (T —Toaxz)
CDRpos-dependent ﬁ&;—gz_; .. (32D

EZET, K%K [TDs /55, Thiergart 25 A3 H 78 5U8R A i i 4
FI{E Bk ITD [124], BR 772" jhiy CDR ARALARIARA:

CDRThiergart =R r_ﬂgﬁ_} .. (322)

€ lrxlxz —ejarglxixz

CPEHARKBER ITD (58, SEARARMEEHELHE FER, A
SRR I TR A5 S OWRE R AL R T 4005 BIE B IOMIAL. Schwarz A1
Kellermann 25 A2 H—Fh sk g9 TR fi b+ 5235 122]: '
CDRpoa-independent

2
FnRe([.'xle) - lrxlxziz - \/rnz (Re(ifxlxziz) - l&lxziz + (rn - Re([.;clxz))
B |Gax2l?—1

.. (323)
FE[123]5, XUE-# CDR ffii B¥gig i, HAr= SH0AE TR EEE T ITD AW
SUEL gt e 75 4 T B BRI B Lindevald A1 Benade 25 AN IR 8[125). {EEFEIS
ST T B BB FNEER TR PESQ 413, 4RRWE ITD FRCHIIKHT
CDRpos—indopendon: HEBE IR BATAOAR 45 3.3 HohBATEL AR —FH &4 ITD
(EIFEVE, BIE 1TD EBRATAT LB BArE ST R T0XEHE g
T REERAIFE RS Lindevald 1 Benade % A RUEEEL :

[Binaural _ 1 sin(44nfd/c)

" 1+ (rfdjc)* 44nfd/c
55, BEATRENBRESHTREERANBREHIARF:
| GE e — Lyag)
CDR = |51 .. (325)

B I, REEFESHTERE, RTINS LT LRI I,

. (3.24)

3.5 LM SIS

3.5.1 ITD {&its£ie

AL, (E5RREZEN 16 kHz, FFT BECN 512, SIEWZ A ESEN 75%.
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97 VP LR TE R YRR [ T RO RE, FRATH Image BE[126]72E—4 4X5
X3 MR, EHEFUNETRRASLAE, 25 REEA 0255m, FESEHER
d L BEEE N 1m. JEMET[E] T60 4352 0.1 2 1s (45 0.1s Jv 1 [AIf@). RATEL
7F IEEE BB BE[127) P i A IES(E S, R/55 Image A=A 55 (0] ri el
MR R B, MA—EEWRE (45129 20, 10, 0dB) HIEEEE G, RERE
HE T RIS S . 2 FEoiE s S E T 5 E R, AR R 2 s A O
RIBYN Im, EHRAMESSEEGEEN 1.3m. ZXEENSHIE 3L
231 AXHESHK

Table 3.1 Parameter values used in implementation

S a a; ) d c
g 0.5 0.35 0.95 0.255m | 340m/s

A BN TG EES48K PHAT ALK X E MR E
(GCC-PHAT), Martin [ 563 RAER[ 11311 Faller S92 T IC HIBLAI[114]. X7
AR SE R SR (B4 S H128)51 T 3.2 P HRKSHEALEERF .
37 F B I (E P VR SN B0 RdE, RATRFER B T AR H 85 18 (Without
Peak-tracking) 5 5% F W {B V-3 (Peak-tracking) 145 3 o i AR A W B P18 B R 44
HES: EERA KNNSERAAR 3.3 AR AT R TR EZ R
3.9-3.10 PN RTe=0.6 s ,SNR=20 dB {44 F, G—Wif¥ ITD it 45 R .
HE 3.9 NEAFEKRIEMLE R, B 3.10 83 MERIETESER K, 4
& ESRFLFEITNE R, RAESRRNRELLR. B 3.11-3.13 FrnA
£ SNR=20 dB B, 7N [/ (VR Ml BN 1] B39 IERRZR (100 4 i54AD), K AR E
F0 (B RELRSFHRERFA—H, MANE. RN, B 3.14-3.19 B
725 SNR=10 1 0 dB A {5714 IEF

Db 25 SR B 24 VR A ] 38 I B A M b PR, 5 (S 45 SR 2 B B 2 AR
3 SNR JE #5785 (SNR=20 dB)BT {fit 45 R EEZFNRMKIFEH. MWE 3.11-3.13
T UAE H e 25 IR i 1) j 3, ALV IEMI R 3 T 1, HP 3T PHAT Al
B SUCE K 3575 35 (GCC-PHAT) R AN S F I {7 (Without  Peak-tracking) B 77 ¥
2R MAE (A B 52 ™ B . Martin A1 Faller {9 “fRAGR0N 7 A ERA B TR 1E
Hi%, H Faller BRI EIE L. MAREWEEEENTHILEE, LRER

36



BRI

A 1] 75 F- 500ms B9 . 72 SNR=10 dB i 45 5 5 SNR=20 dB i 45 KA.
% SNR=0 dB K, W 3.17-3.19 FiR, (547 IEMRIEKIRMA F FHRE
BRETH, TASHEEE &% FHRT L.

NT E—S R EETER, ROTARRAEETATEROBTRRE
(Root-Mean-Square Error, RMSE)#4T 411371 F & 3.3 #. H Proposedl Hl
Proposed2 43 B X 3 7~ % i e {5 7 38 (Without Peak-tracking) 55 3% F U {5 V- 18
(Peak-tracking) (IR SEZ G 7. MEIFRATLUE HERNEZER 0 i, A&
BN 1 0 4 SR o LI VR T i A5 e L RO PR AR, TR 7 il TH S R E T 1%
(E 2 A SR H T VETEAR fAT 464 T IR 44 B8 R AR AY RMSE.

K32 RAERMREGERNSH

Table 3.2 Parameter values used in precedence effect models

R HUALE g 4= HE
Gammatone filter and Inhibitory Gain=1
Martin 32
Meddis model Inhibitory Time Constant=1.5 ms
Faller Gammatone filter | 32 IC Threshold=0.5

1ffs (s) 1ffs (s)

1/fs (s)
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10 :" = U p— cé.’-t..
at® & . e “ afl te -.. Soe,*t
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With Peak-tracking
10 Gt - =2
0 50 100 150 200
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....—Lwl —L. *L L ] L_ ~l.“.
. r Voo = Ay mf P R
L ® = * ' .

0 50 100
Without Peak-tracking

Frame number

B 3.9 MEREMER

Figure 3.9 Localization result of single sound source
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1/fs (8) 1/fs (s)

1/fs (s)

GCC-PHAT
18 P;-"L*-“hf_fﬁfl;“.-ﬁ% AAAAA -'»--i:-—mﬁ-k ————————————— -
e T TSR e e =
.. ® - e o ots e g %ﬁi. = ‘. Fos P
_7 3 & o oe—@ P "; oo - P—— . &
r L r L ld ®r
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Without Peak-tracking
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Figure 3.10 Localization result of three sound sources
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Figure 3.11 Average accuracy at 30° and 20 dB SNR
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Table 3.3 The RMS error (in time-delays) of the algorithm

Teo Algorithm Time delay (1/fs 5} SNR = 20 dB Time delay (1/fs s) SNR= 10 dB Time delay (1/fs s} SNR=0dB
12(0°) 10{30%; 6{60°} 0{90°} 12(0°) 16(30°} 6{60%) 0(90°} 12(0%) 10{30°) 6(60°) 0(%0°}
600 ms GCC-PHAT 6.33 543 4.76 124 7.37 647 478 1.66 913 839 5.00 1.69
Martin 471 447 405 101 6.31 645 452 194 7.67 763 5.57 1.63
Faller 417 463 376 0.64 6.28 620 354 171 155 6.93 447 1.60
Proposedl 5.66 5.09 470 1.15 1 643 4.80 185 825 73 5.16 1.73
Proposed2 347 292 159 058 4.84 4.09 274 0.85 534 515 3.18 0.96
700 ms GCC-PHAT 697 6.59 551 127 7.38 731 6.09 1.82 9.57 7.37 6.78 1.83
Martin 5.92 493 337 121 6.02 6.12 6.07 1.72 893 6.72 6.22 1.89
Faller 5.86 5.03 3.15 1.14 512 6.18 4.63 140 8.65 647 6.05 1.51
Proposed1 6.67 5.50 385 128 6.34 6.58 553 1.55 8.87 6.69 6.58 1.61
Proposed2 3.90 314 161 0.85 485 4.77 358 105 6.19 581 449 1.17
800 ms GCC-PHAT 7.55 657 5.66 126 7.76 7.05 662 1.84 9.61 7.98 747 1.96
Martin 6.71 560 4.14 1.12 G.84 6.99 6.66 173 9.06 1.7 6.75 1.87
Faller 8.73 5.62 403 1.18 8.75 701 591 147 917 7.06 6.15 1.76
Proposed1 630 5.76 474 117 7.88 726 641 147 823 7.81 8.58 1.83
Proposed2 4.28 402 253 1.06 536 504 4.01 107 6.53 594 4.80 125
900 ms GCC-PHAT 7.65 7.05 568 149 857 739 6.80 1.86 9.70 7.98 6.95 2.09
Martin 7.08 6.59 4.38 136 7.69 7.59 6.65 1.76 8.78 8.00 6.03 2.23
Faller 7.21 647 4.21 1.38 7.44 7.40 6,11 135 8.49 794 5.48 1.97
Proposed1 755 6.55 492 130 8.15 756 6.12 160 8.81 7.66 6.20 195
Proposed2 5.90 543 284 1.07 6.05 548 4.16 126 6.89 620 4.88 147
1s GCC-PHAT 8.65 7.60 6.09 1.38 8.96 8§45 6.92 133 9.95 897 6.98 221
Martin 7.65 7.65 4.39 1.33 7.60 8.08 7.0t 1.88 9.09 844 579 203
Faller 730 730 431 133 7.71 784 6.15 1.41 8.85 7.56 5.36 1.99
Proposed] 8.00 732 475 136 835 8.07 8.18 144 9.10 7.75 6.26 1.98
Proposed2 6.18 6.02 296 112 6.34 6.04 424 134 7.07 645 4.88 1.53

3.5.2 RN scig
1 3.4 TR ESANE T CDR it EEMAE, % CDR fhTHEME— 4GB
B2, HUAT DL SR m 0 Y 3 25 R 2

_ [eorGw
G ) = /———CDR(MH . (326)

B 3.20 Fra 9 A SOt TR A — AT, b LT R e S
B, BARAEESERT —AKE 180 E HRTF[129]FEM{E S, & FHA
AR S VB S5 S « WIS T A 85 B A SCE SRR I B R T RS T R A3
. AT IEZREME - DHERTN, FAIFIA Perceptual Evaluation of
Speech Quality (PESQ)[130]4 R VP A~ 5] 19 CDR fl it R HHIRIL . PESQ &2 —
MR FEAMESRERMITPNHEE . WHKEMEIEELE Aachen Impulse
Response (AIR) FE[129], ZHIBEASEST —HAARES (Im, 2m, 3,m) ~FH
FARE (90 B/ 90 &) T HWE LA L3 R H (HRTF) . 44555 51%E A [EEE
ERIEE38], ZEEM EARR HRTF, RBREHNEES. RITELTEER
14155 (Unprocessed) 1) PESQ 433, ZRJEALH ¥ (Proposed) 7345 Schwarz
1 Kellermann % A3 H B9 AHH ITD 15 B9 5% (Nodoa)s FUKH ITD 15 B HJ
CDR fit 773, Hi ITD it 73E 4 59: GCC-PHAT, Martin %R Faller #
#, & 3.21-3.23 i R A E TR (100 &7ER)D PESQ . i MAE
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Figure 3.20 Time-domain signal processed by our algorithm
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Figure 3.22 Average PESQ scores at distance of 2m
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Table 3.4 The average PESQ scores in all directions (0°-180°)

Distance | Unprocessed | Non-DOA | GCC | Martin Faller | Proposed
Im 2.32 2.66 2.66 |2.71 272 (273
2m 1.89 2.06 2.07 |2.11 211 | 213
3m 1.77 1.94 1.88 | 1.92 1.95 |2.02
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fEA S, BATE IR —F AT BA A RN B, ZEEEN —FiE
(V8 NG AT AT S BN, B S PR (TR R A T R B U, SR
TR IE AT . oI REN TR B TA SN 7. BE /T
W ZE 3545 Bl T CDR {E/8A . S5 2% R W% CDR {4 it R BB T 57 1468
5 EN13 B = PESQ 773K
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B4E WESEEZRESTHBEZ
41 58
SR’ FAEE—2HuEEAREENEE, e WREES FEE

B2 TE 3 AT LA £ AT e SR A7 BRI BB R R AR E B IR o N 457
TAEWEN 3% REEAMEES o T oA A, — RIS
et

WRTE R B BAR BAIES A BER, BTk A a AR E IR
GBS B/ MR, XTI BRI RS A& S A &
Vi 22 . PRIGRT H: SUAT LAS o B e R T S E B LR T e [
EWIRTY R AR FIIERAI DS, Delay and sum)FEHRFEHK ZE 57550
RS, LAIRAE MVDR EISERE FSRGRIE BRI M. XL EE R RIPAL
TR S R e HEE AR/, (R, EE R RB BRI, BRKE.
HENBEEF RS HRBE SN EN BN HENE. Hh e
MVDR,GSC,MAXsnr, MWF (multi-channel wiener filter) %%, FEIFHIR,
DA X SR I HE T 4 B HH 3 2 2, R BT B KR XA, Fl%%?é%iﬁ
(13 3 SR 7 EARIE S 2k EUAMA R A 174 LA TR« BE RN T 2N EH
H T nge 75 B bin T 2 R I LR = ) [ B R B

B AR R AR S A BT BT AL 5 0 (Independent Component
Analysis, TCA), fEGRIIUE ICA BRI BRIB A : FREFIEESHIHE
ECTE) R S, THEHF AEES S EPRA, & ICA AER
BAREESIE A TS B IR TT , B EITEE T H—E RN T A SURUF 5 L5
HfE—#, B— USRI, H T Fk ICA HFF AR, —L7 kiR,
o B SR P AT R A P B S (M R 131-133] 0 53 S SR NIVA B AR TR
35, ICA HE 5 I J7 32 J M7 ST (Independent vector Analysis, IVA) Hy$Z
AR [134136]0 IVA BEAFERAER— ARG IR, ZITEARMMART ICA
S B AR R Y PR B [ R
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HT W E AR RS E—FENE T ZERANEE, RERER 1TD
1 ILD A IR AT H, FIFE XS SRR & (1T Mask[137)0 TR, £
F MASK G- SHRU M s A 10 BB R, Mo — MR
. ETF CGMM(complex Gaussian mixture model)f) 5[ A B A 1 /T EE[4112—FF
AT BRI, WO B IR E S S W RET R T Z R
SR . Wit EM 83k, SORMARFIITEER. BR, BN TES
ﬁ%&%%ﬁ%ﬁ%ﬁﬁ,EEM%%@E%%@%@@@%HEO@ﬁ%?ﬁ

B2 4G Time-frequency mask 15 MVDR 5411077 Bt~ S FSE142), 5K

B AN B ISI T Mask QAT SRERBUIR A 77 EH8FE, TS CGMM 2%
AT 35515 B AT mTRESEIJTERF THMER, (U AR R BRI
47 Mask {1, ETERESINOTEREREBRNS TSR, MHEBETX
RTEBTHERE®S, FEESIE/AILEEF . ‘

L UIE AN BEIER T, EIT MR, ASCRE —MET Mask f4
ST BT T AR T T 1, FF S 2 EEENIEN A G, AT
EABEHES.

ABARZHNT : ST EB T ZBE SN AR [ B
WHEAL. FEMERL E, BEASUNET VA M BERES T ZEMRRE S

<
S @ BRI ARG R

4.2 ZiBERHAREH
42.1 SiBEHELNER IR
LB AEIERE S (Multi-channel wiener filter, MWF) 2&%F MMSE # UK &
EMVER, HiE SN T MVDR EHRMBBRE RSB — A RSB 4RI %,
MVDR,GSC #/ 7] ABEfR A 2 M 4EA0E 038 (PMWE) H— PRI IE Ol
BREEUE S 9:

¥, ) = x(&, £) + n(t, 1) ECRD)
Hehy REWRES, x NERES, n AREES, A £ 05 R R B MR,
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HTHSHE, FXMARDHEEE ¢ M f. MWF FVEET MMSE 4IRS

W, = arg m}n E{\WH_V - Xll} . (42)

B ES 5ELESHIRERTA:
e=w'y — x IRCK)

IR ERIB R R BT LLE SO RN 2RI, B

]=E{‘g~2} =Wy - x)wy - x%) . (4.4
=w? E{yy" W — 2E{xw" y} + Elxx"} .. (43
AP0, FILAFE:
VWJZZ]?WW — 21")” .. (4.6)
Hrp:
R, =E{yy"} . (4D

TS ST Z5ERE, -

r =E{xy} .. (4.8)
FrBRESE BRGSO EAERERE. WA
w =R, . (49)
BEEFESHERAECDL, HNESERE):
y=dk+n e (410
Hi d HERESHRRRE. L.
R, =E{yy"}
=5%dd” + R, e (411
B& ARG 5 5RAE AR
r =6d - (412)

BB B sk 2 T LS s A R
¥ = [18dd" + R1'6d . (413)
MRS FER Y B H138], (4.13)AT LB st FIER:
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-1 H p-1
¥ = [R“—M 3 . (414)
" 1+8d"Rd
-1 g/
=[1- —@%d—_l—b R'd . (415)
1+8d"R'd™
5
=[———=——Ir'd . (4.16)
1+8d"R'd™ T
o R'd
=[ : 1= e (417D
5 +(d" R d"R'd
MVDR 5 5 B 25 e 75 B D3R AT AR AR O
S=W! RV ! e (4.18)

L AT =y
i B F7E MVDR SRR+, BiRiEETAREEL, Hril, MVDR JEFHEH
FESERAT. AWEGE I8N 417 F, FTLEEH:

5:} 5,,] df";;d (4.19)
TLER, WNARKE—-TONENEEIRE, 5 IR MVDR EHRE
RAR. Bl SRAER MWE BT ELA Y92 MVDR R 2SI L 8 5= 08 I 4E N
FEEERSE. Frbl, AR E MWF HET MVDR, GeBitmfmliEmRtt. AT
B NE T 5% ELA G A ) AT, MWF Ey@id fE /MY TR ZMEN P I T
IR F ¢ B3] SDW-MWF Hik, ZEERNHEDY:

Pl

Wy e = 8T8 min E{‘WHX - X1| + u 4W”1’1|} . (420)
BARIRN:
Wowose = | Rx + 1R, " R,u . (421D

B ETF ¢ AFEEBUE, MWE 5 LA ARZEE, T MVDR,GSC & MWF
R — L, B L ISR R

422 BFHENEREII R

g AR AR, I R E AT B O B T R s
KR FTE IVA EEEICOGEEERTRE N, ST HBIES (Auxiliary function) 9

IVA BB H136]. SHEEMBE T VA SIEE ST B BERIFHEL,
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SEAE B ISR BRI L

B RO A B B A BB T AN R B B LA o 6 B BRSO AR BE S RAEAR
W ERETEEE IS, UL ERTE T AT e B R B

WNF—AEBE, MZHEL TG (& DORNEL, GO0 DORIH

B A% -

1. BHEEA, T REME R

2. D(B) = min 6(6, )

3. 1FfE6,, 1513 D67) = 667, &TP)

TEER T HEBERNTERE, ERRiE:

D) = 667, &) .. (422)
RIRE, FATATLABED:
GOP, ) = 6@, ) .. (423)
Bt & 2 UA:
GO, &) = D(EP) . (424)
HEANEE]:
e = De) .. (425)

RIEE A S B B AR R AR, (AR R E A R T B

Ohjective Auxiliary
function function
D) Gl 0
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B 4.1 WEyREFEEE[139]

Figure 4.1 Block diagram of the auxiliary function

A, BIREESN:

x(o) = Aw)s(w) .. (426)

Hr Alw) IRAHERE , TS SRR

vw) = Wo)x(w) . (427

H Ao) HIBEHERE , ¥ o) NIFRAR.

Fo)= i@ - - w (@) ) . (428

B A REFEKEESE, so) , x(0) , yo)FPIRFRES, BRESMET

HIRIE S

s(w)= (s (@) --- s, (@) ) . (429)
x(o)y= x(@) - --x (@) ) : - (4300
y(w)= (o) -y (@) ) .. (43D

Hoeit k REFIRIGRE , REMBIORE. 7 VA, RIBETFRALLEN
R ST RATER

Jw) = i El6(y )]~ ZD log ‘det W(w)' .. (432)

Ht B RFHFWE, yARETHES:

v, =@ - y,W)) .. (433)

[IREAIR e IaiislEE a=k

6(y,) = —log p(y,) .. (434)
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Hep p(y,) RFEFFEEEREN TR A, ﬁ% s erAatb2 GIPRGIES
$7[104]:
G(y,) = G(r,) .. (435)

a=Mnm=/§V$ - (436)

T EIOES IVA Ym0 B R, FAMIm T EN:
N1 BENIARER - —HSERE  SeEN:

= {626 (@) = 6,{7,) . (437
g, (r) B—AELEE, T 6,() / rhAbEg AL KTET 0B, S
Wo 6,00 B—AMS5FRERMMAXNE, ERH, BITRG@=r , BF:

r=|, | . (438)

R R Y A R R AR B BRSO L R P A BT EERYE L, KATSIALLT
S HSR AE SR B R Ao
R 1 HFERNCDG,(,) € 5,

G@<@“W“ (6t - 0 . 439

s, M AN
=4, . (440)

H 2 MTARNC@ 6, € 5,

oy = Q) V(@) . (44D
aymm=%2ﬁn@m@y4%@ﬂwﬂ+ﬁ . 442)

et
w>—ﬂﬁ)mm%n e

Heb p ATERIBENA R, V(o) fRFX TR K kLR —RIINY, (o) 1V LE
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WHEEZRRAETTREE

STFHRER kMo LMY, (o) A&, TTIRA-INEE. B)5:

Jw) < QW,V) .. (444)
SRS BN
Ne)
r, =, = \/Z v (@)x(@)| . (445
o=1

B2 A S AE B AR R OCHR (137]
RIEETHBREY VA EENSEEHTERN:

Nm
r, = \/Z |W]1{'(co)X(a))|2 .. (446)
Viw) = E[w x(@)x" (@) ] .. (447
rk
w, (@) « (HoV (@) e, .. (4.48)
v (@) « w @)/ oV, (W, () . (449)
4.3 ACHE
Speech o vA —] Rssl |
mask [ Rss2 |
ZRER Y FRE | _
ANES 1 Bi&IE PA
noise
mask Rnn

B 41 AXHESHEIER
Figure 4.2 Block diagram of the proposed algorithm

DABANFEIREAG], A SCERMEMER, §RMETHESHE, REHT PCA HiLHE,
£ PCA KB 5 5 S P DNN RAETHEZ FIME 5 I Mask; 141551 Mask Ll PCA 4t
BENES R, #H1T IVA fiHRIEERE, WTRE R MEEE ST Z 8 Resl Al Rss2;
T MRS ) Mask SeZREUE BT 5 25565 Ron. G BEE 2@ E A ISR REEEEN
HMES.
43.1 BERHBMEITEE

EFELSBELELET, FREHAEHA N TEILEANERES, TAHKKE
SEEEBERFEESE B, FESEHEMTNEETEEETETEGE. &
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EAE F IR EER A

BEAgHEN (1401, #F/REME (GDE) [141)LARIEMARFEAR (CCD [142]. {82
SRWEM. /R (CDE) AR IEMAMAR AL EBREM T —RIIMEILRK
HHFEESRE, BREXFASTRESEIMFESNE, BETRRFEAET
BB AR T, X R AR R X ST EAE A R SRR AR T .

ST B BRI TR — RS B M A IR B T, AR
WAGEANTUR I DOA fiHEHET S 40T, BERESE, B ET 2RHERE
iR B B R A VR I Bid Gevt B 7 B (s R A BB AT A E S IR RO BE < 2
TR BRI B, (B 70 P AR AR BE T U (E T 88 AU B, Jn o 58 B (AN
H R AFEER A BRI

PSR A A E&SERANERN, BEANAERR, 3 EREFERE
ANFETF 4. 9T ELRHE T AT F RS E, BRENERELSTARBGAT,
A SR A EATUS A5 TR DOA 5 B3R —F i S0 R T B 07 B IS
T, BT IREEE, WREE DA £ Bt ET B, SRHEED
BRI ARG, BHFEFEEREERANS. EHE=2F, TIHRE RS
SRR RSB A, BLEIEE IR IR AR ELRIRE, R
BAEASH, HTEREREHEELTREFBBRNHLE, BITES A
HEAT DOA 5 BRI, AT R B ST R R SEELP IR T -

1. SREUCIRMIFE T B4 HRTF. $REUR[FJ7 A F i 1D A1 ILD {58, BEILE
LRI
2. SERREMPREE T, BRI TREAGE R, RRTENHN, FEIR
1 h B AT, A& MUK DOA (5 B
if Tx1x2 (4 )| < |Peak(d =1, 4)]
Peak(A, 1) = ay - Peak(A — 1, 1)
else
Peak(A, p) = a; - Peak(A — 1, 1) + (1 — ay) - Tx1x2(4 )
End
DOA estimation in each frequency bin
3. EiH DOA EEMENE RM), HRiBEFETHRAENSRME. KETE
SR ER/ME, RERUBRKE. BHBEEE P@):
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_ Rn)- miRG (
P(n) = T .. (4.50)

4. WERMY, BIREMEAIE—AFR, ANEHEENFELH.

4.3.2 BB EMEFE Mask it B %
25z s R B DNN Y12 —4> Speech mask H1 Noise mask, £3%5 X #R[143]VI145—
MRS ERIHERL . ZHE LR cost function 79:

loss=(M, |V~ |X] ) + (M, |¥] - |¥] e (451
Horh X A4S IR I, T N YRR S IR AL, Y 920 PCA 4L 5 ) noisy
(2 (B RERE . Ms F1 Mn 45597 S T B HHA0VE S FIRR 75 0 Mask. 3248 Mask
fEH IRM:

2
TRif= s(t, w)

= .. (4.52)
s, w)? + n(t, w)?

J&, BRFERIHITEBEN:

B2
N
T

t=L B
oy A . (453)

N ARS
t=L-1

“R=

ASzierh, ESMEEEE TIMIT BRI, BAEEE Noise-92 B FE, {55k
FH 16 kHz. REHAEIES 5@SEMEM, FWRILEEHLEDCN 0-10dB, MifiZk
18 sw A HRIIE T HIE. RATY e ESHET AWM ELE, WK 32 ms,
overlap 9 75%, BAJEFIM STFT Z#HFIHus

MARBRNEN 257 MHETT, EAREER 500 ML, FA RTES
FE 257 AR T . MEMKRIPATTIERA Adam, BUERECEA PReLU, 40
RE A5,

433 ERSBEE

E3ls s, BINEBT 2 BEESSEHERTE, FHEHET Mask B 52
B R A S BB BRI, EEEREET COM TRET 1
ZRLITTE, MTFLZUIENTIES S BESEE LRI . Ak, AR
H—FET IVA 1 HARE S T BB MG T %,

76 4.2.2 %, BAIDSWETRHBIREE VA BE#T T AR, FEEBREY
HERAR:
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r, = \/Z ‘W[f(a))x(a))‘z . (458
¢ (x) )
Vo) = B2 x(0)x" (@) ] .. (455
rk
v, (@) < W) () e, .. (456)
v (@) < w,()/ i)V (oW (o) . (457)

BEMEITHE kK MEEESN:

S =Y-F .. (458)
Hor Wy TVA (5 ROMRIRAERE, Y 9 PCA BRI 5. BEEFT ARG k N H
FRiE S B 5 Z 5 R
3 E;tfk(t’ S, (b, w)"

L

QUM 0 7 2560 £ =R +R_, ST Hs 24BN b4k B R
SHth o £, REHAMITEERE, BAORAZAREG2D)TREIREH
5k AN FEUR A 22 8 T8 4 R I A A o R A

wh=lRE R, 1R .. (4.60)

i+n

P .. (4.59)

KA g B 1L uRESEZTRAAZTEN L

4.4 STEFH

441 EREHBMET

158 4.3.1 WP AR T B BRI IR B AT k. FHBRATERER A
5 R0 E HRTF 0B 14418 REANFEREES. U=DFENB6,
4.3-4.4 NASTEER B 10258 4.3 WA ERE T T REHRIERE 1 DOA
B ER RS RNRRES DOA HHE. mE 4.5-4.6 h&d 5 EAHE
BHFEEEER. AT ES H, ACEIERIEEFE AR . E 4.7-4.10
HIFAFEER 055, FREAT LUE B A SR A B SE Y B
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Figure 4.3 DOA histogram of three source without frequency-bin selection
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Figure 4.4 DOA histogram of three source with frequency-bin selection
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Figure 4.5 Source presence probability of three source without frequency-bin selection
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Figure 4.6 Source presence probability of three source with frequency-bin selection
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Figure 4.7 DOA histogram of two source without frequency-bin selection
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Figure 4.8 DOA histogram of two source with frequency-bin selection
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Figure 4.9 Source presence probability of two source without frequency-bin selection
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Figure 4.10 Source presence probability of two source with frequency-bin selection

R 41 REFUREENIRERE

Table 4.1 Classification accuracy without frequency-bin selection

MW E
R
2 3 4
" 1 89.5% 9.8% 0.7% 0%
% 2 9.8% 71% 18% 1.2%
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& 3 2% 11% 65% 22%
4 0.2% 9.8% 32% 58%

£42 BPFRERPSREHRE

Table 4.2 Classification accuracy with frequency-bin selection

{E
BEERE
1 2 3 4

- 1 - 99.3% 0.7% 0% 0%
i 2 1.1% 97% 1.9% 0%
x
& 3 0% 2.7% 95% 2.3%

4 0% 1.5% 10.5% 88%

% 4.1 7 42 BN REHRIERRE I A EERE E R R SRS E M5 R
%, HAPEREH N 20dB, B/ANAERIGED 10 B, EJ7EGEBUREERN 0.4,
BT 0.4 HIMERGEBUNEIR. NRFATUHESEH, A CEEREREEER
HEEANBORBIRERE.

442 FENSEZE

ATIEEABEHORE, RIVEDURMIAE T WNE L Z 5w RAHIE[144]. i
HRTF FEd, F1E 8 METR(ELEHEA), FATEE A A MBI &% L rarE
PAETR, —ILE R 4 MR HEE.

Al 411 HRTF R T AALE [144]
Figure 4.11 The microphone position in HRTF database
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g E S E T TIMIT $UE&[145], @ ERAFE T AL HRIR, HATRE LA

7B BARAER, B A R RS EERR, REENFRES . BER

0 diffuse noise M7 , 325 5 KIMM(E S, H 157> B9 Speech Shaped Noise

(SNN), Car noise 7 Babble noise. diffuse noise FIFREXTEN: HRAEEF

AL HRIR, EMEHTIREIR—b. EL%RH, AT BIEREEF+

office I 55 office IIHAMEIAIK HRIR #HAT1E &5 B LK.

1) EEHEEEMITEN: BTACRAT DNN kst 2580, At
WA S TE R diffuse noise TFHUAIMERE. 153 REMRIVE PP TEIRE
Fi SNR 1 PESQ. ¥ & & (it 1554~ B ARiE EHET R0, #E4T SNR 1 PESQ
e, EFSEEERNEE 1 LESES. FEMMeIN 2, 3, 4
SFEMT &4 M 30 LHEiEY, [FREA55 0,510 dB. SitHTA R
H9SEH7 SNR R PESQ 43780, S5BME 42 %, WERHFFH, MESSL FEA
BIER AR IEITIEE, FTUAREA KA RTINS LA PESQ 73, 1T IVA
A G NSRS TE, HREMTHTT PCA BULHE, HB%HEIE
e T PRIY SNR Al PESQ 24, MiASUHERM hEEEZ RS SNR,
PESQ 4 $ith5: IVA BEH R & .

# 42 ¥ SNR A PESQ ¥
Table 4.2 Average SNR and PESQ scores

SNR(dB) PESQ
R AH Noisy | MESSL | IVA | Proposed | Noisy | MESSL | IVA Proposed
0 0 1.71 68 | 098 | 098 |[1.05] 1.19
SSN 5 5 764 | 1239 | 173 | 1.73 | 188 1.99
10 10 |1226] 1621 | 195 | 195 [204| 223
0 0 209 | 609 |08 | 08 [092] 1.01
Car 5 5 635 | 13.18 | 1.69 | 1.69 | 1.98| 1.98
10 10 |1238| 1540 | 1.82 | 1.82 [200| 201
0 0 045 | 411 |062] 062 |[066]| 0.71
Bab 5 5 569 | 823 1.18 | 118 | 1.22] 1.34

10 10 11911 1345 | 1.73 | 1.73 | 1.79| 1.80

2) EFASEEMITH: EEHBEMITNIEIAER BSS TAMFHEAN SDR
(signal to distortion ratio),SIR (signal to interference ratio)f! SAR(signal to artifact
ratioy 5 =AM HgHR[146]. BRE—MEHESEE=AH7:
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S, =95 +e ... (4.61)

est int erf
b S FRETHERES S, RREEHES | 6., RAFMTRIRIEHIR
£ES, o  FREREGIEIRE.

=M TR AR T

+ eartif

2

est e&rtjf

SAR=1010gl0 " > .. (4.62)
eartff
5 2
SDJ’?=1010glO——“—t"——2 .. (4.63)
5.5
2
SIR=1010g10 +—— .. (4.64)

2
e,

interf

AR B S (Proposed) 4l 5 EE T NUE AL R FIE(MESSL) [137]F01%%
F BN B TVA EE(IVA)[ 136347 tht . MESSL & —Fh 2 St i A XU 22 /]
=E (ITD,ILD) BHFRKMHE, SCRERAFRAERN ITD 5 ILD 73 5k &
HR-A R, FIF EM EvERMTHAT A B A RS EE Mask. B 4.12-4.17 AW
A ENEFFIA B IR B 19573 SDR,SIR,SAR {8, I 4.18-4.23 H=AFIEE
ZWIEE (20 FHIERG T,

MESSL A Propaosed

B 412 FAFEESERPEE SDR fE(office 1)

Figure 4.12 Average SDR values of two source(office I
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g
st Sourcel

Source2

SDRIdB]

MESSL VA Propased

B 413 FAFEERSBHITL SDR fH (officell)
Figure 4.13 Average SDR values of two source (officell)

v
Source1
Source2

SIR[dB]

MESSL VA Proposed

B 414 WA EHSEKES SIR E(office 1)

Figure 4.14 Average SIR values of two source(office I )

16+ Source1
Source2

SIR[dB]
@

MESSL VA Proposed

B 415 FAEESBRTY SIR fH (officel)
Figure 4.15 Average SIR values of two source (officeIl)
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Sourcet
Source2

0r

SAR[dB]
-

MESSL VA Proposed

E 416 BHAEESBERFY SAR fH(office I )

Figure 4.16 Average SAR values of two source(office I )

Sourcet
Source2

SAR[dB]

MESSL VA Proposed

B 417 WAFRSERTR SAR fE (office IT)
Figure 4.17 Average SAR values of two source (office IT)

EANFEENERIT:

10

SDR[dB]
o

MESSL WA Proposed

B 4.18 =AHEIR KT SDR {H(office 1)
Figure 4.18 Average SDR values of three source(office I

65



XUEL R ISR R T

66

SDRdB]
W

MESSL VA Proposed

B 419 SAFEIRESEKTEH SDR fH(office 1)
Figure 4.19 Average SDR values of three source (officell)

SIR[dB]

MESSL VA Proposed

B 420 =AFEESEFE SIR fH(office I)

Figure 4.20 Average SIR values of three source(office I )

SIR[dB]

. . 1
MESSL VA Proposed

B 421 Z=AEESBEPFY SIR HE(office IT)
Figure 4.21 Average SIR values of three source (office )
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a2
[=]

T T
[l sourcet

SAR[dB]
O 4 N ®w A o0 N ® ©
T T T T T T T T T

MESSL Proposed

B 422 SAFEES BRI SAR fE(office I)
Figure 4.22 Average SAR values of three source(office 1)

T

) sourcet
B Source2
I source3

MESSL VA Proposed

B 423 SAEESBRTY SAR fE(officell)
Figure 4.23 Average SAR values of three source (officeIl)

HbL R R4, EFMENFET, TREFANFELEZAFERIERL £
SCEEEAE SDR A SIR #8547 E#FA S48 T 4 LBk, TFE SAR f8ls L=Frik%&
MEMEER., XE—ERE AL EREREE TR A AR50
., B—JH, ACEEFRAEEE RS, MASEERGERFEIR
TRREEETELES.

443 TRIEEFEE _

%o T F— b IO VF B 7 SERRIRE T B0 A, FIF KEMAR A kA7 SERRA 5
THZUIEANSHRE, SRS T 54 A HRIF FEREH— 8K X 5] HRTF
P R 0 1 7 SR 5 PR BOTE X AR, REHS RIEAR 7R a2 2 R —2iE, A
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WEAG TR

ST BSR4 7 SR AT IO . SRR AR, Je RS MO
RS, EAMEREMSIEE, (FASHNMAE AR, HBEZ A HE RS

BEE, REREES.

B 424 NEPEEFRHFR

Figure 4.24 Binaural four-channel recording devices

A 425 KEMAR ATk
Figure 4.25 KEMAR artificial head

FIREROBATRIF] SDR.SIR,SAR =AHEHRn SeRiE S B BT P . A= IRA
SAEE TSRS HmE 426-4.31 Frw, NERBWLE L, ESBRAST,
IVA EyfA S BiER e 5 E 4 R R — B, T MESSL HEMET iR
A R . JBE Sy MESSL & LA E 43 A RFAE ILD,ITD #EAT RS My 1
AEM, BT EFERSEE R AN E R RN —BIERE R T S SR T
B, AMHTTUEH, ASCEEREEA— B R EA BRI B RE.
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Source1
I source?

SDR[dB]
FS
T

MESSL IVA Proposed

B 426 BHAEES BT SDRE

Figure 4.26 Average SDR values of two source

SIR[dB]
=

MESSL VA Proposed

B 427 BRSBTS SIR &

Figure 4.27 Average SIR values of two source

SAR[dB]

MESSL IVA Proposed

B 428 FAEESERTE SARE

Figure 4.28 Average SAR values of two source
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I sources

SDR[dB]

VA Proposed

B 429 =AEES BT SDRE

Figure 4.29 Average SDR values of three source

14 T

\—__] Source1

SIR[dB]

VA Proposed

B 430 =SAFEESBENTY SIRE

Figure 4.30 Average SIR values of three source

SAR[dB]
-
T

IVA Proposed

B 431 SAEES BT SAR H

Figure 4.31 Average SAR values of three source
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4.5 B&

S 4 GEVE B 43 B Bk oh B BT S A FE VR AN S B PR, Zliiﬁ%f%tﬂﬁﬁ
1] T 2247 R SRR M3E DOA 13 BB 75 B A I8 B 1Bk, BEJE A DNN
TR AR, A A B M AT BARE S WO E R AR
. B552BEeMEREES, BARENABES. HESRHSRIES
SEIRVE B T AR AR R IR S R TR L.

71



WH BT EFER

EsE NHEEBRFHBAE

5.1 318§

EESEAS—ERA RS, RN TEEME TS %‘ﬁ%%ﬂ/}ﬁﬁ
50, RAEVBSIRA AT (ICA) BARANRKROERSBEEAR ZHHT, H
BESERT, RAGEE—EAE. TEREE: SEARTHEEERE,
ESCFRME T, MRS EEF A MR KRIR; FEFTE RS BEEH
BN E O, TSShRER T, N fE T VRS B 2 R B R — 1
EE A [147-148].

EHZ AE NP B — 2 A BB S A B 8, SR [149-150) 385 51
AN —/ZS Al A L4 (Spatial Correlation Matrix, SCM), FIEFEAR AR
VEREAASE, BRIFEEESRSRHFEREBRERRY, HEER, A
Ui 45 A 2 RS B B AR B, W RRUE NS Z MR E, T2
PE AOAN B AL AR, SCER[151-152] 7E3CHR [150] A9 A L30T DOA /5 8.
AR CL & S YRI5 6, 77 SL RIS 1015 BB MNMF o, 1207V R 2
HEENTFELAATEELSEEN DA /58, XER[153-154] 2 —F Rank-1
spatial model 454 NVF 4y B i, Z LR BB A IR S FAERE H=axa’
b« (IS E. F44 (independent vector analysis) IVA HIARMRRE
KA S, ZEEE TR MR RN EITER, ERREERAR
Y SRR, HE BRI . ERERERRA S ERE TG A
ik (155038 H—Fh T NWF 03 R v, 125 558 A Rank-1 model
(e AmE, BA— RIS NVF A1 19 Mask 1T 3K Ron, &JaHk
& SR B Ran A TR ASE RIS HUL R R 5. (B RIXFEEE R G RE R
MERTFETFHEREANBR, BRXREEIRETLRAIEL.

DUET (Degenerate unmixing estimation technique) E—FZ M KK E1EH
Sy (156) (ERRSE AT HEERE). & kRRRIEEE SRR
BT . W — R AR, ShiEEMEEEGES, RELETEY
i Binary mask. {BRZAE—FEEESEES KT, 55— THETRE
— AT FE AR AR TR, TSEBRIF SRR T, XS EE
PHITERE .
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B 2006 4 Hinton & HIE F%EFQIH%B’WF‘FUMJ REFIEERE
ARG T AR RS . IR I7E I 803 S HTRE% BT REE
A 2B HHR R (158]. IR BT B H E, BRI 5H
PG IRH [159-162], HA Y. Zhao & AU NIIE B & & TIRMIHIH],
T Mask ftitH BOE A TR MH], AR H—FhHaBY DNN AR [163], HpFE—f
BRI A 100 Mask 3E4TME 7S B3], 55 —ANKY BRI P A o 52 VR g 30 1
B4, GEERESSSERERINE SR E ARG 2.

M TFUHESSBERGEKY, BTERRBERD (EFERRATRERHD),
RWHE DEER R EBL T HIEE B EE. 1A —NMEESE GRS
R SRS TSR — AN B E R, ik, A0 HIRE —F BRI
J7 6 B B AR B S R E RN E FREFEINTEMERE RN —MERS
SEEANESBE I EEE.

5.2 DUET M3 S5ETRER¥ 3] Mask 53 WEER
5.2.1 DUET &%
DUET 2 7EM B IR B AR B _EHEAT Mask Mt BT RCFEMR IR s/ 525
BB FIREA -

S(@)S @) = 0, Vo - (5D
BRSNS R —ANEE 5 AL, DUET BEBIREIRA T — N ICiRM

- R, EZEED, BREREESHURTA:

[Xl(w):l [1 1 ][51(0))}
o L (52)
X, () ae ™ ae || S, (w)
ERBRIXATRT, H: o

B‘((Z)J = [la _Jm][s (@)] e (53)
Rk ER E 5 B RE S M AL -

X, ) X (o, 1)

(a,8,) = ( 1,0 mag (X(a), z')) / ®) w (54)

H imag REWEHOZE . FEKXANHMFERGEFETE, BEE)
B AR E BN E . BEBREREFEEATH RS M HE T —
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%, BEMGTHENEENR Mask, SERBFNIEESELRE. ZEEHES
A, BEETRERR.

522 BT FREF SN Mask T EZX

i, RATHEGINIES M REEET TR, EAERNETIEREET,
FI S S A ISR A TS R B, T (R O I s IR A, TTETIRES
SIfY Mask A5 EHE I S @I SUR IR S A B 25 MU TH R, REF ST
Mask F] DASSS0A A RE GBS IR E L IO 23 PR £ o 1X 22 Mask EZALHE Tdeal
Ratio Mask(IRM) [14], Spectral Magnitude Mask(SMM), LK & &% & H 61

Complex Ideal Ratio Mask (cIRM)[16]o B IE (SRR A:

v(@) = s@) + nt) . (55
£ STFT 2R il 25 :
Y@, ) = S@&, ) + N, 1) .. (5.6)
MA B mask BIHE AN
; /i
TBY = 1, 7if SNRG, ) > LC e
0, else
S(t, F)* |
IR = ( = _)? .. (5.8)
S, £? + N, £)?
S, 1)
= . (5.4)
¥, 1)
¥s Y.Ss, o —-YS
copy = L%t 08 1S = 1S, o (5.9)

Y?+ 1} e v} + 1}
ey FY, 4 PIZOR RS S IS EREN, S, A S, 5 BRI
EEESSSENES. MR, BT Mk i, B—FEEENI R
s, ENSCR HRE R IR REE, R NAEE R IR . XA AR
B 7EVE IS PR L. ik, Y. Zhao 25 A\ NAHE ALY BEIE & TR R 41
[163], T Mask fHiFSEIE & T M ], JyuhiR H—Fr I DNN B8, Jrpsg—
B ER R PR A5 19 Mask HEATEFS B3], 58 AN BRI RIS WSS 52 RVR A B 310
il
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DEREES O EEE

523 ETERREHOEESEES |

B SN R R, TR T E S B U RE L E R,
B, FEMTO AR ET SRS EE A B . — MR ETIRE
T L AT 4B S 5.1 P o ELERTR/ outpue F BRI

[Tme_oui;mtl ] [ Tme_outp:&]
Pred outputl Pred output2

D000 (00O
(G00000

Jelelelelele)
| B ]

B 5.1 EELEEHER

Figure 5.1 Block diagram of speech separation

True _output(t, f) = ISl(t’ f)l Y, ) .. (510
l'Sl(Z', f)| + |52(t, f)”
B s, 1) |
True _output,(t, ) = HS}(Z‘, f)l . ISZ(f, f)” Y, 1) ... (511
= YeHRFIRSESTE t WA £ FUSA9EE. S1, S2 ARIREMANAEES

AR EE. ITEX:

cost, = ¥.((pred _output, — true _output,)* + (pred _ output, — true _r éutputz)z)
t . (5.12)

cost, = > ((pred _ output, — true _output,)’ + (pred _ output, — true _ output)’)
t .. (5.13)

EENENBESSBELST, RMTMOERE, HFRERES I ERAST

AR R — N EE AL AT XA, IR AR T ETERAE M

PIT (Permutation invariant training) AIlZ57735(28], ZITEMEHMERINT
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AR SR EE A

__ o Mnputst WmputS2__ -

)

: Ciean speech 1 Clean speech 2 !

t {M frames) {M frames} - )

: £rror }

' ig 3 — :

! Minimum

i Pairwise scores '

1 error 1

' £rror :

‘ i 2 i

1| Cleaned speech 1 Cleaned speech 2 = !

! {M frames) {3 frames} ?

Teupuaad T T T Sutputz T TTTTTTTTTTTTTTTT

Mask 1 Mixed speech Mask 2
{M frames) {M frames) i frames}
» input [y
DNN/CNN/LSTM
Feature . 2awise scores:  Of" {distance}
( i frames) input frror Agsignment:  OS1)  {summation}

E 5.2 PIT BELBEHIER
Figure 5.2 Block diagram of PIT speech separation

NGB ER A T FRIES S BT S RHT R, oD BER T R SAR
SRR A RLLE, IR/ INAS, EARENIREE. L
AR ERSERG HE), BRI RN By

cost = min(cost, cost,) (514

53 BRSNS HRNESSBHEK164]

T 28, A THIRENT 7% & 4, GEs X T WA i RO HE R E,
R YA X SRR PR B AR ST IERT T . BOSCATA RN DUET Ik,
EF(EES0Meni, oA RGBT EERSS, mERTH, RIE
FEREF R MR, SR —Fh B bR I O A 5L T O A B R .

e 5.3 fim. WS ERFERALTIERY, THRGSERSERTRAN 0.

HRisH

N Y
/./ N .{:!-hn’.ﬁ\’:‘:
. : N
e
i SN
TN
3 o A
he
A
N ‘
N
N 4
& —

& 5.3 BAEESNEESTEE
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BEREESSBEE

Figure 5.3 Placement of noise source and dual-microphone

BT KK, MFNESREEABZNEHENERE (ILD) 5 ).
HAEBSHRR ILD 515, MK ITD 1 5[1631[165]. B XEAEHZIE
HIENECIERE SR

x,(m) = h,(m) * s (m) + A,,(m) * n (m) . (515

x,(m) = A (m) * s (m) + A, (m) * n (m) . (5.16)
Hop s(mREBIRES, n@IRKRTRES, n KRBT A A, A
A B ARE S 43 BB 2 2 IR B0 S M S Rk e o L B 4 A, () 5 A, (m) T PR 75 £
2o A E R kR B R RIS SR B U 1R 2

X(n k)= HSnk)-S (0, k) + H,(n, k) - N (n k) e (517D
X,(n, k) = H.(n, k) S (n k) + H,(nk)-N(n k) . (5.18)
AR (517 (6.18) EEA:
X,(n, k) = S,(n, k) + N(n, k) o (519
X,(n, k) = S)n, k) + H,,(n, k) - N(n, k) . (520)

ﬁ*ﬂm:gﬂﬁ$%@%ﬁ%EEEEW%%ﬁ%%ﬁ&ﬁ(MW)m%ﬁc
K X, LEETEE, A

PY X,(n, k) = PS,S,(n, k) + PMN(n, k) . (521

PXX(n, k) = PS,Sy(n, k) + |Hln B - PN, ) L. G52
HERMEENGREZS:

APX(n, k) = PXX,(n, k) = PX,X,(n, k) = APS(n, k) + PAN(n, &) - (1= |H,,(n, k)|2)

.. (523

Het PSS, PAV 4 BIRE BFRES(E S BERE, THEFaERE. TR
BARESRKBEIER S, APS(n, k) ~0, M.
PN(n, k) = ——A—PX—(Q’—]{)—Q . (524
1 = |#,,(n, )
PSS
PSS + PNV

PSS(a, k) - (U= |H,(0, )
PSS(n, k) - (L = |H,,(n, B + APX(n, )
o PSS(n, k) B H (0, &) k5. BEREAEESTREBF X, XAG:

PX X,(n, k) = PS,S,(n, k) + Hy,(n, k) - PNN(n, k) .. (526)

PXX,(n, k) — PS,S,(n, k)
PX, X,(n, k) — PSS(n, k)

m%é&%ﬁ?ﬁ%?ﬁ, ﬁ&%&ﬁﬁ@ = ’ ﬂ\'JF'fJE\)\ (5. 24) EF‘; ’?%?[J:

G(n, k) = .. (525

W (n, k) = . (527)
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XA , PS.S,(n, k) = Ty(n, k) - PSS(n, k) . (528)

P5,8,(n, &) ST A E AR EF TR, T
JPS,S,(n, k) - PS,S,(n, k)
AR A BN T, (0, WRIPSS(n, k) (PSS = PS,S, = PS,S) e AT X
NRAIEE, BLRE S — AR

Apn, k) =

HA T (n k) =

PX X (n, k) = PX,X,(n, k) .. (529)
PX X (m k) + PX,X,(n, k)

1 WR A, k) < @, WRFAREZERD, F IR A TR R . Bk
EIES R, UAESHHETRE.
PSS(n, k) = &, - PSS(n = L&) + (1= @) - X, (0, &)

.. (530
Tym k) = ap -Tyln =1L, k) + (1 - &) - Txlm, &)

2. MR A, (0 k) > @, ., EFRAGREERK, MTTHEFR, BEETANEE BT
EE IR S5ES AT R
- PSS(n, k) = PSS(n — 1, k)

T (n, k) =Ton -1, k) . (53D

LMBED,, < Ap,(n k) < @, WEKEEEENTHARANZE, NELE
fE & 1 P RE E IR A B — IS 5 kAl 1T

PSS(n, k) = , - PSS(n =1, &) + (1 = @) - [ X, (o, &)

He AR (5.29) (5.30) (5.31) Tl . o, ap FFEETF, 05 k251K

%2 B FTE NS %0 R S BT PSS(h, BRI Ten, ) UEHT, KR/

i) PSS(n, kK0 Toln, k) WNE] (5.25) (5.27) (5.28) 1, fFifR/EHI4ENIER
WA

.. (532)

PSS(n, k) - (1 = H,,(n, )

Gpln, k) = .. (533)

PSS(n, k) - (L = |H,,(m B + APK(n, )
PSS(n, k) - (1 = |H,,(0, )

Glyz(n, k) = 2
PSS(n, k) - (= |Hyy(n, ) + Hip(n, &) - APX(n, k)

. (534)

5.3.1 ZIIEN

ZEHH L A MATLAB 4 BUEKAE SRR EIE R BUR . AR ANFE T A
IEEE &4} b AR HRE S SO, SRAEEZRA 16 KHz; TR 051y NoiseX-92
W 75 PE o 19 BAB(Babble) M 75 . X % (Car) % 75 A1 IEEE | R & Y
CT (Competitive Talker) T-HiET « ASCAEFARILARRAERHORE T MIT L3
%, 2% ik [166]) 43 PR AR A2 R 3 v B AR R & 5 T P A9 —(E fE (Binary
mask) 77k, FICER[167] IR T HT B4 (Coherence) JA/ENITHE. {EH]
PESQ (Perceptual Evaluation of Speech Quality, i&EFRERMIFM) M SNR
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BHREES S EHE

(Signal to Noise Ratio, f5Math) STASCE¥: (Proposed) BATZEIIFHY,

BIESHE 20 A THTHAN.

% 5.3 Frr A REETR T W A%, SHEAMREES IR
45 BERA CT BE75 . 60 FERY Car R75. 90 M Bab g, BTHERESMNE
ST R, A YR T U B PR S A A R e A — B R R B
R — AR, RLX EIGT T M = MR TR T ERH R . R5. 4
FUR A=A BRI T TR 4, Hd 45 BEHI CT 7S, 60 A Bab KEFS,
90 EEfY) Car B X =AREEA T NERIE—M; 5445 FERY CT B, 60 &
[ Bab 75, 180 FEf Car MEASIX =M YEAL T E MR R M digs aT
DI H TR AR AR R R S AR EEER T, ASCEIER SNR 55 PESQ K14
B T FIRRT BB, — SRR I T AR SRt U B S R S R A
SR T T AT R 0 S A AR B (DR .

%53 BMREETRTREWRNK

Table 1.1 Objective scores of single noise interference

=

SNR(dB) PESQ
Rk 4 | Noisy | Coherence Binary Proposed | Noisy | Coherence Binary Proposed
Mask Mask
B E
-5 0.70 413 4.66 1.29 1.82 1.55 1.90
CT 45° 0 4.17 6.81 6.89 1.53 2.05 1.84 2.12
5 7.91 9.20 9.74 1.75 2.29 2.12 248
-5 1.77 6.09 9.09 1.60 1.71 1.82 2.09
Car 60° 0 4.09 8.13 11.06 | 1.65 1.81 1.98 2.28
5 8.64 10.38 13.78 | 1.88 2.01 225 2.56
-5 0.24 2.19 5.30 1.01 1.41 1.55 1.81
Bab 90° 0 3.72 5.66 8.01 1.10 1.78 1.75 2.04
5 8.51 9.42 11.45 1.72 2.01 2.02 2.31

#54 SARFERTRTRZREN

Table 1.1 Objective scores of three noise interference

SNR(dB) PESQ
- 45 | Noisy | Coherence Binary Proposed | Noisy | Coherence Binary Proposed
Mask Mask

Eii E

CT 45° -5 0.81 5.85 6.74 1.08 1.70 1.79 1.98
Bab 60° 0 4,94 8.04 9.09 1.61 1.82 2.14 2.21
Car 90° 5 8.57 11.43 11.90 1.77 2.01 2.44 2.60
CT 45° | -5 -0.10 -1.07 1.18 1.04 1.59 1.36 1.48
Bab 60° 0 5.42 4.32 6.73 1.66 1.81 1.77 1.84
Car 180° 5 8.31 7.62 9.26 1.80 2.00 1.99 2.13
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5.3.2 EMIFMN

W SRR S84 2 W (speech reception thresholds, SRT) IR, FERE
FEERESRES, SRT & SR 8RB 50%A IR IER R KEMRRE. KR
MR 7RG =T, MRAEHE A [168] Ry 400 AlFrEE@ER T, JFEK
SEAITF 4N 25 ANE, BAERT 16 MITF. HH Car 5L H NoiseX-92 B
Bz, CT ME 5 ) A P 0 vk R MBRvE 38 1 i P BE VLR I — N TR TS (U
AT REAEAEF) . Bab 75 (7% 4 77 ¥ Jy MARE 15 8 FE R ALIEEL 5 )il (5
SAREMER), REEEMAN.

St TFEANRRE R ERAT 5 MBI (3 FE AR TIAIR LA 2
Fh= AMEFEETHAER), SFIEL TR 4 4 SRT, XWANHAKRERE
JhEE IR TE S (Noisy). HMITEEL (Coherence) BIEMIMEMEE. ZEME
B (Binary mask) EyEibBEHNES, UARAEY (Proposed) ALHJEHIE
. BXARREA A B, C. D, FTELHFURFSEATIR. S H R Bk
ROEE R DA R R R B AL TR S5 1 SRT 92251 . 352 — MR AT HRAELE, BEHLE
F—4 (A, B. C. D) ik, REMILER—MRANDT, ATHREARHL
T ¥ SRT.

FEEAN BRI AN PSR — L — T BENM A S8 L (SNRO B 7R [169]
W4 SNR 79 10dB, FEEE = ANRIE S (reversal point) B, %Sy 8dB, 7E
PRI SRR 4dB, 2B REEEUA 2dB, HELFTA LA TRRTE.
Heh, fEEAMRKE (ABRENMTFR), TETUEREZBERMR =
WSR2 T RE TN, HENEEMIER, SNAZTEER. ST EE 8
AITE B SNR [ ECPHIEIE S AT 4 F T 10 SRT. iR @ sl e B A H ALK
WrENUEEE S S, ERTRFHITSERE - TNENES.
| AWRIIE 8 (I ZRE, WHRRHEFE AL HHFH 4 FH 4% B5. 47
FPRE R, BRI 5 FERNRE SZEME AR 5 FE LR . HPk
R TR AR E WG 8 MR A T3 E M SRT (dB) /8. MIMEX
R SRT (dB) AU 7 g R A EEANER ) SRT (dB) MEMN 4L
HJE Y SRT MmoE%EL@%%%&%SEQﬁ%%%%SM(ﬁ)%ﬁ@
2=, WNERETLLEH, FIAX HEEERRNES TIEL T AN, B4
SCRYEETERTE T T MR SR E A — RS, XIER T A SCHE R LT
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REmIEE T EE
14 -
Coherence
12 inary mask

B P roposed

R {EmMEE (0B

451CT 60/ Bab 90 Car

B 5.4 RRRAETRIEH T HREGH SRT
Figure 5.4 Improved SRT under different conditions

5.4 BEAESIRANERGRTHSHEERED S

THEAGNBEESBEENETHRESINESLBEE, BRI T RFH
AT T ZEAE GRS T B 5 4 B8 R R F 75 VR 2 [ 4% B EAT KB Mask
G, BREAERLTARKME, MREHE T REREEANE
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Figure 5.5 Structure diagram of our neural network architecture
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Eoxt 4. (t1-p2), (t2,p3), (t3,pl)
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Figure 5.6 Original binaural mixed signal
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Figure 5.8 The estimated binaural signal s1
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Figure 5.13 Original binaural mixed signal
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Figure 5.17 The estimated binaural signal s2
kEs3ES HHs3ES

e e o o »
B
s e o g p o

Frequency

o

05 1.5 25 0.5 1 15 2 25

Time Time

B 5.18 EEMELRE 3% (BED
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Figure 5.20 The compared model (Model 1)

#55 FREER SDRAE
Table 5.5 The SDR values of different algorithms

SNR\
2-speaker 3-speaker
(dB)

SNR " "
(@B) HReE | MESSL | R 1 | BE 2 | KR4E | MESSL | EER 1 | #HE2
0 -6.29 -1.05 9.10 9.05 -7.33 -2.11 7.54 7.51
5 -3.16 1.03 8.20 8.21 -4.12 -0.94 6.41 6.40
10 -1.10 2.49 7.84 7.88 -2.08 1.58 5.26 5.27
Avg -3.51 0.82 8.38 8.38 -4.51 -0.49 6.40 6.39
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£ 56 FHEEER PESQHE
Table 5.6 The PESQ values of different algorithms

SNR
2-speaker 3-speaker
(dB)

SNR " " N .
(B) KEE | MESSL | &8 1 | 8 2 | R4AE | MESSL | EE 1 | #H2
0 0.85 0.98 2.34 2.58 0.81 0.94 1.98 2.40
5 0.90 1.31 2.33 2.65 0.89 1.23 212 2.54
10 0.97 1.47 2.80 2.82 0.93 1.41 2.28 2.67
Avg 0.91 1.25 2.49 2.68 0.88 1.19 2.13 2.53

MBS RRE, A 1 58 2 im0 SDR (HEA I, #HE 2BEIE. &
PESQ 4¥5T, #E 2 HHRASINSE, EFIBR THRNAFERN TR
&, UL EROE ISR A BOERE T AR 43T . T MESSL J7 T B T 7 e 19
e, EFRBFN ISR BRI A R . B MESSL ik 5 GRS E 70 BERET
XL, FERRMERENE. MAXEENTFERE 1ZTH output,
B AR R ERMABEA I, A F LCEARERS OB, TELRER
KR T A EHERES S ERENE R,

55 B4

FEAZ D, A BissA o, T35 BAry AU R TR B iR
EESBEEENERS TR TIEE S BEREEHRTIR. F—3K
R A A (EE B AT B AR PR3 LU SR MG SRR 28, T B B AR H 1 5R A)
HE. 8 - BEET AT BIERKES BRI — RS, WEEHET
EERREITRE, REBLTHEEMRN TR, FEBSEAESRERHE SR,
R —MEARRS S BN E S FRSEME, FFU=A Bk oesl, 725
S T B FE A = A RS B AR . (LSRR W] . RS A M TERR P ER
THAES B TS NETHENREEE. HZ0rEm T AT ZHEm A
WEBRNEE, F5E SRS EME& B CIE. JREEM T/ kit
— M ABIEE, HTERGEFEMAITAN, I EERIBE T KBS o kRt
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