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AT AE ) FH A 228 D0 248 I i S L SR AR ) B,
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AIREZs TRED), SCrp B By A BRI FHAZ s 2K
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BEG a, (O FORFIERIE m A R AL
BREG * FRBER, s@) BARTEESES; v, 0
FORUNINTESS m A2 5o KU e

Xeb (1) FH e s e B nF 2546 (Short-Time Fourier
Transform, STFT):

z,(n, f)=a,(f)s(n, f)+v,(nf) (2)
KA 2,0+ a, () st ). v, (0, f) 7351
BRI 2 () L a, () s(@) v, (t); ne[l,N]
FORMHRIMIR G, f e[l F1FRRIRES]; H,
N F1F 43 53 B ] it R 48 S 4

WAE Q)M E SR, EH B2t
FRXTI AT DOA ., AHXH %1% k% (Relative Transfer
Function, RTF)®LZ—Ffrd Ul 05 8 [ FRAE, & 58
gAY TiEE RN B R, B — g T, BE
I RTF AT 2 A~ FAm ) i 5g KU 5 1 HofA:

A z,(n, f)

&)= = (mf) 3)
Hor, 55 1 DN RBAE IS4 7R,

Wiy J7 22983 (Covariance Subtraction, CS)PLE—
A B RTFE Al i, T RICTEHE & 1 T
D7 ZEHE I, JF DAk Tl e v R 7S i By 22
FERE, BRI MRS R AR, ARXEAL TR (A Ty
2, R E I T M2, JEAE CS fliit
Fh A MR B P 25 00 R B T 1 P
Tr MM e S LA, AT AT 21 &)
ey Cs flitdy, BAAuT:

C, ==Y 20 N)Z" (0. f) @)
S _ CZel
Bl =e o 5)

Arf €, FR L WGBS5S Z(n, £) P24
il Z(n, f)=[z,(n,/).z,(n, )] ; e2[0,1]; ¢ 2
(1,017 [ 70 [-]7 43 51126 7% S et S VR s
B MH, HL=10, g(H=8)-

FESCP IR DOA 432, (St
RTF /B AREA, FILASE ST (5 SR
DOA 75 (A Z [AI B WSS o 25 % — MRS D, =
., 0 RIS BB D, = (x, v, T ELAEE
WHRHMIEZS ] X, = X,, 2250 Y, =Y, , (B2
5 H AR 5 LR A R IF, B Py, | x,) #
Py, 1x)o

2 ETREHTHBENIE
By 3

RKHS J2 H AT BT R g 7 /R AR5 )00,
2 513 F T BRI 43250, SO a1
RKHS H 5 /IME 45 KU o6 3R 4% 14377 e T LA
Ak, F R B8 P BRI, D, e 2] [ 3& 1 43
K fix, oy, DB E PR D, H 8 bR 4
v, €Y, o LRSS F XU Fre/ ML BRSO IE I AL B,
3 B 432 8% £ 1) B bR BR AT 265

f= arfgminZE(f(x),y)+

SeHg i=1

EEIEDOA 573

o || f 1, +AD; (6)

K £ My BRSEG f(x) ABARES; y N
K%, 0>0, >0, FmENEI 2% (6)
H, 55 1 BT RS B, efa T
3 RARTE IR TR, 56 2 WU
LY A IE NI, TR, DU et 5
(TP [R]85 40 XURS: pR YD), 55 3 T 254
AT IENAR I, B e IME IR B bRl 8] 7Y
SAPorAi 25, DA EE N HAREEE RE ]
2.1 RKHS Fe4 F$

RKHS idfE H, IEHEAxe X, ¢(x)eH ,
H LS R %R ¢ SRR k AH DGR

RKHS HAPIF 3 > FEHE:

(1) Vx, e X ,¢(x)=k(,x)eH,

(2) Vx,x; € X k(x,x,)=<¢(x,),¢(x;) >,

() Vx, e X, VfeH, f(x)=<k(,x),f()>,,
Hr <> FI8 RKHS R

R RREL ke A VLT 2 A 264

(1) XFHRpE: Vx,x; € X, k(x,x;)=k(x;,x,),

(2) FIEEM: B K 2 iEE, HK, =
k(x,,x,) o

T T BRSO — PR A% PR AR, TEWE A Bk 2
AEAERT, ATgE SR

L B % —x; |
(x;,x;) =exp B — (7

Horh, Bl 58 28 o w4 50 & X (Median

Heuristic)'2 144
RPEEHRFE I X =[x, %, X, ] € C™P,

R SUWHTIE I @ =[4(x,), -+, 90 ) Bx0)]
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¢(x,):C’—> H o SCPEIERFR A KHEEW
H >R, X6 HIENSHESE f(x):C° >R
AIRIRH

f(x)=W"(x,) (®)

H 4 4% 3 18053 43 T (Kernel  Principal Compo-
nent Analysis, KPCA)BL p25E 4 W Rl KoRnh &
YA, BIW =" 4, Hh A=[4,4,,-]
CMU 2 R BUE I

LA (8) T HE— ik
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Hrb, K FOREHERE K 155151,
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ORISR f(x) o
22 AR R

EH M IR B AR > — % HARSEE D, 19
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ASHIEN AT f o KRG XU e/ MBS f
AT I/ MEZE IO
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Hy i=1

WRAEFRE N, £ R R
f=argmin Y E (S y)Fo Nl £, (1)

R H, FORES R R — 568, E Frat
PR REE, Wy, €D, E, =1, BN E, =
0. Hrb BARRIRE AR, AT bR
$RRAIE E LB TE | £ 17, FOR1EH, £ )
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JeHg i=1
FHRORAKAD), 1537
f =argmin|(¥ - A" K)E[ +ot(A'KA) (13)

FeHy
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PSRN E 3 U845 () Fon TR ML
23 FAoA ER AT
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ANFEARGAAR, SRIGTE B AR JCAR 25 50 Hh 3k
B, FEAGM ISR AT LU AR 432 2800, iy T30
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PRl 5 3 R A% BRSO 5 R A I K AR
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e ;) f(xi)—m ;) S| d5)
R P E R
D, , =YD (E.P) (16

5 BE R R R E—FE, (A AHFEA K
(15), nlfe

D, , = tr(A" KOKA) (17)
e, 0= 0, & MMD i, B
1

2
c

©
X, %, € Dy

=5 X5 X, eD"
0),=1" (18)

1 X, € Di”),xj e DY
_W’{xj eD,x. e DY
0, HAth
24 BAFREMLA

1EA3 2 (6) H A AL & WS, i /M
FIAR BRBOR A TR AR . KX (13)(17)8 5 31K(6),
KO fEFRIE N
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feHy

otr(A"KA) + Atr(A" KOKA) (19)
WE—BHrof 104=0, 133 AeCY " fi:
A=((E+20)K +oI) EY" (20)

ZE L RTR, IRECHIE RN A f, EOER
MR PSR X R R B iE R K, SR )5 )
FAPRZE VR IBE A I — AT AR5y 285, FEX TohR
2 BRI A TR 28 Ak T, 7EA5 2RI IR Dy
bR, i p YGEAORAN T H FRIEE 1) Dhbn
BV O
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3.1 SRKEE

SEgR Al A s, B TR RS
5B ik v B A BUAT . TR IR TR
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TEFE MIR 75 Jok o 1y 54 41200,

MIR 75 fik e 1 i 5 1) o (B ik v )i (Room
Impulse Response, RIR)J&7E— RN G5 0] N ELT

Wi, BHERSFH 6.0 mx6.0 mx2.4 m., MR AR
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#| 16kHz, H RIR k2 1s. KATERIIE
MIAREIEME A 2 DOA fFE., T THIREEHS
RIR AR, Tl T4 ATt i BT LU
Fro M WebRTC ifi# i sl (Voice Activity
Detection, VAD) 7 i MHBRIE & R AOTTER A B, %07
8 FH 2 R AR A B (5 B Y S e R
A, AR AT A3 S o 1 RS

PEHL 40 Z5RPRUTEBRBL Al i, BARmHK
7y 3 s, BEHLEZ A 20 4%, SRIFKEAT1S MIR 75
ik b )3 K58 S G RIR BEAT AR, A A 1125
FIIRIIE R . AAh 20 Sy DLRRE 20 i
FAF IR M2 o B AR S0 8 B XTI
DB 23 0 b A E R L e, Horp
R 2ok H NOISEX922UF1 DEMANDI?2
R o BEAMANT I I 250 A 7 s e L
g, BEH—E BOR 1Y RTF [0SR I 24
MEREEARBOT S U]
3.2 A HERBAMELA

AR XS FE Bk M B2 A LR 1. S AKE
Ay RTF WRBESAIA R, HERREA TN Ry
2Dx1 ., £ 1 PR AR E R LGN 2
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Bk, IARECH 1, i 1-NN(1-Nearest Neighbor)!¢],
CNN(Convolutional Neural Networks) /g F& TR 2~
A H5E A B AR, N e bR B
VAE-SSL(Variational Auto Encoder-Semi Supervised
Learning) &5 TR EE 2% 2] ()2 W B i R, iy
WAV Ty e €1 v w A €1

F1 WHEERBANEE

xS kR
1-NN[16] Plas=r~d
CNN3I TR~
VAE-SSLP3 REE )

T VAE-SSL MIZ& 2l M4, HREALIRSL
B, IR T8 248 . B 4 FPSA ST
A, ATH L AMEZemi A5 (1) 78 VAE-SSL
bt RTF MES MM, BIHES RTF AL/ A
DxL); (2) ¥& RTF MIE{E-S5HIA AR BRI
2DxL); (3) 3CH RTF &, Bl ¢ RTF ALK
INKHDx1); (4) &g RTF R 5 AL 5 5 (I
H2Dx1). SERRWL, ¥ g RTF HYBR{E 5 HI L
BRAE R i AFEACIE, VAE-SSL 1k RE i &, Bt
1-NN #1 CNN %7 A VAE-SSL A, K AH
ZF, EFHI M DA-SSL Bk fE B AL PR (H%L
P, K g RTF HEAENHIAFEA

BT AFEAS 4R e AR Ak, DR 22 %)
TRBE 5 ) Bk b 1) I 48 S50k A TR A o FLA O =0
W RS G TR R e oy — G A, B
M SO PR RFA AR, AR vT LUR £ 9 45 38 07 8T
B A GERE
33 BAHEE

TR TIN5 5 R 988, H VAE-
SSL JIZRiyJohrZ Bt 24 10 000, M4 20(19), 42
R A% PRI 19 3 A T DOA /3 2Rk
T2 MRS MG, HAEENA=S5, o=1.
A EARREBCE N p=5 o SLE TN
256, MR Ry 128 MYIXEHE EAT STFT, Bl D=F =
129, Hr, FRSSEL 1 HRAH L =31, Hl VAE-
SSL fRFF—3L,
3.4 A I_AR

SCH BT 28 (Accuracy, ACC)RITAL
BB RPERE . ACC(BEL Race)iE X IEH TR

) DOA FR& %R SIAREA B8 e
100% s
Ryc=—"21, 1)

test =l
K ng FRoARMEAFEA S 1 RRFE 7R sR L,
M DOA #r% 9, FIELSEARZ: v, AR, BT
1, A 0, MHAFEATE A 10000, X W iF & E it
K2k 81 s,
35 EBER
SIS AR YN R85 5 B s 75 2 SR R AS DR D
LT, AVCELR 4TS 3 200 15
Ly 7 N LY LTS =41 £ 1 B N LY LT U B 7 N W LT
TEAFME LU AN DL L5256 vh (U H AR R A A
[ b, SEFRIR AT E] R 160 ms (1) MIR ZdE4E,
B {10, 15, 20}dB, M Ay g, 452 L3k 2,
% 2 PHATS 10 dB—15dB FEn R (S
MELEE 10dB, HAREEWE MR 15dB, WP
Prenfi A n] I Scrp DA-SSL AR iy, HA R
SR R | AP Y TR AR R A RS A
TERORZE ), BT oA 22 St 21k . filande
HAREAEME LR 10 dB 00T, BERRIRIB SR N
15dB i, CNN. VAE-SSL #1 DA-SSL Bk RE2
e F RBP4 e A 20 dB AL . DA-SSL &
s B R D o A1 25 TR AR SR A AE AN DL A
MR LR AOPERE, HiE 2 nIL, HOESUERG R L FEAIL
T 118N 43, T CNN HI VAE-SSL 143 il
T 4.14 DNE PSR 179 NS . MBI HER
%3k, CNN Fl VAE-SSL & 43 DA-SSL &
PO BIRAR T 16.78 AN E 43 5 F1 11.22 N EH 43 o
Fx2 FEREACERETEEMNACC B %
{GMELiT% 1NN CNN  VAE-SSL DA-SSL
10dB—15dB  59.31 85.11 87.26 97.92
15dB—10dB 44.04 69.17 76.51 94.52
15dB—20dB 76.55 93.03 94.43 99.44
20dB—15dB 63.84 77.49 87.52 97.84
10dB—20dB  74.02 91.93 94.69 99.38
20dB—10dB 45.32 65.03 74.72 93.34
SEYHERGE. 60.51 80.29 85.85 97.07

ETR M E] AN DT BC S 58 (JS0R F AR A

AR AR S TE]), 342 3 FhIR AT E] ) MIR %04
£, BI{160, 360, 610¥ms, [FIIESHN 20 dB A=
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Maps ) SEIRZER AR 3, MFRHATILSCH DA-SSL
SAEVERE SRS, P IUERRR 5515t CNN il VAE-
SSL Bk 14.07 A3 Ml 13.23 A7, R
DT PIFPR B2 2 2] Bk, R W HA BRI TR e
Bk, Ak, VAE-SSL SR TR M AN DL T T Y
PEREIR CNN BUAMZEAZ, MPTEFWE LEAIEHL
SEE TR AT CNN Bk,

%3 RMEEEREE TEERN ACC B %
IRUARTA{ES  1-NN CNN  VAE-SSL DA-SSL
160 ms—360 ms  49.73 7132 7230 9224
360ms—160ms 5891  80.55 7848  81.76
360ms—610ms 4429 7394 7730  86.73
610ms—360ms  47.12  77.00  77.44 9732
160 ms—610ms  37.99 6653 6594  90.72
610ms—160ms 5190 6886  71.74  73.83

RN RES 4832 73.03  73.87  87.10

FEME 7S RIS IE AL S 55 v (U SORN H PR A
AN[FIZERU M), FEPEIR MY 160 ms 7Y MIR
Bdags, B {Pink, m109, Park, Station}, {5MH K
10dB, SEHZER LR 4. WFEHATILSCH DA-SSL
HERE AT, I HW R ALT CNN Fil VAE-SSL &
2, el 28.43 ANA SRS 2117 DA SR
{H DA-SSL F:7E H bR 75 2550y Pink M 512
B, BV 2R A LA At IR 7S S RS T
RS2 AR, 228 Pink MEFS A BEXIZ A JH DOA
S RBERE R RA RS T WA, 1NN

x4 BEXBFLETEEN ACC B %
MEFEETAES  I-NN CNN  VAE-SSL  DA-SSL
Pink—>ml109 9452 6192  87.14 99.98
ml09—Pink  68.76  71.80  65.66 78.84
Pink—Station 94.82  69.07  65.36 99.86
Station—Pink 7023  57.83  64.43 76.68
Pink—Park  91.64 4572  71.88 99.20
Park—Pink 7452  61.02 6755 86.24
ml09—Park  88.58 6421  69.97 95.06
Park—>ml109 9492 6626 6635 99.40
ml09—Station 94.10 7400  76.17 98.18
Station—»>m109 9397  65.13  78.61 97.98
Park—Station 94.82  69.64  66.33 99.18
Station—Park  89.22  77.38  91.69 94.54
SEHIERR 8753 6533 72.59 93.76

BAERER B CNN il VAE-SSL &%k,

R B UE SCHAS [ B A /N 4 R A T
DOA F32SHE, T T AR ZRREAR i 52
B SEIAEAN RN RS 22 5 N T, YRR )
)% 160 ms, HAR K 360 ms, & 2 &R T JIZAE
AR AR . AT L, B DI ZRAEA
B R, AR b B R T X R A A
IR o RS M 247 B4 N3] 988 I, CNN 44
Pl RESR T i, DA-SSL Al 1-NN 2kt A4 4k 1
AR T SR Y ARSI N F] 5200 B, £EE
PEREUGE AN B3 o ULEH YA B AR SR e L g0
RE—E FRREL, ALY DOA S EEL R, B
A, SCH DA-SSL B ILTEA RIS 2 A T
T A PERERRER IS T FA Y 3 FhIRE R ) B

100 -

o} //'\*”

80 -

§ 70
S
< 60
S0 —e— DA-SSL
—e— VAE-SSL
40 —a— CNN
—&— [-NN

30 1 1 1 1 1 1
247 494 988 2600 3900 5200

BeA A
2 EHEERRIIGRAHETH ACC
TEfEME LR VCRE B LT, PR, TR Bk e
AlA] DOA it Ty 26tkRe. LR E 19
DT HEAER) DTU BdsteY, Z8da s m 2 s X
Mgl 3 N s AL, 22 s RURIEE 8.5 cm, #E#E
o 2 AN FHABAE 5 KA TS50 o 75 IR A T 25 (] A%
-90°~90°yL [N, [EIfE 10°, 3L 19 AR DOA,
AR A T RS AR S 1.5 me YIZRAnIERAEEAS
(A B 2R MIR AH A SEBR 25 SR AN 3 fis,
HPTLR B R TE(R e L ASVL i 50 T, B354 DTU
PR F R, AR B R R R E R A
PERCHE LT, S9:7E DTU 45 MIR Sl b
FIERfR 225, BRI 3 TRk 2 17Xt L.
HHE A, BT EELE DTU 3t b Er i
FH LT MIR HdadE, 302 HF MIR $dE4E M
JEIRIFE KT DTU £l de, A FTHRILE T DOA 43
J5. BN Z, BME42EH DOA FuEin,
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DA-SSL $957E DOA 732&tERE EATISAETXF LEAY
HAF% .

—e—DA-SSL £z DA-SSL
—e— VAE-SSL = VAE-SSL
100 - —=—CNN =3 CNN
—— [-NN I I-NN
80 - ‘\'/0\‘/,\
60
IS
g 4o0p
<
20

10+15 1510 15+20 20~15 10+20 20-10
5 AT 55/dB

B3 HiE7E DTU $iiE&EH A9 ACC Tk

R AR SAE DOA KRECTENL N AL,
i 4% -2 1% 22 (Mean Absolute Error, MAE)!2]
TR, MAE BYI%, FORFIEXTT DOA KALHY
AP S . HEE DTU BdsdExt kit 1285
RAES . B FRMIE SR 20 dB &g,
SR M HR R 988 MMFIEFEAS, #A R IR Ik d o 1)
IF, XFEAMES WA 20 dB s, B
TEFEA IR G H PRI - A3k 5 458, DA-SSL
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DOA classification of single speech sound sources based
on kernel function domain adaptation

LIU Mingmin, ZHANG Lianjun, YE Qingwei, LU Zhihua
( Faculty of Electrical Engineering and Computer Science, Ningbo University, Ningbo 315211, China )

Abstract: Given the existence of different noise or reverberant environments in the training and testing phases,
and due to the scarcity of real data, the classification accuracy of the Direction of Arrival (DOA) of speech
sound sources shall be reduced. In this study, we propose a machine learning DOA classification algorithm
based on kernel function domain adaptation, which achieves adaptive learning of training data by optimizing the
structural risk function and reducing the conditional distribution difference between domains, thus improving the
classification accuracy of test data. The experimental results demonstrate that the algorithm significantly
outperforms the contrasting deep learning algorithms under various acoustic conditions in small and
medium-sized datasets.

Keywords: speech signal processing; classification; kernel function; domain adaptation; machine learning
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