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Transient Noise Source Tracking

Student:  Che-Ming Chang Advisor Prof. Jwu-Sheng Hu

Master Program of Sound and Music Innovative Tetdgies

National Chiao Tung University

ABSTRACT

This thesis presents ‘a -method of detecting transmrise using
microphone array so the transient noise sourcentatien can be computed.
Through the time-domain.-amplitude ‘subtraction, effect of both stationary
and non-stationary noise in the'microphone sigaallme effectively eliminated.
This includes signals such as voice. It is showat this method is reliable
when the environment is not ideal. This makes tkeéod a better candidate to
be a sound cue than key word based mechanism.ni¢tisod operates on a
low-dimensional matrix and needs only a few windfnames of receive
signals. Meanwhile the source location can alsodérmined from those
frames. This low computational requirement makesdéal for real-time

applications.
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2.1 Non-local diffusion filter

- B IL AR M AR > AR S S ¥ G
v B AN Rde AT AER T TR o P R i e § 2 1 F
RERG - BFETTRRE S R - B A - PR
Be AR5 fem I @R LA ERY i FA T oy
4 1 ek #(clustering)~ 4 #2( classification) ~ 4% #c % P~(feature extraction

& 53 (recognition)

PORA RS ATOL R P RFARE PR L
BT R AT o w AN GRS B 4 ERF O e R 7
R L TR SERAEREERIOT R AT IRET > T3 A

REERPE L ek AR T AL 51 R B R &

PE L A F AL S A F e i (dimensionality reductioh i &
FEREFPAEHFEAFARIFRTEZDEL LT -
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i
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BTN P L TR 4 R A

= m A
BEARRAR S o gl B2 2 AR F Y (manifold learning 07 2 o

[9] - 7355 ¥ (manifold learning #_— #& % &4 47 07 /% > /i 25 (manifold)
LBHCE L EMARY B AREY Lo 4p# IR 0 2R (loca) + %

FE AL & w2 W (Euclidean spack » jt R v éh= Ap A8 L AR B
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(re-embed = 2 ¥ 2 TR FIRHARDENZIF > L T
(locally) 3 H B $ tinajt e & bl4clsomap (1SOmetric feature
MAPping) [10]:2 %2 LLE (Locally Linear Embedding [11] - i% iElsomap &
LLE thig * PR AA G 3 a3 Fad Al AR Mz FY R
TiEFeL TR AFARZRF Y HE L 4 F %4 - Local Discriminant
Embedding(LDE ) [12]&_:x 2 {8 i, 8 ¥ ig 872 > £ 42 5 7 455
(class labe) e i Ft » &7 A ag s P fhind ik i 2 » 245 B
o it FALARIT R 2 B (neighborhood graph » 4 %] # % 2edkde i fF g %)
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Non-local diffusion filtel_z ** @iz b 2Bl % B I kang 52 > 1% &

AP B TR E 2 B AR W R A P RS ORI
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12 4 Znon-local diffusion filtere_% = o * 82 T={x}o, &
f-d L BERRBESFARDTHEL > S TRAEFTAEET
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Pos A2 AR R P TR BB LY EA TR PT RSP MG
BT AL AT A PG S AT U ER TR SR T

Pz G T IR

(1) $ 41 (symmetry):

K (5%)= k(5. %) @11)

(2) 22§ B (non - negativity) :

k, (%.%)=0 (2.1.2)

(3) -1 1L (Fast decay) «
0>0, ko(x;,x)>d for [|[x=%] « o

ka(xi ,xj) - 0 for ||xl- —xj” > o (2.1.3)

g * g #rdrs (Gaussian kernet) #2508 12 i3 & v b

=
ka(x,&): (2.1.4)

_k(x.%)
doq) =" kX, X) (2.1.6)



Flifre 2N - i T o plg,x)>0 £
Zﬁlp(xi,xj) =1 » 2RI 2ZEBhPEw RN T AT I REFTHRE S
F={x}, * FREZEBBEDE T 2B 2 28 c FHRES
(X, R4B7 2eamp iz 2 2s ple,x) fEAAFHER x 5
Vo B AR x - TR A

(235) £ ¥ u ey &L HA 0 P=D1K » H¢ D

A
Dy =d(x) =X k(x;,x;) fe gt kB X =[xy, x5, 0,0 |7 24
Fr={x}i.; " % M goFREEL > & FFa 74 (a single

random-walk steg## % &L F T FageL b > 7 uF s+ PX v F

WS RS ¢ PR T A TOREMET | B PIX -

Bk [PX]y; 2282 PX 0% [ .7 &7 x; - A 408

2.

2 e A
[PX]; = XML, Pyjx;

= Y Pr{Xo, = X, = xJx; = E[Xp ]9 = x,] (2.1.7)

X, E@E# I FEL 2 805 v 2 25 (Markovian process) H ¢ R % 3

BT o



Tt - BF 2 H 55 f28 non-local diffusion filterf_r @ - 5|
H

HH T AZHEFER LI B R DA FARF L > T RGEHR T R R

%k 4 - #5 5 X =[10,200,5,50,30]7 - d (2.1.4): (2.1.5) (2.1.6)

[ 1 0
| 0 1
7 EREeEE K= 1097 0
0.14 0
0.61 0
037 0
[ 0 1
ME - S EL P=[038 0
0.07 110
0.23 0

0.97 0.14
0 0

1 0.08
0.08 1
0.46 0.61
0.36 0.05

0 0
0.4 0.03
0.04 0.55
0.17. 0.23

X' = PX = [14.7,200,12.9;,384,25.7 |

Fi ot RSB E A nEd
[0-28..0

1
100F¢ # £ 1 5 &L P00 = 0
l0.28 0

0

»4e =100

026 0.19

0 0
0.26 0.19

0.26 0.19
0.26 0.19

X" = P10°X = [21.7,200,21.7,21.7,21.7 |7

0.617
%
0.46| -
O.61|

1

().22]

0
0.18] >

0.33J
0.37

0.27]

/)
0.27
0.27
0.27]



22 $ b LI AIL

LA RIT o E ] R R B ] 2 R R OB T R T T
ST o — LB T A A b A d LR R e F Y gL
BHEHMEBERFEIT of A IEEILY > TP T BLERS JI2E
f6 Bz pll DEEs? AR R BERFE A AT L
Bodrditii B P R anu > 2 g R R E 6 B g
FEFMABMBEFOPREAE FMAPT U ZFFTREFL 0

Bov 81445 o 51 ML AIEL AT A M > A F A B AKX

1. % #f 2 L (Narrow Band Signal)
2. ST w f (Far field plane.wave)

WS AJR BT A & FAR P B E T R e T AT 0 e A7
el F|2E 4T o BRI B M R A AR o @ 1T e AR LS e

B g LA A hE B~ TR R P ) B -

353 ML 5 (Uniform Linear Array s ULA) :

Source .-,
1

1
s

T @ unit vector

iy 7
P
N

Xz

Xpg

Reference point %

B 2.1 353 S L5 R



Boi BiLig ¥ ch- S g A3 S S RlAe R 2.10 17
AMBEXREALERFT ok 7 R EES e § oSt Ak

Hon()f &I BRI M OB R E IS RULE I T AT LT
Pl B ehA 0
— . @_
@] SO )
. X2 T
x() = |20 | = | sl |4 |2
0y () ] B P
" _s(t)e]“’chcr_ "
-ejkcfl'F nl(t)-
ot i
= [ s +| "2 | = a@s@) + n(0) (2.2.1)
Le/kexmT ny ().

w 21 /. v vy
ke=—==— »#27? k. fLklic A skt ZhiE

c Ac
a(r) # 5 array manifoldvectorfs % d 38 ki 3 & g R B B cops /& BE %

wour-H A L

aT(9)=[1 ejkcdsine ejkC(M—l)dsinB] (222)

353 %A 5] (Uniform CircleArray, UCA) :

23 AL - B Az BES A GRS AR 22 B RIE 2 E
SIS IANTAGE: § X SUSEA S p SRRV IS Sk S I
d 3> UCA B - et 7| > F v % 2-D R T

T A AHY L BATR Y LI
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Source =«
A ]
oy

Reference point

B12.2 355 33 5 5 4 )

X TR/ 2.20F < 5 558 F 11 UCA éfﬁm array manifold vector

X
E
aT(p) = [1 elkeRsinbeoss g ikcRsindcos(g - 20, (2.2.3)

BEFABLAIE Y P kR POEFTY G et o A RT A
R
LT iE * = ipl(Direction of Arrivals Estimation » DOA) :
FENHRASAEESN A FY D s I LI R R ER LR
HEFY BRDB S 27 Rp -
A %25 = 78 35 (Beamformer) :
Fir ME Nz FR G RELHT R RN BHE > A
BRI RD EmBRAE Aok Bk ek o - B LA

(Beamformery 4 5 — 8 3 B ik & (Spatial Filter)e

11



2.3 AHIE & R R
WELFE & R (DOA) G Bl A7 S g2 cnfkjic? - BEZ 87 > v >

EERETR AT U S Z A B - A BRI BRTn BELR K
WoplR s enF]iE 2 = F A g 2 4o MVDR ¥ Steered beamformer(SBF)
oA D MED G FRPIBFOFRAEL > BRRELODE S
¥ &L eh™ 2 4o GCC(Generalized Cross-Correlationy = f& > 241 * 7 ¢ 3
PR e B s B R T AR B D ETAp I AR 3 N BRI EL e
=¥ o ff & #FH 2 (Eigenstructure Method) ¥ B e 2 4o MUSIC g2
ESPRIT-

2.3.1 Multiple Signals Classification Method (MUSIC)
MUSIC &_- & * %%ﬁ’z.i%ﬁ B RIVELE[E A B e é‘i‘f?fﬁz.ﬁéﬁ%
A H chipip] 2 2 [18] o #ref S A2 » AL BRI B Rt
5 H 4p B 2= 'L (Correlation Matrix) - & #-30 B 55 & (7 3 B 4 3
(Eigenvalue decomposition)z 7 F B 3UELET 22 > R PR HTE < o] B4p M
RN EZRY LA ZABIFZEF > LB S MEF F F(Signal
Subspace¥ 323t + 7 [ (Noise Subspace)d »t2 5+ 7 e sean s 7 /F 5
TRAM G T NI LT HERE KRR e e
(Steering Vectorsy #2522+ 2 BF 2 2> 1% M ZFEHAFEIE LR -
MUSIC i & 2 % 0% &3 B 28 & K
1. 5P B 42 (Source Correlation Matrix} 7 1% f% (Full Rank)®
ALK el p Do
2. Array manifold vectora(9;) » i=1,2,..,D #»*EF L ERMEH >

75 X_Array manifold Arrayf_% 44> @ §% & Jf 305 K #icp D o
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LR E A BAANERT 0 RBI BRI PP M (2.2.1)F i =
7 BB RN
x(t) = X2, a(8)s;(t) + n(t) = As(t) + n(t) (2.3.1)

A =[a(8y) - a(@p) ],s"(t) = [s1(t) - sp(O)]

F)% STRT#-3 j4k 2 455

X(ws, k) = A(wf)S(ws, k) + N(wp, k), f =1 - F (2.3.2)

BRI ELE fe gLt 2 4p B > B E K 4p B 42 (Data Correlation Matrix)
H
R = E (X(wy, k), X(wy, k)")

= A(wf)Rgs(wy, k)A(a)f)H +oy2(wp k)l (2.3.3)

#-F 4 Ap M e 4 s 2 (Eigenvalue DecompositionEVD) :

H
Ry (wf) = 2, A (wp )Vi(wf)Vilwy) (2.3.4)
He o BEDA BB LE L2, Ay 0
s221 4p B #£*L (Noise Correlation Matrixy 2 4 7 &

aNz(wf)I = 25\11 O'NZ (wf)Vi(wf)ViH(wf) (235)

P 4 20 5 4p B 4L (Signal-only Correlation Matrixy 2 % 7+ &
Cxx((,()f) = A(C()f)RSS((Uf, k)AH((,()f)
= X% (Ai(wf) - UNZ(wf)) Vi(ws)Vi" (wy) (2.3.6)

4% Cywp) e/ 52 D> 7 d (226)F #2175
Rs (Cxx(wf)) = span{Vl(wf),m,VD (wf)}

13



Rs (A(wf)) = span{a(6y, wy), -, a(bp, wy)} = span{Vy(wy), -, Vp(wy)}

Rs (A(wf))l = Span{VDﬂ(wf)' ""VM(wf)}

Sl Rk S T R AN RS R

1. MELFZEA w DR Fhe £ ATES
R, (wy) = span{V(wy), -, Vp(wy)}
2. e+ ZFd T M-D B FHce = ”'“rf?u%\‘ 0

Ry (wf) = Span{VD+1(wf), = Vy (wf)}

FUF A F s FERAF T Bl B GE 7 gl

Vj(wf)Ha(Gi,wf) =0,j=D+1, =, My i=1, -, D (2.3.7)
F2 - BRI 2B SR P

PN(wf) =X Vz(wf)VzH(wf) (2.3.8)
e+ 2 B Pel Py By yEiR 0,,,0p 7 1EFI:
Py(ws)a(f,wf) =0 (2.3.9)
AR L FADIEIE AR 0 B (229K )

||PN(wf)a(9, a)f)”z = aH(G,wf)PN(wf)a(G, a)f) =0 (2.3.10)

1
all(6,wf)Py(wr)a(6,wy)

SMUSIC(Gf wf) = (2.3.11)

f1* 2 4258(2.2.11)f ¥ 3+ & 4 MUSIC spectrumi&® MUSIC spectrum

PR R A R UELTE AR o (L BLIRF R B T T] R BT

=

=~ ;|J

S
s

v
=

v

WA T 5 A& LF o spectrumy e BB kR & B D
spectrumiz #X ¢ < > H i & & > FlptF LR R ftE < @ 30 5
MELRR AR o

14



2.3.2 Steered beamformer (SBF)

Steered beamforme®_i i#] & = it £ - & A A LR auw b

FEBHEEE RN G S P M9 hoF 21355 SRR B R E

B (T B PP 2B (2. 2.1 )5 1B R P RE O ) 1

X(wf, k) = A(a)f, B)S (a)f, k) + N(wf, k)
[ X1(wp k)] 1

Kap 9| FlorR) |- | oo

Xm(wp, k)
41 * Array manifold vector k & & i & cn#-ikh g

S (wf, k) + N(wp, k) (2.3.12)

eja)frc(m—l)dsine

A(wf,0')=[1 e-jwpxdsing’ . -josk(m-1)dsing’] (2.3.13)
S'(wp, k) = A'(wy, 0")X(wy, k)

= A"S(wy, k) + A'(wr, ¢)N(wsrk) (2.2.14)
A" (w5, 8") = A'(wy,0') Alwy0)

1
eja)frcdsinG

=[1 e—jwfrcdsine’ e—ja)fx(m—l)dsine’] (2.3.15)

ol fK(m—1)dsiné
2 (23135 ¢ > 2% A'(ws0') 5 array manifold vectoris(2.3.14y (2.3.15)
wr A ek E 2 A(w,0')¢ 00 = 005 (wp k) €T Ak g &
2EPTER O iyﬁiﬁ‘iﬁr E R o BB E B IRME S ] s SBF
spectrunmy &35 kR & B i spectrumg < T H U &R > FpE oud i

EE S EDI B IR ER

Ssar(wp,0') = || A'(w, ¢)X(w;, k)||§ (2.3.16)
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3.2 WiikY 56 1l

fi+% 5 (Transient noise) v 7% ek 3 (Impulse noise) # » %4 d
PREFAELE R o Ardp g A BB GVE BRI AE AERE N R ¥
F PR A 10msT) 50msZ. FF o v o * (32,107 A2 T A& T
x(n) = h(n) * (b(n)v(n)) (3.2.1)
h(n) 2B Lehigil Bviir Pl > Mk - BHLT 2B
A4k o b(n) £ AsgE A {0, 1) K diikEd AP g2 2 E o

v(n) §- 8 SERFEWEARDE > ARG IR ] o
FI* Wik R RS HEF R RA GO o Wi

e 1

#|(Transient Noise Activity Detection, TNAD) 12 #-87 i wk § i~ A ezt

mly
“h
{

B

Ry

-

5

e g U EFEF P ek eyn) L F bk BT EFESEIE o

=
Cgr

s

%5 x(n) fo2b¥i i - LE un) rEa

y(m) = x(n) + u(n) (3.2.2)
FiI* e pE & ] 3 e (STRT)RF o B e s s s 3 3 4758
Y(Lk)=X(Lk)+U(Lk) (3.2.3)
i# * ¥ ¥ B+ (periodogramy- & #7 3 i £ ¢

A, (LK) 2 %IY(I, K)|? (3.2.4)

A0 = [4,01),...4,0GN)] (3.2.5)

Y(LE) =XLK+ULKk) —— 4,(D) =40 +4,) (3.2.6)

periodogram

W 3.2 ¥ DAERILATEIEF A B F P R o R B A

‘m\L

BLET AL RAAEDS - BB I F R HARIZRY P2
Feni B4 > @1 TNAD thi % 1 % %o
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FRA > TR R R R R T Ok

na
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Az = E{az(h)} (3.2.9)

1<f,0<y<1 (3.2.10)

1) = {W) —BAu, (D >vhy
Z5 Az (D) < yv4y

FpE It n BT G - R it B Ay o £k
(3.2.10)% » BB + L BA, WII G H hi kS A 10
HY B & - Bk #ic(overestimation factor) v ik if # i wk F & -

BB iR AP E Ky A BT U ke
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yi(n) = x,(n) + #,;(n)

l
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subtraction

l

() > Ag(D)

periodogram

Bl 3.7 P i R b # R TR AR B

B 3.7 5 RGP R ZE AR e (n) EF R TR L B

1255 3 whitenz. {8 ez 5 d 7 fE vl Xy(n) Ar- B85 4,(n) #res

B PR AR R 2 ) s R R el kg X)) R ERE
sl kg AR £ A:(D

P 3 R g ]S E e S AeTE
b=y e a-nn+11 7 (M| (3.2.11)
% (n) = sign()?l(n)) {max( [y, ()| —ay, 0 )} , a>1 (3.2.12)

e B /)E\‘/Z"ff'ﬂf - N D BE A N e s R ﬁ"?;]z "E'—ig?’*;}‘l#p %‘F{‘{;V,‘E
B R EES L SRR o IR
RE TR L E o AB.2.11F0 ¢ o oy KETE - BFiEd 2 E S
NELAAT EaE ip o Bk~ (3.2.12) F B ELAAL § oo dRIFIORE ay o

B33 0 R G E iy B X(n) cH2Y a £~ BiE

Rl Fr ROFHREFNHT AT R AREFEERT B & iE o
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FI P fBa] g F hE R 0§ ABITA R £ 7 (bias termy:
g — 0 ,we havek (i,z(l),i,?(q)) -8, (3.2.14)

Y k1D, 2:(q)) - M (3.2.15)

¥R SR < Ot g nEpF > € 481720 % £ 5F (variance term)
o> o, we have(Z:(D,4:(q)) > 1 (3.2.16)

Yiqk(A(D),2:(q)) » M (3.2.17)

AR ASTIE A BN T G F I B AR, o f s flch Y
B T o £ fo R R DR TG Bl o Tl bl § hPow Sk

FEP MM TF P PBE o
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P 28 g # 17 non-local diffusion filtersisc % 34 > F 3k TNAD % %

W

R ESIEE W5 SUENTINE S TIRE F X U 3R T\ p
AT - R Bl (S e AR -

Bdp it Ag(D) 4o A5(@) 2 B M thepie 3 2 R Rib (s 22 57
% a2 e

dA:) = Bk (10, 2:())

3 N 3 K(1x(0.3x(0)) (3.2.18)
P (A0, 2:(@)) =~
ﬂ”=1p(/~1f(l),/~1f(/)) =1 (3.2.19)

(3.2.18)" ¢ p(jlf(l),i,z(q)) A7 - pesgds mA . 2:(D 7] Ag(q) ik
B g st - # p (L0, 4 (@)) mE et P

p(L:(1,4:(1) (1), 2:(2)
po |p(3:2.2:(D)  p(7:(2),2:(2)

p (L:(1), 2:(M)) |
p(L:@.:00) | (32.20)

P (zf(M.):if(l)) p(zf(M.):zf(z)) p(zf(M).:zf(M))_

N—

RESBPIEL P AR fF

pl 1l)1T
P=YDY" = [, - Py] :
Pm ¢MT

=Pip, + o+ YupuPy’ (3.2.21)
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A EAE p 1A e R,

l=p,=p,=-=py>0 (3.2.22)
v = W@ w@ o] (3.2.23)
s st p(L0,2:()) 7 BTy
p(1:(D.3:(0)) = w1 (@) + -+ Yy D pahu(q)
= M 0D (@) (3.2.24)
A A wxenyfdp ¥ £l
A=[1:(1),4:(2), .., 2,01)]
LD A:(12) Az (15 N)
@D 22 - L@ (3.2.25)

|
I
Lif(M,n /T,Z(M,Z). - ;T,z(M,N)

20 MAZjf=hic NLFEF BE: 45885 M x N> 3 f=F#EM

B BH N 3R RGTRAT RIS A et

BB I EE S 2R A PRI RKARE DT 4038 (3.2.26)

[21, 1 @4, 2 %, M
o cee a
A=A4T | A = !azs 1 %,z g M! (3.2.26)
laM‘ L Gy o e Gy MJ

Mg B P IEL P KPR AR DR L EEL A BT R fRaif

FEARAHEPA NERT LR L BRIWEET T LR Bl &

54+ 0 [PAl,, L PA & | 7% q Fen~g o

28



PAL = p (L0, 2:(D) @, ¢ +p (D, 3:2)) a, o + -+
p (2’?(0’2?(1\4)) Ay, ¢ = Lje1Pibjq; (D (3.2.27)

bjqg=vWa, ,+9;RQa, ,+-+;(May, .= {(a. ;) (3.228)

[PtA]l,q = 21 pith (D (3.2.29)
R HARIT T U B R R AT RIS T — B R
t—oo
t -0
[P‘A], , —— bjq (3.2.31)
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