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Abstract

In this thesis, we address the problem of. the performance analysis of audio
watermarking systems that- use a spread spectrum technique in the discrete
cosine transform (DCT) domain.” Two-tests are involved in the ownership
verification process. First, a watermark 'detector decides whether the audio under
test contains a watermark generated with a certan key. If the audio is
watermarked , then authorship by the key holder is proved and extraction of
hidden message can be performed by a detector. Most current research
concentrate on correlation detectors, despite evidence showing that the
underlying Gaussian model assumption does not match the intrinsic natures of
DCT coefficients. Recognizing this, we first investigate a statistical approach
that uses the generalized Gaussian probability to characterize the DCT
coefficients and then use it as a basis for the application of statistical decision
theory to the design of efficient detector and decoder structures. We aso
generalize this approach to the possible nonexistence of a statistical description

of the original audio.
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1.1

(digital audio watermarking)

[1,2,3]



[4.9]
[6,7,8] [9,10]
(lowbit oding)

(phase codinglecho data hidinhgpread

spectrum modul ati on)

[9,10,11,12]

1 1 3

111 0110 111 011 1 (majority

vot e) 1

(direct sequence spread

spectrum)
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(2)
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(3)
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D (Perceptual

transparency)
(imperceptible)
(2 (Robustness)
(A/D DIA) (filtering)
(compression)
(3) (Reliable)
(secure)
(false alarm)
[14,15]

(detection algorithm)

(correlation detector)[10,12]



[16]

[10,12,17,18]

(generalized Gaussian)

[19]
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2.1

(watermark embedding)

(decoding)

b= [bO’bl”"bN—l]T

21

X = [Xo, Xy, X ]

(watermarked)

(detection)

y=X+Ww
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Hy=x+w

Hy:y=x
(probability of falsealarm) B.=P{ d(y,K)=H,|H, |
(probability of detection) B, =P{ d(y,K)=H,|H, }
y
d y y K
e
X b

(probability of error) P, - p{f, - b}

2.2



k Rl -

—n  EED
e
AHEES o
o B L k
N
megm [ ][ % v
2. 2

(1) L
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{shi  sng=¢ viz] s
2)
DCT  x,
(3) a, K s,
Wi
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j b,
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w=P(K,x)-b
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a
pu:{g

(4)
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20ms

Py

s, if kes,

otherwise

y=X+W

(pre-masking)

200ms

11

Yie = X + W

(post-masking)

(2.2)

k=01---,L-1



(smultaneous

masking)

(masking threshold)

[20]

L-1
DFT Xoer [K]= %'Zq[n]-e‘z”k"“, k=012,L-1
n=0

DCT xDCT[k]:\/%-y[k]-iq[n]‘cos[W], k=0,12,---,L-1 (2.

n=0

Y2 . k=0
7[k]_{1 . k=12.,L-1

12
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Xprr = Aq
1 1
1 1 e—jZT(]X])/L
A==|.
7l

Xper = Bq

1

B

a=[ q0l.q1, .qL-3T

Xprr = XDFT[O]’XDFT[]-]"”’XDFT[L_1] ]T

1

120N

1 eI gizLHAL

1
aI2IL

@iz

Xpere= [Xoer [0 Xoor [U, -+ Xper [L -17

1

N

D@ 703
| ) )

(L-1)J) (L= ~(L-1)(L-])
_OOE( R R T )_

Xper = Bq = BA-IXDFT

1

V2
AD2A-D)
o)
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(2.5)



DCT

D DFT
uV
U=13
u'[K]
(2) u (2.
( 3) Uper

a o=Re{uy.}

o = [a]0], o], T2+, el L~ 1]

5)

14

w' =[u0] ', u'2], - ulL -1

DCT

oAl
Uper = BATu

(2.6)
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PF:P{ d(y’K):HllHO} PD:P{ d(yl
- eyman- Pear son
3.2 P=a, o
G=1-P,)+7-(P. —a)
:( IH1 ylH )dy)+77 (J- viHo ylHO)dy_ap)

J. yiH, Y|H dy+77 ( _J-ZOPy|H0(y|H0)dy_ap)

(1) [P (Y1) 1 Ry 1]

Zo Zl Ho ‘ Hl

K)=H,|H,}

test)

(3.1) PR =q,<q,
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H
P, (Y1H,) f,(yIH,K) p(b)- f,(y—Pb) * p(H,)
A(y)=In2Hh =In-Y =1 =In—2%. (3.2
)= i) "o T L) FRCCY (.

n
P(H,) = P(Hy) =05 7n=0
3. 2
A(y)
3.2.1
Xk fx(x)
f()=LC g gL r@o)]? 33)
" 2r(yc) ’ o | T(Ic) '
F(n)_j:vnl-e‘vdv n>0 B o c
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c c=1
(Laplace) c=2 3.3
Generalized Gaussian Distribution
2.5
2L
1.5¢
=
1L
0.5}
0 4 4 |
-0.05 -0.04 -0.03 0.03 0.04 0.05
X
3.3
p o C
o Cc
Xy Oy Cy
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2

oy (k)=o) (k)+ oy (k) - 2-Cov(y,, W)
= o5 (K) + 02 (K) - 2(EL Y - W ] - E[y]- E[w])
=0, (K) + g (K) = 2(E[ (% + W) - W,])

= 52(K) + 02 - 2- E[W]

20

W

= bjaksx

(3.

(3.

6)



Ellx]= [ X £ () dx = 2] x- £, (x)dx = rﬂ(ﬁz) [ xe ax

1 1

fx=Lye dxo Loyt
y=(8-xf=x=—2-ye =y dy

(3.7)

R o S
E”XH_F(]/C)IO B y*-e 5 y¢ dy

2.
c

! . e_‘ y‘dy
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(3.7)

(3.8)

(3.9)

(3.10)

(3.11)



c

1 6@}

(3

(3.11)

L =256

Piano.wav-1

D Jo anjeA

DCT coefficient position
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P: Py
K
X y
A
M =2N B:{bO!bl"“’bM—l}
1
b, :{bi,O’bi,l""’Q,N—l} p(b|):V

0= 1, ()

(3.2)
Kl ¢, % M-1N-1 c. c
A(y)=-InM +Zﬂﬁk-|yk| +In > []exp —Z,BAK : yk—h,i-ak-sk‘ (3.12)
k=0 =0 i= keg K
k=kmod L) K, (3.12) 5 C

'Bﬁ = Bk mod 1) Cﬁ = Ck mod 1)
{yoalt

S, 256

23



(N=1) b=1(M=1)

(pure water mar k J3.12) A(y)
& oc % %
A(Y): ﬂAk‘ ‘Yk‘ _‘ yk_ak'S(‘ (3.1
k=0 K
Ho y K
(3.13)

(3. 14 Nn(y) K, A(y) H,
3. 2 S,
+1 -1 A(y)
Kl ¢ % 1D ¢ % CQ
ELAMH]=2 8.5 x| -5 2 87| vl —[x-a (3.158
k=0 k=0
Vaf(A(Y)IHo)=E[(A(Y)—E[A(y)lHo] )1=% \ ﬂ:% {ka 1 J (3.16)

24



a5 s (3
(3. 17n(y) K, H,
A(y) A(y)

15 ¢ % AR SIFCE ‘

E[A()’)“"l]zikzz(;ﬂQ '(‘Xk—i_ak‘ —[x —a j k:oﬂﬁ % (3.18,
1KA 2 % %V

Var (A(y)[H,) == ﬂAk'(|Xk+ak| %~ (
415 k

(3.163. 168 +18)3.19) A(y) H,
HO
3.2 n=0
mliE[A(y)|H1] afiVar(A(y)lHl) P P,
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NR

10dB
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(N=2)

Kyl M-1 N-1 C, % |_>|1
A(Y)=—'”'V'+Zﬁ |yk| +1n exp| — ﬂAk' yk‘h,i'ak'sk‘ _0 (3.22)
i ke HO

% H1
yk_h,i'ak'sk‘ J i InM (3.23)
H

0

Ay) Ky A'(y)
S, +1 -1 H,
N= 2 A (y)
K,-1 Ky=1 % %
E[A'(y)IHo]zZﬁ kal ——Zﬁ (kamkl ~% —a j (3.24)
k=0
1%t 2c % %Y
Var(A'(y)|H0)zZ ﬂﬁk-(|xk+ak| —|Xk—ak| J (3.25)
k=0
H, N=2 Aly)
A)

1% ¢ “ “ Kel ¢ %
E[A'(y)IHJzEZﬁQK-(\Xk+ak\ % — x| ]— AR (3.26)
k=0 k=0
1Kx_1 2c, cﬁ CQ 2
Var(A'(y)|Hl)zZ [)’Q k (|Xk +ak| —|Xk—ak| ] (3.27)
k=0
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(3.243.253.26§)3.27) N=2A'(y)

((N=1M=1 Q(y)

N=2A'(y) H, H,
n=In4 n=0
N=2 P, (3.21) n=In4
3.3
f,(x)
? 22
N b L (L>>N) w
y=x+w r=h(K.,y) L
y N r [19]
(ergodicity)
(quasi-stationarity) X (first-
and second-order) X

(cross variance)

h(K.y)
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p=4.Y 23N iefo. N} -
o, 3.28

k
k:0<k<K, -1,
{ﬁes }

L
ri H1
Ve =% +h,5 X S, d
42 o 2 X
. —h oA . st = — =16 k
E[rllHl] h,|a11 Var[rl |H1] O-ri a1 keS G/\z Uri keS O-s
1 13 (r-h,a)°
firIH) S o2 ),
(27) 21})0-ri i—0 O
H, Vi = % X S {
94 X
E[r [Ho] =0, Varln [Hol =07 =163 =3
ke§ G@
1 13 (r)?
f(r|H,) = expl-- Q) 5 -
(IR = opl 2 s
i=0 '
H Hy P(H
Ay = intHYD In > P(b)-L——1& LA (5,)
LOIH) & IR T PR
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. P(b)=1, P(H)=P(H)=05

1 15°(i-ha)”
Lo -exp[—2 ( ha)
v q (272.) ZHO-r i=0 Ur Hl 05
A(r)=In{3 = e 4 - 1=Ings=0
=0 M 1 eXp[—lz(r') ] |_<| 0.5
(27[)N/2 ﬁlar 213 G’iz 0
i=0
H
N-1 A2 N-1 1
Ar)=-= 6“—'2+ In[cosh(ai)] . n=0
i=0 V¢ i=0 I |_i
0
B H, H, A(r)
N -1 2
E[A(r)|H1]~ -N-In2
|O T
EIA(T) Mol <=3 3 %N -In2
N-1 ;2
Var[A(r) |H,] =Var[A(r) [H,] = Ziz
i=0 O
A E[A(r) [H,]?
MR Gatr 0] (a2t §
NR, P
R P, K

30



3.4

[ 3-1]
b c A(y)

(N=1 M=1) B={b,=1
(N=2, M=2"=4) B={b,,b,b, b}, N=4,
M = 2* =16) B={by,b, by}

10:0

100
c ( 3. ) c (0.52)
c (3.11) G
c G

A(y) ¢ ¢

A(y)
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Value of C

N=1 NKN24

Distribution of C of string quartet

3 T T
R e Rt —
N 4
LB b = -
L J
.

l : 777777777777777777777777777777777777777777777777777 * ..'.77
., -
PREX) . N

05 T RIVPG ot N AVLE 8 ¥ e e R
T . ""’ .:\ LT .Y '5.5‘\. ‘.,v.';. ."N?’:.,?: ~, -
-
0 1 1 1 1 1
0 50 100 150 200 250

Coefficient position
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6000

4000

2000

Ay)
o

%
-2000

-4000

-6000
0

Distribution of /\(y) of string quarete

NN P OO
X X

IO NONONONONQNNE::

0
K( PN sequence index)

3.8
C=0.5 c=1 C=2 Adaptive C
N=1, M=1
NR(B) | 3405 | 3341 | 3202 | 3285 | 2844 | 2763 | 3472 | 33.38
E[A(y)IH,] | 4.90-10° | 4.88-10° | 2.26-10° | 2.25-10° | 1.50-10° | 1.49-10° | 5.63-10° | 5.56-10°
Var[A(y)IH.]| 9.46-10° | 1.08-10*| 3.21-10° | 2.62-10° | 3.21-10° | 3.84-10° | 1.07-10* | 1.42-10"
E[A(y)IH,] | -4.90-10° | -4.88-10° | -2.29-10%| —2.25.10° | —1.63-10° | -1.49-10° | —5.63-10° | -5.56-10°
var[A(y)IH,]|9.46-10°| 1.08-10% | 3.21-10° | 2.62-10° | 3.21-10° | 3.84-10° | 1.07-10* | 1.42-10*
3.1

33




6000

4000

Distribtuion of /\(y) for detection 2-bit watermarked string quartet

Adaptive C

2000 -
<S oF :i Sii
—— C=2
—— C=2
-2000 [ e006600¢506Xse MR rs MR SRR SHH K3 oo Seataasasaas
-4000 - Adaptive C
i T S R N s ot a2 S P SR NP S S S NP RRw SS O Sw (a0 et eteg ot totetee 0, oy
_60000 10 20 30 40 50 60 70 80 90 100
K (PN sequence index)
3.9
C=0.5 C=1 =2 Adaptive C
N=2, M=4
ANR (dB) | 33.91 33.41 32.40 32.85 27.58 27.63 33.82 33.38
E[A(y)IH,] | 491.10° | 4.88-10° | 2.26-10° | 2.25-10° | 1.50-10° | 1.49-10° | 5.63-10° | 5.56-10°
Var[A(y)|H,]| 9.79-10° | 1.08-10* | 2.95.10° | 2.62-10° | 3.96-10° | 3.84-10° | 1.32.10* | 1.42.10"
E[A(y)IH,] |-4.80-10%|-4.88-10°|-2.24-10%| -2.25-10° | -1.55-10° | -1.49-10°| -5.58-10° | -5.56-10°
Var[A(y)IH, ]| 9.79-10° | 1.08-10* | 2.95.10° | 2.62-10° | 3.96-10° | 3.84-10° | 1.32-10" | 1.42.10"
3.2




6000

4000

Distribution of /\(y) for detecting 4-bit watermarked string quartet

2000
C:.5
—— C=0.5
= ca
—7— C=2
—— C=2
sl T
-2000 [ s00000450004040%000000 KO o IR IR RIS HRH RIS HRHHN
Adaptive C
-4000 -
B T N ) N AP T RSy SOt e NOw S S
%W%%m S %""-‘ @
_60000 10 20 30 50 60 70 80 90 100
K (PN sequence index)
3.10
C=05 Cc=1 Cc=2 Adaptive C
N=4, M=16
NR (dB) 34.14 33.02 28.24 35.82
E[A(Y)IH,] | 4.89.-10° | 2.26-10° | 1.50-10° 5.63-10°
Var[A(y)IH,]| 9.22.10° 2.54.10° 3.36-10° | 8.29-10°
E[A(y)IH,] | —-4.77-10° | —-2.22.10° | -153-10° | -551-10°
Var[A(y)[H,]| 9.22.10° 2.54-10° 3.36-10° 8.29-10°
33
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3-2]

b A(y)
(N=1 M=1) B={b,=1}
(N=2 M=2"=4) B={by,b,b,,b,}, N=4
M =2°=16) B={bgb,, b}
100

A(y)

36



N=1 N=2 N=4
AR (dB) 28.02 27.63 26.99 28.44 30.17 28.84
E[A(r)IH,] | 1.16-10° 1.16-10° 1.40-10° 1.40-10° 1.54.10° 1.53-10°
Var[A(r)|H,]| 212.10° 2.32.10° 3.94.10° 2.80-10° 2.27-10° 3.07-10°
E[A(r)IH,] | -1.12-10° | -1.16-10° | -1.34-10° | -1.40-10° | -1.45.10° | -1.53-10°
Var[A(r)|H,]| 2.12.10° 2.32.10° 3.94-10° 2.80-10° 2.27-10° 3.07-10°
3.4
[ 3-3
(A& 1TME L)
100
100
35 3.1 34 3.6
( 3.5)
C
=1

37




A(y)

38

Piano C=0.5 =1 C=2 Adaptive C
N=1, M=1
SNR(dB)| 1945 | 21.08 | 2035 | 2251 | 1965 | 2010 | 2045 | 21.73
E[A(y)IH,] [7.09-10%| 7.18-107 |3.84-10?| 3.89-10% | 2.29-107 | 2.30-10°? | 4.73-10?| 4.77-10°
var[A(y)IH] | 5,71-10° | 4.02-10°|1.36-10° | 8.49-10% | 5.67-10%| 5.18-107? | 2.01-10°*| 1.53-10°
E[A(y)IHo] | -7.08-10% | -7.18-10% | -3.84-10% | -3.89-10° | —2.30-10? | —2.30-10% | -4.42-10% | —4.77-10?
var[A(y)IH,] | 5,71-10° | 4.02-10° | 1.36-10° | 8.49-10% | 5.67-10%| 5.18-107 | 2.01-10° | 1.53-10°
35
Piano N=1
AR, (dB) 19.62 20.08
E[A(r)IH,] | 2.02-10° | 2.04-10
Var[A(r)|H,]| 4.48.10° | 4.10-10?
E[A(r)IH,] | -1.89-107 | -2.06-107
Var[A(r)|H,]| 4.48-10° | 4.10-107
3.
[ 3-4]




(M 1M 1)

100

100

3.7 3.5 3.1 3.8 34 3.6

¢ 3.11)

C c=0.5

Aly)

Flute C=0.5 C=1 C=2 Adaptive C

N=1, M=1

NR(dB) | 3516 | 3800 | 3462 | 3783 | 3350 | 3542 | 36.13 | 3884

E[A(y)IH.] | 1.04-10° | 1.04-10* | 5.49-10°|5.49-10° | 6.24-10°| 6.24-10° | 1.07-10" | 1.06-10*

Var[A(y)IH,] | 3.30-10* | 1.71-10" | 1.04-10* | 4.97-10° | 1.74-10* | 1.12-10* | 2.80-10* | 1.47-10"

E[A(y)IH,] | -1.06-10*| -1.04-10* | -6.02-10° | -5.49-10° | —-6.58-10° | —6.24-10° | -1.19-10* | —~1.06-10"

Var[A(v)IH,] | 3.30-10° | 1.71-10" | 1.04-10" | 4.97-10°|1.74-10* | 1.12-10" | 2.80-10* | 1.47-10"

3.7

39




Value of C

Distribution of C for flute

3 T T
2D .
2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
(Y e 5—;
o * ,-3.,.:
®e o c. o
od . e o‘ o 2 T .
o o .. e s Y Ok'. °
0.5 fe 7.}3 zi‘v?;:-.l;’, \;"; ,‘,";.‘i;ﬁ:q& NI s
0 | | | | |
0 50 100 150 200 250
Coefficient position
3. 11 C,
Flute N=1
SN\R, (dB) 32.75 35.42
E[A(r)IH,] | 6.95.10° | 6.96-10°
Var[A(r)[H,]| 257.10° | 1.39-10"
E[A(r)[H,] | —6.83-10° | —6.96-10°
Var[A(r)[H,]| 257.10* | 1.39.10%
3. 8



b y
(maximum

likelihood algorithm) [21]
4 . 1

y b

M =2" Bi{ by, b, bM—l}
b=b,, 1e{01---,M -1} w, = P(K,x)-b,
W, =hb,-a s, VkeS ke{01---,L-1}, je{01---,N-1}
K B
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{bO’bl"“’bM—l} P(bl):%

o
o>

(forward ontrol ' ode) (interl eavi ng)
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2
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eleum
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(3.3) A
f (ylb.)= f,(y—w,)
Ky—1 G [
= exp(-4, - Wiyl )
0 2r(1/ ) 1Y
K,-1
x %
|:|yk m| | _\Nl,k| :|ﬂQ
y m k=0
1
¢ 1 |T@IC)F F(3/C)
Tk >0 .
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k
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s (4.2)

LAl 2 [Al+ -+ 2 [AL]>0, vms

keS ke§ keSy_1
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k

RS 'ak'ﬁ‘ ﬁ _‘yk_h,j O
c

y - kes,
o.X
k
kesS, Ye=X%+D - s
bj=1 b =-1 4.1 keS,
keS' kesS;
b, B A
1 1 0
1 -1 S/
-1 1 S
-1 -1 0
4. b, b,

(4.
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(4.3) A

i

p -l

Yi = by 'ak'sk‘ ﬁ _‘yk_h,j 'ak'%‘ k
CA

: 1k€Sj
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k
‘ 2 i | |Cﬁ % cx
Xk+a's<k_xk -2, - k_ K
=3 Ly 2acs] o
kesf' UAk kes, O_Ak
“ k
! b
f)zargmax b -r
b B
r:{r‘)’rl’”"rN—l}T rjiz|yk+ak.%| ;A|yk_ak'5<|
kESj UAk
k
b,
b;r‘r>b:—n~r, j— (b;r—b-r;)r>0’ Vm;tl
(4.7) s
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( qj_bm,j)'z| Yk+ak'3<| _c! yk_ak'sk|

0 keS; k
j o}
k

(b =by)-r=

N-1

J

] 2|xk+2ak-sx|ﬁ—|xk|ﬂ %, 2a-5] [’

1

=, - - >0 (4. 8)
i=0 keS| O-k K keS; OI( K
(4. 8) (4. 4) (4. 3)
(4.5)
[ ]
Ajzsign(rj), je{0L ,N=11
[ ] B N (bi nary
antipodal ) b,e{1-1 B M =2"
b b -r
bIT'r=h,o'rO+Q,1'r1+'”+Q,N—1'rN—1 h,j I
b -r b
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Yk:Xk+bj'ak'$u bj=1 Yo = X Ty - S

s +1 -1
E(h
EDJ'JZZ [ct]
keS; O-Ak

hk=|xk+205k-sk|ﬁ—|xk|k (4. 10)

E[h]=h(s =D P(s =) +h(s =-1) P(s =-1)

1 C. C, c.
Efn] =5 (| xcr2a ) +( | 5—2m] )" |-x*
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Var [h] = E{[h, - E[h]]’|
1 S 1 C 1 c, P
3k 2l ~Shrzal Jn-2al’ | hens -9

1 ¢ 1 ¢ 1 T
+§ka_2ak| ‘ _E|Xk+2ak| ' _§|Xk_2ak| Q} (whens = -1 )

C C 2
A A
k k

Var[hk]:%[ ([ x+2a] )" =(] % -2 ) }

(4.184H.14) (4. 11n.12) b =1
je{012,---,N -1} b =-1
g b, =1 Var(r;] E[r;]
C Fz{sj}Tl:—ol r;
4. 2. 3
(central | imit theorfem)
r
E[h]
Elrl=a, &=2—%" j=012-,N-1
keS; (TAQ
k
a, >0, ifb =1
a <0, ifb =-1

(4.



Var |h
Var[rj]:arzjzz 2[;k] j=012,,N-1

keS; O, k
k
~(r -3’
r, (1) 2ro. p( 207 )
j
F’e‘j = P(bj =-1| bj =1 = P(I’j <0] bj =1
0 2
1 —(r; —q) (b =1 .a >0
= ex dr. ! J
‘[Ox/garj P 20'ij )
aj ]
=Q(—) ]=01L2,---,N-1
O'rj
A a‘j ]
Pe,j = P(bj =1 | bj ==1) =Q ;) (eb=-1..4a <0 /
a. 2
Pe,j :Q u rj S\leé E |:er :a_i
o, Var[rj] o
j=012,,N-1 J

49



4.3

3.3 f.(x)
r=h(K, y)L y (3.28)
N r
S,
=4y AAk je{0L---,N- 1} (4
ke§ O,
4.1 y
b K
B b, P

b=arg mex f(rib) (4.1
~ . f.(rib)
b=b, if Infr(rlbm)>0,Vm¢I (
[ ]
ﬁlzsign(ri), 1=012,---,N-1 ( 4.
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ri
Y =% +0,a8 X S f
2 ak 2 aklef
Elr]=h,a  Var[r]=o 3 = 42 o7 =16y 2
I keS ke§ Gﬁ

1 1¢H(r-h,a)°
fr(l’ |Q) = '\y T .e)(p[_E ﬁ
(2z) 2 1] o, i=0 o,
i-0
(4. 22) ( 4= 20)
| 2
Nl(r. ha1) +1Nl(ri bn;,iai) >0 Yml
|=0 ri 2i=o O-"i
N-1
= > (;-b,)1 >0, Vm=I
i=0
m (4.22)
3Q,i'ri2bm,i'rii 1=012,---,N-1, Vm=I|
q| e{1-1, bm,i e{1-1 hyi I
=h, =sign(r), 1=012--,N-1
= =sign(r), i=012-,N-1
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(4.)24

4.2.2 (4.17)
SRE R -o((sw) v
S\R
SNR:%ESNR
4. 4
[ 4-1]
b SNR
(N=1 M2) B={b,}
(N=2, M=2°=4) B={b,,b,b, b}, (N =4
M =2*=16) B={b,b,, by}
100
100
c ( 37 ) c (0.5B2)



(3.11)
C,
(boe{ 1 -1})
c
o
1 -1
4. 2 4.3
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8000

7000

6000

5000

24000

3000

2000

1000

Adaptive C

e T ) i i e U W g VRV W N
N N R T N it e T T e o S N S

|
50

0 10 20 30 40 60 70 80 90 100
K (PN Sequence index)
4 . 2 (b, =1)
C=05 C=1 C=2 Adaptive C
N=1,h, =1
NR(dB) 38.44 39.47 36.67 38.42 34.83 33.65 39.06 37.82
E[r] 461-10° | 4.60-10° | 5.32-10° | 5.30-10° | 1.20-10* | 1.19-10* | 7.73-10° | 7.74-10°
Var [r,] 3.05-10° | 2.39-10° | 6.08-10° | 4.03-10° | 4.73-10* | 6.14-10* | 7.43-10° | 9.88-10°
4 . 2 (b, =1)




L T N i T N i ik TUP IS Vv SR S NS S}
1000 [ty e s, Mo, 50X P po0s o P Sttt a0, o X K6 s oK ot Sotsd st s, X
Q
-2000
-3000 -
—— C=0.5
L©-4000 - —— C=1
& C=2
-5000 -
Adaptive C
-6000 -
-7000 -
-8000 L L L L L L L |
0 10 20 30 40 50 60 70 80 90 100
K (PN sequence index)
4. 3 (b, = -1)
C=05 C=1 C=2 Adaptive C
N=1,p=-1

SNR(dB) | 3843 | 3947 | 3666 | 3842 | 34.82 33.65 39.06 | 37.82

E[r,] |-460-10° | -4.60-10° | -5.30-10° | -5.30-10%|-1.20-10*| —-1.19-10" | —7.73-10° | -7.74-10°

Var[r,] |3.05-10° | 2.39-10° | 6.08-10° | 4.03-10° | 4.73-10* | 6.14-10* | 7.43.10° |9.88-10°

4.3 (b, =-1)
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C=05 =1 C=2 Adaptive C
N=2,
b=(1-1)
Aveeage
SNR(dB) 35.53 36.53 | 34.65 | 3546 | 32.09 31.46 36.43 | 36.64
E[r] 357-10° | 356-10° | 3.72.10° | 3.69-10° | 5.20-10° | 5.13-10° | 3.53.10° | 3.53.10°
Var [r, 2.35.10° | 1.71.10° | 4.69-10° | 3.00-10° | 3.20-10" | 3.97.10° | 2.35.10° | 1.77-10°
NR[r,](dB) | 37.33 | 3868 | 3470 | 3658 | 29.27 | 2821 | 37.25 | 38.48
E(r] ~1.05-10° | -1.05-10° | ~1.60-10° | -1.60-10° | -6.82-10° | —6.81-10° | —4.21-10° |-4.21.10°
Var|r,| 6.32-10° | 6.83-10° | 8.91-10? | 1.03-10° | 1.94-10* | 2.17-10* | 5.10-10° | 8.12-10°
SNR[r,](dB) | 32.38 | 3204 | 3461 | 3394 | 3379 | 3329 | 3541 | 33.39

4 . 4

C=0.5 =1 C=2 Adaptive C
N=4,
b=(-111-1)
Aveeage
SNR(dB) 33.15 33.57 | 3260 | 3255 | 29.18 28.86 34.10 | 33.80
N\R[r,](dB) | 30.33 | 34.30 | 26.63 | 3260 | 21.97 | 25.49 30.05 | 3348
S\R[r](dB) | 37.36 | 36.81 | 36.12 | 3459 | 2865 | 26.13 3743 | 36.84
NR[,](dB) | 30.17 | 2924 | 2862 | 2835 | 1679 | 17.11 | 29.85 | 28.90
N\R[,](dB) | 2842 | 28.80 | 33.00 | 3258 | 33.76 | 3354 | 3445 | 3244

4 . 5
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Average of SNR for watermarking decoding for string quartet

405
|

35 iﬂ

sof| T
o A\ -6~ C=2
) \ -* - Adaptive C
o
&
5 251
z

20

15+

10 | | | | | | | | |

0 25 50 75 100 125 150 175 200 225 250
N (number of watermarked bits)
4 . 4 N
4 - 2]
b ’
N=1 M=2) B={b,}
(N=2 M=2°=4) B={b,b,b,b,},
(M =2%=16) B={by,b,, b}
100
100
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4.5

4.6 4.7

« 104 Distribution of " for decoding 1-bit watermarking
151

B Y Py T S P o e A %

1+

05~

—e— Decode b=1
ol —— Decode b=-1

Ak

15 | I | | | | I I | ]
0 10 20 30 40 50 60 70 80 90 100

K (PN sequence index)
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[

N=1,h,=1 N=1,b,=-1
SNR(dB) | 34.04 | 3365 | 34.03 | 33.65
E[r] | 119-10¢ | 11910 | -1.19-10* | -1.19-10°
Var[r] | 562.10° | 6.14-10* | 5.62-10* | 6.14-10*
4.6
N=2 N=4
Aveeage
30.60 31.46 27.57 28.86
SNR(dB)
NR[r,](dB) | 29.12 28.21 21.82 25.49
SN\R[r](dB) | 31.70 33.29 28.54 26.13
SNR[r,] (dB) X X 16.79 17.11
SNR][r,](dB) X X 31.37 33.54
4.7
4 - 3]
(M 1M 2)
100

100
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4.8 4.3 4.9 4.6
6 ( 3.9)
c=1
C C
f
4. 6
Piano C=0.5 =1 =2 Adaptive C
N=1,p=-1 |
NR(dB) | 25.89 27.40 26.58 28.54 25.79 26.13 27.03 27.47
E[r] |-7.8310°|-7.79.10? | -1.07-10° | ~1106:10° | -1.85-10° | -1.84-10° | -1.31.10° |-1.29.10°
Var[r,] | 158-10° | 1.10-10° | 251.10° | 1.57-10° | 9.05-10° | 8.29-10° | 3.41.10° | 2.98-10°
4 ., 8
Piano N=1
N=1,p=-1
NR, (dB) 25.82 26.13
E[r] ~1.86-10° ~1.84-10°
Var 1, ] 9.05-10° 8.29-10°
4. 9
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30

25

20

15

Average SNR (dB)

10

Average of SNR for watermarking decoding for piano

—& C=0.5
—— C=1

- C=2

—% Adaptive C

100

4.10

50 100 150 200 250
N (number of watermarked bits)

(M 102 2)

100

4.8 4.3 411 4.9 4.6
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¢ ( 3.11)

Flute C=05 =1 =2 Adaptive C

N:1,b0 =_1 |

SNR(dB) | 38.64 | 41.83 |-3821 | 4189 | 40.05 41.44 43.64 | 44.48

E[ro] -7.85-10° | -7.84-10° | =1.10-20*} =1.10.10" | =5.00-10" | -4.99-10* | -1.59-10" |-1.59-10*

Var|r, ] 8.42.10° | 4.03-10° | 1.83:10* | 7.82-10% [+'2.47-10° | 1.79-10° 1.09-10* | 9.02-10°

4. 10
Flute N=1
N=1,p=-1
S\R (dB) 38.78 41.44
E[r] -4.99-10* | -4.99-10
Var(r] 3.30-10° 1.79-10°
4, 11
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Average SNR (dB)

45

40 [t

35

30

25

20

15

Average of SNR for watermarking decoding for flute

f
|
|
£
—= C=0.5
—=— C=1
—— C=2
—% - Adaptive C
L L L L L
50 100 150 200 250

N (number of watermarked bits)
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keS, keS;

1Sk

C

“Ix, + b, Oaksk‘

Kel ¢ %
“Ix, +b. laksk‘ DWARIA (A.5)
k=0

keS,
Fla S arE— FHo ¥ P(S,=1)=P(S5=-1)=05
1 c % %
E[A'(y)|H1vb|*]zE Zﬁﬁk |Xk+ak| +|Xk_ak|
keSy
c K, -1 c. c
A pval el o S

el mIRI-E S koeal eal | @
Var[A'(y) | Hy b1 E{[A ()5 ELA Ty, BT | |
v ()]~ § A b el | @

d @& AEEH GEZR WEd S D(y)~MaxD 2 %% 0 FIT !

A 1K -1 CQ CQ
E[A'(YHH :I Zﬂ |Xk| __ZIB (|Xk+ak| _|Xk_ak| J (A. 8)
. 1% ¢, % %Y
Var (A (y)|H0)zZ Bt X +a| =% - (A.9)
k=0

70



Mak B, N A2 {0 R S BnTon $ 8 B2 jn i

d (4.21)8 @ &b=sign(r), =012 N-1>
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Var[rj]:Er[ Var| r|T ] ]+Varr[ E[ rIT] } (C.2)

[#m]:

e LE[r 1r]]=[" E[r;IT] f.(r)dr
= n Al T)dr - £ (r)dr
=" [ £, (5, T)dr dr

= _EO - f (rj )drj = E[rj]
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E, [Var[r, [T]]= [ var[r T} ,()ar

= [ E[(, ~E[r,1T])AT ] £, (0)dr

=] (y=€ln i)« (g r)dr, - £ (r)ar

="t (n)dr —=2f [T el ir]nf, (g 1) dr f(D)dr+ [ (E[r 0] £ (0)dr
=€[rz]-2[" (€[, ir])> 1. ()ar+ [ (E[r; IT]) £, (r)dr

=€[e?]-[" (E[r, IT])* f(r)dr

var,[E[r; |T]]=[" (E[r; I T])* fr(F)dF—U_Z E[r, 1T]: fr(F)dF) 2

00

_I E[r |F] r)dr - (E[r])
:>Er[Var[rj |1“]]+Varr[E[rj |F]]= E[rf]—(E[rj])2=Var[rj]

Bk PrkeS}y= 1 » #(411)2 (A12)F £FTE B > RET={s |\JA 5 - T
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Var| 1] Va{zvarz[chk]]E [Var[ T ] ]+Var [ E[ rIT] ] (C.4)
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Varr[E[rj IT]]=E.[E?[r |F]]_(EF[E[rJ r]])*
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. N-1%E*[h]

Varr[ E[ r|T] ]=Er[Ez[ﬁ|F]]‘(Er[E[ri|F] ] ) =

T AR R B e

Var[r.]:in_lvar[hk] . N -1%5E*[h,]
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