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A Blind Watermark Decoder in DT CWT Domain Using Weibull
Distribution-Based Vector HMT Model

WANG Xiang-Yang' NIU Pan-Pan' YANG Hong-Ying' LI Li

Abstract In this paper, we propose a blind audio watermark decoder in dual-tree complex wavelet transform (DT
CWT) domain, wherein the Weibull distribution-based vector hidden Markov tree (HMT) model is used. In the pro-
posed watermarking approach, the DT CWT is firstly performed on the original host audio, then the significant DT
CWT coefficient segments are determined according to local information entropy, and finally the watermark data is
embedded into the significant high-frequency coefficient amplitudes in the DT CWT domain. At the watermark re-
ceiver, DT CWT highpass coefficient amplitudes are firstly modeled by employing the Weibull distribution-based
vector HMT Model, where both the local statistical properties and various dependencies of the DT CWT coeffi-
cients are captured. Then the parameters of the Weibull distribution-based vector HMT model are estimated on the
highpass coefficients of digital audio using the maximum likelihood estimation (MLE). And finally, by employing
locally most powerful test and the Weibull distribution-based vector HMT model, a blind local optimum decoder
(LOD) is developed. We conduct extensive experiments to evaluate the performance of the proposed blind water-
mark decoder, in which encouraging results validate the effectiveness of the proposed technique.

Key words Audio watermarking, vector hidden Markov tree (HMT), Weibull mixture model, local information en-
tropy, dual-tree complex wavelet transform (DT CWT), locally optimum decoder (LOD)
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2, FLAK BRI F2 0 75 B 4 kA T 4R 7K B A A
W5 5. AR KN BGE FR R

SN EFKEE T EHMM =% DT CWT
Iy R, FEIEEL D A A BB 2 | T
7K BB Y.

S 2. RN AR BRE 2 FIRE 1
AT ) DT CWT R#EURAE, G T Weibull
BAAN DT CWT 3 H & HMT B8 35 H
EM SyEHT BRI S 5 i, R SRA8EE 4.1 5
(1) 7 V06 34 o 30 g P B K BT ARG M 5.

SBEIRARMTHIIWMTAELE, £
Iy RS A B RBE 2 m Ty R e EEE DT CWT
REEL.

SR 4. R BR 2 Bt 1) J= 30 et 80 K
ENA 28, WEE DT CWT ZE0E B /K Ep
15 BAL.

$®S5 EESHE 4, XN EE DT CWT
REBEAT /K EDEREL, 7] LS 2] —4E/K EN T 51

w*={w;, k=1,2,--- ,N}

(17)

4.2

(18)

SR 6. X W 4k 518 Arnold A8, BT
AR AN —dEKENE G

W= {i(i,j),1<i<I,1<j<.J}

5 SEWHERSHM

JUSHIE AR S K ENEDE A b, DR 45
TR AR M RS IS AN T SR A 0 A 1
Kl gt 5, FR 500wk [5, 7-8, 17] 3T T X b s2
o, ARSCIEECT 10 Bt 5 FhAS [R] KUK 19 £ 7 5 A0S
ST N, B35 Popular, Classical. Speech.
Rock. Jazz 5. Hr, &B & 05 5 #2 BE A%
(Wave format) ff] 575 18 &40, RAFEHN 44.1 kHz,
EAKELN 16 bits, FEARKEN 20 s. oy KETR

(19)

FR/NA 32x32 BRI —AEEG. X B, Frf it
B R AEEVE RSN 64 A2 Win 7. CPU K 4 #%
Intel(R) Core (TM) i5-4590. F45 4 3.30 GHz. I
175 16.0 GB ) PC #lL HP Pro 680 G1 TW L3k
2, BHArfi 2 5-F 68 MATLAB 7.12.0.

LIS KL

M7 K EV R A BN, B8 DT CWT 2%
BACRE (D) B i A SR TARVERE. Ty & Hilik
BURHE DT CWT REBACSE, ASCHIH 10 B 5 7
ANF M I SR T, el TSRS H D &
PP TARERE R K &R, HIEAFRH DT CWT
REBOKRET, BAIKED RS 2 I (5 6t
(Peak signal to noise ratio, PSNR) (dB). P33tk
FEHEIEZ (Bit error ratio, BER) (%) “F-37KE]
RN 8] (s) PAKCT 237K EDSREUR T) (s) S5 AR
fig, W4 1 .

R LIRSS RERY, HF/H DT CWT REE
KJZ D WGE Y 60 I, AT LASRAFECAT B 7K BN ARV T
PEPERE.

AXEEM TIEMRENIR

AXHRGEE R KNBEREE DT CWT
I, Weibull J& & ) HMT St @80, #id T
A BB /K ENE B 1 22 hH 5K e 38 et /K B
2% (Locally optimum decoder, LOD). iIXH A
XX LOD /K ERAG I 4% TAE M REHEAT 1 VR0, IE 5
R KRR (Maximum likelihood, ML) A&l
AT TP SRS B S AR A AT Bk
BN REMEE DT CWT R2EE, HEKEER
i o“17m 07 RAFH DT CWT R#EiEfE 4. R
Ja o M A DT CWT R2EE{E ) LOD. ML
ST 0 o A S 00 L. K K B R N R
WHZ DT CWT REE) RAR M SAE KT R A
B (R S pih 28 55 B il 28 B B s i AR 0),
FIWT1Z DT CWT REEBHRAN T KEME BAL “17;
A3 0] (B . i 285 R 28 B s AN 0),
FIWT1Z R BB TKEE BAL “0”. [FIE, Mo .
it 28 5 R AE 1 28 BT LA TR AR (2 ) oK, U5 e
G WU e )97 255 R R A, R 7K EASE U #% TAE g k.
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Table 1

AR BB T AR RS TAEERE KENA S 1024 £i7)

Performance of the watermarking system in different coefficient lengths (watermark capacity is 1024 bits)

DT CWT REBK S FHPSNR (dB)

FHIBER (%)

LI KETHR NI 1] (s) ST BK ENSRHUNT 8] (s)

40 48.45 0.29
50 47.96 0.09
60 47.28 0.00
70 46.34 0.00

0.45 8.42
0.62 9.57
0.71 10.67
1.21 11.53

K3 A PR R, LOD &l 23 Al ML 6
&K EPFRE S SR, B3 VRN g R, A SChT
PEH ) LOD Kl #8 K B i85 i 48 FH 1) ML Al 4%
HIREMERA LB H K ERAS B, (H LOD A&l 28 f) R 8
BB T ML A28, R LOD A6 il i |37 i 2%
5 1R AL H 282 BB e T B (45 ) 3z K F ML S
Wi )7 i 2 5 R0 (L ot 28 T R e T

F 2 FIH 10 Bt 5 FlAS R AR 1 8075 A5 5
A TOKENE RSP TEMRIICR, BIA
/K ENZ% & (045 64 3. 256 1. 1 024 137 % 4 096 1ir)

T, BAKEI RS PSNR (dB). *F# BER. (%)-

F- 38 K BT R NI TA] (s) BA P35 7K B B 8] (s)
L TAEMERE. R 2 SEIQ K T LS e, Bl A K ED
HEIK, PSNR AW, BER SR A SEHUN [H]
FRelyghn. 25 3 ) b2 ORE B AR AN v I g
T3 T 7K B BB Bk AT 17 £ K K B A A
32x32 I, KENFE IR L B 1 B i 117
IEATSCERL T 3232 15 2 1 —AH EIZ K ER.

9 TS o0 B U 8 s B A B R R R g W A
Kl 4 g5 th 1 IR A6 B0 S A & K B T 5 A0 DA R
IZH POV L. R, A 30G8 KA PSNR AT PEAQ
(Perceptual evaluation of audio quality) %M FA
TR IR H T H S S KN T F S 5 A ) 2=
. Hd, PEAQUWIME R B S EE S MAER
(ERcRIBVRE SIS S PNS N=E TR RNl TSI
A ERN I R R SRl it Y R p I T
HATERE T — RAIBE A i A &, et —4
NI M g, 15 i 24 1% W2 555 20 (Ob-
jective difference grade, ODG), H& M 1% 3 fr
AN, 2 A G T AN [E] R E S S R ENE
PR VA 4

M 4 AR AR DRUIETE 4 IE A 52 UK ED ()
O (JRAG/KET S HEUR K Bl 58 4 —5), ik AIK
BT 5 R BB BN, FEADRE— B A 4(e)
ZAEWI A, BRI B E e 5 A R N K ED
J&, 5 IRAEE S EE AR AR /N, B AR SR AT A
T AN AT IR A

DRI UE AR SR B B B, X BN K B A
BT T — RAV 5, AFEEHEN (Requantiz-
ation) BT KFF (Resampling). 2 N4 A (Addit-
ive of Gaussian noise)\ ¥ Jl[H 7 (Echo addition).
REJEH (Lowpass filtering). MP3 L 45 (MP3
compression) &5 MG 508, LEENLEIY] (Ran-
dom cropping). ME{E M (Amplitude scaling) £}
&l (Jittering) ¢ R FIL BT B 5 4 1A SCHI%
(R B I RE IR 25 S, B4 P 4 L 1) B 7Kk B
BER(%) %.

AREEN TIEMEREXTEE

TR W PP AR SRR A Ak, DA R
A5 SRR [5, 7-8, 17] FIZK BRI 1 REHEAT
TXIE. R 5~8 & H T 10 Bt 5 A 5 KUK 1 % 7
OGS R M RE. X HLsEEG A, SR T A
[FER /N /K NS 5 (1 024 £r).

DA b S 25 AR B . AR SCREAM B A B )
ANELIETYE ) T H B8 B8 HUPU R A S T A
(GnEFTEAL. EHCRAE BN U N el S KE
JEW MP3 IR4655) Moy 25 A0 Bty (AnpEpLEY
I W B 4 i B 3h 5 ), B b g o 1 AS ] SRR 4
R KBNS B2 ) RGP 1) . X2 PR
ASCEE: 1) BN R A B 3l = 3 ) 25
FEAE, FEH G E & R E TS A K B RN B E
DT CWT R¥E (1i8); 2) 454 DT CWT &3
WEE 20 A R 22 FhoAH SR, #5717 T A% 77 58 55 )
T Weibull \@ &34 ) DT CWT 7] &2 HMT
GUit A A RS T GRS H 3) LURE
BORBRER G TR NS, G TES TIES
W 5/ NEEAS R AT A B EUK ENE B 22 R 9% R 0
PE7K BRI 25

6 LHRIB

AL LR 5 £ /NP A2 #: (Dual-tree complex
wavelet transform, DT CWT) & [& 5 /KRB AH
(Hidden Markov tree, HMT) BLig AR, 454

==

DT CWT FRARAEL A Je 22 BiAR R Re A, R HY 1

5.3
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Fig.3  The test results of LOD watermark detector and ML watermark detector under various attacks
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Table 2 Performance of the watermarking system in different watermark capacities (coefficient length is 60)
JKENZE & (bit) PSNR (dB) BER (%) IKENHR NI T8 (s) JKENFREUN [H] (s)
8 X 8 49.23 0.00 0.47 9.53
16 x 16 48.16 0.00 0.68 10.24
32 x 32 47.28 0.00 0.71 10.67
64 x 64 44.34 0.78 1.35 15.46
0-6 * 3 BEWERNIKX S E ODG
04 Table 3  Objective difference grades
g O
Z 02 54 opG ik
EL 5.0 0.0 LY
< 0 4.0 -1.0 AT R AR AN B
-0.2 3.0 -2.0 AR
2.0 -3.0 |
o4 HHE
1.0 —4.0 AR H
L L L L -
0 2 4 6 8 ,{E
Samples x 10°
(a) SRS S A /K ER ® 4 BBV SRR
(a) The waveform of original audio Table 4  Objective evaluation of perceived transparency
and robustness
0.6
AR ODG BER (%)
% A Popular —0.61 0.00
E A Jazz ~0.48 0.03
E Rock ~0.68 0.16
< Speech -0.35 0.01
Classical -0.79 0.08

—MITF Weibull A& HMT #24# DT CWT
W T E KN . 2R R R RS B %
E 50 5 A PN 25 K U O B A E K RN B
] BB K S B R N B DT CWT &4l & Bl
HA. BATEC KBRS, 1 26iRYE DT CWT &
g R A= W o A REYE K DT CWT KRB 1
P~ Tl TE) S RS () 56 22 Fopl G 1, @i 2 T
Weibull J8 &0 4i () DT CWT i[5 & HMT %iit
PR IR T AT S8 SR 5 AR s = 3B i K34 g
K E e, P T Weibull IR S DT
CWT k& HMT it B A S8, #iE 2 A0 %
Je ¥R F A T /K BT U 48 FF B SR UK ENE .. 1 &
SEUREE AR A SCRIEAUEA B A v
P, T H BB HCHT R EE 2 HUE 5 A (W E &
o FFCRFE BN LN [ K E 8
MP3 JE4556) Koy LD Bt (anbEALEs v, g
FEGRT BLENEE), B i Mg vk 7 AN AT G &
PR 7K ED 25 8 2 () 1) RSP 467 e A, S A4 1 e AR
TUAFZRTE.
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izat Additive of |, P MP3
Attack No attack Re?;aat.ltzatgn Resampling |Resampling |Resampling G ! IVC ! addition (Is| Audio
types ack | (16.bit - 8 |11 005 1) (8 000 Hz) [ (6 000 Hz) | ~2"'% | delay, 10% [equalization | “CIPTeSs1on
bit - 16 bit) noise a (256 kbps)
ecay)
Extracted ‘Q ‘% ‘% '-% ~§ ~Q _‘@ h@ »Q
watermark 7 72 e 1{\ A 1"& P! zi A
BER (%) 0 0 0 0 0 0 0.39 0 0
PSNR(dB)| 45.9823 43.9186 22.7800 22.9953 27.6388 42.9922 26.6733 41.5723 43.8910
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BER (%) 0 0 0 0.13 0 0 0 0 0.49
PSNR (dB)| 41.3166 41.3283 34.7130 13.5525 30.0974 29.2364 28.6896 26.4917 23.9212
Attacks Cropping | Cropping | Cropping | Cropping | Cropping | Cropping Arlnp IiltUdf 'Aarlr.lphtudf Allnp htud(z
" (front) 1 s | (front) 2 s| (front) 3 s | (front) 4 s| (front) 5s | (front) 6 s s lnlg5up o lnlg4up ofsea 1r11g3up ©
watermark P A f{‘- P! A l‘[‘ /‘t\ f{\ r{‘
BER (%) 0 0 0 0 0 0.38 0 0 0
Attacks ot Lt s st o e | Jittering | Jittering | gittering | Jitering
d scaling up scaling up scalny w1 |scaling down|sca
1/1 1 1/1 1
19 11 t0 0.9 t0 0.8 t0 0.7 (1/100 000)] (1/50 000)| (1/10 000) | (1/5 000)
Extracted ‘% ‘% ‘% ‘% ‘% ‘% ‘% ‘&
watermark A A A A A A ! R
BER (%) 0 0 0 0 0 0 0 0.59 1.46
5 AEFMEEEEREIIRL R
Fig.5 The watermark detection results for various attacks
x5 AREVENFERN M ReX L (AR SCHEVEFSCHR [8])
Table 5 Comparison of average detection performance of different schemes (our scheme and [8])
SRR (8]
KR ARG
DWT-RDM-W+DC DWT-RDM-W DWT-ROM DWT-LQIM DWT-norm
Resampling (22 050 Hz) 0.000 0.000 0.000 0.000 0.000 0.000
Requantization (16 bit - 8 bit - 16 bit) 0.000 0.000 0.000 0.000 0.001 0.000
Amplitude scaling down to 0.85 0.000 0.000 0.000 0.000 0.000 73.723
Additive of Gaussian noise 0.000 0.002 0.006 0.003 0.006 0.000
Lowpass filtering (4 kHz) 0.000 0.219 0.262 0.290 0.376 0.184
Echo addition (50 ms delay, 5% decay) 0.021 0.026 0.041 0.041 0.187 0.142
MP3 compression (128 kbps) 0.000 0.000 0.000 0.000 0.000 0.002
MP3 compression (64 ps) 0.000 0.152 0.169 0.211 0.256 0.258
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Table 6  Comparison of average detection performance of different schemes (our scheme and [5])

o AIERE SCHR [5]
Classical Popular Classical N=8 Popular N=4 Classical N=8 Popular N=4

Resampling (22 050 Hz) 0.00 0.00 0.00 0.29 0.00 0.71
Resampling (11 025 Hz) 0.00 0.00 0.00 1.22 0.00 1.06
Resampling (8 000 Hz) 0.02 0.02 0.01 1.25 0.02 1.20
Lowpass filtering (3 kHz) 0.00 0.35 24.03 27.32 26.06 23.85
MP3 compression (128 kbps) 0.00 0.00 0.11 0.13 0.08 0.08
MP3 compression (112 kbps) 0.00 0.00 0.13 0.11 0.06 0.12
MP3 compression (96 kbps) 0.00 0.00 1.01 2.07 1.06 1.40
MP3 compression (80 kbps) 0.01 0.00 1.57 3.65 1.16 2.50

R AFEERTRNERENS L (A SCEERISCHR [7])

Table 7 Comparison of average detection performance of different schemes (our scheme and [7])

-30 dB WSR —25 dB WSR —20 dB WSR

Tk [7) A3k ik [7) ARSI 3Tk [7) ARICHIK
No Attack 0.14 0.00 0.04 0.00 0.00 0.00
MP3 compression (64 kbps) 32.12 10.35 25.12 0.83 17.11 0.04
MP3 compression (128 kbps) 24.22 0.33 19.54 0.04 12.01 0.01
Resampling (24 kHz) 0.21 0.00 0.12 0.00 0.01 0.00
Resampling (16 kHz) 8.17 0.03 6.35 0.02 3.23 0.00
Additive of Gaussian noise (30 dB) 13.07 0.10 11.06 0.09 9.04 0.01
Lowpass filtering (12 kHz) 0.41 0.13 0.22 0.00 0.04 0.00
Amplitude scaling down to 0.7 0.43 0.41 0.31 0.01 0.05 0.00

28 AR TR R e (R SCOEAI [17))

Table 8 Comparison of average detection performance of different schemes (our scheme and [17])

o R Sk [17]
Classical Popular Speech Classical Popular Speech
Additive of Gaussian noise (22 dB) 0.00 0.00 0.00 0.00 0.00 0.14
Lowpass filtering (8 kHz) 0.00 0.00 0.00 1.23 0.72 0.54
Highpass filtering (50 Hz) 0.00 0.00 0.00 0.00 0.05 0.45
Echo addition (50 ms delay, 40% decay) 0.21 0.34 0.41 1.56 0.70 3.23
Requantization (16 bit-8 bit-16 bit) 0.00 0.00 0.00 0.00 0.00 0.00
Resampling (11 025 Hz) 0.00 0.00 0.00 0.00 0.00 0.06
Resampling (6 000 Hz) 0.00 0.00 0.00 0.00 0.00 0.15
Amplitude scaling up to 1.3 0.00 0.00 0.00 0.00 0.00 0.00
Amplitude scaling down to 0.7 0.00 0.00 0.00 0.00 0.00 0.00
MP3 compression (64 kbps) 0.00 0.00 0.00 0.02 0.00 0.06
MP3 compression (48 kbps) 0.11 0.01 0.54 0.13 0.00 1.25
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