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Dynamic Energy Enabled Differentiation (DEED) Based

Wavelet Tree Watermarking for Digital Images

Student : Bai-Jiun Chen Advisor : Min-Jen Tsai

Institute of Information Management

National Chiao-Tung University

ABSTRACT

Because of the development of Internet and digitization of information technique,
people can easily edit, copy, and transmit the digital information to any place of the world.
But the progress of information technique. also causes some problems about security,
including the illegal copies, transmission, and unauthorized downloads of all kinds of

digital content that infringe the intellectual property rights.

Among all the methods for digital ‘content copyright protection, digital watermarking
technique can embed the copyright information into the digital content with watermarks.
If any dispute of copyright occurs, we can extract the watermark through specific

procedure to distinguish it and make the copyright of digital content to be protected.

This thesis is based on wavelet transformation theory. We modify the wavelet
coefficient values of images in frequency domain dynamically and use the differentiation
to embed the watermark. We also use the image cutting-and-assembling mosaic method
to improve the ability of resistance to malicious geometric attacks, and make our method

more robust and securer.

Key words:
Dynamic Energy Enabled Differentiation, DEED, Digital Image Watermarking,

Information hiding, Wavelet Transform, Wavelet Tree
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o gk B g TR e B @ e x KB 0 4 R AR RN T o 8
it o ik o S
PV E G R 2R R R Y e K el T ehiE 2 b @ L i B Y
if- B ] ble R h A EBR(Secret Key)shtr 1841 [4)[8][14]  rtai

ok Ering 2t o

= ~ P F£ % (Unambiguous) :

oo 247 9B PR T TR B ot 2 W R R (R AT AR

2z ~ 3 &7 14 (Robustness) :
Aok E L R R - T 0 R KR R ARSI BT (S
AT R g RN 0 R E IR AR P 0 e S Y R R B I e

fE4r 8 ko P R
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[SX)

+ % £ {4 (Multiple Watermarking) :

Fa o E - R E R R AT R B R o $D Sk B g feen 3

BEACL A Ao RS TR gk R R F i R KRR g

£ P ik B SRR B )]*ﬁ R R NE- Bk RE RN R

RS g AUk B T R E EARGL S AR e g b E R B B E R

Wi AR R B R PR G SR > BRI A € F AR B T
T

A EA &‘ﬁ;:‘é%“ﬂiﬁ“%iq;\?‘ ENFOKERE R o

=N 722 R 4n B o ¥ (Blindnéss)[18]

bRk BB PR B RGP RAS R T Bl EA kg s T

i)

A

o

R Me o ok e R AR e PRI T A R Y F A S Y T
o b* EGZE YRR E G AGEERY P RA R M TR B 2R

KB ,5!\”2 5 RS- ,g\uﬁ-%—ﬂ ﬁ'*’}’?»u KEuF B 2 LA o

BN AR R R FEF P FAF R AFHR AT o AZRFF
k

AR R B R R R A ARG R g AT 8 ke TR

F %
R E R A Ko g AP AR RE R B F R E YR BfE ke
it BT F R BREER o LS AR
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2.2.4 % BB BIE K B

FALMIF R Bed R G USRS AL R - A ]
FORE AL 4 pt - AT Y . X PR NE AR o 3 T AR LR B R

SR A T RA LA A A AT

- ~ 7 35 Kk &7 (Spatial domain watermark)[19][20][21][22] :

TR R e HO L E R R ik (Pixe) shiic i TR E > r2ad 2 ok B

"

*ERR e L AES ik P R 0 2 B B E R R s R
kR

BT rr B g 4 i o poan 5 R 0 5 AR g i o

T BB ke e > LSB(Least Significant Bit)[21][22] 2 & #k i * 0= j£2 2. - >

A Mg g2

P

'

|5 deir gt~ gk B TR R o R ik el A T
POUR R B ] m T v DR S T AR AR R B D R ok

o hoBl 4477 0 R RAe R B 5 16405 ALSBE ¥ 4 2 2 gk e D11 Blgt ~
iR EARB S 167 d iR R ] o RS T E S PR PR E S

Ak ALV o b g e e ~ LSB i B Rk B o

Bds o w164 LSB Mot R 167 LSB

101 (0[O0 1]O0]|O0|—=> 1|01 |0O]|O0O]1[|1]1

B 4 LSB /% & i2 # &[5 Fl

d Aok e o E LSBT % 7 b il T » 4% » MSB(Most Significant Bit) iz
BORBEARE OO S R 2 se A 4 o AR D i S B S T B B
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7§ & 44 ZAF O $oe(Distortion Reduction)[20] » 2 g ® £ Ak 4k » ik B chif

FE o R G R GRS

=~ Hp 5 -k Br(Frequency domain watermark)[1][23] :

B REPEE AR R4 2 BB B I L 5 R » 3k

4

S EEC SNt SRR RS TR SLE T TN R

SR IRt M B 1T o F 3 B MeEok B RS I K SR R 0 e s L T
BT TSR L B RO S Al SRk e o BB KB B R A
ok B T B Il endn BB B RIS ) ehif ok e AR R L An g~ ek B B 4

BB gl AR AR ACR] S o

/%’J(EP
\ 4
— ET gk e Ty
AR " s N g > P F kL B
W 4 Lr
(a)i¥ J\EP‘%‘/”'»)‘ A AR
B e i oK B
v o~ 74
a3 oAokEr kD ok S %ok e /
. . Y > > —>|
2 L B ke i RN
\ % P

(b)i5-kEr B~ A A fe

Bl 5 Fkerdt 2B di2 A TLARR
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PRk E P * g dE 2 N5 = A B 5 BLic4R sz # 3% (DCT - Discrete
Cosine Transform) ~ #t4c & = ¥ #& 3% (DFT - Discrete Fourier Transform)#? 34 | i 3
(DWT - Discrete Wavelet Transform) o &3 frdZ > 5 0 1B Soens R 35 < 3% 6 £ B4
Gsifid (DCT) % kel blhe JPE Rk » e T ictess 48 X8 17 W2 TR e
‘Fﬁ o 3 3 EEET A P 5 JPEG 2000 #1i¢ * Flende o b pEs SR K 2 ATt ap

TR AN PRI 23S A LH R

23 Rl EEZ RIEEME

/] ik & 3% (Wavelet Transformation)ik 42+ Joseph Fourier si#t 4 & 238 o i 1 > 42
L4 2 248 d Joseph Fourier (1768-1830)*74% 41 » T E I A L 47 #&H > F
PFatd Pl e EF AR RON G E L e o R IT S E KGR

Mk e E IR > v 8 I E kg @ o

ok R E ende IV i R P 1910 & Haarde &) ) A4 0 BB AIT 0
it - &b [24]c H {5 1984 & >z W 2 E ] Morlet e & $73 Bk ek %K'Iﬁ}_%‘rﬂ? )
FRGEDEP ERHE U E I HE R Fp sl AR ELA T o HEELE
{7 & f& - 1988 4 DaubechieszZZ 47 & 7 & 2 {+ ( Orthonormal ) % ?«fi £ (Compactly
Supported) &7 fasFld > ¥ ¥ R G - BF LR B AT v Lo dopt ) R )
IR B P 4» iz = [25] 0 B 3] 1992 # > Daubechies % % * 3 4100 | i L A #H D

BOGREGRAT > Bt 5 AR RS 2 0 AT q2Ag [26] -

231 AR ErEG

g e L 8 p it B e (Filter Band)sh> ;% @ i Pl g enAs j222 &

oo ik B2 BN IY kAL ik B eE R )’]*u{z%’ﬁfif* FIZAEL o 5 d ik

W
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RSB RR AR MU chA 20 QAR LA R e A2 - L2 L 4 19 (Analysis) o &
AT ARAP $ e BRI Rk F it T MELHE BRI AL LA @] -
fﬁt%] MEL > AR A AL S & % (Synthesis) o K - B ELGE A TR Beha R ©
LRSI BEE RS EE I RABE A A2 25— BATIELEL ) 3 ATHRLELE R4t
oAl o RIA PRSI FTRA RS L SRk B E I s an 2 £ & (Perfect

Reconstruction) » ¥ A PR HR DL TRABLEE X RA RS - Bk B o

(a). 2LELA 12

\

— h,(n) 20— y,(n)

X(n) e— & F7imit B

\

— h,(n) 2\ — y,(n)

(b). FHLE =

A/

Yo(n) —= 24

g,(n)

sape Dee 1(n)
A

\

yl(n) —> ZT gl(n)

B 6 k2 AR ST LR (A R (D)L E =

B 6(a)" > RsIUEEX(N) S hy 2 h MO A B AEIUEEA fRA k0 H ¢ h 5 Ml
Jo & B (Low Pass filter) » it 3& MAF M 5L i ; h 5 B i Jg& B (High Pass filter) > it ¢ %
PR G E o d A EAS T I MUEMEL Y () & BATIEL Y (N) 2 534 & & JF 8 R B X(n)
<ol Ap ke o TP B h) & h 2 B JF L iR i< B~ 4k (Down-sample) 0 4ot — ki@ 7y (n)
2y, (n) gh ] BHEELX(D) eh— 2 o R 6(b)F 0 g AT & SRk B go(n) ~ g, (n) §
MHF R AR MELE T & w0 % L (7 4% B P~k (Up-sample) » 1 i & ;5L 8 200 i
Fomhdr Rl Bl MSERET @)

17



Hy(=2)G,(2) + H,(-2)G,(2) =0 @
H,(2)G,(2) + H,(2)G,(2) =2

2.3.2 /) AT B

G5 ERRAT L LAY - B AU R IR B R T S

+ #4738 (Sub-band) o izt FHEE A BB BAER 0 A WG A B2

BN

MBERPNZ TR PEA T AT FEPGOGEAREELE T < s BT F DG o -
Bm o ABERE PR R B MR R AR A RE o R AP MR e e~ 3R R
Fao Bl B e 2 A s D R A AT el )V MO R B

BREEORE > R GETEL A ARGIEM S T o

R
BME DDA EBEY kB ot 2 BRI b 25 A
IR > A MR R E R M B R R RS o R B ROFAATILH o F
Pisr s BBE > 07 3R ikA L A - it F R RS ¥
€ TR

<

Mg R HFAEIEATHEED 2 o

k)

AR R LAY FOE R B2 B R 0 F AR BB 2 FEh T T ol
FTHEFHEHPGALEFLAARE PFET EAoB I RLT R R A e i

B 05k B IO B O AR I R R
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SR PAME R ERE 2

AEBA LT }f% [1]#74% 21 e ] R HHE 4 (WTQ » Wavelet Tree Quantization)#c i+

Pk @eiz » TP 13 2 0% 2P ERpES 6 A2 DR AL -

JARE BRIk A AR g AR E T e o] T
HisEDP R Gl L S A F 4 S ] A S — 1% Super Tree o 2. 1514 5
Super Tree & H i+ » R » 23Kz~ @2 % F > 32 ? - 4% Super Tree 2 i+~ T
HEFEMERIE V- BRaE g ApTe #%d &3 % Super Tree &£ L iE B {8 A

2Z2AR o R o 2 R R A EE R E IR ER P e HigoREr

AEACR] 7 1o

Meaningful One way hash function PN code
signature or text % (watermark)

Random Seed

FREH 7 EAmA AP
BREZ . Super Tree @ Eie| | s '
e bR wam | S T kg [T RPERE T A

1

l Encoding
Reference Error

A AR T B B otk B 2 g],{ R )

3.1.1 §-kEr & 24 4]

A e TR 25k E S eF Bk E o AP IEd i S nE B g
2N A4 -3¢ @5 +128 -15PN A 7|(Pseudo Noise Sequence) & #c > * 1 it~ B 7
AEDPEA - K2 34 > B H % 5% 3 #ic(one-way hash function)m ## & #F B

Pl AR o 5ok BT A 4 WP dE B AT
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ﬁs?] S seed s+
watermark _length FoREE R
ﬁg?] LIPS ;< watermark|] PN & 7% k&
l: srand (seed)
2: for (i=0 ; i< watermark length ; i++) {
3: if (rand() % 2 ==1) watermark[i] =1
4 else watermark[i] = -1
5 b
e

G B 10 o iy L Ao S S P leA T 5t 0 LA 2 BRI R
£ RZEPF O TER R LA ok R E R S ] G B AR
KB HE R A —1 0 Aot BT F P TR Mg PN K F B EoRE o

312 ) EEARE

F oL RSB S E § R f#47 & (multiresolution) e1=
M AER RPGp ZEEER IS UARP G 2 M PR BT
ffs A A T 3 YOI R 3 S AT (subband) P e g oK B R UEORER AL 2

FooqZRwl o P R PGS TEIN T GEREERE SR E -

F A S TR K L BB e R - oW 8 T 0 R4
¥ kLA F AL LLICHLCLH - HH S 2 B3 55 > #1800 ik

22 LLi+#gF % - Ko ddE > x ¥ 225 LLo~HL:~LH2 -HH2 & 2 B F 453 > 4o
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e Rl AR PR R g S S 13 BIAES 0 A w5 % e K e LLs
HL4~LH4~HH4 > % = & ¢9 HL3 ~ LHs ~ HH3 > % = & ¢ HL> ~ LH2 ~ HH2 % % - & ¢

HL:1 ~ LHi1 ~ HH1 -

(a) (b)

LL4 | HL4

Vo LH4 | HH4 HL3
VRS-t N HL2
LH3 | HH3

T N Hl

L HL: LH HH: LH2 HH2

LH1 HH1
LLs| [HLs| |LHs| |HHs

A

Bl 8 ] dEdE T LB (a)F - = p ke ISF KR 4odF F (band)~ 2 5 LL ~ HL ~ LH ~

HH %2 BF+4E4 o (b)5Ee A fobae > v@T 13 B > &5 - BIEF T %

P BHRY R AR R o
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R 9P ST g Lena B i GiB e K] A S0 A RS 13 B I AR
s LLa F 407 2 fadic o 3 P96 Bd " M & o

3.1.3 o) N S
it

SR Rl RERL  ABI LA AR RPREELIEF > HY B

BE T E B3R S G T % e A H(quadiree)[27) B R 4
B % el 10 5 -

LL4 HL‘IO- ..-*H:

HLs | ﬁ
LH4

HH4
o

o HE
}'q ‘ﬁq. HL1

LH1 HH1

Bl 10 = 47 (R 2w S H O8

s )

B 10 ¥ » %w Ptk enHLe s LHa~ HHa 393 ¢ 2 i — B il 3034 L A3t

SR KRR R IS R o Sk R kY CE S NS |

CELE Rt S TR RUE SN EE ST 2 T



TH2Z Zor AM TR o AP KRR T FREM G 21 B O S i hlice £ 4

Ko WA L) iﬁ‘»#’sz.f%*f#(Wavelet Tree Structure) » 4o 11 o % - EF figiB e & |k 4
o B 2 LA ATBET S S e fF K HLa~ LHe » HHe 345 0 il B dic > o 30 R
Yo oA ] 5 512%512 0 B pE A enFAEF A ) R A 32x32 0 FI T 03t E O] L Ht
BB HcE 327 x3=30724% o

R R BRI E S

afec=

4%

m

Fe &

1‘.

a=--

16 B %= Fb A 2] ik thdk

11 ] kB

3.1.4 Super Tree % =

Bl A 2 (8 AP R AR Bk E A AR S o AR T

RN 3072 Bl AT EEBA L A T eSS - % Super
Tree » 4] 12 #7771 ° 4ot | ¥ 22 1536 $ Super Tree °
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C41 -------- = = I > C
— C 43 3,3 C23
C,C: 3,1
:.:43 = C CZ,I 2 6 l_;
C 3.2 415 « >
¥ >33
2
21
iCz,s Cos
(b)
Xy (1) =m=memee X, ()  =mmmmmees X,(42)
HEE= | [ ]
12 3 42
©

)
B 12 Super Tree the = 77 &, Bl ()2 & -] ik 4 j3 (b) ] s Aehe S5 - d 21 B g%

e s — 5] A (0)2 ) ke s — P Super Tree > # & 7 42 B fx¥kiE

Kgis AL d 1536 1% Super Tree Lo P~& & 45 Super Tree ST, & ST, 5 - BH -
= & Super Tree Pair P, » 4ept B ¥ £%.768 = Super Tree Pair » 4-(5)5% o & Super Tree
GHcE q‘;l » gk Erenpg P & — e Super Tree Pair P ‘FK B 1 @R E AW,
mq‘,{% R E R SV a2 5 kB L BT S 768 B i & o Super Tree Pair P 2 %

P={ ST, , ST, } for 1<i<768 (5)

3.1.5 F-RE gt »
B A A MoK B i W 4k~ Super Tree Pair PpF o 2 fd B A FHER S - 5

Super Tree » & $fH =L T 5 27§ it > @ ¥ — $% Super Tree P| i%4F 7 % > ot 4§ it

e

¥ 2 15> B¢ chd . Super Tree 2 Thficit 22 F “T4£ R » AP Te 5t L B @ L2537
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W.

ki
o

&
ETIRN

Super Tree Pair P, #7'& i 2_ i K &7 =~

& ¥£ # Super Tree Pair P ¥ 2. Super Tree /i {7 =~ L G £ 1L fF » SN ip g * chs 2

SO ATt 205k AW, =—1pF > T ¥t Super Tree ST, iFE 1 5 F AW =155 >

RIE ST, e E 1 > ‘}E"—”Q[-]%\"E.“ﬁﬁi\: » P H B RN AT

Q[Pi]: Q[STZi—l] ’If Wi:_l
(6)

Q[P ]=Q[sT,,] .if w, =1

it {7 Super Tree 2. =~ T § £ {4 p » 2 9 /7 #3% Super Tree 2. 77 ] & ¥t =
EEEEYUNET O REX L - BEET G o B 13 T e AT Y o BTG
B2 g b2 )i f = A (Sign Bit) »- 15 — 1% Super Tree £.d 42 B i

Fo EEATG LG 42 .

[\
—_

SuperTree 13]-7(11] 5 -6 122|-3

<4+
<4+
<4+
<4+
<4+
<4+
<4+
<4+
<4+

Signbit [0 [ 1[0 |0 1{0[1]0
2P 0ojlojo]o 0{0]0]o0

: ojlojo]o 0jo]o0]o0
0jlojo0]o0 0{0]0]0
ojlojo]o 0|1]0]1
1jlof1]o0 0/0|0]0
1|1]0]1 1|1]0]1

2! Ol1]1]0 1{1|1]0
20 1111 e JOfO|T]1
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| %
gt
&N
=1
|l
g
/e*m
b=
b
=1
E

1t T h ARy ikd 23 2 v d Ta b gy

BREFAE « A i iEY > APER T~ BE 54 L e (Reference Error) » 1442
Bitend o 2 (5455 - BRI Y 251 @& q, (Reference Index) » n=(2i —1,2i) > #& P

Ik
=k

i el E9TA 2 R E(TE )<

EENLTFELE T gzi—l(qn)z‘g 2 gZi(qn)Zg_E' Oy <Oy > A0t Bl g, 20
P (ST, ,ST,) & it iz P Fi& {7 & it iz~ #ic o

e — e — %,(42)

. . | — — —
Sign bit | | | | L I
[ [ [ [ | [ [
2P o I Lo
3 I — 1 1
| | | | | | |
I — - —
R | |
T 1 | 1
L0 | |
a4l 1 1 1 1
2 L0 | L

AT AT AT A AT AW,

ay b ], B sttt

2 [ | N Pttt sttt ot ot s

2 R A S SESISIIII.

2 s

2 1
2 0

B 14 Super Tree £ i 7 R B

A4 2 ST = {P(ST,,, STy )} % 77 P (ST, STy )H @ — $ Super Tree > P &) 14 ¢
2 BT A ST, Gle? ¢ Biveniiiy o q Pl T AR Ao Bk TR
i

#5(a,,b,) &q, = R= B Super Tree ¥z & i* ¥ §e(quantization step)A,(]) &

2% (¢ % j=b, F¥)» =3t q + fplh= B Super Tree % ficz. € 1 FFEE S 2% » B3% Super Tree

,

filex, (J) B P s L e, () WA

e, (1) =QIX, (D], =X, (1) (7)
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H¥ 2R Fie Gl HE 02 B ST

alx. .]:{round(xn(j))an .1 <b, ®)

round (X, (), .. ,otherwise

4ot BI2% P Super Tree % #cE it e fr y I L FR LA R

SFRF AR F6,(0,) f 4 PP GE T LI PR PG4 e gp e ke R

FRECGE N 2ok B AW = —1 pF > B S ipe443t Super Tree PairP # ¢1ST, | 178
o r gl AR g, B AW SR RIAHST, R g B e

¢+

PRE LA 2 mW, E G e B Aad 20 Super Tree & ® 1t ¢ AT 2 B 35

iy

KRl 4 R A A TR LRI

2_ 13 2P ik B % Super Tree Pair P ® 35 3| &t freiig, B & 445 - B3k~ i@

W, @ 58 17 B (ST, STy)eh@ it B Pl 97§ ok Er i dhge » o 975 ke =
St 15 0 & JE #1536 % Super Tree ® ] LR SDE B PR F Aok G 0 R BEF
o]k #E e (inverse-DWT)#-85 (h p A Fiddd 3w 2 P38 » & 5 - 35 2 4o 2R Er et

DRI KB g r AT o

- L‘:PB"-—IIH'-%E_

Ak BB AR Y > AL R ¥ - % Super Tree Pairpt 7% $% Super Tree (¥ £ £
it (Re-quantization) » d £ € it o {5 i £ 974 4 hZL B> AP T Ry [1]97 TR 2

¥AEL & YL E REL H 3 B(CDF of the Magnitude of Normalized Re-quantization
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Errors) » ©/ 2|87 ok B iz~ g o 2 (SR 50 FoREREARR 0 ALK B AL

Tt AR M BRI R R B AR AR 15 AT

Meaningful One way hash function PN code FKE R
signature or text (watermark) correlation BHRAE?
Extracted
PN code
3 EHEFREY 3t B re-quantization & 1A
RRERZ FRTgravg IR Super Tree Super Tree 3 t H re-q N Eﬁ a
E 2 3 abz & error KEPAL T
GE = ]k
¥
l Decoding

Random Seed Reference Error

Bl 15 /| A HFE i o B ijai ok B2 B 0 R AR R

ok B B AR e bk B0 A R R B K s )
o BB LERBEE ISR T A3 BRI c B e A

SR B > #7 R 2] B EE B b 2 A 4 3072k A -

2 1S AV iR H B oK B o AR iR 0 e R 5K 3072 ko) ot F
7 $% | Lt = — % Super Tree » £ #* & % Super Tree % & = — 2 Super Tree Pair » 4r

-7 4 5 768 ko Super Tree Pair » ¥ 2 0 R 820 R B n R R AR R o

BB Al g K ErpE o 2 JF - Super Tree Pair P’ #7% % Super Tree ST, % ST, #7
’ﬁ ] ‘ l,/‘fﬁ'g;lf - 111"'3{!5’ AT g JHJ;T\‘ % 7T ’—L;’ ,E“I% ']" Tﬁ;ﬁ’»'J '/.E';qr'] ) ig STZ'i_l-E\; STz,i

2

PR DR AEABEAL ML E AN R ENRAB BRI R A 0 T

i)z e ® ey(ay)z e 2, <0, BFRIGq, #ST, 2 ST g 10>

(¥

7| $ Super Tree & & 4 #csh L £ i 3% £ & (Re-quantization Error)e),_(j) % e, (j) » &

HA4eT 50
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e/(J)=x()-Qx (D], ©)

+ 58P o 1=2i-1,2i » Super Treesig B 2 51 > X[(j) % 7+ *%| B Super Tree® 1%

i @ o QX ()], M5 Epq) #X([) EATR (5 enihd® o § P/(ST,,,ST,)¥

ARREE Rt ELEe (Do B2t [IRE T FELEMFLERER
f—ﬁ \.‘Tl"lﬁ'( ’ ié&v&r’_r .
e (J) (10)
f(y)= prob| [-""2{ <y
A ()

F58¢ 5 f(y) % Super Tree | e j B d#eie 2 & £ i 3% 4 £ (re-quantization error
magnitude) e (j) &2 £ it FFFEA, (j)2 b blen& $ (e - KPR y o 5 o Bk ST, %
Lf(y)eniics § Ny, B0 @ ST R s & F(y)niddies § N, B 0 BB RIS enjgk r i
W, 2o 2 Er N e T

W, =

-1 If N2|1 N2i (11)
1 ,otherwise

BOTF kG AWl pl ¢ B R 2 ke W Rk B W TR s

ok E 2 7 HAES o

3.3 FokEinggE
p FRIR G RS RSB - FR L ORERRE NP VEZRE T

PR EEE B R A 2 R E AR e o [1]HTR 2R ERSRE 2 S AR BRIk B
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» BB 2
W i 7 b e p s>

=~

(correlation-based watermark detection)

LR

ke W g R g 2 ke
% 4o

= V4% F A 4p B 1 (Normalized Correlation) (¥ 5 4p B
;¢ (Correlation Value Calculator)

R Ny R 2 g 4e(12)50
NW
W W'
p(W W '): n=1
N, Ny (12)
\/ w2y w
n=1 n=1

S RAPM Y o T EE

Fmﬁ:_m Pt 1E117LL$'&1 =

L= pr o BlEFW' e
L j‘;/;x

|- BARRE G0 o NP RE B O BRI AM
g W A AP e TR

7'5—«-55._--?—’4
Vi s eE o < Pr ,gujg\,pr',n;‘zEW A AR o wIFRE T A R ?
22

A
F R

ERR |

EAHe P o APRAAMETHEEE O k25 0230 12 @ 2] 5 (False positive
probability) 43 £.1.03 x 10~ » pt7rgw [1]#73% 22 FPHEEAR e o

d PR

Biv o, 4 QI‘L [1]#7#% 4
e % Super TreeZ. se

—L/ﬁa

-t

i# 0 A& 4 35d ~ JSuper Tree Pair?
TAR > ke 2 ¥] % & % Super Tree ¥ ¢ & % -] A #He7
A Fadk } §‘z-,ﬁ','\7* 768 3K E iz o

Ra 5 v Rk [28]4 L RTE i KErimdiz - dph 7 3% 2 4
A BRI HT A -

—_ ~

/}if"ﬁ""rlé?

2 rg 2
B g b R Y gk e T
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7 20 BRI BERBE S G A3 AN AR SN L oo ) ik

Wi

ETIS

A EE R RREF LB AR EART AL Z B
-~ RE A TR TG ] A TEA A
g SRR R 2 SRR RN G 21 Bk i
Ferrle s o AP g b R S PR IS F T e e
Foo 2 AR HEE - Pl Gl AN R A AT R RAERAR
FRABES ShY 5 00 RIFEEC] AR T RARE L iE o S
Po-E AT S e Bt A FAEAET 0F 1 RIFH S AR A i

Blors L e £ 280 a %A 5 A A o

BETF LAY ZEFE A A RA LS A TT gd e B ] R ER

WodE NE s B PR @ BTNk R sk R T 2L

Zoer BUEAEHTAR B kAR
EPFENTRARN R FLL APTT EFYFLEHE - AR Dl

BEZE Aot PIATR LRAMT R R oA RAG RN FREA G E AR TH]
P

FZ BB 0 e [28]4% 0 2 st B 2 2 B 2R g F 18 SrSuper Treeihdt S
B oo et ¥ Super Treez. | A GBEFHEL 7 0 &2 UE 3 3VE7 B o

PR B i B A BT R B IIR L Rk T P e
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4.1.2 /| A EEALR 8] A Hehe S
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& B RRASE G E e K AR RPN IR PRI T ARG 13
BN c BF ke M2 FRECERHBERR B AR 2 21 Bl iS5
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SE AR ko FRE R R TG 3072 B o 30 B4R Ean® 2 AP A
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B AP R T - B modular & S & w KA B LR P HEE (threshold) T & T,
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T,=—and T, =— (16)
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REEMANNEF R FE 4T
17
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208 2P AR AR g~ ok e EW S e, 2 p o e T, (1) 2 1 R

Fobhern BBt L@l el
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W
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(1o (T.0) T0) T 1) )

T,.={7,6) .7,0) .7,6) .7,0) }
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9 Y ,‘T;],g(.l)_ 2 9|f
N dif, +A
7';1,9(])_ 2 ,If
YA ]
{1—;1,9(])4_5 ,If
T, (D] Tl !
EI7T.,0)|va = N A=dif, .
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T,,(2) it T/ (2)<-2A and W, =1

n.g

Jjf - T (1)<-2A and W, =1

n.g

(1)

n.g

)
T,,(4) it T/ (4)<-2A and W, =-1
)

Jf T (3)<-2A and W, =-1

n.g

4.1.5.2 KT i ok g

FAR N HE RS KT e A PRSI T, ()4 W
23 (Left)% + = (Right)2 T 3@ 4o
T, O+ T, G)
O'n’g (Lt): ol = -9 (32)
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- (Rt )=+~ ! .9 (33)
BFAE AR 5 et o ad edif, > 407 5
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Cng (Lt)> Oy (Rt), if W =-1 (35)

Cng (Lt)< Oy (Rt), if W =1 (36)
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To)+5 i o) =0, (RY)
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oA S e rE R 2 21 B BB S Sl A ot T E 3072 B A
Step 3: 14 j icfl + | A BPE A EATR A A8 2L kS T, 0 n=1,...,30725 £ n=1-
Stepd : T, (K% 7+ 5 | AT, 2 thdkc@E » k=1,...,21

Step5: % T_modular & S & % H - i BL RN 5wk ffﬁﬁﬂtf_ﬁ_Tn(l)fi&

(16) ~ (17) ~ (18)3% 4e 11 £ 1 o sl BAIE 0 52 S o 13k et T, (1) ¢

Step 6 : #-T,(2) 2 T,(21)2 fhlfele ) BAABS2X2 B o~ > ¥ 0T ()% 7
gl % B GEE > g=lnS =40 £ o=l

Step 7 : Q1) - ikl T, 205 K zads > £d j7 82 3 A5 ik
SEWRAFILRE e o=l MY RO)F A T, 2 AL B
SR BER  2 AR RQ)IGHNEFGECELRLES

Step8: &FQg<5 - R4 g=g+l > Fw 3| Step 7 »

Step9: Fn<N, > Rl £ n=n+l> ¥ v 3| Step 4 -

Step10 : #-3072 4% | sk A2 3 78 B PR & A= dosbk B £ 35 d F ol L dE R fop 4
Bigr 2B 2% o R B e o
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4.53.2 F kBB AR B

Step 1: -k Er gt » i 532 @ ehStep 10 B~ (% sk e dic B AW > k& E R 5 N, o

Step 2 : #-Hpl B fige & - B REHIFIE > T e AL R L HRERR > %
PR SRR A 2 21 Bl REE S 5L A Aot FF 3072 1) R A

Step 3 : "1 oREP R N B 2 Y Aple 2 i o ] ABPE R AT PN 2
JAAE T, s ne1,..3072 0 £ n=l -

Step 4 : 11 T, (4 7 5} A MHT, 2 i > k=1,..21

Step 5: #-% w P K A#c® T (1) modular & S &(53)~ (5 FEE >+ #3T./(1)
“qu,\)‘ Z_FoKE AR D[T(l)] °

Step 6 : ﬁLJ’(zylﬂ“(zoz.ﬂﬁbs,zkﬂl BM2x2 Bl s - w0 T AT ¥ g
B2 h¥E o g=1,..5j=1,...4° £ g=1-

Smﬂ:éﬁﬁé3%if@1§%ﬁﬂiﬂﬂ%@’jﬁaaiﬁ&ﬁéﬁﬁ¢&ﬂm
2R @ik A @RI ]

Step8: #9g<5 - B4 g=g+1 > =% 3| Step-/-=

&WW%T:émAWHéﬁ%ﬁ&%ﬁ#@ﬁ@%ﬁ@ﬁg«&&amﬁ%iﬁw

!
238 55T, L HH F ¥ talicrt e B ik (60)5% 1 {7 15k B (= = 2| #75 i

Step10: 2w, >0 > PIW =-1; @, <0 > P|W/ =1

Step 11 : #n<N, > B4 n=n+l> & v ¥| Step 4 -

Step 12 @ #-B~d12 5 R W' &2 Jig Rk er W ik (12)5V &7 4p B Thdlc o 734 8 -
Step 13 ¢ #-p BX X2 AAM M HEE pr &7 £ p 2 pr o R FF kBT

TR EREGRY o B 0 < P70 RIEATFRE D 3 AN FRR IR o
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$I% PHEFey

nl

-gg

4

MRS e e R Rk B TR Y R S R B
R R R R T R INC I SNE R g T g
ik THRFRGU LR DR IR R E Rk ik o AL HRE(T
6’ﬂﬁg¢%%$&%%&&%@ﬁ’ﬁ¥%%ﬁﬁ farcH > B (S Pld FHR P K
kB A R B i R R T R A SRR R FER B SRS I

LIESE =& RN I NS TN - IR P NIE I A .=

(b) Goldhill

B 29 7 skTie * 2 = sRHci R

(c) Peppers

73



AR PSR Pk FREFEE AL A u Al 42 Stk Bl B AR
CFRE R R 0 MR 44§ S TR R R E 0 TR AT Z A D B
T2 R AIT SRR LR LS a2 R L A F R A SRR

SR AP AN T 07 & 1810 A 487 Feifilter o FIURE AR A R

filters iR ™ » JF B E 08w s (S22T Vi3 AL R o FmAhY rA L TP RES

¢

E4 7w $a[1]2f %5 Fi o

P i il B s WA AR AT T AR Y o L dilena ~ Goldhill 2 Peppers

«-

FZEAREG R ]R T 2R RH A F o 4o F 20 B ER bt |35
5 512x512 ok o fif-REreniER o AP RIE KPR T KR 512 okl dkF B

1 SRt HNER s L A S L i

Bk B M A2 R h S BRE SG 0 A %ﬁd # A& 2 Fmodularig &2 £ B v ¥
1=

#E > % Lena ~ Goldhill 2 Peppers= 3& 7 ikl 4%

N2
e

215 BT ETE Ak F 3T 382
dB~38.7dB2 39.8dB» r4fie & S YUk [1]2 3R A S 4ot BT & A 2 F S % & (1]
WP R RETEZ VWV RAH PR EE M A Thfe R 2 L e BN
W R o R A PR AR R R AR R B R Y B 2

€ B AT L BER 0 BR Y AR i RS

ok E R AR R DR BR H A AR RARR 0 fE D25k B AR B AR
* Normalized Correlation 9= j% » P18 O 3%k 5 0.23> 4t -4 False positive probability

5 1.03x1077 2 Him T A (7 R ok Er g RIS R P2t R e

AR BT oS Y > APERT ¢ PRGBS 2 BB AIE

-

Gl BE AT G g 5 IR ke g B F R RN BT UL 2
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A PRI S
FURR fﬁi:‘]ﬁb JPEG ~ SPIHT
Median Filter ~ Gaussian Filter and Sharpening ~
R V2 &
Pixel Shifting ~ Rotation and Scaling
B ES T B “,’T‘ Bitplane Removal

PEFRE A Multiple Watermarking

7] F

oK B PR RS T 2 F Bk 5 £

% 2

AEATEGFNT BPHKEE B R AT AN S FEE LR Z @ 2 filter AN

Z 397

R REE AR ) Filter #& 57

18-10 filter

D18-10 g i £ 4 R F-REREE

DI18-10(M) |*c » 7 B 2w ¥ rd22 2085/ B2 | 18-10 filter
D9-7 R B LRIV FRE R 9-7 filter
D9-7(M) oo i B E B B R 2 TR 2 9-7 filter
D9-7-F SRR R e 2 KRB B S 9-7 filter

A3 RABEARERE LB - TA

2

ERES FER AR AT T e

AR I [ PE 9 = (I E AT i g Rt N
#+ Lena ~ Goldhill 2 Peppers = 5& §: i W32 7 100 = 5K & 4t » 22

ENT e f Rz F kR E A L TR o PREE AR ¥ 2

bt 8

2r 2 3 ok
E‘g\*}{'{—%/z ’

1FT 5, 2L
ﬂ -Er’,‘f."‘z

Hfie ~ AR 4T

"

B
TN A | R AR
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® iT# % % ! Microsoft Windows XP Professional SP2
® J? E ! Intel Pentium 4 - 3.00GHz CPU

® =24 : 1.0 GB DDR Il SDRAM

EWER 100 =K P FRIFEE  VEIT BF %KL TR RE T IOE LR R

4T

(@) * 18-10 filter B
Bl R Lena Goldhill Peppers Tio
EERAE | B B | B | s B $r | B
D18-10 1.168 1.112 1.166 1.118 1.176 | 1.113 1.170 1.114
D18-10(M) 1.985 1.930 1.988 .99 1.975 | 1.925 1.983 1.929

(b)i¢ * 9-7 filter L LA
- Lena Goldhill Peppers =
EEARR RN U R B - S R T
D9-7 0.864 0.802 0.864 | 0.823 0.864 0.803 0.864 | 0.809
D9-7(M) 1.683 1.625 1.686 1.626 1.682 1.622 1.684 1.624
D9-7-F 0.849 0.796 0.849 0.795 0.848 0.795 0.849 0.795

34 T K25 R FE A FTFERET Y L (a) * 18-10 filter (b)i¢ * 9-7 filter

d 42 9%y L Ea F R 18-10filter o 4 » B 2 E B2 9§ T
6o g ke » 2 SBE PR 47 69% Bl 2 3F B PER R 40 T 73%; % @ * 9-7 filter
Tode r From B RJE(S 0 FoRE A 2 EE R AT 95% 0 Bl 2 3 B pEFR]H e

100% o B2 R lj 7 2 & o2 3 B eJR AR R AR € "R Rk @R Foamng > ed R

=

le_l
JEkE g B FE R A P A ACE 2 A E A g A A g



IR RAILR S e R R HiEoK

SRAGE98%  EY B ER ALK E S e

HF? > FLFREFREERBELR R P R

R
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5.1 JPEG @_%f‘ﬁﬁcﬁt

JPEG(Joint Photographic Experts Group) & # &4~ i § " 3 % L2 558 - 32

o AR 1986 £ o = B % 3R 5 R RE 2 5 (ISO - International Organization for
Standardization)£? B % T 3% T 3537539 % R ¢ (CCITT International Telegraph and Telephone
Consultative Committee)® =~ ‘e3¢ R [32] - p 1991 # 3 ? JPEGHjiFg c# 4 1 5 »

JPEG® (5% 5 — B B8 8 chlfc ) R 5 %

JPEG {__ fé g 3& mﬂf& }'}‘@ ﬂﬁ(z ’ 1&'* 'l;"%a—m; mj’}%/bt’ Jj\ ]“""‘—a 12’\_9\}?(’_21? , H a
B F 0 apicsk iz %3 (DCT » Discrete Cosine Transform ) 1% 5 5w g & 2 » #-3 h v %

mxy_{lj, ﬁ;s;;j:é’]_itﬁ_, ) %_;_35%&1 ivi2 B 2 ﬁirsﬂiﬁ?vﬁiﬂr e m 7 oo fﬁ\_g’@;}g‘gpﬁii—

L2 F A nEIR GRS 48 ﬁ'ﬁ a8
compression) "4 P~ {8 2 R 45 £ f.é_ %ﬁ 23
;g’-‘;‘ i ( 3

Fﬁﬂﬁ? JPEG /B 4538 15 2 % i

F1 45 % #(Quality factor of
T

(a) Lena R 458 i

"1 JPEG it (7 R 5o B 2 5 %
& 4 % =40 » PSNR=33.49 » p=1

LSRR Y

1 30 Lena /428 o2 12 JPEG $ i » 90k & ey e (7 RS 8 15 21 i
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B 30 ¢ o A Lena $05g TDI8-10, 2 2 & 4t~ 3ok er o 12 JPEG B 457
T ) FEREET 0 RS IPEG BREERF L BHLFER S 2
G B4 F]L R M(PSNR=33.49) > Am Ah2 i 2 B £ LR ke dg s

£ &

fedgd B Wl ERE i a(p=l) TEP AME KRR R L - bR e

B o L%
(a) Lena
JPEG 10 30 40 50 70 90
Results from
P 0.86 1 : 1 1 1 1
D18-10
Results from
p 0.95 1 1 1 1 1
D18-10(M)
Results from
p 0.70 1 1 1 1 1
D9-7
Results from
p 0.92 1 1 1 1 1
D9-7(M)
Results from
p 0.42 1 1 1 1 1
D9-7-F
Results from
p 0.15 0.23 0.26 0.57 1
(1]
(b) Goldhill
JPEG 10 30 40 50 70 90
Results from
p 0.88 1 1 1 1 1
D18-10
Results from
p 0.93 1 1 1 1 1
D18-10(M)
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Results from
0.81
D9-7
Results from
p 0.96
D9-7(M)
Results from
p 0.52 1 1 1 1
D9-7-F
Results from
0.15 0.23 0.26 0.57 1

1]

70 90

(c) Peppers
JPEG 10 30 40 50

Results from
0.75 1
D18-10
Results from
D18-10(M)
Results from
0.63 1
D9-7
Results from
p 0.91 1 1 1
D9-7(M)
Results from
0.29 0.99
D9-7-F
Results from
p

1]
% 5 12 JPEG $# it 7 R ¥5:cF 8 2 51 % %5 % (a)Lena (b)Goldhill (c)Peppers

0.93 1

0.57 1

0.15 0.23 0.26

%5 % JPEGR R HFrcH 2T ~AH TR 22T B R %
FRICR- I R L R

2R HGE o oy R RS 30 B Z R 2

M higsog ot (1] 2 GciEoiiF 6099 5§ R HEcE 5 10 T B

iR d R R kB2 g T EZ RlkiEA F 029 & 0.96 2 B
B2 05§ R FIPEGR SFit 4 o

BEAR % 0 RAER TP i
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preb o AP I AR * e filter ERT o b » iR R E B2 W B T
SRR AR BE R BCE 0 B BT R AR B TRIE OBE > A A TR 2 B A
EAR M FRE RN Bt ik B L2 W IR R T A R ERE R

* JPEG R H5oc 8 2 $dic 4 0 i@ H b iR B endpir it o

IR AIL R S e ke o N R e S T g R
et A 2R S FHL BB EA LR R B R T 48 IPEG B
Sprc > sk g Re G o F PR 9-7 filter ¥ B &E lick 5 10 el
RTood TD9-7, 8 TD9-7T-Fy 222 FkS%7 Mgl sgipss | L8013 p g ke
Sk )R P B AR > W MO R A B il £ B 12 o F B 2 R anlic® 0 ¥ £ R
032t &7 @AEEE LR S e 2 ksl RR R 2 Rk B 2

= o

Wi

(a) Lena

Correlation Value

Quality factor of JPEG compression
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(b) Goldhill

Correlation Value

—— D18-10
—=— D18-10(M)
* — D37

D37y |
— - D37F
* [1]

30 40 50 B0 70 Gl a0 100

Quality factor of JPEG compression

(©) Peppers

Correlation Value

—— D18-10

= D18-10(M)

* —— D97
D3-7 (v}

— - Da7-F

# [1]

Quality factor of JPEG compression

B 31 = &P 2 ik 04t JPEG R 35sc ¥ 2 KX 42K (a)Lena (b)Goldhill (c)Peppers
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F_‘.
=
=
(\n

B &SP > AP L B 4 ¥ Lena ~ Godlhill 2 Peppers % = 5 §2 i » #JPEG

B HEK L5 12 100 8 7RG -d 2R PG FREFHA Y > 7 rug 4
W SRR LT ERAES AR (155 0 kLB EE A e
3

ERHREEY TR e BT R BB RIT E o kPR
JPEG &: ﬁpI{'?\Nb 4 g '%-f’\}f’f' RENFOREFE 2 0 @ g A aNEoRE R B R X Iﬁ"‘“{’}j‘&

A ER 3 w2 2 o

B RAGECED 9P > TDOT-F 22k Az sk R (0T RIE 027 1k 2 ke
AR Gl RAE B LS 4 FF 0 TDI8-10, 8 TD9-7 5 2 = i ARG A Bz BRI
PR 024 r ko2 gk Erdp b thdic; A Wi AR GEE 1 P TDIS-I0M), &

Wwﬂmﬁﬁgﬁﬁﬁ%ﬁ%%ﬁﬁﬁ@ﬁkﬁ%k&%%’i?WH@B 568 o B9 0.43

bz ek ErAn b Thidice d T AERE RBCE R PR 023 P> WA R F 0 F R
FoRE ey b iRk RERER S AR T2 T R R RS RER(1]2F

ZE% G E o #3Y JPEG @fﬁﬁ?i%ﬁ‘g%ﬁﬁ 4 TRPRE o
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5.2 SPIHT /& 455 %

SPIHT(Set Partitioning in Hierarchical Trees)®_— f&14 /| i #&#% 5 R # R (R éﬁ,ﬁ
Bz 58201996 £ Said FHF At D BB A L RT- NP HUR SR MPEG-4
22 JPEG-2000 2_ % wo o ji o

SPIHT R ifiz £ - f& 4 Z PR 2 » & 8 i R 2 4pde2 ™ » SPIHT enf
BRARe fRR AR E RAR Y N 0 F SRERE SR R RE A B T B
A iB ﬁa?] PEF A 3% i mriT 5N en gl iR ﬁa?J(Prograssive Image Transmission) > ¥ 8% T sh i 49

2

Poid 8 SRR A N F 0 T o B TR R R

2 SPIHT %2 1§ /R ‘{ﬁ fs 2. %%
Bitrate=0.3 » PSNR=34.16 > p=0.76
] 32 Lena & 482 42 12 SPIHT 8 1§ & {7 @‘ﬁm&t fs B2 2o ve

Lena J 4% i

B 32 5 Lena #: 1§02 TDI8-10, 2 = j# 4% » j£-ker » £ 2 SPIHT /R &5 i& {7 50 F
kA il

2GR d FREET o § RS SPIHT B igscH 2 15 0 Ap v ik di2 &
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fiae B 4R B IR REPER > R 5 p R TR Rk B e (p=0.76) >

RE M AN FORE R iy PR & 3 54 SPIHT fﬁ‘{ﬁ/é gy 4o

B
(a) Lena

Bitrate| 0.1 | 02 | 03 | 04 | 05 | 06 | 07
Results from| P 034 | 061 | 076 | 0.99 | 1 1
DI8-10  |poNR(dB)| 30.15 | 32.80 | 34.16 | 34.79 | 3533 | 35.79 | 35.97
Results from| P 0.88 | 095 | 096 | 0.98 1 1 |
DI8-10(M) |pgNR(dB)| 30.11 | 32.84 | 3428 | 35.13 | 35.72 | 36.14 | 36.29
Results from| P 041 | 099 | | | | |
D97 |pSNR(dB)| 30.06 { 3236 | 33.49 [233.94 | 34.67 | 35.19 | 35.57
Results from| P 0.86 | 093 4 095 | 098 | 099 1 |
D9-TM)  |psNR(dB)| 30.14 |*32.84 | 34240 | 34.94 | 3554 | 36.00 | 36.16
Results from| P 023 | 089 | 0.93 1 | | |
D9-7-F | psNR@B)| 29.96 | 32.17 | 33.27 | 33.70 | 3433 | 34.83 | 35.17
Results from| P 021 | 041 | 085 | 083 | 0.85
1] PSNR(dB) 33.1 | 343 | 346 | 352 | 367

(b) Goldhill
Bitrate] 0.1 | 02 | 03 | 04 | 05 | 06 | 07
Results from| P 038 | 071 | 086 | 093 | 097 | 0.99
DI8-10  |pgNR(dB)| 27.89 | 29.64 | 30.85 | 31.70 | 32.40 | 33.07 | 33.57
Results from| P 082 | 089 | 093 | 095 | 097 | 0.99 |
DI8-10M) |psNR(dB)| 27.88 | 29.67 | 30.89 | 31.74 | 32.47 | 33.18 | 33.70
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D97 |pSNR(dB)| 27.82 | 29.45 | 30.60 | 31.38 | 31.94 | 32.64 | 33.18
Results from | P 084 | 093 | 096 | 0.99 I 1 1
D9-7(M)  |psNR(dB)| 27.88 | 29.68 | 30.89 | 31.74 | 32.46 | 33.12 | 33.64
Results from | P 0.18 | 073 | 088 | 092 | 0098 1 |
D9-7-F | psNR(dB)| 27.80 | 29.43 | 30.63 | 3138 | 31.98 | 32.68 | 33.18
Results from| P 021 | 041 | 085 | 083 | 085
1] PSNR(dB) 33.1 | 343 | 346 | 352 | 367

(c) Peppers
Bitrate| 0.1 | 02°1"%3. | 04 | 05 | 06 | 07
Results from | P 034 1 05501082 12098 | 099 I I
D18-10  |pgNR(dB)| 29.95 7 32,62 33.77 | 34.44 | 34.88 | 3520 | 35.46
DI18-10M) |pgNR(dB)| 29.94 | 32.63 | 33.80 | 34.59 | 35.05 | 3536 | 35.61
Results from | P 021 | 099 | 0.99 | | 1 1
D97 |pSNR(B)| 29.91 | 32.23 | 33.14 | 33.51 | 34.13 | 34.54 | 34.87
Results from | P 086 | 091 | 095 | 098 | 0.99 I I
D9-7(M)  |pSNR(dB)| 29.94 | 32.63 | 33.81 | 34.53 | 34.99 | 3529 | 35.55
D9-7-F  |pSNR(dB)| 29.84 | 3230 | 33.29 | 34.01 | 3447 | 3479 | 35.08
Results from| P 021 | 041 | 085 | 083 | 085
1] PSNR(dB) 33.1 | 343 | 346 | 352 | 367

% 6 12 SPIHT 9 it 7 B 55s # 15

2_f % %% (a)Lena (b)Goldhill (c)Peppers
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d% 6 AL T BRRERE S ]2 F BB S B L2 E R AR

?“
1=

P T ER R ATRIE L F R AP R BB 2 [1] 0 ¥ Bitrate 5 0.3 BF 0 B
PPBE M TR @ o n 0.76 120 b o T L E LR R B xR B s TP AR 2

* j% & 4% FUSPIHTR S5 8 enit 4 f[1]5 #

Pk i s (S B E kA v G o F % 18-10 filter 1F 5 ) A g 2 gk
% ‘» (Filter Bank)p¥ > 4v » 2§ B AJE i@ (8% B 2 #rip (T enjp b i@ P A onfk
2k H 4 Bitrate 3 0.1 i d BB 0 A4e » B0 B AR 2 R o iw B TR E chdp B
M hEcE a 0343 0382 FF > @ 4o » Brijonm B AR (S 2 AR A BcE P B 3] 0.82 1Y

LFER VT 044 11 F o

=

l=
i

3 At 9-7 filter 17 5 o] kPR 2 gk BlepF > F Bitrate < 3T 0.2 BF o K 4o » B2
o B RJdT R heiF B AR F ap i RBicie il ® 0 XL FEH | 0 B 5 15 0.05; ¢ Bitrate
501 de B B B2 2 RRIE R T BB A B 0 F AFEE & 043

P ted BT @ Al e B 2

[
1‘\»

B dZ S E 0 FEF S

$ ok 5ok B 454 SPIHT R S5sc #F chit 4 o

ISR LR w2 kR E o Rhead i AR VIR 2 Apd 2
T > % Bitrate 3 0.3 pF > Jﬁ" A F e M BB i} EBrT R "i”ﬁ*“"iﬁ" 1
Bitrate 7 0.1 ¥ » 5§54 £ B i 3 w2 3 2 T @ : ip| g kEereas A &7 i

%Eﬁﬁ$MH@ﬁﬁ§%&iﬁﬁ’1%@% Ll AR o S0 AR LIRS = NP
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5.3 Median Filter sz &

Median Filter ¥ - f& 7 F 3 R ffoedT Biis > W F * 0 4 “ﬁ% Bik? § A e
(Noise) > # i~ € F|ptid & o i o Median Filter £ 28402 filter - & > {2 fo -
denzb s filter £ 5 L B it F15 T A 49 o B P e 3% > (Sharp Edges) -
FEA B ATIE 2T F R 0 R F] L T Mask PO OB E TRA PR G AL o - BT

* ik 30 F 2 (quicksort) fF A B pEF R U £ PR AR o

Median Filter 2. 38 (¥ RI2 A L4oT 1@ F AR * - B 2-D e Mask - B~ | 5
Mxn e e “7 HBhiE (T4h4s 0§ Mask (¥ 2 Y E- B RS B RO
R EB o § (FATANRL M oh- B EE o 4o 33 #7570 12 3x3 e Mask $t- 3R B 4o B i
WA AST > BB B TR R R s kB B B EgAE S Mask eh
vos o R4eBA5 ¢ Mask ¢S in B 2(3,3) B i8¢ _Mask ¥ F I ehY BFET F A

Bl A H-(3,3) = 8 o

1 2 3 4 .. n 1 2 3 4 . n
1 1
2 2
3 3 A’.
4 4
- 1l
m mj

B] 33 Median Filter i& it i 12
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Bod g 2> L Mask ¥ rF AR (5 > Bl g ? [ eniE o o BT

135 | 152 | 106
83 | 98 | 72
56 | 65 | 41

R4-FHL 1 135,152,106,83,98,72,56, 65,41
BAFTH41,56,65,72, ,98,106,135,152

BhY FiE L 83

] 34 Median Filter & % 4 &| §]

(a)

11 6x 6 Median Filter ¥+ thoc # % %
p=0.89
B 35 & 4> Lena ¥ %% Median Filter ZJ2 8 ¥ 52 ¥t R B (a)h 48 ik (b)1L 6%6
Median Filter AJ2 i {8 2. ¥ %

B s B e
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BEESE

(a) Lena
MaskSizenxn) | 2 | 3 | 4 | 5| 6| 7|89 10| 11|12/ 13
Results from | P |0.97| 1 ]0.96]0.990.890.90|0.71|0.59 039 |0.29 |0.21
D18-10  |poNR[29.23[34.53(29.66/31.16128.65129.09127.61(27.80[26.78(26.84[26.07
Results from| P 1097| 1 ]0.95[0.95/0.86]0.86|0.83]0.80[0.81|0.79|0.78{0.78
D18-10M) |pgNR|29.25134.60(29.67[31.20128.6529.11127.61127.81126.79/26.86|26.0826.07
Results from | P 098] 1 [0.94(0.980.84]0.83(0.64|0.54 (021
D97 |pSNR[29.23134.55(29.65[31.16/28.6429.09/27.61127.80126.78
Results from | P |0.98(0.98]0.93[0.93|0.86]0.87(0.82|0.83[0.79 |0.82|0.79{0.78
D9-T(M) | pgNR 29.34(34.74129.73131.22/2868129.11(27.63|27.81/26.80(26.86/26.09126.07
Results from | P 093] 1 |0:86|00.9410.71}10.72|0.43 034 | 0.08
D9-7-F | pgNR[29.26/34.3229.61[31.05(28.61[29.05/27.60[27.79/26.79
Results from | P |0.38]0.51[033
1] PSNR
(b) Goldhill
MaskSizenxn) | 2 | 3 | 4 | 5|6 | 7| 8|9 1011|1213
Results from | P |0.97 | 1 [0.97]0.980.84(0.790.64|0.50|0.27|0.19
D18-10  |pgNR|28.30(31.41[28.48(28.84(27.42(27.3526.46126.3025.70125.56
Results from| P 097 | 1 ]0.92]0.90]0.850.820.80(0.79]0.75(0.79]0.78 |0.73
D18-10M) |pgNR|28.31[31.39/28.47/28.82127.41|27.35126.4426.3025.70125.56125.1024.96
Results from| P 099 | 1 ]0.94[0.97]0.79|0.74 |0.51[0.34]0.18
D97 |pSNR|28.28131.41|28.47/28.84/27.41|27.34126.45[26.30025.71
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Results from
D9-7(M)

0.98

0.99

0.93

0.91

0.85

0.82

0.80]0.80

0.78

0.80

0.76

0.77

PSNR

28.34

31.43

28.49

28.85

27.43

27.36

26.46

26.3125.71

25.5725.10

24.96

Results from
D9-7-F

0.92

0.85

0.90

0.61

0.61

0.3210.19

PSNR

28.30

31.28

28.42

28.77

27.39

27.33

26.44

26.31

Results from

[1]

0.38

0.51

0.23

PSNR

(c) Peppers

Mask Size (nxn)

10

11

12

13

Results from
D18-10

0.97

0.96

0.99

0.90

0.88

0.66

0.54

0.32

0.24

0.23

0.18

PSNR

29.59

34.50

29.94

32,43

28823

30.47

28.3429.01

27.44

27.79

26.57

26.74

Results from
D18-10(M)

0.96

0.91

0.94

0.87

0:86

0.84

0.83

0.81

0.82

0.77

0.79

PSNR

29.59

34.47

249893

32. 22

29.24

30.46

28.33|29.01

27.43

27.78

26.56

26.73

Results from
D9-7

0.98

0.96

0.96

0.88

0.87

0.64

0.48

0.27

0.26

0.18

PSNR

29.56

34.49

29.93

3273

29.25

30.47

28.35/129.02

27.44

27.78

26.57

Results from
D9-7(M)

0.98

0.99

0.90

0.91

0.86

0.86

0.82

0.82

0.83

0.81

0.80

0.79

PSNR

29.62

34.56

29.96

32.26

29.27

30.48

28.3529.02

27.44

27.79

26.57

26.74

Results from
D9-7-F

0.93

1.00

0.91

0.93

0.75

0.68

0.43

0.29

0.14

PSNR

29.57

34.29

29.87

32.11

29.21

30.42

28.33(29.00

27.44

Results from

[1]

p

0.38

0.51

0.23

PSNR

# 7 12 Median Filter ¥4 %% i}t (7 sc ¥ 18 2. F % % % (a)Lena (b)Goldhill (c)Peppers

d & 7 #7527 o9 %%

Mask+ /| 2 5x5 T 2 1 p

I

Fpre g0 [1]2 95k % &

B Bk % Wi F Mask = ]




e 6XOPF o PIF 2 4p b hdciE ""‘}”3’&_ 0.61 Mt » ZFEM AHT 23 F G ook

#FMedian Filterssc # o

AriEE s S B Fna kG om0 AR Y 18-10 filter & F_9-7 filter 0 A
Mask * | 5 2x2 3 Sx5PF > R4~ Foifom B RJ h R deif B 2 R chdp BTl B A
v X PR A S #4296 0.06 5 F Mask * - 5 6x6 4 b P s e x B B EIT S 2R
Bk eip @ eip B B R A 0 ¥ L BESE Mask Al 4R Ebme 5§ Mask 4
PH AR I2XI2ME 0 R B TR 2 ik R0 ke s e r IR B ASE 2 E
R 5w Rl 0.76 11 b 2 4p B (2 ¥ iE > % i Median Filter sc# F 5% ¢ > 4o » Bl B i

T4 s ok it o

A3 £ B 1 ik ks RS oo AL R TDO-7 8 TDO7-F | fz B
2 FEEESTT F IR P E R (3 e iF B iE g i KX Median Filter 72 % 2. Mask
Ao A8 IX9Z o RdeiEo kB EETE R ang i £ B Y2 g B R A R K
Z2. Mask =] RIA>0Ox9 3 1Ix1122 @ szvaeap 4] £ 8 L3 52 32 4k Median

Filter e # > & 2_2%xic > Ao hdoendbf LB 0 3w g 8% o
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5.4 Gaussian Filter and Sharpening sz #

F B2 PlEER * StirtMark([8][33][34] 4k #8 :& 7 pl3# > StirMark & - % BI3RFk B
itz oMo ¢ 70 RGP GEME c HA i AP H 5 1997 £ 11 0 5 EAT

AR A F 2% #7ié % 2 Strimark benchmark 4.0 - 2003 & 1 * > % A& [35] »

Gaussian Filter 2 Sharpening 358 >t 5 B 3 eh 2 (fJ&d2 = % » 3 7 Gaussian Filter
AR Rk o P S8z Mask 85 {121,242,121} @ Scaling

Factor 3% & 16

Sharpening P'| ¥ Gaussian Filter 4p & > #c 39 i€ B2 fdic it 12 4 58 B2 ¥t sk >

HiE2 0 P2 20 ApnpUmusii ess B > 9 % 482 Mask 5 {0-10,1

21,0-10} -
B mk g

(a) Gaussian Filter

Image Lena Goldhill Peppers
Results from D18-10 0.72 0.83 0.71
Results from D18-10(M) 0.72 0.77 0.76
Results from D9-7 0.72 0.80 0.71
Results from D9-7(M) 0.77 0.69 0.78
Results from D9-7-F 0.59 0.75 0.67
Results from [1] 0.64 0.56 0.74
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(b) Sharpening

Image Lena Goldhill Peppers
Results from D18-10 0.98 0.99 0.99
Results from D18-10(M) 0.99 0.98 0.98
Results from D9-7 0.98 0.99 1.00
Results from D9-7(M) 0.96 0.97 0.98
Results from D9-7-F 0.98 0.98 0.98
Results from [1] 0.46 0.39 0.62

# 8 12 Gaussian Filter 2 Sharpening < ¥ {& 2. § % % % (a) Gaussian Filter (b) Sharpening

d &% %7 g AGaussian Filterse FF % ¥ » 22 1> 227 29 %%
% >t Goldhill B2 o F 2 @ > MRl D2 40k Gl %% > [1]; Alena® g % - i
TD9-7-F , #+18 2_ 4p B % fic i [1] 500 3 & %% Peppers® i§@ % ¢ > DI8-10 ,~"D9-7
2 TDOT-F | % 2 Ap M i id bol [l fcry: 4t o S licdh® » Rdii & 4 o
beon Bt B RIE (S 20 F B TRl i P2 AphiicBcE s 3 8 2 A P R iRy
foom @AW RAP LR w2 FREFEE ) A2 RF RPN ATRIE 2 AP B Thlk
B3O R A B L M R TR A LR 2 % § #1775k BrixdaGaussian Filterse #

R T o
3 *t feSharpeningsc #F F % 7 » A TR 22T B F HRESpHR (]} 0 R

Yo B E TR R AP M BRI BT RS2 W B2 5 F 0 R AFEEE 0.02

Lt EILF P AR R
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5.5 Pixel Shifting sz #

Pixel Shifting f*" - f8% B3¢ e fdd® > 2 > 1 & £ B P & - 7(row) st =
- fA(column)enif F & TR » & G i H o VEIFEP G2 TG G FEFHE P
g0 S iR (S ﬁﬂ%éf&éﬁ}ﬁzﬁg%@ﬁ%ﬂﬁﬁ TOHOAMEE R A gL AL
P2 EFRERBIMGIPF S RP IR GBELING RS D% > & Pixel Shifting ¢ ¥
Plig A O SR el AR B > AREP N F ke LT MR

4 o Pixel Shifting /5 KErscBR %P > ¥ iR > v 50 AR > A deT !

- \Tpel J\_I’érﬁ

LR F - E e LS BEE o SRR L AL BE R o B E B
%103 _Ir

BIPlhehb > A8 - Bt u,iy Fﬁ?fiﬁ: h-!itﬁ] 36 #717 -

Peppers R 487 W A9 B RS2 Bk

B 36 45 Peppers o o L. 245 9 B ok 15 2 B PR W
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= ~Type2: &2 =

>

PR - TR TS B TRERT I ARNEGER S B R

BIRGEDE L 3 > A8 - BT 2B DR o oR] 37 Yo7

BT

= -~ &8

Peppers R4adife T o T BB 9 BiHA LB

L . RS gl

., Vs SRR e Sty
5, L.

Y

N oy
] 37 & 4 Peppers B 8w T 2459 B & 1 2 B R E
Fomerml]

FEHRESE

- ~Typel : kT izf

(a) Lena
Shifting Pixels| 3 4 5 6 7 8 9 10 11 12
Results from
048 | 0.32 | 0.35 | 0.35 | -0.06
D18-10
Results from
0.62 | 057 | 048 | 0.38 | 0.34 | 0.30 | 0.31 | 0.28 | 0.23 | 0.21
D18-10(M)
Results from
036 | 038 | 0.34 | 0.23 | -0.14
D9-7
Results from
050 | 048 | 0.39 | 0.34 | 0.31 | 0.34 | 0.32 | 0.26 | 0.22
D9-7(M)

96



Results from
D9-7-F

0.30 | 0.27 | 0.40 | 0.24 | 0.00

Results from

[1]

028 | 034 | 0.29 | 0.81 | 0.26 | 0.19

(b) Goldhill
Shifting Pixels| 3 4 5 6 7 8 9 10 | 42 | 43 | 56 | 57
Results from
0.3510.290.35]0.38 | 0.00
D18-10
Results from
0.66 0.590.56[0.54|10.48 1048 |0.44|0.42(0.30]|0.31]0.24|0.22
D18-10(M)
Results from
0.44 10.43]0.5210.29 |-0.09
D9-7
Results from
0.65[0.6310.55]0.53|10.54,0.49(0.42]0.44|0.28 |0.22
D9-7(M)
Results from
0.2510.30|0.34 | 0.13
D9-7-F
Results from
( 0.36:40.35 | 0.410.84 | 0.29 | 0.21

(c) Peppers
Shifting Pixels| 3 4 5 6 7 8 9 10 | 12 13 14 | 15
Results from
0.4110.31]0.371]0.36 |-0.03
D18-10
Results from
0571051048 04410.43|0.34(0.31]0.27]0.30(0.30|0.270.22
D18-10(M)
Results from
048 | 0.51]0.51(0.27|-0.10
D9-7
Results from
0.66 | 0.54|0.51(046|0.43]0.411(0.39|0.33]0.27|0.19
D9-7(M)
Results from
0.3210.3210.44 | 0.26 | 0.09
D9-7-F
Results from
" 0.3210.34|0.290.92|0.29 | 0.26

# 9 1 Pixel Shifting Type-1 ¥ 8 & (7 7< # {5 2. F % % % (a)Lena (b)Goldhill (c)Peppers
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d Type-1 F &5 v 150 & A4 r Bl aE o2 o ¥ &J25 TDIS-10, &

“m“‘\

TD9-7 = % » %4>t Pixel Shifting Type-1 sc# & #4336 B ok o » F ok B H
e F T TR R Rk e s Bk T 4S9 110 B iR A1) F %
BEILIE AR FAPS T PGSR AL 28 0 d TDIS-IOM) ; 2 TD9-7(M) | =
i hF iy 0 5k B 45 daPixel Shifting Type-1 2 # 2 i 4 &A% 5 > T § i
FBBEEH AT 1B RAT ORI R D FRE 0 Goldhill B I F i 42
B A o e aType-1 s F 2 » 4 » i B AJZ/AEF ¥ < R -k Erendi iy

i}io

poobd SRR B2 e F B TD9-T-F ) 2 R S%Bdp T Ao 3% 2 0 Pixel
Shifting Type-1 e & & i 45415 3 6 B ifk =4 » ¥ AP B (hdlciEde T D9-7, 2 F % #cdf
B EBEARA S F N AL R B ERERAL A F o LR E RAechbE £ B 1

G iF B ETA S 2 R ey EIRE o

= ~Type2: &2 =

(a) Lena
Shifting Pixels| 3 4 5 6 7 8 9 10 | 20 | 25 | 26 | 27
Results from
0.3910.3310.5110.50]|0.04
D18-10
Results from
0.7510.67 | 0.62|10.55|10.53|10.5210.50]|0.50]0.32]10.23]0.20
D18-10(M)
Results from
0.3910.33 1 0.50|0.31 |-0.04
D9-7
Results from
0.6610.62|0.63|0.56|0.5910.5210.47]10.45|0.2810.23]0.290.22
D9-7(M)
Results from
0291024041 0.22
D9-7-F
Results from
( 0.27 10331027 10.8210.25|0.17
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(b) Goldhill

Shifting Pixels| 3 4 5 6 7 8 9 10 15 | 20 | 21 22
Results from
0411025046 | 0.35(-0.03
D18-10
Results from
0.631056[056(054(051(048(0.51]04710.36]0.291]0.24]0.21
D18-10(M)
Results from
038 10.32 1046 |0.25(-0.12
D9-7
Results from
0.61 1058 0.5710.53(0.50(0.51]047]0.42]0.33]0.25]0.21
D9-7(M)
Results from
0.2910.18 | 0.29 | 0.03
D9-7-F
Results from
" 0.3710.31]043]0.85]0.2510.20
(c) Peppers
Shifting Pixels| 3 4 5 6 1 8 9 |10 | 16 | 17 | 20 | 21
Results from
0.38 10.19 046 | 041 | 0.07
D18-10
Results from
0.65(0.64(057(1052(1049(045]0.43]0.44]0.36|0.32|10.2710.19
D18-10(M)
Results from
0.38 10.30 (047 |0.31 [-0.06
D9-7
Results from
0.66 1061059053 [055(046(0.43(0.421]0.25]0.22
D9-7(M)
Results from
0.3010.2310.3910.18
D9-7-F
Results from
0.341033(10.31]09110.280.27

[1]

% 10 12 Pixel Shifting Type-2 ¥+ 8% thit (7 7c ¥ 15 2. F % % % (a)Lena (b)Goldhill (c)Peppers

d Type-2 F %7 05 000 & K4 r Bifer B E w2 % AULH TDIS-10, 2

D9-7 ; = ;% » %> Pixel Shifting Type-2 e # 7 @5 44t 6 B ok =4 > % ht i
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Bibe T 700 Tk R DK B o B T SEL0 T 10 Bk e e [1]2 7
SR L L M EE AP Bn B ASES 215 0 d TDIS10M), 2 T D9-7(M)
32 D BBy g 1 0 3ok Er4adaPixel Shifting Type-2 se#F 2 v 4 A F 5 0 TRy
ok A BB B o F] 16 B 0 AT ROEA) Rl 25k B Lena® ot 3 T 44T 25 B
gk A ot Type-2 st B R B 7 0 bo 2 Fom B RJL O E T A dg S R FoRE e

W Er P o

NG E R L2 F 8 2 TDY-7-F | 41> Pixel Shifting Type-2 < # 5 # 4o
S5ikE =@ TDO-7, 3 25 594546 B ifd =F » 2t Type2 e F %7 - &
RE R4 G LR g2 rAd 2 5k ERE o

% & Type-1 % Type-2 2. % #h o R 4o b fiie £ £ £ 1 %K & 0F & /% 3 FPixel
Shiftingrc % ey 4 7 4o [1] > e AT R H L B0 = % 7 B2 2 sk L i 5 28 4
RO B E 2w AR S R (S o B IS Pixel Shiftingrc # iy 4 T EE L g

TAZAX (1] > & @ & Fl-K B o ar (2 ko
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5.6 Rotation and Scaling sz ¥

R B 2PIEE* StirMark $ic 88 & (7 PR 0 @ * 45X A 5 Strimark benchmark 4.0 >

F 42003 & 18

% Rotation and Scaling sz # 2_ # > Rotation #hH = 5 & (degree) > & & % 7 B =
G w) o fER A TR - RECORFEES ) doB] 38 T o M RER o

g HR-A A }%@*ﬂ‘ﬁ; T AFEFIRRRLI R A ) 0 1R Flta B ks gk

Feod FaREETVUGL FRELRL S BRSETERDH L WRINDF kAR
CEE S L

B 38 J 4 Goldhill B2 .= 5 i Rotation and Scaling sx ¥ {42 B2 R E () & E 4 &
Fom g v g (b)) B4R A TERED v
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A2 otk 2Y > RAdyso ke E B2 TDIR-10, & TD9-7 0 fedd & & o
+075 BpF > B Rl 2 5K dphE e F R [1]5 % > g AR <3 £0.75pF
ELRPT- A jl%ﬁ E R dERE s — (e dE A B A AN H1.002 F 7}“;{ ENT - S L A3 Q
BFY oo —gfcsi‘%‘u;}p MGl vdia 3 0 TD18-10, ¥ TD9-7 , & %= j* & $=Rotation and
Scalingrz # pF2_»xiy ¢ [1]5 & > 2§ 2 & & X 30 +1.0 2+ pF > P& 2 #32Rotation

and Scalingz_ st # o

FEANP AR MR REFE 2 o0 T BB E B W R AIE S RS MR
Rotation and Scaling sc# eiy # 7 = T < tgg = - A d TDI18-10(M) 4227 D9-7(M) |
B2 Py Vg g R A RIEF D O3S R RN A2 gk Er AR b %
HE 20257 > 7 Goldhill 2% 2 w3t 3gdk & B 5 6.5 ApFE R g ker ;s ¥
FREAR G -25RF 0 B2 AP BRBcE T %027 M > 2 Goldhill §2§r 7 3

AR L -625R PR ke, Hani® N EDI8-10, 7 TD9-7, 4 § o

IAEE R AL R 2 5 s 2 FDY-7-FE 4 #<+Rotation and Scalingsz# 2_ it 4 7
BAR 5 PR REERFFARZ 0TS RZE > @ TDO-7, 2 i Aisin
20 B AR L 075 R TDO-7-F B i24pke v ¥ 4sdnz § @ dd & B P45 -0.75
2 -10R »$& "TD9-7-F |, =2 5 i » & ¥ s~ A Rotation and Scalingsc# § % ¥ - “E%5%
FIER 3 g B ErA S 2 5k RE M MO R ERE S 2 b £ R Y2 e

ik o

B2 2 MRV A WS AR RAP T REIRE 22w A R

AR g B 2R e F R LR FHREST SR A 1 2 Edp E T
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BEESE

(a) Lena
Rotation degree [0.25| 0.5 |0.75| 1.0 |1.25] 2.0 | 3.0 | 3.5 |3.75]| 4.0 |4.75| 5.0
Results from| P | 0.87[0.46|0.35]0.25{0.09
D18-10  |pSNR|24.07[22.19]20.79/19.75|18.97
Results from| P | 0.95]0.79(0.74 | 0.63 | 0.56 | 0.48 | 0.36 | 0.35|0.29 | 0.28 | 0.26 | 0.20
DI8-10M) |pSNR|24.09(22.21120.79]19.76|18.97(17.36]16.10|15.67|15.48|15.31|14.8714.74
Results from| P |0.82]0.44]0.36(0.21
D97 |psNR[24.07/22.18/20.77/19.74
Results from| P |0.93]0.79]0.67|0.66 | 0.59 | 0.40 [ 0.30|0.25 | 0.20
D9-7(M) | pgNR [24.09[22.21| 20.8 |19.76/18.97/17.37/16.10(15.66|15.48
D9-7-F | pgNR|24.08(22.21/20.80/19.77
1] PSNR
Rotation degree |[-0.25| -0.5 [-0.75| -1.0 |-1.25| -1.5 | -2.0 | -3.0 |-3.25| -3.5 | -4.0 |-4.25
Results from| P | 0.86]0.41]0.30|0.20
D18-10  |pSNR|23.46[21.27/19.82(18.79
Results from| P | 0.96]0.80(0.68|0.61]0.52|0.47|0.37|0.25|0.23 |0.21
DI8-10M) |pSNR|23.47(21.28(19.83] 18.8 |18.02| 17.4 [16.49(15.37|15.16|14.94
Results from| P | 0.84]0.45(031/0.26|0.20
D97 |pSNR|23.45/21.25/19.81/18.79/18.01
Results from| P | 0.95]0.73]0.67 | 0.56|0.48 | 0.48 | 0.40 | 0.28 | 0.27 | 0.28 | 0.25 | 0.14
D9-7M) | pSNR[23.48/21.29/19.84|18.81(18.03| 17.4 |16.50(15.3815.16|14.94|14.5114.31

103




Results from| P |0.75103410250.13
D9-7-F  |psNR|23.47121.29/19.84|18.81
Results from| P |0.32]0.23]0.240.16
1] PSNR
(b) Goldhill
Rotation degree |0.25| 0.5 [0.75| 1.0 |{1.25| 3.0 | 5.0 | 6.5 |6.75| 7.0 |8.25| 8.5
Results from | P | 0-8310.43]030]0.26|0.16
D18-10  |pSNR|[23.38/21.56|20.54|19.84/19.32
Results from| P |0.95]0.76 | 0.66 | 0.63|0.57|0.370.320.29 | 0.270.29 | 0.23 | 0.22
D18-10(M) |pgNR|23.39/21.58|20.56/19.85(19.33|17.35(16.31|15.78/15.69|15.60/15.20|15.13
Results from| P | 0.75]0.40 | 0.2870.14
D9-7  |psNR|23.37[21.55/20.53/19.83
Results from | P |0.92[0.75 | 067 057057 | 0/46 | 0.29 | 0.23 | 0.21
D9-7(M) | pSNR[23.39/21.59/20.56119.86/19.33}17.35(16.30(15.77|15.69
Results from| P | 0.66[0.2910.23 | 0.11
D9-7-F  |poNR[23.39121.59/20.57(19.87
Results from| P | 0.3310.24021]0.15
1] PSNR
Rotation degree [-0.25|-0.5 |-0.75|-1.0 | -2.0 | -3.0 | -4.0 | -5.0 |-6.25| -6.5 | -8.0 |-8.25
Results from | P | 0-82]0.42]033 021
D18-10  |pSNR|[23.20[21.50[20.50(19.82
Results from| P |0.91]0.780.64]0.63|0.50(0.45|0.41|0.37 | 0.24 | 0.21
D18-10(M) |pgNR|[23.21/21.51[20.52/19.83(18.35|17.50/16.92|16.44|15.94|15.85
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Results from
D9-7

0.74

0.43

0.26

0.16

PSNR

23.18

21.48

20.49

19.81

Results from
D9-7(M)

0.95

0.75

0.65

0.63

0.49

0.48

0.43

0.34

0.31

0.32

0.23

0.22

PSNR

23.21

21.52

20.53

19.84

18.35

17.51

16.92

16.44

15.94

15.85

15.34

15.27

Results from
D9-7-F

0.68

0.28

0.20

PSNR

23.22

21.54

20.55

Results from

1]

0.38

0.27

0.25

0.14

PSNR

(c) Peppers

Rotation degree

0.25

0.5

0.75

1.0

1.25

1.5

2.0

2.5

3.0

3.25

4.25

4.5

Results from
D18-10

p

0.84

0.48

0.35

0.26

0.13

PSNR

23.19

21.38

20.04

19.02

18.20

Results from
D18-10(M)

0.89

0.73

0.68

0.60

9o

049

0.41

0.34

0.24

0.21

PSNR

23.2

21.39

20.05

19.03

18.21

17.55

16.54

15.78

15.20

14.96

Results from
D9-7

0.82

0.49

0.33

0.20

PSNR

23.17

21.35

20.01

19.00

Results from
D9-7(M)

0.90

0.71

0.70

0.61

0.52

0.52

0.41

0.39

0.27

0.26

0.25

0.20

PSNR

23.19

21.38

20.04

19.02

18.21

17.55

16.53

15.78

15.20

14.95

14.17

14.01

Results from
D9-7-F

0.76

0.43

0.28

0.12

PSNR

23.18

21.38

20.04

19.02

Results from

[1]

0.41

0.30

0.26

0.17

PSNR
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Rotation degree

-0.25

-0.5

-0.75

-1.0 |-1.25

-1.5

-2.0

-2.75

-3.0

-3.5

-3.75

Results from
D18-10

p

0.82

0.50

0.35

0.25/0.23

0.13

PSNR

23.02

20.93

19.52

18.47(17.63

16.95

Results from
D18-10(M)

0.87

0.73

0.67

0.5910.53

0.45

0.44

0.27

0.21

PSNR

23.03

20.94

19.53

18.47(17.64

16.96

15.91

15.13

14.81

Results from
D9-7

0.82

0.49

0.38

0.2710.22

PSNR

23.00

2091

19.50

18.45(17.62

Results from
D9-7(M)

0.91

0.71

0.64

0.58 10.51

0.46

0.38

0.28

0.25

0.25

0.23

0.21

PSNR

23.03

20.94

19.53

18.47(17.63

16.96

15.91

15.13

14.81

14.53

14.05

13.85

Results from
D9-7-F

0.75

0.38

0.23

0.20

PSNR

23.03

20.95

19.54

18.48

Results from

[1]

p

0.39

0.25

0.25

0.16

PSNR

% 11 12 Rotation and Scaling ¥ 82 32 # (¢ 2.7 % & % (a)Lena (b)Goldhill (c)Peppers
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5.7 Multiple Watermarking sz #

Multiple Watermarking sc# 5 S 2 (%772 » E 4302 % x5k B el ik o q‘;: PN
FBR 2ok e HORIES R M 2 iR AT ¢ FaE A ok R A R 2

Ak A

‘%‘EZTﬁiﬁﬁﬁ?ﬁgﬁ% 5 A% 5 YRS 5y +3§?~km‘§§ - 5k
BB 37 B ROk E DR Y QR iy s F AR BB R
RS 5 BRI gl 0 5T M chE — Rk B B 0 et R

F — B3 FE»K‘J’J’:J;’}’EX’\TL&J.Q DG AR P o

Atex 5 BERE
39 2@ % TDI8-10, = ;% ¢t

B i 2R i 59 8 et R

(2)

FEeh A~ 5 BIERE RS 2 Bl
37 b %k £ (B =5 » PSNR=30.80 » p=1
Bl 39 & 4 Goldhill $2 i§.22 15 i Multiple Watermarking sz # s 2_ 82 ¥4 P& B

Goldhill f 458 i
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BEES

(a) Lena
Number of
1213|4516/ 7| 14]422]471/600!|1000
Watermarks
Resultsfroml P | 1 | 1| 1 [ 11|11 |1 ]|1]1|1]1
D18-10  \pSNR[35.37133.6432.4731.54/30.80[30.18[29.65[27.40122.80[22.71]22.51122.01
Results from| P | 1 | 1 | 1 /099 1 [0.99]0.99]0.96]0.30]0.20
D18-10(M) (pgNR[34.9833.13(31.83(30.75129.9229.19128.58[25.79/12.99(12.70
Resultsfrom| P | 1 | 1| 1 [ 1 | 1| 1] 1|1 [098098097(096
D9-7  |pSNR[35.24133.51132.27131.30[30.5429.9229.37126.95(19.01/18.82/18.40(17.62
D9-7(M) |\ pSNR[35.19133.3832.093.1:04130123/29.55[28.95126.18[13.17
Results from| P |0.89|0.82|0:740.6710:6410.60/0.56 | 0.22
D9-7-F  |pgNR[34.89133.17/31.96/31.09130.34129.6929.17126.82
1] PSNR[35.50132.7829.35[28.05
(b) Goldhill
Number of
121314516/ 7] 16]408|422|600 (1000
Watermarks
Resultsfroml P | 1 | 1| 1 [ 1 v |1 1|1 ]|1]1|1]1
D18-10  \pSNR[35.77[34.1233.01[32.12/31.4430.86/30.35[27.88[23.73[23.70123.38[22.82
Results from| P | 1 | 1 10.99/0.99]0.99(0.96]0.96]0.93]0.26|0.21
D18-10(M) |pgNR[35.53133.75[32.37131.31[30.52[29.86[29.23[25.87/13.49(13.39
Resultsfrom| P | 1 | 1| 1| 1| 1| 1] 1] 1 (099098098097
D9-7  |pSNR[35.7234.02[32.85[31.9231.15[30.53[30.00[27.28|18.88/18.79/17.97/16.97
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Results from| P 1 1 1 1 1 1 1 10.98(0.22

D9-7(M)  |pgNR[35.6833.79/32.4931.51[30.71130.0029.4226.11/13.71

Results from| P |0.93]0.86[0.80|0.71 |0.66|0.64|0.58|0.22
D9-7-F

PSNR[35.2033.71|32.44{31.50(30.81{30.24{29.74{26.99

Results from| P [0.79(0.45{0.31/0.18

1] PSNR[35.26/31.50129.7128.57

(c) Peppers

Number of
1 2 3 4 5 6 7 17 | 501 | 512 | 600 {1000
Watermarks

Resultsfrom| P | L | 1 | V| v [t | v |t [1|{1|1]1]1
D18-10  |pSNR[36.95[35.22(34.0933.19[32:42/31.84/31.35[28.64124.2124.1924.02]23.40

Results from| P | | | 1 | 4 |0:9910:98)0.97/0.96(0.930.22

DI8-10M) |pgNRI36.37[34.47133.13(32.11[31.26/30.59130.00126.20(13.33

Results from| P 1 1 1 1 1 1 1 1 [0.98]0.97]0.97|0.97

D9-7 PSNR36.79/35.04(33.81(32.82{32.05[31.4130.8727.74/18.71|18.68(18.39|17.59

Results from| P 1 1 1 1 1 1 1 10.97]0.27]0.22

D9-7(M)  |pSNR[36.56[34.61[33.29[32.27131.41[30.70130.14126.66(13.51[13.45

Results from| P |0.94]0.86(0.790.73 |0.68|0.61|0.57 | 0.20
D9-7-F

PSNR[36.1734.55[33.4132.3731.67]31.06{30.52/27.48

Results from| P [0-80[0.53]0.31]0.22

1] PSNR[34.53131.9930.19128.81

% 12 12 Multiple Watermarking % 8° e # {5 2. % % % (a)Lena (b)Goldhill (c)Peppers
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5.8 Bitplane Removal sz #
Bitplane Removalsz # ;2 1 & § 4 4492 ¥ fe = ] R paif 388 thlicigse i 2
T2 A AP p 2B EH I IS LB A 58 Rl - 250 4

TR B GERESID F At FRE AR LA TVRE - AT

=1

L f Bz ¥ hiedh o dofe [1]fd » ifokErenfe s srE 2 ahiz AT g - e
¥ AL Bk K= A (LSB)FF > AT B H AL G b K- K L6 o B
WORAR A el BB R 1 RIFE R ARERR G T A X2 =1 e F Ak ehi

Lo R A e RIS BT ARG RS TR R GERE DR A R K

gl 4

F140 75 & v TDIS-0M) ) # £ A5 of fo & | At (hdfeen S i 2 (52 )

':|
oo B R4S G HE 0 S B \gﬁi’{ Ef&?ﬁ%m%&mwﬁwa

all
8

(a) YerEre

PRI G S B A

¥ ff » PSNR=32.90 > p=0.96

M40 4 Lona B 5t 5% o 51 B2 41 % S B LSB 2 B0 SR I ()R 4 i
(b)f5 4 4 3 T dic? 5 Bd IS i 2 B ik

F - Lena 8 T
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Bk ESE

(a) Lena
Numbers of LSB 1 2 3 4 5 6 7 8 9 10 11 12
Resultsfrom| P | 1 | 1 | 1 | 1 [098]029]0.19
D18-10  \poaNR[38.50(38.36(37.58(35.54/32.80(29.30/26.31
Results from| P | 1 | 1 | 1 099096088077 [0.72]0.70 [ 0.65 | 0.64 | 0.64
D18-10M) |poNR|38.69(38.71/38.09|36.16|32.90(29.30/26.27|24.11|22.99(22.34|22.32(22.32
Results from| P | 1 | 1 | 1 | 1 [098[038]021
D9-7 | pSNR|38.44/38.40(38.03|36.46|33.65(29.94|26.58
Results from| P | 1 | 1 | 1 | 1 [098]095]087|085]0.77|0.77]0.77|0.77
D9-TM)  |pgNR|38.66(38.76|38.32(36:55133/39129.76|26.52|24.07/22.83|22.45(22.45|22.45
Results from p 1 1 1 1 0.88 0.20
D9-7-F  |pgNR|38.39(38.27|37:62(35.84133.20/29.72
Results from| P | 1 | 1 |09990.52] 0.1
1] PSNR36.81(34.72|30.41|24.28|18.47
(b) Goldhill
Numbers of LSB 1 2 3 4 5 6 7 8 9 10 11 12
Results from | P | 1 | 1 | 1 [ 1 [098]029]0.05
DI8-10  |pgNR|38.82(38.57(37.45(34.78(31.47/28.16|25.60
Results from| P | 1 | 1 | 1 | 1 [093[084]0.73]0.69(0.70]0.65]0.64|0.64
DI8-10M) |pgNR|38.98|38.79(37.67(34.99(31.46|28.13(25.56(23.91(23.15(22.79|22.75|22.75
Resultsfrom| P | 1 | 1 | 1| 1| 1 [040]0.10
D9-7  |pSNR|38.87/38.74/37.98(35.59(32.22|28.74|25.90
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Results from| P | 1 | 1 | 1 | 1 [097]093]084]080]0.72]0.73|0.73 | 0.73
D9-7(M) | pgNR|39.00(38.92(38.05|35.53(31.97/28.61|25.81(23.81|22.66|22.49(22.49|22.49
Results from| P | 1 | 1 | 1 | 1 [084]027|-007
D9-7-F  |pGNR|38.80(38.58/37.65(35.17(31.87|28.61|25.87
Results from| P | 1 | 1 ]097]0380.14
H PSNR|36.07(33.72(28.87/22.7216.18
(c) Peppers
Numbersof LSB | 1 | 2 | 3 | 4 | 5 | 6 | 7|8 |9 10| 1] 12
Results from | P Lt 17073016
DI8-10  |pgNR|39.96(39.69(38.72(36.4033.38|29.85
Results from | P | 1 | 1 | 157]0.99%094 086 | 0.77 | 0.76 | 0.71 | 0.70 [ 0.70 | 0.70
D18-10(M) |poNR|40.14(39.98|38:90136.60133:42/29.80(26.57|24.26|22.68(22.20(22.15(22.15
Results from p 1 1 1 1 0.98 0.15
D9-7  |pSNR|39.96|39.82(38.98(36.82133.98(30.42
Results from | P | 1 | 1 | 1 ]099]096(092]091 079 0.75|0.73|0.73 | 0.73
D9-7(M)  |pgNR|40.12/40.07/39.24(37.03(33.79|30.30(26.91|24.21|22.50(21.98|21.98|21.98
Results from | P 1 1 1 1 10.4910.04
D9-7-F | poNR|[39.86/39.61|38.74|36.65/33.66/30.23
Results from | P | 0991096 0.90 | 0.64 | 0.14
1] PSNR|35.97/33.64/28.76/22.71|16.93

% 13 171 Bitplane Removal ¥+ (foc# {5 2. §F % % % (a)Lena (b)Goldhill (¢)Peppers

d %L1 'ﬁ 41> %4 Bitplane Removalsc #F % ¥ » *ih< o1 2 2.7 29 5%

BRI [12F %% 5% §BEALSBARE T S BRF o [1]2 %32
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DFokE s @ AT AR T B R BRI RE s TR MR BB S

049 & 5 #cE ¥ 209 M > v At T e 2P & i iE e FaBitplane Removal

frciEE ~ 18 20 %ok Be 3k 4R Bitplane Removal s2# 2_2%ip #2330 K e 2 B
o B gL R KR R > B F 2 LSB mAgE T 6 2 T B pE o TR
BRI ke s RA e r PR B ez 0 R AT RS TR ﬁ%wff LSB =~ #kid
PIL0 By b > AR a W ARG b R R B ARSE G 2R T H Ak B

#< Bitplane Removal st # 2_ 2% 5t o

A fit {7 Bitplane Removal se# S & > § 45 '% 2 (8 LSB = ~ #icdg 48 10 11 1
P SR BB ST e A 2 T ARG 00 TR A B L LSB 2R
Boo Ap M fhdciE e PSNR 77 % g4 s & e AME 4T DI8-10M) | & TD9-7(M) | = i

i 17 Bitplane Removal st % » &5 RITHE 27 fopt B ijc? gk er g~ @ B R

Y

FEE R TR AIE o B RGP 0 P AR SE S B RS R g
B g AR A "f FGBER A O FRRER G RE ] L i A

B

A7 AR 3 % FE 2 4 Bitplane Removal 2 # 2 »ag v = & > TD9-7
£ TDY-T-F, % i % Wil H4sHi #7% 6 B B LSB =& 2 skii g L7 5 » R i M
B A ] LB A T 0 TDOT, Sk 2 dp b diciik 4 3 TDO-7-F | 2.5 % » &
VAR £ B Y2 w2 2 A4 Bitplane Removal s # 2_siy 0 % Ao b gk B
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59 B EIE LR

KB ARG E LN kY S LT AR (1]
BE T A BEIOA AT WR Ik o BEIXR A 7

Lena ~ Goldhill # Peppers = 5 % i§.2. §F % % *

v b
I P

szfi?-ﬁjg y K3

F i B AT 2 SO o K B2 5y B 4o o

? r

R0k B

-

B % RIS AR

D18-10

D18-10

E

=,
4
4

~,
3
N

D9-7-

o

JPEG (B 5 4 #=40)

JPEG (R 5 4 #=30)

JPEG (B 5 4 #=6)

JPEG (B 4 1 #=3)

SPIHT (Bitrate=0.4)

SPIHT (Bitrate=0.3)

SPIHT (Bitrate=0.1)

Median Filter (Mask=4x4)

Median Filter (Mask=5x5)

Median Filter (Mask=10%10)

Median Filter (Mask=12x12)

Gaussian Filter

Sharpening

Pixel Shifting Type 1 ~ Type 2 (6 &% =45)

Pixel Shifting Type 1 ~ Type 2 (7 k% =#5)

Pixel Shifting Type 1-Type 2 (10 & =#3)

Rotation and Scaling (¥¢3% % 2 =0.75 &)

Rotation and Scaling (€% & 2=1.0 &)

Rotation and Scaling (3¢ %+ 2=1.25 &)

Rotation and Scaling (3% % & =-0.75 &)

Rotation and Scaling (*¢3& £ 2 =-1.0 B)

Rotation and Scaling (3% % & =-1.25 &)

X|IXIOIX|O|OIX|X|OlO|0OX|O|OI0|OIO|O|*x|O|O|0

O|O0|O|0[O|O|O0|O0[O0|0|O[O|0|01OOIO|O0|0|0|0]|0

X OOIX|X|OIX|X|OlO|OIX|X|O|0O|O0]O0|O|*x|O]|0O|0O

OOOOOOOOOOOOOOOOOOOOOO%

X|IX[OIX|X[OIX|X[X|[O|OIX|X|O|OIxX|O|O|x|*x|O|0O

XIX|OIX|IX|OIX|O|O|IO|IOIX[X|IX|OIX|X|OIX|*%x|x|0O
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D18-10

D18-10
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D9-7-

o
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[a—

Multiple Watermarking (;5--k 5 #& B =3)

Multiple Watermarking (i5--k &° #& P =4)

Multiple Watermarking (;5--k 5* #& F =16)

Multiple Watermarking (;%--k & #& P =512)

Bitplane Removal ( % ¢hiz < dc=4)

Bitplane Removal (# *f e ~ #H=5)

Bitplane Removal (# ‘,% (A #i=6)

Bitplane Removal (# '% £ix A #=T7)
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olojojo|x|olo|o|g ¥

X | X|O|O|X[Xx|O|O|=

XX |X[O|X|X|XX|O

4014 B ok %2 I A

116
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P
T3 M

oS

g HEORE R RH AP B R R D Gt R R A e h ERE R
Fem i FRRAPGET > BlT- ke iy (LRI & T O B DR ke
LR CFGEFEE kTRl F2 FREFFEFRS > 2L 223 &9 9

2R g Red e g

1575 2 iR R R = R B M2 ke F i@ * Lena B R 70

Ko F R AR A B B Pl T R WHE KR R 512 B a

o4
“

e
=N

CHE 302 i@ ofld £ IS2F&REEFT 70 Wik I 7 pani-REdr 2%

iy

Bt gk Eris 2 B PSNR E33d 5 3800 E 30 = + 0 pe ¥ 43t A gh 2 frik 1 2 0F
KRB GRS s Wi RFOREP R R A 230720 s AR ke @y pe LR

B EEchfi T o I%\w%"” PSNR & @& &7 i%4F 530 12+ o

S = e g D18-10 D9-7 D9-7-F

FoRE R R 512 3072 512 3072 512 3072

VAT
(PSNR)

%15 2 R kB & R9AE L 2R RE

3837 | 30.51 38.32 | 3041 38.33 | 30.00
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£ R2FkE g 180 £ 00 JPEG BEF> 2 HEP R E T F R R B % -

(a)
Correlation Value D18-10
—+— D18-10(512)
= D18-10(3072)
|jEI 10 20 30 40 a0 B0 70 a0 90 100
Quality factor of JPEG compression
(b)

Correlation Value D9-7

—+ D3-7(512)
—— D3-7(3072)

I:I 1 1 1 | 1 1 1 1 1
a 10 20 30 40 a0 B0 70 Gl a0 100

Quality factor of JPEG compression
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(©)

Correlation Value D9-7-F

0.5+
06+

0.4r

0.2r

— D9-7-F(512)
—o D9-7-F(3072)

I:I I F 1 1 1 | 1 1 1 1 1
a 10 20 30 40 50 B0 70 Gl a0 100

Quality factor of JPEG compression

Bl 41 % Lena # it » 3 I £ B4k 51162 JPEG Bisrc % % % (a)D18-10 (b)D9-7 (c)D9-7-F

AB 41 ¢ > A 44T D18-10 2T D9-7 ;22 TD9-7-F | 3}?31@_%*5’“% 21217 JPEG
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