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ABSTRACT

This thesis describes a digital watermarking technique for projective-transformed images.
The method calculates the embedded area from the image’s selected featured points. The selected
featured points are chosen from point correspondence between an original image and its scaled
version. These selected featured points are used to construct the quadrilateral area in the image by
using the salient feature point as a center point for quadrilateral tessellation. For each
quadrilateral area, the watermark embedding location could be calculated by the projective
invariant properties of a cross-ratio and the position of line intersection point. In the watermark
detecting process, searching for the image’s featured points and the quadrilateral area used in the
embedding process is important and very complicated. This research introduces a systematic
searching algorithm to reduce the time and complexity of the watermark detection process. In
addition to the developed method described above, it was applied to detect a watermark in images

obtained through scanning and photographing with a digital camera.
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Function ExtractFeatured (I:Image) {
I Scale,1 Scale LPF : Image;
Cord_Original, Cord_Scale, Cord_PointMatch, Cord NonEdge : Coordinate;
/I Coordinate is structure {x,y: Integer, comerness_score:Real} //
I Scale = Scale(I,Scale Factor);
I_Scale LPF= LowPassFilter(I_Scale);
Cord_Scale = FeaturedDetection(I_Scale LPF);
Cor_Original = ComputePosition(Cord_Sacle);
Cord_PointMatch = LocalMaximaSuppress(Cord_Original);
Cord_NonEdge = CheckDistance (Cord_PointMatch);

Return(Cord_NonEdge);
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Function SelectCenter (Cord:Coordinate,l:Image)
{
Sort_Feature,Feature : Feature Data
// Feature Data is structure {x,y,order,Integer dist_score,score:Real};//
Image Center : Coordinate;
Featured.x = Cord.x;
Featured.y = Cord.y;
Feature.order = SortASC(Cord);
Image Center = FindImageCenter(l);
Feature.dist_score = FindDistScore(Feature,Image_Center);
For i=1:NumFeatured
Feature(i).score = Feature(i).order+Round(NumFeatured*Featured(i).distance);
End
Sort_Featured = SelectCenter (Featured);

Return(Sort_Featured);
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Function CreateQuad (Featured:Feature Data)

{

Sort_Angle :Feture2Quad_Data;
// Feture2Quad_Data is structure {x,y:Integer angle:Real}//
Quad, Quad_Temp: Array of Coordinate;
N,Start,Point : Integer; CenterPoint : Coordinate;
N=0;
For each center point
Sort_Angle.angle = ComputeAngle(Featured);
Sort_Angle = SortByAngle(Sort_Angle);
Start = 1;
While Start < NumFeature-2
Quad_Temp(1) = CenterPoint;
For j=2:4
Quad_Temp(j).x = Sort_Angle(Start+(j-2)).x;
Quad_Temp(j).y = Sort_Angle(Start+(j-2)).y;
End
If Check(Quad_Temp) = True
Quad(N)=Quad_Temp;
Start=Start+2;
N=N+1;
Else
Start=Start+1;
End
End
End

Return(Quad);

" 0 ¥ ] o - :l e
31 4.12 siamduailouvesdaneiiumsadaiundmasunofianidiaea




37

- y 4 &4 o 4 o 8w o dy v
Tavtunoulumsadnnundmasunedimni@inea  dmivudazyaguinaianla
Y - 5 = o dv
AadoniuiAall
° [ ' I A ] o c o
1. MIMsAnnumyusznInames NiFeusTnIngaguinas, P uazyaniidnyuz
voA ar dY a E] 1 : o =) A o "
wUY 9 Aunawestdmiamioe v=[0 1] imiuwiinsGuganiidnuuziaunnga
o 1 i o0 i o ' S
oniugaguinandenmuiswla, A7 ,i=12,.,N, -1 @edumsaiunmnein

AuunaaIneg Ui 4.13 (@s Sort_Angle Tugii 4.12)

= o J

31N 4.13 At 1MsMUIUNIYUYDARZIANTANYMLIA

o ' '3 ° ¥ 9
TﬂUﬂ'liﬂ'lu‘mllﬁﬁSH‘]NI.’JﬂI,ﬂBifﬂJJTiﬂﬂ11&17.11'lﬂiﬂﬂﬂ'lil‘]iﬂWNﬁﬂﬂlﬂ'IUtIU'Uﬂd

4 [V 4
1IAIAD3 (Dot product) AIAUNITN 4.2

0=cos” —— 0<0<nx (4.2)
|A[[B|

é o . . . '
Famndmuald A = xi + yjuaz B = j udez1dn

-1 " &

COS ————— X<=Xx

2 2 €
A/ X +y
Q=+ (4.3)

- Yy

T+CO0S —— :x>xr

L -\/X' +y'



38

¥ (] ' ' » "
2. Mnsadeiuidmdouieiimsiimniasaoa Taoldyaguinaia B saufugei

- o , ﬂ' - d' ey or d‘. i 1] o
lanuuziaudug Inmuganeganiulusonmisganiianuaziauniunmsisoadoyaudd A

319 4.14 (A1) Quad_Temp Tugii 4.12)

¥
=)

o @ y dd & Y wa
gﬂ“n 4.14 #7001MI AT NRNUNTIMAsuHDHIaIvATADA

o 4 dd 4 4 9 & a O < & A b A da
3. Mimsasdeunundmaouiaiiuluduneun 2 e NRuRTM Al

bl ¥
sinsdhimnzaniu i limistlaoihdiaeahilidsz@ninm dawalimsasieivae

uynq 3 o J n'-:{ d. a:i 3/ -; 9 o ' @ 4:
HIRIRDAULINAN TﬂUﬂ:Yl']ﬂ'liﬂi'JﬂﬁﬂﬂwuﬂﬁmﬂU)J'I’lfT'iN'Uuﬁ'wﬂi)ilUﬂ'l\'lf] AU
¥

[ ¥ [ 1 H
- dnpuzginie ¢ i ldnanTdudrhiundmasuerannse ldaulaiu

1 - w -1 ¢ a e - & 9/
:‘/ﬂﬂﬂnﬁﬂyﬂlzl‘ﬂUﬂBUHﬂ‘h’-ﬁa 'Jﬁf'ni'ﬂ‘i]:ah’ﬂuﬂ'liﬂi?%ﬁﬂﬂﬂﬂ1‘ﬂﬂ1'§ﬂ'}ﬂﬁ5':Iil‘ll?N'lJll

9

& a4 4 ¥ d s & . s Y. (&
nmoluvesiuidmaon Tavldwagumoluvesinmeiiioussnnagayuniug - ludayayu

3 - .:f = a o e " P
VNAUIWUNTHALU ﬂwﬂﬂ']ﬂUNi\JZﬂ‘ﬂ 4.15

4 é,

(M (V)

/ a i A P =
3‘1Jﬁ 4.15 fﬂ‘i‘w‘i]'liﬂl'!;i‘ﬂﬂ'iQﬁtﬂﬁﬂﬂiﬂﬂ(l%ﬁﬁﬂmﬂ101111]8313?11?185 (n) gﬂmami‘]uﬂau

o o U d o
And-da (v) Unsei liiduneuing-ga



39

4 1 w d ' o 1
osnTwadnivosyussnwnmesnananldnn  Awaguaeluves

v
" = n‘a’ o

o ar - o [ 1 o n’: '
NARNDTHHITUMNITEHINN 0 BIFT D3 180 DI muu'cmﬁuzﬂmaﬁti‘luﬂauﬁn%—aauum

¥ ]

' @ " a & ° > ' =
youuuaazyuiuez hifiu 180 earn dawaveayuiinusinnagunioluiusziiunni

s 1Y o '

| 4 dd 4 2 : o - " w
agmuluiunTIMaoua 4 yuaagUi 4.15(n) M ldnoawsveanyui 4 sz 360 8am
I o ar 1J n:iull:l:j d ¢ o o = A da " 4 A4 o

uadmsugUnsan biiuneudng-gariuesiiyumianiinyguannndi 180 parm FadefuIu

' o Y i 1 H " 4 o - o =
duawagunioluvestnmesudy  waansn lvzilusuiiegmoueniundmaoudagli

¥ ¥ ] " ] ¥

4.15(v)  aantudioanunivluvesginssdmasui liiduneudng-Fanfan 1dvlianios

1721 360 DI

)

/i 4.16 mannsanAnuneluvesRuNdvaoy

a4 4 o 4 4 4 v 4 P 4 <

- yuvesginssimaoy : whginssdmdsuiiaauiidnvaziiuaeudng-

o d 'y 4 dd 4 aw o - a o q ¥

Fana1y uﬂmmmguumwunﬁmaunnanymzmﬂuqmman wioyuthumiu 1y il

Af a : aa 4 " L 4o ' : aon s

wunlunsdiaoiasneaunvas Faezaanalv lomandumuslumsdsainihaineasegnu
o da J A Y 1 aa -

ﬂunuqmmwé’m FINWIONNIUIANUMINZAUVBIRUNTMAOUAIUTOYAVDIYY

§ & =Y L} 1 L - 1 ]
moludwaumsi 44 Fuumsnnsanaguneluuaazyuhianuuanaannunin

= Y o o " P A o = LY 1o ' e ¥
LWUQ.‘lillﬁ'Ju']ll']‘lﬂ'lﬂ'ﬁH'lﬂ'llﬂ'ﬁlllwEl“ﬂ'Iﬂ'l'a'llﬁUUWIU'Uﬂ'lJﬂ'I'I!ﬂLIUG'ﬂﬂ'IHNﬁ"l'J
| .
0,=—36, - 909 <7, (4.4)
e 4|=|. i

A 44 4 4 4 d o J aa vi a4
- YUIAVDINUNALIH AU - gﬂﬁmauu‘nwmumqmummﬂaaumwzuquw

1 = ad a o ' ° [ n’ aa @
gy uadmadvinaidnuiniu v dawa lddumismsianihalaeanuiugs
] = a as n’: n’: d,ﬂ .: o P o [ ; -
IFUIRLINY AIUUYUADUUL ‘Llﬂ'liﬂ‘J"J'i]'('fE)U'U'u'lﬂ'W'lJ'l’lﬁlHﬁUllTﬁUi)z‘lﬂ‘ﬂ'lﬂ'l'illUGWuﬂ

Aimdvuoenilumumiondos deszlaazUi 4.17



40

UM 4.17 msinamvnanun@maonla

]
= o

Taondnnmsutsiuigmasuooniuaumdsuaesiuiugdy ndamminh
msf‘imammﬂummm*?':uﬁmumﬁuuﬁ’wﬁnmsmwmﬁuﬁﬁmmﬁuuim c?m:“l%’i’fay,a
anumlundazduvesmumasuuhnssnn - Tasidimualinuenveadusey
slugasdmvesnumaouisundy ab oz wavesiufimumaslag e

asamuIn laaIaunIsn 4.5

A=./S(S-a)S-b)S-c) 4.5)

Taufia s ansafuia lannaunisn 4.6

_a+b+c

(4.6)
2

& 4 o alia ' ! A i w
¥99103UN 4.17 RN RLU T TR LI A DR TR RN iV P M TG N R G L B

& J 4 y a p @
A11130N T UIANUHI AUVOIRUNTIM Ao Awaun1s N 4.7 Futlumstinerviiaves

mumanuisaeanuiudMImMsinssnfumiauiismuall
A+ A <T, @.7)
Taomsed 4.1 szdlumsuSouioumanuamevesyumoluduyuain uag

4 44 4 4 ad o S aa Y o ' ¥
YUIAVOINUNT LU AUUNIN U T Tunsaniinisdaaimiradsneadlrodumianisdaainis

an o & a dr o a = = = b4
ASaoasan 1600 39 Futlumsinsannniuidmdouiiudmassd e



4]

o “ ' ' @ 4 44 4 o
MINN 4.1 ﬂ‘l‘inﬁU'IJmUUﬂm11uﬂ1~‘lﬂﬂiipquuﬂuqumﬂ HAZUYUWIRUDINUNTIHaouUn

ﬂ‘: 3 : aa o ) : _aa o
Mugay '114mm‘nmms'ﬂqmuumnnﬂnﬁ"wmuﬂuams?«laawmmﬂaammu

1600 9@
o, wmumﬁuﬁﬁm%‘uuﬁn%nﬁqﬂ (WNLwa)
0° 15876
10° 16770
20° 17556
30° 18360
40° 19044
50° 20022

a /

(n) ()
= a v A dd o P ' ' a4 4
1/ 4.18 msinsagaNegmuluiundmaoumie i (n) yregmuluginsadiaon (v)

o luagmolugunssdimaoy

¥ e ¥ dd §. i@ o ¢

- pisdouiuiuvesiiuiiimaoy : dmumsthmoiataealavldgaguinas

Yy A A4 4  a - ava o .. 4 dd 2 Yy
Tumsaduiundmaouioaadoazaiugy bilfidanmsdeuiuiuvesiunmmaoy1d ua
i = y 4 ' & a =y 9/ ) &' aa a
dmniinms IFnugaguinmiannndmisga  TemanszAamsdeunuiuyesiuidmaoy

= J ad Py Y (- 9 LV Y] a; :id' n:i -~ 1 o
winty  SEmsfennssnninsdeunuiuvesiundmasuniely  nszii1dlasdn
¥ ] ¥ v ' ¥ . ¥

dmuald 0 waz Q' WuwavosgayuvesuRTmAsuaesiun Wuiinsaosss hidousiu

ar ' { o = 1) 1 e 1t A
funaaieiuumninues (QN Q') vesnimieminy 2 uaz hifiyalaganisluwa Q

=Y

9 4 dd4 4 4 9 oy i H v oy 24
Tlegluun@mdeuiaisdwmnndnveusa Q' swalumanduiuals  Famse

v ]
-t

& ) > ' 4 44 R ) /e /a4
WOITUINYPAUU agmu“luwunmnauuma'lu'lﬁmnqmzn'JNnﬂmasﬂrmmamnmu

- [P "
- -

¥ ¥ oo
IENINYANIU "lﬂﬂ'qqﬂqnmmmwuﬁﬂmaau (qu‘izﬂ'mnﬂmag ab,bc, cd,da Tu31)
¥

e

4 lJ o L] 4 : A i o
4.18) Famngayuiug egmoluiuidmavunasinveayuszninananes iy 360
¥ » [N} '
parn ezl 4.18(N) uANIMINTIPANINIUY  BYNEUBNAUNTNAUUHATINYBYUIENIN

i d
nAMeTHazioundn 360 parm Aag 4.18(v)



42

= .3’ Aci e‘ : a‘ ' J é:‘. n:i ni b4
4, 'Hmwamswmsmmuwﬂmaun“lu'uum)u‘n 3 wmui‘luwuwﬁmauummmn

¥
-

A o a 3 dd o @ A P Y A o 1Y
Nauvhl'ﬂﬂ'l‘ﬁuﬂ Qﬂlsnﬂuaiuﬂ'ﬁfﬁ'qu“ﬂlﬂﬁﬂilﬂﬂvlﬂﬂﬂﬂﬂ“ﬁ']n‘uf)\??zﬂ‘ﬂﬂll”ﬁ‘nu']ll']fﬁ’m

b4
-

4 [ ¥ " [ " '
dunundmaouluduaoun 2 dagit 4.19n) uadmnwanmisinsanuhdmaonlu
< < ] A a4 dy o 4 v y A dd & ooy a4
Yuaoun 3 wutunuRdmaoun iminzay gasudulunmsaiaiunfimaouda lnege

[ » v "
oa lvosyaisuAuanludunoui 2 Aegili 4.19()

o ) y A dd 4 o i ' a 4 4
Jun 4.19 fqmﬁuﬂu“lumsﬁsNwmﬂﬁmauunﬂ"lﬂwawmmumswmmwgﬂmqﬁmauuﬂﬂu

£ 1Y a a 1 Y = - - 1 9/ 14
HUUIAD (D) gﬂmmmauuﬂauﬂmumwmm:au (v) gﬂmmmauuﬂﬂuﬁuﬂnumm

S PVREARY]

° ¥ .‘3 dad A A Y aa z — : 1 =
5. MMTATHAUNTHALUDUN mmﬁmﬂuﬂmmaun 2-4 41 AUNNISWITTUN

Aaw [ o s ' J aa A 4y ¥ Y1 1
ATUNNIANUDNHUSLIAU El]‘ﬂ 4.20 LLﬂﬂﬁﬂ’)ﬂUNWN‘anﬁUlJ‘Vlﬁ'iNvlﬂ‘[ﬂﬂﬂlﬂﬂ’lﬂ'.l'mﬂ'lﬂﬁlﬂﬂ

"
E=) 1

o Y $ 44 Y - o o
yunwlufuyuninminy 50° nazliviaveaRunTmasumay 20022 WA (HAANTYDS

YunouHAAMLs Quad Tugi 4.11)

gy & A

K] ] ] v
3N 4.20 MuRFmdsuNaivwweianihATaen



43

4.1.4 msdihadnea
. <9 v y A4 d4 4 v o < & d’ﬂ .
wasnnd ldhmsadeiundmaouudniueoun 413 duasutilumsieaioi
¥ £ [
AvAD Tagagshimstimwihdtaoaas ldsdumismstanihasaeanaiamueing
o [} by o ] s 3/ 9 at ] Y A ad :
ons1au lvduazdumisgadnveadunss MuItmsudan)naduduiuitmsdaini
AvABANNAMUNUMUARTYYIUITUNIN nazMsTudaa1ee Taoiimsdivlgadsmsiha
: aa Y  aa ] o o P 9 o [ o
atneadwItmsuralnasuRsaumsi 2.1 Tavez Idiuemudnyuzveinsueunues
b

o = ' e W o an = “a o

wywdidninsansmmaweimsimonihatasadio]2] Tauiiunuin1T MUY

dane3 Azl 4.21 nazsiamduaiioudsgili 4.22

A dd 4 A s aa
‘]{ﬂﬂlﬂil‘ﬂ«lﬂﬁlﬂ‘ﬂﬂm)‘lﬂnGE\'IU‘lﬂﬂWIBﬂ

.

ni Bwlﬂ'l\‘lﬁ"lﬂﬂ'l‘i AIDIN MU Ua)as

(Laplace Filter)

¥
AMUIUMMAIININATADAVDIADZA NN U

»
mMIfanihadInen

y

\
¥

Hhaihadaoa

amidunisihiawiainea

1 4.21 uwugiimsinuvesdanesiumsihmni@iaoa



44

Function Embedding (Quad:Array of coordinate,l:Image, Power:Interger, Wm:Watermark)
{
k : Array of Real,
EmbedPoint : Array of Coordinate;
k = LaplaceFilter(I);
For i=1:NumQuad
EmbedPoint=ComputeEmbedPoint(Quad(i));
For j=1:NumWatermarkLocation
[(EmbedPoint(j).x,EmbedPoint(j).y)=I(EmbedPoint(j).x,EmbedPoint(j).y)+...
...k(EmbedPoint(j).x,EmbedPoint(j).y)*Power)*...
...Wm(EmbedPoint(j).x,EmbedPoint(j).y);
End
End

Return(l);
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]L(xr"yn') i kmax
max(/, (x;,y;))
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Function SearchAndDetect (Featured:Featured Data,l:Image,Wm:Watermark)
{
Sort_Angle :Feture2Quad_Data;
Quad, Detect_Quad: Array of Coordinate;
Start,Information,NumConsecPoint : Integer;
CenterPoint : Coordinate;
For each center point
Sort_Angle.angle = ComputeAngle(Featureﬂ)‘,
Sort_Angle = SortByAngle(Sort_Angle);
Start=1;
While Start < NumFeature
Quad = Combination(CenterPoint,Start,Sort_Angle,NumConsecPoint);
[Result, Detect_Quad] = Detect(I, Wm,Quad);
If (Watermark couldn’t be founded)
Start=Start+1;
Else
Start=Detect_Quad[3];
End
End
End

Return(Result);
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5.2.2 minsedummhnsneaningdmmiriunmsiaenlaemsuauganmnien e
MslIsmsAaaeihndnealua1uIde Geometrically Invariant Watermarking Using
Feature Points
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Abstract:  Detection of a digital watermark in images
distorted by perspective transform is very difficult. Based
on a set of four coplanar points, a watermarking method can
be developed to be perspective-invariant. A direct approach
is to estimate the transformation matrix from four point
correspondences between the original and distorted images.
Alternatively, watermark embedding locations can be
directly recovered from the perspective-distorted image
through the cross ratio relationship of four collinear points,
derived from a set of four coplanar points, The four
coplanar points required by either of these two approaches
may be oblained by choosing smong feature points
extracted from the possibly watermarked image. With many
feature points to select, a search for an embedded
watermark can be time-consuming. This paper compares
the two approsches as mentioned in terms of compuational
requirement. It is shown that, in addition to a less
Zemanding on computation of Ihe second approach, the
apporach makes it possible to adopt an efficient two-stage
watermarking scheme.

1. Introduction

Detection of distorted walermark image is very difficult by
the synchronization problem. Many watermarking schemes
have been developed to be robust against affine transform.
Those methods are based on different approaches including
image normalization (1], affine-invariant domain (2],
template matching [3], and feature-based watermarking [4).
These methods were developed under the assumption that
the image of interest is distorted by an affine transform.
Therefore, they fail when the image is distorted by a more
general perspective transform.

A straightforward approach to solve the problem in
detecting a watermark in a perspective-distorted image is to
perform an inverse transformation first. The transformation
matrix can be obtained by using four point correspondences
associating four feature points in the distorted image with
the corresponding points in the original image.
Allernatively, each watermark embedding location can be
obtained through a cross-ratio relationship, derived from
four collinear points [6]. The four coplanar points as
required by both methods can be obtained by performing
image feature point extraction. However, with a large
number of candidate points, search for a right set of four
coplanar points can be computing intensive. This paper first
shows that the second method based on the cross-ratio
principle requires less computation than a direct inverse
transformation approach.. Furthermore, it is shown that by
adopting a two-stage watermarking search strategy further

reduction in computation requirement is achieved when the
cross-ratio based method is used.

This paper is organized as follow: In Section 2,
computational requirement of the direct method based on
inverse transformation is summarized. In Section 3,
complexity of the cross-ratio based method is described.
Section 4 reports some experimental results. Conclusion is
given in Section 5.

2. Inverse Transform Based
Watermarking
The perspective transformation matrix can be estimated by
using four point correspondences. Four image's featured
points that form the quadrilateral area were chosen as
registration points, to cstimate the matrix.
By performing the so-obtained inverse matrix 1o the
image, watermark embedding locations can be
recovered. This method needs to calculate the inverse
matrix and perform inverse operation. The order of
complexity requires is 14N + O(X") (N is the umber of
walermark bits. X is the number of coplanar points used 1o
estimate the matrix, which is equal to 4 in this paper).

3. Cross-Ratio Based Watermarking
Wilhmanyundidntcmoffwcophnupoinulu
perform watermark detection, the inverse matrix for each
candidate set of four points nceds to be computed. This
section briefly describes an aliemative method based on the
cross-ratio relationship, first described in [6], The algorithm
is described below,

I. Define a set of cross-ratio values to be used in
subsequent sieps.

2. Find the intersection point of two diagonal lines,
denoted as P, (see Fig. | (a)) .

3. Calculate the primary-level watermark cmbedding
points (£, , Py, P, ,Py) those lei on the diagonal lines
by using cross-ratio theory (see Fig. 1 (a)).

4. Finding the watermark embedding location for left
triangle area of the quadrilateral area, By use the el

Py, Pali)und Py (i) as secondary-level four coplanar
feature points. The watermark embedding points are
then obtained by repeating Step 2-3 (See Fig 1(b)).

5. Repeat Step 4 to find watermark embedding points for
the right, top and bottom triangle areas.
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Figure 1: (a) A set of primary-level watermark embedding
locations and (b) Watermark embedding locations,
constructed from primary-level embedding locations.

The method as described requires 7¥ + ofN) operations to
recover welermark einbedding lucalions for each set of four
coplanar points. However, by first detecting a watermark
for areas defined by all candidate sets of four points, using
only a subset of all embedding locations, and then
performing refined detection using all embedding points,
speed of detection process can be improved.

4. Experimental Result
The experiment was carried out to compare the amount of
cumputation required by the two methods as described in
Sections 2 and 3. Six 512x512 grayscale images were
chosen for this experiment. Each image was separaled into
small reclangular areas (16, 36 and 64 areas). Walermark of

¥ W 0 %N W T 0 WO
MNumber of candidate quadristieral ses

Figure 2: The averaged number of limes required 1o
evaluate candidate watermark embedding ureas, by cach of
the two methods,

TIIREBIRIREGIEEGG

Number of Watermark Bits

length N=1,600 was embedded onto areas chosen randomly.
All embedded images were distorted by s perspeclive
transform with angles of projection varied from 1°t020° .
For the two-stage detection sch the first 320 watermark
bits were used (20% of the watermark length).

From the experiment, all embedded quadrilateral areas
yielded the normalized corrclation cocflicient values
greater than 2. With the two-stage method, the number of
candidate quadrilateral areas left for a full scarch was
dropped to 35%. If there are M quadrilaternl arcas to be
searched, by using the inverse transformation method, this
method requires on average 0.5M times to detect the

1 thod

Figure 3: Comparison of operation counts required by the
two methods for each candidate quadrilateral area.
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ABSTRACT

Detection of a digital watermark in images distorted by
geometric transforns is made difTicult by the so-called syn-
chronization problem. Many watermarking methods have
been developed to be robust against an afline transform.
Based on such assumption, those methods fail under & more
general projective transform. In this paper, a method that is
invariunt to plunar projective trunsform is presented. The
method is based on a projective invarionce property of the
cross-ratio of four collincar points. Based on four coplanar
points as obtaincd by extracting feature points from the host
image, two sets of three collincar points are obtained. From
cach set of three collinear points, cach watermark embed-
ding location can be obtained through its cross-ratio rela-
tionship with those aforementioned Three collinear points, A
method to increase the number of embedding points in addi-
lion lo those primarily derived from these sets of collinear
points is also proposed. An algorithm 1o forn a set of four
coplanar points from feature points is also Jdescribed.

1. INTRODUCTION

In recent works, many digital watermarking schemes have
been developed to be robust against an afline transform [1-
7). Depending on their approaches, each of these methods
falls roughly under one of the following categories: a nur-
malization-based watermarking (1], invariant domain-hased
waternarking [2). template matching-based watermarking
[3] and feature-based watermarking [4, 7).

These methods have been developed under the assumption
that the watermarked image is geometrically distorted by an
afline transform. They are thus not robust against projective
distortion. In this paper, o watermarking method is devel-
oped to be robust against such distortion. The proposed
scheme makes use of the projective invariant property of
four collinear points. Based on a set of four coplanar feature
points, watermark embedding locations are computed
through the cross ratio relationship of each embedding point
with three collinear points, which are in rn derived from
the feature points, Perhaps use of the cross-rutio of collincar
points under the context of digital watermarking was first
investigated in [5). However, there the theory is applied in
the frequency domain, muking it inapplicable for spatially
distoried images (because a projective transform is non-
linear). Use of the cross-ratio theary for projective-invariant

watermarking was first described in [8]. The method in 8]
is, however, not robust against image cropping.

This paper is organized as follow. In section 2, a theory of
four collincar points and their invariance against planar pro-
jection is bricfly described. In section 3, dcml of the : pro-
posed perspective-invari dlgual rk

using four collinear points is described. In section 4, a
method for constructing a set of collinear points from ex-
tracted image features is provided. Section 5 reports some
experimental resulis. Conclusion is given in section 6.

2. INVARIANCE THEORY OF
FOUR COLLINEAR POINTS

The cross-ratio theory of four collinear points is briefly ex-
plained in this section. From Fig. 1, A, B, C, and D are
points that lie along a straight line. These points ure said 1o
be collincar points. The cross-ratio of these points are given
by

ren = S4:08 (

CH-DA

where ¢h is the signed Euclidean distance of the line seg-
ment connecling two arbitrary points @ and b. For example,
in this parucular point arr.:nucmcnt with 4 as a reference
point, CA is positive while BD is negative,

A D C D

S N e

Figure |: Example of four collinear points

3. DIGITAL WATERMARKING TECHNIQUE BASED
ON THE CROSS-RATIO THEORY

Based on the cross-ratio theory as outlined in Section 2, an
algorithm for embedding and detecting a watermark is de-
scribed below. The algorithm assumes that four coplanar
feature points on the image are given. This means no three off
those points are collincar. How these points are obtained is
deferred until Section 4.

3.1 Embedding Algorithin

1. Sclect a set of predefined cross-ratio values, to be used
in subsequent steps.
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Based un four coplanar feature points £, i =1,..4, (sce

Fig. 2 where the four image comers are chosen as £} ),
compute the intersection point of two lines which are
constructed from these coplanar points. Denote the in-
tersected pointas P, .

3. By using the predefined cross-ratios, and two sets of
three collinear points, Eq. (1) is applied to calculate the
primary watermark embedding points along each of the
two lines in Step 2. For example, in Fig. 2 (a), points
along the line connecting £ and Py are caleulated us-
ing A, Aand F,. Then, with £., the two intersected
lines are divided into four line segments. This in wm,
divides these primary embedding points into four sets,
denoted by Sy, Sy Sy, and Sy (see Fig. 2 (2) ).

4. Compute the secondary watermark embedding points in
the ‘left’ image segment as defined by the triangle
RF.Py. This is achieved by first constructing lines
Jjoining each point in Sy with 7, . Then construct simi-
lar lines which join each point in Sy with £} . The sec-
ondary walermark embedding points are obtained as the
intersection points between these lines (see Fig. 2 (b)).

5. Repeat Step 4 to calculate secondary watermark em-
bedding points on each of the other three image scg-
ments (‘right’, ‘top’, and ‘bortom") as defined by the
wriangles P AE., BEPy, and PPP.. Fig 2 illus-
trutes 1600 watermark cmbedding locations obtained
using 40 primary-level watermark embedding points.

6. Embed a watermark patiem onto those embedding
points obtained from Steps 4-5. Here a spread-spectrum
based spatial watermarking method is assumed. Let
P vi=1,2, ..., N, be Nwatermark emibedding points.
Given a watermarking pattern bits w, e [=1,1},i= 1,2,
<.y M. a watermarked image is obtained by using the
following equation [6)

Lix, y)=1(x, .y ) +(a -w) (2)

where /(x,,y,) is the original image, (x,,y,) is the
coordinate of pf . and a is the modulation factor.
3.2 Detecting Algorithm
To detect the watermark from a possibly distorted image [,
watermark embedding locations must first be recovered.
Those points are obtained by applying Steps 1-5 of the em-
bedding algorithm 1 /.. By using a comrelator as a water-

mark detector, detection is performed by computing the fol-
lowing correlation coefTicient.

(IR
< 2ALEF) i)
CU;.I\'}=""——- (3)

9,0,

where (3,5,) are watermark embedding points estimated

from /., o, and o, arc the sandard deviations of
2

I(%,5,) and the watermark pattem, respectively. In addi-
tion, I(%.5%) and W) are zero-mean versions of
I(%,5,) and w(i). respectively. The watermark is detected
if the correlation value is above a predefined threshold. The

threshold may be defined, for example, by using certain sta-
tstial criteria [6],
<

S, A

(c) (d)

Figure 2: (a) Sets of primary watermark embedding points,
(b) Secondary watermark embedding points obtained through
line intersection, (c) Watermark embedding locations and (d)
Watermarked image,

4. EXTRACTING COLLINEAR POINTS FROM
IMAGE CONTENT

In the previous section, it is assumed that the four coplanar
points are available. These points may be obtained, for ex-
ample, by using four image comers. This method, however,
is not applicable 1o a cropped image. In (7], image feature
points ure applied for normalization of an afline-transformed
image. The method in [7] uses Delaunay tessellation to cre-
ate triangles from a set of feature points. For each of the
triangles formed in this manner, its three vertex points are
used for image normalization, and thus watermark synchro-
nization. Although for a particular set of points, Delaunay
triangulation is unique, change in members of the point set
as well as their coordinates may result in different set of
triangles. Therefore, Delaunay triangulation docs not guar-
ante that triangles formed during the embedding stage will
be topologically the same as those computed during the de-
tection stage. A set of feature points obtained from the pos-
sibly watermarked image may differ from that of the origi-
nal une due 1o the following reasons.
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1. A feature detector may produce different scts of feature
points, when applied to the original and distorted im-
ages.

2. Change in relative lovations of the feature points due 1o
geometric distortion may result in different ways of tri-
angle tesscllation, 1o preserve the non co-circular rule of
Delaunay tessellation. This problem arises due to the
fact that the projective transform does not preserve
length and angle.

To avoid these problems, a quadrilateral tessellation method
is developed for our problem. Outline of the algorithms for
the embedding and detecting stages is given below.

4.1 Feature extraction for the embedding stage

1. Use a detector of choice to detect a st of feature points.
Let's X be the number of chosen points which represent
salient features in the image. For instance, a ‘score’ ob-
tained from a detector for each point may be used as o
criterion for the sclection.

2. Choose the center points among the points with highest
feature scores, to be later used for quadrilateral tessella-
tion, There should be more than one of such points to
avoid the cropping attack. The points should also be
well distributed and cover most of the image arca. De-
note these pointsas py  k=1,...,L.

3. For each of p{, form a quadrilateral with three other
surrounding feature points. There can be many of such
quadrilateruls. However, those with a large intenal an-
gle on any of its vertices are rejected, because they re-
sults in a small and dense embuedding areu.

Examples of quadrilaterals formed by the method is shown

in Fig. 3 (a-b). In Fig 3(b), 3 sets of quadrilaicrals are

formed with center points located in different image parts.

Such formation may be used to cope with image cropping.

4.2 Scarch algorithm for the detecting stage

The feature points extracted from the distorted image may
Jiffer from those of the original one. Some feature points
uppeared in the original image may not be detected, and vice
versa. Exhaustive search is necessary to find a set of feature
points corresponding 1o the watermark cmbedded area. To
reduce computation reguired for direct scarch, a systematic
algorithm is developed 1o search for a watermark. It is de-
scribed below.

I. Select feature puints with high scores as center point
candidates. The number of candidate center points cho-
sen should be slightly higher than the ones used at the
embedding stage.

2. For each p; , form a list of the surround feawre points
by sorting them according to their angular relationship
with respect 1o pp (see Fig. 3 (¢) for the counter-
clockwise arrangement).

3. Choose cach of the points in the list as a starting point,
denoted by p; . From such point form a set of Q con-
secutive points in the sorted list. For example, in Fig.

3b), the point p} is chosen as p; , and along with
phio p} . they form a set of Q = 5 cunsecutive points.

4. Use p; and p; to form all possible quadrilaterals with
two of the other Q - | points. For each quadrilateral
formed, a watermark detection algorithm is applied (sce
Fig. 3(c). for example).

5. If in Step 4 a watermark is found, a detecior is now
*synchronized’ and the third point of the quadrilaleral
containing a watermark is used as a starting point ( p} )
of the next block. Step 4 of the algorithm is then re-
peated,

6. Ifin Step 4 a watermark is not found, from the list ob-
1ained by Step 2, choose the point next to the current
pi as a new starting point. Then repeat Step 4.

The choice of the search window size (2 depends on how
different the feature points of the original and distorted im-
ages are likely o be. Il a large difference is likely to be, @
should be a high value. Based on empirical study, the choice
of @ between 4 to 7 is sufficient

(a) (b) (¢)

Figure 3: (a) Typical quadrilaterals formed by each reference
point, (b) Using multiple center points to cope with image
cropping, (¢) Quadrilaterals formed at the detecting process.

5. EXPERIMENTAL RESULT

Experiment was performed 1o evaluate the performance ol
the proposed method. Six grayscale imapes of size 5122 512
pixcls were used in the experiment. Harris comer detector
was employed 1o extract image features. Before applying the
detector 1o extract feature points, a low-pass filter operator
was first applied to cach image.

In the first experiment, an afTine-based method was tested 10
verify that a method based on the affine transform assump-
tion fails under the projective transform. Four image comers
were chosen as registration points, to estimate the affine
transform parameters, Filty dilferent watermarks of length ¥
= 1,600 cach were embedded over the image area by the
proposed method with three center points. The fixed modula-
tion factor @ = 3 was used in all experiments. To reduce a
problem due to local non-linear distortion, each watermark
bit was embedded over an image arca of size 3x 3. The wa-
termarked images were distorted by planar projection in the
manners as shown in Fig. 5, with angle of projection chang-
ing from 5°, 10° and 15°. The distance between the center of
prujection and the image object is two times the object size.
In Fig. 4, the resulting normalized correlation cocflicients
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(=C(I,,w)-Y/N ) are shown for the proposed method, along

with the values obtained by using the affine-based method.
From the figure, deficiency of an alTine-based method is evi-
dent.

Figure 4: Distributions of the normalized correlation coefTi-
cients, obtained by an affine-based method and the proposed
method.

By using the proposed detection scheme with the detection
threshold of 4, the overall false positive detection rate was
0.11%, while the overall false negative rate was 1.21 %.
Percentages of correet detection for cach projection direction
are provided Table 1. In all cases, correct detection male is
above 98.00 %.

In the second experiment, all embedded images were
cropped at 80% and 90% of the original image arca. In a
separated experiment, they were scaled down by 80% and
90% of the original size. After cropping (scaling), images
were projective distoried with the projection angle of 157,
both horizontally and vertically. By using the proposed
method with the Jdetection threshold of 4, the overall false
positive detection mte was 0.15%, while the overall false
negative rate was 2.15%. In all cases, correet detection rate is
nbove 97.00 %. See Table 2 for detailed results,

(1) (b) (c)

Figure 5: (a) Angle of projection = 5% (b) Angle of projection
= 10°, (c) Angle of projection = |5°,

6. CONCLUSION

In this paper, the watennarking method that is invariant to
planar projective transform has been presented. The method
makes use of the invariance property of the cross-ratio ol

four collinear points, Watermark embedding locations are

calculated from four co-planar feature points using a pre-
defined set of cross ratios. A window-sliding algorithm has

been provided 1o reduce watermark scarching complexity.

Images Angle of projection
5" 10° 15°

Lena 99.12 98.95 U864
Pepper 99.21 98.83 98.59
Baboon 98.45 98.15 97.94
Cameraman 99.14 98.94 98.73
Plane 99.25 98.96 Y8.79
Boat 99.04 98.81 U8.62
Total 99.04 98.77 98.56

Table 1: Experimental result for the first experiment

Images Cropping Scaling down
0% B0% 90% 80%
Lena 98.25 97.96 98.01 97.85
Pepper 97.94 97.63 97.94 | 97.67
Baboon 97.59 97.16 97.21 97.02
Cameraman 98.14 97.92 98.12 97.87
PMane 98.34 98.04 97.98 97.61
Boat 98.24 97.98 98.04 97.85
Total 98.08 97.10 97.88 | 97.65

Table 2: Experimental result for the second experiment
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Abstract

B Recently, based on a set of four caplanar points, a
fective-invariant digital watermarking has been
loped. A combination of line intersection and the
-ratio relationship of collinear points is used to
ate watermarking embedding lucations. The four
ar points used to derive embedding locations
be obiained from cither the image corners or the
ure poinis extraclted from the image content. It is
own in this paper that based on the same principle,
2 cliernative algorithm for calculating the watermark
mbedding  locations  improves computational
y. The proposed method heavily uses the
s-ratio relationship of collinear poimts, while
minimizing the use of line intersection in obtaining
embedding locations. This is in contrast with the
Eoriginal method, where embedding locations are
ginly obtained from intersections of line pairs. Both
walytical and experimental results are provided fo
tmonsirate the improvement.

L Introduction

£ Detection of a digital watermark in images distorted
by affinc as well as a more general projective
sforms is very difficult due to the so-called

synchronization problem.  Nowadays, scveral
£ approaches that counterattack the geometric distortions
| been  developed:  normalization  based
waermarking  [1),  invariant  domain  based

wking (2], templatc matching based water-
ing [3] and featured-based watermarking [4).
methods have been developed under the
plion that watermarked image is geometrically
storied by an affine transform. However these
ethods are not robust against a more general
Fprojective transform,

§-2432-X/05 $20.00 © 2005 IEEE 543

Comparative Study of Two Projective-Invariant Digital Watermarking
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In [5), based on a set of four coplanar points, a
watermarking method was developed to be projective-
invariant. Watermark embedding locations can be
directly recovered from the projective-distorted image
through the cross ratio relationship of four collinear
points, which are derived from a set of four coplanar
points. The four coplanar points may be obtained by
extracting feature points from image content, or by
using the four image cormers. With many set of four
coplanar points that form the quadrilateral area 1o
sclect, a searching for the embedding area is time
consuming. In this paper, bascd on the same principle
as in [5], the algorithm for calculating embedding
locations is modified to improve computational
cfficiency. While the methed in [5) makes heavy use of
line intersections in obtaining the points, the method
proposed here calculates embedding points mainly
from the cross-ratio relationship of four collinear
points. It is shown analytically and cxperimentally that
the proposed modified method is more computationally
efficient than the original algorithm.

This paper is organized as follow: In section 2, a
theory of four collinear points and its invarance
against projective transform is briefly describe. In
Section 3, the method in [S) was briefly discusscd and
its computational complexity is also analyzed. In
Section 4, detail of the proposed algorithm and
analysis of its computational complexity are described,
Section 5 reports some of experimental results.
Conclusion is given in Section 6.

2. Invariance theory of four collinear
points

It is a standard result [6] that the cross ratio of four
collinear points does not change under a projective
transform. The method to be described is based on this
principle. This section bricfly introduces the principle.



A B C D
R S S—r

Figure 1: Four Collinear Points

From Fig. 1, A, B, C, D are four points that lics on
a straight linc. These points are said to be collinear.
The cross ratio relationship of these four points can
computed from
CA-DB
Cr(A,B,C.D) = ——— (n
CB-DA

where CA etc. is the Euclidean distant of segment CA.
The cross ratio is preserved through a projective
projection and also linear scaling, rotation and
translation. Therefore, it is invariant against
projective, as well as affine transforms.

3. Linc-intersection oriented projective-
invariant watermarking method

In [5), a digital image watermarking method which
is invariant lo a projective transform was proposed.
Given four coplanar points on the image, the method
uses a combination of a cross-ratio relationship of four
collinear points, and an intersection of a line pair to
obtain watermark embedding points. The points as
obtained are the same for both the original and the
projective-distorted image. Because the method makes
heavy use of line intersections in calculating the
embedding points, here it is referred to as the line-
intersection oricnted method to differentiate it from the
proposed cross-ratio oriented method to be described
later.

A brief summary of the method in [5] is described
helow.

3.1. Watermark embedding algorithm

1. Define a set of cross-ratio values to be used
for subscquent steps.

2. Based on the given four coplanar feature
poims p/, i = 1. . 4, (which can be cither
four image corners as in Fig. 2 or the image
features extracted from its content), compute
the intersection point of two diagonal lines
constructed from these four points. Denote the
intersection point as p. .

3. Computed the location of primary-level
watermark embedding point, By, By, Py, Py
that are located along the diagonal lines. They
are computed by applying Eq. (1). using two
coplanar feature points and p, (sce Fig. 2

110

(a)). For example, in Fig. 2 (a),
P,and £, arc obtained by using
and p_.

4. Compute the watermark embedding p
the left triangle area of the image
constructing lines connecting each p

P, with pf. Then, construct lines

cach point in Py with p/. Wi
embedding  points  are  co
intersections between these lines (see
(b)).
S. Repeat Step 4 to obtain embedding po
the right, top and bottom triangle arets
6. Embed a watermark patiern o8
watermark embedding points oblai
Steps 4-5. Assume that the spread
based algorithm is applied. . Let 7
... N, be N watermark embedding po
Given a  watermarking
wie{-L1}, i =1 b .
embedded image is obtained lf“
following equation (7]

3

Lxi i) =100y ) +am

where [I(x;,¥,) is the

(x,.y;) 1s the coordinate of pj
the modulation factor.

Figure 2: (a) Sets of primary-level waterm
embedding points (b) Line intersection p
used for embedding a watermark.



{11 Watermark detecting scheme

1 Todetect the watermark from the possibly distorted
image |, the watermark cmbedding locations must
it be recovered.  Those points are obtained by
ling Steps 1-5 of the embedding algorithm. By
correlator as a detector, detection is performed
computing the following correlation coeflicient.

s
?Z(i,h',._r. ) w(i))
0wy = — 3)

o, 6.

(¥.75) arc watermark embedding points

from 1, o, is the standard deviation of

anda, is the standard deviation of the

pattern. E(.‘\'}._?;} and (i) are the zero-

for example, by using certain statistical

a1l

33, The algorithm cemplexity

he embedding point calculation part of the method
described in Scction 3.2 can be divided into two
The first stage is to find the primary-level
on the two diagonal lines by using the cross-
welationship of collinear points (Steps 2-3 of
n3.1). The second stage is to find the watermark
dng points by solving for line intersection
{Steps 4-5). Let N and /N be the numbers of
embedding points and primary-level embedding
on cach dizgonal line, respectively. Complexity
the method. measured in terms of the number of
ealial arithmetic operations, is analyzed below.

Fist, there arc 1wo steps in the first stage. The first
to find the intersection point of two diagonal
The two lines are described by the linear
nax+by=1. The parameters @ and b can be
by solving the two
by =1, ar, +by, =1
)are the coordinate of two of the four coplanar
B). This step requires 21 arithmetic operations.
second step is 1o find primary-level watermark
ing locations. This step uses a combination of
® coplanar points and P, . Let two coplanar points
d as A and D, the primary-level watermark
g point is denoted as B and p_ is denoted as

linear  equation
where (x;,y,) and

545

C (sce Fig 1). Let r; be the Euclidean distance of line
section AB, r, be the distance of BD, w, be the
distance of AC, and w, be the distance of CD. The
coordinate of the point B can be calculated from

I o0 ] B
Y Y Yo=Ya

(n'n)
L+(ry /r)

where a = v (x,4.v,) is a coordinate of A

and (x4, y,) is a coordinate of B.
According to the cross-ratio theory as described in
section 2,
n W
ol E Sl 18

": WZ

(5)

where Cris the pre-define cross-ratio value for cach
primary-level watermark embedding point.

From Eq. (4) and Eq. (5), the complexity in finding
J.Ts’-puims for cach of the two diagonal lines is

14VN +o(JN).

The second stage of this algorithm is to find the
watermark embedding points. There are 4N lines
and A intersection points to find. Therefore, this stage
of the algorithm requires TN +28yN  arithmetic

operations.
By combining the complexity of the two stages, the

line-intersection oriented method requires
IN+ 42»/;7 + o(f]\?) arithmetic  operations  in

calculating watermark embedding locations.

4. Cross-ratio oriented projective-invariant
watermarking method

Although the watermark algorithm as described in
section 3 can be applied to projective distorted images,
the computational complexity for this algorithm can
still be improved by heavy use of the cross-ratio
principle in calculating watermark  embedding
locations. The proposed cross-ratio oriented algorithm
is described below.

4.1. Watermark embedding algorithm
1. Define a set of cross-ratio values to be used in
subsequent steps. To reduce computational
complexity of subsequent steps, values of o
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cross-ratio are pre-computed.

Find the intersection point of two diagonal
lines as in Step 2 of Section 3.1,

Calculate the primary-level ~watermark
embedding points as in Step 3 of Section 3.1.
Finding the watermark cmbedding location
for left triangle arca of the image. By use the

p{, pf.P,,[i) and P, (i) as secondary-level

four coplanar featurc points. The watermark
embedding points are then oblained by
repeating Step 2-3 (See Fig 3.). The pre-
define cross-ratios may ben chosen on a line-
by-line basis, if needed.

Repeat Step 4 to find watermark embedding
points for the right, top and bottom triangle
arcas.

Embed the watermark pattern on those points
that obtained from Steps 4-5.

and (sce Eqgs. 4-5) for each sclected

!\J

Figure 3: Watermark embedding locations,
constructed from primary-level embedding
locations.

4.2. Watermark detecting algorithm

At the detection stage, the watermark embedding
locations are obtained by repeating Steps 1-5 for the
cmbedding algorithm in Section 4.1. Then, the
correlator can be used for watermark detection as
described in Section 3.2.

4.3. The algorithm complexity

: s N
Given N watermark embedding points and =

primary-level watermark embedding points along each
diagonal line. The part of the method that computes
watermark embedding locations can be divided into
two stages. The first stage is to find the primary-level
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watermarking embedding location. The second
to find the watermark embedding locations.

The first stage of this method is the same 2§
first stage of the line-intersection oriented me

However, by using the pre-computed @ and e

overall complexity is reduced to 4N +af
arithmetic operations. J

In the sccond stage, there are 2J§ lines,
intersection points to find. With two ends of each g
in addition to an intersection point on that line, a8
ratio principle is applied to obtain the
embedding  points along that line.

N
-J—;————wmcm\ark embedding points for each li

stage thus requires 4N + 514N arithmetic o

o(ﬁ ) arithmetic operations.

5. Experimental result

Experiment was performed to
performance of the proposed method. Six g
images of size 512x 512 pixels were used M1
experiment. The four image comer points!¥e G
sclected as the four coplanar points. A watermuhs
length N = 1,600 was embedded over a whole
area.

First, the two walermarking methods
compared in terms of computational complexity,
on the analysis result of Section 4, the g
compares the computational complexity of:
methods is shown in Fig. 4. The X axis is the
of watermark embedding points and the Y axs
arithmetic operations, it is shown that the e
oriented  projective-invariant  watermarking
always has less complexity then line
oriented projective-invariant watermarking

Next, all test images were cmbedded
different watermark patterns, each of length N’
by the proposed method. A fixed @ =3 was
To reduce synchronization problem due ol
distortion, each watermark bit was embedded 0¥
image arca of size 3x 3. The watermarked imajs
distorted by planar projection in the manners
in Fig. 4, with angle of rotation changing from#
20°. By using the detection threshold of 3, the oy


CLP10
Textbox


 flse posiive detection rate was 0.16 %, while the
ovenall false negative rate was 1.2 % (see Table 1),
Percentages of correct detection for cach projection
ection arc also provided Table 1. Result for the case
bof Fig. 5(b) is similar to the case of Fig. S(a), and was
omitted. In all cases, correct detection rate is above
#8.80 %. Becausc the performance of the proposed

computational complexity, as compared with the
original algorithm.  Performance of both methods,
however, has been shown to be comparable,

hod in terms of detection complexity is comparable
W that of [5], the result for the method in [5) is
itted.

3100 8100 B100 12186 15100 1MI00 21100 24100
Number of watermark embedding locations

@ 4: The comparative of the complexity of
both methods in Section 4

(b) (c)

re 5: (a) Horizontally rotated image, (b)
ally rotated image, (c) Image rotated about

6. Conclusion

i In this paper, an efficient algorithm for calculating
vective-invariant watermarking embedding locations
B been described. The method is based on the same
sv1atio principle of [5]. Unlike the method in [5).

calculating of embedding locations makes
eavily use of line intersections, the proposed method
more use of the cross-ratio principle. It has been

analytically and experimentally that the
pposed  algorithm  offers noticeable reduction in

Imnges Verti Both Total False False
cal () Positiv | Negati

(2) e ve
Lena 993% | 989% | ogge, | 0.15% | 09°%
Pepper 98.7% | 98.5% | og6e | 020% | 14%

Baboon | 984% | 987% | ogse, | DIE% | 15%

Cameraman | 95% | 993% [ 530, | 0.16% | 07 7%

Plane 995% | 990% | ogye, | 0.12% | 07%
Boat 9BA% [ 996° | ogsug | 0.19% | 15%
Total 98.9% | I8N% | 9BN Y% | D16 % | 1.2%
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Table 1: Watermark detection result for the first
experiment
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