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TRANSFORM
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ABSTRACT

In this paper, a color watermarking algorithm is pro-
posed. The method encodes the chromatic content of a color
image as CIE a*b* chromaticity coordinates whereas the
achromatic content is encoded as CIE L tristimulus value.
Color watermarks (yellow and blue) are embedded in the
frequency domain of the chromatic channels by using the
Spatio Chromatic Discrete Fourier Transform (SCDFT). It
first encodes a* and b* as complex values, followed by a sin-
gle discrete Fourier Transform. Watermark casting is per-
formed by estimating the Just-Noticeable distortion (JND)
of the images, to ensure watermark invisibility. The most
interesting characteristics of the new scheme is the possibil-
ity of performing watermarking in the frequency domain of
chromatic components.

1. INTRODUCTION

Digital image watermarking is the communication of in-
formation by embedding additional information in images,
without introducing any perceptual change. Nowadays it
can used for copyright protection, content authentication,
and owner identification. However, most existing color wa-
termarking algorithms mark the channels of images sepa-
rately [1] [2], which does not mimic the operation of the
human visual system (HVS). To overcome this problem, re-
searchers have proposed models to process the color chan-
nels intrinsically. For example, Reed et. al. proposed a sys-
tem that takes advantage of the low sensitivity of the human
visual system to high frequency changes along the yellow-
blue axis, to place most of the watermark in the yellow com-
ponent of the image [3]. Bas et. al. proposed a digital color
image watermarking scheme using the hypercomplex num-
bers representation and the Quaternion Fourier Transform
[4].

This paper introduces a new color watermarking algo-
rithm that uses the Spatio-Chromatic Discrete Fourier Trans-
form (SCDFT) for data embedding. Of the particular rele-
vance is the theory of “Spatio-chromatic image encoding
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and feature extraction” proposed by McCabe [5], it shows
the interpretation of the spectral domain information and
demonstrates how points in the frequency domain repre-
sent sinusoidally varying chromatic information in the spa-
tial domain.

This paper is organized as follows: First, the theory of
spatio-chromatic image processing is discussed. Then, a
new watermarking scheme using the SCDFT is presented
and evaluated. Finally our future work is also discussed.

2. SPATIO-CHROMATIC IMAGE PROCESSING

Spatio-chromatic image processing encodes only the color
information of an image (for example, a¢* and b* channels
in the La*b* color space) to complex numbers a + jb, and
analyze it via one complex frequency transform - Spatio-
chromatic Discrete Fourier Transform (SCDFT) [5], which
is defined as follows:

A(P,Q) +jB(P,Q) =

N

Z Z [a*(p,q) + jb*(p,q)] * e

2
SHle=—5+1

(=27j(Pp+Qq) )
N
p=-

ey

where N x N is the size of the image, (p, q) are the im-
age spatial coordinates, (P, Q) are the frequency coordi-
nates, and (A, B) are the real and imaginary values oc-
curring at the spatial frequency (P, @), which determines
how the colors in the image changes spatially. The con-
cept of phasors gives an interpretation that each pair of fre-
quency values results in rainbow gratings of different fre-
quency and orientation in the image, which are combined
to form the color image [5]. McCabe also pointed out that
it is possible to generate spatial frequencies with modula-
tions operating in either the red-green or yellow-blue color
opponency paths in the color space, if A(P,Q), B(P,Q),
A(=P,—Q),B(— P, —Q) satisfy the following conditions:
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e For variation along red-green, A(P, Q) = k, B(P, Q) =
0, A(—P,—Q) = k,B(—P,—Q) = 0, such that the
resultant path only varies along the real axis

e For variation along yellow-blue, A(P,Q) = 0, B(P, Q) =
k, A(-P,—Q) = 0,B(—P,—Q) = k, which makes
the resultant path varies along the imaginary axis.

3. NEW WATERMARK EMBEDDING SCHEME

3.1. Color Spaces

The CIE La*b* color model proposed in 1976 is the chro-
maticity model chosen for this paper [7]. The underlying
reason is that it is a uniform color space used to measure the
color difference A F at each pixel, which is defined as:

AE = \/AL? + (Aa*)? + (Ab*)2. )

Experiments have shown that AE < 1 is not detectable by
humans, and AE < 3 is not apparent. In C.H. Chou’s paper
[6], AE = 3 is called Uniform Just-Noticeable Color Dif-
ference (UINCD), and he derived a JND model, which he
called Non-Uniform Just-Noticeable Color Difference (NU-
JNCD) after considering some masking effects. This paper
uses his model to bound the distortion generated by embed-
ding the watermarks.

3.2. Human Visual System

A good model of the HVS should be used to ensure wa-
termark invisibility. The importance of the HVS cannot be
overemphasized and much research exists on its character-
istics and behavior [8]. This paper uses the following two
characteristics of the HVS to satisfy the invisibility require-
ment: 1) The eye is particularly sensitive to changes in im-
age hue; and 2) the eye is less sensitive to yellow-blue com-
ponent [9]. The next section will demonstrate how to satisfy
the requirements in the SCDFT domain.

3.3. New Adaptive Color Watermarking Algorithm

Given an image of size N x N, we divide the image into
blocks of size 8 x 8, following by taking the SCDFT of
each block. We embed a pair of watermarks w(k1, k2) and
w(—ky, —k2) into the coefficients f(k1, k2) and f(—Fk1, —k2)
in the following way:

f,(kjl, kg) = f(kl, kg) + O[’U)(kh kg)
f/(fklvka) :f(fklvka)iaw(fkh*kZ)v (3)

where « is the watermark strength to be maximized. To
apply the two characteristics of the HVS, some constraints
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are imposed to the values w(k1, k2) and w(—k1, —k2). Let
,f(klakQ) - frp + jfipy w(kth) - wrp + jwipy and
w(—k1, —ka) = Wyp + jwin, where the subscript r = real,
1 = imaginary, p = positive, n = negative.

1. Keep the hue (angle) unchanged:
f/(k'lak?) = frp +jfipj:a(wrp +jwip)' 4

Our goal is to make the angle of f'(k1,k2) be the same
: : —1¢ fiptaw; _ —1¢fi

as f(ki.hkg), .WhICh.IS tan (W) = tan (ﬁ)

To achieve this requirement, if w,, = p - fr, and w;, =

fipiawip) —

p - fip, where p is a constant, then tcmfl(f Tow
p rp

tanfl(%%f}))) = tan’l(]]:f_’; ). Thus, the requirement is

fulfilled if p = 1:

Wyrp = frp7 Wip = fip- (5)

2. Make the colors of the watermarks be yellow-blue:

Wyrn = —Wrp, Win = Wip (6)

would do because w,., = —w,, cancels out the real part of
the watermarks, and only the imaginary part remains. As a
result, the watermarks only vary along the yellow-blue axis.
Substitute eq. (6) and eq. (5) into eq. (3) gives the result

F'(k1sk2) = f(ki, ko) £ o frp + 5 fip)
fl(_klv _k2) = f(_klv _k2) + a(_frp + ]fzp) (7)
To ensure invisibility of the watermarks, we define a distor-
tion metric D(n, m, k1, k2) that measures the difference in
the spatial domain generated by modifying the coefficients
f(k1, ko) and f(—k1, —k2) in the frequency domain, de-
fined as:

2mjkyn

1
D(n,m,kl,kz):m((f(kl,/@)—f/(kl,kz))e( ~)
Z2mikin

+ (f(=k1, —ka) — f'(=k1, —k2))e'— &
() (8)

2wjkom
6( w_/sz)

Substituting eq. (7) into eq. (8) gives

27jk 27jk
Zmn) ()

1 .
D(n,m, ki, ko) = Nz (—alfrptifip)el

72ﬂjk1n)e( 727(}7\’]162711)

70‘(7pr +jfip)e( N )

If we let 0 = 2”]’@1”, and 0 = msz’ with some algebraic

manipulations, eq. (9) can be simplified to:

1
D(n,m, ki, k) = —5 (—ja(2 frp(sin 03 cos 01 +sin 0 cos 2)

N2
+ 2fip(cos By cosby —sin by sinby))). (10)
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Watermark invisibility is achieved if || D(n, m, k1, k2)|* <
(NUJNCD)? ¥n,m, that is,

2
| D(n,m, ki, k)| = %(2]%(511192 cos 01 +sin 7 cos 03)
+2fip(cos 61 cos Bz —sin 6, sin92))2 < (NUJNCD)Q.

(11)

Depending on the perceptual requirement of the applica-
tions, we have two options to determine «. One is to make
the average distortions of a block less than NUJNCD
(loose condition), and the other one is to make the distor-
tion of every pixel less than NU JNCD (tight condition):
Approach 1: Calculate a such that the average distortions
of a block are less than NUJNCD

1D (K1, k2) > =
N—1N-1
a? Z Z m(2frp(sin 02 cos 01 + sin 01 cos b)

n=0 m=0

+2fip(cos 61 cos fa—sin By sin6y))? = N*(NUJNCD)?.

(12)

Let x = cos 61 cos s — sin 0 sin A, and y = sin 05 cos 61 +
sin 6 cos 0s,

NS(NUJNCD)?
o= N-1N-1 .
Y n=0 2m=0(2frpy + 2fipT)

Approach 2: Recursively decrease « until the distortions
of all pixels are smaller than NUJNCD. We assign an
initial o, and calculate || D(n, m, k1, k2)||? for every pixel of
the block. If some pixel distortion exceeds (NUJNCD)?,
we decrease « until || D(n, m, k1, ke)||? < (NUJNCD)?
VY n,m.

In general, the approach 1 should be used when the ro-
bustness of the watermarks is critical while the invisibility
constraint can be relaxed. On the other hand, the approach 2
is good under the situations that the invisibility constraint is
more important. To extract the embedded watermarks, we
need the original image, and the watermarked (possibly cor-
rupted) image. We first calculate f(k1, k2) + o(frp + 5 fip)
and f(k1, k2) — a(frp +j fip) from the original image, fol-
lowed by a distance comparison to the coefficient extracted
from the watermarked image. If the extracted coefficient is
closer to f(ki1,k2) + a(frp + jfip), we assume bit 1 was
embedded, otherwise, bit 0 was embedded.

(13)

4. EXPERIMENTAL RESULTS

We embedded up to 1 bit of information into each block
imperceptibly using the above watermarking technique on

AC(2,2) and AC(6,6). The Lenna image with size 512 x
480 was chosen for testing. We embedded 2931 bits of in-
formation into the blocks with o« > 10. Figure 1 is the
original image, and Figure 2 is the watermarked image us-
ing approach 1. In order to test the robustness of the al-
gorithm, we applied some common attacks, and compared
the results to two watermarking algorithms - the DCT based
and AC estimation based method [10]. The PSNRs and the
number of bits embedded using the SCDFT, DCT, and AC
algorithms are: (35.34, 2931 bits), (34.43, 3140 bits) and
(51.89, 416 bits) respectively. The following table shows
the Bit Error Rates(BERs) against histogram equalization,
sharpening, and resizing.

Attack SCDFT | DCT AC

No attack 0% 0% 0%
Histogram equalization 0% 4.30% | 4.09%
Sharpening 0% 4.71% | 4.57%
Resizing by factor 2 6.58% | 9.01% | 5.77%

The results for the robustness against JPEG compres-
sion and Gaussian noise are shown in Figure 3 and 4. Notice
that even though the proposed algorithm embedded a large
number of bits, it is still more robust to the DCT and AC
estimation algorithms for most cases, except for the JPEG
with low compression factor (compression factor = com-
pressed size / uncompressed size). The underlying reason
is that the SCDFT algorithm only modifies the chromatic
components of a color image, and JPEG quantizes them a
lot for high compression, which corrupts the watermarks as
the compression factor goes down.

5. CONCLUSION

In this paper, a new watermarking technique for digital color
images has been presented. The SCDFT transform was used
because the color content of a color pixel is processed holis-
tically in the frequency domain. Two approaches using the
SCDFT transform were presented for different applications,
and we have also shown that the proposed algorithm is more
robust against most common attacks. Future work will be
devoted to embed the watermarks into multiple frequency
coefficients. In addition, the algorithm proposed in this pa-
per only marks the chromatic components, without mod-
ifying the luminance component. Our current research is
looking into the interaction between the color and the lumi-
nance components of color images, and how to apply it to
watermarking.
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Fig. 1. Original image.

Fig. 2. Watermarked image.
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