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Abstract—This paper presents two vector watermarking
schemes that are based on the use of complex and quaternion
Fourier transforms and demonstrates, for the first time, how to
embed watermarks into the frequency domain that is consistent
with our human visual system. Watermark casting is performed
by estimating the just-noticeable distortion of the images, to
ensure watermark invisibility. The first method encodes the chro-
matic content of a color image into the CIE chromaticity
coordinates while the achromatic content is encoded as CIE tris-
timulus value. Color watermarks (yellow and blue) are embedded
in the frequency domain of the chromatic channels by using the
spatiochromatic discrete Fourier transform. It first encodes
and as complex values, followed by a single discrete Fourier
transform. The most interesting characteristic of the scheme
is the possibility of performing watermarking in the frequency
domain of chromatic components. The second method encodes
the components of color images and watermarks are
embedded as vectors in the frequency domain of the channels by
using the quaternion Fourier transform. Robustness is achieved
by embedding a watermark in the coefficient with positive fre-
quency, which spreads it to all color components in the spatial
domain and invisibility is satisfied by modifying the coefficient
with negative frequency, such that the combined effects of the two
are insensitive to human eyes. Experimental results demonstrate
that the two proposed algorithms perform better than two existing
algorithms—ac- and discrete cosine transform-based schemes.

Index Terms—Color, data hiding, digital image watermarking,
quaternion Fourier transform (QFT), spatiochromatic discrete
Fourier transform (SCDFT).

I. INTRODUCTION

THE success of the Internet and digital consumer devices
has profoundly changed our society and daily lives by

making the capture, transmission, and storage of digital data
extremely easy and convenient. However, this raises a big
concern in how to secure these data and preventing unautho-
rized use. This issue has become problematic in many areas.
For example, there are many studies showing that the music
and video industry loses billions of dollars per year due to
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Fig. 1. Generic watermark insertion.

Fig. 2. Generic watermark extraction.

illegal copying and downloading of copyrighted materials from
the Internet. Researchers have focused on methods and algo-
rithms to address this issue—digital watermarking. The basic
idea is to embed some secret data in digital content that is to be
protected, and “seal” it within the content. Fig. 1 is a generic
watermarking insertion process. Original digital media is in-
serted into a watermarking system by using a key. The system
produces a watermarked work. Fig. 2 shows a generic water-
marking extraction process.

Digital images, in particular, are one type of digital media that
warrants extra attention when it comes to digital watermarking.
A digital image is composed of a set of pixels, which can be con-
veniently captured by many electronic devices, such as digital
cameras, scanners, and camcorders. Each pixel of an image is
usually associated with a spatial coordinate in some 2-D region,
which has a value consisting of one or more samples. Due to
the ease of network connectivity and the proliferation of digital
image capture devices, the access and sharing of images has be-
come extremely feasible and convenient. However, some access
and sharing may be unauthorized or illegal. Thus, digital image
watermarking has become an active research area focused on
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battling these types of activities. In general, digital image wa-
termarking schemes mainly fall into two broad categories—spa-
tial-domain and transform-domain techniques.

A. Spatial-Domain Techniques

Least-Significant Bit (LSB): The earliest work of digital
image watermarking schemes can be traced back to the early
1990s [1], where the idea was to embed watermarks in the LSB
of the pixels. Given an image with pixels, and each
pixel being represented by an 8-b sequence , the
watermarks are embedded in the last (i.e., least significant), bit,

of selected pixels of the image. This method is easy to im-
plement and does not generate serious distortion to the image;
however, it is not very robust against attacks. For instance, an
attacker could simply randomize all LSBs, which effectively
destroys the hidden information.

Patchwork [2]–[4]: The objective of this method is to answer
the question: Does this image contain a watermark? The process
begins by pseudorandomly choosing -ordered pairs of
pixels of the image, followed by the operation:

(1)

The extraction process for the patchwork watermark proceeds
by choosing the same -ordered pairs of pixels. The receiver
then sums the value for all values of . The watermark
is detected if this sum is around and is not detected otherwise.

SSM-modulation-based techniques [5], [6]: Spread-spec-
trum techniques are methods in which energy generated at
one or more discrete frequencies is deliberately spread or
distributed in time or frequency domains. This is done for a
variety of reasons, including the establishment of secure com-
munications, increasing resistance to natural interference and
jamming, and to prevent detection. When applied to the context
of image watermarking, SSM-based watermarking algorithms
embed information by linearly combining the host image with
a small pseudonoise signal that is modulated by the embedded
watermark.

B. Transform-Domain Techniques

Compared to spatial-domain methods, frequency-domain
methods are more widely applied. The aim is to embed the
watermarks in the spectral coefficients of the image. The most
commonly used transforms are the discrete cosine transform
(DCT), discrete Fourier transform (DFT), discrete wavelet
transform (DWT), discrete Laguerre transform (DLT) and the
discrete Hadamard transform (DHT). The reasons for water-
marking in the frequency domain is that the characteristics
of the human visual system (HVS) are better captured by the
spectral coefficients. For example, the HVS is more sensitive to
low-frequency coefficients, and less sensitive to high-frequency
coefficients [7]. In other words, low-frequency coefficients
are perceptually significant, which means alterations to those
components might cause severe distortion to the original image.
On the other hand, high-frequency coefficients are considered
insignificant; thus, processing techniques, such as compression,
tend to remove high-frequency coefficients aggressively. To

obtain a balance between imperceptibility and robustness, most
algorithms embed watermarks in the midrange frequencies.

DCT-Based Approach: Cox [8] first proposed an algorithm
that inserts watermarks into the spectral components of the
image using techniques analogous to spread-spectrum com-
munication [9]. The algorithm is to place the watermark into a
set of frequency components that are perceptually significant.
It has been shown that the watermarks are very hard to detect
because they consist of relatively weak noise signals. In addi-
tion, placing the watermarks in the frequency domain would
spread them over all pixels, which increases the robustness, and
reliability against an unintentional or intentional attack.

Similar algorithms to watermark in the DCT domain were
proposed in [10] and [11]. They incorporate a just noticeable
difference (JND) profile [12] to determine the maximum amount
of the watermark signal that can be tolerated at each region in
the image without degrading its visual quality. The estimation
of the JND is usually based on the properties of the HVS, such
as spatial masking and luminance contrast [13].

DWT-Based Approach: Wang and Pearmain [14] proposed a
wavelet-based watermarking algorithm based on the principle of
multithreshold wavelet codec (MTWC). It searches the signifi-
cant wavelet coefficients to embed the watermarks in order to in-
crease robustness. Podilchuck and Zeng [15] proposed an adap-
tive watermarking algorithm according to the JND threshold.
Kaewkamnerd [16] proposed a wavelet-based scheme that em-
ploys the characteristics of the HVS to determine the weighting
function to adjust the watermark strength.

DLT-Based Approach: In 2000, Piva et al. [17] proposed a
watermarking scheme using the DLT and DFT together. The
DLT is first applied to the RGB components of the image,
then watermarking is performed independently in the DFT
domain of the Karhunen–Loeve (KL)-transformed bands. Wa-
termark embedding is achieved by modifying the magnitude
of midfrequency DFT coefficients. A Bayesian decision is
used to optimally detect the presence of the watermark by the
detector. In the same year, Gilani [18] also conducted extensive
performance comparisons between DLT- and DCT-domain
watermarking schemes. He concluded that the quality of the
DLT-domain watermarked images is higher than the corre-
sponding DCT-domain watermarked images, while maintaining
the same robustness.

DHT-Based Approach: Ho [19] and Gilani [20] proposed an
algorithm in 2002 that uses the DHT for data embedding. The
advantage is that it offers much shorter processing time and
easier hardware implementation. Thus, it is optimal for real-
time applications.

DFT-Based Approach: Fourier coefficients have two com-
ponents—phase and magnitude. Experiments have shown that
attacks, such as geometric rotation, do not modify the phase in-
formation of the coefficients. Therefore, many DFT-based al-
gorithms have been proposed that are robust to translation, rota-
tion, and scaling attacks. Licks’ algorithm [21] is one example.

Others: Most of the existing watermarking schemes men-
tioned before were designed to mark greyscale images, which
ignore the correlation between different color channels. To over-
come this problem, researchers have started to propose models
to process the color channels intrinsically. For example, Reed
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and Hannigan proposed a system that takes advantage of the
low sensitivity of the HVS to high-frequency changes along the
yellow–blue axis, to place most of the watermark in the yellow
component of the image [22]. Bas et al. proposed a digital color
image watermarking scheme using the hypercomplex numbers
representation and the quaternion Fourier transform (QFT) [23].

II. BACKGROUND AND MOTIVATION

One of the main challenges of the watermarking problem is
to achieve a better tradeoff between robustness and perceptivity.
From an engineering perspective, these are two conflicting re-
quirements that cannot be satisfied at the same time. Robustness
can be achieved by increasing the strength of the embedded wa-
termark, but the visible distortion would be increased as well. To
deal with this problem effectively, the characteristics of the HVS
have to be considered thoroughly in order to increase the percep-
tivity. Even though many HVS-based watermarking schemes
have been invented, only a small portion of them were specif-
ically designed for color images. This is due to a number of
reasons: First, an objective and perceptual metric for color dis-
tortion is lacking; as a result, it is very hard to quantify how sim-
ilar two images are. Second, we do not have a holistic transform
that can process the color information of an image in a vector
manner. This paper aims to exploit the chromatic information of
color images, find appropriate transforms to bring the informa-
tion to the frequency domain, and be able to embed watermarks
as vectors into the chromatic as well as the luminance channels.
This paper uses the theory of spatiochromatic image processing
(SCIP), proposed by McCabe in 2000 [24] to develop two new
color watermarking schemes.

Spatiochromatic image processing encodes only the color in-
formation of an image (for example, and channels in the

color space) to complex numbers , and analyze
it via one complex frequency transform—the spatiochromatic
discrete Fourier transform (SCDFT) [24], which is defined as
follows:

(2)

and the inverse SCDFT is defined as

(3)

where is the size of the image, are the image
spatial coordinates, are the frequency coordinates, and

are the real and imaginary values occurring at the spatial
frequency , which determines how the colors in the image
change spatially.

Using the concept of phasors, the SCDFT coefficients can be
interpreted as rainbow gratings rotating along the circular path

Fig. 3. Spatiochromatic frequency gratings defined at 1 cycle/image in the x
and y directions and circular color modulation paths in color space. (a) Initial
phases = 0. (b) Initial phase = �(�=2).

Fig. 4. (a) Initial phases= ��. (b) Initial phase = �=2.

Fig. 5. (a) Color pattern with 1 revolution/cycle. (b) Color pattern with 2 rev-
olutions/cycle.

containing the and components. One important observa-
tion is that the magnitude of the SCDFT coefficient

can be used to represent the saturation of the color,
and the phase (angle) can represent its hue. Figs. 3 and 4 show
examples of basis functions produced when either the negative-
or the positive-frequency component is zero, generating an os-
cillation through all colors. The rainbow gratings in the figures
oscillate in the same direction, but different phases. The ini-
tial phases are 0, , , and , respectively. In addi-
tion, one color pattern can have different oscillation frequencies,
which is shown in Fig. 5.

One interesting thing about McCabe’s theory is that it allows
us to generate spatial frequencies with modulations operating in
either the red–green or the yellow–blue color opponency paths,
if , , , satisfy the fol-
lowing conditions.
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Fig. 6. Two different color patterns. (a) Yellow–blue pattern. (b) Red–green
pattern.

• For variation along red–green, ,
, , and , such that the

resulting path only varies along the real axis.
• For variation along yellow–blue, ,

, , and ,
which makes the resulting path vary along the imaginary
axis.

Fig. 6 demonstrates the patterns for the aforementioned two
conditions. The theory of color opponency paths is useful for
the reason that by modifying the SCDFT coefficients in certain
ways, a watermark with yellow–blue variation can be generated.
Since the HVS is not sensitive to these colors, the impercepti-
bility of the watermark can be improved.

Color is, undoubtedly, an important feature in color images.
Most digital images have three components, such as the red,
green, and blue components in the RGB color space or the lumi-
nance and chrominance components in the do-
main. The luminance/chromaince models, such as the , or
the , are more frequently used in digital image processing,
because they model human perception of color more closely
than the RGB model. However, most existing watermarking al-
gorithms do not take color information into account. These al-
gorithms simply mark the luminance component only, while ig-
noring the chrominance. The motivation behind the work pre-
sented in this paper was to take advantage of the color content
of digital images and to try and answer the question of how we
can take advantage of the color contents in order to increase
the robustness, or decrease the visible distortion. The proposed
idea was inspired by the fact that colors can be added or sub-
tracted to produce other colors. One characteristic of the HVS
is that it is more sensitive to certain colors, such as red, and
less sensitive to colors, such as blue [7]. If the watermark is
embedded in the less sensitive area, then the strength of it can
be increased and still be undetected by human eyes. However,
this creates a problem. Many compression techniques, such as
JPEG, eliminate the insensitive chromatic components aggres-
sively, which might easily destroy the embedded watermark. On
the other hand, if the watermark is embedded in the highly sen-
sitive area, then the strength of it must be low in order to be
invisible. The ultimate goal is to try and achieve both. However,
these two criteria are conflicting requirements. So the question
that arises is: How can a better tradeoff be achieved?

Intuitively, if a watermark is embedded in the low-frequency
SCDFT coefficient , using the theory on SCIP, the ef-
fect is the same as adding a rainbow grating to the image. Since
the watermark pattern is a rainbow grating that contains sensi-
tive colors such as red and green, the watermark after embed-
ding would be easily detected by the HVS. In order to decrease
the visible distortion, our proposed algorithm adds one more
step: to add a compensation pattern in the negative frequency

.
This new approach would produce much lower visible dis-

tortion, due to the fact that only insensitive colors (e.g., yellow
and blue) are added to the original image. Notice that the water-
mark still resides in the low-frequency coefficient. The purpose
of adding the compensation mark in the negative coefficient is
merely to decrease (i.e., compensate) the visible distortion gen-
erated by adding the watermark in the positive frequency coef-
ficient.

From the decoder’s perspective, both approaches are exactly
the same. The decoder would only look at the positive coef-
ficient for watermark extraction, ignoring the compensation
mark. In fact, the compensation mark would be most likely
destroyed by external attacks. In other words, with everything
remaining the same, the proposed approach generates lower
distortion under the same watermark strength (i.e., higher im-
perceptibility with the same robustness). Having introduced the
inspiration and logic, the technical details will now be given,
including the discussion relevant for designing a comprehen-
sive watermarking scheme, including the characteristics of the
HVS, color spaces, and methodologies.

A. Human Visual System (HVS)

The HVS has been mentioned many times in the previous
sections, but a clear description of it has not be given. In fact, this
topic has been researched for many years [25], [26] and a single
mathematical model that incorporates all masking effects is still
unavailable. Nevertheless, a simpler model that considers some
common masking effects related to image processing has been
proposed. Specifically, the masking effects that are considered
are luminance masking [25], [26]; texture masking [25], [27];
and frequency masking [28], [29].

Due to these visual inconsistencies in sensitivity of the
HVS, there are perceptual redundancies inherited in an image.
A quantity, called the JND [12] indicates the limit of the
amount of information that can be added or subtracted from
the image without sacrificing its visual quality. It is ideal for
watermarking, because it gives an upper bound to the strength
of the embedded watermark, such that the watermarked image
would look the same as the original. To satisfy the invisibility
requirement, the new algorithms proposed in this paper use the
following characteristics to measure watermark robustness:

• the HVS is particularly sensitive to changes in image hue;
• the eye is less sensitive to the yellow–blue component [7];
• the JND model proposed by Chou in 2003 [30].

B. Color Spaces

A color model is an abstract mathematical model describing
the way colors can be represented as tuples of numbers, typi-
cally as three or four values or color components. In the context
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of watermarking, an objective metric to measure the perceptual
distortion between the original image and watermarked image
is definitely required. In this paper, the was chosen for
the proposed algorithms because it is a uniform color space.

CIE (CIELAB) is the most complete color model
conventionally used to describe all of the colors that are visible
to the human eye [31]. It was developed for this specific purpose
by the International Commission on Illumination (Commission
Internationale d’Eclairage, hence its CIE initialism). The pa-
rameter represents the lightness of the color (ranges from 0 to
100), whereas and are chromatic information.

The color difference at each pixel, is defined as

(4)

Experiments have shown that is not detectable by the
HVS, and is not apparent [30]. is called the
uniform just-noticeable color difference (UJNCD), and Chou
[30] derived a JND model, which he called the nonuniform just-
noticeable color difference (NUJNCD) after considering some
masking effects. His model produces a value
for every pixel of a color image in the color space. As
long as the distortion is less than this value, human eyes would
not be able to detect the difference. This paper uses his model
to bound the distortion generated by embedding the watermark.
The next two sections introduce the algorithms using two mul-
tidimensional transforms—SCDFT and QFT.

III. NEW COLOR IMAGE WATERMARKING ALGORITHMS

USING MULTIDIMENSIONAL FOURIER TRANSFORMS

A. SCDFT Image Watermarking [32]

Given an image of size , the image is divided into
blocks of size 8 8, followed by taking the SCDFT of each
block. A pair of marks and are em-
bedded into the coefficients and in the
following way:

(5)

(6)

where is the watermark strength to be maximized. To
apply the two characteristics of the HVS as mentioned in
Section III-A, some constraints are imposed to the values

and . Let

(7)

(8)

(9)

where the subscript , , ,
. From Section III-A, the HVS is particularly

sensitive to changes in image hue, and less sensitive to the
yellow–blue component. Therefore, the watermark should be
designed to satisfy the following conditions:

1) Keep the Hue (Angle) Unchanged: Similar to most wa-
termarking schemes, the watermark is adjusted by a

scaling factor , before being added to the coefficient .
The equation is formulated as

(10)

where is the new coefficient. In general,
is a complex quantity that can be represented by its magnitude
and angle. As described in the SCIP, the angle of an SCDFT
coefficient is interpreted as the hue of a color corresponding
to the chromaticity diagram. Our goal is to make the angle of

to be the same as , which is
. To achieve this require-

ment, we let and , where is a
constant, which gives us

(11)

Thus, the requirement to keep the hue unchanged is fulfilled if
, and so we get

(12)

2) Make the Overall Effect be Yellow–Blue: According to
McCabe’s theory, if the summation of the real parts of the pos-
itive and negative frequency coefficients is zero, then the re-
sulting path would vary along the yellow–blue axis of the chro-
maticity diagram. We can satisfy this condition by setting

(13)

since cancels out the real part of the watermarks,
only the imaginary part remains. Substituting (13) and (12) into
(5) and (6) gives the result

(14)

(15)

To ensure invisibility of the watermarks, a distortion metric
is defined to measure the difference in the spa-

tial domain generated by modifying the coefficients
and in the frequency domain formulated as

(16)

Substituting (14) and (15) into (16) gives

(17)
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Fig. 7. Flow diagram showing the insertion procedure using the SCDFT scheme.

Let and , noting that
and with some algebraic manipulations, (17) can

be simplified to

(18)

To maximize the scaling factor , we set the parameter
to an a upper bound of , that is,

for every spatial coordinate
and . Taking the square of both sides gives

(19)

Depending on the perceptual requirement of the applications,
two methods are available to determine .

• Make the average distortions of a block less than
(loose condition).

• Make the distortion of every pixel less than
(tight condition).
Approach 1: Calculate such that the average distortions

of a block are less than

(20)

Let and

(21)

Approach 2: Recursively decrease until the distortions of
all pixels are smaller than . An initial is assigned,
and then is calculated for every pixel of the
block. If the distortion of some pixels exceeds ,
is decreased until .

In general, Approach 1 should be used when the robustness of
the watermarks is critical while the invisibility constraint can be
relaxed. On the other hand, Approach 2 is good for cases where
the invisibility constraint is more important. The flow diagram
showing the insertion procedure is illustrated in Fig. 7.

To extract the embedded watermarks, the original image
and the watermarked (possibly corrupted) image are needed.

and are
calculated from the original image, followed by a distance com-
parison to the coefficient extracted from the watermarked image.
If the extracted coefficient is closer to ,
we assume bit 1 was embedded; otherwise, bit 0 was embedded.
The flow diagram is illustrated in Fig. 8.

B. QFT Image Watermarking

The SCDFT scheme is attractive because it utilizes chromatic
information to improve the imperceptibility of the watermarked
image, but it ignores the luminance component. Attacks, such
as JPEG compression and color to grayscale conversion, would
destroy the watermark. To combat such attacks, a new color
watermarking algorithm using the quaternion Fourier transform
(QFT) is introduced [33].

1) Quaternion Image Processing (QIP): Quaternion image
processing (QIP), proposed by Sangwine and Ell [34], is a new
framework to exploit further information inherited among the
channels of color images. Extensive research on QIP began in
1996, and the objective is to generalize different techniques
from signal and image processing, such as frequency-domain
filtering, correlation, and compression, to handle color images
as vector images [35]. Compared to the SCIP, which can only
handle data with two components, QIP can process data with up
to four components. Since most color images only have three
components (RGB, Lab, etc.), QIP is sufficient to process them
as vectors, rather than separate scalars.
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Fig. 8. Flow diagram showing the extraction procedure using the SCDFT scheme.

A quaternion number has one real and three orthogonal imag-
inary components. It is usually expressed in the form

(22)

where , , , and are scalar coefficients, and , , and are
imaginary operators that have the following characteristics:

Given a quaternion , its conjugate is and
its magnitude is . It is sometimes useful to
express into two parts: vector and scalar

(23)

where and . Note that multipli-
cation of quaternions is not commutative, that is,

.
Parallel and perpendicular decomposition: Given a pure

quaternion and a second pure unit quaternion , may be de-
composed into components that are parallel and perpendicular
to as follows:

(24)

where is perpendicular to , and

(25)

where is parallel to .

Quaternion Fourier transform: The discrete QFT was first
presented by Sangwine and Ell [36]. It is defined as

(26)
and the inverse QFT is formulated as

(27)

where and are the dimensions of the image.
To perform watermarking in the QFT domain, an interpre-

tation to the QFT spectral points must be known. McCabe [24]
provided an interpretation of the SCDFT coefficients, but a sim-
ilar interpretation to the QFT coefficients is not available. The
first question that comes to mind is: How does embedding wa-
termarks in the QFT coefficients affect the image in
the spatial domain? Before answering this question, a general
framework is needed to interpret the quaternion spectral points
of color images. To achieve this goal, McCabe’s interpretation
will be extended to the QFT domain.

2) Spectrum Interpretation: Having introduced the concept
of phasors in the SCIP, let us expand (27). Let ,

, and
. This then gives
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(28)

(29)

Considerable simplifications can be made to (28) and (29), and
an interpretation of the QFT coefficients can be drawn if the pa-
rameters are assigned in certain ways. There
are four cases of interest. Let denote

.
Case 1) , then the summation of (28) and

(29) gives

(30)

Equation (30) shows that if , then
the combined effect of the positive and negative co-
efficients is the same as a cosine function with a
magnitude of varying along the component (the
real component of the image is ignored).

Case 2) , then the summation of (28) and
(29) gives

(31)

Equation (31) shows that if , then
the combined effects of the positive and negative
coefficients are the same as a circle with diameter ,
starting at angle 0, rotating in the negative direction
on a complex plane.

Case 3) , then the summation of (28) and
(29) gives

(32)

Equation (32) shows that if , then
the combined effects of the positive and negative
coefficients are the same as a circle with diameter

, starting at angle , rotating in the negative
direction on a complex plane.

Case 4) can be interpreted as the
combinations of Cases 1), 2), and 3).

If we encode a color image as
, using the interpretation from before,

some conclusions can be made:
Case 1) can be interpreted as adding a

cosine function in the luminance component of the
image.

Cases 2and 3) or enables
us to use the interpretations provided by McCabe, as in

Fig. 9. Different watermark patterns. (a) W (�u;�v) = L k. (b)
W (�u;�v) = b i. (c) W (�u;�v) = c j .

the SCDFT domain, to add a function, in the form of
a rainbow grating in the chromatic components of the
image. The watermark patterns of Cases 1), 2), and 3)
are shown in Fig. 9.

Case 4) can be interpreted as a
cosine grating embedded in the luminance component and
two rainbow gratings rotating with the same direction and
different initial angles in the chrominance components.

3) New Adaptive Color Watermarking Algorithm: The inter-
pretation of the QFT coefficients is very important to predict
the possible change made to the image after watermarking. In
the context of digital image watermarking, the goal is to design
a watermark , with the scaling factor as big as pos-
sible, such that the visible distortion to the image is perceptu-
ally minimal. Mathematically speaking, the watermarked image

can be formulated as

(33)

Let . , , and can be de-
signed according to the guidelines given in the previous section.
The component would add the watermark in the luminance
component, where and are responsible for the chromatic
components. In order to make the overall effect vary along the
yellow–blue axis, as we did in the SCDFT scheme, some con-
straints must be imposed to the values , , and . From (31)
and (32), if , the summation of (31) and (32) becomes

(34)

and the overall effect would vary along the 45 axis. It means
the color of the overall effect would be red and blue. To satisfy
the requirement of varying along the yellow–blue axis, we have
to transform the by 45 before taking the QFT of the image

such that it would align with the and axis and
oscillate between yellow and blue.

Since the sensitivity of the HVS to the yellow–blue compo-
nent is approximately 1/5 compared to the luminance compo-
nent [7], we can set , which gives

(35)

To ensure invisibility of the watermark, a distortion metric
is defined to measure the difference in the spatial
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Fig. 10. Flow diagram showing the insertion procedure using the QFT scheme.

domain generated by adding the coefficients and
in the frequency domain, defined as

(36)

Again, watermark invisibility is achieved if the distortion of
the watermarked image is smaller than the quantity ,

, that is

(37)

The parameter is an important factor, because the larger it is,
the more robust the watermarked image will be. Depending on
the perceptual requirement of the applications, two options are
available to maximize . One is to make the average distortions
of a block less than (loose condition), and the other
one is to make the distortion of every pixel less than
(tight condition).

Approach 1: Calculate such that the average distortion
of a block is less than

(38)

Let and

(39)

Approach 2: Recursively decrease until the distortions
of all pixels are smaller than . An initial is as-
signed, and calculate for every pixel of the
block. If some pixel distortion exceeds , we de-
crease until .

4) Embedding and Decoding Procedures: Given an image
of size , the image is divided into blocks of size 8
8, followed by taking the QFT of each block. We embed a
pair of marks and into the coefficients

and in the following way:

(40)

(41)

where is the watermark strength to be maximized. Set
and

to generate watermarks that vary along
the luminance and yellow–blue component. Notice that the real
component is ignored when converting the watermarked image
back to the color space; therefore, the real component

is kept, as a key when extracting the watermark.
The flow diagram showing the insertion procedure in the QFT
domain is shown in Fig. 10.

To decode the embedded watermark , the orig-
inal image , the watermarked (possibly corrupted)
image , and are needed. First, the image
is encoded to quaternion format, and then replace the real
component of with , followed by taking
the QFT of both images. Then, and

are calculated from the original image,
followed by a distance comparison to the coefficient extracted
from . If the extracted coefficient is closer to
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Fig. 11. Flow diagram showing the extraction procedure using the QFT scheme.

Fig. 12. (a) Original Lenna image. (b) Magnified version of the top left corner
of (a).

, bit 1 was embedded; otherwise, bit 0
was embedded. The flow diagram is shown in Fig. 11.

IV. SIMULATION RESULTS

In order to prove that the algorithms and theories described
before indeed increase the robustness of the watermarked im-
ages against attacks, a series of experiments has been conducted
by applying the attacks to the Lenna image of size 512 480.
The attacks include:

• image compression—JPEG;
• geometric transformations—resizing, rotation, shearing,

cropping;
• image enhancement—sharpening, and histogram equaliza-

tion;
• color manipulation—color to grayscale conversion;
• information reduction—Gaussian noise.

One bit of information was embedded into each block imper-
ceptibly using the aforementioned watermarking techniques on

and , where (2,2) and (6,6) indicate the coor-
dinates of the spatial frequency. The original Lenna images are
shown in Fig. 12(a), and 3840 b of information were embedded
into each image. Fig. 13(a) shows the watermarked images using

Fig. 13. (a) Watermarked Lenna image using the SCDFT. (b) Magnified ver-
sion of the top left corner of (a).

Fig. 14. (a) Watermarked Lenna image using the QFT. (b) Magnified version
of the top left corner of (a).

the SCDFT approach, where the watermarked images using the
QFT approach are shown in Fig. 14(a).

In order to test the robustness of the algorithms, some
common attacks were applied, and the results were compared
to two well-known watermarking algorithms—the DCT based
and ac estimation-based methods [14]. The peak signal-to-noise
ratios (PSNRs) and the number of bits embedded in the Lenna
image using the SCDFT, QFT, DCT, and ac algorithms are:
(30.1027, 3840 b), (30.9283, 3840 b), (30.4064, 3840 b), and
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Fig. 15. (a) Watermarked Lenna image using ac estimation. (b) Magnified ver-
sion of the top left corner of (a).

Fig. 16. (a) Watermarked Lenna image using the DCT. (b) Magnified version
of the top left corner of (a).

TABLE I
LENNA IMAGE: BERs AGAINST THE ATTACKS

(30.1081, 416 b), respectively. Notice that the PSNRs are
adjusted to be about the same in order to reflect the power of
the embedded watermarks to also be the same. The distortions
generated by the ac and DCT algorithms in Figs. 15 and 16,
respectively, are much more visible. The underlying reason is
because these methods only embed watermarks in the lumi-
nance component, which ignores the masking effects of the
chrominance components. ‘Table I shows the bit-error rates
(BERs) against histogram equalization, sharpening, blurring,
resizing, and color to grayscale conversion. The results for the
robustness against JPEG compression and Gaussian noise are
shown in Figs. 17 and 18.

From the measurements, several observations can be made.
• SCDFT approach: This scheme provides satisfactory

results for most attacks. In addition, the compensation
mark does reduce the visible distortion. Notice that the
watermarked images using other schemes have perceptual
artifacts under the same PSNR, where the SCDFT scheme
does not. However, it is Not robust against JPEG com-
pression, especially when the compression factor is low

Fig. 17. Lenna image: BERs against Gaussian noise.

Fig. 18. Lenna image: BERs against JPEG compression.

(compression factor compressed size/uncompressed
size). The underlying reason is that the SCDFT algorithm
only modifies the chromatic components of a color image,
and JPEG quantizes them aggressively for high compres-
sion, which corrupts the watermark as the compression
factor goes down. In addition, the watermark is completely
destroyed if the image is converted to grayscale. The un-
derlying reason is because the watermark resides in the
chromatic components.

• QFT approach: The most successful scheme effectively
solves the problem that the SCDFT has. The underlying
reason is that the watermark is spread evenly among the
luminance and chrominance components of the images.
Also, the compensation mark allows the watermark to be
undetected even if the strength of it is high. Even though
it cannot completely recover the embedded messages for
a low compression factor, the BER is significantly smaller
than the SCDFT approach. Compared to the SCDFT ap-
proach, this scheme significantly reduces the BER rate
for converting color to grayscale images by approximately
30%, because the watermark is embedded in the luminance
as well as chrominance components. One small disadvan-
tage of it is that the computational complexity is high for
quaternion algebras.
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• AC estimation method: It provides very good results for
most attacks, and the biggest advantage of it is that it is
a blind watermarking scheme. However, it has two major
drawbacks—due to the nature of the algorithm, not every
coefficient is suitable for modification. As a result, the
maximum number of bits that can be embedded is much
smaller, and the visible distortion is detectable at the same
PSNR.

• DCT approach: Even though it still provides satisfactory
results, the BERs of the attacks are generally higher. The
underlying reason is that most existing DCT-based algo-
rithms do not embed watermarks in every single block of
a image. They selectively pick the regions that do not gen-
erate visible distortion (for example, highly textured re-
gions) for embedding, thus decreasing the data payload, but
increasing the accuracy of extraction. In the experiments
performed in this paper, in order to show that the proposed
algorithms (i.e., SCDFT and QFT) can accept watermark in
all regions (due to the compensation mark), this constraint
was removed, and the watermarks were embedded in every
block of the image. In addition, since this algorithm only
embeds the watermark in the luminance component, ig-
noring the masking effects of the chromatic components,
the imperceptibility of it is not as good. However, it only
requires limited computational power due to the high avail-
ability of fast algorithms to compute the DCT and DFT.

Another observation is that the proposed approach does not
perfectly resist the color-grayscale conversion. The underlying
reason is because a portion of the watermarks is embedded in the
chromatic content of the images. As a result, if these contents are
removed, some errors would occur, which would relate to visual
distortion in the image, thus signalling a tampering of the image,
which is a fundamental requirement of all nonblind techniques.
Furthermore, the fact that a portion of the watermark is present
in the chrominance and the luminance provides robustness to an
attack, which aims to remove the luminance component since
some portions of the watermark reside in the chrominance com-
ponents. In other words, the proposed algorithm uses a balanced
approach that evenly and robustly distributes the watermark into
all components.

Even though the scheme is a nonblind watermarking scheme,
it still has lots of applications, such as transaction tracking and
copy control. Under these circumstances, we assume that the
original image is available; therefore, the developed algorithms
are not designed for attacks that would seriously distort the
watermarked image. Notice that all algorithms are not robust
to desynchronization attacks, such as shearing and cropping.
The underlying reason is that our algorithms are nonblind al-
gorithms, which require the original image for watermark ex-
traction. If the coordinates of the pixels of the watermarked im-
ages are shifted, the watermarks could not be extracted unless
the coordinates of the pixels of the original image are shifted
by the same amount. Nevertheless, desynchronization attacks
would make the distortion on the watermarked images so vis-
ible. As a result, given the original image, we would immedi-
ately know the watermarked images have been attacked. Thus,
it is not necessary for our algorithms to withstand desynchro-
nization attacks.

V. CONCLUSION

Color is a very important content in images. Most existing
watermarking schemes only utilize the luminance content for
watermarking. At the time of the publication of this paper, there
is only one comparable algorithm that also uses the QFT for
watermarking [23]. However, that algorithm uses the empirical
method to calculate the strength of the watermark that is suit-
able for the testing image they used, which does not work for
all images. Our algorithms use the adaptive approach to obtain
the optimal strength of the watermark based on the local char-
acteristics of different images.

We investigated a new approach for embedding watermarks
into all components (luminance and chrominance) of color im-
ages. The idea is inspired by the fact that colors can be added
and subtracted to produce other colors. The technique explores
the interpretation of the complex components of the frequency
components using the two transforms, and utilizes the charac-
teristic that human eyes are insensitive to yellow and blue to
develop two embedding algorithms. By embedding two marks
(i.e., watermark and compensation mark) in the coefficients, a
composite mark that only contains insensitive colors is able to
produce. Results demonstrate the proposed algorithms are ro-
bust to many digital signal processing operations and external
attacks, because the strength of the watermark is maximized,
whereas the imperceptibility is also maximized due to the reason
that the compensation mark reduces the perceptual distortion
generated by adding the watermark.

Future work can be extended as follows.
• Cross-masking effects between the luminance and chromi-

nance components—the interaction between the lu-
minance and chrominance components can be further
analyzed [37] in order to improve the imperceptibility of
the watermarked images.

• The proposed algorithms can be extended such that wa-
termarks can be embedded into multiple frequency coeffi-
cients.

• Greater understanding of the QFT spectral coefficients is
helpful to provide a more sophisticated watermarking al-
gorithm.

• A better estimation of the upper bound can be cal-
culated by incorporating more characteristics of the HVS.

• The theories might be applicable to other similar fields,
such as color image coding and color image compression.

Watermarking algorithms considering both luminance and
chromatic components of color images in a holistic manner are
expected to be the future trend of development.
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