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Abstract — This paper proposes a hardware-efficient
architecture design of wavelet-based adaptive visible
watermarking. Our method adopts discrete wavelet
transform (DWT) to embed visible watermarking. We
perform  this  algorithm  using  hardware-efficient
architectures that combine operational reduction and
resource sharing techniques. Our method provides high
quality visible watermarking image and small hardware
cost. The experimental results have proven that our method
is indeed effective’.

Index Terms — discrete wavelet transform, resource sharing,
visible watermarking, Weber-Fechner law.

I. INTRODUCTION

In this paper, we propose hardware-efficient architecture
design of wavelet-based adaptive visible watermarking (Fig.
1). Visible watermarking schemes are important intellectual
property right protection mechanisms for digital images and
videos that have to be released for certain purposes but
illegal reproductions of them are prohibited [1][2]. Visible
watermarking techniques protect digital contents in a more
active manner, which is quite different from the invisible
watermarking techniques [1-5].

Several software based visible watermarking schemes
have been presented in the literature; however, only a few
hardware schemes have been proposed. In 2004, Mohanty
and Ranganathan proposed spatial domain visible
watermarking architecture [6]. In 2005, Mohanty presented
another watermarking chip that has both visible and invisible
discrete cosine transform (DCT) domain watermarking
functionalities [7].

Block based DCT domain visible watermarking changes
the scaling factors block by block and may result in visual
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Fig. 1. Block diagram of wavelet-based adaptive visible watermarking.

discontinuity [8]. Therefore, Hu [8] proposed a wavelet-
based visible watermarking to solve this problem. Wavelet-
based visible watermarking is applied to JPEG-2000 image
and many consumer electronics product. These techniques
become more and more important.

However, wavelet-based visible watermarking chip has not
been performed until now. In order to develop the efficient
hardware architecture of wavelet-based adaptive visible
watermarking, we adopt operational reduction and resource-
sharing techniques to perform it according to Hu’s algorithm

[8].

1. HUMAN VISUAL SYSTEM

In order to design well visible watermarking, we shall
concern ourselves with psychophysics, i.e., the response of
observers to visual stimulus, the response from physiology,
or the structure of the visual apparatus. The response of the
eye to changes in the intensity of illumination is nonlinear.
Consider a background of intensity 7 surrounds a patch of
light of intensity /+ A I (Fig. 2). The just noticeable
difference (JND) A7 is to be determined as a function of 1.
The ratio A/ I, called the Weber fraction (Weber-Fechner
law), is nearly constant at a value of about 0.02 [9-11].
However, this result does not hold at very low or very high
intensities, as illustrated by Fig. 2. When a patch is at very
low or very high intensities, the ratio A1/ I appears larger
value.

According to Weber-Fechner law, we can regard I+ A7 as
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a patch of watermarked image and 7 as an original image.
When the ratio A /I is greater than Weber fraction, the
watermark become visible. The ratio A1/ I increases more,
the visible watermark becomes more conspicuous.

111. WAVELET-BASED ADAPTIVE VISIBLE
WATERMARKING

First of all, host image and watermark is transferred by
discrete wavelet transform (DWT) (Fig. 1). Then, luminance
characteristics are analyzed according to the image structure
of wavelet decomposition. The low frequency sub-band
image and the original image have similar histogram
characteristics. Luminance affects the coefficients in the low
frequency sub-band in wavelet decomposition. According to
Weber-Fechner law, the human visual system is sensitive to
the change in middle intensity of luminance region and
insensitive in very low or very high intensities region. The
adaptive visible watermark is designed depend on Weber-
Fachner law and characteristics of wavelet domain. The
formula

i = & Cy + By 1)
defines the watermark image is embedded into host image.
C; is a luminance coefficient in wavelet domain with
coordinates i and j. ¥ is a watermark coefficient in wavelet
domain with coordinates i and j correspond to luminance
coefficient. C;’ represents coefficients of watermarked
image. « is the scaling factor for the host image. & is the
scaling factor for the watermark image.

In low frequency sub-band, we describe the formula
C;'-C;
Q1L :jquZk# 2

By =1-a;,, 3)
that defines the just noticeable difference condition of
visible watermarking. «; ;. and &, represents the scaling
factor for the host image and visible watermark in low
frequency wavelet sub-band respectively. & denotes visible
strength factor that effect the whether observer can notice
the watermark clearly. The range of k is often tuned by
watermark designer. The suitable range of £ is 2 to 5 in the
literature. When visible watermark is designed for printed
image, k often gets a larger value (k is 4~5) to appear an

obvious visible watermarking. Otherwise, £ gets a smaller
value (k is 2 to 4) to appear an indistinct visible watermark.
In the high frequency sub-bands, the wavelet coefficients
describe the high frequency characteristics such as edges and
textures. High amplitude corresponds to sharp variation and
low amplitude represents smooth regions. In [5], a context
model is proposed to estimate the distribution of wavelet
coefficients. Chang [12] models each wavelet coefficient as
a random variable with a Laplacian distribution of zero mean.

1 exp( -\/E‘x‘
V20, o,

o, is standard deviation that estimated by a method called
context modelling as in [5]. Generally, g, is larger in the
edge and texture regions, and smaller in the smooth regions.

Edges and textures in high frequency sub-band (frequency
orientation=LH, HL, HH) are very sensitivity. Slight change
often alters the features of host image. The standard
deviation o, and scaling factor @ ;,pym,un are direct
proportion. Therefore, the scaling factor in high frequency
sub-band (with level r=1,2,3...... ) @yjrimpnn 1S SMaller in
sensitive region. Oppositely, the scaling factor ;. 1z i um
is larger in insensitive region such as smooth region. 7, is
maximal level of wavelet domain. 4 denotes the decay factor
that gives smaller value in level 1 and larger value in higher
level.

Laplacian (x,0,) =

) —0<x<o00 (4)

Qi r L HLHH = d'm) (5)

By roommwm =1 Qi por i min (6)

Scaling factors of luminance are calculated to estimating
the effect of background luminance afterward. Spatial
characteristics are analyzed to characterize the activity level
of pixels. The watermark image is embedding by modifying
the coefficients of the host image according to scaling factor.
Finally, inverse discrete wavelet transform (IDWT) is
performed to obtain the visible watermarked image.

IV. HARDWARE-EFFICIENT ARCHITECTURE DESIGN

The overall architecture for the proposed DWT domain
visible watermarking is shown in Fig. 3. Host image and
watermark is transferred by discrete wavelet transform
(DWT) into three-level multi-resolution structures. The host
image signal divides into two sequences that one is sequence
A (Seq. A) and the other is sequence B (Seq. B). Sequence
A is composed of LLj, LHs, HL3, HH5, LH,, HL,, HH,, and
LH, sub-band data. Sequence B is made up HL,; and HH;
sub-band data. Seq. A and Seq. B have the same patterns
length. Two-path parallel processing architecture can reduce
the half processing time. Then, de-multiplexers send the
signal into difference processing element depend on
different sub-bands and decomposition levels. TABLE |
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Fig. 3 Wavelet-based visible watermarking architecture.

describes the function of processing element that calculates
a ; value. According to human visual system, the range of
a ;is 0.92 to 0.96 (k A, k=2~4). In order to reduce
hardware complexity, we adopt eight kinds of «;,; value
and four Kinds of @, 14 m, xm Value to instead of unlimited
a ; value. The intensity of wavelet coefficient also separates
into eight regions in LLs sub-band and four regions in other
high frequency sub-bands. The approximate «; and S
instead of complex scaling factor calculation and hardware
cost. The TABLE | presents the approximate rule of «; and
3 ; calculation.

Observing @ ; and 3 ; we can use 1-1/16-1/128 (the
approximate value is 0.9296875) to replace 0.93 (TABLE I).
After reducing, the shift registers and adders can replace all
complex multiplication operation. This architecture does not
need any multiplier.

Besides, we adopt the resource sharing technique to use
the shift registers jointly. We just use five registers
(1/8,1/16,1/32,1/64,1/128) to calculate « ; [ ;. At the same
time, a; and [ has reduplicate operation. For example,
a ;=1-(1/16+1/128), 53 ,;=(1/16+1/128). We can reduce the
operation (1/16+1/128) adopting hardware sharing. Besides,
each ¢ ; has the same term (1-1/16). We can use operation
element jointly.

Via a series of numerical reduction, visible watermarking
operation is also reduced.

TABLE I
SCALING FACTOR CALCULATION
Discriminate aijie i B B
(Real) (Approx.) (Real) (Approx.)
C;;<<100 0.92 1-1/16-1/64 0.08 1/16+1/64
100=C;;<872 0.93 1-1/16-1/128 0.07 1/16+1/128
872=C;;<<1095 0.9375 1-1/16 0.0625 1/16
1095=C;;< 1233 0.93 1-1/16-1/128 0.07 1/16+1/128
1233=C;y 0.92 1-1/16-1/64 0.08 1/16+1/64
Discriminate Q3 LHHLHH @ ij3,LHHLHH BijaLHHLAH BijaLHHLHH
(d=0.96) (Real) (Approx.) (Real) (Approx.)
Cj<-14 0.92 1-1/16-1/64 0.08 1/16+1/64
-14=C<1 0.93 1-1/16-1/128 0.07 1/16+1/128
1=C;<17 0.9375 1-1/16 0.0625 1/16
17=C;j 0.945 1-1/16+1/128 0.055 1/16-1/128
Discriminate @ ij2,LHHLHH Qij2LHHLHH Bij2,LHHLHH Bij2,LHHLHH
(d=0.96) (Real) (Approx.) (Real) (Approx.)
Cjj<-6 0.8832 1-1/16-1/32-1/64-1/128  0.1168 1/16+1/32+1/64+1/128
-6=C;<1 0.8928 1-1/16-1/32-1/64 0.1072 1/16+1/32+1/64
1=C<7 0.9024 1-1/16-1/32 0.0976 1/16+1/32
7=Cj 0.912 1-1/16-1/64-1/128 0.088 1/16+1/64+1/128
Discriminate @ ij1 L1 HLHH Qij 1 LHHLHH B ijLLHHLHH B LLHHLHH
(d=0.96) (Real) (Approx.) (Real) (Approx.)
Cj<-3 0.8464 1-1/16-1/32-1/64-1/128  0.1536 1/16+1/32+1/64+1/128
-3=C;<0 0.8556 1-1/16-1/32-1/64 0.1444 1/16+1/32+1/64
0=C;<3 0.8648 1-1/16-1/32 0.1352 1/16+1/32
3=C;j 0.874 1-1/16-1/64-1/128 0.126 1/16+1/64+1/128

V. EXPERIMENTAL RESULTS

In order to prove the ability of the wavelet-based adaptive
visible watermarking architecture, a series of experiments
were conducted. The watermark is shown in Fig. 4. The
proposed architecture has been tested on various images.
The experimental results are shown in Fig. 5 with “Lena,”
“Tiffany,” ”Baboon,” and “skylight (Chinese free verse)”
images of 256 x 256 x 8bits. The former contains mainly
smooth regions, edge, and texture, which represent low
frequency and high frequency. The visual inspection of the
watermarked images proves that watermarking is able to
preserve the quality of the image while explicitly proving the
ownership. We used signal to noise ratio (SNR) as suggested
by [6] to quantify the quality of the watermarked images. We
calculated the SNR using the original and the watermarked
image. The calculation results show that the SNR for various
watermarked images is in the range of 22 dB to 26 dB.

In order to prove the architecture is hardware efficient, we
give a comparison results as listed in TABLE Il. The direct
form DWT-based visible watermarking method [8] needs 24
additions, 12 multiplications, 3 divisions, 1 radical and 2
shift registers operation. However, the proposed method just
needs 30 additions and 5 shift registers operation without
any multiplication, division and radical operation. The
approximate technique, numerical reduction and resource
sharing technique reduce a great deal operation and
hardware complexity. Therefore, It reveals that our proposed
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Fig. 5 Experimental results (a) Lena image, (b) Tiffany image, (c)
baboon image, (d) skylight (Chinese free verse).

architectures have characteristics of hardware-efficient and
fewer computing operations in TABLE II.

This scheme reduces the hardware complexity and holds
high image quality. The experimental results have proven
the proposed architecture is indeed hardware-effective.

VI. CONCLUSION

The hardware-efficient architecture design of wavelet-
based adaptive visible watermarking is presented in this
paper. We develop the efficient hardware architecture of
wavelet-based adaptive visible watermarking that adopts
approximate technique, numerical reduction and resource
sharing technique to reduce hardware complexity.
Luminance characteristics are calculated to estimating the
effect of background luminance afterward. Local spatial

TABLE I
COMPARISON RESULTS

Parameters Hu’s Method [8] Proposed Method
Addition 24 30
Multiplication 12 0
Division 3 0
Radical 1 0
Shift Register 2 5

characteristics are analyzed to characterize the activity level
of pixels. The watermark image is embedding by modifying
the coefficients of the host image according to scaling factor.
According to experimental results, our method reduces the
hardware complexity and holds high image quality.
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