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An adaptive image watermarking algorithm based on perceptual model∗  

ZHANG Deng-yin1,2, CHEN Jia-ping1, Anani Adi2, LI Hai-bo2 

(1. Institute of Signal Processing and Transmission, Nanjing University of Posts and Telecommunications, Nanjing 210003, China; 

 2. Digital Media Laboratory, Department of Applied Physics and Electronics, Umeå University, Umeå 90187, Sweden) 

Abstract: An adaptive image watermarking algorithm based on 
Watson’s perceptual model is proposed in this paper. The 
proposed watermarking algorithm fully considers image regional 
characteristic. First, the cover image is divided into different 
smooth regions according to its gray value. Then watermark 
adjustment factors of those different regions are calculated 
respectively based on Watson’s perceptual model. The watermark 
is embedded by the adjustment factors at last. Experiments show 
that the proposed algorithm has excellent imperceptibility and has 
little influence upon the eigenvalue of the cover image.  
Key words: digital watermarking; imperceptibility; perceptual 
model; eigenvalue  

1. Introduction 

Digital watermarking is a technique to embed a 
watermark into an original cover work while observers 
can’t be obviously aware of the existence of the 
embedded watermark or the distortion. There are many 
performance measurements of digital watermark. 
Imperceptibility is the most basic and important. 
Imperceptibility once mainly denoted that the existence 
of the embedded watermark couldn’t be detected with 
naked eye at past. However, with the development of 
camouflage analysis technology, now observers can 
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detect the existence of the watermark by analyzing the 
change of work’s eigenvalue with camouflage analysis 
tools. Therefore, imperceptibility needs to be 
concerned not only with human visual distortion but 
also the influence upon eigenvalue of the work. 

The perceptual adjustment of the watermark is 
mainly based on Watson Just Noticeable Difference 
(JND) model[1-3]. Based on Watson’s perceptual model, 
a new adaptive image watermarking algorithm is 
proposed in this paper. Compared with the algorithms 
proposed by I. J. Cox[4] and C. I. Podilchuk[5], it has 
better imperceptibility and less influence upon 
eigenvalue. The imperceptibility of the improved 
algorithm is estimated by analyzing the eigenvalue of 
the watermarked image within the watermarked image 
quality evaluation system[6].  

2. Watson’s perceptual model 

Watson’s perceptual model estimates the 
imperceptibility according to changes in individual 
terms of an image’s 8×8 block after Discrete Cosine 
Transform (DCT). One term of the kth block of the 
cover image C is denoted by C [i, j, k], 0=i,j=7. C[0, 0, 
k] is the Direct Current (DC) term which is the mean 
pixel intensity in the block. Watson’s model consists of 
a sensitivity function, two masking components based 
on luminance and contrast masking and a pooling 
component. 

2.1 Sensitivity 
Sensitivity refers to the direct stimulation of 

visual or auditory response. As for the frequency, 
human vision is sensitive to the amplitude change of 
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low frequency while insensitive to the amplitude 
change of high frequency. Watson’s perceptual model 
defines a frequency sensitivity table t[7]. Each table 
entry t[i,j] is approximately the smallest magnitude of 
the corresponding DCT coefficient in a block which is 
discernible in the absence of any masking noise. 

2.2 Luminance masking 
Luminance adaptation refers to the fact that a 

DCT coefficient can be changed more before being 
noticed if the average intensity of the 8×8 block is 
brighter. It is based on the fact that the sensitivity of 
human vision will debase with the luminance’s 
increase. The luminance-masked threshold tL[i, j, k] is 
given by 

tL[i, j, k] = t[i, j](Co[0, 0, k]/C0,0)a  T      (1) 
where aT is a constant with a suggested value of 0.649, 
Co[0, 0, k] is the DC coefficient of the kth block in the 
original image, and C0,0 is the average of the DC 
coefficient in the image.  

2.3 Contrast masking 
Contrast masking, the reduction in visibility of a 

change in one frequency due to the energy present in 
that frequency, results in a masking threshold s[i, j, k] 
given by  

s[i, j, k]= max (tL[i, j, k],|Co[0, 0, k]| w[i,j], 
tL[i, j, k]| 1-w[i,j])               (2) 

Where w[i,j] is a diverse constant between 0 and 1 
with different frequencies. In Watson’s perceptual 
model, it is assigned 0.7. Eq. (2) indicates that the 
luminance-masked threshold tL[i, j, k] has an effect on 
the contrast masking threshold.  

2.4 Pooling 
Comparing the original image c0 with the 

watermarked image cw, the difference of their DC 
coefficients is calculated. 

e[i,j,k] = Cw[i,j,k]  -  C0[i,j,k]        (3) 
and the perceptual distance of each block is given by 
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Then the overall perceptual distance between c0 

and the watermarked image cw is combined as follow: 
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where p is usually assigned 4 in image processing. 

3. Adaptive image watermarking 
algorithm based on Watson’s perceptual 
model 

3.1 Description of proposed watermarking 
algorithm  

The proposed watermarking algorithm fully 
considers image regional characteristic. It not only 
considers the average gray of each block but also 
researches on gray change of each block.  

DC coefficient, which is calculated by 
multiplying the sum of all pixel gray values with 2/N 
(N is the total times of the experiment) can reflect the 
average gray of each block. The higher the average 
gray, the less sensitive the human vision to the gray 
change. Then the block can permit more change of the 
perceptual distance and the watermark strength 
embedded in this block can be higher. The other way 
around, the higher sensitivity of the human vision, the 
less change of the perceptual distance the block can 
permit, then the less watermark power embedded. 
Therefore, the average gray of each block is used to 
distribute the perceptual distance permitted in each 
block.  

The original cover image with a certain perceptual 
distance Dktarget is first divided into four blocks. After 
DCT transform, each block gets a certain perceptual 
distance Dk as Eq. (6) 
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where Cok[0, 0] is the DC coefficient of the kth block in 
the original image, and C0[0,0] is the average DC 
coefficient of the image. Dk is the perceptual change 
distributed into the kth block. 

Concerning with the gray change of each block, 
the gray variance s k of each block is calculated and 
compared with a certain threshold t . if s k>t , then the 
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gray change of the block is large, so the block is not 
smooth; If s k<t , then the gray change of the block is 
small, so the block is smooth. As to rough blocks, we 
continue to divide them into four sub-blocks and 
distribute the perceptual distance into each sub-block 
according to Eq. (6). As to smooth blocks, we calculate 
the adjustment factor of each block and embed the 
watermark as follows: 

(1) Calculate the masking threshold sk[i,j] of each 
coefficient in the kth block based on Watson’s 
perceptual model. 

(2) The perceptual distance Dwat(c0k, cwk) between 
the kth original image block c0k and the kth 
watermarking image block wk is given by  
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(3) Based on the Watson’s perceptual model, the 
adjustment factor ak of the embedded watermark is 
calculated in each region. 

Given Dwat(c0k, cwk) equals to Dk: 
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when there is only one pixel left, the watermarking 
adjustment factor is assigned the contrast masking 
threshold in Watson’s perceptual model. 

],[ jiskk =α                  (9) 

(4) Embed the watermark into the cover image as 
Eq. (10): 

],[],[],[],[' jiwjijicjic α+=      (10) 

where a[i,j] is the adjustment factor array. c[i,j] is the 
gray value of the pixel located in ith line and jth column. 
w[i,j] is the pixel value located in ith line and jth 
column of the embedded watermark. c’[i,j] is the gray 
value after watermarking. 

(5) The watermark is extracted by the linear 
correlation method described in the paper [8]. 

3.2 Analysis of proposed watermarking 
algorithm 

The algorithm proposed by I. J. Cox[4] deduces the 
image frequency error induced by watermarking and 
uses the adjustment factor to adapt the embedding 
watermark power. However, it uses the same 
adjustment factor in different regions. It neglects image 
regional characteristic that human vision is sensitive to 
low-frequency image but insensitive to high-frequency 
image. So sometimes it leads to image distortion.  

The algorithm proposed by C. I. Podilchuk[5] 
makes use of the contrast masking threshold to limit the 
embedded watermark’s gray. It considers the gray 
change permitted in a JND area and keeps that change 
in a perceptual area. But it doesn’t comprehensively 
estimate the overall image change. The image change 
may exceed the perceptual threshold and that may 
affect the image quality. 

The algorithm proposed in this paper is an 
improvement based on algorithm[4] and algorithm[5]. It 
uses an overall perceptual effect threshold to control 
the image’s overall perceptual effect. Concerning with 
the image regional characteristic, it first divides the 
image into several regions and distributes the 
perceptual distance into each block according the 
average gray, then uses different adjustment factors of 
different smooth regions to embed. So it has a good 
imperceptibility and a good adaptability. 

In order to compare the imperceptibility of the 
above three algorithm from human vision, a 64 × 64 
BMP gray image shown in Fig. 1(b) is selected as a 
cover image from edge image set in the image 
database[9]. The watermark as shown in Fig. 1(a) is 
embedded into the cover image using three algorithms 
respectively to generate the corresponding 
watermarked images as shown in Fig. 1(c)-(e). The 
perceptual distance of improved algorithm is same with 
the perceptual distance of the algorithm[4].  
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(a) Watermark       (b) F14    (c) Improved algorithm’ 

        

(d) Algorithm1     (e) Algorithm2 
Fig. 1   Watermark and the corresponding  

watermarked images 
 

We can see from the Fig. 1(c)-(e) that the 
watermarked image generated with proposed algorithm 
is perceptual same as the cover image while the 
watermarked image generated with algorithm[4] 
induces low-grade distortion and the watermarked 
image generated with algorithm[5] distorts obviously. 

Therefore, the proposed adaptive image 
watermarking algorithm has an advantage over the 
other two algorithms. It has a better imperceptibility.  

Due to the watermark decentralization caused by 
image division, the proposed algorithm also has a good 
robustness. However, the capacity is limited.  

4. Experimental results 

The imperceptibility of the proposed algorithm is 
validated from the following two aspects. 

4.1 Invisibility test  
The test aims to verify the imperceptibility of the 

proposed algorithm from human vision. That means the 
distortion induced by watermarking should be kept 
under the perceptual threshold. In order to insure the 
classic and the universality of the original cover images, 
a 64×64 BMP gray image shown in Fig. 2(a)-(f) is 
selected randomly and respectively as a cover image 
from bright color image set, dark color image set, 
computer graphic image set, edge image set, detail 
image set and classic image set in the image database[9]. 

The corresponding watermarked images generated by 
the proposed method are shown in Fig. 3(a)-(f). 

 

         

(a) Pills       (b) Bandon    (c) Always running 

         

(d) F14        (e) Bear           (f) Lena 

Fig. 2   Original cover images 
 

           

   (a) Pills           (b) Bandon    (c) Always running 

           

 (d) F14           (e) Bear           (f) Lena 

Fig. 3  Watermarked images 
 

Comparing the cover images (Fig. 2) with the 
watermarked images (Fig. 3), we can see there is no 
obvious distortion and we can’t distinguish the change 
with naked eye. As a matter of fact, as to the other 
images in the image sets, there is also no obvious 
distortion after watermarking.  

 

Table 1   PSNR values of different watermarked images 
Images Pills Bandon Always F14 Beat Lena 
PSNR 48.4423 48.243 48.5435 48.6385 48.6273 48.6491 

 

As shown in Table 1, all the PSNR values are 
larger than 40. That means the proposed algorithm has 
a good imperceptibility from human vision. 

4.2 Eigenvalue test 
The watermarking image quality evaluation 

system proposed in reference[6] is applied to all the 
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images sets and the evaluation result has a good 
consistency. So any image set in the image database[8] 

can be taken as the test object. Six BMP gray image 
shown in Fig. 4(a)-(f) are selected as cover images 
from edge image set. 

 

           

(a) F14        (b) Newyork        (c) Opera 

             

(d) Papermachine    (e) Pueblo_bonito    (f) Skyline_arch 

Fig. 4   Edge image sets 
 

To observe the impact on the image eigenvalue 
made by embedding the watermark, we deal the five 
cover images shown in Fig. 4 with four treatments 
respectively. Those are to add 5% Gaussian noise, image 
diffusion, Gaussian blur and watermarking using the 
proposed algorithm. So the experiment is executed 24 
times in all. Then according to the quality evaluation 
criteria[6,10,11], we analyze the eigenvalue change of the 
treated images. The experimental results are as shown in 
Table 2-6. We do ANOVA[6] statistical analysis for each 
table and get the statistical result F of the five quality 
evaluation criteria as shown in Table 7. 

 

 

Table 2   Mean square error (D1) of different treatments 
 F14 Newyork Opera Papermachine Pueblo_bonito Skyline_arch 

5% Gaussian noise 0.020471 0.046520 0.018719 0.019536 0.024674 0.035047 
Image diffusion 0.010921 0.034985 0.018413 0.020732 0.031843 0.023168 
Gaussian blur 0.016470 0.023693 0.018288 0.042575 0.031345 0.038471 
Watermarking 0.016688 0.030296 0.021027 0.042553 0.009271 0.0 

 

Table 3   Mean absolute error (D2) of different treatments to different images 

 F14 Newyork Opera Papermachine Pueblo_bonito Skyline_arch 
5% Gaussian noise 0.994385 2.059082 0.887939 0.936279 1.207031 1.714111 

Image diffusion 0.331787 1.412354 0.701660 0.852783 1.419434 0.831299 
Gaussian blur 0.386475 0.936523 0.721436 1.846436 1.379883 1.378906 
Watermarking 0.809082 1.628174 1.071289 2.297119 0.352051 0.0 

 

Table 4   Czekonowski correlation (C3) of different treatments to different images 

 F14 Newyork Opera Papermachine Pueblo_bonito Skyline_arch 
5% Gaussian noise 0.004439 0.006638 0.004534 0.005864 0.0 0.0 

Image diffusion 0.001555 0.006345 0.003314 0.005064 0.0 0.0 
Gaussian blur 0.002143 0.004428 0.003420 0.011922 0.0 0.0 
Watermarking 0.003411 0.007077 0.005315 0.014635 0.0 0.0 

 

Table 5   Spectral phase error (S1) of different treatments to different images 

 F14 Newyork Opera Papermachine Pueblo_bonito Skyline_arch 
5% Gaussian noise 0.264160 0.127686 0.227295 0.154297 0.250977 0.187012 

Image diffusion 0.225098 0.210205 0.213135 0.149902 0.300293 0.175781 
Gaussian blur 0.138184 0.077148 0.124512 0.112793 0.166748 0.147705 
Watermarking 0.114014 0.073242 0.094482 0.089111 0.048584 0.0 
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Table 6   Spectral magnitude error (S2) of different treatments to different images 

 F14 Newyork Opera Papermachine Pueblo_bonito Skyline_arch 
5% Gaussian noise 3473.5 31243.6 3157.8 3377.4 5388.4 13761.1 

Image diffusion 970.7 9939.2 2694.3 4008.5 8504.6 4709.7 
Gaussian blur 4137.5 8606.7 4802.2 29440.1 14946.1 21338.7 
Watermarking 3599.9 13402.9 5954.5 24731.6 1042.0 0.0 

 

Table 7  ANOVA result of five quality evaluation criteria 
Quality evaluation standards Test Stat. F 

Mean square error 0.4339 
Mean absolute error 0.6768 

Czekonowski correlation 0.3528 
Spectral Magnitude error 0.9892 

Spectral phase error 13.0791 
 

We can see from Table 7 that Czekonowski 
correlation is least influenced by those treatments 
while Spectral phase error is most influenced. 

If significance level is 0.05, we can get F as Eq. 
(11) by looking up the distribution median table. 

F0,0.5(3,20)=3.10                  (11) 
Comparing the test statistic  F in Table 7 with 

F0,0.5(3,20), except the spectral phase error’s F value, 
all the test statistic  F values are smaller than F0,0.5(3,20). 
It shows that the first four quality evaluation criteria 
have no obvious change as to the four treatments. 

That means there is no significant difference 
between the influence on image eigenvalue made by 
watermarking using the proposed algorithm and that 
made by the other general treatments. 

As to the fifth quality evaluation criterion, though 
ANOVA analysis shows that image treatments have an 
significant impact on it, the spectral phase error after 
watermarking is less than the spectral phase error after 
the other treatments. That means the influence of the 
watermarking is less than the influence of the other 
treatments. So the proposed watermarking algorithm 
can’t result in obvious change of the image eigenvalue 
in contrast to the other three treatments adding 5% 
Gaussian noise, image diffusion and Gaussian blur. 

5. Conclusions  

The proposed adaptive image watermarking 
algorithm based on Watson perceptual model is 
designed from two aspects: On one hand, concerning 
with the overall perceptual effect, the overall 
perceptual change threshold is given. On the other hand, 
concerning with the regional characteristics of the 
image, the image is divided to several smooth regions. 
Perceptual distances are assigned to each region 
according to the average gray and adjustable factor of 
the embedding watermark is calculated in each region. 
Experimental results show that the watermarking 
image generated with the proposed algorithm has an 
excellent imperceptibility estimated both from human 
vision and the eigenvalue analysis within the 
watermarked image quality evaluation system. 
Recently, lots of attention is paid to the watermarking 
on color images  [12], the further work is to research on 
the adaptive watermarking method on color images. 
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