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To improve both invisibility and embedding capacity, this study proposes a
reversible watermarking algorithm based on diamond pixel pairs with
complementary embedding. To avoid pixel value overflow, the carrier image
is first preprocessed and divided into blocks. Each block is then separated
into two half-planes, gray and white. The watermark is embedded in both
horizontal and vertical directions. In the horizontal direction, the target pixel
in a smooth block is compared with four reference pixels in its cross-shaped
neighborhood to calculate their difference values and construct a histogram.
The first embedding is carried out in the gray half-plane using the histogram
shifting method, followed by a second embedding in the white half-plane.
The same process is applied in the vertical direction to reduce the distortion
introduced by horizontal embedding. Experimental results indicate that,
under the same embedding capacity, the proposed method achieves an
average PSNR (Peak Signal-to-Noise Ratio) that is 6.92 dB higher than that of
the non-complementary embedding scheme. Moreover, compared with other
related algorithms, this approach demonstrates superior embedding
performance for the same PSNR value.

© 2025 The Authors. Published by IASE. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the rapid development of Internet
technology, reversible watermarking has become a
hot spot in information security (Lee et al, 2019;
Zhang et al.,, 2020; Cao et al., 2020), especially for
some fields with high precision requirements, such
as medical, military, and chemical fields. After years
of continuous development, many reversible
watermarking algorithms have emerged. At present,
large capacity and visual quality are one of the main
research targets in reversible watermarking
algorithms (Wang et al., 2024).

Tian (2003) proposed the DE (difference
expansion) algorithm, which selects adjacent pixels
to compute differences for watermark embedding.
However, it easily causes pixel value overflow,
degrading image quality. Based on Tian's algorithm,
Alattar (2004) selected a group of adjacent pixels for
watermark embedding. It fully utilizes the
redundancy between adjacent pixels, which
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significantly increases the embedding capacity. But
its modification of pixel differences is large, which
may affect the image quality. Ni et al. (2008)
proposed an HS (histogram shifting) with minimal
pixel modification (< 1) for high visual quality but
limited capacity. Subsequent advancements include:
Yang and Tsai’s (2010) interleaved prediction to
enhance histogram peaks; Tai et al.'s (2009) binary
tree structure for low-distortion embedding; Li et
al.'s (2010) pixel difference sequence histogram; and
Lee and Chen's (2012) strategy for adjustable
prediction that eliminates the need for location
maps. These methods all shared the common goal of
increasing embedding capacity while maintaining
visual quality.

To reduce image distortion, Arham and Nugroho
(2024) introduced a novel method for reversible
data hiding based on a combination of DE and a
modulus function. This method enables the
embedding of 3-bit data into 2-bit Least Significant
Bit (LSB) difference values of pixel pairs formed in
rectangular blocks. Zhang et al. (2023) applied
reverse histogram translation to improve both
capacity and visual quality, while Jia et al. (2019)
reduced invalid pixel shifts during histogram shifting
to enhance efficiency. Based on image texture, the
algorithm reduces the invalid shift of pixels in the
histogram shift. It has a high embedded rate and
visual quality. Das and Sunaniya (2022) proposed a
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hybrid algorithm using improved ENMM (Enhanced
Normalized Mean Modification) to reduce inter-pixel
differences, thereby improving visual quality.
Krishnamoorthi and Chinnababu (2022) employed a
four-level watermarking technique to expand the
payload while minimizing distortion. Zheng et al.
(2019) proposed a new reversible watermarking
scheme based on content-adaptive block size
prediction. By using the content-adaptive block size
of each predicted pixel, the prediction error is
minimized and close to the difference between the
original value and the predicted value, thus
improving the visual quality of the image. Zhang et
al. (2023) further improved capacity and reduced
distortion via inverse histogram shifting after initial
embedding.

Considering the high-order correlation of the
image, Tanwar and Panda (2024) proposed a hybrid
reversible watermarking algorithm using HS and
pairwise PEE (prediction error extension). The
proposed work exploits the histogram of prediction
errors instead of the difference of adjacent pixels, as
it is more sharply distributed. This leads to less
distortion in the watermarked image. For different
texture characteristics. Gao et al. (2023) introduced
a universal reversible data hiding method based on
most significant bit (MSB) prediction and error
embedding. The algorithm demonstrates high
embedding rates and good visual quality for various
texture-type images.

Zheng et al. (2019) proposed a reversible
watermarking algorithm for block-level prediction
error HS. This algorithm enhances embedding
capacity by leveraging inter-block similarity rather
than intra-block prediction errors. In contrast, Xiong
(2019) employed a spatial complementary strategy
that modifies pixel values along horizontal/vertical
directions using simple parity-based rules, though
limited by predictor accuracy. Chidirala and Acharya
(2024) proposed a reversible watermarking method
by splitting grayscale image pixels into higher-order
and lower-order groups. Conventional PEE is applied
exclusively to the higher-order group: The prediction
error is expanded to embed secret data.

Based on the above problems, this paper
proposes a new prediction method, selects the
diamond pixels in the smooth pixel block to make a
difference and improves the prediction accuracy. By
complementing the embedding in the horizontal and
vertical directions, the pixels modified in the
horizontal embedding are compensated when the
watermark is embedded in the vertical direction;
that is, the amount of pixel modification is reduced.
The algorithm has good invisibility and high
embedding capacity.

{ L((ky-1) X 24+1:k; X 2) = dec2bin(2-1(i,j),2) if0 < I(i,))&&I(i,)) < 2 }
R((ky-1) X 2+1:k, X 2) = dec2bin(I(i, j) — 253,2) if253 < I(i, j)&&I(i,j) < 255

2. Relevant theories
2.1. Original image preprocessing

For an 8-bit grayscale image, its grayscale value
range is between 0 and 255. When performing HS
and embedding watermark signals, there may be
cases where the grayscale value exceeds this range.
To prevent grayscale underflow (< 0) or overflow (>
255), the maximum modification of shifting pixels
and the embedded watermark must not exceed 1
during embedding. However, in the vertical
direction, when shifting pixels and embedding
watermark information, the absolute value of the
maximum modification compared to the original
grayscale value may be 2. Therefore, if there are
pixels in the image with grayscale values not greater
than 2 or not less than 253, these grayscale values
should be set to 2 or 253, respectively, to ensure that
no underflow or overflow occurs when performing
HS and embedding watermark information, and the
original image can be restored after extracting the
watermark information. It should be noted that this
clamping operation may introduce minor distortions
to the original image, as it alters pixel values near the
boundaries (e.g., changing values < 2 to 2 or = 253 to
253). However, these distortions are typically
negligible and localized, affecting only a small subset
of pixels. They are a necessary trade-off to prevent
catastrophic overflow/underflow artifacts, which
would cause irreversible degradation in image
quality and compromise the reversibility of the
watermarking process. The impact of these
distortions is further mitigated by the algorithm'’s
complementary embedding strategy, which balances
modifications across horizontal and vertical
directions.

The steps of preprocessing the carrier image are
as follows:

(1) Scan the image in order. If the gray value
1(i,j) of a pixel position is not greater than 2 or
not less than 253, then set the gray value of that
position to 2 or 253, respectively, according to
Eq. 1.

{ 1G,)) =2 if0 <I(i,)&&I(I,j) < 2 } o

1(i,j) = 253 if253 < I(i,)&&I(i,j) < 255

(2) Set two initial vectors L and R to be empty, and
save the binary bits of
2—1(i,j) (gray value not greater than 2) and
1(i,j) — 253 (gray value I(i,j) not less than 253)
in order, as shown in Eq. 2.

where, the initial values of k; and k, are both 1, and
the value of k, or k, will automatically increase by 1
after processing each pixel that meets the condition;

(2)

dec2bin() represents converting a decimal to its
corresponding binary. After preprocessing the
original carrier image through the above two steps,
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overflow will not occur when pixel shifting and
embedding a watermark.

2.2. Diamond pixel pair prediction

Compared with general adjacent pixel prediction,
diamond pixel prediction includes adjacent pixels
and pixels on the diagonal. This can more
comprehensively consider the correlation between
pixels and improve the accuracy and stability of
prediction. Adjacent pixel prediction only considers
pixels in the horizontal and vertical directions. If
there are strong diagonal or sloping features in the
image, the prediction result may have a large
deviation. The diamond pixel prediction can better
adapt to various directional image features,
improving the robustness and reliability of the
prediction. The diamond pixel prediction considers
more pixels, so its prediction error is usually smaller
than that of the adjacent pixel prediction, which is
beneficial to improve the compression efficiency and
image quality. Diamond prediction reduces error by

[’?

15-20% in textured regions (e.g., diagonals) via
multi-directional correlations, outperforming
adjacent prediction. A comparative analysis shows
its superiority: For Lena, diamond prediction
achieves 12% lower error than adjacent prediction
and 8% less than cross-prediction (Chidirala and
Acharya, 2024). The novelty lies in using a cross-
neighborhood for balanced embedding, minimizing
distortion uniquely. Assuming the size of image S is
MxN, the prediction method for image blocks
(horizontal direction) is shown in Fig. 1. The
prediction difference of a pixel u(i,j) can be
obtained from four adjacent pixels, and the
prediction difference is shown in Eq. 3.

dii,j)=1a+b+c+d)/4l —u(Q,j) + lu@,j+1)/2] (3)

where,
a=v(i,j—-2)—-v(i,j—1)
b=v(i-1,j))—-v(i-1j+1)
c=v(,j+2)—v(i,j+3)
d=v(i+1j))—-v(@i+1j+2)

= . % . = . =

Vi-1y Vi-14=1
P . P . £ . s
Vij-2 Vig-1 Uy Upje1 Vg2 Vije3
P . ® . = .

Vis1y Vig=1

Fig. 1: Diamond pixel pair prediction

The watermark embedding process is divided
into two stages of horizontal and vertical embedding.
When watermark embedding is performed, the
image [ is divided into blocks and processed from left
to right and from top to bottom, as shown in Fig. 2.

J=1 j=2 J=N
>
i=1 B e R -p=-
i=2 T S Tttt o
Pt S IS L——
i=M ~= === -

Fig. 2: Order of watermark embedding

In the horizontal embedding direction, d,(i,))
can be obtained from Eq. 3, the pixel movement is
shown in Eq. 4, and the embedded watermark bit b €
{0,1} is embedded using Eq. 5.

11

HG,j) = {I(i,j) +1, if di(i,j) > 0 and mod(i,2) =1
D)= U, )) = 1,if di(i,j) < 0 and mod(i,2) =0
HGLJ) = {I(i,j) +b, if di(i,j) = 0 and mod(i,2) = 1
D)= U, ) = byif di(i,j) = 0 and mod(i,2) =0

(4)
(5)

In the vertical embedding direction, for each pixel
H(i,j), its prediction value H(i, ) can be calculated
as shown in the following Eq. 6.

H(i,j) =
[(VEi-L)H+HG+1,)/2]ifi<j<Nand1<i<M
H@i+1j), ifl<j<Nandi=1
Vi—-1j), if1<j<Nandi=M

(6)

where, || is the floor function, H(i,j) is the
embedded pixel, and V(i,j) is the new embedded
pixel. After obtaining the prediction value H (i, j), the
prediction error d,(i,j) between the current H(i, ;)
and its prediction value H(i,j) can be calculated by
the following Eq. 7.

dz(i,)) = H(,)) = H( ) 7)
In vertical embedding, the pixel movement is

shown in Eq. 8, and the embedded watermark bit
b € {0,1} is embedded in Eq. 9.
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o (H(, ) =1, if dy(i,)) < 0 and mod(i,2) =1

V(i) = {H(i_j) +1,if dzz(i,j) >0 and mod(i,2) =0 ®
.. _(H@)) —b, if dy(i,j) = 0 and mod(i,2) =1

V@) = {H(i,j) +b,if dzz(i,j) =0 and mod(i,2) =0 ©

2.3. Smooth region selection

In order to improve the visual quality of the
watermarked image, it is necessary to select those
pixels whose grayscale values change little after
embedding the watermark information; that is, the
predicted values should be closer to the true values,
that is the smaller the prediction error, the better.
The smoother the local image is, the smaller the
difference between the related pixels is, the smaller
the prediction error is; the rougher the local image

C2

l

cl c3

is, the larger the difference between the related
pixels is, the larger the prediction error is.
Prioritizing the selection of smoother areas in the
image for watermark embedding can effectively
reduce the distortion of the image.

If there is a carrier image I of size MxN, for each
pixel block, the middle pixel is the target pixel C;, and
the eight adjacent pixels of the target pixel are non-
reference pixels. For the non-edge block of the
reference pixel, there are four other reference pixels
Ct, C3, C%, C}, which are respectively located on the
left, right, up, and down of the reference pixel C;.
These pixels are the contextual reference pixels of
the reference pixel C;, as shown in Fig. 3.

Reference element

Non-reference element

Accessory reference element

Fig. 3: Carrier image

For the calculation of local complexity, the
following Eq. 10 is shown:
LC; = Range (C},C?.C2.CH) (10)
where,  Range (C},C?,C3,C) represents the
maximum and minimum absolute variance of four
adjacent pixels. If LC <T, then the pixel block

belongs to a smooth block, which also means that
more watermark can be embedded.

3. Algorithm design

This paper adopts a reversible watermarking
algorithm based on diamond pixel complementary
embedding, which is mainly divided into two parts:
Watermark embedding and watermark extraction.

3.1. Watermark embedding

The specific operation process of watermark
embedding is shown in Fig. 4.

(1) The original image I is preprocessed to prevent
pixel value overflow.

(2) Arnold scrambling is performed on the
watermark image W, as shown in Eq. 11:

¥\ _ (1 1\2 n\Ex

(y')_(1 2) (1 1) (y)m"dM

x,y €{01,2,-,N — 1} an

12

where, (x,y") is the transformed coordinate, (x,y) is
the original pixel coordinate, M represents the length
of the carrier image, and ¢ and d are random
numbers.

(3) The original image I is divided into several 8x8
non-overlapping blocks [;, i € (0, IZ:;V), and then
all pixel blocks are divided into two semi-planes
of gray and white (from left to right, and top to
bottom, spaced in gray and white).

(4) Smoothness values of all pixel blocks are
calculated, and a sequence index table is
established in order from largest to smallest.

(5) Based on watermark size, select m smooth pixel
blocks for embedding. According to Eq. 3, the
gray semi-plane pixels in the horizontal direction
are predicted to make a difference, and the
difference histogram is generated. Then perform
the same operation on the vertical gray and white
semi-plane pixels.

(6) Respectively embed the watermark information
in the horizontal and vertical directions. On the
horizontal direction, embed the first time in the
gray semi-plane target pixels, then embed the
second time in the white semi-plane target pixels,
as shown in Eq. 5; similarly, on the vertical
direction, embed the first time in the gray semi-
plane target pixels, then embed the second time
in the white semi-plane target pixels, as shown in
Eq. 9.
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(7) Select the sub-peak points close to the pixels with
low frequency in the histogram, and embed them
at the sub-peak points by HS until the watermark
information is embedded.

(8) Embed the auxiliary information, such as c and d,
and the size of the watermark image into the n
pixels blocks with lower smoothness by data
compression (Yang et al, 2023). The selected
number n and the sequential index table are
saved for use in watermark extraction. Finally,

according to the sequential index information
table, rearrange all the pixel blocks to obtain the
final watermarked image I,.

3.2. Watermark extraction

The watermark extraction is the inverse process of
the watermark embedding, as shown in Fig. 5.

—

‘ Original image ‘

Complex block H Data compression H

Complex block with
auxiliary information

4

h 4

Pre-processing

y

Auxiliary information

) Watermarked image

Diamond pixel pair
prediction

Image segmentation ’——}{ Smooth block H

H Histogram shift H

Smooth block with
watermark

K

—

‘ Watermark Arnold scrambling ‘

Fig. 4: Watermark embedding flowchart

Watermarked image Complex block

Auxiliary information 4

Restored complex block 4 Original image

Image segmentation Smooth block

$ Diamond pixel pair prediction

Inverse

histogram shift Restored smooth blocks

Watermark Inverse Arnold scrambling

Fig. 5: Watermark extraction process

The watermark information can be extracted, and
the original image can be restored without loss
through the following specific operation steps.

(1) Divide the watermarked image [, into several 8

X8 non-overlapping pixel blocks Iy, i€
(O, %), then divide all the pixel blocks into two

semi-planes of gray and white;

(2) The receiver receives the sequential index table
and n from the sender through the secret
channel. Thereby, the pixel blocks are sorted
from largest to smallest according to their
smoothness using the sequential index table.

(3)Extract auxiliary information from the n pixel
blocks with the least smoothness using data
compression, and obtain smoother pixel blocks
and more complex pixel blocks according to the
extracted auxiliary information.

13

(4) Select m pixel blocks with higher smoothness and
perform diamond pixel pair prediction difference,
and generate a difference histogram for the gray
and white semi-planes of the pixel blocks.

(5) Extract watermark information in the vertical
and horizontal directions of the gray and white
semi-planes of the pixel blocks. In the vertical
direction, the target pixel in the white semi-plane
is extracted for the first time, and then the target
pixel in the gray semi-plane is extracted for the
second time. Similarly, in the horizontal direction,
the target pixel in the white semi-plane is
extracted for the first time, and then the target
pixel in the gray semi-plane is extracted for the
second time.

(6)Select the sub-peak points close to the low-
frequency pixel values in the histogram, and use
the HS method to extract the watermark at the
sub-peak points until the watermark information
is extracted; then, the extracted watermark image
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is inverted and scrambled to restore the original
watermark image W.

(7)According to the sequence index information
table, all pixel blocks are rearranged to obtain the
final original image 1.

4. Experimental results and analysis

In this experiment, five 8-bit standard grayscale
images of size 512x512 pixels from the USC-SIPI
database are selected as test images, namely Lena,
Plane, Barbara, Peppers, and Baboon, as shown in
Fig. 6. This simulation experiment is based on

(d) Peppers

MATLAB 2016b. The watermark image is a 32x32
grayscale image, as shown in Fig. 7. Normalized
correlation coefficient: The NC (normalized
correlation coefficient) can be used to measure the
similarity between the watermark image before
embedding and after extraction. Generally, the NC
value is required to be 1, that is, the original carrier
image can be completely restored after extracting
the watermark.

Table 1 shows that this algorithm achieves
original carrier image reversibility under no attack,
confirming its reversibility.

(e) Baboon

Fig. 6: Test images

Comparison of watermark embedding capacity,
PSNR value, and SSIM (structural similarity index
measurement): This algorithm is compared with the
algorithms in the recent literature, Zheng et al
(2019) and Xiong (2019), in terms of PSNR and SSIM,
and the results are shown in Table 2.

Fig. 7: Watermark image

From Table 2, it can be seen that under the same
embedding capacity, the visual quality of this
algorithm is better than that of the two algorithms in
literature, Zheng et al. (2019) and Xiong (2019), and

the highest PSNR value can reach 63.29dB.
Simultaneously, the SSIM value obtained by the
algorithm is also higher than the algorithms in
literature, Zheng et al. (2019) and Xiong (2019). It
has a good PSNR value and SSIM.

From the visual effect comparison results in
Table 3, it can be seen that for the texture-rich
Baboon image, its PSNR value after embedding the
watermark reaches 55.51dB; for the texture-smooth
Lena image, its PSNR value after embedding the
watermark reaches 62.86dB; for the texture-smooth
Plane image, its PSNR value after embedding the
watermark is as high as 63.29dB. The algorithm has
good invisibility for different types of images. This is
due to Baboon’s complex texture causing larger
prediction errors (Eq. 10) and thus higher
embedding distortion, whereas smooth images like
Lena have smaller errors.

Table 1: Integrity assessment without attack

Images (512x512) Lena Plane

Barbara Peppers Baboon

NC 1 1

1 1 1

Table 2: Comparison of PSNR (dB) and SSIM

Proposed algorithm

Zheng et al. (2019) Xiong (2019)

Image name

PSNR SSIM PSNR SSIM PSNR SSIM

Lena 62.86 0.989 61.06 0.981 58.15 0.986
Plane 63.29 0.987 61.25 0.985 59.32 0.983
Baboon 55.51 0.986 53.46 0.985 54.12 0.986
Peppers 60.28 0.985 57.89 0.983 56.59 0.985
Barbara 59.81 0.989 56.98 0.984 55.26 0.988

14
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Table 3: The visual effects of the algorithm experiment

Image name Original carrier image watermarked image Original watermark Extracted PSNR
watermark

Lena El] E]] 62.86

Plane EI] E]] 63.29

Barbara EIJ EI] 59.98

Peppers EI] E]] 60.28

Baboon EIJ EI] 55.51
To compare with similar reversible algorithm in reference Li et al. (2010), the difference

watermarking algorithms, the same watermark is
embedded into each test image using literature
(Yang and Tsai, 2010; Tai et al., 2009; Li et al,, 2010;
Lee and Chen, 2012; Zheng et al., 2019; Xiong, 2019)
and the non-complementary scheme. For the non-
complementary scheme, its embedding process is
similar to the proposed scheme, but the embedding
rules in the vertical and horizontal embedding
directions are the same. For the algorithm in the
literature, Yang and Tsai (2010), the interleaved
predictor is used to predict the pixel value. For the
algorithm in the literature, Tai et al. (2009), the
difference between two adjacent pixels is used to

between two adjacent pixels is first calculated, and
then two peak points are selected to embed the
watermark information. For the algorithm in
reference Lee and Chen (2012), the difference
between the original pixel and the average of its
adjacent pixels is used to embed the watermark
information. For the algorithm in reference Zheng et
al. (2019), the difference between adjacent block
pixels is used to embed the watermark information.
For the algorithm in reference Xiong (2019), the
horizontal and vertical complementary strategies are
used to embed the watermark information. The
performance comparison results are shown in Table

embed the watermark information. For the 4.
Table 4: Comparison of PSNR values of different algorithms
Algorithms Lena Plane Barbara Peppers Baboon Average value

Proposed algorithm 62.86 63.29 59.81 60.28 55.51 60.35
Unused complementary 55.49 56.15 52.01 53.57 49.96 53.43

embedding algorithm
Yang and Tsai (2010) 55.62 56.98 53.68 55.12 52.87 54.84
Tai etal. (2009) 59.98 60.02 57.28 58.56 55.42 58.25
Lietal. (2010) 60.15 61.23 58.05 58.91 56.01 59.04
Lee and Chen (2012) 59.92 59.04 56.74 57.23 54.97 57.58
Zhengetal. (2019) 61.06 61.25 56.98 57.89 53.46 58.12
Xiong (2019) 57.15 58.32 54.26 55.59 53.12 55.68

Table 4 shows that the proposed algorithm
achieves a higher average PSNR than comparable
algorithms and non-complementary schemes at the
same capacity. The average PSNR value of this
algorithm is 60.35dB, which is 5.51dB, 2.1dB,
1.31dB, 2.77dB, 2.23dB, 4.67dB, and 6.92dB higher

15

than references (Yang and Tsai, 2010; Tai et al,
2009; Li et al., 2010; Lee and Chen, 2012; Zheng et
al,, 2019; Xiong, 2019), and the non-complementary
scheme, respectively.

In this experiment, watermark information of
2000bits, 4000bits, 6000bits, 8000bits, and
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12000bits is embedded in five different texture
images, respectively. From Fig. 8, it can be seen that
compared with similar algorithms and non-
complementary embedding schemes, this algorithm
has a higher watermark capacity at a certain PSNR
value. This algorithm adopts horizontal and vertical
complementary embedding methods, which have
obvious advantages in watermark embedding
capacity and image visual quality. In Lena, Plane, and
Peppers images, at the same watermark embedding
capacity, the PSNR value of this algorithm is higher
than that of other algorithms.
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Fig. 8: PSNR of five images under different embedding
capacities

Taking the Baboon image with more complex
texture as an example, when the watermark
embedding capacity is 6000bits to 12000bits, the
PSNR value of this algorithm is higher than that of
other  algorithms and non-complementary
embedding schemes; when the watermark
embedding capacity is 2000bits to 4000bits, the
PSNR value of this algorithm is lower than that of the
algorithm in Li et al. (2010) with 0.16 dB and 0.17
dB. For images with complex texture, this algorithm
adopts complementary embedding strategy to
embed less watermark information, which is slightly
lower than the two peak embedding mode of the
algorithm in Li et al. (2010); however, with the
increase of embedded watermark information, the
image visual quality of this algorithm is better than
that of the algorithm in Li et al. (2010).

Compared to the algorithms in literatures Tai et
al. (2009), Li et al. (2010), Lee and Chen (2012), and
Xiong (2019) which used the difference between two
adjacent pixels for prediction, this algorithm uses
diamond-shaped pixels for prediction, which has
higher accuracy and reduces image distortion; the
algorithm in literature Yang and Tsai (2010) and the
non-complementary embedding scheme may
produce data redundancy; the difference expansion
algorithm used in literature Zheng et al. (2019) has a
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large space occupancy for auxiliary information.
Therefore, compared to other related algorithms,
this algorithm has better performance.

5. Conclusion

In this paper, a reversible watermarking
algorithm based on diamond-shaped pixel
complementary embedding is proposed. In this
algorithm, the original image is preprocessed to
avoid pixel overflow and reduce image distortion. At
the same time, the correlation between pixels is used
to predict the difference value with diamond-shaped
pixels. The watermark is embedded in the horizontal
and vertical directions of the smooth pixel block, and
the vertical embedding can offset the expansion of
some pixels in the horizontal embedding process.
Experiments confirm superior visual quality over
comparable algorithms at identical watermark
capacity. However, this embedding method limits the
maximum payload (< 12,000 bits). Compared to
state-of-the-art methods (Tanwar and Panda, 2024)
with 15,000 bits, our capacity is lower, primarily due
to bidirectional compensation shrinking histogram
bins for expansion. This trade-off ensures low
distortion but restricts the maximum payload.
Therefore, future work will focus on optimizing bin
utilization to enhance capacity while maintaining
visual quality.

List of abbreviations

DE Difference expansion

ENMM Enhanced normalized mean modification
HS Histogram shifting

LSB Least significant bit

MSB Most significant bit

NC Normalized correlation coefficient

PEE Prediction error extension

PSNR  Peak signal-to-noise ratio

SSIM Structural similarity index measurement
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