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Compared to conventional reversible data hiding (RDH) methods, the dual-image RDH technique is an eﬀective
way to achieve greater embedding rate and better quality of the stego images. Motivated by the center foldingbased, dual-image RDH method proposed by Lu et al. (SIGNAL PROCESSING, 115 (2015) 195–213), we
propose an improved dual-image RDH method by using the selection strategy of shiftable pixels' coordinates
with minimum distortion. Although the stego dual-pixel in the center folding-based method is shifted with
minimum distortion, there is another shiftable pixel-coordinate that can be used without creating any extra
distortion. Based on this observation, the embedding rate can be improved without any deterioration of visual
quality by embedding an extra message bit into each newfound alternative pixel-coordinate. In addition, the
range of parameter k, which controls the embedding rate, in our method is extended to greater than or equal to
1, therefore, a higher visual quality can be achieved when k is set at 1. The experimental results showed that the
embedding rate of our method is greater than that of the center folding-based method for the same stego image
quality, and our method outperforms other methods, whether in term of average PSNR or embedding rate.

1. Introduction
With the development of multimedia techniques, transferring large
numbers of secret messages in an imperceptible way is a signiﬁcant
issue for information security research. Over the years, various
steganography techniques have been developed for the demand of high
embedding capacity and security, such as the exploiting modiﬁcation
direction (EMD) method [1] and the least-signiﬁcant-bit (LSB) matching revisited method [2]. Note that almost all existing steganography
methods are irreversible, i.e., the original cover pixels cannot be
restored from the stego images. However, in many application scenarios, such as the transmission of medical images and military images,
besides the requirements of high embedding capacity and high visual
quality for stego images, recovering the original cover images without
any distortion is also an objective for data hiding applications.
Recently, to fulﬁll all of these requirements, many reversible data
hiding (RDH) methods have been proposed to improve the embedding
eﬃciency. According to their applicable circumstances, the existing
image RDH methods can be generally grouped into three aspects:
ordinary single-image RDH schemes, RDH schemes in encrypted
domain, and dual-image RDH schemes.

⁎

During the early phase of single-image RDH schemes, the concept
of lossless compression was employed by Fridrich et. al. [3] to embed
message by compressing a proper bit-plane with the minimum
redundancy. However, the capacity for lossless compression based
RDH scheme was relatively low, comparable to all other newly
proposed methods. Then, diﬀerence expansion (DE) scheme was ﬁrstly
proposed by Tian [4] to achieve higher capacity through expanding the
diﬀerence between two adjacent pixels and embedding 1-bit data into
each diﬀerence. Motivated by this scheme, an improved DE method
was developed by Alattar [5] to embed each 3-bit data into the two-fold
diﬀerence value of four pixels. Besides DE, histogram shifting (HS),
which was ﬁrstly proposed by Ni et. al. [6], is another eﬃcient way to
improve embedding capacity by exploiting the zero or the minimum
point of the intensity histogram of the cover image and modifying it
with the control of message bits, Then, the interpolation prediction
technique was applied by Luo et. al. [7] to embed data into the
prediction-error histogram (PEH), which was sharper than the intensity histogram. Recently, to combine the advantages of both DE and HS
methods, prediction-error expansion (PEE) scheme was ﬁrstly proposed by Thodi and Rodriguez [8] to further improve the embedding
eﬃciency by embedding message into PEH without any signiﬁcant
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image by modifying the prediction error values sequentially. However,
the parameter in [19] cannot be adaptively adjusted, thus, the
performance was not optimized in the low-distortion occasions.
For the methods that were designed originally, Lee et al. [20]
proposed a dual-image RDH method based on location relationship
constraints. First, the temporary stego images were generated following
a pre-deﬁned order, and, then, to guarantee the reversibility of each
pixel, the direction of each stego pixel from the original cover pixel was
used as an indicator to determine whether the message should be
embedded in the second stego image. To overcome the disadvantage of
low embedding rate in [20], which was around 0.75 bits per pixel
(bpp), Lee and Huang [21] improved the method to convert a binary
message into quinary digits without any under-utilization. Then, a shift
rule was established by controlling the relative position of each pair of
stego pixels following the method proposed in [20], allowing the
embedding rate to be increased to 1.07 bpp. Recently, Lu et al. [22]
proposed a simple, but novel, dual-image RDH method by using the
strategy of center folding to reduce the values of the secret symbols. A
detailed introduction of [22] will be presented in Subsection 2.1.
In this paper, to improve the embedding capacity without any
deterioration of visual quality, the issue of under-utilization in the
process of stego-pixel shift is exploited based on an intense analysis of
Lu et al.’s method [22], which stands for the state-of-the-art dualimage RDH method. For the center-folding strategy, we observed that,
although the stego dual-pixel is shifted with minimum distortion, there
is always another shiftable option that will not cause any extra
distortion, and this option was not used in [22]. Based on this
observation, we propose an improved shift strategy by embedding an
extra message bit into each newfound alternative pixel-coordinate. In
addition, the range of parameter k is extended from larger than or
equal to 2 in [22] to larger than or equal to 1. By this extension, our
method achieves a higher visual quality with an embedding rate of
0.75 bpp when k is set at 1.
The rest of paper is organized as follows. Section 2 introduces the
related work proposed by Lu et al. [22] and then, analyzes the potential
improvements in the embedding process of [22]. Section 3 presents the
proposed method by further eliminating the under-utilization in the
process of shiftable pixel-coordinate selection. Section 4 shows the
experimental results to demonstrate the eﬃciency of the proposed
method and Section 5 concludes the paper.

distortions, which are usually less than or equal to 1 for each pixel in
most occasions. Then the PEE schemes were well developed and the
representative state-of-the-art PEE based RDHs include: two-dimensional pairwise PEH modiﬁcation [9], general multiple histogram
modiﬁcation [10], etc.
In addition to ordinary RDH methods, with the demand of privacy
protection in cloud computing, a lot of RDH methods dedicated in
encrypted domain were proposed to embed message into encrypted
cover images. In [11], the encrypted image was divided into blocks and
1-bit message can be embedded by ﬂipping 3 least signiﬁcant bits of a
group of selected pixels. Then, Zhang et. al. [12] proposed an improved
prediction based method by estimating speciﬁc pixels in advance before
embedding additional data in the estimating errors, which were
encrypted by a speciﬁc encryption scheme. Recently, Li and Li [13]
proposed a histogram shifting based method to expand the image
histogram by applying homomorphic multiplication with public key
cryptosystem and to conduct histogram shifting by using the homomorphic addition in the encrypted domain.
To increase the embedding capacity further and to improve the
visual quality of stego images, the dual-image RDH scheme was
proposed to generate two similar stego images after embedding the
secret data into the same cover image twice with diﬀerent modiﬁcation
strategies. By doing so, the diﬀerences between the two stego images
can be used as auxiliary information to restore the original image. The
capacity of dual-image RDH methods is much greater than PEE-based
RDH methods, and the capacity is determined merely by the size of
image rather than the content of each image. In addition, from a
security perspective, other than single-image RDH methods, attackers
cannot extract the exact message unless they obtain the dual images
simultaneously. Above all, dual-image RDH scheme can be applied in
the circumstances with the demand of greater embedding performance
and higher security.
The existing dual-image RDH methods can be grouped into two
categories. The ﬁrst is methods that are motivated mainly by existing
single-image steganography or RDH methods and that impose their
characteristic from irreversible to reversible by using a speciﬁed shift
strategy. The second is the methods that use the original design, and
the design of these methods dedicated to dual-image RDH applications.
For steganography-motivated methods, inspired by the EMD
modulus function that was presented originally by [1], Chang et al.
[14] were the ﬁrst to propose a dual-image RDH scheme to reversibly
embed a secret message into dual images. First, a 256×256 modulus
matrix was established before converting each 2-bit binary message
into a quinary digit. Then, each two digits were grouped as a set with
corresponding positions in the left and right diagonals of modulus
matrix that ﬁnally were speciﬁed as the values of the dual-pixel. In [15],
the modulus matrix-based method was improved by replacing the
horizontal and vertical directions for the left and right diagonals, so the
maximum distortion of each pixel is limited to 1. To further increase
the embedding capacity, Chang et al. [16] continued to improve the
method by converting the binary message into decimal digits, allowing
the marked pixels to be determined according to the right diagonal in
the pre-established modulus matrix. In [17], Qin et al. proposed an
asymmetric dual-image RDH method in which the ﬁrst stego image
was generated by a conventional EMD method, and the second stego
image was generated by a three-rule analysis of the ﬁrst stego image.
Therefore, the distortion of the second stego image obviously is greater
than that of the ﬁrst image. Lu et al. [18] ﬁrst embedded a secret
message into a cover image to generate two temporary stego images by
using the conventional LSB-matching method, and then the reversibility of each pixel was identiﬁed. The reversible pixels were kept
unchanged, and the irreversible pixels were shifted, following a welldesigned rule table. Recently, Jafar et. al. [19] proposed a prediction
based method to embed message into dual-image for two phases. First,
the dual-image was embedded by one bit in each pixel simultaneously
following a speciﬁc rule. Then, more bits were embedded into each

2. Comments on Lu et al.’s method [22]
In this section, Lu et al.’s method [22] is introduced in Subsection
2.1, and the potential improvements in their method are explored in
Subsection 2.2.

2.1. Lu et al.’s method [22]
Recently, Lu et al. [22] proposed a dual-image, reversible datahiding algorithm based on the center-folding strategy, and their
algorithm represents the state-of-the-art technique for dual-image
RDH applications. Assume that xi is a pixel in the cover image X.
First, an integer parameter, k, which was greater than or equal to 2, was
set to control the embedding capacity, and k binary secret bits, denoted
by {m1, …, mk}, were collected as a set and converted into a decimal
value, d, which ranged from 0 to 2k−1. To reduce the distortion caused
by large values of d, it was converted to a smaller value, denoted by d ,
by using the center folding strategy:

d = d − 2k−1.

(1)

Then,d , that was within the range of [−2k−1, 2k−1−1], was
embedded into xi to generate a pair of stego pixels by the following
averaging operation:
27
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Fig. 1. Diagram of embedding procedures of Lu et al.’s method [22].

⎧ xi ′ = xi + ⌊d /2⌋,
⎨
⎩ xi ′′ = xi − ⌈d /2⌉,

x"

2xi
2xi-1

(2)

where xi' and xi" are marked dual pixels, ⌊·⌋ and ⌈·⌉ indicate ﬂoor and
ceiling functions, respectively. In addition, if an original pixel xi is
smaller than 2k−2 or larger than 255-2k−2, its marked pixels may
exceed the bounds of 0 or 255. To avoid this underﬂow/overﬂow
problem, when any x is within the range of [0, 2k−2) or (255-2k−2,
255], its value will remain constant. The diagram of the embedding
procedures proposed in [22] is shown in Fig. 1. For example, assume
that k=3, xi =45, and {m1, m2, m3}={110}2. First, convert {110}2 into
its decimal value, 6. Then, according to Eq. (1), the number 6 is centerfolded to 2, and, therefore, according to Eq. (2), the stego pixels {xi',
xi"} are shifted from 45 to {46, 44}.
To restore the cover image, the original pixels can be restored by
averaging the marked pixels:

xi = ⌈(xi ′ + xi ′′)/2⌉.

(xi-1,xi)
(xi,xi-1)

(0,0)

(4)

2.2. Potential improvements in Lu et al.’s method [22]
Now, we analyze the eﬃciency of Lu et al.’s method [22] from a
diﬀerent perspective. First, consider the demand of reversibility, saying
that given a pair of stego pixels, xi' and xi", the original pixel xi can be
restored without any distortion. It is apparent that the key formula in
Lu et al.’s method [22] used to recover the cover pixel is Eq. (3), where
xi is recovered by a ceiling operation after averaging xi' and xi".
Deduced from Eq. (3), for a given original pixel, xi, the relationship
between xi' and xi" is constrained by:
(5)

or

xi ′′ = −xi ′ + 2xi − 1.

2xi-1 2xi

x'

Fig. 2, with the horizontal and vertical axes representing all possible
values of xi' and xi", respectively. A red solid line and a blue dashed line
are depicted to represent Eqs. (5) and (6), respectively, and the
coordinates on both lines, for example, (xi, xi), (xi −1, xi), and (xi, xi
−1), are depicted by gray squares. The entire gray region, which is
deﬁned as the xi-region here, can be regarded as a region that is
designated solely to recover the value of xi correctly; in other words,
other coordinates that do not obey the constraints of Eqs. (5) and (6)
will be inaccurately restored as other values, such as xi −1, xi +1.
Next, for controlling the distortion of the pixels between the
unaltered coordinate (xi, xi) and the other coordinates included in
the xi-region, the coordinates in the xi-region that are as close as
possible to (xi, xi) are selected as marked dual-pixels with a predesignated order. For example, when k is set at 2 in Lu et al.’s method
[22], binary message sets, e.g., {00}2, {01}2, {10}2, and {11}2, are all
possible sets for embedding, and, according to Eqs. (1) and (2), their
corresponding marked dual-pixel coordinates are shifted from (xi, xi)
to (xi−1, xi+1), (xi−1, xi), (xi, xi), and (xi, xi−1), respectively. Fig. 3
shows an enlarged view of the green dashed dotted window in Fig. 2 in
which the aforementioned coordinates are denoted by positions #4, #2,
#1, and #3, respectively. One can easily count that the distortions,
which are scaled by the mean square error (MSE) between #1 and {#1,
#2, #3, #4}, are (02+02), (12+02), (02+12), and (12+12), respectively.
For the message of {00}2, note that the coordinate for the marked pixelpair is shifted mandatorily to position #4 according to [22], and the
MSE for this shift is 2. However, actually, position #5, i.e., the
coordinate (xi+1, xi −1), is an alternative option for embedding
messages with the same distortion as #4. Thus, no eﬀect on the total

Finally, original binary bits can be restored through a decimal-tobinary conversion of d. By using the center-folding strategy, the
performance of [22] outperforms other existing methods in terms of
both embedding capacity and image quality. Note that the maximum
distortion of each pixel in [22] is 2k−2, e.g., for k=2, the maximum
distortion is 1, and for k=3, it is 2.

xi ′′ = −xi ′ + 2xi ,

xi

Fig. 2. Two-dimensional Cartesian coordinate system to describe the constraint between
xi' and xi" for a given xi. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

(3)

Also to extract the message, the folded d can be extracted by
subtracting xi" from xi', and the unfolded decimal message d can be
restored as:

d = d + 2k −1 = (xi ′ − xi ′′) + 2k −1.

(xi-1,xi+1)
(xi,xi)
k=2

xi

(6)

Note that, due to the ceiling function used in (3), xi" always has two
possible values for a ﬁxed xi'. Now, for ease of comprehension, a twodimensional Cartesian coordinate system is established, as shown in
28
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message bits

#4

control the balance between capacity and distortion. However, due to
the restriction that k cannot be set at 1, the embedding eﬃciency has
not yet been deﬁnitely optimized in the circumstance with low
distortion demand. Thus, another potential improvement in [22] is
that k can be extended to 1 to achieve a lower distortion under the
demand of low embedding rate.

00

(xi-1,xi+1)

#2

#1

(xi-1,xi)

(xi, xi)

#3

01

10
11

#5

(xi,xi-1) (xi+1,xi-1)

3. Proposed method

unused

In this section, we propose a dual-image RDH scheme to improve
the embedding capacity of Lu et al.’s method [22] by an elaborative
optimization of the shift strategy of the marked dual-pixel. In addition
to higher capacity, the parameter k can be set at 1, and the range of
applications is extended further.
For a given cover pixel xi and prior set parameter k, which is greater
than or equal to 1, the embedding procedures are interpreted in the
following three steps:

Fig. 3. Diagram of the shift strategy of marked dual-pixel pairs from Lu. et al.’s method
[22] for k=2.

message bits

#8

000

(xi-2,xi+2)

#6

001
010
011
100
101
110

#4

(xi-2,xi+1) (xi-1,xi+1)

#2

#1

(xi-1,xi)

(xi, xi)

#3

#5

(xi,xi-1) (xi+1,xi-1)

#7

Step 1: The k amount of binary message {m1, m2, …, mk} is
collected and converted to decimal value d.
Step 2: If d is equal to 2k−1, i.e., the maximum of d, an extra bit
message is added to improve the capacity, and d is updated as:

d = d + mk+1,

111

#9

(xi+1,xi-2) (xi+2,xi-2)

(7)

where mk+1 is the extra binary message next to mk. Like most of
existing data hiding methods, the to-be-embedded binary message is
generated by a random seed in the proposed method. Thus, for
randomly generated message, apparently the possibility of d achieving
2k−1 is 1/2k and that of the extra bit mk+1 being 1 or 0 is 1/2 equally.

unused

Fig. 4. Diagram of the shift strategy of marked dual-pixel pairs from Lu. et. al.’s method
[22] for k=3.

distortions occurs, irrespective of whether the marked pixel-pair is
shifted from #1 to #4 or to #5. In addition, the shift scheme for
coordinates from [22] in the case of k=3 is shown in Fig. 4, which
shows a similar status for the message of {000}2, with position #8 being
speciﬁed as the marked pixel-pair coordinate, while position #9,
another suitable position, is not used.
To this point, we have demonstrated one potential improvement in
Lu et al.’s method [22] due to the unused position #5 in Fig. 3 and the
unused position #9 in Fig. 4, both of which can be selected as a
replacement for positon #4 in Fig. 3 and position #8 in Fig. 4,
respectively. Based on this observation, an improved dual-image
RDH method is introduced in Section 3 by embedding more information into the unused positions to avoid this under-utilization. On the
other hand, it should be noted that k in [22], which is set as an integer
greater than or equal to 2, is a signiﬁcant parameter to adaptively

Step 3: Embed d into the cover pixel by modifying the original cover
pixel xi to a dual-pixel pair {xi', xi"}. After a parity identiﬁcation of d,
{xi', xi"} is determined by:
Case 1: d is an even number,

⎧ xi ′ = xi + ⌊d /4⌋,
⎨
⎩ xi ′′ = xi ′ − (d /2),

(8)

and Case 2: d is an odd number,

⎧ xi ′ = xi − ⌈d /4⌉,
⎨
⎩ xi ′′ = xi ′ + ⌈d /2⌉.

(9)

By doing so, one more bit can be embedded when the original d
equals 2k−1, i.e., m1=m2=…= mk=1, which is not the case for Lu et al.’s
method [12]. In addition, considering the problem of underﬂow/

Fig. 5. Diagram of embedding procedures of the proposed method.
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message extra
bits
bit

#4

0

11

(xi-1,xi+1)

#2

#1

(xi-1,xi)

(xi, xi)

#3

possibilities of 25%, 25%, 25%, 12.5% and 12.5%, respectively. Then
their corresponding decimal values d are 0, 1, 2, 3 and 4, respectively.
By using the proposed shift strategy according to Eqs. (8) and (9),
observed from Table 1, their corresponding distortions during the
embedding procedure are 0, 1, 1, 2 and 2, respectively, and thus the
average distortion for each embedding is 0×25%+2×1×25%
+2×2×12.5%=1. By contrast, if d is embedded according to Eqs. (1)
and (2), their corresponding distortions are changed to 2, 1, 0, 1 and 2,
respectively. Therefore, the average distortion for straightly using Lu
et. al.’s strategy is 0×25%+1×(25%+12.5%)+2×(25%+12.5%)=1.125,
which is worse than that of the proposed strategy.
For a given marked dual-pixel, i.e., {xi', xi"}, the processes of
extracting data and restoring the cover pixels are as follows:

01
00
10
11

#5

(xi,xi-1) (xi+1,xi-1)

1

Fig. 6. Diagram of the shift strategy of the marked dual-pixel of the proposed method for
k=2.

overﬂow, if an original xi is in the range of [0, 2k−2) or (255-2k−2,
255], its corresponding marked pixel-pair {xi', xi"} will remain unchanged as {xi, xi}. Fig. 5 illustrates the diagram of the embedding
procedures of the proposed method.
For example, if we let k be 2, Fig. 6 shows a diagram of the
embedding strategy. This diagram shows that, for the case of {m1, m2}
={11}2, one more bit can be embedded by alternatively shifting the
marked coordinate to positon #4 or position #5. In contrast to Fig. 3,
positions #1, #2, and # 3 in our method are distributed equally to hide
information, and both positions #4 and #5 are used with half the
probability of position #1. However, for [22], positions #1, #2, #3, and
#4 are distributed equally, and position #5 is unused. For example,
assuming that xi=45, {m1, m2}={11}2, and the extra message bit m3
={1}2, since d is equal to 3=2k−1, and d is updated to 3+1=4, according
to Eq. (7). Then, d is identiﬁed as an even number, and {xi', xi"} is
determined to be {46, 44} according to Eq. (8). For another example,
suppose other circumstances remain the same except for m3={0}2,
then, {xi', xi"} will be shifted to {44, 46}. To provide a clearer
comparison of the two approaches, Table 1 lists the pixel shift strategy
table of the proposed method and that of Lu et al.’s method [22], where
k is set at 2 or 3. Due to the consideration of the under-utilization in xiregion, compared with [22], the capacity of our method will be
increased by (1/k)×(1/2k). Thus, for k=2, the capacity using our
method can increased by 12.5%. Another merit of the proposed method
is that k can be set at 1, and thus a higher visual quality can be achieved
with a relatively low capacity requirement. Note that, during step 3, we
do not straightly employ center folding strategy and averaging embedding strategy as listed in Eqs. (1) and (2), respectively. Take k=2 for
example to describe the reason why the center folding strategy is not
applied in the proposed method, with the assumption that the to-beembedded message follows random distribution, the possible binary
message groups are {00}2, {01}2, {10}2, {110}2, {111}2 with the

Step 1: Obtain k by

k = Max( x′ − x″ )/2 − 1,

where {x', x"}is each of all possible pixel-pairs in the stego dual-image,
and Max (·) is the maximum function.
Step 2: Identify the underﬂow/overﬂow pixels. For xi' = xi", and
both of them within the range of [0, 2k−2) or (255-2k−2, 255], there
is no message embedded into {xi', xi"}, and the original pixel is
recovered by xi = xi'.
Step 3: For the other {xi', xi"}, restore xi by:

xi = ⌈(xi ′ + xi ′′)/2⌉.

d = 2 xi ′ − xi ′′ +

k=2

k=3

xi'

xi"

Message

xi'

xi"

00
01
10
110
111

xi
xi−1
xi
xi−1
xi+1

xi
xi
xi−1
xi+1
xi−1

00
01
10
11

xi−1
xi−1
xi
xi

xi+1
xi
xi
xi−1

000
001
010
011
100
101
110
1110
1111

xi
xi−1
xi
xi−1
xi+1
xi−2
xi+1
xi−2
xi+2

xi
xi
xi−1
xi+1
xi−1
xi+1
xi−2
xi+2
xi−2

000
001
010
011
100
101
110
111

xi−2
xi−2
xi−1
xi−1
xi
xi
xi+1
xi+1

xi+2
xi+1
xi+1
xi
xi
xi−1
xi−1
xi−2

1
1
Sgn(xi ′ − xi ′′) − ,
2
2

(12)

where Sgn (·) is a function that returns 1 for numbers greater than or
equal to 0, and −1 for negative numbers.
Step 5: Extract the secret binary message by considering the
following three cases concerning the value of d:
Case 1. d is smaller than 2k−1. The binary message {m1, m2, …, mk }
is extracted directly by a binary conversion of d.
Case 2. d is equal to 2k−1. First, message {m1, m2, …, mk} is converted
as Case 1, and then an extra bit mk+1 is extracted as 0.
Case 3. d is equal to 2k. First, message {m1, m2, …, mk } is converted
by a binary conversion of (d−1), and then an extra bit mk+1 is
extracted as 1.
Thus far, the embedded message bits {m1, m2, …, mk } in Case 1 or
{m1, m2, …, mk, mk+1} in Case 2 or Case 3 have been extracted and
original cover pixel has been restored from stego pixel-pair without any
distortion. To make a tradeoﬀ between stego image visual quality and
embedding capacity, k is suggested to be set at 1, 2 or 3.

Lu et al.’s method [22]

Message

(11)

Step 4: Restore the converted decimal message d by:

Table 1
Comparisons of shift strategy table of our method and Lu et. al.’s method [22].
Our method

(10)

4. Experimental results
Actually, in contrast with conventional single-image RDH methods,
the embedding performance of dual-image RDH methods are essentially unaﬀected by the content of the images. Therefore, to demonstrate the eﬃciency of the proposed method, six 512×512 sized
standard gray-scale images, i.e., Lena, Baboon, Peppers,
Barbara, Boat, and Goldhill, shown in Fig. 7, and 1338
512×384(or 384×512) sized uncompressed color images, downloaded
from UCID database (http://homepages.lboro.ac.uk/~cogs/datasets/
ucid/ucid.html) were used in our experiments. The similarity between
the original cover image and the stego image was evaluated by the peak
30
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Lena

Baboon

Peppers

Barbara

Boat
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Fig. 7. Six standard test images with sizes of 512×512.

embedding rate. For k=3 in our method, the embedding rate and
average PSNR were 1.56 bpp and 46.37 dB, respectively, with the
former being 0.03 bpp and the latter being 6.47 dB greater than [16].
In addition, the embedding rate of our method was 0.06 bpp greater
than [22] in the case of k=3. It should be noted that the embedding rate
and average PSNR of [19] were 1.24 bpp and 48.71 dB, respectively,
and its corresponding embedding performance fell between k=2 and
k=3 of the proposed method. However, the embedding strategy was
ﬁxed in [19], and then its performance in the low embedding rate
occasions was not fully optimized.
To further evaluate the embedding eﬃciency of our method, Fig. 8
presents the embedding rate (bpp) and the average PSNR (dB) of two
stego images for k=1, 2, 3. In addition to our performances, since the
proposed method was motivated by [22], the corresponding embedding
performances of [22] are appended in Fig. 8 as well for comparison, in
which k was set as 2 and 3. Observed from Fig. 8, the maximum
embedding rates of our method for k=1, 2 and 3 achieved 0.75 bpp,
1.12 bpp and 1.56 bpp, respectively. While for [22], its maximum
embedding rates were 1.00 bpp and 1.50 bpp for k=2 and 3, respectively. It can be seen that our results apparently outperformed [22] on
all test images for k=2, and were slightly superior to [22] for k=3.
Moreover, owing to the fact that k can be set at 1 in our method, a
greater value of PSNR can be achieved by setting k at 1 in the
circumstance of low-capacity requirement.
To further demonstrate that the proposed method was not only
eﬀective on standard test images but also routine applications, 1338
UCID color images were tested with respect to embedding capacity,
embedding distortion and execution time, respectively. For ease of
comparison, all color images were ﬁrst converted to gray images. Fig. 9
presents the comparison of embedding capacity of each image in unit of
bpp between the proposed method (k was set at 1, 2 and 3) and Lu et.
al.’s method [22] (k was set at 2 and 3). It can be seen that similar to
what is shown in Table 2, when k=2, the capacity of the proposed was

signal of noise ratio (PSNR), deﬁned as

PSNR = 10 log10

2552
1
H×W

H×W

∑i =1 (x′i − xi )2

(dB),
(13)

where, the denominator in the right side of the equation stands for the
mean squared error (MSE) of each image pair, and xi' and xi denote the
two pixels from the H×W sized stego and original images, respectively.
Obviously, the higher PSNR indicates the lower distortion and better
image quality. The embedding capacity is deﬁned as the maximum
payload of the dual stego images, and the embedding rate in unit of
bpp, denoted by R, is deﬁned as

R=

C
(bpp ),
2×H×W

(14)

where, C is the total payload.
Table 2 lists the embedding performance for the six standard test
images of our method and other existing methods proposed by Chang
et al. [15], Chang et al. [16], Qin et al. [17], Lu et al. [18], Jafar et. al.
[19], Lee et al. [20], Lee and Huang [21], and Lu et al. [22]. Note that
the values of the parameter k in [22] and in our method were set as 2, 3
and 1, 2, 3, respectively. To evaluate the embedding eﬃciency of each
method, the PSNR of each stego image, the embedding capacity and the
embedding rate are listed in Table 2, in which PSNR(1), PSNR(2), and
PSNR* denote the PSNRs of the ﬁrst and second stego images and their
average, respectively. Table 2 indicates that the embedding performance of our method outperformed the other methods. Speciﬁcally, for
k=1 in our method, with an embedding rate of 0.75 bpp, the average
PSNR of the proposed method can achieve approximately 54.16 dB,
which was 1.77 dB greater than the method of [20]. For k=2 in our
method, the embedding rate increased to around 1.12 bpp, which was
0.12 bpp greater than Lu et al.’s method [22] with the same average
PSNR of 51.14 dB. In addition, our method performed better than the
methods of [15,17,18,21], whether in terms of average PSNR or
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Table 2
Comparison of the proposed method with other methods in terms of PSNR (dB), capacity (bit) and embedding rate (bpp) of each stego image.
Method

Measure

Lena

Baboon

Peppers

Barbara

Boat

Goldhill

Chang et al. [15]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

48.13
48.14
48.14
524,288
1.00

48.14
48.13
48.14
524,288
1.00

48.11
48.14
48.13
524,288
1.00

48.14
48.11
48.13
524,288
1.00

48.13
48.12
48.13
524,288
1.00

48.13
48.15
48.14
524,288
1.00

Chang et al. [16]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

39.89
39.89
39.89
802,895
1.53

39.91
39.91
39.91
802,524
1.53

39.94
39.94
39.94
799,684
1.53

39.89
39.89
39.89
802,888
1.53

39.89
39.89
39.89
802,716
1.53

39.90
39.90
39.90
802,698
1.53

Qin et al. [17]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

52.11
41.58
46. 85
557,052
1.06

52.04
41.56
46.80
557,096
1.06

51.25
41.52
46.39
557,245
1.06

52.12
41.58
46.85
557,339
1.06

52.11
41.57
46.84
557,194
1.06

52.12
41.58
46.85
557,194
1.06

Lu et al. [18]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

49.20
49.21
49.21
524,288
1.00

49.21
49.20
49.21
524,204
1.00

49.19
49.21
49.20
524,192
1.00

49.22
49.20
49.21
524,288
1.00

49.20
49.21
49.21
524,284
1.00

49.23
49.18
49.21
524,288
1.00

Jafar et al. [19]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

48.70
48.71
48.71
650,369
1.24

48.71
48.71
48.71
650,799
1.24

48.71
48.71
48.71
627,637
1.19

48.70
48.71
48.71
650,781
1.24

48.70
48.71
48.71
651,093
1.24

48.72
48.71
48.72
650,726
1.24

Lee et al. [20]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

52.39
52.39
52.39
393,276
0.75

52.39
52.39
52.39
393,212
0.75

52.39
52.39
52.39
393,490
0.75

52.39
52.39
52.39
393,270
0.75

52.39
52.39
52.39
593,040
0.75

52.39
52.39
52.39
393,078
0.75

Lee & Huang [21]

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

49. 63
49. 63
49. 63
560,801
1.07

49.61
49.63
49.62
560,686
1.07

49.64
49.63
49.64
560,572
1.07

49.62
49.63
49.63
561,223
1.07

49.63
49.63
49.63
561,255
1.07

49.63
49.62
49.63
560,740
1.07

Lu et al. [22] (k=2)

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

51.13
51.15
51.14
524,288
1.00

51.12
51.16
51.14
524,210
1.00

51.15
51.14
51.15
524,240
1.00

51.14
51.14
51.14
524,288
1.00

51.15
51.14
51.15
524,286
1.00

51.13
51.15
51.14
524,288
1.00

Lu et al. [22] (k=3)

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

46.37
46.36
46.37
786,432
1.50

46.39
46.37
46.38
786,258
1.50

46.37
46.37
46.37
785,670
1.50

46.37
46.38
46.38
786,432
1.50

46.37
46.38
46.38
786,429
1.50

46.35
46.37
46.36
786,432
1.50

Proposed (k=1)

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

54.15
54.16
54.16
393,099
0.75

54.16
54.14
54.15
393,235
0.75

54.18
54.15
54.17
392,785
0.75

54.17
54.15
54.16
392,918
0.75

54.15
54.12
54.14
393,673
0.75

54.15
54.16
54.16
393,210
0.75

Proposed (k=2)

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

51.14
51.14
51.14
589,659
1.12

51.14
51.15
51.15
589,394
1.12

51.15
51.14
51.15
589,570
1.12

51.15
51.13
51.14
589,819
1.13

51.14
51.13
51.14
589,969
1.13

51.14
51.14
51.14
589,709
1.12

Proposed (k=3)

PSNR(1) (dB)
PSNR(2) (dB)
PSNR* (dB)
capacity (bit)
embedding rate (bpp)

46.37
46.36
46.37
819,356
1.56

46.36
46.37
46.37
819,080
1.56

46.38
46.38
46.38
818,342
1.56

46.38
46.38
46.38
819,156
1.56

46.37
46.37
46.37
819,036
1.56

46.37
46.37
46.37
819,269
1.56
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Fig. 8. Comparison of embedding rate and average PSNR between the proposed method and Lu et al.’s method [22].

distortion rule, the smallest integer, i.e., k=1, was selected as the
optimal parameter during the embedding procedure. Observed from
Fig. 10, the average PSNRs of the proposed method for the embedding
rates of 0.5 bpp and 1.0 bpp were 55.90 dB and 51.54 dB, respectively,
with the average gains of 1.75 dB and 3.13 dB, respectively, over Lu et.
al.’s method [22].
For evaluating the execution time of the proposed method, 1338
converted gray UCID image were experimented on again for counting
the execution time. All the experiments were implemented through
Matlab R2016a, and tested on a personal PC with i5–4300 M 2.6 GHz
CPU and 12 GB memory. Fig. 11 presents the comparison of the

averagely 0.12 bpp higher than [22], and when k=3, that was 0.06 bpp
higher than [22]. Note that the ﬂuctuation of capacities for diﬀerent
images is due to the inﬂuence of underﬂow/overﬂow. Fig. 10 shows the
comparison of PSNR of each dual image pair with two speciﬁed
embedding rates of 0.5 and 1.0 bpp, respectively. In our experiments,
the parameter k for each image was determined by selecting the least
alternative value according to the minimum distortion rule. For
example, to fulﬁll the embedding rate of 0.5 bpp, except for some
extremely underﬂow/overﬂow images, k can be set at any integer that
is larger than or equal to 1 in the proposed method. Since the distortion
will grow with the increase of k, thus, following the minimum
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Fig. 9. Comparison of embedding capacity between the proposed method and Lu et al.’s method [22] using UCID images.

Fig. 10. Comparison of average PSNR for the speciﬁed embedding rates of 0.5 bpp and 1.0 bpp between the proposed method and Lu et al.’s method [22] using UCID images.

sorted during the embedding procedure according to the distortion
between the original pixel and the shifted stego pixels. Then, an
appropriate value of the parameter k is set to make a tradeoﬀ between
embedding rate and image quality, and the ﬁnal stego pixels are
determined by an optimal selection of shiftable pixel-coordinates with
minimum distortion. Compared with the method based on center
folding [22], the capacity of our method can be increased by 1/(k×2k)
through selecting more pixel-coordinates without involving additional
distortion. Speciﬁcally, for k=2 and 3, the capacity can be increased by
12.5% and 4.2%, respectively. As a result, the experimental results
showed that the embedding rate of our method performed better than
the method based on center folding. However, it should be noted that
the proposed method has approximately the same performance as [22]
with the increase of the parameter k. Therefore, how to further improve
the embedding performance in the demand of higher embedding rate
will be our future work.

execution time between the proposed method (k was set at 1, 2, 3,
respectively) and [22] (k was set at 2, 3, respectively). The average
execution time of the proposed for k=1, 2, 3 were 0.15 s, 0.24 s and
0.30 s, respectively. In addition, a performance comparison of embedding rate and average execution time is also shown in Fig. 12. It can be
seen from Fig. 11 and Fig. 12 that the execution time of the proposed
method is slightly higher than [22] when k=3 for the same embedding
rate. That is due to the additional operation of parity identiﬁcation
during Step 3 of the proposed method. However, on the whole, the
proposed method and [22] both had satisfactory performance on
computational eﬃciency with the average execution time for each
image being less than 0.4 s, which was fast enough for dealing with
large amount of data in the cloud.
5. Conclusions
In this paper, we proposed an improved, dual-image, reversible
data hiding method by using the strategy of selection of shiftable pixels'
coordinates with minimum distortion. First, considering the requirement of reversibility, all shiftable pixel-coordinates are ascendingly
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Fig. 11. Comparison of execution time between the proposed method and Lu et al.’s method [22] using UCID images.
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