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Abstract
Image security is becoming more and more important in recently years. To improve the
efficiency and security, this paper defines the concepts of the superpixel and super image,
and proposes a multiple-image encryption (MIE) algorithm based on the bit plane and
superpixel. The superpixel is an integer formed by connecting the binary values of
multiple pixels head to tail and then converting them into a decimal number. The
proposed algorithm adopts the classical scrambling-diffusion structure. At the scrambling
stage, our algorithm uses the scrambling operation among bit planes and the extended
Zigzag transformation in the bit plane. At the diffusion stage, our algorithm performs the
exclusive OR operation on the scrambled super image. Different from other MIE
algorithms, our algorithm can encrypt multiple images with the workload of processing
one image. The experiments and comparative analysis, i.e., the results such as key space,
differential attack, etc., show that the proposed algorithm has excellent encryption
efficiency and high security.
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1 Introduction

With the rapid development of digital technology and the wide use of multimedia acquisition
tools, the image, video, audio and other multimedia data become the main carriers of
information dissemination, which play an irreplaceable role in many applications. A large
number of images and videos are transmitted in Internet. In our daily life, the image is the
commonly used multimedia. For example, some scholars use images for information retrieval
[7, 17, 18, 20]. The security incidents, such as information leakage, content tampering and
content forgery emerge one after another. Scholars have studied the technologies of image
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watermarking, image steganography, image encryption, etc., to protect the image security. The
technology of image watermarking is an essential tool for protecting the multimedia copyright.
The watermark, imperceptible information such as ownership identities, serial numbers, and
secret words, is embedded into the host signal, and it could be extracted later at the decoder
side for the proof of the ownership or other applications [35, 36, 38, 42, 47, 48]. Image
steganography and image encryption are technologies to protect the security of image content.
The technology of image steganography is embedding the secret data in another innocuous
data/object in such a way that only the sender and intended recipient are aware of the secret
existence [2, 15, 19]. However, this technology hides a limited capacity. The technology of
image encryption is converting the original image into a noise-like image by the scrambling or
diffusion operations.

The digital image has the inherent characteristics of large data capacity, strong correlation
between pixels and high redundancy. It is inefficient to encrypt images with the traditional
encryption algorithms, such as Data Encryption Standard (DES), Advanced Encryption
Standard (AES), International Data Encryption Algorithm (IDEA) and RSA [14]. The reason
why chaotic image encryption has become so popular is that chaotic systems have some
characteristics that are very suitable for image encryption, such as extreme sensitivity to initial
values, unpredictability, pseudorandomness, and ergodicity [6, 22, 49]. Since 1989, Matthews
proposed that chaotic systems can be used in cryptography [24]. Since then, many scholars
have devoted themselves to the research of encryption schemes based on the chaotic system.
After decades of development, various excellent image encryption schemes based on the
chaotic system have been proposed in recent years [21, 26, 28]. Most of encryption algorithms
follow the scramble-diffusion architecture. In the scrambling process, pixels are shuffled from
their positions. Thus, the visual perception of the original image gets changed. Chaotic maps
such as Arnold Cat map, Logistic map, and Hénon map are some scrambling techniques [8,
32, 39]. In the diffusion process, the intensity values of the pixels are changed. Mostly chaotic
maps and some operations like the addition, subtraction, and exclusive OR (XOR) are used
to diffuse the original image to remove its statistical information [1]. With the continuous
expansion of image data, traditional single-image encryption (SIE) algorithms are difficult
to meet the requirements of security and efficiency in practical applications. The multiple-
image encryption (MIE) algorithm has gradually attracted researchers’ attention. The main
difference between the MIE algorithm and SIE algorithm is that the MIE algorithm makes
full use of the characteristics of multiple-image data and encrypts multiple images in batch
at the same time. MIE algorithms have greatly improved the efficiency and security of
simultaneous transmission for multiple images. Some scholars have proposed many MIE
algorithms [3, 4, 10, 16, 23]. For example, Chen et al. proposed an MIE algorithm based on
DNA coding [5]. This algorithm has high security, but due to the DNA encoding and
decoding operations, its encryption efficiency can be further improved. Song et al. pro-
posed an MIE algorithm based on the cascaded fractional Fourier transform [13]. This
algorithm is designed in the transform domain, and combined with the compression
technology. However, the decrypted image has obvious distortion. Tang et al. proposed
an MIE algorithm based on bit planes and chaotic images [34]. This algorithm has a good
encryption effect, but it can only encrypt 4 images at once. Zhang et al. proposed two MIE
algorithms based on mixed image elements [43, 44]. These two algorithms have high
security and efficiency. However, when the size of the mixed image elements is large, they
have the blocking effect to a certain extent. In total, the current MIE algorithms exist some
drawbacks, such as the low efficiency and weak security.
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To improve encryption efficiency and security and increase encryption capacity, this paper
proposes an MIE algorithm based on the bit plane and superpixel. The main contributions are
listed as follows: (1) To reduce the amount of encrypted data, we define the concepts of super
image and superpixel by connecting the binary values of multiple pixels head to tail; (2) This
paper designs a new MIE algorithm based on the bit plane and superpixel, which encrypts
plain images with the unit of superpixels, not the commonly used 8-bit pixels; (3) Experiments
and comparative analyses, show that our algorithm is feasible, secure and efficient.

The rest of the paper are organized as follows. Theoretical principles related to the newMIE
algorithm are given in Section 2. Section 3 proposes the new MIE algorithm. Experiments are
carried out in Section 4. Section 5 evaluates the performance of the proposed algorithm.
Finally, Section 6 draws the conclusions of the whole paper.

2 Theoretical principles

2.1 Sine-tent system

The chaotic system used in this paper is the Sine-Tent piecewise chaotic System (STS)
proposed in Ref. [50]. Its mathematical model is shown in Eq. (1).

xiþ1 ¼
4−μ
4

� sin πxið Þ þ μ
2
� xi xi < 0:5

4−μ
4

� sin πxið Þ þ μ
2
� 1−xið Þ xi≥0:5

8><
>: ð1Þ

where μ is the control parameter. When μ ∈ [0, 4], this system is in a chaotic state. Figure 1 is
the phase diagram of the STS (the initial vale: x0 = 0.2147). When the parameter μ is changed
in a large range, the output of the system shows excellent chaos. In addition, in a nonlinear
chaotic system, the Lyapunov Exponent (LE) λ can characterize the speed of convergence or

Fig. 1 Phase diagram of the STS
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divergence of the system trajectory [33]. According to the definition of LE, the LE of the STS
is calculated. When λ > 1, even if the initial conditions of the system change very slightly, the
output will vary greatly with the iteration, and the system shows chaotic characteristics. If a
chaotic system has two LE values and they are greater than 0, this system is a hyperchaotic
system. Figure 2 is the LE spectrum of the STS, and it shows that when the chaotic parameters
are changed, the LE is greater than 0. The STS has a large LE value and an extremely wide
range of chaos. Therefore, the STS can iterate complex chaotic trajectories, and exhibit
extremely strong unpredictability.

2.2 Extended zigzag transformation

The traditional Zigzag transformation is used for the square matrix [37]. The Zigzag
transformation is a procedure to scan the elements of a matrix following the ‘Z’ shape and
store the scanned elements into a one-dimensional (1D) array sequentially. Then, the 1D
array can be rearranged as a two-dimensional (2D) matrix according to specific require-
ments. As shown in Fig. 3, the 4×4 matrix starts from the upper-left corner and ends at the
lower-right corner.

Fig. 2 LE diagram of the STS

Fig. 3 Traditional Zigzag transformation for the 4×5 matrix
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Therefore, we can extend the traditional Zigzag transformation to the rectangle with
arbitrary dimensions. Meanwhile, the extended Zigzag transformation used in this paper can
be started from four different corners, i.e., the top-left, top-right, bottom-left or bottom-right
corners, and ended at the opposite corners. Compared with the traditional Zigzag transforma-
tion, the extended Zigzag transformation has better scrambling effect, as shown in Fig. 4.

2.3 Hash algorithm

Secure Hash Algorithm 2 (SHA-2) is a set of cryptographic hash functions, issued by the
National Institute of Standards and Technology in 2001, and it is widely used to provide the
security service of integrity. SHA-256, SHA-384 and SHA-512 are named after the original
name by their digest length in bits. SHA-256 is one of the most commonly used hash
functions in SHA-2 family [30]. They have the same functional structure with some
variation in the internal operations, such as the message size, word size, block size, as
shown in Table 1 [51]. SHA-256 algorithm is widely used in the digital signature, message
authentication and other fields because of its high anti-collision ability and irreversibility.
The proposed algorithm uses SHA-256 and external parameters to generate the keys.

Fig. 4 Extended Zigzag transformation for 4×5 matrix

Table 1 Secure hash algorithms

Algorithms Message size Word size Block size Rounds Output size Security bits

SHA-1 <264 32 512 80 160 80
SHA-224 <264 32 512 64 224 112
SHA-256 <264 32 512 64 256 128
SHA-384 <2128 64 1024 80 384 192
SHA-512 <2128 64 1024 80 512 256
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2.4 Bit plane

The pixel value of a gray image is between 0 and 255, which can be converted into an 8-bit
binary number. The bit plane consists of 0 or 1 of the same bit of each 8-bit binary number. Let
a gray image be Im × n. Therefore, each pixel value of Im × n can be represented by 8-bit binary
number. Figure 5 shows the 8 bit planes of Lena.

It can be seen from Fig. 5 that the information of Lena is divided into 8 different bit planes.
The 8th bit plane contains a large quantity of the information, but the main features of Lena are
hardly seen in the 1st bit plane. The information weights of these bit planes can be calculated
by

I ið Þ ¼ 2i−1

255
; i ¼ 1; 2;⋯; 8 ð2Þ

where i represents the ith bit plane. According to the Eq. (2), the information weights of the 8
bit planes are 50.196%, 25.098%, 12.549%, 6.275%, 3.137%, 1.568%, 0.784% and 0.393%,
respectively. For the advantages of the bit-plane decomposition, lots of image encryption
algorithms based on the bitplane have been proposed [9, 29, 46].

2.5 Superpixel

The bit depth of pixels refers to the number of bits expressed by each pixel. It is due to the
number of each pixel colors for the color image, or due to the gray level of each pixel for the
gray image. For example, if each pixel value of a gray image is 0–255, then its pixel depth is 8
bits.

In this sense, the bit depth of pixels is often referred to as the image depth. The more bits
a pixel has, the more colors it can express. Although the pixel depth or image depth can be
very deep in theory, due to the limitations of the device itself and the human eye’s

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 5 8 bit planes of Lena (a) The 8th bit plane (b) The 7th bit plane (c) The 6th bit plane (d) The 5th bit plane
(e) The 4th bit plane (f) The 3rd bit plane (g) The 2nd bit plane (h) The 1st bit plane

19974 Multimedia Tools and Applications (2023) 82:19969–19991



resolution, it is meaningless to pursue the particularly deep bit depth of pixels. Meanwhile,
the deeper the bit depth of pixels is, the more data the image has. On the contrary, if the bit
depth of pixels is too shallow, the image quality will become bad, which looks rough and
unnatural.

In this paper, we define the superpixel value as an integer within [0, 28k − 1], so the bit
depth of the superpixel is 8k bits, where k is a positive integer. Images composed of
superpixels are called super images. Taking four 8-bit pixels 168, 30, 0 and 30 as an example,
the process to generate the superpixel 2,820,538,398 is described in Fig. 6. Firstly, these four
pixels are converted into 8-bit binary numbers, i.e., 1010 0000, 0001 1110, 0000 0000 and
0001 1110, respectively; secondly, connecting these four binary numbers head to tail, the
result is 1010 0000 0001 1110 0000 0000 0001 1110; finally, it is converted into a decimal
number 2820538398, i.e., the superpixel value.

3 Proposed MIE algorithm

3.1 Key generation

256-bit hash value h of the plain images is obtained by the SHA-256 hash function. h is
divided into 8-bit blocks, i.e., k1, k2, ⋯, k32,

h ¼ k1; k2;⋯; k32 ð3Þ

where ki = ki, 1, ki, 2, ⋯, ki, 8 and i = 1, 2, ⋯, 32 denotes the block number.

168
30

0
30

Decimal to
binary

1 0 1 0 1 0 0 0

0 0 0 1 1 1 1 0

0 0 0 0 0 0 0 0

0 0 0 1 1 1 1 0

1 0 1 0 1 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0

Binary to decimal

2820538398

Fig. 6 Generation process of the superpixel
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The initial values x0, y0 and the control parameter μ of the STS can be derived by

x0 ¼ c1 þ k1 ⊕ k2 ⊕⋯⊕ k16
512

y0 ¼ c2 þ k17 ⊕ k18 ⊕⋯⊕ k32
512

μ ¼ c3 þ k1 ⊕ k2 ⊕⋯⊕ k32
256

8>>>>><
>>>>>:

ð4Þ

where c1, c2 ∈ (0, 0.5) and c3 ∈ {0, 1, 2, 3} are the external key parameters.

3.2 Encryption process

For the proposed algorithm, the flowchart of the image encryption process is shown in Fig. 7.
The detailed encryption steps are described as follows.

Step 1: Filling images

Let k plain images be I1, I2,⋯, Ik, whose sizes are m1 × n1, m2 × n2,⋯, mk × nk, respectively.
The plain images are enlarged frommi × ni tom × n, and the enlarged area is filled with the pixel
value “0”, where i = 1, 2,⋯, k, m = max {m1, m2, ⋯, mk} and n = max {n1, n2, ⋯, nk}.
The enlarged images are I

0
1; I

0
2;⋯; I

0
k .

Step 2: Converting image

The pixels of each image are converted into 8-bit binary numbers, and each image can form 8

bit planes. Therefore, 8k bit planes formed from I
0
1; I

0
2;⋯; I

0
k are stored in a three-dimensional

(3D) matrix Pb.

Step 3: Generating chaotic sequences

Plain images

Convert to binary matrice

Zigzag scrambling

Generating the super image

Superpixel diffusion

Encrypted super image

Image 1 Image 2 Image k...

Bit-plane scrambling

Hash value

Sine-Tent system

External keys c1, c2, c3

Keys x1, x2, 

Chaotic sequence X Chaotic sequence Y

Filling image

Chaotic sequence X1 Chaotic sequence Y1

Fig. 7 The flowchart of the image encryption process
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The chaotic sequenceX can be generated by iterating the Eq. (1) 8k times with the initial value x0
and control parameter μ generated in Subsection 3.1. The index sequence W is obtained by
sortingX in descending order. Similarly, the chaotic sequence Y can be generated by iterating the
Eq. (1) mn times with the initial value y0 and control parameter μ generated in Subsection 3.1.

Step 4: Chaotic sequence integralization

The integer chaotic sequences X1, Y1 can be obtained by

X 1 ¼ mod floor X � 1010
� �

; 4
� �þ 1 ð5Þ

Y 1 ¼ mod floor Y � 1010
� �

; 28k
� � ð6Þ

where floor(•) rounds toward negative infinity, and mod(•) is the modulo operation.

Step 5: Scrambling operation among bit planes

Perform the scrambling operation among bit planes on Pb with W by

P
0
b :; :; ið Þ ¼ Pb :; :;W ið Þð Þ; i ¼ 1; 2;⋯; 8k ð7Þ

Step 6: Scrambling operation in the bit plane

Perform the scrambling operation in each bit plane of P
0
b with the extended Zigzag transfor-

mation by

P″
b :; :; ið Þ ¼ zigzag P

0
b :; :; ið Þ; x1 ið Þ

� �
; i ¼ 1; 2;⋯; 8k ð8Þ

where zigzag(•) is the extended Zigzag transformation, and x1(i) ∈ X1 denotes the start corner,
i.e., the top-left, top-right, bottom-left or bottom-right corners.

Step 7: Constituting superpixels

The 2D matrix S with the size of mn × 8k is converted by P″
b. The 8k-bit binary numbers in

each row of S are converted into decimal numbers to obtain a 1D column vector P0 with the
size of mn. Each element of P0 is a superpixel, whose bit depth is 8k bits.

Step 8: Image diffusion

The 1D row vector P1 with the size of mn is converted by P0. The diffusion rule is designed as

C1 ið Þ ¼ P1 ið Þ⊕ Y 1 ið Þ i ¼ 1
C1 ið Þ ¼ P1 ið Þ⊕ Y 1 ið Þ⊕C1 i−1ð Þ i > 1

�
ð9Þ

The final encrypted super image C can be obtained by converting C1 into a 2D matrix with the
size of m × n, whose bit depth is 8k bits.
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3.3 Decryption process

The decryption process is the inverse process of image encryption. For the proposed algorithm,
the flowchart of the image decryption process is shown in Fig. 8. The detailed decryption steps
are described as follows.

Step 1: Generating chaotic sequences

The chaotic sequences X and Y are generated with the keys x1, x2, μ and the STS.

Step 2: Chaotic sequence integralization

The integer chaotic sequences X1, Y1 can be obtained by Eqs. (5) and (6).

Step 3: Image diffusion

The 1D row vector C1 with the size of mn is converted by the final encrypted super image C.
The diffusion rule is designed as,

P1 ið Þ ¼ C1 ið Þ⊕Y 1 ið Þ i ¼ 1
P1 ið Þ ¼ C1 ið Þ⊕Y 1 ið Þ⊕P1 i−1ð Þ i > 1

�
ð10Þ

Step 4: Converting image

A 3D binary matrix P″
b with the size of m × n × 8k is generated by converting P1 into 8k-bit

binary numbers.
Step 5: Scrambling operation in the bit plane.

Decrypted images

Zigzag scrambling

Convert to decimal matrice

Pixel diffusion

Encrypted super image

Image 1 Image 2 Image k...

Bit-plane scrambling

Sine-Tent system

Keys x1, x2, 

Chaotic 

sequence X

Chaotic 

sequence Y

Convert to binary matrice

Chaotic 

sequence Y1

Chaotic 

sequence X1

Fig. 8 The flowchart of the image decryption process
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Perform the scrambling operation in each bit plane of P″
b by

P
0
b :; :; ið Þ ¼ antiZigzag P″

b :; :; ið Þ;X 1 jð Þ� �
; i ¼ 1; 2;⋯; 8k ð11Þ

where antiZigzag(•) is the extended anti-Zigzag transformation.

Step 6: Scrambling operation among bit planes

Perform the scrambling operation among bit planes on P
0
b with W by

Pb :; :; ið Þ ¼ P
0
b :; :;W ið Þð Þ; i ¼ 1; 2;⋯; 8k ð12Þ

where W is the index sequence obtained by sorting X in descending order.

Step 7: Getting plain images

According to the Eq. (13), the enlarged images I
0
1; I

0
2;⋯; I

0
k can be obtained by converting 8

bit planes of Pb into a 2D decimal matrix with the size of m × n.

I
0
1 ¼ bi2de Pb :; :; 1 : 8ð Þð Þ

I
0
2 ¼ bi2de Pb :; :; 9 : 16ð Þð Þ

⋮
I
0
k ¼ bi2de Pb :; :; 8 k−1ð Þ þ 1 : 8kð Þð Þ

8>><
>>:

ð13Þ

Step 8: Cutting images

The plain images I1, I2, ⋯, Ik can be generated by cutting I
0
1; I

0
2;⋯; I

0
k with the sizes of m1 ×

n1, m2 × n2, ⋯, mk × nk, respectively.

4 Experiments

To evaluate the algorithm performance, our algorithm is simulated by both Matlab and Java
programming languages on the PC with Intel(R) Core (TM)i5-7200U CPU @2.50GHz, 12G
running memory and 64-bit Windows 10 system. The simulation softwares are Matlab R2016b
and MyEclipse 2017 CI. The test images are from the USC-SIPI image database (http://sipi.
usc.edu/database) and commonly used standard test images. Four plain images are shown in
Fig. 9, and their sizes are 720×480, 512×512, 720×576 and 480×480, respectively. The hash
value of these four images is h=6c9e97c11e808ba6321649 0bb257db7b2b545
caa63520661f1ba0ab5c2a25d75, and the external keys c1 = 0.1531, c2 = 0.4586, c3 = 3.
Therefore, we can calculate x1 = 0.2574, x2 = 0.6520, μ = 0.3948 by the Eq. (4). The
encrypted image is shown in Fig. 10. The decrypted images are completely the same with the
plain images.

19979Multimedia Tools and Applications (2023) 82:19969–19991
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(a) (b)

(d) (d)

Fig. 9 Four plain images (a) Barbara (b) Lena (d) Goldhill (d) Columbia

Fig. 10 Encrypted image
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5 Algorithm analyses

5.1 Key space analysis

The key space is the collection of all potential keys that can be used in the image encryption
algorithm. An excellent encryption algorithm needs a large key space to resist the exhaustive
attack. Generally speaking, if the key space is greater than 2100, it is an excellent encryption
algorithm. The keys of the proposed algorithm include 256-bit hash value h and external
parameters c1, c2, c3. If the computing precision of the computer is 10−14, then the key space of
our algorithm is about 2256 × 1014 × 2 × 22 ≈ 2352. Table 2 shows that the key space of the

Table 2 Key space analysis

Algorithm Key Space

Propose 2352

Ref. [44] 2190

Ref. [41] 2245

Ref. [11] 2180

(a) (b)

(c) (d)

Fig. 11 Decrypted images with wrong keys (a) Decrypted Babara (b) Decrypted Lena (c) Decrypted Columbia
(d) Decrypted Goldhill
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proposed algorithm is the largest of all the similar algorithms. Therefore, the proposed
algorithm has a large enough key space to resist the brute-force attack.

5.2 Key sensitivity analysis

For a secure encryption system, the keys should be sensitive. A slight change to some keys will
cause the failure of decrypting encrypted images. In our algorithm, the keys consist of the
external parameter c1, c2, c3 and the hash value h of plain images. To test the key sensitivity,
we made c1, c2 add a very small number 10−10 when decrypted encrypted images. Figure 11
shows decrypted images by wrong keys, which are completely different with the plain images.

5.3 Histogram analysis

The histogram can count the pixel distribution of the image and represent its statistical informa-
tion. Generally speaking, an excellent image encryption algorithm needs to completely destroy
the statistical features of plaintext information. To resist the statistical attack, the histograms of
encrypted images should be uniformwithout the statistical information of plain images. Synthesis
of four plain images into a super plain image, the 3D histograms of the plain image and its
corresponding encrypted image are shown in Fig. 12. It can be seen that the histogram of the
encrypted image is uniform and no longer contains any statistical information of plain image.

5.4 Correlation of adjacent pixels

The strong correlation of adjacent pixels is an important feature of digital images. Therefore,
the correlation of adjacent pixels is one of the important criteria to evaluate the performance of
an image encryption algorithm.

The image correlation is defined by

rx;y ¼ E x−E xð Þ½ � y−E yð Þ½ �f gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D xð ÞD yð Þp ð14Þ

where E(x) and D(x) are the mathematical expectation and variance of the data x, respectively.
They are defined by

(a) (b)

Fig. 12 Histograms of Babara and its corresponding encrypted image (a) Histogram of Babara (b) Histogram of
the encrypted image
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(a) (b)

(c) (d)

(e) (f)

Fig. 13 Correlation analysis of original image Barbara and its corresponding encrypted image (a) Horizontal
correlation of Babara (b) Vertical correlation of Babara (c) Diagonal correlation of Babara (d) Horizontal
correlation of the encrypted image (e) Vertical correlation of the encrypted image (f) Diagonal correlation of
the encrypted image

Table 3 Correlation coefficients of original images

Directions Horizontal Vertical Diagonal

Barbara 0.9185 0.9538 0.8971
Lena 0.9710 0.9847 0.9587
Columbia 0.9739 0.9716 0.9456
Goldhill 0.9766 0.9731 0.9571
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E xð Þ ¼ 1

N
∑
N

i¼1
xi ð15Þ

D xð Þ ¼ 1

N
∑
N

i¼1
xi−E xð Þ½ �2 ð16Þ

To calculate the image correlation, many pairs of adjacent pixels are selected from the original
images and the encrypted images. Generally speaking, the original image has the high pixel
correlation, and its correlation coefficient is close to 1. However, the encrypted image has the
low pixel correlation, and its correlation coefficient tends to 0. The correlation coefficients of
the original images are listed in Table 3. We calculated their correlation coefficients in the
horizontal, vertical and diagonal directions. It can be seen from Tab. 3 that the correlation
coefficients of original images are close to 1. Taking Babara as an example, Fig. 13 is the
correlation analysis of the plain image and encrypted image (i.e., Fig. 10). It can be seen from
Fig. 13 that the plain image has a strong correlation, but the pixel correlation of the encrypted
image is broken and presents a random distribution. Therefore, the proposed algorithm has an
excellent encryption effect. Table 4 shows the comparison with other algorithms. It can be seen
from Table 4 that all the algorithms can destroy the correlation between adjacent pixels well
and protect the content of plain images well.

5.5 Differential attack analysis

The Number of Pixel Changes Ratio (NPCR) and the Unified Average Change Intensity
(UACI) are two important indicators for evaluating the differential attack. NPCR reflects the
number of changed pixels in the encrypted image after the original image is changed. The large
NPCR value reflects the strong ability to resist the plaintext attack. The UACI measures the
average difference intensity of pixel values between two encrypted images, which correspond
to the original image and the changed original image. The large UACI value reflects the strong
ability to resist the differential attack. NPCR and UACI are defined by [40].

NPCR ¼
∑
m

i¼1
∑
n

j¼1
f i; jð Þ

m� n
� 100% ð17Þ

Table 4 Correlation coefficient of the encrypted image

Algorithms Horizontal Vertical Diagonal

Ref. [25] −0.0036 0.0026 0.0012
Ref. [31] −0.0036 0.0016 0.0058
Ref. [12] −0.0538 0.0389 0.0307
Ref. [11] −0.0016 0.0057 −0.0189
Ref. [41] 0.0034 0.0015 0.0008
Ref. [10] 0.0009 0.0016 0.0007
Ref. [45] −0.0003 0.0011 0.0013
Proposed 0.0034 −0.0010 0.0009
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UACI ¼
∑
m

i¼1
∑
n

j¼1
jI 0 i; jð Þ−I ″ i; jð Þj

m� n
� 100% ð18Þ

wherem and n represent the size of the original image, and I′(i, j), I″(i, j) respectively represent
the encrypted images corresponding to the original image and the changed original image. f(i,
j) is defined by

f i; jð Þ ¼ 0 I
0
i; jð Þ ¼ I ″ i; jð Þ

1 I
0
i; jð Þ ≠ I ″ i; jð Þ

�
ð19Þ

For the 8-bit gray image, the ideal values of NPCR and UACI are 99.6094% and 33.4635%
[40], respectively. To test the ability of the proposed algorithm to resist the differential attack,
we changed the pixel value 112 at the position (30, 30) of the plain image Babara for 224.
After that, we encrypt the changed Babara and other three plain images with the same
encryption algorithm and keys. Finally, the values of NPCR and UACI are listed in Table 5.
The data in Tab. 5 shows that the NPCR and UACI values are close to their ideal values for the
proposed algorithm and similar algorithms. Therefore, the proposed algorithm has strong
resistance to the differential attack.

5.6 Encryption efficiency and computational complexity

We carried out experiments on the time-consuming of the proposed algorithm. Table 6 shows
the time consumption of several MIE algorithms. It can be seen from Table 6 that four plain
images can be encrypted with Matlab programming language in 1.41 seconds, and Java
programming language in 1.07 seconds for the proposed algorithm. Meanwhile, the proposed
algorithm is faster than other similar algorithms. Therefore, the proposed algorithm is efficient,
which can encrypt multiple images in a short time.

Table 5 NPCR and UACI values

Algorithm NPCR UACI

Ref. [25] 99.5907% 33.4811%
Ref. [31] 99.9100% 33.4800%
Ref. [11] 99.6250% 33.4510%
Ref. [41] 99.1841% 33.5284%
Ref. [10] 99.6534% 33.6772%
Ref. [45] 99.6060% 33.5126%
Proposed 99.6062% 33.4522%

Table 6 Time consumption of encryption algorithms

Algorithm Time (second) system characteristics

Ref. [31] 1.78 CPU @ 3.60 GHz, 32 GB RAM
Ref. [41] 1.89 CPU @2.00 GHz, 4GB RAM
Ref. [10] 1.86 CPU @2.30 GHz, 8 GB RAM
Ref. [45] 1.71 CPU @1.20 GHz, 8 GB RAM
Proposed with Matlab 1.41 CPU @2.50 GHz, 4GB RAM
Proposed with Java 1.07 CPU @2.50 GHz, 4GB RAM
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The proposed algorithm adopts the scrambling-diffusion structure. The cost of time con-
sumption mainly includes the generation of chaotic sequences, the conversion between
decimal numbers and binary numbers, the scrambling operation among bit planes, the
extended Zigzag transformation, and the XOR operation. In our algorithm, the size of plain
images is m × n. The computational complexity of generating two chaotic sequences X, Y is
O(8k) + O(mn). The computational complexity of the conversion between decimal numbers
and binary numbers is O(kmn) + O(mn). The computational complexity of the scrambling
operation among bit planes is O(8k). The computational complexity of the extended Zigzag
transformation is O(8kmn). The computational complexity of the XOR operation is O(1 +
2(mn − 1)). In total, the computational complexity of the proposed algorithm isO(16k + 4mn
+ 9kmn). Therefore, the computation complexity of our algorithm depends on the size and
number of the plain images at once.

5.7 Encryption quality analysis

In statistics, theMean Square Error (MSE), Peak Signal to Noise Ratio (PSNR) can characterize
the encryption quality of image encryption algorithms. MSE and PSNR are defined by [27].

PSNR ¼ 10� lg
2552

MSE

� 	
ð20Þ

MSE ¼ 1

mn
∑
m

i¼1
∑
n

j¼1
jIO i; jð Þ−IE i; jð Þj ð21Þ

where IO is the original image, and IE is the encrypted image. The lower value of PSNR
indicates a significant difference between the original image and the encrypted image. In
general, the encryption image with a large MSE value and a PSNR value less than 10 dB
means an efficient pseudo-random ciphertext, and it is different in structure from the corre-
sponding plain image. Table 7 lists the MSE and PSNR values for different gray images. From
these results, we can conclude that our algorithm has high encryption quality.

5.8 Occlusion attack analysis

When the image information is transmitted over the network, the grays changes and some
details of the image information are easily weakened. Therefore, the loss of image information
is a common phenomenon in the data transmission. For the proposed MIE algorithm, the
encrypted image contains the main information of the plain image. When a part of the
encrypted image is assumed to be cropped, the pixel values of the corresponding part are
replaced with zeros. The occlusion attack and corresponding decrypted results are shown in
Figs. 14, 15, 16, 17 and 18.

Table 7 MSE and PSNR analysis

Test images Barbara Lena Goldhill Columbia

MSE 8547 12,627 14,881 10,519
PSNR 8.8122 7.1179 6.4045 7.9109
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(a) (b)

(c) (d)

Fig. 14 Occlusion attack (a) 10% occlusion (b) 20% occlusion (c) 40% occlusion (d) 50% occlusion

(a) (b)

(c) (d)

Fig. 15 Decryption images of 10% occlusion (a) Decrypted Babara (b) Decrypted Lena (c) Decrypted Goldhill
(d) Decrypted Columbia
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(a) (b)

(c) (d)

Fig. 17 Decrypted images of 40% occlusion (a) Decrypted Babara (b) Decrypted Lena (c) Decrypted Columbia
(d) Decrypted Goldhill

(a) (b)

(c) (d)

Fig. 16 Decrypted images of 20% occlusion (a) Decrypted Babara (b) Decrypted Lena (c) Decrypted Goldhill
(d) Decrypted Columbia
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6 Conclusions

This paper defines the superpixel and super image, and proposes an MIE algorithms based on
the bit plane and superpixel. Different from other MIE algorithm, our algorithm encrypts
multiple images with the unit of superpixels. The proposed algorithm adopts the classical
scrambling-diffusion structure. At the scrambling stage, our algorithm includes the scrambling
operation among bit planes and the extended Zigzag transformation in the bit plane. At the
diffusion stage, our algorithm designs the diffusion rule with the XOR operation. Through key
space analysis, histogram analysis, correlation analysis, etc., the proposed algorithm can
effectively resist the brute-force attack, statistical attack and differential attack. Our algorithm
has strong security, efficiency and robustness.
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(a) (b)

(c) (d)

Fig. 18 Decrypted images of 50% occlusion (a) Decrypted Babara (b) Decrypted Lena (c) Decrypted Goldhill
(d) Decrypted Columbia
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