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Abstract Analogies between quantum image processing (QIP) and classical one indicate
that quantum image scrambling (QIS), as important as quantum Fourier transform (QFT),
quantum wavelet transform (QWT) and etc., should be proposed to promote QIP. Image
scrambling technology is commonly used to transform a meaningful image into a disordered
image by permutating the pixels into new positions. Although image scrambling on classi-
cal computers has been widely studied, we know much less about QIS. In this paper, the
Hilbert image scrambling algorithm, which is commonly used in classical image process-
ing, is carried out in quantum computer by giving the scrambling quantum circuits. First,
a modified recursive generation algorithm of Hilbert scanning matrix is given. Then based
on the flexible representation of quantum images, the Hilbert scrambling quantum circuits,
which are recursive and progressively layered, is proposed. Theoretical analysis indicates
that the network complexity scales squarely with the size of the circuit’s input n.

Keywords Hilbert image scrambling - Quantum circuit - Quantum computation -
Quantum watermarking

1 Introduction

Quantum computers theoretically have the ability to perform computations much faster
than classical computers [1-4], which causes people’s interest to study quantum image
processing (QIP) [3, 5, 6].

At present, QIP has three main directions: (1) the representation of quantum images; (2)
the development of efficient quantum image transformations; (3) the quantum watermarking
algorithms.
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The first task of QIP is to represent quantum images. Recently, a few representing meth-
ods have been proposed such as Qubit Lattice [7, 8], Real Ket [9], FRQI [10] and NEQR
[11]. The Hilbert quantum circuits proposed in this paper are based on FRQI.

It also has been proven that there are quantum processing transformations more efficient
than their classical versions: quantum Fourier transform [3], quantum wavelet transform
[12] and the quantum discrete cosine transform [13, 14]. In addition, there are some clas-
sical image processing operations that can not be applied on quantum images, for example
convolution and correlation [15], because all operations in quantum computation must be
invertible.

Watermarking is different from cryptography. It aims at guard against image abuse by
embedding invisible signal (watermark) carrying information about the copyright owner
into multimedia data (carrier, such as audio, video and image). The watermarked carriers are
still readable. Several quantum images watermarking methods have been proposed [16—18].

In this paper we address the second problem. The basic transformation we focused
on is image scrambling. We provide quantum circuits for computing the Hilbert image
scrambling.

Image scrambling, which transforms a meaningful image into a meaningless or dis-
ordered image, has been widely used in the area of digital image transmission, the
confidentiality storage, digital image watermarking etc... [19-23]. The popular image
scrambling algorithms include Hilbert transform, Arnold transform, Fibonacci transform,
Magic Square transform etc... [19, 20, 24-27]. Among them is the Hilbert scrambling algo-
rithm, which uses the Hilbert scanning matrix [28] formed by Hilbert Curve. This is the
most commonly used transformer and so we used quantum circuits to achieve the Hilbert
image scrambling.

Because it is at the very start of the research, only a few papers focus the realization of
image scrambling on quantum computers.

The first quantum image scrambling circuit is proposed in [29]. The circuits that achieve
geometric transformations including two-point swapping, flip, coordinate swapping, orthog-
onal rotations and their variants on N-sized quantum images are proposed based on the basic
quantum gates: NOT, CNOT and Toffoli gates. Nevertheless, it is only a “semi-scrambling”
method because it focuses on geometric transformations, which just provide a realization
method for scrambling.

In [16, 17], Zhang and et al. presented an image scrambling method and its quantum
circuit as one step in quantum image watermarking algorithms. The key to the scrambling
method is made up of two parts: two random permutations M and N, sized m and n, where
m and n are the sizes of the watermark image. Assume that M (i), N(j) are the ith and
Jjthnumbers of M, N respectively, the pixel (M (i), N(j)) of the original watermark image
replaces the pixel at position (i, j) of the scrambled watermark image. The quantum circuit
can easily recognize this method. However, because M and N are given artificially, the
scrambling uniformity and the scrambling degree cannot be guaranteed.

Jiang and et al. proposed the Arnold and Fibonacci scrambling quantum circuits based on
FRQI [30]. The circuits take advantage of the plain adder and adder modulo N by modifying
its input and output in order to scramble the images. The Hilbert scrambling quantum circuit
is much more complex and cannot be simplified for use in the addition operation as well as
other simple operations.

In this paper we study the quantum realization of Hilbert image scrambling using Hilbert
Scanning Matrix.
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The rest of the paper is organized as follows. A brief background on the FRQI repre-
sentation, Hilbert image-scrambling and quantum gates used in this paper is presented in
Section 2. A new recursive generation algorithm for Hilbert Scanning Matrix is presented
in Section 3. A quantum circuit to realize the algorithm is presented in Section 4. This
is followed in Section 5 by the theoretical analysis of circuits complexity. Finally, a short
conclusion is given in Section 6.

2 Preliminaries
2.1 The Flexible Representation for Quantum Images (FRQI)

In order to represent images on quantum computers, the flexible representation for quantum
images (FRQI) was proposed in [10, 29]. According to the FRQI, a quantum image can be
written as the form shown below.

22—

1
1O =, D le) ® i)
i=0

. 2 . 2
|ci) = cos6;|0) 4+ sinb;|1), 6; € |0, ,i=0,1,---,2"—1
b4

where |0), |1) are 2 dimension computational basis quantum states, (6p, 61, - - - , 62._;) i
the vector of angles encoding colors, |i), fori = 0,1,--- ,22" _ 1 dimension compu-
tational basis quantum states, and the Kronecker product denoted by ® . There are two
parts in the FRQI of an image: |¢;) and |i), which encode information about the colors and
their corresponding positions in the image, respectively. The size of the quantum image is
2" x 2",

The location information encoded in the position qubit |i) includes two parts: the vertical
and horizontal coordinates.

i) = |¥)1x) = [yn—1Yn—2" - YO) | Xn—1Xn—2 - - - X0)

where |y;)|x;) €0,1,i =0,1,--- ,n— 1.Foreveryi =0, 1,---,n — 1, encodes the first
n-qubit y,_1y,—2 - - - Yo along the vertical location and the second n-qubit x,_1x,_2 - - - Xo
along the horizontal axis. An example of a 2 x 2 FRQI image is shown in Fig. 1. Its FRQI
representation is shown below. In this example, n = 1.

1
1) =, [(cos 60l0) + sin6p|1)) ® 00) + (cos 1 [0) +sin6i|1)) @ [01)

+(cos62|0) 4+ sin62]1)) ® [10) + (cosB3|0) + sin63]1)) ® |11)]
2.2 Hilbert Image Scrambling

In 1890, Italian mathematician G. Peano presented a family of curves which pass through
all points in a space [31]. Since this publication, many researchers have worked on this
problem. Among them, Hilbert [32] found one of the simplest curves in two-dimensional
(2-D) space, which is now called the Hilbert curve [33]. Along the Hilbert curve, an image
can be scrambled very effectively.
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Fig. 1 A simple image and its

FRQI state [7) =37t/ 10 91=27Z'/ 10

00 01

(9227[/1 (0] 93247[/10

10 11

2.2.1 Hilbert Scanning Matrix and Hilbert Curve

An 2" x 2" original image can be considered as a matrix. We call this matrix the Start matrix
(or the Original matrix) S, and use 1 to 22" to code all the pixels.

1 2 3 ce.oom
M4l 242 2t 43 ...t

22n—i +1 22n—-l +2 22n—i 43 22n

1 2 3 4
12 5 6 7 8
For example, So = (1), S| = <3 4), S = 9 10 11 12
13 14 15 16
The Hilbert scanning matrix H, is a permutation of S,. For example, Hy = ( 1 ), H| =
121516
12 431413 - - . . .
( 4 3), H, = 589 12 , and so on. The position (i, j) of the Hilbert scanning matrix
6710 11

H, accommodates the pixel H, (i, j) of the Start matrix S,,.
Along H,, the Hilbert curve (see Fig. 2) and scramble images can be obtained (see

(a)n:2 (b)n_3 n_4 d)n:5

Fig. 2 Hilbert curve
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5 B

(a) Original image (b) Scram (C) Original image (d) Scrambled im-
Lena age Lena Baboon age Baboon

Fig. 3 The results of Hilbert image scrambling. The image size is 128 x 128, i.e.,n =7

2.2.2 Generation of Hilbert Scanning Matrix

According to 2.2.1, the Hilbert scanning matrix is important to the Hilbert image scram-
bling. Reference [28] gives a recursive generation algorithm for generating the Hilbert
scanning matrix. The algorithm uses several matrix operations. We first introduce them.

If A is a matrix, AT is the transpose of A, AY i the up-down reversal of A, Al is the
left-right reversal of A, APP is the central rotation of A. That is to say, if

a a2 - aim
a1 aza -+ aAam
A= . L ,
Am,1 Am2 *** Am.m
then,
ail a1 - Aam, aim -+ 412 a4l
a2 a2 - am2 aym -+ a2 a4z
AT — A]l‘ —
Alm A2.m " Am,m Amm " Am,2 Am,1
am,1 Am,2 " Am,m Am,m " Am,2 Am,1
d S
Aud — : S CAPP = : :
a1 a2 - aA2m am -+ A2 4z
a, a2 - aim ai,m -+ 412 apl

The recursive generation algorithm is cited with corrections from [28].

Hy AE, + H"T niseven
0o @t L VE, — HY (B3 x4"+ 1)E, — (HHT )° : W

e Hy, @+ DE, — Hrlzr nis odd
A"E, + HI 3 x4"+DE,— (HH" )” :

11---1

12 11---1
where, n is a positive integer, the initial matrix is H; = ( 4 3> and E,, =

11---1
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Fig. 4 Notations for quantum Gate Notation
gates
NOT gate —p—
C-NOT gate I
Swap gate
Toffoli gate £
CSWAP gate £

Il

01-NOT gate ¥
N

2.3 Quantum Gates used

In this paper, we need a number of basic quantum gates [3, 4] which are all unitary.

NOT gate. This is a single qubit gate, which inverts the content of the qubit that it
operates upon.

Controlled-NOT or C-NOT gate. It is a two-qubit gate and the content of the target
qubit is inverted if and only if the control qubit is 1.

Swap gate. It is a two-qubit gate swapping two qubits.

Toffoli gate. This is a controlled-CNOT gate, thus, making it a three-qubit gate com-
prising two controls and a single target qubit. The target qubit is inverted only if both
control qubits are 1.

CSWAP gate (Fredkin gate). CSWAP gate is a 3-bit gate that performs a controlled
swap, comprising a control and two target qubits. The two target qubits are swapped
only if control qubit is 1.

01-NOT gate. This is a 01-controlled-CNOT gate, thus, making it a three-qubit gate
comprising two controls and a single target qubit. The target qubit is inverted only if a
control qubit is 1 and the other control qubit is 0.

The notation for these quantum gates are shown in Fig. 4.
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3 The Modified Recursive Generation Algorithm for Hilbert Scanning Matrix
Equation (1), which gives the generation algorithm of Hilbert scanning Matrix, needs to be
modified because we find out that it is difficult to give the quantum circuits according to it
directly.

3.1 Properties of Matrix Transformations

The modifications are based on the theorem and the lemmas proposed in this section.

Theorem 1 Assume that A, B, C, D are four m x m matrixes, then

1. (A4 B)P = APP 4 BPP;
2. (A+ B)"=Alr4 B,

3. (A+ B)' = A 4 BuY;

A B Ir Blr Alr )
4. CD = pt clr )

A B ud Cud Dud
5. (C D) :(Aud Bud>;

A B\™ DPP CPP
6 \ep) =\pgwamw)
7. (AT)" = ()

8. Aud — [(AT)]r]T;

9. (Aud)pp — (App)ud — A]r, (Alr)pp — (App)lr — Aud

where, m is a positive integer.
Proof Onmitted.

Lemma 1 Ifn is an even number and n > 0,
Hy,+ HI' = 4"+ )E,.

Proof Use mathematical induction.

121516

431413

58 9 12

6710 11

(2) Assume that when n = k, Hy + H,lr = (4% 4+ 1)E}, where k is an even number.
According to (1), we have

(1) Whenn =2, H, = , obviously Hy + H) = (4> + 1) E».

oo Hy 4 Ep + HT
FHZ @ L DE — HM G x 4+ 1) Ey — (HDT
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Hiqy @+ VE — HY,

Hjyo = 1
AHNE G+ HYL Gx 4+ DEg — (HL)

Then, introducing Hy1 into Hiy and according to Theorem 1, we have

Hy 4K E + HT (15 x 45 + 1) E; — (,I (16 x 4K + 1) Ex — HYF
. @H L DE - Y B x4k 4 DE — (HN) 13 x 45E; — [H“) ]lr 12 x 44 E; + (HM)"
e 4HE —HY x4+ DE — (HM)' 8><4"Ek+[ (HM) ] (12 x 48 + 1)Ex — (HT)"
(11 x 45 + )Ey — Hy 9 x 4 Ey + H (7 x 4 + 1)Ex — Hy 5x 4E + H
(16 x 48 + DEy — Hy (15 x 4% + E; — HT 4K E + (HDT H
HY,— 12 x 4%y + HM 1B3x 4B —(HNT G x4+ DE — [(HDTI" @+ + DE — (HT

(12 x4 + DE— HE 8 x4 E + (HMT 8 x 4 + DEp — [(HMTr 4B — (BT
5 x 45 Ep + Hy (7 x4k + 1)Ex — HfF 9 x 4XEy + Hy (11 x 4k + 1) E — HF

Obviously Hyqz + H' 5 = (4572 + 1) Egpa.
(3) Based on the above two points, Lemma 1 holds.

Lemma 2 [fn is an odd number and n > 0,

H, + H" = @" 4+ DE,.
Proof Use mathematical induction.

(1) Whenn=1,H = (l i) obv10uslyH1 + HM =@ + DE;.

(2) Assume that when n = k, Hy + H™ = (4% + 1)E;, where k is an odd number.
According to (1),
. Hy @+ DE + HY

k+1 = 1

4k — HY 3 x4+ DE, — (H])"
H Hit1 A Epr + Hk+1
k+2 = T
@24 DE — HY G x 4T+ DE — (HY)

Then, introducing Hy41 into Hyo and according to Theorem 1,

Hy @ L DE + Hf AHE + H] 5 x 4 Eic+ H

. #E 4+ HT (3X4k+|)Ek_(HkTZ: (8><4“+1)Ek—(H,}‘)T (7><4k+l)Ek—[(HkT)1r]T
(15><4"-%—1)El<—(1"’kT)ud 13><4"Ek+[(HkT)Ir] 8X4kE’<+HkT 9 x 4 Ey + Hy

(16 x 4% + 1) Ex — HM 12><4“Ek+(H}(’)“d (12X4k+l)Ek_(H/lr)T 11 ><4"+1)E1<—[(H,(T)]"]T

(16 x 4% + 1) Ex — H, 12 x 4B + Hf (2 x4+ DE - [(Hk")T]“d A1 4+ DE = <[(H‘T)“]T>uN

HY, = (5x &+ DE -~ HY  13x 4B+ (H])" 8 x4 B+ (H])" R

) FE 4 (HD) x4+ DE - [(H[)"]ud 8 x 4By + HT (7 x4 + DE; — ([(H[)"]T>
e @D E+ ()™ 4 g 4 (H)M 5 x 4 Eg + HY
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Then,

00 Hf ()] b ([(Hg )erUd
00 (B — (" HX- [(H/;F)lr]T )
00 HT - [(H,lf)T]ud Hi — ([(Hg)lr]T>

00 (D™ = (1) H —[(1D)"]

Hepp+ HYY = @+ DEn+

According to Theorem 1,

()" = () o (m)" = (1) =0 = [ ()] o

and

HY = [(HE)]T & HY - [(HJ)“]T 0 H - {[(HE)]r]T}ud —0

Hence, Hyyo + HY, = (472 + D Ergo.
(3) Based on the above two points, Lemma 2 holds.

3.2 The Modified Recursive Algorithm for Generating Hilbert Scanning Matrix

In order to realize the Hilbert image scrambling in quantum computer, the recursive
generation algorithm was modified for the Hilbert scanning matrix, i.e., (1).

Theorem 2
Hy (Hy +4"Ey)" .
Hyy1 = <<Hn +3XAE)P (Hy+2x 4T )0 N )
Sl Hy (H, +3 x 4"E,,)PP o
(Hn +4nEn)T (Hn +2x 4nEn)T , 1S O .

111

2
43>andEn=

where, n is a positive integer, the initial matrix is H = <
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Proof What needs to do is to prove that (1) and (2) are equivalent. Note that, (1) or (2) and
no matter n is even or odd, H, 1 is divided into 4 parts; the 4 parts in (2) are equal to the 4

parts in (1) needs to be proven.

(1) When rn is an even number, the following 4 issues needs to be proven:

(1) H, = H,
(i) 4"E, + H, = (Hy +4"En)"
Gil) @+ )E, — HY = (H, + 3 x 4"E,)PP
(v) (3 x 4"+ 1)E, — (HY) = (H, +2 x 4"E,)"
For (i) and (ii)
They are obviously correct.
For (iii)
According to Lemma 1 and Theorem 1,

H,+ H" = 4" + 1)E,

pp
- (Hn + H,l,’) =HP + HY = [@" + DE,]” = (4" + )E,

= @+ )E, — H" = H®
= "+ 1)E, — HY9 +3 x 4"E, = H? +3 x 4"E,
= @+ DE, — H™ = (H, + 3 x 4"E,))™

For (iv)
According to Lemma 1 and Theorem 1,

H, +H'= 4"+ 1)E,

T T
. (Hn + H,l,’) = H + (H,]f> = [@ +DE,]" = @ + DE,

1 T T
:>(4”+1)E,,—<Hnr> — H]
T
:>(4”+1)En—(H,1f) +2X4"E, = H' +2 x 4"E,

T
= 3 x4+ 1)E, — (H,l,r) = (H,+2x 4"E,)"

Hence, when n is an even number,

o Hy (Hy +4"E)"
T (Hy 4+ 3 X 4TE)PP (Hy 42 x 47E)T
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(2) When rn is an odd number, the following 4 issues needs to be proven:

(1) Hn = Hn

(i) @'+ DE, — HY = (H, + 3 x 4"E,)P?
(ii) 4"E, + H) = (Hy +4"E,)"
(iv) (3 x 4"+ 1)E, — (HT)" = (H, +2 x 4"E,)"

For (i) and (iii)
They are obviously correct.
For (ii)
According to Lemma 2 and Theorem 1,
H,+ HY =@ +1)E,
PP
= (Ho+ H2)" = HP + Y = [@" + DE,]” = @ + DE,
= 4"+ 1)E, — H' = H?
= 4"+ 1)E, — H' +3 x4"E, = H® +3 x 4"E,
= @M+ DE, — H = (H, +3 x 4"E,)™

For (iv)
According to Lemma 2 and Theorem 1,
H, + H" = @" + )E,
T Ir

= (H,, + H;d) = H' + (H,I) —[@ +1E,]" =@ + DE,
1

= @ +0E, — (H) =n]
Ir

= 4"+ )E, — (HnT) +2x4"E, = H' +2 x 4"E,

T Ir T
= 3 x4+ DE, — (Hn) = (Hy +2 x 4"E,)

Hence, when 7 is an odd number,

. H, (H, + 3 x 4"E,,)PP
"N (Hy+4'E)T (Hy+2x4"E,)T

According to the above two points, Theorem 2 is proved.

In the following, the quantum Hilbert image scrambling is based on Theorem 2 (or (2)).

4 Quantum Circuits for Hilbert Image Scrambling
In this section, a quantum circuit will be given in order to scramble a quantum image. Its

input is the 2" x 2" original quantum image and its output is the Hilbert scrambled quantum
image. The images are represented using FRQI.
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4.1 The Circuit Flow

According to (2), as n increases, the recursive generation algorithm can be divided into three
basic operations: initialization, odd and even. Being aware of the fact that even and odd are
carried out alternately. The process can be described in Fig. 5.

Accordingly, the quantum circuit can be composed of three basic circuits. We also call
them Initialization, Even and Odd.

However, the equation and the circuits have two key differences.

1. The result of (2) is the Hilbert scanning matrix H,. It needs an extra step — put the
pixel (L(H, (i, j)—1)/2"], (H,(i, j)—1)mod2") of the original image into the position
(i, j) in the scrambled image — to scramble images. But in circuits, the output is the
scrambled image directly.

2. In (2), the size of the Hilbert scanning matrix H, increases gradually: from 2 x 2 to
4 x 4,108 x 8,to 16 x 16 and so on. But in circuits, the sizes of the input image and the
output image are all 2" x 2", We can not and should not change the size of the image
in the circuits.

The method to solve the first problem is to operate the image directly instead of the
Hilbert scanning matrix. The countermeasure to the second problem is to partition the image
into blocks and operate each block according to (2). Note that the partition operation needs
to be operated many times:

The 1st time it partition the image into 2! x 2"~! blocks sized 2 x 2;

Fig. 5 The recursive generation N
algorithm flowchart Begm
Initialization

v

Odd

v

Even

v

Odd

v

Even

v

End
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Vi
Xk

Vi+1
Xi+1

Vi+2
Xpr2 — XK

Vi3

Xi+3 I\

(Y)NOILLLIVd
1l

Fig. 6 PARTITION(k)

The 2nd time it partition the image into 2”2 x 2"~2 blocks sized 4 x 4;
The 3rd time it partition the image into 2"~ x 23 blocks sized 8 x 8;

s

The nth time it partition the image into 1 block sized 2" x 2".

They correspond to the gradually increasing size of the Hilbert scanning matrix H,,.
Hence, the three basic circuits Initialization, Even and Odd are also compositive. We call
the three parts composing the three basic circuits as the three circuit modules.

4.2 The Three Circuit Modules
In this section, k is an integerand 0 < k <n — 1.
4.2.1 Module PARTITION(k)

The PARTITION(k) module can divide the 2" x 2" input image into 2" ¥ 1 x 2"~*~1 blocks
sized 2K+1 x 2k+1,
The PARTITION(k) quantum circuit is

(1) Swap xi41 and xg42, Xg+2 and xg43, -+ -, Xp,—2 and x,_1.
(2) Swap x,—1 and yy.

As shown in Fig. 6. Because we need not to change the pixels’ color, the inputs of the
circuit only include the location information |i) = |y)|x) as shown in Section 2.1 (the same
as following circuits).
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000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
o0of1 2 3 4 5 6 7 8 000l 1 2 5 6 3 4 7 8
001{ 9 10 11 12 13 14 15 16 00119 10 13 14 11 12 15 16
010117 18 19 20 21 22 23 24 010/ 17 18 21 22 19 20 23 24
01125 26 27 28 29 30 31 32| (1) o11/25 26 29 30 27 28 31 32
100|133 34 35 36 37 38 39 40 - 100/ 33 34 37 38 35 36 39 40
101{41 42 43 44 45 46 47 48 101141 42 45 46 43 44 47 48
110{49 50 51 52 53 54 55 56 110149 50 53 54 51 52 55 56
111{57 58 59 60 61 62 63 64 111157 58 61 62 59 60 63 64

@) @

000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
o0 1 2 3 4|17 18 19 20 000/ 1 2[5 6|9 10[13 14
001{ 9 10 11 12|25 26 27 28 o1/ 3 4|7 8|11 12|15 16
010/ 5 6 7 8|21 22 23 24 010117 18|21 22|25 26|29 30
011113 14 15 16(29 30 31 32 011119 20(23 24|27 28|31 32
100133 34 35 36|49 50 51 52 100|133 34|37 38|41 42|45 46
101141 42 43 44|57 58 59 60 101135 36|39 40|43 44|47 48
110{37 38 39 40|53 54 55 56 110149 50|53 54|57 58|61 62
111145 46 47 48|61 62 63 64 11151 52|55 56|59 60|63 64

PARTITION(I) PARTITION(0)

Fig.7 Two examples for PARTITION(k)

For example, assume n = 3, the input of PARTITION(k) is S3, the function of quantum
circuit PARTITION(0) and PARTITION(1) is shown in Fig. 7.

4.2.2 Module O(k)

Assume A, B, C, D are matrixes sized 26~ x 2¥=1 the function of O(k) is that transform
A B). DppP
cp)™\pr cr

The O(k) (k is odd) quantum circuit is

which is similar to the form in (2) when n is odd number.

(1) Swap x; and yx. Add a C-NOT Gate, and set x, as as control qubit, y, as target qubit.

(2) Add CSWAP Gates whose control qubit is y to swap xg and yg, x; and yq, --- , and
Xk—1 and Vk—1-

(3) Add 01-NOT Gates whose 0-control qubit is y; and 1-control qubit is xj to reverse
Xk—15 Xk—25 " 5 X0> Yk—15 Yk—25 *** » YO-
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Yo : i : s>
Xo : : P
B T i T Y
X1 l I ()
Q _ | |
z T | |
V-1 T T S
oyt : ¢
Vi D1 e e —C
; ; I | |
- Tk | |
| |
Step (1) 1 Step (2) I Step (3)
Fig. 8 O(k)
As shown in Fig. 8.
The result of every step is shown in Fig. 9.
4.2.3 Module E(k)
T

. . A B)\. A B C
The function of E(k) is that transform ( cD ) into ( pr T ) which is similar to the

form in (2) when n is even number.
The E(k) (k is even) quantum circuit is

(1) Adda C-NOT Gate, and set y as as control qubit, x; as target qubit.

(2) Add CSWAP Gates whose control qubit is xi to swap xg and yop, x1 and yy, - - -, and
Xk—1 and Vk—1-

(3) Add 01-NOT Gates whose 0-control qubit is x; and 1-control qubit is yj to reverse
Xk—15 Xk—25 " 5 X0s Yk—15 Yk—25 *** » YO-

As shown in Fig. 10.

The result of every step is shown in Fig. 11.

The unitarity of the three circuit modules roots in the unitarity of basic quantum gates
showed in Section 2.3.
4.3 The Three Basic Circuits

The three basic circuits Initialization, Odd and Even are composed of the three circuit
modules.

A B Step(1) A D Step(2) A D Step(3) A DPP
C D BC BT T BT CT

Fig. 9 The function of O(k)

@ Springer



2478 Int J Theor Phys (2014) 53:2463-2484

N
”

yan)

Yo
X0

Vi
X1

*—X

V)
GV

)
3/

a
1]
&P

Ve
>

Vi1
Xi-1

-

Xk U

!

oo o

Step (1) Step (2) Step (3)

Fig. 10 E(k)

4.3.1 Initialization

The Initialization quantum circuit shown in Fig. 12 is used to generate the initial matrix

Hy = (Jt i ) as mentioned in Theorem 2. PARTITION(0) divides the 2" x 2" input image

into 2"~! x 2"~ blocks sized 2 x 2. Then, for each block <denoted as (Z 2)), when

a

d

yo = 1, x¢ is reversed and ¢ and d swaped. The initialized block IZ ) is corresponding

to the initial matrix H; = (l g) in Theorem 2.

4.3.2 Odd(k)
The Odd(k) (k is an odd number and 1 < k < n — 1) quantum circuit is shown in Fig. 13.
Note that when k = n, the PARTITION module disappears and Odd(k) becomes O(k).

The PARTITION(k) module divide the input image into blocks and the O(k) module

133
change every block into the form of < ;T ?‘T ) respectively.

4.3.3 Even(k)

The Even(k) (k is an even number and 2 < k < n — 1) quantum circuit is shown in Fig. 14.
Note that when k = n, the PARTITION module disappears and Even(k) becomes E(k).

A B\ Step(1) [ A B\ Step2) [ A BT\ Step(3) A BT
CD "\pc "\ poT "\ pee T

Fig. 11 The function of E(k)
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uoneZI[enIu]

Fig. 12 The Initialization quantum circuit

Yo
X0

Y1
X1

(0)NOILLLYVd
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The PARTITION(k) module divide the input image into blocks and the E(k) module

change every block into the form of <

4.4 The Integrated Hilbert Image Scrambling Quantum Circuit

A
DPP

CT

BT

) respectively.

According to (2) and Fig. 5, the integrated Hilbert image scrambling quantum circuit is
shown in Fig. 15. The meaning of the final basic circuit Even(n — 1)/Odd(n — 1) is that if
n — 1 is an even number, the final basic circuit is Even(n — 1); otherwise, it is Odd(n — 1).

Fig. 13 The Odd(k) quantum
circuit

(prrO

Yo
X0

W

X1

(Mo
|

(¥)NOILLLYVd
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Fig. 14 The Even(k) quantum ] |
circuit Yo

Xo ——— —

Yo /1 [~
X1

(na
[

Ye 1 M

(y)uorg

N
|
(¥NOILLLYVd

4.5 The Inverse Circuit

Because the quantum gates are unitary and no information is lost, the integrated Hilbert
image scrambling quantum circuit is unitary. If we reverse the action of it (i.e., if we apply
each gate of the circuit in the reversed order) with the scrambled image as input, the output
will produce the rebuild image.

4.6 A Simple Example

Assume that n = 3, the Hilbert image-scrambling circuit is shown in Fig. 16.

Yo 1 11 M M M —
x — — —t — — — —
o,

— - - - - _
g SIE
X 12HoHR oH oH o THSE

s s8] |z Sl
R o = o = .. E =

~~ —~ ~~~ — O
Qo p— ®) (98] N <

T4 -v-HoH-HZ o+ euft—
e 2 &
e —°H H H H sH3 -

N p—
~ ~
v - H H H H shllm
Xpl L L LI 1

Fig. 15 The integrated Hilbert image scrambling quantum circuit
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Yo Yo _U—li
—

X2 M. r Xo_:; \\ ol
= | o] & — s =
YVi|E&EOaerlsr - = > 2

R &L]2 = =3 z ©
— L 1] ~— = — - -
X1 =4 —_ N X1 ®) = ~
—_ A ~— -
dsd 4L 1z = |
V2 = V2 > S
S~ ~~
S I X2 7] = —
M pany
Yo )HI D I N
M any
X0 U A

K

Jan
N\

D
- 13 >

; !

X2 N\

Fig. 16 The quantum circuits for the simple example

The image has 23 x 23 = 64 pixels. If the pixel values of the original image are
“1,2,3,---,63,64”, the image processing procedure can be shown in Fig. 17. PARTI-
; _:_2 i —_:__;) The C-NOT gate
swaps the last two pixel of every subimage. PARTITION(1) blocks the image into 4 x 4
subimages. O(1) and E(2) complete the scrambling.

If we input the scrambled image from the right of the circuit shown in Fig. 16, the original
image will be got from the left.

TION(0) blocks the image into 2 x 2 subimages which is (

5 Circuit Complexity

The network complexity depends very much on what is considered to be an elementary gate.
In this section, we choose the Control-NOT to be our basic unit, then the Swap gate can
be simulated by 3 Control-NOT gates, the Toffoli gate can be simulated by 6 Control-NOT
gates, the CSWAP gate can be simulated by 18 Control-NOT gates, and the 01-NOT gate
can be simulated by 8 Control-NOT gates [1].

According to Figs. 6, 8, and 10, the numbers of elementary gates in PARTITION(k) is
3x(m—k—1)=3n—-3k—3,0k)is3+ 1+ 18 x k + 8 x 2k = 34k + 4, and E(k) is
1418 x k 4+ 8 x 2k = 34k + 1 respectively.

Consequently, according to Figs. 12—14, the complexity of Initialization is (3n — 3) +
1 = 3n—2,0dd(k) is 3n — 3k —3) + 34k +4) = 3n + 31k + 1, and Even(k) is
(B3n —3k —3) 4+ 34k +1) =3n + 31k — 2.
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000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
ooof1 2 3 4 5 6 7 8 o0 I 2|5 6|9 10|13 14
00119 10 11 12 13 14 15 16 oo1| 3 4|7 8|11 12|15 16
010117 18 19 20 21 22 23 24 010/ 17 18|21 22|25 26|29 30

01125 26 27 28 29 30 31 32 parTyT0l!| 19 20|23 24|27 28 31 32
10033 34 35 36 37 38 39 40|IONG) 10033 34[37 38|41 42|45 46

101141 42 43 44 45 46 47 48 101135 36|39 40|43 44 47 48
110149 50 51 52 53 54 55 56 110/49 50|53 54|57 58|61 62
111157 58 59 60 61 62 63 64 11151 52|55 56|59 60|63 64

000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
000/ 1 2 5 617 18 21 22 00001 2|5 69 1013 14
001|4 3 8 72019 24 23 00114 3|8 7|12 11|16 15
010/ 9 10 13 14/25 26 29 30 010/17 18|21 22|25 26|29 30

o1t{12 11 16 1528 27 32 31 paryyr 0!l 20 19|24 23|28 2732 31
100[33 34 37 3849 50 53 54 TON(D) 10033 34|37 38|41 4245 46

101136 35 40 39 52 51 56 55 101136 35|40 39|44 43|48 47
110(41 42 45 46|57 58 61 62 110(49 50|53 54|57 58 61 62
111(44 43 48 47|60 59 64 63 111152 51|56 55|60 59|64 63
o

000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
o0 1 2 15 1617 18 31 32 000 1 2 15 1617 20 21 22
001| 4 14 13|20 19 30 29 001 4 14 13|18 19 24 23
010| 5 9 12|21 24 25 28 010 5 9 12|31 30 25 26
o1} 6 7 10 1122 23 26 27| E(2) 011 6 7 10 11|32 29 28 27
100133 34 47 4849 50 63 64 7 100159 58 55 54|33 36 37 38
101|136 35 46 45|52 51 62 61 101160 57 56 53|34 35 40 39
110(37 40 41 44|53 56 57 60 110/61 62 51 52147 46 41 42
111(38 39 42 43|54 55 58 59 111164 63 50 49|48 45 44 43

Fig. 17 The image processing procedure for the simple example
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Therefore, according to Fig. 15, the whole circuit complexity is (3n—2) + Y ; i 0qa 31+
3lk+ 1D+ Y isevenBn + 31k —2) ~ 1812 + 18n — 2. It scales squarely with the size of
the circuit’s input 7.

6 Conclusion

A Hilbert image scrambling strategy for quantum images is proposed in this paper. The
scheme was based on the modified recursive generation algorithm for Hilbert scanning
matrix in order to transform images into Hilbert scrambled version by quantum circuits. The
circuits can be divided into three basic circuits: Initialization, Odd and Even. The realization
of them in quantum computers can promote QIP. The complexity of the networks is square.
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