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As a part of quantum image processing, quantum image scaling is a significant technology for the development
of quantum computation. At present, most of the quantum image scaling schemes are based on grayscale images, with
relatively little processing for color images. This paper proposes a quantum color image scaling scheme based on bilinear
interpolation, which realizes the 2" x 2"2 quantum color image scaling. Firstly, the improved novel quantum representation
of color digital images (INCQI) is employed to represent a 2™ x 22 quantum color image, and the bilinear interpolation
method for calculating pixel values of the interpolated image is presented. Then the quantum color image scaling-up and
scaling-down circuits are designed by utilizing a series of quantum modules, and the complexity of the circuits is analyzed.
Finally, the experimental simulation results of MATLAB based on the classical computer are given. The ultimate results
demonstrate that the complexities of the scaling-up and scaling-down schemes are quadratic and linear, respectively, which
are much lower than the cubic function and exponential function of other bilinear interpolation schemes.

Keywords: quantum image processing, image scaling, quantum image representation, bilinear interpolation

PACS: 03.67.—a, 03.67.Ac, 03.67.Lx, 07.05.Pj

1. Introduction

Compared with the classical computing, quantum compu-
tation is a novel field, but many researchers have been engaged
in extensive research. In 1982, Feynman proposed a novel
computer model,!"! named quantum computer. With its pow-
erful parallel processing capabilities, quantum computer far
exceeds the computational processing speed of classical com-
puter. The quantum Turing machine was proposed for the first
time in 1985.12! Since then, many quantum algorithms were
proposed successively, such as a large integer decomposition
algorithm proposed by Shor!3 and database search algorithm
proposed by Grover.[* The proposals of these quantum algo-
rithms have demonstrated the feasibility of the powerful par-
allel processing capability of quantum computation.

Quantum image processing (QImP) is a vital branch of
quantum computation. As an emerging interdisciplinary sub-
ject, QImP currently has two mainstream research directions,
namely, quantum image representation and quantum image
processing algorithm.

The objective of quantum image representation (QIR) is
to store the classical digital images in quantum computer in
the form of qubits by utilizing quantum image representa-
tion model. In 2003, Venegas-Andraca et al.>! proposed the
first quantum image representation model, named qubit lattice
model, using the method of holding one pixel by one qubit. In
2005, Latorre!®! proposed the real ket model utilizing quantum
superposition to store image information. After that, Venegas-

Andracal!”! introduced a novel model again, named entangled
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image, which can represent an image by storing geometrical
shapes in quantum system. Since then, many widely used
quantum image representation models have been proposed,
such as FRQL ! NEQR, NAQSS,!% and NCQLI'Y The
NCQI representation model has become one of the most com-
monly accepted QIRs nowadays because of its pinpoint accu-
racy.

As another critical branch of QIP, quantum image
processing algorithm is also a popular research field at
present, including the simple geometric transformation,!!?!

14]

feature extraction,!

[16-19]

color transformation,[!3] image

image scrambling,20-211

translation,!'>! image scaling,
image segmentation!??! and image encryption.!?>>#! For the
quantum image scaling, the main purpose is to resize a dig-
ital image. Similar to but somewhat different from quantum
geometric transformation, quantum image scaling utilizes the
virous interpolation methods to generate new pixels or delete
redundant pixels, so as to enlarge or reduce the digital im-
ages. At present, interpolation methods commonly employed
in classical image scaling schemes include nearest-neighbor,
bilinear and bicubic interpolation.[zs] However, until now,
the first two interpolation methods mentioned above are still
utilized in quantum grayscale image scaling, while only the
nearest-neighbor interpolation method is employed in quan-
tum color image scaling.

In this paper, a quantum color image scaling scheme
based on bilinear interpolation is proposed for the first time.
Inspired by NCQI, the improved NCQI (INCQI)*®! is de-
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scribed to scale the 2! x 2"2 quantum color image to 2™ x
22 In this scheme, the complexities of the scaling-up circuit
and the scaling-down circuit are quadratic function and linear
function respectively, while the complexity of other quantum
image scaling schemes so far are almost always a cubic func-
tion or even an exponential function. Furthermore, the exper-
imental results demonstrate that the proposed scheme has the
superior scaling effect than another scheme in Ref. [19].

The rest of this paper is organized as follows. The the-
oretical basis including the INCQI representation model and
bilinear interpolation method is introduced in Section 2. In
Section 3, a series of quantum modules utilized in the quantum
color image scaling circuits are briefly described. In Section 4,
the interrelated procedures, quantum circuits to realize quan-
tum color image scaling are given, and the complexity of the
related circuits is analyzed. Section 5 shows the result of the
simulation experiment and makes a comparison with another
scheme based on nearest-neighbor interpolation. Finally, the

conclusion and future works are given in Section 6.

2. Theoretical basis

2.1. A novel quantum representation of color digital im-
ages (NCQI)

In 2016, Sang et al.!'!! proposed a novel quantum rep-
resentation of color digital image, i.e., NCQI. For a 2" x 2"
color digital image, its representation of NCQI is described as
follows:

1 =121
=5 Y. X IC.x)@[rX), (M
Y=0 X=0

where |Y) and |X) denote the vertical position and horizontal
position, respectively. |C(Y,X)) denotes the value information
of the corresponding pixel, which can be encoded by the bi-

nary sequence as below:

IC(Y,X)) = IR(Y,X)G(Y,X)B(Y,X))

11111111

= |Ry_1 .. .Ro Gyy ... Go Bq,l...Bo>. )
—_———— ——— ———
Red Green Blue

The value range of every channel (RGB) is [0, 29 — 1]. Equa-
tion (1) indicates that the whole NCQI model is stored into
a normalized quantum superposition state. For one pixel of
a quantum color image with three channels (R, G,B), NCQI
model consists of three portions: |C(Y,X)) representing color
information, |Y) representing the vertical position informa-
tion, and |X) representing the horizontal position informa-
tion. According to Eq. (1), 2n + 3g qubits are employed to
store a 2" x 2" quantum color digital image with every chan-
nel (R,G,B) ranged [0,29 — 1] into NCQI state.

2.2. The improved NCQI

With regard to the quantum image scaling, when the scal-
ing ratios of the two dimensions are diverse, the NCQI model
that can only represent an image of size 2" x 2" cannot be ap-
plied. In order to solve the problem, Zhou et al.!*! the im-
proved NCQI (INCQI) is proposed to represent quantum im-
ages having 2" x 2" pixels as described below:

| =122
=== Y, Y IC(r,X)[rx), 3)
277 y=0 X=0
where
YX) = |¥)[X)

= |y0}’1 .. 'yn171> |X())C1 .. 'xn271> y YirsXi € {07 1}7
IC(Y.X)) = |R(Y,X)G(Y,X)B(Y,X),
=Ryt Ry Gy1o G Byt By). &)
—_———— ——— ———
Red Green Blue

INCQI utilizes Y (n; qubits), X(np qubits) and C(Y,X) (3¢
qubits) to represent the Y-coordinate, X-coordinate and pixel
values of a quantum color image,!?®! respectively. A simple

example of a 4 x 2 INCQI color image and its corresponding

representation are given in Fig. 1.

Red

00000000 00000000> ®(/000)+001))

Green Blue

o1 +| 00000000 11111111 00000000>®(I010>+011>)
1 Red Green Blue
|I) = —
\23
+| 00000000 00000000 11111111 ) ®(|100)+101))
Red Green Blue
11 | rrrrrrer 11rtiind 11111111>®(I110>+111>)
Red Green Blue

Fig. 1. An example of a 4 x 2 color image and its INCQI expression.
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2.3. Bilinear interpolation method

In the classical image scaling, no matter the scheme of
scaling-up or scaling-down, the interpolation methods will in-
evitably be employed. The purpose of interpolation method is
to modify a digital image by generating new pixels or deleting
redundant pixels. There are three commonly used interpola-
tion methods: nearest-neighbor, bilinear and bicubic. Among
them, the image scaling effect of bicubic interpolation is op-
timal, followed by the bilinear interpolation, and the nearest-
neighbor interpolation is relatively unsatisfactory. However,
as the improvement of scaling effect, the corresponding com-
putational complexity will also increase.

In this paper, bilinear interpolation is opted as the interpo-
lation method of the color image scaling. However, in this pro-
posed scaling-down scheme, the pixel value of the interpolated
image is determined by one pixel value of the corresponding
original image. Consequently, the scaling-down scheme in this
paper is based on the not rigorous bilinear interpolation. The
concrete quantum color image scaling scheme will be elabo-
rated explicitly in Section 4.

The bilinear interpolation method usually employed in
two dimensions of images, vertical and horizontal, and its cor-
responding function expression is described as follows:

I = S re,ry) =8y (Sx(I,rx),1y)
= Sx(Sy(Iary)vrx)> (5)

where I corresponds to the original image, I’ represents the
scaled image, S is the scaling function, and r, and r, are the
vertical and horizontal scaling ratios, respectively. The func-
tion S can be decomposed into S, and S, which are the vertical
and horizontal scaling functions, respectively. The principle of
Sy and S, are exactly the same and can be interchanged. There-
fore, regardless of which dimension is scaled firstly, the final
scaled image is exactly the same.

Pixel value
A

(z1,c1)
(,0) o=
i
-
(m(hc[]) s ‘T :
1 1
1 1
1 | |
1 | |
1 | 1
I 1 | T
1 1 1 >
Known Destination Known Location

pixel pixel pixel

Fig. 2. The bilinear interpolation in X direction.

The bilinear interpolation method in X direction is de-
scribed in Fig. 2, where the destination pixel (x,c) can be cal-
culated from the pixels (xo,co) and (x,c1). The concrete lin-
ear relationship is given as follows:

Cc—Co c1—¢C

(6)

X — X0 xl—x'

Consequently, the pixel value ¢ can continue to be con-
verted into
(x1 —x)co+ (x—x0) c1

c= . @)

X1 — X0

Assume that a 2" x 2™ original image is scaled to the
interpolated image of size 2™ x 2™2. Then the color value
F(Y',X") of position (Y, X’) in the interpolated image can be
calculated by the bilinear interpolation function of the four ad-
jacent pixels (¥,X), (Y +1,X), (Y, X+1)and (Y +1,X+1)
in the original image. The mapping relationship of these pix-

els is given in Fig. 3. Here,

Yy=1|Y 2" X=X 2"
- X 2m] 9 - X 2m2 )

2
= 2mzx’—x. (8)

(Y+1,X+1)

(+1.X)

Fig. 3. Mapping relationship of coordinates in two images.

Based on the above coordinate mapping relationship, the
color value f(Y', X’

tion image can be calculated as follows:

of the position (¥Y’,X’) in the interpola-
p p

( X) :( dx)f(YaX)+dxf(Y7X+l)
{ ru’ X) (I1—-d) fY+1L,X)+df(Y+1,X+1)
= fV.X)=(0—d)f (Y X)), +df (Y, X),
= (1-do)(1- )f(YX)+d( —dy) f(Y. X +1)
+(1—do)dyf (Y +1,X)+dydyf (Y +1,X+1). 9)

3. Quantum modules

In this section, a series of quantum modules utilized in
the proposed quantum color image scaling circuits will be
briefly introduced, including multiple CNOT module, U; mod-
ule, Qy x module, adder module, RS module, TM module and
divided by 2 module. Meanwhile, the functions of these quan-
tum modules and their corresponding quantum circuits will be
expounded.
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3.1. Multiple CNOT module

The function of multiple CNOT module is to copy
qubits,?’! and its quantum circuit is shown in Fig. 4. In or-
der to replicate |Y) = |Y,—;...Y1Yo), n ancillary qubits and n
CNOT-gates are employed to complete this function. In this
quantum circuit, the qubits |Y) ® [0)*" as the input part are
converted into the output |Y) ®@|Y).

1y, )) —@———— [y,

| )’,,72> @ ‘ yrkZ) n
: .. : be) )
By L (Y
[ vo) *— |v) —
|0) D [V —
|(:)> ’\. \yn:,z> "
10) & 15 0" )
|0y & |y

Fig. 4. The quantum circuit of multiple CNOT module.

3.2. Adding one module U,

The function of adding one module U is to execute the
plus one operation if and only if x,_| X --- X x; X x9 # 1, i.e.,

U] |xn,1 ...x1x0>

. {xnl...x1x0+l>, Xp—1 X -+ X X1 XXx0 # 1,

= (10)
[Xn—1...x1%0), Xp—1 X -+ XXx1 Xx9 =1,

where n is a positive integer, n > 1, and xp,xq,...,X,—1 €
{0,1}

Figure 5 describes a detailed quantum circuit of the U,
module.

[,
‘ Xﬂ*2>
[x,5)

: n n
[x,) p— Xy 4 U = [X+1)

[x)
[x,) ®
Y I

Fig. 5. The quantum circuit of U; module.

3.3. Quantum operation Qy x

The function of unitary operation Qy x[°! is to set the
pixel value of position (¥,X) in the quantum image, and its
expression is as follows:

3g—-1 . , .
Qyx = So Qyyx, Qyx:10) = |00Cyy), 1D
where 3¢ qubits and |Cyx) represent the color depth of the
quantum color image and the color value of the position (¥, X),
respectively.

Based on the INCQI model, Qyx is a (nj +ny)-CNOT
gate when Cg’,x = 1. Otherwise, it is a quantum identity gate
that does not change the initial state |0). Consequently, for a

quantum color image with the color depth 3¢, the realization
process of quantum operation Qy x is described below:

Qux|0) = 6 (Qi4[0) = & ad]
y.x|0) QEO( v.x10)) i§0| ©Cyx)

1

3g—-1, .
= 8 [Crx) = [C(¥. X)) (12)

According to Eq. (12), the black-box circuit of the quan-
tum operation 2y x is demonstrated in Fig. 6.

|0>®3q ﬁ?’i

|X) —A~A

V) ]
F¥,X)

[Cy.x)

.Qy,x

Fig. 6. The black-box quantum circuit of Qy x.

3.4. Adder module

The function of adder module is to add n-qubit X and n-
qubit ¥ by utilizing quantum Fourier transform (QFT).!*°! The
quantum circuit of adder module is shown in Fig. 7, which can
be decomposed into three steps: QFT, rotation module and in-
verse QFT (IQFT). In order to realize the addition function,
adder module only needs one auxiliary qubit, which improves
the operation performance compared with the reversible par-
allel adder in Ref. [30].

[, [%,0)
[x,5) [x,)
%) F %) w0 -2 Lo
[x) = [0 o 5
=04 H & H  Flewn) — 3
- - | — y 1
\,v?,» - 9 ‘(Hs))m A I,
[y ] T )
vy ] T =[x +2))
Fig. 7. The quantum circuit of adder module figure from Ref. [31].
3.5. Reversible subtractor module
The function of reversible subtractor (RS) module32331 is

to subtract n-qubits X from n-qubits ¥, and its quantum circuit
is shown in Fig. 8, which contains two sub-modules: reversible
half subtractor (RHS) and reversible full subtractor (RFS). The
details of these two sub-modules are elaborated in Ref. [32].

[y0) [x,)
[x0) |dy)
[0)
[3)
[x)
|0) _
[¥:) %) — RS
%) ) )
10) L . 1X) =

RFS

[x)
|d,)

RFS

n
|7) = — 1

RFS

— 1X-Y)

1%,)
Id,..)
\d,)

1Y)
[x,,)
0)

RFS

Fig. 8. The quantum circuit of RS module.
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3.6. T-count multiplier module

The function of T-count multiplier (TM) module 1341 is to
multiply n-qubit X and n-qubit Y, and its corresponding quan-
tum block diagram is shown in Fig. 9. The TM module con-
sists Toffoli gate array and CtrAdd circuit, and the details are
discussed in Ref. [34].

| X) ——
T™

|Y>+ + |P>

Fig. 9. The block diagram of TM module.

[%,0)

n-1 :l:
[x,.)

; I )

) f —

‘x0> &
10) :l—I

3.7. Divided by 2 module

The function of divided by 2 module®!l is to halve a
nonnegative integer, which can be realized by utilizing two
CNOT gates and n — 1 quantum swap gates. For instance, the
calculation procedure of employing divided by 2 module for
|x) = |Xu—1%p—2 ... X1x0) is discussed as below:

|X) = |xp—1Xn—2...X1X0) = |Xp—1Xn—2 ... X0X1)
— |x,l,1x,,,2 .. .XQXQX|>
= X 1 X0X - - X2XT)

= |X0Xp_1Xn—2 .. . X2X1) & |x/2), (13)

where x,_1X,—2...x2x1 in final result xox,,_x,—2 ... x2x] is the
calculated effective qubits.

Figure 10 shows the quantum circuit for realizing the
above transformation.

n
XX, %) [0x, %, %)

Fig. 10. The quantum circuit of divided by 2 module.

4. Quantum circuit realization of color image
scaling

In this section, the concrete quantum color image scaling-
up and scaling-down schemes based on the bilinear interpola-
tion are discussed in detail. Assume that a 2"t x 2"2 color im-
age |I) is represented by INCQI model, where the color depth
of each RGB channel is g. Consequently, the color informa-
tion and position information of |7) need to be represented by
3¢ qubits and (n; + ny) qubits, respectively. After designing
the specific quantum circuits, the corresponding complexity is
analyzed.

Cyixr) = (1—dy) (1 —dy)|Crx)+

4.1. Quantum color image scaling-up scheme

Suppose a 2™ x 2" color image is enlarged to 2" x
2m+tm2 by utilizing bilinear interpolation, where ny, nz, m; and
my are all nonnegative integers. For the scaling ratios r, and
ry in Y and X directions, the corresponding values are 2™
and 22, respectively. According to the principle of bilinear
interpolation method, the color value |Cy x/) of the position
(Y',X’) in the interpolation image |I') can be calculated from
the color values of the four coordinates corresponding to the
original image. Consequently, by utilizing Egs. (8) and (9),
the particular calculation formula of pixel value |Cy x/) is de-
scribed by

(1—=dy)dy|Cyx41)+dy (1 —dy)|Cyi1,x) +dydx |Cys1,x+1)
Y’ X' Y’ X'
- (311 ()| iemo 1= (7)< (3 -x) e
Y’ X' Y
# (1) < 1= (35 -0) [ rherma

/ X/
Sy —Y) X (2’"2 —X> X [Cy+1x41)

= {[2™ — (¥ —2"™ x¥)] x 2" — (X' = 2" x X)] X [Cyx) +[2™ — (Y =2"™ x ¥)] x (X' —2"™ x X) X |Cy x+1)
+ (Y =2M xY) x 2™ — (X' = 2™ x X)] x |Cy11.x)
+( 2" xY) x (X' —2m2X x) x [CY XL Lo (2m T o)t (14)

From Eq. (14), the color value |Cys x/) of position (Y',X’) is calculated by |Cyx), |Cyx+1), |Cy+1,x) and |Cy1q x+1) in the
original image |I). The detailed circuit of quantum color image scaling is shown in Fig. 11, where these gray-shaded areas are
the core part of calculating the color weight of pixels. The following are the specific implementation procedures of color image
scaling:
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Step 1 Firstly, the four positions (¥,X), (¥,X + 1),
(Y4+1,X) and (Y + 1,X + 1) of the original image can be ob-
tained through multiple CNOT and U; modules.

Step 2 Secondly, the four color values |Cy x), |Cy x+1),
|Cy+1x) and |Cyy1x+1) in step 1 are calculated by quan-
tum unitary operation Qyx, Qyx4+1, Lyy1,x and Qy 1 x41.

According to the characteristics of bilinear interpolation, the
weight of each pixel can be obtained through multiple CNOT
and RS modules.

Step 3 Finally, according to the calculation function in

Eq. (14), |Cys x/) can be acquired by four TM modules, three
adder modules and (m; 4 my) divided by 2 modules.

|Y,

-+ =]

YT

Loy

b

Y

m,

L HE)

|X,

=17

oK)

}ixo

| X,

my-1

XX

|0ye
D10y
|0y
1|0y

m, +1

T

1Crx

|05

| O>®nl

10y

S, X)

I 0>®m|

I 0>®m2

™

|0)°%

[Crxu)

|0y

|0y®":
S, X +1)

2y

[0y®™

0)°"

&

[Crax) | TM

0%

‘ 0>®n,

I 0> ®n,

S +1,X)

Dyax

|0y

=
2

10 ®m,
|0)5%

[

T™

|C)’-l./\+|>

‘ 0>®n|

I 0> ®ny

S +LX +1

Oyiixn

T
|

Adder

Adder

Adder

H_J

my+m,

Fig. 11. The quantum color image scaling-up circuit based on Eq. (14).

4.2. Quantum color image scaling-down scheme

In this case, the scaling-down scheme of quantum color
image based on INCQI model will be discussed. Assume a
2™ x 2™ color image is reduced to 27" x 2272 where
ni, ny, my and my are all nonnegative integers. At this point,
the vertical and horizontal scaling ratios are r, = 27" and
ry = 272 respectively. Due to the characteristics of image
size, ny > my, and np > my are specified.

As with the scaling-up scheme, according to the bilin-
ear interpolation method, the color value |Cys x/) of position
(Y',X’) in the interpolated image |I') can be obtained from
the color values of the four coordinates corresponding to the
original image |I). By performing equivalent substitutions in
Egs. (8) and (9), the interpolated pixel value |Cys x/) can be
described by

|Cyrxr) = (1—dy) (1—dy)[Cyx) + (1 —dy)di|Cyx 1)

| o

+dy, (1 —dy)|Cyq1,x) +dydy |Cyi1x41)

R e e
1= ()] < () i

i
iy

According to Eq. (8)

y' X'
2 _Y> X <2mz

Y/
,2,7,”1—Yva,nd2

Y’ ¢
) <1 (5
—X> X |Cyi1x41)- (15)

—Xﬂ X |Cys1x)

X' _ X in the above

—my

equation can be further simplified as follows:

Y/ ! m ! 2n1
— — 1 __
= Y=Y x2 {Y X T
=Y'x2™M—|Y'x2™"| =0,
X' 22
—X:X’><2’”2—{X’>< J
2—my 2y —my
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= X'x2"—|X'x2"]| =0. (16)

Consequently, !Cy/,x'> in Eq. (15) can be equivalent re-
placed by Eq. (16), and the results are described as

|Cyrx1) = [Crx). (17)

As can be seen from Eq. (17), the pixel value |CY’,X/> of
position (Y’, X'} in the interpolated image |I’) ultimately deter-
mined by the pixel value |Cyx) of position (¥,X) in the orig-
inal image |I). Therefore, the interpolation algorithm utilized
in this case is not strictly the same as the traditional bilinear in-
terpolation. Compared with the scaling-up scheme employed
in this paper, the scaling-down scheme is relatively uncompli-
cated, and its corresponding circuit is shown in Fig. 12.

Wi Tpit) ———" g 1)
7,1 T

(RS S ° X
WY, X Xy : °

|0>®3q - — |CY.X> :|CY‘_X‘>
|0>®m‘rm‘)

0" &
oyecn Mo &> QY,X

m.

|0y M &
S, X)

Fig. 12. The quantum color image scaling-down circuit based on Eq. (17).

4.3. Complexity analysis

In QImP, the complexity of quantum circuits depends on
the number of elementary gates. The complexity of the quan-
tum elementary gate is considered to be 1 including NOT gate,
CNOT gate and any 2 x 2 unitary operator.33! In addition, in
order to complete the quantum computation, auxiliary qubits
|0) or |1) are usually introduced in the design of quantum cir-
cuits. A series of quantum operations and quantum modules
utilized in scaling circuits will be discussed below. And the
complexity of the ultimate scaling circuits will be concluded
at the end of this section.

4.3.1. Complexity of quantum modules

A series of quantum modules employed in the proposed
scheme are described in Secttion 3, including multiple CNOT
module, adding one module U;, quantum operation Qy x,
adder module, reversible subtractor (RS) module, T-count
multiplier (TM) module and divided by 2 module. Next, the
complexity of these quantum modules mentioned above will
be analyzed.

As shown in Fig. 4, in order to realize the replication of
n-qubits |Y), n CNOT gates require to be utilized, so the com-
plexity of multiple CNOT module is O(n).

From Fig. 5, the quantum circuit of U; module can
be decomposed into one CNOT gate, one Toffoli gate, one

nCNOT gate and (n —2) mCNOT gates (m=3,4,...,n). Ref-
erence [36] illustrated that an mCNOT gate (m > 3) can
be equivalently converted to 2(m — 1) Toffoli gates and one
CNOT gate, and one Toffoli gate can be simulated by 6 CNOT
gates. Consequently, a nCNOT gate is equivalent to (12n—11)
CNOT gates. For (n—2) mCNOT gates, their conversion re-
lationship with CNOT gate is as follows:

(n—2)m — CNOT gates

Z 2 (m — 1)Toffoli gates + (n —2) CNOT gates
m=3
= (6n* —5n— 14) CNOT gates. (18)

In general, after the above analysis, the complexity of U;
module can be expressed as 6n> +7n — 18, i.e., O(n?).

For a 2" x 2" quantum grayscale image with gray range
29, Ref. [9] points out that the complexity of the quantum
operation Qyx is O(q-2n). However, the 2" x 2™ quan-
tum color image with color depth 3¢g is processed in this
paper. Therefore, the corresponding complexity of Qyx is
0(3q- (m +m)).

From Fig. 8, the RS module is consisted of one RHS and
(n—1) RFS modules. Reference [33] points out that the quan-
tum cost of RHS and RFS is 5 and 7, respectively. Therefore,
the complexity of RS module is O(n).

Reference [31] indicates that the complexity of adder
module and divided by 2 module is O(n?) and O(n), respec-
tively. And according to Ref. [34], the complexity of TM mod-
ule is O(n?).

4.3.2. Complexity of two quantum color image scaling
circuits

Firstly, the complexity of the scheme of scaling 2"t x 2"2
color image to size 21" x 21" ig analyzed. The corre-
sponding quantum circuit is shown in Fig. 11, which includes
16 multiple CNOT modules, 2 U; modules, 4 quantum op-
erations Qy x, 2 RS modules, 3 adder modules, m -+ m; di-
vided by 2 modules and 8 TM modules. It is worth noting
that the number of qubits required for color information and
position information is diverse, but the number of qubits in
the respective input part of TM module and adder module is
required to be equal. Consequently, it is necessary to intro-
duce auxiliary qubits to meet the above conditions. Before
analyzing the overall complexity of the scaling-up scheme, it
is assumed that oo = max{3q,m;,my}, which is the maximum
number of qubits representing color and position information.
Thus, based on the above assumption, the complexity of TM
module and adder module in this case is O(«?). Then, the
complexity of the quantum circuit of the proposed scaling-up
scheme is calculated as follows:

O (4 (n1 +np +my +my) + (nj+n3)

+4 % 3q (n +n2) + (my +ma) + o + (my +ma) o+ %)
~ 0(n%+n%—|—a2—|—q(n1 +n2)+ (mi+mp) ). (19)
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For the proposed scaling-down scheme, it is relatively un-
complicated because only one quantum operation Qy x is em-
ployed in this method. From Fig. 12, four multiple CNOT
modules and 1 quantum operation Qyx are utilized in this
quantum circuit. Therefore, the analysis of the complexity of
this circuit is particularly clear, that is,

O((ny —my)+my + (ny —ma) +my+3q(n +n2))
~ O(q (n1 +n2)) . (20)

4.3.3. Comparison of the complexity with other
schemes

According to the above analysis of the complexity, it can
be concluded that the complexity of our proposed scaling-up
scheme is a quadratic function of the image size and color
depth, and the complexity of scaling-down scheme is a linear
function. As a comparison object, the complexity of enlarging
27 x 21 to 27 % 2™ and reducing 2T x 2" to 2" x 2"
schemes in Ref. [27] is the exponential functions O (2"+3) and
0(2"+m+3), respectively. Thus, it is obviously that the com-
plexity of the proposed scheme is less than that in Ref. [27].

In addition, in order to prove the superiority of quantum
computation in QImP, the complexity of the proposed scheme
will also be compared with the classical image scaling scheme.
In a classical computer, the digital images can only be pro-
cessed pixel by pixel. Consequently, for a 2" x 2"2 classi-
cal image is scaled to 2T x 2M2Fm2 op QMM Q2=

O (2m—™m+m=m) which is the exponential function of the im-
age size. Therefore, it is explicit that the complexity of classi-
cal scheme is much higher than the proposed scheme.

5. Simulation-based experiments and analysis

In this section, the proposed scheme will be compared
with the scheme based on nearest-neighbor interpolation in
Ref. [18]. Since the physical quantum computers are not yet
universal and not yet accessible to us, the linear algebraic func-
tion in the MATLAB software package of the classical com-
puter with Intel(R) Core(TM) i5-10210U CPU @1.60 GHz,
SK Hynix 16 GB Ram equipped with the software MATLAB
R2016a environment is utilized to carry out a series of simu-
lation experimental evaluations, in which the complex vectors
are used to represent quantum states and the unitary matrices
denote unitary transformation. In addition, for recovering the
classical images from quantum system, the quantum images
need to be measured.

5.1. Experimental process of proposed scheme for INCQI

Figure 13 gives the concrete process of quantum color im-
age scaling based on our scheme. Firstly, the INCQI model is
utilized to convert a classical RGB color image into a quantum
color image |I). Then, the quantum image is scaled based on
the proposed scaling-up or scaling-down algorithm. Finally,
the quantum measurement is performed on the quantum in-
terpolated image |I’) to obtain the final classical interpolated

its corresponding complexity is at least O (2" ™1 F2+m) or  jmage.
Proposed Quantum
Classical RGB| INCQI Quantum color algorithm Quantum | peasurement Classical
. . ¥ interpolated interpolated
color image image |I) ) )
image |I') image

Fig. 13. The concrete experimental process of proposed scheme.

5.2. Comparison of simulation results

In order to reflect the advantages of the proposed scheme,
the quantum color image scaling scheme based on nearest
neighbor interpolation!!8! is selected to compare with the pro-
posed scheme. The simulation results based on different inter-

polation methods are shown in Figs. 14 and 15.

(a) Original color image
(Lena)
(64x32)

(b) Nearest-neighbor interpolation (c) Bilinear interpolation
(128%128) (128%128)

As shown in Figs. 14(a) and 14(d), two 64 x 32 origi-
nal color images named Lena and Mandril, respectively. The
corresponding scaling-up images based on the scheme of
Ref. [18], which are given in Figs. 14(b) and 14(e).
ures 14(c) and 14(f) are the corresponding scaled-up images

Fig-

based on the proposed scheme. The above four interpolated
images are all under the scaling-up ratios r, = 2 and r, = 4.

(d) Original color image
(Mandril)
(64x32)

(e) Nearest-neighbor interpolation
(128x128)

(f) Bilinear interpolation
(128x128)

Fig. 14. Simulation results using different interpolation under r, =2 and r, = 4.
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(b) Nearest-neighbor interpolation
(32x64)

(c) Bilinear interpolation
(32x64)

(a) Original color image (Lena)
(128x128)

(e) Nearest-neighbor interpolation
(32x64)

(f) Bilinear interpolation

(d) Original color image (Mandril) (32x64)

(128x128)

Fig. 15. Simulation results using different interpolation under r, = 1/4
and r, =1/2.

For the proposed scaling-down scheme based on the ex-
tend bilinear interpolation, the corresponding simulation re-
sults under the scaling-down ratios r, = 1/4 and r, = 1/2 are
shown in Fig. 15. Figures 15(a) and 15(d) are the 128 x 128
original color images named Lena and Mandril, respectively.
Figures 15(b) and 15(e) show the interpolated images reduced
by the nearest-neighbor interpolation mentioned in Ref. [18].
And the interpolated images using the proposed scheme are
given in Figs. 15(c) and 15(f).

From our visual perspective, it is obvious that whether
the original image Lena or Mandril in Fig. 14, the scaling ef-
fect of the proposed scheme is clearer than that of the nearest-
neighbor interpolation scheme. The scaled images used by
nearest-neighbor interpolation method show evidently jagged
marks and mosaic phenomenon. And the images obtained by
the proposed scheme are relatively smooth. However, the in-
terpolated images in Fig. 15 based on the distinct interpolation
are similar. That is because the extend bilinear interpolation
employed in the proposed scaling-down scheme utilizes only
one adjacent pixel, which is similar to the nearest-neighbor
interpolation.

5.3. Quantum measurement of the interpolation image
An interpolation image based on INCQI model can be de-
scribed as

2" —12"2—1

}Il "1+"2 Z Z‘

=0 X'=

X))@y |[Y'x"). (@D

Apparently, an INCQI image is a quantum superposition
state, which can be regarded as a composite quantum system
consisting of (n] +ny +3¢) qubits. Because a measurement in
the quantum system will destroy the superposition, the quan-
tum state cannot be actually observed. And according to the
non-cloning theorem, it is not allowed to make copies of the
state and measure each one. Consequently, in order to estimate
the interpolated image, it is necessary to repeatedly construct
the states of the interpolated image n (n > 1) times and mea-
sure each state to summarize the measurement results. The
probability measurement method is used to execute on the in-
terpolated image, which transforms quantum information into
classical information in the form of probability distributions,
that is, a single qubit state |y) = a|0) +  |1) is converted into
a probability classical bit M (distinguish by drawing a double-
line wire in quantum circuit), which is 0 with the probability
|at|* or 1 with the probability |B|* as shown in Fig. 16.

[4) A

Fig. 16. The circuit symbol for quantum measurement.

M

Next, the influence of quantum measurement on the in-
terpolated images will be discussed. The measurement re-
sults of the 2MTM x Qmtmz gp 2MI=Mi x 2M=M2 jnterpo-
lated image with color depth ¢ for each channel are some
collection of basis states {S1,52,...,,Sn +m +ny+m+3q} and
{Sl,Sz, ey Sy —m1+n2—m2+3q}, respectively.

These basis states adhere to the probability distribution
after multiple quantum measurements. The interpolated im-
ages will continue to be measured util the probability of each
basis state stabilized at a fixed value. According to the law of
large numbers, there is a limit to these states used to estimate
the color information of the interpolated image. The block di-
agram of the measurement operation on quantum computers is
described in Fig. 17.

[ == = e —={in]

|1 == I == tiemolation =) I1') |

| = I = MR = 1) |

1 Mo
> A £,(100-+-0))
P.(100---1))
LM :
>| A > :
R(11-1))
—> @umﬂ
M Above probabilities
>| /7§! "’1> Stabilized at fixed values
|

Fig. 17. The block diagram of measurement operation on quantum computers.
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6. Conclusion

Quantum image processing aims to promote the transi-
tion from image applications by using the classical computing
to the more advanced quantum computation. In this paper, a
scheme of employing bilinear interpolation strategy to quan-
tum color images represented by INCQI model is proposed
for the first time. The proposed scheme mainly consists of
the following two procedures to construct the interpolated im-
ages: (1) build the mapping relationship of pixels position, and
(2) calculate the corresponding color information by utilizing
the bilinear interpolation. According to the above two stages,
the corresponding quantum circuit are designed to realize the
scaling-up and scaling-down of quantum color images. In ad-
dition, the complexity of the two circuits is analyzed, and the
simulation-based experiments are carried out to illustrate the
advantages of the proposed scheme.

The main contributions of this paper are as follows:
1. A bilinear interpolation strategy for quantum color im-
ages based on INCQI representation is introduced for the
first time. 2. The complexities of the two proposed scaling
schemes are O (n}+n3 + & +q (n1 +ny) + (my +my) &) and
O(q(n; +ny)), respectively, which are much lower than the
exponential circuit complexity of Ref. [27]. Furthermore, the
visual effect of the interpolated images based on the proposed
scheme are obviously better than the scaling result in Ref. [27].

The future works mainly include: 1. The proposed
scheme merely realizes the quantum color image scaling by in-
teger multiple, so a quantum color image scaling scheme with
arbitrary ratio can be designed. 2. The bicubic interpolation
methods is mature in classical image processing because of its
superior image scaling results. However, there is no relevant
scheme in quantum image processing. Consequently, we can
try to study the quantum image scaling based on the bicubic
interpolation.
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