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Abstract: In this study, two quantum image resolution
enhancement (QIRE-I and QIRE-II) schemes are pro-
posed based on quantum wavelet transform and quan-
tum interpolation. The original low resolution (LR)
image is decomposed into four frequency subbands us-
ing single-level 1-D quantum Haar wavelet transform
(QHWT). To preserve the edges and obtain a sharp-
er high resolution (HR) image, quantum interpolation
is applied on only three high-frequency subbands. A
few simulation-based demonstrations are presented to
illustrate the feasibility and effectiveness of two pro-
posed schemes. The visual and quantitative result-
s show the superiority of the proposed schemes over
those simply using quantum interpolation.
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1. Introduction

Physics and computer science have a long tradition of
cross-fertilization. One of the latest outcomes of this mu-
tually beneficial relationship is quantum information sci-
ence, which has undergone a spurt of new growth and
been extensively investigated in the past decades. Some
milestones of quantum researches include the Deutsch’s
quantum parallelism assertion [1], Shor’s integer factor-
ing algorithm [2], and Grover’s database searching algo-
rithm [3], which motivate researchers to use quantum-
mechanical systems to accomplish more complex tasks in
the field of information processing.

Attempts based on quantum mechanics for further im-
proving the efficiency of image processing and analysis
started in 1997 [4]. In quantum image processing (QIP),
the quantum image representation encodes images based
on the quantum mechanics, which substantively deter-
mines what kinds of processing tasks and how they can be
performed. The commonly used representations include
FRQI [5], NEQR [6], and MCQI [7]. Some well-designed
operations such as quantum image geometric transforma-
tion [8], color translation [9], filtering [10], and water-
marking [11] are presented, which show the advantages
of QIP in computing speed, storage requirements, and se-
curity [12, 13].

Notwithstanding the aforementioned advances and pi-
oneering researches in QIP, there is still a dearth in liter-
ature in the areas, such as quantum image resolution en-
hancement (QIRE). In this study, single-level 1-D quan-
tum Haar wavelet transform (QHWT) is adopted to de-
compose a quantum image into four different subband-
s, namely low-low (LL), low-high (LH), high-low (HL),
and high-high (HH). Afterwards, the quantum bilinear in-
terpolation (up-scaling and down-scaling) in [14] is im-
proved and used on the high-frequency subbands to gen-
erate the final HR image. Four simulation-based exper-
iments are executed to demonstrate the effectiveness of
our proposed schemes. Two different interpolation tech-
niques are compared with the proposed schemes from the
perspective of visual evaluation and PSNR values.

The rest of this study is organized as follows. The
framework and several preliminary works of QIRE
schemes are introduced in Section 2. Following this, the
quantum algorithms and circuits of these two schemes are
implemented in Section 3. Simulation-based experiments
to evaluate the quality of the enhanced images are pre-
sented and discussed in Section 4.

2. General Framework of the QIRE Schemes

Two schemes are primarily designed with correspond-
ing quantum circuits to enhance the resolution of quan-
tum images. The general framework to implement these
schemes is shown in Fig. 1.

Fig. 1. Framework of the proposed two QIRE schemes.

The 7th International Workshop on Advanced Computational Intelligence and Intelligent Informatics (IWACIII2021)
Beijing, China, Oct.31-Nov.3, 2021 1



Zhao, S., Yan, F., and Hirota, K.

As shown in Fig. 1, both QIRE-I and QIRE-II schemes
are based on QHWT and quantum interpolation. In
QIRE-I, the original image is decomposed using QHWT,
then the up-scaling method is applied on the three high-
frequency subbands. Finally, the enhanced image is gen-
erated by the inverse QHWT. Similar to the QIRE-I, the
first step of QIRE-II scheme is the decomposition of the
original image, in which the down-scaling method is used
as a pre-processing. An “intermediate” enhanced im-
age is obtained by applying the inverse QHWT on the
three high-frequency subbands and down-scaled image,
then the final enhanced image is generated by up-scaling
method. More description about the schemes will be giv-
en in Section 3. As preliminary works, the FRQI prepa-
ration and QHWT are briefly introduced in the following
sub-sections.

2.1. A Flexible Representation of Quantum Images
Since both schemes are designed for flexible represen-

tation of quantum images (FRQI), the preparation proce-
dure of a 2n×2n FRQI image according to the polynomi-
al preparation theorem (PPT) [5] is described as follows.
First, a vector of angles θ = (θ0,θ1, · · · ,θ22n−1) is given.
Then 2n+ 1 qubits are initialized as |0〉⊗2n+1, where 2n
qubits are used to encode the position information, and
color information is encoded by using 1 qubit. Apply-
ing the operation H = I⊗H⊗2n on the initialized state
|0〉⊗2n+1 can be described as

|I〉inter = H
(
|0〉⊗2n+1)

= I|0〉⊗H⊗2n|0〉⊗2n

=
1
2n

22n−1

∑
i=0
|0〉⊗ |i〉,

. . . . . . . (1)

where the position information |i〉, i = 0,1, · · · ,22n−1 is
given by this transform first, and then the operation R
transforms an “intermediate” state |I〉inter to the final state:

R(|I〉inter) =

(
22n−1

∏
i=0

Ri

)
(|I〉inter) = |I〉, . . . (2)

where

Ri =

(
I⊗

22n−1

∑
j=0, j 6=i

| j〉〈 j|

)
+Ry(2θi)⊗|i〉〈i|, . (3)

and

Ry(2θi) =

(
cosθi −sinθi

sinθi cosθi

)
. . . . . . . (4)

Obviously, the final FRQI state |I〉 is prepared by the uni-
tary transform P =RH . Having the basic model to rep-
resent images on a quantum computer, QHWT on FRQI
images is discussed below.

2.2. QHWT on FRQI Images
Wavelet transform plays a significant role in image pro-

cessing applications. QHWT [15] is used in our proposed

QIRE schemes to decompose the original image. The key
element operation of QHWT are Hadamard gate and per-
mutation operation Π2n that can be briefly presented as

Π2n =
(
Π4⊗ I⊗n−2

2
)(

I2⊗Π4⊗ I⊗n−3
2

)
· · ·
(
I⊗n−3
2 ⊗Π4⊗ I2

)(
I⊗n−2
2 ⊗Π4

)
.

. . . (5)

Figure 2 shows that the permutation operation Π2n in E-
q. (5) is applied on the horizontal axis of a 2n×2n-sized
FRQI image, which can be realized by a series of swap
gates. It is obvious that Π2n is a simple swap gate when
n = 2.

Fig. 2. Quantum circuit of Π2n module.

In the schemes, Q2n is used to denote the QHWT with
n qubit , which can be defined as

Q2n = (H⊕ I2n−2)(Π4⊕ I2n−4)(I2⊗H⊕ I2n−4)

· · ·(Π2n−i+1 ⊕ I2n−2n−i+1)(I2n−i ⊗H⊕ I2n−2n−i+1)

· · ·(Π2n−2 ⊕ I2n−2n−2)(I2n−3 ⊗H⊕ I2n−2n−2)

× (Π2n−1 ⊕ I2n−2n−1)(I2n−2 ⊗H⊕ I2n−2n−1)

×Π2n(I2n−1 ⊗H),

(6)

where ⊗ and ⊕ are kronecker product and the direct sum
operators, respectively.

3. Two QIRE Schemes Using QHWT and
Quantum Interpolation

The QHWT combined with quantum interpolation is
considered to construct the QIRE schemes. To achieve
these schemes, the quantum bilinear interpolation for
FRQI images is introduced in this section.

3.1. Quantum Bilinear Interpolation for FRQI Im-
ages

In this subsection, the quantum bilinear interpolation
(up-scaling and down-scaling) for FRQI images with
fixed scaling ratio is introduced.

(1) A quantum circuit for up-scaling operations
Assume that the original image is an 2n× 2n-sized FRQI

image |I〉, as shown in Fig. 1. When the up-scaling ra-
tio is 21× 21, the original image will be enlarged to an
2n+1 × 2n+1-sized FRQI image |I′〉. A pixel in the up-
scaled image can be represented by |i′〉, where |i′〉= |y′x′〉.
In this case, each pixel |i′〉 in the up-scaled image can
be obtained by the corresponding pixel |i〉 and its three
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neighboring pixels |i1〉, |i2〉, and |i3〉 in the original im-
age. The quantum up-scaling operation is defined as

|i〉= |yx〉=
∣∣∣∣by′2 c,bx′2 c

〉
, . . . . . . . . (7)

then the coordinate information of the other three neigh-
boring pixels can be established by

|i1〉= |2y+1,2x〉,
|i2〉= |2y,2x+1〉,
|i3〉= |2y+1,2x+1〉.

. . . . . . . . . (8)

In order to implement the functions defined in Eqs. (7)
and (8), the circuit of coordinate pre-processing (CP) step-
s is presented in Fig. 3, which can be constructed by eight
N-CNOT modules (Fig. 4) and two shift modules (Fig.
5).

Fig. 3. Quantum circuit of CP module.

Fig. 4. Quantum circuit of N-CNOT module.

Fig. 5. Quantum circuit of shift module.

The color information |Ci′〉 of the pixel |i′〉 can be ob-
tained by

|Ci′〉=



|Ci〉, x′0 = 0,y′0 = 0,

|Ci
2
〉+ |Ci1

2
〉, x′0 = 1,y′0 = 0,

|Ci
2
〉+ |Ci2

2
〉, x′0 = 0,y′0 = 1,

|Ci+Ci1 +Ci2 +Ci3
4

〉, x′0 = 1,y′0 = 1.

(9)

According to the PPT theorem in Section 2.1, the color
information of an FRQI image is assigned by a squence
of controlled-rotation gates. Figure 6 shows the quantum
circuit of a general color assignment (CA) module, where
the parameter of the controlled-rotation gates is the angle
vector θ mentioned in Section 2.1. To obtain the color
information of the up-scaled image, additional CA1 and
CA2 modules are required, where the angle parameters
are set to θ

2 and θ

4 according to Eq. (9).

Fig. 6. Quantum circuit of CA module.

Fig. 7. Up-scaling circuit of FRQI images with a 21×21

scaling ratio.

Figure 7 shows the process of image up-scaling based
on quantum bilinear interpolation. By implementation of
the up-scaling circuit, a 2n×2n-sized FRQI image |I〉 can
be enlarged to a 2n+1×2n+1-sized FRQI image |I′〉.

(2) A quantum circuit for down-scaling operations
As shown in Fig. 1, a quantum image down-scaling

operation is required to construct the proposed QIRE-II
scheme. The realization of quantum image down-scaling
with a 2−1×2−1 scaling ratio is presented in Fig. 8.

Fig. 8. Down-scaling circuit of FRQI images with a
2−1×2−1 scaling ratio.
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Figure 8 contains two parts. The first part is CP steps
that are realized by eight N-CNOT and two shift modules.
Note that the N-CNOT modules are applied on the first
n− 1 qubits of horizontal and vertical axes, respectively,
of pixels |i〉, |i1〉, |i2〉, and |i3〉. Following it, the shift-
Y module is applied on the first n− 1 qubits of vertical
axis of pixel |i1〉; the shift-X module is applied on the first
n−1 qubits of horizontal axis of pixel |i2〉.

The second part is color information computing process
that consists of four quarter modules. The function of this
part is to obtain the average of the color values of the four
pixels |i〉, |i1〉, |i2〉, and |i3〉. Each pixel |i′〉 in the down-
scaled image can be determined in the same manner, thus
the full down-scaled image can be acquired.

3.2. QIRE Schemes
Based on the fundamental operations (i.e., QHWT and

quantum interpolation), two main QIRE schemes (i.e.,
QIRE-I and QIRE-II) are proposed in this section.

(1) QIRE-I scheme
The QIRE-I scheme in the upper part of Fig. 1 can be

described in Algorithm 1.

Algorithm 1 QIRE-I scheme

Input: A 2n×2n-sized FRQI image (LR image) |ILR〉;
Output: An enhanced 2n+1 × 2n+1-sized FRQI image

(HR image) |IHR〉.
(1) Applying the single-level 1-D QHWT on |ILR〉 to

decompose it into four 2n−1× 2n−1 subbands: L-
L1, LH1, HL1, and HH1.

(2) Using the proposed up-scaling method to enlarge
the LH1, HL1, and HH1 to obtain three up-scaled
subbands LH2, HL2, and HH2 of size 2n×2n.

(3) Applying the single-level 1-D IQHWT to LH2, H-
L2, HH2, and |ILR〉 to generate the final HR image
|IHR〉.

The single-level 1-D QHWT [15] is based on the
QHWT in Section 2.2, which can be defined as

U = Π2n(I2n−1 ⊗H). . . . . . . . . . . (10)

Its inverse transform (IQHWT) is presented as

I = (I2n−1 ⊗H)Π2n . . . . . . . . . . . (11)

These operations are applied separately to horizontal and
vertical axes of the FRQI image. Quantum circuits imple-
menting on horizontal axis are presented in Fig. 9.

As shown in Fig. 10, the original LR image is decom-
posed into four subbands. These subbands are up-scaled
when yn−1 = 0 and xn−1 = 1; yn−1 = 1 and xn−1 = 0;
yn−1 = 1 and xn−1 = 1. Finally, the final enhanced image
|IHR〉 is reconstructed by applying the inverse transform
to the three up-scaled subbands and the original image.

(2) QIRE-II scheme
According to Fig. 1, the QIRE-II scheme can be de-

scribed in Algorithm 2.

Fig. 9. Quantum circuits of the single-level 1-D QHWT
and IQHWT.

Fig. 10. The simplified circuit of the QIRE-I scheme.

In Algorithm 2, three subbands LH1, HL1, and HH1
combined with a down-scaled image are used to gener-
ate the “intermediate” enhanced image by single-level 1-
D IQHWT. The final enhanced image |I′HR〉 is generat-
ed by the up-scaling method. Based on this, the QIRE-II
scheme is presented in Fig. 11.

4. Simulation Experiments on QIRE Schemes

Technically, the two QIRE schemes include three
tasks: single-level 1-D QHWT for decomposing the
image, interpolation for up-scaling and down-scaling,
and the IQHWT operation for the image reconstruction.
Simulation-based experiments are executed to demon-
strate both the feasibility and effectiveness of the two
QIRE schemes. The simulation is based on linear alge-
bra with complex vectors as quantum states and unitary
matrices as unitary transforms using Matlab.

In the experiment, four 28× 28 images (in FRQI for-
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Algorithm 2 QIRE-II scheme

Input: A 2n×2n-sized FRQI image (LR image) |ILR〉;
Output: An enhanced 2n+1 × 2n+1-sized FRQI image

(HR image) |I′HR〉.
(1) Similar to the QIRE-I scheme, the single-level 1-

D QHWT is applied on |ILR〉 to decompose it into
four 2n−1× 2n−1 subbands: LL1, LH1, HL1, and
HH1.

(2) The proposed down-scaling method is used to re-
size |ILR〉 to a 2n−1×2n−1 image |ILR2〉.

(3) Applying the single-level 1-D QHWT to LH1, H-
L1, HH1, and |ILR2〉 to obtain the “intermediate”
enhanced image |IHR〉.

(4) The up-scaling method is utilized to enlarge |IHR〉
to generate the final HR image |I′HR〉.

Fig. 11. The simplified circuit of the QIRE-II scheme.

mat) are used as the original test images as shown in
Fig. 12(a). By investigating the existing literature, avail-
able interpolation algorithms on FRQI images primarily
utilize nearest-neighbor [16] and bilinear [14] approach-
es. As such, the corresponding comparisons are based on
these two interpolation algorithms and the two proposed
schemes (i.e., QIRE-I and QIRE-II).

As indicated in Figs. 12(b–e), using the nearest-
neighbor, bilinear, QIRE-I, and QIRE-II schemes, each
test image is enlarged to a 29×29 enhanced image. They
are displayed with the same as the test images for the sake
of layout [17]. From the perspective of subjective visu-
al evaluation, obviously, all of the results show that our
schemes can effectively preserve the image details, pro-
duce sharper edges, and exhibit less artifacts.

In addition, the peak signal-to-noise ratio (PSNR) is
used to evaluate the quality of enhanced images. Table

(a) Test image (b) Nearest (c) Bilinear (d) QIRE-I (e) QIRE-II

Fig. 12. Experimental results using the quantum nearest-
neighbor, bilinear, QIRE-I, and QIRE-II schemes.

1 lists the PSNR values between the test images and the
resultant enhanced images in Fig. 12.

It is evident that the resultant HR images using the pro-
posed QIRE-I and QIRE-II schemes produce higher P-
SNR values than the results using the two interpolation al-
gorithms. Furthermore, the average PSNR values of each
algorithm are also calculated. The QIRE-I and QIRE-II
schemes proposed in this study still show superiority com-
pared with the two interpolation approaches.

Table 1. PSNR values (dB) for the test images and the
final HR images.

Scheme Test image Average
Couple Airplane Tiffany Baboon

Nearest 32.67 30.69 36.55 29.70 32.40
Bilinear 34.55 30.77 40.12 33.56 34.75
QIRE-I 43.84 33.42 37.83 49.04 41.03
QIRE-II 44.38 32.37 44.17 34.98 38.98

5. Conclusions

In this study, as a first attempt, two QIRE schemes to
enhance the resolution of quantum images were proposed.
Both schemes are built based on the single-level 1-D
quantum Haar wavelet transform (QHWT) and quantum
interpolation. The quantum circuits to implement vari-
ous operations were designed. Several simulation-based
experiments were implemented to demonstrate the effec-
tiveness of the proposed schemes. The results showed that
the proposed schemes enhanced the image details better
than that simply using the interpolation algorithms.
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Ongoing and future work will focus on the follow-
ing aspects. First, as discussed in this study, the QIRE
schemes are based on FRQI model. We will consider ex-
tending the schemes to other quantum image representa-
tions, such as NEQR and MCQI. In addition, although the
QIRE-I and QIRE-II schemes have their advantages, such
schemes may be further improved by using the multi-level
and multi-dimensional QHWT operations [18]. Final-
ly, the quantum wavelet transform and interpolation dis-
cussed in this study can be further investigated towards
realizing the quantum image super-resolution.
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