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Abstract: Quantum image computing has attracted attention due to its vast storage and faster processing of image
data than classical computers. Although classical computing power has grown substantially in the last decade, its
abilities have plateaued, struggling to meet the needs of huge datasets. Quantum computers, on the other hand,
take advantage of unique qualities like quantum parallelism, superposition, and entanglement to provide faster
solutions to complicated problems. Managing huge image data in classical systems necessitates significant memory
and hardware resources, which makes quantum computing a possible alternative. Several approaches have arisen
for encoding and compressing classical images in the quantum processor. However, one of the most significant
limitations is the complexity of quantum state preparation, which translates pixel coordinates to corresponding
quantum circuits. Current approaches for representing large-scale images require a huge number of quantum
resources including qubit, and qubit connection, which presents significant hurdles. Therefore, this article aims to
overview the pixel intensity and state preparation circuit that needs fewer connections, i.e., quantum gates to
represent quantum image data, and then explore and design effective compression and processing methods for
medium and high-resolution images. This work specializes in emerging quantum models’ potential for enhancing
image representation and compression capabilities. It also conducts a comprehensive study of quantum image
representation and compression techniques, categorizing existing methods by grayscale and color image types
and evaluating their methods, strengths, and limitations. It focuses on crucial difficulties, such as high qubit
requirements and complex state preparation, that limit scalability for huge images. This paper also assesses
each model’s compression efficacy, which will help future research focus on efficient circuit designs with lower
complexity for medium to high-resolution images. It is an essential reference for advancing quantum image
processing research since it provides a systematic framework for evaluating quantum image compression and

representation algorithms.

Keywords: quantum image; representation; compression; PSNR; required number of gates; qubit, qubit

connection

1. Introduction

Moore’s law describes the computational power of classical computation in the past decade [1].
Due to the limitation of the transistor placement theory, its power has not increased further. Feynman
found that quantum mechanics is the best candidate for addressing the limitation of the computing
power of the classical computer. Shor has proposed a quantum algorithm to compute factorial for
the integer value. The computational time of the quantum factorial algorithm is much faster than the
classical approach [2]. After that, Grover also proposed a quantum algorithm for database search [3].
In terms of hardware performance, it can provide every detail simultaneously. It can also accommodate
an enormous amount of information due to using an exponential formula (2"). Moreover, it’s able to
create mathematical creativity automatically.

In recent years, quantum image compression and representation have gotten lots of attention in
quantum image computing. Generally, it pre-processes the classical image and then uses the quantum
algorithm to represent the classical information in the quantum processor mean quantum circuit.
Then, the outcome from the quantum processor in the classical domain will be measured. In quantum

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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information processing (QIP), the properties of quantum mechanics such as superposition, parallelism,
and entanglement mainly deal with faster computation than classical computation [4-6]. In 1985,
Deutch showed that the quantum computer is a physical device that is faster and capable of processing
and restoring image data [4]. In our daily lives, the application of images is growing. In quantum
image computing (QIC), image data are represented in the photonic circuit as a quantum circuit. Like
classical image representation, quantum image representation also requires color and positional value.
Then, qubit connections connect color mean image pixels and their corresponding position. When
an image is represented in a quantum mechanics system, it means a multi-particle system, then it’s
known as a quantum image. In quantum images, qubits replace the array of classical bits and show
a better reproduction of the image than classical [7]. Three kinds of quantum images are generally
considered: binary, gray-scale, and color. Each of them has its standards. The goal of quantum imaging
is to produce “better” images using quantum methods with a smaller number of photons to achieve
better spatial resolution, including signal-to-noise ratio.

Quantum image representation and compression use quantum computing concepts to encode and
modify visual data efficiently. Quantum mechanical ideas like qubits, superposition, and entanglement
are fundamental to this field since they authorize novel approaches to processing image data. Quantum
techniques, as opposed to classical ones, enable the definition of images in increasingly smaller states,
which reduces the need for storage and computational complexity. Knowing these fundamentals
lays the groundwork for exploring how quantum algorithms can convert image representation and
compression methods.

Images are represented in classical processors as matrices of numbers that characterize the color
or intensity of each pixel in a Cartesian coordinate system, where each pixel’s location is related to its
intensity. The classical approach, which makes use of pixel intensity associations while preserving the
explicit relationship between pixel location and value, frequently uses spatial correlations. However,
qubits must explicitly encode the pixel intensities and locations in quantum image processing. Since
quantum picture encoding requires condensing on the "1" points in the binary representation of pixel
values, this presents a new difficulty. Because of the extensive amount of data involved, traditional
image processing methods frequently necessitate significant computational resources for processing
and storage. Quantum image compression reduces the strain on a quantum processor’s resources.
Since all operational gates add to processing complexity, the number of operational gates needed for
image operations (rather than just qubits) is the primary resource in quantum computing. Boolean
expression compression (BEC) is one technique employed in quantum image compression. Boolean
variables are used in this technique to streamline the image representation. Each ‘1’ in the binary
representation is kept, and lateral variables like y represent complementary values. To compress the
image, if x is a Boolean variable and its value is 1, then the literal x is used; otherwise, X is used as the
literal. Therefore, a Boolean expression like:

e = XpX1X2 + XpXx1X2 1)

can be compressed to:

e = XX1 ()

If two CNOT gates act on the same qubits (which correspond to the same color), but their control
qubits are different, then two CNOT gates can be combined into one. Figure 1 shows an example.
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Figure 1. Quantum image compression using BEC approach

Additionally, it can improve the compression process further by combining specific quantum
gates. For instance, if two CNOT gates operate on identical qubits but with various control qubits,
they can be combined into one gate. However, there are drawbacks to this process. It takes much time
during the pre-processing phase to determine which CNOT gates can be joined because a pair-by-
pair comparison is necessary. The complexity of this approach increases with the number of qubits.
Without compression, the time complexity is O(g - 24"). It emphasizes the requirement for more
effective methods to manage gate combinations and enhance the compression process.

In this work, we cover most of the quantum image encoding techniques, including color and its
state. We have summarized ten core image compression and representation techniques. Our survey
covers the pros and cons of the following compression and representation approaches.

® Qubit Lattice (Venegas-Andraca et al. 2003) * QPC (Jiang et al. 2018)

¢ Real Ket (Latore 2005) e BRQI (Li et al. 2018)

¢ Entanglement Image(Venegas-Andraca et al. e QRMW (Sahin et al. 2018)
2010) * OCQR (Liu et al. 2018)

e FRQI (Le et al. 2011) e QRMMI (Zhou et al. 2018)

* MCRQI (Sun et al. 2011) * DCT-GQIR (Jiang et al. 2018a)

* NEQR (Zhang et al. 2013) * IFRQI (Khan et al. 2019)

d MCQI (Sun .et. al. 2013) ° QRCI (Wang et al. 2019)

¢ CQIR (Caraiman et. al. 2013) e OQIM (Xu et al. 2019)

* QSMC & QSNC (Li et al. 2013) « GNEQR (Li et al. 2019)

e QUALPI (Zhang et al. 2013a) .

o NASS (Li et al. 2014) * QBIR(Liu et al. 2019)

« SQR (Yuan et al. 2014) * FTQR (Grigoryan et al. 2020)

o NAQSS (Li et al. 2014a) * DQRI (Wang et al. 2020)

o INEQR (Zhang et al. 2015) * QHSL (Yan et al. 2021)

e QPI (Laurel et al. 2015) e EFRQI (Nasr et al. 2021)

* GQIR (Zhang et al. 2015a) e INCQI (Su et al. 2021)

e FRQCI (Li et al. 2016) e QIRHSI (Chen et al. 2021)

* NCQI (Sang et al. 2017) * QTRQ(Dong et al. 2022)

¢ OMCR (Abdolmaleky et al. 2017) ¢ QIIR (Khan et al. 2022)

2. Existing Standards for Quantum Image Compression and Representation, and Their Limitations

Quantum computing, an interdisciplinary field combining quantum mechanics, computer sci-
ence, and mathematics, can solve issues such as the impending failure of Moore’s law by increasing
computational power. However, in quantum image processing, challenges still need to be solved to
represent and retrieve images efficiently. A qubit, or quantum bit, is the fundamental building block
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of quantum information. Venegas-Andraca et al. 2003 explored Qubit lattice [7], an early quantum
image representation technique in which four separate pixel values are assigned to individual qubits.
It was the first quantum method to reserve and retrieve image data in a multi-particle quantum
system. However, its limitations include its ability to manage only four random pixel values, making
it inappropriate for real-world applications. Latorre (2005) developed the real-ket [8] method, which
was limited to four-pixel values.

The flexible representation of quantum images (FRQI) was developed to circumvent these lim-
itations. Inspired by pixel-wise representation, it encodes classical binary images in the quantum
realm using amplitude-based probabilistic representation. Figure 3 depicts a 2 x 2 quantum and its
associated quantum state. The mathematical expression for the FRQI image is given below:

1) = 3[(cos Bo]0) +sin Bo[1)) & [00) + 3)

(cos61]0) +sin ;1)) @ |01) + (cos 62]0) +
sinf,]1)) ® |10) + (cos 03]0) + sin3(1)) ® |11)
Figure 2 illustrates the FRQI circuit diagram for the quantum image |I). It uses control rotation

matrices, which are supplemented by CNOT gates and standard rotational matrices, as illustrated in
equation 4:

Rotation Matrix = c<.)s 6 —sind
sinf cosf

¢

(

R0 RO k(-0) R(-0)

Figure 2. An FRQI circuit for representing 2 X 2 quantum image

Despite its achievements, it is restricted in its capacity to depict pixel-wise grayscale images since
it only uses a single qubit for encoding. In 2010, the entanglement image was proposed to use qubit
entanglement. It is only suitable for small image sizes, such as 2 x 2 pixels. Figure 3 displays the
quantum image, including its state for the 2 x 2 image size.

The novel quantum enhanced quantum representation (NEQR) [30] for digital image algorithm
was developed to encode grayscale images in a quantum system to overcome these issues. Unlike
FRQ], it takes a deterministic method based on pixel values. It translates the pixel values and maps
them according to the frequency of ones in the binary string—pixel and state (position) qubits to their
respective positions. For instance, an image with pixel values of 0(Y = 0,X = 0),100(Y = 0,X =
1),200(Y =1,X =0),and 255(Y = 1, X = 1) can be represented in NEQR as follows:

1
|I)NEQr = 5/00000000) © [00) +[01100100) © [01) )
+]11001000) ® |10) + [11111111) ® |11)
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Figure 3. A 2 x 2 FRQI quantum image

Figure 4 shows the NEQR circuit diagram for the image |I) ngqgr. It resolves many of the limitations
of FRQI approach by using multiple qubits, allowing it to represent grayscale images with higher

complexity.
Step 1 Step 2
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Figure 4. NEQR circuit for representing image pixel

3. Taxonomy of the Quantum Image Compression and Representation Approaches

Figure 5 shows the taxonomy of the quantum image compression and representation scheme.
Generally, it classifies the image representation approaches into major ten categories. Although
various kinds of representation have already been developed, angles and pixel-based representation
approaches have become more popular because of operational advantages and the ease of integrating
complexity with other systems. Coefficient-based representation can represent images inside the
quantum domain due to the mapping of coefficient values rather than pixels. The lower number of
non-zero coefficients reduces the state preparation complexity.
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Figure 5. Taxonomy of the quantum image compression and representation approaches

For transfer coefficient-based quantum image representation, DWT and DCT are the two most
popular transformation techniques [49]. Jiang et al. 2018 [32] proposed a DCT transfer coefficient-
based GQIR approach which represents the transform version of the pixels values. It decreases the
quantum preparation complexity tremendously. Moreover, it’s able to represent arbitrary shapes of
images. Due to the state label mapping procedure, it needs higher redundant bits for state preparation.
It compresses the image before representing it in the classical compression approach such as DCT
transformation.

For example, for a 512 x 512 image, the required qubits for encoding Y and X positions are 9,
and 9 qubits respectively. In practical application, Fig. shows a 16 x 16 image quantum circuit as
an example after performing the DCT and 70 quantization factors using the Quirk simulation tool
[28] whose coefficient values are 126(X = 1,Y =1),1(X =1,Y =9),4(X=2,Y =1),4(X =2,Y =
9),1(X=2Y=10),1(X=4Y=1),1(X=6,Y=9),138(X =9,Y =1),140(X =9,Y =9),2(X =
10,Y =1),2(X =10,Y =9) and 1(X = 11,Y = 9) respectively. To prepare the coefficient value in
the quantum domain, first, convert the coefficient of nonzero values into binary and then map the
corresponding ones only using 8 numbers of qubits shown at the top of the quantum circuit in Figure.6.
For state preparation, the corresponding coefficient nonzero position values are also recorded and
located in the two-dimensional Y X -position using the rest 8§ numbers of qubits shown at the bottom
of Figure.6. After that, convert them into a binary system and count how many times one’s happened
in one coefficient. The quantum circuits only deal with only ones and zeros that are governed by the
qubits. The corresponding position value of each coefficient is used to prepare the quantum state.
There were two kinds of bit rates; one was for the coefficient and another for its position.
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Figure 6. A 16 x 16 DCT-GQIR quantum image including state preparation
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On the other hand, DWT based GQIR approach has also been investigated in [49]. Due to the
more frequent mapping of the state label of the transfer coefficient value, it performed poorly compared
to the DCT pre-processing approach.

Latorre (2005) proposed a real ket [8] approach to represent the image using a block structure to
locate the pixel in the Hilbert space to create entanglement. It also uses matrix product state to rewrite
the quantum state [8]. It is limited to 2x2 pixels image. Although, it claims the compression happens,
how it works is still unclear. Besides, the superposition of the qubits is another gap. Li et al. 2018
[44] represent quantum Arnold transform (QArT) images compressed through DCT and Zigzag pre-
processing approaches. The compression efficiency is too low. How and where compression happened
is not mentioned clearly. Quality measurement of this approach is also another gap. Pang et al.2019
[47] utilized quantum Fourier transfer for representation as well as compression purposes. In this
approach, compression was done through the QFT approach which is the question of its compression
ability. Because QFT represents the Fourier transform of a given signal, not compression.

Sahin et al. 2018 [24] reported QRMW approach that represents the image based on wavelength.
Compared to NCQ), it increases storage capability. It uses fewer qubits compared to BRQL. It is limited
to the square size of the image. Moreover, it is applicable for tiny sizes of array images such as 2 x 2.
The compression study is out of the scope of this method. Wang et al.2020 [40] explored a double
quantum color images representation model (DQRCI) to represent the quantum image which uses
the superposition state. It stores two digital color images simultaneously. Use only three-qubit which
makes it impossible to represent medium or big size quantum image. Compression of the quantum
image is not explored.

Wang et al.2019 [36] proposed a quantum representation model for color digital images. It
encoded color information using the basic state of the qubit sequence. It increases the storage and
processing capability of NCQI. It is limited to a square size small image. The complexity of this
approach is higher compared to GQIR. Also, it does not measure the quality and accuracy. Quantum
compression is not considered in this study. Li et al. 2018 [23] proposed a bit-plane-based quantum
image representation approach. The use of the bit-plane approach increases the number of operations
and the system becomes more complex. Also, it requires a higher number of quantum resources such
as qubits, and basic gates for qubit connection than the NEQR approach. It focuses only representation
approach, not compression. Jiang et al. 2017 [22] explored the quantum point cloud (QPC) approach
to represent and store the 3D quantum image. Due to its architectural representation, it increases the
complexity of the algorithm in terms of some operations utilizing flag and attribute information. It is
applicable for 4 x 4 size of array image. Compression is not studied in this approach.
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Wang et al.2022 [37] proposed a quantum image representation approach that uses an image
index. It has more preparation complexity due to considering an extra matrix for encoding indexed
pixels. In this approach, the quantum image compression approach is not investigated. Xu et al.
2019 [33] reported ascending order of the pixel of the image representation technique that represents
the digital image in a normalized form of the state. It stores and represents the ascending order of
the gray-scale image in the form of the probabilistic amplitude of the color. It also uses the different
qubits to locate the position of the pixel. It does not discuss the recovery procedure at the decoder end.
Also, it is limited to the 2 x 2 array size of the image. Since it works directly with image pixels the
complexity of preparation is higher. Quantum image compression is not investigated in this work.
Grigoryan et al. 2020 [39] demonstrated a 3-point DFT approach to the quantum image that maps
the Fourier qubit data in the quantum discrete domain. It complexity of preparation increases due
to considering the complex plan. Moreover, reconstructed image quality was not measured. It also
represents the part of the image data in the quantum unit circle.

3.1. Angle-Based Compression and Representation Approach

In this section, the angle-based quantum image representation approaches are summarized. Table
1 overviews angle-based quantum image representation and compression methods, each with separate
strategies, advantages, and restrictions. Qubit lattice approach was proposed by Venegas-Andraca
et al. (2003) [7] that uses multi-particle quantum systems for pixel representation but is occupied
by single-qubit scalability. FRQI (Le et al. 2011) [9] encodes pixel color and position by mapping
pixels to angles, enabling binary image compression with reduced operations, though it struggles with
complex grayscale representations. MCQI (Sun et al. 2011) [10] encodes RGB images into quantum
forms using only three qubits, restricting its capacity to represent bigger images accurately. QUALPI
(Zhang et al. 2013) [11] geometric transformations to convert classical images to quantum format
but face pixel fidelity constraints, particularly with larger images. NASS (Li et al. 2014) [12] creates
multidimensional color images but requires more transparency in its compression processes and is
better suited for low-resolution images. An enhanced FRQI variant (Li et al. 2016) [17] presents
two-phase parameters representing RGB values but has high data demands, making it unusable for big
images. IFRQI (Khan et al. 2019) [25] can represent only 2 x 2 pixel arrays due to angle-based encoding,
restricting scalability. QSMC QSNC (Li et al. 2013) [26] use segmented quantum states for pixel
representation but are restrained to small arrays, which impacts reconstruction quality. Eventually,
SOR (Yuan et al. 2014) [27] stores infrared images, but scalability and representation fidelity restrict its
real-world applications. While these methods offer specific benefits, most face challenges in scaling and
supporting image fidelity for more extensive or complex images, with restricted success in practical
compression applications.
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Table 1. Overview of an angle-based quantum image compression and representation approach.

Reference Strategy pros cons compression
Use multi-particle quantum mechanics system. Use single qubit only.

Venegas-Andraca . . p . 1 . Y ged n

t 212003 [7] Qubit Lattice  Better reproduction of original values Four number of pixel values are converted No

etal.

compare to classical. randomly into quantum mechanics system.

Mapping the pixel into angle using a single qubit.
Use traditional Boolean expression compression approach. Yes.
Unable to represent pixel-wise operation.

Capture the image pixel color and its position.
Convert the image into its normalized state.

Le et al.2011 [9] FRQI

Insufficient qubit to represent to medium or big size images.
Map the pixel values as an angle does not give No.
sufficient knowledge to represent a big size image.

Represent RGB quantum color image.
Qubits represent the color space of the image.

Sun et al.2011 [10] MCRQI

Represent the image in log-polar coordinate system.
Use geometric transformation to convert

the image.

4 x 8 array of image size was considered

Generate more redundant information for position preparation.
Nearly impossible to pixel wise representation of a No.
medium or big size image.

Zhang et al. 2013 [11] QUALPI

Pixels are directly converted into angle leading the question

Li et al. 2014 [12] NASS It represen.t mult1d1men51c.)r.1al color image. of originality of. reproductloﬁ. . Yes
Create arbitrary superposition. How compression happens is not mentioned clearly.
Applicable for very low-resolution images.
Use single qubit lead the poor
quality for its representation.
Li et al. 2016 [17] FRQCI Use two phases parameter to locate the Con51de.red 4x4 array. size of tl.le image which f:an. No.
RGB pixel value. carry a tiny amount of information for real application.
Not suitable for big-size images due to generating
huge amount of information for state preparation.
Khan et al.2019 [25] IFRQI Able to represent two bits as an angle Only represent 2 ~ 2 array of plx'el rmage dl.rectly. No.
Image reconstruction procedure is still missing.
QSMC Use only 3 x 3 array of image.
Lietal.2013 [26] & QSNC Represent pixel and state value. Applicable for square size image. Yes
Image is segmented based quantum method. Reconstruction procedure is not mentioned properly.
. Angle parameter is not mentioned clearly.
Yuan et al. 2014 [27] SQR Represent and store the infrared No

. . . . Lack of information to represent a real image.
image using Qubit lattice approach.
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3.2. Overview of Pixel-Based Representation and Compression Approach

In this section, pixel-based quantum image representation as well as compression approaches
are outlined. It is divided into binary, gray, and color categories. Under each section category, each
method’s pros, cons, and compression opportunities have been summarized.

Venegas-Andraca et al.2010 [28] proposed a quantum binary image using the entanglement
property of the quantum image. It has removed the additional resource requirements, such as pixel
disposition and correlation. It is also able to create the maximum entangle between qubits. It’s limited
to binary image representation mapping. Also the image size is also limited to tiny and does not
provide sufficient knowledge about quantum mapping systems. It does not investigate the compression
opportunity. Laurel et al. 2015 [29] proposed a quantum binary image that converts classical pixel
image into quantum pixel. It applies to pure binary coding systems. Quality measurement was not
performed to measure its representation performance. The drawback of this approach is that it is too
complex to represent medium- or large-size images. How a medium and big size image is represented
is still not clear. The quantum compression of the image is not discussed.

Table 2 overviews grayscale quantum image representation and compression techniques, de-
scribing the methods, advantages, and restrictions. NEQR (Zhang et al. 2013) [30] employs eight
qubits to represent grayscale images effectively but is limited to square images, and its pixel mapping
approach complicates preparation. INEQR (Zhang et al. 2015) [31] can handle unequal horizontal and
vertical dimensions, though it remains to be seen how well it scales to larger images. GQIR (Zhang et
al. 2015) [32] supports rectangular images of arbitrary shapes but struggles with pixel-wise fidelity for
medium or large images. Fig. 7 exhibits the corresponding 2 x 2 GQRI quantum circuit representation
of an image whose pixel values are 79(X = 1,Y = 1),10(X = 1,Y = 2),25(X =2,Y = 1), and
37(X =2,Y = 2) respectively.

It directly converts the pixel value and its position into the quantum circuit. For each pixel
position connection, every time a similar number of bits is required to connect each c-not gate for
preparing pixel value with its state position is the main drawback of this method. It’s developed
from FRQI which represents the color and location information of the image. It maps the qubits in
the vertical and horizontal coordinate system where the logarithm function is used to represent the
original image, where H = log2H and W = log2W. Both color and location information are normalized
in the |0> and |1> qubits. | XY> and g are the location information and color information. It needs
(h+w + q) qubits to represent an H x W image with a gray range of 2q. Note that GQIR can represent
not only grayscale images but also color images because the color depth q is variable. In most cases,
when g = 2, it is a binary image; when g = 8, it is a grayscale image; and when g = 24, it is a color
image.

GNEQR (Li et al. 2019) [33] is suitable for real and complex values but, like NEQR, is confined
to small images (2 x 2 pixels). FRQI (Nasr et al. 2021) [35] employs Toffoli gates to enhance state
preparation, increasing complexity in larger images compared to GQIR. QTRQI (Dong et al. 2022) [35]
leverages a ternary quantum system for image storage, though details on compression quality and
reconstruction accuracy are limited. CQIR (Caraiman et al. 2013) [41] employs a multi-label quantum
system for image storage but does not clarify mapping methods and has high preparation demands.
QRMMI (Zhou et al. 2018) [42] uses a 3D Arnold transform for multiple image mapping, limited
to 2 x 2 arrays, with preparation complexity akin to NEQR. The QRMMI representation of the 2 x 2
images shown in Figure 8(a) is expressed as:

[Iormmi) = ﬁuzoo) ©1010) 4 |100) ® |011) + |200) @ [001) + |255) © |000)]

The QRMMI representation of the image is shown in Figure 8(b):
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Figure 7. Quantum circuit for the GQIR representation of a 2 x 2 grayscale images
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Figure 8. Example of QRMMI approach for multi-image representation.

[ IorMMmI) = #Hzom ® |010) + ]100) ® [111) + [200) @ [101) + |255) @ [101)]

Lastly, QBIR (Liu et al. 2019) [44] encodes images block-wise but faces preparation challenges in
state connectivity. These techniques provide unique approaches to quantum grayscale image represen-
tation, high preparation demands, restrictions on image size, and a lack of clarity on compression and
reconstruction quality for practical applications limit many.
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Table 2. Overview of gray-scale quantum image compression and representation approaches.
Reference Strategy  pros cons compression
Zhang et al. 2013 [30] NEQR Uses eight number.s of qubits to Only e?pphcablle for square 1.mage. . . . No.
represent the gray image. Mapping the pixel values directly leading the complexity of preparation.

Applicable for the small size of gray
image for mapping. No.
In what way, mapping of big size color image is still a gap?

Able to represent unequal horizontal
and vertical coordinate image.

Zhang et al. 2015 [31] INEQR

Generate more redundant information for position preparation.

Represent the rectangular image in an . . . L X )
P & 8 Y Nearly impossible to pixel wise image representation of a medium or No.

Zhang et al. 2015a [32] GQIR

arbitrary shape. big size image.
Li et al.2019 [33] GNEQR Rfepresent real a?nd complex value Apphcab'le for2 x 2 sql%are'lmage. . . No.
signal information. Complexity of preparation is very high, like NEQR.

Its increase the number of require gate compare to GQIR.
Nasr et al. 2021 [34] EFRQI Use Toffili gate for state preparation. Complexity become high when attempting to represent No
every pixel of an real application image

Image is reconstructed procedure is not discussed.
Exactly where and how the compression

Dong et al. 2022 [35] QTRQ Use ternary quantum system to store the formation. ) . Yes
happens is not mentioned clearly.
Nothing mentioned about quality measurement.
Caraiman et al.2013 [41] CQIR To store and process image use multi- H'1gher P repa.ratlon compl.ex1ty. . No
Did not mention how the image array is mapped.
label quantum system
Increase complexity mapping of
Zhou et al.2018 [42] QRMMI  Represent multiple image using sequence number. No
3D Arnold transform. Limited to 2 x 2 array size of image
Complexity is similar to NEQR.
Liu et al.2019 [44] QBIR Represent pixel image as block-wise Map pixel value directly into quantum domain No

create higher preparation complexity
for state connection
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Table 3. Overview of quantum color image compression and re-presentation approaches.
Reference Strategy pros cons compression
Although the author proposed color image representation,
Represent the RGB value of but it processes gray image for measurement.
Sang et al. 2017 [45] NCQI color image se.parately. . Require too 'rnany qub.1t5 to do the operatl(?n. No.
Decrease the time complexity Reconstruction of the image was not examined.
compared to MCRQIL How the required number of gates and
PSNR are calculated is not mentioned.
It require several qubits
Liu et al. 2018 [15] OCOR for representa’.aon compare.d to MCQIL Increase the ?omplexfcy of oper'fltlon ‘ No.
Decrease the time complexity due to counting channel swapping operation.
compared to MCRQIL
More qubits is required compared to MCRQI.
Abdolmaleky QMCR Reduce the complexity of Quality of the reconstruction image is still issue. No
etal. 2017 [16] preparation compared to NEQR. Working with pixel values conversion from classical to quantum leads )
the complexity of the preparation.
Use probabilistic amplitude and phase against the pixels
Lietal. 2016 [17] FRQCI  Store the RGB value of the color image value{ information. . No.
Applicable for 2 x 2 array image.
How a higher resolution image is reconstructed still gap.
Yan et al.2021 [18] QHSL Map th? 1mage using Hue, Only apphclable fo.r 4 >< 4.1mage.. . No
Saturation, Lightness How mapping a big size image is still unclear
Represent image based on HSI Use traditional BEC approach for optimization.
Chen etal. 2021 [19] QIRHSI  (hue, saturation, intensity) method. Applicable for 2 x 2 array size of image only No
Require less qubits compared to NCQI Did not mention image reconstruction strategy
1 licable f i .
Sunetal. 2013 [20] MCQI Represent multichannel color image O,n ¥ app icable for Square image No
limited to 64 x 64 array size of image
Su et al. 2021 [21] INCQI Represent color 1.mage. Increése complexity due to .con51d.er1ng accessory quantum bits. No
Use rectangular image Applicable for 2 x 4 array size of image
More complexity due to considering extra qubit
Li et al.2014a [48] NAQSS  Represent and segment the color image. for segmentation purpose. Yes

Quality is not measured after representation
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Table 3 summarizes quantum color image compression and representation strategies, emphasiz-
ing each strategy’s advantages and restrictions. NCQI (Sang et al. 2017) [45] represents RGB values
individually to decrease time complexity but demands additional gates and more image reconstruction
and PSNR measurement transparency. OCQI (Liu et al. 2018) [15] reduces time complexity compared
to MCQI through channel swapping but demands more qubits, increasing operational complexity.
QMCR (Abdelmaleky et al. 2017) [16] reduces preparation complexity versus NEQR but faces chal-
lenges in pixel value conversion from classical to quantum, impacting image quality. FRQCI (Li et
al. 2016) [17] stores RGB values but is restricted to low-resolution images (2 x 2 arrays), lacking
details on reconstruction methods for higher resolutions. QHSL (Yan et al. 2021) [19] maps images
based on hue, saturation, and lightness but is also limited to 4 x 4 arrays, with no details on more
considerable image processing. QIRHIS (Chen et al. 2021) [19] employs hue, saturation, and intensity
for optimization and uses fewer qubits than NCQI, though limited to small images (2 x 2 arrays) and
lacks a defined reconstruction strategy. MCQI (Sun et al. 2013) [20] supports multichannel color
images but is confined to up to 64 x 64 arrays of square images. INCQI (Su et al. 2021) [21] uses
rectangular arrays to represent color images but introduces complexity with accessory quantum bits
and is suitable only for 2 x 4 arrays. NAQQS (Li et al. 2014a) [48] segments and represents color
images but faces challenges with quantum circuit complexity, although it can handle compression.
These methods show varying strengths in complexity reduction, time efficiency, and qubit use but
are usually restricted by image size restrictions and incomplete reconstruction methods for practical
applications.

4. Conclusions

This research explored recent advances in quantum image processing, with a focus on mainly
image representation and compression. Quantum computing presents promising solutions for man-
aging extensive image datasets more efficiently than classical systems constrained by memory and
hardware limitations. This is because of the computation of quantum resources using quantum me-
chanics properties. As major companies like Google, IBM, and Microsoft pioneer developments in
quantum technology, new quantum image processing techniques have emerged, each with unique
strengths and limitations. This work categorizes and summarizes current methods based on their pixel
intensity representation and state preparation approach. It includes models such as NEQR, FRQ]I,
and MCQI for grayscale and color image encoding. Key strengths of these methods include reduced
image storage requirements and increased processing speed. However, challenges still need to be
addressed, especially regarding the complexity of state preparation and the higher qubit count needed
for medium and large-scale images. For instance, NEQR can represent grey images effectively but
is limited to square images, while MCQI represents multichannel color images but is constrained to
specific resolutions. Color image representations, like NCQI and QIRHS, aim to optimize color storage
but require further reconstruction quality and computational efficiency improvements. This review
highlights the demand for efficient quantum circuits with minimized gate connections for medium
and high-resolution image processing. This paper has determined areas where future research could
advance quantum image compression and representation by analyzing the advantages and limitations
of the existing methods, eventually improving quantum-based image processing capacities.
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