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ABSTRACT

Quantum methods for image analysis and processing in the frequency domain represent an innovative approach to image
processing using quantum computing. One of the key tools in this field is the quantum Fourier transform (QFT), which
can be applied to quantum images to analyze and process data in the frequency domain. The process involves several
steps, including quantum image preparation, QFT application, frequency domain data processing, and inverse Fourier
transform to reconstruct the spatial domain image. Quantum image processing techniques offer new opportunities for
solving complex problems in the field of image processing, especially in the context of the use of quantum computing.
However, this area is still under active research and requires further research and technology development for practical
application.
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1. INTRODUCTION

With the development of quantum computing and quantum information science in recent decades, the possibility of
using quantum methods for image analysis and processing has been actively explored. Quantum image processing
techniques represent a new and promising field that could lead to significant improvements in information processing
and data analysis. One of the key tools in quantum image processing is the quantum Fourier transform (QFT), which is
analogous to the classical Fourier transform, but can be performed on a quantum computer using quantum bits (qubits).
The use of QFT makes it possible to analyze images in the frequency domain, which opens up new possibilities for data
processing and analysis [1].

Let's consider current research and development in the field of quantum methods of analysis and image processing in the
frequency domain. We will look at methods for representing images in quantum form, the use of the quantum Fourier
transform for image analysis, and various algorithms and techniques for image processing in the quantum environment.
Finally, we discuss the prospects and challenges in this field and possible directions for future research. The relevance of
research in the field of quantum methods of analysis and image processing in the frequency domain is due to the growing
interest in the application of quantum computing in various fields of science and technology. Quantum computing
promises to revolutionize information processing with its ability to efficiently process large amounts of data using
quantum principles of superposition and quantum entanglement. In the context of image processing, classical methods
such as Fourier transform are widely used for image analysis and processing in the frequency domain. However,
guantum imaging techniques represent a new approach that could provide more efficient and powerful tools for image
analysis and processing. Specifically, the QFT is a version of the classical Fourier Transform that can be performed on a
guantum computer. The application of QFT to images allows them to be analyzed in the frequency domain, which can be
useful for identifying the main components of the image, filtering noise, data compression and other processing tasks [3].
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The application of quantum methods of image analysis and processing is of interest from both theoretical and practical
points of view. On the one hand, this contributes to the development of the basic principles of quantum computing and
its application in the field of image processing. On the other hand, this opens up new possibilities for solving complex
image processing problems that can be applied in various fields such as medicine, biology, astronomy, and many others.
However, it is worth noting that quantum imaging methods are still at an early stage of research, and require further
research and technology development for their practical application. Currently, the main challenges are the development
of efficient algorithms and software, as well as the creation of quantum devices capable of processing images with high
accuracy and speed [4-5].

Quantum computers are revolutionizing the field of computing. Instead of the traditional use of bits, quantum computers
operate on qubits, which, thanks to the quantum phenomena of superposition and entanglement, can exist in several
states at the same time. Qubits are the basic building blocks of quantum computing. Unlike a classical bit, which can be
either 0 or 1, a qubit can be in the 0, 1, or both states at the same time. This unique ability of quantum computers to
perform many calculations simultaneously makes them very effective at solving certain types of problems. New
opportunities that open up with the advent of quantum computers make it possible to solve complex problems faster and
more efficiently than is possible using classical computers [6-8].

The difficulty of achieving a quantum advantage is great, especially given the susceptibility of quantum computers to
errors. Quantum computers have specific characteristics, such as quantum entanglement and superposition, that make
them sensitive to external influences. Even the slightest interference or errors in quantum operations can lead to distorted
results or loss of information. The development and maintenance of quantum systems requires a high degree of precision
and reliability. This includes the creation of stable quantum elements, as well as the development of error correction
algorithms and methods for controlling quantum states. Despite these challenges, research and development in the field
of quantum computing continues vigorously. Scientists and engineers around the world are working to improve quantum
systems, reduce errors, and develop new techniques to overcome these obstacles. Hybrid approaches combining classical
and quantum methods can help reduce the impact of errors on the final results, providing more reliable and efficient
solutions to problems [9].
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results or loss of information. The development and maintenance of quantum systems requires a high degree of precision
and reliability. This includes the creation of stable quantum elements, as well as the development of error correction
algorithms and methods for controlling quantum states. Despite these challenges, research and development in the field
of quantum computing continues vigorously. Scientists and engineers around the world are working to improve quantum
systems, reduce errors, and develop new techniques to overcome these obstacles. Hybrid approaches combining classical
and quantum methods can help reduce the impact of errors on the final results, providing more reliable and efficient
solutions to problems [9]

Using methods adapted from statistical inference to optimize tensor networks can significantly improve their efficiency.
These methods can include various approaches, such as stochastic gradient descent or optimization methods based on
machine learning algorithms, which can find optimal network parameters taking into account the statistical properties of
the data. This has direct application to working with quantum systems, where tensor networks can be used to model and
analyze the interactions of qubits and other quantum objects. Effective optimization of such networks can improve the
accuracy and speed of calculations, which is important for the development of quantum computing and its applications
[13-14].

2. MATERIALS AND METHODS

The Quantum Fourier Transform (QFT) is a version of the classical Fourier transform that can be performed on a
quantum computer. It has many In quantum computing, QFT can be used to analyze and process quantum images.
Quantum images are quantum states that can contain information about the probability distribution of pixel values or
other characteristics of the image. The image is encoded into quantum states using quantum bits (qubits). This can be
done, for example, using quantum coupling circuits. The quantum Fourier transform is applied to the states representing
the image. This allows you to analyze the image in the frequency domain, highlighting its main components. Once QFT
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is applied to an image, various processing operations can be performed, such as filtering, smoothing, or highlighting
specific frequency components. After processing an image in the frequency domain, an inverse quantum Fourier
transform can be performed to return the image to the spatial domain [15-16].

This process could be particularly useful for image processing using quantum computing, especially in cases where
classical image processing methods are limited or ineffective. However, it is worth noting that quantum computers are
currently at an early stage of development, and the practical application of quantum imaging techniques may require
further research and technology development. Just as image compression reduces file size with minimal loss of quality,
choosing different structures for tensor networks provides different forms of computational “compression,” optimizing
the way information is stored and processed [17].

Thus, just as JPEG provides efficient image compression, tensor networks allow us to efficiently store and process data,
reducing size and computational costs with min-imal information loss [18].

The Fourier transform of images (FFT - Fast Fourier Transform) is one of the main methods for analyzing and
processing images in the frequency domain. It allows you to analyze images in terms of their frequency components,
which can be useful for tasks such as noise filtering, sharpening, edge detection and data compression. The Fourier
transform of an image works by breaking down an image into its frequency components. The result is a two-dimensional
spectrum in which high frequencies are represented as bright spots and low frequencies as dark areas. The source image
is subjected to preparation if necessary (for example, scaling, reduction to a power of two size for efficient FFT
operation). Applies a two-dimensional Fourier transform to the image. For this purpose, the FFT algorithm is usually
used, which efficiently cal-culates the Fourier transform by optimizing the operations. The outcome in the fre-quency
domain is the image's spectrum. Here you can analyze the frequency compo-nents and their contribution to the original
image. You can perform various frequency domain processing operations, such as filtering (such as removing low-
frequency or high-frequency noise), sharpening, and others. After processing an image in the frequency domain, an
inverse Fourier transform can be applied to return the image to the spatial domain [19-20].

The quantum circuit presented is a QFT for 7 qubits. In quantum computing, QFT is an important tool and is used to
transform the states of qubits from the base (input) representation to the Fourier representation. Here is a step-by-step

description of the quantum circuit: On the first qubit ( _3), Hadamard rotation (H) is applied. This rotation takes the
qubit from the state |0> to the superposition (10) + 1))/ V2" Then a controlled rotation (cr) occurs between qubits
g_4 and g _ 3 with an angle of ~/2(P(z/2)). This rotation depends on the state of g_ 3 and is applied to
g _ 4 provided that g _ 3 is in state |1> . On qubits q_5, q_6and q_ 7, Hadamar rotations (H) are used, as well

as controlled rotations with angles 2z/2 , 4z /4 , 87/8 and 16 /16. These rotations form a quantum Fourier
transform on these three qubits. Finally, on qubits q_5, q_6 and q_ 7, controlled rotations (cp) are applied

between each pair of qubits with angles 7z, /2 and sz / 4 respectively (Figure 1).
This circuit implements QFT for 7 qubits and can be used in various quantum computing problems such as quantum

algebra, Shor's algorithm and others. In quantum computing, “cr" stands for controlled rotation, where the master qubit
controls the rotation of the target qubit depending on its state. Formally, this can be represented as an operation:

100 0
010 0
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Figure 1. Quantum Fourier transform circuit.
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Here A is the rotation parameter, which depends on the state of the control qubit. If the control qubit is in the A1) |1)

state, then the target qubit undergoes rotation through an angle A, otherwise no change occurs. In the circuit, the
rotation angles, 2z/2 , 4 /4 , 87/8 and 167 /16 are used in the (cr) operation to create a quantum Fourier
transform. Usually P (@) denotes a single-qubit rotation around an axis Z by an angle @. Formally, this is the rotation

matrix:

1 0

In the circuit P(;r/Z) means a single-qubit rotation around the Z axis by an angle 277/2. Such rotations are
important in quantum computing because they allow the phase of the qubit states to change. In the context of quantum
computing e' is often used to represent rotations on the complex plane, such as rotations of qubits around the Z axis.

This representation can be expressed using sine and cosine. The rotation matrix P (&) around the Z axis can be written
as:

®)

P(g) = cos(@) —sin(6)
0)= sin(@)  cos(6)

This matrix describes the rotation by an angle @ in the complex plane, where & is measured in radians.

3. RESULTS

When displaying an image before the QFT, the Matplotlib (plt) library is used to dis-play the image before the Fourier
transform. The plt.imshow() function is used to display the image and plt.title() is used to set the title. To transform each
pixel in the image, a number of qubits is used, which is calculated as the base 2 logarithm of the maximum image size
value. This ensures that there are enough qubits to represent each pixel (Figure 2).

For each qubit in the quantum circuit, a Hadamard gadget (qc.h(j)) is applied, and then controlled rotation (qc.cp()) is
applied between all qubits to implement the QFT. The circuit is drawn using circuit_drawer() from Qiskit so that the
order of operations can be seen. Uses Aer's statevector_simulator backend to simulate a quantum circuit. The results
obtained are presented in the form of accounts. Uses plot_histogram() from Qiskit to visualize the results as a histogram.
Displaying the image after the quantum Fourier transform: Uses plt.imshow() to display the image after the Fourier
transform. To transform each pixel in the image, a number of qubits is used, which is calculated as the base two
logarithm of the maximum image size value. This ensures that there are enough qubits to represent each pixel. Create a
guantum circuit object using Quantum Circuit from the Qiskit library. For each qubit in the quantum circuit, a Hadamard
gadget (qgc.h(j)) is applied, and then controlled rotation (gc.cp()) is ap-plied between all qubits to implement the quantum
Fourier transform. The circuit is drawn using circuit_drawer() from Qiskit so that the order of operations can be seen.
Visualizing results: Uses plot_histogram() from Qiskit to visualize the results as a histogram.
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Figure 2. Result of the quantum Fourier transform.
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The Fourier transform used in this program takes an image from pixel space to fre-quency space: The Fourier transform
takes an image from pixel space to frequency space, where each pixel in the image is represented as the sum of different
frequency components. This allows an image to be analyzed in terms of its constituent parts in the frequency domain.
The Fourier transform isolates the main frequency components of an image, allowing you to determine the most
significant elements in the image in terms of their frequency components. For example, sharp edges and contours of an
image can be expressed as high-frequency components. The Fourier transform allows you to effectively compactly
represent an image in the form of its frequency components. This can be useful for compressing images with minimal
loss of quality. The Fourier transform is used for image processing and filtering, such as removing noise or applying blur
effects. The use of frequency domain filters allows you to control various aspects of an image, such as sharpness and
texture.

4. CONCLUSION

Thus, the Fourier transform performs important tasks related to the analysis, pro-cessing and representation of images in
the frequency domain, making it a powerful tool in the field of image processing and computer vision. The programs are
not used for image processing, such as removing noise or applying blur effects. Instead, they apply QFT to the image to
examine it in the frequency domain using quantum cir-cuits. The Fourier transform in the context of quantum computing
helps analyze an image in quantum space, which can be useful in determining the fundamental fre-quency components
that characterize the structure of the image. However, in this program, the use of QFT is not intended for image
processing in the classical sense, since the result of the transformation is not used to modify or filter the image. The
application of QFT in this program is used to analyze the image structure in the fre-quency domain using quantum
circuits. This can be useful for a number of tasks, such as quantum signal processing: QFT allows the analysis of
frequency components of a signal in a quantum system. This could be useful, for example, for analyzing signal spectra in
guantum communications or signal processing in quantum sensor devices. The Fourier transform plays an important role
in quantum information algorithms, such as Shor's algorithm for factorizing large numbers and algorithms for solving
optimization problems. In quantum computing, QFT can be used to analyze and process data, including images. For
example, it can help in identifying the main structural elements of an image or segmenting an image based on frequency
characteristics.

In this research work, the use of QFT allows the analysis of image structure in a quantum context and can be useful for
studying the main frequency components that characterize the image. The program you provided is used to apply QFT to
an image and then analyze it. However, the use of the quantum Fourier transform itself is not a noise removal method.
To remove noise from an image, various image processing methods such as filtering, smoothing or blurring are usually
used. These techniques can be used to smooth pixel values, reduce high-frequency noise, or reduce differences between
adjacent pixels. Although quantum techniques can also be applied to image processing, the QFT is not itself a noise
removal technique. To remove noise from gquantum images, you can use classical filtering methods or develop
specialized quantum algorithms.
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