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Abstract

In this paper the authors presented a sophisticated data mining pipeline, which was designed for restoring
the high-quality images from the blurred frames made by the Charge-Coupled Device (CCD) cameras. The
developed data mining pipeline leverages the modern informational technologies for the horizontal and
vertical scalability. The core methodology integrates the following mathematical methods and algorithms:
an inverse median filtration method for the noise reduction and the Lucy-Richardson algorithm for
deblurring. The inverse median filtration effectively reduces impulsive noise while preserving edges, and
the Lucy-Richardson algorithm iteratively refines the image by correcting for blurring effects encoded in
the point spread function (PSF). The proposed system's architecture of the processing pipeline for
automated data mining of the single astronomical objects from blurred CCD frames utilizes the following
modern technologies: Python programming language, Redis, FastAPI, React, Docker, and Caddy to ensure
high performance, scalability, and ease of deployment. This integrated approach significantly enhances the
accuracy of astronomical observations, facilitating more precise studies of celestial objects. The proposed
pipeline addresses the unique challenges of astronomical image processing, offering a robust solution for
automated data mining of single astronomical objects. Our work demonstrates the potential to advance
astronomical research by improving image clarity and reliability, contributing to various fields within
astronomy. The combination of effective noise reduction and deblurring techniques, along with a scalable
and high-performance system architecture, provides a comprehensive solution to the challenges faced in
processing astronomical images.
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1. Introduction

Astronomical imaging has significantly advanced our understanding of the universe [1]. However,
capturing high-resolution images of celestial objects presents various challenges, one of the most
prominent being image blur. This blur can obscure critical details necessary for astronomical
research [2], thus necessitating sophisticated deblurring technigues.

In the quest to observe and understand celestial phenomena, astronomers rely on highly sensitive
imaging devices. Charge-Coupled Device (CCD) cameras [3] have become the cornerstone of modern
astronomical research due to their superior sensitivity to light and ability to produce high-quality
images with fine detail and low noise. These attributes make CCD cameras indispensable for

CEUR-WS.org/Vol-3790/paperl8.pdf

ICST-2024: Information Control Systems & Technologies, September 23-25, 2024, Odessa, Ukraine
*Corresponding author.
*These authors contributed equally.
& sergii.khlamov@gmail.com (S. Khlamov); vadym.savanevychl@nure.ua (V. Savanevych); vlasenko.vp@gmail.com (V.
Vlasenko); emil.hadzhyiev@nure.ua (E. Hadzhyiev); yehor.bndr@gmail.com (Ye. Bondar); yuriy.n.netrebin@gmail.com
(Yu. Netrebin)

0000-0001-9434-1081 (S. Khlamov); 0000-0001-8840-8278 (V. Savanevych); 0000-0001-8639-4415
(V. Vlasenko); 0009-0003-6752-7827 (E. Hadzhyiev); 0009-0001-5309-0084 (Ye. Bondar); 0009-0001-8778-3241 (Yu.
Netrebin)

© 2024 Copyright for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).
v

CEUR
E\NO\ kshop SSN 161
Proceedings :


mailto:sergii.khlamov@gmail.com
mailto:vadym.savanevych1@nure.ua
mailto:vlasenko.vp@gmail.com
mailto:emil.hadzhyiev@nure.ua
mailto:yehor.bndr@gmail.com
mailto:yuriy.n.netrebin@gmail.com
https://orcid.org/0000-0001-9434-1081
https://orcid.org/0000-0001-8840-8278
https://orcid.org/0000-0001-8639-4415
https://orcid.org/0009-0003-6752-7827
https://orcid.org/0009-0001-5309-0084
https://orcid.org/0009-0001-8778-3241

capturing faint celestial objects and critical details necessary for astronomical observations [4].

Despite the advantages of CCD cameras, various factors contribute to the blurring of astronomical
images. These include atmospheric conditions, optical imperfections, mechanical issues, and intrinsic
properties of light. Understanding these causes is essential for developing effective deblurring
techniques [5].

Astronomical image blur primarily results from atmospheric turbulence, where heterogeneities
in atmospheric density and temperature cause differential refraction of celestial light, leading to
distortions and the twinkling effect observed in stars. This phenomenon, known as "seeing,"
significantly impacts the clarity of astronomical observations [6]. Optical aberrations in telescopes,
arising from imperfections in the design or misalignment of optical components, introduce further
degradation. Aberrations such as spherical, chromatic, and astigmatic distortions compromise image
fidelity, even in high-quality telescopes.

Examples of blurry astronomical objects shown in the Figure 1.

Figure 1: Example of blurry astronomical objects on digital frames

Without effective mathematical methods [7] to counteract blur, identifying features of distant
galaxies, studying nebulae structures, and detecting exoplanets become exceedingly difficult, often
leading to incorrect interpretations and conclusions. Thus, developing various approaches to
mitigate blur is critical for advancing astronomical research [8].

In this context, our work focuses on the implementation of the information system based on the
processing pipelines for automated data mining [9] of single astronomical objects from blurred CCD
frames. Our system is built upon cloud technologies, allowing us to scale the system efficiently,
which is crucial when handling the large volumes of data common in astronomical research. The core
of our methodology leverages the Lucy-Richardson algorithm [10], powerful deconvolution technique,
to restore the original, unblurred images.

The significance of our work lies in its potential to enhance the accuracy of astronomical
observations and interpretations. By effectively mitigating the effects of blur, our system facilitates
more precise studies of celestial objects, contributing to advancements in various fields of astronomy
[11], from galaxy formation and evolution to the search for exoplanets.

2. Related Works

Data mining in astronomical image processing [12] is a critical area of research, focusing on
extracting valuable information from the vast amounts of data generated by modern telescopes and
imaging devices. Despite significant advancements in technology, numerous challenges impede the
effectiveness of current data mining techniques. These challenges range from image quality issues
to algorithmic limitations, making it difficult to achieve accurate and reliable results.

Common approaches to handle astronomical image blurring include machine learning
algorithms, deconvolution techniques, and various image processing methods. Machine learning
algorithms, particularly deep learning, have shown promise in image restoration tasks.



Convolutional neural networks (CNNs) [13] are widely used for their ability to learn complex
patterns and features from large datasets. However, these models require extensive training data,
which is often limited in astronomy, and are computationally intensive, posing challenges for real-
time processing.

Deconvolution techniques [14] are another prevalent approach. These methods iteratively restore
images by reversing the effects of blurring. While effective, they rely heavily on accurate point
spread function (PSF) estimates, which can be difficult to obtain. Misestimation of the PSF can lead
to artifacts and suboptimal image restoration.

Other methods include wavelet-based techniques [15] and matched filtration methods [16].
Wavelet-based approaches can effectively denoise and deblur images by decomposing them into
different frequency components. However, these methods may struggle with the multi-scale nature
of astronomical data, requiring additional techniques to enhance performance of the short time series
[17]. Matched filtration methods [18], which utilize pre-defined filter shapes to enhance signal
detection, can be useful but depend on precise knowledge of the blurring characteristics, limiting
their flexibility in varying conditions. In the papers focusing on computer and machine vision [19],
researchers developed foundational algorithms but lacked specific adaptations for astronomical
image processing. The general algorithms discussed often fall short when dealing with the high noise
levels and specific distortions found in astronomical images. This highlights the need for specialized
techniques to handle unique challenges, such as cosmic ray hits and varying illumination.

Further studies suggest using the different image processing algorithms [20] including Sobel filter
[21] for astronomical image recognition, which is effective in edge detection but struggles with the
high levels of noise and blur typical in astronomical images. The Sobel filter [22], designed for general
edge detection, fails to adequately enhance the fine details necessary for accurate astronomical
analysis, potentially leading to misidentifications of celestial objects. Moreover, image recognition
[23] indicates that processing speed decreases significantly as the size of the image frames increases,
thereby limiting their applicability for high-speed processing tasks required in astronomical
observations.

In a paper [24] suggested approach has the requirement for a stable and controlled environment
for accurate measurements. This dependency may limit the practical application of the approach in
more variable or field conditions, where maintaining such controlled conditions is challenging.
Additionally, the approach relies on selecting and observing multiple markers in different positions,
which introduces the risk of incorrect marker selection or observation errors. If the markers are not
placed or observed correctly, it can lead to significant inaccuracies in the reference point
determination, further complicating the process and reducing the reliability of the results.

3. Astronomical objects data mining pipeline

The proposed astronomical objects data mining pipeline is designed to address the challenges posed
by blurred CCD frames in astronomical imaging and astronomical big data analysis [25]. The
following sections provide a detailed description of each component of the designed pipeline and its
role in restoring high-quality astronomical images including photometry [26]. Implemented pipeline
have been integrated inside the fully functional information system with the web-based interface
which allows to automate the astronomical objects data mining process.

3.1. Data mining pipeline description

The given pipeline integrates the median filter [27] and the Lucy-Richardson algorithm [28] in order
to enhance the quality of astronomical images affected by blurring. This integration leverages the
strengths of both techniques to effectively reduce noise and recover fine details, ultimately improving
the accuracy of data mining processes for single astronomical objects considering the different typical
forms [29]. The whole pipeline is shown in the Figure 2:
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Figure 2: Astronomical objects data mining pipeline

The initial phase of our data mining [30] pipeline entails the application of a median filter [31], a
sophisticated non-linear digital filtering technique renowned for its efficacy in noise reduction. The
median filter operates by traversing the image pixel by pixel, substituting each pixel value with the
median value derived from the surrounding neighborhood of pixels. This method is particularly
adept at mitigating impulsive noise, such as salt-and-pepper noise, while preserving the integrity of
edges and fine details, making it an indispensable tool for pre-processing astronomical images prior
to deblurring. Median filtering can be described using the following formula:

Aout (m' n) = Ain (m' n) - Amed (m) Tl), (1)

where A,,:(m,n) — represents the output pixel value at coordinates (m, n) after applying the
median filter;

A, (m,n) - denotes the input pixel value at coordinates (m, n) in the original image;

Apmea(m,n) - is the median value of the pixel values within the neighborhood centered around
(m, n).

The resulting image with equalized background brightness may have pixels with a negative value,
so an additional correction should be performed and the minimum value between all pixels should
be subtracted from each pixel:

Aout(m' n) = Ain (m, n) — Anins (2)

where A,,:(m,n) — represents the output pixel value at coordinates (m, n) after applying the
correction;

A, (m,n) - denotes the input pixel value at coordinates (m, n) in the original image;

Apmin — the minimal value of the pixel in the image.

The median filter is uniquely advantageous in its ability to preserve edge sharpness, which is
crucial in astronomical imaging where the accurate delineation of celestial bodies is paramount.
Traditional linear filters, like the mean filter, tend to blur edges along with noise reduction, leading
to a loss of critical information.

In the context of our pipeline, the use of the median filter is a critical pre-processing step.
Astronomical images often suffer from various types of noise introduced during the capture process
by CCD cameras, atmospheric conditions, or electronic interference. By applying the median filter,
we can significantly enhance the quality of the raw images, thereby facilitating more accurate
subsequent deblurring using the Lucy-Richardson algorithm. Furthermore, the median filter's
robustness against noise and its edge-preserving properties makes it highly suitable for astronomical
applications, where precision and clarity are essential.

After noise reduction via the median filter, the deblurring process is executed using the Lucy-
Richardson algorithm [32]. This algorithm is specifically tailored to recover a latent image that has



been subjected to blurring by a known point spread function (PSF). The PSF characterizes the
response of the imaging system to a point source or a point object, encapsulating the spread of the
point source's light due to factors such as atmospheric turbulence, motion, or lens aberrations. The
observed image can be decomposed as a sum of individual points and represented through a

transition matrix:
3
d; = Z pi,ju;, @)
Jj

where d; - is the intensity of the pixel in the output image;

p;,j - is the element of the transition matrix representing the shift between the initial pixel j and
the output pixel i;

u; — is the intensity of the pixel j in the input image.

The transition matrix can be expressed as the shift between the initial and output pixels using the
following equation:

pij = P3{—)), 4)

where P(i — j) - is the point spread function;

p;,j — is the element i, j in the transition matrix p.

The iterative nature of the Lucy-Richardson algorithm allows for progressive refinement of the
image, with each iteration enhancing the clarity and detail by correcting for the blurring effects
encoded in the PSF. It operates by maximizing the likelihood that the observed blurred image could
be obtained from the deblurred image when convolved with the PSF. The Lucy-Richardson method
on each iteration can be described using following equation:

t+1 _ gt / Aout > )
Ageb = Age (h PSF®—hPSF®A¢tieb )

where A5t1 — is an updated image on the current iteration;

A4, - is an input image on the current iteration;

hpsr — is the point spread function;

h' psr — is the flipped point spread function;

Aoyt — 1 the initially blurred image;

® - is the convolution operation.

One of the key strengths of the Lucy-Richardson algorithm is its efficacy in restoring images
degraded by various forms of blur, including motion blur, out-of-focus blur, and atmospheric
distortion. Its robustness is further underscored by its ability to produce high-quality deblurred
images even when the PSF is not perfectly known, leveraging iterative refinements to converge
towards an accurate representation of the latent image.

Overall, the combination of the median filter for noise reduction and the Lucy-Richardson
algorithm for deblurring forms a powerful pipeline for enhancing the quality of astronomical images.
This pipeline is particularly advantageous in the context of processing blurred CCD frames, where
high precision and clarity are paramount for accurate data mining and analysis of single
astronomical objects.

3.2. System design and architecture

The system architecture for the astronomical objects data mining pipeline is constructed using a
combination of modern technologies and frameworks to ensure high performance, scalability, and ease
of deployment. The architecture is built upon Python, Redis, FastAPI, React, PostgreSQL, Docker, Docker-



Compose, and Caddy, each playing a critical role in the functionality and efficiency of the pipeline. The
suggested architecture is provided in the Figure 3:
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Figure 3: Implemented system architecture

Python [33] serves as the orchestrator for the data mining pipeline, overseeing the coordination
and execution of tasks. However, the computationally intensive parts of the pipeline, including the
implementation of the median filter and the Lucy-Richardson algorithm, are developed as
precompiled binary files to maximize performance and efficiency. Redis is utilized as a task queue
[34], effectively managing the distribution and scheduling of tasks within the system. This ensures
that the processing of data is both streamlined and efficient, reducing latency and optimizing
resource usage.

FastAPI functions as the backend framework, providing a high-performance, scalable APl for
handling client requests and managing the data mining pipeline. The asynchronous capabilities of
FastAPI significantly enhance performance by enabling the concurrent handling of multiple requests.
Additionally, FastAPI auto-generates interactive APl documentation using Swagger Ul, facilitating
ease of use and integration.

React is employed to develop the web-based interface of the information system. This interface
allows users to interact with the pipeline, upload images, and visualize the processed results. React's
component-based architecture ensures a modular and maintainable codebase, while libraries such as
Redux efficiently manage application state, enhancing the user experience. PostgreSQL is used as the
primary database for storing and managing the metadata associated with the images and processed
results. PostgreSQL's robustness [35], support for complex queries, and ACID compliance make it an
ideal choice for handling the relational data required by the system.

Caddy is utilized as the web server and reverse proxy, offering several advantages, including



automatic HTTPS for secure communication with automated TLS certificate management, and
simplified setup and configuration compared to traditional web servers.

For deployment, Docker-Compose [36] is employed to set up a local development environment,
ensuring that all services run seamlessly together. In production, the application is deployed on a
cloud platform using Docker containers, with Caddy managing secure HTTP traffic and load
balancing.

In summary, the described system architecture leverages a sophisticated list of technologies to
construct an efficient and scalable data mining pipeline for astronomical images. By integrating
Python for task orchestration, precompiled binaries for computationally intensive processing, Redis
as a task queue, FastAPI for backend services, React for the frontend interface, and Docker with
Caddy for deployment, the pipeline achieves high performance and user-friendliness. This
architecture not only enhances the quality of astronomical images but also ensures that the entire
process, from data ingestion to result retrieval, is seamless and efficient.

3.3. System interface

The data flow within the system initiates with users uploading blurred CCD images through the
React-based web interface as a task (see Figure 4).

Create task

Example overview W

Example restoration for FITS files

FITS Image Restoration

Figure 4: Blurred CCD images uploading

These uploaded images are transmitted to the FastAPI backend, where they are stored in the local
filesystem and enqueued for the future processing using the pipeline. Once the task is selected to be
executed, it’s reflected on the user interface by updating the task status to «In progress» as it’s shown
in the Figure 5.

Image processor
Image Processing Tasks > 44b5255-8760-4569-0087-398511207aee

B Tasks

=3 Logout

Example overview

Method. FITS image Restoration

Input images

€3669a4-d2b1-4e9b-8b26-74ce54f5¢197 fits

Output images

Figure 5: Image processing task status update

Once the pipeline is executed the results are reflected in the Ul as it’s shown in the Figure 6. We



can see task information which extended with details about data processing time.
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Figure 6: Complete task representation in the Ul

Finally the user can download the results by pressing the download button shown in the Figure
6. This action triggers the download of an archive file, which, upon extraction, reveals two main
directories: one labeled "input" and the other "output.”

Within the "input" folder, users will find a comprehensive collection of images that were
originally uploaded or processed by the system. These images are cataloged and match the listings
displayed in Figure 6. Similarly, the "output" folder contains the resultant images generated or
modified during the processing stage. The organization of these images in both folders follows the
sequence and order as depicted in the corresponding sections of Figure 6, ensuring easy cross-
referencing and verification.

4. Results

The Figure 7 illustrates the effectiveness of the proposed data mining pipeline in the context of
astronomical image processing. On the left side of the image, we see an example of a blurred
astronomical image, where stars appear as elongated streaks due to motion blur or atmospheric
disturbances during the capture. This blurring effect can obscure important details and hinder the
analysis of celestial objects [37].

Figure 7: Example of the input and output frames

On the right side of the image, the same scene has been processed using the implemented pipeline.
The result is a significantly clearer image where the stars are now sharp points of light, revealing



more detailed and accurate representations of the astronomical scene including reference stars [38].
On the closer view of the provided frames this difference is even more observable (see Figure 8).

Figure 8: Closer view of the input and output frames

5. Conclusions

This paper presents a sophisticated data mining pipeline designed for the automated restoration and
analysis of the single astronomical objects from the blurred CCD frames. The research was conducted
in scope of the CoLiTec (Collection Light Technology) project [39].

The pipeline incorporates advanced methodologies, specifically the median filter and the Lucy-
Richardson algorithm, to effectively mitigate noise and deblur images, thereby enhancing the quality
of astronomical observations, which is very important for the photometry tasks [40].

The median filter is crucial for noise reduction, particularly in mitigating impulsive noise while
preserving essential image details and edges. This pre-processing step is fundamental in preparing
images for subsequent deblurring. The Lucy-Richardson algorithm then iteratively refines the
deblurred images by compensating for the blurring effects characterized by the PSF. This combination
ensures that the images are not only clearer but also retain critical astronomical details necessary for
accurate data analysis

Our pipeline is embedded within a robust information system designed for high performance and
scalability, leveraging contemporary technologies such as Python, Redis, FastAPI, React, Docker, and
Caddy.

This architectural design ensures the system's ability to handle large volumes of data efficiently,
addressing the common requirements in astronomical research. The effectiveness of the
implemented pipeline is demonstrated through significant improvements in image clarity, as
illustrated in our results section. The developed pipeline can be also used for the different automated
monitoring and visualization systems [41] to track the astronomical objects in real-time.

In conclusion, the developed pipeline offers a powerful solution to the challenges posed by blurred
astronomical images. By integrating efficient noise reduction and deblurring techniques within a
scalable system architecture and data stream clustering [42], this work significantly advances the
capabilities of automated data mining [43] in astronomy. Also, the results of our implementation
with a higher quality and statistical precision [44] will be useful in application of the machine
learning methods [45].

The results underscore the potential of this approach to improve the accuracy and reliability of
astronomical observations, thereby supporting more detailed and precise astronomical research of
the Solar System objects and even of the high-speed aircraft [46] and low-altitude mobile robots [47].
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