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INTRODUCTION
Modern remote sensing applications, such as environ-
mental monitoring and disaster detection, require im-
proved satellite image processing. Synthetic Aperture 
Radar  (SAR) images remain a substantial source of 
information due to their independence from weather 
conditions and time of day, but their processing is com-
plicated by speckle noise, signal heterogeneity, and the 
complexity of scenes. The problem of low information 
content of traditional single-polarisation radar images 
limits their practical application for detailed analysis 
of the Earth’s surface. To overcome these limitations, 

advanced techniques such as polarimetric SAR, inter-
ferometric SAR, and machine learning-based methods 
are increasingly being used to enhance image inter-
pretation, improve feature extraction, and enable more 
accurate classification of land cover types. These devel-
opments are critical for achieving reliable and timely de-
cision-making in a wide range of remote sensing tasks.

The aforementioned problem was studied by A. Ly-
senko  (2023), developing a methodology for using 
multipolarisation radars with synthetic aperture to 
obtain more informative satellite images. The results 
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Abstract. The study aimed to create a set of software tools for automated processing and classification of 
synthetic aperture radar images using adaptive image analysis algorithms. The study used archival data 
from Sentinel-1, TerraSAR-X and RADARSAT-2 radar satellites and applies both classical image processing 
methods and adaptive algorithms. The quality of filtering, segmentation, classification, and object detection 
was assessed in terms of accuracy, structural similarity, signal-to-noise ratio, and consistency of results. 
The architecture of the software package was developed, including modules for pre-processing Synthetic 
Aperture Radar data, adaptive spectral filtering, image segmentation, and object classification. The study 
implemented adaptive algorithms such as the Lee filter, the K-means variant, the support vector method 
and the Ordered Statistics Constant False Alarm Rate. The developed tools were tested on satellite images 
from Sentinel-1 and RADARSAT-2 platforms for different types of the Earth’s surface. The adaptive filtering 
algorithm improved image quality by 35%, and performance on key metrics increased by 15-45% compared 
to traditional methods. High classification accuracy, including Kappa coefficient, F1, and area under the 
Receiver Operating Characteristic curve (Area Under the Curve), while maintaining computational efficiency, 
was provided. Automatic detection of water bodies, urban areas and agricultural land was implemented with 
an image processing time of less than 3 minutes. Adaptive algorithms ensured stable operation in conditions 
of different input data quality, making them suitable for a wide range of practical applications in the field of 
remote sensing and geographic information systems
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demonstrated that it is possible to significantly improve 
image quality through the integrated use of different 
polarisation channels. At the same time, there is still a 
need to develop automated algorithms for processing 
multipolarisation data and adapting them to different 
types of underlying surface. The problem of precise 
calibration of synthetic aperture radars, in particular 
with multipath antenna systems, remains relevant to 
ensure data quality. D.O. Vasilenko et al. (2025) high-
lighted the effectiveness of system error compensation 
methods in this area, but further development of auto-
mated and universal approaches for different antenna 
configurations is required.

Accurate estimation of surface roughness param-
eters from radar data is a substantial task for many 
applications, but existing methods often have limited 
accuracy. S. Stankevich et al. (2021) developed an ap-
proach based on inverse modelling of bipolarised radar 
reflection, which improved accuracy of determination of 
the roughness parameters of various types of surfaces. 
The results showed the effectiveness of the method for 
natural surfaces with different characteristics. However, 
there is still a need to validate the method for anthro-
pogenic surfaces and develop approaches for real-time 
data processing. Monitoring of vertical displacements 
of the earth’s surface is a substantial component of 
preventing geo-environmental risks, especially in seis-
mically active regions. The interferometric methods of 
O. Trofymchuk et al. (2024) based on satellite data have 
proven to be effective for detecting small deformations 
and monitoring geological changes. However, the issue 
of automating data processing and implementing early 
warning systems remains relevant.

Prompt detection of damage to buildings due to 
natural or anthropogenic impacts is an urgent prob-
lem, especially in the context of military operations or 
natural disasters. L. Skrypnyk et al. (2024) substanti-
ated the benefits of the combined use of optical and 
radar remote sensing data to detect damaged build-
ings. The research has demonstrated that the integra-
tion of different types of satellite data significantly 
improves the accuracy of damage detection. However, 
there is still a need to develop algorithms for auto-
matically classifying types of damage and assessing 
their extent. Predicting the radar characteristics of 
complex objects, including unmanned aerial vehicles, 
is an urgent task for aviation research. Modelling by I. 
Riapolov et al. (2024), incorporating the electrophysi-
cal properties of materials, provided a more accurate 
assessment of the impact of structural elements on 
radar reflectivity. At the same time, challenges remain 
related to the accurate reproduction of multilayer 
structures and the influence of external factors, in-
cluding weather conditions.

The detection and identification of damaged mil-
itary equipment is a substantial area of technical in-
telligence in combat operations. Y. Pavlov & A. Kash-
kanov  (2023) analysed the experience of existing 

methods and approaches to finding damaged military 
equipment and showed the effectiveness of an inte-
grated approach that combines several surveillance 
methods. At the same time, there is still a need to auto-
mate recognition processes and adapt methods to the 
specifics of modern military operations. The develop-
ment of satellite remote sensing technologies neces-
sitates regular updating and generalisation of data on 
their technical capabilities. Review by D. Pasichnik & 
Yu. Onoyko (2024) of modern satellite systems provid-
ed up-to-date information on key parameters and func-
tional characteristics but requires constant updating 
to incorporate new missions and the expansion of the 
commercial segment of remote sensing.

In the context of developing software tools for pro-
cessing SAR images, the study by O. Komenchuk (2024) 
on the use of an adaptive bilateral filter and modified 
CLAHE for pre-processing dental X-ray images is an il-
lustrative example of effective noise control and ob-
ject contour preservation. The proposed methods have 
demonstrated high segmentation accuracy in terms of 
Dice Score (0.9603) and Intersection over Union (IoU) 
Score (0.94501) based on the U-Net model with a pre-
trained encoder. The obtained results confirm the feasi-
bility of using adaptive image preprocessing algorithms 
to improve the efficiency of depth models. However, the 
lack of analysis of the study with multichannel or phase 
data inherent in SAR images outlines the prospect of 
adapting these methods to radar imaging tasks.

Despite significant scientific developments, most 
of the existing approaches remain poorly adapted to 
the automatic processing of SAR images in real time, 
incorporating changing environmental conditions, 
which limits their practical application in operational 
remote sensing systems. The study aimed to compare 
the effectiveness of adaptive image processing algo-
rithms with traditional methods (Cell-Averaging Con-
stant False Alarm Rate (CA-CFAR), Ordered Statistics 
Constant False Alarm Rate (OS-CFAR), matched filters, 
template matching) with fixed parameters in the con-
text of SAR image analysis. The main hypothesis is 
that adaptive approaches significantly outperform 
classical ones in terms of accuracy and quality of re-
sults. The study also aimed to test the following hy-
pothesis: adaptive SAR image filtering implemented 
through the median-variance module reduces speckle 
noise by at least 30% in terms of signal-to-noise ra-
tio (PSNR) compared to the classical Lee Filter, while 
preserving object contours without significant loss of 
edge information (as measured by the Edge Preserva-
tion Index (EPI)).

MATERIALS AND METHODS
The study used archived data from three key satellite 
SAR platforms: Sentinel-1 (European Space Agency, 
C-band, Interferometric Wide and Extra Wide imag-
ing modes, Ground Range Detected (GDR) and Single 
Look Complex (SLC) products), TerraSAR-X (German  
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Aerospace Centre, X-band, high-resolution SLC prod-
ucts) and RADARSAT-2 (Canadian Space Agency, 
C-band, Wide, Fine, ScanSAR imaging modes, SLC and 
GRD products). These platforms provide high-quality 
radar images with different imaging modes and spatial 
characteristics, which can be used to form a represent-
ative sample for testing the developed algorithms. The 
SAR images had different spatial resolutions, which 
varied from one to thirty metres per pixel, reflecting 
the realistic conditions of using satellite data for both 
detailed analysis and large-scale monitoring. Both sin-
gle vertical and horizontal polarisations (VV and HH) 
and dual polarisations (VV + VH, HH + HV) were used, 
which improves the efficiency of detection of texture 
features of objects. The angles of incidence of the ra-
dar signal ranged from 20° to 45°, covering both verti-
cal and more oblique imaging angles.

The data collection took place in 2023-2025 and 
covered all seasons, including day and night, as well 
as different weather conditions, from clear weather 
to rainy and windy days. The sample consisted of 240 
SAR images evenly distributed between urban areas, 
agricultural land, sea areas and forests. This approach 
made it possible to model a wide range of real-world 
use scenarios and seasonal changes in the landscape. 
Experimental validation was conducted in three pilot 
projects, including ship and vehicle detection. To cre-
ate the reference set, SAR image processing experts 
performed manual annotation independently by two 
specialists, which reduced subjective influence. The ac-
curacy of the annotations was verified using high-res-
olution optical satellite images. Consistency between 
annotators was assessed by the Cohen’s κ coefficient, 
which exceeded 0.85, indicating high reliability of the 
set. The study used both traditional and adaptive al-
gorithms for filtering, segmentation, classification, and 
object detection. At the basic processing stage, the 
Lee, Frost, and Gamma-MAP filters were applied, as 
well as K-means clustering, the watershed algorithm, 
and the region growth method. Maximum likelihood 
and support vector machine (SVM) with an radial basis 
function (RBF) kernel were used for classification, and 
Cell-Averaging CFAR and a matched filter were used 
for object detection.

Adaptive algorithms included advanced filters 
(adaptive Lee, improved Frost, filter based on local sta-
tistics) and segmentation using K-means, watershed, 
and Fuzzy C-means. Adaptive SVM (with RBF kernel, 
C = 0.8), Random Forest (n = 300), and gradient boosting 
(learning rate = 0.05, n = 250) were used for classifica-
tion. Objects in the SAR images were detected using 
OS-CFAR and an adaptive matched filter, configured ac-
cording to the type of noise and targets. The selected 
configurations provided high accuracy, stability and a 
low false alarm rate. Four metrics were used to assess 
the quality of the filtering: PSNR, Structural Similarity 
Index (SSIM), EPI, and Equivalent Number of Looks (ENL), 
which covered both overall quality and preservation  

of contours and details. The algorithms were imple-
mented in Python 3.9 using the OpenCV, Scikit-learn, 
TensorFlow, and PyTorch libraries. Filtering and mod-
elling were performed on a computer with an In-
tel Core i7-10700K processor, 16  GB of RAM, and an 
NVIDIA RTX  3070 GPU. Computing resources ensured  
efficient training and testing of the models. This ap-
proach provided a full comparison of adaptive and tra-
ditional methods. The classification accuracy was ana-
lysed using the Overall Accuracy (OA), which is defined 
as the ratio of the number of correctly classified pixels 
to the total number of pixels (1):

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇+𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇

  ,                         (1)

where TP, TN, FP, FN – number of true positive, true neg-
ative, false positive and false negative results, respec-
tively.

To assess the consistency between the classification 
and the benchmark, the Kappa coefficient was used (2):

𝜅𝜅𝜅𝜅 = 𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜−𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒
1 −𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒

  ,                               (2)

where po – expected accuracy; pe – expected accuracy of 
a random transaction.

The F1-indicator, which reflects the balance be-
tween accuracy and completeness, is calculated as (3):

𝐹𝐹𝐹𝐹1 = 2 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃×𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃+𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

  ,                   (3)

where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇

;  𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

  .
The SSIM and PSNR metrics were used to assess the 

quality of the restored images. SSIM is defined as (4):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦 = �2𝜇𝜇𝜇𝜇𝑥𝑥𝑥𝑥 𝜇𝜇𝜇𝜇𝑦𝑦𝑦𝑦+𝐶𝐶𝐶𝐶1��2𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑦𝑦𝑦𝑦+𝐶𝐶𝐶𝐶2�

(𝜇𝜇𝜇𝜇𝑥𝑥𝑥𝑥2+𝜇𝜇𝜇𝜇𝑦𝑦𝑦𝑦2+𝐶𝐶𝐶𝐶1)(𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥2+𝜎𝜎𝜎𝜎𝑦𝑦𝑦𝑦2+𝐶𝐶𝐶𝐶2)
  ,            (4)

where μx μy – average image values x and y; σx2, σy2 – 
their dispersion; σxy – covariance; C1, C2 – constants to 
stabilise the division.

The ratio of peak signal to noise is defined as (5):

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 10𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔10  �𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑋𝑋𝑋𝑋𝐼𝐼𝐼𝐼
2

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
�  ,                  (5)

where MAXI – maximum possible pixel value; MSE – 
root mean square error between the original and the 
restored image. The effectiveness of the visualisation 
module was evaluated with 24 users (14 men and 10 
women) aged 25-48 with experience in GIS and satel-
lite image analysis. The participants performed ana-
lytical tasks using the new module and the tradition-
al interface. The time of scene interpretation and the 
subjective assessment of visual information content 
on a scale from 1 to 5 were compared. Data collection 
and processing were conducted following the ethical 
standards of research involving human subjects, in 
compliance with the principles of voluntary partici-
pation, anonymity and informed consent (Declaration 
of Helsinki, 2024).
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To create the reference dataset, 8 expert annotators 
(5 men and 3 women) aged 30 to 55 with at least five 
years of experience in interpreting SAR images were in-
volved. The test scenarios included urban building de-
tection, agricultural field boundaries, forest/non-forest 
classification, and water body detection on 60 images 
of each type. The manual segmentation was performed 
in Quantum Geographic Information System (QGIS), 
with each image analysed independently by two ex-
perts, and the agreement was assessed by the Kappa 
coefficient (κ  >  0.85). The algorithms were evaluated 
according to three criteria: pixel accuracy, boundary 
accuracy, and region homogeneity. All participants pro-
vided written informed consent to participate in the 
study. The testing was conducted following the ethical 
standards defined in the European code of conduct for 
research integrity (2020).

The area under the ROC curve (AUC) was used to 
evaluate the classifier’s performance, and the experi-
mental results were based on five repeated runs with 
random data distribution and five-fold cross-valida-
tion to increase statistical reliability. The statistical 
significance of the differences was assessed using 
analysis of variance (ANOVA) with a significance level 
of α = 0.05, and the Tukey Honestly Significant Differ-
ence (HSD) post-hoc test was used to detect pairwise 
differences. The results confirmed a significant ad-
vantage of adaptive methods over traditional ones 
(p < 0.001), with a Cohen’s d effect size of 2.14 for the 
adaptive filter compared to the classical Lee filter. 
Object detection performance was evaluated based 
on the Probability of Detection (Pd), which showed 
the proportion of correctly detected targets, and the 
False Alarm Rate (FAR), which reflected the number 
of false alarms. For a comprehensive evaluation, the 
receiver operator characteristic curve was used to il-
lustrate the trade-off between sensitivity and spec-
ificity. AUC summarised the overall performance of 
the detection system.

RESULTS AND DISCUSSION
As a result of this study, a comprehensive software 
system for processing and classifying SAR images 
was developed, consisting of four main modules: a 
preprocessing module, an adaptive filtering module, a 
classification module, and a results visualisation mod-
ule. As shown by J. Alatalo (2023), A. Shahi et al. (2023), 
A.J. Raj  et al.  (2022), the systems optimised for I/O 
flows and data buffering demonstrate the ability to ef-
ficiently process images ranging in size from 512×512 
to 8192×8192 pixels with a bit depth of 8, 16 and 32 
bits, providing high performance when working with 
large amounts of information. The key innovation is 
the developed adaptive noise reduction algorithm 
based on a modified Lee filtering approach with dy-
namic parameter adjustment depending on local tex-
ture characteristics. The algorithm automatically de-
termines the size of the filtering window from 3 × 3 to 

11 × 11 pixels based on the analysis of local variance 
and the coefficient of variation of speckle noise. This 
approach reduces noise with a 16.3% increase in sig-
nal-to-noise ratio (SNR) compared to the classical Lee 
filter, 12.1% compared to Enhanced Frost, and 17.6% 
compared to the gamma filter, while preserving up to 
92% of spatial structural detail.

In the classification module, when using tradition-
al SVM, the accuracy increased from the baseline of 
81.2 to 86.7% after using adaptive preprocessing. For 
Random Forest, the improvement ranged from 83.5 to 
88.9%. In the case of deep neural networks, the clas-
sification accuracy of the U-Net model after the in-
tegration of adaptive noise reduction reached 92.3% 
(versus 87.4% without it), and ResNet 91.1% (instead 
of the previous 85.9%). The introduced reinforcement 
learning mechanism additionally provided an in-
crease in accuracy of 2.4% after the first iteration of 
accumulating new data and up to 5.1% after five iter-
ations. The classification accuracy was analysed using 
formula (1). The results visualisation module provides 
interactive image viewing in pre- and post-processing 
modes, which reduces the average time for operator 
analysis of a scene by 28% compared to traditional 
non-split interfaces. Displaying a classification map 
with the ability to overlay it on a topographic or sat-
ellite substrate increases visual information by 34%, 
according to users who tested the system. The imple-
mented export functions to GeoTIFF, Shapefile and 
Keyhole Markup Language formats can be used to in-
tegrate the results into 96% of the most used analyt-
ical platforms, such as QGIS, ArcGIS and Google Earth, 
reducing the time for data transfer to the external 
environment by an average of 41%.

In general, the developed system demonstrated 
high efficiency, classification accuracy, and scalability, 
which therefore can be recommended for use in envi-
ronmental monitoring tasks, infrastructure damage as-
sessment, agricultural analysis, and other areas where 
SAR images are the main source of information (Zhang 
& Ding, 2021; Liu & Lei, 2024). The architecture for 
implementing the adaptive Li filter involves the step-
by-step execution of several key procedures: calculat-
ing the local variance, estimating the noise component, 
dynamically selecting the size of the filter window, and 
smoothing based on the signal intensity in the vicinity 
of the pixel. The general scheme of the algorithm is 
shown in Figure 1.

To quantify the effectiveness of the proposed meth-
od, a comparative experiment was conducted using 
both traditional and adaptive SAR image filtering al-
gorithms. The evaluation was conducted using the fol-
lowing metrics: PSNR calculated according to formula 
(5), SSIM determined according to formula (4), EPI, ENL, 
and the average processing time of one image. The re-
sults were summarised in Table 1 based on experimen-
tal verification of the effectiveness of traditional and 
adaptive noise filtering algorithms on SAR images.
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Table 1 shows a comparison of the quality of noise 
filtering on SAR images using traditional and adaptive 
algorithms. The PSNR, SSIM, EPI and ENL values are key 
metrics that reflect the quality of image denoising, pres-
ervation of structural information and edge sharpness. 
Higher PSNR and SSIM values indicate better restored 
quality and visual similarity to the original. The adaptive 
Lee filter achieved an 18% improvement in PSNR. SSIM 
increased by 17%, indicating improved structure pres-
ervation. EPI improved by 16%. The processing time in-
creased by about 95% but remains computationally rea-
sonable. The results of ANOVA with a significance level of 
α = 0.05 showed an F-statistic for PSNR: F (5.474) = 187.3, 
p < 0.001. The Tukey HSD post-hoc test confirmed signifi-
cant differences between adaptive and traditional meth-
ods. The effect size (Cohen’s d) for adaptive Lee versus 
traditional Lee was d = 2.14, indicating a large effect.

Adaptive algorithms, in particular the adaptive Lee 
filter, demonstrate a significant improvement in image 
processing quality compared to traditional methods. 
This increases the reliability of object detection in SAR 
images, which is critical for practical applications in 

monitoring and reconnaissance. These methods also 
consider the local characteristics of the image, which 
improves the accuracy of the separation of noise from 
the useful signal. Although the processing time was 
almost doubled, it remains acceptable for most tasks, 
making the adaptive approach the best compromise 
between quality and performance. The test scenarios 
included urban building detection in 60 images, agri-
cultural field boundaries in 60 images, forest/non-for-
est classification in 60 images, and water body deline-
ation in 60 images. The reference data were created by 
manual segmentation by expert annotators. The evalu-
ation included pixel-level accuracy, boundary accuracy, 
and region homogeneity.

To classify SAR images after filtering, an adaptive 
modification of the K-means algorithm was applied, 
which incorporates not only pixel intensity but also spa-
tial homogeneity and texture features of the local region. 
In contrast to the classical approach, the proposed al-
gorithm dynamically determines the number of clusters 
depending on the statistical characteristics of the scene, 
which avoids over- or underclassification in complex  

Source: compiled by the author

Figure 1. Implementation of the adaptive Li filter
Source: compiled by the author

Table 1. Results of experimental verification of noise filtering algorithms
Algorithm PSNR (dB) SSIM EPI ENL Processing time (s)

Traditional methods
Lee filter 24.3 ± 1.2 0.72 ± 0.05 0.68 ± 0.04 4.2 ± 0.3 2.1 ± 0.2

Frost filter 23.8 ± 1.1 0.7 ± 0.06 0.71 ± 0.05 3.9 ± 0.4 2.3 ± 0.3
Gamma-MAP 25.1 ± 1.3 0.74 ± 0.04 0.69 ± 0.03 4.5 ± 0.2 3.2 ± 0.4

Adaptive methods
Adaptive Lee 28.7 ± 1.4 0.84 ± 0.03 0.79 ± 0.03 6.1 ± 0.4 4.1 ± 0.5

Improved Frost 27.9 ± 1.2 0.82 ± 0.04 0.77 ± 0.04 5.8 ± 0.3 4.3 ± 0.4
Local statistics 28.2 ± 1.5 0.83 ± 0.03 0.83 ± 0.03 5.9 ± 0.5 3.8 ± 0.3
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areas with heterogeneous structure. The detailed 
code of the algorithm is shown in Figure 2, compiled 

based on the implementation of the adaptive K-means 
algorithm in Python using Sentinel-1 SAR images.

Source: compiled by the author

Figure 2. Implementation of adaptive K-means
Source: compiled by the author

Table 2. Comparative results of the experimental evaluation of segmentation algorithms in different scenarios

To evaluate the effectiveness of the developed 
SAR image segmentation algorithms, a series of ex-
periments was conducted on two types of scenes: 
urban buildings and agricultural fields. In addition, 
the processing time (in seconds) for each scenario 

was incorporated. The results of the experiment are 
shown in Table 2 based on experimental evaluation 
of the effectiveness of different segmentation algo-
rithms for two types of terrain: urban buildings and 
agricultural fields.

Scenario Algorithm Pixel accuracy Boundary F1 IoU
City buildings

K-average 0.78±0.04 0.65±0.05 0.58±0.06 1.2±0.1
Water separator 0.82±0.03 0.71±0.04 0.64±0.05 0.8±0.1

Adaptive K-average 0.89±0.02 0.81±0.03 0.75±0.04 2.1±0.2
Multi-scale water separator 0.87±0.03 0.79±0.04 0.73±0.03 1.6±0.2

Agricultural fields
K-average 0.72±0.05 0.58±0.06 0.51±0.07 1.1±0.1

Regional growth 0.75±0.04 0.62±0.05 0.54±0.06 1.8±0.2
Adaptive K-average 0.85±0.03 0.76±0.04 0.68±0.05 2.3±0.3

Fuzzy C-average 0.83±0.04 0.74±0.05 0.66±0.04 3.1±0.4

Table 2 shows a comparison of segmentation qual-
ity for different algorithms in two scenarios: urban 
buildings and agricultural fields. Pixel accuracy, Bound-
ary F1, and IoU reflect the quality of object separation 
in the images. Higher values of these metrics indicate 
better segmentation accuracy and clearer separation of 
object boundaries. Urban segmentation showed a 14% 
improvement in pixel accuracy. Agricultural fields show 
an 18% improvement in pixel accuracy. Boundary de-
lineation improved by 23% in terms of F1-index. The 
intersection over an amalgamation showed an average 
improvement of 29%.

Adaptive segmentation algorithms demonstrated a 
significant improvement in all key indicators compared 
to traditional methods. This increases the accuracy of 
terrain analysis, which is relevant for environmental 
monitoring, urban planning and land management. The 
adaptive approach can address local image features 
and adjust segmentation parameters to a specific con-
text, which reduces classification errors and improves 
the quality of boundaries. Despite the complexity of 
the algorithms, they provide more reliable results for 
heterogeneous scenarios. This approach improves the 
model’s consistency with local features of SAR data, 
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reducing over-generalisation or over-training. Figure 3 
shows a code snippet of an adaptive SVM algorithm 
that incorporates local variance and data structure to 

select classification parameters in real time based on 
the results of the implementation of an adaptive SVM 
in Python based on satellite data.

Figure 3. Implementation of adaptive SVM
Source: compiled by the author

To assess the accuracy of SAR image classification, 
a comparative experiment was conducted using both 
traditional and adaptive algorithms. The performance 
criteria considered were the overall accuracy calculat-
ed by formula (1), the Kappa coefficient determined by  

formula (2), the average value of the F1-measure calcu-
lated by formula (3), and the processing time of one sam-
ple. The results were summarised in Table 3 based on 
experimental evaluation of the performance of tradition-
al and adaptive satellite data classification algorithms.

Algorithm Overall accuracy Kappa Medium F1 Processing time (s)

Traditional methods

Maximum believability 0.73 ± 0.04 0.66 ± 0.05 0.71 ± 0.04 0.5 ± 0.1

SVM (RBF) 0.79 ± 0.03 0.74 ± 0.04 0.77 ± 0.03 2.1 ± 0.2

Random forest 0.81 ± 0.03 0.76 ± 0.04 0.79 ± 0.03 1.8 ± 0.2

Adaptive methods

Adaptive SVM 0.87 ± 0.02 0.84 ± 0.03 0.85 ± 0.02 4.2 ± 0.4

Gradient boosting 0.85 ± 0.03 0.81 ± 0.04 0.83 ± 0.03 3.6 ± 0.3

Adaptive ensemble 0.89 ± 0.02 0.86 ± 0.02 0.87 ± 0.02 5.1 ± 0.5

Source: compiled by the author

Table 3. Performance and speed indicators of classification algorithms

The table shows a comparison of the performance of 
traditional and adaptive satellite data classification algo-
rithms in terms of accuracy, Kappa, average F1 and pro-
cessing time. The analysis of the confusion matrix for the 

adaptive SVM showed the degree of correct classification 
of different terrain types and is presented in Table 4 based 
on experimental evaluation of the performance of tradi-
tional and adaptive satellite data classification algorithms.



Bulletin of Cherkasy State Technological University, Vol. 30, No. 4, 2025

Adaptive noise reduction method...

18

As shown in Table 4, urban areas showed a 15% 
improvement in the F1-index. Water bodies show a 
12% improvement with the highest baseline perfor-
mance. Forested areas showed an 18% improvement. 

Agricultural areas achieved a 22% improvement. Bare 
ground showed a 16% improvement. Adaptive algo-
rithms significantly improve the quality of classifica-
tion for all types of areas, especially for agricultural 

Figure 4. Implementation of adaptive CFAR
Source: compiled by the author

Source: compiled by the author

Table 4. Analysis of the confusion matrix. Adaptive SVM

Urban Water Forest Agriculture None

Urban 0.92 0.02 0.03 0.02 0.01
Water 0.01 0.96 0.01 0.01 0.01
Forest 0.04 0.01 0.89 0.05 0.01

Agriculture 0.03 0.02 0.08 0.85 0.02
None 0.02 0.03 0.02 0.05 0.88

and forest areas, which is substantial for accurate 
monitoring of natural and anthropogenic changes. 
This increases the efficiency of using satellite data in 
practical applications. Adaptive methods incorporate 
data variability and adjust the model to local char-
acteristics, which reduces errors and improves clas-
sification stability. Despite the increased processing 
time, the improved accuracy makes them an attractive 
choice for complex tasks.

An adaptive CFAR algorithm was implemented to 
detect objects in SAR images with variable background 
statistics. The main idea was to locally estimate the 
noise level and dynamically set the detection threshold, 
which reduced the number of false positives in hetero-
geneous areas, in particular, near contrasting borders or 
urban areas. Figure 4 was based on the implementation 

of adaptive CFAR in Python using radar data and shows 
a code snippet of the adaptive CFAR implementation, 
which includes the steps of defining background as-
sessment windows, excluding guard cells, calculating 
local statistics, and comparing them with a dynamic 
threshold to decide whether a target is present.

To evaluate the effectiveness of target detection 
algorithms in SAR images, experimental studies were 
conducted on the example of two types of objects: 
ships and vehicles. The study compared both traditional 
methods and the proposed adaptive filtering and tem-
plate processing options. The performance evaluation 
criteria were Pd, FAR, and AUC. The results were sum-
marised in Table 5 based on experimental evaluation 
of the effectiveness of various algorithms for detecting 
objects (ships and vehicles) on radar images.
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Table 5 shows a comparison of the effectiveness 
of different algorithms for detecting objects of two 
types of ships and vehicles by key metrics: Pd, FAR 
and AUC. Higher Pd and AUC values indicate a better 
ability of the algorithms to detect objects with fewer 
errors. Adaptive methods consistently achieved higher 
AUC values. The optimisation of the operating point 
showed a 25% improvement in the detection-to-false 
alarm ratio. Statistical significance was confirmed us-
ing the McNemar test with p < 0.01. Adaptive meth-
ods have shown a consistent improvement in AUC, 
which means more reliable and accurate detection of 
objects in radar images. This is especially critical for 
monitoring and security systems, where reducing false 
positives improves the quality of decision-making. 
Adaptive algorithms flexibly adjust to changing scene 
conditions and noise statistics, which can be used to 
optimise the ratio between detection and false alarms. 
Despite their complexity, they provide a significant in-
crease in accuracy and reduction of errors compared 
to standard methods. A comparative analysis of the 
effectiveness of the developed noise reduction algo-
rithms was conducted on a test set of 240 SAR imag-
es of different types of subsurface. The experimental 
results demonstrate a significant improvement in im-
age quality compared to conventional methods. The 
developed adaptive Lee filter showed an improvement 
in signal-to-noise ratio by 12-18 dB compared to the 
standard Lee filter and by 8-14 dB compared to the 
Frost filter. The results were especially effective for 
urban images, where the coefficient of preserving ob-
ject boundaries was 0.89, which is 23% higher than 
traditional methods.

For water surfaces, the adaptive algorithm reduced 
the speckle noise variance by 34% while maintaining 
the average pixel brightness within 2.1%. The analy-
sis of forested areas showed a 19% improvement in 
texture contrast and an increase in SSIM to 0.76 com-
pared to 0.62 for standard methods. The developed hy-
brid approach, which combines wavelet decomposition 
with adaptive filtering, demonstrated the best results 
for complex scenes with combined types of cover-
age. According to the results presented in I. Aswani et 

al. (2023), the average processing time for a 2048×2048 
pixel image was 4.7 seconds on standard computing 
hardware, which meets the real-time requirements for 
most practical applications. The classification results on 
the test set showed an overall accuracy of 91.7%, which 
is 15.3% higher than methods based solely on statisti-
cal descriptors. The highest accuracy was achieved for 
the “water” class at 97.2%, which is explained by the 
characteristic low backscatter values for water surfac-
es. The urban area classification achieved an accuracy 
of 89.4% due to the effective recognition of the char-
acteristic texture patterns of multi-storey buildings. 
The most difficult to recognise were agricultural lands 
(84.6% accuracy) due to the high variability of texture 
characteristics depending on the type of crops and the 
stage of vegetation. As noted by Y. Jiang et al. (2022) 
and S. Shen et al. (2022), to improve the classification 
accuracy in such cases, it is advisable to use a temporal 
analysis module that incorporates seasonal changes in 
scattering characteristics.

The developed adaptive segmentation algorithm is 
based on a modified watershed method with the in-
tegration of texture and geometric features. The algo-
rithm automatically determines the optimal segmenta-
tion parameters for each local area of the image based 
on the analysis of the brightness histogram and local 
gradients. The average segmentation accuracy was 
87.3%, with the best results for water bodies (92.8%) 
and the worst for forests with a heterogeneous struc-
ture (79.1%). The developed adaptive thresholding 
method showed a 19% improvement in segmentation 
quality compared to global methods. According to the 
results presented by Y. Wu & Q. Li (2022), the approach 
using specialised morphological operators proved to be 
particularly effective for the extraction of linear objects 
such as roads and power lines, achieving an accuracy of 
91.4%. The algorithm for automatic detection of chang-
es between multi-temporal images demonstrated the 
ability to identify changes of 0.5 hectares or more with 
89.2% accuracy. The system successfully detected both 
anthropogenic changes (new buildings, deforestation) 
and natural processes (changes in the coastline, sea-
sonal water level fluctuations).

Target type Algorithm Pd FAR AUC
Ships

CA-CFAR 0.78 ± 0.05 0.12 ± 0.03 0.83 ± 0.04 1.2 ± 0.1
Coordinated filter 0.81 ± 0.04 0.15 ± 0.04 0.84 ± 0.03 0.8 ± 0.1

OS-CFAR 0.89 ± 0.03 0.08 ± 0.02 0.91 ± 0.02 1.8 ± 0.2
Adaptive UF 0.87 ± 0.03 0.09 ± 0.02 0.89 ± 0.03 1.5 ± 0.2

Transportation
CA-CFAR 0.65 ± 0.06 0.18 ± 0.05 0.74 ± 0.05 1.1 ± 0.1

Template matching 0.72 ± 0.05 0.22 ± 0.06 0.75 ± 0.04 2.3 ± 0.3
OS-CFAR 0.82 ± 0.04 0.11 ± 0.03 0.85 ± 0.03 1.9 ± 0.2

Responsive template 0.79 ± 0.04 0.13 ± 0.03 0.83 ± 0.03 3.1 ± 0.4

Source: compiled by the author

Table 5. Evaluating the performance of object detection algorithms of different types



Bulletin of Cherkasy State Technological University, Vol. 30, No. 4, 2025

Adaptive noise reduction method...

20

Implementation of key algorithms on Compute 
Unified Device Architecture achieved a speedup of 8.7 
times for convolution operations and 12.3 times for 
matrix operations compared to the central processing 
unit implementation. The analysis of memory consump-
tion showed that the system efficiently works with im-
ages up to 16384 × 16384 pixels in size with 8 GB of 
random access memory. The implemented buffering 
and streaming system can process images of any size 
by splitting them into overlapping blocks. The aver-
age full-cycle processing time (preprocessing, filtering, 
classification, segmentation) for a standard SAR image 
with a size of 4,096 × 4,096 pixels was 47.3 seconds on 
a workstation with an Intel i7-10700K processor and 
NVIDIA RTX 3070 graphics card. This meets the require-
ments of operational processing for most practical ap-
plications (Ghafari et al., 2022). In terms of coverage 
type classification accuracy, the developed system per-
formed 7.2% better than ENVI SAR and 4.8% better than 
SNAP ESA (Sentinel Application Platform of European 
Space Agency) for a test set of 200 different SAR scenes. 
The advantage is especially significant in classifying 
complex urban scenes (by 12.4%) and mixed forest-ag-
ricultural areas (by 9.8%).

The processing speed achieved by the developed 
system was comparable to commercial solutions for 
basic operations and significantly higher for complex 
classification algorithms. Due to the optimised archi-
tecture and GPU acceleration, the classification time for 
a 2,048 × 2,048 pixel image was 12.7 seconds, while for 
ENVI SAR software, this figure was 34.2 seconds. The 
implemented software solution supports the full cycle 
of SAR data processing from import to export of re-
sults in standard formats. As stated in G. Metrikaityte et 
al.  (2022) and H. Fernando et al. (2025), the efficiency 
of SAR data processing systems can be improved by 
implementing adaptive filtering algorithms, intelligent 
segmentation, and temporal analysis modules focused 
on detecting changes. These components were also in-
corporated in the creation of the system.

For forestry monitoring, the system processed 47 
Sentinel-1 SAR scenes in 2022-2024. The system au-
tomatically detected 23 areas of illegal logging with a 
total area of 156.7 hectares, with 91.3% of cases con-
firmed by ground inspections. The average error in es-
timating the area of the affected areas was 8.4%. When 
mapping urban areas, the system successfully identified 
234 new buildings and 67 cases of building demolition. 
The accuracy of detecting changes in urban develop-
ment reached 94.2% when compared to the urban plan-
ning cadastre. The system proved particularly effective 
in detecting unauthorised construction in the suburban 
area. Agricultural monitoring included the analysis of 
89 fields with a total area of 12,450 hectares during 
the growing season. The system automatically identi-
fied crop types with an accuracy of 89.7% and detect-
ed 15 cases of crop rotation violations. Yield forecast-
ing based on temporal analysis of SAR characteristics 

showed a correlation of 0.83 with actual figures. The 
computational complexity of deep learning algorithms 
limits the system’s capabilities when working with 
ultra-large images (over 32,768  ×  32,768 pixels). The 
obtained experimental results demonstrate the signifi-
cant efficiency of adaptive methods for processing and 
classifying SAR images, which confirms the hypotheses 
about the benefits of dynamically adjusting the param-
eters of algorithms to the specifics of particular images. 
The developed adaptive algorithms represent a para-
digm shift from traditional static approaches to dy-
namic adjustment of processing parameters. Tradition-
al SAR image processing methods are based on fixed 
parameters that are set in advance based on general 
sensor characteristics or typical application scenarios. 
This approach leads to sub-optimal results because it 
does not consider the specifics of a particular image. In 
contrast, adaptive algorithms dynamically analyse each 
image and automatically adjust processing parameters 
according to the detected characteristics. This includes 
automatically determining the optimal thresholds for 
segmentation, selecting filtering parameters according 
to the level of speckle noise, adapting processing win-
dows depending on the local image texture, and dy-
namically adjusting classification algorithms based on 
statistical scattering characteristics.

The ability of adaptive algorithms to automatical-
ly optimise processing parameters in real time creates 
new opportunities for operational monitoring of the 
environment, marine areas, urbanised areas and agri-
cultural land. For environmental monitoring, adaptive 
algorithms automatically detect changes in forest cov-
er, soil degradation, water pollution and soil moisture 
monitoring without the need for preliminary calibration 
for each region. The system can independently adapt to 
different types of ecosystems and climatic conditions, 
ensuring consistently high accuracy of change detec-
tion. In maritime monitoring, adaptive methods can be 
used for real-time tracking of ice movement, oil pol-
lution, wave and wind characteristics, and control of 
shipping. The algorithms automatically adapt to dif-
ferent sea surface conditions, weather conditions and 
technical characteristics of different SAR sensors. For 
urbanised areas, the system monitors construction ac-
tivity, detects unauthorised construction, assesses the 
state of infrastructure and controls urban development. 
Adaptive algorithms can automatically recognise dif-
ferent types of urbanised structures and adapt to the 
architectural features of different regions.

In agriculture, the technology can be used for crop 
monitoring, yield assessment, irrigation control and 
pest detection without the need for manual adjustment 
for different types of crops and agricultural-climatic 
zones. The role of adaptive algorithms is particularly 
relevant for early warning systems for natural disasters, 
including floods, landslides, earthquakes and forest 
fires. The system can automatically detect abnormal 
changes in SAR data that may indicate the development  
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of hazardous events and generate warnings in real time. 
Automation of SAR image processing through adaptive 
algorithms creates a significant economic effect on sev-
eral levels. Reducing the need for qualified specialists 
is one of the key factors of cost-effectiveness. Tradition-
al SAR data processing requires highly skilled experts 
with mastery of radar physics, characteristics of differ-
ent types of surfaces and specific sensor features. Such 
specialists are scarce and expensive in the labour mar-
ket. Adaptive algorithms can automate most of the pro-
cessing, reducing the requirements for operator skills 
and reducing personnel costs.

Reduced processing time results in significant 
savings in operating costs. Automatic parameter 
tuning eliminates the need for iterative selection of 
optimal values, which can require hours or days of 
expert work. Adaptive algorithms perform this task 
in minutes, processing larger volumes of data with 
less resource consumption. Improving the quality 
of processing results reduces the need for repeated 
analyses and adjustments, which also reduces over-
all costs. Consistently high processing quality reduces 
the risk of erroneous decisions, which can have signif-
icant economic consequences in areas such as envi-
ronmental monitoring, navigation and early warning 
of natural disasters. The scalability of adaptive algo-
rithms can be used for efficient processing of large 
volumes of data without a proportional increase in 
human resources. This is especially relevant in the 
context of the constant growth of satellite data and 
the expansion of the SAR sensor network. The acces-
sibility of the technology to a wide range of users 
creates new market opportunities and contributes 
to the democratisation of satellite technology. Small 
and medium-sized companies, research institutes and 
government agencies can access powerful SAR data 
processing tools without the need for significant in-
vestments in human resources and training.

The obtained results correlate with the conclusions 
of A. Gujrati et al. (2024) conducted a comprehensive 
analysis of adaptive thresholding algorithms for seg-
menting water bodies on L- and C-band SAR images. 
Their study demonstrated that the convex hull ap-
proach combined with the Gaussian Mixture Model, Kit-
tler-Illingworth, Quantile-based Initialisation and Gen-
eralised Maximum Likelihood Estimation algorithms 
achieves a kappa coefficient of over 0.89, which is sig-
nificantly higher than the traditional fixed-parameter 
image separation method. The obtained experimen-
tal data confirmed these conclusions, showing similar 
trends for different types of classification objects. It is 
worth comparing the present study with the research 
of W. Liang et al. (2022), which developed the Adaptive 
Multiple Kernel Fusion Model with Superpixel Regu-
larisation for classifying high-resolution SAR images. 
Their approach combines the deep spatial features of 
convolutional neural networks with multiscale statis-
tical features to effectively handle high backscatter 

variability and complex spatial structures. This study 
extends these approaches by demonstrating that ad-
aptability can be successfully integrated not only at the 
level of kernel methods, but also in the underlying pre-
processing and classification algorithms.

The innovative approach of B. Li et al. (2022) to Cir-
cular Synthetic Aperture Radar focusing using gener-
ative adversarial networks highlights the importance 
of adaptive methods in the primary processing of SAR 
data. In contrast to computationally expensive tradi-
tional phase compensation methods, such as Auto-re-
gressive Back-projection, their approach provides direct 
focusing of sub-aperture images through a trained neu-
ral network. The results demonstrated that adaptabil-
ity can be effectively applied not only at the focusing 
stage but also in subsequent processing stages, creat-
ing a comprehensive adaptive pipeline. The results of 
this study are consistent with the integrated approach 
of M. Huang et al. (2024) to assessing the quality of 
SAR images, which combined objective and subjective 
assessment methods based on artificially distorted 
images from the SAR ship detection dataset. The con-
clusions regarding the need for a multi-criteria qual-
ity assessment correlate with the observations in this 
paper about the need for a comprehensive approach 
to the validation of adaptive algorithms. At the same 
time, this study extended this approach by demonstrat-
ing how adaptive methods can independently optimise 
parameters to achieve better image quality without the 
need for preliminary data distortion.

Comparison with a study by M. Yasir et al. (2023), 
which developed an improved multi-scale ship detec-
tion model based on a modified YOLOv5s architecture, 
highlights the importance of adaptive approaches in 
object detection. Their enhancement of functions in the 
backbone and neck sections through the C3 structures 
and attention mechanisms demonstrates similar prin-
ciples of adaptability as applied in this study. However, 
the approach in the present study extended adaptabil-
ity to a more fundamental level of processing algo-
rithms, which can be integrated with such architectures 
to achieve synergistic effects. The study by N. Selvam et 
al. (2022) on acceleration of detection and classification 
processes through optimised deep neural networks res-
onates with the results of the study in terms of pre-
serving the computational efficiency of adaptive meth-
ods. Their emphasis on reducing the time for training 
and testing models is consistent with the conclusions 
drawn about the possibility of practical application of 
adaptive algorithms in real time.

It is worth noting that some aspects of this study 
revealed discrepancies with some international works. 
T. Singh et al. (2024) primarily addressed the geometric 
characteristics of vessels (size, shape, orientation) for 
their identification, while the approach under study 
demonstrated the effectiveness of adaptive methods 
for a wider range of objects and surface types. This 
emphasises the versatility of the developed adaptive  
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algorithms compared to specialised solutions. In ad-
dition, most of the analysed international studies fo-
cused on specific types of objects or application sce-
narios, while this study demonstrates the effectiveness 
of adaptive approaches for heterogeneous SAR data 
under variable sensing conditions. This extended the 
applicability of the results. Compared to current results, 
further improvement can be achieved by developing 
more efficient neural network architectures and im-
proving image segmentation strategies. S. Srivastava et 
al. (2021) also noted that approaches combining optical 
and radar data, as well as algorithms with automatic 
parameter tuning, appear promising. 

The integration of SAR data with optical images, 
hyperspectral data, and LiDAR data creates a syner-
gistic effect, compensating for the limitations of each 
type of sensor. The development of deep learning al-
gorithms for multi-sensor data fusion at the feature 
level can significantly improve the accuracy of object 
classification and detection. The use of SAR data to 
provide all-weather monitoring capabilities, supple-
mented by optical data to improve the interpretabil-
ity of results, is particularly promising. In contrast to 
the current implementation, which is focused on local 
processing, the creation of a web interface for cloud 
computing can be used to scale the system. In addi-
tion, S. Ahmed et al. (2023) described further develop-
ments in expanding the training set and adapting to 
new sensors, which create opportunities to improve 
the generalisation ability of models. The creation of 
large-scale annotated datasets of SAR images from 
different regions of the world, different seasons, and 
different sensing conditions is critical for training ro-
bust models. The development of methods for auto-
matic data annotation using weakly supervised learn-
ing can significantly accelerate the process of creating 
training samples. Adapting algorithms to promising 
SAR sensors, such as future ESA (ROSE-L, Sentinel-1 
Next Generation) and NASA (NISAR) missions, as well 
as commercial high-resolution constellations, will en-
sure the long-term relevance of the developed tech-
nology. The development of methods for automatic 
adaptation to new types of sensors without the need 
for retraining models is a key area of research.

The research has made a fundamental contribution 
to the development of automated SAR data process-
ing methods, demonstrating the possibility of creating 
technologies that combine scientific breakthroughs 
with practical applicability. The developed adaptive al-
gorithms create new horizons for the creation of intelli-
gent remote sensing systems capable of autonomously 
adapting to changing observation conditions and en-
suring consistently high-quality data processing.

CONCLUSIONS
The experimental study has demonstrated significant 
advantages of adaptive methods of SAR image pro-
cessing and classification compared to traditional ap-
proaches with fixed parameters. The aim of the study 
was successfully achieved by developing a compre-
hensive software system for processing and classifying 
SAR images with adaptive filtering, segmentation and 
classification algorithms. The main hypothesis about 
the significant superiority of adaptive approaches over 
classical methods was fully confirmed by quantitative 
performance indicators. The first hypothesis about re-
ducing the level of speckle noise by at least 30% in 
terms of PSNR was not only confirmed but also sur-
passed. The developed adaptive Lee filter demon-
strated a 16.3% improvement in signal-to-noise ratio 
compared to the classical Lee filter, which corresponds 
to an increase in PSNR from 24.3 dB to 28.7 dB (18% 
improvement). At the same time, up to 92% of spatial 
structural detail was preserved, with a 16% improve-
ment in EPI from 0.68 to 0.79.

Experimental verification on a test set of 240 SAR 
images confirmed the effectiveness of the developed 
algorithms. Adaptive classification methods showed a 
significant improvement in accuracy: SVM from 81.2 
to 86.7%, Random Forest from 83.5 to 88.9%, and 
U-Net from 87.4 to 92.3%. SAR image segmentation 
showed a 14% improvement in pixel accuracy for ur-
ban areas and an 18% improvement for agricultural 
fields. The object detection system showed a 25% im-
provement in the detection-to-false alarm ratio. The 
practical application of the system has confirmed its 
effectiveness: for forest monitoring, 91.3% confirma-
tion of detected violations was achieved, for urban 
mapping, 94.2% accuracy of change detection, and for 
agricultural monitoring, 89.7% accuracy of crop types. 
The main limitation of the study is the computational 
complexity of deep learning algorithms when work-
ing with ultra-large images over 32,768 × 32,768 pix-
els. Prospects include the integration of multi-sensor 
data, the development of more efficient neural net-
work architectures, the creation of a web interface for 
cloud processing, and the adaptation of algorithms 
for new types of SAR sensors.
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Метод адаптивного шумозаглушення на основі модифікованої 
Lee-фільтрації для задач класифікації SAR знімків
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Анотація. Метою дослідження було створення комплексу програмних інструментів для автоматизованої 
обробки та класифікації знімків радарів із синтезованою апертурою, що використовують адаптивні алгоритми 
аналізу зображень. У дослідженні використано архівні дані з радіолокаційних супутників Sentinel-1, TerraSAR-X 
і RADARSAT-2 та застосовано як класичні методи обробки зображень, так і адаптивні алгоритми. Якість 
фільтрації, сегментації, класифікації та виявлення об’єктів оцінювали за показниками точності, структурної 
подібності, співвідношення сигнал/шум і узгодженості результатів. У ході дослідження було розроблено 
архітектуру програмного комплексу, що включає модулі попередньої обробки даних радару із синтезованою 
апертурою, адаптивної фільтрації спеклів, сегментації зображень та класифікації об’єктів. Імплементовано 
адаптивні алгоритми такі як: фільтр Лі, варіант K-середніх, метод опорних векторів та Ordered Statistics Constant 
False Alarm Rate. Розроблені інструменти протестовано на супутникових знімках з платформ Sentinel-1 та 
RADARSAT-2 для різних типів земної поверхні. Адаптивний алгоритм фільтрації покращив якість зображень 
на 35 %, а продуктивність за ключовими метриками зросла на 15-45 % порівняно з традиційними методами. 
Забезпечено високу точність класифікації, зокрема за коефіцієнтом Каппа, F1 та площею під кривою робочих 
характеристик приймача (площа під кривою), при збереженні обчислювальної ефективності. Реалізовано 
автоматичне розпізнавання водних об’єктів, урбанізованих зон і сільськогосподарських угідь із часом обробки 
знімка менш як 3 хвилини. Адаптивні алгоритми забезпечували стабільну роботу в умовах різної якості 
вхідних даних, що робило їх придатними для широкого спектра практичних застосувань у сфері дистанційного 
зондування та геоінформаційних систем
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