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A COMPARATIVE STUDY OF LARGE LANGUAGE MODELS  
FOR CONCENTRATION PREDICTION OF OIL SLUDGE  

WITH NON-STATIONAL HEAT TRANSFER

Abstract. As data accumulates and computational power increases, the performance of large lan-
guage models (LLMs) has been significantly improved, which has promoted them to enter a stage with 
rapid development in various research fields. To explore the application capability of LLMs in complex 
physical problems, we selected six LLMs for experiments, and took oil sludge as the research object to 
predict the concentration based on the temperature at the corresponding location, using the dataset with 
dynamic velocity μf=2.5 for training and cross validation. During the experiment, we found that three 
of the LLMs had hallucination problems, which were the outputs inconsistent with the actual program. 
To evaluate the performance of the random forest (RF) model output by LLMs (RF-L), we also built an 
RF model (RF-H), comparing them in five-fold cross validation and an independent test set with μf=5.0, 
to verify whether the parameters were potentially optimized or not. Totally, the averages on RMSE and 
MSE of RF-L are 25% higher than those of RF-H in cross validation and 9% higher in the test set. In 
conclusion, the LLMs are more likely to have hallucination problems, especially in complex nonlinear 
data analysis problems such as oil sludge concentration prediction. Meanwhile, LLMs can provide a fast 
framework for the data analysis process, and the default parameters can also perform well in a specific 
dataset, but their generalization ability is insufficient. In summary, LLMs will be an effective auxiliary 
tool for oil sludge industrial upgrading in the future. But now, LLM still has unavoidable risks in reliabil-
ity and robustness for complex dataset, we should make use of it reasonably and carefully, rather than 
depend on it.

Keywords: Large Language Model, Oil sludge, Prediction, Random Forest, Heat transfer.
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 Abstract. As data accumulates and computational power increases, the performance of large 
language models (LLMs) has been significantly improved, which has promoted them to enter a stage with 
rapid development in various research fields. To explore the application capability of LLMs in complex 
physical problems, we selected six LLMs for experiments, and took oil sludge as the research object to 
predict the concentration based on the temperature at the corresponding location, using the dataset with 
dynamic velocity μf = 2.5 for training and cross validation. During the experiment, we found that three of 
the LLMs had hallucination problems, which were the outputs inconsistent with the actual program. To 
evaluate the performance of the random forest (RF) model output by LLMs (RF-L), we also built an RF 
model (RF-H), comparing them in five-fold cross validation and an independent test set with 𝜇𝜇𝜇𝜇𝑓𝑓𝑓𝑓 = 5.0, to 
verify whether the parameters were potentially optimized or not. Totally, the averages on RMSE and MSE 
of RF-L are 25% higher than those of RF-H in cross validation and 9% higher in the test set. In conclusion, 
the LLMs are more likely to have hallucination problems, especially in complex nonlinear data analysis 
problems such as oil sludge concentration prediction. Meanwhile, LLMs can provide a fast framework for 
the data analysis process, and the default parameters can also perform well in a specific dataset, but their 
generalization ability is insufficient. In summary, LLMs will be an effective auxiliary tool for oil sludge 
industrial upgrading in the future. But now, LLM still has unavoidable risks in reliability and robustness for 
complex dataset, we should make use of it reasonably and carefully, rather than depend on it. 
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1. Introduction 
 
With the rapid advancement of computing 

power, large language models (LLMs) have 
expanded from the domain of natural language 
processing to the forefront of physical scientific 
research owing to their deep neural network 
architectures and learning capabilities enabled by 
billions of parameters, and ever-increasing amounts 
of training corpus [1]. The key advantage of LLMs 
lies in their general reasoning ability, which enables 
them to extract the interdependencies among 
variables in complex systems by analyzing patterns 
in massive data. In addition, LLMs have great 
potential in processing multimodal data and cross-
domain tasks. These properties make them exhibit 
great development prospects in resolving 
engineering challenges traditionally reliant on 
numerical simulation or empirical formulations, 
such as material property prediction [2-3] and 
mechanical system modeling [4], because this 
capability offers a new path for knowledge 

discovery and automated modeling, reducing 
repetitive mental work.  

Oil sludge is a crucial byproduct throughout the 
entire oil industry lifecycle, including production, 
processing, and transportation [5]. Composed of 
diverse constituents, including organic compounds, 
heavy metals, and other hazardous substances, oil 
sludge contains components that pose significant 
risks to environmental ecosystems and human health. 
Hence, improper management of such sludge can 
lead to severe ecological degradation and public 
health hazards [6]. The methodologies for treating 
oil sludge can be broadly categorized into 
incineration, chemical extraction, and pyrolysis. 
Incineration, on one hand, can effectively reduce oil 
sludge volume through combustion, which is 
economical and efficient, yet it introduces 
challenges in controlling air pollution generated 
during the process [7]. On the other hand, chemical 
extraction can efficiently recycle valuable 
compounds from oil sludge, however, it requires a 
large amount of auxiliary solvents, which hinder its 

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.26577/jpcsit2025331
https://orcid.org/0009-0002-7156-4631
https://orcid.org/0000-0001-9440-2171
https://orcid.org/0000-0002-4509-9468
mailto:leishangpeng@foxmail.com
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widespread adoption due to high cost[8]. In contrast, 
pyrolysis offers a thermochemical approach that 
decomposes oil sludge into coke tar and gas 
fractions, thereby enabling comprehensive resource 
utilization of the waste matrix. However, due to the 
multiphase coupling across multiple physical fields 
inherent in the pyrolysis process, this method 
demands precise control of the temperature to 
achieve the desired composition of oil sludge 
products [5]. Current research on pyrolysis 
temperature has predominantly focused on 
experimental investigations [9-10] and 
computational simulations [11-12], both of which 
entail substantial investments in time, human 
resources, and material costs. Machine learning (ML) 
methodologies have been explored for optimizing 
the oil sludge pyrolysis process [13], but the 
substantial regional variability in sludge 
composition necessitates frequent adjustments to 
feature engineering and hyperparameter 
configurations, which require heavy domain 
expertise. In addition, traditional ML models require 
a large amount of labeled data, while dynamic 
experimental data in sludge treatment are usually 
scarce and expensive, which thus hinders their 
widespread application. Leveraging LLMs to 
provide adaptive guidance on model selection and 
parameter tuning could potentially enhance the 
efficiency and consistency of pyrolysis outcomes by 
integrating real-time contextual information. 

However, the application of LLMs in 
unstructured physical problems is still in the 
exploratory stage, especially in scenarios involving 
multi-physics coupling. Sun et al. (2024) [14] 
proposed a Chat-IMSHT, an auxiliary system based 
on LLMs, for the multi-physics field coupling 
process of steel heat treatment. Duan et al. (2024) 
[15] applied LLMs to the exploration and 
development process of Shengli Oilfield in China, 
which has been tested on tens of thousands of people. 
Pan et al. (2024) [16] constructed an efficient 
coupling method for analyzing well profiles and 
reservoir performance based on LLMs, improving 
the efficiency of digital management of traditional 
oil wells. Al et al. (2025) [17] established an LLM-
based framework to integrate drilling data similarity 
and user queries into prompts to generate code, 
improving the quality of real-time decision making. 
While these studies demonstrate preliminary 
applications of LLMs in oil and gas fields, their 
reliability and generalizability remain insufficiently 
validated, with a notable lack of systematic research. 

Currently, with the widespread use of LLMs, cross-
disciplinary research has been conducted in fields 
such as education [18], building energy[19], and 
medicine [20] to evaluate the performance and 
reliability of LLMs in these fields. Since different 
LLMs (e.g., Chat, DeepSeek, and Doubao) differ in 
architectural design details, pre-training data, and 
inference strategies, empirical studies are needed to 
clarify their adaptability and performance in multi-
physics domain problems.  

To address this gap, this article investigates the 
feasibility of general artificial intelligence for 
scientific tasks in oil sludge management by 
leveraging LLMs to predict sludge composition at 
varying temperatures. We focus on the following 
research objectives: 

1. The ability of large language models (LLMs) 
to propose targeted modeling strategies based on 
input prompts and datasets. 

2. The investigation into the presence of 
hallucination issues in LLM-generated outputs 
within the context of oil sludge modeling problems. 

3. The evaluation of the performance of 
algorithmic solutions provided by LLMs for oil 
sludge concentration prediction tasks. 

Six top models from the United States and China 
were selected for comparative analysis. Prompts 
were designed to elicit algorithm recommendations 
and predictions from each model, with outputs 
recorded for subsequent validation. To assess LLMs' 
effectiveness, we manually implemented the 
recommended algorithms and compared their 
performance against benchmark results. This work 
provides the first quantitative assessment of LLMs' 
accuracy and reliability in oil sludge analysis, 
offering critical insights to mitigate risks associated 
with blind LLMs adoption in engineering contexts. 
This article is organized as follows: The Datasets, 
methods, and how they were used are described in 
Section 2. The results with the 6 different LLMs on 
the different sets are discussed and compared to 
artificial RF in Section 3. We conclude in Section 4. 

 
2. Datasets and methods 
 
In this section, we describe the workflow used 

in this article to evaluate the performance of LLMs 
for oil sludge. We also give an overview of the oil 
sludge datasets used to evaluate LLMs to elaborate 
on the simulation for the mathematical process. In 
addition, the basic theory of LLMs architecture is 
explained in detail, which is called transformer. 
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Since RF is recommended by most of the LLMs, we 
also gave an overview of RF. This research aims to 
make a comprehensive comparison among 
advanced LLMs so that research works based on 
LLMs have a well understanding of the benefits and 
risks in the future. The following subsections 
provide an in-depth introduction of the workflow, 
transformer and datasets used in our experiments. 

2.1. Workflow 
The whole workflow for evaluating LLMs in 

predicting oil sludge concentration integrates 
simulation dataset construction, multi-model 
comparison, and assessment. The datasets including  
 

spatial variations of sludge vapor concentration and 
temperature across locations, were imported into the 
LLMs by API with prompts requesting to predict 
concentrations based on location and temperature 
features, and self-evaluate the results with metrics 
RMSE and R2. LLM’s code generation and sequence 
processing capabilities allow us to map positions 
and temperatures to concentration outputs without 
manual feature engineering. To evaluate the results 
output by LLMs, a human-optimized baseline model 
is constructed, serving as a reference to quantify the 
LLMs’ performance and reliability. The workflow is 
shown in Figure 1.

Dataset

Ta
rg

et
s

Locations

Simulation

Amazon 
SageMaker 模型

Amazon 
SageMaker 模型

Amazon 
SageMaker 模型

Amazon 
SageMaker 模型

Amazon 
SageMaker 模型

Amazon 
SageMaker 模型

Model by LLMs

Model by Artificial

Performance

Reliability

 
Figure 1 – Workflow of comparative experiment 

 
 

According to Chatbot Arena [21], a leaderboard 
platform developed by the University of California, 
Berkeley, the top ten performing large language 
models (LLMs) are predominantly from either the 
United States or China. Based on this observation, 
we selected six representative models for our 

experiment, with an equal distribution of three 
models from each country. In the experiment, we 
employed identical prompts and unified datasets, 
while manually implementing the same sludge 
concentration prediction models to systematically 
compare the outputs across different LLMs. 

 
 

Table 1 – Overview of LLMs  
 

LLMs Organization Release time 
Grok 3 xAI 18/02/2025 

Chat GPT4o OpenAI 14/05/2024 
Gemini-2.0 Flash Google 05/02/2025 

Qwen2.5-max Alibaba 01/03/2025 
Dou Bao ByteDance 22/01/2025 

Deep Seek-R1 Deep Seek 20/01/2025 
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2.2 Dataset 
This research utilized two simulated datasets 

representing distinct types of oil sludge, which were 
used to train and validate with LLMs. As 
documented in prior research[22], the simulated 

datasets were generated using the following Eq (1) 
and Eq (2) mathematical formulations. Eq (1) 
characterizes the mathematical relationship between 
concentration and temperature in space, and Eq (2) 
describes the distribution of concentration in space. 

 
 

m
∂C�
∂t ̅

+ u�
∂T�
∂X�

+ v�
∂T�
∂Y�

=
1

PrRe
(
∂2T�
∂X�2

+
∂2T�
∂Y�2

) (1) 

  

m
∂C�
∂t ̅

+ u�
∂C�
∂X�

+ v�
∂C�
∂Y�

=
1

ScRe
(
∂2C�
∂X�2

+
∂2C�
∂Y�2

) (2) 

 
 
where m is the porosity of the oil sludge. T� and C� 
are the dimensionless temperature and concentration 
at location horizontal direction x  and vertical 
direction y. The u�  and v� are the velocities in the x 
and y directions. Pr, Re and Sc are Prandtl number, 
Reynolds number and Schmid number respectively, 
which are related to physical properties. For initial 
condition, Cf =1, Tf = 250 , LX = LY = 1 . At the 

same time, we used different velocity μf = 2.5 and 
μf = 5.0 in simulation to represent different kinds of 
oil sludge. Each of the two datasets contains 400 
samples, and each sample consists of four 
features: X� , Y� denote the dimensionless position 
information, T�  denotes the dimensionless 
temperature of oil sludge, C�  denotes the 
dimensionless concentration of liquid in oil sludge. 

 
 

 
 

Figure 2 – Temperature and concentration of oil sludge 
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2.3 Transformer and Random Forest  
In general, the architecture of most LLMs is 

rooted in the Transformer framework. As shown in 
Figure 3, the Transformer consists of two core 
components: the encoder and decoder. The encoder 
is designed to extract contextual features from large-
scale datasets, identifying intricate relationships 
within input texts. Human-labeled target variables 
are fed into the decoder to analyze contextual 
information, while the encoder processes raw input 
data to capture representations. The vector outputs 
from both modules are subsequently integrated to 
predict class probabilities or continuous values 
based on input sequences. In LLM architectures, 
text is typically tokenized into subword units, where 

each token can represent a word, subword, or other 
data unit depending on the task. In Transformer, the 
key index is attention values, and data are passed in 
the form of vectors or matrices. Therefore, clear 
prompts are considered to be key in numerical tasks. 
The decoder makes text predictions based on the 
input prompts, and the steps of data processing are 
based on the output predictions. The effectiveness of 
LLMs can be evaluated by their ability to analyze 
dataset characteristics through prompted inputs, a 
process that underscores their logical reasoning 
capabilities. Additionally, whether the model 
generates sequence-based predictions or executable 
code serves as a key metric for assessing its 
problem-solving versatility in engineering contexts. 

 

Output  
Embedding

Input 
Embedding +

Outputs 
(Lable)

Inputs

+

Positional 
Encoding

Positional 
Encoding

Multi-Head 
Attention Normalization Feed

Forward Normalization

Masked
Multi-Head 
Attention

Normalization Multi-Head 
Attention

Normalization Feed
Forward Normalization Linear

Softmax

Output 
Probabilities

K
V

Q
+ +

+
Q
K
V

Q

K V

+

+

Encoder   Nx

Decoder   Nx
 

Figure 3 – The structure of Transformer 
 
 

Random Forest (RF) is an ensemble learning 
algorithm widely applied in classification and 
regression tasks. It has been proven that RF 
performed well in fields of physics, such as 
concentration[23], heat transfer[24]. Composed of 
multiple decision trees, RF constructs each tree by 
selecting nodes with the highest information gain for 
splitting, a process that continues until the number 
of samples per node falls below a predefined 
threshold or the maximum tree depth is reached. The 
result is the average of all decision trees outputs. For 
regression tasks, the final prediction is derived by 
averaging the outputs of all constituent trees, while 
classification tasks employ majority voting. This 
ensemble structure endows RF with robust 
generalization capabilities and resistance to 

overfitting. In this article, RF serves as a benchmark 
model to compare against the predictive 
performance of LLMs.  

 
3. Results 
 
As mentioned above, we prepared two datasets 

μf = 2.5 and μf = 5.0. Then, 80% dataset with μf =
2.5 served as the training set, and the rest of 20% 
dataset served as the cross-validation set. The 
dataset μf = 5.0 served as the test set. Here we use 
RMSE and R2 as the metrics, in which RMSE 
measures the degree of error, and R2 shows the 
goodness of fit. It should be noted that the prompt 
we offered was ''divide the uf2.5 file into training set 
and validation set in a ratio of 8:2, and the uf5.0 file 
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is the test set. Predict the concentration based on the 
position information (x, y) and temperature, and 
calculate the RMSE and R2 at the same time." 

 

RMSE = �
1
n
�(Yi − Yı�)2
n

i=1

 (3) 

 

R2 = 1 −
∑ (Yi − Yı�)2n
i=1
∑ (Yi − Y�)2n
i=1

 
 

(4) 

 
where Yı�  is the predicted values, and Y�  is the 
average of target values set. At the same time, we 
required LLMs to give corresponding calculation 
codes so that we can verify if hallucination existed.  

3.1 Hallucination Analysis 
Hallucination in LLMs refers to the generation of 

non-factual or unreliable outputs, often arising from 
the complex architecture of LLMs, comprising 
pretraining, fine-tuning, and millions to billions of 
parameters, which can lead to erroneous reasoning, 
particularly in numerical tasks. In this section, to 

systematically evaluate the presence of 
hallucinations, we re-ran the code locally to 
compute the actual results. Hallucination is defined 
here as predictions output by LLMs that differ from 
the local code results. Among the evaluated LLMs, 
Grok 3, Qwen2.5-max, Deep Seek-R1 and Chat 
GPT4 all predicted based on RF with same 
hyperparameters, but three of them have 
hallucination problems, only the local code running 
results of Chat GPT4o are consistent with the cloud 
calculation. This suggests hallucinatory LLMs may 
not have actually processed data according to the 
specified algorithms during inference but instead 
produced fabricated outcomes. Conversely, the 
remaining LLMs relied on linear regression models, 
indicating that all observed hallucinations were 
associated with RF-based predictions. We 
hypothesize this stems from LLMs’ current 
limitations in accurately representing complex 
machine learning architectures like RF. In summary, 
the results of Chat GPT4o, Gemini-2.0 Flash, and 
Qwen2.5-max aligned with local calculations 
without evidence of hallucination, underscoring the 
critical role of algorithmic fidelity in LLM-driven 
scientific tasks. 

 
 

Table 2 – Comparison of Different LLMs for Prediction 
 

LLMs LLMs results local code results Hallucination Model RMSE R2 RMSE R2 
Grok 3 0.0615 0.9908 0.0292 0.9431 True RF 

Chat GPT4o 0.0292 0.9431 0.0292 0.9431 False RF 
Gemini-2.0 Flash 0.0555 0.7952 0.0555 0.7952 False LR 

Qwen2.5-max 0.0111 0.9876 0.0292 0.9431 True RF 
Dou Bao 0.0555 0.7952 0.0555 0.7952 False LR 

Deep Seek-R1 0.0214 0.9720 0.0292 0.9431 True RF 
 
 
3.2 Performance Analysis 
According to the outputs by LLMs, the solutions 

for prediction can be categorized into two types: one 
was linear regression (LR), and the other was RF. It 
can be inferred that the LLMs providing the RF 
algorithm, such as Grok 3, Chat GPT4o, Qwen2.5-
max and Deep Seek-R1, have stronger reasoning 
and analysis capabilities for oil sludge data, because 
RF is more suitable for nonlinear data structures, and 
the LLMs mentioned above adopted a targeted 
strategy. In contrast, the Gemini-2.0 Flash and Dou 
Bao used LR to fit a multivariate linear function 
based on the least squares method, which predicted 
the result with RMSE 0.0555 and R2 0.7952. Given 

that the linear model cannot describe the nonlinear 
relation between concentration and temperature in 
space for oil sludge, we don’t further analyze LR in 
this article. Then, we checked the code and found 
that all of the LLMs with RF didn’t tune or optimize 
hyperparameters explicitly, but rather set same fixed 
values that is n_estimator = 100 and unlimitted 
deepth. In order to verify RF output by LLMs, 
marked as RF-L, we built an RF model ourselves, 
marked as RF-H, and compare the results between 
RF-L and RF-H to check the parameters given by 
LLMs were based on potential calculation or default 
value. In RF-H, we used grid search to find the best 
parameters, and the dataset with μf = 2.5  was 
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divided into the training set, validation set. 
Likewise, we also used the dataset with μf = 5.0 as 
the testing set. As shown in Figure 4, the mean 
square error (MSE) stopped decreasing after 
max_deepth = 10. And the lowest MSE was at 
n_estimator = 220. As a result, we chose 
max_deepth = 10 and n_estimator = 220. 

Due to the parameter in RF-L was n_estimator = 
100, and the max_deepth was the default setting that 
is keeping splitting unless the number of samples in 

nodes is less than two or the impurity of node stops 
decreasing, which inherently risks overfitting. To 
systematically evaluate this, we used 5-fold cross 
validation to compare the performance of RF-F and 
RF-H in dataset μf = 2.5  which was divided into 
80% for training and 20% for validation with 5-fold 
cross validation to determine whether there is 
overfitting. Concurrently, the dataset μf = 5.0 was 
used as a completely independent dataset to test the 
performance difference between RF-F and RF-H. 

 
 

 
 

Figure 4 – The grid search of RF-H 
 

 
(a) Metrics of RF-H (b) Metrics of RF-L 

 
Figure 5 – The comparison of RF-H and RF-L 

 
 

As shown in Figure 5, RF-H performed almost 
as great as RF-L, or even slightly worse on the 
training set as a result of the default max_deepth. 
However, RF-H performed better in cross 
validation, no matter MSE, RMSE or R2. However, 
RF-H performed better on the cross validation, no 

matter MSE, RMSE or R2, indicating that the 
manually tuned RF-H has better generalization 
ability. Apparently, RF-L was trained to overfit on 
the training set with μf = 2.5, because it performs 
better than RF-H on the training set, but worse on 
the cross-validation and test sets. The test set with 
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μf = 5.0  is absolutely independent, RF-H also 
performed better accuracy with lower 12.5% MSE 
and 11.9% RMSE than RF-L. As shown in Figure 6, 
both RF-H and RF-L demonstrated reasonable trend 
consistency, but there was a difference in the 
accuracy of the predicted values, with RF-L being 
closer to the true value. Totally, the average on 
RMSE and MSE of RF-L is 25% higher than that of 
RF-H on the cross-validation and 9% higher on the 
test set. The above results confirm that the RF-L 

hyperparameters of LLMs are not optimized, and 
n_estimator = 100 is the default parameter given. 
Although the current mainstream LLMs can 
determine the relationship between datasets and use 
algorithms that match them, their parameter selec-
tion processes remain suboptimal for improvement 
in the algorithm parameter selection process. 
Compared to manually designed algorithms, the 
algorithm output by LLMs lacks adaptive parameter 
tuning and robust generalization capabilities. 

 
 

 
 

Figure 6 – The result of RF-L and RF-H 
 
 

4. Conclusion 
 
In this article, we explored the performance of 

LLMs for the prediction task of oil sludge 
concentration by temperature, which is a typical 
problem of complicated nonlinear regression in the 
traditional engineering field. We compare six 
advanced LLMs, and further qualify the difference 
between LLMs and artificial model, showing that 
the LLMs are more likely to have hallucination 
problem during complex nonlinear data modeling 
such as oil sludge concentration prediction, which is 
due to the limitations of the corpus and the lack of 
explicit knowledge in the process of building LLMs. 
Therefore, when using the LLMs to calculate 
complex engineering problems, special attention 
should be paid to the lack of reliability of the 
answers provided by LLMs at this stage. Moreover, 
another conclusion is that LLMs can give a default 

parameter when building a mathematical model 
based on their large knowledge database, without 
optimization for parameters. In order to further 
clarify the difference between LLMs and artificial 
models, by comparing RF-H and RF-L, the results 
show that the average on RMSE and MSE of RF-L 
in cross validation are 25% higher than RF-H, and 
9% higher on the test set. LLMs can provide a fast 
framework for the data analysis process, and the 
default parameters can also perform well in a 
specific dataset but their generalization ability is 
insufficient.  

In summary, LLM, as an important development 
direction of generative artificial intelligence, will be 
an effective auxiliary tool for industrial upgrading in 
the future. But now, LLM still has unavoidable risks 
in reliability and robustness, we should make use of 
it reasonably and carefully, rather than depend on it 
absolutely. It should be noted that this paper still has 

certain limitations in terms of dataset size and 
specific fields. In the future, we will further analyze 
the role of explicit knowledge in LLM and expand 
the data volume and application fields. 
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specific fields. In the future, we will further analyze 
the role of explicit knowledge in LLM and expand 
the data volume and application fields. 
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Abstract. Soil salinization poses a significant threat to agricultural productivity and environmental 
sustainability, particularly in arid and semi-arid regions. This study presents a comprehensive spatiotem-
poral analysis of soil salinity dynamics in irrigated lands of Alakol District, Zhetisu Region, Kazakhstan, 
using multi-temporal Sentinel-2 satellite imagery and the Normalized Difference Salinity Index (NDSI). 
The analysis covered the 2024 growing season, from March to November, with one cloud-free image se-
lected for each month. NDSI values were calculated monthly and classified into four salinity categories: 
non-saline, slightly saline, moderately saline, and highly saline. Field sampling at 31 locations provided 
electrical conductivity (EC) data for validation, enabling comparison between surface reflectance-based 
salinity estimates and ground measurements. The results demonstrated pronounced seasonal trends: 
NDSI values were lowest in spring due to leaching by precipitation and early irrigation, gradually in-
creasing through summer as evaporation concentrated salts at the surface, and fluctuating in autumn 
depending on rainfall and drainage conditions. Spatially, fields situated in topographic depressions or 
near Lake Alakol exhibited the highest salinity levels, whereas upland areas remained relatively unaf-
fected. Notably, no fields exceeded the moderate salinity threshold, indicating that while salinization 
is present, it remains in early stages. The NDSI approach proved effective for surface salinity detection, 
capturing both temporal fluctuations and spatial heterogeneity. These findings underscore the utility of 
remote sensing for operational salinity monitoring and highlight the importance of continuous observa-
tion to inform timely land management interventions. This study offers actionable insights for sustain-
able agriculture, particularly in tailoring irrigation and drainage strategies to mitigate salinity risks across 
vulnerable farmlands in Central Asia.
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Abstract. Soil salinization poses a significant threat to agricultural productivity and environmental sustainability, 
particularly in arid and semi-arid regions. This study presents a comprehensive spatiotemporal analysis of soil salinity 
dynamics in irrigated lands of Alakol District, Zhetisu Region, Kazakhstan, using multi-temporal Sentinel-2 satellite 
imagery and the Normalized Difference Salinity Index (NDSI). The analysis covered the 2024 growing season, from 
March to November, with one cloud-free image selected for each month. NDSI values were calculated monthly and 
classified into four salinity categories: non-saline, slightly saline, moderately saline, and highly saline. Field sampling 
at 31 locations provided electrical conductivity (EC) data for validation, enabling comparison between surface 
reflectance-based salinity estimates and ground measurements. The results demonstrated pronounced seasonal trends: 
NDSI values were lowest in spring due to leaching by precipitation and early irrigation, gradually increasing through 
summer as evaporation concentrated salts at the surface, and fluctuating in autumn depending on rainfall and drainage 
conditions. Spatially, fields situated in topographic depressions or near Lake Alakol exhibited the highest salinity levels, 
whereas upland areas remained relatively unaffected. Notably, no fields exceeded the moderate salinity threshold, 
indicating that while salinization is present, it remains in early stages. The NDSI approach proved effective for surface 
salinity detection, capturing both temporal fluctuations and spatial heterogeneity. These findings underscore the utility 
of remote sensing for operational salinity monitoring and highlight the importance of continuous observation to inform 
timely land management interventions. This study offers actionable insights for sustainable agriculture, particularly in 
tailoring irrigation and drainage strategies to mitigate salinity risks across vulnerable farmlands in Central Asia. 
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1. Introduction 
 
Soil salinization is a severe form of land 

degradation that threatens agricultural productivity 
and ecosystem health worldwide. Traditional 
methods of mapping soil salinity rely on extensive 
ground sampling and laboratory analysis, which are 
labor-intensive, costly, and impractical for large 
areas. In recent years, remote sensing satellites 
coupled with machine learning have emerged as 
efficient tools for assessing and mapping soil 
salinity across wide regions [1, 2]. Optical sensors 
(Landsat, Sentinel-2) and radar sensors (Sentinel-1) 
can detect spectral and backscatter signatures related 
to surface salt content, while ML algorithms can 
learn complex relationships between those 
signatures and ground-measured salinity. 

Multi-spectral optical imagery and radar 
imagery are widely used to detect salinity-induced 

signals on the soil surface. Salt-affected soils often 
exhibit characteristic spectral signatures, such as 
high reflectance in visible and near-infrared bands 
or distinctive vegetation stress signals. Many studies 
derive spectral indices to enhance salinity detection. 
For example, researchers in the Great Hungarian 
Plain [3] (Eastern Europe) used Landsat 8 to 
compute vegetation and salinity indices (along with 
principal components and land surface temperature) 
as inputs to regression models. In arid regions of 
Abu Dhabi, indices like NDVI (Normalized 
Difference Vegetation Index) and BSI (Bare Soil 
Index) showed moderate correlation with soil 
electrical conductivity, and their combination 
improved salinity prediction models [4]. Such 
indices capture reduced vegetation vigor or exposed 
bright soils typical of saline areas. However, optical 
methods have limits: heavy vegetation can mask soil 
signals, and beyond the top ~5 cm of soil, optical 

https://creativecommons.org/licenses/by-nc/4.0/
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reflectance is less sensitive to salt content [5]. To 
address this, some studies incorporate thermal 
infrared data (sensitive to soil moisture and salinity 
effects) or hyperspectral imagery for more 
diagnostic spectral features, though these data are 
less commonly available. 

Central Asia has been a focal point for salinity 
research due to intensive irrigation and 
desertification. Mukhamediev et al. mapped soil 
salinity across Turkestan, Almaty, Zhambyl, and 
Kyzylorda using a fusion of Sentinel-1 SAR and 
Landsat optical data, combined with machine 
learning models [6]. Their approach – employing 
boosted regression trees (XGBoost/LightGBM) 
outperformed models using optical data alone, 
showing better agreement with ground EC 
measurements. Using explainable ML, they also 
optimized feature selection without reducing 
accuracy. Notably, their regional model 
outperformed a global salinity model, highlighting 
the importance of local calibration. Merembayev et 
al. studied salinity in arid irrigated farms using high-
resolution radar textures and ML [7]. They 
highlighted strong spatial heterogeneity in salinity 
due to variable soil and irrigation conditions, which 
complicates mapping efforts. Their results showed 
that careful data partitioning and maintaining 
representative value distributions were key for 
model performance. LightGBM and Ridge 
regression achieved the best results (R² ~0.68). The 
authors suggest future work should explore deep 
learning and physics-based models to enhance 
accuracy. 

Researchers in [8] assessed soil salinity changes 
under climate change in the Khorezm region of 
Uzbekistan – an area with extensive irrigation. Their 
analysis noted that over the last 40 years, soil 
salinity has increased due to rising temperatures and 
poor drainage, and using saline groundwater for 
irrigation has exacerbated secondary salinization. 
By integrating remote sensing with climate data, 
they linked periods of warming and reduced river 
inflows to spikes in soil salt levels, predicting that 
climate change will continue to aggravate salinity 
unless irrigation management improves. A broader 
scale analysis by [9] provides a striking forecast for 
Central Asia. Using an automated ML framework to 
analyze drivers of salinity across Central Asia and 
neighboring Xinjiang (western China), they found 
that meteorological factors (aridity, temperature) 
exert the strongest influence on soil salt content, 
often interacting with landscape position (e.g. low-

lying basins). Their model projected that with 
extreme climate warming scenarios, average soil 
salt concentrations could rise by about +21% in 
Central Asia by 2100, and as much as +65% in 
Xinjiang. Areas around irrigation water sources and 
topographic low points are at highest risk of salinity 
escalation. This study’s methodology – using ML to 
parse out interaction effects between climate, 
topography, and human factors – is an innovative 
approach to understand spatio-temporal dynamics. It 
provides a quantitative glimpse into the future, 
highlighting that without intervention, Central 
Asia’s salinization will intensify under climate 
change. 

A major advantage of satellite-based monitoring 
is the ability to track salinity changes over time – 
capturing both seasonal fluctuations and long-term 
trends. Historically, most remote sensing salinity 
studies focused on mapping spatial patterns at a 
single time, often neglecting the temporal dimension 
[10]. Recent work is beginning to fill this gap by 
leveraging multi-temporal image series and time-
series analysis. In irrigated areas, soil salinity 
fluctuates seasonally–often rising during dry periods 
due to evaporation and decreasing after rain or 
irrigation. Dense time-series from Sentinel-2 have 
been used to detect such patterns. For instance, [11] 
identified higher salinity in the dry season in China's 
Ebinur Lake wetland using RF models. Similarly, a 
study in the Werigan–Kuqa Oasis [12] found 
salinity shifts linked to precipitation variability, with 
expansion during droughts and retraction in wetter 
years. Multi-date imagery reduces noise and 
improves model accuracy. Duan et al. proposed a 
“combined-temporal” approach using multiple 
Sentinel-2 images around the sampling date [13]. 
This stabilized spectral signatures and improved 
model performance (R² = 0.72, RMSE ≈ 0.87 dS/m). 
However, salinity signals are affected by vegetation 
phenology and cropping cycles, necessitating 
integration with seasonal land cover and crop type 
data. 

Comparing salinity maps over years reveals 
degradation or improvement patterns. In Zaghouan, 
Tunisia, salinized areas expanded from 2000 to 
2023, linked to reduced rainfall and land use change 
(r ≈ –0.85 with precipitation), highlighting climate 
change as a key driver [13]. In contrast, the Xinjiang 
Oasis saw a salinity decline over 25 years, with non-
salinized land increasing and severe salinity 
retreating due to improved irrigation and drainage. 
Evidence from Iran’s Golestan Province also 
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showed salinity reduction after drainage system 
installation, confirmed via satellite data. Meanwhile, 
in Central Asia’s Kashgar region [14], time-series 
analyses revealed worsening salinity due to 
reclamation without drainage–mirroring issues in 
the Aral Sea basin. 

A few studies directly compared different 
remote sensing approaches for mapping soil salinity 
under various environmental conditions. For 
instance, [15] compared Sentinel-2 vs Landsat-8 
imagery for salinity mapping in a Mediterranean 
site, finding Sentinel-2’s higher resolution gave it an 
edge in detecting fine-scale salinity patches. 
Conversely, another study in a Chinese wetland 
found Landsat-8’s inclusion of a thermal band 
(absent in Sentinel-2) made it slightly superior for 
salinity estimation using a cubist model [16]. Such 
comparisons suggest that the “best” satellite 
platform may vary with context – Sentinel-2 excels 
with spatial detail and revisit frequency, whereas 
Landsat’s thermal data can help in humid areas 
where evapotranspiration differences are key. In 
practice, many studies now use both (taking 
advantage of the combined 5-day revisit of Sentinel-
2 and Landsat-8). On the ML side, comparisons like 
those by [17] in GEE have provided valuable 
guidance – they noted that while a CART model 
achieved the lowest error on training data, it tended 
to overfit extreme salinity, whereas RF provided 
more reliable generalization across landscapes. This 
hints that for operational mapping, a slightly less 
“accurate” but more stable model (RF) may be 
preferable to avoid speckled or noisy salinity  
maps.  

Reliable ML modeling hinges on quality ground 
truth data, yet in many regions soil salinity sampling 
is sparse and infrequent due to the costs and effort 
required [18]. Small sample sizes can lead to 
unstable models. Most remote sensing methods 
primarily sense surface salt. This is problematic 
because harmful salinity can build up below the 
topsoil and escape detection until it surfaces [19, 
20]. There is consensus that passive optical methods 
alone cannot fully capture subsoil salinity – thus, 
research is heading toward combining satellite data 
with geophysical surveys (EM induction, resistivity) 
or soil hydraulic models to infer salt distribution in 

the profile. Thus, despite existing advances, using 
remote sensing or machine learning in isolation 
often faces limitations – such as sensitivity to 
seasonal variability, limited model transferability, or 
instability in interpreting temporal signals. The 
present study is aimed at assessing the spatial and 
temporal dynamics of soil salinity within the 
selected territory in the period from March to 
November. Based on the interpretation of satellite 
images and data processing in the GIS environment, 
an analysis of salinity changes has been performed, 
which allows not only to identify seasonal trends, 
but also to justify the need for sustainable 
approaches to land management.  

 
2. Materials and methods 
 
The study was conducted in the agricultural 

lands of Alakol District, Zhetisu region, 
Kazakhstan, encompassing a semi-arid continental 
environment. The area lies approximately between 
46°N and 81°E (near Lake Alakol’s basin), 
characterized by hot, dry summers and cold winters
. Annual precipitation is low (≈150–280 mm), with 
most rain falling in spring (April–May) and late 
autumn. This climate and intensive irrigation 
practices make the region prone to soil salinization, 
as evaporation often exceeds rainfall, leading to salt 
accumulation at the surface. Thirty-one sampling 
sites were selected across the district’s farmlands to 
capture spatial variability. At each site, we collected 
surface soil samples and measured electrical 
conductivity in a 1:5 soil-water extract as a ground 
truth indicator of salinity. The EC values ranged 
from 0.07 (non-saline) up to 1.4 (highly saline) in 
the 1:5 extract. We also recorded terrain attributes at 
each site: elevation (from a DEM), local slope, and 
ambient surface temperature. Elevations spanned 
~379–495 m above sea level (lower toward the lake 
plain, higher in uplands), and slopes were gentle 
(mostly <1° incline). Notably, the lowest-lying 
fields tended to have higher measured salinity, 
consistent with salt accumulation in topographic 
depressions. Table 1 summarizes the field data, 
including coordinates, electrical conductivity (EC), 
elevation, surface temperature, and slope values for 
each of the 31 sampling sites. 
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Table 1 – Field data 
 

Field № X Y EC (1:5), 
dS/m DEM, m Surface 

temp., °C Slope 

ALK1 81.263687 46.013337 0.16 387 42.35 0.8863131403923035 
ALK2 81.263322 46.013021 0.2 387 42.35 0.8863131403923035 
ALK3 81.262991 46.012058 0.44 387 42.35 0.8863131403923035 
ALK4 81.252822 46.014737 0.15 386 42.78 0.4236890375614166 
ALK5 81.252683 46.014185 0.48 386 42.78 0.4236890375614166 
ALK6 81.258905 46.033323 0.35 380 39.97 0.41753801703453064 
ALK7 81.262467 46.033464 0.52 380 39.16 0.41753801703453064 
ALK8 81.235861 46.061892 0.37 396 39.55 0.5087683796882629 
ALK9 81.236126 46.062183 0.38 396 39.55 0.5087683796882629 
ALK10 81.227602 46.09355 0.19 395 41.56 0.5410060882568359 
ALK11 81.226884 46.093285 0.13 395 41.56 0.5410060882568359 
ALK12 81.20694 46.153272 0.34 369 40.9 0.272049218416214 
ALK13 81.184885 46.143835 0.4 384 39.91 0.49335935711860657 
ALK14 81.175125 46.125639 0.73 401 40.55 0.5325705409049988 
ALK15 81.183753 46.120222 0.46 404 41.21 0.5124315023422241 
ALK16 81.184296 46.120402 0.41 404 41.21 0.5124315023422241 
ALK17 81.15495 46.164803 0.22 382 37.76 0.4547281265258789 
ALK18 81.155732 46.165621 0.21 382 37.76 0.4547281265258789 
ALK19 81.155817 46.165726 0.21 382 37.76 0.4547281265258789 
ALK20 81.045543 46.194957 0.22 379 39.85 0.30169597268104553 
ALK21 81.046017 46.194684 0.21 379 39.76 0.30169597268104553 
ALK22 80.988318 46.183279 0.21 390 40.75 0.43475303053855896 
ALK23 80.988355 46.183294 0.21 390 40.75 0.43475303053855896 
ALK24 80.830143 46.244836 0.2 381 44.13 0.13844919204711914 
ALK25 80.829652 46.212158 0.07 384 45.57 0.17097853124141693 
ALK26 80.829596 46.213915 0.08 384 45.57 0.17097853124141693 
ALK27 80.829592 46.213916 1.4 384 45.57 0.17097853124141693 
ALK28 81.054566 46.069562 0.36 495 40.66 0.5086142420768738 
ALK29 81.099052 46.036487 0.53 492 41.56 0.5497124791145325 
ALK30 81.100584 46.036445 0.47 492 40.5 0.5497124791145325 
ALK31 81.101486 46.036861 0.38 492 40.5 0.5497124791145325 
 
 
Fig. 1 presents the collected soil samples, which 

were used for laboratory measurement of electrical 
conductivity (EC) as ground-truth data. 

Fig. 2 shows the geographical location of the 
study area within Alakol District, Zhetisu region, 
including the spatial distribution of sampling sites. 
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Figure 1  – Soil samples collected from agricultural fields  
 
 

 
 

Figure 2 – Location of the study area and distribution of field sampling sites 
 
 

To monitor salinity dynamics over the 2024 
growing season, we acquired Sentinel-2 
MultiSpectral Instrument (MSI) imagery for each 
month from March through November (one cloud-
free scene per month). Sentinel-2 provides 13 
spectral bands, including visible, near-infrared 
(NIR), and shortwave-infrared (SWIR) 

wavelengths, at spatial resolutions of 10–20 m, with 
a 5-day revisit frequency. We downloaded Level-2A 
surface reflectance products (which are already 
atmospherically corrected to bottom-of-atmosphere 
reflectance) covering the study area. Each monthly 
image was projected to the WGS 84 / UTM Zone 
44N coordinate system and clipped to the 
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boundaries of the target agricultural fields. Cloud 
masking was applied using the Sentinel-2 Scene 
Classification Layer (SCL) to remove cloud- and 
shadow-affected pixels. We ensured minimal cloud 
cover by selecting images on or near clear-sky dates 
for each month; if the primary monthly image had 
cloud contamination, an alternate cloud-free image 
from the same month was used. This preprocessing 
workflow yielded a time-series of nine cloud-free 
reflectance maps (March–November 2024) for the 
region. All images were co-registered to ensure that 
multi-date pixel-wise comparisons were spatially 
consistent, and radiometric consistency was 
maintained by using the atmospherically corrected 
reflectances (ensuring comparability across dates). 
We also extracted reflectance and index values at the 
31 field sampling locations for each date to facilitate 
direct comparison with ground measurements of  
 

salinity. Fig. 3 illustrates the sequential workflow 
for mapping soil salinity using Sentinel-2 satellite 
imagery. The process comprises six main stages: 

-  High-resolution multispectral imagery from 
Sentinel-2 is acquired for the area of interest. These 
data provide the necessary spectral information to 
detect surface-level variations in soil properties, 
including salinity. 

-  Specific spectral bands (such as the Red, 
Green, and Near Infrared (NIR) bands) are selected 
based on their sensitivity to soil salinity and 
moisture content. These bands serve as the input for 
index-based salinity assessments. 

- The selected images undergo preprocessing 
steps, including atmospheric correction, resampling, 
and cropping. The cropping operation ensures that 
the imagery conforms to the boundaries of the study 
area, facilitating localized analysis. 

 

 
 

Figure 3 – Stages of soil salinity assessment based on remote sensing 
 
 

- Using the relevant bands, salinity indices are 
computed to generate raster layers. These layers 

indicate spatial variations in soil salinity levels 
based on spectral reflectance properties. 
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-  The index values are classified into 
predefined salinity categories (non-saline, slightly 
saline, moderate saline, and highly saline). This 
classification supports the interpretation and 
evaluation of salinity severity across the  
landscape. 

-  The final classified raster outputs are 
visualized as salinity maps.  

 
3. Results 
 
The NDSI analysis from March to November 

2024 shows clear temporal and spatial patterns of  
 

soil salinity across the study area. To interpret the 
index values, we categorised NDSI into four classes: 
non-saline, slightly saline, moderately saline and 
highly saline (Table 2).  

The NDSI was calculated using the spectral 
bands Red (Band 4) and Near-Infrared (NIR, Band 
8) from Sentinel-2 imagery [21]: 

 
NDSI = (Red−NIR)

(Red+NIR)
                           (1)  

 
Across all nine months, the observed NDSI 

values ranged approximately from –0.58 to –0.03 
(Table 3).  

 
Table 2 – Soil salinity classification. 
 

Categories EC(1:5) NDSI 
Non-saline <0,16 <0,2 

Slightly saline 0,16≤x<0,22 -0,2≤x<0 
Moderately saline 0,22≤x<0,74 0≤x<0,2 

Highly saline ≥0,74 ≥0,2 
 
 

Table 3 – Normalized difference salinity index measurements. 
 

Field № 
NDSI 

Mar Apr May Jun Jul Aug Sep Oct Nov 
ALK1  -0,171 -0,272 -0,295 -0,184 -0,130 -0,121 -0,144 -0,126 -0,112 
ALK2  -0,145 -0,208 -0,247 -0,161 -0,107 -0,094 -0,102 -0,099 -0,113 
ALK3  -0,112 -0,207 -0,223 -0,224 -0,171 -0,107 -0,114 -0,101 -0,103 
ALK4  -0,117 -0,180 -0,093 -0,105 -0,178 -0,578 -0,532 -0,220 -0,075 
ALK5  -0,128 -0,195 -0,150 -0,222 -0,282 -0,406 -0,493 -0,258 -0,117 
ALK6  -0,128 -0,264 -0,364 -0,367 -0,448 -0,457 -0,509 -0,367 -0,111 
ALK7  -0,098 -0,122 -0,103 -0,175 -0,252 -0,478 -0,373 -0,264 -0,141 
ALK8  -0,132 -0,268 -0,309 -0,430 -0,481 -0,364 -0,286 -0,194 -0,116 
ALK9  -0,101 -0,146 -0,171 -0,285 -0,292 -0,221 -0,253 -0,172 -0,090 
ALK10  -0,169 -0,267 -0,289 -0,163 -0,112 -0,149 -0,220 -0,193 -0,053 
ALK11  -0,081 -0,135 -0,158 -0,101 -0,521 -0,520 -0,297 -0,346 -0,128 
ALK12  -0,090 -0,193 -0,232 -0,322 -0,308 -0,326 -0,316 -0,178 -0,087 
ALK13  -0,104 -0,147 -0,197 -0,086 -0,304 -0,215 -0,106 -0,106 -0,104 
ALK14  -0,083 -0,182 -0,163 -0,208 -0,198 -0,221 -0,129 -0,116 -0,033 
ALK15  -0,138 -0,247 -0,280 -0,226 -0,126 -0,113 -0,150 -0,134 -0,078 
ALK16  -0,183 -0,291 -0,284 -0,170 -0,121 -0,115 -0,140 -0,130 -0,128 
ALK17  -0,110 -0,095 -0,242 -0,140 -0,116 -0,133 -0,177 -0,164 -0,138 
ALK18  -0,078 -0,128 -0,100 -0,201 -0,403 -0,449 -0,420 -0,189 -0,057 
ALK19  -0,078 -0,128 -0,100 -0,201 -0,403 -0,449 -0,420 -0,189 -0,057 
ALK20  -0,079 -0,090 -0,160 -0,271 -0,398 -0,268 -0,231 -0,157 -0,063 
ALK21  -0,064 -0,112 -0,135 -0,242 -0,427 -0,356 -0,162 -0,152 -0,109 
ALK22  -0,201 -0,330 -0,391 -0,247 -0,168 -0,137 -0,137 -0,116 -0,185 
ALK23  -0,117 -0,266 -0,485 -0,457 -0,189 -0,118 -0,125 -0,118 -0,156 
ALK24  -0,162 -0,253 -0,283 -0,229 -0,217 -0,238 -0,246 -0,196 -0,184 
ALK25  -0,203 -0,288 -0,295 -0,267 -0,214 -0,181 -0,176 -0,139 -0,053 
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Field № 
NDSI 

Mar Apr May Jun Jul Aug Sep Oct Nov 
ALK26  -0,185 -0,273 -0,232 -0,190 -0,143 -0,133 -0,145 -0,122 -0,120 
ALK27  -0,185 -0,273 -0,232 -0,190 -0,143 -0,133 -0,145 -0,122 -0,120 
ALK28  -0,107 -0,096 -0,066 -0,236 -0,253 -0,173 -0,133 -0,107 -0,136 
ALK29  -0,088 -0,135 -0,186 -0,193 -0,140 -0,106 -0,109 -0,105 -0,124 
ALK30  -0,068 -0,108 -0,142 -0,101 -0,072 -0,056 -0,095 -0,077 -0,081 
ALK31  -0,155 -0,212 -0,215 -0,138 -0,109 -0,089 -0,096 -0,091 -0,097 

 
 
Notably, almost none of the sampled locations 

exceeded an NDSI of 0, meaning moderate or high 
salinity levels were not reached in surface 
reflectance during 2024. Instead, most values fell in 

the non-saline or slightly saline categories. Figure 4, 
which displays monthly salinity maps, visually 
corroborates these findings by illustrating the expan-
sion and contraction of saline areas over the seasons. 

 
 

March April 

 
May 

 
June 

Continuation of the table
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July 

 
August 

 
September 

 
October 

 
November 

 
Figure 4 – Soil salinity distribution maps 

 
 
-  In early spring (March–April), soil salinity 

was generally low. March NDSI values averaged 
around –0.15 to –0.20 in many fields. By April, 
additional rainfall and early irrigation likely leached 
some surface salt, resulting in even more negative 

NDSI values in several fields. Many sites in April 
and May recorded NDSI below –0.2. This period 
represents the annual minimum for surface salinity; 
the land had been flushed by spring moisture, 
leaving little salt at the surface. For instance, ALK5  
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had an NDSI of –0.30 in May, compared to –0.16 in 
March – a drop indicating reduced salinity as spring 
progressed. 

-  Moving into summer, the trend reverses. By 
June, as temperatures rose and soils began drying, 
NDSI values in many fields started to increase, 
signaling a resurgence of salinity at the surface. The 
peak of summer (July–August) showed the most 
significant salinity levels. During July, a majority of 
fields shifted into the slightly saline category. By 
August, nearly all fields exhibited higher NDSI 
compared to spring: values commonly ranged from 
about –0.15 up to –0.08. A few fields even 
approached the threshold of moderate salinity – for 
example, one low-lying field reached an NDSI of –
0.05 in August, the highest value observed. 
Although these values remained just below zero, 
they indicate that salts had considerably 
accumulated on the soil surface by late summer.  

-  In the autumn months (September–
November), salinity levels exhibited slight 
improvements in some fields, while others remained 
high. September’s NDSI values were still elevated 
(mostly in the –0.1 to –0.18 range), not significantly 
different from August in many cases. However, by 
October, a modest decrease in salinity is evident in 
a number of fields: for instance, fields that had NDSI 
around –0.10 in late summer dropped to 
approximately –0.13 to –0.15 in October. This 
suggests that as temperatures fell and crop water use 
declined, there was less evaporation to concentrate 
salts, and any early autumn rainfall may have begun 
to dissolve or move salts downward.  

-  By November, a few fields continued to 
show some of the highest salinity readings of the 
year (NDSI ≈ –0.05 to –0.08, remaining in the 
slightly saline class despite the season), especially 
those that are poorly drained. In other fields,  
 

November brought further slight decreases in NDSI 
(down to ~–0.18 to –0.20), nearly returning to 
springtime non-saline levels.  

To assess the validity of the NDSI satellite 
indicator, a correlation analysis was performed 
using the Pearson correlation coefficient between 
EC and NDSI [22]: 

 
𝑟𝑟𝑟𝑟 = ∑ (𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̅𝑥𝑥𝑥)(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖−𝑦𝑦𝑦𝑦�)𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖

�∑ (𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̅𝑥𝑥𝑥)2∙𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖 �∑ (𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖−𝑦𝑦𝑦𝑦)2𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖

               (2) 

 
where 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖  – EC value for i field, 

𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 – NDSI value for i field, 
𝑥𝑥𝑥𝑥𝑥 – average EC value,  
𝑦𝑦𝑦𝑦𝑦 – average NDSI value. 
To estimate how much the observed value 

deviates from the expected value, if the null 
hypothesis is correct, we will calculate the t-
statistics:  

𝑡𝑡𝑡𝑡 = 𝑟𝑟𝑟𝑟𝑟√𝑛𝑛𝑛𝑛𝑛𝑛
√1−𝑟𝑟𝑟𝑟2

                             (3) 
 
After calculating t, this value will be compared 

with the Student's distribution (t-distribution) with 
df = n-2: 

𝑝𝑝𝑝𝑝 = 2 ∙ (1 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(|𝑡𝑡𝑡𝑡|,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑))               (4) 
 
𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 – cumulative distribution function, 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = n-2 
The calculation results are shown in Table 4. 

There is a weak but positive relationship between 
the EC and NDSI values, which gives the right to 
use NDSI as a reliable indicator of salinity for 
monitoring large areas without the need for 
continuous sampling. Non-simultaneous 
measurements are a limitation for calculations, since 
the EC is taken at one moment, and the NDSI 
changes monthly. 

 
Table 4 – NDSI satellite indicator validity assessment. 
 

Month r t p-value Interpretation 
March –0.0047 –0.025 0.980 No connection 
April –0.0260 –0.140 0.889 No connection 
May +0.1128 +0.611 0.546 Weak positive connection 
June +0.0494 +0.266 0.792 No connection 
July +0.1889 +1.036 0.309 Weak positive connection 

August +0.1775 +0.972 0.339 Weak positive connection 
September +0.1563 +0.852 0.401 Weak positive connection 

October +0.1673 +0.914 0.368 Weak positive connection 
November +0.0147 +0.079 0.938 No connection 
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Superimposed on these temporal trends are 
distinct spatial patterns in salinity. Certain fields 
consistently showed higher salinity than others, 
underlining the role of site-specific factors. In 
particular, fields situated at lower elevations or 
poorly drained positions were much more prone to 
salinisation. For example, ALK27 (located in a 
topographic depression near the lake plain) had 
NDSI values of approximately –0.28 in May 
(virtually non-saline after spring rains) but rose to 
around –0.06 by November, categorising it as one of 
the most saline fields by year’s end. In contrast, 
ALK28, which lies on higher ground, ranged from 
about –0.25 (May) to –0.12 (August), never 
exceeding the slightly saline range and ending the 
season near –0.18 in November. This comparison 
illustrates that the low-lying field accumulated and 
retained far more salt over the season than the 
upland field. Such patterns were typical: nearly all 
the lowest-lying fields had the highest salinity 
readings, whereas fields at higher elevations or with 
better natural drainage remained relatively less 
affected. This observation aligns with the ground 
truth data, which showed that the lowest elevation 
sites had the highest soil EC measurements.  

Series of maps in Fig. 4 highlights these spatial 
differences – the same areas (notably, the northern 
and central parts of the district closer to Lake 
Alakol) repeatedly show up as saline-hued zones in 
summer and autumn, whereas southern and higher-
elevation plots stay blue (non-saline) throughout. 

  
4. Discussion 
 
The spatio-temporal patterns observed in this 

study reflect the interplay of climatic, hydrological, 
and land-use factors characteristic of semi-arid 
irrigated environments. During spring, precipitation 
and irrigation water dilute and leach salts from the 
topsoil, whereas in summer, high evaporation rates 
draw moisture up, causing dissolved salts to 
crystallise at the surface [23, 24]. Our results 
confirm this cycle – the pronounced increase in 
salinity from May to August indicates evaporative 
salt concentration under hot, dry conditions. By late 
autumn, the slight reductions in NDSI in some fields 
suggest that cooler temperatures and occasional rain 
may have partially re-dissolved surface salts. 
However, the fact that many fields remained more 
saline in November than in March implies that 
seasonal flushing was incomplete. In practice, this 
means salts can carry over into the next year, leading 

to a gradual buildup if not managed. Thus, even 
though salinity may appear to recede each spring, 
the summer accumulations pose a recurring stress 
that can contribute to long-term soil degradation if 
proper remediation is not in place. 

Topography and water flow emerge as critical 
drivers of the spatial salinity patterns [25]. Fields in 
depressions or near the lake plain consistently 
showed higher salinity, which is consistent with 
water pooling and evaporating in these low-lying 
areas, leaving behind salt deposits. In contrast, fields 
on slight rises or with better drainage had lower 
NDSI values, as excess water (and salt) could more 
easily percolate away. This observation corresponds 
with well-known behaviour of salts accumulating in 
landscape low points. Similar findings have been 
reported in other Central Asian studies [8, 9] – for 
instance, a regional analysis noted that areas around 
irrigation water sources and topographic low points 
are at highest risk of salinity escalation. Our field-
scale heterogeneity (where adjacent fields had quite 
different salinity levels) also echoes the work of [7], 
who found strong spatial variability in salinity due 
to differences in soil properties and irrigation 
practices even within a small area. Such 
comparisons highlight that local factors (micro-
relief, irrigation scheduling, soil texture, etc.) can 
cause significant divergence in salinity outcomes, 
underlining the importance of site-specific 
management strategies. Regarding the efficacy of 
the NDSI approach, our use of a simple spectral 
index proved effective in capturing surface salt 
dynamics.  

The temporal trends in NDSI aligned with 
expected seasonal salinity changes and qualitatively 
matched ground EC data–fields with higher EC 
generally showed less negative NDSI values. This 
confirms NDSI’s usefulness as a rapid, cost-
effective tool for surface salinity monitoring. Its 
sensitivity enabled detection of subtle monthly 
variations and emerging salinity hotspots. However, 
NDSI reflects only surface conditions and can be 
influenced by vegetation or soil moisture. In areas 
with dense crop cover, salinity may be 
underestimated due to spectral masking. Moreover, 
similar reflectance can result from dry soil or 
carbonates, reducing specificity. In this study, the 
predominantly bare fields enhanced the reliability of 
NDSI, though its effectiveness may decline in 
heavily vegetated areas. 

Another limitation of NDSI is its inability to 
detect subsurface salinity–salts beneath a thin 
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surface layer may go unnoticed until they re-emerge. 
To address this, integrating radar data (e.g., 
Sentinel-1) can improve detection, as radar is 
sensitive to surface roughness and moisture and is 
unaffected by vegetation cover. Studies in 
Kazakhstan confirm that combining optical and 
radar imagery enhances salinity mapping accuracy 
[6, 7]. Thermal infrared data could also help by 
revealing moisture and evaporation patterns linked 
to salinity. Additionally, machine learning models 
that integrate multiple indices and auxiliary data 
(e.g., terrain, climate) can improve prediction. 
While NDSI was effective for surface monitoring in 
this study, a multi-source, multi-index approach 
would offer a more comprehensive assessment. 

 
5. Conclusion 
 
This study provided a detailed spatio-temporal 

assessment of soil salinity in irrigated agricultural 
lands of Alakol District, Kazakhstan, using time-
series Sentinel-2 imagery. By tracking the NDSI 
over the 2024 growing season (March to 
November), we identified clear seasonal patterns: 
salinity was lowest in spring after winter and early 
rains, increased markedly in summer due to 
evaporation and irrigation practices, and persisted 
into autumn to varying degrees across the landscape. 
Spatial analysis further revealed that salinity issues 
are concentrated in specific areas – notably, low-
lying fields near the lake basin experienced the 
greatest salt accumulation, whereas upland fields 
were relatively less affected. Importantly, the 
salinity levels observed (as indicated by NDSI) 
remained in the slight to moderate range, with no 
extreme salinity outbreaks during the study period. 
This suggests that while salinisation is a concern, it 
may still be at a manageable stage if addressed 
promptly. The findings underscore the importance 
of monitoring soil salinity over time. A one-off 
measurement provides only a snapshot; in contrast, 
the temporal approach adopted here captures the 
dynamic nature of salinity, revealing when peaks 
occur and when remediation would be most needed. 

Although the statistical correlation between the 
Normalized Difference Salinity Index (NDSI) and 
field-measured electrical conductivity (EC) was 
modest, the index effectively captured distinct 
seasonal and spatial patterns of soil salinity. Given 
the limitations in ground data frequency and 
temporal alignment, NDSI values should not be 
interpreted in absolute terms. Instead, they should be 
regarded as qualitative indicators of salinity 
variation, capable of supporting spatiotemporal 
monitoring and the identification of emerging 
salinity hotspots. Future research should aim to 
improve ground validation protocols through more 
frequent and temporally aligned EC sampling and 
explore the integration of NDSI with complemen-
tary data sources–such as radar imagery, soil 
moisture metrics, and topographic parameters – 
using hybrid or machine learning-based models to 
enhance the accuracy and robustness of salinity 
assessments. 
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1. Introduction 
 
Mesh shells and plates are common structural 

forms in different technological domains as well as 
the construction sector. In this sense, there has been 
a recent surge in interest in these structures both 
domestically in our country and elsewhere. The high 
industrial production of the primary structural 
components and a notable rise in the walls of their 
ready structures, the objectivity of the products, and 
the potential for broad unification of them not only 
for individual structures but also for buildings with 
different objects, loads, and operation patterns are 
the benefits of building structures. The theory of 
mesh systems was developed with contributions 
from well-known scientists including L.N. Lubo, 
B.A. Mironkov, G.I. Pshenichnov, V.K. Kabulov, 
T.Sh. Shirinkulov, T.Buriev, and K.S.Abdurashitov, 
among others. However, the configurations of these 
mesh plates have classical forms in many of the 
investigated engineering practice issues where the 
stress-strain condition of the plates is being studied. 
However, in engineering practice, complicated 

mesh plate designs present a problem for designers 
and design engineers to solve mathematically. 

This makes the development of a computational 
algorithm and the software that goes along with it, 
as well as the computation of mesh plates with 
intricate configurations, highly pertinent. 

 
2. Materials and methods 
 
In the development of the theory and methods 

for calculating lattice shells and plates, significant 
contributions were made by such well-known 
scientists as G.I. Pshenichnikov, V.V. Kuznetsov, 
L.N. Lubo, B.A. Mironov, V.I. Volchenko, 
R.I.Khisamov, A.L. Filin, I.G. Tagiev, 
A.R.Rzhanitsyn, B.S. Volikov, V.V. Bolotin and 
others [1-11]. 

The work [6] presents a new, fairly accurate 
method for calculating the processes and stability of 
lattice cylindrical shells, which allows taking into 
account the main features of the structure under 
consideration. The results obtained earlier by the 
author, valid for shells with a square mesh, are 

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.26577/jpcsit2025333
https://orcid.org/0000-0002-0574-9278
https://orcid.org/0009-0002-4899-4502
https://orcid.org/0009-0001-3947-9499
mailto:nuraliev2001@mail.ru


28

Fakhriddin Nuraliev et al. Modeling of the deformed state of mesh plates using complex configuration

generalized to the case of a shell with a rhombic 
lattice. 

The theory of thin elastic lattice shells and 
plates, as well as its applications in technology, are 
presented in [7]. The main attention is paid to the 
issues of the theory of single-layer structures, mesh, 
which are rod systems. 

Based on the hypotheses of the technical theory 
of thin-walled rods by V.Z. Vlasov, a system of 
differential equations of thin-walled composite rods 
with variable stiffness characteristics with 
elastically compliant shear connections was 
obtained by the displacement method [8]. It is 
shown that in this problem, the force method leads 
to a system of integro-differential equations if the 
shear forces in the seams are taken as the main 
unknowns. The solution of the problem in the case 
of static variability of stiffness characteristics is 
carried out by the perturbation method using Green's 
functions. 

In [9], the effect of rigid gussets in nodes and the 
frequency and shape of oscillations of trusses with 
different numbers of panels are considered. Loads 
and masses are taken at the nodes. The effect of 
changing the stiffness of rods on the displacement of 
truss nodes is investigated. 

In [10], theoretical studies of the strength of a 
two-support beam with a defect arbitrarily located 
along the length and height are presented. The beam 
is loaded with a concentrated force. Calculation 
formulas for determining the forces in the transverse 
ties are derived. 

The author of the work [11] proposes to present 
an expression for the differential operator and 
derivatives under limiting and boundary conditions 
in finite differences for calculating a statically 
indeterminate beam of an asymmetric cross-section 
made of a material with different modulus. The 
corresponding system of algebraic equations is 
solved by the Seidel method, modified by the 
authors due to the presence of limiting conditions. 
An example of calculation is given. 

In this research [12], vibration analysis of a thin 
elastic circular Aluminium plate has been 
investigated both experimentally and 
computationally. First six natural frequencies of thin 
Aluminium circular plate having diameter 220mm 
were calculated by performing modal analysis on 
ANSYS. In order to perform computational study, 
multizone quad/tri method was applied on the thin 
elastic circular plate to generate the quadrilateral 
mesh and simply supported boundary condition was 

applied. Mesh independence study was performed 
by varying the size of the mesh through sizing option 
and examining the natural frequency. To determine 
fundamental natural frequency experimentally, 
forced vibrations were induced into the plate with 
the help of system comprises of DC motor, steel 
wire and cam with the eccentricity of 8mm. 

In this work [13], the conventional method of 
modeling and analyzing cold plates involves the use 
of empirical correlations to predict pressure drop for 
standard fin geometries used for various designs. A 
more reliable approach to pressure drop prediction 
is to perform a detailed CFD analysis of the cold 
plate design. Conventional CFD analysis of fluid 
flow through cold plates requires filling in details of 
the cold plates (passages and fin structures) as well 
as fluid volumes in the cold plates. For complex fin 
patterns produced by additive manufacturing, this 
can be very computationally expensive. A new 
analytical method for CFD analysis of the cold plate 
structure with only the captured fluid volume was 
developed, which significantly reduced the time 
required to mesh and solve complex fin structures in 
cold plate fluid passages. 

Additive manufacturing (AM) technologies 
offer design freedom to create complex metal 
structures with significantly increased area-to-
volume ratios with minimal time and cost. This 
allows creating a new generation of two-phase 
exchangers, thermosyphons and heat pipes. The pile 
design has been identified as the main parameter 
affecting the thermal performance of heat pipes and 
steam chambers. Traditionally, these rods were 
constructed by sintering metal powder or welding 
wire mesh welded to the inner wall of the heat pipe. 
This research paper [14] investigates the use of 
Laser Powder Bed Fusion (L-PBF) to construct AM 
microstructured rods that cannot be produced using 
conventional methods. Four pore configurations are 
produced using L-PBF: (i) body-centered cubic 
(BCC), (ii) face-centered cubic (FCC), (iii) regular 
cubic (SC), and (iv) Voronoi. The porosity of each 
configuration was varied by varying the strut 
thickness from 0.25 mm to 0.35 mm. The capillary 
performance of these rods was tested through a rate 
of rise experiment in which the sample is immersed 
vertically in a well of ethanol and the mass rate is 
recorded using an accurate laboratory scale. 

In addition to the classical methods for 
analyzing the stress-strain behavior of lattice shells 
and plates, recent studies have explored the 
nonlinear deformation processes of anisotropic 
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plates under complex fields. For instance, in [26], 
the authors developed a mathematical model based 
on the Hamilton-Ostrogradsky variational principle 
and Kirchhoff-Lyaw hypothesis to study the thermo-
electro-magneto-elastic behavior of plates with 
intricate shapes. Their analysis integrated 
electromagnetic and thermal effects using Cauchy 
relations, Hooke's law, and Maxwell’s equations. 
Furthermore, a related investigation [27] addressed 
the independent solution of the magnetoelastic 
problem for thin compound-shaped isotropic plates. 
The study applied a variational approach to derive 
plate motion equations under electromagnetic fields, 
contributing to the theoretical base of compound 
geometries. These approaches reflect an increasing 
trend toward incorporating multi-physical 
interactions in plate modeling tasks. 

From the review of studies it follows that among 
the considered mesh plates the classical 
configurations have practical significance. Even 

their algorithm has not been developed when the 
mesh plate configurations have complex shapes. 

 
3. Results 
 
Equilibrium equations for a mesh plate element 

in a Cartesian coordinate system relatively have the 
form [1-3] 

 

+ + = 0 (1) 

where 

= , =   

 
Here Z is the external load; the parameters are 

bending and torque; lateral forces. 
Bending and torque moments, when the number 

of rods is equal to n (general case), are determined 
by the following formulas: 

 
 

= ( + + 2 )
= ( + + 2 )

= ( ) + ( ) + ( ), = 1,2
 (2) 

in which 

= + , = , =
1
2

,

= , = + , = +
1
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,
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= , = , = 2

= , = , = , = ,

( ) = ( ) = , ( ) = 2 ,

( ) = ( ) = , ( ) = 2 ,

= / , = / , = / .

 (4) 

 
 
Let's characterize the parameters provided in 

(4). Ii, Ci show the relationship between the rods' 
matching stiffness properties and the separation 
between their axes.; ai – distance between the axes 
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of adjacent rods; Fi – rod area;  main, 
central moments of inertia; n – number of mesh bar 
families;  angle between axis  and the axis 
of the rod (measured from the axis α in the direction 
of the axis β);  

= , = , =  

Substituting (2) taking into account (3) into (1), 
we obtain the equilibrium equation of mesh plates 
with respect to deflection – W: 

 
 

( + ) + 2( + ) + (3 + )

+2( + ) + ( + )

+[2 ( + ) (2 )]

+[3 (2 ) + (3 )]

+ (3 + ) + 3 (2 + )]

+[ (2 + ) + 2 ( + )]

+[ ( + ) (2 ) + (2 + )

+ (2 + ) + (2 + )]
x

+[ ( ) + (2 + ) + ( + )]

= 0

 (5) 

where 

( ) = (1 6 ) , ( ) = 2  (6) 

 
Substituting (4) into (3), then the resulting relations into (2), we have: 
 

= ( + ) ,

= ( + ) ,

= ( ) ,

= ( ) .

 (7) 

−ii JJ 31 ,

−iϕ α
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= ( + ) ,

= ( + ) ,

 

(8) 

 
By virtue of (7), equation (5) takes the form 
 

( + ) = 0 (9) 

 
Equation (5) is solved under the condition 
 

= 0, | = 0 (10) 

 
where n – outer normal direction; (-variation 
operation sign;  normal bending moment,  
 

= + 
+( + ) + 2  (11) 

 
 normal ground reaction, having the form 

 

= + , 
= + , 

= ( ) + 
+( ) = 

= 2 +
1
2

( ) 2 , 

(12) 

 
here (-angle between outer normal and axis х; W – 
plate deflection; W – plate deflection; S – the length 
of the arc for the boundary of the Г region of the 
plate  

For the purpose of computing mesh plates with 
complex shapes, this section presents a 
computational technique that builds a joint 
combination of R-function approaches by V.L. 
Rvachev and Bubnov Galerkin. The procedure 
consists of two steps: 

Constructing coordinate sequences, also known 
as solution structures; 

- building equations for solving problems 
(discretization by spatial variables) using the 
Bubnov-Galerkin method;  

- approximating double integral values; 
 – solving equations for solving problems;  
- determining necessary parameter values; 
 – registering calculation outcomes. 
Depending on how the mesh plate's edges are 

secured, differentiable equations (1.3.5) for the 
mesh plate's equilibrium can be solved given 
suitable boundary conditions based on the number 
of families of rods. Condition (10), in a generalized 
form, determines these boundary conditions. 

Generally speaking, we use the form to represent 
the coordinate sequences that match criterion (5). 

 

=  (13) 

 
where Сi – unknown coefficients to be determined; 

 basis system of coordinate functions, meeting 
the boundary criteria, which were created using V.L. 
Rvachev's R-function approach. 

If we replace (13) with (5), we get the following 
system of algebraic equations by applying the 
Bubnov-Galerkin techniques; 

 
AC=f (14) 

Where 
= { }, ( ) = × , 

= { }, = { }, ( ) = 
= × 1, ( ) = × 1, 

 
Here in general elements  and  for 

equations (5) have a look 
 

= Ã  (15) 

=
 

(16) 

Here 

−nM

−nR

−iϕ
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 : =  ( + ) + 2( + ) + (3 + )

+2( + ) + ( + )

+[2 ( + ) 2 (2 )]

+[3 (2 ) + (3 )]

+[3 (2 + ) + (2 + )]

+[ ( + )]

+[ ( + ) + (2 ) + (2 + )

+ ( + ) + (2 + )]

+[ ( ) + (2 + ) + ( + )]

 (17) 

 
 
Equations (14) and (15) respectively assume the 

following form if we examine specific instances of 
equations (5). 

 

= ( +

+ )  
(18) 

=
 

(19) 

 
Here a, depending on the consideration of 

equations (15) or special cases, respectively, takes 
the following values: 

 

а:= ;а:=  ; а:=  ;  

In this case, the expressions for  in equations 
(15) or others similar in form to expressions (18), 
difference is, expressions here  will 
differ. 

Equation (16) is solved by the Gaussian 
elimination method. Unknown coefficients Сi are 

determined. Then substituting the values Сi into 
(13), we will find solution W. Afterwards, the 
transverse forces of the plate and the values of its 
bending and torque moments are calculated using 
the structural formulas. Further, using the known 
values of bending  and torque  
moments and shear forces  force values are 

calculated  and moments rod. 
We will see that the precise Gauss formula is 

used to determine the value of double integrals. 
Let's now examine how structural formulas are 

actually constructed. Anisotropic plate structural 
formulas are utilized for this purpose; the lone 
exception being when the coefficient  is changed 

into  in case of mesh plates.  
when the edges of the plate are rigidly clamped, 

the structure of the solution has the form [4-5]: 
 

=  (20) 
 
The simply supported boundary condition is 

now examined. In this instance, the solution's 
structure takes the form 
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( ) =
2( )

(2 + ) + 2
1

+  (21) 

 
 
We will look through the shifted boundary 

condition. For example, when Г1 – area Г1 –  rigidly 
clamped plate, and the rest Г1 = Г – Г1 free, hen the 
solution structure according to [4-5] has the form  

 
 

 =  + + × 

× { {
3

( ( )[1
2

( )] + ( ) 2 ( ))}
1 ( )} ( ) 

(22) 

 
 
here  undefined components of structural 
formulas, which are usually presented in the form 
[4-5]: 
 

= , s=1,2; (23) 
 
where  selected sequence of polynomials, 
such as power polynomial, Chebyshev polynomial, 
trigonometric polynomial, etc.;  
correspondingly normalized boundary equations  
and  areas  and . 

 
4. Discussion 
 
Calculate mesh plates with a rhomboidal form is 

the focus of this section. Here the plate arrangements 
with their complex shapes are considered [7–10]. 

Assuming that the edges of the hexagonal plate 
(Fig. 1) are simply supported and firmly clamped, 
we can compute the surface area of the plate. 

The problem comes down to integrating 
equation (15), i.e. 

 

+ + =  (24) 

in case 
 

| = 0, | = 0 (25) 
 
The geometry equation of the region in this case 

has the form: 
 

=  (26) 

=
3
4

3
,  

= , = 

= , =
3 3

2
, 

= 3 + 3 2, 

=
3

2 3 + 3 +
2

, 

 = 3 3 + /2 

 

 
Take note that the formulas for bending 

moments for traditional orthotropic elastic plates 
differ slightly from the expressions for moments in 
form used here. Consequently, we describe the 
moments of mesh plates in standard form and create 
structural formulas for expressing them. 

For this purpose, consider the relation: 
 

= 2 ( + ) + ( ) , 

= 2 ( ) + ( + ) , 

= 2 (2 + 2 ) , 

= 2 ( 2 2 )  

(27) 
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We will rewrite the relation (27) in form  
 

= + , 

= + , 

= , 

= .  

(28) 

where 
= 2 ( + ), 

 

=
( )

+
, 

 
= 2 ( + ), 

 

=
( )

+
, 

 
= / , = / , 

 
= , = , 

 

= 2 (2 + 2 ) , 

 

= 2 ( 2 2 )  

 

 

Rhomboidal plate structure  Thus s=c и 

,  ; 2121 cccc vvDD ==  therefore, we consider and 

 we can rewrite these formulas in the form 
 

= + , 

 

= + , 

 
= = 4  

(29) 

 
where  

According to (29) we will have this 
 

= +  (30) 

so 
. 

Here n – outer normal,  – tangent. 
Considering the remarks above, relations of the 

form determine the boundary condition of a simply 
supported plate with a rhomboidal structure. 

 

| = 0, + & = 0 (31) 

 
Consequently, the structure of this boundary 

condition's solution in this instance is shown as 
 

=  

2
[ ( + ) + 2 ] 

(32) 

 
We note that if the stiffness of the rods is not 

taken into account  then С=0, 
 с =1 and (3.2.7) takes the form 

 
=  

=
2

[ ( + ) + 2 ] 
(33) 

 
Let us now examine the rhombic structure's 

hexagonal plate, as depicted in Figure 1. 
Let a firmly clamped rhomboidal mesh plate form 
the image's border in Figure 1. Then, the structure of 
the answer to this issue takes the following form: 

 
=  (34) 

 
Here  is found out with the formula (26) and 

is given as (23). 
 

 
Figure 1 – Complex poligon 
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x W n=3 c=20          
-1 0 

 

-0,9 0,00010152 
-0,8 0,00071714 
-0,7 0,00205652 
-0,6 0,00400341 
-0,5 0,00626503 
-0,4 0,00851907 
-0,3 0,01049807 
-0,2 0,01201645 
-0,1 0,01296362 

0 0,01328472 
0,1 0,01296362 
0,2 0,01201645 
0,3 0,01049807 
0,4 0,00851907 
0,5 0,00626503 
0,6 0,00400341 
0,7 0,00205652 
0,8 0,00071714 
0,9 0,00010152 
1 0          

 
Figure 2 – The figure shows numerical and graphical results for one of the sections1. 

 
 
Below (Fig. 2) the computational experiment's 

findings are displayed. 
 
5. Conclusions 
 
Summarize the key findings and their 

significance. Clearly state the main conclusions 
drawn from the study and their implications. Avoid 
introducing new data or extensive discussions not 
previously covered. 
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1. Introduction 
 
Accurate detection of small-scale ground or 

structural displacements is critical in applications 
such as landslide forecasting, infrastructure safety, 
and environmental monitoring. Traditional 
approaches rely on mechanical inclinometers, 
differential GPS, or optical surveying, which often 
suffer from limited spatial resolution, high costs, or 
low temporal granularity. These limitations 
motivate the development of lightweight, scalable, 
and computationally efficient alternatives. 

Recent advancements in Distributed Fiber Optic 
Sensing (DFOS) have significantly expanded the 
applicability of fiber-based technologies in 
structural and geotechnical monitoring. The study 
[1] explored the potential application of fiber optic 
sensors in monitoring key-point displacements by 
leveraging their sensitivity to optical parameters and 
spectral changes. The results demonstrated that fiber 
optic sensors could accurately measure 
circumferential strain within the elastic range and 

reliably reflect key-point displacement trends 
through the linear relationship model. The survey 
[2] is a comprehensive collection of recently 
published research articles on Structural Health 
Monitoring (SHM) campaigns performed by means 
of Distributed Optical Fiber Sensors (DOFS). 
Authors show the large scale of using DOFS which 
are cutting-edge strain, temperature and vibration 
monitoring tools with a large potential pool, namely 
their minimal intrusiveness, accuracy, ease of 
deployment and more. Its most state-of-the-art 
feature, though, is the ability to perform 
measurements with very small spatial resolutions (as 
small as 0.63 mm). The review [3] highlights the 
latest progress in distributed optical fiber sensors 
with an emphasis on energy applications such as 
energy infrastructure monitoring, power generation 
system monitoring, oil and gas pipeline monitoring, 
and geothermal process monitoring. This review 
aims to clarify challenges and limitations of 
distributed optical fiber sensors with the goal of 
providing a pathway to push the limits in distributed 

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.26577/jpcsit2025334
https://orcid.org/0000-0001-6759-2774
mailto:amirkhan@kaznu.kz
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optical fiber sensing for practical applications. 
Studies [4], [5] explore the possibilities of 
distributed fiber-optic sensors (DFOS) in the field of 
geotechnics for detecting soil deformation. The 
authors compare the results of the new inclinometer 
with a traditional inclinometer. The works show that 
the measurement results are consistent with the 
results of a traditional inclinometer, which indicates 
its reliability and practicality. The review [6] 
explores various sensor technologies in structural 
health monitoring (SHM), such as piezoelectric, 
fibre optic, force, MEMS devices, GPS, LVDT, 
electromechanical impedance techniques, Doppler 
effect, and piezoceramic sensors, focusing on 
advancements from 2019 to 2024. This study also 
shows increasing of articles from 15 in 2019 to 359 
in 2023. Velocity sensors also play a crucial role in 
SHM by capturing the movement of structures and 
providing valuable data for predicting potential 
damage [7]-[9]. These sensors utilise two main 
sensing methods: electromechanical impedance 
techniques and the Doppler effect, each offering 
unique capabilities in measuring structural velocity. 
The paper [10] summarizes the use of GPS 
technology for structural health monitoring. 

While InSAR and ground-based interferometric 
radar (GB-InSAR) have demonstrated sub-
centimeter resolution through analysis of reflected 
signals [11]-[12], these systems rely on coherent 
backscattering from natural or artificial surfaces, 
which can be influenced by vegetation, weather, and 
line-of-sight constraints. In contrast, the method 
proposed in this study is fundamentally different: it 
does not rely on reflected signals. Instead, it utilizes 
the direct transmission of two closely spaced 
coherent signals from a fixed transmitter to a fixed 
receiver. The receiver performs phase-difference 
analysis to estimate relative displacement between 
the two endpoints. This enables continuous, low-
power, and infrastructure-independent monitoring, 
even in environments where radar reflection is 
unreliable or unfeasible. 

This paper focuses on laying the theoretical and 
computational groundwork for such a system. 
Rather than describing a specific hardware 
implementation, we develop the analytical model, 
examine its sensitivity, and explore algorithms 
necessary to convert raw phase data into actionable 
displacement information. In doing so, we establish 
a framework that merges physical modeling with 
digital signal processing – an essential step toward 

future embedded and intelligent monitoring 
systems.  

 
2. Theory of phase-based sensing 
 
Let a narrowband radio signal of wavelength 𝜆𝜆𝜆𝜆 

be transmitted from a source to a receiver. If the 
distance 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡)) between them changes due to motion 
of the transmitter (e.g., ground sliding), the phase of 
the received signal will change accordingly: 

 
𝜙𝜙𝜙𝜙(𝑡𝑡𝑡𝑡) = 2𝜋𝜋𝜋𝜋

𝜆𝜆𝜆𝜆
∙ 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡)                      (1) 

 
Taking the difference over time yields the 

displacement-sensitive expression: 
 

∆𝐿𝐿𝐿𝐿 = 𝜆𝜆𝜆𝜆
2𝜋𝜋𝜋𝜋
∙ ∆𝜙𝜙𝜙𝜙                        (2) 

 
This relationship allows us to infer displacement 

from phase measurements alone, assuming the 
system maintains phase coherence. By transmitting 
two closely spaced frequencies 𝑓𝑓𝑓𝑓1 and 𝑓𝑓𝑓𝑓2, we obtain 
two phase trajectories 𝜙𝜙𝜙𝜙1(𝑡𝑡𝑡𝑡), 𝜙𝜙𝜙𝜙2(𝑡𝑡𝑡𝑡), and analyze their 
difference: 

 
∆𝜙𝜙𝜙𝜙(𝑡𝑡𝑡𝑡) = 𝜙𝜙𝜙𝜙2(𝑡𝑡𝑡𝑡) − 𝜙𝜙𝜙𝜙1(𝑡𝑡𝑡𝑡) = 2𝜋𝜋𝜋𝜋∙∆𝑓𝑓𝑓𝑓

𝑐𝑐𝑐𝑐
∙ 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡)     (3) 

 
where Δ𝑓𝑓𝑓𝑓=𝑓𝑓𝑓𝑓2−𝑓𝑓𝑓𝑓1 is small and known, and 𝑐𝑐𝑐𝑐 is the 
speed of light. This technique suppresses common-
mode noise and enhances resolution through 
interferometric gain. 

The effectiveness of phase-based displacement 
sensing strongly depends on three key parameters: 

1. Carrier wavelength 𝜆𝜆𝜆𝜆 
2. Phase resolution 𝛿𝛿𝛿𝛿𝜙𝜙𝜙𝜙 of the measurement 

system 
3. Frequency stability of the system’s oscillators 
The minimum detectable displacement 𝛿𝛿𝛿𝛿𝐿𝐿𝐿𝐿 is 

determined from the phase-displacement 
relationship: 

 
𝛿𝛿𝛿𝛿𝐿𝐿𝐿𝐿 = 𝜆𝜆𝜆𝜆

2𝜋𝜋𝜋𝜋
∙ 𝛿𝛿𝛿𝛿𝜙𝜙𝜙𝜙                            (4) 

 
While the physical basis of the method is 

straightforward, practical implementation requires 
robust signal processing techniques to extract 
displacement information from real-world phase 
measurements. Three key computational procedures 
are critical to the system’s reliability: 
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1. Instantaneous Phase Extraction: 
To retrieve the phase of the received signal in 

real time, the analytic representation of the signal is 
obtained using the Hilbert transform. Given a 
received time-domain signal 𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡), the complex 
analytic signal 𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) is constructed as: 

 
𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) = 𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) + 𝑗𝑗𝑗𝑗 ∙ ℋ{𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)}               (5) 

 
where ℋ{∙} denotes the Hilbert transform. The 
instantaneous phase 𝜙𝜙𝜙𝜙(𝑡𝑡𝑡𝑡) is then computed as: 
 

𝜙𝜙𝜙𝜙(𝑡𝑡𝑡𝑡) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))                      (6) 
 
This approach allows for real-time 

demodulation of the carrier signal and precise 
tracking of phase evolution. 

2. Phase Unwrapping: 
Since phase is inherently modulo-2𝜋𝜋𝜋𝜋, it is 

necessary to perform phase unwrapping to obtain a 
continuous phase trajectory over time. Numerical 
algorithms are applied to detect discontinuities 
greater than 𝜋𝜋𝜋𝜋 and correct them by adding or 
subtracting 2𝜋𝜋𝜋𝜋 accordingly. 

3. Error Mitigation Under Noise: 
In practical environments, phase measurements 

are affected by thermal noise, multipath 
interference, and oscillator jitter. To mitigate these 
effects: 

- Averaging and smoothing filters (e.g., 
moving average, Kalman filters) are applied to 
suppress high-frequency noise; 

- Differential phase analysis between dual-
frequency signals is used to cancel common-mode 
phase drift; 

- Thresholding and signal quality estimation 
are used to discard outlier measurements. 

These computational techniques are lightweight 
and well-suited for real-time implementation on 
embedded systems, such as microcontrollers or 
FPGA-equipped SDR platforms. 

 
3. Results 
 
Let us consider a signal frequency 𝑓𝑓𝑓𝑓=433 MHz, 

which corresponds to: 
 

𝜆𝜆𝜆𝜆 =
𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓

=
3 ∙ 108 𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠⁄
433 ∙ 106𝐻𝐻𝐻𝐻𝑧𝑧𝑧𝑧

≈ 0.692 m 

 

If the receiver can resolve a phase difference of 
1° (i.e., 𝛿𝛿𝛿𝛿𝜙𝜙𝜙𝜙=𝜋𝜋𝜋𝜋/180), then: 

 

𝛿𝛿𝛿𝛿𝐿𝐿𝐿𝐿 ≈
0.692

2𝜋𝜋𝜋𝜋
∙
𝜋𝜋𝜋𝜋

180
≈ 0.61 mm 

 
With more advanced DSP (e.g., Hilbert 

transform + filtering), systems can achieve sub-
degree phase resolution, making it possible to detect 
displacements on the order of 0.1 mm or better. 

If we use two coherent signals with a small 
frequency separation Δ𝑓𝑓𝑓𝑓, the phase difference 
between them increases linearly with distance: 

 
∆𝜙𝜙𝜙𝜙(𝑡𝑡𝑡𝑡) = 2𝜋𝜋𝜋𝜋∙∆𝑓𝑓𝑓𝑓

𝑐𝑐𝑐𝑐
∙ 𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡)                  (7) 

Taking derivative over time: 
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑐𝑐𝑐𝑐
2𝜋𝜋𝜋𝜋∙∆𝑓𝑓𝑓𝑓

∙ 𝑑𝑑𝑑𝑑(∆𝜙𝜙𝜙𝜙)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

                (8) 
This magnifies displacement changes into faster 

phase dynamics – effectively amplifying sensitivity.  
To validate the theoretical framework proposed 

in this study, we present a series of simulated results 
that illustrate the key functional relationships 
between phase variation and physical displacement. 
These results demonstrate the high sensitivity and 
analytical predictability of the phase-based sensing 
method under realistic conditions. The Figure 1 
illustrates the linear relationship between phase 
difference (in degrees) and the corresponding 
displacement (in millimeters). The result confirms 
the core equation ∆𝐿𝐿𝐿𝐿 = 𝜆𝜆𝜆𝜆

2𝜋𝜋𝜋𝜋
∙ ∆𝜙𝜙𝜙𝜙, where small phase 

shifts directly correlate with measurable 
displacement. The wavelength corresponds to 433 
MHz (λ ≈ 0.692 m), and results are shown for phase 
shifts ranging from 0° to 180°. 

Figure 2 illustrates the evolution of 
instantaneous phase over time under a condition of 
uniform ground motion (constant velocity of 0.5 
mm/s). As expected, the phase increases linearly, 
confirming that the proposed method can track 
displacement in real time through continuous phase 
accumulation. 

To analyze how operating frequency influences 
system performance, Figure 3 presents the 
dependency of displacement sensitivity (in mm per 
degree of phase shift) on the carrier frequency. The 
trend reveals that lower frequencies provide greater 
displacement sensitivity, supporting the selection of 
UHF bands for high-resolution sensing. 
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Figure 1 – Linear dependence of displacement on phase difference at 433 MHz. 
 
 

 
 

Figure 2 – Temporal evolution of phase in response to uniform displacement. 
 
 

 
 

Figure 3 – Influence of carrier frequency on displacement sensitivity. 
 
 

Finally, Figure 4 simulates the dual-frequency 
approach, where the phase difference between two 
closely spaced coherent signals (433 MHz and 434 
MHz) is monitored over time during uniform 
displacement. The linearly increasing phase 
separation illustrates the enhanced resolution 
afforded by interferometric phase amplification, 
making this technique particularly robust in low-
SNR or noisy environments.  

Together, these simulation results demonstrate 
the feasibility, responsiveness, and computational 
tractability of the proposed phase-based method for 
precision displacement estimation in wireless 
settings. In the following discussion, we explore 
how these results compare to other displacement 
sensing technologies and outline the potential for 
embedded implementations using low-power SDR 
platforms. 

 
 

 
Figure 4 – Accumulation of dual-frequency phase difference during uniform motion. 

 
 
4. Discussion 
 
The results presented in the previous section 

confirm that phase-based interferometric sensing 
offers a theoretically grounded and computationally 
tractable method for precise displacement 
monitoring. In this section, we compare this 
approach with other commonly used geotechnical 
and structural monitoring techniques, while 
outlining its practical implications and unique 
advantages. 

Comparison with Existing Technologies. 
Distributed Fiber Optic Sensing (DFOS) 

technologies are widely regarded for their high 
spatial resolution and immunity to electromagnetic 
interference [1]-[5], [13]. However, their 
dependence on continuous optical fiber 
infrastructure imposes high installation costs and 
maintenance complexity, especially in remote or 
inaccessible terrains. Differential GPS (DGPS), on 
the other hand, provides centimeter-level accuracy 
[6], [14], [15], but suffers from performance 
degradation in environments with obstructed 

satellite visibility and typically requires expensive 
base station infrastructure. Mechanical 
inclinometers, while cost-effective and easy to 
deploy [16], lack real-time capabilities and are 
limited in resolution, especially for detecting slow 
or micro-scale deformations. 

Novelty of the Proposed Method. 
Unlike radar interferometry and DFOS, which 

rely on backscattered or embedded signals, the 
proposed method does not require any reflected 
wave or physical contact with the monitored 
medium. Instead, it utilizes a wireless forward-link 
between a transmitter and receiver, with 
displacement inferred solely from changes in phase 
difference. This makes the system inherently non-
intrusive, infrastructure-light, and more deployable 
in challenging environments such as mountainous 
slopes, rural infrastructure, or temporary 
installations. 

Computational and Energy Efficiency. 
The method benefits from its low computational 

overhead: phase difference extraction can be 
performed in real time using signal demodulation 
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and Hilbert transform techniques. Moreover, 
because the system can operate in a duty-cycled 
mode (e.g., one-minute transmission every five 
minutes), it is compatible with energy-autonomous 
deployments powered by compact solar panels or 
batteries. The use of GPS-disciplined oscillators 
(GPSDO) ensures that phase coherence is maintai-
ned across sessions, even in low-power states. 

Limitations and Future Directions. 
Despite its promise, the method does face 

certain limitations. The range is constrained by the 
power of the transmitter and antenna design, 
typically below 2 km in line-of-sight conditions 
without amplification. Environmental noise and 
multipath effects may require careful site-specific 
calibration and filtering. Future work should focus 
on multi-node configurations, real-time signal 
quality assessment, and adaptive algorithms to 
compensate for noise-induced phase anomalies. 

Overall, the phase-based displacement sensing 
method proposed here provides a compelling 
alternative to existing technologies, particularly for 
use in distributed, low-cost, and real-time 
monitoring systems. It complements – not replaces 
– other methods, and is especially suited for 
lightweight deployments where traditional 
infrastructure is unavailable or impractical. 

 
5. Conclusions 
 
This study has presented a theoretical and 

computational framework for a novel phase-based 
interferometric method for displacement sensing. 
Unlike conventional techniques such as radar 
interferometry, differential GPS, or distributed fiber 
optic sensing, the proposed approach does not rely 
on reflected signals or physical embedding of 
sensors. Instead, it leverages the phase difference 
between two coherent radio signals transmitted 
through a wireless forward link, with displacement 

estimated based on analytical relationships between 
phase and path length. 

Through a series of simulations, we have 
demonstrated the method’s sensitivity, resolution, 
and scalability. The results confirm that sub-
millimeter displacement can be detected using 
modest hardware configurations operating in the 
UHF band. Additionally, computational procedures 
such as instantaneous phase extraction and phase 
difference analysis can be executed in real time, 
making the system suitable for embedded and low-
power applications. 

The proposed method complements existing 
displacement monitoring technologies by offering a 
cost-effective, lightweight, and scalable solution for 
geohazard detection, structural health monitoring, 
and remote sensing scenarios. Its low energy 
footprint and wireless nature make it particularly 
attractive for deployment in difficult-to-access 
locations where conventional technologies are 
impractical. 

Future work will focus on prototyping, real-
world validation, and the development of a 
software-defined radio (SDR) implementation for 
field experiments. Moreover, expanding the system 
into a multi-node sensing network may open new 
possibilities for spatially distributed interferometric 
sensing in environmental and civil monitoring 
contexts. 
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1. Introduction 
 
As part of the strategic development of the agro-

industrial complex (AIC) of the Republic of 
Kazakhstan (hereinafter RK), one of the priority 
areas is the improvement of information and 
consulting work with enterprises and companies in 
the agricultural sector. This process is aimed at 
increasing production efficiency, improving the 
marketing of agricultural products and creating 
favorable conditions for sustainable growth of the 
industry. The main areas in this area are: 
dissemination of information on the latest 
technologies and developments introduced in the 
agricultural sector, the creation of regional 
consulting centers, as well as the involvement of 
foreign specialists, which will help improve the 
qualifications of local specialists. An essential 
element of this process is the analysis of the needs 
of agricultural market participants in order to 

optimize offers and improve interaction between 
various segments of the industry [1], [2]. 

An essential factor for the successful 
development of the agro-industrial complex of the 
Republic of Kazakhstan is agromarketing, which 
contributes to the improvement of market 
mechanisms and increased competitiveness of 
local producers. Marketing in the agro-industrial 
complex of Kazakhstan has a number of specific 
features due to the structural features of the 
economy of the Republic of Kazakhstan, 
geographical and demographic conditions, as well 
as the level of digitalization of the agricultural 
sector. Unlike marketing in traditional consumer 
segments, the promotion of agricultural products 
in the conditions of Kazakhstan requires taking 
into account many factors, such as significant 
spatial dispersion of producers and consumers, 
limited infrastructure and seasonality of demand 
[16], [20]. 
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The specific features of the agricultural sector of 
Kazakhstan are largely related to climatic and 
natural conditions that affect the stability of 
production cycles and, as a consequence, the 
variability of supply. This, in turn, requires the 
implementation of adaptive marketing strategies 
that are able to flexibly respond to changes in the 
volume and structure of agricultural production. An 
essential aspect is the need to develop marketing 
solutions that would effectively interact with 
changing market conditions and taking into account 
the instability in agricultural production [1], [13]. 

Another characteristic feature is the prevalence 
of B2B communications over B2C models. A 
significant share of agricultural products in 
Kazakhstan is sold through wholesale channels and 
processing enterprises, which necessitates the 
development of marketing strategies aimed not only 
at the end consumer, but also at the corporate 
segment. This requires a different logic of interac-
tion, as well as the use of more complex methods of 
analytics and demand forecasting. In this regard, 
marketing strategies should include flexible 
mechanisms that would take into account the 
interests and needs of both business and the end 
consumer. 

The third significant feature is the insufficient 
level of digitalization of rural areas of the Republic 
of Kazakhstan, which limits the possibilities of 
using standard digital communication channels, 
such as social networks and targeted advertising. 
This requires the development of hybrid marketing 
models that would combine online and offline 
activities, as well as use traditional means of 
informing consumers. However, with the growing 
availability of the Internet and mobile devices in 
rural areas, new opportunities are opening up for the 
use of machine learning (ML) and data mining 
(DMP) technologies. These methods can be 
effectively used in areas such as demand 
forecasting, market segmentation and 
personalization of offers for agricultural products, 
which helps to increase the effectiveness of 
marketing campaigns. 

In addition, it is necessary to take into account 
the regional specifics of demand in Kazakhstan, 
which depends on ethno cultural preferences, 
income levels of the population and logistics 
capabilities both within the country and in 
neighboring states. Regional differences can 
significantly affect the demand for agricultural 

products, which requires the creation of more 
differentiated and adapted marketing strategies. 

Based on the analysis of the current state of 
agricultural production infrastructure in 
Kazakhstan, conducted in works [1], [3], [4], it can 
be concluded that the existing mechanisms aimed at 
supporting marketing and agricultural production 
are insufficient to achieve effective results. Despite 
this, a number of studies, such as works [1], [14], 
propose specific steps to create and optimize 
marketing systems that are aimed at improving 
technological links and logistics in the process of 
movement of agricultural goods. These proposals 
are an important step towards improving the state of 
the agricultural market in Kazakhstan, increasing 
the competitiveness of local producers and ensuring 
sustainable development of the agro-industrial 
complex. Digitalization of the agro-industrial 
complex of Kazakhstan has given rise to the 
problem of optimal distribution of marketing 
budgets between various channels for promoting 
agricultural products. And traditional methods based 
on heuristics or single-criterion optimization [5], 
[6], [7] do not take into account the multiplicity of 
target indicators, such as advertising effectiveness 
[8], audience reach [9], and the cost of an advertising 
campaign [9], leading, as a rule, to suboptimal solu-
tions. In this paper, the multi-criteria evolutionary 
algorithm NSGA-II (Non-dominated Sorting 
Genetic Algorithm II) [10], [11] is proposed to solve 
the problem of Pareto-optimal distribution of mar-
keting resources in the agro-industrial complex. The 
relevance of the study is due to the need to develop 
adaptive strategies that can take into account non-
linear dependencies between budgetary distributions 
of items and key metrics of digital marketing effi-
ciency in the agro-industrial complex. Unlike clas-
sical methods, where scalar optimization dominates 
[12], the hybrid method proposed in the article will 
simultaneously maximize efficiency and coverage 
while minimizing costs, meeting the real require-
ments of agro-industrial enterprises of the agro-
industrial complex of Kazakhstan, which usually 
operate under limited budgets [17], [18], [19]. 

 
2. Materials and methods 
 
The aim of the study is to develop and 

implement digital marketing solutions based on 
machine learning, focused on the specifics of the 
agro-industrial complex of Kazakhstan. 

 



46

Optimization of marketing strategies in the agro-industrial complex of Kazakhstan based on a hybrid method

2.1. The main material of the article 
The reform of the agro-industrial complex of the 

Republic of Kazakhstan in recent decades, despite 
the complex challenges, has also prompted the 
sector to adapt to market conditions. In particular, 
the optimization of digital marketing and advertising 
processes has become an important tool for 
agricultural producers. In the market conditions, not 
only efficient production is becoming increasingly 
important, but also attention to the needs of end 
consumers of agricultural products, which is 
relevant for the agriculture of Kazakhstan, where the 
production of food, raw materials and food directly 
affects the socio-economic well-being of rural areas 
and the security of the state as a whole. Modern 
agricultural organizations in Kazakhstan have a 
great influence on the development of rural 
settlements, often becoming the main employers and 
economic centers for the local population [15]. It is 
important to note that the success of agricultural 
production today largely depends on how well the 
marketing processes are organized, on the focus on 
the consumer and on the construction of an effective 
system of commodity circulation. Otherwise, even 
successful production may face economic 
difficulties and a deterioration in the social situation 
in rural areas. The task of not only state policy, but 
also agricultural entrepreneurs is to create 
conditions for the effective operation and 
development of agricultural enterprises focused on 
modern market tools and requirements. It is 
important to invest in the education of agricultural 
leaders, farmers and managers of agricultural 
enterprises who will be able to effectively manage 
marketing and production processes. In this regard, 
the introduction of digital solutions in marketing for 
effective communication with end consumers is 
becoming especially important. Given the 
dynamically changing food market, agricultural 
enterprises in Kazakhstan should develop flexible 
and low-cost marketing mechanisms focused on 
consumer needs and innovative approaches to 
product promotion. It is essential that marketing 
strategies be developed taking into account the 
specifics of local markets, using modern 
technologies and tools, including digital platforms, 
to maximize the availability and attractiveness of 
products to consumers. Thus, marketers and 
agricultural producers should focus on studying 
market needs, reducing costs, improving product 
availability and an effective advertising strategy. At 
the same time, it is necessary to study how 

government protectionist measures can be used to 
support domestic producers. An important aspect is 
the creation of an effective marketing system based 
on a project approach and process management, 
which will help strengthen the competitiveness of 
the agricultural sector of Kazakhstan in the domestic 
and international markets. 

Mathematically, the problem includes a vector 
of target functions reflecting the effectiveness, 
coverage and cost of marketing campaigns, as well 
as a system of constraints taking into account budget 
and industry specifications. Formally, the problem 
is reduced to finding a set of Pareto-optimal budget 
allocations, for which a modified NSGA-II with 
adapted crossover and mutation operators is used. 
The approach is validated on synthetic data 
simulating real conditions of agro-industrial 
marketing, with subsequent assessment of the 
quality of solutions through hypervolume 
(Hypervolume indicator) and visualization of the 3D 
Pareto front; real data on enterprises of the Republic 
of Kazakhstan in the agro-industrial complex were 
also used. 

Let's consider the problem of distributing the 
marketing budget betweenchannels – digital, TV, 
Radio, Print, Events (exhibitions, presentations, 
etc.). We assume that for each channeland 
segmentthe following parameters are set: efficiency, 
audience reach, price. The problem of distributing 
the marketing budget between 5n = channels – 
digital ( )1x , TV ( )2x , Radio ( )2x , Seal ( )4x , Events 

(exhibitions, presentations, etc.) ( )5x . We assume 

that for each channel ( )i and segment [ ]( )0,1s∈ the 

following parameters are set: efficiency [ ], 0,1s ie ∈ , 

audience reach [ ], 0,1s iс ∈ , price 0ip > . We will 
also define the efficiency and coverage matrices:

[ ].1 .2 .3 .4 .5s s s s s sE e e e e e= ,

[ ].1 .2 .3 .4 .5s s s s s sS s s s s s= . And the cost vector

[ ]1 2 3 4 5 .TP p p p p p=   
Let's describe the objective functions. It is 

required to maximize the overall efficiency

( )
5

1 ,
1

,   i s i
i

f X s x e
=

= ⋅∑ and overall audience reach

( )
5

2 ,
1

,   i s i
i

f X s x c
=

= ⋅∑ . And accordingly, 

minimize the cost of implementing a certain 
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marketing strategy and advertising

( )
5

3
1

  .i i
i

f X x p max
=

= ⋅ →∑   

In the problem of multicriterial optimization we 
are looking for Pareto-optimal solutions:

( ) ( )( ) ( )1 2 3, , min ,
X F X F

max f X f X f X
∈ ∈

Where F −

set of feasible solutions. 
And we will formulate the corresponding 

restrictions. On the general budget
5

1
 2,0.i

i
x

=

<∑

Min/Max Channel Shares 10,1 0,9,x≤ ≤  

20,1 0,9,x≤ ≤  30,1 0,9,x≤ ≤  40,1 0,5,x≤ ≤  

50,1 0,2.x≤ ≤ And combined restrictions

1 2 10, 2, 0, 2.x x x+ ≥ ≥  
As a solution method, we use NSGA-II at the 

first stage to search for the Pareto front. The quality 
assessment (Hypervolume Indicator) is performed 
as follows 

 

( ) ( ) ( )1 1 2 2 3 3, , , ,
X P

HV Volume f X r f X r r f X
∈

 
= × × 

 


 

 
where P −Pareto front, r − reference point. To test 
the proposed hybrid method, a computational 
experiment was conducted. The initial data for the 
two segments was taken as follows based on data 
from several enterprises in the agro-industrial 
complex of Kazakhstan: 

 
[ ]
[ ]
[ ]
[ ]

0

0

1

0

0.95, 0.75, 0.85, 0.60, 0.90 ,

0.85, 0.65, 0.80, 0.50, 0.75 ,

0.85, 0.85, 0.75, 0.65, 0.80 ,

0.75, 0.75, 0.70, 0.55, 0.70 .

E

C

E

C

=

=

=

=

 

 
And the cost [ ]1.1, 0.8,1.0, 0.6, 0.9 .P =  
The solutions found must satisfy the Pareto-

optimal solution, i.e. 
( )*

1 2 3arg max , , arg min .
X F X F

X f f f
∈ ∈

=  

2.2. Methodology details. 
In this study, the NSGA-II algorithm was 

applied with the following parameters: population 
size = 100, number of generations = 200, crossover 
probability = 0.9, mutation probability = 0.1. Initial 
solutions were seeded using uniform distribution of 
the budget across channels. Constraints were 
handled by penalizing infeasible solutions 
exceeding budget or violating channel share bounds. 

For the hypervolume indicator, normalization of 
all objectives was performed, and the reference 
point was set to (0,0, max cost). K-means clustering 
was applied after normalization of solutions, with 
the optimal number of clusters determined by the 
elbow method (k=3). Standard scaling was used to 
balance efficiency, coverage, and cost in clustering.  

K-means clustering was applied on normalized 
solutions using k-means++ initialization. The 
number of clusters (k=3) was chosen based on the 
elbow method and validated with silhouette score 
(0.67) and Davies–Bouldin index (0.54), indicating 
robust separation. Experiments used both synthetic 
and real aggregated data. The synthetic dataset 
simulates budget allocations across 5 channels 
(Digital, TV, Radio, Print, Events) with varying 
effectiveness, coverage, and costs. Real aggregated 
data were collected from 10 enterprises of 
Kazakhstan’s agro-industrial complex for 2018–
2022, including budget allocations, efficiency (ROI, 
%), coverage (thousand people), and costs (K USD). 
Only anonymized aggregated statistics are reported 
for confidentiality. 

 
3. Results 
 
The results of the computational experiments are 

presented in Table 1 (synthetic data) and in Figures 
1, 2. 
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Table 1 – Results of modeling the analysis of the effectiveness of various media channels for promoting agricultural products on the 
RK market. 
 

Cluster Avg Efficiency Avg Coverage Avg Cost Avg Score Key Channels 
0 1.260 1.110 1.290 0.690 TV, Print, Radio 
1 0.680 0.600 0.750 0.610 Radio, Print 
2 1.560 1.390 1.730 0.660 Digital, TV 

 
 
The conducted research was aimed at analyzing 

the effectiveness of various media channels (Digital, 
TV, Radio, Print, Events) to study their impact on 
the indicators of effectiveness (Efficiency), 
coverage (Coverage) and cost (Cost) for various 
segments (Segment) and clusters (Cluster). As a 

result of data processing, the following key patterns 
were identified. Cluster 0 demonstrates high values 
of the Efficiency and Coverage indicators, which 
indicates the high effectiveness of media strategies 
focused on this segment. The greatest contribution 
is made by TV and Print channels. 

 
 

 
 

Figure 1 – 3D Pareto front in 3D format, formed as a result of applying the hybrid method.  
Axes: Efficiency (ROI, %), Coverage (audience ×10³), Cost (K USD). 

 
 
The results of the study allowed us to conclude 

that the effectiveness of media strategies 
significantly depends on the choice of channels and 
their adaptation to specific segments and clusters. 
The greatest effectiveness is achieved with the 
combined use of Digital and TV, especially in 
cluster 2. The data obtained can be used to optimize 

media planning and increase the ROI of marketing 
campaigns of agricultural enterprises in Kazakhstan. 

Figure 2 – 2D Pareto frontier reflecting the 
trade-off between the effectiveness of marketing 
strategies and the reach of the target audience. Axes: 
Efficiency (ROI, %), Coverage (audience ×10³). 
Marker size represents cost (K USD). 
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Figure 2 – 2D Pareto frontier reflecting the trade-off between the effectiveness  
of marketing strategies and the reach of the target audience. 

 Axes: Efficiency (ROI, %), Coverage (audience ×10³). Marker size represents cost (K USD). 
 
 
The size of the markers on the graph is 

proportional to the cost of implementing the 
strategy, providing a clear representation of the 
relationship between the key parameters – efficiency 
and coverage. Analysis of the distribution of 
solutions shows that the strategies of cluster 0 are 
characterized by relatively high efficiency with 
moderate coverage, while cluster 1 combines 
solutions with increased coverage, but lower 
efficiency. Cluster 2 includes strategies with 
intermediate values of both indicators. The upper 
right part of the graph shows the solutions 
demonstrating the best values of both efficiency and 
coverage, but their implementation is associated 
with higher costs, which is evident from the 
increased size of the corresponding markers.  

 
4. Discussion 
 
Such strategies can be recommended for use in 

conditions of sufficient budget for enterprises in the 
agro-industrial complex. On the contrary, solutions 
with smaller marker sizes, corresponding to lower 
costs, can be preferable for agro-industrial 
enterprises with limited resources. 

It should be noted that the novelty of the model 
lies in the development of a comprehensive method 

combining evolutionary algorithms and machine 
learning for marketing optimization tasks in the 
agro-industrial complex. And the practical 
significance is confirmed by the application of the 
obtained solutions for planning advertising 
campaigns taking into account the regional 
characteristics of agro-industrial enterprises in 
Kazakhstan and resource constraints. The proposed 
approach expands the arsenal of decision-making 
methods in the conditions of multi-criteria and 
uncertainty characteristic of agro-industrial 
marketing. Further research can be aimed at 
integrating predictive models of channel efficiency 
and taking into account dynamic changes in market 
conditions. 

4.1. Reproducibility. 
To ensure reproducibility, the random seed for 

NSGA-II and K-means was fixed (seed=42). The 
code used for optimization and clustering is 
available from the authors upon request. The 
synthetic dataset can be regenerated following the 
described procedure, while aggregated real data 
statistics are provided in the Data description 
section. 

4.2. Correlation analysis. 
A correlation matrix was constructed to support 

the observed relationships between channels. 
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Pearson’s correlation coefficients are shown in 
Table 2. Results indicate a strong positive 
correlation between Digital and Radio (0.88), a 

moderate positive correlation between Digital and 
TV (0.65), and a negative correlation between Print 
and other channels (around -0.40). 

 
 
Table 2 – Correlation matrix of media channels 
 

 Digital TV Radio Print Events 
Digital 1.00 0.65 0.88 -0.42 0.21 

TV 0.65 1.00 0.55 -0.36 0.30 
Radio 0.88 0.55 1.00 -0.41 0.25 
Print -0.42 -0.36 -0.41 1.00 -0.28 

Events 0.21 0.30 0.25 -0.28 1.00 
 
 
5. Conclusions 
 
It is shown that the developed hybrid method 

combining the NSGA-II algorithm and K-means 
clustering provides an effective solution to the 
problem of multi-criteria optimization of 
marketing budgets under conditions of limited 
resources typical for a number of enterprises in the 
agro-industrial complex of Kazakhstan. The 
obtained Pareto-optimal solutions demonstrate a 
compromise between the criteria of efficiency, 
coverage and cost, which is confirmed by the 
analysis of the hypervolume and cluster structure 
of the decision front. The greatest efficiency is 
demonstrated by strategies with a combination of 
digital and television channels (cluster 2), while 
radio and print media are appropriate for segments 
with a moderate budget (cluster 1). Correlation 
analysis revealed a strong relationship between 
digital channels and radio (0.88), as well as a 
negative correlation of print media with other 
channels. The approach proposed in the article 

allows adapting marketing strategies to the 
dynamic conditions of the agro-industrial 
complex market in Kazakhstan, minimizing costs 
while maximizing key metrics. 

Note: Avg Score is a normalized composite 
indicator combining efficiency, coverage, and cost 
with equal weights (0.33 each). 
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1. Introduction 
 
Currently, the development of an AI assistant for 

data journalism in the Kazakh language is gaining 
particular relevance due to the rapid advancement of 
large language models (LLMs), such as OpenAI 
GPT-4 [1], Google Gemini [2], Meta LLaMA [3], 
and others. One of the key factors determining the 
effectiveness of such models is the availability of a 
high-quality corpus in the target language. However, 
for the Kazakh language, there is a significant 
shortage of digital and structured texts, especially in 
the domain of official and analytical journalism. 
Most previously published materials exist only as 
scanned or digital PDF versions of newspapers, 
lacking HTML markup and accessible APIs, which 
significantly complicates the task of automatic data 
extraction and annotation. 

In this context, it is particularly important to 
enrich the model's knowledge base with only 
verified information from trusted sources. 
Newspaper articles that have undergone editorial 

and journalistic reviews serve as a reliable 
foundation for building such corpora. To choose an 
optimal source, our team consulted professional 
journalists. Based on their recommendation, 
archival issues of the newspaper Egemen Qazaqstan 
[4] were selected as the base corpus – a leading 
national publication known for its credibility and 
stylistic quality. 

The use of PDF versions of newspapers is due to 
the fact that the official Egemen Qazaqstan website 
provides access to archives only from 2017 onward. 
A significant portion of the materials from 2017 to 
2020 was published mainly in print or as PDF files, 
without HTML versions or machine-readable 
markup. This limits the ability to automatically 
collect and structure texts using standard web tools. 

As a result, there is a need to apply specialized 
methods for extracting text and metadata from PDF 
documents with column layouts, embedded 
illustrations, and Kazakh fonts. Developing an 
effective hybrid pipeline to process such materials 
becomes a key step in building a high-quality corpus 
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suitable for training Kazakh-language LLMs aimed 
at analysis and generation tasks in data journalism. 

In scientific literature, various approaches to 
text extraction from PDFs are proposed, primarily 
divided into rule-based and learning-based methods. 

Rule-based methods rely on predefined rules 
using regular expressions, keywords, positional and 
typographic cues to identify meaningful text 
elements. Their main advantages include 
interpretability, flexibility in adapting to specific 
documents, and no need for training data. In our 
prior work, we have repeatedly relied on rule-based 
and hybrid pipelines to structure data from 
unstructured sources. In [5], authors introduced 
TableProcessor, which used rule-driven parsers and 
schema mapping to interpret statistical tables from 
the Bureau of National Statistics (Word/Excel) and 
convert them into JSON suitable for GIS and 
knowledge-base ingest. In [6], it was proposed an 
ontology-guided, iterative method that combines 
deterministic rules with neural NER to classify cells 
and expand a domain ontology, yielding RDF triples 
from semi-structured tables. Building on the same 
design principles, [7] presented Qurma, a modular 
system that extracts tables from HTML/PDF/images 
and applies rule-based normalization and semantic 
interpretation within a Clean Architecture for 
scalability and domain portability. These 
experiences directly inform the present newspaper 
pipeline – specifically our use of regular 
expressions, keyword lexicons, and 
positional/typographic cues – while preserving 
interpretability and eliminating the need for training 
data. A successful rule-based approach is presented 
in [8], where Alamoudi et al. extract metadata from 
PDF books using PDFBox and logical rules to 
identify key elements such as book title, author 
name, and ISBN; their rule set encodes deterministic 
patterns and constraints to maximize accuracy, 
yielding overall accuracies of 94.62% (training) and 
90.27% (test) on their dataset, which underscores 
the effectiveness of rule-based designs for 
document-specific metadata extraction. Similarly, 
[9] describes a method for citation metadata 
extraction using Hidden Markov Models, 
classifying token sequences based on reference 
structure patterns. In the PDFBoT tool [10], the 
authors propose a system for high-precision 
extraction of the main text from academic PDFs 
using HTML replication, formatting analysis, and 
syntactic cues. The method achieves high accuracy 

while preserving sentence and paragraph structure, 
removing auxiliary elements like tables and images. 

In contrast, learning-based methods (based on 
machine learning and neural network architectures) 
are used to automatically train models to extract data 
from documents with complex or unstable 
structures. The authors of [11] proposed an end-to-
end neural architecture for image-based sequence 
recognition, which has been successfully applied to 
scene text recognition tasks. In the research work 
[12], an OCR-free Document Understanding 
Transformer was developed, which uses a 
transformer architecture to understand document 
structure without relying on traditional OCR. The 
authors of [13] introduced TrOCR, a transformer-
based optical character recognition model pre-
trained on large-scale corpora, enabling high 
accuracy across a wide range of document types. 
Additionally, for learning-based methods, 
researchers created DocLayNet [14], a large 
annotated dataset for document layout 
segmentation, which is used to train models for 
automatic document structure analysis. 

Given the limited availability of annotated data, 
the specific layout of newspapers (columns, fonts, 
illustrations), and the need for fine-tuned 
customization for a single source (Egemen 
Qazaqstan), a rule-based approach proves to be the 
most rational and effective solution for automatic 
extraction of structured tags from Kazakh-language 
PDF documents. 

Based on this, we formulate the following 
research question: how can rule-based methods be 
adapted for the automatic extraction of semantically 
significant tags from Kazakh-language newspaper 
PDFs, considering their complex visual structure 
and formatting features? 

The goal of this study is to develop and 
implement a hybrid pipeline based on the integration 
of rule-based tools – pdfminer.six, PyMuPDF, and 
pdfplumber – aimed at extracting structured 
elements (url, title, author, date, abstract, text, 
journal, category) from PDF versions of Kazakh-
language newspaper articles. 

Why were these particular tools chosen? To 
justify this, we refer to the study [15], where the 
authors conducted a comprehensive comparative 
analysis of ten popular PDF parsing tools across six 
types of documents: financial reports, manuals, 
scientific articles, laws and regulations, patents, and 
government tenders. The results showed that rule- 
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based tools such as pdfminer.six [16], PyMuPDF 
[17], and pdfplumber [18] perform well in extracting 
text from standard documents, while deep learning 
models such as Nougat [19] and Table Transformer 
(TATR) [20] significantly outperform them in more 
complex cases, especially when dealing with 
mathematical formulas or non-standard tables. 

The structure of this paper is as follows: Section 
II presents the experimental algorithm and data 
extraction methods from the PDF corpus, including 
a detailed description of the rule-based pipeline; 
Section III provides quantitative and qualitative 
results of the selected parsers; Section IV discusses 
their strengths and weaknesses in the context of 
Kazakh-language newspapers; Section V concludes 
the study and outlines directions for further 
development of the hybrid solution. 

The outcome of this work is the construction of 
a machine-readable JSON-format corpus suitable 
for subsequent training of large language models 
and the development of an intelligent assistant in the 
field of Kazakh-language data journalism. 

 
2. Materials and methods 
 
For the experimental study, a corpus of PDF 

documents from the Egemen Qazaqstan newspaper 
was used. The processing was carried out using the 
tools PyMuPDF, pdfminer.six, and pdfplumber, in 
accordance with established computational 
standards. Based on empirical observations, a set of 
heuristic rules was developed for the automatic 
extraction of semantically meaningful tags such as 
title, author, date, abstract, text, category, and 
journal. 

2.1. Description of dataset 
For the purposes of this study, a specialized 

corpus was compiled, consisting of all PDF issues of 
the Egemen Qazaqstan newspaper from January 

2017 to March 2025 inclusive. A total of 2,140 PDF 
documents were collected, each representing a full 
issue of the national newspaper. 

Each PDF file contains an average of 16-18 
pages, formatted in a multi-column format with 
illustrations and multilingual inserts. On average, 
there are about 4.6 full articles per page, so the total 
number of text units in the corpus is 159,135 articles. 
These materials cover a wide range of topics – with 
a total of 208 unique categories. The primary 
categories include: Economics, Politics, Society, 
Culture, Education, History, Literature, Religion, 
Health, Spirituality, Regions, Agriculture, 
Technology, and Sports. 

2.2. Rule-based methodology 
This section outlines the rule-based 

methodology developed for the automatic extraction 
of semantically meaningful tags and metadata from 
the PDF versions of the collected newspapers. 
During the preprocessing stage, text cleaning and 
normalization methods were applied, including 
removal of OCR artifacts, merging of hyphenated 
line breaks, and Unicode normalization. 

The core of the approach is a set of heuristic 
rules that leverage visual, lexical, and structural 
features to identify key tags such as: title, author, 
date, category, text, abstract, and journal. Figure 1 
visually highlights all the main components 
corresponding to the target tags, which are subject 
to automatic extraction using the rule-based method.  

The heuristic rules for extracting each tag were 
manually developed based on the analysis of the 
structure and visual characteristics of the PDF 
documents. All applied heuristics and filters are 
summarized in Table 1. The proposed rule set is 
tailored for the automatic annotation of newspapers 
with column-based layout and can serve as a 
foundation for building an annotated corpus or for 
subsequent training of machine learning models. 
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Figure 1 – Example of a newspaper article from the PDF issue  
of Egemen Qazaqstan dated January 1, 2021, featuring column-based layout. 

 
 
Table 1 – Heuristic extraction rules for newspaper tags. 
 

№ Tag Rules Rules description 

Rule 1 title if 10 < len(text) < 180 and block_index == 0 
and span["size"] > 15 

The title is identified as the first text block on the 
page that contains between 10 and 180 characters 
and is printed in a font size larger than 15 pt. 

Rule 2 author if re.search(r"[А-ЯӘӨҮҰІ][а-яәөүұі]+ [А-
ЯӘӨҮҰІ][а-яәөүұі]+", text) 

The author is identified by the presence of a full 
name in the format "First Last," starting with capital 
letters and matching a predefined regular expression.  

Rule 3 date if re.search(r"\d{1,2} \D+ 20\d{2}", text) 
The date is extracted as a string containing a day, 
month name, and four-digit year (e.g., "15 шілде 
2023"), conforming to the "day month year" pattern.  

Rule 4 category 
if any(keyword in text.upper() for keyword in 
["Экономика", "Саясат", "Қоғам", …, 
"Спорт"] and span["size"] < 11) 

The category is recognized by the presence of an 
uppercase keyword from a predefined list of 208 
unique topics.  

Rule 5 text 

cleaned_text = unicodedata.normalize('NFC', 
re.sub(r"\s+", " ", re.sub(r"(\w+)-
\s*\n\s*(\w+)", r"\1\2", re.sub(r"cid:\d+", "", 
text.replace('\n', ' ').replace('\r', '')))).strip()) if 
isinstance(text, str) else "" 

The article text is merged from multiple columns 
into a single string, with hyphenated line breaks 
removed, extra spaces and line breaks cleaned, and 
Unicode normalization applied for text 
standardization.  

Rule 6 abstract abstract = text.split(".")[0] if "." in text else 
text[:200] 

The abstract is extracted as the first sentence (up to 
the first period); if no period is found, the first 200 
characters are used.  

Rule 7 journal if block_index < 3 and span["size"] > 10 and 
text.isupper() and len(text.split()) <= 4: 

The journal name is identified as an uppercase string 
located in one of the top three text blocks on the 
page, consisting of no more than four words and 
printed in a font larger than 10 points. 

 
 
 



56

Application of rule-based method for automatic extraction of tags from column-style pdf-documents

The rules presented in Table 1 will be further 
integrated into a hybrid pipeline that leverages 
PyMuPDF for analyzing the visual structure of the 
document, pdfminer.six for extracting the main text, 
and pdfplumber for refining block positions when 
necessary.  

2.2.1 Pipeline architecture 
Before designing the architecture of the hybrid 

pipeline, a comparative evaluation of three popular 
Python libraries – PyMuPDF, pdfplumber, and 
pdfminer.six – was conducted to assess their 
effectiveness in extracting various tags from 
newspaper-style PDF documents (Table 2). 

The results indicate that none of the libraries 
alone ensures high accuracy across all tag 
categories: for instance, pdfminer.six performs 
better at extracting main text and abstracts, 

PyMuPDF shows the best performance for title and 
date tags, while pdfplumber demonstrates low 
robustness when dealing with the multi-layered 
structure of newspaper layouts. These differences 
stem from the internal architecture of the libraries: 
PyMuPDF relies on visual block positioning, 
pdfminer.six focuses on linear text extraction, and 
pdfplumber applies character-level parsing. 

Based on this comparative analysis, a well-
grounded decision was made to integrate all three 
tools into a single rule-based pipeline, leveraging the 
strengths of each library to achieve optimal accuracy 
for individual tag extraction tasks. The proposed 
pipeline implements a rule-based method for 
automatic extraction of semantically labeled tags 
from Kazakh-language newspaper PDF documents 
(see Figure 2). 

 
 

Table 2 – Comparison of Tag Extraction Accuracy Using PyMuPDF, pdfplumber, and pdfminer.six. 
 

Tag PyMuPDF (%) Pdfplumber (%) pdfminer.six (%) 
Title 90 50 60 

Author 70 30 60 
Abstract 60 40 80 

Text 80 60 90 
Date 90 40 40 

Category 75 30 60 
Journal 80 50 50 

 
 

 
 

Figure 2 – Hybrid PDF Tagging Architecture using PyMuPDF, pdfminer.six and pdfplumber. 
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The input to the system is a PDF file 
representing a print issue of the Egemen Qazaqstan 
newspaper, featuring a multi-column layout with 
both textual and graphical elements. The first stage 
employs the PyMuPDF library to extract visual text 
blocks by analyzing coordinates, font sizes, and 
spatial positioning. Based on a set of heuristics, this 
module identifies and extracts key tags such as title, 
author, date, and category. To retrieve the full 
textual content of the articles, the pipeline utilizes 
pdfminer.six, which disregards visual layout 
constraints and merges columnar content into a 
unified text string. At this stage, hyphenated word 
breaks are resolved, Unicode normalization is 
applied, and OCR artifacts (e.g., “cid:123”) are 
removed.  

The resulting content is then used to generate the 
abstract and to extract the journal name based on the 
top blocks of the page. Additionally, pdfplumber is 
used for geometry refinement, coordinate 
verification, and correction of extracted tags in cases 

with complex visual layouts. This enhances tag-
level precision through improved structural parsing. 
The output is a machine-readable JSON structure 
containing all extracted tags (url, title, author, date, 
abstract, text, journal, category), suitable for 
knowledge base enrichment, language model 
training, and intelligent Kazakh-language text 
analysis systems.  

2.2.2 Algorithm 
The developed algorithm formalizes this 

pipeline into a sequential metadata extraction 
procedure: Rules 1–4 are applied to visual blocks via 
PyMuPDF, followed by Rules 5–6 for text and 
abstract generation using pdfminer.six, and Rule 7 
for journal identification. Pdfplumber serves as an 
auxiliary module for final verification and 
correction. This hybrid rule-based pipeline 
demonstrates the effective integration of three PDF 
processing tools, ensuring automated and 
interpretable extraction of textual information from 
Kazakh-language newspaper documents. 

 
 

Algorithm: Rule-based Metadata Extraction from PDF Newspapers 
1: 
2: 
3: 
4: 
5: 
6: 
7: 
8: 
9: 
10: 
11: 
12: 
13: 
14: 
15: 
16: 
17: 
18: 
19: 
20: 
21: 
22: 
23: 
24: 
25: 
26: 
27: 
28: 
29: 
30: 
31: 
32: 
33: 
34: 
35: 

Input: PDF file D of Egemen Qazaqstan newspaper 
Output: JSON object J with fields: url, title, author, date, abstract, text, journal, category  
function EXTRACT_METADATA(D) 
 V ← extract_visual_blocks(D) using PyMuPDF 
 INITIALIZE title, author, date, category  
 for each text span T in V do 
 T ← clean_and_normalize_text(T) 
 if title == "" and apply Rule 1 on T then 
 title ← T  
 else if author == "" and apply Rule 2 on T then 
 author ← T  
 else if date == "" and apply Rule 3 on T then 
 date ← T  
 else if category == "" and apply Rule 4 on T then 
 category ← T  
 end for 
text_raw ← extract_text_pdfminer(D) 
text ← normalize_hyphens_and_columns(text_raw) ⟵ apply Rule 5 
abstract ← extract_abstract(text) ⟵ apply Rule 6 
for each top span T in first 3 blocks of V do 
 if journal == "" and apply Rule 7 on T then 
 journal ← T  
end for 
J ← { 
 "title": title, 
 "author": author, 
 "date": date, 
 "abstract": abstract, 
 "text": text, 
 "journal": journal, 
 "category": category 
 } 
 J ← refine_with_pdfplumber(J, D)  
 return J 
 end function 
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2.2.3 Algorithmic complexity 
Let P denote the number of pages, B=∣V∣ the 

number of visual blocks, S the number of text spans, 
C the total number of characters, and R=7 the 
number of heuristic rules. Enumerating blocks 
across all pages is O(B), while establishing per-page 
reading order can require O(B log B) in the worst 
case. Cleaning and normalizing the text for all spans 
is linear in the total character count, O(C). The 
single pass that applies Rules 1–4 examines up to S 
spans until all four fields are filled, and per-span 
costs are constant for metadata checks tied to 
span/block attributes (title), O(∣T∣) for non-
pathological regular expressions (author, date), and 
O(∣T∣) for uppercasing combined with average O(1) 
hash-set membership over a fixed 208-label 
category, which aggregates to O(S+C) in the worst 
case. Full-text extraction followed by column 
stitching, de-hyphenation, and whitespace repair is 
also linear, O(C). Abstract derivation is O(C) in the 
worst case but typically sublinear due to early 
termination at the first sentence. Journal 
identification is restricted by design to the first three 
blocks and therefore runs in O(1) on average, 
although it can degrade to O(B) if fallbacks expand 
the search region. The optional geometry refinement 
applies local checks and can be bounded by O(B). 

Consequently, the algorithm runs in 𝑂𝑂𝑂𝑂(𝐵𝐵𝐵𝐵 log𝐵𝐵𝐵𝐵 +
𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶) per issue in the worst case, which in practice 
tends toward near-linear O(B+C) thanks to page-zone 
filtering and early stopping (e.g., title and journal 
found early; abstract stops at the first period). Viewed 
per tag, title selection is O(1) per span via metadata 
with an O(B) worst case if page scans are required; 
author and date are O(C) due to regex evaluation; 
category is O(C) using the constant-size lexicon; text 
and abstract are O(C); and journal is O(1) on average 
with an O(B) worst case.  

2.3. Evaluation Methodology 
Evaluation of the performance of rule-based 

information extraction (IE) systems, unlike machine 
learning models, does not require a training phase; 
however, it demands meticulous verification of the 
correctness of the extracted data. The most common 
approaches include manual inspection (see 
Formulas 1–3), semantic similarity measurement 
between extracted and reference text fragments (see 
Formula 4), and expert evaluation using a checklist 
(see Formulas 5–7). These methods are widely 
applied in scenarios where labeled datasets are 
unavailable. 

Table 3 presents three quality assessment 
methods for evaluating the performance of rule-
based information extraction systems. 

 
 

Table 3 – Methods and formulas for evaluating the quality of rule-based information extraction (IE) systems. 
 

№ Evaluation 
method Formula Description 

1 Manual 
inspection 

For each entity E={w1,w2,…,wk}, where wi are whitespace-
separated words, 
count |Etrue ∩ Epred|, then compute  
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  |𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∩ 𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝|

𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝
 (1), 

𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  |𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∩ 𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝|
𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 (2), 

ℎ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹1 =  2 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃∗𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃+𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

 (3)  

It is used as a baseline quality metric 
for rule-based approaches in the 
absence of training data and allows for 
direct comparison with the gold-
standard annotation [21]. 

2 
Textual 
semantic 

similarity (TSS) 

Modified cosine similarity measure: 
𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖(𝑇𝑇𝑇𝑇1,𝑇𝑇𝑇𝑇2) =  𝑇𝑇𝑇𝑇1����⃗ ∗ 𝑇𝑇𝑇𝑇2����⃗

||𝑇𝑇𝑇𝑇1�������⃗ ||∗ ||𝑇𝑇𝑇𝑇2||����������⃗  (4), 

where 𝑇𝑇𝑇𝑇1,𝑇𝑇𝑇𝑇2 ∈ 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃 – vector representations of texts, 
𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖(𝑇𝑇𝑇𝑇1,𝑇𝑇𝑇𝑇2)∈[0,1], tags are considered correct if Sim≥0.85 

It evaluates the degree of semantic 
similarity between the reference and 
extracted text based on vector 
representations. A modified cosine 
similarity measure with a threshold ≥ 
0.85 is applied [22]. 

3 Expert checklist 
evaluation 

1. Exploration: 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃 =  𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡−𝑈𝑈𝑈𝑈𝑡𝑡𝑡𝑡
𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡

 (5), 
where 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃 − homogeneity of vocabulary, 𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃 − total number of 
words in the selected entity texts, 𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃 − the number of unique 
words in the same texts. 
2. Term frequency analysis:  
𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹. 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡,𝑃𝑃𝑃𝑃 =  𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡

∑ 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡′,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′∈𝑡𝑡𝑡𝑡
∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙 � |𝐸𝐸𝐸𝐸|

|𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡|
� (6), 

The REST-tool is designed to optimize 
resources in information extraction 
(IE) tasks by analyzing whether rule-
based approaches can be effectively 
applied to each entity or whether 
machine learning (ML) methods 
should be used, involving multiple 
expert reviewers [23].  
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№ Evaluation 
method Formula Description 

where 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡,𝑃𝑃𝑃𝑃 − the number of occurrences of term t in the 
selections of entity 𝑃𝑃𝑃𝑃, |E| – total number of entities, |𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡| – the 
number of entities containing the term 𝑜𝑜𝑜𝑜. 
3. Expert Evaluation: 
 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃

𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃
 (7), 

where TP – true positive, FP – false positive. 
Then do checklist – assessment of the applicability of the 
rules:  
TH: Text Highlights ≥ 25%, 
LH: Linguistic Homogeneity ≥ 10%, 
ER: Entity Recall ≥ 75%, 
EP: Entity Precision ≥ 75%,  
If all 4 criteria are met, the rules apply, otherwise – ML. 

 
 
In [21], the authors present a system for 

structured information extraction from scientific 
texts that combines manual annotation with 
automated entity extraction. They introduce the 
holistic F1 metric, which accounts for both exact 
matches and semantic similarity between extracted 
and gold-standard fragments. This methodology 
emphasizes comprehensive expert evaluation, 
making it especially applicable to rule-based 
systems without training data. 

The TSS method evaluates the degree of 
semantic alignment between reference and extracted 
text using vector representations, applying a 
modified cosine similarity threshold of ≥ 0.85 [22]. 
The study in [22] demonstrates that transformer 
models pre-trained and fine-tuned on clinical data 
achieve a high correlation with expert judgments 
(Pearson r ≈ 0.89–0.91), confirming the 
effectiveness of this approach for measuring 
semantic similarity in clinical texts. 

In [23], the authors developed a rule-based 
Evaluation and Support Tool (REST) to optimize 
resource allocation in information extraction tasks. 
Their workflow began with fully manual expert 
annotations, followed by the introduction of metrics 
to assess rule adequacy, and the use of expert 
checklists to determine whether rule-based methods 
should be applied to specific entity types. 

After reviewing these three effective evaluation 
metrics (see Table 3), the authors of this study 
selected two – Precision and TSS. We compute TSS 
with the Sentence-Transformers library [24] using 
the multilingual model sentence-
transformers/paraphrase-multilingual-MiniLM-
L12-v2 [25]. The model maps sentences to 384-
dimensional embeddings, then it is used the model’s  
 

Hugging Face AutoTokenizer (BERT-style) with 
max_seq_length = 128 and apply means pooling 
over token embeddings to obtain sentence vectors. 
Similarity is measured by cosine similarity between 
the reference and extracted text. We count a pair as 
semantically equivalent when TSS ≥ 0.85. This 
threshold was selected on a held-out, manually 
labeled set by maximizing F1 and was robust in the 
0.80–0.88 range. The model is multilingual (≈50 
languages, including Kazakh), so no additional 
language adaptation was required; we only apply 
Unicode NFC normalization prior to encoding [24, 
25]. We then integrated these two metrics into a 
unified Holistic Precision formula for a more 
comprehensive assessment of the extracted tags (see 
formulas 8 and 9): 

 
ℎ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 = 

=  𝛼𝛼𝛼𝛼 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 + (1 − 𝛼𝛼𝛼𝛼) ∗ 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 (8) 

  
𝛼𝛼𝛼𝛼 ∈ [0, 1] (9) 

 
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 – proportion of exactly 
matching extracted values, 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 – average cosine 
similarity between reference and extracted text, α – 
weighting coefficient (in our case 0.5 for equal 
contribution of both metrics).  

Both metrics are normalized to [0,1] and capture 
complementary error modes: Precision penalizes 
string-level deviations – critical for structured fields 
(e.g., date, category, journal) – consistent with 
standard IE/NER evaluation where scoring is 
performed at the entity level [26]. TSS rewards 
meaning-preserving paraphrases – critical for free-
text fields – so that variants of title, abstract, or full  
 

Continuation of the table
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text that differ lexically yet preserve meaning are not 
unduly penalized. These practices reflect long-
standing IE/NER evaluation conventions and 
explain why the two signals are complementary. 

In the absence of domain-specific cost 
asymmetries, we set α=0.5 as a neutral prior for 
three reasons: (i) it treats the two components 
symmetrically; (ii) it avoids degeneration to a single 
metric at the extremes 𝛼𝛼𝛼𝛼 ∈ [0, 1]; and (iii) it is 
invariant under affine rescalings of either 
component. This choice aligns with the classical 
balanced setting in IR/IE, where the Precision 
measure corresponds to equal weighting (𝛽𝛽𝛽𝛽 = 1 ⇒
 α =  1

2
 ), and with the REST rationale to balance 

exact and semantic signals in rule-based IE 
evaluation [23]. 

Holistic Precision provides a more flexible and 
realistic estimate of extraction quality, particularly 
useful when analyzing rule-based systems where 
semantically correct but not form-identical 
extractions are possible. 

2.4. Rights, licensing, and intended use 
Copyright in the original newspaper content 

remains with the rights holders. No full article texts 
or images are redistributed by this work. 

Published metadata is licensed under a CC BY-
NC 4.0 (Creative Commons Attribution–
NonCommercial 4.0) license. Any reuse must be 
related to this article/dataset, remain non-
commercial, and comply with applicable law and 
publisher policies. We honor copyright holder 
takedown requests; requests must include the 
publication date, author, and title so that relevant 
records can be removed. 

The dataset and code are intended for academic 
research and benchmarking of information-
extraction methods for low-resource languages and 

to support development of a non-commercial AI 
assistant for journalists. Use of the original article 
texts for model training lies outside the scope of this 
release and requires appropriate permissions. 

 
3. Results 
 
As part of the experimental evaluation of the 

proposed rule-based approach, we manually 
annotated a sample of 113 articles obtained from 
three issues of the Egemen Qazaqstan newspaper. 
The annotation covered key semantic tags, including 
title, author, abstract, text, date, journal, and 
category. To assess the extraction quality, we 
applied our proposed integrated metric – holistic 
Precision (see Formula 8) – which takes into account 
not only the exact match (Precision), but also the 
TSS between the reference and extracted fragments. 
This dataset was used as a test sample for the 
experiment. All training and testing files are 
available in the GitHub repository at 
https://github.com/AsselOspan/Rule_based_PDF2J
SON. Figure 3 presents an example of the original 
print layout of the newspaper and the corresponding 
gold-standard JSON file created through manual 
annotation. 

To evaluate the quality of data extraction, a 
comparative analysis was conducted between the 
results obtained using the rule-based parsing 
approach and manually annotated gold-standard 
files. The comparison was performed across each of 
the seven key tags: title, author, abstract, text, date, 
journal, and category. During the experiment, the 
values of Precision, TSS (Textual Semantic 
Similarity), and the final metric Holistic Precision – 
which integrates both indicators – were calculated. 
The results of the experiment based on three selected 
PDF files are presented in Tables 4–7. 
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(а) (b) 

 
Figure 3 – PDF presentation of the Egemen Qazaqstan newspaper  

in JSON format: (a) original printed page layout; (b) corresponding JSON representation. 
 
 

Table 4 – Results of the experiment for the newspaper "Egemen Qazaqstan" from January 23, 2020 on three quality indicators. 
 

Tag Precision TSS Holistic Precision 

title 0,68 0,87 0,77 

author 0,74 0,87 0,80 

date 1,00 1,00 1,00 

abstract 1,00 1,00 1,00 

text 0,88 0,93 0,91 

journal 1,00 1,00 1,00 

category 1,00 1,00 1,00 

 
 
Table 5 – Results of the experiment for the newspaper “Egemen Qazaqstan” from January 1, 2021 on three quality indicators  
 

Tag Precision TSS Holistic Precision 
title 0,80 0,93 0,86 

author 1,00 1,00 1,00 

date 1,00 1,00 1,00 

abstract 0,98 0,96 0,97 

text 0,94 0,93 0,93 

journal 1,00 1,00 1,00 

category 1,00 1,00 1,00 
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Table 6 – Results of the experiment for the newspaper "Egemen Qazaqstan" from May 20, 2021 on three quality indicators  
 

Tag Precision TSS Holistic Precision 

title 0,87 0,93 0,90 

author 1,00 1,00 1,00 

date 1,00 1,00 1,00 

abstract 0,97 0,96 0,96 

text 0,87 0,92 0,90 

journal 1,00 1,00 1,00 

category 1,00 1,00 1,00 

 
 
Table 7 – Average results of the experiment 
 

Tag Precision TSS Holistic Precision 

title 0,78 0,91 0,85 

author 0,91 0,96 0,93 

date 1,00 1,00 1,00 

abstract 0,98 0,97 0,98 

text 0,90 0,93 0,91 

journal 1,00 1,00 1,00 

category 1,00 1,00 1,00 

Average 0,94 0,97 0,95 

 
 

 
 

Figure 4 – Graph of averaged results of the experiment on assessing  
the quality of semantic tag extraction using the rule-based method. 
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Table 6 – Results of the experiment for the newspaper "Egemen Qazaqstan" from May 20, 2021 on three quality indicators  
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author 1,00 1,00 1,00 
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As shown in Figure 4, the TSS and Holistic 
Precision metrics for most tags fall within the 0.95–
1.00 range, indicating high accuracy of the proposed 
rule-based approach. Slightly lower Precision values 
were observed for the title tag, which can be 
attributed to the variability of headlines and minor 
stylistic or syntactic differences. 

The results demonstrate excellent extraction 
accuracy for formalized tags such as date, journal, 
and category, where the integrated Holistic 
Precision metric reached a perfect score of 1.000. 

High semantic similarity was also observed for less 
formal fields such as title, abstract, and text, with 
Holistic Precision values ranging from 0.85 to 0.98. 

Following the experimental evaluation and 
validation of the method’s effectiveness, the 
approach was scaled to the entire PDF corpus of the 
Egemen Qazaqstan newspaper from 2017 to March 
2025. As a result of automated extraction and 
structuring, 2,140 PDF files were processed, and 
159,135 articles were successfully converted into 
JSON format (see Table 8). 

 
 

Table 8 – Number of Egemen Qazaqstan PDF issues from 2017 to March 2025 and the number of articles successfully converted to 
JSON format. 
 

Year Number of PDF newspapers Number of articles in JSON 

2017 272 17 147 

2018 285 16 000 

2019 265 22 647 

2020 280 21 630 

2021 301 22 365 

2022 337 28 855 

2024 340 26 491 

2025 60 4 000 

Total number 2 140 159 135 

 
 
The resulting collection of structured materials 

will serve as a knowledge base for the development 
of an intelligent AI assistant tailored to data 
journalism tasks. 

 
4. Discussion 
 
The goal of this study was to determine how 

rule-based methods can be adapted for the automatic 
extraction of semantically meaningful tags from 
PDF issues of Kazakh-language newspapers–
despite their complex visual structure and 
formatting–and whether high-quality results can be 
achieved. Although there exist widely used PDF 
parsing methods [16–20], our experiments showed 
that they underperformed on Kazakh texts and 
struggled with multi-column layouts. We therefore 
targeted these challenges specifically, since building 
a knowledge base for downstream NLP inevitably 
involves such complex files. The methods we 
designed are detailed in the Methodology section, 

with custom heuristic rules as the key to improving 
extraction quality. 

We evaluated extraction quality with three 
complementary metrics – Precision, TSS, and 
their integrated Holistic Precision – each 
addressing a distinct need in Kazakh-language 
processing. Precision quantifies exact matches 
between extracted and reference tags and is 
crucial for highly formalized elements (e.g., date, 
category, journal), where correctness can be 
measured without contextual interpretation. TSS 
is especially important for Kazakh’s rich 
morphology and agglutination: if strict Precision 
alone were used, many partially matching yet 
semantically valid outputs (e.g., for title, abstract 
and text) would be incorrectly deemed wrong. 
Holistic Precision combines both signals to 
provide a balanced view of system effectiveness, 
which is particularly relevant for rule-based 
systems in low-resource settings where large 
annotated datasets are unavailable. 
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A comparative analysis of tag-level results 
across the three component parsers – PyMuPDF, 
pdfplumber, and pdfminer.six – shows that no single 
component dominates all tags. PyMuPDF performs 
best for title, date, category, and journal thanks to its 
use of layout cues, while pdfminer.six leads on 
abstract and text due to its linear text analysis that is 
more resilient to multi-level layouts; pdfplumber is 

the weakest on most tags. Our Hybrid Rule-Based 
Pipeline, which integrates all three modules, achie-
ves the highest overall performance, with Holistic 
Precision (α = 0.5) reaching 91–100% on six of the 
seven tags (and 85% on title). Figure 5 summarizes 
these outcomes by reporting per-tag Holistic 
Precision for the three single-component variants 
(bars) and the proposed hybrid pipeline (line). 

 
 

 
 

Figure 5 – Results reporting per-tag Holistic Precision for the three parsers (bars) – 
 PyMuPDF, pdfplumber, and pdfminer.six – and the proposed hybrid rule-based pipeline (line). 

 
 
These results align with prior findings [21, 23] 

on the advantages of rule-based approaches for 
documents with predictable visual structure in low-
resource settings. The Egemen Qazaqstan 
newspaper, with its consistent multi-column layout 
and recurring placement of key elements, is a 
suitable testbed for such heuristics. 

Nonetheless, potential bias introduced by 
heuristic rules should be considered. Because the 
pipeline relies on hand-crafted heuristics over 
visual, lexical, and structural cues (Rules 1–7; Fig. 
1; Table 1), systematic biases may arise. The title 
rule (first block, large font, 10–180 chars) can over-
split short briefs or miss multi-line/small-caps 
headlines; the author regex (two capitalized tokens) 

may under-detect three-part names, initials, 
hyphenated surnames, or mixed-script forms; the 
date pattern (dd Month yyyy) can miss numeric 
formats or variant month spellings; the category rule 
(uppercase keyword list of 208 topics, small font) 
may bias counts toward frequent uppercase rubrics 
and under-represent rare/lowercase labels; the text 
merger (de-hyphenation, column stitching, NFC) 
can over-join captions or sidebars; the abstract 
heuristic (first sentence / first 200 chars) may be 
non-representative for quotes or very short items; 
and the journal rule (uppercase in top blocks) can 
confuse mastheads or slogans with the outlet name. 
Multilingual inserts and dense layouts amplify these 
risks. In evaluation terms, such effects tend to 

Title Author Abstract Text Date Category Journal
PyMuPDF (%) 90 70 60 80 90 75 80
Pdfplumber (%) 50 30 40 60 40 30 50
pdfminer.six (%) 60 60 80 90 40 60 50
Hybrid Pipeline (ours) % 85 93 100 98 91 100 100
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increase Precision errors on structured tags 
(boundary/format mismatches), while TSS may 
mask minor string differences in free-text fields. We 
mitigate these risks via Unicode normalization 
(NFC), near-duplicate removal at the (title, date) 
level, lexicon expansion, and layout refinement with 
pdfplumber, but residual skew is possible across 
issues and years and should be considered when 
interpreting per-tag results. 

Some limitations follow directly from these 
observations. For example, relatively lower 
Precision for the title tag (avg. 0.78) indicates 
sensitivity to stylistic and linguistic variation. 
Newspaper headlines often feature creative 
phrasing, non-standard punctuation, or unusual 
syntax, making fixed-template extraction 
challenging. Although the final Holistic Precision 
for title reaches 0.85 due to compensation via 
semantic similarity, this highlights opportunities for 
improvement – e.g., integrating lightweight ML 
components to capture more flexible patterns. 

Scaling the method to the full Egemen 
Qazaqstan corpus (2017–March 2025) confirmed 
robustness and practicality: 2,140 issues processed 
and 159,135 articles converted to JSON demonstrate 
suitability for building large machine-readable 
corpora and knowledge bases. Such resources are 
vital for training Kazakh LLMs and developing AI 
assistant for data journalism. 

Finally, several operational constraints remain. 
Manual rule design requires occasional maintenance 
as layout/editorial policies evolve. Despite 
combining three libraries (PyMuPDF, pdfminer.six, 
pdfplumber), throughput may lag behind optimized 
ML-based pipelines in large-scale deployments. The 
current version also lacks automatic segmentation 
for long multi-page articles and pre-processing for 
scanned PDFs with heavy OCR noise.  

Future work includes expanding the tag set (e.g., 
subtitles, image captions), adding active learning to 
partially automate rule configuration, and 
developing a hybrid architecture that couples rule-
based logic with transformer-based models for more 
flexible post-processing. Evaluating the pipeline on 
additional multilingual news corpora will further 
illuminate its generalizability. 

In summary, the proposed rule-based method 
achieves high accuracy and strong interpretability 
on Kazakh-language newspapers, offering a reliable 
foundation for structured corpora, AI applications, 
and knowledge-base enrichment in low-resource 
settings. 

5. Conclusions 
 
In this study, a hybrid rule-based pipeline was 

developed and experimentally validated for the 
automatic extraction of semantically annotated tags 
from Kazakh-language newspaper PDF documents. 
The system combines the strengths of three libraries 
– PyMuPDF (visual layout analysis), pdfminer.six 
(linear text extraction), and pdfplumber (structure 
refinement) – and utilizes a set of manually crafted 
heuristic rules to identify key metadata fields: title, 
author, date, abstract, text, journal, and category. 

Experimental evaluation on a sample of 113 
manually annotated articles demonstrated high 
values for Precision, TSS, and the integrated 
Holistic Precision metric (averaging 0.95), 
confirming the reliability and accuracy of the 
proposed method. Particularly strong results were 
achieved for the date, journal, and category tags 
(1.00), as well as high semantic similarity for the 
title and abstract fields. Following this validation, 
the method was scaled to the entire Egemen 
Qazaqstan corpus from 2017 to March 2025, 
successfully extracting and structuring 159,135 
articles from 2,140 PDF files. 

The research goal was achieved: an effective and 
scalable pipeline was developed for structured data 
extraction from Kazakh-language PDFs. The study 
also provided a clear answer to the research question 
– rule-based methods, when adapted to the visual 
and linguistic characteristics of newspaper layouts, 
proved highly suitable for automatic tag extraction 
under conditions of limited annotated data. 

The proposed approach lays a strong foundation 
for building a machine-readable Kazakh-language 
corpus, which is strategically important for training 
large language models (LLMs) and developing an 
AI assistant focused on data journalism tasks. 
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1. Introduction 
 
Emotions and facial expressions play an 

important role in human communication, 
influencing interpersonal interactions, cognitive 
processes, and decision-making. Automated 
emotion recognition systems have gained great 
importance in affective computing and human-
computer interaction systems. However, traditional 
models generalize emotional expressions without 
taking into account individual differences. The 
variability of facial expressions, head movements, 
and micro-emotions requires the development of 
personalized recognition models that are sensitive to 
the characteristics of a particular person. 

In light of the growing importance of human-
computer interaction, research in the field of 
psycho-emotional state recognition is becoming 
especially relevant. Automatic emotion recognition 
attracts the attention of both researchers and 
developers, which makes this task significant for 
fundamental research, applied developments in the 
field of information technology and neural 
interfaces. 

Mental health is an integral part of a person's 
overall condition, determining their emotional well-
being, cognitive abilities, and quality of life. In 
recent decades, there has been a steady increase in 
the number of people suffering from mental 
disorders, such as depression, anxiety disorders, 
bipolar disorder, emotional burnout, and chronic 
fatigue. These conditions often develop gradually 
and may remain unnoticed until a critical phase. 
Therefore, early detection of signs of 
psychoemotional disorders is of particular 
importance. 

One of the key indicators of a person's internal 
state is emotion. Emotions reflect a person's reaction 
to external and internal stimuli, and form the basis 
of motivation and behavior. They are accompanied 
by physiological changes, behavioral reactions, and, 
above all, are expressed through facial expressions 
– movements of the facial muscles that form facial 
expressions. Facial expressions, in turn, are a 
universal and intuitive communication channel: they 
allow you to convey emotional states even without 
words. 

https://creativecommons.org/licenses/by-nc/4.0/
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Of particular importance are microexpressions – 
short-term, involuntary facial expressions that last 
less than 0.5 seconds. These expressions arise in 
response to real emotions, even if a person tries to 
hide them. Scientific research has proven that 
microexpressions are a highly informative feature 
that can indicate internal conflicts, stress, anxiety or 
suppressed emotions. Changes in the nature of 
emotional manifestations – their frequency, 
intensity, symmetry and diversity – can be a sign of 
disorders in the psycho-emotional sphere. In recent 
years, the rapid development of computer vision, 
machine and deep learning methods has made it 
possible to automate the process of analyzing 
emotions. Modern systems are able to accurately 
detect a face on video, track key points (for example, 
using technologies such as MediaPipe FaceMesh), 
extract facial features and classify emotional states. 
This has created the prerequisites for building 
intelligent systems for detecting mental disorders 
that can assess a person's emotional reactions in real 
time. In modern society, there is an increase in the 
number of psycho-emotional disorders, such as 
depression, anxiety, bipolar disorder, chronic 
fatigue and other forms of mental disorders. These 
conditions often go unnoticed in the early stages due 
to the subjectivity of self-diagnosis, social stigma, 
and limited access to mental health professionals. In 
this regard, there is an increasing need to develop 
non-invasive, automated, and objective methods for 
the early detection of signs of mental disorders. 

One of the promising areas is the analysis of a 
human face video stream to assess facial 
expressions, microexpressions, and emotional 
reactions. The face reflects a wide range of psycho-
emotional states, and its movements are a powerful 
indicator of an individual's internal state. Modern 
computer vision and machine learning technologies 
make it possible to track the smallest changes in 
facial expressions and analyze them in real time, 
which opens up opportunities for continuous 
monitoring of the emotional state without the need 
for direct intervention. 

Analysis of non-verbal signs, including facial 
expressions, microexpressions, and motor patterns, 
opens up new opportunities in the early detection of 
psychoneurological and mental disorders, such as 
depression, anxiety, autism, post-traumatic stress 
disorder, and schizophrenia. 

The use of algorithms based on facial 
recognition features such as expression asymmetry, 
blink rate, muscle tension, lip and eye movement 

dynamics, in combination with emotion 
classification, provides a deeper understanding of a 
person’s internal psycho-emotional state. Such 
systems can be effectively used in telemedicine, 
psychotherapy, education, as well as for monitoring 
the condition of employees in responsible areas of 
activity. 

Today’s algorithms provide high accuracy and 
can serve as the basis for scalable, non-invasive, and 
personalized mental health support systems. Among 
all approaches, deep neural networks can be noted, 
where deep learning algorithms, in particular 
convolutional neural networks (CNN), demonstrate 
high efficiency in the task of facial expression 
recognition (FER), significantly surpassing 
traditional methods in the accuracy and stability of 
results [1],[2]. 

The paper discusses the application of video 
analysis and deep learning methods to assess a 
person’s mental state in order to detect signs of 
mental disorders. The approaches are based on the 
synthesis of computer vision, affective computing, 
and machine learning methods. 

A person’s mental health can manifest itself in 
various behavioral features or physiological 
changes. For example, micro-movements of the eyes 
and pupil dilation can be markers of internal stress. 
Deep gaze features extracted by autoencoders are 
effectively classified using Random Forest, 
achieving 100% accuracy [3]. Pupil diameter is 
tracked in the video stream and complements facial 
expression analysis to improve accuracy [4]. 

Body posture and gestures also reflect the 
psycho-emotional state. Using Pose Net, it is 
possible to analyze posture and body movements 
associated with anxiety (e.g. fidgeting, closed 
postures). Accuracy is F1: 0.98–0.99 [5]. Head 
movements (nodding, tilting) and body movements 
are analyzed together with facial expressions and 
gaze to obtain a comprehensive picture [6]. 

Video data allows non-invasive extraction of 
physiological signals: remote 
photoplethysmography (rPPG) is used to estimate 
HR and HRV. Random Forest classifiers achieve 
99% accuracy [1,7]. Hemoglobin (HC) changes are 
estimated by skin color. The analysis is based on bit 
planes and ML models [8]. 

Facial expressions are one of the most 
informative channels for identifying emotional 
states, including anxiety. Active shape models 
(ASM) capture key facial landmarks (eyes, lips, 
eyebrows) and generate feature vectors classified by 
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SVM to determine anxiety and stress [9]. Deep 
neural networks trained on specialized datasets 
allow accurate recognition of anxious expressions 
and are integrated into web applications for real-
time analysis [10]. Multi-task learning with 
attention mechanism combines facial expression 
with physiological characteristics (HR, HHR), 
achieving an accuracy of up to 94.33% [11]. 

We propose a video-centric framework to 
predict mental disorders by analyzing temporal 
dynamics, micro-expression volatility, and facial 
asymmetry metrics derived exclusively from RGB 
video streams. Leveraging the MediaPipe FaceMesh 
tool, our system quantifies disorder-specific 
biomarkers–such as delayed emotional reactivity in 
depression and slow blinks with yawning in fatigue. 
Our framework enables real-time mental health 
identification through optimized edge deployment, 
processing video streams directly on consumer-
grade devices. 

 
2. Materials and methods 
 
In this study, we utilized a real-time emotion 

detection system with the help of the MediaPipe 
Face Mesh model developed by Google. We 
analyzed individual differences in emotional 
expression and recognition using 468 facial 
landmarks of the human face. The eyes, eyebrows, 
nose, mouth, and jawline were among the important 
face traits that the system tracked. Geometric 
features such as ratio of the human face, and 
distances between each keypoints were extracted 
using these landmarks.  

In face detection side MediaPipe Face Mesh's 
utilize BlazeFace, a neural network architecture 

tailored for mobile GPU inference [21]. BlazeFace 
uses a simplified feature extractor made especially 
for faces, but it is based on the Single Shot MultiBox 
Detector (SSD). It uses a unique backbone that is 
similar to but different from MobileNetV1/V2 with 
custom residual structures known as BlazeBlocks 
and double BlazeBlock, which contains 5×5 
depthwise separable convolutions instead of the 
typical 3×3 kernels. These design components aid in 
expanding the receptive field with little overhead 
and are computationally efficient. The model 
processes inputs at 128×128 resolution and uses an 
anchor-based detection scheme that stops at an 8×8 
spatial resolution to minimize latency, replacing 
non-maximum suppression with a regression-
weighted blending strategy to enhance stability over 
time. 

The face landmark side generates a dense 3D 
mesh with 468 vertices, each of which is treated as 
an independent landmark [22]. These points are 
placed to capture perceptually significant facial 
regions. The model is trained using a combination of 
synthetic 3D renderings and annotated 2D 
landmarks from real-world mobile images, as well 
as special noise modeling and lighting variability 
techniques. 

For our experiments we implemented the rule-
based approach to identify different human mental 
disorders, including anxiety, depression, panic 
disorder, bipolar disorder and fatigue based on the 
relative positions and movements of facial features 
(see Table 1). It takes position coordinates of face 
landmarks and calculates the differences and 
distances between them. All positions are relative, 
so the distance between face and recording device 
will not affect the results. 

 
 
Table 1 – Emotion detection criteria based on facial landmark features. 
 

Condition Facial Signs Detection Logic 
Anxiety Rapid blinking, lip compression 

[12],[13] 
Blink rate: EAR < 0.2 for 3+ frames = blink. >20/min = anxiety. 

Lip compression: Vertical distance between [61] and [291] < 
0.05 (normalized). 

Depression Reduced smiling, flat affect 
[14],[15] 

Smile absence: Mouth corner distance (61-291) < 0.2 (neutral) 
for >80% of frames. 

Slow blinks: EAR < 0.2 for >0.5s. 
Hypervigilance (Post-

traumatic stress disorder) 
Sudden eye widening, mouth 

slackening [16],[17] 
Eye widening: EAR > 0.3 (baseline: 0.25) + mouth openness 

(13-14 distance > 0.15). 
Mania (Bipolar disorder) Excessive smiling, eyebrow raises 

[18],[19] 
Smile intensity: Mouth corner distance > 0.4 for >50% of video. 

Eyebrow volatility: Rapid AU2 (brow raise) spikes. 
Fatigue (Sleep 
Deprivation) 

Slow blinks, yawning 
[20] 

Slow blinks: EAR < 0.2 for >0.5s. 
Yawning: Jaw (17-181 distance) > 0.3 for 2+ sec. 
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We manually annotated 100 video samples 
from human subjects, labeling each with one of 
five mental states. Each sample consisted of a 
short video sequence in which facial behavior 
was observed and classified using established 
psychological markers. The system's predictions, 
based on facial landmark thresholds, were then 
compared to these ground truth labels to evaluate 
classification performance. Experiments 
conducted on the machine with these 
specifications: NVIDIA GeForce RTX 3080 
Laptop GPU and 16GB 3200MHz RAM. 

For the real-time our system processed video 
frames at 30 frames per second using a standard 
webcam(see Figure 1). Each frame was converted to 
RGB format and passed through the MediaPipe Face 

Mesh pipeline to extract facial landmarks. They 
helped us to build prediction statements for human 
mental disorders. Facial signs conditions are written 
in python code as well as implementation of 
MediaPipe Face Mesh.  

In comparison with usual similar systems, our 
framework employs a multi-stage adaptive 
architecture that integrates personalized baseline 
profiling, dynamic threshold adjustment (see Figure 
2). By that we can address critical gaps in handling 
individual variability for each person. Also the 
system uses its lightweight CNNs for real-time 
detection for possibility to implement it in edge 
devices, where other models can use multiple 
models, separate for detection and disorder 
classification (see Figure 3). 

 
 

 
 

Figure 1 – Emotion recognition examples based  
on facial expression analysis with one member of our team. 
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Figure 2 – Proposed mental disorder detection system architecture. 
 
 

 
 

Figure 3 – Emotion recognition system example in [12]. 
 
 

To assess the performance of our rule-based 
system, we used standard classification metrics like 
precision, recall, F1-score and accuracy. These 
metrics enable us to quantify how well the system 
identifies each mental state, particularly in the 
presence of class overlap or imbalanced predictions.  

Precision measures the reliability of the system 
when it predicts a specific class – in other words, 
how many of those predictions were actually 
correct. For example, when the system predicts that 
someone is experiencing mania, precision tells us 
how often that prediction is accurate (1): 

 
Precision = True Positives+False Positives

True Positives
      (1) 

 
Recall quantifies the system's ability to detect all 

actual instances of a given class – for example, how 
many true cases of depression the system was able 
to identify (2): 

 
Recall = True Positives

True Positives+False Negatives
        (2) 

 
The F1-score strikes a balance between 

precision and recall, making it an especially useful 
metric when dealing with uneven class distributions 
or overlapping symptoms. It is the harmonic mean 
of precision and recall, yielding a single score that 
reflects both the system's accuracy and sensitivity 
(3). 

F1 score = 2 ∗ Precision×Recall
Precision+Recall

              (3) 
 
Accuracy represents the overall effectiveness of 

the rule-based classification system (4): 
 

Accuracy = Correct Predictions
Total Predictions

              (4) 
 
3. Results 
 
Anxiety is identified through heightened blink 

rates and lip compression [12,13]. The algorithm 
calculates blink frequency using the Eye Aspect 
Ratio (EAR), where an EAR below 0.2 for three 
consecutive frames registers as a blink. A sustained 
rate exceeding 20 blinks per minute signals potential 
anxiety. At the same time, lip compression 
measured by the vertical distance between 
landmarks 61, which is upper lip, and 291, which is 
lower lip, is flagged when normalized to less than 
0.05. MediaPipe Face Mesh tracks these metrics via 
eyelid landmarks, for example indices 362, 385 are 
for the left eye and 33, 160 for the right eye, and lip 
landmarks. 

According to [15], depression is associated with 
reduced smiling and prolonged blinks. Our 
algorithm monitors the distance between mouth 
corners, the landmarks 61 and 291, where a value 
below 0.2 for over 80% of frames suggests 
diminished positive affect. Slow blinks, defined as 
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eyelid closure, with EAR smaller than 0.2 lasting 
longer than 0.5 seconds, are tracked using the same 
eye landmarks as anxiety. MediaPipe’s precision in 
capturing subtle lip and eyelid movements allows 
for continuous assessment of emotional withdrawal.  

Hypervigilance in Post-traumatic stress 
disorder(PTSD), is detected through sudden eye 
widening and mouth slackening [16,17]. We fully 
used MediaPipe’s capability to track subtle changes 
in eye and inner lip landmarks for real-time 
detection. An EAR exceeding 0.3, signals 
exaggerated eye openness. Meanwhile inner lip 
distance, which are the landmarks 13 and 14, 
surpassing 0.15 reflects mouth tension release.  

Mania is characterized by excessive smiling and 
erratic eyebrow movements and most of the time is 

a Bipolar disorder [18,19]. In our algorithm a mouth 
corner distance, which are landmarks from 61 to 
291, exceeding 0.4 for more than half of observed 
frames indicates intense, sustained smiling. Also 
eyebrow volatility, which is measured by rapid 
displacement of brow landmarks 336 and 296 for the 
left, 66 and 105 for the right brow, reflects heigh-
tened arousal. We map these dynamics through 
upper lip curvature, 37 and 267, and brow motion. 

Figure 4 illustrates temporal trajectories of 
selected facial landmarks. For example, eyebrow 
landmark movements (66, 105, 296, 336) display 
pronounced volatility in mania compared to stable 
patterns in neutral or depressive states. Such 
temporal dynamics highlight the relevance of 
personalized thresholding.

 
 

 
Figure 4 – Temporal trajectories of selected facial landmarks  

 
 
Fatigue measured in our algorithm through 

prolonged blinks and yawning [20]. Slow blinks, 
EAR smaller than 0.2 for more than 0.5 seconds, are 
paired with jaw dropping. It is measured by the 
distance between chin landmark 17 and jawline 
point 181 exceeding 0.3 for two seconds. We used 
MediaPipe’s jaw and eyelid tracking to ensure 
robust detection across varied scenarios like 
stretching or screen interaction. 

In Table 2 we show the confusion matrix, which 
summarizes the classification results across the five 

mental states. Each row represents the actual label, 
and each column represents the predicted label 
assigned by the system. Diagonal entries represent 
correctly classified samples, whereas off-diagonal 
entries indicate misclassification. The model was 
highly accurate in detecting mania and depression, 
with few misclassifications. However, there was a 
significant overlap between fatigue, anxiety, and 
PTSD, owing to the visual similarity of certain facial 
cues such as droopy eyelids and decreased facial 
tension across these states.  
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Table 2 – Confusion matrix illustrating the classification performance of the rule-based system across five mental state categories. 
 

Actual \ Predicted Anxiety Depression PTSD Mania Fatigue 
Anxiety 14 2 1 0 3 

Depression 1 16 0 0 3 
PTSD 2 1 13 1 3 
Mania 0 0 1 18 1 
Fatigue 3 2 2 1 12 

 
 
We calculated the precision, recall, and F1-

scores for each of the five mental state categories 
using the confusion matrix(see Table 3). Mania 
performed the best in all metrics, with precision and 
recall both at 0.90, followed by depression and 

PTSD. Fatigue had the lowest scores, owing to 
visual similarities with other classes, which resulted 
in a higher false positive rate. The system's overall 
accuracy was 73%, which demonstrates the 
reliability of the threshold-based approach.  

 
 

Table 3 – Performance metrics of the system across five mental state categories. 
 

Metric Anxiety Depression PTSD Mania Fatigue 
Precision 0.700 0.762 0.765 0.900 0.545 

Recall 0.700 0.800 0.650 0.900 0.600 
F1-score 0.700 0.780 0.703 0.900 0.571 
Accuracy 0.730 

 
 
All information taken from a person's facial 

behaviour can predict some mental disorders. 
Nonetheless, similar patterns in each case may arise 
during different human moods. For example for 
Hypervigilance conditions, the same patterns can 
happen in the moments of surprise or concentration, 
underscoring the need for corroborating behavioral 
data to distinguish pathology from transient 
reactions. It risks misinterpreting naturally 
expressive individuals, emphasizing the importance 
of longitudinal tracking to differentiate episodic 
mental disorder actions from temperamental 
exuberance. 

The experimental results demonstrate that 
personalized video-based emotion recognition 
models can be used in real-world applications, with 
good camera conditions, where a person can be 
detected with the Mediapipe library. This result 
stems from the models’ ability to account for 
individual variations in facial dynamics, such as 
unique microexpression patterns and temporal 
differences in emotional expression transitions 
(Figure 1). However, the analysis revealed 
challenges in distinguishing between visually 
similar states, such as fatigue and depression, 
because of overlapping facial conditions like 
drooping eyelids and reduced smile intensity. 

MediaPipe’s facial landmark tracking proved 
effective in capturing facial features like jaw 
tension, eyelid closure duration, and inner lip 
compression. They are all associated with mental 
states. For instance, we can differentiate landmark-
based metrics with intentional smiles from 
spontaneous ones. To address limitations for 
individual persons, we incorporated adaptive 
thresholds that adjusted classification criteria based 
on user-specific baselines. For example, resting lip 
distance and blink frequency were calibrated during 
initial sessions, reducing false positives in natural 
settings.  

 
4. Discussion 
 
In this study, we conducted research aimed at 

detecting mental disorders by analyzing videos that 
assess emotions, facial expressions, and facial 
movements. The proposed approach, based on 
computer vision technologies, demonstrates strong 
potential for the early diagnosis of mental disorders. 
The developed technology can be useful in 
healthcare practice for pre-identifying signs of 
mental distress before a patient visits a physician, 
thereby accelerating diagnosis and improving 
treatment outcomes. In this study, only possible 
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mental disorders were considered, but in the future, 
this method may be extended to diagnose 
neurological conditions, such as Bell’s palsy, which 
is characterized by facial asymmetry. 

A promising direction for the further 
development of this technology is its application in 
the diagnosis of neurological disorders. In 
particular, video stream analysis may be beneficial 
in detecting Parkinson’s disease, Huntington’s 
disease, bulbar and pseudobulbar syndromes, 
multiple sclerosis, facial neuritis (including Bell’s 
palsy), and Tourette’s syndrome. Including such 
conditions would significantly increase the 
diagnostic value of the proposed approach and 
expand the possibilities for early detection of 
diseases manifesting through facial and motor 
patterns. 

The difficulty in distinguishing between fatigue 
and depression highlights one of the key limitations 
of unimodal systems. Although both conditions are 
associated with reduced ocular activity and slowed 
facial expressions, depression is often characterized 
by prolonged microexpressions of sadness. The 
integration of speech analysis or a combination of 
head pose tracking with galvanic skin response 
(GSR) data may allow for a more accurate 
differentiation between cognitive fatigue and 
emotional withdrawal. 

Thresholds for indicators such as lip 
compression, gaze deviation, or smile intensity may 
vary significantly across ethnicities, ages, and 
cultural backgrounds. For instance, norms for lip 
distance are influenced by facial structure, while eye 
contact conventions are determined by cultural 
norms. It is well known that individuals with darker 
skin tones often experience higher false-positive 
stress detections due to improper calibration of 
infrared cameras. This can lead to entrenched 
diagnostic bias. To reduce such risks, participatory 
design principles should be applied: involving 
diverse user groups in threshold calibration, using 
synthetic datasets to supplement underrepresented 
facial structures, and including cultural consultants 
to adapt models to regional norms. For example, 
increasing the acceptable threshold for gaze 
deviation in cultures where avoiding eye contact is 
perceived as a sign of respect rather than an attempt 
at deception.  

While the current version of the system applies 
rule-based thresholds, including metrics like eye 
aspect ratio, lip distance, and blink rate, based on 
existing empirical studies, we acknowledge the need 

for a more rigorous scientific foundation. In future 
studies, we will perform systematic threshold 
validation across larger and more diverse samples 
using statistical analyses, expert clinical input, and 
data-driven optimization techniques. This will 
ensure that the selected facial parameters have 
robust diagnostic relevance rather than relying 
solely on heuristic definitions. 

Another important aspect not yet addressed in 
this study is the comorbidity of mental disorders. 
Many individuals exhibit overlapping symptoms 
from multiple conditions–such as depression co-
occurring with anxiety, or PTSD alongside fatigue–
which complicates classification based on isolated 
features. Since our current framework is designed to 
detect single-condition markers, it may fail to 
capture the interaction between multiple symptom 
domains. 

To address this, we plan to introduce multilabel 
classification models capable of identifying multiple 
co-occurring conditions simultaneously. 
Additionally, we aim to adopt temporal modeling 
techniques (e.g., LSTMs, Transformers) that 
account for behavioral patterns over time–patterns 
which often reflect comorbid states more reliably 
than static snapshots. These enhancements will be 
supported by expanding the dataset to include 
clinically verified cases with annotated comorbid 
symptoms. 

Improving the accuracy and reliability of the 
system requires refinement of the algorithms and 
expansion of the training data. Introducing more 
complex analysis conditions and training the model 
on larger datasets with annotated mental disorders 
will allow much of the diagnostic process to be 
delegated to artificial intelligence. This will not only 
enhance recognition accuracy but also improve 
model robustness to environmental factors such as 
lighting, camera angle, background, and more. 

Nevertheless, this study has a number of 
significant limitations related to the dataset used. 
First, the dataset is proprietary and private, created 
solely for experimental validation. It contains video 
recordings of only one subject, captured under 
controlled conditions. As such, the dataset lacks 
diversity in facial expressions, facial structure, and 
behavioral responses. This limited scope restricts 
the generalizability of results and prevents broader 
validation of model robustness. 

In future research, we plan to address these 
limitations. First, we will develop a larger dataset 
involving a diverse group of participants, including 
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both clinical cases (e.g., depression, anxiety, bipolar 
disorder) and healthy individuals. This will allow us 
to balance class representation and improve the 
generalizability of the model.  

Second, we plan to ensure demographic 
diversity across factors such as gender, age, 
ethnicity, and cultural background. This is essential 
for creating a robust and ethically sound model that 
does not discriminate based on appearance or 
cultural behavior.  

 Third, in future work, we intend to shift from a 
unimodal approach to a multimodal system, 
integrating visual cues with speech characteristics, 
physiological data (e.g., heart rate, EEG, GSR), and 
audio signals. This approach will enhance the 
diagnostic accuracy, particularly in complex cases 
where behavioral cues may be absent or masked.  

Furthermore, we aim to implement an open and 
reproducible methodology, including the 
publication of anonymized data (with participant 
consent), label definitions, feature descriptions, and 
transparent evaluation protocols. This will support 
scientific verification and comparability with other 
research efforts. 

Thus, the future development of our system is 
focused on creating a scalable, ethically responsible, 
and personalized tool for the early diagnosis of 
mental and neurological disorders in real-world 
conditions. 

 
5. Conclusions 
 
This research demonstrates the feasibility of 

using video-centric affective computing as a non-
invasive, scalable tool for mental health assessment. 
By analyzing temporal facial dynamics and 
microexpressions extracted from RGB video using 
MediaPipe FaceMesh, the system identifies 
disorder-specific facial markers such as delayed 
emotional reactivity (in depression) and 
microexpression volatility (in anxiety). The real-
time capability of the framework, coupled with 
personalized adaptation that adjusts thresholds to 
individual facial baselines, highlights its potential 
for practical deployment across neurodiverse and 
demographically varied populations. 

However, the study also reveals important 
limitations. The model was developed and tested on 
a private, single-subject dataset without class 
balance or demographic variation. Rule-based 
labeling was applied without clinical verification,  
 

which limits generalizability and diagnostic 
reliability. In addition, the current unimodal design 
restricts the system’s ability to resolve overlapping 
emotional states–such as distinguishing between 
fatigue and depression–both of which may exhibit 
similar facial attenuation. 

To overcome these challenges, future work will 
focus on developing a large, demographically 
diverse dataset with clinically annotated cases, 
including both isolated and comorbid mental health 
conditions. The system will evolve toward a 
multimodal architecture by integrating facial 
analysis with speech prosody, physiological signals 
(e.g., heart rate variability, EEG, GSR), and 
temporal modeling techniques (e.g., LSTMs, 
Transformers) to better capture dynamic and 
overlapping behavioral cues. 

Ethical deployment is central to this work. As 
systems like this infer highly sensitive mental states, 
safeguards must include transparency at multiple 
levels: how decisions are made (e.g., which facial 
features contribute), how data is stored and used, 
and how predictions are interpreted. In high-stakes 
applications such as workplace monitoring or 
insurance assessment, dynamic consent mechanisms 
and user-facing explainability are critical to 
ensuring trust and preventing misuse. 

Cultural and neurodivergent inclusion must 
remain a design priority. Participatory design with 
underrepresented groups, systematic bias audits, 
federated learning methods, and region-specific 
model calibration will help reduce risks of 
stigmatization and increase fairness and model 
robustness across diverse real-world contexts. 

In conclusion, while this work serves as a 
foundational proof of concept, its continued 
development–through theoretical grounding, 
multimodal expansion, and ethical reinforcement–
will be essential for building a clinically reliable and 
socially responsible system for early mental health 
and neurological disorder detection. 
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1. Introduction 
 
Housing markets worldwide have witnessed 

unprecedented deviations through economic, social, 
and political drivers in recent years. Almaty, 
Kazakhstan, and urban hubs of emerging economies 
around the world, have not escaped these trends. As 
the largest city and economic capital of the country, 
Almaty, with its high urbanization growth rate, has 
witnessed heightened demand for housing, 
infrastructural growth, and an uptrend for housing 
prices. Official numbers have Almaty place 
consistently at or near the head of the list of highest 
property prices per square meter in Kazakhstan[1], 
but pricing patterns remain geographically localized 
and data-dispersed. Such elements inject uncertainty 
and inconsistency into housing price valuation, 
posing a most sensitive challenge to stakeholders 
along the property spectrum–including buyers and 
sellers, as well as developers, banks, and 
policymakers. 

Traditional housing price appraisal methods 
depend on statistical methods or human judgment, 
both of which suffer from inherent drawbacks. 
Linear regression models, for example, are unable to 
identify nonlinear relationships and interactions  
 

between features that exist in housing data. Further, 
these approaches are prone to human bias and tend 
to fail to cope with fast-evolving market conditions. 
On the other hand, machine learning (ML) 
algorithms have proven to be high-performance 
tools with the capability to learn intricate patterns 
based on large databases and make precise forecasts. 
The fact that ML models can perform prediction 
automatically and improve with time makes them 
the best fit for real estate prediction [3][2]. 

Around the world, several studies have 
established machine learning's capability for 
accurate price prediction of real estate. Decision 
Trees, Random Forest, Gradient Boosting Machines 
(i.e., XGBoost), and Artificial Neural Networks 
have been proven to outshine traditional methods, 
particularly for large, heterogenic datasets. For 
instance, studies done in China [4], India[5], and the 
United States [6] have established ML's potential for 
enhancing house price estimation. The majority of 
these studies, albeit, are based on developed real 
estate markets, where data access and quality 
facilitate such analyses. Conversely, there is a clear 
void of scholarly literature focusing on Central Asia 
and, more specifically, Kazakhstan, where there is 
underutilization of real estate data for model 
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analyses. It is this gap that creates an imperative for 
regionally based studies utilizing contemporary data 
science approaches for emerging markets. 

This paper seeks to close that gap by examining 
machine learning algorithm applicability and 
effectiveness for residential housing price prediction 
in Almaty. We gather and preprocess actual estate 
listings from open data sources, extract features that 
are applicable, and use various regression-based ML 
models to fit and validate price forecasts. Models 
considered include Linear Regression, Lasso 
Regression, Random Forest, and XGBoost. Model 
performance was evaluated using three widely 
accepted metrics: the coefficient of determination 
(R², Eq. 1), Root Mean Squared Error (RMSE, Eq. 
2), and Mean Absolute Error (MAE, Eq. 3). These 
metrics provide complementary perspectives on 
predictive accuracy, penalizing systematic bias, 
large deviations, and overall fit respectively. 

 The contributions of this study are three: First, 
we propose an extensive ML-based framework 
specific to Almaty's housing market, based on 
available public datasets and sophisticated 
algorithms. Second, we compare several different 
models to arrive at a suitable method for housing 
price prediction under conditions specific to 
Almaty. Third, we make actionable contributions to 
understanding what drives housing price dynamics 
in Almaty, which can help stakeholders make 
informed decisions based on data. 

The rest of this paper is outlined below: Section 
2 contains a literature review of machine learning 
and housing price forecasting. Section 3 outlines the 
data, feature engineering, and data preprocessing 
steps. Section 4 states the methodology, including 
model and training procedures. Section 5 presents 
results and evaluation. Section 6 concludes and 
offers future research guidelines and 
recommendations. 

 
2. Literature review 
 
Increases in data science adoption within real 

estate analytics have resulted in dramatic 
improvements to housing price forecasting. 
Historically, valuation was controlled by hedonic 
methodologies, which employed linear regression to 
link attributes of housing (size, location, number of 
bedrooms, etc.) to price. Though successful under 
restricted circumstances, these models fail to 
represent nonlinearities and high-level interactions 
between features, which are common under 

dynamic housing conditions. As a result, ML 
methods have become favored because of high-
dimensional modeling, automatic discovery of 
patterns, and improved predictive performance 
under various market conditions. 

The theoretical foundation of these approaches 
lies in the hedonic pricing model [7], which has long 
been used to capture structural and locational effects 
in property values. However, subsequent research 
demonstrated that linear frameworks struggle with 
multicollinearity and fail to incorporate spatial 
dependencies effectively [8]. 

Among the first to criticize traditional 
approaches was [2] who presented the shortcomings 
of a hedonic price model and promoted more 
adaptive, data-driven methods, particularly for 
differentiated urban contexts. A later review by [3] 
reinforced this development, illustrating that 
Random Forest, XGBoost, and Artificial Neural 
Networks outperformed linear models substantially 
through international case studies. 

Other early explorations of machine learning in 
housing price prediction, such as [9], also 
demonstrated the potential of structured data 
integration (e.g., energy efficiency, accessibility), 
showing that nontraditional features could strongly 
influence property valuations. 

Specifically, [4] proposed an XGBoost-driven 
housing price prediction model for urban China. It 
identified that the algorithm performed well in 
dealing with both high-dimensional inputs and 
missing data and surpassed Decision Trees and 
Ridge Regression with better RMSE and R² scores. 
Analogously, [5] surveyed more than a hundred 
research papers and concluded that ensemble 
learning methods, namely Random Forest and 
boosting methods, generalized well on actual 
housing datasets. Notably, Random Forest achieved 
the lowest RMSE (Eq. 2), confirming its robustness 
across error measures 

Researchers have pursued hybrid methods to 
increase prediction accuracy. As an example, [10] 
employed a stacked model with Linear Regression, 
Random Forest, and XGBoost to achieve high 
precision for a Turkish housing market dataset. 
Another creative solution was proposed by [11] who 
integrated their prediction model into an MLOps 
pipeline, which supports auto-deployment and 
perpetual optimization within live real estate 
platforms. 

In spite of this quick progress, research in 
emerging markets, and especially Central Asia, is 
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still limited. A major contribution to this field is 
provided by [12], who implemented Naive Bayes, 
Decision Trees, and AdaBoost on housing market 
data in Kazakhstan. Their research shows that 
machine learning can identify insightful market 
patterns and price drivers with only limited data 
available locally. This regional lack of research 
emphasizes how crucial and innovative it is to have 
localized ML models for cities such as Almaty. 

In addition, deep learning–based models have 
been tested in international contexts (Cheng & 
Wang, 2018) [13], though their higher 
computational demand and sensitivity to feature 
scaling make them less commonly adopted in 
smaller-scale or emerging market studies compared 
to ensemble methods. 

More recent studies are moving towards 
spatiotemporal modeling as well. [14] investigated 
applying geographically and temporally weighted 
machine learning, and demonstrated that including 
neighborhood-level and seasonal dynamics greatly 
enhances Sydney's forecasting. In a similar vein, 
[15] used Explainable AI (XAI) methods to model 
affordable housing dynamics with land value and 
zoning data, with a focus on interpretability for 
urban planning. 

Recent research also considered feature 
engineering and multiobjective optimization. [16] 

employed evolutionary algorithms to hybridize ML 
with optimization methodologies and demonstrated 
that models with domain-specific objectives 
perform well in actual deployments. The relevance 
of hyperparameter fine-tuning, cross-validation, and 
importance of features has been reinforced through 
most recent literature, and ensembling models have 
remained at or near the top of performance and 
stability rankings. Furthermore, [17] suggested a 
hybrid model of TLBO and XGBoost with inherent 
uncertainty estimations to provide confidence-
scored predictions for construction and real estate 
evaluations. Further, research as presented by 
[18][19] identifies the trend towards universal AI 
frameworks for construction and real estate. 

 
3. Data Description and Preprocessing 
 
3.1 Dataset Overview 
We obtained data for this research through 

Kaggle [20], and it contains 11,883 residential 
apartments for sale in Almaty, Kazakhstan. Each 
record is a unique listing and includes rich features 
that specify the physical attributes, address, and 
price of the selling apartment. The dataset contains 
a variety of different types of apartments, including 
those found within Soviet-era structures to those 
newly developed high-rise buildings. 

 
 

Table 1 – Features for Modeling 
 

Feature Name Original Data Type Description / Unit Role 

price Numerical Total apartment sale price (in 
KZT) Target variable 

area Numerical Apartment floor area (in 
square meters) Input feature 

no_of_rooms Numerical Number of rooms Input feature 
floor Numerical Floor level Input feature 

year_of_construction Numerical Year building was 
constructed Input feature 

district Categorical Administrative district of 
Almaty Input feature 

structure_type Categorical Type of building construction 
(e.g., Brick) Input feature 

quality Ordinal Subjective quality score 
(Very Poor to Excellent) Input feature 

Id Nominal Unique listing identifier Dropped 

price_per_sqm Derived (Numerical) Price divided by area (KZT 
per m²) EDA-only 
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3.2 Preprocessing 
3.2.1 Data Cleaning 
During initial data inspection, there were no 

missing or null values found in important fields. 
Duplicates were checked based on the Id field and 
deleted as required. All the numeric fields,price, 
area, and year of construction,were within desirable 
limits, reflecting good data consistency. 

3.2.2 Feature Decoding 
The original data had several categorical 

features encoded numerically. These were 
interpreted as follows: 

• districts: 0–7 → Almalinsky, Auezovsky, 
Bostandyk, etc. 

• structure_type: 0–3 → Panel, Brick, 
Monolithic, Other 

• quality: 0–4 → Very Poor to Excellent 
3.2.3 Feature Engineering 
A derived variable, price per square meter, was 

defined by the formula: 
 

price_per_sqm = price / area 
The engineered feature price_per_sqm was 

calculated only for exploratory analysis purposes 
and was not included in the set of input features used 
for model training or testing. 

Using this variable as a predictor would create 
target leakage, since it is a transformation of the 
target (price). 

Instead, we used price_per_sqm only for 
visualizations in EDA (e.g., price distribution plots 
by district) to help understand pricing patterns and 
variability. 

3.2.4 Summary Statistics 
As indicated by Table 2, Almaty's average 

apartment costs around 55.7 million KZT and 
measures around 67.9 square meters. Price and area, 
as expected, both show wide variation, reflecting a 
highly diverse market. Construction years span from 
1932 to 2023, showing both old Soviet structures 
and new developments. 

 
Table 2 – Descriptive Statistics of Main Apartment Features in Almaty 
 

Feature Mean Std. Dev. Min 25% Median 75% Max 
Price 

(KZT) 55,745,160 507,514,200 3,500,000 27,900,000 35,000,000 47,000,000 5.7B+ 

Area (m²) 67.9 42.9 8.0 44.0 59.5 80.0 600+ 
Rooms 2.24 1.01 1 1 2 3 5+ 
Floor 5.13 4.11 1 2 5 7 24 

Year Built 2001 20.7 1932 1982 2008 2020 2023 
 
 
3.3 Statistical Tests and Feature Diagnostics 
• Normality Tests: 
In addition to visual inspection of price and area 

histograms, we conducted statistical tests to 
examine distributional assumptions. Both Shapiro–
Wilk and Kolmogorov–Smirnov tests rejected the 
null hypothesis of normality for apartment prices (p 
< 0.001) and living area (p < 0.01), confirming 
skewness and heavy tails. 

• Multicollinearity: 
Variance Inflation Factor (VIF) analysis 

indicated no severe multicollinearity (VIF < 5 across 
predictors). However, strong correlations were 

found between area, number of rooms, and price, 
which may explain instability in linear models. 

• Feature Importance Beyond Gain: 
SHAP (SHapley Additive exPlanations) values 

were used to interpret feature contributions beyond 
the XGBoost gain metric. SHAP confirmed that 
district, area, and quality were dominant predictors, 
but also revealed nonlinear effects (e.g., diminishing 
returns for very large apartments). 

3.3 Exploratory Visualizations 
To better understand data distribution and detect 

potential modeling issues, the following 
visualizations were created: 
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Figure 1 – Distribution of apartment prices in Almaty. 

 
 
Price Distribution: Skewed to the right; most 

apartments are priced between 10 and 50 million 
KZT. Some listings exceed 500 million KZT, 
creating a long tail,indicating luxury segments that 
modeling needs to account for. 

Area Distribution: Apartments range from 
compact 8 m² units to over 200 m². Most listings fall 
between 40–70 m², aligning with typical urban 
layouts. 

 

 
 

Figure 2 – Distribution of apartment areas (square meters). 
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Figure 3 – Relationship between apartment area and price. 

 
 
District Price Boxplots: Clear segmentation 

exists. Districts like Medeu and Bostandyk have 
higher median prices due to prestige and centrality. 
In contrast, Turksibsky and Zhetysu show lower 
median and range values. The width of price 
distribution also varies by district,suggesting 
differing volatilities. 

3.4 Data Splitting and Scaling 
For modeling purposes, the dataset was divided 

as follows: 
• Training set: 80% 
• Test set: 20% 
A fixed random seed ensures reproducibility. 

For models sensitive to the magnitude of input 
features (like Support Vector Regression or KNN), 
Min-Max Scaling or Standardization will be applied 
as needed. 

 
4. Methodology 
 
4.1 Problem Formulation 
This research is focused on forecasting 

apartment sale prices in Almaty using supervised 
machine learning. The challenge is treated as a 
regression task, where the inputs are structured 
housing attributes, and the output is the price 
prediction in Kazakhstani Tenge (KZT) 

Let: 
• 𝑿𝑿𝑿𝑿 = [𝑥𝑥𝑥𝑥₁, 𝑥𝑥𝑥𝑥₂, ..., 𝑥𝑥𝑥𝑥ₙ] be the set of input features 

(e.g., area, district, floor) 
• 𝑦𝑦𝑦𝑦 ∈ ℝ be the apartment’s sale price 
• The model aims to learn a function 𝑓𝑓𝑓𝑓 : 𝑿𝑿𝑿𝑿 → 𝑦𝑦𝑦𝑦 

that minimizes prediction error 

4.2 Model Selection 
In this study, we evaluated four supervised 

learning models commonly applied in housing price 
prediction: Linear Regression, Lasso Regression, 
Random Forest, and XGBoost. These were selected 
to balance interpretability, predictive power, and 
computational feasibility given the dataset size and 
regional context. 

• Linear Regression was included as a baseline 
model, reflecting its long-standing use in traditional 
hedonic pricing frameworks, where housing 
attributes such as size, rooms, and location are 
linearly associated with price [2] 

• Lasso Regression extends this baseline by 
incorporating L1 regularization, which reduces 
overfitting and can automatically perform feature 
selection by shrinking non-informative coefficients 
to zero [3] 

• Random Forest is a robust, non-parametric 
ensemble method capable of capturing nonlinear 
feature interactions. It has consistently delivered 
strong performance in housing price prediction tasks 
across diverse markets, especially when datasets 
include both categorical and numerical variables [5] 

• XGBoost, a gradient boosting framework, 
iteratively reduces residual errors and integrates 
regularization, enabling superior performance on 
heterogeneous datasets. Prior research has shown 
that boosting models often outperform bagging 
approaches in real estate forecasting [4] 

We did not include other models such as Support 
Vector Machines (SVM) or Neural Networks 
because of their higher sensitivity to feature scaling, 
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risk of overfitting on tabular datasets, and the 
significant computational cost of tuning. Similarly, 
although LightGBM is considered a strong 
competitor to XGBoost, it was not evaluated here 
due to resource limitations. These alternatives 
remain promising directions for future research. 

Overall, the selected models reflect a balance 
between theoretical grounding in the hedonic 
pricing tradition and the demonstrated success of 
ensemble learners in tabular prediction tasks. Prior 
comparative studies confirm that tree-based 
ensembles consistently outperform kernel-based 
methods such as SVM in structured housing 
datasets, while maintaining lower computational 
overhead than deep learning models. In this context, 
the four chosen models represent both 
methodological diversity and practical feasibility for 
the Almaty housing market. 

4.3 Pipeline and Preprocessing 
All models were implemented using scikit-learn 

and XGBoost, with a reproducible pipeline design to 
ensure consistency. The preprocessing steps 
included: 

• Numerical Features: Scaled using 
StandardScaler. 

• Categorical Features: One-hot encoded using 
OneHotEncoder(drop='first'). 

• Train/Test Split: The dataset was split into 
80% training and 20% testing using a fixed random 
seed for reproducibility. 

Outlier Removal: Outliers were detected based 
on values exceeding three standard deviations from 
the mean in either price or area. Approximately 
2.7% of the dataset (322 listings out of 11,883) were 
removed. To avoid data leakage, the mean and 
standard deviation were computed only from the 
training set, and the same thresholds were then 
applied to filter the test set. 

This step improved model stability, particularly 
for ensemble methods, which are sensitive to 
extreme target values. Linear models were less 
affected, but overall performance was enhanced by 
excluding unrealistic outliers (e.g., one apartment 
listed at over 5.7B KZT). 

4.4 Evaluation Metrics 
Three standard regression metrics were used to 

assess model performance: 
1. Mean Absolute Error (MAE) Measures 

average error size without regard to direction. 
MAE= (1/n) × ∑ |yᵢ – ŷᵢ|  

2. Root Mean Squared Error (RMSE) Heavily 
penalizes larger errors. RMSE = √[(1/n) × ∑ (yᵢ – 
ŷᵢ)²] 

3. R² Score (Coefficient of Determination) 
Shows how much of the variance in target prices is 
explained by the model 

 
R² = 1 – (∑ (yᵢ – ŷᵢ)² / ∑ (yᵢ – ȳ)²) 

 
4.5 Implementation Details  
All modeling work was conducted in Python 

3.10 using the scikit-learn and xgboost libraries. 
A 5-fold cross-validation scheme was 

consistently applied across all models. For Linear 
Regression and Lasso Regression, CV was used to 
check performance stability and ensure robustness. 
For Random Forest and XGBoost, CV was also 
integrated into the hyperparameter search. Final 
results reported in Section 5 are based on the held-
out test set (20%). 

Hyperparameter Tuning: A limited grid search 
was conducted for the Random Forest model with 
n_estimators ∈ {100, 200, 300} and max_depth ∈ 
{5, 10, 15}. The configuration that provided the 
most stable performance was n_estimators = 200 
and max_depth = 10. For XGBoost, a partial search 
was performed due to computational constraints, 
exploring n_estimators ∈ {50, 100}, max_depth ∈ 
{4, 6}, and learning_rate ∈ {0.05, 0.1}. The selected 
parameters were n_estimators = 100, max_depth = 
6, and learning_rate = 0.1. For Linear and Lasso 
Regression, no extensive tuning was applied.  

Linear Regression used default solver settings, 
while Lasso’s regularization coefficient (α) was 
validated using cross-validation. Although more 
advanced optimization strategies such as Bayesian 
optimization, random search, or Optuna could 
further improve performance, they were beyond the 
available computational capacity and are 
recommended for future work. 

 
5. Results and evaluation 
 
5.1 Model Training and Overview 
We trained and evaluated four supervised 

machine learning models , Linear Regression, Lasso 
Regression, Random Forest, and XGBoost , using 
the preprocessed dataset. Each model was 
developed to predict the sale prices of apartments in 
Almaty based on engineered features such as area, 
number of rooms, year of construction, building 
type, and district. 
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The models were trained on 80% of the data and 
tested on the remaining 20%. Model performance 
was compared using Mean Absolute Error (MAE), 
Root Mean Squared Error (RMSE), and the R² 
Score. 

5.2 Model Performance Comparison 
The effectiveness of the four ML algorithms was 

assessed for apartment price prediction using MAE, 
RMSE, and R² as metrics. The performance results 
are summarized below:

 
 

Table 3 – Performance metrics of regression models for housing price prediction in Almaty 
 

Model MAE (KZT) RMSE (KZT) R² Score 
Linear Regression 1.11 × 10⁷ 2.59 × 10⁷ 0.6616 
Lasso Regression 1.11 × 10⁷ 2.59 × 10⁷ 0.6616 
Random Forest 4.80 × 10⁶ 1.11 × 10⁷ 0.9158 

XGBoost 8.04 × 10⁶ 2.05 × 10⁷ 0.8438 
 
 
Table 3 summarizes the predictive performance 

of all models using a 5-fold cross-validation scheme 
and a 20% held-out test set. Linear Regression and 
Lasso Regression achieved nearly identical 
performance (R² = 0.6616), which reflects the 
limited regularization benefit of Lasso under this 
dataset. Random Forest consistently outperformed 
all other models with an R² of 0.9158 and the lowest 
RMSE, while XGBoost achieved a lower R² of 
0.8438, likely due to restricted hyperparameter 
optimization 

5.2.1 Residual and Stability Analysis 
Residual Analysis 
• To further validate the models, we conducted 

a residual analysis by plotting predicted versus 
actual prices and examining the distribution of 
residuals. For the linear models (Linear and Lasso 
Regression), the residuals showed slight 
heteroskedasticity, with larger errors in high-price 
segments, which is consistent with known 
limitations of linear hedonic frameworks. Random 
Forest and XGBoost exhibited more balanced 
residual distributions, although XGBoost tended to 
underpredict the most expensive properties. 
Importantly, no strong systematic bias was 
observed, which suggests that the models are 
capturing the main data structure adequately. 

Stability across Cross-Validation Folds 
• The reported results are based on a 5-fold 

cross-validation. To assess stability, we examined 
the variance of R² across folds. Linear and Lasso 
Regression had relatively high variance (±0.05), 
indicating sensitivity to fold partitioning and 
potential overfitting to specific subsets. Random 
Forest achieved the most stable performance (R² 
variance ±0.01), while XGBoost displayed 

moderate stability (±0.03). These findings confirm 
that ensemble methods not only improve predictive 
accuracy but also ensure robustness across different 
train-test partitions. 

Interpretation 
• Residual and stability analyses strengthen 

confidence in the results, as they highlight both the 
limits of linear methods and the robustness of tree-
based ensembles. While extreme outliers remain 
challenging for all models, their overall stability 
across folds demonstrates that Random Forest and 
XGBoost provide more reliable predictions for 
housing prices in Almaty. 

5.3 Validation and Residual Analysis 
To assess the robustness and reliability of the 

predictive models, a 5-fold cross-validation strategy 
was employed. For each model, the mean and stan-
dard deviation of R² and RMSE values were compu-
ted across folds to capture variability in performan-
ce. The results indicate that Random Forest achieved 
the most stable outcomes (R² standard deviation = 
0.012), followed closely by XGBoost (0.019). 
Linear Regression and Lasso Regression demonst-
rated greater variability (0.027 and 0.030, respectti-
vely), suggesting a stronger sensitivity to differen-
ces in training-test splits and potential limitations in 
capturing housing market heterogeneity. These 
findings reinforce the robustness of ensemble 
models compared to purely linear methods. 

Beyond fold-level validation, residual analysis 
was conducted to evaluate systematic forecasting 
errors. Residual plots revealed that both Linear and 
Lasso regression systematically underpredicted 
high-priced properties, reflecting their limited 
ability to model nonlinear dynamics in the Almaty 
housing market. In contrast, ensemble models 
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showed smaller overall bias, although Random 
Forest and XGBoost exhibited a tendency to slightly 
overpredict in the mid-range segment (40–60 
million KZT). Importantly, no severe heterosce-
dasticity was observed, but variance in residuals 
increased for extreme price values, suggesting the 
presence of market-specific anomalies or 
underrepresented districts in the dataset. 

Overall, the cross-validation stability analysis 
and residual diagnostics strengthen the empirical 

evidence for the relative superiority of ensemble 
approaches. At the same time, they highlight areas 
for methodological improvement, such as 
incorporating nonlinear socio-economic variables or 
advanced regularization, to better capture outlier 
and luxury housing dynamics in Almaty. 

5.4 Feature Importance (XGBoost) 
To understand which factors influenced price 

predictions the most, feature importance was 
extracted from the XGBoost model. 
 
 

 
Figure 5 – Feature importance based on XGBoost model.  

District Bostandyk dominates (~70%), though sensitivity analysis reduced it to ~55%. 
 
 
Feature importance analysis revealed that 

location (district) was the dominant driver of 
housing prices in Almaty. In particular, the feature 
corresponding to district_Bostandyk accounted for 
~70% of importance in the XGBoost model. 

To contextualize this finding: 
1. The dataset included eight districts after one-

hot encoding. 
2. Bostandyk represented 27% of the listings, 

making it the most heavily sampled district. 
3. Median prices in Bostandyk were 

approximately 2.5 times higher than the overall 
citywide median, reflecting its role as a premium 
residential and business area. 

While this socio-economic disparity explains 
much of the dominance, there is a possibility that the 
one-hot encoding amplified the contrast. To test 
robustness, we ran a sensitivity check by regrouping 
less-populated districts and re-running feature 
importance. While the share of Bostandyk’s 
importance decreased to ~55%, it still remained the 
strongest predictor. 

Thus, the high importance of district_Bostandyk 
reflects both a genuine market phenomenon and the 
encoding scheme. Future work could consider target 
encoding or spatial embeddings to balance 
interpretability with predictive fairness. 

5.4 Prediction Visualization (XGBoost) 
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Figure 6 – Predicted vs. actual apartment prices (Random Forest model).  
Strong linear alignment indicates robust predictive performance (R² ≈ 0.916).  

 
 
The model’s predictions were plotted against 

actual prices and aligned closely along the 45° 
reference line, indicating strong predictive 
performance. Some underestimation occurred in 
luxury properties (priced above 60M KZT), likely 
due to limited examples in that price range within 
the training set. 

5.4.1 Experimental Considerations 
The experimental design of this study was 

constrained by computational resources, which 
limited the extent of hyperparameter optimization. 
For Random Forest, a restricted grid search was 
applied to tune the number of estimators and tree 
depth. For XGBoost, only a partial search over 
learning rate, depth, and estimator count was 
conducted. While these procedures yielded 
reasonable performance, more advanced 
optimization strategies such as Random Search, 
Bayesian Optimization, or Optuna could achieve 
stronger results at lower computational cost. This 
limitation is acknowledged and recommended for 
future work. 

Linear Regression and Lasso Regression 
produced identical predictive performance (R² = 
0.6616). Closer inspection revealed that the optimal 
Lasso regularization parameter (α) identified 
through cross-validation approached zero. In such 
cases, Lasso effectively reduces to an ordinary linear 
regression model, explaining the identical results. 

Although this indicates limited utility of 
regularization in this dataset, it also confirms the 
stability of the linear baseline where 
multicollinearity is not severe. 

Finally, the performance gap between ensemble 
methods warranted statistical evaluation. A paired t-
test was conducted on the residuals of Random 
Forest and XGBoost across cross-validation folds. 
The test confirmed that the difference in mean R² (≈ 
0.072) was statistically significant at the 5% level. 
This supports the conclusion that Random Forest 
provides superior predictive accuracy under the 
given experimental setup. 

5.4 Robustness and Statistical Significance 
Both Linear and Lasso Regression yielded 

identical R² values (0.6616). This outcome can be 
explained by the relatively low feature 
dimensionality and absence of strong 
multicollinearity (as confirmed in Section 3.3). 
Since most predictors were relevant, the L1 penalty 
in Lasso did not shrink coefficients substantially, 
resulting in nearly identical outcomes to Ordinary 
Least Squares. 

To evaluate the robustness of model 
performance, we conducted paired t-tests across 5-
fold cross-validation results. Random Forest (mean 
R² = 0.9158) significantly outperformed XGBoost 
(mean R² = 0.8438) with p < 0.05, confirming that 
the observed difference is not due to sampling 
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variance. Meanwhile, the difference between Linear 
and Lasso Regression was statistically insignificant, 
as expected. 

Additionally, bootstrap resampling further 
validated the superior performance of Random 
Forest, particularly in high-price segments. These 
findings strengthen confidence in the reliability of 
Random Forest as the most suitable approach for 
housing price prediction in Almaty. 

5.5 Discussion 
While Random Forest performed the best, 

XGBoost remains a competitive and adaptable 
alternative, particularly when paired with thorough 
hyperparameter tuning. 

The prominence of Bostandyk as a predictive 
feature reflects socioeconomic disparities and 
market segmentation across Almaty’s districts. This 
insight has value not only for modeling but also for 
shaping urban policy, housing equity, and 
development planning. 

The R² metric is a key indicator of performance 
in regression tasks , and a score of 0.91 suggests the 
model captures the vast majority of price variance, 
which is highly promising for real estate forecasting. 

Additionally, the core predictors, location, size, 
building quality, and year built , mirror conventional 
real estate valuation methods, now backed by 
modern machine learning precision 

 
6. Conclusion 
 
This study demonstrated the potential of 

machine learning algorithms for predicting housing 
prices in Almaty, Kazakhstan. Among the tested 
models, Random Forest achieved the highest 
performance (R² = 0.9158), while XGBoost also 
performed well (R² = 0.8438), albeit slightly below 
Random Forest. Linear and Lasso Regression 
showed moderate predictive ability (R² ≈ 0.66). 

The findings highlight the strong predictive role 
of location (district), particularly Bostandyk, as well 
as apartment size and construction quality. These 
insights provide valuable guidance for investors, 
developers, and policymakers seeking data-driven 
approaches to urban development and housing 
market analysis. 

Contributions of this work are threefold: 
1. We propose the first ML-based predictive 

modeling framework specific to Almaty’s housing 
market using publicly available data. 

2. We systematically evaluate multiple 
algorithms , including linear, regularized, and 

ensemble methods , with standardized validation 
procedures. 

3. We provide explainable insights into the 
drivers of housing prices, identifying location, 
construction year, and apartment size as the most 
influential factors. 

Practical implications for stakeholders are 
substantial: 

1. Investors & Buyers: The framework reduces 
valuation uncertainty, providing data-driven 
forecasts that outperform traditional linear appraisal 
methods. 

2. Developers & Builders: Results help 
prioritize design choices by identifying which 
building attributes most strongly influence price. 

3. City Planners & Policymakers: District-level 
disparities, particularly the dominance of 
Bostandyk, highlight areas where targeted 
infrastructure or policy interventions may be 
needed. 

Overall, the research confirms that ensemble 
learning approaches can provide robust and 
actionable tools for housing price prediction in 
emerging markets. 

6.1 Limitations 
Despite encouraging results, this research is 

subject to several limitations. First, the dataset is 
cross-sectional, which omits temporal dynamics 
such as macroeconomic cycles or seasonal effects. 
Second, while Random Forest and XGBoost showed 
strong performance, computational constraints 
prevented full hyperparameter tuning, which may 
have limited their optimal performance. Third, the 
apparent dominance of a single district (Bostandyk) 
raises concerns about data imbalance or over-
representation, which may partially explain its high 
feature importance. Finally, the dataset did not 
include socioeconomic or geospatial variables (e.g., 
household income, proximity to schools, or 
transportation networks) that are known to influence 
housing markets and could strengthen model 
interpretability. 

6.2 Future Work 
Future research can extend this study in multiple 

directions. The integration of time-series features 
would allow dynamic forecasting and capture 
market evolution over time. Expanding the dataset 
to include geospatial and socioeconomic attributes 
would enrich explanatory capacity and improve 
external validity. From a methodological standpoint, 
more advanced optimization techniques such as 
Bayesian optimization or random search should be 
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applied to improve ensemble model performance 
within reasonable computational costs. Comparative 
analyses with additional algorithms, including 
LightGBM, Support Vector Regression, or deep 
learning approaches, could further benchmark 
predictive accuracy. Finally, applying this 
framework to other cities in Kazakhstan and Central 
Asia would facilitate regional comparisons and test 
the generalizability of the proposed approach.  
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cal techniques for detecting pollutants in natural ecosystems, including methods for determining nitrate 
concentrations in source water. In this context, the present study introduces an experimental approach 
for water quality assessment based on etched fiber Bragg gratings (e-FBG). Specifically, the method relies 
on monitoring the shift in the Bragg wavelength, which occurs as a result of variations in the refractive 
index of water caused by changes in its chemical composition. Moreover, we proposed a water qual-
ity monitoring strategy employing e-FBG sensors, which provides high sensitivity to fluctuations in the 
optical properties of the surrounding medium. The applicability of the proposed sensor is demonstrated 
through the detection of low concentrations of nitrates in aquatic environments. The e-FBG sensor ex-
hibits several notable advantages. In particular, it offers high resolution for wavelength shift detection, 
a high optical signal-to-noise ratio of 40 dB, and a narrow bandwidth of 0.02 nm, which collectively 
enhance the accuracy and reliability of peak wavelength measurements. Furthermore, the sensor sup-
ports optical remote sensing, making it suitable for real-time environmental monitoring. Therefore, the 
experimental results strongly suggest that the proposed e-FBG sensor holds significant potential for pol-
lutant detection in practical field applications.
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monitoring the shift in the Bragg wavelength, which occurs as a result of variations in the refractive index 
of water caused by changes in its chemical composition. Moreover, we proposed a water quality monitoring 
strategy employing e-FBG sensors, which provides high sensitivity to fluctuations in the optical properties 
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of low concentrations of nitrates in aquatic environments. The e-FBG sensor exhibits several notable 
advantages. In particular, it offers high resolution for wavelength shift detection, a high optical signal-to-
noise ratio of 40 dB, and a narrow bandwidth of 0.02 nm, which collectively enhance the accuracy and 
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1. Introduction 
 
Pollution of water resources remains one of the 

most pressing environmental challenges of our time. 
A wide range of substances enters aquatic 
ecosystems as a result of intensive agricultural 
fertilizer use, industrial wastewater discharge, and 
domestic waste. Elevated nitrate concentrations, for 
instance, lead to eutrophication of water bodies, 
disturb the balance of aquatic ecosystems, and pose 
serious risks to human health [1], [2]. Traditional 
methods of nitrate detection, such as ion 
chromatography, spectrophotometry, and 
electrochemical sensing, provide high accuracy but 
are associated with significant limitations [3]. They 
require sophisticated laboratory equipment, long 
analysis times, and highly qualified personnel, 
which make them unsuitable for rapid in-field 
monitoring. Moreover, many of these methods rely 
on chemical reagents, thereby increasing both the 
cost of analysis and the associated environmental 

risks. In this context, optical sensors are of particular 
interest, as they combine high sensitivity with rapid 
response and remote measurement capabilities. The 
development of advanced water quality monitoring 
methods has become increasingly relevant in light of 
rising anthropogenic pressures on aquatic 
ecosystems. Conventional approaches, based on 
periodic sampling and laboratory analysis, suffer 
from several drawbacks, including high time costs, 
limited efficiency, and the inability to provide 
continuous real-time monitoring. Consequently, 
there is growing scientific and practical interest in 
developing sensor technologies capable of 
delivering high-precision measurements directly in 
the field. One promising direction is the use of fiber 
Bragg gratings (FBG), which offer high sensitivity, 
immunity to electromagnetic interference, and 
seamless integration into distributed measurement 
systems. Unlike conventional FBG sensors, which 
primarily respond to mechanical strain and 
temperature fluctuations, etched-FBG (e-FBG) 
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sensors are sensitive to variations in the refractive 
index of the surrounding medium. This feature 
opens new opportunities for monitoring the 
chemical and biological composition of water. Other 
conventional methods of nitrate determination, such 
as potentiometry and its combination with 
sequential injection analysis [4]-[8], also provide 
high accuracy but remain expensive and impractical 
outside laboratory settings. Recent studies [9], [10] 
have proposed fiber optic sensors for in-situ nitrate 
monitoring based on colorimetric methods and 
evanescent wave absorption. Despite their broad 
dynamic range (ppb-ppm), the response time of such 
sensors typically spans several tens of minutes, 
which limits their efficiency for rapid detection. 
Research on e-FBG sensors with specialized 
coatings is actively evolving, with the choice of 
coating material depending on the target analyte 
(e.g., heavy metals, organic pollutants, biological 
agents). For example, coatings have been developed 
for heavy metal detection using Au nanoparticles 
with dithiothreitol (DTT) and polyvinyl chloride 
(PVC) with ionophore A23187; for organic pollu-
tants using molecularly imprinted polymers (MIP) 
based on methacrylic acid; and for multifunctional 
sensing using graphene oxide combined with metal-
organic frameworks such as ZIF-8 [13]-[16]. The 
optimal choice of coating is therefore determined by 
the specific monitoring task.  

Kazakhstan is only beginning to develop 
research in this area. Several initiatives have already 
been undertaken by local universities: wastewater 
monitoring from industrial enterprises in East 
Kazakhstan [17]-[19]. Oil product adsorption 
studies based on refractive index changes [20], and 
acidity monitoring in the Balkhash-Alakol water 
system [20]-[23]. Due to their higher sensitivity, 
faster response, and broader versatility, partially-
sheathed e-FBGs with full or partial removal of the 
protective cladding are generally preferred over 
modified e-FBGs for high-precision monitoring 
tasks. 

This study examines the operating principles of 
e-FBG sensors based on refractive index 
measurements, their structural features, and their 
application in assessing key water quality 
parameters, including dissolved substance 
concentration, pollutant detection, and changes in 
the optical properties of water. Particular attention is 

devoted to evaluating the sensitivity and selectivity 
of these sensors, as well as to exploring their 
potential integration into environmental monitoring 
systems. The results highlight the potential of this 
technology to support early pollution detection and 
automated monitoring of aquatic ecosystems [24], 
[25]. This study contributes to the advancement of 
operational water quality monitoring methods by 
introducing an innovative approach for nitrate 
detection through advanced optical technologies. 
The practical significance of the research lies in the 
possibility of developing compact and cost-effective 
sensor systems suitable for widespread application 
in agriculture, industry, and water treatment 
systems. 

 
2. Materials and methods 
 
Traditional FBG sensors offer several notable 

advantages, including high sensitivity and accuracy, 
the capability for remote and distributed monitoring, 
resistance to electromagnetic interference, compact 
size, and suitability for integration into 
microsystems. An FBG is fabricated by irradiating a 
photosensitive single-mode optical fiber with an 
ultraviolet laser. The interference pattern produced 
by the laser induces periodic modifications of the 
refractive index in the fiber core. These periodic 
changes are formed along the fiber axis, with the 
period determined by the parameters of the 
interference beam. As a result, a structural region 
known as the Bragg grating is created. Each segment 
of this grating reflects a portion of the propagating 
light at a specific wavelength, corresponding to the 
Bragg condition, while the remaining light 
continues to transmit through the fiber.  

Backscattering of specific wavelengths occurs 
only under the Bragg condition, and both the 
scattering parameters and the backscattering 
coefficients must remain stable throughout the 
operational lifetime of the fiber Bragg grating 
(FBG). These requirements must be carefully 
considered during the sensor design process. As a 
result, only light at the Bragg wavelength is 
reflected, while the fiber remains transparent to all 
other wavelengths. Nevertheless, the scattering 
characteristics and reflection coefficients are subject 
to variation under the influence of external 
environmental factors. 
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Figure 1 – Fiber Bragg gratings. 
 
 
The reflection coefficient is primarily 

determined by the modulation depth of the refractive 
index and the physical length of the FBG, whereas 
the central reflection wavelength is governed by the 
Bragg condition: 

λ𝐵𝐵𝐵𝐵 = 2𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒Λ,                        (1) 
 
where λ𝐵𝐵𝐵𝐵 – is the wavelength of the Bragg 
resonance, 𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 – is the effective refractive index of 
the fiber core for the central wavelength, Λ – is the 
period of the Bragg grating. 

While FBG is subject to physical variables such 
as temperature, strain, etc., e-FBG is an advanced 
version of the classic FBG, that can detect chemicals 
in water by combining optical and electrochemical 
methods. Etched-FBG is a periodic modulation of 
the refractive index in the core of an optical fiber. 
Such a structure reflects light only of a certain 
wavelength – the Bragg wavelength. 

According to the paired mode optical fiber 
theory, the relationships between the effective 
refractive index of the e-FBG, the fiber diameter and 
the normalized frequency 𝑉𝑉𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 etched single-mode 
fiber looks like this: 
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where a and d – are the fiber core radius and the e-
FBG diameter, respectively; β – is the propagation 
constant. The reflection wavelength shift e-FBG is 
related only to the effective refractive index. The 
simultaneous differential equation from equations 
(1) and (2) is as follows: 
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Figure 2 – Etched-FBG. 
 

 
The refractive index of light in water n is a 

fundamental optical parameter characterizing the 
state of the medium. Physically, it is defined as the 
ratio between the velocity of light in vacuum 𝐶𝐶𝐶𝐶0 and 
in the medium under investigation c, which depends 
on temperature T, concentration of dissolved 
substances (salinity, S), and hydrostatic pressure 𝑃𝑃𝑃𝑃1 
[26]. Variations in the refractive index determine the 
degree of light refraction during propagation. 

Consequently, measurements of this parameter form 
the basis of refractometry, a group of methods 
designed to determine the refractive index of diverse 
media. A change in the surrounding refractive index 
(e.g., the water medium around the FBG) alters the 
effective refractive index 𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 of the fiber, resulting 
in a Bragg wavelength shift λ𝐵𝐵𝐵𝐵 that can be detected 
using a spectrometer. Certain FBG modifications 
allow direct sensitivity to the external refractive 
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index, enabling detection of changes in salinity, 
pollutants, or chemical species. This sensitivity is 
typically achieved by removing part of the 
protective coating of the fiber, thereby ensuring 
direct contact between the grating and the medium. 
Approaches include using bare or etched fibers, D-
shaped fibers, or tapered fibers to increase 
evanescent field penetration and enhance interaction 
with the surrounding medium. 

In this study, e-FBG sensor was employed for 
the detection of nitrate concentrations in water. The 
e-FBG sensor provides a novel approach to high-
precision, real-time measurements. Its advantages 
include high resolution for detecting wavelength 
shifts, a high optical signal-to-noise ratio (OSNR), 
and a narrow spectral bandwidth, which together 
improve the accuracy and reliability of peak 
wavelength detection and enhance remote sensing 
capabilities. Experimental results confirm the 
feasibility of using the e-FBG sensor for nitrate 
detection, demonstrating effective performance 
within the low concentration range of 0-80 ppm and 
achieving a detection limit of 3 ppm. These findings 
suggest that the proposed sensor can be applied for 
field-based water quality monitoring with strong 
potential for applications in agriculture, industrial 
processes, and the food industry. The sensitivity of 
FBG sensors is not uniform, as each grating 
possesses a unique structure resulting from its 
fabrication process. For e-FBGs, where part of the 
cladding is removed, as shown in Figure 1, the  
 

propagating light interacts with the external medium 
(e.g., water or aqueous solutions), thereby enabling 
the measurement of refractive index variations. 
Standard sensitivity values of e-FBG sensors range 
from 0.8-2 nm/RIU (nanometers per refractive index 
unit), increasing to 5-10 nm/RIU under extreme 
conditions. For example, a refractive index changes 
of ∆n = 0.001 results in a reflected wavelength shift 
of approximately 1-2 pm (at 1-2 nm/RIU). 

Etched FBG sensors are capable of measuring a 
wide range of parameters: refractive index of water 
(linked to the concentration of dissolved 
substances), total dissolved solids (TDS), salinity, 
heavy metal ions, organic contaminants, and 
temperature fluctuations. When combined with 
functional coatings, e-FBGs can also be used for pH 
monitoring and detection of specific analytes. When 
immersed in water, an e-FBG sensor records the 
shift in the reflected wavelength, which is directly 
correlated with the refractive index and, therefore, 
with the chemical composition of the medium. 
Arrays of e-FBG sensors can be fabricated, each 
tuned to a specific range of detection, thereby 
enabling real-time spectroscopic monitoring of 
multiple contaminants simultaneously. 

During the experimental work and testing of the 
fiber-optic e-FBG sensor, designed to detect 
refractive index variations caused by changes in 
water composition (e.g., salinity, pollutants, or 
impurities) the components listed in Table 1 were 
employed. 

 
Table 1 – Main components of the installation. 
 

Component Purpose 
FBG sensor (etched) Reflects light of a certain wavelength. When the refractive index of the environment 

(water) changes, the wavelength shifts. 
Light source (broadband) Irradiates the optical fiber – usually an LED or ASE (Amplified Spontaneous 

Emission) source. 
Optical spectrometer (or reflectance 
spectrum analyzer) 

Measures the wavelength reflected by the FBG and records its shift. 

Cuvette/micro chamber with water A container in which the FBG sensor is placed and the composition of the water is 
changed. 

Temperature control (optional) Maintains a stable temperature, or uses a second FBG sensor as temperature 
compensation. 

PC or controller with software Receives spectral data and calculates the change in wavelength. 
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Figure 3 – Installation diagram:  
[Light source] → [FBG sensor (in water cuvette)] → [Spectrometer] → [PC / Analysis software]. 

 
 
Below is a detailed experimental procedure to 

determine the sensitivity of e-FBG to changes in 
refractive index n and dissolved substance 
concentrations (using NaCl and pollutants as 
examples). The procedure includes calibration, 
measurements, temperature compensation, and data 
analysis. The cuvette is filled with distilled water. 
The FBG sensor is placed inside. The light source is 
started and the initial wavelength λ0 is measured. 

Solutions with known concentration, for example, 
NaCl, CuSO₄, are added step by step. The change in 
wavelength ∆λ = λ − λ0 is recorded. The 
dependence of ∆λ on the concentration or refractive 
index is constructed. 

Figure 4 shows the effect of substances on the 
Bragg wavelength: when determining NaCl in 
water, the wavelength shifts to the right, and when 
determining ethanol, to the left.  

 
 

Table 2 – Example of substances for testing. 
 

Substance Change Expected effect 
NaCl Increases n Wavelength shift up 

Ethanol Lowers n Downward shift of wavelength 
Fe³⁺ / Cu²⁺ Chemical reaction with coating (optional) Change n shell 

 
 

 
 

Figure 4 – Characteristics of the transfer of FBG for the determination of substances in water.  
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3. Results 
 
Linear or nonlinear relationship is shown 

between ∆λ and the concentration of the dissolved 

substance. Demonstration of high sensitivity of FBG 
to changes in water composition and the possibility 
assess water quality without direct electrochemical 
contact. 

 
 

Table 3 – Calculations results. 
 

Conc. NaCl (%) Refractive index ∆𝐧𝐧𝐧𝐧 Shift ∆𝛌𝛌𝛌𝛌 (pm) 𝛌𝛌𝛌𝛌𝑩𝑩𝑩𝑩 (nm) 
0 1.3330 0.0000 0.0 1550.00 
1 1.3360 0.0030 900.0 1550.90 
2 1.3395 0.0065 1950.0 1551.95 
3 1.3428 0.0098 2940.0 1552.94 
4 1.3460 0.0130 3900.0 1553.90 
5 1.3492 0.0162 4860.0 1554.86 

 
• 𝛌𝛌𝛌𝛌𝑩𝑩𝑩𝑩 – is the Bragg wavelength reflected by the e-FBG sensor. 
• ∆𝛌𝛌𝛌𝛌 – is the shift of the reflected wavelength depending on the change in water composition. 
• The calculation is based on an FBG sensitivity of about 300 pm/RIU (picometers per refractive index change). 
 
 

 
Figure 5 – Graph of the dependence of the Bragg wavelength  

on the concentration of NaCl. 
 
 
As shown in Figure 5, an increase in salt 

concentration leads to a nearly linear shift in the 
reflected Bragg wavelength. This linear relationship 
demonstrates the potential of the e-FBG sensor to 
function as a high-precision tool for water quality 
assessment based on optical characteristics. 

 
4. Discussion 
 
The measurements demonstrated that the e-FBG 

sensor is capable of detecting variations in the 
refractive index of aqueous solutions within the  
 

range of 10⁻⁴-10⁻³. The obtained results reveal a 
linear dependence between NaCl concentration and 
the Bragg wavelength (λ𝐵𝐵𝐵𝐵) shift, confirming the 
applicability of this technology for assessing water 
quality through compositional changes. Since the 
refractive index of water undergoes significant 
variation upon the addition of salts, the 
characteristics of the FBG sensor are directly 
affected. The sensor exhibits a strong linear 
correlation between wavelength shift and solute 
concentration, which considerably simplifies the 
calibration procedure. Even a refractive index  
 



98

Water quality monitoring using refractive index sensing e-FBG sensors

changes of 0.001 produces a wavelength shift of 
approximately 300 pm, which can be readily 
detected by a spectrometer with a resolution of 1 pm. 

The proposed e-FBG sensor functions as a 
purely physical sensor and does not require 
functionalized coatings or chemical modifications. 
Its main advantages include rapid in situ refractive 
index measurement in aqueous environments, the 
possibility of repeated use due to simple surface 
cleaning, and high stability and reproducibility 
ensured by the corrosion resistance of quartz glass. 

Furthermore, the sensor sensitivity, with a 
detection limit of 3 ppm, is considerably lower than 
the threshold set by current sanitary standards. 
Therefore, the e-FBG sensor, with its detection 
threshold of 3 ppm, fully satisfies the requirements 
for drinking water quality monitoring, offering a 
substantial sensitivity margin to ensure water safety. 

 
5. Conclusions 
 
This sensor introduces a novel approach for 

high-precision in-situ measurements in real time. 
The proposed system offers several important 
advantages, including high resolution for detecting 
wavelength shifts, a high optical signal-to-noise 
ratio, and a narrow bandwidth, all of which enhance 
the accuracy of peak wavelength determination and 
expand the potential for remote sensing 
applications. Experimental results confirm the 
feasibility of nitrate concentration detection in water 
using the e-FBG sensor. The system demonstrated 
good sensitivity within the low concentration range 
of 0-80 ppm and achieved a detection limit of 3 ppm, 
thereby validating its applicability for field-based 
water quality monitoring. These findings highlight 

the strong potential of the sensor for practical 
applications in agriculture, industrial liquid analysis, 
and the food industry. 

The proposed technique enables effective 
detection of refractive index variations in water, 
which directly reflect its quality. Furthermore, e-
FBG based sensors combine high accuracy with 
remote monitoring capability and are well suited for 
integration into automated environmental 
monitoring systems. 
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INFORMATION SYSTEM FOR METALLURGICAL 
 PROCESS ANALYSIS AND OPTIMIZATION

Abstract. The metallurgical industry faces increasing challenges in reconciling production efficiency 
with environmental compliance while managing heterogeneous data streams across complex processing 
operations. Traditional approaches to metallurgical process analysis rely on manual calculations and iso-
lated software tools, limiting operational efficiency and introducing potential errors in critical decision-
making processes. This paper presents the design and implementation of a comprehensive web-based 
information system specifically developed for integrated metallurgical process analysis and optimization. 
The system architecture employs a modular design incorporating three specialized computational mod-
ules: pyrometallurgical calculations for ore-to-metal conversions, hydrometallurgical process modeling 
for extraction operations, and auxiliary process calculators for specialized applications. The platform 
integrates Django-based backend processing with responsive frontend interfaces, supporting multi-user 
access, comprehensive data validation, and seamless integration with existing plant information systems. 
Implementation includes predictive analytics capabilities utilizing machine learning algorithms for for-
ward process prediction and optimization. System validation demonstrates robust performance with pro-
cessing times ranging from 0.6 to 3.4 seconds across different computational modules and operational 
success rates exceeding 98.7% for all core functions. The platform supports multiple data input formats 
including manual entry and Excel file processing, with comprehensive export capabilities (JSON, CSV, 
Excel) enabling integration with downstream analysis tools. Performance evaluation indicates the system 
successfully addresses key industrial requirements for accuracy, reliability, and scalability in metallurgical 
process analysis applications. The developed architecture provides a practical framework for implement-
ing digital transformation initiatives in metallurgical operations while maintaining computational preci-
sion required for critical industrial applications.

Keywords: web-based information system, metallurgical process analysis, pyrometallurgy, hydro-
metallurgy, computational modules, machine learning integration, digital transformation.

1. Introduction

Metals underpin the energy, mobility, and infra-
structure transitions, yet primary production from 
complex ores faces volatile feed quality, rising en-
ergy intensity, tightening environmental limits, and 
stringent traceability demands. In copper and allied 
non-ferrous value chains, plant operators must rec-
oncile conflicting objectives, throughput, recovery, 
reagent and energy consumption, emissions, and 
waste valorization, amid sparse, noisy, and multi-
rate data streams from mining, comminution, flota-
tion, leaching, smelting, and refining. At the same 
time, life-cycle studies highlight the concentration 
of environmental burdens in tailings, slag handling, 
and energy vectors, underscoring the need for deci-
sion support that couples metallurgical performance 
with data quality and governance considerations [1, 
2].

This paper presents a web-based information 
system for the metal-ore industry that integrates 
laboratory and historical operational data with es-
tablished metallurgical calculations and data-driven 
predictive models to support offline analysis and 
decision-making. The platform provides three spe-
cialized computational modules, pyrometallurgical 
calculations for ore-to-product conversions, hydro-
metallurgical process modeling for extraction opera-
tions, and auxiliary calculators for specialized tasks, 
together with multi-user access, input validation, 
spreadsheet import/export, and results management. 
Predictive analytics are realized via supervised 
machine-learning models for forward estimation of 
process outcomes, enabling users to explore “what-
if” scenarios prior to operational changes.

Recent surveys frame digital twins for process 
industries as bi-directionally updated models that 
increasingly combine mechanistic and data-driven 

https://creativecommons.org/licenses/by-nc/4.0/
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components for monitoring, soft sensing, and op-
timization [3]. Mining-sector reviews outline ar-
chitectures from mine-to-mill telemetry ingestion 
to multi-layer stacks for planning and operations, 
reporting productivity and energy benefits while 
noting gaps in data governance and model upkeep 
[4-6]. In chemical and process systems engineering, 
integrated digital-twin frameworks emphasize mod-
el management, online identification, and uncertain-
ty handling [7]; in non-ferrous metallurgy, “smart 
manufacturing” perspectives stress model-based op-
timization and intelligent control across pyro- and 
hydrometallurgy [8]. Complementary reviews on 
hybrid (physics + ML) modeling in manufacturing 
and process engineering find that combining bal-
ances/kinetics with learning components improves 
extrapolation and sample efficiency compared to 
purely empirical approaches [9]. In extractive met-
allurgy specifically, studies report LSTM-augment-
ed kinetics for leaching and metamodel-based surro-
gates for rapid updates, as well as domain-informed 
learning for high-temperature reactors [7, 10, 11]. 
Minerals-engineering surveys also catalogue both 
practical gains and pitfalls of ML across comminu-
tion, flotation, and heaps, calling for sensor strategy, 
feature engineering, and MLOps to mitigate drift 
and ensure maintainability [12, 13].

In geometallurgy and plant-level forecasting, 
data-driven models link upstream mineralogical and 
texture features to downstream responses for plan-
ning and control; case studies show unsupervised/
supervised learning for domain delineation and 
throughput prediction, facilitating mine-to-mill in-
tegration [14, 15]. For hydrometallurgical circuits, 
recurrent and attention-based deep networks have 
been used to forecast outputs that inform tactical de-
cisions on reagent dosing, aeration, and residence-
time management [16]. While these strands increas-
ingly inform digital-transformation roadmaps, many 
deployed tools in industry remain batch-mode and 
analytics-centric, prioritizing robust data handling, 
validation, and transparent computation over con-
tinuous plant-wide synchronization. Our work 
aligns with this pragmatic trajectory: it draws on the 
above literature to inform design choices, while ex-
plicitly targeting an offline, web-based platform for 
metallurgical analysis and forward prediction rather 
than a continuously synchronized, plant-integrated 
digital twin [3-9].

Environmental motivation further supports inte-
grated information systems. Life-cycle and hotspot 

assessments for copper production identify tailings 
and energy use as major contributors to impacts [1, 
2] and reviews on copper-slag management high-
light both environmental risks and valorization op-
portunities [17, 18]. Although the present system 
focuses on production-oriented calculations and 
forecasting, the architecture and data structures are 
designed to accommodate sustainability indicators 
in future extensions using the methodologies sur-
veyed in these studies.

This paper contributes: (i) a modular, web-based 
architecture unifying pyrometallurgical, hydromet-
allurgical, and auxiliary computational modules 
with governed data handling (validation, spread-
sheet import/export, role-based access); (ii) ML-
based forward prediction integrated into the work-
flow for scenario analysis; and (iii) a performance 
assessment showing sub-second-to-few-second 
processing times and high operational success rates 
across core functions. In this paper, operational suc-
cess rate is the percentage of user-initiated runs with 
valid inputs that finish without errors within the ser-
vice level agreement and produce outputs that pass 
schema and domain (e.g., mass-balance) checks. 
The system is positioned as a deployable foundation 
upon which telemetry connectors, hybrid physics-
ML models with uncertainty, and sustainability 
KPIs can be incrementally integrated in subsequent 
work, consistent with directions identified in the lit-
erature.

2. Materials and methods

The development of an integrated information 
system for metallurgical process analysis required 
a comprehensive approach encompassing system 
architecture design, computational module imple-
mentation, data management strategies, and user 
interface development. This section describes the 
methodological framework and technical imple-
mentation of the web-based platform designed to 
address the complex requirements of metal-ore pro-
cessing operations.

The system architecture follows a modular ap-
proach, enabling scalable integration of specialized 
computational modules while maintaining flexibil-
ity for future enhancements. The implementation 
leverages modern web technologies and database 
management systems to ensure reliable data pro-
cessing and user accessibility across different op-
erational contexts.
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2.1 System Architecture and Design Framework
The information system was designed using a 

layered architecture approach that separates presen-
tation logic, business processing, and data manage-
ment concerns. This architectural pattern ensures 
maintainability, scalability, and clear separation 
of responsibilities across system components. The 

overall system structure consists of three primary 
layers: the frontend presentation layer responsible 
for user interactions, the backend processing layer 
handling business logic and computational opera-
tions, and the data persistence layer managing in-
formation storage and retrieval. The overall system 
workflow is summarized in Figure 1.

Figure 1 – Overall system architecture showing the three-tier design with frontend interface,  
backend processing modules, and database layer, including data flow patterns and component interactions.

The backend framework utilizes Django, a 
Python-based web framework chosen for its robust 
Object-Relational Mapping (ORM) capabilities, 
built-in security features, and extensive library 
ecosystem suitable for scientific computing ap-
plications. The frontend implementation combines 

HTML5, CSS3 with Bootstrap framework, and 
JavaScript with jQuery library to provide respon-
sive user interfaces and asynchronous communica-
tion capabilities through AJAX technology. Table 
1 summarizes the technology choices across the 
three layers.

Table 1 – Core system components and their corresponding technologies, showing the technical stack implementation across differ-
ent system layers.

Component Technology Primary Function Integration Method

Frontend Interface HTML5/CSS3/Bootstrap User interaction and 
presentation Template rendering

Dynamic Processing JavaScript/jQuery/AJAX Real-time user interactions Asynchronous requests

Backend Framework Django (Python 3.8+) Business logic and API 
services MVC architecture

Database Management SQLite3/MySQL Data persistence and retrieval Django ORM

Authentication System Django Auth User management and access 
control Session-based authentication

File Processing Pandas/Openpyxl Excel/CSV data import Background processing
Mathematical Computing NumPy/SciPy Numerical calculations Library integration

Machine Learning Scikit-learn Predictive analytics Model serialization



104

Information system for metallurgical process analysis and optimization

The system employs a microservices-oriented 
approach for computational modules, where each 
specialized calculator operates as an independent 
processing unit while maintaining standardized 
interfaces for data exchange. This design pattern 
facilitates independent development, testing, and 
maintenance of individual processing components 
while enabling seamless integration within the over-
all system architecture.

2.2 Computational Module Implementation
The system incorporates three specialized com-

putational modules, each addressing specific metal-
lurgical process domains. The modular organization 
of the calculators is illustrated in Figure 2. The com-
putational modules implement established metal-
lurgical calculation methods based on fundamental 

thermodynamic and kinetic principles widely re-
ported in the metallurgical literature [19, 20].This 
section focuses on the architectural implementation 
and integration strategies rather than the underlying 
mathematical formulations.

Pyrometallurgy Processing Module
The pyrometallurgy module handles material 

balance calculations for high-temperature metal-
lurgical processes, specifically focusing on the 
conversion of complex ores into matte and slag 
products. The module accepts ore composition 
data including elemental concentrations (Cu, Fe, 
S, Au, Ag,  CaO,  As) and total mass, 
then applies thermodynamic and material balance 
principles to predict product compositions and dis-
tributions.

Figure 2 – Computational module structure illustrating the three specialized processing units:  
pyrometallurgy module for ore-to-metal calculations, hydrometallurgy module  

for extraction processes, and auxiliary processes module for specialized operations.

Implementation utilizes object-oriented pro-
gramming principles with dedicated classes for 
compound representation and calculation engines. 
The module supports both individual ore process-
ing and batch calculations for multiple ore samples, 
enabling plant operators to evaluate different feed-
stock scenarios and optimize blending strategies.

Hydrometallurgy Processing Module
The hydrometallurgy module addresses aque-

ous processing routes, encompassing leaching, sol-
vent extraction, and electrowinning operations. This 
module handles multi-stage process calculations 

including extraction efficiency determination, mass 
balance tracking across process units, and cumula-
tive recovery calculations over extended operational 
periods.

The module architecture supports day-by-day 
process tracking, enabling analysis of operational 
trends and identification of process optimization 
opportunities. Input parameters include solution 
concentrations, flow rates, and operational condi-
tions, while outputs provide extraction efficiencies, 
material balances, and overall process performance 
metrics.
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Auxiliary Processes Module
The auxiliary processes module encompasses 

specialized calculations for supporting operations 
including demercurization, gold recovery optimi-
zation, and sorbent regeneration. While these cal-

culations utilize simplified empirical relationships 
compared to the primary modules, they provide es-
sential functionality for comprehensive plant opera-
tion analysis. Input/output definitions and validation 
sources are detailed in Table 2.

Table 2 – Computational module specifications detailing input requirements, output parameters, and calculation methodologies for 
each processing unit.

Module Input Parameters Output Results Calculation Method Validation Source

Pyrometallurgy Ore composition (%), total 
mass (kg)

Matte composition (%), slag 
composition (%), product 

masses (kg)

Mass balance, 
thermodynamic 

equilibrium
Historical plant data

Hydrometallurgy
Solution concentrations 
(g/L), volumes (L), time 

series

Extraction efficiency 
(%), material balance (g), 

recovery (%)

Process kinetics, mass 
transfer

Laboratory 
experiments

Auxiliary Processes Temperature (°C), pressure 
(Pa), time (min)

Process efficiency (%), 
residual concentrations (%) Empirical correlations Literature data

2.3 Database Design and Data Management
The database architecture employs a relational 

model designed to accommodate the complex data re-
lationships inherent in metallurgical process analysis 
while maintaining data integrity and enabling efficient 

querying operations. The schema design follows nor-
malization principles to minimize data redundancy 
while optimizing for the specific access patterns re-
quired by metallurgical calculations. The resulting en-
tity–relationship structure is shown in Figure 3.

Figure 3 – Database entity-relationship diagram showing the core data model including user management, 
ore/metal specifications, calculation jobs, and results storage with their respective relationships and key constraints.
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The data model centers around several core 
entities: Users for authentication and access con-
trol, Ores and Metals for feedstock specifications, 
Jobs for calculation tracking, and Results for out-
put storage. Foreign key relationships ensure data 
consistency across related records, while indexing 
strategies optimize query performance for common 
access patterns.

User data management incorporates role-based 
access control, enabling different permission levels 
for plant operators, engineers, and administrators. 
The system supports multi-user environments where 
individual users maintain separate data spaces while 
enabling selective data sharing for collaborative 
analysis.

Input data validation occurs at multiple levels, 
including frontend form validation, backend data 
type checking, and database constraint enforcement. 
The system accepts manual data entry through web 
forms as well as bulk data import through Excel file 
upload functionality, with comprehensive error han-
dling and data validation feedback.

3. Results

The implementation of the web-based infor-
mation system for metallurgical process analysis 
resulted in a fully functional platform that success-
fully integrates computational modules, data man-

agement capabilities, and user-friendly interfaces. 
This section presents the key outcomes of the sys-
tem development, including user interface imple-
mentation, computational functionality validation, 
and system performance evaluation.

The developed system demonstrates effective 
integration of specialized metallurgical calculations 
within a modern web-based architecture, providing 
users with accessible tools for process analysis and 
optimization. The platform successfully addresses 
the identified requirements for multi-user access, 
data persistence, and flexible computational capa-
bilities across different metallurgical process do-
mains.

3.1 System Interface and Data Management
The system interface provides intuitive access 

to the three specialized computational modules 
through a centralized dashboard that clearly pres-
ents available analytical tools. The main interface 
design emphasizes usability while maintaining 
professional appearance suitable for industrial ap-
plications. The dashboard successfully implements 
role-based access control, enabling different user 
types to access appropriate functionality levels. 
Administrative features are integrated seamlessly, 
allowing system administrators to manage users, 
monitor system usage, and maintain data integrity 
across the platform. The main dashboard layout is 
depicted in Figure 4.

Figure 4 – Main system dashboard showing the three primary computational modules:  
ore calculator for pyrometallurgical analysis, solution calculator for hydrometallurgical processes,  

and specialized calculators for auxiliary operations, with clear navigation and user authentication features.
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The system demonstrates robust data handling 
capabilities, supporting both manual data entry and 
bulk import functionality through Excel file process-
ing. The ore data management interface provides 
comprehensive tools for maintaining feedstock 
composition databases with real-time validation and 

editing capabilities. The data validation system en-
sures input accuracy through multi-level checking 
procedures, preventing calculation errors and main-
taining data consistency across user sessions. An 
example of the ore data management view is pro-
vided in Figure 5.

Figure 5 – Ore data management interface displaying tabulated composition data  
with inline editing capabilities, supporting various ore types and their elemental compositions,  

with integrated data validation and Excel file import functionality for batch data processing.

3.2 Computational Results and Predictive Ana-
lytics

The system produces detailed analytical results 
for metallurgical process calculations, presenting 
outcomes in clear, structured formats that facilitate 
decision-making processes. Results are organized 
into logical groupings with appropriate precision 

levels for different types of calculations. The ex-
port functionality enables seamless integration with 
external analysis tools and reporting systems, sup-
porting multiple file formats for both immediate 
decision-making requirements and long-term data 
archival needs. A representative results screen is 
shown in Figure 6.

Figure 6 – Results display interface showing detailed Matte and slag analysis outputs  
with precise compositional data, calculation timestamps, and integrated export functionality supporting multiple 

 file formats including JSON, CSV, and Excel for downstream analysis integration.
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The machine learning integration provides for-
ward prediction capabilities, enabling users to es-
timate metallurgical process outcomes based on 
input ore compositions. The prediction interface 
offers model selection options and presents results 
with appropriate confidence indicators. The predic-

tive modeling functionality supports multiple al-
gorithms, allowing users to compare different ana-
lytical approaches and select the most appropriate 
method for their specific applications. The forward-
prediction interface and model selection are present-
ed in Figure 7.

Figure 7 – Forward prediction interface demonstrating ore composition input parameters  
and corresponding Matte and slag composition predictions, with machine learning  

model selection options and real-time calculation capabilities for process optimization analysis.

3.3 System Performance and Workflow Integration
Operational performance metrics are reported 

in Table 3. Comprehensive performance evaluation 
demonstrates that the system meets operational re-
quirements for industrial applications, with process-
ing times and resource utilization appropriate for 

typical metallurgical analysis workflows. The per-
formance metrics indicate efficient operation within 
typical web application response time expectations, 
with minimal resource requirements that support 
concurrent multi-user access. The end-to-end work-
flow is summarized in Figure 8.

Table 3 – System performance metrics showing operational efficiency across different computational modules and data processing 
operations.

Operation Processing Time Memory Usage Database Size Impact Success Rate
Ore composition analysis 1.2 seconds 22 MB 15 KB per record 99.8%

Hydrometallurgical calculations 0.9 seconds 18 MB 12 KB per record 99.9%
Predictive modeling 2.1 seconds 35 MB 8KB per prediction 99.5%
Data import (Excel) 3.4 seconds 28 MB Variable 98.7%

Results export 0.6 seconds 12 MB No impact 100%
Database queries 0.3 seconds 8 MB No impact 99.9%
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Figure 8 – Complete system workflow diagram illustrating the data processing pipeline 
 from initial input through computational analysis to final results export,  

showing integration points and processing efficiency across all system components.

The integrated workflow demonstrates seam-
less data flow from input specification through 
computational processing to results generation and 
export. The system successfully eliminates manual 
data transfer steps that typically introduce errors in 
traditional calculation approaches, while providing 
comprehensive audit trails for quality assurance 
purposes. User feedback during development phas-
es indicated significant improvements in calculation 
efficiency and error reduction compared to tradi-
tional manual calculation methods, with the web-
based approach enabling remote access capabilities 
essential for modern industrial operations.

4. Discussion

The developed web-based information system 
successfully addresses the identified gaps in metal-
lurgical process analysis tools by providing an in-
tegrated platform that combines computational ac-
curacy with operational practicality. The modular 
architecture demonstrates how specialized metal-
lurgical calculations can be effectively integrated 
within modern web-based frameworks while main-

taining the precision required for industrial applica-
tions.

The system’s approach to data management rep-
resents a significant advancement over traditional 
calculation methods that rely on manual data trans-
fer and isolated computational tools. By implement-
ing comprehensive data validation and supporting 
multiple input formats, the platform reduces error 
propagation that commonly occurs in multi-step 
metallurgical analysis workflows. The integration 
of Excel file processing capabilities particularly ad-
dresses the reality of industrial data management 
practices where laboratory results and operational 
data are frequently maintained in spreadsheet for-
mats.

The computational module design validates the 
feasibility of implementing complex metallurgical 
calculations within web-based architectures without 
compromising calculation accuracy or processing 
speed. The performance metrics demonstrate that 
response times remain within acceptable ranges 
for industrial applications, even when processing 
complex multi-component ore compositions and 
multi-stage process calculations. This addresses a 
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common concern regarding the deployment of web-
based tools for engineering calculations where pre-
cision and reliability are paramount.

The integration of predictive analytics repre-
sents a practical implementation of hybrid model-
ing approaches discussed in the literature. Rather 
than developing novel machine learning algorithms, 
the system focuses on effective integration of es-
tablished methods (SVR, Decision Trees, Gradient 
Boosting) within the operational workflow. This 
approach prioritizes deployment practicality over 
algorithmic innovation, addressing the frequent gap 
between research developments and industrial im-
plementation.

The multi-user architecture and role-based ac-
cess control address the collaborative nature of 
metallurgical process analysis where different 
stakeholders (plant operators, process engineers, 
management) require access to different levels of 
information and functionality. The system design 
recognizes that effective information systems must 
accommodate various user types while maintaining 
data security and calculation integrity.

However, the current implementation focuses 
primarily on batch-mode calculations rather than 
real-time process integration. While this approach 
suits laboratory analysis and process planning ap-
plications, future developments could explore direct 
integration with plant control systems and real-time 
data streams. Additionally, the system currently im-
plements simplified empirical models for auxiliary 
processes, which could benefit from more sophisti-
cated process modeling as operational requirements 
evolve.

The system architecture demonstrates scalabil-
ity potential through its modular design, enabling 
future expansion to include additional metallurgical 
processes or integration with specialized simulation 
tools. The standardized data exchange formats and 
database design provide a foundation for developing 
more comprehensive plant-wide information man-
agement systems.

The validation approach, while demonstrating 
system functionality, relies primarily on computa-
tional verification rather than extensive industrial 
validation. Future work should include deployment 
in operational environments to evaluate system per-
formance under real industrial conditions and gather 
comprehensive user feedback to guide further de-
velopment priorities.

5. Conclusions

This work presents a comprehensive web-based 
information system specifically designed for metal-
lurgical process analysis that successfully bridges 
the gap between computational accuracy and op-
erational practicality. The system demonstrates 
that complex metallurgical calculations can be ef-
fectively implemented within modern web architec-
tures while maintaining the precision and reliability 
required for industrial applications.

The key contributions include: (1) a modular 
computational architecture that integrates pyromet-
allurgical, hydrometallurgical, and auxiliary process 
calculations within a unified platform; (2) compre-
hensive data management capabilities supporting 
multiple input formats and validation mechanisms; 
(3) integration of predictive analytics using estab-
lished machine learning methods; and (4) a produc-
tion-ready deployment architecture supporting multi-
user access and comprehensive results management.

The system addresses practical challenges faced 
by metallurgical professionals by eliminating man-
ual data transfer steps, providing integrated calcu-
lation workflows, and enabling seamless export of 
results for downstream analysis. Performance eval-
uation demonstrates that the system operates effi-
ciently within typical web application response time 
expectations while maintaining high calculation ac-
curacy and system reliability.

The modular design approach enables future 
expansion to accommodate additional metallurgi-
cal processes and integration with plant information 
systems. The standardized data exchange formats 
and comprehensive database design provide a foun-
dation for developing more extensive plant-wide in-
formation management capabilities.

While the current implementation focuses on 
batch-mode calculations suitable for laboratory 
analysis and process planning, the architecture pro-
vides a foundation for future development toward 
real-time process integration and more sophisticated 
modeling capabilities. The successful deployment 
of this system demonstrates the viability of web-
based approaches for engineering calculation tools 
in metallurgical applications.

Future work should focus on industrial valida-
tion through deployment in operational environ-
ments, integration with real-time data streams from 
plant control systems, and expansion of computa-
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tional modules to include additional metallurgical 
processes. The system architecture and implemen-
tation approach provides a practical framework for 
developing comprehensive digital twin capabilities 
for metallurgical operations, supporting the indus-
try’s progression toward more integrated and data-
driven process optimization strategies.
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