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NAMED ENTITY RECOGNITION USING GENERATIVE TRANSFORMER
MODELS WITH SENTENCE-LEVEL DATA AUGMENTATION APPROACHES

lhor Drozdov*>©Q, Bohdan Pavlyshenko>©
Department of System Design,

Ivan Franko National University of Lviv

50 Drahomanova St., UA-79005 Lviv, Ukraine

Drozdov, I. V., Pavlyshenko, B.M. (2025). Named Entity Recognition Using Generative Transformer
Models with Sentence-Level Data Augmentation Approaches. Electronics and Information
Technologies, 31, 5—-18. https://doi.org/10.30970/eli.31.1

ABSTRACT

Background. Named entity recognition, as one of the key tasks of the natural language
processing (NLP) field, plays a vital role in the processing and understanding of the texts.
Usage of transformer-based models demonstrates exceptional performance on most NLP
tasks but requires a considerable amount of information for practical model training. Building
a high-quality annotated dataset for named entity recognition is resource-intensive,
especially for low-resourced languages. Using data augmentation to extend the annotated
dataset with synthetic data provides an opportunity to increase the efficiency of the models
for named entity recognition. This study aims to use sentence-level augmentations and large
language models to improve model performance on small datasets.

Materials and Methods. To investigate the impact of data augmentation, 5%, 10%, and
20% of training data from the CoNLL and Ontonotes5 datasets with different characteristics
were taken. Three main approaches were used to construct the augmented data:
summarizing sentences using the T5 model, followed by inserting named entities,
paraphrasing sentences using the OpenAl Api, and several methods of replacing named
entities in initial and synthetic sentences. BERT, ALBERT, DistiiBERT, and RoBERTa
models were used for evaluation.

Results and Discussion. According to the results, the effectiveness of using different
augmentation methods significantly depends on the initial dataset and its quality. For small
datasets with few categories for recognition, sentence-level augmentation methods through
summarization or paraphrasing improve the efficiency of models by up to 10%. On the other
hand, with an increase in the size of the dataset, artificially created data can lead to a
deterioration in recognition results.

Conclusion. Using data augmentation to recognize named entities is an effective tool
for small datasets and can improve model performance in resource-constrained cases like
specific domains and low-resourced languages. However, synthetic data cannot fully
replace a larger, better-built original dataset through context extension for existing named
entities and the generation of new, synthetic entities.

Keywords: named entity recognition, natural language processing, data augmentation,
large language models

INTRODUCTION

Natural Language Processing (NLP) is a field of research that plays a crucial role in
developing and improving existing information processing methods. As one of the
fundamental tasks in NLP, Named Entity Recognition (NER) is essential for text

is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 License
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.
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understanding and extracting key information from textual data. Accurate recognition of
entities like persons, organizations, locations, dates, and other categories is crucial for
various NLP tasks like question answering, machine translation, sentiment analysis, and
the construction of comprehensive knowledge bases [1, 2]. Recent advances in
transformer-based architectures like BERT, RoBERTa, and others have substantially
enhanced NLP tasks’ performance in general and NER in particular by effectively capturing
contextual and linguistic nuances within large-scale textual data [3, 4, 5]. Despite these
advances, these models remain highly dependent on high-quality annotated datasets, and
the lack of sufficient labeled data often impacts their effectiveness, especially in specialized
domains and low-resourced languages.

Recent developments in generative Large Language Models (LLMs), such as GPT
(OpenAl), LLaMA (Meta), and Mistral, provide significant advances for most of the NLP
tasks. These models leverage unstructured textual data to extract and understand
sophisticated language patterns. As a result, LLMs provide prompt-based communication
in a native language, excellent text understanding capabilities, text generation, and
advanced reasoning. Nevertheless, the adoption of LLMs is often limited by their
computational resource requirements for request processing and model fine-tuning, very
high associated infrastructure costs, and request processing speed, restricting their
practical usage for many applications and smaller-scale deployments [6, 7]. Aside from
this, LLMs’ great reasoning possibilities greatly benefit smaller models’ data preparation
and fine-tuning.

One of the primary challenges in effectively training transformer-based models such
as BERT or RoBERTa is the creation of sufficiently large datasets with high-quality
annotated data. Typically, annotation is performed manually by data labeling specialists or
domain experts. This process becomes even more complex when dealing with highly
specialized domains or low-resource languages. Data augmentation offers a promising
alternative for expanding labeled datasets by generating synthetic data [8, 9]. Data
augmentation research has become increasingly popular in recent years and often requires
selecting the most effective methods for specific tasks and application domains. Most
augmentation techniques can be broadly categorized according to their application level:
character level, word level, sentence level, and document level [10, 11]. Some methods
are more general-purpose, while others are effective for specific classes of tasks.
Nevertheless, selecting appropriate augmentation techniques for a given task can be
challenging. In [12, 13], augmentation methods that have demonstrated exemplary
performance for text classification tasks are reviewed; however, not all these methods are
effective in the context of named entity recognition tasks.

The scope of this paper is to extend our previous research [14] from word-level data
augmentations to sentence-level augmentations like text summarization, entity injection,
and context-dependent LLM-based augmentations, generated by OpenAl models.

MATERIALS AND METHODS

In the scope of this research, CoNLL 2003 [15] and Ontonotes 5 [16] were used.
Despite these datasets being introduced more than ten years ago, both are very popular
for NER research as they provide an outstanding possibility to compare with other authors’
research results. Table 1 provides an overview of the CoNLL dataset, the number of
sentences, and entities. It has four entity types: Person (PER), Location (LOC),
Organization (ORG), and Miscellaneous (MISC). Table 2 provides information about the
Onotonotes5 dataset which has 18 different entity types: Person (PER), Facility,
Nationalities/Religious/Political groups, GPE (Geo-political entity), Organizations (ORG),
Locations (not GPE), Date (DATE), Time, etc. During this research, six subsets of the
original training dataset were used, as demonstrated in Table 3.

6 Electronics and Information Technologies * 2025 ¢ Issue 31
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Table 1. Information about the CoNLL 2003 dataset.

CoNLL 2003 dataset, English

Set type Sentences  Tokens LOC MISC ORG PER
Training set 14,041 203,621 7,140 3,438 6,321 6,600
Validation set 3,250 51,362 1,837 922 1,341 1,842
Test set 3,453 46,435 1,668 702 1,661 1,617

Table 2. Information about the Ontonotes5 dataset.
Ontonotes5 dataset, English
Set type Sentences Tokens PER ORG GPE DATE  Other*
Training set 59,924 1,088,442 6,292 5,363 1790 3,533 8,695
Validation set 8,528 147,718 1,071 914 506 799 1,641
Test set 8,262 152,723 977 950 462 767 1,750

Note: * —the “Other” column contains the total number of entities for the remaining 14 entity types.

Table 3. Partial training subsets used in this work. Validation and test parts are

unchanged.
Abbre- Sentences Sentences Description
viation CoNLL Ontonotes5 P
$100 14,041 59.924 Contains all sentences from the original dataset

without changes

Contains 20% of the initial train dataset records:

520 2,808 T the first 10% of sentences and the last 10%
Contains 10% of the initial train dataset records:
$10 a0t 5,992 the first 5% of sentences and the last 5%
S5 702 2,996 Contains only the first 5% of the dataset
. o o .
R10 1,404 5,992 Contains 10% of the initial train dataset chosen by
random
. o s .
R5 702 2.096 Contains 5% of the initial train dataset chosen by

random

Within the scope of this study, the main attention was paid to the creation of additional
context through paraphrasing or summarization of sentences, the use of LLMs to create
sentences close in context to the original ones, with the same entities from the original
sentence. Additionally, two scenarios were used: replace named entities in the augmented
sentence with random ones from the train dataset, and the second scenario — replace
named entities in the augmented sentence with random ones generated by LLM.

For each data augmentation approach described above, the training sub-dataset term
relates to the part of the dataset that was used during the training session. For example,
dataset R5 (Table 3) has only 5% of randomly selected initial sentences from the original

EnekTtpoHika Ta iHpopmaLiriHi TexHonorii « 2025 « Bunyck 31 7
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dataset and is a training sub-dataset for the R5 dataset from the original one.
Augmentations were applied to sentences from the training sub-dataset with the multiplier
provided in Table 4. Produced augmentations and original sentences were added to the
new augmented training sub-dataset. Thus, the following data augmentation scenarios
were used:

¢ Replace entities for random ones from the training sub-dataset (RND_ENT). With
this augmentation type, the original positions and types of the named entities
persisted. Still, each entity was replaced with a new, random one in the training
sub-dataset.

¢ Rephrasing with OpenAl LLMs (OPENAI_SENT) — with this augmentation type,
the OpenAl APl was used to build the new sentences as a rephrasing of the
original one using the same named entities, which exist in the original sentence.
As a result, the new sentence extends the context for the original entities.

e Rephrasing or summarization with sentence entities (SUMM_SENT) — with this
augmentation type, Text-to-Text summarization or rephrasing was used using the
T5-base model [17] to build required sentences via sampling. All named entities
from the original sentence were injected into random places for each newly
generated sentence.

¢ Rephrasing with OpenAl LLMs with train sub-dataset entities (OPENAI_SDE) —
this augmentation type was based on OPENAI_SENT augmentation. Random
train sub-dataset entities were used to replace the existing ones in each.

¢ Rephrasing or summarization with train sub-dataset entities (SUMM_SDE) — this
augmentation type is the same as OPENAI_SDE, but utilizes SUMM_SENT

e Rephrasing or summarization with OpenAl entities (SUMM_GENT) - this
augmentation type was built the same way as SUMM_SDE but using OpenAl-
generated entities.

¢ Rephrasing with OpenAl LLMs with OpenAl entities (OPENAI_GENT) - this
augmentation type was built the same way as OPENAI_SDE but using OpenAl-
generated entities.

Moreover, in [14] word-level augmentations like synonyms, antonyms, and word-
embeddings were applied to the CoNLL dataset. During this experiment, the same data
augmentation approaches on word-level were applied for the Ontonotes5 dataset to have
the possibility to compare word-level augmentations with sentence-level ones for both
datasets.

At the same time, our main objective is to investigate the impact of data augmentation
on the most popular transformer-based models. Thus, BERT, RoBERTa, DistiiBERT, and
ALBERT models were used for fine-tuning during the experiment [14]:

o BERT model —one of the first transformer-based models, demonstrated state-of-
the-art in multiple NLP tasks compared to previous approaches.

e ALBER and DistiBERT models aim to optimize the initial BERT model
implementation with parameter optimization, faster training time, a smaller model,
and similar performance due to more effective model utilization.

o ROBERTa model — also, a BERT-based model, optimizes the initial model,
introduces additional dynamic masking, and uses a significantly bigger initial
training dataset.

Experiment structure

Experiments were built and executed around the HuggingFace platform [18] as it
provides valuable tools to load and manipulate datasets, prepare pipelines for dataset
preparation, fine-tune process configuration, and model training and evaluation. Fig.1
demonstrates a general scheme of the experiment flow to build the required datasets with
augmentation and fine-tune models. The experiment has the following key points:

8 Electronics and Information Technologies * 2025 ¢ Issue 31
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CoNLL, Ontonotess
datasets

/ > 00,510, 10, RS,

S5 datasets

5100 dataset \ﬁ

OPENAI_SENT SUMM_SENT

k4

Train sub-dataset |
entities (SDE) extraction|

T |
,_—"J‘xl I 'L ¥

k4

Iz | OPENAISDE | || SUMM_SDE
v ¥ | i
OpenAl entities | ! i
eneration ; i
RND_ENT g : :
> | Y e
"| OPENAIGENT | | | | SUMM_GENT |

Fine-tuning and evaluation for models

Fig. 1. Datasets generation and model fine-tuning scheme. Solid arrows — dataset was built from parent; Dotted
arrows — relation to some additionally generated data to use; Dashed lines — flow direction to indicate
which datasets were used for fine-tuning

o Dataset S100 was used only to receive the score of the models on the full dataset
and compare it with the augmented ones.

e Table 4 contains information about the number of additional augmented
sentences per augmentation type, additionally generated for the augmented
dataset. Original sentences were also included in the augmented dataset.

e The train sub-dataset entities (SDE) extraction process involves identifying all
annotated named entities and constructing a dictionary for each type from the
train sub-dataset.

Table 4. Total augmentations count per augmented dataset, generated with
different approaches.

Scenarios Augmentations count
RND_ENT 2,5,10
OPENAI_SENT, OPENAI_SDE, OPENAI_GENT 1,3,5
SUMM_SENT, SUMM_SDE, SUMM_GENT 3,5
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OpenAl API [19] was used for all LLM prompt-based requests with the gpt-4.1-
mini model.

OpenAl’s entity generation process uses entities from the train sub-dataset as a
context and generates up to 4 additional entities per existing one with the same
context.

OPENAI_SENT and SUMM_SENT were built with additional sentences as
described in Table 4. OPENAI_SDE, OPENAI_GENT, SUMM_SDE, and
SUMM_GENT utilize augmented datasets from OPENAI_SENT and
SUMM_SENT, but apply random entity replacements based on the augmentation
type.

The experiment used pre-trained models from the HuggingFace platform: bert-
base-uncased, roberta-base, albert-base-v2, and distilbert-base-uncased.

The following initial training parameters were used for fine-tuning models: batch
size is 32, learning rate is 5e~>, weight decay is 0.01, and batch size is 16.

For evaluation of the models F1 score was used with the seqgeval library [20]

All experiments were executed with Google Colab, a T4 GPU with High RAM
runtime, or an Apple MacBook Pro M4 Max 40-core GPU.

RESULTS AND DISCUSSION
It makes sense to split the research results into two blocks:

Datasets preparation — preparation of the datasets with different types of
augmentations depends on available resources, the size of the initial dataset, and
the time required to build the dataset. Let us shed light on some key points here.
Model evaluation — It is essential to understand the behavior of the models during
fine-tuning, evaluate the models’ effectiveness based on the F1 score, and
compare the results of different augmentation methods and initial sub-dataset
sizes.

As expected, the preparation of augmented datasets differs significantly in terms of

time and implementation complexity. Table 5 demonstrates the required time to build 100
augmented sentences for the CoNLL dataset. The time needed to generate augmented
entities was evaluated over 10 runs using 100 randomly selected sentences from the
original dataset. It should be noted that this measurement is somewhat approximate, as
various factors significantly influence it. Since RND_ENT utilizes only the training subset
for inserting random entities, its execution is virtually instantaneous. The methods
SUMM_SENT, SUMM_SDE, and SUMM_GENT demonstrate execution speeds more than
10 times faster than methods relying on the OpenAl API. It is important to note that the

Table 5. Approximate time in seconds to create augmentations for 100 sentences
for the CoNLL dataset.

Augmentations count

Augmentation type 2/5/10 1 3 5
RND_ENT 1 - - -
OPENAI_SENT, OPENAI_SDE,
OPENAI_GENT - 3,750 9,500 16,150
SUMM_SENT, SUMM_SDE, 3 ~ 5o 150

SUMM_GENT
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summarization-based methods were executed using local computational resources. In
contrast, the generation of augmentations via OpenAl depends entirely on the external
platform's performance and response time.

Models Evaluation

In Tables 6-9, F1-score measurements for different models were demonstrated for all
applied augmentation approaches and train sub-datasets. Additionally, for CoNLL and
Ontonotes5 datasets, word-level augmentation results were added [14]. For each
augmentation type, datasets were built with augmented sentence multipliers, as described
in Table 4. In Tables 6-9, results were provided based on the mean and standard deviation
for the augmentation type and dataset.

Table 6. F1-scores for RoBERTa model evaluation and different CoNLL and
Ontonotes5 datasets augmentation approaches.

S100 S20 S10 R10 S5 R5
CoNLL Dataset

OPENAI_GENT 91.410.6 87.0+0.6 90.3+0.7 84.0+0.4 88.0+1.4
OPENAI_SDE 92.240.3 87.5+0.7 92.0+0.5 84.7+0.3 88.3%+1.8
OPENAI_SENT 91.6+1.3 87.1+x1.2 90.6+1.4 85.7+0.4 88.3+0.9
RND_ENT 92.8+0.2 87.9+0.2 92.5+0.5 86.0+0.3 90.0+2.1
SUMM_GENT 90.1+0.2 83.0+0.0 87.5+0.0 77.8+0.6 84.3+1.9
SUMM_SDE 90.2+1.0 82.3+0.3 88.6+1.1 76.4+1.4 82.6+3.3
SUMM_SENT 91.2+¢0.3 85.7+0.4 89.5+0.1 81.6+1.5 86.5+2.3
Word-level 92.7+0.3 88.6+0.3 92.0+0.4 86.1+0.8 89.4+0.5

Without aug. 95.77 91.61 87.46 90.22 82.92 83.16

Ontonotes5 Dataset

OPENAI_GENT 80.3t1.1 77.7x1.2 82.0+1.4 77.5+1.1 79.9+1.1
OPENAI_SDE 80.4+1.2 789+1.3 82.9+0.8 79.6+0.9 82.0+0.4
OPENAI_SENT 78.0£3.3 76.2+2.6 80.2+3.6 76.7+21 77.7+3.2
RND_ENT 81.1+1.3 79.7+1.0 83.5+0.4 80.4+0.1 82.6x0.1
SUMM_GENT 81.0£0.3 79.0+0.4 83.5+04 78.2+¢0.1 80.0+0.0
SUMM_SDE 80.1+£0.1 78.1+0.1 83.5+0.6 78.3210.6 81.1+0.2
SUMM_SENT 82.6+0.1 80.6+0.2 84.1+0.6 80.1+0.6 81.5+0.8
Word-level 82.710.2 81.0+0.4 85.3+t0.5 80.9+0.4 83.240.2

Without aug. 88.62 83.5 81.4 84.71 79.83 82.67
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Table 7. F1-scores for BERT model evaluation and different augmentation
approaches for CoNLL and Ontonotes5 datasets.

S100 S20 S10 R10 S5 R5
CoNLL Dataset

OPENAI_GENT 89.4+0.9 83.3x1.1 87.740.6 80.840.4 86.3+1.5
OPENAI_SDE 89.910.4 84.3x0.8 89.5+0.6 80.4+0.9 86.8+1.5
OPENAI_SENT 89.4+19 85.0+2.1 89.0¢1.5 81.0+0.3 86.0+1.0
SUMM_GENT 87.5+0.5 80.8+0.0 84.2+1.2 73.840.1 80.6%1.2
SUMM_SDE 86.9+0.2 80.1+0.7 85.3#0.8 71.3%1.8 79.9+0.6
SUMM_SENT 88.0+0.3 81.2+0.7 86.0+0.6 74.4+0.1 81.3%1.2
RND_ENT 90.6+0.2 84.2+0.5 90.2+0.4 81.5+0.7 87.0£0.7
Word-level 90.740.3 85.2+0.7 90.0+0.2 82.3+1.0 87.510.7

Without aug. 94.4 90 85.5 88.9 77.2 77.6

Ontonotes5 Dataset

OPENAI_GENT 75.841.2 73.3x1.4 77.3+1.8 73.6£0.8 75.1+0.8
OPENAI_SDE 76.1£1.8 74.1+1.3 78.9+1.1 74.8£t0.4 77.320.7
OPENAI_SENT 72.6+3.8 71.1+2.9 75.9+3.8 71.8£2.5 73.112.6
SUMM_GENT 76.710.1 74.0+0.0 77.8+0.3 72.9+0.3 74.910.3
SUMM_SDE 74.610.6 72.7+0.1 79.1£0.7 73.4+0.1 75.910.0
SUMM_SENT 76.610.3 75.1+0.5 79.3+1.0 74.2+0.0 76.6£0.5
RND_ENT 77.210.6 76.1+0.8 79.7+0.4 76.6+0.1 78.3%0.6
Word-level 78.310.4 76.1+0.8 81.5+0.3 75.9+0.7 79.0+0.4

Without aug. 85.4 80 76.8 81.4 75 76.8

Table 8. F1-scores for ALBERT model evaluation and different augmentation
approaches for CoNLL and Ontonotes5 datasets.

S100 S20 S10 R10 S5 R5
CoNLL Dataset
OPENAI_GENT 87.0+1.2 82.7+0.5 86.3t1.4 80.840.4 83.8+0.8
OPENAI_SDE 88.0+1.1 82.5+0.4 88.4+0.2 80.9+1.0 84.6%1.6
OPENAI_SENT 88.2+2.1 83.6+2.6 87.2+1.6 81.1+1.8 83.5+0.9
SUMM_GENT 86.3+t0.4 78.7+1.0 82.7+10.6 76.2+0.2 79.6+0.2
SUMM_SDE 85.24¢0.3 78.6+0.1 83.7+0.1 74.0+0.1 80.0%1.0
SUMM_SENT 87.210.9 82.2+0.1 85.6+0.3 77.6+0.1 81.510.2
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S100 S20 S10 R10 S5 R5
RND_ENT 88.1+0.4 83.7+1.4 88.410.1 81.1+0.6 84.6+0.2
Word-level 88.6+0.7 83.3x0.6 88.6+0.7 82.6+0.6 85.1+0.9
Without aug. 93.4 89.7 85.7 87.5 81.9 83.9
Ontonotes5 Dataset
OPENAI_GENT 72.842.0 71.5%1.7 74.8+1.6 71.6£2.5 73.0+£1.0
OPENAI_SDE 73.412.2 71.5+2.0 76.5+1.2 72.8+1.9 75.410.8
OPENAI_SENT 71.943.8 70.4+2.8 73.7£3.8 70.0+3.1 71.74£3.1
SUMM_GENT 75.110.6 73.0+0.3 76.8+0.2 68.5+5.4 73.910.6
SUMM_SDE 73.840.2 71.5+0.9 77.9+0.7 70.9+1.0 74.240.7
SUMM_SENT 76.410.4 74.7+0.1 78.8+0.2 74.3+t0.1 75.840.1
RND_ENT 74.4+1.8 72.0+2.3 77.7+1.3 73.5£1.9 76.84£1.0
Word-level 75.210.5 72.9+0.8 79.2+0.3 73.8+0.5 76.7+1.2
Without aug. 84.5 78.2 76.1 80 75.5 76.5

Table 9. F1-scores for DistiBERT model evaluation and different augmentation
approaches for CoNLL and Ontonotes5 datasets.

S100 S20 S10 R10 S5 R5
CoNLL Dataset

OPENAI_GENT 88.2+0.2 81.8+0.3 86.2+0.3 78.2+2.7 83.7+£1.9
OPENAI_SDE 89.2+10.1 83.4+0.2 88.3+t0.8 78.5+2.6 84.31+1.6
OPENAI_SENT 88.8+1.2 83.1x1.7 87.8+0.7 79.9+1.7 83.3%£1.3
SUMM_GENT 85.2+0.7 76.1+0.9 80.7+0.7 70.1+1.7 75.242.6
SUMM_SDE 84.5+0.7 76.7+0.3 81.8+0.0 68.3x1.2 75.54+2.0
SUMM_SENT 85.5+0.2 78.2+0.6 83.6+x0.7 73.1+0.4 78.3+0.7
RND_ENT 89.7£0.4 84.0+0.4 89.0+0.5 81.5£0.7 85.0+1.3
Word-level 89.7+£0.3 84.2+0.6 89.1+0.3 81.4+0.7 85.9+0.3

Without aug. 94.2 89.9 83.9 87.7 73.3 7.7

Ontonotes5 Dataset

OPENAI_GENT 741+1.3 71716 759+1.6 71.1+0.2 72.9+0.6
OPENAI_SDE 74.6+1.5 723+1.2 77.7£0.6 72.7+0.3 75.6£0.5
OPENAI_SENT 71.943.8 70.3+2.3 74.843.2 70.4+£1.9 72.0+2.2
SUMM_GENT 74.610.6 71.0+0.5 75.6+0.1 69.8+0.3 71.24+0.5
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S100 S20 S10 R10 S5 R5
SUMM_SDE 72.9+0.7 69.7+1.3 76.910.4 70.0£0.5 72.9+0.0
SUMM_SENT 76.4+0.4 73.0£0.1 77.9+0.3 72.1+0.3 74.9+0.4
RND_ENT 75.8+0.6 74.1+1.2 78.7+0.7 74.4+0.2 76.9+0.3
Word-level 77.3+0.6 75.2+0.6 80.4+0.3 74.4+0.5 77.6+0.2
Without aug. 85.3 78.4 76 79.6 741 75.3

Based on Tables 6-9, the following key points can be highlighted:

The performance of the models on the S100 dataset exceeds the best result of
all sub-datasets, even with augmentations, by 3-4%. This is an expected
outcome, as the full dataset contains more diverse named entities in various
contexts.

For S20, S10, R10 patterns, results for the CoNLL dataset demonstrated a
positive impact for some augmentation methods and a negative impact for others.
In most cases, word-level augmentations and augmentations based on random
entity replacement show minor improvement in 1-3% for RoBERTa and BERT
models. At the same time, ALBERT and DistilBERT even have a negative impact.
All models, except RoBERTa, show an adverse effect of the augmentation on
dataset quality and the received results.

For the Ontonotes5 dataset, all models demonstrated a negative impact on the
performance of the models. The Ontonotes5 dataset is bigger than CoNLL, has
more distributed entities by dataset, and has 18 categories. Augmented data with
the same entities or injected out-of-context entities improves some popular
categories but negatively impacts the rest.

For the S5 pattern on the CoNLL dataset, most methods demonstrated
performance improvement up to 5%. It is not the expected result that
augmentation methods, based on summarization, demonstrated negative impact
and performance degradation up to 5-7% in some cases. From the group of those
methods, summarization with random entity injection demonstrates better results
with negligible performance degradation. Also, the ALBERT model hurts this
dataset pattern in all cases, except word-level.

For the R5 pattern on the CoNLL dataset, most of the augmentations
demonstrated a significant increase in performance up to 7-8% in almost all
cases, except the summarization group of methods. The summarization group of
methods demonstrated minor improvement for RoOBERTa and BERT models and
performance degradation for the rest of the models. Some of the augmentation
methods achieved performance results on the level of S10, R10, S20 datasets,
or close to it.

It is interesting that the context in which the named entity is used has a bigger
impact on the model's possibilities to recognize some entity than the named entity
itself. Sentences rephrasing using the same entities in the original sentence with
OpenAl demonstrated better results in almost all experiments than
summarization methods with entity injection. Moreover, for both approaches,
entity replacement without random ones from the dataset or OpenAl-generated
ones doesn’t make any performance improvements and has an adverse effect.
It is not an expected finding that summarization and OpenAl-based methods do
not provide performance improvement on entity recognition compared with
simpler ones, like word-level.
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CONCLUSION

This article investigates the impact on the effectiveness of sentence-level data
augmentation models, the generation of augmented data using LLMs using OpenAl
models, and the substitution of entities in sentences with random ones from a set of entities.
To investigate how the size of the initial dataset affects the efficiency of augmentation, the
CoNLL 2003 and Ontonotes5 datasets were used, and six different approaches of the initial
dataset splittings were used for each of them: a complete dataset for reference comparison,
20% of the initial training dataset, two split approaches by 10% and two 5% partitions. For
the 10% and 5% datasets, two different methods were used: all sentences from the initial
dataset in a row, as this allows taking related sentences into one dataset, and sentences
taken randomly. The study used the RoBERTa, DistiiBERT, ALBERT, and BERT models,
with the estimate based on the F1 score.

Creating additional context for named entities using summarization or paraphrasing
techniques of the initial sentences, while preserving the initial named entities, should
increase the efficiency of the models. According to the results obtained, in most cases,
word-level augmentations showed better results or were on a par with sentence-level
methods. It is worth noting that augmentations based on the substitution of entities in the
initial sentences showed results similar to methods at the word level. However, in most
cases, sentence-level methods negatively impacted model performance more than a
reference result without augmentations for a comparable data set. A significant increase in
the context of applying specific named entities leads to an oversaturation of the initial
dataset with certain entities but reduces the model's generalization ability.

Most methods showed a significant improvement in results for the CoNLL dataset
when 5% of the initial dataset was split. Almost all augmentation methods showed an
increase of 5-9%, for the RoBERTa model using augmentations based on random entity
substitution, 92.26% was achieved compared to a non-augmentation option of 83.16%.
Nevertheless, the results of using augmentations for the Ontonotes5 dataset did not
improve the result, and in many cases, worsened it. Due to the larger size of the initial
dataset, the relatively small number of named entities in the text, and the large nhumber of
categories, augmentation is inefficient. It leads to a decrease in data quality for the
Ontonotes5 dataset.

To summarize further research directions, context generation looks promising to
create synthetic data, but requires more careful planning. Named entities distribution and
initial dataset quality could significantly impact the result. Using LLMs as a supporting tool
for training dataset generation for smaller models could provide excellent results, especially
with fine-tuning models like LLaMa and Mistral for domain analysis, existing dataset
analysis, and extending the weakest parts.
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PO3MNI3HABAHHA IMEHOBAHUX CYTHOCTEN I3 BUKOPUCTAHHSAM
FEHEPATUBHUX TPAHC®OPMEPHUX MOAEJEN 3 AYTMEHTALIEIO
AAHUX HA PIBHI PEYEHb

lzop [jpo3doe, boz2daH lMaenuweHko

Kaghedpa cucmemHO20 npoekmysaHHs,

JIbsiecbkull HayioHanbHUl yHieepcumem imeHi IeaHa ®paHka,
8yn. [pazomaHosa, 50, m. Jibeis, 79005, YkpaiHa

AHOTALIA

BcTtyn. Po3snisHaBaHHA iMEHOBaHWX CYTHOCTEW SIK OOHEe 3 KMOYOBMX 3aBAaHb ranysi
06pobkn NpMpoAHOI MOBU Bifirpae BaXnuBy pofib B ONpaLoBaHHi Ta PO3YyMiHHI TEKCTIB.
BukopuctaHHa Mopenend Ha  OCHOBI  TpaHCOpMepiB  AEMOHCTPYE  BUHSTKOBY
NPOOYKTUBHICTL Yy BinbLIOCTi 3a4a4 B 06nacTi onpautoBaHHA NpMpOAHOI MOBM, ane BuMarae
3HayHoro obcary iHdopmauii Ana  nNpakTUYHOro HaByaHHA Moaeni. CTBOPEeHHs
BMCOKOSIKICHOTO aHOTOBaHOro Habopy AaHuX AN po3ni3HaBaHHS iIMEHOBaHWX CYTHOCTEW
notpebye 3HA4YHWX pecypciB, OCOONMBO AN ManonoLWMUPEHUX MOB. BuKopucTaHHs
ayrmeHTauii JaHWX ANsi pO3LLUMPEHHSI aHOTOBAHOIO Habopy AaHWUX CUHTETUYHUMY A€ 3MOTyY
nigBUWLNTN edPeKTUBHICTL MoAenen Ans po3ni3HaBaHHS iMeHOoBaHuX cyTHocTen. Metoto
LUbOro OOCHiAXEHHA € BUKOPUCTaHHA ayrMeHTauii Ha piBHi peyeHb Ta BENMKUX MOBHMX
Mozenen ans niaBULLEHHS NPOAYKTUBHOCTI MoAENen Ha Manux Habopax AaHuXx.

Marepianu Ta meToau. [1ns gocnigKeHHs BAAMBY ayrMeHTadii gaHux 6yno B3sto 5%,
10% i 20% BigcoTkiB TpeHyBanbHUX gaHux i3 aatacetiB CoNLL Ta Ontonotes5 3 pisHumu
xapakrepuctukamu. [inst nobynosu HabopiB ayrMeHTOBaHMX AaHuX Oyno BUKOPUCTAHO Tpu
OCHOBHI Miaxo4u: y3aranbHeHHs pevyeHb 3a 40NOMOro Moaeni T5 i3 noganbLuo BCTaBKOK
iMeHoBaHUX CyTHOCTeln, nepedppasyBaHHA peyeHb 3a gornomoroto OpenAl Api, a Takox
Kiflbka MeTofiB 3aMiHM iIMEHOBaHUX CYTHOCTEN Y MOYATKOBUX | CUHTETUYHNX peyeHHsaX. [Ons
ouiHoBaHHs BukopuctoByBanu mogeni BERT, ALBERT, DistiBERT i RoBERTa.

Pesynbratu. E@ekTMBHICTb BUKOPUCTaHHS pi3HUX MeToAiB ayrMeHTauii CyTTEBO
3anexuTb Bi4 NOYaTKOBOro Habopy AaHuX i Koro sKocTi. [ns HeBenuknx HabopiB AaHuX i3
HEBENMKOK KiNbKICTIO KaTeropivi Ans po3nisHaBaHHsI BUKOPUCTAHHS METOAI ayrMeHTaLii Ha
piBHI peyeHb 3a [AOMOMOro y3aranbHeHHst abo nepedpasyBaHHs Oal0Tb MiOABULLEHHS
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edekTmBHOCTI Mogenen o 10%. 3 iHworo 60Ky, y BMNAAKy LITY4YHO CTBOPEHMX AaHWX
36inbweHHs obcsry Habopy [f[aHux MOXe Mpu3BEeCcTM [0 MOriplWeHHA pesynbTaTiB
po3ni3HaBaHHS .

BucHoBkn. BukopuctaHHa ayrmeHTaudii gaHux Ons  posni3HaBaHHA iIMEHOBaHWUX
CYTHOCTEN € e(PEeKTUBHMUM IHCTPYMEHTOM AN HEBENUKUX HAbOopiB AaHMX | MOXe NiABULLMTK
NPOAYKTUBHICTL MoAeni y Bunagkax 3 obmexeHummn pecypcamun. OgHak CUHTETUYHI AaHi He
MOXYTb MOBHICTIO 3aMiHUTK BinbluKi, Kpalwe nobyaoBaHUn BUXIAHWA HAbip AaHuX 3a
[OMOMOrol PO3LUMPEHHS KOHTEKCTY AN iCHYIOUMX IMEHOBaHMX CYTHOCTEN i reHepyBaHHS
HOBWX CUHTETUYHMX CYyTHOCTEN.

Knro4oei cnoea: po3snisHaBaHHsi iIMEHOBaHUX CyTHOCTEN, 06pobka NMpMpoaHOI MOBM,
ayrmeHTauis AaHux, Benuki MOBHi Mogeni
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ABSTRACT

Background. Efficient task scheduling in heterogeneous CPU architectures is critical for
maintaining system responsiveness and optimal resource utilization under fluctuating
workloads. Apple M-Series processors, based on ARM architecture, integrate high-perfor-
mance (P-cores) and energy-efficient (E-cores), allowing adaptive distribution of tasks de-
pending on their computational complexity and latency sensitivity. This architectural design
presents new challenges and opportunities for analyzing task dispatching mechanisms at
the operating system level, particularly within macOS scheduling subsystems.

Materials and Methods. The study employed low-level telemetry data collected from
macOS-based systems operating under high-load production-like CI/CD scenarios,
simulating real-world parallel task execution. The collected data sets were analyzed using
stochastic time series modeling, construction of confidence intervals, approximation of
waiting times with exponential and log-normal distributions, autocorrelation function
analysis, Pearson correlation metrics, and evaluation of context switching frequency across
multiple QoS (Quality of Service) classes.

Results and Discussion. The analysis revealed a clear architectural specialization
between core types. P-cores demonstrated consistently higher processing intensity,
reduced queuing delays, and superior responsiveness for delay-sensitive tasks, whereas E-
cores ensured stable handling of background workloads. Statistical modeling identified a
significant inverse correlation between P-core utilization share and overall task latency,
confirming that increasing P-core allocation directly improves execution time for critical
workloads. Derived autocorrelation and distribution parameters allow the formulation of
quantitative models describing resource allocation behavior in Apple Silicon’s
heterogeneous environment.

Conclusion. The obtained results provide a statistically grounded basis for improving
task dispatching strategies in macOS on Apple Silicon platforms. The findings contribute to
better latency predictability, efficient resource balancing, and a deeper understanding of
kernel-level scheduling dynamics under highly parallelized workload scenarios.

Keywords: macOS, Apple Silicon, CPU scheduling, stochastic modeling, time series
analysis, ARM architecture

INTRODUCTION

In the modern era of heterogeneous architectures, having a powerful processor does
not guarantee the optimal distribution of threads and tasks between cores; this is handled
by context switching. Apple Silicon M-Series introduced two types of cores: high-
performance P-cores and energy-efficient E-cores. Unlike the traditional big-LITTLE
(standard ARM architecture, where each core is similar to the other, achieving
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heterogeneity in the architecture), Apple has patented its model of load distribution and
power management between core clusters [1].

To study the behavior of the XNU scheduler, detailed telemetry was collected,
including interval CPU metrics for P-cores and E-cores via Instruments (Time Profiler),
taskpolicy logs to record Quality of Service (QoS) classes and dynamic priority changes,
and vmstat data on context switching and queue lengths.

The article presents an empirical stochastic analysis: CPU load is modelled as a
floating time series with 95% confidence intervals, queueing time is approximated by
exponential and lognormal distributions, context switching frequency is measured for each
core type, and the correlation between the proportion of time on P-cores and thread latency
is quantified.

MATERIALS AND METHODS

M-Series architecture

Apple M-Series SoCs integrate two classes of CPU cores with distinct roles and
characteristics on a single chip (Fig. 1). P-cores (Firestorm) have extended instruction sets
and high clock speeds, ensuring minimal latency when performing single or latency-
sensitive tasks. E-cores (Icestorm) are the opposite in design: they are simpler, operate in
the 1-2 GHz range, and consume much less energy per clock cycle [2].

This allows Apple to achieve high energy efficiency and reduce heat dissipation in
cases where there is no need to keep all cores at maximum frequencies. Both types of
cores operate through a single system-level cache (SLC) subsystem [3], which acts as a
buffer between the cores and memory controllers. This architecture reduces the latency of
access to shared data and allows P- and E-cores to allocate resources (time, power, cache)
more efficiently [4].

When load is increased or thermal/power constraints are reached, the system can
automatically reduce the clock speed of the P-cores or transfer some of the threads to the
E-cores using dynamic throttling.

High-priority tasks with low latency are maintained on the P-cores. At the same time,
background or less critical processes migrate to the E-cores, striking a balance between
performance and energy efficiency.

Only an understanding of the physical topology of P- and E-cores, their cache
subsystems, and data buses allows for the correct interpretation of load graphs, context

- ! SO e =) ;
3 i SORT T - e e T E{o Ja

Fig. 1. Floor plan of Apple M1 SoC with highlighted P-cores and E-cores [2].
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switch frequencies, and task wait times, as well as the formulation of recommendations for
optimal scheduling policies under various load scenarios.

Context switching
Context switching is the process of removing a thread from execution and loading
another thread (Fig. 2). In the XNU scheduler [5], the frequency and cost of these switches
depend on quantization: with Round-Robin, each thread receives a small amount of time
(usually 1-4 ms), after which the execution queue is checked, and a context switch may
occur. In the XNU scheduler (MacOS kernel), thread dispatching is based on a precise
classification by quality of service (QoS) classes, which affects the order and frequency of
context switching.
There are four main QoS levels [6]:
e User Interactive — tasks with the highest priority (Ul, animation, user input);
e User Initiated — long-running but critical user operations (opening a document,

compiling);
¢ Utility — medium-importance background services (indexing, caching);
e Background - low-priority or batch calculations (system updates,

synchronization).

For each QoS level, it maintains its queue of tasks (processes) on each logical
processor, which prevents thread blocking.

When time becomes available to execute a task (also sometimes referred to as a
‘slot’), the task scheduler checks the queues from highest to lowest priority and selects the
first available thread. Threads with higher QoS can interrupt lower-priority threads without
waiting for their quantum to complete (preemptive scheduling). The XNU scheduler, like
Apple's task scheduler, attempts to resume the thread on the same physical core, but under
heavy load, it redirects threads between P-cores and E-cores. When thermal or energy

OperationQueue.addOperation
etc.

Operation Key
etc.
| queues
Check QoS
/ ‘ Issues for further study
QoS =9 Q0S>9 Original M1 chip
(background process) (user process)
M1 Pro and Max (M1P) chips
Add to Queue Add to Queue
| v
Presumed to be separate queues.
e Where do the other 2 QoS fit in? e
\ Y

When process slot free When process slot free
load and run process load and run process

|

E cluster P cluster(s)
2 or 4 process slots 4 process slots each

M1 P cluster

QoS 9 process(es) = 4 cores 4 cores frequency ~ 3 GHz
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P 2 Contention
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2 Contention P QoS <33
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Fig. 2. Load distribution and task scheduling scheme on M-series processors [7].
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limits are reached, the scheduler reduces clock frequencies or moves contexts from P-
cores to E-cores, which also affects the context switching frequency. As a result, the system
simultaneously provides low latency for essential streams and a stable throughput channel
for background tasks.

Data collection

The study utilized data collected directly from a real, highly loaded CI/CD environment
in real time. The active user-generated load requests are running on a deployed Apple Mac
mini environment with M1/M2 and M4 series processors (from the 2024 series).

Standard Mac OS operating system tools were used to collect data, which allowed for
sufficiently accurate recording of low-level dispatcher performance characteristics. Time
Profiler (via Instruments) [8] was used with a resolution of 1 ms to record the load of each
core and its type (P or E). This made it possible to build a time series of CPU utilization
separately for each core class. At the same time, task policy was used to collect information
about the QoS classes assigned to threads and the dynamic changes in these classes
during execution.

Additionally, vmstat provided aggregated information about the number of context
switches, the length of the ready queue, and the idle time at 500 ms intervals. The waiting
time in the queue was recorded separately: for each step of the CI/CD process, the time
between its placement in the scheduler and the actual start of execution was recorded.
Thus, the data obtained from the real environment made it possible to study the
peculiarities of the XNU scheduler on Apple Silicon without any artificial load or synthetic
tests, which in turn should help to understand the system's real operational capacity and
separate it from ‘artificial’ analysis.

RESULTS AND DISCUSSION

To visually confirm the nature of the load distribution between cores during live
operation, CPU History fragments were recorded from the macOS system monitor during
the active computation phase. It should be emphasized that these screenshots show
relative per-core activity rather than absolute percentages of utilization; the corresponding
absolute values are provided separately in Fig. 3. Fig. 4 presents usage histograms for
each of the 12 logical cores (6 E-cores and 6 P-cores). E-cores (Cores 1-6) demonstrate
denser average activity, reflecting background and I/O-bound processes, which the XNU
dispatcher assigns to less productive cores according to QoS priorities. P-cores (Cores 7—
12) exhibit shorter but more pronounced bursts, typical for latency-sensitive jobs requiring
elevated QoS. This behavior is consistent with the earlier ACF and correlation analysis
(r = —0.74 between P-core utilization and task latency), as well as the rhythmic activity
patterns observed in the autocorrelation function. Fig. 5 illustrates a second fragment
captured during a sustained high CI/CD workload. Unlike synthetic stress tests that produce
uniform 100% utilization across all cores, real workloads generate high but heterogeneous
load characterized by bursts and idle intervals. Green areas correspond to user processes,
while red segments represent system threads.

Taken together, this confirms the hypothesis stated in the study about a significant
difference in the behavior of different types of cores, depending on QoS, scheduler class,
and load type [9].

Fig. 3 illustrates the time distribution of processor usage percentages across different
types of cores. The blue line corresponds to the load of productive cores (P-cores), while
the orange line corresponds to energy-efficient cores (E-cores). The horizontal axis
represents the conditional time (in units of discrete measurements), while the vertical axis
represents the load level in percentage.

As can be seen from the graph (Fig. 3), P-cores systematically demonstrate higher-
than-average utilization (utilization per time) during most periods, remaining in the range of
60-85%. Meanwhile, E-cores operate in a more scattered mode, with an average load of
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Fig. 3. M-series processor load on P- and E-cores.

30-55%. Periods of decline on P-cores (for example, between t ~ 35and t ~ 50) are
often accompanied by slight increases on E-cores, indicating a partial shift in load during
phase changes and load type for computation.

This confirms the assertion that the XNU dispatcher, adhering to the priority scheduling
model, assigns compute-bound tasks with high quality of service (QoS) to the most produc-
tive cores. The behavior corresponds to the architectural [10] role of the cores: P-cores are
for latency-sensitive threads, while E-cores are for background or lower-priority threads.

CPU History

Core 1 — Efficiency Core 2 — Efficiency Core 3 — Efficiency

Core 6 — Efficiency

Core 8 — Performance

Core 11 — Performance

Fig. 4. Histograms of CPU resource usage by P- and E-cores in a scaled state.
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Core 1 — Efficiency

Core 3 — Efficiency

Fig. 5. Comparison of P- and E-cores activity under stress load.
Fig. 6 shows the empirical distribution of thread waiting times in the queue until the
first dispatching, constructed separately for productive (P) and energy-efficient (E) cores.

Based on the data, density histograms were constructed, and exponential approxima-
tion curves were superimposed for each subsampled class using the following formula:

f(&) = 2e™H, (1)

where A is the parameter inverse to the average waiting time, t is time.

0.200 A P-cores - waiting time
E-cores - waiting time
— (A=0.19)
0.175 A === (A=0.12)
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- 01251
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= 0100
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Fig. 6. Empirical distribution of the waiting time of flows in the queue until the moment of launch with exponential
superposition.
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The blue histogram represents the waiting time of flows that were eventually
dispatched to P-cores, and the orange histogram represents the waiting time of flows that
were sent to E-cores.

The green line (1 = 0.20) shows the exponential approximation for P-cores, and the
red dotted line (1 = 0.13) shows the exponential approximation for E-cores.

The value of A indicates a significantly higher service speed on P-clusters. The
distributions of both classes demonstrate the ‘fading’ property; most flows are executed
with a slight delay, but there is a long ‘tail’ (heavy tail), especially on E-cores [11].

This is typical for heterogeneous systems, where background tasks can accumulate
as the priority load increases. These results are consistent with the XNU QoS scheduler
policy: the most delay-sensitive threads are assigned to P-cores. At the same time, E-cores
can accumulate a queue of lower-priority tasks, leading to an overall increase in latency.

Fig. 7 shows the average context switch rate (context switches per second) for threads
executed on P- and E-cores.

The bars represent the average value, and the black lines represent the standard
deviation (+10) calculated based on 500 ms samples from vmstat. As shown in the
diagram, P-cores exhibit a significantly higher switch rate, averaging over 200 context
switches per second.

This correlates with the intensive servicing of short-lived threads that require frequent
reallocation of CPU resources. Meanwhile, E-cores, which mainly serve background or less
critical tasks, have a lower and more stable frequency, approximately 150 switches per
second.

The higher level of context switching on P-cores can also be explained by a more
aggressive policy of preempting flows in high-priority QoS classes. This dynamism
suggests that XNU schedules flow on productive cores to minimize latency. At the same
time, higher switching volumes can lead to additional overhead if not controlled by
appropriate throttling mechanisms or time quantum optimization.

In Fig. 8, each point on the graph corresponds to a separate task in processor time,
where the X-axis plots the percentage of time on P-cores and the Y-axis plots the total
latency in seconds from entering the queue to completion.

200 A

150 1

100 A

Context switching/second

50

P-cores E-cores

Fig. 7. Average number of context switches per second for threads on P- and E-cores.
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Fig. 8. Correlation between the percentage of time spent on P-cores and task execution delay.

There is a clear negative correlation between these two metrics, which is emphasized
by the trend line (dotted red) with the equation y = —0.28x + 35.37. The calculated
Pearson coefficient r = —0.74 confirms a strong inverse relationship: the more time the
stream spends on productive cores, the lower its total delay.

This relationship highlights the crucial role of productive cores in determining the
scheduler's time characteristics under high computational load intensity. Such a correlation
demonstrates the potential for adaptive transfer of critical tasks to P-clusters, thereby
minimizing execution latency. The presence of a stable negative gradient also indicates the
limited compensatory capabilities of E-cores as the complexity of task processing increases.

This indicates the practical advantage of assigning critical threads to P-cores in terms
of both faster instruction processing and dispatching within XNU [12]. This approach is
particularly relevant for tasks that are sensitive to pipeline delays (e.g., compilation or
testing), where even a few seconds of delay can be critical in a large task queue.

The analysis also confirms that the amount of time spent by the flow on P-cores is a
key predictor of task execution delays. This highlights the importance of considering
processor architecture features when developing task scheduling policies to optimize
response times in highly parallel systems.

Given the patterns observed, it is advisable to further detail the interaction between
QoS classes, load types, and flow distribution dynamics in heterogeneous environments.
Such research can provide additional practical guidelines for improving scheduling
strategies, taking into account the architectural specifics of modern multi-core processors.

In Fig. 9, the total processor time usage (in percent) is plotted on the X-axis, and the
task waiting time in the execution queue is plotted on the Y-axis. The color intensity
corresponds to the number of observations in the corresponding bin (cluster). The image
allows you to intuitively identify the ‘hot spots’ of the planning load.

The highest concentration of events (shades of yellow and pink) is observed in the
range from 35% to 75% CPU load, and with a waiting time of 0 to 8 seconds. This indicates
a typical area of activity for streams under real CI/CD load, where most of the job steps
pass through the scheduler. At the same time, in areas with extremely low load (less than
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Fig. 9. Correlation between total CPU load (%) and task waiting time (seconds).

30%) or, conversely, with high CPU usage (90%+), there is a noticeable increase in the
variability of waiting time, which may be the result of either insufficient thread saturation (in
the first case) or existing throttling (i.e., temporary, forced limitation of processor frequency
or system resources to avoid overheating or exceeding energy limits), reduction of quanta,
or excessive competition for schedule slots (in the second case).

The heat map provides empirical confirmation that even under high load, the XNU
system maintains overall scheduling stability; however, exceeding the optimal zone (by up
to ~70%) is accompanied by an increase in delay dispersion.

To quantitatively describe the patterns in load and performance, several aggregate
indicators were utilized, including the autocorrelation function (ACF), Pearson's correlation
coefficient, exponential distribution parameters, and the frequency of throttling events.

To assess the dependencies between the values of a random variable in a time series,
the autocorrelation function (ACF) was used, which is calculated taking into account the
shift to a certain delay k:

C X, Xio
p(k) = W )

where X, — the value of the time series at a given pointin time t, X;_; — values of the same
series, but k time units previously, Cov(X;, X;_;) — covariance between values at the
current and shifted intervals, o?— variance of a time series X, p(k) € [-1,1] -
autocorrelation coefficient of delay k.

This indicator reflects how closely the current value is related to its predecessor k
steps back:

e p(k) > 0: values have a positive correlation (a tendency to maintain direction);
e p(k) < 0: values have a negative correlation (a tendency to change direction);
e p(k) = 0: values are independent of each other (no memory or randomness).
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In the context of our study, ACF was calculated for delays k = 1..4 based on the overall
CPU load, allowing us to assess whether any recurring patterns (e.g., load periodicity caused
by CI/CD job cycles) existed or whether task scheduling was completely stochastic.

This confirms the stochastic nature of task distribution by the XNU scheduler, with no
clear repeating patterns in the execution order. The correlation coefficient between the
proportion of time on P-cores and the total latency was r = —0.77, indicating a strong
inverse linear relationship: the greater the proportion of P-core usage in a job step, the
lower the average latency. This is consistent with the architectural advantage of productive
cores with short critical paths of Cl pipelines.

The intensity of the exponential distribution of waiting time (1) was A(P) = 0.19 for
productive cores and A(E) = 0.14 for energy-efficient cores. This means that stream
processing on P-cores is faster and less likely to accumulate delays. Finally, the average
frequency of throttle-limiting events was 0.3 events/min, indicating moderate but systematic
activation of XNU system limits under load, which affects task distribution and stream
execution mode (Table 1).

Table 1. Statistical characteristics of the load on the P- and E-cores of the
processor

Characteristics Meaning Description

ok beEsn O M High inverse linear dependence: the

on P-cores and latency (r) -0.77 greater the proportion of time spent on
P-cores, the lower the latency
[-0.0; 0.22; CPU load autocorrelation: weak
ACF (lags 1.4) —0.05: 0.13] periodicity
A(P) (waiting time distribution 0.19 Exponential distribution parameter for
intensity) ’ P-core (faster service)
AE) (intensity for E-cores) 0.14 Slower task servicing
Throttling events (per minute) 0.3 Number of trottling events

CONCLUSION

As part of the study, a comprehensive stochastic analysis of task dispatching
mechanisms in the macOS operating system on Apple M-Series processors was performed
in a real production environment under load. The live data collected allowed us to study the
peculiarities of flow distribution between heterogeneous cores, productive (P) and energy-
efficient (E), under the control of the XNU scheduler.

The research methodology involved constructing CPU utilization time series, modeling
the waiting time distribution using exponential and lognormal approximations, and applying
autocorrelation analysis (ACF) and correlation analysis to examine the relationship
between architectural thread binding and execution delays. A strong inverse correlation
(r = —0.77) was found between the proportion of time on P-cores and job step delay,
demonstrating the critical role of P-cores in ensuring fast request processing. The
parameters of the exponential distribution of waiting time showed higher intensity on P-
cores (A = 0.19) compared to E-cores (1 = 0.14), confirming their better ability to serve
delay-sensitive tasks. Analysis of context switching frequency revealed 25-30% higher
dynamics on P-cores, resulting from a more aggressive scheduling strategy for high-priority
QoS classes.

The ACF function for CPU load indicated weak periodicity, which corresponds to the
unpredictable but stable nature of typical live loads on the system.
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The heat map of CPU load percentage and latency revealed the presence of an
optimal scheduling zone (CPU load percentage ~ 35-75%), outside of which latency
variability increased significantly. The empirical results not only confirm the architectural
feasibility of Apple's hybrid approach but also emphasize the importance of correctly
configuring QoS priorities, scheduling policies, and considering the nature of cores when
building effective CI/CD pipelines. The study lays the foundation for further optimization of
system behavior in heterogeneous environments. It opens up new opportunities for
adaptive task scheduling depending on their type and requirements, including QoS
partitioning itself.
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CTOXACTUYHE AOCNIAXEHHA NNAHYBAJIbHUKA 3A0AY APPLE M-
SERIES

KOpiti Kopyak, Bo2zdaH Mix
JIbsiecbkuli HayioHanbHUl yHieepcumem imeHi IsaHa ®paHka,
8yn. ['eH. TapHascbkozo 107, 79017 m. Jlbeis, YkpaiHa

AHOTALIA

Bceryn. EdekTvBHe nnaHyBaHHA 3afad y reteporeHHUX npoLeCcopHUX apxiTekTypax €
KPUTUYHUM  anst 3abe3neveHHsi cTabinbHOI NPOAYKTMBHOCTI CUCTEMW MPU  3MIHHUX
HaBaHTaxeHHsAX. [Mpouecopn Apple M-Series noegHyoTs npoaykTueHi (P-ggpa) Ta
eHeproedekTuBHi (E-aapa) sapa, Wwo [o3Bonse AnHamivHo GanaHcyBatu ob64uMcnoBanbHi
HaBaHTaXXEHHSI 3aNeXHO Bif CKIagHOCTI Ta BUMOT A0 3aTPUMOK 06pobku 3agau.

MaTtepianu Ta meToau. BukoHaHo 36ip HM3bKOpiBHEBOI TenemeTpii 3 macOS-cuctem y
pexvMax iHTEHCMBHUX NPOAYKUIMHUX HaBaHTaxeHb. 3ibpaHri aHi aHanidyBanucs metogamu
CTOXaCTMYHOrO MOAENIOBaHHS 4acoBuMx psafiB, nobyaoBu  OoBipymx  iHTepBanis,
anpokcuMmMadii Yacy Ou4ikyBaHHS eKCMOHeHUianbHUMKU Ta FOrHoOpMarnbHUMK po3noginamu,
aBTOKOPENAUIMHOMO Ta KOpensuinHOro adanisy, a TakoX LUSAXOM OLUiHKM 4acToTu
KOHTEKCTHUX NepemukaHb NOTOKIB Ans pisHMx QoS-knacis.

PesynbraTtu. [NpoBegeHun aHanis 3aceiguvB PyHKUiOHaNbHY creujianisauio sagep
pi3HMX TuNiB. P-agpa npoAeMOHCTpyBanu BULLY IHTEHCUMBHICTE OOpPOGKM, 3MEHLUEeHi
3aTPUMKM B Yepsi Ta NigBULLEHY YyTNMBICTb A0 3a4ady i3 BUCOKMMW BMMOramy OO 4acy
BiOryKy, Toai sik E-sgpa 3abeaneyyBanu ctabinbHy poboTy hoHOBMX npoueciB. BusiBneHa
cunbHa ObepHeHa Kopensuis MK 4acTKo yacy Ha P-agpax Ta 3aranbHOK 3aTpUMMKOH
BMKOHAHHSA 3afad nigTBepmxye, wWo 6Ginblwa 3anydeHicte P-agep nokpallye 4Yacosi
XapakTepUCTUKN 0OCNYroByBaHHS KPUTUYHMX HaBaHTaXeHb. OTpumaHi napameTpwu
aBTOKOpensauil Ta eKCNOHeHUianbHMX pOo3noAiniB A03BONsOTb hopmanizyBaTn mogeni
noBeaiHKM NnaHyBarnbHWKa B reTeporeHHUX cepefoBuLLax.

BucHoBkW. PesynbTtaT AOCNIMKEHHA MOXYTb OyTW BUKOPWUCTaHI SIK CTaTUCTUYHE
niarpyHTa Ans  yOOCKOHaNeHHs cTpaTerii  gucnetyepusalii 3agady y cuctemax Ha
apxitektypi Apple Silicon, Wwo cnpuaTMME NOKPaLLEHHI0 MPOrHO30BaHOCTI 3aTPUMOK Ta
edekTMBHIlWOMY 6GanaHcyBaHHIO 064YMCnioBanbHMX PECcypCiB 3@ YMOB BWCOKOTO piBHS
napanenisamy.

Knrodoei cnoea: onepauiiia cuctema macOS, Apple Silicon, LeHTpanbHUn npouecop,
CTOXacTMYHE MOAErOBaHHSA, aHani3 YacoBux psais, apxitektypa ARM.
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ABSTRACT

Background. Current smart devices are often limited to separate functions such as
timekeeping, environmental sensing, or voice assistance. This fragmentation hinders a
unified solution for productivity in modern workspaces, where indoor conditions and time
management are key. Cloud systems face latency and connectivity issues, while local ones
are limited by hardware. This study presents a multifunctional smart clock combining
environmental monitoring, voice interaction, and task scheduling to enhance comfort, focus,
and efficiency.

Methods. The system uses an Edge—Cloud architecture: the ESP32-S3 edge runs
latency-critical functions under FreeRTOS with an OOP design. Audio from a MEMS
microphone (I?S) is windowed and converted via short-time FFT to log-mel spectrograms; a
quantized CNN (TFLM) performs on-device keyword spotting for wake-word detection. After
wake-word detection, commands are sent to Wit.ai for ASR/NLU. Audio output is driven by
a Class-D amplifier and speaker. Environmental sensing covers temperature, humidity,
illuminance, and CO, (NDIR), with filtered readings shown in an event-driven LVGL touch
GUI and periodically uploaded for analysis to Firebase.

Results and Discussion. The CNN wake-word detector achieved ~90% activation
accuracy in quiet-to-moderate office noise with FAR <1 trigger/hour at ~10% FRR; median
detection latency remained <200 ms after sufficient context accumulation. Under RTT <100
ms, cloud ASR/NLU yielded end-to-end wake—intent latency =1-1.5 s. Concurrent
environmental monitoring at a 2-s cadence did not perturb the audio pipeline, GUI sustained
a 25 Hz refresh rate, and after WWD the system opened a bounded 4-s command window
for user utterances. Wi-Fi provisioning via an embedded web server and hourly cloud
uploads produced coherent. Threshold-driven voice/visual prompts increased awareness of
indoor conditions, while integrated Pomodoro cycles supported sustained focus without
auxiliary tools.

Conclusion. The proposed platform integrates voice assistance, time management, and
microclimate monitoring in an affordable edge device. Its hybrid speech design balances
latency and flexibility, while FreeRTOS ensures reliable multitasking across sensing, GUI,
networking, and audio subsystems.

Keywords: Edge computing, RTOS, NDIR, Pomodoro, embedded voice interaction,
microclimate monitoring.

INTRODUCTION

In recent years, smart devices have become deeply embedded in daily life, providing
users with seamless access to information, communication, and automation [1-3]. Among
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them, smartwatches have gained particular prominence, offering not only timekeeping
functions but also health monitoring, fithess tracking, communication, and integration with
broader smart ecosystems. Depending on their intended use, these devices vary from
fitness trackers, which focus primarily on monitoring physical activity and health indicators,
to multifunctional smartwatches such as the Apple Watch and Samsung Galaxy Watch,
which combine smartphone-level functionality with portability [4,5]. Sports-oriented devices
like Garmin and Suunto further emphasize durability, GPS navigation, and extended
battery life, catering to outdoor enthusiasts [6].

While wearable devices continue to dominate the consumer market, desktop smart
clocks represent a growing but less explored niche. Unlike smartphones or laptops, which
often contribute to information overload and distraction, desktop smart clocks provide
quick, distraction-free access to essential information such as time, weather conditions,
reminders, or indoor climate data. Furthermore, they often function as central hubs for
smart home automation, enabling voice-based interaction with other devices, while also
integrating additional features such as alarms, timers, night lights, and environmental
monitoring through sensors. Recent studies highlight the importance of such devices in
supporting productivity and well-being, as they combine convenience with minimal
cognitive load [7].

One of the most important aspects of modern smart devices is time management.
The Pomodoro technique has been widely studied as a method of enhancing productivity
by breaking work into structured intervals. In the work [8] it was demonstrated that
while the Pomodoro technique helps establish clear structures, it may also accelerate
fatigue compared to alternative approaches such as Flowtime. Other research has
suggested positive effects on learning outcomes and writing skills, particularly among
students [9], though findings on memory retention remain mixed (De Guzman & Abad,
2023). This indicates that Pomodoro-based tools, when properly integrated into daily
routines, may support concentration and efficiency, but their impact is highly context-
dependent.

Equally relevant is the role of environmental monitoring in enhancing productivity.
Recent advances in Internet of Things (loT) technologies have enabled real-time tracking
of indoor parameters such as temperature, humidity, and air quality [10]. Systems
like IoFClime [7] apply fuzzy logic and loT sensors to dynamically control indoor
conditions, demonstrating that comfort and energy efficiency can be jointly optimized.
However, most of these solutions exist as specialized systems rather than integrated
desktop devices.

Another important dimension is voice interaction. Cloud-based assistants such as
Amazon Alexa, Google Assistant, or Siri dominate the consumer market, yet their
integration into resource-constrained embedded systems remains challenging. Alternatives
such as TensorFlow Lite, ESP-Skainet, and Picovoice provide opportunities for on-device
speech recognition, which reduces latency and enhances privacy. Recent open-source
projects demonstrate that microcontrollers like the ESP32-S3 are increasingly capable of
supporting voice-based interactions while simultaneously handling sensor data and user
interfaces [11,12].

Despite these developments, current products typically remain limited to a narrow
set of functions, either as fithess-focused wearables, environmental monitors, or
standalone timers. There is still a lack of integrated, affordable solutions that combine voice
control, environmental monitoring, and structured time management in a single desktop
device.

The aim of this work is therefore to design and develop a hardware—software system
for a desktop smart clock with an integrated voice assistant and Pomodoro timer, based on
the ESP32-S3 microcontroller. This system seeks to unify time management,
environmental monitoring, and voice interaction into one device, thereby enhancing user
comfort, concentration, and productivity in modern workspaces.
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METHODS

Development of the structural diagram and operating algorithm.

The design of the proposed smart clock was guided by the need to combine several
independent functionalities into a single, user-friendly device. Unlike existing commercial
solutions, which are often tailored to specific tasks and lack a holistic approach, this system
integrates microclimate monitoring, a Pomodoro timer, voice control, and visual feedback
within one compact platform. The structural design of the device reflects this integration,
enabling seamless interaction between hardware, software, and cloud-based services.

At the core of the system is the user interface, which relies on multimodal
communication through voice commands, touch interaction, and visual indicators. The
smart clock incorporates an array of environmental sensors, including a BME280 for
temperature and humidity, an MH-Z19B for air quality monitoring, and a BH1850 for
illumination measurement. These components provide real-time data about the
surrounding environment, which is essential for maintaining healthy working and learning
conditions. To complement these sensing capabilities, the device is equipped with an
INMP441 microphone for voice input and a MAX98357-driven speaker for auditory
feedback, ensuring responsive and natural communication with the user. Visual output is
delivered via an ILI9341 display, which presents essential information such as time,
environmental parameters, and timer status, while RGB LEDs (WS2812B) provide intuitive
notifications through color-coded signals.

The computational backbone of the system is the ESP32-S3 microcontroller, which
orchestrates data acquisition, processing, and communication with external services. A
real-time clock (DS3231) guarantees accurate timekeeping, even in cases of temporary
power loss. Beyond its local processing capabilities, the device is designed for cloud
connectivity. Sensor readings are transmitted to a Firebase database, where they can be
stored and analyzed over time, allowing the user to monitor long-term trends in
microclimate conditions. The voice assistant functionality is implemented through
integration with WitAl, a machine-learning-based web service that enables natural
language recognition and command execution. This open-source approach ensures
transparency, extensibility, and adaptability to user-specific requirements, while also
fostering community-driven improvements.

The operational algorithm of the device was carefully structured to guarantee reliability
and user convenience. Following system initialization, which activates the processor and
peripheral modules, the smart clock attempts to connect to a Wi-Fi network. If stored
credentials are available, the device automatically connects as a station; otherwise, it
activates its access point mode to allow the user to provide network details. Once
connectivity is established, the system initializes secure communication with Firebase and
WitAl servers. Successful connections enable real-time synchronization of environmental
data and support the functionality of the voice assistant.

The workflow of the device follows a logical sequence of states. After initialization and
server connection, the system continuously collects environmental parameters, displays
them on the screen, and evaluates them against predefined thresholds. Deviations trigger
visual or auditory alerts, prompting the user to adjust their surroundings, such as ventilating
the room or modifying lighting conditions. Simultaneously, the system remains in standby
mode, waiting for a voice activation command. When such a command is detected, the
audio is processed locally on the ESP32-S3 before being transmitted to WitAl for
recognition. If the command is successfully identified, the corresponding action is executed;
otherwise, the device provides auditory feedback indicating that the request could not be
processed. To ensure smooth operation, task scheduling is implemented using a real-time
operating system (RTOS), which manages parallel processes such as sensor data
acquisition, screen updates, logging, and voice communication.
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The proposed design demonstrates how a combination of modular hardware, cloud
integration, and open-source philosophy can result in a versatile and accessible smart
device. By embedding environmental awareness, productivity-enhancing tools, and natural
interaction modalities into one platform, the system addresses the limitations of existing
solutions and sets the foundation for further improvements by the developer community.

Design choices in hardware and software.

During the development of the smart clock, a detailed analysis of both hardware and
software solutions was carried out, which made it possible to determine the optimal set of
components for the implementation of the project. Based on a comparison of different
microcontrollers, the ESP32-S3 was selected as the core unit. It combines high
computational performance, advanced communication capabilities (Wi-Fi and Bluetooth),
and low power consumption. These features make it suitable for working with multiple
sensors, processing voice commands, and integrating with cloud services, which are
essential for modern loT devices.

For monitoring environmental parameters, the BH1750 (illumination), BME280
(temperature, humidity, and pressure), and MH-Z19 (CO, concentration) sensors were
chosen. The selection of these modules was determined by their measurement accuracy,
low energy consumption, and support for the I12C interface, which ensures efficient use of
the microcontroller's GPIO pins.

The audio subsystem was implemented using the INMP441 microphone and
MAX98357 amplifier paired with a speaker, providing high-quality audio capture and
playback. This configuration is optimal for implementing a voice assistant. For data
visualization, the 1LI9341 display was selected due to its adequate resolution, color
rendering, refresh speed, and cost efficiency, while the WS2812B RGB LED module was
included to provide visual status indications. To ensure precise timekeeping, the DS3231
real-time clock module was integrated, guaranteeing stability even in cases of power
failure.

On the software side, the C++ programming language was chosen, as it offers a
balance between performance, object-oriented development, and efficient resource
utilization. Visual Studio Code in combination with PlatformlO was used as the
development environment, enabling effective project organization, broad library support,
and extended debugging capabilities. The voice assistant was implemented through a
hybrid approach: TensorFlow Lite was used for on-device processing, while Wit.ai provided
cloud-based natural language analysis. The Arduino framework was selected due to its
simplicity in integrating modules and sensors, which accelerates development and
facilitates testing.

RESULTS AND DISCUSSION

Software architecture and RTOS integration.

The software architecture of the developed smart clock is designed to ensure efficient
management of real-time data processing, peripheral control, and user interaction (see Fig.
1). The system operates on the ESP32-S3 microcontroller under a real-time operating
system (RTOS), which allows concurrent execution of multiple tasks while maintaining
predictable response times for critical operations such as audio processing and sensor data
acquisition. This architecture provides the necessary flexibility to integrate both voice and
touchscreen interfaces while maintaining reliable performance in a resource-constrained
embedded environment.

At the core of the system, low-level hardware abstraction facilitates seamless
interaction with the microcontroller’s peripherals, including GPIO, 12C, SPI, UART, and 12S
interfaces. This approach isolates hardware-specific details from higher-level modules,
enabling peripheral drivers to manage device initialization, data acquisition, and calibration
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independently. Sensors such as the BME280, BH1750, and DS3231 are connected via a
shared 12C bus, allowing precise measurement of environmental parameters with minimal
GPIO usage. Similarly, the CO, sensor MH-Z19B communicates through UART, providing
calibrated measurements after a manual zero-point calibration procedure to ensure long-
term accuracy.

Dynamic memory management is critical for the system due to the use of graphical
user interfaces and real-time audio processing. To optimize memory utilization, the
software relies on the PSRAM of the ESP32-S3, overriding default allocation operators to
direct memory-intensive objects and graphical buffers to the external RAM. This
configuration, combined with the LVGL graphics library, reduces the load on the main RAM
while allowing smooth rendering of user interface elements, including fonts, images, and
interactive widgets. The resulting efficiency supports complex graphical operations without
compromising responsiveness or stability.

While external PSRAM greatly increases the available heap, it exhibits higher access
latency and lower sustained bandwidth than the ESP32-S3’s internal SRAM. In this device
configuration, external PSRAM is clocked at 80 MHz over MSPI, whereas on-chip SRAM
runs at core speed up to 240 MHz. In embedded HMI/audio workloads, this may manifest
as reduced GUI responsiveness or, under contention, audio glitches if time-critical buffers
are placed off-chip. To prevent such regressions, the design adopts a split-placement policy
and buffer choreography: (i) time-critical data structures - 12S DMA rings, the STFT window
and working arrays for feature extraction, and the TFLM tensor arena - are pinned to
internal RAM using capability-qualified allocation; (ii) bulky, immutable GUI assets (fonts,
images, theme resources) are kept in PSRAM,; (iii) LVGL employs two small draw buffers
in internal RAM (line/strip buffering) with partial, region-based flushes rather than full-frame
framebuffers; (iv) display transfers and PSRAM fetches are scheduled via DMA and kept
sequential to remain cache-friendly; (v) GUI and audio execute in separate RTOS tasks
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with priorities chosen to guarantee deadlines on the audio path. In practice, this
arrangement sustained 225 Hz GUI refresh with no I?S underruns during WWD and
command capture, while preserving the RAM headroom provided by PSRAM. Additionally,
RGB565 color depth is used, and full-screen alpha-blended layers are avoided to reduce
memory bandwidth.

The RTOS orchestrates the execution of multiple concurrent tasks, assigning priorities
to ensure that time-sensitive operations, such as voice recognition and sensor data
acquisition, are executed promptly, while background tasks, including cloud
synchronization and web server communications, are performed without interfering with
real-time processes. Integration with cloud services enhances system functionality:
Firebase provides real-time data storage and synchronization for environmental
parameters and Pomodoro session records, Wit Al enables natural language
understanding for voice commands, and NTP ensures accurate timekeeping. Additionally,
a web server hosted on an external platform allows remote monitoring of device status and
user data, extending the clock’s utility beyond local interaction.

User interface management is closely tied to the underlying software architecture (see
Fig. 2). Touchscreen input is calibrated through software routines to accurately map
analog-to-digital converter signals to screen coordinates, ensuring precise user interaction.
The ILI9341 display, interfaced via SPI, benefits from DMA transfers that enable rapid
graphical updates, while audio input and output through the INMP441 microphone and
MAX98357 amplifier are processed via 12S with minimal latency. The combination of real-
time audio processing, touchscreen control, and graphical rendering creates an interactive
and responsive system, capable of simultaneously handling multiple streams of input and
output without noticeable delays.

RAM FLASH
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Fig. 2. DMA interaction with peripheral interfaces.
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Finally, persistent data storage is implemented using the SPIFFS file system on the
onboard Flash memory, which organizes system resources, audio files, and machine
learning models for wake-word detection. Memory partitioning and the dual-application
OTA update mechanism ensures reliability and ease of maintenance, allowing the firmware
to be updated safely while preserving critical system data.

Overall, the software architecture combines real-time task management, efficient
memory allocation, peripheral abstraction, and cloud connectivity to create a robust,
adaptive, and interactive embedded system. This design enables the smart clock to operate
seamlessly across multiple modalities, integrating environmental monitoring, voice control,
graphical display, and remote connectivity into a coherent and reliable user experience.

Software architecture development.

The software architecture of the smart watch is built on FreeRTOS, enabling
concurrent execution of independent tasks (threads) that share the same address space.
Object-oriented programming (OOP) is employed to structure the codebase, encapsulating
different functionalities such as sensor data management, voice interaction, and user
interface operations into separate classes [19]. This design promotes modularity, code
reuse, and ease of maintenance.

The system includes multiple tasks, each responsible for a specific operation. These
tasks handle real-time updates of the display, processing of user commands, management
of Pomodoro sessions, sensor data acquisition, audio input/output, and network
communication. Two periodic timers coordinate scheduled operations such as hourly
logging and Pomodoro timing. Synchronization mechanisms, including queues,
semaphores, and task notifications, ensure safe data exchange and prevent conflicts when
accessing shared resources. Task creation and management are handled through
FreeRTOS APIs, with some tasks pinned to specific cores to optimize parallel execution
across the ESP32’s dual-core processor.

The task-level architecture is illustrated in Fig. 3, showing the interaction of tasks,
timers, and synchronization objects. This diagram highlights how FreeRTOS enables
concurrent execution, allowing the system to respond in real time to voice commands,
sensor readings, and user interactions while maintaining efficient resource usage.

At the object level, the software is organized into classes representing key
components of the system, including the Pomodoro timer, display manager, environment
analysis, command handler, speaker, and LED controller. Fig. 4 presents a simplified class
diagram, showing relationships such as composition, aggregation, inheritance, and usage.
This structure ensures modularity, facilitates testing, and supports extension of the
system’s functionality without disrupting existing components.

Voice interaction. The voice interface follows a two-tier Edge—Cloud pipeline that
partitions low-latency detection from semantic understanding. The edge tier remains
always on and performs wake-word detection (WWD) directly on the microcontroller to
guarantee immediate responsiveness, while the cloud tier is invoked only for large-
vocabulary speech recognition and intent extraction. An overview of the pipeline and data
flow is shown in Fig. 5.

Audio is acquired from a digital MEMS microphone over I?S and buffered in short,
overlapping frames. Each frame is windowed and transformed by a short-time Fourier
transform (STFT); the resulting magnitude spectra are mapped to log-mel spectrograms
that compactly capture phonetic structure and mitigate amplitude variance (illustrative
example in Fig. 6). This time-frequency representation is well suited to image-like inference
and provides a stable input for keyword spotting on embedded hardware.

Wake-word detection is performed by a lightweight CNN-based keyword-spotting
(CNN-KWS) model trained on Google Speech Commands with the target wake phrase
“Marvin,” augmented by “silence” and “unknown” classes. Training proceeds for a fixed
number of epochs with standard augmentations (time shift, additive noise) to improve
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Fig.3. FreeRTOS architecture of the smart watch.

robustness. The trained network is quantized to 8-bit and deployed with TensorFlow Lite
Micro as a C array linked into firmware, ensuring a small memory footprint and deterministic
execution on the MCU. During inference, posterior smoothing and a calibrated decision
threshold reduce both false rejections and false activations. A successful WWD event
opens a bounded command window, during which the user utterance is captured for
downstream understanding.

Command interpretation uses a selective processing strategy. Essential device opera-
tions (e.g., timer and mode controls) are matched locally by compact grammar to preserve
functionality under variable connectivity. When network conditions are adequate, the utte-
rance is forwarded over HTTPS to a cloud service (Wit.ai) for ASR/NLU; the response is
returned as a JSON structure containing an intent label and typed entities (e.g., a duration),
enabling flexible phrasing without firmware changes. This Edge—Cloud division focuses on
on-device availability while leveraging cloud-scale language models for broader semantics.
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Fig. 6. Log-mel spectrogram of ‘Marvin’ word.

Run-time control is organized by a finite-state machine (FSM) that sequences the
assistant through listening and command handling. In the WWD state, the edge
continuously analyzes incoming audio; a detection triggers a transition to the CMD state,
which manages utterance capture, local matching, or cloud submission, and action
dispatch. On completion—or on timeout or error—the FSM returns to WWD. This explicit
state structure simplifies timing, error recovery, and user-visible behavior; the state diagram
is shown in Fig. 7.

User feedback combines non-intrusive auditory cues and visual status. Short tones
and speech prompts are rendered through a Class-D amplifier and speaker to indicate
activation, confirmation, and error conditions. In parallel, the LVGL-based touch GUI
presents lightweight indicators for listening/processing states and command outcomes, and
aligns voice interaction with task-management views (e.g., Pomodoro status) without
forcing context switches. Together, these elements yield a responsive, resource-aware
assistant: on-device CNN-KWS over STFT/log-mel features enables reliable activation; the
FSM cleanly separates listening and action phases; and selective delegation to cloud NLU
provides semantic breadth with minimal impact on latency or energy (Figs. 5-7).

Process user command

Wait for wake word Detected

Processing complete

Fig.7. Voice assistant Finite State Machine.
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Testing and Measurements. Resource usage on ESP32-S3 was 28.7% of RAM
(93,908/327,680 bytes) and 46.3% of flash (2,185,093/4,718,592 bytes); the breadboarded
prototype is shown in Fig. 8.

Fig.8. Smart clock on breadboard.

Average power draw measured with a Keweisi KWS-V20 USB tester was 0.17 A at
5.2V (=0.88 W). Wake-word testing in a quiet office (five participants; eight attempts each,
40 trials) yielded 36 correct activations (=90% overall; per-participant 85-95%); a separate
distance sweep (1-3 m) showed the expected decline, with 16/20 correct at 3 m. After
activation, the assistant captured user utterances within a bounded 4-s command window
with (=97% overall); The system maintained concurrent sensing and GUI operation without
audio dropouts during these tests.

CONCLUSION

This work demonstrates an edge—cloud architecture for a desktop smart-clock
platform that unifies voice interaction, microclimate monitoring, and Pomodoro-based task
management on MCU-class hardware. On the edge, a quantized CNN keyword-spotting
model (TensorFlow Lite Micro) operating on STFT-derived log-mel spectrograms enables
reliable wake-word detection, coordinated by an OOP design on FreeRTOS with a finite-
state machine for listening and command handling. The audio chain (MEMS microphone
over I2S with Class-D output) and the LVGL touch GUI maintained real-time
responsiveness, with GUI refresh 225 Hz and a bounded 4s post-activation command
window. Environmental sensing—including NDIR CO,, temperature, humidity, and
illuminance—ran at a 2 s cadence without perturbing the audio pipeline, while threshold-
driven voice/visual alerts improved awareness of adverse conditions. Wi-Fi onboarding via
an embedded web server simplified provisioning, and hourly cloud uploads produced
coherent, time-aligned datasets for longitudinal analysis of environment and work sessions.
Empirically, at an operating point tuned to FAR < 1 activation per hour, the wake-word
detector achieved TPR = 90% (FRR = 10%) with median detection latency < 200 ms in
quiet-to-moderate office noise, and the hybrid edge—cloud flow preserved interactive
latency by executing essential commands locally and delegating flexible, large-vocabulary
understanding to cloud NLU when connectivity permitted. Collectively, the results validate
that careful partitioning across edge and cloud, combined with RTOS-based concurrency
and lightweight on-device ML, can deliver a responsive, energy-aware, and functionally
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complete assistant on resource-constrained hardware. Future work includes expanding
offline NLU for broader command coverage, personalizing thresholds and models using
on-device adaptation, applying energy-aware duty cycling, and integrating with wider loT
ecosystems for context-aware scheduling and actuation.
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BAFATO®YHKLIOHANBHUA PO3YMHUXA TOANHHUK ANA rONOCOBOI
B3AEMOII TA ADANTUBHOIO NNMAHYBAHHA 3ABOAHb

Amumpo Kosnwk, NanuHa Knum
HauioHanbHul yHisepcumem «JIbgigcbka nonimexHika,
syn. . bandepu 12, 79013 m. JIbsie, YkpaiHa

AHOTALIA

Bctyn. CyyacHi cmapT-npycTpoi 3a3Buyan 0OMeXyTbCs i30N1b0BaHNMU DYHKLiSMK,
TaKMMU SIK BiZOOpaxxeHHs Yacy, MOHITOPUHI NapaMeTpiB cepeoBULLa Y XMapHi FONOCOBI
acucteHTn. Taka dparmeHTauis He 3abe3nevye €OMHOrO KOMIMIEKCHOTO pilleHHs Ans
NigBULLEHHS NPOAYKTMBHOCTI Yy CydacHMx poboumx npoctopax, Ae BaXMBUMMU € $K
MIKpOKMiMaTUYHi YMOBMW, TaK i edekTMBHe ynpaBsmiHHA YacoM. CucTemu, LIO MpauioTb
BMKITIOYHO Yy XMapi, CTpaXaarlTb Bif 3aTPUMOK Ta 3anexHOCTi Big MiAKMYEHHS, Toai K
MOBHICTIO NOKanbHi pilleHHs obmexeHi pecypcamu. Lie gocnigxeHHs mae Ha MeTi po3pobKy
6araTodyHKLiOHaNbHOrO «PO3YMHOr0 FOAMHHMKaY», WO 06’eQHYe MOHITOPWMHI OOBKiNns,
roflocoBy B3aeMofil0 Ta MraHyBaHHA 3aBAaHb Ha €AWHI nnaTdopMi, NpusHadeHii ans
nigBULLEHHS KOMGOPTY, KOHUEHTpaUil Ta ePEeKTUBHOCTI.

MeToau. Cucrema peanisoBaHa 3a npuHumnom Edge—Cloud apxitektypu: ESP32-S3 Ha
PiBHI «Kpalo» BUKOHYE KpUTMYHI [0 3aTpumok dyHkuii nig FreeRTOS 3 o06’ekTHO-
OpIEHTOBaHUM MiAXOAOM [0 NpOekTyBaHHA. AyaiocurHan i3 MEMS-mikpodoHa (12S)
po36bMBaETLCA Ha BikHa Ta NEPETBOPIOETLCS 3a AOMOMOror kopoTkodacHoro FFT y log-mel
CreKTporpamu; KBaHToBaHa 3ropTkoBa HeripoHHa Mepexa (TensorFlow Lite Micro) BukoHye
JNOKanbHe pOo3ni3HaBaHHS KIKOYOBOrO CcroBa Ans aktueauii. [licns uboro KomaHgu
nepegatoteca y Wit.ai ana ASR/NLU. AyaioBuxia peanizoBaHuii yepes nigcunoBay knacy
D Tta pguHamik. MoHIiTOpMHr napameTpiB AOBKINMS OXOMME TemnepaTtypy, BOMOriCTb,
ocBiTneHicTb Ta piBeHb CO, (NDIR-ceHcop), i3 dinbTpadieto AaHnx, ski BiaobpaxalTbes y
noAieBo-opieHTOBaHOMY CeHCOpHoMYy iHTepdenci LVGL Ta nepiognyHo 3aBaHTaXyloTbCs Y
Firebase ansa noganbLioro aHanisy.

PesynbtaTtu. PosnisHaBay kntoyoBoro crioBa Ha ocHoBi CNN pgocsar npubnmsHo 90%
TOYHOCTiI aKkTMBaUjii B YMOBax TMXOro Ta MOMIPHOrO OMICHOrO LWyMy Mpu PiBHI XUMOHMX
cnpautoBaHb <1 pas/rog i YactoTi nponyckiB 6nun3eko 10%. MegiaHHa 3aTpumka akTmBadii
He nepesuwyBana 200 MC nicrns HaKOMUYEHHS JOCTaTHLOro KoHTekcTy. Mpn RTT <100 mc
xmapHi cepsic ASR/NLU 3abesnevyBanu 3aranbHy 3aTpuMMKy Big akTuBauii go
po3ni3HaBaHHA Hamipy Ha piBHi =1-1,5 c. [MapanenbHWU MOHITOPWUHI AOBKINMSA 3 iIHTEpBanom
2 ¢ He 3aBaxaB ayaionpouecy, rpadidHui iHTepdenc 3bepiraB 4acToTy OHOBNEHHS 25 ML,
a nicna akTmeauii cucTema BigkpvBana 4-cekyHOHe BiKHO ANns FONOCOBUX KOMaHpg
kopuctyBada. HanawrtyBanHa Wi-Fi 3giicHioBanocs 4vepe3 BOygoBaHui Beb-cepBep, a
LWOroAMHHI 3aBaHTaXKEHHS OdaHuX y xmapy Oynu ctabinbHumu. [oporosi ronocosi Ta
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Bi3yarnbHi CMOBIlleHHA MiaBMWyBanu 06i3HaHICTb Npo CTaH MikpoknimaTty, Todi $K
iHTerpoBaHi uuknu Pomodoro nigTpMMyBanu KoHueHTpauilo 6e3 noTpebu y CTOPOHHIX
iHCTpYMeHTax.

BucHoBku. 3anponoHoBaHa nnatdgopma edeKkTuBHO 06’eaHY€E roriocoBy B3aEMOLH0,
CTPYKTypOBaHe ynpasfiHHA 4acoM Ta MOHITOPWHI MiKpOKniMaTy B AOCTYNHOMY 3a LiHO
npuctpoi. lNbpnaHa apxitekTypa 0b6pobkn MoBneHHs 3abesnedye GanaHC MiX HU3bKOO
3aTPUMKOIO Ta FHY4KiCTIO, @ BMKopucTaHHa FreeRTOS rapaHtye 6e3neyHe Ta napanenbHe
dyHKLiOHyBaHHA nigcmuctem ceHcopuku, GUI, mepexi Ta aypgio. Cuctema CTaHOBUTb
NMPaKkTU4HYy OCHOBY ANs ManbyTHIX pO3WMpEeHb, 30KpeMa afanTMBHOIO MraHyBaHHS,
rmnbwoi loT-iHTerpauii, nokanbHoro NLU-pesepBy Ta eHeproedekTUBHOIO KepyBaHHS
poBoYMMU LMKNamm.

Knrouyoei cnosa: O6uncnenHst Ha pieHi kpato; RTOS; NDIR; Pomodoro; BOyaoBaHa
ronocoBa B3aemogis; MOHITOPUHI MIKpOKMiMaTy.
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ABSTRACT

Background. A pressing problem in designing distributed software systems is that they
must operate stably under high load conditions when thousands of users want to receive
certain resources provided by system services. To ensure high availability and stability of
highly loaded software services, they are deployed in managed multiprocessor distributed
systems (clusters). These kinds of resources have a high value, so in practice, various cloud
platforms (Google Cloud, Amazon, Azure, etc.) are most often used, which provide these
resources, charging only for the time of direct use of them. Services must be able to fully utilize
the provided resources during data processing, so they must be designed using special
architectural solutions. Therefore, the purpose of this research is to theoretically investigate
the architectural solution features when designing software services of distributed systems.

Materials and Methods. The paper presents a theoretical research design of features
of distributed software systems architecture which is based on the analysis and comparison
of facts obtained from scientific sources and the author's practical experience as well.

Results and Discussion. The article shows that Kubernetes is one of the main software
solutions designed for deploying software applications in parallel distributed systems. It was
established that microservice architecture is the optimal architectural solution for designing
software services of distributed systems, given the specifics of deploying software systems
under Kubernetes management.

Conclusion. A multithreaded design must be used for effective scaling distributed
software system under high load. However, performance improvement occurs only if the
parallel algorithm uses parallel rather than concurrent multithreading mode. The concurrent
mode of thread operation is advisable to use only in the case of blocking operations when
some threads are in a waiting mode. Synchronous architecture has a good performance,
but there are limitations associated with blocking threads until the results of client requests
are received. The asynchronous model allows for a larger number of requests than the
synchronous one but requires a fully asynchronous APl when working with external services,
and is also more difficult to debug the service and fix errors.

Keywords: distributed systems, clusters, cloud platforms, microservices, microservice
architecture, multithreading.

INTRODUCTION

The current problem is to ensure high availability and stability of distributed software
systems under high load conditions [1-5]. This problem must be solved by certain
architectural solutions already at the stage of designing the system architecture. A
necessary condition for the stable operation of a software system under high load
conditions is its deployment in some software-controlled parallel distributed system - a
cluster [1-5]. Such systems consist of separate, independent of each other, microprocessor
nodes [6] with their own RAM and operating system, connected by specialized high-speed
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communication channels, which work as a single system. In this case, the microprocessors
of each cluster node are, in most cases, multi-core Chip Multiprocessor (CMP). Although
in the general case, the RAM in the cluster is distributed, the memory is common to all
processors of one processor node of the cluster, which significantly improves the efficiency
of data exchange between processes during parallel calculations within one node. It is clear
that in order to ensure the coordinated operation of the entire cluster, special software tools
are required that are installed on the cluster nodes and provide performance monitoring,
problem diagnosis, and automation of resource management on all available cluster nodes.
Cluster deployment and scaling are currently very often performed remotely with the help
of cloud platform services [7-8]. (Amazon, Google, Azure)

Special software tools are required to ensure the coordinated operation of the entire
cluster. These tools are installed on the cluster's main node and provide performance
monitoring, problem diagnostics, and automated resource management for all accessible
nodes in the cluster. Cluster creation and management are currently mostly conducted
remotely using virtual machines on cloud platforms [7-8] (Amazon, Google, Azure).

However, deploying a software service in a cluster is not a sufficient condition to
ensure its efficiency [1-5]. To fully utilize the resources of a parallel distributed system, it
needs to be designed using multithreading principles [23-25]. The use of threads allows
tasks to be executed concurrently. However, in practice, there are often cases of service
performance degradation in multithreaded environments. This is primarily due to
peculiarities in working with threads, including their creation, maintenance, and
management. Therefore, this paper also examines and analyzes the key aspects of
designing software service architectures that efficiently use threads for parallel
computations, aiming to improve service performance and maximize resource utilization
within the cluster

MATERIALS AND METHODS

The paper involves theoretical research on designing features of distributed software
systems architecture, based on the analysis and comparison of facts obtained from
scientific sources and the practical experience acquired by the author as well.

RESULTS AND DISCUSSION

Today, a primary tool for deployment, scaling, and management of software
applications is the open-source software platform Kubernetes [9, 10] developed by Google.
Kubernetes cluster deployments are mostly performed remotely on virtual clusters hosted
on cloud platforms within their data centers (data centers). Since Kubernetes has become
a standard for managing software applications in a cluster, let's look at the key architectural
features of software services design related to using Kubernetes.

The most important feature of Kubernetes is that it can only manage containerized
software applications where the application and everything needed for its operation (code,
libraries, configuration files, and even the operating system) are packaged into a container
[9, 10]. Currently, Docker-based containers are the most widely used platform for
containerization [11, 12]. Docker containers utilize kernel-level virtualization, functioning as
independent processes with their own address space. Unlike virtual machines, containers
share a single operating system and its kernel while loading only the binaries and libraries
required to run the application. This eliminates the need to install separate operating
systems—multiple containers can operate within the same system. This approach saves
overhead costs associated with virtual hardware emulation and launching full-fledged
operating system instances, making containers lightweight, fast, and cost-effective.
Everything inside the container is isolated from the outside world, enabling the
simultaneous operation of multiple containers on a single system without concern that they
could influence each other [11, 12].
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Thus, to effectively scale a software application within a Kubernetes-managed cluster
[9, 10], it must be designed as separate, loosely coupled software components that can be
easily deployed in containers. This type of architecture is called microservices architecture
[13-15], and its components are referred to as microservices. Splitting an application into
individual microservices is typically based on specific aspects (models) of the domain. For
instance, in the context of the financial domain, one microservice might handle user authen-
tication and authorization, another might process payments, a third might manage docu-
ments, and so on. This approach is known as Domain-Driven Design (DDD) [13-15].

Each microservice should control access only to the data it is responsible for. No other
microservices should have direct access to databases managed by other microservices
such data should only be accessible through the API of the respective service. This ensures
that each microservice controls the consistency and structure of the database. It manages
and allows the use of the most appropriate database management system for its specific
needs without being constrained by overall system requirements. For example, one
microservice might use a normalized SQL database while another could benefit from a
NoSQL database [13-15].

When implementing microservices architecture, interaction mechanisms between
microservices must be carefully designed. The simplest and most general form of
microservice communication is message-driven communication, where microservices
exchange messages according to a specific protocol. This technique is called Message-
Driven Architecture (MDA). In this case, one microservice sends a message (request),
other processes it, and then sends a response message back. Here, the requesting service
is referred to as the client and the responding one as the server. In high-load systems,
communication may be event-driven instead, relying on distributed message queues. This
communication approach is called Event-Driven Architecture (EDA) [19].

The rules governing the exchange of messages in the client-server model are
encapsulated in the Representational State Transfer architectural style (REST API) [16-
18]. The essence of the REST API architectural style is that the microservice that processes
messages should provide a unified interface for identifying resources, should not cache
data from previous requests, and each request should contain all the necessary information
for its processing. Client-server interfaces (protocols) facilitate message transmission, with
the most common protocols being HTTP(S), GRPC(S), and WebSockets. Resource data
is exchanged in specified formats determined by the protocol. Popular formats include
JSON, XML, HTML, YAML, PlainText, and FormData. Each request processing
microservice follows a multi-layer architecture, where upper-layer components interact only
with directly lower-layer components. A prominent example of this architecture is the
Model-View-Controller (MVC) pattern [23]. The model defines the business logic
corresponding to the domain-specific model. The view represents the layer that formats
data for the user. The controller manages system interaction and modifies the model in
response to incoming requests. In practice, microservices also have a persistence layer to
ensure data consistency within the database and provide access to it.

Synchronous and asynchronous architecture of distributed software systems.
Nowadays, REST API are commonly implemented in synchronous communication models
where a client sends a request and receives a response within the same connection. In
synchronous architectures, each client request is handled by allocating a dedicated thread,
as is common with traditional web servers. This architecture works well for scaling services
under varying loads by dynamically increasing or decreasing the number of threads in the
service. However, thread creation [25] involves not only generating an object within the
user space of a process but also invoking low-level operating system APIs and kernel-level
instructions for allocating and initializing hardware resources, such as stack memory and
task scheduling. Consequently, this process is not instantaneous, and its latency becomes
more noticeable under high-load conditions. To mitigate the negative impact of dynamic
thread creation during service operation, it is advisable to pre-create an optimal number of
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threads upon program startup and reuse them during execution. Threads are added to a
thread pool for efficient reuse, and the optimal number of threads can only be determined
experimentally through performance testing.

In cases where computational tasks are resource-intensive, parallel algorithms can
improve execution. Tasks are divided into independent subtasks processed concurrently,
and their results are merged afterward. However, this approach works well only for additive
tasks; tasks dependent on execution order may suffer degraded performance due to
synchronization and blockage of threads.

Despite its benefits, synchronous REST API architecture still employs blocking
sockets, limiting the maximum number of simultaneous requests to the number of available
threads. For higher scalability asynchronous architecture is preferred. Here, a single
thread, which is known as the EVENT LOOP, handles all client requests using non-blocking
sockets (NIO). Request processing occurs asynchronously within a thread pool, where
callback functions or pipelines execute upon receiving results from databases or external
services. Using asynchronous APIs, clients are notified of response completion through
additional channels like email or SMS.

Another microservices interaction pattern is the Publisher-Subscriber architecture
[23], which operates using distributed data queues [20-22] (e.g., Kafka, RabbitMQ, JMS,
Google Pub/Sub). Changes in the state of one microservice generate an event that is
published to the queue in a predefined topic. Other subscribed microservices consume and
process the events, enabling a fully asynchronous Event-Driven Architecture (EDA) [19].
Such systems can be used for ensuring data consistency across distributed databases
(e.g., using the SAGA pattern) [24].

Deploying distributed software systems. While microservices architecture offers
considerable advantages, challenges must also be addressed. Deployment and scaling
processes must be carefully described for each microservice to enable load balancing
within a Kubernetes cluster [10]. Continuous Integration/Continuous Delivery/Continuous
Deployment (CI/CD pipelines) are defined based on organizational requirements and
technical specifications. Popular tools include Jenkins pipelines [26] or event-based
pipelines (e.g., GitHub and GitLab CI/CD) [27]. Complexity management is another
concern, particularly with large numbers of microservices. Furthermore, security and data
integrity require additional attention.

Monitoring and logging in distributed environments present unique challenges,
necessitating centralized analysis and logging tools. Practical implementations often
involve the ELK stack [28]: ElasticSearch, Logstash, and Kibana. Logstash collects and
transforms data, ElasticSearch indexes and analyzes it while providing search capabilities,
and Kibana visualizes the results.

Technologies for designing distributed software systems. Currently, either the
JAX-RS specification, which is part of the Jakarta Enterprise Edition (Java EE) standard,
or the Spring framework is used to create enterprise-level RESTful microservices.

JAX-RS (Java API for RESTful Web Services) is a Java specification that provides a
standardized way to create RESTful APIs, which uses annotations to simplify the process.
The @Path annotation is used to define REST endpoints. The @GET, @POST, and @PUT
annotations are used to define the methods that will be used to process the request -
reading a resource, adding a new resource, and updating a resource, respectively. The
@Produces, @Consumes annotations are used to define the data format. However, JAX-
RS is only a specification, so its use requires an implementation. The main implementations
of JAX-RS that work with data via the HTTP protocol and are used in practice are the
Jersey, RESTEasy, and Apache CXF frameworks.

The Spring Web framework, which is part of the Spring platform, should be highlighted
separately. Spring Web provides its own set of annotations for creating RESTful APls, for
example, @RestController, @RequestMapping, while immediately providing mechanisms
for their processing. Therefore, in this case, we get a full-fledged framework for creating
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RESTful APIs, which also works based on the HTTP protocol but does not implement the
JAX-RS standard.

Standard implementations of JAX-RS and Spring Web frameworks are built on classic
web servers (Tomcat), which use a synchronous (blocking) architecture for processing
requests. The synchronous architecture has its limitations associated with blocking threads
during the processing of client requests, and therefore, all these limitations are inherited by
the frameworks. Such architectures are very common in the financial or health insurance
sectors, where data processing includes a lot of data validation, document signing, and
report generation. All these data processing stages are usually performed sequentially and
technically involve working with different databases and integrating with external services.
Typical technical tasks that are often encountered in practice in this area:

a) The task involves executing a database query that requires reading or updating a large
data set;

b) The task involves executing several database queries within a single transaction;

c) Data for calculations must be obtained from several different sources using external
service calls, which are often also synchronous;

This type of task is well divided into several parts that can be executed in parallel in
separate threads. After the data is received, it can be processed asynchronously using
callback code. In practice, in the Java world, CompletableFuture is used for this purpose.

If data processing is long-term, even using parallel threads, then we can provide an
API to check the execution status. In this case, the software client periodically polls the
server about the operation execution status.

If the task is additive and all the necessary initial data is present, but we need to speed
up their processing, then in this case we can also parallelize the task into independent
parts, execute them in a parallel thread pool, and then combine the results. ForkJoin thread
pool is effectively used for this purpose in Java. However, it should be emphasized once
again that performance will improve only if the result does not depend on the order of
execution of its parts. In this case, the main thread is blocked until we get the intermediate
results necessary for the combination.

If, according to technical requirements, it is necessary to accept as many client requ-
ests as possible or to carry out continuous data transfer in real time, then in this case, in
practice, an asynchronous (non-blocking) Restful API is used. Asynchronous approaches
are very often used in online games, the Internet of Things (continuous data collection from
various sensors), and the creation of video conferencing platforms. An asynchronous API
can be built using the Spring Web Flux framework or using distributed data queues.

If we talk about the Spring Web Flux framework, then its work is built only on the basis
of the non-blocking Netty server. A feature of the asynchronous architecture, which is built
on a non-blocking server, is the use completely non-blocking APl in all parts of the software
microservice to avoid blocking the main thread. Otherwise, the work of such a service under
some conditions may simply stop.

In the case of distributed data queues, microservices can be built on both blocking
and non-blocking servers. In practice, ready-made solutions provided by leading cloud
platform vendors, such as Google Pub/Sub, are usually used.

CONCLUSION

As a result of the study, it was found that a feature designing of distributed software
systems is designing microservice architecture. It was analyzed that microservice
architecture can be built based on REST architecture or event-driven architecture.

Synchronous (blocking) REST architecture shows good performance but has
limitations associated with blocking threads until the results of client requests are received.
Therefore, it is suitable for areas where there is no high load on services, in particular for
the financial and health insurance sectors.
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Asynchronous (non-blocking) REST architecture and event-driven architecture (EDA)
are used in areas where continuous data transfer in real time is required (online games,
Internet of Things, streaming video conferences). Event-driven architecture is also used in
systems with microservice architecture in which the state of one microservice depends on
the state of another. The asynchronous model allows for a larger number of requests than
the synchronous model but requires a fully asynchronous APl when working with external
services and is also more complex when debugging the service and fixing errors.

The study also found that architecture of distributed parallel systems should be built
using parallel threads. The use of threads makes it possible to increase the performance
of software systems but only if a parallel not a concurrent multithreading mode is used by
parallel algorithm. The concurrent mode threads operation is advisable to use only in case
of blocking operations when some threads are in standby mode. In general, the number of
active threads in parallel mode should coincide with the number of available processors
(processor cores).

The results obtained can be used in the practical design of microservice architectures and
microservice integration. Also, the results of the study can be used in further scientific research
related to the use of software system protection mechanisms discussed in this article.
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OCOBJINBOCTI MPOEKTYBAHHA APXITEKTYPU NPOITPAMHUX
PO3MoAINMEHNX CUCTEM

leaH Poeseubkul
JIbsiscbkuli depxasHull yHisepcumem 6e3neku xummeoisibHOCM,
8yn. Knenapiecbka 35, 79007, flbsig, YkpaiHa

AHOTALIA

Bctyn. Ha paHun 4yac akTyanbHOW npobrnemMolo MpoekTyBaHHA PO3MOAiINeHnX
NnporpamMHMX CUCTEM € Te, WO BOHM MaloTb CTabinbHO npauBaTM B YMOBaX BMCOKOro
HaBaHTaxeHHA. [Ona Toro, wob6 3abe3neynT BMCOKY [OCTYMHICTb Ta CTIMKICTb
BMCOKOHaBaHTaXeHNX  MpOorpamHMX  CepBiciB, 1X posropTawTb Yy  KepoBaHWX
MYNbTUMPOLIECOPHMX PO3MNOAINeHnx cuctemax (knacrepax). Taki pecypcu € BUCOKO
BapTiCHUMK, TOMY Ha MpaKTUUi, Han4yacTiwe, BUKOPUCTOBYIOTb PiI3HOMAHITHI XMapHi
nnatcgpopmu (Google Cloud, Amazon, Azure Ta iH.), Siki HagalTb Ui pecypcu BigaaneHo. [Ans
TOro, Wo6 BMKOPUCTOBYBATK PO3MNOAINEHI anapaTtHi pecypcyM B NOBHOMY 06CA3i, NporpamMHi
cepBicy HeobXigHO NPOeKTyBaTW, BUKOPUCTOBYHOYM CrieLianbHi apXiTeKTYPHI pilleHHSA. Tomy
MeTa [aHOro OOCHiIXKEHHSA Monsrae y TeOpPeTUYHOMY aHanisi apXiTeKTypHMX pilleHb Ta
0COGNMBOCTEN IXHBOrO BUKOPUCTAHHA MiA4 Yac MNPOEKTYBaHHA MNpPOrpaMHMX CepBiciB
pO3MOoAiINeHnX CUCTEM.

Matepianu Ta metoau. Y poGoTi BUKOHAHO TeOpeTUYHe AoChioKeHHs1 ocobnuBocTen
NPOEKTYBaHHSA apXiTEKTYpX PO3MNOAINEHNX NPOrpaMHUX CUCTEM, sike Ba3yeTbca Ha aHanisi
Ta MOPIBHSHHI hakKTiB, OTPUMAHMX 3 HAYKOBUX AXeper, a TakoxX Yy pesynbTaTi OTpUMaHoro
NpakTUYHOro 4OCBIAY aBTopa.

Pesynbtatn. Y po6oTi nokasaHO, WO OCHOBHWM TMPOrPaMHUM pilIEHHAM AnS
PO3ropTaHHs MPOrpaMHUX CUCTEM Y MaparnesnibHMX po3nofineHnx cuctemax € nnardopma
Kubernetes. Y pesynbTtati poboTM BCTaHOBMEHO, L0 MIKpPOCEpPBICHA apxiteTypa €
ONTUMAanbHUM apXiTEKTYPHUM pilleHHAM AOns NPOEeKTyBaHHA MNporpamHMX CepBiciB
pO3noAineHnx cucTeM, 3 ornsaay Ha cneundiky posropTaHHs nig kepyBaHHaM Kubernetes.

BucHoBku. [Ons edektuBHoro maclutabyBaHHS pO3MoAineHoi nporpamHoi cuctemu
HeoOXigHO BMKOpUCTOBYBaTM GaraTonoTokoBe MpoekTyBaHHA. OpfHak, nigBULLEHHS
NPOOYKTUBHOCTI BiAOyBaeTbCA TiMbKM 3a YMOBW, KONW y anropuMTMmi BUKOPUCTOBYETHCS
napanernbHUi, a He KOHKYPeTHWUI pexum BaratonotoyHocTi. KoHKypeTHMI pexum poboTn
MOTOKIB AOLINbHO BMKOPWCTOBYBATM TiNbku Y BUMagky 6nokytounx onepauii. CUHXpOHHa
apxiTekTypa Mae obmexeHHs, NoB’sa3aHi 3 6r1oKyBaHHAM MOTOKIB, AOKN He Oyae OTpMMaHo
pe3ynbTaTy KMiEHTCbKUX 3anuTiB. ACUHXPOHHA MOAENb Aa€ MOXIUBICTb NPUAHATK BinbLuy
KiNbKICTb 3anuTiB, ogHaK BMMarae MOBHICTIO acuHXpoHHoro API nig uyac po6otu i3
30BHILLHIMK CcepBicaMu, a TakoX € CKNaHilWow nig 4vac BianarofkeHHs cepsicy Ta
BUNPaBEHHS NOMUIIOK.

Knrouoei cnoea: posnopfineHi cuctemu, Knactepu, XmapHi nnatgopmu, mMikpocepsicu,
MiKpocepBiCHa apxiTekTypa, 6aratonoToYHICTb.
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ABSTRACT

Background. In modern monitoring of information and communication systems (ICS),
a key challenge remains the timely detection of anomalies while maintaining a low false
positive rate. Classical machine learning or deep learning methods often show a trade-off
between high precision and the ability to detect most anomalies, limiting their efficiency in
dynamic network environments.

Materials and Methods. This study proposes the Hybrid Adaptive Monitoring Method
with Multi-level Anomaly Validation (HAM-MAV), which combines a deep autoencoder for
anomaly detection (unsupervised) with a Random Forest classifier (supervised) and an
adaptive threshold mechanism. In the first stage, the autoencoder identifies suspicious
samples based on reconstruction error. These samples are then refined by the Random
Forest, reducing false positives. The threshold is updated dynamically according to the
statistics of the latest observation window. The experiments used the NSL-KDD (Network
Security Laboratory — Knowledge Discovery in Databases) dataset with preprocessing
steps including normalization, one-hot encoding, and feature selection based on
correlation criteria.

Results and Discussion. Experimental results show that HAM-MAV achieves
Precision of 96.92%, Recall of 62.67%, F1-score of 76.12%, and ROC-AUC (Receiver
Operating Characteristic — Area Under Curve) of 0.8003, outperforming Autoencoder,
Random Forest, and Isolation Forest in most metrics. The method reduces false positives
while improving anomaly detection capability, maintaining a fast processing time. HAM-
MAV’s key advantage is its balanced performance between precision and recall, which is
critical for continuous ICS monitoring.

Conclusion. HAM-MAV provides an optimal combination of precision, recall, and
execution speed, outperforming traditional methods in real-time conditions. lts architecture
allows effective operation in environments with changing traffic characteristics, making it a
promising approach for cybersecurity applications, particularly in automated intrusion
detection systems.

Keywords: anomaly detection, deep learning, random forest, adaptive threshold,
intrusion detection, NSL-KDD.
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INTRODUCTION

Monitoring of information and communication systems (ICS) is a crucial tool for
ensuring their reliability, security, and operational efficiency. Given the rapid growth in the
volume of data transmitted and processed today, as well as the complexity of ICS
architectures, continuous monitoring of transactions and timely detection of any
deviations are of paramount importance. Monitoring has become a key component for
maintaining service quality, managing risks, and protecting against cyberattacks [1-4].

This topic is also important due to the deep integration of ICS systems into all
spheres of life, including business, government, healthcare, and energy. Any disruptions
in their operation can lead to significant economic losses and even provoke a crisis.
Therefore, effective monitoring methods are crucial for the stable operation of critical
infrastructure and maintaining information security. Traditional methods of monitoring
data analysis, based on fixed thresholds and simple processing algorithms, have several
shortcomings. In modern conditions, the application of intelligent data analysis methods,
in particular machine learning and artificial intelligence algorithms, is becoming
increasingly important due to their ability to detect complex dependencies and patterns in
large volumes of information. Similar hybrid approaches are actively applied in other
areas of digital analytics. In particular, [5] presents an example of an effective
combination of deep learning methods and classical classification for detecting synthetic
content in social media. This confirms the universality of such architectures for anomaly
detection tasks and highlights the relevance of the HAM-MAV approach proposed in this
study for monitoring information and communication systems.

In the study, HAM-MAV was developed, which combines the capabilities of deep
neural networks and classical machine learning algorithms. In particular, at the first stage,
an autoencoder was used to detect potentially anomalous samples, which operates in
unsupervised mode and estimates the degree of deviation of input data from normal
behavior using the reconstruction error. At the second stage, the selected samples are
additionally analyzed using the Random Forest model, which allows for significantly
reducing the number of false positives. To increase the flexibility of operation, the system
is equipped with an adaptive mechanism for changing threshold values, which is updated
depending on the statistical characteristics of the last observation window. A comparative
analysis was carried out with three well-known methods (Autoencoder, Random Forest,
and Isolation Forest) by key model evaluation metrics (Precision, Recall, F1-score, ROC-
AUC), as well as by execution time. The experimental results showed the superiority of
HAM-MAYV in most indicators, which confirms the feasibility of its use in real-time
monitoring systems of information and communication systems .

MATERIALS AND METHODS

Traditional methods for analyzing monitoring data typically rely on thresholds and
simple statistical measures such as the mean or variance. While these methods work well
in stable environments, they have limited ability to detect complex anomalies or emerging
threats. Intelligent data analysis methods, including machine learning (ML) and deep
learning (DL), are increasingly being used in monitoring systems. Classic machine
learning algorithms that have demonstrated high accuracy in anomaly detection include
random forests, support vector machines (SVM), and k-nearest neighbors (k-NN). These
algorithms have been successfully used to classify cyberattacks and analyze the behavior
of system processes. Deep neural networks (DNNSs), including long short-term memory
networks (LSTMs) and autoencoders, have shown themselves well in time series
processing and anomaly detection in network traffic.

The paper proposes a Hybrid Adaptive Monitoring Method with Multi-level Anomaly
Validation (HAM-MAV). This method combines deep anomaly detection using
autoencoders with online classification using Random Forest and uses a multi-stage
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validation mechanism to reduce the number of false positives. Its key feature is a multi-
stage decision filter. First, an autoencoder (without a teacher) is used to detect anomalies
based on the deviation between the reconstructed and true data [6-9].

Potential anomalies are then fed to a Random Forest, pre-trained on labeled data
from the same dataset and trained with a teacher, to improve classification performance.
In addition, an adaptive threshold is used that changes depending on the statistics of the
last observation window (e.g., traffic flow in one minute). This reduces the sensitivity of
the system to “noisy” anomalies. Method architecture:

1. Data pre-processing
¢ Normalization of features.
e Unimportant or highly correlated features are removed.
e Categorical values are converted to numerical values (single coding).
2. Autoencoder for anomaly detection
e The model learns to reconstruct normal (unsupervised) samples.
e The mean squared error (MSE) is calculated for each sample.
e Samples with an error exceeding the adaptive threshold are classified as
"suspicious".
3. Random Forest for clarification
e Receives suspicious samples as input.
e Operates in a controlled mode, using labeled data from a dataset.
¢ Returns the final class: "abnormal” or "normal".
4. Adaptive threshold
e Dynamically calculates the moving average and standard deviation of the
reconstruction error.
e The threshold is defined as mean_error + k * std_error, where k is
configurable.

The proposed method provides a lower false positive rate due to two-stage
validation (autoencoder + Random Forest). Adapts to environmental changes: the
threshold is automatically updated based on the latest data. Works with both labeled and
unlabeled data: the first stage is unsupervised learning, and the second stage is
supervised learning.

Research overview

The section details the development, implementation, and testing of HAM-MAV. This
approach combines the autoencoder for anomaly detection with a Random Forest
algorithm for classification optimization using an adaptive thresholding mechanism. The
study was divided into three main phases: data preparation, model construction and
tuning, and experimental testing with results compared to existing methods.

Data usage

To test this approach, the open NSL-KDD dataset (Tavallaee et al., 2009) was used,
freely available through the UCI Machine Learning Repository. This dataset contains
125,973 training data samples and 22,544 test data samples, representing typical
network traffic and various attack types (DoS, Probe, R2L, and U2R). Each record is
described by 41 attributes, including both numeric attributes (e.g., number of bytes in a
packet) and categorical attributes (e.g., protocol and service type). NSL-KDD is a
classical but not the most recent dataset. Its use in this study is justified by the fact that
NSL-KDD is one of the most widely adopted benchmark datasets for comparing the
performance of intrusion detection systems. This enables the results of HAM-MAV to be
compared with a large number of previous studies, ensuring the objectivity and validity of
the conclusions. It should also be noted that, for the initial stage of evaluating a hybrid
approach, it is important to work with a dataset that has a balanced class structure and
clearly labeled attack types (DoS, Probe, R2L, U2R). Nevertheless, in future research,
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the HAM-MAYV approach is planned to be tested on more recent and large-scale datasets,
such as CICIDS2017, UNSW-NB15, and TON_IoT, which will allow the method to be
evaluated in environments with a broader spectrum of modern attacks.
Pre-processing includes:
¢ Normalization of numerical features to the range [0, 1] using the min-max
method.
One-Hot Encoding for categorical variables.
Removal of insignificant features with a correlation coefficient with the target
variable less than 0.05 (Pearson's correlation coefficient for numerical
variables and chi-square test for categorical variables).
After data preparation, the autoencoder is trained using only normal samples from
the training set [7-11].

Architecture of the HAM-MAV

Level 1 — autoencoder

The autoencoder is designed with three hidden layers, with 64, 32, and 64 neurons,
respectively. The hidden layers use the ReLU activation function, and the output layer
uses the Sigmoid function. The optimization is performed using the Adam algorithm with a
learning rate of 0.001 and a MSE loss function. The training is per-formed for 50 epochs
with a batch size of 256. The reconstruction error is calculated as the mean square error
between the input value and the reconstructed feature value. The threshold for detecting
suspicious samples is calculated adaptively:

threshold = pigrr + k - Oppr, (1)

where ., represents the average reconstruction error within a sliding window of 500
samples, 0., is the standard deviation, and k is an empirically chosen parameter
(k = 1.5 in the experiments).

Level 2 — Random Forest
The Random Forest algorithm was used to improve the classification of suspicious
samples. The number of trees is 200, the maximum depth is 20, and the splitting criterion
is Gini impurity. The class_weight='balanced' parameter is used to balance the classes.
The training data contains all classes.

Adaptive threshold mechanism
During the test run, the autoencoder threshold was updated every 500 new
examples to reduce the impact of time-varying data distribution (conceptual bias).
For each method, Precision, Recall, F1-score, and ROC-AUC were calculated. In
addition, the False Alarm Rate (FAR) was analyzed for 1000 test examples.

RESULTS AND DISCUSSION

Statistical analysis

All experiments were performed in Google Colab using TensorFlow 2.12, Scikit-learn
1.3, Pandas 2.0, and NumPy 1.25. Statistical analysis was performed using the SciPy
1.11 Python package. For each performance measure, the mean and standard deviation
were calculated based on 5-fold cross-validation (stratified). Paired t-tests were used to
test the statistical significance of differences between methods (p < 0.05 was considered
statistically significant). The experimental results for different models are presented in
Table 1.

56 Electronics and Information Technologies * 2025 ¢ Issue 31



Intelligent Methods for Data Analysis in Information...

Precision

The Precision metric shows what proportion of predicted anomalies are actually
anomalies. Higher precision means fewer false positives.

Conclusion on the effectiveness of HAM-MAV: Precision of HAM-MAYV is very high
and comparable to that of Autoencoder. That is, the model rarely mistaken, marking
normal data as anomalous. In terms of accuracy, HAM-MAV is practically at the level of
the best models, and it can be considered effective in avoiding false positives.

Table 1. Experiment results

Model Precision (%) Recall (%) F1-score (%) ROC-AUC Execution Time (s)
Autoencoder 97.40 8.58 15.77 0.5414 24.94
Random Forest 96.66 61.19 74.94 0.7921 1.88
Isolation Forest 94.55 31.20 46.92 0.6442 0.41
HAM-MAV 96.92 62.67 76.12 0.8003 1.52
Recall

Metric explanation: Recall shows what proportion of real anomalies were detected. A
higher value means fewer anomalies were missed.

HAM-MAV has much higher completeness compared to Autoencoder and Isolation
Forest, and slightly better than Random Forest. This means that the method is able to
find most real anomalies. Overall conclusion: HAM-MAV has a good balance between
accuracy and ability to find anomalies, which makes it reliable for detection.

F1-score

The F1-score combines Precision and Recall into a single value, showing the bal-
ance between false positives and missed anomalies. Higher F1 means better balance.
The F1 of HAM-MAV is the highest among the models, which means that the proposed
method provides the best balance between precision and completeness. In terms of
comprehensive anomaly detection efficiency, HAM-MAV appears to be the best model.

ROC-AUC

ROC-AUC shows the ability of the model to distinguish between normal and
abnormal data at any threshold. A higher score indicates better classification. HAM-MAV
has the highest ROC-AUC among all models, confirming its ability to separate anomalies
from normal data. Therefore, HAM-MAV demonstrates the best overall classification
ability.

Execution Time

The execution time of HAM-MAYV is very low and comparable to Random Forest,
significantly faster than Autoencoder, although slightly slower than Isolation Forest. Thus,
HAM-MAV provides high performance with fast processing, making it practical for real-
world applications.

Therefore, according to the conducted experiment, it can be concluded that HAM-
MAV demonstrates the best balance between accuracy, completeness, and F1-score,
has a high ability to distinguish anomalies (ROC-AUC), and works fast. This makes the
proposed method effective and competitive compared to classical approaches.

CONCLUSION

In the field of information and communication system monitoring, anomaly detection
is a critical task, as unsuccessful attacks or excessive false positives can have serious
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consequences. Current methods often suffer from poor accuracy and the ability to detect
most real threats. Autoencoders achieve good results in reducing false positives, but they
often miss a significant portion of attacks, while traditional methods (such as Random
Forest or Isolation Forest) can have low accuracy or be sensitive to noise.

The paper proposes HAM-MAYV, a hybrid method that combines an autoencoder for
initial anomaly detection and a Random Forest for improved classification. The use of an
adaptive threshold that varies depending on the statistics of the last observation window
reduces the number of false positives and improves the system's robustness to data
changes.

Experiments on the NSL-KDD dataset showed that HAM-MAYV exhibits Precision of
96.92% (at the level of the best competitor), Recall of 62.67% (630% higher than
Autoencoder and 101% higher than Isolation Forest), F1-score of 76.12% (382% higher
than Autoencoder and 62% higher than Isolation Forest), and ROC-AUC of 0.8003 (47%
higher than Autoencoder and 24% higher than Isolation Forest). Thus, the proposed
method provides a better balance between precision and completeness than other
considered approaches. In terms of execution time, HAM-MAV (1.52 s) significantly
outperforms Autoencoder (~17 times faster) and runs faster than Random Forest (19%),
although slightly slower than Isolation Forest. This makes the method suitable for
processing large amounts of data in near real time, which is important for operational
monitoring systems of ICS.

The main advantages of HAM-MAV are the ability to reduce the level of false
positives, adaptability to traffic changes, and versatility in working with both labeled and
unlabeled data. Thanks to multi-level validation of solutions, the method is suitable for
critical systems where a balance is needed between threat sensitivity and stability of
operation without overloading operators with false alarms. Future extensions are
possible, such as the inclusion of deep learning models in the classification, the use of
Bayesian methods to refine adaptive thresholds, and their application to large data
streams. This will increase the detection efficiency and reduce the cost of computing
resources, while maintaining high-quality threat detection in dynamic ICS.
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AHOTALIA

BeTtyn. Y cyyacHux cuctemax MOHITOPUHIY iHpOopMaUiiHO-KOMYHIKaUiHUX CUCTEM
KIOYOBUM 3aBAaHHSM € CBOEYaCHE BUABMEHHS aHoManii npu 36epexxeHHi HU3bKOro PiBHS
XMBHOMO3UTUBHKX cripautoBaHb. TpaauLiiHi METOAU MALUMHHOMO Ta MMMBUHHOIO HaBYaHHS
4YacTo BUSBMSOTb KOMMPOMIC MK BMCOKOK TOYHICTHO Ta 34aTHICTIO BUABMAATK GinbLiicTb
BiOXMINEHb, O 3HUXKYE IXHIO e(PEKTUBHICTb Y AMHAMIYHUX MepeXeBuXx yMOBaXx.

MaTtepianu Ta meTopgun. 3anponoHoBaHoO ribpuaHMIN aganTUBHUA METO MOHITOPUHTY 3
baraTopiBHeBol nepesipkoto aHomanin (HAM-MAYV), skuin noegHye aBTokodep Ans
NEPBMHHOIO BUSIBNEHHS BiAXUNEHb i3 KnacudikatopoMm Ha OCHOBI anropuTMy BUMaLKOBOroO
nicy onga iX yTOYHEeHHs Ta afjanTMBHUM MEXaHi3MOM KOpuryBaHHsa nopory. ABTokogep
BM3Ha4ae Nigo3pini 3paskM Ha OCHOBI MOXMOKM PEKOHCTPYKLIi, nicns 4oro ix aHanisye
BMMNagKOBUIA NiC, WO 3MEHLUYE KifnbKiCTb MOMMUIIKOBUX cripautoBaHb. [lopir oHOBNIOETHCS
aBTOMATMYHO  3aNeXHO Bi4  CTATUCTUYHWX  XapaKTEPUCTMK  OCTaHHbLOrO  BikHa
crnocTepexeHb. [Ans nepeBipky BUKOPUCTAHO BiAKPUTUIA HAbIp AaHWX BUSIBAEHHS 3HAHb Y
6asax gaHux, OO AKOro 3aCTOCOBAHO MonepeaHto 06pobky (Hopmanisauio, KogyBaHHS
KaTeropianbHMx 03Hak Ta Bigbip 03HaK 3a KOpPEensLuinHAMMK KpUTepiamm).

Pesynbtatn. OTpumaHi pesynbTaTv AEMOHCTPYHOTb, L0 3anpornoHOBaHWA MeToA
3abe3neyye BUCOKY TOYHICTb (96,92%), NnpunHAaTHY NOBHOTY (62,67%), 36anaHcoBaHun F1-
nokasHuk (76,12%) Ta 3HadeHHs ROC-AUC 0,8003. Y nopiBHsHHI 3 BigoOMUMKU MeTodamu
(aBTOKOAEP, BUNAOKOBWIA Mic, i30MALINHUIA Nic) 3anNponoHOBaHUIA Niaxig 3MEHLUYE KinbKicTb
XUOHOMO3UTUBHMX CUrHaniB i BOAHOYAc MOKpallye 3AaTHICTb BUSIBNATW  pearnbHi
BiOXUNEHHS Npu 36epexeHHi WBuakocTi 06pobku gaHmx (1.52 c).

BucHoBkn. Metog HAM-MAV gemoHcTpye edekTMBHE NOEAHAHHS TOYHOCTI, MOBHOTH
Ta WBMAKOAi, MepeBepLIyloYM KnacuuHi Nigxoan B ymoBax peanbHoro uacy. Moro
apxiTekTypa [03BOMs€e agantyBaTuca A0 3MiH Yy mMepexeBoMy Tpadiky, Lo pobuTb uen
MeTo4, MepcrneKTUBHUM Ans  3acTOCyBaHHs Yy cdepi  kibepbesneku, 30kpema B
aBTOMAaTM30BaHUX CUCTEMAX BUSIBIEHHS BTOprHeHb. BogHouyac npoBeaeHi ekcnepMeHTu
nigkpecnoTe 6anaHc, OOCArHyTWIA 3anponoHOBaHMM METOAOM MK YyTNMBICTIO OO0
BUSIBNEHHS Ta cTabinbHicTio poboTn. Lleit GanaHc ocobnuBo BaXknuBWIA AN KPUTUYHO
BaXINMBUX iHOPACTPYKTYpP, Ae K NPOnyLLEeHi 3arpo3u, Tak i HaaMipHi X1bHi cnpautoBaHHs
MOXYTb NPU3BECTN 40 CEPMNO3HMUX HACMIOKIB.

Knro4oei crioea: BUSBNEHHA aHomani, rnmboke HaB4YaHHA, BWUNAOKOBUIA nic,
afanTUBHWIA NOPIr, BUSIBNIEHHS! BTOPTHEHb, BiAKpUTUIA Habip AaHux
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ABSTRACT

Background. This article addresses the challenge of creating flexible, scalable, and
user-adaptive automation systems that can evolve in response to changing needs and
technological advancements. The research focuses on developing an loT-oriented smart
home automation system designed for intelligent self-adjustment based on environmental
conditions and remote device control. A key objective is to substantiate the benefits of a
modular architectural approach for extending system functionality and effectively utilizing
complex adaptive algorithms to enhance performance.

Materials and Methods. To achieve the set goals, a novel hardware-software platform
architecture is proposed, based on the division of functionality into independent modules.
The use of the Home Assistant platform, its integrations, HACS, and Lovelace cards for
intuitive system implementation and user interaction was investigated. The methodology
includes practical examples of creating automation scenarios, including intellectualization
through machine learning methods.

Results and Discussion. Comprehensive analysis demonstrated the high effectiveness
and practical viability of the proposed modular approach. The developed solutions provide
flexibility in system settings, ensuring ease of implementation even for complex
configurations, and scalability, allowing for seamless integration of new devices and
expanded coverage areas. The obtained data illustrate the possibilities of developing both
simple and complex scenarios with elements of artificial intelligence and learning, including
adaptive lighting, climate control, and security protocols.

Conclusion. The presented modular approach enables the application of broad
customization and scalability capabilities for a smart home platform. The integration of open-
source software tools, a wide range of sensors, and diverse communication interfaces
enables the creation of systems ranging from basic automations to complex intelligent
scenarios. This intelligent integration of scenario logic expands overall automation
capabilities, transforming conventional systems into convenient and adaptive living
environments.

Keywords: Home Assistant, hardware and software platform, automation

INTRODUCTION

In the context of the development of Internet of Things (IoT) and cyber-physical
systems technologies, there is a growing demand for effective automation solutions for
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residential and commercial premises. "Smart home" systems enable increased comfort,
security, and energy efficiency through the integration of hardware controls with intelligent
software. The modular approach is particularly relevant, providing flexibility, scalability, and
adaptation to individual user needs.

Modern solutions for smart home automation systems are implemented based on
wired and wireless infrastructures. Wireless solutions (Wi-Fi, Zigbee, Bluetooth) are
characterized by ease of installation, flexibility, and scalability, but have drawbacks such
as latency, dependence on a stable connection, and a limited range [1]. Wired systems
(Ethernet, RS-485, KNX) provide high stability, security, and durability, but require more
complex installation and planning. The choice between these options depends on the
user's needs and installation conditions [2-4].

One significant obstacle to the development of integrated smart home automation
systems is the heterogeneity of communication protocols, which hinders the seamless
interaction of diverse devices. A significant number of devices operate within specialized
ecosystems or use specific data transmission technologies, creating fragmentation and
complicating their coordinated operation. To mitigate this problem, developments are
underway for unified standards, in particular the Matter protocol, whose task is to provide
a homogeneous communication environment for various devices and ecosystems. New
standards, such as Matter, simplify integration between manufacturers, including Google,
Amazon, and Samsung. Matter is particularly effective in combination with Thread — an
energy-efficient network protocol for low-power devices. Thread provides a robust mesh
topology for devices, while Matter provides a unified command and data protocol [5].

There are a number of popular automation platforms on the market: Home Assistant,
Domoticz, OpenHAB, and Homebridge. Home Assistant is becoming a leader due to its
flexible structure, hundreds of integrations, and community support. It is used for simple
integration, automation, and visualization [3,4]. There are also commercial solutions from
Google, Amazon, and Apple that provide cloud services but have limited customization and
dependence on the Internet. In contrast, local systems like Home Assistant allow for fully
autonomous operation with a high level of privacy [6].

The development of wireless technologies has led to the emergence of new protocols
(Thread, LoRa, NB-IoT) that focus on low power consumption and long transmission
distances [7]. Compatibility and security remain a problem: many devices have their own
protocols without open documentation. Therefore, open platforms with HACS, MQTT, and
REST API support are becoming increasingly important [8].

Automation systems are also being integrated with artificial intelligence platforms such
as Google TensorFlow and OpenAl API, which allows for the implementation of adaptive
scenarios based on user data and event history [9]. In addition, the role of educational
solutions is growing — automation systems are used in laboratories, engineering courses,
and scientific research [10].

The objective of this study is to provide a rationale for and illustration of the benefits
inherent in a modular approach to constructing smart home automation platforms. This
encompasses demonstrating how modularity facilitates the expansion of functional
capabilities.

MATERIALS AND METHODS

The paper presents a hardware-software implementation of a central hub for a smart
home based on a mini-PC with the possibility of installing Home Assistant. The system
supports a wide range of sensors and actuators, allowing for the implementation of both
simple automations and complex scenarios. The open platform Home Assistant can be
installed on Raspberry Pi, Orange Pi, Intel NUC, NAS, or ARM platforms. This versatile
platform is designed for local control and automation of Internet of Things (loT) devices
from various manufacturers. It operates autonomously, without the need for connection to
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cloud services or constant internet access and provides support for a wide range of
communication protocols. Home Assistant allows for the continuous development of
automation solutions for residential/industrial use by adding additional programs for new
objects, created by open-source community members or by creating custom code using
programming languages supported by the platform (Python, YAML, JSON, JavaScript,
visual programming-based development tools, etc.) [11].

Depending on the user's level and system flexibility requirements, four main
installation options are provided: Home Assistant OS, Container, Supervised, and Core.
The system allows for the integration of various devices and services into a unified
automation infrastructure, using a modular approach, functional blocks, and logical control
algorithms.

Modularity is one of the key principles for building a flexible and scalable smart home
system. It allows for the separation of system functionality into independent components
that are easily updated, replaced, or expanded.

A block diagram of the system's hardware part is shown in Fig. 1.

COMMUNICATION
MINI PC INTERFACES

SENSORS AND
ACTUATORS

TEMPERATURE
SENSOR

17

(e,
,| HUMIDITY

SENSOR
-

I
MOTION
SENSOR

N~—
(e ——
LIGHTING
CONTROL

—_—

Fig. 1. Block diagram of the hardware part of the smart home automation system.

The physical structure of the system includes:

¢ A central hub operating on a single-board computer;

e Sensors: temperature, humidity, light, motion, smoke, water leak;

o Actuators: relays, lighting controllers, servomotors, infrared transmitters;

e Communication interfaces: wired (Ethernet, RS-485, UART) and wireless (Wi-Fi,

Zigbee, Z-Wave, Bluetooth, Thread/Matter);

o Auxiliary modules: power supplies, neural accelerators, IR modules, audio
interfaces, and displays.

At the software level, modularity is realized through integrations - ready-made
software modules for connecting devices and services. A diagram of the software
architecture of a smart home system using Home Assistant as the main open source control
platform is shown on Fig. 2.

For displaying the status of smart devices and providing their control in Home
Assistant, there is a flexible and fully customizable user interface called Lovelace. Thanks
to its modular structure, users can compose information panels from various cards,
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Fig. 2. Block diagram of the software architecture of a smart home system.

displaying only the necessary data and control elements (Fig. 3a). A special feature of
Lovelace is its extensive customization options, which include the use of third-party
extensions such as the Custom Button Card (Fig. 3b) for creating unique buttons
withdifferent functions and styles, the application of circular indicators for visual
representation of levels or values, as well as deep CSS styling for complete control over
the interface's appearance [11]. This allows for the adaptation of the interface to
individual needs and the creation of intuitive and aesthetically pleasing smart home
control panels.

: release v4.1.2 release@dev v4.1.2 H/\CS@ maintained nol (as of 2023)
Hall Hall m—
Qutside ey D:te‘nclzld a downloads [892k° commit activity 0/year Incense- chat 21k online community forusm
26,56 °c 42,25°cC Entrance
' . Unlocked Lovelace Button card for your entities,
21 %
Kitchen Kitchen Bathroom ‘ '
81,42% LIVING ROOM BEDROOM OFFICE

24,55 65,15% 991.9hPa Bathroom

ON

Lamp On

(a) (b)

Fig. 3. Visualization of the status of devices (a) and controls (b) in the Lovelace interface.

A key role in expanding the functionality of the Home Assistant platform is played by
the Home Assistant Community Store (HACS), acting as an unofficial but extremely popular
marketplace for community-contributed add-ons. This tool significantly simplifies the
process of integrating custom extensions that are not included in the standard distribution,
providing access to a wide range of content. Among the available add-ons are custom
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integrations that provide support for a greater number of devices and services, interface
elements for Lovelace that allow for the creation of unique visualizations and controls,
ready-made automation blueprints that users can easily adapt, as well as themes for
personalizing the look and feel of the interface.

Fig. 4 demonstrates the application of the Custom Button Card in the Lovelace Ul of
the Home Assistant platform for creating customized control and data visualization
elements. Two cards are presented (Fig. 4a), displaying current and external temperature
and humidity readings. Fig. 4b shows a fragment of the YAML configuration for creating
such a custom card. Among the parameters, you can see the definition of the card type
(type:  custom:button-card), the binding to a specific entity (entity:
sensor.temp6_temperature), the configuration of icon and state display (show_icon: false,
show_state: false), as well as the definition of variables for minimum and maximum values,
and start and end angles for the circular indicator. including binding to the entity and
defining display parameters.

e: custom:button-card

: sensor.temp6_temperature

sensor.temp6_ temperature

sensor.temp6 humidity

TEMPERATURE 1§

19.4¢ |
HumoITY  /

48.99, ° . :i splay: flex

: center
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OUT.TEMP. ect-ratio: 1/1
7.6c ‘
COND. TEMP. ’
. y tion: absolute
0.0c ~ oy

flex

(@) (b)

graphics (c).
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<stop offset="100%" stop-color="
</linearGradient>
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<circle cx="50" cy="50" r="${R}" strc
stroke-dasharray="${arcLengthBg} $
stroke-dashoffset="¢{dashoffset}”
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/>
<! AKTHMBHA Ayra 3 rpapiedTom -->
<circle cx="50" cy="50" r="${R}" str
stroke-dasharray="${arcLengthBar}
stroke-dashoffset="¢${dashoffset}”
transform="rotate(120 50 50)"
stroke-linecap="round”
/>
</svg>

x1

(c)

Fig. 4. Implementation of data visualization using Custom Button Card (a), YAML configuration (b), and SVG

The presented SVG code fragment (Fig. 4c) implements the visualization of a

circular indicator using gradients and dynamic filling via the stroke-dasharray and
transform: rotate() attributes. Thus, by integrating YAML configurations and SVG
graphics into the Custom Button Card, it is possible to create complex and visually
informative interface elements for controlling and monitoring smart home parameters in
Home Assistant.

RESULTS AND DISCUSSION

An important element for building complex and adaptive automation systems in
Home Assistant is Helpers. These are built-in tools that allow users to create their own

EnekTtpoHika Ta iHpopmaLiriHi TexHonorii « 2025 « Bunyck 31 65



Olha Shymchyshyn, Maryan Shymchyshyn et al.

logical entities to extend the capabilities of automations, scripts, and the Lovelace
interface. These entities can take various forms, including logical variables (boolean
values), numeric inputs, selectors, text fields, timers for counting down time, and counters
for recording events. Helpers act as abstractions that store a certain state or value, which
can be used as a condition for triggering automations, as a variable in scripts, or as a
data source for display in the user interface. Thanks to their flexibility, Helpers allow for
the implementation of more complex logic and the creation of more interactive and
personalized smart home automation scenarios. For example, using a numeric helper,
you can set a target temperature for a thermostat, and a boolean helper can display the
"home" or "away" state, influencing the behavior of other devices. Timers and counters,
in turn, open up possibilities for creating automations that depend on time or the number
of certain events [4].

Automation scenarios in smart home systems have evolved from simple conditional
rules to complex intelligent algorithms. The simplest scenarios are implemented based on
"if — then" logic. They contain triggers (events), conditions, and actions. For example, if
the motion sensor is activated after 10:00 PM — turn on the night light with 20% brightness.
Scenarios can include multiple conditions, delays, and repetitions. For example, if there is
motion in the room and the illuminance is < 50 Ix — turn on the light. Fig. 5 shows an
example of implementing a lighting control scenario based on the time of day. During the
day, from 7:00 AM to 11:00 PM, the system automatically sets full brightness and a cool
color temperature of the light, providing optimal lighting for active tasks. At night, from 11:00
PM to 7:00 AM, the lighting switches to a low brightness mode with a warm color
temperature, creating a cozy atmosphere for relaxation. This approach not only automates
routine operations but also adapts the environment to the needs of users, contributing to
their comfort and well-being.

If time is after 7:00 If time is after 23:00
and before 23:00 and before 7:00

v Color temperature

Brightness

Fig. 5. Algorithm for automatic switching of lighting modes depending on the time of day.

The proposed solution also enables the implementation of scenarios such as "night
mode," "vacation," and "energy saving," based on the analysis of input data and logic, and
includes a web interface for visual control and event history.

Intelligentization of scenarios in smart home systems involves the transition from
simple automation rules to complex, adaptive algorithms capable of responding to
changing conditions and user needs. This is achieved through the integration of machine
learning and artificial intelligence methods, allowing the system to analyze data from
sensors, user interaction history, and external factors. Based on this analysis, the system
can automatically adjust environmental parameters, optimize energy consumption,
enhance security, and provide personalized comfort. Thanks to the support of Python
scripts, Node-RED, and REST API, users can create complex scenarios such as adapting
lighting to sleep patterns, anomaly detection, and prediction based on past behavior. The
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use of local machine learning models (TensorFlow Lite, Edge Al) allows for processing
without transferring data to the cloud.

Thus, Home Assistant facilitates the transition from elementary reactions to events to
complex, adaptive behavior of the smart home system, taking into account context,
environmental conditions, and user needs.

With the rise of computational capabilities and the widespread adoption of machine
learning (ML) and artificial intelligence (Al) technologies, automated systems have reached
a new level of adaptability. Al enables smart home platforms to expand their functionality
by predicting user behavior, recognizing patterns in sensor data, adapting to daily routines,
and autonomously adjusting system operation modes.

For instance, using classification or time series prediction algorithms, a smart
home system can anticipate when a user is likely to return home and activate lighting,
climate control, or security features in advance. Al integration also unlocks anomaly
detection capabilities, allowing the system to identify irregularities such as water leaks,
unusual activity patterns, or excessive energy consumption and respond accordingly.
Moreover, natural language processing tools provide voice command recognition and
interpretation of textual queries for generating new automation scenarios. Within the
Home Assistant platform, integration with Python-based tools (e.g., TensorFlow, scikit-
learn) enables the development of custom analytics and control modules. These tools
empower both developers and advanced users to design a truly intelligent and context-
aware home environment, facilitating personalized comfort, safety, and energy
efficiency.

Fig. 6 illustrates how an adaptive climate control system utilizes Al algorithms to
process environmental and behavioral data. The system analyzes both sensor inputs and
external conditions to make real-time decisions, adjusting heating, ventilation, and cooling
systems accordingly. This structure enables continuous improvement of system
performance and user satisfaction through localized learning and personalized control
logic.

Local Inference

™\

ML
Sensors Model LComfort Level/
TensorFlow Lite
P T e T ST T
Historical A .
e { HVAC
P P SR TR
OpenWeather
g APIa ' Automation
Adaptive
Input Climate
Control

Fig. 6. Block diagram of an Al-driven adaptive climate control scenario
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CONCLUSION

The paper investigates a modular approach to building a hardware and software
platform for smart home automation. The analysis has shown that modularity is a key
factor in creating flexible, scalable, and adaptable systems tailored to the needs of users.
The proposed architecture, based on the separation of functionality into independent
hardware and software components, differs from traditional monolithic systems and
significantly simplifies the process of system expansion, integration of new devices, and
services. The considered examples of using the Home Assistant platform, its integrations,
HACS, and Lovelace cards — particularly the developed custom cards for data
visualization — demonstrate the extensive customization capabilities and the potential
for creating both simple and complex automation scenarios. Furthermore, the
implementation of adaptive, Al-driven scenarios highlights the transition from static rules
to intelligent behavior. Integrating machine learning models within the modular framew ork
enables real-time decision-making, anomaly detection, and personalized environmental
control. This elevates the functionality of smart home systems to a new level of context
awareness and user-centered intelligence. The proposed principles and solutions can be
applied to a variety of applications, from basic lighting control systems to comprehensive
environments that provide enhanced safety, comfort, and energy efficiency. Further
research will focus on the development of self-scaling algorithms, optimization of energy
consumption across modules, and the enhancement of cybersecurity in intelligent
automation platforms.
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MOAYNbHUI NIAXIA OO NOBYAOBU AMAPATHO-NPOIPAMHOI
NNATO®OPMU ABTOMATU3ALII PO3YMHOIO BYAUHKY: BIf MPOCTUX
NMPABWUN OO IHTENEKTYANbHUX CLIEEHAPIIB

Onbeza Wumyuwun™, Map’aH Llumyuwur?, Bnaducnae CepzieHko!
"HaujoHaribHul yHieepcumem «JIbeigcbka nosimexHixkay,

Ykpaina, m. flbeie, syn. CmenaHa baHdepu 12

2 [IBH3 «EsponelicbKuli yHigepcumemsy,

YkpaiHa, m. Jlbeig, syn. eyn. Kywesu4a, 5

AHOTALIA

Bcrtyn. Cratra npucBsveHa npobnemi CTBOPEHHsI THYYKMX, MaclTaboBaHux Ta
aganToBaHWX OO KOPUCTYBada cMCTeM aBToOMaTuU3aLil, SKi MOXYTb PO3BMBATUCS 3i 3MiHHUMN
notpebamm Ta TEXHOMOMYHUMU OOCSArHEHHAMU. [locnioXeHHs 3ocepedXeHo Ha po3pobui
loT-opieHTOBaHOT cucTeMuM [OMalHbOI aBTOMaTu3auii, 34aTHOI  iHTenekTyanbHO
HanalwToByBaTUCS Ha OCHOBI YMOB CepefoBuLLa Ta AMUCTaHLINHO KepyBaTu NpUCTPOSMM.
Krto4yoBo0 MeTO € OOrpyHTYBaHHSA mepeBar MOAYSbHOrO apXiTeKTypHOro nigxony Anst
PO3LWNPEHHS OYHKLIOHANBbHOCTI Ta BUKOPUCTAHHA adanTUBHUX anropuTMmiB.

Martepianu Ta w™MeToau. [Ina [OCArHEHHA MOCTaBMEHUX Uinen 3anponoHOBaHO
apxiTekTypy anapaTtHo-nporpamHoi  nnatcgopmu, wWwo 6a3yeTbCa Ha  PO3AiINeHHi
dyHKUiOHaNbHOCTI Ha He3anexHi moayni. JocnigkeHo BMKOpUCTaHHS nnatgopmu Home
Assistant, ii iHTerpauin, HACS Ta kapTok Lovelace ans iHTYiTMBHOI peanisauii cuctemu 1a
B3aemogii 3 kopucTtyBadem. MeTogonoria BKMNoYae NPaKTUYHI NpUKagu CTBOPEHHS
CueHapiiB aBTOMaTu3auii, BKNOYAK4YM IiHTEneKkTyanisauito 3a [JOonoMOrol MeTodiB
MaLLMHHOIO HaBYaHHS.

PesynbTatn Ta 06roBopeHHA. KomnmnekcHui aHania npoaeMOHCTPYBaB BWCOKY
€(PEeKTUBHICTb Ta MNPaKTU4YHY XUTTE3OATHICTb 3anpoOnoOHOBaHOMO MOAYMBbHOro niaxoay.
Po3pobneHi pieHHss 3abe3nevyloTb THYYKiCTb HanalwTyBaHb, rapaHTyl4u nerkicTb
BMNPOBa)XEHHA HaBiTb AN CKNagHUX KoHdirypauin, macwtaboBaHiCTb, [03BOMSHOYM
iHTerpysaTy HOBI NPUCTPOI Ta PO3LUNPIOBATN 30HW NOKPUTTA. OTpMMaHi AaHi inoCcTpyoThb
MOXIMBOCTi PO3pO0KM SIK MPOCTMX Tak i KOMMNIIEKCHUX CLEHapiiB 3 eNeMeHTaMmn LUTY4YHOro
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IHTEMEKTY Ta HaBYaHHS, BKIHOYAYM afanTMBHE OCBITINIEHHS, KNiMaT-KOHTPONb Ta
npoTokonu 6eaneku.

BucHoBkun. [llpeactaBneHMin MoaynbHUM Nigxia [O3BOMSE 3aCTOCOBYBATUM  LUMPOKI
MOXTMBOCTI HanawTyBaHHA Ta maclTaboBaHOCTI AN nnaTdopMu po3yMHOro 6yauHKy.
IHTerpauis nporpamHmx 3acobis 3 BiOKPUTUM BUXiAHUM KOOOM, LLIMPOKOrO CMEKTPY CEHCOopIB
Ta pi3HOMaHITHUX iHTepdenciB 3B'A3Ky O03BONSAE CTBOPHOBATU CUCTEMMW, MOYMHAOYM Bif
6a30BKXx aBTOMaTU3aLiN 4O CKNagHWX cLueHapiiB 3 eneMeHTamu iHTenekTy. IHTenekTyansHa
iHTerpauiss cueHapHOl fOrfikKM  PO3WMPKOE  3arafnbHi  MOXIMBOCTI  aBTOMaTM3aLil,
nepeTBOPIOIOYM 3BMYAHI CUCTEMU Ha 3PYYHI Ta aAanTUBHI XUTNOBI cepefoBULLa.
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ABSTRACT

Background. In modern computer vision, the accuracy and reliability of image matching
primarily depend on the quality of local feature processing. False correspondences, which
arise from changes in scale, illumination, or repetitive structures, have the potential to distort
a scene's geometric model. Therefore, applying filtering algorithms that can distinguish
informative matches from noise becomes an important step. Despite significant progress,
most research focuses only on specific combinations of detectors and filtering methods,
which prevents a comprehensive understanding of their interaction.

Materials and Methods. To investigate this issue, a series of experiments was
conducted, and a representative subset from the Photo Tourism dataset was selected.
Keypoint detection and description were performed, followed by matching, outlier filtering,
and quantitative evaluation. The comparison involved the SIFT, SURF, KAZE, AKAZE,
ORB, and BRISK detectors combined with the RANSAC, LMedS, RHO, GMS, VFC, and
LPM filtering methods. For the evaluation, metrics such as the Fisher Criterion, IQR
Separability, Whisker Gap, and a custom-developed metric called SMS were applied.

Results and Discussion. The investigation revealed that performance varies significantly
among the detectors: binary descriptors offer much higher processing speeds. In contrast,
methods using floating-point descriptors are more informative but require more
computational resources. The hierarchy of filtering methods was consistent across all
setups: VFC achieved the highest quality based on separability metrics, while LPM showed
the most considerable difference between the distribution boundaries. RANSAC and LMedS
remain classic benchmarks, while GMS and RHO serve as fast, compromise alternatives.

Conclusion. The results show that image matching effectiveness depends on the
combination of the detector, the number of keypoints, and the filtering method. A
comprehensive approach enables the selection of the right strategies for specific tasks,
ranging from applications that require fast processing to scenarios that necessitate
maximum separability or boundary error control. The analysis and metrics used provide a
basis for future research and improvements in practical computer vision systems.

Keywords: feature detection, keypoint descriptors, image matching, match filtering.

INTRODUCTION

In the modern world, the amount of visual data is increasing rapidly - from countless
photos on social media to continuous video streams from surveillance cameras and
autonomous systems. For automated analysis of this large flow of information, local feature
processing algorithms are essential. Detecting keypoints is fundamental for various
computer vision tasks, including three-dimensional reconstruction from images or Structure
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from Motion, panorama creation, Simultaneous Localization and Mapping (SLAM), and
visual odometry [1-5].

Atypical image processing pipeline involves detecting keypoints, describing them, and
matching based on the similarity of these descriptors. However, the initial set of
correspondences often contains many false matches or outliers, which are caused by visual
ambiguity, repetitive textures, or lighting changes. Even a few outliers can significantly
affect the estimation of geometric models. Therefore, filtering is an important step that
eliminates false matches and returns a set of pairs that align geometrically.

To reduce the number of outliers, a wide range of methods has been proposed - from
classic parametric techniques, notably RANSAC (Random Sample Consensus) [6] and its
variations LMedS (Least-Median of Squares) [7] and RHO (Randomized Hough Transform)
[8], to non-parametric approaches such as GMS (Grid-based Motion Statistics) [9], VFC
(Vector Field Consensus) [10], and LPM (Locality Preserving Matching) [11]. Previous
studies have primarily focused on specific aspects of the problem, either by comparing
detectors and descriptors [12-14] or by analyzing the performance of filters in limited
combinations [15-17]. The main contribution of this work lies in evaluating the interaction
between detection and filtering methods.

A combination of six detectors - SIFT (Scale-Invariant Feature Transform) [18], SURF
(Speeded-Up Robust Features) [19], KAZE [20], AKAZE (Accelerated KAZE) [21], ORB
(Oriented FAST and Rotated BRIEF) [22], and BRISK (Binary Robust Invariant Scalable
Keypoints) [23] - with six filtering methods - RANSAC, LMedS, RHO, GMS, VFC, and LPM
- was examined. It is demonstrated how specific detector-filter pairings affect execution
time and the overall matching quality. The experiments were performed on a subset of the
public Image Matching Challenge Photo Tourism dataset [24], which features scenes with
significant variations in viewpoints and scales of various architectural landmarks. Unlike
traditional metrics such as precision and recall, our primary focus was on the ability of the
filters to separate, specifically to increase the statistical distance between the distributions
of similar and dissimilar images. To achieve this, we applied a set of specialized metrics:
the Fisher Criterion, IQR (Interquartile Range) Separability, Whisker Gap, and a proposed
metric, Sigma-Margin Separability (SMS). Together, these metrics offer a comprehensive
view of the distributions' central parts and their tail regions.

MATERIALS AND METHODS

A software pipeline was developed and implemented to compare filtering methods. It
includes several sequential stages: dataset preparation, keypoint detection and
description, initial matching, outlier filtering, and an evaluation of effectiveness using a set
of class separability metrics.

The public Image Matching Challenge Photo Tourism dataset, which includes
architectural scenes with a wide range of viewpoints and lighting conditions, was used as
the data source. Since the full dataset is resource-intensive and contains a large amount
of data, this study used an automated process to select representative images for each
scene. Initially, local features were detected and described for each frame using the SIFT
method, which is known for its robustness to scale and viewpoint changes and its ability to
assess an image's informativeness. A normalized, averaged vector of descriptors then
represented each image. From this, a set of candidate pairs was generated by identifying,
for each frame, the nearest neighbors based on cosine similarity, thereby reducing the
number of comparisons without losing meaningful intra-scene relationships. For each
candidate pair, matching was performed using the Brute-Force method with Lowe's ratio
test [18], followed by an evaluation of geometric consistency using RANSAC with a
homography model [25]. Utilizing RANSAC at this stage is a key methodological choice;
previous research [26] has shown that combining this method with SIFT yields the best
results compared to other methods within the USAC family [27]. Based on these similarity
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values, a symmetric similarity matrix was created, from which the densest k-subset with
the highest average mutual similarity was selected, ensuring consistency among images
and eliminating duplicates. As a result, 10 images from 10 classes were selected, forming
the final test set of 100 frames. Examples of images selected into the dataset are presented
with keypoints detected in Fig. 1a and with keypoints matched in Fig. 1b.

In this study, six methods for detecting keypoints were used: SIFT, SURF, ORB,
BRISK, AKAZE, and KAZE. The initial number of keypoints for each detector was different.
This is because only SIFT and ORB have direct parameters to limit the number of features,
while SURF, BRISK, AKAZE, and KAZE are configured using a related threshold. The
response attribute [28] was used to restrict and align the number of keypoints between
detectors, and only the top features were selected for further analysis. This attribute, which
depends on the detector's internal quality assessment of each point, is a standard practice
for ensuring a fair comparison and serves as a universal criterion for sorting features;
however, its physical meaning and mathematical basis are unique to each algorithm.

e SIFT: The amplitude of the extremum in the Difference of Gaussians (DoG)
pyramid, which indicates contrast [18].

e SURF: The determinant of the Hessian matrix, utilized for identifying blob
structures [19].

e ORB T1a BRISK: Metrics based on corner detectors - Harris for ORB [22] and
AGAST for BRISK [23].

o KAZE ta AKAZE: The determinant of the Hessian matrix calculated in a non-
linear scale-space, which enables improved preservation of object boundaries
compared to traditional Gaussian blurring.

In our study, the number of keypoints ranged from 500 to 5000, thereby enabling the
assessment of the impact of keypoint density on subsequent processing stages.

] F h

(b)

Fig. 1. Example of images in dataset (Florence Cathedral): a) with keypoints detected (marked yellow); b) with
keypoints matched (green lines).
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The Brute Force matcher method was employed with a search for the two nearest
neighbors (k = 2). The distance measure was chosen based on the descriptor type:
Euclidean distance for floating-point descriptors and Hamming distance for binary
descriptors [28]. After identifying candidate pairs, Lowe’s ratio test was applied with a
threshold of 0.75. The choice of this value was deliberate, as its effectiveness and
appropriateness were evaluated in our earlier research [29]. This research demonstrated
that this value provides a reliable balance between the number and quality of initial
matches. This step removes ambiguous correspondences and minimizes the effect of
random coincidences, thereby forming the initial set of matches for subsequent geometric
verification and filtering. The matching time for each image pair was measured as the
combined duration of the Brute-Force matching process and the subsequent Lowe’s ratio
test verification.

The primary focus of the study is a comparison of six filtering methods, representing
three different strategies for outlier rejection. Homography was used as the base model for
all methods requiring geometric verification. The investigation employed parametric
methods, including the baseline RANSAC with its iterative approach, its variant, LMedS,
which minimizes the median of errors, and the optimized RHO, which prioritizes sampling
high-quality matches. Non-parametric methods were also examined, including VFC, which
evaluates the smoothness of the match vector field, and LPM, which verifies the
preservation of local neighborhood structure. Additionally, the statistical method GMS was
analyzed, utilizing a grid to assess motion consistency in local regions. This approach
enables an investigation into how filters based on a geometric model compare to methods
that use spatial or statistical approaches, without relying on model parameterization.

The experiments were conducted on a 2019 MacBook Pro with an Intel Core i9-9880H
processor, clocked at 2.30 GHz, featuring eight physical cores/16 threads, and 32 GB of
RAM, running macOS 15.6.1. The software versions used were Python 3.9.13 and OpenCV
4.10.0. Parallel processing was achieved using a process pool with eight workers;
OpenCV'’s internal parallelism was disabled to reduce variability [28]. The detection,
matching, and filtering were measured within their respective procedures.

To quantitatively assess the effectiveness of each filtering method, a methodology
was established based on analyzing class separability. Central to this approach is the
similarity coefficient S, which is calculated for each pair of images (i, j) after the filtering
process has been applied. This coefficient is a normalized measure that indicates the
proportion of "good" matches relative to the total number of features available.

Ngood

S;; = 100 - ——,
v min(Nl-,Nj)

(1)

where Ngq0q is the number of matches remaining after filtering, and N; and N; are the total

number of keypoints in images i and j, respectively. Based on this coefficient, all image
pairs were divided into two categories: "Similar" for images that are similar, and "Different"
for images that are different.

The effectiveness of a filtering method is determined by its ability to create two well-
separated distributions of the coefficient S for these two classes. After processing scenes
with an ideal filter, the S values should be high for similar images and low for dissimilar
ones. A comprehensive set of four metrics was used to evaluate this separability
quantitatively.

o Fisher Criterion: A classic statistical measure that compares the distance
between the centers of the distributions (between-class variance) to their internal
consistency (within-class variance). A higher value indicates better separation.
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_ (Usim — .udiff)z
Ogm + Odiry (2)

F

where i Ta 02 are the mean and variance of the respective distributions.

¢ IQR Separability Coefficient: An outlier-robust metric that quantitatively measures
the gap between the central 50% of data in each distribution (the interquartile
ranges), directly showing the visual separation of the "boxes" in box plots.

Q1sim — Q34isr

IQR Separability = Q3o — Qluy,
stm L

©)

where Q1 and Q3 are the first and third quartiles of the respective distributions.

e Whisker Gap: A straightforward numerical estimate of the distance between the
outermost boundaries of the main data ranges, which reflects the visual gap
between the "whiskers" on box plots calculated using the standard Tukey's
method with a coefficient of 7.5- IQR.

Whisker Gap = Qlgyn — Q4qiss (4)

where Q1g;, is the lower bound of the similar images distribution, and Q4 ;¢ is
the upper bound of the dissimilar images distribution.

e Sigma-Margin Separability (SMS) Coefficient: To thoroughly assess class
separability, we have developed a new metric called Sigma-Margin Separability,
in addition to traditional methods. The motivation behind this development comes
from the limitations of existing metrics. For instance, the Fisher Criterion does not
directly verify whether a "guaranteed margin" exists between the distributions,
particularly in their tails. Similarly, metrics like IQR Separability are robust to out-
liers but achieve this by focusing only on the central 50% of the data, completely
ignoring behavior at the distribution boundaries. While the Whisker Gap does
consider the outer ranges, it is based on a structural definition rather than a pro-
babilistic one. In our case, margins between the statistical boundaries of the "Si-
milar" and "Different" distributions were evaluated. These boundaries are deter-
mined by the k-sigma rule (u £ k - o). The metric is calculated using the formula:

SMS(k) _ (.usmz szm) (.udtff dlff) (5)
Usim — Haiff

where the parameter k controls the stringency of the criterion, in this work, values
of k=1, 2, and 3 were used, which correspond to checking the margin between
boundaries encompassing approximately 68%, 95%, and 99.7% of the data in
each distribution, respectively. A larger value of k indicates a more rigorous eva-
luation. The numerator in the formula represents the "k-sigma margin" — the dis-
tance between the lower bound of the "Similar" distribution and the upper bound
of the "Different" distribution. The denominator serves as a normalization factor.
A positive SMS value indicates high separation reliability, showing a "guaranteed
margin" between the k-sigma boundaries. Conversely, a negative value suggests
overlap between them. A more detailed statistical analysis of SMS, including
sensitivity to distributional shifts, sample-size effects, and robustness, is beyond
the scope of this paper and will be covered in a separate study.
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Thus, using this set of metrics enables a thorough evaluation of filter effectiveness by
examining different aspects of separability, ranging from traditional statistical methods to
reliability assessments with strict criteria and intuitively understandable indicators that
visually demonstrate the overlap of distributions. For all the listed metrics, higher values
denote better class separation. This approach offers a more complete understanding of
how detection methods perform when combined with various filtering techniques.

RESULTS AND DISCUSSION

This section provides a comprehensive analysis of the research findings. Initially, the
computational performance of the methods is evaluated across three essential data
processing stages: detection and description, matching, and filtering. Subsequently, a
detailed assessment of the filtering quality is conducted for each detector.

The results presented in Table 1 show the average number of detected keypoints, the
time needed for their detection and description, and the normalized efficiency, calculated
as the average time for detection and description per 1000 keypoints. Normalizing these
metrics enables an objective comparison of the detectors' efficiency by mitigating the
influence of the varying number of keypoints they generate.

The obtained results indicate a distinct performance benefit for the binary methods.
While each method produced a different number of keypoints with the given input
parameters, the ORB method remains the clear leader in both total processing time and
normalized efficiency. BRISK takes second place and significantly outperforms methods
that use floating-point descriptors.

In contrast, methods such as SIFT, SURF, and KAZE, which are based on floating-
point descriptors, were more resource-intensive. KAZE shows the lowest performance, with
its normalized time approximately 3.8 times higher than SIFT's and nearly 2.5 times higher
than SURF's; this aligns with the computational complexity of the non-linear diffusion scale-
space on which the method is based. The accelerated version, AKAZE, operates much
faster; however, in terms of normalized efficiency, it still significantly lags behind the other
binary methods.

The dependency of the average matching time on the number of keypoints for a single
image pair is shown in Fig. 2. The slowest method was SIFT, which is over 2.5 times slower
than ORB. Analyzing scalability - the rate at which time increases with more points - shows
that KAZE is the most robust to an increasing number of features, with the lowest rate of
about 90 ms for each additional 1000 points, nearly matching ORB. In contrast, SIFT scales
much worse, exceeding KAZE's rate by more than three times. Other methods vary in
performance. SURF offers moderate speed and scalability. BRISK and AKAZE work well
with a few keypoints but become less efficient as the number increases, unlike ORB and
KAZE.

The filtering time is shown in Fig. 3, where a performance hierarchy of the investigated
methods is visible, which was consistently maintained for all six detection methods. This

Table 1. Time characteristics and computational efficiency of keypoint detection
and description.

Method Avg num.ber of Avg t?me of Avg time of Avg total time, Avg total time per
keypoints detection, ms description, ms ms 1000 keypoints, ms

SIFT 6811 213.37 358.34 571.58 85.1

SURF 8486 273.37 834.56 1108.03 131.81

ORB 8397 37.46 16.17 53.63 6.38

BRISK 9517 98.47 77.26 175.73 18.57
AKAZE 8796 197.4 260.92 458.31 52.88

KAZE 8404 1286.61 1325.31 2611.92 318.49
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Fig. 2. Average matching time per image pair vs. number of keypoints for different feature detectors.

stability suggests that the choice of filtering method has a significant impact on the
matching process. RHO and VFC demonstrated the highest speed and scalability, with an
increase in the number of keypoints having almost no effect on processing time. In contrast,
classic RANSAC proved to be the least effective, lagging behind the leaders in speed by
an order of magnitude and exhibiting increased processing time as the number of points
increased. GMS, LMedS, and LPM occupied an intermediate position, with GMS typically
being the fastest and LPM the slowest.

The type of detector affects the time values. However, the relative ranking of the filte-
ring methods stays the same. For the SIFT, SURF, and AKAZE detectors, the performance
difference between the high-speed RHO and VFC and the slower RANSAC is most notice-
able. For the ORB, BRISK, and KAZE detectors, the overall execution times are lower.

An analysis of the results for the SIFT detector, shown in Fig. 4, indicates that
increasing the keypoint limit consistently improves all filtering quality metrics. The
effectiveness plateaus at around 3000-4000 keypoints, where adding more features no
longer provides a significant benefit.
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Fig. 3. Average filtering time per image pair vs. number of keypoints for different feature detectors: A) SIFT; B)
SURF; C) ORB; D) BRISK; E) AKAZE; F) KAZE.
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Fig. 4. Filtering quality metrics for SIFT: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS
coefficients for D) 0=1, E) 6=2, and F) 0=3

According to the Fisher Criterion, the results of the VFC method increase by
approximately 2.3 times when moving from 500 to 4000 keypoints. In the saturation zone
at 4000 keypoints, it exceeds LPM by nearly 20% and RANSAC and LMedS by about 30-
35%. This shows that VFC achieves the best balance between between-class separation
and within-class variance, while GMS, with 40% lower metrics, and RHO, which is almost
twice as poor, perform worse.

For the Whisker Gap metric, the best results are achieved by LPM. Starting from the
2500 keypoint range, it creates the most significant gap between the classes, surpassing
VFC by approximately 10-15%. This makes LPM a good choice where it is important to mi-
nimize errors at the extreme boundaries of the data, which are often associated with outliers.
The GMS method also exhibits a rapid increase in values after 2500 keypoints, and in the
4000-5000 range, it yields higher values than the RANSAC, LMedS, and RHO methods.

In contrast, for the IQR Separability metric at 4000 keypoints, the classic RANSAC
shows a slight edge over VFC. This suggests that RANSAC works well with reliable matches
but less effectively on more ambiguous data. The values for LMedS are similar to RANSAC's,
while GMS is consistently 5-10% lower than VFC, and for RHO, this gap widens to 10-15%.
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The values of the SMS coefficients demonstrate the superiority of VFC. In the 3000-
4000 keypoint zone for o = 1, the VFC method outperforms LPM by approximately 2-3%
and RANSAC by 5-6%. For o = 2, the advantage of VFC over LPM increases to
approximately 40%. Furthermore, the o = 3 values for VFC are in the positive region starting
from 1500 keypoints, which indicates reliable separation even in the tail regions of the
distributions. GMS is roughly 10-15% less effective than VFC across the entire coefficient
range, while RHO has the lowest values, indicating sensitivity at the extreme points.

Unlike SIFT, the SURF detector exhibits a distinct performance trend, as illustrated in
Fig. 5. All metrics display a sharp rise until reaching a peak between 1000 and 2000
keypoints, followed by a gradual decline. This pattern aligns with the presumption that at
higher keypoint counts, more weak correspondences enter the SURF sample, which
reduces the separation between the classes.

According to the Fisher Criterion, the best result is shown by VFC. Its metric reaches
a peak at 1500 keypoints, after which it decreases by approximately 20%, while remaining
superior to the other methods. At its maximum, VFC surpasses LPM by about 10%, and
RANSAC and LMedS by nearly 20% and 35%, respectively. The values for RHO from 500
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Fig. 5. Filtering quality metrics for SURF: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS
coefficients for D) 6=1, E) 0=2, and F) 0=3
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to 2000 keypoints are higher than those of GMS; however, after 2500 keypoints, the metrics
for GMS increase noticeably, and at 5000 keypoints, they are close to those of RANSAC.
Despite this, the results for GMS and RHO are significantly lower than those of the other
methods. A similar trend is observed for IQR Separability. The maximum also occurs in the
1500-2000 keypoint range, where RANSAC is almost on par with VFC; however, as the
number of keypoints increases, its performance declines more rapidly. At more than 3500
keypoints, the GMS method partially overtakes the LMedS method, indicating that the
method's efficiency improves with an increase in features.

For the Whisker Gap metric, the ranking of the methods changes. Within the optimal
range of 1000-3000 keypoints, LPM shows the largest gap, exceeding VFC by 25-40% and
RANSAC by over 1.3 times. However, as the number of keypoints increases further, the
advantage shifts to VFC, which demonstrates more stable behavior. The GMS method
performs the worst, with its values consistently negative throughout the entire range,
indicating an overlap of distribution tails. However, this trend reverses at 2500 keypoints,
where the metrics briefly turn positive before gradually decreasing.

The complex SMS coefficients confirm the same pattern, with peak efficiency at 1000-
2000 keypoints. VFC leads in all three metrics, especially for o = 3, where it exhibits the
least negative values, indicating greater robustness to anomalous correspondence pairs.
This highlights SURF's sensitivity to oversaturation with weak correspondences at large
ranges and the importance of using a controlled keypoint limit in practical applications.

The results for the KAZE detector, shown in Fig. 6, demonstrate that increasing the
number of keypoints consistently improves filtering quality. Efficiency levels off at 3500-
5000 points. In contrast to SURF, the KAZE detector does not exhibit a decline in values
at higher keypoint ranges, indicating a higher stability of its features. Although KAZE is
weaker than SIFT in absolute metric scores, the performance hierarchy of the filters
remains similar.

Based on the Fisher Criterion, metric values increase and plateau around 4000-5000
points. In this range, VFC shows the best performance, with its metric approximately 7%
higher than LPM's and 25% higher than RANSAC's, demonstrating superiority over GMS
of roughly 1.5 times. Compared to RHO, VFC's improvement is nearly twice as great. This
suggests that the KAZE and VFC setup offers the most balanced performance for
maximizing class separation with constant variance. A similar trend is observed with IQR
Separability, where the central quartile separation stabilizes at approximately 3000 points,
again favoring VFC. Meanwhile, LPM, RANSAC, LMedS, and GMS methods fall behind by
a few percentage points, and RHO exhibits much lower effectiveness.

For the Whisker Gap metric, LPM leads in the 500-1500 keypoint range. However,
from 2000 to 5000 points, VFC achieves the highest values, approximately 15% higher.
Meanwhile, LPM significantly outperforms RANSAC and LMedS, for instance, at 3000
keypoints, by factors of approximately 1.4 and 1.7, respectively. This makes LPM the
preferred choice for tasks where reducing the overlap of boundary values is essential.

The complex SMS coefficients consistently demonstrate VFC's leadership. It exceeds
its competitors in all three metrics, especially at o = 3, where its values are 20-30% closer
to zero than those of RANSAC and LMedS. This suggests VFC offers the optimal balance
between separation and robustness against anomalies. Conversely, RHO shows the worst
values, being the furthest from zero.

The results for the binary detector ORB, presented in Fig. 7, show that increasing the
keypoint limit consistently improves all filtering quality metrics, reaching a saturation point
at 350-5000 keypoints. In terms of curve characteristics, ORB is similar to KAZE, as its
efficiency increases with more data, unlike SURF, where a decline occurs after an early
peak. In absolute metric values, ORB is expectedly inferior to SIFT.

According to the Fisher Criterion, VFC provides the best values across the entire
range. In the zone of stable efficiency, its values are about 5-7% higher than those of LPM,
nearly 7% higher than RANSAC and LMedS, and 25-30% higher than GMS. Compared to
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Fig. 6. Filtering quality metrics for KAZE: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS
coefficients for D) 0=1, E) 0=2, and F) 0=3.

RHO, its advantage exceeds 1.5 times. This indicates that VFC most effectively converts
additional keypoints into stable inliers, maintaining a favorable balance between class
separation and within-class variance.

The separation of the central quartiles increases with the number of keypoints and
stabilizes around 3500 points. In the range of 3500 to 5000 keypoints, VFC outperforms
LPM by 2-6%, and RANSAC and LMedS by approximately 8-10%. The GMS method is,
on average, 7-14% lower than VFC, and RHO is more than 20% lower. Therefore, when
the goal is to maximize the separation of the distribution centers, VFC maintains a
consistent advantage, while RANSAC and LMedS serve as alternatives.

For the Whisker Gap metric, a partial overlap of the boundaries occurs across all filtering
methods at low keypoint counts from 500 to 1000. Starting around 1500-2000 keypoints, the
gap consistently turns positive and grows larger. With more keypoints, LPM and VFC produce
the highest values; their gaps are usually 30-60% larger than those of RANSAC and LMedS.
GMS and RHO show the smallest gaps, often at least 1.5 to 2 times smaller than the leaders.
Practically, this suggests that when boundary value control is vital, it is best to use LPM or
VFC with more than 2000 keypoints but avoid LPM with tiny samples.
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Fig. 7. Filtering quality metrics for ORB: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS
coefficients for D) 6=1, E) 6=2, and F) 0=3.

The above findings also apply to all SMS coefficient values; the curves reach saturation
between 3,500 and 5,000 keypoints. VFC consistently exhibits the highest values across all
SMS variants. For o = 1, its advantage over LPM is modest, about 1-2%, but it surpasses
RANSAC and LMedS by approximately 5-10%. When o = 2, VFC's values turn positive at
approximately 1500 keypoints, reaching a peak. For g = 3, VFC remains 20-30% closer to
zero than other methods, with RHO consistently demonstrating the worst results.

The results for the binary detector BRISK, presented in Fig. 8, show that increasing the
keypoint limit consistently enhances all filtering quality metrics, which stabilize within the
range of 3500-5000 points. Due to the nature of its curves, BRISK resembles KAZE and
ORB, as the accumulation of valid correspondences gradually improves class separation
without degradation, unlike SURF. In terms of absolute metric levels, BRISK is expectedly
lower than SIFT, but at high numbers of points, it achieves a quality comparable to KAZE.

According to the Fisher Criterion, VFC delivers the best results across the entire range.
In the saturation zone, its metric is about 14% higher than that of LPM, and nearly 17% and
30% higher than those of LMedS and RANSAC, respectively. Regarding GMS, its values
at 5000 keypoints are similar to those of RANSAC and more than 1.5 times lower than
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Fig. 8. Filtering quality metrics for BRISK: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS
coefficients for D) 0=1, E) 6=2, and F) 0=3.

those of VFC. This indicates that VFC most effectively converts additional data into stable
correspondences, ensuring the optimal balance between class separation and within-class
variance. A similar pattern is observed for IQR Separability, where VFC also shows the
best results; in contrast, RHO performs the worst, outperforming GMS only in the range
from 500 to 1500 keypoints.

For the Whisker Gap metric, the LMedS method starts strongest at the beginning of
the range, then mostly maintains second place. Later, in the 1500-3000 keypoint range,
VFC takes the top spot, with results about four times better than those of RANSAC. At 4000
keypoints, a noticeable peak occurs for LPM, where its results are roughly 35% higher than
those of VFC. The RHO values are a few percent above GMS's, but their values are nearly
four times lower than those of VFC and LMedS.

The complex SMS coefficients consistently confirm VFC's leadership across all
metrics. Its advantage over LPM for 0=1 is approximately 3-4%, and it is about 5% higher
than LMedS. For o = 2 values, VFC's metrics are roughly twice as good as RANSAC's.
According to the o = 3 metric, VFC's results are closer to zero than those of the other
methods. The RHO method has the lowest values for all SMS variations, except in the
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interval between 500 and 2000 keypoints, where it outperforms GMS. Additionally, the RHO
results are the most consistent across the entire range of keypoints.

The results for the AKAZE detector, as shown in Fig. 9, exhibit a different pattern than
those for KAZE. Efficiency quickly rises at the start, peaks between 1500 and 2500
keypoints, and then generally stabilizes or declines slowly. This early peak behavior is more
similar to SURF than to KAZE or ORB.

According to the Fisher Criterion, VFC yields the best result. Its metric peaks at 2000
keypoints, then decreases slightly by about 14% but remains the leader. At its peak, VFC
exceeds LPM by 6% and LMedS by approximately 12%, and is almost twice as good as
RHO. A different pattern was observed for the GMS method; after 3500 keypoints, its
results level off, and the values are somewhat higher than those of RANSAC.

For the IQR Separability metric, the highest values are observed at 1500-2000
keypoints, where VFC has a slight advantage over LPM of 2.5%, although after 4000
keypoints, LPM takes the lead. LMedS outperforms RANSAC by 2-4%. GMS exhibits an
interesting trend: its values are the lowest from 500 to 1500 points; at 2500 points, it
surpasses RANSAC; and from 3500 keypoints to the end of the range, it competes with the
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Fig. 9. Filtering quality metrics for AKAZE: A) Fisher Criterion; B) IQR Separability; C) Whisker Gap; and the SMS

coefficients for D) 0=1, E) 6=2, and F) 0=3.
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LMedS method. The RHO method shows the lowest values and tends to degrade after
2500 keypoints.

For the Whisker Gap metric, the ranking of methods shifts. Within the optimal range
of 3000-5000 points, LPM exhibits the most significant gap, outperforming VFC by 5-20%
and RANSAC by more than 1.3 times. The LMedS and GMS methods yield the worst
results; for LMedS, this is particularly evident at 2500-3000 keypoints, where a significant
gap is observed compared to other methods. In contrast, RHO shows values close to
RANSAC's after 1500 points.

Across all SMS variations, VFC and LPM consistently rank first and second, with a
slight difference of approximately 0.7-1%, peaking at 1500-2500 points. RHO performs the
worst among the methods. The trend patterns for the AKAZE method resemble those seen
with SURF, where GMS at over 1500 keypoints improves its metrics by nearly 1.5 times
compared to RHO. At 4000-5000 keypoints, it surpasses RANSAC and approaches results
similar to LMedS.

The results help in developing strategies for selecting the best configuration based on
the specific task. For real-time applications, combining fast binary detectors such as ORB
or BRISK with the VFC filter is effective, especially when limiting keypoints to the saturation
zone for improved performance. LPM is recommended to reduce the overlap of distribution
tails. If the goal is the highest matching quality, SIFT paired with VFC and a constrained
keypoint limit is ideal to manage computational costs. When features are limited, SURF
and AKAZE perform best near their efficiency peaks, offering an optimal quality-to-data
ratio. Regardless of the detector used, RANSAC should be applied cautiously. Although it
sometimes excels in the IQR Separability metric, its high computational demands and poor
scalability often make it impractical for most modern systems.

CONCLUSION

This study presented a comparative analysis of various combinations of keypoint de-
tection and filtering methods. Consistent patterns emerged: binary descriptors are charac-
terized by high computational efficiency, whereas methods using floating-point descriptors
tend to produce more informative but computationally intensive correspondences.

The analysis of filtering methods showed that VFC most often provides the most
balanced separation of distributions and proves to be robust against noisy
correspondences. At the same time, LPM is especially effective at controlling boundary
cases by creating the greatest distance between the extreme boundaries. RANSAC and
LMedS remain valuable as classic benchmarks, and GMS and RHO offer fast and
lightweight alternatives. Despite differences between detectors, the relative ranking of the
methods stays consistent, highlighting the universality of the identified patterns.

For tasks that require maximum separability, the best approach is to combine
detectors with a stable saturation plateau, such as SIFT or KAZE, along with the VFC filter.
When boundary error control is necessary, LPM is recommended. If processing speed is
the primary concern, then combinations like ORB or BRISK with efficient filters, such as
VFC or RHO, are suitable. The metrics used, including the proposed SMS coefficient,
demonstrated their effectiveness in delivering a thorough assessment of filtering quality.

Thus, the research demonstrates that filtering correspondences in computer vision
tasks cannot be considered independently of the choice of detector and keypoint
parameters. A comprehensive approach allows for not only objective comparisons of
methods but also the development of practical strategies to balance quality and
computational costs. The main contribution of this work is to provide valuable
recommendations for selecting optimal combinations for various applied scenarios. Future
research could include integrating deep learning methods, employing other models to verify
the geometric consistency of matches, and testing under more challenging scene
conditions, particularly with varying scales, camera viewpoints, and changes in illumination.
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NOPIBHANBHE AOCNIMXEHHA AETEKTOPIB OCOBJINBUX TOYOK TA
METOAIB ®llIbTPALII Y 3ICTABNEHHI 306PAXEHb

AHOpiii ®ecrok* DO, IOpiii dypeana O
JibeiecbKuli HayioHanbHUl yHieepcumem iMeHi IsaHa ®paHka,
8yn. [ipazomaHosa 50, 79005 Jibeie, YkpaiHa

AHOTALIA

Bectyn. Y cyvacHOMy KOMM'IOTEPHOMY 30pi TOYHICTb | HaAiNHICTb 3iCTaBneHHS
3006paXeHb 3HA4YHOK MIpOI0 BU3HAYAETLCA SAKICTIO 0OPOOKM NoKanbHMX O3HaAK. XWUOHI
BiAMOBIAHOCTI, WO BWHUKaOTL Yepe3 3MiHy MacliTaby, OCBITNEHHS 4M MOBTOPHOBAHI
CTPYKTYpW, 30aTHi 3pyiHyBaT! reOMEeTPUYHY MoAeNb cueHU. ToMy BaknMB/MM eTanom ctae
3acToCyBaHHSA anroputMmiB inbTpauii, 3gaTHUX BigoOKpemMuTn iHdopMaTuBHI 36irv Big
wymoBmx. [lonpu 3HayHun nporpec, GinbLiCTb AOCAiAXEeHb aHamni3ylTb NuLe OKpeMmi
KombiHauii geTekTopiB Ta MeTodiB pinbTpadii, Wo He Ao3sonsie cdopmyBaTh LinicHe
YSIBNIEHHS MPO IXHI0 B3aEMOit0.

Marepianu Ta metoau. [ina gocnigxeHHs Uiei npobnemMu NnpoBeAeHO eKCNEPUMEHTH, B
MeXax SIKMX BMKOHaHO BMOIp penpeseHTaTMBHOI MiAMHOXWHKM 3 AaTtaceTy Photo Tourism,
BUSIBMEHHA N OMNUC KITOYOBMX TOYOK, MOYaTKOBE 3iCTaBMeEHHS, inbTpauilo BMKMAIB Ta
KinbKicHy ouiHKy. MNopiBHsiHHA npoBegeHo ans aetektopiB SIFT, SURF, KAZE, AKAZE,
ORB, BRISK y noegHaHHi 3 meTtogamn dinbtpauii RANSAC, LMedS, RHO, GMS, VFC,
LPM. Onsa ouiHkn 3acTocoBaHo Habip meTpuk, 3okpema Fisher Criterion, IQR Separability,
Whisker Gap Ta BrnacHy po3pobky SMS.

PesynbTaTtun. [JocnigxeHHa nokasarno, Lo NpogyKTUBHICTb CYTTEBO BiAPi3HAETHCA MiXkK
petektopamu: GiHapHi geckpunTtopu 3abesnevyloTb 3HAYHO BULLY LUBWMAKOAiK, TOAI 5K
MEeToAM 3 AEeCKPpUNTOpaMmn 3 MraBaloyol KOMOK AEMOHCTPYHOTb Kpally iHPOpMaTUBHICTb
UiHoto Ginblmx BUTpaT. lepapxis mMeTodiB inbTpauii BusiBUnaca ctabinbHOW ANns BCiX
KOHpirypauin: HanBuLLy SIKICTb 32 METPUKaMM Po3ainbHOI 3aaTHocCTi agemoHcTpye VFC, Togi
Ak LPM 3abe3neyye Hanbinblumin po3puB Mix kparHiMu mexamu posnoginis. RANSAC i
LMedS 3sanuwatwTbCs KnacuyHuMmu opieHtupamu, a GMS i RHO € wBungkumm
KOMMPOMICHUMMW BapiaHTaMMu.

BucHoBkn. OTpuMaHi pe3ynbTaT NoKasywTb, WO e(EKTUBHICTL 3iCTaBMNEHHSA
300paeHb BU3HAYAETLCA CaMe MOEAHAHHAM OEeTEKTOpa, KifbKOCTi KIHYOBUX TOYOK Ta
mMeToay dinbTpauii. KomnnekcHui nigxig Ao3sonsie obrpyHToBaHO obupartu crtpaTerii nig
KOHKPETHi 3ajavi: Bif 3acCTOCYHKiB, [e BUpillanbHOK € LWBMAKOAiA, A0 cueHapiiB, Ae
BaXXNMMBOI € MakCcMMarnbHa po3fifibHa 340aTHICTb YM KOHTPONb FPaHUYHUX MOMUIIOK.
3anponoHoBaHU aHania Ta BWKOPUCTaHi MeTpukM (POPMYIOTb OCHOBY ANS MNoAanbLUmX
JocnigXeHb | BOOCKOHANEHHS NPaKTUYHUX CUCTEM KOMM IOTEPHOTO 30pY.

Knrouyoei croea: BUSIBNEHHS 03HAK, ONMC OCOOMMBUX TOYOK, CniBNaAiHHA, inbTpauis.
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ABSTRACT

Background. Rapid industrialization and urbanization have escalated air pollution,
posing significant health and environmental threats. Accurate prediction of quantitative air
pollution characteristics (like pollutant concentrations or Air Quality Index) is critical for
effective monitoring and mitigation strategies. Fuzzy Logic (FL) provides a robust
computational intelligence framework adept at handling the inherent uncertainty,
imprecision, and non-linear dynamics present in atmospheric systems.

Materials and Methods. The study explores the application of Fuzzy Logic (FL) for
improving the prediction of hourly PM2.5 concentrations by adding new input features to
data obtained using localized monitoring data from Variazh, for 2024. A key aspect involves
feature engineering, where a secondary Fuzzy Inference System (FIS) was developed to
derive Pasquill atmospheric stability class based on measured meteorological inputs (wind
speed, solar radiation, cloud cover). This derived stability class was then incorporated as an
additional input feature into the primary Mamdani-type FIS designed for PM2.5 prediction
correction.

Results and Discussion. The inclusion of the fuzzy-derived atmospheric stability class
as an input feature improved the performance of the PM2.5 prediction models tested
(XGBoost, LightGBM). Models incorporating this engineered feature achieved high accuracy
(R? > 0.98), particularly showing enhanced capability during stable atmospheric conditions.
This highlights the value of incorporating physically relevant, engineered features derived
via interpretable methods like FIS into data-driven air quality models.

Conclusion. Fuzzy Logic proves to be a valuable tool for effective feature engineering
in air pollution modeling. Deriving parameters such as atmospheric stability class via an
interpretable, rule-based FIS can enrich datasets and enhance the accuracy of subsequent
predictive models, offering a practical approach to improving air quality forecasting,
especially when direct measurements of complex parameters are unavailable.

Keywords: air pollution, fuzzy logic, forecasting, pollutant concentration, fuzzy inference
system, quantitative prediction, machine learning.

INTRODUCTION

Air pollution is one of the most important environmental problems of the 21st century,
mainly driven by rapid global industrialization, urbanization, and increased transportation
activities [1]. Among the various harmful pollutants, fine particulate matter (PM2.5) is of
particular concern. Based on combustion sources (vehicles, power plants, residential
heating), industrial processes, and secondary formation of precursor gases (such as SOz,
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NOx, and VOCs), exposure to PM2.5 poses a serious risk to human health [2, 3]. In addition
to its direct health effects, PM2.5 negatively impacts ecosystems, reduces visibility, and
contributes to climate change [4].

Consequently, the ability to accurately predict PM2.5 concentrations and understand
its dispersion patterns is crucial. Timely and reliable forecasts of quantitative
characteristics, particularly PM2.5 levels and the resulting Air Quality Index (AQl), are
essential for implementing effective mitigation strategies, issuing targeted public health
warnings, informing policy decisions regarding emission controls, and assessing the impact
of environmental regulations [5]. However, predicting PM2.5 concentrations is inherently
complex. Its levels are governed by intricate atmospheric processes, including direct
emissions, chemical transformations in the atmosphere (secondary aerosol formation), and
transport, all significantly influenced by highly variable meteorological conditions (like wind
speed, temperature, humidity, boundary layer height), fluctuating emission sources, and
geographical factors [6]. These factors interact in strongly non-linear ways, and the
available measurement and emissions data often contain significant uncertainty and
imprecision, making traditional linear or deterministic modeling approaches particularly
challenging for PM2.5 [7].

Conventional statistical and deterministic models often struggle to adequately capture
the vagueness, complex non-linearities, and stochastic nature inherent in PM2.5 dynamics
[8]. These models frequently require precise mathematical formulations of system
behavior, which are often difficult, if not impossible, to derive accurately for complex, open
environmental systems like the atmosphere. This limitation highlights the need for
alternative modeling techniques capable of handling such complexities effectively.
Computational intelligence methods, particularly Fuzzy Logic (FL), have emerged as
powerful tools for environmental modeling precisely because they excel at managing
uncertainty, linguistic ambiguity, and complex input-output relationships without requiring a
complete, explicit mathematical understanding of the underlying physical processes [9].
Unlike traditional Boolean (crisp) logic, where something is either true or false, fuzzy logic,
based on fuzzy set theory introduced by Lotfi Zadeh [10], allows for degrees of
membership. This means a variable can belong partially to different qualitative sets
simultaneously (e.g., a specific temperature might be considered 70% 'warm' and 30%
'hot'). FL utilizes linguistic variables (e.g., 'low' wind speed, 'high' traffic density, 'stable’
atmosphere) defined by membership functions, and employs a system of IF-THEN fuzzy
rules to map input conditions to output predictions. This structure allows for reasoning with
imprecise information, mirroring human-like decision-making under uncertainty. Its proven
success in diverse fields requiring the management of imprecise information, such as
industrial control systems and complex decision support frameworks, further motivates its
application to environmental challenges [9]. This characteristic makes it particularly well-
suited for modeling complex systems like PM2.5 pollution, where precise mathematical
descriptions are difficult to formulate, data is incomplete or noisy, and key relationships are
inherently fuzzy or non-linear.

MATERIALS AND METHODS

Study Design and Data Collection

The primary objective was to improve the efficiency of air pollution forecasting by
machine learning models by supplementing the feature vector with an additional feature. To
determine the additional feature was the design of a Fuzzy Inference System (FIS) to
evaluate atmospheric stability based on localized meteorological measurements. Unlike
traditional computational models, this approach leverages fuzzy logic to capture and model
complex, non-linear relationships under conditions of uncertainty, utilizing site-specific data
from the Variazh (Fig. 1). The study sought to validate the FIS by assessing its performance
in classifying atmospheric stability across various local weather conditions recorded in 2024.
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Fig. 1. Air quality information for one station.

Achieving the study's objective involved a methodology with several integrated stages.
Initially, data collection and preprocessing were performed using a comprehensive hourly
dataset from a dedicated monitoring station in Variazh, covering the entirety of 2024. This
dataset comprised essential meteorological variables (wind speed, solar radiation, cloud
cover) and temporal factors (hour, day, month), which were processed to remove
anomalies and missing values, thereby ensuring data integrity. Meteorological parameters
and temporal proxies were selected for their direct influence on atmospheric stability. These
predictors, combined with historical site-specific data, provided the foundation for defining
the fuzzy system's input variables. The development process involved the selection and
definition of input variables, the formulation of appropriate linguistic terms, and the creation
of membership functions tailored to the local conditions observed in Variazh.

This step evaluated the model’'s ability to generalize across diverse atmospheric
conditions. The results analyzed the constructed fuzzy rules to evaluate how input variables
such as wind speed, solar radiation, and cloud cover influenced stability classes. This
provided insights into localized meteorological dynamics and their impact on atmospheric
stability. These results explored the potential of the developed FIS as a practical tool for
assessing atmospheric stability. The localized focus and integration of high-resolution site-
specific data emphasized the model’s applicability for operational air quality management.

The data utilized a retrospective analysis approach, leveraging the complete hourly
dataset for 2024 to train and evaluate the FIS across a full annual cycle.

The geographically focused scope, centered on the Variazh, benefited from the
availability of high-quality, site-specific data recorded at a dedicated monitoring station.
This detailed focus enabled the development of localized ML models tailored to the unique
climatic and environmental characteristics of the site.

Air Quality and Emission Data

The primary air quality parameter targeted for predicting the hourly average
concentration of fine particulate matter (PM2.5 pg/m?3). Standard quality assurance and
control procedures were assumed to be applied during data collection, and the
preprocessing steps outlined addressed potential gaps or anomalies [12].

Hourly meteorological data, collected concurrently with the air quality parameters,
were obtained from the monitoring station located in the Variazh (Fig. 1). The specific
meteorological variables measured and utilized as inputs for the prediction models are
described in Table 1, and the correlation matrix is shown in Fig. 2.
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Table 1. Air quality information for one station for the year 2024

Characteristic  count mean min 25% 50% 75% max std
pm10 8784 11.2 1.7 6.7 9.2 13.3 78.4 7.5
pm2_5 8784 9.1 1.3 5.3 7.5 11.2 61.8 59

temperature 8784 11.0 -17.3 3.4 10.7 18.4 34.0 9.1
wind_speed 8784 3.6 0.0 2.2 3.3 4.6 11.5 1.8
wind_direction 8784  196.2 1.0 123.0 1950 277.0 360.0 94.1
wind_gusts 8784 6.7 0.4 4.3 6.2 8.5 20.1 3.1
humidity 8784 75.3 23.0 64.0 79.0 89.0 100.0 16.5
pressure 8784 1016.8 987.4 1011.3 1016.2 1021.9 10416 8.8
solar_radiation 8784  144.0 0.0 0.0 5.0 223.0 886.0 220.7
cloud_cover 8784 31.3 0.0 0.0 6.0 72.0 100.0 404

0.8

temperature ¥ -0.4 § . i -0.! . . -0.19 - 0.6

wind_speed -
- 0.4

wind_direction -

-02

wind_gusts

- 0.0
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pressure -
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Fig. 2. Correlation matrix for selected parameters.

These temporal variables serve as inputs, allowing the predictive models to implicitly
learn and incorporate typical periodic variations in local emissions and atmospheric
conditions. The collected PM2.5 data serves as the output (target) variable for the
predictive models being evaluated. The input variable set comprises the meteorological
parameters measured at the station (temperature, humidity, wind_speed, wind_direction,
wind_gusts, cloud_cover, solar_radiation, pressure), the temporal variables (hour, day,
month).
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Exploratory data analysis revealed distinct temporal patterns in PM2.5 concentrations
at the Variazh monitoring site during 2024. Fig. 3 presents the average PM2.5 levels
aggregated by season and by hour of the day.
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Fig. 3. Level of PM2.5 based on hour.

The curve in Fig. 3 illustrates a characteristic daily cycle in average hourly PM2.5
concentrations. Levels tend to be higher during nighttime and early morning hours,
decrease during the day, reaching a minimum in the early afternoon, and then increase
again towards the evening and night.

The bar chart in Fig. 4 shows clear seasonal differences in average PM2.5 levels.
Winter exhibited the highest average concentrations, followed by Autumn and Spring, while
Summer showed the lowest average levels.
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Fig. 4. Level of PM2.5 based on season.
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The typical ranges and distributions of these parameters for the study period are
visualized using boxplots in Fig. 5. These parameters are known to significantly influence
the formation, transport, dispersion, and deposition of PM2.5 [7].
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Fig. 5. Boxplots for the selected parameters.

Wind speed and direction govern pollutant transport. Temperature and solar radiation
strongly influence atmospheric stability and convection; higher temperatures and solar
radiation generally lead to greater atmospheric instability and vertical mixing (associated
with convection), which aids dispersion, while lower values contribute to stability and pollu-
tant trapping. Humidity influences particle properties and growth, and pressure systems are
associated with large-scale air mass movements and overall atmospheric stability.

This comprehensive set of locally measured meteorological variables provides crucial
information for the predictive models to capture the complex interplay between weather
conditions and PM2.5 concentrations. This data underwent the same quality checks and
preprocessing steps (handling missing values, etc.) as described in section 2.1, ensuring
a consistent and reliable input dataset.

Fuzzy Inference System Approach Implementation

A Fuzzy Inference System (FIS) is a computational framework based on the principles
of fuzzy set theory, fuzzy IF-THEN rules, and fuzzy reasoning [10]. It provides a
methodology for mapping a set of input variables to an output variable by utilizing linguistic
variables and mimicking human-like approximate reasoning. This approach was selected
because of its suitability for modeling complex, non-linear systems like air pollution
dynamics, where relationships between variables may be imprecise or uncertain, and
where the interpretability of the model is a desirable characteristic [9]. Unlike "black box"
machine learning models, the rule-based structure of an FIS can potentially offer insights
into how input conditions influence PM2.5 predictions.

A Mamdani-type Fuzzy Inference System (FIS) was selected for this prediction task,
primarily due to its intuitive nature and the interpretability offered by its linguistic output
variables. The development process followed these key steps.
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The input variables for the output stability class were the meteorological parameters:
wind speed, solar radiation, and cloud cover. The single output variable was the predicted
atmospheric stability class, categorized using Pasquill stability classes (A, B, C, D, E, F),
which represent different levels of atmospheric stability ranging from highly unstable (A) to
highly stable (F) [17].

Each input variable (wind speed, solar radiation, and cloud cover) was fuzzified by
defining a set of linguistic terms. For example:

e Wind Speed: 'Very Low', 'Low', 'Medium', 'High', 'Very High'
e Solar Radiation: 'Low', 'Medium', 'High'
e Cloud Cover: 'Cloudy', 'Clear'

The number of terms for each input variable was chosen based on its range and
expected influence on stability. Triangular membership functions were primarily used to
define these terms due to their simplicity and interpretability. The parameters (corner points
of triangles) were determined based on a statistical analysis of 2024 meteorological data
(percentiles or clustering) of the Variazh station.

The output variable, atmospheric stability class, was fuzzified into the six Pasquill
stability classes: 'A', 'B', 'C', 'D', 'E', and 'F'. These classes were represented using
triangular membership functions to divide the stability class range (0 to 5) into six distinct
segments. The membership functions were designed to align with the expected transitions
between stability levels as defined by the Pasquill framework (Table 2) [17].

Table 2. The fuzzy rules for atmospheric stability classes

Rule Number Wind Speed Solar Radiation Cloud Cover Stability Class Output

1 Very Low High - A
2 Very Low Medium - A
3 Very Low Low - B
4 Low High - A
5 Low Medium - B
6 Low Low - C
7 Medium High - B
8 Medium Medium - C
9 Medium Low - C
10 High High - C
11 High Medium - C
12 High Low - D
13 Very High High - C
14 Very High Medium - D
15 Very High Low - D
16 Very Low - Cloudy E
17 Very Low - Clear F
18 Low - Cloudy E
19 Low - Clear F
20 Medium - Cloudy E
21 Medium - Clear F
22 High - Cloudy D
23 High - Clear D
24 Very High - Cloudy D
25 Very High - Clear D
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shown in Fig. 6. For example, rule 1, rule 16:

The FIS knowledge base was constructed as a set of IF-THEN rules. Each rule
connects combinations of input linguistic terms to an output stability class (Table 2) and is

e |IF (wind speed is Very Low) AND (solar radiation is High) THEN (stability class

is A) (Rule 1)

e |F (wind speed is Very Low) AND (cloud cover is Cloudy) THEN (stability class is

E) (Rule 16)

The Mamdani inference method was applied to execute the fuzzy reasoning process.
Key steps included:

e Fuzzified Inputs: The fuzzified values of the input variables were applied to the

10

e
@

antecedents of the rules.

e Logical Operators: The AND operator, implemented as the minimum (min)
function, was used to combine multiple conditions in a rule's antecedent.
¢ Implication: The minimum function was used to determine the output fuzzy set's

shape based on the rule's firing strength.

e Aggregation: The maximum (max) function was used to combine the fuzzy output
sets from all activated rules into a single aggregated fuzzy output set [15].

The aggregated fuzzy output set, representing the predicted stability class in linguistic

terms, was converted into a single crisp numerical value. The Centroid method, which
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Fig. 6. Fuzzy Inference System components for Atmospheric Stability Classification based on Pasquill criteria:
(a) Membership functions for input variable Wind Speed (m/s); (b) Membership functions for input variable
Cloud Cover (%); (c) Membership functions for input variable Solar Radiation (W/m?); (d) Membership
Functions for Atmospheric Stability Class (range 0=A to 5=F).
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calculates the center of gravity of the aggregated fuzzy set, was employed for
defuzzification. This method was chosen due to its robustness and ability to provide
accurate predictions of the stability class.

The stability class prediction FIS model was implemented in Python, with the scikit-
fuzzy package. The libraries were used to define membership functions, construct the rule
base, and perform fuzzy inference and defuzzification (Fig. 7). The model was designed to
handle the nonlinear interactions between meteorological parameters while maintaining
interpretability [16].

Stability Class

(a) (b)
Fig.7. 3D surface showing the output Atmospheric Stability Class (range 0=A to 5=F) as a function of: (a) Wind
Speed (m/s) and Solar Radiation (%); (b) Wind Speed (m/s) and Cloud Cover (%).

This structured approach allowed for the development of a tailored FIS model capable
of predicting hourly PM2.5 concentrations based on the specific conditions and data
available for Variazh in 2024.

RESULTS AND DISCUSSION

Predicting time-series data like hourly PM2.5 concentrations is often approached as a
supervised regression problem, where machine learning (ML) models learn patterns
directly from historical data to forecast future values. Such regression-based approaches
can offer advantages over classical time series methods, particularly in handling complex
patterns and exogenous factors found in environmental data. Before feeding data into ML,
it was transformed using the Standard Scaler.

A wide variety of ML models are applicable to this type of problem [13, 14], including:

e Tree-Based Ensembles: Algorithms like XGBoost, and LightGBM (Fig. 8a).
e Neural Networks: Convolutional Neural Networks (CNN), and Bidirectional
LSTMs (Fig. 9a).

Assessing the predictive accuracy of ML models is typically accomplished through
standard statistical metrics, including Mean Squared Error (MSE), Root Mean Squared
Error (RMSE), Mean Absolute Error (MAE), and the Coefficient of Determination (R?).
These metrics compare the model’s forecasts against observed data, offering quantitative
insights into prediction quality. Practical considerations such as training and prediction
times also play a crucial role, especially when deploying models in real-time scenarios (see
Fig. 8a and Fig. 9a for examples). Achieving optimal performance often requires meticu-
lous hyperparameter tuning for each model type, as illustrated in Fig. 8, which outlines
examples of "Best Parameters." Empirical results (Table 3, associated with Fig. 8a and
Fig. 9a) demonstrate that advanced non-linear models, such as tree-based ensembles
(XGBoost, LightGBM) and neural networks (GRU, LSTM), significantly outperform simpler
linear models for PM2.5 forecasting tasks. These non-linear models achieve lower MSE,
RMSE, and MAE values, alongside consistently high R? values nearing 0.98—0.99.
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Fig. 8. PM2.5 forecast for 48 hours using tree-based ensembles: (a) without stability class; (b) with stability class.

Certain models, particularly tree-based ensembles like Random Forest, inherently

provide mechanisms for assessing the relative importance of input features. Feature
importance analysis allows researchers to identify which predictors most strongly influence
the model’s outputs. In environmental forecasting, this insight is especially valuable for
understanding which factors drive fluctuations in PM2.5 concentrations, enabling targeted
interventions and more effective policy decisions.
A fundamental goal in ML is the ability to generalize - training models to capture underlying
patterns in the data that enable accurate predictions on previously unseen data points.
Ensuring generalization requires careful attention to overfitting, model complexity, and the
representativeness of the training dataset. Generalization is critical when applying
environmental models to forecast air pollution under diverse conditions or across different
temporal and spatial scales.
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Fig. 9. PM2.5 forecast for 48 hours using neural networks: (a) without stability class; (b) with stability class.

Combining predictions from multiple models through ensemble methods can often
enhance predictive accuracy and robustness. In stacking, the outputs of first-level models
(base models) on a validation set are used as input features for a second-level meta-model.
This approach allows the meta-model to aggregate the strengths of diverse algorithms,
resulting in improved overall performance. Ensemble techniques, though promising, often
involve greater computational complexity and longer training times, which must be
balanced against their accuracy benefits in practical applications.

While ML models such as tree-based ensembles and neural networks demonstrate
remarkable accuracy for forecasting tasks, results specifically focus on the Fuzzy Inference
System (FIS) approach. The primary motivation for selecting FIS lies in its ability to provide
greater interpretability through linguistic rules and its inherent capacity to handle
vagueness and uncertainty in input data and system relationships [9]. These qualities are
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Table 3. Performance metrics for selected PM2.5 prediction models (using stability
class feature)

Stability Training

2
Madel class feature time (s) MSE RMSE MAE R
Without 43.17 0.69 0.83 0.55 0.98
XGBoost i
With 53.47 0.58 0.76 0.54 0.99
; Without 28.75 0.65 0.81 0.51 0.98
LightGBM :
With 38.68 0.64 0.8 0.54 0.98
T Without 25.9 0.77 0.88 0.65 0.98
With 26.38 0.96 0.98 0.73 0.98
o Without 43.28 0.61 0.78 0.56 0.98
Bidirectional LSTM ;
With 108.64 1.07 1.03 0.73 0.97

particularly advantageous in environmental modeling, where precise deterministic
relationships are often difficult to establish. FIS allows researchers to represent knowledge
in terms of linguistic rules, offering a transparent framework for understanding complex,
non-linear interactions between meteorological parameters and atmospheric dynamics.

One of the key aspects of this research is evaluating the impact of including the
derived atmospheric stability class feature (calculated using FIS) as an input parameter for
the PM2.5 prediction models. The Pasquill atmospheric stability class is an important factor
influencing the vertical and horizontal dispersion of pollutants, and therefore, its inclusion
is expected to improve prediction accuracy.

To assess this impact, various predictive models were trained and evaluated using the
2024 data from the Variazh station, likely incorporating the stability class feature alongside
the meteorological and temporal inputs. While a direct comparison of models with and
without the stability feature for each algorithm type provides the clearest assessment of its
impact, we can analyze the performance achieved by different models incorporating this
feature.

The performance evaluation of several models, presumably trained with the extended
feature set including stability class, was conducted on a test dataset. Key performance
metrics for selected models are summarized in Table 3.

As shown in Table 3, the inclusion of the stability class feature led to notable
improvements for the tree-based ensemble models. XGBoost, which achieved the best
overall performance, saw its RMSE decrease from 0.83 to 0.76 and its R? increase from
0.98 to 0.99. LightGBM also showed a slight improvement, with RMSE decreasing from
0.81 to 0.80 and MAE decreasing from 0.51 to 0.54, while maintaining an R? of 0.98. These
models demonstrated very fast training times, especially considering their high accuracy.

Conversely, for the specific implementations tested, the neural network models (CNN
and Bidirectional LSTM) did not benefit from the added stability feature. CNN's
performance remained largely unchanged (RMSE increased from 0.88 to 0.98, MAE
increased from 0.65 to 0.73, R? stayed at 0.98), while the Bidirectional LSTM's performance
degraded (RMSE increased from 0.78 to 1.03, MAE increased from 0.56 to 0.73, and R?
decreased from 0.98 to 0.97). Training times also increased for these models when the
stability feature was added.

Analysis of prediction time series can further reveal qualitative differences. Fig. 8b
and Fig. 9b, which illustrate the predictions of several hybrid models (XGBoost, LightGBM,
CNN, and BiLSTM) including the stability feature, show-their varying abilities to track the
real PM2.5 concentrations over a 48-hour forecast period.
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This allowed for smoother and more realistic dispersion coefficient values, which were
17% more accurate than when the stability class was not used. Second, such a fuzzy
stability index serves as an additional input feature for machine learning models, improving
their ability to predict pollutant concentrations.

The choice of the optimal model for practical application depends not only on formal
metrics, but also on other factors, such as model interpretability, training and prediction
time, and robustness to changes in input data. Decision tree-based models (XGBoost,
LightGBM) often provide a good balance between accuracy and speed, while neural
networks (especially LSTM/GRU) are better at capturing complex temporal dependencies
but require careful tuning and greater computational resources. For decision trees, the time
increased twofold, and for the Bidirectional LSTM model, it tripled.

The inclusion of the stability class feature, derived using fuzzy logic from basic
meteorological inputs, contributes to the high performance observed across the better
models by providing a physically meaningful representation of dispersion conditions. This
demonstrates the value of feature engineering, especially using techniques like fuzzy logic
that can encapsulate complex relationships or classifications based on domain knowledge.

While models like XGBoost achieved the best metrics in this comparison, the choice
of model might also depend on other factors, such as the need for interpretability (favoring
FIS) or specific computational constraints. The slightly lower performance of the specific
CNN and BiLSTM implementations shown here could potentially be improved with further
architectural adjustments or hyperparameter optimization.

Limitations remain, including dependence on the accuracy of the data input and the
derived stability feature itself. Future work could involve a more rigorous comparison of
models trained explicitly with and without the stability feature to precisely quantify its
contribution across different algorithms.

CONCLUSION

This study investigated the effectiveness of using Fuzzy Logic (FL) as a feature
engineering tool to improve the prediction of hourly PM2.5 concentrations. Utilizing
localized data from a monitoring station in the Variazh region for 2024, a Fuzzy Inference
System (FIS) was developed to derive the Pasquill atmospheric stability class from
standard meteorological inputs (wind speed, solar radiation, cloud cover). This engineered
stability class feature was then incorporated into various machine-learning models.

The primary finding is that FL-based feature engineering can enhance PM2.5
prediction accuracy. The inclusion of the FIS-derived stability class led to notable
performance improvements in tree-based ensemble models like XGBoost and LightGBM,
reducing prediction errors (RMSE) and increasing the coefficient of determination (R?). This
approach has also demonstrated an improved ability to predict peak PM2.5 concentrations,
which are often difficult to reproduce with purely data-driven models.

This highlights the value of integrating physically relevant information, such as
atmospheric dispersion potential represented by the stability class, into data-driven models.
The interpretability of the FIS used for feature generation is an added advantage, allowing
insight into how stability is estimated.

While the tested neural network models (CNN, BiLSTM) did not show similar
improvements with the added feature in this specific setup, the success with XGBoost and
LightGBM demonstrates the potential of this approach. These models, benefiting from the
engineered feature, offer a compelling combination of high accuracy and computational
efficiency for local air quality forecasting. Analysis of temporal PM2.5 patterns confirmed
expected seasonal and diurnal variations, further emphasizing the complex interplay of
emissions and meteorology that predictive models must capture.

Based on this analysis, the XGBoost model with the stability class feature is the
recommended choice. It provides the highest predictive accuracy and a robust model fit,
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offering the best trade-off between performance and computational cost for this task. The
results also highlight that feature engineering must be carefully evaluated on a per-model
basis, as a feature that enhances one model can degrade the performance of another.
While the solution is based on data from a single year, the results demonstrate the
promise of feature engineering for local air quality forecasting. Future work could involve
applying the methodology to longer time series, different locations, or other pollutants.
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NMPOrHO3YBAHHA KIJTIbKICHUX XAPAKTEPUCTUK SABPYAHEHHA
noBITPA

Bonodumup lypa’, Izop OneHuy’, Onez CiHbkeeuy?,
OkcaHa Ocmpoechkka?, PomaH Lllyeap?

" Kaghedpa padioeriekmpoHHUX | KOMITIOMEPHUX CUCMEM,

2 Kaghedpa cucmemHO20 MpoeKmyeaHHs

JibeiecbKuli HayioHanbHUl yHieepcumem iMeHi IsaHa ®paHka,
8yn. [ipacomaHosa 50, 79005 m. flbeig, YkpaiHa

AHOTALIA

BceTtyn. WBnaka ingycTpianisauia Ta ypbaHisauis npussenu oo eckanadii 3abpyaHeHHs
MOBITPS, CTBOPIOKOYM 3HAYHI 3arpo3u Ans 340POB'A Ta AOBKINMsA. TOYHe NpPOrHO3yBaHHA
KINbKICHUX ~ XapakTepucTuk  3abpyAHeHHs  MOBITPSA, TakMx  SK  KOHLUeEHTpauis
ApibHoaucnepcHMX YacTMHOK abo iHOeKC AKOCTi NOBITPSA, Mae BUpilLanbHe 3HaYeHHs Ans
eEeKTMBHOrO MOHITOPMHIY Ta cTpaTerin noM'skweHHs HacnigkiB. Heuitka norika (HJT)
3abesneyye HaginHy obuMcnioBanbHy iHTenekTyanbHy 6asy, sika 3gaTHa BrnopaTucs 3
HEBU3HAYEHICTIO, HEeTOYHICTIO Ta HEMiHINHOK AMHAMIKOI, NPUTaMaHHOK aTMOCHEpPHUM
cucTemam.

Marepianu Ta meToau. Y OOCNIOKEHHI BUBYAETLCS 3aCTOCYBaHHA HediTkoi noriku (HIT)
AN NOKpaLleHHs NonepeaHboro MPOrHo3yBaHHSA MOrOAMHHUX KOHUeHTpauin PM2,5 wnsxom
[OofaBaHHA HOBOI BXiQHOI O3HaKM OO0 AaHMX, OTPUMaHUX 3a AOMNOMOroK NoKani3oBaHUX
JaHuxX MOHITOpuHry 3 Bapsixa, Ha 2024 pik. KnioyoBrM acnekTom Ao-ChifKeHHst € po3pobka
cuctemun HediTkoro BucHoBky (CHB), B sikih 6yno po3pobneHo cuctemy Ansi OTPUMaHHS
Knacy cTivikocTi atmocdepu 3a ackBinoM Ha OCHOBI BUMIPAHMX METEOPOMOriYHUX AaHMX
(wBMAKiCTb BITPY, COHsIMHa pafiauis, xmapHicTe). Lleii oTpumaHuin knac criikocTti OyB
BKMIOYEHUN 9K JofaTkoBa BXigHa dyHKUis B ocHOBHY HJT Tuny MampaHi, npusHayeHny ons
KOpekKLii nporHodyBaHHa PM2.5.

Pe3synbTtatn. BKMIOYEHHS HEYiTKOro Knacy CTiKOCTi aTMmocdepu $K BXiAHOro
napameTpa MPOAEMOHCTPYBAarno MOKpalleHHss egeKTUBHOCTI Mofernen nporHo3yBaHHSA
PM2.5 (XGBoost, LightGBM). Mogeni, Lo BkNtoYaoTb iHXEHepilo 03HaK, JOCATN BUCOKOT
TouHocTi (R? > 0,98) ocobnuBo OEMOHCTPYHOUM MiOBULLEHY 34aTHICTb 3a CTabinbHWX
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atMocdepHux ymoB. Lle nigkpecnioe UiHHICTb BKMIOYEHHS (i3MYHO  peneBaHTHUX
iHXEHEPHUX XapaKTepUCTUK, OTPUMaHNX 3a JOMOMOrOK iHTEPNPETOBaHMX METOAIB, TaKMX
sk HJ1, B mogeni skocTi nosiTps..

BucHoBkW. HeuiTka norika iHCTpyMEHTOM Ans ePeKTUBHOI iHXeHepii XxapakTepucTuk y
mMopaentoBaHHi 3abpyaHeHHs noBiTps. OTpUMaHHS Takux napameTpis, AK knac ctabinbHoCTI
aTtMmocdepn, 3a OOMNoMorow iHTepnpetoBaHoro metody FIS Ha ocHoBi npaBun Moxe
3baratutu Habopu AaHuxX i NIABUWMTM TOYHICTb MNoAanblUMX MNPOrHO3HWMX Moaenen,
NPOMOHYIOYN MPaKTUYHWIA Niaxig 4O MONINWEHHS NPOrHO3yBaHHSA AKOCTi MOBITPS, 0COGNNBO
KON NpsIMi BUMIpIOBaHHSA CKNNagHUX NapameTpiB € HEAOCTYNMHUMM.

Knro4oei cnoea: 3abpyaHeHHs NOBITPSA, HEYITKa Norika, MPOrHO3yBaHHs!, KOHLIEHTpaLis
3abpyaHIOYNX  PEYOBMH, CUCTEMa  HeuiTKOro  BMBOAY,  KiNbKiCHe
NPOrHO3yBaHHA, MalMHHE HaBYaHHS.
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ABSTRACT

Background. Physics-informed neural networks (PINNs) are a family of learning
methods that guide neural networks with the laws of physics, rather than relying only on
data. PINNs demonstrated strong capabilities in solving forward and inverse problems for
partial differential equations. In this study, the application of PINNs to single-pulse wave
propagation in non-uniform media is explored, focusing on reconstructing velocity profiles
from wavefield data. Specifically, we focus on reconstructing velocity profiles from wavefield
data using PINNs and their convolutional extension, Physics-Informed Convolutional Neural
Networks (PICNNs). The work is motivated by applications in seismology, acoustics, and
biomedical imaging, where accurate velocity estimation is crucial.

Materials and Methods. We generate synthetic wave data using the finite element
method (FEM) and use a Gaussian impulse so that the result of the neural models can be
directly compared against the numerical benchmark. PINNs and PICNNs are applied to
solve forward tasks (wavefield prediction) and inverse tasks (velocity reconstruction). Also,
we use training data that contains varying levels of Gaussian noise.

Results and Discussion. For the forward task, both PINNs and PICNNs closely match
the numerical simulations, with PICNNs reaching high accuracy faster. For inverse tasks,
PICNNs demonstrated superior performance in reconstructing spatially varying velocity
profiles, while PINNs struggled with convergence due to local maxima in the optimization
landscape. The inclusion of a smoothness constraint in the loss function eliminated artifacts
in the reconstructed velocities without increasing computational cost. The approach remains
effective on testing cases and is robust to moderate noise levels in the input data.

Conclusion. PICNNs efficiently solve forward and inverse single-pulse propagation in
non-uniform media, matching FEM in forward accuracy and outperforming standard PINNs
in inverse recovery. These results indicate strong potential for practical sensing and imaging.
Future work will explore the extension of these methods to multi-pulse scenarios.

Keywords: Physics-informed neural networks, PICNN, single-pulse, inverse problem,
velocity reconstruction, non-uniform media

INTRODUCTION

Physics-informed neural networks (PINNs) are a class of neural networks that
integrate the laws of physics, described by partial differential equations (PDEs), directly
into the learning process. This revolutionary tool embeds the physics of the system directly
into its loss functions [1]. Unlike traditional neural networks (NNs), which rely primarily on
data, PINNs leverage physical laws, such as wave equations, to improve accuracy and
enable the solution of inverse problems. This unique ability makes PINNs particularly
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appealing for applications in wave propagation, where both the forward and inverse
problems must often be solved simultaneously [2], [3]. These capabilities have made them
especially valuable in complex problems across diverse fields such as seismology [4], fluid
mechanics [5], and biomedical imaging, where accurate modeling of wave propagation and
reconstruction of material properties is essential [6], [7].

Recent advancements in PINNs have extended their applicability to high-dimensional
problems and multi-physics scenarios. In particular, hybrid approaches like Physics-
Informed Convolutional Neural Networks (PICNNs) have gained attention for addressing
some of the limitations of traditional PINNs. PICNNs combine the physics-driven
constraints of PINNs with the computational efficiency and feature extraction of
Convolutional Neural Networks (CNNs) [8], [9]. These advancements are critical in
addressing challenges such as high-frequency wave propagation, sparse data scenarios,
and complex inverse tasks for real noisy data.

To address these challenges, this study explores single-pulse wave propagation in a
1D non-uniform medium and evaluates the ability of both PINNs and their convolutional
extension, PICNNs, to solve forward and inverse tasks, including scenarios affected by
noise. Enhancements in the loss function, such as smoothness constraints for inverse
tasks, are introduced to improve accuracy and mitigate artifacts.

This investigation serves as a foundation for addressing more complex wave
propagation problems, such as those involving multiple overlapping pulses or higher-
dimensional domains. Also, this study contributes to the growing body of research on
physics-informed neural networks, offering insights and methodologies for their application
in addressing challenging wave propagation problems.

MATERIALS AND METHODS

Governing Equations
The propagation of a single wave pulse in a non-uniform 1D medium is governed by
the wave equation:

0%u(x,t) , 0%u(xt) 1
S T Ol e )

where u(x, t) describes the displacement of the wave at position x and time ¢, and c(x) is
the spatially varying wave velocity.
Initial conditions for the problem are defined as:

Ju(x,0) 0

ot ’ @

u(x,0) = g(x),

with g(x) the initial wave profile, that is, a Gaussian pulse.

The boundary conditions (BCs) applied are absorbing boundary conditions (ABCs),
designed to ensure that reflected waves do not appear. Specifically, Mur's ABCs [10] are
used to simulate the wavefield at the edge of the computational domain. For a single
simulation step, Mur’s BC is expressed as

c(0)At — Ax

u(0,t+ At) = u(Ax, t) + ——mm
( ) (A% 6) c(0)At + Ax

(u(ax, t + At) —u(0, t)), (3)

where At is the time step and Ax is the position step. BC for the different side can be found
by replacing zero-location with the length of the domain and flipping the sign of Ax.
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Numerical Simulations

The data for training NNs was generated using the finite element method (FEM) [11].
Such an approach is widely used in the research community [12]. The single pulse
propagation is conducted for simulation to determine the capabilities of different NNs
architectures.

In this scenario, the initial conditions consisted of a Gaussian pulse starting at various
x-locations. This gives ability to perform a comparison with results received by classical
methods. The training set consists of 10 cases of pulse propagation that differ by the initial
location of the pulse. An example of pulse propagation in the space-time domain is shown
in Fig. 1. Note that location is measured in points and time is measured in steps for
convenience.
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r 0.0
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-0.6
250 1 T T T T T
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Fig. 1. Example of pulse propagation in the space-time domain.

A Gaussian pulse in Fig. 1 is initialized at a random location x, and described by the
equation:

u(x, 0) = Aexp (— ad V_szo)' (4)

with amplitude A = 1, the initial location x, is limited to 0 and 255, and the width w = 10
points. These parameters are selected for simulation convenience. Note that zero time is
shifted by 64 steps for training data to avoid an explicit relation between the initial point and

the input data during the training procedure. This pulse propagates with a velocity c(x)

that was spatially varying (non-uniform medium) as shown in Fig. 2.
Forward tasks were modeled using different PINN architectures, while inverse tasks

were solved to reconstruct c2(x) from wavefield data.
Also, the data was generated with different levels of Gaussian noise N (0, o) that can
be described by the equation:

uy(x, t) = u(x, t) + N(0,0), (5)

where 0 means the noise has zero mean and ¢ is its variance.
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Fig. 2. Squared single pulse velocity measured in simulation mesh units.

Physics-Informed Neural Network Architectures
Different PINN types are considered to solve forward and inverse tasks. Classical
PINN was fully connected NN (FNN) was used with 6 hidden layers as demonstrated in
Fig. 3, and in more detail:
e The input layer has initial conditions x, and space-time domain investigation
coordinates x, t.
e 6 hidden layers that are fully connected layers with 32, 64, 128, 64, and 32
neurons, using the Tanh activation function.
e The output layer has one neuron for representing u(x, t)
FNN in the bottom part of Fig. 3 approximates velocity for different x-locations. This
NN is a fully connected neural network that has 3 hidden layers:
e The input layer has an x-coordinate.
e 3 hidden layers that are fully connected layers with 16, 32, and 16 neurons,
using the Tanh activation function.
e The output layer has one neuron for representing c(x).
The PINN type for data with spatial relations is PICNN [5]. It uses CNN to store and
process information. The current PICNN architecture is the following:
e The input layer has initial conditions x,.
e 8 hidden layers that are convolutional transpose two-dimensional layers,
kernel sizes equal to 2, and the “stride” parameter is 2. The activation function
in each layer is Tanh. The number of channels for each layer is in Fig. 3.
e The output layer produces a 256x256 matrix of u(x, t) values.
CNN, which is in the bottom image of Fig. 4, is used for the velocity estimation task.
Its architecture is similar to PICNN:
e Theinput layer uses a constant as velocity is not a function of any parameters.
e 8 hidden layers that are convolutional transpose one-dimensional layers,
kernel sizes equal to 2, and the stride parameter is 2. The activation function
in each layer is Tanh. The number of channels is smaller compared to PICNN
and shown on Fig. 4.

u(xg, X, t)

X, X, t Input(3) Tanh(32) Tanh(64) Tanh(256) Tanh(256) Tanh(64) Tanh(32) Linear(1) u

c(x)

x Input(2) Tanh(16) Tanh(32) Tanh(16) Linear(1) c

Fig. 3. Architecture of a fully connected neural network for describing pulse propagation and velocity.
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u(xp, x, t)
Ny —+ ConvT2D ConvT2D ConvT2D ConwT2D ConvT2D ConvT2D ConvT2D ConwT2D
0 2x2,512 4x4, 256 8x8, 256 16x16, 128 32x32,128 64x64, 64 128x128, 64 256x256, 1
c(x)
o Input{1) ConvT1D ConvT1D ConvT1D CorvT1D [ ConvT1D ConvT1D CornwT1D ConvT1D
P 2,128 4,64 8,64 16, 16 32,16 64,8 128,8 256,1

Fig. 4. Architecture of a convolutional neural network for describing pulse propagation and velocity.

e The output layer produces a vector of 256 elements that contain c(x).
In the case of a forward task, the PINN and PICNN loss function used in training
combines data loss and physics loss:

L = Lgata + )\Lphysics: (6)

where Lgqtq is the data error, which reflects the discrepancy between the model's
predictions and the simulated data, and Ly pys;cs is the physics error, which quantifies how
well the model adheres to the governing PDEs.

The PINN and PICNN models were developed using PyTorch version 2.5.0 [9].

The training data consists of multiple simulated pulse propagations. This data was
generated from the wave equations (1-4) using FEM.

The networks for the forward task are trained using the Adam optimizer with an initial
learning rate of 0.001. After 5000 iterations, the learning rate was decreased by two times.
The total number of training iterations is 20 000. MSE of the physics loss is scaled by 0.1
relative to MSE of the data loss to provide correct training.

For inverse tasks, the velocity field c(x) is parameterized by FNN or CNN depending
on used PINN type. The objective function for optimization velocity NN is physics loss only.

RESULTS AND DISCUSSION

Single Pulse Propagation and Inverse Task

The forward task for single-pulse wave propagation was solved successfully using both
PINN and PICNN. Both architectures produced visually indistinguishable results with ne-
gligible mean square errors (MSE) relative to the FEM data (Fig. 1). This means these archi-
tectures are capable of approximate the simulated data. The convergence is expected for
both PINNs, but PICNN demonstrates faster convergence speed as expected. This impro-
vement can be attributed to the convolutional layers in PICNNs, which are inherently better
at capturing spatial relationships and local features in the input data on a rectangular mesh.

In the inverse task, PINN and PICNN were evaluated for reconstructing the spatially
varying velocity ¢(x) (Fig. 2) from the observed wavefield data (as in Fig. 1). The results
revealed a significant disparity in performance between the two architectures. PINN
exhibited slow convergence and reconstruction the velocity field c(x) was not reached, as
shown in Fig. 5. The main problem is stopping convergence because of local maxima.
Physical losses of different pulse configurations decrease locally (Fig. 5) which reduces
total error and correspondingly the size of the gradient. Also, this may be caused by sharp
changes of velocity, and the result c(x) is quite smooth, so, decrease in error in one part
c(x) increases the error in the other part. As a result, out-of-the-box PINNs with some
tunings are not able to solve this inverse task, but potentially this can be done after much
better tuning and architecture search.

PICNNSs, on the other hand, demonstrated good performance in this task. The inverse
task convergence time is only four times larger than the forward task time. Also, it was able
to capture local spatial patterns for the velocity estimation task. Despite their superior
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Fig. 5. Example of squared velocity (a) and physics loss (b) for a single pulse inverse task.

performance, initial PICNN reconstructions exhibited minor high-frequency ripples in the
reconstructed velocity field (left graph in Fig. 6). There are multiple techniques in DSP to
remove these ripples, but it may break physics that is embedded in PGE. To avoid this, the
loss function was updated by adding one more term that adds a mathematical constraint
for c(x). A smoothness constraint was introduced into the loss function via an L1-norm of
the velocity gradient

d
Linatn = ;(;C) (7)

Also, it is possible to use the L2-norm of the derivative, but the L1-norm provides
sufficient accuracy. As a result, the loss function used in training changes to:

L = Lgaeqa + ALphysics + YLmatn (8)
where ¥ = 107> is much smaller than A and should cause its effect at the end of the training

process.
This change of loss function gives a significant improvement (right graph in Fig. 6).
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Fig. 6. Found velocity for a single pulse inverse task before (a) and after (b) the loss function change.
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Importantly, the addition of this constraint did not increase training time, making it a
cost-effective enhancement to the methodology.

Robustness to Noise in Wavefield Data for Inverse Task

To evaluate the robustness of PICNN for the inverse task, Gaussian noise is added to
the wavefield data in varying noise-to-signal ratios: ¢ /A = 0,0.01,0.02, and 0.05. Fig. 7
illustrates the training loss curves, highlighting the significant challenges posed by higher
noise levels. For /A = 0.05, the training loss increased by several orders of magnitude,
making it difficult for the network to minimize the physics loss term effectively.

Also, it was found that the model cannot solve the inverse task if even a small noise
is added. The root case is in the ratio between data and physical losses. Noise increases
data loss, and this affects physical loss. More precisely, it prevents decreasing physical
loss because NN cannot fully approximate noisy data that significantly changes from one
location to another. This noise behavior is typical for multiple applications, e.g., signals in
wireless devices and ultrasound scanning. To mitigate this issue, it was proposed to use
an increasing physics loss multiplier with each epoch, as described by the following
equation:

_epoch

A== (9)

where S is the scaler of physics loss multiplier, e.g., S = 1000 is sufficient to recover
velocity in case of g/A = 0.01. The scaler S can be empirically selected based on two
principles: the physics loss should be smaller than data loss at the beginning of training
(e.g., first 10 epochs); the physics loss should be much larger than data loss caused by
noise at the end of training.

Using a changeable ratio between data and physical loss (9), it is possible to
successfully reconstruct c?(x) across all noise levels. However, the behavior A should be
following. At the beginning of training procedure (epoch value is small), data loss should
be dominant to approximate data as good as possible. The flattening of the loss curve in
the right graph of Fig. 7 shows this limit. This means NN has some gradient to update
weights, but it cannot be realized because of the noise properties. Then physical loss
should be larger to remove noise form data and provide c?(x) reconstruction. As a result,
larger noise requires a smaller scaler S to increase A. In case of 6/A = 0.05, S it should
be decreased to 20.
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Fig. 7. Training loss for case w/o noise (a) and w/ noise (b) for /A = 0.05.
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PICNN capabilities for the inverse task of velocity reconstruction are shown in Fig. 8.
The graph in Fig. 8 shows the mean absolute error (MSE) of reconstruction c?(x) at
different o /A values and different A. It can be seen that the scaler A should be increased if
noise is increased. This can be done in two ways. The first is to decrease the scaler S as

is written above. The second is to increase the number of epochs that gets obvious form
equation (9).
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Fig. 8. Mean error for the reconstructed c?(x) for different noise-to-signal ratios and physics loss multipliers A.

Also, there is a reconstruction error increase if the noise is larger. However, this is not
caused directly by the noise. This is caused by the smaller contribution L4, in equation
(8). The multiplier y of the smoothness constraint L4, plays an important role in
mitigating the noise effect too, and it should be increased A to reduce artifacts in the
reconstructed c?(x) profile.

CONCLUSION

This study demonstrates the effectiveness of PINNs and PICNNs for solving single-
pulse wave propagation problems in non-uniform media, because we have good results for
simplified tasks. PICNNs outperform PINNSs in reconstructing velocity profiles, particularly
under noisy conditions. Adding smoothness term to the loss function and using a variable
multiplier of the physics loss significantly improves reconstruction quality without increasing
computational cost. The ability of PICNNs to handle noisy data makes them suitable for
real-world applications.

Future work will extend these methods to handle multi-pulse scenarios and higher-
dimensional problems.
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®ISUYHO-IHOPOPMOBAHI HEUPOHHI MEPEXI A1l OBEPHEHOI 3ALAMI
NMOWWNPEHHA OAHOBUMIPHUX XBUIb

lzop Konu4®Q, Poman Lyeap™@
JIbsiecbkull HayioHanbHUl yHieepcumem imMeHi IeaHa ®paHka,
8yn. [ipazomaHosa, 50, m. Jibeie, 79005, YkpaiHa

AHOTALIA

Beryn. ®isnuHo-iHpopmoBaHi HeWpoHHi Mepexi (PIHM) — ue cimenctso metoais
HaBYaHHA, AKi CNPSAMOBYIOTb HEMPOHHI MepeXxi 3akoHaMu pi3nkn, a He NoKNaaaTLCA NuLLe
Ha aaHi. PIHM npoaeMoHCTpyBanu BUCOKI MOXITMBOCTI Y PO3B’'si3aHHI NpsiMUX Ta 06epHEeHnX
3ajad  Oona  avdepeHuianbHUX PiBHSAHb 3 YACTUHHUMKM noXigHuMK. Y Uik poboTi
JocrnigxyeTtbes 3actocyBaHHs PIHM ans mogentoBaHHS NOLWMPEHHST OANHOYHOIO iMMNyIbCy
y HEO4HOPIAHOMY CcepeAoBULLI 3 aKLEHTOM Ha PEKOHCTPYKLi0 NpodiniB WBUAKOCTI 3 JaHNX
XBUIMbOBOro nonsg. 3okpema, yBara NpuAINseTbCs PEKOHCTPYKLUii NpodiniB WBMAKOCTI 3
BukopuctaHHaMm OIHM i ixHboi po3LmnpeHoi BepcCii Ha OCHOBI 3rOPTKOBUX HENPOHHUX MEPEX
(PIBHM). Po6oTa MoTMBOBaHa 3acTOCyBaHHSMM Y CEMCMONOrii, akycTuui Ta GiomeguyHin
Bidyanisauii, 4e TOYHe BU3HAYEHHS LUBMAKOCTI € BKpaN BaXKTUBUM.
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Matepianu Ta metoaun. M reHepyeMO CUHTETUYHI XBUNbOBI AaHi METOAOM CKiIHYEHHUX
enemeHTiB (MCE) i BMKOpPUCTOBYEMO raycoBui iMMnynbc, WO6 pe3ynbTaT HEWMPOHHUX
mMozenen MoxHa byno 6e3nocepeHbLO NOPIBHATY 3 YACENBHUM €TanoHoM. [ns BUPILLEHHS
npsAMmnx 3agad (MPOrHo3yBaHHA XBWMLOBOrO Mons) Ta obepHeHuX 3apdad (PeKOHCTPYKLis
weuakocTi) 3actocoBytoTeca PIHM i @ISHM. Takox My BUKOPUCTOBYEMO HaBYanbHU Habip
AaHuX, WO MOE Pi3Hi PiBHI rayCiBCbKOro LWyMmy.

PesynbTtatin. Y npamin 3agadi i ®IHM, i ®PIBHM pobpe y3rooxyloTbCs 3 YMCNOBUMU
cumynsauigmy, npudomy ®PISHM wemawe pocdaraloTb BMCOKOI TOYHOCTI. Y  Bunagky
obepHeHnx 3agay PISBHM nokasanu kpalli pesynbTaTtM y PEeKOHCTPYKLii NpOCTOPOBO
3MiHHMX npodiniB weuakocTi, Togi sk ®IHM ctukanuca 3 npobnemamu 306iKHOCTI Yepes
nokaneHi MakcuMymy B ONTMMI3auinHOMy naHgwadTi. BknioyeHHs obmexeHHa Ha
NNaBHICTb y PyHKUiO BTpaT AO3BONUMO YCYHYTU apTedakT y BiOHOBMEHUX LUBUOKOCTHAX
6e3 36inbweHHs obumcnioBansHUx BuTpaT. Kpim Toro, npaBurnbHe BaroBe CriBBigHOLUEHHS
dYHKLiN BTPAT AN AaHWX Ta di3nyHmx obmexeHb 3abesneyye CTiNKICTb 4O LyMy.

BucHoBku. ®I3HM edbekTuBHO po3B’A3yl0Tb NpsiMi Ta obepHeHi 3agadi nowMpeHHs
OLVHOYHOrO iMMynbCy B HEOLHOPIOHOMY cepefoBMLLi, 3abe3neyyoun TOYHICTb Ha PiBHI
MCE gns npsmux 3agad i nepesepluytodm ctaHaapTHi PINNs B o6epHeHOMY BifHOBMEHHI.
Lli pesynbTtaTtn cBig4aTh Npo 3HayHui noTeHuian ®PI3HM ans npakTMYHMX BMMIpIOBaHb Ta
Bizyanisauii. Y manbyTHiX JOCNIOKEHHSIX NNaHYETBCA PO3LLMPUTY Lii METOAM ANS cueHapiiB
3 GaraTOKOMMOHEHTHUMM IMMYyMbCaMMU.

Knro4oei crioga: PisnyHo-iHOOpMOBaHi HenpoHHI Mepexi, PISHM, ognHoYHUI imnynbc,
obepHeHa 3agaya, PEKOHCTPYKLiA LWBUAKOCTI, HeOQHOPIAHE cepenoBuLle
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ABSTRACT

Background. In today’s information society, the rapid growth of data demands efficient
processing methods. A key challenge is developing heuristic search strategies that find
optimal solutions under limited time and resources. The pathfinding problem in graphs is a
classic case where such strategy apply. The Wave Function Collapse (WFC) algorithm
stands out for its ability to model complex structures using statistical analysis and iterative
selection of likely values.

Materials and Methods. This study proposes a WFC-based approach for solving the
pathfinding problem in graphs. A comparative analysis was conducted using three
algorithms: Dijkstra's algorithm, the A* algorithm, and the proposed WFC-based algorithm.
Graphs of varying sizes (100, 500, and 1000 nodes) were generated, with nodes randomly
distributed in a 2D plane and assigned weights based on distance to obstacles and
connectivity. The performance of each algorithm was evaluated in terms of path length, the
percentage of nodes explored, and computational time.

Results and Discussion. The experimental results demonstrated that the WFC-based
algorithm performed competitively on smaller graphs (100 nodes), finding paths with similar
lengths to Dijkstra’s and A* algorithms, but with slightly lower computational efficiency. As
the graph size increased, the WFC-based algorithm's performance declined, showing longer
path lengths and higher computational times compared to A*. Specifically, in the 1000-node
graph, the WFC-based approach explored 99% of nodes and took 1345 ms, significantly
higher than A*, which explored 84% of nodes in 983 ms. These results highlight the WFC-
based algorithm's adaptability in smaller graphs but also its scalability limitations.

Conclusion. The WFC-based algorithm shows potential for enhancing heuristic search
strategies by introducing dynamic weight adjustment and constraint management. However,
its scalability remains a challenge, making it more suitable for smaller graphs. Future
research should focus on integrating WFC principles with traditional heuristic methods, such
as A*, to develop more efficient hybrid search algorithms capable of handling larger and
more complex graph structures.

Keywords: Wave Function Collapse (WFC), pathfinding algorithms, heuristic search,
robotics algorithms

INTRODUCTION

In today's information society, the rate of growth of data and information resources is
impressive. This exponential dynamics requires the development of effective methods of
information processing and analysis to ensure quality solutions in the most diverse spheres
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of life [1], industry 4.0, and robotics [2]. One of the key tasks is the development of heuristic
search strategies that help find optimal solutions under time and resource constraints. The
problem of finding a path in a graph is a classic problem in the field of computer science
and graph theory, for which heuristic search strategies are used [3]. The essence of this
problem is to find the optimal path or route between two nodes in the graph. This task has
many applications in various fields, including transportation systems, communication
networks, robotics, logistics, and many others.

In this context, the Wave Function Collapse (WFC) algorithm is gaining more and more
attention due to its ability to effectively model and analyze complex structures.

The WFC algorithm is an innovative approach that uses methods of statistical analysis
and iterative step-by-step selection of the most probable values for certain elements [4, 5].
This method has the potential to significantly improve the effectiveness of search strategies
in many industries where traditional methods may be less effective. By studying the nature
and principles of WFC, as well as conducting a comparative analysis with other search
methods, it is possible to find out which specific cases and problems can be solved using
this algorithm with a profitable result [6].

Wave Function Collapse (WFC) is a constraint-based algorithm that was developed
by game developer Maxim Gumin in 2016 for procedural content generation [7]. The
implementation of the WFC algorithm is based on the principle of statistical analysis and
iterative step-by-step selection of the most probable values for certain elements. This
approach can have important applications in a wide range of fields, including geospatial
analysis, image generation, material design, structural decomposition, and many others. In
addition, the integration of the WFC algorithm into artificial intelligence and optimization
systems opens up new opportunities for improving search processes, providing more
accurate and efficient results. In [8], the authors mentioned that the key idea of WFC is an
extension of the standard constraint solvers with a “minimal entropy heuristic” that randomly
directs the solver’s search in a way that follows a user-specified frequency distribution
without compromising the efficiency of the search procedure.

The prospects of applying the WFC algorithm in heuristic search are particularly
promising. Its entropy-based reasoning and constraint propagation capabilities allow for
dynamic adaptation to local graph structures, offering an alternative to traditional global
heuristics. In heuristic pathfinding tasks, WFC’s mechanisms may improve the quality of
discovered paths, especially in environments characterized by partial observability,
changing constraints, or non-deterministic elements. These properties suggest that WFC
has the potential to enhance or complement existing search strategies, making it a valuable
tool in domains such as robotics, planning, and adaptive navigation.

MATERIALS AND METHODS

Having knowledge of the general principles of the WFC algorithm, one can prepare a
theoretical basis for solving the problem of finding a path in a graph. The basic idea is to
use the concept of distribution of constraints and weights in a graph to find possible paths.

Let's start by creating a model of the graph in which the path will be searched. A given
graph must have nodes and edges that represent possible transitions between nodes.

To begin with, each node of the graph is assigned a weight that indicates the
probability of passing through that node. We will start with nodes that have a known path
or weight (for example, the initial node).

Let's consider all possible edges of the graph and extend the weight restrictions from
one node to another. For example, if the weight in one node decreases, this may indicate
that traversal through that edge is less likely.

Edges can interact with each other, affecting the weights in neighboring nodes. For
example, it is possible to apply restrictions of the type "if passing through this edge is
unlikely, then the weight in the neighboring node should also be smaller."
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Let's continue to distribute weights and constraints along the edges of the graph,
taking into account the interaction between them. Try to find paths in which the weights
take on the highest values, which may indicate more likely paths.

After the weight distribution is complete, the results can be analyzed by looking for
paths where the weights have the highest values. These can be potential optimal paths
through the graph.

Let's extend the current methodology for solving the problem of finding a path in a
graph using the principles inspired by the Wave Function Collapse (WFC) algorithm:

1. Model the Graph

¢ Define the graph G = (V, E)) where V represents the set of nodes and E represents
the set of edges connecting the nodes.

e Assign each node v € VV a weight w(v), representing the probability or cost of
passing through that node. Initialize these weights based on known paths or heuristic
values.

2. Initialize Weights and Constraints

¢ |dentify initial nodes with known weights or paths. Set their weights accordingly; for
example, the starting node might have the highest initial weight.

¢ Initialize the edges with weights or constraints that will be used to propagate the
influence from one node to another.

3. Propagate Weights and Constraints

e Foreachedge e = (u,v) € E:

- If w(u) it decreases, indicating traversal through u is less likely, propagate this
decrease to v by adjusting w(v).
— Conversely, if w(u) increases, increase w(v) accordingly.

e Define rules for how edges interact. For example, if the weight of one edge
decreases significantly, it might indicate that the connected node and adjacent edges
should also have reduced weights.

4. lterative Weight Adjustment

¢ lterate over all edges and nodes, adjusting weights until the changes converge to a
stable state where weights no longer change significantly between iterations.

o Define a convergence threshold € to determine when the weights have stabilized. If
the change in weight for all nodes between iterations is less than €, the process is
considered converged.

5. Analyze Results and Identify Paths

o After weight distribution is complete, identify paths from the starting node to the
target node(s). Prioritize paths where the sum of node weights is the highest,
indicating the most likely or optimal paths.

e Use a pathfinding algorithm (such as Dijkstra's or A*) that incorporates node weights
to find the optimal path. The chosen path should maximize the sum of weights,
indicating the highest probability or lowest cost.

6. Validation and Iteration

e Validate the found paths using known benchmarks or through empirical testing to
ensure that the methodology yields correct and efficient paths.

e If necessary, refine the weight assignment rules, edge interaction constraints, and
iteration criteria based on validation results. Iterate through the process to enhance
accuracy and efficiency.

The WFC-based graph pathfinding process is illustrated in Fig. 1, which visualizes the
iterative refinement loop and key stages from graph modeling to path validation.

Example Application
Consider a simple graph with nodes A4, B, C, and D, and edges connecting them:
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WFC-based Graph Pathfinding Algorithm

Model the Graph

Define G = (V, E) ad
assign weights to ndes

Initialize Weights & Constraints

—! Set initial node weights
and edge constraints

I

Propagate Weights & Constraints

Adjust weights iteratively
until convergence

'

Analyze & Identify Paths

Prioritize paths with
the highest summed weihts

Validation
Needed?

Fig. 1. Flowchart of the WFC-based graph pathfinding algorithm.

— Yes

1. Graph Initialization:
e V={A4B,C D}
* E={(AB),(B,()(CD)(4D)}
e Initial weights: w(4) = 1, w(B) = 0.5, w(C) = 0.3, w(D) = 0.2
2. Weight Propagation:
¢ Adjust weights iteratively based on edge constraints:
— If traversal through (4, B) is likely, increase w(B).
- Ifw(C) it decreases significantly, reduce w(D).
3. Identify Optimal Path:
e After convergence, use a pathfinding algorithm to find the path with the highest
summed weights:
— Possible paths: A= B—->C—->D, A->D
— Select the path with the highest total weight.

By following this extended methodology, one can effectively use principles inspired by
the WFC algorithm to find optimal paths in a graph, taking into account the distribution of
constraints and weights.

To implement and compare the proposed WFC-based pathfinding algorithm with
classical methods such as Dijkstra’s and A*, a Python-based software stack was employed
due to its balance between flexibility, readability, and the availability of scientific computing
libraries. The graph structures were modeled using the NetworkX library, which offers a
comprehensive interface for constructing and analyzing graphs, including support for node
and edge attributes required for weighted propagation. Custom algorithmic logic, including
constraint propagation and entropy-based weight adjustment, was implemented in pure
Python to preserve full control over algorithmic behavior and to allow fine-grained tuning of
propagation rules. For visualization, matplotlib was utilized to depict graph topology and
algorithmic progress, while networkx.drawing enabled seamless rendering of grid-based
layouts. Performance benchmarks were conducted using standard profiling tools such as
timeit and cProfile, which provided precise runtime metrics and function-level profiling for
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identifying computational bottlenecks. Memory usage was monitored via the
memory_profiler package to evaluate the efficiency of different algorithm variants on
resource-constrained systems. This toolchain was selected to facilitate reproducible
experimentation, transparent algorithm design, and rigorous comparative analysis.

RESULTS AND DISCUSSION

In this experiment, we compared Dijkstra's algorithm, the A* algorithm, and a Wave
Function Collapse (WFC)-based algorithm for solving the pathfinding problem in graphs of
varying sizes. The experiment was divided into three parts, each involving graphs with 100,
500, and 1000 nodes. The nodes were randomly distributed in a 2D plane, with designated
starting and ending vertices, and several randomly placed obstacles to simulate real-world
scenarios where certain paths are blocked or less preferable. Each node was assigned a
weight based on its distance to obstacles and its connectivity to other nodes, while edges
were weighted according to the Euclidean distance between connected nodes.

Dijkstra's algorithm, a classic pathfinding algorithm, finds the shortest path from a
starting to a target vertex based solely on edge weights. The A* algorithm, an in-formed
search algorithm, uses both path cost and a heuristic (the Euclidean distance to the end
vertex) to find the shortest path efficiently. The WFC-based algorithm dynamically assigns
weights to nodes and edges based on constraints and interactions, aiming to find paths
with the highest combined node weights, indicating the most probable or optimal paths.

For each graph size (100, 500, and 1000 nodes), we generated multiple graph instan-
ces to ensure the robustness of the results. Each algorithm was run on these graph instan-
ces, and we recorded the path found, the total path length, the percentage of nodes explo-
red, and the computational time. For each graph size (100, 500, and 1000 nodes), we gene-
rated multiple graph instances to ensure the robustness of the results. Each algorithm was
run on these graph instances, and we recorded the path found, the total path length, the
percentage of nodes explored, and the computational time. Results shown in Tables 1-3.

Table 1. Results for a graph of 100 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 34 97 712
A* 34 83 458
WFC-based 34 92 489

Table 2. Results for a graph of 500 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 245 97 817
A* 173 86 503
WFC-based 204 95 678

Table 3. Results for a graph of 1000 nodes

Algorithm Path length Nodes explored (%) Time elapsed (ms)
Dijkstra's 447 97 1005
A* 412 84 983
WFC-based 479 99 1345
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In the 100-node graphs, all three algorithms found paths of equal length. Dijkstra’s
algorithm explored 97% of the nodes and took 712 ms to find the path. The A* algorithm
explored 83% of the nodes and took 458 ms, performing more efficiently due to its heuristic.
The WFC-based algorithm explored 92% of the nodes and took 389 ms, performing well at
this smaller scale with competitive pathfinding efficiency.

For the 500-node graphs, Dijkstra’s algorithm found a path with a length of 245,
exploring 97% of the nodes in 817 ms. The A* algorithm found a shorter path with a length
of 173, exploring 86% of the nodes in just 173 ms, maintaining its efficiency. The WFC-
based algorithm found a path of length 204, exploring 95% of the nodes in 678 ms.
Although the WFC-based algorithm performed well, its computational efficiency began to
decline compared to the other algorithms.

In the 1000-node graphs, Dijkstra’s algorithm found a path with a length of 447,
exploring 97% of the nodes in 1005 ms. The A* algorithm found a path of length 412,
exploring 84% of the nodes in 983 ms, continuing to show the best performance in terms
of efficiency. The WFC-based algorithm found a longer path with a length of 479, exploring
99% of the nodes in 1345 ms. The performance of the WFC-based algorithm was notably
less efficient at this larger scale, both in terms of path length and computational time.

The results of the experiment highlight the strengths and weaknesses of each
algorithm. The A* algorithm consistently showed the best performance across all metrics,
finding the shortest paths while exploring fewer nodes and completing in the least time.
Dijkstra's algorithm performed reliably but with higher computational costs and node
exploration percentages. The WFC-based algorithm performed well with the 100-node
graphs but became less efficient as the graph size increased, both in terms of the path
length and the computational time required.

By conducting these experiments, we gain valuable insights into the performance and
suitability of each algorithm for different types of pathfinding problems. This information
guides the selection of appropriate algorithms based on specific requirements and
constraints, highlighting that while the WFC-based approach offers a novel perspective, it
is best suited for smaller graphs where its dynamic weight adjustment can be leveraged
effectively without significant computational overhead.

CONCLUSION

In this study, we have explored and analyzed the application of the Wave Function
Collapse (WFC)-based algorithm for pathfinding in graphs, comparing its performance with
two well-known algorithms: Dijkstra's and A*. Our analysis was conducted on graphs of
varying sizes (100, 500, and 1000 nodes), and the results provided a comprehensive
understanding of the strengths and limitations of each approach.

The WFC-based algorithm demonstrated notable advantages in scenarios with
smaller graph sizes, where its dynamic weight adjustment mechanism allowed for the
identification of paths with higher probabilities or lower costs. This characteristic is
particularly beneficial in cases where path reliability and adaptability are critical, such as in
dynamically changing environments, obstacle avoidance, or scenarios where traditional
heuristic functions may not fully capture the complexity of the problem domain.

However, as the graph size increased, the WFC-based algorithm exhibited a decline
in performance, both in terms of computational efficiency and path length optimization. This
can be attributed to the iterative nature of the weight propagation process, which becomes
more computationally expensive as the number of nodes and edges grows. Despite this,
the algorithm maintained a consistent approach in exploring paths and identifying feasible
routes, making it a robust option for certain specialized applications.

Looking forward, several directions for future research and improvements can be
identified. First, optimizing the weight propagation process in the WFC-based algorithm
could significantly enhance its scalability and performance in larger graphs. Techniques
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such as parallel processing, adaptive convergence criteria, or selective weight propagation
based on node importance could be explored. Second, hybridizing the WFC approach with
existing heuristic methods, such as A*, could leverage the strengths of both methods,
potentially creating a more robust and efficient algorithm. Finally, exploring the application
of the WFC-based method in other domains, such as robotics, navigation, and real-time
decision-making systems, may uncover new opportunities for its application.

While the WFC-based algorithm may not always outperform traditional heuristic
methods, it offers a novel perspective on pathfinding, combining statistical analysis,
dynamic constraints, and adaptive weight adjustment. This makes it a valuable tool for
solving complex pathfinding problems in specific contexts, where traditional methods may
lack the flexibility or adaptability required. The ongoing development and optimization of
the WFC approach hold the potential to further expand its applicability and effectiveness in
various fields.

Overall, the findings underscore the potential of the WFC algorithm as a flexible and
adaptive alternative to traditional heuristic search methods. Its ability to incorporate local
constraints and minimize uncertainty through entropy-based selection opens new avenues
for research in dynamic or poorly structured search spaces. As heuristic search continues
to evolve in complexity and scale, the principles underlying WFC may serve as a foundation
for the development of more robust and context-aware pathfinding strategies.
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NMEPCMNEKTUBN BUKOPUCTAHHA ANIFTOPUTMY KONAMCY XBUNbOBOI
®YHKLUII ANA BOOCKOHAIEHHA EBPUCTUYHUX CTPATENA NOLUYKY

HerHuc-Pomar Pyduk'>Q, Onekcitl KywnHip©Q
Kagpedpa padioghisuku ma Komm’romepHUX mexHosoail,
Jlbgigcbkuli HayioHanbHUU yHiesepcumem imeHi lIeaHa ®paHka
8yn. ['eH. TapHascbkoeo, 107, 79017, m. Jlbeig, YkpaiHa

AHOTALIA

BeTyn. Y cyyacHomy iHbopMaLiiHOMy CyCnifnbCTBi LWBUAKE 3pOCTaHHA AaHUX BUMarae
edeKTMBHMX MeToAiB 06pobku. KnovoBmM 3aBoaHHAM € po3pobka eBpUCTUHHUX CTpaTerin
MoLUyKy, SKi 3Haxo4ATb ONTUMAarbHI pilLeHHs1 3a obmexeHoro yacy Ta pecypcis. NMpobnema
MOLLYKY LUNSXY B rpadhax € knacuyHMm BUNagKOM 3aCTOCYBaHHA Takux cTpaTeriv. Anroputm
konancy xBunboBoi yHkuii (WFC) BMaiNaeTbca CBOEO 30aTHICTIO MOAENOBATK CKNagHi
CTPYKTYpW 3a [AOMOMOrOK CTaTUCTUYHOIO aHanidy Ta iTepaTMBHOrO BMOOPY WMOBIpHUX
3HaYeHb.

Matepianu Ta metoau. Y UbOMY AOCRIAXEHHI 3anponoHOBAHO Migxid A0 BUPILLEHHS
3ajadi nowyky wnsxy B rpadgpax, Ha ocHosi anroputmy WFC. Byno nposeaeHo
MOPIBHANBHWIA aHania TpbOX anroputmis: anroputMmy [enkctpu, anroputmy A* Ta
3anpornoHoBaHoro anroputmy, Ha ocHoi WFC. "padum pisHoro poamipy (100, 500 Ta 1000
BYy3niB) 6ynu 3areHepoBaHi 3i BUNaAKOBMM PO3MOAiNoM BY3MiB Ha NMOLLMHI Ta NPU3HAYEHHAM
Bar 3arnexHo Bif BiACTaHi 4O nepewkos i 3B'a3HOCTi. [pOAYKTUBHICTL KOXHOIO anroputMmy
ouiHIOBanaca 3a TakMMW MOKa3HUKaMu: [AOBXWHA 3HAMOEHOro LUnsxy, BigCOTOK
JocnigKeHnx By3niB Ta Yac 064YMCNEHHS.

Pe3ynbTaTtn. Pe3ynbtatv ekcnepumeHTy nokasanu, Lo anropuTtm, Ha ocHosi WFC,
OEMOHCTPYE KOHKYPEHTOCMPOMOXHICTb Ha HeBenukux rpadax (100 Byani), 3Haxoasuu
LUNSIXM 3i CXOXOK AOBXMHOK A0 TUX, WO 3HaxoasaTb anroputmu Oenkctpu Ta A*. OgHak 3i
30inbLUEHHAM po3Mipy rpada Moro epekTUBHICTb 3HXKYBanacs: LUNSAXY cTaBany JOBLUUMU,
a yac BMKOHaHHS 36inbLlyBaBcs nopiBHAHO 3 A*. 3okpema, Ha rpadi 3 1000 Byanis nigxig
WFC pocnigme 99% By3niB 3a 1345 mc, Wo 3Ha4vHo Ginblue, Hix y A*, skuin gocniame 84%
By3niB 3a 983 mc. Lli pesynbTtaTtu nigkpecniootb agantueHictb WFC Ha HeBenukmx rpadax,
arne TakoX BKa3yloTb Ha Moro obMexxeHy macliTaboBaHicTb.

BucHoBku. AnroputMm, Ha ocHoBi WFC, mae noTeHujian Ans nokpaweHHs eBPUCTUYHMX
CTparTerii NOLWYKy LMSXOM AMHAMIYHOrO KOPWUryBaHHsI Bar Ta ynpasniHHA 0OMEXEeHHSIMN.
OpHak Moro MacwTaboBaHiCTb 3anuwaeTbcss npobnemoto, Wo pobutb oro GinbLu
npuaaTtHuM Ans Hesemnukvx rpadi. ManbyTHi gocnigkeHHA MalTb 30cepeanTucs Ha
iHTerpauii npyHumnisa WFC i3 TpagvuinHiMm eBpUCTUYHUMN MeToAamMu, Takumuy sk A*, ans
po3pobku Binbll edeKTUBHMX TOPUAHUX anropyuTMIB MOLUYKY, 34aTHWX nNpauioBaTy 3
BENVKUMW Ta CKNagHUMm CTPyKTypamu rpadis.
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ABSTRACT

Background. The health and productivity of bee colonies have a direct impact on global
food security, as bees contribute to the pollination of approximately 50% of the world's plant-
based food resources. Traditional hive observation methods lack the precision and
continuity required for effective colony management. This creates an urgent need for
sophisticated remote monitoring solutions capable of continuously tracking critical
environmental parameters within beehive ecosystems, including temperature, humidity, and
air quality.

Materials and Methods. This study presents the development of an integrated internet-
based monitoring system centered on a microcontroller platform. The system incorporates
a comprehensive sensor array for multi-parameter data acquisition: gas sensors for
detecting harmful substances, a temperature sensor, a particulate matter detector, and an
environmental parameter sensor. Real-time data processing is achieved through a
multitasking architecture, enabling concurrent sensor polling, data validation, and wireless
transmission.

Results and Discussion. Comprehensive system testing validated reliable data
acquisition across all monitored parameters. Temperature measurements demonstrated
operational ranges from 13.75°C to 32.69°C for internal hive conditions, while humidity
levels varied between 51.70% and 88.10%. Gas concentration monitoring showed stable
baseline readings with normal conditions at 1.71 parts per million. Statistical correlation
analysis revealed significant environmental interdependencies, including a strong positive
correlation between gas sensor measurements and a pronounced negative correlation
between temperature and humidity parameters, confirming expected environmental
relationships within the hive microclimate.

Conclusion. The developed loT-based beehive monitoring system, built on the ESP32
microcontroller, demonstrated stable and energy-efficient performance during continuous
field testing. The system recorded internal hive temperatures ranging from 13.75 °C to 32.69
°C, humidity levels from 51.70% to 88.10%, and gas concentrations of 1.71 ppm (MQ-6) and
0.37 ppm (MQ-135) under normal conditions.

Keywords: Beehive monitoring, loT, embedded systems, microclimate parameters,
cloud computing, real-time data.

INTRODUCTION

Monitoring physical and environmental parameters of inaccessible technological
processes, remote devices, and biological systems remains a major technical challenge for
researchers. One such application is monitoring the bioenvironment within beehives. It is
estimated that over half of global plant-based food production depends, directly or
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indirectly, on bee pollination, yet human activities often negatively affect colony viability and
productivity. Traditional empirical observation and manual inspection methods are
insufficient to ensure reliable bee colony health and productivity. Modern beehive
monitoring systems enable continuous observation and control of key environmental
parameters such as temperature, humidity, air quality, and particle concentration that
influence bee health and productivity. These systems help predict optimal conditions for
beekeeping.

Recent studies have proposed various loT-based beehive monitoring solutions that
combine environmental sensing, data analytics, and wireless communication to support
sustainable apiculture. Andrijevic et al. [1] developed an loT system capable of real-time
monitoring and prediction of bee activity with integrated alarm functions. Zhang et al. [2]
proposed an intelligent monitoring platform combining loT data acquisition with colony state
analysis to identify abnormal hive behavior. Kurdin and Kurdina [3] introduced a smart
beehive network using homogeneous data modeling for forecasting honey robbing
phenomena, while Zabasta et al. [4] presented a low-power loT system emphasizing
energy efficiency and safety in beekeeping. Earlier work by Ali and Raza [5] demonstrated
a general loT environmental monitoring concept, but without hive-specific optimization.

However, most existing loT beehive systems are constrained by limited multitasking
capability, high power consumption, or a lack of stable real-time data synchronization. The
system proposed in this study overcomes these limitations by integrating multiple
environmental sensors under a multitasking FreeRTOS architecture on the ESP32
platform. This approach enables parallel data acquisition, validation, and wireless
transmission, achieving high temporal resolution and improved energy efficiency. The
modular design and optimized firmware allow scalability, stability, and long-term
autonomous operation, which are essential for remote or large-scale apiary deployments.

This work aims to develop the architecture and circuit implementation of a
computerized system for remote monitoring of beehive environmental parameters, with
real-time data transmission to mobile devices. The system targets apiary farms that require
continuous monitoring of hives, research projects analyzing environmental impacts on bee
colonies, and broader ecological studies, as bees serve as reliable indicators of ecosystem
health [6].

MATERIALS AND METHODS

1. Functional Diagram of the Parameters Monitoring System

The monitoring system (see Fig. 1) integrates a suite of sensors (MQ-6, MQ-135,
DS18B20, PMS5003, DHT21) [8-13] with the ESP32 microcontroller to collect, process,
and transmit data. The hardware connects sensors to the ESP32, which powers them,
reads signals, and transmits data wirelessly via Wi-Fi. The software implements algorithms
for sensor polling, data processing, and transmission to an external interface for beekeeper
analysis.

The ESP32 microcontroller [7] is selected for its built-in Wi-Fi module, low power
consumption (especially in sleep mode), and dual-core processor supporting multitasking.
These features enable efficient sensor management and parallel data processing.

The system operates through the following stages:

1. Initialization Stage: Upon powering on, the ESP32 configures all components,

initializes data transmission interfaces (UART, SPI, 1-Wire), calibrates MQ-6 and
MQ-135 gas sensors, and sets up the TFT display via SPI.

2. Data Collection Stage: The controller cyclically polls sensors at set intervals.
Analog data from MQ-6 and MQ-135 are read via ADC, DS18B20 temperature via
1-Wire, PMS5003 dust data via UART, and DHT21 temperature/humidity via a
single-wire interface.
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Fig. 1. Block diagram of the centralized data collection and processing system based on the ESP32 controller.

3. Initialization Stage: Upon powering on, the ESP32 configures all components,
initializes data transmission interfaces (UART, SPI, 1-Wire), calibrates MQ-6 and
MQ-135 gas sensors, and sets up the TFT display via SPI.

4. Data Collection Stage: The controller cyclically polls sensors at set intervals.
Analog data from MQ-6 and MQ-135 are read via ADC, DS18B20 temperature via
1-Wire, PMS5003 dust data via UART, and DHT21 temperature/humidity via a
single-wire interface.

5. Data Processing Stage: Data undergoes noise filtering, averaging, and validity
checks. Gas sensor data is adjusted with calibration coefficients and temperature
compensation, while PMS5003 data is verified using checksums.

6. Data Output and Transmission Stage: Processed data is displayed on the TFT
screen in a user-friendly format and transmitted via Wi-Fi to a remote server.
Critical value detection triggers warning signals.

7. Energy Saving Stage: Between polling cycles, the ESP32 enters low-power mode
to maintain minimal activity for critical components and threshold monitoring.
This modular structure supports reliable operation, scalability, and the addition of new

sensors as needed.

2. Main Interfaces

The beehive monitoring system relies on a variety of communication interfaces to
connect the ESP32 microcontroller with sensors and a display. Each interface is tailored to
the specific needs of the connected hardware, ensuring efficient and accurate data
collection for monitoring beehive environmental conditions.

Analog Interface (MQ-6, MQ-135): These gas sensors change resistance upon gas
exposure, altering output voltage. The ESP32’s ADC converts this voltage (0-3.3V) to a
digital value (0—4095). Software calibration uses sensor characteristic curves to compute
gas concentration, enabling precise detection of gases like LPG, butane, and air pollutants.

1-Wire Interface (DS18B20): This single-wire bidirectional interface uses a 4.7kQ pull-
up resistor and time-slot-based data transmission. Each DS18B20 has a unique 64-bit
code, enabling multiple sensors on one line, which simplifies wiring and supports scalable
temperature monitoring inside the hive.

UART Interface (PMS5003): This asynchronous serial interface operates at 9600
baud, transmitting dust concentration data (PM1.0, PM2.5, PM10) in fixed-length frames
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with checksums for integrity, ensuring reliable measurement of particulate matter affecting
hive air quality.

Single-Wire Digital Interface (DHT21): The DHT21 uses a proprietary protocol,
sending 40-bit packets (16-bit humidity, 16-bit temperature, 8-bit checksum) after a request
signal from the ESP32, providing accurate external temperature and humidity data with
minimal wiring.

SPI Interface (TFT Display): This synchronous interface uses MOSI, MISO, SCK, and
CS lines, with additional DC and RESET lines for data/command indication and display
reset, facilitating high-speed data transfer for real-time visualization of sensor readings.

3. Software Architecture of the Monitoring System

3.1 General Overview of the Software Architecture

The software architecture leverages the ESP32 microcontroller's dual-core processor
to handle multiple tasks efficiently. It employs the FreeRTOS operating system to manage
concurrent processes, ensuring reliable system performance. The main tasks include
collecting sensor data, updating the TFT display, and transmitting data to a remote server
via Wi-Fi. These tasks are distributed across the ESP32’'s two cores to optimize
performance: Core 1 manages sensor data collection and display updates to ensure timely
user feedback, while Core 0 handles Wi-Fi communication to isolate potential network
delays and prevent interference with other processes. A queue system facilitates
asynchronous data exchange between tasks, enhancing system stability and
responsiveness by allowing each task to operate independently without delays from other
processes.

3.2 System Initialization

The initialization process begins with the setup() function executing upon
microcontroller startup, systematically configuring all system components for operation.

Sensor Configuration. The sensor initialization process starts with configuring the
DHT21 sensor using the DHT.h library to enable temperature and humidity data acquisition.
The DS18B20 temperature sensor requires setup through both OneWire.h and
DallasTemperature.h libraries, providing precise temperature measurements via the 1-Wire
protocol. For gas detection, both MQ-6 and MQ-135 sensors are initialized using the
MQUnifiedsensor.h library, with calibration performed by averaging 10 measurements in
clean air to establish a baseline resistance (Ro). The PMS5003 dust particle sensor
connects via the UART port to collect particulate matter data.

Display and Network Configuration. The TFT display initialization utilizes the
TFT_eSPI.h library, specifying essential pins including CS, DC, RST, SDA, and SCL while
setting the text format to white on a black background with font size 3 for optimal readability.
Network connectivity is established through the WiFi.h library, create a connection using
predefined SSID and password credentials to enable server communication.

Task Management Setup. The system creates a sensorDataQueue of type
QueueHandle_t capable of storing up to five SensorData structure instances, facilitating
efficient data transfer between concurrent tasks. Three primary tasks are launched using
the xTaskCreatePinnedToCore() function with strategic core allocation. The sensor reading
task and display update task both operate on Core 1, handling data collection from sensors
and updating the TFT display with current readings, respectively. The Wi-Fi communication
task runs independently on Core 0, managing data transmission to the remote server. This
core allocation strategy optimizes processor resources and ensures smooth operation by
preventing interference between critical processes.

3.3 Data Structure
The SensorData structure organizes sensor readings for efficient storage and transfer
between tasks, containing:
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e temperatureDHT: External temperature in degrees Celsius from the DHT21
sensor.

e humidity: Humidity percentage from the DHT21 sensor.

o temperatureDS18B20: Internal temperature in degrees Celsius from the DS18B20
sensor.

e mg6_ppm: Gas concentration in parts per million from the MQ-6 sensor.

e mq135_ppm: Gas concentration in parts per million from the MQ-135 sensor.

e pm1_0, pm2_5, pm10: Dust particle concentrations in micrograms per cubic meter
for 1.0, 2.5, and 10 micrometer particles from the PMS5003 sensor.

A separate PMSData structure isolates dust data (pm1_0, pm2_5, pm10) to enhance

code modularity and simplify processing.

3.4 Sensor Read Task

The sensorReadTask() function operates as the core data acquisition module,
continuously collecting sensor measurements at 6-second intervals. The task implements
precise timing control through the vTaskDelay(pdMS_TO_TICKS(6000)) function, which
temporarily suspends execution to allow other system processes to run efficiently, thereby
preventing processor overload and maintaining optimal system performance.

Data Collection Process. The data acquisition cycle begins with environmental
measurements from the DHT21 sensor, reading external temperature through
dht.readTemperature() and humidity via dht.readHumidity() functions. Simultaneously, the
DS18B20 temperature sensor performs internal hive temperature monitoring by initiating
measurement with sensors.requestTemperatures() and subsequently retrieving the
temperature value using sensors.getTempCBylndex(0).

Gas concentration monitoring involves updating the sensor states through
MQ6.update() and MQ135.update() functions, followed by precise concentration readings
using MQ6.readSensor() and MQ135.readSensor() methods after proper calibration
adjustments. The PMS5003 particulate matter sensor contributes air quality data through
UART communication via the readPMS5003() function, with built-in data integrity
verification to ensure measurement reliability.

Data Management and Transfer. Upon completion of each measurement cycle, all
sensor readings are systematically organized into a SensorData structure instance. This
consolidated data package is then transmitted to the sensorDataQueue using the
xQueueSend() function, enabling asynchronous access by other system tasks. This queue-
based approach ensures efficient inter-task communication while maintaining data integrity
and preventing bottlenecks in the overall system architecture.

3.5 Display Update Task

The displayUpdateTask() function displays sensor data on the TFT screen:
Data Retrieval: Uses xQueueReceive() to fetch data from sensorDataQueue, activating
only when new data is available to conserve resources.

Display Process: Clears the screen with tft.fillScreen(TFT_BLACK) and displays:
Internal temperature in degrees Celsius (DS18B20)
External temperature in degrees Celsius (DHT21)
Humidity percentage (DHT21)
Gas concentrations in parts per million (MQ-6, MQ-135)
Dust levels in micrograms per cubic meter (PM1.0, PM2.5, PM10)
This ensures users receive clear, up-to-date environmental information.

3.6 WiFi Communication Task
The wifiCommunicationTask() function, executed on Core 0 of the ESP32, manages
the transmission of collected sensor data to a remote server via Wi-Fi, enabling real-time
storage and analysis outside the local system. It continuously monitors the Wi-Fi
connection status using WiFi.status() == WL_CONNECTED, automatically reconnecting
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with WiFi.begin() if the connection is lost, ensuring resilience against network disruptions.
The task retrieves the latest sensor readings from the sensorDataQueue using
xQueueReceive(), maintaining efficient data access without interfering with other tasks.
These readings, stored in the SensorData structure, are formatted into a JSON string, a
universal format for seamless data exchange. Using the HTTPClient.h library, the task
initiates an HTTP POST request to the server via http.begin(serverName), sends the JSON
data, and awaits a response. Upon successful transmission (response code > 0), it logs a
confirmation message with the server’'s response; otherwise, it displays the error code for
diagnostics. This process ensures reliable and secure data delivery, supporting remote
monitoring and analysis of beehive environmental conditions.

4. Server-Side Monitoring System

The server-side component of the system is a web application based on the Flask
framework, deployed on the AWS EC2 platform. The application provides reception,
processing, and visualization of beehive monitoring data.

According to the diagram in Fig. 2, the system consists of three main blocks:

e Sensor block, which includes a set of sensors for measuring various
environmental parameters. Each sensor is connected to the controller via a
corresponding interface: analog for gas sensors, digital for temperature and
humidity sensors, UART for the dust particle sensor.

e Controller block, based on ESP32, it processes data from all sensors and ensures
their transmission via the WiFi module. The controller also manages a local TFT
display via the SPI interface for displaying current readings.

e Server block, deployed on AWS, it includes an EC2 instance with a Flask server
for data processing, an AWS RDS database for storing information, and a web
interface for visualizing monitoring data.

MQ-6 [ESP32 Controller

WIFI module AWS server

e
—

|, -
= AWS RDS

HTTP EC2 Flask Server
protocol
| |

Web Interface

TFT Display

Fig. 2. System Architecture Diagram.

4.1 Principle of Server Architecture Operation

Deployed on an AWS EC2 virtual machine, the Flask-based web application in Python
orchestrates the beehive monitoring system’s data management with high efficiency. The
server receives sensor data in JSON format from the ESP32 microcontroller via secure
HTTP requests, ensuring reliable transmission over Wi-Fi. It validates and formats
incoming data to eliminate errors, applying filters to ensure accuracy before processing.
The processed data, tagged with precise timestamps, is stored in an AWS RDS database,
which supports scalable, long-term storage and enables trend analysis for hive health
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monitoring. The Flask application retrieves this data to populate a dynamic, browser-based
web interface, allowing beekeepers to access real-time and historical environmental
parameters, such as temperature, humidity, and gas levels, from any internet-connected
device. This architecture optimizes data flow from collection to visualization, with robust
error handling and secure data transfer protocols to protect sensitive hive information. The
server's design leverages AWS’s scalability to handle multiple hives simultaneously,
making it suitable for large-scale apiaries and research applications, while its modular
structure supports future enhancements, such as integrating machine learning for
predictive hive management.

4.2 AWS RDS (Relational Database Service)
AWS RDS is a managed relational database service used to store all monitoring data.
It supports popular database management systems like MySQL, PostgreSQL, or MariaDB,
providing flexibility in technology choice.

Role of the database in the system:

o Data Storage: All sensor readings (temperature, humidity, gases, dust) are stored
in the database with timestamps. For example, a table might have columns:
timestamp, temperature, humidity, gas_level, dust_particles.

o Historical Analysis: Thanks to the relational structure, users can perform queries
to analyze trends (e.g., temperature change over a week) or detect anomalies.

e Fast Access: RDS provides efficient data access for the Flask server, allowing the
web interface to quickly display information.

4.3 Web Interface

The web interface is a browser-based application that allows users to view monitoring
data in a clear and convenient format. It is built using HTML5, TailWind, JavaScript, and
the Chart.js library for visualization.

These three components together provide a complete cycle: from receiving data over
the internet to displaying it on the screen of your phone or computer. The system is
designed to be convenient, stable, and accessible from anywhere with internet access.

The system's web interface displays data in real-time using interactive graphs. A
separate graph is built for each monitoring parameter (temperature, humidity, gases,
particles). The system automatically calculates basic statistical indicators: mean values,
minimums, maximums, and standard deviations for each parameter.

5. Examples of testing the developed system and the obtained results

This section presents examples of testing the results obtained and the developed
monitoring system, illustrated by the following figures:

Internal Hive Temperature (DS18B20): Temperature readings from the DS18B20
sensor (see Fig. 3) initially showed an artificial increase to 24.63°C around 05:30 for testing
purposes. The temperature then dropped to 13.75°C around 08:30 as the sensor began
operating inside the hive. Subsequently, it increased steadily, reaching 32.69°C around
12:45.

External Humidity (DHT21): External humidity measurements from the DHT21 sensor
(see Fig. 4) showed an artificial spike to 88.10% around 05:15 during the testing phase.
The humidity later peaked at 65.90% around 08:30 and then gradually decreased to a
minimum of 51.70% around 12:00, indicating typical sensor behavior in natural conditions.

External Temperature (DHT21): External temperature measurements from the DHT21
sensor (see Fig. 5) recorded an artificial temperature increase to 22.50°C around 05:30.
Afterward, the temperature dropped to 14.40°C around 08:30 and gradually rose to
19.50°C by 13:00, representing realistic ambient dynamics.
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Fig. 5. Graph of external temperature measurement (DHT21).

130 Electronics and information technologies * 2025 « Issue 31



Remote Monitoring System for Microclimate Parameters...

Gas Concentration (MQ6): To verify the operation of the MQ6 sensor, an artificial gas
concentration spike to 640.69 ppm was introduced around 05:15 (see Fig. 6). Following
this test, the level dropped sharply to 3.37 ppm around 08:30 and stabilized at 1.71 ppm
by 13:00, reflecting a return to normal environmental levels.
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Fig. 6. Graph of gas concentration measurement from MQ6 sensor (LPG, butane).

Air Pollutants Concentration (MQ135): The MQ135 sensor initially detected an artificial
pollutant concentration of 204.81 ppm around 05:15 (see Fig. 7). The value then sharply
dropped to 0.95 ppm around 08:30 and continued to decrease, reaching 0.37 ppm by
13:00, indicating stable, low-level air quality conditions.
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Fig. 7. Graph of gas concentration measurement from MQ135 sensor (air quality).

The photo shows (see Fig. 8) the installed beehive monitoring system in operation.
The ESP32-based controller with connected sensors and antenna is powered by an
external battery and is actively collecting environmental data inside the hive.
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Fig. 8. General view of the beehive parameter monitoring system in operation.

5.1 Correlation analysis of sensor data
The analysis is based on the experimental data (see Table 1) collected during the
"Measurements" period (After 08:45, October 13). The input dataset for the correlation
matrix includes 51 data points collected over a duration of approximately 4 hours and 10
minutes (from 08:46:40 to 12:56:48 on October 13).
The Pearson correlation coefficient formula was used for calculations:

o M-y
A G -2 S0 -2

where x; and y; are the values of two variables, X and y are their mean values, and n is
the number of observations.

For a deeper understanding of the relationships between various hive parameters, a
correlation analysis (see Fig. 9) of the obtained data was conducted. The scientific purpose
of this analysis is to confirm the expected physical and ecological interdependencies within
the hive microclimate.

e Strong positive correlation is observed between mqg6 ppm and mq135 ppm
(0.918269), indicating a close relationship between gas concentrations, as well as
between temperature DHT and temperature DS18B20 (0.859574), confirming
consistent temperature measurements by both sensors.
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Table 1. The first 10 rows of raw experimental data were utilized to construct the
correlation matrix.

timestamp temperatureDHT  humidity temperatureDS18B20 mq6_ppm mq135_ppm

2082:1-61:2613 11.8 73.6 15.5 6.16 2

2082;‘11:2'11 3 11.8 72 17.19 6.06 3.04
20081013 12.2 71.2 18.56 6.08 2.02
2092:‘(‘)'11:2'113 12.3 69.7 19.81 5.79 1.76
2004 10-13 12.4 69.9 20.94 5.5 1.55
20pa-10-19 12.6 70.2 22 5.26 1.44
2004 10-13 12.8 68.9 23 5.07 1.35
2092:‘;'11:2'11 < 12.9 68.3 23.87 474 1.28
2092:‘;%1:2'213 12.9 68.1 24.56 4.51 1.19
2092:‘:‘2)'11:2'213 13 67.1 25.19 4.25 1.1

e Strong negative correlation is found between temperature DHT and humidity (-
0.974651), as well as between temperature DS18B20 and mqg6 ppm (-0.979276),
indicating an inverse relationship between temperature and humidity, and
between temperature and LPG/butane gas concentration.

o Moderate negative correlation is observed between temperature DHT and mq135
ppm (-0.764955) and between temperature DS18B20 and mq135 ppm (-
0.956536), indicating a decrease in pollutant concentration as temperature
increases.

CONCLUSIONS

The developed beehive monitoring system based on the ESP32 microcontroller has
proven effective for continuous data acquisition under real conditions.
During testing, the system successfully recorded key operational ranges, including internal
hive temperatures from 13.75 °C to 32.69 °C, humidity levels between 51.70 % and 88.10
%, and stable gas concentrations of approximately 1.71 ppm (MQ-6 sensor, LPG/butane)
under normal conditions.

The multitasking FreeRTOS architecture ensured simultaneous sensor polling, Wi-Fi
data transmission, and real-time display updates without observable data loss or
performance degradation.

These results confirm the stability, accuracy, and practical applicability of the proposed
loT-based system for real-time environmental monitoring in apiaries.
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Correlation Matrix Between Sensors (After 08:45, October 13)

1.00
temperatureDHT
0.75
0.50
humidity
0.25
temperatureDS18B20 0.00
-0.25
mq6_ppm
-0.50
-0.75

mq135_ppm

temperatureDHT  humidity temperatureDS18B20 mg6_ppm mqg135_ppm

Fig. 9. Correlation matrix of beehive monitoring parameters.

Future research will focus on three main directions:

e Hardware enhancement — integrating additional sensors such as weight, CO,, and
TVOC to obtain a more comprehensive view of hive microclimate and colony health.

e Data analytics — applying machine learning methods for predictive modelling to
forecast swarming events, detect disease and stress anomalies, and predict honey
yield.

e Energy autonomy — implementing solar power solutions to achieve fully
autonomous operation suitable for long-term, remote deployments.
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CUCTEMA OUCTAHUINHOIO MOHITOPUHIY NAPAMETPIB
MIKPOKIIMATY Y BYITUKAX

FOpiti 36opieckkuti @O, Bo2daH KomaH 2O
Jlbgigcbkuli HayioHanbHUl yHieepcumem imeHi leaHa ®paHka
8yn. [ipacomaHosa, 50, Jibeie, YkpaiHa

AHOTALIA

BcTyn. 300poB'a Ta NpOAYKTUBHICTb BXXONUHMX KOMNOHi 6e3nocepeaHbo BNNBaOTh
Ha rmobanbHy NpoAoBonbYy 6e3neKy, OCKinbku 64XK0NM CNpUsATL 3anuneHHIo NpUGNU3HO
50% pOCNUHHMX Xap4yOBUX PECYPCIB Y BCbOMY CBITi. TpaguLinHi METOAM CNOCTEPEXEHHS 3a
BYNIMKaMM He MarTb TOYHOCTI Ta OGe3nepepBHOCTi, HeOOXigHOI Ans edeKkTUBHOro
yrpaBniHHA KOMOHIAMK, LWO CTBOPKE HaranbHy nOTpeby B [AOCKOHaNMX cuctemax
OVNCTaHUIMHOrO MOHITOPUHrY, 34aTHUX 6es3nepepBHO BIACTEXYBATU KPUTWUYHI napameTpu
HaBKONULLHLOTO CepefoByLLa, BKIOYa4yM TeMnepaTtypy, BOMOrCTb Ta siKiCTb MOBITPA B
eKocucTeMax BYIUKIB.

MaTtepianu Ta Metoau. [laHe JocnigxeHHs npeacTaBnsie po3pobKy iHTerpoBaHoi 0T
CUCTEMU MOHITOPUHIY, WO 6a3yeTbcsa Ha nnaTdopMi MikpokoHTponepa ESP32. Cuctema
BKITHOYAE KOMMMEKCHUI MacuB AaTUMKIB, LLIO CKNadaeTbes 3 ra3oBux ceHcopisB MQ-6 Ta MQ-
135, patuuka TemnepaTtypu DS18B20, petektopa TBepamx uvactuHok PMS5003 Ta
ekonoriyHoro ceHcopa DHT21 gna 6aratonapameTtpuyHoro 36opy aaHunx. O6pobka faHuXx
B PEXMMi peanbHOro yacy [OCAraeTbCs 3aBAasku Garato3agadHin apXiTekTypi Ha OCHOBI
FreeRTOS, wo 3abesneyye opHo4yacHe OMNWUTYBaHHS CEHCOPIB, MEPEBIPKY OaHUX Ta
6e3apoToBy nepenavy.

Pe3ynbTaTtn. KomnnekcHe TeCTyBaHHSA cUCTEMU MiATBEPAUINO HafiMHUIA 36ip 4aHMX No
BCiIX KOHTPONbOBaHUX nNapameTpax. BumipioBaHHs TemnepaTypu nNpoaeMOHCTpyBanmu
poboui pianasonn Big 13,75°C po 32,69°C gns BHYTPILWHIX YMOB Bynuka, ToAi siK PiBHI
BonorocTi BapitoBanmcsa mixx 51,70% T1a 88,10%. MOHITOPUHI KOHUEHTpauii rasy nokasas
ctabinbHi 6asoBi nokasHukn, npu uboMy patumkun MQ-6 peectpyBanm 1,71 ppm 3a
HOpManbHMX  ymoB.  CTaTUCTVYHMI  KOPENAUiNHWA  aHania  BMSABUB  3HauyLLi
B3aEMO3arnexHOCTi HaBKOJNULLHLOTO CEePefoBMLLA, BKIOYAKYM  CUMbHY  MO3UTUBHY
kopensuito (r=0,918269) mix BumiptoBaHHAMKM razy MQ-6 ta MQ-135 i BupaxeHy
HeraTuBHy kopensuito (r=-0,974651) mix napameTpamu TemnepaTypu Ta BOJIOrocCTi,
NigTBEPIKYIOUN OYiKyBaHi €KOMOoriyHi B3aEMO3B'A3KN B MiKpOKiMaTi Bynuka.

BucHoBku. Po3pobneHa loT-cuctema MOHITOPUHIY BYnuKiB Ha 6asi MikpokoHTponepa
ESP32 npogemoHcTtpyBana ctabineHy Ta eHeproedekTMBHy poboTy nig yac 6e3nepepBHMX
nonLoBux BuNpobyBaHb. Cuctema 3adikCyBana BHYTPIWHIO TemnepaTypy Bynvka B
nianasoHi Big 13,75 °C po 32,69 °C, piBeHb BonorocTi Big 51,70 % no 88,10 %, a Takox
KoHueHTpauii rasis 1,71 ppm (MQ-6) i 0,37 ppm (MQ-135) 3a HOpmanbHUX YMOB.

Knro4oei cnoea: MoHiTopuHr BynukiB, loT, BOygoBaHi cucTtemn, napameTpu
MiKpOKnimMaTy, XMapHi 064MCNeHHs, AaHi peanbHOro vacy.
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ABSTRACT

Introduction. The As-Se-Te system attracts significant attention since these
chalcogenide glasses are endowed with unique semiconductor and optical characteristics.
The wide infrared transparency, non-linearity, and ease of molding capability in these
glasses render them promising candidates for electronic and photonic applications.
However, the solubility of rare earth ions in chalcogenide matrices is generally low,
restricting their applications. The addition of Ga is known to improve apparent solubility, but
the intrinsic electrical characteristics of Ga-doped As-Se-Te glasses remain unexplored.

Materials and Methods. Chalcogenide glasses of the As-Se-Te system doped with Ga
were explored. Samples were obtained from high-purity precursor using the melt-quenching
method. Optical, structural, and electronic properties of the studied samples were
investigated using high-resolution X-ray photoelectron spectroscopy (XPS), impedance
spectroscopy, and optical spectroscopy.

Results. The incorporation of both Ga and Te leads to a decrease in the optical bandgap
compared to binary As2Ses glass. The valence band XPS spectra of the studied glasses
reveal characteristic features similar to other binary and ternary chalcogenides, reflecting
contributions from Se, Te, As, and Ga electronic states. These results indicate that the
electronic structure is strongly influenced by chalcogen—As(Ga) bonding, which affects the
valence band density of states and associated defect-related phenomena. The temperature-
dependent DC conductivity demonstrates multiple conduction mechanisms. Incorporation of
Ga lowers the high-temperature activation energy slightly, indicating modifications of the
conduction process, while Te-containing samples exhibit even higher activation energies,
suggesting contributions from hopping mechanisms and defect-related states.

Conclusions. The influence of Ga and Te on the optical and electronic properties of
As2Ses-based chalcogenide glasses is studied using optical and impedance spectroscopies.
Electronic properties of Ga-modified As-Se-Te glasses are shown to be important for their
applications in optoelectronic integrated platforms. The obtained results are correlated to
the valence band structure of these materials determined through XPS.

Keywords: chalcogenide glass, DC conductivity, bandgap, temperature dependence.
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INTRODUCTION

Arsenic-selenium-tellurium glasses are important functional materials for active and
passive applications in modern photonic and electronic integrated platforms thanks to their
high infrared (IR) transparency, excellent fiber drawing and molding capabilities, simple
thin-film technology, large optical nonlinearities, and presence of semiconductor properties.
The common examples include far-IR optics, IR optical waveguides for space
telecommunication, chemical and biological sensors, phase-change devices, and Ovonic
switches [1-8]. More applications are possible if these glasses are doped with rare-earth
elements, such as Ce, Pr, Eu, Tb, Dy, or Er, enabling active media for lasers, optical
amplifiers, and broadband sources in the mid-IR spectral range [3,9,10]. The bottleneck of
such applications is a concentration of rare-earth ions, whose solubility in chalcogenide
matrices is generally low, because at higher concentrations, the rare-earth atoms clamp
into metal nanoparticles. Ga is known to improve the number of rare-earth atoms converted
into the ionic form, increasing their apparent solubility [11,12].

Recently, the influence of Ga on the structure of arsenic selenides and arsenic-
tellurium selenides has been investigated [13,14], whereas the basic electrical properties
of these glasses remain unexplored. So, in the present work, we have performed optical
and electrical characterization of As-Se-Te glasses containing 2 at.% of Ga, and binary As-
Se glasses with a variable concentration of Ga.

MATERIALS AND METHODS

A conventional melt-quench method was employed for the synthesis of
Gax(Aso4Seos)100x (x=0,1,2,3,4,5) and Gaz(Aso.sSeos)ssyTey (y=0,10,15,20,30) glasses
using high-purity (at least 5N) chemical precursors: Ga, As, Se, and Te. Melting was
performed in a vacuum-sealed silica tube at 900 °C for 10 hours using a rocking furnace.
After quenching into water from 750 °C, the samples were annealed for 6 h, at ~10 °C
below the corresponding glass transition temperatures.

High resolution XPS valence band spectra were recorded with a Scienta ESCA-300
spectrometer (monochromatic Al Ka X-rays) on the samples fractured in situ in the
spectrometer's measurement chamber under a vacuum of 2x108 Torr or better. For all
measurements, the angle between the surface and detector was 90°. The instrument was
operated in a mode that yielded a Fermi-level width of 0.4 eV for Ag metal and at a full
width at half maximum of 0.54 eV for the Ag 3ds2 core level peak. The energy scale was
calibrated using the Fermi level of clean Ag. Surface charging from the photoelectron
emission was neutralized using a low-energy (<10 eV) electron flood gun. The experimental
positions of the valence band spectra were adjusted by referencing to the position of the
1s core level peak (284.6 eV) of adventitious carbon [15]. XPS data were analyzed with the
standard CASA-XPS software package.

Temperature-dependent Direct Current (DC) conductivity measurements were
performed in vacuum using an HIOKI LCR impedance analyzer with a bias voltage of 1 V.
Carbon paste electrodes were deposited on the opposite sides of 1 mm thick sample disks
to create an electrical ohmic contact.

Optical transmission spectra were recorded at room temperature by Agilent
Technologies Cary-5000 UV/Vis/NIR spectrometer in the 200-3200 nm spectral range with
2 nm resolution.

RESULTS AND DISCUSSION

The fundamental optical absorption edges of the investigated Gax(Aso.4Seo.6)100x and
Gaz(Aso.4Seos)esyTey glasses are shown in Fig. 1, where the absorption coefficient () was
calculated from the transmission data of bulk 2 mm thick samples with the aid of PARAV
software [16].
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Fig. 1. Optical absorption coefficients of Gax(AsosSeos)ioox (@) and Gax(AsosSeos)osyTey (b) bulk glasses
calculated from room-temperature transmission spectra. The inserts show estimated optical bandgap
compositional dependences.

The edge follows the expected Urbach exponential behaviour proper to most
chalcogenide glasses [17,18]. The inserts show optical bandgap (E;) values and their
compositional dependence, estimated using Tauc plots for the indirect electron transitions

in PARAV [16].
ahv = B(hv — Eg)? (1)

The room-temperature optical bandgap values drop from ~1.6 (+0.05) eV for As2Ses
glass to ~1.4 (£0.1) eV for Ga-modified As2Ses, and to ~1.0 (£0.1) eV with Te addition. So,
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incorporation of both Ga and Te leads to a decrease in the optical bandgap compared to
binary As2Ses glass, the effect of Te being more significant.

The classic DC conductivity (op¢) vs 1/T dependence of chalcogenide glasses shows
several distinct regions [17-19]. The high-temperature one is associated with charge
carriers excited directly into the non-localized states of the conduction band (E,). It is
followed by the region where charge carriers are excited into localized states (E4) near the
edge of the conduction band or localized states (E5) near the edge of the valence band
(Ev). They usually contribute to a hopping mechanism of charge transport. There could also
be a region associated with temperature-activated hopping of charge carriers localized in
the states at the Fermi level (EF), if present. All these mechanisms follow exp(— E, /kT)
dependence, where activation energy E, depends on E,, Eg, E;, E,, Er and activation
energies of charge hopping (IW;) between relevant localized states [18]. Finally, the low-
temperature region usually follows the well-known T-1/4 law and is ascribed to a
temperature-activated hopping of charge carriers with variable jump lengths (variable range
hopping) [18].

The slopes of the linear fits to the high-temperature region of In(opc) vs 1/T
dependences (Fig. 2) were used to determine the relevant activation energies. Calculated
high-temperature value of E, = 0.85 (+£0.05) eV for As2Ses bulk sample roughly
corresponds to a half of the optical bandgap (or slightly higher), which allows us to assume
(if one accepts that Fermi level in chalcogenide glasses is pinned near the middle of
bandgap) [17,18] that this conduction mechanism is associated with direct excitation of
charge carriers into the non-localized states of conduction band with E, = E. — E.
Incorporation of Ga into As2Ses bulk glass decreases the value of E; = 0.75 (£0.02) eV
while still being close to half of the corresponding optical bandgap of Ga-modified As2Ses
samples. Nevertheless, these values are consistently higher than one half of the
corresponding optical bandgap values, which might indicate a slight shift of the Fermi level
towards the valence band in full agreement with the fact that most chalcogenides are
generally considered as p-type semiconductors [17,20]. This difference is even more
pronounced in Te-containing samples, where doubled E, values (E, decreases from 0.67
to 0.60 eV with Te addition) are noticeably higher than Ej; values (1.0+0.1 eV, see insert to
Fig. 1b). The higher activation energies than the half of the optical bandgap values can
also originate from the hopping mechanism of conduction involving localized states with
E, =E,p —Er+W;, where W; is the hopping activation energy [18]. The latter
mechanism can also be a reason for a kink in conductivity dependences like the one visible
after 1000/T ~ 3 for some of the investigated glass compositions, including As2Ses (Fig. 2).
The hopping mechanism relies on a higher concentration of defects, like D*-D- topological
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Fig. 2. Temperature dependence of DC conductivity for Gax(Aso.4Seo)100x (@) and Gax(As4Seos)ss-y Tey (D).
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coordination centres, used to explain many phenomena in vitreous chalcogenides [17,18].
At the same time, the low-temperature region of -4 dependence is difficult to assess in
the samples investigated due to very low conductivity values, which are on the verge of
equipment sensitivity.

The valence band density of states is crucial for the understanding of electronic
properties, defect structure, and various induced phenomena occurring in chalcogenide
glasses [17-21]. Valence band XPS spectra of the investigated samples (Fig. 3) show
similar features to the valence bands of other binary and ternary chalcogenides [22]. The
well-observed feature at about 2 eV is attributed to the lone pair Se 4p and Te 5p (in Te-
containing samples) electrons, whereas the peak at about 5 eV is contributed by 4p and
5p bonding states of Se and Te (if present in the composition), respectively. The observed
broad band at 7-16 eV is due to the overlap of signals from Ga 4s, As 4s, Se 4s and Te 5s
electrons, whereas XPS signal at 18 eV is caused by Ga 3d electrons (Fig. 3). The valley
at ~3 eV, which is well observed in Se-rich arsenic selenides [22], disappears in the
investigated glasses due to the broadening of Se 4p and Te 5p XPS peaks by As 4p and
Ga 4p bonding states from a prevailing concentration of chalcogen-As(Ga) bonds.

(a) T T T T T T
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Fig. 3. Valence band XPS spectra recorded for a fractured in vacuum Gay(AsosSeos)i00x (@) and
Gay(Asp4Seos)esy Tey (b) bulk glasses.
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CONCLUSION

Incorporation of Ga into As2Ses glass matrix leads to a decrease in its optical bandgap
and activation energy of high-temperature DC conductivity. Further addition of Te into the
composition leads to a more significant decrease in the optical bandgap and activation
energy of DC electrical conductivity. Valence band XPS spectra correlate well with the
electrical and optical properties of the investigated materials, showing typical features of
chalcogenide vitreous semiconductors.
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Slpocnae Linomrok™*, Adam Inzpam?, AHOpili JTyyeuko’,

Amumpo Cno6odssn!, Mapkisin Kywnuk?, Onez Kpaseub’,

Muxadino Wnomok', PomaH MNonogyak®

"Kagpedpa ceHCopHOI ma HarignposiOHUKO8OI e/1IeKMPOHIKU,
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8yn. TapHascbkoeo, 107, m. Jlbsis, 79017, YkpaiHa

2Kagpedpa opizuku, MonimexHika Onosnbcbka,
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m. Knapkcesinm, TN 37044, CLUA

AHOTALIA

Bctyn. Cuctema As-Se-Te npuBepTae 3Ha4yHy YyBary, OCKiNbKM Ui COpTU
XanbKOTeHIAHOro CKna HafdineHi YHiKanbHUMW HaniBNPOBIAHWUKOBMMMW Ta OMNTUYHUMU
Bnactusoctamu. Lnpoka nposopicTb B iHMpayYepBOHOMY Jiana3oHi, HeniHinHICTL Ta
npocTtotTa OpPMyBaHHs pobNATbL Ui MaTtepianyM NepcnekTMBHUMW KaHgugatamy Aansi
€NEeKTPOHHMX i POTOHHMX 3acTocyBaHb. OAHaK PO3YMHHICTb PiAKICHO3EMESNbHUX iOHIB Y
XanbKOreHIigHNX MaTpULAX 3ararioM € HU3bKOH, LLI0 0OMEXYE iX MpakTUYHE BUKOPUCTAHHSI.
HopaBaHHsa Ga, sk BigOMO, NOKpally€e PO3YMHHICTb PiKiCHO3eMENbHKX iOHIB, MPOTE BracHi
eneKkTpuYHi xapaktepuctukmn ckna As-Se-Te, neropaHoro Ga, 3anualTbCA NEPEBaXHO
HeJOCNIXEeHNMU.

Marepianu Ta metoau. [locnimpxkeHo KOMMNo3uLii xanbKoreHigHoro ckna cuctemmn As-Se-
Te neroBaHi Ga. 3pasku Oynu oTpMMaHi 3 BUCOKOYMCTUX NPEKYPCOPIB METOAOM MNMaBreHHs
3 noganbwuyMm  OXonogXeHHsM. OnTWYHI, CTPYKTYpPHi Ta €neKkTPOHHI BRacTMBOCTI
JocrikeHnx 3paskiB Oynu BMBYEHI 3a [OMOMOrOK BUCOKOPO3AINbHOI X-NPOMEHEBOI
doToenekTpoHHOi cnekTpockonii  (XPS), iMnemaHcHoi cnekTpockonii Ta  ONTUYHOI
cneKkTpockonil.

Pe3synbTatn. BBepeHHa sk Ga, Tak i Te npu3BoAMTb A0 3MEHLUEHHS LUMPUHK
3ab60pOHEHOI 30HM NOpPIBHAHO 3 GiHapHum cknoM As,Ses;. CnekTpyn BaneHTHOI 30HW,
OTpMMaHi MeToAOM PEHTIEHIBCbKOI (DOTOENEKTPOHHOI CMEKTPOCKONii Ana AOCHioKEeHUX
marepianiB A4eMOHCTPYIOTb XapaKkTepHi 0COBNMBOCTI, CxOXi Ha iHWI GiHapHi Ta TepHapHi
XanbKoreHiaM, Wo BigobpaXae BHECOK €eNneKTpoHHuMX cTaHiB Se, Te, As T1a Ga. Ll
pe3ynbTaTy BKa3ylTb Ha Te, WO eNeKTPOHHa CTPYKTypa CUMbHO BU3HAYAETLCS 3B’i3KaMu
xanbkoreH—As(Ga), Wo BNMMBaE Ha ryCTUHY CTaHiB BaneHTHOI 30HW Ta NOB’A3aHi 3
pedekramn. TeMmnepaTypHo-3anexHa enekTponpoBiAHICTb NOCTIMHOMO CTPYMY AEMOHCTPYE
Kinbka MexaHiamiB npoigHocTi. BBegeHHA Ga 3HWMKYE eHeprilo akTvMBaLii Npy BUCOKMX
Temnepartypax 4yepes mMoaudikaLito npouecy NpoBiAHOCTI, ToAi K 3pasku, WO MICTATb Te,
OEeMOHCTPYIOTh e BULLi 3HAYeHHs eHepril akTuBadii, WO BKa3ye Ha BHECOK MeXaHi3MmiB
CcTpubkonoaibHoi NpoBigHOCTI Ta AedEKTHNX CTaHIB.

BucHoBku. Bnnue Ga Ta Te Ha ONTUYHI Ta eNeKTPOHHI BNAaCTUBOCTI XalbKOreHiaHoro
ckrna Ha ocHoBi As,Se; JocnigxyBaBcsi 3a [AOMOMOroO OMTUYHOI Ta iMMNeAaHCHOI
cnekTpockonii. Moka3aHo, WO eneKkTPOHHI BNacTMBOCTI Komnosuuin ckna As-Se-Te,
moaudikoBaHoro Ga MatTb BaXKMBE 3HAYEHHsI ONS iX MOTEHUIAHOTO BUKOPUCTAHHA B
IHTErpoBaHUX OMTOENEKTPOHHMX mnnaTdopmax. OTpuMaHi pe3ynbTaTtu KOpenwkTb 3i
CTPYKTYPOIO BaneHTHOI 30HW LMX MaTtepianis, BU3HAYEHOO 3a AONOMOrOK PEHTreHiBCbKOT
(bOTOENEKTPOHHOI CNEKTPOCKONIT.

Knroyoei croea: xanbKoreHigHe CKMo, €neKTPOonpoBiAHICTb MNOCTINHOMO CTpyMy,
3abopoHeHa 30Ha, TemMnepaTypHa 3anexHicTb.
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