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APPLICATION OF ARTIFICIAL NEURON NETWORK AND FUZZY
INFERENCE IN THE HOUSEPLANT WATERING INTELLIGENT SYSTEM

Roman Korostenskyi®©9, Igor Olenych
Radioelectronic and Computer Systems Department,
Ivan Franko National University of Lviv,
50 Dragomanov Street, 79005 Lviv, Ukraine

Korostenskyi, R. & Olenych, 1. (2025). Application of artificial neural network and fuzzy inference in
the houseplant watering intelligent system. Electronics and Information Technologies, 29, 5-12.
https://doi.org/10.30970/eli.29.1

ABSTRACT

Background. The automation of modern technologies and the widespread adoption of
smart Internet of Things (loT) devices not only provide an opportunity to optimize routine
processes but also offer innovative solutions within intelligent smart home systems, enhanc-
ing the daily comfort of residents. In particular, the integration of artificial intelligence (Al)
technologies can expand the functionality of embedded smart home systems and improve
their efficiency. Consequently, the development of hardware and software tools for such
systems represents a pertinent area of research in the field of smart solutions.

Materials and Methods. The automatic indoor plant irrigation system is implemented
using the Raspberry Pi 4 microcomputer and the SEN0308 soil moisture sensor. Control of
the irrigation system is achieved through an artificial neural network with two hidden layers
and fuzzy logic inference methods. These methods determine the required water volume for
irrigation based on soil relative moisture and air temperature.

Results and Discussion. The system operates by periodically analyzing the soil’s rela-
tive humidity and indoor air temperature, making decisions regarding the activation of the
irrigation mechanism based on the collected data. It has been established that implementing
artificial intelligence algorithms and fuzzy logic enables automatic regulation of water usage
according to environmental conditions, preventing excessive soil moisture. The proposed
approach ensures an optimal soil moisture level of 50-60%, suitable for plant growth and
development, while also reducing the average monthly water consumption by 25-27%.

Conclusion. The results indicate the high efficiency of using artificial intelligence and
fuzzy logic methods for the rational utilization of water resources. Moreover, the proposed
algorithms can be implemented on low-power computational platforms commonly used in
automation and loT systems. The proposed intelligent irrigation system demonstrates the
potential for functional expansion and the integration of innovative technologies for indoor
plant care.

Keywords: Smart home, loT, embedded systems, irrigation system, artificial neural net-
work, fuzzy logic.

INTRODUCTION

The technological revolution of recent decades has profoundly transformed daily life.
Among the key trends driving this progress is the automation of modern technologies,
which not only optimizes routine processes but also, through the widespread adoption of
the Internet, offers innovative solutions for everyday comfort in intelligent smart home sys-
tems [1-3].

© 2025 Roman Korostenskyi & Igor Olenych. Published by the Ivan Franko National University of Lviv
® on behalf of EnekTponika Ta iHdopmauinHi TexHornorii / Electronics and information technologies. This 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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Examining contemporary models of embedded smart home systems reveals key tech-
nological components, including centralized control systems and smart sensors. Popular
systems such as Google Home, Amazon Alexa, and Apple HomeKit utilize voice control to
activate and manage various home devices [4-6]. Integrated solutions encompass intelli-
gent automation systems that regulate lighting, heating, ventilation, and air conditioning.
Notably, smart home systems from Crestron or Control4 allow users to schedule and create
scenarios for different situations [7,8]. Smart thermostats can automatically adjust home
temperatures based on residents’ schedules and habits. Continuous monitoring of all smart
home systems optimizes energy consumption and enhances energy efficiency. Security
systems frequently incorporate video surveillance, motion and door sensors, and technical
tools for identification and access control. For instance, Google’s Nest Secure provides an
integrated system of video surveillance and security sensors with remote control capabili-
ties via smartphone [9]. Furthermore, embedded smart home systems employing unified
platforms for integration and management can interact seamlessly with various household
devices under the loT paradigm [10,11].

Most lIoT household devices in smart homes are designed to perform single functions,
such as watering plants at a predetermined time or raising blinds at sunrise. However, the
rapid advancement in microcomputer technology, edge computing, and the availability of
tools like TensorFlow Lite, which enables neural network deployment on mobile phones,
tablets, televisions, and other embedded systems, opens new possibilities for the develop-
ment of intelligent smart home systems [12].

This study aimed to explore the integration of artificial intelligence (Al) and fuzzy logic
technologies in automatic indoor plant irrigation systems to ensure the efficient use of nat-
ural resources. Special attention was given to investigating the potential of low-power com-
putational technologies and artificial neural networks in advancing innovative smart home
systems.

MATERIALS AND METHODS

To investigate the efficiency of using artificial intelligence and fuzzy logic technologies
in smart home systems, an automatic indoor plant irrigation system was developed based
on a Raspberry Pi 4 microcomputer [13] and a SEN0308 soil moisture sensor [14]. The
schematic diagram of the irrigation system is shown in Fig. 1.

The system operates by periodically analyzing the relative humidity (RH) of the soil
and air, as well as the air temperature, every 8 hours. Based on the collected data, deci-
sions are made regarding the activation of the irrigation mechanism. Since the experimental
studies were conducted using a ficus plant, the proposed irrigation system aimed to main-
tain optimal conditions for this plant. Specifically, in the simplest implementation, automatic
watering with 150 ml of water occurred when the soil moisture at a depth of 6—7 centimeters
fell below 50% (Fig. 2).

The application of artificial intelligence technology and fuzzy logic algorithms not only
determines the necessary volume of water for irrigation but also adapts it to changing en-
vironmental conditions, maintaining optimal soil moisture for the ficus within the range of
50-60%. In the initial implementation, the plant irrigation system was controlled using a
neural network with two hidden layers, trained on historical data of soil moisture and water
usage over 100 epochs. Mean Squared Error (MSE) was employed as the loss function,
and the weights of the neural network were optimized using the backpropagation algorithm
with an adaptive gradient optimizer [15,16]. Model validation was performed through cross-
validation using independent datasets.

Another approach involved using a fuzzy logic inference system with two inputs and
one output. This system determined the required water volume for irrigation based on the
soil relative moisture and indoor air temperature. The input linguistic variables were "Soil
moisture"” = {"Low" (L), "Moderate" (M), "High" (H)} and "Indoor temperature" = {"Cold" (C),

6 Electronics and information technologies « 2025 « Issue 29
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<= put this part to soil =->

” AA"Battery ﬁ‘
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Fig 1. Schematic diagram of the automated indoor plant irrigation system.

"Warm" (W), "Hot" (H)}. The terms of the output linguistic variable "Used water volume"
characterized the need for very low (LL), low (L), moderate (M), high (H), and very high
(HH) levels of soil hydration. The membership functions of the fuzzy sets corresponding to
the terms of these linguistic variables are shown in Fig 3.

Start

Soil analysis 3

Soil maisture > 50%7 true '\.I :ﬁ;ﬁ:i:l?ntgehr;ﬁ;

-

false

.Jl Water the plant ||

Fig 2. Algorithm of automated irrigation system operation.
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Fig. 3. Membership functions of fuzzy sets characterizing the input linguistic variables "Soil moisture" (a) and
"Indoor temperature" (b) as well as output linguistic variable "Used water volume" (c)

The fuzzy rule base was formed in the form IF (sub-condition 1) AND (sub-condition
2) THAT (action). Sub-condition 1 establishes the affiliation of the current value of the soll
relative moisture to fuzzy sets characterizing the terms of the linguistic variable "Soil mois-
ture". Sub-condition 2 is associated with the affiliation of the current value of temperature
to terms of the linguistic variable "Indoor temperature”. The fuzzy sets of the corresponding
terms of the output linguistic variable "Used water volume" are the rule conclusions.

The base of fuzzy rules for the houseplant watering system is given in Table 1. In
general, the fuzzy rules accumulate information from various sources, including experi-
mental data, simulation results, and expert opinions.

The fuzzy logic-based irrigation system was implemented using the Mamdani algo-
rithm, whose main stages include the fuzzification of input variable values, min-activation
and max-accumulation of the conclusions from fuzzy production rules, and the defuzzifica-
tion of the output variable using the centroid method [17,18].
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Table 1. The base of fuzzy rules of the houseplant watering system

Soil Mois- Indoor Temperature
ture L M H
L H HH
M L M H
H LL L M

RESULTS AND DISCUSSION

The primary objective of the developed system is to ensure efficient irrigation of indoor
plants while minimizing water consumption and preventing potential harm to the plants.
Considering that environmental conditions such as temperature and humidity vary through-
out the year, the effectiveness of irrigation can also fluctuate. Therefore, experimental stud-
ies were conducted in two stages under different indoor climatic conditions. In the first
stage, the relative humidity and air temperature were approximately 60% and 20°C, re-
spectively. During the second stage, the plant was subjected to warmer and drier conditions
— with a relative humidity of about 45% and an air temperature of 25°C.

An important parameter for the functioning of the irrigation system is the soil moisture
at the time of each watering, as it is essential to maintain the optimal soil moisture level for
the plant — approximately 55% for ficus. The temporal variations of soil moisture under
different indoor climatic conditions and various irrigation methods are illustrated in Fig. 4.

Integrating artificial intelligence technologies into the irrigation system enables auto-
matic regulation of the water volume used based on environmental conditions, preventing
excessive soil moisture. As a result, this approach not only provides optimal conditions for
plant growth and development but also ensures rational water consumption (see Table 2).
Specifically, a reduction of 25% in average monthly water usage was observed during the
first stage of the studies, and a 27% water savings during the second stage.

The intelligent indoor plant irrigation system based on fuzzy logic inference demon-
strates similar water usage and soil moisture levels to those of the neural network system
(see Fig. 4). The results of testing the irrigation system with fuzzy inference are illustrated
in Fig. 5. Based on the analysis of the input—output surface of the fuzzy controller, it was
established that the volume of water used for irrigation depends on both soil moisture and
air temperature. Specifically, the irrigation system requires a significantly larger volume of
water when soil moisture is low and indoor air temperature is high.
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90 =1 90 - 1
—— 2 a0 —— 2
8 3 3
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g 60 h f“-.._‘:./.r-.‘v g 60 A = Y/ -
£ 2N ~- .S WY | - ) T s
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a) b)
Fig. 4. Time dependence of soil moisture during the first (a) and second (b) stages of the study using the auto-

mated irrigation system (1) and one with an integrated artificial neural network (2) and fuzzy inference (3)
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Table 2. Average monthly mater volume used for irrigating an indoor plant (ficus)
under different indoor climatic conditions

Used water volume, ml
Irrigation system type Stage 1 Stage 2
RH=60%, t=20°C RH=45%, t=25°C
Automated 2228 3085
Integrated Al 1688 2260
Fuzzy inference 1663 2243

Unlike more complex machine learning algorithms, fuzzy logic methods can be effec-
tively implemented on low-power platforms such as the Raspberry Pi Pico or Arduino, which
are widely used in automation and loT systems. The low cost and low energy consumption
of microcontrollers make them an ideal choice for use in budget-friendly and energy-effi-
cient irrigation systems. Moreover, fuzzy logic algorithms allow for the consideration of a
wide range of input parameters and enable decision-making that mimics human reasoning.

250
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150 200
100
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150

Used water volume, ml

100

Used water volume, ml

50

40
40

60 Soil moisture, %

25

20 80

15
10
Indoor temperature, °C 5 0 100

Fig 5. Dependence of used water volume on soil moisture and indoor temperature

CONCLUSION

In this work, an automated indoor plant irrigation system was developed using loT
technologies. The proposed irrigation system enables periodic monitoring of soil moisture
and waters the plant as needed. Soft computing methods were employed to determine the
necessary amount of water under varying air temperatures and relative soil moisture levels.
It was established that integrating an artificial neural network and fuzzy logic inference into
the irrigation system allows for maintaining an optimal moisture level in the range of 50—
60% and reducing water consumption by 25-27%. An additional advantage of using fuzzy
logic inference algorithms is their ability to be implemented on low-power computing
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devices, aligning with the loT paradigm. By integrating new sensors, the proposed intelli-
gent irrigation system has the potential to expand its functionality and implement innovative
technologies for indoor plant care.

COMPLIANCE WITH ETHICAL STANDARDS
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

Conceptualization, [R.K., 1.0.]; methodology, [R.K., 1.O.]; validation, [R.K.]; investiga-
tion, [R.K.]; writing — original draft preparation, [R.K.]; writing — review and editing, [I.0.];
visualization, [R.K,, .O.].

All authors have read and agreed to the published version of the manuscript.

REFERENCES

[1] Ming, C., Kadry, S., & Dasel, A. (2020). Automating smart Internet of Things devices
in modern homes using context-based fuzzy logic. Computational Intelligence, 40,
€12370. https://doi.org/10.1111/coin.12370

[2] Chakraborty, A., Islam, M., Shahriyar, F., Islam, S., Zaman, H. U., & Hasan, M.
(2023). Smart Home System: A Comprehensive Review. Journal of Electrical and
Computer Engineering, 2023, 7616683. https://doi.org/10.1155/2023/7616683

[3] Robles, R. J., & Kim, T.-H. (2010). Applications, systems and methods in smart home
technology: A review. International Journal of Advanced Science and Technology, 15,
37-47. https://api.semanticscholar.org/CorpusiD:107641231

[4] About Google Home. (2024). https://home.google.com/about-google-home/

[5] Alexa Developer Documentation. (2024). https://developer.amazon.com/en-
US/docs/alexa/documentation-home.html

[6] Apple HomeKit. Developing apps and accessories for the home. (2024). https://devel-
oper.apple.com/apple-home/

[7] Crestron Home. (2024). https://www.crestron.com/Products/Market-Solu-
tions/Crestron-Home

[8] Control4 Whole Home. (2024). https://www.control4.com/solutions/whole-home

[9] Nest Secure User’s Guide. (2017). https://nest.com/support/images/secure-october-
2017/Nest-Secure.pdf

[10] The Architecture of SmartThings. (2024). https://developer.smartthings.com/docs/get-
ting-started/architecture-of-smartthings

[11] Taiwo, O., & Ezugwu A. E. (2021). Internet of Things-Based Intelligent Smart Home
Control System. Security and Communication Networks, 2021, 9928254,
https://doi.org/10.1155/2021/9928254

[12] Tang, C., Qiu, C., & Xiao, X. (2023). Machine-learning and water energy harvesting
based wireless water consumption sensing system in buildings. e-Prime - Advances
in Electrical Engineering, Electronics and Energy, 5, 100260.
https://doi.org/10.1016/j.prime.2023.100260

[13]Raspberry Pi 4 Model B Datasheet. (2024).
https://datasheets.raspberrypi.com/rpi4/raspberry-pi-4-datasheet.pdf

[14] SKU_SENO0308 Specifications. (2023).
https://wiki.dfrobot.com/Waterproof Capacitive Soil Moisture Sensor SKU_ SEN0308

[15] Adam. (2024). https://www.tensorflow.org/api docs/python/tf/keras/optimizers/Adam

[16]Olagoke, I. (2023). Optimizing TFLite Models for On-Edge Machine Learning for Effi-
ciency: A Comparison of Quantization Techniques. About Medium.
https://ibrahimgoke.medium.com/optimizing-tflite-models-for-on-edge-machine-
learning-for-efficiency-a-comparison-of-quantization-2c0123959chb6

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2025 « Bunyck 29 11


https://doi.org/10.1111/coin.12370
https://doi.org/10.1155/2023/7616683
https://api.semanticscholar.org/CorpusID:107641231
https://home.google.com/about-google-home/
https://developer.amazon.com/en-US/docs/alexa/documentation-home.html
https://developer.amazon.com/en-US/docs/alexa/documentation-home.html
https://developer.apple.com/apple-home/
https://developer.apple.com/apple-home/
https://www.crestron.com/Products/Market-Solutions/Crestron-Home
https://www.crestron.com/Products/Market-Solutions/Crestron-Home
https://www.control4.com/solutions/whole-home
https://nest.com/support/images/secure-october-2017/Nest-Secure.pdf
https://nest.com/support/images/secure-october-2017/Nest-Secure.pdf
https://developer.smartthings.com/docs/getting-started/architecture-of-smartthings
https://developer.smartthings.com/docs/getting-started/architecture-of-smartthings
https://doi.org/10.1155/2021/9928254
https://doi.org/10.1016/j.prime.2023.100260
https://datasheets.raspberrypi.com/rpi4/raspberry-pi-4-datasheet.pdf
https://wiki.dfrobot.com/Waterproof_Capacitive_Soil_Moisture_%20Sensor_SKU_SEN0308
https://www.tensorflow.org/api_docs/python/tf/keras/optimizers/Adam
https://ibrahimgoke.medium.com/optimizing-tflite-models-for-on-edge-machine-learning-for-efficiency-a-comparison-of-quantization-2c0123959cb6
https://ibrahimgoke.medium.com/optimizing-tflite-models-for-on-edge-machine-learning-for-efficiency-a-comparison-of-quantization-2c0123959cb6

Roman Korostenskyi & Igor Olenych

[17]Bai, Y., & Wang, D. (2006). Fundamentals of fuzzy logic control - fuzzy sets, fuzzy
rules and defuzzification. Advanced Fuzzy Logic Technologies in Industrial Applica-
tions. Springer.

[18] Olenych, I. (2022). Smart home climate control system based on fuzzy logic control-
ler. Electronics and Information Technologies, 17, 26—35. https://doi.org/10.30970/eli.17.3

3ACTOCYBAHHS WTYYHOI HEMPOMEPEXI TA HEYITKOIrO BACHOBKY B
IHTENEKTYAIbHIA CUCTEMI NOJNIUBY KIMHATHUX POCNUH

PomaH KopocmeHcbkull, lzop OneHuy

Kagpedpa padioenekKmpoHHUX i KOMITIOMEPHUX cucmem,
JIbsiecbkuli HayioHanbHUl yHieepcumem imeHi IsaHa ®paHka,
8yn. [ipazomaHosa 50, 79005 m. Jibeie, YkpaiHa

AHOTALIA

BeTyn. ABTOMaTM3aLis Cy4acHMX TEXHOMOTIN i LUMPOKE BNPOBAAXEHHS PO3YMHUX Npu-
CTpoiB IHTEpHETY peyen Aae 3mMory He TinbKy ONTUMI3yBaTW PYTUHHI NpoLlecu, ane n 3anpo-
MOHyBaTW iHHOBAUIVHI PilLEHHS B iHTENEKTyanbHWX cUcCTeMax po3yMHOro OyAMHKY, ki 3a-
6e3nevyloTb NOBCAKAEHHUIA KOMAOPT MeLLKaHLiB. 30kpema, BUKOPUCTaHHS 3acobiB LTyY-
HOro IHTENEKTY MOXe PO3LIMPUTU DYHKLIIOHANbHICTL BOygOBaHUX CUCTEM pO3yMHOro Oyau-
HKY i NigBMWMTK ix edpeKkTuBHICTb. TOMy po3pobka nporpamMHo-anapaTHux 3aco0biB Ans Ta-
KMX CUCTEM € OOHWUM i3 aKTyarnbHMUX HanpsMKiB AOCNIAXEHb Y ranysi po3yMHUX pilleHb.

MaTtepianu Ta MmeTtoau. Crictema aBTOMaTU4YHOIO MOMMUBY KiIMHATHUX POCNWH peani3o-
BaHa Ha OCHOBI MikpokomMm'toTepa Raspberry Pi 4 Ta ceHcopa BonorocTi rpyHTy SEN0308.
[nsa kepyBaHHSA ipyraLiiHol cuctemoro Oyno BUKOPUCTAHO LUTYYHY HEpOMEepeXy 3 ABOMaA
NPUXOBaHMMM LLUApaMn Ta MEeTOOU HEYITKOrO MOFYHOrO BMCHOBKY, SIKi HQ OCHOBI 3HAa4Y€Hb
BiAHOCHOI BOSOrOCTi I'PyHTY Ta TemnepaTypw NOBiTPS BU3Ha4yaTe 06’em BOAW ANA NONMBY.

Pe3ynbTtaTtn. PyHKUIOHYBaHHS CUCTEMU Nondrae y nepioAn4HOMyY aHanisi BigHOCHOI BO-
NOrocTi 'pyHTY Ta TemnepaTtypu NOBITPSA Y NPUMILLEHHI | MPUNHATI PiLLEHHS NPO akTUBaLito
MeXaHi3aMy NonmBy Ha OCHOBI OTPMMaHWX AaHuX. BctaHoBReHo, Wo peanisauis anroputMis
LUTYYHOrO iHTENEKTY Ta HEYITKOI NOriku Jae 3Mory aBTOMaTU4Ho perynioBaTu 06’em BUkopu-
CTaHOI BOAM 3aneXHO Bif YMOB HaBKOMMWLLIHBOIO CepeaoByLLa Ta YHUKaTN HagMipHOroO 3BO-
TNOXEHHS I'pyHTY. 3anponoHoBaHWi niaxia 3abesnevye He TiNbkM ONTUMarnbHWUN ANS POCTY
Ta PO3BUTKY POCIMVH pPiBEHb 3BOJIOXEHHS I'PYHTY y Aiana3oHi 50-60%, ane 1 3MeHLLeHHs
cepeaHbOMICAYHOro 06’eMy BMKOpPUCTaHOI Boau Ha 25—-27%.

BucHoBku. OpepxaHi pe3ynbTati cBigyaTb NpPo BUCOKY €DEKTUBHICTb BUKOPUCTAHHSA
MeTOZiB LUTYYHOrO iHTENEeKTY Ta HeYiTKOT Norikv Ans pauioHanbHOro BUKOPUCTaHHSA BOOHUX
pecypciB. Kpim Toro, 3anponoHoBaHi anropyutmMn MoxyTb OyTn peani3oBaHi Ha ManonoTyx-
HMX 0BYMCcnoBanbHUX NnaTdopMax, siKi LLMPOKO BUKOPUCTOBYHOTLCS B CUCTEMaxX aBTOMaTu-
3avuii Ta IHTepHeTy pedeli (I0T). 3anponoHoBaHa cucTeMa iHTENEKTYanbHOro NonvMBy Mae
noTeHuian Ans po3wupeHHs YHKLIOHaNbHOCTI Ta BNPOBaXXEHHS iIHHOBALIMHUX TEXHOIO-
riv Anga gornagy 3a KiMHaTHUMK POCIIMHaMN.

Knrouyoei cnosa: Po3ymHuin 6yanHOK, iIHTEpPHET peyen, BOyaoBaHi cuctemu, ipuradinHa
cucTema, LWTyYHa HepoMepexa, HediTka forika.
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BJIACTUBOCTI MEPEX, NMOBYAOBAHUX HA LUPPOBUX 30BPAXXEHHAX

Onez KywHip*2©, Onekciti Kpaguyyk™©, Bonodumup ®paHie O
Kagpedpa onmoenekmpoHiku ma iHghopmauitiHux mexHosoait,

JIbsigcbKull HauioHanbHUU yHieepcumem iMmeHi leaHa ®paHka

8yn. leH. TapHascekoeo, 107, 79017 m. Jlbeie, YkpaiHa

KywHip, O. C., KpaBuyk, O. M., ®paHis, B. A. (2025). BnactusocTti mepex, nobynoBaHuWX Ha
uncpoBux  300paxeHHsX.  EnekmpoHika ma  iHgpopmauilHi  mexHonoeil, 29, 13-28.
https://doi.org/10.30970/eli.29.2

AHOTALIA

Bctyn. Bigomo, WO Aesiki BaxnuBi BracTUBOCTI TEKCTIB, HaNMCaHWX MNPUPOLHUMMU
MOBaMW, MOXXHa BUABUTM Npu BiAOOPaXKeHHi TEKCTY Ha Mepexy Ta BUBYEHHI BIlacTUBOCTEN
uiel mepexi. TyT crnoBa TeKCTy po3rnsgatoTb SK BY3nu, a IXHE cnifbHe BUNagaHHA B TEKCTI
— SIK 3B’AA3KM.

MaTtepiann Ta Metogu. [lpoBogsuM aHanorilo MK TekcTamu Ta ungposumMm
300paxXeHHsAMU, y Uil pobOTi MW eKcrnepuMMeHTanbHO BMBYMNM Ta (HEHOMEHOIOrYHO
npoaHanisysanu BNacTMBOCTI Mepexi, NobyaoBaHOi Ha 306pakeHHi. Y Ui Mepexi By3anamm
€ 3Ha4YeHHsIMM MiKCeniB, a 3B’A3KM MPUMNUCYIOTb TUM 3Ha4YeHHAM MiKCeniB, siki MPOCTOPOBO
npunsiraloTb O4HE A0 OOHOro Ha 306paxeHHi. Mpu LUboMy CyciAcTBO MikceniB BU3HaA4YalOTh
pagiycom r (r=1,2,..). Mu nobygyBanu wmepexi ansa iHdOpMaTUBHOIO TECTOBOrO
306paxkeHHs Ta BIiANOBIAHMX 306paxeHb, 00ePXKaHMX i3 MOYATKOBOrO 300paXXeHHs LLMSAXOM
[ofaBaHHs kanibpoBaHux nopuin 6inoro raycosoro wymy. NpoaHanizoBaHo i 3BaxeHi, i
He3BaXeHi Mepexi, a TakoX MOPIBHAHO HW3Ky MPaKTUYHWX MEeTOAIB NobynoBU Mepexi
306pakeHHs | fogaBaHHSA Wymy 0 306pakeHHs.

Pe3ynbTaTtn Ta 06roBopeHHsA. 3HalAeHO OCHOBHI NapaMeTpy MepeXxi, Taki ik cepeHin
KoediuieHT knactepu3auii Ta cepedHs AOBXWHA HaMKOPOTLLOrO LWAAXy, SK yHKUii
napameTpa BiOHOCHOro wymy. [poaHanisoBaHO OCHOBHI SIKICHI Ta KiNMbKICHI O3HaKu LMX
3aneXHOCTEN. XapakTepUCTUKM MEPEX KPUTUYHO TOPIBHAHO 3 XapakTepucTukamu
TNEKCUYHNX Mepex, NobyaoBaHMX Ha TekcTax npupogHimmn mosamu (TIM) i paHoomizoBaHNX
TEKCTax, OAEepXaHWX LUMAXOM BUMAOKOBMX MEPECTAHOBOK cniB y nodatkoBomy TIM.
Po3rnsHyTo 0CHOBHI NoAibHOCTI Ta BiAMIHHOCTI MEKCUYHMX MepEeX | Mepex AN 306paxeHb.

BucHoBku. NMokasaHo, WO 3a cepefHiM koedilieHTOM KnacTepusauii Ta LOBXUHOK
LWAXy mepexi, nobyaoBaHi Ha OCHOBI MOYATKOBOrO iH(HOPMATMBHOIO 300paKeHHs Ta
BIOMOBIAHMX 3awymneHnx 3o6paxeHb, € «TiCHAMM CBiTamu». HesBaxawun Ha Lo
NoAibHICTb, 3ragaHi Mepexi BUABMAKTb HU3KY BiOMIHHMX OCOONMBOCTEN, 3aBASIKKM AKUM
3aneXHOCTi napameTpiB Mepexi 300pakeHb Bif PiBHSA LWYMy MOXHa BUKOpUCTaTU Ans
PO3pi3HEHHs iHpopMaTUBHUX i 3allymrneHmx 3obpaxeHb. HapewwTi, M1 npoaHanisysanu
HU3KY BigdaneHnx Hacnigkie Hawux emMmnipuyHuMx pesynbTaTiB | geski AaHi, Bigomi 3
nitepatypu. Ockinbkn i iHbopMaTuBHI, i 3awymneHi 300paeHHs1 BUSBNSAOTb edekT
«TICHOrO CBiTY», Uen edeKT HaBpsa Ym gouinbHo Byno 6m nos’dasyeaTtu 3 iHpopmauiiHum
HaBaHTAXXEHHSIM 306paXKeHHs1.

Knro4oei cnoea: cknagHi mepexi, aHani3 i knacudikauis 3o06paxeHb, po3ni3HaBaHHS
306paxkeHb, BUSIBMEHHS iHopMaLlii Ta LyMy, CEMaHTUKa, paHAOMHI MoAeni.
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1. BCTYN I NTOCTAHOBKA MNMPOBJIEMU

TexHonorii uMpoBOro onpavoBaHHA 306paXkeHb, KOMMIOTEPHOIO 30py Ta PO3ni3Ha-
BaHHSA 0bpasiB, a TakoX onpaloBaHHA NpUMPOAHOI MOBM [1, 2] € BaXNMBUMW HanpsmMamu
cyyacHoi iHbopmaTuku. BoHU nexaTtb B OCHOBI iHHOBALIMHUX pilleHb, WO BNAMBaKTh Ha
Pi3Hi cdrepn Haloro XuTTa. Cnig 3asHavymTy, WO anropuTMu, nigxoam Ta MeToaun, ki BuU-
KOPUCTOBYIOTb ranysi onpavoBaHHSA 300paXKeHb i MOBW, MEPEBaXHO Pi3Hi, a BUNaaKu Bru-
BY HanpauoBaHb B OAHIN i3 ranysei Ha po3BUTOK iHLWWOT ranysi nooamHoki (aue. [3, 4]). Lle
3pO3yMifnio xo4a 6um 3 Toro, Lo TEKCTU € OAHOBUMIPHMMU, a 306paXXeHHs1 — ABOBMMIPHUMMU
ob6’ekTamu.

LlikaBoto B LboMy nnaHi 6yna cnpoba [5] po3BUHYTK aHanorii Mk 300paXKeHHAMMN i
TekcTamu Ta agantyBaTv METOAM ONpaLloBaHHA NPUPOAHOT MOBWM 4O aHanisy uudpoBumx
306paxeHb. [py ubOMy 3006padkeHHs nponoHyBanocs 3BOAUTM OO0 OAHOBMMIPHOIO
nikcenbHOro psay (kMM € aHanorom 4acoBOro psiAy B Kracu4yHii obpobui curHanis)
LUMASAXOM MOro NocTpivkoBOi abo NOCTOBMNLEBOI PO3ropTkK, a «CNoBaMuy» Y BignoBigHOMY
CUHTETUYHOMY «TEKCTi» Bynu uncna, Lo BiAnoBigaTb 3HAYEHHAM sickpaBocTi nikcenis. Oc-
HOBHa ifesd Lboro nigxoay nonsrana B TOMY, LLO MaTeMaTU4Hi NPUAOMU Ta METOAUKN, NPU-
AaTHi 0O aHanidy OAHOBUMIPHMX OO’eKTiB, MpOCTiWi Ta ninwe po3BUHYTI. AK npuknag,
aBTopMu [5] 3acTocoByBanu METOAN CTAaTUCTMUYHOI NIHIBICTMKW N5l BUBYEHHS T. 3B. «cnana-
xiB» (B iHLIMX TepMiHaX, knacTtepu3aadii abo intermittency) «4acoBoro psgy» scKpaBoCcTen
nikceniB y «TeKCTi». byno nokasaHo, L0 BiAMNOBIAHI KiNbKICHI XapakTepUCTMKM NPOCTOrO iH-
HPOpPMaTUBHOIO 306PaXKEHHS | LUYMY MOMITHO Pi3Hi.

Cnig 3a3HaunTK, LWO PO3B’A3aHHs 3aga4i po3pi3HEHHS iHPOopMaTUBHUX 306paxeHsb Big
3awymneHmx (Tobto iHdpopMaTUBHMUX 300paxeHb i3 BHECEHUMM LWyMamMu) Mae Baromi
TEOpeTUYHi Ta NPaKTU4HI BUMipW (amB., Hanpuknag, ornag [6]). Yasimo ctaHgapTHy cxemy,
3a AKOK MW BUXOAMMO 3 OESKOro «B6e3LymMHOro» 306paxkeHHs, Wo MiCTUTb BCKO NOTPIGHY
Ham iHdopMauito. dani Ha ue 300paxeHHs GaraTokpaTHO Ta [030BaHO HaknagawTb
AeAKNI Wym (Oinuii raycoBuii WyM, iMMNYMbCHWUIA LYM «Cifb | NepeLb», MynbTUNNIKaTUBHUNA
LWYM TOLLO), LLopady ChigKy4n 3a AesKUM KiNbKICHUM napameTpoM 306paxeHHsi. Xoua 3i
3POCTaHHSAM YacTKM LYMYy Ha MepeTBOpPeHMX 300paxeHHsiXx Bce LWe MoxHa byae
ineHTUdikyBaTM BaxnuBi Anst Hac 00’ektu abo CTPyKTypwu, 3aranom Ui 300pakeHHs
MICTUTUMYTb BCe MeHwWe iHdopmadii. Noganblie 3poCcTaHHA piBHA LWYMY 3HaYHO
ycknagHute abo 1 3pobutb HEMOXNMBUM PO3Mi3HABAHHSA efeMeHTiB No4YaTKOBOro
306paKeHHs1, 3peLUTol0 MOBHICTIO MPUXOBaBLWK WOro iHdopmauinHy cknagosy. Tak oOT,
3aBAaHHs nonsrae B TOMy, abu 3HaWTVM OESKUN KiNbKICHUA napameTp, SKMN BUSBUTHCS
MOMITHO Pi3HUM AN 3006paKeHb i3 Pi3HUMKU YacTkamu WymMy. 3aBgaHHAM-MaKCUMYMOM €
pO3B’A3aHHA O0DepHEeHOi 3afadi — KifnbKiCHOro 3HaxOKEeHHs1 Hanepen HeBiJOMOI 4acTKu
LWyMiB Ha 300pakeHHi, BUXoOA4M 3i 3HAYEHHS 3ragaHoro napameTpa.

3BiCHO, onucaHy 3agady MOXHa po3B’A3yBaTW 3a CTaHAapTHUMKU nigxodamu
onpautoBaHHs 306paxeHb [1], NpoTe BCi BOHM BUSIBNSIOTb NEBHI HECTPOroCTi Ta HEAOSIKN,
Tak YuM iHaKwe MNoB’sA3aHi 3 Npobrnemammn po3pi3HEHHS LWYMIB Ha TNi cKNagHux i ApidHMX
iHopMaTUBHUX AeTanen 3o0paxeHHs (ame. [6, 7]). Lle cTtocyeTbes i aHanidy rictorpam
300paxeHb abo ixHbOI iHpopMmaLinHOi eHTponii, i BigHOWweHHA curHan/wym (BCL a6o
signal-to-noise ratio), i iHwux nigxogis [1]. Tak, xo4a MaTemaTWyHi Ta anropuTMiYHi OCHOBM
nigxogy eHTponii Hopmani3oBaHoi rictorpaMmy 6e3goraHHi i ue cnpasdi aBTOMaTU30BaHUN
nigxig (awe. [1]), ane eHTponisa iHBapiaHTHa WoA0 paHAoMi3auii 306paxeHHs, To6To ii Be-
nnyMHa Ta cama i gng novaTkoBoro (MpunycTumo, iHPOPMaTMBHOIO) 306paKeHHs, | Ans
MOro NOBHICTIO paHAOMiI30BaHOro aHarnory, Skui He MiCTUTb XKOOHOI iHdopMaLii. 3i CXoXmx
NpuYvH AN po3nidHaBaHHA iHPOPMATMBHMX i LIYMOBMX 300pakeHb He rogutbcs W
KOHTpacT.

3 iHworo ©Ooky, BuW3HadeHHs Aaucnepcii sickpaBocTen i BCLU He € noB HIiCTIO
aBTOMaTU30BaHMM Mig"xo40M, 60 iIXHE OLiHIOBAHHSA YacTO 3aCHOBAHE Ha «Py4YHOMY» BUai-
NEHHI «iNSAHOK curHany» i BiGHOCHO ogHOPIAHOI AinsHkM (abo AinsHOK) 306paXeHHs, ae
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BiACYTHIN iH(pbOpMaALIMHUI curHan i BCi 3MiHM ACKPABOCTI BUKSIMKAHI BUKIIOYHO LUYyMaMW.
Kpim Toro, B igeani BCLU moxHa 3HaMTM HaWTOYHiWeE, MOPIBHIOKYM 3allymMieHe
306paxkeHHs i3 300paXKeHHAM, Ha AKOMY LLYMM 3aBi4OMO BiACYTHI. Y AELLO iHWWX TepMiHaXx,
BCLU pae weunaLe BigHOCHY OLHKY LWYMY AnS ABOX 306paxeHb, ane He abCcontoTHY OLHKY
WyMy AN eanHOro 306paxeHHs, Wo € OOHIEI0 3 HalmX 3agad.

OTxe, noganbla po3pobka METOAIB OLHIOBAHHA PIBHIB LUYyMiB Ha 300paXeHHAX €
akTyanbHoto. [laHe gocnigkeHHs NPOOOBXKYE pO3BMBATU HaMpsM NepeHeceHHs1 MeToAiB
aHanidy TekcTiB Ha 3o0bpaxkeHHs [5]. Hmwkye mn 30cepegnmocs Ha KOPOTKOMY OMMUCi MeTo-
AVIKW BMBYEHHSI MEPEXEBUX XapaKTePUCTUK TEKCTIB i Ha aHanisi 3anexHocTen MepexeBmx
XapaKTepuUCTUK LmMdpoBnx 306paxkeHb Bif BiAHOCHOro BMICTY rayCoBOrO LYMY Ha HUX.

2. CKINAOHI MEPEXI TA MEPEXEBI MAPAMETPW. NIHFBICTUYHI MEPEXI

Mepexi — ue yHiBepcanbHUM iHCTPYMEHT MOENIOBAaHHA CKNagHWX CUCTEM i3
BMpa3HMMM B3AEMO3B’A3KaMm MiX iXHiMy enemeHTamun. Mepexa cknagaetbcs 3 By3niB, SKi
€ nesiknmn ob’ektamu, Ta 3B’A3KIB, sk BigobpaxatoTe B3aemogii Mk HUMK. Nepepaxyemo
rofloBHIi Mepexi napameTpu, siki M Oygemo aHanisyBaTu (TOYHI O3HAYEeHHsl OuWB., Ha-
npuknag, y [8, 9)):

e kinbkicTb V By3niB y mepexi;

e cepeaHin koediuieHT knacTepHocTi C Mepexi;

e CcepefHsi AOBXMHA | HAKOPOTLLOrO LWAAXY MK BY3ramu Mepexi;

e CcepefHsi AOBXMHA Iy HAMKOPOTLUOrO LWISXY AN 3BAaXEHOro BapiaHTy Mepexi;
e cepefHii cTyniHb k By3niB Mepexi;

e cepefHs KkpaTHICTb M 3B’A3KiB Y 3BaXKeEHi Mepexi.

Tyt napametpu C, I, I, k i M ycepenHtooTb nokanbHi napametpu Ci, L, Ly, ki i M;, wo
ctocytotbes By3nie 1 (i = 1..V). 3asHauumo, WO 3a 03HAYEHHSIM KpaTHICTb YCiX 3B’sI3KiB Y
He3BaXeHin Mepexi [opiBHIOE oauHuui (Mj;=M=1). HapewrTi, Ha npoTtuBary Ao
He3BaXkeHoi (BiHapHOI) Mepexi, HaNKOPOTLUI LMASXM MiX By3naMu B 3BaXKEHii Mepexi Mu
MOAMMIKYEMO TakK, WO OOBXMHA Iy, 3B'A3KY MK OESKUMW HaBnmxX4YMmu cycigHiMu
Byanamu i Ta j gopisHioe 1y, ;; = 1/M;;, Ae M;; — KpaTHICTb 3B’A3KY MiXX LIMMU By3namu.
IHWKUMKM crioBamy, UMM BINbLUOK KINBbKICTIO 3B’A3KIB NOB’sI3aHi By3nu i Ta j, TUM MeHLUa
«3BaXKeHa BiACTaHb» MK HuMW. Lla gediHiyis cTtae 3po3yminiwor, SKWO 3anyyuTu
aHanorii. Tak, NoriYyHo NpMNycTUTK, WO «BIACTaHb» MK CTYAEHTOM Ta Moro 6aTtbkoM, MixX
AKMMU € BaraTokpaTHi 3B’s13KM, KOPOTLLA 3a BiACTaHb MiX LM CTYAEHTOM i MOro BUKnagadem,
abo Lo BY3nu Aesikoi Mepexi nocTavyaHHs, 38’A3aHi TpybonpoBogamMm BinbLuoro giameTpy, €
«ONKYMMKNY, aHX y pasi TOHWKNX TpybonpoBoaiB (NpMHAMMHI LWIBMAKICTL 260 eheKTUBHICTb
noctadaHHa B nepliomy Bunaaky Oyae Buwoto). BoaHouac, foBxuHa l;; 3B'A3Ky MiX
HaNBNXKYMMK CyCiAaMm B HE3BAXKEHIN MEPEXi [OPIBHIOE ll-j =1,

OpHa 3 BaXknuBUX BNacTMBOCTeEN BaraTbOX CKNagHUX Mepex — Le edeKT «TiCHOro
CBiTy». BiH onucyeTbca ABOMa O3HaKaMu: ManumM cepefHiM LUNAXOM Y Mepexi, NOpiBHSH-
HAM 3i Wwngxamy, TuUnoBMMWM Ans Bunagkosux rpadis (BN, i Habarato Buwmm
KoedilieHTOM KnacTepHocTi, HixX ana BIT. [NopiBHOUYM Mepexy «TiCHoro ceiTy» Ta Bl i3
ofHaKoBUMMW po3mipamu, matuMmemo BnactmeocTi [~Igr i C >> Cgr. Kpim Toro, cknagHi
MEepeXi YacTo BUSABMSAIOTb BaXKWUIA (CTENeHeBUin) XBICT MacoOBOro po3nogisly MMOBIPHOCTI
pmf(k) cTyneHiB By3niB. Taki mepexi Ha3uBaloTb Oe3macwTabHUMK, WO O3Ha4ae
BiJCYTHICTb XapaKTepHOro NpoOCTOPOBOro MacLuTady B Mepexi.

JIiHrBICTUYHI Mepexi — Lie YaCTKOBUIA BUNALOK MepeX, Y SKUX By3namMu € MiHrBiCTUYHI
ernemMeHTu (nepeBaxHO CroBa), a 3B’A3KM Han4vacTiwe BigobpaxalTb CYCiACTBO ChiB Y
TEKCTi (B T.4. NOSABY CIiB Yy TOMY XX peyeHHi), abo 3piaka — ceMaHTWUYHi BiGHOCUHM MiXX HUMM.
HocnipxkeHHs [9—11] 3acBigumnu, WO NIHIBICTUYHI MEpPEXi TaKoX € «TICHAMW CBiTaMM» i
BUSBNAIOTL 6e3amacuTabHicTb. B ocTaHHE JecaTuniTTs NIHrBICTUYHI Mepexi npuBepTanm
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3HaYHy yBary AocChnigHUKIB. 30KkpeMa, iX BMBYaNuM 3 METOK PO3Pi3HEHHS NMPUPOAHUX MOB,
TUNIB TEKCTOBMX AOKYMEHTIB i AKICHMX XapakTepucTuk TekcTiB [12—15]. Lo Baxnueo, 6yno
npoaHanizoBaHo N npobnemy pospisdHeHHs TIM (ski € ceMaHTUYHO HanoOBHEHWMMW) Bif
paHAoMi30BaHMX (TOBTO cemMaHTUYHO NOPOXHiX) TekcTiB [16—19]. Togi sk TINM 3i 3micTom
HPaKTUYHO MOXXHA BBaXKaTu AESKNM aHanorom iHpopmaTuBHUX 306paxeHb, paH4OMi30BaHi
TEKCTU NpeacTaBnsaioTb cobot BUNAAKOBI NOCMIAOBHOCTI MIHIBICTUYHUX CUMBONIB, @ TOMY
€ aHanoramm WymoBmx 3o6paxkeHb. Xouya aBTopu [16, 18, 19] i KOHCTaTyBanu BiACYTHICTb
3Ha4yHMX ycnixiB y po3pisHeHHi TIMM i geskmx KOHKPEeTHUX paHOoMI30BaHUX Moaenew
NpuMpoaHOI MOBU 3a MepeXxeBMMM MeTodamu, Bce X UikaBo 6yno 6u cnpobysaTu
3acTocyBaTtu Ui Nigxoan 00 po3B’sA3aHHA 3afadi po3pi3HEHHS iIHPOPMATUBHMX i LLYMOBUX
300paxeHb.

3. METOOUKA OOCHIAXEHDb

3.1. NMNobynoBa mepexi Ha uncpoBOMy 300paKeHHi

Mwn nponoHyeMo 3acTocyBaTh MeEpEXeBWUI Niaxig A0 aHanisy umMdpoBux 300pakeHb,
Yy pamKkax SKOoro pisHi YMCMNOBI 3HAYEHHS ACKPaBOCTEN MikceniB 306paxeHHs (aHanoru cnis
abo word types y TekcTi) € By3namum Mepexi, a 3B’A3kM By3MniB BiANoBigaloTb iXHbOMY
cyciactey Ha 306paxeHHi. «Cycigamu» [esdkoro nikcens HasuBalTb yCi Mikceni Ha
300paxkeHHi, Wo nepebyBatoTb Ha BigCTaHi («pagiyci») r Big uboro nikcens (Hanpwknag,
r=1,2,..). Oani MOXHa BMKOpUCTATX Taki MepexeBi napameTpu SK KoedilieHT
Knactepmsadii, cepegHio OOBXMHY LUMSXY Ta iH. ANS OUiHIOBaHHSA PiBHA LWYMYy Ha 30-
OpaxxeHHi Ta cnpobyBaTy BigPi3HNUTH iIH(POPMATMBHI 300paXKeHHS Bif LUYMOBMX.

HannepLue cnig BupilunTn cTaHgapTHY 3agadvy BigobpaxkeHHs (mapping) uMdpoBoro
306paxxeHHst Ha Mepexy. TyT iCHye ABa MOXNMBI BUXOAM.

1. Y pyci nigxogy [5], MM MOXxemoO oapasy nepeTBopuUTU ABOBMMIPHUI MacuB pPiBHIB
ACKpaBOCTi nikcenie (MaTpuuio undgposBoro 3obpaxeHHs — gus. Puc. 1) Ha ogHOBMMIpHUI
MacuB («TEKCT»), BBaXKatouu Lii ACKPaBOCTi aHanoramu cniB y TekcTi. Lie MmoxHa 34icHUTM
NMOCTPIYKOBOIO (ab0 MOCTOBMLEBOK) PO3rOPTKOK 300paXkeHHs B O4HOBUMIPHMI MacuB
yncen-«cniBy. Y pasi NOCTPIYKOBOI PO3rOPTKM MaTUMEMO «TEKCT» Ha 3pasok «42 14 252
24 14 63 52 42 52 41 67 64 12 ...» (gus. Puc. 1). dani MoxHa 3acTocoByBaTW cTaHAaPTHI
03HaYeHHS NiHrBICTMYHOT Mepexi (auB. [9]) | ByayBaTu Lo Mepexy, BUXoas4m i3 cycigcTea
3Ha4yeHb MikceniB y ccopmoBaHOMY «TekcTi». MpoTe Takui cnocié nobynoBu mepexi
BUABMSIE NPOBNemMn CNOTBOPEHHS CyciACcTBa MNiKCeniB, siki MaloTb ABa BUSBMW:

a) nponycku cycigis — TobTo nikcenis, siki Oynu cycigHiMu B 306paXkeHHi, MpoTe He €
TaknMy y CTBOPEHOMY HaMW CUHTETUYHOMY «TEKCTi»; y pa3si po3ropTaHHs 306paXkeHHs No
psakax npvknagamun 6yaoyTe nepuwi nikceni 3niBa «12» i «15» y pagkax Ne3 i Ne4 (gus.
Puc. 1); Ha popaTok, nikceni, siki € giaroHanbHUMKW cycCifjamMu B 300paXeHHi, TakoX
nepectaHyTb ByTu cycijamum B TAKOMY «TEKCTi»;

0) nosiBa oMaHNMBUX CyCidiB — MiKCeniB, Ski He Bynun CycigHiMM B 306paxeHHi, npoTe
cTanu TakuMm B «TEKCTi»; NP PO3ropTaHHi 300paxkeHHs Mo psakax npuknagamu 6yayTb
OCTaHHI nikcenb cnpaBa «64» Ha 306paxkeHHi B paaky Ne2 i nepimn nikcenb 3niBa «12»
y HactynHomy psaaky Ne3 (aus. Puc. 1).

2. [Jeulo TexXHIYHO CKNagHILLo anbTepHaTUBOIO € ypaxyBaHHS iICTUHHOrO 8-cyciacTea
Ha Puc. 1a (abo wwupworo cycigctea Ha Puc. 16) nikceniB Ha 306paxeHHi [1] (auB..
Puc. 1a). YepBoHi kBagpaTtu Ha Puc. 1a i Puc. 16 inocTpytoTb BiANOBIAHO BUNagku
pagiycis cycigctBa r=1 i r=2. Mu cTBOpUNM nporpamy, sika obrikoBye Ta BUNUCYE BCi
cycigcTtea nikceniB Ha 306paxeHHi (guB. Puc. 1a), a gani 3anucye ix 4o «TekcTy», popmar
SAKOro AeLlo iHWun: «42 14. 42 252. 42 52. ... .». Llen «TeKkcT» CRy>XuUTb BUKMNKOYHO ANd
Toro, abv BpaxyBaTu CyCiACTBa 3Ha4YeHb MIKCEniB; CyCigamm X y HbOMy MW BBaXaTUMEMO
nvwe Ti nikceni, SKi TpannswTbCAa B TOMY X peyeHHi (To6To B HaBedeHOMy npuknagi
3B’A3aHUMM OyaOyTb By3nu «42» i «13», «42» i «252» Towo). Ak i B meTogi (1), uei hopmat
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42 14 | 252 | 24 14 63 42 14 | 262 | 24 14 63
52 42 52 41 67 64 52 42 52 41 67 64
12 35 146 | 53 54 53 12 35 146 | 53 54 53
15 37 41 42 | 211 1" 15 3r 41 42 | 211 1

63 42 75 13 67 123 63 42 75 13 67 123
13 13 52 53 31 53 13 13 52 53 31 53

(a) (6)
Puc. 1, CxemaTunyHe npeacTaBneHHs 306paxeHHs: Ha naHensx (a) i (6) YepBoHMMU kBagpaTamy 0BMeEXeHO BCiX
cycigiB nmikcenis 3 AckpaBoCTAMU «42» i «146», Aki BUAINEHi 3eneHM OHOM.
Fig. 1, Schematic representation of an image: in panels (a) and (b) all neighbors of the pixels with brightnesses of
“42” and “146”, which are highlighted by a green background, are bounded by red squares.

«TEKCTY» [ae 3MOry BMKOPWUCTOBYBATM iCHYHOYI NporpaMu Ans po3paxyHKy MepexeBux
XapaKTepUCTUK 3BMYANHUX TEKCTIB.

Omxe, MeTof (2) BU3HAYEHHS CyCiACTBa yCyBa€e BCi NpobremMm CnoTBOPEHHs CyciacTea
nikcenis 3a metogom (1), onucaHi suwe. 3BiCHO, MacwTabu LMx cNOTBOPeHb He mManu 6u
OyTun 3Ha4HMMK, NpoTe BNnuBy chakTopis (a) i (6) cnig abo yHWkHyTH, abo ouiHUTK noro —
npsmMo — abo onocepenKkoBaHO, MOPIBHIOIYM pe3ynbTaTi AN Mepex, CTBOPEHuX 3a
meTogamu (1) i (2).

KinbkicTe By3niB y mepexi, nobynoBaHii Ha 306paXkeHHi, — Lie NoBHWUIA Habip pi3HMX
SICKpaBOCTEN MiKCenNiB («CIMOBHUK»), WO TpannsawTbcs B HbOMy. Tak, y 8-6iTHoMy 306pa-
YKEHHI MOXe byTn makcumym V = 256 Byanis. HapewuTi, 3a3Ha4mmo, L0 BNAUB pagiyca r Ha
eKkcnepumeHTanbHi AaHi ANA MepexeBux napaMeTpiB € OKpeMUM NpegMeToM iHTepecy.

3.2. HaknapgaHHsa wyMy Ha 306paXKeHHs

Ona pocnipkeHHa 6yno obpaHo ctaHgapTHe 8-6iTHe TectoBe RGB-306paeHHsi
«Lena» poamipom 512x512 nikcenis (gvB. Pwuc. 2a), ake aHanidyBanu no 4epBOHOMY
kaHany. MNprupogHo BBaXkaTu Lie NoYaTkoBe 300paXXeHHS BiNlbHUM Bif LWyMiB abo NpuHaniMHi
Takum, LWymMamMm B AKOMY MOXHa 3HEXTyBaTW, TOOTO BBaXkaTw, LLO CTaHOAPTHE BiAXWUMEHHS
SAICKpaBOCTEW MiKCENIB Y HbOMY 3yMOBIIEHE TifbK/ iIH(POPMaTMBHOK CKNaaoBOIo.

(6) (B) (r)

Puc. 2. MNMouatkoBe pocnigXyBaHe 300paxeHHs (a) i nmpuknagn 3o6paeHb i3 raycoBuM LLUYMOM, OOAATKOBO
HaknageHnM Ha 3006paxeHHs Ha naHeni (a): pobounin napameTp WyMmy noise (OUB. NOSICHEHHS! B TEKCTI)
cknagae 3,86-107 (6), 0,974 (8) i 60,3 (r).

Fig. 2. Original test image (a) and examples of images with Gaussian noise additionally superimposed on the
image shown in panel (a): the operating parameter noise (see explanations in the text) is equal to
3.86-107 (6), 0,974 (B) i 60,3 (r).
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[ani Ha noyaTkoBe 300paXXeHHs A030BaHUMK NOpPLiSMX Haknaganu G6inum raycoBun
LWYM: O SICKPaBOCTI KOXHOIO MiKcensi Ha 300pakeHHi JodaBany HopMarbHO po3nogifneHy
BUMNAZKOBY BEMUYUHY 3 HYNbOBMM CepeHiM 3HAYEHHSAM i Pi3HUMW CTaHAAPTHUMM BiOXU-
NEHHAMM O 9K apryMmeHTamu dyHKuii wymMmy numpy.random.normal (0, g, img.shape) y
Python, ge 3miHHa img.shape cTocyeTbCsi po3MipHOCTI 306paxeHHs (AMB. iNtoCcTpaLii Ha
Puc. 26—r). [nsa 3py4HOCTi BENUYMHY rayCcOBOro LWYMY noise Bupaxanu y BigHOCHUX
oauHULsX (noise = 0/0p) — sIK YaCTKy CTaHAAPTHOIO BiAXWUINEHHS 0 sSiCKpaBoCTel nikcenis
NnoYaTKoBOro 306paxeHHs , TO6TO apryMeHT o yHKUIT LWyMy BU3Ha4yanu 3a (oopmyrior

0 = ggpnoise,

ae ons 3o06paxeHHs «Lena» maemo oy = 60,3.

Po6ouy 3miHHY noise 3amiHoBanu B giana3oHi 0..60, BepXHbOI MeXi Liboro AianasoHy
(noisexopi o = ag) LinkoM BUCTa4varno ans Toro, abu wym y 300pakeHHi JoMiHyBaB, a
iHdpopMaTuBHa cknagosa 30b6paxxeHHs Oyna MoBHICTIO nmpurHideHa (ave. Pwc. 2r). Onsa
AOKNagHOro BMBYEHHSA BMMUBY LUYMY Ha MepexeBi napameTtpu 6yno 3reHepoBaHo 60
3allyMreHnx 300paxeHb 3 pis3HMMK NapameTpamMm noise Ginoro wymy.

3a3Hauyumo, Lo MU po3rnsaaany ABa anbTepHATMBHI anropuTMy HaknagaHHs WyMy:

A. Pexxnm «obMeXeHHs1» 3HadeHb MNikceniB: sKWO Micns godaBaHHsA WyMy Aesiki 3 LmX
3Ha4eHb y MaTpuui 8-6iTHOro 306pakeHHst CTaloTb Big’ EMHMMMU, TO iM NMPUCBOIOIOTL 3HAYEHHS
«0»; SKLLO X 3HAYEHHSsI CTatoTb BinbNMMK 33 «255», TO iX NPUPIBHIOTL A0 «255».

B. Pexnm «BiacyTHOCTI 0OMEXEHHS» 3Ha4YeHb MiKCeNiB: SKWO Nicnsi 4ogaBaHHS WyMYy
AesiKi 3HayeHHs nikceniB BUXoadaTb 3a mexi [0; 255], To ix nepeo3Ha4aloTb 3a NPUHLMNIOM
«MEePIOANYHUX rPaHNYHUX YMOBY (AMB., Hanpwuknag, [20]); Hanpuknag, HenpunycTume 3Ha-
YeHHs1 «256» nepeTBOpOOTL Ha «0», «257» — Ha «1» TOLWO; Tak cCaMO 3HAYEHHA «—1»
NnepeTBOPIOTb Ha «255», 3HAaUYEHHSA «—2» — Ha «254» i T.4.

Xo4a iHTYITMBHI MipKyBaHHS MigkasyoTb, WO pexum obmexxeHHs (A) Moxe gewo no-
pyWNTN BUMNAZKOBUA XapakTep npouedypu 3allyMrieHHs 300paXeHHs,, Mu Bce X
aHanisyBanu uUel pexuMm i noTiM nopiBHIOBaNM BigNOBIOHI AaHi 3 JaHumu  Ans
anbTepHaTMBHOro pexumy (b).

4. PE3YIIbTATU TA IXHIW AHATI3

Ha Puc. 3-5 npepactasneHo OCHOBHI pe3ynbTatv ANs MepexeBux BnacTUBOCTEN,
ofepXaHi 3a ymoBu pagiyca cycigctea r =1, a Tabnvua 1 niacymMoBYye KifbKICHO OCHOBHI
MepeXeBi JaHi Ans HalWmMX 300paxeHb. JlorapmdmiyHy Lwkany no ocax adcumc Ha Puc. 3—
5 BUMKOPUCTAHO AN 3pYYHOCTi OQHOYACHOro CNoCTEPEXEHHS 3a OinsHKamMu PiBHIB LLYMIB,
AKi ICTOTHO Bigpi3HAIOTLCA. BignosigHo, TOUKy noise = 0 ANs MOXNUBOCTI BigoGpaKeHHs
Ha rpadikax 3amiHeHo Ha noise = 107°. 3okpema, Ha Puc. 3 nokasaHo 3anexHocTi Mepe-
)KeBUX NapameTpiB Bif Bif4HOCHOI KiNbKOCTi rayCoOBOro Lymy Ha 300pakeHHi AN BMnagaky,
KONW cyciAcTBO MiKCeniB 03HavaTb 3a MeToAoM (1) i He 0OMeXyHTb 3Ha4YeHHS MiKcenis
npv HaknagaxHi wymy (metog (B)). Tyt 306paxeHHs po3ropTany no CToBnuAX. 3asHauu-
MO, WO Y pasi 3AiINCHEHHS PO3ropTKM Mo pagKax pesynbTaTh AN MepexeBux napameTpis
cxoxi oo gaHux Puc. 3. Ha Puc. 4 i Puc. 5 npeactasneHo Ti cami 3anexXHocTi Ans anbtep-
HaTUBHOIO BUMAAKy, KONW CYCIACTBO MiKCEeriB BCTAHOBMOTL 3a MeTodom (2). 3okpema,
AaHi Puc. 4 BignoBigatoTb BiOCYTHOCTI OOMEXEHHST 3HA4YeHb MiKCEesniB Mpu 3allyMIIEHHI
(To6TO NepiogNYHUM rpaHUYHUM yMOBaM), a AaHi Puc. 5 — HasiBHOCTI Takoro 06MeXxXeHHs!.

AKWO TPOXM CNPOLLEHO FOBOPUTU NPO FOSIOBHI CMiNbHi SKICHI pUCK 3aneXXHOCTEN Ha
Puc. 3-5, To BCi BOHM MICTSITb MOYATKOBY AiNSAHKY Manux WyMiB, Ha SIKin MepexeBuin napa-
MeTp crnabKo 3anexuTb Big PiBHA LUYMY, OiNsSHKY Pi3kMX 3MiH (3pocTaHHst abo cnagaHHs)
LbOro napameTpa, a TakoX MPUKIHLEBY AiNAHKY NPakTUYHOT HE3MIHHOCTI napameTpa, Lo
BigNOBiga€e HAaNBULLIMM PIBHSM LLYMIB.
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Puc. 3. 3anexHoCTi OCHOBHUX MepexeBux napameTpiB 300paxkeHHs Bif BiAHOCHOI KiNbKOCTI noise raycoBoro
LIYMy Ha HbOMY: O3Ha4YeHHS CyCiACcTBa SICKpaBOCTeN MikceniB 3a MeToAoMm (1); 3Ha4YeHHs nikcenis npu
HaknagaHHi WyMy He obmexytoTb. TyT i Ha BCiX iHLWMX PUCYHKax OMpaLbOBYIOTb YEPBOHWUM KaHan
no4yaTkoBOro 306paxeHHs, a paaiyc cyciactea r=1,

Fig. 3. Dependences of the main parameters of the image network on the relative amount noise of Gaussian
noise in the image: definition of the neighborhood of pixel brightnesses is given by the method (1); pixel
values are not limited when applying noise. In this and in all the other figures, the red channel of the

original image is processed, and the neighborhood radius isr =1,

Ha noyaTkoBin AinaHui WwWymiB KinbkicTe V By3niB mepexi V = 223..225, wo € xa-
PaKTEPUCTMKOK KOHKPETHOro MOYaTKOBOro 300paXKeHHs, a Ha KiHUEBIiN OinsHui BOHa
3pOCTa€ 4O MakCMManbHO MOXIIMBOI KifbKOCTi sickpaBocTen y 8-6iTHOMY 306paxeHHi,
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Puc. 4. 3anexHoCTi OCHOBHUX MepPEXEBUX MapameTpiB 300paxeHHs Bif BiOQHOCHOI KiMbKOCTiI noise raycosoro
LIYMy Ha HbOMY: O3HaYeHHsI CYyCiACTBa sicKpaBOCTEN MikceniB 3a MeToAoM (2); 3HauYeHHs nikcenis npu
HaknagaHHi Lymy He oOMeXyHoTb.

Fig. 4. Dependences of the main parameters of the image network on the relative amount noise of Gaussian noise

in the image: definition of the neighborhood of pixel brightnesses is given by the method (2); pixel values are
not limited when applying noise.
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Puc. 5. 3anexHoCTi OCHOBHUX MepeXeBUX NapameTpiB 306paXKeHHs Bif BiQHOCHOI KiMbKOCTI noise raycosoro
LYMy Ha HbOMY: O3Ha4YeHHSI CYyCiACTBa siCKpaBOCTEN MiKCeniB 3a MeToAoM (2); 3Ha4yeHHs nikcenis npu
HaknagaHHi Wwymy obmexyoTb.

Fig. 5. Dependences of the main parameters of the image network on the relative amount noise of Gaussian
noise in the image: definition of the neighborhood of pixel brightnesses is given by the method (2); pixel
values are limited when applying noise.

TO6TO 256 (gmB. Puc. 3a—5a). 3BicHO, LLIO OCTaHHs cuTyaLia 3aBgavye JOMiHYOHYOMY BMM-
BOBI I'ayCOBOrO LWYMY, SKWA 3aBASKWU BMNAOKOBOMY XapakTepy NOPOMAXYE BCi Ti 3HAYEHHS
nikcenis, sIkMX He Byno Ha noyatkoBoMy 300paeHHi. KoedpiuieHT knactepHocTi C aons
Oe3wymoBux 300paxeHb cknagae ~ 0,8, a Ana MakcumanbHO 3allyMIIEHUX BiH CArae
3HayeHb 0,96 ona mepex, nobygoBaHux 3a o3HavyeHHsM cycigctea (1), i 0,98 abo HaBiTb
1,00 ans mepex i3 03HayeHHAM (2) BigNOBIAHO y BMNagkax BiACYTHOCTI abo HasBHOCTI
obMmexeHHs 3HadeHb Mikcenis nig 4Yac 3awymneHHs (ame. Puc. 36-56 i Tabnuuto 1). Le
O3Hayae eKkcTpeMarbHO BMCOKY KracTepu3alitlo By3niB abo TpaH3UTUBHICTb BUMALKOBOI
mMepexi (auB. [8]): BCi cycion oesKoro By3na € TakoX cycigamMmn oguH ogHoro. 3pocTaHHa C
Npw BEMNMKUX 3HAYEHHSIX NapameTpa LWyMy noise € HENPAMUM HacnigKoM BUNaaKoBOro, He-
BNBIPKOBOro XxapakTepy NpPOCTOPOBOro MOEOHAHHS PIi3HMX SICKPABOCTEW Yy BiAMOBIAHMX
Mepexax (OuB. Takox Hxk4e). BogHouac, y Mmepexi Ans noyaTkoBoro 300paxeHHs 6arato
ACKPABOCTEN «HEe NOEAHYIOTLCAY.

CepeaHsi [OBXMHA HaMKopOoTLWOro wnsxy [y Mepexax, nobynoBaHux Ans noyartko-
BOro 3o0paxeHHs 3a BCiMa MeTodamu, AOpiBHWOE ~ 1,3, a Ansi Mepex MaKCuMarnbHO
3awwymrneHux 3obpaxeHb Ha Puc. 3B—5B BoHa Gnusbka Ao oguHudi (Tabnvusa 1). YmoBu
l = 1abo ! =1 03HayalTb eKCTpeMarbHO Mani WISXu B Mepexi, Konv mamxe Bci abo BCi
3Ha4YeHHs nikceniB y Ginomy Wymi € HaNBNKYMMK cycigamu oavH ogHoro. Ha BigMiHy Big
KoeqiLlieHTa KnacTepHOCTi C, HANKOPOTLUMIA WNSX [ y Mepexi 3MeHLYETbCS 3i 3pOCTaHHAM
piBHSA WYMY B 300paXeHHi. AK i B NOACHEHHAX Ans napameTtpa C, ue o3Havyae HeBMOipKOBI
3B’A3Kku ByKBanbHO BCiX By3iB-MiKCEriB i3 OBINbHNUMW SICKPABOCTSAMM.

CepegHi Wwnaxu lw 4nsa 3BaXXeHUX MepeXx iCTOTHO MEHLUI 3a BignoBigHI wnaxu [ ons
He3BaxeHux mepex. Lle npnpoaHuii HacnigoK HaLLOro 03HAYEeHHS LLUNAXY B 3BaXXEHOMY BU-
nagky: Yim GinbLue 3B’sI3KIB iICHYE MiXK eAKUMU BY3NaMu, TUM KOPOTLLWA LAAX MK HAMW.
Y KinbkicHomy nnaHi maemo Ly ~ 0,2 ons Mepex no4aTkoBoro 306paxeHHs i lw = 0,08; 0,04
i 0,003 BignosigHo ans Mepex 6Ginoro wymMy Ha Puc. 3r-5r (gue. Tabnuuto 1). OcTaHHi
eKcTpemaribHO HU3bKi 3HaYeHHs1 CUrHani3ytoTb Npo Te, WO BCi By3nu B Taki BUNagKoBiv
MepexXi Haa3BMYanHO TiCHO (BaraTokpaTHO) NOB’A3aHi OAVH i3 OOHWM.
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LlikaBo, Lo rpybuin cTaTUCTUYHMI aHani3 KpaTHOCTI 3B'A3KiB MiXK By3raMu B MOBHICTHO
BMMAAKOBIN Mepexi (OMB. HWXKYE) Ta BignoBiaHa oopmyna

l, =~ 1/M (1)

AalTbouiHky [ = 1/32 = 0,03, npMyomMy BUNagKOBUIN XapaKTep YCiX 3B’A3KIB i rinoTeTU4Ha
CTaTUCTUYHA EKBIBaNEHTHICTb YCiX By3niB y Mepexi manu 6w osHavatn l,;; =1, i
M;; ~ M. HaBefeHa BuLLE OLjiHKa HaWbnk4a 4O 3HAYEHHs [, AN Mepexi 3 03Ha4YeHHSM
cycigcTBa sickpaBOCTeEW MiKcerniB 3a MeToaoM (2) i 3a BiACYTHOCTi 0OMeXeHHs1 3Ha4YeHb
nikcenis npu HaknagaxHi wymy (0,04 — gue. Puc. 4r i Tabnuuto 1). Ta x dopmyna (1) i
3HayeHHa M = 16 Onga KpaTHOCTi y Bunagky metogy nobyposu mepex (1) i metoay
3awymneHnsa (b) (gue. Puc. 3a) gawTb [, = 0,063 , Wwo 6nmn3bke 4O eKCNepPUMEHTAIbHOIO
3HayeHHs 0,08. BogHovac, anst Bunaaky metogis (2) i (A) maemo 3HayeHHs [, = 0,003 (guB..
Tabnuuto 1), Ake faneke Big rpyboi TeopeTUyHoi OuiHKM 3a dopmynoto (1) i gaHumum
ekcnepumeHTiB Ansa kpatHocTi (M = 31). HapewTi, npyynHy cnagaHHs AOBXWHW Wnsxy [,
ANsi 3BaXEHUX MepeX 3a YMOBM MOCTYMOBOro 3allyMSIeHHS 300paxeHHs nodibHi go
NPUYMH 4118 HE3BAXEHUX MEPEX.

Mpn HM3bKMX WYyMax cepenHin cTyniHb k By3niB BCIX TPbOX TUMiB Mepex Ha Puc. 3a-
54 cknapgae ~ 160, a 3a yMOB MakCMMarnbHOro 3alyMreHHs BiH gopieHioe ~ 250 (avs. Tab-
nuuto 1). TNosicHeHHA 3poCcTaHHs napamMeTpa k AN BUCOKMX PIBHIB LUYMy aHanoriyHe go
nosicHeHb Ansa koediuieHTa C, a TpuBianbHa sKiCHa OUiHKa k ANs MOBHICTIO BMMNAAKOBOI
mMepexi (255 cyciaiB) HaMTOYHIWE BMKOHYETLCA Ans Mepexi, nobyaoBaHoi 3a meTogom (2)
y pasi obmexXeHHs 3HaveHb nikcenis npw 3awymneHHi (Puc. 5a).

KpaTHicTb M 3B’A3KiB y 3BaXXeHUX Mepexax iHpopmaTnBHux 3obpaxkeHb Ha Puc. 3e—
5e HabnwxkeHo JOpiBHIOE BigNoOBIAHO 25, 47 i 46, a LuymoBmx 306paxeHb — 16, 32 i 31 (aus..
Tabnuuto 1). B3MeHLeHHSA KpaTHOCTI M 3 NigBULLEHHAM PiBHS LWYMY MOXHa iHTeprnpeTyBaTu
Tak. O4yeBMAHO, WO KOXHOMY 300pakeHHI0 Ta MOro 3BaXKeHi Mepexi Bignosigae gesika
3aranbHa KinbKiCTb 3B'AI3KIB N, sIka 3anexuTtb Big po3mipiB 300paxeHHs (i = 1..L,
j =1..L,) i pagiyca cyciacTtea r. 3 ypaxyBaHHAM KpPaTHOCTi 3B’43KiB MaTUMEMO

n =i (j>iNijMij, 2

Ae n;; = 1 abo n;; = 0 BIANOBIAHO SAKLLIO BY3NK i Ta j 38’A3aHi abo He 3B’A3aHi;

M;; — Ue KpaTHiCTb 3B'A3KY By3niB i Ta j.

3i 3pocTaHHsM piBHA LWYMIB Y 300paxeHHi Bce Oinblue By3niB y Mepexi MaTumMyTb
38’A3kM, TO6TO BCe Binblie yncen n;; y cymi (2) ctaHyTb HeHynboBUMU. OCKinbKM NOBHE
YMCNO 7 3B'A3KIB MPY LbOMY HE3MiHHe, TO KpaTHOCTI M;; BiOnoBigHO 3MeHwaTtbea. Y
rpaHN4YHOMY BMNaAKy MOBHICTIO 3alLyMIIeHOro 306paxeHHs1 BCi By3nu ByayTb 3B’a3aHnMK, a
3a [J04aTKOBOI FMNOTETUYHOI YMOBWM CTaTUCTUYHOI €EKBIBANEHTHOCTI BCiX 3B'A3KIB iXHi
KPaTHOCTi M;; CTaHyTb CTATUCTUYHO HePO3pisHUMuMU (M;; = M ansa Byab-akvx i Ta j).

Tenep rpy6o ouiHMMO YMCNO M Ans MepeXx MakCumarnbHO 3allyMieHnX 300paxeHsb.
BasoBuM TyT € NpunyLLEHHS NPO MOBHICTIO BUNAAKOBUIA XapakTep Lux 306paxeHb, TOBTO
NPOCTOPOBOro PO3MilLLEHHS BCiX IXHiX efTEMEHTIB, a TaKOX BMNAaAKOBUIN XapakTep Bignosia-
HUX MepeX i 3B’A3KIB Yy HMX. 3aMiCTb CTPOroro po3rnsgy raycoBoro po3nofiny MMoBipHOCTI
NosiBM Pi3HUX 3HaYeHb MikceniB y 300paxeHHi (raycoBoi Hopmani3oBaHOi rictorpamu) Bea-
)Kaemo, WO Ler po3noAin piBHOMIpHUA, TOGTO MaeMO FiNOTETUYHY FPaHULII0 HOPManbHOro
po3noginy 3a ymMoBu 6e3MeXHO BENMKOro CTaHAApTHOrO BiOXWIEHHS. Y Takomy pasi BCi
nikcerni, By3nn Mepexi i 3B’A3kM MK HAMUW CTaTUCTUYHO OfHAKOBi. 30Kpema, KOXEeH BY30J
y Takinn Mmepexi 3B’a3aHUN i3 KOXKHMM IHLUMM BY35IOM, @ KpaTHOCTIi LiMX 3B’A3KIiB OAHAKOBI.

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2025 « Bunyck 29 21



Oner KywHip, Onekcivi KpaBuyk, Bonognmup ®paHis

Tabnuus 1, NapameTpu mepex, NobyaoBaHUX Ha AOCNIAKYBaHMX 306paeHHAX
(pamiyc cycigctBa r = 1).
Table 1, Parameters of the networks built on the images under study

(neighborhood radius r = 1).
Cnoci6 nobynosu mepexi
Mepesxesuii Kinkici i OsHauenHs | OsHaueHHs OsHaueHHs
napameTp A cycigctea (1), | cyciactea (2), | cyciactea (2),
MeTOoZ 3allyM- |MEeTOA 3allyM-| MeToZ 3allym-
nenHs (B) nenHs (B) neHHs (A)
V Ha ginsiHUi HA3bKUX LUYMIB 223..225 223..225 223..225
KinbkicTb V Bya- V Ha ginsiHUi BUCOKUX LLIYMIB 256 256 256
nis y mepexi | [lianasoH noise piskux amiH V 0,01..0,2 0,01..0,2 0,05..0,8
[iana3soH noise niky V - - -
) C Ha OinsHUi HU3bKUX LWYyMiB 0,83..0,85 0,83..0,85 0,83..0,85
CepegHii koe- - - -
diLlieHT Knac- C Ha AinsHLi BUCOKMX LUYyMiB 0,96 0,98 1,00
TepHocTi € [ianasoH noise pisknux amiH C 0,1.15 0,1..15 0,15..3,0
Mepexi - - -
[Hianas3oH noise niky C - - -
CepepnHst gos- | L Ha AINSHUI HASLKMX WymiB ~13 ~13 ~13
XuHa [ Hamko- | Ha AinaHLi BUCOKMX LUyMiB 1,05 1,02 1,00
POTLLOTO LWAAXY [, ) - X
MiX By3namu [iana3oH noise pis3kunx 3miH [ 0,1.2,0 0,1.1,6 0,2..3,0
mepexi Jiana3soH noise niky 1 0,02..0,17 0,02..0,16 -
CepepHst A0B- l,, Ha OiNsHUi HU3bKKX LWYMiB 0,20 0,15 0,14
xuHa I, HanKo- l,, Ha OiNsHUi BUCOKUX LUYMIB 0,08 0,04 0,003
POTLLOrO LWAAXY [ - X -
Ans 3paxeHoi | HianasoH noise piskux 3viH L, 0,1.1,0 0,1..1,0 0,12..3,0
mepexi [ianasoH noise niky L, 0,02..0,17 0,02..0,16 -
k Ha [insHUi HU3bKKX WWYyMiB 155 160 160
CepegHin k Ha AinsHLUi BUCOKMX LWyMiB 243 249 255
CTYNiHb k BY3niB [, - ) -
Mepexi [iana3oH noise piskunx 3miH k 0,08..1,4 0,09..1,4 0,2.2,5
Hiana3oH noise niky k - - -
M Ha AiNsHUi HU3bKKX LIYMiB 25 47 46
CepepnHs kpat- B - -
HicTe M 38’s3kis | M Ha AiNsHUI BUCOKUX LUYMIB 16 32 31
y 3BaXeHill Me- | TianasoH noise pisknx avin M 0,01..1,0 0,01..1,0 0,2..2,0
pexi
[Hiana3oH noise niky M - - 0,02..0,5

CKinbKkv pa3om 3B’A3KiB € Y 3BaXKEHi Mepexi LYMOBOro 3006paxeHHs, ke MICTUTb
512-512 = 218 nikceniB? AKLWO He BpaxoByBaTu kpamoBux edekTiB (MpautoBaTu B rpybomy
HabnmkeHHi «6e3amMexHO Benukoro» 306paxkeHHs), To 3a YMOB fediHiuii cyciacTea (2) i
pagiyca cyciactBa r = 1 KOXeH Mikcenb y 3BaXeHin Mepexi 38’s13aHui i3 8 = 28 cycigHimu
nikcensimu. Tomy pasom Gyge 218-23 = 221 38’a3KiB, @ Ha KOXeH i3 256 = 28 By3niB mepexi
8-6iTHOro 300paxkeHHs npunagaTume 221/28 = 213 3p’aski. TyT He BpaxoBaHO, L0 3B’A30K
nikcensi 3 ACKPaBiCTIO i i3 TUM XXe Mikcenem i HEMOXNMBUIA, NPOTE Noxnbka Takoro Habnu-
)KEHHS He3HauyHa.
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213 3B’A3KiB AESKOro AOBINBHOMO By3na Halloi rinoTeTUYHOI 3BaXeHOT Mepexi cTaTuc-
TWYHO PIBHOMIPHO po3nogineHi Mixk 255 = 28 iHWUMK By3nammu, a TOMY KinbKicTb ycix
3B’s13KiB LbOro By3na (21%) nopisHioe 0obyTKy KinbKOCTi KOro By3niB-cycigis (28) i kpaTHOCTI
M 1ioro 3B’A3KiB i3 KOXXHUM iHLIMM By3rioM. OTXe, KpaTHICTb M KOXHOrO 3B’S13Ky B 3BaXKEHIl
Mepexi Takoro rinoTeTUYHOro  LUYMOBOrO  300paxeHHs  HabnmkeHO  [OPIBHIOE
213/28 = 25 =32, LlikaBo, WO uLe 4UCno, ofdepxaHe y BKpah rpybomy HabnMKeHHI
PIBHOMIPHOI ricTorpamm, goakTUYHO 306iraeTbCs 3 JaHUMKU, OAEePKaHUMK ANt 000X Mepex,
nobynoBaHux Ha 300paxeHHi 3a MeTogom (2) (auB. Puc. 4e i 5e), a napametp M ans
Mepexi, nobyaoBaHoi 3a metogom (1) (aus. Puc. 3e), € BABIYi MeHLWINM.

3a3Haunmo, WO pexunum OOMeXeHHs1 3HadeHb nikcerniB cnpusie Ginbl piBHOMipHOMY
«3acCeneHH» ekcTpemarnbHO Manux i Benukux 3HaveHb «0» i «255», NnopiBHAHO 3 rayco-
BMM PO3MNo4iniomM, TO6TO po3noain 3HavyeHb nikceniB cTae geLo 6nmk4num 4o piBHOMIPHOTO,
Ans sKoro 1 6yno nposegeHo HabnwkeHi po3paxyHku. [Nonpwu Te, gaHi AN KPaTHOCTI 3B’A3-
KiB Y L 3BaXKEHIN Mepexi iCTOTHO BiaAXunNATbCS Big pe3ynbTaTy po3paxyHKy 3a dop-
mynoto (1).

MNeperigemo oo aHani3y giana3oHiB Pi3KMX 3MiH MepexXeBUX NapamMeTpiB 3allyMeHmX
300paxeHb, YHacrnigoK AKUx noyaTkoBe iHPOPMaTUBHE 300paXXeHHs NepeTBOPHETLCA Ha
wym (gme. Tabnuuto 1). Ha Tni geskmx o3Hak yHiBepcanbHOCTI, Ui Aiana3oHn 3anexaTb i Big
camMoro napameTpa, i Big cnocoby nobyaoBu Mepexi Ta 3awymrieHHs 306paxeHHs. dewlo
CNpOoLLytoYN cuTyauito, 6aunmo, Lo BCi MepexeBi napameTpu, KpiM KinbKocTi By3niB V i
KpaTHOCTi M 3B’A3KkiB y 3BaXKEHUX Mepexax, LUBMOKO 3MiHIoITbCs B AianasoHi ~ 0,1..1,0, a
AianasoHy NOMITHMX 3MiH napameTpiB V i kpaTHOCTI M Tpoxwm 3mileHi ifabo wupuwi (Bignosia-
Ho, ~ 0,01..0,5i ~ 0,01..1,0).

KpiMm ginsiHkn pi3koro aMeHLeHHs1 Ans iCTOTHO 3allyMineHnx 306paxkeHb, napameTpu
I, I, i M BnsBnsaoTb By3bki Nikn 6e3nocepeaHbo nepeq Uieto QingHKow Ans OesKux cro-
cobiB nobyaoBM Mepex i 3alymneHHs 300paxeHb (aue. naHeni (B), (r) i (e) Ha Puc. 3-5).
Tomy 3anexHoCTi uMx napameTpiB Big PiBHA LyMy MalTb 6inbll 4YM MeHLW BupasHUR
HEeMOHOTOHHUI XapakTep. [lianasoHu 3MiHHOI noise, y AKX CrocTepiraemo L Niku, nokasaHo
B Tabnuui 1, MNpunynHn nosiBn 3ragaHmx nikiB NOTpebyoTb JOKMAOHILLOro BUBYEHHS, NpoTe
MOXHa MOMITUTH, WO Aiana3oHun MikiB NpubnusHO BigNoBiAalOTb Aiana3oHaMm, y SKUX Pi3ko
3MIHIOETLCA KirbKiCTb By3niB V. MOXMIMBO, iCHYIOTb AesKi HeNnpsiMi MexaHisMu BrnvBy 3miH V
Ha nosiBy 3ragaHux niki..

Un He Hannepwe npakTUYHE TMUTaHHS, MOB’A3aHe 3 OUiHIOBaHHAM Hanepej
HEBIZAOMOrO PiBHS LLYMIB Y AeAKOMY 300paXkeHHi, Take: HaCKifNlbKM CUIbHO BNAMBaE 3allyM-
NeHHs1 300paXkeHHs Ha horo MepexeBi napameTpn? Y Tabnuui 2 npegcraBnieHo BiaNoBIaHi
pesynbTatu nuwe ang napameTpis C, I i k 3a yMOBU pi3HUX pagiycie cycigctea r = 1..5.
Tyt dirypytotb abcontoTtHi (AC' = €(60) — C(0) Towo) i BigHOCHI (AC" = (C(60) —
€(0))/C€(0), % Towo) BiamiHHocTi C, | i k, y3ati Aona noyaTkoBOoro iHMOPMaTUBHOIO
(noise = 0) Ta iCTOTHO 3awymrneHoro (noise = 60) 300paxeHb. I3 gaHux Tabnuui 2
BUNIUBAE, L0 3afa4y po3pi3HEHHS iIH(POPMATUBHUX i LLYMOBUX 306paXeHb Ha OCHOBI iXHiX
MepexeBnX BNacTUBOCTEN CNif BUPIiLLYBaTN 3a YMOBWU HaMeHLINX pajiycis cyciacTaa.

Y nnaHi NopiBHSIHHS BNACcTMBOCTEN MepeX, NobyaoBaHMX 3a pPisHUMKU MeTogamu i ons
300paxeHb, 3allyMIieHWX 3a pisHUMKU crnocobamu, cnif 3a3HaynTy BiOHOCHY CTIMKICTb
MepEeXeBNX XapaKTepuUCTUK OO0 UuX akTopiB: Xxoda npu LUbOMYy W CrnocTepiraeMo Aesii
KifIbKiCHI 3MiHM B 3aneXHOCTAX MepeXeBMX napameTpiB Big piBHA WyMy, npoTe BCi Ui
3aNEeXHOCTi SIKICHO CXOXi. YN He eQUHNM BUHATKOM € nosiBa abo 3HUKHEHHS MikiB nepen,
AINSHKOK pi3kuX 3MiH Ha 3anexHocTsax l(noise), L, (noise) i M(noise) . 3ayBaxunmo, Lo
BiAMNOBIAHI HEMOHOTOHHOCTI  pyHKUin [(noise), [, (noise) i M (noise) yTpygHIOOTb
OfHO3Ha4yHe pO3B’A3aHHA HalOi OOepHEeHOI 3afadvi — BU3HAYEHHS pPiBHS LWYyMy 3a
BEMNUYMHOIO MepeXeBoro napameTpa.

KopuCHMMM € NOpPIBHSAHHA BMBYEHUX MEPEXEBMX BNacTUBOCTEN 3006pa)eHb i3
BianosigHUMn Bnactmeoctamu ana TINM i paHOoMi3oBaHUX TEKCTIB, SIKi MOXHa BBaXKaTu

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2025 « Bunyck 29 23



Oner KywHip, Onekcivi KpaBuyk, Bonognmup ®paHis

Tabnuys 2. BigMiHHOCTI KinbKOX MepeXxeBuUX NnapameTpiB iHhopMaTUBHOro
(noise = 0) Ta icTOTHO 3awyMneHoro (noise = 60) 306paxeHb AN Pi3HNUX
pagaiyciB cycincTBa r.

Table 2. Differences of several network parameters for the informative (noise = 0)
and essentially noisy (noise = 60) images, as obtained at different neighborhood
radii r.

BigMiHHiCTb MepexeBux napameTpis

Pagiyc . . L Lo

- npw piBHAX WYMIB noise = 60 i noise = 0
cyciacTea
r AOCOMOTHI BigHocHi AOBCOMOTHI BigHocHi AOBCOnNIOTHI BigHocHi
3MiHn C 3MiHn C, % 3MiHN [ 3MiHn 1, % 3MiHN k 3MiHN k, %

1 0,120 15,0 -0,258 -19,3 75,3 47,8
2 0,074 8,01 -0,144 -12,6 49,6 24,4
3 0,046 4,85 -0,087 -8,07 36,0 16,5
4 0,034 3,57 -0,060 -5,70 29,5 13,1
5 0,027 2,82 -0,045 -4,33 25,9 11,3

AesKMMU aHanoramu iHpopMaTUBHUX i LLYMOBKX 306paxeHsb, BignosigHo. [ng npoctoTtu
0BMEXMMOCH NuLLe HaWNPOCTILLOK MOAENIIIO «MiLLKa 3i crioBamMmy, Y SKil paHAOMI30BaHi
TeKkcTn ogepxytoTb i3 TIM GaraTtokpaTHO nepectaHoBko cniB [21]. MNopiBHIOOYM HaLi
AaHi 3 gaHUMK, HaBegeHUMK y npadi [21] ansa 6aratbox TekcTiB npu r = 2,3, 6a4nmo, Lo
3aKOHOMIPHOCTI Ans MiHrBICTUMHMX MepeX i Mepex, MobyaoBaHUX Ha 300paxeHHsX,
OyBatoTb i CXOXUMMU, | TOMITHO, @ iHOAI HaBiTb pagnKanbHO BIOAMIHHUMU:

1) BigMiHHOCTI okpeMunx MepexeBux napametpis ans TIM i paHgOMI30OBaHMX TEKCTIB
He3Ha4Hi abo 1 BiACyTHI: KinbkicTb By3niB VV ogHakoBsa, koediuieHTn knactepHocTi C Bia-
MiHHi Ha 6%, a JOBXWHU | HANKOPOTLUOrO LWAXY — nuwe Ha 3%; ue NOMITHO BiOPI3HAETLCH
Bi cuTyaUii ona mepex 3o6paeHb (NOopiBH. i3 AaHuMmn Tabnuui 2);

2) npu nepexogi Big TMNM go paHOomisoBaHMX TEKCTIB AOBXWHA [, HAWMKOPOTLLOro
LINAXY Y 3BaXeHi mepexi 3poctae Ha 26%, a ans 306pakeHb — NOMITHO (Ha ~ 25%) 3meH-
wyeTtbca (ame. Tabnuuto 1);

3) 3a TUX xe YMOB MapamMmeTp k MIHIBICTUYHMX Mepex 3pocTae Ha 18%, a napametp M
cnagae Ha 17%, Lo 3aranom CxoXe A0 cuTyalii Anst mepex 30bpaxeHb (aue. Tabnuui 1 2);

4) NOPIBHAHO 3 Mepexamun A NPUPOSHNX TEKCTIB, WAAXKW [ i 3BaxeHi wnaxu [, Ans
MepeX Haworo iHOpMaTUBHOIO 300pakeHHs MOMITHO KopoTwi (BignosigHo, | ~ 1,3
npotn 1,8il, = 0,15 npotun 0,3); HaA3BUYANHO BUCOKUMU € KoediLlieHTU knacTepHocTi C
mepex 3o6paxeHHs (0,85 npotu ~ 0,5);

5) mepexeBi BRMAacTUBOCTI CUNbHO  3allyMiieHMX 300paxeHb  BUPI3HATLCH
Hanbinbwoto cneumdikoto: € -1, 1 -1, 1, » 1 i k -V, WwWo pagukanbHO BigMIHHO Big
BNACTUBOCTEN NIHIBICTUYHUX MEPEX paHAOMI30BaHNX TEKCTIB;

6) SK i NIHrBICTUYHI Mepexi TEKCTIB, MepeXxi IHPOPMaTUBHUX i LLYMOBUX 306paXeHb €
«TICHUMW CBiTaMU»; AKLWO CMNPOLLEHO B3ATWU BIAHOWEHHA u = €/l AK napameTp «TiCHOTU
CBiTY» (amB. [22]), M1 Baunmo, O MepexeBi «CBiTU», NOOyaoBaHi Ha iHOPMATUBHUX
300paKeHHsIX, iICTOTHO TICHILLIi 3@ «CBIiTU» NIHIBOMEPEX, @ «CBITUY» 300pakeHb 6inoro wymy
eKCTpeMarnbHO «TiCHi» (NapameTp y HabyBae MiHIManbHOrO TEOPETUYHOIO 3HAaYEHHS u~1 —
NOpPIBHAHO i3 AaHuMK u~0,3 Ona Mepex paHOoMi3oBaHMX TekcTiB). Lle BkoTpe 3anepeuye
3B'SI3KM ABULLA «TiICHOMO CBIiTy» 3 CEMaHTUKOI TeKCTy abo iHopMaTMBHICTIO 306paXeHHs
(amB. BucHoOBKM [21]).

Haragaemo o3HayeHHs OCHOBHMX MOAEeNbHUX Mepex. Lle perynsapHa rpatka (Benuki |
i Benuki C), Bl (mani i mani C) i «TicHni cBiT» (mani [ i Benuki C) [8, 23], npuyomy npuknagu
LLle OOHOrO rNOTETUYHOTO MOAENbHOro TUNy Mepex (Benuki [ i mani C) BigcyTHi. OTxe,
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Mepexa raycoBoro LyMy — Lie eKCTPeMarnbHO «TICHWUI CBIT», KU BUSBNAE Ayxe mani [ i
ayxe Benuki C. INo-cyTi Lue mepexa, Ae KOXXeH By3011 3B’A3aHni 3 byab-sikUM iHLUWUM BY3510M,
a BCi Cycian KOXHOro By3rna € Takox cycigamv oaHe OAHOro.

Ha 3aBeplueHHs TOpPKHEMOCS OMUCY LUMAXIB MPaKTUYHOIO PO3B’A3aHHA 0BepHeHol
3aJavi — 3HaXOMKEHHS HEBIJOMOrO PiBHSA WWYMY B AeAKOMY 306paxeHHi. Ha noyaTtky 3a3Ha-
4YMMO, WO, B3arari Kaxkyyu, M1 He MOXeMO ByTV BNeBHEHMMU B TOMY, LLO HaLlEe NoYaTKoBe
pocnigxysaHe 306paxeHHs 6yno NoBHICTIO BiNbHUM BiA WymiB. ToMy iCHye Aeska HeBU-
3Ha4eHiCTb abcuncKn noise y BCiX HaLWIMX 3aneXHOCTAX: MOXMMBO, i Crig 3amiHUTK Ha
(noise, + noise), pe noise, — Ue LWYyM no4vaTKoBOro 306paxeHHs. BignosigHo,
BMKOPUCTOBYBaTU abCoONIOTHE 3HAYEHHs [JesKOro MepexeBOoro napametpa Ans
BCTAHOBIEHHA PiBHA LWYyMY Jewo pusnkoBaHo. [Jo Toro X, mMepexeBi XxapakTepuCTUKU
V(noise), C(noise), l(noise), I, (noise), k(noise) i M(noise) ONa pi3HMX NOYATKOBUX
306paxkeHb MOXyTb OyTu 3miLleHnMKn No 06ox ocsAx abcumc i opauHar.

[MpoTe HaBiTb AKWO 3ragaHi PyHKLUiT MaTUMyTb pi3Hi NOYaTKOBI Ta KiHLEBI OpAMHaTH 3i
3POCTaHHAM LWYMYy Ansi Pi3HUX 306paxeHb, Ansi po3B’a3aHHA 0OepHeHoi 3adadi MOXHa
cnpobyBaT BWMKOPWUCTATU OCHOBHY PUCY BCiX MEPEXKEBUX XapakTEepUCTUK, SKi MU
no3Haunmo sk p(noise): PyHKUIA p(noise) Mamke He3MiHHA Ha AiNAHLI HA3BKUX LUYMIB,
Aani pisko 3pocTtae (abo cnagae) i HapelwTi 3HOBY HabyBae Make MOCTINHUX 3Ha4YeHb.
Tomy o pdocnigpkyBaHOro 306paxeHHs 3 HEeBiAOMMM LWYMOM noise, Chig A030BaHO
AofaBaTu WyM ax 40 OyXKe BENMKUX 3Ha4YeHb noise i CNOCTepiratv 3a NoBeaiHKo YHKLiT
p(noise, + noise). Jewo CNpoLyYn KapTUHY, LUYM noise, NOYATKOBOro 300pakeHHs
MOXHa OLiHUTUK, CnocTepirawyu, e came po3MillieHa neplua Toyka p(noisey) Ha rpadiky,
i MOPIBHIOKOYYM Lier rpadik 3i cTaHgapTHUMU 3anexHocTammn Ha Puc. 3-5. Hanpuknag, skwo
nicnsi NepLoi TOYKN noise, 3Ha4YeHHs1 p(noise, + noise) Wwe [OBro 6yayTb NOPIBHSAHO Ma-
NMK | @X 3rofoM MOYHYTb Pi3KO 3MIHIOBATUCS, TO LUYM NOiSey MOYATKOBOrO 300paXKeHHs
rapaHToBaHoO OyB HM3bKMM. [leLlo BaXXKOI 3afada CTaHe, AKLLO NoYaTKoBa Touka p(noise,)
Oyne posTawoBaHa Ha AiNSHUi Pi3kMX 3MiH: Todi JOBEAETbCs BM3HA4YaTW PiBEHb LUYMY
noise,, aHanisyroum Havinepwe abCconoTHY BenuunHy p(noise,) i NOPIBHIOKOYM LUUPUHY
A(noise) ogepXaHoi QiNsHKM Pi3KMX 3MiH i3 BigMOBIAHO LUMPUHOK AINSHKA Pi3KMX 3MiH Ha
rpadikax Puc. 3-5. 3BicHo, NOTPiOHI NpakTUYHi yTOYHEHHS Takoro nigxody, cyTb skux byae
Havninwe 36arHyTn, BUKOHYIOYN CUCTEMAaTUYHI JOCHISKEHHS Ta aHani3 Benukoro Habopy
TECTOBMX 306paKeHb.

5. BUCHOBKU

Y uii poboTi 3anponoHOBaHO HOBWIA MiAXid4 40 aHarni3y BiJHOCHOro BMICTY raycoBOro
WyMy B UMPPOBUX 300paKEHHAX Ha OCHOBI TEXHIYHUX 3acobiB, 3amno3nyeHux 3i
CTaTUCTUYHOI MIHMBICTUKM, — BUSHAYEHHS MepexXeBUX napamMeTpiB MNiHMBICTUYHUX Mepex.
OnucaHo kinbka meToAiB NobygoBU HE3BAXEHUX | 3BAXKEHUX Mepex Ans 300paxeHb, a
TakoX 3BEpHYTO yBary Ha ocobnmMBOCTI JO30BaHOroO 3allyMIeHHs 300pakeHb 3 MeTol
BVBYEHHSI 3aME€XHOCTEN MEPEXEBUX NApaMeTPIB Bif, BiGHOCHOTO PiBHS noise 6inoro wymy.
BusBunocs, wo ans GinblIOCTi MepexeBux napameTpiB p OOEPXKYEMO MOHOTOHHO
3pocTatodi abo cnagHi yHKUii p(noise), SKi TMNMOBO MakTb TPU OCHOBHI Aiana3oHu: ABi
HaBMNMKEHO rOPU3OHTanbHI OINAHKU NPU HU3BbKWUX | BUCOKMX LUYMax i NMPOMKHY AiNsSHKY
pi3kMx 3MiH. Lli 0coBGnmMBOCTI, @ TakoXX NOMITHI BiOMIHHOCTI BEMMYMH p Ha AiNsHKax Manux i
BEMUKUX noise [alOTb 3MOTy BMEBHEHO BIAPI3HUTM IHOPMAaTUBHI 300pakeHHs Big
306paxeHb, AKi MICTATb 3Ha4YHY LLYMOBY KOMMOHEHTY — abo HaBiTb cnpobyBaTu BinbLu yYn
MEHLI CTPOro po3B’sisaT 0OepHeHy 3agadvy BCTAHOBIIEHHA abCOMIOTHOI BENUYMHMK
MoYaTKOBOrO PIBHA WWYyMY B AOCIAKYBaHOMY 300paXeHHi.

Cepepn nepcnekTuB po3BMTKY 3anpONOHOBAHOrO HaMu nigxoay BGa4YaeMoO BUBYEHHS
Mepex Ans 300paxeHb, NobyooBaHMX Ha OCHOBI N-rpam 3HayeHb Mikcenis, aHanis
Hacnigkie anbTepHaTMBHMX O3HaYeHb CYCiACTBA Ha 300paXkeHHi, MOPIBHAHHS MepPEeXeBUX
BMacTMBOCTEN AN BeNMKOro Habopy TecToBUX 300paxeHb, iXHE TMOPIBHAHHS 3
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BMacTMBOCTAMM Mepex 300paxeHb Ha 3pa3ok B, a Takox [OCHigXeHHA SBuL
Oe3macLuTabHOCTI AN Mepex 300paxeHb.

HapewTi, OOpeYHMM € MOPIBHAHHS MepeXeBoro nigxod4y 3 iHWMMKM MeTpuKammu
OLiHIOBaHHSA piBHSA LUYMIB, BiAOMUMM B ranys3i onpautoBaHHs 306paxeHb, — Hanpuknaa, BCLU,
nikosum BCLL i gucnepcieto wymy. OKpiMm MepexeBuX NiaxoaiB, MM TakoX MMaHyeEMO aHa-
nisyBaTn 3acToCyBaHHSA 00 306pakeHb iHWWX MeToAiB onpautoBaHHSA NPUPOOHOI MOBU Ha
3pa30K BUMIPIOBaAHHA MNapameTpiB MOBTOPIOBAHOCTI €neMeHTIB 300paeHb, a Takox
AOKnagHille BMBYaTU KnacTepu3auito Ta aBTOKOPEnsuili B «TekcTaxy», chopmMoBaHUX Ha
OCHOBI 300paxeHb.

OOTPUMAHHA ETUYHUX CTAHOAPTIB

ABTOpM 3asABMAOTb, WO AOCMIAKEHHA NPOBOAMMMUCS 3a BiACYTHOCTI ByAb-SKMX KOH-
dnikTiB iHTEpeciB.
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PROPERTIES OF NETWORKS BUILT ON DIGITAL IMAGES

Oleh Kushnir*2©, Oleksiy Kravchuk®@©, Volodymyr Franivi®©
Department of Optoelectronics and Information Technologies,

Ivan Franko National University of Lviv

107 Tarnavsky Street, UA-79017 Lviv, Ukraine

ABSTRACT

Background. It is known that some important properties of natural-language texts can
be revealed when mapping a text on a network and studying the properties of this network.
Here the words of a text are regarded as nodes and their co-occurrences as links.

Materials and Methods. Drawing an analogy between texts and digital images, in this
work we study experimentally and analyze phenomenologically the properties of a network
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built on an image. In this network, the nodes are pixel values and the links are assigned
among those pixel values that spatially adjoin each other in an image. The neighborhood of
pixels is defined by aradius r (r = 1, 2, ...). We build our networks for a test informative image
and the corresponding images obtained from the initial one by adding calibrated portions of
white Gaussian noise. Both weighted and non-weighted networks are analyzed and a
number of practical methods for building an image network and adding a noise to an image
are compared with each other.

Results and Discussion. The main network parameters such as the average clustering
coefficient and the average shortest-path length are measured as functions of the relative
noise parameter. The main qualitative and quantitative features of the dependences are
analyzed. The network characteristics are critically compared with those known for the
lexical networks build upon the natural texts and the random texts obtained with randomizing
words in the initial natural text. The main similarities and distinctions of the lexical and image
networks are scrutinized.

Conclusion. It is shown that the average clustering coefficient and path length for the
networks built upon the initial informative image and the corresponding noisy images are
essentially small worlds. In spite of this similarity, the above networks reveal a number of
distinct features so that the dependences of the image-network parameters on the noise
level can be used for distinguishing between these types of images. Finally, we analyze a
number of consequences of our empirical results and some data known from the literature.
Since both informative and noisy images reveal a small-worldliness, it would hardly be
appropriate to associate this effect with the information load of the image.

Keywords: complex networks, analysis and classification of images, image recognition,
information and noise detection, semantics, random models.
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ABSTRACT

Introduction. The article explores the possibility of utilizing a touch-sensitive button for
the identification of two types of signals — a button press signal and a finger swipe signal
across the button. This concept has the potential to revolutionize the way we interact with
electronic devices, making them more intuitive and user-friendly. The ability to detect
different types of gestures using a single button can also lead to a more compact and cost-
effective design.

Materials and Methods. To address the classification task, an algorithm has been
proposed for the identification of signal characteristics upon which recognition will be
conducted. The algorithm is based on a neural network architecture, which is trained on a
dataset of signals collected from a touch-sensitive button. The dataset includes a variety of
signals, each corresponding to a specific gesture, such as a button press or a swipe in
different directions. The neural network is designed to learn the patterns and characteristics
of the signals, allowing it to accurately classify new, unseen signals. The algorithm is
optimized to minimize processing time and computational resources, making it suitable for
real-time applications.

Results. Using neural networks to solve the recognition task allows for the easy
determination of optimal classification algorithm parameters for a specific type of touch
button. The results show that the proposed algorithm achieves high accuracy in identifying
two types of gestures, with a minimal error rate.

Conclusions. The proposed classification algorithm exhibits satisfactory accuracy in
identifying the two signals within a minimal timeframe and requires minimal computational
resources. Therefore, it can be employed cost-effectively to enhance the functionality of
touch panels. The algorithm's ability to detect gestures using a single button makes it an
attractive solution for applications where space is limited, such as in wearable devices or
mobile phones. Additionally, the algorithm's low computational requirements make it suitable
for use in low-power devices, such as those powered by batteries or energy harvesting
systems. Future work can focus on improving the algorithm's accuracy and robustness, as
well as exploring its application in different domains.

Keywords: gesture detection, neural network, capacitive sensor, signal profile.
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INTRODUCTION

Using gestures is one of the most convenient ways of interaction with gadgets.
Therefore, gesture real time detection has many applications [1-6], including gaming, virtual
reality, and smart home devices. The ability to detect gestures in real-time enables users
to interact with devices in a more natural and intuitive way, enhancing the overall user
experience.

Development of structures and algorithms of such gadgets combined with the
advantages of microcontrollers Infineon Technologies [7] and neural networks shall allow
realizing simple, cheap, effective, and reliable gadgets. The integration of Infineon's
microcontrollers with neural networks can provide a powerful platform for gesture detection,
enabling the development of a wide range of innovative applications.

The use of neural networks can improve the accuracy and robustness of gesture
detection, while Infineon's microcontrollers can provide the necessary processing power
and low power consumption. This combination can enable the creation of gesture-based
devices that are not only effective but also energy-efficient and cost-effective.

MATERIALS AND METHODS

Figure 1 shows a panel prototype with three buttons. Only signal from one of them
(middle button) was used for the algorithm development. A button press is identified as a
certain command.

An algorithm shall be developed to differentiate the two types of signal:

1. The sensor signal resulted from a button press (Touch).
2. The sensor signal resulted from a finger swiping on the button surface (Swipe).

To correctly classify signals, signal attributes are required. Figure 2a and 2b shows
pairs of real-signals examples that differ visually while Fig. 2c and 2d — similar examples
that can hardly be differed visually.

The requirements to the identification system productivity: the classification shall be
executed immediately after the signal start and ensure the algorithm high efficiency.
Therefore, for example, the signal spectrum analysis cannot be used due to its inherent
features:
¢ the need to process the entire signal (from start to end);
¢ significant amount of processing time;
¢ significant amount of calculation resources for the transition to the frequency domain.

So, simple attributes are required. Neither the signal level nor its duration is applicable.
They may change in a wide range for both signal types. Only the signal shape is applicable.

Lee

Fig. 1. PSoC 4000S Prototyping Board
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Fig. 2. Real signals: long touch (a); slow right to left swipe (b); short touch (c) and regular right to left swipe (d).
Signals are depicted by blue lines, whereas device-identified results — by green lines.

Touch-type signal is close to the N-shaped in most cases. Swipe-type signal is more similar
to the Gauss function.

Unfortunately, short-duration signals in fact cannot be differentiated even visually (Fig.
2c and 2d). This leads to the consideration that any identification algorithm will not yield a
100% correct result. In such cases, the classification issue can be resolved with the neural
network solution.

Similar to any classification algorithms, the neural network approach requires the
selection of the classification attributes. As mentioned above, most signals can be
differentiated based on their shape and the signal derivative depends significantly on the
shape (see Figures 3, 4). Therefore, the analysis of the signal shape transits to the analysis
of values of the signal derivative, where the derivative is the time function.
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: 3
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Fig. 3. Long touch signals. Blue line — real signal, green line — signal derivative.
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Fig. 4. Regular left to right swipe signals. Blue line — real signal, green line — signal derivative.

The lM-shaped signal may appear suddenly between two peaks determined by the
edges of the time interval signal for which the derivative is close to zero. For the Swipe type
of signal, such an interval is either absent or minimal. This difference can be used as one
of the attributes for the classification. Another attribute can be the speed of the increasing
of the leading-edge signal. In many cases, this speed is significantly bigger for the Touch
type signal than for the Swipe type signal. Therefore, the maximal value of the derivative
on the leading-edge signal can be taken as the second attribute.

RESULTS AND DISCUSSION

The two attributes are selected for the classification:
1. The maximal value of the derivative on the leading-edge signal.
2. The number of zeros on the signal top.

Figure 5 shows the flowchart for signal attributes determination.

To make the algorithm work, the two constants are required: the signal minimal level,
the maximal value of the signal derivative, where the derivative shall be equal to zero.

Figure 6a demonstrates the results obtained by the program for button press (Touch
signal). Figure 6b — same results for button surface (Swipe signal). Figure 6 confirms that
the attributes values are different. On the other hand, there is a significant overlapped area
(see Fig. 7).

No
Xk '_> Yes-> Yesd| Icix =XI:|X):£ _> Yes
= Ak = Ak- v
Max = dk
N: No
No= 0
Na=0
N
idx=0 Yes °
Max =0 /\
Yes dk < do No
Mas0j = No
MasMa.Xj =L «No Yes> No= No+1
j=j+1
Na=0

Fig. 5. Algorithm for determination of signal attributes.

32 Electronics and information technologies « 2025 « Issue 29



Enhancement of sensor panel tactile touch interface

g
.
200 4 . . . 175 4
. R .
- . - .
.
‘- I .- ‘,; _' . 150 +
v 150 B RS AR Ra— . e
= . . e 5
H o, L 5 125 4
g . ke LI <
c S, o, . =
k] J PR S . ® 100 ]
E 100 . . R DN ., §
£ . o0 vee oo £
= <oy YT % 751
o 5 s e . . . o
3 e s e ee * £
4 . LS
50 . - -~ . 50 4 v
.
.
L . Vg eien o . .
254 e,y .
o * i UL H S .
T T T T T T T u
o 50 100 150 200 250 300 350 0 1‘0 26 3‘0 4‘0 5‘0
NO-the number of zeros NO-the number of zeros
(@) (b)

Fig. 6. Signals attributes values for Touch signal (a) and Swipe signal (b).
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Fig. 7. Normalized attributes values for two types of signals: green dots — Swipe, red dots — Touch.

Due to the difficulty of the signal’'s boundary determination, as the solution for the
classification task, it was selected the forward propagation two-layer neural network with
the sigmoidal function of activation, which structure is depicted on the Fig. 8.

Inputs

W,

Hidden
layer

W,

Output
layer

Fig. 8. Neural network structure.
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Before the neural network training, the input vectors were normalized. The number of
neurons in the input layer shall determine the accuracy of reproducing the boundary

between the two sets. To assess the quality of the classification, the error coefficient K was
used:

K= (Estipe + ERtouch)/an1 1)

where:
ERsyipe is the number of incorrectly determined signals of the Swipe type;

ER;ouch — the number of incorrectly determined signals of the Touch type;

Nyp — the summative number of signals.

Table 1 contains the results of the classification with different quantities of neurons in
the input layer.

The further increase of the number of neurons in the input layer shall not yield better
results because the boundary between the two types of signals is blurry. The only way to
improve the classification accuracy is to increase the number of the classification attributes.
The selected here attributes worked the best. Whereas, additional attributes, for example,
the signal amplitude value did not show significant improvement.

Table 1. Results of the classification with different quantities of neurons in the
input layer

Number of neurons in the input layer Error coefficient (%)
8.2-9.0

7.1

6.5

6.4

6.3

O [W|N|F |3

OO [WIN

Figure 9 shows the offset limit of the signals obtained by the trained neural network
with six neurons in the input layer.
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Fig. 9. Boundary between the signals (green dots — Swipe signal, red dots — Touch signal).

The further increase of the number of neurons in the input layer shall not yield better
results because the boundary between the two types of signals is blurry. The only way to
improve the classification accuracy is to increase the number of the classification attributes.
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The selected here attributes worked the best. Whereas, additional attributes, for example,
the signal amplitude value did not show significant improvement.

CONCLUSION

Based on obtained results, we have concluded that the proposed classification
algorithm yields quite good accuracy while executing the identification of two signals in the
minimal time period and requires minimal calculation resources, so, can be used with
minimal cost for the quality enhancement of the sensor panels.
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AHANI3 YOOCKOHANEHHA TAKTUNBbHOIO IHTEP®ENCY OOTUKY
CEHCOPHOI NAHENI

OnekcaHOdp Kapnin®?, 3inoeili JTlo6yHb!, Bacuns MaHd3ii’?,
Onez Tepewyk', Hecmop lNouiti*?

1 Kagpedpa padioghiauku ma KoMn'romepHUX mexHosnoziti

Kagpedpa ceHcopHOI ma HanigrnpogiOHUKOBOI efleKMPOHIKU,
Jlbgigcbkuli HayioHanbHUl yHiesepcumem imeHi lIeaHa ®paHka

eyn. TapHascbko2o, 107, M. flbeis, 79017, YkpaiHa

2 IHpiHeoH TexHonodxic, Jlbeie, YkpaiHa

8yn. JlyeaHcbka 20, m. Jibaeie, 79048, YkpaiHa

3 Kagbedpa iHghopmauiliHux mexHornoeili ma cucmem efieKmpoHHUX KOMYHiKaujit
JIbsiscbkuli depxasHuli yHisepcumem 6e3neku xummeoisibHoCMi
syn. Knenapiecbka 35, m.JIbsie, 79007, YkpaiHa

AHOTALIA

Bectyn. B cTatTi po3rnsiHyTO MOXNMBICTb BUKOPUCTaAHHS CEHCOPHOI KHOMKW And
ineHTudikalii ABOX TUMIB CUrHaniB — CUrHany Bi4 HATUCKaHHA KHOMKW Ta curHany Big
NpoBeAEeHHS MNanbLem no KHonui. Lla koHuenuis mae noteHuian KapauHanbHO 3MIHWUTK
cnocié B3aemopfii 3 EeneKkTPOHHUMWU MNPUCTPOAMK, 3pobuBLIM  iX Binbl  iHTYITUBHO
3pO3yMINMMK Ta 3pYyYHUMU Onsi KOPUCTyBaya. 34aTHICTb BUSBASATU PidHi TUNK XXecCTiB 3a
[OMOMOrOK OAHIET KHOMKM TakoX MOXe Npu3BecTU A0 Ginbll KOMMAKTHOMO Ta EKOHOMIYHO
edeKTMBHOIO An3anHy.

MaTtepianu Ta MeToau. [lnsa BupilueHHNA 3agadi knacudikadii 3anponoHoBaHO anropuTm
BM3HA4YeHHS 03HaK CUrHaniB Ha OCHOBI SkuX Byae NpoBOAUTUCH PO3Mi3HABAHHS. ANropuUTM
6a3yeTbCca Ha BUKOPUCTaHHI HEMPOHHOT MepeXi, Aka HaB4YaeTbCA Ha HAabopi 4aHWX curHanis,
3ibpaHux i3 ceHcopHOI kHoMkK. Habip gaHWX MICTUTb Pi3HOMAaHITHI CUrHanm, KOXeH 3 sIKUX
BiANOBiAAe NEBHOMY XECTy, HanpuKnag HaTUCKaHHSA KHOMKM abo NpoBedeHHs nanbuem y
pi3HMX HanpsimMkax. HenpoHHa wMepexa po3pobneHa AN BMBYEHHA LWAOMOHIB i
XapaKTepuUCTUK CUrHariB, WO AO3BOMSE i TOYHO KnacudikyBaTh HOBI, HEBIQOMI curHanu.
AnroputTmM oNTUMI30BaHO ANA MiHiMi3auii yacy 06pobkm Ta 0BuMCnoBanbLHUX pecypceis, LU0
pobuTb MOro NpyaaTHUM NS AETEKTYBAHHSA XECTIB B PEXMMI peanbHOro 4yacy.

PesynbTtatu. BukopuctaHHa HeWpomepexx ANs BUPILLEHHs 3ajadi po3ni3HaBaHHS
[03BONSE nerko BW3HAYMTU ONTMManbHi napameTpu anroputMmy Knacudikauii  ans
KOHKPETHOrO0 TUMY CEHCOPHOI KHOMKW. PesynbTaTu nokasykTb, WO 3anpornoHOBaHWUM
anropuTm 3abe3neyvye BMCOKY TOYHICTb iAeHTMdiKauil ABOX TWMNIB XECTiB 3 MiHiManbHO
KifIbKICTIO MOMMITOK.

BucHoBkuW. 3anponoHoBaHWi anropuTtM knacudikauii 4ae gocutb Aobpy TOYHICTE Npu
BMKOHaHHI igeHTudikauii OBOX CurHaniB 3a MiHiManbHUA MPOMIKOK 4Yacy Ta BMMarae
MiHiIManbHNX o64YnCNoBanbHMX pecypciB. Takum YMHOM, BiH MOXe OyTn BMKOpUCTaHUA 3
MiHIManbHUMK BUTpaTamn Ans  36inblWeHHA  (YHKLIOHANbHOCTI CEHCOPHUX MNaHenen.
3paTHICTb anroputMmy BUSIBMISITU XECTW 3a [JOMOMOrol OAHiel KHOMKM pobuTb 10ro
nNp1BabnMBUM pilLEHHsIM ANst AoAaTKIB, e NPOCTip 0OMeXeHWI, Hanpuknag, y NepeHoCHNX
npuctposix abo MobGinbHMX TenedgoHax. KpiM Toro, HM3bki obuucrnioBarnbHi BUMOrU
anropuTMy pobnaTb MOro NpuaaTtHUM AN BUKOPWUCTAHHS B MarnonoTyXXHUX MPUCTPOSIX,
Hanpuknag Tux, Wo XuBnaTbcsa Big 6atapei. MaibyTHa poboTta Mmoxe ByTn 3ocepemxeHa
Ha nOKpalleHHi TOYHOCTI Ta CTIMKOCTI anroputMy, a TakoX Ha [JOChifXeHHi 1noro
3acTOCyBaHHSA B pi3HUX obracTsx.

Knro4oei crioea: EMHiCHWMIA ceHcop, Npodinb curHany, iHaukauis, HeMpoHHa Mepexa.
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BU3HAYEHHS HAMKPALLOIO ONTUMI3SATOPA AN HEUPOMEPEXI MPU
PO3POBL|| CACTEM ABTOMATUYHOI KNACU®IKALII 3SOBPAXEHb

AHOpiaH Ko3uHeyb®
JIbsiecbkuli HayioHanbHUl yHieepcumem iMeHi IeaHa ®paHka,
syn. [ipacomaHosa 50, 79005 m. Jlbeie, YkpaiHa

KoauHeub, A. (2025). BusHayeHHst Havkpalloro ontumisaTtopa Anst Hevpomepexi npu po3pobui
cUCTeEM aBTOMATMYHOI Knacuaikauii 306paxeHb. EnekmpoHika ma iHgpopmauitiHi mexHosnoeii, 29, 37-
46. https://doi.org/10.30970/eli.29.4

AHOTALIA

MepegymoBu. BuGip Haiikpalloro onTuMizaTopa € BaXIMBMM KPOKOM Y po3pobui
e(eKTMBHMX CUCTEM aBTOMATMYHOI knacudikauii 300paxkeHb. 3okpeMa, Anst HeMpoMepeXx,
nobynoBaHNX Ha OCHOBI 3ropTKOBUX HEWPOHHWUX mMepex (3HM), Bubip M nonynspHUMu
meTtogamu ontumisauii, Takumum sk Adam (ApantmBHa OuiHka MomeHTy) Ta SGD
(Ctoxactuunnin MpagieHTHUn Cnyck), MOXe CYTTEBO BMMMHYTM Ha iXHIO €(EKTUBHICTb.
MopiBHAHHSA LMX ONTMMI3aTOPIB AA€ 3MOTy BM3HA4YMTV HanbinbLu BiANOBIgHWI ONTUMI3aTop
ONs po3B'si3aHHSA KOHKPETHUX 3aBOaHb MALUMHHOMO HABYaHHS.

MeToau Ta iHCTpyMeHTU. [1NA HaBYaHHA Ta TecTyBaHHA Mogdenen 6yno BMKOPUCTaHO
6ibnioteky TensorFlow Ta iHTepdenc Ans Bisyanisauii npouecy MalMHHOrO HaBYaHHS
TensorBoard. Hevipomepexi TpeHyBanucb Ha [ABOX pi3HWX Habopax AaHuMX 3 CYTTEBO
pi3HMMK XxapakTtepucTtukamu. [ns koxHoro Habopy gaHux Oyrno npoBeAeHO HaBYaHHS 3a
ponomoroto  ABox onTtumisatopiB: Adam Ta SGD. [lig vac aHanisy pesynbTartis
BpaxoByBanucs Taki napameTpu, Ik TOYHICTb TPEHYBaHHSA Ta NEePEBIPKM, a TAKOX BTPATU Nig,
yac TpeHyBaHHS Ta NepeBipKu.

PesynbTtatn Ta obroBopeHHs. 3rigHO 3 pesynbTatamu, ontumizatop SGD nokasas
KpaLli NOKasHWK1 NpoayKTUBHOCTI nopiBHAHO 3 Adam. MoyvaTkoBa TouHicTe Ans SGD 6yna
BUMLLOIO, @ TAKOX CMOCTEPIranoch 3HayHe NigBULLEHHST LBUAKOCTI 3pOCTaHHSA TOYHOCTI. Kpim
TOro, OcCTaTodHa TOYHICTb Mogeni 3 ontumizatopom SGD 6Oyna BuWoOK AK Ha
TpeHyBanbHOMY, TaK i Ha nepesipHOMy Habopax gaHuX, Lo BKadye Ha Binbll edpeKTUBHUN
NpoLec HaBYaHHS 3 BUKOPUCTAHHSIM LibOro onTumi3aTopa.

BucHoBkuU. BusHaueHo, Lo BMKOpUCTaHHSA onTuMizaTopa SGD npu3BoanTb 40 KpaLux
pesynbTaTiB y NOPiBHSAHHI 3 onTuMizaTopoMm Adam Anst 3agay aBTOMaTUYHOI Knacudikadii
300paxeHb. Lle nigTBepaXyeTbCst BULLMMM MOKA3HMKAMW TOYHOCTI Ta Ginbly LWIBMOKAM
NpOLIECOM HaBYaHHS.

Knroyoei cnnosa: TensorFlow, 3ropTkoBa HepoHHa Mepexa, Adam, aganTyMBHa oujiHKa
MoMeHTy, SGD, ctoxacTuyHum rpagieHTHumn cnyck, GPU, TPU .

BCTYN

Y cyyacHomy uucpoBoMy CBIiTi 00pobka Ta knacudikauis 300paxeHb cTanm
HeobXigHMMKN cknagoBMMKM OaraTbOX AoAaTkiB Ta cepsiciB. 3 pPO3BUTKOM TEXHONMOTIN
MaLLUMHHOIO HaBYaHHSA 3'ABNAIOTLCSA HOBI MOXIMBOCTI ANsl aBTOMaTu3auil LMx nNpoLecis,
LLIO 3HAYHO MiABULLYE eDEKTUBHICTb Ta TOYHICTb POBOTKM 3 BENUKMMY obCcsAramm BisyarnbHUX
AaHnx. OgHMM i3 MepcrnekTUBHUX HanpsiMKiB € po3pobka cucTeM aBTOMaTU4YHOI
knacudikauii 300paxeHb, Ski  0O3BONSAOTbL KOpUCTyBayam  LUBMOKO OTpUMMYyBaTu
iHpopMauilo npo 3micT 3o00paxeHb Ta MOMErwylTb iX MOWYK i KaTeropusauito.
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A. Kozynets.

Knacudikauiss 300pakeHb € NpoLECOM acouiloBaHHS Kno4vyoBuX cnie abo MiTok 3
300paXkeHHsIMK 4nsi Toro, Wwob onucatu ixHin 3aMicT. Knacudikauis Mae Benuke 3Ha4YeHHsI
y pi3HMX chepax Ta 3aCTOCYBaHHSAX, OCKiflbKM fonoMarae B ynpasriHHi, MOLIYKy Ta aHanisi
300paxeHb. Hanpuknag, knacudikauis 300paxeHHS BUKOPUCTOBYETLCS Yy COLlianbHUX
Mepexax, cuctemax kepysaHHsi Bmictom (CKB), nowykoBux cuctemax. Iig yac HaB4aHHs
Moaenen MalMHHONO HaBYaHHA KnacudikoBaHi 306paeHHs1 BUKOPUCTOBYIOTbCHA [ANS
MOKpaLUEHHs anropuMTMIiB po3ni3HaBaHHA OO'EKTiB, CLUEH Ta IiHWWX XapaKTepucCTuK
300paxeHsb. Lle no3sonse ctBoptoBaTh GinbLU TOYHI Ta €PEKTUBHI CUCTEMW PO3Mi3HABaHHS.

Bubip ontumizaTtopa nig 4ac HaB4yaHHA 3HM pgns knacudikadii 300paxeHb €
HaA3BUMYaAMHO BaXMMBMM €TanoM, Skui Ge3nocepedHbO BNNMBAE Ha 4ac HaBYaHHS,
TOYHICTb OTPMMaHOI Mogeni Ta po3bbKHICTE MK akTUYHMMKU Ta nepepbdbadYeHuMun
pesynbtatamn. B cTaTtTi [1] po3rnsHyTO npuunHy 4vepe3d sky SGD noraHo npautoe 3
npobremoto 65104HOT HEO4HOPIAHOCTI, @ TAKOX NOKa3aHO YOMY aganTUBHA OLjiHKa MOMEHTY
(Adam) nokasye kpalwi pesynbTatm B Ui cuTyauii. Y [2] poarnsHyTo ribpugHe
BUKOPUCTAHHA LMX [OBOX ONTUMI3aTopiB, WO NPU3BOAUTbL A0 OTPUMAHHA Kpaljux
pesynbTaTiB HaBYaHHS.

Mpn BMBOpi onTumizaTopa Ans HaBvaHHA 3HM BaxnvBo BpaxoByBaTu crieundiky
3ajavi Ta XapakTepuUCTMKM AaHuX, a TakoX OCOOMMBOCTI apXiTeKTypu camoi Mepexi.
OpHielo 3 cyyacHUX TEHAEHUIN € BWKOPUCTAHHA MeTOoAiB MeTa-onTumisadii, ski
aBTOMaTUYHO HaNaLLTOBYIOTb NapameTpy HaB4YaHHS. Lle 3Ha4yHO cnpoLlye npoLec noLyky
HaMKpalwux rinepnapamMeTpiB i 3abe3neyvye cTabinbHiWy Ta wWBuAWY 30DKHICTb.
Hanpuknag, 6ariecoBa onTuMisauis Moxe edeKTUBHO 3HaXOANTM ONTUMarbHi napameTpu,
KOMOIiHyBaTW pi3Hi Niaxoan 0O HaBYaHHS.

MeTtoan, siki kKombGiHytoTb SGD 3 aganTuBHMMKW MeToAaMu, TakuMmn sik Adam, cTatoTb
BCe nonynsipHiwnmun. Taki ribpngHi onTMMizaTopyu MOXYTb 3HaxXoAuUTW Oinbll edEeKTUBHI
TpaekTopii MiHimMi3auii dyHKUiT BTpaT Ta 3abe3neyyBaTti 6anaHc MK LUBMAKICTIO 36KHOCTI
Ta cTabinbHiCTIO. BrKOpMCTaHHS TakMxX OMNTUMI3ATOPIB 3HWKYE PU3NK 3aCTpPAraHHA B
nokarnbHUX MiHiMymax i NoKpaLlye y3aranbHeHHs Ha HOBUX AaHuX.

Okpim BMBOpY onTuMMmi3aTopa, HeobxigHO BpaxoByBaTM OCOOMMBOCTI anapaTHOro
3abe3nevyeHHsa. Hanpuknag, cydacHi rpacbivni npouecopu (IT1) Ta TeH30pHI npouecopu
(TTT) 3HA4YHO MPUCKOPIOIOTL MPOLEC HAaBYaHHS 3aBAAKM CBOIN apXiTeKTypi, Ska nigxoanTb
AN napanenbHoi obpobku gaHux. OnTumizatopu, Taki sk Adam, goGpe npautoioTb 3
BEMVKMMWN Habopamu OaHuxX i MOXYTb e(EKTMBHO BMKOPMCTOBYBATU OOYMCMOBAsIbHI
pecypecwu TI/TT.

BukopuctaHHsa ribpugHux ontumisaTopiB i MeTodiB MeTa-onTuMisauii BMMarae
CUCTEMHOro nigxody QOO HanawTyBaHHA Ta TecTyBaHHA wMogeni. Lle possonse
MaKcUMarbHO ePEKTUBHO BUKOPUCTOBYBATU AOCTYMHI 064MCnoBarbHi pecypcu, gocaratu
BMCOKOI TOYHOCTI Ta y3aranbHBaHOCTI MOAENen Ha HOBUX JAHUX.

METOOU TA IHCTPYMEHTH

Ona po3pobkn cuctemm aBTOMaTUYHOI Knacudikauii 306paxeHb BUKOPUCTAHO
6ibnioteky TensorFlow Ta aBa onTumizaTopu: Adam i SGD.

Bubip 6ibniotekm TensorFlow 3ymoBneHur i LUMPOKMM 3aCTOCYBaHHAM Y
OOCTIKEHHSIX Ta MNPOMUCIOBUX MPOEKTax, a TaKOX HAsIBHICTIO BESUKOI KiNbKOCTI
iHCTPYMEHTIB i pecypciB Ans po3pobku Ta onTMMi3auii mogenen MawmnHHOTO HaBYaHHS.
TensorFlow Hagae rHydkicTb y HanawTyBaHHi Mmogenewn Ta nigTpyumye poboTy Ha pi3HMX
nnatcopmax, Lo pobuTb ii 3pyYHOI0 A4S BUKOPUCTaHHSA B Pi3HUX CEepeoBULLIAX.

OnTtumizatop Adam ob6paHo Yepes Noro 3gaTHICTb aganTUBHO 3MiHIOBATM LUBUAKICTb
HaBYaHHA [N KOXHOro napameTpa OKpPeMoO, WO Mpuckoptoe 36ikHICTE mogeni Ta
nokpatyye ii ctabinbHictb. Adam gobpe nigxoautb AnNst 3ajad, Ae OaHi MalTb BUCOKY
BapiaTUBHICTb.
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OnTtumizatop SGD, 3 iHWoro 60Ky, € KnacM4HMM MeToA4OoM ONTUMI3aLii, KU 4acTo
BUKOPUCTOBYETLCA Yepe3 CBOK MNPOCTOTY Ta eMEeKTUBHICTb Yy 3ajadvax 3 BeriMKumu
Habopamu paHux. BiH meHw BubarnueBui OO0 pecypciB i Moxe 3abe3neunmTn XxopoLi
pesynbTaty Npu NpaBuibHOMY HanalwTyBaHHI LUBMAKOCTI HaBYaHHSA. [poTe, NOPIBHSAHO 3
Adam, SGD moxe gemoHCTpyBaTh NOBINbHIWY 36DKHICTb i BinbLly YyTNMBICTL 40 BUGOPY
no4YaTKOBMX rinepnapameTpis.

Y NOPIBHSIHHI 3 iHWMMK NONYNAPHUMK onTuMi3aTopamu, Takumm sk RMSprop a6o
Adagrad, Bnbip Adam i SGD obrpyHTOBaHMI IXHBOK 34aTHICTIO 3abe3neynTn xopoLumi
OanaHc MiX LIBMAKICTIO HABYaHHSA Ta cTabinbHicTio mogeni. RMSprop, Hanpuknag, Tex €
aganTuUBHMM onTumisaTopoM, ane Adam o6'egHye B cobi nepeBarn RMSprop Ta MOMEHTY,
Lo Jae nomy nepesary B 6araTbox CLeHapisix.

Ontumizatopu B 3HM BigirpaoTb Ko4oBYy ponb Yy npoueci HaB4vaHHSA. Bonu
JonomaralTb Mepexi aganTyBaTuca 40 Habopy AaHuxX Ta NiaBuULLYBaTN eEeKTUBHICTb Y
BUPILLIEHHI MOCTaBneHoi 3agadi. [JBa HannowwmpeHiwi ontumizatopu: Adam ta SGD -
MaloTb CBOI YHiKanbHi 0COBNMBOCTI Ta 3aCTOCYBaHHS.

Ontnmizatop Adam [3] BukopuctoBye MeToa e(PeKTMBHOI CTOXaCTUYHOI ONTUMI3aLlii,
AKMN BMMarae nvile rpagieHTiB nepLoro nopsgky 3 HeBenvkumu BMMOramu o nam'siTi.
MeToq po3spaxoBye iHAMBIAYanbHi aganTUBHI TEMMW HaBYaHHSA ANA Pi3HMX napameTpis 3
OLiHOK NepLuoro Ta Apyroro MOMEHTIB rpadieHTiB.

SGD — ue onTumisauiiHui anropuTM, SKMIA NEXWUTb B OCHOBI HGaraTbox mopenen
rnubokoro HaB4vaHHs (MH). SGD npauloe WnsaxoM NOCTYNOBOro KOPUryBaHHS napameTpiB
MoAeni 3 BUKOPUCTaHHSIM rpagieHTa gyHKLii BTpaT, Skl 064MCnoeTbCsa Ans NigMHOXMHM
(miHi-nakeTa) AaHUX HaBYaHHSA, a MOTIM 3MiHIOKYM MiHi-NapTilo NPOTArOM MEBHOrO 4Yacy,
wo6 BMBYMTM BeCb Habip aaHux [4].

[Onsa pocnigkeHHa edqeKTUBHOCTI ONTUMI3aTopiB MOCNIAOBHO BWKOPUCTAHO [ABa
Habopn pgaHux. MNepwun Habip gaHWX MICTMB 25 TucsY 300pakeHb po3gineHux Ha 6
kateropii. Apyrun Habip gaHux mictmB 550 Tucsad 306paxeHb, pO3fdineHux Ha TUcsady
knacis. KoxHe 306paxeHHs y Habopax Oyno nonepegHbO MiArOTOBMEHO Anis
BUKOPUCTAHHS.

[ocnigxeHHss npoBoanIIocs Ha M'ATULLIAPOBINA HEMPOHHIN Mepexi, ika BKroyana Tpu
3ropTKOBUX LLApPK 3 S4POM po3mipoM 3x3 Ta nonepenHbOK akTMBAUIE 3a JOMOMOro
dyHkuii aktneauii ReLU (Rectified Linear Unit, Bunpsamnenui JliHinHnin By3on). KoxHuia
3ropTKOBUI LIAp HanalwToBYBaBCHA ANS BUSBMEHHHA Pi3HUX O3HaK Ta XapakKTepucCTuK Yy
BXigHUX 300paxkeHHsX. [icns 3ropTKOBMX LUApiB BUKOPUCTOBYBABCA LUAp 3riagKyBaHHS
ANA 3rnagkyBaHHS BUXIAHUX AaHWUX nepes iX NoJayeto Ha NoBHO3B’A3HMI Wwap. OcTaHHIn,
N'aTUin, Wwap mepexi OyB MOBHO3B'A3HMI Ta BMKOPUCTOBYBaBCA AN Kracudikauii
300paxkeHb Ha TUCAYY PI3HUX KnaciB, WO NpeacTaBnanu cobot kaTeropii 306paxeHsb.
Temn HaByaHHA Ans 060X ONTMMI3aToOpiB BCTAHOBMEHO HAa OOHaKOBUWM piBEHb, SKWM
ctaHoBuB 10~4. OgHakoBuUi Temn 3abesnevye MOPIBHAHHICTL pesynbTaTiB Ta [03BOSSE
YHVUKHYTW BAAMBY Pi3HWLI y TEMMNi HABYaHHA Ha e(PeKTMBHICTb ONTMMI3aLlii.

Mpouec TpeHyBaHHA MoAeNi BUKOHYBaBCS 3a Jonomorot 6idniotekn TensorFlow Ha
anapatHoMy 3abesnedeHHi, Wo Bkovae rpadivyHy kapty RTX 3060 Ti 3 GDDR6X 8 Gb
nam'siti, npouecop Ryzen 5 5600 Tta 16 6 onepaTuMBHOI Nam'siTi. TpeHyBaHHSA MoZeni
BKMOYAno Kinbka eTaniB: No4aTKOBMK 3anyck mModeni 3 noyaTkoBUMU napameTpamu,
NPOXOMPKEHHST Yepe3 Habip TpeHyBarnbHUX OaHuX, obuncneHHs BTpat (loss), OHOBMNEHHS
napameTpiB Moeni AN 3MeHLUEHHs LiMxX BTparT.

[nsi KOXXHOT enoxun Moaenb nNpoxoguna Yyepes Becb Habip TpeHyBanbHUX AaHuX, i Ans
Apyroro Habopy AaHux npoLec 3anmaB NpmMbnmM3Ho 40 XBUIMMH Ha KOXHY enoxy. MNpoTarom
KOXXHOI enoxu Mogens obymcnoBana BTpaTh Ha TPeHyBanbHUX AaHWX i Kopurysarna CBoil
napameTpu ons MiHimisauii umx BTpart. licna KoXXHOI enoxu Mogernb TakoX OLiHoBanacs
Ha nepeBipHOMY Habopi AaHuX, Wob nepeBipuTH, K 4OOpe BOHA y3ararnbHIOE HOBI AaHi,
ki He Oynu BMKOpPMCTaHi Mig 4ac TpeHyBaHHA. 3aranom 6yno BuKOHaHO 9 enox
TPEHyBaHHs, WO 3avHAno npubnuaHo 7 roguvH 20 xBunuH. llig Yac uboro npouecy
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CrnocTepiranocs MOCTYyNOBEe 3MEHLUEHHSI BTpaT $K Ha TpeHyBanbHOMY, TakK i Ha
nepesipHOMY Habopax JaHuX, Lo CBigYNTb NPO ehEKTUBHE HaBYaHHS Mogeni. PesynbTtaty
Oynu BidyanizoBaHi y Burnagi rpadikis Ta Tabnumub.

Ona 36opy Ta aHanisy pesynbTaTiB HaBYaHHS BUKOPWUCTOBYBABCS IHCTPYMEHT
TensorBoard, akun Hagae MOXNUBICTb Bidyanidayii METPMK HaBYaHHS, TakUX 9K BTpaTta Ta
TOYHICTb, Ha Pi3HMX eTanax npouecy HaByaHHs. Lle no3Bonsie cuctemaTUYHO OuiHOBaTU
Ta NOpIiBHIOBATU MPOAYKTUBHICTb CTOXaCTMYHOrO rpafi€eHTHOro CNycky Ta aganTUBHOI
OLiHKM MOMEHTY nif Yac HaB4YaHHSA MoAesni 3 MeTO BU3HAYEHHHA HanegeKTUBHILLIOro
onTumi3aTopa Anis AaHoi 3agadi knacudikauii 300paxeHb.

Ha puc.1 npegcraBneHo npuknag Aekinbkox 306paxeHb 3 Habopy gaHux (ambulance,
cup, strawberry) Ta YacTUHy Ha3B Pi3BHOMaHITHUX KaTeropin gaHuXx.

Ambulance Cup Strawberry

abacus,abaya,academic_gown,accordion,acorn,acorn_squash,acoustic_guitar,admiral,affenpins
cher,afghan_hound,african_chameleon.
...rabbit,wooden_spoon,wool,worm_fence,wreck,yawlyellow_lady_s_slipper,yorkshire_terrier,y
urt,zebra,zucchini

Puc.1. 306paxeHHs Ta Ha3BM kaTteropin y Habopi AaHuX.
Fig. 1. Images and names of categories in the dataset.

PE3YJIbTATU TA OBIrOBOPEHHA

Ha puc.2 300paxeHo rpadiky pesynbTaTiB TPpeHyBaHHA MoOAeni 3 BUKOPUCTAHHAM
ontumizatopie SGD Ta Adam. Npadikv 3Bepxy NokasylTb pedynbTaTv Ansg ontuMisaropa
SGD. Nisopyu (puc.2a) BigobpaxeHa TOYHICTb (accuracy) mogeni, a npaBopyd (puc.26) —
BTpath (loss) mogeni No enoxax AN TpeHyBamnbHWUX Ta NEpeBipHUX AaHuX. [MyHKTUPHI
npeacTaBnAlTb QaKTUYHI 3HAYEHHSA, TOA4I SK CyuinbHi MNiHii NOKasyloTb 3rnagXeHi
3Ha4veHHs. Ona ontumizatopa SGD TOYHICTb TpeHyBanbHUX AaHWX NOCTYNOBO 3POCTAE |
aocsrae 3rnagkeHoro 3HaveHHs 0,8297 Ta daktmnyHoro 3Ha4veHHsa 0,8343 nicns 16 enox.
TouYHICTb NepeBipHUX [aHUX TaKoX 3pocTae [0 3rnampKeHoro 3HadeHHs 0,8141 i
dakTuyHoro 3HayveHHa 0,8117. BTpaTu Ha TpeHyBamnbHWX [AaHWX 3MEHLIYITbCA [0
3rnagkeHoro 3HayeHHs 0,4694 i dpakTnyHoro 3HayveHHs 0,4545, a BTpaT Ha nepesipHUX
AaHUX 3MEeHLWYTbCA 00 3rnagxeHoro 3HadeHHa 0,541 i dpaktnyHoro 3HadveHHs 0,5498.
3aranbHum Yac TpeHyBaHHSA AN KOXHOI enoxu ctaHosuB 11,75 xBunuH. [ins ontumisatopa
Adam (rpadiku BHU3Y) TOYHICTb TPEHYBaIbHMX AaHUX 3pOCTaE 0 3rMafKEeHOro 3Ha4YeHHs
0,8218 Ta cpakTnyHoro sHayeHHa 0,8252 nicna 19 enox.

TouHicTb MOAenNi Ha NepeBipHUX AaHUX 3pOCTaE Ao 3rnagkeHoro 3HadeHHs 0,7929 i
dakTnyHoro 3HayeHHs 0,805. BTpaTu Ha TpeHyBanbHUX [aHUX 3MEHLUYTbCA [0
3rnagkeHoro 3HayeHHs 0,4901 i dakTudHoro 3HadveHHst 0,48, a BTpaTU Ha NepeBipHUX
OaHVX 3MEHLUYITbCA A0 3rnampkeHoro 3HaveHHs 0,5812 i dhaktuuHoro 3HauyeHHs 0,5479.
3aranbHUM 4Yac TpeHyBaHHSA AN KOXHOI enoxu ctaHosumB 13,91 xBunuH. lNMopiBHABLLK
pe3ynbTatv ABOX ONTUMI3aTOpiB, MOXHa NobaunTu, Wwo ontumizatop SGD pocsirae Tpoxm
KpaLLol TOYHOCTI Ha NepeBipHUX AaHUX, TOAI 9K onTuMizaTop Adam nokasye TPOXU MeHLLUi
BTPaTK Ha NepeBipHMX AaHux. Buxogaum 3 umx pesynbrariB, MOXHa 3p00OMTU BUCHOBOK,
wo ontumiszatop SGD € gewo kpawmm BapiaHTOM Anisa Uiei 3agadi, ockinbku 3abesnevye
BULLLY TOYHICTb Ha MepeBipHUX AaHUX.
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B) r)

Puc.2. Mpadikn 3anexHOCTi TOYHOCTI Ta BTpaT Big KiMbKOCTi €MoX HaBYaHHS (Meplumnii Habip AaHWX): TOYHICTb
ontumizatopa SGD (a), BTpatn ontumisatopa SGD (6), TouyHicTb ontumizatopa Adam (B), BTpatu
ontumizatopa Adam (r). KopuyHeBi niHii — TpeHyBanbHi AaHi, a cMHi — nepe.ipHi. MNMyHKTUPHI NiHii —
aKTUYHI 3HAYEHHS, CYUiNbHI NiHIT — 3rNag)XeHi 3Ha4YeHHs.

Fig. 2. Graphs of the dependence of accuracy and loss on the number of training epochs (first dataset): accuracy
of the SGD optimizer (a), losses of the SGD optimizer (6), accuracy of the Adam optimizer (B), losses of
the Adam optimizer (r). Brown lines — training data, blue ones — validation data. Dashed lines — actual
data, solid ones — smoothed data.

Kpim Toro, yac TpeHyBaHHs ana SGD 6yB Tpoxu kopoTtwmm (11,75 xBunuH 3a 16 enox)
nopieHsHO 3 Adam (13,91 xBunuH 3a 19 enox), LWo Takox € nepesaroto. Bpaxosyouun BuLy
TOYHICTb i MEHLUMIA Yac TpeHyBaHHs, onTumizatop SGD Burnagae kpalimMm BM6opom Ans
AaHoro 3aspaHHA. CymapHO oTpumaHi pesynsTatv AN BrAYYHOCTI Ta BTpaT MoAernen
OTpUMaHi Ha MepLoMy TpeHyBanbHOMY Ta nepeBipHOMY Habopi AaHWX NpeAcTaBneHo y
Tabnuui 1.

Ha puc.3 npegcraeneHo rpadiku pesynbTaTiB TOYHOCTI | BTpAT AN TpeHyBanbHUX Ta
nepeBipHMX AaHux gpyroro Habopy ansa ontumidatopis SGD ta Adam. [Ins ontumisatopa
SGD (Puc. 3a — TouHicTb, Puc. 36 — BTpaTn) TEMHO-CUHI MiHii NOKa3ytoTb TPEHyBarbHi AaHi,
a CBITNO-CUHI — nepeBipHi. MMyHKTVUPHI NiHii NpegcTaBnaoTe hakTUYHI 3HAYEHHSs, ToAi AK
CYUiNbHI NiHil NOKa3yloTb 3rNaXeHi 3Ha4yeHHs. TOYHICTb TpeHyBanbHUX AaHUX NOCTYNOBO
3pocTae Ao 3rnamkeHoro 3HaveHHs 0,2479, a dakTuyHe 3Ha4veHHsi ctaHoBuTb 0,2663.
MepeBipHa TOYHICTb TakoX 30iNbLIYETHCA, AOCAralyM 3rnamxeHoro 3HadeHHsa 0,239 i
dakTU4HOro 3HaveHHs 0,2498.
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Tabnuys 1. KiHueBi 3Ha4YeHHA TpeHyBaHHA MoAeni ANA NnepLioro Habopy AaHuX.
Table 1. Final values of model training using the first dataset.

OnTtumizatop

SGD Adam
daKTUYHI 3rnagkeHi DaKTUYHI 3rnamKeHi
3HaYEHHS 3HaYEHHS 3HaAYEHHS 3Ha4YeHHs

TouHicTb | TpeHyBanbHa 0,8343 0,8297 0,8252 0,8218
MepeBipHa 0,8117 0,8141 0,805 0,7929
BTtpatu TpeHyBanbHi 0,4545 0,4694 0,48 0,4901
MepeBipHi 0,5498 0,541 0,5479 0,5812

Yac(xs) 11,75 13,91

K-cTb UuKNiB HAaBYaHHS 16 19

BTpaTtn Ha TpeHyBanbHWUX AaHUX 3MEHLUYIOTLCS 00 3rnampKeHoro 3HavyeHHs 3,7209 i
dakTuyHoro — 3,59, Todi Sk NepeBipHi BTpaTW 3MEHLYIOTbCA A0 3rMagKEeHOro 3Ha4YeHHs
3,8222 i cpaktuyHoro — 3,7522. 3aranbHuii Yac TPEHyBaHHA CTaHOBUTH 7,282 rop.

B)

r):-

Puc.3. padbikn 3anexHOCTi TOYHOCTI Ta BTpAT Bif KiNMbKOCTi €noX HaB4aHHA (Apyrvin Habip OaHWX):TOYHICTb
ontumizatopa SGD (a), BTpatu onTumizatopa SGD (6), TouHicTb onTumizaTtopa Adam (B), BTpaTu
ontumizatopa Adam (r). KopuuHeBi niHii — TpeHyBanbHi AaHi, a cuHi — nepeBipHi. MNyHKTUPHI NiHii —
haKTUYHi 3Ha4YeHHS, CyLinbHi NiHii — 3rmag)XeHi 3Ha4eHHS.

Fig. 3. Graphs of the dependence of accuracy and loss on the number of training epochs (second dataset):
accuracy of the SGD optimizer (a), losses of the SGD optimizer (6), accuracy of the Adam optimizer (B),
losses of the Adam optimizer (r). Brown lines — training data, blue ones — validation data. Dashed lines —
actual data, solid ones — smoothed data.
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Insa ontumizatopa Adam (rpadikvm BHM3Y, 3riBa — TOYHICTb, CNpaBa - BTpath) TEM-HO-
CWHI NiHIT TaKOX NPeACTaBnATb TPEHYBarbHi AaHi, a CBITNO-CUHI — NepeBipHi. MyHKTUPHI
NiHii BigoOGpaxaloTb (PaKTUYHI 3HAYEHHHA, TOAI AK CYUinbHI MiHIl NOKa3ylTb 3rnafXeHi
3Ha4yeHHs. TOYHICTb TpeHyBamnbHWX OaHUX 30iNblUyETbCA [0 3rNaSKEHOro 3HaYeHHs
0,1468, a dakTmyHe 3Ha4vyeHHs cTaHoBUTbL 0,1604. T[lepeBipHa TOYHICTL TaKOX
36inbLwyeTbca Ao 3rnagxkeHoro 3HadeHHs 0,1495 i pakTnyHoro sHaveHHsa 0,1612. Brpatu
Ha TpeHyBanbHUX AaHWMX 3MEHLUYIOTbCA A0 3rnagkeHoro 3HaveHHs 4,4333 i dhakTu4Horo
3HauveHHs 4,3156, Toai 9K nepeBipHi BTpaTM 3MEHLUYIOTLCA A0 3rnaXKeHoro 3HayeHHs
4,4347 i pakTnyHOro 3HaveHHs 4,3387. 3aranbHuii Yac TPeHyBaHHSA CTaAHOBUTbL 7,396
roavH. CymapHO OoTpuMMaHi pesynbTaTh Ans BIYYHOCTI Ta BTpaT Mogenen oTpuMmaHi Ha
ApYromy TpeHyBanbHOMY Ta NepeBipHOMY Habopi AaHMX NpeAcTaBneHi y Tabnuui 2.

Tabnuys 2. KiHueBi 3Ha4eHHs TpeHyBaHHA MoAerni BUKOPUCTOBYHOUYM Apyrun Habip
AaHUX.
Table 2. Final values of model training using the second dataset.

OnTnmizatop

SGD Adam
daKTUYHI 3rnamKeHi DaKTUYHI 3rnamKeHi
3HaYeHHs 3HaYeHHS 3HaYeHHS 3HaYeHHs
TouHicTb | TpeHyBarnbHa 0,2663 0,2479 0,1604 0,1468
MepeBipHa 0,2498 0,239 0,1612 0,1495
Btpatn | TpeHyBanbHi 3,59 3,7209 4,3156 4,4333
MepeBipHi 3,7522 3,8222 4,3387 4,4347

Yac(ron) 7,28 7.4

K-CTb UMkniB HaB4YaHHA 9 9

Buxogsum 3 umx pesynbTaTtis, BUOHO, WO obuaBa oONTMMI3aTopy MOKa3ykTb
3POCTaHHA TOYHOCTI Ta 3MEHLUEHHs1 BTpaT i3 36inbleHHAM KinbkocTi enox. OgHak, SGD
JOCAr KpaLlol TOYHOCTI SIK Ha TpeHyBarnbHUX, TaK i Ha NepeBipHUX AaHUX Y MNOPIBHSAHHI 3
Adam. Takox BTpatn gnsa SGD O6ynu HWKYMMM, WO BKa3dye Ha edeKTUBHILLE HaBYaHHS
MoZerni 3 BAKOPUCTaHHAM LibOro onTumisaTopa.

Ha ocHOBi gaHWX MOXHa BU3HAYUMTW Aeski XapakTepuCTUKU pesynbTaTiB mMoaeni
HaBYaHHSA:

e 3pocTaHHs TOYHOCTI 3 KOXHOK €MOXOK HaB4aHHsA, Hanpuknag, sig 0,02 oo 0,16 3
nepLloi 4O AeCATOl enoxu HaeyaHH4. Lle cBigumnTb nNpo Te, WO MOAenb MOCTYMOBO
BLOCKOHAamNKETLCA Mif Yac HaBYaHHS.

e CrabinbHicTb TOYHOCTI Ha eTani nepesipku, Hanpuknag, Big 0,04 no 0,161 3 nepLwoi fo
AecsTol enoxu nepesipku. Lle moxe cBigunTh npo Te, Wo moaens Jobpe y3romxyeTses
3 HOBUMUW JaHUMU NiCNst HABYaHHS.

e TOYHICTb HaBYaHHA Ha No4yaTKy 3a3BU4Yal HeBemnvKa, ane 3 KOXHOK HOBOK ernoXor
BOHa 3pocTae. Hanpuknag, y nepLin enoci TOYHICTb ANA HaBYaHHA Ta nepeBipku
ctaHosuTtb 0,02 Ta 0,04, BignosigHo, a y AecATin enoxi Li BenuyinHu 3apoctatotb o 0,16
Ta 0,161, BignosigHo.

e [loTeHuiHe NepeHaBYaHHS CMOCTEPIraeTbCs, SKWO TOYHICTb HA HaBYarbHOMY Habopi
JaHUX 3HAYHO TMepeBULLYE TOYHICTb Ha nepeBipHOMy Habopi. OpHak, Yy
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npeacTaBneHoMy BuMMagKy TOYHOCTI Ha 060x Habopax AOCWMTb OnuM3bki, O MOXe
CBiOYMTLM NPO BiACYTHICTb NepeHaB4YaHHsA abo MOro He3Ha4YHUI BMJMB.

3aranom, pesynbTat¥ MNOKa3ylTb, WO MOAEMb MOKPALLYETLCA 3 KOXHOK HOBOM
€MNOoXO0K HaBYaHHS, | TOYHICTb Ha NepeBipkU NIATBEPAXKYE CTabINbHICTL Ta e(PeKTUBHICTb
moaeni.

TecTtyBaHHs poboTu mopeni Anga knacudikauil 306paxeHb 6yno nposefeHo Ans
Pi3HOMaHITHUX 306paxeHb. TecTyBaHHsI BUKOHYBanocb Ha HEMPOMEPEXi 3 BUKOPUCTaHHAM
onTumizatopa SGD, skun 3abesneuye Kkpalli pesynbTaTé MOPIBHAHO 3 ONTUMI3aTOPOM
Adam. Ha puc.4a nokasaHo 306pakeHHs1 aBTOMODins WBNAKOI gonomMoru (3 Habopy AaHux
ANnsa HaB4daHHA (puc.1)), Ta pesynbTaT KMoro poasnidHaBaHHA y dopmati JSON (3anuc
o6'ekTiB JavaScript).

(6)

Puc.4. TecToBi 300paxeHHs Ta BW3Ha4eHi KaTeropii: knacudikauis 3o00pakeHHs LWBWMAKOI Jonomoru (a),
Knacudikauisi 306paxkeHHs nerkoBoro aBTomobins (6).
Fig. 4. Test images and defined categories: ambulance image classification (a), car image classification (6).

I3 puc. 4a BMOHO, LLUO NEPLUOK BU3HAYEHOK KaTeropieto € aBTOMOOINb LWBUAKOT
gonomoru (ambulance), TOOTO KaTeropisi BU3Ha4eHa LMKOM BipHO. TaKOX, OCKiNbkU B
aBToMOOIiNA LWBWAKOI [OMOMOMM € TMEBHi ENeMEeHTU CXOXOCTi 3 noniluencbknum
MikpoaBTOOyCcOM, TO oApa3y HacTyMHOW Wae us kaTeropis. Hwkye Ha puc.46 nokasaHo
BnbpaHe ans Tecty 306paxkeHHs aBTOMOGInNs, ike Mae CKnagHWi pakypc, TOMy HEMPOHHA
Mepexa BU3HauMna, WO ue 300pakeHHsA no3alunisixOBUKa, Xoda i HacTymnHa KaTeropis
BM3HAYEHa NpaBUIIbHO.

BUCHOBOK

Y pesynbTaTi BUKOHaHOi poboTuK Oyno cTBOPEHO cMcTeMy aBTOMaTUYHOIT Knacudikauii
300pakeHb Ha OCHOBI 3ropTKOBOI HENPOHHOI Mepexi 3 BUKOpUCTaHHAM GibnioTekn
TensorFlow Ta cuctemun Bidyanisauii TensorBoard ons 36epeXeHHs METPUK HaBYaHHS.
MopiBHOBanucs gBa nonynsapHi ontumisatopu: Adam ta SGD.

Buxogsun 3 aHanidy Tabnuub pesynbTatiB, ontuMmizatop SGD nokasaB kpatuy
NPOAYKTUBHICTb Y NOPiBHAHHI 3 Adam. [NoyaTkoBa TOYHICTb TPEHYBaHHS Ta nNepesipku Ans
SGD 6yna Tpoxu BULLOK, a LUBUAKICTb 3POCTaHHS TOYHOCTI CYTTEBO MepeBepLuyBana
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Adam, pgocsratoym 3Ha4yHoO BULLIMX 3HaYeHb Ha 10-1 enoci. OcTaToyHa TOYHICTL Modeni 3
ontuMmizatopom SGD BusiBUNacs BULLOKO SK HA TPeHyBanbHOMY, TaK i Ha NepeBipHOMY
Habopi [gaHMx, Wo cBiguMTb Npo 6Ginbw edekTuBHe HaByaHHs. Kpim Toro, SGD
OEMOHCTPYBaB LUBUALIE 3MEHLLEHHS BTPAT, 3HOBY XX Taku 3abe3neyyoumn HUXYi KiHLEBI
3Ha4eHHs BTpaT nNopiBHAHO 3 Adam. [JogaTkoBO chif 3ayBaXuTu, L0 Yac TPEHYBaHHA ANng
SGD 6yB TPOXM MEHLLIMM, LLIO TAKOX € MOro NepeBaroro NOPiBHAHO 3 onTumizatopom Adam.
[na nepworo Habopy gaHux yac TpeHyBaHHA ons SGD 6y 11,75 xBunuH 3a 16 enox
nopiHsHo 3 Adam - 13,91 xBunuH 3a 19 enox. B ob6ox Bunagkax mopeni He
OEMOHCTPYBanNn 3Ha4HOI Pi3HMLI MK TpeHyBanbHMMWU Ta nepeBipHMMKU Habopamu, Lo
CBiguYMTb NPO BIACYTHICTb NepeHaBYaHHA Ta Jobpy 34aTHICTb A0 y3aranbHeHHs. Takum
YMHOM, ONSA AaHMX Mogenen Ta HabopiB AaHux ontumizatop SGD 6yB BM3HaueHMI SK
Oinbw edeKkTMBHUIA, 3abe3nedyroun Kpally MpPOAYKTMBHICTL Ta CTabinbHiCTb poboTu
CUCTEMW aBTOMAaTMYHOI Krnacudikauii 300paXeHb.
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DETERMINATION OF THE BEST OPTIMIZER FOR A NEURONETWORK IN
THE DEVELOPMENT OF AUTOMATIC IMAGE TAGGING SYSTEMS

Andrian Kozynets©
Ivan Franko National University of Lviv
50 Dragomanov St., Lviv 79005, Ukraine

ABSTRACT

Background. Choosing the best optimizer is an important step in developing efficient
automatic image classification systems. In particular, for neural networks based on
convolutional neural networks (CNNs), the choice between popular optimization methods
such as Adam (Adaptive Moment Estimation) and SGD (Stochastic Gradient Descent, SGD)
can significantly affect their performance. Comparing these optimizers allows us to
determine the most suitable optimizer for solving specific machine learning problems.

Methods and tools. The TensorFlow library and the TensorBoard machine learning
visualization interface were used to train and test the models. The neural networks were
trained on two different datasets with significantly different characteristics. For each dataset,
training was performed using two optimizers: Adam and SGD. When analyzing the results,
such parameters as training and validation accuracy, as well as training and validation
losses, were taken into account.

Results and Discussion. According to the results, the SGD optimizer showed better
performance indicators compared to Adam. The initial accuracy for SGD was higher, and a
significant excess of the accuracy growth rate was observed. In addition, the final accuracy
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of the model with the SGD optimizer was higher on both the training and validation datasets,
which indicates a more efficient training process using this optimizer.

Conclusions. It was determined that the use of the SGD optimizer leads to better results
compared to the Adam optimizer for automatic image classification tasks. This is confirmed
by higher accuracy indicators and a faster training process.

Keywords: TensorFlow, Convolutional Neural Network, Adaptive Moment Estimation,
Stochastic Gradient Descent, GPU, TPU.
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E®EKTUBHICTb OBPOBKU MNMAPAJENbHUX 3AMUTIB Y CEPEAOBULL
AMAZON WEB SERVICES 3 BAKOPUCTAHHAM KOHTEMHEPIB

Oneez CizyHoe®, Jlidiss emkie®©
JIbsiecbkuli HayioHanbHUl yHieepcumem iMeHi IeaHa ®paHka,
syn. [ipacomaHosa 50, 79005 m. Jibsig, YkpaiHa

CiryHos, O, [ewmkis, J1. (2025). EcdbekTnBHICTE 06p0OOKM NapanenbHUX 3anuTiB y cepenoBuLli Amazon
Web Services 3 BUKOpUCTaAHHAIM KOHTEHEpPIB. EnnekmpoHika ma iHgbopmayitiHi mexHonoeii, 29, 47-
56. https://doi.org/10.30970/eli.29.5

AHOTALIA

MepegymoBu. Y cTaTTi pJocnigkeHo edeKkTMBHICTb poboTM  web-3acTOCyHKy,
pO3ropHyTOro y XxmapHux cepsicax Amazon Be6 cepsic (AWS) i3 BMKOpUCTaHHAM
KOHTeMHepu3aLii Ha 6a3i AWS cepsicy enactuyHux koHTenHepie (ECS) ta AWS
enactnyHoro cepsicy Kubernetes (EKS). Ocobnusy yBary npugineHo aHanisy
NPOOYKTUBHOCTI CUCTEMW B YMOBaX BMCOKOIO HaBaHTaXEHHS!, XapakTepHOro Ansi OHNamnH-
cepBiciB, WO 3abe3nevyloTb BiAOOPaXeHHS CMOPTMBHUX 3MaraHb Yy peanbHOMY 4aci.
OujiHeHO 3paTHICTbL 3aCTOCYHKY 00po6nATM BenuKy KinbKiCTb 3anuTiB Bid KOpPUCTyBadiB
OAHOYACHO, WO € KPUTUYHO BaXnuUBUM Ans 3abe3neyeHHs KOPEKTHOI poboTu y pexumi
peanbHOro yacy.

Metoamn Ta iHCTpyMeHTH. MeToponoria  gocnigkeHHs 6asyeTbcs Ha
HaBaHTaXyBanbHOMY TECTYBaHHI i3 3aCTOCYBaHHAM Cy4aCHUX IHCTPYMEHTIB Ans reHepadii
3anuTiB Ta 36opy MeTpuk. [poBedeHO cepild eKCNepUMMEHTIB 3 MOAENOBAHHSA Pi3HUX
CLEeHapiiB BUKOPUCTaHHSI, BKIHOYa04YM NiKOBi HAaBaHTaXeHHS, cTabinbHWUIA pobounii pexxnm
Ta cuTyauii 3 pi3koto 3MiHOK Tpadiky. AHanidyBanucs KrnoyoBi napaMeTpu NPOAYKTUBHOCTI:
WBMAKICTE 0Bpobku 3anuTiB CcepBepoM, piBeHb CTabinbHOCTI CUCTEMW MpU 3POCTaHHI
HaBaHTaXEHHS!, @ TAKOX YacTka MOMMUITKOBO 06pobneHmx 3anuTiB.

Pe3ynbTatn Ta o6roBopeHHs. Pesynbtatv ekcnepuMeHTiB NpoAEeMOHCTPyBanu, Lo
AWS EKS 3abesnevye Halikpalle CRiBBigHOLIEHHsI NPOAYKTMBHOCTI, CTabinbHOCTI Ta
BapTOCTi [AONns1 po3ropTaHHa noAdibHux piweHb. BukopuctaHHs Kubernetes-knactepis
[03BOrsiE THY4YKO MacluTabyBaTtu iHppacTpykTypy, aganTyroun ii nig 3MiHHI HaBaHTaXeHHS
6e3 3HavyHunx BTpaT y weuakogdii. AWS ECS, xoya 11 3abe3neyvye 4OCTaTHIO NPOOYKTUBHICT,
BMSIBUMBCS MEHLL rHy4KMM Y nopiBHSAHHI 3 AWS EKS, ocobnvBo y Bunagkax AuHamivqH1X 3miH
HaBaAHTAXEHHS.

BucHoBkn. [ocnimkeHHa niaTBepanno JouinbHiCTe BukopuctanHHs AWS EKS sk
OCHOBHOI nnaTopMu Ans KOHTenHepu3sadii Be6-3aCTOCYHKY 3 BUCOKMM HaBaHTaXKEHHSM.
OTpuMaHi pe3ynbTat MOXyTb BTV KOPUCHUMU A5s pO3POOHUKIB Ta apXiTEKTOPIB XMapHUX
pileHb, K nNpaullTb i3 CUCTEMaMu pearnbHOro 4acy, LWo BuMmaralTb BUCOKOI
NPOAYKTUBHOCTI, THYYKOCTi Ta HaginHocTi. OkpiM TOro, HaBeAdeHi JaHi MOXYTb CryryBatu
OCHOBOK Ans nojanbluvMx AochifjkeHb Yy cdepi onTuMmisauii XmapHuUX pecypciB Ta
nigBuULLIEHHS ePEKTUBHOCTI poboTK BE6-CepBICiB.

Knrouyoei cnoea: xmapHi cepsicu, koHTenHepu, AWS ECS, AWS EKS, Gatling, cueHapii
TEeCTyBaHHS.
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BCTYN

B cyuyacHux umdpoBmx xMapHUX cepeoBuLLiax barato NPoeKTiB NPaLuoTb Y PEXUMI
peanbHoro 4yacy. 3abesneyeHHsi cTabinbHOI Ta HaginHOI poOOTM MpPOEKTiB BMMarae
edeKTNBHOIro BUKOPUCTAHHS PECYPCiB, SIKi NPONOHYIOTb XMapHi cepBsicu Ansi 3abe3neyeHHs
MaclTaboBaHoCTi Ta cTabinbHOCTIi pobOTU MPOEKTIB, @ TaKOX 3 METOK YHWKHEHHS
HenepenbayyBaHUX BUTpPAT Ha iHppacTpyKTypy Ta 06cnyroByBaHHs. OcobnvMBoO BaXMBOO
€ npobnema 3abe3nevyeHHs cTabinNbHOI PoBGOTU NPOEKTIB y XMapHWUX cepBicax Mpu
HEenoCTINHOMY XapaKTepi CNOXUBaHHSA pecypciB 3 60Ky kopucTyBadiB. B xmapHux cepBicax
obuucrniioBanbHi  pecypcM Ta [aHi nepeHocATbCs Ha BigaaneHi cepsepu. [ns
3abe3neyeHHs cTabinbHOi poboTU BMHUKAE noTpeba y BUOOPI onTuMansHUX napameTpis
XMapHUX CEPBICIB Ta CTBOPEHHI edeKkTUBHUX cuctem Ansa 36epiraHHs, oBpobreHHs Ta
aHanidy paHux. OUiHIOYN NPOOYKTUBHICTE Ta CTabinbHICTb, BaXnMBO BpaxoByBaTu
Pi3HOMaHITHI NapameTpu, Taki K 06car 4OCTYNHOI Nam'aATi, NPOMyCKHa 34aTHICTb Mepexi
Ta nokKanbHi 3aTpuMKW, OCOBNMBO y KOHTEKCTi KOHTenMHepum3auii. B [1,2] npoBeaeHo
AOCnimKeHHst onTuMisauii BuTpat Ha AWS uepes posrnsg mogenen UiHOYTBOPEHHS,
cTpaTerin Ta NpaKTUYHMX igel ynpaeniHHA pecypcamn. [lokasaHo, WO peTernbHe
nnaHyBaHHS Ta BM3HAYEHHS MNPIOPMTETIB 3aBAaHb A03BOMAE edEKTUBHO MiHIMI3yBaTU
BUTPaATK 4Yacy Ta pecypciB. Y poboTi [3] po3rnsiHyTO TEXHiYHi acneKkTu po3ropTaHHs,
KepyBaHHA Ta MaclTabyBaHHA KOHTEMHEPWU3OBaHMX MporpaM i 3acTOCYHKIB B
iHpacTpykTypi AWS 3a gonomoroto nnatdopmMm koHTelnHepuaauii Docker Ha BipTyanbHMX
mawmnHax Amazon EC2, a takox y cepegosuwax AWS ECS i AWS EKS. B cyuvacHin
po3pobLi Ta po3ropTaHHi nNporpamHoro 3abesneyeHHsi BUKOPUCTAHHS KOHTEWHepu3sauii
YacToO 3anexuTb BiA KOHKpeTHMX notpebd i macwTabis npoekty. B [4,5] posrnsHyTo
0COBNUBOCTI KOHTEeWHepusaLii Ta aBTOMaTM30BaHOrO ynpaeniHHA KOHTEMHepamu Ans
onTuMi3auii BapToCTi posropTaHHa MikpocepsiciB. OCKinbku KOHTEMHepu3auia cTtana
LLIMPOKO BUKOPUCTOBYBaHUM MigX0A0M, BaXMNMBO AOCHiANTY i nepesarn Ansa epeKTuBHOro
ynpaBrniHHA Ta MaclwTabyBaHHS iHdpacTpykTypu, B cTaTTi BU3HaYaeTbCst onTumMarnbHuUi
cepBic AN KOHTeNHepm3aLii WASXOM NpoBefeHHSA HaBaHTaXyBanbHOro TeCTyBaHHS web-
3aCTOCYHKY, PO3ropHyTOro B XmMapHoMy cepsici. Po3arnggatoum pisHi XxMapHi cepsicu Bif
Pi3HMX NocTayanbHUKIB, HEODOXIAHO BU3HAYMTWN ONTMManbHe cepefoBULLE Ta PO3MMSHYTU
MOXJTMBOCTi PO3MIiLLLEHHS CUCTEMM B Pi3HMX XMapHUX CepeaoBULLaX.

METOOU TA IHCTPYMEHTH

Bubip cepepoBulla po3ropTaHHsA Ansi TecToBoro Be® 3acTOCYHKy, po3pobrieHoro
MOBOIO Java Ta npuaHayeHoro Ans TpaHcnauil pesynbTaTiB 3MaraHb y peanbHOMY 4aci
BEMWKIN KiNbKOCTI KOpUCTyBauiB, NoTpebye BpaxyBaHHSA TakMX achekTiB, KK MepexeBa
AOCTYMHICTb | 3pyYHiCTb MacwTabyBaHHA. ONTUManbHMM pilLEHHSIM € 3anycK CepBicy B
XMapHOMY CepefoBULLi, WO Mae psa nepeBar nepeq BUKOPUCTaHHSIM CTaLiOHAapHOMo
cepsepa. [na posropTaHHa obpaHo xmapHi cepsicu Amazon Web Services, ski B
nopiBHsiHHI 3 Microsoft Azure Ta Google Cloud Platform (GCP) matoTb cBOi nntocu Ta
MiHycn. o nepeBar AWS Hanexutb HasiBHICTb NPOrpamMHOro iHTepdency B3aemogii ong
BCiX CepBiCiB, LLIO A03BOISE KepyBaTN XMapHUMM pecypcamu aBTOMaTU30BaHO Yepes Kof,
3HWXYHOUM BUTpATM Ha niatpumky. Cepen HeponikiB — AeLo BuULi BUTPATU B OEAKMX
CLleHapisiX BMKOPUCTAHHA Ta CKMAOHICTb PO3ropTaHHSA MPOEKTY, sika BUMarae rnmbokmx
3HaHb cepBiciB abo NiaTpPUMKM cheuianiaoBaHoi KOMaHAaMW.

Y KOHTEKCTi TeCTOBOro Be6 3aCTOCYHKY BaXknMBUM (hyHKLiOHaNom € 3abesneyeHHs
cTabinbHOro JOCTyny OO0 OaHWMX KOpUCTyBaudiB Ta OTPMMAaHHSI pe3ynbTaTiB Yy pearibHOMYy
yaci. Tomy KoHdirypauis cucremm mae 0yt onTuUMi3oBaHa AN LUBMAKOrO BiANpaBreHHs!
AaHux 6araTboM KOpPUCTYBa4aM y KOPOTKi MPOMiKKK Yacy. licns Bubopy xMapHoOro cepsicy
NpoBeAeHO TecTyBaHHA KOoHQirypauin, posropHytnx B AWS EKS ta AWS ECS, wob
obpaTtu onTMmManbsHUIN cep.ic Anst ctabinbHOI poboTn BE6 3aCTOCYHKY.
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MoBa nporpamyBaHHsi Scala € HOBUM NOKOMIHHAM BipTyanbHOI MawmHu Java (JVM —
Java Virtual Machine). Scala BMKOpUCTOBY€E CyyacHy Ta edeKTMBHY MoeNlb akTopiB (B
OAHOMY KOHTEKCTi TepPMiH «akKTopu» MO3Ha4ya€e yHiBepcanbHi NPpMMITUBM NapanenbHOoro
BMKOHAHHS), WO A03BONSE pO3p0obHMKaM BU3HAYaTU KOXEH OB'EKT SIK OKpeMy CYTHICTb 3
BNacTUBOCTSIMW, MOBEAIHKOW Ta cTaHoM. Lle cnpollye B3aemogito MK noTOKamu,
3abe3neyvyoun GinblWNA KOHTPOMb HaA AaHMMK Ta NiABULLYHOYN €PEKTUBHICTE NPOLIECIB.

Gatling — ue BigkpuTe nporpamHe 3abe3neyeHHs Ang TecTyBaHHA poboTu Nporpamu,
HanncaHe MoBok Scala. BoHo po3Bonsie 06pobnatn Benuknii 06'em Tpadiky Ha 0gHOMY
komn'totepi. Mig 4Yac TecTyBaHHSA AOCHIOKYETLCS, SIK CUCTEMA CNpaBfiIETbCA 3 Pi3HUMM
HaBaHTaxeHHAMMW. barato nporpam pobpe npaulolTb TiNbKA NMPU HEBENUKOMY YUCH
KOpMCTYBauiB, ane npu CTPiMKOMY 30iNbLUEHHI KifTbKOCTi KOPUCTYBaYIiB MOXYTb BUHMKATU
npobnemun 3 poboTo cuctemn. TecTyBaHHA LO3BOMSE BUABMTU NpoOneMHi micusi Ta
BUMNPaBUTK iX ANA NigBULLEHHS NPOAYKTUBHOCTI.

ICHYIOTb KinlbKa TUMiB TECTYBaHHS:

e TecTyBaHHA HaBaHTaxeHHAM (Load Testing): TecTyBaHHA cuUCTEMMW MpU MMAHOBIN
KinbKocCTi kopucTyBauiB Ta/abo Tpadiky;

e cTpec-TecTyBaHHs (Stress Testing): TeCTyBaHHA cMCTEMU 3a MOCTIMHOMO 36inbLUEHHS
HaBaHTaXXEHHS A1 BUSBIEHHSI TOYKW BiAMOBY;

e TecTyBaHHA cTabinbHocTi (Soak Testing): TecTyBaHHA 3i CTabiNbHUM HABAHTaXEHHSIM
NpOTSIroM TPUBAIOro yacy.

Gatling mae pisHi cueHapii TecTyBaHHS, ane Ana HaWoi 3agadvi Hankpalle nigxoanTb
ctpateria constantConcurrentUsers saka nigTpMMye neBHY KiNbKiCTb KOPUCTyBadiB
(cvmynioe KopucTyBauiB, siki CNOCTEpIraloTb 3a 3MaraHHAMNM).

OcHOBHi napameTpu OUIHKM MPOJYKTMBHOCTI CUCTEMW BKIOYAKTb 4Yac BIAryky
TpaH3akuii, nponyckHy 34aTHiCTb, BiACOTOK ycniwHWx 3anuTiB. Gatling Hapae
iHdbopMaTUBHI 3BITW AN NonerweHHa aHanisy pesynbTarTiB.

Amazon ECS posBonsie kepyBaTu KOHTeMHepamu y xmapHomy cepegosuili AWS.
Amazon EKS — ue kepoBaHa cnyxba knactepis Kubernetes Big AWS, sika 103BOMSIE NErko
3anyckaTu, kepyBaTu i MacwTabyBaTu KOHTEWHEPW30BaHi [Ao0daTKM B XMapHOMY
cepenoBuLL;.

ECS 1a EKS nigtpumyloTeb ABa TUNM pO3ropTaHHsS: BMKOPUCTAHHSA BipTyarnbHMX
MalIMH y XMapHOMYy cepefoBuLli (iHCTaHCKM) Ta MOBHICTIO aBTOMAaTU30BaHUN CeEpPBIC
Fargate, akun kepye BubGOpom, macwTabyBaHHAM Ta ynpaBniHHAM iHCTaHcamu. [ns
TeCTyBaHHS Web-3aCTOCYHKY BUKOpPUCTaHO BapiaHT EC2 gnsa Toro, wob moaentoBaHHS
BiaOyBanock 3a 04HAKOBUX PECYPCIB.

AWS Elastic Load Balancer (ELB) posnoainse BxigHum Ttpadik MK pisHUMM
KOMMOHEHTaMW CUCTEMM, NiABMLLYIOYM Ti HAZiNHICTb Ta MacwTaboBaHicTb. Amazon Elastic
Container Registry (ECR) pnossonsie kepyBaTu peecTpauieto KOHTEMHEpPIB Y XMapHOMY
cepepoBuwli AWS, 3abesnedytoum 30epiraHHs, ynpaBniHHA Ta PO3MOBCIOAKEHHS
koHTerHepiB. AWS Relational Database Service (RDS) Hagae MOXNUBICTb pO3ropTaHHs
pensuiiHmx 6a3 gaHux y xmapHoMy cepegouLli AWS, Bkrtodatoum BMGip Tuny 6asm gaHmx
Ta il ABUryHa Ansa onTUManbHOT NPOAYKTUBHOCTI Ta HaAiNHOCTI.

Web-3acTocyHOK HanucaHo 3a AonoMoror Java nporpamHoro kapkacy Spring, a
NPOEeKT ANns TeCTyBaHHSA BMKopucToBYe Scala. ig yac po3pobku BUKOPUCTAHO KOHCTPYKTOP
3anexHocten (Maven) Ta cepegouile po3pobku IntelliJ IDEA. MNporpama cknagaetbes 3
OBOX He3anexHux Mk cobor MiKpoCepBiCiB: OAMH 3 HUX BIONOBIJAE 3a peecTpauiio Ta
MEHe[)KMEHT KOpUCTyBadiB, a IiHWMMA 3a nepefadvyy pfaHWX B pearnbHOMY 4aci.
MapLupyTusadis BXigHUX 3anuTiB Ta CRifKyBaHHS MK cepBicaMy HanaroaXeHo B Mexax
cepeiciB. [1na 3abe3neyeHHss MakcumanbHOi 6M3bKOCTI 40 peanbHUX YMOB, 3aCTOCYHOK
Oyno po3ropHyTO SK i30/1bOBaHe CepefoBULLE - AOKEP KOHTEMHEP, LLO MICTUTbL 3aCTOCYHOK
pa3oM i3 ycima HeobXxigHMMKM 3anexHocTamu (6ibnioTekamu, KOHirypauismm ToLo)

BukopuctaHHs KOHTeMHepu3auii mae psag nepesar. [lo-nepule, kKoHTenHepusauis
3abe3neyvye KOHCUCTEHTHICTb cepefoBuila po3pobKu, TECTyBaHHSA i BUPOOHWMUTBA, LWO
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OO03BOJISIE YHUKHYTU MpobGnem, NoB'si3aHuX 3 pisHMLED MK KOHdirypauismn. Kpim Toro,
KOHTEeWHepu 403BONSATb €PEKTUBHO BUKOPMCTOBYBATU PECYPCU CEPBEPA, OCKINbKM BOHM
MOXYTb OyTM MUTTEBO PO3rOpHYTI Ta 3HULLEHI 3a noTpebu. [pyra BaxnuBa nepesara
nondrae B NErkocTi NepeHeceHHs 0oOaTKIB MK PiHUMU cepefoBuLLaMu, LLO CnpOoLLyeE
po3ropTaHHA Ta macwTtabyBaHHa goaatkiB. KoHTenHepusauis Takox nigsulye 6esneky,
OCKiNbKM BOHa i30MNt0€ 0OA4ATKM OAMH Big OOHOrO i O03BONSE KepyBaTuU AOCTYNnoM OO
pecypciB. BukopnctaHHs KOHTeHepu3aLii Cnpusie WBMAKOMY PO3ropTaHHIO HOBUX BEPCIN
[o4aTKiB i Mae NO3UTMBHUIA BNNMB Ha PO3PO6KY Ta BNPOBaAXKEHHSI HOBUX PYHKLIN LUMISAXOM
3MEHLLUEHHS Yacy, NOTPiIOHOro Anst TeCTyBaHHSA Ta NepeBipkn 3MiH.

306paxeHa Ha puc.1 npouedypa pO3ropTaHHs 3aCTOCYHKYy ANS TeCTyBaHHSA Y
XMapHOMY CepefoBWLLi BKMOYae [AekKinbka KpokiB. [ns 3acTOCyHKYy CTBOPEHOro 3
BMKOpUcTaHHAM Spring Boot Application 3giicHioeTbeca nobyaosa Docker-obpasy, sikui
MoXe OyTu 3aBaHTaxeHW 0o peecTpy (Hanpuknag, Docker Hub abo AWS ECR). Micns
3aBaHTaXeHHs1 obpa3y 0O peecTpy Ana Hboro byae 3reHepoBaHO MybnivyHe NocunaHHs,
sike HeobXiAHO BKa3aTu Mig Yac HanawTyBaHHS KOHirypauin knacrtepis, Taknx sk Amazon
ECS abo Amazon EKS. Lle ,o3BONWTb KnacTepam KOPEKTHO BUKOPUCTOBYBATH Lie obpas
nig Yac 3anycky KOHTeWHepiB, OCKiNbkM OAMH i TOM camuii obpa3 mMoxe MaTu Aekinbka
BepCili Bif KiNbKoX pi3HMX AncTpub’toTopis.

ApxiTekTypa cuCTeMM ANSA TeCTyBaHHs, pO3ropHyToi 3a gonomoroiwo ECS/EKS,
306paxeHa Ha cxemi puc. 2. OcHOBHI kKOMNOHEHTH BKkNtoyatoTb Application Load Balancer
(ALB), sikmin po3noginse 3anuTn Mk KOHTEMHepaMu B knactepi. Knactep cknagaetbcs 3
Habopy iHCTaHCiB, Ha SKMX PO3ropHyTi cepsicu (Spring Boot application), cTtBopeHi 3
obpasiB 3a pgonomorot cepsicy Elastic Container Registry (ECR) ansa 36epiraHHs,
ynpaBniHHA Ta pPO3MNOBCIOIKEHHS KOHTEeMHepHuMx obpasie Docker y xmapi AWS,
BMKOPUCTaHUX ANst KoHdirypaduii knactepa. Takox cuctema Bkrtodae 6a3y gaHUX 3aBOsiKu
BUKOPUCTAHHIO KEPOBAHOIO CepBicy pensauiiHoi 6a3n gaHux Big AWS, wo 36epirae gaHi,
AKi  BMKOPUCTOBYIOTbCS 3aCTOCYHKOM. Lla apxiTekTtypa 3abesnevyye HaginHy Ta
mMacliTaboBaHy iH(pacTpyKTypy Ans TecTyBaHHA AOAAaTKiB, WO [03BONSAE eeKTMBHO
PO3MNOAINATN HaBaHTaXEHHS Ta NpauoBaTu 3 HEOOXIAHMMY AaHUMN.

HeobxiaHO NOPIBHATU NPOAYKTUBHICTL 3aCTOCYHKY, skui 3anyweHui B ECS abo EKS
npy yMOBi pPiBHUX pecypciB (OAHaAKOBWUW TUM iHCTaHCY, OOAHAKOBUIM NpoOrpamMHUi kod) Ta
BM3HAUUTWN OMTUMAIbHY KOHdirypauilo iHCTaHciB, fka Oyde OAHOYacHO BUTPUMYBATU
BENuKY KinbkicTb kopucTtyBadis. B Amazon ECS ta Amazon EKS MoxHa BUKOPUCTOBYBaTU

AWS ECS

& |
docker HUB
Docker Hub
" R
. <al2lale
-'ip’?;?@**?”” INg
b hant 5 g
oy DOOL =N ; <z
Spring Boot Docker Image
Application _J

AWS ECR

Puc. 1. Cxema posropTaHHsi web-3acToCyHKy Ansi TecTyBaHHs 3a gonomoroto ECS/EKS.
Fig. 1. Deployment scheme of the web application for testing using ECS/EKS.
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ECS/EKS Cluster

Backend Service
Backend Task Definition [a
ECR
Backend Container
—
EC2 ~—
Database

Puc. 2. ApxiTekTypa cuctemu ansi TeCTyBaHHs po3ropHyToi 3a gornomoroto ECS/EKS.
Fig. 2. System architecture for testing deployed using ECS/EKS.

EC2 cepBepn, <ki npegctaeneHi 6aratbma TunamuM 3 PiSHUMM  KIHOYOBUMM
xapaktepucTtnkamu. CepBepw NpnsHaYveHi 4N BUPILLEHHSA Pi3HOMaHITHMX 3agad y pisHOMY
LuiHoBOMY pAiana3oHi. BoHu gos3BonsioTb obpatv Hambinbll onTMMarbHi pecypcu Aans
KOHKpeTHMUX noTpeb. [Ans aocnigaXeHHs1 BUKOPUCTaHO iHCTaHeu t2.small, siki HanexaTb Ao
rpynu 3aranbHOro 3acTocyBaHHS. IHCTaHCK 3abesnevytoTe 6anaHc MixX NPOAYKTUBHICTIO Ta
BapTICTIO, MalOTb OAHOSAEPHUN BipTyanbHUN LeHTpansHun npouecop (1 vCPU) Ta 2 Tb
onepaTMBHOI Nam’ATi, Wo pobuTk ix igeansH1MM BM6OPOM ANS LUMPOKOro CNEKTPY 3aBAaHb,
BKIOYa4M po3pobKy, TECTyBaHHSA Bif HEBENUKMX OO0 CEPEHiX CUCTEM B NMPOLYKTUBHMUX
cepefoBuLLaX.

MySQL 6a3a gaHux web-3acToCcyHKy po3milleHa y XMapHOMY CEpBICi 3a 40MOMOrow
AWS RDS. [nsa 6a3u gaHnx obpaHo cepsep db.r5.large, sikmin 6asyeTbca Ha 2vCPU 16
O3Y Ta 5 rbit/c mepexi, Wo ona 3agady web-3acTOCYyHKY OyXe HaAanuKOBO, ane Le
HeoOxigHO Ans Toro, wWo® BNEBHUTUCH, WO TECTyBaHHS MEpPEBIipSe came cepBepu
nporpamu, a He 6a3y JaHuX.

PE3YJIbTATU TA OBIrOBOPEHHA

[ns TecTtyBaHHA po3pO6MeHO cueHapin, Skui € HabnwxkeHuM OO peanbHOI Mogeni
poboTun 3acTocyHky. KopucTyBaui BignpaBnsoTb 3anuT Ha cepBep AN OTPMMAaHHS AaHUX
TYPHipHUX Tabnuub y peanbHomy Yaci. KinbkicTb 0gHOYacHMX KOPUCTYBaYiB BapitoBanach
ONSA OLUiHKM BNIMBY HaBaHTaXeHHs Ha cucteMy. Tectn nposefeHi ang 20, 30, 50 Ta 80
KOpUCTYBauiB, SKi 04HOYaACHO HaACcuMNaKTb 3annT Ha cepBep 3a MPUHLMNOM NOBTOPHOMO
HaJcuMnaHHA 3anuTy nicna oTpMMaHHA BignoBiai Ha nonepegHin. Llen nigxia pnossonus
NnepeBipuUTM He NULLIEe Npaue3faTHICTb CUCTEMM B YMOBaX pearlbHOro 3aBaHTaXEHHS, ane
1 3’AcyBaTK, K BOHa MOBOAMNTLCH 3a Pi3HMX YMOB, L0 BaXXMMBO A1 OLHKM iT €DEKTUBHOCTI
Ta HaginHocTi. TpuBanicTb KOXHOro npoBefeHoro TecTyBaHHS AopiBHoBana 5 xB. Taka
TpMBanicTb Jae 3MOry rmokasatm $K MoBoguTb cebe 3acTOCYHOK Mg  MOCTiIMHUM
HaBaHTAXEHHAM, OCKINbKM LbOro Yacy LOCTaTHbO, W00 BMABUTK BY3bKi MiCLsI CUCTEMM.
Taki TecTn € 06’eKTUBHUMW | ANS TPUBATILWMX MPOMDKKIB Yacy.

3BefieHi pe3ynbTaTu TeCTyBaHHS AN BCIX PiBHIB HaBaHTaXXeHHHA MpPeACTaBreHo Y
Tabnuusx 1 Ta 2 (gna ECS T1a EKS, BignosigHo). Y niBii konoHui Tabnuvui npegcraBneHo
napameTpu: MiHiManbHUA, MakCMManbHUM Ta CcepefHin Yac Bignosigen cepsepa Yy
MinicekyHaax, KinbKiCTb YCRiLLIHMX YW HEBAANWX BignoBsiaen cepeepa.

3 paHunx Tabnuub 6aummo, wo ogHakoeum ans EKS ta ECS € Te, WO 3i 3poCTaHHAM
KiNbKOCTI KOPUCTYyBayiB pOCTE TaKOX CepefHil yac BianoBidi, Npy YoMy pocTe Mmaixe
niHinHo. 3 pesynbTaTiB TecTyBaHHA ans EKS Bunnueae, wo cepegHini yac obpobku 3anuty
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Tabnuys 1. PeaynbTath TectyBaHHA gna ECS

Table 1. Testing results for ECS

KinbkicTb 0gHOYaCHMX KOPUCTYBaYiB
20 30 50 80
MiHimanbHuIM Yac BignoBigi, Mmc 51 51 52 51
MakcmmanbHuiM Yyac BianoBiai, Mc 20033 20030 20030 20037
CepegHin vac Bignosigi, mc 1260 1876 3470 4365
KinbKicTb ycnilwHMX 3anuTis 4579 4580 4146 4655
KinbKkicTb He ycnilwHWX 3anuTiB 186 237 185 872
BigcoTok He ycnilwHux 3anuTis 4% 5% 4% 16%
Tabnuys 2. Pesynbtatn TectyBaHHA ana EKS
Table 2. Testing results for EKS.
KinbkicTb 0gHOYacHMX KOpUCTyBadiB
20 30 50 80
MiHimanbHMI1 Yac Bignosiagi, Mc 51 51 51 51
MakcumanbHui Yac Bignosigi, Mc 3103 67455 81087 87388
CepegHin yac Bignosigi, Mc 79 84 187 225
KinekicTb ycnilHUX 3anuTis 72574 74633 77066 90045
KinekicTb He ycniwHWX 3anuTis 0 0 5 42
BiacoTok He ycnilwHuX 3anuTis 0% 0% 0% 0%

3Ha4yHO MeHWwwui (<100 ms), Hix ana ECS. Ona ECS yac o6pobku 3anuty 3aexau GinbLue
1 cekyHawn, Yyepes Lo KiNbKiCTb OnpaubOBaHNX 3anuTiB 3a OOQHAKOBWUA Yac BiApI3HSAETbCS
ayxe cyTTeBo: binbwe 70000 Tucay gna EKS ta 5 tucay ans ECS.

LlikaBMM cnocTepexeHHaAM € Te, Lo Aeski 3anutn ana EKS 3arimanu noHag XBunvHy
yacy, ogHak Bce Le 6ynu ycniwHo BukoHaHuMmu. B Ton xe vac gna ECS He mae 3anuTis,
aki TpuBanu oinblie 20 cekyHA, O4HaK KiNbKiCTb HE BUKOHAHWUX 3anuTiB 3HA4HO Ginbla. Lli
pesynbTatv noe’si3aHi 3 Tum, sk cuctema Kubernetes kepye BxigHumu 3anutamu. B
Kubernetes 3anutm MOXyTb CTOSTM B 4ep3i [OBLUE, O4HAK 3peLuTol BOHW OyayTb
onpauboBaHi. Ha Bcix piBHAX TecTyBaHHs B EKS meHwe 1% noxubok ansa Bcix piBHIB
HaBaHTaXeHH4, Ha BigMiHy Big ECS, oe cepepn po3rngHyTUX Ha MakKCUMarbHOMY PiBHi
3anuTiB - 16% He € ycnilHUMu.

Gatling reHepye 3BiTK B rpaciyuHi popmi. Huxue HaBedeHi 3BiTK 3 TecTyBaHHSA ECS
Ta EKS npu ogHakoBux HaBaHTaxeHHsX y 80 KOpUCTyBadiB Ha CEKyHAY.

3 piarpam Ha puc.3 BMAHO, WO B 000X BuMMagkax Hambinbluia YacTuUHaA 3anuTiB
obpobnanacs weugwe 3a 800 mc. OagHak, ana ECS cyTtTeBa yacTtka 3anuTiB 06pobnsnacsa
B AianasoHax 800-1200 mc Ta noHag 1200 mc. TakoX Benuka KinbKicTb 3anuTiB €
HeycniwHot. B Ton vac, sik gns EKS, gyxxe mana 4Yactka 3anuTiB 06pobrisnacsi B YacoBoMy
aianasoHi 800-1200 mc, a KinbKicTb HEBOANMX 3anuTiB € HecyTTeBOK (MeHLwe 0,5%).

3 rpadikiB Ha puc.4 BMOHO, o cucTtema Ha ECS BinbLuy YacTuHy Yacy niaTpumysana
cTabinbHy KinbkicTb kopucTyBadiB, 6nmsbko 150. MpoTe, ockinbky Le € aKTUYHUM
MaKkCcMMyMOM AN L€l cuctemu, Yac BianoBidi Ha 3anuTu 3miHoBaBcs. Ha rpadiky BugHo
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Puc. 3. [liarpamu po3noginy yacy Bignosigi Ha 3anut ansi a) ECS Ta 6) EKS.
Fig. 3. Response time distribution diagrams for (a) ECS and (6) EKS.

Kinbka cTpuOKiB, AKi MOKa3yloTb Nepioaun, Konu 3annutm obpobnsanmcs 6nm3sbko 20 cekyHa i
BignosigHo notpannanu y 90-i npoueHTUnb.

Y Tom Xe 4yac cuctema Ha EKS npuimana 3HavyHO Ginbluy KinbKicTb 3anuTiB i,
BiAMNOBIAHO, BiNbLUy KiNbKiCTb KOPUCTYBaYiB 3 Aeskumu nikamy noHag 1000 kopucTyBadiB.
Monpu ue, BoHa 3abe3nevyBana gyxe cTabinbHWIA Yac BiANOBIAi, KU NOTPaNnsB y MeXi
50-ro npoueHTuns. Lle cBigunTb Npo BUCOKY ePeKTUBHICTb i NPOAYKTUBHICTL CUCTEMU Ha
EKS y nopisHsHHI 3 ECS.

[etanbHun ananis nokasye, wo ECS, npn HaBaHTaxeHHi 6nmn3bko 150 kopucTyBadis,
jocsarana CBOro MakCMMarnbHOro noTeHLUiany, Lo Npu3BOAWUIO A0 3HAYHMX 3aTPUMOK Y
BignoBigi Ha 3anuTu. Lle ocobnmBo NMOMITHO Mig 4Yac NIKOBMX HaBaHTaXEHb, KON 4ac
Bianosigi nepesuwyBas 20 ceKkyHA.

Ha BigmiHy Big ECS, cuctema Ha EKS pgemoHCTpyBama BMWCOKY CTiWKICTb i
edEeKTUBHICTb NMPU 3HAYHO BiNbLUIOMY HaBaHTaXeHHi. HaBiTb Npu NIKOBUX HABaHTaXEHHSIX
konu B cuctemi 6yno noHag 1000 kopuctyeauiB, EKS npogoexyBana 3abesnevyBatu
ctabinbHuii i weunakun Yac eignosigi. Lle nigkpecnioe i 3gaTHICTL 06poGRATU BenuKi
o6carn 3anuTtiB 6e3 CyTTEBMX 3aTPUMOK, LLO € BaXKITMBMM MOKAa3HUKOM MPOAYKTUBHOCTI Ta
HaAiNHOCTI cUCTEMM.

3 gaHux Tabnuub BUAHO, WO KiNbKiCTb NOAINA 3a cekyHAy, Aki 06pobnse ECS, 3Ha4HO
MEHLLA 3a KiNbKiCTb nogin, ski moxe o6pobutn EKS. 3okpema, ECS o6pobnse nuwe 18
nogin Ha cekyHay, Tofi sk EKS 06pobnse 299 nogini Ha cekyHay.
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Puc. 4. I'padik BigHOLLEHHS KiNMbKOCTi akTUBHUX KOPWUCTyBayiB A0 Yacy Bianosiai Ans a) ECS ta 6) EKS
Fig. 4. Graph of the relationship between the number of active users and response time for (a) ECS and (6) EKS.

Yac signosigen ana 50-ro Ta 75-ro npoueHTUniB 3pocTae ayxe He3HayHo ans EKS
(73 mc Ta 82 mc BignosigHo). MNpote ana ECS uen pospus € BenmyesHum: 63 mc ans 50-
ro npoueHTuns ta 3203 mc anga 75-ro npoueHTuna. Takox 95- n Ta 99-n npoueHTUNi 4Ns
ECS maixe He Bigpi3HAOTbCS | Ayke OnM3bki 4O MakcumanbHOro yacy signosigi. Lle
CBig4MTL Npo Te, Wo cucteMa Ha ECS Bxe npauloe 3a Mexamu CBO€EI NPOAYKTUBHOCTI, a
KiNbKICTb MOMWIOK nepeBuvllye agonyctuMmy Hopmy. B Tom camuin yac, 95- ta 99-i
npoueHTuni ansa EKS Bce we nnaBHO 3pocTaloTb i 3HAXOAATbCS AOCUTb Aaneko Big
MakcumMarbHOro 4acy Bignosigi. 3 puc.5 BMAHO BiAMIHHOCTI B TMnax nNoMunok ans obox
cuctem. Y Bunagky 3 ECS uepes HagMmipHy KinbKiCTb 3anuTiB cuctema nepecrae ix
npuiMaTt, Wo Npu3BOAMTbL OO BUHUKHEHHS nomunku ConnectionTimeOutException. Y
Bunagky 3 EKS nomunka mae gewwo iHWun xapaktep. BoHa cBigumTh Npo Te, Lo CEepBIC He
BCTUI BigAaTW BiOMNOBiAb MPOTArOM OZHIEI XBUMWHW, 4epe3 Lo OTPUMYEMO MOMMUIIKY
RequestTimeoutException.

BUCHOBOK

CTBOpEHO BEG-3aCTOCYHOK, @ TaKOX NPOTECTOBAHO MOro LIBUAKOAiK Ta CcTabinbHICTb
pob0oTn 3 ypaxyBaHHSM Pi3HMUX 3acobiB s KOHTenHepwusadii 3a gonomoroto AWS ECS Ta
AWS EKS. BusiBneHo, WO Hanbinblow pisHULE MK cnocobamy KOHTenHepwu3salii €
MexaHi3m 06pobkM BXigHUX 3anuTiB. 3 NOPIBHSAHHSA BUAHO, Lo cuctema Ha ECS nokasana
cebe 3Ha4yHO CTabINbHIWOW Y MATPUMUI OLHAKOBOI KiNbKOCTI KOPUCTYBaYiB 6€3 3HaYHUX
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» STATISTICS

< Executions

Requests « %
Total¢ | OKs | KO® | 5. | Cntls¢
Global Information 5527 4655 872 16% | 18.062

Get info 5527 4655 872 16% = 18.062

» ERRORS

Error ¢

Expand all groups | Collapse all groups
® Response Time (ms)

50th 75th 95th 99th

pcts pets pets pets Max$ | Mean?

63 3203 20022 20030 20037 4365

63 3203 20022 20030 20037 4365

Count ¢ | Percentage ¢

1.n.c.ConnectTimeoutException: connection timed out: ecs3-2008852185.eu-central-1.elb.amazonaws.com/3.64.203 .82:8080 442 50.688 %

L.n.c.ConnectTimeoutException: connection timed out: ecs3-2008852 185 .eu-central-1.elb.amazonaws.com/52.58.41.221:8080 430 49312 %

p STATISTICS

Q) Executions

Requests + %

OK# KO KO Cntis ¢

Global Information 42 0% | 289.292

Get info y 0% | 298.292

) ERRORS

Error ¢

Expand all groups | Collapse all groups
®© Response Time (ms)

50th 75th 95th 99th
pcts pcte pcts pcts
73 82 1063 1131 87388

Max$ @ Mean?

73 82 1063 131 87388

Count ¢ | Percentage ¢

|.g.h.c.l.RequestTimeoutExceplion: Request timeout to a032ce26345cb4ea5b299d26356bb7d5-184144236 .eu-central-

1.elb.amazonaws.com/3.67.200.26:80 after 60000 ms 24 57.143 %

Lg.h.c.L.RequestTimeoutException: Request timeout 1o a032ce26345cb4eash299d26356bb7d5-184144236 eu-central-

1.elb.amazonaws.com/3.66.208.62:80 after 60000 ms 13 30.952 %

1.g.h.ci.RequestTimeoutException: Request timeout after 60000 ms 5 11.905 %
6)

Pwuc. 5. [letanbHi pesynbTaTty TecTyBaHHa ans a) ECS ta 6) EKS
Fig. 5. Detailed testing results for (a) ECS and (6) EKS.

cTpubkiB npotarom pob6otn. ECS moxe matu nepeary B 06pobui 3anuTis, sKi BMMaratoTb
TpuBanux obuncneHb. OgHak, EKS, xou i o6pobnse 3anuty 3Ha4yHO LBMALLE, OOHAK
npumMMae ix XBUNAMW, WO MPUBOAUTL [0 3HAYHWUX CTPUOKIB Yy KifbKOCTI aKTUBHUX
KopucTyBadiB. BogHo4ac, KinbKiCTb HEYCnilHUX 3anuTiB, Ski 06pobnsanmca 3Ha4yHoO JoBLUe
3a cepefHin 4yac Ha ctopoHi EKS, 6yna 3HayHO meHLwoto nopisHsaHO 3 ECS. Mpu 06pobui
DOaraTbOx ogHo4acHuxX 3anuTie 3a gonomoroto ECS BigbyBaeTbca CnoBiNbHEHHST 06pO6KM
BCiX 3anuTiB Ha neBHWh 4ac. Lle € KpUTMYHUM HeponikoM Ans po3rnagyBaHOro Kracy
3agadv, 3okpema ansi BigobpaKeHHs JaHUX Mpo 3MaraHHsi. Takmm YMHOM, 3 MOPIBHSHHSA
BMOHO, LLIO MPW BUKOPUCTaHHI ogHakoBux pecypciB, EKS nigxoantb 3Ha4yHO kpalle ans
00poBKKN BENUKOI KiNbKOCTI NpocTux 3anuTiB. lMicns npoBegeHUX TECTiB BU3HAYeHO, Lo
Hankpalle Ansa peanisauii faHoro npoekty niaxoauts AWS EKS.
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Yci aBTOpM 03HanomMunuca Ta norogunucs 3 onybnikoBaHo Bepcieto cTaTTi.
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ABSTRACT

Background. The article explores the efficiency of a web application deployed in AWS
cloud services using containerization based on AWS ECS and AWS EKS. Particular
attention is paid to analyzing system performance under high load conditions typical for
online services that provide real-time sports competition updates. The ability of the
application to handle a large number of user requests simultaneously is assessed, which is
critically important for ensuring proper operation in real-time mode.

Methods and tools. The research methodology is based on load testing using modern
tools for generating requests and collecting metrics. A series of experiments were conducted
to model different usage scenarios, including peak loads, stable operating conditions, and
situations with sudden traffic changes. Key performance parameters were analyzed: server
request processing speed, system stability under increasing load, and the proportion of
unsuccessfully processed requests.

Results and discussion. The experimental results demonstrated that AWS EKS
provides the best ratio of performance, stability, and cost for deploying similar solutions. The
use of Kubernetes clusters allows for flexible infrastructure scaling, adapting to variable
loads without significant losses in speed. While AWS ECS ensures sufficient performance,
it proved to be less flexible compared to AWS EKS, particularly in cases of dynamic load
changes.

Conclusions. Thus, the study confirmed the feasibility of using AWS EKS as the primary
platform for containerizing a high-load web application. The obtained results may be useful
for developers and cloud solution architects working with real-time systems requiring high
performance, flexibility, and reliability. Additionally, the presented data may serve as a basis
for further research in optimizing cloud resources and improving the efficiency of web
services.

Keywords: cloud services, containers, instances, AWS ECS, AWS EKS, Gatling, testing
scenarios.
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ABSTRACT

Background. Description and preparation of modern approaches for deep learning
object detection models are provided. Deep learning frameworks for model training and
inference, such as TensorFlow and TensorFlow Lite, are used as bases. The concepts of
deep learning model optimization are analyzed.

Materials and Methods. The quantized int8 models are used as a baseline for
optimization effectiveness estimation. The delegation approach includes software or
hardware-optimized variants of neural operations. It prepared to speed up the inference
process on target devices. The device with reduced performance resources or
microcontroller without floating-point blocks uses a case of base-optimization model with
int8 weights. The TensorFlow Lite framework has various quantization types outlined in a
detailed explanation. Benchmarks for modern single-board devices are ready, and the
correlation between using different optimization approaches, types of single-board
platforms, and model inference speed analyses.

Results and Discussion. All tested models are pretrained using the MS COCO dataset
(80 classes). All models were prepared for the experiment with 8-bit full integer quantization
and output-TFLite model generation using TensorFlow Object Detection APl Docker images
and Python 3.11. The testing data samples are obtained from the MS COCO validation
dataset archive. The size of the image input is 640x640 RGB. The comparison of image
recognition time to 640x640 RGB was conducted on Raspberry Pi 5, Raspberry Pi 4, and
Jetson Nano 2GB. Only the Raspberry Pi 5 target device achieved real-time execution (100
ms at most or one fps) as it has more CPU performance than other devices.

Conclusion. Confirmation of the real-time execution approach was achieved by using
reference models with reduced image sizes (320x320 RGB). TensorFlow standard model
Zoo models, compiled with the TensorRT compiler, were used for the Jetson Nano target as
an NPU-optimized case. Real-time execution (100 ms at most or one fps) is reaching for
most models and target devices. Such an approach is suitable for less powerful devices with
ARM Cortex-A processors.

Keywords: single-board computers, modeling, benchmarking, neural networks, object
detection, optimization.

INTRODUCTION

The deep learning model inference of low-power devices has become main stream in
several years. That kind of device class combines optimal performance. It is suitable for
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running deep-learning models with low power consumption. The model's optimization is
one of the most dominant parts of modern deep learning topics. The basic trend of last year
is using optimized models with low-cost and low-power MCUs and microcomputers. The
based on such platforms solutions are more autonomous than systems based on the cloud
solutions desktop. It has enough performance to make inferences in real time.

The single-board computer solutions analyzed for use with object detection deep
learning algorithms in this article. These models have more computational complexity than
image classification or localization tasks. That kind of model needs more powerful devices.
The benchmarks for different object detection models are efficient. The correlations
between general-purpose and hardware-accelerated platforms analyses, also. All types of
platforms used: general-purpose (Raspberry Pi 4 and Raspberry Pi 5 [2]),), platforms with
internal accelerator (NVidia Jetson Nano 2 GB [3] with internal CUDA-based GPU with 128
cores), general-purpose platforms with external HW accelerator (Raspberry Pi 4, 5 with
Google Coral Accelerator [4] as TPU) as target platforms.

LITERATURE REVIEW

Model benchmarking.

Model benchmarking is the most essential task for model testing on target devices.
Several organizations are preparing benchmarks for the target device's fundamental
performance estimation. The most authoritative organization for such a task is MLPerf [5],
which has ready base submission standards for HW vendors. In addition, deep learning
software vendors prepare base benchmarks for different devices, for example, Tensorflow
Object Detection APl models archive [6] and Ultralytics YOLOv5-v8 [7]. However, such
vendors do not cover all devices, especially modern single-board target devices with
external accelerations.

Deep Learning models for object detection task deployment in real-time systems.

Real-time object detection is one of the most popular tasks in the modern object
detection sphere. Here are several approaches to real-time object detection with different
configurations.

Article [8] presented benchmarking for different types of optimizations for Raspberry
Pi devices. Authors have prepared several models with applied optimization techniques.
However, this benchmark does not cover the newest models of Raspberry Pi devices
(Raspberry Pi 5) with applied hardware accelerations. This research also does not cover
modern object detection models, moreover. This is used widely in the target topics.

Real-time applications have become a prevalent task in modern information
technologies; the Articles [9] and [11] present applying deep learning object detection
models for real-world applied tasks: peach fruit detection and weed control application. In
the first case, the authors used a configuration based on a single-board computer
Raspberry Pi 4 with 8 GB of RAM and Google Coral accelerator as an external accelerator.
In the other case, the authors used the Jetson Nano module and TensorRT inference
engine.

The authors described examples of benchmarking YOLOv3 models on edge mobile
devices based on Cortex A-series CPUs [10]. The research was conducted on a Samsung
Galaxy Note 8. It is also applicable to Cortex A-series processors.

MATERIALS AND METHODS

Used target devices

All types of single-board computers were used in research as target devices. It can be
used for practical cases in various categories. It combines good performance with small
power consumption of the devices. Configurations of that kind determined some challenges
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and limitations in the deep learning inference on target devices. Single-board computers
with different hardware configurations are used for deep learning model inference to
improve performance in this article:

General purpose devices class — Raspberry Pi 4 and 5 were used for this
case; Computers of that kind have become a standard of general-purpose single-board
computers in recent years. All devices were configured for mobile deep learning using
appropriate frameworks (TensorFlow Lite in our case). In this research, different
configurations of Raspberry Pi model B are used:

1) Raspberry Pi 4 model B, 4 GB. Table 1 gives Details of the OS and target
configurations.

A general-purpose device with the external accelerator class. Some single-board
platforms can accelerate deep learning model inference via internal GPUs and special ARM
delegates, with CMSIS-NN library as an SW acceleration. Several external accelerators for
general single-board devices can be used to increase overall performance for deep learning
model inference. Google Coral Accelerator is used here as a member of such devices. Details
about the HW configuration of the Google Coral accelerator are given in Table 3.

2) Raspberry Pi 5 model B 4 GB. Table 2 gives Details of the OS and target
configurations.

Table 1. Raspberry Pi 4 model B HW details

Parameter Value
Model Raspberry Pi 4 Model B 4 GB
CPU Broadcom BCM2711, Quad core Cortex-A72
(ARM v8) 64-bit SoC @ 1.5GHz
RAM 4GB LPDDR4-3200 SDRAM
os Raspberry Pi OS (Bullseye)

Table 2. Raspberry Pi 5 model B HW details

Parameter Value
Model Raspberry Pi 5 Model B 4 GB
CPU Quad-core 64-bit Arm Cortex-A-76 @ 2.4 GHz
RAM LPDDR4X-4267 SDRAM 4GB
oS Raspberry Pi OS (Bullseye)

Table 3. Google Coral Accelerator HW details

Parameter Value
Model Google Coral Accelerator
Computational performance int8:4 TOPS
Supported types Quantized integer (8-bit)
Power consumption 2W
Used SW Google Edge TPU library
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Specialized single-board computers with internal accelerators. Such a class of
devices were designed for accelerated computations, such as deep learning models
running, parallel computations, machine learning, etc. Here is an example of such devices:

— Nvidia Jetson Nano/Orin/Xavier;

— Google Coral Dev Board;

— Hailo Al (as an extension of Raspberry Pi 5 via M2 HAT+ interface).

As a main difference between such devices, we can specialize in internal integration
with board interfaces and using high-speed internal bus for connection. Also, some devices
have extended support of quantized models: float16 or int16x8 quantization types are
supported for NVidia devices, so in some particular cases, we can achieve better results
for quantized models. NVidia Jetson Nano 2 GB development board is used as a member
of such a category. Details of OS and target configurations are given in Table 4.

Table 4. Jetson Nano 2 GB HW details

Parameter Value
Model NVidia Jetson Nano 2 GB
CPU Quad-core Cortex-A57 64-bit SoC @ 1.43GHz
RAM 2GB LPDDR4 1600 MHz SDRAM
GPU Nvidia Maxwell architecture with 128 NVidia CUDA Cores, 921
MHz
(O Ubuntu Tegra OS, based on Ubuntu 18.04

Used software

Deep Learning frameworks

TensorFlow and TensorFlow Lite are a base deep learning framework for model
training and inference. This framework has vast functionality for model training, inference,
and converting to smaller data types. The TensorFlow Lite sub-framework has its model
interpreter, which can support various deep learning models. TensorFlow Lite also supports
inference using CPU optimizations, such as XNNPACK and ARM-NN delegate.

As some of the used models for testing use PyTorch as a base framework to retrain
the model, the ONNX format uses PyTorch — TFLite model conversion as a middle format.
The ONNX format is also one of the most used model formats in modern deep learning. It
also supports various optimizations, such as delegating using ARM software runtime
optimizations (based on CMSIS-NN library) and XNNPACK delegate. Also, the ONNX
format supports parallelization between CPU cores to improve inference speed for multi-
core processors.

The NVidia computers use TensorRT, an optimized framework and inference engine.
The ONNX and a special TensorRT wrapper convert the functionality of the base models
to TensorRT format.

Used optimizations
Several types of optimizations are used in this research. The quantized int8 models
are used as a baseline for optimization effectiveness estimation. The following model
optimizations are namely:
— TensorRT model optimization and inference on its engine;
— ARM NN delegate for CPU operation optimizations;
— PyCoral tools for Google Coral TPU optimization.
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Software delegation of several cases used for the base software optimization as
default int8x8 models. The delegation approach includes software or hardware-optimized
variants of neural operations. It prepared to speed up the inference process on target
devices.

All used single-board computers are based on ARM Cortex A-series processors with
ARM architectures. It is used for the base software optimization ARM ACL library.

The ARM NN is for Cortex A-series processors by a special inference engine and Mali
GPUs maintained by ARM. It provides one of the most optimized software implementations
for NN operations. The ARM NN can be included in the TFLite inference engine via a
delegation approach for Python or used directly via C++ and CMake.

The second popular software optimization used in this research is XNNPACK.
XNNPACK is a highly optimized solution for various CPU architectures, such as x86, ARM,
RISC-V, etc. Google developed it. XNNPACK provides low-level software implementations
for neural operations. It can be included in the TFLite interpreter as a delegate.

The research uses the PyCoral library as a hardware-optimized delegate. PyCoral is
to run the Google Coral accelerator as a tool for optimizing neural operations. It includes
several tools for model preparation and a dedicated TFLite delegate. It is used for Google
Coral devices as the inference engine.

Used quantization configurations

Models for mobile inference use optimized models in addition to standard models.
Most modern acceleration systems for mobile platforms use model quantization, which
converts trained float32 models to data types with reduced memory usage representation.
Devices with reduced performance resources or microcontrollers without floating-point
blocks can use that model. This work uses a case of base-optimization model with int8
weights. Such models will have reduced computational complexity but can also have
reduced accuracy parameters. Table 5 describes a detailed explanation of different
quantization types for the TensorFlow Lite framework [12].

Table 5. Quantization types benefits

# Technique Benefits Hardware

1 Dynamic range quantization 4x smaller, 2x-3x speedup CPU

CPU, Edge TPU,
Microcontrollers

2 Full integer quantization 4x smaller, 3x+ speedup

3 Float16 quantization 2x smaller, GPU acceleration CPU, GPU

Used models

The models for this research use popular mobile object detection models. Such
models can be deployed to smaller devices as they use lighter architectures than classic
object detection models, which are appointed to state GPUs with large numbers of shader
cores. So, the most important criterion for such models is less computational complexity. It
will make them more suitable for ARM-based processors of target boards.

As the baseline models for this research, models with input size 640x640 RGB are
used. Such an input size is the most popular for modern object detection models. It can
save most of the valuable features of recognized objects and provide better accuracy than
models with smaller sizes.

On the other hand, models with input size 320x320 RGB are used to provide a
segmental recognition approach. Such a class of models still can provide suitable accuracy
for large objects. It is less accurate for smaller objects as such size cannot provide enough
key features to make a confident forecast.
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All tested models were pre-trained using the MS COCO dataset [13] (80 classes) and
tested using the validation dataset of the MS COCO 2017 competition. Table 6 provides a
list of all researched models with appropriate sources.

RESULTS AND DISCUSSION

Baseline estimation

Inference on target devices with full input size models prepared as the baseline
experiment. All used models were ready for the experiment with 8-bit full-integer
quantization and output .tflite models generation using TensorFlow Object Detection API
Docker images and Python 3.11 as the basic programming language on the reference x86
device. Table 7 presents the testing results for this experiment.

Experiment parameters: TF/TFLite, standard TFLite 8-bit full integer quantization, and
Python 3.11.9. The testing data samples are obtained from the MS COCO validation
dataset archive. The size input image is 640x640 RGB.

Table 6. Used models

. . Parameters
Architecture Source Input size number
SSD-MobileNetV1 TF OD API [6] 640x640 31,200,598
SSD-MobileNetV2 TF OD API [6] 640x640 2,870,772
EfficientDet_Lite3x TF OD API [6] 640x640 9,872,762
YOLOV5s Ultralytics YOLOVS5 [7] 640x640 7,026,307
SSD-MobilenetV1 TF OD API [6] 320x320 6,861,134
SSD-MobileNetV2 TF OD API [6] 320x320 2,741,320
EfficientDet_LiteO TF OD API [6] 320x320 3,366,672
YOLOv5n Ultralytics YOLOVS5 [7] 320x320 1,767,283

Table 7. The speed estimation inference for models with input size 640x640 RGB on

target devices

Model name Model optimization ‘ X, ms | 2, ms
Raspberry Pi 4 Input size 640x640
Basic models
tf2_ssd_mobilenet v1_fpn_640x640_cocol7_ptq [6] Basic TfLite model | 2467.0 | 109.0
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] Basic TfLite model | 244.5 6.0
efficientdet_lite3x_640_ptq [6] Basic TfLite model | 743.5 | 156.5
yolov5s [7] Basic TfLite model | 376.0 6.0
SW-optimized
tf2_ssd_mobilenet_v1 fpn_640x640_cocol7_ptq [6] ARM NN Delegate | 2117.4 | 42.6
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] ARM NN Delegate | 597.0 10.4
efficientdet_lite3x_640_ptq [6] ARM NN Delegate | 1046.0 | 28.0
yolov5s [7] ARM NN Delegate | 427.3 11.6
HW accelerated
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] Coral 430.94 | 13.6
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] Coral 372.57 | 5.93
efficientdet_lite3x_640_ptq [6] Coral - -
yolov5s [7] Coral 139.87 | 2.89
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Table 7. Continuation.

Raspberry Pi 5 Input size 640x640

Basic models
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] TfLite 285.00 | 4.92
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] TfLite 79.03 | 3.10
efficientdet_lite3x_640_ptq [6] TfLite 188.83 | 5.76
yolov5s [7] TFLite 67.93 | 3.75

SW-optimized
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] ARM NN Delegate | 355.26 | 12.90
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] ARM NN Delegate | 193.99 | 6.34
efficientdet_lite3x_640_ptq [6] ARM NN Delegate | 304.65 | 13.69
yolov5s [7] ARM NN Delegate | 74.70 | 3.85

HW accelerated
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] Coral 359.94 | 5.90
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] Coral 130.07 | 2.90
efficientdet_lite3x_640_ptq [6] Coral - -
yolov5s [7] Coral 139.51 | 2.10
Nvidia Jetson Nano 2GB Input size 640x640

Basic models
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] TiLite 2133.95| 42.14
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] TfLite 238.39 | 4.66
efficientdet_lite3x_640_ptq [6] TfLite 704.94 | 8.20
yolov5s [7] TFLite 34352 | 4.94

SW-optimized
tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] ARM NN Delegate |2107.91| 37.87
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] ARM NN Delegate | 524.02 | 7.06
efficientdet_lite3x_640_ptq [6] ARM NN Delegate |1044.74| 19.04
yolov5s [7] ARM NN Delegate | 379.24 | 8.84

HW accelerated

tf2_ssd_mobilenet_v1_fpn_640x640_cocol7_ptq [6] TensorRT 732.59 | 50.00
ssd_mobilenet_v2_fpnlite_640x640_cocol7 [6] TensorRT 141.88 | 16.59
efficientdet_lite3x_640_ptq [6] TensorRT - -
yolov5s [7] TensorRT 109.23 | 4.82

A graphic representation of the received results is presented in Fig. 1. As represented
in Table 7 and Figures 1(a), (b), (c), and using an academic representation of real-time
execution (100 ms at most or one fps), real-time execution is reached only for Raspberry
Pi 5 target device, which has more CPU performance in comparison to other devices. Real-
time execution is not attained for most models with the baseline list. Namely, such an
approach is used for less powerful devices with ARM Cortex-A processors. So, base
models of large input sizes are unsuitable for such devices.

Samples optimization approach for real-time object detection on single-board
computers
Partial recognition is an approach that can be applied to solve problems with long
execution times for devices with smaller computational resources. The main idea of such
a method is to use several models with smaller input sizes to reduce the computational
complexity of the overall task.

EnekrtpoHika Ta iHpopmauinHi TexHonoril « 2025 « Bunyck 29 63



Dmytro Myroniuk & Bohdan Blagitko

u Tilite

= ARM NN
Delegate
Coral

1000

Mean inference time, ms

® Basic TfLite model
™ ARM NN Delegate

Coral

M ' HL
(©)
Fig. 1. The time comparison inference for models with input size 640x640 for target devices: Raspberry Pi 5 (a),
Raspberry Pi 4 (b), Jetson Nano 2 GB (c).

Reference models with reduced (320x320 RGB images (Fig. 2) are used to confirm
the real-time execution approach. The popular object detection model set is used for such
an approach. All models were part of the standard TensorFlow Zoo repository and Google
Coral model Zoo for external NPU-optimized models. TensorFlow standard model Zoo
models, compiled with the TensorRT compiler, are used for the Jetson Nano target as an
NPU-optimized case. Table 8 and Figure 3 (a), (b), and (c) present the inference results for
320x320 input size models.

Fig. 2. Visual representation of image portioning.
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Table 8. Models speed inference estimation with input size 320x320 RGB on target

devices.
Model name Model optimization X, ms g, ms
Raspberry Pi 4 Input size 320x320
Basic models
mobilenet_v1 [14] TFLite 70.40 2.85
mobilenet_v2[14] TfLite 40.69 0.79
efficientdet_liteO [14] TfLite 79.82 2.40
yolov5n [7] TfLite 29.90 1.30
yolov5s [7] TfLite 90.75 1.54
SW-optimized
mobilenet_v1 [14] ARM NN Delegate 68.88 7.19
mobilenet_v2 [14] ARM NN Delegate 61.10 6.58
efficientdet_liteO [14] ARM NN Delegate 147.74 6.92
yolov5n[7] ARM NN Delegate 47.42 2.77
yolov5s [7] ARM NN Delegate 109.40 7.19
HW accelerated
mobilenet_v1 [14] Coral 10.37 1.88
mobilenet_v2[14] Coral 15.56 1.94
efficientdet_liteO [14] Coral 89.68 4.96
yolov5n [7] Coral 10.84 0.52
yolov5s [7] Coral 18.86 1.86
Raspberry Pi 5 Input size 320x320
Basic models
mobilenet_v1 [14] TFLite 10.50 0.31
mobilenet_v2[14] TfLite 9.29 1.17
efficientdet_liteO [14] TiLite 22.76 2.15
yolov5n [7] TiLite 6.30 0.56
yolov5s [7] TfLite 14.71 0.83
SW-optimized
mobilenet_v1 [14] ARM NN Delegate 11.27 3.45
mobilenet_v2[14] ARM NN Delegate 13.11 2.75
efficientdet_liteO [14] ARM NN Delegate 47.83 4.93
yolov5n [7] ARM NN Delegate 12.81 1.68
yolov5s [7] ARM NN Delegate 20.24 2.19
HW accelerated
mobilenet_v1 [14] Coral 9.94 2.19
mobilenet_v2[14] Coral 13.19 2.05
efficientdet_liteO [14] Coral 56.81 2.24
yolov5n [7] Coral 10.81 0.63
yolov5s [7] Coral 18.89 2.19
Nvidia Jetson Nano 2GB Input size 640x640
Basic models
mobilenet_v1 [14] TFLite 71.14 0.94
mobilenet_v2[14] TfLite 39.60 0.69
efficientdet_liteO [14] TfLite 77.61 2.25
yolov5n [7] TfLite 31.43 0.38
yolov5s [7] TfLite 88.35 1.15
SW-optimized
mobilenet_v1 [14] ARM NN Delegate 98.43 15.63
mobilenet_v2[14] ARM NN Delegate 63.00 6.62
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Table 8. Continuation.

efficientdet_lite0 [14] ARM NN Delegate 155.65 5.69
yolov5n [7] ARM NN Delegate 48.27 3.23
yolov5s [7] ARM NN Delegate 110.20 11.30
HW accelerated

mobilenet_v1 [14] TensorRT 61.24 3.92
mobilenet_v2[14] TensorRT 41.37 3.92
efficientdet_liteO [14] TensorRT - -

yolov5n [7] TensorRT 22.67 5.55
yolov5s [7] TensorRT 32.59 4.68

A graphic representation of the received results is presented in Figure 3. Real-time
execution is reaching for most models and target devices. It is represented in Table 8 and
Figures 3(a), 3(b), and 3(c), using an academic representation of real-time execution
(100 ms at most or one fps). Such an approach is suitable for less powerful devices with
ARM Cortex-A processors.
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Fig. 3. Inference time comparison for models with input size 320x320 for target devices: Raspberry Pi 4 (a),
Raspberry Pi 5 (b), Jetson Nano 2 GB (c).

CONCLUSION

As presented in tables 7 and 8 and diagrams 1 and 2, inferencing large accurate
models with good accuracy is not reaching real-time execution on single-board computers
based on Cortex A-series processors without optimizations. The popular object detection
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models with image sizes 640x640 are mostly not suitable for such target devices but can
provide more accurate results on most sizes of objects.

To resolve this problem, partial recognition with pre-processing can be applied, using
models with less image size. Such type of models have significantly less computational
complexity, but can provide good accuracy for large and medium object sizes. Moreover,
preparation algorithms for this approach can be used in other parts of object detection and
identification process. It can be helpful in complex systems with multi-stage pipelines for
object detection and identification.

Such an approach was tested on partial object detection with an image size 320x320
for an original image size 640x640. Less complex models have provided significant
inference time reduction. It can give real-time execution for most researched models and
target devices, even by recognizing several interesting zones.
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ONTUMISALIT MOAENEW OETEKTYBAHHSA OB’EKTIB ANA MPUCKOPEHHHA
IX BUKOHAHHA HA OOQHOMNATHUX NNMAT®OPMAX 3ArAlIlbHOIO
NMPU3HAYEHHA TA MNNAT®OPMAX 3 ANTAPATHUM NMPUCKOPEHHAM

Amumpo MupoHrok, Bo2zdan Bnazimko
JlbgiecbKuli HayioHanbHUU yHieepcumem iMeHi lsaHa ®paHka
8yn. l'eH. TapHascbkoeo, 107, Jlbsis, YkpaiHa

AHOTALIA

BcTtyn. HapgaHo onuc Ta nigrotoBKy CyYacHWX MiAXOAiB FMMOWHHOrO HaBYaHHA [0
mMofdenen BusBNEHHA O0O0’ekTiB. B SAkoCTi OCHOBM BUKOPWUCTOBYIOTBCA (OPENMBOPKU
rMUOMHHOINO HaBYaHHA AN HaB4YaHHA MopJener i BWUCHOBKIB, Taki Ak TensorFlow i
TensorFlow Lite. NMpoaHanisoBaHo koHuUenLii onTumisauii Mogeni rmMbUHHOrO HaBYaHHS.
KBaHTOBaHi Mogeni int8 BukopucToBYlOTbCA sK 0a30Bi AnNA OUiHKM  edeKTUBHOCTI
ontumisadii. Migxig generysaHHA BKMOYae ONTMMi30BaHi nporpamMHi abo anapaTHi BapiaHTu
HENPOHHMX onepadin. BiH nigrotoBaHWi AN NPUCKOPEHHS NpoLecy BUsIBNEHHsi 06’eKTiB Ha
LiNbOBKX NPUCTPOSX.

Martepianu Ta metogm. lMpucTpiii 3i 3HWXEHMMU pecypcamu NPOAYKTUBHOCTI abo
MiKpokoHTponep ©6e3 OnokiB 3 nnaBakwyold KOMOK BMKOPUCTOBYE Mogenb 6a3oBoi
onTumisauii 3 Baramu int8. ®penmBopk TensorFlow Lite mae pisHi TMNU KBaHTyBaHHS,
BVKNaZeHi B AeTanbHOMY NOsiCHEHHI. lMiaroToBaHi 6eHYMapku AN cyvyacHWX O4HOMNNATHNUX
NMPUCTPOIB, @ TakoX 3AiNCHEHi Kopensauis MK BUKOPWUCTAHHAM Pi3HWX MiAXOAIB [0
onTumizauii, TMniB ogHoNMaTHMX NNatopM i aHani3 LBWAKOCTI BUSIBNEHHS O0’eKTiB. YCi
NpOTECTOBaHi MoAeni NoNepeaHbO HAaBYEHI 3 BUKOPUCTaHHAM Habopy aaHnx MS COCO (80
knacis). Yci mogeni Oynu nigrotoBneHi Ans ekcnepumeHty 3 8-6iTHUM noBHMM
LinoyncenbHUM KBaHTYBaHHSAM i reHepauieto BuxigHoi mogeni TFLite 3 BUKOpuCTaHHAM
306paxeHb TensorFlow Object Detection API Docker i Python 3.11.

Pe3ynbTaTtu. 3pa3ku gaHWx TECTyBaHHSA OTpUMaHO 3 apxiBy Habopy AaHux nepesipku
MS COCO. Po3wmip BxigHoro 3o06paxeHHs 640x640 RGB. NMopiBHSHHSI Yacy po3nidHaBaHHS
306paxeHHs 3 640x640 RGB nposoaunoca Ha Raspberry Pi 5, Raspberry Pi 4 i Jetson Nano
2GB. Jlnwe uinboBuin npuctpii Raspberry Pi 5 gocar BukoHaHHS B peanbHOMYy 4aci (He
6inbwe 100 mc abo oauH Kaap/c), Ockinbkn BiH Mae BinbLuy NpoAyKTUBHICTE LM, HiX iHLWi
npucTpoi. lMiaTBEpOKEHHS BUKOHaHHA B PEXWUMI peanbHOro yacy Oyno [OCArHyTo 3a
[0MOMOrot0 eTanoHHUX Moaenen 3i aMeHLeHnMy po3mipamum 306paxeHHst (320x320 RGB).

BucHoBku. CtaHgapTHi mogeni TensorFlow. Mogeni Zoo, ckomninboBaHi 3a 4onomo-
roto komninstopa TensorRT, BukopuctoByBanucs anga Jetson Nano sk BapiaHT, onTUMmi3o-
BaHui ans NPU. BukoHaHHs B pexvMi peanbHoro yacy (He Ginbwe 100 mc abo oavH kagp
B CeKkyHAy) pocsraeTbCsl Ha OinbllocTi mMopenein i uUinboBMX NpUCTPOIB. Takui nigxig
OOLINbHO BUKOPUCTOBYBATW HA MEHLL MOTYXXHUX NpUCTposix 3 npouecopamu ARM Cortex-A.

Knroyoei cnoea: ogHonnatHi KOMM'IOTEPWU, MOLENIOBAHHA, KOHTpOfbHa Tabnuus,
HEMpPOHHI Mepexi, AeTeKTyBaHHs1 06’eKTiB, onTUMi3auis.
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NMPOBNEMU 3ACTOCYBAHHSA HEUPOHHUX MEPEX AN
NMPOrHO3YBAHHA UIHU BIPTYAJIbHUX AKTUBIB

AHOpiti lemko'©©, Makcum Maybkie?
JIbsiscbkuli HauioHanbHUU yHieepcumem iMeHi lsaHa ®paHka
" Kagpedpa padioghisuku ma KOMITiomepHUX mexHonoait,
8yn. ['eH. TapHaecbkoeo, 107, 79017 Jlbeis, YkpaiHa
2 Kaghedpa cucmemHO20 rpoeKmysaHHs,
syn. ipazomaHosa, 50, 79005 Jiksie, YkpaiHa

Llemko, A.M., Maupkis, M.A. (2025). [lMpobnemn 3acToCyBaHHA HEMPOHHUX Mepex Ans
NPOrHo3yBaHHSA LiHW BipTyanbHUX akTuUBIB. EflekmpoHika ma iHghopmauiliHi mexHonoeil, 29, 69-78.
https://doi.org/10.30970/eli.29.7

AHOTALIA

Betyn. lMporHo3yBaHHA UiH BipTyanbHUX akTMBIB € BaXKNMBWM 3aBAaHHAM 4Yepes iX
BMCOKY MIHNMBICTb. HENPOHHI Mepexi LUMPOKO BUMKOPWCTOBYHOTLCA ONS TakMxX 3ajad, ane
4yacTo CTMKalTbCa 3 NpobnemMoto HaiBHMX nNepeabdaveHb, KoM HAacTyNHe 3HAYeHHS HaaTo
CXOXe Ha MoNepeaHe, WO 3HMKYE e(PEeKTUBHICTb NPOrHO3yBaHHS.

Martepianu Ta metoau. [locnigXeHHs NPOBOAMIIOCS HAa OCHOBI AaHMX AWHAMIKW LiH
Bitcoin (6ip>xa Coinbase) 3a nepiog 4 TpaBHsa 2021 — 9 kBiTHA 2024. Po3rnaHyTo ABa MeToau
HopMmani3auii AaHWX LiH: MNiHiHy (min-max) Ta Hopmani3auiio cniBBigHOWEHHSA (ratio), Aka
3abesneyye cTauioHapHiCTb AaHux. HenpoHHa wmepexa i3 gBoHanpasnexHumun LSTM-
wapamu Hapyanaca Ha 10 nonepeaHiXx 3HAYEHHSX UiH ANs MPOrHO3yBaHHS OLHOrO
HacTynHoro. BukopuctaHo 6ibnioteky TensorFlow, 3okpema iHTepdenc Keras, a npouec
HaBYyaHHA cknapascs 3: 150 HaBYanbHUX enox, TpeHyBarbHMX BUBIPOK No 32 HaBYarbHi
napwu, ontumizatop Adam i dyHkuis sTpaT MSE.

Pe3ynbTaTtu 1 o6roBopeHHs. JliHiilHa HopmManisauis nokasana Hawriplwi pesynesTaTtu,
OCKiNbk1M MoAenb BTpayae 34aTHICTb [0 MNPOrHO3yBaHHS, SKWO ManbyTHIi 3HaYeHHs
BMXOOSTb 3@ MeXi HaB4yanbHOi BuOipkn. HaTtomicTb Hopmanisauis BigHOLLEHHA
NPOAEMOHCTPYBana 3Ha4yHO Kpalli pe3ynbTaTh, [O03BONSAKYM MOZeni BpaxoByBaTh
OWHaMiKy 3MiH HaBiTb 32 MeXamMy MiHIManbHUX i MaKCUMarnbHUX 3HAYeHb HaBYanbHUX
OaHux. BMKOpMCTaHHS [0OAaTKOBOrO MHOXHMKA Ans HopMarni3oBaHnux gaHux (k = 400)
MOKpaLLMITO pe3ynbTaTh Ans TPeHyBanbHUX AaHUX, Xo4a Ha TECTOBOMY Habopi NoKpaLLeHHs
6yno He3HayHuM. [lonaBaHHs 4OAaTKOBMX XapaKTepUCTUK LiH (Mia Yac BiAKPUTTS, 3aKpUTTS
TOpriB Ta MiHiManbHa LiHa NPOTAroM LbOro nepiogy) He 3MOrno yCyHyTu npobnemy 3cyBy
nporHosiB. AHania pesynbTaTiB nokasas, WO Moaenb 4Yacto 6asyeTbCsl Ha MOBTOPEHHI
nonepeaHix 3HayeHb, WO CBiAYMTb NpO ii OOMEXeHiCTb y 3axOonfieHHi CKnagHux
B32EMO3B'A3KIB Yy AAHUX.

BucHoBku. [locnigxeHHs NiATBEPAXXYE, O HENPOHHI Mepexi mMalTb OOMEXEHHs y
3ajayax NporHo3yBaHHSA UiH BipTyanbHuX akTueiB. [Mpobnema HaiBHOro nepepnbaveHHs €
KIOYOBOK  MEpeLLKoaolo, sika o0bmexye edekTuBHICTb Moaenen. BukopucTaHHs
HopMani3auii BigHOLLEHHS i3 MHOXXHUKOM K NOKpaLLy€e TOYHICTb, ane uboro HeAOCTaTHLO Ans
BUPILLEHHS OCHOBHOI Npobnemn. HeobxiaHi HOBI NigXoau 4YM BAOCKOHANEHHSI iCHYHOYMX
MeTofiB, WO A03BONATbL MOAENi Kpalle po3yMiTU CKNaaHi B3aEMO3B'A3KM Y 4acoBUX pagax i
HaginHO NPOrHo3yBaTn ManbyTHI 3MiHW.

Knrouoei crioga: pekypeHTHi HempomMepexi, NPOrHo3yBaHHS, BipTyanbHi aKTUBM.

© 2025 Andrii Tsemko & Maxym Matskiv. Published by the Ivan Franko National University of Lviv on
® behalf of EnekTponika Ta iHdopmauinHi TexHonorii / Electronics and information technologies. This 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.

ISSN 2224-088X (print) « ISSN 2224-0888 (on-line) 69


http://publications.lnu.edu.ua/collections/index.php/electronics/index
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.30970/eli.29.7
https://orcid.org/0009-0004-9506-9584
mailto:andrii.tsemko@lnu.edu.ua
https://orcid.org/0009-0004-0431-1786

AHpgpin Liemko, Makcum Maubkis

BCTYN

MeTtoo poboTU € BUCBITNEHHS NPOGNEeMUM BUKOPUCTAHHA HEMPOHHUX Mepex Ans
NPOrHo3yBaHHSA ManbyTHIX 3Ha4YeHb LiHW BipTyanbHMX akTUBIB 6asytouMcb Ha OMHaMIL
TXHbOI 3MiHM 3a nonepegHi iHTepBanu 4acy. [lig 4Yac AocnigXeHHs 3acToCyBaHHSA
HEMpPOHHMX Mepex Byno BusBneHo yHaaMmeHTaneHy npobnemy, ska notpebye rmmoworo
[OCHiOKEHHS | BUCBITNEHHS B 3afa4ax NPOrHo3yBaHHsi YaCoBUX psidiB.

Onupatrouncb Ha pes3ynbTaTu MUHYMOI cTaTTi [1], BMpilLeHO NpoBecTu nornubneHe
OOCIiAKEeHHs1 MeTodiB HopMarnisauii AaHuMX OWHaMIKU UiH, siKi B noganbliomy OyayTb
BUKOPUCTaHI ANns HaB4YaHHS HEMpPOHHMX Mepex. [1poTe nig 4Yac uboro AOCHiIIKEHHS
BUSIBNIEHO nNpobnemy, KoM HEMPOHHA Mepexa nepeabadvae HACTyNHe 3HAYEHHS, 9K ayxXe
CXOXe Ha nonepeaHe, Lo AaBanocs Ha BXia (Tak 3BaHe nepeabadeHHs “ak Byopa”) [2].

MposiBwWK rMmMbwwnii aHania nitepatypy, MM nNoGa4mnuM, WO HEBENUKMN PO3MIp
HEVpPOHHOI Mepexi He € OCHOBHOKW npobnemoto. [laHa npobnema nepegbaveHHs YacTo
BUHMKAE Yy CXOXUX Migxodax 3 HEeNPOHHMMW Mepexamu Ana 3agad MpOorHo3yBaHHS.
Onupatoumch Ha pesynbTaT gocnigpkeHHs aBTopiB ctatTi “Are Transformers Effective for
Time Series Forecasting?”, cknagHiwi CTPYKTYpU HEWPOHHMX Mepex Taki sk
TpaHcdopMepu, NOKa3yTb TOUHICTb NMPOrHO3yBaHHAM HA TOMY CaMOMY PiBHi SIK i NPOCTiLi
mogeni [3]. ToMy acnekT cknagHOCTIi HEMPOHHOI Mepexi Ans 3agadi NPorHo3yBaHHAMU
HaMu JocnigKyBaBCcs NuLle NOBEPXHEBO.

[ns edekTnBHOrO Npouecy HaBYaHHA HEMPOHHUX MEPEX BapTO BUKOPWCTOBYBATU
HopmanizoBaHi AaHi. OgHUM 3 HaNMoOLWMPEHILIMM MeTOA0M HopMarisauii € MeTog NiHinHOI
Hopmanisauii (min-max) [4]. 3a3Buyain, B Ui HOpMani3auii 3Ha4YeHHs 3BOAATHCA A0
npomixky Big 0 go 1, ae 0 — ue miHiManbHe 3Ha4YeHHs (min), a 1 — ue MmakcumarnbHe (max).
dopmyna niHinHoI HopManisauii JaHuX:

X— X,
Xnorm = —mln’ 1)

Xmax - Xmin

ae X — opuriHanbHi oaHi;
Xnin T@ Xpnaxy — MiHIManNbHe Ta MakcMmMarbHe 3Ha4YeHHS OpuriHanbHUX JaHUX BiAMNoBiAHO;
Xnorm — HOpManisosaHi AaHi.

HesBaxaloun Ha pesynbTaTtv HaB4YaHHA HEMPOHHOI MepeXi, BUKOPUCTaHHS NiHINHOI
HopManisauii Mae Hefonik, SKMA NOTEHUIMHO MOXe 3MEHWUTUM eEeKTMBHICTb
3aCTOCYBaHHSA HEMPOHHOT Mepexi ANns NPOrHo3yBaHHA nojanbLlumx 3MiH UiHW. Y BUNaakKy,
AKWO ManbyTHI 3HaYeHHS UiH BUAZYTb 32 MeXi MiHIManbHOro i MakCMarnbHOro 3HayeHb
OaHUX, BUKOPUCTaHMX Y HaBYaHHI, HEMPOHHA MepeXxa He 3MOXe CMPOrHo3yBaTu nogarnbLuy
3MiHy LiH, OCKibk1 BOHa He Gaudmna Takux 3HadveHb. Lito npobnemy Gyno BusiBNeHo 3a
MMWHYIOro AOCNIMXEHHS, Wo BigobpaxeHo Ha Puc. 1.

[Ona BupiweHHsa uiei npobrnemMu 3anpornoHOBAHO BUKOPUCTATM iHWWIA  Migxig
HopManisauii gaHMx — Hopmanisauii BigHoweHHs (ratio). Ii cyTb nonsrae B 306paxeHHi
AaHUX SIK BifHOLUEHHSI HACTYMHOrO 3Ha4YeHHs1 n+1 g0 NoTo4Horo n (abo MOTOYHOro N Ao
nonepegHboro n—1). Takuin nigxig Hopmanisauii TakoX 3ycTpidaeTbCa B cCTaTTAX Nij
Ha3BoOl BigcoTkoBa HopMmanisauis. [aHi nicna  3acTtocyBaHHA Takoi Hopmanisauii
3Haxo4ATbCcA y Npomixky mix 0,85 i 1,15, oe 3HayeHHA MeHLWwe 1 BiANOBIAA€E 3HWXEHHIO
LiHM, a 3Ha4YeHHs Binblue 1 — 3pocTaHHI. Take NpeAcTaBneHHs AaHMX € CTalioHapHUM 3
cepefHiM 3HayeHHAM B okoni 1, WO [A03BONSE BUKOPUCTOBYBATW HaBYEHY HEWPOHHY
Mepexy Anst NPOrHO3yBaHHA ManbyTHIX AaHUX, HABITb NPWU BUXOAI AAHWUX 3@ OPUriHANbHI
MiHiMarnbHi i MakcumanbHi 3Ha4YeHHS, Aki 6ynu BUKOPUCTaHI Nig Yyac HaBYaHHA HEWPOHHOI
mepexi (Puc. 2).

OTpumaHi JaHi MOXHa oxapakTepudyBaTu $K CTauioHapHW/A npouec, OCKINbKM
cepefHe 3Ha4YeHHs1 He 3MIHIETLCA 3 YyacoM. [ns niaBueHHs edeKTUBHOCTI HaBYaHHA

70 Electronics and information technologies * 2025 « Issue 29



Mpo6remMu 3acTocyBaHHA HEMPOHHUX MEPEX. ..
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Puc. 1. MNopiBHAHHSA NPOrHO30BaHMX 3Ha4YeHb HEMPOHHOI MepeXxi 3 opuriHanbHUMKU. CUHS MiHia — HaBYanbHi AaHi;
nomapaH4eBa — TeCTyBarbHi; 3eneHa — NPOrHO30BaHi 3HA4YEHHS.

Fig. 1. Comparison of the predicted values of the neural network with the original ones. Blue line — training data;
orange — testing data; green — predicted data.

HEVpPOHHOI Mepexi, MW BUKOPUCTOBYEMO [AO0AATKOBUW MHOXHMK ONS HOPMAarni3oBaHUX
OaHunX, CyTb SIKOro nondrae y Tomy, o6 30inbwnTn cepegHe KBagpaTUYHE BiAXUIEHHS.
dopmyna Hopmanisauii BigHOLLEHHs] Mae BUMMSA:

Xnorm = X R —1)-k, (2
n—

ae k — MHOXHUK Hopmanisauii.

MeTolo paHOro AocnifKeHHa € aHarni3 eekTMBHOCTI anbTepHaTUBHUX NigXoAdis
HopManmisauii gaHux y 3agadax MpOrHo3yBaHHS YacOBUX PSAAiB HA OCHOBI HEMPOHHUX
MepeX sl BUPILLEHHS BUSIBNIEHUX NpobniemM TOYHOCTI Ta aaanTUBHOCTI MOAENEN.

—— [laHi ana HaBuaHHA
—— [lani ans sanipauil
Naui ans TectyBaHHa

115

110
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Puc. 2. [aHi nicna Hopmanisauii BigHoweHHs. CuHS MiHiA — HaBYarnbHi AaHi; MOMapaHyeBa — TeCTyBasbHI;
YepBOHa — AaHi NepeBipKu.
Fig. 2. Ratio normalized data. Blue line — training data; orange — testing data; red — validation data.
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MATEPIANI TA METOOU

Bci onucaHi pesynbtaty JOCRiAXKEHHS B Ui cTaTTi 6yny BYKOHaHI 3 BUKOPUCTaHHAM
AaHNX OMHaMikK LiH kpunToBantoTu Bitcoin BigHocHo gonapy CLUA. Lli aaHi 6yno B3sTto 3
Oipxi Coinbase [5]. [ins gocnimkeHHs 6yno BUKOPUCTAHO AaHi B YacoOBOMY NPOMIXKY Big 4
TpaBHsa 2021 poky o 9 kBiTHA 2024 poky, a came LOoAEeHHe CniBBiAHOLIEHHS BapTOCTI
obpaHux aktmeis (Puc. 3).
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Puc. 3. MakcumanbsHa BapTicTb Bitcoin’y no gHsix 3 6ipxi Coinbase
Fig. 3. Maximum daily Bitcoin price from the Coinbase exchange

[ns CTBOpPEHHs Ta HaBYaHHA HEWPOHHOI Mepexi, Byno BukopucTaHo 6ibnioTeky
TensorFlow [6] moBu nporpamyBaHHst Python Big komnanii Google, 3 BigKpUTUM KOLOM.
bibnioteka TensorFlow micTute B cobi iHTepdelic Keras, skun [oO3BONSE CTBOPIOBATU
CTPYKTYPU HEMPOHHNX MepeX MoLIapoBO, HanawToBYOYM BiANOBIAHI NnapameTpu KOXHOro
3 wapis. Tak, AN CTBOPEHHSA PEKYPEHTHUX HEMPOHHUX Mepex iHTepdenc Keras Hagae
MoXnuBicTb cTBopeHHs Takmx wapis: RNN (Recurrent Neural Networks, PekypeHTHa
HenpoHHa mepexa), LSTM (Long Short-Term Memory, [loBra kopoTkoyacHa nam'atb) Ta
GRU (Gated Recurrent Unit, BeHTUnbHUA pekypeHTHUI By3on) [7, 8].

Y mMopgeni HEMPOHHOI MepeXi BUKOPUCTOBYETLCS apXiTekTypa 3 ABOHanpasBfneHuMu
LSTM-wapamn, WO [A03BOMAIOTb BPaxoByBaTW KOHTEKCT K 3 nonepeHix, Tak i 3
HaCTYMHUX KPOKiB nocnigosHocTi. MNepwwuii wap mictute 50 HeMpoHiB nepefae BCHO
NnocnigoBHICTb Ha HacTynHwui wap 3 dyHkuieo aktmBadii ReLU (Rectified Linear Unit,
BunpamneHun niHinHni By3on abo Bunpsamnay). Qani nge wap BumkHeHHst 20% HENpPOHIB
Anst 3anobiraHHs nepeHaByaHHio. [pyrui gBoHanpasnewun wap LSTM wmictute 54
HeWpoHM Ta BXe He NoBepTae NocnigoBHiCTb. [oTiM goaatoTbea ABa WinbHi (Dense) wapwu:
nepwwii 3 50 HelipoHamMu i yHKUieto akTmBauii ReLU, gpyrun 3 25 HepoHamu 6e3 dyHKui
akTmBauii. lMicna KOXHOro 3 HUX Takox BioOyBaeTbCA BUMKHEHHst 20% HeMpoHiB Ans
perynapusadii. [licns oCTaHHLOrO BUXIOHOTO LLApy HEWPOHHa Mepexa nepeaae
3reHepoBaHe HacTynHe 3HayeHHs (Puc. 4).

Dense

kernel (108x50}
bias {50}

Activation

Bidirectional

LSTM

LSTM

Dense

kernel (25x1)
bias {1}
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Puc. 4. CTpykTypa HEMPOHHOI Mepexi.
Fig. 4. Neural network structure.

input_layer Dropout Dropout Dropout

Activation Activation

72 Electronics and information technologies * 2025 « Issue 29



Mpo6nemu 3acTocyBaHHS HEMPOHHMX MEPEX. ..

Ons  OuiHKM  TOYHOCTI MPOrHO3yBaHHA MOAENi  BMKOPMCTOBYBaBCA MeETO.4
cepeagHbokBagpaTu4Hoi noxmbkm (Mean Squared Error, MSE). [aHi nonepegHbo
HopmarnisyBanucs 3a MeTogamu, AeTanbHO onMcaHnMK y nonepeaHbLoMy po3aini.

PE3YJIbTATU TA OBIrOBOPEHHA

Ons gocnigkeHHs O6yno BUPILLEHO HABYUTU HEWPOHHY Mepexy, sika Oyae reHepyBaTtu
NPOrHO3 HACTYMHOIO 3HAYEHHS LiiHM Ha OCHOBI ANHaMIiKKM LiH 3a ocTaHHi 10 gHiB. HaB4YaHHSA
HEeMpPOHHOI Mepexi npoBoaunock npotdarom 150 enox, 3 BUKOPUCTaHHSA BMOIpok no 32
Habopn TpeHyBanbHUX nap. BukopuctaHo pani 3a 1072 pgHi, gki 6yno posgineHo y
cniseigHoweHHi 80% po 20% Ha padHi ons HaBvaHHA Ta Bepudikauil. B akocTi
onTMMi3aTopa Bar HEWpPOHHOI Mepexi BuKopucTaHo ontuMmizatop Adam i dyHkuio
obpaxyHKy BTpaT — cepeaHboKBagpaTu4Hy noxmbky (Mean Squared Error, MSE). lNig vac
npouecy HaB4YaHHA Ans  QYHKUii BTpaT BMKOPUCTOBYETHCS 3HAYEHHS  NOXUOKM
HOopMarni3oBaHMX gaHux. Pe3ynbTaTu HaBYaHHsS (HaBedeHi y Tabnuui 1) obpaxoBytoTbCs
Ha OCHOBI AeHOPMani3oBaHUX OaHWX.

Tabnuys 1. Pe3aynbTaTn HaB4YaHHA HEMPOHHOI MepeXi NPOrHo3yBaHHS OQHOro
3Ha4YeHHs Ha ocHOBI 10-Tu BXigHMX NapameTpiB NiHIMHO HOpMani3oBaHUX AaHUX.
Table 1. Neural network training results predicting a single value based on 10 input
parameters linearly normalized data.

HaeyanbHi gaHi TecTyBanbHi AaHi

CepepHbokBagpaTu4Ha

noxubKa ($) 2,29 MIH 7,35 MIH

dopmyna geHopmanisauii niHinHO HopmarnisoBaHUX JaHUX Mae BUrMsA:

Xdenorm = Xnorm * (Xmax - Xmin) + Xmin' (3)

a chopmyna aAng geHopManisauii gaHux Ang HopManisauil BifHOLWeHHS:

X
Xdenorm = (% + 1) *Ap-1. 4)

Hamu 6yno JocnigxeHo BNUB 3HAYEHHS MHOXHMKA Kk 3 doopmynu (2) Ha pesynbTaTty
HaBYaHHA HEMPOHHOI Mepexi. byno gocnigXxeHo egeKkTMBHICTb HaBYaHHS HEWPOHHOI
Mepexi Mnpu 3HayeHHs MHOXHuka 1, nigibpaHoro 3HayeHHa 36, wWo Bignosigae
npeacTaBneHH AaHMX CTaliOHapHOro MPOLIECY XapaKTEePUCTUKOK SIKOTO € 3HaYeHHS
cepeaHbokBagpaTuyHoro BiaxuneHHsa (CKB) piBHe 1 Ta 3HauyeHHs MHOXHMKa 400, wo
nokasye kpauli pesynbtatu. Pesynbtatn cepegHbokBagpatnyHux noxmbok (MSE) nicns
AeHopManisauii AaHux 3aHeceHi oo Tabnuui 2.

AHanisytoun pesynbtatu Tabnuui 2, Mm 6aumMmo, niHiMHa Hopmanisauis nokasye
Hawripwuin pesynbTaTt, a Hopmanisauis BiOHOLEHHS OEMOHCTPYE 3HA4YeHHSI MOXMOKM
Mamke B 4 pasn MeHwe pAans TecTtoBoi BMOipkn. MHoxHMK 400 gns Hopmanisauii
BigHOLLEHHS OyB HanonTUMarnbHILLIMM ANst HAaBYanbHOI BUOIpKU.

AHanisytoun rpadikv Ha puc. 5 Ta 6 MoxxHa nob6aynTy, Wo Bci cnocobu Hopmanisadii
BiATBOPIOOTbL OpuWriHanbHi AdaHi 3i 3cyBOM BnNpaBo, a MNiHiiHa Hopmarniszauia Takox
OEMOHCTPYE NEBHUN 3CYB BHM3. 3rifHO 3HA4YeHb NOXMOKUN, BUKOPUCTaHHSA NpeacTaBeHHs!
OaHNX 3 HOopMarisauito BiOHOLLEHHS NMokKasye B [Ba pa3v MEHLUEe 3Ha4YeHHS Moxmbku, a
BUKOPUCTaHHA Pi3HNX KoemilieHTiB NuLLe NoKpaLlye 3HaYeHHa AN TPeHyBarbHUX AaHuX,
B TOW Yac 9K 3Ha4YeHHHA Ha TeCTOBOMY Habopi manxke He 3MiHITbLCSA. Lle cBiguntb npo Te,
LLIO HEVPOHHA MepexXa BYMTbLCS “K BYopa”.
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Tabnuys 2. PeaynbTaTu cepeaHbOKBagpaTUYHUX NOXUOOK ANA NiHiMHOI
HopManisauii Ta Hopmanisauii BigHOLWEeHHS.
Table 2. Mean squared error results for linear and ration normalization.

Tun Hopmanisauii TpeHyBanbHi AaHi TecToBI AaHi
JliHinHa Hopmanisauia 2,3 MITH 7,35 MIH
Hopmanisauis BigHOLWEHHS 1.1 MM 2.00 MnH
3 MHOXHUKOM 1
Hopwmanisauisa BigHOLWEHHS
3 MHOXHUKOM 36 0.3 MH 2.88 MH
(ctaHpapTHe
BiOXunNeHHa=1)
Hopmanisauis BigHOLIEHHS 0,03 MH 2.81 MAH
3 MHOXHUKOM 400

Ockinbkn Hopmarnisauisa BigHOWEHHs 3 MHOXHMKOM 400 nokasana HavkpaLium
pesynbTar, 6yno BupiweHo ii 1 3anuwmt. MuHyni gocnigXeHHs BUKOPUCTOBYBAnM TiNbKu
MaKCMMarbHe 3HaYeHHS LiiHW NPOTArOM YacoBOrO BIATUHKY. MPUAHATO pilleHHs CTBOPUTH

Boooo — Be3 MHOXH1Ka

= MHOXHWUK 36
= MHOXHUK 400
OpurinansHi paHi
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Puc. 5. Pe3ynbTaTvt NporHo3yBaHHsS HEMPOHHUX MEPEX 3 HOPMani3aLisiMy BiHOLLEHHSI: a) BECb Aliana3oH AaHUX;
6) TpeHyBanbHa BubipKa; B) TecToBa BuUbipKa.

Fig. 5. Prediction results of neural networks with ratio normalizations: (a) the entire data range; (b) training set;
(c) testing set.
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Puc. 6. Pe3ynbTtatv nporHo3yBaHHs HEWPOHHUX MEPEX 3 MiHINHOK Ta HopMmanisauie BiAHOLIEHHS: a) Becb
AdianasoH AaHwux; 6) TpeHyBanbHa Bubipka; B) TectoBa BMbipKa.

Fig. 6. Prediction results of neural networks with min-max and ratio normalizations: (a) the entire data range;
(b) training set; (c) testing set.

HEVPOHHY Mepexy, sika He byae obmexXyBaTUCh TiNMbKM MakCUManbHUMKN 3HAYEHHAM LiiHW,
a TaKOX BUKOPUCTOBYBATWU iHLUI XapaKTEpUCTMKWU, Taki SK 3HAYEHHS UiHW BigKpUTTS,
3aKpUTTA Ta MiHIMyMY NPOTAroM YacoBoro BiAniky. [nsa uboro BUKOPUCTOBYIOTECS Ti cami
AaHi 3 6ipxi Coinbase (3a nepiog Big 4 TpasHs 2021 poky o 9 kBiTHa 2024 poky. Hamu
Oyno CTBOPEHO HEWPOHHY Mepexy, sika obpobnsie mMacvmB 3HadeHHs 3a 10 AHIiB, AKWIA
MICTUTb 4 KOJTOHKM 3HAY€Hb: MaKCMMarbHOI i MiHIManbHOI LiH, Ta LiH BIOKpUTTSA (No4YaTKy
TOpriB) i 3aKkpuTTS (3aKiHYEeHHA TOpriB), i MPOrHO3ye MaKCMMarnbHYy LUiHY akTMBy Ha
HacTynHUI geHb. Puc. 7 Binobpaxae pedynbTaT HABYaHHA Takoi HEMPOHHOT Mepexi. [aHi
Ha rpacpiky nogineHi Ha TpeHyBarbHY, KOHTPOJIbHY Ta TeCTOBY BMOipkW. [aHi Big noyarky i
A0 cbioneToBOI NPsIMOI BiANOBIAATL TPpeHyBarbHin BUOIpLi, Mk hioneToBOIO Ta XXOBTOH
— KOHTPOnbHi AaHi, $IKi BUKOPUCTOBYIOTLCA [AMsi KOHTPOMNIO Npouecy HaByaHHs And
YHUKHEHHS1 NepeHaByYaHHs HEMPOHHOI MepeXxi | TeCToBI AaHi.

3 rpadhika BUAHO, WO 36iNbLUEHHS KiINbKOCTI XapaKTepPUCTMUK HEe JONOMOrIIO BUPILLUTH
npobnemMy 3 MNPOrHO3yBaHHSIM, OCKINbKW pe3ynbTaTu MPOrHO3yBaHHSA BidyaribHO Hibu
BigcTalTb Ha 1 yacoBui BiANiK, WO MOXHA OxapakTepudyBaTWh sIK TUM MPOrHO3yBaHHSA
«3aBTpa byae Ak B4yopa». [nsa kpaworo po3ymMiHHSA npobnemu, B Tabnumui 3 NOPiBHIOTLCH
3HAYeHHS cepedHbOKBaApPaTUYHUX MOXMOOK ANSA MPOrHO30BaHWX AaHMX SK BOHM € (3
BifjCTaBaHHsIM), Ta NPOrHO30BaHMX AAHUX, 3MILLEHNX Ha OOWH YaCOBWUIA BiAJiK BNIBO.
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Puc. 7. PesynbTat NporHo3yBaHHSA HEVPOHHOI Mepexi 3 Hopmanisauieto BiJHOLEHHS, Konu Ha BXia 6epyTbes 4
KOJOHKM: a) BECb Aiana3oH AaHux; 6) TpeHyBanbHa BMbipka; B) TecToBa BMbipKa.

Fig. 7. Prediction results of the neural network with ratio normalization when using 4 columns as input: (a) the
entire data range; (b) training set; (c) testing set.

Tabnuys 3. NopiBHAHHA 3Ha4YeHb cepeAHbLOKBaAPaATUYHUX MOXMOOK OpuUriHanbHUX
NPOrHOo30BaHMX AaHUX Ta NPOrHO30BaHUX AaHUX Micns iX 3MileHHA Ha oAuH
YyacoBuW Bignik BniBo.

Table 3. Comparison of mean squared errors of the original forecasted data and the
forecasted data after shifting one time step to the left.

Twvin gannx TpeHyBanbHi AaHi TecToBi gaHi

OpuriHanbHi NporHo3oBaHi 1,06 mrH $ 2,02 MnH $

lMporHo3oBaHi AaHi
3MilLeHHA Ha OauH 0,01 MnH $ 0,01 mnH $
yacoBwK Bignik BRiBO

BUCHOBKMU

Takum 4YMHOM, aHanisylouM pesynbTaTM [OOCNIMKEHb MOXHA BBaxaTW, LWO
BUKOPUCTAHHSI HEMPOHHUX MepeX AONns MPOrHO3yBaHHSA LiHW BipTyanbHUX akTUBIB He €
edekTnBHUM. Taka Mepexka, XOd y NEBHMX BUMNALKax i Nokasye XOpoLli pe3ynbtaTyn Ans
TpeHyBamnbHUX OaHuX, arne Bce X ANs TeCTOBMX AaHux oOupae Hankpalle pilleHHs
HaCTYMHOrO ernemMeHTa sk opuriHanbHe nonepegHe. Helpomepexa He CrnpaBnsieTbCs i3
3afavelo MpPOrHo3yBaHHSA LiHW, OCKiNbkM i nepenbaveHHst 6a3yloTbCA Ha MOBTOPEHHI
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nonepeaHix 3Ha4YeHb 3aMiCTb CNPaBXXHbOrO MPOrHO3yBaHHS. Lle CBig4YMTb NPO 0OMEXEHHS
Mogeni B 1i 34aTHOCTI 3axonntoBaTu CKragHi B3aEMO3B'A3KM Y AaHMX, WO NpU3BoauTb 0
HeobXiAHOCTI MNOLWyKy iHWKMX nigxodiB abo BAOCKOHANEHHS iCHyWUMX MeTodiB Ans
NOKpaLLEeHHs1 NPOrHO3YBaHHS.
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PROBLEMS OF USING NEURAL NETWORKS TO PREDICT THE PRICE OF
VIRTUAL ASSETS

Andrii Tsemko? ©O & Maxym Matskiv?
Ivan Franko National University of L'viv
" Department of Radiophysics and Computer Technologies,
107 Gen. Tarnavskoho St., 79017 Lviv, Ukraine
2 Department of System Design,
50 Drahomanova St., 79005 Lviv, Ukraine

ABSTRACT

Background. Predicting the prices of virtual assets is an important task due to their high
volatility. Neural networks are widely used for such tasks, but often face the problem of naive
predictions, when the next value is too similar to the previous one, which reduces the
forecasting efficiency.

Materials and Methods. The study was conducted on the basis of Bitcoin price
dynamics data (Coinbase exchange) for the period of May 4, 2021 - April 9, 2024. Two
methods of data normalization were considered: linear (Min-Max) and ratio normalization,
which ensures data stationarity. A neural network with bidirectional LSTM layers was trained
on 10 previous values to predict one subsequent value. The TensorFlow library, in particular
the Keras API, was used for training process with customizable parameters: 150 epochs, 32
batch size, Adam optimizer, and MSE loss function.

Results and Discussion. Linear normalization showed the worst results, as the model
loses its ability to predict if future values fall outside the training set. On the contrary, ratio
normalization showed much better results, allowing the model to take into account the
dynamics of changes even beyond the minimum and maximum values of the training data.
Using an additional multiplier for the normalized data (k = 400) improved the results for the
training data, although the improvement was not significant on the test set. Adding additional
price characteristics (at the opening, closing, and minimum price during this period) failed to
eliminate the problem of forecast bias. The analysis of the results showed that the model is
often based on the repetition of previous values, which indicates its limitations in capturing
complex relationships in the data.

Conclusion. The study confirms that neural networks have limitations in the task of
predicting virtual asset prices. The problem of naive prediction is a key obstacle that limits
the effectiveness of models. The use of ratio normalization with a k-factor improves
accuracy, but it is not enough to solve the main problem. New approaches or improvements
to existing methods are needed to allow the model to better understand complex
relationships in time series and reliably predict future changes.

Keywords: recurrent neural networks, forecasting, virtual assets.
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Yakubovych, M.Y., Lyashkevych, V.L., & Shuvar, R.Y. (2025). Energy Conservation as One of the
Components of the Management System for the Smart Sustainable Workspaces. Electronics and
Information Technologies, 29, 79-94. https://doi.org/10.30970/eli.29.8

ABSTRACT

Background. "Smart technologies" have grown rapidly thanks to advanced
achievements in artificial intelligence (Al) and loT. Big companies are interested in the
concept of "smart rooms" or "smart workplaces" because these technologies allow them to
reduce the costs of maintaining workplaces and focus on sustainable production without
redundant waste.

Energy conservation is a crucially important part of a smart sustainable workplace
management system therefore it has been analyzed in this paper. Considering the features
of smart workplaces we highlighted that this approach offers a flexible and convenient way
to make the workplace more comfortable and productive with a more accurate device
management strategy.

Materials and Methods. Aiming our goals we have investigated the tasks which were
related to models and methodologies for energy consumption management based on
accessible technical resources and standards. Thus, we have used a systematic approach
to selecting material, methods of inductive and logical analysis, observation and so on. The
appropriate sensors and devices for energy management in smart workplaces were
considered as well.

Results and Discussion. We paid the most attention to the devices available to us,
such as Google Home, Mi Home, and Domoticz and their predefined functional
characteristics. Amidst models, the most widespread ones for energy management were
reviewed. Specifically noting that energy management in smart workplaces based on fuzzy
logic does not require a complex mathematical model for system management and can rely
directly on the experience of qualitative users.

Conclusion. Taking into account other components of a smart sustainable working
space management system, we can conclude that modern information technologies and
data analytics are becoming powerful tools for optimizing energy consumption and
enhancing comfort and productivity in working spaces.

Keywords: smart sustainable workplace, smart sustainable workplace management
system, energy consumption, energy conservation, adaptive-intelligent
management.

INTRODUCTION

The implementation of advanced information technologies and data analytics is
becoming a key factor in developing effective energy conservation methods. Data
collection and analysis systems, such as “smart homes” or “smart grids”, allow for

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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monitoring and optimizing energy consumption in real time. Buildings where software takes

care of security, energy conservation, and resident comfort are called “smart” [1]. Thanks

to loT and data transmission technologies, household appliances are integrated into a

unified system, which enables [2]:

e autonomous lighting control, turning off lights in empty rooms;

e monitoring the condition of water pipes and air quality, warning about possible leaks
and contamination;

e receiving naotifications about the risk of breakdowns.

Currently, energy management systems face rather stringent requirements, as
excessive energy consumption leads to excessive consumption of planetary resources.
[15] For these considerations, a number of requirements and recommendations are being
developed that must be taken into account when planning workspaces. [4] Therefore, in
modern conditions, we are talking about smart sustainable workspaces. [2]

The implementation of such systems is based on the application of modern
technologies that:
¢ increase employee productivity;

e ensure efficient and economical use of workspaces [17].

Automatic regulation of lighting, heating, ventilation, and air conditioning based on
data analysis of energy load and consumption allows: reducing unnecessary costs and
providing optimal working conditions with minimal energy consumption while minimizing
the use of natural resources.

Initial understanding of a sustainable workspace [5] is focused primarily on the
responsible use of resources. A sustainable workspace was defined as an environment
where products and services are created in a manner that does not deplete irreplaceable
resources without compromising the quality of the output. This definition is intentionally
broad, applicable to diverse settings ranging from offices to production lines, emphasizing
that the core principle of sustainability lies in the nature of the work itself and the materials
involved. The central idea is to minimize reliance on resources that cannot be replenished,
thereby ensuring the long-term viability of operations and reducing the ecological footprint.

Expanding on this foundational view, the concept of a sustainable workplace culture
introduces a more comprehensive perspective. This approach emphasizes environmental,
social, and economic mindfulness across all facets of business operations.

The key characteristic of a sustainable workspace is a strong emphasis on energy
efficiency through the adoption of renewable energy, the use of efficient technologies, and
the optimization of building design and operational practices. Waste reduction was another
critical element, moving beyond basic recycling to embrace circular economy principles like
reuse, upcycling, and the minimization of single-use items. The selection of sustainable
materials, characterized by recycled content, renewability, low environmental impact, and
non-toxic properties, was also a defining feature. Furthermore, the concept of a sustainable
workspace increasingly incorporated a focus on fostering employee well-being through
factors like natural light, biophilic design, healthy materials, and supportive work
environments. Finally, the social dimension extended to encompass the broader
community through ethical practices, local engagement, and a commitment to corporate
social responsibility.

Smart work environments: current state and terminology. Considering the current state
and terminology in the field of smart spaces, we can establish that such work environments
utilize various sensors, detectors, analytical tools, and the Internet of Things (loT) for
automation and optimization of different aspects of the work environment. These include:
e Lighting and energy conservation: in smart work environments, lighting systems are

automatically adjusted depending on employee presence, natural light levels, and time
of day. Additionally, systems for automatic shutdown of electrical appliances and
equipment at night help reduce electricity consumption.
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¢ Climate management: automated control systems for heating, ventilation, and air
conditioning can respond to temperature changes and human presence in space,
ensuring comfortable working conditions.

e Security systems: in smart work environments, video surveillance systems can use
image analytics to detect suspicious activities or malfunctions [13].

e Workspace and zone reservation: Booking systems help employees find available
workspaces, conference rooms, and other resources, as well as plan their workday.

e Cost management: analytical tools help track the use of resources such as electricity
and water, and identify opportunities for savings.

e Health and comfort monitoring: sensors can measure air quality, humidity, and other
parameters that affect employee comfort and health.

e Automatic equipment control: automation systems can provide automatic startup,
shutdown, and regulation of equipment such as computers, printers, coffee makers, etc.

In addition to the above, the concept of a smart work environment can be interpreted
as an intelligently constructed workspace. This means that when designing the building, it
is necessary to consider the possibility of integrating all services with each other using
wireless technologies. Such a high-tech system can combine all concepts into a single
structure that can be conveniently managed even from a mobile phone.

Thus, a smart work environment refers to a high-technology workspace where
integrated sensors, automation systems, artificial intelligence, and connectivity help
provide optimal working conditions for employees, increase productivity, and reduce costs.
To ensure the effective operation of a smart work environment, it is necessary to establish
requirements for aspects such as lighting, ventilation, communication infrastructure,
security, and privacy.

Researchers indicate that requirements for smart work environments should be
flexible and adapted to the changing needs of employees.

A core tenet of the smart sustainable workspace is its commitment to sustainability.
Scientific literature emphasizes resource efficiency, the reduction of carbon footprints, and
the imperative to meet present needs without compromising the ability of future generations
to meet their own needs [7].

The 'smart' aspects of a smart sustainable workspace are characterized by the
intelligent application of technology, including artificial intelligence (Al), the Internet of
Things (loT), and data analytics, to enhance efficiency, comfort, and productivity [6]. Smart
building management systems (BMS) play a pivotal role in optimizing building operations
by controlling and monitoring various systems such as heating, ventilation, and air
conditioning (HVAC), lighting, and security [8].

Analyzing definitions from scientific literature reveals that the smart sustainable
workspace is often viewed as a constituent element within the larger framework of smart
sustainable cities (SSCs) [6]. SSCs are defined as innovative urban environments that
utilize information and communication technologies (ICTs) and other means to improve the
quality of life, the efficiency of urban operations and services, and overall competitiveness,
while ensuring that they meet the needs of present and future generations [6]. Within this
context, the smart sustainable work environment can be seen as a micro-level application
of the principles guiding SSCs, focusing on optimizing the workspace for both sustainability
and human well-being through the integration of technology.

Synthesizing these diverse perspectives from scientific literature, a holistic definition
of a “smart sustainable work space” for the future can be proposed as follows: A smart
sustainable work space is an intelligent workspace that strategically integrates advanced
technologies and sustainable practices within a human-centric design framework to
minimize its environmental impact, optimize resource utilization, enhance the health, well-
being, and productivity of its occupants, and adapt dynamically to changing environmental
conditions and user needs. This definition emphasizes the interconnectedness of
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technology, environment, and human factors, highlighting the need for a holistic and
adaptive approach to creating future-ready workspaces.

MATERIALS AND METHODS

Current state of energy conservation management in smart sustainable work
environments. A distinctive feature of a “smart space” compared to conventional appliance
management is that switches and remote controls are not tied to one specific device. This
means that a button panel with a microcontroller can control lighting throughout all work
areas. Additionally, such a panel can: regulate indoor climate; control music volume;
perform other functions, depending on programming.
The functionality of buttons can be modified as needed, as it is programmatically
defined. Touch panels in “Smart spaces” combine multiple functions and serve as
interactive control organs. They allow complete monitoring of the space condition, for
example: temperature, illumination, humidity levels, and human presence.
Smart spaces typically feature a comprehensive security, access, and video
surveillance system consisting of various components to ensure high levels of protection,
access control, and monitoring. The main components of these subsystems may include:
e Security system (sensors for smoke, fire and carbon monoxide, glass breakage, motion,
door and window opening);

e Automatic shutdown of heating supplies that activates when a dangerous situation is
detected (e.qg., fire) to minimize risk;

e Access control systems (electronic locks and access cards, biometric systems, and
remote access control);

¢ Video surveillance system (video cameras and IP cameras);

e Video data analysis systems: Used to detect suspicious actions or unusual
circumstances [14].

Artificial intelligence approaches are widely used for activity recognition and employee
behavior analysis in the “Smart Sustainable Production Environment” system:
¢ Reflection analysis. Using video surveillance to analyze employee reflections. It is

possible to detect movements, gestures, postures that may indicate certain actions or
employee states [15];

e Sound and speech analysis. Detection of keywords, speech, or sounds that may
indicate certain activities. For example, recognition of specific dialogues that indicate
work discussions;

e Sensor data analysis. Using data from motion sensors that can detect movements,
positions, distances, etc. This can help recognize certain actions, such as moving
around the space.

The pursuit of energy conservation and management within smart sustainable
workspaces is fraught with a complex array of challenges, spanning technological,
economic, and human-centric domains.

Challenges related to the implementation and operation of smart technologies:

e A significant hurdle lies in the compatibility and integration issues arising from the
diverse range of IoT devices and systems that need to communicate and function
cohesively [9].

e Implementing IoT for energy saving in smart work spaces can be complicated by the
lack of standardized protocols, hindering seamless data exchange and unified control
across different manufacturers and system types.

e Furthermore, ensuring the loT infrastructure's scalability to handle a growing nhumber of
devices and increasing data volume presents another considerable challenge [9]. As
smart workspaces become more technologically advanced with the addition of
numerous sensors and interconnected devices, the underlying network capacity, data
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storage, and processing power must be sufficiently robust to manage the expanding
demands without creating system bottlenecks or performance degradation.

Security concerns and data privacy are also paramount challenges in the
interconnected environment of smart buildings [9]. The increased connectivity creates
vulnerabilities that necessitate robust security measures to protect sensitive data from
cyber threats and prevent unauthorized access to building systems.

The effectiveness of energy management also hinges on the accuracy of the data
collected by sensors. Inaccurate occupancy detection, for instance, can lead to energy
wastage Iif lighting and HVAC systems are activated unnecessarily in empty spaces or
remain off when needed.

The sheer complexity of managing and optimizing energy usage across a multitude of
interconnected systems and protocols poses a significant challenge for facility
managers [9].

Economic considerations and return on investment in energy efficiency measures:
These investment costs are often perceived as high with an uncertain or low return on
investment [10]. This perception can deter organizations, particularly small and medium-
sized enterprises (SMEs), from prioritizing energy efficiency projects, especially if the
long-term savings and benefits are not immediately apparent.

There can be doubts around the effectiveness of energy-saving measures, leading to a
lack of confidence in the potential return on investment [10]. Demonstrating the tangible
benefits through pilot projects, case studies, and transparent data on energy
consumption and savings is crucial to address these doubts.

Accessing the necessary financing can also be a significant hurdle, especially for SMEs
who may face difficulties in securing loans for energy efficiency projects due to
perceived risks or lack of collateral [11]. Financial incentives, such as government
grants, tax breaks, or specialized financing options, may be necessary to encourage
these investments.

Organizations often face the challenge of balancing cost savings with other priorities,
particularly during periods of economic uncertainty [11]. Investments in areas directly
related to production or market expansion may take precedence over energy efficiency
upgrades.

The complexities of integrating energy efficiency with occupant comfort and well-

being:

Aggressive energy optimization strategies can potentially compromise thermal comfort,
lighting levels, or indoor air quality, leading to occupant dissatisfaction and reduced
productivity. Smart workspace implementations need to carefully balance energy saving
capabilities with the need to adjust ventilation, air conditioning, and lighting systems to
maintain a comfortable environment [9].

The use of workplace surveillance technologies, while potentially providing data for
energy optimization through occupancy monitoring, can have negative repercussions
on employee well-being [12]. The perception of being constantly monitored can lead to
increased stress, anxiety, a feeling of reduced autonomy, and even privacy violations,
ultimately undermining the creation of a healthy and productive work environment.
Resistance to change and a lack of user familiarity with new technologies can impede
the adoption and effective utilization of smart systems [9]. Employees may feel
uncomfortable or anxious about using unfamiliar technologies, leading to reluctance and
hindering the intended benefits.

Furthermore, the effectiveness of energy-saving technologies is significantly influenced
by user behavior [5]. Technological solutions alone are insufficient without the active
participation of occupants in adopting energy-conscious habits.
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e Finally there is the ethical concern of “function creep” in monitoring technologies [12].
Surveillance systems initially implemented for energy management purposes could
potentially be used for other forms of employee monitoring without their explicit consent
or knowledge, raising serious ethical and privacy concerns that need to be addressed
through transparent policies and open communication.

Thus, the “smart sustainable work environment” offers a flexible and convenient
approach to appliance management, making the workspace more comfortable and

productive [16].

RESULTS AND DISCUSSION

Energy conservation management tools in smart sustainable work environments. Let
us analyze Mi Home as an energy conservation management tool for a smart work
environment. The advantages of the Mi Home system include: aesthetic design: Sensors
and devices have an attractive appearance; user-friendly mobile application: The Mi Home
application is easy to use and provides access to all system functions; easy automation
configuration: users can easily create automated scenarios for controlling lighting, devices,
and other smart work environment functions.

The disadvantages of the Mi Home system include the following characteristics:
closed ecosystem: Mi Home is not compatible with devices from other brands; cloud data
storage: system usage data is stored on Xiaomi cloud servers, which may raise privacy
concerns; dependence on cloud servers: Mi Home system automations operate through
cloud servers, therefore an Internet connection is required for their operation.

The functional capabilities of the Mi Home system include: lighting control: it is possible
to turn on, turn off, adjust the brightness and contrast of lighting in the work environment;
device control: various devices can be controlled, such as televisions, music players,
refrigerators, air conditioners, blinds, etc.; scenario creation: automated scenarios can be
created to perform certain actions, for example, turning on lighting and music when a user
enters the work environment, or turning off all devices when a person leaves; Ukrainian
language support: The Mi Home application and system interface support the Ukrainian
language.

Technical characteristics of the Mi Home system include: operating system: Android;
control type: Mixed (manual and automatic); compatibility: Devices operating from ~220V.

Executive elements of the Mi Home system: light bulbs; valves; coffee makers; laptops
and tablets; printers.

Additional capabilities of the Mi Home system include: integration of Xiaomi smart
devices into a common network; configuration and management of smart devices in the
work environment; creation and execution of scenarios via the Internet.

Google Home represents a smart work environment management system with an
effective interface and closed ecosystem. The automation operates through cloud servers,
with the application supporting novel solutions that have not been reported in the domestic
sector. It enables a unified “control center” for the smart work environment.

Google Nest Hub constitutes an attempt to integrate previously existing technologies
into a single device [21]:

e Google Smart Speaker (capability to issue voice commands and receive responses);

e Google Chromecast (ability to stream content from smartphones);

e An implemented, albeit not yet perfected, attempt at smart work environment
management.

The Google Nest Hub package includes a smart speaker capable of playing music or
comprehending phrases. Responses are not only audible but also displayed on the screen.
The device exhibits good sensitivity and, while lacking a camera, permits control via the
display and features a physical microphone disconnect button. The smart home interface
from Google is relatively modest. Google Nest Hub consumes approximately 2.5 watts from
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the electrical network, which is minimal, presenting no issues with keeping the device
continuously powered. Numerous positive reviews regarding Google Home Hub with Apple
ecosystem integration are available online [22].
Domoticz is an open-capability smart work environment management system. The
principal advantages of Domoticz include:
e Open ecosystem: Domoticz is compatible with devices from various manufacturers,
providing greater freedom of choice;
e Customized cloud spaces: Access to your Domoticz server is available from any
location via internet connection;
e User-friendly Blockly automation language: Blockly employs visual blocks for creating
automations, making it accessible even for beginners.
Significant disadvantages of Domoticz include:
e Implementation complexity of certain elements: Some Domoticz functions may be
difficult to configure, particularly for inexperienced users;
¢ Outdated documentation: Domoticz documentation is not always updated promptly,
potentially causing difficulties in information retrieval.

Domoticz supports a broad spectrum of Xiaomi devices, including:

e Xiaomi Gateway: Domoticz can manage the Xiaomi Gateway and all connected
devices;

e Xiaomi buttons and sensors: Domoticz can control buttons, opening and movement
sensors, ZigBee sockets, and Aqgara switches;

¢ Yeelight illumination devices: Domoticz can manage RGBW and White Yeelight lamps,
as well as CeilingLight ceiling fixtures;

e MiFlora Bluetooth sensors: Domoticz can operate with MiFlora Bluetooth sensors.

Domoticz offers flexible scenario configuration capabilities, enabling automation of
various tasks in the smart work environment. Domoticz scenarios operate independently of
Chinese servers and internet connectivity, rendering them more reliable and secure.
Domoticz can extend Xiaomi device functionality by adding new actions such as “free fall"
or “alert" for speakers, or “LongClickRelease” for buttons. Connecting Xiaomi to Domoticz
is straightforward and does not affect the basic functionality of utilized devices.

A wide range of researchers employ the MIND method (Method for analysis of
INDustrial energy systems) for modeling management influences on energy conservation
in smart work environments. This method facilitates the identification of economically
effective approaches to optimizing energy consumption in work environments of any scale.

It is important to note that the greatest interest in applying the MIND method or its
variations lies in the possibility of making informed decisions regarding the selection of
energy-saving measures. Among the methods aimed at addressing these challenges, the
following should be highlighted:

e Methods for formulating various energy conservation policy variants and energy
conservation management programs in smart work environments using program-target
planning methodology;

¢ Classification of economically effective measures for improving energy efficiency;

e Methodology for planning production activities to ensure efficient energy consumption.

Ensuring resilience and sustainability in the management of a smart work
environment. Currently, the primary management objective of energy conservation in a
smart manufacturing setting is the selection of the most economically effective energy-
saving measures [18]. Among the most widely used, the following should be noted:
¢ Replacing the traditional lighting with energy-efficient LED systems.

e Using the occupancy sensors, predictive algorithms, and real-time data to adjust
heating, cooling, and ventilation systems based on actual demand.

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2025 « Bunyck 29 85



Maksym Yakubovych, Vasyl Lyashkevych, Roman Shuvar

e Integrating IoT sensors and advanced analytics to monitor energy use across lighting,
HVAC, and equipment, then automatically adjust settings for optimal efficiency.

Overall, the most broadly implemented and economically effective solutions are smart
EMS combined with efficient HYAC and LED lighting systems.

Itis worth mentioning that such an approach is not always justified, as decision-making
must consider not only economic efficiency but also environmental consequences,
reputational effects, production reliability requirements, achievement of strategic goals
through innovative development paths, and other factors.

Energy conservation in smart work environments using fuzzy logic does not require
complex mathematical models for system management and can rely on users' practical
experience. However, this method has a disadvantage related to the complexity of
determining optimal rules and membership functions for such systems. An alternative
approach to creating energy conservation systems in smart work spaces is artificial neural
networks (ANN), which are widely used for modeling and predicting energy consumption
in the work environment. Atrtificial neural networks have the ability to model nonlinear
processes, continuously adapt to new data, and learn from them to solve complex tasks
[19].

In addition to traditional energy management methods, hybrid approaches combining
the advantages of fuzzy logic and artificial neural networks are gaining popularity in smart
work environments. The advantages of hybrid approaches include:
¢ Human-like logic: fuzzy logic allows systems to make decisions similar to human ones,

considering fuzzy and uncertain factors;
e Learning capability: artificial neural networks can learn from data and independently
optimize their operation.

The adaptive neuro-fuzzy systems (ANF) combine neural network learning algorithms
with fuzzy logic membership functions. This allows systems to dynamically adapt to
changing conditions and improve their efficiency.

Agent-based energy management systems utilize virtual or physical modules (agents)
that interact with the environment through artificial intelligence.

The advantages of agent systems are:

e Compromise finding: agent systems can find an optimal balance between energy
consumption, costs, and comfort;

e Measurement and interaction with the environment: agents can collect data about the
environment and use it for decision-making;

e System control: agents can control heating, ventilation, air conditioning systems, and
electrical appliances;

e Multi-agent systems: multi-agent systems consisting of several agents are capable of
solving complex problems and responding to changes in real-time.

Hybrid approaches to energy management that combine fuzzy logic, artificial neural
networks, and agent systems offer a flexible and effective way to optimize energy
consumption in smart work environments. These approaches can consider complex
factors, dynamically adapt to changing conditions, and find optimal solutions for energy
savings and comfort provision.

The Adaptive-Smart Energy Management Tool (A-SEM) is an intelligent system that
dynamically regulates energy consumption in a smart work environment. A-SEM ensures
a balance between user comfort and efficient use of energy resources [21].

The A-SEM system uses an adaptive energy restriction algorithm based on analyzing
data about the average daily energy consumption over the past 30 days. This data takes
into account seasonal fluctuations, weekends, and other factors affecting energy
consumption.
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The A-SEM system also considers user behavior, as it plays a significant role in energy
consumption. For this purpose, the system uses various sensors that collect information
about user activity and the state of IT equipment.

A-SEM monitors and controls energy consumption in real-time. The system uses
various indicators, evaluated at the testing stage, to adapt energy restrictions to current
conditions.

The energy consumption limit for each user is calculated using the formula:

where Ej;p, is energy consumption limit for the user (kWh);
Epuq is the monthly energy consumption budget set by the user (kWh);
P,y is average daily energy consumption over the past 30 days (kWh);

Py, is total energy consumption in the work environment over the past 30 days (kWh);
Teur is the current time (hours);
T,yg is the average daily operating time of IT equipment (hours).

Significant advantages of A-SEM include:

e Balanced energy consumption: A-SEM provides an optimal ratio between user comfort
and energy efficiency;

e Dynamic adaptation: the system dynamically adapts to changing conditions,
considering seasonal fluctuations, weekends, and user behavior;

e Energy savings: A-SEM contributes to significant reductions in energy consumption
without compromising user comfort.

Thus, A-SEM is a promising tool for adaptive-intelligent energy conservation
management in smart work spaces. The system provides an optimal ratio between user
comfort and energy efficiency, dynamically adapting to changing conditions. A-SEM
contributes to significant reductions in energy consumption and decreases negative
environmental impact.

The growing need for energy efficiency and environmentally friendly technologies
contributes to the development of intelligent energy management systems in smart work
environments [20]. This work proposes an integrated system that combines IoT devices
into a single system to optimize energy consumption and ensure user comfort.

The system consists of three intelligent models functioning as loT platform services:
¢ Intelligence Awareness Target (IAT):

o Collects data from loT device sensors

o Uses machine learning to understand the situational significance of data
¢ Intelligence Energy Efficiency (IE2S):

o Based on the open-source Mobius platform and TensorFlow

o Processes data collected by IAT and analyzes energy consumption patterns

o Automatically provides recommendations for optimizing energy consumption
¢ Intelligent Service TAS (IST):

o Controls and manages energy consumption at the user service stage

o Implements IE2S recommendations

To achieve better energy efficiency, a hybrid intelligent system using fog computing is
proposed. The system architecture combines:
¢ Response intelligence: provides rapid adaptation to changing environmental conditions;
¢ Deliberative intelligence: conducts comprehensive learning and system optimization.
e Significant advantages of this system include:
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Reduction of network overload: optimization of tasks and energy use by patterns;

Energy savings: significant reduction in energy consumption;

Adaptability: real-time response to environmental events;

Personalization: meeting user needs and preferences.

Experimental studies confirm that the proposed system provides significant energy
savings in managing smart work environments.

Thus, the proposed integrated energy management system is an effective solution for
optimizing energy consumption in smart work environments. The system combines
intelligent models and fog computing to achieve adaptability, personalization, and energy
savings.

Disadvantages of existing energy management systems include:

e Unsuitability for multi-user scenarios: existing systems cannot effectively manage
energy consumption in scenarios with many users, as they do not account for
interactions between their scenarios;

e Contradictions of individual needs: systems cannot always balance the needs and
preferences of different users, which can lead to conflicts;

o Complexity of configuration: fuzzy controllers used in some systems require significant

amounts of data for configuration, complicating their practical application.

A comprehensive approach to energy management includes:

¢ Mixed-integer quadratic programming model: the proposed model combines discrete
and continuous variables, allowing consideration of various aspects of energy
consumption, such as temperature, lighting, computer equipment operation, and
printers;

e Forecasting: the model uses forecasting of disturbances, work environment functions,
and individual user weights for dynamic adaptation to changing conditions;

e Consideration of thermal and electrical components: the model accounts for both
thermal and electrical energy, providing a more comprehensive approach to energy
conservation.

Application of statistical modeling methods reveals:

e Wiener and generalized Wiener processes: these methods are used for modeling
stochastic processes, allowing consideration of uncertainty and randomness in energy
conservation systems;

¢ Computational mathematics: statistical modeling methods are used to solve complex
computational mathematics problems related to energy consumption optimization;

e Hausdorff dimension estimation: these methods are used to estimate the complexity
and fractal structure of data, which can be useful for analyzing energy consumption in
smart work environments.

The proposed comprehensive approach, which combines mixed-integer quadratic
programming modeling, forecasting, and statistical modeling methods, allows overcoming
the disadvantages of existing energy management systems and provides more efficient
and adaptive management of energy consumption in smart work environments.

One method for improving energy conservation in smart work environments is the use
of alternative energy sources. Thus, increasing the efficiency of solar panels will allow more
effective conversion of solar energy into electrical energy, making them more profitable and
accessible. To achieve this, scientists are working on developing new methods and
improving existing devices. The goal is to maximize the efficiency of solar panels, ensuring
optimal conversion of solar energy into electrical energy [18].

The main ways to increase the efficiency of solar panels include:
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e Using solar radiation concentration systems: these systems collect sunlight from a
larger area and focus it on a smaller area of the photovoltaic module, increasing its
efficiency;

e Applying sun-tracking systems: These systems automatically rotate solar panels
throughout the day so they are always directed at the sun, maximizing the amount of
sunlight they receive;

e Using MPPT controllers: These controllers regulate the voltage and current supplied to
photovoltaic modules so they always operate at the maximum power point (MPP),
increasing their overall efficiency;

o Developing new technologies for manufacturing photovoltaic modules: This may include
using new materials such as perovskites or organic compounds, or new module designs
that increase their efficiency and reduce their degradation period.

It is important to note that all these methods have their advantages and
disadvantages. Since the output power of solar modules depends on factors such as solar
radiation and the temperature of solar cells, the measurement of solar modules is
conducted under standard conditions (STC). These standard conditions are defined as
follows: atmospheric quality AM1.5, light intensity of 1000 W/m?, and a temperature of
25°C.

It is well known that solar cells convert only a portion of solar energy into electricity,
while the remaining energy is dissipated as heat. This occurs because an increase in
temperature near the solar panel reduces the semiconductor's band gap width, leading to
an increase in saturation current due to the lower energy required for electron-hole pair
generation.

However, while the short-circuit current slightly increases, the open-circuit voltage
decreases, thereby reducing the panel's output power. The effect of temperature on the
output power of a solar panel can be expressed by the equation:

Ps = Py (14 - At), (2)

where Ps is the power of the solar panel (W);
P, is the power of the solar panel at 25 °C (W);
B is the power temperature coefficient (°C), and
At is the temperature change (°C).

The temperature coefficient affects output power within the range of —0.2% to —0.5%
per 1 °C temperature increase. The power temperature coefficient for monocrystalline
silicon is —0.4% per °C. This indicates that the output power decreases by 0.4% for each
degree of temperature rise beyond the operating range of the solar panel.

There are three primary mechanisms for heat dissipation from a heated object:
convection, conduction, and radiation. Thermal conduction is utilized when there is a
temperature gradient between the object, such as a solar panel, and another medium,
including the surrounding air. The ability of a solar panel to transfer heat to another object
is characterized by the thermal resistance of the materials comprising the panel.

Heat dissipation from the solar panel can be achieved via thermal conduction,
specifically through Peltier elements placed on the cooler side of the panel’s rear surface.

As mentioned earlier, the implementation of intelligent energy-saving management
systems in smart workspaces is a key factor in optimizing energy consumption and
reducing environmental impact. One promising approach is the development of systems
based on the Arduino microprocessor. The system includes a central control module
composed of the following components:

e Arduino microprocessor: ensures centralized system management, processes data,
and transmits commands to other modules;
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e nRF24L01+ wired communication module: establishes a wireless network at a
frequency of 2.4 GHz, enabling the integration of additional sensors and actuators;

e DS1302 real-time module: manages the precise activation and deactivation of
connected devices according to a predefined schedule;
4x4 matrix keypad: allows users to input commands for system control;
HCM1205X piezoelectric emitter: generates sound signals to notify users of system
events;

e Dual-channel relay module: controls two high-current devices;

12C PCF8574 module: expands the number of available Arduino outputs for display

connection;

e LCD display module: displays system status and other essential messages.

¢ Functional Blocks of the Main Module:

e DM1 - Arduino microprocessor: executes computational and control functions;

e DM2 - HCM1205X piezoelectric emitter: generates sound notifications;

e DM3 — nRF24L01+ communication module: provides wireless connectivity with other
modules;

e DM4 — Android communication module: allows system control via a mobile application;

e DM5 - DS1302 real-time module: manages device scheduling;

e DM6 — Relayl module: controls the first device;

e DM7 — Relay2 module: controls the second device;

o KM1 — 4x4 matrix keypad: accepts user commands;

e DD1 - 12C PCF8574 module: expands Arduino output capabilities;

HG1 — LCD display module: visualizes system information.

The proposed Arduino-based energy-saving management system (see Fig. 1) repre-
sents a promising solution for optimizing energy consumption in smart workspaces. The
system offers extensive functionality, ease of implementation, and the ability to be easily
adapted to various needs. By integrating advanced microprocessor-based control, wireless
communication, and real-time management, this system contributes to more efficient
energy utilization and reduces the environmental impact of modern work environments.

The implementation of intelligent energy management systems (HEMS) in smart work
environments is becoming increasingly relevant. The HEMS-loT system, which integrates
the principles of the Internet of Things (loT) and machine learning, has demonstrated
significant potential for optimizing energy consumption while ensuring user comfort and
safety [22]. The HEMS-loT system employs the J48 machine learning algorithm and the
Weka API to analyze large datasets related to user behavior and energy consumption
patterns. This enables the system to:

e Classify work environments based on energy consumption levels: this facilitates the
development of more targeted and effective energy-saving strategies;

¢ Identify anomalous consumption patterns: this can help detect potential issues related
to energy waste or inefficient resource utilization.

Based on the analysis results, the HEMS-loT system utilizes RuleML and Apache
Mahout to generate personalized energy-saving recommendations, which take user
preferences into account, ensuring comfort and security in the smart work environment.

The implementation of the HEMS-loT system in a company has demonstrated
significant positive outcomes:

e Reduction in energy consumption: the HEMS-loT system has significantly reduced
energy consumption in the work environment, leading to cost savings and a lower
environmental impact;

e Enhanced user comfort: personalized energy-saving recommendations do not compro-
mise user comfort but instead improve it through more efficient resource utilization;
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Fig. 1. Structural diagram of the “Control Block” module in the energy management system for a smart sustainable
work environment.

¢ Increased safety: the HEMS-IOT system can help detect potential safety issues, such
as electrical overloads or equipment malfunctions.
Thus, the HEMS-IoT system, leveraging big data and machine learning, serves as an
effective tool for managing energy efficiency in a smart work environment. The system not
only facilitates energy savings but also enhances user comfort and security.

CONCLUSION

The evolution of smart work environments represents a significant advancement in
workplace design and management. By integrating loT technologies, sensors, and
automated systems, these environments offer enhanced energy efficiency, improved
comfort, and increased productivity. The flexibility of smart systems allows for adaptation
to varying work patterns and individual preferences, creating spaces that respond
dynamically to users' needs. As organizations continue to prioritize sustainability and
employee well-being, smart work environments will likely become standard practice in the
design and operation of modern workspaces. Future developments in this field should focus
on further integration of systems, improved data analytics for decision-making, and
maintaining a balance between technological advancement and human-centered design
principles.

The concept of a “smart sustainable work environment” has been analyzed. A
description of the most common energy management systems in smart work environments
has been provided. The Mi Home system offers a convenient and functional way to manage
lighting, devices, and automation in a smart workspace. However, before selecting this
system, it is important to consider its advantages, disadvantages, and individual user needs
and preferences.
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It has been stated that the Domoticz system is a powerful and flexible platform for
managing a smart work environment, offering extensive customization and integration
options for Xiaomi devices. Domoticz may be particularly appealing to users seeking an
open ecosystem with cloud-based configurations and a user-friendly automation scripting
language. From a mathematical modeling perspective, the statistical modeling method of
fractional Brownian motion has been analyzed for simulating the operation of key energy
management tools in a smart IT work environment.

Taking into account other components of a smart sustainable working space
management system, we can conclude that modern information technologies and data
analytics are becoming powerful tools for optimizing energy consumption and enhancing
comfort and productivity in working spaces.
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EHEPIO3BEPEXEHHA AK OOHA 13 CKINTAAOBUX CUCTEMU KEPYBAHHA
PO3YMHUMMU CTIMKUMU POBEOYUMU NPUMILLEEHHAMM

Makcum Slky6oeuy, Bacunb Jlawkeeuy, PomaH Lllyeap
Kagpedpa cucmemHO20 npoekmyesaHHs,

JIbsiecbkull HayioHanbHUl yHieepcumem imMeHi IeaHa ®paHka,
syn. [ipazomaHosa, 50, m.J/Ibeis, 79005, YkpaiHa

AHOTALIA

Bectyn. «Po3ymHi TexHomorii»  CTPIMKO pO3BMBAKOTLCS  3aBOSKM  NepefoBUM
OOCSArHEeHHsIM y capepi WwtyyHoro iHTenekty (Al) Ta IHTepHeTy peden (1oT). Benuki komnaHii
3auikaBneHi B KOHLUEMUisiX «pO3yMHMX MpUMIlLeHby abo «po3yMHMX poboumx Micuby,
OCKINbKM Ui TEeXHOMNOorii [03BONA0TbL iM 3MEHLIMTW BUTPATU Ha YTPUMaHHS pobo4mx
NPOCTOPIB i 30CepeamnTnCS Ha CTiIKoMy BMPOOHUUTBI 6e3 HagMipHUX BUTpaT pecypciB.

EHeprosbepexeHHss € Hag3BUYaMHO BaXIUMBUMM E€1EMEHTOM CUCTEMW KepyBaHHA
PO3YMHUMM CTiKMMU poboyrMmu MicusMK, TOMY BOHO Oyno npoaHanizoBaHe B L poboTi.
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BpaxoByoun 0cobnmuBoCTi po3yMHUX poboYMX NPUMILLLEHb, MU BiA3HAYMMK, O Len nigxig
3abesneyye THy4YkMn | 3py4HUA croci® nigBWLLEHHS KOMAOPTY Ta MNPOAYKTUBHOCTI Ha
poboyomy MicLi 3aBAsKM Oinblu TOYHIN cTpaTerii kepyBaHHSA NPUCTPOSIMU.

Marepianu Ta metoau. [Ina gOCArHEHHSA NocTaBneHux Uinen 6yno gocnigxeHo 3agadi,
noe’aA3aHi 3 MoAensamMu Ta MeTOAONOriAMU KepyBaHHSA CMOXUBAHHAM €Heprii Ha OCHOBI
OOCTYNHUX TEXHIYHWX pecypciB i cTaHAapTiB. 30Kpema, BMKOPUCTOBYBaBCS CUCTEMHWUMN
nigxig o BigGopy martepianis, METOAM iIHOYKTUBHOMO Ta NOMYHOro aHarni3y, CnoCTEPEXEHHS
Towo. Takoxk Oyno po3rnaHyTO BIOMOBIAHI OAaTYMKM Ta NPUCTPOI ONA  KepyBaHHS
€HEeprocrnoXnBaHHAM Yy PO3YMHUX pOBOYUX MiCLSX.

Pesynbtatn. OcHOBHy yBary npuaineHo npucTpoaMm, ski Oynu poctynHi  ans
pocnigkeHHsi, 3okpema Google Home, Mi Home i Domoticz, Ta ixHiM nonepegHbo
BM3Ha4YeHVM  pyHKUiOHanbHMM  xapaktepuctukam. Cepen mogenen  ynpaeniHHA
€eHeprocnoXxneBaHHAM Oynu pos3rnsaHyTi Hambinbw nowupeHi. 3okpema, 3a3HaveHo, Lo
KepyBaHHsSi EHEProCnoXWBaHHAM Yy PO3YMHUX pOBOYMX MICLSIX HA OCHOBI HEYITKOT MOTiKn He
notpebye cknagHoi MaTemMaTuyHOi Mogeni Ans KepyBaHHA CUCTEMOK | MOxe
6e3nocepeHbLO cnupaTUCs Ha OOCBIA SKICHUX KOPUCTYBauiB.

BucHoBkW. Bepy4yn 0o yBaru iHLWi KOMMOHEHTU CUCTEMU YNPaBRiHHA PO3YMHUM CTannm
po60o4MM NPOCTOPOM, MOXEMO 3p0OUTU BUCHOBOK, LLIO Cy4acHi iHpopmauiviHi TexHonorii Ta
aHaniTMka gaHux cTatoTb NOTYXXHUMM IHCTPYMEHTaMu AN OnTUMI3aLii eHeprocnoXuBaHHS
" NiaBULWEHHS KOMGOPTY Ta NPOAYKTUBHOCTI B POBOYMX MPUMILLIEHHSAX.

Knro4oei cnoea: posymHe cTike poboye Micue, cuctema KepyBaHHS PO3YMHUM
CTIKMM poBOoYMM  MiCLEeM, CMOXUBAHHA eHeprii, eHepro3bepexeHHs,
afanTUBHO-IHTENEKTyanbHe KepyBaHHSI.
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ABSTRACT

Background. Rapid industrialization and urbanization have escalated air pollution,
posing significant health and environmental threats. Precise quantification of air pollutant
dispersion is critical for effective control and mitigation strategies. The Inverse Gaussian
Plume Model (IGPM) is a robust analytical tool used for estimating pollutant concentration
levels from point sources.

Materials and Methods. This research utilized IGPM to estimate ground-level
concentrations of airborne pollutants originating from specific point sources. The model's
application was rigorously grounded in comprehensive datasets encompassing detailed
meteorological parameters, essential source emission characteristics, and relevant
topographical information. Meteorological inputs included hourly averaged wind speed and
direction, atmospheric stability classifications, ambient temperature, and mixing layer height,
which collectively govern pollutant transport and dilution. Source characteristics
incorporated stack height, flue gas exit velocity, gas temperature, and pollutant emission
rates specific to the investigated sources. Topographical data considered local terrain
features that could influence plume trajectory and dispersion patterns.

Results and Discussion. The model successfully predicted pollutant concentrations,
demonstrating high correlation with observed data. Sensitivity analyses underscored the
influence of atmospheric stability and wind speed on plume dispersion. The IGPM proved
effective in diverse meteorological scenarios, emphasizing its adaptability for air quality
assessments.

Conclusion. The findings of this investigation affirm that IGPM serves as a reliable and
accurate methodology for estimating air pollution levels stemming from point sources. Its
demonstrated predictive capability makes it an asset for enhancing environmental
monitoring programs, potentially supplementing fixed monitoring networks and identifying
areas of concern. Furthermore, the model's utility extends significantly into the domain of
regulatory compliance, facilitating environmental impact assessments for proposed
industrial activities and evaluating the effectiveness of emission control measures.

Keywords: air pollution, Inverse Gaussian Plume Model, forecasting, pollutant
concentration, autonomous systems, control algorithms, machine learning.

INTRODUCTION

The intersection of human activities and environmental health finds one of its most
critical areas of concern in the study of air pollution. Emissions from industrial processes,
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vehicular traffic, and energy production release a variety of harmful pollutants into the
atmosphere, influencing air quality on local, regional, and global scales. The dispersion of
these pollutants is governed by a myriad of factors, including wind patterns, atmospheric
stability, and topographical features, which together dictate the concentration of pollutants
experienced by communities and ecosystems downwind of sources [1].

An understanding of these dispersion processes is vital for developing effective air
quality management strategies. To this end, atmospheric scientists and regulatory
agencies have long relied upon dispersion models to predict where and in what
concentrations pollutants will be present. The Gaussian plume model, characterized by its
simplifications of atmospheric processes into a steady state, has traditionally been used to
predict the spread of emissions from point sources. However, its reliance on estimates of
emission rates introduces uncertainties that can lead to significant discrepancies between
predicted and actual concentrations [2].

These limitations have prompted the development of alternative methods that can
offer more accurate assessments of pollution levels, leading to the emergence of the
Inverse Gaussian Plume Method (IGPM). This innovative approach uses observed
downwind pollutant concentrations to estimate source emission rates, thus providing a
direct and empirically grounded assessment of the pollutant's source strength [3]. The
IGPM's reliance on real-world data is particularly advantageous for air quality management,
as it enables more accurate compliance assessments with environmental standards and
facilitates targeted mitigation measures.

Despite the clear advantages of the IGPM, its application in varying meteorological and
topographical contexts has not been fully validated. Moreover, the method's sensitivity to
atmospheric conditions such as wind speed, direction, and stability — all of which affect
pollutant dispersion — needs thorough investigation [4]. The rigorous examination of the
IGPM's performance across various environmental settings is crucial to understanding its
broader applicability and effectiveness as a tool for air quality assessment and management.

The ever-increasing complexity of air pollution, with its multitude of sources and types
of emissions, demands modeling approaches capable of unraveling the intricate patterns
of atmospheric dispersion. The IGPM is poised to make significant contributions in this
domain by allowing for the estimation of pollutant source strengths based on concentration
measurements rather than relying on potentially flawed emission inventories. Considering
the shortcomings of conventional dispersion models, the IGPM offers a pathway to link
emissions more reliably with their resultant environmental and health impacts [5].

Recent technological advances in environmental monitoring, including the deployment
of sophisticated sensor networks and the implementation of remote sensing technologies,
have provided an unprecedented level of spatiotemporal resolution in air quality data [7].
These developments present an opportunity to apply the IGPM in conjunction with rich
datasets, thereby potentially enhancing its accuracy and utility. The ability to incorporate
real-time data feeds into the IGPM could transform air quality management practices,
allowing for more responsive and targeted interventions [8].

Moreover, as urban areas continue to expand and industrial activities evolve, the IGPM's
adaptability to a wide range of emission scenarios becomes increasingly important.
Researchers have shown that the application of inverse modeling can be particularly benefi-
cial in densely populated urban areas, where the differentiation between pollution sources is
often challenging yet essential for effective urban planning and public health protection [9].

The current study acknowledges the critical need for air quality models that can
operate reliably across different environments and under various pollution episodes.
Extreme weather events, which are expected to increase in frequency and intensity due to
climate change, can significantly alter pollution dispersion patterns [10]. Evaluating the
robustness of the IGPM under such conditions is essential to ensure that it remains a
valuable tool in the face of evolving environmental pressures.
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Through a systematic examination of the IGPM's performance in diverse settings, this
study seeks to validate its effectiveness and explore its potential for broader
implementation. The expanded objectives include not only the validation against air quality
monitoring data but also an exploration of the model's responses to episodic pollution
events, its application to non-traditional pollutants, and its utility in informing both short-
term emergency responses and long-term policy decisions. By accomplishing these
objectives, the study aspires to advance the field of air pollution modeling and to provide
actionable insights for air quality management — contributing to the mitigation of pollution-
related risks and the promotion of public health and environmental sustainability.

MATERIALS AND METHODS

Study Design and Data Collection
This study's main objective was to evaluate the performance of the IGPM for estimating
air pollutant dispersion from point sources, such as industrial facilities and power plants. This
analytical modeling approach was designed to utilize measured concentrations of pollutants
at various distances from emission sources to back-calculate emission rates. The study
aimed to validate the IGPM by comparing its results with actual monitored data, considering
various atmospheric and meteorological conditions that influence pollutant dispersion.
To achieve the objective, the study was structured to cover the following key areas:
1. Compilation of a comprehensive dataset integrating both air quality and meteorological
parameters.

2. Application of the IGPM, using the compiled dataset to estimate emission rates of
pollutants from point sources.

3. Validation of the IGPM estimates by comparing predicted concentrations with observed
measurements from air quality monitoring networks.

4. Sensitivity analysis to determine the influence of meteorological and environmental
variables on the accuracy of the IGPM.

5. Assessment of the IGPM's potential as a tool for environmental regulators and policy-
makers in managing air quality and ensuring compliance with air pollution standards.

The study was retrospective, allowing for extensive historical data to capture a wide
array of environmental conditions, including seasonal variations and diverse atmospheric
stability scenarios. By employing a historical dataset, the study sought to provide a robust
evaluation of the IGPM's capabilities over time.

Additionally, the study was geographically focused on a region with a well-established
air quality monitoring network, ensuring the availability of high-quality and high-resolution
data on pollutant concentrations, as well as a range of point sources with well-characterized
emission profiles. This region-specific approach enabled the research team to conduct a
detailed and localized assessment of the IGPM's effectiveness, with the potential to
extrapolate findings to similar settings globally.

Air Quality and Emission Data

The study relied heavily on the collection of robust air quality and emission data.
Ambient air quality data were obtained from the air quality monitoring station, which is
equipped with standardized instruments for continuous monitoring of air pollutant
concentrations. The station provided hourly average concentrations of key pollutants,
including particulate matter PM2.5 which is commonly associated with industrial point
source emissions, as illustrated in Fig. 1.

Data on emissions were collected from environmental regulatory agencies, which
maintain records of reported emissions from industrial point sources. The data included
specific characteristics of the emission sources, such as stack height and diameter,
exhaust gas temperature, and emission rate of pollutants, which are essential for the
inverse modeling, as it requires accurate source profiles to estimate pollutant dispersion.
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Fig. 1. Air quality information for one station.

The data were collected over one year to capture the full spectrum of seasonal
weather patterns and variations in pollutant levels. This comprehensive temporal coverage
was critical for assessing the performance of the IGPM across different seasonal
conditions, which can significantly influence the dispersion of air pollutants.

Prior to analysis, the air quality data underwent preprocessing to ensure consistency
and suitability for use in the IGPM. This included removing data points that fell below the
detection limits or those flagged as invalid by the monitoring stations' quality assurance
systems. The preprocessing also involved the standardization of units and the alignment
of timestamps between the air quality and meteorological datasets.

Meteorological data

Accurate meteorological data are crucial for the proper assessment of pollutant
dispersion in air quality modeling. For this study, meteorological data were sourced from
weather stations located in proximity to the air quality monitoring sites. These stations
provided high-resolution data, including hourly measurements of wind speed and direction,
temperature, relative humidity, and atmospheric pressure.

The study employed the Pasquil-Gifford-Turner (PGT) scheme to categorize the
atmospheric stability, which is a critical factor affecting plume rise and dispersion. Stability
classes range from A (very unstable) to F (very stable), based on surface insolation (solar
radiation) during daylight and cloud cover during nighttime. The stability classification was
determined for each hour of data collected to correspond with the air quality measurements.

Meteorological data were subjected to quality control procedures to ensure their
validity. This involved calibration checks against secondary sources and the removal of any
spurious or missing data points. Sensors were regularly maintained and calibrated
according to the manufacturers' specifications and international meteorological standards
to ensure data accuracy.

To facilitate the application of the IGPM, meteorological data were synchronized with
the air quality data by matching the timestamps of records from both datasets. This
synchronization was vital for modeling the dispersion of pollutants, as it provided a temporal
correlation between the emission of pollutants and the prevailing meteorological conditions.

Meteorological data were processed to ensure compatibility with the dispersion
modeling framework. Data preprocessing included the conversion of wind direction from
degrees to cardinal points, standardization of temperature to degrees Celsius, and the
normalization of wind speed data. Additional processing steps such as the calculation of
hourly averages, when necessary, were performed to align with the temporal resolution of
the air quality data.
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Overview of the Gaussian Plume Model
The Gaussian plume model is a classical approach for atmospheric dispersion
modeling of pollutants released from point sources under steady-state conditions. It
assumes that after being emitted, the pollutant's concentration distribution in the crosswind
y and vertical z directions follows a Gaussian, or normal, distribution, which is symmetric
around the plume centerline shown as a plot in Fig. 2. The model is commonly utilized due
to its simplicity and has been the basis for many regulatory dispersion modeling
applications [11].
The model rests upon several assumptions which are:
1. Steady-state conditions: The emission rate and meteorological conditions are
considered constant over the duration of interest.
2. Homogeneous and isotropic turbulence: Turbulence in the atmosphere is assumed to
be uniform in all directions, simplifying the calculation of dispersion coefficients.
3. Flat terrain: The model does not account for complex terrain or significant obstructions
that could alter the plume trajectory.
4. Instantaneous and complete mixing: It is assumed that pollutants within the plume are
immediately and uniformly mixed across the plume’s cross-section.
The fundamental equation of the Gaussian plume model for estimating the
concentration, C(x,y, z), of a pollutant downwind of a point source is expressed as:

0 y? (z = H)? (z + H)?
9= Gyt (2o ) o)) o

where: C(x,y,z) is the concentration at a point with downwind distance x, crosswind
distance y, and vertical height z;

Q is the emission rate of the pollutant from the source (mass per unit time);

u is the wind speed at the effective stack height (or release height);

o, is the standard deviation (SD) of the pollutant's concentration distribution in the
crosswind direction;

o, is the SD of the pollutant's concentration distribution in the vertical direction;

H is the effective stack height, which includes any additional plume rise above the physical
height of the stack.
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Fig. 2. Smoke flow dispersion scheme.
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This equation is central to Gaussian plume modeling and serves as the basis for
predicting the distribution of pollutants from point sources under the assumptions of the
model shown as a plot in Fig. 3. In the study, this formula will be instrumental in providing
estimated concentrations against which the Inverse Gaussian Plume Method's predictions
will be compared.

Using the Gaussian plume equation, the concentration of pollutants at the monitoring
station's location was calculated for each hour of data collected. The wind speed and
direction data were used to project the plume's path and determine the station's relative
position downwind of the source. The effective stack height was adjusted for plume rise,
which can be affected by the source's heat output and the ambient temperature.

To assess the Gaussian Plume Model's performance, the estimated concentrations
were compared with the actual measurements obtained from the air quality monitoring
station. Discrepancies between the modeled and observed concentrations were examined
to evaluate the model's accuracy and to identify potential areas for refinement in the
modeling approach.

The model's implementation provided insight into the factors that most significantly
influence pollutant dispersion in the study area. Furthermore, it laid the groundwork for the
application of the Inverse Gaussian Plume Method, where the same data sets were used to
estimate the emission rate from the observed concentrations at the monitoring station [12].

In the Gaussian plume model, the influence of the ground on the dispersion of pollutants
is accounted for using the concept of a 'mirror image' source, reflected below the ground.
This approach essentially doubles the contribution from the source to account for the
reflection of the plume against the ground, treating the Earth's surface as a perfect reflector.

For a receptor located at the ground surface (z = 0) or for sources that are at ground
level, the vertical dispersion term in the Gaussian plume equation simplifies since the
contributions from the actual source and its mirror image are equal. Thus, the term involving
the vertical spread, which includes the exponential functions of (z — H) and (z + H),

collapses due to z being zero. The equation simplifies to:

Clxy,0) = —2 v o 2
XY, —nugyUZeXp g2 ) &P 202 ) (2)

y

~ 150

Concentration

Fig. 3. Graph of Pm2.5(g/m?®) versus distance from source (m) in 3D.
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where C(x,y,0) represents the concentration of pollutants at ground level (z = 0) at a
particular downwind distance (x) and crosswind distance (y) from the source.

This simplified equation provides a practical means for calculating ground-level
concentrations of pollutants directly downwind of a point source and is especially useful in
scenarios where receptors of concern are at or near ground level shown as a plot in Fig. 4.
It is widely used in environmental impact assessments where human exposure to ground-
level concentrations of pollutants is being evaluated.

When considering ground-level concentrations directly downwind from the emission
source, the crosswind distance y is set to zero. This simplification assumes that the highest
concentrations of pollutants will occur along the centerline of the plume, where dispersion
in the crosswind direction has not yet spread the pollutants outward from the centerline.

Given y = 0, the Gaussian plume equation for ground-level concentrations (with
z = 0) simplifies further, as the term involving crosswind dispersion no longer contributes
to the reduction in concentration:

C(x' 0;0) = LeXp - HZ ) (3)
o, 0, 202

where C(x, 0,0) is the concentration of the pollutant at ground level (z = 0) and directly
downwind (y = 0) at a distance x from the source.
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Fig. 4. Sensitivity of modelled ground-level PM2.5 concentration (ug/m®) distribution to changes in key
parameters, shown as 2D maps versus distance (m). The simplified Gaussian plume model (Q=1.0 g/s)
was used for: (a) A base case (U=1.0 m/s, H=10.0 m, K=0.1 m?%s); (b) Increased wind speed (U=5.0 m/s);
(c) Increased effective stack height (H=20.0 m); (d) Increased diffusion rate (K=0.5 m?/s).
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With y = 0, the exponential term associated with crosswind dispersion drops out
because exp(0) = 1, and only the vertical dispersion term remains. This results in an
equation that models the maximum ground-level concentration along the centerline of the
plume as a function of downwind distance x from the source. This simplification is often
used in regulatory and health impact assessments, where the focus is on the highest
potential exposure to pollutants shown as a plot in Fig. 5.

Inverse Gaussian Plume Model Implementation

The Inverse Gaussian Plume Model is an analytical method employed to back-
calculate emission rates of pollutants from observed concentrations at specific receptor
locations. This model inverts the traditional Gaussian plume equation to derive source
strengths that correlate with the measured ambient pollutant levels.

The IGPM operates on the premise of deducing unknown source emission rates using
known concentrations of pollutants measured at specific receptor locations. This
methodology is grounded in the principles of the traditional Gaussian plume model but
applied in reverse. Where the direct Gaussian model uses source emissions to predict
downwind concentrations, the inverse model uses observed downwind concentrations to
estimate the source emissions. This approach is particularly useful in environmental
applications where direct emissions data are unavailable or difficult to measure.

The key principles of the IGPM include:

1. Receptor-Based Concentrations: The model utilizes measured pollutant concentrations
from air quality monitoring stations, which act as receptors, to infer the emission rates
of the sources.
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Fig. 5. Sensitivity of centerline ground-level PM2.5 concentration (ug/m?) to variations in key input parameters,
shown as a function of downwind distance from the source (m). Concentrations were calculated using a
simplified Gaussian plume model. Each subplot varies one parameter while holding others at baseline
values (Q=0.1 g/s, U=1.0 m/s, H=10.0 m, K=1.0 m?%s): (a) Effect of varying emission rate (Q); (b) Effect
of varying wind speed (U); (c) Effect of varying effective stack height (H); (d) Effect of varying turbulent
diffusion coefficient (K).
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2.

Atmospheric Dispersion: It assumes that the dispersion of pollutants in the air follows
a Gaussian distribution, like the direct Gaussian plume model, characterized by the
bell-shaped curve dispersal in both the vertical and horizontal planes.

Inversion of the Gaussian Equation: The IGPM inverts the standard Gaussian plume
equation, solving for the emission rates based on the known pollutant concentrations,
wind speed, and dispersion coefficients. This inversion process typically involves an
iterative optimization algorithm that minimizes the difference between observed and
predicted concentrations.

Meteorological Data Integration: The model incorporates real-time or historical
meteorological data, including wind speed and direction, temperature, and atmospheric
stability, to estimate the dispersion parameters accurately.

Source-Receiver Relationship: The IGPM accounts for the relationship between the
source and the receptor by considering factors such as the distance to the receptor,
the height of the emission source, and atmospheric conditions affecting the pollutant
plume trajectory.

Emission Estimation: The goal of the IGPM is to provide an estimate of the pollutant
emission rate that best corresponds to the observed concentration patterns, thereby
enabling the assessment of source compliance and the potential impact on air quality.
Model Validation and Uncertainty Analysis: The model's emission rate estimates are
validated against independent data sets or through sensitivity analyses that assess the
robustness of the model under various atmospheric and operational conditions.

The implementation of the IGPM relies on a computational algorithm to estimate the

unknown source strength Q based on known pollutant concentrations at receptor locations.
This process entails several computational steps that invert the traditional Gaussian
dispersion equation.

Input Data Collection: Before the algorithm can be applied, relevant input data are col-
lected. This includes observed pollutant concentrations at the receptor site(s), local me-
teorological data (wind speed, wind direction, atmospheric stability, temperature), and
the physical parameters of the emission source (stack height, diameter, temperature).
Initial Parameter Estimation: Initial estimates of the dispersion coefficients o, and o, are
determined using meteorological data and empirical formulas based on stability classes.
Estimates for the emission rate Q start with either regulatory limits, previous
measurements, or industry-reported values.
Inverse Model Equation: The Gaussian plume dispersion equation is reformulated to
solve for the source strength Q. This reformulated equation accounts for the fact that
concentrations C at the monitoring station, wind speed (u), dispersion parameters g,
and g, and stack height H are known or estimated.
Optimization Algorithm: A numerical optimization algorithm, such as the least-squares
method, is used to adjust the estimate of Q iteratively. The algorithm seeks to minimize
the difference between the observed concentrations and those predicted by the
Gaussian plume model by adjusting the source strength Q in each iteration.
Convergence Criterion: The optimization process continues until the difference between
predicted and observed concentrations reaches a predefined convergence criterion.
This criterion is often based on minimizing the sum of squared errors between observed
and predicted values.
Model Validation: Once the source strength estimate converges, the resulting emission
rate Q is validated by inputting it into the direct Gaussian plume model to predict
concentrations at multiple receptors. These predicted concentrations are then
compared with actual measurements to assess the accuracy of the estimate.

Once the parameters necessary for the inversion process are estimated or measured,

the inverse Gaussian plume equation is employed. The iterative fitting procedure seeks to
reconcile modeled and observed data by adjusting the source term, Q, to minimize the
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residual error between observed concentrations at receptors and those predicted by the
Gaussian dispersion model.

The optimization algorithm may use various statistical methods to achieve this, such
as the least-squares approach, which is commonly used due to its balance between
computational efficiency and robustness. The least-squares method calculates the sum of
the squares of the residuals, which are the differences between observed and predicted
values, and attempts to find the emission rate that minimizes this sum.

Mathematically, the optimization problem can be represented as:

inn Zl [Cobs,i - Cmod,i(Q)]z’ (4)

where (inn) denotes the minimization operation over the source strength, Q;

Cobs,i is the observed concentration at the i-th receptor location;

Cinod,i (Q) is the modeled concentration at the i-th receptor location, as a function of the
source strength;

n is the total number of receptor locations where concentrations are observed [14].

As this linear approach assumes that the relationship between the source strength
and the concentrations is linear, it is essential to assess whether this assumption holds true
for the specific case being studied. In many practical applications, the Gaussian plume
model can be linearized around a set of initial conditions, allowing for the application of the
linear least squares method. If the problem is inherently non-linear, a linearization process
or a non-linear least squares method may be employed.

In the setup of the Inverse Gaussian Plume Model, precise parameterization is
essential for modeling atmospheric dispersion and estimating emissions accurately. The
parameters that require careful estimation include dispersion coefficients, effective stack
height, and wind speed, all of which influence the concentration distributions used in the
inverse modeling approach.

* Dispersion Coefficients 0, and o;:

— Determination of the dispersion coefficients is a critical step, which involves conside-
ring atmospheric stability and the associated turbulence. These coefficients are typi-
cally estimated using Pasquil-Gifford curves or Briggs' equations, which relate
meteorological conditions to the rate at which pollutants disperse in the atmosphere.

o Effective Stack Height (H):

— The effective stack height is a combination of the physical stack height and the
plume rise. The plume rise can be estimated using Briggs' plume rise formulas,
which account for the buoyancy and initial momentum of emissions, factors that
directly affect the vertical dispersion of the plume.

e Wind Speed (u):

— Wind speed at the effective stack height is a crucial parameter for modeling
pollutant transport. It may be obtained from meteorological data or extrapolated
based on surface wind measurements and atmospheric conditions, following
methods outlined in the literature.

e Algorithm Calibration and Sensitivity Analysis:

— Calibration of the model's algorithms is performed to ensure suitability for the
specific emission sources and atmospheric conditions being analyzed. This
process involves adjusting and validating the model's parameters using known
emission data or sensitivity analyses, which can help in identifying the most
influential parameters affecting model outcomes.
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When the model is correctly calibrated and validated against a comprehensive
dataset, the IGPM can act as a potent tool for environmental authorities to estimate point
source emissions, improve air pollution control strategies, and effectively monitor
compliance with legislative standards.

In summary, the data sampling and coverage were meticulously planned to yield a
dataset with high spatial and temporal resolution, capturing the dynamics of pollutant
dispersion across the study region. The comprehensive data collection over a full year
ensured that the study's findings would be robust and relevant for a variety of atmospheric
conditions, providing a solid foundation for the validation and application of the IGPM.

RESULTS AND DISCUSSION

The calibration of the Gaussian Plume Model (GPM) is a step in ensuring the accuracy
and reliability of the model's predictions. This process involves adjusting the model
parameters to minimize the discrepancies between the observed and predicted
concentrations of pollutants. The following sub-sections detail the steps taken and the
results obtained during the calibration of the model in this study.

The calibration process began with the collection and preparation of historical
emission data from identified point sources and corresponding atmospheric pollutant
concentration measurements at various receptor locations. This dataset also included
relevant meteorological data such as wind speed, wind direction, and atmospheric stability
conditions, which are crucial for dispersion modeling.

The initial parameters used in the Gaussian Plume Model included the emission rate
Q, wind speed u, dispersion coefficients g, and o, and the effective stack height H. These

parameters were systematically adjusted during the calibration process. The key focus was

on fine-tuning the dispersion coefficients, which significantly influenced the concentration

distribution downwind from the sources.

The Gaussian Plume Model relies on accurately adjusted parameters to predict
pollutant dispersion and concentration accurately. An essential part of calibrating GPM
involves implementing an effective optimization technique. This section details the
optimization approach used to refine the model parameters during the calibration process.

For the calibration of the Gaussian Plume Model, a non-linear least squares
optimization technique was employed. This method is particularly well-suited for problems
where the objective is to minimize the difference between observed data and model
predictions across a dataset. The specific algorithm used was the Levenberg-Marquardt
algorithm, a standard choice for non-linear least squares problems due to its efficiency and
robustness in handling complex models.

The Levenberg-Marquardt algorithm operates by iteratively adjusting the model
parameters to find the minimum of the sum of the squared discrepancies between the
observed and predicted values. The implementation involved the following steps:

1. Initialization: Initial estimates of the model parameters (emission rate, dispersion
coefficients, and stack height) were set based on historical data and preliminary
assessments.

2. lteration: In each iteration, the algorithm adjusted the parameters slightly, based on the
gradient of the error surface and the curvature of the objective function. The
adjustments aimed to move the parameters towards a set that minimizes the overall
prediction error.

3. Evaluation: After each parameter adjustment, the model predictions were recalculated,
and the sum of squared errors (SSE) between these predictions and the actual
observed concentrations was computed.

4. Convergence Check: The algorithm checked for convergence during each iteration.
Convergence criteria included a slight change in SSE between iterations, suggesting
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that further adjustments would not significantly improve the model's accuracy, or reach

a maximum number of iterations.

Constraints were applied to ensure that all model parameters remained within
physically plausible and environmentally relevant ranges. For instance, dispersion
coefficients were constrained to values typical for the given atmospheric stability
conditions, and emission rates were kept within legally permissible limits.

To facilitate the optimization, the algorithm was integrated with a comprehensive
dataset comprising observed pollutant concentrations, meteorological data, and known
source characteristics. This integration allowed the algorithm to leverage a wide range of
data points, enhancing the robustness and generalizability of the calibration.

The application of the Levenberg-Marquardt algorithm resulted in significant
improvements in model performance. The optimized parameters reduced the overall SSE,
leading to a more accurate and reliable Gaussian Plume Model. The optimization also
enhanced the model’s sensitivity to variations in input parameters, thereby improving its
utility in different atmospheric conditions.

A non-linear least squares optimization technique was implemented to refine the
parameters. This approach systematically reduced the sum of the squared differences
between the observed concentrations and those predicted by the model under various
atmospheric conditions. The optimization was facilitated by a computational tool that
iteratively adjusted the parameters and assessed the model's fit.

The calibration of the GPM using the optimization technique significantly improved the
accuracy of the model in predicting pollutant concentrations. This section details the
improvements in model performance from the calibration process and discusses the
implications of these enhancements for practical applications.
¢ Reduction in Root Mean Square Error (RMSE):

— Pre-Calibration RMSE: The initial RMSE, calculated before the optimization
process, indicated a considerable discrepancy between the observed and
predicted pollutant concentrations.

— Post-Calibration RMSE: After calibration, the RMSE decreased substantially,
demonstrating a closer alignment between the model predictions and the actual
data. The percentage reduction in RMSE is a clear indicator of the enhanced
precision of the model.

e Increase in Coefficient of Determination (R?):

— Pre-Calibration R?: Initially, the R? value was moderately high but suggested room
for improvement in explaining the variance in concentration data.

— Post-Calibration R%: The R? value increased significantly post-calibration, indicating
that a greater proportion of the variance in pollutant concentrations was
successfully captured by the model's predictions. This improvement underscores
the model's enhanced ability to simulate real-world dispersion scenarios accurately.

— P-values: The statistical tests conducted post-calibration showed that the

improvements in RMSE and R? were statistically significant, with P-values well
below the conventional threshold of 0.05. This statistical significance reaffirms the
reliability of the optimization process in enhancing model accuracy.

— Scatter Plots and Residual Plots: Visual aids such as scatter plots of observed
versus predicted concentrations and plots of residuals were used to illustrate the
improvements. These plots showed a tighter clustering around the line of perfect
agreement post-calibration, and a more random distribution of residuals, indicating
reduced bias and variance in model predictions.

¢ Increased Reliability for Regulatory Compliance:

— With improved accuracy, the Gaussian Plume Model becomes a more reliable tool

for assessing compliance with air quality standards. Regulators and environmental
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managers can use the model with greater confidence when making decisions about
emission controls and public health advisories.
e Enhanced Decision-Making for Emission Source Management:

— The ability to accurately predict the impact of various emission sources on air
quality supports more informed decision-making regarding emission reductions,
operational changes, and environmental planning.

e Better Resource Allocation:

— Improved model accuracy allows for more targeted allocation of resources, such as
focusing monitoring and mitigation efforts on areas and sources with the greatest
impact on air quality.

Statistical significance plays a crucial role in determining the reliability of the
improvements observed in the GPM after calibration. This section explores how statistical
tests were used to validate the enhancements in model performance, ensuring that these
improvements were not due to random chance but were statistically meaningful.

Statistical significance is a metric that helps researchers determine whether the results
of their study are likely to be true for a larger population and not just the sample under
study. It is typically represented by a P-value, which quantifies the probability that the
observed effects were due to chance. A commonly accepted threshold for declaring
statistical significance is a P-value of less than 0.05.

e Tests Used:

— T-tests: To assess the significance of the differences in Root Mean Square Error
(RMSE) and Coefficient of Determination (R?) before and after calibration, paired
t-tests were conducted. These tests compared the means of these metrics pre- and
post-calibration to evaluate if the observed improvements were statistically
significant.

— F-tests: For variances in model residuals, F-tests were utilized to compare the
variances before and after model calibration to check for homoscedasticity, which
is a crucial assumption in regression analysis.

e Results:

— RMSE Reduction: The reduction in RMSE from 24.5 pre-calibration to 10.2 post-
calibration yielded a P-value of 0.002. This indicates that the improvement in model
precision is statistically significant and highly unlikely to have occurred by chance.

— Increase in R%: The increase in R? from 0.75 to 0.89 resulted in a P-value of <0.001.
This not only shows statistical significance but also underscores a substantial en-
hancement in the model’s ability to explain the variance in pollutant concentrations.

— Residual Analysis: The F-test on the residuals’ variance confirmed no significant
increase in variance post-calibration, ensuring that the model’s residuals remain
homoscedastic, thus validating the regression model assumptions.

— Interpretation: The low P-values indicate convincing evidence against the null

hypothesis, which assumed no difference in RMSE and R? before and after
calibration. Thus, we reject the null hypothesis and accept that the calibration had
a statistically significant positive effect on the model's accuracy.

— Confidence: These statistically significant results increase confidence among
researchers and practitioners in utilizing the calibrated Gaussian Plume Model for
environmental monitoring and decision-making.

— Uncertainty Reduction: By demonstrating statistical significance, the uncertainty
regarding the effectiveness of the model adjustments is reduced, allowing for more
definitive conclusions to be drawn from the model's outputs.

The statistical analysis clearly illustrates that the improvements observed in the
Gaussian Plume Model following calibration are not only relevant but also statistically
significant, estimated levels shown as a plot in Fig. 6. This reinforces the validity of the
model enhancements and provides a robust foundation for its application in environmental
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Fig. 6. Estimated levels of the air quality index.

studies and air quality management. The use of rigorous statistical methods ensures that
the model's results are reliable and can be confidently used to inform policy and regulatory
decisions aimed at controlling air pollution and protecting public health.

CONCLUSION

The study conducted on the Inverse Gaussian Plume Model has shown significant
advancements in atmospheric pollutant dispersion modeling. Through meticulous
calibration and the implementation of an optimized technique, the model has shown
substantial improvements in predicting the concentrations of pollutants emitted from
various point sources. The ensuing discussions and results provide a comprehensive
overview of the model's enhanced capabilities and its implications for environmental
management and policy.

The calibration process, supported by the Levenberg-Marquardt optimization algo-
rithm, significantly reduced the Root Mean Square Error (RMSE) and increased the
Coefficient of Determination (R?). These enhancements indicate a more precise and
accurate model capable of simulating pollutant dispersion under various atmospheric
conditions.

The improvements in model performance were not only numerically substantial but
also statistically significant, with P-values well below the conventional threshold. This
statistical validation underscores the reliability of the model adjustments and the
robustness of the calibration process.

With improved accuracy and reliability, the calibrated IGPM serves as a vital tool for
regulators and environmental planners. It aids in more informed decision-making regarding
air quality management, emission control strategies, and public health advisories.

The sensitivity analysis highlighted the critical role of meteorological parameters,
particularly wind speed and atmospheric stability, in the dispersion modeling process. This
insight is crucial for prioritizing data collection and improving model inputs, which further
enhances the model’s utility and accuracy.

Ongoing refinement and recalibration of dispersion models like the IGPM are essential
as new data become available and as environmental conditions evolve. Future research
should continue to explore innovative algorithms and techniques for model optimization.
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The adaptability of the IGPM to different geographical areas with varying
environmental characteristics and emission sources should be a focus of subsequent
studies. This will expand the model’s applicability and usefulness on a global scale.

The successful calibration and validation of the Inverse Gaussian Plume Model marks
considerable progress in atmospheric dispersion modeling. This study not only enhances
the scientific community’s understanding of pollutant behavior in the atmosphere but also
contributes to more effective air quality management and public health protection.
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3ABPYOQHIOIOYNX PEMOBUH B ATMOC®EPI

Bonodumup ypa, Jllmo6omup MoHacmupcbKull
Dakynbmem efleKmpoHIKU ma KoM 'tomepHUX mexHoroaid,
JIbeiecbKuli HayioHanbHUl yHieepcumem iMeHi IsaHa ®paHka,
syn. ipazomaHosa, 50, 79005 Jlkeis, YkpaiHa

AHOTALIA

Bceryn. LllBugka iHgycTpianisauis npusBena Ao eckanauii 3abpyaHeHHs noBiTps,
CTBOPIOKOYM 3arpo3n Ons 340pOB's Ta AOBKIANA. TovHa KinbKicHa ouiHka aucnepcii
3abpyaHioBaYiB MOBITPA Mae BaroMe 3HadeHHs Ans edeKTUBHOIO KOHTPOMO Ta cTpaTerin
NMOM'SIKLWIEHHA HacnigkiB. Mopgenb o6epHeHOro rayccoBoro wnendy € HaginHum
aHaniTM4HUM IHCTPYMEHTOM, SIKMA BUKOPUCTOBYETLCA ANS OUIHKW PiBHIB KOHUEHTpaLii
3a0pyAHIoIYMX PEYOBWH Bif TOYKOBUX DKepen.

Martepianun Tta metoamu. Y LbOMYy [OCNIAXEHHI BMKOPUCTAHO MOAErnb rayccoBOro
wrendy ANS OUIHKW MPU3EeMHUX KOHUEHTpaLuii 3abpyaHiolYMX peyoBMH B MOBITPI, WO
noxoasATb 3 TOYKOBUX xepern. 3acTocyBaHHA Moeni I'pyHTyBanocsi Ha Habopax gaHux, Lo
BKMOYAOTb AeTarnbHi METEOPOSIOriYyHi NapaMeTpu, OCHOBHI XapakKTEPUCTUMKU BUKMAIB Big
Dxepen Ta BignosigHy TonorpadiyHy iHdopmauito. MeTeoponoriyHi gaHi Bknio4vanu
cepegHio MOroAvHHY LWBWAKICTb i HanpsiMoOK BITPY, Kracudikauito CTiMKOCTi aTtmocdepu,
TemnepaTypy HaBKONMWLIHLOrO CepenoBULLA i BUCOTY LUAPY 3MilllyBaHHS, AKi B CyKYMHOCTI
perynioTb nepeHeceHHs i po3baBneHHs 3abpyaHIoYMX PEeYOBUH. XapaKTepUCTUKM
JpKepen BKoyanu BUCOTY AMMOBUX TPy, LUBMAKICTb BUXO4Y AMMOBUX rasis, TemnepaTypy
rasis Ta iHTEHCMBHICTb BMKMAIB 3a0pyOHIOIYMX PEYOBUWH, XapakTepHUX AN AOCHIAXYBaHUX
ooxepen.

PesynbTatu. Mogenb nporHo3ye  KOHUEHTpauii  3abpyaHio4YMX  pEeYOBUH,
OEMOHCTPYIOUYM BUCOKY KOpensuito 3i crnoctepexyBaHuMu AaHuMu. AHania 4vyTrnvBOCTI
nigkpecnue BNnunB ctabinbHOCTI aTMocdepy i LIBMAKOCTI BITPY Ha po3citoBaHHSA chakena.
Mogenb BusiBMnacsa epekTMBHOK B Pi3HNUX METEOPOSIONYHMX CLiEHapisX, WO Nigkpecnoe ii
afanTUBHICTb ANSA OLiHKM SIKOCTi MOBITPS.

BucHoBkN. Pe3dynbTtaTn UbOro JOCNIMKEHHS NiOTBEPAXKYOTb, WO iHBEPCHA rayciBcbka
MOLEINb € HAafINHOK | TOYHOK MEeTOLOSIONE AN OLUiIHKM PiBHIB 3abpygHEHHS MOBITPS Big
TO4YKOBUX mxepen. [poaemMoHCTpoBaHa NPOrHOCTUYHA CMPOMOXHICTb pOOUTL i KOPUCHOKD
ONna  BOOCKOHANEeHHsi nporpamM  MOHITOPUHTY  AOBKINMs, MNOTEHUIMHO  [AOMOBHIOKOYM
cTauioHapHi Mepexi MOHITOPUHIY Ta BM3Ha4ar4un NpobrnemHi 3oHu. KpiMm Toro, KOpUCHICTb
Mogferi 3Ha4yHO MOLIMPIOETLCS Ha cdepy OOTPUMAHHA HOPMaTUBHUX BUMOT, NOMeErLyoYym
OLiHKY BMMAMBY Ha [JOBKINMs 3anponoHOBAHOI BUPOOHWYOI LiANbHOCTI Ta OUjiHIOKYM
e(PeKTUBHICTb 3ax0iB 3 KOHTPOSO 32 BUKMOAMU.

Knro4oei cnoea: 3abpyaHeHHA MOBITPSA, MoAenb 06epHEHOro rayccoBoro Linendy,
NMPOrHO3yBaHHA, KOHUEHTpauis 3abpydH4YMX  PEYOBUH, aBTOHOMHI
CUCTEMU, anropuTMun KepyBaHH4A, MallMHHE HaBYaHHA.
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METO[ OUIHKU AOMNEPIBCbKOIO ®AKTOPY LLMPOKOCMYIroBOIro
CUTHANY B YMOBAX AIl MYNbTUMNIKATUBHOI 3ABAOU 3 HEBIAOMUM
PO3MOAINIOM MMOBIPHOCTI

Maeno Kocmenko' o, Mukuma AnboHkuH'©O, Banepiti Cno600sHoK 0O,
Muxatinio Poeeubkuii’®0, leaH Poeeubkuii*?*o

"Kagpedpa padiomexHiyHux cucmem Hagizayii ma nocadku fimacis,

XapkiecbKkull HaujoHanbHuUl yHisepcumem llosimpsiHux curn imeHi leaHa Koxedyba

syn. Cymcbka 77/79, 61023 Xapkis, YkpaiHa

2Kagpedpa iHghopmauitiHux mexHosiozili ma cucmem efieKmpOoHHUX KOMyHiKaujt,
JIbsiscbkuli depxasHull yHisepcumem 6e3neku xummeoisibHOCM,

8yn. Knenapiecbka 35, 79007, flbeig, YkpaiHa

KocTteHko, M., Ta iH. (2025). MeToa oOuiHKM JOMNEPIBCLKOro hakTopy LUMPOKOCMYrOBOrO CUrHany B
ymoBax Ail MynbTUNNIKaTUBHOI 3aBagu 3 HEBIAOMUM PO3MOAINOM MMOBIPHOCTI. EnekmpoHika ma
iHpopmauitini mexHonoeir, 29,111-122. https://doi.org/10.30970/eli.29.10

AHOTALIA

Betyn. Ha gaHunm yac akTyanbHow € npobnema 3abesneyveHHst CTIMKOCTi iHpopmaLinHo-
BUMIpIOBaNbHUX CUCTEM Mig Yac NpUMaHHA Ta 06pobKM curHanis B ymoBax MyrbTUMIiKATUBHUX
BMMNAOKOBMX CNOTBOPEHb (LLYMiB). Ha npakTuui Wymm 3ycTpivatoTbCs Mig Yac NOWNPEHHS curHany
no KaHanax 3B’si3Ky, BibWTTA Big cknagHux ob’ekTiB, B ymoBax Aii 3acobiB pagioeneKTpoHHOT
6opoTebu (PEB). OuiHkv napameTpiB iMNyNbCHOrO CUrHamMy MaktoTb HE33AO0BINbHY TOYHICTb KONn
BifCYTHS iHbopMaLlisi NPO IMOBIPHICTb PO3MOAINYy Takoro wymy. ToMy y CTaTTi 3anponoHOBaHO
HenapameTpuYHUIA METOA OUIHKM [ONNepiBCbKOro (hakTopy BiAGUTOrO CuUrHamy B yMOBax
BifICYTHOCTi anpiopHoi iHpopmaLiii PO 3aKOH PO3MNOAiNY ryCTUHN MMOBIPHOCTI MYNbTUMMIKATUBHOI
3aBajyv Ta BYBYEHO BNacTUBOCTI HeMapameTPUYHMX OLIHOK 3aTPUMKW CUrHany.

Marepianu Ta metoamu. HAKICTb OUiHKM [OMMEpiBCbKOI 4YacTOTU AOCHIOXKEHO LUMSIXOM
cTatucTUYHoro moaenioBaHHa PSK-curHany ta anroputmy MiHiMisauii uinboBoi dpyHkuii (MLID).
Honnepiscbky yactoTy curHany (J4YC) ouineHo meTtogom MU® 3a gonomoroto SG-ctatmuctuku
cnoctepexeHHs.  [MopiBHsAnNbHMIM  aHania  ouiHok [OYC  BMKOHAHO  3aNpPOMNOHOBAHWM
HenapameTpu4yHUM MeToOOM Ta MeTOAOM MakcumaribHOi npaBAonoAibHOCTI Ana  pisHUX
napameTpiB NepPEeLLKoa.

PesynbTaTtu. Y poboTi nokasaHo, WO UinboBi yHKLUii, OTpUMaHi Ana MynbTUNNikaTUBHOI
iHTepdepeHuii 3 rayciBCbkMM i NOMCTUYHUMM pO3MoginamMu, MawTb YiTKi eKCTpeMymHu, Lo
BUKIIOYAE MOXIMUBICTb HeoAHO3HavHoi ouiHkum [OYC. Tictorpamu posnoginy ouiHok O4YC
3anpornoHOBaHNM MEeTOAOM MOKa3ylTb, L0, He3anexHo Bif PO3rMsAHYTUX 3aKOHOMIpHOCTEW
po3noginy rycTUHM WMOBIPHOCTI MYyNbTUMMIKATUBHUX 3aBaf, OUIHKW 30CepekeHi B OKofi
dakTuyHoro 3HaveHHs JYC. Po3noain ouiHOK 32 METOAOM MakCMMaribHOI NpaBAoNoAibHOCTI He
Ma€e 4iTKOro ekcTpemymy B [OCHiJKyBaHOMY iHTepBani 4actoT. Pe3ynbTaT MOOEMtOBaHHSA
nokasanu, Lo B yMOBax CMOTBOPEHHSI CUTHamy MynbTUMMIKAaTUBHUMMK NepeLLKofamu, noxmnobka
ouiHkm [OYC, gka oOTpMMaHa LWNAXOM MakCUMi3auii B3aeMHOI  KOpensuinHOi  dyHKLUji
CMOCTEPEXEHHS Ta O4iKyBaHOro CUrHany, 3Ha4yHo GinbLua, Hi>Xk NPy BUKOPUCTaHHI LinboBOT pyHKLT
Ha OoCHOBi SG-CTaTUCTUKN.

BucHoBku. BusHauveHi napametpn SG-CTaTUCTMKM Oal0Tb MOXIMBICTb OTPUMATK SAKICHY
OLiHKY [ONMEPIBCbKOI YacTOTW CUrHany, He 3arexHy Bifg 3akOHY pO3MoAiny ryCTMHU MMOBIPHOCTI
MyNbTUMMIKATUBHKX 3aBag, LLO CBiAYMTb NPO eheKTUBHICTb 3anponoHOBAHOIO MeToAY.

Knroyoei cnoea: BPSK-curHan; mynbTunnikatmBHa 3aBagy; SG-cTtaTucTuka; LinboBa
YHKLUIS; TOYHICTb; OLjiHKa.
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[NaBno KocteHko, Muknta AnbOHKMH Ta iH.

BcTtyn

3abesneyveHHs CTIMKOCTI (PYHKUIOHYBaHHSA iHOpMaLiMHO-BUMIPIOBANbHUX CUCTEM
npy npurMMaHHi Ta o06pobui curHanie Ha i BXo4i, MOXe CynpOBOMKyBaTUCS
MyNbTUMIIKATUBHAMW  BUNAAKOBMMUW CMOTBOPEHHSAMU (wymamu abo 3aBagamu) €
aKkTyanbHOW npobnemoto. B uboMy BMNaAKy OLiHKM MapameTpiB iMMynbCHOrO cuUrHany B
OaraTbOX BMMNagkax MaltTb He3adoBiNbHY TOYHICTb, KONMM BiACYTHSA iHopmauis npo
iMOBIpHICTb po3noainy Takoro wymy. Lle cnoHykae go nowykiB anropuTmiB 06pobku
CUrHarsniB CTiKUX 0O MYNbTUNMIKATUBHUX CMNOTBOPEHb 3 anpiOPHOK HEBU3HAYEHICTIO 1X
posnogainy. Ha npaktuui Takoro pogy 3aBagm 3yCTpidaloTbCs Nif Yac NOLUMPEHHS cUrHamny
no kaHanax 3B’A3Ky, BigOMTTA Big cknagHux oO6’ekTiB, B YyMoBax fii 3acobis
pagioenekTpoHHoi 6opoTbbun (PEB) i ToLwo.

Ak npaBuno, nNpu CWHTE3i anropuyTMiB OLUIHKM napamMeTpiB curHanis, 3a3Buyan
3afalTb Modernb 3aBagu y BUIMMAA4I BUNAOKOBOrO npouecy 3 BigOMUMM  PO3MoAinoM
imoBipHocTen. OgHak Ha MpakTuui 3 pagy NpUYMH anpiopHa iHdopMauia npo po3nogin
3aBagn moxe OyTu 3a3ganerigb BiacyTHs. B GinbliocTi BUNagkiB Taki 3agadi BUpPILWLYOTb Y
nNpUNyLLEHi, WO 3aBaaM MalTb rayciBCbkui po3nonin i BhnAMBalTb Ha curHan abo
aguMTMBHO abo MynbTUNAiKaTMBHO. BigoMym knacu4yHMM MeTodoM ONTUMAarbHOI OLHKM
napameTpiB cuUrHany B ymMoBax fii aguTUBHOI rayciBCbKoi 3aBagu siBNsie coboo MeToaom
MakcumarnbeHoi  npaBgonogibHocTi  (MIT), [gocTaTHbLOK  CTATUCTMKOK  SKOTO €
B3aEMHoOKopensiuinHa dyHkuia (BK®P) mixx cnoctepexeHHAM Ta MoZenno curHany 3
odikyBaHVMK napameTpamu [1-2]. B Tow xe yac BigMiHHICTb po3noainy Ta BMay 3aBaj Big
rayCiBCbKUX MOXe NPU3BOANTM A0 3MEHLLEHHS e(PEeKTMBHOCTI OLIHKW NapaMeTpiB CMrHanis,
a B JesikuX BUNagkax HEMOXXIMBICTb iX OLIHIOBAHHSA 3 BiAMNOBiAHOK TOYHICTIO.

B pobotax [3-7] posrnaganucb 3agadi HenapameTpuyHOro BUSIBMIEHHSI Ta OLHKM
napameTpiB XaoTWUYHUX | PerynspHUX curHanie Ha ¢OoHi 6inoro wymy 3 HEBIAOMOWO
iMOBIpHOCTI  iloro posnoginy. [ns BupiweHHA uMx 3agady Oyno 3anponoHoBaHO
BMKOPUCTOBYBATK HenapameTpuuHy BDS-cTaTUCTUKY NepeBaroto siKoi € He3anexHicTb Bif
3aKOHY pO3Mnofiny CrnocTepexeHHd. €AUHOK BUMOro [0 LYMY € He3anexHiCTb Noro
Bignikis Ta opgHakoBui ix posnogin (Independent and lIdentically Distributed). Ls
cTaTUCTMKa 3HaWlna 3acToCyBaHHA Mpu BUpilWleHi 3aday  nepesipku rinotes Ha
npuHanexHicTb npouecy 3 BnactuocTamu |.1.D. OgHak nuTaHHS Woao ouiHKW napaMeTpis
curHany B ymoBax Ail MynbTUMMiKaTUBHMX 3aBaj 3 O3HAYEHWMWU BIIAaCTUBOCTAMU He
po3rnaaanoco.

Bigomui iHWMIA Nigxig Ao aHanisy npoueciB «4acoBUX PSAiB», SKMN 3aCHOBaHUMW Ha
BM3HaYEHi 3anexHOoCTi MK KiHLEeBMM 4ucrnoMm noro enemexTis. Llen nigxig Ao aHanisy
YacoBUX pAAIB PO3rNsaHyTUM B poboTi [8], Ae Takox BoauTbCA HenapameTpuyHa SG-
cTaTUCTMKa, ika BU3Ha4ae iHaekc nepegbadvyBaHOCTi YacoBoro psagy. MoxHa BBaxatu Lo
CTaTUCTUKY Yy3aranbHeHHAM BDS-ctatucTvku Ha BUNAAOK CTAaTUCTUYHOI 3aneXHoCTi
erneMeHTIB YacoBOro paay.

MeToto gaHoi poboTM € [OCMiIKEHHST MeToAy OLiHKM OOMepiBCbKOro akTtopy B
yMOBax anpiopHOI HEBU3HAYEHOCTI MPO PO3Mnoain MMOBIPHOCTI MynbTUMMIKAaTUBHOI 3aBaau
B CNOCTEPEXEHHI curHany 3 BUKOPUCTaHHSAM HenapaMeTpuyHoi SG-CTaTUCTUKK Y SKOCTI
LinboBoi dyHkuii (LidP).

Mpunyctnmo, WO chnocTepiraeTbCs curHan snp(t), BioObuTMA Big oO’ekTa Ta
CNOTBOPEHUIA MynbTUMNiKkaTUBHO 3aBazgoto §(t). Toai MoAenb CNOCTEPEXEHHS CUrHany
u(t) npegcraBMMO y HaCTYNHOMY BUMMSAI:

u(t) = §(t)snp(t). (1)

pe &(t) — BunagkoBui npoec, o obyMOBMIOE, BiANOBIAHO MyNbTUNMIKATUBHY 3aBajy B
criocTtepexeHHi curHany u(t).
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Byab-sika anpiopHa iHdopmauis npo posnogin iMosipHocTi &(t) BiacyTHs. JoaaTkoBo
3po6umMo nuLLe NpunyLLeHHs, Wwo 3aBaga ¢ (t) — ue npouec 11D To6To 3 HE3aNEXHUMK Ta
OQHAKOBO PO3MNOA4INEHNMIN BUNAAKOBMMMN BEMMYMHAMU («Binui» wym).

B akocTi Mogeni curHany, Wwo BUNPOMIHIETLCS, — S(t), — BUKOPUCTOBYETLCS CUTHamM
i3 BGiHapHOK KOOOBOK MaHinynsuieto noro ¢asm (BPSK-curHan), skum moxe 6yTtu
npeacTaBneHnin HacTynHUM BUMpa3oM [6]:

s(t) = 4y Z perect[t — (k — DT] cos[2mfyt + bl = U(t, K, T) cos[2nfyt + dol,  (2)

k=1

ae p, = exp [jrp, (k)] — enemeHTn k0ogoOBOI NceBAoOBMNaAKoBoi nocnigoBHocTi (MBI), aki
npunMatoTb 3Ha4YeHHsA +1 abo —1 i BU3HavarTb Ko MaHinynauii ¢gasu

K
UK, T) = A, Z perect[t — (k — DT],
k=1
T06TO 06BigHOI curHany. dyHkuis rect(x) = 1, akwo |x| < 0,5T Tta rect(x) = 0, skwo
[x] > 0,5T. Tyt K — uncno cumBoniB NocnigoBHOCTI, WO KOAYETbCA (AOBXUHA koay), Ay,
fo. ®o, — amnnityga, «Hecyya» 4acTtoTa W nodaTkoBa (ba3a HECYYOro KOMUBAaHHS
BignosigHo, g(t) = 0 ans Vt € [0, T] — napuianbHuin (dhopMytounin) iMnynsc TpueanicTio
T; k — NOTOYHMI HOMEP CUMBOMY KOAOBOI MNOCMiIAOBHOCTI, MOTOYHMIA HaGir asun ¢, (k),
nos'a3aHnin 3 k-Mm KogOBUM CMMBOJIOM i3 3aranbHOro ixHboro ymcna K.

Micns BigGUTTS Big Uini, WO pyxaeTbcs 6e3 NpucKopeHHsi, pagioiMnynbc s(t) y
npurManbHOMy NpUCTPOI (6e3 ypaxyBaHHS 3aTyxaHHsl 1 LLYMy CNOCTEpPEXeHHS) Oyae matu
BUrNAA Spp (t) = s(t — 7(t)), y sikomy saTpumka 7. (t) = 2R (t)/(c £ vy¢) € dyHkuieto
pagianbHoi aanbHocTi R, (t), 06ymoBneHoi piBHicTIO R, (t) = Ry t V,.t. 3Haku nntoc (+)
i MiHYC (—) BUKOPUCTOBYIOTLCS 5151 XapaKTepUCTUKN pagianbHOT WBUAKOCTI V,.. BIANOBIAHO
npu HabnwxeHHi N BigAaneHHi Uini, ¢ — WBMAKICTb NOWNPEHHs pagioxsunbe, Ry novaTkoBa
AarnbHicTb Big BUMNpoMmiHioBaya o uini 8 momeHt t = 0, a 2Ry /(c + v,.¢) = T, — AilicHa
(pakTnyHa) 3aTpumka curHany s(t) Ha Wwnsxy 4O uini i 3BOPOTHOMY HanpsiMky. 3
ypaxyBaHHsIM 3po0neHux 3ayBaeHb, BMpa3 AMf1s MPUAHATOrO pagioiMnynbCcy MOXHa
npeacTasuTh y Burnagi [5, 6]:

Snp(t) = .Bnps[.gnp (t - Tc)]' (3)

y sakomy B, =(1—v./c)/(1+vy/c) — uacoBuit MacwTabHuii  KoediLieHT
(oonnepiBcbknii  (bakTOp  MPUAHATOrO  CUrHany) CTUCHEHHS abo  posTary (i)
BUMPOMiHIOBaHOro  curHany. [onnepiBcbkun  aktop  MNpuM3BOAUTE A0  3MiHU
AT, = 2v,..T./c = KAT TpuBanocTi BWNPOMIHIOBAHOrO curHany Ta napuianbHux
imnynecis AT = 2v,.T/c.

MpuiHaTUA  curHan snp(t) 6e3 ypaxyBaHHSA 3aTyxaHHA W npu 3pobneHmx
NPUNYLLEHHSX Y KOMMIEKCHOMY MPEeACTaBeHHi aHaniTM4HUM CMrHanoM MOXHa 3anucatu
y BUrNAAI:

Sup(t, T, fre) = AoiXp{j[Zﬂfoﬁnpfuc(t — 1) + o]} X

x> g{Bupfplt = 7c = (k= DT expliom®]. @

k=1
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Tyt ﬁnp(fnc) = (fo ich)/fo — KOe(iLIEHT CTUCHEHHSA/pO3TAry (1) NPUAHSTOrO
curHany.

Omxe, meTa poboTn mMoxe OyTM cdopmMynbOBaHa Tak: MO KiHUeBi Bubipui
CMOCTEPEXEeHHsA MOTPIOHO oTpumaTty ouiHky 4Yactotv [lonnepa fjc, 0BymMoOBneHoOi
gonnepiscbkuM  (pakTopoM B YMOBax anpiopHOi HEBM3HAYEHOCTi MNpPO  iMOBIPHICTb
posnoginy MynbTUnNMikaTUBHOI 3aBaaw.

MATEPIANX | METOOU

[nsa BupiweHHs NocTaBneHol 3agadi po3rnsgHemMo HenapameTpuyHy CTaTUCTUKY, ska
Oyna 3anponoHoBaHa PoGepTtom Casitom Ta MeTbto NpiHom (Robert Savit and Matthew
Green) [7] ana aHanidy YacoBux psiaiB y BUrNA4i iHaekcy nepenbadvysBaHocTi. PospaxyHok
LUbOro iHAEKCY BWKOPWUCTOBYE KopensuiviHi iHTerpanu [paccbeprepa-lpokavdia, sk i
HenapameTpuyHui BDS-TecT [9,10] po3pobneHun ans nepesipkn HyfbOBOI rinoTean npo
Te, WO 4acoBui psig 3agoBonibHsAe ymosi 1ID. Ha BiamiHy Big BDS-Tecty iHOekc
nepenbavyBaHocTi SG, [03BONSE BUSABMATU MOXIMBY 3amNeXHIiCTb MK ernemMeHTaMu
YacoBMWX pPsAiB, pO3pi3HIOBATU NEBHI BMAW LUYMY Ta NEBHi LUMPOKOCMYrOBi AeTepMiHOBaHI
npowecu.

Lls HenapameTpuyHa cTaTucTuka, SKy gani 6ygemMo no3Hadvatn SG-cTaTucTuka,
BasyeTbcs Ha nobyaoBi YMOBHUX WMOBIPHOCTEW MOBTOPEHHSA KOPOTKMX MOCIiAOBHMX
naTepHiB 3HayYeHb Yy 4YaCoBOMY pPs4i Ta 4O3BOSSAE KiNbKICHO BU3HAYMTW, HACKINBKN enemMeHT
4YacoBOro psaay € (pyHkUielo nonepeaHix enemeHTiB, TO6To Moxe ByTn nepenbavyBaHuM.
YMOBHi MMOBIPHOCTI MOXyTb OyTV BM3HAYeHi Yepe3 KopensauinHWA iHTerpan i MiCTaTb
iHdopMaLio 3 ycboro psay.

Ha nigctasi SG-ctatuctukm pani 6yge po3pobneHuii HenapameTpudyHuin MeTon
OLHKM JONNepiBCbKOro hakTopy iMnyrbCHOro cUrHany

B Teopii xaocy, kopensuiiHM iHTerpanom i horo eMmnipuyHUM aHanorom HasnBaeTbCA
ycepeaHeHa MMOBIPHICTb TOro, WO CTaHU CUCTEMU Y [iBa Pi3Hi MOMEHTU Yacy BUSBNATLCS
onmsbknmn [8,9].

KopensauinHuim iHTerpan KOPUCHWMA Mpu OUiHLUi PpiBHA LWYMYy B CUCTEMI, OO3BONSeE
BiAPI3HATU XaOTU4YHI CUCTEMU BiO HEe XaOTUYHMX, OLIHIOBATW EeHTPOoNito, BMBYATU
dopakTanbHi CTPYKTYPU 1 XapakTepUCTUKMA AeTepMiHOBaHNX YacoBUX PSAiB.

Y3aranbHeHW KopensauiiHui iHTerpan nopsaky q ana X 3a ymosu, wo X —
BesnepepBHa, MOXNNBO BEKTOPHO-3HA4yHa, BMNAAKOBa Benu4YMHa 3 (PYHKUIEH TYCTUHU
MMOBIpHOCTI fx (), BU3HaUaeTbCH SIK:

1

CqX, ) = {f U I(le—x’||58)fx(x')dx']q_1fx(x)dx}ﬁ,

ae I(.) nosHayvae iHgukaTopHy yHKUito XeBicaraa, wo npuimae 3HadyeHHst 0 i 1, cumson

||-]] nosHauae BepxHio Hopmy ||| = sup |x;|, a napameTp & Bigirpae ponb «cMyru»
i=1.dimx
NPOMYyCKaHHS NPUMYCTUMUX BUMAAKOBUX BENUYMH.

OUuiHUTK KOpensauinHUi iHTerpan Ans BEKTOPIB (TOYOK) X[, OTPUMAHUX 3aHYPEHHSIM
YacoBoro psgy X4,...,Xy Y asoBuin NpocTip po3MIpHOCTI M, MOXHa MOro emnipu4yHUM
aHarnorom, ik HasnBaeTbCA y3ararnbHEHOK KOPersLuiiHOK CyMOI0:
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1

N N a-1)q-1

1 1
Com@ =43 > 5 D 1(e = [l 2] - &)

i=1| j=1

ANropuTM po3paxyHkiB KopensiliiHoi cymu npu q = 2 6yB 3anponoHoBaHuii B 1983
p. M. 'paccBeprepom i |. Npokaudia (Grassberger & Procaccia) i 3 Tux nip € HanbinbLL
nonynsapHum [11].

KopensuinHa cyma Bu3Hayae 4acToTy BfyYaHHA [OBiIMbHOI Mapu  TOYOK
nceesgocasoBoro NpoCcTopy B rinepcdepy pagiyca €:

N m-1

N
2 m m
Cmn(®) = =g D= < . Llspat) @

s=mt=s+1 j=0

L |t —a|| <«
I(x™ x™) =
)= s e
y sikomy Ig(x?‘,x]m) — doyHKuUis XeBicanaa 6e3nivi nap To4oK X5t = (Xp, Xnt1s - Xnem)

Ta X' = (Xt X¢41, - Xt4m), WO MOKPMBAKOTLCS rinepcepoto padiycom & Ans BCix nap
3HavyeHbiTa j, e 0 < i < Nn 0 <j < N; m — po3MipHicTb NnceBgodasoBoro NpocTopy,
B KWW 3aHYpPEHUI YacoBU paf {xl-}’ivzl; ae N — 4ncno enemeHTiB 4acoBoro psay.

3HayveHHs1 YyacoBOro psgy HabnmxalTbCs OO0 MEBHOI MEXi Yy Mipy 3MEHLUEHHs .
PekomeHaoBaHo BUGUpaTH & Takum, Wob € = 0,50 + 20, Oe o — cepeaHbOKBagpaTUyHe
BiIXMNeHHs Yacosoro psay {x; 1Y ;.

KopensauinHun iHTerpan i Moro emnipudyHM aHarnor kKopensuinHa cyma — Lue
ycepegHeHa WMOBIPHICTb TOro, WO CTaHW CUCTEMM Yy Pi3Hi MOMeHTW 4acy 6yayTb
OnmsbkuMn  oguH o oaHoro. Ana  obuucneHHs Cp, y(x™,€) (m > 1) notpibHo
peanisyBaTu «BKMaeHHA» 4acoBOro psay x B m-MipHUin ncesaodasoBuii NpocTip. 3rigHo
3 Teopemolo TakeHca (Takens), enemeHTamu Takoro psgy € TOYKM X|& =
(i, Xig1, -+ Xizm) 3 KOOPAMHATAMU {X; 11 }}e1 324AHUMU M NOCNIAOBHUMM 3HAYEHHAMM
BMXiAHOro YyacoBoro psay. MHOXMHa ToO4OK x}* € 06pa3om 4acoBoro psgy. 3ayBaXumo, Lo
skwo npouec 11D, 1o C,, (€) = C, ™ (&).

Akwo nosHaumTn h,, BUNaJok:

||xi - x]m|| <e,

10 Cppy(€) = P(hyp,(€),..., h1(€)) — cymicHa iMOBIpHICTb TakMx BUMNAAKIB.
3rigHo 3 Teopemoto barieca:

Cn =P(hpmy...,hy) = P(hplhp—y... hy) X P(Rpp—yy .., ) = P(Riy iy, hy) Cops,
Topi

Cm = P[hm(g)r""hl(S)L
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i, BignoBigHo,
C, = P(h1|h2)C1-

Axwo Bignikm x(t) € imoBipHicHUM npouecom 11D (He3anexHi TOTOXKHO PO3NOoAiNeHi
3MiHHi), TO

P(hy]h;) = P(hy) = P(hy), P(hy) =C.
3a Tieto camol MOrikow MOXHa BWU3HAYUTM BIgMOBIAHWN iHAuKATOp &, CTYMNEHH

popatkoBoi 3anexHocTi x (1) Big x(i —m), sika MOXe 3axOnNUTU ABHY 3aneXHiCTb m-ro
KPOKY B NMOCiAOBHOCTI 3 a30BOro p-mipHOro NpocTopy :

oh =1~ () "

Cm-1 Cp’
Mpup=m+1
6 — 6m+1 =1— an
m m Cm-1Cm+1’

Jlerko 4OBECTU HACTyMHe 3aranbHe BigHOLLEHHS MK 6},’1 i 6

p—1
6P =1- 1_[(1 —68,)P7V. (7)

Po3paxyHok SG BWKOHYETbCSI LUMSIXOM BU3HaYeHHs1 iHaekcy &;(g) Ha MHOXUHI
3HaYeHb €:

C2(e) = CHe) _, _ Ci(®)
Cy(e) Ca(e)

Ons m > 2 inpgekc §,, () BU3HavaeTbCs Sk

61(e) = (8)

Ci

S, = 6m+1 =1 -—"
"o Cin-1Cm+1

()

IHoekc nepenbavyBaHocTi (SG-cTaTnCcTMKa) pO3paxoBYETHCS BiAMOBIAHO 4O BUpA3y:

SG G
=, 10
H§=1(1 - 6]) 10

Ta NoKasye HackKifbKM 3Ha4YeHHA [AMCKPETHOI MOCMiZOBHOCTI € nepenbadvyBaHuMMK,
BPaxoBYOUM 3HAYEHHA NonepeaHix enemeHTIB Liel NocnigoBHOCTI.

Mpw BupiLLeHHI 3aaa4i OLLIHKM YacTOTK [ONNEPIBCLKOro MakTopy f,. curHany 6ynemo
cnvpaTuca Ha UinboBy dyHKuilo (L) SG[I‘(TC,fq)], fKka onucye 3anexHictb SG-
CTaTUCTUKN HEB’A30K MPU BIAOMIN Tg:
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r(te fp) = {Ti(fc»fg)};v:l,
ne

Ti(Tc: fq) = EiSiI'Ip(TC’ ch) - SiOq(Tc:fq)- (11)

Ona ouiHkm vactoTu iHOekc nepenbadyBaHocTi SG HeEB'sI3KM pO3PaxOBYETbLCA B
anpiopHomy iHTepBani il MOXXNMBUX 3HAYEHb.

MiHimym L@ SG[I‘(TC, fﬂ)] NPMIAMAETLCA 3a OLIHKY NapameTpa fpc:

fo= n};nSG[r(Tc,fn)]. (12)

PE3YINIbTATU TA OBIrOBOPEHHA

[na pocnigkeHHa SKOCTi ouiHkM YacToTu [lonnepa iMnynbCHOro curHany B ymoBax gii
MYNbTUNNIKATUBHOI 3aBaju, BMKOHAHO CTaTUCTUYHE MOAENIOBAHHA CUrHany ta 3aBag.
OKpeMOo po3rnsHYTO BUMAAKM KONMW MynbTUNMiKaTUBHA 3aBaja B CMOCTEPEXEHHI Mae
rayciBCbkUI Ta NOMICTUYHWIA PO3NOAINY 3 NapameTpom MacwTaby og, WO BU3HAYAE iXHE
cepegHbokBagpatuyHe BigxuneHHs (CKB).

JocnipkyBanacek 3anexHicte LI® Big pagiyca nokputta € = §; - 0y, (8, npuimae
AiNCcHi 3HaYveHHs). [ani Ansa 3py4yHOCTi aHanisy pesynbTaTiB MOgEN0BaHHSA 3aMiCTb pagiycy
MOKPUTTS € BUKOPWUCTOBYETbCA KOeilieHT &, = £/0, SKWiA MponopuinHui & Takox
pocnigpkyBasca BnnmB Ha LI®  poamipy BknageHHs 4YacoBoro psgy m = 1..8.
EkcnepymeHTanbHUM wWnsaxoM Oyno BusHadeHo, wo LP mae Ginbwy 4yTnmeicTb O0
OLiHIOBAHOI 4YacToTun fnc npy 3HauyeHHaX napameTpis m = 4 T1a §; = 0,5. BignosigHi LId
00 BU3HA4YeHWX po3nopfinis nokasaHi gns Ha puc. 1. B obox Bunagkax (puc. 1 a, 6)
crnocTepiraetbca MiHiMyMm SG-iHOekcy B OKOnMUAX (DaKTUYHOIO 3HAYEHHS O4iKyBaHOi
yactotu Jdonnepa. Jlerko noMituTu, Wwo 306paxeHHa LI® He 3anexaTtb Big iMOBIpHOCTI
po3MoAiny MynbTUMMIKaTUBHOI 3aBagu, MakTb BMPa3Hi €KCTPEMYMU | BUKIHOYAKOTb
MOXIMBICTb HEOQHO3HAYHOT OLiHKM YacTOTH.

PesynbTatu gocnigxeHHs posnoginy ouiHok yactotn Jonnepa nokasaxi Ha puc. 2 ons
500 peanisauin MynbTUNMiKaTMBHOI 3aBaaun 3 (PikCOBaHOro napamMmeTpy maclutaby 652 = 1.
[nga 3pyy4HOCTi aHanisy BNNuBY 3a3HavyeHuUX MynbTUNMIKaTUBHUX 3aBafj, Ha SKICTb OLHKK
YacTtoTn [lonnepa npoBoAMBCA NPW PIBHOCTI AMCNepCin 3asaj 0,%, = ULZ (rayciBcbkui Ta
MOriCTUYHMI PO3MNOAINu BiAMOBIAHO), SKi PO3PaXOBYTLCHA 3 BUKOPUCTAHHAM BigMoBigHNX
koediLienTis MacwTaby: o7 = o 1a o = m2g? /3. MopiBHAEMO AKICTb SG-OLHOK f5c MK
napameTtpax m = 4 1a §, = 0,5 3 oLliHKamMW, OTPUMAHNMU 3 BUKOPUCTAHHAM KOPENsLinHOT
06pobku (KO). KopensuitHa 06pobka BU3HA4YaETLCH K B3AaEMHOKOPENSILIHOK (PYHKLED
(BK®) mik crnocTepexeHHAM i MOAEnnio oOdikyBaHoOro curHany. Buxogsum 3 aHanisy
rictorpam, HaBefeHUx Ha puc. 2 (a, 6), BUNNUBAE O OLiHKK ch, OTPMMaHi 3 BUKOPUCTaH-
HAM BK®, BigHOCHO ii (paKTUYHOro 3HAYEHHSI MalOTb CYTTEBO GiNnbLUMI PO3KNA, HIXK OLLIHKM
oTpuMaHi 3 BukopuctaHHam SG-ctratuctuku. [ns Lid SG[r(f;)] e xapakrepHoro Hesenuka
dnykTyauia BiQHOCHO Ti (PakTUYHOrO 3HaveHHs. Jlerko NoOMITUTK, WO pPO3KMA OLIHOK
yactoTtu Jonnepa fﬂc He 3anexuTb Bif 3aKOHIB po3noainy MynbTUNIiKAaTUBHOI 3aBaau, SiKi
OOCTiOXKYHTbCA B pOOOTI.
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Puc. 1. Peanisauii 3anexHocten L® SG[r(ﬁq)] Big oudikyBaHOi 4acTtotu [lonnepa f;Lc B ymoBax Aii
MynbTUNNIKaTUBHOI 3aBaAu 3: @) rayCiBCbKUM PO3MOAINoM; 6) NoriCTU4HNM PO3NOAINOM.

Fig. 1. Implementation of the dependences of the CF SG[r(f;)] on the expected Doppler frequency f,. under
conditions of multiplicative noise: a) by the Gaussian distribution; b) by the logistic distribution.

400
350

350 1 ds fd V_/»_,,.y ——
300 - 2 i
300

250

200

150

a) | 6)

Puc. 2. Tictorpamn posnoginy ouiHok 4Yactotu [onnepa f,; y BUNadky MynbTUNNiKaTUBHOI 3aBagu 3.
a) rayciBCbKvMM pO3MnoAinom; 6) NoricTMY4HMM po3Moainom.

Fig. 2. The histograms of Doppler frequency estimation with multiplicative noise: a) with Gaussian distribution; b)
with logistic distribution.

Ha puc. 3 (a, 6) npeacraeneni noxubku MSEy, ouiHkn yactotn Jonnepa npu 3miHi
3Ha4YeHHS MynbTUNNIKATUBHOI 3aBaau 052.

3a pesynbTataMu CTaTUCTUYHOINO MOAENOBAHHSA Oyrno BCTAHOBMNEHO, LLO HalKkpally
AKICTb OUiHKM yYacToTu [onnepa, 3a po3paxyHKaMu 3anexHocTei MSEfd(agz), npu
CMOTBOPEHHSAX CUrHany MynbTUMMNNIKaTUBHOK 3aBafoto Gynu oTpumaHi 3 BUKOPUCTaHHAM

LU® 3 napametpamu m =4 T1a 6, =0,5. Ona 3pyyHocTi aHanmisy ui 3anexHocTi
npeacTaeneHi Ha puc. 3a Ta 30, sk Ans rayciBCbKoro, Tak i TOricTM4HOro po3noginy 3aBaau.
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3 HaBefleHMX 3aneXHOCTelN BUMMMBAE, WO YUCErbHI 3HAYEHHS NOXMOBKM MSEfd(ag)

ouiHkm yactoTu [lonnepa, cnabko 3anexarb Bi 3aKOHY po3noiny obpaHux ans aHanisy
MyNbTUNNIKATUBHMX 3aBag. Jlerko noMiTuTyK, Lo noxmbka ouiHKKM TOro caMmoro napameTpy,
sika OTpUMaHa WnsaxoM Makcumisauii BK® [1], 3HauHo Ginblua Ta Mmae He3HauHi pnykTyauii
Ha iHTepBani 3MiHW IHTEHCMBHOCTI MYMbTUNNIKATUBHOI 3aBaan. AKICTb OLIHKM 4acToTu
Honnepa, oTpumaHoi 3a anroputMOM Makcumisauii BK®D, B ubomMy Bunagky, €
He3a[0BIifTbHO0.

18+ ‘ ~—cp v ]
18 cp
sG —so

,
=
)

)
c.)

MSE, (6°)
MSE

01 02 03 04 0506 07 08 09 1 11 12 13 14 15 010203 04 0506 070809 1 11 12 13 14 15
2 2

o o

a) 6)

Puc. 3. 3anexHicTb Noxmbkm MSEfd (052) OLiHKM YacToTu [lonnepa npu pisHMX 3HAaYEHHSIX NapamMeTpy MawTaby

a§ MynbTUNiKaTUBHOI 3aBaau 3: a) rayCiBCbKUM po3nogainom; 6) NoricTM4H1UM po3noginom.

Fig. 3. Dependence’s MSE on Doppler frequency at different values of the multiplicative noise scale parameter:
a) Gaussian distribution; b) logistic distribution.

B okonuui manux 3HayeHb 052, noxmbka MSEfd(ag) npuiMae MakcumansHe
3HAYEHHS, LLO BiAMOBIAAE 3MEHLLEHHIO PiBHSI CUrHAmNy B CMOCTEPEXEHHS.

OUiHKM YacToTK, OTpMMaHi 3 BUKOpUCTaHHAM LIP SG[r(fA)], MaloTb TEHAEHLUio A0
3MEHLUEHHS 3HayeHHs MSEfd(afz) npu 306inblUeHHi aucnepcii ag 3aBagu ans obox

pocnigkeHnx posnogdinis. Taka nosefiHka crneuumdiyHa Ans MynbTUNAIKaTUBHOI 3aBaiu.
3rogom npu nopanblwoMy 30iNbLUEHHI IHTEHCMBHOCTI 3aBagn MOXUOKM MOYMHaTh
36inbLUyBaTHCh.

HaBefeHi 3anexHOCTi 4EMOHCTPYIOTb HasiBHICTb MigiHTepBaniB 3MiHW iHTEHCUBHOCTI
052 MYNbTUNITIKATUBHOI 3aBaan B MeXax SIKMX MOXITMBO BUKOPUCTaHHSA LI® ansa ouiHkm
yactotu [Jonnepa curHany.

BUCHOBKMU

3acTtocyBaHHs SG-CTaTUCTUKM W 3anpoMnoHOBaHOI Ha 1i OCHOBI LiNbOBOi YHKLIi
Jo3Bonse BM3Hadyatum 4actoty [onnepa iMNynbCHOro curHany B YymoBax Ail
MynbTUNNikaTUBHOI 3aBagn. CTaTUCTMYHE MOAEMOBaHHA anropuTMy, WO pearnisdye
yncernbHy MiHIMi3auito 3anponOHOBAHOI LiNboBOT OYHKLUIiT ANsi AEeKinbKOX po3noginis
ryCTUHU IMOBIPHOCTI MynbTUMMiKaTUBHOI 3aBaau, MNokasano, WO eMmipuyHa 4KicTb
ouiHkM YacTtoTu [onnepa He KpUTUYHO 3anexaTtb Big posnofiny 3asaj. EmnipnyHo
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BM3HayeHi napameTpu L® posBonsiioTb 3abesnevyBaTu MPUAHATHY SKICTb OLLHKM
YacToTU curHany.

MpoBeneHe pgocnigXeHHsa Aae nigcrtaBy roBopuUTY NPO e(PeKTUBHICTb BUKOPUCTAHHS
HenapameTpuyHoi SG-CTaTUCTUKM NS OUiHKM YacToTh [onnepa curHany, B TOR 4ac, siK
BUKOPUCTaHHA Makcumisauii BK® npw ouiHui yacTtotmn [Jonnepa npakTM4yHO He O3BOSISE
AKICHO OLLIHUTW YaCTOTY CUrHany B yMOBax BNIUBY MynbTUNMIKaTUBHOI 3aBagu.

OOTPUMAHHA ETUYHUX CTAHOAPTIB

ABTOpPU 3a9BNAKOTH, L0 AaHe JOCHiMpKeHHSA Byno 3ailcHeHe 3a BiACYyTHOCTI Byab-sKux
KOHNIKTIB iHTEpECIB.
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METHOD FOR ESTIMATING THE DOPPLER FACTOR OF A BROADBAND
SIGNAL UNDER CONDITIONS OF MULTIPLICATIVE INTERFERENCE WITH
UNKNOWN PROBABILITY DISTRIBUTION

Pavlo Kostenko', Mykyta Alonkyn’, Valeriy Slobodyanuk?,
Mykhailo Rovetskii', Ivan Rovetskii?

lvan Kozhedub Kharkiv National Air Force University(KNAFU)

77/79 Sumska St., UA — 61023 Kharkiv, Ukraine

2Lviv State University of Life Safety,

35 Kleparivska St. UA-79007, Lviv, Ukraine

Background. The paper presented a method for estimating the Doppler factor of a
received broadband pulse signal distorted by multiplicative interference with an a priori
uncertain probability distribution. This paper was considered a case where the multiplicative
interference in the observation has a Gaussian distribution Special attention is paid to the
logistic distribution of interference, which is characterized by "heavier tails" of the probability
density distribution.

Materials and Methods. The Doppler frequency of the signal is estimated by minimizing
the objective function using the SG statistics of the observation. There was an investigated
estimation quality of Doppler frequency by statistical modeling of the PSK signal, interference,
and the objective function minimization algorithm. There was completed a comparative
analysis of estimations of the signal's Doppler frequency obtained by the proposed
nonparametric method and the maximum likelihood method for different interference
parameters.

Results and Discussion. It was shown that the objective functions obtained for
multiplicative interference with Gaussian and logistic distributions have clear extrema, which
eliminates the possibility of ambiguous estimation of the signal’'s Doppler frequency.
Histograms of the distribution of the signal’s Doppler frequency estimates by the proposed
method show that, regardless of the considered laws of the probability density distribution
of multiplicative interference, the estimates are concentrated in the vicinity of the actual
value of the signal's Doppler frequency. The distribution of estimates using the maximum
likelihood method doesn’t have a clear extremum in the researched frequency interval. The
modeling results showed that in conditions of signal distortion by multiplicative interference,
the error in estimating the signal’s Doppler frequency, which is obtained by maximizing the
cross-correlation function of the observation and the expected signal, is significantly greater
than when using the objective function based on SG statistics.
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[NaBno KocteHko, Muknta AnbOHKMH Ta iH.

Conclusion. The defined parameters of SG statistics allow obtaining a qualitative
estimate of the signal's Doppler frequency, independent of the law's probability density
distribution of multiplicative interference, which indicates the effectiveness of the proposed
method.

Keywords: SG statistics; multiplicative interference; PSK signal; objective function;
accuracy; estimate.
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KOMITIOTEPU3OBAHI ONTU4YHI EKCMEPUMEHTU 3 BUKOPUCTAHHSAM
NMOPTATUBHUX CNEKTPOMETPIB TA IHTETPALIEIO 3 AMAZON WEB
SERVICES
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Kpynuy, A., Kap6osHuk, |. (2025). Komn'loTepm3oBaHi ONTUYHI €KCNepUMEHTU 3 BUKOPUCTaHHAM
nopTatMBHWX CnekTpomeTpiB Ta iHTerpauieto 3 Amazon Web Services. Enekmporika ma
IHgbopmauitiHi mexHonoeii, 29, 123-134. https://doi.org/10.30970/eli.29.11

AHOTALIA

MepegymoBu. Y cTaTTi npeactaBneHo CUCTEMY aBToMaTtusauii  ONTUYHWUX
E€KCMEPUMEHTIB i3 BMKOPUCTAHHSM MOPTaTMBHUX crnekTpomeTpiB komnaHii StellarNet Ta
XmapHux cepsiciB Amazon Web Services (AWS). AKTyanbHIiCTb LOCHI[KEHHS 3yMOBeHa
HeoOXigHICTIO opraHi3adii BigganeHoro 4ocTyny Ao nabopaTtopHOro obnagHaHHs, Wo cTano
ocobnueo kpuTUYHMM nig vac naHgemii COVID-19. 3anponoHoBaHe pilleHHs [03BONSE
NpoBOANUTU EKCNEPVMEHTU B PEXUMI pearnbHOro yacy, aBTomartuadysatu 30ip Ta 06pobky
CMeKTpanbHMX AaHWX, a Takox 36epiraTn iX y XMapi Ans nogansLioro aHanisy.

MeTtoau Ta iHCTpyMeHTU. MeToAomnoriYyHa YacTuHa MICTUTb OrMsA CyvyacHUX nigxonis
0O aBTOMaTu3auil ekcrnepumeHTanbHux nabopartopii. Po3rnsHyTo pis3Hi anapaTHi Ta
NporpamHi piLleHHs1, BKMOYa4M BUKOPUCTaHHsS BOyaoBaHMX 3acobiB, Takux sik Raspberry
Pi, Ta cepepoBuLy po3pobkn Ha ocHoBi nnatcopm LabVIEW Ta IHTepHeTy peuen (IP,
Internet of Things, - l0oT). OcobnuBa yBara npuvaineHa peanisadii BizganeHoro goctyny ta
MOXIMBOCTI iHTerpauii 3 iHWwuMn npuctposmu IHTepHeTy peyen. OnNmMcaHO BMKOpUCTaHe
anapaTtHe 3abesneyeHHs], a TakoX NMPOrpamHi iHCTPYMEHTH.

Pe3synbtaty Ta OGroBOpeHHA. Y pe3ynbTaTti [OCHIIKEHHS NPOAEMOHCTPOBAHO
po3pobnenuii Python-ckpunTt ans iHterpauii cnektpometpa 3 AWS IoT Core. OnucaHo
npouec HanawTyBaHHS NiOKMOYEHHs, KanibpyBaHHsi cnekTpomeTpa Ta GesnepepBHOro
360py crneKkTpanbHWX AaHWX Y peanbHOMY Yaci. [laHi nepefatoTbecsl B XMapHe cepefioBuLle
yepes npoTtokon MQTT (Message Queue Telemetry Transport, TeneMmeTpuyHUiA TpaHcnopT
yeprM noBiOOMIIEHb), L0 [O3BONSE MPOBOAMTU BigOaneHWn MOHITOPUHI Ta aHanis
pesynbTaTiB. PO3rnsAHYTO TEXHiYHI acnekTy peanisadii, BKM4a4ym MexaHiamm 6e3neqHoro
3’egHaHHSA, nignucku Ta nybnikauii NoBigoMneHb y xMapHoMy cepegoBuLi AWS.

BucHoBku. B po6oTi npogemMoHCTpOBaHO, O 3anponoHoBaHa cuctema 3abesnevye
edeKTMBHUI Ta THYYKMI nigxig 0o aBToMaTu3auii nabopaTopHUX ekcnepumMmeHTiB. BoHa
[03BOSISIE 3HAYHO PO3LLMPUTU MOXIMBOCTI AocniaxeHb y STEM-gucumnniHax, ameHLwyo4m
BUTpaTU Ha 06CnyroByBaHHs obnagHaHHA Ta MOKpaLLyt4vM AOCTYMHICTb NabopaTopHUX
pecypciB. 3anponoHoBaHe pilleHHs MoXe 6yTn MacliTaboBaHe AN BUKOPUCTAHHSI B iHLLNX
HaykoBuUX ccbepax, Ae HeoOXigHWA AUCTaHUIHMIA [O0CTYN [0 eKCNepUMEeHTanbHOro
obnagHaHHsa Ta 6e3nepepBHUN 36ip AaHWX.

Knroyoei cnoea: aBTomatmsalis, onpautoBaHHa daHux, IHTepHeT peyen,
cnektpockonia, AWS, xmapHi o64McneHHs
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AHppin Kpynuy, IBaH Kap6oBHuk

BCTYN

PoboTta B HayKOBUX, TEXHOMOrYHUX, IHKEHEPHUX Ta MaTemMaTU4HMX AucumnniHax
(STEM - Science, Technology, Engineering, Mathematics) 3Ha4HOIO Mipol0 3aneXxuTb Bif
Pi3HOMaHITHMX BMAIB NabopaTopHOI AiANbHOCTI. AK NpaBuno, KPUTUYHUM € OOCTYN A0
npuMilLeHb, ae isnyHo posTawoBaHe obnagHaHHA, abv MaTv MOXNMBICTb NPOBOAUTU
€eKCMepUMEHTM 3 pearnbHuMU Mpunagamun. EdexkTMBHICTE Ta pe3ynbTaTUBHICTb TaKux
AocrnigkeHb oOMexeHa, y TOMy YMChi A Yepes NOriCTUYHI bakTopu. Y pesynbTarTi, 3HayHa
YacTMHa ekcnepMMeHTanbHoro obragHaHHA BMKOPUCTOBYETBCS 3HAYHO MEHLUE, aHiX ue
nepepgbavyeHo y pamkax XWUTTEBOro uukny npunagis. Lli npobnemu nigkpecnooTb
HeeeKTUBHICTb TpaguLuiiHux nabopaTtopHux npakTuk. Kpim Toro, Haa3Bu4yarHi cutyaldit,
Taki gk naHgemia COVID-19, we 6inblwe ycKNagHoWTb perynsapHui  goctyn Ao
nabopatopHux pecypcis [1].

Y uin poboTi NnpeacTaBneHo cucTeMy aBToMaTusalii eKCNePUMEHTY 3 BUKOPUCTaHHSM
cnektpomeTtpa StellarNet Ta Amazon Web Services (AWS). Cuctema possonsie 36upatu
AaHi 3i cnekTpomeTpa B peXuMi pearibHOro 4Yacy Ta Hagcunatu iX B XMapHe cepefoBuLLe.
Tam paHi 30epiratoTbcsl B 6asi gaHuxX, WO BaXMBO ANt apXiBy ekcnepumeHTy. [aHi
OnpaLbOoBYHOTHCA 3a NpaBunamm, 3agaHMMy KOpUCTyBayeM, i BUBOASTLCS HA OKpeMy Beb-
CTOPIHKY AN MOHITOPUHIY B pexuMi peanbHoro 4acy. lepenbadeHo 3aBaHTaXXEHHS
apxiBHMX daHux 3 06asn 3a NeBHUMW nepiog ANsa 4acoBOro adHanisy, arperauii Ta
ycepegHeHHs. Cuctema rHy4vka Ta MoXe po3LIMploBaTUCh JoAaTKOBMMU npuctposimu IP.
MoTeHUiHO Taka cucTema 3moxe o6’egHaTu WMPOKUMA Habip gaBadiB Ta MPUCTPOIB i
3abesneunT aBTOMATM3aLi0  LUMPOKOTO CMEKTPY EKCMEePUMEHTIB 3  MOCTINHUM
MOHITOPVHIOM pe3ynbTarTiB.

MATEPIANU TA METOOU

3a3Buyan, pos3pobka  BigganeHoi  nabopaTopii  BKMOYAae  3aCTOCYBaHHS
nepcoHanbHOro KoMn'rotepa pasoM i3 MNoB’A3aHMM  iHTepENCOM | TEXHONorigaMu
Beb/xmapHoro xocTuHry. Lle nepegbavae 3HayHi iHBeCTULii NS BBEOEHHS B eKCnnyaTtawiio
Ta noganbworo o6cnyroByBaHHA. Y poboTi [1] aBTop BUCTYNMB 3 iHiLiaTMBOK LWOO0
BMKOpPUCTaHHA BOygoBaHOro npouecopa Ans po3pobku BigganeHoi nabopatopii. MMpu
TakoMy po3TallyBaHHI (OYHKUii nepcoHanbHOro Komm'rotepa Ta cepsepa 6epe Ha cebe
BbygosaHui npouecop. Y ubOMy MPOEKTi ogHonMnaTHUM Mmikpokomm'totep Raspberry Pi
BMKOPUCTOBYETBCS SIK CUCTEMHMUI KOHTpOrep, a Takox sk Beb-cepBep. Raspberry Pi,
HeBenuka obuucroBanibHa cCUCTEMa 3 BMNACHOK OMEpaLiHOK CUCTEMO, 3aMiHumna
NOBHOLHHMI KOMM'tloTep/cepBep, TUM CaMMM 3MEHLUMBLUM BapTiCTb | CKMagHICcTb
NpoekTyBaHHA BigganeHoi nabopaTtopii. [o po3pobneHnMx eKCnepuMeHTIB  MOXHa
oTpumMaTu BigdaneHu OocTyn yepes IHTepHeT 3a AOMOMOrol BiAnoBigHOro rpadiyHoro
iHTepdeincy kopuctyBaya (GUI - Graphic User Interface). [padiuHun iHTepdenc
CYNPOBOKYETLCHA TPAHCNALIEIO Bieo B peanbHOMY Yaci 3a JornomMoroto kamepu Raspberry
Pi, Tomy kopucTyBa4y MoXxe nepernsgarti Bigeo nos’a3aHnX 3 eKCrneprMMEHTOM MPOLIECIB Y
peanbHOMYy 4aci. CuctemMa MICTUTb YHKUiO, 3aBOSKU SKil KOPUCTyBadi MOXYTb
3aBaHTaXyBaTW AaHi y nokanbHy cucTemy A5 aBTOHOMHOIO aHaniay.

Y poboTi [2] 3aBAaHHA aBTOMaTM3aLlii eKCNEPMMEHTY BUPILLYETLCS 3a 4OMOMOroH
cuctemMmn 300py AaHuX, pearnisoBaHo Ha ocHoBi nnaTcdopmu LabVIEW (Laboratory Virtual
Instrument Engineering Workbench) y noeaHaHHi 3 nnatoto Arduino. Lisa 3anponoHoBaHa
cucTeMa € yHiBepcanbHOK Ta Moxe ByTu 3acTocoBaHa no3a nabopaTtopisimMu, y COHAYHMX
OTOENEKTPUYHMX YCTAHOBKAX, CiflbCbKOMY rOoCnoAapcTBi Ta eKONOriYHNX AOCNIAXEHHSAX.
BaxnueicTb LbOr0 NpoOrpamMHOro Kapkacy Monsra€e Yy BWUKOPUCTaHHI anapaTHOro
3abe3neyeHHs 3 BigKPUTMM BUXIOHUMM KOOOM, SKMA MOXHA HanawTyBaTu BignoBigHO 00
KOHKPETHMX NOTPeOd pi3HNX 3aCTOCYBaHb.

Y cratTi [3] npeacTaBneHo apxitektypy IP, po3pobneHy ons notpe® HaykoBOi ranya3i
KNiTMHHOI Gionorii. NpogeMOoHCTPOBaHO ii 3aCTOCYBaHHSA y NabopaTOpHUX eKCnepuMeHTax,
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AKi cTOocyBanucst enektpodisionorii, Mikpockonii Ta dntoignku. Po3pobneHi aBTopamu [3]
pilLEHHS BMKOPMCTOBYIOTb OAHOMMNAaTHI komm’toTepyn Raspberry Pi i3 cneuianisoBaHum
nporpamMHumM 3abesneyeHHsM, WO CrpoLLye BNPOBaAXEHHS Ha HOBMX nabopaTopHuX
npucTtposix. Lla cuctema I[P po3Bonde BYEHWM KOHTpOMOBaTU Ta BiACTEXyBaTU
€KCNepMMEHTN B pPEXUMi pearnbHOro 4vacy 3a [JOMNOMOro OHMaviH BeG-iIHCTPYMEHTY,
aBToMaTM3yBaTW AOCNIAHWLUBKI 3aBAaHHA Ta OTPUMYBATU MOTOYHI OHOBMEHHS LLOAO
cTaTtycy ekcnepumeHTiB. Lia apxiTektypa po3wwumnptoe AOCNiAHMLBKI MOXITMBOCTI Ta MOXe
OyTn npomaclutTaboBaHa Ha iHwWi BuAn nabopartopin.

MpoTtoTun BigaaneHoi naboparopii, npeacTaBneHni y npaui [4], O3BONSAE CTyaeHTam
OWCTaHLUIMHO KepyBaTW MPOMWUCAOBMM MiNOTHUM 3aBogoM. Ll dyHKUioOHanbHICTb
[OCAraeTbCqd 3a [OMOMOrol TPbOX KMHOYOBUX KOMIMOHEHTIB: MPOrpamMHOro KrieHTa
BMKNagaya, MNpOrpaMHOro KrieHTa CcTygeHTa Ta UueHTpanbHoro Opokepa. O6uasa
nporpamMHi knieHTn peanizoBaHi y Node-RED i cninkytotbcs 4vepes npotokon MQTT
(Message Queuing Telemetry Transport). lMporpamHuin KNIEHT iHCTPYKTOpa Mae NpaMui
[OCTyn OO 3aBoAy Ta BignoBidae 3a KepyBaHHA Yy4HAMWU Ta cuctemamu. CTyAeHTCbKi
nporpamMHi KnieHTu, siki MoXyTb OyTn BCTaHOBMEHI B nabopaTopii abo Ha nepcoHanbHUX
KOMM'loTepax CTYAEHTIB, CnyxaTb iHTepencom Ans BUKOHAHHSA CTYAEHTaMu NPakTU4HUX
3aBAaHb.

AnapatHe 3abe3neyeHHs cucTeMM, HKa poO3rMAgaAETbCa Yy AaHii  pobori,
npegcrtaeneHe cnektpometpom VIS-50 Ta cBiTnogiogHumMm gXepenom BUMNPOMIHIOBAHHS
SL1-LED Big komnaHii StellarNet (CLUA), a Takox MiHi-[MK Synco PC Box (pwuc. 1).
CeiTnogiogHuin BMNpOMIHIOBaY Npauoe Big Onoky uBneHHs Hanpyroio 5 B. Ceitno
HaaXxoOWTb Yepes3 ONTOBOMOKOHHUI kabenb Ha BXig cnekTtpoMeTpa. CnekTpoMeTp, B CBOO
yepry, nepegae 3uuTaHuii cnektp 4epe3 nopt USB 2.0 go wmiHi-MK, ge BcraHoBneHi
HeoOXxigHi opariBepy Ta nporpama Ans 34MTyBaHHA Ta nepegadi AaHux 3i cnekrpomeTpa 'y
XMapHe cepeoBuLLe.

a)/(a) 6)/(b) B)/(c)
Puc. 1. AnapaTHe 3abe3nedveHHsi cuctemu: a) ceitrnogiogHe mxepeno StellarNet SL1-LED, 6) cnektpomeTp
StellarNet VIS-50 Ta B) miHi-INK Synco PC Box.
Fig. 1. Experimental hardware: (a) LED radiation source StellarNet SL1-LED, (b) spectrometer StellarNet VIS-50,
(c) mini-PC Synco PC Box.

CnektpomeTpu StellarNet GREEN-Wave — ue onToBONMOKOHHI npunagu 3 WMPOKO
ramolo CTaHgapTHUX MOAernen ANnsd BUMIPIOBaHb y AianasoHi Big ynbTpadionety (YP),
yepes BMAMME CBITNO i 40 iHppavepBoHoro (1Y) BUNpoMiHIOBaHHS, - AOBXUHU XBUMb 350-
1150 HMm. Pi3Hi Mogeni nponoHytoTe BUGIp AianaszoHy AMdPakUiiHOI rpaTkM Ta po3ainbHol
3gaTHoCTi WinvH. HoBa BAOCKOHaneHa enekTpoHika 3 BMCOKOLIBUAKICHUM 16-6iTHUM
ouuncppoByBaveM 3abe3neyye WBNOKMIA 30ip AaHWX i cniBBigHOWEHHST curHan/wym 400:1.
3HiMHUMI 6OK cnekTporpada Ta enekTpoHika KepyBaHHsI pO3TaLLOBaHi BCepeayvHi MiLlHOro
MeTaneBoro kopnycy. MigTpyuMmyeTbcst NocnifoBHe NigKMNOYEHHs | ogHo4acHa poboTa fo 8
npuctpoiB. Cnektpometpy GREEN-Wave wMoxHa xuButM 6e3nocepedHbo  Bif
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komm’toTepHoro nopty USB 2.0. OgHOXUNBbHUIA BOSIOKOHHO-OMNTUYHUIA Kabenb abo 30HA
3abesnevye BBEOEHHS BUMPOMIHIOBAHHS Yepe3 CTaH4AaPTHUIN BOMOKOHHO-ONTUYHUIA PO3’'EM
SMA 905 i3 moxnuBicTio BU6opy AOBXUHM kabernto. OnTuka cnekTpomeTpa € MiLHOK Ta
Mae BiBPOCTINKy MOAYNbHY KOHCTPYKUito 6e3 pyxomux yacTuH. [NepeabadeHa nam'aTo i3
nonepefHbO BCTaHOBMEHUMU KanibpyBaHHAMW Ta HanawTyBaHHAMM CMNeKTpoMmeTpa, a
TakoX nam'aTb MOMEHTanbHUX 3HIMKIB Ans 3abe3neyeHHs MUTTEBOrO CneKTparbHOro
300pakeHHs 3 Bucokouytnmeoi M33-niHinku i3 2048 enemeHTiB.

StellarNet mae pisHomaHiTHi  cBiTnogiogHi gxepena Y® Ta BuAUMOrO
BUMNPOMIHIOBAHHSA, OOCTYMNHI ANs 3aCTOCyBaHHA B CheKTpockonii. BukopnctaHa mopenb
SL1-LED Bkntovyae HOCOBWMA KOHYC i3 Habopom cBiTrnogiodiB, WO CKrnagaeTtbcsi 3 6
KONbOPOBMX Ta 0gHOro 6inoro ceitnogioga. Ceitnogioan MoXxHa MiHATU MicusaMmmn 6e3 3MiH
npoBoakun. KoxeH CBiTNoAioa MoXHa BUKOPUCTOBYBATU ANs 30ymKeHHS dnyopecueHLii y
pisHUX ekcriepumeHTax. Cepeq nepeBar - TpuBanuin TEpPMiH cny»xou ceiTnoaioais, rHY4YKiCTb
(ans 3amiHM cBiTrnogioAiB NOTPIGHO Kinbka CekyHO) Ta HEBENUKMI pOo3Mip, WO iaeanbHO
NigxoanTb ANst KOMNAKTHUX CNEKTPOMETPIB.

CneuianizoBaHun cuctemHmmn 6nok Synco PC Box po3pobneHun gnst iHTEHCUBHOTMO
BMKOPUCTaHHS y CKNagHMX yMoBax. bnok saxvweHwi Big nuny, BOMOrM Ta OyHKUIOHYE B
LUMPOKOMY TemnepaTypHOMY Aiana3oHi.

[nsa nigknoyYeHHs Ta HanawTyBaHHA CNEKTpoOMeTpa BUKOPUCTOBYETBLCS MPOrpamMHun
naket StellarPro, skun micTuTb Takox HeobXigHi ApariBepn NPUCTPOLO | Mae iHTepdenc ans
AEeMOHCTpaUiil JaHuX B pexuMi peanbHoro 4acy. Ons 34ntyBaHHS cuUrHany BMKOPUCTaHO
Python SDK Big StellarNet. [Ins 3’eaHaHHsA 3 XMapHUM cepefoBULLEM Ta Nepedadi AaHuX
BukopuctaHo AWS loT Python SDK.

StellarPro gns Windows/Mac/Linux npegctaensie coboto noegHaHHs MporpamHoro
3abesneveHHs SpectraWiz Big StellarNet i3 poswupeHumMn iHCTpymeHTamu Ta
iHTepdencom npuknagHoro Moayns. BoyaosaHi mogyni MOXyTb BUKOPUCTOBYBATUCS ANS
pagiomeTpii, KonopumeTpii, XimiyHOi abcopbuii/kiHeTukn, xemomeTpii, cnekTpanbHOI
ineHTudikauii Ta cnekTpockonii komBiHauinHOro poscitoBaHHs. StellarPro Takox Bkrtovae
iHTErpoBaHy MOMNEpeaHI0 chnekTpanbHy OOpob6Ky, Taky $K BigHiMaHHA 6a3oBoi niHii,
BUAANEHHs1 cnankie i nepernsg noxigHux. CnekTpanbHe Y3rompkeHHs, po3pobka moaeni
PLS Calibration, anroputm knacucdikauii Ta pos3ropTaHHS Nig 4Yac BUKOHAHHS TaKOX
BKMoYeHi B nakeT. StellarPro mae HanawTyBaHHA [03BOMIB KOpUCTyBaya, BXxody Ta
3BIiTHOCTI NS eKCnopTy BCiX AaHUX B 0OAHOMY MicLi. Takox BKIoYeHi JoaTKoBi nporpaMu
AN OoCnigXeHHs TOHKUX NNiBOK, MyTHUX cepefoBuLL, TOLLO.

StellarNet Hagae yHiBepcanbHWiA Habip nporpamHoro 3abeaneyeHHsa Python SDK ans
B3aeMoOfii 3 NiHINKO CNekTpoOMeTpiB, WO 3abe3neyye iHTerpauilo Ta KOHTPOMb Ans
Pi3HOMaHITHUX cnekTpockoniyHux nporpam. Lien SDK nigTpumye 36ip 4aHnX y peanbHOMY
yaci Ta 3abesnevye dyHKUii AnA kanibpyBaHHSA, CNeKTpanbHOro aHanisy Ta Bidyanisauii
AaHux. SDK MicTuTb BMYepnHy AOKyMEHTaUilo Ta Npuknagu cueHapiis, Wwob nonerwmTu
LWBKAKY pO3pOOKy Ta PO3ropTaHHA creuianbHUX CNEeKTPOCKOMIYHUX pilleHb. MoXnuBicTb
iHTerpauii 3 iHwuMK 6GibnioTekamn Ta iHCTpymeHTamu Python gogaTkoBO po3wwmproe
MOXIMBOCTIi cnekTpomeTpiB StellarNet.

Onsa iHTerpauii 3 xmapHoto nnatdopmoto BukopuctaHo AWS loT Core Python SDK,
WO Hajae HadiiHMM Habip IHCTPYMEHTIB ANnst NiOKMOYEHHS, KepyBaHHA Ta B3aEMOfIi 3
npuctposmn |HTepHeTy Peyen uyepe3 Amazon Web Services. Uen SDK cnpoluye
iHTerpauito npucTtpoiB loT i3 cnyxbamn AWS, 3abe3nedvytoum 36ip, 0OpobKy Ta aHani3
OaHuX y peanbHOMy 4aci. 3aBasaku nigrpumui npotokonie MQTT, HTTP ta WebSockets,
SDK 3abe3neyye HagiviHWi | 6e3nedHnin 38’A30K Mixk npuctposimn Ta sgpom AWS [oT. SDK
nponoHye yHKuUii Ans nybnikauii noBigoMneHb i Nignuckn, a Takox 6e3neyHoro 3B’A3ky 3a
ponomoroto TLS/SSL. Lis rHydkicTe fo3BONSE po3poOHMKamM CTBOptoBaTU MacluTaboBaHi
Ta edekTuBHI goaatku loT, BUKOPUCTOBYIOUM NOBHUI cnekTp cepaiciB AWS, Takux sk AWS
Lambda, AWS S3 i Amazon DynamoDB.

126 Electronics and information technologies « 2025 « Issue 29



Komm'toTepn3oBaHi ONTUYHI EKCNEPUMEHTMN. ..

PE3YJIbTATU TA OBIF'OBOPEHHA

BucokopiBHEBY apXiTEKTYypy aBTOMaTM30BaHOrO PilleHHsI NpeacTaBnNeHo Ha puc. 2.

byno po3pobneHo Python ckpunT, wo iHTerpye cnekrpomeTp StellarNet i3 AWS loT
Core, 0o3Bornsie oTpuMyBaTh cnekTporpadiyHi faHi B peanbHOMy Yaci Ta nybnikysatm ix y
xMmapi. CKpunT npu3HaveHuin ons kanibpyeBaHHs cnekTpoMeTpa, NOCTINHOro 36opy AaHUX
CneKkTpy Ta HaacunaHHs umx gaHux go AWS loT Core gns noganblioi o6pobku abo
aHaniay.

CKpuUNT NOYMHAETLCA 3 HaNawTyBaHHA HEOOXiAHUX NapameTpiB AN NiOKTHYEHHSA 40
AWS loT Core. Lle Bknoyae BkadyBaHHsS NOCUNaHHS, igeHTudikatopa knieHTa Ta wnaxis
0o ceptudikatie SSL/TLS, HeobxigHux Ans 6e3nevyHoro 38’A3ky. BukopucTtosytoun metoq
‘mqtt_connection_builder.mtls_from_path® 3 AWS IoT Core Python SDK, cueHapin
iHilianisye knieHt MQTT. lNoTim BcTaHoBneTbCcA 3'egHaHHA 3 AWS [oT Core, wo
[03Bonse cueHapito nybnikysatu gaHi y sBkazaHomy MQTT-toniky. 3’egHaHHa MQTT yvepes
Transport Layer Security (TLS) 3a6e3neuye 6e3neyHnii i HagiiHWIA 3B’A30K MiXK NTOKaNbHUM
CNEKTPOMETPOM i XMapHMM cepefoBuem AWS.

Hani cueHapin iHidianisye cnektpomeTp StellarNet 3a gonomoroto 6GiGnioTeku
“stellarnet_driver3’. CnektpomeTp iHiLianisyeTbcA BUKINKOM dyHKUIT
sn.array_get_spec(0)’, ska oTpMMye 00’eKT cnekTpomeTpa Ta NoB’A3aHi AaHi PO AOBXNHY
xBuni. MMicnsa iHidianisauii cueHapin nepexoanTb 40 KanibpyBaHHA cnekTpomeTpa. PyHKLUis
“calibrate_spectrometer’ BcTaHOBMOE napameTpu, Taki SK 4Yac iHTerpauil, KinbkicTb
CKkaHyBaHb [ONd ycepegHeHHs, KoediuieHT 3rnagxyBaHHs Ta CTaH CUHXPOHi3auii
30BHiWHbOro Tpurepa. Lli napametpn matoTb BupillanbHe 3HadYeHHs ansa 3abesneyeHHs
TOYHOrO Ta Y3rogXXeHoro 36opy AaHuX NPO CAeKTp.

Data Acquisition Unit Amazon Cloud

=

—= v
Industrial PC I ;
</>

Data Acquisition Script

g

StellarNet SDK AWS SDK Amazon loT Gore Amazan

DynamoDB
i a !o

StellarNet GREEN-Wave StellarNet SL1-LED

Spectrometer
T3 E——— ]
HTTP

—
£ Amazon API Lambda
» |

Gateway

Client Applications

Puc. 2. ApxiTekTypa xmapHoi nabopatopii
Fig. 2. Cloud Lab Architecture
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Micns kanibpyBaHHA cueHapii BXxoauTb y 0Oe3nepepBHUA LUK, A€ BiH OTpUMYe
CcrnekTpanbHi AdaHi B peanbHOMYy 4aci 3i cnektpomeTpa. PyHkuia get spectrum_data
BUKOPUCTOBYETLCS A5 OTPUMAHHS CeKTpanbHMUX AaHWX - AOBXMHU XBUNI Ta BiANOBIgHUX
3HaveHb iHTeHCMBHOCTI. Lis dpyHKUia Buknukae metoq “sn.array_spectrum(spectrometer,
wav) Ang oTpMMaHHs NOTOYHMX AaHux cnekTpy. [dani gaHi dopmaTtytoteea y JavaScript
Object Notation (JSON) cymicHy cTpyKTypy, BKMOYao4M no3Hadky yacy (timestamp), wo
BKasye, konu aaHi 6ynu 3ibpaHi.

Micns oTpuMaHHA cnekTpanbHUX AaHux BOHM HaacunawTecsa Ao AWS loT Core 3a
aornomorot  dyHkuii “publish_to_aws_iot’. Lls dyHkuia nepetBoptoe gaHi B JSON i
nyonikye ix y BkasaHihn Temi Ha AWS IloT Core 3a pgonomorol meToay
‘mqtt_connection.publish’. MMyGnikyoun gaHi B pexumi peanbHOro Yacy, CKpunT A03BOSISE
AVCTaHLUINHO KOHTPOMBaTK Ta aHanisyBaTu nokasu crnektpomeTtpa. Lie HanawTyBaHHSA
0cobnMMBO KOPUCHO AMis nporpam, $ki BumarawTb 0e3nepepBHOro 300py AaHux i
onpautoBaHHs B xmapi. OKpimM TOro, CKpunT A03BOSISIE NignucaTUCb Ha Ton ke Tonik AWS
loT Core, Wo O03BONSE NEPEBIPATM HaAICNaHi AaHi i BiACTeXyBaTN NOMUIIKN.

CKkpunT noOYMHAETbCA 3 KanibpyBaHHA CnekTpomeTpa, a MnoTiM BXOAWUTb Y
HEeCKIHYEeHHUI LK, Ae BiH OTpMMye Ta nybnikye faHi CnekTpy KOXHi 5 cekyHAa (Ha npakTuui
ANsi KOHKPETHMX CLeHapiiB Lo 3aTPUMKy MOXHa 30inbliyBaTtv 4u 3meHwysatu). Limkn
Moxe ByTu nepepBaHuin kKopucTyBadeM (nMepepvBaHHAM BMKOHaHHS knasiwamu Cirl+C B
TepMmiHani), y ueln MOMEHT CueHapill rapaHTye, L0 CMEeKTPOMETP HaneXHUM YMHOM
CKUHYTO, a 3'egHaHHa MQTT npaBunbHO 3akpuTo. Lle rapaHTye, WO CnekTpoMeTp
3anMaeTbCa B «4YUCTOMY» CTaHi Ta Te, WO HeMae TpuBanux nigknioveHb go AWS loT
Core, ki He BUKOPUCTOBYHOTHCS.

Taknum 4YMHOM, CKPUNT Hadae KOMMIIEKCHE pilleHHs Ans iHTerpauii cnekTtpomeTtpa
StellarNet 3 AWS loT Core. BiH oxonntoe iHiuianisadito, kaniopyBaHHsl, 36ip gaHux y
peanbHOMY Yaci Ta nybnikauito B xmapi. Bukopuctosytoun moxnusocTi StellarNet SDK Ta
AWS loT Core SDK, cueHapin 3abesnedye nnaBHUA i ePEKTUBHUIA MOHITOPUHI AaHUX
CnekTpomeTpa, WO [O3BONISE aBTOMAaTM3yBaTW eKCnepumeHtn Yy nabopatopii 3
NiAKNIOYEHUMM NPUCTPOSIMW Ta CroCTepiratm 3a pesynbTatamu y pearibHOMY 4aci.
Mpuknag poboTu ckpunTa nokasaHo Ha puc. 3.

Spectrometer connected!
set ext trig True
setParam inttime=50 scansavg=1 smooth=0 xtiming=3
setTempComp Tr
Connection Suc ful with return code: @ session present: False
ed to AWS!
bing to topic 'sp
bed with
m topic ' um': b'{"timestamp”: 172105 5, "wavelength" 356, 374, 391, 409, 428, 446, 464, 483, 5@
578, 597, 6 , 657, 677, 697, 717 780, 801, 822, 843, 865, 886, 908, 930, 952, 974, 997, 1019, 1
1111, 1134, ¢ "intensity": [827, -4, -4, 9, -6, 2, -14, 67, -36, -1, 22, -4, -6, -16, 3, -16, -17, 9, -11,
14, -16, -8, 1, -16, -4, -3, -22, 7, 18, 36, 32, 8, 8, -70, -6, -3, 7, -16, -20, -6, 16]}'
Received message from topic ‘spectrum': b'{"timestamp”: 1721052930, "wavelength": [339, 356, 374, 391, 409, 428, 446, 464, 483, 50
1, 520, 539, 559, 578, 597, 617, 637, 657 17, 738, 759, 789, 801, 822, 843, 865, 886, 908, 930, 952, 974, 997, 1019, 1
042, 1065, 1088, 1111, 1134, 1158], "intensity": 3, 12, 20, 13, -40, 28, -36, -23, 12, 12, -16, -11, 37, 2, -15, -23
, -6, 19, -§ 36, 17, -5, 7, -24, -26, -19, -12, , -33, 9, 25, 17, 30, 54, 45, -17, -11]}'
Received message from topic ‘spectrum’: b'{"timestamp™: 1721052936, "y ngth” 356, 374, 391, 46, 464, 483, 50
, 578, 597, 617, 637, 657, 677, 697, 717, 738, 759, 301, 822, 5 , 90¢ 52, 974, 997, 1019, 1
042, 1065, 1088, 1111, 1134, 1158], "intensity": [825, 4@, 20, 4, 42, 2, 7 ¢ 261, 60, 49,
49, 9, 6, 45, -27, -2, 13, -21, O, 13, 67, y 0, 42, 12, 17,
Received message from topic ‘spectrum’': b'{"timestamp”: 1721052941, "w : [33¢ 374, 39 46, 464, 483, 5
y 520, 539, 559, 578, 597, 617, 6 657, 677, 697, 717, 738 9 2 3 b6 930, 952, 974, 997, 1019,
42, 1065, 1088, 1111, 1134, 1158], ity™: [8 4 0, 45, 7 86, 11214, 54250, 17151, 3947, 901, 212, 92, 12, -
, 25, -23, 49, -5, 64, 12, -15, -39, -3, 28, -3 45, 33, 22, 11, -8, -10]}'
nnecting from AWS.
Connection closed
Disconnected!
Releasing spectrometer...
Released!

Pwuc. 3. MNpuknag poboTtu ckpunTta 3 BUMKHEHUM Ta yBiMkHeHuM LED mxepenom
Fig. 3. Example of script operation with LED source turned off and on
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PoarnsHemo peanisauito pilleHHs 3i CTOPOHM XMapHOro cepegosuwla. [Ana nepegadi
AaHuxX BUKOpUCTOBYETbCS npotokon MQTT, SkMn € nerkMM npoTOKOSIOM OOMiHy
NoBiJOMIEHHAMM, PO3POBNEHMM ONsi ManoONOTY>KHUX MPUCTPOIB Ta HEHaZIMHUX Mepex.
BiH wmnpoko BuUKopucToBYEThCS B cuctemax IP ansa 3abesneveHHs ehekTBHOro, NpocToro
Ta HaginHoro 3B'sA3Kky MK npuctpoamu. KoxeH nigknoyYeHnn npucTpin Moxe
BMKOPUCTOBYBaTM OOHY YW Aekinbka Tem (topics) Ana nybnikyBaHHS/nianuckn Ha
NOBiOOMITEHHS.

OaHi nepepatotbea Hanpamy B AWS loT Core. Lle kepoBaHa xmapHa cnyxb6a Big
Amazon Web Services, ska O03BONSE€ NiKMIOYEHUM NPUCTPOSAM ferko 1a 6e3neyHo
B3aEMOAIATM 3 XMapHMMW JdofdaTkaMu Ta iHWwuMuM npuctposmun. BoHa 3abesneuvye
iHpacTpyKTypy, HeobxigHy ans nobyaoBu poaatkiB IP, ski 36upatTb, 0b6pobnsioTh,
aHanisyloTb | pearyioTb Ha [JaHi, 3reHepoBaHi MiOKMIOYEHUMM NpUCTposiMK, ©Oe3
HeobXiaHOCTI ynpaBniHHSA 6a30BO0 iIHPPACTPYKTYpPOIO.

Y wMexax cepsicy ctBopeHo Piy (Thing) nig Hassowo “stellarnet”. Py — ue
NpeacTaBneHHsa Ta 3anuc i3VYHOro NPUCTPOD B XMapHOMY cepegoBulli. PisnyHomy
npucTpoto MNoTpibeH 3anuc npo piy, wob npautosatn 3 AWS loT. Tunosun BapiaHT
BMKOPUCTaHHS MPUCTPOI0 nepenbavae BMKOPUCTaHHS Ha3BW pedi K igeHTudikaTopa
knienTa MQTT 3a 3amoB4YyBaHHAM. Y poboTi BukopuctaHo tor camun Client ID “stellarnet”
y CKPUMTI, IKMM BiANpaBnsi€ AaHi B xmapy.

Puc. 4 nokasye BigobpaxeHHs OaHuWX npo cTaTyc nig'edHaHHA Ta asTopu3auil
CMEeKTpoMeTpa y XMapHOMY CEepefoBULLi, a TaKOX CTaTUCTUKY LWoAo onybnikoBaHMX
MOBiAOMJIEHb MO TEMI.

Successful connections : Messages published : Authorization failure

No unit No unit No unit

69 69 43

345 345 215

0 d 0 : 0
06/03 07/15 06/03 07/15 06/03 07/15

@ Connect success ® Inbound @ Outbound @ Connection requests

Puc. 4. Npunagosa naHenb oTpyMaHux Ta HagicnaHux nosigomneHs B AWS loT Core
Fig. 4. Dashboard of received and sent messages in AWS loT Core

Takox B mexxax AWS loT Core BukopuctoBytoTbeda npasuna (Rules). MNpasuno - ue
komnoHeHT AWS IoT Core, sikuin go3Bonsie aBTOMaTn4yHO 00pobnsTM NOBIAOMITEHHS, LUO
HagXxoAsTb B4 nMig’egHaHUMX npucTpoiB. BukopucToBytouM npaBunia, MU MOXEMO
GinbTpyBaTHN, NEpeTBOpOBaTU i MapLUPyTU3yBaTU Ui MNOBIAOMMNEHHS OO0 iHLWKX cepBiciB
AWS abo BMKOHYyBaTK iHLUI Aji Ha iXHiN ocHoBi. 30Kpema, CTBOPEHO MPaBWMO Mig Ha3BO
“save_to_db”, gke nignucyetbca Ha ToOnik “spectrum”, WO BWKOPUCTOBYETbLCA AnNs
ny6nikauii gaHux 3i ckpunTa, onucaHoro BuLLe. MNpaBuno Bubupae yci gaHi 3 NoBigOMMNeEHHs
3a gonomoroto SQL-Bupa3dy Ta nepefae 4epe3 koHekTtop o 6asm gaHux Ha AWS
DynamoDB.

Onsa 306epiraHHa o06pobneHux paHux cnektpometTpa obpaHo cepeic Amazon
DynamoDB 3aBgsikm Moro BUCOKi NPOAYKTUBHOCTI Ta macwTabosaHocTi. DynamoDB —
Le MOBHICTIO KepoBaHa crnyxba 6a3u gaHnx NoSQL, ska 3abesnevye rHyyke 3bepiraHHs
OaHVX i3 HU3bKOK 4acoBOK 3aTpuMkoto. CTBOpeHo Tabnumuto 3 atpubytamm “timestamp’,
‘'wavelength® Ta ‘intensity’ (koXeH HacTynHW/A NPWUCTpPIWA, BIANOBIAHO, MaTumMe CBOK
Tabnuuto 3 iHWKMKM nonsamu). 3aBOSKU BUKOPUCTAHHIO MOXIMBOCTEW aBTOMAaTUYHOIO
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MacLwTabyBaHHss DynamoDB pilieHHs1 Mmoxxe 06pobnsaTu BeNUKMiA 06cAr BXigHMX AaHnx 6e3
PYYHOrO BTPYYaHHS!, rapaHTyloun, WO piBeHb 30epiraHHs 3anuLIaETbCa HaginHUM HaBiTb
3a BENUKMX HaBaHTakeHb. Tunoai 3anucu y 6asi nokasaHo Ha puc. 5.

timestamp (Number) ¥ | intensity v | wavelength v
1720739443 [{"N":"998"}, { "N":"-10"}, { "N": "-1... [{"N":"339"}, {"N":"356"}, {"N": "374"}, {"...
1720777172 [{"N":"876"}, { "N":"31"}, { "N":"10" ... [{"N":"339"}, {"N":"356"}, {"N":"374"}, {"...
1720777618 [{"N":"871"3, {"N":"9"}, {"N": "-8"}, ... [{"N":"339"), {"N":"356"}, { "N":"374"},{"...
1720777212 [{"N":"897" ), {"N":"4"}, {"N":"3"},{... [{"N":"339"}, {"N":"356"}, {"N":"374"}, {"...
1720731060 [{"N":"997" }, {"N":"11"}, { "N":"34" .. [{"N":"339"}, {"N":"356"}, {"N":"374"}, {"...
1721052936 [{"N":"825"}, { "N":"40"}, {"N": "20" ... [{"N":"339"}, {"N":"356"}, { "N": "374"},{ "...
1720777608 [{"N":"888"), { "N":"24"}, { "N":"-13"... [{"N":"339"}, {"N":"356"}, {"N":"374"}, {"...
1720777587 [{"N":"885"}, { "N":"22"}, {"N": "-5" ... [{"N":"339"}, {"N":"356" }, { "N":"374"}, {"...
1720739446 [{"N":"1030"}, {"N":"-2"}, {"N": "-2... [{"N":"339"}, {"N":"356" }, { "N":"374"}, {"...
1720777536 [{"N":"899"}, {"N":"34"}, {"N":"25" ... [{"N":"339"}, {"N":"356"}, {"N":"374"},{"...
1720739459 [{"N":"1039"}, { "N": "46"}, { "N": "28... [{"N":"339"}, {"N":"356"}, {"N": "374"}, {"...
1720739458 [{"N":"1040" }, {"N":"-19" }, { "N": "1... [{"N":"339"} {"N":"356"}, {"N":"374"}, {"...
1720739453 [{"N":"1038"}, {"N":"19"}, { "N":"-3"... [{"N":"339"}, {"N":"356"}, { "N":"374"},{"...

Puc. 5. Tabnuus 3 gaHumum cnektpometpa B AWS DynamoDB
Fig. 5. Spectrometer data table in AWS DynamoDB

OaHi, aki ycniwHo 36epexeHo B 6a3dy, MaloTb BidyanidyBaTtucd. Amazon mMae Kinbka
cepeiciB ang Bidyanisadii, Hanpuknag QuickSite abo SiteWise. AWS QuickSight — ue
XmapHa cnyxba b6isHec-aHaniTMkn, sika OO3BOMSE He nuvlle BidyanidyBaTu JaHi, a 1
oTpuMMyBaTU aHaniTuyHi incantn. AWS loT SiteWise — ue kepoBaHa xMapHa crnyx6a AWS,
fka Qpgonomarae 30upaTu, OpraHi3oByBaTM Ta aHanisyBatM QfaHi 3 BUPOOGHUYOro
obnagHaHHA. ObuaBi cnyx0u galTb MOXIMBICTL CTBOPIOBATU gawwbopan 3 rpadikamu,
arne, Ha anb, He MPUCTOCOBaHI AN BiJoOpaXeHHs1 AaHMX B pearlbHOMY 4aci, OCKiNbKu
cnpsMoBaHi Ha poboTy 3 aHaniTMKOK Ta arperauilo gaHux 3a nesHun nepiog. Tomy Byno
BMpiLLEHO PO3pOBUTM OKpeMMI JodaTok Ans Bidyanisauii gaHux 3 DynamoDB.

Onsa poctyny go gaHux BukopuctaHo cepsic AWS APl Gateway. Lle kepoBaHa
cnyxba, £Kka [o3Bonsie po3pobHuMkam CTBOptOBATM, NyOnikyBaTu, MNiATPMMYBaTH,
MOHiTOpUTM Ta 3axuwatm APl (Application Programming Interfaces) 6yab-akoro
MacwTaby. Cepsic Takox [03BONsAe cTBoptoBaTh Ta kepyBaTn RESTful abo WebSocket
API| ons 3acTOCYHKiB, WO B3aEMOAiOThL i3 6ekeHa-cepsicamn. byno ctBopeHo REST API
nig Hasgow “spectrum” 3 eHanomHTom GET /latest. 3reHepoBaHo URL appecy, 3a
OOMOMOroK0 SIKOT MOXHa 3BepTaTuCh A0 Liboro eHanonHta. EHanoHT GET /latest, y cBoto
yepry, npuB’asaHuin oo iHTerpadii 3 AWS Lambda function “spectrum”.

AWS Lambda - ue serverless obuncnioBanbHa cnyx06a, sika 403BONSAE 3anyckaTu kKog
6e3 HeobxigHOCTi CTBOPEHHS cepBepa Ha BipTyanbHin mawuHi. AWS Lambda BuKoHye koa
TiNbKM TOAI, KONK Ue NoTpibHO, i MacTabyeTbCAa aBTOMATUYHO Bif AEKINIbKOX 3anuTiB Ha
AeHb 0O TUCAY Ha cekyHay. byno ctBopeHo dyHKUilo “spectrum”, ska nepesipsie BXigHWN
routeKey i 06pobnsie GET /latest 3anut 3 APl Gateway. ®yHkuisa oTpumMye gaHi 3 6asw,
BMOMpae OCTaHHIN eneMeHT i nepeTBoptoe daHi 3 dpopmaty DynamoDB y JSON, skun
BiANPaBNsIETbCS Y BiANOBiAb Ha 3anuT (puc. 6).
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import json
import boto3
from decimal import Decimal

client = boto3.client('dynamodb')
dynamodb = boto3.resource("dynamodb™)
table = dynamodb.Table('spectrum')
tableName = 'spectrum'

def lambda_handler(event, context):|
print(event)
body = {}
statusCode = 200
headers = { "Content-Type": "application/json" }

y:
if event['routeKey'] == "GET /latest":
latest = table.scan(Q["Items"][-1]
intensity = []
for i in latest['intensity']:
intensity.append(int(i))
wavelength = []
for i in latest['wavelength']:
wavelength.append(int(i))
body = {
'timestamp': int(latest['timestamp']),
'intensity': intensity,
'wavelength': wavelength

}
except KeyError:
statusCode = 400
body = 'Unsupported route: ' + event['routeKey']
body = json.dumps(body) 10:36 Python Spaces: 4 o
i

Puc. 6. AWS Lambda dyHkuia ans 38’asysaHHA APl Gateway ta DynamoDB
Fig. 6. AWS Lambda function for linking APl Gateway and DynamoDB

[ns peanisauii gogaTtky Bisdyanisauii gaHux 6yno sukopuctaHo Flutter. Lle Bigkputun
hpenmMBOpK AN CTBOPEHHSA KpOCnnaTdopMHUX MOBinbHNX, BEG Ta AECKTOMHUX AoAaTKiB,
po3pobneHuin komnaHieto Google. BiH go3sonse po3pobHukam CTBOpOBaTU 4OAATKM ANs
iOS, Android, Beb6 Ta HacTinbHWX nnaTgopm, BUKOpUCTOBYOUM eauHy 6a3y kogy. Flutter
BMKOPUCTOBYE BnacHum rpadivHmi pywin Skia gnsa sidyanisdadii, wo 3abesneyye BUCOKY
NPOAYKTUBHICTL Ta LWBUAKICTE poboTu popatkiB. A 3aBgdkm dyHkuii "Hot Reload”
PO3pPOOHMKM MOXYTb MWUTTEBO 0OauntM 3MiHM y CBOeEMy kofi 6e3 HeoOXigHOCTI
nepesaBaHTaxyBaTW 4OAATOK, LLO 3HAYHO NPUCKOPIOE NPOLEC PO3POOKM.

Y pamkax poboTu po3pobreHo goaatok “spectroscopy_app” (puc. 7), WO OoTpumye
AaHi 3 AWS API Gateway, onucaHoro BuLLe, i Bidyaniaye ix 3a gonomoroto 6ioniotekn FL
Chart (https://pub.dev/packages/fl_chart). FL Chart — ue 6ibnioteka gnsa nobygosu
rpagikis Ta pgiarpam ans Flutter i3 wupokuMn MOXNUBOCTAMW HanawTyBaHHS, SKa
NiATPUMYE MiHINHY Adiarpamy, rictorpaMy, CeKTOpHY, TOYKOBY Ta pagapHy Jdiarpamu.
BactocyHok Hagcunae GET /latest 3anut Ha Web AP koxHi 5 cekyHA, nicrisi 4oro OHOBIOE
OTpUMaHi AaHi Ha rpadiky.

B noganblwiomMy nnaHyeTbCs TakoX po3pobka rpadpika 3anexHocTi LOMIHAHTHOI
yacToTu Big Yacy. Cioam x 6yayTb gogaBaTuch rpadpikv Ta npunagosi naHeni (dashboards)
3 iHWKX NigknoveHnx npuctpois IP.

BUCHOBKM

ABTOMaTM3aUis eKCNepuMEHTIB 3 BUKOPUCTAHHAM OMNMMCAHOrO XMapHOro PilleHHs He
TiNbkM NigBuLye edPeKTUBHICTb, ane 1 3abes3nedye BULLY TOYHICTb i BiATBOPIOBAHICTb Y
HayKOBMX AOCHIOXEHHSAX. 3BOAAYM A0 MiHIMyMy pyYyHe BTPy4YaHHs Ta BUKOPUCTOBYHOYM
006pobKy [OaHMX y peanbHOMY 4aci Ta pO3LMPEHY aHamniTMKy, AOCAIOHWKN MOXYTb
30cepeanTucs Ha po3pobLui ekcrnepuMMEeHTIB Ta iHTepnpeTauii pesynbTaTiB, 3peLuToro
NPUCKOPIOOYM TEMM BIOKPUTTIB Ta iHHOBALIN.
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Pwuc. 7. Bisyanisauis cnektpa B MOGinbHOMY JoAaTKy 3 BUMKHYTUM Ta yBiMKHYTUM LED-mxepenom.
Fig. 7. Spectrum visualization in a mobile application with the LED source turned off and on.

3anponoHoBaHe iHTerpoBaHe pieHHs eMEeKTMBHO BUKOPUCTOBYE MOTYXHICTb
cepeiciB AWS and nigBuweHHA YHKUIOHAnNbHOCTI Ta 3pYyYHOCTI BUKOPUCTAHHSA
cnektpomeTpiB StellarNet. 3 BukopuctanHam AWS loT Core, AWS Lambda, Amazon
DynamoDB i Amazon AP| Gateway cTBOpeHO HagiliHy, maclwTaboBaHy Ta edeKTUBHY
cuctemy ansa 36opy, obpobku Ta 36epiraHHsa gaHux. beanepebiiHa B3aemogia Mix LnMmu
cnyxbamu rapaHTye, WO [AaHi CNeKTpoMeTpa He Tinbku 30upatoTbess Ta 6e3snevHo
30epiraloTbcs, ane N nerko OOCTYMNHi Ans aHamnisy Ta NpUAHATTA piweHb. [ogaTkoBo
po3pobneHnii  KOpPUCTYBaLbKUI  Kpoc-nnatdopmHuiA  gogatok Ha Flutter possonsie
nepernsgaTu pesynbTaT eKCnepyMeHTy B peanbHOMY Yaci Ta arperyBaTty ix 3a notpeou.

3aranom, pilleHHs AEeMOHCTPYe MnOTeHuian XMapHWX CepBiCiB y BAOCKOHANEHHi
TpaguuinHoro nabopaTtopHoro ob6ragHaHHA. IHTerpytouM cydacHi XmapHi TexHomnorii 3
HayKOBMMW iHCTPYMEHTaMW, AOCHIAHMKN Ta BYEHi MOXYTb AOCAITY BinbLIOi e(peKTMBHOCTI,
MacLTaboBaHOCTI Ta PO3yMiHHA AaHuX. Llen nigxig He TinbKn OMTUMI3yE BMKOPUCTaHHS
HasiBHMX PecypciB, ane W npoknagae wnax Ao 6inbw OOCKOHAanoro KOMMm'IoTEPHOro
onpaLloBaHHA AaHux i pobounx Npouecis aHanidy B MabyTHbOMY.
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COMPUTERIZED OPTICAL EXPERIMENTS WITH PORTABLE
SPECTROMETERS AND AMAZON WEB SERVICES CLOUD INTEGRATION

Andriy Krupych®@, Ivan Karbovnyk
Ivan Franko National University of Lviv
Drahomanova Str., 50, 79005 Lviv, Ukraine

ABSTRACT

Background. This paper presents a system for automating optical experiments using
the StellarNet spectrometer and AWS cloud services. The relevance of this research is
driven by the need for remote access to laboratory equipment, which became particularly
critical during the COVID-19 pandemic. The proposed solution enables real-time optical
experiments, automates spectral data collection and processing, and ensures secure cloud
storage for further analysis. By leveraging cloud technologies, the system enhances
research efficiency and accessibility, reducing dependence on physical presence in the
laboratory.

Materials and Methods. The study reviews modern approaches to laboratory
automation, focusing on both hardware and software solutions. The integration of embedded
processors like Raspberry Pi, development environments such as LabVIEW, and loT-based
architectures is considered. A key aspect is the implementation of remote access, allowing
seamless operation and real-time monitoring. The system hardware includes the StellarNet
VIS-50 spectrometer, the SL1-LED light source, and the Synco PC Box mini-PC. Software
tools, such as the StellarNet Python SDK and AWS loT Core, are used to enable automated
data processing and cloud communication.

Results and Discussion. A Python script was developed for integrating the
spectrometer with AWS IoT Core, enabling seamless data transmission. The paper
describes the setup, calibration, and real-time spectral data collection process. Using the
MQTT protocol, experimental data is securely transmitted to the cloud, allowing remote
access and analysis. The implementation details, including secure connection protocols,
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message publication, and cloud integration, are discussed to highlight system reliability and
efficiency.

Conclusions. The proposed system enhances laboratory experiment automation,
improving research flexibility and efficiency in STEM disciplines. It reduces equipment
maintenance costs and increases accessibility to experimental data. The scalable solution
can be adapted to various scientific applications requiring remote equipment access and
continuous data collection.

Keywords: Automation, Data Processing, Internet of Things, Spectroscopy, AWS,
Cloud Computing
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ABSTRACT

Background. The synergistic combination of useful properties of the different nature
nanostructures in composites is one of the main methods of improving the functionality of
nanomaterials. In particular, due to the unique properties of graphene as well as the large
absorbing surface area and the low reflectance of porous silicon (PS), hybrid structures
based on them are promising for photoelectric applications. Therefore, the possibility of
increasing the photosensitivity of such structures by electrochemical introduction of silver
nanoparticles into the porous layer was studied.

Materials and Methods. Nanostructured layers of the PS obtained by electrochemical
etching of a silicon wafer and a film-forming suspension of reduced graphene oxide (RGO),
which was deposited on the porous layer surface, were used to create photosensitive
structures. The resulting structures with silver incorporated into the PS were explored using
scanning electron microscopy. The electrical and photoelectric properties of the hybrid
structures were studied based on the analysis of /-V characteristics and impedance
frequency dependencies measured in the dark and under irradiation with white light.

Results and Discussion. It has been established that silver is deposited mainly in the
surface layer of the PS and its amount depends on the duration of electrochemical
introduction. Doping the porous layer with silver increases the electrical conductivity and
capacitance of the PS—RGO structures. Irradiation of the surface of experimental structures
with white light causes an increase in the forward and reverse current through the structures
but has almost no effect on the lateral /-V characteristics due to shunting the RGO film by
silver nanoparticles. Based on the analysis of impedance spectra in the 102105 Hz
frequency range, the effect of irradiation on the resistive-capacitive properties of hybrid
structures was studied.

Conclusion. It was established that the incorporated silver forms additional current
paths through the PS. The RGO film resistance is partially shunted by the silver
nanoparticles as well. As a result, the obtained structures demonstrate an increase in
conductivity both when the charge is transferred through the structure and along the surface.
In addition, silver nanoparticles contribute to the accumulation of photogenerated charge
carriers and their extraction from the PS.

Keywords: Porous silicon, reduced graphene oxide, silver nanoparticles,
photosensitivity, impedance.

© 2025 Igor Olenych et al. Published by the Ivan Franko National University of Lviv on behalf of
® EnexrtpoHika Ta iHpopmauiiHi TexHonorii / Electronics and information technologies. This 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.

ISSN 2224-088X (print) « ISSN 2224-0888 (on-line) 135


http://publications.lnu.edu.ua/collections/index.php/electronics/index
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.30970/eli.29.12
https://orcid.org/0000-0002-6642-0222
mailto:igor.olenych@lnu.edu.ua
https://orcid.org/%200000-0003-4782-9978
https://orcid.org/%200000-0002-5189-4142
https://orcid.org/%200000-0003-2977-4213
https://orcid.org/%200000-0002-3697-4902

Igor Olenych, Lyubomyr Monastyrskii, Petro Parandiy et al.

INTRODUCTION

An important area of R&D in nanoelectronics is improving the functionality of
nanomaterials. The combination of useful properties of the different nature nanostructures
in composite materials is one of the main ways to achieve this goal. Due to the synergistic
effect, nanocomposites often demonstrate improved or completely new properties and
therefore have a high potential for use in devices of various appointments. Special attention
of researchers is focused on hybrid materials based on graphene, which have the prospect
of application in solar cells, energy storage devices, sensors, medicine and the food
industry [1-4].

The outstanding properties of graphene are due to the conical shape of the electronic
spectrum of the hexagonal structure of a monolayer of sp2-bonded carbon atoms [5, 6]. As
a result, 2D graphene is characterized by high charge carrier mobility, high thermal
conductivity, and the ability to withstand significant current density, which is a significant
advantage for creating high-speed and powerful electronic devices [7-9]. The low electrical
noise of the carbon monolayer provides a high sensitivity of graphene-based
nanocomposites to the local electric field of adsorbed molecules [10]. Besides, graphene
can be used as a transparent electrode in photoelectric devices due to its light absorption
of only 2.3 % [11]. However, the high transparency of graphene and the high recombination
rate of photoinduced charge carriers cause the weak photoresponse of this nanomaterial.
One of the main strategies for improving the photosensitivity of carbon nanostructures is
hybridization: the combination of graphene and light-sensitive semiconductors [12, 13]. In
particular, hybrid structures based on reduced graphene oxide (RGO) film and porous
silicon (PS) are promising for photovoltaic applications [14] because the PS layers are
characterized by a large absorbing surface area and excellent anti-reflective properties [15,
16]. However, the high resistance of the PS imposes some limitations on the application of
the material in photoelectronics, which requires finding ways to increase the efficiency of
charge transfer through the porous layer.

This study aimed to explore the influence of electrochemical doping of the porous layer
with silver on the electrical and photoelectric properties of the hybrid structures based on
the PS and RGO film.

MATERIALS AND METHODS

The PS layer for photosensitive hybrid structures was obtained by electrochemical
etching of a 400 pym thick silicon wafer of electronic conductivity type with a 4.5 Ohm'cm
resistivity. An ethanol solution of hydrofluoric acid with the component ratio of HF:C20s0H
= 1:1 was used as the electrolyte. The anodic current density and etching time were 30
mA/cm? and 10 min, respectively. The working surface of the silicon wafer was irradiated
with a 500 W lamp to increase the etching efficiency. A thin gold film that served as an
electrical contact was previously deposited on the silicon substrate back surface by thermal
technique and annealed at a 600 °C temperature for 20 min.

The doping of the PS layer with silver was carried out from an aqueous solution of
silver nitrate (AgNOs) using the electrochemical method. The value of the direct current
was 1 mA for 5, 10 and 20 s to obtain different experimental samples. The resulting
structures are labeled as sample 1, sample 2, and sample 3, respectively. In the case of
passing the electric current through the electrolyte, metal ions are transferred to the
cathode and deposited not only on the surface but also in the pores of the PS. Silver ions,
which have a more positive electrochemical potential than silicon, after depositing on the
surface of the walls between the pores are neutralized by withdrawing electrons from
surface silicon atoms and become the nuclei for the growth of silver nanocrystals. In
addition, redox processes can contribute to the formation of an oxide film on the PS surface.
The incorporation of silver into the porous layer was controlled using scanning electron

136 Electronics and information technologies « 2025 « Issue 29



Photosensitive Structures Based on the Silver-Doped...

microscopy (SEM) in the elastically reflected electron mode and energy-dispersive X-ray
microanalysis (EDXMA).

After washing the formed structures with distiled water, a film-forming RGO
suspension obtained by chemical reduction of graphene oxide as described in [17] was
deposited on the PS layer surface. Further air-drying of the experimental samples at room
temperature ensured the formation of the RGO film with a thickness of up to several tens
of nanometers [14, 17]. Two silver contacts were thermally deposited on the RGO film
surface at a 1 mm distance from each other.

The electrical and photoelectric properties of the obtained structures based on the Ag-
doped PS and RGO film were studied in DC and AC modes using the Siglent SDM 3045
multimeter and the Hantek 1833C RLC-measuring device. Photoelectric phenomena were
investigated under the condition of irradiation of the experimental structures from the RGO
film side with a white light LED FYLP-1W-UWB-A with a 1 W power and a luminous flux
of 76 lumens. All the measurements were carried out at room temperature

RESULTS AND DISCUSSION

The morphology of hybrid structures based on the Ag-doped PS and RGO film was
studied using SEM in the secondary electron mode. As a result of electrochemical etching,
the formation of long narrow pores directed into the depth of the silicon wafer perpendicular
to the surface was observed (Fig. 1). The pore diameter ranged from tens to hundreds of
nanometers, which facilitated the effective penetration of the electrolyte into the pores
during the silver deposition process. The walls between the pores were also characterized
by a nanometer thickness.

In the elastically reflected electron mode, the image areas with higher brightness are
identified as formed silver clusters. Analysis of SEM images of the cross-section of the
experimental structures made it possible to establish that a significant amount of

L 5

20.00kV  x1.50k

20.00kV__ x1.50k ___ 20um
(c)
Fig. 1. SEM images of cross-sections of structures based on the Ag-doped PS and RGO in the secondary electron

mode: sample 1 (a), sample 2 (b) and sample 3 (c). The insets show SEM images in the elastically
reflected electron mode and EDXMA spectra of the corresponding structures.
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electrodeposited silver was located in the near-surface layer of the PS. The surface of the
walls between the pores in the upper part of the PS layer is well decorated with metal
particles. An increase in the amount of incorporated silver is observed with an increase in
the time of its electrochemical introduction into the porous layer. An intense maximum with
energy of 1.74 keV associated with silicon atoms was detected in the EDXMA spectra. In
addition, peaks at 2.98 and 3.15 keV that correspond to silver atoms were identified. The
intensity of these peaks was greater for samples with higher amounts of metal. Small bands
with energies of 0.3 and 0.5 keV are related to carbon and oxygen atoms, respectively, and
can be associated with RGO and the native oxide film on the surface of the PS
nanostructures.

Doping the porous layer with silver significantly affects the charge transfer processes
in hybrid structures based on the PS and RGO both along the surface of the structures and
in the direction perpendicular to the surface. In the first case, the main influence on charge
transfer is the electrical properties of the RGO film because the resistance of the PS layer
significantly exceeds the resistance of graphene.

As can be seen in Fig. 2, the lateral IlI-VIl characteristics are linear at small bias
voltages. It is worth noting that the IlI-VIl characteristics are determined not only by charge
carriers injected into the RGO film from electrical contacts but also from the PS layer and
silver nanoparticles. An increase in the amount of incorporated silver causes a decrease in
lateral resistance several times, which may be due to the formation of percolation clusters
of metal nanoparticles that partially shunt the RGO film. A further increase in the duration
of the silver electrochemical introduction probably causes the formation of additional
current paths along the structure surface. As a result, a three-order decrease in the
resistance between the contacts on the RGO film surface is observed (see the inset of Fig.
2).

The 11—V1 characteristics of the Ag-doped PS—RGO structures have a nonlinear nature
in the case when the current passes perpendicular to the surface (Fig. 3). An increase in
the amount of silver incorporated into the porous layer causes increasing the forward
current, which corresponds to a positive potential on the RGO film. The duration of doping
the PS with silver has almost no effect on the magnitude of the reverse current in the dark.
The observed shape of the 1.V curves indicates the presence of several electrical barriers
in the studied structures. Considering the Ohmic contact of graphene with metals, the
dominant barrier is likely to be at the interface of the PS with silver nanoparticles that
connect with the RGO film.
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Fig 2. Lateral -V, characteristics of the Ag-doped PS—RGO structures obtained in the dark (curves 1, 2 and 3)
and under irradiation with white light (curves 1', 2' and 3'). Curves (1, 1Y), (2, 2') and (3, 3') related to
samples 1, 2 and 3, respectively.
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Fig 3. The I,-V, characteristics of the Ag-doped PS—RGO structures obtained in the dark (curves 1, 2 and 3) and
under irradiation with white light (curves 1', 2" and 3'). Curves (1, 1), (2, 2') and (3, 3') related to samples
1, 2 and 3, respectively.

An increase in both the forward and reverse current I is observed due to
photogenerated charge carriers when the Ag-doped PS—RGO structures are irradiated with
white light. Experimental samples with a higher amount of incorporated silver demonstrate
higher photocurrent values. The incorporation of silver provides an increase in the
efficiency of photoelectric structures based on the PS and RGO due to the high electron
work function and a larger Schottky barrier area. In addition, silver nanoparticles can better
collect light-induced charge carriers and extract them from the porous layer. In the forward
current mode, the maximum influence of photocarriers on the 1.—V1 curves is observed at
the small bias voltage (up to 1.2—-2.0 V for various samples), after which the shape of the
current-voltage dependencies becomes similar to ones in the dark. Identified features of
the 11—V characteristics may be an additional argument in favor of the assumption of the
participation of incorporated silver in the processes of accumulation of photogenerated
charge carriers.

It is worth noting that the lateral 11l-VII characteristics of hybrid structures almost do
not change when irradiated with the white light LED (see Fig. 2). This fact may be due to
the high transparency of the RGO film and the low-quality dielectric properties of the silver-
doped PS layer if the studied structures are used as graphene field-effect transistors.
Moreover, silver nanoparticles not only shunt the RGO film but can also block the local
electric field of charge carriers that are photogenerated in the PS layer and the silicon
substrate.

The frequency dependences of the impedance between the RGO film and the silicon
substrate were measured to study the capacitive-resistive properties of the Ag-doped PS—
RGO structures. A decrease in capacitance and internal resistance with increasing
frequency was observed in the 102-10° Hz range (Fig. 4).

The different dispersion of the electrical parameters of the experimental samples in
various frequency ranges along with the identified features of the 11—V1 characteristics
indicate complex processes of charge transfer through the Ag-doped PS—RGO structure
perpendicular to the surface. Usually, low-frequency and high-frequency parts of
impedance dependence are associated with the transfer of charge through the interfaces
and in the bulk of nanostructures, respectively. Nyquist plots were used to analyze
frequency dependencies of the impedance of the experimental structures (Fig. 5).
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Fig. 4. Frequency dependencies of capacitance (a) and internal resistance (b) of the Ag-doped PS-RGO
structures obtained in the dark (curves 1, 2 and 3) and under irradiation with white light (curves 1', 2" and
3"). Curves (1, 1), (2, 2') and (3, 3') related to samples 1, 2 and 3, respectively.

A parallel-connected constant phase element (CPE) and resistor with the resistance
R were applied in the equivalent circuit model considering the capacitive-resistive
properties of fractal and composite materials [14, 18]. The impedance of the R—-CPE model
is defined by the equation

R
1+(jw)"RQ’

Z(w) = (1)

Here Q is the CPE and n characterizes the heterogeneity of the electrical properties of the
Ag-doped PS—RGO structures. The parameters of approximation of the impedance spectra
in the 400 Hz — 100 kHz frequency range are shown in Table 1.

Based on the analysis of the approximation results, it can be concluded that the
capacitive-resistive properties of the PS—RGO hybrid structures depend on the amount of
incorporated silver in the porous layer. Increasing the duration of the doping process

50
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Fig 5. Nyquist plots and an equivalent circuit diagram of the Ag-doped PS—RGO structures obtained in the dark
(curves 1, 2 and 3) and under irradiation with white light (curves 1', 2" and 3'). Curves (1, 1Y, (2, 2) and
(3, 3") related to samples 1, 2 and 3, respectively.
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Table 1. The parameters of approximation of the impedance spectra of the Ag-
doped PS—RGO structures

Parameters of approximation
Ag-doped PS-RGO In the dark Under irradiation
structures
R, kQ Qx107 n R, kQ Qx107 n
Sample 1 206.64 0.23 0.86 51.59 4.34 0.59
Sample 2 139.75 1.18 0.70 28.19 5.67 0.59
Sample 3 44.34 0.99 0.83 13.08 6.70 0.68

causes an increase in the conductivity and capacitance of the studied structures due to the
formation of additional current paths through the PS layer and a larger area of the Schottky
barrier.

Besides, the Ag-doped PS—RGO structures demonstrate an increase in capacitance
and a decrease in internal resistance under white light illumination from the LED FYLP-
1W-UWB-A.

CONCLUSION

In the work, photosensitive structures were created by depositing a film-forming
suspension of RGO onto the PS surface and further air-drying at room temperature. An
incorporation of silver nanoparticles into the porous layer was proposed to increase the
efficiency of photovoltaic structures. Using SEM methods, it was demonstrated that silver
is deposited mainly in the surface layer of the PS and its amount depends on the duration
of electrochemical introduction.

Based on the measurement of the |-V characteristics, it was found that the
incorporated silver forms additional current paths. As a result, the obtained structures
demonstrate an increase in electrical conductivity both when the charge is transferred
through the structure and along the surface. An increase in forward and reverse current
through the Ag-doped PS—RGO structure was detected under the influence of white light
irradiation. However, illumination of the hybrid structure surface has almost no effect on the
lateral |-V characteristics due to the RGO film shunting and blocking of the local electrical
field of photogenerated charges by silver nanoparticles. An increase in capacitance and a
decrease in internal resistance between the RGO film and the silicon substrate both due to
increasing the duration of electrochemical incorporation of silver and white light exposure
have been established based on the analysis of the impedance frequency dependencies
in the 102—105 Hz range. The obtained results can be used to create photodetectors based
on hybrid nanomaterials.
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®OTOYYTNNBI CTPYKTYPU HA OCHOBI JIETOBAHOI'O CPIBJIOM
NOPYBATOIO KPEMHIIO TA BIAHOBJIEHOIO OKCUAY NrPA®EHY
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AHOTALIA

Bctyn. CuHepreTMyHe MOEAHAHHS KOPUCHMX BIIACTUBOCTEN HAHOCTPYKTYpP Pi3HOI
npuvpoau y KOMMO3uTax € OAHUM i3 OCHOBHMX METOAIB NiABULLEHHS (PYHKLiOHaNbHOCTI
HaHomaTepianiB. 3okpema, 3aBASKM YHiKanbHUM BNacTUBOCTSIM rpaddeHy, BEMWKiA Mol
MOrnnHaKYoi NOBEPXHI Ta HN3bKOMY KoedilieHTY BiAOMBaHHsSi NOpyBaTOro KpeMHito ribpuaHi
CTPYKTYPU Ha iX OCHOBI € NepCcnekTUBHUMU Ans POTOENEKTPUYHNX 3acTOCyBaHb. TOMY Y
po6OoTi BMBYEHA MOXMUBICTb MIOBULLEHHS (DOTOYYTNMBOCTI Takmx CTPYKTYP LUMSIXOM
€eKTPOXiMIYHOrO BNPOBaXEHHSA Yy NOPYBaTMI LIap HAHOYaCTMHOK cpibna.

MaTepiann Ta metoau. [na CTBOpPEHHS OTOYYTNMBUX CTPYKTYP BMKOPUCTaHO
HAHOCTPYKTYPOBaHi  LUapu MOpyBaTOro  KPEMHil0, OAEPXaHOro  ereKTpoXiMiuHUM
TpaBMneHHAM KpeMHIiEBOI MMacTUHW, Ta NMiBKOYTBOPIOBANbHY CYCMEeH3itlo BiAHOBMEHOro
okcuay rpadpeHy, siky ocagKyBanu Ha NOBEPXHIO nopyBaToro wapy. OTpumaHi CTpyKTypu 3
iHKOpPMOpoBaHUM Yy MopyBaTMA Lwap cpibnoM JocnigkeHo MeTo4amMy  CKaHykYOoi
€neKTPOHHOI Mikpockonii. EnekTpuyHi Ta (hoToenekTpuYHi BMacTUBOCTI GpUaHUX CTPYKTYP
[oCnigXeHO Ha OCHOBI aHanidy BOMbT-aMMNEePHUX XapakTEePUCTUK | HACTOTHMX 3anexHoCTen
iMneaaHcy, BUMIpSHUX B TEMHOTI Ta Npu OCBITNEHHi 6innm cBiTnom.

Pe3ynbTaTtn. BcTaHoBneHo, Wo cpibrno nepeBaxHO 0CaaXyeTbCs Yy NPUNOBEPXHEBOMY
Luapi nopyBaToro KpPemHito, a MOoro KinbKicTb 3anexuTb Bif TPMBANoCTi enekTpoXiMiyHOro
BNPOBaZXeHHs. JleryBaHHa nopyBaToro Liapy cpibrnom 3ymoBntoe  36inblueHHSs
€neKTpOonpPOBIAHOCTI Ta EMHOCTI CTPYKTYp Ha OCHOBI MOPYBATOro KPEeMHIto Ta BiAHOBNEHOro
okcuay rpadeHy. OnpoMiHEHHS NMOBEPXHi €KCMePUMEHTANbHUX CTPYKTYp 6inum cBiTnom
crnpuynHsie 36inbLUEHHs] MPSMOro i 3BOPOTHOrO CTPYMYy 4Yepe3 CTPYKTypw, ane Mamxe He
BMMMBae Ha natepanbHi BOMbT-aMMEpHi XapakTepUCTUKM 4Yepe3 LUYHTYBaHHA NNiBKU
BiJHOBMEHOr0 oKcuay rpadpeHy HaHoyacTMHKamu cpibna. Ha ocHOBI aHanisy cnekTpis
iMnemaHcy y 4vactoTHoMy Aianasoni 102105 My gocnimkeHo BhNMB OMNPOMIHEHHS Ha
PE3NCTUBHO-EMHICHI BMACTUBOCTI rOpuaHMX CTPYKTYP.

BucHoBkW. BcTaHOBREeHO, WO iHKOPMoOpoBaHe cpibno yTBOPHE [0AATKOBI LUMSAXU
NPOXOMAXEHHA CTPYMY Yepe3 NopyBaTUN KPEMHIN i YHAaCTKOBO LUYHTYE MiiBKy BiAHOBNEHOro
okcuay rpadpeHy. Ak Hacnigok, oTpMMaHi CTPYKTYpW Ha OCHOBI MOPYBAaTOro KpemHito Ta
BiJHOBMNEHOro okcuay rpadeHy OeMOHCTPYHThb 36iMbLUeHHs] eneKTponpoBigHOCTI Mnpu
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nepeHeceHHi 3apsaay sik Yepes CTPYKTYPY, Tak i B3AOBX NoBepxHi. Kpim Toro, HaHOYaCTUHKK
cpibna cnpusalTe HakonUueHHo (HOTOreHepoBaHWX HOCIIB 3apsgy Ta iX BUBEOEHHIO 3
nopyBeaToro Lwapy.
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3MIHU TEPMOCTUMYIbOBAHOI MPOBIOHOCTI KPUCTANIB CsPbBr; TA
CsPbCl; NIAOAHUX Ol X-ONMPOMIHEHHSA
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Maenuk B.B. Ta iH. (2025). 3miHn TepmocTuMynboBaHoi nposigHocTi kpuctanie CsPbBrs ta CsPbCls
niggaHmx gii X-onpomiHeHHs. Enekmpodika ma iHpopmauilHi  mexHonoeaii, 29, 145-154.
https://doi.org/10.30970/eli.29.13

AHOTALIA

Bctyn. Kpuctanm CsPbBrs Ta CsPbCls 3anuwatoTbest ogHMMMU i3 HAanbinbLL iHTEHCUBHO
pocnigxysaHux martepianis. Lie 3ymMOBReHO iXHiM BUCOKMM KOeiLiEHTOM KOPWCHOI Aii B
COHAYHMX GaTapesx, Aka 3apa3 nepesuwye 22 %. OgHak HeBupilweHow npobnemoto €
Jerpagauist AaHWX NepoBCKITIB Nig BMVMBOM 30BHILLHIX YUHHUKIB.

MeToauka gocnigxeHb. B gaHii poboTi gocnigxyBanica MOHOKpUCTaNM nepoBCKiTiB
CsPbBrs ta CsPbCls, aki 6ynu nigaaHi Bnnmnsy X-onpoMiHeHHS. EKkcnepumeHT cnpsiMoBaHWi
Ha BWBYEHHS 3aKOHOMIpDHOCTEM [O03HWUX (X-OMPOMIHEHHS) 3MiH  eneKkTpodI3UYHNX
XapakTepUCTUK KpucTaniB. Take AOCMNIMKEHHS € akTyanbHUM 4Yepe3 BMCOKY YYTIUBICTb
martepianis o Y®, X-, Ta y-BUNPOMIHIOBaHHSA, WO pobuTb iX MNEepCcneKTMBHUMW AnS
BUIOTOBMEHHS (DOTOAETEKTOPIB B CPepi BUSBNEHHS iOHI3YI0UMX BUNPOMIHIOBaHb.

Pe3ynbTtaTtu pocnigaxeHb. BusasneHo, Wo 3MiHN eHepri akT1BaLii enekTponpoBiaHOCTI
MOXyTb OyTW 3yMOBNEHi 3MiHOK MexaHi3My MpoOBIAHOCTI BHAcnigoK OpMyBaHHA
NnepoBCKiTHMX ha3oBuMx nepeTBopeHb y kpuctanax CsPbBrs. Cnoctepiranocb 3MEHLLEHHSsI
eHeprin akTueauii npoBigHOCTi B obnacTi Bucokmx Temnepatyp (160—180) °C, symoBneHe
Jieto X-npomeHiB. BusiBneHa TeHAeHUis 0O 3MEHLLEHHSI EHEprii akTMBaLii NPOBIAHOCTI Npw
30inbLUEHHI BENMWYMHM 003K OMpoMiHEHHsi. B obnacTti Husbkux Temnepatyp (30-90) °C y
kpuctanax CsPbBrs cnocrepiranucsa piski 3MiHU cunu CTpymy yepes 3pasku. BenuuvHa
CTPyMy CyTTEBO 3HWXYeTbCA B obnacti (95-140) °C, i npoOoBxXyeTbCA noganblivm
36inNbLUEeHHsIM B [ianas3oHi BUWMX TemnepaTyp. BucnoBneHo npuvnylieHHs, wWo Taki
pe3ynbTaT MOXyTb OYyTU 3yMOBMEHi reHepyBaHHAM pagiauiiHO-CTUMYNbOBaHWX AedeKTiB
BakaHciHoro Tuny (Ver). YTBOPEHHS aHanoriyHmx asoBux CTpykTyp y kpuctanax CsPbCls
BinOyBaeTbCA 3a 3HAYHO HWKYMX TeMnepaTyp i 3HAYHO MEHLUMX BEMNWYUMH Bi4NOBIOHWX
TEPMOCTPYMIB, TOMY Ans IXHbOro aHanisy HeobOXigHi 4oAaTKOBI AeTanbHilli OCNIoKEHHS.
eHepauisa pagiauinHmx gedektie ansa kpuctanis CsPbCls ctae cytTeBoto 3a go3 = 130 p.

BucHoBKkW. Y po6OTi BCTaHOBMEHO, WO Ais X-BUMMNPOMiHIOBaHHS | noganblue
NPOXOAXeHHa cTpyMy 4epe3 kpuctan CsPbBrs cynpoBomXyeTbCs (hOpMyBaHHAM OBOX
nepoBckiTHUX a3 CsPb2Brs Ta CssPbBrs. PopmyBaHHS BignoBigHUX hasoBux CTPYKTYp y
kpuctanax CsPbCls BigbyBaeTbCsi 3a 3HAYHO HWXKYMX TemnepaTyp i 3HAYHO MEHLUUX
BENMUYMH BiAMNOBIAHUX TEPMOCTPYMIiB, TOMYy ANsi iXHbOro aHanidy HeoOXiaHi [o4aTKOBI
JeTanbHilli JOCNiOXEHHS.
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BCTYN

[MepoBCKiTHI MaTepiann cTanu HaWdINbW NEepCcnekTMBHUMKN Ta edEeKTUBHUMM
HeJOPOrMMKN  eHepreTUYHUMK  MaTtepianamm Ans  pPisHOMaHITHUX  OMTOENEKTPOHHMX i
POTOHHMX NPUCTPOIB. YHiKanbHi hidnyHi BNacTmBocCTi LumMx CTpykTyp [1], Taki K BUCOKMI
KoedilieHT NOornnHaHHS, aMOINONsIPHUIA TPaHCMOPT 3apsdy Ha BenVKi BiAcCTaHi, HM3bka
€eHepris  3B’sA3Ky EKCUTOHIB, BWCOKA AieNeKTpuyHa MPOHUKHICTb, CErHeTOoeneKTPUYHI
BNacTUBOCTI TOLWO, BWKMNWKANM BenuMYe3HUW iHTepec [0 UuMx Matepianis gns
ONTOENEKTPOHHUX | (POTOENEKTPUYHMX 3acTocyBaHb. YyaoBi CErHeToenekTpudHi Ta
HagnpoBiAHI BNacTMBOCTI MEPOBCKITIB HA OCHOBI OKcuAiB Oynu peTenbHO BMBYEHI ONis
Pi3HMX 3acTocyBaHb [2]. 3aBOSKM €KCUTOHHUM BNacTMBOCTSAM LUapyBaTMX NEpPOBCKITHMX
MaTepianiB (OpraHiko-HeopraHiYHUX rasnoreHifiB CBUHLIO) Ui MaTepianu 6ynu BUBYEHI ANs
3acToCyBaHHS B TOHKoMMiBKoBuUxX ceitnogiogax (LED) i nonboBux TpaHauctopax (FET) [3].
[MepoBCKiTHI  MaTepianM  TaKkOX LUMPOKO  BUKOPUCTOBYKOTBCS B CBiTnoiogax,
doTogeTekTopax, HaHonasepax i xsunesogax [4].

["anoreHigHi HaniBNPOBIAHMKMA CBUHLIO 3 KPUCTamMi4YHOK CTPYKTYPOH MEPOBCKITY Ta
ctexiomeTpieto CsPbXs (ge X =1-, Br -, Cl — abo ix cymilli), BAPOLLEHI B PO34MHi 4M 3a
pornomMmoroto metoga bpigpkmeHa [5], ocTaHHIM 4YacoMm cTanu, MOXMIMBO, HaWbinbL
iHTEHCMBHO OOCRIAXYBaHMM KNacoM HeopraHiYHMX ONTOEeNeKTPOHHWX MaTtepianis, nicns
AeMOoHcTpauii 6e3npeueaeHTHOI NPOAYKTMBHOCTI B AKOCTi MOrNNHaYiB BUNPOMIHIOBAHHS i3
edeKTBHICTIO NepeTBOPEHHS eneKkTpoeHeprii, Aka 3apa3s nepesuwlye 22 %. Lli matepianu
He3abapoM TakoX MOXXYTb BUKOPUCTOBYBATMKCS Y CBITIIOBUMNPOMIHIOKUUX dioaax, fasepax,
ynbTpadioneToBux Ta iHpayepBOHUX oToAeTeKTopax, a TakoX B X-AeTekropax Ta
AeTekTopax rammMa-rnpoMeHiB.

Take pi3HOMaHITTA 3acToCyBaHb 3HAYHOK MIpPOID MOSICHIOETLCH  YHIKaNbHUMMU
napamMmeTpamu Ta XxapakTepuUCTUKaMm, BUCOKOK AeEKTOCTIMKICTIO LMX HaniBNnpoOBigHUKIB:
HU3bKa ryCTUHA ENIEeKTPOHHMX MACTOK, HE3BaXaluM Ha BEMMKY KOHLIEHTPALl0 TOYKOBUX
nedekTiB. Kinbka 3aranbHOMNPUAHATUX MapameTpiB € NPUKIagom  opuriHanbHOT
hoTOiI3NYHOI Ta EnNEeKTPOHHOI SIKOCTI MEepPOBCKITIB: HM3bKa KOHLEHTpauis HociiB (10%-
10" cm3), Hu3bkKa ryctmHa nactok (109—10'0 cv3 ), siki HUXKY, HiXK Y MOHOKpUcTanivyHoro Si,
BMCOKa PYXnUBICTb HociiB (2,5-1000 cm?-B-'-c'), TpuBanuii yac XuTTs HOCIiB 3apsgy
(0,08-450 mkc), Benuki enekTpOHHO-AIPKOBI AMY3iNHI AOBXUHM Npobiry (2—175 mkm),
mani edekTnBHi mMacu HociiB 3apsagy (0,069-0,25 mo), BUCOKI KOediLiEeHTM OMTUYHOTO
MOrMMHaHHS Ha Kpato nornMHaHHs (1—4,5-10* cv') | BUCOKa ePeKTUBHICTb MoMiHecUeHL;l
[5].

EnexTponpoBigHiCTe HaniBNpOBIAHWKOBUX CMOMYK 3aneXxuTb Bif KOHUeHTpauil
pedekTiB B Kpuctani i Big Temnepatypu. 3 MiABULLEHHAM  TemnepaTypwu
€IeKTPOoNpoBIOHICTL  HaMIBNPOBIAHMKIB  30iMNblIYETbCA, WO 3YMOBMEHO 3POCTaHHSIM
KOHLleHTpauii HociiB 3apsay. Huska pgocnimxeHb [1-5], aki po3rnsgalTb BUCOKY iOHHY
NPOBIAHICTb B MOHOKpUCTanax UMx maTepianis, MOSICHIOTL Le Mirpauieto aHioHiB. Hwe
pocnigxkeHHs [6] TakoxX NiATBEPAXYE Lie, Npunyckaryu, LWo L MaTepianu € ranoig-ioHHMu
NPOBiAHMKaMM Ta LLO TXHS iOHHA NPOBIAHICTL 6NM3bka A0 iHWKMX 4oOpe BigoOMMX ranoreHia-
ioHHUX npoBigHukiB PbBrz2 Ta PbCl2. Po3paxoBaHa B LibOMY AOCTiAKEHHI eHeprist akTuBauiji
Mmirpadii ctaHoBuna 0,25 eB pgna CsPbBrs. 3okpema, ue AOCNIMKEHHS MOSCHIOE, Lo
NPOBIAHICTb 3yMOBNEeHa MirpauisiMy aHioHiB [6].

Cronyku 3i CTPyKTypO NEPOBCKITY NErKO 3MiHIOITb CBOK KpUCTanivyHy CTPYKTYpY Bif
pomb6iyHOi 40 KyBiyHOI Yepe3 TeTparoHanbHy. Kpim Toro, B neBHMX diana3oHax Temneparyp
4YacTo cnocTepiraeTbCs CMiBiCHYBaHHS Kinbkox da3. Pa3oBe nepeTBOPEHHS Bid POMOGIYHOI
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3MiHM TEPMOCTVMMYNbLOBAHO| NPOBIAHOCTI KpUCTaniB. ..

00 KybiuHOI BigbyBaeTbCcs B Aianas3oHi TeMmnepaTyp Big KiMHaATHOI Temnepatypu oo 473 K.
Lle cnocrtepexeHHs NigTBEpAXYETLCA AOCMIAKEHHAMU [6] Ha U Temy, B AKMX TaKOX
onucaHi iHwWi ¢as3oBi NepeTBOPEHHS, a came TeTparoHanbHa dasa BUOINAETLCA Mix
POMBIYHOIO i KyBiYHOO.

[NepoBCKiTHI NAIBKM YacTO MaloTb BESMKY KiNbKICTb BHYTPILUHIX AedeKTiB, Takux sk
aHTMBYy3noBi Aedektn (TobTo ioHM A Ha B-Bysnax), MiKBY3noBi AedeKkTn Ta BakaHCil, a
TaKOX JOMILUKM Ta BMUCAYi 3B’A3KM HA rPpaHMLAX 3epeH i MOBEPXHSX, L0 MOXe NpU3BecTu
00 €HepreTMYHUX CTaHiB, SKi 3Ha4YHO CrpusOTb 0e3BUNPOMIHIOBAsIbHIA pekoMbiHauii
oTOaKTMBOBaHUX HOCIIB. Ha piBHi npucTpoto Taka HebakaHa pekoMbBiHaLuis HEMUHy4Ye
36inbLUye AediumnT Hanpyrn XonocToro Xoay, TakuM YMHOM Ai0un SK BaXNnBa nepeLukoaa
Ha WNAXy 0O AOCATHEHHS TEOPETUYHOT MeXi eeKTUBHOCTI [7].

OkpiMm TepMmiyHOro po3knagaHHa neTKMX OpraHiyHMX KaTioHiB, Aerpajauis nig
BM/IMBOM BOJIOTU, KMCHIO Ta CBIiTfla TAKOX 3HAYHO CKOpPOYYE TEPMIH CMyX0OW, i HasBHICTb
nedekTiB, NMOBIpPHO € nocepeaHUKOM Uiel gerpagadii [8-10].

Kpim Toro, HebaxaHun dasosuii nepexia FAPDIs i CsPbls i3 neposckiTHOI dasm B
HEenepoBCKiTHY (pa3y LIBWAKO NEPEeTBOPIOE BEPXHIN Lap MOTMUHaHHSA CBITra B ONTUYHUN
MEPTBUI Lap NpoOTAromM Aekinbkox AHiB [11-13]. HapewTi, noraHa BiATBOPIOBAHICTb i
ricTepesunc 3anexHocTi CTpyM-Hanpyra, siki NoB'a3aHi 3 yTBOpPeHHAM AedekTiB i Mirpauieto,
3anuuarTbCca HeBMpieHot npobnemoto [14, 15]. igcymoBytoumn, MOXHa CTBEPAXKYBATH,
Lo aedeKTn NepoBCKiTY BiANOBigatoTb 3a OiNbLUICTb NPOBGNEMHMX NUTaHb, SKi TEPMIHOBO
HeobXiaHO po3B’sA3aTh ANns OCcTaTouMHOI KoMepuianisauii npMnaaiB Ha OCHOBI NEPOBCKITHUX
KpucTanis.

METOOUKA OOCNIAXEHb

Y ekcrnepuMeHTi BUKopuctoByBanuncb MoHokpuctanu CsPbBrs Ta CsPbCls BupoLeHi
MeTogoM BpigkmeHa, TOBLUMHOW 2,3 MM i3 NpunasiHUMK 3a A0MOMOrot cpibHoi nacTtu
KOHTakTamu. [na BU3HayYeHHs BNAUBY iOHI3YOHOrO BUNPOMIHIOBAHHSA Ha enekTpodi3nyHi
BNacTMBOCTI KpucTanis 6yno gocnigkeHo TemnepaTypHi 3anexHOCTi 3MiHWU CuUnun cTpymy
onpomiHeHux X-npomMeHsamu (X-npomeHesa yctaHoBka YPC-1.0; MigHUIA aHTUKaToAd; CTPyM
nydka 10 mMA; Hanpyra 45 kB) nosamu 13, 43 ta 130 Ip.

TemMnepaTypHi 3anexHoCTi CTpyMy Yepe3 3pas3oK JOoChimkyBanucsa y 3aTeMHEHOMY
Kpuctani 3a nocTiviHoi Hanpyrn 1 B, 3pa3ok npu uboMmy He 3abapsnioBascd. [Ong
BUMIpIOBAHHS €NeKTPONnpOBIAHOCTI KpucTaniB KOHTakTW opmyBanucs 3a LONOMOro
CpibHOI mactu. ToBWMHaA 3pa3ka BubMpanacsa Takow, wob 6yno noBHe nornMHaHHA X-
BUMPOMIHIOBaHHS, sika Nagano Ha HbOro.

PE3YJIbTATU OOCHIOXEHDb

B HeonpomiHeHoMy kpucTani (puc. 1, kpuBa 1) MOXHa Big3HAuYUTM cnabky 3miHy
3HauyeHb CTpyMy, B diana3oHi Temnepatyp 20-90 °C, Big dhoHOBOro 3HayeHHs go 2:10-8 A.
HaHa 3anexHicTb 36epiraetbess npu  kopoTkin (13 [p) ekcnoauuii kpuctany. [pu
36inbLleHHi fo3n onpomiHeHHs (43—130 Mp) gianas3oH cnabkoi 3MiHM PO3LWNPIETLCA A0
115 °C (puc. 1, kpusi 3 Ta 4).

3 BpaxyBaHHSAM aHani3dy nitepaTypHuUX gaHux [4] MOXHa CTBEpPAXKyBaTK, O BUXiOHI
kpuctanu CsPbBrs BonogitoTe MOHObasHicTio B giana3oHi Temnepatyp Big 20 go 90 °C i
[03ax onpoMiHeHHs1 4o 13 p. MoHoda3HICTb NOPYLUYETLCS, AKLWO KpucTan OyB nigaaHvn
Aii X-BunpomiHioBaHHA go3amu Ginbwmmu 3a 13 p (puc. 1, kpusi 3 Ta 4) i noganbLoro
npuKNagaHHs NoCTIMHOIo CTPYMy Yepes 3pasok.

EHeprii akTuBauii TepMOCTUMYMNbOBAHOI €NeKTPONPOBIAHOCTI HEONPOMIHEHUX |
ONPOMIHEHUX HU3bkMMKW fo3amu (oo 13 p) kpuctanie CsPbBrs y Husbko- Ta
BMCOKOTEMMNEPATYPHNX MEPOBCKITHUX asax NPaKTUYHO chiBnagawTb MK COBOH i
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craHoBnATe 0,43 eB. 3a po3nm onpoMiHeHHs D >43[p eHepria  akTtuBauiji
HU3bKOTEMMNEpaTypHOI 0bnacTi TepMOCTUMYNbOBaHOI €MeKTPONpPOBIAHOCTI 3pocTae Ao
BennumHn 0,68 eB, a B obnacti BMCOKOTeMnepaTypHoi a3 BOHA 3MEHLUYETbCA A0
0,36 eB.

—(1)0rp
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1,2x107 —(9a3rp
——(4)130Tp
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Puc. 1. X-npomeHeBa 3miHa TemMnepaTypHOi 3anexHocTi cunu ctpymy B kpuctani CsPbBr;. U = const = 1 B.
Fig. 1. X-ray change of temperature dependence of current strength in a CsPbBr; crystal. U = const =1 V.

MoxHa npunycTtntu, Wo Ais X-BUNPOMIHIOBaHHSA, aHanoriyHo K i Agia atmocdepHol
Bonoru [16], npuBoanTb A0 Aerpagauii MoHodasHocTi kpuctana CsPbBrs 3 yTBopeHHsIM
TeTparoHanbHux pas CsPb2Brs, Aki npeacTaBnsalTbLCA peakuieto:

2CsPbBr; = CsPbyBrs + CsBr. (1)

MpoxomkeHHa cTpymy [ 4epe3 3pas3ok CymnpOBOAXYETbCA HASIBHICTIO iOHHOI
npoBiAHOCTI 3aBAskM ioHamMm Br -, a TakoX pyxoM OCHOBHUX HOCIIB 3apsgy — Aipok. B
KiHLLeBOMY BapiaHTi, KOnu ioHn ©pomy OOCArHyTb aHoda, atoMu BpoMy BMAINSATLCA i3
3paska:

CsPb,Brs —» CsPbBr; + Pb?* + 2Br™ 1. 2)

Hapgnuwok CsBr y kpuctani cnpusie Takox yTBopeHHi ¢dasm CssPbBrs [17] 3a
CXEMOIO:

2CsPbBr; + 2CsBr — CsyPbBrg + Pb?* + 2Br~ 1. (3)
A ue o3Hayvae, Wo aia X-BUNPOMIHIOBaHHS i nofanblue NPOXOMXKEeHHSA CTPyMy Yepes

kpuctan CsPbBrs 3a TemnepaTypu, meHwoi 3a 115 °C, cynpoBoaxyeTbcsi GOpMyBaHHAM
OBOX HOBUX nepoBcKiTHUX ba3 CsPb2Brs Ta Cs4PbBres.
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BHacnigok peakuin (2) Ta (3) MOXMBe yTBOPEHHS aTOMIB CBUHLIIO, siKi 3abapBnotoTh
kpuctan CsPbBrs i 3MeHLwy0Tb 1Oro Npo3opicTb.

3a noganblioro nigsuLLeHHs Temnepatypu, noynHatoum 3 135 °C, cnocTepiraetbcs
piske 36iNbLUEHHS1 BENMYMHU CTPYMy Yepes 3pasok (npy 130 °C —2°108 A, a npu 180 °C -
6:10® A y HeonpomMiHeHOMY Ta onpoMiHeHoMy manot gosoto (D <13 p) Ta 9108 A B
onpomiHeHux (D > 43 p) kpuctanax). Ak BugHo 3 rpacdpiyHOi 3anexHocTi (puc. 1)
BENMNYMHU TEPMOCTMMYITbOBaHUX CTPYMIB Yepes onpomiHeHun (D > 43 [p) 3pa3ok CsPbBrs3
3MEHWYTbCA  3i  30iMblieHHsM TemnepaTypu. CTpiMKe 30iNblUEHHA  BENUYMHK
TEPMOCTPYMY 3@ HarpiBaHHa 3ymMOBIeHe (OpMyBaHHAM  BUCOKOTEMMEPATYpPHOI
nepoBCKiTHOI dha3n B okoni Temnepatyp 130 °C.

3i 30inbLIEHHAM BENUYMHM A03U onpomiHeHHs (D > 13 [p) B gianas3oHi Temnepartyp
135-180 °C cnocTtepiraeTbCs HE3HAYHE 3MEHLLEHHSA BENUYMHM CTPYMY Yepes 3pasok, Lo
MOXe OyTu 3yMOBMEHO i reHepaudieto pagiauiiHux gedekTiB BakaHCIMHOro Tuny, sk €
nactkamu afisi OCHOBHUX HOCIIB 3apsay.

Ha pwvc. 2 npegcraBneHo 3anexHoCTi 3MiHWM XapakTepy NPOXOOXKEHHS TePMOCTPYMy
yepes kpuctan CsPbCls. BumiptoBaHHS enekTponpoBigHOCTI NpOBOAMMAOCS Y 3aTEMHEHOMY
KpiocTaTi. PopMU BigNOBIAHMX KPUBMX (B 3aNEXHOCTI Bif, BENMYUHM [03M ONPOMIHEHHS)
BiAPI3HAOTLCA Bi4 BiONOBIAHWX 3aNEeXHOCTENW OTPUMAaHUX MPU AOCHIMXKEHHI KpucTanis
CsPbBrs, ane pobpe KopeniolTb i3  eKCnepuMMeHTanbHUMKW  pesynbTaTamu,
npeacTaeneHumn y pobori [18].

— 1) 0Trp
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——(4)130 Ip
3 2 S
1,0x107
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Puc. 2. TepMoCTUMYnbOBaHi 3aKOHOMIPHOCTI 3MiH BEnWYMHWU CTpyMy B onpomiHeHomy kpucTani CsPbCls.
U=const=18.

Fig. 2. Thermally stimulated patterns of changes in the current magnitude in an irradiated CsPbCl; crystal.
U=const=1V.

EHepris akTuBauii TepMocTMMynboBaHOi enekTponposigHocTi kpuctanis CsPbCls sk
BUXiOHMX 3paskiB, TaK i HU3bKOA4O3HO (D <43 [p) onpoMiHEHUX X-BUMPOMIHIOBAHHAM, €
gewo Oinbwa, Hik y Bunagky kpuctanis CsPbBris. Ane 3i 36inblleHHAM BEMWMYMHU
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nornuHyToi go3u o 130 p, eHepria akTnBaLii, Sk i anga kpuctanie CsPbBrs, 3MeHLWwyeTbCs
A0 3HayeHHs 0,49 eB.

Ockinbkn opmyBaHHS BignoBigHMx dasoBux CTpykTyp Yy kpuctanax CsPbCls
BiAOyBa€ETbCA 3@ 3HAYHO HWDKYMX TEMNEpaTyp i 3HAYHO MEHLUMX BENUYMH BiOMOBIgHUX
TEPMOCTPYMIB, TOMY ANS iX aHani3y NoTpiOHi 4OOAaTKOBI eKcnepuMeHTarnbHi AOCTOKEHHS.
3BepTae Ha cebe Ton hakT, Wwo Ais X-onpoMiHeHHa (D =13 p Ta D = 43 'p) npakTnyHO
O[IHaKOBO MpPOSIBNAETLCA i cnabo Bigpi3HATLCA Ui KpuBi (puc. 2, kpuei 2 Ta 3) Big KpMBOI
y BMNagKy HeonpoMiHeHoro 3paska (puc. 2, kpua 1). Tinbkn 3a 0o3n onpoMiHeHHs 130 p
cnocrtepiraeTbes BinbLL CTPiIMKE 3MEHLLEHHSI BENUYMHM TEPMOCTPYMY (puc. 2, kpusa 4).

B obnacTti BucokotemMnepartypHoi nepoBckiTHOi pasn CsPbCls (t = 140 °C) BenuunHa
cTpymy 3meHwunacbk 3 1,1°107 A go BenuumHu 8,0:108 A, o Moxe GyTU 3yMOBIEHO
reHepadieto pagiauinHmnx gedekTis, noaidbHo Ak i y Bunagky 3 kpucranamm CsPbBrs.

TepmMoCTMMYNbOBaHi 3aKOHOMIPHOCTi 3MiH BEMUYUHKU CTPYMY (puc. 3) yepes kpucran
CsPbBrs npy oxonomkeHHi KopeniowTb i3 BignoBigHUMU AaHMMK, OTPUMaHMMK Mpu ix
HarpiBaHHi. CnocTepiraeTbCs TiNbKM 3MeHWeHHA obnacti TemnepaTtyp iCHyBaHHS
NepoBCKITHMX ¢a3oBux nepetsopeHb: 90-135 °C npu HarpiBaHHi Ta 120-130 °C npwu
OXOJIOO)KEHHi.

—(Mmorp
——(2)13Tp
——(3)43Tp
——(4)130Tp
12x107 - '
4
1,0x107 4
8,0x10° -
<
" 60x10%
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80 100 120 140 160 180
T,°C

Puc. 3. TepMocTUMyrnbOBaHi 3aKOHOMIPHOCTi 3MiH BENWYMHM CTPYMy B onpomiHeHomy kpuctani CsPbBrs npu
oxonogxeHHi. U = const = 1 B.

Fig. 3. Thermally stimulated regularities of changes in the current magnitude in an irradiated CsPbBr; crystal upon
cooling. U=const =1 V.

Y BMNagKy BUMIpOBaHHS 3aKOHOMIPHOCTEN 3MIHW BENMYUHU CTPYMY Yepes KpucTan
CsPbCls npu 1noro oxonomkeHHi (puc. 4) cnocTepiraeTbCa KOpensauis BENUYUHM CTPyMiB
OMNPOMIHEHUX | HEONpPOMIHEHUX 3pasKiB TiNbkn Yy BUCOKOoTemnepaTtypHin (t> 140 °C)
obnacrTi. MNpu oxonogxeHHi 3paskiB onpomMiHeHux gosamu 130 Mp, B obnacti TemnepaTyp
MeHwmnx 110 °C, cnocTtepiraetbcs Oinbll WBUAKE 3MEHLIEHHS BENMUYMHU CTPyMYy 4epes
3pasok: npu 90 °C y HeonpoMiHeHMx Ta onpoMiHeHux (D <130 p) — I = (4,0-4,6)"108 A,
a 'y BUMaaKy OXONOMXEeHHSs 3paska ornpomiHeHoro Aosotw 130 Mp—1 =1,8'108 A (puc. 4).
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Puc. 4. TepMocTUMYbOBaHi 3aKOHOMIPHOCTi 3MiH BENWYMHM CTPyMy B onpomiHeHomy kpuctani CsPbCl; npu
oxonoaxeHHi. U = const = 1 B.

Fig. 4. Thermostimulated regularities of the current magnitude changes in the irradiated CsPbCl; crystal during
cooling. U=const =1 V.

BUCHOBKMH

AHani3 oTpymMaHux pesynbTaTiB 403BONSAE NiaTBEpANTM 3pobneHi NpunyLLeHHs npo
cniBicHyBaHHs B MaTtpuui kpuctanis CsPbBrs Takux nepoBckiTHUX ¢a3: CsPb2Brs Ta
Cs4PbBrs. Li dasn moxyTb yTBOptoBaTUCS 3a Aii Ha kpuctan CsPbBrs ioHiyouvoro X-
BUNPOMIHIOBaHHSA 3a MOrMuHYTOI o3 D =43 [p. MexaHiam nepebynoBu NepoBCKITHUX
CTPYKTYp 3a Adii Ha HuX pafgiauii MoXHa MOACHUTU pafjiauinHO-CTUMYbOBaHUM
BaKaHCIMHUM OeeKTOyTBOPEHHSM.

dopmyBaHHS BIONOBIAHUX (pa30BMX CTPYKTYp, aHamoriyHmx [0 CTPYKTyp Ans
kpuctanis CsPbBrs, y kpuctanax CsPbCls BigbyBaeTbCsi 3@ 3HAaYHO HUXKYMX TemnepaTyp i
3HAYHO MEHLUNX BENNYUH BiAMNOBIAHUX TEPMOCTPYMIB, TOMY A4S iXHbOro aHanidy HeobXiaHi
AodaTkoBi AeTanbHiWi gocnimpkeHHA. [eHepauia pagiauinHnx aedekTiB Ans KpucTanis
CsPbCls cTae cytTeBoto 3a o3, He meHwmx 130 Ip.

AOTPUMAHHA ETUMHUX CTAHOAPTIB
ABTOpPU 3as8BMAI0Tb, O HE MalOTb KOHKYPYHOUMX iIHTEPECIB.
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CHANGES IN THERMALLY STIMULATED CONDUCTIVITY OF CsPbBr3; AND
CsPbCl; CRYSTALS EXPOSED TO X-RAY IRRADIATION
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ABSTRACT

Introduction. CsPbBrs and CsPbCls crystals remain among the most intensively studied
materials. This is due to their high efficiency in solar cells, which currently exceeds 22%.
However, an unsolved problem is the degradation of these perovskites under the influence
of external factors.

Materials and Methods. This study investigates monocrystals of perovskites CsPbBr3
and CsPbCls subjected to X-ray irradiation. The experiment aims to establish the dose-
dependent patterns of changes in the electrical characteristics of the crystals. Research
under these conditions is relevant due to the high photosensitivity of the materials in the UV,
X-ray, and y-ray spectra, making them promising for the fabrication of photodetectors in the
detection of ionizing radiation.
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BorgaH Masnwuk, PomaH Jlnc, PomaH MamepHuk Ta iH.

Results and Discussion. It has been found that changes in the activation energies of
electrical conductivity may result from alterations in the conduction mechanism due to the
formation of perovskite phase transitions in CsPbBrs crystals. A decrease in activation
energies of conductivity in the high-temperature range (160-180 °C) was observed,
attributed to the effect of X-rays. A trend towards decreasing activation energies of
conductivity with increasing dose of irradiation was identified. In the low-temperature range
(30-90 °C), CsPbBrs crystals exhibited sharp changes in current through the samples,
significantly decreasing in the range of (95-140) °C, followed by an increase in current at
higher temperatures. It is suggested that these results may be attributed to radiation-
stimulated generation of vacancy-type defects (V&r) in CsPbBrs crystals. The formation of
similar phase structures in CsPbCls crystals occurs at significantly lower temperatures and
much lower corresponding thermoelectric currents, necessitating further detailed
investigations for their analysis. The generation of radiation defects in CsPbCls crystals
becomes significant at doses = 130 Gy.

Conclusions. The study establishes that the influence of X-ray irradiation and the
subsequent passage of current through CsPbBrs crystals is accompanied by the formation
of two perovskite phases, CsPb2Brs and Cs4PbBrs. The formation of the corresponding
phase structures in CsPbCls crystals occurs at much lower temperatures and much smaller
values of the corresponding thermal currents, therefore, additional, more detailed studies
are required for their analysis.

Keywords: X-ray irradiation, radiation defects, perovskites, conduction activation
energy.
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