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Abstract

The review considers orthogonal frequency division multiplexing
(OFDM) — a technology that has become the basis of modern high-speed
communication systems. Its path from theoretical works of the 1960s to the
status of a key physical layer technology in the Wi-Fi, 4G LTE and 5G NR
standards 1s traced. The fundamental principles are analyzed: parallel
transmission on orthogonal subcarriers, the use of FFT/SFFT and the role of the
cyclic prefix in combating distortion. Special attention is paid to the adaptation
of OFDM in the 5G NR standard, where the concept of flexible numerology
made it possible to meet the diverse requirements of new services. The problems
(high PAPR) and prospects of the technology are briefly discussed.

Keywords: OFDM, orthogonal subcarriers, FFT (FFT), cyclic prefix
(CP), 5G NR, numerology.

Beryn

OproronanbHe YaCTOTHE MOTUTCHHS KaHaJIiB (OFDM) €
byHIaMEHTAIBHOIO ~ TEXHOJIOTIEID  IUMPOBOT  MOIYIAIIT  JUIsI  Cy4acHUX
0E3pOTOBUX 1 MPOBIAHUX CHCTEM. li 37aTHICTh e(pEKTUBHO MPOTUCTOATHU
0araTonpoOMEeHEBOMY MMOUIMPEHHIO IMPU BHCOKIN CHEKTpajbHIA €PEeKTUBHOCTI
3ymoBuia Bubip OFDM nns cranpaptie Wi-Fi, mmudpoBoro tenedauenss, 4G
LTE Ta 5G NR. Mera 11poro 3BiTy — MOSICHUTH, K ICTOPUYHUN PO3BUTOK Ta
6a3oBi npuHuunu OFDM npusBenu A0 ii JOMIHYBaHHS Ha (pI3MUHOMY piBHI
3B'SI3KY, 3 poKycoM Ha peamizanito B 5SG New Radio.

IcTopuuHa eBoJIIOLISA TA OCHOBHI NPUHIMIIU

Ines BUKOpPHCTaHHA MHOXXMHU OPTOTOHAJBHUX TiAHECy4ax Oyna
MaTteMatnyHo oOrpyHToBaHa PoGeptrom Yanrom y 1966 p. [1]. KirodoBum
MPOPUBOM JUIsl TIPAKTUYHOI peanizaiii ctana poborta Baitamrelina ta EGepta
(1971 p.), mo 3anpononyBanu BukopuctoByBaTu aaroputmu LITIO/3ITID ps
udpoBoi TeHeparii Ta OOpoOKHM TigHECydYax, IO MEPEHECIO CKIAJHICTh
peamizaitii B iiudpoBy obsacts [2]. [llupoke BpoBaKEHHS CTAI0 MOKIUBUM 13
pPO3BUTKOM MikpoenekTpoHiku y 1980-90-x pokax, posnouaBmuck 3 XDSL Ta
DAB [3], a motim nomupuBmuck Ha Wi-Fi, DVB-T ta 4G LTE. Bepumnoro
ctano npudHaTTss OFDM/OFDMA B sikocTi 0CHOBH (D13MYHOIO PiBHS AJis1 000X
HanpsMKiB niepenayi y cranaapti SG NR [7].

Cytnicte OFDM — y BupilieHHI npo0sieM 0araTonmpoMEHEBOCTI Ta
CHEKTPalIbHOI €PEeKTUBHOCTI. BUCOKOMBHUAKICHUN TOTIK po30uBaeThcs Ha N
napajieflbHUX HU3bKOIIBUIKICHUX MOTOKIB, 1110 TIEPEIal0THCSl HA OPTOTOHATBHUX
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nmigHecy4yax. 3OLIbIICHHS TPUBAJIOCTI CHMBOJY MiJBUIIY€E CTIAKICTH [0

MmixcumBoNbHOI 1HTepdepentii (ISI). OproronansHicTs (kpok Af = 1 / T u)

JO3BOJISIE  PO3MINIYBATH TITHECYdYi IIUIBHO, ©0€3 3aXUCHUX I1HTEPBAIB,

MaKCHUMI3yIOUd BUKOPUCTAaHHS CMYTd Ta BHKJIIOYAIOUM  MIKKaHAIBHY

iaTepdepentiro (ICI) [3,6].

Jlns 3axucTy BijJ 0araTonpoMEHEBOCTI BHKOPHUCTOBYETHCS ITUKIIIUHUM
npedikc (CP) — xomis KiHISI CMMBOJY, IO JOJAEThCS HA HOTO MOYATOK.
[Tpuiimau Binkumae CP, mo ycyBae ISI mix cumBomamu. OCKUIBKH BIIKHHYTA
YacTMHA — KOIIs KIHI CHMBOJY, BIUIMB KaHAlTy 3BOJUTHCS [0 MHOKEHHS
nepelaHoro CUMBOJY (Y YacTOTHIM 00J1acTi) Ha KOMIUICKCHUN KOE(IIIEHT IS
KOXHO1 migHecydoi. lle go3Bosisie JIeTKO KOMIEHCYBaTH  CIIOTBOPEHHS
(4acTOTHMI eKBaJal3WHT) 1 BIJHOBIIOE OPTOTOHAIBHICTh, ycyBaroun [CI
Bcepenuni cumBody. JlomxkuHa CP (T cp) oOupaerbcsi Oiabplior  3a
MaKCUMaJlbHy 3aTpUMKY B KaHail, aje ii 30UIbIIEHHS 3HUXKYE KOPUCHY
HIBUKICTh, CTBOPIOIOYM KOMIIPOMIC TIPH MPOEKTyBaHH1 [3,6,7].

[IpakTruHa peamizamiss 3acHoBaHa Ha anroputMmax [HIIO/3MIID, mo
BUKOHYIOTh TEPETBOPEHHS MIDK YacTOTHOIO Ta 4YacoBOIO  OO0JIaCTAMHU.
Edextunicte HIII® 3pobuna OFDM peanizoBaHuM, ajne BUCYBa€ BUMOTH JI0
OOYHUCTIOBANILHOT MOTYXHOCTI. KopekTHa poboTa Takok KPUTUYHO 3aJICKUTH
BiJl TOUHO1 CHHXPOHI3a1lil Ta KomreHcarlii 3cyBy Hecyuoi yactotu (CFO) [3,6].

OFDM y 5G New Radio: rHy4YKicTh Ta BUKJIHKH

Crannmapt 5G NR BucyBae pi3HOPiIHI BUMOTH: €KCTpEMalbH1 MIBUIKOCTI
(eMBB), nagau3sbki 3arpumku (URLLC), miarpumka macoBoro loT (mMTC).
OFDM y ¢opmi OFDMA ©OyB o00panuii sik ocHOBa (hi3UMYHOTO piBHS,
M1ITBEPIUBIIN CBOIO THYYKICTb.

KntouoBuM HOBOBBEAEHHSIM cTaja THy4YKa HymepoJoris [7]. Ilapametp
1 3amae kpok migHecydoi Af (15, 30, 60, 120, 240 I'11) Ta TpUBAIICTH CUMBOJTY.
[le mo3BoisiE aganTyBaTH CUCTEMY A0 PI3HMX yMOB: Maii Kpoku (15 kl'm) s
BEJIUKUX KOMIPOK; Beluki kpoku (60-240 xI'm) mms BHCOKOT MOOUIBHOCTI,
mmWave-aiana3zoniB ta 3HmwxkeHHa 3aTpuMku (URLLC). Hosxuna CP Takox
a/IanTy€eThCA.

OFDM y 5G edexkTuBHO BuUpINIye ¥ 1HIII 3aBJaHHS: arperamis
MiHECyYax y JyXe IIUPOKI CMyTH I TiraliTHuUX mBHAKOocTer eMBB;
imeanpHa cyMicHICTh 3 Massive MIMO, ne o6pobka curHany (€KBaJaif3uHT,
dbopMyBaHHS TPOMEHS) BHUKOHYETHCS HE3AJICKHO JUIsI KOXKHOI MiTHECY4Oi Y
4acTOTHIN oOmacTi [7].

Opnak BnpoBamkeHHss OFDM y 5G cTUKaeThCs 3 BUKIMKAMU:

1. Bucoxkmii PAPR: [likoBa notyxxHicte OFDM-curnany 3Ha4HO TEPEBUIILYE
CepeHIO, BUMararouu Hee(EeKTUBHUX JIIHIMHUX MIACUIIOBaviB, OCOOJIUBO B
MOOUTBHUX TpUCTposiX. Jljist GOpOTHOM BHKOPHUCTOBYIOTHCS CIEIialIbHI
METOJM, a JJIi BUCXIJIHOTO KaHally B HU3II cieHapiiB — cxema DFT-s-
OFDM 3 menmum PAPR [7].
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2. Kopcrki Bumoru a0 cunxponizamii: Bequki Af ta Bumorm URLLC
noTpeOyIoTh HaA3BUYAMHO TOYHHUX aJTOPUTMIB YacoOBOi Ta YaCTOTHOI
CHUHXPOHI3aIlii, MO0 peai3yloThcs depe3 crnemiaibhi curaanu (PSS, SSS) ta
nitoT-curdanu (DM-RS) [7].

3. BpasiuBicTb 10 [0IJIEPIBCHKOr0 3CyBy: B yMoBax eKCTpeMasbHOI
MOOUTIbHOCTI 200 mmWave JOIMIepiBCbKUI 3CYyB MOXKE MOpYUIyBaTH
OpPTOTOHAIBHICTh, BUMAralouu MpOCyHYTHX aIrOPUTMIB KOMITEHCAILII].

BucHoBok
OFDM npotinia nuisx BiJi MATeMaTHYHOI KOHIIETIIT JO TEXHOJIOTTYHOTO
6asucy nudpoBoro 3B'a3Ky. Ii ycIiX 3acHOBaHMII Ha YHIKaJbHOMY IO€THAHHI

BUCOKOI CHEKTPaJIbHOI €(QEeKTUBHOCTI (OpPTOrOHAJBHICTh) Ta CTIMKOCTI [0

O0araTronpoMeHeBOCTI (UMKJIIYHUA mpedikc), M0 peani3yeTbCs 3aBISKH

anmroputmam IIII®. ¥V 5G NR OFDM mniaTBepIuB CBOIO AKTyallbHICTh, a

BIPOBA/PKCHA THYYKa HYMEPOJIOTiS J03BOJIMIA aJalTyBaTH TEXHOJOTIIO Mif

CynepewinBl BUMOTH HOBUX cepBiciB. Hesaxaroun Ha Bukiuku (PAPR,

CUHXPOHI3allisl), BEAYThCA AaKTWUBHI JOCHIPKEHHS WIOJI0 iX TOM'SKIIECHHS.

OuikyeTbes, wo npuHIMnu OFDM nponoBKyBaTUMyTh IpaTH KIIFOUOBY pOJib B

€BOJIIOIIIT cucTeM 3B's13Ky, BKiItoyatoun 5SG Advanced Ta 6G.

Crnncoxk BUKOPUCTAHMX JMKepet

1. Chang, R. W. Synthesis of band-limited orthogonal signals for multichannel
data transmission. The Bell System Technical Journal, 45(10), 17751796
(1966).

2. Weinstein, S. B., & Ebert, P. M. Data transmission by frequency-division
multiplexing using the discrete Fourier transform. IEEE Transactions on
Communication Technology, 19(5), 628634 (1971).

3. Proakis, J. G., & Salehi, M. Digital Communications (5th ed.). McGraw-Hill
Education (2008).

4. TEEE Std 802.11-2020. Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications (2021).

5. ETSI EN 300 744 V1.6.1: Digital Video Broadcasting (DVB); Framing
structure, channel coding and modulation for digital terrestrial television
(2009).

6. Dahlman, E., Parkvall, S., & Skold, J. 4G: LTE/LTE-Advanced for Mobile
Broadband (2nd ed.). Academic Press (2014).

7. 3GPP TS 38.211 V17.4.0: NR; Physical channels and modulation (Release
17) (2022).



ABTOMaTH3aLlis, ENIEKTPOHIKA Ta 11 -12 rpyans 2025 poky

pobOTOTEXHIKA lI E RT‘2 0 2 5
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npodecop, k.T.H., Bopryns O.B., ctrynent CepOchkmii I
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Abstract

The abstracts present an analysis of the dynamic partial reconfiguration
(DPR) technology in programmable logic integrated circuits. The key motives,
implementation methodology in Xilinx Vivado, comparison of solutions from
other manufacturers, main problems and promising areas of application are
considered. Special attention is paid to adaptive communication systems,
aerospace engineering and artificial intelligence. The summary is based on the
systematization of modern scientific and technical sources.

Keywords: DYNAMIC PARTIAL RECONFIGURATION, FPGA,
VIVADO, ICAP, ADAPTABILITY.

Bcryn

CyuacHi CKJIagHI €JIIEKTPOHHI CHCTEMH BHMAararTh IIJBHUIICHOI
THYYKOCTI, €pEKTUBHOCTI Ta HaJIHHOCTI. TpaauIliiina moBHa nepeKkoHpIryparis
[TJIIC gacTo He BIAMOBiAAE MM BUMOTaM, OCOOJIMBO JIJIsi CUCTEM Oe3MepepBHOL
pobotu. TexHomoris auHamidyHOi 4acTKOBOi pekoH(irypamii (DPR) no3Bosmse
3MIHIOBaTH 4acTHHY JIOTi4uHO1 cTpykTypu [IJIIC 6e3 3ynuHKM BCi€i cHCTEMH,
BIIKpUBAIOYM MUIAX JO CTBOPCHHS aJalTUBHHUX, CHEPrOOMIaJHUX Ta
BIJIMOBOCTIMKHX anapaTHuX pimess [1, 2].
CyTHicTh Ta MOTHBALisa DPR

DPR — e npouec 3MiHM KOHQIrypauii Buaiienoi oonacti nam’sti [IJIIC
i yac ii poOOTH, 10 NPU3BOAUTH A0 OHOBJIEHHS JIOTIYHOI (DYHKIIII O€3 BIUIMBY
Ha IHIIl YacTUHU NpUCTporo. OCHOBHI MOTHBU JUIsl 1i BUKOPHUCTAHHS
BKJTFOYAIOTh:

1. OnTuMizaliio pecypciB: MOKIMBICTh 3aBaHTAXKYBATH JIUIIIE HEOOX1AHI B
JaHUM MOMEHT (PYHKITIOHAIBHI MOJTYJII B OJIHY (Di3uuHy 00J1acTh KpUCTaa.

2. IligBuIeHHsS THYYKOCTI: JUHAMIYHY aJallTaIliio CUCTEMH J0 3MIHHHX YMOB,
HAIPUKJIA, BUJIKE IEPEMUKAHHS TPOTOKOIIB 3B’ s13ky B SDR [3].

3. 3HWXKEHHS €HEPTOCIOKUBAHHS: BIIKIIFOUCHHS HEBUKOPUCTOBYBAHUX
o0JacTelt NUIIXOM TX BUBAaHTaKCHHS Ta MOTEHIIMHOTO 3HIKEHHS TAKTOBOL
YaCTOTH.

4. HaniitHicTh Ta "rapsue" OHOBJIEHHS: MOXJIMBICTh BUMIPABIISATH TOMIIIKH 200
no1aBaTH (PYHKINT O€3 MPOCTOT KPUTUYHUX CUCTEM, TAKHX K KOCMIYH1
armaparu [4].

5. TlpuckopeHHs 0OpoOKH: TUHAMIYHA MIATPY3Ka CIeliali30BaHUX anmapaTHUX
npuckoproBaui Jiyist anroputmiB LI a6o oOpoOku curHasis.
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Peanisanis B Xilinx Vivado Ta anpbTepHaTHBH

Peamnizamis DPR y Xilinx Vivado 6a3yeTbcst Ha 4iTKOMY apXiTEKTYpHOMY
IJaHyBaHHI 3 BHUIUICHHAM CTaTU4YHOI o00JlacTi Ta OJaHIET abo KUIBKOX
pekoHpirypoBanux obsacteit (RP). 38’5130k Mk HUMU 3a0€3MEUy€ThCS Yepe3
dbikcoBani iHTepdeiicu (Hanpukian, AXI). KepyBaHnHs mporiecom 3A1HCHIOETHCS
3a nonomororo BHyTpimHboro nopry ICAP ta xontponepa AXI HWICAP, uio
JI03BOJISIE TIPOTPAMHOMY 3a0€3MEYCHHIO Ha MPOIIECOPHOMY SIP1 3aBAaHTAXKYBaTH
4acTKOBI OiTcTprMu HOBUX Moay B (RM) y RP [5, 6].

[H1I11 BUPOOHUKH MPOTIOHYIOTH CXO0%K1, ajie CTeIliani30BaHl PillICHHS:

o Intel (Quartus Prime): ananoriaHa METO0JIOTIs IS CIMEHUCTB Stratix Ta
Agilex 3 akIleHTOM Ha 9acoBHUi aHawi3 [7].

« Microchip (PolarFire): Bukopuctanus BOynosanoi Flash-mam’ari qis
IIBUJIKOT Ta HaAIHHO1T peKoH]Irypariii, 110 BayKJIUBO JJIs a8POKOCMIUHUX
3aCTOCyBaHb [8].

« Lattice Semiconductor (ECP5, CrossLink-NX): opieHTariisi Ha MiHIMaJIbHY
3aTpUMKY Ta MmBHUAKe nepemukanus ais [oT Ta Binmeoanamituku [9].

[Ipo61eMu Ta 06MeKEeHHA

BnpoBamkenns DPR noB’s3aHe 31 3HAUHHUMU CKJIaTHOIIAMU

1. Bucoka ckiajHICTh IPOEKTYBAaHHS, 1110 BUMArae riimOOKNX 3HaHb
apxitektypu [1JIIC Ta cyBopoi MeTO0JI0T1i.

2. OOMEXEeHICTh Ta CKJIAJIHICTh IHCTPYMEHTIB IPOCKTYBAHHS Ta
HaJaro/HKeHHS.

3. KputnuHo BaxJMBI 3aBIaHHS CHHXPOHI3allli Ta 3a0€3Me4YeHHs LITICHOCTI
JAHUX M1]] Yac NEePEMUKaHHA MOYJIIB.

4. YKopcTki 0OMeXEeHHS Ha pO3Mipy Ta PO3MIILIEHHS peKOH(PITypOBaHUX
MO/TYJIiB.

5. TloreHuiiini 3arpo3u 0€3MeKu yepe3 TMHAMIYHE 3aBaHTaKEHHS
KOH(irypaiiii, 110 BUMarae Mexanizmip ayteHtugikauii [ 10].

061acTi 3acTOCyBaHHS

DPR 3HaxonuTh 3aCTOCYBaHHS TaM, 1€ 11 IEpeBaru BUPIMIAJIbHI:
Tenexomynikanii Ta SDR: aganTuBHE nepeMUKaHHS MPOTOKOJIIB 3B’ SI3KY.
AepokocMiyHa TEXHIKa: OHOBJICHHS JIOTIKM CYMYTHHKIB Ta TIiJBUIECHHS

B1IMOBOCTIHKOCTI.

[Ityyanii 1HTENEKT Ta OOYMCICHHS: IWHAMIYHA 3MiHA amnapaTHUX

MIPUCKOPIOBAYIB ISl PI3HUX HEUPOHHUX MEPEK.

ABTOMOOUTbHA ~ €EeKTpOHIKa: afganTariss cucteM ADAS 1o ymoB

HABKOJIMIITHLOTO CEPEIOBHUIIIA.

Menuiiuna Ta TOPOMHUCIOBA aBTOMATH3allis: THYYKE TEPEeMHUKAHHS
peXuMiB poOOTH 00JIaTHAHHS.

BHCHOBOK

DPR € mOTyXHOIO TEXHOJOTIE Il CTBOPECHHS aJalTUBHUX Ta
edpextuBHuX cucteM Ha I[IJIIC. He3Bakaroum Ha CKIQAHICTh peaiizailii Ta

HasBHI MpoOJieMH, ii MOTEHIan JJIsl KPUTUYHO BAXKJIMBUX Tally3eH, TaKUX SK
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3B’I30K, KOCMOC Ta aBTOHOMHI CHCTEMH, € HaJI3BHYaiHO BHCOKUM. PO3BUTOK

IHCTPYMEHTIB, MeToa0Jorii Oe3neku Ta HoBuX apxitektyp [IJIIC (mampukian,

ACAP) Oyae cipusitu nojasnsinomy nomupenHio DPR sk kmto4oBoi TexHoori1

JUI1 MaOYTHIX OOYHCITIOBAILHHX IIAT(MOPM.
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COMPARATIVE ANALYSIS OF FPGA AND MICROCONTROLLER
ARCHITECTURES FOR REAL-TIME FILTERING IN AIRSPACE
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Abstract. Modern Airspace Surveillance Systems (ASSS) demand high-
speed, low-latency data processing to ensure timely and accurate target tracking.
This paper presents a comparative analysis of two hardware platforms—Field-
Programmable Gate Arrays (FPGAs) and high-performance Microcontrollers
(MCs)—for implementing critical Kalman Filter (KF) algorithms used in radar
data preprocessing and noise reduction. The study evaluates the architectural
suitability of each platform with respect to processing speed, determinism,
power efficiency, and development complexity. The findings indicate that while
MCs offer advantages in development ease and power efficiency for localized
tasks, FPGAs are indispensable for achieving the ultra-low latency and massive
parallelism required for complex multi-sensor data fusion. This capability
directly enhances the quality and integrity of information support for air traffic
control.

Keywords: FPGA; Microcontroller (MC); Kalman Filter (KF); Real-Time
Processing; Data Filtering; Air Surveillance Systems (ASSS); Main body.

Introduction. The quality of information support provided by Airspace
Surveillance Systems (ASSS) is contingent upon the timeliness and accuracy of
processing large volumes of heterogeneous data from various sensors (e.g.,
radars, ADS-B). Contemporary requirements for tracking high-speed and
maneuvering targets impose stringent constraints on processing latency.
Traditional software solutions running on general-purpose processors often fail
to guarantee the necessary level of deterministic execution time, leading to
computational bottlenecks. This results in degraded trajectory prediction
accuracy, which is unacceptable for mission-critical systems. The objective of
this work 1s to conduct a comparative analysis of FPGA and Microcontroller
(MC) architectures as hardware platforms for implementing pre-filtering
algorithms, specifically the Kalman Filter (KF). The aim is to provide a rationale
for platform selection to enhance the quality of information support in ASSS.

Main body. For an objective comparative analysis, the classic Kalman
Filter (KF) is selected as the foundational recursive algorithm for noise
reduction and state estimation of aerial objects. The implementation of this
algorithm on different hardware platforms—FPGAs and Microcontrollers
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(MCs)—highlights their fundamental architectural suitability for high-speed
surveillance systems.

The architectural differences are key. FPGAs are distinguished by their
flexibility, allowing for massive parallel execution of all necessary KF matrix
operations (multiplication, addition, inversion) simultaneously, rather than
sequentially. This is achieved through the creation of a dedicated hardware
pipeline. This parallelism, combined with the use of optimized fixed-point
arithmetic, results in ultra-low, strictly deterministic latency (on the order of
microseconds). This performance is crucial for ensuring the timeliness of
information support for tracking highly dynamic targets. While development in
Hardware Description Languages (HDLs) is complex, it allows for the
maximum optimization of underlying hardware resources.

Conversely, Microcontrollers (MCs) rely on a traditional sequential
architecture (von Neumann). The algorithm is executed step-by-step by the CPU
core, typically utilizing floating-point arithmetic. This sequential processing
limits the overall throughput and leads to higher, non-deterministic latency
compared to FPGAs, often introducing fluctuations due to RTOS overhead.
Nonetheless, MCs are the superior choice for energy efficiency and are better
suited for distributed peripheral nodes, low-level control tasks, and primary data
filtering in autonomous systems where development speed and lower power
consumption are prioritized.

The comparative analysis reveals that the choice of architecture directly
impacts the quality of information support through several key metrics (Table

).

Table 1 — Comparative analysis of FPGA and MC architectures for
data filtering tasks.

Quality FPGA MC Impact on
Criterion (Microcontroller) | Information
Quality
Speed / Ultra-low Medium; Determines
Latency (us)  due  to | limited by | the timeliness of
parallelism sequential tracking  high-
processing speed targets.
Throughp Massively Limited by Determines
ut parallel single-core the capability for
processing of | performance. multi-sensor data
thousands of fusion.
points/sec.
Determini Strictly Potential Ensures
sm deterministic fluctuations due to | reliability  and
execution time. | RTOS and | synchronization
interrupts. accuracy.
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Power Higher Lower in Affects
Consumption under full load. standby or | system autonomy
periodic and mobility.
processing modes.

The key findings confirm that FPGAs offer a decisive advantage in speed,
throughput, and determinism. This makes them essential for centralized
processing nodes managing multi-sensor data fusion, directly enhancing the
operational quality and accuracy of trajectory analysis under heavy load. MCs,
excelling in power efficiency and development complexity, are optimal for
peripheral nodes and auxiliary subsystems, complementing the high-speed core.

Conclusions. This study confirms that the choice of hardware platform
architecture is crucial for improving the quality of information support in ASSS.
It has been demonstrated that FPGAs are indispensable for meeting stringent
real-time requirements in filtering and radar data fusion algorithms. Future
research will focus on integrating more complex algorithms (e.g., Unscented
Kalman Filter - UKF) and implementing "Edge AI" components on FPGAs for
direct classification of aerial objects at the point of data collection.
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Abstract. The article examines existing methods for reducing
microcontroller power consumption. The impact of changing the microcontroller
core frequency on energy usage during the execution of a complex
computational task is analyzed. It is shown that the feasibility of using dynamic
voltage and frequency scaling (DVFS) or various power-saving modes in
microcontrollers must be evaluated while taking into account the additional
overhead introduced by these modes.

KurouoBi cjioBa: BOyJ0BaH1 CUCTEMHU, EHEPTrOE(HEKTUBHICTb.

Beryn. 3agaui eHeproeeKTUBHOCTI BOYJAOBAaHUX CHUCTEM BHPIIIYIOTHCA B
JIBOX OCHOBHHUX HaNpsIMKaxX: MEPIIMN 116 BUKOPUCTAHHS METOJIB OTPUMAaHHS
€Heprii BIJ 30BHINIHIX JUKEpes, TaKuX SK COHIE, BITEp, TemIo ado
pPaJlOBUIIPOMIHIOBAHHS;, JIPYTMHd — 3MEHLIEHHS MNOTYXXHOCTI CIIOKMBAHHS 3a
paxyHOK JMHAMIYHOTO Maciita0yBaHHsi Hanpyru ta 4dactotu (DVES) [1-2],
BUKOPDUCTAHHS pPEXHUMIB €HEpPro30epekeHHs Ta po3poOKH mporpam s
NPUCTPOIB 3 ypaxyBaHHSIM MakcuMalibHO1 omtumizamii [3-4]. YV pizaux SoC
ICHy€ JEKIJIbKa THUIIIB PEKUMIB €HEPro30epexeHHs, K1 BIAPIZHAIOTHCS PI3HUM
piBHEM CIIOKMBAHHS, TTPOYKTUBHICTIO pOOOTH, a TAKOX, IO BaXKIUBO, PI3HOIO
IIBUJIKICTIO TMIOBEPHEHHS B aKTUBHUUM cTaH. OJHOYAacHE BpaxyBaHHS BKa3aHUX
TphOX (HaKTOPIB 1 MONUIYK MPOCTUX AJTOPUTMIB JOLIBHOCTI BUKOPUCTAHHS THUX
YU IHIIMX METOJIB 3MEHIIEHHS E€HEeProCrnoXKUBaHHSA MiKpokoHTposepiB (MK)
JO3BOJISITH IOCATTH MaKCUMAaJIbHOI €(DeKTUBHOCTI poOOTH BOYJOBAHUX CUCTEM.

OcHoBHA yacTHHA. 3T1IHO 3arajJbHOBIJOMOIO PIBHSIHHS €HEPTisl 3aJIEXKUTh
HE TUIbKHU BiJ MOTY>KHOCTI CIIOXKWMBaHHS, a W BiJ 3arajbHOI TPUBAJIOCTI pOOOTH
CHUCTEMHM 3 TaKOI MOTYXKHICTIO. AJie MiJABUIIEHHS 4acTOTH poOOTH mpoliiecopa
MK nyist BUpilIEHHS 3a/ady 3 BHUCOKOIO OOYHMCIIOBAILHOIO 1HTEHCUBHICTIO HE
3aBXXJIU MIPUBOJUTH 10 301IBIICHHS MOTYKHOCTI CIIOKUBaHHS. BukopucTanHs x
TaKUX METOIB 3HIKCHHS eHeprocmokuBaHHS sk DVFS ta mepemMukanHs 3
aKTUBHOTO B PEKUM MOHIKEHOTO CIIOXMBAaHHS BUKJIMKAE JTOMATKOBI HAKJIAIHI
BUTpPATH, Kl MOXYTb OyTH CyTTEBMMHU B MOPIBHSHHI 3 3arajbHOI0 TPUBATICTIO
Ta CHOXXKMBAHHIM OCHOBHOTO mHKIy pobotu MK. KpiMm TOro HaBiTh it
HAWTIPOCTIMINX CHCTEM 3arajibHa MOTYXHICTh criokuBaHHs MK ckiamaeTscst He
TIIBKM 31 CIIOXWBAaHHS HWOTO MpOLEecopa, a ¥ 31 CIOXUBAaHHS mNepudepiiHux
OJ10KIB [5-6].

[TixBuUIIEHHS YaCTOTH POOOTH MPOLIECOPY MIKPOKOHTPOJIEPY B 3araJIbHOMY
BUIAJIKY 30UIbIIIYE CIIOKMBAHHSA 1 3MEHIIIY€ YaC BUKOHAHHS MPOTPAMHOT0 KOJY.
B igeanpHHX yMOBax uyac BUKOHAHHS OOEpPHEHO MPOMOPLIMHUN O YacTOTH
npouecopa. JlocnmipkeHHsT  BIUIMBY  4acTOTM Ha  €HEProe(eKTHUBHICTD
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BUKOHYBasiocsi Ha ©6a31 MikpokoHTposepy STM32F407, skuili miarpumye
IIUPOKHUIA J1alla30H 9acTOT A0 MaKCHUMalbHOTO 3Ha4yeHHsS — 168 MIm [7].
EneproedexktuBHictTh pobotm MK 3a paxyHOK 30UIBIICHHS YacTOTH
JOCATAETHCS, KOJMU 30UIBIIEHHS €HEeprii KOMIICHCYEThCS MPHUCKOPEHHSIM
BUKOHAHHS TPOTpaMH, B TOMY YHCII 3 ypaxyBaHHSAM 4YacTKH €HEprii, ska
CIIO’KMBA€EThCS NepudepiitnuMu 60kamu. JlnHaMiuHe MaciTaOyBaHHS HANPyTH
ta yactotu (DVFS) B mikpokontposiepi STM32F407 BUKOHYETBHCS HUISIXOM
momudikamii mapamerpiB PLL (Phase-Locked Loop), mio Takoxx Bumarae
MOBTOPHOI 1HIIami3amii cucreMuoro Taitmepy SysTick 1 nepudepiiinux 010KiB,
B 3B’SI3KY 3 UMM JIOAAIOTHCS HAKJIAIHI BUTPATH JI0 3arajibHOr0 4acy BUKOHAHHS
nporpamu. STM32F407 mae Tpu pexxumu eHeproszoepesxeHHsi: Sleep, Stop i
Standby. BukopucTtanHs NIHMX pPEXHMIB Ha MNPAKTUI, KpIM 3MEHIIEHHS
CTIOKUBAHHS, TAKOK MPUBOJIUTH JI0 HAKJIATHUX BUTPAT, OB’ I3aHUX 3 YACOBHUMH
3aTpUMKamMu BUXOAQy 3 Takux pexumiB. Todto 1 DVFS, 1 pexumun
eHepro30epekeHHs BHOCITH JOJATKOBI 3aTPUMKH O 3arajbHOTO dYacy
BUKOHAHHS  MPOTpaMU  MIKPOKOHTPOJEPOM.  3arajbHy  €(EeKTUBHICTb
BUKOPUCTaHHS BKa3aHUX PEXKHUMIB €HEPro30epeKeHHsI MOKHA OL[IHUTH 32 TaKOIO
dbopmyIioro:
Eopt + Eed < Est
ne Eg; ta Eyy,p — €Heprii CroKMBaHHA 0 Ta IMICIs BUKOPUCTAHHS PEXUMY

eHepro3zoepexxenHs, E,; — €Hepris, 1110 BUTPA4Ya€ThCs Ha 3MIHY PEXKUMIB.

Axmo BukopuctoByethcss DVFS, Tto nomarkosi Butpatn E,; OyayTh
MOB’s3aHl 3 TMEpPeXOoJOM JI0 IIJIbOBOI YAaCTOTH Ta IIOBEPHEHHSAM [0 il
NOYaTKOBOTO 3HaueHHs. Jlyig pexuMiB eHepro30epekeHHs 1€ BUTpAaTH Ha
nepexig B Ta MpOOY/KEHHSI 3 OJIHOTO 3 TPhOX MOJKJIMBHX CTaHIB 3 HU3BKUM
cnokuBaHHsAM. Benuke 3naueHHs E,;, B TOPIBHSIHHI 3 3aTaJIbHUM CIIOKHUBaHHSIM
CUCTEMHU, CTABUTh MUTAHHS MPO IOLIIBHICTE BUKOPUCTAHHS OOpaHOTO BapiaHTy
€HEPro30epeKeHHSI.

ExcrniepuMeHTansHe  JOCHIDKEHHS ~ BIUIMBY  3MIHM ~ 4acTOTH  Ha
CHEproCIOKMBAHHS HABEIEHO Ha PUCYHKY 1. 3riiHO  JOKyMeHTalil
STMicroelectronics, TUNIOBUN CTPyM MIKPOKOHTPOJIEPY STM32F407 B
aKTUBHOMY PEKHUMI CTAaHOBUTH MpuOIM3HO 238 MKA/MI11, 110 y3romKy€eThes 3
pesynbTaTaMu  JochijkeHHs. Ha OCHOBI pe3ynbTariB  eKCIePUMEHTATBHOT
MEepeBIpKd MOXKHA 3pPOOMTH BHCHOBOK, IO XO4Ya CTPYM 3pOCTa€ MO Mipi
301IBIIIEHHSI YacTOTH, OJHOYACHE CKOPOYCHHS 4Yacy BHUKOHAHHS TMpOTpamMu
KOMIIEHCY€ 3pOCTaHHS €HEpPrii, Ky CHOXXHUBa€ MiKpokoHTposiep. [Ipu 1mpomy
nepudepiiiHi OJIOKM CIOXUBAIOTh CTAly €HEpPrilo, Ha $Ky MPAKTUYHO HE
BIUIMBAE 3MiHA YACTOTH, IO MOSCHIOETHCS 3MEHIICHHSM 4acy iX poOOTH MpH
30UTbIIEHH] YacTOTH siApa. TakUM UYMHOM, SIKIIO OCHOBHY YaCTUHY IPOrpamu
MK ckianae 00UMCITIOBAIBLHO CKJIA/IHA 3a/laya, TO CIHOKUBAHHS €JIEKTPOEHEePTii
Oyze 3MEHIIIyBaTUCS 3 POCTOM YacTOTH siJipa.
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Pucynok 1 - 3anexHiCTb CTpyMy CIHOXXHMBaHHS Ta Yacy BHKOHAHHS
nporpam Big yactoTd siapa MK.

OxpeMo mpoBefeHa NepeBipKa BIUTUBY BUKOpucTaHHs pexxumy DVFS Ta
pI3HUX peXHUMIB eHeprozoepexeHHs - Sleep, Stop 1 Standby, Ha 3aranbHy
3aTpUMKY BUKOHaHHs mporpamu. [Ipu Bukopuctanai DVFS uacoBi 3aTpumku
Maifke He 3ajeXaTh Bl PI3HUII MK 4aCTOTaMHM J0 MEPEXOTy 1 MICTs MEPEXOTy
y Bkazanuit pexxum 1 s STM32F407 B cepeanbomy ckianarots 10 70 mc. 3
TPHOX PEXKUMIB EHEPro30epeKEeHHs HAWOLIBII OIAUIMBUM 3 TOYKHU 30Dy
CIOKMBaHHS, MependadyBaHo, cTaB pexxuM Standby, Haiimenm — Sleep, 1o
TakoX J00pe BIAOMO 3 JOKyMEHTalli 10 MiKpokoHTpoiepiB [7]. Intepec
MPECTAaBIIsA€ BEJIWYMHA 3aTPUMOK, IOB’si3aHA 3 BUXOJOM 3 IIUX PEXKUMIB 1
pe3yJIbTaTH €KCIIEPUMEHTIB 100 1ILOTO HaBeIeH1 B TaOuIl 1.

Tabmuug 1 — Yac BUXOAY B aKTUBHUM CTaH 3 pI3HUX PEXKUMIB
€HEPro30eperKeHHSI.
Pexxum Yac Buxoay 3 pe:xkumy (MrC)
Sleep 0.675
Stop 5.517
Standby 23.61

BucnoBku. OTpuMaHi eKCIEPUMEHTANbHI PE3yNbTaTH JI03BOJIAIOTH
3pOOUTH PpEeKOMEHJAIlll 100 TOJIMIICHHS €HEpProe(eKTUBHOCTI PpodOTH
BOy/0BaHHX cucTteMax-Ha-kpucTail (SoC). Skuio OpaTH iAealibHi YMOBHU, KOJH
MPOIIECOp MIKPOKOHTPOJIEPY BHUKOHYE OOYHMCIIIOBAIBHO CKJIQJHI 3ajaui,
CHEepProCIOKUBAHHS IMPOLIECOPY Mailke He 3aJIeKUTh BiJ YaCTOTH 3 SKOKO BiH
MpaItoe, OCKUIbKK 3O0IIBIIICHHS €HEeprii TMOB’s3aHe 3 POCTOM YaCTOTH
KOMIICHCY€ThHCSl 3MEHIIEHHSIM 4Yacy BUKOHAHHS 3a/ayl. BUKOpUCTaHHS HU3BKOI
YacTOTH Siipa MIKPOKOHTPOJIEPY HE J03BOJISIE 3MEHIIMTHU CIOKUBAHHS HOTO
nepudepiitHux OJOKIB, OCKIIBKHM TOJOBXKYETHCS 3arajibHUl 4yac iX poOoTH.
Texnomnorist DVFS npu3BoauTts 10 MosiBU JOJATKOBUX €HEPreTUYHUX BUTPAT Ta
3aTPUMOK Ha KOXHE TMEPEeKIIOYEHHS YacTOTH, TOMY MOXJIMBICTh i
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BUKOPHUCTAHHSA MOTPIOHO PETENbHO 3BAXKYBAaTH 3 ypaXyBaHHSIM 3arajibHOTO 4acy,
SIKHI BUTPAYa€ThCs HA BAKOHAHHSI OCHOBHOI IIporpamMu. Xo4a eHeprosoepiraroyi
pexxumu Stop Ta Standby maroTe HaOLTBIIMIA BIJIMB Ha 3HMKEHHS 3araJlbHOTO
CHEpProCIOKUBAHHA ~MIKPOKOHTPOJIEPY, BOHM TaK0XX BHOCSTh HaNOLIbII
3aTPUMKH Ha BUXIJ 3 HUX B aKTUBHHM pexuM. Tinpku pexxum Sleep mae myxe
Mally 3aTPUMKY BHXOJY 3 HBOTO, IO JIO3BOJISIE BHUKOPHCTOBYBATH HOTro B
3a/1auax eHepro30epekeHHs Maibke 6€3 00OMEKEHb.
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JOCJILIZKEHHA E@EKTUBHOCTI PEAJ}BAHIi OBYUCJIEHHA
MFCC KOE®IIIEHTIB HA AITAPATHIU IIVIAT®OPMI STM32

ctynent TkayoB /JI.B., monenT, k.1.H. 3yokos O.B.,
XapKiBCbKHUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,
Kadeapa MIKpOIPOILIECOPHUX TEXHOJIOT1H 1 cucTeM, M. XapkKiB, YKpaiHa
e-mail: denys.tkachov(@nure.ua, oleh.zubkov(@nure.ua

Abstract. The relevance of calculating cepstral coefficients on the STM32
hardware platform for subsequent recognition by neural networks 1is
demonstrated. An algorithm for calculating the coefficients, requiring minimal
RAM usage, was developed. The algorithm takes into account the features of the
librossa library to achieve identical calculations in Python and C++ for STM32.
The execution time of the algorithm blocks was measured and the possibility of
calculating the MFCC in real time was proven.

KuarouoBi cioBa: kencrpaibHi KoedilieHTH, MIKpOKOHTpoJep, STM32,
HelipoHHa Mepeka, anroputM, DSP, yac oOuuncneHHs.

Beryn. AHani3 3ByKOBHX CUTHAJIIB 1 BUAUICHHS 1HQOPMATUBHUX O3HAK €
0a30BOI0 3a/1a4cio y 6araTboX MPUKIATHUX CUCTEMAX: PO3IMi3HABAHHS MOBJICHHS
ta kmodoBux chiB (keyword spotting), kinacudikaiis 3BYKIB OTOYECHHS,
BUSBJICHHS TOAiN Oe3meku Ta OlomerpuyHa imeHTudikamis [1]. Onniero 3
HaWOUTBII TIOMIMPEHUX Ta TEPEBIPEHUX y MPAKTUIIl XAPAKTEPUCTHK IS IUX
3anmau € Habip Mel-Frequency Cepstral Coefficients (MFCC), axuii 3a0e3neuye
KOMITaKTHE 1 1H(QOpPMATUBHE TMPEACTABICHHS CIEKTPAIbHO-TIEPIICHTUBHUX
BllacTUBOCTEN curHany [2,3]. Ockiabku jAeaaii  Oulbllle  3aCTOCYHKIB
NepeMIllyeTbcsl Ha  «rpaHMuHl» mnpuctpoi (edge) — 3 MIpKyBaHb
eHEepProePEeKTUBHOCTI, O€3MeKM U JATEHTHOCTI — BHUHUKAE HEOOXIJTHICTD
BukoHyBatu oOuucienHss MFCC 0Oe3nocepeHb0 Ha MIKPOKOHTpoOJEpax 3
oOMeXXeHUMHU pecypcaMu, 30kpema Ha cimeiictBi STM32. Ile Bumarae
ajanrtamiii anroputMmy (copoueHHs ¢uibTpOaHKIB, (ikcoBaHa apupMeTHKa,
ontumizoBani FFT/DFT peanizaiiii) Ta BUKOPUCTaHHS anapaTHUX ONTHUMIi3alli
(DSP-iHCcTpyKIIiT #1 6167110TEKN), TIIO0 3a0€3MEUNTH PeaIbHOPEMHE BUKOHAHHS T
MPUIHATHE EHEProCIOXMBAHHA Ha MPHUCTPOSAX 13 OOMEKEHOI MaM’ SITTIO 1
TaKTOBOIO YaCTOTOIO.

[TosiBa Bce O1IBIIOT KUIBKOCTI 3aCTOCYHKIB «3aBXAH-YBIMK» (always-on)
JUTSL TOJIOCOBUX 1HTEpQeEiciB, MOHITOpUHTY nOoBKULIA Ta loT-npuctpoiB poOuTh
KPUTHYHO BaXIMBUM 3a0e3meueHHs CTaOUIBHOrO M eHeproe)eKTUBHOTO
dbpoHTeHYy A1 BUIIeHHs 03HaK. CydacHi JOCIIIKEHHS TTOKa3yOTh MPaKTUYHI
MIIXOAW JO0 CIPOIIEHHs Ta arnapatHo-crenudiunoi ontumizamii MFCC ms
BOymoBaHMX TUIaTGOpPM, a TaKoX JEMOHCTPYIOTh, IO TPH POIYMHHUX
KOMIIpOMICaX TOYHOCTI MOXHA JOMOTTUCS MPUNHATHOI MNPOAYKTHUBHOCTI Ha
MCU knacy Cortex-M. Kpim Toro, HasiBHI mporpaMHi KOMIUIEKTH (HalpUKIIa/,
ARM CMSIS-DSP) 1 npuxknaau peanizamidi aigs STM32  103BONSIOTH
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OPUCKOPUTH PO3POOKYy Ta MIABUIIMTA €(EKTUBHICTb OOYUCICHb MPH
30epekeHH1 KOPEKTHOCTI CTIEKTPaIbHUX NIEPETBOPEHb.

MeTol0 1BOTO JOCHIPKEHHS € po3poOka Ta ampobaris e(heKTHBHOI
peanmizamii obuuciaennss MFCC-koedinientiB Ha tardpopmax STM32 3
ypaxyBaHHAM amapaTHux oOmexeHb (00’em RAM/FLASH, mpomyckHa
3natHicTb ADC Ta eneprocnoxuBanHs). Kpim Toro o6uncieHHs KoeQilieHTiB
MFCCK € nepmmuM KpOKOM B 3aJadyax pO3Mi3HABAaHHS aKyCTUYHHMX CUTHAJIB 1
OIliIHKa 4Yacy OOYMCIIEHHS KOe(]illl€eHTIB, a TaKOX pPEeCcypciB Ha peaiizalliio
OOYMCIIEHHS € JyX€ B@XJIMBUM 3 TOYKM 30pYy MOJANbLIOI 1HTErpamii 3
HEHPOHHUMH MEPEKAMHU.

OcHoBHA YyacTHHA.

Ilepen  oOuucnennssm MFCC  koedilieHTiB  aHaJOroOBUW  CHTHAJ
JMCKPETU3YETHCSA Y Yacl 3 YaCTOTOIO f; Ta MEPETBOPIOETHCS Y KOJOBI KOMOIHAIII1
3a amiunTyaoro. IIOTiIK BiAJiKiB pO30MBaeThCA Ha MEPEKPUBAIOYl KaJIph 3
posmipom N BimmkiB. Cam anroputM oOuucieHHs koediuientiB MFCC
ckiagaeTbes 3 mwectu eramiB [3]. CnouaTky, A 3MEHILIEHHS CHEKTPalbHUX
BUTIKIB BUKOHY€ETHCSI BIKOHHAa 00poOKa Kajapa (HanmpuKiaa, BIKHO XEMMIHra),
TOOTO BIJUIIKA AHAJIOrOBOIO CHUTHAJIY MOMHOXYIOThCSI Ha 3HAYEHHSI BIKOHHOL
bysaknii wlk] 3a ¢opmymoro 1. MatemarnyHO I oOmepallisi BHU3HAYAETHCS
dbopmyiioro 2.

wlk] = 0.54 — 0.46c05(>=~),k = 0..N — 1 (1)

s[k] = Yframe [k] - w(k] (2)

CrangaptHa DSP 6i6mioteka mist mikpokoHTposiepiB STM32 He MICTUTh
BOy/I0BaHMX (PYHKIIIH BIKOHHOT 00poOKku. ToMy peanizaliis BIKOHHOI 0OpOOKH —
11e TTOCTiJOBHE MOMHOXEHHS BI/UTIKIB CUTHAIY Ha BUIIKW BikHa y 1ukim. Ha
npyromy etami BUKOHyeThcsi miepetBopeHHs Dyp’e (FFT). Peamizamis FFT
MIHIMI3y€ 4Yac OOYHCIIEHb Ta BHUTpPATH ONEpPATUBHOI mMam’sATi. B pesynbrati
OTPUMYEMO MACHB CIICKTPATBHUX KOMITOHEHT X[k],k = 0..Ngpr — 1, @ TICJS [BOTO
OOYHMCITIOETHCS CIIEKTPaIbHA TOTYXHICTh

2

FFT
Cranmaptaa DSP 6i6mioreka MICTUTh BOyJOBaHy OINTHMI30BaHY 3a
mBuAKoAlEl0  (yHKI0 mnepeTrBopeHHs @yp’e arm cfft 32, mo Bumae
KOMIUIEKCHI 3HAUYE€HHS HAa BUXOMl. 3a UMM 3HAYCHHSMH y UK PeanizyeThCs

obuncnenHs noryxHocti |X[k]|2. HacTynuuii eram — e oGUMCICHHS INKAIU
gactot Dimepa 3a GopMyIor0

mel(f) = 2595l0g3o(1 + =) (4)

Jam nis mkanu 3a1al0Thesi M+2 TOYOK, 10 BIAMOBIIAI0OTH M TPUKYTHUM
¢biapTpaM, a 32 HUMU PO3PaXOBYIOTHCS HOPMaTi30BaHl1 3HA4YEHHS 4acTOT (OiHM)
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by = |(Nepr + 1)f,/f] 1 GOPMYIOTbCSA IMITyIbCHI XapaKTEPUCTUKH TPHUKYTHHX

¢bipTpiB m=1...M 3a dhopmyoro 5.
( 0,k <by_q

Dom—Dm—
Hp,(l) =4, ™/
mn M,bm<k<bm+1

bm+1_bm

\ 0,k >byiq

()

3a gomoMoror mpAMOro GUIBTPYIOYOro MiAXOAY OOYHCIIOETHCS EHepris
CUTHAITy Ha BUXOJII KOKHOTO (iIbTpa
Sm(k) = Xyt PLk] - Hyn (k) (6)

Peanizauis TpukyTHUX QuIbTPIB y cTanaapTHiid DSP 6i6mioreni BiacyTHsa. Tomy
JUTST 3MEHIIIEHHS BUMOT JI0 BHKOPHCTaHHS OIEPATHBHOI IaM’ STI PO3PaxyHOK
IMITyJIbCHUX ~ XapaKTEPUCTUK TMPOBOAUTHCS 3a3/ajieriib Ta I1X 3HAYCHHS
po3mimytotbes y FLASH nam’siti. Tak, ax y STM32 yutanns FLASH nam’siti
B110yBa€eThCs 3a 1 TakT, TO 3MEHIIIEHHSI IBUIKO1i HE BiIOYBAEThCHI.

Ha ocranHbOMy eTari BUKOHYEThCS JorapuMyBaHHS 3HaUY€Hb €HEprii Ta
oOuncneHHs nuckpetHoro kocuHycHoro (DCT) nepeTBopeHHs Al po3paxyHKy
3nauenb K koedimientis MFCC c,,.

M
Cp = Z S(m)-cos[L—n(m—O.S)],n =0..K—-1
m=1

Ha nibomy ertami BUKOPHCTOBYETHCS ONTHUMI30BaHa PyHKIIist 616m10Teku DSP.
Pe3yabTaTn nociaigxeHb.

[IpakTuuna peanizailiss HAKOMUYEHHS BIIJIKIB aHAJOTOBOTO CHUTHATY
micist ALIL Bumarae wmiHiManbHOro Oydepa po3mipoM N+Npep, 1€ Niyep
KUIBKICTh ~ BIUTIKIB ~ MEpekpuTTst kKaapiB. CaMm mpomec  HaKOMHUYECHHS
ONTHUMI3YETHCS 32 YaCOM 3aBISKA BUKOPHCTAaHHIO KUIbIIEBOro Oydepa Ta
BOynoBaHoro DMA koHTpojiepa, 110 3aloBHIOE Iied Oydep mapanenbHo 3
po0OTOI0 siipa mpolecopa.

JIJist 3MEHIIeHHS] BUKOPUCTAHOI ONEPAaTUBHOI Mam’sITI 3HAYeHHs BiJIIKIB
BIKOHHOI ()YHKIII Ta IMIYJbCHUX XapaKTEPUCTUK (PIIbTPIB PO3MILLYIOTHCH Y
(e mam’sTi, O J03BOJISE EKOHOMUTH 2N KOMIPOK OIEepaTUBHOI MaM AT, a, 3
ypaxyBaHHAM, 1110 BCl onepailii BAKOHYIOThCS 3 YUCIaMU 3 IJIaBal0u0I0 KOMOIO,
exoHoMmis ckimanae 8N Gait. JlogaTkoBi BuMoru 10 (irern mam’siTi HeCyTTEBI, 00
CTaHJApTHI PO3MIpHM TporpamMu s  KoHTpoJiepiB cepii STM32F4 e
NepeBUITYIOTh 128K0alT, a KOHTPOJIEpH MatOTh Bia 512Kk0aiT duren mam’sTi.

Buxopucranns 6i6mioreku DSP qst FFT ta DCT nepenbadae, mo BXigHi
Ta BHXIJHI MACHBY TTOBUHHI MICTUTH YHCJIA 3 TJIABAIOYOI0 KOMOIO, IO MMOTpedye
no 4 0alTH Ha KOXHUHW €JEeMEHT MacuBy. BUKOpuCTaHHS 00YMCIIEHD 3 IUTMMH
YUCIaMH BUSBUIO (POPMyBaHHS CyTTEBUX MOXMOOK OOUYMCIICHH KOEQIIIEHTIB
MFCC no 11%, 0oco6i1BO y BUTIAJKY CIA0KHX aKyCTUYHUX CUTHAJIIB.
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Tak, sk 7151 HaBYaHHS Cy9aCHUX HEHPOHHHX MEPEK BUKOPHUCTOBYETHCS
moBa Python, a g oOGuucnenns xoedimientiB  MFCC 3actocoByeThCs
0i10miotreka librossa, OyJ0 BHUKOHAHO TEPEBIPKY pe3yIbTAaTIB OOUYMCICHHS
koediuientiB MFCC y xoHTposepi Ta 3 BUKOpUCTaHHAM Oi0Omioreku librossa.
BusiBneHna cytreBa po30DKHICTR MK IUMH pe3yJbTaTaMyd OyJjia TOB’s3aHa 3
BIIMIHHICTIO ajroputMa Oi0mioTeku librossa y dopmym (3), 60 aijaeHHS
BinOysanock Ha NZpp. Ilicns ycyHeHHsS pO30OiKHOCTI pe3ysbTaTiB 0O0YMCIICHHS
koedimienTiB. MFCC 0ysi0 BUKOHaHO BUMIPIOBaHHS Yacy BUKOHAHHS OCHOBHUX
omepariii. Ilpy BuUMiIpIOBaHHSX BHKOPHCTOBYBajach 4YacToTa JUCKPETHU3AIil
44100I' Ta po3mip kaapa 1024 Bimmika, 1o Bianoigae yacy 23mc. Pesynpratu
BUMIpIOBaHb HaBeIeH1 y Tabmuii 1

Tabmuisal — 3HaueHHS Yacy BUKOHAHHS OCHOBHHUX OIlepalliii O0OYHCICHHS
MFCC

Omnepartist s[k] P[k] Cn

Yac oOumciaeHHs, MC 0,3 0,61 4,2

BucnoBku. PeanizoBanuii anroput™ oduncienus koedimientis MFCC Ha
MikpokoHTpoJiept STM32F407 no3Bosie BUKOHYBATH BC1 omepallii y peaibHOMY
yacl MpU TakKTOBIM wactoTi mporecopa 168MIm. Anroputm BiANOBIIAE
cTaHAapTHIA Oi0mioTent librossa, 1110 MKUPOKO BUKOPUCTOBYETHCA Y CYKYIHOCTI
3 aIropuTMaMu HaBYaHHS HEMpOHHUX Mepex. Lle A03Bossie rapaHTyBaTu BIpHY
poOOTy BOYIOBaHMX HEHWPOHHMX Mepex y KoHTposepax STM32 mpu ix
nonepeaHboMy HaB4yaHH1 Ha [1K.
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HARDWARE ASIST VERIFICATION
Ihor Bondarenko, Volodimir Karnaushenko, IThor Shcherban
XapKiBCbKHI HallIOHAJIbHUN YHIBEPCUTET PaJioeIeKTPOHIKHY, Kadeapa
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Abstract. The rapid development of semiconductor technology is driven by
four complex elements: software, hardware, interface, and architecture. As
modern chips integrate billions of transistors, support heterogeneous computing,
and perform increasingly software-defined workloads, ensuring their
functionality has never been more challenging. Modern systems use complex
software stacks, requiring early software validation along with hardware
verification. HAV platforms allow for pre-silicon software creation through
FPGA-based emulation and prototyping.

Keywords: Al, high-performance computing, SoC, RTL, FPGA.

Introduction. The semiconductor industry is experiencing an
unprecedented shift toward artificial intelligence, driven by the ever-increasing
demand for computing power, autonomous systems, and next-generation
architectures. As a result, the complexity of silicon components and the software
content in systems and products continue to grow exponentially.

Manufacturers and their suppliers are redesigning system-level components
using new electrical/electronic (EE) architectures that help create new quality.
This trend is spreading to other markets such as industrial automation, high-
performance computing (HPC) data centres, and aerospace, where software-
defined systems are delivering massive computing power both at the edge
(smartphones, cars, and cameras) and in the core data centre.

Compounding complexities — spanning software, hardware, interfaces, and
workload-optimized architectures —are creating tremendous challenges for those
developing today’s most advanced chip, system on chip (SoC), and multi-die
designs. Verification and software development processes, in particular, can
require quadrillions of test and validation cycles across simulation, emulation,
and prototyping stages. As a result, there has been a distinct need for faster HAV
solutions that accelerate the development and validation of advanced chip
designs and help ensure optimized functionality of the software-defined systems
they enable.

As artificial intelligence now impacts nearly every aspect of modern
technology, chip designers face new challenges to ensure their products meet
performance expectations and operate reliably and efficiently under increasing
computational demands. These changes are pushing the boundaries of traditional
design and verification methodologies, creating a need for innovative solutions
for today's integrated circuit architectures and industrial systems.

To understand the complexity of modern integrated circuit design, it is
important to consider each step of the process, starting with the fundamental
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building blocks of silicon IP. These blocks serve as the core of modern chip
architecture. What begins as silicon IP evolves into complex systems that, when
combined with software, create applications designed to enhance our daily lives.
To achieve optimal performance, every component, from the silicon IP to the
system hardware and software, must be optimized together.

=

Fig. Generalized structure of an advanced IC or system on a chip

Functional verification through RTL regressions, IP performance testing,
and conformance testing are essential to confirm that IP behaves as expected in a
system-level environment. Early performance analysis, low-power evaluation,
and test generation are equally important to ensure efficiency and reliability. In
addition, key considerations such as security, protection, and silicon lifecycle
management must be addressed to meet today’s design requirements.

As products evolve and workloads and systems become more complex,
traditional verification methods become less viable, and new methodologies
must be employed.

Therefore, it is becoming increasingly urgent for developers to use
hardware verification instead of the traditional software approach.

HAV is a verification method that combines emulation and prototyping,
allowing verification tasks to be completed much faster. HAV was introduced
recently to complement simulation-based verification and other traditional
methods, but only for the most advanced designs. With increasing complexity of
chips and software, longer cycles to silicon design, and thorough hardware-
software validation becoming increasingly important, HAV is now mandatory
for most modern designs.

Developers of complex solutions must test not only individual components,
but also the complex interactions between hardware and software across the
entire system. This includes ensuring low-level compliance of individual nodes
and optimizing performance and power consumption, making testing a
monumental task.

Integrated verification mechanisms — from simulation-based tools at
different levels of abstraction to hardware-assisted solutions such as emulation
and FPGA-based prototyping — enable efficient execution of large workloads
while meeting critical scalability needs. Cloud-based solutions are particularly
valuable in this context to further optimize performance and cost-effectiveness
by enabling simultaneous processing of multiple workloads and regressions
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using a hybrid approach using both on-premises and cloud resources. The key to
effective verification is to seamlessly transition between different use cases,
from rapid early-stage RTL debugging to high-throughput validation of software
workloads. HAV platforms that are configurable and can effectively handle this
spectrum are essential for validating the real-world complexities of chip and
system design that require real-world workloads.

HAYV Hardware Justification

Designing Al accelerator chips is incredibly complex. Modern chips
contain billions of transistors and multiple processors (CPUs, NPUs, GPUs, etc.)
that work in parallel. Verifying this complexity with traditional simulation is
challenging, not only for functional correctness, but also to ensure power
efficiency and performance targets under real-world workloads.

New Al accelerators typically use workload-specific optimizations (e.g.,
high-precision arithmetic, new data streams), which require extensive
architectural validation. The sheer scale of the operations (often quadrillions of
cycles for a full validation) makes software simulation alone impractical.

Software stacks (drivers, Al frameworks) are complex, so hardware
validation must now include early software preparation and collaborative
validation. Finally, high-speed memory and 1/O interfaces (HBM, PCle, etc.)
add another layer of complexity and must be tested at real-world speeds to avoid
bottlenecks. In short, Al accelerators go beyond traditional methods in terms of
scale, speed, and scalability.

Implementing HAV systems provides several tangible benefits for
advanced chips in general and Al accelerator projects in particular:

* Faster verification cycles: Hardware emulation and prototyping can
speed up verification throughput by orders of magnitude. Tests that take days or
weeks in traditional software simulation can be completed on an FPGA-based
emulator in a matter of hours.

* Early software preparation and validation: Software teams need to
develop and test firmware, drivers, and Al models long before silicon becomes
available. With HAV, developers can boot an operating system on an emulated
accelerator or use an FPGA prototype to run real-world Al workloads against
the design. This early, joint verification of software and hardware means that by
the time the silicon arrives, the hardware and software are verified together,
reducing integration issues. Parallel development of software and silicon can
significantly accelerate time to market and build design confidence.

* Higher level of verification and accuracy: HAV allows for a much
higher number of cycles and more complex scenarios to be run than traditional
simulation. Engineers can test more corner cases, longer sequences, and full
application workloads to uncover bugs that short simulations might miss. The
result is a more thoroughly verified design with fewer hidden bugs, which
directly reduces the risk of catastrophic silicon failures. In addition, emulators
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have RTL-level cycle accuracy, so the behavior closely matches the actual
silicon, increasing the accuracy of verification results.

* Performance bottleneck detection: The actual throughput of an Al
accelerator can only be estimated by running near-real-time workloads on
prototypes. This feedback can lead to design adjustments (such as adjusting
buffer sizes or scheduling algorithms) before going to film. Power consumption
can also be monitored so the team can ensure that the chip meets energy
efficiency goals.

* Reduced risk of silicon reflow: Risk reduction is perhaps the most
important benefit of HAV. Hardware-based solutions significantly reduce the
likelihood of a critical silicon defect by identifying functional errors, integration
issues, or performance issues during pre-silicon validation.

* Reduced time to market: These factors—faster validation, concurrent
software development, and avoidance of rework—combine to shorten the overall
development cycle. A well-validated chip can confidently go into production,
and the software can be ready to deploy on real hardware when the chip returns
from the factory, giving companies a competitive advantage in the rapidly
evolving Al market.

The HAPS series of test systems developed by Synopsys are primarily
used for FPGA-based prototyping.

Summary

HAV has become indispensable for Al accelerator development teams. It
solves the critical challenges of validating incredibly complex, high-
performance chips in realistic environments. By using solutions like the
Synopsys HAV portfolio, teams can achieve greater confidence in their designs,
meet high performance/power targets, and avoid costly errors—all while
accelerating the overall development cycle.
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Abstract. Robots and Al-based software can be expensive, delaying
adoption in some industries. In addition, Al tools are not always ready for
mission-critical applications because there are not enough data sets to train
them. One of the important factors in the development of cyber-physical systems
is the use of digital twin technology. As embedded vision systems, sensors, and
Al pipelines become increasingly complex, digital twins will continue to be the
testing ground where the robotic accounting of the future are created today.
Keywords: digital twins, artificial intelligence, robotics, data.

Introduction. Digital twins are quickly becoming a key tool in developing
and implementing artificial intelligence in robotics. While previously limited to
aerospace or high-budget automotive projects with significant use of simulation,
they are represented by highly accurate, real-time virtual models that can
significantly simplify the implementation of sensory systems.

Digital twins provide a fast, secure, and scalable tool for training and
optimizing Al models for developers of embedded machine vision systems,
sensors, and Al applications. Worldwide, this convergence of the physical and
virtual worlds enables machines to see, think, and act more accurately.

Traditional approaches to implementing Al systems have always been too
expensive, slow, and limited by production constraints. The challenges are not
only hardware-related, but also real-world conditions. In addition, extreme
scenarios are often challenging to capture or replicate in the real world.

Digital twins are changing the status quo. By simulating a manufacturing
process or system on a computer, engineers can subject a model to thousands of
tests for different environmental conditions, manufacturing processes, materials,
technologies, or natural anomalies. These tools speed up model training and
enable more intelligent decision-making by allowing engineers to test scenarios
that would be difficult, expensive, or impossible to perform in the real world.

Moreover, because the data are collected in a known, controlled
environment, the results are guaranteed to be accurate. These data significantly
reduce the need for human correction, an expensive and time-consuming aspect
of supervised machine learning.

Implementing Al based on digital twins

Some leading vehicle manufacturers are partnering with electronics
industry leaders to integrate digital twin technology with Al-based robotics,
particularly in smart manufacturing and logistics.

These digital twins simulate robotic manipulators and autonomous
transportation systems, and train Al-based vision models to process assembly
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data, recognize parts, and recognize obstacles in the workspace. Training
embedded vision systems in the simulation cycle will increase the production
efficiency and reduce integration errors in real-world conditions.

Manufacturing uses 3D scanning of factory floors to create digital twins
automatically. This map includes complete semantic object segmentation and
composition geometry, which are critical for training Al vision models that must
interact with congested, complex industrial spaces (Fig).

Visual digital twin
Data

Physical asset Information Digital twin
Fig. Generalized framework for implementing Al based on digital twins

Synthetic data as the basis of Al

Synthetic data were recently seen as a workaround for the lack of real-
world data sets. But today, it is becoming the basis for developing Al systems
for vision analysis in digital twin applications. The special feature of synthetic
data is the ability to scale and evolve. It allows for dynamic randomization of
domains, allowing models to learn the visual features of the system under a
wider distribution of conditions.

Synthetic data generated by Al based on samples. It takes a real dataset as
input and is used to train a generative Al model. The model learns the original
data's structure, patterns, and statistical properties, and then generates entirely
new data points that reflect those properties. The result is synthetic data that
closely mirror the original dataset regarding utility and behavior but contains no
personal information.

Real data, in contrast, are created without reference to real data. They rely
on predefined rules, randomness, or patterns. Because they lack real-world
context and complexity, mock data often fail to capture the statistical nuances
needed for complex use cases such as model training or analytics.

A recent development uses Al-generated mock data, which is made
possible due to large language models. This approach does not rely on a sampled
dataset, but instead uses query-based generation to produce data that conforms
to structural or semantic patterns. While it can be more flexible and realistic than
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rule-based dummy data, it still lacks the statistical underpinnings that sample-
based synthetic data provides.

There is also an important distinction between structured and unstructured
synthetic data. Unstructured synthetic data includes images, audio, or video,
which are common in fields such as computer vision or speech recognition.
Structured synthetic data, on the other hand, refers to tabular data with defined
relationships between values, such as financial transactions, medical records, or
time-series behavioral data. This data type is widely used in enterprise systems
and is particularly valuable for developing artificial intelligence and analytics.

Developers can simulate changes in the time of day, sensor condition,
component form factor, or camera positioning, all without having to touch the
equipment. Moreover, failure modes can be intentionally induced, training Al
systems to respond to unlikely but critical edge cases. Conducting such tests on
a physical object directly on the production line is very difficult, if not
impossible.

Embedded vision in manufacturing

Integrating embedded machine vision systems into a digital twin simulation
environment offers significant advantages from an engineering perspective.
Using virtual cameras and simulated image streams, developers can prototype Al
algorithms directly on virtual versions of embedded hardware, such as FPGAs,
ASICs, PLDs, or MCUs.

When these embedded systems are combined with continuously operating
actuators, such as levers or coordinate systems, that provide high precision and
repeatability, the resulting synthetic data becomes even more valuable. The
precise mechanical behavior ensures that the Al vision model can learn from
consistent motion similar to real-world motion, which is crucial for object
detection, sorting, or micro-assembly tasks.

It opens the way to in-loop hardware simulation in conjunction with Al
vision, where engineers can evaluate the performance of their system under real-
time constraints. An engineer can simulate latency, frame rate limitations, and
sensor noise without the physical object.

The promise of digital twins is not just convenience, but also productivity.
Al systems trained in these environments are more reliable, adaptable, and
ultimately more valuable to the industries implementing them.

Digital twins allow robots to adapt to unfamiliar environments by learning
in virtual environments, replicating their physical counterparts. These
simulations allow engineers to test the limits and optimize collaborative tasks in
real time. Al can learn collectively across industries by integrating digital twins
with IoT sensor data and feedback on system performance.

Sensor integration for reliable defect detection

Quality control 1s an important but often inefficient part of the
manufacturing process. Machine vision can help by automating some or all of
the defect detection operations, but it cannot provide improvements on its own.
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Engineers must understand and improve the machine vision inspection process
for the technology to deliver the desired results. Like artificial intelligence
technologies, machine vision is just a tool. How well it works depends on how
well the end users can use it. With that in mind, there are several critical steps to
integrating machine vision systems into defect detection.

The first step in the machine vision inspection process is determining what
qualifies as a defect. Al is not as flexible or capable of nuanced thinking as
humans, so it needs specific guidance. Effective defect detection depends on
understanding what acceptable products look like and what does not.

Next, it is necessary to determine the technology that meets the specific
task of detecting defects or discrepancies.

One of the important factors that complicates the application of machine
vision in digital twin technologies is lighting. All visual studies depend on light,
so it 1s necessary to provide the right environment to increase the contrast of the
object of identification and minimize the contrast of other elements.

The next step in the machine vision validation process is to build and train
a machine learning model. The data fed into the system is the most important
factor in this step. The key here is to have enough informative defect examples
and acceptable data. All data should be in the same format as the machine vision
system to analyze it in practice.

Implementing results into production

Therefore, machine vision, embedded vision systems, sensors, and Al
pipelines can significantly improve the speed and accuracy of defect detection,
provided that they are properly implemented. This is crucial to maximize the
impact of this technology.
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Abstract: Project management has evolved from a tactical operational
function into a strategic instrument that drives organizational performance,
innovation capacity and long-term competitiveness. In contemporary business
environments, characterized by digital transformation, rapid change and
increasing complexity, project-based work has become a dominant form of
organizational activity. This paper examines the strategic role of project
management in enhancing organizational effectiveness, reviewing major
methodologies (PMBOK, PRINCE2, Agile, Hybrid), leadership competencies,
risk management frameworks and innovation-driven project practices. A
conceptual model is proposed to explain how project maturity, governance
structures and portfolio alignment contribute to organizational performance. The
study integrates insights from global standards and empirical research to provide
practical recommendations for improving project success and strategic
outcomes.

Keywords: project management, organizational performance, innovation,
strategic alignment.

Introduction. In modern organizations, project management has

transitioned from a supporting operational tool into a central strategic capability.
According to the Project Management Institute (PMI, 2021), more than 50% of
global organizational activity is now executed in project form. Projects serve as
vehicles for implementing innovation, achieving strategic goals, improving
processes, developing products and responding to external changes.
Effective project management ensures that resources are used efficiently, risks
are minimized, and goals are achieved on time and within budget. Organizations
with high project management maturity demonstrate higher profitability,
improved customer satisfaction and stronger innovation capacity (Kerzner,
2019).

The purpose of this paper is to analyze the role of project management as
a strategic instrument for enhancing organizational performance and innovation
across various sectors. The study explores methodological frameworks,
leadership competencies, governance mechanisms and evidence-based models
that link project practices with strategic outcomes.

The Strategic Importance of Project Management

1. Project management as a driver of organizational performance

Research shows that organizations with strong project practices outperform
competitors in productivity and financial results (PMI, 2021). Project
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management contributes to:

- strategic alignment of resources;

- improved decision-making;

- faster response to market changes;

- reduced operational inefficiencies;

- enhanced cross-department communication.
2. Project management and innovation

Innovation is often implemented through structured project initiatives.
Tidd & Bessant (2020) emphasize that systematic project processes accelerate
the development of new products and services, support experimentation and
reduce innovation risks.
Review of Major Project Management Methodologies
1. PMBOK (Project Management Body of Knowledge)

The PMBOK framework defines five process groups and ten knowledge areas
that standardize planning, execution, monitoring, risk management and
stakeholder engagement (PMI, 2021). It is widely applied for large, complex or
regulated projects.

2. PRINCE2

PRINCE2 emphasizes governance, clearly defined roles, documentation, stage
controls and business justification (Axelos, 2020). It strengthens accountability
and transparency, especially in public and corporate environments.

3. Agile methodologies

Agile methodologies focus on adaptability, iterative development, customer

collaboration and rapid delivery (Highsmith, 2009). Agile is ideal for dynamic

environments such as IT, creative industries and digital transformation projects.
4. Hybrid approaches

Modern organizations frequently combine PMBOK, PRINCE2 and Agile
practices to increase flexibility while maintaining governance (Kerzner, 2019).
This hybridization enhances both innovation and control.
Project Leadership and Team Competencies
1. Leadership styles

Successful project leaders demonstrate emotional intelligence, adaptability and
stakeholder awareness (Goleman, 1995). Transformational leadership correlates
with higher team motivation and innovation.

2. Communication management

Effective communication is critical for preventing misunderstandings, aligning
expectations and resolving conflicts (Watzlawick et al., 2011).
3. Competency frameworks
PMTI’s Talent Triangle identifies three essential dimensions:
- technical project skills
- leadership competencies
- strategic and business acumen
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Organizations with strong competency development show higher project success
rates.
Risk and Governance in Project Management
1. Risk management

ISO 31000 and PMBOK frameworks highlight systematic risk identification,
analysis and mitigation (Hillson, 2017). Proactive risk management reduces
project failures by up to 30%.

2. Governance structures

Project governance integrates accountability, decision-making authority,

reporting structures and strategic alignment mechanisms (Too & Weaver, 2014).

Well-designed governance enhances transparency and reduces project overruns.
3. Portfolio and program management

Portfolio management ensures that projects support organizational priorities
(PMI, 2017). Strategic alignment increases resource efficiency and innovation
capacity.
Proposed Model: Project Management as a Strategic Instrument
The model developed in this study consists of four integrated dimensions:
1. Strategic Alignment

Projects are selected based on organizational goals, competitive strategy and
value creation.
2. Governance and Standardization

Implementation of standardized frameworks (PMBOK, PRINCE2, Agile-
Hybrid) ensures quality and control.
3. Leadership and Team Competencies

Effective leadership, communication and emotional intelligence facilitate
collaboration and motivation.
4. Learning, Innovation and Continuous Improvement

Organizational learning systems (lessons learned, retrospectives,
knowledge management) support continuous improvement and innovation.

This four-pillar model demonstrates how project management increases
organizational resilience, adaptability and long-term performance.

Conclusions.

Project management is no longer merely an operational discipline. It has

become a strategic instrument that shapes organizational performance,
innovation development and competitive positioning. By integrating
standardized methodologies, strong leadership, effective communication,
proactive risk management and portfolio governance, organizations increase
project success rates and accelerate strategic outcomes.
The proposed model emphasizes the importance of alignment between project
practices and organizational strategy. Future research may examine how digital
tools (Al, cloud technologies, analytics) enhance strategic project management
capabilities.
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Abstract: Effective communication is essential for coordinating teaching,
assessment, student support and administrative processes in modern education.
The rapid expansion of digital learning environments has increased the
complexity of communication flows, often leading to information overload and
inconsistent feedback. This paper proposes a model for Al-enhanced
communication management, drawing on current research and practical
developments. Artificial intelligence tools—such as chatbots, learning analytics,
predictive systems and automated feedback mechanisms—offer new
opportunities for improving engagement, personalisation and learning
efficiency. The paper analyses the pedagogical, managerial and ethical
dimensions of Al implementation, highlighting transparency, data protection and
the irreplaceable role of the teacher. The proposed framework supports more
coherent communication strategies in general, vocational and higher education
institutions.

Keywords: artificial intelligence, communication management, digital
education.

Introduction

Communication management plays a central role in structuring how
educational organisations function. It defines how information is exchanged
among teachers, students, administrators and external partners, influencing
engagement, clarity of expectations and learning outcomes. Traditional
education often relies on fragmented communication flows, which reduces
timely feedback and limits personalised support (Sun & Chen, 2016).

Digital transformation has expanded communication channels, increasing
both opportunities and challenges. Learning management systems, electronic
diaries, institutional e-mails and messaging applications have multiplied the
volume of interactions and created a need for strategic coordination. Without
effective management, these systems may overwhelm learners and educators.

Artificial intelligence (AI) provides new mechanisms for structuring,
analysing and optimising communication. Research indicates that Al-enhanced
analytics, intelligent tutoring systems, and chatbots can support decision-
making, identify student needs early and automate routine communication tasks
(Holmes et al., 2019; Zawacki-Richter et al., 2019). Al does not replace the
teacher’s role; instead, it strengthens the communication ecosystem by providing
data-driven insights (Luckin et al., 2016). The purpose of this paper is to
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propose and justify an Al-enhanced communication management model
applicable to secondary schools, vocational education and universities.

Theoretical foundations of communication management in education

Communication management in education refers to the organised and
purposeful planning, execution and monitoring of communication activities that
support instruction, learning and governance. It includes three major domains:

- Pedagogical communication: interaction related to teaching, tasks, feedback,
assessment and motivation.

- Administrative communication: information about schedules, regulations,
attendance, grades and organisational processes.

- External communication: interactions with parents, employers, local authorities
and partner institutions.

Effective institutions ensure structured communication channels aligned
with strategic educational goals (Bush, 2020). However, digitalisation has
intensified communication demands and highlighted the need for intelligent
systems capable of filtering and prioritising information.

Al tools provide opportunities for tackling this complexity. For example,
early-warning analytics tools enable timely identification of struggling learners,
supporting proactive communication (Siemens & Long, 2011). Similarly,
natural language processing (NLP) techniques facilitate automated
summarisation, interpretation, and feedback generation (Shute, 2008).

Al tools supporting communication management
Al in education encompasses conversational agents, analytics dashboards,

intelligent tutoring systems, recommendation engines and automated feedback
mechanisms (Luckin et al., 2016). The following categories are central to
communication management:

1. Conversational chatbots
Al chatbots deliver immediate responses to student questions regarding
deadlines, assignments, school rules and administrative processes. Studies
demonstrate that chatbots reduce teacher workload and improve response time
and student satisfaction (Winkler & Sollner, 2018).

2. Automated feedback systems
Al-supported feedback on quizzes, programming tasks or writing assignments
offers instant guidance and scaffolding. Formative feedback is a critical factor in
learning efficiency and student persistence (Shute, 2008).

3. Learning analytics and predictive systems
Al-driven dashboards analyse learning behaviour, attendance, participation and
performance patterns. Predictive analytics help detect at-risk students and
prompt timely communication interventions (Siemens & Long, 2011).

4. Adaptive communication and personalisation
Al can tailor messages, recommendations and notifications to individual learners
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based on preferences, prior behaviour and performance data (Kovanovi¢ et al.,
2016).

A model for Al-enhanced communication management
The proposed model integrates pedagogical principles, technological
infrastructure and management processes through four stages:
1. Planning
Educators define goals, target groups and appropriate channels. Al supports
planning by analysing historical engagement data to recommend communication
patterns (Holmes & Tuomi, 2022).
2. Implementation
Communication is executed through LMS, e-diaries, chatbots and automated
notification systems. The teacher retains final authority over pedagogical
messages.
3. Monitoring
Learning analytics tools monitor interactions and visualise patterns such as
response time, unread messages, participation frequency and correlations with
learning performance (OECD, 2021).
4. Improvement
Al-generated insights inform adjustments in communication style, timing,
content and frequency. This continuous improvement loop enhances engagement
and learning outcomes.

Ethical and pedagogical considerations

The use of Al raises ethical challenges related to transparency, privacy,
autonomy and fairness. Al systems must uphold data protection standards and
avoid algorithmic biases that could disadvantage certain student groups
(Williamson & Eynon, 2020).

Al should support—not replace—the relational and motivational functions
of teachers. UNESCO (2023) emphasises the need for teacher digital
competence and ethical awareness when deploying Al tools.

Professional development is essential to ensure that educators can interpret
analytics appropriately and integrate Al tools in pedagogically sound ways.

Conclusions

Al-enhanced communication management offers transformative
opportunities to support teaching, learning and administration. By using Al-
powered chatbots, analytics, predictive systems and automated feedback tools,
institutions can optimise communication flows, improve student engagement
and support evidence-based educational decisions.

The proposed model provides a structured approach to planning,
implementing and refining communication strategies. While Al strengthens the
efficiency and personalisation of communication, teachers remain central to
guiding and moderating the educational process.
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Future research should examine the impact of specific Al tools on
communication outcomes across different school contexts and compare pre- and
post-implementation results.
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Abstract: Cloud technologies have become a strategic driver for
optimizing business processes in organizations of various sizes and sectors. By
enabling scalable infrastructure, real-time data access, automation and cost
efficiency, cloud platforms transform the way companies manage operations,
communication, decision-making and digital services. This paper examines how
cloud computing enhances business process optimization through agility,
automation, integration, and data-driven management. The study reviews current
research and presents a structural model demonstrating how Infrastructure-as-a-
Service (IaaS), Platform-as-a-Service (PaaS) and Software-as-a-Service (SaaS)
support process redesign, workflow automation and operational efficiency. The
paper also reviews security, governance and strategic challenges associated with
cloud adoption. The proposed approach highlights best practices for digital
transformation 1in private firms, public institutions and educational
organizations.

Keywords: cloud computing, business process optimization, digital
transformation, automation.

Introduction

Digital transformation has radically reshaped the way organizations
design, manage and optimize their business processes. One of the most
influential technologies in this transformation is cloud computing, defined as on-
demand network access to shared computing resources, provisioned rapidly with
minimal management effort (Mell & Grance, 2011). Cloud services support
agility, scalability and cost efficiency, enabling organizations to innovate rapidly
and operate flexibly in dynamic environments (Marinescu, 2022).

Business process optimization aims to improve operational efficiency,
reduce costs, shorten cycle times and enhance service quality (Dumas et al.,
2018). Traditionally, organizations used on-premises infrastructure, which
limited their ability to experiment, scale and update processes quickly. Cloud
technologies address these limitations by offering dynamic provisioning,
centralized data management, integrated platforms and automation capabilities.

This paper explores how cloud technologies serve as an enabling
infrastructure for optimizing business processes across industries, including
education, manufacturing, public services and SMEs. It proposes a conceptual
model of cloud-driven process optimization and discusses the benefits,
challenges and strategic implications of cloud adoption.
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Cloud Technologies and Business Process Optimization: Conceptual
Background
Business process optimization involves rethinking workflows, eliminating
inefficiencies and leveraging technologies to support improved performance.
Cloud systems provide a foundation for such optimization by:
- enabling centralized and real-time access to information,
- automating routine processes,
- integrating disparate systems,
- reducing infrastructure costs,
- supporting scalability and rapid deployment (Armbrust et al., 2010).
Cloud computing offers three main service models:
1. Infrastructure-as-a-Service (IaaS)
Virtualized computing resources such as storage, servers and networks.
Organisations can deploy scalable infrastructure without investing in physical
hardware (Marinescu, 2022).
2. Platform-as-a-Service (PaaS)
A platform for developing, testing and deploying applications.
Supports automation of development processes, CI/CD pipelines and
microservices architecture.
3. Software-as-a-Service (SaaS)
Cloud-hosted applications accessible through a browser.
Supports communication, document management, CRM, ERP and collaborative
workflows.
These layers enable organizations to shift from capital expenditure
(CAPEX) to operational expenditure (OPEX), simplifying IT processes and
enabling focus on core business activities.

Mechanisms through Which Cloud Technologies Optimize Business

Processes

1. Automation and reduction of manual tasks
Cloud systems automate repetitive administrative and operational tasks.
Workflow automation tools such as Microsoft Power Automate or Google Cloud
Workflows reduce errors and accelerate cycle times.

2. Integration and interoperability
Cloud platforms integrate heterogeneous systems — CRM, ERP, HRM,
analytics — into unified workflows.
This enhances transparency, improves communication and supports more
informed decision-making.

3. Real-time analytics and data-driven decision-making
Cloud-based analytics services (e.g., AWS Analytics, Azure Synapse, Google
BigQuery) provide real-time insights into performance, customer behaviour and
operational bottlenecks (Hashem et al., 2015).

38



ABTOMaTH3aLlis, ENIEKTPOHIKA Ta 11 -12 rpyans 2025 poky

pobOTOTEXHIKA lI E RT‘2 0 2 5

4. Scalability and flexibility
Cloud environments scale automatically in response to workload demands,
ensuring business continuity and reducing downtime.

5. Cost optimization
Organizations reduce costs associated with hardware, maintenance, software
licensing and IT support (Armbrust et al., 2010).
Pay-as-you-go pricing models eliminate unused capacity.

Proposed Model for Cloud-Driven Business Process Optimization
1. Process Assessment
Organizations evaluate existing business processes, identify inefficiencies and
set optimization objectives.
2. Cloud Enablement
Selecting appropriate laaS, PaaS and SaaS tools.
This includes application migration, data migration and integration planning.
3. Workflow Redesign and Automation
Redesigning processes around cloud capabilities: automated approvals, smart
notifications, dynamic dashboards, microservices architectures.
4. Monitoring, Governance and Continual Improvement
Cloud-based monitoring tools provide performance indicators, security alerts
and usage analytics.
Continuous evaluation ensures that processes remain aligned with
strategic goals.
The model applies to all sectors, including schools and universities, which
benefit from cloud-based student information systems, LMS platforms,
collaborative tools and administrative automation.

Challenges and Risk Factors in Cloud-Based Optimization

1. Security and privacy concerns
Data protection, identity management and compliance with standards like
GDPR.

2. Vendor lock-in
Dependence on a single cloud provider may limit long-term flexibility
(Marinescu, 2022).

3. Integration complexity
Migrating legacy systems requires planning, technical expertise and gradual
transition.

4. Skills gap
Organizations need personnel trained in cloud architecture, cybersecurity and
DevOps.

5. Governance and cost control
Without clear governance policies, organizations may face unexpected costs.
Successful cloud-driven optimization requires strategic planning, risk mitigation
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and continuous staff development.

Conclusions

Cloud technologies provide an essential foundation for optimizing
business processes by enabling automation, reducing costs, enhancing
communication and providing scalable infrastructure. Through laaS, PaaS and
SaaS services, organizations redesign workflows, improve data accessibility and
increase efficiency. The proposed model highlights key stages of cloud-driven
process optimization and demonstrates how cloud adoption supports long-term
digital transformation. Future research may explore sector-specific cloud models
and evaluate the measurable impact of cloud maturity on business performance.
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Abstract: Manipulative communication represents a hidden form of
interpersonal influence that aims to control, distort or dominate another person’s
perceptions, emotions and decisions. In personal relationships, such
communication can undermine trust, autonomy and emotional well-being. This
paper examines the psychological foundations, communication mechanisms and
ethical implications of manipulative communication in close interpersonal
contexts. Drawing on research from psychology, communication theory and
behavioural science, the study analyses key techniques such as gaslighting,
emotional coercion, strategic ambiguity and impression management. A
structural model is proposed to explain how manipulative patterns develop,
escalate and affect relationship dynamics. Finally, the paper identifies evidence-
based strategies for recognition, resistance and healthy boundary-setting.

Keywords: manipulation, interpersonal communication, personal
relationships, emotional influence, resistance strategies.

Introduction

Interpersonal communication forms the foundation of human
relationships, shaping trust, emotional bonding, conflict resolution and shared
meaning (Watzlawick, Beavin & Jackson, 2011). While communication can
foster intimacy and cooperation, it can also be used strategically to influence,
distort and control. Manipulative communication refers to intentional attempts to
affect another person’s thoughts, emotions or behaviour through covert,
deceptive or exploitative tactics (Cialdini, 2021).

In personal relationships, manipulation is particularly harmful because it
exploits emotional closeness, attachment and vulnerability. Unlike direct
persuasion, manipulative messages often operate through hidden psychological
mechanisms, such as guilt induction, emotional withdrawal, distortion of reality,
false framing or conditional affection.

The aim of this paper is threefold:

1) to identify the major psychological and communicative mechanisms of
manipulation in personal relationships;

2) to analyse the ethical and emotional implications of such behaviour;

3) to propose evidence-based strategies to recognize, prevent and resist
manipulative influence.
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Psychological Mechanisms of Manipulative Communication

1. Gaslighting
Gaslighting is one of the most destructive forms of manipulation, defined as a
systematic attempt to undermine another person’s perception of reality
(Abramson, 2014). Through denial, contradiction and false narratives, the
manipulator induces self-doubt, confusion and dependency.

2. Emotional coercion
Emotional coercion involves guilt-tripping, threats of withdrawal, emotional
blackmail or dramatization. Forward & Buck (1997) describe emotional
blackmail as a cycle of demand — resistance — pressure — threat —
compliance.

3. Strategic ambiguity
Manipulators often use vague, contradictory or incomplete information to
maintain control and avoid accountability (Bavelas, 2005). Ambiguity creates
uncertainty and makes the victim dependent on the manipulator for
interpretation.

4. Impression management
Goffman’s (1959) theory explains how individuals attempt to shape others’
perceptions by controlling their “presentation of self.” Manipulators strategically
display charm, vulnerability or competence to influence judgement.

Communicative Techniques in Manipulative Relationships

1. Selective disclosure
Providing partial information to distort understanding or hide intentions is a
frequent tactic (Grice, 1989).

2. Triangulation
Introducing a third person into a relationship to create jealousy, rivalry or
dependency — a common tactic in toxic relational dynamics.

3. Reframing and blame-shifting
Manipulators reframe events to shift responsibility, minimize harm or portray
themselves as victims (Goleman, 1995).

4. Intermittent reinforcement
Borrowed from behavioural psychology, intermittent positive reinforcement
creates emotional dependency — similar to patterns described by Skinner
(1974).

Ethical Implications and Relational Impact
Manipulation in personal relationships violates principles of respect, autonomy
and truthfulness — central ethical norms in interpersonal communication (Bok,

1999).
Ethical consequences include:

- destruction of trust;
- emotional trauma and anxiety;
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- erosion of personal autonomy;

- power asymmetry and dependency;

- long-term psychological harm.

Research shows that chronic manipulative dynamics correlate with reduced self-
esteem, increased stress, emotional burnout and difficulties in forming secure
attachments (Bartholomew & Horowitz, 1991).

Strategies for Recognition and Resistance

1. Awareness and identification
Recognizing patterns such as gaslighting, guilt-induction, distortion or
conditional affection is the first step. Clear emotional boundaries help
individuals detect manipulation earlier.

2. Assertive communication
Assertiveness allows individuals to express needs and limits without aggression.
Techniques include “I-messages,” repetition, boundary-setting and
metacommunication.

3. Cognitive reframing
Challenging distorted messages and replacing them with objective
interpretations helps reduce emotional influence (Beck, 2011).

4. Social support
Consulting trusted individuals helps validate experiences, especially in cases of
gaslighting.

5. Ethical confrontation
Addressing manipulative behaviours directly, with clarity and calmness, helps
re-establish balance and reduce power asymmetry.

6. Professional intervention
In chronic or severe cases, psychological counseling is essential to rebuild
autonomy and self-esteem.

Conclusions

Manipulative communication in personal relationships represents a complex
interplay of psychological mechanisms, communicative tactics and ethical
violations. Its covert nature makes it difficult to recognize and resist, yet its
impact on emotional well-being and relational stability is profound. By
understanding the mechanisms of manipulation and applying evidence-based
resistance strategies, individuals can strengthen their autonomy, protect their
emotional health and foster healthier relational dynamics.

Future research may examine cross-cultural variations in manipulative patterns,
digital manipulation in online interpersonal communication, and preventive
education for vulnerable groups.
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AJAIITUBHI HMI JJISI IHKJIFO3UBHOI'O BUPOBHHUYOI'O
CEPEJIOBHUILIA (INDUSTRY 4.0 TA I1OT)
acmipanT [laBnenko T.I.

XapKiBCbKHI HAllIOHAILHUN YHIBEPCUTET PaJi0eIeKTPOHIKHY, Kadeapa
KOMIT FOTEPHO-THTETPOBAHUX TEXHOJIOT1H, aBTOMATH3AIlii Ta pPOOOTOTEXHIKH,
e-mail: taras.pavlenko@nure.ua

Abstract. In modern Industry 4.0 and IloT environments, ensuring
effective human-machine interaction (HMI) for all operators is crucial.
Traditional HMI systems often overlook the needs of users with limited
mobility, excluding them from certain production tasks and remote equipment
control. This paper proposes an approach to designing adaptive interfaces that
tailor their layout and controls to the individual capabilities of each operator. A
multi-channel interaction strategy is advocated, combining voice control,
simplified touch/gesture iputs, and scenario-based automation to accommodate
diverse user needs. Implementing such adaptive HMIs can significantly improve
accessibility, ergonomics, and safety in industrial operations, while expanding
the workforce by enabling the participation of specialists with limited mobility.
The proposed solutions are promising for applications in control rooms, robotic
manufacturing cells, and remote monitoring systems.

Karwuosi caoBa: Industry 4.0; IloT; amantuBai HMI; 1HKITIO3UBHICTB;
MYJIbTUKaHAJIbHA B3a€EMO/T1A.

Beryn. Konmenmii Industry 4.0 Ta IloT TtpanchopmyroTs cydacHe
BUPOOHUIITBO, TOCHIIOIOYM pOJIb MUGPOBUX TEXHOJIOTIM Ta aBTOMAaTHU3AIlii,
OJIHAK JIIOJUHOIICHTPUYHICTh 3aJMIIAETHCA KIIOYOBUM TPUHIIUIIOM HOBOI
IPOMUCIIOBOT MapaJurMu. Y IHX YMOBaX OCOOJIMBO BXKIUBUM € 3a0€3MCUCHHS
e(eKTUBHOI Ta JOCTYMHOI JIIoAUHO-MamuHHOT B3aemoxii (HMI) nns Bcix
KAaTeropii omneparopiB, BKIOYHO 3 (HaxiBUSIMH, $KI MarOTh MOPYILIECHHS
MoOuIbHOCTI. Tpanuuiitni HMI yacto He BpaxoBylOTh 1HIMBiAyaidbH1 (i3UUHI
MO>KJIMBOCTI KOPUCTYBauiB, 0OMEXYIOUHM iX y4acTb Y BUPOOHUYMX IpoOLEcax Ta
3HKyroun Oesneky. lle d¢opmye moTpedy y po3poOIil aganTUBHUX,
IHKJIFO3UBHUX 1HTEp(ENCIB, 3MaTHUX MiAJAIITOBYBATHCS MiJ KOPUCTyBada Ta
3a0e3medyBaT IEPCOHANI30BaHy, 3pydyHy ¢ Oe3nmedyHy B3aeMOdil0 3
IHTEJIEKTyaTbHUMHU BUPOOHUYNUMU CUCTEMAMHU.

OcHoBHa vactuHa. OOmexeHHs Tpamumiiaux HMI mis omepatopiB 3
oOMexkeHoto MoOuThHICTIO. barato kmacuunux HMI-cucrem opieHTOBaH1 Ha
“CepeTHbOCTATUCTUYHOTO” OmepaTropa 1 MaroTh (PIKCOBaHI €IEMEHTH KepyBaHHS
— KHOTIKHM, TepeMHKadi, CTaHIapTHI CEHCOpHI ekpanu. Taki iHTEepdeiicu He
BPaxoOBYIOTh OCOOJIMBI MOTpeOM KOPUCTYBayiB 3  IHBAIIJHICTIO  a0o
NOPYUIEHHSIMU PYXJHMBOCTI, TOMY JpIOHI KHOIKH, BUCOKOpPO3TalIOBaH1 MaHeN i
YK BUMOTA JI0 TOYHUX JOTHKIB MOXKYTh CTaTH CyTTEBUM Oap’epoM. Y pe3ynbTaTi
(axiBIii 3 0OMEXEHOI MOOUIHHICTIO OOMEXKEH1 y B3a€MO/IIi 3 00IaHAHHAM, HE
MOKYThb MOBHOIIIHHO OpaTH y4acThb Y BUPOOHHMUMX Mpollecax 4 JUCTAHIIHHO
KepyBaTu MallMHAMHU, 1[0 03HAYA€ OJJHOYACHO 1 COLIalbHYy MpobJieMy, 1 BTpaTy
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KaJIpOBOTO MOTEHIIATY JJIs ATPUEMCTB.

Bincytnicte amanTtamii iHTepgeiciB mia pi3HI MOXKIMBOCTI KOPUCTYBayiB
3HIKYE 3arajbHy €()EeKTUBHICTh CUCTEMU: OMEPATOp, KUl (DI3UUHO HE 31aTHUM
IIBUIKO HATHCKATH TOTPIOHI KiaBimi abo micTaBaTH 110 TEBHUX OpraHiB
KepyBaHHS, MPAIIOE€ TOBUIBHINIE W 3 BHUIIUM PU3UKOM MOMIIOK. CydacHi
npuHuunu  au3aiiny HMI  mepenbadaroTe  AOCTYNMHICTH IS JIIOACH 3
1HBAJIITHICTIO, CIIPOILCHHS KEpPyBaHHsS Ta MIHIMI3AIlI0 HEOOXITHUX (PI3UIHHX
3ycuib [2], ajie OUIBIIICTh MPOMMCIIOBUX TaHENeH JA0Ci HE BIJAMOBIAAIOTH UM
BUMOTaM, IO CIOHYKa€e JO TOIIYKY IHKJIIO3UBHIIIMX Ta €ProHOMIYHIIIMX
pIIICHb.

[TepcrieKTHBHUM HAMpsSMOM € CTBOpeHHs anantuBHUX HMI, siki nuHamMigHO
3MIHIOIOTh CTPYKTYpPY Ta €JIEMEHTH KEpyBaHHS BIJIMOBIIHO J0 MOXIJIMBOCTEH 1
noTped  KOHKpeTHOro omeparopa. Ha  BigmMiHy  Big  CTaHAApTHHUX
“yHiBepcanbHUX TaHeJel, aJanTUBHUI 1HTep(delic MOXKe B pealbHOMY Yaci
BpaxoByBaTH (Pi3uyH1 OOMEXKEHHS, PIBEHb HABUEHOCTI Y BTOMY KOpPHUCTyBaya
[3]. Lle no3Bosisie, 30KpemMa, 30UIBLIYBATH PO3MIP BIPTYaJbHUX KHOIIOK,
CIPOLIYBaTH HaBITAIll0 MEHIO, ONITUMI3YBaTH oOcAr 1H(popmarlii Ha ekpaHi abo
aKTUBYBATH MiAKA3KU i1 aBTOMATUYHI PEKUMU POOOTH. 3aBASKU TaKik aganTairii
CKJIQJH1 MaIlllMHU CTalOTh 3PO3YMUTIIIMMH 1 KEPOBAHIIIUMHU JJIsI MPALIBHUKIB 3
pI3HUM  JOCBIIOM  Ta  MOXJIMBOCTSIMHU: posymHa  HMI-cucrema
“miUIalToOBY€E€ThCS MiJ JIIOJUHY, @ HE 3MYIIY€ JIOJUHY MPUCTOCOBYBATHUCS 0
TEXHOJIOT1.

MynbTukaHadbHl MeTOAM B3aeMoii. KilrouoBMM acmekToM aJanTHBHUX
1HTepdeicIB € MATPUMKA OaraToKaHaJIbHOI B3a€EMO/IIi, KOJU KOPUCTYBad MOXKE
oOupaTu 3pyYHUM JIJIs HOTO CIOCIO KEpyBaHHS.

['onocose ymnpaBmiHHs. Po3mizHaBaHHS ToJiocy Jae 3MOTY BiAaBaTH
KOMaHAu 0€3 BUKOPUCTAHHS PYK, IO OCOOJIMBO BaXJIUBO, KOIM (i3UUHE
HATUCKAaHHS KHOIMOK yCKiaaHeHe abo HemoxiuBe. CydacHi T0JIOCOBI
NOMIYHUKMA BXE BHUXOIATH 32 MeEXl MOOYTOBOTO 3aCTOCYBaHHA 1
BIIPOBA/KYIOThCSl Y MPOMUCIOBI cucTemu [4]. Y BUpOOHMYOMY cepeqoBUIL
roJIoCOBUM 1HTepdec [T03BOJISE AUCTAHLINHO 3alyCKaTh YW 3yHUHATH
oOnajHaHHS, 3MIHIOBAaTH TapaMeTpu O0e3 MIAXOAy 10 TMaHewl, MiABUIIYI0YU
MPOyKTHUBHICTH 1 O€3MeEKy.

CrporeHi CeHCOpHI Ta ecToBi iHTepdeiicu. (s KopucTyBadiB, SKUM
BKKO TIPAIIOBATU 3 JPIOHUMHU €JIEMEHTaMH, 1HTepdeic MOXKe MPONOHYBATH
YKPYMHEH1 KHOTIKH, CIIAalJIepH, a TAKOK KepyBaHHS JKecTaMH ad0 pyxaMu OdYeil.
TexHounorii BiICTEXEHHS NOTJISIAY JAlOTh 3MOTY BHOMpaTH 00’€KTH Ha €KpaHi
0e3 pyK, MpocTo PoKyCcyroun Norisa [S], a )kecTu nepesl KaMeporo (HarpuKIIa,
noMax pyKoo i MiATBEPKEHHS J11i) MOXYTh BUKOHYBAaTH poJib KoMaH[. Taki
touchless-pimeHHsT PO3MIUPIOIOTE MOXJIMBOCTI  B3a€EMOJII  JJIsi  JIIOJIeH 3
MOPYIICHHSAMHU OTIOPHO-PYXOBOTO arapary.

CuenapHa aBToMaru3ailis. AJanTUBHUN 1HTepdeiic Moxke HT03BOJSATH
BUKOHAHHS CKJIAQJHHUX NOCIIJOBHOCTEH I OJHIEIO KOMAaHIOK. 3aMiICTh
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MHOKHHHUX JIPIOHUX KPOKIB OIMEpaTop 3amyckae 3a3fajierifb MiArOTOBICHHI
CIIEHapiii: HampuKiIaj, rojlocoBa koManaa “IliaroryBaTy BUpOOHHMUY JIHIIO 10
MycKy’ MO’KE€ 1HIIIIOBaTH yBIMKHEHHS JKHBJICHHS, CaMOJIarHOCTHKY CHCTEM,
HaJalITyBaHHS TMMapaMeTpiB 3a mabnoHamu Tomo. [lomiOHO mo0 “crieH” 'y
po3ymHux Oyamnkax (tumy “Goodnight” [5]), y mpoMHCIOBOCTI ClieHapHa
aBTOMAaTH3alllsl MIHIMI3Y€ KUIbKICTh PYYHUX 1M, 110 OCOOJIMBO BaXKJIWMBO JJIs
(baxiBIliB 3 00MEKXEHOIO MOTOPHKOIO.

[ToeqnanHs pi3HUX KaHaiB B3aemojii poouts HMI Oiabpll rHyYkHM Ta
IHTYITUBHUM: TOJIOC 3PYYHHH [JIs IIBUAKUX KOMAaH, *ECTH — KOJIU PYKH
3aMHATI 1HIIUMU [IIMH, a KJACUYHE HATUCKAHHS KHONKH — JJII TOYHOTO
HajalmTyBaHHsI. MylbTUKaHAIbHUN MIIX1A T03BOJISIE KOMIIEHCYBAaTH HEIOJIKH
KOXXHOT'O OKPEMOT0 Croco0y: JOTHUK 3a0e3Meuy€e TOUHICTh, T0J0C — JOCTYIHICTh
[6]. V pe3ynbTaTi hopMyeThCS OUIBII MPUPOJHA, 3PYUHA JIOJAMHO-MAIIMHHA
B3a€EMO/Iis, € TEXHOJIOTIS aJanTyeThCS JO KOPUCTyBaya.

[lepeBaru BnpoBakeHHs agantuBHux HMI. 3anponoHoBaHuil miaxig 1o
HMI-nu3aiiny Bupillye He Jnuiie npoOieMy IOOCTYIHOCTI, a W Ja€e HU3KY
MPAKTUYHUX TEepPEBar.

JlocTynHICTh Ta 1HKJIIO3UBHICTB. [HTEepdeiic, THyuykuil 10 mOTped
KOpPHUCTYyBaua, 3HIMae Oap’epu i ONEpaTOpiB 3 1HBAIITHICTIO Ta 0OMEKEHOIO
MOOUIBHICTIO, HAIAIOYH IM MOKJIMBICTh CAMOCTIMHO ¥ MPOyKTUBHO MPAIIOBATH
3 oOnanHaHHAM. lle po3mmproe kagpoBuil MOTEHIIAN MIIPUEMCTB 1 1a€ 3MOTY
3ayduTH KBaTi(iKOBAHMX TMPAIIBHUKIB HE3aleXKHO B IXHIX (PI3UYHUX
MOKJIHUBOCTEH [1].

EproHomivHicTh Ta 3MEHIICHHS HABAHTAKCHHS. AJNANTHUBHI 1HTEpdeiicu
3HIKYIOTh (PI3MYHE ¥ KOTHITMBHE HaBaHTa)XEHHS, JO3BOJISIIOYM ONEpaTopam
MOKJIAJaTUCSl HAa aBTOMATH3AIlI0 Ta TOJOCOBI KOMaHAW, OTPUMYBATH JIWIIE
peneBaHTHY 1HGoOpMaIlil0 ¥ mepcoHami3oBaHl MiaKa3ku. JlociiKeHHs
MOKa3ylTh, MO “po3ymMH1” HMI migBuulytoTh NpOAYKTUBHICTh, OCOOJIUBO IS
JITHIX a00 MajoI0CBIIYEHUX ONEPATOPIB, 1 JAIOTh 3MOTY KepyBaTU CKJIAAHUMHU
pOOOTU30BAHUMH CUCTEMAMU O1JIBII BIIEBHEHO [3].

besneka pobotu. Hands-free B3aemomiss mae 3Mory TpUMaTH pPYyKH
BUIBHUMH JUJIS aBapiiHUX [id, a JUCTaHIIiHI CIIeHapili 3MEHIIYIOTh
HEOOX1THICTh TIepeOyBaHHA B HEOE3MEUHUX 30HAX. ANAaNTHBHA CUCTEMa MOXKE
BpaxoByBaTH THUIIOBI TOMMJIKHA KOpHCTyBada, IMiJKka3yBaTu abo OJIOKyBaTU
HeOe3neyHl mii, Mo poOuTh iHTEepdelc, CHPOEKTOBAHWN 3a MPUHIIMITAMU
universal design, He JuIIe 3py4HUM, a i1 Oe3neyHuM. Y MiJCYMKY MiIPHUEMCTBO
OTPUMY€ THYUKIIIy W HaAIMHINIy CHUCTEMY YyNpaBIiHHS, € KOXKEH OIeparop
B3aeMoJIi€ 3 o0JaJHaHHsAM ONTHUMAJIbHUM I ce0e CIIoCOOOM.

[lepcnextuBu 3actocyBanHs. AnantuBHi HMI-pimeHHs MalTh MUPOKUH
CTIEKTp 3aCTOCYBaHb Yy CY4acHiil MPOMHCIOBOCTI.

VY aucneTryepchKUX Ta KOHTPOJBHHUX IIEHTpax (€HEepromMepexi, TpaHCIOoPT,
BUpPOOHMYI JIIHII) ONEpaTopu OJHOYACHO MOHITOPSTh BEIUKY KIJIbKICTb
nmapaMeTpiB 1 pearyrTh Ha IHIUJCHTU. ANANTUBHI 1HTepdercH T03BOJISIOTH
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JTUCTIeTYEpaM 3 PI3HUMH MOKJIMBOCTAMHU PIBHOMPABHO KEPYyBaTH CHCTEMaMU:
TOJIOCOBI KOMaHIM MOXYTh MPHCKOPIOBATH BHKJIMK MOTPIOHUX JaHUX YU
aKTUBAIlII0 aBapiiHUX TMPOTOKOJIB, a CIPOIICHI Bi3yalbHI iHTEepdencu 3
OumbIMM  WpU(PTOM 1 KOHTPACTHUMHU IHIMKATOpaMU — MIATPUMYBATH
orepaTopiB 3 0CIA0IEHUM 30pOM UM KOOPAHHALIIEIO PYXiB.

VY po60TH30BaHUX BUPOOHMYMX KOMILIEKCAX ONEpaTop YacTille BUCTYIAE
HarjIsga4eM Ta HaJlallITOBYBaueM aBTOMAaTU30BaHMX CTaHIN. AnantuBHuii HMI
J03BOJISIE  €(PEKTUBHO KepyBaTH pOOOTHU30BAHMMM CHCTEMaMH HaBITh 3a
0oOMe)XeHOT MOOLIBHOCTI: THIIOB1 IOCTIJOBHOCTI il MOJKHa 3alyCKaTh SK
creHapii, a AR/VR-pimenHst 1onoBHIOIOTH 1HTepdEc 30pOBUMHU MiKa3KaMu Ta
MO>KJIMBICTIO KEPYBaHHS KECTAMU Y BIpTyaIbHOMY ITPOCTOPI.

VY cucremax BIAIANIEHOTO MOHITOPHUHTY 1 KepyBaHHs (HadTOBI mu1aTtGopmu,
BITPOB1  €JIEKTPOCTAHINl TOLIO) aJanTUBHI iHTepdelicu 3a0e3MeuyoTh
MOBHOIIIHHY B3aeMoOJil0 0e3 (i3uyHOi HPUCYTHOCTI Ha 00’€KTl. 3aBIsSKU
MYJIbTUKAHAJIBLHOCTI ONEpaToOp MOXKE oOupaTu 3py4yHUM crocid podoTH:
IIPOCIYXOBYBAaTH r0JIOCOBI OMOBIIIEHHS, IEPETIAAATH CIPOILIEHI IMaHEI CTaHy 3
MOXJIMBICTIO KE€PYBaHHsSI T0JIOCOM 4YM OAHUM HaTuckaHHaMm [5]. Lle poOuth
B1/IJTaJICHU MOHITOPUHT JOCTYITHUM JIsl 1HKEHEPIB 3 1HBAJIIHICTIO Ta JI03BOJISIE
KOMITaHIsIM Kpalle BHUKOPHUCTOBYBAaTHM TaJaHTH HE3aJIEeKHO BiJ reorpadii i
Gb13UYHUX 0OMEXKEHb.

BucnoBkn. Po3putok koHueniiii Industry 4.0 HemuHydYe 3MIHIOE POJIb
JIOJMHU y BUPOOHHUIITBI, ajie BOJHOYAC BUCYBA€ HOBI BUMOTH JO JFOJIUHO-
MaluHHUX 1HTepdelciB. 3abe3nedeHHs] JOCTYMHOCTI TEXHOJIOTIH sl BCIX
OTIepaToOpiB, BKIIOYHO 3 0CO0AMHU 3 OOMEKEHOI MOOUIBHICTIO, CTa€ HE JIMIIE
COLIIAJIbHUM 3aBJaHHSAM, a M (akTOpoM MiABUIICHHS €QEeKTHUBHOCTI Ta
IHHOBAI[IMHOCTI ~ MIANPUEMCTB.  3ampoNOHOBAaHUM  MiAXiA —  aJanTHBHI,
mynbTHKaHaiabHi HMI — nemoHcTpye, sik MokHa mnoeaHatu nepeaosi [T-
pimieHHs: (pO3Mi3HAaBaHHS TOJIOCY, JKECTIB, AaBTOMAaTHU3allll0 CLEHapliB) 3
NpUHIMIAMU  yHIBepcalbHOro nau3aiiHy. Taki 1HTepdelicn JIUHAMIYHO
N1JUTAIITOBYIOTECS MIJT KOPUCTyBauya, pOOJSYM KEpyBaHHS MPOMHUCIOBUMHU
MPOLIECAMH 1HTYiTUBHUM, €PrOHOMIYHUM 1 O€3MIEYHUM.

[Ipaktnune BnpoBapKeHHs aganTuBHUX HMI-pimens 3matHe po3mmpuTi
KaJIpOBUI TOPU30HT TMPOMHUCIOBUX KOMITaHIM — (axiBii 3 1HBAIIIHICTIO
3MOXXYTh TOBHOLIIHHO peaji3yBaTH CBI NOTEHIial Yy BHUPOOHUIITBI, IO
3pemTor0 crpuse GOopMyBaHHIO OUTBII PI3HOMAHITHUX 1 CTIMKKUX KomaHa. Kpim
TOTO, MiJIBUIYIOTHCS TTOKa3HUKU MPOIYKTUBHOCTI Ta 3HIKYETHCS PU3HK aBapiid
3aBJSIKMA Kparliii B3aeMoil Joauau 1 MamuHu. OTKe, 1HBECTHUIll y PO3BUTOK
iHKIr03uBHUX HMI-TexHOoT1# 1JIKOM BUIpaBAaHi SK 3 COIiadbHOI, TaK 1 3
€KOHOMIYHOI TOYKHU 30Dy .

[lepcnexkTuBM MOJANBIIMX JOCHIKEHb BOAYalOTHCS Yy BHUIPOOYBaHHI
NPOTOTUNIB AJaNTUBHUX 1HTEp(ENCIB y pealbHUX TMPOMHUCIOBUX YMOBaX,
CTaHJapTHU3aIllil MIXO0MIB J0 X pO3pOOKH, a TAKOXK Y PO3IIUPEHHI BUKOPUCTAHHS
HITYYHOTO 1HTEJIEKTY AJiA 11e ToHmoro HanamtyBanHs HMI nig kopuctyBaua. 3
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orimsiny Ha  TeHmeHmii  Industry 5.0, mo me  Ourbmie  akIEHTYe
JIOAVMHOLEHTPUYHICTh Ta CHIBOPALIO JIIOJUHU 1 POOOTIB, POJIb TAaKUX PIllIEHB
JuiIe 3pocTatuMe. BKIIOYEHHS KOXKHOTO MpalliBHUKA y BUPOOHHUUHN Mpoliec
HE3aJIeKHO BiJl HOTO MOXKIIMBOCTEH — 1€ IIJISX 0 CIpaBAl CMapT- Ta COLaIbHO
CTIMIKOTO BUPOOHUIITBA MAaHOYTHBOTO.
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BUITPOMIHIOBAHHSI B CUCTEMAX OIITHYHOI JIOKAIIIT 3
YPAXYBAHHSM YMOB CIIOCTEPEKEHHSA
I'omoratenko C.B., Ctpinkosa T. O.
e-mail: serhii.holovatenko@nure.ua, tetiana.strilkova@nure.ua
XapKiBChKUM HAIllOHATBHUN YHIBEPCUTET PaJlioeIEeKTPOHIKH, Kadeapa
MIKPOMPOIIECOPHUX TEXHOJIOT1H 1 CHCTEM

Abstract. This research focuses on the development of software for
simulating the operation of a location system under various observation
conditions. The study presents methods for modeling random light objects and
analyzes the main challenges associated with registering optical signals on
rectangular sensor matrices. Special attention is given to the mismatch between
the geometry of diffraction patterns and the structure of rectangular
photodetectors. Graphical examples generated by the implemented software are
provided, demonstrating the efficiency of the proposed modeling approach.

KurouoBi ciioBa: ontuyHa jokaiisi, poronpuitmadi, Tudpakiis.

OnTuyHa JOKallisl, Ha ChOTOJHINIHIN JIeHb, € OJHUM 3 Hale(pEKTHUBHIIINX
CIOCO0IB CIOCTEPEXKEHHSI TOBITpsIHOTO TMpocTtopy. Jlanuit cmoci6 soxarrii
JT03BOJISIE 3 BHUCOKOIO TOYHICTIO BM3HAYaTH KOOPJUHATH TMOBITPSHUX 00’ €KTIB
[1]. B pesynpTaTi mpuiioMy BTOPMHHOTO a00 BIJIACHOTO BHUIIPOMIHIOBAHHS
MOBITPSHUX 00’€KTIB, BIIOYBA€ThCSI BU3HAYEHHS iX KOOPAMHAT Ta MapameTpiB
[2, 3]. Opmniero 3 OCHOBHHMX NpOOJIEM MPaKTUYHOI peamizaiii ONTHYHHUX
JIOKAIIMHUX CHCTEM € iX €(PEeKTUBHICTh POOOTH B PI3HOMAHITHUX YMOBAaX 4epes
BIUIMB 30BHIMIHIX (DAKTOPIB, TaKMX SAK TYpOYJEHTHICTh aTMOC(hEepH, pIBEHb
3aBaJI0BOTO (POHY, YMOBHU OCBITJICHOCTI pocTopy [4, 5].

Merow poGorm € cTBOpeHHsA 1HGOpPMALIIHOI Mozeni peecTparii
ONTUYHOTO BUIPOMIHIOBAHHSI CHCTEM ONTHUYHOI JIOKallli Ha OCHOBI XBHUJIbOBOI
TEOopii CBITIA.

AHani3 ocobamBocTell cucrem. Potonpuiimadi, 10 3aCTOCOBYIOTHCS Y
Cy4YaCHUX JIOKAIIIMHUX CUCTEMaX, 3/€OUTBIIIOT0 MalOTh MPSIMOKYTHY T€OMETPit0
Ta peali3yloThCsl y BUIIIAI MAaTPHUIb CBITJIOYYTIUBUX E€JIEMEHTIB (€JIEMEHTIB
po3nuiebHOi 3aatHocTi). Taka KoH]irypauis 0OyMOBJIEHAa TEXHOJIOTTUHUMU
OCOOJIMBOCTSIMM  BUTOTOBJICHHSI HAIIBIPOBIIHUKOBUX CEHCOPIB, a TaKOX
3pYYHICTIO X iHTerparii y mudpoBi cucteMu o0poOku curHaii. [IpsimokyTHa
dbopma eneMeHTIB J103BOJIsi€ €(PEKTUBHO OpTaHi3yBaTH JIUCKPETU3AINIO
npocTopoBOi 1H(OpMaIi Ta 3abe3nedye BUCOKY IIUIBHICTh PO3TAllyBaHHS
MIKCEeJIB Y MJIOLIMHI TPUHAMaHHS.

Bonnouac, ontuuHa npupoaa (GopMyBaHHS 300pa)K€HHS HaKJIaJla€ IMEeBHI
oomexxeHHs. Kimacuuna audpakiiiina misiMa, 110 BUHMKAE BHACIIIOK KPYIJIOi
CUMETpIl BHUXIJHOI amepTypu, Mae kpyriay ¢opmy. lLle npuszBoauth A0
HEY3TO/DKEHOCTI MK~ TeOMeTpiero  audpakiiifHoro  300paxeHHS  Ta
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OPSIMOKYTHOIO CTPYKTYpOIO MaTpuill (oTompuiimMaua. Y pe3yibTaTi yacTHHA
eHeprii CBITJIOBOTO CHUTHANy pO3MOAUIAETHCS HE ONTHUMAIbHO, IO MOXKE
3HIKYBaTH €(PEKTHBHICTh pEeCTpallii Ta MOTIPUIyBaTH MPOCTOPOBY PO3ALIBHY
3JIaTHICTh CUCTEMHU.

Jlnst ycyHeHHs 3a3Ha4eHOl HEBIAMOBITHOCTI MOIIILHAM € BBEICHHS B
ONTHUYHY CXEMYy CIeIlaIbHUX €JIEMEHTIB — NPAMOKYTHHMX JiadparmM Ta
TPaHCNAPAHTIB. IX BUKOPHMCTAHHS N03BOJIsAE TpaHC(HOPMyBATH KpPYINy BXiIHY
anepTypy y IpsSMOKYTHY, IO 3abe3reuye OUIbIN y3roJKEHE CITIBBITHOIICHHS
MDK (opMoro audpakiiiifHoi TIsIMH Ta TeomeTpieto doronpuitMada. Takwuii
MIIX1] COpHs€e MiABUIIECHHIO €()EeKTUBHOCTI BHUKOPUCTAHHS CBITJIOBOI €HEPTii,
3MEHIIIEHHIO BTpaT iHGopMallii Ta MOKPAIIEHHIO METPOJIOTIYHUX XapaKTEPUCTUK
JIOKAI[IMHOI CUCTEMU.

KpiMm Toro, 3acTocyBaHHs MPSAMOKYTHHUX amnepTyp BIAKPUBAE MOKIMBOCTI
JUIsL onTUMI3alii anroputMiB 1uppoBoi o0poOku curHamiB. Ockiabku (opma
JU(PaKLIHOL UIIMU CTa€ OMMXKUYOIO A0 MPSIMOKYTHOI, 3MEHIIYETHCS KUIBKICTh
apTedakTiB IpU JUCKPETH3allli Ta PEKOHCTPYKIi 300paxeHHs. [le ocobnmBo
BAXJIMBO B YMOBax CIOCTEPEKEHHS 3 HU3bKUM BIJHOLICHHSIM CHUTHAJ/IIyM,
KO KOXKHA OJUHHI €Heprii Mae KpPUTHYHE 3HAYeHHS [JIS TOYHOCTI
BU3HAYEHHS KOOPAMHAT 00’ €KTa.

Metoau moaenwoBanus. JlJis MOACIIOBaHHS Ta aHai3y poOOTH JIOKALIMHOT
CUCTEMHU B PI3HOMAHITHMX YMOBax CIIOCTEPEXKEHHS BUKOPHUCTaHA XBUJIbOBA
TEOpis CBITJIa, SKa JO3BOJISE aJeKBAaTHO OINKCATH MpolecH audpakiii.
OcHOBHUM 3aBHaHHSIM € (OpMyBaHHA PO3MOAUTY aMIUTITYAH CBITIOBOTO
30ypeHHs y ((oKanmpHIA TUIOIMIMHI NPUHAMAIbHOI  ONTHYHOI  CHCTEMH.
MopentoBaHHSI TPYHTYETbCSI Ha BUKOPHUCTaHHI 1HTErpaJIbHUX CIiBBIIHOIICHb
Openenst Ta OpayHrodepa, siKi ONMUCYIOTh MOIMIMPEHHS XBUJIbOBUX (POHTIB
Kpi3b anepTypu pizHoi dopmu. st mpsAMOKYyTHUX AiadparM 3aCTOCOBYETHCS
JBOBUMIpHE IHTErpyBaHHS MO IUIONIl AamepTypH, IO JI03BOJSIE OTPUMATH
aHAMITUYHI BUPA3u Ul aMIUTITYJHOTO po3noainy. @opmyBaHHs AUpakLiiHOi
KapTHHH y BUMNAAKY KPYIJIOi amepTypH amIUITyJAHUNA PO3MOJIT OMHCYETHCS
dbyukiiero beccens nepiioro nopsaky, mo (GopMmye kimacuuHy «Airy patterny.
Jig  npsAMOKYTHOI — amepTypu  pO3MOJIT  BU3HAYAETHCS  J1OOYTKOM
CUHYCOifanbHUX (YHKIIA (SINC-QYyHKITINH) Y3I0BXK JTBOX KOOPJAWHATHUX OCEH,
110 3a0e3neuye IPSIMOKYTHY CUMETPit0 TudPaKIiifHOl IIISTMHU.

MopentoBaHHs poOOTH JIOKALIHHOI CHCTEMH B PI3HOMAHITHUX YMOBax
CIIOCTEPEKEHHSI TIOBMHHO BpaxOBYBaTH He Jumie (Ii3uyHl mMapameTpu
CepeZIoBHILA Ta JKEpesia BUIIPOMIHIOBAHHS, ajieé i TEOMETPUYHY Y3TOJKEHICTb
MK ONTHYHOI amepTypor Ta CTPYKTyporo ¢oTonpuiiMaya. BemeHHs
NPSIMOKYTHHUX JiaparM Ta TPAHCIAPAHTIB € OJJHUM 13 KIIFOUOBHUX 1HXKEHEPHUX
pllIEHb, IO JI03BOJISIE MIJBUILIUTH €(PEKTUBHICTh ()YHKIIOHYBAHHA CUCTEMH Ta
3a0€3MeUnTH ii aJaTUBHICTh JI0 IIMPOKOTO CHEKTPa EKCILTyaTalliiHUX YMOB.

Mopnenb IpyHTY€TbCS Ha BUKOPUCTaHHI MPSMOKYTHOI BXIJHOI amepTypH.
Po3noniieHHss aMIUTITYyd CBITJIOBOro 30ypeHHsA Yy (oOKajabHIM TUIOUIMHI €
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mudpakiiitHoo kaptuHoto PpayHrodepa npu AUdpakiii HA TPIMOKYTHOMY
oTBOpi 3 po3mipamu ¢ Ta b . Ile posmoineHHs TaKoXK BiZOMO Ta Mae BUTIISLL;

sin[c(u—uo)g] sin[d(v—vo)g]

E, (u,v) = E, (1)

C(u_uo)% d(v—vo)g

me U,V — KoOpaMHATH y muiounHi doronpuiimMaua; ¢, 4 — xoedirienTH, sKi
BiTOOpakarOTh MapaMeTpy ONTUIHOI CUCTEMH.

Jns  ominku  edeKTUBHOCTI  peecTpailli TMOBITPSHUX OO0 €KTIB Y
PI3HOMAHITHHX yMOBax po3po0JIeHO KOoMIT' IOTepHY (iHpopMariiiiny) Moeib,
gKa JI03BOJISIE TeHEepyBaTU 300pakeHHsS OO0 €KTIB Ha 3aJaHid IUIOIMIMHI 3
ypaxyBaHHsIM nudpakiiiiHoi kaptuau @OpayHrodepa, a TakokK CTBOPIOBATH
IIYMH P13HOI IHTEHCUBHOCTI T4 CTOXaCTUYHUMU XapaKTEPUCTUKAMHU.

Jlnst mporpaMHoOi peaitizalii BUKopucTtaHo MetoJ bokca — Mrosuiepa:

Mli,jl = u+ o —2In(u,) - cos(2mu,)
ne: u,, u,~u(0,1) — He3aneKHI PIBHOMIPHI BUIIAJIKOBI YHCJIA; |l - CEPEIHE
(LeHTp PO3NOJIEHHS); G — CTAH/IAPTHE BIIXWICHHS.

MogentoBaHHs IPOBOANUTHCS U1 PI3HUX CLEHAPIIB YMOB CIIOCTEPEKEHHS: 3MIHA
po3mipy Ta ¢GopMH arepTypH; Bapiailis JOBKWHU XBWJII BUIIPOMIHIOBAHHS; BIUIMB
IyMiB Ta ()OHOBUX TIEPEIIKOJI; PI3HI BIJCTaHI MDK 00’€KTOM Ta MPUAMAIBLHOIO
cucteMoro. Lle 103BoIIsA€ OIIHUTH AN THBHICTh CUCTEMHU Ta 1i 3/ATHICTH 30epiratu
HEOOXI1THY PO3/UIbHY 37aTHICTh Y peaTbHUX YMOBAX eKCILTyaTarlii.

Pesyabtatu MopenoBanHsa. Jlanwii mporpamHmii  3aci® peanizye
BIJIOOpa)KEHHS pe3yJIbTaTiB MOJACNIOBaHHsA y Bursiai 3D ricrorpamu, y modi
JOBUIBHOTO PpO3Mipy, a Takoxk 2D 4opHO-0110T0 300pakeHHs, 3 MOKJIUBICTIO
3MIHIOBaTH PI3HOMAHITHI TmapamMeTpu. Slke CKIagaeTbcsi 3 Ppe3yJIbTaTiB
HaKJIaJJaHHS JIKIJIbKOX CBITJIIOBUX OO’€KTIB y (DOKaJIbHIN IJIOIIMHI, @ TAKOX
BUIIAJKOBOTO IITyMY.

a) P ———— c = B P ki - S50 o &

6) Fr Grayscale)
350
an
s
a . i an
o £y 100 10 200 %0 300 no

Tezern o e (2~ 5 (e

Fraunhofer 3D Surface (No Colar|

Pucynox 1 Po3nonisieHHs: aMILTITy 11 CBITJIOBOTO 30ypeHHs y (hOKaIbHIN
IJIOIIKMHI, SIKE OTPUMAHO 3 BUKOPUCTaHHSIM XBUJIBOBOI TE€OPii CBITIIA.
a) BUB1J pe3yJIbTaTiB MOJIEIIOBAaHHs y BUIIIsiAl 2D 300pakeHHs;

0) BuBI1J pe3yabpTaTiB y BUrisal 3D rictorpamu.
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BucHoBkn. TakuM 4YWHOM, METOJIM MOJICTIOBAHHS 0a3ylOThCsl Ha
XBUJIBLOBIA TEOpii CBITIA, TOEIHYIOTH AHANITAYHI Ta YHCIOBI MiAXOAH, 1
3a0€3MevYyI0Th MOXKIIMBICTh JOCTIPKEHHS BIUTMBY T€OMETPIl anepTypu Ta YMOB
CIIOCTEPEXKEHHSI Ha SKICTb POOOTH JOKamiiHoi cuctemu. Po3poOnenwmii
nporpaMHuii  3aci0  3abe3medye  HAOyHE  BiOOpaXeHHA  pe3yJIbTaTiB
MOJICTIOBaHHSI PO3MOJIIIY aMIUIITYId CBITJIOBOro 30ypeHHS Yy (OKabHi
IJIOIMMHI. MOKIIMBICTh BapitOBaHHS IMapaMeTpiB MOJACITIOBaHHS (pO3MIp OIS,
KUIBKICTh Ta KOH(iryparis o0’€KTiB, piB€Hb BHIAJAKOBOIO IIyMy) 3abe3reuye
THYYKICTh JIOCHTIJIPKEHHS Ta JO03BOJISIE aJaliTyBaTH CUCTEMY JI0 PI3HOMaHITHUX
YMOB CIIOCTEpEXEHHS. BpaxyBaHHS BHUIAQKOBOTO IIyMy Yy MO/JIEIIOBAHHI
JT03BOJISIE HAOJIM3UTH PE3YNbTATH 0 PEATbHUX EKCIUTyaTalliiHUX YMOB, IO
NIJBUIIY€E JOCTOBIPHICTh OTPUMAHUX BHUCHOBKIB Ta MPAKTHUYHY LIHHICTb
po3pobiieHoi kKoM 1oTepHOi Mojeni. [le 3abe3neuye MOXKIUBICTH MOJICTIOBATH
cueHapii poOOTH JIOKALITHUX CHCTEM, HAOJMKEHUX JO0 peajbHUX YMOB
eKCIUTyaTallli, Ta CTBOPIOE OCHOBY MJI MOJAbIIOl onTuMizamii. OTpumani
pe3ylnbTaTH MaloTh MPAKTUYHY 3HAUYIIICTh IS PO3POOKH BHCOKOTOYHHX
ONTUYHUX CHUCTEM, 3JaTHUX TMPAMIOBAaTH B IIMHPOKOMY CIIEKTpI YMOB
CTIOCTEPEKEHHSI.
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PO3POBKA ABTOMATH30BAHOI TH®OPMAIIIMHOI CUICTEMH
KOHTPOJIA AKOCTI KUTTSA
npodecop, a.1.1H. Ctpinkora T.O., mpodecop, a.¢.-m.H. 'purtyros O.B.,
acmipanT Kaseupkuii B.B., ctynent lleBuenxo M.C.
XapKiBCbKHUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,

Kadeapa MIKpOeTeKTPOHIKH, €JIEKTPOHHUX MPUIaIiB Ta IPUCTPOIB
e-mail: tetiana.strilkova@nure.ua, alexander.gritsunov(@nure.ua,
viacheslav.kavetskyi@nure.ua, mykyta.shevchenko3@nure.ua _

Abstract. The report presents modern intelligent systems for health
monitoring and quality of life control, based on automated data collection from
sensors, [oT devices, and electronic modules within the context of Industry 4.0
and Industry 5.0 concepts. An automated cellular-biophysical method is
proposed for assessing work capacity, stress load level, and health status based
on the indicators of the electronegativity of buccal epithelial cell nuclei. This
method provides an objective evaluation of the organism’s adaptive capabilities
and can be applied for monitoring the effectiveness of rehabilitation measures.

Kuro40Bi cjioBa: KOHTPOJIb SIKOCTI KUTTS, peadutiTariiiti 3axoau, Industry 5.0

Beryn. 370poB’s € HaWBaKIIMBIIIOW O10JOTIYHOIO XapaKTEPUCTUKOIO
0COOHMCTOCTI, MPOTE CJiJ 3a3HAYUTH, 110 CYTHICTh LILOTO TMOHSTTS B Cy4YacHIH
MEIUIIMHI 1€ HEJIOCTaTHhO BHBUCHA. He MokHa ckazatu, Mo Ipodiemi
3I0pPOB’S TMPUIUIUIOCS MaJl0 yBaru B ICTOpIi HAayKH, OJHAK TEPEBAXHO Y
MEJIMIIMHI aKIEeHT pOOMBCS Ha JOCHIIKEHHI XBOPOO, a 3I0POB’ ST PO3TIIAAATIOCS
K anbTepHaTHBa XBOpOOi. BomHOYAac HUM TOHATTAM 3I0pOB’S MajJeKO HE
BUYEPIYETHCS, 1 1€ MUTAHHA 3aCIyTOBYE HA CHELlajJbHE PO3IIIsiA, OCOOIUBO 3
OTJISITy HA MOro 3HAYEHHs JJIsl BIMCHKOBOCTYKOOBIIIB. HenocTarHsi BUBYEHICTh
CYTHOCTI TIOHSATTS <«370pPOB’SD TOSCHIOETHCS OCOOIMBOIO CKIIAJHICTIO IIHOTO
SBUIIA, 1110 TIOB’A3aHe 3 TJIMOMHHOIO MPUPOAOI0 O10JIOTTYHUX MPONECIB. | AKIIO
MEIUIIMHA Ma€ CIpaBy 3 OKPEMHUMH IMOPYIICHHSIMH 3arajlbHOTO CTaHy, TO
pPO3yMIHHSI 3arajbHOi CYTHOCTI 3/I0pOB’S TOBHMHHO CTaTH (PyHIaMEHTOM
Cy4aCHOI MEUIIMHH.

CyyacHi IHTENEKTyaldbHI CHCTEMH MOHITOPUHTY CTaHy 37I0pOB’S Ta
KOHTPOJIFO SIKOCTI KHUTTSA 0a3ylOThCsi Ha aBTOMATHU30BaHOMY 300p1 JaHUX
ceHcopiB, loT-mpuctpoiB, enekTpoHHUX MoOayJdiB. Y pamkax Industry 4.0
iHopMaIliiHi  CUCTEMHU  KOHTPOJIO  SKOCTI  KUTTS  IHTETPYIOThCA 3
KiOep(Di3MYHUMU CUCTEMaMH, BEIUKUMH JaHUMHU Ta IITYYHUM I1HTEJIEKTOM.
Industry 5.0 nogae akueHT Ha JIOAMHOIEHTPUYHICTD, CTAIUM PO3BUTOK, SKICHY
OCBITY Ta CHPSIMOBAHICTh HAa  KOHTPOJIb SKOCTI JKUTTS Ta IiJABUIIECHHS
T00po0yTY CYCH1IbCTBA. Po3pobka TaKuX CUCTEM noTpedye
MDKIUCIUIUTIHAPHOI CHIBIIpalli: 1HKEHEPU-eIEKTPOHIKH, TIPOrPaMiCTH, MEIUYHI
Ta colialibHl gociigHuku. Lle cTBoproe mnaTdopmy AJid iHTErpaiii Hayku (HOBI
anropuT™Mu), oOcBiTH  (miaroroBka kaapie 'y STEM), BupoOHHUIITBA
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(BIpOBaIKEHHSI CEHCOPHUX TEXHOJIOT1H Ta pOOOTU30BaHUX CUCTEM).

Metoaun ouiHku  (YHKHiOHAJABHOr0 cTany JioauHu. OiiHKa
(GYHKIIOHATBFHOTO CTaHy JIIOJWHUA € KOMIUIEKCHOIO TPOIEAYPOIO, M0 BKIIOYAE
¢i3ionoriuni, ncuxogizionoriuHi Ta KJIITHUHHI MOKA3HUKH, SKI BiTOOpaKkaroTh
ajanTaiiiHi MOXIJIMBOCTI OpraHi3My Ta e(eKTHBHICTb HOTO pETYyJISATOPHUX
cucTeM. BUKOpHUCTOBYIOTHCS Pi3HI METOJII Ta TEXHOJIOTII: eleKTpodi3iooriuHi,
K1 3a0€3Me4Yy0Th He1IHBa3UBHUN MOHITOPUHT (hYHKIIIH CepIisi, MO3KY Ta M 531B;
OloiMIIeTaHCOMETpIsl, SKI BH3HAYAIOTh CKJIaJ] Tija Ta PIBEHb C€HEPreTUYHOIO
oOMiHy; TIcux01310JIOTIYHI — TECTH Ha yBary, IIBUIKICTh peakilii; KIITHHHO-
010¢13u4HI, K1 BIJ0Opakae eHEPreTUYHUN MOTEHIIaI 1 TOMeOCTas3.

CyuacHi eJeKTpOHHI CHCTEMH INOBHUHHI BIJIMOBIJIATH HE JIUIIE TEXHIYHUM
BUMOTaM, IO /10 HUX BHUCYBAIOTHCS, ajie ¥ aHATOMIYHUM, (i310JOTIUHUM Ta
MICUXOJIOTIYHUM BUMOIaM, BU3HAYEHUM OCOOJIMBOCTAMM AiSIBHOCTI JIIOJIUHH.
[IpyuoMy HaWBHIIMM pIBHEM II€i TPYNHA BUMOT € ICHXOJIOTIYHI BUMOTH, SIKI
BH3HAYAIOTh BIJMNOBIIHICTh TEXHIKH IICHXIYHUM OCOOJIMBOCTSM JIFOJUHH, TOOTO
OCOOJIMBOCTSAM CIPUUHSATTS, MaMm’ ST, MUCJICHHS TOIIO. MOKIIMBOCTI JIIOJIUHU
3HAYHO PO3MIMPIOIOTHCS 3aBASKH BHUKOPHUCTAHHIO 3ac00iB aBTOMATHKH Ta
TEJIEMEXaHIKHA, EJIEKTPOHHO-OOUYHUCIIOBAIBHOI ~ TEXHIKH, OOYHCIIOBAIBHO-
pPO3B’A3yBABHUX 1 KEPYHOUYMX MaIluH. Y 3HA4HIM Mipl aBTOMAaTHU30BAHO
MIPOIIECH YIIPpaBJIiHHS TeXHIKOr. OIHaK 3aCTOCYBaHHS 3ac001B aBTOMAaTH3allll Ta
OOYHUCITIOBANILHOT TEXHIKM HE JO03BOJISE TOBHICTIO BHUKIIOYUTH JIOJUHY 3
npoiiecy ynpasiiHHs. Lle 3yMOBIEHO HU3KOIO MPUYHH, Cepell SKUX OIHIEI0 3
OCHOBHMX € €KOHOMIYHA JOIUJIbHICTh BKJIIOUCHHS JIIOJAWHU JI0 CHUCTEMHU
«JTI0IUHAa—MAITIHAY).

TakuM YMHOM, OJHOYACHO 3 MPOOJIEMOIO BIOCKOHAICHHS TEXHIKH ITOCTAE
3aBJaHHS ONTHUMAJILHOTO CHHTE3y CHCTEM <JIIOJIMHA—MAIIMHA» 3 METOI0
CTBOPCHHsSI HAWOUTBII TPOTYKTUBHOTO KOMIUIEKCY, Y SKOMY B3aEMHO
KOMIICHCYBaJIUCS O HENOJIKM JIIOAMHM 1 TEXHIKM Ta MaKCUMalbHO
BUKOPUCTOBYBAJIMCS iXHI mepeBard. llcuxodizionoriudai MOXKIMBOCTI JIFOAUMHU
MOBMHHI BpaxOBYBaTHCS 1 IMIJI 4Yac eKCIUTyaTallli TaKoro Kiacy CHCTEM
«JTI0JIMHa—MAaIIuHaY, K Cy4acHI €JIEKTPOHHI CUCTEMH.

Metow aociaimkeHb € po3poOKa Ta YIOCKOHAJICHHS aBTOMATH30BAHOTO
KJIITUHHO-010()13MYHOT0 METOAY KOHTPOJIS Mpare3aTHOCTI, BUSHAYCHHS PIBHA
CTPECOBOTO HaBaHTAXCHHS, CTaHy 37I0pOB’Sl Ta €PEKTUBHOCTI peadimiTaIliitHux
3aX0JlIB HAa OCHOBI METOAYy OLIHKA CTaHy JIIOJMHU 3a T[OKa3HUKaMU
eJIEKTPOBI’€MHOCTI siiep KIITHH OyKaJdbHOTO EMiTeNito. Y Cy4aCHHX yMOBax
MIJBUIIICHOTO  TICUXO0(I310JIOTIYHOTO HaBaHTa)XEHHsS 3pocTae moTpeda B
00’€KTUBHMX METOJaX OIIHKK (YHKI[IOHAIBHOTO CTaHy jtoauHu. OgHuUM 13
MEPCIIEKTUBHUX TIJIXO/IB € BHUKOPUCTAHHS ITOKA3HUKIB €JIEKTPOBIA’ €EMHOCTI
sJiep KITUH OYKaJIBHOTO EMITENII0 - IOCTYITHOTro OioMaTepiaty, 1o BigoOpaxae
ajanTaliifHl MOXJIMBOCTI oOpraHizMy. Meroa 0a3yeThcsi Ha BHU3HAUYCHHI
EJICKTPOKIHETUYHUX BJIACTUBOCTEH sii€p KIITHH, SIK1 3MIHIOIOTHCS Mij] BILTUBOM
CTpeCy, BTOMH, BIKOBUX Ta TMaTOJOTIYHUX  (aKTOpiB.  SHMKCHHS
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€JIEKTPOBI’€MHOCTI CBITYUTh MPO 3MEHIICHHS EHEPreTUYHOTO MOTEHIlaTy
KIITHH, 10 KOPEI€e€ 3 TOPYIIEHHSM TOMEOCTasy Ta 3HIDKEHHSIM
(GYHKIIIOHaTbHOT aKTUBHOCTI.

Y Xxoml mochiKeHb, MpoBeaeHHX 3a wmeronukoro Illax6azosa B.I.,
[lIkopbatoBa FO.I'., T'omuapenko M.C., CrputkoBa O.I., CrpinkoBoit T.O.,
BCTaHOBJEHO nocToBipHI 3MiHM EOS y mnpencraBHUKIB mpodeciii 3 BUCOKUM
pIBHEM BIAMNOBIIAIBHOCTI (OMEpaTOpH, ITUCIETUYEPH, BINCHKOBI), a TaKOX ¥
CTY[ICHTIB MiJl 4Yac €K3aMeHaIllfHOro HaBaHTaxkeHHS [1-5]. Meron no3Bosisie
3MIACHIOBATH MOHITOPUHT (DYHKIIIOHAJLHOTO CTaHy B JUHAMIIl, OI[IHIOBATH
eheKTUBHICTp  pealUmTalIMHUX  3aXOJIB  Ta  MPOTHO3YBaTH  PHU3UKH
NepeBaHTaXKEHHS. MeTon € HEelHBAa3UBHUM, JOCTYIIHUM 1 MPUAATHUM IS
IIMPOKOTO 3aCTOCYBaHHS B  MEIUKO-O10JIOTIYHMX, MCUXO(I3I0NOTTYHUX Ta
TEPOHTOJIOTTYHUX JOCHTIIPKEHHSIX.

[Ipenapar, mo sBisie cOO0I0 CYCIEH31I0 KIITHH OYKKAJIBbHOIO EMITENI0 y
dbocharHomy Oydepi, MOMIMIAETHCA B KaMepy Uil MIKPOEIEKTpodopesy.
30BHIIIHIA BUTJISI KIITHH OYKKaJIBHOTO €MITENI0 HAaBEJIEHO Ha PUCYHKY 1.
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Pucynoxk 1 — 300pakeHHs! KJIITHH OYKKaJIbHOTO €HITENII0 B MO 30py
MIKpPOCKOIIa

B nonoBimi mnpencraBieHO po3po0JeHY aBTOMATHM30BaHY CHCTEMY
KOHTPOJIIO SIKOCTI >KUTTS. [lpuHImMm poOOTH CHCTEMM MOJSrae y HACTyHHOMY:
TEJICBI3IMHUNA CUTHAT 3 BUXOJYy TEJEBI3IMHOI KaMepH TOJA€ThCS Ha BXiJ OJIOKa
3aXOIUICHHSI BIJCONOTOKY, SIKUW 3[IHCHIOE aHAJIOroBO-LM(POBE MEPETBOPEHHS
curHaiy ta (opmyBaHHs 300pakeHHs. OTpuMaHe 300pakKeHHS HAIXOIUTh Ha BXiJ
OJl0Ka TPOCTOPOBO-4acoOBOI  (PUIbTpallli, MO BUKOHYE BHYTPILIHBOKAIPOBY
00poOKy y peaqbHOMYy MaciTabl yacy Ta BHJae 1HQOpMaIo Tpo TeJeBi3iiHI
KOOPJIMHATH KOKHOTO CrHocTepekyBaHOro o0’ekta. Ii maHi mojaroThes Ha BXif
OJl0OKa BHU3HAYEHHS KIHETUYHHMX XapaKTEPUCTHK JIA MOAAJIBIIOT MIXKKaIpOBOi
00pOOKH.

Otpumana iHpopMallis mepeaacTbest 10 MEPCOHATHFHOTO KOMIT FOTEpa IS
CTAaTUCTHUYHOI OOpOOKHM, BUMIPIOBAHHS TPAEKTOPIN PyXy KIITUHHUX SACp Ta
Bi0Opa)kaeThCS HA MOHITOP1 Y BUIVIAI PO3MOALTY OO’€KTIB 3a aMILIITyJaMHu
KOJIMBaHb, HIBUAKOCTAMH Ta NpPUCKOpeHHSIMH. JlomaTkoBO (QopmyeThcsi OaHK
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JaHUX Pe3yJbTaTIB AOCITIKEHHS MPo0 OYKaIbHOTO EMiTEeiIO.

3anponoHOBaHa CHCTEMa KOHTPOJSI SIKOCTI JKUTTS BKIIIOYA€ HACTYIHI
byHKIii: 3M1ACHIOEThCS BU3HAYCHHS 3arajlbHO1 KUIBKOCTI KIITHHHHUX SIEP Y
npo0i, KUIBKOCTI EJEKTPOHETaTUBHUX Ta HEUTpaNbHUX sAEp, a TaKoXK ix
MPOIICHTHOTO CIHiBBiAHOMEHHA. Jl03BOJISIE PO3MMPUTHA TApaMeTpu aHai3y:
aBTOMAaTUYHO BUMIPIOETHCS aMIUIITy/la KOJMBaHb, JOAATKOBO BH3HAYAIOTHCS
HIBUIKICTh Ta TNPUCKOPEHHS PYyXOMHX slep, lie 3abe3neduye OTpUMaHHS
J0AaTKOBOI 1HGOpMaIli Mpo CTYIIHBb AICNCKTPUYHOI TMOISpHU3aIil KIITHHHUX
sJlep Ta OB’ sI3aHy 3 HEIO0 T€HETUYHY aKTUBHICTb SIEpHOTO reHomy. DopmyBaTu
0a3u JaHuX: pPe3yNbTaTH AOCIIIKEHb aBTOMAaTHYHO HAKOMHUYYIOTHCS y OaHKY
JAHUX JUIsl TTOAAJIBIIOT CTaTUCTUYHOI 00poOKu. Boiojie BHCOKOIO TOYHICTIO:
noxuOKa BUMIPIOBaHb He mnepeBuinye 1%, 1mo 103Boiitge (PikcyBaTH MIHIMAJIbHI
3MiHM MapaMeTpiB pyXy KIITUHHUX SIEp y MPOLECT MIKpOEIEeKTpodopesy.

[Toganpmni AOCHIKEHHS CHPSMOBaHI Ha TMOEJHAHHS ABTOMATH30BAaHOIO
METOAY OLIIHKM €HEPreTUYHOr0 CTaHy OYKKaJIbHOIO EMITENII0 Ta PI3HUX METO/IB Y
€IMHIN CHCTEMI OLIHKU CTaHy 310poB’s. [loeqHaHHS 3amporOHOBAaHOTO METOY 3
QITOPUTMAMHU  CYyYaCHUX METOAIB 0OpoOKH 300pakeHb [6] Ta MalIMHHOTO
HaBYaHHS 3a0€3MEYNTh aBTOMATUYHE BUSBJICHHS MPUXOBAHUX 3aKOHOMIPHOCTEH y
BEJIMKMX MAacHUBax [aHWX, IMPOTHO3YBaTH 3MIHM (PYHKIIOHAILHOTO CTaHYy
OpraHi3aMy Ta pHU3MKMA 3HIDKEHHS ajantauidHux wmoxmBocted. lle cmpusie
CTBOPEHHIO 1HTCIIEKTYalbHUX TNPOQLIIB SIKOCTI KUTTS, IO BIIIOBIIAIOTH
koHtenitisM Industry 4.0/5.0 Ta mijisiM CTaJIoro po3BUTKY.
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THOOPMAIIMHA CUCTEMA MOJIEJTFOBAHHS ITPOIIECY
PEECTPAILIII ONITUYHOI'O BUITPOMIHIOBAHHS
npodecop, aA.1.H. Ctpinkosa T.O., [Iaraiikina M.1.,
crynentka Jmutpyk C.C., cryaentka [lesunosa M.O.
XapKiBCbKHUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,

Kadeapa MIKpOeJIeKTPOHIKH, €JIEKTPOHHUX MPUIaIiB Ta IPUCTPOIB
e-mail: tetiana.strilkova@nure.ua, mariia.piataikina@nure.ua,
softia.dmytruk@nure.ua, madina.pievtsova@nure.ua
Abstract. In this work, the development of an educational and research complex
for studying the energetic, spatio-temporal, stochastic, and statistical properties
of optical radiation is presented. The proposed information system for modeling
the process of optical radiation registration includes modules for physical
modeling, sensor registration, signal processing, and result visualization. The
system is intended for scientific research, engineering development, and
educational purposes, providing simulation, analysis, and optimization of

processes related to the detection and processing of optical signals.
Kurouosi ciioBa: potoaeTekTopy, OCBITHI I1T1, 1HXKEHEPHI pO3POOKH

AKTyalbHICTh pPo00TH. CHOTOJHI  ONTHUYHI Ta ONTHKO-EIEKTPOHHI
TEXHOJIOT1i 3aCTOCOBYIOTHCS MPAKTHUYHO Y BCIX 0OJACTAX JIFOACHKO1 AISUIBHOCTI,
MEUIMHI, HAHO- T4 MIKPOTEXHOJOTIAX. AKTUBHIN PO3BUTOK TaKUX TEXHOJIOT1i
00yMOBJTIO€ HEOOXIAHICTh MIATOTOBKU NMPOGeCIOHATBHIX HAYKOBUX Ta HAYKOBO-
MeJIaroT1YHUX KaapiB, sSIK1 CIIPOMO>KHI BUPIIIYBATH CUCTEMHI 1HHOBAIIIHI 3a1a41
HAyK{ Ta TPOMHUCIIOBOCTI B YMOBaX TEXHOJIOTIYHOTO MPOTpecy.

Ha cywacHOMy eTami pO3BHUTKY BHWINOI IIIKOJIM, B YMOBax IOCTIHHOTO
HapOILIyBaHHS HAYKOEMHOCTI Ta CTYIEHIO KOMII IOTepu3allii, BiJg MaiOyTHIX
(daxiBLIB BUMararoTb HE TUIBKM SIKOCTI NpoQeCcIiHUX 3HaHb, a TaKOX
PO3BUHEHOTO  CHCTEMHOTO,  CIIPOMOXXHOTO 7O  TPOTHO3YBAaHHS  Ta
BUTIEPEHKAIOYOTO TEXHOJIOTTYHHHA MPOTPEC THTEICKTYATbHOT'O MUCIICHHS.

ToMy po3poOka HOBITHIX 1HHOBAIIMHUX KOMIIJIEKCIB MO JOCHIIKEHHIO
METOJIIB MNPUHAOMY Ta TMEPETBOPEHHS ONTUYHUX CHUTHAIIB B MIKpO- Ta
HAHOCJICKTPOHHHUX TIPUJIaJaX JO3BOJUTH IIJABUINMTH SKICTh IIJATOTOBKH
JTUTUIOMOBAHUX (DaxXiBI[IB TEXHIYHUX CIICI[IAIbHOCTEH, TUHAMIYHO 3MIHIOBAaTH
3MICT TEXHIYHOI OCBITH, PO3pOOJISITH 1HHOBAIIMHI METOAWKH BUKIQJaHHS, a
TaKOX MIATPUMYBATH 3BOPOTHUN 3B'S30K 31 CTyJACHTAMH — CIIOKMBayaMH
OCBITHIX MOCIYT.

MeTo10 1aHOI HayKOBOI po0OTH € CTBOPEHHSI HaBYAJIBHOTO KOMILJIEKCY
JUISI BUBYCHHS CHEPreTUYHHMX, IPOCTOPOBO-YACOBUX, CTOXACTHYHHX Ta
CTAaTUCTUYHHUX BJIACTUBOCTEH ONTHYHOTO BUTIPOMIHIOBAHHSI.

Indopmaniiina cucreMa MOJeTIOBAHHA NMPOLECY PeecTPalii ONTHYHOTO
BHIIPOMIiHIOBAHHSI — II¢ TIPOTrpaMHO-arapaTHUH KOMILJIEKC, MPU3HAYCHUN IS
iMiTallii, aHajgizy Ta ONTUMI3allli MPOIECIB BHUSABJICHHS, 300py, OOpOOKH Ta
30epiraHHs JaHUX, OTPUMAHUX B PpeE3yJbTaTi peecTpalii ONTHYHOTO
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BUTIPOMIHIOBaHHS (HANpUKJIAA, CBITJIA, JIA3EPHOTO CHUTHATY, 1H(PPadepBOHOTO
BUIIPOMIHIOBaHHS TOII0). B OCHOBI pO3pOOKH CHCTEMH € TEOpeTHYHI M
eKCIIEPUMEHTaIbHI METOAM JOCTIKEHb, a caMe: MPHU MEePeTBOPEHHI CUTHAJIB B
MIKpOEIEKTPOHHUX CHCTEMax Ta BHBYCHHI CTaTHCTUYHHX XapaKTEPUCTHK
BUKOPHCTAHO OCHOBHI TTOJIOKEHHS XBUIILOBOT Ta KOPITYCKYJISIPHOT TE€OPii CBITA,
Teopii MMOBIPHOCTEH, CTAaTUCTUYHOI Teopii IIOTOKIB, Teopii moOyI0BU
MIKPOEJIEKTPOHHHUX CHUCTEM.

OCHOBHUMHU KOMITIOHEHTAMHU CUCTEMHU € MOAYJIb (PI3MYHOTO MOJIETIOBAHHS,
SAKAW CIYXXHTh JJIs IMITaIlli JpKepesl ONTHYHOTO BHUIIPOMIHIOBAHHS (CIEKTP,
IHTEHCHBHICTh, HAIIPSIMOK); BpaxyBaHHS CEPeJIOBHINA MOIMpPeHHs (aTMocdepa,
MIePENIKOIM, PO3CitOBaHHSA). MOyJIb CEHCOpPHOI peecTpallii HeoOXiIHE It
MozentoBaHHsl podotu (doroaerektopiB, CCD/CMOS wmatpuilh; BU3HAYEHHS
napameTpiB YyTIMBOCTI, IIyMiB, AUHAMIYHOrO Alana3oHy. Monayiab 00poOku
CUTHAJIIB BUKOHY€ (yHKLII (QuibTpanii, HopMani3ailii, IepeTBOPEHHsI CUTHaIYy;
BU3HAYCHHS XapaKTEPUCTUK BUIIPOMIHIOBAHHS (IHTEHCHUBHICTh). Moayib
BI3yasi3amii Ta aHali3y BHUKOPUCTOBYEThCS I TNOOyAOBH rpadikis,
TICTOrPAMHOTO Ta CTATUCTUYHOTO aHaI3y PE3yJbTaTIB MOJICIIOBAHHS.

Indopmariitna cuctemMa MOJETIOBaHHSI MPOLECY peecTpallii ONTUYHOTO
BUIIPOMIHIOBaHHS B HAYKOBHX JIOCIIPKEHHIX BUKOPUCTOBYETHCS ISl BUBYCHHS
XapaKTEePUCTUK ONTHUYHOIO BUIIPOMIHIOBAHHS B PI3HUX YMOBaX, B 1HXKEHEPHUX
po3po0Kax AJis TECTyBaHHS ONTUYHUX ceHCopiB, kamep, CCD/CMOS maTpuilb;
OCBITHI 1UJII — HaBYaHHS CTYACHTIB MPUHIHUIAM peecTpaiii Ta 0OpoOKH
ONTUYHOTO CUTHAIY.

MopnentoBanHsi  iHPOpPMAIIMHOI  CHCTEMH  pEecTpallii  ONTUYHOTO
BUIIPOMIHIOBaHHS. B ymoBax poO3BHTKYy MIKpO- Ta HAaHOCHUCTEMHOI TEXHIKH
BUHHUKA€E MOTpeda B MPOCTUX, JOCTYMHUX Ta (PYHKIIOHAIBHO 3aBEpUICHUX
KOMIUIEKCAaX JJis BHUBYEHHS IPOIIECIB PEECTpallii, MEPETBOPECHHS 1 aHa3y
ONTUYHUX curHaiiB. CaMe AJid UbOTO PO3pOOJEHO HABYAIBHO-AOCTIAHUIBKHIA
Kommeke Peectpanii Ontuynux Curnanis (KPOC). KPOC noeanye B co0i
KOMIIOHEHTH JDKEpena BHUIPOMIHIOBaHHS, (oTolpHiiMaua, aHAJIOTOBUX Ta
nU(pPOBUX CXEeM OOpOOKM CHUTHaNIB, IO J03BOJIIE HAOYHO AOCIHIIKYBaTH
OCHOBHI 3aKOHOMIPHOCTI TIEPETBOPEHHSI ONTUYHOI €HEprii B EIEKTPUUHY.
Kowmrineke opieHTOBaHUMI Ha 1HTErpaIliio 3 MPOrpaMHUMH 3aco0aMu aHali3y Ta
MoetoBaHHs, 30kpema Mathcad ta Python a Takox 3actocyBaHHS XMapHHX
TEXHOJIOTIM y MOCHIDKEHHSX MIKpO- Ta HAHOTEXHOJIOTiHM [1-4], 30kpema st
MOJICTIOBaHHS B3a€MO/Iii ONITUYHOTO BUIIPOMIHIOBAHHS 3 HAITiBIIPOBITHUKOBUMH
dboTocTpykTypamu [5-6], 1m0 3a0e3nmeuyroTh THYYKICTh, MacIITa0OBaHICTH 1
JOCTYMHICTb PECYpCiB, JO3BOJISIIOUM OOpOOJIATH BENUKI O0CATH JaHUX,
MPOBOJIUTH CUMYJIALIT, aHaNI3yBaTH €KCIIEPUMEHTH Ta CTBOPIOBATH BipTyalbHI
naboparopii 6e3 mopororo obnagHaHHs. CucteMa 3a0e3nedye BHUMIPHOBAHHS
IHTEHCUBHOCTI Ta MPOCTOPOBOTO PO3MOJALUTY BHUIIPOMIHIOBAaHHS 3 BHCOKOIO
PO3JIUIBHOIO 3/IaTHICTIO.

PoGoTa cnipsiMoBaHa Ha TOOYIOBY CTPYKTYPHOI Ta (PYyHKIIIOHAJIBHOI CXEeM
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KOMITJIEKCY, OOTPYHTYBaHHS BHOOPY KOMITOHEHTHO1 0a3u, aHaI3 CTOXaCTUIHUX
XapaKTePUCTHK CUTHATIB 1 IIyMiB, @ TAKOX MOJICIIOBAaHHS BUXITHOTO CUTHAITY
npuiiMaya mpy pi3HUX YMOBAaX BUIIPOMIHIOBAHHS.

Po3podka crpykrypHoi Ta ¢pynknionaabnoi cxemn KPOC. CtBopeHHs
HABYAJILHOTO KOMIUIEKCY KOMIUIEKC peecTpartii ontuunux curHamiB (KPOC)
CKJIAJA€ThCSl 3 TaKUX OCHOBHUX €JIEMEHTIB: ONTHUYHE JDKEpPENo; ONTHYHE
cepenoBuille (BOJIOKHO abo TMOBITps); (oTomnpuiiMadi — B 3aJIEKHOCTI Bij
GI3UYHUX  SBUIN, SKI BHU3HAYAIOTh TMPUHIMN [Aii, NOpUMadl ONTHYHOTO
BUINPOMIHIOBaHHS BUKOPUCTOBYIOTHCSA JI€KUIbKA TPYyI; KOMI'IOTEpHA CUCTEMa
06po6xku (I1K 3 mporpamHuM 3a6€311€UCHHSM).

Pucynok 1. [Ipoekt komIekcy
peecTparllii ONTUYHUX CUTHAJIIB.
®opMmyBaHHs curHainy — [lommpenHs
B cepenosuiil — [lepeTBopeHHs
doToHiB y ctpym — I[Iporpamua
oOpoOka Ta aHali3 CurHaisy —
Bizyanizauis / 30epexeHHs

MogaenoBaHHs mnpouecy peecTpanii ONTHYHOr0O BHUIIPOMiHIOBAHHS.
MonentoBaHHsI IPOBOAUTHCS 7Sl OLIIHKY BIUIMBY UIYMiB (BHYTPIIIHIX 1 30BHIIIHIX)
Ha BHXIIHUM cUTHaN cucteMu. JlJii 1IbOro BUKOPHCTOBYIOTh YHUCEJIbHI BHUOIPKU
3HaUYEHb CHTHATY IpPH PI3HUX YMOBaX OCBITJIEHHS, Ta PO3PaxOBYIOTh BiIIOBIIHI
CTOXaCTUYHI  XapaKTEepUCTUKU. THUIOBMA  MIAX1A: TMEPETBOPEHHS  EHeprii
BUIIPOMIHIOBAaHHS Y KUIBKICTh (POTOHIB; MEPETBOPEHHS (DOTOHIB Yy E€JIEKTPOHH 3a
JIOTIOMOTOI0 ~ KOe(illi€eHTa KBAaHTOBOI €(DEKTUBHOCTI; TOPIBHSHHS  KUIBKOCTI
CUTHAJIOBUX EJIEKTPOHIB 13 KIJIBKICTIO EJIEKTPOHIB, CIPUYUHEHUX IIyMOM.
Pe3ynprat MopenroBaHHA TOMAIOTHCS y BHUIIAAL TaOmuipb Ta rpadikiB, IO

MOKa3yIOTh PO3UILHICTh CUTHAY 1 IITyMY 3a PI3HUX BIJICTAHEH Ta OCBITIEHOCTI.

MopeniogaHHs npovecy hopMysarHa curHany B KPOC
= Bumipasni curwan
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Pucynox 2. MogaentoBanns nporiecy popmyBanus curgairy B KPOC
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BucHoBku. B cydyacHMX yMmoOBax pO3BUTKY BHILIOI OCBITH CTBOPEHHS
HAaBYAJIbHUX KOMIUIEKCIB, SIKI JO3BOJISIIOTh CHCTEMHO BHBYATH MPOLECU
dbopmyBaHHS, MPUAMaHHS Ta OOPOOJICHHS CHUTHATIB B €JICKTPOHHUX CHCTEMax
Ia€  MOXJMBICTH (OpMyBaTH y CTYIOEHTIB TmpodeciiiHi 3HAHHI Ta
1HTEJIEKTyaIbHEe MUCIICHHS. 3acToCyBaHHS Cy4aCHUX KOMIT FOTEPHUX
TEXHOJIOT1i J1a€ MOXJIMBICTH OOpoOJISITH OoTpuMaHy iHdopmalliro. Po3pobiieHi
METOJIUKH TpUUMaHHSA Ta OOPOOJEHHS CHUTHAJIB CIPHUSAIOTh YKPIIJICHHIO
MDKJIUCHHUIUTIHAPHUX 3B’ S3KIB ((PI3UKH, BUIOI MaTeMaTHUKH, ONTOCICKTPOHIKH,
MaTtepianio3HaBcTBa). B pe3ynbrari BUKOPUCTaHHS PO3POOJIEHOTO0 KOMILIEKCY
peecTpallii ONTUYHUX CHUTHAJIB, BUBYECHHS Ta PO3pPaxXyHKIB iX CTATUCTUYHUX
XapaKTEPUCTUK JI03BOJISIE€ CTyIeHTaM (POpMYyBaTH 3HAHHS 100 TUIAHYBaHHS Ta
MIPOBEJICHHS €KCTIEPUMEHTAIBHUX Ta TEOPETUIHUX JTOCIIIKCHb.
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PO3POBKA METO/IB KOHTPOJIIO IKOCTI METAJIEBUX
MMOBEPXOHB JIUISA CUCTEM TEXHIYHOI'O 30PY
npocdecop, a.1T.H. Ctpinkosa T.O., [IsaTaiikina M.1.
acmipant [latpoB J[.O., cryaent CeniBanos C.I.
XapKiBCbKHUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,
Kadeapa MIKpOeJeKTPOHIKH, eJIEKTPOHHUX MPUIaIiB Ta MPUCTPOIB
e-mail: tetiana.strilkova@nure.ua, mariia.piataikina@nure.ua, denys.patrov@nure.ua,
serhii.selivanov(@nure.ua

Abstract. The paper addresses the relevant problem of quality control of
metallic surfaces in the context of Industry 5.0. An information processing
method for machine vision systems is proposed, combining spatio-temporal and
entropy-based approaches. Modeling and experimental studies were conducted to
detect low-contrast defects. The results confirm improved accuracy and reliability
of diagnostics, contributing to the development of intelligent quality control
systems in industry.

Kuio4oBi cjioBa: TexHIYHUHN 31p, KOHTPOJIb SIKOCTI1, METaJIeBl TOBEPXHI.

Beryn. TexHosorii BUTOTOBJIEHHS METaJeBUX JeTajeid BHUMAararoTh
BHCOKOI'O PIBHS TOYHOCTI Ta HAAIMHOCTI KOHTPOJIO sikocTi. HaBiTh He3HauHi
MOBEPXHEB1 AEPEKTH, TaKl K NOAPANUHHU, TPIIMHHU, KOPO3i1iHI BKIIOUEHHS YU
HEOJTHOPITHOCTI CTPYKTYPH, MOKYTh MMPU3BECTH J0 3HWKCHHSI KCIUTyaTallliHUX
XapaKTePUCTHK BUPOOIB, CKOPOUYEHHS IXHBOTO pECypcy Ta BUHUKHEHHS
aBapiiHUX CHUTyallli y KPUTHYHO BAXIMBUX Tally3iX, TaKuX 5K
MaIlrHOOYAiBHA, aBialliiHa Ta aBTOMOO1IbHA. TpaauIiiiHi METOIU Bi3yaJIbHOTO
KOHTPOJIIO HE 3aBXkIU 3a0e3MeuyloTh HEOOX1AHY 00’ €KTHUBHICTh Ta IIBUIKICTH,
0COOJIMBO y BUIAJKAX aHATI3y MAJTOKOHTPACTHUX JIe(DEKTIB, SKi BAXKKO BUSBUTH.

Industry 5.0 opieHTyeThCS Ha CHUHEPrilO0 JIOAMHU Ta TEXHOJOTIH, e
IHTEJICEKTyaJIbHI CHUCTEMH JOMOMArarTh IIJIBHIINUTH SKICTh BHPOOHHUIITBA.
CydJacHi cuCTeMHU TEXHIYHOTO 30Dy, MOEJHAH] 3 aIrOpuTMamMu 0OpOOKH JaHUX
3a0e3MeYy0Th aBTOMATH30BAHUM KOHTPOJb SKOCTI Ta JO3BOJISIIOTH BHUSBISATH
nedexkTy (MoApANUHHU, TPIUHU, KOPO3is). 3aCTOCYBAHHS METOJIB MAIMHHOTO
HaBYaHHS 7151 Kiacu@ikailii TUIB 1ePEeKTIB Ta IPOrHO3yBaHHS IXHBOTO BIUIMBY
Ha eKCIUTyaTaliiHl XapakTepUCTUKUA JO3BOJISIIOTH MIABUIIUTH TOYHICTh
KOHTPOJIFO SIKOCTI Ta 31ACHIOBATHM aHalli3 MOBEPXOHb y peaJbHOMY 4aci,
BUKOPUCTOBYIOUM alNTrOpUTMU IM(GPOBOI OOpOOKM CHUTHaiiB Ta 300pa)KeHb.
Boanouac icHyrodl MigXoaud Ta METOAM MArOTh OOMEXKEHHS TPHU BUSIBICHHI
MaJOpO3MIPHUX Ta MAJOKOHTPACTHUX Je(eKTiB moBepxHI MeTaniB. Takox Ha
TOYHICTh ~QJTOPUTMIB MOXXYTh BIUIMBATH 30BHIIIHI  (aKTOPH, Taki sIK
HEOTHOP1/THICTh OCBITJIEHHS Ta BIACTHUBOCTI Matepiay [1].

JUis  TEeXHIYHO1 JIarHOCTHKM METAJIEBUX IOBEPXOHb 3aCTOCOBYIOTHCS
onTUYHI, pagiorpadivyHi, yJIbTPa3BYKOBi, MarHiTHI METOJH, a TAKOX CHUCTEMH
TEXHIYHOTO 30py, SKI JalOTh MOXJHMBICTh 3a pPaxyHOK 3acTOCYBaHHS
MPOCTOPOBO-4aCOBOT OOpPOOKHM CHUTHAIIB CYTTEBO IMIJABUIIUTH TOYHICTh
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BusiBieHHsT gAedekTiB [1-3]. ¥V cyyacHMX BHUpPOOHMYHMX JIHISIX CHCTEMH
TEXHIYHOTO 30py JIO3BOJIAIOTH aBTOMATHU3YyBAaTH TMEPEBIPKY MPOIYKINi 3i
MIBUJKICTIO 70O COTEHb METPIB CTPIYKM 3a XBHJIMHY a00 THCSY JeTaned 3a
ronguny. IIpocTtopoBo-yacoBa 00poOka 3abe3redye MOMKIMBICTh BUSBICHHS
MaJOKOHTPACTHUX Je(EeKTiB, BIJOKPEMJICHHS BIIOIMCKIB Bl pealbHUX
MOIIKO/KEHb 1 CTaOUIBHICTh POOOTH NIPH 3MIHHHUX yMOBax OCBITIICHHS. B
po6oti [4] IOCHIIKYETbCS 3aCTOCYBaHHS MPOCTOPOBO-4AaCOBOi  0OpOOKHU
CUTHAIIB, 30KpeMa METOAY MDKKAJApPOBOi OOpPOOKM JJi1  IOKpAIlCHHS
cniBBiiHOIIEHHsT curHai/miym (SNR) B cuctemax TexHiyHOro 3opy. Meroau
MIPOCTOPOBO-YaCOBOi 0OPOOKM BPaXxOBYIOTh KOPEJISIII0 CUTHAJIB y MPOCTOP1 Ta
yaci, 0 MNIABUIIYE UYYTJIMBICTH /10 MaJl0 KOHTPACTHUX JE(EKTIB 1 3HHKYE
KUIBKICTh XMOHUX CIPallbOBYBaHb CUCTEM KOHTPOJS gkocTi [5, 6]. Anpobarris
TaKMX METOJIB aKTUBHO BEIEThCA HA MPOKATHHUX JIHISAX, Y KOHTPOJIl 3BAPHUX
IIBIB, BUTOTOBJICHHI NMPELUU31THIX METAIEBUX KOMIIOHEHTIB. TaKOX BaXKJIMBUM €
BUKOPUCTAaHHSA METOMAIB CTaTHCTHYHOI 00poOku (Big Data) Ta croxacTnuHux
MoJieJiell CHTHalTy W IIyMy JUIS TMPOEKTYBAaHHS CKJIAJHUX CHCTEM TEXHIUHOTO
30py, OCOOJMBO MpHU BUSBIECHHI AEPEKTIB, A€ IIyM, (IyKTyamii, Kopensmuii B
yaci 1 IpoCTOpi MOXKYTh 1CTOTHO BIUIMBATH Ha pe3yibTaT [7, 8].

TakuM 4yMHOM poO3poOKa Ta YJOCKOHAJIEHHS METOAIB KOHTPOJIIO SIKOCTI
METAJIEBUX I[OBEPXOHb 13 BHUKOPUCTAHHSIM CHUCTEM TEXHIYHOTO 30py €
aKTyaJlbHUM 3aBJIaHHAM CYYacHOi HAyKd # TMPOMHCIIOBOCTI, IO BiJMOBIAA€E
ctpareriyauM 1M Industry 5.0 — cTBopeHHs Oe3nedyHOro, eeKTUBHOTO Ta
I'YMaHHO-LEHTPUYHOTO BUPOOHHUIITBA.

MeTo10 po60TH € po3poOKa Ta TOCTIIKEHHS] METOTy 00OpoOKH 1H(hOpMaIlii
JUISL CUCTEMH TEXHIYHOTO 30Dy, CHPSAMOBAHOIO Ha MiJBHUIIEHHS TOYHOCTI Ta
HAJIAHOCTI BHSBJIEHHS MOBEPXHEBUX JE(EKTIB METaleBUX JeTalel HUIIXOM
MO€ETHAHHS METO(IB TPOCTOPOBO-YACOBOI Ta EHTPOMITHOI 0OpPOOKU CUTHAIIB.

O06'eKT AOCII>KEHHS — TIPOIEC KOHTPOJIIO SKOCTI METAJICBHUX JCTAJICH.

[IpeameT gociigKeHHS — METOAM Ta aaropuTMU oOpoOku iHopmarlii B
CHUCTeMax TEXHIYHOTO 30py JUIsi aBTOMAaTH30BAaHOTO KOHTPOIO  SKOCTI
BUTOTOBJICHHSI METAJICBUX JCTAJICH.

OcHOBHi 3aBIaHHsl JochaigxeHHsi. Po3pobmtm wMeron oOpoOku
1H(DopMarrii, mo MoeaHy€e MAXOAU MPOCTOPOBO-4acOBOi (UIBTpaIlil Ta aHATI3Y
SHTPOIIIi JJIsl TOKPAIIEHHS BUSBJICHHS MAJOKOHTPACTHUX JIe(PEKTiB.

B nomoini mpencraBieHo MeTo 00poOku iHGopMallii, SKHM MOETHYE
IIPOCTOPOBO-YacCOBI Ta CHTPOMINMHI IMJIXOAM IO JO3BOJSE KOMILICKCHO
OIIHIOBAaTH CTaH MOBEPXHI Ta MIABUIIUTH TOYHICTh Ta HAIIHHICTh BHSIBJICHHS
MOBEPXHEBUX JE(PEKTIB MeTajeBuxX JaeTanei. Takmii miaxim wMoxke OyTu
BUKOPHCTAHO JIS PO3BHUTKY IHTEIEKTYaJbHUX CHUCTEM TEXHIYHOTO 30py Ta
3aCTOCOBAHO Y TIPOMHCIIOBUX CHCTEMaX KOHTPOJIO SIKOCTI.

Onuc gochimkeHHst. MojentoBaHHST  METOAYy  KOHTPOJIKO  SIKOCTI
BUT'OTOBJICHHS METAJIEBUX MOBEPXOHb MPOBOAWIOCH B ACKIIbKA eTamiB. [lepuiuii
eman: EHEPreTUYHUN Ta TPOCTOPOBUM aHal3 300pakeHb Je(dEKTIB Ha
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METAJIEBUX TMOBEPXHAX. PO3TIsSHYTO OCOOIMBOCTI PO3MOILTY I1HTEHCHUBHOCTI
CUTHAJIIB Ta MPOCTOPOBY JoKam3aiito aedektiB. lle mo3BoMMIO BHU3HAYMATH
KJTIOYOB1 O3HAaKH, SIKI MOXYTh OYTH BHUKOPHCTaHI [JIsl aBTOMAaTH30BaHOTO
BUSIBJICHHS MOIIKOKEHb. /[pyeuii eman: MOJEIIOBaHHS 300paxeHb 1e(PEeKTiB Ha
METaJIeBUX MOBEPXHAX. (s mepeBipku epEeKTUBHOCTI METOMIB 0OpoOKH OyIio
31ICHEHO MOJICNIIOBaHHS 300pakeHb JEePEeKTIB Pi3HOI NMpupoau (TOAPSIUHH,
TPINIMHUA, KOPO3iHHI IUisMHu). Mojen BpaxoByBajdu Bapiallii OCBITJICHHS,
IIIyMOBl BIUIMBM Ta TE€OMETPUYHI OCOOJMBOCTI TIOBEepXHI1. Ipemiti eman:
po3po0ka  TpOrpaMHOro  3a0e3leyeHHsA. 3acTOCOBAHO  CICIialli30BaHE
nporpaMHe 3a0e3rnedeHHs, ke 3abe3rneuye TeHepallilo MOACITHFHUX 300paKeHb
nedexTiB, BU3HAYEHHSA iX IMapaMeTpiB Ta Tmodandbinuii aHamiz. I[Iporpama
JI03BOJISIE  3MIHIOBATH YMOBH CIIOCTEPEXKEHHS Ta 3acCTOCOBYBATH Pi3HI
QIrOpUTMH  OOpOOKM i1 OLIHKK 1X e(ekTuBHOCTI. Yemegepmuii eman:
NPOBEJCHHS  €KCIEPUMEHTAIbHUX  JIOCHIIKeHb.  3aCTOCOBAaHO  METOIHU
30UTPIIEHHS KOHTPACTHOCTI Ta EHTPONIMHOTO aHalily Ha MOJEJIBHHUX Ta
peanbHuX 300paKEHHSIX.

6)

IMirceni
E

r) & 8 100 120 10 160 180 20 20
fexpanictn 1)

Pucynox 1. Pesynbratu Bizyanmizaiii a) peajgbHe 300pakeHHs; 0) MoJIeTbHE
300paKe€HHSI; B) MPOCTOPOBA TicTorpaMa 1e(eKTy NpuM’ ITHHU Ha METaleBii
JieTal; T) eHTPOIMHUHN aHasli3 300pakKeHHS; 1) TICTOTpaMHUM aHai3
300paKeHHS

BucHoBku. ExcriepuMeHTaNbHI pe3yabTaTH Ha MOJCITBEHUX 300paKCHHIX
TIOKa3aJjIy, 110 3aCTOCYBAHHS aJallTHBHUX METO/IIB JO3BOJISIE€ 3HAYHO MOKPAIUTH
BUJIUMICTh ApIOHUX AedekTiB. EQEeKTUBHICTh 3apOIOHOBAHUX METOJIIB TaKOX
MIATBEP/PKEHO  HA  PEAIbHUX  300pPAKEHHSIX  METAJNeBUX  MOBEPXOHb.
JlocnikeHHsT TTOKa3alid, 0 aJTOPUTMH JIOKAIBHOTO KOHTPACTy 3a0€3MeUyr0Th
HaWKpale CIIBBIJHOMIEHHS MK (¢parMeHTamMu Ha 300paxkenHi. Oxpemo
JOCITIJIPKEHO 3aCTOCYBAaHHS EHTPOIIMHUX METOJIB JUIsl BUSIBICHHS JE(EKTiB.
BukopuctanHs eHTpOMIWHUX TOKAa3HUKIB JO3BOJIAJIO OILIHUTH CTYMIiHb
CTPYKTYPHOI HEOJTHOPIHOCTI MOBEPXHI Ta BUIUIUTH JUISHKA 3 MOTEHIIHHUMUA
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MNOIIKO)KEHHSAMU. EKCIepuMeHTH MiATBEPAUIH, WI0 TMOEIHAHHS METOIB
MPOCTOPOBO-9aCOBOi Ta EHTPOMINHOI OOpOOKM CHUTHANIB € e(QEeKTHBHUM
THCTPYMEHTOM JJIsI aBTOMATHU30BaHO1 A1arHOCTUKH, OCOOIUBO Yy BUMAAKaX, KOJH
nedeKTr MaloTh CIa0KO BUPAKEH1 KOHTPACTHI O3HAKH.

Cnucoxk BUKOPUCTAHUX JKepeJt

1. Steger C., Ulrich M., Wiedemann C. Machine Vision Algorithms and
Applications. 2nd ed. Weinheim : Wiley-VCH, 2018. 516 p.

2. Koanenko I. B., IletpoB C. M. Cucremu TEXHIYHOTO 30py B
MIPOMUCIIOBOCTI: HaBY. MociOHuK. XapkiB : HTY "XIII", 2022. 324 c.

3. CeniBanoB C. ., CrputkoBa T. O. BizyasbHi METOAM KOHTPOIIIO SIKOCTI
BUTOTOBJICHHSI METAJECBUX JE€Tajeld 3a JIOMOMOIOK TEXHIYHOro 30py //
Panioenekrponika ta Monoab y XXI cTomiTri : marepiaan 29-ro Mi>KHapOIHOTO
MoJoaikHoro ¢popymy, 16—19 keitHs 2025 p. Xapkis : XHYPE, 2025. T. 1. C.
61-63.

4. IlatpoB, . O., CrpinkoBa, T. O. «Ouinka e(pEeKTUBHOCTI ONTHKO-
CJICKTPOHHUX cUCTeM (OopMyBaHHSI Ta OOpOOKM CHUTHAIIB Ta 300pakeHb» //
Martepianu 29-ro MixkHapogHOro MONOIIKHOTO hopymy «PamioenekTpoHika Ta
Mmook y XXI cromitriy, XHYPE, 1619 kBiTHs 2025 p. — C. 27-29.

5. Strelkova T.A., Lytyuga A.P., Kalmykov A.S. Statistical Characteristics
of Optical Signals and Images in Machine Vision Systems Examining
Optoelectronics in Machine Vision and Applications in Industry 4.0. 2021,
Pages: 134-162. DOI: 10.4018/978-1-7998-6522-3.ch005.

6. Strelkova T.A., Strelkov A.L., Lytyuga A.P., Kalmykov A.S. Methods of
Reception and Signal Processing in Machine Vision Systems in Examining
Optoelectronics in Machine Vision and Applications in Industry 4.0., 2021,
Pages: 71-102. DOI: 10.4018/978-1-7998-6522-3.ch003.

7. Iatpos, . O., CrpuikoBa, T. O. «Texnomnorii o6pobku Big Data B

OIITHKO-CJICKTPOHHUX CUCTEMaxX 3 ypaxyBaHHSM CTAaTUCTUYHHX BIACTHBOCTEH
BUXITHUX curHamBy // Matepianu XXIV MixHapoaHOi HayKOBO-TEXHIYHOT
koH(pepenmii «IIpunagoOyayBanns: cran 1 mnepcrnektuBm», KIII im. L.
Cikopcbkoro, Kuis, 13—14 tpaBus 2025 p.
[Taraiikina M.I1., CrpinkoBa T.O. Iadopmartiiiai TexHOOrii B iarHOCTHII
npoieciB 1epeKTOyTBOPEHHSI MIKpO- Ta HAHOEJIEKTPOHHUX CTPyKTyp / M. L
[Taraiikina, T. O. CrpinkoBa // Pamioenexkrponika ta Moioas y XXI cTOMTTI :
Martepianu 29-ro MixkaapoaHoro mosioai>xkaoro ¢hopymy, 16—19 ksitas 2025 p.
— XapkiB : XHYPE, 2025. - T. 1. - C. 50-52.

65



ABTOMaTH3aLlis, ENIEKTPOHIKA Ta 11 -12 rpyans 2025 poky

pobOTOTEXHIKA lI E RT‘2 0 2 5

AJJAIITUBHUM OIITUYHUUN CEHCOP HA INIAHAPHOMY
XBUJIEBOI J1JIs1 CUCTEMHA EKOJIOT'TYHOI'O MOHITOPHUHI'Y
nomeHt, K.¢.M.H., ['amat O.b., crynent Crannik /I.B., cryaent Jlamko E.I.
XapKiBCbKUI HalllOHAIBHUN YHIBEpCUTET pagioenekTpoHiku, kad. MEEIIII
M. XapkiB, YkpaiHna
e-mail: daniil.stadnik(@nure.ua

Abstract. This paper investigates an adaptive optical sensor based on a
planar waveguide for environmental monitoring systems. The proposed design
offers a simpler technological alternative to D-shaped fiber sensor while
retaining the advantages of total internal reflection and evanescent-field
interaction. The study includes modeling of light propagation in the glass plate
and calculation of key parameters such as penetration depth, number of
reflections, and total attenuation. The results show that adjusting the input angle
provides an effective mechanism for tuning sensor sensitivity. The approach
enables the development of a flexible, microcontroller-controlled multispectral
system suitable for field environmental measurements.

Kuro4oBi cjioBa: ONTUYHUN CEHCOp, IUIAHAPHUWA XBUJIEBIJ, €KOJIOTIYHUI
MOHITOPHHT.

Beryn.  JlochipkeHHST TPOJIEMOHCTPYBAJIM BUCOKMM TOTeHIian D-
noAiOHUX BOJIOKOHHHUX CEHCOpIB, MI0 TMPaIlO0Th Ha MPUHIMIIL TOBHOTO
BHyTpimHbOro Bigouttss (IIBB) Ta B3aemozii eBaHeCHEHTHOro TOJsA 3
cepenoBuiieM. Taki CEHCOpPM € HaJA3BHYAMHO TMPUBAOIMBUMH JJIs 3a4ad
CydyaCHOTO  MOHITOPUHTY  3aBISKH  IXHIM  BUCOKIA  YYTIWMBOCTI  JIO
MPUMOBEPXHEBUX 3MIH, MOKJIMBOCTI POOOTH B peajJbHOMY Haci Ta CTIMKOCTI JI0
€JICKTPOMArHITHUX 3aBajl, 0 € KPUTHYHUM JJIsi TIPOMHCIOBOI aBTOMAaTH3aIlii.
byno mnokazaHo, 10 iXHS YYTJIMBICTh CHJIBHO 3aJICKHUTh BiJ ONTHYHUX
napameTpiB CUCTEMHU (IOKA3HUKIB 3ajoMieHHs nl, n2) Ta reomerpii (KyT
naiaas 0) [1].

Boanouac, He3BakarouM Ha iXHI XapaKTEPUCTHKH, MPAKTUYHA peai3aiis
ceHCOpiB Ha ©0a3l D-momiOHOTO BOJIOKHA TIOB'S3aHa 31 3HAYHUMHU
TEXHOJIOTIYHUMH BUKIUKaMmH. [Iporiec OokoBoro muridyBaHHS € CKIATHUM,
JIOPOTHM Ta BAXXKO BIATBOPIOBAHUM Yy cepiiiHOoMy BHpoOHHNTBI. KpiMm TOTO,
TOYHE BBEJICHHS BUIIPOMIHIOBAHHS B TaKiii MIKPOCTPYKTYpl BUMArae CKJIagHOTO
IOCTYBaJILHOTO OOJIaIHAHHS.

Ili ¢daxkTopu 0OYMOBIIOIOTH HEOOXIAHICTH MOUIYKY ajJbTepHATUBHUX,
TEXHOJIOTIYHO MPOCTIMIUX Ta €KOHOMIYHO €(eKTUBHIMMX KOHQIryparii, siki 0
30epiranu ¢yHaaMeHTabHI mepeBaru wmeroxy I[IBB. Jlns mopansiioro
JOCIIJKEHHSI (YyHAAMEHTAIbHUX TMPUHLHUIIB Ta PO3POOKH MPAKTHYHOI,
aBTOMATU30BaHOI CHUCTEMH MOHITOPUHTY, OyJI0 MPOBEACHO MOJEIIOBAHHS
albTEpHATUBHOI, MpocTimoi B peam3auii KoHpirypamii ceHcopa. Ld
KOH(pirypaiisi 0a3yeTbcsi Ha TuUX caMuxX (GI3UYHUX TPUHIMNAX, ajie
BUKOPUCTOBYE MAKPOCKOMIYHHUM TUIAHAPHUN XBUJIEBIJl — CKIISIHY ILJIACTUHY, IO
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BIJIKpUBA€E IIUPOKI MEPCIEKTUBY A ii IHTErpallli B aBTOMaTH30BaH1 CUCTEMH Ta
BUKOPHUCTAHHSA SIK HABUAIBHOTO CTEHAY JAJISl MATOTOBKH (PaxiBIIiB.
OcHoBHa yacTuHa. Po3risiHeMo cucteMy, 0 CKJIATAEThCS 31 CTaHAAPTHOT

CKJIsIHOI IIacThHU (76x26x1.2 MM) 3 NOKa3HMKOM 3aJIOMJIEHHA M, ~1.5., dKa

3aHYpEHa y KIOBETY 3 JIOCJIKYBaHOIO piiHOIO (puc. 1). BunpomiHioBaHHS Bij
JoOKepena CBiTJIa (Jlazepa) BBOJUTHCS 4Yepe3 OJWH 13 TOPIIB IJIACTUHM I
MIEBHUM KyTOM TaJiHHS Ojp.

CBiTno, yBIMIIOBIIM B TUIACTUHY, 3a3HA€ 3AJOMJICHHS 1 MOUIMPIOETHCS
BCcepeanHi Hei, TOCHIJOBHO BiIOMBAIOYMCHh BiJl TUIACKUX TpaHeh '"CKIIO-
cepenoBuie” Ta "CKIO-MOBITPS".

Jxepeno
n

Oin n / \
Orefract 'ntemaj/ \

\ ~N 7 N\ 7

[Ipuiimau

Puc 1. — CxematuuHe 300pakeHHs MTOMIMPEHHS MPOMEHS Y TITAHAPHOMY
XBUJIEBO/I1 (CKJISIHIH MJIACTUHU) TIPU BBEJIEH] Yepe3 TOPEIlb.

KirouoBuM mapamerpom, 10 BH3Hadae BCHO (DI3UKy IIpOIECy, €
BHYTPIIIHIN KYT Ointenal (KYT MaJIIHHS Ha poOOUy rpaHsb "ckio-cepenosuiie") [2].
[le#ti xyT Oe3mocepeAHBO TOB'SA3aHUN 13 BXIAHUM KyTOM 0i,, BpPaxoBYIOYHU
TCOMETPiI0 BBEJCHHS:

: _ 1
R - Sln(@in) - nglass ) COS(Hinternal) s (

[le cmiBBITHOIICHHS € HAA3BUYAWHO BaXXJIMBUM: BOHO IIOKa3ye, IIIO,
3MIHIOIOYH 30BHIIIHIHN, JIETKO KOHTPOJIBOBAHUM KyT, MU MOXXEMO MPEIU31iTHO
KEepyBaTH BHYTPIIIHIM KyTOM, a OT)KE — BCIMa XapaKTepUCTUKaMu ceHcopa [3].

I'muObuHa NPOHUKHEHHS €BaHECIHeHTHOro Toyst (0) € (yHKIIE A
(moBXUHU XBUJI1) Ta Ointernal (2 OTHKE, 1 Oip):

o=

A
2 ) 2
2 71'\/}’1 glass S1n (eint ernal ) - nsol (2

Pospaxynku (puc. 2) moka3yoTb, 0 MpU 30UIBIIEHHI BXiTHOTO KyTa 0Oj,
(110 BiAMOBIAA€ 3MEHIICHHIO Oinernal TA HOTO HAOMMIKEHHIO O KPUTHYHOTO KyTa
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0, mOuHa MpOHWKHEHHS O pi3ko 3poctae. Hampuknan, mis A3 = 650 HM, O
3poctae Big ~ 150 um g0 = 450 uM npu 3miH1 6, Big 0 mo 40 rpagycis. Lle
O3Hauae, 10 €BAaHECLIEHTHE MoJjie "onuTye" 3HaYHO TOBIIWH IIap PiIUHH.

&

5-1077|
3

4-107
2

3-107
1

2:1077
0o 0.2 ' 0.4 0.5 .

Oin, pan
Puc 2. — 3anexHicTh IMTMOMHNA MPOHUKHEHHS €BaHECIICHTHOTO TOJISI BiT
BXiI[HOl"O KYTa JJIA prOX JOBKHWH XBHUJIb.

s mnacTUHU JOBXHHOIO L=76 MM 1 TOBIIMHOI t=1.2 MM, KIJIbKICTB

B11I0UTTIB N TakoX 3aJ€KHUTh BiJ KyTa:
N=— & 3
t- tan(einteral)

IIpu 36umbmeHH] 0i (3MeHIEHHI Oipemal), KUIBKICTH BIIOUTTIB N
30uBITy€eThes (3 1-2 10 5-6).

CymapHe 3aTyXaHHS CHTHAJly Ma€ XapakTep IMOMHOXXYBaJIbHOTO €(EKTy,
SKUW BHU3HAYAETHCS SK BTpaTaMM HAa KOXXKHOMY OKpPEMOMY BIAOWTTI, Tak 1

3arajbHOI0 KUIBKICTIO UUX BIAOUTTIB. BuximHa nmoTyxkHIcTh (Poy) onucyeThes
HACTYITHOK MOJEILIIO:

P, =B, (1-Loss)" (4)
ne Pi, — BxigHa Hanpyra, Pout —

Brparu na onnomy Bigoutti (Loss) MoaentoroThes K QyHKITS,
nponopiiHa riouHi mpoHukHeHHs (Loss = k-0), a N — 11e KiJIbKICTh TOBHUX
B1JIOUTTIB.

AHaJi3 mokasye, 10 Tpu 30UIbIICHHI BXIIHOTO KyTa 6i, OJHOYACHO
3pOCTalOTh 1 BTpaTH Ha KOXKHOMY BIJOWTTI, 1 iX 3arajbHa KUIBKICTb, IO
CIPHUYMHSE CTPIMKE €KCITOHEHI[IMHE NafgiHHs Poy, CTYMIHYACTUI XapaKTep SKOro
00yMOBJIEHHH TUCKPETHOIO 3MiHOIO N.
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Pout1
Pout2
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0 1.1 ' 1.3 1.5

einternal, pan
Puc 3. — MonenbHa BuxijgHa NOTy X HICTb (Poyt) K QYHKIIIS BHYTPIIITHBOTO KyTa
(Binternal) I TPHOX JTOBXKHH XBUJIb.

BucHoBku. MojentoBaHHsI CEHCOpa Ha OCHOBI IIJIAHAPHOTO XBHJIEBOY
niaTBepArIo GyHIaMEHTANIbHI PUHIIUIIY, PaHilIe pO3MISHYTI it D-1o1i6HoTro0
BOJIOKHA. BogHOUac BOHO BHSBHIIO HOBHM, MEXaHI3M KEpyBaHHS — aJanTarlito
YYTJIMBOCTI HUISIXOM 3MIHHM KyTa BBEJCHHS.

Leli migxix AO03BOJIAE NPOEKTYBATH HE NPOCTO CTAaTUYHUM CEHCOp, a
IHTEeNeKTyallbHy CcHCTeMy. BuKopucTaHHS MIKPOKOHTpoJepa Al KepyBaHHS
KyTOM Ta MEPEMUKAHHS MK PI3HUMHU JTOBKMHAMHU XBUJIb IIEPETBOPIOE MPUCTPIid
Ha THYYKHi, OararonapaMeTpUuHUN aHaI13aTop.

[loemHanHs ~ TAakOro  BHUMIPIOBAJBHOTO  By3/la 3 CyYaCHUMH
1HQOpMaIIHHUMHA TEXHOJIOTISIMA BIJKPUBA€E MIISX JO CTBOPEHHS HOBOTO
MOKOJIIHHS 3ac001B aBTOMaTH3AIlii ISl TTOJIbOBOT'O €KOJIOTIYHOT'O MOHITOPHHTY .

CnHCcOK BUKOPUCTAHMUX JKepeJt:

1. Surface Plasmon Resonance Based Sensors / ed. by J. Homola. Berlin,
Heidelberg : Springer Berlin Heidelberg, 2006.
URL: https://doi.org/10.1007/b100321

2. Snyder A. W., Love J. D. Optical Waveguide Theory. Boston, MA :
Springer US, 1984. URL: https://doi.org/10.1007/978-1-4613-2813-1

3. Luo Z., Huang Y. Sensitivity enhancement of surface plasmon resonance
sensor based on wavelength and angular combined modulations. Optik.
2018. Vol. 168. P. 271-2717. URL:
https://doi.org/10.1016/j.1j1€0.2018.04.085 (date of access: 13.11.2025).
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PO3HIUPEHE ®IBUYHE MOJAEJIOBAHHS ®OTOEJEKTPUYHUX
MNAHEJIEA JJ1s1 OIJIBUIIEHHSA IX TPUBAJIOI MPOAYKTUBHOCTI
crynent llyree H. B., nouent, k.¢.m.H. 'anar O.b.
XapKiBCbKUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,

Kadenpa MIKpOEIEKTPOHIKHU, €IEKTPOHHUX MPUJIa/IiB Ta PUCTPOIB,
e-mail: nazar.shutieiev@nure.ua, oleksandr.galat@nure.ua

Abstract. The global transition toward sustainable energy sources places
photovoltaic (PV) technology at the forefront of the world’s future power
infrastructure. While the solar industry has matured significantly, a critical
challenge remains: the often-observed gap between the predicted energy
performance of a solar panel and its actual output over its 25-30 year lifespan.
This performance discrepancy is driven by the complex interplay of material
degradation, environmental stressors (such as temperature and varying light
irradiance), and the inherent limitations of conventional models.

The primary aim of this work is to address this reliability gap by
developing a sophisticated physical and numerical model of solar cell. This
model 1is designed to accurately predict energy yield, simulate internal
degradation mechanisms, and integrate strategies for enhancing panel sensitivity
and signal stability under real-world operating conditions.

KurouoBi ciioBa: gporonepeTBoproBay, €PeKTUBHICTb, MOJEITIOBAHHS

Beryn.  OcHoBHa ~ (DyHKINSE  COHSIUHOI — maHem — 0a3yeThcs  Ha
doToenekTpuyHOMY e(deKTi, Ko (POTOHU MEPETBOPIOIOTHCS HA EIEKTPUYHUN
CTpyM y  HamiBOPOBITHUKOBHX  Marepiaiax. [IpoayKTHBHICTH  LIBOTO
MIEPETBOPEHHS HE € 171eallbHO JIHIMHO. O ICHYI0UYOi JIITepaTypH MOKa3ye,
10 TPAAMIIIHI MOJEII MPOJAYKTUBHOCTI YaCTO HE BIJMOBIIAIOTh OYIKYBAaHHSIM,
OCK1JIbKA BOHHU PO3TIISAIAI0Th KOMIPKY SIK 171eanizoBany cuctemy. Hacrpasmi Taki
dakTopu, sk 1eeKTH B HAMBIPOBITHUKOBUX MEPEX0/IaX, JOMIIIKH B CTPYKTYpI
Matepiany Ta pi3Hl JKEpesia BHYTPIIIHBOTO €JIEKTPOHHOTO LIYyMY, MPU3BOJATH
110 3HaYHUX BTpat [1,2].

Kputnuna npo6ema nossirae B Tomy, 110 111 (hakTopH, 30KpeMa Jierpaaartis
Ta 1yM™m, Oe3nocepeAHbO BIUIMBAIOTh HA 3arajlbHy 4YyTJIMBICTh MaHeNml — ii
3IaTHICTh €(EKTHUBHO IEPETBOPIOBATH CBITJIO Ha CTAOUIbHHUM eJIeKTPUYHUM
CUTHAJI, OCOOJIMBO B YMOBax HH3bKOi OCBITJIEHOCTI ab0 TMiCas pPOKIB
excrutyatamii. OOMEXEHHs  3BUYAWHUX  TMaHeNe  BUHUKAIOTh  4Yepes
dbyHIaMEHTAIbHI KOMIIPOMICH MIDK BapTICTIO Marepiamxy, JOBTOBIYHICTIO Ta
edexTuBHICTIO TiepeTBopeHHsA. 1100 momomatu 1 OOMEXEHHS, HEOOX1ITHO
BU3HAYUTH Ta BIPOBAAUTH CTPATErii, sIKI aKTUBHO 3MEHIIYIOTh BHYTPIIIHIM
IIyM Ta CTa0UII3yI0Th €IEKTPOHHY PEaKLIo.

OcHoBHAa 4yacTHHA. 32 OCHOBY y TIPOIIECI PO3PaXyHKY BHUKOPHCTOBYEMO
bi3uuHy Momens  (OTOMEpEeTBOpIOBaya, sKa peajdi3oBaHa y  BHIJIAIL
exBiBanenTHOI cxemu (Puc. 1). Ii ocHOBHOIO MepeBaroo € mpocToTa, Mo POOHTH
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il MpUAATHOIO M1 MIBUIKO1 OIIHKK TIPOAYKTUBHOCTI Ta IHTETparlii y mporpamMHe
3a0e3MeUeHHS 111 MOJICITIOBaHHS OUTBIIIUX CHUCTEM.

RI'IOCJ'I

0

Lm
D'y

0

Pucynok 1 — ExBiBasieHTHa cxema (hoTonepeTBoproBaya

Merononoriss 1bOrO MPOEKTY Tepeadayana JIBOCTOPOHHIA  MIIXIA:
NOTNMOJNICHU aHATITUYHUM OTJISJ] MarTepiajlo3HABCTBA Ta MPOEKTYBAHHS
CJIEKTPOHHUX MIJCUCTEM, a TAKOXK PO3POOKY KOMIUIEKCHOT (hi13UUHOT MOJIEIII.
Mopnens Oyna moOyaoBaHa JJIi MOJEIIOBAHHS CKIQTHUX (DI3MYHUX TPOLIECIB
ycepenrHi (hOTOENEKTPUYHOTO €JIEMEHTa, BiJ MOTIMHAHHSA (OTOHA 10 300py
pe3yJbTYIOUMX HOCIIB 3apsiay. KirodoBuM acmekToM po3poOku Oyjo TOYHE
NPEACTABICHHS IIYMOBUX (akTOpiB, SIKI MOXYTb CYTTEBO OOMEXHUTH
YyTIAUBICTh JAeTekTopa. Lli mkepena mrymy BKIIOYAOTh TEIJIOBHMA IIyM Ta
KBAHTOBHUU IIIYM.

KonkpetHi crpaterii MOiABUMIIEHHS YYTJIMBOCTI OyJM 1HTErpoOBaHl
0e3mocepelHb0 B MOJENb, 30CEPEUKYIOUUCh Ha JIBOX OCHOBHHUX OOJACTSX.
[lepmioro obsacTio Oyjia onTMMI3alis MaTepialliB Ta reoMeTpii, AKa BKIOYaia
OIIIHKY TOTO, SIK 3MIHM TOBIIMHHU HAITIBIIPOBIJIHUKOBOTO IIIAPYy, THITY MEPEXOTY
Ta BJIACTHUBOCTEM Marepiajdy BIUIMBAaIOTh HAa €(EKTUBHICTH 300py HOCIIB Ta
BHYTpIIIHI ~ BTpaTH. METOIMKN PO3paxyHKIB MOTIWHAIBHOI  3JaTHOCTI
MaTtepiaiiB Ta CTPYKTYp, 1[0 BUKOPHUCTOBYIOTh Y CKJIai (pOoTONMEpPETBOPIOBAYA,
npeactasieHi y [3.,4, 5]. dApyroto o6aacTio Oyjau METOAM 3MEHILICHHS ITyMy, a
camMe, BUKOPHCTOBYBAJIUCH IMITAIllifHI METONM, CHpPSIMOBaHI Ha MIHIMI3AIliIO
BIUITMBY €JICKTPOHHOTO Ta KBAHTOBOTO IIIyMY.

Oo6uncmoBanbHa (ha3a BKIIOYAJa BUKOHAHHSA pI3HUX CIEHapiiB 3
BUKOPHUCTAHHAM pO3po0OsieHoi Mozeni. MojenoBaHHs Hauajao JeTalbHe
ySBIEHHSA TMpO peakuilo (OTONpUHMAIbHOT KOMIPKM 3a PI3HHMX YMOB
OMPOMIHEHHS, TEMIEPAaTypHu Ta SIKOCTI Marepiany. Jliarpama po3citoBaHHS, IO
300pakeHa Ha PHUCYHKY 2, JEMOHCTPY€ MOCTYNOBE BIAXWUIEHHS (AKTHUHUX
pe3yJIbTaTiB MPOIYKTUBHOCTI (DOTOCIEKTPUYHUX TMaHeleH BiJ TEOPETUUYHUX
(MpOTHO30BaHMX) Ta CBIIYUTH TAKOXK MPO HASBHICTh CUCTEMATUYHUX YHHHUKIB,
a He JMIIe BWIMAJKOBUX SBWIN, [0 BIUIMBAIOTh Ha EKCIUIyaTalliiHi
XapaKTEPUCTUKHU JOCTIHKYBAHUX MTPUIIA]IIB.

KniouoBi  pe3ynpTaTd NpPOAEMOHCTPYBAIM KITBKICHUH 3B'I30K  MIX
KOHKPETHUMU MaTepiaiamu Ta T€OMETPUIHUMU napaMeTpamu
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dboTOomepeTBOPIOBAUIB, a TAaKOX 3arajJilbHOI0 EKCIUTyaTalliiHOI YYTIWBICTIO.
Hanpuknan, MO/ICITFOBAaHHS II0Ka3aJo, 11 (0) OIITHMI3aIlis SIKOCTI
HaMIBIIPOBIIHUKOBUX TEPEXOiB [6,7] Mae HEMPOMOPIIITHO MO3UTUBHUMN BILTUB
Ha MIiHIMI3aI[il0 BTpAT CTPyMy Ta 3MEHILIEHHS IIKIJIMBOTO BIUITMBY Iymy. Lle
CBITYUTH TIPO TE€, IO Y BHPOOHMIITBI CIiJ 30CEPEIUTHCS HA KOHTPOJII ITUX
HAaHOPO3MIPHHUX XapaKTEPUCTHK.

PoacitoBanHs dizmunol mogeni (MAE: 53,4 Br)
350

——= |geantHuH y=X
300
250

200

150

GaxTiaumia P actual (BT)

100

0 50 100 150 200 250 300 350

Mpornozosaqxia P_physical (W)

Pucynok 2 — I[TopiBHSIHHS (DAKTUYHHUX Ta TPOTrHO30BAHUX MPOTHO30BAHOI KPUBOI
Jerpaaaii moTy>KHOCT1 (po3pobiieHa MoIeNb) 3 PaKTUYHUMU JOBIOCTPOKOBUMU
NOJIbOBUMHU JTAHUMH

BucHoBku. AHai3 3MOJIEThbOBAaHUX KPUBHUX pEaAKIi IMOKa3aB, K Pi3HI
CTpaterii 3HWKEHHS IIyMYy BIUIMBAIOTh HA JIOBFTOCTPOKOBY CTAOULIBHICTH POOOTH.
30Kkpema, MOJeidb Hajana MPOTHO3HI KPHUBI, SIKI UIIOCTPYIOTh KOMIIPOMIC MIX
MaKCHMI3alll€r0 MOYaTKOBOI BUXIJIHOI MOTY>KHOCTI Ta MIHIMI3aIli€l0 IIBUIKOCTI
nerpajamnii 3 4yacoMm. Pe3yiabTaTH Aar0Th 3MOTY 3pO3YMITH, IO IaHEb,
po3pobiieHa 3 IHTETPOBAaHUMHU MEXaHi3MaMH 3HWKCHHS IIIyMy, HaBiTh SKIIO
JKEPTBY€E HEBEJIMKOI YAaCTKOK IMKOBOI MOYAaTKOBOI €()EKTUBHOCTI, MIATPUMYE
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3HAYHO BUIIUH PIBEHb MPOAYKTHUBHOCTI MICIIA JBOX ACCSITUIITH CITYKOU.

[TimcymoByrO4H, Cif CKa3aTd, IO YCHINIHO PO3POOJICHO BIOCKOHAJICHY
¢bi3uuHy MOJENb, sIKa BKIIOYAE KPUTHUYHI (PAKTOPU MaTepiandy, reoMmeTpii Ta
mymy. OTpumaHi CHUMYJSIIT MTIATBEpAWIM, IO CTpaTeriyHa ONTHUMI3Allis
MaTepiagiB Ta IHTETPOBaHI METOAM 3HIDKEHHS IIYMy MOXYTh 3HAUHO
MIJBUIIUTH  €KCIUTyaTallliHy dYyTJIWMBICTh Ta JIOBTOCTPOKOBY HaIIMHICTH
(OTOECNEKTPUIHUX TTaHENIEH.

Cnucok BUKOPUCTAHUX JIXKepeJl.
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AHAJII3 METOAIB 1 3ACOBIB KOHTPOJIIO TEMIIEPATYPHUX
PEKUMIB Y KOMIT'FHOTEPHUX CUCTEMAX

ctyneHT Heuait 10.1., ctrynent Maptuniok B.B., npodecop Ceun 1.B.
Kapnatcokuit HamioHanbHUM yHIBepcuteT iMeH1 Bacuns Ctedannka,
kadeapa KOMIT FOTEPHOT 1HKEHEpli Ta eJIeKTPOHIKU
e-mail: yurii.nechai.20@pnu.edu.ua, vitalir.martyniuk.20@pnu.edu.ua

Abstract. The work analyzes methods and means of controlling
temperature regimes in computer systems. It is shown that the rapid growth of
the volume of processed information requires high performance of computer
systems. Which in turn leads to overheating of processor systems and other
electronic components of computer systems. Existing cooling systems are
analyzed. It is proposed to use "aquarium" immersion cooling for more effective
cooling of high-performance computer systems. The proposed system is tested,
which shows better results compared to air and water cooling.

Kiro4oBi cioBa: KOMITIOTEpHAa CHCTEMA, MPOLECOP, TEMIEPATYPHHUU
pEeXKUM, aHalli3, KOHTPOJIb, EHEProe)EeKTUBHICTD.

Beryn. CtpiMKuii po3BUTOK KOMIIaHIN y chepi KOMIT FOTEPHUX TEXHOJIOT1H
Ta €NEKTPOHIKA 3YMOBIIIOE HIOPIYHE 3POCTaHHS KIJIBKOCTI HOBUX KOMIIOHEHTIB
KOMIT FOTEPHUX CUCTEM, SIKI XapaKTEepPU3YIOThCS MiABUIIICHOIO MPOAYKTUBHICTIO,
OpOTE€ BOJHOYAC MEHILOK EHEProe(eKTUBHICTIO, LI0 CYNPOBOIKYETHCS
3pOCTaHHSIM €HEPrOCIOKUBAHHS 1, IK HACIIIOK, HAAMIPHUM TETIOBUIIICHHSIM.
[leperpiB anapaTHUX €EMEHTIB MOXKE MPU3BECTHU JI0 iX MEPEAYACHOTO BUXOAY 3
Jajy, 3HKEHHS MPaie3JaTHOCTI BCIE€T CUCTEMHU, a TAKOXK /10 3HAYHUX YACOBHX 1
(1HaHCOBUX BTpAT sIK Uil O13HECY, TaK 1 JIJIs 3BUYaiHUX KOpuUcTyBauiB [1-3].

OcHoBHa yacTtuHA. Jl9 MATpUMAHHSA JOMYCTHUMHX TEMIIEpaTypHUX
pPEXKUMIB CTBOPEHO PI3HOMAHITHI TEXHIYHI PIIICHHS: BIJ NPOCTUX MACUBHUX
CUCTEM BiABEACHHS Tera (paaiatopu), A0 KOMOiHOBaHUX (pamiatop 13
BEHTWJISITOPOM) Ta BHCOKOC(PEKTUBHHMX PIAMHHHUX CHUCTEM OXOJIOJKEHHS 13
3aCTOCYBaHHSM IOMII 1 IUPKYJIALIl poOodoi piAMHU MO TPyOKax, MiAKITIOYCHUX
0e3mocepeTHbO 10 KJIIOYOBHX €leMeHTIB. He3Bakaroun Ha MIMPOKHUI CIIEKTP
TaKUX TEXHOJOTIM, MUTaHHS IOCTIIKCHHS METOMIB 1 3ac00iB KOHTPOJIO Ta
PETYJIIOBaHHS TEMIIEPATyPHUX PEXKUMIB KOMIT FOTEPHUX CHUCTEM 3aIUIIAETHCS
aKTyaJIbHUM 1 B MallOyTHbOMY.

VY xoxa1 BUKOHaHHSI pOOOTH MPOBEICHO aHaJI3 Ta OI[IHKY METO/IIB 1 3ac001B
TEPMOPETYJIIOBaHHS ~ KOMIT FOTEPHUX CHCTEM, TaKOXX BHM3HAUYE€HO OLIBII
ONTUMAJIbHI HasiBHI PIIIEHHA IIOAO TEPMOPETYJIIOBAHHS CHCTEM IIpH
IHTEHCUBHIN Ta TpuBamiii oOpoOui iHpopmarlii. Jlo HEAOMIKIB TaKUX METOIIB
MOXHa BIJIHECTH BHCOKY BapTICTh, T'POMI3JKICTh, MOACKYIHd HEIOCTATHIO
€(hEeKTUBHICTb.

3a  pesynbTaTamMy  aHajidy, 3alpoONOHOBAHO JJIA  OXOJIOHKCHHS
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BHUCOKOMPOAYKTUBHUX KOMIT IOTEPHUX CHCTEM BUKOPHCTOBYBATH «aKBaplyMHE»
iMepciiiHe OXOJO/DKEHHSA. B 1Ml cucTeMi OXOJOIKEHHS BCI KOMIIOHCHTH
KOMIT'FOTEPHOT CHCTEMHU 3aHypPIOIOTBCS B «akKBapiym» 3 JI€JICKTPUYHOIO
PIAMHOIO, IO HE IPOBOAUTD €IEKTPUYHUN CTPYM, ajie JoOpe MPOBOAUTH TEILIO.
Takuit Meron M03BOJIIE OAHOYACHO BIJBOAUTH TEIJIO BiJ YCIX €JIEMEHTIB
CUCTEMHU, BKIIFOUAIOYH T1, SIK1 paHillle OTPUMYBAJIU TOBITPSIHE OXOJIOI’KYBaHHS.

[IIo6 mnpomeMoOHCTpYBaTH €(PEKTUBHICTH 3aMPOINOHOBAHOTO  METOY
OXOJIO/DKCHHSI KOMIT'IOTEPHUX CHUCTEM 3a JIOOMOTO  «aKBaplyMHOTO»
PIIMHHOTO OXOJIOJDKCHHS 3 IMEpPCIMHOI0 PIIMHOI, OYJIO TPOBEICHO CEpIilo
TeCTIB. Y I1UX EKCIEPUMEHTaX KOMII'IOTep TMpalioBaB TMpU TOBHOMY
HaBaHTAXXEHHI, OMNpPAIbOBYIOUM pi3HI THUNU iHdopMarii. PesynabTaté TecTiB
JO3BOJIWJIA TIOPIBHATU TEMIEpAaTypy Ta CTAaOUIbHICTH POOOTH CUCTEMHU MpPH
PI3HUX TUIAX OXOJIOJKEHHS.

AHani3 JaHuX MOKa3ye, U0 IPH BUCOKOMY TEIJIOBUAUICHHI KOMIT FOTEPHOT
CUCTEMM Ta 1l KOMIIOHEHTIB, 3alpOlOHOBAaHA CHUCTEMa OXOJIOJKECHHS
JEMOHCTPYE 3HA4YHO Kpalll IMOKa3HUKHA CTaOUIBHOCTI Temmoeparypu. Takox
MOJKHA 3a3HAYWTH, IO TEMIEPaTypHI KOJUBAHHS y BHUMAAKY BHKOPHUCTAHHS
«aKBaplyMHOI» CUCTEMH 3aJIMIIAIOTHCS MIHIMAJIIBHUMH, IO 3a0e3Ieuy€e HaaiiHy
poboTy mpoliecopa, BIICOKAPTH Ta 1HIIUX KOMIIOHEHTIB HAaBITH MPH IMIKOBUX
HaBaHTA)XEHHAX. Takuil eQekT JocAraerbcs 3aBIsSKU Oe3MocepeHbOMY
3aHYpPEHHIO BCIX €JIEMEHTIB Y IMEpCIiHY PIANHY, sKa 3a0e3rneuye piBHOMIpHUIMA
Ta e(PEeKTUBHHUI BIJBIJl TEIUIa 3 yCIX YaCTUH KOMIT IOTEPHOI CHUCTEMHU. Takox
CUCTEMa OXOJIOJKEHHSI «aKBaplyMHOT0» TUITy Mae€ 1€ KiJbKa 3HAaUHUX NepeBar.
[To-nepiie, BOHa € MPAKTUYHO OE3IIYMHOIO, OCKUIBKH BIJCYTHI BEHTHIISTOPH.
[To-npyre, Taka cucTemMa CIOKUBA€E MEHILIE €JIEKTPOEHEPT1i, 0 POOUTH ii OLIbII
eHeproe(eKTUBHOIO.

3anmpornoHoOBaHa «aKBaplyMHa» IMepCIiHa CHCTeMa OXOJIOKEHHS HE JIUIIIE
NIATPUMY€E ONTUMAIbHI TEMIEPATYpPHI YMOBH AJII KOMII FOTEPHUX KOMIIOHEHTIB,
a i 3a0e3neduye KOMGPOPTHI YMOBHU €KCIUTyaTallii, 3HH)KYIOUM pPIBEHb LIyMY Ta
eHeprocnokupanHsa. Ile pobuth i 0COOAMBO  MEPCHEKTUBHOI IS
BUKOPUCTAHHA B  CEpPBEPHUX  CTIMKaX,  poOOYMX  CTaHIIAX  Ta
BHUCOKOIIPOTyKTUBHHUX ITPOBUX CUCTEMaX, 1€ CTAOUIbHICTh Ta HAMIMHICTh MAIOTh
BUpIIIATHHE 3HAYCHHS.

BucHoBku. Pe3ynpTaT IMX JTOCIIPKEHb HAOYHO JIEMOHCTPYIOTb, 11O
3allpOIIOHOBAHA CUCTEMa OXOJIOIKEHHS sa6e3neqye piBHOMIpHE Ta €(pEeKTUBHE
BIIBEJICHHS TeIJia, 3amolirae MeperpiBaHHIO KOMIIOHEHTIB 1 MiATPUMYE
cTabUIbHY  pOOOTY  KOMIT'IOTEpHOI  CHUCTEMH  HaBIThb  IiJI  BUCOKHUM
HaBaHTaXXEHHSAM. Takui MiAXia A03BOJISE OLIHUTH TEPEBaru «akBaplyMHOI»
CHUCTEMH HE JIMIIE 3 TOYKH 30py TEeMIIEpaTypHOTO PEKUMY, ajie # y KOHTEKCTI
eHeproe(eKTUBHOCTI Ta O€3IIYMHOCTI pOOOTH.
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CYYACHI TEHJAEHIIII PO3BUTKY MIKPOIIPOILIECOPHOI
TEXHIKHA: IEPCIIEKTUBU TA THHOBAIIIAHI ITIXIT
ctyneHT Maptuniok B.B., ctynent Heuait 10.1., npodecop Caun 1.B.
Kapnatcokuit HamioHanbHUM yHIBepcuteT iMeH1 Bacuns Ctedannka,
Kadeapa KOMIT I0OTEPHOI 1HXKEHepii Ta eNEeKTPOHIKH
e-mail: vitalii.martyniuk.20@pnu.edu.ua, yurii.nechai.20@pnu.edu.ua

Abstract. The present work is devoted to the analysis of contemporary
trends in the development of microprocessor technology. Key aspects include
the evolution of microarchitectures, integration of system-on-chip solutions, and
the implementation of advanced low-power and high-performance designs. The
research highlights the impact of emerging fabrication technologies, multi-core
architectures, and artificial intelligence integration on the efficiency and
scalability of microprocessor systems. This study aims to provide a
comprehensive overview of current innovations and future directions in the
field.

KuarouoBi  ciaoBa:  mikpomnpouecop,  MIKpPOKOHTpOJep,  1HHOBaIi,
apXxITEKTypa, CUCTeMa-Ha-KpHUCTalll, EHEProe()EeKTUBHICTb.

Beryn. Po3BuTok  MIKpOmpolecopHOi TeXHIKHM € (GyHIaMEHTAIbHUM
(bakTOpoM Mporpecy B CydacHiN eJeKTpOHill Ta 1H(OPMAIIHUX TEXHOJIOT1SIX
[1-3]. [IpoTsiroM OCTaHHIX HECATUIITH CIIOCTEPIraeThCcs 3HAYHE MPUCKOPEHHS
1HHOBallli y cdepl MPOEKTyBaHHS Ta BUPOOHUIITBA MIKPOIPOILIECOPIB, IO
3YMOBJIEHO $SIK BUMOTaMH JI0 MiJIBUIIEHHS MPOIYKTUBHOCTI, TaK 1 TOTPeOOIO B
3HMKEHHI  eHeprocnokuBaHHs [4-6]. CydacHl TEHJEHII BKJIIOYAIOTh
BIIPOBA/DKCHHSI 0araTtosiiAepHUX apXiTEKTyp, 1HTErpalil0 MTYYHOTO 1HTENEKTY,
PO3BUTOK CUCTEM-Ha-Yilli Ta BJOCKOHAJIEHHS TEXHOJIOT1H HaMiBIPOBIAHUKOBOTO
BUPOOHMIITBA, IO JIO3BOJISE  JOCSATTH BHCOKOI  TMPOMYKTHBHOCTI  Ta
MacIiITabOBaHOCTI €JIEKTPOHHUX cucTeM [7-10].

OcHoBHA YacTHHA. CyuacHa MIKpOIpOLIECOpHA TEXHIKa
XapaKTEPU3YEThCS HU3KOK BAKIMBUX TEHJCHIIIH, 110 BU3HAYAIOTh PO3BUTOK
CJIEKTPOHHUX CHCTEM BHCOKOTO PiBHSI MPOIYKTUBHOCTI Ta €HEProeeKTUBHOCTI
[1-3]. Tlo-mepmie, akTUBHO PO3BUBAIOTHCS OaraTosiiCpHI Ta TeTEpPOTeHHI
apXITEKTYPH, K1 JO3BOJIAIOTh 3HAYHO TIIBUIIUTH O0OYHCIIOBAIBHY MOTYKHICTh
0e3  MmpOMOpIIMHOTO  30LIBIIICHHS  €HEPrOCIOKMBAaHHI.  BHUKOpHUCTaHHS
OaratosiiepHUX pillleHb CIpusie e(PEeKTUBHOMY PO3MOAUTY 3afad MDK sApaMu
mpoiiecopa, mo 3ade3nedye mapajieabHy OOpoOKy BENMKHX OOCSTIB JaHUX Ta
ONTUMI3AIII0 Yacy BHUKOHAHHS CKJIAJHUX OOYHCIIOBAJIBLHUX aJITOPUTMIB.
['eTeporeHHi apXiTeKTypH, y CBOIO dYepry, AO3BOJISIIOTH IMOEAHYBATH sapa 3
PI3HUMH  XapakTEPUCTHUKAMHU TPOAYKTUBHOCTI Ta CHEPrOCHOKUBAHHSM,
aJanTyoun 00poOKy AaHUX 0 KOHKPETHUX 3aBJaHb 1 THM CaMUM MiABUILYIOUN
3arajibHy e(eKTUBHICTh CUCTEMHU.

[To-apyre, iHTerpanisa cucreM-Ha-uim (SoC) 3abe3nedye KOMIAKTHICTh Ta
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(GYHKIIIOHATBPHY 3aBEPIICHICTh CYYaCHHX €JEKTPOHHUX MPHUCTPOIB. 3aBISKH
00’€THAHHIO TPOIECOPHUX sep, rpadidyHUX Ta CHEIliadi30BaHUX OJIOKIB Ha
enuHoMy kpuctani, SOC 103BOJIAIOTh 3MEHIIUTH 3aTPUMKHU M1 KOMIIOHEHTaMH,
HiABUIIUTH €HEProePEeKTUBHICTH Ta CKOPOTUTU PO3MIPU E€IEKTPOHHUX CHCTEM.
Kpim Toro, SoC chopomryioTh NpOEKTyBaHHS CKJIQJHHUX CHCTEM, OCKUIBKH
3a0e3reuyoTh ~ roTOBY  IuiatdhopMmy  IJig  IHTErpaiii  pi3HOMaHITHHX
nepudepitHuX MOJYJIB Ta amapaTHUX MPHUCKOPIOBAYiB OOYHCIIEHb, TaKUX SK
0510k 0OpOOKHU CUTHAJIIB 200 HEUPOHHUX MEPEX. 3aNEKHICTh MPOTYKTUBHOCTI
mporiecopa Bif sep moka3aHo Ha puc. 1.

FaneHHICTS NPOIYKTHBHOCTI OPOLECOpa Bijl KUIBKEOCTI siaep
2000 4 —

17504 e

_ 15004 St
/

)
=} =}
2 th
\
\

\

Hpopysmusaicts (GFLOPS

500 | ~

1 2 4 8 16 32
Kinskicts aaep

Pucynok 1 — I'padik 3anexHOCTEH MPOTYKTUBHOCTI MPOIECOpa BiJl
KUIBKOCTI siJIep

[To-Tpere, cywyacHi TpOLECOPH AKTUBHO BUKOPUCTOBYIOTh HOBITHI
TEXHOJIOT1i HaIMIBIPOBIJHUKOBOIO BUPOOHHUIITBA, Taki K TpaHzuctopu FInFET
Ta ekcTpeMmasibHa yiubTpadioneroBa (EUV) mitorpadis. Ili  TexHosorii
JO3BOJISIIOTH CYTTE€BO 3MEHIIUTH PO3MIPU TPAH3UCTOPIB 1 MiABUIIHUTH HIUIBHICTb
iX 1HTerpamii Ha KpuUCTaJli, M0, B CBOI Yepry, CIHOPHUSE 3POCTAHHIO
IPOAYKTUBHOCTI Ta 3HUKEHHIO €HEepProCIOKUBAHHS. PozBuTok
HaITIBITPOBITHUKOBUX TEXHOJOTIM TaKOXX BIJIKPUBA€E IUISX 10 BHTOTOBJICHHS
MPOIIECOPIB 13 MEHIIIOK TEIJIOBOIO BTPATOIO Ta OLIBIN CTa0lIbHOI pOOOTOIO HA
BUCOKHX YacTOTax, IO OCOOJMBO BaXJIHBO MJIsi CEPBEPHUX Ta MOOIIBHUX
m1aThopM.

Hapemri, BipoBa/PKEHHS aITOPUTMIB IMITYYHOTO 1HTEJIEKTY Ta MAITUHHOTO
HaBYaHHS O€3MOCEpEeIHbO B  aApPXITEKTypy NPOLECOpPIB BIAKPUBAE HOBI
NEPCHEKTUBU I BUCOKONPOAYKTUBHMX OOYMCIEHb Yy pealbHOMY 4aci,
aBTOHOMHHX CHCTEM Ta PO3yMHHUX NPUCTPOiB [HTepHETY peueit. CrernianizoBaHi
amapaTtHi MPUCKOPIOBaul JJiI HEWPOHHMX MEPEX, IHTErpoBaHI B CYy4acHI
MPOLIECOPH, JO3BOJISIIOTH €(EKTUBHO BHKOHYBATH 3aBJaHHS KOMII IOTEPHOTO
30py, 0OpOOKHM MPUPOJHOI MOBHU Ta IMPOTHO3HOTO aHaNi3y JAaHUX 0€3 3HAYHOTrO
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HAaBaHTAKCHHS Ha IEHTpabHE spo. Lle 3a0e3neuye miaABUIIICHHS MIBUIKOIIT Ta
eHeproe(eKTUBHOCTI CKJIAJHUX CHUCTEM IITYYHOIO IHTENEKTYy, IO OCOOJIUBO
aKTyaJIbHO JUIsl MOOUIBHUX Ta aBTOHOMHUX IIATHOPM.

3aranoM, cyd4acHi TEHJICHII PpO3BUTKY MIKPOIPOILIECOPHOT TEXHIKU
COpAMOBaHI Ha TOEJHAHHS BHCOKOi MPOAYKTHBHOCTI, MAacIITabOBAaHOCTI,
eHEepProe(eKTUBHOCTI Ta 1HTErparlii 1HTEJICKTyalIbHUX (DYHKIIIH, 110 BIAKPUBAE
HOBI MOXJIMBOCTI JJIsi CTBOPEHHSI 1HHOBAI[IMHUX EJIEKTPOHHUX CHCTEM
HACTYITHOT'O TTOKOJIIHHS.

BucHoBKH. AHaji3 CydyacHUX TEHJEHIIN PO3BUTKY MIKPOIPOLECOPHOI
TEXHIKU MOKa3ye, 10 KIOYOBUMHM HampsiMaMu € 0aratosiiepHi Ta reTeporeHH1
apXiTEeKTypH, IHTErpalis CHCTeM-Ha-4imi, BJIOCKOHAJICHHS  TEXHOJIOTIH
BUPOOHMIITBA Ta BIPOBAKEHHA IITy4HOro iHTenekry. L1 dakropu
3a0€3MeuyloTh  MIJIBUIIEHHS  MPOAYKTHBHOCTI, €HEProe(eKTUBHOCTI  Ta
(YHKILIOHATBHUX MOXJIMBOCTEH Cy4yaCHUX €JeKTpoHHUX cucrteM. [loganbiii
JOCIIIJKEHHS Y LI cepl COPUATUMYTh CTBOPEHHIO 1HHOBALIIMHUX PIIIEHb IS
PI3HOMaHITHUX TalTy3el MPOMUCIIOBOCTI Ta HAYKH.
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AHAJII3 BUMOT 10 JATUUKIB BUSABJIEHHS BIBPALIIN BIJI
PYXOMMUX OBEKTIB Y HIOBEPXHI 3EMJII

ctyaeHT Cepocekuii I'.O., noueHr, k.1.H. 3yokos O.B.,
XapKiBCbKHUI HallIOHAIBHUN YHIBEPCUTET PadioeIeKTPOHIKH,
Kadeapa MIKpOIPOILIECOPHUX TEXHOJIOT1H 1 cucTeM, M. XapkKiB, YKpaiHa
e-mail: hlib.serbskyi@nure.ua, oleh.zubkov(@nure.ua

Abstract. The relevance of vibration level assessment when detecting the
movement of moving objects, such as humans, is demonstrated. A model for
calculating vibration attenuation over distance is presented. Calculations are
performed for different wave types and attenuation values. The human motion
detection range is calculated for existing sensor types.

KurouoBi ciaoBa: akcenepometp, BiOpallli, BUsIBIICHHS, T€O(OH, 3racaHHs,
chepuyHi XBUII, HIWIIHAPUYHI XBUIII.

Beryn. BusiBnenns ta anaimi3z BiOpailii, 10 NOIIUPIOIOTHCA Y TIOBEPXHEBUX
miapax I'PyHTY BHACIIJIOK pyXy OO’€KTIB, € Ba)KJIMBOI HAYKOBO-IPUKIIATHOIO
3aJ1ayero B rajy3sx TeXHIYHOI O0e3MneKHu, reo(i3nyHOr0 MOHITOPUHTY, OXOPOHHUX
CUCTEM Ta IHTEIEKTyaJIbHUX CEHCOpHHX Mepex [1,2]. Pyxomi 00’ ekTH, Taki sk
JIIOJTM, TPAHCHOPTHI 3aco0M a00 TEXHIYHI MEXaHI3MH, T'€HEPYIOTh XapaKTEepHi
MEXaHIYH1 KOJMBAHHS, SIK1 TOIIMUPIOIOTHCS y BUTIIAI MPYKHUX XBUJIb Y IPYHTI
Ta MOXYTh OyTH 3adiKCOBaHI1 CIEIai30BaHUMH JaTYMKaMU. AHaJI3 TaKuUX
CUTHAJIB J03BOJISE€ 3IIMCHIOBATH BHSBJICHHS, KIacH(IKaAIIl0 Ta OI[IHKY
napameTpiB pyxy 00’€KTiB 0€3 IpsIMOTO BI3yalbHOTO KOHTAKTY.

CyyacHUil PO3BUTOK CEHCOPHUX TEXHOJOrIA CHpPUSIB MOSBI IIMPOKOIrO
CHEKTpa JAaT4YMKIB, 3JaTHUX PEECTPYBAaTU BIOpPALiilHI BIUIMBH 3 BHCOKOIO
YyTJIMBICTIO Ta 4YaCOBOIO PO3AUIHHOIO 3/IaTHICTIO. Jl0 HUX Halexarh reooHH,
n’e30enekTpuuHl aaruuku, MEMS-akcenepomeTpu, a TakoXX CIeLiali30BaHi
cedicmiuni  ceHcopu [2,3]. KokeH 13 3a3Haue€HUX THUIIB Ma€ BJIACHI
KOHCTPYKTHUBHI OCOOJMBOCTI, YaCTOTHI XapaKTEPUCTUKHU, DPIBEHb UIYMIB Ta
BUMOTHU O YMOB BCTaHOBJICHHS, IIO CYTT€BO BIUIUBA€E Ha €(PEKTUBHICTH iX
3aCTOCYBaHHS JUIsl BUSIBJICHHS CITA0KWX BIOpAIIiil BiJf pyXOMHUX 00’ €KTIB.

He3Bakatoun Ha 3HaYHY KUIBKICTh MyOJIiKaliid, MPUCBAYEHUX CEHCMIYHUM
1 BiOpaIiiHUM BUMIPIOBAHHSIM, TUTAHHS BHOOPY ONTHUMAJIBHOTO THUIY JaTYMKa
JUIS 3aJa4 TOBEPXHEBOIO BUSBIEHHS PyXy 3alUIIA€ThCA akTyaidbHUM. lLle
3YMOBJIEHO HEOOXIJIHICTIO KOMIPOMICY MK UyTJIMBICTIO, €HEPTOCIIOKUBAHHSIM,
BapTICTIO, TabapyuTaMy Ta MOXJIMBICTIO IHTErpailii B aBTOHOMHI abo BOyJ0BaHi
cuctemu. OcobimBOi yBarm mnotpeOye aHami3 poOOTH JAaTYMKIB Yy peaTbHUX
IPYHTOBHX yMOBaX, Ji¢ TapaMeTpH CUTHATY 3HAYHOIO MIpOIO 3aJI€KaTh BiJl THUITY
IPYHTY, ITTMOMHYU BCTAHOBJICHHSI CEHCOPA Ta 30BHILIHIX 3aBa/l.

Metor MaHOro MOCTIKEHHSI € aHalli3 Ta MOPIBHSHHS OCHOBHUX THIIIB
JATYUKIB, 110 3aCTOCOBYIOTHCS ISl BUSIBJICHHS BiOpaIliii BiJi pyXOMHX 00’ €KTIB

81


mailto:oleh.zubkov@nure.ua

ABTOMaTH3aLlis, ENIEKTPOHIKA Ta 11 -12 rpyans 2025 poky

pobOTOTEXHIKA lI E RT‘2 0 2 5

y MOBEPXHI 3eMJi, 3 TOYKH 30py iX (I3MYHUX MPHUHIMUIIB POOOTHU, YACTOTHUX
XapaKTePUCTHK Ta MPAKTHYHOI MPUAATHOCTI 10 BUKOPUCTAHHS B aBTOHOMHHX
cUCTeMax MOHITOpUHTY. OTpuMaHi pe3ysbTaTd MOXYTh OYyTH BUKOPUCTaHI MPH
MPOEKTYBaHHI CHUCTEM BIOPAIITHOTO KOHTPOIIO Ta OXOPOHHO-CHUTHAJIBLHUX
KOMITJIEKCIB.

OcHoBHA yacTHHA.

Bi0Opariii, 1110 BUHUKaIOTh YHACHIAOK PyXy OO0 €KTIB IO MOBEPXHI 3eMIIi,
3YMOBJIIOIOTh TIOIIMPEHHSI MPY>KHUX XBWIb Yy IpyHTi. OCHOBHUI BHECOK Y
dbopMyBaHHS BHUMIPIOBAHOTO CHTHAJIy B IIOBEPXHEBOMY Imapi poOJsATh
MOBEpPXHEB1 XBWJII TUITYy Penes, a Tako, y MEHIIIN Mipi, 00’€MHI MO3/I0BXHI Ta
nonepeyHi xBwil. J{Jg 3amay BUSABICHHS PYyXOMHUX OO0 €KTIB HaMOUIBIINIMA
PaKTUYHUN IHTEPEC CTAaHOBJIATH caMe XBWII Penes, OCKUIBKA BOHH
NOIIMPIOIOTECSA  B3JIOBK TMOBEPXHI Ta MalTh HaWOUIbIIy aMIUNTYy1y B
MIPUIIOBEPXHEBUX IIApax IPYHTY.

AMIUTITYJa KOJTMBaHb IIPU MOIIMPEHHI XBWIb y IPYHTI 3MEHIIYEThCS BHACTIAOK
TEOMETPUYHOT0 PO3XOKEHHSI Ta BHYTPIIIHBOIO 3aracaHHs cepefoBuia. [[is
NOBEPXHEBUX XBWJIb 3aJECKHICTh AMIUNTYAW Bl BIACTaHI I MOXe OyTu
anpoKCUMOBaHa BUpa3oMm [1]:

A = () 4y e 1)

Ay — aMIUTITy1a KOJIMBaHb MOOIN3Y JHKEpena,

0. — Koe(IIeHT 3aracaHHs, IO 3aJIGKUTh BIJT MEXaHIYHHX BJIACTUBOCTCH
IPYHTY Ta 4aCTOTH CUTHAIY,

n — koeirieHT, mo onucye tun xBuwil. [Ipu mumiaapuaanx xsuisix n=0.5, a npu
chepruyHuX XBUIISIX n=1.

TakuM YWHOM, NAJIBHICTH BUSBIICHHS BIOpaIliii 1CTOTHO 3aJIe)KUTh BiJI
TUINy TIpyHTY (MIIIAHUN, TIMHUCTHM, KaM SHHCTHI), MOro BOJIOTOCTI Ta
VIIUTBHEHOCTI, @ TAaKOX B1J CIIEKTPAJIIBHOTO CKJIaTy 30y KEHUX KOJMBAHbD.

VY tabmuui 1 HaBenaeHO pe3ysibTaTH OOUYMCICHb AMIUTITYAW XBWJIb JJIS
chepuUHUX Ta MWIHAPUYHUX XBWIb BIiJ BIACTaH1 JJIsl BUMAAKIB MIHIMAJIbHOTO
sraca”Hs (nemndysanus) 0=0,02 ta cuibHOTO 3racanHs a=0,2.

CyuacHi akceJIepoMETpHU CepeHbOro I[IHOBOIO Jllanma3oHy, Taki, sK
ADXL355, maroTh uyTausicte nopsaka 25ug/Tu’’. 'V cyuacHux reodonis
4y TIMBICTH Ha 9acToTi STy Oyne mopsaka 96 ug/T'u’.

Tabmuig 1 — PesyapTaTn po3paxyHKIB piBHS BiOparliii Ha pi3HUX BiACTaHIX
M Auymiﬂupnq, mg Acd)epnq, mg
Hemrd cnabke CUJIbHE cnabke CUJIbHE
yBaHHS
1 5,1 5,1 5,1 5,1
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5 2,08 1,03 2,5 2,08
10 1,33 0,3 0,93 0,46
20 0,79 0,058 0,19 0,014
50 0,25 0,0017 0,051 0,0003

3a3Bu4ail BBaXKA€ThCs, IO SKICHE BHUSBJIICHHS Ta 00poOKa BiOpalliiHUX
CUTHAJIB MOXJIMBA TMpPH BIAHOMICHHSX curHaw/myMm Big 10 Ta Bume. Omxe
MOPIBHIOIOYH PO3paxXyHKHU 3HAYEHb BiOpalliil Ha pi3HUX BIACTAHSAX JJIS BUITAIKIB
JIBOX THWIIIB XBWJIb Ta CJIA0KOTO 1 CHJIBHOTO JeMI(yBaHHSI MOXKEMO 3pOOUTH
BHCHOBKU:
- 1pu cinaOkoMy AeMmm(yBaHHI BUABICHHS PyXy JIOAMHH MOXe OyTH
peanizoBaHo 10 S0M 3 ypaXyBaHHSM UyTJIMBUX aKCEJIEPOMETPIB;
- IpU CUWIBHOMY JeMI(yBaHHI JalbHICTb BUSBIEHHS pyXy JIOJUHU
CYTTEBO 3HWKY€ETbCS 10 10-20M.

BucnoBku. [IpoBeaeHuii anai3 po3noBCIOIKYBaHHS BIOpAIITHUX XBUIIb Y
IPYHTI [TOKa3aB, 10 MEHILIE 3aracaHHs MaroTh IWIIHAPUYHI XBUIl. Tum rpyHty
CYTTEBO BIUIMBA€ HAa BEJIMYUHY 3aracaHHs 1 BEJMYMHA IIbOIO BIUTUBY MOXKE
nocarati 170 pasiB. [lopiBHIOIOUM XapaKTEpUCTUKU CYYaCHUX UYTJIMBHUX
aKcelepoMeTpiB Ta Teo(OHIB MOKHA 3pOOUTH BUCHOBOK HpPH iX MPHUOJIM3HO
OJIHAKOBY YYTJIUBICTh, XOUa YyTJIMBICTh aKCEIEPOMETPIB Jieio Buila. Ha ocHOBI
pO3paxyHKy piBHS BiOpaliil Ha Pi3HUX BIACTAHSIX MPH PYyCl JIOJWUHU MOXKHA
3pOOUTH BUCHOBOK, 1[0 MPHU CITA0KOMY 3aracaHHi BiJICTaHb i1 BUSIBJICHHS MOXKE
nocsiraty S0M, a Mpy CWIIBHOMY 3MEHINYETHCSA 10 10M.

CnHCcOK BUKOPHUCTAHUX JI7KePeJI

3. Xing K., Wang N., Wang W. A Ground Moving Target Detection Method
for Seismic and Sound Sensor Based on Evolutionary Neural Networks.
2022. Appl. Sci., Vol.12, Iss.18. P. 1-12

4. Chang C., Kong L., Han L., Li J., Pan S., Wei Y. VibrationAnalysis and
Vehicle Detection byMEMS Acceleration SensorsEmbedded in PCC
Pavement. 2025. Sensors, Vol.25. P.1-21

5. Valero M., Li F., Zhao L., Zhang C., Garrido J., Han Z. Vibration sensing-
based human and infrastructure safety/health monitoring: A survey. 2021.
Digital Signal Processing. Vol. 114. P.1-15
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AHAJII3 MOJKJIMBOCTI PEAJII3AIIIL BEUBJIET IEPETBOPEHD
HA CYYACHUX ATTAPATHUX IVIAT®OPMAX Y PEAJIBHOMY
YACI

ctyaeHT Onimenko A.B., gouenT, k.1.H. 3yoxos O.B.,
XapKiBChKHMM HAIllOHATBLHUM YHIBEPCUTET PaII0CICKTPOHIKH,
Kadeapa MIKpOIPOILIECOPHUX TEXHOJIOT1H 1 cucTeM, M. XapKiB, YKpaiHa
e-mail: andrii.onishchenko@nure.ua, oleh.zubkov(@nure.ua

Abstract. This article examines the application of the wavelet transform
mathematical method to extracting time-frequency features of acoustic signals.
The most effective wavelet functions for analyzing various signal types are
discussed. The execution times of wavelet transforms were determined
experimentally. The feasibility of implementing real-time signal processing
using the considered wavelet functions was assessed.

KurouoBsi ciioBa: BeiiBier nepeTBopeHHs, yac OOYHMCIECHHS, aKyCTUYHUN
cursai, librosa.

Beryn. BeliBier-nepeTBOpeHHS Ha ChOTOAHI € OJHHUM 13 HaWOUIbII
e(heKTUBHUX I1HCTPYMEHTIB aHalli3y HECTAIllOHAPHUX CHUTHAJIB Yy 4YacoBO-
gacToTHIM obisacti [1-3]. Ha BigMiHY BiJ KIaCHMYHUX METOJIB CHEKTPAIBHOTO
aHamizy, 30kpeMa neperBopeHHsi Dyp’e, BeiBieT-aHani3 3abe3nedye 3MiHHY
PO3IIIBHY 3JaTHICTh 32 YacOM 1 YacTOTOI0, IO POOUTH HOro OCOOJIHMBO
MPUIATHUAM JIJI1 OOPOOKH CHUTHAJIB 31 MBUAKOTUTMHHUMHU 200 JIOKaJ130BaHUMH Y
yaci OCOOJMBOCTSIMU. 3aBASKM 1bOMY BEHUBJIET-NIEPETBOPEHHS IIMPOKO
3aCTOCOBYIOThCSI B 3ajadyaX OOpOOKM aKyCTUYHUX, CEUCMIYHUX, OlOMEIUYHUX
CUTHAJIIB, y CHCTeMaX TEXHIYHOi JIarHOCTUKH, pPO3Mi3HaBaHHSA oO0Opa3iB Ta
MOHITOPUHTY CTaHy 00’ €KTIB.

Pazom 13 3pocTaHHsSIM OOCSTIB JaHUX Ta MIABUIIEHHSIM BHUMOT O
HIBUAKOAIl CY4YaCHUX BHUMIPIOBAIIBHUX 1 KEPYIOUUX CHCTEM, OCOOJIHMBOI
aKTyaJabHOCTI HaOyBae mpobiema peasizallii BEHBIET-NEPETBOPEHD Y PEATbHOMY
yaci [2]. PeanpHuii yac 0OpoOKM € KPUTUYHUM JUisi BOYJIOBAaHUX CHCTEM,
aBTOHOMHHMX CEHCOPHHUX BY3JIB, CHCTEM pPaHHLOTO TMIOMEPEIKCHHS Ta
Ki0ep(di3uYHNX CUCTEM, JIe 3aTPUMKH OOPOOKH CHTHAJIB MOXYTh NMPHU3BOIUTH
10 BTpatu iHGopmarlii abo 3HMKEHHS €(h)eKTUBHOCTI MPUUHATTS PIIIICHb.

CyvacHi amapatHi miat@opmu, 30KpeMa MIKPOKOHTPOJIEPH, MH(POBI
curHanbHi mporecopu (DSP), mporpamoBani JIOTIYHI 1HTErpajdbHI CXEMU
(FPGA) Tta cucremu Ha kpuctaii (SoC), BiAKpUBAIOTh HOBI MOKJIMBOCTI JIS
anmapaTHOi a00 amapaTHO-TIPOTPaMHOI  peaiizaiii CKJIaJHUX aJITOPUTMIB
uudpoBoi 00poOKu CUTHAJIIB. Boanouac BEUBIIET-TIEPETBOPEHHS
XapaKTEPU3yIOThCAd 3HAYHOI OOYMCIIOBAIBHOI CKJIAAHICTIO, MNOTPEOYIOTh
€(hEeKTUBHOTO YIPABJIIHHS MaM’ATTIO Ta ONTUMI3allll MapajieIbHUX OOYHCIICHbD,
110 YCKJIAJHIOE X BIPOBAJKEHHS B CUCTEMAaX 3 0OMEKEHUMH PECypCamH.
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VY 3B’S3Ky 3 IUM aKTyaJIbHHM € aHajli3 MOXKJIMBOCTEH peajizailii BEeHBIET-
NEPETBOPEHh Ha Cy4YaCHUX amapaTHUX miaTdopMax 13 ypaxyBaHHSM BHMOT
peanpHOTO Yacy. Takuit aHami3 JO3BOJISIE BUSHAYNUTH JOIIIBHICTh 3aCTOCYBAHHS
KOHKPETHHX THIIIB BEHMBIIETIB, 0OOpaTH ONTHMAaJbHI apXITEKTypHi pIIICHHA, a
TaKOXX OIIIHUTH KOMIIPOMICM MDK TOYHICTIO aHalli3y, IIBHAKOJIEI0 Ta
anapaTHUMH BUTPATaMH.

Mertoro maHoi poOOTH € aHaji3 O0YUCITIOBAIBHUX OCOOJUBOCTEH BEWBIICT-
MepeTBOPEHb Ta JOCIIDKCHHS MOXJIMBOCTEH iX e¢deKTUBHOI peamizaiii y
pPEeXKUMI peasIbHOTO Yacy.

OcHOBHA yacTHHA.

BeiiBieT-nepeTBOpeHHs] € METOJAOM aHajll3y CUTHAJIB, IO 3abe3nedye
OJIHOYACHE MpeJacTaBieHHsA iH(dopMalii y 4YacoBii Ta 4YaCTOTHIN 00JacCTsX.
OCHOBHOIO 1JI€€10 BEMBJIET-aHAIII3Y € PO3KIIaIaHHA JIOCHII)KYBaHOTO CUTHAIY Ha
HaO0lp elleMeHTapHUX (YHKIIM — BEUBIETIB, SIKI € JIOKAJI30BAHUMHU SIK Yy Yaci,
TaK 1y 4actoTi. Lle 103Bossie epeKTUBHO aHaI3yBaTH HECTALIOHAPHI CUTHAIIY,
XapaKTePUCTHKHU SIKUX 3MIHIOIOTBCA 3 YacoM. MaTeMaTWdHHil OMHC TaKoro
MEPETBOPEHHS HABEACHO HUXKYE [ 1]

W(a,b) = = [T x(0y" () d, (1)

Jie a — mapameTp MaciTady, I1o 3aJa€ YaCTOTHI XapaKTEPUCTUKH aHAII3Y;
b — mapameTp 3CyBy y yaci,
y*(t) — KOMIUJIEKCHO-CIPS)KEHA MAaTEpUHChKa BEHBIET-QYHKII;

ba3oBoto (yHKII€IO BEHBIET-aHANI3y € TaK 3BaHUW MaTEPUHCHKHIA
BEUBJIET, 3 SKOrO0 LUISIXOM MaclTaOyBaHHS Ta 3CyBY (POPMYIOTHCS BCl 1HIII
Belipiietd. Ha BinMiHy BiJi TapMOHIYHHUX (DYHKIIH, 110 BUKOPUCTOBYIOTHCS Y
neperBopeHHi dyp’e 1 MalOTh HECKIHYECHHY YacOBY IPOTSKHICTh, BEUBIICTH
MalTh CKIHYEHHY a00 MIBUIKO CIHagHy MIATPUMKY, HI0 3a0e3Meuye BUCOKY
4acoBY JIOKaTi3allifo.

3aranoMm, BEWBIIET-NIEPETBOPEHHS J103BOJISIE MOJATH CUTHAT Yy BUIJISAAIL
CYKYITHOCTI KOe(DIIIEHTIB, KOXKEH 3 SKHX BIJ0Opakae BKJIaJ MEBHOI YaCTOTHO-
4acoBO1 KOMIIOHEHTU. Takuil miaxii € ocoOJMBO €()EKTUBHUM IS aHaJi3y
IMITyJIbCHUX, TEpPIOJUYHO 3MIHHMX abo 3amymieHux curHaims. Cepen
pi3HOMaHITTS BeliBier QyHKIiA MoOXHA BUIIIUTH HacTynHi: Morlet, cmorl,
Frequency B-Spline, raycoBi Ta komruiekcHi raycoi, Mexican Hat. Beiiner
Mopnie € KOMIUIGKCHHM TapMOHIYHUM CHUTHAJIOM, MOJYJbOBAaHHUM TayCOBOIO
oruHawouoro. Bin 3a0e3nedye BUCOKY YacTOTHY PO3AUIbHY 3AAaTHICTH 1 A0Ope
MIIXOAUTh JIJIsl aHaTI3y KBa3IMEpiOJUYHUX MPOLECIB. 3aBASKU KOMIUICKCHIM
dopMi [03BOJIIE BHU3HAUATH HE JMIIE aMIUNTYyAy, a ¥ a3y JOKaJIbHUX
CHEKTpaTbHUX KOMIIOHEHT. LIIUpoKo 3aCTOCOBYETHCS AJisl aHAII3Y aKyCTHYHUX,
OlomenuuHux Ta ceiicmiyHux curHamiB. Belimer FBSP € komminexkcHum
BEHBJIETOM i3 THYYKO HAJIAIITOBYBAHOI (DOPMOIO CIIEKTpa. MOro OCHOBHOIO
NIEPEeBAror0 € MOXKIUBICTh HE3AJICKHOIO KEPYBAHHS IIUPUHOIO YACTOTHOI CMYTH
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Ta LEeHTpalbHOIO uacToToio. lle pobutsr FBSP edextuBHuM ns anamizy
BY3bKOCMYTOBUX TIPOIIECIB 1 CHTHATIB 31 3MIHHOK YacCTOTHOI CTPYKTYpPOIO,
30KpeMa y 3aJadax BUSABJICHHS Ta kiacudikamii moxmiii.  BetiBmer
«MEKCUKaHChKUN KalelioX» € IPYror TMOXITHOI BiJ raycoBoi (yHKIII 1 €
JTIACHUM CUMETPUYHUM BeWBieTOM. BiH 100pe miaxoauTh 1S BUSIBJICHHS TIKIB,
EKCTPEMYMIB Ta JIOKAJIbHUX aHOMAaJiW y CHUTHajl. 3aBAsSKUA MPOCTi GopMi Ta
J00piit YacoBii JIOKai3allii 4acTo 3aCTOCOBYEThCS B CEMCMILIl, aHai31 BiOparriit
1 3agadyax BugBieHHA nomii. Beiisner lllemHoHa Mae igeaabHO OOMEXKEHHU
CrekTp 1 3abes3leuye BHCOKY YacCTOTHY CeJleKTUBHICTB. lle pobuth #oro
3pyYHUM 11 TEOPETHMYHOTO aHajizy Ta JOCHIDKEHHS CHEKTpaIbHUX
BJIACTUBOCTEH cUTHaNIB. BojgHOUac BiH Mae HECKIHYEHHY YacOBY MIATPUMKY,
110 YCKJIAJHIOE TIPAKTUYHY peasizallilo Ta 00MexXye 3aCTOCYBaHHS B CHCTEMax
peaslbHOTO Yacy.
3araniomMm, BelBietu Morlet, c-Morlet Ta FBSP € Hait6inbm npugaTHUMU

JUIs IeTaJIbHOTO YacOBO-4aCTOTHOTO aHalizy, cgau Ta Mexican hat — mns
BUSIBJICHHSI KOPOTKOYACHUX MOJINA 1 0COOJMBOCTEN CUTHANTY, TOMl SIK BEMBIET
[ITerHOHA TIEPEBaKHO BUKOPHUCTOBYETHCS B TEOPETHUHUX JTOCTIPKCHHSIX.

Pe3syabraTtn ekcniepuMeHTiB.  JlocmikeHHS ~ NOPOBOAWIHCH 3
BUKOPUCTAHHSAM PI13HUX THUIIIB 3BYKIB: MIChKI 3BYKH, ITaXu, roJiocu Jrojei. s
JOCIIJKEHb ~ OyJI0O  BUKOPHCTAaHO  ayJio3allMCH, 10 MPOBOJUIUCH 3
BukopuctanHaMm USB 3BykoBoi kaptu U-Phoria UM2. Vci aymiozanucu Oynu
BUKOHAHI 3 4acToToro auckpetu3aitii 441001 .

VY saxocti anapatHoi miatdopmu BukopuctoByBascs [1K Ha 6a3i mporecopa
17 oauHAAIATOr0 MOKOJiHHA 3 16 noriyaumu siapamu. [Iporpamua peanizaiis
OoOYHCIIeHb BUKOHYBajach 3 BHKOpHCTaHHSIM MoOBM Python Ta 0610mioTeku
librosa. OGuucneHHs MPOBOJIUIIUCH 3 ayAi0o (parMeHTaMHu TpUBaJicTIO 372MC |,
mo BignoBigae 16384 pimmikam. Ilpu po3paxyHkax BelBineT mnepeTBOpeHb
00YHUCIIOBANIOCH 128 4acOBUX KOMIIOHEHT, TOOTO PO3MIpP pe3yJIbTyI0UOi MaTpHIli
OyB 128x16384. Pe3ynbraTty BUMIpIOBaHHS Yacy 0OYMCIIEHb HABEJEH1 y TabJIunIII
1
Tabmuug 1 — Pe3ynbratu BUMIpIOBaHb Yacy OOYMCIIEHb BEMBIIET IEPETBOPEHb

@eitBaer | Morlet c-Morlet | FBSP cgau | Mexican hat | Shennon

Yac,mc | 80 86 33 27 29 103

BucnoBku. IlpoBenenuii anamiz oOjacTteld BHUKOpUCTaHHA BeliBier
MepeTBOPEHb Ta IX MaTEeMaTUYHOTO OIMUCY J03BOJUB CHOPMYIIIOBATH MPOOIEMY
peaizallli Takux MepeTBOPeHb y peasibHOMY 4daci. JIJist mpakTUUHUX JTOCTiKEHb
Oysa BimiOpaHa rpymna BeliBieTiB Ta mMpoBEJICHO BUMIPIOBAHHS 4acy OOYHUCIIEHb
Ha CydacHii amapartHii miatopmi. 3 OTpUMaHUX AAHUX MOXHA 3pOOUTH
BUCHOBKH, 110 HAWIIBUJIIIIE TIEPETBOPEHHS peali3yeThcsl AJia BelBieTiB: cgau,
Mexican hat, FBSP, a nns Morlet, c-Morlet Ta Shennon yac OiabImmii HIXK B 3
paszu. Xoua I1e¢ He € KPpUTUYHUM TOKA3HUKOM TIPH 3arajbHOMYy 4Yaci B 372 mc,
aiie Tpeda BpaxOBYBATH, 10 ICHYE AITOPUTM MOJIAJBIIIOI MATOTOBKHA OTPUMAHOT

86




ABTOMaTH3aLlis, ENIEKTPOHIKA Ta 11 -12 rpyans 2025 poky

pobOTOTEXHIKA lI E RT‘2 0 2 5

MaTpHIll Tepes MOAATBIITUM PO3Ii3HABAHHSAM 1 HEOOXIHO BUTPATUTH Yac HA
nojiajibllie po3Mi3HaBaHHS pe3ynbrary BeiiBner meperBopeHHs. OTXe TUIbKU
BeitBnetn cgau, Mexican hat, FBSP BignmoBigaioTh BUMOTaM peajbHOTO Yacy
O0OpOOKHM aKyCTHUHUX CUTHAIIIB.

Cnucoxk BUKOPUCTAHUX JKepeJt
1. Tiantian G., Tongpo Z., Enggee L., LOPEZ-BENITEZ M., MA F., Limin
Y. A Review of Wavelet Analysis and Its Applications: Challenges and
Opportunities. 2022. IEEE Access, Vol.10, P. 58869-58903
2. Pacheco J., Benitez V.H., Pérez G., Brau A. Wavelet-Based Computational
Intelligence for Real-Time Anomaly Detection and Fault Isolation in
Embedded Systems. Machines. 2024. Vol.12, Iss.9. P. 664-670
Rani M. Wavelets in artificial intelligence — a review. 2025 International
Journal of Scientific Research. Vol.14, Iss.6. P.36-39
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EHEPI'OE®EKTUBHA BBYJIOBAHA CUCTEMA KEPYBAHHSA
BE3IIJIOTHUM AITAPATOM.
Crapummit Buknanay [ankin [1.B., crynent Koctpukin LA
XapKiBCbKUI HallIOHAIBHUN YHIBEPCUTET padioeNeKTpOoHIKH, Kadenpa
MPOEKTYBaHHS Ta eKCIUTyaTallii eeKTPOHHUX araparis
e-mail: galkinletter@ukr.net, illia.kostrikin@nure.ua
Abstract. The rapid development of unmanned aerial vehicles has led to
their widespread application in the fields of aerial photography, environmental
monitoring, industrial inspection, telecommunications, and defense
technologies. One of the key limiting factors in the effective use of unmanned
aerial platforms remains the limited energy capacity of onboard batteries.
Therefore, an 1s the design and investigation of an energy-efficient embedded
control system for an unmanned aerial vehicle that ensures stable real-time
operation, reduced power consumption, and improved overall efficiency of the
flight platform. This article presents an approach to the development of such a
system, analyzes its hardware—software architecture, and provides the results of
an experimental evaluation of its energy performance indicators.

Kuiro4uoBi cjioBa: ABTOHOMHICTB MOJBOTY, O€3MIJIOTHHUM JIITaTbHUN
anmnapart, BOyZioBaHa CUCTEMa, KEpyBaHHs pyXOM, OINTHMI3allisl PECypCiB.

Beryn. B enoxy cTpiMKOro po3BUTKY BOYJOBaHUX OOUYHMCIIOBAJIBbHHUX
wiatdopM Ta mudpoBizalii 1HKEHEPHUX pPIllleHb, OJHOIUIATHI KOMIT IOTEPU Ta
MIKPOKOHTPOJIEPHI CUCTEMHU CTAIOTh KIFOYOBOIO OCHOBOIO it oOyaoBu loT Ta
[loT-opienToBaHUX cucTeM KepyBaHHs [1]. AKTyaJbHUM HampsiMOM € TaKOX
IHTerpallisi arnapaTHO-MporpaMHUX cTeHiB Ha 0a3i FPGA Ta mikpokoHTposepiB
y HaBYaJibHI Jabopatopii, mo BignoBigatoTe KoHuenuii Industry 4.0 Ta
3a0e3MeuyoTh MIATOTOBKY (DaxiBLIB JO pOOOTH 3 Cy4YaCHUMH KiOep(pi3MUHUMHU
cuctemMaMu [2]. 3HauHy yBary B CYYaCHUX JOCHI[DKEHHAX MPHUIIICHO
aBTOHOMHMM BOYJOBaHUM MPUCTPOSIM MOHITOPUHTY Ta CHOBIIMICHHS 3
BUKOPHUCTAHHSAM 0€3I[pOTOBUX TEXHOJIOTIH 3B’ A3KY, 110 JO3BOJISIE PEali30ByBaTH
CHUCTeMH OE3MeKH Ta KOHTPOJIO JOCTYIy B YMOBaX OOMEXKEHUX CHEPreTHUHUX
pecypciB [3]. OCHOBOIO TaKUX PIIIEHb € BY3/IH O€3pOTOBUX CEHCOPHUX MEPEK,
apxiTeKTypa  SKHX  BHW3HA4a€  HaAIMHICTB, MacmTaboBaHICTh  Ta
eHeproeeKTUBHICTh PO3MOIITICHUX CUCTEM 300py NaHux [4].

Oxpemuii KJ1ac JTOCTIKEHb MPUCBSIYCHUN po3poOIili BOYIOBAHUX CHUCTEM
KepyBaHHA OE€3MUIOTHUMHU JITATBHUMH amnaparamu, € OCOOJMBY PpOJIb
BIJIIrPatOTh OOPTOBI OOYMCITIOBAIbGHI MOMYJ Ta aJIrOpUTMH CTadimizami i
HaBirarii aBTOHOMHHUX KBajipokonTepiB [S]. s migBUIIEHHS HAIIMHOCTI TaKUX
CUCTEM  IIUPOKO  3aCTOCOBYIOTBCA  METOAM  amnapaTHO-iH(GOpMAaLiitHOTO
MozentoBaHHsl Ta hardware-in-the-loop TecTyBaHHs, 0 103BOJSE MEPEBIPITH
NOBEAIHKY BOYJIOBAHMX KOHTPOJIEPIB y PEKMMI, HAOIMKEHOMY 0 PEeasbHOTro
nosiboTy [6]. CywacHl aidropuTMu KEpyBaHHS, 30KpeMa METOIU KOB3HOTO
pexuMy Ta ixHI Moaudikaiii, JAEMOHCTPYIOTh MOKJIMBICTh peasizallii
BUCOKOTOYHHMX CHUCTEM KEPYBAaHHS B peajlbHOMY 4acl HaBiTh HA OOMEXKEHHX 3a
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pecypcamu BOyaoBaHHX Tutatdgopmax [7].

[TapanenbHO 3 MPOMUCIOBUMH Ta aBlaIlliiHUMHU 3aCTOCYBaHHSIMU aKTHBHO
PO3BUBAIOTHCA HAaBYAJIbHI JIAOOPATOPHI KOMIUJIEKCH 3 BOYJIOBAaHUX CHUCTEM Ta
aBTOMATH3allli, SKi MOETHYIOTh pealibHE anapaTHe 3a0e3MeYeHHS 3 CIICMEHTAMHU
BIAJIEHOTO JOCTyNy Ta HUQPpPOBUX OCBITHIX cepenoBuir [8]. Ilpaktuuyna
peamizailis  CKJIQJHMX aJrOpUTMIB  KEpPyBaHHS Ha  MIKPOKOHTpOJEepax
MIATBEP/KYE  JOUUIBHICTh  BUKOPHCTaHHA  TakuxX  IUIaTpopM SK Yy
JOCITITHUIIBKUX, TaK 1 B OCBITHIX HUIAX. [lepcrieKTMBHUM HampsiMOM TaKOX €
CTBOPEHHSI XMapHHMX Ta 3MIIIAHUX HABYAJIBHUX J1IA00OpaTOpiil AJii BUBYEHHS
MIPOMUCJIOBUX  KOHTpOJIEpIB 1 BOYJOBaHUX CHCTEeM, IO 3a0e3reuye
MacIITab0BaHICTh, TOCTYIHICTh Ta IHTETPALl0 3 Cy4daCHUMH 1H(QOpMaIiiHUMH
TEXHOJIOT1MH.

OcHoBHa vacrmHa. CyyacHi BOyJOBaHI CHCTEMH  KEpyBaHHS
OE3MUJIOTHUMM anapaTaMu SIBJISIOTH COOOK0 CKJIAJHI amnapaTHO-IPOrpaMHi
KOMILJIEKCH, 1[0 MOEIHYIOTh MIKPOKOHTPOJIEPHI MIIATGOPMHU, CEHCOPHI MOIYI,
BUKOHABYl MEXaHI3MH Ta AJIrOPUTMH KEpPYBaHHS pPEajJbHOr0 4acy. 3pOCTaHHSA
OOYHMCIIOBAJILHOT ~ CKJIAJAHOCTI  ajNrOpuUTMIB  cTadumi3amii, Hapiramii Ta
aIaliTMBHOTO KEepyBaHHS MPHU3BOAWTH IO IMIJBUIICHHS EHEPrOCIOKUBAHHS
OOpPTOBOi EJIEKTPOHIKH, II0 POOUTH 3aJauy €HeproedEeKTUBHOCTI OJHIECI0 3
OPIOPUTETHUX NPU MPOEKTYBAaHHI TaKUX CHUCTEM. TakUM YHMHOM, aKTYyaJbHOIO
HAyKOBO-TEXHIYHOIO 3a/1a4el0 € po3poOKa Ta JOCHIIKEHHSI €HEepProepeKTUBHOI
BOY/I0BaHOI CUCTEMHU KepyBaHHS O€3MIIOTHUM anapaToM.

ApXiTeKTypa eHeproe()eKTHBHOI BOYIOBAaHOI CHCTEMH KepPYyBaHHA
BILJIA

ba3oBuM eneMeHTOM apXITeKTypH € OOPTOBUI 0OUHCITIOBAIBHUI MOIYIb,
noOy/IoOBaHUI Ha OCHOBI  €HEepProeeKTUBHOIO  MIKPOKOHTpojepa abo
OJTHOKPUCTAJBHOI CHUCTEMH, IO MIATPUMYE amnapaTHi 3aco0M MNPUCKOPEHHS
oOYHuCleHb, OaraTOpIBHEBY CHUCTEMY IME€pepHUBaHb Ta PEXKUMHU 3HHKEHOIO
€HEProcroKUBaHHs. BaXKIMBy pojb y CTPYKTYpl CUCTEMH BiAirpae CEHCOPHUU
piBEHb, KM BKJIIOYAE IHEPLIaJbHI BUMIPIOBAIbHI MOJIYJI, JaTYUKH BHCOTH,
HaBITaIliiHI MpuiMaul Ta 1HII JOTMOMDKHI CEHCOpH. ApXITEKTypa mnepeadoadae
ONTUMI30BaHy cXeMy 300py Ta momepeaHboi OOpOOKH CEHCOPHHX [AaHUX 3
MIHIMI3aIl€10 KUJIBKOCTI OOYMCIIIOBAIbHUX OIepalliii Ta Iepenayd JaHuX Mik
MoOayIsAMH. JIs1 3HMIKEHHS €HEproclOoXMBaHHS 3aCTOCOBYIOTHCS aJaNTHBHI
pPEKUMH OMHUTYBAaHHS CEHCOPIB, 3a SKUX YacTOTa BHUMIPIOBAHb 3MIHIOETHCS
3aJIeKHO B1J] peXKUMY MOJIbOTY Ta TMHAMIKU PyXy O€3MMIJI0OTHOTO anapara.

[lincucremMa KepyBaHHS BUKOHABUMMU MEXaHI3MaMU I1HTErpOBaHA B
3arajibHy apXIiTeKTypy TakKUM YHWHOM, 1100 3a0e3MeuuTH MiHIMalbHI 3aTPUMKH
bopMyBaHHS KEpPYHOUHMX CHUTHATIB. ApPXITEKTYpHI pIilIEHHS TnepeadayaroTh
amapatHy MIATPUMKY TeHepalli CUTHaJIIB KEpyBaHHS Ta  PO3MOALI
OOUHCITIOBAILHUX 3a7a4 MDK sjapaMu abo mnepudepiiHuMH MOAYJISAMH, IO
JI03BOJISI€ 3MEHIIUTH HABAHTAXXECHHS Ha LICHTpaJbHUM Ipouecop. lle, y cBoro
yepry, CTBOPIOE YMOBH [UJIsi TEpeXojly OOYMCIIOBAIBHOIO MOAYJS B
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eHepro30epiradi peKUMU MK [IUKJIAMUA KepyBaHHSL.

Y mimomy 3amporoHoBaHa apxitekrypa (puc. 1.1) 0a3yerbcs Ha
NPUHILIKIIAX 1€papXiyHOi OpraHizallii, MOIYJbHOCTI Ta aJallTUBHOTO KEPyBaHHS
pecypcamu. [Toenqnanus ONTHMI30BaHUX amapaTHUX  pIIICHb i
CHEproOpIEHTOBAHMX MPOTPAMHUX MEXaHI3MIB CTBOPIOE TEPEAYMOBU JUIS
MIJBUILIEHHS aBTOHOMHOCTI O€3MiJIOTHOrO amapata 0e3 3HMKEHHS SKOCTI
KepyBaHHS Ta HAIIMHOCTI PYHKIIIOHYBaHHS CHCTEMH.

AaTtunkm Axtyatopwu

A
Y

IMU, GNSS, Altimeter Motopw, ESCs

A ’ A

[awi paryunkis BbyaoBsanuii KonTponep Kepyioui curHanm

A 4

<&
¢

A

Mirpokontponep / SoC
PexuMu 3HVMEHOTO CNOXMBAHHA

!

KepyBaHHs XuBAEHUM

>
7)

- Edextmeni DC/DC nepetsopiosadi
+ CenexTmsHe KepyBaHHs XNBACHHSM

X [Nani parunkie I | [OaHi Ta Tenemerpis
A A 4

06pobka gaHux Mogayns 38’a3Ky
« QULTPELIA T3 INUTTA ABHAX + TENeMETDIA Ta KEPYHAHNA 38 HIKOM

Pucynok 1.1 — biok—cxeMa apXiTeKTypu eHeproe(eKTHBHOI BOYJOBaHO1
cuctemu kepyBaHHs bIIJIA

AJITOPUTMH KePYBaHHS TA METOAU 3HUKEHHS €eHEeProcnoKuBaHHSA

AnropuTMiyHe 3a0e3neyeHHs eHeproe(eKTUBHOI BOYJIOBAaHOI CHCTEMH
KepyBaHHs O€3MIJIOTHUM JIITaJbHUM arapaToM OpPIEHTOBAaHE Ha 3a0e3MeUCHHS
CTaOUIBHOCTI TMOJBOTY Ta TOYHOCTI KEpyBaHHS 3a YMOB OOMEXEHUX
OOYHUCITIOBAILHUX 1 EHEPreTUYHUX pecypciB. 3HIKEHHS EHEProCIOXUBaHHS
JOCATAETHCS IIJISIXOM KOMIUIEKCHOIO 3aCTOCYBaHHS MPOTPaMHUX 1 arapaTHUX
METO/IIB €HEPrOMEHEKMEHTY. Y MpOorpaMHOMY 3a0e3MeUeHH] peai3yloThCs
MEXaHI3MH TPIOPUTETHOTO TUJIaHYBaHHS 3ajad Ta MOJIEBO-OPIEHTOBAHOI
O0OpoOKHM NaHUX, IO J03BOJIAE TMEPEBOJAUTH OOUMCIIOBAIBbHI Ta mepudepiiini
MOJYJIi B PEXHMHU 3HWKEHOTO CIIOKWUBAHHS MIXK IHMKJIAMHU aKTHUBHOI POOOTH.
Jo1aTKOBO 3aCTOCOBYETHCSI AJIalITUBHE KEPYBAaHHS >KUBIICHHAM CEHCOPIB 1
KOMYHIKaIITHUX 1HTep(]eiciB, 3a SIKOTO 1X aKTUBALS 3I1ACHIOETHCS JIMILIE 3a
HeoOx1gHoCTl. [loeqHaHHS  ONTUMI3OBAaHUX  AJTOPUTMIB  KEpPYBaHHS 3
JTUHAMIYHAM KEPYyBaHHSM CHEPreTUYHUMH PEeKMMaMHu 3a0e3rnedye 3MEHIICHHS
CYMapHOTO EHEPrOCIOKHBAaHHSI CHCTEMH Ta [MIJBUIICHHS aBTOHOMHOCTI
OC3MJIOTHOTO amapara Ipu 30epekeHHl CTablIBbHOCTI W HamIMHOCTI HOro
(bYyHKIIIOHYBaHHSI.

BucHoBKkH. Y cTaTTi pO3rIsHYTO MiAXiJ A0 MOOYA0BU €HEProePpeKTUBHOI
BOY/JIOBaHOI CHUCTEMH KepyBaHHS O€3MIJIOTHUM JITAJIBHUM  amaparowm,
OpIEHTOBAaHU HAa pOOOTY B peaTbHOMY Yaci 32 YMOB OOMEKEHUX CHEPTeTUIHUX
pecypciB. 3amponoHOBaHa amapaTHO-TIPOTPaMHA apXITEKTypa Ta aarOpUTMIYHI
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pilieHHs 3a0e3MeuyioTh 3HIKEHHS EHEProCloKMBaHHSA Oe3 TMOTipIIeHHS
cTalOlIpbHOCTI W sIKOCTI KepyBaHHs. OTpuMaHi pe3yJbTaTH MiITBEPIKYIOTh
JOUUTBHICT, BHUKOPUCTAHHS aJalNTHBHUX PEXKUMIB pOOOTH Ta MEXaHI3MIB
CHEPrOMEHE/DKMEHTY NIl IMABUINCHHS AaBTOHOMHOCTI Ta €(eKTHBHOCTI
excrutyatarii BITJIA.
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IHTET'PALIISI FANET 3 ITIPOMUCJIOBUMU IOT-MEPE XKAMU
Crapmmit Buknagad ['ankin I1.B., crynent Ckpe6ios B.B.
XapKiBCbKUI HallIOHAIBHUN YHIBEPCUTET paJioeNeKTPpOHIKH, Kadenpa
MPOEKTYBaHHS Ta eKCIUTyaTallii eeKTPOHHUX araparis
e-mail: galkinletter@ukr.net, vadym.skrebtsov(@nure.ua
Abstract. The object of the research is the process of integrating flying ad-
hoc sensor networks with industrial IoT networks for monitoring tasks and the
creation of a digital twin of the production environment.The subject of the
research includes data collection, routing, and processing methods in hybrid
FANET-IoT networks, as well as their impact on digital twin accuracy and
quality of service indicators. he aim of the work is to improve the efficiency of
industrial environment monitoring by developing and investigating models for
integrating FANET with industrial IoT networks, as well as reducing the digital
twin error through the selection and optimization of routing and data collection
algorithms.

Kuarwuosi cioBa: FANET, IoT, IloT, , 6e3npoToBa ceHcopHa Mepexa,
MapuipyTH3alis, KIacTepu3aiisi, HIUPpOBUIA TBIMHUK

Beryn. CrpiMkuii po3BuTok TexHonorid Intepuery peueir (IoT) Ta
oesninoTHux mitanbHUX amapatiB (BIIJIA) BigkpuBae HOBI MOMJIMBOCTI IS
noOyJIOBM  IHTENEKTyaJbHUX CHUCTEM MOHITOPUHTY y  IMPOMHCIIOBOCTI.
TpanuiiifHi cTamioHapHl CEHCOpPHI MEpexKi, 10 MIUPOKO 3aCTOCOBYIOTHCS Ha
MIIPUEMCTBAX, MalOTh HH3KY OOMEXKEHb, IIOB’S3aHMX 13 HEOOXIJIHICTIO
b13u4HOi  1HPPACTPYKTYPH, CKIQJHICTIO OOCIyrOBYBaHHS Ta HEIOCTATHIM
OXOIUICHHSIM BaXXKOJOCTYMHUX a00 HeOe3nmeyHux 30H. Y CBOIO 4epry,
BUKOpPUCTaHHA rpynu koornepaTuBHUX BITJIA gk MOOUIBHHX CEHCOPHHMX BY3JIIB
dbopmye HOBY mapaaurmy 300py naHux — Jitatoui ceHcopHl mepexi (FANET),
3/1aTHI 3a0€3MEeYUTH THYUYKICTb, IalITUBHICTh T4 BUCOKY IMPOCTOPOBY PO3JIIBHY
3JIaTHICTb MOHITOPUHTY.

FANET — 11e ocHOBHa MepexkeBa MapajurMa JAjsl MiJKIIYeHHsS KUIbKOX
BIIJIA B mositpi. [IpoTokon mapumpytuzamii jyist FANET [1] noBuHeH OyTu
CTIMKMM J10 30UIbIIEHHS JWHAMIKKA BY3JB, 00 BIH MIT' JOCSTaTH XOPOUIOi
IPOAYKTHUBHOCTI HaBiTh Y BUCOKOIIIBUIKICHUX CEpEIOBUIIAX.

VY rexuiunii gokymenTtarii Nordic Semiconductor Ha TpaHCUBEp
nRF24L01+ [2] HaBeneHO OCHOBHI MapaMeTpy PaaioMOAYJIsl, 30KpeMa PEKUMH
C€HEPrOCIOKUBAHHS, IIBUIKOCTI TMeEpefaBaHHA Ta OCOOJHMBOCTI POOOTH Y
nianaszoni 2,4 I'Tm, mo mo3Boiisie oOrpyHTYBaTH BHOIp amapaTHOi miaThopMu
CEHCOPHOTO By3Jla Ta KOPEKTHO OI[IHIOBATH C€HEPreTHYHI BHUTPATU TIPH
MOJIETIOBaHH1 O€3IPOTOBOTO KaHAaIy.

VY crarti [3] DOCHIPKEHO WIBUIKICHI XapaKTEPUCTHKU TPOMUCIOBHUX
mepexx RS-485 1 PROFIBUS, mio 103Bosisie BpaxoByBaTH OOMEXEHHSI KaHAIy
3B’SI3KYy MpU pO3poOIl MPOTOKOIY Iepelradyi B EHEProoOMEKEHMX YMOBaX.
[Ty6mikanisi [4] nmpucBsiueHa Metogam oOpoOku iH(OpMAIiHHUX TOTOKIB Y
cuctemax [ITIO, o BusiBisie mapaneni 3 0araTonoTOYHUM 300pOM JAHHUX Y
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CEHCOPHUX MEPEKax 3 KIACTEPHOIO CTPYKTyporo. Y poOoTi [5] po3risHyTO
IpOrpaMHy peani3alil0o CUCTEM KEpyBaHHsS B aBIOHIIl, /1€ BaXKJIHBE MICIE
3aliMalOTh MUTAaHHS OOMEXEHOTO pecypcy eHeprii, aHanoriuno 3aaadam y WSN.

Hocmimkenus [6] BUCBITIIOE MiAXoau A0 MoOyA0BU BOY/IOBAaHUX CHUCTEM
yOpaBIiHHS aBlOHIKH, 10 (Gopmye 0a3y s po3poOKH eHeproeheKTUBHUX
BY3JIIB CEHCOPHUX Mepex. Y poOOTi HAaBEEHO MOJIEl CUCTEM YIpaBIiHHSA, SKi
MOXYTh OyTH aJlaniTOBaH1 JJIA 3a/1a4 KepyBaHHs 1HGOPMAIIHHUMHU MMOTOKaMHU Ta
MapuipyTu3aiii y po3moAiieHuX Oe3ApOTOBHX Mepekax 3 OOMEeXEHUM
E€HEPrOpPECYPCOM.

VY my6mikarii 3anmponoHOBaHO OaraTOKpPUTEPIaAIbHUNA MiAXIJT 10 BHOOPY
MPOEKTHUX pIIIEHB, 0 MOXE OyTH BUKOPUCTAHUU ISl KJIACTEPHOIO BUOOPY
TOJIOBHOTO By3Jia a00 MapuIpyTy TepelaBaHHS 3 ypaxXyBaHHSIM 3aJIHIIKOBOT
€Heprii, SKOCTI KaHalTy Ta HaBaHTa)XeHHs. PoOoTa mpucBsiyeHa MaTeMaTUYHUM
METO/aM BIJHOBIICHHSI JTaHUX, SIKI MOXYTh 3aCTOCOBYBAaTHUCh y O€3IpOTOBHUX
Mepexax mnpu nepenadi iHdopmalii B yMOBaxX 3aBajJl 3 METOI 3MEHIICHHS
KUIBKOCTI MMOBTOPHUX NE€peay 1 BIMOBIIHOTO 3HWKEHHS €HEPTOCIIOKMBAHHS.

B ocraHHI poku, 31 3pOCTaHHSIM NOMYJSIPHOCTI O€3MIIOTHUX JITAIBHHUX
anapariB (BIIJIA), cuctemun Ha 0a3i BIIJIA cramu nonynsipHUMH K Y
BIMICHKOBUX, TaK 1 B IUBUILHUX 3aCTOCYBAHHSX.

Iaterpamis  FANET 3 mnpomucnoBumu loT-mepexamu  cTBOproe
MOXIJIMBICTh ~ (OpMyBaHHA  €IMHOTO  1H(OPMAIIHHOTO  CepeaoBUIIA
MIJMPUEMCTBA, JIe JaHl BiI MOOIIBHUX 1 CTAIllOHAPHUX CEHCOPIB 00’ €THYIOThCS
JUIS  MATPUMKHA TPOLECIB aBTOMAaTH3allli, MIarHOCTUKH Ta IIPOTHO3HOTO
00CITyrOByBaHHS.

OcHoBHa 4uyacTtuHa. HaykoBa HoOBH3Ha monirae y (opmMyBaHHI
y3arainbHeHoi apxitekTypu iHTerpamii FANET 3 mnpomwucinoBumu IoT-
MepexaMu, M0 3a0e3nedyye 3HUKEHHS 3aTPUMOK, IMIJIBUIICHHS HaIIHHOCTI
nepeaaydl JaHUX Ta Y3rO/UKEHHS 1H(QOpMalIHHUX TOTOKIB JUisl LU(POBUX
NBIMHMKIB. 3aMpONOHOBAHMM METOJ MapUIPpyTH3allli BpaxoBYye MOOUIBbHICTb
UAYV, oOmexeHl eHepreTudHi pecypcu Ta BUMOTH 10 Q0SS y TPOMHCIOBHUX
3aCTOCYBaHHSX.

[IpakTuuHe 3HAYEHHS PE3YNbTATIB POOOTH BH3HAYAETHCS MOMKIIMBICTIO
3aCTOCYBaHHS OTPUMAHUX PIIIEHB ISl TOOYAOBH THYYKHUX CUCTEM MOHITOPUHTY
Ha TIPOMUCJIOBUX MIAMPUEMCTBAX, y c(epi eHEepreTuKH, JOTICTUKH, OXOPOHH
KPpUTUYHOI 1HPPACTPYKTypu Ta aBTOMAaTH3allli BUPOOHWYUX MPOIIECIB.
Peamizamisi interpamii FANET Ta IloT mae 3mory 3Ha4HO pO3UIUPHUTH
GyHKIIOHATBEHI MOXJIMBOCTI IU(POBUX NBIMHUKIB Ta MIJABUIIUTH PIBEHb
Oe3reku Ta e(PeKTUBHOCTI POOOTH MiANPUEMCTBA.

Moaean nanux FANET-By3a

Mopens manux FANET-By3na (puc. 1.1) siBise coboro GaratopiBHEBY
CTPYKTYpy, NOOyJIOBaHy TaKUM YHMHOM, 1100 BIJOOpa3sUTH YC1 aCHEKTH
(GyHKILIOHYBaHHA  MOOLIBHOTO  CEHCOPHOIO  €JeMEHTa y  JUHAMIYHIN
MIPOMUCIIOBIA Mepexi. BoHa MOBHMHHA MOEAHYBAaTH KUIBKICHI BUMIPIOBAHHS 3
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OOpTOBUX JaTuWKiB, 1H(GOPMAIII0 TPO TMOJOXKEHHA Ta pPyX O€3miJIOTHOTO
armapaTta, XapaKTepUCTUKH CTaHy MEPEXEBHUX 1HTep(EiCiB, CEMAaHTUUYHUN OIMUC
OTPUMAHHUX JIaHUX Ta EHEPreTHUYHI MapaMeTpH, 10 BHU3HAYAIOTh MOXKJIHUBICTH
MOJANBIIOT0 BUKOpUCTaHHS By3na y ckiami FANET. Taxuit miaxim qo3Bostsie
3a0€3MeYNTH TOBHOLIIHHY  B3a€EMOJII0 MDK MOOLIBHHUMH  CEHCOPHUMHU
wiatpopmamu  Ta npomuciaoBuMu loT-cucremamu, 30KkpeMa IUPPOBUMHU

JBITHUKaAMU BUPOOHUYHUX TPOIIECIB.
[

FANET-By30n

{Data Model Root)
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Pucynok 1.1 — Mognens nannx FANET-By3ma

MoaugikoBanuii aaroputMm eHeproedeKTHBHOI MAPIIPYTH3aLil s
FANET

EneproedekTuBHICT € OJHUM 13 KIIOUOBUX KPHUTEPIiB MOOYA0BH
MapuipyTiB y FANET. Tpaauiiitai anroputmu mMapuipytu3saiiii, Taki sk AODV,
DSR uun GPSR, He BpaxoBylTh KpuTHYHHMI BruuB 3amacy eHeprii UAV Ta
JUHAMIYHI 3MIHM TOTOJIOTIi, 10 MOK€ MPHU3BOAUTH O CTBOPEHHS MapIIpyTiB
yepe3 BY3JH, AKI MalOTh HU3BKUN 3apsij aKyMyJsiTopa a00 IMIBHAKO 3MIHIOIOTH
noszutito. Lle 3umxkye 3aranbHy >xuBy4ictb FANET Ta 30umblIy€e KUIBKICTBH
nepeHalalTyBaHb MapupyTiB. ToMy BHUHUKae moTpeda y MoJu]ikoBaHOMY
aJITOPUTMI, 3JaTHOMY OJHOYACHO BPaxOBYBAaTH €HEPTeTUYHI MapaMeTpH, SKIiCTh
KaHaJly Ta MPOTHO3 MOOUIHHOCTI BY3JIiB.

3anponoHOBaHUI AJITOPUTM IPYHTYETHCSA Ha MOEIHAHHI 11 MO3UIIITHOT
MapuipyTH3allii Ta €eHeproaJanTUBHOT METPUKHU:

LEP = w, -EL+W2 -£+w3 (1-M,) (1.1)

max max

VY paMmkax anropuTMy BHKOPUCTOBYEThCS anantuBHa MeTpuka LEP (Link
Energy Probability) (1.1), 1o orfiHioe HMOBIpHICTb 30€peKEHHS MpaIe31aTHOCTI
KaHaJly BOPOAOBXK yacy mapuipyTy. MeTpuka Bkitouae B ce0e HOpMalli3oBaHE
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3HAYEHHS €Heprii By3Na, IIBUAKICTh HOro TMEpeMillleHHsS BITHOCHO
MOTIEPEIHBOTO XOMa Ta SIKICTh CUTHaNy. SIKImIo Xo4ya 6 OMH 13 mapaMeTpiB
BUXOJUTH 32 MEXI1 MOPOTyY, JIIHK BBAXAETbCA HECTAOLIHLHUM 1 BUKJIIOYAETHCS 3
Habopy kangupatiB. Takum umnHoMm, FANET yHukae BHUKOpUCTaHHS
«ECHEPTEeTUYHO CIA0KUX» BY3IIiB.

BucHoBku. VY 1uioMy pe3ynbTatd  poOOTHM  HIATBEPIKYIOThH, IO
IHTerpaiisi  JITAalOYUX  CEHCOPHUX Mepex 3  npomucinoBumu  [oT-
IHQpacTpyKTypaMl € TEpPCHEKTUBHUM  HAOpsIMOM  PO3BUTKY  CHUCTEM
MOHITOPUHTY Ta HU(PPOBUX JBIMHUKIB. 3alpONOHOBAHI MOJENl Ta aIrOPUTMHU
MOXYTh OyTH BHUKOPHUCTaHI MPH MPOEKTYBAHHI 1HTEICKTYyaIbHUX BUPOOHHYMX
CUCTEM, a TaKOK CIIyTyBaTH OCHOBOIO JUISl OJAJIbIINX HAYKOBUX JIOCHIKEHb Y
rany3i FANET, IIoT ta kibepdiznunux cucrem
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PO3POBKA MMPOTOKOJIIB MAPIIPYTHU3ALII JIJ1SI MOBLJIBHUX
BY3JIIB-3BUPAYIB JAHUX B JIITAIOUUX CEHCOPHHUX
MEPEXAX
Crapmmit Buknagau ['ankin [1.B., crynent Xaputiok M.A
XapKiBCbKUI HallIOHAIBHUN YHIBEPCUTET paJioeNeKTpOHIKH, Kadenpa

IPOEKTYBaHHS Ta €KCIUTyaTallli eIeKTPOHHUX arapaTiB
e-mail: galkinletter@ukr.net, mykyta.kharytiuk@nure.ua

Abstract. The rapid development of unmanned aerial vehicles and wireless
sensor networks has led to the emergence of flying sensor networks, where
mobile data collection nodes play a key role in data acquisition and
transmission. The scientific novelty of this work lies in the development of a
routing approach for FANET that accounts for dynamic topology changes, node
mobility, and limited energy resources, enabling adaptive route selection based
on node position and trajectory to improve data delivery reliability.

The practical significance of the work is demonstrated by the applicability
of the proposed routing protocols to the design of flying sensor network—based
data collection systems for monitoring, inspection, and telecommunications
applications, with implementation on modern embedded UAV platforms and
integration into existing [oT/IloT infrastructures, as well as use in educational
and research laboratories.

Kuarwuogi ciaoBa: FANET, IoT, IloT, 6e3apoToBa ceHcopHa Mepexka,
BY3JIM-30Mpaui, JiTal0ya CEHCOPHA Mepexa

Beryn. CrpiMkuii  poO3BUTOK OE3MUIOTHUX JITAIBHUX amapaTiB  Ta
0€31pOTOBUX CEHCOPHHX MEpeX 3yMOBUB (HOpMyBaHHS HOBOIO KJacy
PO3MOAUIEHUX CUCTEM — JITAOYMX CEHCOPHHUX MEPEX, y SIKUX MOOLIbHI BY3JH-
30Mpayi JaHUX BIJICPAIOTH KIIOUOBY pOJib Yy 3a0€3MeUeHH] eeKTUBHOIO 300py
Ta nepeaadi iHGopmauii. Ha BiAMiHY BiJ KIIACHUHUX CTAI[lOHAPHUX CEHCOPHUX
MEpEeX, TaKl CUCTEMH XapaKTEPHU3YIOTbCS BUCOKOK JMHAMIYHICTIO TOMOJIOTII,
OOMEKEHUMH €HEPreTUYHUMHU PECypCcaMy Ta 3MIHHUMH YMOBAaMH Paaio3B’si3Ky,
[0 ICTOTHO YCKJIAQJHIOE MPOLEC MapuipyTu3alii JaHux. Y 3B’SA3Ky 3 UM
aKTyaJbHOI0 HAyKOBO-TEXHIYHOIO 33/1a4€l0 € po3poOKa Creliai3oBaHUX
IPOTOKOJIIB MapIIPyTHU3allii, a1allTOBaHUX O MOOLIBHOCTI BY3/11B-30UpauyiB, sKi
3a0e3MneuyoTh HaIWHICTh Tepeaadi, eHeproeeKTUBHICTh Ta MacCIITaOOBaHICTh
JITAIOYMX CEHCOPHUX MEPEK.

FANET € 6a30B0r0 MEpeKeBOIO MapaJurMoro JJIsi opraHizarii B3aeMo/Iii
KUTbKOX O€3MUIOTHUX JIITaIbHUX amapariB y MOBITPSHOMY MPOCTOPi, IO
3a0e3nedye MOOUTPHUN Ta THYYKHW 301p 1 mepenady AaHUX Yy PO3MOIIICHUX
cucTeMax MOHITOpUHTY. Mertoau 300py JaHux y O€3IpOTOBHX CEHCOPHUX
Mepexax 13 BUKopucTaHHsAM miTatounx ad hoc mepex [1] neMOHCTPYIOTH
HEOOXIJHICTh 3aCTOCYBAaHHS CIELIATI30BaHUX MPOTOKOIIB MapUIpyTH3allii,
3MaTHUX aJanTyBaTUCS A0 MIBHUIAKUX 3MIH TOMOJIOTIi Ta BHCOKOI MOOUIBHOCTI
By3JiB. Mojeni B3aeMoJii JiTalouux O€3IPOTOBHX CEHCOPHHX MEpEexX 13
CUCTeMaMH aBIOHIKM [2] MIATBEP/KYIOTh AouUIbHICTH 1HTerpanii FANET i3
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OOpPTOBUMHU OOUYMCITIOBAIBHMMH Ta Hapiramitaumu migcuctemamu BITJIA, 1o
HAaKJIaJa€ JI0JaTKOBI BUMOTH JI0 HAIIMHOCTI Ta 3aTpUMOK Nepeqadi JaHHX.
[TpocTopoBa opranizamiss Ta BU3HAYCHHS KOOPIMHAT BY3MIB y O€3IpOTOBHUX
CEHCOpPHHMX Mepekax [3] BiAirparoTh KIIOYOBY POJb y MOOYJOBI €(PEKTUBHUX
MapuIpyTiB mepedadi iHQopmarlli, 0coOIMBO B YMOBaXx pPYXOMHUX BY3JiB-
30MpaviB TaHUX.

AmapatHa peami3aiis npoTokodiB Mapuipytu3sainii B FANET 3HauHOMO
MIPOIO 3aJI€KUTh BiJl OOYMCIIOBAJBLHUX MOXJIMBOCTEH 1 €HEProCHOKHWBAHHS
ooproBux  1iaTtdopMm, IO  OOIPYHTOBYETbCS  pe3yJibTaTaMH  aHaJi3y
onHoriatHux kKomm'rotepiB st [oT Ta IloT-3acrocyBanp [4]. TouHicTh
CEHCOpIB 1 MpPOLIECH 3TUTTS JaHUX O€3MoCepeHhO BIUIMBAIOTH Ha SAKICTh
nokanmzamli 'y FANET, mo miaTBepKyeThCA MOCTIKEHHSIMHU TMOXHUOOK
CEHCOPHHUX CUCTEM Y JITal0uuX Mepexax [S].

Ornsg  cydyacHMX apXITEKTyp, CIEHapliB 3acTOCyBaHHS Ta 3aco0iB
monentoBaHHss FANET cBiquuTh Mpo aKTYaJbHICTh 3ajJadi  PO3POOKH
aJanTUBHUX NPOTOKOJIB MapUIpyTH3alii Juisi MOOUIBHMX BY31iB. Mertoau
KepyBaHHA MOTYXKHICTIO Ta IUIaHyBaHHs TpaekTopli BIIJIA 3 ypaxyBaHHAM
3aBaJl y O€3IpOTOBUX CEHCOPHUX MEpEekax JOJAaTKOBO IMIJKPECTIOIOTh
B32€EMO3B 30K MDK EHEPreTHYHOI e(EeKTUBHICTIO, MOOUIBHICTIO BY3MTIB 1
MPOTYKTUBHICTIO TPOTOKOJIIB MapIIpyTH3AIIIi.

Bucoka aMHAMIYHICTH TOMOJOrIi, OOMEXEHI EHEPreTHYHI PEecypcu Ta
3MIHHI YMOBHU DPaJiio3B’sI3Ky ICTOTHO YCKJIQJHIOIOTH MPOLIEC Nepenayl JaHuX Y
TaKUX Mepexax. Y 3B’SI3Ky 3 UM aKTyaJbHOIO HayKOBO-TEXHIYHOIO 33J1aU€l0 €
po3po0Ka MPOTOKOJIIB MapuIpyTHU3allli, aJanTOBaHUX 10 MOOLTBHOCTI BY3JIB-
30upauviB, SKI  3a0e3Me4yloTh  HAAIMHICTh, E€HEProepeKTUBHICTH  Ta
MacTabOBaHICTh JIITAIOUUX CEHCOPHUX MEPEK.

OcHoBHa wactuHa. HaykoBa HOBH3Ha poOOTHM mMOJSATae y po3poOIl
NIAXOAy [0 MaplipyTu3alli JaHuX Yy JITaloYUX CEHCOPHHUX Mepexax 3
BUKOPUCTAHHAM MOOLIBHUX BY3J1B-30MpayiB, 10 BPaxoBY€ AMHAMIYHY 3MIHY
TOMNOJIOT1i, MOOUIBHICTh O€3MIIOTHUX IIaTPOpM Ta OOMEKEHI EHEepreTUYHI
pecypcu By3IiB. 3alpONOHOBAaHO MNPUHLMINM aJanTailii MapuipyTiB nepenadi
JaHUX 3aJIe)KHO BiJ IMPOCTOPOBOTO pO3TAIlyBaHHS Ta TPaeKToOpil pyxy
MOOUTBHHMX BY3J1iB, IO JO3BOJISIE MMIIBUIATH HAAINHICTh JOCTAaBKU 1H(MOpMAIIii.
OTprMaHO HOBI pe3yJIbTaTH IIOAO BIUIMBY MOOUIBHOCTI BY3I]iB-30MpadviB Ha
edextuBHICcTh MapmpyTu3ailii B FANET.

[IpakTuHe 3HAYEHHS POOOTH TMOJIATAE Y MOXKIMBOCTI BUKOPHUCTaHHS
3aIMpPONOHOBAHUX MPOTOKOIIB MapIIpyTU3AIlii IPH MPOEKTYBAHHI CHUCTEM 300py
JTAHUX Ha OCHOBI JIITAIOUMX CEHCOPHUX MEpex JUIis 3aJad MOHITOPHUHTY,
1HCIIEKIII] Ta TeJeKoMYyHikalii. Po3poOiieni pileHHs MOKyTh OyTH peani3oBaHi
Ha Cy4yacHUX BOyJoBaHUX IaTdopmax OE3MIJIOTHUX anapariB Ta IHTETPOBAHI 3
icuytounmu loT/IoT-iHppacTpykrypamu. OTpumMaHi pe3yibTaTd MOXYTh OyTH
BUKOPUCTaHI y HABYAJIBHHUX 1 JOCTIAHUIBKUX Ja00opaTopisix, a TaKOoX IpH
CTBOPEHHI MPOTOTUIIIB CUCTEM 13 MOOUIBHUMU BY3JIaMHU-30MpadyaMu JIaHUX.
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Mojaenab JiTal040i CEHCOPHOI Mepexki Ta 0C00JHUBOCTI MOOLIBHUX
By3aiB-30upaviB gaHux. JliTaroua ceHcopHa Mepexxa € PI3SHOBHIOM
0€31pOTOBOT CEHCOPHOI Mepexi, y SKii (PYHKIIII By3JiB 3B’ 53Ky Ta 300py JaHUX
YacCTKOBO 200 TOBHICTIO BUKOHYIOTHCSI O€3MIJIOTHUMH JITATLHUMHU arapaTaMu.
Taka Mepeka XapaKTepHU3ye€ThCS TUHAMIYHOIO TOIOJIOTIE0, IO IOCTIHHO
3MIHIOETBCS BHACIIOK pPyXy TMOBITPSHUX IIATGOpM, a TaKOX 3HAYHOKO
3QJICKHICTIO SKOCT1 3B’S3KY BIJ MPOCTOPOBOTO PO3TAIlyBaHHS BY3JiB 1 YMOB
MOIIMPEHHST paJlocUTHaAIIB. MOOIIBHI BY3JIM-30Mpadl JIaHMX BIIITParOTh
KJIFOYOBY POJIb y TIJABHINCHHI e(peKTUBHOCTI 300py iH(dOpMallii B JITAIOYUX
CEHCOPHUX MEpEekKax, OCKUIbKA BOHU JO3BOJISIIOTH 3MEHIIUTH KUIbKICTD
0aratoxomnoBux IMepeaad 1 CKOPOTUTH EHEPreTUYHl BUTPATH CTalllOHAPHHUX
CEHCOpPHMX BY3IiB. [lepeMileHHs] Takux BY3JiB MOXe OyTH 3aJaHe Hamepen
BU3HAYCHUMH MaplmipyTamMud ado0 aJanTHBHO 3MIHIOBATHUCA 3aJCKHO BiJ
pPO3MOITYy CEHCOPHHUX BY3JIIB 1 TIOTOYHOTO CTaHy MepexiBaxmuBoio
OCOOJIMBICTIO MOOUIBHHUX BY3/diB-30MpadiB € JKOPCTKI OOMEXKEHHsS 3a
CHEepPrOCIOKUBAHHSM, OOYUCITIOBATBHUMH PECYypCaMH Ta Maco-TabapUTHUMHU
XapakTepUCTUKaMH OOpPTOBOTro oOJagHaHHS. TakuM YMHOM, MOJEINb JIITaluol
CEHCOPHOI MeEpexi 3 MOOUIbHMMH By3jdaMu-30upadamu (puc. 1.1) manux
MOBMHHA BPaxOBYBaTH IIPOCTOPOBO-YACOBI XaPAKTEPUCTUKHU PYyXYy OE3MIIOTHUX
amapariB, OOMEXEHHsI paJllOKaHAly Ta EHEPreTHMYHI MOKJIMBOCTI BY3IIB.
KomrutekcHuit 001K X (akTOpiB € HEOOX1THOK TEPEAYMOBOIO JIJIsSI PO3POOKH
e(eKTUBHUX TPOTOKOIIB MapHIPyTU3aIllii, 3[aTHUX 3a0€3MeYUTH HAINHUN Ta
eHeproeeKTUBHUN 30ip JaHUX Yy JUHAMIYHUX YMOBax (YyHKIIIOHYBaHHS

JITAIOYMX CEHCOPHUX MEPEK.
» TpaekTopii pyxy UAV - -
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Pucynok 1.1 — Mogenb niTarouoi CEHCOPHOT MEPEkXi 3 MOOITLHUMU BY3JIaMHU-
30upavaMu
IIpoexkTyBaHHs Ta OLIHKA e()eKTUBHOCTI MPOTOKOJIiB MAPIIPYyTU3aLil
ans FANET. IlpoextyBanns mnpoTokomiB wmapupytusauii gis1 FANET 3
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MOOITPHUMH BY3JIaMU-30MpayaMil JTaHUX IPYHTYEThCS Ha BpaxyBaHHI BHCOKOI
JTUHAMIYHOCTI TOMOJIOTii, OOMEXEHOro 4dYacy ICHyBaHHS paJiONiHKIB Ta
CHEpreTUYHUX OOMEKEHb SIK CEHCOPHHUX BY3IIB, Tak 1 O0pTOBUX Iaropm. Y
MeXax po3poOKH BHU3HAUAIOTHCA KpUTEpii BUOOPY MAapHIPYTIB 3 ypaxyBaHHSIM
IIPOCTOPOBOTO PO3TAIIYBaHHS BY3JiB, MPOrHO30BaHOI1 TpaekTopii pyxy BILJIA,
sxocTi kaHaiy (RSSI/SNR), piBHs 3aUIIKOBOT €HEprii Ta O4iKyBaHUX 3aTPUMOK
noctaBkd. OIliHKa €(QEeKTUBHOCTI 3alpONOHOBAHUX PIIIEHb BUKOHYETHCS
[UIIXOM MOJIEIOBaHHS a00 eKCIIepUMEHTAIBHUX BUIIPOOYBaHb 13 pO3PaXyHKOM
MOKa3HUKIB HajiiHOCTI jgoctaBku (PDR), cepeanboi 3aTpuMKH, MPOMYCKHOI
3IaTHOCTI Ta €HEPreTUYHUX BUTpPAT Ha MaKeT, LI0 J03BOJSE OOIPYHTYBATH
repeBaru MPOTOKOIY B PI3HUX CIIEHAPISIX MOOITLHOCTI Ta MIIJIBHOCTI MEPEXKI.
BucnoBku. Y po6oTi po3po0iieHO MiIXi[ A0 MPOEKTYBAHHS MPOTOKOIIB
MapuipyTH3alii JJisl JITAlYUX CEHCOPHUX MEpEeX 3 MOOUIBHMMH BY3JIaMU-
30MpavyamMu JITaHUX, SIKUW BPaxoOBY€ JIMHAMIYHY 3MIHY TOIOJOTIi Ta €HEPreTUYHI
oOMexeHHa By3miB. OTpuMaHi pe3yibTaTH MIATBEPIKYIOTh €()EKTUBHICTD
3alpONOHOBAHUX PINICHh 3a TMOKAa3HUKAaMU HAAIWHOCTI JIOCTAaBKU JIaHUX Ta
eHeproepeKTUBHOCTI B yMOBax BUCOKO1 MoO1IbHOCTI FANET.
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