O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHHH 00J1iIKOBHI HOMep: 0824U002402
Oco006J1uBi TO3HAYKH: BinKpura

JaTa peecrtpaunii: 03-07-2024

Craryc: 3axumeHa

PexBi3utu Hakasy MOH / Haka3y 3aKjazy:

I1. BizomocrTi nipo 3700yBaya

Baacue IlpizBume Im'a Ilo-6aTbKOBI:

1. Apremyk Ceprist IropoBry

2. Serhii I. Artemuk

KBasmigikamis:

InenTudikarop ORCID ID: 0000-0003-4279-7065

Bupg, pucepranii: nokrop dinocodii
AcnipaHTypa/JIOKTOpPaHTypa: Tak

IIIndp HayKOBOi ceniaIbHOCTI: 152

Ha3zBa HayKoBOIi cIeniaJbHOCTI: MerpoJioris Ta indopMauiiiHO-BUMIpIOBaJIbHA TEXHIKA
FaJIy3b / ralesi 3HaHb: aBTOMAaTU3allisl Ta NPUIALO0yAyBaHHS

OCBiTHbo—HayKOBa nmporpama 3i CreniaJbHOCTI: 152 Merpoioris Ta iHbopManiiiHO-BUMipIOBaIbHA

TEXHika

Jara 3axHCTy: 25-06-2024

CneniaJbHICTh 3a OCBIiTOO: 152 - MeTposioris Ta iHpopMalliiiHO-BUMIpIOBa/IbHA TEXHIKA
Micue p060TI/l 3a06yBaqa: HaujionanbHuii yHiBepcuTeT "JIbBiBCbKa IOJIITEXHIKA"

Kopg 3a €IPIIOY: 02071010

Micuesﬂaxo,lI)KeHHﬂ: ByJ. Crenana Bangepw, 6yz. 12, JIbgis, 79013, Ykpaina

dopma ByacHOCTI: Jlepxasna

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT

Iudp cnenianizoBaHoi BYU€HOI pagH (pa30Boi CleliaJai30BaHOi BYEHOI pazu). ID 5624
ITloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujonanbHuii yHiBepcuteT "JIbBiBCbKa MOTTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micue3HaxoaKeHHS: ByJ. CtrenaHa BaHgepy, 6yz. 12, JIbBiB, 79013, Ykpaina

dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH i HayKK YKpaiHu

InenTudikarop ROR:

IV. BimomocTi Ipo niznpueMcTBO, YCTaHOBY, OpraHi3alliio, B sIKi# 0yJ10

BHKOHAHO JHCEPTaIlilo

IloBHEe HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanionanbHuii yHiBepcuteT "JIbBiBCbKa MOJTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micue3HaxoaKeHHS: ByJ. CrenaHa Bangepuy, 6yz. 12, JIbBis, 79013, Ykpaina

dopma BracHOCTI: JlepxaBHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

V. BizomocTi npo gucepraniio
MoBga guceprTallii: Vkpaincoka
Koau TeMaTHYHHX PYGPHK: 28.23, 28.23.37, 90.27.36

Tema gucepranii:
1. 38CTOCYB3HH5{ MTYy9YHUX HeI/“IpOHHI/IX MEPEX IOJId BUBHAYEHH KOODAUHAT IPKEPEJIa aKyCTUYHOTO CUTHAJTY

2. Application of artificial neural networks to determine the coordinates of an acoustic signal source

Pedepar:

1. Incepraris npucBsYeHa po3poOJIEHHIO Ta JOCIIKEeHHIO CI1I0C00y BU3HAYEHHSI KOOPAMHAT pKepesia aKyCTUIHOTO
CHTHaJIy Ha OCHOBI Pi3HMII€BO-4YaCOBOTO METOAY i3 BUKOPUCTAaHHSIM TEXHOJIOTI MAaIMHHOTIO HaBYaHHS [1JIs1
IIOKpaIlleHHSI METPOJIOTIYHUX XapaKTePHUCTUK CUCTEM JIOKasli3alii peasyli3oBaHUX 3a JOCIiIKYBaHUM CIIOCOOOM. B
POOOTI MpeCcTaBlIeHo aHAJITUYHNN OTJIA], iICHYIOUMX aKTUBHUX Ta IACUBHUX METOZiB BU3HAYEHHS KOOPAUHAT
posTaiyBaHHs Qi3MYHUX 00 €KTIiB, 30KpeMa, YacoBUM, (pa3oBuil (aKTUBHUN Ta NACUBHUI), YACTOTHUIA,
IOIJIEPIBCHKUAN, aMIUIITyITHUI Ta Pi3HULLEBO-4aCOBUA. [lJ1s1 KOXKHOT'O 3 METOIiB HaBEL,EHO OCHOBHI BiZJOMOCTI, I0TO
CyTb Ta CTPYKTYPHY CXEMY peasizalii CUCTEM Ha OCHOBI LIMX METO/IB. 3a PE3yJIbTaTOM aHaJi3y METOLIB
BCTAHOBJIEHO, 1I0 3aCTOCYBAaHHS aKTUBHUX METO/IB 1711 BU3HAYE€HHS KOOPIMHAT IyKepeJa aKyCTUYHOTO CUTHAJY
IIPaKTU4YHO HEMOXJIMBE. ONITMMAJIBHUM JJ151 BUPILIEHH 3a7ja4i BU3BHAYE€HHS KOOPIMHAT JIKepeja aKyCTUYHOTO
CUTHAJIy € Pi3HMLIEBO-YAaCOBUI METOJ, i3 BUKOPUCTAHHSIM HEMPOHHOI MEPEXI B CKJIaZi 00YMCIII0BAIbHOTO
KOMITIOHEHTY. B po6oTi rpezicTaBieHo CTPYKTypHY CXEMY CUCTEMU BU3HAYEHHS KOOPAMHAT [IKepeJsia aKyCTUYHOTO

CHTHaJIy Ha OCHOBI pi3HUIIEBO-YaCOBOT0 METOMY Ta 3 BUKOPUCTAHHSIM HEHPOHHOI Mepexxi. [171s1 popmyBaHHS Habopy



IAHUX 1J1s1 HABYaHHS Ta I€PEBipKU HEMPOHHOI MepeXi po3p006JIeHO TPOrpaMHO-MaTEMATUYHI MOJEJI, SIKi
IO3BOJISIIOTH BiITBOPUTH MPOLIEC NTPOXOAKEHHS aKyCTUYHOT'O CUTHAJTY Bill IpKepeJia 0 CEHCOPIB Ta po3paxyBaTu
4ac MOro peecrpalii. [3 BUKOPUCTaHHSIM ONMMCAHMX IPOrPaMHO-MaTEMAaTUYHUX MOZEJIEH Ta aJITOPUTMIB 6yJI0
IIPOBEEHO NOCIiI)KEHHS IOXUOOK CUCTEMU i3 MapaMeTpaMy 3a 3aMOBUYYBAaHHSM. 3a pe3yJibTaTaMU JOCIiIPKEHHS
1151 TapaMeTpiB CUCTEMH 32 3aMOBYYBAHHSM MaKCUMaJlbHE 3HAUEHHS a0COJIIOTHOI TIOXMOKY He TiepeBulye 16 M.
OcCKinbKY 11e 3HaY€HHs CyTTEBO IIepeBUllye NOAiIOHI aHAJIOTH, TO BUPIlIEHO 3[iICHUTU ONTUMI3allilo CUCTEMU
BM3HAUEHHS KOOPJMHAT JKepeJla aKyCTUYHOTrO CUTHAJIy 3a KpUTEPieM MiHIMyMy IIOXUOKHU IJ1s1 TAKUX I1apaMeTpiB K
KiJIbKiCTh HaBYaJIBHUX MAP, KiJIbKICTh Ta CTPYKTypa IPUXOBAaHUX MIAPiB HEMPOHHOI Mepexi, (popma po3TallyBaHHS
CEHCOPIB Ta iX KiJIbKICTb, aJITOPUTM HaBYaHHS HEMPOHHOI MepPEeXi, BilCTaHb Bif] CEHCOPIB 10 IEPUMETPY
po3TalulyBaHHS JKepeJl aKyCTUYHOIO CUTHaJly Ta CIIOCi6 BU3Ha4€HHS 6a30BOr0 CEHCOPY, BiTHOCHO SIKOTO
PO3paxoByIOThCA pisHUL] Yacy. [Ipouec onTuMisanii 34iliCHIOBaBCS iTEPAaTUBHO, a ONTUMI30BaHi Ha MOINEPEIHIX
iTepalisgx napaMmeTpy 3aCTOCOBYBAJIMCD JJ11 HACTYIIHUX iTepaliil. 3a pe3yjbTaTaMu ONTUMI3allil BCTAHOBJIEHO
ONTUMAJIbHI TapaMeTPU CUCTEMHU BU3HAYEHHS KOOPJMHAT JKepeJla aKyCTUYHOTIO CUTHAJIY 3a SIKUX OTPUMAaHO
MiHIMyM IIOXUOKU. 3iliCHEHO NIOPiBHSIHHS CUCTEM i3 ONITUMI30BAaHUMU [1apaMeTpaMU Ta NapaMeTpamu 3a
3aMOBYYBaHHSIM. be3 BpaxyBaHHS JOJATKOBUX IOXMOOK MAaKCMMAaJIbHE 3HAUYEHHS a0COIOTHOI IOXUOKY BU3HAYEHHS
KOOPAMHAT [KepeJjia aKyCTUYHOIO CUTHAJLY [IJII CUCTEMH 3 OITUMI30BaHMMMU [1apAaMETPAMU € MEHIIVM Ha 4
NopsAIKA. MakcrMasibHE 3HaYE€HHS [IPU LIbOMY € MEHIIMM Ha 4 1opsaku. OKpiM OCHOBHUX [KEPeJl IOXUOKU
IOCTiIXeHO i onaTtkosi. OOHUM 3 I>KepeJl € HEOQHO3HAYHICTb Pe3y/bTaTiB BU3HAUEHHSI KOOPIMHAT JKepeJia
aKyCTUYHOTO CUTHaJy, sIKa IPUCYTHS MaibkKe y BCiX cUCTeMax JloKasli3allii 00'eKTiB i IPU3BOAUTD 4O CYTTEBOTO
3pOCTaHHS NOXMOKY BU3HAYEHHSI KOOPAUHAT. 3a pe3yIbTaTaMy IIPOBEJEHOTO NOCIiIKEHHS BCTAaHOBJIEHO, 10 Y
crucTemMax NobyJoBaHMX Ha OCHOBI Pi3HULIEBO-4ACOBOI'O METOJY i3 HEIPOHHOI0 MEPEXKEI0 HEOTHO3HAUHICTh
Pe3yJIbTaTiB BU3HAYEHHSI KOOPIMHAT BiCyTHS. OTPMMAHO 3aJIEKHICTh aOCOMIOTHOI NIOXUOKM BU3HAYEHHS
KOOPJMHAT JpKepeJla akyCTUYHOTO CUTHAJTY BiJl TEMIIEPATypy Ta BOJIOTOCTi. BCcTaHOBIIEHO, 10 HAbiblIe
3pOCTaHHs IOXUOKM 3yMOBJIEHE TeMIlepaTypolo (AianasoH i -10°C no 50°C), a MakcuMasbHe 3HaUeHHs
abCoJIIOTHOI NOXMOKY BU3HAUYEHHS KOOPIMHAT CTaHOBUTH 110 M Ta 20 M BifnoBifHO. 3a BIUIMBY BOJIOTOCTi Ha 3MiHY
MIBUJIKOCTI aKyCTUYHOTO CUTHAJy MaKCUMaJlbHe 3Ha4eHHs abCOJIIOTHOI TOXNOKYU 3pOcTae 10 3.5 M. BpaxoByoun
CYTTEBE 3POCTaHHS MOXUOKM 3aCTOCOBAHO KOPEKILilO, sIKa 3abe31eyye 3MEeHIIeHHs BILIMBY TEMIIEPATypH Ta
BOJIOTOCTi HaBKOJIMIIHBOTO CEPELOBUILA HA PE3YJIbTATH BU3HAYEHHS KOOPAMHAT. 3aCTOCYBaHHS KOPEKIii
I03BOJIAJIO 3MEHIIMTY MAaKCUMaJlbHE 3HAaYE€HHS a6COIOTHOI Toxnu6ku 1o 0.38 M 3a BIIMBY TemIiepatypu Ta 1o 0.14
M 32 BIIJIUBY BOJIOTOCTI. 3 BpaXyBaHHSIM IOIIEPeIHIX pe3ysbTaTiB onTuMisanii Ta Kopekuii 6yJ1o focimkeHo
CyMapHy [10X1OKY i3 BpaxyBaHHSIM IIOXUOKM HEMPOHHOI MepeXi, yacy peecTpallii akyCTUYHOTrO CUTHAIY, a TaKOXK
IIOXMOOK, SIKi 3yMOBJIEHI 3MiHOIO TEMIIEPATyPH Ta BOJIOTOCTI MOBITPsl. MakcuMasbHE 3HAYEHHS CyMapHOi IOXMOKU
He nepeBuiye 1.5 M 3a koopauHaTtoio X, 0.25 M 3a koopauHatoo Y, 1.5 M 1j1s Bigcrani ta 0.031° gyt kyTa. BinHocHa
noxm6OKa BU3HAY€HHS BifICTaHi Ta KyTa 10 J)KepeJla aKyCTUYHOIO CUTHAJIy € B 5 pas3iB MEHIIOI0 B [TIOPiBHSIHHI 3

icHylounMu MeTtogamu i He nepesuinye 0.08 %.

2. The thesis is devoted to the development and research of a method for determining the coordinates of an
acoustic signal source based on the time-difference method using machine learning technologies to improve the
metrological characteristics of localization systems. This paper presents a review of existing active and passive
methods for determining the coordinates of physical objects, in particular, time, phase (active and passive),
frequency, Doppler, amplitude, and time-difference methods. For each of the methods, the basic information, its
essence, and the structural scheme of the implementation of systems based on these methods are presented.
Based on the analysis of the methods, it was found that the use of active methods to determine the coordinates of
an acoustic signal source is practically impossible. The optimal method for solving the problem of determining the
coordinates of an acoustic signal source is the time-difference method using a neural network as part of the
computing component. The paper presents a block diagram of a system for determining the coordinates of an
acoustic signal source based on the time-difference method and using a neural network. To generate a data set for
training and testing the neural network, it was developed software and mathematical models that allow us to
reproduce the process of passing an acoustic signal from the source to the sensors and calculate the time of its



registration. Using the described software and mathematical models and algorithms, we investigated the errors of
the system with default parameters. According to the results of the study, for the default system parameters, the
maximum value of the absolute error does not exceed 16 m. Since this value is significantly higher than similar
analogues, it was decided to optimize the system for determining the coordinates of the acoustic signal source
according to the criterion of minimum error for such parameters as the number of training pairs, the number and
structure of hidden layers of the neural network, the shape of the sensor arrangement and their number, the
neural network training algorithm, the distance from the sensors to the perimeter of the location of the acoustic
signal sources, and the method for determining the base sensor relative to which time differences are calculated.
The optimization process was carried out iteratively, and the parameters optimized in previous iterations were
used for subsequent iterations. Based on the results of the optimization, the optimal parameters of the system for
determining the coordinates of the acoustic signal source were determined, at which the minimum error was
obtained. The systems with optimized parameters and default parameters were compared. Without taking into
account additional errors, the maximum value of the absolute error in determining the coordinates of the acoustic
signal source for the system with optimized parameters is 4 orders of magnitude less. The maximum value is 4
orders of magnitude lower. In addition to the main sources of error, additional ones were investigated. One of the
sources is the ambiguity of the results of determining the coordinates of the acoustic signal source, which is
present in almost all object localization systems and leads to a significant increase in the error in determining the
coordinates. According to the results of the study, it was found that in systems built on the basis of the time-
difference method with a neural network, there is no ambiguity in the results of coordinate determination. The
dependence of the absolute error in determining the coordinates of an acoustic signal source on temperature and
humidity was obtained. It was found that the greatest increase in error is caused by temperature (range from -10°C
to 50°C), and the maximum value of the absolute error in determining the coordinates is 110 m and 20 m,
respectively. When humidity affects the change in the acoustic signal velocity, the maximum absolute error
increases to 3.5 m. Given the significant increase in error, a correction was applied to reduce the influence of
ambient temperature and humidity on the results of coordinate determination. The application of the correction
made it possible to reduce the maximum value of the absolute error to 0.38 m under the influence of temperature
and to 0.14 m under the influence of humidity. Taking into account the previous results of optimization and
correction, the total error was investigated, taking into account the error of the neural network, the time of
acoustic signal registration, as well as errors caused by changes in temperature and humidity. The maximum value
of the total error does not exceed 1.5 m in the X coordinate, 0.25 m in the Y coordinate, 1.5 m for distance, and
0.031° for angle. The relative error in determining the distance and angle to the acoustic signal source is 5 times
less compared to existing methods and does not exceed 0.08 %.
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