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HuceprariitHa poOoTa MpUCBSYECHA PO3POOITl METOAIB KEPYBaHHs O€3MIJIOTHUMH
amaparamMy Ta iX B3a€MOJIi, L0 JO3BOJISIOTH MIJBUIMUTH YCHIIIHICTh MOIIYKOBO-
pATYBaJIbHUX ONEPALl Ta JOCTABKU KUTTEBO-HEOOXIAHUX BAHTAXKIB Y BaXKKOJOCTYITHI
MiClII, B YMOBaX OOMEXeHOCTI pecypciB. ToMmy icHye morpeba y CTBOpPEHHI HOBOI
iH(dopmaliiiHoi TexHoyorli B3aeMofii Oe3miunoTHux amapaTiB (bmA) pi3HUX THIIIB
(Ha3eMHOT0 Ta JITAIbHOTO) 13 3aCTOCYBAaHHSAM HEHPOHHHX MEPEX B YMOBAX PHU3UKY Ta
HEBU3HAYCHOCTI, peaizallisl SKOi 3amporoHOBaHa Ha 0a3i IrpoBOTO MiAXOy, a TAKOXK Y
371ar0JKEHOMY (DYHKIIIOHYBAaHHI POTPAMHO-TEXHIYHOTO KOMILJIEKCY.

Y nepmioMy po3aijii BUCBITIEHO CTHCIMN OTJISi[] CyYaCHOTO CTaHy PO3BUTKY
1H(}OpMaIIHHUX TEXHOJIOT1H, iX BCeO1UHE 3aCTOCYBaHHS B PI3HUX Taly3sIX: BUPOOHHUIITBI,
CUIBCBKOMY T'OCIIOJIAPCTBI, HAYIIl, OCBITI, 3B’ 53Ky Ta YIPaBJIiHHI.

Hapeneno ormnsa iHbopMaIlifHMX TEXHOJOTIH, HOBITHIX HAyKOBHUX JIOCTIKCHbB,
HaMpsAMIB, X TMPAKTUYHOI peasizallii Ha JaHuil 4ac. BUKOHAHO aHalli3 MO3UTUBHUX Ta
NpOOJIEMHUX ACTIEKTIB MPAKTUYHOI peasizallii po3rIsiHyTUX HAYKOBUX JIOCSTHEHb.

[IpoBeneHo aHami3 akTyaJlbHOTO CTaHy 1H(OPMAIIHHUX TEXHOJOTIA KepyBaHHS
O€3MIJIOTHUMM arapaTaMu 13 3aCTOCYBAHHIM 1TPOBOTO MIAXOAY Ta HEHPOHHUX MEPEX.

Hanano ormsim cydacHuUX MPUKIAIHUX ITPOBUX METOJIB, MOOYIOBaHUX Ha 0asi
amapary Teopii irop, 3 BUKOPHUCTAHHSAM SIKHUX BXXE€ OTpMMaHa HHU3Ka IMEPCHEKTHUBHUX
pe3yJIbTaTiB Ta MpoaHalIi30BaHI OCTaHHI HAYKOBI Ta MPAKTUYHI JOCIIKCHHS B i

ramysi.
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Po3risiHyTo pi3HI TUNHM HEMPOHHUX MEPEeX, 1X 3aCTOCYBAHHS Y PI3HOMAaHITHHUX
cepax KuUTTA. TakokK PO3TISTHYTO BUKOPUCTAHHS HEUPOHHUX MEPEX y IMOETHAHHI 3
HABYAHHSM 3 TIAKPIIUICHHSM, 110 JO3BOJISIE MPUUMATH ONTUMAJIbHI PIIICHHS] KEpYBaHHS
y CHUCTEMI.

Buxopuctanus HEHpPOHHUX MEpeX Yy MO€JHAHHI 3 ITPOBUMU METOJAMHU Mae
MEPCIIEKTUBY PO3BUTKY JJIsA IMIJBUIICHHSA O€3MEKH BUKOHAHHS Micii O€3MIJIOTHUMU
arapaTamu.

3anuT CcycmiiibcTBa JJIs  BUPINICHHS CKIAQMHUX 3aJlad 13 3aCTOCYBaHHSIM
O€3MIJOTHUX arnapaTiB BU3HAYa€ MOMMUT HA MOJAIBIIMA PO3BUTOK Ta BJIOCKOHAJICHHS
1H(pOpMAaIITHUX TEXHOJIOTIH, Y TOMY YUCHI IpH po3poOLl HOBUX MIAXOAIB, METO/IB Ta
MoJieJIell KepyBaHHS O€3MUIOTHUMH arapaTaMu.

Y napyromy po3aijli BUKOHAHOTO HAYKOBOTO JOCHIJIKEHHSI 3A1MCHEHO OIJIs,
NOPIBHSHHS, aHaNi3 ICHYIOUMX METOAIB, HaJaHO OOIPYHTYBaHHsS OOpaHHs amapaTry
JOCITIJIKEHHS, SIKUI 3aCTOCOBAHO B IMPOIIECT MPOEKTYBaHHS 1HGOPMAIITHOT TEXHOIOT11
KepyBaHHA Oe3ninoTHUMH anaparamu (brmA); orpuMaHo HOBI MaTeMaTH4HI MOJEINI Ta
po3po0ieHa apxiTekTypa iHhOopMaIliitHOT CUCTEMH.

MareMaTtiyHi MoOJ€Nl THUIY KOOMEPaTUBHUX ITPOBUX MOJENIEH CIPOMOXKHI
aJICKBaTHO BIATBOPIOIOTH KEPYBAHHS KOAJIII€0 OE3MIJIOTHUX anapaTiB, HAJalOTh 3MOTY
pO3rIIAIaT OE3MUIOTHI arapaTy B SKOCTI TPaBIliB, BpaXOBYIOTh TEXHIYHI OOMEKEHHS Ta
criocobu B3aemo/iii brtA Mixk co00r0 B yMOBaxX KOATIIIi.

[IpoBeneno  ormsag 1 TOPIBHSUIBHMM — aHali3  IIEHTPAIi30BaHOTO 1
JIENEHTPaII30BaHOTO METO/IIB KEpyBaHHs briA.

3po0JiIeHO BUCHOBOK, 110 LEHTPaII30BaHUI METOJ KepyBaHHS Koamilieo brnA y
MOPIBHSHHI 3 JISIEHTPAII30BAaHUM Ma€ MepeBaru y KOHTPOJIi, MPOCTOTI Ta Oe3Melli.

BpaxoByroun mepeBard IEHTPaIi30BAHOTO METOAY HaJ JEIEHTPaTi30BaHUM, B
HAYKOBOMY JIOCIIIJKEHHI 00paHO LIEHTPali30BaHU METO]] KepyBaHHs BrA.

B pesynbrari mpoBEeACHHS IUCEPTAIITHOTO JOCHIKEHHS OTPUMAHO JBI
MaTeMaTU4YH1 MOJEII.

1. TloOymoBaHo KOMOIHOBaHy IIEHTPaIi30BaHO-KOONEPATUBHY MAaTEMaTUUYHY

IrpoBYy MoJienb KepyBaHHsl BA B nporneci HayKOBOTO AOCIIIKEHHS.
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B mporeci cTBopeHHS i€l MOJENl BHKOPHCTAHO TMIAXOAM 1 amapar irpoBOTo
MeToy. B sikocTi 3aranbHO1 QyHKINT BUTpanry oOpaHo (yHKIIIO, SIka BU3HAUA€ TOJIOBHY
IIJIb TPU — YCIIIIHE BUKOHAHHSA Micii Bif ii moyaTky 1 a0 KiHIg. Pesymaprarom
MOJICITIOBAHHS € 3HAXO/DKEHHS MaKCUMYyMY 3arajbHo1 (GyHKIIIT BUTpaIry.

ExcnepuMeHTaibHe TTOPIBHSHHS pe3ysbTaTiB onNTUMI3ZAIll (YHKIIN YCIIIIHOCTI,
OTPUMaHOi KOMOIHOBAHOI ILIEHTPaTi30BaHO-KOOMEPATUBHOI MaTEMaTHYHOI I1rpOBOi
MOJIEI, 3 O/IHIET CTOPOHH 3 BIAMIOBITHUMHU pe3yibTaTaMU (PYHKIH YCIIIITHOCTI 171eaIbHO1
Ta JEUEHTPaII30BaHOI MOJIEN, 3 1HIIOI CTOPOHHU, JA€ 3MOTY 3pOOUTH BUCHOBOK IIPO
3HaYyHO OBy e(PeKTUBHICTH (PYHKIIII BUTpAILTy OTPUMAaHOT MOJIEIII.

[IpakTuuHe 3acTocyBaHHS KOMOIHOBAHOi  IIEHTPaJi30BaHO-KOONEPATHUBHOI
MaTE€MaTUYHOI 1IFPOBOI MOJIENI JO3BOJIUTH IPU BUKOHAHHI Micii 00paTH 1IrpoBUM MiIX11;
oOpaTH LIEHTPaTI30BaHO-KOOIEPATUBHUM METOJ KepyBaHHA bIA; BHU3HAUUTHCS 3
BHOOPOM HANOLIBII IIXOAIINX TEXHIYHUX XapakTepucTuk koamiiii briJIA ta bnHA.

2. Pospobnena onTuMmizaiiifHa irpoBa MaTeMaTHYHa MOJEIb KEpyBaHHS
O€3MIJIOTHUMH arapaTaMu 13 3aCTOCYBaHHSIM HEMPOHHUX MEPEX B yMOBaX PHU3UKY Ta
HEBU3HAYEHOCTI.

B HaykoBOMY OCHIIPKEHHI IETAIBHO PO3IJIIHYTO MIAX1/T 10 BUPIIEHHS MPoOIeMu
00MeXXeHOCT1 Ta/ab0 HETOYHOCTI BXITHUX JAaHUX, BIMOBIIHO JI0 SKOTO PO3IIISAAIOTHCS
JIBa PI3HUX BHUJAM CHUTyaIlid, K1 3a3BHYail HEOOXIAHO MOCTIIUTH, a came: DPIIIeHHS
MPUIMAIOTHCSI B YMOBAX PU3UKY; PIIICHHS MPUMUMAIOTHCS B YMOBaX HEBU3HAYEHOCTI.

B 3anexHocTi Bim xapakTepy HeOaxXaHUX CHTYyallli 3aJeKUTh BHOIp armapary
JOCIIIJKEHHS. SIKIIO pllIeHHS NPUUMArOThCA B YMOBAaX PU3HMKY, TO MOSBY HeOa)kaHOI
MEPEIIKOId MOJIETIOI0Th 13 3aCTOCYBaHHSM amapaTry Teopii WMoBipHOCTEH. SIKIIo
pILIEHHS] TPUIMAETHCS B YMOBaX HEBU3HAYEHOCTI, QYHKLIIO PO3NOJLITY WMOBIPHOCTEN
3HAWTH MPAKTUYHO HEMOKITUBO.

B HaykoBOMY NOCIHIIPKEHHI PO3TIISIIAIOTHECS OOMABI CUTYaIlll, IKi BUHUKAIOTH MPH
MozentoBaHH1 kepyBaHHsi briJIA ta BnHA: pu3uk nosiBu HeOaxaHOTro sIBUIIA, 30KpeMa
BECHSHOT'O/OCIHHBOTO O€3I0pIKIKS; pamnToBa IIOsBa IEPEHIKOAN (SMH) B IPOIECI

BUKOHAHHS MICIi (HEBU3HAUYEHOCTI).
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Busnauena ¢yHKIsS po3moaiy HMOBIPHOCTEH Ui KOXHOro I-ro pebpa 3
BUKOPHCTAHHSM METEOPOJIOTIUHUX JTAHUX 332 BU3HAYCHUH TIEPIO/.

Pe3ynbTaT 3acTocyBaHHS NEPIOi YaCTUHH ONTUMI3AIliiHOT IrPOBOT MaTeMaTHYHOT
MOJIENII — OTPUMAHHS NUIAXY 3 BUKIIOUYEHUMHU MPOOJIEMHUMH peOpamu (IUITHKaAMU
HUISXY).

Jlpyra 4dacThHa MOjeNi BUpIlIy€e MpoOsieMy MOJOJaHHS PANTOBOI MEPEIIKOaN
(HEeBH3HAYEHOCTI) Ha IUISAXY B MpPOIECi BUKOHAHHS Micii. 3alpONOHOBAaHO BHUPIIITYBaTH
0 MpoOjeMy 3a JIONOMOTOK MOKIMBOCTEH HEHPOHHHUX MEpEeX Ta HaBYAHHS 3
MIKPITUICHHSIM.

[IpoBeneHo aHamni3 ePEeKTUBHOCTI ONTHUMI3alllifHOI IrPOBOi MaTeMaTUYHOIT MOJIEI
kepyBanHsa briJIA Tta BniHA 13 3acTocyBaHHAM HEHPOHHHX MEPEK B yMOBaX PHU3UKY Ta
HEBU3HAYEHOCTI.

HaiiOinpiry e(QeKTHBHICTh 3 PpO3MNISIHYTUX peaJbHUX MOJENEH Mae MOJEIb,
OTpMMaHa B pe3yJbTaTl HAYKOBOTO JOCTII)KCHHs, sIKa BpaxyBajla 1 pPHU3UKH, 1
HEBU3HAYECHICTb.

VY TperboMy po3iJii poBeAeHO MOPIBHIBHUIN aHAII3 BIIOMUX CUMYJIATOPIB, SIK1
HEOOX1JH1 JJI MPOBEACHHS NPAKTUYHUX €KCIEPUMEHTIB. PO3IIIsHYTO HallmomupeHimi
cumynsitopu  (Ardupilot, PX4, ROS, Gazebo, Microsoft AirSim), a Takox
MIpOaHali30BaHi IXHI MepeBaru Ta HeIOIIKH.

JIs mpoBeACHHS JOCHIKEHb Ta €KCIEPUMEHTIB o0paHo cumyssitop Microsoft
AirSim.

B nHaykoBOMy [OCHIIPKEHHI 3alpolOHOBAHO Taki Monaudikaiii cumynsropa
Microsoft AirSim: npuOpaHo LEHTpaIbHUI KOHTPOJEP Ta OKPEMUN OOUMCIIOBAIBHUM
MIKpPOKOMIT IOTE€p; MOJaHO HOBI (I3UYHI KOHTPOJIEPH; IOJAaHO OJIOK BOYTOBaHUX
aJITOPUTMIB; HAJAro/KEHO B3aeMO/Iit0 BOy1oBaHuX anroputmiB 3 API Layer.

J71st MpoBEICHHS €KCIIEPUMEHTIB HAYKOBOT'O JIOCIIPKEHHS BUKOPUCTAHO JIBA TUITH
briA (HazemHuit Ta niTanpHUi), siki BOyoBaHi y Microsoft AirSim.

B nuceprartiiinoMy 10CiKEHH] HABEJEHO OTJIS PI3HOMAHITHUX CEPEIOBUIII, SIK1

JI03BOJISIIOTh BUKOPHCTOBYBaTH OOpaHUIl CHUMYJATOp Ta $KI MOTEHLIMHO MOXHA
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BUKOPHUCTOBYBATU JJI TIEPEBIPKHU ITPOBOTO MiIXOAY 1 HEUPOHHUX MEPEXK Yy KepyBaHHI
O€3MUIOTHUMH arapaTaMu.

JIJist IpOBEZICHHS! €KCIIEPUMEHTIB 3 BUSIBIICHHS BEJIMKUX CTaTUYHUX Ta PANTOBHX
nepenko 1 00paHo KOMOIHOBaHY 3TOPTKOBY HEHPOHHY MEPEXKY, sIKa MOETHYE IBHUIKICTh
po3mizHaBaHHs MobileNet, TouHiCTh BUSBIEHHS 00’€KTIB 3a gomomororo SSD Ta
nepeBaru TpaHc(hepHOTro HaBYaAHHS.

[TpoBeneH1 eKCIEPUMEHTH CKJIaIaTuCs 3 HaBYaHHS 3rOPTKOBOI HEHPOHHOT MEPExKi
pO3Ii3HaBaTH BEJIUKI CTATUYHI IEPEIIKOIU 33 JOTIOMOIOI0 TpaHC(EepHOTro HaBUAHHS.

BianoBigHO 10 OTpUMaHUX HAYKOBUX PE3yJIbTATIB 3aPOMOHOBAHA Y JIOCIHKEHH1
KOMOIHOBaHa 3rOpTKOBa HEMpOHHA Mepeka €(EeKTHUBHO poO3Mi3Halia HOBI O0’€KTH, a
came — BeJIMKI CTaTUYH1 OJIOKU Ta ParToBi Mepenkoau (BUOOIHH, IMU).

3actocoBaHe HaBYaHHS 3 IMIJKPIUICHHAM B HAYKOBOMY JOCIIIPKEHHI HaJajo
MO>KJIMBICTh YCHIIIHO TOJ0JIATA BEJIMKI CTaTU4YHI Ta PANTOBI MEPEIIKOIU HA3eMHUM
broA.

VY yerBepTOMY PO3AiJIi AUCEPTAIIHHOTO JOCIIIKEHHSI 0arato yBarv npuiijieHo
NUTaHHIO OOpOOKM Ta 30epekeHHs [aHUX CTOCOBHO KEpyBaHHS OE3MUIOTHUMH
armapatamu.

B sikoCTi 1HCTpYMEHTY MPOEKTYBAHHA OAraTomapoBoi apXiTeKTypu B3aemoii 3 b1
oOpaHo MoBa nporpaMmyBanHs Python ta 6i0miorexa FastAPI.

B mpomeci mpocnmipkeHHST po3po0JIeHO niarpamy KiaciB il iHQOpMaliiHOi
TEXHOJIOT1i KepyBaHHs OE3MUIOTHUMU araparaMu, modyioBaHo MoAudiKoBaHH o0pa3
Kafka Connect, a takox po3poOiieHo cxeMy iH(MOPMAIIIHOT TEXHOJIOTIi KepyBaHHSI
O€3MIJIOTHUMH arapaTtaMu Ha 0a3i IrpoBOTO MiJIX0Ty Ta HEUPOHHUX MEPEK.

Pe3ynbpTaTi HAyKOBOTO MOCTIKEHHS MAlOTh K TEOPETUYHE, TaK 1 MPaKTUYHE
3HAYCHHS.

HaykoBe 3Ha4u€HHSI OTpUMaHUX pe3yIbTaTIB MOJSITa€ B OTPUMaHHI HOBUX METO/IIB
Ta MaTeMaTUYHUX MOJIeNIEH JIJIs MPOEKTYBAaHHS 1H(OPMAIIHHUX TEXHOJOT1 KepyBaHHs

O€3MMIJIOTHUMH arapaTaMy Ha 0a3i IrpoBOTO MiIX0Ty Ta HEUPOHHUX MEPEXK.
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Ha ocHOBI onepkaHux B pe3yjibTaTl AOCHIIKEHHS aJrOPUTMIB PO3pOOJICHO
nporpamMHe 3a0e3Ne4YeHHs 1 IPOBEICHO KOMIT FOTEPHE MOJICTIOBAHHS PI3HUX MOKITUBUX
CUTYyaIliii. 3arpoIOHOBaHI METO/IN 1 AITOPUTMHU MOXYTh CTaTH OCHOBOIO JIJISI KEPYBaHHS
B3a€MO/II€10 OE3MUIOTHUX arapaTiB.

Kurouosi ciioBa: indopmaiiiiHa TEXHOJIOT IS, TEOpis iIrop, iIrpoBU MiAX1, ITpOBUI
METOJI, MaTeMaTHYHAa MOJENb, TOIIYK HAWKOPOTIIOrO MNUIAXY, MAalllMHHE HaBYaHHS,
HEHpoOHHA Mepexa, TpaHchepHEe HaBUaHHS, PO3Mi3HABAaHHS 300paKeHb, HABUAHHS 3

nigkpimieHssM, briJIA, biHA.



Cnucok nyoJjikaniid 3100yBaua

1. Alpert M. (2024). Using Game Theory to Improve Drone Operations. In Control
Systems and Computers (Vol. 1, pp. 57-61). https://doi.org/10.15407/csc.2024.01.057.

2. Agpniept M. I, Onumenko B.B. (2023). [lomryk Haiikpamioro aaropuTmy
HANKOPOTIIOTO IUISAXY AJI PO3YMHOT Bali3u. YTPaBIiHHSA PO3BUTKOM CKIAQIHUX CUCTEM
(Bum. 55, ¢. 92-97). http://dx.doi.org/10.32347/2412-9933.2023.55.92-97.

3. Alpert M., Onyshchenko V. (2022). Recognition of Potholes with Neural
Network Using Unmanned Ground Vehicles. In Advances in Computer Science for
Engineering and Education (Vol. 134., pp. 209-220). https://doi.org/10.1007/978-3-031-
04812-8_18.

4. JlireinoBa H., Amenepr M., Ilorymecbkuit A. (2021). I[linBuiieHHs
e(pEeKTUBHOCTI OOMIHY JAHUMH CyTHOCTEW Y pEIIALIIHOMY MPEACTaBICHHI Ta iX 00pOOKH.
Texniuni Hayku Ta TexHoiorii (Bum. 1(23), c¢. 81-86). https://doi.org/10.25140/2411-
5363-2021-1(23)-81-86.



ABSTRACT

Alpert M.I. Information technology for controlling unmanned vehicles based on a
game approach and neural networks. — Qualifying scientific work is presented on the
rights of the manuscript.

Thesis for the Doctor of Philosophy degree in specialty 126 — Information systems
and technologies in the field of knowledge 12 — Information Technologies. — National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation is devoted to the development of methods for controlling
unmanned vehicles and their interaction that allow to increase the success of search and
rescue operations and the delivery of vital cargo to hard-to-reach places in conditions of
limited resources. That is why there is a need to create a new information technology for
the interaction of unmanned vehicles of various types (ground and aerial) using neural
networks in conditions of risk and uncertainty. The implementation is proposed on the
basis of a game approach and neural networks, as well as the coordinated functioning of
the software and hardware complex.

The first chapter provides a brief overview of the current state of information
technology development, their comprehensive application in various industries:
production, agriculture, science, education, communications and management.

An overview of information technologies is provided including the latest scientific
research, directions, and their practical implementation at the present time. An analysis
of the positive and problematic aspects of the practical implementation of the considered
scientific achievements is performed.

The current state of information technologies is highlighted for controlling
unmanned vehicles using the game approach and neural networks in this work.

An overview of modern applied gaming methods is provided which are built on the
basis of the apparatus of game theory. A number of promising results have already been

obtained and the latest scientific and practical research is analyzed in this area.
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Different types of neural networks and their application are considered in various
spheres of life. It is also considered the use of neural networks in combination with
reinforcement learning, which allows making optimal control decisions in the system.

The use of neural networks in combination with game methods has a development
perspective for increasing the safety of mission execution by unmanned vehicles.

The request of society for solving complex tasks using unmanned vehicles (UV)
determines the demand for further development and improvement of information
technologies, including in the development of new approaches, methods and models for
controlling unmanned vehicles.

The second chapter of the scientific research provides a comparison and analysis
of existing methods. A justification was provided for the choice of the research apparatus
that was applied in the process of designing information technology for controlling
unmanned vehicles. New mathematical models were obtained and the architecture of the
information system was determined.

Mathematical models such as cooperative game models are capable of adequately
reproducing the coalition control of UV. These models make it possible to consider
unmanned vehicles as players and can take into account technical limitations and methods
of unmanned vehicles interaction with each other in coalition conditions.

A review and comparative analysis of centralized and decentralized UV control
methods were conducted.

It was concluded that the centralized UV coalition control method has advantages
in control, simplicity and security compared to the decentralized one.

Considering the advantages of a centralized method over a decentralized one, the
centralized method of controlling UV was chosen in this scientific study.

Two mathematical models were obtained as a result of the dissertation research.

1. A combined centralized-cooperative mathematical game model of UV control
was built in the process of scientific research.

The approaches and apparatus of the game method were used in the process of

creating this model. The general payoff function determines the main goal of the game -
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successful completion of the mission from its beginning to the end. The result of the
modeling is finding the maximum of the general payoff function.

Experimental comparison of the optimization results of success functions is
obtained by the combined centralized-cooperative mathematical game model with the
corresponding results of the success functions of the ideal and decentralized model. It
allows to conclude that the payoff function of the obtained model is much more effective.

Practical application of the combined centralized-cooperative mathematical game
model will allow to choose a game approach when performing a mission; choose a
centralized-cooperative method of UV control; decide on the choice of the most suitable
technical characteristics of the coalition of unmanned aerial vehicle (UAV) and
unmanned ground vehicle (UGV).

2. An optimization game mathematical model of controlling unmanned vehicles
using neural networks in conditions of risk and uncertainty has been developed.

The scientific study examines the approach to solving the problem of limited and/or
inaccurate input data in detail where two different types of situations are considered. For
example, decisions are made at risk conditions and decisions are made under uncertainty
conditions.

The choice of research apparatus depends on the nature of the undesirable
situations. If decisions are made at risk conditions, then the appearance of an undesirable
obstacle is modeled using the apparatus of probability theory. If a decision is made under
uncertainty conditions, then it is practically impossible to find the probability distribution
function.

The scientific study considers both situations that arise when modeling UAV and
UGV control: the risk of the appearance an undesirable phenomenon. For example, it can
be spring/autumn off-road conditions and/or the sudden appearance of an obstacle (pit)
during the mission (uncertainty).

The probability distribution function for each i-th edge is determined using
meteorological data for a certain period.

The first part of the optimization game mathematical model is obtaining a path with

excluded problematic edges (path sections).
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The second part of the model solves the problem of overcoming a sudden obstacle
(uncertainty) on the path during the mission. It is proposed to solve this problem using
the capabilities of neural networks and reinforcement learning.

The effectiveness of the optimization game mathematical model of UAV and UGV
control using neural networks in conditions of risk and uncertainty has been analyzed.

The most effective of the considered real models is the model obtained as a result
of scientific research that has taken into account both risks and uncertainty.

The third chapter provides a comparative analysis of known simulators that are
necessary for conducting practical experiments. The most common simulators are
overviewed (Ardupilot, PX4, ROS, Gazebo, Microsoft AirSim). Their advantages and
disadvantages are analyzed.

The Microsoft AirSim simulator was chosen for conducting research and
experiments.

The scientific study proposed the following modifications of the Microsoft AirSim
simulator: the central controller and a separate computing microcomputer are removed;
new physical controllers are added; a block of built-in algorithms is added; the interaction
of built-in algorithms with the API Layer is established.

Two types of UV (ground and aerial) are used for the scientific study experiments
Both of them are built into Microsoft AirSim.

The dissertation study provides an overview of various environments that allow the
use of the selected simulator and which can potentially be used to test the game approach
and neural networks in controlling unmanned vehicles.

A combined convolutional neural network was selected for the experiments on
detecting large static and sudden obstacles. It combines the recognition speed of
MobileNet, the accuracy of object detection using SSD and the advantages of transfer
learning.

The experiments conducted consisted of training the convolutional neural network

to recognize large static obstacles using transfer learning.
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According to the obtained scientific results, the combined convolutional neural
network proposed in the study effectively recognized new objects. These were large static
blocks and sudden obstacles (potholes, pits).

The applied reinforcement learning in the scientific study has made it possible to
successfully overcome large static and sudden obstacles by UGV.

The fourth chapter pays attention to the issue of processing and storing data
related to the control of unmanned vehicles.

A description is provided to the structure of the software for working with the
control center database and the UV database.

The Python programming language and the FastAPI library were used as a tool for
designing a multi-layer architecture for interaction with the database.

A class diagram for the information technology of controlling unmanned vehicles
was developed during the research process. A modified Kafka Connect image has been
built. In addition, a scheme of the information technology of controlling unmanned
vehicles has been developed based on a game approach and neural networks.

The results of the scientific research have both theoretical and practical
significance.

The scientific significance of the results lies in obtaining new methods and
mathematical models for the design of information technologies of controlling unmanned
vehicles based on a game approach and neural networks.

Software was developed and computer modeling of various possible situations was
carried out based on the algorithms obtained as a result of the research. The proposed
methods and algorithms can become the basis for controlling the interaction of unmanned

vehicles.
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INIEPEJIIK YMOBHHUX ITO3HAYEHDb TA CKOPOYEHb

IT — indopmartiiini TEXHOJOTIi

bnA — 6e3mioTHI anapartu

UV — unmanned vehicles — 6e3niioTHi anapaTtu

UAV — unmanned aerial vehicle — 6e3minotauii miTansHuiA anapat

UGV — unmanned ground vehicle — 6e3mioTHui Ha3eMHUiT amapaT

bnJIA — 6e3ninoTHUM NMiTadbHUN amapar

BbnHA — 6e3niyioTHU Ha3eMHUI anapaT

[13 — mporpamue 3a0e3neueHHs

GPS — Global Positioning System — cuctema ri06aisHOT0 TO3HIIIFOBAHHS
MBnJIA — mikposniTaibHi 0€3MUI0THI anapaTu

bnJIC — 6e3nu10THI JiTaabHI CUCTEMU

ASR — Automatic Speech Recognition — aBromatu4He po3Ii3HaBaHHS MOBH
[ITHM — mity4yHi HEHpOHHI Mepexi

THM — iimMoBipHicHA HefipoHHA Mepeska

3HM — 3ropTkoBa HEMPOHHA MEpPEXKA

JIHM — nunamiuHa HEHpPOHHA Mepexa

bJ1 — 6a3a manux

ROS — Robot Operating System — onepariilina cuctema Juist poOOTiB

T — mTy4yHuii iHTENEKT

API — Application Programming Interface — npuksiagauit nporpamuuii iHTepderic

LiDAR — Light Identification, Detection and Ranging — TexHoJorist OTpuMaHHs
Ta 00poOKM 1H(OpMAIIii PO BiIalIeH] 00’ €KTH 3a JOTIOMOTOI0 ONITUYHUX CHCTEM

SLAM - simultaneous localization and mapping — ogHouYacHa JIoKaIi3aris i
KapTorpadyBaHHS

IMU — Inertial measurement unit — iHepiiifiHuii BUMIPIOBAILHHIA TPUCTPIi

TPV — Third-Person View — rpadiuna nepcriekTrBa 3 (hikCOBaHOI BiJCTaHi
no3ajy /10 00’ exTa
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FPV — First-Person View — rpadidHa nepcrekTrBa «ounmay 00’ €KTa
YOLO - you look only once — I3 aist posmizHaBaHHS 00’ €KTIB Ha 300payKeHH1

SSD - Single Shot MultiBox Detector — I13 mis posmi3sHaBaHHs 00’ €KTiB Ha
300paKeHHI

MobileNet — IT3 nns po3mizHaBaHHs 00’ €KTiB Ha 300paskeHHI
Labellmg — I13 nns aHOTYBaHHS 300pa)KeHb
SQL — Structured Query Language — MoBa CTpyKTypOBaHUX 3aIlHTiB

WSL — Windows Subsystem for Linux — 3amyck BukoHyBaHUuX (haiiiiB
orepariiiiHoi cuctemu Linux B cepenopumi Windows

cmd — command line interpreter — koHcoIb onepartiitHoi cuctemu Microsoft
Windows

Ip — internet protocol — MixkmMepexeBHii IPOTOKOIT
HTTP — hyper-text transfer protocol — mporokou nepenadi rinep-rekcty
CYB/l — cuctema ynpaBiiiHHS 0a3aMu TaHUX

JDBC — Java DataBase Connectivity — 3’exqnanus 3 6a3aMu JaHUX Ha Java

FastAPl — BeO-¢peiimBopk miist ctBopeHHst AP
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BCTYII

AKTyaJIbHICTh TeMHU. YCIIIIHICTP BUKOHAHHS 0araThOX akTyaJdbHUX 3a7ad B
yMOBaxX HEOOXIJIHOCTI €KOHOMIi JIFOJCBKHX pecypciB, oOMEXEHOCTI (IHAHCOBUX Ta
CHEepreTHYHUX BUTpAT Tmepeadavae 3pocrarody MoTpedy Yy po3poOlll  HOBUX
1HhOpMaIIHHUX TEXHOJIOTIH, 30KpeMa, CTOCOBHO BUKOPUCTAHHS O€3MIIOTHUX araparis.
HaiiGinbiie 1e crocyerbesi MPOBEACHHS IMONIYKOBO-PATYBAJIbHUX OIEpalliif, a TaKoxXK
JIOCTABKH JKUTTEBO-HEOOX1THUX BAaHTAXKIB Y BAXKKOJOCTYITHI MICIISL.

besninoTHi amapatd 3a OCTaHHI POKM HaOynu MIHPOKUX (YHKIIOHATIBHUX
MO>KJIMBOCTEH 1 3HAUIIUIM 3aCTOCYBAaHHA y 0araTboX raiy3sx. 3 Orisily NepCreKTUBHOCTI
3aCTOCYBaHHs O€3MIJOTHUX amapaTiB, 3HAYHO AKTUBIZYBAIUCS TOCHIIKEHHS IIOJO0 iX
e(eKTUBHOTO BUKOPHUCTaHHS. 3pocTaroya CKJIQJHICTh 3a7ad, M0 MOCTAaE Mepes UM
BUJIOM TEXHIKH, BUMArae KOOpJMHallii i 0e3MiJI0THUX anapaTiB 1Ji JOCSITHEHHS €IMHO1
METH 1111 YaC BUKOHAHHS CIIIJILHOI MicCii.

ITix miciero po3ymiemo Take. Micist — MIBHAKO, O€3MEYHO Ta B yMOBaxX 0OMEKEHUX
JTOJCHKNX, (DIHAHCOBUX Ta CHEPIeTHYHHUX PECYPCIiB BUKOHATH MONIYKOBO-PATYBATBHY
OTepallilo Ta JOCTAaBUTH BaHTaXI1 3 MyHKTY BIJMPABKH JI0 MICIS TPU3HAYCHHS.

[TutanHs B3aemomii OE3MUIOTHUX amapaTiB MK CO000, 3JIaroMKEHICTh iX JIIH
noTpedy€e HOBUX PIIICHb.

Meta po6otu. IlinBuiieHHs epeKTUBHOCTI BUKOHAHHS TMOITYKOBO-PSATYBATbHUX
orepariii Ta J0CTaBKM BAHTAXKIB O€3MIJIOTHUMHU aniapaTamu 3 MyHKTY BIANPABKU J10 MICLIS
NPU3HAYEHHSI MUISXOM pPO3pOOKM HOBOI 1H(POPMALIMHOI TEXHOJOTIi KepyBaHHS
O€3MMIJIOTHUMH arapaTaMu Ta iX B3a€MO/Ii1 B yMOBaX PU3UKY Ta HEBU3HAUCHOCTI, a TAKOXK
y  3JIaroJykeHoMy  (PYyHKIIIOHYBaHHI  3alpOTIOHOBAHOTO  MPOTPaMHO-TEXHIYHOTO
KOMILJIEKCY .

[IporpaMHO-TEXHIYHUIN KOMIUIEKC CKIIAJJAETHCS 3:

1. brJIA;

2. bBniHA;

3. LlenTp KepyBaHHS;

4. Oneparop;
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5. lllTyuyHna HelipoHHa MepeXka, HaBYEHA JJI BUKOHAHHS 3a/iadyl po3Mi3HAaBaHHS
MEPEIIKOT;

6. ANTOpUTM NOIIYKY HAHKOPOTIIOro nuisixy A-Star;

7. GPS;

8. Po3pobneHe yHikaiapHe mporpamue 3adesnedeHHs (I13) BiamoBimHO 10 HOBOI
KOMOIHOBAHOT LIEHTPaIi30BaHO-KOONEPATUBHOI MaTeMaTUYHOI MOJeNl KepyBaHHS BnA
pizanx tuniB (briJIA ta bBtHA);

9. Po3pobniene yHikanbHe I13 BiAMOBIAHO 10 HOBOrO KOMOIHOBAaHOTO METOY
onTtuMizali mapmpyty pyxy bnJIA ta bnHA 13 3actocyBaHHSIM HEHPOHHUX MEpEXK B
YMOBaxX pU3UKY Ta HEBU3HAYEHOCTI.

JocainHuubKI 3aaa4i, iK1 HEOOX1THO BUPIIIUTH IS TOCITHEHHS JaHOT METH:

— BUKOHATH aHaJI3 ICHYIOYUX ITPOBUX METO/IB Ta MaTEeMaTUYHHX MOJEICH s
KepyBaHHA 0e3muyioTHUMU anapartamu (bnA);

— po3poOHUTH KOMOIHOBaHY IIEHTPAII30BaHO-KOOIIEPATUBHY MaTeMAaTUYHY MOJIETb
KepyBaHHA bA pi3HuX TUMIB (JIITaJFHUM Ta HA3EMHUM);

— po3poOuTH HOBUH irpoBUil MeTO B3aeMoii (koonepairii) bBitHA ta BriJIA, sikuii
BIJIPI3HIETHCS OO’ €HAHHSIM TIEpeBar sSK LIEHTPaAII30BAaHOTO TaK 1 KOONEPATHBHOIO
METO/IB KEepyBaHHSA, IO JO03BOJIAE 3AIMCHUTH BUOIp OC3MIJIOTHUX amapaTiB 3a ix
TEXHIYHUMU XapaKTEepUCTUKAMHU B YMOBaX 0OMEKEHOCTI PECYPCIB;

— po3paxyBaTh 1 JOCHIAUTH €(QEKTUBHICTh BUSBJICHHS TEPEIIKOA s
O€3MMIJIOTHOTO JIITALHOTO Ta HAa3€MHOTO arnapariB MUIBIXOM TpaHC(HEpPHOTO HaBUAHHS
HEHPOHHOI Mepexi Uil Kiacudikallii 300pakeHb 32 HasBHOCTI PI3HUX YMOB, y TOMY
YHCJII HECTIPUSATINBUX;

— po3poOUTH ONTUMI3AIINHY ITPOBY MaTeMaTH4HY MOAENb kepyBaHHs brniJIA Tta
BbriHA 13 3acTocyBaHHAM HEMPOHHUX MEPEXK B yMOBaX PU3UKY Ta HEBU3HAYEHOCTI;

— po3poOut HOBHUHM irpoBuil Meton kepyBanHs bnJIA Tta bnHA, sxuii
BIJIPI3HSIETHCS OJJHOYACHUM BpaxyBaHHSM PHU3UKY Ta HEBU3HAYEHOCTI, IO JI03BOJISIE

OTpuMatu 0e3MeYyHui ONTUMAIBHUN MapIpyT pyxy O€3MiJIOTHUX araparis;
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— pO3pOOUTH CTPATETII0 TOMOJAHHS MEPEIIKOA I OE3MIJIOTHOTO0 HA3eMHOTO
amapary 3 BUKOPHUCTAHHIM HaBYAHHS 3 T IKPITIICHHSM;

— po3pobuTH iHOPMaILIIHY TEXHOJIOT1I0 KepyBaHHs O€3MUJIOTHUMHU arapaTaMy Ha
0a3i1 IrpoBOTO MiIXOAY Ta HEUPOHHUX MEPEK.

O06’eKkT M0CTiTzKeHHsI — TIPOIIeC KEePyBaHHS OE3MIJIOTHUMHM armapaTtaMyd Ha 0asi
IrpOBOTO MIIXOAY Ta HEUPOHHUX MEPEK.

IIpeamer pgociigkeHHsi — MoOJeNi, METOAM Ta TEXHOJIOTI KepyBaHHS
O€3MUIOTHUMH araparaMu Ha 6a3i iIrpoBOTo MiAXO0AY Ta HEMPOHHUX MEPEXK.

MeToam AOCJiZKEHHsT — Teopis 1rop, Teopis WMOBIPHOCTEH, MaTeMaTHYHA
CTaTUCTHKaA, Teopis TpadiB, Teopis aJIropuTMmiB, IITY4YHI HEHUPOHHI MEpexi,
EKCIEpPUMEHTaIbHI METOJM, METOJ HaBYaHHSA 3 MIJKPIIUICHHSM, METOAU 00’ €KTHO-
OpIEHTOBAHOTO Ta MPOIEAYPHOTO MPOrpaMyBaHHS.

HaykoBa HOBM3HA OTPUMAHHUX pPe3yJIbTATiB:

— po3po0JeHO KOMOIHOBaHY  IIEHTPaJI30BaHO-KOOIMEPATUBHY MaTEeMaTU4YHY
MoieNib KepyBaHHS bIA pi3HuX TUMIB (JIITAJIbHUM Ta HA3EMHUM);

— po3po0JeHo HOBHM irpoBuil Metona B3aemoii (koomepanii) bnHA Tta brnJIA,
KU BIIPIZHAETHCS 00’ €THAHHSAM MepeBar siK LIEHTPaIi30BaHOIO TaK 1 KOOIIEPATUBHOTO
METO/IB KEpyBaHHS, IO JO03BOJIAE 3AIMCHUTH BUOIp OE3MIJIOTHUX amapaTiB 3a ix
TEXHIYHUMU XapaKTEepUCTUKAMHU B YMOBaX 0OMEXEHOCTI PECYPCIB;

— po3po0JIeHO ONTUMI3AllIiHY ITPOBY MaTeMaTHYHY MOJieb kKepyBaHHsa briJIA ta
briHA 13 3acTocyBaHHAM HEMPOHHUX MEPEXK B yMOBAaX PU3UKY Ta HEBU3HAYCHOCTI;

— po3poOneHo HoBuii irpoBuii meton kepyBanHa bnJIA Tta bnHA, skwii
BIJIPI3HSIETHCS OJHOYACHUM BpaxyBaHHSM PHU3WKY Ta HEBHU3HAYCHOCTI, IO JO3BOJIIE
OTpUMAaTH OE3MEeYHUN ONMTUMAIILHUM MapIIPyT pyXy O€3MIOTHUX arapaTiB.

XapakTepHOI0 OCOOJUBICTIO 3aMPOMOHOBAHOTO JOCTIKCHHSI € BUKOPUCTAHHS
IrpOBOTO Ta WMOBIPHICHOTO MIAXOJIB A0 KepyBaHHA 00 ’€KTaMM 13 3aCTOCYBAHHSIM
HEHPOHHHUX MEPEX B YMOBAaX PU3UKY Ta HEBU3HAUCHOCTI. Takuii MiaxXia 10 KepyBaHHS
JUHAMIYHUMU 00 ’€KTamMH 3a0e3leuye JOCSITHEHHs HaWKpamioro pe3yJjbTaTy Ipu

HECMPUSATIIMBUX YMOBAX, OCKUIbKHM BiH MO€EJHYE MEpPEeBary IBOX 3a3HAYCHHX ITiIXOJIB.
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BukopucranHs 1irpoBoro miaxoAay 3 HMOBIPHICHUM € HaWOUIbII e(PEKTHUBHUM MJIs
0€3MUIOTHUX amapartiB, IPU BUKOHAHHI 33]]a4 MOIIYKY Ta MOPSITYHKY JIIOJIEH.

IIpakTyHe 3HaYeHHs] OTPUMAHHUX pe3yabTaTriB. Ha OCHOBI onepkaHuUX B
pe3ynbTaTi JOCHIDKEHHS aJITOPUTMIB pO3pOOJIEHO mMporpaMHe 3a0e3MedeHHs 1
MPOBEJICHO KOMIT I0TEpHE MOJICITIOBAHHS PI3HUX MOKJIMBUX CHUTYyaIlill. 3amporoHOBaHi
METO/IH 1 aJITOPUTMHU MOXKYTh CTaTH OCHOBOIO Il KEPYBaHHS B3a€MOJIIEI0 O€3MIJIOTHUX
amaparis.

Po3pobnene nporpamue 3a0e3MeueHHs Ta KOMII FOTEpHE MOJEIIIOBAHHS JO3BOJISE
PO3IJIIHYTH Ta IPOTECTYBATU PI3HI CLEHApii, 3 ypaXyBaHHSM HECHPUATIMBUX YMOB
nonsoTy brnJIA Ta mepecyBanHs bnHA, ix B3aemopii mix co0Ol0 Ta 3 OTOUYIOUUM
cepenoBuieM. Lle 703BOIUTh BU3ZHAYUTH HAWOUIBIII ONTUMAJIbHI CTpATerii KEpyBaHHSI,
K1 3a0e31e4aTh HalKpallll pe3yabTaTH B PeaJIbHUX yMOBaX eKcIutyatamli. Takuil miaxiz
JIO3BOJIUTh BpPAXyBaTH HECHOJIBaHI CHUTyalli Ta 3a0e3MeuuTh CTabUIbHY poOoTy
O€3MUIOTHUX arapariB y HECHPUATIMBUX yMoBax. Komm’ioTepHe MOJETIOBaHHS MOXE
OyTH 3aCTOCOBAHO: /Il HABYAHHS OTIEPATOPIB, sIKl KEPYIOTh BIIA, a TakoX 111 HaBYaHHS
HITYYHOTO 1HTEJEKTY, IO BHUKOPUCTOBYIOThCS mpu ynpasniHHi bnA. Cucremu
KEepyBaHHs, PO3pO0JIEHI HA OCHOBI IUX AJITOPUTMIB, MOXYTh CTATU BAKIMBUM KPOKOM y
HANPSIMKY PO3BUTKY aBTOHOMHHX CHCTEM, 110 TPALIOIOTh Y CHIBIIpaIli 3 JIObMHU.

HaykoBe mocnimpkeHHs 3a TEMOIO auceprallii mpoBojauioch y HarionaasHOMY
TEXHIYHOMY YHIBepcuTeTi YKpaiHu «KuiBCbKMI MOMITEXHIYHUM 1HCTUTYT IMeH1 Irops
Cikopcbkoro» y BiamoBigHOCTi f0 Ilepeniky mpiopuTETHUX TEMaTUYHUX HAIMpPsIMiB
HAyKOBUX JIOCTIKEHb 1 HAYKOBO-TEXHIYHUX PO3POOOK Ha mepiof 10 2026 poky.

[HdopmaliiifHy TEXHOJOTiI0 PO3pOOJEHO B paMKax HAYKOBO-IOCHIIHUIILKOT
pobotu: «IHpopMaliifHi TEXHOJOTIi 1 CHCTEMH MIATPUMKH TPUUHATTS pPIIICHb.
BucokonpoayKTUBHI KOMIT IOTEPHI CUCTEMHU Ta MEPEX1» 3 JEp>KaBHUM peecTpaliiHuM
Homepom: 0124U002078; nata peectpaii: 27.02.2024.

[IpiopuTeTHUM HaNPsIMOM HAYKOBO-TEXHIYHOI isNTbHOCTI € «PO3BUTOK cydacHHUX
1H(pOpMaIITHUX, KOMYHIKAI[IHHUX TEXHOJIOT1H, pOOOTOTEXHIKM.

OcoOucTuii BHecok 3100yBaua. Pe3ynbrat, OoTpuUMaHi aBTOPOM OCOOUCTO Yy

npoliect AOCTIIXKEHHS Ta TPEACTABIICHI 10 3aXUCTY Y JUcepTalliiiHiii poOoTi. Y HayKOBHX
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npamsx, omyOJIIKOBaHHX y CIIBaBTOPCTBI, aBTOPY Hajexath: [35] — iHTerparis Teopii
irop y mporiec onTuMizamii BUOOpy CTaHIIN 3apsIKu IS OC3MUIOTHUX arapartis; [36] —
pO3po0OKa Ta aHalli3 aJrOPUTMIB IOIIYKY HaWKOpoTiioro mMapmpyty mis bnHA; [37] —
pO3poOJIeHHST Ta MJOCHIIKEHHS METOAYy BHUKOPHUCTAHHS HEUPOHHUX MEpEeX JUIs
po3Mi3HaBaHHs JOPOXKHIX JAedekTiB 3a qormomoror brHA; [38] — mocmimkeHo MeToau
OOMIHY JaHUMH Ta 1X OOpOOKHM B PEISIIIHHOMY IPEJACTaBICHHI IS II1JBHUIICHHS
e(peKTUBHOCTI poOOTH 1H()OPMALIIITHUX CUCTEM.

Ilyoaikanii. 3a pe3yiapTaTaMu JucepTalifHUX AOCIIKEHb OIyOiKoBaHO 4
HayKoOBI1 IyOJTiKallii, cepesi SKux:

— 1 myOmikarrisi, sika MpoiHAEKCOBaHa B Scopus 0a3i IaHUX;

— 3 cTaTTl Yy (paxoBUX HAYKOBUX BUJAHHIX KaTeropii «by».

Ctpykrypa Ta o6car auceprauii. {ucepraiiiitna po6ota ckiaiaeTbes 13 BCTYIY,
YOTUPHOX PO3JILIIB, BUCHOBKIB, CIIUCKY BUKOPHUCTaHUX Jkepen (71 HailmeHyBaHb) 1 7
nonatkiB. OCHOBHUM 3MICT BUKJIaJeHUH Ha 142 cTOpiHKaX APYKOBAHOTO TEKCTY, MiCTUTh

53 pucynku ta 20 Tabnuik. 3aransHuit o0csr aucepraiii — 188 cropinok.
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1 AHAJII3 CYYACHHUX PIIEHb IHOOPMAIIHHUX TEXHOJIOI'TIA
KEPYBAHHS BE3INIJIOTHUMU AITAPATAMHA

1.1 [puHiMnU cydyacHuX iHQOPMALIMHUX TEXHOJIOTIA KepyBaHHs O€3MUIOTHUMU

arapataMu

[HpopmarriiiHi  TeXHOJOTIi  aKTUBHO  PO3BUBAIOTHCA,  YJIOCKOHATIOIOTHCA,
BIIPOBAKYIOTHCSI Ta BUKOPUCTOBYIOTHCS B YCIX cPepax >KUTTS BXKE MPOTITOM KUTBKOX
OCTaHHIX JECATHUIIITD.

Cepen Oaratbox Bu3HaueHb TepMiHy «IH(popmaniiini TexHoxnorii» (IT) HaneBHO
HAWOUIBII BAAJIMM Ta MOBHUM € HACTYMHE: 1HGOpMAIliiiHa TEXHOJOTIs — 1€ CUCTEMa
METO/IIB, TPOIIECIB Ta CIMOCOOIB BUKOPUCTAHHS OOYMCIIOBAIIBHOI TEXHIKM 1 CHUCTEM
3B’SI3KYy JJIsI CTBOPEHHs, 300py, mepenadi, MOUIyKYy, OOpOOJICHHS Ta TMOIIUPEHHS
1H(opmMmarii 3 MeToro e(eKTUBHOI OpraHizalli JisyIbHOCTI Troaei [1].

binbm po3mmpene BuzHaueHHs Lboro tepminy Hamano FOHECKO, a cawme:
iHopmaliiHa TEXHOJOrisE — «II€ KOMIUIEKC B3a€MOINOB’SI3aHUX  HAYKOBHX,
TEXHOJIOT1YHHUX, IH)KEHEPHUX JUCLUIUTIH, 1[0 BUBYAIOTh METOIU €(PEKTUBHOI OpraHizarlii
npati JrojeH, 3aiHATHX 00poOKow Ta 30epiraHHsAM 1HQpOpMALli, OOYUCIIOBAIBHY
TEeXHIKY, METOJM OpraHizailii B3aeMOii 3 JIIOAbMHU Ta BUPOOHMUYMM OOJaTHAHHSIM, X
MpakTUYHE 3aCTOCYBaHHS, a TaKOX IOB’si3aHI 3 LUM OOpOOJICHHSM COIllaJibHI,
CKOHOMIYHI 1 KyJbTYpHI poosemu» [1].

Buxopucranns iHQopMaIiiHUX TEXHOJIOTIN y PI3HUX Taly3saX TISIIHOCTI JItO/IeH
€ HEe TUIBKW BUIIPABIAHUM, aje ¥ Jayke ¢)EeKTHBHUM KPOKOM PO3BUTKY CYCHiJIHCTBA B
IJIOMY.

[HdopmaliiitHi TEXHOJIOTIi MIUPOKO 3aCTOCOBYIOTHCS B Haylll, ITPOMUCIOBOCTI,
CITLCBKOMY TOCHOJApPCTBI, YNpaBIiHHI, OCBITI, MEIUIIUHI, CHUCTEMax 3B f3KY,

0aHKIBCHKIN cepi, Oi3HEC], IHIMTUX Tady3sX HAPOIHOTO rocmoaapcTsa (pucyHok 1.1).
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Ocsita ITpoMuCTIOBICTE
CuctemMu CLIBbCBKE
3B’SI3KY TOCIIOAApPCTBO
Irdopmarrtiitai
TEXHOJIOT1{
Kynbrypa VpaBminus
baHKIBCEKI )
Megumaaa [H1a ramysi
YCTaHOBH

Pucynox 1.1 — OcHOBHI HanpsiMH 3aCTOCYBAaHHS 1HQOPMALIIITHUX TEXHOJIOT1H

3actocyBaHHA IHPOPMALIMHUX TEXHOJIOT1NA JO3BOJISIE:

— 36KOHOMHUTH pecypcH (Tpy1oBi, (piHAHCOBI, EHEPTETUYHI);

— aBTOMATHU3yBaTH 1 IPUILIBUALIMNTYA BUPOOHHUYI (TEXHOJIOTIYH1) IPOLECH;

— 3aMIHUATH HEeKBali(iKoBaHy (PyTUHHY) Mpallo Ha KB (PIKOBAHY Ta TBOPUY;

— MIABUIIUATHA OOCATH Ta IMIBUJIKICTh 0OMIHY 1H(pOpMAIIi€TO;

— OIepaTUBHO Ta Mpo¢eCciiHO MPUIMATH YIIPABIIHCHKI PIIICHHS;

— MPOBOJUTH KOMIT' FOTEPHE MOJICTIOBAHHS CKJIAJIHUX CHCTEM 1 TMPOIECIB B
HAyKOBUX €KCIIEPUMEHTAX;

— TMOKpAIIUTH SKICTh OCBITHIX MPOIIECIB.

B nayui iHdopmaniiiHi TEXHOJOrIT HaJalTh HOBI MOXJIMBOCTI JOCIHIJHUKY HE
TITBKH TIBUAKO OTPAIbOBYBATH BEJHMKI OOcCsAru 1H(oOpMallli, BUKOHATH BEJIHKI Ta
OOTSKIIMBI PO3PAaXyHKH, aje ¥ OTpUMATH Pe3yJbTaTH MATEeMaTUIHOTO MOJEITIOBAHHS
CKJIQJIHUX EKCIIEPUMEHTIB, KI B PEAJBHOCTI MPOBECTH a00 HEMOXKIJIHMBO, a00 HaBITh
HEeOEe3MeuHO.

ITosiBa HOBUX BUKJIMKIB CbOTOJICHHS 111010 3a0€3MeUEHHS )KUTTS 1 3[I0POB’ S JIFOJIEH,
K1 OMUHWIKCS B €KCTPEMalIbHO-HEOE3NMEeUYHNX yMOBaX, 3 OJHOTO OOKy, Ta TMOCTIiHHE

YAOCKOHAJIEHHS TEXHIYHUX MOKJIMBOCTEN Oe3nutoTHUX anapatiB (brA), 3 iHIIoro 60Ky,
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NOPOKYIOTh 3pOCTAlOYUH MOMUT PO3POOKH, MOJANbIIE BIPOBAIKEHHS Ta 3aCTOCYBaHHS
HOBHX MaTeMaTHYHUX MOjIeNiell 1 MeTo/IiB KepyBaHHs briA.

30UTbIIEHHST MOXJIMBOCTEH Ta BIOCKOHAJIEHHS (YHKINH cydacHux bnA
HEPO3PHUBHO TOB’s13aH1 3 PIBHEM PO3BUTKY (CTaHOM) iH(POpMAIIHHUX TEXHOJIOTIH.

[adopmarriitni TexHonorii kepyBanHs BbA akTHBHO 3afisiHI y TaKUX Ba)KJIMBUX
mpoIiecax, a caMe: aBToMaTu3allli KepyBaHHs, 00poOIll JaHuX, 3a0e3eUeHH1 Oe3MeKH Ta
KOPEKTHOTO (TIPaBMJIBHOTO) BUKOHAHHS MICIi.

Po3rasitHeMo cTaH CydacHOTO 3acTOCyBaHHS 1H(OpPMAIIHHUX TEXHOJIOTIH Yy
KOXKHOMY 13 MIEpeliYeHuX BUIIIE Mpoliecax.

ABToMaTH3anisa ynpaJjiHHs. OIWH 3 TOJOBHMX HalpsAMIB 1H(QOpMALIITHUX
TexHoJIoT1 KepyBaHHs bnA. el HampsMm ocoOIMBO BaXJIMBUN Ta aKTyalbHUW IS
3MIACHEHHS TOLIYKOBO-PATYBAJIBHUX ONEPaliif, OCKUIBKM TOYHICTh Ta IIBHIKICTh
BUKOHAHHSI MiCli € HAMTOJOBHIIIO METOI0 UX omeparlii. 3a3HauuMo, 0 YCHIIIHICTh
Ta IMIBUJIKICTh BUKOHAHHS OKPEMUX 3aBJIaHb MIcCIi Ta MiCii B I[IJIOMY 301JbIITYEThCS, B TON
e Yac morpeda B JIIOACBKHX pecypcax Ta Oe3rocepeqHbOMY BTPYUYaHHI oleparopa
3HaYHO 3MEHIIY€ThCS.

OO0podka Besukux MacuBiB iHdopmanii. Bxigna iHdopmaumis 1momo
HABKOJIMIIHBOTO CEPENOBUILIA HATXOIUTH 10 BITA 3 6araThoXx npucTpoiB, 30KpeMa: KaMep
Ta CEHCOpIB, 1H(OpMaIIis 3 SKUX (DIKCYEThCSI, aHATI3YETHCA B PEAIbHOMY 4acl 3 METOIO
(dbopMyBaHHS pINIEHHS 3HAXO/KEHHS HaMKpallMX TPAaeKTOpid pyXy MpU BUSBICHHI
NEPEIIKOI.

InTerpaniss BnA 3 30BHimIHIMU cucTemMamu 3B’3Ky. J{ucTaHIiiiHE KEpyBaHHS
Ta MOHITOPUHT BHA y peanbHOMY yaci 3a0e3MeuyeThbes iX 3B’SI3KOM 3 30BHINIHIMU
Mepexamu Tepeiadi JaHuX, B TOMY YHCIIi Ha BijaneH1 cepBepu. [HpopMmariis mepenana
3 BriA Ha 30BHIIIIHI CUCTEMU 3B’ 3Ky MijjIsrae oOpoOili Ta aHami3y.

Cucremu Hagiramii Ha ocHoBi GPS. TouHe no3uilionyBaHHs Ta HaBiraiis bnA
3abe3rneyene riao0anbHo0 cucteMoro no3uiionyBanus (GPS). TouHicTh kepyBaHHS pyXy
3a0e3neuyeThesi BUKopuctanHaM GPS Ta iHmmMX iHpopMaiiHux TEXHOIOTIH.

Cucrema 3ano0iraHHsi 3iTKHeHb. BUsBICHHS mMeEpenikog Ta aBTOMATUYHE

KOPEr'yBaHHS TPAEKTOPIi pyXy, SKE MOXIMWBE 3aBJISKH BUKOPUCTAHHIO CYYaCHHX



27

CEHCOpIB Ta KaMmep, BCTaHOBJIeHUX Ha BmA. Pusmk HenepenbadyBaHMX CHUTyalikl Ta
JOPOKHBO-TPAHCTIOPTHUX MPUTO]] 3HAYHO 3HUKYETHCS.

AHaJi3 300paxeHb y peajbHOMY 4Yaci. BrtA MoxyTh 00po0JIaTH 300pakeHHs y
peallbHOMY 4Yaci 3aBIASKM BHKOPUCTAHHIO HEHPOHHMX MEpeX Ta TEXHOJOTIH
KOMIT FOTEPHOTO 30py. BusHaueHHs koopauWHAT OO €KTIB, iX 1eHTU(IKALIS T03BOJISIE
MpUHAMATH BIJIIOBIIHI PIIICHHS 11010 HACTYITHUX KPOKIB.

Buxopuctanus OopToBuX aAaTtuukiB g ynpaBhiHHS  bnJIA, 30kpema
MIKpOJIiTaIbHUX Oe3mitoTHUX amapaTiB (MBrJIA) € npeameToM posrisay crarti [2].
BoOymoBana cucrema s yopaBiminHg brnJIA HaBegeHa B pobOoti [2], Moxke
BUKOPUCTOBYBAaTUCh HaBITh npu HegoctynHocTi GPS. Ontumanehue ynpasiinHs briJIA
BUKOHYETbCS TUIBKU 3a JOTIOMOTOH0 OOPTOBUX OOYMCIIOBAJIILHUX MPHUCTPOIB. 3 TOUKHU
30py aBTOpiB [2], mpoBedeHI CKCIEPUMEHTH 3 KUIBKOMa KBaJIPOKOIITEPAMHM
MPOJIEMOHCTPYBAJIM HAAINMHICTh Ta BUKOHAHHS 3a7ay HaBiraiii B CKJIQJHMX YMOBax
(pucynok 1.2). Ila po3poOka JOEMOHCTpPY€e BIPOBAIKEHHS CYyYaCHUX TEXHOJIOTIN
yopaBiiHHsa Ta Hapirauii ans MbBnJIA. BnpoBamkeHHss BOyIOBaHOI CHCTEMH s
MBnJIA Bu3Ha4ae nepcrneKTUBY MOJANBIIOTO PO3BUTKY aBTOHOMHHUX CUCTEM KEpyBaHHS
kBagpokontepamu [2]. OnHak, Aeski mpoOiIeMu aBTOPH 3ATHIIMIN HE BUPIIICHUMH, a
caMme: cTallIbHE MO3UI[IOHYBAHHS B OJIHIM TOYIll B YMOBAaX HM3bKOTO OCBITJICHHS Ta

HpaI_[e3I[aTHiCTI> CUCTCMHU B CKCTPCMAJIbHUX YMOBAX.

Pucynok 1.2 — Tpu MBJIA ¢bopmytoTh TPUKYTHHK 3aBISKH PO3Ii3HABAHHIO [2]
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Ictopuunuit ormsan Oe3nuotHux mitanbHux cucrem (bnJIC) Ha sxi Oys
NOIIMPEHN MDKHAPOMHWHA 3amuT HamaHo y crarri  [3]. BnJIA  mmpoko
BUKOPHCTOBYIOTBCS y CIIOCTEPEKEHHI Ta mepenadi inpopmarii. Atop [3] Hagae orusa
migcucteM brJIA, 30kpeMa HaBiramiiHOi CHCTEMH, HA3€MHOI CTaHIlii, aBTOMIJIOTY,
CUCTeMH IUIaHyBaHHSA Micidi Ta ympaBniHHSA (pucyHok 1.3). Ilpuninserscs yBara
CYyYaCHHUM METOJIaM MPOEKTYBaHH cucTeM KepyBaHHs st briJIA. ABtop [3] po3risanae
IHTEJIEKTyaIbHI METOAM YIPAaBIiHHS, sIKI HAAAIOTh TOJAATKOBI MOXKJIMBOCTI YIPaBIIIHHS
briJIA. 3pocraiodi BUMOTM CYCHUIBCTBA NOTPEOYIOTh MOJANBIIMA PO3BUTOK Ta
nokpamieHds ynpasiiaHs brJIA. Tenaenuii po3Butky ynpasiinHg briJIA cBiguats npo
3pOCTaHHS MOTPEOH y GBI JOCKOHAIMX Ta HAMIHHUX 1HPOPMAITIHHUX TEXHOIOTISAX TS

KOPEKTHOTO BUKOHAHHSI MICIi (3aBJlaHb) B CKJIAJHUX YMOBaX.

Waypoints Mapped Trajectory
North 57 N. 57:E 95:H 0:K: 0.3998
N: 62,E: 110;H: 70.K: 0.
East 95 N: 69;E: 120;H: 355K: 0%
N: 92.E 114;H: 290.K: 0
Heading 0 N: 84.E: 66;H: 270.K: 0.:
N: 92;E: 46;H: 270.K: 0.
Curvatwre: [0.3937 | Iy 88:E- 24:H: 250.K: 0.
Tum: CW - ‘ m ’
, | — E
| Delete £
—_ 5
Z
No-Fly Zone

SRl ' 75t 66Rr 70 0 @Y
ot CN: 89.CE- 52R: 3M: 0.1
East 66 CN: 17,CE: 51;,R: 6:M: 0.1

Radius 7
Margin 0.0254

Add . Edit i ance East [m)]

[Delete | , [ LoadDetout | [ Clear | [ Saw | [ Load | [ Generate Trector |

Pucynok 1.3 — Cumysiis Tpaextopii monboTy briJIA [3]

Pa3zom 3 TuM, mig yac mMpoBEACHHS CUMYJIALIT aBTOpP HE BpPaxXOBYBaB 30BHIIIIHI
dakTopu BIUMBY (BiTep, MOraHe OCBITIICHHs). Y pobOotri [3] HE po3rIsaaioch
3aCTOCYBaHHS HEHPOHHHMX MEPEXK Yy 3alpONOHOBAaHIN CHCTEMi, XO04ua X BUKOPUCTAHHS

MOTIJIO TTOKPAIIUTH (PIHATBHUM pe3yJIbTaT TOCIIKEHHS.
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Temoro po3risay crarti [4] € CTBOpEHHS €MHOT CUCTEMU yIpaBJIiHHS Tpadikom
Oe3MIJIOTHUX amapariB. ABTOpU pPO3TIANAIOTh OE3MUIOTHI amapaTh 3a HACTYITHUMH
O3HAKaMH: PO3MIpOM, MPU3HAYEHHSIM Ta IHIMMMH KputepisiMu. CydacHi O€3MIJIOTHI
amapaTd MOXYTb BHUpIIIyBaTH LMBUIbHI 3ajadi, Taki SK MOHITOPHUHI Ta JIOCTaBKY
BaHTaXXiB. ABTOPU MPOMOHYIOTh PO3TISHYTH BIPOBAHKEHHA METOIB iHTerpalii briA B
IUBUIBHUN MPOCTIP, 110, HA X TyMKY, JO3BOJIUTH 3MEHIIUTH Yac Ha JIOCTAaBKY BaHTaXIB
YH MPOBEACHHS MOIIYKOBO-PATYBAIBFHUX OMEparliil.

Po3poOka HemHIHHOT CHCTEeMH YIpaBIiHHS JUIs OC3MUIOTHUX arapaTiB 3a YMOBHU
HegoctynHocTi GPS HaOyna aktyanbHOCTI. ToMy Aesiki Tpynu AOCTIAHUKIB 3aHHSINCH
miero Tematukoro. CucTema, 3amporoHOBaHa y JociipkeHHi [5], Moxke cTalimizyBaTh
nosurito bnJIA 3a gomomororw Bi3yanbHUX 00’€KTiB. Jls BU3HAUEHHS MICIIA
po3TanryBaHHs 3alpPOIIOHOBAHO BUKOPHCTOBYBATH JIMIIE JATYMKHU, SKI BCTAHOBJICHI Ha
BbrJIA. JIaTuviKy OLIHIOIOTH MIBUAKICTh MEPEMIILIEHHS Y peanbHoMY yaci. Po3paxyHku i
CKCIIEpUMEHTH B po00Ti [5] mpoBeneHi Ha BOYJ0BaHOMY MPOLIECOP.

ABTOMatnyHe po3mnizHaBaHHd MOBU (ASR) € oHuM 31 cnioco0iB kepyBaHHs briA
[6]. OcHOBHa MeTa Tako1 pO3POOKH — CIIPOIICHHS B3AEMO/IiT MiXK JIFOIMHOI-0TIEPATOPOM
ta BrtA. ABtop [6] 3BepTae yBary Ha MiHIMi3aIlit0 JIOACHKOTO BTPYYaHH MIPH KEPyBaHHI
briA. 3anmpononoBaHa TexHoJoTisE ASR BUKOPHUCTOBYETHCS sl BUKOHAHHS CIUIBHUX
Mmiciii biA, manpukiaa, arpapHoi 00poOIIl MoJIiB, MEePEeBIpIll 3aATI3HUYHUX KOJIH, JTIHIN
€JIEKTPONOCTayaHHsI Ta KaprorpadyBaHHs MicueBOCTI (pucyHok 1.4). Takwmit migxin
JI03BOJISIE OJTHOMY OIEepaTopy KepyBaTH Ta CIIOCTEpIraTv 3a MICIAMH Kuibkox bmA y
peasbHOMY Yaci.

watch the street ~ _ o streét = - =~

~

street

-

nove over -

the avenue - road - - - -

alert on
drowning person

- - marine — boathouse - - - B

PucyHok 1.4 — I'osiocoBe yrpaBiiHHsI Ta BUKOHAHHS KOMaH[T Uit briA [6]
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SIk HEMOMIK CiJl 3a3HAYMTH, IO KepyBaHHS BHA 3a JOMOMOrO TOJIOCOBHX
KOMaH/I Ma€ BeJIMKI OOMEXEHHS B yMOBaX CTOPOHHIX IIIyMiB, 110 HETATUBHO BILIMBA€E Ha
MIBUAKICTH 1 TOYHICTh BUKOHAHHS ITIOCTABJICHOI 3a7a4l.

besninotni nHazemni amapatu (bnHA) Bce wacTimme BHKOPHUCTOBYIOTBCSA Y
CUTBCHKOMY TOCIIOJIApPCTBi. ABTOpPH CTaTTi [7] NPONOHYIOTH 3aCTOCYBAaHHS JaTYHKIB
PI3HUX THIIIB JIJISl PO3pOOKHU aAanTUBHOI HaBlraniiHoi cuctemu 6e3 GPS.

Pasom 3 TuMm, mpuBeprae yBary, mo ngoaarkoBe BukopucTanHsi GPS morio 6
MIJIBUIIUTH TOYHICTh y CKJIQJHUX yMOBax. KpiM Toro, 1aHa cucTema JIOCUTh 3aJIe’KHA BiJT
HAsSIBHOT'O OCBITJICHHS Ta MOTOYHUX MOTOAHUX YMOB (pucyHoK 1.5). Po3po6nennit bBnHA
BUKOPHCTOBYE TaKi CKIAIHI aJITOPUTMH, 3aCTOCYBAHHS SKUX MOJXKE ITIIBHUIIUTH Yac

00poOku 1HpOpMaIIii.

Pucynok 1.5 — Buznauenns Oe3neyHux Ta HeOe3meyHNX 30H nepecyBanHs 11t biHA 3a

JIOTIOMOT0F0 BOYZIOBaHHUX CEHCOPIB [7]

BuxopucranHs HediTKol Joriku s kepyBanHs briJIA posrisnyTo y po6ori [8].
HeuiTka norika 103Bos1si€ BUKOHYBATH TOYHE CJI1TyBaHHS 3a 33JJaHOIO TPAEKTOPIEIO PyXY.
3a iHdopmariiero, HagaHol y AOCTiKeHHI [8], amanTarilis 10 Pi3HUX YMOB MOJBOTY

3a0e3neuye 3arajbHy HaJIIMHICTh Ta Oe3meyHe TMPOBEACHHS MICIM;, MpOBeaACHI
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€KCIIEPUMEHTH JEMOHCTPYIOTh €(QEKTUBHICTb BHUKOPUCTAHHS HEYITKOI JIOTIKM MJIs
kepyBanHsa briJIA (pucyHok 1.6).

Ane npoOriemMa BUKOPUCTaHHSI HEYITKUX KOHTPOJIEPIB B TOMY, 11O TAKy CUCTEMY
HEMOXKJIUBO YJOCKOHAJIUTH 32 PAaXyHOK HEMPOHHUX MEPEX, a MOKPAIICHHS HasBHHUX

pe3yJIbTaTIB € HECYTTEBUMH [8].
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Pucynok 1.6 — [TopiBHSHHS Tpa€eKTOpPii MOTBOTY MK 3BUYAHUM KOHTPOJIEPOM (a) Ta

HEUiTKUM KOHTpoJsiepoM (0) [8]

1.2 Orasi OCHOBHUX TOHSITH ITPOBUX METO/IIB

Bci irpoBi MeToau 3acCHOBaH1 Ha TEOPii 1rop.

Teopis irop — po3aAT NPHUKIATHOT MAaTEeMaTHUKH, 3a JOIMOMOIOI SIKOTO BYEHI
MOJICIIIOIOTh TIOBEAIHKY JEKIJIbKOX CYO’€KTIB, KOJM KPUTEPIM NPUHUHATTA PIIICHHS
KOXXHOTO 3aJIeKHUTh BiJ pIIIEHb, IPUUHATUX IHIIUMU [9].

["'onoBHUMU OHATTSAMU TEOPIi IrOp TPAAUIIIIHO BBAKAIOTH!

— cy0’€KTH, SIKI IPUHAMAIOTh PIIIEHHS — I'PaBIll (areHTH);

— cTpaTerii — MOKJIMBI MOCIIIOBHOCTI JIiH, sIK1 TPaBIli MalOTh MPaBO BUOpaTH;

— BUHATOPOJIY — I1€ BUTPAIII, SIK1 OJIep>KaTh YYACHUKH I'PH 32 YMOBH CTPATET11, AKY
BOHU 00pau;

— piBHOBara Hema — craH, KOJM KOJIEH TpaBellb HE MOXKE IMOKPAITUTH CBIN
BUTPAIIl, 3MIHUBIIIA CBOIO CTPATETIIO B OJJHOCTOPOHHBOMY MOPSAKY, SKIIO 1HII TPaBI HE

3MIHIOIOTH CBOiX CTpaTeriu.
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IrpoBi MeTOM 3aCTOCOBYIOTHCS JIJIsl MOJICTIOBAHHSI MOBEIIHKU CKJIaIHUX CHCTEM i
BIIKPUBAIOTh MOJKJIMBOCTI 3HAXOKEHHS ONTUMAIbHOTO pIIICHHS, y TOMY YHCIHI,
CTOCOBHO Pi3HHUX 3aJa4 3 KepyBaHHs bA.

BuxopucTtoByroun amapat Teopii irop Mo>kHa MOJIEJIIOBAaTH BUIAJKU (CUTYaIlii) 3
KUTbKOMa TpaBlsMU (Oe3MIOTHUKAaMU Ta/abo omepaTopamu), sSKi B3a€EMOMIIOTH MIX
c00010 a60 3 MPUPOA0I0 (HABKOJIUIIIHIM CEPEIOBUIIEM) JIJIsI OTPUMaHHS MaKCUMaIbHOTO
BUTpAILYy.

PosrnsiHeMo psan irpoBHX METOJIB, SIKi 3aCTOCOBYIOTBCA It HPAKTUYHOTO
MOJICJIIOBAHHSI ~ MOBEAIHKM CKJIAJHUX CHUCTEM: KOONEpaTHBHI IirpoBi METOMM,

HEKOONEPATUBHI I'POBI METO/IM Ta JUHAMIYHI ITPOBI METO/M.

1.3 KoonepaTuBHi irpoBi METOAM Ta iX 3aCTOCYBAaHHS y MOJEIIOBAHHI CKIIQIHHUX

CHUCTEM

KoonepatuBHi (KoasiwiiiH1 ) irpoB1l METOIN PO3TISAAI0Th BUTPAILL TPYIIH I'PABIIIB, a
HE KOYKHOT'O OKPEMOTO TPaBIIsl.

KoonepatuBuuii irpoBuid METOJI BU3HAUYAa€ HACKUIbKU €(PEKTHUBHO KOXKHA rpymna
IPaBIIIB MOXKeE MpaIoBaTh pa3oM. [[ii KOKHOTO 1HAUBIIyaTbHOIO TPABIS HE € TPEAMETOM
PO3IIIALY, BOKIMBUM € JIMIIE CIIUTBHUANA BUTpaIll MK rpaBisgMu. OCHOBaHa yBara y 1ux
IrPOBUX METOJIaX NPUIIISETHCA PO3MOALTY BUTPAIly MIXK IPaBIsIMU Koamilii [9].

Koomnepatupuuii irpoBrii METOJT BUSHAYAETHCS SIK Tapa < [, v >, ne koamimis [ =
{1, 2,...,N} — 1e cKiHYeHHAa MHOXXMHA TPaBI[iB, a V — XapaKTepUCTH4YHA (DYHKIIis, SKa
i€ Ha MIIMHOXKUHAX .

Bunaroposa Ko»HOTO TpaBiisl MPECTaBlIeHA y BUTIISII BEKTOpAa BUHATOPO/I, KU
BU3HAYAE, K PO3MOAUISETHCS 3aralIbHUM pe3yabTaT rpy Mk rpaBusMu. [1i1 MHOKUHOIO
BCIX MOKJIMBUX PO3MOJLIIB MA€ThCA Ha yBa3l MOBHUN HAOIp TaKUX PO3MOAUIIB IS

KOXKHOTO rpaBiis [9].

n
A=4x = (g, .., xy ) EE™: x; 2> v(i),z x; =v()¢, (1.1)
i=1
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ne A — MHOXXHMHA PO3IOIUIIB BUTpaIly MDK I'PaBLUSIMH y KOOTEPATUBHOMY ITPOBOMY
METO/II;

X = (Xq,...,Xy ) — BEKTOp PO3MOJAUTY BHHArOPOJIM MK rpaBisiMHA. BekTop x
CKJIQJAEThCSI 3 KOMIIOHEHTIB, KOKEH 3 SIKMX BIANOBIAA€ YACTHUHI BUHArOpOAM IS
OKpPEMOTO TpaBIlsl B KOOIIEPATUBHOMY IrPOBOMY METO;

E™ — n-BUMIpHUI POCTIp, JIe BEKTOP BHHATOPOJI X, HAIGKHUTH [IbOMY IPOCTOPY;

x; = v(i) — e oOMeXeHHs, sIKe BKa3ye, M0 YacTKa BUHATOPOIHU X; I KOKHOTO
[-TO TpaBIls MOBUHHA OyTH HE MEHINIOIO 3a MiHIMaJIbHUHI BHECOK I'paBIst V(i);

v(i) — 1HAMBIAYyadbHUH BHECOK a00 BHECOK KOXKHOTO [-TO TpaBI y Tpl, KU
BHU3HAYA€ MIHIMAJIbHY BUHATOPO/LY, Ky I'PaBEIlb MA€ OTPUMATH B PE3YJIbTATI CHIBIIpaIli,

1% = v(I) — piBHICTh IEMOHCTPYE, IO CYMapHU PO3MOMAIT BUHATOPOJ MiXK
yciMa rpaBLsIMU OBHHEH JOPIBHIOBATH 3arajlbHOMY BUrpaily koamniuii | (Bciei rpynu
rpaBiiB), mno3HauyeHomy sk V(I). Lle rapanTye, 1m0 Bechb BUIpall MPABUIBHO
PO3MOIISETHCS MK YUaCHUKAMH KOATIIIi; [ = 1,N.

KoonepatuBui irpoBi MeTonu OyBalOTh JBOX BHJIIB: 3 IEpPEJaBaHOIO
(TpancdepabenbHOI0) KOPUCHICTIO Ta 3 HemepeaaBaHow (HeTpacdepadeabHOI0)
KOPHUCHICTIO.

KoonepatuBHi irpoBi METOU 3 MEPEIaBAHOI0 KOPUCHICTIO — KOPUCHICTh BUIHHO
NEPEPO3NOJUISETHCS MIK TPaBIIMU; KOPUCHICTh BUMIPIOETHCSI B YHIBEPCAJTbHUX
OJIMHUIIIX 1 € 3araJIbHONPUHHATHOO JIJIS BCiX rpaBiiB [9].

HaBenemo kiiacuyHe 03Ha4€HHS XapaKTePUCTUIHOI (DYyHKIII.

XapaktepuctuyHa (QyHKIiS v — 1e (QyHKIs, ska KoxkHid koammii K € N
npu3Havae ii BuHaropoay. BoHa BimoOpaka€ MHOXKHMHY BCIX MOKIIMBHUX IT1JIMHOXHH
MHOHHH TPABIiB Y MHOXHHY IicHUX uncen [9]:

v:2VN > R (1.2)

XapaktepuctudHa (QyHKIliS BU3HAYAE, Ky 3arajibHy BUHATOPOIY MOXKE OTPUMATH

KOXHa Koamimis rpaBiiB K € N 1 BUKOPUCTOBYETHCS ISl PO3PAaXyHKY BHUTpalliB y

KOOIIEpAaTUBHUX I'POBHX METOJIaX B 3AJICKHOCTI B IXHHOTO 00’ € THAHHS.
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KoomepatuBHa rpa BBaka€Tbcsd HECYTTEBOIO, K0 BUrpam V(K) Oyab-akoi
Koamiiii JOPIBHIOE CyMi BUTpAIliB ii OKpeMHX rpaBIliB. Toal 00’e€AHAHHS TPaBIliB y
koamito K He [gae [O0JaTKOBOI BHHArOpogud a0o0 BUHArOpoOIW TOPIBHSIHO 3

1HIMBITyaIbHAMH CTPATETIsIMU KOKHOTO I-r0 rpaBi [9].

v(K) = z v(D), (1.3)

i€k
ne v(K) — cyMapHUii BHECOK BCIiX TpaBIiB koaimii K.

[ToG1yHMM MIaTiXX — PI3HUL MIXK 3arajlbHOI0 BUHArOPOJIOK0 KOATIIIT B IIJIOMY 1
BHUHArOPOJIOK0 JIUISI KOXKHOTO I-T0 TPaBIIs.

OkpeMoO pO3TISaloThCd  KOOIMEpPAaTUBHI ITPOBI METOJIM 3 HEMEpeJaBaHOIO
KOpHUCHICTIO. Taki MeToIu nepe0oavaroTh, 10 KOPUCHICT, 1€ BUHArOpoa BCI€l Koamiiii
K Ta BHHaropoja okKpemoro i-ro rpaslifl He MiJJIATal0Th MOPIBHAHHIO. Takuil irpoBuii
METO/JT He Ma€ moOIuHMX TuTaTexis [9].

OCHOBHI BJIACTUBOCTI XapaKTEPUCTUYHOI (PYHKIII HACTYIHI: MOHOTOHHICTb,
CYNepauTUBHICTh, OMYKIICTh, IHAUBIAyaJbHa Ta TPYNOBA PAIllOHAIBHOCTI.

1. MOHOTOHHICTB:

Hexait A ta B — nBi pi3Hi Koamiiii rpaBIliB; KITBKICTh TPaBIIB Koamiiii A He
MepEeBUIIY€ KUIbKICTh TPaBI[iB Koaiii B.

Toni A € B = v(A) <v(B),
ne v(A) — Burpani xKoauiiii rpaBiiB A;

v(B) — Burpam koariiii rpasiis B.

2. CynepaauTUBHICTD

Hexait A ta B — aB1 pi3Hi Koaliilii rpaBIliB, Kl HE MAlOTh CIIJTILHUX TPABIIIB.

ToriANB=0=v(AUB) =>v(4) +v(B),
ne v(A) — Burpar koaiiii rpaBiiB A;

v(B) — Burpam koaiinmii rpasiis B.

3. OnykJicTh:

Hexait A Ta B — aBi pi3Hi KoaliIii rpaBIliB, IKi MOKYTh MaTH CIUTBHUX TPABIIB:
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ToniANB+®=>v(AUB)+v(ANB) =v(A) +v(B),
ne v(A) — Burpant koaiii rpaBiiB A;

v(B) — Burpaiu koaniuii rpasiiis B;

V(A U B) — Burpam 00’ €HaHHS JBOX KoalliIii rpaBiiB A Ta B;

v(A N B) — BUTpal rpaBIliB, AKi 0JJHOYACHO BXOJIAThH J0 KoaIimii rpasiiiB A ta B.

4. YMoBa rpynoBoi pamioHaJbHOCTi:

Hexait N — MHOXMHA TpaBIIiB.

x(N) — cymapuuii Burpaii N rpaBiiiB, sKIIIO BOHH IPAOTh MOOIMHII;

S — KoautiIist TpaBITiB.

v(S) — 3arajgpbHUAN BUTpAIll TPABIiB, IKI BXOAATH B KOATII0 S (CyMapHUi BUrpail
I'paBIIiB KOAMIII S).

Toni cipaBeIUBO:

x(N) =v(S) (1.4)

5. YMoOBa iHAUBiya1bHOI PALIOHAJIBHOCTI:

Hexaii x; — Burpar i-ro rpaBIiisl, KO BiH BXOJUTH B KOATIIIIIO;

v({i}) — Burpam i-ro rpaBis, SKHii Tpae cCaMOCTIHHO (HE BXOIHUTD J0 KOAIIIIiT)

Toni:

x; 2 v({i}) (1.5)

1.4 HekoormepaTuBHi irpoBi METOIU

Teopis HEKOONEpPATUBHUX ITOpP 3aCTOCOBYETHCS [JISI MOJCIIOBAHHS W aHAII3y
CUTYallii, B IKMX ONTUMAaJbHI PIIIEHHS KOKHOTO YYacHUKa (IpaBlis) 3aJeXaTh BiJl HOTO
NpUNyILIEeHb (OYiKyBaHb) Mpo Trpy onoHeHTiB. KokHuii rpaBelb MOBUHEH, B JaHOMY
BUIAJKy, HaMaraTHcsl MepeA0ayuTH TPy ONOHEHTIB, BUKOPHUCTOBYIOUM CBOI 3HaHHS
npaBui TPU 1 BUXOJAYM 13 TPUMIYILIEHb, 1[0 OMNOHEHTHM TEX pallOHAIbHI 1 caMi
HaMararoTbCs Mepe0aYnuTH KPOKH CBOIX OIMOHEHTIB 1 30UIBIIUTH CBOi BJIACHI BUTpAIIIi

[10].
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HexoonepatuBHi irpu — 11e TUI MOJENIEH y Teopii irop, Ae nepeadadaerbes, M0
KOXXEH TpaBellb NpUiMae PINICHHS CaMOCTIHHO Ta CHIBOpans MDK TpaBIsIMH HE
nepeadoadyeHa. byb-aK1 yroau Mix I'paBIsSIMH, Y TOMY YHCIII CTBOPEHHS KOAJIIIIN TaKOX
HE Tiepen0avaroThCsl.

HekoomnepaTtuBHa rpa Mae Taki OCHOBHI €JIEMEHTH:

— TepeTiK TPaBIliB;

— MHO>XMHA MOXKJTUBUX CTpaTeTiii KO)KHOTO TPaBIIs;

— BHTpAIlli IPU KOXXHOMY JIO3BOJICHOMY Ha0Opy CTpaTeriii.

HesBaxaroun Ha Te, IO T'paBeIlb CaMOCTIMHO (OpPMy€ CBOIO CTpaTerito, HOro
BUTpAIll BU3HAYAETHCS HE TIJIBKM BJIACHOIO CTpATEri€ro, aje M CTpaTerisiMu IHIIUX

YYaCHHKIB (FPABIiB) IPH.

1.5 JIluHamiuHi irpoBi METOIU

JlunamiyHa Tpa — rpa N oci0 y BUIJSAI TPOLECy, 10 PO3BUBAETHCA Y Haci,
MPOTATOM SIKOTO TpaBlll MPUUMAIOTh MOCIJOBHO YAaCTKOB1 PILICHHS, MEPEXOASTYu BiJl
OJTHOTO CTaHy rpu a0 iHmoro [11].

JunamiyHa rpa nependayvae:

— MOPSIOK JIii TPaBIliB;

— MOTEHIIIHHI CIIeHapil PO3BUTKY I'PH, SIKi 3’ IBJISTIOTHCS B MPOIIEC POBEJECHHS IPH;

— 3aJIEKHICTh OOCSATIB BUTpAIlliB I'PaBLIB Bl MO1H, K1 BIAOYJIUCS B TP

— 0o0csr iHpopMmallii, sika BiIoMa KOXKHOMY I'PaBI[l0 CTOCOBHO 1 1HIIMX IPABIIiB.

OCHOBHI eTanu AMHAMIYHOI TPH:

1. BuzHaueHHs MHOKUHHU TPaBIIiB;

2. MopentoBaHHS BUMAIKOBUX TMOMAIM MIJISTXOM TMOSIBU ITIE€ OJTHOTO TPaBIIf, a came
«IPUPOJINY;

3. BuszHaueHHs MOPSAAKY XOMIB TPH;

4. Bu3Ha4YeHHS TOCTYMHOCTI Jiii KOKHOTO TPaBIg Ha KOKHOMY €Talli TPH.



37

PosrasineMo mpukiaa AMHAMIYHOL TPU 3 BUKOPUCTAHHAM OE3MIJIOTHUX arapariB
(bnA), ne mepmmii xin pobuts oneparop briA. OnepaTop MOBHHEH BUOPATH CTPATETiIO
11 KepyBaHHS BA y cknagHii cutyanii (pucyHok 1.7).

1. Iepiuit kpok poOuTH onepaTop. Bin oOupae oAMH 3 TBOX MOMKIIMBHUX BapiaHTIB!
«3anmycTuTH bnA» abo «He 3anyctutn biA»;

2. Ilpu BuOOpi BapiaHTy «HE 3amycTuTH bmA», rpa 3aBepiryeTbes. bnA
3aJIMIIAETHCS HA 3€MITI;

3. SIkmo B mepuioMy Kpolli orepaTop oOupae BapiaHT «3amycTHUTH bmAx, Toni
HACTa€ IPYTUN KPOK;

4. lpyruii Kpok: BrlA MOTEHIIHO MOXKe 3ITKHYTHCS 3 TIEPEIIKOIOH0;

5. BuHMKaOTh JBa BapiaHTH MOJAJBIIOTO PO3BHUTKY MoJii. «bmA 00XoauTh
nepemKo1y» abo «Bi10yBa€ThCS 3ITKHEHHS 3 MEPELIKO0I0»;

6. SAxmo briA 06i1IIIOB TTEpEeNIKOIy, TO Tpa 3aBEPIIYETHCS YCITIIITHO;

7. SIxmo BrA 31TKHYBCS 3 IEPELIKO00, TOJII ONIEpaTOp HaMaraeTbCs HalIaroAuTu
noganpimii pyx bmA. B TakoMy pasi MOXIJIMBI JBa BapiaHTH PO3BHUTKY MOAI:
IIO3UTUBHUU Ta HETAaTUBHUN;

8. Y pa3i mo3UTHUBHOTO PO3BUTKY MOJiN, BITA yCHiIIHO POAOBKUB MOAATBIIHNA
pyx. I'py 3aBepIieHO yCHIlIHO;

9.V pasi HeraTUBHOTO PO3BUTKY TMOJIM, MOJAIBIINNA PyX HEMOXIWBHM, BmA
3HHUIIEHO Ta TPy 3aBEPIICHO 3 BiJl’EMHUM BUTPAIIEM.

[le#t nmpoiec MOXKHa MPEACTABUTH Y BUIJISAL JEpeBa pillieHb, 1€ KOXKHA BEpIIMHA
MOKa3y€ MOMEHT, KOJIU OJIMH 13 TPaBIliB pOOUTH CBIM BUOIp, a pe3yJIbTAT 3aJICKHUTH Bl
oOpaHux 11 000x rpaBiiB. Crparerisi KOXHOrO TpaBlsl mojsrae y BHOOpP1 Al Ha

KOXXHOMY KPOIIil, KOJIM HaCTa€ HOTO Yepra yXBaJlfOBaTH PIllICHHS.
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Onepatop

He 3anyctutu gpoH 3anycTutu A poH

BinbyBaeTbcA 3iTKHEHHA 3
[pox 0bxoautb nepelukoay

nepeLIKoAoo
Onepatop
3ycunna onepartopa 3ycunna onepatopa
HaNaroAuUT1 Noaanblunii pyx HanaroAuUT1 NoAanbLUM pyx
ApOHY APOHY

KiHeub
rpu:
APOH
3HULLEHO

Pucynok 1.7 — [lepeBo rpu
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1.6 HeiiponHi mepexi

[ tyuni vHetiponni Mepexi (LIHM) — 11e o6uncaroBalibHiI CUCTEMHU, K1 TO0YI0BaH1
3a MpUHLIUIIAMHU (QYHKIIOHYBaHHS O10JIOTIYHUX HEHPOHHUX MEPEK.

[IIHM BigHOCATH 10 Kjacy ajTrOPUTMIB INTYYHOTO I1HTENEKTY, SKi BUHHUKIH
y 1980-x pokax B pe3yJibTaTi JOCIIKEHb KOTHITUBHUX Ta KOMIT FOTEpHUX HayK [12].

IHM po3poOneHi A aaropuTMIYHOTO MOJEIIOBAHHS MPOIECY MPUMHATTA
pIlICHB JIFOIUHO0, BAKOPUCTOBYIOUN NIPUXOBaHI CTpYKTypHu aanux [13].

CTpykTypa mTY4YHOI HeHpOHHOT Mepexki (pucyHok 1.8) ckiiagaeThes 3:

— BXIJHUX HEHPOHIB,;

— NPUXOBAHUX HEUPOHIB;

— BHUXIJTHUX HEHPOHIB.

llap Bxoay

[IpuxoBaHu

ap
BUXOZY

Pucynok 1.8 — Ilpuknaj CTpyKTypH MITY4HOT HEHPOHHOT MEPEXi
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Bxinni HelipoHu npuiiMaroTh 1H(GOPMAIliI0 13 30BHIITHROTO CepeaoBHINa (BXI1IHI
CUTHAJIM) 1 epeaaroTh A0 MpUXoBaHOTro Iapy. Ha manomy mapi o6poOka iHpopmariii B
TOMY YHCJIl OOYUCIICHHS Ta MPUUHATTS PillIeHb HE BiAOYBaIOTHCS.

[IpuxoBaHi HEMPOHU OMPANBOBYIOTH Ta MEPEPOOIIOIOTH OTPUMaHy 1H(GOpPMAIIITO.
BximHi madi 0OpoONSIIOTECS, 3MIHIOIOTHCS, 30KpeMa, IMUISIXOM BUKOHAHHS HEOOXITHUX
OOYUCIICHb.

Buxigni HeHpoHU BIANOBIAAIOTH 3a OTPUMAHHS BHCHOBKIB Ta OCTaTOYHOTO
pe3yibTaTy.

CtpykTypa 1 CKIAQJHICTh HEMPOHHMX MEPEeXK HaI3BUYAHHO pI3HOMAHITHA 1
BU3HAYAETHCSI B 3aJIEKHOCTI Bl BUPIIMICHHS MPOOJEMH, sKa BUHUKAE TEpe.
nociaiaHukoM. HelpoHHI Mepeki BxKe 3apa3 3aCTOCOBYIOTHCS 1 MalOTh NEPCHEKTHUBU
OUIBII HIMPOKOTO BIPOBAKEHHS B Pi3HI ACMIEKTH AISUIBHOCTI CyCHUIbCTBA.

I Ty4yH1 HEMPOHHI MEPEX1 CKIAIAIOTHCS 31 INTYYHUX HEHPOHIB.

I Ty4yHuit HEHPOH — 11e BY30J1 IITYYHOT HEHPOHHOI MEPEKI, HEelliHIMHA (DYHKIIIS Bij]l
CHUIBHOTO apryMeHTy (JIiH1IHOI KOMOIHAI[li BX1JHUX CUTHAIIB).

B mpoueci po3sutky IIIHM mnopoausio Garato pi3HOMaHITHUX METOAMK, SKi
3HAWIIUIM IUPOKE BUKOPUCTAHHS y OaratboX raimyssx.

Heiiponna mepe:ka npsiMoro noumupeHHs

Hetiporna meperxa npsMoro MOIMIMPEHHS — 1€ TUIT HEWPOHHOT MEpexi, B AKiH JaHi
NEePealoThCs 3 OJJHOTO IIapy B HACTYMHHUN B OAHOMY HampsMKy. Taka Mepeka He Mae
3BOpOTHUX 3B’s13KiB. [lepuentpon Po3enbmata € 0CHOBOIO HEHPOHHOT MEPEkK1 TPSIMOTO
MOIIUPEHHS.

[Tpuknan HEHPOHHOT MEpeKi MPSIMOTO MOMIMPEHHS HaBEIEHO Ha pUCYHKY 1.8.

OcHoBHa TiepeBara HEHPOHHOI MEPEXK1 MPSMOTO MOITUPEHHS TIOJISATAE B TOMY, 110
BOHA NpocTa Ta epeKTHBHA. [i TaKOX BiIHOCHO JIETKO HABYUTH, 110 POOUTS ii XOpoImm
BUOOPOM Jij1st 0araThox 3aBaaHb. OHaAK HEHPOHHI MEPEKI IPSIMOTO 3B’SI3KYy HE TaK 100pe
00pOOJISIOTH MOCITIIOBHI JaHi, SIK peKypeHTHI HelpoHHI Mepexi [14].

PexypeHTHa HEPOHHA Mepexa

PexypenTHa HelpoHHAa MepeXa — II€ TUI HEUPOHHOI MEpEexi, sSKka Ma€ IHUKIH

3BOPOTHOTO 3B’si3Ky. lle o3Hauvae, mo i1HQopMalis MOXXe MNepeMIllaTUCi Yy ABOX
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HampsIMKax MK ImapamMu Mepexi. [[ukiam no3BONIAIOTh PEKYPEHTHHM HEHPOHHUM
Mepekam 0OpOOJISITH TIOCTIIOBHI JaHi, Taki SIK PO3Mi3HaBaHHS MOBH Ta MaIlTUHHUI

nepekiai. [Ipukinan pekypeHTHOT HEHPOHHOT MEpEkKi HaBeIeHO Ha PUCYHKY 1.9.

Buxip

[IpuxoBaHUM

Bxin,

Pucynok 1.9 — Ilpukian peKypeHTHOI HEHPOHHOI MEpexi

ApXITEeKTypa peKypeHTHOI HEUpPOHHOT Mepexki € HabopoM IIapiB, K1 CXOXKI J0
HEHPOHHOI Mepexl mpAMoro 3B’s3ky. OJHAK Mapu PEKYpPEHTHOI HEMPOHHOI Mepexi
3’€JHaH1 B IMKJI, TaK 1110 BUX1/IHI JaH1 KOKHOTO IIapy MOXYTh TOBEPTATHUCS HA BX1J TOTO
camoro mapy. Lle n1o3Bossie Mepexi BUBYATH YaCOB1 3B’ SI3KM MIDK TOUYKAMU JTaHUX.

[IpocTa pexypeHTHa HEHpPOHHA Mepeka Ma€ TPU IIapu: BXITHUHN, TOBTOPIOBAHMIA
NPUXOBAHUN 1 BUXIJHUH, SIK IOKA3aHO HAa pUCYHKY 1.9. Bxignuii piBeHb mae N BXiZHHX
BY3JIiB. BXITHUMU TaHUMH [IBOTO PIBHS € TOCIIOBHICTh BEKTOPIB 3a yac t, HampukIian
(o) Xt—1, Xty Xpqns o b T€ Xp = (X1, X5, ..., Xy). BXigHi By3iu B IMOBHICTIO 3’€IHAHIM
PEKypEeHTHOI HEMpPOHHOI Mepexkl MOENHAHI 3 MPUXOBAHMMHU BY3JIaMH B MPUXOBAHOMY
mapi. 3’ €THaHHS BU3HAYAOThCs BaroBoto marpuiiero W. [IpuxoBanwuii piseab M mae h; =
(hy, hy, ..., hyy) IpUXOBaHKX BY3IIiB, SIKi 3’€IHAHI OJMH 3 OJHUM Y Yaci IOBTOPIOBAHUMH

3B’ si3kamu [15].
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HmogipHicHa HeiiponHa Mepeska

MmoBipHicHa HeiiponHa Mepexa (MHM) — e THI Hef{pOHHOI Mepexi IpsSMOro
MOIIMPEHHS, KA IMUPOKO BUKOPUCTOBYETHCA B 3a/1auax Kiacu(ikarlii Ta po3mi3HaBaHHS
obpa3is [16].

Apxitexrypa THM cK1agaeThes 3 4oTHPHOX mapiB (pucyHok 1.10):

— BX1JIHAH 11ap;

— [ap MaTepHY;

— IIap MiJICYMKY;

— BUXIJTHUHN mIap.

Input Pattern * Summation - Decision
Layer : Layer : Layer : Layer

Output

Pucynok 1.10 — Apxitektypa HMOBipHICHOT HEHpPOHHOT Mepexi [16]

Bxinnuii mrap mpuiiMae modaTKoBi JaHi, siKi HeoOximHo kiacudikysatu. Illap
naTepHy OOYMCIIIOE WMOBIPHOCTI JJIi KOXHOTO 3pa3Ky JaHHUX, BUKOPHUCTOBYIOYH
HMOBIpHICHY (QyHKIIIO po3noauty. [llap miacyMKy miacymMOBYe€ WMOBIPHOCTI JIJIst
KOXKHOTO KJ1acy. Buxigawuii map BU3Hava€e Kiac 3 HalOUIBIINM TOKa3HUKOM WMOBIPHOCTI

Ta Haja€e GpiHATBHUMN pe3yJbTaT Kiacudikalii.
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3ropTkoBa HelipoHHA Mepexka

3roptkoBa HeliponHa Mmepexka (3HM) — me Tum HEWpOHHOI MEpexi MpSIMOro
NOIIUPEHHS, SKUH 3aCTOCOBYETHhCS Yy pI3HOMaHITHMX 3amadax. 3HM wyacto
BUKOPHUCTOBYETbCS Ui Kiacudikaiii 300paxeHb, BUABIECHHS 00’ €KTIB, 0OpOOKH
BiZleoMaTepiary, po3i3HaBaHHS MOBH KECTiB Ta pO3ITi3HABAHHS rOJI0COBUX KoMaH I [17].

Apxitektypa 3HM cknagaerbes 3 40TUPHOX mapiB (pucyHok 1.11):

— I1ap 3TOPTKH;

— map 00’ €THaHHS;

— MOBHICTIO 3’ €HAHUH TI1ap;

— HEJHIAHUN mIap.

Dy [ 4. ] — BICYCLE

FULLY
CONNECTED

v 4
i, bk
HIDDEN LAYERS CLASSIFICATION

[ INPUT CONVOLUTION + RELY POOLING CONVOLUTION + RELU POOLING FLATTEN SOFTMAX

Pucynok 1.11 — ApxiTekTypa 3ropTKoBOi HEHpOHHOT Mepexi [17]

[lepen TuM K MOSACHUTU KOXKEH Imap apxitektypu 3HM, posriasiHeMo n0gaTKOBI
MOHSATTS, SIKI HEOOX1IH1 JUIsl po3yMiHHA pobotn 3HM.

Snpo — e MaTpUIld YKCell, iIKa BUKOPUCTOBYETHCS ISl OOUMUCIIEHHS 3TOPTKU Ha
BX1JTHOMY 300paK€HHI (YU 1HIIOTO 00’ €KTY).

3ropTka — 11e MaTeMaTU4IHa oIepallis, sKa 0OYHCIIIOE HOBI 3HAYCHHS JIJIT KOXKHOT
obmacTi 300pakeHHs (4¥ 1HIIOTO 00’€KTY), CTBOPIOIOYM HOBY Matpuiiro. L{s matpuriis
JEMOHCTPYE BHUXIJHY KapTy O3HAK, sIKI BIJHOCATHCS 10 300pakeHHS (YU 1HILIOTO
00’€KTY).

[ITap 3ropTKU BUKOPUCTOBYE (DINBTPH siapa AJisi OOUYMCICHHSI 3rOPTKH BX1JHOTO

306pa)I(€HH$[ IJIAXOM BUJIIYUYCHHS OCHOBHHX O3HAK.
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[Ilap 00’ eaHaHHS MOEIHYE BA MOCIIOBHUX IIapIB 3TOPTKHU.

[ToBHICTIO 3’€THAHMI IIAp CXOXKUU HAa HEWPOHHY MEPEKY IMPSIMOTO 3B’SA3KY, 5K
nokaszaHo Ha pucyHky 1.8. Lleli piBeHb 3HAXOJUTHCS HA HIDKHHOMY IIapi Mepexi. Bin
OTpUMY€ BXiTHI JdaHl BiA Imapy o0’enHaHHs a0o mapy 3TOPTKH, 3BEICHUM Mepen
BIJIIIPABIICHHSIM Ha HACTYITHHUI P1BEHb.

Heninilinuii map € ¢dinansaum komrnonentom 3HM. Bin 3a0e3neuye 31aTHICTD
HEHPOHHOI Mepeki BUSBIATH CKJIATHI 3aKOHOMIPHOCTI BXIAHMX naHuX. HeminiitHa
GyHKIIS BU3HAYa€ BUXIIHI JaHI HEHPOHHOT Mepexki, HampHUKIag «Tak» abo «Hiy.
Haii6i1p11 nomupeHuMu Ta nonyJsspHuMU HeniHiiHauMu Qyskuismu 3HM e Sigmoid,
Tanh, ReLU, Leaky ReLLU, Noisy ReLU ta Parametric Linear Units [17]. Opranizaris Ta
GbyHKI11s1 30pOBOi KOPY 3HAYHOIO MipOI0 BILUTUBAIOTH Ha apXiTekTypy 3HM, ockiibku BoHa
po3pobisieHa Tak, 100 HaraayBaThd HEHUPOHHI 3B’SI3KM B MO3Ky jroguHu. Cepen
nomysipaux apxitekryp 3HM e LeNet, AlexNet i VGGNet [17].

JInHaMivHI HeHPOHHI Mepe:Ki

Hunamiyna HeilpoHHa mepexa (JIHM) — e tvn HelipoHHOT Mepexl, siKa MOCTIHHO
3MIHIOE CBOIO CTPYKTYpy a00 (yHKIII B 3aJIeKHOCTI BiJl BXIJHUX MapameTpiB abo
30BHIIIHIX yMOB [18].

JluHaM14H1 HEHPOHHI MEpeXi MOKHA PO3AUIMTH HAa TPU OCHOBHI I'PYIH, HA OCHOBI

SAKUX TMPOBOASITHCSI OOYMCIICHHS Ha BX1IHUX BUOIpKax (pucyHok 1.12):

/"..-——- ..\\
i Hidden LS
/ laver \
/ w \

:} »Ouput

Pucynox 1.12 — ApxiTekTypa qTuHaMIgyHOT HEUPOHHOT Mepexi [18]
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BubipkoBi auHaMiuHi HEHPOHHI Mepeki HajaexaTh J0 MOJEleH TInOOKOro
HaBYaHHS, K1 TUHAMIYHO PO3MOAUISIOTE OOYUCITIOBAIIbHI PECYPCH HA OCHOBI KOXKHOTO
OKpEMOro BXOJy. 30KpeMma, Il Mepeki 0OpOoOIsSIOTh KOKEH 3pa30K SIK €IUHE IIJIe 1 He
BHUKAIOTH Y BHYTPIIIHIO CTPYKTYPY AAaHUX OKPEMUX 3pa3KiB.

[IpocTopoBi nuHAMiYHI HEHPOHHI MeEpexi — 1€ MOJedi, SKi BPaxOBYIOThH
MPOCTOPOBY CTPYKTYpPY B MEKax BXIJIHHUX 3pa3KiB, IMEPEBAXKHO 3aCTOCOBAHUX [0
BI3yaJIbHUX JaHUX, TAaKUX SK 300pakKeHHS. 3BUYANHI aJITOPUTMHU TIMOOKOTO HaBYAHHS
PIBHOMIPHO PO3MOAUISIIOTh OOUHCIIEHHS MIXK IIPOCTOPOBUMH 0OJIACTSIMH, 110 IPU3BOIUTH
JI0 HaJIJTUIIIKOBOT 0OpOOKH B OaraThoX 3aBAaHHSX 30pPY, TAKUX SIK BUSBJICHHS 00’ €KTIB, Jie
00JacTh 1HTEpPECY CTAHOBHUTH JIMINEC HEBEIWKY YACTKy BXITHMX aHUX. 3aBASKA
aJanTUBHOMY 30CEPEKCHHIO Ha 1HGOpMAIIfHUX perioHax, sKi € HahOUIbII
BIIMOBIAHUMU JUISl  3aBJIaHHS, MPOCTOPOBO-IAMHAMIYHI MEPEXl MOXYTh 3HAYHO
MIJIBUIIUTH O0YUCITIOBATIBHY e€(heKTUBHICTS [18].

TumyacoBl AMHAMIYHI HEUPOHHI MEPEXl MOXKYTh HEPIBHOMIPHO PO3MOJUISATH
OOYHMCIICHHSI 32 YaCOBUM BHUMIPOM ISl TIOCHIJIOBHUX JaHUX, TaKUX SIK Bifeco. Y pasi
MOTOKOBUX JIaHUX, TAKUX SIK B1JI€0, 3a3BUYAM 1ICHY€E BUCOKA KOPETIAIIA MK HAHOIMKIMMU
kaapamu. OTKe, TMHaMIYHUN (DOKYC HA KOHKPETHUX KIHOYOBUX KaJpax € BUPIMIATbHOIO
XapaKTEPUCTUKOIO JIJIST MOJEICH TIMOOKOTO HAaBYAHHS JJISI 3MEHIICHHS HaJIUITKOBHUX
oOuuciensb. KpiMm TOro, 4acoBi Ta MpOCTOPOBI aJaNTHBHI OOYUCICHHS MOXYTh OyTH
peasizoBaHl OJJHOYACHO JIsl JOCSTHEHHS BUINOI epeKTUBHOCTI [ 18].

IIpakTHYHE 32CTOCYBAHHS

Hetiponni wmepexi HaOynu BEIWMKOrO 3HAYEHHS JUIsl PO3B’S3KY CKIIATHUX
OaratokpuTepiaibHUX 3aJlad y HaWpI3HOMAHITHIIIMX 00JacTsAX, a caMe: Yy BUPIIICHHI
TEXHIYHUX TMpoOjieM, HaBYaHHI Ta HAyIll, MEIUIIMHI, YIOPaBIiHHI BUPOOHUUYUMU
(TEXHOJIOTTYHUMM ) TIPOIIECAMHU, IEPKABHOMY YIIPaBJIIHHI.

[TpoexTyBaHHS, BIPOBAHKCHHS Ta BUKOPUCTAHHSI HEUPOHHUX MEPEK BUPIIIYIOTH
Baromi TexHIYHI mpobsiemMu. 30kpeMa, BUOIp HAWKPAIOTO MApUIPYTy PyXy TPAHCIOPTY
Ta ONTUMI3AIlIA TPAHCIIOPTHUX TMOTOKIB [19]; MojaentoBaHHS Ta aHali3 CKJIAIHUX

TEXHIYHUX CHUCTeM, (QYHKIIOHYBaHHS SKHX BH3HAYA€ThCS BEJIMKOIO KUIBKICTIO
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pi3HOMaHITHUX mapameTpiB [20]; aBTOoMarTu3allisi TEXHOJOTIYHUX MPOLECIB Yy
MIPOMHUCIIOBOCTI; MOJICTTIOBaHHS CKIAIHUX (DI3UIHUX MPOIIECIB.

B ramy3i ocBiTM HEHPOHHI Mepeki aKTUBHO BHUKOPHUCTOBYIOTHCS, OCKUIBKU
3a0e3MevyI0Th pallioHAIbHE BUKOPUCTAHHS JIIOJICBKUX PECYpCiB Ta HAJIal0Th MOXJIUBICTD
TpaHChHOPMYBATH TIEAATOTIYHUNA TPOIEC SISl MPOBEACHHS 1HIWBIMYaTbHOTO HABYAHHSI.
30Kkpema, BU3HAYEHHS OIIHKH SIKOCTI OCBITHIX MPOTpaM y BUIIMX HaBUAJIBHUX 3aKJIa/1ax
3 ypaxyBaHHSM Oaratbox (aktopis [21-22].

HeiiponHi mepexi € epeKTUBHUM Cy4aCHHUM IHCTPYMEHTOM B Tally3l HayKOBUX
JOCIIJIKEHb. 3aB/ISIKU X 3aCTOCYBAHHIO MIJBUILYETHCS TOYHICTh HAYKOBUX PE3YJIbTATIB,
3201 KYFOThCS JTFOJICHKI Ta iHaHCOBI pecypcu [23-24].

HetlipoHHi Mepexi akTUBHO BUKOPUCTOBYIOTHCS y MEIUIIMHI JJIS T1BUILIECHHS
TOYHOCTI JIIarHOCTYBAHHS XBOPOO, TPOTrHO3yBaHHS CllaJIaxiB 3aXBOPIOBaHb, IOKPAILEHHS
SIKOCTI MEJIMYHUX 300pakeHb, BIPOBAKCHHS pOOOTH30BaHO1 Xipyprii [25-26].

['o0BHOIO METOIO 3aCTOCYBaHHSI HEUPOHHUX MEPEK B yINPaBIIiHHI BUPOOHUUUMU
(TEXHOJIOTIYHUMHU) TIPOIIECAaMU € OTPUMAHHSI KIHIIEBOTO MPOAYKTY BHUCOKOI SIKOCTI 3a
YMOBHU BHCOKOT €()eKTHBHOCTI BCIX BUPOOHMYMX OIEpalliii Ta onTuMisailii BUTpat [27—
28].

[TlinBoasium TMiACYMOK, HaBeIeHOi Bulle 1HGopMalii 1010 3aCTOCYBaHHS
HEHPOHHUX MEPEK, POOMMO BHUCHOBOK, 1110 TTOBHUM OTJIS MOTEHIIHHUX MOKIIUBOCTEH
Cy4aCHHX HEHPOHHUX MEpEeX Hapasi € HEMOXKIMBUM, OCKUIBKH PETYISPHO 3’ SIBISIOTHCS
HOBI PO3POOKH B 11111 00J1aCTI HAYKOBUX JOCIIIIKEHB, K1 0€3YMOBHO Kpallll 3a MTOTIEPETHI.
[cHyro41 HEpOHHI MepeXi MOCTIHHO YAOCKOHAIOIOTHCA, @ Tl 110 3’ SIBJISIIOTHCS BIEPIIE

MaroTh Ha0araTo OLIbIIE MOKIMBOCTEN HIXK Ti, IO MPOEKTYBAIKCS PAHIIIIE.

1.7 Awnaniz mnOTOYHOrO CTaHy 1HGOPMALIMHUX TEXHOJOTIH KepyBaHHS

Oe3MIJIOTHUMHU arnapaTtaMy Ha 0a3i IrpoBOro MiJIX01y Ta HEMPOHHUX MEpex

[lepeiiaemo 10 aHani3y NOTOYHOIO CTaHy 1H(POPMALIHHUX TEXHOJIOT1A KEpyBaHHS

O€3MIJIOTHUMH armapaTaMu Ha 0a3i IrpoBOTO MiIX0Ty Ta HEUPOHHUX MEPEK.
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[loemnanHsT IrpoBOTO  MAXOMY 3  MOXKJIHMBOCTAMH HEHPOHHHX  MEpex
3aIPOITOHOBAHO BUKOPHCTOBYBATH Y 3ajauax rnepexoruieHas pois briJIA [29].

[Tepen aBTopamu [29] mocTae BUKOHAHHS JIBOX 3aja4, a came: BU3SHAUCHHS ITiJICH
s brJIA, sxi 3aiimaioThess mepexoruieHHs M, Ta brJlA, ski yXuUnsSioTbes Bif
nepecuigyBanHs (pucyHok 1.13).

J11st 3MeHIIeHHs 4acy 004YMCIIeHHS Ta 301UIbIIEHHS IBUJIKOCTI MEPECIIiTyBaHHS Ta
MIEPEXOIUICHHS aBTOPH MPOIOHYIOTh 3aCTOCYBAaHHS HEHPOHHHMX Mepex. Bces cucrema
oburciieHHs 0a3yeThCs Ha MolryKy piBHoBaru Hema [9].

3a pe3ynbTaTaMH TPOBEICHUX EKCIICPUMEHTIB BHUSBICHO TaKi OOMEXKEHHS Y
3aCTOCYBaHHI: TMpU 30UIBIIEHHI PO3MIPHOCTI PO CYTTEBO 3pPOCTA€ CKJIATHICTD
OOYUCIICHB, IiJl Yac MEePEXOIJICHHSI HE PO3IIITHYTO BapiaHT 31 3MIHOIO MOBEAIHKU POIO,
KUY 3aXUIAETHCSA. 3aCTOCYBaHHS HEHPOHHHUX MEPEXK MA€ CYTTEBE 3HAUYCHHS JIUIIIC JIJIS
3ac001B yXHJICHHS, a HE U1 BChOI0 KOMIUIEKCY YIIPaBIiHHS B LILJIOMY.
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Pucynok 1.13 — Piii BriJIA (3111Ba) 3aXHINaeThCs Bij aTaKyro4doro poro (crpasa) [29]

Heliponni Mepexi paiioHaJIbHO BUKOPUCTOBYBATHU JIJIsl KEpyBaHHS O€3M1JI0THUMHU
arapaTam.
Po3poOKy BHUKOpHCTaHHS HEUPOHHUX MEPEX Il KEPyBaHHS O€3MUIOTHUMU

arlapataMu npejcTaBiieHo y gociipkerdi [30].
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Astopu [30] HaBuUMIM HEHPOHHY MEPEXKY aTaNTyBaTUCS 10 3MiH YMOB IOJILOTY
brJIA y peansHOMY Yaci (pucyHok 1.14).

JUig IpOBEJICHHSI €KCIIEPUMEHTIB 3alIPOIIOHOBAHO BHUKOPUCTOBYBATH 3BOPOTHHIA
3B 130K Big ceHcopiB briJIA. IlpeacraBnenuit anroputM poOOTH CHCTEMHU KEpyBaHHS
JI03BOJISIE 3HU3UTHU PU3UK 3ITKHEHHS 3aBISIKU HeWpoHHiN mepexi [30].

Pa3om 3 TuM, B pe3yJibTaTi MPOBEACHHS €KCIIEPUMEHTIB BUSBIICHO TaKi MpOoOIeMH
kepyBanHs bnJIA: apropu [30] BHKOHyBanmM ajganTamiro BUKIIOYHO IIBHUIKOCTI
nepecyBaHHss bnJIA 3 BpaxyBaHHSIM HAasBHOCTI MEPEIIKOJ, PO3IJISHYTO TUIbKU
ropu3oHTanbHUM pyx bnJIA, a BepTHKanbHHI — 3aJIUIIMBCA 11032 MPEIMETOM
JOCTiKeHHs; s (QYHKI[IOHYBaHHSI cucTeMH KepyBaHHsS brmJIA BuKopuCTaHO TiTBKH

OJHH CCHCOP, IO MOZKC HCTATHBHO BIIJIMBATHU HA 3ar aJIbH1 TTOKAa3HHUKH.

Pucynok 1.14 — KepyBanus mBukictio briJIA 3a gnomomororo HelipoHHux mepesx [30]

BukopucTtanHs TIMOOKOrO HABYaHHSA 3 MIJIKPIIUICHHSM JO3BOJIIE KEpyBaTH
TpaekTopisimu pyxy briJIA.

3a TBepKeHHAMH aBTOpiB [31] po3pobiieHa MoIeb JOCUTh TOYHO BiJICTE:KYyBaja
TPAEKTOPIIO PyXy Ta 3MEHIIWIAa CIOXKUBAaHHSA €HEprii Ha BIAMIHY BiJ 3aCTOCYBaHHS
CTaHIapTHUX KOHTPOJIEPIB.

Ane npencraiennii y pocmimkerHi [31] brnJIA He BHKOPHUCTOBYBaB J0AAaTKOBI

JATYUKH, K1 O MOTJIM 30UIBIIUTHA TOYHICTh KepyBaHHS. J[0aTKOBO CIIi/l 3a3HAYUTH, 110
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He OyJIM TPOBEJIEHI JI0JATKOBI PO3pPaXyHKH €HEProBUTPAT MPU CYTTEBUX BIIXUICHHSIX
BiJl TPAEKTOPII PyXy.

Oco0OnuBe 3HAYEHHS Ma€ HABYAHHS HEUPOHHOI Mepexi sl po3Mi3HaBaHHS
00’€KTiB Ha 300paXeHH1 y peaJbHOMY Yaci.

Jlng 1poro aBTOpH CTaTTi [32] aHOTYIOTh BEIHKY KUIBKICTh 300paxkeHb. Ha
pucynky 1.15 HaBeneHo mpolec aHOTYBaHHS 300paK€HHsSI NJii TECTyBaHHA Ta
TpPEeHyBaHHSI HEHPOHHOI Mepeki /Ui PO3Mi3HABAHHS JEPEeB y JIICOBIM MICIIEBOCTI, IO €
BKJIMBUM €JIEMEHTOM 3a0e3MeueHHs 0€3MeYHOCT] MOJIBOTY.

OkpeMO BHUKOPHUCTAHO TJHMOOKE HaBYaHHA HEHPOHHOI Mepeki JuIs  imiTarii
MOBEIIHKY aBTomiIoTa [32].

[IpoananizyBaBid AOCTIDKEHHS [32] MOXKHAa BUIUIATA HACTYITHI HEIOJIKHU:
HEHPOHHI Mepexi MPOJAEMOHCTPYBAIH HIDKYY TOYHICTH PO3IMi3HABAHHS MPHU 3MiHI YMOB
OCBITJICHHS; IHTETpAIlisl BCIX MPEICTABICHUX TEXHOJOTIH y €IUHY CUCTEMY KEpyBaHHS

brJIA BigcyTHs.

Pucynok 1.15 — 300paxeHHs s TpeHYBaHHS HEHPOHHOI Mepexi [32]

[InaHnyBaHHS ONTHUMAJIBHOI TpAaeKTOpii Mg BEIMKOi KiabkocTi BrnJIA moknHa

PO3pOOUTH 3a TOTIOMOTOI0 ITPOBUX METO/IIB Ta MAITUHHOTO HaBYaHHS (pUCYHOK 1.16).
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[TpoBeneHi AOCHITKEHHSI JAEMOHCTPYIOTh ITPOBUN METOJ, SIKUI 32 BHCHOBKaMHU
aBTOpiB [33], 103BOJISIE 3HU3UTH CHEPTOCIIOKUBAHHS, YHUKHYTH 3iTKHEHb MK BriJIA Ta
aJanTyBaTUCS JI0 3MiH BITpY.

3anponoHoBaHuil aBTopamu [33] irpoBHii METOJA CEPEAHBOrO MO €PEKTUBHO
mparioe 3 Benukow KumbkicTio brJIA, ame mms oOmexeHoi kimbkocti bBriJIA BHecok
KOXKHOTO CYTTEBO 3POCTa€, L0 B CBOIO YEepry Ma€ HETaTWBHUM BIUIMB HA TOYHICTb

PO3paxyHKIB.

communication

g | wind perturbations

kéﬁ: destination
Q [OTEON

source

Pucynox 1.16 — [lepecyBanus Benukoi kiibkocTi briJIA 3 mouaTkoBoi TOUKH 10

kinnesoi [33]

3acToCcyBaHHS KOOIEPaTHMBHOI'O ITPOBOIO METOJY € Ba)JIMBOK 3aJadyero JJis
ONTHUMI3alli IHIMBIAyalIbHUX 1 KOMAaHJIHUX BUTPAT y OararoareHTHUX CUCTEMaXx.

HamiBnenentpanizoBana cTpaTerisi YIpaBIiHHS 3alpONOHOBaHA Yy HAYKOBOMY
nociimkenni [34].

Taka cTparterist 103BOJISI€ BpaXyBaTH JOKaJIbHY Ta IHAUBIIyadbHY 1HPOPMAITi0 TPO
rpaBiiB (areHTiB). BHKOpHUCTaHHS KOONEPATHBHOIO IrPOBOTO METOAY JO3BOJISE
3MEHIIUTH 3arajbHi BUTPATH KOMaHIH.

B sikocTi HemoiKiB, CIiJl OKPEMO 3a3HAUUTH, [0 METO/I, TPEJICTABJICHUHA Y CTATTI
[34], ebexTrBHMI 17151 HEBETUKHUX KOMaH I, aJie 00YHCITIOBaJIbHA CKIIAHICTh 3pOCTaE MPU
30UIBIIEHH] KUIBKOCTI rpaBLiB Yy Komaunai. Kpim Toro, 3amporoHoBaHa CUCTEMa HE
BPaxOBY€ 3MIHU y CTPYKTypl B3a€MOii MDK TpaBIIMHU, a TaKOX ITHOPYE 3MIHH Y

30BHIIIHBOMY CEpEIOBHUIIII.
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1.8 BucHoBk# 10 po3ainy 1

B nepiomy po3aiii JOCTIIKEHHS! BUCBITICHO CTHCIUNA OISl Cy4acHOTO CTaHy
PO3BUTKY 1H(POPMAIIMHNX TEXHOJIOTiH, X BceOiUuHE 3aCTOCYBaHHS B PI3HUX Taly3sX:
BUPOOHUIITBI, CLITbCBKOMY T'OCTIOAAPCTBI, HAaYIIll, OCBITI, 3B’SI3Ky Ta YIPABIIiHHI.

Oco0nMBy yBary 3BEpHEHO Ha aKTYaJIbHICTh 1H(OpPMAIIMHUX TEXHOJOTIH, iX
3HaYUMICTh Y Cy4YaCHOMY CBITI.

Hapeneno ormnsaa iHdopMalifHUX TEXHOJOTIH, HOBITHIX HAYKOBHUX JOCIIIKEHbD,
HaIpsMIB, iX IPAKTUYHOI peaizallii Ha JaHWuH Jac.

Bukonano aHani3 NO3UTHBHUX Ta TMpOOJIeMHUX (HEraTUBHUX) AacIEKTiB
MPaKTUYHOI peaizailii po3riIsHYyTHX HAyKOBUX JIOCATHEHb.

[IpoBeneHO aHami3 aKkTyaJbHOIO CTaHy IH(QOpPMALIMHUX TEXHOJOTIA KepyBaHHS
O€3MIJIOTHUMH arapaTaMu 13 3aCTOCYBAHHIM IIPOBOTO MIAXOAY Ta HEHPOHHHUX MEPEX.

[To-nepite, HaAAHO OTJISA] CYYaCHUX MPUKIAJIHUX ITPOBUX METO/IIB, TOOYI0BAHUX
Ha 0a31 amapaTy Teopili 1rop, 3 BHKOPUCTAHHSM SKHX B)XXE OTpPUMaHa HHU3Ka
NEPCHEKTUBHUX PE3yJIbTaTIB Ta IMPOAHAN30BaHI OCTaHHI HAayKOBI Ta MPaKTUYHI
JOCJTIKEHHS B L1H ramysi.

[To-npyre, pO3TASHYTO Pi3HI THUIA HEUPOHHWX MEPEXK, iX 3acCTOCYBaHHS Y
PI3HOMaHITHUX cepax KUTTA. TakoX po3rISTHYTO BUKOPUCTAHHS HEUPOHHUX MEPEK Y
MO€/IHAHHI 3 HABYAHHSIM 3 MIAKPITUIEHHSIM, 11O 103BOJISI€ MPUHMATH ONTUMAJIbHI PIIEHHS
KEpyBaHHS y CUCTEMI.

BuxopucranHs HEMpOHHUX MEpeX Yy TMOEIHAHHI 3 ITPOBUMHU METOJAMH Mae
MEPCIIEKTUBY PO3BUTKY IS MiJABUIIEHHS O€3MeKHM BUKOHAHHS MicCii O€3MUIOTHUMHU
amapaTtami.

3anuT CyCHUIbCTBA JJI BHUPIIMICHHS CKJIQJAHUX 3a/Jad 13 3acTOCYBaHHSIM
OE3MUIOTHUX arapaTiB BU3HAYA€ IMOMUT Ha TMOJAIBIIUN PO3BUTOK Ta BIOCKOHAJICHHS
1H(OpMAaIIHHUX TEXHOJIOTIH, y TOMY YHCII MPU pO3poOIIl HOBHUX MIIXO/IB, METOIIB Ta

MoJiesiel KepyBaHHs OC3MIJIOTHUMHU arapaTamu.
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2 MPOEKTYBAHHS IHOOPMAIIMHOI TEXHOJIOT'II KEPYBAHHS
BE3NIJIOTHUMMU AITAPATAMU

2.1 OOrpyHTyBaHHS BHUKOPUCTaHHS KOOIEPATHUBHOTO IrPOBOIO METOAY Y
KepyBaHH1 O€3MIJIOTHUMU arapaTaMu

JInis mpoBeNleHHS HAyKOBOTO JOCIIPKEHHS IMPOLIECIB KepyBaHHS O€3MiIOTHUMHU
anaparamu (bnA) oGpaHo irpoBuii MeTO, KU HaWKpaIle MiaXOAUTh N1 BUKOHAHHS
3a/1a4i ONTUMI3aIll] Ta KOOpAUHAITT JiH.

3 ycixX ICHYIOYHMX IrpOBHX METOJIB B TPOIECI MUCEPTAIIHHOTO TOCIHIKESHHS
0o0paHO KOOMEpPAaTUBHUM ITPOBUM METOJI, OCKUIBKU L€ METOJl JT03BOJISIE BUPIIIUTH
npo0semMy B3aeMOJIii Mix JiekiibkomMa briA (rpaBIipsiMu), 30Kpema, 3 ypaxyBaHHSIM:

— TUTOIII TTOKPUTTS,

— MIBHJIKOCTI N€pECyBaHHS;

— KOPHUCHOT'O HaBaHTAaXXEHHS B YMOBAaX OOMEXEHOCTI JIOJCHKUX Ta (PIHAHCOBUX
pecypciB il eHeprocnoKUBaHHS;

— HEOOX1IHOCTI TUIaHYBaHHS ONTUMAJIBHOTO MapIIpyTy pyXy KuibkoXx BmnA B
CKJIATHUX YMOBax (BUSIBJICHHS BEIIMKAX CTAaTUYHHX MEPEHIKOJ[ 13 3aCTOCYBaHHSIM
HEHPOHHMX MEpPEeX B YMOBAX PHU3MKY Ta HEBH3HAYEHOCTI, a TAaKOX TMOSBI I1HIIMX
MOXJIMBUX TIEPEITKO/);

— ONTUMI3alli MPOKJIAJAAHHSI MapIIPYTy B IPOLIECI BUOOPY 3apsSAHUX CTAHIIHN IS
brA.

PesynbTati qociimkeHb BUKIIAACHO y ctaTTsax [35—-38].

B mpoueci mnpoBeAeHOro AOCHIIKEHHS OTPUMAaHO BHCHOBOK, LIO came
3aCTOCYBaHHS Teopii Irop y TO€IHAHI 3 METOJOM IEHTPaTi30BAHOTO YIIPABIIHHS
JIO3BOJIUTh OTPUMATH HaWKpallll pe3yJbTaTh JJI ONTUMI3allli BUOOPY 3apsSHUX CTAHIIIMN
1 TUTAaHYBaHHS Yacy 3apsaKd [ KITbKOX BrA.

Binbr getaiapHO 3yNMMHUMOCH HA TIPUKIIAI, SKUI HaBeIeHO B cTatTi [35].

Bynemo nputpumMyBaTucs HACTyTHUX ITO3HAYCHbD:

a) D1 — inentudikarop mepiioro bnA;

0) D2 — inentudikarop apyroro bnA;
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B) D3 — inenTudikarop Tperboro biA;

r) S1 — igeHTUdiKaTOp MEePIIOi 3apSAHOI CTAHIIIT;

n) S2 — ineHTudikaTop APYyTroi 3apsAHOT CTaHIIIT,

e) S3 — imeHTH(IKaTOp TPETHOT 3apsIIHOT CTAHIII].

OTxe, y nociikenHi [35] po3rasHyTo BUnaaok, ae € tpu bunA (D1,D2,D3) i tpu
sapsaHi cranuii (S1,52,53).

Bci tpu BriA Matote notpely y 3apsiiyKaHHI BIaCHOTO aKyMYJIATOPY B 3aJIEKHOCTI
B1JI CTAaTyCy 3apsIKEHOCTI OaTapei Ta MiciH, Ikl BOHH MalOTh BUKOHATH.

Bci Tpu 3apsaaHi cTaHiii MalOTh pi3HY MOTY>KHICTh Ta CTPYM HAaBaHTa)KCHH.

B nocnimkenH1 3p00JIeHO HACTYIHE MPUITYIICHHS:

— Tpu briA € rpaBisiMu (y4acHUKamMM) y TPl 1 B3aEMOJIIFOTh MIX CO0O0I0;

— BUHAropoJI0I0 y Takiil rpi MPUHHATO BBAXKATH: OTPUMAHHS 3apsAy BiJl CTaHIIll Ta
yCHIIIHE BUKOHAHHA MICI1 IPU MaKCUMaJIbHIN €KOHOMII Yacy;

— MeTa I'pH MOJISTrae B TOMY, 00 KokeH bIA (rpaBelb) Mir NOTEHUIHHO OTPUMATH
MaKCUMaJIbHY BUHATrOPOIY.

Posrnsaemo npukian 1.

B nporueci mociimkeHHs 3MOIeIb0BAaHO HACTYITHY CUTYAIIIFO.

BBaxkaemo, mo bmA D1 Ta bnA D2 neoOxigHo mimzapsautu. Haibmmkdoro
3apsinHoro ctaiiero 10 bnA D1 ta bnA D2 e cranmis S1.

Bunanok, konu o6unBa briA ogHOYacHO CIPSIMOBYIOTH CBOi MapIIPYTH A0 €IUHOI
3apsinHOi cTaHiii S1, He Oyne onTUMaabHUM, OCKUIbKM BmA D2 BTpadae 4vac Ha
BUKOHAHHS MICIi, YeKaIOUX Ha 3aBEPILIEHHS Mporiecy miazapsanku bnA D1.

3aBAsSKA BUKOPUCTAHHIO ITPOBOIO METOMy, OOpaHHS 3apsIHUX CTaHIIIN
B11I0yBaeThCcsl aBToMaTuyHO 11t btA D1 ta bnA D2 (ToOTo mepexin Ha iHUIl 3apsaHi
cTaHIli S2 a60 S3 3MEHIHUTH Yac O4iKyBaHHS JUIS M1 A3aPSIIKH).

[Tepeitnemo oo mpukiany 2.

[HIIIMM clieHapieM, KU 3MOIEITbOBAHO Y JTOCIIKEHHI € TaKUH.

briA D1 notpebye CyTTeBOI MiA3apsAaKH, ajae He KPUTHIHOI 1 MOXKE 3a4EKaTH.
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brnA D2 mae 6inbimuii 3apsif, aje Moro npiopuTeT y BUKOHAHHI Micii BUIITUH HIXK Y
brA D1.

B Ttakomy Bunaaky bnA D1 nponyckae bnA D2 ynepen.

OTxe, TaKy TPy MOXHa BBa)XKaTH KOOTIEPATUBHOIO, TOMY 1110 bIA criBmpamooTh
JUTSL TOCSATHEHHSI MAaKCUMAaJIbHO HAaWKPAIOTo CHIJIBHOTO pe3yJIbTaTy.

Po3rnsnHyTi BHIIlE 3MO/I€NIbOBaH1 CUTYAITli TIOCTPYIOTh MOKIIMBOCT1 3aCTOCYBaHHS
ITPOBUX METO/IB JIJIsl YCIIIIIHOTO 3aBEPIICHHS MMOCTABIIEHOT MiCii.

Posrasinemo npuxinan 3.

B mporieci 1150T0 TOCTIIKEHHS 3MOICTBOBAHO 1HIITY CHUTYAIIIIO.

bynemo nputpuMyBaTHCs HACTYTHUX ITO3HAYCHbD:

a) D1 — inentudikarop nepuioro bnA;

6) D2 — inentudikatop npyroro brA;

B) D3 — inenTudikatop tperboro bnA;

r) S1 — ineHTudikatop nepuioi 3apsiAHOI CTAHIIIT;

1) S2 — igeHTrdikaTop APYroi 3apsIHOI CTAHIIIT;

e) S3 — imeHTUdIKaTOp TPETHOT 3apSAAHOI CTAHIII].

Koxen bnA (D1,D2,D3) mae MOXJIHMBICTE OOpaTH OAHY 3 TPbOX MOMJIMBUX
sapsaHux ctanmii (S1,52,53).

BBaxaemo, 1110 BUHaropoa, iky OTpuMy€e KOXHHI 3 BITA okpeMo — 11 KIJIbKICTh
yacy, SIKUil 3eKOHOMUTH BIA, 11100 JicTaTucs OJIHIET 13 MOXKIUBUX 3apsiAHUX CTaHIIIH.

Martpuiis BuHaropoj Hajana y tadmui 2.1.

Tabnuis 2.1 — MaTtpulisst BUHaropoJ

S1 S2 S3
D1 2 1 3
D2 1 3 2
D3 3 2 1

Martpuiist BUHaAropoJi CKIagacThes 3 briA, 3apsgHuX CTaHIlii Ta yacy, askuii bA

MOKYTb 36KOHOMHUTH TPH MIKIIOYEHHI 10 (PIKCOBaHOT 3apsAAHOT CTAHIII].
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Hanpuxknan, skuio bnnA D1 nepexoauts a0 cranuii S1, biA D2 nepexoauTs A0
ctaniii $2, a bunA D3 nepexoauts 10 ctaHiii S3, Tomi btA D1 ekoHOMHTH 2 OMHMIII
yacy, biA D2 exkoHoMuTbh 3 OAMHMII Yacy, a biiA D3 ekoHOMUTH 1 OMHUITIO Yacy.

VY npuknaai 3 BUKOPUCTAHO TMOJIOKEHHS PO MATPHUII0 BUHATOPOJ 1 piBHOBAaru
Hema.

3a A0MOMOTOI0 BUKOPUCTAHHSI MaTPUIll BUHArOpoj, A OKa3aHO BUHATOPOY, SKY
KOXHUH i-d BmA orpumye Bim Bubopy J-i 3apsnnoi cranmii. Bumaropoga a;;
BHU3HAYAETHCS SIK KIJIBKICTh Yacy, 30epexkeHoro i-m bA 3a ymoBu BUOOpY j-i cTaHIIII.

[pu meomy i = 1,3; j = 1,3.

PiBHoBara Hema — HaGip cTpareriii (1iif) y Tpi 3 1BOMA 4H OLjIbIIe TPABLSMH, TIPU
SKOMY BHOIp ONTHUMAJIbHOI CTPATETli KOXHUM TpaBIEM BiOYBA€TbCS 3 ypaxyBaHHSIM
HACTYNHUX Jii CyIEpHUKIB.

Y nanomy npukiani piBHoBara Hemia — HaOip cTpareriit (BuOip 3apsiagHuX
CTaHIll), 3a AKUX kojJeH BHA He Moxke 30LIbLIMTA CBOK BUHAroOpojy IUISIXOM
OJIHOCTOPOHHBOT 3MIHU CBOET CTpATET1i, HE BPAaXOBYIOUHM CTPATETIi IHIIUX OE3MIIIOTHUKIB
[35].

PiBHoBara Hema o64ncieHa HACTyITHUM YHHOM:

1. BuznaueHo BuUHAropody majisi KOKHOro bmA Ha miactaBi BUOOpY 3apsIHOT
CTaHIIII;

2. BuznaueHo, 4u 301IbIITY€ OJJHOCTOPOHHSI 3MiHA CTpaTerii BUHAropoay Jjisi Oy ab-
skoro briA;

3. Skmo npu 3MiHI cTpaTerii )ko/eH bITA He MOoe 301TBIITMTH CBOIO BUHATOPOY,
TO MOTOYHMI HaOIp cTparteriii € piHOBaroto Hema.

Cuenapitt 1: D1 - S1,D2 - §2,D3 - S3

Bunaropoau: D1 =2, D2=3, D3 =1
3araibHa BUHAropojia Bcix Tpbox brrA (rpaBmiB) = 6.

Konen BiA He MoXxe 30UTBIIUTA CBOO BUTO/Y, 3SMIHUBIIIH JIMIIIE CTAHITIIO.

Tomi (S1, S2, S3) € piBHOBaroro Hemra.

Cuenapiii 2: D1 - §2,D2 —» §3,D3 - §1
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Bunaropoau: D1 =1, D2 =2, D3 =3
3aranbpHa BUHAaropoja Bcix Tprox brA (Tpasiis) = 6.

Konen A He MoXxe 30UTBIIUTA CBOIO BUTOY, JIUIIIE 3MIHUBIIIHA CTAHITIIO.

Tomi (S2, S3, S1) Takox € piBHOBaror Herra.

B 060x Bumagkax po3noaisn briA Mix 3apsIHUMU CTaHIISIMH JTOCSITA€ CTaHy, KON
OyIb-siKa OJHOCTOPOHHS 3MiHa cTparerii bnA He mnpusBene A0 30UIBIICHHS HOTO
BuHaropoxau. Lls xapakrepuctuka Bu3Havyae piBHOBary Hemra 1151 KO)KHOTO CIIEHAPITO.

[TpoBencHMI aHami3 NMpaBUILHO BHU3HAYae piBHOBary Hemra Ha OCHOBI 3amaHOi
MaTpPHIli BUHArOpPOIU, JIEMOHCTPYIOUN 3aCTOCYBAHHS iIrPOBOTO METOMY JIJISI ONTUMI3aIlil

BUOOPY 3apsaHUX cTaHIii st biA [35].

2.2 llenTpanizoBaHuii 1 ACIICHTPATI30BaHUN METOJ] KEPyBaHHS OC3MIIIOTHUMHU

arapaTaMu

Jlis kepyBaHHs O€3MUIOTHUMH amaparaMy 3aCTOCOBYIOTHCS SIK LIEHTpalIi30BaHi,
Tak 1 JeIeHTpaTi3oBaHi Metonu kepyBaHHs [39—40]. BuOip Toro um iHIIOro MeTomy
3MIIMCHIOETHCS Ha MIJACTaB1 B 3aJIEKHOCTI B1J 3aja4, Kl TpeOa BUPIIIUTH.

HanamMo o3HaueHHs LIEHTpaIi30BaHOMY METOly KepyBaHHs BIA.

LlenTpanizoBaHuii METOI KEpYBaHHS KijbkoMa briA nepenbayae, 10 pillIeHHS PO
BUKOHAHHS yCiX 3aBAaHb (Miciil) Bcima BrTA (TpaBiisiMu) NpuitMaeThCsl BUKIIFOUHO OJTHUM
ornepatopoM abo0 3 €IUHOTO LIEHTPY KepyBaHHA. [Ipoiiec kepyBanHs cuctemoro BnA
B1JI0YBAETHCS 3 JJOTIOMOTOI0 0araTropiBHEBOI CTPYKTYpH. [ 0JI0BHOIO OCOOTIMBICTIO ITHOTO
METOYy € 30€peKEeHHsI KOHTPOJIIO 32 KOXXHUM briA (rpaBuem).

B cBow uepry, ACLEHTpali30BaHMM METOJ KepyBaHHS Kulbkoma bnA — me
BIJICYTHICTh IIEHTPAJII30BAaHOTO YIIPABIIHHS;, BCl 3aBJaHHA Ta MICli B IUIOMY
BUKOHYIOThCSI Tpynoo bnA (rpymoro rpaBuiB) mif YHpaBiIiHHSAM KUIBKOX IEHTPIB
KEepYyBaHHS.

Posrnsimemo OuTbIl  JE€TaThbHO OCHOBHI TOJOXKEHHS IIEHTPATi30BaHOTO Ta

JELEHTPaII30BaHOTO METO/I1B KEpyBaHHs bA.
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Huxue HaBEJIEHO MOPi1BHSUTbHUIN aHai3 [EHTPai30BaHOTO Ta

JIEIICHTPATI30BaHOTO METO/IIB KepyBaHHs bA.

CyTb
HenTpanizoBanuii MeTO:

a) OJIUH orepaTop kepye BciMa briJIA B Mmepexi;

0) omepaTop BIANOBIZAE 3a BEChb KOMIUIEKC 3aBIaHb, y TOMY YHCI1
HaBITaIlilo, KEPyBaHHS MICISIMH, Ta MOHITOPUHT CTaHy CHCTEM;

B) KOHTPOJIb TAKOK BUKOHYETHCS ONEPATOPOM.

JeueHTpaJsrizoBaHuii METO:

a) brJIA ni0Th TMpaKTUYHO aBTOHOMHO Ta B3a€MOJIS BiIOYBA€ThCS 3a
JIOTIOMOTOI0 MEPEXKi;

0) HasgBHICTh AEKUJIBKOX MMYHKTIB KEpyBaHHA (OMEPATOPIB);

B) omepaTopy MarOTh y3roJKyBaTH Jiii MK co00F0, IO mependayae mosiBy
MOMUTY Y PO3pOOI JOIaTKOBUX IHCTPYMEHTIB MiHIMI3allii JIOJCEKOTO (haKTOpy B
polieci MPUNHATTS PIIICHb Ha PIBHI «ONIEPATOP-OIEPATOP»;

I') MpaBa KOXKHOI'O orepaTopa 0OMEKEHI;

1) KOXXEH OKpEeMHUM orepaTop Mae IpaBa JIMIIE Ha PIBHI 3arajibHOIO
YOpaBIIHHSA MiCiAMU Ta 3aBAaHHsAMU. JIOoKalbHE BUKOHAHHSA Micii (MicCiil)
nependadae 3aCTOCYBaHHS aBTOMATH3AIII].

IlepeBaru
HenTpanizoBanuii MeTox:

- KonTposb: Bech KOHTpOJb 3a BUKOHAaHHSM Micli (MICiii) MOKJIaJa€ThC Ha

OJTHOTO OTIepaTopa.

- IIpocroTa: BiacyTHICTh 3amuTiB ILIOAO PO3POOKH CKJIAJAHHUX aJTOPUTMIB

aBTOHOMII.

- be3neka: Oneparop npuiiMae BCi pillieHHs] 0JTHOOCIOHO.

JeuenTpasizoBaHnuii MeTO:



58

- MacmraboBanicTh: 30U1bIIeHHS KiTbKOCT1 briJIA mifBuIillye HaBaHTa)KEHHS Ha
oreparopa, aje Il mpoOjeMa BHUPINIYEThCS INIISXOM YTBOPEHHS YW BBEJICHHS B IO
JIOJIATKOBUX MTyHKTIB KEPYBaHHS Ta 3a]TyYEHHSM HOBUX OIEPATOPIB;

- CrilikicTs 10 BiAMOB: Btpara 3B’43Kky 3 onHumMm oneparopoM uu brJIA He
3yNUHSIE BUKOHAHHA Micii (Miciit).

- MeHe HaBaHTa)KeHHST Ha omeparopa: 3MCEHIICHHS KOTHITUBHOIO
HAaBaHTA)XCHHA Ha OKPEMOTO oOIlepaTopa BHKIIOYHO y pasi BIACYTHOCTI aBapiiiHUX
cuTyalii (Bci ornepatopu 1 TexHiuHe 3a0e3MeueHHs 3HaX0IIThCs Yy POOOYOMY CTaHi).

Henoaikn

HenTpanizoBanuii MeTOA:

— YCnimHIicTh BUKOHAHHSA Micii (MICif) TOBHICTIO 3JICKHUTh BIJl JIFOJICBKOTO
dakrtopy.

- O0mexenHst KiiibkocTi BniJIA: oqun oneparop (G13u4HO He 31aTHUN €PEKTUBHO
KEepyBaTH BEIUKOIO KUTbKiCTIO briJIA.

- BpasiuBicTh: BTpaTa Mpane3fgaTHOCTI omnepaTopa 4Yd BiAMOBa OO0JagHAHHS
MYHKTY KepyBaHHS 3YNUHSE BCIO CUCTEMY 1 MPU3BOAUTH JO 3PWMBY BUKOHAHHS MICIi
(miciif).

-~ Bucokuii piBeHb HaBaHTAXKEHHSI: ONEPaTOp MOXke OyTH IEepPEeBAHTAKECHUN
BEIIUKOI0 KIJIBKICTIO PI3HOMAHITHUX 3aBJlaHb Ta BIJBOJIKAIOYMMHU TOMISIMH, IO
IPU3BOJATH O TOMUIIOK.

- JlocBin onepartopa: kBamidikailis onepaTopa Mae NPsIMUNA BIUIMB HA BAKOHAHHS
Micii (Miciif).

JeueHTpaJizoBaHnuii MeTO:

- CkaanHicTh npoexktyBaHHsA: IloTpeba y CTBOpEHHI HOBHUX CKIJIAJHUX
QITOPUTMIB  JICTICHTPATi30BAHOTO  KEPYyBaHHS Ta  BIAMOBIHOTO  IMPOTPAMHOTO
3a0€e3MeUeHHS.

- Menmi mnependauyBana mnoBeaiHka: OOMexeHI MpaBa ornepaTopa MOXYTh
NPU3BECTH J0 CKIAJHUX Ta HerepeadaueHuX CUCTEMOIO CUTYaIllil y TOMY YUCIl HaBITh

710 3pUBY Micii (MicCiit).
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- Burpatu: Po3po0Oka aBTOHOMHHX CHCTEM TMOTpeOye 3HAYHHUX JIFOJCHKHUX,
(bi1HaHCOBHX PECYpPCiB Ta Jacy.

Ha ocHoBI pe3ynbTaTiB MOPIBHSUIBHOTO aHANI3y PO3TJISHYTHX METOJIIB 3pOOUMO
BHCHOBOK.

LenTpanizoBanuii MeToa €(EeKTUBHO 3aCTOCOBYETHCSA Y BUMAJAKaX, /i€ MOTPiOEH
MOHITOPHHT 1 0e31ocepeIHE BTpydaHHs orieparopa. LlentpanizoBanuii MeToa e(heKTUBHO
3aCTOCOBYETHCS 151 00OMekeHO1 KiTbKOCT1 briA. JlerienTpani3oBaHuii METO CKJIaIHIIITHIA
B peaiizailii Ta moTpedye 3HAYHO OUIbIIE PEeCypCiB, Y TOMY 4YMCI (DIHAHCOBUX JJIs

BUPIIICHHS JACIKUX TUITIB 3a/1a4, K1 BUMararoTh BEJIMKOI KiTbKOCTI biA.

2.3 Kom0OiHOBaHa IIEHTPaII30BaHO-KOOTIEpaTHBHA MaTEMaTHIHA IrpOBa MOJIEITH

kepyBaHHs briJIA ta bBnHA

B mpoueci mnpoBeneHHS HAYKOBOTO JOCHIDKEHHS OTpUMaHa KOMOiIHOBaHa
[EHTPaII30BaHO-KOOIIEpaTUBHA MaTeMaTH4Ha irpoBa Mojenb KepyBaHHa brJIA Ta
briHA, sixa Bupimye npoOiemMy HaBeACHY HUXKYE.

JIJisi BUKOHAHHS TONIYKOBO-PATYBAJIbHOI MICii HEOOXITHO 3aiisiTH KiJbKa (J1Ba)
bnA pizaux tumiB: bnJIA Ta BnHA. BanTtax 1 mourykoBO-psTyBaJIbHOI MicCli
3HaxoauThesa Ha brtHA.

brJIA Bukonye ¢yHkiito cynpoBomxennas bnHA.

Micisi BBaXXa€ThC BUKOHAHOIO, KOJIM HEOOX1THUN BaHTax OyJle HEYIIKOKEHUM
JIOCTABJICHO JI0 MICIISl MPU3HAYEHHS B yMOBaX ONTUMAJIbHOTO BUOOPY METOY KepyBaHHS
biHA 13 BpaxyBaHHAM OOMEXKEHOCTI JIIOJICBKUX, EHEPreTUYHUX Ta (HIHAHCOBUX
pecypciB.

Jlyist BUpitieHHs 1i€i mpo06yieMu 0OpaHo MEHTPai30BaHUN METOT KEPYBaHHS, IKH,
SK BIJOMO 3a O3HAYCHHSM, Tependavyae KepyBaHHS BIIA 3 OJHOTO IIEHTPY YIpaBIiHHS
(macammepen ogHUM omepatopom). Pazom 3 Tum, po3pobiieHa MaTeMaTHYHA MOJIEIh €
KOOTIEPATUBHOIO, OCKIJILKH B MPOIIECI MOACIIOBAHHS PO3TIISIHYTO KiibKa (1Ba) biA, siki

BUKOHYIOTh Pa30M CIIUIbHY MICit0, TOOTO A1l OJHOTO MOB’sI3aH1 3 IISIMH 1HILIOTO.
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Kpim Ttoro, B mporeci moOyI0BH 3a3HAUYE€HOI MOJEIi BUKOPHUCTAHO IIIJIXOJH,
TEPMIHOJIOTIIO ¥ amapaT irpoBOT0 MeToay. [HIIMMU cioBamMH 3alpOIIOHOBAHUIN 1TPOBHIA
MIJIX17] pO3B’si3aHHS 3ajJladi, 3aCHOBAaHO Ha Teopii irop (abo Teopii MOCTITKEHHS
oriepartii).

Baxxaemo, 1110:

— bnA — rpasi;

— 00panus (ikcoBaHOro croco0y aii i-ro BrA — o0paHHs cTpaTerii i-M rpaBleMm,
nei = 1,N: N — KiIbKicTh TPaBIIiB.

Beeaeno mpunymenss, uo N = 2, ToOOTO B MOJAIBIIOMY PO3TISAAEMO JBOX
rpaBuiB (briJIA ta BnHA).

[Tin 3arampHOIO (yHKIEI BUTpAmy Fy,,pa MAEMO Ha yBa3l (YHKIIIO, sKa
BHU3HAYA€ FOJIOBHY LIUJIb TPH, & caMe: HalyCHIIIHIIIE BUPIIIEHHS TOCTABIEHOI MicCii B 11
MOYAaTKY 1 1O KIHIIA.

Pe3ynbraroM MOJENIOBaHHS 13 3aCTOCYBaHHSM KOMOIHOBAHOI IEHTPai30BaHO-
KOONIEPATUBHOI MaTeMaTUYHOI IrPOBOi MOJIeNl KepyBaHHs blA (3a npunymieHHsmM briJIA
ta bBtHA) € oTpuManHs MmakcuMyMy (QYHKITIT BUTpaIiy.

B mpomeci moOymoBu 1i€i IrpoBOoi MaTeMaTHYHOI MOJEN BBEJICHI HACTYITHI
MO3HAYCHHS:

E qransua — 3araibHa GyHKINIS BUTpaIry Koamii rpaBiiiB (aBox rpasuiB briJIA Ta
bnHA), sika BU3Ha4a€ TOJOBHY I[1JIb TPU Ta 3HAYEHHS SIKOi Tpeba MaKCUMI3yBaTH.

['onoBHE mpakTHUYHE 3HAYEHHS 3aCTOCYBaHHS (YHKINT BUTpamy Fo,amua
BUKOHATH MICII0 3 MaKCHUMaJIbHUM TOKPUTTSAM TEPUTOPIi y peanbHOMy daci 3

HallMEHIIMMU BUTpATaMU 4acy Ta pecypciB (JIFOACHKUX, (PIHAHCOBUX Ta €HEPIE€THUHUX ).

Faransua = Z ajF}' - Z ajF}' — max, (21)

Jj=1 j=4
ne F; — CKJIAJIOB1 3arajbHOI (PYHKIIT BUTpary;
[Ipu moOymoBi MOjeNi BBEICHO TaKe NPUITYIIEHHS: OOpaHO I’SITh OCHOBHHUX

HalBAXKJIUBIIINX XAPAKTEPUCTUK €KCIUTyaraiii brA: MmOKpUTTS TepUTOpii, IBHUIKICTh
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nepecyBaHHs, KOPHCHE HaBaHTAXEHHS, CHEPrOCIIOXKMBAHHS, BUTPATH (PIHAHCOBUX
pecypciB.

JIns ycnimHoro BUKOHAHHS IMOCTABJICHOI 3aj1adul MOTpiOHA KapTa MICIIEBOCTI, e
Oyae BigOyBaTuCS JOCTaBKa BaHTaXy Yy BaXKOJOCTYMHI Micus abo0 MONIyKOBO-
pATyBallbHA oOMepallis. 3ampolNOHOBAaHO B pEAJIbHUX YMOBaX BHUKOPUCTOBYBAaTH
eJIEKTPOHH1 KapTorpadiuHi pecypcH, 30kpema, OpenStreetMap.

Jns moOyAoBH KapTH MICHEBOCTI 3 MOJAIBUINM OTPHUMAaHHSM pE3yJIbTaTiB
MOJICTTIOBaHHSI BUKOPHCTOBYIOTHCSI MOKJIMBOCTI CUMYJISITOPA.

JIJis KOXKHOI XapaKTepUCTHKHU BBEACHO TaKi MPIOPUTETH:

a; — j-uii mpiopuTeT; j = 1,5;

5
ai=1n0<a <1; j=15 (2.2)
j=1
e a; — NpIOpITET MOKPUTTS; A, — NPIOPUTET HIBUIKOCTI MepecyBaHHs bnA; a; —
MPIOPUTET KOPUCHOTO HABAHTAXKEHHS BHA; a, — MpIiOpUTET €HEepProCIOXUBAHHS, Ag—
npioputeT (H1IHAHCOBUX PECYPCIB.
BBaxkaemo, 110 Bei (yHKIIii fi — HopMasizoBaHi.
p; — mnpioputeT KoxkHOro I-ro o0’ekty kepyBanus (bnJIA ta BnHA), ne

0<p;<1;,i=1,N; N=2;

N
D=1, (23)
i=1

F, — uinpoBa (yHKIIs, IKa BU3HAYAE€ MAKCUMAJIbHY ILIOILY MOKPUTTS TEPUTOPIi

KOAJIIII €O TPABIIIB!

N
Fl = Z p; * fl HOKPHUTTS (xl(t)) ’ (24)
i=1

1€ finoxpurrs (xi(t)) — (QyHKIIs TOKPUTTS I-TO 00’€KTYy KepyBaHHS (TpaBIlsl) B MOMCHT
yacy t;
x;(t) — cran i-ro 06’ ekTy KepyBanHs B MoMeHT uacy t, e 0 < t < T;t =0, T;

t = 0 — MOMEHT MoyYaTKy Micli;
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T — MOMEHT 3aKIHUEHHS MICI.

F, — minpoBa GyHKIIIS, SKa BU3HAYA€ MAKCUMAJIbHY MIBUIKICTh KOATIIIT TPaBIIiB:

N
FZ = z p; * fimBH;{KiCTb (xi (t)) ’ (25)
i=1

1€ fi mpuaxicrs (xi(t)) — (YHKIIiS IBUAKOCTI I-T0 00’ €KTy KepyBaHHs (TpaBIlsi) B MOMEHT
yacy L.
F; — mimboBa ¢yHKINS, SKa BH3HAYA€ MaKCHUMaJIbHE HABAHTAKCHHS KOAJIIIIi

I'PaBIIIB:

N
F3 = z p; * fl HaBaHTAXKeHHS (xl(t)) , (26)
i=1

1€ fi napantaxkenms (xi(t)) — (yHKIIisST HABaHTaXEHHs 1-r0 00’ €KTy KepyBaHHs (TpaBIis) B
MOMEHT 4acy t.

F, — uinboBa (QyHKIIS, SIKa BU3HAYa€ MIHIMAJbHY BHUTpATy €HEpPrii KOaJILI€r0

rpaBlIiB:
N
F, = z p; * fieHepr.(ui(t)) ) (2-7)
i=1
fieHepr.(ui(t)) = (”ui(t)”)zr (28)

1€ fienepr. (ui(t)) — (DYHKIIiST €HEeproCnOKUBaHHs 1-T0 00’€KTy KepyBaHHs (TpaBlis) B
MOMEHT 4acy f{;

u; (t) — xepyroua QyHKIist 1151 I-r0 00’ €KTY KepyBaHHs (TPaBIls) B MOMEHT 4acy t,
aet=0,T.

F5 — niipboBa (pyHKIIIs, Sika BU3HAYa€ MIHIMaJIbHI (PIHAHCOBI BUTPATH KOAJIIIEIO

I'PAaBIIiB:

F5 = Z p; * fiQJiHch.(ui(t))r (29)
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fi gimanc. () = (W (D)7, (2.10)

1€ f; pinanc. (ui (t)) — ¢yHKIiA (HIHAHCOBUX BHUTpAT I-T0 00’€KTY KepyBaHHs (TpaBIis) B
MOMEHT 4acy t.

BBoaumo o3HaveHHs ineanbHol GyHKuii Burpamy Fijeanpua-

Fijeanpna — MAKCHMAJbHO MOXJIMBE 3HAa4€HHS (YHKLII BUTpamly 3 HyJIbOBHM

CHEProCIOKUBAHHAM Ta HYJbOBHUMH (iHAaHCOBUMHU BUTpaTaMu (ieajqbHa (YHKIIS

BUTpaIy).

3
Fi;;eaana = Z ajF}' ) (2.11)
j=1
E
EdeKTUBHICTb = ———= % 100% (2.12)
izeasbHa

Ha pucynky 2.1 npoaeMOHCTPOBAaHO 3aJICKHICTh LUIBOBOI (DYHKIT BiJ| THITY

MOACII.
3anexHicTb 3aranbHoi LiNnboBoi yHKUIT Big TNy Modeni
— LlEHTpaﬂiBOBaHO-KODI’IepaTVIBHa MaTeMaTWU4Ha ModeNb
—— JeueHTpanizoBaHoO-KoOMNepaTWUHa MaTeMaTW4yHa Modens 1
25 - -_— LleueHTpani3osaHo-Koonepa'rMHa MaTeMaTWiHa Moaens 2
= 20 1
=
ax
=
>
&
(1]
3 15 A
el
=
El
m
&
e
5 101
[+
m
5 g
0 N

2 4 6 8 10
®IHaHCOBW BUTPaTH

Pucynok 2.1 — 3anexxHicTh (GyHKIII BUTpAILy BiJ TUITY MOJIET]
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HacTymHi po3paxyHKu HaBeJeHO y 101aTKy b:

1. Kom6iHOBaHa 1IEHTpaIi30BaHO-KOOIIepaTUBHA (OJIUH IICHTP KEPyBaHHS):

EdekTuBHicTD = Baramna 10094 = 71,12%;

ineasbHa

2. JlenieHTpatizoBaHoO-KooIepaTiBHa 1 (J1Ba IECHTPH KePyBaHHS):

I
EdekTuBHicTh = Barana 5 1009% = 65,06%:

izeanbHa

3. [enentpanizoBaHo-koornepaTuBHa 2 (11’ ATk IIEHTPIB KEPyBaHHS):

11

E,
EdekTuBHicTh = 2P «100% = 22,66%.
izeanbHa

3asHaunmo, Mo Fl ..nma — 3aranpHa (YHKIiS BUIpally IIPU 3aCTOCYBaHHI
JIeLleHTpali30BaHo-KoonepaTuBHoi moem 1; EX. - — saranena gyHKiis Burpaiy mnpu
3aCTOCYBaHHI JEIEHTPa130BaHO-KOOIEPATUBHOT MOJIE 2.

Piunis B edeKTUBHOCTI  MDK  IIEHTPaII30BAaHO-KOOINEPATUBHOIO  Ta
JEHEHTPaII30BaHO-KOOTIEPAaTUBHUMU  MOJAENISIMH  cTaHoBUTH 6,06% nmns  mepiioro
BUMAJIKY Ta 3Ha4Hi 48,46% a1 qpyroro, 10 BKa3ye Ha CyTTEBE 3MEHIIICHHS 3HAYCHHS
3arajbHOI LIJIbOBOI (DYHKIIIT Uepe3 3pOCTaHHs BUTpPAT.

Ha ocHOBI oTpumaHOoi Mojeni po3poOJIEHO IEHTPali30BaHO-KOOTEPATHBHUMA
irpoBuii  Meron kepyBanHs bnJIA Ta bBnHA, skuil o00’enHye mnepeBaru sk
LHEHTPaII30BaHOT0 METO/TY, TaK 1 KOOIIEPATUBHOI'O METO/Y:

1. Onun oneparop kepye oboma briJIA ta BiHA B mepexi;

2. OnepaTop BIAMNOBIZA€ 32 BECh KOMIUIEKC 3aBJaHb, Y TOMY YHCII HaBiraiito,
KEepyBaHHS MiCisIMU Ta MOHITOPUHT CTaHy CUCTEM;

3. OnepaTop 0IHOOCIOHO BUKOHY€E KOHTPOJIb 32 BUKOHAHHS MICIi];

4. KoomepaTuBHUI IrpOBHH METOJ 3aCTOCOBYETHCS JIJIi BUPIIICHHS 3aBIaHb
orrruMmi3aiii Ta koopaunaiii niii Mixk briJIA Ta biHA.

[lepeBarn KOMOIHOBAHOI IIEHTPATI30BAHO-KOONIEPATUBHOI MAaTEMaTUYHOI MOJEI
kepyBanHs bnJIA ta bnmHA y mopiBHSHHI 3 AEHEHTPATi30BAHOIO KOOMEPATHBHOIO

MaTeMaTUYHOI0 MoaeuTio kepyBanHsa briJIA ta bBnHA nactynHi:
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— €KOHOMISl JIIOJICBKUX PEeCYpCiB, OCKUIbKH KUIBKICTh OMNEpaToOpiB HE Olblie
OJTHOT0;

— €KOHOMisl eHepPTrOCIIOKUBAHHS, OCKUIBKU TUTBKU OJUH LIEHTP KepyBaHHS,

— €KOHOMIs (pJIHAHCOBUX PECYPCIB, OCKUIBKH MICisi BUKOHY€ETHCS MPU MIHIMAIbHUX

BUTpATAax.

2.4 Ornan MexaHi3MiB NMPUIHATTS PIIICHb JJI MOIIYKY ONTHUMAIbHOTO HUIAXY.
Pe3ynbTaTsl IpOBEACHHS NOPIBHUIBHOTO aHANI3y CTaHJAPTHUX AJITOPUTMIB MPUAHSATTS

pilIeHb

Po3risiHeMO anropuTMH TONIYKY ONTUMAIBHOTO (HAMKOPOTIIOrO) HUIAXY JUIS
KepyBaHHs 0e3MJIOTHUMU Ha3eMHUMH anapatamu (bmHA).

AJNTOpUTM, SKUWA BHUKOPUCTOBYETHCS ISl BU3HAUYEHHS ONTHUMAJIBHOTO UUISXY,
MOBUHEH 3a/I0BOJILHATH MEBHUM (Hamepea 3aJaHiM) 3HAYCHHSIM OOpaHUX MapaMeTpiB.
30KpeMa, 3Ha4Y€HHsI PO3PaXyHKOBOT'O 4acy IpPU BUKOPUCTAHHI OOpPAHOTO aJrOpPUTMY
MOBUHHO OyTHM HaWMEHIIUM Yy TOpPIBHSHHI 13 3HAYEHHSIMHU I[LOTO MapameTpy IpH
3aCTOCYBaHHI IHIIUX aJITOPUTMIB BU3HAYEHHSI ONTUMAIBHOTO HUISXY.

OTpumaHO pe3ynabTaTH TPOBEICHHS aHANi3y YOTHPbOX AaJTOPUTMIB, SIKI
HaiyacTile 3aCTOCOBYIOThCS JUIS MOIITYKY ONTUMAILHOTO (HAWKOPOTIIOTo) HuIsXy [36].

VY po0oTi HajmaHO MOPIBHAJIBHUWA aHalli3 ajJrOPUTMIB TOIIYKY HAaWKOPOTIIOrO
nsixy: anroput™ Jletikerpu, A-Star, Bi-Directional A-Star i Rapidly-exploring random
tree (RRT). KoxkeH 3 HEX Ma€ pi3Hi mepeBard Ta OOMEXKEHHS 100 MPOJTYKTUBHOCTI,
BUMOT JI0 MIaM’SIT1 Ta TOYHOCTI.

B mnpoBegeHOMy HaykoBOMY JOCHIKCHHI [36] TOpPIBHAHHS IIMX YOTHPHOX
QITOPUTMIB BUKOHAHO 32 HACTYMHUMH XapaKTEPUCTUKAMU: MOBHOTA, ONTUMAJIBHICTD 1
4acoBa CKJIAHICTb.

Bu3HaueHHsI OCHOBHHX XapaKTepUCTHK ajropurMmiB A-Star, BiA-Star
Heiikerpu, RRT

Hanamo o3HaveHHst 0OpaHUX XapaKTEPUCTHK.
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[ToBHOTa airOpUTMy O3HAYAE, IO MOTO BUKOPUCTAHHS 3aBXK/IU J03BOJIUTH 3HANTH
NUIIX (SKIIO TeH misx icHye) [36].

[1i oNTUMANIBHICTIO AITOPUTMY MAETHCS HA YBa3l MONUIYK HAMKOPOTIIOTO NUIAXY,
32 YMOBH ICHYBaHHS TaKOTO IIIJISXY.

BiamoBigHO 10 BBEJICHOTO O3HAYCHHS ONTHUMAJIBHOCTI aiaroputMu A-Star, BiA-
Star ta JleitkcTpu € ontumMansHUMH. B TOl ke yac, anroputM RRT He € onTuMabHUM,
OCKIJIbKU NUTSIX, SIKKH BiH 3HAXOJIUTh, MOKE HE OyTH HAKOpOTIINM [36].

YacoBa CKIJIAQIHICTh — XapaKTEPUCTUKA AITOPUTMY, sIKa BKa3y€ Ha KUIbKICTb
ofieparliii, B 3aJIeXKHOCTI BiJ pO3MIpY BXITHHUX JaHUX.

AHati3 4aCcoBOI CKJIaJHOCTI aIFOPUTMIB BKa3ye Ha Te, 1110 aaropurmu A-Star, BiA-
Star i JleikcTpu MaroTh OJHAKOBY YacoBy ckimamnicte O(k™), me k — koeimieHt
po3raiy)eHHs1, a n — rauouHa pimenHs. [Ipu npomy, mij koedirieHTOM po3ranyKeHHS
PO3yMIEMO CEPENIHIO KUIBKICTh pedep, Kl BUXOASATh 3 KOKHOI BepIIMHH Tpady; mija
MIMOWHOIO PIIEHHS. PO3YMIEMO MIHIMAJIbHY KUIBKICTh KPOKIB, SIKI HEOOX1JHO IMPOUTH
JUTSL 3HAXOJKEHHS ONTUMAIBHOTO MUISAXY BiJl MOYATKY NUISAXY O MO0 3aBEPILICHHS.

VY neskux Bumankax BiA-Star moxke OyTu mBuamuM, HDK A-Star Ta anroputm
JIeWKCcTpH, OCKIIbKU anroput™ BiA-Star BUKOHYE MOIIYK i3 MOYaTKOBOTO Ta IiJIhOBOTO
BY3JIiB OJIHOYACHO, 1[0 MOKE 3MEHIIUTH KiJIbKICTh BY3JIiB, AKi HE00XiaHO npoiith [36].

Anropurmu A-Star, BiA-Star ta [leiikcTpu HaiyacTilie BUKOPHCTOBYIOTHCS IS
MOIIYKY NUIIXYy Yy MiCIeBOCTi, ne mnepemkoau cratudHi. RRT 3acrocoByerbest 3a
HAsBHOCTI JAMHAMIYHMX NEPElIKoJ, TOOTO YMOB, $IKI YacTO 3MIHIOIOTBCS 1 HUISIX
HEOOX1THO 3HAXOIUTH 3HOBY.

Anaunis anropurmiB A-Star, BiA-Star Jlelikcrpu, RRT

[MopiBuspHUE aHami3 anroputmiB A-Star, BiA-Star Jlefikctpu, RRT Hamano y
Tabmmi 2.2.

Tabauis 2.2 — [NopiBusauas A-Star, BiA-Star, [leiikctpu Ta RRT anropurmis [36]

Auroputm

A-Star BiA-Star JlevikcTpu RRT

IloBHOTA Tax Tak Tak Tak
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[Iponorxenus Tabdnuii 2.2

Anroputm
A-Star BiA-Star JleiikcTpu RRT
OnruMasbpHICTh Tak Tak Tax Hi
YacoBa
. O(k™) O(k™?) O(km) |  Moe
CKJIQHICTD 3MIHIOBAaTHCS

A-Star — 11e anropuT™ MONIyKy HUISIXY, SKH BUKOPUCTOBYE EBPUCTHUHY (DYHKIIIIO
JUIS TIOITYKY KiHIeBOro By3ia [36]. EBpuctuuna (yHKIIS OL[IHIOE BiICTaHb MiXK 33JaHOIO
BEPIINHOIO Ta KIHIIEBOIO BEPIIMHOIO. AJITOPUTM BUKOPUCTOBYE 1110 1H(MOpMAaILito, 1100
BU3HAUYUTH NPIOPUTET BY3JIB, SKI 3HAXOAATHCSA OJMKUE [0 LUI. 3a JIONOMOTOKO
QITOPUTMY 3HAXOAUTHCS BY30J, SIKUA Ma€ HaWHWKYY 3arajibHy JOBXKHUHY IUISXY.
3aranpHa JOBXKHMHA NUIAXY BHU3HAYAETHCA SIK CyMa JBOX 3HAU€Hb, a caMe: JOBXKHUHU
HUIAXY B1Jl NOYATKY LUISIXY 10 (DIKCOBAHOI TOUKHU N* 1 3HAYEHHIO PO3PaxXyHKOBOI (PYHKIIIT,
sIKa 3HaXOUTh HAWMEHIIHMH IIJIAX BiJ (hiKCOBAHOI TOUYKK N* 70 KiHIIeBOi TOUkH N (TOUKH
3aKiHYEHHS MICiT).

BiA-Star — ne nBonampasiieHa Bepcist A-Star, sika 0JHOYaCHO BUKOHY€E IOMIYK 1 3
MOYAaTKOBOTO BYy37a, 1 3 KIHIIEBOTO BYy3Jid. AJTOPUTM 3aBEPIIYETHCS, KOJIU IUIAX
3HakaeHo. AnroputM BiA-Star moTeHmiiHO MoXxe OyTH MIBUAINAM 3a A-Star, OCKiIIbKH
BiH IIPOXOJUTH 3 MTOYATKOBOIO 1 KIHIIEBOI'O BY3JiB OJIHOYACHO, III0 3MEHIIYE 3arajabHy
KUTBKICTB BY3JIiB, sIKi He0OXiaHO npoiiTu [36].

Anroput™m JIeHKCTp — 1€ aJaropuT™M TMONIYKYy UUISXY, SKHU 3HAXOJUTh
HAaWKOPOTIIUN NMUISIX MIJK MOYaTKOBUM BY3JIOM 1 BCIMa 1HIIIMMH HasiBHUMHU By3i1amu. Bin
MpaIoe, TOYNHAIOYH 3 TTOYATKOBOTO BY3Jia Ta 3aBASIKM TOBTOPHHUM JIisSIM IITyKa€ BY30T 13
HallMEHITUM peOpoM. ANITOPUTM 3yMUHSETHCS, KOJHM BiH JOCSATA€E KIHIIEBOTO By3Ja abo
KOJIM BC1 IOCTYIIHI BY3JIM B TPOCTOPI MOIIYKY TipoiineHo [36].

RRT — anroputm, sikuii BUKOPUCTOBYETHCS [JIs IJIAHYBAHHS PyXY B JTMHAMIUYHUX
CepeI0OBUILAX, aJIe BiH B IOBHOMY 00Cs31 HE BpaXOBY€ OBHOTY M ONTUMAaJIbHICTh. Pazom

3 THM, TependadeHa MOXKIMBICTh 3aCTOCYBaHHS ILIbOTO QJITOPUTMY Y CKIAJHUX 1
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JTUHAMIYHUX cepeloBUIlax. BiH, sk MpaBUiio, BUKOPUCTOBYETHCS B POOOTOTEXHII Ta
ABTOHOMHHUX CHCTEMax, OCKIJIbKM Ma€ 3[aTHICTh BPAaXOBYBaTH TWHAMIUHI MEPEIIKOAH
[36].

Ouinka mpoaykTuBHocTi aaroputmiB A-Star, BiA-Star Jleiikctpu, RRT y
CTATHYHOMY cepel0BHILi

JUis BU3HAUEHHS MPOJIYKTUBHOCTI 3a3HAYEHMX AJITOPUTMIB MONIYKY NUIAXY B
CTaTUYHOMY CEpPEOBHIL, POBEICHO EKCIIEPUMEHTH, METOI0 SIKUX OyJI0 MOPIBHSHHS
€(pEKTUBHOCTI aJITOPUTMIB IOIIYKY ONTHUMAJIbHUX HUIAXIB 3 YpaXyBaHHSAM CTAaTUYHHUX
nepemkoy [36].

ExcriepuMeHTH TIPOBOAMIHUCS 3 KOXXHHUM 13 YOTHPHOX AQITOPUTMIB TIOIIYKY
ONTUMAIBHUX IUIAXIB. J[J1s1 MpOoBEAECHHS €KCIIEPUMEHTIB 00paHa MOBa MpPOTrpaMyBaHHS
Python, ockineku Python Hamae HeoOXiqHI iHCTpYMEHTH Ta (PYHKITIOHATBHI MOYKJITHBOCTI
TECTYyBaHHS aJTOPUTMIB 1 aHATI3Y 1X MPOAYKTHUBHOCTI.

KoxHuil anropuT™ 3acTOCOBYBAaBCS ISl BUPILIEHHS OJHAKOBOI'O 3aBJAaHHSA —
3HAWTH ONTUMAIBHUN IUISX B1J] TIOYaTKOBOTO By3Jia JI0 KIHIIEBOIO By3J1a 13 BpaXyBaHHIM
HAssBHOCTI CTaTUYHUX MepemKo. /s BciX 4OTUphOX €KCIEPUMEHTIB HaJaH1 OJTHAKOBI
MOYaTKOBUH 1 KiHIIEBUI By37u. [loyaTKOBHIA Ta KIHLIEBUI BY3JIM IPEICTABIICHI Y BUTIISI1

MaTpUIli-Ta0IpUHTY Ha HACTYITHOMY PUCYHKY 2.2.
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Pucynok 2.2 — Matpuiis-naGipusT [36]

Martpuiro-1abipuHT MPEACTABICHO Y BUTJISIII MATPUIIi, JIe TIEPEIIKOIA TO3HAYCH1
3HaueHHAM «1», a 30HU 0e3 mepemko 3HaueHHsIM «0». Lls mMaTpurg-mabipuHT crana

OCHOBOIO JIJISl QJITOPUTMIB HaBIraii Ta MoIIyKy ONTUMalbHUX HUISXIB. EkcniepumMeHTH
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Majid Ha MET1 OTpUMAaTH IIHHY 1H(pOpPMAIlil0 PO CHUJIBHI Ta CJIa0Ki CTOPOHH KOXKHOTO
QITOPUTMY B CTATUIHOMY CEPEIOBHIIII.

PospaxynkoBuit qac IPOXOHKEHHS MaTpuIli-JIa0ipUHTY BUPIIIICHO
BUKOPHCTOBYBATH JJI IEMOHCTPAIIT MOKIMBOCTEH IMX aJrOPUTMIB.

B pesynbrari BU3HAYEHO OJWH AJITOPUTM, SIKWA HAWOUIBINE MiIXOIUThH IS
BUKOPHUCTAHHA Y pealbHUX MPOrPaMHUX JTOJATKaX, 110 BKJIIOYAIOTh MJIaHYyBaHHS LUISXY
3 ypaxyBaHHSM CTaTUYHHX Teperiko [36].

3a3HayMMoO, IO MpPU MPOBEACHHI EKCIIEPUMEHTIB BpaxoByBajacs HAasBHICTb
BUKJIIOYHO CTaTUYHUX mepemkod. JUHaMiuHI mepemkogu Npu  MNPOBEACHHI
EKCIIEPUMEHTIB HE PO3TJISAIAIIUCS.

Excnepument, nposeaenuii y [36] HamgaB iHGoOpMaIIito MPO pO3paxyHKOBHHA yac
BUKOHAaHHS (NPOMYKTHBHICTB) anroputmiB A-Star, BiA-Star, Jlefikctpu ta RRT 3a
HAsSIBHOCTI CTAaTUYHUX TTEPEITKOI.

Pe3ynbraty ekciepuMeHTIB MpeJicTaBlieH! y Tadaui 2.3.

Tabmuus 2.3 — [Mopiusuas A-Star, BiA-Star, Jletikctpu ta RRT anroputwmis [36]

AJroput™m Tun nepemkoau Po3paxyHkoBuit yac (cex)
A-Star Cratnuna 20.26
BiA-Star Cratuvna 30.46
Djiksta’s Cratuuna 49.96
RRT Cratnuna 130.34

3a pe3ynbTaTaMy €KCTIIEPUMEHTIB, HAKpAIIUM 13 YOTUPHOX anropuTmiB € A-Star,
OCKUTbKM BIH Ma€ HaWMEHIIMWA PO3paxXyHKOBUU dYac BUKOHaHHsS. OTxke, came Iiei
CTaHJAPTHUN aJITOPUTM OOpaHO B SKOCTI MOIYJS JUIsl TPOrpaMHOi  peasizarlii
ONTHUMI3alIiHOI IrpoBOi MaTemMaTH4HOi Mojeni kepyBaHHs bnJIA ta BnHA 13

3aCTOCYBaHHSM HEUPOHHUX MEPEXK B yMOBAaX PU3UKY Ta HEBU3HAYCHOCTI.
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2.5 OntumizaiiiHa irpoBa mMaTeMaTudHa mojenb kepyBanHs bnJIA ta bnHA i3

3aCTOCYBAaHHSM HEHPOHHUX MEPEK B YMOBAX PU3HKY Ta HEBU3HAYEHOCTI

OnTumizamifHa irpoBa MaremaTHuHa Mozenb kepyBaHHsS brmJIA ta BnHA 13
3aCTOCYBaHHSAM HEMPOHHHUX MEPEX B YMOBax PHU3UKY Ta HEBH3HAYEHOCTI MOOY/IOBaHa
JUIsL OTPUMaHHS ONTUMAJIBHOTO MapuIipyTy pyxy bBHA 3 ypaxyBaHHSIM pPHU3HKY Ta
HEBU3HAYEHOCTI B MOSBI PI3HOTO BUAY (DI3UUHUX TMEPEHIKOJ Ta HeOaKaHUX MO,
HasBHICTh SIKUX HEOOX1HO OyJI0 BpaxyBaTH B IIPOIIECI MOJICITFOBAHHS.

BpaxyBaHHs Takux NEpelIKOJ Ta MOJiA Oe3MocepelHbO OB’ SI3aHO 13 SKICTIO
no0yaoBaHoi Moaeni. OCHOBHI HOHATTS, 3alPOINOHOBAHI MPH MOOYI0B1 MOJAEIII.

Micist — focTaBKa BaHTaXy 13 MyHKTY BIAMPABICHHS JI0 MYHKTY MIPU3HAYCHHS.

VYcminHe BUKOHAHHS MiCii — BUKOHAHHS 3aBJIaHHS B MOBHOMY O0Cs31, a caMe:
JIOCTaBKa BaHTaXy B HEYIIKO/)KECHOMY CTaHI 3 MICIl BIANPABICHHS JI0 MICIA
MPU3HAYEHHS 3 HAWMEHIIIUMH BUTPATAMHU.

HeBu3HaueHiCTh — MOSIBA/BIICYTHICTh EPEIIKO/T (TIO1i), MOsABA AKUX MOTEHIIHHO
3arpo’kKy€ BUKOHAHHIO MICii.

[ToOymoBa maTeMaTHYHOI MOJENI BHWKOHAaHA 3 BUKOPUCTAaHHSAM OCHOBHHX
MOJIOKEHB Ta MiAXO/IB Teopii irop (Teopis AOCTIIHKEHb orepaliii) Ta Teopii rpadis.

B mpormeci moOynoBu MaTeMaTHMYHOI MOJENI A0 BpaxyBaHHS HEBH3HAYCHOCTI
saBUIA 200 MOl MIAXOAUMO 3 PI3HUX CTOPIH, B 3aJIEKHOCTI BiJ] XapakTepy TOrO 4
1HIIIOTO HeOaKaHOTO sIBUIA (TTEPEITKO1) 200 MO/Iii.

Jlist moOynoBU TEPMIHOJIOTIYHOTO Ta TMOHSATIMHOTO arapaTy MOJEll YacTKOBO
3aCTOCOBAHO O3HAYEHHS HEBU3HA4YEHOCTI [41].

B nopanbmiomy BuKIafeHHI MO0yI0BaHOI B Pe3yJIbTaTl MPOBEACHOTO HAYKOBOTO
JOCITIKEHHSI MaTeMaTUYHOT MOJIeJII BpaXOBaHO TaKe.

OOMexeHICTh Ta/ab0 HETOYHICTh BXIAHUX JaHUX (BXiAHOi iH(opmarii) nae
MJICTABU PO3TIISIATH JIBA PI3HUX BUIM CUTYAIIiH, K1 HEOOX1THO BPaXxOBYBAaTH B MPOIIECl
3HAXO/[PKEHHSI PIIICHHS:

1. PimeHHst npuiiMaloThCS B YMOBax pU3HKY;

2. PilieHHst npuiiMarOThCSl B yMOBaX HEBU3HAYEHOCTI.
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SIKo pillleHHs NMPUHMAIOTHCS B YMOBAX PU3HKY, TO MOSIBY HEOAKAHOIO SIBUIIIA,
nojii YW TEepemKoJd MOKHAa MOJEIIOBAaTH, BUKOPHUCTOBYIOUM amapar Teopii
HMOBIpHOCTEM, TOOTO 13 3HAXO/PKCHHSIM Ta BHKOPUCTAaHHSAM (QYHKIIT pO3MOALTY
AMOBIPHOCTEH BHUITaIKOBOT BEJIMYUHH.

S0 pimeHHsT JTOBOAUTHCS NPUMUMATH B YMOBaX HEBHU3HAYEHOCTI, MPOIIEC
3HAXOJKEHHs (PYHKIIT pO3MoJLTy MMOBIpHOCTEH abo moTpedye 3HAYHUX 3yCHIb, a00
3HAXOJ/KCHHS i€l PYHKITT B3araii HeMOXIuBo [41].

3a yMOBM HEBM3HAYEHOCTI (PYHKIIISI po3MOALTy MOxke OyTu abo HeBizmoma, abo ii
3HAUTH HEMOXKIIUBO.

B 3anponoHoBaHiil MOJeNl pilIEHHS NPUUMAIUCA 32 YMOBH HAasBHOCTI PU3HUKY,
TOOTO BUPIMIAIILHUM KpUTEpieM Mpu (OpMyBaHHI PIIICHHS BU3HAHA MOsBA HAMOUIBII
HMOBIpHICHOT HeOa)KaHOi MO/11i, HAITPUKJIAJl, BECHSIHOTO O€3T0PIXOKS TPU MallOyTHOMY
dbopmyBaHHI  MapuHipyTy. BHKOpPUCTOBYBaluCS  CTaTUCTUYHI  METEOPOJIOTIYHI
CIIOCTEPEKEHHS 3a BU3HAUEHUH repeOir yacy [42].

Pusuk — nosiBa HeOa)kaHOTO SIBUIIA/TIO/IT UM MEPEIIKO/IU, IKI MOYKHA MOJICJIFOBATH,
BUKOPHCTOBYIOUH amapar Teopii HMOBIPHOCTEH.

Kpim Toro, B miii mMoneni pilieHHs OpUUMaNHCs 1 B YMOBaX HEBU3HAYEHOCTI,
HaIpUKJIaJ, PanToOBOi MOSBU SIMU a00 1HIIOI BEJIMKOI MEPEIIKOAM Ha NUISIXY MapLIpyTy
pyxy. CTOCOBHO Takoi HerependadyyBaHOI CUTYyalllii 3aCTOCOBYBAaBCS IHINMM MaXid —
amapat Teopii irop ta Teopii rpadiB [43—44], B moeqHaHHI 3 MOXJIMBOCTSIMHU HEHPOHHOT
MEpeXi Ta HaBUaHHS 3 MIJKPIJICHHSM. Dbl JeTalbHO 3aCTOCYBaHHS HEHPOHHOT
Mepexi JUIs oAoJaHHsT (paKTOPy HEBU3HAUEHOCT! PO3TISAAETHCS Y TPETHOMY PO3JLII
JycepTalii.

BBaxkaemo, 110 /Uil MOJIEITIOBaHHS KapTa MICIIEBOCTI OTpUMaHa 3a JOTIOMOTOI0
cumyiaropa. I'pad Oyayerbest 3aco0amu, K1 JOCTYIHI IPU 3aCTOCYBAHHI CUMYJIATOPA.

[1pu noOy10B1 3aMTPONIOHOBAHOT MOIENI BUKOPUCTAHO TaKi OCHOBHI OHSTTSI T€OPii
rpadis:

—rpad G — ¢irypa Ha TUIONINHI, KA CKJIAIAETHCA 3 HETOPOXKHBOI CKIHYCHHOI
MHOHUHH V TOYOK (BY3J11B) 1 CKIHUEHHOT MHOXUHU E 1iHiii (pebep), 1110 3’ € THYIOTh JIesK1

napu BepuiuH [43];
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— pebpo rpada — niHisd, sfKka 3’€Hy€ (IKCOBaHY Mapy BY3iB;

— By30J rpada — Touka Ha rpadi, sKa mpeCcTaBiisie 00’ €KT;

— opieHTOBaHUi Tpad — Tpad, y SKOMYy KOXKHE pPeOpo Mae HaIPSIMOK.
Bu3HnagaeThCsi MHOKMHOIO BY3JIIB Ta MHOXKHHOIO BIOPSAKOBaHHMX Tap pedep. Koxne
pedpo npeacrapiaeHo maporo By3iiB (A, B), ae icHye pedpo Bix Bysna A 10 By3ia B;

— 3BakeHUM Trpad — rpad, KOKHOMY peOpy SKOro MOCTaBJICHO Y BiAMOBIIHICTD
nesike 3HaueHHs [44];

— €JIEMCHTAPHUHN NUIAX — IUIAX, B SIKOMY Oyab-siKa BEpIIMHA HE 3YCTPIYaEThCS
JIB14l; IPU KO’KHOMY KPOIL[l 3pOCTal0Th MOKJIMBOCTI BUOOpPY HOBUX BepiuH. [loBTOpHE
TIPOXOJIKEHHS OJTHIET i Ti€T K BEpIIMHU He rependoaucHo [44].

[Tepeiinemo 10 0e3MOCEPETHHOTO  BHUKJIAJAEHHS ONTHUMI3AIIMHOI  1rpOBOi
MatemaTuyHoi Mmojeni kepyBanHs briJIA ta BiHA 13 3acTocyBaHHSIM HEHPOHHUX MEPEK
B YMOBaX PU3HUKY Ta HEBU3HAYEHOCTI.

3aranpHa (yHKIIIS ONTUMIZAIT TUISIXY (PYHKIIS BUTpaIILy):

N
Qzar = minz q(n), n=1,N, (2.13)
n=1

ne Qs = min — QyHKINS BU3HAYAE€ ONTUMAIBHUIN (MIHIMAJIBbHO KOPOTKUM) MUISIX JIJIS
YCHIIIHOTO BUKOHAHHS MICIi;

N — N-ui By301;

N — ocTaHH1i By30J]1, IPU IKOMY MICIS BUKOHaHa (TOYKa MpUOYTTS);

q(n) — 3arajpHa TOBKUHA IUISIXY Yepe3 By30J N.

Iepmmii eTan 3axa4i: NOJA0JAHHS PU3NKIB

[Tpu moOya0B1 MOAEIi BUKOPUCTAHO OPIEHTOBAaHUH 3BaxkeHUi rpad G.

Koopaunatu BCix By3IiB, y TOMY YHCI KOOPJUHATUA MTOYATKOBOTO MYyHKTY BYy3Jia
(MyHKTY BIANpaBJi€HHS) 1 KOOPAWHATH KIHLEBOrO By3Ja (IyHKTY NpPU3HAUYECHHS)
BU3HAYarOTHCA 3a goromororo GPS.

| — MHOXHWHA, TPOCTIP BCIX MOMKIIMBUX pedep rpady, 3a SKUMU MOTSHIITHO MOXKe
pyxartucs bnHA;

i —i-e pebpo rpada, 3a gKMM HOTeHLiHO Moxke pyxatucs bniHA; i € I;i = 1;1;
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¢; — BUIAaJKOBa AUCKPETHA BEJIMYMHA, 3HAUCHHS SIKOi BiJjoOpakae cTaH i-ro pedpa

rpady.
38, HpHHYHICHHSIM BBaKaeEMo.

&; — MOKe IpUiiMaTH TIJTLKH /1B 3HAYCHHS, a CaMe:

&E={x;} nej =12,

Xj — MOXKJIMBI 3HAYEHHS BUIIA/IKOBOI BETMYUHH &;.

Bgaxkaemo, 110:

£ = {xl, AKIIO [ — e pebpo (AiAHKA IJISAXY) HENPOXiTHE; (2.14)
" lx,,  akmo i— epebpo (AiaAHKa MIAXY) POXigHe. '
BBaxaemo: x; = 0; x, = 1;
Tomi
£ = {O, AKINO [ — e pebpo (AiNAHKA IIJISXY) HENPOXiIHE; (2.15)
g, AKIO i — e pebpo (AingHKA HIAXY) MPOXi/HE. '

p; — AMOBIPHICTb TOTO, 110 i-€ PeOpO MOXkKe OyTH HEMPOXITHUM Yepe3 Oe3T0PIKKS;
0<p <1l nmei€l.

K — K1JIbKICTh MPOBEJICHUX CIIOCTEPEKEHD (€KCIIEPUMEHTIB);

K° — KiJbKiCTh NPOBEEHHUX CIOCTEPEkKEHD (EKCIIEPUMEHTIB), KOJU i-€ pedpo Oyi1o
HEIPOX1THUM.

k — mpoBeneHe criocTepexeHHs (ekcrepuMeHT) 3a K-ii mepion 4acy; k € K; k =
1; K; kK — quckpeTHa BEIMUMHA;

C — KOHCTaHTa, 3a/1a€ThCS OTMIEPATOPOM B SKOCTI MOTEPEAHHOI YMOBH JI0 TIOYATKY
BukoHaHHs Micii; C = const; 0 < C < 1; B 3aJ1€’)KHOCTI B1J CKJIaJHOCTI 3a/1a4l 3HAYSHHS
C MOKe 3MIHIOBaTHCS ONEPaTOPOM, SIK B OUIbIITY CTOPOHY, TaK 1 B MEHILIY.

MeTteopoIioriuHi JaHi:

t, — TeMIiepaTypa NoBiTpsI 3a k-1l mepion yacy (k-e CrioCTepe:KeHHS);

dj —omnanu (iX IHTEHCUBHICTB) 3a k-1 miepiof yacy (k- COCTEpeKEHH).

B pesymbrari mpoBeAEHOTO HAYKOBOTO JMOCHIDKEHHS oTpumaHo F(x) —
PpO3paxyHKOBY (DYHKIIIIO pO3NOALTY KMOBIPHOCTEN BUNIAAKOBOI BEIMYUHU &; JUISI KOXKHOTO

(ixcosanoro i-ro pebpa, nei € I,i = 1,1.
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( K

0, AK1110 Z X = 0;

k=1
K

F(x) =< pp(x), akmo 0 < Z x, < K; (2.16)

k=1
K

1,ﬂxmozxk = K;
\ k=1

K9 . . )
[Ipu upomy, p; = ~ HMOBIPHICTB TOTO, 1110 I-€ peOpo HeNpOXiTHE.

[TpoxomenTyemo 3HaueHHs F(X).

F(x) = 0, Toxi i-e peOpo BBAXKAETHCS HEMPOXITHHM.

F(x) = 1, Toxi i-e peOpo BBAXKAETHCS MPOXITHUM.

F(x) = py(x) — 11¢ AIMOBIpPHICTH TOTO, IO I-€ PeOPO MOXKE OYTH HEITPOXiTHUM.

P{¢, = 0} — iimoBipHicTh momii, KoaM BumagkoBa BeiaumuuHa &; = 0, TOOTO
AMOBIpHICTB TOTO, 110 §; = X; = 0 = i-e peObpo HenmpoXiTHe.

Broaumo ymoBy:

—sxmo P{& =0} = C, 1o i-e pebpo HempoxiaHe, TOOTO WMOBIPHICTB, MO i-€
pebpo HEmpoXiJHEe MOBHMHHA JOPIBHIOBATH a00 IMEpPEBHUINYBATH HAmepea 3aJlaHe YHCIIO
C = const; i-e peOpo BUKITIOYAETHCS 3 MOAATBIIOTO (GOPMYBaHHS MapIIPYTY;

—sxmo P{&; = 0} < C, 10 i-e peOpo BBaXKAETHCS MPOXITHUM 1 BKIIFOYAETHCS 10
noaanbIoro GopMyBaHHS MapIIPyTy.

Pe3ynbraroM  3acTOCyBaHHS MEpIIOi YacTUHU  ONTHUMI3allifHOI  IrPOBOI
MaTteMatnyHoi mojeni kepyBaHHs bnJIA ta BniHA € oTpumaHHS Takoro OHOBJIEHOTO
nepeniky pedep rpady 3 SKOro BHKIIOYEHO MPOOJIEMHI JTUISHKH pyXy (pedpa), ski 3
BEJIMKOIO MMOBIPHICTIO (PU3UKOM) MOXYTh OyTH HENPOXIAHUMHU.

[TpogeMOHCTPY€EMO Ha MPHUKIIAI K BU3HAYAETHCS PU3HK I-T0 pedpa BiAMOBIIHO 10
HaBEJCHOI MepIioi YacTUHU Moxaem. Tabmuisg 2.4 MICTUTh JaHI METEOPOJOTTYHHX
CIIOCTEpEXEeHb CTaHOM Ha 12 Oepe3Hs 3a (ikcoBaHy BHUOIPKY pOKIB AJisi MEBHOI

MICIIEBOCTI, JI¢ 3HaAXOIUThCA I-€ pedpo rpada.
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Tabauis 2.4 — Cras i-ro pedpa B 3aJI€KHOCTI BiJl METCOPOJIOTIYHHUX JAHUX

Ha 12 Gepe3ns

Poxn k t Onaan zlf):;:::ln & P C
1 2 3 4 5 6 7 8
2015 1 3 +++ - 0
2016 2 2 +++ - 0
2017 3 3 ++ + 1
2018 4 0 +++ - 0
2019 5 7 + + 1
0,6 0,3
2020 6 4 + + 1
2021 7 4 ++ + 1
2022 8 2 +++ - 0
2023 9 2 +++ - 0
2024 | 10 3 +++ - 0

[TosicnenHs no Tabauii 2.4:

— Mepuui CTOBMYMK — BUOIPKa POKIB, 3a SIKY B35TI CIIOCTEPEKEHHS CTAaHOM Ha 12
OepesHs;

— IPYTUil CTOBITYUK — HOMEP CIIOCTEPEKEHHS (EKCIIEPUMEHTY);

— TPETi CTOBIMYMK — NOKA3HUK TeMIEpaTypu 3a 12 6epe3Hs 1o KO)KHOMY POKY;

— YETBEPTHUI CTOBIYUK — BIJOOpakae IHTEHCUBHICTD OMa/1B CTAaHOM Ha 12 Oepe3Hs
10 KOXKHOMY POKY, a caMme: +++ 03Hauae qy’Ke CHIIbHI OTa/in, ++ 03Hava€e MOMIipHI OTaju,
+ HEe3HauHI ornaju ado iX BiJCYTHICTB;

— I’ATUA CTOBIMYUK — 3aMOBHIOETHCS €KCIEPTOM B 3aJIEKHOCTI B1J TOKA3HMKIB
HEpIIOro Ta JAPYroro CTOBIYMKIB Ta OCOONMBOCTEH iX BIUIMBY Ha CTaH I-ro pedpa
MapIIpyTy pyxy; - O3Hadae, 1o I-¢ peOpo HempoxigHe; + o3Haudae, 1o I-e pedpo

MPOXIJHE;
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— moctuii ctoBmunk — 0 o3Hauae, mo i-e pedpo HenpoxigaHe; 1 o3Hawae, 1Mo i-€
pebpo npoxiaHe;

— CbOMHUH CTOBIYHMK — OOuHcIoemMo P — #MoBipHicTh mofii, mo i-¢ pedpo
. K° 0 . : .
Henpoxiane, ae P; = P{§; = 0} = > Ae K® — KUTBKICTh POKIB CITIOCTEPEIKECHD, KOJIH I-€

pebpo HenpoxigHe; K — KiTbKICTh BCIX POKIB CIIOCTEPEIKCHb;

— BOCbMHI CTOBMYMK — MICTHTh €JIuMHE Hamepen 3aaane uucio C, ge C —
koHctaHTa, C = const; 0 < C < 1.

PosrnsHemo Tabnuiio 2.4 11 BU3HAUYCHHS MOXKIMBOCTI BUKOPUCTaHHS -0 pedpa
MapHipyTy pyxy.

Tak, y mocromy CTOBIUHKY Tabmuii 2.4 orpumano pesyiasrat P{&; = 0} = 0,6,
npu 1mpomy P{{; =0}>C, ne C =0,3. PoOMMO BHCHOBOK, IO ICHY€ BeJHKa
AMOBIpHICTh (PH3HUK) TOro, 1o I-¢ pedpo HempoximHe. OTke, MPU MOJATBIIOMY
(dbopMyBaHHI MapHIPyTy I-€ peOpo 3 PO3IIISITY BUKIIOYAETHCS.

Hagenenuit anroputM mnepeBipku i-ro pedpa (MpoxijaHE/HENMpPOXigHE) B MOACII
nepeadadyeHo 3aCTOCOBYBATH JI0 KOXKHOIO 3 pedep rpady.

Ha nepmioMmy erami OTpUMY€EThCS OHOBJIEHUN Mepenik pedep, siki JOLUUIBHO
PO3MIISAAATH K MPOXI1THI.

JApyruii eTan 3aaa4i CKJIAAA€THCSA 3!

— pO3IJISIy OHOBJICHOTO TIEpENiKy pebep IMiciisi BUKOHAHHS TMEPIIOro eTamy
MOJIE,;

— BUKOPHCTAHHS HEHPOHHOT MEpeXi MO PO3Mi3HABAHHIO BEIIMKUX CTATHYHUX
MEPEIIKO 3a JIOIMOMOTOI0 JIiTalbHOro bnA (meranpHui omuc crocoOiB HaBUaHHS Ta
HaJallTyBaHHS HEHPOHHHUX MEPEXK Y paMKax 1H(popmaliiiHOT TEXHOJIOT1I KepyBaHHs biA
HABEJICHO Yy po3Aiimi 3).

Tperiii eram 3ajadi: 3HAXOKEHHS ONTUMAJIBHOIO HUISAXY 3 YypaxyBaHHSIM
HAsIBHOCTI BEJIMKMX CTaTUYHUX MEPElIKOJ Ta OHOBJEHOTO Iepelniky pebdep rpady
(BUKITIOUCGHO pedpa, sIKi 3 BEJIMKOI WMOBIPHICTIO MOXYTh OyTH HEMPOXITHUMH).

OTpuMaHO OHOBJIEHWH BapiaHT rpady. 3acTocoBaHO anroput™ A-Star.
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Qo = Min — JNOBXHMHA NIUIAXY MOBUHHA OyTH HANMKOPOTIIOW ISl BUKOHAHHS
MiCii.

q(n) — 3arajpHa TOBKUHA IUIIXY Yepe3 By30.1 N.

q(n) = g(n) + h(n), (2.17)
ne g(n) — yHKIis, 3HAYCHHS IKOT JOPIBHIOIOTH JOBXKHHI IIIJISXY Bijl TOYaTKOBOTO By3J1a
710 N-TO By371a;

h(n) — po3paxyHKoBa (yHKIIisl, SIKa 3HAXOJUTH IUIAX BiJl By3Ja N 10 KiHIEBOTO
By3ia N.

YeTBepTHii eTan 3a1a4i: BUABICHHS (HaKTOPy HEBU3HAYCHOCTI.

3aranbHy OJOK-cXeMy poOOTH alropuTMy KepyBaHHS oOoMa bnA HamaHo Ha
pucynkax 2.5-2.8 y miaposaun 2.6 «Onuc apXiTekTypu i1H(opMaiiiHOi cucTeMu
KEpyBaHHA 3 BUKOPUCTaHHSIM HEHPOHHHMX MEpEX Ta IrpOBUX MIAXOMIB». AJIFOPUTM
HABUYaHHS 3 MIJKPIMUIEHHSIM HaBeleHO y po3aun 3 «EkcnepuMeHTallbHa mepeBipka
IrpOBOTO MIAXOAY Ta HEHPOHHHUX MEPEX Yy KEPYBaHH1 O€3MIJIOTHUMH ariapaTaMm.

[1ix pakTopoM HEBU3HAUEHOCTI PO3yMIEMO PANTOBY MOSABY BEIUKOI AMH 200 1HIION
CYTTEBOI CTaTMYHOI NEPEUIKOAU, Ky HE BIAJIOCS PO3MI3HATH HEHPOHHOIO MEPEKEIO
brJIA.

B pe3ynbTaTi 3acTocyBaHHS 3a3HAYEHHUX BUIIE AITOPUTMIB TIepe10adeHo:

— bnHA nonae nepemkoay 6e3 1oAaTKOBUX JiM (BTpy4YaHHs) LIEHTPY KEpyBaHHSA
Ta TPOBEACHHS MOBTOPHUX PO3PaXyHKIB (BUKOPHUCTAHHS KaMep Ta CEHCOpIB pa3oM 3
HABYAHHSM 3 MiIKPITUICHHSIM MOTEHIIHHO 3a0e31euye MOoA0IaHHs MepeIiKkoan) (mepexi
JIO IIIOCTOTO €Tamny);

—y pa3i HenoponanHs mepemkonaun bnHA ¢ikcye mnoTounud MapmipyT SK
HEMO>KJIUBHH, 3aMTUCY€E MOTOYHI KOOPAMHATH 1 MIepeiae 11l JaH1 A0 HEHTPY KEPyBaHHS Ta
brJIA (mepexin g0 m’sSTOTO €Tamy 3aaadi).

II’saTuii eTan 3axavi: nogojgaHHs (HakTOpy HEBU3ZHAUYEHOCTI.

BukoHyeTbcst BUKITIOUHO TOJI1, KOJIM B Tiporieci pyxy bnHA Ha sikomych 3 pedep

3’SIBJSIETHCS (haKTOP HEBU3HAYCHOCTI (panToBa nepenikosa), siky bitHA He momosnas.
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3anaya HaOyBa€e HMUKIIYHOTO XapakTepy (3aHOBO BUKOHYIOTHCS MEPIINM, APYTH,
TPETIii eTamu), a came:

—y MepHIoMy eTamli OTPUMYEThCS OHOBJICGHHUN Tepernik pebep, SKi JAOLIIBHO
PO3MIISIIATU SIK MPOXiAHI. 3 I[HOTO MEPENIKy BUKIIOUEHO PEOPO 3 BUSBICHOIO PANTOBOIO
MEPEIIKOI0I0;

— BUKOPHUCTOBYEThCS 1H(GOpMAIlis, OTpUMaHa B pe3yJbTaTi BUKOHAHHS JIPYrOro
eTary 3ajadi;

— OTpUMaHO OHOBJICHUI BapiaHT rpady, 3aCTOCOBAHO alroputm A-Star.

3a 3aMOBYYBaHHSM BBa)XKaeMO, IO BiJ MOYAaTKy Ta A0 KiHIA Micii ¢akTop
HEBU3HAYCHOCTI1 OLIIbIIIE OHOTO pa3y 3’ SIBJIATHCS HE Oye.

Ha npomy erarii oTpuMaHo OHOBIIEHHH Tpad 3 ONTUMAaILHIUM MapIIPyTOM, B SIKOMY
BIJICYTHE peOpo, Jie BUHUKJIAa HEBU3HAUeHa (panToBa) nepemkoaa. [IoBTopHo BU3HAUYEHO
ONTUMAJIbHUM MAapIIPYT BiJl MOTOYHOI TOUYKM 3HaxokeHHss BlHA 10 Touku npuOyTTs.

ToOTo OTpuMaHO OCTaTOYHMI MAPUIPYT PyXy I Ha3eMHOro brA.

locTuii eran: npuOyTTs y MyHKT MpU3HAYCHHS. Y CHIIIHE 3aBEPIICHHS MICIi.

E¢exTuBHiCTH OTPUMAaHOI MO

Jist ouiHKM epeKTUBHOCTI TOOYAOBaHOI MOEIII 3alPONOHOBAHO BpaxyBaTH I SITh
HAWBAKIIUBIIINX KPUTEPIiB: YCIIITHE BUKOHAHHA MICIT; TOBKHUHA MApUIPYyTy; EKOHOMIs
4acy; 3/IaTHICTh MOJI0JaHHS MOXJIMBHUX PU3MKIB B MPOIECT BUKOHAHHS MICIi; 3JaTHICTh
MO/I0JIaHHST HEBU3HAYEHOCTI TTPU BUKOHAHHI MICIi.

3anponoHOBAHO PO3TIISIATH HABEEH] BUIIE T’ SITh KPUTEPIIB JJIA:

— iAeanbHOT MOJIeNTi, KOJIU MiCisl BUKOHAHA IMOBHICTIO 3 HAMMEHIIIMMH BUTpaTaMu
qacy, HAMKOPOTIIOO JOBKHHOIO MapIIPYyTYy, a TAKOXK 3 YPaXyBaHHSIM MOXKJIHUBUX PU3UKIB
Ta HEBU3HAYECHOCTI (J1aii — Mozaeib Nel);

— pealbHO1 ~ ONTHUMI3ALIMHOI MOJEN, KOJM YCIHIIIHE BUKOHAHHS  MicCii
npoOjeMaTU4YHe, OCKUIbKM JIOBKMHA MapIIpyTy 3HalJeHa ONTUMallbHA, aje He
BpaxoBaHI MOXIJIMBI PU3UKH Ta HEBU3HAUCHICTH, SIKI MOXYTh 3 SBHUTHCS B MPOIIECI

BUKOHaHHS Micii [45] (nayi — monens Ne2);



79

— peasbHOT ONTHUMI3AIIITHOT MOJIENI 13 BpaXyBaHHSM PU3UKIB, IOSBY SIKUX MOXHA
dbopmaitizyBaTl 3a JOMOMOTOIO amapary Teopii WMoBipHOCTeW. PasoMm 3 Tum, iHII
HeOakaHl MOAil, Kl PO3TISAAIOTHCS SK «HEBU3HAYEHICTBHY ITHOPYIOTHCA. Y CHIIITHE
BUKOHAHHS Micii — po0aemaruune [45] (nam — mogens Ne3);

— peaJIbHO1 ONTHMI3aIliiHOI MO, OTPUMaHOi B pe3yjbTaTl BUKOHAHOTO
HAyKOBOTO JOCIIKEHHS. 3aCTOCYBAHHS 1€ MOJIEII TI03BOJISIE OTPUMATH ONITUMATTbHUN
MapHIpyT YCHIIITHOTO BUKOHAHHS MICii 3 ypaXyBaHHSM PU3UKIB 1 HEBU3HAYEHOCTI 111010
MOSIBM HeOakaHUX MOJIiH (11aai — moaenb Nod).

[Ipu moOya0B1 peanbHOiI MOJEINI, OTPUMAHOI B HAYKOBOMY JOCIHIKEHHI, OYyJI0
MparHeHHsT OTPUMAaTH MOJIEb, 100 3HAYEeHHs i1 KpUTEpiiB Oyiau HaMOIMKYUMH 0
3HAYEHb IIUX KPUTEPIiB AJIS 11€JIbHOT MOJIEIII.

B tabmumi 2.5 HaBeleHO 3HAYCHHS KOXKHOTO 13 IT'SITM BU3HAYCHHX KPHUTEPIiB
YCIIIIHOCTI (SIKOCT1) 3aCTOCYBaHHSI MOJIEJNl y BIJCOTKAaX 1O 3HAYEHHS BIANOBIIHOTO
KpUTEpito 11eanbHoi Moaeni (moaem Nel).

3a 3aMOBUYBaHHSM BBa)KA€MO, IO BCl IT’SITh KPUTEPIiB BU3HAYCHHUX BUIIE 1
HABEJICHUX y JPYroMy CTOBMYMKY Tabiuui 2.5, 1S i7eanbHOi MOIeNl BUKOHYIOThCSA Ha

100% (mMozaens Nel). Po3ristHyTi Ta onpaiboBaHi ONTHMI3alliiHi Moje nuisixy [46].

Tabnuis 2.5 — 3HaueHHs KpUTEP1iB Mojiesei

Mogaeni onTumizamiitHi
Kpurepii Mogenb Nel Mogenb No2 | Moaens Ne3 | Moaens Ned
(%) (%) (%) (%)
1 2 3 4 5
YcmintHe BUKOHAHHS 100 54 75 95
JIoBXKMHA MapLIpyTy 100 140 240 170
Yac BUKOHAHHS 100 375 252 155
ITomomanHs pU3HKIB 100 0 100 100
[Tononanns pI/I3I/IKi?3 100 0 0 100
Ta HEBU3HAYEHOCTI
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PesynbraTi onrtumizanii, oTpumanoi BimnoBimHo mojeni Ne2 Haemenoi y [45],
CB1JIUaTh, 110 YCIIITHE BUKOHAHHS MICii B peaJIbHUX YMOBaX pU3UKY Ta HEBU3HAYEHOCTI
nopiBHIOE 54% 10 BIAHOIIECHHIO A0 ifcanbHOro. PHU3WMKM Ta HEBU3HAYEHICTH HE
BPaxOBYIOThCS, TOMY JOBXHHA MapmpyTy 301bmuThCcs Ha 40%, a 9ac BUKOHAHHS MicCii
30UTBIITY€ThCS Ha 275% B MOPIBHSAHHI 13 3HAYEHHSIMU aHAJIOTTYHUX KpUTepliB Mojaeni Nel.
[TomonanHs puU3MKIB Ta HEBU3HAYEHOCTI HyNbOBl. [HQopmamis momo moxpenmi No2
HaBeJIeHA y TPEThOMY CTOBITYUKY TabiuIi 2.5.

PesyabpTatn ontuMizaiiii, orpumanoi BignoBigHo Momaeni Ne3 HaBemenoi y [45],
3HA4YHO KpaIl HiK y Mojieni Ne2, a caMe: ycriliHe BUKOHAHHSI MiCii CTaHOBUTH /5% Bij
ineanbHOro, BpaxoBaHo 100% pusukiB, moexuHa Mapripyty Ha 140% Oinpina 3a
i7IcalTbHY, Yac BUKOHAHHS MiCil CTaHOBHUTH 252% Bij ieanbHOr0. 3HAYHE MTOKPAIICHHS
pe3yabTariB Mojieli Ne3 y mopiBHsIHHI 3 pe3yiabTaTaMu Mojeni No2, oTpuMaHo 3aBAsSKU
BpaxyBaHHIO PU3MKIB MPU BUKOHAHHI Micii [45].

PesynpTaTn onTuMizamii MoOJEi, OTPUMAHOI B pe3yJibTaTl HAyKOBOIO
JIOCIIKEHH, ToOTO Moaeal Ne4, Ttaki. YCHIIIHICT, BUKOHAHHS Micli craHoBUTE 95%.
JloBkrHA MapuipyTy 3MEHILIYETHCS B MOPIBHSAHHI 3 BIANOBIIHUM MOKa3HUKOM MOJEN1
Ne3. Yac BukoHaHHs MicCii 3MEHIITY€TbCS Y TOPIBHAHHI 3 MoAensiMu No2 Ta No3.

Mopenbs Ned4 BpaxoBye HE TIIbKM PU3UKH, ajle ¥ HEBU3HAYECHOCTI NUIAXY MPH
BUKOHAHHI MiClii.

Pesynbraty o04YMCIEHHS oNTUMI3AIll]l NUISXY HaJaHo y Aojaatky B. Pazom 3 tum,
BpaxyBaHHS PU3UKIB 1 HEBU3ZHAYEHOCTI 3a0€31euye MOBHE YCIIIITHE BUKOHAHHS MICii.

ITepeBoiMMO 3HAYEHHS KPUTEPIiB B OaIM JJ1s MOJAIBIIIOTO aHali3y €(peKTUBHOCTI
Mozeni (Tabmuist 2.6).

Braxkaemo, 1m0 100 6aiiB «yCHmimHocTi BUKOHAHHS Micii» Ta 10 6ajiB 1o KO)KHOMY

1HIIOMY KPUTEPII0 Ma€ BUKIIIOUHO 17ieaibHa MOJENb.
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Mogeni onTuMizaliiHi
Kpurepii Mogenb Nel | Moaens Ne2 | Moaens Ne3 | Moaens Ned
(6aym) (6anu) (6anu) (6aym)
1 2 3 4 5
1 M 100 54 75 95
BHKOHAHHS
2 | OuiHka JOBKHHU 10 ) 14 7
MapHIpyTy
3|  Ouinkavacy 10 -27,5 -15,2 5,5
BHKOHAHHS
4 | Hopmonanus PHU3HKIB 10 0 10 10
5
Ilogonanus . 10 0 0 10
HEBH3HAYCHOCTI
6| Bcroro Ganis 140 22,5 55,8 102,5

Jlai HaBeIeHO MOSCHEHHS JI0 3MICTY Ta0muIll 2.6.

Kputepiit «Ycninne BUKOHAHHS Micii» 3a MPHUITYIICHHAM IS 11eaIbHOT MOAei
(Mmozens Nel) nopiBatoe 100 6aniB. OTxe, 3 Tabnuwl 2.5 BUTIKAE, M0 UEH KpUTEPIN s
Mozeni No2 B 6anax craHoBUTH 54, 11 mojienti Ne3 cTaHOBHTE 75, ISl OTPUMAaHOI MOJICII
Ne4 cranoButh 95 (6amis).

Kpurepiit «Ouinka qoBXUHU MapUIpyTy» 3a MPUIYIIEHHSIM y BUMaAKy Mojeni Nel
nopiHtoe 10 GaniB. Toxi nmpu nepeBeeHH] B 0aiu JOBKUHA MAPUIPYTY A1t Mojei No2
ctaHoBUTH 14 OamniB. OTe, PI3HULT MIXK 11€aJIbHOIO IOBKMHOK MAPLIPYTY 1 peaibHUM
MapuipyTomM, orpumanuM mojaeimo Ne2 cranoButh A= 10 — 14 = —4 Ganmu. [HmmMu
CJIOBAMM, OTPUMAHUN MapUIpyT y MOPIBHSIHHI 3 1€aJIbHUM, SIKIIO OpaTu 3a MOIYJEM,
BIJIpI3HSIETHCS Ha 4 Oalu.

[lefi anroput™ 3acCTOCOBYETHCS JUIsl OOYMCIEHHS 3a3HAUEHOTO KPUTEPIIO IJis
mopeneit Ne2-Ne4.

Kpurepiii «O1iHKa yacy BUKOHAHHS MICIi» 3a IPUITYIICHHSM y BHUMAJIKy MOJENi

Nel nopiBaroe 10 6amam. Tosi mpu nepeBeeHHI B 0aiay Yac BUKOHAHHS MICiT I MOJE1
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No2 cranoButh 37,5 GamniB. OTxe, PI3HUI MDK 17I€aJJbHUM YacOM BHKOHAHHS MICIi 1
pealbHUM YacOM BHKOHAHHS, OTpuMaHUM Mojemto Ne2 cranoButh A= 10 — 37,5 =
—27,5 6anu. IHmMMMU cloBaMH, OTPUMaHUN Yac BUKOHAHHS MICii y TOpPIBHSIHHI 3
17ICUTBHAM, SKITIO0 OpaTH 3a MOJyJIeM, BIAPI3HAETHCS Ha 27,5 Oam.

Ileti anropuT™M 3aCTOCOBYETHCS JJII OOYHCIICHHS 3a3HAYCHOTO KPUTEPIIO IS
mopeiren Ne2-Ne4.,

Kpurepiii «IlogonanHs pu3ukiBy» 3a npumnymeHHsaM s moaeni Nel cranoButs 10
oamB. Tomi nma moaeni Ne2 et kpurepiit gopiBHIOe 0 O6aiB, OCKUJIBKY I MOJIETb HE
BpaxoBye mosiBy pusukiB. Mogem Noe3 ta Ned BpaxoByroTh mosiBy pusukiB. OTxe,
3a3HaueHul kputepiit s mojaeneit Ne3 ta Ne4 craHoBuTh BianoBiaHo 10 Gamis.

Kpurepiit «IlogonanHss HEBU3HAYEHOCT» 3a MPUIYIICHHSIM s moxeni Nel
ctaHoBUTH 10 6amiB. Toxai mna moneneit No2 ta Ne3 3azHaueHuit kputepiii nopiBHioe 0
OaliB, OCKUIBKM Il MOJIEJl HE BpaxoOBYIOTh MOSBY HEBU3HAueHOCTI. Momens Ned
BpPaxoBy€ TOSIBY HeBU3HAueHOCTI. OTxe, 3a3HaueHU Kputepid uisi mojeni Neod
cTaHOBUTH 10 OaiB.

Kpurepiit «Bcboro 6aiiBy po3paxoByeThCs TSl KOKHOT MOJIEN OKpEMO. 3HAUCHHS
OTO KPUTEPIIO i1 KOKHOI MOJENI JOPIBHIOE CyMi OaiiB BCIX 3a3HAUYEHHUX BUILE
KpUTEPIiB L1€1 MOAEIIL.

ITepexoaumo 10 BU3HaYSHHS €(hEKTUBHOCTI KOXKHOI 13 YOTUPHOX MOJICTICH.

EdexTuBHicTh MOJIET PO3pPaXOBYEMO 3a HACTYITHOIO (POPMYIIOTO:

E;
E =—%100%, (2.18)
E,
5
E, = z e, (2.19)
i=1

JI€ €j— 3HAYEHHS I-r0 KPUTEPIIO IS PEabHOT MOJCII, | = 1,5, e oepeTtncst 3 Tabuil 2.6.
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5
E, = Z er, (2.20)
i=1

Je e; — 3HAUCHHs I-r0 KpuUTepito i imeanbHoi moxeni, i = 1,5, e/ Oeperbes 3
tabnuii 2.6.
PesynbpTatu po3paxyHkiB eeKTUBHOCTI KOXKHOI MOJI€T HaBeIeHO y Tabmuii 2.7.

Ta6mui 2.7 — EdexTuBHICTS MO

Mogens Nel Mogens Ne2 Monens Ne3 Mopens Ned
(%) (%) (%) (%)
1 2 3 4
100 16,1 39,9 73,2

EdexTuBnicth ineanbHoi Moaeni (Moaens Nel) B3sra 3a 100%.

EdexTuBHICTE MOZEINIEN, IO PO3IIIAAINCS Y MOPIBHSAHHI 3 11€AJIbHOIO TaKa:

— edextuBHICT, Mojen No2 ctaHoBUTH 16,1% (pu3uKKM Ta HEBU3HAYEHICTH HE
BPaXOBYIOThCS);

— edextuBHICTh Moieni Ne3 ctaHoBUTh 39,9% (pU3UKHU BpaxOBYIOThCS);

— edextuBHICTh Mozemi Ned4 cranoBuTh 73,2% (pU3UKHM Ta HEBU3HAYCHICTH
BPaXOBYIOTHCS).

OTtxe, HaWOUIBITY €(DEKTUBHICTD 3 PO3MVISIHYTUX PEATBHUX MOJIEJICH Ma€e MOJIEIb,
OTpUMaHa B Pe3yJIbTaTi MPOBEACHOTO HAYKOBOTO AOCIIKEeHHs «OnTumizaiiiiina irposa
MateMaTtnyHa Mojelnb kepyBanHsa briJIA ta BniHA 13 3actocyBaHHSIM HEUPOHHUX MEPEK

B YMOBaX PU3HUKY Ta HEBU3HAYEHOCTI.

2.6 Onuc apxitektypu iHGOpPMAIiHHOI CUCTEeMH KEpPYBAaHHS 3 BHUKOPHUCTAHHSIM

HEUPOHHUX MEPEXK Ta IrPOBHX ITIXOIIB

VY cydacHuX cHCTeMax KepyBaHHsS O€3MUIOTHHUMH arnapaTaMd BHUKOPHCTAHHS
LEHTPaII30BAaHOTO METOAYy JJsi KepyBaHHS KUIbKOMa, 30Kpema, JBoMa bonA e

€(hEeKTUBHUM TI1IXO0I0M JIJIs1 KOOPAUHAIIIT IPYTIOBUX JI1H.
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LlenTpanizoBaHuil METOJ BHUKOHY€E KJIIOYOBY pOJIb y TMPUHUHATTI PIllIECHb,
3a0e3MeuyoUun y3ro/KEHICTh Jiil BCix bA.

[lenTpanizoBaHO-KOONEPATUBHUIA ITPOBHUI METOH T0O3BOJISIE€ OLIHUTU CTpPATETIuyHy
B3aemoiro Mk briA, a came: briJIA Tta biHA Ta 30BHIIIHIM cepeaOBHIIEM.

B pesynbpTaTi mpoBeneHHS HAYKOBOTO JOCTIIKEHHS OTpHMaHa ONTHMIi3alliifHa
irpoBa MaTeMaTu4Ha Mojenb kepyBaHHs briJIA ta BnHA 13 3actocyBaHHSM HEHpOHHHMX
MEpeX B YMOBax PU3MKY Ta HEBHU3HAYEHOCTI, sIKAa JO3BOJISIE OTPUMATH ONTHMAaJIbLHUN
MapuipyT pyxy briA 3 ypaxyBaHHSIM HEBU3HAUEHOCTI B MOSIB1 PalTOBOrO BUAY (h13MUHUX
MePENIKo/l Ta HeOaKaHUX TO/I1M, HASBHICTb SIKUX HEOOX1HO OYyJIO BpaxyBaTH B MPOIEC]
MoJeItoBaHHs (Tapo3aia 2.5).

[aTerpamis HellpoHHUX Mepex y ¢yHKIIOHAT 000X BHA Hamae MOXIMBICTH
NPUIIBUAIINTA BUKOHAHHS IOCTaBJIEHOI CHUIBHOI MiCii Ta YHUKHYTH aBapiiHHX 1
panToBUX HemepeadauyBaHUX CUTYAIIli.

[ToenHanHs HHMX TEXHOJOTIH (OpMye OCHOBY JUIsi CTBOPEHHS aBTOHOMHHUX Ta
e(EeKTHBHUX CHCTEM KEPYBaHHS.

Hami Oyzae npeacTaBieHO CHUIBHUM allrOpUTM poOOTH O€3MIJIOTHOTO JTaIbHOTO
anapary (bmJIA) ta OGe3minoTHoro HazemHoro amnapaty (bmHA), saxuii BpaxoBye
pe3yJbTaTh BUKOPUCTAHHS HEHUPOHHOI Mepexi Ml 0OpOOKH JaHWUX IIOAO0 HasBHOCTI
BEJTUKHUX CTATUYHHUX MEPEIIKO/I.

MiagroroBya 4YacTUHA 3arajbHOro ajaropurmy. 30ip, miAroroBka Tta
ONpaNOBAHHSA BXiHOI iHpopMamii

Uepes 1ieHTp KepyBaHHS (OmepaTOpoM) J0 MOYATKY 3aIllyCKy CHCTEMH HEOOX1THO
BUKOHATH

— 301p BX1J1HOT 1H(OpMAaIlii;

— MIATOTOBKY BX1JHOI 1H(pOpMaIlii;

— OIpaIffoBaHHs BXiAHOI iHpopMaIii.

BxinHa iH(dopmaliiss BUKOpUCTaHa B MOAANBIINX PO3paxyHKaX Ha Pi3HUX KpPOKax
MPUIHATTS PIllIEHHS OCHOBHOI 3a/1a4i: CTBOPEHHS iHPOpPMaIIIHOT TEXHOJIOT1i KepyBaHHS

O€3MIJIOTHUMHU arnapaTtaMy Ha 0a3i IrpoBOro MiJIX01y Ta HEHPOHHUX MEpEeK.
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Bxinna ingopmanisi orpumana 3 briA 1m0/10 HABKOJIMIITHHOT0 CepeI0BUIIA

— BIJIKPUTICTH 200 3aKPUTICTh TEPUTOPII,

—yac 10o0W, MO0 BIUIMBAE HAa BUKOPHCTAHHS BiJIOBIAHOTO OOJaJHAHHS IS
YCIIIIIHOT'O 3aBEPIIICHHSI MICIi];

— TOTO/HI YMOBH.

[TinroroBya YacTHHA 3arajJlbHOTO AJITOPUTMY (PUCYHOK 2.3) CKIIATAEThCS 3.

— 00CTeXXeHHSI 30BHIIIHBOTO cepenoBuiia oboma BbnA 3 mertoro 00poOku
iH(opMallii Tpo YMOBHU BUKOHAHHS MICI,

— 3J1ACHEHH] TIOYaTKOBUX TEXHIYHUX HalalITyBaHb oOJagHaHHS broA s

< MoyaTtok >

Y

OTPUMaHHA AAHWUX NPO HABKONULLIHE CEPEAOBULLE 3 PI3HUX AATYMKIB
(kamepw, ynbTpa3ByKoBi CEHCOPH, iHPPauepPBOHi ceHcopw)

Moyatok

BiAKPMTa UM 33KPUTA MiCLEBICTb ?

Hiu/Tyman

KOHKPETHO1 MICLIEBOCTI.

Biakputa

\

BcraHoBNEHHA
onepauimtHmx
obmexeHb

AeHb

[leHb um HiY/TymaH ?

\

\ BUKOPUCTaHHS
[0[3TKOBUX
moaynis
(iHppauepBoOHMX,
YNbTPa3BYKOBMX)

BukopucTaHHa
3BUYANHOT Kamepu

\/

BuKopucTaHHa
3BUYANHOT Kamepu

HassHuit BiacyTHin

MoroaHi ymosu
(siTep)

/

36inblene
CNOXXUBAHHA
aKymynATopa 3a
PaxyHOK
36inblweHHs obepris
[ABUIYHIB

A /

Pucynox 2.3 — I[ligroroBya yactuHa 3arajbHOTO anroputmy. OTpruMaHHS TaHKX 13

30BHINIHBOTO CEPEAOBHINA Ta 301p BX1AHOI 1HPOpMaITii
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3aranibHUN anropuT™M pobotu 000x bBnA mependavae aekinbKka KpPOKIB IS
3a0e3MeyeHHs] aBTOHOMHOI Ta €()eKTUBHOI B3a€EMO/I1i 3 HABKOJIHIIIHIM CEPETOBHUILIEM.
[TinroToBya yacThHa Tepeadavyae BUKOPHCTAHHSA PI3HMX JATYUKIB IS 300py
JAHUX PO HABKOJIHUIITHE CEPEIOBHIIE, & CaMe:
— Kamep;
— YIBTPa3BYKOBHUX CEHCOPIB;
— iH(ppauepBOHUX CEHCOPIB.
SKmo MiCHEBICTh BipWUTa, a 4ac NOOW JIEHHWN, BUKOPHCTOBYETHCS 3BHYAMHA
Kamepa.
S0 HiYHMIA yac a00 HAasIBHUN TyMaH BUKOPUCTOBYIOThCS 1H(payepBOHI Ta
yJIbTPa3ByKOBI MOAYJII.
J10/1aTKOBO BPaxOBYIOTHCS MOTOJIHI YMOBH, 30KpeMa HasiBHICTh ab0 BiJICYTHICTb
BITPY, 110 MO>KE€ BIJTUBATH HA CIIOKUBAHHS €HEPTii Ta MIBUIKICTh pOOOTH.
3okpeMa, Yy BHUIQJKy 3aKpUTOi MICIEBOCTI BCTaHOBJIIOIOTHCS ONEpalliiiHi
O0OME>KEHHS, 51Kl BKJIIOUAIOTh HACTYIIHI:
— mBuakocti btHA 1 briJIA;
— BUCOTY noJiboTy briJIA;
— MOKPUTTA TEPUTOPIi.
Bxigna indpopmanisi mictuth (pucyHok 2.4):
1) KOOpAWHATH TTOYATKOBOT TOYKH A (ITyHKT BIAPABICHHS);
2) KOOpJMHATH KiHIICBOI TOUKH B (ITyHKT MpU3HAYCHHS);
3) TexHIYHI XapaKTEPUCTHKHU BA, sSKi BKIIIOYAIOTh:
— MOKPUTTS TEPUTOPIi;
— IIBUJIKICTh TIEPECYBAHHS;
— KOpHCHE HaBaHTA)KCHHS,

— CHCPIOCIIOKMBAHH.



BBOAMMO no4aTKoBI
A Ta KiHuesi B
KoopAuHaTH ana
BMNA Ta BMHA

v

BBeaeHHA TeXHiYHUX
Xxapaktepuctuk BMNJ1A 1a
BMHA

v

OTpUMaHHA METEOPONOTiYHUX
AAHUX WOoA0 NpobaemHmx
OiNAHOK MapLpyTy CTAHOM Ha
dikcoBaHy AaTy 3a OCTaHHi K
pokig

Y

KombiHoBaHa LEeHTpani3oBaHo-
KOONepaTMBHa MaTEMATUYHA
irpoBa mogens kepysaHHa BI/1A
Ta BMNHA

v

36epiraémo NO4aTKOBI HANALITYBAHHA Ta
no4aTKoBi A Ta KiHLeBi B koopanHath ana
BMNJ1A ta BMHA y 3aranbHy B[]

b/} 3aranbHa

3a gonomoroto Middleware
Kafka otpumyemo i
nepeaaEemo No4aTKosi
HaNAWTYBaAHHA i
KOOpAUHATH A0
BignosigHux BMNA

'

Pucynok 2.4 — [IpogoBxkeHHs MArO0TOBYOI YACTHHU 3arajbHOI0 ajiroputmy. 301p Ta

HAKOIMWYEHHS BX1HOI 1H(popMalii
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3a3HaueHi BXIJHI JaHl HEOOXiJHI MpU BUKOPHCTaHHI KOMOIHOBaHOI
[EHTPaII30BaHO-KOOTIEPAaTUBHOI MaTeMaTH4HOI irpoBoi Mojem kepyBaHHs brnJIA Ta
briHA, 3acTocyBaHHs K01 103BOJIsIE pO3paxyBaTh MaKCUMaIbHY (DYHKIIIO YCIIIIHOCTI
(Burparly), iky orpumae koamimis briA B mporieci BUKOHaHHSI Micii.

BxigHi 1aHi, SKi MICTSTh METEOPOJIOTIUHI CLIOCTEPEIKEHHS Ta BUCHOBKU €KCIIEPTIB
3a KOXXEH (DIKCOBaHMM JIeHb POKy 3a ocTaHHI K pOKiB, BHKOPHUCTOBYIOTHCS IIPH
3aCTOCYBaHHI ONTUMI3alliiHOT IrpoBOI MaTeMaTHUHO1 Moieni kepyBaHHs briJIA tTa BntHA
13 3aCTOCYBaHHSAM HEMPOHHUX MEPEXK B yMOBaX PU3UKY Ta HEBU3HAYEHOCTI, a CaMe:

— TeMIleparypa MmoBiTps;

— HasIBHICTB/BIJICYTHICTb OMAJIIB Ta iX IHTCHCUBHICTB;

— BUCHOBOK €KCIIepTa, B 3aJIEKHOCTI BiJl TEMIIEpaTypy Ta IHTEHCUBHOCTI OMAaJliB
I10/I0 CTaHy MPOOJEMHUX JIIJITHOK IIAXY.

BukoHaHHs anropuTMy MPOBEICHO BIAMOBIIHO 10 KOMOIHOBAHOT LIEHTPaTI30BaHO-
KOOIEepPaTUBHOI MaTEMAaTUYHOI IrPOBOT MOJIEIII.

Pa3zom 3 TM, MOYaTKOBI HAJIAIITYBaHHS Ta KOOpJAUHATH TOUOK A Ta B 36epiraemo
1 mepegaemo y 3arayibHy 0aszy nanux (BbJI).

[TouaTkoBl HajamITYyBaHHS Ta KOOPJIMHATH OTpUMYyeMO 13 3araibHoi BJ[ 1
BiAMpaBisieMo 10 BiamoBigHux 0a3 manux brnJIA Ta bnHA, 3actocoByroum mnpomikHe
nporpamue 3a0e3neuenHss Middleware Kafka.

KomOiHOBaHa 1E€HTpaTi30BaHO-KOOMEpAaTHBHA MaTeMaTH4YHA IrpoBa MOJIEIb
kepyBanHsa briJIA ta BnHA micTuThes y poI0BKEHH1 MATOTOBYOI YACTHHH 3arajibHOTO
ANTOPUTMY.

Ilepma yacTuHa 3arajJibHOTO AJATOPUTMY

VY mepirniii 4acTHHI 3arajJbHOTO aJIropuT™My (PHCYHOK 2.5) HaBeaeHO NpoIleC
B3aeMOJIii MK Oe3niuioTHUM JiTaasbHuM anapatoMm (bnJIA) Ta 6e3miIoOTHUM Ha3eMHUM

anapatom (bnHA).



Bigomuit

36epiraemo
chopmoBaHuit

mapwpyTy 641
BNNA

:

B4 BNNA
b/l 3aranbHa

v

b4 BMNHA

'

BMHA noyunHae pyx
3a MapLpyTom

MapwpyT Big TO4KM A A0 TOYKK B

Hesigomui

BMNNA pobuTb 3HIMOK
micuesocTi

v

OnTtumisauiiHa irposa
MartemaTtuyHa moaens
KepysaHHa BIN/1A Ta BMHA I3
3aCTOCYBAHHAM HEMPOHHMX
MepeXx B yMOBaX PU3MKY Ta
HEeBU3HAYEeHOCTI

.

BuasneHHa
HenpoxigHux pebep
(AinaHOK wnnxy)

Y

DopmyBaHHA
OHOB/NIEHOrO
nepeniky NPoxiaHux
pebep

Y

BMNNA suasnse
nepewkoau 3a
AONOMOroio
HEMPOHHUX Mepex

Y

3HAXOAKEHHA
ONTUMANLHOIO
WAAXY
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Pucynok 2.5 — Ilepia yactuHa 3arajibHOrO anropurMy. [lnanyBaHHs MapHipyTy Bif

MIOYATKOBOI TOYKHU A 10 KIHIIEBOI TOUKHU B

3a3HauyMMO, IO JJII BUKOHAHHSA CIIUIBHOI Micli HEJOCTaTHRO MAaTH JIUIIE

KOOPJIMHATHU TTOYATKOBOT TOUKH A Ta KiHIeBOi Touku B. HeoOximHo Takox moOyayBaTh

caM MapuipyT pyxy st bnHA, saxuii Oyae ycninHuM Jjisi BAKOHAHHS MicIi.
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BinOyBaeThcsa mepeBipka HassBHOCTI MPOKJIAJEHOIO MapIIPYTy BiJ MOYaTKOBOI
TOYKH A 710 KiHIEBOi Touku B, a came: axmo mapuipyT HeBimomuii, briJIA Bukonye
3HIMOK MICII€BOCTI 3 BUCOTH 3a JJOTIOMOT'OI0 BCTAHOBJIEHOI KAMEPH Ta CEHCOPIB.

OnTumizamifHa irpoBa MaremaTHuHa Mozenb kepyBanHs bmJIA ta BnHA i3
3aCTOCYBAaHHSAM HEMPOHHHUX MEPEX B YMOBax PH3UKY Ta HEBU3HAYEHOCTI MOOYJOBaHA
JUIsl OTPUMAaHHS ONTUMAJILHOTO MaplIpyTy pyXy BrA 3 ypaxyBaHHSIM HEBU3HAYEHOCTI B
MOSIBI pi3HOrO BHUAY (I3UYHUX TMEPeNIKo] Ta HeOaKaHWX TMOdiN, HASBHICTh SKHUX
HE0OX11HO OyJI0 BpaxyBaTH B MPOILIECi MOJICITIOBAHHS.

3aBAsKH 11 MOJIEIl BU3HAYAIOTHCS HETIPOX1JIHI pedpa Ta GOpMyeTHCS OHOBIICHUM
nepetiK IpoXigHUX peodep.

Otpumane 300paxenHs 3 bnJIA o00poOiserbcs 3a JONOMOIO HaBUEHOI
HEHPOHHOI MEpEeXi, KA 3/1aTHA BUSBISTH MEPEIIKOIH.

3HaiIeH0 ONTUMANIBHUNA NUISX 3 ypaxyBaHHSIM HasBHOCTI BEMKHUX CTaTHYHUX
MIEPEIKO]T Ta OHOBJIEHOTO Tepeniky pebep rpady (BukitoueHo pedpa, sKi 3 BEIUKOIO
HMOBIPHICTIO MOXYTb OyTH HenpoxigHuMu). OTpUMaHO OHOBJIEHHWH BapiaHT rpady.
3acTocoBaHo anroputMm A-Star.

HacTtynmHuM KpoKOM MPOBOANUTHCS MOBTOPHA MEPEeBipKa HAsSBHOCTI MPOKIIAIEHOTO
MapHipyTy PyXy BijJl TOYaTKOBOI TOUYKH A 10 KiHIIEBOi TOUKHU B.

CdopmoBanuii MapmipyT 30epiraetbes y b/ briJIA.

OTpumaHuil mepenik KOOpAMHAT NepeaaeTbes 10 3aranbHoi b/l 3a momomororo
pOMiIXKHOTO IporpamHoro 3ade3nedeHHs Middleware Kafka.

ITepenik koopauHat Bina 3aranbHOi bJ] mepemaerbcss B b/l BnHA mnumsixom
BUKOPHUCTaHHS MPOMIKHOIO nporpamHoro 3ade3sneuenns Middleware Kafka.

Pyx mpoknageHMM MapumipyTOM pPO3MOYMHAETHCA MICIA OTPUMAHHS TEPEIiKy
koopauHat bnHA.

JIpyra 4acTuHa 3arajibHOro ajJropuTMy moOyaoBaHa [l PUHHSATTS PillleHb B
yMOBaxX HEBU3HAUEHOCTI, a caMe NpPH TMOSBl PanNTOBUX MEPEIIKOJ, HEBUSBICHUX 32

nonomMororo briJIA (pucyHnok 2.6).



91

He BuasneHo BuasneHo

BuABneHHA HenomivyeHux
nepewkog BMNHA

3acrocyBatu

HaBYaHHA 3
nigKpinneHHam ana
obxoay nepewkoau

Tak
MNepewkoay noaoNaHo ?

BMNHA nosigomnsae
NOTOYHI
KOOpPAMHATH, WO He

MOXe NPOAOBXKUTU
MYHKT Nnpu3Ha4YeHHA

[AOCATHYTO pyX 3a MaplpyTom

3aBAaHHA BUKOHAHO

6/ BMHA

(e )

b/ 3aranbHa

B4 BM/IA

Pucynok 2.6 — [Ipyra yactuHa 3arajibHOTO aaropuTMmy. BUsiBIIeHHS panTOBUX

nepeuko/ 3a fonomororo bnHA

MaroThcs Ha yBasi Takl MEPEIIKOAM, sIKI He OyJIM 3a37aleriab 11eHTU(hIKOBaHI 3a
yuactio briJIA. Hanpukian, B mporieci BUKOHAaHHS MicCii HECIIOAIBAHO 3’ IBUJIACHh BEJIMKA

siMa Ha 10po3i [37].
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[lepeBipka BUSBICHHS PAaNTOBOI MEPEIIKOAU 3a JOIMOMOTOI0 BJIAcHOI KaMmepu Ta
ceHcopiB npoBoauThess btHA.

Skmo panToBOi MEPENIKOAW HE BHUSBICHO, IYHKT TMPU3HAYEHHS YCIIIIHO
JOCSITHYTO Ta MiCisl BHKOHAHA.

Axmo panroBy mnepemkony BusBieHO, bnHA 3acrocoBye HaByaHHA 3
MIJKPITUICHHSM, 1100 MO0J1071aTH PANTOBY MEPEIIKOIY.

SIKIIO panToBy MEPENIKOAY MO0JIaHO, MyHKT MPU3HAUEHHS YCIIIIHO AOCATHYTO
Ta MICisl BAKOHAHA.

SIKII10 K panToBy NEPEIIKOY MOAO0IATH HEMOKIIMBO 1 HABUYAHHS 3 M1IKPITICHHIM
HE JOIMOMOIJIO, TOTOYHI KOOPAWHATH Ta MapuIpyT PyXy, BUSBICHHN SIK HEMOKIIUBUH,
dikcyrotecs B Bl biHA.

[ToBi1OMIIEHHS TPO MOTOYHI KOOPJAWHATH 1 NOJAJIbITY HEMOKIUBICT POJAOBKUTH
pyX 3a MapHipyTOM INepenarThcsi 0 3aranbHoi bJ/[ 3a n0omoMoror mpoMizKHOIO
nporpamHoro 3abe3nedenus Middleware Kafka.

[ToBinomiuienns Bif 3aranbHoi BJ[ 1o B/l briJIA HanxoAUTh MIISXOM BUKOPUCTAHHS
MPOMIKHOTO MporpamHoro 3abe3neuenns Middleware Kafka.

[licns otpumanns mnosigomieHHss b/ brmJIA Bix 3aramenoi Bb/l, anroputm
MIPOKJIAJaHHs MapIIpyTy MOBTOPHO BUKOHY€EThCS bJIA.

Bci kpoku, OoTpuMaHOTO B pe3yJbTaTi HAYKOBOTO JOCIHIJKEHHS 3arajJibHOTO
aJrOpUTMY, JIOT1YHO MOB’s13aH1 1 3a0€3MeuyI0Th CTa0lIbHY B3a€EMO/1110 poO0TH Mk BriJIA
ta bBnHA.

Y TpeThoMy pO3Iii HABEACHO pE3YyJbTAaTH TMPOBEIACHUX EKCIIEPUMEHTIB Y
CUMYJIATOP], SKI NPOAEMOHCTPYBaIM pOOOTYy HEHPOHHHX MeEpeX Ta HaBYaHHS 3

MIIKPITUICHHSM JIJISE MOJISTIOBAaHHS PI3HUX CUTYaIlii IPH BUKOHAHHI MiCIi.

2.7 BUCHOBKH 10 po3/iny 2

Y apyromy po3auli BUKOHAHOTO HAyKOBOT'O JOCIIXKEHHSI 31MCHEHO OIS,
NOpIBHAHHA, aHalli3 ICHYIOYMX METOIB, HaJaHO OOIPYHTYBaHHs OOpaHHS amapary

JOCIIIJIKEHHS, KM 3aCTOCOBAHO B IMpPOILIECl MPOEKTYBAHHS 1H(GOPMAIITHOT TEXHOIOT11
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KepyBaHHs Oe3nutoTHUMHU amnapatamu (brmA); oTpuMaHO HOBI MaTeMaTH4HI MOJENI Ta
BU3HAUEHA apXiTEKTypa IHPOpPMAIIiiTHOI CUCTEMH.

Jlnst oOpanHs crioco6iB o0y /10BU 1HPOPMAITIHHOT TEXHOJIOT1 CUCTEMH KEpyBaHHS
BrrA 3 BUKOpHCTaHHIM HEHPOHHUX MEPEX Ta ITPOBUX MIIXO/IB HATAHO OOTPYHTYBAHHS
JOTTBHOCTI (TIEPCIIEKTUBHOCTI) BUKOPHUCTAHHS KOOIIEPATUBHOTO ITPOBOTO METOIY Y
KepyBaHH1 briA.

Tak, came wmaTemMaTMyHi MOJENI THUIy KOOIMEPATUBHUX ITPOBUX MOJENEH
CIIPOMO’KH1 aJIeKBaTHO BIJTBOPUTH KEpPyBaHHS Tpynow (Koajili€rw) Oe3MIOTHUX
amapaTiB (Ha3eMHHUX 1 JITaJbHUX), HAJAaTH 3MOTY pO3TJISAJaTH OCHOBHI €JIEMEHTHU
3a3HAYEHOI MaTeMaTUYHOI MOJENI B SKOCTI IpaBUIB (B I[bOMY JOCIIKE€HHI — BmA),
BpPaxOBYBaTH TEXHIYHI OOMEXEHHsI Ta ciocoOu B3aemonli bmA Mix co0oro B yMoBax
KOaJIIIi.

[IpoBeneHO TakoX OMISAA 1 TOPIBHSUIBHUM —aHami3 LEHTPaTi30BaHOTO 1
JIETICHTPATI30BaHOTO METOIIB KepyBaHHsI bTA, okpemMo BUSBIICHO TIEpeBaru Ta HEJAOMIKU
KO’KHOT'O 3 METO/IIB.

3po0JiIeHO BUCHOBOK, 10 LEHTPaII30BaHUI METOJ KepyBaHHS Koajiuieo BbnA y
MOPIBHSHHI 3 IEUEHTPAII30BAHUM MAa€ Takl epeBaru:

— KOHTPOJIb: BECh KOHTPOJIb 32 BUKOHAHHSM MiCii (MiCiil) TOKJIaAa€ThCsl HA OJTHOTO
orepaTopa;

~TIPOCTOTA: BIJCYTHICTh 3alUTIB IIOJO0 PO3POOKH CKJIAJHUX aJTOPUTMIB
aBTOHOMIT,

- Oesmneka: onepaTop npuiiMae BCl pillIeHHS OJTHOOCIOHO.

BpaxoByroun mnepeBaru IEHTPaIi30BaHOTO METOJIY HaJl JCICHTPai30BaHUM, B
HAyKOBOMY JIOCJIIJIKEHHI 00paHO IIEHTPai30BaHMUI METOJ KepyBaHHs briA.

Kom0OiHOBaHa I1EHTpaTi30BaHO-KOOTEpAaTHUBHA MaTeMaTH4YHA IrpoBa MOJEIb
kepyBanHsa briA moOyoBaHa B mpo1ieci HAyKOBOTO JOCTIIKCHHSI.

B nporieci moOymoBH 111€1 MO1€J11 BUKOPUCTAHO MIAXO/IH 1 arapat irpoBOro MeToIy.

B sikocTi 3aranbHOi QyHKIIT BUrpamry oOpaHO (YHKIIO, sKa BU3HA4a€ TOJIOBHY I[LIb
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I'pH — YCIIIIIHE BUKOHAHHSA Micii BiJl 1 Mo4aTKy 1 J0 KiHIs. Pe3ynbraToM MojentoBaHHs

€ 3HAXO/[KEHHSI MAKCUMYMY 3arajibHoi (YHKIIIT BUTpaIlly.

3 5
Foaraneua 2 a]F} Z Cl] ; — max,
]:

j=1

NS

ne Fj — cknanoBi 3aranbHoi GyHKUii BUrpamy; j = 1,5;

a; — npiopurer Fj, T00TO J-1 cknamoBoi (yHKIIT BUrpanmry; j = 1,5, ne j=1-
MOKPUTTS, j = 2 — MIBUAKICTh NEPECYBaHHA, ] = 3 — KOPUCHE HABaHTAXEHHS, ] = 4 —
CHEProCIOKUBaHHA, ] = 5 — ()iHAHCOBI peCypCH.

ExcniepuMeHTanbHe TOPIBHAHHA Fjypo4a PE3YABTATIB  ONTUMI3ALIT  (YHKIIHA
YCHIIIHOCT1, OTPUMAHO1 KOMOIHOBAHOI LEHTPaJII30BaHO-KOOIEPATUBHOI MaTEMaTUYHOI
1rpOBOi MOJIET, 3 OJHIET CTOPOHM 3 BIJIMOBIIHUMHU Pe3yJbTaTaMH (PYHKI[IH YCIIITHOCTI
11€aJIbHOI Ta AELEHTPA130BaHOI MOJIEL, 3 IHILOT CTOPOHH, JIA€ 3MOTY 3pOOUTH BUCHOBOK
Ipo 3HAYHO OuIblly e(EeKTUBHICTh (YHKINI BUrpally oTpuMaHoi wmojeni. Tak,
e(EeKTUBHICTh KOMOIHOBAHOI LIEHTPaJI130BAHO-KOONEPATUBHOI MATEMAaTHUYHOI I1rpOBO1
MoOJedl y TOpIBHAHHI 3  i7eanbHOI0  cTaHoBUTH  71,12%. EdextuBHiCTh
JEHEHTPaII30BaHO-KOOTIEPaTUBHOT MOJIEJl CTAHOBUTH BiJl 22,66% 10 65% y mopiBHSHHI
3 1JICAJILHOIO.

[Tin ineanbHOIO po3risaanacs MOJENb, J€ 33 3aMOBUYBAHHSM CHEpPreTUYHE
CIIO’KUBAHHS Ta (PIHAHCOBI BUTPATH JOPIBHIOIOTH HYIIIO.

[IpakTiuyHe 3acTOCyBaHHA KOMOIHOBAHOI  LIEHTPaJIi30BaHO-KOONEPATHUBHOI
MaTeMaTUYHOI IrPOBOi MOJIEIIl JT03BOJIUTh NIPY BUKOHAHHI Micii 1BoMa briA (HazemMHUM
Ta JITATbHUM):

1) oOpaTu irpoBu# miAXiz;

2) oOpaTu IIeHTPaIi30BaHO-KOOTIEPATUBHUHN METOI KepyBaHHS briA;

3) 3 Merow HahedeKTUBHIIIONO BHUKOHAHHS MiCii BH3HAYUTHCS 3 BHUOOPOM
HAWOUTBII MIIXOMAIIMX TEXHIYHUX XapakTepucTuk koaimii brJIA ta BiHA.

Po3pobnena onTumizaiiitHa irpoBa MaTeMaTH4yHa Mojenb kepyBanHs brnJIA Tta

BbriHA 13 3acTocyBaHHSAM HEMPOHHUX MEPEXK B YMOBAX PU3UKY Ta HEBU3HAUYEHOCTI.
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B HaykoBOMY HOCHIIKEHHI AETaTBHO PO3IIITHYTO MIAX1]1 10 BUPIIIEHHS MPOOIeMu
00MEKEeHOCTI Ta/ab0 HETOYHOCTI BXITHUX JaHUX, BIAMOBIIHO 0 SIKOTO PO3IIIAIAIOTHCS
JIBa PI3HUX BHUJM CUTYaIlld, K1 3a3BUYall HEOOX1AHO JOCHIIUTH, a caMe: | — pillleHHS
IPUIMAaIOTHCS B yMOBaX PU3HKY; 2 — PIIIEHHS TPUUMAaIOThCS B yMOBAaX HEBU3HAYCHOCTI.

B 3anexxHOCTI BiJ Xapaktepy (THUITy) HEBU3HAUEHOCTI 3aJICXHTh BHOIp amapary
JTOCITIIKEHHS.

SIK1IO pileHHs MPUIMAIOTHCS B yMOBaX PU3UKY, TO MOSIBY HEOAKaHOT MEPEIIKOAH
MOJICJIIOIOTh 13 3aCTOCYBAHHSIM amnapary Teopili UMOBIPHOCTEM.

k1o pimeHHsS NMPUUMAETHCS B YMOBaxX HEBU3HAYCHOCTI, (DYHKIIIIO PO3MOJILTY
HMOBIPHOCTEN 3HAUTH MPAKTUYHO HEMOKIIKBO.

B HaykoBOMYy HOCTiKEHHI pO3TIISIAI0THCA O0U/IB1 CUTYaIlll, sIKI BAHUKAIOTh MPH
MozenmoBaHHl kepyBaHHd bnJIA ta bnHA: 1 — pusuk nosiBu HebOaxxaHOro SIBUILA,
30KpeMa BECHSIHOTO/OCIHHBOTO O€3T0pIXOKs; 2 — HEBU3HAUYEHICTh — IOSIBA PaITOBOI
NepeniKo iy (SIMU) B TIPOLIeCi BUKOHAHHS MICIi.

[ToOynoBa onTUMaIBLHOrO MApUIPyTy 3 YpaxXyBaHHAM PHU3UKY BiOyBaeTbCsA MpU
3aCTOCYBaHHI MEPIIO YACTUHH MOJIETI1, I O MOYaTKy Micii. [3 mepesiky BciX MOKIMBUX
pebep rpady (AUISSHOK MNUIAXY) BUJIYYalOThCA Ti pedpa, sKi MalTh WMOBIPHICTH
HENpOXiMHOCTI Oinbimy, abo piBHY JAeskid Hamepen 3amaHiii koHcrtanti C, e
0<C<1;C = const.

@OyHKIliA po3MOALTy HMOBIPHOCTEH JJIsi KOXKHOTO I-r0 pedpa BHU3HAYAETHCS
EKCIIEPUMEHTAJIbHUM IIUIIXOM, 3 BHUKOPUCTAHHSIM METEOPOJIOTIYHUX JaHUX 34
BU3HAYCHMI niepiof (Hanmpukiamd, 3a 10 ocrannix pokis). [1ix MeTeOpOIIOTTYHUMH TAHUMHU
PO3yMIEMO TEMIIEpaTypy MOBITPs Ta IHTEHCUBHICTh OMa/iB.

Pesynbrar 3acTocyBaHHs MEPIIOi YACTHHHU ONTUMIZAIIHHOT IrPOBOT MaTeMaTUYHO1
MO/IeJll — OTPUMaHHS HUISIXY 3 BUKIIOYEHUMH POOJIEeMHUMU pedpamu (IUISTHKaMu ).

Jlpyra 4dacthHa MOjeNi BUpINIy€e MpoOJieMy MOAOJaHHS PANTOBOI MEPEITKOIH
(HEBM3HAUCHOCTI) HA MUISAXY B MPOIECI BUKOHAHHS MicCii. 3ampOnoHOBaHO BUPINTYBaTH
0 MpoOJeMy 3a JIONOMOTOK MOKJIMBOCTEH HEHPOHHUX MEpEeX Ta HaBYaHHS 3

1 IKPITUICHHSIM.
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JlonaTkoBa MepeBipKa 100 BUSABJICHHS PANTOBOI MEPEUIKOAM 32 JIOMOMOTOIO
KaMepHu Ta CEHCOPiB MpOBOAUTHCS bTHA.

Sxmo panToBOi MEpPElIKOAW HE BHUSBIEHO, IMYHKT MPU3HAYEHHS YCHIIIHO
JOCSITHYTO Ta MiCisl BUKOHAHA.

Axmo pantoBy nepemkony BusBieHO, bnHA 3acrocoBye HaBuaHHA 3
M1IKPIIICHHSAM ISl TIOJI0JIaHHSI ParTOBOI MEPEIIKOIH.

Y pasi, KOIM panToBYy TMEPEIHIKOAY TMOJ0JIAaTH HEMOXXJIMBO 1 HaBYaHHA 3
HIIKPIMJICHHSM HE JOTIOMOIJIO, MOTOYHI KOOPJMHATH Ta MapUIPyT PYXY, BUSBICHHUM K
HEMOXXJIUBHH, (DiKCyroThCs B 0a31 nanux biHA Ta nepenarothes 10 6a3u ganux brJIA.
VY 1poMy pasi anropuT™M OpOKIJaHHsI MapIpyTy BUKOHY€eThCsl briJIA moBTOpHO.

[IpoBeneHo anami3 epeKTUBHOCTI ONTHUMI3alliiHOI IrpOBOi MaTeMaTUYHOT MOJIEII
kepyBaHHa briJIA ta BnHA 13 3acTocyBaHHAM HEHPOHHHX MEPEK B YMOBAaX PU3UKY Ta
HEBU3HAYEHOCTI.

3a 3aMOBUYBaHHSM BBaXXaJloCs, MO0 €(DEKTUBHICTh 171€albHOI MOJIEINl CTaHOBHJIA
100%. 3a mpoBeneHMMHU pO3paxXyHKaMH OTPUMAHO, IO €PEKTUBHICTH MOJEII, AKa He
BpaxoByBaJla PHU3UKU Ta HEBU3HAUYEHICTh, CTaHOBWJIA Bchoro 16,1%; edekTuBHICTH
MOJIeTi, SIKa BpaXxOBYBaJIa TUTbKH pU3UKH, cTaHoBIIA 39,9%; eheKkTHBHICTS MOCHTI, SKa
BpaxoByBaJa 1 pU3UKH, | HEBU3HAYEHICTh, CTaHOBUIA 73,2%.

OT1xe, HaNOUIBITY €(DEKTUBHICTD 3 PO3MISIHYTUX PEATBHUX MOJIEJICH Ma€e MOJIEIb,
OTpUMaHa B PE3yjbTaTi HAYKOBOTO JOCIIJPKEHHs, sIKa BpaxOByBaJla 1 PHU3HKH, 1

HEBU3HAUYEHICTD.
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3 EKCIIEPUMEHTAJIBHA HEPEBIPKA ITPOBOI'O HIAXOAY TA
HEHPOHHUX MEPEX Y KEPYBAHHI BE3INIJIOTHUMU AITAPATAMUA

3.1 Ananiz MOKJIMBOCTEH Cy9acHUX CUMYJISITOpiB. Bubip cumynstopa as

MIPOBEICHHSI €KCIIEPUMEHTIB HAyKOBOTO JOCIIHKCHHS

[Ipy BUKOHAHHI EKCINEPUMEHTAJIBHOI TMEPEBIPKM OTPUMAHUX PE3yJIbTATIB
HAyKOBOT'O JIOCJI/KEHHS IPOBEJCHI MaTeMaTH4YHI MOJCIIOBAHHS, SIKiI IepeadadyaroTh
BUKOPHUCTAHHS CUMYJISTOPA, KU 3MaTHUH MiATPUMYyBaTH KepyBaHHS PI3HUMHU THITAMU
oe3nuioTHux anapatiB (briJIA ta BnHA).

Posrnsuyro Hannommpenimn cumynstopu (Ardupilot, PX4, ROS, Gazebo,
Microsoft AirSim), a Takoxx npoaHaJli30BaHi iXHi IepeBark Ta HEIOMIKH.

Ardupilot: yriBepcambHUIl CHUMYNISTOp 3 BIIKPUTHM KOJOM, SIKHH ITiITPUMYE
YOPaBIIHHS SK JITAIGHUMHU, TaK 1 HA3eMHUMH Oe3MioTHUMH anaparamu. Lls cuctema
BUKOPHCTOBYETHCS JIJISI pO3POOKH, TECTYBaHHS Ta KepyBaHHs bITA, poboTaMu Ta IHITUMUA
ABTOHOMHHUMHU MPHUCTPOSIMHU Y peabHOMY Yaci [47].

PX4: cumynaTop 3 BIAKPUTUM KOJIOM, 11O MIITPUMY€E aBTOHOMHE YIIpaBJiHHs bIiA,
BUKOPHCTOBYETHCS B MPOIIECI CTBOPEHHS SIK MMPOCTHX, TaK 1 CKIAIHUX aBTOHOMHHUX brA
[47-49].

ROS: nporpamua mnatdopma st po3poOku poOOTH30BaHUX cUCTeM. MoynibHa
apXxITEKTypa CUMYJISITOpPa JT03BOJISIE TPOBOJIUTH €KCIIEPUMEHTH SIK 3 HA3eMHHUMH, TaK 1 3
mitaneaumu briA [50].

Gazebo: cumynsTOp, SIKHH BHKOPHCTOBYETHCS JUISI CTBOPCHHS peaiCTHYHHUX
TPUBUMIPHUX CEPEIOBHIN, a TAKOX € e(OEKTUBHUM i1 TECTYBAaHHS BIPTyaJbHHUX
OesmutoTHUX anapatis [51].

Microsoft AirSim: HaliGLIBII GYHKIIOHATEHUI CUMYJISTOP, T03BOJISE TIPOBOIUTH
EKCIIEPUMEHTH Y PI3HOMaHITHUX cepenoBuiax. L{ei cumynaTop miaTpumMye J0CTaTHbO
0arato 10JJaTKOBUX Cy4acHUX 010JI10TEK, 1110 € OJIHIEIO 3 TO3UTUBHUX HOTO BJIACTUBOCTEH

[52]. OcnoBHOlo mepeBaroro Microsoft AirSim e peamictuuna rpadika, iMiTarlis
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(b13UYHUX SBUII Ta MOXJIMBICTh J0/IaBaTH BJIaCHI 00’ €KTH, y TOMY YHCII1 TIEPEIIKOIN Ta
01aTKOBI THIH briA.

PesynpTatu GinbIn IETaNBHOTO OTJISAY 3alpPOTIOHOBAHUX CUMYJIATOPIB HaBEICHI
HUXKYE.

ArduPilot

Bukopucranns ArduPilot mo3Bosisie cTBopuTH BipTyaibHI 00pa3u BmA pizHux
tuniB. OCOOJNMBICTIO IBOTO CHUMYJATOPY € HASIBHICTH PI3HOMAHITHOTO Habopy
MIPOTPaMHMX 1HCTPYMEHTIB.

ArduPilot — 11e IpOEKT 3 BIAKPUTHM BHUXITHHM KOJOM, SIKH IPEACTABIISIE COO0I0
B/IOCKOHAJICHY, MOBHO(PYHKIIIOHAJIbHY Ta HaJIIHHY NPOrpaMHy cUCTeMy aBTomniiora. Llei
CUMYJIATOP 37aTHUH KEpyBaTH TMPAKTHYHO OYIb-IKOI TPAHCIIOPTHOK CHCTEMOIO:
JiTakaMH, TUTAHEpaMHU, MYJIbTHUKOIITEpaMH, TeIIKONTepaMu, MiABOJHUMH YOBHAMH Ta
HAa3eMHUMHU  TPAHCIOPTHUMHU  3acobamu. Tumm TpaHCOpTHHX  3ac001B, SIKi
miATpuMyroThCs cumysisitopoM ArduPilot, MmoxyTh nomoBHIOBaTHCS (pHCYHOK 3.1).

Kpim toro, ArduPilot epekTHBHO BUKOPUCTOBYETHCS JIJISl IIPOBECHHS CUMYJISIII
Besmkux poiB briJIA ta bnHA.

ArduPilot 3acTocoBy€eTbCst 1Sl TPOBEJICHHS TECTYBAHHS Ta TPOEKTYBAHHS HOBHX
PO3pOOOK BETMKUMH YCTaHOBaMHU Ta KopropailisiMu, TakuMu gk NASA, Intel Ta Boeing,
a TakoX yHiBepcuteramu [47].

3aBAsSKA CBOIM MOXKJIUBOCTSAIM cumynarop ArduPilot HaOyB BenwKkuii mMOMUT y
3aCTOCYBaHHI B PI3HHX rajy3sx, HacaMIiepel, JOCIITHUIIBKUX MPOEKTAX, IPOMHUCIOBOCTI
Ta CIIIbCBKOMY TOCIIOAApPCTBI.

OxpeMo po3rasHYTO TIepeBaru Ta Heaoiku cumynaropa ArduPilot.

ITepeBaru cumynsitopa ArduPilot:

— HAasIBHICTh PI3BHOMAHITHUX amnaparHux IuiatgpopM (MITaTbHUX, HA3E€MHUX,
migBoAHKMX amapatiB). IlepemnbadyeHo mpaBo oOpaTd Taky amapaTHy miaTgopmy, ska

HalKpalle MOJIETI0€ KOHKPETHY CUTYallllo;
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— MATPUMKA HAJIAIMTYBaHb 1] 1HANBITyallbHI 3aTUTH KOoprcTyBadiB. [loTeHIiiHi
MO>KJIMBOCTI 3acTocyBaHHsS cumyJisiTopa ArduPilot 3a HeE0OXimHOCTI 301TBIIYIOTHCS
3aBJISIKMA PO3POOIT Ta BUKOPUCTAHHIO JOJIATKOBUX MOIYJIiB;

— HasABHICTb KOPHUCTYBAJbHMIIBKOI JOKYMEHTAIlii Ta MATpUMKAa 3 OOKy
PO3pOOHHKIB,;

— npodeciiine 00roBopeHHs Ha GopyMmax, B IKMX OEpyTh y4acTh KOPUCTYBayl Ta
PO3POOHUKH.

Henoniku cumynsaropa ArduPilot:

— CKJIQJ/IH1 HAJIAIITYBaHHS CUMYJISITOPA,

— JKypHaJ BUKOHAHUX I TOTpeOye TOOMpaIfoBaHHS;

— mpo0yiemMa po3poOKH, CYMICHOCTI Ta IHTErpaii HeCTaHAapTHUX MpPOTPaMHUX

MOI[y.]'IiB CITIOBUJIBHIOE IMOIIHUPCHHA IbOI'0O CUMYJIATOPA.

Mission Planner 137 build 1.1.5307.24027 - olEN

Command | Deia
s G © 0 Em R 36 o

Pucynok 3.1 — Burnsag po6otu BikHa cumyiisitopa Ardupilot [47]

PX4 Autopilot
PX4 Autopilot — cumynarop, SKHii BHKOPHUCTOBYETHCS B 0aratboxX MPOEKTaX
PI3HOTO HaIpaBJICHHS (PUCYHOK 3.2).

['070BHOI0O  MO3UTHBHOIO  PHUCOI0 IBOIO  CHUMYJATOpAa €  BLAKPUTICTH

CHEI[1aJ1130BaHOr0 MPOTrPaMHOTro 3a0e3neueHHs. 3a3HauuMO, [0 TAKUI TUIT IPOTPaMHOTO
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3a0e3neyeHHs] HaJa€e MOXKJIMBICTh 3amporpamyBatd KoHTposiepu bnA, a Takox
3MIHCHIOBATH CUMYJISIIIL JIO €TaIy 1X MPaKTUYHOTO BIPOBaKeHHs [48].

Le¥ cuMyIsITOP aKTUBHO 3aCTOCOBYETHCS B IPOEKTAX PIZHOTO HAIPSMY .

[lepeBaru cumynstopa PX4 Autopilot:

— HaAIHHICTh B POOOTI Ta CTA0ILHICTh IPOTPAMHOT0 3a0€3IICUCHHS;

— nepea0ayeHo B3aeMOIII0 3 HA3EMHUMHU CTaHIIISIMU, 1110, B CBOIO YEPTY, CIIPOIILYE
yrpaBJliHHS BriA,

— Olepy€e HMIMPOKUM HAaOOPOM CEHCOpPIB Ta amapaTHUX MOJMAYJIB, IO PO3MIMPIOE
MO>KJIMBOCTI €KCIUTyaTallii pi3Hux TumiB briA;

— nepeadavyeHo NATPUMKY PI3HUX O€3MEUHUX PEKUMIB TOBEPHEHHS,

— BHCOKa 0Oe3meKa Ta HaJliHICTh IPOrPaMHOT0 KOJY — OJHA 3 TOJIOBHUX MepeBar
CUMYJISITOpa, IO JIOCSTA€ThCS 3aBASKU TOCTITHUM TECTYBaHHSAM amnapaTHOTO Ta
MPOTPaMHOT0 3a0€3MCUECHHS.

Henomniku cumynaropa PX4 Autopilot:

— MPY MOJIETIOBAHHI JITAIBHUX Ta HA3€MHUX amnapariB 3’ sBISIOTECS TPOOIEMH,
sSIK1 He IIpUTaMaHHI IHITUM CHMYJISITOpPaM, 30KpeMa IpH CUMYJIALIT po3psaay Oarapei [49];

— ¢eKTUBHE BUKOPHUCTaHHS CHUCTEMU MOTpeOy€e BHU3HAUCHHS TEXHIYHUX

XapaKTEPUCTHK araparis, siKi HEOOX1THO CIIPOEKTYBATH.

Q
|l =
: ed a Fun Cub Quad VTOL.. If you'd fike to change this cor

Fiying Wing

Generic Octocopter + geom... " Octo co .. Applied Aeronautics Albatro...

Quadrotor x over Simulation Standard Plane

kS

30R DIY Quad

Tricopter ¥

g

Generic Tricopter Y- Geom. Caipiroshia Duo Tallsitter Quadrotor X Taiisitter

Pucynok 3.2 — Burnsaa po6otu BikHa cumyisitopa PX4 Autopilot [48]
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Robot Operating System (ROS)

Robot Operating System (ROS) — me HaGip 0i0mioTek cHeliaTi30BaHOTO
porpaMHOro 3abe3neueHHs (pucyHok 3.3).

Cumynstop Robot Operating System (ROS) BigpuBae MOKXIUBOCTI HaIllMCaHHS
nporpam Jijist poOoTiB, 30KpeMa, ApaiBepiB JJIs aKTyaIbHUX aJTOPUTMIB.

Cumynarop Robot Operating System Mae BIAKpUTHN KOJ.

ROS edexTuBHO 3aCTOCOBYIOTHCA B MPOIECaX MPOEKTYBAHHS CUCTEM aBTOHOMHOT
HaBirarii, a TAKO JJi1 BU3HAYCHHS ONTUMAJIbHUX MAPUIPYTIB MIPU HASIBHOCTI HEOE3MEKU
[50].

[TepeBaru cumynaropa Robot Operating System:

— MOJIyJIbHA CTPYKTypa 010J110TeKH JO3BOJISE MOETHYBATH ITPOCTI KOMIIOHEHTH TSI
CTBOPCHHS CKJIQJTHUX CHCTEM;

— BUPIIICHHS PI3HOMaHITHUX 3a]1a4, BiJl ONITUMAJILHOTO IUIAHYBAaHHS MapIIpyTy 10
00poOKHU BXITHUX JAHUX, SIKI CTOCYIOTHCSI XapaKTEPUCTUKHU MICIIEBOCTI;

— HaJIaHHS BIAKPUTOTO JIOCTYITY J0 MPOrpaMHuX O10JI10TEK, Y TOMY YUCIHI THX, SIKI
HiATPUMYIOTBCSI CTOPOHHIMHU PO3POOHUKAMHU.

Henoniku cumynsatopa Robot Operating System:

— CKJIQJIHICTh Y BCTAaHOBJICHH1, HAJIAIITYBAaHHI Ta EKCILTyaTallli CUMYJISITOPa,;

— JIISl TIPOBEJICHHSI CKIIAJIHUX CUMYJIALN 3 BUkopuctanHaM ROS nependavaerbes

HasIBHICTb BI/ICOKOHpOILYKTI/IBHOI aHapaTHOi 0a3m.

B stm 08 = s %0 0 )t oA

e Yow Bogios Lielp
Move ey Ineract  Sckect 2D Now Gosd 2D Pose e

| o
™
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Pucynok 3.3 — Burisaa po6otu Bikna cumyisitopa ROS (Robot Operating System) [50]
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Gazebo

Gazebo — e TpuBUMipHUAN TUHAMIYHUN CUMYIISTOP.

Gazebo imiTye moBenmiHKy poOOTIB sIK y BHYTpIIIHIX, TaK 1 B 30BHIMNIHIX
cepenoBumax (pucyHok 3.4). CuMysIsITOp BiIKpUBA€E MOKIIUBOCTI MOJIETIOBATH (Pi3UUHI
MPOLIECH TOCTATHHO TOYHO 3aBJSIKA HAOOpaM MPOrpaMHUX JAaTUYHKIB Ta IHTEphEnCIB s
KopuctyBadiB. Bukopucranas 6i0miorekn Gazebo Physics oOmexene obmacto
¢iznyamx npouecis [51].

[TepeBaru cumynaropa Gazebo:

— MOJIEIOBaHHS (DI3MYHUX MIPOLIECIB B1AOYBAETHCA JOCTATHHO TOYHO, BKIIIOUAIOUH
HACTYMHI (13UYHI SBUIIA: TEPTs, OCBITICHHS Ta CEHCOPHI JaHi,

— 3a0e3Meuye MIATPUMKY PI3HUX THUIIB POOOTIB, Y TOMY YHCII, JITAJIbHUX Ta
HazeMHuX boA.

Henomniku cumynaropa Gazebo:

— MPaKTUYHE BUKOPHUCTAHHS CHUMYJSITOpa MOTpeOye HAsSBHICTH KOMIT IOTEpa 3
BHCOKOIO MPOIYKTHUBHICTIO, OCKIJIBKM 1€ HEOOXITHO Ml OTPUMAaHHSA TrpapiaHux
300paxe€Hb 3 BUCOKOIO AKICTIO Ta MPOBEACHHS BEJMKOI KITBKOCTI PO3PaxyHKIB,;

— 3HA4YH1 BUTPATH 4acy Ta HaABHICTh BY3bKOCHELIaJbHUX 3HAHb JJISl YCHIIIHOTO

MOACITIOBAHHA CKIaAHUX CUCTCM.

’\"*C/ a8z

Ve

Pucynok 3.4 — Burisin pobotu BikHa cumyinsitopa Gazebo [51]
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Microsoft AirSim

Microsoft AirSim cumynstop OyB crBopenuit y 2017 pomi IOCTiAHUIEKAM
nigposaiiom Microsoft [52].

B nmepmry uwepry, naHuil CUMYJSTOp BHKOPHUCTOBYBAaBCS HJsi TPOBEICHHS
JOCTIIKEHb 13 3acTOCyBaHHAM mTy4HOTO iHTEeNnekTy (1), 30kpema MonentoBaHH1 pyXy.

OnHi€EX0 3 TIOBUTUBHUX pHUC CUMYJSITOpPA € CTBOPEHHS (BUKOPUCTAHHS)
PEATICTUYHOTO  BIPTyaJIbHOTO  CEPEJOBHINA 3 METOI TIEPEBIPKH  aJITOPUTMIB
aBTOHOMHOTO KepyBaHHS. TecTyBaJlbHE CEpPEIOBHINE BKIIOYAE CHMYJISINIO TOJIHOTIB
briJIA, mepecyBannss bnHA, iHTerparito CEHCOpIB Ta MOXKJIHUBICTh BHUKOPHUCTAHHS
HEUPOHHUX MEPEXK.

Hapasi cTopoHHI pO3pOOHMKH  3MIMCHIOIOTH  MHIATPUMKY  IPOTPaAMHOTO
3a0e3neueHHs TaHOTO CHMYJIATOpA, OCKiUIBbKH odimiitHa miarpumka Microsoft AirSim
npunuHena y 2023 porui. KopucrtyBaui npogoBxkytoTs Bukopuctanas Microsoft AirSim
y CBOiX IIPOEKTaX Ta 3MIHIOIOTH MOTO ITiJ1 BIIACHI 3a]1a4i.

Microsoft AirSim BHKOpHCTOBYEThCS /ISl TPEHYBaHHS HEHPOHHUX MEPEK, MI00
pO3MI3HABATU MEPEIIKOAN, a TAKOX Y HABYaHHI 3 MIAKPIIUIEHHAM JUIsI KOPEKTHOTO
CIIiTyBaHHS 32 BU3HAYCHUM MapIIPyTOM.

Kpim toro, y Microsoft AirSim mepen6aueno Bigkputuii API, 3aBnsku sikomy
JI03BOJICHO BUKOHYBATH 30BHIIIHIN KOJI HA MOBI mporpaMyBanHs Python.

[Tepeiimemo n0 po3risgy MoXIHMBOCTeH cumynsropa Microsoft AirSim Ginbm
JETAIIBHO.

Microsoft AirSim mparttoe Ha 6a3i irpoBoro pymrist Unreal Engine.

IrpoBuit pymiit Unreal Engine mo3Bosisie cTBOprOBAaTH pi3HOMAHITHI BipTyalbHI
cepeoBuIla, HAOMMKEH1 A0 peasibHUX Ta (H13UYHI MPOIECH.

Cepen OCHOBHUX MOXJIMBOCTEN CHMYJISITOPA €:

— BipTyasibHa peaizalis (i3uYHUX MPOIIECiB MOJbOTY YU NiepecyBaHHs briA;

— MOKJIMBICTh 3aCTOCYBAHHSI PI3HUX MPOTpaMHUX O10J110TEK, SIKI JI0O3BOJISIOThH
MO/ICITIOBATH MOBEIHKY, y ToMy uncii, LIDAR cencopy, kamepu, GPS, yibTpa3BykoBUX

Ta 1H()payYepPBOHUX CEHCOPIB,;
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— HasBHICTb CHELIaI30BaHUX BHYTPIIIHIX MiAMPOrpaM, Kl JO3BOJSAIOTH 30UpaTH
JaH1 711 HABYaHHSI HEUPOHHUX MEPEeK;

— nepeadadyeHa MOXKIIMBICTh IS CUMYJIAIIT MOTOAHUX YMOB, PI3HOMAaHITHUX
MEPEIKO/T Ta THITUX MOXJIMBUX CUTYAIIH.

Microsoft AirSim BUKOPUCTOBYETHCS JJISi MOJICIIOBAHHS ITPOBUX METOIB, SIKi
nepeadavaroTh y4acTth JeKiIbkoX bnA (rpaBmiB). KoomepaTuBHUII IrpoBHI METON
JO3BOJIIE MOJEIIOBATH cHTyallii, A¢ BmA (rpaBii) MOXyTh MaTH IHAMBIAyaJdbHY YU
CHUIbHY JIbOBY (DYHKIIIIO JIJISl JOCSTHEHHS 3arajibHOI METH.

Ocrtarounuid BUOIp MPOrpamMHOTO 3a0€3MEUCHHS IS CUMYJISIIT 3aJICKUTh BiJl
OCOOJIMBOCTEM 1 LILJIEH MTPOEKTY.

Cumynstop Microsoft AirSim BUKOPHCTOBYETBCS ISl MOJICITIOBAHHS TIOBEIIHKH
briA y MicbKkOMy cepeloBHUIlll 3 TMEpenIKogaMu, TaKUMH K OyaiBii, TPaHCHOPT,
HECHPUATIMBI IOTO/IHI YMOBH (1011, TyMaH, BiTep). BiH e(peKTUBHO 3aCTOCOBYETHCS IS
TECTyBaHHS aBTOHOMHOI HaBIraiii Ta 00poOKHu 300pakeHb 3 BUKOPUCTAHHSAM HEUPOHHOI
Mepexi (pucyHok 3.5).

[TepeBaru cumynstopa Microsoft AirSim:

— MICTUTh MPOTPaMHI MOAYJI Ta J03BOJISI€E PO3IMIMUPUTU BUOIp BIpTyadbHUX
CEpEeNIOBHUILL, SIKI SKHAWKpaIIE IMITYIOTh PEabHICTB,

— HasIBHICTb ~ MOXJIMBOCTI ~ BHKOPHCTOBYBATH  PI3HOMAHITHI  BIPTyalbHI
CepeIOBHIIA;

— nepeadayeH0 HABYAHHS HEWPOHHMX MEpPEX 32 JONOMOIO BHYTPILIHIX
MiJIporpam Jijis 300py TaHUX;

— BUKOPHUCTOBYETHCS JUISI KOMIT FOTEPHOTO MOJICTIOBaHHS TMOBeNiHKOI brJlA,
bnHA.

Henoniku cumynaropa Microsoft AirSim:

— MOTPIOCH BUCOKOMPOIYKTUBHHUIA KOMIT IOTEp I poOOTH 3 JIeTaai30BaHUMH
Cepe0BUILIAMU;

— o¢imiitHa miaTpuMKa npusynuHena y 2023 potii.
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Pucynok 3.5 — Burnsa po6otu MmoxkiuBocteit cumyisitopa Microsoft AirSim [52]

3.2 BpoBaykeHHST CUMYJISLIT

Cumynsuig iIrpoBoro MeTOAy yIpaBiiHHS BIA 3 BHUKOpUCTaHHSM HEWPOHHHX
MEpPEkK € KOMIJIEKCHUM 3aBJIaHHSIM.

BrpoBamxeHHss cuMyJIALil 3A1MCHEHO 3 BUKOPUCTAHHAM cuMmyisitopa Microsoft
AirSim, skuii 3aBaHTaXXCHO Ta BcTaHoBiAcHO Microsoft AirSim 3 odimiiiHOro
penosutopito GitHub. OGpano Bepcito Unreal Engine 4.27 mns 30ipku Ta 3amyckKy
Microsoft AirSim. 3asnaunmo, 1o nepexin Ha oHoBieHy Bepcito Unreal Engine 5 €
HEJIOIJIBHUM, OCKUIbKH 3 BUKOPUCTaHHSIM HOBOI BepCii 3ally4aeThcsi Oarato pecypcis,
K1 MOKHA 3a/115ITH 111 HABYAHHS HEUPOHHUX MEPEX MPU PO3Mi3HABAHHI 300paKEHb.

[TepeiimeMo 10 poO3MISILy apXiTeKTypw poOoTH cumyssTopa Microsoft AirSim
(pucyHoK 3.6).

Microsoft AirSim minTpuMye nBa THNM CTaHIApTHUX bIA: HazeMHUil Ta

mtanpHU. Hazemaum biA Oynemo BBaXkaTu aBTOMOO1J1b, a JIITATHHUM — KBJAPOKOIITED.
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Pucynok 3.6 — Apxitektypa pobotu cumyisitopa Microsoft AirSim s peaibHOTO
brA [52]

Ha pucyHnky 3.6 300pakeHO apxiTekTypy podotu cumyssitopa Microsoft AirSim,
110 BUKOPUCTOBYETHCS JIUIsl MOJICITFOBAHHS MOBEMIHKM Oe3mioTHUX anapatiB (brmA). s
apxITEKTypa IMpeACTaBisie OCHOBHI KOMIIOHEHTH Microsoft AirSim Ta ix B3aeMoito y
MpoILIeCi CUMYJISIIII.

Hanmamo ormsit eneMeHTiB apxiTekTypu podoTu cumysisitopa Microsoft AirSim.

Flight Controller Firmware:

[lenTpanpHUI KOHTpOJIEP BiANOBIAA€E 3a KepyBanHsa briA. Bin npezacrasisie co6or0
OKpEeMHUH MPUCTPIH, SIKUA MICTUTH CIELIANI30BaHy MPOIIMBKY sl KepyBaHHS BHA.
[Ipukmnanom Takoro koHTpoJsiepa € Pixhawk, sikuii 3a0e3nedye BUKOHAHHS KOMaHJ,
KOHTPOJIb cTaOLIbHOCTI BTA Ta 00p0OOKY CUTHAIIB.

Companion Computer:

JlonaTkoBUil OOYMCTIOBAIBHUIM MIKPOKOMIT FOTEP BIJAMOBIIa€ 32 BUKOHAHHS
CKJIAQAHUX  OOYHMCIEHb, 30KpeMa, I[UJIJaHyBaHHSA  MapuipyTy, JIOKaji3amioo 1
kaptorpadyBanss cepenopuiia (SLAM), a Takok 00poOKY TaHUX 3 CEHCOPIB.

Simulator

OcnoBHa uvactrHa Microsoft AirSim, sika BiAmoBigae 3a CUMYJISII0 (i3UIHHX
SIBUII, HABKOJIMIIIHBOTO CEPEIOBMINIA Ta poOOTYy ceHcopiB. Simulator ckmamaerscs 3

KUIBKOX KIJTFOUOBUX MOTYJIB:
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1. Vehicle Model: moxens 6e3minornoro anapary (bnJIA un BiHA) BinrBoproe
¢b131uH1 XapaKTepUCTUKH IIUX MOJENEH, a caMe: Macy, 1HepIiio, KoeilieHTH JiHIITHOTO
Ta KyTOBOTO OTMOpPY, KOS(DIIIEHTH TEPTH.

2. Environment Model: mojenb 30BHIIIHBOTO CEPEAOBHINA, KA BPAXOBYE BIUIHB
Takux (paKTOpiB, K rPaBiTallis, BIT€p Ta 1HII TPUPOHI SIBUIIA.

3. Physics Engine: 3aiiicHioe po3paxyHKH, sIKi CTOCYIOTbCS (DI3HUHUX IPOIIECIB,
30KpeMa, KIHEeMaTHKH, TUHAMIKU PyXy Ta TepT.

4. Rendering Engine: 3aiticuioe rpadidHe BiToOpakeHHs CepeIOBHIII.

5. Sensor Models: MoxpenioBaHHS poOOTH PI3HOMAHITHHX CEHCOPIB, TaKHX SIK
kamepu, GPS, LiDAR To1io, aist 300py AaHUX Yy CUMYJIAIIII.

6. APl Layer: BiamoBijae 3a IMOCEPEAHHUIITBO MK CHUMYJISITOPOM 1 30BHIIIHIM
nporpaMHUM 3a0e3NedeHHsIM; 3a0e3neuye BiANpaBIeHHS KOMaH[ Uil KepyBaHHs bmA
yepe3 API, oTpumMaHHs JaHUX 3 CEHCOPIB 1 aHAJII3 CTaHy anaparis.

7. Remote Controller: ¢isuunuii abo BipTyaJbHUH MyJNbT YNPaBIIHHSA, SKHI
JI03BOJIsIE€ Oe3mocepeIHbO KepyBaTu bA, Koiau 11e HeoOX1IHO.

PosristaeMo B3aeMoaito Mix komroHeuramu Microsoft AirSim:

1. Actuator signals: curaanu ynpasiiHHs, sSIKi IepeaaroTh KOMaHIu Ha Bi3ndHy abo
BIpTyalibHy MO/iesib BTA depes npoimBKy KOHTposiepa.

2. Sensor Data: orpumani gani Big cencopiB (kamep, LiDAR, indpauepBoni ta
yIBTPa3BYKOBI), MEPEIAIOTHCS JI0 KOHTPOJIepa YA MIKPOKOMIT FOTepa JJIsl TOAAIIBIIOTO
aHayizy.

3. Desired state: GakaHuii cTaH, SIKHH TEpEAAEThCS BijJ LEHTPY KEPyBaHHS 0
CUMYJISITOpA.

4. Estimated state: pakTuuHuii cTaH, SIKUH IEPEAAETHCS BiJl CAMYJIATOPA JI0 LIEHTPY
KEepyBaHHS.

BHecenHs 3MiH 10 apxiTekTypu po6oTu cumyasTopa Microsoft AirSim

[IpoBeneHHs eKCIEpUMEHTIB HAYKOBOTO JTOCIIPKEHHS 13 3aCTOCYBaHHSAM 1rpOBOTO
N1X0y Ta HEHPOHHUX MepexX y KepyBaHH1 BITA BUMarano BHECTH 3MiHU JI0 apXITEKTYpHU

cumyistopa Microsoft AirSim.



108

3 Metor Moaudikaiii apXiTEeKTypH, BHECEHO JEKUIbKa 3MiH, SKI MOKa3aHI Ha

pUCYHKY 3.7.
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Pucynox 3.7 — MoaudikoBana apxiTekTypa poOoTu cumyiisitopa Microsoft AirSim amns

BipTyasibHOro bnA

3anpornoHOoBaHa B HAYKOBOMY JIOCIHIJIKEHHI MOJU(]IKOBaHA apXiTEKTypa poOOTH
cuMysTopa Microsoft AirSim BKIIFO9a€e HACTYIHI 3MIHU:

1. [Ipubpano nentpansuuii KouTposaep (Flight Controller Firmware) ta oxpemuit
oburcoBabHUEH Mikpokomi ' rotep (Companion Computer), siki He BUKOPHCTOBYBAJIHCH
P MPOBEICHH1 EKCTIEPUMEHTIB.

2. onano HoBi ¢i3uuni koHTpoaepu (Physical Controllers):

a) 10JaHO OJIOK 3 (PI3MYHUMU MPUCTPOSAMH KEPYBAHHS, TAKUMHU SIK JPKOUCTUK

Ta KJaBiaTypa (Ha BUOIp), SIKi HEOOX1IHI JIJIsl IPOBEICHHS €KCTICPUMEHTIB,;

0) di3uuHI OPUCTPOI MIAKIIOYEHI 10 cUMyJiaTopa uepe3 Actuator signals,

3a0e3neuyroTh Oe3nocepeHiit KOHTPOJb Aiil anmapara 3a nonomororo APl Layer.
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3. Momauno 610k BOymoBanux aiaroputMis (Built-in algorithms):

a) IHTETPOBAHO OKPEMHI MOAYJIb JIJIsl IrPOBUX MaTeMaTHYHUX MOJEINEH, sIKi

BKJTFOYAIOTh:
— LEHTPaJi30BaHO-KOOIIEpPAaTHBHE yIpaBiHHs (Cooperative control);
— IUTaHYBaHHS MapIIPyTy B yMOBaX pU3HKy Ta HeBu3HaueHocTi (path
planning);

— HeliponHi mepexi (neural network).

0) Osox BOyIOBaHMX aJIrOpPUTMIB POOUTH PO3paxyHKH 1 Tepenae ix
pesyabTaTd Ha cumyisTop no APl Layer. CumynsaTtop moBeprae pe3yibTaTH
poO3paxyHKIB oreparopy i Bigoopaxae ix Ha Companion Computer.

4. Bzaemonisa 3 API Layer:

a) API Layer npaiitoe siKk MOCEpEeIHUK MK CUMYJIATOPOM 1 BOY/JIOBaHUMU
anroputMamu. Taka B3aeMOJIisl 103BOJII€ ABTOMATU3yBaTH IIPOLIEC YIPaBIiHHS 0e3
MOTpeOu BTpYUYaHHS OllepaTopa 3a JOMOMOI0I0 (P13UYHUX KOHTPOJIEPIB.

5. 30epekeHO CUMYIIAIIIMHUN MOTYJIb:

a) omoxku Vehicle Model, Environment Model, Sensor Models, Physics
Engine Ta Rendering Engine 3anummnucs 6e3 3MiH, ajlé BOHU OTPUMYIOTH 1
00poOJISAI0OTh KOMaHAM HE TIIBKM BiJ (PI3MYHUX KOHTPOJIEPIB, aje ¥ Bia OJOKY

BOYZIOBaHUX aJTrOPUTMIB.

3.3 MoentoBaHHS Ta BIPOBAKEHHS CUMYJISIIHHOTO CEPeIOBUIIA

st mpoBeneHHST EKCIEPUMEHTIB HayKOBOTO JOCIHIJKEHHS 3alpOorOHOBAHO
BUKOPHUCTAHHS JBOX TUIIB BITA (Ha3eMHOTO Ta JIITAJILHOTO).

[Tepmuii Tun BrrA — HazemHuUi, Mae BUTIISLL aBToMOO1Is, naimi brtHA. B 6i6morerri
mis Python BnHA mpeacraBnenuit y Burisgi mporpamuoro moayis CarClient mms
BUKOPHUCTAHHS HA3eMHUX TPAHCIOPTHUX 3acO0IB y BIPTyaJbHOMY CHUMYJISLIHHOMY
cepenoBuii. Lleit Momynp M103BOJsiE TepeAaBaTH KOMAaHAM A0 aBTOMOOLISA, a TaKOXK

3acTocoByBaTH ceHcopu, kamepu, LIDAR, GPS Tta inmi. CarClient Hajae MOXKIUBICTD
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TOYHOTO yMPaBIiHHS, JO3BOJSIOUN TECTYBAaTH aTOPUTMHU aBTOHOMHOTO KEpYBaHHS, Y
TOMY YHCII TUTaHyBaHHS MapIUIpyTy, pO3Mi3HaBaHHS 00’ €KTIB Ta 00X1J MEePEIIKO/I.
3aBnsaku Microsoft AirSim APl omeparop Mae MOXIUBICTh HANpsMy KepyBaTH
BbriHA i3 3acTocyBaHHsAM crieriianizoBanoi mporpamu Ha Python a6o C++, BUKOHYyIOYH
KOMAaH/IM JUIsl IPUCKOPEHHS, TaTbMyBaHHSI YU TIOBOPOTIB.
3aBasku peanicTiuHOMy irpoBomy pyiito, CarClient (pucynok 3.8) mosBoiisie
OLIIHIOBATH BIUIMB JIOPOXKHIX YMOB Ha MOBEAIHKY aBTOMOOLISA, y TOMY YHCHI TEPTS UM

HaXWITy TTOBEPXHI.

Pucynok 3.8 — CarClient B Microsoft AirSim

Hpyruit Tun brA — mitansauii. MultiRotorClient (3 Microsoft AirSim API) — e
NpOrpaMHUNl  MOJIYJb, CHELIaJbHO CTBOPEHUW I  MOJETIOBaHHS  poOOTH
OaratopoTopHUX OE3MIJIOTHUX JiTanbHUX amapariB  (mami  brJlA), Takux sk
KkBagpokonTepu. OcoONMMBICTIO ILOTO TUITY BIA € 31aTHICTh 3yNMUHATUCH B OJIHIM TOUII
Ta BUKOHYBAaTH PI3HOMAaHITHI MaHEBpU. 3a3HadeHE pOOUTH WOrO 3pPYYHHM MpHU
MPOBENICHHI JOCHIHKEHbh 1 EKCIEPUMEHTIB y cdepl aBTOHOMHOIO KepyBaHHS.
MultiRotorClient Hagae MmoxxiuBicTh B3aemoiaT 3 BipryanbHuM briJIA uepe3 API mist
BUKOHAHHS TOJIOTHUX 3aBJIaHb, TAKHUX SIK 37T, MPU3EMJICHHS, HABITAIlis 32 MapIIPyTOM
Ta BUSIBJIICHHSI TICPEIITKO/I.

[Tporpamuuii moayas MultiRotorClient 3a0e3neuye mocTym 10 JTaHHUX CEHCOPIB,
takux sk kamepu, LiDAR, GPS i1 IMU, mo no3Bojsie po3poOisiTH Ta TECTyBaTH

QITOPUTMU [IJISl BUSBJIEHHS 00’€KTiB, MOOYJOBH KapT MICIIEBOCTI Ta OpI€HTalli B



111

MPOCTOPI. 3aBASKH BUCOKIH TOYHOCTI MoJietoBaHHs oiboTy, MultiRotorClient MmoxHa
BUKOPHCTOBYBATH JIJIs IMITAIlI] pI3HUX CIEHAPIiB, Y TOMY YHCHI 7S IOJIBOTIB Y MICHKHUX
YMOBaXx, cepei TyCTO1 pOCIMHHOCTI Y TPU HECTIPUSATIMBUX MOTOJTHUX YMOBAX.
MultiRotorClient (pucynox 3.9) BigKpuBae MOXIMBOCTI IUIsl peatizarlii
KOOTIEpAaTUBHUX ITPOBHX METOJIIB, MOJENIOIYM poOOTy 1BOX uu Oinbmie bmA, sxi
B3a€EMOMIIOTh OJIWH 3 OJHMM Yy peambHoMy 4daci. lleii mnporpamHuMii MOIYIb
BUKOPHCTOBYETHCS JJISl IHTETpallii 3 IrPOBUMH METOIaMHU 1 I03BOJISIE TECTYBATH CLIEHAIi,
Jie KiTbka BIIA BUKOHYIOTB 3aBJIaHHS K KOAJIIIIs, HAPUKJIA, CIIJIBHUN MOHITOPUHT 200
nomryk 00’ exTiB. KpiM TOoro, MoyJib miX0AUTh JJIs MOJICITFOBAHHS €KCTPEHUX CUTYAIlIH,
HAIPUKJIA, MOITYKOBO-PATYBAIBHUX OMEpalii, ¢ bIMA MoOBWHHI JiSTH aBTOHOMHO B

yMOBaxX 00OMeXeHO1 BUAMMOCTI YU BTPATH 3B SA3KY.

Pucynok 3.9 — MultiRotorClient 8 Microsoft AirSim

JlonatkoBo Microsoft AirSim mae miarpumky nepekitodents 3 TPV (Third-Person
View) no FPV (First-Person View), o 103BoJisi€ Kpalile OLIHATH POOOTY CUMYJISATOPA.

IrpoBuii pymiit Unreal Engine Hamae 3MOry BUKOPHUCTOBYBATH PIi3HOMAaHITHI
CepeloBHUIIa ISl X MOJANBIIOTO 3aCTOCYBAHHS B JOCIHIKEHHSAX Ta €KCIIEPUMEHTAX y
cuMysTopi Microsoft AirSim.

Miceke cepenosuiie B Microsoft AirSim wmicTuth BHCOTHI OyiBii, JAOPOTH,
MIIIOX1AHI 30HU, CBITJIOPOpHU Ta 1HIINI AaBTOHOMHI TPaHCIOPTHI 3acobu (pucyHok 3.10).

Micbka 3a0yaiBisi BUKOPUCTOBYETHCS JIsl TECTYBaHHS alNropuTMiB pyxy bnA B ymoBax



112

BEJIMKOT K1JIbKOCT1 00’ €KTiB. HasiBHAa MOXKJIUBICTh 0OpaHHS PI3HUX MOTOTHUX YMOB (10111,
TyMaH, Hi4), 0 JI03BOJISIE MOJICTIOBATH CUTYaIlil 3 00MEXEHOI JaNbHICTIO BUAMMOCTI.
VY 11boMy CepelOBHII TaKOX JIETKO TECTyBaTH KOOIEPAaTHUBHI ITPOB1 METO/H, 1€ KiJIbKa

BA nmpanroroTe pa3oM y CKIaJHUX YMOBAX.

Pucynox 3.10 — JlemoHcTpallisi MICbKOTO cepeioBuiia y cumysitopi Microsoft AirSim

Iipcbka MicueBicTh 'y Microsoft AirSim mae ckiagHi penbepu 3 KpyTHMH
CXHJIaMH, YIIEIHUHaMH Ta 0e310p1AcksM (pucyHok 3.11). Taka micueBicTh NIIXOIUTH IS
TecTyBaHHs BITA, siki BUKOHYIOTh 3aBJaHHS IMOIIYKY Ta MOPSITYHKY y BaKKOJIOCTYITHUX
MICIISIX, HalpUKIad, y ropax. PenbedHICTH MICHEBOCTI CTBOPIOE TPYAHOIII IS
TJIaHyBaHHS MapIIpyTy Ta HaBirarlii, OCKIJIbKA MOTPIOHO BPaxoOBYyBaTH BUCOTY, BITEp Ta
PHU3HK 31TKHEHHS. Y TaKUX yMOBaX OCOOJUBO BAXKJIMBO BUKOPUCTOBYBATH CEHCOPH, TaKl
ak LiDAR 1 kamepu, nist kaprorpadyBaHHs MICHEBOCTI B peaibHOMY 4aci. Takox 1s
MICIIEBICTh  JTO3BOJISIE MOJICNIIOBATH CHUTyallli, Koiu bHmA KoomepyroTbcs s

3a0€e3MeUeHHs TOYHOCTI i €(DEeKTUBHOCTI Y CUIBHUX MOLIYKOBO-PSITYBAJIbHUX MICISX.
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Pucynox 3.11 — JlemoHcTpaIris ripcbKoi MicIIeBOCTI y cuMmyJsitopi Microsoft AirSim

Adpukancbka caBaHa 'y cumyisatopi Microsoft AirSim npencrasiena BiIKpuTHMA
pIBHUHAMHU, TYCTHMMH JicamH, BojaoiimMamu Ta jgoporamu [53]. Llg auka wmicueBicTh
MICTUTh J€TalbHI TPUBUMIpHI Mozem (uopu 1 (ayHu, sIKi BUKOPUCTOBYIOTHCS IS
TecTyBaHHa anroputMmiB bmA (pucynok 3.12). Kpim Toro, BipTyaslibHa MICIHEBICTh
appUKaHCHKOI CAaBaHU HAJIa€ MOKJIMBICTh TECTYBATH aJITOPUTMH ONITUMI3Allli MapLIPYTiB
y MaclITabHUX MICisIX. Y KOONMEpaTUBHUX CIEHapisiX Kijgbka BMA MOXyTh HpaltoBaTh

pazoM, 00 OJTHOYACHO OXOMUTH BEJIUKI TEPUTOPII.

Pucynok 3.12 — JlemoHcTparllis appuKaHChbKOi caBaHu y cuMysiTopi Microsoft AirSim

[53]
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JlicoBa micueBicTh y Microsoft AirSim ckinagaeThes 3 TyCTOi pOCIUHHOCTI, JIEpEB
pi3HOT BHCOTH, KylIiB Ta iHIIOl (hayHu (pucyHok 3.13). BipTyansHuii jic Hajae yMOBU
TECTYBaHHS BIA, sIKi BUKOPHUCTOBYIOTHCS ISl MOHITOPWHTY JTUKOI TPUPOJH, OILIHKH
CTaHy JICIB 4M BUSIBICHHA cTuxiiiHuX aux. CeHcopu, Taki Ak kamepu ta LiDAR,
BUKOPUCTOBYIOTBCS JJIS HaBiramii MiX aepeBaMu, KapTtorpadyBaHHI TepuUTOpii Ta
TTHOOKOTO aHaIi3y HAaBKOJUIIHBOTO CepefoBHINa. HacuueHicTh mepenikogaMu poouTh
IIe CEPEOBUIIE BUKIUKOM JUIsI PO3POOKH aJTOPUTMIB MapHIpyTy PyXy Ta TOUYHOTO
MO3UIIOHYBaHHA. JlicoBa MICIIEBICTh MIAXOAUTH JJIsl HABUYAHHS HEHPOHHUX MEPEXK, K1
aHaMI3yI0Th JaHl B YMOBAaX HU3bKOi OCBITJIEHOCTI UM HECTIPUSTINBUX MOTOJIHUX YMOB. Y
KOOTIEPAaTUBHUX ITPOBUX METOMAaX KiIbka BIIA MOXyTh BHKOPHUCTOBYBATHCS JIJIS

MOIITYKOBO-PITYBAJIBHUX OMEpalliif Ta JOCTABKA BAHTAXKIB Y BaXKKOJIOCTYITHI MICIISI.

Pucynok 3.13 — JlemoHcTpariist 1icoBOi MiclIeBOCTI y cuMysitopi Microsoft AirSim

3.4 AKTyasnpHI cmocOOM HaBUAHHS Ta HATAIITYBaHHS HEHPOHHUX MEPEXK y paMKax

1H(}OpMAaIIHHUX TEXHOIOT1H

Orasix MeToaiB po3Ni3HABAHHS 00’ €KTIB

Ha cboroguimHiii AeHb icHy€e 0araTo MeToAiB po3mizHaBaHHs 00’ ekTiB. [1IBumKMit
PO3BUTOK TpadiyHUX MPUCKOPIOBAYIB J03BOJIUB €()EKTUBHO 3aCTOCOBYBATU 3TOPTKOBI
HelponHi mepexi (3HM) [17].

Ha ocuoBi 3HM icHye aexinbka TEXHOJOTIH JUIsl po3Mi3HaBaHHS 00’ €KTIB, SIKi

BBAXKAIOTHCS HaMaKTyaJ bHIIIMMHU, SIK1 PEJCTaBICH1 HIKYE.
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[lepmia TexHoJIOTIS, Ky po3riisiHeMO, Ha3uBaeTbcsl YOLO («Tu TUIbKK AMBUIICS
pa3»). Llg 3ropTKoBa HelpoHHA Mepeka BUKOHYE 0OpOOKY 300pa)KeHHs JIUIIE 332 OJTUH
poxiJ (BiJICYTHICTh MOBTOPHOI OOPOOKU 300paKe€HHs ), 10 JT03BOJISIE JOCSATTH BUCOKOI
IIBHJIKOCTI BUSIBIICHHS 00’ €KTIB B peasibHOMY 4aci [37, 54].

BxinHe 300paxeHHs] TPOXOJUTh Yepe3 AeKiIbKa IapiB 3rOPTKH, K1 BU3HAYAIOTh
KJIFOYOB1 03HAKHU (KOHTYPH, TEKCTYPH, KOJIP).

Koxen mnpoiiaenuii map 3MEHIIye pO3AUIbHY 3IaTHICTh 300pa)KeHHS, aje
301IBIIIY€ KUIBKICTh (DIIIBTPIB JIJISL KPAIIOTo PO3Mi3HaBaHHS O3HAK 00’ €KTa.

O3Haku 00’€kTa TMepenarThes 1 30epiratoTbess y OJOI, SKHH OOYHCITIOE
WMOBIPHOCTI NPHHAJIEKHOCTI LUX OO’€KTIB A0 MEBHOro kiacy. lLleil 0ok Takox
MIPOBOANTH OOUHCIICHHS KOOPJIMHAT 0OMEKyBaJIbHUX paMok (bounding boxes).

B nporieci BUKOHaHHSI HAYKOBOTO JIOCIIPKEHHSI BUKOPHCTaHa TexHouorist Single
Shot MultiBox Detector (SSD).

Hpyra texHomnoriss — SSD BUKOpUCTOBYEThCS 71l pO3Mi3HABaHHS 00’ €KTIB Ha
300paKeHHI.

[Is1 TexHOMOTISI 3aCHOBaHA HA 3TOPTKOBIM HEHPOHHIN Mepexki MPSMOro 3B’SI3KY.
[Toni6uo no Texnonorii YOLO, po3nizHaBaHHs 00’ €KTIB BIIOYBAaIOTHCS 32 OJUH MPOX1]T
(moBTOpHA 00pOOKA 300pa’keHHs BIJICYTHs) 13 3aCTOCYBAaHHIM HEHPOHHOT Mepexi. Aje
SSD noxaTtkoBO BpaxoBye OaraTomapoBi o3Haku 00’ekTiB [37, 54].

3a3HaunMoO, 110 OaraToIapoBi 03HAKKU 03HAYAIOTh, III0 HEHPOHHA MEpEeKa aHATI3YE
300paKE€HHSI Ha PI3HUX PIBHAX JeTanmizaiii (I1apiB O3HAK), KOKEH 3 SKUX Ma€ Pi3HYy
PO3MUIBHY 3IaTHICTh 1 CIIPOMOYKHICTh pO3ITi3HaBaTH 00’ €KTH Pi3HUX POo3MipiB [55].

®dopmyna L(x,c,l, g) y crarti [55] Bu3Hauae QyHkitito BTpaT 1t Moaerni Single
Shot MultiBox Detector (SSD). Bona BUKOpUCTOBYETBCS JJIsl HAaBYaHHS HEWPOHHOI

MEpEXKIi 1 CKIQTAETHCS 3 IBOX OCHOBHUX YaCTHH:

1
L(x,cl g) = N (Lconf(x, c)+ al;,.(x, l,g)), (3.1)

ne L(x,c,l, g) — 3aranbHa (QyHKIIisS BTPAT;
N — KiabKIiCTh 00’ €KTIB BUSBJIEHUX HEUPOHHOIO Mepexero, akuo N = 0, BTpaTu

HPUPIBHIOIOTKCS 110 HyJis [55];
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X — 1HJIUKATOp BIAMOBITHOCTI OTPUMAHOIO 300paKEHHS 00 €KTy peallbHOMY
00’€KTY;

c — HabOip Hamepej] BHU3HAYEHUX WMOBIPHOCTEH, BIJMOBIAHO JI0 SKUX, 00 €KT
HAJIC)KUTh MIEBHOMY KJIacCy;

[ — oTpumani KOOpAMHATH paMOK B pe3yJbTaTi poOOTH HEUPOHHOT MEPEeXi,

g — peanbHi ((pi3UYHI) KOOPJAWHATH pPaMOK, SKI MICTITh 00’e€kT. BoHH
MIPEICTABIISIOTH PealibHI 3HAUCHHSI pO3TalTyBaHHs 00’ €kTa (aHOTAIli1);

Leons(x,c) — dyHKLis BTpaT XapakTepusye HOMUIKY MK OTPUMAHUMH Ta
(baxTHIHUMH KiTacaMu 00’ ekTiB [55];

Lioc(x,1, g) — dyHKIis ToKami3alii XxapakTepu3y€e MOMUIKY MiX OTPUMAHUMH Ta
(haKTHIHUMH KOOPJIMHATAMH paMOK BHUSBIICHOTO 00’ ekTa [55];

Q — BaroBui KOe(QILI€HT, 1110 BU3HAaYa€ OanaHC MK 3Ha4YE€HHSAMHU (yHKIII BTpaT Ta
dbyHKii ToKamizaiii (4acTo TopiBHIOE 1).

Oco0nuBicTIO BUKOpUCTaHHS MeToay SSD € 3acTOCyBaHHS KapTH O3HAK.

[Ipu mpomy SSD BHUKOPHCTOBY€ KUIbKa KapT O3HaK pI3HUX MacluTadlB Jid
BUSBJICHHS SIK MaJldX, TaK 1 BeMUWKUX 00’e€kTiB. HelipoHHa mepexka Oyaye oJHOYACHO
JIeK1JIbKa PAMOK Ta OLIIHIOE€ HMOBIPHOCTI 3HAXOJKEHHS (PIKCOBAHOTO 00’ €KTY BCEpEIUHI

X paMoK [55].

S — Smi
Sk = Smin + % * (k - 1))k € [1I m]' (32)

ne Sk — po3mip K-i pamku;

Smin — MIHIMaJIbHUM MacIITad paMoK JJIsl BUSBJICHHSI MAJIUX 00’ €KTIB;

Smax — MaKCUMaJIbHUNA MacIITad paMOK J1Jis BUSIBIICHHS BEJIUKUX 00’ €KTIB,;

M — KIIBKICTh KapT O3HAaK (KapTa O3HaK — oO0poOiieHa Bepcis BXIJAHOTO
300pakeHHs );

K — iHIeKC TOTOYHOT KapTH O3HAK.

Kapt o3Hak 3 OuTbIIMMH 3HauYeHHSIMH K BiaMOBiZarOTh 3a 00 €KTH BEIMKOIO

PO3MIpy, Y TOM Yac K K 3 MCHIIUMU 3HAYCHHSMU — BUSIBJISIFOTH 00’ €KTH MaJIOro PO3Mipy.
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Takuit migxig no3Boiise SSD BUSABIATH 00’€KTH PI3HUX PO3MIPIB y MeXax OJHOIO
300paxkeHHs [55].

J1J1s1 TOPIBHSHHS PO3IJITHEMO HACTYIHY (TPETIO) TexHoJoriio, a came: MobileNet.

MobileNet Takox MO>kHA BUKOPHCTOBYBATH JIJIsl BUSIBJIICHHS 00’ €KTiB [37, 54].

s TexHONOTIsI BIAPI3HIETHCA BUCOKOIO IMIBUIKICTIO Omepamlid 1 Moxe OyTu
3acTOoCOBaHa 0€3 HasBHOCTI rpadiyHOro mpoiecopa.

Pazom 3 Tiim, MobileNet mae mennry Tounicte Hixk YOLO a6o SSD. Came Tomy
3acrocyBanHs MobileNet mepenbauae BHKOPHUCTaHHS 1HIIOI apXITEKTYpH B SIKOCTI
KiacudikaTopa.

MobileNet, gk 1 monepeaHi po3rNIIHYTI TEXHOJOTIi, TOOy/JA0BaHA Ha 3rOPTKOBIM
HEHPOHHOI MEpEeXi, ajie PO3Mi3HAHHA OO0’ €KTIB BUKOHYETHCA 3 OLIBIION MIBUIKICTIO
3aBJIIKM MIHOMHHUM po3aiibHEM 3roptkam (Depthwise Separable Convolutions) [56].

MobileNet 3actocoBye TIMOMHHI 3rOPTKH 1O KOKHOTO KaHalTy 300paskeHHS
(uepBOHUM, 3e1eHUM, cuHiif). [IoTIM TOUYKOB1 3ropTKM 00’ €AHYIOTH I KaHaiu. Bapto
YTOYHUTH, 10 MIMOWHHI Ta TOYKOBI 3rOPTKA BUKOPUCTOBYIOTHCS 3aMICTh CTaHJAPTHHUX
sropTok [37, 54].

KomOiHamisi rmMOMHHUX Ta TOYKOBHX 3TOpPTOK J103BOJsie MobileNet 3Hu3uTH
CKJIQJIHICTh PO3PAXYHKIB MPUOIU3HO y 8-9 pa3iB y NOPIBHSHHI 31 CTAHAAPTHO 3rOTKOIO
[56].

TpancdepHe HaBYaHHS Ta HOT0 MepeBaru

[Ipyu mpoBeneHHI HAyKOBOTO JOCHIIKEHHS OOpaHO KOMILJICKCHE BHUKOPHCTAHHS
000x Texunouoriii: MobileNet ta SSD, ockisibky Takuii KOMOIHOBAHMM MiAX1] JO3BOJIUB
noeaHaTu MBUAKICTE MobileNet Ta To4HicTh po3mizHaBaHHsI 00’e€kTiB SSD, a Takox
TpaHchepHEe HaBYaHHSI.

Tpancdepre HaBYaHHS — IIe JOCHITHHUIIbKA 3ajada y MAIlMHHOMY HaBYaHHI,
30cepekeHa Ha 30€peKeHHI 3HaHb, OTPUMAHUX 1]l Yac BUPILIEHHS OMHIET 3a/aadi, Ta
MOJAJIBIIOTO 1X 3aCTOCYBAaHHS NJIsi BUPIMICHHS 1HIINX, aje€ TOB’SI3aHUX MIXK COOO0I0

3agauamiu [57].
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TpanchepHe HaBuaHHsS 3acTocoBaHO B KoMOiHaiii 3 MobileNet Ta SSD nns
MOKpaIeHHS €PEeKTUBHOCTI PO3Mi3HABaHHS 00’ €KTIB, 30KpeMa, MPU 0OMEKeHOMY 00Cs31

HaB4YaJIbHUX JaHHX.

3.5 KommiekcHe 3acTocyBaHHA TpaHC(HEPHOrO0 HAaBYAHHSA [JJIs BHUPIIICHHS

HpO6JICMI/I pOBHiSHaBaHHSI BCIIMKUX CTATUYHHX Tad PAIITOBUX IICPCIIKOI

3acrocyBaHHs pouecy TpaHc(hepHOro HABYAHHS y IPOBEIEHOMY HAYKOBOMY
JOCJIIZKeHHI

besninorHi anapatu (bnA) eeKTHBHO BUKOPUCTOBYIOThCA ISl 300py 1HPOpMaItii
po 00’ €KTU Ha MICIIEBOCTI Ta 1X (Pi3udH1 XapaKTepucTUKU. Y poOoTi [37] po3riasiHyTO Ta
JTOCIIKEHO e(DEeKTUBHICTH PO3II3HABAHHS BUOOTH 3a JIOMIOMOI0I0 3rOPTKOBOT HEHPOHHOL
MepexXi 3 BUKOPUCTAHHSAM OE€3MUIOTHUX HA3€MHUX TPaHCIOPTHHUX 3aco0iB. Llel crocid
JI03BOJISIE YHUKHYTU aBapiMHUX CUTYaIliil Ha 10porax.

3 BUKOPHUCTAHHSM O€3MUIOTHUX HA3€MHUX arapatiB MPOBOJATH JOCIIIKEHHS B
HECMIPUSTIIMBUX yMOBaxX 1 BaXKOJOCTYITHUX MICISIX, a HEWpOHHa Mepexa 3
pO3IMi3HaBaHHSAM 00’ €KTIB HAJIa€ MOMKJIMBICTh MIBUAKO BUSIBUTU MEPEIIKOJIN.

[Tponec TpancdepHOro HaBUAHHS MMOYABCS 3 HABUaHHS 0a30BOi MoOjelNi, TOOTO 3
MOTEPEeTHHOT0  TPEHYBaHHA. B nmucepramiiHoMy  JOCTIDKEHHI  BHKOPHUCTAHO
koHbirypariiro ssd mobilenet vl pets.config [37] s knacudikariii 300paxeHb.

3aBasku i KOHGIrypalii MpoXOJuTh BUBYECHHS 3arajbHUX O3HAK OO0 €KTIB, a
came: 6a30B1 (HOPMU Ta TEKCTYpPH.

OT1xe, 111 TPOBENCHHSI HAYKOBOTO JTOCHIIKEHHS 00paHO TpaHCPEepHE HaBUaHHH,
OCKIJIbKU 1€ METOJ] JO3BOJIMB. 36KOHOMUTH Yac HaBUYaHHSA HEUPOHHOI MEPEXkKi, IIBUIKO
BUSIBUTH BEJUKI CTaTUYHI TMEPEHIKOAM Ta HEBHU3HAYEHOCTI (pamToBl MEPEIIKOAN Ha
nuiaxy bnHA).

Takum yrHOM, TIepeBaror TpaHC(hEpPHOTO HABYAHHS € T€, IO BOHO MPOXOJUTH
HIBUKO 1 moTpedye MeHie ganux. Came 3 11€i MpUUUHU 00paHo TpaHchepHe HaBYaHHS
[37] y mpoBeaeHHI HAyKOBOTO TUCEPTAIIfHOTO AOCHipKeHHS. Y noaatky I HaBeaeHo

JICTUHT KOJy 3 TpaHC(EPHUM HaBUAHHSIM.



119

B xoai npoBezieHHsI HAYKOBOI'O JTOCIIKEHHSI €KCIIEPUMEHTAIIBHO MiATBEPAKEHO,
10 TOYHICTh PO3MI3HABAHHS PANTOBUX MNEPEIIKO/ (HAIPUKJIIAJ, BUOOIHH, IMU) HA LUISIXY
brnHA 3anexuTs BiJi AKOCTI 300paKeHb.

Pe3yibTaTH  po3mi3HABaHHS  PanTOBHUX IE€pPelIKOJ 32  IOMOMOIOI0
TpaHcepHOro HaBYAHHS

Pe3ynbTatu TecTyBaHHS PO3Mi3HABAHHS PAlTOBUX MEPELIKO, SIKI IEMOHCTPYIOTh
e(eKTUBHICTh BUKOPUCTAHHS TpaHC(EpHOTrO0 HaBUAHHSA, HABENEHI y BUIJISI TaOuMIli
[37].

VY pamkax excnepumenty [37] 3i0pano Onu3bko 200 300pa)keHb panTOBUX
nepemko (BuOoiH Ta sim). Okpemo BiaiOpano 50 300pakeHb 111 TecTyBaHHS 1 150
300paxKeHb JIJIsl TPEHYBaHHSL.

Bci 300pakeHHd B3ST1 y I€HHHI Yac, BIACTaHb A0 MOBEPXHI 3eMJIl B Mexkax 1 meTpa
[37].

3a nmomomororo mporpamu Labellmg anotoBano (00poOiieHO 3 METOIO
po3mizHaBanHs) Bci 200 300paxens [37].

JInsi CTBOPEHHST TEXHOJIOTIT PO3ITi3HABAaHHS PAaNTOBUX IEPenIko]] (BUOOTH Ta siMm),
BUKOPHCTAHO TONIEPEIHBO HATPEHOBaHY MOJIETh Ta 3aCTOCOBAHO TpaHCEpHE HaBUYAHHS
JIJIsi BUBYEHHSI HOBOT'O 00’ €KTa (ParToBOi MEPEIIKOJIN ).

Pe3ynbpTaTi ekcriepuMEeHTIB HaBEICHO Ha PUCYHKY 3.14.

]
a
——
-
=)

Creastity of expenments

Pucynok 3.14 — 3aye)xHiCTh TOYHOCTI PO3MTi3HABAHHS BiJ KUTLKOCTI siM [37]
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Bci aucepTarniiini 1oCaiKeHHS, K1 TTOB’A3aH1 3 HABYaHHSIM HEHPOHHOI MEpexi,
BUKOHAHO 13 3actocyBaHHsM cumyssitopa Microsoft AirSim. 3roprkoBa HelipoHHa
Mepexa eheKTUBHO pO3IMi3Haia HOB1 00’€KTH, a caMe€ — BEJIMKI cTaTU4Hi Ojoku. s
MIPOBEJICHHS €KCIIEPUMEHTIB 310paHi Ta onpaiboBaHi Taki 300pakeHHS:

— 6mm3pKk0 100 BenMKuX cTaTUYHUX OJI0KIB (NEPEIIKo/) 3 KaMepu Ha3eMHOTo briA;

— 6mu3pko 100 BeIMKHUX CTaTUYHUX OJIOKIB (TIEPEIIKOA) 3 KaMepH JiTaabHOIO
briA;

— MEepeIKo/I, 310paHuX y ICHHUH Yac;

— MepelKo/, 310paHuX y HIYHUNA Yac 3a JOIOMOTO0 1HPpauepBOHOr0 OAYEHHS;

— MepenIko/, 310paHux B yMOBaxX TyMaHy;

— MepenIko/, 310paHux 3 pI3HUX PaKypCiB.

[Ticns mpoBeneHOTro TpaHCHEPHOTO HABYAHHS HEWPOHHOI Mepexi [37], oTpumano
HACTYIIHI Pe3YyJIbTaTH BUSIBJICHHS BEJITUKUX CTATUYHUX MEPELIKONI.

Jlami HaBeAEHO MPUKJIaJ] PO3II3HAHUX BEJIMKUX CTATUYHUX OJIOKIB y IEHHH Yac 3

Kamepu HazemMHoro bnA (pucynok 3.15).

kg 0399909, 0.000000, -0.009000 0.090000, 000000000000usg

Pucynox 3.15 — BusiBiieHHs BETMKUX CTATUYHUX OJIOKIB 3a J01oMororo kamepu biHA

y JEHHUH Yac
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Jani HaBeneHO NPHUKIAA pPO3MI3HABAHHS BEJIMKUX CTAaTUYHUX TMEPEIIKo] 3

BUKOPHUCTAHHAM KaMepHu JitajabHoro briA y nennuit uac (pucyHok 3.16).

Pucynox 3.16 — BusiBieHHS BEJIMKUAX CTATHYHHUX OJIOKIB 3a JOIIOMOTO!0 Kamepu briJIA

y J€HHUH Yac

B mpoueci aucepTanifHOrO AOCHIKEHHS TNPOBEACHO 7 EKCHEPUMEHTIB 3
BUSIBJICHHS CTAaTUYHUX IMEpeuIko] y JAeHHUM dvac. KokeH eKcrepuMEeHT BUSBIISB
NEPEIIKOAN 3 PI3HUX PAKYpCIB KaMmep, sIK Ha3eMHOTo Tak 1 JitaiabHoro bmA. Takox
pO3paxoBaHO €(pEeKTUBHICTh BUSBJICHHS NEPEIIKO Y IeHHHI Jac.

Jlaini HaBesleHO (opMyJTy AJisl PO3PaxyHKY €(peKTUBHOCTI BUSIBICHHS MEPEIIKO/ B

MCIKaX OJJHOI'O CKCIICPUMCHTY:

. KiJIbKiCTb BUABJIEHUX [TIEPELIKO/,
EdektuBHictb(%) = — * 100%
3arajibHa KIJIbKICTb IepeLIKO/

3aranpHa e(i)eKTI/IBHiCTB BHABJICHHA IICPCIIKOA JJIA BCIX CKCHepI/IMeHTiB Mae

HaCTyr[HI/Iﬁ BUTIJIAA:

_ CyMa epeKTHUBHOCTI eKClIepUMEHTIB
3arasibHa epeKTUBHICTB(%) = — _ * 100%
KisbKiCTb eKClleprMeHTIB




122

3anucu pe3ynbTaTiB MPOBEICHUX €KCIIEPUMEHTIB HAYKOBOTO JOCIIIKEHHS 100
BUSIBJICHHS CTATHYHUX TIEPEIIKO] y IEHHUN Yac HaBeaeHo y Tabmuiti 3.1.

Tabmui 3.1 — BusiBieHHS CTaTUUHKUX MEPEIIKO]T Y ICHHUN Yac

3arajbHa KIJIBLKICTH KinbkicTs
Homep
CTATHYHHX BUABJIEHHUX
eKCIIepUMEHTY

nepenKo CTATUYHMX TePelKo/
1 15 14
2 21 18
3 8 8
4 4 4
5 5 5
6 4 4
7 7 7

3a mpoBeIeHUMH PO3paxyHKaMHU 3arajbHa €()eKTUBHICTh BUSBICHHS MEPEIIKO Y
JICHHUM Jyac cTaHoBUTH 93,75%.
AHAJIOTTYHUM YMHOM IPOBEJICHO €KCTICPUMEHTH 3 BUSIBJICHHS BEJIMKUX CTATHYHHUX

0J10K1B y HIYHUM yac (pucyHok 3.17). KiibKicTh MPOBEICHUX €KCIIEPUMEHTIB CTAHOBUTH

7.

Pucynox 3.17 — BusiBiieHHs BETMKUX CTATUYHUX OJIOKIB 3a J0moMororo kamepu biHA

y HIYHUH Yac
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Pe3ynbraty po3paxyHKiB 3arajibHOi €(peKTUBHOCTI BUSBJICHHS TIEPEIIKO1 Y HIYHHM
yac HaBeJeHo y Tabmmii 3.2.

Tabnuusg 3.2 — BusiBneHHs cTaTUYHUX MEPENIKO Y HIYHUI Yac

3arajbpbHa KIJIBKICTH KinbkicTs
Homep
CTATHYHUX BHUSIBJICHUX
eKCIIepUMEHTY

nepenKo CTATUYHMX TePelKo/
1 15 9
2 21 14
3 8 5
4 4 3
5 5 3
6 4 3
7 7 4

3a pe3ynbTaTaMH IPOBEIECHUX EKCIIEPUMCHTIB BCTAHOBJICHO, IO 3arajbHa
¢(eKTHBHICTh BUSBJIICHHS TIEPEITKO/] Y HIYHUH 9ac cTaHOBHUTH 65,07%.
J101aTKOBO MPOBEICHO EKCIICPUMEHTH 3 BUSBIICHHS BEJIMKUX CTATUYHHUX OJIOKIB B

yMOBax TyMaHy (pUCyHOK 3.18).

Pucynok 3.18 — BusiBeHHs BEIMKUX CTATHYHUX OJIOKIB 3a omoMororo kamepu biHA

B YMOBaX TyMaHy



124

Pesynbraty po3paxyHKiB 3arajibHO1 €(DEeKTUBHOCTI BUSBICHHS MEPEIIKO/ B yMOBaX

TyMaHy 3a HaBeJICHOIO Tabmurero 3.3.

Tabnuusg 3.3 — BusiBneHHs CTaTUYHUX MEPEIIKO B YMOBaX TYMaHy

3arajJbHa KIJIBLKICTH KinbkicTs
Homep
CTATHYHUX BUABJIEHHUX
eKCIIepUMEHTY

nepenKo CTATUYHMX TePelKo/
1 15 8
2 21 12
3 8 4
4 4 2
5 5 3
6 4 2
7 7 4

3a pe3yiapTaTaMHM IIPOBEJEHUX EKCIIEPUMEHTIB BCTAHOBJICHO, L0 3arajbHa
e(eKTUBHICTh BUSBICHHS MEPEIIKOl B yMOBaX TyMaHy CTaHOBHUTH 53,85%.

3aranpHa e()EeKTUBHICTH BUSBIICHHS MEPEIIKO/I Y HIYHUIA Yac CTaHOBUTH 65,07%, a
B YMOBax TyMaHy — 53,85%. Taki nNoka3HHUKHU € HE3aI0BUIbHUMHU, TOMY € HEOOX1IHICTh
HAaBYUTH HEHPOHHY MEpeXy pO3Mi3HaBaTH MEPEHIKOAM y HOBHX YMOBaxX 3 METOIO
MIBUIICHHS e(DEKTUBHOCTI BUSBJICHHS.

Ta6nuis 3.4 — [lopiBHSIHHSA 3arajabHOT €(DEKTUBHOCTI BUSIBJICHHS MEPEIIKO A0 Ta

NicJsl HAaBYaHHSI HEHPOHHOI MEPEX1 B PI3HUX YMOBAxX

JdenHuii yac Hiunmnii yac Tyman
E¢exTuBHIiCTH 10
93,75 65,07 53,85
HaBuaHHs (%0)
EdexTuBHicTh micJis
93,75 85,94 71,8
HaBuaHHs (%0)




125

AHaJ3yl0ud OTpPUMaH1 pe3yJbTaTH, MOXXHA 3pOOUTH BHUCHOBOK, IO MICJIS
HaBUYaHHS HEHUPOHHOI MEpeXi 3arajbHa €(PEKTUBHICTh BHSBJICHHS IEPENIKO] 3HAYHO

niBUIIUIacs, a came: y HiuHui 4yac Ha 20,87%, B ymoBax Tymany Ha 17,95%.

3.6 HapuanHs 3 miAKpITIJICHHIM

Po3nizHaBaHHs mepemiko/l /I HaJallTyBaHHS aBTOHOMHOI pobotu 060x BnA e
HEJOCTaTHIM, OCKIJIBKM TOTPIOEH OJATKOBUIM 1HCTPYMEHT 13 3aCTOCYBAHHSIM SIKOTO
nepemkoad OyayTh mnojonadHi. CaMe TakuM IHCTPYMEHTOM 1 € HaBYaHHA 3
M1IKPITUICHHSIM.

HaBuaHHs 3 MIAKPIIUIEHHSM — 1€ Tajdy3b MAllMHHOTO HABYAHHS, B SIKIM areHTH
B3a€MO/IIIOTH 3 HABKOJIMIITHIM CEpEIOBHIIEM JIJIS TOCATHEHHS 1ijiei [58].

B3aemozist Mi>k areHTOM Ta CepeloBULIEM — L€ [1i, KI BAUKOHYIOTbCS ar€HTOM y
BIJINIOBI/Ib HA CTaH CEPEIOBUIIA 3 METOI0 MaKCHMIi3allil 3arajpHoi BuHaropoau [58].

Bynemo nputpumyBaTUCS HACTYITHUX BU3HAYECHb.

Hiss — MexaHi3M, 3aBJSKHA SKOMY areHT BHKOHY€ IepexiJ MK J03BOJICHUMH
CepeIOBUIIEM CTaHAMHU. ATEHT 00MpAE JIit0, 3aCTOCOBYIOUH cTpaterito [59].

Crpareris — 11 IUIaH MEPeXoAy MiX CTaHOM areHTa J1o jii [59].

ATEHT — 11€ 00’ €KT, IKUH CTIOCTEpIrae Ta BAKOPUCTOBYE MEBHY CTPATETIIO B TAHOMY
CepeIoBHUIIIi, 1100 MaKCUMI3yBaTH OUiKyBaHy BHHaropoay [59].

Bunaropona — 4ucinoBuil pe3yibTaT, KU OTPUMYE areHT BHACIIOK MEPEXOy
MK CTaHaMH, SIKI BA3HAYAIOTHCS cepeoBuineM (iero) [59].

Cran — 3HayeHHs MapaMeTpiB, MIO0 ONHCYIOTh [MOTOYHE HaJallTyBaHHA
cepeoBuIla. AT€HT 3aCTOCOBYE I1i TapaMmeTpH it Buoopy aii [59].

PosrnsHemMo 3acTocyBaHHS HaBYaHHSA 3 MiJKPITUICHHSIM, SKE BHKOPUCTAHO Y
JTUCEPTAIITHOMY JOCTIKCHHI.

B nopansimomy BukiageHHi oyaemo posrisiaatu bnHA B sikocti arenTa.

3acTocyBaHHA 3ropTKOBUX HeWpoHHUX Mepex (3HM) Hajmae MOXKIMBICTD areHTy

(bniHA) o6po6msitu 2D-300pakeHHsT TIpy TIMOMHHOMY HaBYaHHI 3 IMAKPITUICHHSIM.
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ATeHT HaBYaeThCs TOMY, IO «moOauuBy 3aBasku 3HM. 3HM mneperBoproe Habip
nikceniB y i [56].

HaBuaHHs 3 MIAKPIJIEHHSM 3aCTOCOBAHO B HAayKOBOMY JIOCHIJIKEHHI IS
YCHIIIHOTO MOJOJaHHs BEJIMKUX CTATUYHUX Ta PATOBUX MEPEIIKO ] Ha3eMHUM brA.

PosrnsHeMo 1HCTpyMEHT HaBYaHHS 3 MIAKPIIUICHHSM, SKUH J03BOJISIE areHTy
(bnHA):

— CaMOCTIMHO TPEHYBATUCS JIJIsl BUKOHAHHS 0a)KaHO1 MOBEIIHKU;

— 3a0e3MeYUTH aBTOHOMHE MPUMHSATTS PIIlICHb B PI3HUX CUTYAIIAX;

— MPOBOJUTH BEIUKY KIJIbKICTh HABYAJILHUX €KCIIEPUMEHTIB.

3aranbHa (QyHKIIS BUHArOpoay BU3HAYEHA SIK:

+1, axmo d > 2 M (1[iIbOBUM CTaH);
R(s,a) =10, akmo 1 < d < 2 M (MpoMi>XXHUH CcTaH);,
—1, axkmo d < 1 M (KpUTHYHHUH CTaH).

ne R(s,a) — BuHaropoa, siky orpumye brilHA B ctaHi .s miciist BAKOHaHHS il &

d — Bigcrans Mixk BTHA 1 epemntkoioro;

+1: bBnHA oTpumye€ Mo3uTHBHY BUHArOpo1y, SIKIIO BIH BUKOHAB HEOOX1TH1 i1 JJ1s1
00’131y MepenKou;

0: meitpansHa BuHaropopaa, konu bnHA 3HaxoauThcs HA TPUMHATHIN, aje HE
11eanpHIN BifcTaHi (1-2 MeTpH) 10 NEPEeIKoIu;

—1: HeraTMBHA BUHAropoja 3a HEAOTPUMAHHS ONTUMAIbHOI BifcTaHi (MeHIe 1
MeTpa) abo 31TKHEHHSI.

[Ipu peanizauii HaBYaHHS 3 MIIKPIIJIEHHSM BUKOPUCTaHO cuMyJiaTop Microsoft
AirSim, ockiJIbKM TECTyBaHHS aJITOPUTMIB Ha peabHOMY BIA HeomiIbHE.

TpenyBaHHs OBEAIHKA Ha3eMHOTro BIA mpoBeeHO y cepeloBUIIl 3 BEIUKUMHU
CTaTUYHUMHU OJIOKaMH (pUCYHOK 3.15).

Hnst wanamryBanHs arenta (bmHA) Bukopucrano 06i0mioreky «TensorFlow
Agents» 3 mMeroro peanizauii 0a30BOro ajJropuTMy HaBYaHHS 3 MIAKPIIUICHHSIM —
anroputMy Q-HaBuaHHs (30kpema, Deep Q-Network abo DQN) [60-62].

Po3srisHeMo B3aeMoJIif0 HaBYaHHS 3 MiAKPIIICHHSAM 3 cepenopuieM Microsoft

AirSim.
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Jlnst pobotu 3 arentom (briHA) Bukopuctano Microsoft AirSim API na Python.

ATEHTH MaIOTh MOXJIUBICTH OOPOOJISATH KOXKHY JIIF0 OKPEMO.

BpaxoBano 3MiHy mnortouHoro craHy bmHA Ta BukoHaHHS mepeMilleHb Y
BIPTYaJIbHOMY CEpPEOBHILI.

Emizomom BBaXkaeMo OJIHY 3aBepIlieHY MOCTIAOBHICTh il areHTa B CEpeOBUIII,
10 MTOYMHAETHCS 31 CTAPTOBOTO CTaHY 1 3aKIHYYETHCSI, KOJU JOCATAETHCS TIEBHA yMOBA
3aBEpIICHHS.

Bzaemonmisn arenta «TensorFlow Agents» 3 cepemoBuineM Inepeadadae
BUKOPHMCTAHHS METOIIB reset Ta step [61].

Meron reset BCTaHOBIIOE MOYATKOBHMM CTaH emi3ony, po3Mimtytoun bnHA 'y
CTapTOBIi ToUIlll. Take HaAITyBaHHS JO3BOJISIE 3aITyCKAaTH HOBUYM HaBYAIBHUHN €Mi307.

Merton step BUKOHY€ TIEBHY 1110, IO TO3BOJISIE OTPUMATH 3HAYEHHS HOBOTO CTaHy
1 BU3HAYNUTH BETMINHY BUHATOPOIH.

OTtxe, BiIOyBa€ThCA CTBOPEHHS JOCBIAY JIA 3amaM’ sITOBYBaHHS Ta MOJAIBIIOTO
HaBuaHHs arenta (bnHA). Hanpuknan, konu briHA BiiidiioB Bij1 MapipyTy, CTUKHYBCS
3 MEPENIKOI00 a00 3aBEPIINB MApUIPYT, BiIOYBAETHCSA 3aKIHUECHHS €130y .

KoXHUM €mi3010M BBa)XAa€ThCsl 1 MOBHE BHKOHAHHS Micii (Micis ycmimiHa), i
HEMOBHE BUKOHAHHS Micii (Micisi modasiacsi, ajie He 3aKiHYWIach 4epe3 HEemoJ0JIaHHs
MIEPEIIKOIN ).

[Hdopmarliist Tpo MOTOYHE MICIE3HAXOKEHHS TEPEIIKOAN y TI0JI 30py areHta
HaJ3BUYaiHO BaxkyimBa. Jyis ¢opmyBaHHS Takoi 1H(OpMaIli BUKOPUCTAHO IITYYHUN
oOMexxyBanbHul kaap. Kpim Toro, arent (bnHA) otpumye Habip 3 TphOX KaapiB Ta KapTy
TITMOVHY 1S BpaxyBaHHs riepemkon [60].

Hapuanns arenta (bnnHA) 3niiicHroeTscst uepe3 Replay Buffer, ne 30epirarorscs
icTopis niii arenra. 3anoBHeHHs Replay Buffer mounnaeTscs 3 BunaaKoBux pyxiB areHra,
K1 MOJIENIOI0TH Pi3Hi cuTyarlii. AreHT (bnHA) BuKoHYye€ /i1 B cepe1oBHILll Ta HABYAETHCS
Ha 3pa3kax 3 Replay Buffer i mosroproe mi aii nukiaigao [60-62].

Kpoxk — okpemi Jiii, K1 areHT BUKOHY€ B CEPEAOBHUIILII MPOTITOM OJTHOTO €I130/1y.

B excriepuMeHTi BBaX)aeMo, 10 OJMH YCIINIHANA KPOK BIMOBIIAE OJIHIM OJUHUII

BUHATOPOJIH.
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Toni 45 xpokam ieanbHOTO eMMi304y BiANOBigae 45 OAMHUIb BUHATOPOIH.

B pe3ynbTaTi mpoBeneHoro HayKOBOTO AOCTIHKEHHS OTPUMAHO:

— CepeIHIO TPUBANICTH €Mi30/ly, SKa CTAHOBUTH OJM3BKO 45 KPOKIB Tia dYac
HaBuaHH 3a 2000 emi3o0/11B;

— CepEeHI0 BUHArOpOIy po3MipoM 32 OJUHUILL;

ycmimHe BuUKOHaHHSA Micii areHToM (BmHA), ockinbku areHT mojojiaB BeNWKi
CTATUYHI Ta PaIrTOBI MEPEIIKO/IN.

Bunaropona cepeqHb0ro peanbHOro enizoAy y MOPIBHIHHI 3 11€aIbHUM €11130,I0M
32
CTaHOBHTB: _— * 100% = 71,1%.

ToOTo BHHaropoja cepeaHbOr0 peanbHOro emizoay craHoBuTh 71,1% Bix
BUHATOPOJM 11€aJIbHOTO €301y .

Pe3ynbraTty mpoBeIeHOro0 HAyKOBOTO JOCIIPKEHHSI HABEJEHO HAa PUCYHKY 3.19.

TrainAVGEpisodeLength x o2 : TrainAverageReturn x : TrainingLoss p S

L @ |
-/\—v/-v"‘-’\—\ /\'\//W

R

Pucynox 3.19 — IIportec HaBUaHHS 3 BIACTEKEHHIM CEPEIHBOT TPUBAJIOCTI SITi301y,

cepeaHbO1 BUHATOPOJIM Ta BTPATH IIij] Yac HaBYaAHHS
3.7 BucHoBku 10 po3ainy 3

VY TpeTboMy po3ili TPOBEACHO MOPIBHSUIBHUN aHAIII3 BIJOMUX CUMYJIATOPIB, SIKi
HEOOX1H1 JJIS MPOBEACHHS MPAKTUYHUX €KCTIEPUMEHTIB. PO3risiHyTo HalmommpeHii
cumyastopu  (Ardupilot, PX4, ROS, Gazebo, Microsoft AirSim), a Takox
MIpOaHaJi30BaHi XHI MepeBaru Ta HeIOIIKH.

Jlyist mpoBefieHHST AOCTIKeHb Ta €KCIEPUMEHTIB oOpaHOo cumyssitop Microsoft

AIrSim, oCKiJIbKH:
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— MICTUTh TPOTpaMHI MOAYJII Ta 03BOJIA€ BUOpAaTH PI3HOMAHITHI BIpPTyasbHI
CEepeIOBHIIIA, SIKI IKHAWKpaIIe IMITYIOTh PEaIbHICTh;

— nepeadavyeHa MIATPUMKA HaBYaHHS HEHPOHHUX MEpEeX 3a JOMOMOTOIO
BHYTPIIIHIX MIAMPOTpam Jijis 300py TaHUX.

B mporeci HaykoBOro JOCTIIKEHHS CIIOYATKy PO3TJISTHYTO 0a30By apXITEKTypy
poboTu cumynstopa Microsoft AirSim. HaykoBe mociiiykeHHs BUMarajio BHECTH 3MIHU
10 6a30BO1 apXITEKTYpHU Ta CTBOPUTH HOBI Moaudikaiii cumyisitopa Microsoft AirSim,
OCKUIbKM  Tependadano  po3pobutu  iHGOpMAIiiHy  TEXHOJOTiI0  KepyBaHHs
OC3MUIOTHUMH araparaMud Ha 0a3l IrpoBOro IMIJAXOAYy Ta HEHPOHHUX MEpeXk, IIo
BKJIIOYAJIO HEOOXIJHICTh, 30KpeMa, IMOJOJAHHS BEJIUKUX CTAaTUYHHX Ta ParTOBUX
MEPEITKO.

3anponoHOBaHl B HAYKOBOMY JOCITIKeHHI Moaudikaiii cumynaropa Microsoft
AirSim mactymHi:

— npubpano nenrpaibHuit kKoutpoisep (Flight Controller Firmware) ta okpemuii
oOuucoBanbHU MikpokoMmil otep (Companion Computer);

— noaano HOBI (izuuHi KoHTposepu (Physical Controllers);

— noaaHo 010k BOymoBanux anroputmis (Built-in algorithms);

— HaJaroHKeHo B3aeMo it BOymoBaHuMu anroputMmamu 3 API Layer;

— 30epeKEHO CUMYJISLIMHUN MOAYJIb, SIKWUW 3aJUIIUBCS 0€3 3MiH, y TOMY YHCII,
omoku Vehicle Model, Environment Model, Sensor Models, Physics Engine Ta Rendering
Engine.

JIist mpoBeleHHS EKCIEPUMEHTIB HAayKOBOTO JIOCIHIJKEHHS 3ampOorOHOBAHO
BUKOPUCTAHHA JABOX THUIIB BbIA (Ha3eMHOro Ta JiTajabHOrO0), siki BOyaoBaH1 y Microsoft
AirSim.,

B nucepTariiitnomMy m0CIiIPKEHH] HABEIEHO OTJISIT PI3HOMAHITHUX CEPEIOBHIIL, SKi
JIO3BOJISIIOTh  BUKOPUCTOBYBATH OOpaHUM CHUMYJSITOp, Ta SIKI MOTEHLIMHO MOXHA
BUKOPHCTOBYBATH JUIsl TIEPEBIPKU ITPOBOTO MIAXOAY 1 HEHPOHHUX MEpEeX y KepyBaHHI

O€3MIJIOTHUMH armapaTaMu.
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Po3rnsaHyTo TEeXHOJNOTII I po3Mi3HaBaHHS OO0 €KTIB Ha OCHOBI 3TOPTKOBOI
HEMPOHHOT MEpEexKi, sIKi BBAXAIOThcs HallakTyanpHimmMe, a came: YOLO, Single Shot
MultiBox Detector (SSD), MobileNet.

OOpano KOMOIHOBaHWMW TIAXiA, SKUH JTO3BOJISE TIOETHATH  IIBUAKICTH
po3mizHaBaHHs MobileNet 3 TouHicTIO BUSABIEHHS 00’€KTiB 3a gomomororo SSD Tta
nepeBaramMu TpaHc(hepHOro HaBYaHHS.

PosrnsnyTo Ta mocnmigxkeHo e€(deKTHBHICTh PO3Mi3HABAHHS PANTOBUX IEPEIIKO]
(BHOOTH Ta siM) 3a JOIIOMOI'OI0 3rOPTKOBOI HEHPOHHOI MEPEXKi.

[IpoBeneH1 eKCIEPUMEHTH CKJIaIaIuCs 3 HABYAHHS 3TOPTKOBOI HEUPOHHOI MEpexi
pO3MI3HABAaTH BEJMKI CTaTHU4YHI MEPEIIKOAM 3a JIONOMOTrOK TpaHC(HEpHOro HaBYAHHS.
300pakeHHs] BEJIMKUX CTAaTUYHUX MEPEIIKOJ Opajvcs 3a PI3HUX YMOB, Y TOMY YHUCII
HECTIPUSTIUBUX (HIY, TYMaH).

BiAnoBiiHO 10 OTpUMaHUX HAYKOBHX PE3YJIbTATIB 3alIPOIIOHOBAHA Y IOCIIIKEHHI
KOMOIHOBaHa 3ropTKOBa HEMpOHHA Mepeka e(EeKTUBHO po3Mi3Hajia HOBI 00’€KTH, a
came — BEJIMKI CTaTUYH1 OJIOKH Ta PanToBl NEPEIIKOIN (BUOOIHHU, SIMH).

[linBuileHO 3aranbHy €()EKTUBHICTh BUSBJICHHS NEPEIIKOJ y HIYHUU Yac Ha
20,87%, B ymoBax Tymany Ha 17,95%.

Po3paxoBano 3aranbHy €eKTUBHICTh BUSBIICHHS TIEPEIIKO]] B PI3HUX yMOBaX:

— nenunit yac — 93,75%:;

— HiuHWUi yac — 85,94%:;

— B yMoBax Tymany — /1,8%.

HapyanHs 3 mMiAKPIIUICHHSAM 3aCTOCOBAHO B HAyKOBOMY JOCIHIJKCHHI JIJIs
YCHIIIHOTO MOJOJaHHs BEIUKUX CTATUYHUX Ta PANITOBUX MEPEIIKO ] Ha3eMHUM briA.

BukopucraHo OCHOBHI MOHSITTS HaBYaHHSA 3 MIJKPITUICHHSM, a came: areHr, Jis,
CTparteris, BUHaropoja Ta CTaH.

B pe3ynbTaTi mpoBeAeHOro HAyKOBOTO JOCTIIKEHHS OTPUMAHO:

— CEpEIHIO TPUBAJIICTH €MI30/1y, sIKa CTAHOBUTH OJIM3BKO 45 KPOKIB 1] Yac
HaBuaHHs 3a 2000 emi3omiB;

— CEepPEeHIO0 BUHArOPOy po3MipoM 32 OJIMHHUIIL,
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— ycrminrHe BUKoHaHHs Micii areHToM (bmHA), ockinbku areHT moionas BEIuKi
CTaTUYHI Ta PanTOBI MEPEIIKOIH.

Bunaropona cepeqHbOro peaibHOTO €Mi30/1y Y HOPIBHAHHI 3 1/I€aIbHUM €IT1307]0M
32
CTaHOBHTB: _— * 100% = 71,1%.

TobTo BHUHAropojga cepeaHbLOr0 pealbHOro emi3oay cTraHoBuTh 71,1% Bix

BUHArOpO/IH 11€aJIbHOTO eMi30/y.
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4 CTPYKTYPA THOOPMAIIAHOI TEXHOJIOI'TI KEPYBAHHS
BE3NIJIOTHUMM ATTAPATAMM HA BA3I ITPOBOI'O HNIAXOAY TA
HEWUPOHHUX MEPEXK

4.1 O6pobka 1 30epeKeHHs JaHUX B MPOIIeCi KepyBaHHS O€3MUIOTHUMHU arapaTaMu

[Ipu mpoBeneHHI AMCEPTAIIMHOTO OCHTIDKEHHS JaHl 3 JaTYMKIB Ta 1HIIUX
npucTpoiB BipTyanbHuX brJIA ta btHA 3untyBanucs 1 mepemaBaaucs 3a JTOMOMOTOO
API cumynstopa Microsoft AirSim 0 6a3u aHUX LIEHTpa KEpyBaHHs (onepaTopa).

B mpoueci nmpoekTyBaHHS 1HPOPMALIIHOI TEXHOJOT1i KepyBaHHS O€3MIJIOTHUMH
anmaparamMu Ha 0a3i IrpoOBOr0 MiAXOJY Ta HEHUPOHHUX MEPEeX BUKOPUCTOBYBAIUCS
MOJKJIMBOCTI IporpaMHoro 3ade3neucHus Apache Kafka.

Apache Kafka — e po3noginena cucrema oOMiHY MOBIIOMIICHHSIMH 3 BUCOKUMU
MPOMYCKHUMH MOJIMBOCTSIMU MIK KOMIIOHEHTaMHU CHUCTEMH, Ji€ TO MPUHIHUITY
«[TyOmikamis - ITignucka» [63].

Apache Kafka 103BoJisie 00p0o0JIATH BEJIHMKY KUJIbKICTh ITOBIIOMIICHb 1 30epiraTH ix,
HE TypOYIOUHCh PO MPOTYKTHBHICTH 1 BTpaTy Aanux [63].

Ilepen interparieto Apache Kafka y cuctemy BipTyanbHuX 0€3MUIOTHUX arapaTiB
HEOOX1THO BU3HAYMTH, SIK1 JaHl OyJaeMo 30MpaTy 3 30BHIIIHIX BIPTyaJbHUX CEHCOPIB
300py Ta MOJIyJ1iB 0OpOOKH TaHUX.

1. Jlani mpo HaBirarito Ta MOJIT:

a) GPS xoopauHaTtH — mMpoTa, 10BroTa, BUCOTA;
0) 3 akceaepoMeTpiB Ta TPOCKOINIB: MPUCKOPEHHS, KyTOBI IIBUAKOCTI.

2. Jlani 3 kamep Ta ONTHYHHUX CEHCOPIB:

a) pororpadii Ta KOPOTKI BijI€O.

3. JlaH1 3 morogHuX NaTYUKIB.

a) TeMreparypa — HoTOYHa TeMIepaTypa HaBKOJIHIIIHBOTO CEPEIOBHINA;
0) piBeHb OCBITJIEHHS — IHTEHCUBHICTb CBITJIA.
4. TexHiuHi JaHi:

a) inentudikarop boA;
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0) piBeHb 3apsiay Oartapei;
B) SIKICTh Mepeavi JaHNX — MBHUKICTH MTepeaadi, 3aTPUMKa, BTPATH MTaKeTiB.

5. Jlani mpo BUKOHAHHS MICIH:

a) IJIaHH MOJIbOTIB — MAapIIPYTH, 3aBJIaHHS;

0) JoryBaHHS BUKOHAHMX 3aBIaHb — ICTOpiA BUKOHAHUX i, pe3yibTaTu
3aB/IaHb;

B) aHOMAJII1 Ta Mo/l — BUNIAJAKHU BIAXUJICHD BiJl TUIaHY, aBapiiHl CUTYaIlli;

I') IepeHanpaBeHHS 3aB/IaHHs Ha 1HITUN OS3MIIOTHUM amapar.

B 1nporieci BUKOHAaHHS HAyKOBOTO JOCIHIJKEHHS MJid 30€peKeHHs JaHuX
BUKOpHCTaHO 0azy manmx PostgreSQL, sika BcTaHOBJIeHA HAa KOXHOMY BmA, a Takox y
LEHTp1 KepyBaHHs. [l 3amycKy 0a3u JaHUX Ha KOoKHOMY BHA Ta neHTpl KepyBaHHs
Bukopuctano Docker [64]. Ha pucynky 4.1 HaBeJI€HO CKPHINT CTBOPCHHS TPhOX 0a3
nanux (BJ1). [IB1 bB/] 3HaxonsThcs Ha KO>)KHOMY 3 BIIA, a TpeTs y HeHTp1 KepyBaHHS.

Pucynku 4.1 — 4.11 naBeneni 3 BignoBigaumu Homepamu J1.1 — /1.11 y nogatky /.

version: '2'

5:11

le: postgresDronel

environment:

- POSTGRES_USER=postgresl
POSTGRES_PAS
POSTGRE

command: ['postgres', '-c', 'wal_level=logical']

postgres2:

ostgresDrone2

environment:
- POSTGRES_USEF

- POSTGRES_P
POSTGRES_DB=po

command: ['postares', '

postgresMain:

: postgres:11

container_name: pcstgres“aim

ports:

stgresMain

ostgresMain

‘'wal_level=logical' ]

Pucynox 4.1 — CtBopenns 6a3 nanux PostgreSQL ugepes Docker
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Jlani HaBeIeHO CKPUNT CTBOPEHHS TaOIMIll JJ1s1 30€peKEeHHs TaHUX 3 30BHIIITHIX

BIpTyaJIbHUX CEHCOPIB 300py Ta MOIYJIiB 00poOKH (pUCYHOK 4.2).

create table "Dronelnfo"
(
id TEXT NOT NULL
constraint "Dronelnfo_pk"
primary key,
“droneld" TEXT,

timestamp TIMESTAMP DEFAULT now() NOT NULL,
coordinates TEXT,
acceleration DOUBLE PRECISION,
"angularVelocity" DOUBLE PRECISION,
photo TEXT,

video TEXT,

temperature DOUBLE PRECISION,
“lightIntensity" DOUBLE PRECISION,
"batteryLevel" INTEGER,
"transmissionSpeed" DOUBLE PRECISION,
latency DOUBLE PRECISION,
"packetLoss" DOUBLE PRECISION,
route TEXT,

tasks TEXT,

"actionLog" TEXT,

result TEXT,
“deviationCases" TEXT,
“emergencySituations" TEXT,
“redirectedDroneld" TEXT

)

Pucynok 4.2 — CtBopenns tabuuii «Dronelnfox»

PosrnssHemMo oTpuiMaHy B MOpoOIECl HAYKOBOTO JOCHIKEHHS CTPYKTYpPY

porpaMHoro pimnieHHs Ha 6a3i FastAPI Ha pucynky 4.3 [65].

v M DroneWorkaround C:\Users\Max\P
v M DockerHelper
docker-compose.yml
é'g docker-kafka.yml
& Dockerfile
v Dl DronelnfoDB
v EX Controller
i DronelnfoController.py
DN Database
i‘ DatabaseConfig.py
) Model
e Dronelnfo.py
Bl RandomGenerator

ﬂ InitDB.py
BN Repository

<

<

<

<

[ DronelnfoRepository.py
BN Schema
i DronelnfoBase.py
DN Secret
E credentials.env
v M Service
i DronelnfoService.py
e main.py
v I SQLScripts
droneScript.sql

<

<

> M venv library root
5 .gitignore

Pucynox 4.3 — CtpykTypa MporpaMHOTO PillICHHS
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Jlanmi HaBeleHO ONHC CTPYKTYpU 3alpONOHOBAHOIO B IMPOILECi HAYKOBOIO
JOCTIKEHHSI TIporpaMHoro 3adesnedyeHHs aius podotu 3 B/ uentpa kepysanus i b/
brA.

Hupekropist Controller MicTuTh (aiisiu, 010 BIAMNOBIIAI0TH 32 MAPUIPYTH3AIIO Ta
00pobky HTTP-3anutiB. KonTponepu npuilMaroTs 3aUTH, MepeAaOTh iX BiAMOBIIHUM
cepBicaMm i1 0OpOOKHM Ta MOBEPTAIOTh Pe3yJIbTaTH IIEHTPY KepyBaHHs (OIepaTopy) Ta
brA.

Hupekropis Database micTuTh KoHbirypariiiai (aiaum migkIo4YeHHs 10 0a3u
JAHUX.

Hupextopis Model mictuTh kiacu, [kl BIANOBIAAIOTH JOMEHHHUM CYTHOCTSAM
nporpamu. LI KjJacu BUKOPHUCTOBYIOTHCS JUIsl CTBOPEHHSI TaOiMIlb B 0a3l JaHUX 1 €
OCHOBOIO i (hopMyBaHHS 1 30epiraHHsi JaHUX. JIOMEHHI CyTHOCTI € IEHTPaIbHOIO
YaCTUHOIO 0araTtomapoBOi apXITEKTYpH 1 BIANOBIIAIOTH 338 CTPYKTYPY JAHHX, 3 AKUMU
npairoe nporpama [66].

Hupextopis RandomGenerator MIiCTUTh CKpUITH JUIsl TE€HEpauli BHITaJIKOBUX
JaHUX, SIKI BUKOPUCTOBYIOTHCS JJI1 HAIOBHEHHSI 0a3U JaHUX TECTOBUMU 3aIlMCaMHU.

HupexTopist Repository MICTUTh KJIaCH PENO3UTOPIIB, SIKI Peasli3y0Th AOCTYH JI0
0a3u naHux. Penosutopii abctparyroTh onepailii 3 0a3010 JaHUX, Ha/Ial0YM YHIBEpCaIbHI
METOU 1Jis1 30€peKEeHHS, OTPUMaHHs, OHOBJICHHSI Ta BUAAJCHHs AaHuX. Ll nupekropis
NPEeJICTaBIIsE PIBEHB JOCTYITY IO JAaHUX B OararomapoBiii apxitektypi [66].

HupexTopist Schema BUKOPHUCTOBY€ETHCS TSt 3MIHU dbopmary
(cepiamizariii/gecepiamizariii) gaHux, siki mepeaaroThes yepe3 APIL. 1i cxemu BU3HAYaIOTh
CTPYKTYpYy HdaHUX, IO MPUHAMAIOTHCSA 1 TIOBEPTAIOTHCSA KOHTpOJIepamu, 3a0e3neuyroun
iXHIO KOpeKTHicTh [38].

HupexTopist Secret MICTUTh KOH(1ACHITIIHI 1aH1, TaKi K MapaMeTpH MiIKJIIOUYEeHHS
1o bJI. Hanpukian, daitn credentials.env MicTuTh 0011KOBI J1aHi 17151 JocTymy 10 BJI.

daitn main.py € TOYKOIO BXOAY B I0oAaTOK. BiH BiAMOBiTa€ 3a HanaImTyBaHHS Ta
3anyck FastAPI nogatkis, miakirodeHHs 10 0a3 JaHUX Ha PI3HUX MOPTax.

Hupextopis SQLScripts mictuth SQL-ckpuntu, HeoO0Xiani 1151 podotu 3 bJI, Taki

SAK CTBOPCHHA Ta6J'II/II_IB Ta ITIOYaTKOBC HAIIOBHCHHA JaHHUMHM.
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Hupekropis DockerHelper mictuth daiinmu, HEOOXiaHI JJii HaJIAIITYyBaHHS Ta
3armycky Docker-konteinepiB, Taki sk docker-compose.yml, docker-kafka.yml Ta
Dockerfile [64]. Lli ¢aiimu BHKOPHCTOBYIOTHCS IS HaJaIITyBaHHS CepPEIOBHIIA
pPO3pOOKH Ta TECTyBaHHS 3a JOTIOMOTOI0 KOHTEHHEpH3aIlii.

B mpomeci mnpoekTyBaHHA OaratomapoBoi apXiTekTypu B3aemonii 3 B/
BUKOpHCTaHa MOBa IporpamyBanHs Python Ta 0i6miorexka FastAPI, mo Hamamo Taki
nepeBaru:

— MOXJIMBICTD MIPAIIOBATH 3 IEKIIbKOMa eK3eMILIIpaMu 0a3 JaHuX;

— CIIPOIICHE HAJIArO/KEHHS IPOrPaAMH.

4.2 Po3pobka miarpamMu KiaciB JUIsi 1H(QOpPMAIITHOI TEXHONOTIl KepyBaHHS

O€3MIJIOTHUMH arapaTaMu

B npoteci HayKOBOTO JOCITIKEHHS CTBOpEHI TaKi (aiinu:
DronelnfoController.py, DatabaseConfig.py, Dronelnfo.py, InitDB.py,
DronelnfoRepository.py, DronelnfoService.py, main.py.

Hanamo onuc nux daitmis.

@aiin DronelnfoController.py 3a6e3neuye mapmpyrtusaiito ta o0podky HTTP-
3anuTiB (Tabmui 4.1).

Tabmuus 4.1 — Kinac DronelnfoController

HazBa Tun nanux [IpuzHaueHHs

router APIRouter Mapmipytuzarop s 00poOku
HTTP-3anuTiB

®aitn DatabaseConfig.py MicTuTh KOHGITYpaIiiiHi 1aHi A1 TAKITI0YEHHS 10 6a3u
nanux (Tabmmis 4.2).

Tabmuus 4.2 — Knac DatabaseConfig

HazBa Tun nanux [IpuzHaueHus
SQLALCHEMY DATABASE_URL1 |str URL makiarodeHdHs g0
nepioi 6a3u JaHux
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HazBa Twun ganux [Ipu3HaueHHs
SQLALCHEMY_DATABASE_URL2 | str URL migkaroueHHs [0
apyroi 0a3m JJaHUX
enginel Engine [Tigxr0YeHHS 10 MepIol
0a3u JaHux
SessionLocall None Cecis jmma  pobotu 3
nepiIo 0a3010 JaHUX
engine2 Engine [TinkmrodeHHst 10 apyroi
0a3u JaHux
SessionLocal2 None Cecis  mnst  pobotu 3
JIPYroro 0a3010 JaHUX

@aitn  Dronelnfo.py Mictute kinac, mo mnpeacrtasise cyTHICTH Dronelnfo

(tabmuis 4.3).
Tabmmua 4.3 — Kinac Dronelnfo
HazBa Tun ganux [IpuzHaueHHs
id String VYHiKaIbHUH
ineHTudikatop bnA
droneld String Inentudikarop bnA
timestamp DateTime Yacosa miTKa
coordinates String Koopaunatu biA
acceleration Float [TpuckopeHHs
angularVelocity Float KyToBa mBHIKICTH
photo String dorto
video String Bineo
temperature Float Temmepatypa
lightIntensity Float [HTeHCHBHICTD CBITIIa
batteryLevel Integer PiBeHb 3apsiy OaTapei
transmissionSpeed Float [IBuakicTh nepeaadi
latency Float 3arpumka
packetLoss Float Brpara makeTiB
route String Mapupyt
tasks String 3aBaHHs
actionLog String Kypnan mii
result String Pesynbrat
deviationCases String Bunaaku BigxuiieHHs
emergencySituations String Han3Buuaiini curyarii
redirectedDroneld String InenTudikatop

nepeHarnpaniieHoro bmA
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®daiin InitDB.py MicTUTh QyHKIIIT 171 TeHEparllii Ta 10JaBaHHS TECTOBUX JAHUX J10

0a3u nanux (tadmui 4.4).

Taomuus 4.4 — Knac InitDB

Hasga Tun nannx [Iprn3HaueHHs

addTestData None OyHKINS ~ J0JaBaHHSA  TECTOBHX
JaHKUX 70 0a3u TaHuX

testDatal list[Dronelnfo] ComMcoK TECTOBHX JaHUX IS
nepiioi 6a3u JaHUX

testData? list[Dronelnfo] CoMcoK TECTOBHX JaHUX IS
npyroi 0a3m TaHux

®aiin DronelnfoRepository.py MicTUTh peno3utopii jist poOoTu 3 06a3010 JaHUX

(tabmuis 4.5).

Tabmuns 4.5 — Kimac DronelnfoRepository

Hassa

Tun manux

[Ipu3HaueHHs

getAllDroneinfo

list[ Type[Dronelnfo]]

OTpuMaHHS CHHUCKY BCIX 3alKCIB 3
bJI buA

getDronelnfoByld | Any [Tomryx 3ammcy y BJI BnA 3a
17IeHTU(hIKATOPOM

insertDronelnfo Dronelnfo CrtBopenHss HOBoro 3amucy y bJl
bnA

updateDronelnfo None Omnosnenns 3anucy y bJ] bniA

deleteDronelnfo None Bunanenns 3anucy y b/ biiA

®aiin DronelnfoService.py MicTuTh Oi3Hec-0TiKy nporpamu (tadmis 4.6).

Taomung 4.6 — Kirac DronelnfoService

Hassa

Twun manux

[Ipu3HauenHs

getAllDronelnfo

list[ Type[Dronelnfo]]

OTpumaHHS CIHUCKY BCIX 3alKCIB 3
bJI A

getDronelnfoByld | Any [Momyk 3ammcy y b/l BmA 3a
171eHTU(IKATOPOM

insertDronelnfo Dronelnfo CtBopenns HoBoro 3amucy y bJl
bnA

updateDronelnfo None Omnosnenns 3anucy y bJ] bnA

deleteDronelnfo None Bunanenns 3anucy y B/ biiA
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daiin main.py € TOUYKOIO BXOAy B 10AaTOK (Tabmuis 4.7).

Taomung 4.7 — Kirac main

Hassa Ty maaux [Ipu3HaueHHs

createApp FastAPI CTBOpeHHs Ta  HaJIalUTyBaHHS
JI0JTaTKIB

runAppl None 3anycK Nepuoro A0JaTKy

runApp2 None 3anyck Ipyroro 10AaTky

Hiarpamy kmnaciB A 1H(GOpPMAIHOI TEXHOJOTii KepyBaHHS O€3MUIOTHUMU

arapaTaMu 3 yciMa KjlacaMu HaJaHo y A0Aatky E.

4.3 3abe3nedeHHs CHCTeMH OOMIHY JaHUMH TIPU KEpyBaHHI O€3MUTOTHUMU
anaparamu. [nterpamist Apache Kafka y cucremy inopmariiitHOi TeXHOJIOT1i KEpyBaHHS

brtA

Onna 3 mpo6iieM, siKy Tpeda BUPIIIMTH B MIPOLIECT JUCEPTALIIIHOTO TOCIIKEHHS —
3a0e3neunT HaJIMHUNM Ta Oe3rneyHuil 0OMIH TaHMMH B MPOIEC KEPyBaHHS KOAJIIIEI0
brA.

B pe3ynbTaTi IpOBEIEHOr0 aHaji3y akTyalbHUX IHCTPYMEHTIB, SIK1 3a0€3MeUyI0Th
OOMIH JTaHUMH Ta MOKYTh OyTH 3aCTOCOBaHI JiJIsi OOMIHY JJAaHHUMH B MPOIIECI KEPYyBaHHS
bnA, oopano Apache Kafka.

OOrpynTyBanHs BuOOpy posmoaiieHoi cucremu Apache Kafka 3 ormsay wHa i
MOXIJIMBOCTI B SIKOCTI I1HCTpyMEHTy 300py Ta mepenadi iHdopmarlii HagaHO Yy
nigposai 4.1.

OTxe, MpU BUKOHAHHI AUCEPTALIMHOTO JOCTIKEHHSI OOMIH JaHUMU Bi0yBaBCs
13 3aCTOCYBaHHSIM XMapHOTO cepBepy, Ha sikomy BcTaHoBIeHa Apache Kafka.

[epeiimemo 10 onucy mpoiiecy po3ropranus cepeepy Apache Kafka.

Posroprannst cepBepy mependadano BCTAHOBJICHHS MPOTPAMHOTO 3a0€3MeUCHHS
Kafka Connect y HeoOximHiii koH(irypaiiii. 3a 3aMOBUYBaHHSM PO3TJISAABCS: OJIUH

EK3EMIUISIP cepBepy a00 BIIMOBOCTIMKUIN KIIacTep.
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B mporeci HaykoBOro IOCHIIKEHHS I MIATOTOBKU oOpasy (image) 1 3amycKy
OJTHOTO €K3eMILISIPY cepBepy CTBOpeHo (aiist oopa3y 3 BukopucTanasm Dockerfile.
Ckpunt Dockerfile chopmoBano 3a3nmaneriap BIANOBIIHO JO YMOB OTOYCHHS 1

cepenoswuina posropranss. [Ipuknan modynosu Dockerfile vaBeneno na prucynky 4.4,
1 FROM confluentinc/cp-kafka-connect:7.6.1

ENV CONNECT_PLUGIN_PATH="/usr/share/java,/usr/share/confluent-hub-components, /usr/share/java/kafka-connect-jdbc,/usr/share/java/kafka"

RUN confluent-hub install --no-prompt confluentinc/kafka-connect-jdbc:latest
RUN confluent-hub install --no-prompt debezium/debezium-connector-postgresql:latest
RUN confluent-hub install --no-prompt jcustenborder/kafka-connect-transform-common:0.1.8.54

Pucynok 4.4 — Cxpunt st ctBopeHHs moaudikoanoro oopasy Kafka Connect

[IpoexTyBanHs iH(pOpMaIiitHOI TexHojorii kepyBaHHs bmA Ha 6a3i irpoBoro
HiIX0My Ta HEHPOHHMX MEPEK BHMarajo mpoBeaeHHs Moaudikarii odpasy Kafka
Connect.

3a pomomoror komanmu «docker build . -t drone-kafka:1.0.0» cTBOpEHO
MoaudikoBanuii oopas Kafka Connect, sikuif MiCTUTB:

1. cp-server-connect — 6a3oBuii oOpa3 JJisi KOHTEHHEpa,

2. kafka-connect-jdbc — 3abe3medye miaKIIOUYEHHS 10 PEIALiHHUX 0a3 JaHMX;

3. CONNECT_PLUGIN_PATH — manamroBye Miclig MOIIYKY TJIATiHIB,

4. debezium-connector-postgresql — BiacTexxye 3minu B 6a3ax nanux PostgreSQL;

5. kafka-connect-transform-common — mnepeTBopioe Jeski THIK JaHUX (3a

3aMUTOM).

Bci 00pasu, sxi HeoOXiAH1 JJIs 3aMyCKy €K3eMIUIIpY cepBepa, 310paHi y daiimi
docker-kafka.yml. Ile#i daiin ctBopero Ha ocHOBI docker-compose.yml 3 odiniliHOro
caitty confluent [67].

Jlnsa 3amycky oOpasiB y KOHTeHHepi BHKOHaHO komanay «docker-compose -f

docker-kafka.yml up -d» (pucynox 4.5).
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[0 v == dockerhelper Running (6/6) 4.54%
broker-drone : 0092:9092 4
confluentinc/cp-kafka:7.6.1 Runnin. 109% = =
O @ ousssozeen i : - g °  show all ports (2)
schema-registry-drone
D e) 652dd47da6ee | confluentinc/cp-schema-registry:7.6.1 Running 0.42% 8081:8081 (2
52dd47dabee |
control-center-drone
y [ 0 35341399100 | confluentinc/cp-enterprise-control-cent Running 0.93% 9021:9021 %
— a4 [
connect-drone
| Q] 65f92adb1d6b | drone-kafka:1.0.0 Running 0.78% 8083:8083 3
— 2a (
ksqldb-server-drone
O 0] 42bfceas20f | confluentinc/cp-ksqldb-server:7.6 Running 0.4% 8088:8088 (2
2bffcea820f [
rest-proxy-drone
D 0] confluentinc/cp-kafka-rest:7.6.1 Running 0.02% 8082:8082

c6c2ee671209

Pucynok 4.5 — Konreiinepu st po6otu 3 Apache Katka

B mnporeci HaykoBOTro JOCIHIJKEHHST BUKOPHUCTAHI TEXHIYHI TEPMiHHU, a caMme:
«KOHEKTOP» Ta «TOTIK.

Konektop — HeBig’emHa uyactuHa matdopmu Apache Kafka. Konekrop
3a0e3neuye 0OMiH nannMu Mixk Kafka Ta 30BHIIIHIMU cXOBHIIIaMH JaHKUX (0a3aMu TaHUX,
¢aitioBuMH cICTEeMaMH 1 XMapHUMU cepBepaMu). KoHekTop 3abe3nedye miaKIIIoueHHS 3
METOI0 OTPUMAaHHS Ta TMepenaydl MOTOKOBHX JaHUX, BUKOPHCTOBYIOUM «SOUrCe-
KOHEKTOpH» (11 OTpUMaHHS naHuWx) Ta «SinK-koHekTopm» (s mepenadi JaHUX y
30BHIIIIHI CXOBHIIA JaHuX) [68—69].

OpHi€l0 3 OCHOBHUX IE€peBar BUKOPUCTAHHS KOHEKTOPY — L€ €KOHOMIsl 4dacy
MPOEKTYBaHHS 1HPOPMALIMHUX CUCTEM, 30KpeMa, 3a PaxXyHOK BIJCYTHOCTI MOTPEOH y
HAIMCaHHI JOJIaTKOBOTO MPOTPAMHOTO MPOYKTY, AKe 3a0e3neuye OOMiH JaHUMHU.

Tomik — >XypHaJ TOBIAOMIICHb, SIKHA BUKOPHUCTOBYETHCS IS TPYIyBaHHS
TOBIIOMJICHB OHOTO THITy [68—69].

VY nucepTalitHoMy JIOCHI/PKEHHI CTBOPEHO KOHEKTOPU 1 TOMIKU JJisl Tepesadi
iHdopmaitii 3 bnA o 3aransHoi 6a3u nanux 3a gonomororo Apache Kafka.

B mpomeci waykoBoro gochipkeHHST chopmoBaHi SOUICE-KOHEKTOpH, SIKi
3a0e3MneuyroTh nepenady naHux 3 OesmiiotHux amapariB (bmA) Ha cepsep 3 Apache
Kafka. [lyns cTBopeHHs Source-KOHEKTOPiB BHKOpHcTaHO 0i0mioreky Debezium mms
PostgreSQL.

Jlns  mpoekTyBaHHS 1HGOPMAIIHHOI TEXHOJOrli O0COOJMBE 3HAYEHHS Mae

BHUKOPHCTAHHS CIeliaai3oBanoi 0i0mioTeku konekTopis Debezium.
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Debezium — cnemianmizoBaHa 0i0ioTeKa KOHEKTOPIB, sika (ikCye 3MiHH 3
PI3HOMaHITHHX CHCTEM KepyBaHHs 0a3amu ganux [70].

Konektop Debezium PostgreSQL dikcye 3MiHM KOXKHOTO psiika 0a3u JaHUX
PostgreSQL. Posrisinemo mopsiiok ctBopeHHs Debezium konekropa mist orpumanHs
naHux 3 6a3u ganux bnHA, 3anpononoBanuii B mporieci BUKOHAHHS HAyKOBO1 pOOOTH.

JIist migkIitoueHHs 1o 6a3 paHux, posropuytux y Docker-konrteiinepax na WSL,
JIOCTaTHBO BUKOHATU HACTYITHI KPOKH:

1. Bigkputu cmd,;

2. BBectu xomanay ipconfig;

3. 3HaliTH JIOKAIBHY ip aapecy (pucyHok 4.6).

Ethernet adapter Ethernet 2:

Connection-specific DNS Suffix

Link-local IPv6 Address . . . . . : fe82::1cba:f23a:f659:8c15%22
IPv4 Address. . . . . . . . . . . : 192.168.0.131

SubnetMask = = . - - = - - = - & = 2550255.255.0

Default Gateway . . . . . . . . . : 192.168.0.1

Pucynox 4.6 — JlokaneHa ip aapeca

Omnwc cTtBoperoro Debezium Source-koHekTopa HaBeIeHO Ha PUCYHKY 4.7.

POST v http://localhost:8083/connectors/
Params Authorization Headers (8) Body e Scripts Tests Sett
none form-data x-www-form-urlencoded © raw binary GraphQL JSON v
2
3

13 "to postgresDronel”,
14 ot = 1 A8t )

22 “valu rte onfluent.connect.json.JsonSchemaCon

rl": "http://schema-registr

Pucynok 4.7 — CtBopenns Debezium Source-konekTtopa Ha npukiani bJ] BnHA
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VY Tabnui 4.8 HaBeIeHI HaJAIITyBaHHS Ta IMOSCHEHHS J0 KOXKHOIO IMapaMmeTpa

Debezium Source-koHekTopa.

Tabauis 4.8 — HanamtyBaHHs Ta IMOSICHEHHS 0 KO>KHOTO mapameTrpa Debezium

Source-konekTopa

Ha3Ba napameTtpa

3HaueHHS

IlosscaenHs

name postgres-debez-connector-vl | Ha3a koHeKkTOpa

tasks.max 1 MakcuManbHa KUIBKICTH 3ajady,
K1 [MOTEHIIIHO MOXKE
BUKOHYBATH KOHEKTOP
0JIHOYAaCHO

connector.class 10.debezium.connector.postgr | Kiac KOHEKTOpa TUTS

esql.PostgresConnector PostgreSQL, AKHN Oy e

BHUKOPHUCTOBYBATHUCH

plugin.name pgoutput Ha3Ba marina ajs 3aXOILICHHS
3MiH 3 PostgreSQL

database.hostnam
e

192.168.0.131

IP-anpeca cepBepa 6a3u manux

ault.partitions

database.port 5435 [TopT amst MiAKIIOYEHHS 10 0a3u
TaHUuX

database.user postgresl IM’st KOpUCTyBaya

database.passwor | postgresl [Taposs KOpuCTyBaua

d

database.dbname | postgresDronel Hassa 6a3u gaHux

database.server.n | serverl VYHikampHe iM’sT cepBepa 0asu

ame JTAHUX

topic.prefix postgresDronel Osnaka mis Bcix Kafka Tormikis,
ki OyAyTb CTBOpPEH1 JUIsl IIi€i
0asu JaHuX.

topic.creation.def | compact [TpaBUIO OYUIICHHS TOIIKY, SIKE

ault.cleanup.polic BUKOPUCTOBYETHCS ISt

y 30epiraHHsi JIMIlIE OCTaHHBOTO
3HAYCHH/A KJIFO4Ya B TOHiKy.

topic.creation.def |1 KiipkicTe KOIMM JUIS KOXHOTO

ault.replication.fa TOIIIKA.

ctor

topic.creation.def |1 KuiekicTs pPO3OUTTS IUTA

KO@KHOTO TOMIKA.
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Hazpa mapamerpa | 3HaueHHS ITosicHeHHs

table.include.list | public.(.*) [Tepenik TabnwIb, sKi TOTPIOHO
BKITFOUUTH B poIIeC
«3axOIUICHHS 3MiH»  (Tepeik
TAaONUIb O SKUX 3BEPTAETHCS
KOHEKTOD, mo0  CTBOPUTH
TOITIKH).

database.history.k | broker:29092 Crucok Kafka cepsepiB, ski

afka.bootstrap.ser BUKOPUCTaHI it 30epiraHHs

VErs

icTopii moii.

database.history.k
afka.topic

postgresDronel.debezium.hi
story

Tomik Kafka, B skomy 30epekeHo
o1,

snapshot.mode

always

Pexxum  cTBOpeHHST  3HIMKIB
(snapshot). B manomy BuIaaKy
CTBOPIOBABCSI BUKJIFOYHO 3HIMOK
Bciei 0a3u JaHUX TPU 3aIyCKy
KOHEKTOpa.

time.precision.mo
de

connect

SIKUN
TS

Pexxum TOYHOCTI
BUKOPHUCTOBYBABCS
M1 IKIJTIOYSHHS.

Jacy,

key.converter

10.confluent.connect.json.Jso
nSchemaConverter

Konseprep 11€HTU(IKATOPIB,
AKUHA BUKOPUCTOBYBAaBCSA IS
IIEPETBOPEHHS KJIIOYiB

MOBIIOMJICHb Y (opMmaT gaHuX
JSON Schema.

key.converter.sch | http://schema-registry:8081 | URL  peectpy cxem  mus
ema.registry.url KOHBEpTEpa KIIOYiB.

value.converter 10.confluent.connect.json.Jso | KouBepTep  3Ha4YeHb,  SKHi

nSchemaConverter BHUKOPHCTOBYBAaBCS IS

IIEPETBOPECHHS 3HAYCHb

MOBIIOMJIEHb Y (opMaT AaHuX
JSON Schema.

value.converter.sc
hema.registry.url

http://schema-registry:8081

URL  peectpy cxem
KOHBEPTEPA 3HAYECHb.

s

[Tpoueaypa ctBopenns Debezium Source-koHEeKTOPiB MOBTOPIOETHCS I KOKHOT
0a3u nanux (6a3a nanux s brJIA).

[Tepesipka mparne3aarHocti Debezim Source-konexkTopa mpoaeMOHCTpOBaHa Ha

cropiami  Control Center [67]. Control Center Bxmoueno B docker-kafka.ymi

(pucyHok 4.8).
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Connectors
Total Running Degraded
Q Search connectors J [ Filter by category l "}
Connector name Status Category Plugin name
@) postgres-debez-connector-v2 e Running Source PostgresConnector
@) postgres-debez-connector-v1 e Running Source PostgresConnector

Pucynok 4.8 — CtBopeni Debezium Source-konekropu

Ha pucynky 4.8 moxHa mnoGauuté Bci nBa mpamrorodi Debezium Source-
KOHEeKTOpH. Ternep nmeperistHeMo TOIIKH, sIKi CTBOpEHO Ticiis 3amycky Debezium Source-
KOHEeKTOpiB. Sk pe3yiabrar Debezium Source-koHekTopiB, CTBOPEHO JBa TOIIKH, SIKi

MICTATB IO OJTHIN TaOJIHUIN 3 KOXKHOT 0a3u 1aHuX (pucyHOK 4.9).

Topics
[« | e
Topic name Partitions

default_ksql_processing_leg

docker-connect-configs

1] - ']
postgresDrone], public. Dronelnfo

postgresDrone?. public. Droneinfo

Pucynok 4.9 — Tomiku, cTBOpeHi Ha ocHOBI Debezium Source-koHekTOpiB

KosxeH TOMmK MICTUTh TOBIAOMJIEHHS MPO ONEpailii BCTaBKH, OHOBJICHHS Ta

BuaaneHns ganux 3 b1 (pucynok 4.10).
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postgresDrone1.public.Dronelnfo

Configuration ~ Messages  Schema

Mers»sAeige fields ‘In [ Q, Fiter by keyword ] [ Jump 1o offset | v ‘ 0/ Partition: 0 EE‘

-+ Produce a new message to this topic

~ {"before”:null,"after":{"ig":"3","droneld":"dronel”, timestamp" 1721136463768, "coordinates”:null,"acceleration”:null, "angularVelocity”:null, "photo”:n.

Partition: @ Offset: 6 Timestamp: 1721053278693

~
' {"befor 1,"af o 1 dinat 1.5874, 1 tion":9.8, locit
Partiti OFF:
~
“ {"before":null,"after”:{"id":"2","droneld":"drone2","timestamp" :1721850063769, "coordinates”:"49.7128, -74.0062", "acceleration”:8.5,"angularVelocity” :..
o s
Partition: @  Offset: 4 Timestamp: 1721953278692
v bef 1 F 3 1 d t p 72113 d: t 1 it 1 L t 1 t

Pucynok 4.10 — 3pa3ok MoBiOMIICHb Y TOMIKY

[Ticns 3aBanTaxkeHHs naHux y cepsep 3 Kafka, mounnaerbcs eran nepenavi qanux
10 3arasibHoi CYB/l (0CHOBHOI cUCTEMHM YIIpaBJIiHHS 0a3aMH JaHUX).

Eranu nepenadi gaHux 10 3arajbHol 0a3su JaHux (0a3W JaHUX IEHTPY
KEePyBaHHA)

Bukopucranus JDBC Sink-konekropy.

JDBC Sink-xonektop ekcrioptye nani 3 TomikiB Apache Kafka no 6a3u nanux 3a
noroMororo apaiisepa JDBC.

[Ipu BUKOHAHHI HAYKOBOi pOOOTH BHKOPUCTAHO KOMaHmy «UpSert» s
rapaHTOBaHOTO OTpUMaHHS 3amucy y bJl, a TakoX MmATpUMYBaoCs aBTOMAaTHYHE
CTBOpeHHs Tabumb [71].

Ctopennst JDBC Sink-konekropa (pucyHok 4.11).
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avto.crea

Pucynok 4.11 — 3pazoxk ctBopennst JDBC Sink-konekropa uepe3 Postman s

3aranbHOl CYDB/]

VY Tabnuii 4.9 HaBeneHI HaNlAIITyBaHHS Ta TMOSCHEHHS J0 KOXKHOTO IMapaMeTpa
JDBC Sink-konekTopa.
Tabmuus 4.9 — HajpamrTyBaHHS Ta TIOSCHEHHS 10 KOXKHOTO TlapaMmeTpa

JDBC Sink-konektopa

Ha3zpa nmapamerpa | 3HaueHHSA [Tosicnenns
name postgresMain-sink-postgres- | Ha3a koHekTopa
V2
connector.class 10.confluent.connect.jdbc.Jdb | Kitac KOHEKTOpa ISt
cSinkConnector PostgreSQL, KU
BHUKOPUCTAHO AJIA 3allMCYy JaHUX
3 Kafka B PostgreSQL
tasks.max 2 MaxkcumainabHa KUIBKICTE 3a/1ad4,
SKI BHKOHAaHO  KOHEKTOPOM
oaHOYacHO. MaeMo AB1 3amadi
sl OTPUMAaHHA AAaHHUX 3 ABOX
B/I.
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Hasga mapametpa | 3HaueHHs [TosicHenns
connection.url jdbc:postgresql://192.168.0.1 | URL migkmrodeHHs [0 0a3u
31:5438/postgresMain nanux PostgreSQL.

connection.user

postgresMain

IM’st KOpucTyBaua

connection.passw
ord

postgresMain

[Taposie kOpucTyBaua

topics.regex

postgresDrone(.*).public.(.*)

Perynspuauit Bupas 11 BuOOpy
tonikiB Kafka, sixi 00po6ieHo.

table.name.format | ${topic} ®opmar Ha3BU TAOIUIl, B SKY
3alucaHo JIaHl.

key.converter i0.confluent.connect.json.Jso | KouBeprep  kimrodiB,  SIKHii

nSchemaConverter BUKOPHUCTAHO ISt

IIEPETBOPEHHS KJTFOUIB

MOBIJOMIIEHb Y (OpMaT JaHUX
JSON Schema

key.converter.sch | http://schema-registry:8081 | URL (mocunaHHs) peecTpy
ema.registry.url CXeM JI1 KOHBEepTepa KII0JiB

value.converter 10.confluent.connect.json.Jso | KouBeprep  3Ha4YeHb, KUt

nSchemaConverter BUKOPHCTAHO VIS

IICPCTBOPCHHA 3HAYCHb

MOBIJOMJIEHb Y (OpMaT JaHUX
JSON Schema

value.converter.sc
hema.registry.url

http://schema-registry:8081

URL (nmocunanHs) peecTpy
CXeM JJis1 KOHBEpPTepa 3HAUCHb.

pk.fields id [Tosss, sKi BHKOPUCTAHO SIK
MEePBUHHI KIIOU1

pk.mode record_key PexxuM BHUKOPHCTaHHS KITFOYA
3aMucy B SIKOCTI TIEPBUHHOTO
KJII04Ya

auto.create true ABTOMaTHYHE CTBOPEHHS
TaOJIMII, SIKIIO BOHU MOTPiOHI

auto.evolve true ABTOMAaTHYHA 3MIHA CTPYKTYpH
TaOJIUIIb

insert.mode upsert Pexxum BcTaBkM  (OHOBJICHHS
3amnucy)

delete.enabled true VBIMKHEHHSI MOJKJTHBOCTI

BUIAJICHHS 3aI1MCIB

Otxe, JDBC Sink-koHeKTOp CTBOpPEHO Jjisi 3a0e3MeueHHS HaIidHOTO Ta

aBToMaTH4HOro nepeHecenHs nanux 3 Katka y bJI PostgreSQL.
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JDBC Sink-xonekrop orpumye aani 3 tomikiB Kafka, sxi mictars iHdopmariito 3
ycix bA, i mepenae ix 10 neHTpy KepyBaHHs (3aranbHoi B/l).

Buxopucranus JDBC Sink-koHekTopa 103B0JISIE OIIEPAaTHBHO pearyBaTh Ha 3MiHH.
[leit KOHEKTOp aBTOMATHYHO CTBOPIOE 1 OHOBIIOE CTPYKTYpy TaOnHIb y 0a3i JaHUX
BIJIMTOBITHO 10 cxemu moBigomieHs y Kafka.

CTBOpeHHsI KOHEKTOpPiB 1 TOmikiB Aasi mepegaui iHdgopmanii 3 LEHTPY
KepyBaHH1 (3arajibHoOI 0a3u JaHNX) 10 0a3 JaHUX 0e3NUIOTHUX anapariB

[lepenaya manmx 3 3aranbHoi B/l (umenTpa kepyBanHs) g0 cepepy 3 Kafka
3abesneyeHo iHmmM Debezium Source-KoHEKTOpPOM, 3aCTOCYBaHHS SKOI'O IOBHICTIO
aHanoriyao po6oti Debezium Source-koHeKkTopy, SIKU BUKOPUCTOBYBABCS JUIA ITepeiadi
nanux 3 bJI BnHA no cepsepy 3 Kafka (tadmurs 4.8).

PesynbraToMm 3actocyBanHs Debezium Source-xonekropa s mepenavi JaHUX 3
sarampHOi BJ] (ueHTpy KepyBanHsi) g0 cepBepa 3 Kafka e orpumanss Ttomiky
postgresMain.public.Dronelnfo. Lleii Tomik BUKOpUCTaHO [T Tepeaadi JaHUX 10 000X
brA.

Ctopennst Debezium Source-konektopis i JDBC Sink-koHekTopiB 3a0e31euyoTh
HaJ1iHYy JBOHAIPaBJIEHY CUHXPOHI3alil0 OOMIHY JaHUMH MiXX o0oMa briA Ta neHTpom

KEpyBaHHS.

4.4 TadopmaruiiiHa TEXHOJOrIS KepyBaHHS O€3MUIOTHUMHU amapataMd Ha 0asi

ITPOBOTO MIIX0y Ta HEUPOHHUX MEPEK

Jlami HaBeAEHO NETaJbHUI ONUC EJIEMEHTIB CXEeMH peaiizauii 1HPOopMaliifHOi
TEXHOJIOT1i KepyBaHHsS OC3NMUIOTHUMHU amaparaMd Ha 0a3i IrpoBOro MIAXOQy Ta
HEUPOHHUX MEPEK.

Cxema peainizanii iHpopMmalifHOT TEXHOIOTIT TpeCcTaBieHa Ha pUCYHKY 4.12 Ta 'y

nonatky K.
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ApXiTeKTypa IOTOKOBOr0 OGN Zamn

|
|
Middleware Kafka |
|
|

CVB/1 BrJIA

‘Basa nammx
BaiA

CYBJIBnHA BnHA

Pucynok 4.12 — [adopmarriitHa TeXHOJIOTis KepyBaHHS O€3MIJIOTHUMH anapaTaMu Ha

0a3i IrpoBOTo MiAXO0AY Ta HEUPOHHUX MEPEK

1. BBegeHHs 3HaU€Hb BXITHUX MapaMeTpIB;

a) TEXHIYH1 XapaKTePUCTUKHU Koamiii briA;

0) KapTa MICLIEBOCTI;

B) @i, @, a3, a4, as, P1, P2,f1, f2, T3, fs, f5 — MOBHMII ommc HaBemeHO y
MIIPO3/1I1 2.3 TUCEePTALIHOTO JOCIIPKCHHS;

r) I, D, K, K° C, N — noBHuii onuc HaBemeHo y mimposamimi 2.5
JUCEPTAIIMHOTO JTOCTIIKEHHS.

2. MatemaTtnuHi MoJieni kepyBaHHS BriA:

a) KOMOIHOBaHa IIEHTPAJI30BAHO-KOOTEpAaTUBHA MaTeMaTU4YHA 1rpoBa
mozenb kepyBaHHs bmnJIA ta bnHA (i1 3actocyBaHHS) crpuse YCHIITHOMY
BUKOHAHHIO MICIi 3 MAKCUMAJIbHUM MOKPUTTSAM TEPUTOPIi, IIBUIKICTIO, KOPUCHUM
HABAHTAXKCHHSM 3 HAWMEHIIMMH BHUTpaTaMHU dYacy Ta pecypciB (JIIOJICHKUX,
(p1HaHCOBUX Ta EHEPreTUYHHX);

0) onTuMIi3alliiiHa irpoBa MaTeMaTu4yHa MoJienb kepyBaHHs briJIA ta bBnHA
13 3aCTOCYBaHHSM HEHPOHHMX MEPEX B YMOBaxX pPHU3UKY Ta HEBHU3HAYEHOCTI
noOyoBaHa JijIsl OTPUMAaHHS ONITUMAJIFHOTO MapuIpyTy pyxy BIA 3 ypaxyBaHHSM
HEBH3HAYCHOCTI B MOSABI P13HOTO BUIY (PI3UUHUX MEPEIIKO]] Ta HeOaKaHUX TOIIH,
HAsBHICTh SIKMX HEOOX1HO OyJI0 BpaXyBaTH B MPOIIEC] MOJIETIOBAHHS, a caMme:

— B YMOBax pU3HKY (CE30HHE OE3IOPIXKIKS, METEOPOJIOTIUHI (pakTopH,

HECTPHUATIINBI YMOBH BUKOHAHHS Micii). MoemoBaHHs He0aXaHOTO SBUIIA
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a00 MepenKo 1 BUKOHAHO 3 BUKOPUCTAHHSIM anapary Teopii KMOBIPHOCTEM

Ta CTATUCTUYHUX CITOCTEPEIKCHBD;

— B YMOBax HEBHU3HAYCHOCTI (pamToBi mepenkoan). MoaemoBaHHs

MOJIOJNIAHHS PANTOBUX Ta BEJIMKUX CTATUYHUX TEPEIIKOJI BUKOHAHO 3

BUKOPHUCTAHHAM TeOpii irop, Teopii rpadiB y moegHaHHI 3 MOKIHMBOCTAMU

HEHUPOHHOT Mepexi.

3. BuBeeHHs 3HaueHb BUX1IHUX MTapaMeTpPIB:

a) Fsgeamnas F1, F2, F3, Fa, Fs5, E1 — moBHMIA onric HaBeneHo y migpo3aii 2.3
JMCePTaLIMHOTO JOCIIIKSHHST,

0) Qsaeannay E2 — TIOBHHI OMKC HABEACHO Y MIAPO3ILT 2.5 IUCEPTAIiitHOTO
JIOCIIIKEHHS.

4. llenTp KepyBaHHs 1 OOMIHY TaHUMH CKJIaJIa€ThC 3!

a) 3araJibHOTO TMPOTPAMHOTO JIOAATKy — TMPOTPAMHOTO KOMIIOHEHTY
B3a€MOJIIi omepaTopa 3 CHCTEMOIO. 3arajibHUN MPOrpamMHUIl JOJATOK MiCTHUTh
nporpaMHe 3a0e3neueHHs kepyBaHHs BIA, cTBopeHe Ha MiJcTaBl po3pOOICHUX
MaTeMaTUYHUX MOJIENEH Y X0/l JUCEPTALIIHOTO JTOCHTIIKEHHS;

0) 3aranbHoi CYB/] — mporpaMHOTo KOMIUIEKCY /IJIsi KEpYBaHHSI 3araibHOIO
BJl. 3aransna CYB/l MicTUTh poOrpaMHi 3acO0M OTPUMAaHHS Ta BHECEHHSI 3MIH J0
BJ1, a Takox B3aeMOJII€ 3 apXITEKTYPOIO TOTOKOBOT'O OOMIHY JJAHUMHU.

5. ApxiTekTypa moTokoBoro oominy ganumu mictuts Middleware Kafka:

a) source-koHektopu 3ade3neuyroth migkodeHds Middleware Kafka no BJ]
3 METOIO0 OTPUMAaHHS MOTOKOBUX JaHUX;

0) sink-konekropu 3abe3neuyroth miakmoueHus Middleware Kafka no B/1 3
METOI0 Mepe/iadi MOTOKOBUX JIAHHX;

B) CITUCOK TOTIKIB MICTUTh BCI TTOBIJOMJICHHSI, OTpuMaHi 3 ycix B/I.

6. ApxiTekTypa iHTerpaiii 6a3 gaHux 3 brA MiCTUTB:

a) nporpamuuii nogarok bnHA, To6TO mporpamMHuii KOMIIOHEHT B3a€MO/IIi

bnHA 3 BJI; 36upae Tta 06po0sie 1aHi PO HABKOJIUIIHE CEPEIOBUIIE 3 PI3HUX

natunkiB bnHA; BpaxoBye BenuKi CTaTUYHI NEPELIKOIH;
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0) nporpamuauii nogatok brnJIA, To6TO nmporpaMHuil KOMIIOHEHT B3a€MO/I1i
brnJIA 3 BJI; 30upae Ta 00po0Jisie€ naHi MPO HABKOJUIIHE CEPEAOBHINE 3 PI3HHUX
natunkiB briJIA; BpaxoBye BeMKI CTATUYHI MEPEIIKOIH.

B) CYBJl bunHA, mporpamHuii KOMIUIEKC, KMl BUKOPUCTOBYETHCSA IS
OTpUMaHHs, nepenayi Ta 30epexxennsa qannx biHA;

r) CYBJl bnJIA, nporpaMHuii KOMIUIEKC, SIKU BUKOPUCTOBYETHCS IS

OTpUMaHHs, nepenayi Ta 30epexxenns qanux briJIA.

4.5 BucHOBKH 710 po3niy 4

VY derBepTOoMy pO3IUTI TUCEPTAIIHHOTO AOCTIIKEHHsSI 0araTo yBard MpUIIICHO
NUTaHHIO OOpOOKM Ta 30€pekeHHs [aHUX CTOCOBHO KEpyBaHHS O€3MUIOTHUMU
armapatamu.

B mporieci mpoekTyBaHHs 1HPOPMALIHOI TEXHOIOTIT KepyBaHHS O€3MUIOTHUMU
anaparamMy Ha 0a3l IrpoBOro MIAXOMYy Ta HEMPOHHUX MEpEX BHUKOPUCTaHI NEpeBaru
nporpamuoro 3abesneuenns Apache Kafka, ockinbku Bubip Apache Kafka 3abesmneuye
MO>KJIUBICTh OOPOOJIATH Ta HAIIMHO 30€piraTi 3Ha4Hy KUIbKICTh TOBIJJOMJICHb.

Hanano onuc cTpyKTypH 3alpOlOHOBAHOTO B MPOIIECi HAYKOBOTO JTOCTIIKEHHS
nporpamMHoro 3adesneueHHs st poootu 3 b/l nentpa kepysanus i bJ[ briA.

Kpim TOro, B SIKOCTI IHCTPYMEHTY MHPOEKTYBAHHS OararomapoBOi apXiTEKTypH
B3aemoii 3 b/ Bukopucrana moBa nporpamyBanHs Python ta 6iomioreka FastAPI, o
HAJaJI0 TaKl MepeBaru: MOXKJIIMBICTh MPAIIOBATH 3 JICKIJIbKOMA €K3eMIUIsIpaMu 0a3 TaHuX;
CTPOIIEHE HAJIATO[KCHHSI IPOTPAMH.

Po3pobneno miarpamy kmaciB aisg  iHQOpMaIiiHOT TEXHOJOTIT KepyBaHHS
O€3MIJIOTHUMHU arapaTaMu.

PerenbHO OmpanbOBaHO MHUTAHHS 3a0€3MEYEHHS CUCTEMU OOMIHY JaHUMHU MpU
KepyBaHHI OE3MUIOTHUMHU amapaTtaMy, a TakoX muTaHHs iHTerparii Apache Kafka y
cucTeMy 1H(POpPMaLIHOT TEXHOJOT1i KepyBaHHs BA.

[Ipu BHKOHAHHI IUCEPTAIIHHOTO JOCHIIKEHHS OOMIH NaHUMH BiIOyBaBCs 13

3aCTOCYBaHHSM XMapHOTO CEPBEPY, Ha sikoMy OyJia BctaHoBieHa Apache Kafka.
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B mporeci npoekTyBaHHs 1H(pOpMAIIHHOT TEXHOJOT1I KepyBaHHs bmA Ha 6a3i
IrpOBOr0 MiAXOAY Ta HEWPOHHHUX Mepexxk moOymoBaHo MoaudixoBanuit obpa3 Kafka
Connect.

MonudikoBanuii 06pa3 MiCTUTB:

1. cp-server-connect — 6a3oBwuii 00pa3 AT KOHTCHHEPA,;

2. kafka-connect-jdbc — 3abe3neuye miaKIIOYSHHS 10 PENIALIHHAX 0a3 JaHUX;

3. CONNECT_PLUGIN_PATH — nanamroBye Miclis MOIIYKY IUIAriHiB;

4. debezium-connector-postgresql — Biactexxye 3Minu B 6a3zax qanux PostgreSQL;

5. kafka-connect-transform-common — mneperBoproe JesKi THUIH JaHuX (3a
3aITUTOM).

VY nucepTallitHoMy JOCHIKEHHI CTBOPEHO KOHEKTOpHW 1 TOMIKK JUIs Tepeaadl
iH(dopmMmairii 3 bnA 1o 3aransHoi 6a3u nanux (1 HaBnaku) 3a gonoMmororo Apache Kafka.

B mpomeci HaykoBOoTO JOCHiDKeHHS CchopMoBaHI  SOUrCE-KOHEKTOpH, SIKi
3a0e3neUnIn reperavy JaHux 3 0e3niaotTHux anapartiB (briA) Ha cepsep 3 Apache Kafka.

JIns  mpoekTyBaHHS 1H(POpPMAIIHHOI TEXHOJIOTIi OCOOJMMBE 3HAYEHHA Mae
BUKOPHUCTAHHS CIeIiaai3oBaHol 0i0ioTekn koHekTopi Debezium.

JleTanbHO HABENICHI €Tany nepeaayl JaHuX J10 3arajibHOi 0a3u JaHuX.

Hanano ommc mnpoBeneHOro CTBOPEHHS KOHEKTOPIB 1 TOMIKIB IS Nepeaadl
iHdopmartii 3 eHTpy KepyBaHHS (3arajibHOi 0a3u JMaHux) 70 0a3 JaHuX O€3MJIOTHUX
anapariB.

Ctopennst Debezium Source-konekropis i JDBC Sink-koHekTopiB 3a0e3meuyoTh
HaJIHYy BOHAIPABJICHY CHHXPOHI3aIlll0 OOMIHY JTaHUMH MK 060oMa BriA Ta neHTpom
KEepyBaHHS.

Po3pobieno cxemy i1HQopmariiiHOi TEXHOJOTII KepyBaHHS O€3MIJTOTHUMU

anaparamu Ha 0asi irpoBOro miXoAy Ta HEHPOHHUX MEPEXK.
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BUCHOBKHA

Huceprariitna po6ota «IH(opmariiiiHa TEeXHOJOris KepyBaHHA O€3MiJIOTHUMU
armapaTamMu Ha 0a3i IrpoOBOTO MiJXO0y Ta HEMPOHHUX MEPEXk» — HOBE aKTyallbHE HAyYKOBE
JOCTIKEHHS B po3po0i1ii iH(OpMaLiiHUX TEXHOJOTIH.

B nuceprartiiiniit poO0TI OTpMMaHO HOBE BHPIIICHHS HAYKOBO-TEXHIYHOI 3ajadi
MiABUIICHHS €(PEKTUBHOCTI BUKOHAHHS MOIIYKOBO-PATYBAIBHUX OIEpalliil Ta JOCTaBKH
BaHTaXIB OE3MIJOTHUMHU amapaTaMd 3 TYHKTY BIANPaBKH 10 MICIS TPU3HAYCHHS
IUISIXOM PO3pOOKKM HOBOI 1H(OpMAIITHOT TEXHOJOTil KepyBaHHsS O€3MIJIOTHUMU
amapaTaMd Ta iX B3aeMoOAili B yYMOBaX pHU3MKY Ta HEBHU3HAYEHOCTI, a TaKOXK Y
371ar0JKEHOMY (DYHKITIOHYBaHHI 3aIIPOIIOHOBAHOTO MPOTPAMHO-TEXHIYHOTO KOMILIEKCY.

HaykoBe goCHiPKeHHSI BIJIPI3HSETHCS HE TUIBKM HOBHU3HOKO IIOJI0 METOIB
MPOEKTYBaHHS 1HMOPMALIMHUX TEXHOJIOTIM, aje i aKTyaJbHICTIO Ta 3pOCTal0YOr0
noTpedo0 II0A0 PO3POOKH TaKUX HOBITHIX TEXHOJIOTIM CTOCOBHO BHUKOPHCTAHHSA
0e3nuioTHUX anapaTiB. OCOOJMBO 1€ CTOCYETHCA MOLTYKOBO-PATYBAIIBHUX OIEpalliil, a
TaKOX JOCTaBKH KUTTEBO-HEOOXITHUX BAaHTAXKIB y BaXKKOJIOCTYIHI MICIIS.

B HaykoBOMy JOCHII)KEHHI BpaxOBaHO HEOOXIAHICTH YCHIIIHOTO BUKOHAHHS
MOCTABJICHOI 3a/1a4l B YMOBaxX 0OMEXEHOCTI pecypciB, 30KpeEMa, JIFOACHKUX, (PIHAHCOBUX
Ta EHEPreTUYHUX.

Came Tomy po3poOiieHa HOBa iH(OpMalliiiHa TEXHOJIOTisl B3a€MOJ1T OE3MIIOTHUX
anapatiB (brmA) pi3HUX TUMIB (HA3€MHOTO Ta JITAIHHOTO) 13 3aCTOCYBAHHSIM HEHPOHHUX
MepeX B yMOBaX PU3MKY Ta HEBU3HAYEHOCTI, peaizallis sKoi BUKOHaHa Ha 6a3i iIrpoBOTO
NIOXO0Qy, HEUPOHHUX MeEpexX, a TaKoXK Yy 3JaroJKeHoMy (YHKIIOHYBaHHI
3aMpPONOHOBAHOTO MPOTPAMHO-TEXHIYHOTO KOMIUJIEKCY .

[TporpaMHO-TeXHIYHUN KOMILJIEKC 3alpOTIOHOBAHO BHUKOPHUCTOBYBATH Y TaKOMY
CKJIal:

1. bnJIA;

2. bBiHA;

3. llentp kepyBaHHS;

4. Oneparop;
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5. lllTyuyHna HelipoHHa MepeXka, HaBYEHA JJI BUKOHAHHS 3a/iadyl po3Mi3HAaBaHHS
NEPEIIKOI;

6. ANTOpUTM NOIIYKY HAHKOPOTIIOro nuisixy A-Star;

7. GPS;

8. Po3pobneHe yHikaiapHe mporpamue 3adesnedeHHs (I13) BiamoBimHO 10 HOBOI
KOMOIHOBAHOT LIEHTPaIi30BaHO-KOONEPATUBHOI MaTeMaTUYHOI MOJeNl KepyBaHHS BnA
pizanx tuniB (briJIA ta bBtHA);

9. Po3pobniene yHikanbHe I13 BiAMOBIAHO 10 HOBOrO KOMOIHOBAaHOTO METOY
onTtuMizali mapmpyty pyxy bnJIA ta bnHA 13 3actocyBaHHSIM HEHPOHHUX MEpEXK B
YMOBaxX pU3UKY Ta HEBU3HAYEHOCTI.

VY mepuioMy po3aini JTOCHIIKEHHS BUKOHAHO CTHCIMH OIVIAJ Cy4yaCHOTO CTaHy
PO3BUTKY 1H(POPMALIHHUAX TEXHOIOTIH.

BukoHaHO aHani3 MO3UTHBHUX Ta MPOOJEMHUX ACHEKTIB MPAKTUYHOI peami3anli
PO3IJIIHYTUX HAYKOBUX JIOCSITHEHb.

[IpoBeaeHO OIS aKTyaJdbHOrO CTaHy IHQOPMALIMHUX TEXHOJIOTIN KepyBaHHS
O€3MMIJIOTHUMH arapaTaMu 13 3aCTOCYBAHHSIM ITPOBOTO MiAXOYy Ta HEHPOHHUX MEPEK.

Po3rasiHyTi pi3HI THUNM HEHPOHHUX MEPEX, 1X 3aCTOCYBaHHS y PI3HOMAaHITHHX
chepax JKUTTS; BUKOPHUCTAHHS HEHPOHHMX MEpeX Yy TO€JHAHHI 3 HaBUaHHSIM 3
1 KPITIICHHSIM.

3po0JIeHO BHUCHOBOK, IO BUKOPUCTAaHHS HEUPOHHUX MEPEXK y MOENHAHHI 3
ITPOBUMH METOJIaMU Ma€ MEPCHEKTUBY PO3BUTKY JJIS MIJABUIICHHS O€3MEKN BUKOHAHHS
Micii 0€3MUIOTHUMU anapaTamu.

Y napyromy po3aili BUKOHAHOTO HAyKOBOTO JOCHIKEHHSI 31MCHEHO OIS,
MOPIBHSIHHS, aHaNI3 ICHYIOYMX METOIB, HaJaHO OOTPYHTYBAaHHS OOpaHHS amapary
JOCIIIJIKEHHS, IKUI 3aCTOCOBAHO B IMPOILIECI MPOEKTYBaHHS 1HGOPMAIIITHOT TEXHOIOT11
KepyBaHHA Oe3nioTHuMH anaparamu (brmA); orpuMaHo HOBI MaTeMaTU4HI MOZEINI Ta
BHU3HAYCHA apXITEKTypa IHPOPMAIIIHHOT CHCTEMHU.

Ji1st 06panHs crioco01B o0y 10BM 1HGOPMAIIITHOT TEXHOJIOT1i CUCTEMH KepyBaHHS

BrrA 3 BUKOpHUCTaHHSIM HEHPOHHUX MEPEX Ta ITPOBUX MIIXO/IB HAIAHO OOTPYHTYBAHHS
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JOIIILHOCT] (TIEPCIEKTUBHOCTI) BUKOPHUCTAHHS KOOIEPATHBHOTO IIPOBOIO METOIY Y
KkepyBaHHi briA.

[IpoBemeHo Takok OINIAA 1 TOPIBHSUIBHUN — aHaM3 IIEHTPalTi30BaHOro 1
JICIICHTPATI30BaHOTO METO/IIB KepyBaHHs BITA, okpemMo BUSIBIICHO IIEpeBaru Ta HEJAOMIKU
KOXXHOTO 3 METO/IIB.

3po0JieHO BUCHOBOK, 1110 IEHTPaII30BaHUN METOJ KepyBaHHS Koanilieo brnA y
MOPIBHSHHI 3 ISIIEHTPaTI30BaHIUM Ma€ Taki epeBaru:

~ KOHTPOJIb: BECh KOHTPOJIb 32 BUKOHAHHSM Micii (MICii1) ITOKJIaIa€ThCsl HA OJTHOTO
orepaTopa;

~IPOCTOTA: BIJCYTHICTh 3alUTIB IIOAO PO3pOOKM CKIAIHUX aJrOpPUTMIB
aBTOHOMII;

- Oesmneka: onepaTop npuiiMae BCl pillIEHHS OJTHOOCIOHO.

BpaxoByioun mepeBarud IEHTPai30BAaHOTO METOAY HaJ JEHEHTPaTi30BaHUM, B
HAyKOBOMY JIOCJIIJIPKEHH1 00paHo IIEHTpali30BaHU MEeTOJ] KepyBaHHs BriA.

B nponeci gocnimkerHs no0ya0BaHi 1Bl MaTEMaTHYHI MOJENI.

Po3pobiiena komMOiHOBaHa IEHTPai30BaHO-KOONEpATUBHA MaTeMaTU4YHa 1rpoBa
MOJENb KepyBaHHsS briA.

B npotieci moOynoBH 111€i MO1€J11 BUKOPUCTAHO MIAXO/IM 1 arapat irpoBOro MeToIy.
B sikocti 3aranpHOi (yHKINT Burpamty oOpaHo (yHKIII0, sika BU3HAYA€ TOJIOBHY IIUTh
I'pU — yCHIlIHE BUKOHAHHA MICIi BiJ 11 MOYaTKy 1 70 KiHLS. Pe3ynabTaToM MOJIETIOBaHHS
€ 3HAXO/[KEHHSI MAKCUMYMY 3arajibHoi (YHKIIT BUTpaIILy.

Po3paxoBaHo eQeKTUBHICT, KOMOIHOBAaHOI ILIEHTPaII30BaHO-KOONEPATUBHOL
MaTeMaTUYHOI IrpoBOi MOJIesl KepyBaHHs briA.

EdexTuBHICTh KOMOIHOBAaHOI ULEHTPaJII30BaHO-KOONEPATUBHOI MaTEeMaTUYHOL
IrpoBOi MoOJENI y TOpIBHSAHHI 3 i1eanbHO0 CcTaHOBUTH 71,12%. EdexTuBHICTSH
JIEIEHTPaII30BaHO-KOOTIEPAaTUBHOT MOJIETIi CTAHOBUTH Bif 22,66% 1m0 65% y mopiBHIHHI
3 1JICAJILHOIO.

[Tin imeanpHOIO PO3TIASAANacs MOJEb, J€ 3a 3aMOBUYBAaHHSM TPH YCIIITHOMY

BUKOHAHHIO MICIi €HEPTeTHUYHE CTIOKUBAHHS Ta (JIHAHCOB1 BUTPATU JOPIBHIOIOTH HYJIIO.
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[IpakTuuHe 3acTOCyBaHHSd KOMOIHOBAHOi  IIEHTPaJi30BaHO-KOONEPATUBHOI
MaTeMaTUYHOI iIrpoBOi MOJIEII JO3BOJIUTH IIPY BUKOHAHHI Micii 1BoMa brrA (HazemMHNM
Ta JITAJTbHUM):

1) obpatu irpoBuiA MiaXi;

2) oOpaTH LIEHTpali30BaHO-KOOTIEPATUBHUI METOT KepyBaHHs briA;

3) 3 MeTor HaWe(pEKTHBHINIONO BUKOHAHHSA MICIT BU3HAUYUTHUCS 3 BHOOpPOM
HANOUTBII MIXOJAIINX TEXHIYHUX XapakTepucTuk koamimii briJIA Ta BniHA.

[TobynoBana onrtuMizaliiiHa irpoBa MaTeMaTH4Ha MOJeNb kepyBaHHs briJIA Tta
briHA 13 3acTocyBaHHSAM HEMPOHHUX MEPEXK B YMOBAX PU3UKY Ta HEBU3HAUYECHOCTI.

B HaykoBOMY OCHIIKEHHI IETAIBHO PO3IIIIHYTO MIAX1/T 10 BUPIIIEHHS MPOOIeMu
O0OMEKEHOCT1 Ta/ad0 HETOYHOCTI BXIJHUX JaHUX, BIJMOBIIHO J0 SIKOTO PO3TIISAAIOTHCS
JIBa P13HUX BUJAM CUTYaIlld, K1 3a3BUYall HEOOXIAHO JOCHIIUTH, a came: 1 — pillleHHs
NPUIMAIOTHCSI B YMOBax pU3UKY; 2 — PIILIEHHS NPUHAMAIOTHCS B YMOBAX HEBU3HAYEHOCTI.

S0 pineHHs NPUUMarOTHCSl B YMOBAX PU3UKY, TO MOSIBY HEOaXKaHOT MEPEITKOIH
MOJIETIOIOTH 13 3aCTOCYBAaHHSM arapary Teopii HMOBIPHOCTEH.

S0 pilieHHsT MPUIMAETHCS B yMOBaX HEBU3HAYEHOCTI, (PYHKIIO PO3MOJILTY
HMOBIPHOCTEN 3HAUTH MPAKTUYHO HEMOKIIMBO.

B HaykoBOMYy HOCHiKEHHI pO3TIISIaI0ThC OOU/IBI CUTYaIlli, sIKI BAHUKAIOTh MPU
moxentoBanHl kepyBaHHi bnJIA ta bnHA: 1 — pusuk mosiBu HeOGa)xaHOTO SIBUIIA,
30KpeMa BECHSIHOTO/OCIHHBOTO O€370pIXOKS; 2 — HEBU3HAUYEHICTh — IOSIBa PaITOBOI
MePenKo Iy (SMU) B IPOLIECT BUKOHAHHS MICIi.

Pesynbrar 3acTocyBaHHs MEPIIOi YACTHHHU ONTUMI3AIIHHOT IrPOBOT MaTEMAaTUYHOT
mozeni kepyBaHHd bnJIA ta BbnHA B ymoBax pusMKy — OTpUMaHHA LUIIXY 3
BUKJTFOYCHUMH MPOOJIEMHUMH peOpamu (IIITHKaMu ).

Jpyra 4dacthHa MoOeNi BUpIlly€e NpoOiieMy MOAOJaHHS PANTOBOI MEPEIIKOaN
(HEBM3HAUEHOCTI) HA LUISAXY B MPOIECi BUKOHAHHS Micii. 3allpONIOHOBAHO BUPIIIYBATH
IO MpodsieMy 3a JOMOMOIOI MOXKIIMBOCTEW HEHPOHHMX MeEpeX Ta HaBYaHHA 3
M1IKPITIICHHSIM.

VY pasi, KOIW panToBYy MEPEHIKOAY IMOJO0JIATH HEMOXXJIMBO 1 HaBYaHHA 3

HIIKPIIJIEHHSAM HE JOTIOMOIJIO, MOTOYHI KOOPJMHATH Ta MapIIPyT PYXy, BUSBICHHUM K
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HEMOXJIUBHM, (QiKCy0Thcs B 0a3l nanux bnHA Tta nepenatorbes 10 6a3u nanux briJIA.
Y 1poMy pasi anropuT™M MpOKIaJaHHsS MapIIPyTy BUKOHY€eThCsl BriJIA moBTOpHO.

[IpoBeneHo anaii3z epeKTUBHOCTI ONTHUMI3alIHOI IrPOBOi MaTeMaTUIHOT MOJIEII
kepyBanHs briJIA ta BiHA 13 3acTocyBanHsSIM HEMPOHHHX MEpEX B YMOBaxX PU3UKY Ta
HEBU3HAYCHOCTI.

ITo BiiHOIIIEHHIO /10 17eanbHO1 €(heKTUBHICTH MOJICI, SIKa HE BpaXOBYyBajla pU3HKH
Ta HEBU3HAYCHICTh, CTAHOBMIA BChoro 16,1%; edekTuBHICTH MOJIEIII, sIKa BpaxoByBaja
TUIBKU pU3UKH, cTaHoBUia 39,9%; epeKTUBHICTh MOJIENI, SIKa BpaxoByBaia 1 PU3UKH, 1
HEBU3HAUYEHICTH, cTaHoBUIA 73,2%.

OTtxe, HalOUIBITY €(DEKTUBHICTD 3 PO3MVISIHYTUX PEATIbHUX MOJEJIEH Ma€e MOJEIb,
OTpMMaHa B pE3yJIbTaTi HAyKOBOTO JOCIIPKCHHs, fKa BpaxoByBajga 1 PHU3UKH, 1
HEBU3HAYCHICTb.

VY TperboMy po3/iii TPOBEACHO MOPIBHSUIBHUI aHalli3 BIAOMUX CUMYJISITOPIB, K1
HEOOX1H1 JJIs MPOBEACHHS MPAKTUYHUX €KCIIEPUMEHTIB. Po3risHyTO HalmomupeHinri
cumynstopu  (Ardupilot, PX4, ROS, Gazebo, Microsoft AirSim), a Takox
IIPOaHaJ30BaHi IXHi epeBaru Ta HeJAOIIKHU.

JIns mpoBeACHHS JOCHIKEHb Ta €KCIEPUMEHTIB o0paHo cumyssitop Microsoft
AirSim.,

3anponoHOBaHI B HAYKOBOMY JOCTIKeHHI Moaudikaiii cumyistopa Microsoft
AirSim HacTymHi:

— npubpano uentpaibHuil kKoutposiep (Flight Controller Firmware) ta okpemuit
oOuucoBanbHu MikpokoMmit 10Tep (Companion Computer);

— noxano HOBI (izuuHi KoHTposepu (Physical Controllers);

— noaaHo 010k BOymoBanux aaroputmis (Built-in algorithms);

— HaJaroKeHO B3aemMo1ito BOyoBaHuMH anroputmamu 3 API Layer;

— 30epeKeHO CUMYJISILIMHUN MOIYJIb, SIKUM 3aJTUIIUBCS 0€3 3MiH, Y TOMY YHCIII,
onoxu Vehicle Model, Environment Model, Sensor Models, Physics Engine Ta Rendering

Engine.
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JIist mpoBeleHHsST EKCHEPUMEHTIB HAayKOBOTO JOCIHIJKEHHS 3alpONOHOBAHO
BUKOPHCTAHHS BOX THUITB BITA (Ha3eMHOTO Ta JITalbHOTO), sIKi BOymoBaHi y Microsoft
AirSim.

B nucepTariiinomMmy q0CIiKEHHI HABEIEHO OTJISIT PI3HOMAHITHUX CEPEIOBUIIL, SIKi
JT03BOJISIIOTH  BUKOPHUCTOBYBAaTH OOpaHUN CHMYJSATOp Ta SKi IMOTEHIIHHO MOXHA
BUKOPHUCTOBYBATU JJI MIEPEBIPKH 1TPOBOTO MiJIXOAY 1 HEMPOHHUX MEPEX Y KepyBaHHI
O€3MUIOTHUMH arapaTaMu.

O6pano KOMOIHOBaHWHM TIAX1J, SKUH J03BOJISE TOEAHATH  IIBUJKICTH
posmizHaBanHa MobileNet 3 TouHICTIO BUsIBJICHHS 00 €KTiB 3a jgoromMoror SSD Ta
nepeBaramMu TpaHCc(pepHOTO HaBYAHHS.

[IpoBeneHi eKCIepUMEHTH CKJIAIaucs 3 HaBYaHHS 3rOPTKOBOI HEHPOHHOT MEPEKI
pO3M13HaBaTH BEIMKI CTATUYHI NEPEIIKOU 32 JOIOMOIOI0 TPaHC()EPHOTO HABYAHHS.

BiAnoBigHO 10 OTpUMaHUX HAYKOBHUX PE3YJIbTATIB 3alPONOHOBAHA Y TOCIHIIKEHH1
KOMOIHOBaHa 3ropTKOBa HEMpOHHA Mepeka e(EeKTHUBHO pO3IMi3Hala HOBI 00 €KTH, a
came — BEJIMKI CTaTUYH1 OJIOKH Ta PanToOBl MEpemIkoAn (BUOOIHH, IMU).

[linBuiieHO 3aranbHy €()EKTHUBHICTh BHUSBIEHHSA MEPELIKOJ y HIYHUM Yac Ha
20,87%, B ymoBax Tymany Ha 17,95%.

Po3paxoBano 3aranbHy eeKTUBHICTh BUSBIICHHS TIEPEIIKO]] B PI3HUX YMOBaX:

— nenunit yac — 93,75%:;

— HiuHWUi yac — 85,94%:;

— B yMoBax Tymany — /1,8%.

HapyanHs 3 mMiAKPIIUICHHSAM 3aCTOCOBAHO B HAyKOBOMY JOCIHIJKCHHI JIJIs
YCHINTHOTO MO0JIAHHS BEJIMKUX CTATUYHUX Ta PATOBUX MEPEIIKO Ha3eMHUM BrA.

VY derBepTOoMy pO3aUTI IUCEPTALIMHOTO AOCIIIKEHHsSI 0araTo yBarv MpUIIIEHO
MUTaHHIO OOpOoOKM Ta 30epekeHHS [aHWX CTOCOBHO KEPYBaHHS OC3MUTOTHUMHU
armapatamu.

Hanano omwmc CTpyKTypH 3ampOnoOHOBAHOTO B MPOIECI HAYKOBOTO JOCIIIKEHHS

mporpamMHoro 3adesneueHHs st podbotu 3 b/l nentpa kepysanus i bJ[ briA.
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Kpim Toro, B SIKOCTI 1HCTpYMEHTY MPOEKTYBAaHHS OaraToIapoBOi apXITEKTypH
B3aeMoii 3 b/l Bukopucrana MmoBa nporpamyBadss Python Ta 6i6moreka FastAPI.

Po3pobieno miarpamy kimaciB i iHQopMariiiHoi TEXHOJIOTIi KepyBaHHS
O€3MUIOTHUMH arapaTaMu.

B mpoueci gocaimxenns no0ynoBano moaudikoBanuii oopasz Kafka Connect.

MonaudikoBanuii o0pa3 MiCTUTB:

1. cp-server-connect — 6a3oBwuii 00pa3 AT KOHTCHHEPA,;

2. kafka-connect-jdbc — 3abe3neuye miaKIIOYSHHS 10 PENIALIHHAX 0a3 JaHUX;

3. CONNECT_PLUGIN_PATH — nanamToBye MicIis MOITYKY IIariHiB;

4. debezium-connector-postgresql — Biacrexxye 3minu B 6a3zax manux PostgreSQL;

5. kafka-connect-transform-common — mnepeTBoproe JesKi THNM JaHUX (3a
3aITUTOM).

Po3pobneno cxemy 1HQOpMaIiiHOT TEXHOJIOTIT KepyBaHHS O€3MIJIOTHUMU
amaparamu Ha 0asi irpoBOro MiIX0ay Ta HEHPOHHUX MEPEK.

Pe3ynbpTaT HayKOBOTO MOCTIKEHHS MAlOTh K TEOPETUYHE, TaK 1 MPAKTUYHE
3HAYCHHS.

HaykoBe 3Ha4Y€HHsI OTpUMaHUX PE3yJIbTaTIB MOJIATAE B OTPUMaHHI HOBUX METO/IIB
Ta MaTeMaTUYHHUX MOJIETIEN JIJIsl MPOEKTYBAaHHS 1H(OPMAI[IHHUX TEXHOJIOT1 KepyBaHHs
O€3MIJIOTHUMH arapaTtaMu Ha 06a3i IrpoBOTO MiJIX0Ty Ta HEUPOHHUX MEPEXK.

Ha ocHOBI onepkaHuX B pe3yJibTaTl JOCHIKEHHSI alrOpUTMIB PO3pOOIEHO
mporpaMHe 3a0e3IeUeHHsI 1 IPOBEACHO KOMII' FOTEPHE MOJICIIFOBAHHS PI3HUX MOKJIUBHUX
CUTYyaIliil. 3ampornoHOBaH1 METOAM 1 AITOPUTMHU MOXKYTh CTaTH OCHOBOIO JIJII KEPYBaHHS
B3a€MO/II€10 OE3MIIOTHUX anaparis.

XapakTepHOI OCOOJUBICTIO 3aMpPONOHOBAHOTO JOCTIIKEHHSI € BUKOPUCTAHHS
IrpOBOTO Ta WMOBIPHICHOTO MIAXOAIB J0 KepyBaHHS OO0 ’€KTaMU 13 3aCTOCYBAHHSIM
HEHPOHHHUX MEPEeX B YMOBaX PU3UKY Ta HEBU3HAUEHOCTI. Takui miaxia 0 KepyBaHHS
brrA 3a0e3neuye MOCATHEHHS HAWKPAIIOTO PE3yJbTAaTy MPH HECHPHUSITIUBUX YMOBaX.
BukopuctanHs 1rpoBOro MiAXOMy 3 WMOBIPHICHUM € HaWOUIbII €(PEeKTUBHUM IS

0e3MUIOTHUX amapartiB, IPU BUKOHAHHI 3aJ1a4 MOIIYKY Ta HOPATYHKY JIFOJCH.
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JIOJJATOK A. AKT BIIPOBAJI’KEHHS Y HABUAJIbHUI ITPOIIEC

Jlexan ¢akynbTeTy iHGOpPMATHKH
Ta 00YHCIFOBAIBHOT TEXHIKH
KIII im. Cikopcpkoro

S SpociaB KOPHAT'A
«40 » & 20£5 poky

AKT

PO BIPOBA/DKEHHSI B HaBYalbHUII mporec kadenpn IHdopMmaliffHHUX CHCTEM Ta TEXHOIOTiH
¢daxynsrery IndopmaTuku Ta 06uHCIIOBANBHOI TeXHIKH HalioHAIBHOTO TeXHIYHOTO YHIBEepCUTETY Y KpaiHu
«KuiBcpkuit momiTexHidHHHA 1HCTUTYT iM. Irops CikOpchKOro» pe3ynbTaTiB IHcepTaliiiHol podoTH
Anpriepra Makcuma Joranosuda «IHdpopmaniiina TeXHOIOris KepyBaHHs 0e3MIIOTHUMMU anapaTtaMu Ha 0asi

irpoBOTO MijIX0/y Ta HEHPOHHHUX MEPEX», MOJAHOT Ha 3700y TTS HAYKOBOTO CTYIEHs JoKTopa dinocodii.

Mu, 110 H¥DKYe Tmamucanucs: 3aBigyBad kadenpu [HGopMaIiifHUX CHCTEM Ta TeXHOIOTIH, J.T.H.,
npod. Porix O. 1., Byenuii cexpetap kadeapu, K.¢.-M.H., gou. 'aBpuienxo O. B., npodecop kadeapu, 1.1.H.,
npod. Onuienko B.B ninrsepkyemo, o pe3yabrati aucepraiiiinoi podotu Anbnepra M. 1. BkiroueHi B
MaTepiaii HaBYaIbHO-METOAMYHOro 3abesrneuyeHHs: KypciB «lIpukianHi 3ajaui MalIMHHOTO HABUYaHHS,
«Cucremu mITYYHOTO iHTENeKTy » Ta «[1ITyuHnii iHTeNeKT B 3a/jauax 00poOKH 300paXxeHby, a came:

— KOMOIHOBaHA IIEHTpANli30BaHO-KOOIIEpaTHBHA ~MaTeMaTH4HAa irpoBa MOJellb  KepyBaHHS
0e3MiIOTHIMH anapaTamH;

— ONTUMI3alliiHa irpoBa MaTeMaTHYHAa MOJIellb KepyBaHHs Oe3NMUIOTHUMHM —amapataMu i3
3aCTOCYBAHHSIM HEHPOHHHMX MEPEK B YMOBAX PU3UKY Ta HEBH3HAYEHOCTI;

— indopmariiiHa TeXHOJIOris KepyBaHHs Oe3IMIOTHUMH arapaTaMi Ha 0a3i irpoBOTO IAXOay Ta
HEHPOHHUX MEPEK.

BripoBapkennst pesyibraTiB aucepraiiiinol poborn Aunenepra M. I. B HaBYalIbHHUI Ipolec
JIO3BOJTMJIO TTJIBHINUTH SKICTH IMIATOTOBKH CTYJIEHTIB OCBITHROTO piBHS «bakanmaBp» 3i cremiaJbHOCTI
126 «Iudopmaniitni cucremn Ta TexHounorii» Ha kadenpi Indopmaniiinux cucrem Ta Texxonoriin KIII

im. Iropst CikopebKoro.
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JTOJATOK B. JICTUHT KOAY KOMBIHOBAHOI IEHTPAJII30BAHO-
KOONEPATHUBHOI MOJIEJI KEPYBAHHS BILIA TA BITHA

import matplotlib.pyplot as plt
import numpy as np

# Bxinmui mani

Al, A2 = 120, 80 # TlokxpurTsa TepuTopil (xM?)
Bl, B2 = 60, 30 # lBumoxkicTs (xM/TOm)

Ccl, C2
ul, u2

5, 120 # HaBaHTaxeHHS (KI')

3, 4 # Kepywoua nig (ymMoBH1 ommHuui nmag eHeprii Ta diHaHciB)

# TapameTpu BUTPAT
kl, k2 = 0.2, 0.3 # KoediuienTu nmga diHaAHCOBUX BUTPAT

cl, c2 = 50, 30 # ®ixcomani dinancoBi BUTpaTu

# [piopureTn uUiNbOBMX OGYyHKII1NM
a, b, ¢, d, e =0.25, 0.1, 0.3, 0.15, 0.2
wl, w2 = 0.4, 0.6 # Ilpiopurern mjsa amnaparTis

# Oyukuig njsg HoOpMasiizanii BHaueHb
def normalize(value, max value):

return value / max value

# Hopwmamnizsauis BXiOHMX »DaHMX
Al norm = normalize(Al, Al)
Bl norm = normalize(Bl, Bl
Cl norm = normalize(Cl, Cl

)
)
A2 norm = normalize (A2, Al)
B2 norm = normalize (B2, Bl)

)

C2 norm = normalize(C2, Cl
# OyHKU1I poBpaxyHKY
def calc coverage (Al norm, A2 norm):

return a * (wl * 1 + w2 * A2 norm)

def calc speed (Bl norm, B2 norm):
return b * (wl * 1 + w2 * B2 norm)

def calc load(Cl norm, C2 norm):

return ¢ * (wl * 1 + w2 * C2 norm)

def calc energy(ul, u2):
return d * (wl * ul**2 + w2 * u2**2)

def calc financial (ul, u2, k1, k2, cl, c2):
return e * (wl * (k1 * ul**2 + cl) + w2 * (k2 * u2**2 + c2))

# BasoBl BHaueHHS



coverage = calc coverage (Al, A2)

speed = calc speed(Bl, B2)

load = calc_load(Cl, C2)

energy = calc _energy(ul, u2)

financial = calc financial(ul, u2, k1, k2, cl, c2)
financial 2x = calc financial(2 * ul, 2 * u2, k1, k2, cl, c2)
financial 5x = calc financial(5 * ul, 5 * u2, k1, k2, cl, c2)

# InmeasnpHa UijaboBa QYHKIIA
J ideal = coverage + speed + load

# Himcymok rmnoBanbHOI HinpoBOoi GyHKIILIIL
J total = max(0, J ideal - (energy + financial))

# Minmcymox TiobanbHOI Hi1AbOBOI GyHKU1I 3 momBivHMMM GiH. BUTpaTamMu
J total inc 2x = max (0, J ideal - (energy + financial 2x))

# [Hinmcymox rmnofanbHOl HinpoBOl dyHxUiI 3 ¢iH. BuTpaTamm B 5 pas
J total inc 5x = max (0, J ideal - (energy + financial 5x))

# EbexTmBHiCcTh (0OOMexeHa nianaszsoxnom 0-100)
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effectiveness = max (0, min((J total / J ideal) * 100 if J ideal != 0 else 0,

100))

# EdexTmBHiCTL (0BMexeHa niamasoHoMm 0-100 3 nomBivHmMMM GiH. BUTpaTammM)

effectiveness fin 2x = max (0, min((J_total inc 2x / J ideal) * 100 if J ideal

!= 0 else 0, 100))

# EdexTwBHiCTL (0OOMexeHa niamasonom 0-100 3 diH. BUTpaTammu B 5 pas)

effectiveness fin 5x = max (0, min((J_total inc 5x / J ideal) * 100 if J ideal

= 0 else 0, 100))

# BuBeIeHHS pPe3yJIbTATIB

print (f"lokpurTa TepuTopii: {coverage:.2f}")
print (f"llBuokicTte: {speed:.2f}")

print (f"HaBaHnTaxenHsa: {load:.2f}1")

print (f"EHeprocnoxuBaHHsa: {energy:.2f}")
print (f"®inancosi BuTpaTtwr: {financial:.2f}")

(
(
(
(
print (f"Ineanprna uineora OQyHrKUia J ideal: {J ideal:.2f}")
print (f"I'moBanpHa uineosa ¢yukuisa J total: {J total:.2f}")
print (f"EdexTuBHicTe ueHTp: {effectiveness:.2f}%")

print (f"EdexTmBHicTe meu 1: {effectiveness fin 2x:.2f}%")

(

print (f"EdpextmBHicTe men 2: {effectiveness fin 5x:.2f}%")

# TeHepallsa sHaueHb kKepyouoi mii u
u values = np.linspace(l, 10, 100)
J _total base = []

J total cov_fin 2x = []

J total fin 2x = []
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J total cov fin 5x = []
J total fin 5x = []

J total ideal = []

for u in u values:
energy = calc_energy(u, u)
financial base = calc financial(u, u, k1, k2, cl, c2)
financial 2x = calc financial (2 * u, 2 * u, k1, k2, cl, c2)
financial 5x = calc financial (5 * u, 5 * u, k1, k2, cl, c2)

# BasoBMI BUIIALOK
J total base.append(max (0, J ideal - (energy + financial base)))

# ImeaslbHUM BUIIAOOK
J total ideal.append(max (0, J ideal))

# Tinexy binaHcoBil BuTpatm y 2 pasu

# J total fin 2x.append(max(0, J ideal - (energy + financial 2x)))

J fin 2x = J ideal - (energy + financial 2x)

J total fin 2x.append(J fin 2x if J fin 2x > 0 else np.nan) # Ilpubupaemo
3HaueHHsa <= 0

# Tinbxy binHaHcoOBl BuTpaTu y 5 pazis

J fin 5x = J ideal - (energy + financial 5x)

# J total fin 5x.append(max (0, J ideal - (energy + financial 5x)))

J total fin 5x.append(J fin 5x if J fin 5x > 0 else np.nan) # I[pubupaemo
3HaueHHsa <= 0

# IoBynmoea Tpabikis

plt.figure(figsize=(10, 6))

plt.plot(u values, J total base, label="lleHTpajliz0BaHO-KOOINEPaATMBHA
MaTeMaTruyHa Momesisr", color="red")

# plt.plot(u values, J total cov fin 2x, label="lloxpurTa Ta dinaHcoBl BUTpPaTHU
y 2 pasu", color="green")

plt.plot(u values, J total fin 2x, label="[leunenrpani3oBaHO-KOONEpPaTUHA
MaTemMaTmMdyHa Momesbk 1", color="black")

plt.plot(u values, J total fin 5x, label="JlemeHTpayi30BaHO-KOOIEpPaTKHAa
MaTeMaTuyHa momesis 2", color="green")

# plt.plot(u values, J total ideal, label="IpeaneHa Mozmess", color="black")

# ObopmiieHus Tpadixa

plt.title ("3anexHicTs 3aranbHOIl LinpoBOI OGyHKU1I Bim Tuny momesi") #""
[IopiBHAHHSA 3arajbHOIl L1JbOBOI byHKII1I

plt.xlabel ("®inaHncoBu BUTpaTU")

plt.ylabel ("3aranbHa uijgboBa oGyHkLIia")

plt.legend()

plt.grid(True)

plt.show ()
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NOJATOK B. JJICTHHT KOAY ONTUMI3BAIIIMHOI I'POBOI
MATEMATHUYHOI MOJIEJII KEPYBAHHS BILJIA TA BITHA B YMOBAX
PU3UKYTA HEBU3HAUYEHOCTI

import networkx as nx
import random
import matplotlib.pyplot as plt

def calculate path length(graph, path):
total length = 0
for i in range(len(path) - 1):
total length += graph.edges[path[i], path[i + 1]]["weight"]
return total length

# OdyHKL1g 1mJis 3acTOCyBaHHS PU3MKIB
def apply risks(graph, risk factors):
new graph = graph.copy ()
for edge, risk in risk factors.items():
original weight = graph.edges[edge] ["weight"]
new _graph.edges[edge] ["weight"] = original weight * risk

return new_graph

# OdyHKU1g 1mJIS 3aCTOCYyBaHHsS HEBU3HAUEHOCTEM
def apply uncertainty(graph, risk factors):
new graph = graph.copy ()
for edge in new graph.edges() :
risk = risk factors[edge]
uncertainty = random.uniform(0.9, 1.2) # CroxacTuuHumii xoebinieHT
original weight = new graph.edges[edge] ["weight"]
new graph.edges[edge] ["weight"] = original weight * risk * uncertainty
return new_graph

# OyHKU1a Ia momyky HAMKOPOTIWOTO muiaxy 3a A-Star
def a star path(graph, start, end):
return nx.astar path(graph, start, end, weight="weight")

# Bisyamisauia rpadir Ta muaxy
def visualize graphs(graphl, graph2, pathl=None, path2=None, titles=("Tpad 1",
"Tpad 2")):

import matplotlib.pyplot as plt

import networkx as nx

fig, axes = plt.subplots(l, 2, figsize=(20, 8)) # Ima niznrpadixa (1 psazm,

2 CTOBILA)

# Tllepma Bisyasniszauis
posl = nx.spring layout (graphl)
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weightsl = nx.get edge attributes(graphl, "weight")
nx.draw (graphl, posl, with labels=True, node size=700,
node color="lightblue", font size=10, ax=axes[0])
nx.draw networkx edge labels(graphl, posl, edge labels={k: round(v, 2) for
k, v in weightsl.items ()}, font color="red", ax=axes[0])
if pathl:
path edgesl = list(zip(pathl, pathl[1:]))
nx.draw networkx edges (graphl, posl, edgelist=path edgesl,
edge color="green", width=3, ax=axes[0])
axes[0] .set title(titles[0])

# Ipyra Bizsyasmizainis
pos2 = nx.spring layout (graph2)
weights2 = nx.get edge attributes(graph2, "weight")
nx.draw (graph2, pos2, with labels=True, node size=700,
node color="lightblue", font size=10, ax=axes[l])
nx.draw networkx edge labels(graph2, pos2, edge labels={k: round(v, 2) for
k, v in weights2.items ()}, font color="red", ax=axes[1l])
if path2:
path edges2 = list(zip(path2, path2[1:]))
nx.draw networkx edges(graph2, pos2, edgelist=path edges2,
edge color="green", width=3, ax=axes[1])
axes[1l].set title(titles[1])

plt.tight layout ()
plt.show ()

def create fixed weight graph smaller():
graph = nx.DiGraph ()

# BepumHu
HOdeS = ['A'I 'B'I 'C'I 'D'r 'E'r 'F'/ 'G'r 'H']
graph.add nodes from(nodes)

# Pebpa 3 bikcoBaHuMy Baramu
edges with weights = [

('a', 'n', 3), ('aA', 'B', 2), ('A', 'E', 4),
('', 'c', 1), ('B', 'F', 5),

(¢, 'p', 2), ('Cc', 'F', 3),

('e', 'F', 1),

(‘'g', '¢', 2y, ('F', 'H', 4),

('‘é¢', 'H', 1)

for edge in edges with weights:
graph.add edge(edge[0], edge[l], weight=edgel[2])

return graph
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def create fixed weight graph():
graph = nx.DiGraph ()

# BepmmHu
nOdeS — [IAII lBl, lcl, lDl, lEl, lFl, lGl, IHI]
graph.add nodes from(nodes)

# Pebpa 3 bikcoBaHuUMM Baramm
edges with weights = [
('A'I 'D'l 3), ('A'I 'B', 2), ('A'I 'E', 4),

('B'/ 'C'/ 1)/ ('B'l 'F'l 5)(
(‘c', 'p', 2), ('C', 'F', 3),
("E', 'F', 1),
('F'/ 'G'/ 4)/ ('F'l 'H'l 4)(
('G', 'H', 1)

for edge in edges with weights:
graph.add edge(edge[0], edge[l], weight=edgel[2])

return graph

# Tlomyk ONTMMAJILHOTO MJIAXY 3a aJlopuTMoM A-Star
def find fixed weight path(graph, start, end):
# BHAXOOMMO HAMKOPOTIIMNA UUISX

path = a star path(graph, start, end)

# dopmyeMo nocsiimoBHicTb pebep
path edges = [(path[i], path[i + 1]) for i in range(len(path) - 1)]

# OOUMCIIEMO IOBXUHY IUISXY
total length = calculate path length(graph, path)

return path, path edges, total length

# OcHOBHa mnporpama

def main fixed weight graph() :
# CreBopeHHsa rpada
graph smaller = create fixed weight graph smaller ()
graph = create fixed weight graph ()

# Bisyamisauisa rpada
visualize graphs(graph smaller, graph, titles=("Tpad 1", "I'pad 2"))
# visualize graph(graph, title="OpienToBauumt Trpad 3 ypaxyBaHHAM

HeBMU3HaueHocTi")

# IomyK ONTMMaJIbHOTO MJIAXY

start node, end node = 'A', 'H'

path smaller, path edges smaller, total length smaller =
find fixed weight path(graph smaller, start node, end node)
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path, path edges, total length = find fixed weight path(graph, start node,
end node)

print (f"Onrumaneumt miax (Byziwu) : {path smaller}")
print (f"locnimoeHicTe pebep: {path edges smaller}")
print (f"3araneHa poexmHa muAaxy: {total length smaller}")

print (f"---------""""""""""""""""-"-"-"——- ")
print (£"I'pad 3 ypaxyBaHHAM HeBM3HadeHoCTi")

print (£"OnTuManbHMM muiax (Byz3sm) @ {path}")
print (f"llocnimoeuicTe pebep: {path edges}")
print (f"3aranena moBxmHa miaxy: {total length}")

# Banyck nporpamu
main fixed weight graph ()
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JOJATOKTI'. JIICTHHI' KOAY TPAHCO®EPHOI'O HABYHAHHA
HEVWPOHHOI MEPEXI

'pip install --upgrade pip
'pip install --upgrade protobuf

$tensorflow version 1.15
import tensorflow as tf
print (tf. version )

'pip install numpy

device name = tf.test.gpu device name ()
if device name != '/device:GPU:0':

raise SystemError ('GPU device not found')
print ('Found GPU at: {}'.format (device name))

# memory footprint support libraries/code

!'In -sf /opt/bin/nvidia-smi /usr/bin/nvidia-smi

'pip install gputil

'pip install psutil

'pip install humanize

import psutil

import humanize

import os

import GPUtil as GPU

GPUs = GPU.getGPUs ()

# XXX: only one GPU on Colab and isn’t guaranteed

gpu = GPUs[O0]

def printm() :

process = psutil.Process (os.getpid())

print ("Gen RAM Free: " + humanize.naturalsize(
psutil.virtual memory () .available ), " | Proc size: " + humanize.naturalsize (
process.memory info () .rss))

print ("GPU RAM Free: {0:.0f}MB | Used: {1:.0f}MB | Util {2:3.0f}% | Total
{3:.0f}MB".format (gpu.memoryFree, gpu.memoryUsed, gpu.memoryUtil*100,
gpu.memoryTotal))
printm()

from google.colab import drive
drive.mount ('/content/gdrive')

# change to working tensorflow directory on the drive
%cd '/content/gdrive/My Drive/models/’

'lapt-get install protobuf-compiler python-pil python-1lxml python-tk
'pip install Cython

%cd /content/gdrive/My Drive/models/research/

!protoc object detection/protos/*.proto --python out=.
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import os
os.environ['PYTHONPATH'] += ':/content/gdrive/My
Drive/models/research/:/content/gdrive/My Drive/models/research/slim'

'python setup.py build
'python setup.py install

import time, psutil

Start = time.time()- psutil.boot time ()
Left= 12*3600 - Start
print ('Time remaining for this session is: ', Left/3600)

!pip install tf slim
$cd /content/gdrive/My Drive/models/research/object detection/
os.environ['PYTHONPATH'] += ':/content/gdrive/My Drive/models/research/slim'

import sys
sys.path.append("/content/gdrive/My Drive/models")

!python train.py --train dir=training/ --
pipeline config path=training/ssd mobilenet vl pets.config --logtostderr

'pip install tensorboardcolab

$cd /content/gdrive/My Drive/models/research/object detection/training
sreload ext tensorboard

$tensorboard --logdir '/content/gdrive/My

Drive/models/research/object detection/training'

# .ckpt needs to be updated every time to match last .ckpt generated
# .config needs to be updated when changing model

$cd /content/gdrive/My Drive/models/research/object detection

!python export inference graph.py —--input type image tensor --
pipeline config path training/ssd mobilenet vl pets.config --

trained checkpoint prefix training/model.ckpt-7508 --output directory
new_graph

!zip -r model graph.zip new graph
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JTOJATOK 1. D PATMEHTH IH®OPMAIIMHOI TEXHOJIOTII
KEPYBAHHS BE3NIJIOTHUMU AITAPATAMHY HA BA3I ITPOBOI'O
MIAXOJY TA HEMPOHHUX MEPEX

1

2 version: '2'

3 services:

4 postgresl:

5 image: postgres:11

6 container_name: postgresDronel

7

8 ports:

9 - 5435:5432

10 environment:

11 - POSTGRES_USER=postgresl

12 - POSTGRES_PASSWORD=postgresl

13 - POSTGRES_DB=postgresDronel

14 command: ['postgres', '-c', 'wal_level=logical']
15

16

17 postgres2:

18 image: postgres:11

19 container_name: postgresDrone2
20
21 ports:

22 - 5436:5432

23 environment:

24 - POSTGRES_USER=postgres2

25 - POSTGRES_PASSWORD=postgres2
26 - POSTGRES_DB=postgresDrone2
27 command: ['postares', '-c', 'wal_level=logical']
28
29 postaresMain:

30 image: postgres:11

31 container_name: postgresMain
32
33 ports:

34 - 5438:5432

35 environment:

36 - POSTGRES_USER=postgresMain

37 - POSTGRES_PASSWORD=postgresMain
38 - POSTGRES_DB=postgresMain

39 command: [ 'postgres', '-c¢', ‘wal_level=logical' ]

Pucynox /1.1 — CtBopenns 6a3 manux PostgreSQL uepes Docker



create table "Dronelnfo"

(

id TEXT
constraint "Dronelnfo_pk"
primary key,
“droneld" TEXT,
timestamp

- Navigation and flight data

PRECISION,
PRECISION,

data

PRECISION,
PRECISION,

PRECISION,
PRECISION,

coordinates TEXT,
acceleration DOUBLE
"angularVelocity" DOUBLE
-~ Camera and optical sensor
photo TEXT,
video TEXT,
- Weather sensor data
temperature DOUBLE
“lightIntensity" DOUBLE
- Technical data
"batteryLevel" INTEGER,
“"transmissionSpeed" DOUBLE
latency DOUBLE
"packetLoss" DOUBLE

-- Mission execution data

rouvte TEXT,
tasks TEXT,
“"actionlLog" TEXT,
result TEXT,
"deviationCases" TEXT,

“"emergencySituations" TEXT,
“redirectedDroneld" TEXT

Pucynoxk /1.2 — CtBopenns tabmuii «Dronelnfo»

PRECISION,

NOT NULL

TIMESTAMP DEFAULT now() NOT NULL,

180
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FROM confluentinc/cp-kafka-connect:7.6.1

ENV CONNECT_PLUGIN_PATH="/usr/share/java, /usr/share/confluent-hub-
components, /usr/share/java/kafka-connect-jdbc, /usr/share/java/kafka"

RUN confluent-hub install --no-prompt confluentinc/kafka-connect-
jdbc:latest

RUN confluent-hub install --no-prompt debezium/debezium-connector-
postgresql:latest

RUN confluent-hub install --no-prompt jcustenborder/kafka-connect-
transform-common:0.1.0.54

Pucynok /1.4 — Ckpunr 11 cTBOpeHHs: MoudikoBaHoro oopasy Kafka Connect

[0 v == dockerhelper Running (6/6) 4.54%
broker-drone 0092:9092 &
confluentinc/cp-kafka:7.6.1 Runnin 1.99% ==
[:] w 69d36602ae9b ) - 9 Show all ports (2)
schema-registry-drone
[:] w confluentinc/cp-schema-registry:7.6.1 Running 0.42% 8081:8081 &
652dd47dabee )
control-center-drone
confluentinc/cp-enterprise-control-cent Runnin 0.93% 9021:9021 &
» O © b3524399100 ) . - g %
connect-drone
D m drone-kafka:1.0.0 Running 0.78% 8083:8083 4
65f92adb1déb D)
ksqldb-server-drone
] w confluentinc/cp-ksqldb-server:7.6.1 Running 0.4% 8088:8088 (3
42bffcea820f )
rest-proxy-drone
O © confluentinc/cp-kafka-rest:7.6.1 Running 0.02% 8082:8082 (1

c6c2ee671209 0

Pucynox /1.5 — Konteitnepu st po6otu 3 Apache Katka
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Ethernet adapter Ethernet 2:

Connection-specific DNS Suffix .

Link-local IPv6 Address . . . . .

SubnetrMask & o w e e m o

25522552556

TPV -Address.: = = = = = = = = = = = 192.168.0.13%

Default Gateway . . . . . . . . .

192.168.0.1

Pucynox /1.6 — JlokanbHa ip aapeca

fe82::1cba:f23a:f659:8c15%22

POST v http://localhost:8083/connectors/
Params Authorization Headers (8) Body e Scripts Tests Settings
O none () form-data O x-www-form-urlencoded © raw (O binary (O GraphQL JSON v
1 £
2 “name”: "postgres-debez-connector-vi®,
3 “"config": {
4 "tasks.max":-1,
5 “connector.class": "io.debezium.connectoxr.postgresql.PostgresConnectox"”,
6 "plugin.name"”: - "pgoutput”,
7 “database.hostname”:-"192.168.0.131",
8 "database.port”: "5435",
9 "database.usexr": “"postgresi”,
10 "database.passwoxd”: - "postgresi"”,
11 “database.dbname":  “postgresDronel”,
12 "database.sexrvex.name": "sexrvexri®,
13 “topic.prefix”: "postgresDronel",
14 "table.include.list": - "public.(.x)",
15 “database.history.kafka.bootstrap.sexvers"”: "broker:29092",
16 “database.history.kafka.topic”: "postgresDronel.debezium.history”,
17 “database.histoxy.skip.unpaxrseable.ddl”: "txue",
18 “snapshot.mode":  "always",
19 “"time.precision.mode": "connect",
20 "key.convertexr”: "io.confluent.connect.json.JsonSchemaConverter”,
21 "key.convertexr.schema.registry.uxl”: “"http://schema-registxry:8081",
22 “value.convertex": "io.confluent.connect.json.JsonSchemaConvertex",
23 "value.convertexr.schema.registry.uxrl": "http://schema-registry:8081"
24

-~

Pucynok /1.7 — CtBopennst Debezium Source-koHekTopa Ha npukiani b/l bnHA
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Connectors

2

Total

2

Running

0

Degraded

Q_ Search connectors

I | Filler by category

Connector name

Status

@ Rostgres-debez-connector-v2

@) postgres-debez-connector-v1

e Running

e Running

Category

Source

Source

Plugin name

PostgresConnector

PostgresConnector

Pucynok /1.8 — CtBopeni Debezium Source-konekropu

Topics

[ Q_ Search topics

] Hide internal topics

Topic name

default_ksql_processing_log

docker-connect-configs

docker-connect-offsets

docker-connect-status

postgresDronel.public.Dronelnfo

postgresDrone?2.public.Dronelnfo

Partitions

25

Pucynoxk /1.9 — Tomiku, ctBopeHi Ha ocHoBI Debezium Source-koHekTopiB
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postgresDrone1.public.Dronelnfo

Configuration Messages

Message fields

®  tmestamp

®  coordinates

v _ Q 0/ Partition: 0

=+ Produce a new message to this topic

null,"after":{"id"

Timestamp: 1721053278693

{"before":null,"after":{"id":"1","droneld

Timestamp: 1721053278693

{"before":null,"after":{"id"

Timestamp: 1721053278692

{"before":null, "after 3","droneld":"dronel”

Timestamp: 1721051035401

"dronel”,"timestamp":1721136463769,"coordinates"” :null, "acceleration":null, "angularVelocity":null, "photo

"dronel”,"timestamp”:1721058063769,"coordinates”

"droneld":"drone2","timestamp":1721050063769,"coordinates":"40.7128, -74.0060","acceleration":8.5,"angularVelocit

"timestamp":1721136463769,"coordinates":null,"acceleration":null,"angularVelocity

17IOMJIEHB Y TOIIKY

"51.5074, -0.1278","acceleration":9.8,"angularVelocity":0..

Pucynok /.10 — 3pa3ok moB
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POST v http://localhost:8083/connectors/
Params Authorization Headers (8) Body e Scripts Tests Settings
O none O form-data O x-www-form-urlencoded @ raw O binary (O GraphQL JSON v
1 =
2 -"name":-"postgresMain-sink-postgres-v2"”,
3 -+t config™? +<
4 - -"connector.class”:-"fo.confluent.connect.jdbc.JdbcSinkConnectoz",
5 oo E 0 EABKSAMAX S 1B ¢
6 -“connection.url”: - "jdbc:postgresql://192.168.8.131:6438/postgresMain”,
7 -“connection.usex":-"postgresMain”,
8 -“connection.password”: - "postgresMain”,
9 -"topics.regex”:-"postgresDrone(.x) .public.(.*)",
19 -“table.name.format": - "S{topict",
i 5 -"key.converter":-"1o.confluent.connect.json.JsonSchemaConvertexr”,
12 -“key.converter.schema.registry.uxrl":-"http://schema-redistry:8681",
1.3 -“value.converter”:  "io.confluent.connect.json.JsonSchemaConvertexr”,
14 -“value.converter.schema.registry.url”: - "http://schema-registry:8€81",
15 “pk.fdelds™-"1d™,
16 -“pk.mode”: - "record_key"”,
17 -“auto.create": -"tzue”,
18 -“auto.evolve":-"true”,
19 -“"insert.mode": - "upsexrt”,
298 -“delete.enabled”: - "true”,
24 -
22 }

Pucynoxk /.11 — 3pazok ctBopennst JDBC Sink-konektopa uepes Postman s

3arainpHoi CYB/]
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JOIATOK E. JIAI'PAMA KJIACIB JJISA HAJIATO/I’KEHHA OBMIHY
JAHUMMU MIK BE3HIJIOTHUMHA AITAPATAMHA

DronelnfoController

+createRouter(get_db);

+listDroneInfo(db: Session);
+getDroneInfo(db: Session, droneld: str);
+insertDroneInfo(db: Session, drone:
DroneInfoCreate);

+updateDroneInfo(db: Session, droneld:
str, drone: DronelInfoUpdate);
+deleteDronelnfo(db: Session, droneld: str);

DronelnfoService

+1listDroneInfo(db: Session);
+findDroneInfo(db: Session, droneld: str);
+insertDroneInfo(db: Session, droneData:
dict);

+updateDroneInfo(db: Session, droneld:
str, droneData: dict);

+deleteDronelnfo(db: Session, droneld: str);

DronelnfoRepository

+listDroneInfo(db: Session);
+findDroneInfo(db: Session, droneld: str);
+insertDroneInfo(db: Session, droneData:
dict);

+updateDroneInfo(db: Session, droneld:
str, droneData: dict);

+deleteDroneInfo(db: Session, droneld: str);

Dronelnfo

-id: Column(String);

-droneId: Column(String);
-timestamp: Column(TIMESTAMP);
-coordinates: Column(String);
-acceleration: Column(Float);
-angularVelocity: Column(Float);
-photo: Column(String);

-video: Column(String);
-temperature: Column(Float);
-lightIntensity: Column(Float);
-batterylLevel: Column(Integer);
-transmissionSpeed: Column(Float);
-latency: Column(Float);
-packetlLoss: Column(Float);
-route: Column(String);

-tasks: Column(String);
-actionLog: Column(String);
-result: Column(String);
-deviationCases: Column(String);
-emergencySituations: Column(String);
redirectedDroneld: Column(String);




JOJATOK K. IHOOPMALINHA TEXHOJIOT'ISI KEPYBAHHS BE3INIJIOTHUMUM AITIAPATAMM HA BA3I IT'POBI'O MIJAXOAY TA HEHPOHHUX MEPEX

BHBeZeHH1 3Ha4eHb BHX1IHHX ITapaMeTpiB

Fiacanna, F1, F3, F3, Fy, Fs, E},
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ApXITeKTypa IOTOKOBOT'0 OOMIHY JaHHMH

|
|
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