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AHOTALIS

Cmpemboscokuii B.B. OnTuMizallisi TpaeKTopi pyXy KOCMIYHUX 00’ €KTIB B
atMocdepi 3emil 3a TEIJIOBUM YMHHHKOM. — KBamidikaliiiHa HayKoBa Mparsi Ha
MpaBax PyKOIUCY.

Hucepraniss Ha 3100yTTs Joktopa ¢dinocodii 3a cnemianbHicTio 113
[Ipuknanna MaremaTuka. — J{HIMpoBChKUM HalllOHAIBHUH YHIBEpcUTET iMeH1 Onecs
INonuapa, m. {uinpo, 2025.

VY 3B’43Ky 31 3pOCTaHHIM YHCIIA IITYYHUX CYTYyTHUKIB, pAKETHUX 3aITyCKIB Ta
BUMNAJKIB (pparMeHTaIlii KOCMIYHUX 00’ €KTIB MpoOieMa KOCMIYHOTO CMITTSI Ha0yBae
neaani 61IbI101 aKTYalIbHOCT1 B KOHTEKCT1 CBITOBOT KOCMI4HO1 Oe3neku. Ha Hu3bkux
HaBKOJIO3€MHHX OpOITaX CKOHILEHTPOBAHO MAECATKU THUCSY HE(PYHKIIOHATIBHUX
00’€KTIB, 110 CTAHOBJSATH 3HAYHY 3arpo3y JUis AIIOYMX arapariB 1 MDKHAPOIHOT
iHppacTpykTypu. OgHUM 13 HAWUNEPCHEKTUBHIMIMX MIAXOMAIB 10 3MEHIICHHS
KIJTbKOCT1 KOCMIYHHUX B1IXO/IIB € KEPOBAaHE BiABEICHHS KOCMIYHUX 00’ €KTIB 3 OpOITH
3a JOMOMOrO KOMOIHOBAaHMX METOMIB BHUJAJIEHHA 13 3a0€3MEUeHHSIM IX
HEOOOPOTHOTO 3rOpsiHHS B aTMOc(epi 3emii.

Jlns gocsirHEeHHsT HEOOXiAHOTO PiBHS €(EeKTUBHOCTI Ta O€3MEKH MpPOoIleCy
3BEJICHHS CJIiJl 3A1MCHIOBATH ONTHUMI3AIlIO0 TPAEKTOPIi CIYCKY TAaKUM YHUHOM, 1100
rapaHTOBaHO 3a0€3MEeUNTH NOBHY TEPMIYHY JIECTPYKLiI0 00’€KTa Ta MIHIMI3yBaTu
PHU3HUK JOCSTHEHHS yJIaMKaMU MOBEpPXHI 3eMiil. ¥ 1bOMY 3B’SI3Ky BUHHKAE 3a/1aua
ONTUMI3allli TPAEKTOPIA BiABEJEHHS KOCMIYHUX OO’€KTIB, sika mepeadaudae
MaKCHMIi3allil0 TeIJIOBOTO HABAHTAXKEHHS B KPUTHYHHUX AUISTHKAX KOHCTPYKIIII Ta
BU3HAYEHHS ONTUMAJIBLHOIO KyTa BXOAY JIJIsl 3a0€3MeUeHHs TOBHOTO 3HUILICHHS 0€3
CTBOpPEHHS HOBHUX 3arpo3. Po3B’si3aHHsI Takoi 3ajayl Moxke OyTH peanizoBaHO 3
BUKOPUCTAHHAM CYYaCHMX METOJIB MaTe€MaTU4YHOI ONTUMI3allli Ta TEXHOJOT1H
HITYYHOTO 1HTEJEKTY.

BropoBamkeHHss 1MX METOAMK CHPUATHME BHUPINIEHHIO MOpoOiIeMu
€KOJIOTIYHOI 0e3MeKH KOCMIYHOTO TMPOCTOPY Ta BIANOBIIAE€ CTpaTEriyHUM
3aBJAaHHSAM KOCMIYHUX J€p)KaB, 30KpeMa YKpaiHh. 3acTOCyBaHHS Mojiele

aepoIMHAMIYHOTO HArpiBy, METOMIB ONTUMAJIbHOTO KEPYBaHHS, MAIIUHHOIO
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HAaBYAaHHS Ta TEHETUYHOTO aJTOPUTMY ONTHUMI3AIlli JO3BOJISIE CTBOPUTHU
BUCOKOE()EKTUBHUI KOMIUIEKCHUI MIAXI1J AJI IPOEKTYBAHHS CyYaCHUX aKTUBHHX 1
KOMO1HOBAHUX TE€XHOJIOT1H BiIBEJAECHHS KOCMIYHOTO CMITTS.

Y Berynmi BUKIaZeHO OOTpYHTYBaHHS BHOOpPY TEMH Ha TJII CTPIMKOTO
HAaKOMUYEHHSI KOCMIYHOTO CMITTS Ta TMOB’SI3aHUX PU3HKIB [JIsi OpOITalbHOI
1H(ppacTpykTypu. OKpeciieHo 3B'130K poOOTH 3a HAyKOBHUMHM ITpOrpamMaMu 1 TEMaMHU.
ChopmynboBaHo MeTy 1 3adadl JOCHiKeHHS. BuszHaueHo 00’€kT 1 mpeamer
nociipkeHHs. [linkpecieHo o4iKkyBaHy HAyKOBY HOBU3HY W IPaKTUYHY LIHHICTb
poOGotu. HaBeneHo BiZoMOCTI MpoO OCOOMCTUI BHECOK aBTOPA, CTPYKTYpPYy 1 0OcCsT
TYcepTarii.

Y nepuomy po3aiji 3/11iiCHEHO PO3IIUPEHUN aHATITUYHUHN OIS KIIACHYHUX
HamiBeMmipuuHux Kopessiid, CFD-miaxo/iB Ta iHKEHEPHUX MPOTPaMHUX MAKETIB
JUTS OI[IHIOBAHHS TETNIOBUX HABAHTAXKEHB MPU BX011 B aTMocdepy. Po3risHyTo ctan
TEXHOJIOT1H aKTHBHOI'O, ITACMBHOI'O Ta KOMOIHOBAHOT'O BHJAJICHHS KOCMIYHOTO
CMITTSI, BKJIFOUHO 3 pe3yJbTaTaMHu JEMOHCTpAIIHHUX Micii. BusiBieHo mpoBiiHy
poJIb KyTa BXOJYy M IIOYAaTKOBMX KIHEMaTHYHHX MapameTpiB y (popMyBaHHI
iHTerpanbHOrO TeroBoro HaBaHTaxkeHHs Ha KO. CdopmynboBaHo mnepenik
HEBUPINIEHUX HAYKOBO-NMPUKIATHUX MUTaHb, 110 MOTPEOYIOTh yAOCKOHAJIECHHS U
BU3HAYAIOTh HAMPSMOK JAUCEPTAIIHHOTO JTOCTIIKEHHS.

Y apyromy po3aiiai nobyaoBano (izuuHo-MaTeMaTHuHy Mojienb pyxy KO B
atMochepi 3emni Ta chOpMyNIBOBAHO 3ajJayy MakcHMI3allii 1HTETPaIbHOTO
TEIJIOBOTO HABAaHTA)XEHHS 3 YpaxyBaHHSAM KIHEMAaTHYHHUX 1 TEPMOCTIMKICHUX
oOMeskeHb. 3apOIIOHOBAHO BapialliiiHy MOCTaHOBKY, y SIKIi KyT BXoay 0 BUCTynae
ONTUMI30BHUM MapaMeTPOM, a HarpiB OMHUCY€ETHCS IHTETPAIOM TEIIOBOTO MOTOKY.
OOrpyHTOBaHO BHUKOPUCTAaHHS TIOpUIHOI CXEMH «MAalllMHHE HaBYaHHSA +
FEHETUYHUN QITOPUTM», IO TMO€JHY€E IIBUAKUNA HEUPOMEPEKEBUN IPOTHO3
TEIUIOBOT'O0 HABAaHTAXEHHS 13 II100ATbHUM €BOJIIOIIMHUM MOIIYKOM ONTUMAaJIbHOTO
KyTa BXoay. BusnaueHo poOoui jiana3oHu mnapameTpiB Mojeied Ta Kputepii

MPUUHATHOCTI PO3B’SA3KIB I10/I0 TOUHOCTI Ta OOYUCITIOBAIbHUX BUTpPAT.
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Y TperboMy po3aiji J€TanbHO BHKJIAJEHO Mpoueaypy QopmyBaHHs
HaByajabHOro naracery 3 katanory ESA DISCOS: ounieHHsl, ycyHEHHS BUKU/IB,
reHepalio MoxXiJHUX 03HaK 1 crpatudikoBaHe po3OUTTs Ha miaBuOipku. [IpoBeneHo
CTaTUCTUYHHMMA aHaNi3, SIKUA MIATBEPAMUB BIICYTHICTh MYJbTHUKOJIHEAPHOCTI Ta
BU3HAYUB PEJICBAHTHICTh KOXKHOI 03HaKu. OmucaHo BUOIp apXiTEKTYp MAIIMHHOTO
HaBYAHHS, a TAaKOX peaji3oBaHO 0aecoBY ONTUMI3AIlII0 IXHIX TimeprnapaMerpiB.
[loka3aHo, sIK MIATOTOBJIIEHA BUOIpKa M HaNalITOBaHI MOJEJl IHTETPYIOThCSA Y
nofanbiuii I'A-miporiec onTumizaliii TpaeKTopiil.

Y yeTBepTOMY PO31iii BUKOHAHO (PiHATBEHE HABYAHHS OOpaHUX HEMpoMepeK
Ha MOBHOMY J]aTaCeTI Ta 3/11MICHEHO iX MOPIBHSJILHY OIIHKY 3a BaJliTHOIO TOXHOKOIO,
IIBUJIKOJIIEI0 Ta pecypcHUMH BHUTpatamu. Transformer-monens miaganacs
30BHIIIHIA BaJifanii Ha HE3aJIeKHUX EKCIepUMEHTalIbHUX AaHux ESA, 1o
MIJITBEPAUIIO il BUCOKHUI PIBEHb y3arajdbHEHHS. BUKOPUCTOBYIOUU II0 MOJIEINb SIK
(YHKIII}0O TPUCTOCOBAHOCTI, MPOBEACHO cepitlo ['A-eKCIEepUMEHTIB ISl Pi3HUX
MacoOBO-T€OMETPUYHHUX KOH(PIrypaiiii, OTpUMaHO ONTHUMAalbHI KyTH BXOAYy W
BU3HAYCHO BIJAMOBIJHI I1HTErpajibHI TemIOBl HaBaHTaxeHHS. CopMyIbOBaHO
MpaKkTUYHI pPEKOMEHJallll IMI0JI0 TapaMeTpiB JAeopOITaJbHUX MAHEBPIB, SKI
M1JIBUITYIOTH UMOBIpHICTH TOBHOTO 3ropssHHs KO B atMocdepi

HaykoBa HOBH3HA 0/1ep:KAHUX Pe3YJILTATIB MOJISATA€ B HACTYITHOMY:

- po3po0iieHO MOAENb MAIIMHHOTO HABYaHHS JJI OIIHKKA TEMJIOBHUX
HaBaHTaXEHb Ha 00’€KT, 10 pyXaeTbcsi B armocdepl 3emil, sika BIEpIIe
3a0e3reuye KOMIUIEKCHUN aHaji3 BIUIMBY TPAEKTOPHHUX IMapaMeTpiB Ha
(hopMyBaHHS TEIJIOBUX MOTOKIB y aTMOC(HEPHUX JIISTHKAX TPAEKTOPI.

- 3aMpoBaJKEHO TIOpUAHY METOJUKY, L0 MOEJHYE AITOPUTMU MAIITUHHOIO
HaBYaHHS J1JI1 BUCOKOTOUYHHUX MTPOTHO31B XapaKTEPUCTUK TEILIOBOT'O MOTOKY 3
F€HETUYHUM aJITOPUTMOM JIJIsi ONTUMI3AIlli MapaMeTpiB BXOIKEHHSI 00’ €KTa
B aTMocdepy.

I[IpakTuyHe 3HA4YeHHS [AHOTO JOCHIPKEHHS TIOJISITa€ Yy Ppo3pooIr
METOJI0JIOTIi PO3paxyHKy Ta ONTHUMI3AIlli TPAEKTOPIA CXOKEHHS KOCMIUYHHUX

00’€KTIB 3 HABKOJIO3€MHO1 OpOITH 3 ypaxyBaHHSM TEIJIOBOTO YHNHHHUKA.
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3anpornoHoBaHa METOJMKa MOXe€ OyTH 3aCTOCOBaHA IiJ] Yac MPOEKTYBaHHS

MICili aKTHBHOTO BHUJAJIEHHSA KOCMIYHUX BIAXOMIB JUIsi OOIPYHTOBAaHOTO BUOODY

napaMeTpiB BXOKEHHS B aTMocdepy, 110 3a0e3MeuyroTh OBHE 3ropaHHs 00’ €KTa

0e3 yTBOpeHHsI HeOe3MeuHuX (parMeHTIiB, 3JaTHUX JOCATTA MOBEpPXHI 3emii abo
JUIIATHUCS Ha OpOITI.

OTpuMaHi pe3yJIbTaTH CTAaHOBJISITh OCHOBY JIJIs1 CTBOPEHHSI aBTOMATHU30BAHUX
MPOTPAMHUX KOMILJIEKCIB, SIKI TMO€JHYIOTh aITOPUTMU ONTHUMI3allli, METOIu
MaIllMHHOTO HaBYaHHS Ta MOJIEJ TEIJIOBOI NECTPYKIIT s MIATPUMKHN MPUUHSITTS
pILIEHDb Y PEXUMI PEabHOTO Yacy Mij Yac KEPYBaHHS CXOKEHHSAM KOCMIYHUX TLJI.

Kpim Toro, po3pobieHa MeToanka Moke OyTH BUKOPUCTAHA B OCBITHbOMY
MpoIlecl Ta MIATOTOBIN (PaxiBLIB SK MPUKIA] MDKIUCIUIUTIHAPHOI 3adadi, IO
IHTETpy€ €JIeMEHTH KOCMIYHOI MeXaHIKM, TEePMOJMHAMIKHM, ONTUMI3alli Ta

HITYYHOTO 1HTEJEKTY.

KarouoBi ciaoBa: KocMiyHE CMITTS, TEIUIOBE HABaHTA)KCHHS, MAaIIUHHE
HaBUaHHS, apxiTekrypa Transformer, TeHETUYHUN aNTOPUTM, ONTHUMI3AIliS
TPAEKTOPINA, aepOJMHAMIYHUN HArpiB, MaTeMaTUYHE MOJEIIIOBAHHS, TPAEKTOPIS
BXOJy, HEMpPOHHI MEpexi, €JIEeMEHTH KOHCTPYKIIiM, KOHCTPYKIIIHI MaTepiaiu,

KOCMIYHI1 anapaTu, rin00Ke HaBYaHHS.



ABSTRACT

Strembovskyi V.V. Optimization of space objects' trajectories in the Earth's
atmosphere based on the thermal factor. — Qualification scientific work in the form
of a manuscript.

Dissertation for the degree of Doctor of Philosophe in specialty 113 Applied
Mathematics. — Oles Honchar Dnipro National University, Dnipro, 2025.

The rapid increase in artificial satellites, launch activities, and fragmentation
events has amplified the space-debris problem, making it a critical issue for global
space safety. Tens of thousands of non-functional objects are now clustered in low-
Earth orbits, posing a substantial threat to operational spacecraft and international
infrastructure. One of the most promising mitigation approaches is the controlled de-
orbiting of space objects using combined removal techniques that guarantee their
irreversible ablation in Earth’s atmosphere.

Achieving the requisite efficiency and safety calls for optimising the descent
trajectory so that complete thermal destruction of an object is ensured while the
probability of surviving fragments reaching the surface is minimised. This leads to
an optimisation problem in which the entry trajectory must maximise thermal loads
in structurally critical regions and determine an entry-angle profile that yields full
demise without creating new hazards. Modern mathematical-optimisation tools and
artificial-intelligence techniques provide a viable pathway for solving this problem.

Implementing such methods will contribute to the ecological safety of outer
space and aligns with the strategic objectives of space-faring nations, including
Ukraine. By combining aerodynamic-heating models, optimal-control methods,
machine-learning algorithms, and a genetic-algorithm optimiser, the present
research develops a highly effective integrated framework for designing
contemporary active and combined debris-removal technologies.

Introduction — Justifies the topic selection against the backdrop of
accelerating debris accumulation and the attendant risks to orbital infrastructure.
Links the work to relevant research programmes, states the aim and objectives,

specifies the object and subject of study, highlights the expected scientific novelty
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and practical value, and outlines the author’s personal contribution, structure, and
length of the thesis.

Chapter 1 — Provides an extended analytical review of classical semi-
empirical correlations, CFD-based approaches, and engineering software used to
estimate atmospheric heating loads. Current active, passive, and combined removal
technologies—including demonstration missions—are surveyed. The dominant role
of entry angle and initial kinematic parameters in shaping the integral thermal load
1s established, and a set of unresolved applied-science questions that motivate the
thesis is formulated.

Chapter 2 — Develops a physico-mathematical model of an object’s motion
through Earth’s atmosphere and formulates the problem of maximising the integral
thermal load under kinematic and material constraints. A variational statement is
proposed in which the entry angle 0 is the optimisation variable and heating is
expressed via the time integral of the heat-flux profile. A hybrid “machine-learning
+ genetic-algorithm” scheme is substantiated, combining rapid neural-network
predictions of heating loads with global evolutionary search for the optimal entry
angle. Working parameter ranges and admissibility criteria balancing accuracy and
computational cost are specified.

Chapter 3 — Describes the construction of a training data set from the ESA
DISCOS catalogue: cleaning, outlier removal, creation of derived features, and
stratified partitioning. Statistical analysis confirms the absence of multicollinearity
and establishes the relevance of each feature. Machine-learning architectures are
selected, and Bayesian hyperparameter optimisation is implemented. The prepared
data and tuned models are then embedded into the subsequent GA-based trajectory-
optimisation workflow.

Chapter 4 — Presents final training of the selected neural networks on the
complete data set and compares them in terms of validation error, computational
speed, and resource demand. The Transformer model undergoes external validation
against independent ESA experimental data, demonstrating strong generalisation.

Using this model as a fitness function, a series of GA experiments covering various
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mass-and-geometry configurations yields optimal entry angles and corresponding
integral thermal loads. Practical recommendations are formulated for de-orbit
manoeuvre parameters that maximise the probability of full atmospheric demise.

Scientific contributions

- a machine-learning model for atmospheric-heating assessment is developed
that, for the first time, provides a comprehensive analysis of how trajectory
parameters influence heat-flux formation along re-entry paths.

- a hybrid methodology is introduced that integrates high-accuracy machine-
learning predictions of heat-flux characteristics with a genetic algorithm for
optimising atmospheric-entry parameters.

Practical significance

The research offers a methodology for calculating and optimising re-entry
trajectories of space objects from low-Earth orbit with explicit consideration of
thermal factors. The proposed framework can be applied during mission design for
active debris-removal systems to select entry parameters that ensure complete burn-
up without generating hazardous fragments capable of reaching Earth’s surface or
remaining in orbit. The results lay the groundwork for automated decision-support
tools that couple optimisation algorithms, machine-learning methods, and thermal-
destruction models for real-time re-entry management. Moreover, the methodology
can serve as an educational case study illustrating the integration of space

mechanics, thermodynamics, optimisation, and artificial intelligence.

Keywords: space debris, thermal load, machine learning, Transformer architecture,
genetic algorithm, trajectory optimization, aerodynamic heating, mathematical
modeling, reentry trajectory, neural networks, structural elements, construction

materials, spacecraft, deep learning.
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BCTYII

OOrpyHTyBaHHSI BUOOPY TeMH OCJiI:KeHHsl. 31 3pOCTAHHAM KUIBKOCTI
IITYYHUX CYIYTHUKIB, 3allyCKIB pakeT Ta (parMeHTAllHUX MNOA1d, mpoliema
KOCMIYHOTO CMITTS BHUMIILIa HA MEpeAHIN IUlaH CBITOBOI KOCMiuHOi Oe3meku. Ha
HaBKOJI03eMHHX opOiTax — 0co0i1uBo Ha HU3bKUX (LEO) — HakonmuyeHo NecsITKu
TUCAY 00’ €KTIB, 110 BKE HE (PYHKIIOHYIOTb, ajl€ CTAHOBJISITh PEAbHY 3arpo3y s
aKTUBHUX alapaTiB Ta MIXXHAPOAHOI iHQPACTPYKTYpH.

OnHMM 13 IEPCIIEKTUBHUX METO/11B 3MEHIIIEHHS KIJIBKOCTI KOCMIYHOT'O CMITTS
€ KepoBaHE 3BEJICHHS 00’ €KTIB 3 OpOITH 3 MOJANBIINM 3TOpaHHSIM B aTMocdepi
3emmi. o0 3pobutn 1mei mporec epeKTUBHUM 1 O€3MeYHHuM, HEO0OX1THO
ONTUMI3yBaTH TPAEKTOPIIO CITYCKY TaK, IIOOU 3a0€3MEeYUTH rapaHTOBAHYy TEPMIUHY
JECTPYKIIiI0 00’ €KTa, MIHIMI3YIOUH PU3UK JIOCATHEHHS YJIaMKaMU 36MHO1 ITOBEPXHI.
Y 1poMy KOHTEKCTI BHWHHUKAaEe 3aJadya ONTUMI3allli TPAEKTOPIA BiIBEACHHS
KOCMIYHUX 00’ €KTIB (€JI€MEHTIB CMITT#), 110 3a0e3Meuye: MaKCUMI3aI[ii0 TeIIOBOTO
HAaBaHTAXEHHS B KPUTUYHUX 30HAX KOHCTPYKIIi, BUBHAUCHHSI €()eKTUBHOIO KyTa
BXOJY JJIsl TOBHOTO 3HUIIEHHS 00'€KTa 0€3 CTBOPEHHS HOBUX 3arpo3. Po3B’s3aHHs
Takol 3aJadi Moke OyTH BHUKOHAHO 3 BHUKOPUCTAHHSIM CyYacHUX METOJIB
MaTe€MaTUYHOI ONTHUMI3alli 3 BAKOPUCTAHHAM TEXHOJOT1H IITYYHOTO 1HTENIEKTY.

AKTYAJIbHICTh  JOCTIKEHHSI OOYMOBIIIOETHCS THUM, IO TEMaTUKa
JIOCJIIIPKEHb TIOB’s13aHa 3 HOBUMU METOJIaMHU KEPOBAHOTO BiJIBEJACHHS (PparMeHTIB
kocmiyHoro cMmittst 3 LEO, mo po3polisitoTbesi B TemepiliHii yac B YKpaiHi.
BnpoBamkeHHsT TaKMX METOJIIB CHPHUSATUME BUPINICHHIO MPOOJIEMHU €KOJIOT14HOI
0e3MeKn KOCMIYHOTO MPOCTOPY, Ta € CTPATETIUHOI 3a/laueto JJIsl BCIX KOCMIYHUX
JepkaB, JO0 SKHUX BIIHOCUThCA 1 YKpaiHa. BuxopucranHs wojenen
aepoJIMHAMIYHOTO HarpiBy, ONTHUMAaJIbHOTO KEpyBaHHsS, MAlIMHHOIO HABYaHHS Ta
T€HETHYHOTO ONTUMI3aIIi1 I03BOJISIE€ CTBOPIOE HOBHUI BUCOKOC(EKTUBHUM TT1JIX1]T IJIS
MPOEKTYBAHHS HOBITHIX AaKTUBHUX 1 KOMOIHOBAaHMX METOAIB Ta TEXHOJOTIN

BIJIBEIEHHS KOCMIYHOI'O CMITTSL.
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3B'530K 3 HAYKOBUMHU IIporpamMmamMm Ta TE€MaMH. Temaruka I[OCJ'IiI[)KCHI)

OB’ s13aHa 3 JepKO101KeTHOI0 TeMoto 4-648-20 « TeopeTuyHe 1 eKCriepUMEHTAIbHE

OOTpYHTYBaHHSI aBTO(PAXKHUX CHUCTEM BIABEJCHHS KOCMIYHUX 00’ €KTIB 3 HU3BKUX

HaBKOJ03eMHHX 0pOiTH, No nepxpeectpanii 0120U102254, mo ¢inancyBanacs

MiHiCTepCTBOM OCBITH 1 HayKu B JIHIIPOBCHKOMY HAIlIOHAJIbHOMY YHIBEPCHUTETI

imeH1 Onecs ['onuapa.

MeTor0 po6oTH € po3poOKa IHTETPOBAHOI METOJUKH MPOTHO3YBAHHS

MaKCHUMAJIbHUX TEIJIOBUX HABAaHTAXXE€Hb Ta BUOOPY TPAEKTOPHUX MAPAMETPIB PyXY

KOCMIYHUX 00’ €KTIB B aTMocdepl 3emili Ha OCHOBI MO€JHAHHS METO/11B MAIITUHHOTO

HaBYaHHS 1 TEHETUYHOI onTUMI3ali.

JI71st HOCSITHEHHS TOCTABJIEHOI METH BU3HAYEHO TaKl HAYKOBi 3aBJaHHS:

1.

AHaTITUYHUN OIS ICHYIOUMX MaTeMaTUYHUX MOJENed Ta 1HXEHEPHUX
METOJMK MPOTHO3yBaHHsS aepoauHamiuHoro Harpisy KO; BuoOkpemIieHHs
KoJa MmiA3afad, y SKAX TpPagulildHI MIJXOIU JAEMOHCTPYIOTh OOMEXEHY
TOYHICTh a00 HAJMIPHI OOYHCIIIOBAJIbHI BUTPATH.

dopMyBaHHSA PENPE3CHTATUBHOIO JaTaceTy, IO OXOIUIIOE TPAEKTOPHI,
reomMeTpuuHi Ta (izuko-mexaHiuHi napamerpu KO; 3abesneueHHs
OUMILICHHS, HOpMaJli3allli Ta TeHepalii po3MMUPEeHUuX KOMOIHAIIN BX1THUX
O3HaK JJIsl MOJIaJbIIOTO MOJIETIOBaHHS.

Po3pobka Ta HaB4aHHS MoOJeJeld MAIIMHHOTO HaBYaHHS; OIIHKA
edextuBHOCTI aniroputMiB MH; BUOip oNTUMAIIBHOT apXITEKTYPH.
[ToOynoBa reHeTUYHOT0 AATOPUTMY JIJIs MOIIYKY ONTUMAJIBHUX TPAEKTOPHUX
napaMeTpiB, 10 MAaKCHUMI3YIOTh IHTETpajbHE TEIJIOBE HABAHTAXKEHHS Ha
KPUTUYHOMY 1HTEpBAJIi.

VY3aranbHeHHsT PEKOMEHIAIN 11010 BUOOPY MOYATKOBUX YMOB BXOMdY ISt
PI3HUX THUIOBUX KJIACIB KOCMIYHUX OO0’ €KTIB; (hOPMYJIIOBAHHS MPAKTUYHUX
BKa31BOK JIJISI TPOEKTYBAHHSI MiC1i1 aKTUBHOT'O 200 KOMOIHOBAHOTO BUIAJICHHS

CMITTS 3 YpaxyBaHHIM TCIJIOBOTI'O YMHHHUKA.
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006’exT mocaigxenns. [Iporec KepoBaHOTO BIJBEACHHS KOCMIYHOTO CMITTA 3
opOITH IIUIAXOM BXOJy B aTMoc(epy 3emii.

Ipeamer aocaigkenHsi. MartemaTUdHl MOJEIl Ta aJITOPUTMH ONTHMI3aIil
TPAEKTOPIA 3HUKEHHS KOCMIYHUX OO’€KTIB 3 ypaXyBaHHSIM TEILIOBOTO
HAaBaHTAXXEHHS, 30KpEMa Ha OCHOBI MAIIMHHOTO HaBYaHHS Ta TEHETHYHHX
aJTOPUTMIB.

MeToau aocaigxkeHHs. Y mporeci JOCIIKEHHS] BUKOPUCTOBYBABCS KOMILJIEKC
METO/IIB, 110 OXOIUTIOIOTh: aHali3 1 CUHTE3 HAYKOBO-TEXHIYHOI 1HQopMaIli — ass
BUBYEHHS ICHYIOUMX MIAXOJIB JO MPOTHO3YBaHHS AaepoJIMHAMIYHOTO HArpiBy,
3BEJIEHHS O00'€KTIB 3 OpOITM Ta METOJIB ONTHUMAJIIBHOTO KEpPYBaHHS, METOIHU
MaTE€MaTUYHOT 0 MOJIEIIOBAHHS — JJI1 OOYJOBU MOJIENEH pyXy KOCMIYHUX 00'€KTIB
B atMocdepl, BKIIOUAIYHU PIBHSIHHS TUHAMIKY MOJIBOTY, MOJIE1 aepOAMHAMIYHOTO
OMopy Ta TEIJIOBOTO HABAHTAXKEHHS, METOAM MAIIMHHOTO HaBYaHHS— IS
noOy/I0BH E€MITIPUYHUX MOJIeJIEd MPOrHO3yBaHHS TEIJIOBOIO HABAHTAXKEHHS HA
OCHOBI BEJIMKOI KUIBKOCTI BXIJHUX MmapaMmeTpiB (popma, Maca, KyT BXO.y,
IIBUJIKICTh TOWIO): PErpeciiHi Mojendi, JAepeBa pilleHb, HEUPOHHI MEPEexi,
TE€HETUYHI aJITOPUTMH — JIJI ONITUMI3AIlil TPAEKTOPHUX NTapaMeTpiB 3 ypaxyBaHHSIM
HUIbOBOI (DYHKINT, 0 BKIIOYAE MAaKCHUMI3allil0 TEIUIOBOTO HABAHTAXKECHHS Ta
MIHIMI3aLIi0 PU3UKY JOCATHEHHS yJIaMKaMU 3€MHOI TIOBEPXHI.

HaykoBa HoOBH3HA.

1. Brnepiie jist BUSHAYEHHS TEIJIOBUX HABAaHTAXKEHb HAa 00’ €KT IO PyXA€ThCS B
atMocepi 3emui noOynoBaHa Mmojenb MH 1o 103BOJisE KOMILIEKCHO
OI[IHUTH BIUIUB TPAEKTOPHUX MMAPaMETPIB HA TEIJIOBI MOTOKHU [0 BUHUKAIOTh
Ha aTMOC(EpPHUX AUISTHKAX TPAEKTOPIH.

2. Bmepiiile BUKOPUCTAaHO T1IOpUIHUN MIAXiJ, 1[0 TOEIHY€E MAIIMHHE HAaBYAHHS
JUISL TOYHOTO TMPOTHO3YBAaHHS XapaKTEPUCTUK TEIUIOBOIO TIOTOKY Ta
FEHETUYHUN aJITOPUTM JUIsl ONTUMI3allli MapamMeTpiB TPAaeKTOpii BXOAY B
atMmocdepy.

IIpakTH4YHA 3HAYMMICTB JOCTIKEHHS IOJIATA€E B PO3POOITT METOTUKH IS

PO3paxyHKy J0 ONTUMI3allii TPAEKTOPii 3BEJICHHS] KOCMIYHUX 00’ €KTIB 3 OpOITH 3



15
ypaxyBaHHSIM TEIUIOBOIO YWHHHMKA. 3ampolOHOBaHa METOAMKAa MOXe OyTH
BUKOPHUCTaHA MiJ Yac MPOEKTYBAHHS MICId AKTUBHOTO BHUIAJEHHS KOCMIYHOIO
CMITTA JJis1 BUOOpY IapaMeTpiB BXOLy B arMocdepy, 0 3a0e3MeuyroTh
rapaHTOBaHe 3ropaHHsi 00’€KkTa 0€3 yTBOPEHHS (parMeHTIB, sIKi MOXKYTb JIOCATTH
3eMHO1 MOBEpPXHI a00 3aMUIIUTUCA HAa OpOiTi. J[Jis CTBOpEHHS aBTOMAaTH30BAHUX
MPOTPAMHUX KOMIUIEKCIB — SIKI MOEAHYIOTh JITOPUTMHU ONTHUMI3allli, MAITUHHOTO
HaBYaHHS Ta MOJIEJ1 TEIUIOBOI AECTPYKIIi A MIATPUMKH PillIEHb Y pPeaibHOMY Yacl
MpU YIOpPaBIiHHI CIYCKOM KOCMIYHMX TUI, a TaKOX Y HaBYaJIbHOMY IpPOIIECI Ta
MIArOTOBI (axiBIIB — (K MOPUKIAJ MUKAUCHUIUIIHAPHOI 3a/adi, M0 MOEAHYE
KOCMIYHY MEXaHIKy, TEpMOJAMHAMIKY, ONITUMI3aLlIi0 Ta IUTyYHUH 1HTEJIEKT.

JloCTOBIpHICTh OTPUMAHUX Pe3yJbTAaTIB 3a0€3MeUy€eThCSI 3aCTOCYBAHHIM
3araJbHOBU3HAHMX Ta 0OararopazoBo ampoOOBaHUX MOJENEH, KOPEKTHUM
(hopMyIIIOBaHHSIM MaTEeMAaTUYHUX MOCTAHOBOK 3a/1a4, BUKOPUCTAHHSIM TEOPETHUUYHO
OOIPYHTOBAHHMX METOJIB 1 aIrOPUTMIB, 1[0 HE CyllE€pedaTh YCTAJIEHUM HAYKOBUM
nojokeHHsIM. OKpiM IIbOTO, JOCTOBIPHICTh MIATBEPIKYETHCS KOHTPOJIHOBAHOIO
TOYHICTIO OOYMCIIEHB, TPOBEJCHHSIM Baliallli MoJieJiel Ha He3aleKHUX BHOIpKax,
a TAKOK y3TOJKEHICTIO OTPUMAHUX PE3YJIBTATIB 3 OMYOJIIKOBAHUMU JAHUMHU 1HIIHX
TIOCJIITHUKIB.

IIy0uaikanii Ta ocoOucTHii BHECOK 3100yBaya.

OCHOBHI pe3ynbTaTu POOOTH BUKIIAJICHO B 4 Mpallsix, cepel] IKux 2 BXOASITh
710 HAyKOMEeTpu4HOi 0a3u Scopus, 2 ony0iKoBaH1 B ()axOBUX BUJIAHHAX YKpaiHU
kateropii b. Cnucok HaBeaeHo B Jlomatky A. VYci OCHOBHI iJiei, pO3paxyHKH Ta
pe3yabTaTh IUcepTaliitHol poOOTH OTpUMaHi 3100yBayeM CaMOCTIIHO.

Crtpykrypa Ta 00csr aucepramii.

PoGora cknmagaeTbcsi 31 BCTYMy, YOTHUPBOX PO3.LIIB, BUCHOBKIB, CIIHCKY
BUKOPHUCTAHO1 JIITepaTypHu Ta MOAATKIB, 10 MICTATh 40 pucyHkiB Ta 15 Tabnuipb,
3arajgibHUI 00csT poOOoTH cKilasiae 154 cTOpIHKHU, CIMCOK JITepaTypH 3aiiMae o0cCsT

20 cTOpiHOK.



16
PO3/1J1 1. CYYACHU CTAH ICHYIOUMUX HIAXOAIB OLIIHKA
TEIIJIOBUX HABAHTAKEHb HA KOCMIYHI OB’€EKTH I YAC
PYXY B ATMOC®EPI 3EMJII

1.1. TIIpobsaema KocMiYHOrO cMIiTTH B atMocdepi 3emJri

3 MOMEHTY 3alyCKy MepIIoro IMITYYHOrO CYNyTHHKA KIUIBKICTh TUI, ILIO
00epTaroThCI HABKOJIO 3eMJTi, MMOCTIHHO 3pOCTaE 3a €KCIOHCHITIAJIbHUM TPEHJIOM.
VY 3Biti npo KocMmidyHe CMITTA [1] mMoOkKa3aHO MOTOYHI TEHICHINI IOA0 O0'€KTIB
po3mipom moHan 10 cm, 110 3HAXOAATHCSA Ha OpOiITI 3emiil. KiIbKiCTh KOCMIYHUX
o0'ektiB (KO), ixHS cymapHa Maca Ta IUIOIIA HEYXUJIBHO 30UIBIIYIOTHCS, IO
MPU3BOAUTL JI0 TOSIBU MHUMOBUIBHUX 3ITKHEHb MDK poOOYMM KOPHUCHUM

HaBaHTXKEHHSIM 1 KOCMIYHUM CMITTAM (puc. 1.1).

Object Count by Size and Type

@% - 337 10215 [ERELE 97 10000
\:b
8000
\;\ed\\)((\ - 1607 1943 227 313
o - 6000
N
5
A\
o 418 5 156 4000

- 2000

\\
(\‘6‘0@ - 344 168 115 1066
S
C) (s} X \\
0‘\ oa V.e 0«
Oe ?3\*\ %0(’ \)(\V*(\
Type

Pucynok — 1.1. Po3nozin kocMiuHUX 00’€KTiB B aTMOchepi 3emMili 3Tri1HO [2]

Pusuk 3iTKHEHHS 3 OpOITAIBLHUM CMITTAM JJisi KOCMIYHMX amnapaTiB ado

MUJIOTOBAHUX KOPaOJiB € OJTHUM 3 OCHOBHUX (haKTOpIB O€3MeKU (PYyHKIIIOHYBaHHS
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KOCMIYHUX CUCTEM y HaBKOJIO3€MHOMY IIPOCTOPI [3], OCKUIBKU BIH MOKE MPU3BECTH
JI0 KacKaJHOTro e(eKTy, MOTEHIIHO HEKOHTPOJIbOBAHOTO, BIJOMOTO SIK CUHIAPOM
Keccnepa [4]. Cepen 20 000 Benukux O0O0'€KTIB, SKI Hapasi 3HAXOIAThCSA Y
BiAKpuTOMY Katanosi [5], nuire 2000 € girounmu, 3 HuX 1500 € ManeBpeHUMH, 11O
ctaHOBUTH MeHie 10%, 37aTHUX 3a HEOOXIJHOCTI BUKOHATH aKTUBHUU MaHEBP
YHUKHEHHS 31TKHEHHS.

Y [6] aBTOpU BBOASATH MOHATTS «EKOHOMIYHOTO cuHapomy Keccnepay,
MOMEHT, KOJM NpUOYTKH Bl 3alyCKy CYNYTHHKIB MaJal0Th HUXKYE OYIKYBAHHMX
BUTPAT Y€PE3 3pOCTAHHS PU3UKY 31TKHEHb. MO/IENIIOBAHHS IIECTH PI3HUX MOJITHK
MoKa3ye, 1o J00poBuUibHA 95% ctpareris ciinyBanHs pekomedaarism OOH [7] uu
MOJATOK Ha 3aIyCK JIUIIE€ CHOBLIBHIOIOTh, aJI€ HE 3YMUHSIOTh HAKOIMYEHHS YJIaMKIiB
(puc. 1.2). €aunuil nuisx 10 (QAKTUYHOTO 3MEHILIEHHS CMITTS — 1€ aKTHBHE
BUJIAJICHHS CMITTA 13 IIOPIYHUM HApOIIYBaHHSAM TEMIIIB, MOEAHAHE 3 BHCOKOIO
TUCIUIUIIHOI JOTPUMaHHSA TpaBmwiI. Taka KomOlHOBaHa CTpaTeris 37aTHa
«ouuctutn» opOity (>10 cm) mo kinug XXI cT., Toai sk 6e3 BTpy4yaHHS CMITTSA

3pOCTaTUME €KCIIOHEHIIIHHO 1 3p0OUTh OpOITH €KOHOMIYHO HEMPUJATHUMH.

Baseline
50,000 = =95% Compliance Rate

— Launch Tax /
40,000 seees Active Debris Removal /
= Debris Removal 1 + 95% Compliance Rate /

-+* Debris Removal 2 + 95% Compliance Rate /
30,000

20,000

Number of Objects in LEO

10,000

o X

2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

Pucynok — 1.2. KiibKicTb KOCMIYHOTO CMITTS y PI3HUX CIIEHAPIsIX [6]
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1.2. Metoau 60poTHLOM 3 KOCMIYHUM CMITTAM

3rigHo poOit [8-13] MeTo U MOXKHA TMOIITUTH HA TPU BEJIUKI TPYIU: aKTHUBHE,

MacUBHE Ta KOMOIHOBAaHE BUIAJIEHHA KOCMIYHOTO 00’ €KTIB.
1.2.1. AKTHBHE BUIAJCHHSA CMITTH

AKTUBHI METOJU TMependayaroTh BUKOPUCTAHHS CHEHIANIbHO OCHAIICHHUX
KOCMIYHUX KopaOiiB abo poOOTHM30BAaHUX amaparTiB, sSKi 30JMKYIOTbCA 3
OopOITaIbHUM yJIaMKOM 1 aKTUBHO BTPYUalOThCs B Horo pyx. Taki armapaTtv MOXYTb
3aXOIUTIOBATH  CMITTA ~ MEXaHIYHUMHM  3aco0amu  (CITKaMu, TrapIyHaMH,
pOOOTU30BAHUMH PYKaMH, KJICIOUUMH MOBEPXHSMH TOIO) a00 3MIiHIOBaTH HOTO
opOiTy OE3KOHTAKTHO (J1a3epHUM IMITyabcoM [ 14, 15], ionHum npomenem [16, 17]).
Y pob6oti [18] po3pobiieHO Ta EKCIEPUMEHTAJIbHO MMATBEPKCHO alrOpUTM
KepyBaHHSI THYYKOIO CITKOIO, IO 3a0e3rnedye HajiiiHe 3aXOIJICHHS YyJlaMKa 1
CTaOUIbHUNM OyKCHUpHHMI pexxuMm micias oOroptaHHs. ABtopu y [19] BukoHamu
YUCJIOBl ¥ MIKpOTrpaBiTalliiHi BUIIPOOYBaHHSI TapIyHHOI CHUCTEMHU, BCTAHOBUBIIU
BUMOTH JI0 KIHEMAaTUUYHHUX MapaMeTpiB MOCTPUTY Ta BiAgadl HOCis npu nepdoparirii
Benukux 00’ekTiB. PoboTu [20, 21] O1iHIOIOTh BUKOPUCTAHHS €JIEKTPOJUHAMIYHUX

TPOCIB Y POJIl «OyKCHpay.
1.2.2. IlacuBHe BUIAJIeHHA KOCMIYHUX 00’ €KTIiB

[TacuBHI METOAU CHUPAIOTHCS HA MPUPOAHI YMHHUKH (aTMOc]epHHil ormip,
rpaBiTamiitHi 30ypeHHsi) a00 MPOCTI MNPUCTPOi, BCTAHOBIEHI Ha KOCMIYHHMX
amapartax, SKi IiCJsl 3aBEPIIeHHS MiCIi JOoMararoTh iM CAaMOCTIMHO 31iTH 3 OpOITH.
[nes monsgrae B Tomy, 111006 MiHIMI3yBaTH YTBOPEHHS HOBOTO CMITTSI 1 IPUCKOPUTH
MPUPOJHY Jerpafaiilo opOIiT 0e3 aKTUBHOTO BTPYYaHHSI I1HIIOTO KOCMIYHOTO
amapara. IlacuBHI 3ax01u, SIK MpaBUJIO, MEHII CKJIaAHI TEXHIYHO 1 JEIMIeBIIl: X
3aKIaJal0Th Y KOHCTPYKIIIO KOCMIYHOIO amapara 3azaaieriib. OJIHaK BOHU
31e0uIbIIoro epexTuBH1 AJisi 00’ €KTIB HA HU3bKUX HABKOJIO3EMHUX OpOiTax 1 He
MOXYTh IIBUAKO MNpUOpaTH BKE ICHYIOYI BEJIMKI YJaMKH, 1[I0 HE OCHAIIEHI

cretiaibHUMU TpucTposiMu. Ctarts [22] AEMOHCTpYE, SIK MOXKHA BHKOPHUCTATH
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opOiTalbHI PE30HAHCH JIs TACUBHOT'O BUIAJIEHHSI KOCMIYHOTO CMITTS, CIIOHYKAal0un
CyHyTHUKH JI0 OpOITAJIbHUX 3MIH, SIKI TMPUCKOPIOIOTH IXHIA po3Mmaa yepes
atMocdepHuii onip. ABTOpH y [23] IPONOHYIOTH KOHIIEMIIII0 TACUBHOTO BUATCHHS
OpOITaIbHOTO CMITTS 32 JOMOMOTOI PO3TOPTaHHS BEIMKOI IUIONI MOJIIMITHOI
IUTIBKH, 110 CIIOBUIBHIOE PYX YJIAMKIB 1 COPHSIE iX MPUpOJHOMY po3nany. Romagnoli
1 Theil y [24] 3moaemtoBanu opOiTadbHy AMHAMIKY COHSYHOTO BITpHJIA 1 IOKA3aIu
CKOPOYEHHSI 4Yacy MPHUPOJHOIO CXOJKEHHS OUIbIl HIXK YJIBIYl TMOPIBHSIHO
3 MaCUBHUM aTMOC(HEpPHUM TrajbMyBaHHSM. Y CTaTTi [25] aBTOpaMu JOCIHIIKEHO
MOXJIMBICTh BUKOPUCTAHHS 10HOC(EPHOTO OMOPY, 1[0 BUHUKAE BHACIIOK OOMIHY
IMITyJIbCOM 4Ye€pe3 EeJNEeKTPOCTATHYHY B3aEMOJII0 MIX 10HAMH Ta EJIEKTPOHAMU
10HOCGEpH Ta €IEKTPUYHO 3apsKEHOTO KOCMIYHOTO amapara, JJisi MPUCKOPEHHS

CXOJKEHHSI KOCMIYHOTO arnapaTa 3 HU3bKO1 HaBKOJIO3€MHOI OpOITH.
1.2.3. Kom0inoBaHni meroau

KomOiHOBaHI MeETOAM TOEIHYIOTh €JIEMEHTH AaKTHUBHOTO BTPYYaHHS 3
MOJAJBIINM TTAaCUBHUM BUIAJICHHSAM CMITTA. Taki TIOpUIHI MIAX0AW HaMararoThCs
BUKOPHUCTAaTU IepeBaru 000X cTpaTeriii: akTtuBHa ¢aza 3abe3neuye HajilHE
3aXOIJIEHHS] a00 TMOYaTKOBE MEpEeMIllleHHsl yJaMKa, a NacuBHa (a3za 3MeHIIye
CyMapHi €HEpreTHYHi BUTPATHU Ta PHU3UK YTBOPEHHS HOBHUX YIAMKIB MpHU
OCTaTOYHOMY 3Be/IeHH1 00’ ekTa 3 opOiTH. KoMOiHOBaHI pillIeHHsI 0COOJIMBO KOPUCHI
it Benukux KO: cnouatky notpiOeH KOHTPOJIbOBAHUH BILUIUB, 11100 3MIHUTHU iXHIM
pyX, aje Jajii aepoJAMHAMIYHI CHJIM MOXYThb 3aBEpIIUTH poOoTy. Y poboti [26]
MPEJCTABICHO MEPIIUM YCHIIMHUM OpOITAIbHUN EKCIEPUMEHT 13 BUIAJICHHS
KOCMIYHOTO CMITTA. ABTOpaMH MPOJAEMOHCTPOBAHO MOCTIJOBHE BUKOPHUCTAHHS
CITKM Ta rapryHa Jjs Qikcari i, micis 4oro anapaT po3ropHyB Apar-BiTpuiio u
YBIMIIOB Yy arMocdepy pa3oM 13 3aXOIJIEHUM KyOOCYNYyTHHKOM, JTOBOJSYU
e(EeKTUBHICTh I1HTErpallii aKkTUBHUX 1 MACUBHUX TEXHOJOTIM y MeXKax OJHI€T
matdopmu. Y poOoTi [27] po3TissHYyTO HOBUI KOMOTHOBAaHUM M1IX1] 10 BiIBEACHHS
BEJIMKOTa0apUTHOTO KOCMIYHOTO CMITTS B IIUIBHI mIapu atmocdepu 3emii (puc.

1.3.). Leii meronm mnependayvae CIHiIbHE BUKOPUCTAHHA AaKTUBHOTO 3aco0y —
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PEaKTUBHOI PYXOBOi YCTAaHOBKM — 1 MACHBHOro 3aco0y — aepoAMHaAMIYHOIO

MapyCHOTO MPHUCTPOIO.

4

Pucynok — 1.3. CxeMa KOMOIHOBAHOTO BiJIBE/ICHHS BETUKOTa0apUTHUX KOCMIYHHUX
00'€KTIB 3 BUKOPUCTAHHAM CMITTe30Mpaya: a — 3emiisi, 0 — CMITTE301pHUK 3
BKJIIOUEHOIO PEaKTUBHOIO PYXOBOIO YCTAaHOBKOIO, B — CMITTE€301pHUK 3 BUMKHEHOIO
PEAKTUBHOIO PYXOBOIO YCTAHOBKOIO, T — OpOiTa 1 — IILOBUM 00'€KT KOCMIYHOTO
CMITTS, € — CMITTE301PHUK 3 UIBOBUM 00'€KTOM KOCMIYHOTO CMITTS 1 BUMKHEHOIO
PEaKTUBHOIO PYXOBOIO YCTAHOBKOIO, & — CMITT€301pHUK 3 IIILOBUM 00'€KTOM
KOCMIYHOTO CMITTS 1 BKJIFOUEHOIO PEAKTUBHOIO PyXOBOIO YCTaHOBKOIO, 3 — Op0OiTa
YBOJY, 3 — 0p0OiTa yBOAY /10 — CMITTE30IPHUK 3 IJILOBUM 00'€KTOM KOCMIYHOTO

CMITTSI 1 pO3TOPHYTUM aepoAMHAMIUYHUM BITpuUI [27]

TakuM YWHOM, HAWOIIBIIMKM NOTEHINAJ] JUIS IIBUJKOTO Ta OE3IEYHOro
OUMILIEHHS OpOIT MalTh camMe KOMOIHOBaHI pIIIEHHS, SKI 1HTETPYIOTh CHJIOBI
(akTUBH1) Ta aepoAuHaMIYHI 4u (OTOHHI (MACHBHI) METOAUW B €JMHI MIiCli,

3abe3rneuyoud €(eKTUBHE 3aXOIUICHHS ¥ EHepProomagHuid CHOYyCK KOCMIYHOTO

CMITTH.
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1.3. Orusix miaxoais a0 onucy npouecis HarpiBanHs KO B armocdepi

B mporieci Bxomkennst B atmochepy KO pyitHyroTbCS i1 1I€10 PI3HUX CUI,

TaKuX K rpaBiTallis Ta aepoJUHaAMIKa, 1 yTBOPIOIOTh BEJIUKY KUIbKICTh yJIaMKiB [28]

(puc. 4).

Bxin B atmocdepy

[TouaTok

& pyitnyBanns

% @ N PyliHyBaHHA

]
o
12 AN g,
= s AN ©
as} OK °a
Q- [ToBHE 3rOpSHHA B
atMocdepi eneMeHTiB

o\ 0\ [TaiHHA OKPEMHX EJIEMEHTIB Ha
MOBEPXHIO

[ToBepxHs 3emii

Pucynox — 1.4. 3aranbHa cxema pylinyBanHs Ta 3ropstHHs KO B atmocdepi 3emui

[9]

BinbmricTe ynaMmkiB pyHHY€eThCS BHACTIAOK TEpMIYHOT abiiii B atmocdepi,
ajsie € UMOBIPHICTh HEMOBHOIO PYWHYBaHHS 1 3TOpsiHHSA 00’€KTa Ta MaJIHHS Ha
MOBEPXHIO 3eMJli 3 BIAMOBIIHUMHU PHU3UKAMU [JIsl JIIOJEd 1 HaBKOJIUIIHBOTO
cepenoBuiia. KomOiHOBaHI METOIM BIABEACHHS KOCMIYHOTO CMITTS 3 HHU3BKHX
HaBKOJIO3€MHHX OpOIT JO3BOJISAIOTH KOHTPOJIb MApaMeTPiB BXOKEHHS 00’ €KTY B
atMocdepy [29], oTke, € MOXKIUBICTh BIIMBY Ha TEIUIOBUM PEKUM 00’ €KTY.

[IporHo3yBaHHs KUIBKOCTI OTPUMAaHOTO TeIjaa 00 €KTOM € JIOCTaTHbO
CKJIAJHOK MAaTeMAaTHUYHOIO 33a7adelo, sKa NoTpedye pPO3B’SI3aHHS CUCTEM
mudepeHIialbHUX PIBHSAHb OalliCTUKM 1 aepoTePMOJIMHAMIKH, BpaxyBaHHS
TUHaMIKd aTMocepu, aepoArMHAMIUHI XapaKTepUCTUKU, MOJIEITIOBAHHS MPOIIECIB
nporpiBy 1 abmsmii 1 abusi. [le moTpedye 3HaYHUX OOUUCITIOBAIBLHUX PECYPCIB 1

BIJIHOCHO TPUBAJIOTO Yacy Ha PO3PaxXyHOK.
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B HaiinpocrimoMy BUMAIKy ISl PO3paxyHKY aepOJWHAMIYHOTO HArpiBy
MOTPIOHO po3B’si3aTU cucteMy audepeHuialbHuX piBHAHL pyxy KO B atmocdepi

[9]

dﬁ:zﬁm )
dt u

di __ WRcosu

dt Vup

@_WRsinu

dt _\/ﬁsini

dl Pl . p+R R R . e, (L.1)
— = —[Ssmu+T(—cosu+—l)+W—hcotlsmu]

dt 7 p p p
@=\/E[—Scosu+T(ﬂsinu+5h)—Wﬂlcotsinu]

dt u 14 p p

du _ B(i—Wﬂcotisinu)

dt u \R2 p y,

ne p — (pokabHMI TapameTp; | — HAXUJIEHHS; {2— JOBroTa BUCXIJIHOTO BY3I1a;
[ 1 h — mapametpu Jlammaca; t — gac; u — apryment mmpotu; S, T, W — panianbre,
OlHOpMasibHE ¥ TpaHcBepcaidbHe 30yprOIOYl MPUCKOPEHHS; U — TrpaBiTailiiiHa
noctiitHa; R = p/(1 + lcosu + hsinu) — reomerpuuna Bigcranb 10 KO.

o cuctemu 1.1 gogaroTbest HEOOXIHI MOYATKOBI YMOBH, II0 BU3HAYAIOTh
napametpu Bxoay KO B atmocepy. Cepen Takux napaMmeTpiB HAaBaKIIMBIIIUMU, 3
TOYKH 30py BU3HAUEHHSI TPAEKTOPIi, € KyT BXO/y, TOYATKOBA IIBUJIKICTh Ta BUCOTA.

TemnoBe HaBaHTAXKCHHS BU3HAYAETHCS SIK

At = 9s conv T As rad> (1.2)

1€ (sconv | Gsrad — KOHBEKIIIMHA 1 pajiaiiiiHa CKJIaJ0Bl TEIJIOBOTO MOTOKY

BIJINIOBIIHO. B TOUIl raibMyBaHHs MOXKYTh OyTH nipeacTaBiieHl y Burisiai [30]

s cony = 2222 (£)" (V%)S'ZS, (1.3)
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ne r — xapakrepuuit posmip KO; p — ryctuna atmocdepu; p, — ryCTUHA
atMocdepu Ha piBHI Mops; V — MIBUIKICTh pyXy 00’ €KTa MO TpaekTopii; I/ — nepiua
KOCMIYHa MIBUAKICTh; MOKA3HUK N1 BUBHAYAETHCS XapaKTEPOM MOTPAHUYHOTO IIapy.
Jlnst namMiHapHOTO TOTPAHUYHOIO IIapy, IO Mae Micle MOOJU3y TOYKHU
rabmyBadHsa, n = 0.5. KoedimieHT A.p,y, ¥ cuctemi CI mae 3nauenns 1.93 X

10°%x/Ix/(M*? ¢). PamianiiiHa ck/1agoBa TEMIOBOTO MOTOKY

v 7.4
9srad = Aradrp1'68 (E) , (1.4)

ne napamerp A,qq = 1.038 X 10™*, po3MipHICTb G4 qq Y PopMydi (4) Mae
3HayeHHsd KBT/M>.

OTxe, ISl KOXKHOTO KOHKpeTHOro Bumnaiaky Bxoay KO B atmocdepy
He0oO0X11HO po3B’s3yBaTu cuctemy (1)-(4) 1ist BU3BHaUECHHS TPAEKTOPII 1, BIATOBIIHO,
TEIUIOBUX HABaHTAXEHb 3 ypaxXyBaHHIM 3MiH MapaMeTpiB aTMOc(hepHu.

Pi3Hi migxoau 10 MOJENIOBaHHS OalaHCYIOTh MIX TOYHICTIO 1
00UYHCITIOBAILHOIO BapTICTIO JJISI BpaxyBaHHS IIMX B3a€MOIIOB'SI3aHUX AaCIEKTIB.
[IpoTsirom GaraTh0X POKIB JOCHIHMKUA PO3POOMIN LUIMM CIEKTp MOJENeH, Bij
IIBUJIKUX 1HXKEHEPHUX IHCTPYMEHTIB /10 BHUCOKOTOYHUX CHUMYJAIIN, s

MPOTHO3YBAHHS HATPIBY 1 3TOPaHHS MPU BXO/Il B aTMOChEpy.
1.3.1. HaniBeMnipu4Hi Ta aHaJdiTu4Hi popmyiin

EMmipuyuHi Ta aHamiTA4YHI MOJIENl TPYHTYIOThCS K Ha TEOPETUYHUX
BUCHOBKAaX, TaK 1 Ha EKCIEpUMEHTAIbHUX crHocTepexkeHHsx. L1 momeni
BUKOPHUCTOBYIOTh PIBHSIHHS a00 KOpeJsilii 3aKpuToi (popMHU AJis OLIIHKH KITFOUOBHUX
BEJIMYMH, TAKUX K TOBEPXHEBI TEIUIOB1 MOTOKH 1 IBUAKICTh a0l M1 4aCc BXOAY
B atMocdepy. IXHBOIO TIepeBaroro € MpocToTa i MBUAKICTS, IO JO3BOJSLE POOUTH
IIBUJIKI OIIHKK O€3 IHTEHCUBHMX OoOuucieHb. Tak y orusai [31] mpencraBiieHO
BCEOIYHUI aHaI3 aepOJAMHAMIYHMX CHJI, HArpIBy Ta 3acO0IB TEIJIOBOTO 3aXUCTY —

Bl aONAMIMHMX MaTepiaiaiB 10 TEIJIOI30MAMIMHNX TOKPUTTIB. Y cTarTi [32]



24
aBTOpaMy 3alpolOHOBAHO MiAXiA [0 ONTUMI3AIli TPAEKTOPIA MOBTOPHOIO
BXO/DKEHHSI O€3rpaJieHTHUMH aJrOpuTMaMu. Y AOCHiJKeHHI [33] HalaHO HOBI
KOpeJsLii i1 po3paxyHKy KOHBEKTHUBHOIO Ta pajialliifHOTO TEIJIOBOTO MOTOKY B
Toulll crar”amii. ABTopu y [34] NpOMOHYIOTH aHANMITU4YHI PO3B’S3KH JIPYyTrOro
nopsAaky Juis 3amadi BxomkeHHss KO B atmocdepy 3emni. AHaii3 BHXKHBAHOCTI
ylaMKiB BHUCBITIIEHO B po6oTi [35]. Hapemrti, B crtarti [36] 3ampomoHOBaHO
aHAJITUYHY METOJUKY 3 YpaxyBaHHSM KaTaliTUYHOI peKoMOiHaIlli Ha MOBEpPXHI
ynaMmKiB po3Mipom 2.5-10 cm.

VY pob6orti [37] aBTOpH BCeOIUHO MpoOaHaNi3yBajdu ICTOPUYHUNA Ta CydacHUU
Ha0lp HamiBEMIIPUYHHUX 1 aHATITUYHUX KOPENAIId, IO 3aCTOCOBYIOTHCS IS
IIBUJIKOT IH)KEHEPHOT OI[IHKM KOHBEKTUBHOI'O TEIJIOBOTO HABAHTAXKEHHSI KOCMIUYHUX
00’€KTIB Mij Yac Tinep3BYKOBOIO MPOXOKEHHS LIITBHUX IIapiB atMochepu. Yci
(dhopmysi OpIEHTOBAHI HAa CTarHAIIHUN TEMJIOBUMN MOTIK (. 1, TOIPHU BIIMIHHOCTI1 Y

cnoco01 moOyA0BH, IPYHTYIOTHCSI HA CHUIBHOMY 3aKOHOMIPHOMY 3B SI3KY:

VP 13
qc <~ Voo,

(1.5)

ne L =Ry = Refy — €KBIBAJICHTHUH pajiilyc HOCOBOI YaCTUHH, P 1 Vo —
IIITBHICTh TA MIBHUAKICTh BUIBHOTO MOTOKY. BOHa migkpecitoe, 1110 KOHBEKTUBHUN
TETUIOBUHN TMOTIK 3pPOCTa€ 3 MIBHUAKICTIO Ta IIUTBHICTIO W crHaja€e 31 30UIbIICHHIM
pazaiyca Tynoro Tiia.

@opmyna Fay—Riddell [38]

du,

ds = 0.94 (P i) (pette)* |1+ (Le® = 1) 22| (s — ) [(G2) . (16)

1€ IHAEKCH W, € Ta S I03HAYal0Th CTIHKY, Kpail IOrPaHUYHOT0 apy, Ta TOUKY
3aCTO0 BiAMOBINHO. Le — yucno JIproica uist cyMilll aTOMIB 1 MOJIEKYJ, a /ip —

CepellHd EHepris aucollialli aToMiB, MOMHOXXEHAa Ha MAacoBY YacCTKy aTOMIB Yy
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30BHIIIHBOMY MOTOIL, h — eHTanbmisl, p, L — TYCTUHAa W JUHaMI4Ha B’SI3KICTb,
du,/dx — rpami€eHT MIBUIKOCTI HA CTAarHAIINHIHN JTiHI1.

Po3pobisieHa 11 OLIHKM CTarHamiifHOro MOTOKY Ha KyJSIX 1 HWIIHApPax y
JUCOIIOBAHOMY MOBITP1 Ta IPYHTYETHCS HA IHTErpyBaHHI PIBHSHb T'PAHUYHOIO
mapy 3 ypaxyBaHHsM pekoMOiHaiii npu cTiHii. 3actocoByeTbcsi B ORSAT Bin
HaiionanbHOTO ynpaBiiHHS 3 a€pOHABTUKH 1 TOCTIKEHHS KOCMIYHOTO MPOCTOPY
(NASA) [39] 1 OaraTbox KoOJax, OCOOJMBO KOJW TOTPIOEH TOYHUM OOIIK
KaTaJIi3HOCTI CTIHKHU.

@opmyna Detra—Kemp—Riddell [40]

0.5

qs = —1-1";]73_:108 (1.1 + 0.9\/]1%) (%)0-5 (7%)3.5 [hs_i'félfé;)ms]a (1.6)

ne Dy, D, — maii Ta BETMKI TOJIOBHI pajilyc KpUBU3HU (U1t Chepu = 2R ¢ ),
Ps; — TYCTUHA Ha PiBHI MOpAL.

®opmyna moaudikye 6azoBy cxemy Fay—Riddell, inTepnomtoroun aaHi
yaapHoi TpyOu. BBoaAUTh MOMpaBKy HAa TeOMETPII0 uepe3 AlaMeTpu KpUBU3HU D,
D,. Jliama3oH BaJigHOCTI: MBHAKICTb — 2-8kM/c, BucoTa — h<76kMm.
BuxopucroByetbcsi y DRAMA/SESAM €Bponericekoi kocMiuHoi areHuii (ESA)
[41] 1 DAS Bim NASA Ta iHmUX 00’€KTHO-OPIEHTOBHUX IHCTPYMEHTaX MIJis
CTATUCTUYHOI OI[IHKH 3TrOpaHHs yJIAMKIB.

@opmyna Scala [42]

0.5

6365 Dy Voo )?
as = (1,1 +0,9 \/;) (10,00 (=), (1.7)

ne kKoedilieHTH a i b BiAIOBIIHO
a=—(0.9689 + 6.998 x 107°T,,)(5.626 + 3.228 x 10 °Hy;,)  (1.8)
b = (0.9793 + 4.672 X 107°T,,)(2.830 + 9.842 x 10~7Hy;;) (1.9)
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ne T,, — TeMrnieparypa CTiHku, H,;; — BUCOTA.

Posmmmproe dbopmyny Detra—Kemp—Riddell na 11-kOMOOHEHTHY cywminl 3
ypaxyBaHHSIM pajiaiii Ta XIMIYHOi HEpPIBHOBAru, BKJIIOYAIOYM Bapialii 4Yucen
[Tpanarns ta JIproica. Koedimientu a , b KoperytoTh epeKT BUCOTH i TeMIlepaTypu
CTIHKH.

@opmyna Lees [43]

_ 2K/20.50 \/petteVoohis
qS - PT2/3 «/Reff

G(Mo, ¥, Veo)s (1.10)

ne k — 1 ans ocecumertpii, 0 anst miockoro Tiia; 0e3po3mipHa (YHKILsS
G(Mw,V, V) BimoOpakae BIUIUB uncia Maxa Ta CKIIaay rasy.

dopmyny OTpUMaHO 3 Teopii JaMIHAPHOTO MOTPAHUYHOTO IIApYy ISt
TepMoauHaMivuHOi piBHOBaru. Kopensiiis 3aiae 3anexHICTh Yepe3 CepeHE YUCIO
[IpanaTns, npugatHa A1t chep 1 KOHYCIB, OJJHAK CXHJIbHA /10 MEPEOIIHKU (¢ MPU
V>7 xm/c.

©@opmyna Detra—Hidalgo [44]

g = 5.423><106( Voo )3-15 p;.o( hs—hy, ) (1.11)
§ JReff 3048 psi \Rs—=hy300k/" )

3anpornoHoBaHa sl MIBUAKUX MOMEPEAHIX OIIHOK, BKitouae «hot-wally

hs_hw

KOe(illieHT ( ), 10 J1a€ 3MOTY BpaxyBaTu HarpiB noepxHi KO.

hs_hw300K

@opmyna Herdrich [45]

1.705x1074
4s = = /Pu Vi3 (1.12)

Cnpomiena kopensuist popmynu 1.5 crBopena B IRS-Stuttgart nns ominku
TEIUIOBOTO TMOTOKY mif yac rinepooniyHoro Bxoay kamcyau STARDUST (12.8

KM/C).
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@opmyna Tauber [46]

hw

1.83x107%
Qs=ﬁ\/p_oo%§( _h_s) (1.13)

: : h
36epirae 3anekHICTh /PooVos Ta BBOAUTH IIPOCTY MOIPABKY (1 - h—w) ISt
S

KAaTaJIITHYHUX MOBEPXOHb 0e3 MacomepeHocy. PexomeHgoBaHa [l 1HXKEHEPHOIO
eTany BUOOPY TEIJI03aXUCTY.

@opmyna Koppenwallner - Lips [47]

3

2
0s = StpooVee 2 = Stpe, -2, (1.14)
2 2

3 MOCTOBHM 3B'I3KOM MIDXK KOHTUHYAJIbHUMHU Ta BiHBHO-MOJ’IeKy.HHpHI/IMI/I

oOJacTsIMu, ae

— Steont
St B \/1+(Stcont/StFM)2, (115)

= = LeeRerf St = 1. (1.16)

con \/@; Keff Ue

[TokpuBae mnepexia BiJ KOHTHUHYYMY JO BUIBHO-MOJIEKYJIIPHOTO PEXHUMY

OJIHIEI0 aHAMITUYHOIO (opMmynow. Pexxumu Tedil BU3HAYAIOTHCS BiAMOBIIHO 10
gucia Kuyacena Kn. BukopucroByerbcss B SCARAB Bin Himenpkoro
aepokocMiuHoro 1entpa (DLR/HTG) [48] mist OIIHKM TEIJIOBOIO HAaBAHTAKEHHS
IpiOHUX YTIAMKIiB.

@opmyna Zoby [49]

De
qs = Ki\/m (hs = hy), (1.17)
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ne K; — xoedimient temnosianayi, mo gopiBHtoe 0.1235 nus nosiTps, p, —

TUCK Ha Kpaw MOPUMEXKOBOTO Imapy. EmmipuyHa 3aiexHICTh ISl JTIOBUIBHHUX
BHCOKOEHTAJIbIIIMHUX ra30BUX CyMILIEH.

@opmyna Sutton - Graves [50]

De
qs = K41\/m (hs = hy), (1.18)

De
qs = K43\/m (hs = hy). (1.19)

V3araneHtoe niaxin Fay—Riddell nns cymimeid 9 6azoBux rasis 1 22
KoMOiHaI1i, BBoAsiuM KoedimieHTH Ky 1 K43, 110 3a7€kKaTh Bl MOJEKYJISIPHUX Mac
Ta TPAHCIIOPTHOT'O MapaMeTpa KOMIIOHEHTIB. 3a0€3Meuyl0Th XOPOIly KOPEKTHICTh
JUIS BACOKHMX €HTAJIBITIHN 1 CKIaIHUX aTMocdep.

AHani3 Kopesslii Moka3zaB, IO HalMEHIly NOXHUOKY TMOpPIBHAHO 3
EKCIIEPUMEHTOM JeMOHCTpye dopmyna Fay—Riddell 3a ymoBU BUKOPHUCTaHHS
rpajaieHTa MBUIKOCTI Stokes-Truitt [S1] Tomy came ii gouinbHO oOpatu 06a30BOIO
JUISL BUCOKOTOUYHHUX PO3PAaXyHKIB TEIJIOBOTO MOTOKY. [ MacoBUX Ta MIBHUIKHUX
OI[IHOK MPAKTUYHUM CTaHIApPTOM 3aJIMIIAEThCS 1HTepnoisiiiHa hopmyna Detra—
Kemp—Riddell 13 tunoBow mnoxubOkow 1o 12 %. Kopemsuii Tauber, Zoby Ta
y3arajibHEeH1 pIBHSAHHA Sutton 3a0e3MeuyloTh 31CTaBHY TOYHICTh 1 KOPHUCHI, KOJIU
CHil ypaxyBaTH HArpiTy CTIHKY 4M 3MIHHUHU ckiaj atMocdepu. [HI 3amexHOCTI
BAapTO 3aCTOCOBYBATH SIK BEPXHIO a00 HIKHIO MEXKY, & TAKOX Yy CHenu(piaHUX
pexuMax, 30KpemMa MpH Mepexoii A0 BUIbHO-MOJIEKYJISIPHOTO  TMOTOKY

(Koppenwallner).
1.3.2. O0'eKTHO-OPi€EHTOBAHI IHCTPYMEHTH MOBTOPHOI'0 BXO1Y

Kocmiuni arentctBa (NASA, ESA, HamionanpHuii 1IEHTP KOCMIYHHX
nocmimkens @panmii (CNES) ta iH.) po3pobuin BIOCKOHANEHI MaTeMaTH4Hi

MOJIeN1 Ta IHCTPYMEHTH MOJIEIIOBAHHS JJIsl OI[IHKY IIBUKOCTI HarpiBaHHs, aOJsIii
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Ta pylHyBaHHA 00'exkTiB. (OO'€KTHO-OPIEHTOBAHI I1HCTPYMEHTHU  IIMPOKO
BUKOPUCTOBYIOThCA ISl aHali3y BXOQy B aTMoc(epy KOCMIUYHUX OO’€KTIB Ta iX
ynamkiB. [{i IHCTpyMEHTH MOJENIOI0Th KOCMIYHUM amapar sk Hallp CHPOIIEHHUX
KOMIIOHEHTIB TaKUX SIK cepH, MIACTUHU, HUWIIHIAPU 1 IMITYIOTh IXHE MaJiHHS B
atMocdepi [52]

Cepen Binomux npukianiB: ORSAT [39], Bix NASA DRAMA/SESAM [41]
Big ESA, DEBRISK Big CNES, SCARAB Big DLR/HTG [48].

ORSAT BUKOpHUCTOBYE HaIIBEMITIPUYHI MOJEI1 a€pOHATPIBY JJIsl IPUMITUBIB
pi3HOI (hopMHU Ta OJHOMIPHY MOJIETh TEIUIONPOBIIHOCTI/abAIIll, 100 MEePEBIPUTH,
YU KOKEH KOMITOHEHT TUIaBUThCA abo BUKHKBaeE [53].

SCARAB [54] - 1 BHCOKOTOYHHM 00'€KTHO-OPIEHTOBAHHH KO,
po3pobsiennii komnaniero HTG (Himewunmna) 1 BukopuctoByBaHuii ESA mis
MozentoBaHHs pyxy ¢parmentiB KO [55].

DEBRISK [56] Takox € 00'€KTHO-OpPIEHTOBAaHHMM KOJOM: BiH CIpPOIIY€
KOCMIYHUH anapar A0 BU3HAYEHUX KOPUCTYBaYeM MPUMITUBHUX (HOPM IMPHU po3naii,
00UHCITIOE TPAEKTOPIIO 1 HATPIBaHHA KOKHOTO (PparMeHTa 3a JOmoMOroro (hizuuHux
MOJIeNIeH, a TaKOXK MPOTHO3Y€E BUCOTY MaIHHS a00 30HY YpaXEHHS MPY BUKUBAHHI.

Kuraiicbka cucrema DRAPS BUKOPUCTOBY€E TPUCTYNIEHEBY MOJIENb CBOOOAU
(3-DoF) TpaexTopii 1 3aCTOCOBYE MOCTOBI METOAM AJisi OOpOOKU MEpEeXoay Bijl
KOHTUHYYMY JI0 BUIbHUX MOJIEKYJI B aepoTepMoanHamii [57].

Y pobGortax [58, 35] 3ampomoHOBaHI MIAXOAW PO3PAXYHKY MPOIIECIB
HarpiBaHHs Ta pyWHyBaHHS 00’ €KTIB, II0 BXOASATh B aTMocdepy, L0 T03BOJISE
TOYHIIIE TIepe0aYUTH JOCSITHEHHSI KPUTHYHUX TeMIEpaTyp.

JlonatkoBy iH(oOpMaIil0 MOAO0 MOJETIOBAHHS BXOJKEHHS KOCMIYHOTO CMITTS
Hajiae orysf [59], B sIKOMy JIeTalbHO MOPIBHIOIOTHCS 00’ €KTHO-OPI€EHTOBAHI MOJIEN1
— ctragaaptauid ORSAT, cuctema SCARAB Tta inctpymenT DRAPS.

['070BHMM HENONIKOM LUX JAOCIHIAHUIBKUX 1HCTPYMEHTIB € JOCTYIHICTb

JuIIe 3a OpsIMUM 3allUTOM YM B paMKaxX IHCTUTYIIMHOI CHiBIpalli, iX HE MOXHa

3aBaHTAXXUTH Y BIIKPUTOMY JIOCTYTII.
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1.3.3. BucokoTo4He MOJAEJTIOBAHHA HA OCHOBI QI3MYHMX NPOLECiB

3 1Hmoro OOKy, IOCHIIHUKA BHUKOPUCTOBYIOTH BHCOKOTOYHI YHCEIbHI
CUMYJISILIT 11 I€TAJIbHOTO MOJEIIOBAHHS aepOTEPMIYHUX CEPEOBUII ITPU BXO/I1 B
atMocdepy 3emui. Jlo HUX BIIHOCATHCS oOunctoBaibHa rigpoaunamika (CFD) nns
CYIUILHOTO TOTOKYy, mpsiMe wmozemtoBanHss Monte-Kapio (DSMC) nns
PO3PIIKEHOT0 MOTOKY, a TAKOK KOMOIHOBaHUM aHAII3 PIAUHU-CTPYKTYPHU-TEIIIOTH
JUISL MOJENIOBaHHS (I3MKM pyHHYBaHHS. 3a OCTAHHE JECSATUIITTA PO3BUTOK
OOUYHCITIOBATLHUX TMOTYXHOCTEH 1 aJrOPUTMIB JO3BOJUB BUPIIIYBATU MPOOIEMU
BXO/DKEHHSI B artMmocdepy 3 OUIBIIOI PEaTiCTUYHICTIO, XO04Ya 1 3 BEIUKUMU
BUTpPATAMU.

Tak, y pocnimkensi [60] mans MolentoBaHHS BXOMKEHHS B aTtMmocdepy
KUTAMChbKOT KOCMIYHOI cTaHlii «TsHbryH-1» Oylo 3MOJENbOBaHO PO3PIIKEHUN
MOTIK HABKOJO CKJIagHOiT (QopMH 3 ypaxyBaHHSIM HEPIBHOBAKHUX €(EKTIB
(BiOpamiiine 30yJKEHHS, JUCOIAllisl TOBITPS) JJIsI TOYHOTO PO3pPaxXyHKY
aeponarpiBy. OnHoBneHHs ©0a3u manux peakiii Marepianie ESTIMATE [61]
nokpammio 0a3oBi Mozen abiAuii MarepianiB, SKI BUKOPHUCTOBYIOTBCS Y
BHCOKOTOUHHX KOJax. ¥ cTarTi [62] aBTOpU BUKOPUCTOBYIOTH JaH1, 110 OTPUMaHI
3a pomomoror MmetofiB DSMC, and IMBUAKOrO Ta TOYHOIO MPOTHO3YBaHHS
pO3MOJLTY TEIJIOBUX HaBaHTaXeHb Ha yiaamMku. Y poOoTi [33] BUKOPHUCTAHO

yucenpHi pimeHHs 3 NEQAIR, HARA ta CFD-xogy LAURA.
1.4. HogiTHI miaxoau 10 BUPilIeHHA NP00JIeM KOCMIYHOI0 CMITTH

Kinbkicts iHpopmartii npo KO Ha cbOrojiHi € 3HAYHOIO 1 3 4acoM Oyjie TUIbKU
30UIbIIyBaTH. 3O0UIBIICHHS KOMITIOTEPHUX TMOTY>KHOCTEM 1 T1OsBa HOBHX
MaTeMaTUYHUX MIAXOJIB, 30KpeMa MAaIIMHHOIO HAaBYaHHS Ta TE€HETHYHHX
QITOPUTMIB, HAIA€ MOXJIMBICTh 3MIHM MapaJurMu — BiJ MIAXOAY, 10 0a3yeThCs Ha

¢b13utii, 10 TiAX0TY, 110 0a3yeTbest Ha AaHuX (puc. 1.5).
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KnacuuHun nigxia Habip gaHWX icTOpUYHUX CrocTepeXkeHb
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Pucynok — 1.5. Knacuynuit miaxig vs mijaxij Ha OCHOBI JaHUX

OcTaHHIM YacoM MiAXOJY Ha OCHOBI IaHUX, Taki sk rnOoke HaBuaHHs (DL),
IPUBEPTAIOTh 3HAYHY YyBary B Pi3HUX ramy3sx. Lli Meroau 3HA4YHO MOKpaIIWIA
CydYacHUM CTaH pO3MI3HABaHHS MOBH, pO3MI3HABAaHHSA Bi3yaJdbHUX OO'€KTIB,
BUSIBIICHHSI OO0'€KTIB Ta 0ararbOX IHIIMX Tajly3ei, TakuX $K MOLIYK JIKIB Ta

reHOMiKa, aBTOMOO1IbHA TPOMUCIIOBITH 1 (PIHAHCH.
1.4.1. 3acTocyBaHHS MAIIMHHOI0 HABYAHHA B 321a4aX KOCMIYHOI TEMATUKH

MH - 1ne ramy3p IUTY4HOrO IHTENEKTy [63], BHU3HA4Ya€ThCAd SK
aBTOMATH30BaHUI MPOIlEC SKHUIl BUTSATYE MIAOJIOHU 3 JaHUX [64], sKuil 103BOJIsIE
MaIllMHI YU CUCTEM1 HaBYATUCA Ta BJOCKOHAIIOBATUCS HAa OCHOBI JaHUX 1 IOCBiY.
3arayibHUM OrJisi]l cydacHUX TpeHiB Al y KOCMIYHUX AOCIIIKEHHSIX MPEICTaBICHO
y cTarTi [65], e aHami3yloThCsl 3aCTOCYBaHHS €BOJIIONIHHNX anropuTtmis, MH, DL
Ta MIJKPIIUTIOBAILHOTO HABUAHHS JJIS BUPIIICHHS 3a/7a4 KEPYBaHHA, TUHAMIKUA Ta
onTuMizamii Tpaektopiid. Ornsg [66] AeTadbHO OMHUCYE ICTOPIIO W EBOJIOLIIO
IIMOMHHOTO HABYAHHS, MIJKPECIIOI0UM MOro BIUIMB HA CYy4YacHI alrOPUTMHU s
aHaji3y 4YacoBUX PSJIB 1 MPOTHO3YBAaHHS, IO € HAA3BUYANHO BaXKIUBUM IS
KOCMIYHUX 3acTocyBaHb. Orisin 3amad  opOiTanbHOI OaTICTUKH, B  SKHX

BUKOPHUCTOBYIOTHCSI METOAM MAIITMHHOTO HABYaHHS, HABEJACHO B CTATTI [67].
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1.4.1.1. IIporHo3yBaHHs OpOIT i onTUMI3anii TPAEKTOPil

BukopucroByroun iMiTailiiiHe cepe/loBHIlE KOCMIYHOIO KaTaJlOry aBTOPH y
[68] 3ampornonyBany MiAXiA A0 MiJBUIIEHHS TOYHOCTI MporHo3yBaHHs opOiT KO
IUISIXOM HaBYaHHS MOJEJEe Ha OCHOBI ICTOPUYHUX TOMMJIOK MPOTHO3IB. Y
noAaNbIINX AOCTiKEeHHsIX [69, 70] BOHM mpoaHaizyBadu €PEeKTHUBHICTh TPHOX
anroputMiB MH: MamuHu ONOpPHUX BEKTOPIB, IITYYHY HEHPOHHY MEpExy Ta
raycciBChbKi mpoiiecu. Takox 11 aBTopu y [71] mpoaemMoHCTpyBaiu 3AaTHICTb
MoJIesel 10 y3arajJibHeHHsI Ha MailOyTHI €MOXH Ta Ha P13H1 KOCMI4H1 00’ €KTH, TAKOXK
OyJIO MPOBEICHO CUCTEMAaTUYHE TOCIIKEHHSI BIUIMBY BUIIAIKOBOI 1HII1a13a111i IT1]T
yac HaB4aHHS Mojeni. Y [72] BoHM po3muprooTh miaxig ML nuisixom BBeAeHHs
rayCcoBUX MPOLIECIB, SIKI MOXYTh I'eHepyBaTH 1H(GOpPMAIlI0 PO HEBU3HAYEHICTH
TOYKOBOi OIIIHKA OO0'€KTa. A TaK0X PO3TISAHYJIW OOMEXKEHHS MOJENl OMOPHHX
BEKTOPIB y mporHo3yBanHi opoit KO [73].

HocnimxenHs: [74] nponoHye METOJl €BOJIOLINHOTO HEHPOKOHTPOIIIO s
r100aabHOI ONTHMI3allll TPAEKTOPIN 13 Oe3MepepBHUM KEPyBaHHSM TSTO0, IO
IHTErpy€e IITY4YHI HEMPOHHI MEpexki 3 €BOJMIOIIHHUMEU anroputMamu. Pobota [75]
JEMOHCTPY€E, SK MOJENi, 10 HaBYEHI HAa JAHUX 3 HU3BKOOPOITAIBHUX MICIH,
JI03BOJISIFOTh 3MEHIIUTU CEPEJIHI0 a0CONIIOTHY MOXMOKY MPOTHO3YBaHHS T'YCTUHH
atMoc(epu Ta COHSYHOTO BHUIPOMIHIOBAHHSA, IO KPUTHUYHO [JIs YTOUYHEHHS
opOiTanbHUX po3paxyHKiB. Poborta [76] posrinsnae moxiuBocti ML-migxonaiB y
rI00aIbHIN ONTUMI3aIIi].

Jns anmpokcumariii ymoB opOitansHux 30ypenb Ha HHO crarta [77]
MPOTIOHY€E WIBUJIKY CYpOTaTHY MOJIEIh HA OCHOBI HEUPOHHUX MEPEXK, 110 3HAYHO
cripoiiye oOYMCIIEHHs] MaHEBPOBUX MpUPOCTIiB. Tpu pobotu [78 - 80] mpucBsiueHi
MOXJIMBOCTI BHUKOPUCTAaHHS pEKYpeHTHUX HeuWpoHHux wMepexx LSTM nns
MPOTHO3YBAHHS TPAEKTOPIi pyXy CYNyTHUKIB B TpaBiTauiitHoMy moii 3emui. Y
ctatTi [81] aBTOpH MOCHIAWUIM MOXJIUBICTH BUKOPHCTaHHS MiAXOJQy HA OCHOBI
JaHUX N7 pO3B'A3aHHA 3aaadl 1HBepcili KpuBoi Onucky KO mnsg momryky ioro
¢bopmu. HaBueHa Mmojelb Ha OCHOBI 3rOPTKOBOI HEHPOHHOI MeEpexi 37aTHa

BU3HAYMTH NPABUIIbHY OpOITY 3 TOUHICTIO 92,2%.
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VY crarti [82] npeacTaBieHO cUCTEMA OLIIHKU MEJIEHTY Ha OCHOB1 3TOPTKOBOL
HEUPOHHOT MepeXi, HABYEHOT BUSBIISITH 1 JIOKANI3yBaTH BaHTAXKHHUU KOCMIYHUUN
kopabens Cygnus 3a TOMOMOTOI0 300pa)k€Hb 3 MOHOKYJISIpHOI Kamepu. Cucrtema
MalIMHHOTO 30py OyJja mpoTecToBaHa B N0JIbOTI Micii NASA.

['yctuna atMocdepu € HaBaXTUBIIKUM (HAKTOPOM ISl TOYHOI OI[IHKU CHUJIU
omopy, 1o i€ Ha KocmiyHi amapatu Ha HHO. Emmnipuuni moneni narTh
HalTOYHINY OLIHKY TIYCTHHM Ha CBOTOJHIIIHIM J€Hb, XO4Ya BOHHM BCE IIIE
CTpaXX/JIal0Th BiJl MOMWIOK B OIliHKax. B poOotax [83] 1 [84] mpencraBieHO HOBI
MiIXOAW HAa OCHOBI HEHPOHHUX MEPEX I 3MEHIICHHS MOXHUOKH 1 OTPUMAaHHS
OUIBII TOYHUX MIPOTHO31B T'YCTUHU aTMOC(eEpH.

B po6ori [85] mpeacTaBineHo mepexy rinbokoro Q-HaBYaHHS LIO TO3BOJISE
KOHTpOJIEpY CYMYTHHKAa NpUHAMATH TOCHIJAOBHI pIIICHHS [JIs TUIaHyBaHHS
TPA€EKTOPli MaHEBPY, YHHUKAIOUM TMEPEIIKOA 1 IIyKaloudd i, 0e3nevHo
OpPIEHTYIOUMCH Y HABKOJIUIIHLOMY cepeAoBuIlll. A B [86] BUKOpHUCTaHE HEUPOHHE
HAaBYAaHHS 3 MIAKPIIUIEHHAM JUIsi ONTHMAJIBHOTO KEpyBaHHA B  yMOBax
HeBU3HaueHocTi. B [87, 88] npornonyeThes miaxia Ha OCHOBI TIMOOKUX HEMPOHHUX
Mepex Ui MIBUJKOI TeHeparii Ta Moaudikaiii onTUMalbHUX TPAEKTOPIA s
OopOITaIbHUX MEPEXO/IIB 3 MAJIOIO TSATOIO.

ABtopamu y [89] mocmiipkeHo 3acTocyBaHHs perpecopiB MH ans ominku
KIHIIEBOI Macu KOCMIYHOTro anaparty. ¥ crarrti [90] aBTopamu mponoHy€eThCsI HOBUM
MiAX1 0 BHU3HAYCHHS OpOITH SK 3ajaya HaBYaHHS 3 BUKOPHUCTAHHSAM perpecii
posnoainy. KpiM Toro st cleHapiro 3 JAEKUIbKOMa KOCMIYHUMH anapaTaMu
PO3MJISTHYTO CHCTEMY HaBYaHHS 3 MEPEHOCOM i Kiacu@ikailii BEKTOPIB O3HAK,
MOB'sI3aHKX 3 [UMU arapaTamu.

Hocmimxenns [91] nokasye, uo perpecis MH mosxe OyTu 3actocoBaHa aJis
MOYaTKOBOT'O BHU3HAYEHHS OpOIT HEBIAOMHUX CYMYTHHKIB. Y poOoTi [92] mouenb
OpOITaIbHOTO TOIIUPEHHS PO3pO0IeHA 3 BUKOPUCTAHHSM PErpeciiHuX METOIB 1
IITY4YHUX HEHPOHHUX MepeK. Ha ocHOBI monepeaHiX opOITAIbHUX JaHUX OTPUMaHa
HaJliHA 1 TOYHA MOJEJIb PO3MOBCIOJKEHHS OpOITH 3  MIHIMAJIbHUMU

00UYHCITIOBATLHUMHU BUTpaTaMU Ta €KOHOMI€IO KoITiB. [IporHozyBanHsi opOIT Ha
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OCHOBI T€OPii OpOITATIbHOI MEXAHIKH CTPAXK/JIA€ B1J IIBUAKOTO 3pOCTaHHS MOXUOKH,
ToMy y poboti [93] mpomoHyeThbcs minxin Ha ocHoBi MH misi MonemtoBaHHS

CTPYKTYpH MOMMJIOK IPOTHO3YBAaHHS PyXy HU3BKOOPOITATbHUX 00’ €KTIB.

1.4.1.2. IIporHo3yBaHHA Ta MOAECJHBaHHA NOBTOPHOro Bxoay KO B

armocdepy 3emJi

BaxnuBum TumoMm 3amay, ne meroan MH MoxyTh OyTH e(eKTUBHO
BUKOPUCTAHI ISl aHaIi3y 1 MPOrHO3yBaHHs ONTUMalIbHUX TpaekTopiit pyxy KO, €
3a/adi BXO/DKeHHA B aTtMmochepy. 3 Touku 30py MH, 3amada mporHo3yBaHHS
BXO/DKEHHsI 00'ekTa B atrMocdepy € 3a7adyer0 4acoBOIO sy, /1€ MeTa MOJenl
MOJIsira€ B MPOTHO3YBaHHI €BOJIIOLIT TPAEKTOPil HA OCHOBI MOYATKOBOTO HAOOPY
YMOB, 1100 MOKHa OyJI0 BUSHAYUTH €M0XY BXOJKEHHS B aTMochepy. Y crarti [94]
3alpONOHOBAHO €BPUCTUYHY MOJIENIb Ha 0a3i 0araTomapoBUX HEHPOHHUX MEPEK,
110 JI03BOJIIE TOYHO BU3HAYATH Yac MOBTOPHOT'O BXOKEHHS HEKOHTPOJIHOBAHHX
KOCMIYHUX OO0’€KTIB 13 aHali30M ICTOPUYHUX JaHUX BIJCTEHKEHHS Ta TOYKa
sitkHeHHs (TIP). B [95] mocaimkeHo mparMaTUYHUN METOM JUIsl XapaKTePUCTUKHU
IUHAMIYHOI CTIMKOCTI MOAyJdsl BXOAy B aTrMocdepy Ha HHM3bKHX J03BYKOBHX
IIBUJIKOCTSAX. IneHTudikamis aepoJWHAMIYHUX TOXIJIHMX 3a JOMOMOTOIO
HEUPOHHUX MEpEekK MOxe OyTH OI[IHEHAa 3a JOMOMOTOI0 JJaHUX B PEAIbHOMY Yaci.
Takox y poGoti [96] mpenctaBieHO MOJEIb, IO 3a JOMOMOTOK TIUOOKOIO
HaBYAaHHS Ta pPETeJbHOI OOpoOKM Ta BHOOPY O3HaAK 3abe3neuye BHUCOKOTOYHE
MIPOTHO3YBAHHS 4Yacy MOBTOPHOrO BXO/KeHHS. OKpiM TOro, B JOCHIIKEHHI [97]
MPEJCTABICHO 3aCTOCYBaHHS pi3HUX ML-METOAIB - MITYy4YHI HEUPOHHI MeEpexi
(ANN), pexypentHi HeiiponHi Mepexi (RNN) Ta HeilpoHHa Mepexka MHpPsIMOTO
nomupeHHs (FNN) ais nporuo3yBaHHs BXOAY KOCMIYHHMX 00’ €KTIB, 1110 3a0e3neuye
OMEPATUBHICTH Ta CTA0UIBHICTh PO3PAXYHKIB.

HabGopu nBopsinkoBux enementiB (TLE) Hapa3i € €IuHUM BiAKPUTUM
JOKEPEJIOM JIaHUX, SIKI MOXXHa BUKOPUCTOBYBATH [IJIsi MPOTHO3YBAHHS BXOJYy B
atMochepy 3emni. B HacTymHuX Tpbox poOoTax aBTopamu OyJi0 0OpaHO

apxitexktypy Seq2Seq [98]. B [96] npencraBieHo po3poOKy Mojeni rIubOOKOro



35
HaBYaHHS JUIsl IPOrHO3YBaHHS BXO/y B aTMOC(epy HEKOHTPOJIbOBAHUX 00'€KTIB Ha

HHO na ocnoBi manux TLE. B crarti [99] 3anponoHoBaHO HOBUW MiIXiJ A0
MPOTHO3YBAHHS TPAEKTOPil BXOAYy B arMmocdepy i HEKOHTposiboBaHUX KO Ha

ocHoBi ceTiB TLE 3a g0moMororo mnociiIoBHO-PEKYPEHTHUX HEHPOHHUX MEpEex

(puc. 1.6.).
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Pucynok — 1.6. IIporno3yBanns Bxoay B armocdepy 3a JaHuMu [99]

VY miit crarti [100] ouiHIOETHCS MPOTHO3YBaHHS BXOMXKEHHSI B arMocdepy

pPaKeTHUX TUI HA €KCIIEHTPUYHUX 0pOiTax Ha ocHOBI JaHUX TLE 13 BUKOpHUCTaHHSM

JIMIIIE OLIHKHM OATICTUYHOTO KoedilieHTa.

B poGoti [101] po3pobiieHO NBOKPOKOBY CTpaTerito s IUIaHyBaHHS
Tpa€eKTOPIi rinep3BykoBoro JitaasHoro anapara (I'JIA) y peanbHOMy yaci Ha erari

BX0Ay B armocdepy. ['mnboka HelipoHHA Mepexka i€ SK TeHepaTop ONTUMAaIbHUX

komanA. Tomi sik B [102] mpencraBieHa apxiTeKTypa aJanTUBHOTO KEPyBaHHS

maneBpamu ['JIA Ha BXxoa1 B atMocdepy 3a JOMOMOTOI CamMOOpraHizaiiiHoi
PEKYPEHTHOI Mepeki (PyHKIIIOHAIbHUX 3aB’SI3KI1B.
B crarti [103] 3acTocoBaHO 00'€KTHO-OPIEHTOBAaHUW MiAX1Jl 1 MOPIBHSHA

TOYHICTh IPOTHO3YBaHHS MIBUIKOCTI, JOBIOTH 1 IIMPOTH TOYOK HAJIHHS yJIaMKIB
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KOCMIYHOrO amapaty njs Tphox anroputmiB MH. OiliHka pu3UKIB BXOIKEHHS
JO3BOJISIE  OTMEPAaTHMBHO BH3HAYaTH IOTEHINIMHI HeOe3MeKku Il Ha3eMHOl
iHppacTpykTypu. Y poboti [104] po3risiHyTo 3agayy ONTUMI3allii TPaeKTOpin
BUBEJICHHS KOCMIYHOTO CMITTA B arMocdepy 3emill 3 METOI0 BU3HAYEHHS TaKuX, K1
JO3BOJISIIOTh  3a0€3MEUYUTH TEpMIYHE pPYHHYBAaHHS KOHCTPYKLII MaKCHUMalbHO
edexTUBHO. SIK mapaMeTpu ONTHUMI3allli PO3TISHYTO TEMIEPATypy HarpiBaHHsS Ta
IHTerpaJibHUM TEMJIOBUM MOTIK.

Hocmimxenns [105] pokycyerbcsi Ha 3arajpHii Ta 4acoBid €(EKTUBHOCTI
YOTHUPHOX METOIB PO3pOOJICHUX aBTOPAMH JIJIsl TPOTHO3YBaHHS MOBTOPHOTO BXOAY
B atmocdepy. Y poboTi [106] mponoHy0ThCsl CyporaTHl MOJENl Ha OCHOB1 TaHUX
JUTsl IPOTHO3YBAHHS IIBUIKOCT1, TUCKY, TEMIEPATypH, TYCTUHU 1 CKIIay MOBITPS
B3/IOBJXK JIIHIi CTarHauii rinep3ByKOBUX IMOTOKIB.

B [107] po3pobiieno kon Juisi aHadi3y TpaekTopid BXoAy B armocdepy Ta
xuBydocTi KC Ha ocHOBI mpoctux ¢opm, Takux sik cdepa, HUIIHIAP 1 KOpoOKa

po3mipom 12,5-50 cm. Ileli kom Oyno mepeBipeHO 3a JOMOMOTOI0 pPEe3yJbTaTiB

ORSAT ta SCARAB.

1.4.1.3. MamuHHe HAaBYaHHA Yy IVIAHYBaHHI MICiil 3 BUIAJIEeHHA KOCMIYHOI0

CMITTH TA BUABJICHHI KOCMIYHHUX 00’€KTIiB

MaiiiHHe HaBYaHHS BIJKpUBA€ HOBUM PIBEHb aBTOMATH3allli B KOCMIYHIN
ctepi: BOHO J03BOJIsiE Oy/IyBaTH ONTUMAaJIbHI TPAEKTOPIl MICIH 3 aKTUBHOTO abo
MAaCUBHOTO BUJAJCHHS CMITTA Ta MIJBUINY€ TOYHICTh 1 HIBUJKICTb BUSBJICHHS
opOiTanbHUX 00’€KTIB, 3a0€3MeUyI0Ur CBOE€YACHE YXBAJICHHS PIllICHb JJis1 O€3MeKu
MOJIBOTIB.

VY crarti [108] nponoHyeThCsl BUKOPUCTAHHS IITYYHUX HEUPOHHUX MEPEK
JUIS1 IIBUJIKOI OIIHKKA BAPTOCTI 1 TPUBAJIOCTI MIEPEXO 1B IS BUAAJICHHS CMITTS, 11100
MOXHa OyJ0 BHM3HAYUTU ONTHUMAJbHY IOCHIOBHICTh OO'€KTIB, SIKa MIHIMI3Y€

BapTicTh a0 TpUBaIicTh Micii (puc. 1.7.).
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Pucynok — 1.7. Cxematuune 300paxxe€HHs clieHapito Micli, 3rigHo 3 [108]

Crarts [109] po3kpuBae METOANKY IJIAHYBAHHSI aKTUBHOI Micii NpruOUpaHHs
KOCMIYHOTO CMITTSI 3 BUKOPUCTAHHSIM ML-KOMITOHEHTIB, 1110 JO3BOJISE aIallTUBHO
oOupatu MOCHIIOBHICT, MaHeBpiB. B poOoti [110] 3amponoHOBaHO aaropuT™M
BusiBnieHHst KC y peasnibHOMY yaci i1 Ha3Boto SDebrisNet. Bukopucrano anroputm
CNN nmnga  BpaxyBaHHS — MPOCTOPOBO-YACOBHUX  JaHUX 3  MOCTIJOBHUX
Bizieo300paxkeHb. JlochimkeHHs [62] NEMOHCTPYE MOXKJIUBICTh BUKOPHUCTAHHS
MIMOMHHOTO HaBYaHHSA 33 JOTIOMOTOI0 PErpeciiHOr0 MOJIETIOBAHHS I'ayCCIBCHKOTO
MpoIecy JJisi TPOTHO3YBaHHS A€pOJUMHAMIYHUX XApPAaKTEPUCTUK B MOTOIII
3BOPOTHOIO BXOJTY.

VY poboti [111] aBTOpamMu mNpeacTaBICHO HOBUH MIAXIT A0 OOYMCICHHS
OamictuyHoro koedimieHTa (B*) kocMIYHOTO CMITTS HA OCHOBI ONTUYHUX KYTOBHUX
BUMIptoBaHb. Y [112] aBTOpamu 3a JAOMOMOIrOK KOMIUIEKCY Mporpam s
MarematuyHoro wmozentoBaHHss KC po3po0iieHO METONUKYy BHU3HAYEHHS Ta
BH3HAYEHO 00JACTI MPOCTOPOBOIo po3MilleHHs Oe3neunux opOiT yrumizanii KC B
obnmacti HHO. Ouineno enepretuuHi Butpatu nepeBefeHHs KO  Ha opOiTu

yTHITI3aLi.



38

1.4.1.4. ML nas kepyBaHH#, HaBirauii Ta Kiaacu@ikauii KOCMiYHUX 00’ €KTIB

OCKUIBKM KIUIBKICTh KOCMIYHHUX OO’€KTIB 3pOCTa€ 3 KOXHUM POKOM,
0OI3HAHICTh MPO KOCMIYHY OOCTAHOBKY BIJIIpae BaXXJIWUBY poJib Yy Oe3meri
CynyTHUKIB. JIis 1MX 3aBJaHb 3a3BUYail BUKOPUCTOBYIOTHCA aQJITOPUTMU
Kiacudikaiii KOCMIYHMX I[1J1€H, 1 111 aATOPUTMHU TOBUHHI TOPIBHIOBATUCS 3 HA0OpOM
JaHUX Tpo KocMiuHi . B ctarti [113] npononyeThes mominieHuii Hadip 1aHux
KOCMIYHUX I[UI€H JJIs1 KOMIIEHCAllli HeOIIKIB ICHYI04oro Habopy naHux. B [114]
JOCHIIKeHO MOxiauBocTi MH 1 aBTOMaTUYHOrO BU3HAYEHHS XapaKTEPUCTHUK
KOCMIYHUX 00’€KTiB 1 kiacu@ikailii Ha Kareropii «KOpPHUCHE HaBaHTAXEHHS,
«kopnyc paketu» 1 «cMittsiy. Crarta [115] npomonye cydacHUM oOrisn
3aCTOCYBaHHS TJMOMHHOTO HABYaHHS y CHUCTEMax AaBTOHOMHOIO YHPaBJIIHHSA
KOCMIYHUMU arapaTtami, 110 aJanTyoThCs J0 3MIHHUX YMOB MICIH.

Jns xknacudikaiii KOcMIYHUX O0’€KTIB 3aCTOCOBAHO METOJAM AIalITUBHOIO
OI[IHIOBAHHS, SIK OKa3aHO y AociiakeHHi [ 116], a Takox rinOoki HeMpOHHI Mepexi
taki sk RNN 1 3ropTkoBi HeiiporHi Mepexi (CNN) [117].

B po6Goti [118] cuHTe30BaHO HAOIMKEHUII HEHPOKOHTPOJIEP HA OCHOBI
JUHAMIYHOTO MTPOTpaMyBaHHs 1J KEPYBaHHS TEMIEPATYPHUM PEXUMOM MPHU BXO/I
B atMoc(epy kocmiuHoro kopabns tuny "lllattn". Heninilina Moaens BpaxoBye
TEIUIONPOBIIHICTh, KOHBEKIIIIO Ta BUIIPOMIHIOBAHHS MPU BUCOKUX TEMIIEpaTypax.
[TopiBHAIBHUI aHaANI3 Cy4acCHHMX MIAXOIB Ta METOAIB Kiacu(ikalii HaBeJIEHO B

ormsiai [119] 1 crarti [120].
1.4.2. I'eHeTHYHI AJITOPUTMHU TA €BOJIOLIHI METOAU

['enetnyni anroputmu (I'A) — 11e €eBpUCTUYHI METOIM ONTHMI3allii, OCHOBaHI1
Ha MexaHi13Max 610J10r14HO1 eBoto1il. ['A Ta iHIII €BOIIOLIITHI METOIU 1aI0Th 3MOTY
IIBUJIKO JOCHIIKYBAaTU BEIUYE3HI MPOCTOPU MOXIUBHUX OpOITaTIbHUX MaHEBPIB,
B11I0Mpa04YM ONTUMANIbHI CTpATerii BUAAJICHHS CMITTS MijJ OaraThbMa KpUTEpisiMU
(manuBo, Yac, pU3MK 3ITKHEHb) 1 aJanTyIOuuCh 10 HemepeadadyyBaHUX YMOB

KOCMIYHOT'O CE€pEeIOBHIIIA.
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1.4.2.1. OnrTumizauisi Tpa€KTOPIiil KOCMIYHUX 00’ €KTIB

VY crarti [121] po3risiAatoTbCsl MOKIIMBOCTI 3aCTOCYBAaHHSI T€HETUYHOIO
QITOPUTMY JUIsl ONTHMI3allli MOCIIAOBHOCTI 3yCTpiueld mpu 0arato3yCcTpiuHHUX
TPAEKTOPIAX, IO AO3BOJISE MIBUIIUTH €(hEKTUBHICTH MAaHEBPIB HA OpOITi 3emii. Y
po6oTi [122] npuaineHo yBary po3poOii mijaxoaiB Ha ocHOBI ['A 17151 3HAXOIKEHHSI
ONTUMAJbHUX TPAEKTOPIA, W0 MIHIMI3YIOTh BHUTpPaTH NaJbHOIO i 4Yac
ManeBpyBaHHs. CtarTs [123] mpucBsiueHa onTumizailii TpaekTopik sl MIcCid 3
JOCJIIPKEHHS JAJIEKUX KOCMIYHUX 00’ €KTIB 3a JOMOMOT OO MO€THAHHS T€HETUYHUX
aJTOPUTMIB 3 TpaBITALlITHUMU MaHEBpPaMH, a B poooTi [ 124] npoBeeHo AeTanbHUN
aHami3 3actocyBaHHs GA Juisi BU3HAUEHHS €KOHOMIYHO BUTIIHUX OpOITaTbHUX
TpaekTopiii. ¥ [125] aBTOpamu 3acTOCOBaHO KOMOIHOBAaHUM M1X1]l ONITUMAJIBLHOTO
KepyBaHHs Ta eBpuctuuHux MetoaiB (I'A, metox poto yactok (PSO), I'A -PSO) nns
onTUMI3allli TpaekTopid Bxoay B armocdepy, IO [I03BOJISIE MIHIMI3yBaTH
IHTerpajibHE Ta MIKOBE TEIUIOBE HAaBAHTAXXEHHsI 0€3 3MIHM KIHIIEBUX MHapameTpiB
TPAEKTOPII.

Crarts [126] neMOHCTpYy€ 3aCTOCYBaHHS FT€HETUYHUX aJTOPUTMIB ISl O3B’ I3aHHS
3a/lay ONTUMI3allll TPAEKTOPil BXOoAy B arMoc(epy 3 ypaxyBaHHSM TEIUIOBUX Ta
aepoJIMHAMIYHUX OOMEXEeHb, IO JO03BOJISIE MPOBECTH MOPIBHSAJIBHUM aHami3
edextuBHOCTI ['A 3 Tpamuuiitnumu Mmetronamu. Hapemrri, y crarTi [127] HamaHo
ICTOPUYHUI OIJISii PO3BUTKY OaraTOIIILOBOI ONTHUMI3AIlli 3 BUKOPUCTAHHIM
€BOJIIOLIMHUX QJITOPUTMIB, IO JAEMOHCTPYE E€BOJIOLIK KOHLEMLIA Ta METOIB,
KOTp1 CTaidu 0a3010 JJi Cy4aCHUX MIAXO1B JO ONTUMI3allil TPAEKTOPIA y KOCMIYHIN

1HKEeHePii.
1.4.2.2. IlnanyBaHHS Miciil 3 BUAAJIEHHA KOCMIYHOI0 CMITTH

ABTtopu poboTtu [128] nEeMOHCTPYIOTh BHUKOPHUCTaHHS MOAM(IKOBAHOTO
TF€HETUYHOI'O aJITOpPUTMY Yy TONEpPEJHbOMY IIJJaHYBaHHI MICIH 3 aKTUBHOIO
BUJIAJICHHS KOCMIYHOTO CMITTSI, 3aCTOCOBYIOUM MOJI€NIb, CXO0XYy Ha 3ajady
koMmiBospKepa. [ami, B crarti [129] npencraBieHO MOKpalleHUM Te€HETUYHUN

anroput™ Ais minanyBaHHss ADR-wmiciil, ne mpoOieMa MOAENIOeThCS AK 3ajaya
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MHOXXWHHOTO KOMiBOsbkepa. Y mochiimxeHHi [130] 3amponoHOBaHO TpbOXETAMHY
CTpATET1I0 IUTAHYBAHHS MIC1H 3 aKTUBHOI'O BUJAIIEHHS CMITTS 13 3acTOCyBaHHAM ['A,
IO JI03BOJIIE 3HU3UTH BUTPATH NAJIBHOIO 3a PAaxXyHOK OUIBIIOI TOYHOCTI
PO3paxyHKIB.

Hapemri, crarti [131, 132] npucBsiueHi onTumizaiii Micidi 3 BUIaICHHS
KOCMIYHOTO cMITTs. B poGoTi [131] anroputm ontumizaiiii kiry0y 4acoBOi IIKaJIN
(TCO) 3acTocoBaHO 3 ypaxyBaHHSIM 4acO3aJI€KHOCT1 BUTPAT, TOA1 K y cTaTTi [132]
PO3p00JIEHO MIAX1, 110 IHTErpPy€e METOAU onTuMizallii kojaoHii mypax (ACO) ta A
JUtsl €PEeKTUBHOTO JOCHIIKEHHSI MPOCTOPY PIIIEHb Ta 3HAXOJKEHHS TJI00aJIbHOIO

ONTUMYMY.
1.4.2.3. T'ioOpuani onTUMIZaniiHi miaAX0aH

VY crarti [133] npenacraBieHo HOBUM TOPUAHUN T€HETUYHUN aJITOPUTM IS
pPO3B’sI3aHHS 3a7ad TJI00AJbHOI ONMTHUMI3allli, IO BIAKPUBAE MOXKJIHUBOCTI JJIS
NOIIYKY ONTUMAaJbHUX pIillIeHb Yy cknagHux cucreMax. Crarra [134] iHterpye
METOJM €BOJIOIMIMHUX OOYMCIEHb 13 KJIACHYHMMH aJTOPUTMAMHU OITHMI3allii
(mocnimoBHe kBaapatuuHe nporpamyBanHHs (SQP) i metoa romotonii (HM) nmns
BUPIIICHHS 33/1aul CTUKYBaHHS, 1110 CIIPSIMOBAHO Ha MIHIMI3aIlil0 BUTpAT NajauBa Ta
M1JIBUIIIEHHSI TOYHOCT] TPAEKTOPHOTO TUIAHYBAHHS.

Y  nmocmimkenHi [135] po3misiHyTO OaraTOKpUTEpialibHY —ONTHUMI3AIiIo
napaMeTpiB HU3bKOTSATOBUX JIBUTYHIB 13 3aCTOCYBaHHSAM IITYYHUX HEHUPOHHHUX
MEpeX Yy TMO€IHAHHI 3 TEHETUYHHMH alrOpUTMaMH, IO JIa€ MOKIIUBICTh
orpumyBaTu [lapeTo-onTUMalbHI PIlIEHHS 3 MIHIMAJIbHUMH BUTPATaMH MajvBa Ta
CKOPOYEHOI0 TpHUBANICTIO Micii. Y poboti [136] 3ampomnoHOBaHO TpUCTaAINHUN
MAX1A U1 onmTUMIzaIi Miciii 30JMmKEHHS MDK KUIbKOMa arapartaMu, JIe 3ajJada
pPO30MBAETHCA HA ONTHMI3ALIID PO3MOAUTY LUIEH, MOCIIJIOBHOCTI 3yCcTpiued Ta

JEeTAIbHUM pO3paxyHOK IMITYJIbCIB IEPEXO/IIB.
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BucHoBku 10 po3ainy 1

Ha miacraBi 3poGneHoro B po3auii 1 aHAMITUYHOTO OTJsAay mpoOieM
KOCMIYHOTO cMITTS 1 MeToniB 3HuIIeHHs KO mig yac pyxy B atmocdepl 3emii
O3HAYEHO KOJIO 3a/1a4 siKi MOoTpeOyroTh BIOCKOHaNeHHs. Hailbinbmmii moTeHmian
JUTSL IBUJIKOTO Ta 0€3MEYHOTO OYHUIIIEHHS OpOIT MatOTh KOMOIHOBAH1 pillIEHHS, SIKi
MPOTNOHYIOTh KOHTPOJIb MapaMeTpiB BxomkeHHs: KO B atMocdepy 1 TaKuM YUHOM €
MOXJIMBICTh BIUIUBY Ha TEIIOBUM pexxuM 00’ e€kTy. Hapasi st po3B’sA3aHHS HU3KU
3a/1a4 pyXy TUI B aTMOc(epi aKTUBHO 3aCTOCOBYIOTHCSI HOBI METO/IH, 1110 OB’ sI3aH1
3 TEXHOJOTISIMM IITYYHOTO IHTENEKTy. Bbyno BH3HAHO AOLUIBHUM METOA M0
MPOTHO3YBAaHHA KUIBKOCTI TeIJa Ha OCHOBI MAIIMHHOTO HaBYaHHS 3
BUKOPUCTAHHAM T€HETUYHOI onTUMI3alii. /(s BTUIEHHS bOro MiAX0y HEOOX1THO
MPOBECTU HU3KY JOCTIIKEHb 1 BAKOHATHU TaKl 3aBJaHHS:

- chopmylIIOBaTH MOCTAHOBKY 3a/1aul Mpo onTuMizaiito Harpiy KO;

- 3alpoINOHYBaTH TIOpUAHY OOUYMCIIOBAJIBHY CTpaTEril0 MO€JHAHHS

MAIlMHHOTO HABYaHHSI 1 TEHETUYHOTO aITOPUTMY

- chopMyBaTU peENpEe3eHTATUBHUN JaTaceT, IO OXOIUIIOE TPAEKTOPHI,

reoMeTpuyHi Ta (izuko-mexaniudi napamerpu KO;
- 3a0e3meuynTH OYMIIEHHS, HOpMali3aliio Ta (OpMyBaHHS PO3IIUPEHUX
KOMOIHAIlI#M BXITHUX O3HAK JJIs IMOJAJILIIOT0 MOJICITIOBAHHS

- PpO3TJISIHYTH peNeBaHTHI aJrOPUTMHU MAIIMHHOTO HAaBYaHHSA, HAJaTH
OI[IHKY TileprapaMeTpaM, o0paTH ONTUMaIbHYy apXiTekTypy MH;

- peamidyBaTd TiOpUIHY OOYHMCIIOBAJIBHY CTPATEril0 s  IOLIYKY
ONTUMAJILHUX TPAEKTOPHUX MAapaMETPIB, 1[0 MAKCUMI3YIOTh 1HTErpaJibHE
TEIJIOBE HABAHTAXKEHHS HA KPUTUUHOMY 1HTEpBAJIL.

BukoHnanHs HaBeleHUX 3aBllaHb 3a0€3MEYUTh HAYKOBO-METOJUYHY OCHOBY
JUIsL 1HTerpaunii MEeTOMIB JaHOI aHAJMITUKU Yy NpOUEAypU IUIAHYBAaHHA MICId
neopoOirtaiiii KO Ta cTBOpUTH MIATPYHTS AJIsI TOJATBIIOT0 PO3IIUPEHHS 3aCTOCYBaHb
MaIllMHHOTO HABYaHHS Ta EBOJIIOLIMHUX aJIrOPUTMIB y TEIJIOBIM ONTUMI3AIi

TPAEKTOPIM.
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PO3/ILJI 2. HOCTAHOBKA 3AJIAYI ITPO ONTUMI3ALIIO HATPIBY I
METOAOJIOT'ISI JOCJIIKEHHS

2.1. ITocranoBka 3axa4i npo onTumizauir Harpisy KO
2.1.1. ®iznyHa NocTaHOBKA 3aJa4i

Ak Bxke BiI3Havanocs y po3auii | mpencraBieHoi poOOTH, Mif Yac BXOIY
KOCMIYHOTO o00’ekTa B armocdepy 3emill Ha TINEP3BYKOBUX IIBHJKOCTAX
B1I0YBA€THCSl CKJIAJIHA B3a€EMOJIISI Mk TIJIOM 1 HaBKOJIMIIIHIM CEPEAOBUIIEM, IO
CYHPOBOJIKYETHCA A€POTEPMOJIUHAMIYHUMHU 1, (PI3UKO-XIMIYHUMH MPOIECAMH Ta
MPU3BOJINUTH J0 HarpiBaHHs moBepxHi KO. BHacmigok IHTEHCUBHUX IWHAMIYHHX 1
TEIUIOBUX HaBaHTaxkeHb Ha KO Moxe moyaTucs mpolec TEpMIYHOTO pyHHYBaHHS
00’€KTy, SIKHH B CBOIO 4epry € OaraToakTOpHUM. 30KpeMa TaKHil Mpolec
0OyMOBIICHHI aOJAIi€l0 Ta TJIABJICHHSIM 00’ €KTYy, BHACHIOK aepoJUHAMIYHOTO
HarpiBaHHs 0 BIJNOBIAHOI TeMmepaTypu TEPMIYHOIO PyWHYBaHHs maTepiany. 3
1HIIOr0 OOKY, MOKJIMBO MEXAHIYHE PYHMHYBAaHHS KOHCTPYKIIIT BHACTIAOK 3HUKEHHS
MIIHICHUX XapaKTEPUCTUK MaTepialy Ta TEIUIOBOTO PO3IIMPEHHS Mij BIUIMBOM
IHTEHCUBHUX TEIJIOBUX MOTOKIB.

3rinno  panux [137-141] winHICHI XapaKTepPUCTUKH KOHCTPYKIIIHHUX
MaTepianiB 1[0 BUKOPUCTOBYETHCS B a€POKOCMIYHIN TEXHILI CYTTEBO 3aJe€XaTh BiJl
TeMIEPaTypu 1 3HUKYEThCA 3 11 3pocTaHHSIM. J[0 OCHOBHHMX XapaKTEpUCTHK, IO
BH3HAYaIOTh HECYUY 3/]aTHICTh KOHCTPYKIIIMHUX MaTepialiB B yMOBaX €KCILTyaTali
3a MIIBUIIEHUX TeMIepaTyp, MOKHA BIAHECTH MEXY MIIIHOCTI G Ta Moayibs FOHra
E, sxi waiikpamie BigoOpaxaroTh 0a30BI MEXaHIYHI BIACTUBOCTI MaTepiaiiB y
MpY>KHIM Ta TIacTUYHIM 30HaxX Aedopmartii. Huxxue HaBeneH1 rpadiku 3anexxHocTen
o Ta E nns nesikux mMartepialiB 1110 BUKOPUCTOBYIOTHCSI B KOCMIYHUX amapaTax.

MapkyBaHHS Ta MO3HAYEHHS MaTepialliB HABEIEHO B Tabuili 2.1 BiIMOBIAHO

710 YKPAiHCHKOT'O CTaHJAPTy Ta HAHOIMXKUMX 3aX1THOEBPONIEHChKUX aHanoriB [137].



Ta6muis 2.1. [ndopmariist Ipo KOHCTPYKIIIHHI MaTeplain

MapkyBaHHs 3a YKPaIHCbKUM

MapkyBaHHs

€BporeiichbKi cTaHaapTH

N crangaptoM ['OCT 4784-97 3axiJHAX aHAJIOTIB | JUISL aHAJIOTIB
ATIOMiHI€BI CIUTaBU
I AMroH A-G6 AFNOR (France)
I J16AT AlCu4Mgl ISO 2024
I B95 AlZn5.5MgCu ISO 6363-2
TutaHoBUH CILIaB
v BT6C T-A6V AFNOR (France)
Cranp
\Y 30XTCA 30HGS PN (Poland)

CIUIaBIB 110 BUKOPUCTOBYIOTHCS JIsl BUTOTOBJIEHHSI 000JI0HOK OakiB [142].
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Ha pucynky 2.1 mnpencraBieHO 3aJ€XHICTh MEXKI MIIIHOCTI JIJisi TUIIOBHUX

Pucynok — 2.1. 3anexHicTh MeX1 MIIIHOCTI BiJ] TEMIIEPATYPH I KOHCTPYKIIMHUX

marepiamiB: 1 — 1,2 -11,3 -1, 4 -1V,5-V.
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Jlns maTepiaiiB CHOCTEPITaeThCs MOMITHE 3HMXKEHHS MEXI MIIHOCTI MpHU
MiJBUIIIEHH] TemmepaTypu. HailOiibi TepMOCTIMKUM € TUTaH, TOM1 K aJIFOMIHIE€BI
CIUIaBU BTPAYAIOTh MIIHICTh 3HAYHO mBU/IIE, 0co0nuBo micis 200 °C.
Pucynok 2.2 1imocTpye 3MIHM MOIyAS MPYKHOCTI 3 MIJBHUIIECHHSIM

TeMIEpaTypH JUIsl TUX CaMUX I’ SITU MaTepialiB.
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Temperature , °C

Pucynok — 2.2. 3anexuicts moayis FOura (E) Big temnepatypu st

KOHCTpyKIiiHux Marepiamis: 1 — 1,2 —11,3 - 11,4 -1V, 5- V.

VYci KOHCTPYKIIHHI MaTepiaau AeMOHCTPYIOTh 3MEHIIEHHS KOPCTKOCTI MpHU
HarpiBaHHl. CTtanb Mae HallBUIIMI mo4yaTkoBUU Monynb HOHra, ane mpyHICTb
MOCTYNOBO 3HIKYETbCSI TPHU MIJIBUILECHHI TeMIepaTypu. AJIOMIHIEBI CIUIaBU
CTapTYIOTh 3 HUK4YUMU E Ta gerpaayioTs mBUIIIE

OTxe, HaBeeH1 JIaHl JEMOHCTPYIOTh, 110 3MiHA TeMIIEpaTypH BiJl BiJ'€MHUX
3HaueHb -200°C nmo 400°C 1 BuIIE CYNPOBOIKYETHCS 3HAYHUM 3HUKEHHSIM
MIIHICHUX XapaKTepUCTHK BCiX MarepiaiiB. Tomy mij dYac aepoAMHaAMIYHOIO
HarpiBy B aTMocgepi CTBOPIOIOThCS nepeayMoBu st pparmenTaitii KO BHacmiIok

Oli MEXaHIYHUX HaBaHTaxeHb. CyMICHUU BIUIUB TEMIEpaTypHUX TPaal€HTIB Ta
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aepOJMHAMIYHUX HABAaHTAaXEHb MOXXE 3YMOBUTH CTPYKTYpPHY JA€rpajaiir Ta
NOJAJIbLIE pYHHYBaHHSA 00’ €KTIB.

J17151 OLIIHKY TETUIOBOTO HABAaHTAXKEHHSI B TOUII1 ralbMyBaHHs Ha moBepxH1 KO
BUKOPHUCTOBYIOThCS 3alie’kHOCTI 1.1. Bukopucrano gopmyny 1.3 maiist po3paxyHKy
TEIJIOBUX HABAHTAXEHb JIJISl PI3HUX KYTiB BXOAY B aTMOCc(epy 3eMJll MIIOTETUYHOrO

KO mo posrnsiuytnii B [137] sk moka3aHo Ha pUCYHKY 2.3.
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Pucynok — 2.3. 3MiHa TEII0BOTr0 HaBaHTaKEHHS 3aJI€KHO BiJ 4acy: 1 — KyT BXOAY

0°,2-0.5°3-1°4-1.5°5-2°6-2.5°"7-3°.

3 naHuX Ha PUCYHKY 2.3 0aunmo, 110 aOCONIOTHE 3HAYEHHS TEIJIOBOTO
MOTOKY 1 IHTErpajgbHa KUIBKICTh TEIIa CYTTEBO 3aJIEKUTh BIJ KyTa BXOAY B
atMocdepy 3emuni. Takox Ha L0 BEIMYUHY Oy yTh BIUIMBATH 1HIIII TApAMETPH TaKl
K MMOYaTKOBa HIBUJIKICTh, Maca, T€OMETPUYHI po3Mipu Toio. OTKe KepyBaHHS
TpaeKTOpli pyXy B arMocdepi A03BOJIsI€ BILTUBATH Ha TeruioBui pexxum KO 1 Takum
YMHOM BIUIMBATH Ha HOro TEmIOBe pyWHYBaHHsS. B pa3i BUKOpPUCTaHHS aKTUBHHX
(koMOIHOBaHUX) METOJIB BIJIBOJIy €JEMEHTIB KOCMIYHOTO CMITTSI B aTtMmocdepy

OCHOBHMM 1HCTPYMEHTOM BIUIMBY Ha TPAEKTOPIIO PYXy € KyT BBEICHHS B
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atMochepy. BaximBoro 3agadero s OLIHKKA MOXKIUBOCTI 3ropsiHH KO €

BU3HAYEHHSI KUTBKOCTI TEIJIOTH 110 cripuiiMaethest KO mig yacy pyxy B atmocdepi.
2.1.2 MaTtemMaTH4YHa NOCTAHOBKA 3aJa4i

Posrnsaemo pyx kocmiuHoro o0’exkta B atmocdepy 3emii. [lpuiiMmaemo
TpaULlIiHI NPUITYLIEHHS JUIsl Takoro poAdy 3anau [143]: 3emMist MOAENIOEThCA SIK
cdepa paniycom Rg = 6.371 - 10° M 3 LEHTpandbHUM TPaBiTALIHUM HOIEM U =
3.986 - 101* m%/c?; o6epranus muaneTH, KOpPiomicoBi Ta HeHTpHU(YTaIbHI JOJAHKH
HE BPaxoOBYIOThCS. TpaexkTopis JIEKUTh y TJIOMIMHI BEJIMKOTO KOJja, 0 MPOXOIUTh
4yepes3 MOYaTKOBHUM BEKTOP MIBUIAKOCTI. A€pOJUHAMIUYHE raJbMyBaHHS TOYMHAETHCA
Ha TeoMeTpuuHii BUCOTI Ho=120 kM, Jie BIUIMB CUJI TSOKIHHS Ta BIAIIEHTPOBUX CHUT

3MIHOIO BUCOTH BBKaTUMEMO HE3HAYHUM. ATMOChEpy MOAEIIOEMO 130TEPMIYHOIO:

- H

il IycTMHa crHajga€ 3a eKCHOHEHHiHHMM 3akoHoM: p(H) = pyexp (H—), 3
m

napamerpamu po = 1.225 kr/m*, H,,, = 8.5 km. [louatkosuii paziyc ry = Rg + H.

[IBuakicTs mepebyBae B miamasoni V, € [7.5,8.5] km/c. ITouaTkoBHil KyT BXOIY
0 €[0°3°] cayrye 3miHHOK0. AepomuHaMiyHuii omip D = % PV2S404Ca
BU3HAYAETLCS CEPEAHBOI IUIOIIEK IMONEPEYHOTO NEPEPI3y Sgpg, KOEPIIEHTOM
omopy Cy4 inorounoro rycturoro p(H). Pagiyc HocoBoi uactunu R,, 3a1ae macuirad
cTarHamiiHoi 00JacTi Teraonepeaadyi.

Y dpoHTanpHid TOUll TiNa (TOYKA TaJlbMyBaHHS) MPOIECHU € HaWOUIbII
IHTEHCUBHUMM, 1 caM€ TyT MaKCHUMajbHiI 3HAYEHHS TEIJIOBOrO MOTOKY. MUTTEBE
TEIJIOBE HABAHTA)XCHHS Yy CTAarHaliiHIA TOYI[l BU3HAYAETHCA HANIBEMIIPUYHUM
BUpaszoMm 1.3.

OTxe, onTUMI3ALIIHY 3a/1a4y MOXHa CPOPMYJIFOBATH TaK: 3HANTH TaKUil KyT
Bxony 6 KO B atmocdepy 3emimi 3a yac 0 < t < 7, mo 3abe3nedye MakCUMyM

(GyHKL10HATY

Q(8) = max [, q(H(t),V(t), Ry)dt, @.1)

3a TAKUX YMOB
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H(0) = H,, V(0) =V, (2.2)

a TaKOX 3 YpaxyBaHHSIM IMPUPOJHOTO OOMEXKEHHS, K€ MOJISITa€ B TOMY, 1110
rajibMyBaHHs HE MOXe OyTH OUIbIINM 32 TaJbMyBaHHS, IKE BUHUKA€ BHACTIIOK Jii
MaKCUMAaJIbHOI CHJIM ONOPY IS 33JaHOT0 TLIa Ha 3a/1aHiil BUCOTI

pv?
e (2.3)

@] < sev
dt m

3 Bupazy 2.1 6aunmo 1o 4uM Oiblie yac pyxy B atMocdepl TUM Oulbliie
tera otpumye KO, anie 11e He rapaHTye 1o 00’ ekT OyJe pyiHyBaTHCsl BHACIIIOK

TEIUIOBOIO HABAaHTAXEHHS, aj/pKe TMOTpIOHO 1100 TemmepaTypa BiJIOBiala

TeMIepaTypi TEIIOBOTO pyHHYBaHHS.

le6

q(t), BT/M?

0 100 200 300 400 500
Yac, ¢

Pucynok — 2.4. Xapakrepucrtuka TeriaoBoro pexumy KO mig yac mpoxosKeHHs

IIITBHUX IIapiB aTMocdepH.
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Ha pucynky 2.4 cxeMaTH4HO IPEACTABIEHO TEIUIOBE HaBaHTaKeHHA Ha KO
1] 4ac pyxy B aTMocdepi.

Ha pinsuaui rpadiky 1 BigOyBaeThes nmpoliiec HarpiBaHHs 0e3 IJIaBJICHHS, 110
TPUBAE A0 AOCSITHEHHS TeMIEpaTypH TEIJIOBOTO pyHHYyBaHHS T,p;y B MOMEHT 4acy
t1, SIKMI HaM 3a37aJ1€eriib HEB1IOMHUIA.

Ha ninsHii 2 mouMHAETHCS MPOLIEC TETUIOBOTO PyHHYBaHHS 3a MOCTIMHOL
TEMIIepaTypy, AKUH TPUBAE O MOMEHTY yacy t, abo JO MOBHOrO pyHHYBaHHS
00’ €KTYy.

VY pasi SKILO TEIIOBE HABAHTAKEHHSI 3HUXKY€EThCs To Temneparypa KO moxe
BIIACTU MEHIIE 3a TEMIIepaTypy PYHHYBaHHS 1 MPOIEC TEIJIOBOTO pyWHYBaHHS
NPUNIUHUTBCS (AUIsiHKAa 3). t, XapaKTepu3ye 4Yac KOJIM TEIUIOBE HaBaHTAXKCHHS
HEJIOCTAaTHE I PO3IUJIABICHHS Marepially 1 TeMmImeparypa I[ajlae MEHIIe 3a
TeMnepaTypy MiaBiaeHHS Tepit-

OTxe, MakcuMi3allis MOBHOTO IHTErpajly TEIUIOBOTO MOTOKY 3a BECh 4ac
Bxony KO Moxe mnpu3BecTH 10 HEpallOHAJIbHOIO PIIIEHHA — JyXe€ IO0JIOroi
TPAEKTOPIi, sIkKa HE MPU3BOJAUTH JI0 TEMIEPATypHOro pyWHyBaHHS. TakKuM YHMHOM

BHpa3 2.1 3anumieTsCs y BUTTISIL
. t
Q*(6) = max [, > q(H(t),V(1), Ry)dt, (2.4)

JIns OUIHKKA TeMIlepaTypu TMOBEpXHI O00'€eKTa MiJ Yac MPOXOIKEHHS
atMoc(depHoi ¢da3u TpaeKkTopii Ta BUSHAUYEHHS Yacy t; MOCTaBUMO TaKy 3ajady. 3a
NOCTIMHUX TEIIO(QI3UYHUX BIACTUBOCTEH 1 3a BIACYTHOCTI (PI3MKO-XIMIYHHX
MepeTBOPEHD B TOBILI MaTepiady 1 Ha HOro MOBEpXH1 TeMIEpaTypHE MOJie B CEPEaUHI
TIJJa ONHCYEThCA 3@ JOMOMOIOK  KJIACHMYHOI 3aJayl  TEeIUIONpPOBIIHOCTI.
CxopucTyeMOCs pO3B’SI3KOM TakKoi 3a/1adl BIIHOCHO HArpiBaHHS TEII03aXHUCHOTO

Marepiany 1o HaBeAeHO B [144]:

oT 2T

I =a 992’ (25)
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ne a = A/(pc) — koedilieHT TeMIEepaTypOIPOBITHOCTI MaTepiany, T — 9ac, y

— KOOpJIMHATa, II0 BIAPAaxXOBYEThCS BiJ IMOBEPXHI HArpiBy IO HOpMAali, sKa
HaIlpaBJieHa BCEPEIUHY MaTepialy.

HexTyroun BUNPOMIHIOBAaHHSM 13 30BHIIIHBOI OBEPXHI, BAYBOM Ta (Di3UKO-

XIMIYHUMH TEPETBOPEHHSIMU, 3BeIeMO OajaHC Teruia 0 HaMMpOCTilIoi TPaHUYHOI

YMOBH:

oT
Qs conv = 921 = _Aa y:O’ (2.6)

1€ g — TEIJIOBUM MOTIK, 110 M€ Ha MPOrpiB BHYTPIIIHIX HIAPIB.

VY sKoCT1 Ipyroi IpaHUYHOi YMOBU MPUKUMEMO, 10 MMOYaTKOBa TeMIepaTypa
T, Ha mocTaTHI¥ rIMOWHI BiJ MOBepxHi 30epiraeTbes He3MIiHHOIO T (Y — 00) — Tj.

[IpunycTuMO 110 TEIJIOBUM TOTIK Ha MOBEPXHI MaTepialy OMUCYEThCS
MIOJIIHOMOM 7 CTETIEHI:

qs conv(T) = bnTn + bn—lrn_1 + e+ b1T + bOa (2-7)

3a NpuiHIATUX YMOB 1 IpUIyIEeHb B po00Ti [ 144] mokazaHno, 1110 TeMneparypa

TTOBEPXHI1 BU3HAYAETHCS

2 . . ;m
Ty —To = 2SI o byt Shyoo(- D)™ 50— (2.8)

2m+1°

i(i—1)...(i—-m+1
I[eCl'm=l(L )..(i-m ).

m!

I HaBmaku, K10 BIIOMO, 1110 TEMIIEPATYpa MOBEPXHI 3MIHIOETHCS 3 HACOM 32

3aKOHOM

T,=d,7"+d,_ " 1+ -+ dT+ d,, (2.9)

TO JJIsl pO3paxXyHKY TEIIOBOIO CTIKYy B Matepiall npujaatHa Ggopmyna
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( 1)m+1cm

QSconv(T) \/— Od T Zm OT_lla (2-10)

Ha mpaktuii moxkna oomexurtucs n=3, 1 Toal ¢dopmynu 2.8 1 2.10 mMaroTh

HACTYITHUU BUTJISA;

T, — T, = 3“; 2 bt + = byt® + 2 byT + by, 2.11)
24 [8 4
qs conv(T) = \/ﬁ [g d3T3 + EdZTZ + le],, (2.12)

OcranHio  ¢opmylly  3py4HO  BHKOPUCTOBYBAaTH  MNpu  0OpoOIIl
KAJIOPUMETPUYHUX EKCIIEPUMEHTIB JIsI BUCOKOTEMIIEPATYPHUX Ta30BHX MOTOKIB.
HaBenennii po3B’si30K T03BOJISIE OTPUMATH EBOJIIOIIIO TEMIIEpaTypu Ha
HOBepxHi Ta 3Haith 4ac t; mpu skomy T(0,7) mocsrae T, i 00’€KT 3a3Hae
TEPMIYHOTO pyHHYBaHHS — Uyepe3 IUIaBJIeHHs, a0slio ado (pparMeHTallio.
O1xe chopMyIt0eMO 3a1ad4y ONTUMI3aLIT

[TincyMoBYyIOUM HaBEIEH1 3aJI€AKHOCTI, OJIEPKYEMO TaKy ONTUMI3ALINHY 3a7ady:
max /(x) = Q" (x), (2.8)
X

32 YMOB

(X = [8 Vo, Ho]
Hmm <6< gmax;
me < VO < Vmax'
0<t;<t, <,
T(O' tl) = Terit

\ Q*(0) > 0.

(2.9)

Takum 4uHOM, 32 JOOMOTOoI0 BHUpasiB 2.8 1 2.9 octaTroyHO cPOPMYITHOBAHO
onTUMI3alliHy 3afady TerioBoro HarpiBy KO mig wac pyxy B atmocdepi 3emii.

Bupa3 2.8 Bu3Hauae minboBUN (QyHKIIIOHAT — IHTETpaibHE TETJIOBE HABAHTAKEHHS
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Q" (x), y xputnaromy inTepBam 0 < t; < t, < T, MaKCUMI3aIlis KOTO 3a0e3meuye
JOCSTHEHHSI PEKHUMY TEPMIYHOrO pyHHYBaHHA. YMOBH 2.9 3a1al0Th MHOHHY
MPUITYCTUMHUX PO3B’SI3KIB, OOMEXKYIOUM MOYaTKOBI MapaMeTpH, YacoBl MeEXI Ta
YMOBH MatepiayibHOi cTiiikocTi. OTxke, cucrtema (2.8) - (2.9) nepeBoauth Qpi13U4HY
MOJIEb aepOTEPMOJANHAMIYHOI B3a€MO/III y CTPOTUM MaTeMaTUYHUN Gopmat, 110
MOxe OyTH e(EeKTUBHO pO3B’S3aHUM YUCENbHUMHU TJIOOATLHUMH METOAaMu
onTUMI3aIli.

2.2. O04ucI0BaJIbHA CTPaTeris
2.2.1. 3araasbHi Bimomocti mpo meroan MH 1a I'A
2.2.1.1. OCHOBHI IPUHIMIIA MAIIUHHOI0 HABYAHHS

Sk yxe Oyyo 3a3HayeHO B po3[iai 1, MallMHHE HABYAHHS BIJHOCUTHCA J10
HaMpsMKy IITy4HOTO IHTENEKTY Ta TOJISiTa€ B aBTOMATU30BAaHOMY BHUSIBJICHHI
3aKOHOMIPHOCTEN y JaHUX, IO 3a0e3leuye CUCTEMI 3JaTHICTh aJanTyBaTHCS W
YIOCKOHATIOBATUCS HAa OCHOBI OTPUMAaHUX JaHUX Ta HAKOMUYEHOIOo JOCBiAY. Y
KOHTEKCTI MAIlIMHHOTO HaBYaHHS MOJIENb YSBIs€ThCS K uopHui smuk (black box)
(puc. 2.5), 3matHuUil camocTiiiHO (opMyBaTH BiAOOpaKE€HHS MDK BXOJaMH M
BUXOJaMU. BoHa HamaraeTbCs ampoKCHMYBAaTH HEBIOMY (YHKIIIIO 3aJI€KHOCTI,
CIIUPAIOYKCh HA EMIIIPUYHO OTPUMAaHI «ICTUHHI» JaHl Ta BXIJHI XapaKTePUCTHUKU,

10 MalOTh (P13UYHE MIAIPYHTSL.

Features Output
——>| Black Box |———

Pucynok — 2.5. Konueniiisi «40pHO1 CKPUHBKK» MOJEINI TTMO0KOT0 HaBYaHHS

3rigHo [96].
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[HmMMuU cnoBaMu, cUCTEMa HAOUpaemvbcs 00C8idy 3 OaHUX 1 Ha OCHOBI I[bOTO
JIOCBIJly MIABHUINYE SIKICTh CBOIX pilieHb. DopMaIbHO 116 MOXKHA ONHCATH TakK:
nporpamMa Hasuaemuvcsi Ha JAOCBiAl E MOM0 Kiacy 3aBAaHb 7 1 IMOKa3HHUKA
edexTuBHOCTI P, sikimio 1i edeKTUBHICT, mo 7, BUMIpsiHA P, MONINIIYyEThCA 3
nocsigom E [145].

Huxue HaBegeHO BU3HAUECHHS ACSKUX (PyHIAAMEHTaIbHUX MOHATH y cdepi
MaIllMHHOTO HAaBYaHHSI.

@yuxyis empam (loss function). 1le matematnuna (QyHKIIS, 0 KUTBKICHO
BUMIPIOE TIOMIJIKY MOJEN1 — PI3HUINIO MK Mepe0aueHUMU MOJICIITI0 3HAUYCHHIMU
1 €TaJOHHUM 3HAYEHHSIMHU IUJIbOBOI BEIMYMHHM Ta CIYyTy€e OPIEHTHPOM JUIS
ONTUMI3AIlIi Mi/1 YaC HaBYaHHSI.

Banioayitina smpama (validation loss). 3nauenns QyHKIIi BTpaT, 00UUCICHE
Ha BaliJallliHUX TaHUX, SIKE TTOKa3y€, HACKUIbKU 100pe MOJEINb y3arajJbHIOE 3HAHHS
Ha HOBUX JJaHUX.

llepenasuanns (overfitting). Cutyanis, KOJIM MOJEIb 3aHAATO TOYHO
MIJIFAaHA€THCS M1/ HABUAJIbHI JJaHl 1 BTpayae 3/IaTHICTh MPABWIHHO MPOTHO3YBATH
JUTSI TECTOBUX JaHUX.

Pezynapuzayia (regularization). Texnika, mo goaae 10 GyHKIIi BTpaT mrpad
3a CKJIAJIHICTh MOJENl a0W 3MEHIIMTH MEepEeHaBYaHHS W MONIMNIIUTH y3arajlbHEHHS
Ha HOBUX JJaHUX.

Kpoc-sanioayis (cross-validation). Baratopazose MOCJI1IOBHE
HaBYaHHS / TECTYBaHHS HA PI3HUX MIAMHOXKHHAX JaHUX, a MOTIM YyCEpeIHEHHs
pe3ynbTaTiB Il OTPUMAHHS HAAIMHOT OLIHKKA NPOJYKTHUBHOCTI Ta 3/1aTHOCTI
y3arajibHEeHHS.

Mempuxu oyintosanns (evaluation metrics). MeTpUKHU, 10 BUMIPIOIOTH
SAKICTh MPOTHO31B MOJIEJII HA TECTOBUX JaHUX.

Aneopumm onmumizayii (optimization algorithm). Ilpouenypa iTepaTUBHOTO
OHOBJICHHSI MTapaMEeTPiB MOJIEI, 00 MiHIMI3yBaTH (YHKIIIIO BTpAT.

Llleuokicms naeuanus (learning rate). IlapameTp BU3HA4Ya€e pPo3Mip KPOKY

KO>KHOI 1Tepallii 1 BIUTUBA€E Ha MBUIKICTh 301)KHOCTI Ta CTAOUIBHICTh aJTOPUTMY.
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Inorcenepis osnax (feature engineering). llpoliec CTBOPEHHS, EPETBOPEHHS
gy BiAOOpY 1HQOPMATUBHHUX O3HAK 3 CHUPUX JaHUX, SKUW MOpsMO BIUIUBAE Ha
MPOAYKTUBHICTh MOJEIII.

Posmipnicmo  Oanux (dimensionality). KiabKiCTh BXIJIHMX O3HAK, SKl
OMUCYIOTh KOKEH MPUKIIA] JaHUX.

OCHOBHI eTamyd pO3pOOKH MOJIe/Il MAalIMHHOTO HaBYaHHS BKJIIOYAIOTh
MIITOTOBKY JaHUX, HABYAaHHS MOJEJl, OI[IHIOBAHHS 1i MNPOAYKTUBHOCTI Ta
3a0e3Mne4eHHs 34aTHOCTI JI0 y3arajJbHEHHS Pe3yJbTaTiB.

lliocomoska Oanux. 30uUpaHHS CUPUX JaHUX Ta TPUBEASCHHSI iX [0
MPUIATHOTO JIJIs MOJIET BUTIIANY. B 11eli eTan BXOIATh OUUILIEHHS JaHUX, 00poOKa
BIJICYTHIX 3Ha4€Hb, HOpMaJIi3allisl Ta HJ#CeHepisi 03HAK, TOOTO BUIIJICHHS HalOUIbIII
1HQOPMATUBHUX XapPAKTEPUCTUK. SKICTh 1 BIAMNOBIAHICT, AAHUX € KPUTHYHO
BAXKJIMBUMU, OCKIUIBKM MOJIETh HE MOXe€ OyTH Kpamiorw 3a JaHl, Ha SIKMX BOHA
HaBueHa [ 146].

Haeuanus mooeni. Ha ubomy etani oOpaHuii aNiropuT™ MalllMiHHOTO HABUYAHHS
HaJAIITOBYETHCA HA TPEHYBAILHOMY HAOOP1 JaHUX. AJITOPUTM MOCTYIIOBO KOPUTYE
napaMeTpu MojieNli, MIHIMI3YIOUM 3HadeHHs TneBHOi loss function — Mipu
HEBIAMOBITHOCTI MDK MPOTHO3aMU MOJENl 1 MNpaBUIBHUMH a00 €TaJOHHUMU
3HaYyeHHAMH. ONTHUMI3al1is MOJIEII TOJIsATaE B IMiA00p1 apaMeTpiB, IpH SIKUX oOpaHa
¢GyHKLIS BTpaT Ha0yBae MIHIMAJIBHOIO 3HAYE€HHSI, TOOTO MOJIE€Nb HAHOUIBII TOYHO
BIITBOPIOE 3aKOHOMIPHOCTI B AaHux [147].

Oyintogannsi npooykmuenocmi. 1IpoJyKTUBHICTh MOJENl BUMIPIOIOTH Ha
HOBUX JIaHUX (mecmositi 6udipyi), sIKi He BUKOPUCTOBYBAJIUCS 1]l YaC HaBYAHHS
BUKoOpucTOBYIOTHCS KIUIBKICHI METPUKHM — TOYHICTh, CEPEIHbOKBAJIPATUUHA
noxuoOka, kKoe(illeHT AeTepMmiHalil [Jis BHUMIPIOBaHHS SKOCTI MependayeHb.
BaxnauBo, 110 OIiHIOBaTH MOJAEIbL MOTPIOHO caMe Ha [JaHUX IO HE
BUKOPUCTOBYBAJIUCS /i1 HABYAHHS — MEpPEeBIpKa TOYHOCTI JUIIE HA HaBYAIbHOMY
Habopi ManoiHdopMaTUBHA OO 1i peanbHO1 edexkTuBHOCTI [148].

V3acanvrenns. Y3araapHeHHS € DIHATBHUM 1 KIIFOUOBHM €TallOM OIIIHIOBaHHS

MOJIeJIl: BOHO MOJIATAa€ B MEPEBIPLI 3JaTHOCTI 3aCTOCOBYBATH HAOyTI 3HAHHS /10
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HOBHUX, paHIII€ HEBIJIOMUX JaHUX. MoJlenb NOBUHHA JEMOHCTPYBAaTH BHCOKY
TOYHICTb TPOTHO31B HE JIMIIE HAa TPEHYBaJIbHOMY Ha0O0p1, a il Ha TECTOBUX BUOIpKaXx.
3HauyHEe 3HWKEHHSA SKOCTI HAa TECTOBUX JAHUX MOPIBHSHO 3 TPEHYBaJbHUMU
CBIJYMTh NP0 HEJOCTAaTHIO 3JaTHICTh Yy3arajipHIOBaTH. /[l mokpamieHHs
y3arajJibHeHHS 3aCTOCOBYIOTh pETyJSpU3allilo, CIPOIIEHHS apXiTEeKTypu abo
pO3LIKpEHHs 00cATy HaBuyaidbHOI BUOIpkU. OTxe, caMe 3AaTHICTb MOJIENl TOYHO

nependayaT Ha HOBUX JAHUX BU3HAYAE 11 YCHIIIHICTb.
2.2.1.2. OCHOBHi NIPUHIMIIA T€HETUYHOT O AJITOPUTMY

['eHEeTHYHUI ANITOPUTM — 11€ €eBPUCTUYHUN METOJ ONTUMI3aIlli, HATXHEHHU
MexaHi3Mamu OiojoriuHoi eBostoiii. [neto ['A Bnepie 3anpononysas J. H. Holland
y 1975 pomi, 3aKkiaBIIM OCHOBY Il HampsiMy €BOJIOLIMHUX alrOpUTMIB B
iHpopmaruii [149]. 'A 3ailicHIOE TIONIYK ONTUMAJIBHOTO a00 HAOIMXKEHOTO 0
ONTUMAJBLHOTO PO3B’A3KY IUISIXOM €BOJIOLIT IIIOr0 HA0OPY KaHAUAATHUX PIIIEHb
(momyJiALil) 3a aHAJIOTIEI0 A0 TEHETUYHUX MPOIECIB B MIPUPOJII — YEPE3 MOKOITIHHS
IUIIXOM CXpEILlyBaHHA Ta MyTallli. 3aBAsSKH 3JaTHOCTI €()EKTUBHO IMpAIlOBATH 3
BEJIMKUMHU, HEPETYISPHUMH MPOCTOPAMH TMONIYKY, TEHETUYHI alIrOPUTMU HaAOYJU
BEJIUKOT MOMYJSPHOCTI JJIsi PO3B’sI3aHHS CKJIAAHUX 3adad ontumizamii [150],
0cO0NMBO KOMOIHAUIMHUX Ta HENIHIMHUX 3a/4ad, /1€ TPaJuliliHI METOAU MOLIYKY
MaJioe(peKTHUBHI.

Y T'A KOXeH MOTEHUIWHUA PO3B’SA30K KOAYETHCS Yy BUIIIAI XPOMOCOMH —
CHELIAIbHOI CTPYKTYpH AaHUX, IO MICTATh YCIO HEOOXITHY 1HQOpMAIli0 PO
pILIIEHHS, TOJIOBHUM YHHOM BUKOPHUCTOBYEThHCS O1HAPHE KOyBaHHSI, aJI€ MOKJIUBI U
IHIIII TOJAHHSA: YHCJIOBI BEKTOPH, IOPSIKOBI IEPECTAHOBKH, JEPEBOIOI10HI
ctpyktypu Tomio [151]. Halip Ttakux xpomocom ¢opmye mnomyisiito. KoxHa
XpOMOCOMa BIJIIIOBIJA€ MEBHOMY 1HAMBIAY B MOMYJISLIl 1 Ma€ OLIHKY SIKOCTI —
3HaueHHs1 (QyHKIT npuctocoBaHocTl (fitness function), sike BU3HAYaeTbCS NS
PO3B’SI3Ky BIAMOBIIHO A0 MOCTaBieHOi 3afaui. DyHKIIS MPUCTOCOBAHOCTI HAAA€
KUIBKICHY OIIIHKY SIKOCT1 PillIeHHs, TOOTO CTyNHeHs! HaOIM>KEHHS JO ONTHUMAJIbHOTO

3HAQYEHHSI 1 BUKOPHUCTOBYEThCS SIK KpuTepid Bigoopy. Came 3HayYeHHSA
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MPUCTOCOBAHOCTI BHU3HAYA€ IIAHCHU KOXXHOTO 1HAMBIAA OyTH OOpaHuUM s

PO3MHOKEHHS Ta niepeaaT 1H(OopMallil0 HACTYITHOMY MOKOJIIHHIO.

IHiyianizauia
nonynauii

06uncneHHa
fitness-yHKuii

Kputepin
3YNUHKK?

Busectn
HalKpalle pilleHHs

Cenekuia
(BiA6ip HaMKpaLx)

l

Kpocosep
(reHepauia HawaAaKis)

l

MyTauis
(BMNaaKoBi 3miHM)

\

®opmyBaHHA
HOBOTO MOKOJTiHHA

Pucynoxk — 2.6. CtpykrypHa cxema 1 Kiro4oBi eranu ['A.

Ha puc. 2.6 HaBeeHO MOCHIAOBHICTD €TariB peanizaiii ['A y Burisi 6J10k-
CXEMH.
OcHoBHi etanu ['A MokHa TPEACTABUTH TAKUM YUHOM.

Iniyianizayis. BunagkoBUM YMHOM T€HEPYEThCA MOYATKOBA MOMYJSis 3 N
XpPOMOCOM — KaHIUJIATHUX PIIIEHb.

Oyinka npucmocoganocmi. JIAs KOXHOTO 1HAWBIA B  MOMYJIALIl

00UYHCITIOETHCS 3HAaUeHHS (DYHKIIT MPUCTOCOBAHOCTI.
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Cenexyiss bamokig. BinouparoThcsi HaMNpuUaaTHINI a00 BUIMAIKOBO 3BaXKEH1
3a MPUCTOCOBAHICTIO 1HAMBIIU JJIS BIITBOPEHHS, TOOTO Kpalll pIllIEHHS MaroTh
OlpIIIe MIAHCIB Ha B1AOID.

Kpocosep. Obpani 6aTbKiBChKI 1HIUBIAN BUTIAJKOBUM YHHOM CIIAPOBYIOTHCH,
1 10 KOKHOT Mmapu 13 3a7aHot0 iMOBIpHICTIO 0 < P. < 1 3aCTOCOBYETHCS ONEpaTop
cxpellyBaHHsi. B pe3ynbTaTi yTBOPIOIOTHCS OJHa a0O0 JBI HOBI XPOMOCOMH-
HaIlaJIKH, 1110 YCIaJKOBYIOTh O3HAKH BiJl 000X 0aTHKIB.

Mymayia. KoxeH OTpUMaHUN HAIIANOK MIJJAEThCA MYyTallii 3 Major
WMOBIpHICTIO P,,- oNTUMalibHE 3HAYEHHS K01 BKa3aHOo y [152] abo y rpaHu4HOMY
BUMNAAKY SIK OOEPHEHO MNPOMOPIINHY 10 AOBXHHU XpoMocomu [153]. Myraris
BHUIIQJIKOBO 3MIHIOE 3HAUYCHHS OKPEMHUX TE€HIB XPOMOCOMH, JOJAIOUYM BHUIIAJIKOBI
Bapiarllii 10 pilIeHb.

Dopmyeannss HO8020 nokoniHHa. Ha OCHOBI OTpUMaHUX HAIIAJKIB
(dbopmyeThCcs HOBa TonyJisiiis. Y kiaacuyHomy ['A 3a cxemoro reHepailiitHoi 3aMiHu
BCE CTape IMIOKOJIHHS 3aMIHIOETHCS HOBHMHU I1HAWBIAaMU-Hammagkamu. [lpu
BUKOPHUCTAHHI E€IITU3MY JeAKl HaWKpallll 1HIUBIAU CTapOro MOKOJIHHS MOXYThb
OyTu 0e3 3MiH IEpEeHECEH] B HOBE MOKOJIHHS, 3aMIHIOIOYH HAUTIPIINX HAIAJIKIB.
Kpurepiit 3ynunku. AKiio BUKOHYIOTHCS KPUTEP1l 3yTUHKH aITOPUTMY — JOCSITHYTO
MaKCHUMAJIbHY KIJBKICTb IMOKOJIIHb, a00 HallKpaluii 1HAUBIJT Ma€ MPUCTOCOBAHICTb,
110 33/I0BOJIbHSIE BUMOTraM 3aJ1a4i, 00 MOJINIIEHHS BIACYTHI MPOTIroM ocTanHix K
MOKOJiHb, BUKOHaHHA ['A mpununsieTbcsd. [Hakiie aaropuTM MHOBEPTAETHCA O
KpPOKY 2 JJisl TeHepallii HACTYITHOTO MOKOJIIHHS 1 MOIIYK IPOJIOBKYETHCS.

Takuil UK MOBTOPIOEThC Oarato pasiB. IlocTymoBO MPUCTOCOBAHICTH
MOMYJISIIi  3pOCTAaE  — XOPOUIl pIIMIEHHS KOMOIHYIOTBCS 1 MOKpPaIlyrThCs,
3’SIBJISIFOTHCS HOBI1 MEPCTIEKTUBHI PIlICHHS 3aBIsKU MyTalisaMm. Uepes gecatku abo
COTHI TOKOJIIHb TEHETUYHUN aJrOpuTM MOXKE 3HAWTH PIIIEHHS, OJHU3bKEe 0

rJ100aJIbHOTO ONTUMYMY.
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2.2.2 Onuc ajaropurMy po3B’si3aHHA 3a74a4i

3 MeTOow pO3B’si3aHHS 3aJadl MakKCHMI3allil IHTETPajJbHOIO TEIMJIOBOTO
HaBantakeHHs Q*(6) (2.8) - (2.9) 3anpomnoHOBaHO TiOPHIHMIT 00UHCITIOBATBHUMI
METO/, SIKUHA TMO€JHY€E IIBHAKY HEHpOMEpeKeBy ampoOKCUMALll0 TEIIOBOIO
npodimro q(t,0) B3mosxk Tpaekropii Bxomy KO 3 rimoGalbHUMH IOIIYKOBUMH
MoxJMBOCTAMH ['A mig migOopy onTuManbHOro Kyta Bxony 6. IlocmigoBHICT

KpPOKIB BiJIoOpa)xeHa Ha PUCYHKY 2.7 Ta JIE€TaIbHO OMUCYETHCS HIDKUE.

DISCOS/ESA row data

g

AHani3, ouULLEeHHA AaHnX Ta
iHXXeHepia o3HaK

g

Mogpeni-kaHanpaTu:
MLP, LSTM, Transformer

4

BbaecoBa onTuMisauis
rinepnapametTpis

g

MoBHe HaB4YaHHA (refit) Mmoaoenen

g

TectoBaouiHKka Ta BUbip
HaMKpaLLoro anropmuTMy

J

[eHeTU4YHa onNTUMI3aL,if

4

OnTumanbHuUM KyT Bxoay 6 w,o
Makcumisye Q*

Pucynok — 2.7. I'itGpuana obuucntoBanbHa crpareris ML-nporrno3 + GA-nomryk
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[TocniioBHICTH €TamiB METOly BUBHAUEHHS ONTUMAIBHOIO KyTa BXOJY.

Ompumanns «cupuxy oanux. IlepBUHHI JaHi OTPUMAHO 3 BIAKPUTOI Oa3u
DISCOS €Bporneiicbkoro KOCMi9HOTO areHTcTBa. BoHa MicTtuTh Ounbie 34 TwHc.
3alUCIB MPO O0’€KTU PI3HUX KJAciB, OpOIT, F€OMETPUYHUX Ta MaTepiaibHUX
XapaKTEepPUCTHUK.

Ouuwenns oanux ma indxcenepis osnax. IIpoBe1eHHs CTAaTUCTUYHOTO aHAJI3y
3allOBHEHOCTI TOJIB, MPUUHATTSA PIIICHHS BUJAJEHHS OyONIKaTiB Ta 3amucCiB 3
HYJILOBUMH/TIOPOKHIMU NOJIAMU. [[poBeieHHSI OMMCOBOT CTATUCTUKU Ta BUSBJICHHS
BUKU/IIB JJIsI KJIFOUOBHUX 3aIKCIB, 110 OyAyTh BUKOPUCTOBYBATUCS B MOJATBIIOMY
nociipkeHH1. [nentudikariis CTaTUCTUYHUX aHOMATIN. 31HCHIOEThCST POopMyBaHHS
o3Hak (feature engineering) NUIIXOM OOYMCIICHHS MOXIJHUX 3MIHHUX, OlHApHU3aLil
KaTeropiaJbHUX JaHUX, JiorapudMyBaHHS Ta HOpMaii3allii 4HMCIOBHX TIOJIB, a
TaKoXX MOOYJOBU arperoBaHUX MOKa3HUKIB JJIsl TPYN 00 €KTiB. 3aCTOCOBYIOTHCS
METOAM  BIAOOPY O3HAaK 3a KPUTEPIAIMH  BapiaTUBHOCTI, KOPEJSIIAHOI
HAJIJTUIIKOBOCTI Ta CTATUCTUYHOI 3HAYYMIOCT1 JJisl 3a0€3MeUYeHHs] ONTUMAaIbHOIO
MPEJCTABIICHHS JaHUX Y MOJAIbIIIOMY MOJIETIOBAHHI.

OTpumanuil HaOlp CIYTye €AUHUM JIKEPEIIOM JIAHUX JJIsl TPEHYBAaHHS PI3HUX
QITOPUTMIB MAaIllMHHOTO HAaBYaHHS Ta MICTUTh Y3TOJKEH1 (I3UYHI MapaMeTpu,
OuMilieHl Bia i1H(OpMaLIMHOrO MIymMy, a TaKoX 3a0e3ledye penpe3eHTAaTUBHE
MMOKPHUTTS OCHOBHUX (hOPM Ta MaCOBHUX KaTETOpiii KOCMIYHUX 00’ €KTIB, 110 BXOISATh
B aTMocdepy.

Apximexmypu-kanouoamu Ha HasuyawHA. Jns  anmpokcumaiii - QpyHKIIT
TEIIOBOTO HaBaHTakeHHs ¢ (t, 0) iHiliaxi30BaHO TPH apXiTEKTYpH:

- OararomapoBuii nepuentpon MLP,
- pekypeHTtHa Mepexa LSTM,
- mociaiioBHa Mojenb yBaru Transformer.
KoskHa apxiTekTypa HaJIallITOBYETHCSI OKPEMO M HE3aJIeKHO BiJl 1HIIIKX.

baecosa  onmumizayisn  cinepnapamempis. 1ligbip  rimeprnapaMmeTpiB

BUKOHYETHCS 3a JIOTIOMOI0I0 0a€cCOBOI ONMTHUMI3AIlli, IKa MOJIENIOE (PYHKIIIO BTpAT

K CTOXAaCTUYHUM Tpollec Ta oOupae HACTYNMHY KOH(DIrypamir mapameTpiB Ha



59
OCHOB1 aIloOCTEPIOPHOTO PO3MOALTY, 3abesneuyroun eGEeKTUBHHM OallaHc MiXK
eKCIUTyaTalll€el0 BIIOMUX ONTHUMalIbHUX oO0nacTed 1 MOCHIIKEHHSM HOBHUX. B
Tabmuimi 2.2 HaBEAEGHO NPHUKIAAd OCHOBHHMX TiNepHapaMeTpiB I KOXKHOI 3

apXiTeKTyp Yy MPOILEC] HANAIITYBaHHSI MOJICIIEH.

Tabnuns 2.2. [TapameTpu MOUTryKoBOro mpocTopy

Monenb INnepnapamerpu

MLP KUTBKICTh 1IapiB 2—6, 64—512 HelipoHiB Ha mmap, learning rate 1051072
LSTM 1-4 mapu, 64-256 cratis, noBxkuHa BikHa 40—120, OGiHaNpaBIeHICTh
Transformer dmodel 64256, 2—8 romiB, 2—6 6110kiB, warm-up 500—4000

llosne mnasuanus mooenei mawunno2o Haguyanus. IIicns 3HAXOKEHHS
ONTUMalbHOI  KOH(irypamii rimepnapaMeTpiB Uil KOXHOI  apXiTEKTypu
BUKOHYEThCA TMOBTOpHE HaBuaHHs (refit). Pe3ynpTaTomMm € Tpu MOBHICTIO
HaTPEHOBAH1 MOJIeJIl MAIIIMHHOTO HaBYaHHSI.

Tecmosa oyinka ma 6ubip Haukpawjoi mooei. 3a KIIOYOBUMH KIJTbKICHUMH
METpUKAMU SIKOCTI, HI0 XapaKTEPU3YIOTh TOYHICTh Mepen0ayeHHs Ta CTYMHiHb
MOSICHEHHST Bapiallii IUIbOBOT 3MIHHOI, OOMpaEeThCA HaMKpala apXiTekTypa s
IIBM/IKOI OL[IHKY TEIJIOBOTO HaBaHTaxkeHHs q(t, 6).

Iumezpayis 3 cenemuynolo onmumizayiero. ' €eHETUYHUN AITOPUTM ONEPYE
HOmyJIsIiero KyTiB Bxoay 6 y mexax [0°,3°]. Jist K0KHOI 0COOMHU MOMMYJISIi 6},
Mozaenb mporHosye q(t,0,) Jam uucensHO BU3HAUYAlOThC t(0)) 1 t,(6) 1
iHTerpanibie  Tero  Q*(6y), mo cioyryBatume  (itHec-pyHKIieo. A
31CHIOBaTUME B1J01p, CXPEIlyBaHHS Ta MyTalll0 AOTH, TOKUA HE OyJe JOCSITHEHO

30DKHOCTI 32 Q. 200 3a KIIbKICTIO MOKOIIHb.

Busnauennsa onmumanvnoco xyma exody KO nio uac pyxy e ammocghepi
3emni. Ilicns 3aBepiIeHHS €BOJIIOIIMHOTO UKITY aJrOPUTM MTOBEPTAE ONTUMATILHUIM

KyT BXoAy 6, 3Ha4Y€HHS IHTETPAJbHOTO TEIUIOBOTO HaBaHTaXeHHs Q. 1

nporuo3oBanuii mpodias q(t, #). OTpumani mapaMeTpyd BHKOPHCTOBYIOTHCSA ISt
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MOPIBHSAHHS 3 KJACHYHUMHU aHATITHYHUMU T1IX0JaMH Ta JJIs OI[IHKH 1IMOBIPHOCTI
MMOBHOI'O 3rOPSIHHSL KOCMIYHOT0 00’ €KTa y IIIIBHUX [Iapax aTMocdepu.

o nepesaz obparnoco memoody modHcHa ioHecmu.:

Ilpuckopenns oyinku. Mojenb MallMHHOTO HaBYaHHS YCyBa€ MoTpedy B
MMOBTOPHOMY IHTETPYBaHH1 OalicTUUHUX AU(EPEHIIIITHUX PIBHSHb Ta BUKOPUCTaHHI
HariBEeMITIpUYHUX (POPMYIT IPU KOKHIN OIIHIN (YHKIIT JOTTAaCOBAHOCTI.

I'nobanvnuti nowyk. I'A He mnoTpeOye Tpami€eHTIB 1 3MEHIIYE PHU3UK
3acTpsraHHs y JJOKAIBHUX eKcTpeMyMax (GyHkuii Q*(60).

Macwmabosanicms. Ottinku Q* () st pi3HUX 0COOWH HE3aIeKHI i MOKYTh
BUKOHYBATHCS NapayiesibHO.

Vuigepcanovnicms. CTpareris He 3aJ€KUTh BiJi OCOOJMBOCTEN Marepiaiy:
JIOCTaTHBO 33J1aTH MOTO XapaKTEPUCTUKHU.

I'nyuxicmo. Y pasil MOsIBU HOBUX JIaHUX JOCTaTHbO JOHABYUTU MOJENb, HE
3MIHIOIOYH CTPYKTYpPHU ONTHMI3ATOpA.

Takum 4yuHOM, TiOpHAHA CXeMa «MOJENb MAIIMHHOTO HaBYaHHS +
T€HETUYHUN MOILIYK» JT03BOJISE€ ONEPAaTUBHO BU3HAYATH TPaeKTOpHI nmapameTpu KO
Ta 3a0e3nedyye OOYUCITIOBAIBHO €(EeKTUBHE Ta METOJOJIOTIYHO MPO30pe
pPO3B’sI3aHHS 3a/adyl MaKCHMI3allil 1HTerpajJbHOr0 TEIJIOBOIO HaBaHTAXEHHS, 1,
BI/IMOBIHO, BUCOKY IMOBIPHICTb TOBHOT'O 3TOPSIHHSI KOCMIYHUX YJIAMKIB y IIITBHUX

mapax aTMochepu.
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BucHoBkH 10 po3aiiy 2

VY upoMy po3aiai copMyIbOBAHO MOBHY a€pOTEPMOIMHAMIUHY MOJENb PYXY
KO B atmocdepi Ta mokaszaHo, 1Mo iHTErpajgbHe TEIJIOBE HaBAaHTAXKEHHS, a OTXKE 1
WMOBIPHICTh pYyHHYBaHHs, ICTOTHO BH3HAYalOThCS KYTOM BXOJYy, MOYAaTKOBOIO
IIBUIKICTIO,  Maco-r€OMETpUYHUMHU  TapamMeTpaMu ¥ MareplaJbHUMHU
BJIACTUBOCTAMU 00’ekta. [IpomeMOHCTpOBaHO, LIO0 3pOCTAaHHSA TEMIIEpaTypu
CIIpUYMHSE PI3KE 3HIDKCHHS MEX1 MiIHOCTI Ta Moayias FOHra misi TumoBux
aJTFOMIHIEBUX, THTAHOBOI'O M CTAJICBOTO CILIABIB.

Ha ocHOBI1 HamiBeMIIPUYHOTO BUPa3y JJIs TEIJIOBOTO MOTOKY Yy CTarHaliiHIi
touri (1.3) cdopmylnboBaHO MaTeMaTHYHY 3ajJadyy MaKCUMi3alii I1HTerpaty
TEIUIOBOTO TOTOKY 3a KpUTHYHHM iHTepBan dacy [tq(0), t,(6)] 3 ypaxyBaHHAM
oOMe)XeHb Ha KIHEMaTU4H1 Ta CUJIOBI IMapaMeTpu TpaekTopii. JloBeneHo, 1o npsme
MaKCHMI3yBaHHsI IOBHOTO 1HTErpajly TEIUla MOXKE MPU3BECTH 10 HEIHPOPMATUBHO
«MOJIOTUX» TPAEKTOPIM, M0 HE 3a0e3MeuyloTh JOCSATHEHHS TeMIepaTypu
pYyHHYBaHHS, a TOMY IOLJIBHO ONITUMIi3yBaTH (PyHKIIOHAJ, 3B’ I3aHUM came 3 (azoro
TEIJIOBOr0 pyiiHyBaHHS. TakuM uyuHOM, (Hi3UYHA IIOCTAHOBKA IE€pEBEJEHA Y
dbopmanizoBanuit  HaOip piBHAHDb (2.8)~(2.9), mnpuUAATHUX JO YHUCEIHHOTO
pO3B’s3aHHS TTI00ATTLHUMH METOaMHU.

3anponoHOBAaHO riOpHUIHY OOUYUCITIOBAIIbHY CTPATETIIO, IO MOEJHYE IBHIKY
HeMpOMepeKeBY ampoKCHMAIlilo TermtoBoro mpodimo q(t) (amroputmu MLP,
LSTM ta Transformer i3 6aecoBum A000pOM rineprapaMeTpiB) 3 T€HETUUYHUM
QITOPUTMOM JUIsI TJI00AJBHOTO MOIIYKY ONTHUMAlbHOrO KyTa BXoAy. CTBOPEHO
LUTICHUM KOHBeep: BiJ oTpumaHHsi Ta ouuineHHs gaHux ESA DISCOS, uyepes
IH)KEHEpil0 O3HAK 1 HaBYaHHSI Mojeied, 10 0araTomoTOKOBOI €BOIIOIIMHOL
ontumizauii. IlokazaHo, mo Takuil NIAXiA ycyBae MNOTpedy B IMOBTOPHOMY
IHTEerpyBaHHI OaliCTUUYHMX PIBHSHb MPU KOXHIN 1Tepallii MONIyKy, 3a0e3mnedye
MaclITa0OBAHICTH 1 3HUKYE PU3HUK MOTPAIUISIHHS Y JIOKAJIbHI EKCTPEMYMHU.

OTxe, po3aul 2 3aKkiajae TEOPETUYHY Ta AJITOPUTMIYHY OCHOBY IS

MMOJAJIBIINX JOCIIIKEHD:
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- JleTaldbHO OOIPYyHTOBYE (pi3MUHI MeXaHI3MH HarpiBy Ta pyitHyBaHHs KO;

- ¢dopMyIto€e CTpOruit BapialliiHui KpUTEP1d ONTUMI3AILIT;

- mnpornoHye e(eKTUBHUN TIOpUIHHUI YHCENbHUNW METOJ, SKUH TOEAHYE
TOYHICTh ~ MAIIMHHOIO  HABYAHHSI 3  TJIOOAIBHMMHM  MOLIYKOBUMU
BJIACTUBOCTSIMU €BOJIIOIIMHUX aJTOPUTMIB.

Po3pobnena MeTononoriss BIJIKPUBAE€ MOXKJIUBOCTI JJI  OMEPATHUBHOIO
BU3HAYCHHS TPAEKTOPHUX MapaMeTpiB, 10 MAKCUMI3YIOTh MOXKJIUBICTh TEILJIOBOTO
pyiinyBanHus KO, 1 ciayrye ¢pyHAaMeHTOM AJis MOJANbIINX €KCIEPUMEHTAIBHUX 1

MPUKIIAIHUX PO3/LIIB IUCEpTAallii.
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PO31JI 3. AHAJII3 BXITHUX JAHUX UIA IIOBYTOBU JATACETY
TA PO3I'JIAd APXITEKTYP MAHLIMHHOT'O HABYAHHA

Y mpoMy po3dii  OMMCAHO TPOLIECH  BIAOOPY Ta TEHEpyBaHHS
HalBaXJIMBIIIKUX BXIJHUX O3HAK JJIs MPOTHO3YBAHHS TEIJIOBOTO HABAHTAXKEHHS
q(t). Leit npouec 3a3Buyaii Bimomuii sik feature engineering. Etan anaisy, Bigoopy
1 CTBOPEHHSI HE € TPOCTUM, OCKUIBKH HEOOX1AHO 3HAWUTH 3MiHHI, SIKI KOPETIOIOTH 3
BHXOJIOM MO/JI€JII MAalllMHHOTO HaBYaHHA. ToMy BaXXJIMBO MpOaHaIi3yBaTH KOXKHUN
napaMeTp 3 (pi3UYHOI TOYKH 30Dy, 1100 MOTIM IIi 3HAHHS MOKHa 0YyJI0 3aCTOCYBaTU
y BHOOpl MOl MallMHHOIO HAaBYaHHA. ApPXITEKTYypy MAIIWMHHOI'O HaBYaHHS
niI0MpaloTh 3 ypaxyBaHHSIM 3ajadi, abu 30aJlaHCYyBaTH TOYHICTh 1 HIBHAKOIIO.
['mubOoki HEHpOHHI MepexkKi BIATBOPIOIOTH CKIIAJIHI (PI3UYHI 3aJIEKHOCTI M Nar0Th
BUIIlY TOYHICTh, a iIXHI/A pa30BUIl MPOTIH — 00UUCIIOBAILHO HEIOPOTUH.

BupimanbHy poiab y SKOCTI HOpPOTHO3YBaHHS MAalOTh TileprapaMeTpu
MoOjiejiell MalllMHHOTO HAaBYaHHSI, sIKI BCTAHOBIIIOIOTh Ha €Talll MPOEKTYBaHHS, aJIKe
BiJl IPAaBWJILHOTO BUOOPY 3aJI€KUTh 3/IaTHICTh MOJIENIl BUUTHUCS Ta y3arajibHIOBATU
nani. Hagani pekomenaanii 1o Jiama3oHiB rinepnapamMerpiB oOpaHUX apXITEKTyp
MaIllMHHOTO HAaBYaHHSI.

Jns  3a0e3nedeHHsT BUCOKOI €()EKTUBHOCTI TE€HETHYHOTO alTOPUTMY
JNOCIIKYIOTBCS ~ HaJallTyBaHHS, Kl  TpaAMI[AHO  KJIAaCU(]IKylOTh  SIK

rineprnapaMeTpu, OCKUIbKU CaMe BiJl HUX 3aJIEKUTh MPOAYKTUBHICTh METOTY.
3.1. AHaJi3 Ta MiAroTOBKAa JaHUX

Jxepenom BxiaHO1 iHGopMarii € Biagkputa 6aza DISCOS ESA [5]. Karanor
MICTUTb MOHaa 34 Tuc. 3anuciB mpo kocMiuHl 00’ektu (KO) Ha pi3HuX opbiTax Ta
3abe3neuye HaOlp XapaKTepUCTHK, HEOOXIMHMX JUIsI OLIHKA  TEIJIOBOTO
HaBaHTAXEHHS 1] yac BXoay B atMocdepy. [lani Oyno 3aBaHTaxkeHo y (opmari
CSV, micas 4oro BHKOHAHO NEPBUHHY (QUIBTpAIil0 HYJIBOBUX 1 JyOJIbOBAHHUX
3amMciB Ta po3ropTaHHs BkJIageHoro JSON-moss attributes y miuacky cTpykTypy

3 26 T10JI1B.
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Ta6muis 3.1. [Tapamerpu kocmiuynux 00’ekTiB y 6a31 DISCOS

Ha3sa nosns L-55(YF24) |Najm-1 Ornuc

id 48152 66557 VYHikanbHul ieHTudikarop 00’exra .

cosparld 2018-011E 2021-022R  |lmenTudikarop 3amycky COSPAR.

satno 43173 47947 Karanoxuuit Homep NORAD (SATCAT).

name L-55(YF24) |Najm-1 Odiuiitna Ha3Ba a00 Mo3HaUEHHS 00’ €KTA.

objectClass Rocket Body |Payload Knacudikamis kocmiunoro 00’exra.

mass 4 000 50 Maca 00’ekra, K.

shape Cyl Box VY3arangpHeHa reoMeTpuyHa opma.

width — 0.30 [Hupuna 06’€exTa, M.

height 7.5 0.50 Bucora 00’ekra, M.

depth — 0.30 ['mubuna 06’€ekTa, M.

diameter 33 — Hiametp, M.

span 7.49 0.50 MaxkcuManbHUi ~ XapakTepHUH  JiHIMHUN
po3Mmip, M.

xSectMax 26.19 0.2304 MakcumanbHa IJI011a IIOIIEPEYHOIO
nepepizy, M2

xSectMin 8.553 0.0900 MiniManpHa II0MIa MONePEeYHOro nepepizy,
M2,

xSectAvg 23.72 0.195 Cepenns (eekTrBHA) MIIOMIA TTONEPEYHOTO
nepepizy, M2,

JIns umrocTpallii TOBHOTH Ta pi3HOMaHITHOCTI HaOopy y Tabsuili 3.1 HaBe1eHO
JIBa peNpe3eHTATUBHI 3aNMCU: BaXKKUH cTymiHb paketu L-55 (YF24) ta neBenukuii
cynyTHUK Najm-1. TaOnuus moka3zye KIOUOBI MOJs — 1AeHTU(IKATOpH,
(yHKIIIOHATBHUN KJIac, Macy, r€OMETPUYHI PO3MIpPH Ta 1H., IO MPEIACTABIAIOThH
1HTEepec Ui MOAABIIOrO BiOOpY.

[Ticns BUTy4Y€HHS MPOIYCKIB 1 JIOTTYHUX HYJIIB 00YMCIEHO CTATUCTUYHI MEX1
JUISL TAHUX, 110 TPEJCTABISIOTh IHTEpeC MJIsi HACTYIHOrO TMpoIecy BiaOoOpy.
Tabnuis 3.2 mojmae MiHIMaJdbHI Ta MaKCUMAJIbHI 3HAYEHHS MapameTpiB, a TaKOXK

KUIBKICTH 00’ €KTIB 13 3aIIOBHEHUM IIOJIEM.
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Tabnuis 3.2. O0cAr qaHuXx 1 Alana30HU T€OMETPUYHUX MTapaMeTpiB

npeacrasieHnx B DISCOS

KinbkicTh 00’ €KTiB 13 3a1IOBHCHHM

ITone Minimym Makcumym

1oJeM
mass 0.0015 kr 450 000 kr 34786
width 0.012m 72.80 m 19011
height 0.001 m 60.00 m 33203
depth 0.012 m 108.50 m 18 988
diameter 0.001 m 41.14m 14 727
span 0.02 m 19200 m 32 878
xSectMax 0.00013 m? 8 319.8484 m* 33 478
xSectMin 7.85 x 1077 m? 1 521.0 m? 33 478
xSectAvg 0.00010 m? 5762.4 w? 33426

Ha nmiarpami 3.1 nomitHo, mo napamerpu height, span i mionri nomnepeyHoro

nepepizy 3amoBHeEH1 OuUlbIn HDK Ha 94 %, y Toil wac sik width ta depth maroTh

3aMOBHEHICTE OJIM3bK0 55 %, a diameter — mume 42 %.

100}

80

%

60

40}

3anoBHEHICTb,

20

o N & &
6\’0

Pucynok — 3.1. [liarpaMa piBHSI TOBHOTH JaHUX OOpaHMX MOJiB

3riIH0 PUCYHKY 3.2 KOpHCHE HaBAaHTAXKEHHS JOMIHYe B HaOOpl JaHHX.

bmuzeko ABOX TPCTHH KaTajJory CTaHOBJIATL CYIIYTHHUKH KOpO6‘-IaCTI/IX Ta

uuniHapuyHux Gopm Macoro y mianazoni 200-800 kr. PakeTHi cTyneHi — KOXEH
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I’ ITUN 00’ €KT, € OCHOBHUM JDKEPEIOM MOTEHILINHO HEOE3MEUHUX «HAJBAKKUX)
YJIAMKIB IIPH HIOBTOPHOMY BXO/(1. KOMIIOHEHTH KOCMIYHHX MICii 3aiMatOTh OJIM3bKO
10 B1ACOTKIB BChOro 00’€My, 1 X04a BOHHM CYTT€BO 30UIBIIYIOTH PI3HOMAHITHICTh
dbopM 1 mIoN] MONEepeyHoro nepepizy, ane ixHs Maca, Ak npaBuio, Mexiie 100 kr.
JpiOHe KOCMIYHE CMITTS 3ailMa€e Majly 4acTKy B 3arajbHid KUIBKOCTI, A0 TOTO XK
4acTO HEBIJIOMI FT€OMETPHUYHI TapaMEeTPH TaKUX 00’ €kTiB. OTXKe, 11l MONEPEIHbOIO
aHai3y TEIJIOBUX HABAHTAXKEHb JOCTATHHO MOJIEIIOBATH YOTUPU OCHOBHI KJIACH

(1-4). Lle copoiiye onTuMizalito TpaekTopii 6€3 1CTOTHOT BTpATU TOYHOCTI.

Pucynok — 3.2. Jliarpama po3no/iiny 3a GyHKI[IOHaJTbHUM TUIIOM KOCMIYHUX
00’exTiB: 1. Payload — xopucHe HaBanTaxxeHHs. 2. Rocket Body — pakeTHuit
ctyninb. 3. Rocket Mission Related Object — npeamer, o’ sa3anuii 13 pakeToro. 4.
Payload Mission Related Object — mpeamer, noB’si3aHUM 13 KOPUCHUM
HaBaHTaxkeHHAM. 5. Rocket Fragmentation Debris — ¢pparmeHT Big pyliHyBaHHS
pakeru. 6. Other Mission Related Object — inmmit npenmer micii. 7. Payload Debris
— (¢parmMeHT KopucHOro HaBaHtaxkeHHs. 8. Payload Fragmentation Debris —
dbparmeHT Bij pyiHHYyBaHHS KOpUCHOTro HaBaHTaxkeHHs. 9. Rocket Debris —

(dbparMeHT pakeTu
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VY npoananizoBanomy Habopi 33 698 00’€kTiB MalOTh HEHYJIbOBE MoJie shape,
110 BiAnoBigae 387 yHIKAIbHUM Ir€OMETPUYHUM OmnucaMm (BiJl IPOCTUX MPUMITHUBIB

Box, Cyl, Sphere 1o ckiannux koMOiHallii 13 naHeIsIMH, COIJIaMU, TPOCAMH TOLIO).

Cylp

Box + 2 Panp

Box + 1 Pan|
Box

Sphere |

Cone |

Cyl + 1 Nozzle
Sphere + Cyl |
Trap Box + 2 Pan |

Cyl + 2 Pant|

0 1000 2000 3000 4000 5000 6000 7000 8000
Count

Pucynok — 3.3. JlecsiTh HAUMIOIMIUPEHIITUX TEOMETPUUHUX (POPM KOCMIYHUX
00’exTiB B naraceti: Cyl — nuningp, Box + 2 Pan — kopoOka 3 JBOMa MaHesIMH,
Box + 1 Pan — xopoOka 3 oaHi€ero ma"emno, Box — kopoOka, Sphere — cepa, Cone
— konyc, Cyl + 1 Nozzle — uuninap 3 oguum coriom, Sphere + Cyl — cdepa +
uuniaap, Trap Box + 2 Pan — tpanenieBuana kopoOka 3 1soMa nanensimu, Cyl + 2

Pan — mumisap 3 1BOMa MaHEIsIMA

JlecsaTs HaUMOMUPEHITHUX GOpPM OXOILTI0I0TE 28 120 00’ €KTIB, 1110 CTAHOBUTH
o111 83 % ycix 3ammuciB 13 BiIoMOI TreomeTpieto. Pemra 377 reoMeTpUUHHX
KOMOIHAIIA — MajJo4yucelbHI Ta YacTO TMPEACTaBIfgIOTh (parMeHTH ado
EKCIEpPUMEHTAIbHI anapaTd Ta 3YyCTPIYarOThbCs Y JlaTaceTi BiJ MOOAMHOKHUX
BHUIIAJIKIB JI0 KIJTbKOX COTEHB PasiB.

Ha pucynky 3.3 Bunno mo kom6inaiii Box + 1/2 Pan dpopmyrors monan 34 %

yCIX T€OMETPIH, 10 Y3TOKYETHCS 3 TUIIOBOIO KOHCTPYKTUBHOIO CXEMOIO MajuX i
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CepeHIX CYMyTHUKIB 31 CKJIAJJHUMHU COHAYHUMU Oatapesmu. Haituacrtima dopma
Cyl, wmaiixe 25%, BimoOpaxae BENHMKY KUIbKICTh PpAaKETHHX CTYNEHIB Ta
UUJIHIPUYHUX CYNYTHUKIB, IO 3aJMIIAIOTHCS Ha OpOITI MiCis BUBEACHHS
KOPHCHOTO HaBaHTakxeHHs. Xoua Sphere Ta Cone pa3om AaroTh Juiie 0Ju3bko 8 %
Bii yciX 0O0’€KTiB, IXHS MPUCYTHICTh BaXJIMBA HJi MOJEIIOBAHHS TEIJIOBUX
MOTOKIB, OCKIJIbKY TakKuil po(ijib TeHepy€e MaKCUMAaJIbHI TEPMIUH1 HABaHTaKEHHS.
Takum 4yMHOM, TP MOJATBIIINA ONTUMI3AIlT TPAEKTOPIN 3a TEMJIOBUM YWHHUKOM
MOXHa 30CEpEIUTUCh Ha JECATH HaWMacoBIIUX (opMax — BOHHU CTATUCTUYHO
PEINpPEe3eHTYIOTh MOHA/ YOTHUPH I’ATHX YChOTO HAABHOTO OpOITaIbHOTO MEPEiKY,
3a0e3Meuyoun JOCTATHIO y3arajlbHEHICTh 0€3 BTPAaTH BaXKJIMBHUX T'€OMETPUYHHUX
0COOJIMBOCTEM.
AHaJI3yl0ud  B3a€EMO3B’SI30K Macd Ta CEpPeAHBbOl IUIOIIl IMOMEePEYHOTo
nepepizy (puc. 3.4) MokHa BUJIIUTU TaKl KIIFOYOB1 CIOCTEPEKEHHS:
I'nobanvruii cmenenesuit mperno. Ha log-rpadiky Touku po3raiioBaHi B3J0BXK
niH1i 3 HaxuiaoM ~ 0.6 — 0.7 , 1110 BKa3ye Ha eMITIPUYHY 3aJI€KHICTh
xSectAvg x m%, a = 0.65, (3.1)
[le y3romxyeTrbcsi 3 TEOPETUYHUM OYIKYBaHHSM, 10 XapaKTepHa IUIOIIA
3pocTae CyOmniHIMHO — OuIblIl OO0 ’€KTH UIUIBHINIE PO3TAIIOBYIOTHCS B ACIMEKTI
MATOMOI TIJIOIII].
Dopmosi knacmepu. Huminapu (Cyl) Ta kopoOyaTi CymyTHUKH 3 TaHEISIMU
(Box + 1/2 Pan) 3aiimaroTs 1ieHTpaibHuii rpedinb posnoaury (107 - 10° kr, 1 - 30 m?).
Koniuni Ta cdepuyHi 00’€KTH MEPEBAXKHO JETHIl ¥ MalTh MEHIIl Mepepisu,
yTBOpIOIOYM  HWXHIA  JiBuil  «xBict». [16pumni  ¢opmu  (Cyl + Nozzle,
Trap Box + 2 Pan) po3tamoBaHi TpoXd BHUILE TPEHAY — JOJATKOBI HaAOyI0BU
30UTBLIYIOTH TUIOUTY 0€3 ICTOTHOTO MPUPOCTY MAaCH.
llpasuti «naomipnuiy kpau. Kinbka Tsokkux (10°-10%kr) cTyneHiB pakeT
MarTh HE3BUYHO Benuki xSectAvg > 100 M> — IMOBIPHO, 32 PaXyHOK PO3KPUTHX
aJanTepHUX KOHCTPYKIIii a00 BEIMKUX 00TIKAUiB, 1110 HE BIIOKPEMUIUCK.
Husvxkomacosi «moukosin 06 ’exkmu. bauszbko 10 % BUOIpKH JieKaTh HUKYE

1 xr i MmaroTh xSectAvg < 1072m2,
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Shape (Top-10)
103¢ oyl

Box + 2 Pan

Box + 1 Pan

Box

Sphere ¥ xn
9 102 E Cone Fx .
o Sphere + Cyl e
8 Trap Box + 2 Pan £f P u&
o Cyl + 2 Pan e % "‘} % Fax
o 101 | Cyl + 1 Nozzle ’?&' & "!. -B' =y ,:‘,j,‘- ]

s
| s 4 .“&%n I
- . L] 3 ‘hw'"(g“‘ bt
¥ ® wi 4F At
E “ L g R
~ 100 23 *® % ¥ :’33 #
S : TR vy T
= * ] """5‘?}; ytpiad e
-ld * ¥ X RS L% x
] 1§ wf»gﬁu g x .
v 107tk x‘“‘iﬁlé Wl .
01 & ‘e % a!v;“ . *
a R g LR
o § M.lg. oo
fudt : " %%
3 _ ® s ¥ &:x ®
(<] 10 3 % % R g
© L
g ] E 3
< -3
1072
[]
10—4 L
al n 1l L sl L il L il L et il L R | L ol 1 MY
1073 1072 107t 10° 10! 107 103 104
Mass (kg) — log scale

Pucynok — 3.4. B3aemo03B 130Kk Macu Ta C€peAHbO1 IIIOIII MONEPEYHOro Mepepizy

KO

HominyBannss Cyl 1 Box+Pan d¢opMm miaTBepaxkye AOLUIBHICT
Kiactepusalii reometpiit: 10 HaityacTimux GopM nokpuBaroTh =~ 83 % karanory u
aJICKBaTHO PEMPE3CHTYIOTh MapaMeTpuaHuii mpoctip (xSectAvg, m).

Jns nerkux pparmMeHTiB MeHiie 1 Kr koedilieHT aepOJMHAMIYHOTO ONOPY Ta
TEIUIOBUM (HAKTOP MOXKYTh OyTH CYTTEBO BUILUMH YEPE3 MaJUM pajilyc KPUBU3HU;
iX HEOoOXITHO BpPAaXOBYBaTH OKPEMHMHU MOJEISAMH IMpPU OLIHII PHUBUKY Ta
MPOEKTYBaHHI TPAEKTOPIH.

Benuki ctyneHi 3 aHOMalbHO BUCOKUM xSectAvg (opMyroTh BY3bKy, alie
KpPUTHYHY MiArpymy. s HUX pEeKOMEHJO0BAHO BHUKOPHCTOBYBATHU JOKJIAHIIII
CFD-mogneni abo imxenepHi kogu (ORSAT, SCARAB) 3amicTh y3araabHEHHUX

KOpEJISII.



70
KyMynsaTuBHa KpHBa Macu NMPEACTaBIEHUX KOCMIYHUX OO’€KTIB y JaTaceri
(puc. 3.5) 1eMOHCTpYy€E XapakTepHY «S-mo1i0Hy» dhopmy:
- 10% o0’exkTiB MawTh Macy <5Kr, II0 BIAMNOBIa€ IPIOHUM ylIaMKam,
Oostam, (hparMeHTaM 130111,
- wmexiana (50-i mepueHTWIb) po3TamoBaHa Ha =~ 520 Kr — TUIIOBHH JAiana3oH
Macu MajuX CYIyTHHUKIB Ta ()parMeHTIB BEpPXHIX CTYIEHIB.

- 75 % 006’exTiB jermii 3a 1500 kr, Tomi ax 90 % — 3a 4000 kr.

100

80

60

40

20

Cumulative share of objects (%)

102 10° 107 10* 10°
Mass (kg) — log scale

Pucynok — 3.5. KomynsiTuBHa KpuBa Jisi MaCU KOCMIYHUX 00’ €KTIB B J1aTaceTi

V¥ nianazoni mac Big 100 go 2000 kr crnocTepiraeThCs HAMKPYTIIUNA CETMEHT
kymynsatuBHOT (yHkuii posnonaury (CDF), mo oxommoe Omu3bko 40 % yciei
BuOipku. lle BKka3zye Ha BHCOKY KOHIIEHTpAIll0 KOCMIYHUX amapaTiB MacOBHX
KAaTEeropii «MIKpo», «MIHI» Ta «Malll». 3 OIVISIAY Ha IXHIO YUCENbHY IEepeBary B
3arajibHiil CTPYKTypl yrpynoBaHb, came sl 1€l TPynu CYMYyTHHUKIB JOLLUIBHO
30CEepeIUTU 3yCUJUIS 3 ONTUMI3AIlli TPAEKTOPI MOBTOPHOTO BXOAYy B aTtmocdepy,
OCKUIBKH 11€ MOTEHIIIHHO 3a0e3MeunTh HalOUIbIINI e(PeKT y KOHTEKCT1 MiHIMI3allil

PU3HKIB YTBOPEHHS YJIAMKIB.
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JIns  OIIHKU pEnpe3eHTaTUBHOCTI JaHUX 1 TONEpPeAHbOl MEepeBIpPKU
MPUITYIIEHb 1010 MaciITabHOCTI Oyi0 chopMoBaHoO sAKUKOBI Alarpamu (box-plots)
IIECTU OCHOBHUX MapaMmeTpiB (puc 3.6). Yci BeIMUUHM MONEPETHBO NPUBEIEHI 0
norapudmiunoi 6a3u 10, 1m0 gae 3Mory BioOpa3uTH 5-6 MOPsAJIKiB 3MiHU 3HAUYECHD Y

KOMITAKTHOMY BUIJISJII TA YHUKHYTU «CKJICIOBaHHS» I'yCTHUX 00JacTed Ha JIHINHIN

IIKaJIl.
6 L
o
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Pucynok — 3.6. Po3noain napametpiB 06’ektiB DISCOS y norapudpmiunomy

maciura0dl

MeTtoauka no0ya0BH aiarpamMu.

Bubipkosuui ¢inemp. Bukopucrano nuiie g0oAaTHI 3HAYEHHS, NMPU IOMY
MpoIyuieHi abo HyJIbOB1 3alIUCH BUJAJIEHO.

Tpancpopmayis. x' =1og,y X IAsS KOKHOTO MapaMeTpa, IO MEePETBOPIOE
CTEIEHEBO-MO/11I0H1 PO3MO/IIIIM Ha KBa31-HOPMAaJIbH.

Ilapamempu box-plot. Huxus/Bepxusa mexi — 1-i 1 3-i1 kBaptum (Q1, Q3),
MeliaHa — nomapanudena JiHis; whiskers (Byca) — Q1-1.5 IQR (MixkkBapTUIBHUN

po3max) ta Q3+1.5 IQR; kpyXKu — CTaTUCTUYHI BUKUIH.
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Ta6muis 3.3. [nTepnperanis pucyHka 3.6

[Tapametp | Q1 Meniana Q3 KomenTap 110710 BUKUIIB
Buxkumn >10000 kr 1 <0.5kr;
mass 134 kr 520 kr 1552 kr _ )
MIATBEPIKYE «TOBTUN XBICTY.
) Hesenuka rpyna <0.05 M (api6Hi
diameter | 1.4m 2.4m 3.0m ) .
ylaMK#) 1 > 5 M (o0Tikadi).
) JIBa knactepu: manenbHi (< 1 M) Ta
height 0.3m I.1m 53m
crymeHi (5-8 m).
) Crneck BUKUAIB ~6-7M (BenHKi
width 0.4wm 25m 3.7m )
cekirii), xBicT <0.1 m.
span 1.5m 6.5Mm 9.0m [Toogunoki Bukuau > 100 M.
xSectAvg | 1.26 > 11.2m° 18.3 m? PinxicHi > 100 M? Ta <1072 M2
Kniouosi pezynomamu.

Maca gemonctpye IQR = 134-1 552 xr 1 goBruii npasuii xsict A0 450 T; niBuit
XBICT MICTUTh (pparmMenTu < 0.5 Kr.

['eomeTpuuni po3mipu (diameter, height, width) wmatore OimonanbHy
CTPYKTYpY: HEpIIM MoAanbHUN KjacTep (KOpoOuyaTi CymyTHUKH 3 TaHEJSIMH)
KOHIIEHTPY€ThCs B Aiana3oHi 0.3-3 M, qpyruii (HUIIHIPUYHI CTYIIEHI Ta 00TIKal) —
5-10 m.

Span Ta xSectAvg NIATBEPIXKYIOTh CTYIIEHEBY 3aJICKHICTh BI1J MAacu:
whiskers 1ux mapameTpiB 3MiNIyIOTbCsI CMHXpOHHO 3 whiskers macu, a BHUCOKI
Bukuau (span >100wm Tta xSectAvg > 100 M?) YITKO KOPETIOIOTH 3 HEBEJIHKOIO
IPYIOI0 €KCIIEPUMEHTATBHUX TPOCOBHUX MICiH 1 pparMeHTIB 00TiKaUiB.

HasBuicts BukuaiB >3 6 (cTaHgapTHE BIAXWIEHHS) VY BCIX MIECTU
napaMeTpax CBIIUUTH MPO FETEPOTreHHICTh KaTayory. [l MoeIoBaHHS TETIOBUX
HaBaHTAXEHb BapTO MIJIPI3aTH 111 3HAUEHHS (WInsorizing)

[Ticna netanpHOro Ta moBHOro anamizy karainory DISCOS Oyno npuiinsTo
TPH KJIIFOYOB1 OOMEXKEHHS Ta JOJaTKOBUN KPUTEPIN YHIKAIBHOCTI, 1110 chopMyBasin
YOTHPU TOCHIIOBHI (UIBTPU, SIKI CHOPSIMOBAaHI Ha TMIJIBUIIEHHS TOYHOCTI Ta

CTaOUILHOCTI MOAANBIINX TETIOBUX PO3paxyHKIB (HaBeeHl B Tabuuili 3.4).
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Tabmuug 3.4. KitrouoBi 0OMeXeHHs! BUOIPKHU ISl TETNIOBOTO aHali3y 00’ €KTIB 13

karasory DISCOS

3anpoBaaKkeHe

00OMEKEeHHS

ApryMmeHTallist Ha KOpUCTb KO>)KHOTO (pistbTpa

Maca 100 -1 500 kr

VY mpoMy iHTEpBalli 30CepeKeHO ~ 52 % ycix 3anuciB. BukimrodeHHs
IpiOHUX KOCMIYHUX OO0’€KTIB Ta HAJIBaXKUX CTYIEHIB YyCyBae
KpaioBi peXHMHU TEIJI0-aepOJUHAMIKH, IO MOTPEOYIOTh OKPEMHUX
CFD-mpouenyp. Macoswuii intepBan 100-1 500 kr oxorutroe Micii,
U AKUX TepMidHe pYWHYBaHHS Ta ONTUMI3allisl TPAEKTOpii €

HaNOIIbII aKTyaTbHUMHU.

Bunanenus
CTAaTUCTUYHUX BUKHUJIIB

Y FCOMCTPUYIHUX IMOJIIX

Tect IQR-kputepito Ta 3 ¢ mokazaB, mo <2 % 00’€KTiB MaroTh

eKCTpeMalibHl 3HA4YeHHS, HENpPONOpPLIHHI OCHOBHIM MOIyJIAII.

TpocoBi enementH Ta (¢parMeHTH OOTIKayiB CIIOTBOPIOIOTH
perpeciiini Mozeni # 36UIBIIYIOTH JMCHIEPCil0 MOMIJIOK. IX
BUIYUEHHS 3HIDKYe po3Max whiskers waibke BIBiui, 10

HiATBEPXKYE MOKPALICHHS OJHOPIAHOCTI BUOIPKH.

OOmexenHst xSectAvg

<20 wm?

I'pannune 3HaueHHs xSectAvg B 20 M> rapaHTOBaHO 3aJIMILAE Y
BUOIpIi 90-TIeplieHTUIIBHI 00’ €KTH, aJie BiJICIKa€ aHOMAJILHO BEHKI

TUIOII, XapaKTePHi JIUIIE JUIsI KUTbKOX PAKETHUX CTYIICHIB

VHIKaJIbHICTD 3a

Macoro, Qopmor Ta

TEOMETPIEI0

VYHIKaJIBHICT 32 T€OMETPI€I0 3a0e3neuye He3aNexKHICTh BUOIPKH Ta
KOPEKTHY Bary KOXHOTO Ha0opy mapaMeTpiB y perpecisax i

KJIacTep-aHali3i.

OT1xe, 0OMEXUBIIN MacCy, YCYHYBIIH F'€OMETPUYHI €KCTPEMYMH, 3aCTOCYBABIIIH

BEPXHIO MEXY CEpeIHbOI IUIOLIl Ta TapaHTyIOYd YHIKAJIBHICTh 32 KIOYOBUMU

O3HaKaMu, MU CPOPMYBaJIM KOMIIAKTHHUM, CTATUCTUYHO 30aJaHCOBAHUM AaTaceT

(muB. puc. 3.7 1 3.8) 31 1995 kocmiuyHUX 00’ €KTIB, IKUI:

- wmae 100 % 3anoBHEHOCTI mapaMeTpiB 0a3u KOCMIYHUX 00’ €KTIB;

- YHHUKae TepeopieHTalli MOJeil Ha KpahoBl PEXUMHU, 3IMINANOYU 1X IS

cnenianizoBannx CFD-npouenyp;

- 3a0e3nevye KOPEKTHY Bary KO>KHOI TeOMETPUYHOI KOH(ITypallii, THM caMUM

MIJBUIIYIOYM TOYHICTh Ta IHTEPIPETOBAHICTh ONTHMI3allli TPAEKTOPIHA 3a

TCIINIOBUM YNMHHUKOM Y MCKax I[OCJ'IiI[)KGHHH.
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Pucynok 3.7. Posnonin macu cepen 06’extiB naracety (100-1500 kr, xSectAvg

<20 w?)
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Pucynok 3.8. Po3noin cepeHboi MII0111 MOMEePEeYHOro nepepizy cepesi 00’ €KTiB

natacety (100-1500 kr, xSectAvg <20 m?)
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3.2. Ouinka aepoauHAMIYHUX | reomeTpuYHUX napamerpis C; ta R,

[Ticns 3aBeplIeHHS MONEPEAHbOI OUYMCTKM W BIOOOpPY JaHUX OyJo
chopmoBano naracet 13 1995 yHikanbHUX OpOITaTbHUX OO0’€KTIB, IO OXOIUIIOE
ocHoBHMM kiac Mac 100—1 500 kr ta penpe3eHTAaTUBHUN CIEKTP MOLIMPEHHUX
reoMeTpuyHuX popm. Iloganbimii po3paxyHOK TEIIOBOIO HABAHTAKEHHS BUMarae
JIBOX KIIOYOBUX IMapaMeTpiB — KoedimieHta aepoauHamigyHoro omopy C; 1

XapaKTEePUCTUYHOTO pajilyca TOUKH 3aCTOr0 R,,.

Koediuient onopy C; BXxoauth y OanmicTUUHHMM KOE(DIIIEHT Ta BU3HAUYa€

BEJIMYMHY TaJbMIBHOI CHJIM, & OT’)KE€ — MAKCUMAaJIbHY BUCOTY HarpiBy Ta 4ac BXOJY:

m

B_

CdAref’

(3.2)

ne Ayer — pedepentHa adbo onopHa mioma ~ xSectAvg.

C4 3a1eXuUTh BiJl 30BHIIIHBOI (hopMmu, uncia PeliHonbaca, pekuMy MOTOKY Ta
MUTTEBOI Opi€HTaLi] Tiia. Pajglyc KpuBU3HU y TOULI 3aCTOI0 R, BU3HAYAE T'YCTUHY
KOHBEKTHUBHOI'O TE€TJIOBOT'O MOTOKY.

Koediuient aeponunamiyHoro omopy C; JOIUIBHO 3aJaBaTu  3a
JTiTepaTypHUMU  TaONMYHUMHU  3HaueHHsMU [154-160], ToMy 1m0 TOYHI
MEPETBOPEHHS  YEpe3 OamicTUYHUN KOE(IIIEHT MNOTPeOYIOTh AMHAMIYHUX
TLE-cnocTepexeHs, 110 BUXOJUTh 3a MEXK1 CTATUYHOTO HAOOpYy.

Paniyc kpuBU3HM HOCOBOi YaCTUHU — 1€ TE€OMETPUYHHI MapameTp, MO0
Mo3Havae e(PEeKTUBHUM pajJilyC HOCOBOI YAaCTUHM KOCMIYHOTO amapary, SKdUl
BUKOPUCTOBYEThCS B PIBHSHHSAX PO3PaXyHKy HarpiBy Ta aepoJuHaAMIYHHX
XapaKTEePUCTUK Y TOYIIl 3aCTOIO.

XapakTepucTUyHUN panaiyc R, BHU3HA4YaeTbcs 4Yepe3  MiJACTABJISHHS
F€OMETPUYHUX PO3MIPIB KOCMIYHOTO 00’ €KTY TaM, JI€ 11l MapaMeTpu Bigomi, abo 3

BUKOPUCTaHHAM xSectAvg (tabu. 3.5).
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Tabmuis 3.5. Tunosi reoMeTpii KOCMIYHUX 00’ €KTIB: KoediiieHTu onopy C; Ta

PO3paxyHOK XapaKTepHOTo pajniyca R,

®opma KO Buxopucranuii C,4 Bukopucrana ¢popmyna qis R,
Cyl 2.2 D /2, ne D — niametp
Box +2 Pan 24 g /W?h, Jie W — [IUpuHa, h — BUCOTa
Box + 1 Pan 2.35 1wk
V3
Box 2.30 L
V3
Sphere 2.10 D/2
Cone 140 Rpase = Dpase/2, ne Dyyge — NiaMeTp OCHOBU
' KOHyca
Cyl+ 1 Nozzle 2.25 D¢y /2
/@, ne Agpp 1 Acy; — MATTEBI IPOEKIIIHHI
Sphere + Cyl 2.15 . . . .
wionyi cepuyHoi 1 MWIHIAPUYHOI YaCTUH
BIJIMIOB1THO
1 [Wpaseh
Trap Box+2Pan | 2.45 2w o A Phase HIHPHEA - OCHOBH
TpanemienoaioHOro Kopmycy
Cvl+2p 530 ’Acyl;ﬂ, ne Apqn — MHTTEBA NPOEKIilHA
y an .

IJ101a MaHeJIbHOT YaCTUHH

B tabmuui cymu Agpp + Ay 1 Acyr + Apan 32 BIICYTHOCTI TOBHOTO HaOOPY

F€OMETPUYHUX MapaMeTPiB KOCMIYHOTO 00’ €KTa mpuitMaeMo = xSectAvg.

3.3. (I)OpMyBaHHH q)iHaJIl)HOFO AaTaceTy AJjas MAaIIUHHOIO HABYaHHA

[Ticns 3aBepIIeHHS yCIX €TalllB OYUILIEHHS, BUITYYEHHS BUKHUIIB 1 pO3PaXyHKY

aepoJIMHAMIYHUX 1 TeOMETpUYHUX napameTpiB C,; Ta R, 06a3a nepBUHHHUX 00’ €KTIB

Hamiuye 1 995 3anuciB. /{15 KO)KHOrO 3 HUX OyJI0 3r€HEPOBAHO CITKY MOYaTKOBHUX

yMoB — KyT Bxoay8 € [0°,3°] 3 kpokom 0.1° ta mBuaxicts V € [7.5 kM/c, 8.5 km/

c] 3 xpokom 0.1 kM/c. V mimcymky chopmosano 100 000 xomGiHariiii, mo i
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CTAaHOBIATH (PiHATBHUM HAOIp JJIsI TPEHyBaHHS W Bamijalii MoJenel, CTPYKTypy

SIKOTO HaBeaeHO B Tabiaumi 3.6.

Tabmuis 3.6. CtpykTypa 3anucy ¢GiHAJIBHOTO AaTaceTy

ITone Onununi | Onuc Criocib onep:xaHHs
mass KT Maca kocmiuHOTO 00’ €KTa Karanor ESA
xSectAvg Mm? Cepenns moia Karanor ESA
Rn M Paniyc Touku 3acToro Tab6mn. 3.5
Cd — KoedirieHT aepoJuHaMiyHOTO OIIOPY Tab6mn. 3.5
entry angle |° I'eomerpuunmii Kyt Tpaekropii Ha 120 km | llTyyna citka 0...3°
velocity KM/C [TouaTtkoBa mBuAKICTh HA 120 KM TtyyHa citka 7.5...8.5
q_time series | Br/m? HenopmanizoBanuii npodins terosoro | I[Tynkr 2.1.2

nmoToky q(t)3 kpokom 0.1 ¢

VY tabnuii 3.7 HaBeeH1 OCHOBHI OMUCOB1 CTATUCTUKU JJISI IECTU YUCIOBHUX
o3Hak (iHanbHOTO nartacery. Jlani cBigyaTh, 10 micias (iIbTpalii aHOMAaJIbHO
BEJIUKMX nepepisiB xSectAvg = 20m? inTepBan Mix KBapTHJIAMHU 3BYKEHO B 2-3

pa3u NOPIBHSHO 3 MOYATKOBOKO BUOIPKOIO, 10 3a0e3Meuye CTaaiCTh HaBYaHHS.

Tabnuis 3.7. Po3nois OCHOBHUX XapaKTEPUCTUK JAaTACETy

O3naka min Ql median Q3 max
mass, Kr 100.00 260.00 554.00 891.97 1500.00
xSectAvg, M> | 0.094246 1.957546 4.574504 8.386471 19.792034
Rn, m 0.01 0.55 0.75 1.08 2.00

Cd, — 1.40 2.10 2.20 2.30 245

entry angle, °© | 0.0 0.8 1.5 23 3.0
velocity, km/c | 7.5 7.8 8.0 8.2 8.5

Ha puc. 3.10 nogano temnoBy kapty koediiieHTiB [lipcoHa p sikuit Bka3zye Ha
KOopeJsiii (CHTy 1 HampsIMOK JIIHIMHOTO 3B’SI3KY) MI3K IBOMA 3MIHHUMU. 3Ha4YeHHS ()

— BIJICYTHICTB JIIHIMHOTO 3B’ A13KY. Toml 1k p Ot 1 1-1 03HaYae CUIIbHY KOPEIALIIO.
y
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1.00
mass - 0.41 0.03 0.01 -0.01
- 0.75
xSectAvg - 0.12 -0.02 0.04 - 0.50
- 0.25
Rn 4 041 0.03 -0.02 0.03
- 0.00
cd-4{ o003 012 0.03 -0.01 0.03
- —0.25
entry angle{ 001 -0.02 -0.02 -0.01 0.35 L —0.50
- —0.75
velocity { -0.01 0.04 0.03 0.03 0.35
T T T T T T H _1.00
2 O & o @ S
& & ¢ - O &
2 @
£ &’ 4
&

Pucynok — 3.10. TemnoBa kapta koedirienty Ilipcona

xSectAvg < R,, 3HadueHHs p = 0.85 — mpsMuil HaACHIIOK BU3HAYCHHS
paniyca yepe3 reometpito KO 1 iforo miomn. xSectAvg <> mass ta mass < R,
BKa3YyIOTh Ha OunbIi rabaputu y Oiunbin MmacuBHUX 00’ €kTiB. KoedimienT onopy Cy4
MPAKTUYHO HE KOPEIHLOBAHMM 3 THITUMU 3MIHHUMU, TaK K 3a1€XUTh Big hopmu KO.
Cnalki 3B’SI3KM MDK KiHEMaTM4YHMMH KyTamu Bxony KO 1 Horo mBuzakocTi Ta
F€OMETPUYHUMHU O3HAaKaMHU BKa3YIOTh Ha BIJACYTHICTh MYJbTUKOJIHEAPHOCTI, IO
BAKJIMBO JJIs1 CTaOUTBHOCTI TPaIIEHTHOTO HAaBYAHHS.

dinanpHUM JaTaceT NoAUIeHO Ha train / validation y nponopiii 80% / 20% Ta
cTpaTu(diKoBaHO 3a ABOMa po3pizamu: macoBuii inTepan 100-400 xr, 400-800 kr,
800-1 200 kr, 1 200-1 500 kr, Ta kyT BX0oay Ha 31 piBeHb. Takuii OJLI rapaHTye,
0 KOXKHa MiAKOMOIHAIlis «Maca-KyT» MpeJCTaBieHa y Balijalli, 3amnodirarouu

YIEPEHKEHHIO 10 TTepeBaXKAIOUUX TPYIl JaHUX.
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Otxe, chopmoBaHuil aaracer 00’€HY€E MOBHY BapiaTHUBHICTH MOYAaTKOBHUX

YMOB 1 T€OMETPUYHUX XapaKTePUCTUK, JOCTaTHIO JUIsl HaBYaHHS MOJeNen
MalIMHHOTO HAaBYaHHSA, a TAKOX IS MOAAJIBIIOTO BUKOPUCTAHHS Y T€HETUYHOMY
ontuMmizaTopi. [IpogeMOHCTpOBaHI  CTATUCTUKM ¥ KOpPENSIIHHUN  aHali3
MIJITBEP/KYIOTH 30a1aHCOBaHICTh HAOOPY W BIACYTHICTh HAAMIPHUX 3aJI€KHOCTEH

MI)K O3HAKaMH.

3.4. Po3po0ka Moaesield MAIIMHHOTO HABYAHHS

Bubip apxiTekTypu MAaIIMHHOTO HaBYaHHS OOYMOBIIEHHH crerudikoro
MOCTaBJICHOI 3aja4yl Ta TMparHeHHsM 30alaHcyBaTH TOYHICTh MOJEIl 3
OOUYHCITIOBALHOI €(PEKTUBHICTIO. 3 OJHOTO OOKYy, TIMOOKI HEUPOHHI Mepexi
3MaTHI 3aCBOIOBATH CKJIagHI (I3WYHI 3aJ€KHOCTI 3a HAIBHUMH JaHUMH
3a0e3Ieuyour Kpallly TOYHICTh MOPIBHSHO 3 TPOCTUMU EMITIPUYHUMH METOJIaMH, a
3 IHIIIOTO — Pa30BHUH MPOTOH HABYEHOT MOJIEII € OOUHUCITIOBATIBLHO HEAOPOTUM. TaKkuid
MIJIX1]] Y’K€ 3aCTOCOBYETHCS JJIsI IIIBUAKOTO MPOTHO3YBAHHS a€pOTEPMOJUHAMIUHHIX
HaBaHTaXEHb: 30Kpema, OaraTomiaposi nepuentponu (MLP) 1 3ropTkoBi HelpoHHI
MEpeXl1 YCIIIIHO BUKOPUCTOBYBAIMCS ISl Mepen0adyeHHs TEIIOBOrO MOTOKY Ta
TUCKY Ha MOBEPXHI amapariB 3amicTb pecypcomicTtkux CFD-pospaxyskiB [161,
162]. TakuM 4YMHOM, BUKOPUCTAHHA HEUPOHHUX MEPEXK SIK CYpOraTHUX MOJEIEH
TEIUIOBUX MPOIECIB MiJl YaC BXOKEHHS B aTMOC(epy € MepCrleKTUBHUM TS 3a7a4
ONTUMI3aIlli TPAEKTOPIH, A€ MOTPiOHI YMCIECHHI OIIIHKHU TEIJIOBOIO HABAHTAKCHHS B
pPEeXKUMI peasbHOro yacy.

s nocaimpkeHHs 0ysio 00paHo TpH apXiTeKTypu ruOokoro HaByaHHs: MLP
(Multilayer Perceptron) — 6a3oBa rinboka HEiipOHHA Mepeska MPSMOTo MOITUPEHHS,
LSTM (Long Short-Term Memory) — peKypeHTHa HeHpoHHa Mepexa 13
MEXaHI3MOM JIOBrOi KOpOTKouacHOoi mam’sitTi Ta Transformer — cyuacHa
TpaHcopMepHa MoAeNb 13 MeXaHi3MoM caMmoyBaru. KoxkHa 3 1muX Mojeneut
MPOTNOHY€E BIACHUM MiAXiJ A0 (POPMYBAaHHS YaCOBUX PsJIIB HA OCHOBI MOYATKOBUX

YMOB 1 Ma€ CBOi CHJIbHI Ta CJIa0Kl CTOPOHHU.
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3.4.1. Mogear MLP

Anroputv MLP € knacM4HOKO IITYYHOK) HEHPOHHOK MEPEXKEI MPAMOTO
nomupeHHs. Briepie MexaHi3M 0JIHOIIAPOBOTO MEPCENTPOHY OYB 3alIPOTOHOBAHUN
Frank Rosenblatt y 1958 pomi st 3a1a4 JiHIHHO BIJOKPEMITIOBAHOI Ki1acu(ikaiii
[163]. Y 1986 potii aBTopu y [164] mpeacTaBuiiv anropuTM 3BOPOTHOTO MOIIUPEHHS
nomusiku (backpropagation) jist HaBUaHHsS OaraTolapoOBUX MEPEXK, IO JO3BOIUIO
YCIIIIHO TPEHYBAaTH HEUPOHHI MEpeXk1 3 OJJHUM 200 OLIbIIE MPUXOBAHUMHU IIAPAMH.

MLP ckianaerbcsi 3 BHOPSAKOBAHUX IIAPIB IITYYHUX HEUPOHIB: BX1IHOTO,

0JHOTO a00 KIJIbKOX MPUXOBAHMUX IIApiB Ta BUXigHOTO (puc. 3.11).

BxigHuii wap MpuxoBaHi wapu BuxigHuii wap

Pucynok — 3.11. Cxema rnubokoi HeiipoHHoi Mepesxi Tuy MLP 3 npsamum

3'€IHAHHSM MIXK IIapamMu

KoskeH HelpOH MpUXOBaHOI0 a00 BUXIJTHOTO IIAPY OOUHCIIIOE 3BAXKEHY CYMY
CUTHAJIIB 3 NONEPEJHBOT0 IIapy Ta MpPOIycKae ii 4epe3 HENiHINMHY aKTHUBaUIiHY
¢dyukiito (Hanpukian, curmoiny, ReLU Tomio). MaremaTudHo 11e¢ MOKHA OIUCATH

AK:

o _ CIRRCENINING
RO = (Ziw -0 +0), (33)

l
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Q]

-1 . .
ne hg ) _ Buxif i-To HEHpOHa MONEPE/IHBIO apy, W;;~ — Bara 3’€JHaHHs,

o . - B . .
bj 3MINIEHHS, (¢ — aKTUBAIIiHA PYHKIIIS.

dopMalIbHO MEPCENTPOH CKIAAAETHCS 3 HACTYMHUX PIBHAHB [165]:

_ 1, akmowh —b >0
O = (1-1) = ’
h (p(h '8) {—1, iHaKIIe ’ (34)

ne 6 - BeKTop, 110 MICTUTh Baru Ta 3CyB.

BxigHuii BEKTOp MHOXHUTBCS Ha BEKTOp Bar g TOro, mod OTpuUMaTu
3BaXEHY CyMy. 3TrOJIOM, SIKIIIO BHINl€3rajiaHa cyma Oisibllia 3a mopir b, NpUCTpii
Bujaae 1. B iHmomy Bumanky nepcentpoH Buaae -1. I'padiuno oOuucaoBanbHUN

MOTIK MpeJICTaBiIeHO Ha puc. 3.12.

()

h2 Wo
%
@ ,,

wap -1 wap |

Pucynok — 3.12. I'padiune 300paxeHHs nepcentpoHa (agantoano 3 [165])

Hapuanus MLP 3niiicHioeTbest anroputMoM backpropagation — mMeTooM
IPaIEHTHOTO CIYCKYy, L0 OOYMCIIOE MOXMOKY MDK (aKTUYHUM 1 IUILOBUM
BUXOJIOM Ta TOCTYNIOBO KOPWUIY€ Bard MEpEeXi y HaNpsMKy 3MEHIICHHS IlI€i
noxuOku [164]. Kintodona ij1es — 00UMCICHHS TPal€HTIB MOMUIKH HAa BUXO1 Ta 1X

3BOPOTHE MOLIMPEHHS Yepe3 IMIapyu MEPEeki 3 BUKOPUCTAHHSM MpaBuila JIAHIIOTA.

l
Honst Wj(l-) Bara OHOBJIIOETHCS 3a MIPABUIIOM:
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O _ . 0E
AWji =-n awj(.?’

(3.5)

ne E — yHkiis noMuiaku, 17 — KoeilieHT HaBYaHHS.

Anroput™m  backpropagation  J03BOJMB  0araTollapoBUM  MepexKam
aBTOMAaTHYHO HABYATH MPUXOBaHI O3HAKW y BHYTPIIIHIX IIapax, TOOTO BUSIBISATU
BAXKJIMB1 OCOOJIMBOCTI BXIJHUX JAHUX, 110 OyJ0 HEMOXKJIUBO JJI OJHOIIAPOBOIO
nepcentpony. Came 31aTHICTh NIPUXOBAHUX HEHUPOHIB BUTATYBATH KOPUCHI O3HAKU
3 naHux BiApi3HsAe MLP Big paHHIX Mojenel 1 3a0e3neduye HoMy BEJMKY BUpa3HY
MOTYKHICTb.

MLP mae Hu3Ky BaxiIuBuX nepegae. OcHoBHOIO niepeBaroro MLP € BigHOCHA
MPOCTOTA Ta MBUAKOIIS. TakoX BiH 3JaTHUM HaBYATHUCS HEHIMHUX 3aJI€KHOCTEH
MDK O3HAaKaMU Ta BHXOJOM, II0 3HAYHO PO3IIMPIOE KOJIO PO3B’SI3yBaHUX 3a/ay
MOPIBHSIHO 3 JiHIMHUMU Moaensmu. MLP yHiBepcanbHuil y 3acTocyBaHHi — HOTO
MOHa BUKOPUCTOBYBATH 1 I 3aja4 Kjacudikaiii, 1 Jjs perpecii, mpaondu 3
PI3HUMU TUIAMH BXIAHUX JTaHUX (YUCIOBUMU, OIHAPHUMU, KaTErOpiaJbHUMH — 32
YMOBH BIAMOBITHOTO KOJyBaHHs). ICHYIOTH peanizalii, 0 JO3BOJAIOTh HABYATH
MLP y pexxumi oHnaiiH, TOCTYIIOBO OHOBJIIOKYM Barv Mpu HAJIXOJKEHHI HOBHX
nanux [166].

['onoBHUM Hedonikom MLP B 3amaul mporHO3yBaHHsS 4YacOBUX PSAIB €
BIICYTHICTh SIBHOTO YypaxXyBaHHS YacOBOi CTPYKTypH JaHuUX. Mojelb TpakTye
KOXXE€H 3 MOMEHTIB 4acy BUXIJHOIO MPOQLIIO K HE3AJIEKHY L[IIIbOBY 3MIHHY, TOMY
HE Ma€ BHYTPIUIHBOI MaMm’sTI MpPO Te, SK 3HAUYEHHS TEIUIOBOIO HABAHTAKEHHS
€BOJIIOLIIOHYIOTh 3 YacoM. Pe3ylbTaT HaBUaHHS 3aJIEKUTh BiJl MOYATKOBUX Bar Ta
BUOOpY TrinepnapamMerpiB, a TpaJi€HTHUN CIYCK HE TapaHTye€ 3HaXOIKCHHS
riodasbHOr0  MiHiMymy. MLP  BuMarae  HaJamiTyBaHHS  YHMCIIEHHHX
rinepnapaMeTpiB (KUIbKICTh IIapiB, HEHUPOHIB, HOpMa HaBYaHHs, MNapaMeTpu
peryispuzaiiii Toio), Mo norpedye 0O0epekHOro Miaxoay, abu 3amoOirTu
nepeHaBuYaHHIO. Mepexi 3 BEIUKOI KUIBKICTIO MapaMeTpiB CXWIbHI 0

NepeHaB4YaHHs, OCOOJMBO Ha HEBEIUKHX BUOIpKax. Tomy 4acTo 3aCTOCOBYIOTH
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METOJU peryisipu3allii (Hopmaimi3zailisi Bar, dropout TOIIO) Ta PETENbHO TOTYHOTh
naHi. 30KpemMa, MaclTa0yBaHHs O3HAK € BAXKIUBUM KpokoM — MLP uytnuBuit 1o
PI3HUX IIKaJ BXIJHUX apaMeTpiB, 1 0€3 HopMai3allii TpaJleHTH MOXKYTb 3aTyXaTH
abo BUOyXaTH.

[Torpu nmosiBy rulmux 1 ckaaguimux mojaeneit, MLP 3anuinaetscs 6a30BuM
IHCTpYMEHTOM 1 IIUPOKO BUKOPHUCTOBYETHCS B HAYKOBHUX Ta 1HXKEHEPHUX
NOCHIKeHHsIX. }Oro NOMyJSPHICT 3YMOBJEHA IIPOCTOTOIO peamizamii Ta
iHTeprpeTalii. 3aBsKU YHIBEpCaJIbHIM allpOKCUMAIIHIN 34aTHOCTI Ta BIAHOCHO
HEBEJWKIA 00YHCIIOBAIBHIM BapTOCTI, OaraTomapoBUi MEPCENTPOH 3aUIIAETHCS
aKTyaJlbHUM 1HCTPYMEHTOM, OCOOJIMBO HAa PaHHIX eTamnax moOyJ0BU MOJEeH 1 s

MOPIBHSIHHS 3 OUIbIII HOBUMHU M1JIXO0/IaMHU.
3.4.2. Moaeas LSTM

JloBra kopotkocTpokoBa mnam’site (LSTM) — 1me pi3HOBHA PEKYypEeHTHOL
HeliponHoi Mepexi (RNN), po3poOieHuiil ais noaojaHHs NpoOJeMU 3aTyXaHHs
Ipall€eHTIB MNpH HABUYaHHI HA JOBTHX MOCIIIOBHOCTIX. KiacuuHi peKypeHTHI
cTpykTypH, BBeneHi Jlxonom Xonduigom y 1982 pomi [167], mepexa Enmana,
3anpornonoBana y 1990 poui [168], Ta Mepexa [xxopnana [169], matoTh 0OMexeHY
3maTtHICTh 30epiratu iHGopMmaliio Oulbllle HIK Ha KUIbKa KpPOKIB dYepes
EKCTIOHEHI[IMHE 3racaHHs rpajieHTa noMwiku y daci. ¥ 1997 poui aBropu [170]
3anpornonyBain apxitektypy LSTM sik edexkTuBHUN MeTO] 3amaM’STOBYBaHHS
JIOBrOTPUBAINX 3aJIEXKHOCTEH B OCI110BHOCTS. KITI0UOBOIO 1/1€€10 CTa0 BBEJCHHS
MeXaHi3My mnocTiiiHoro momuikoBoro motoky (Constant Error Carousel, CEC)
yepe3 0co0JIMBI KOMIPKM MaM’ATi Ta MYJbTHIUIIKATUBHI BOpoTa (gate units) s
KepyBaHHsI 1IuM MoTokoM. Ha Biaminy Bin ctangaptHux RNN, ne ctaH mIBUIKO
3a0yBaeThcs, LSTM-koMIpKH MOXYTh 30epiraTu iH(popMailito npoTAroM COTEHb 1
HaBITh TUCSY KPOKIB "yacy 0€3 3HaUHOro 3aTyxaHHs rpajiieHTy. [louatkoBuii BapiaHt
LSTM Oyno BaockoHajaeHO BBeACHHSIM BopiT 3a0yBanHs (forget gates) [171], mo
JI03BOJIMJI0O MEPEKi HaBYATUCA TaKOX ‘‘CcTUpaTth’ HENmoTpiOHy iHdopMalio 3

nam’sati. LSTM Mepexi NpoaeMOHCTpPyBajld 3HAYHO Kpalll pe3yiabTaTh HIXK
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TpaaulliifHI PEKYpEeHTHI alrOpUTMH Ha 3aJadyaxX 3 JOBIMMHU 3aJEKHOCTSIMH,

BIIKPUBILHU LUISAX 0 iX HIMPOKOTO 3aCTOCYBaHHsS B 00pOOIIil MOCIIIOBHUX JTAHUX.

O [ E— — "@

(0} (0} tanh (0]

Pucynok — 3.13. I'padiune npeacTaBieHHs: BHYTPIIHBOI CTpYKTypu LSTM-

KOMIpPKH JyIs j-To1 mam’siti [172].

Apxitektypa LSTM cknagaeTbcsi 3 MOBTOPIOBAHUX MOJAYJIB — KOMIPOK
nam’aTi (memory cells), KoxkHa 3 AKUX Ha KOXKHOMY KpOIIl 4acy OTPUMY€E Ha BXi]l
MOTOYHUI CUTHAJ 1 MOMEPEHIN NPUXOBAHUM CTaH. Y CepeIHl KOKHOT KOMIPKH €
KUIbKa JIOTTYHUX €JIEMEHTIB — BOPIT, 1110 PETYJIOI0Th MOTOKH iH(popMaliii. 30kpema,
BXIJIHI BOPOTa KOHTPOJIIOIOTh, SIKY YaCTHHY HOBOTI'O BXOJY 3alKcaTH JI0 Mam’sTi;
BOpoTa 3a0yBaHHS BHU3HAYalOTh, SKY YACTUHY IMONEPEIHbOrO CTaHy Mam’ STl
30epertu, a siKy — 3a0yTH; BUXiJHI BOPOTa BUPINIYIOTh, IKY YaCTUHY OHOBJIEHOIO
CTaHy Tam STl mepefaTd Jajl Ha BUXIJ KOMIpPKH N0 MpuxoBaHoro crany [173].
OkpiM TOrO, OOYMCIIOETHCS KaHIWUJAT HAa HOBUU CTaH MaM ATi, TaKOX HOro
Ha3UBaIOTh BHYTPIIIHIM CTaHOM, 3a3BUYail yepe3 TAHTCHCOBY AaKTUBAIlllO (puC.
3.13).

Ha xoxuomy kpoui t LSTM-koMipka BHKOHY€ Taki omepaiii ais j-Toi

maMm’ sTl:
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Bxinni, BopoTa 3a0yBaHHS Ta BUX1JHI BOPOTa

it = o(Wyixe + Wpihe_y + by), (3.6)
ft = O-(foxt + thht—l + bf), (37)
0r = 0(Wyoxt + Wiohie—q1 + by), (3.8)

ne o(*) — curmoigHa QyHKIlIS aKTUBAIlli, X; — BXiTHUN BEKTOP Y MOMEHT ¢,
hi_; — Buxim (IPUXOBaHMWI CTaH) MOMEPEAHHOTO KpokKy, W — marpurii Bar s
BIIMOBIAHUX BOPIT, b — IXHI 3aMiIlICHHS.

PiBasuHa (3.6-3.8) BW3HAYAIOTH 3HAUEHHS BOPIT if, fr, 04 € [0,1]", 1m0
IHTEPIPETYIOThCS K PUIBTPU: i — PETYIIOE KUIbKICTh HOBOI iH(opMariii, 1o Oye
1HTerpoBaHa A0 KOMIPKH MaM’sTi, f; — BU3HAUYa€ YAaCTKy HAsBHOTO CTAaHy IaM STi,
mo 30epiraeTbCs IJs TMOJATBIIOTO BHUKOPUCTAHHS, O; — Kepye o00CIroM
aKkTyali30BaHOi iH(popMalii, 0 MepesaeThcsl Ha BUXIJ Mojael st popMyBaHHS
MMOTOYHOT'O MPUXOBAHOTO CTaHY.

Kanoumatr Ha OHOBJIEHHS CTAHy IaM STI:
AN y

¢y = tanh (W,..x; + Wyxi_q + b, (3.9)

ne tanh — rinepOoiyHUI TaHTEHC.

[Iporiec OHOBJIEHHS CTaHy MaM SITi:
=, 0Oc1+it OC, (3.10)
ne (O - moemeMeHTHe MHOXEHHA. Skmo f; = 1 1 i; =0, TO ¢; = ¢;_q —
nam’siTh MPAaKTUYHO TMOBHICTIO 30epiraeThes, 3a0e3neuyroun CEC Ta BiiCcyTHICTB

3aTyxaHHs rpajaienta [170].

I, HaocTaHOK, OOUYUCITIOETHCS BUX1/l IPUXOBAHOTO CTAHY:

h; = o O tanh (c;), (3.11)
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[TpuxoBanwmii BuXinx h; € BindiIbTpoBaHUM Yepe3 0; 3HAYCHHSIM MOTOYHOTO
CTaHy maM’siTi, MPONyIIeHUM depe3 (yHKII0 akTuBalli tanh aktuBamio. BuxigHi
BOpOTa MOXYTh OJIOKyBaTH a00 mporyckaTu 1HGOpMaIlilo 3 Mam’ STl 10 BUXITHOTO
CUTHATYy KOMIPKH 3aJie’KHO BIJl KOHTEKCTY. 3B’si3aHl pa3oM, IIi KOMIOHEHTH
no3BoJisitoTh LSTM  BuOipkoBO HakomuuyBaTH 1H(OpMaIlito, BUAANSATH ii abo
nepenaBat fani. 3aBAsku nbomy LSTM Moke HaBUMTHCS, SIKI caMe€ TOIEepeH1
JaHl € BaXJIMBUMU JJI1 NPOrHO3y Ha NOTOYHOMY Kpolli, 1 YTpUMYyBaTu
JIOBIOCTPOKOBI 3aJIe’KHOCTI Habarato edexTuBHille, Hix Tpaauiiiai RNN.

LSTM-0noku 3a3Buyail 00’ €IHYIOThCS B IIAPHU, CXOXK1 HA MPUXOBaHI IIapu
MLP, 1 MmoxyTh OyayBaTH riIMOOKI peKypeHTHI Moneni. Taki Mepexi TPEeHYIThCA
MetoaoM backpropagation through time (BPTT) [174] — 1ie po3minpeHHs anropurmy
3BOPOTHOIO MOIIKUPEHHS, 1110 BPAXOBYE PO3TOPTKY MEPEXKI B Yaci.

["'onoBHOW0O nepesazoro LSTM € 30aTHICTh ONpanbOBYBATH MOCHIAOBHI J1aHi
JOBIILHOI JTOBXKMHHM, 30epiratoud iHQpOpMaliio Ipo MonepenHi einemeHTd. Ha
J0JIaTOK, 3aBJAsIKU MexaHi3mMy BopiT, LSTM Bupiliye oCHOBHUM HEAOJIK MPOCTUX
RNN: npobnemy 3aTyxarouux (a6o BUOyxarouux) rpaJi€HTIB M1 Yac HaBYaHHS Ha
JOBrUX MociiioBHOCTIX. Sk Hachigok, LSTM 3marHa HaBUaThcs: JOBrOTPUBATUX
3anexHoctel. LSTM, Ha Biaminy Bigx MLP, He morpeOye (ikcoBaHOi TOBXKHUHU
BXOJIy: BOHA MOK€ MPaILOBATH 31 3MIHHO-IOBTUMH MOCI1IOBHOCTSIMHU, 1110 Ba>KJIMBO
IUTs1 pOOOTH 3 peaJTbHUMU TaHUMU.

[Ipote anroputm LSTM wmace 1 nedoniku. Moaens cknaanima: koxkaa LSTM-
KOMIpKa MICTUTh KUIbKa MMapaMeTpU30BaHUX BOPIT, TOMY 3arajbHa KUIbKICTb
napameTpiB ICTOTHO Oulbllla, @ 1€ B CBOK Yepry 30UIbIIyEe OOYHCIIOBAIBHY
cknamaicte. Hapuanus LSTM moBUIBHIIIE, OCKUIBKH HEMOXKIIMBO IOBHICTIO
napajiesli3yBaTH MPOLEC: CTaH Ha KOXXHOMY KpOLl 3aJIEKUTh BlJl MONEPEIHBOIO,
TOMY OOUYHMCIIEHHS 31MCHIOETHCA MOCTIIOBHO, 1110 OCOOJIMBO KPUTHYHO MPHU JOBIHX
3anexHocTsaX. llle onHe oOmexeHHs — moTpeba y BEIMKHUX 00cCiIrax JaHUX s
HAaBYAaHHS Ta BUOKPEMJICHHS KOpUCHHMX maTepHiB. Anroput™M LSTM Tak camo

CXUJIbHUU A0 IICpCHaBYaHH:I.
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3.4.3. Moaean Transformer

Mogens Transformer — 1ie cyyacHa HepoMepekHa apXiTeKTypa rIIuOOKOro
HaBuYaHHS npesacrtasieHa y 2017 poui koMmanaow gociianukiB Google [175](puc.
3.14).

Crarts [176] TpyHTOBHO JOCIHIJI)KY€ €BOJIOIII0O Ta BIUIMB apXiTEKTYp
Transformer y cydyacHoMy mTyyHOMY 1HTenekTi. KirouoBa 0coOaMBICTE MOAEI —
MexaHi3M camoyBaru (self-attention), sxuii J03BOJISIE  OIIHIOBATH BaXKJIUBICTh

PI3HUX YAaCTHH MOCII1IOBHOCTI OJTHA JIJISl OJTHOA.
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Pucynok — 3.14. Monens apxitexktypu Transformer [175]
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Ha Binminy Bifg peKypeHTHHX MEpeX JIe TPaJl€eHT BIUIMBY 3raca€ 3 4acoM,
Transformer omnpanboBye BCIO MOCHIAOBHICTH OJIHOYACHO, JO3BOJISIOYM MOJEN1
HaBYATHCS TJI00ATBHUX 3aJIEKHOCTEN MK €JIEMEHTaMU HE3aJIEKHO BiJl iX MO3HUIIIT Y
psLy uepe3 OOUMCIIEHHS cKajasipHUX Bar. Kpim Toro, BiJICYTHICTh PEKYPEHTHHX
3BOPOTHHUX 3B’A3KIB O3HA4a€, II0 BCI TMOCHIOBHICTh MOXHa OO0pOOIsATH
napaseinbHO, 3aB/ISIKK YOMY TPEHYBaHHS TpaHCPOPMEPIB 3HAUHO MPUCKOPIOETHCA.
OCHOBHOIO KJIFOUOBOIO XapaKTEPUCTUKOIO apXiTekTypu Transformers € Te,
[0 BOHM HIATPUMYIOTh MOJeNb koxaep-aekonep (encoder-decoder) (puc. 3.15).
Konep 3uutye 1 00poOiise BXigHI AaHl parMeHTaMU OJHOYACHO 1 KOJy€ WOro B
KOHTEKCTHE npeacTaBiaeHHs. [IoTiM nexoaep MoCiI0OBHO 3UYUTYE 1€ TPEACTaBICHHS

1 TeHepy€e BUXI1JIHI JIaHI.

Predictions
f Decoder

e

Feed-Forward

Network

Encoder r_States Multi-Headed
/ | \ Cross-Attention
Feed-Forward t Q 3
Network ) ) |
Masked

Multi-Headed Multi-Headed
Self-Attention Attention
C A A C A A

K Q K Q

Y

A

Source Sequence Target Sequence/

Predictions

Pucynok — 3.15. Cxema encoder-decoder 610ka [175]

Po0ounii npouec koxepa.
Konep € ¢ynmameHTtanbHUM KOMIOHEHTOM apXxiTektypu Transformer.
OcHoBHa GyHKIIIS KoJiepa MOJIsrae y nepeTBOPEHH1 BXITHUX TOKEHIB Y KOHTEKCTHE

npeacTaBieHHs. Ha BiqMiHYy Bij MOMEpeqHIX MOJAENEH, sKi 0OpOoOIsIM TOKEHU
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He3anexHo, kojep Transformer ¢ikcye KOHTEKCT KOKHOTO TOKEHA MO BIAHOIICHHIO
710 BCI€1 MOCT1JOBHOCTI.

VY3araiibHeHa MOCHIOBHICTh KJIIOYOBUX ONEpaliil €HKOoJepa apXiTeKTypu
Transformer HaBeeHa HUKYE.

Boéyoosysanusa exionux oamux (input embeddings). Ha nouatkoBomy ertarmi
KOKEH BX1IHMI TOKEH KOJIYEThCS 3a JOMOMOroro BOyjoBaHoro mapy embeddings y
BEKTOp (piKCOBaHOI po3MipHOCTI, 3a3Buual 512. lle mepeTBOproe IUCKPETHI
CMMBOJIM Ha HEMEpPEepPBHI YHUCIOBI MPEACTABICHHS, MPUIATHI IS MOAAJBIINX
JTHIMHUX Ta HEIHIWHUX OmNepalliii y Mepexi.

llosuyiune koodysanns (positional encoding). OCKIIbKM apXiTEKTypa
Transformer He MICTUTHh PEKYPEHTHOIO YW KOHBOJIOLIMHOIO MEXaHI3My IS
BpaxyBaHHs MOPSIAKY TOKEHIB, 10 BekTopiB embeddings noaaroThCs CHHYCO- Ta
KOCHHYCOilalIbH1 TO3UIliHI BekTopu. KoxkHE Take KOAyBaHHSA BIOOpakae
a0COJIOTHY MO3MIIK TOKEHAa B MOCIIJOBHOCTI, IO JI03BOJISIE MOJENl YHUKHYTH
BTpatu iHPOpMaIlli PO NOPSAKOBI BIIHOCUHU MIK CJIOBAMH.

Macwmabosana cxansipno-oooymkogea camoyeaea (scaled dot-product
attention) (puc. 3.16, a). Ha upboMy kporti 1151 KoskHoro embedding oGuuciooThes
TPH OKpeMi JIiHIiH1 BijoOpakeHHs: BeKTopu 3anuty Q, kimtoua K 1 3nauenns V. Jlami

O0YHCITIOETHCS MaTpuIl CaMOyBaru sK:

T
Attention(Q,K,V) = softmax (%) v, (3.12)

ne dj — po3MipHICTh KTr0UiB i 3anuTiB. Lllo gae 3Mory amanTuBHO 3BaXKyBaTH
iHpopMalito 3 yciX MO3WIINA BXiAHOI MOCHIAOBHOCTI Ta (POpMy€e KOHTEKCTHO
3aJIe’KHE MPEJICTABICHHS KOKHOTO TOKEHA.

bacamoeconosa yeaca (multi-head attention) (puc. 3.16, 06). Ilporec
napainenbHoi 00poOku nekiapkox scaled dot-product attention OyOKiB, a TOTIM

KO>KHA IpyIa pe3yJabTaTiB caMOyBaru 3'€ JHYEThCS Pa30M JJisl BAKOHAHHS JIIHIHHOTO
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MEPETBOPEHHS I OTPUMAaHHS KIHIEBUX BHUXIJIHUX PE3yJbTaTiB. 30Kpema,

dbopmyina i oOuucnenus mae Burisig [177]:

Multi — Head(Q,K,V) Concat = (head,, ..., head,)W,, (3.13)
head; = Attention(QWy,, KWy ,VWy,), (3.14)
ne h — kiabkicTh TONIB camoyBaru, W, — BHXIiJlHA BaroBa MaTpHIS

OararorosioBoi yBaru. Kpim Toro, ais npoBe/leHHs JIIHIHHOTO MEPETBOPEHHS HaJl
Q, K ta V BukopucToBytoThCs Barosi marpuui QWy , KWy, i VW, ..

3anuwxosi 36’a3ku (residual connections ) Ta Hopmanizayis (normalization).
Buxing multi-head attention mOMOBHIOETBCS TPSAMHUM 3’€AHAHHAM 13 BXITHUM
ten3opoM (residual connection), a mOTIM NOPOXOAUTH Mmiap Hopmamizamii. Lle

MPUCKOPIOE 30IMKEHHS HaBYAHHS Ta 3a1o0Iirae 3aTyXaHHIO TPAJI€EHTIB B TIIMOOKHUX

Mepexax.
Mathul [ Linear |
% )
T Concat
SoftMax ATT
[ [
T (
Scaled dot-product h
Scale attention
P Al Al Al
—_— Il ] r |l ] ‘ |l ]
MatMul Linear Linear Linear
t f 1 !
Q K A% Q K \

Pucynok — 3.16. (a) scaled dot-product attention blocks (b) multiheaded attention
block [178]
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Mepeorca npsimoeo 38'a3ky (feed-forward network, FFN ). KoxeH BekTop 13
MONEPEAHHLOI0 KPOKY MPOXOJUTH Yepe3 JABOIIAPOBY TOUYKOBY MEPEXY: JIHINHUN
map — ReLU — niniitHu map A1t HeNniHiiHOTO epeTBOpeHH. Taka apxiTeKTypa
3abe3reuye 10JJaTKOBY 0OpOOKy Ta MEPETBOPEHHS O3HAK.

Buxio kodepa (encoder’s output). Buxisi ocTaHHBOTO IIapy KoAepa — 11e Hal1p
BEKTOpIB, KOXE€H 3 SKUX IMPEACTABISIE BXIJHY MOCIIAOBHICTE 3 Oaratum
KOHTEKCTHUM pO3yMiHHSIM. lleli BHXiJT MOTIM BUKOPUCTOBYETHCS SIK BXIJ JJIA
nekojaepa B mojeni Transformer.

PoGounii npouec aexoaepa.

Ponb nexkonepa nossirae y noeTannHoMy reHepyBaHH1 BUX1IHOI IOCII1JOBHOCTI
TOKEHIB. Sk 1 kozep, JeKoiep Ma€e CXOXKHI HaO1p miAIIapiB.

VY3araiibHeHa MOCIOBHICTh KJIIOYOBUX OIEpaliil JeKojepa apXiTeKTypu
Transformer HaBeeHa HUKYE.

Boéyoosysanusa suxionux moxenis (output embeddings). Ha Bxoni aexonepa
KOKEH 3reHepoBaHUU a00 3a/laHvil TOKEH MEepPEeBOJIUTHCS B BEKTOp (IKCOBAHOI
po3MipHOCTi, 3a3Buuaid 512, 3a momomororo mapy embeddings. Ile cTBOproe
HETEepPEepPBHI YUCIIOB] MPEICTABICHHS, CYMICHI 3 MOAANIBIIUMU OOUHUCICHHSIMU.

Losuyiiune kooysanus (positional encoding). Ilicns BOya0ByBaHHsI, TaKk caMO
K 1 B KOJEpl, BXITHUM CUTHAJ NPOXOJAUTH Yepe3 Map Mo3uIliiHoro koayBanHs. Lle
3abe3reuye aekoiepy 1HGOpPMaIlilo PO MOPSAIOK TUX TOKEHIB, K1 BIH YK€ CTBOPHUB.

Mexanizm mackysanns camoysacu (masked self-attention mechanism).
Jlekonep BuKOpucTtoBye MoaudikoBaHy Bepcito self-attention 3 MackyBaHHSIM
MaifOyTHIX nmo3uii. st koskHOro TokeHa oouncioThesa Q, K, V, a Macka O11okye

JOCTYTI J10 MI3HIIIUX €JIEMEHTIB MOCII1I0BHOCTI, TapAaHTYIOUH aBTOPETPECUBHICTD:

T
MaskedAttn(Q,K,V) = softmax <% + M) v, (3.15)
k

ne M — marpuis-macka:

0, akmo j <1

M, = {_oo, e = (3.16)
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bacamoeonosa nepexpecna ysaca (multi-head cross attention). Y npyromy
Osoni yBaru 3anuTH (Q MOXOATH 13 BHUXOJy MacKoBaHOi yBaru, a kmwoui K Ta
3HaueHHs V — 13 hiHAIBbHOTO BUXOy eHKojiepa. Lle 103Bosie ekonepy IHTerpyBaTu

iH(opMallito Mpo BeCh BXiAHUN KOHTEKCT:

T
CrossAttn(Q,K,V) = softmax (%) v, (3.17)

Hetiponna mepesca npsimoeo 38 ’a3ky (feed-forward neural etwork, FFNN).
[Toni6HO 0 KOAEpa, KOKEH PIBEHb JIEKOJEepa MICTUTH JIBOIIAPOBY MOBHO3B'SI3HY
MEpexy MpsIMOrO 3B'SI3KYy, SIKa 3aCTOCOBYETHCS A0 KOKHOI TMO3HUIIT OKpEMO Ta
1IEHTUYHO.

JonaTtkoBo 3a koxxHUM miapiBHeM masked self-attention — cross attention —
feed-forward network moaiOHo sk 1 11 KoJiepa, Ciiay€e KpOK HopMaJizallli, 1 KOXKeH
3 HUX TaKOX BKJIKOYAE 3aJUIIKOBUN 3B'I30K HABKOJIO HBOTO.

Jinitinui knacugpixamop (linear classifier) 1 dyHkiis aktupanii softmax mis
reHepaiii #MoBipHOCTe. BUXinHI JaHI OCTAaHHBOTO IIApy MEPETBOPIOIOTHCS Ha
nepeadavyBaHy MOCHIOBHICTb, 3a3BUYal 3a JOMOMOTOIO JIIHIHHOTO 1Iapy, a MOTIM
softmax 17151 TeHeparlii iMOBipHOCTEM BUOOPY HACTYITHOTO TOKEHA. 3alpOolOHOBaHa
OaratopiBHEBa apXiTEKTypa 3/1aTHA CYTTEBO MIJBUIIUTH MPOTHOCTUYHY TOYHICTH
MOJIeNi, OCKUIBKM BOHa 3a0e3nedye rInOoKe W TOHKE MOJEIIOBaHHS B3a€MOJIIi
PI3HOMaHITHUX KOH(ITypalliii MexaH13MIB yBaru.

['onoBHa nepesaca apXiTEKTypHu — 3IATHICTh €PEKTUBHO MOJICTIOBATH JIOBT1
MOCHIAOBHOCTI, J10Jal0ud OOMEXKEHHSI PEKypPEHTHUX MEpeK. 3aBASKH CaMOyBasl
Transformer Moxxe BpaxyBaTh 3aJIEKHOCTI MK OyAb-SIKUMH JBOMa €JI€MEHTaMHU
MOCHIJOBHOCTI MPAKTUYHO 3a OJAMH KpOK, ToAl ik LSTM TeopeTudHo Tex MOXKeE, ae
Bi/IJIaJieHl BIUIMBU MPOXOJATH YEPE3 JIAHIIO)KOK MPOMIXKHUX CTAHIB 1 MOXKYTh
po3muBarucs. Transformer nmo30aBieHHI PEKypEHTHOCTI, TOMY HEMae 3aTyXaHHs
rpajiieHTa 3 POCTOM JIOBKHHH MOCIIIOBHOCTI — IPAJI€HT MOKE MPOTIKATH MPIMUMU

HUIIXaMU yBaru BiJ Oynb-aKoi mo3uuii 10 Oyab-skoi. [HIIAa BenMka nepeBara —
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napajeibHe HaBYaHHS: OCKUIBKM HEMAa€ TMOCTIOBHOI 3aJIe)KHOCTI, MOJEIb MOXE
0o0poOussiTH Bel mo3uilii ogqHoyacHo Ha GPU, mo mpuckoproe HaBUYaHHS B pa3u.
[IpakT4yHO 1€ O3HAuYae Kpallly MacHTaOOBaHICTh HA BEIMKUX JaHUX 1 JOBIHUX
MOCHIJOBHOCTSIX.

[lomo Heoonikie. 3a BiICYTHOCTI pekypeHTHOCcTi Transformer Opakye
BOYJIOBAHOTO BIAYYTTS TMOPSAJIKY — BIH MOKJIAAAEThCA JUIIE HA MO3UIINHI
KoJtyBaHHs. OOUKCIIOBaIbHA BAPTICTh MEXaHI3MY CAMOYBaru 3pocTae KBaApaTUIHO
Bl JOBXHHU MNOCHiAOBHOCTI. Kpim Toro, Tpancopmepu MarwTh IyXe Oarato
napaMeTpiB 1 MOTPeOYIOTh BEJMKI HaOOpU AaHUX JJisl HaBYaHHS, 1100 MOKa3aTu

CBOIO TIepeBary.
3.4.4 llopiBasiibaui ananiz MLP, LSTM ta Transformer

VYei tpu posrasanyTti Mmoaeni — MLP, LSTM ta Transformer — € BaxxiuBuMu
MpEeJCTaBHUKAMU PI3HUX MOKOJIIHb apXITEKTyp rubokoro HaByaHHs. KoxkHa 3 HUX
Ma€ CBO1 CHJIbHI CTOPOHH Ta OOMEKEHHS, 1 IOLIbHICTh BUKOPUCTAHHS T1€1 UM 1HILIO]
MOJIEI1 3aJIeKUTh BiJ XapakTepy 3aAadi Ta nanux. Hkue HaBeieHO MOPIBHSHHS 32
KUIbKOMa PEJIEBAHTHUMU KPUTEPISIMU

Tun 3a0au ma oanux.

MLP npuzHauenuii nepeaycim uist 3a1ad 3 GiKCOBAaHOIO PO3MIPHICTIO BXOAY
Ta BUXOJly. AJITOPUTM HE Ma€ BHYTPIIIHHOTO CTaHY 1 HE BPAXOBY€E MOPSIOK Moaadi
naHux. EQekTuBHMI Ha BIAHOCHO MPOCTUX 3ajadyax HaBITh 3 OOMEXKEHUM
nataceroM. He Mae BOy10BaHUX MPUMYILIEHb PO CTPYKTYPY JaHUX.

LSTM po3po0isieHO A MOCHIIOBHUX JAHMX, JAJIA 3aJad 3 ypaxyBaHHSAM
YaCOBUX YH IMMO3UIINHUX 3aJIeKHOCTEH. ANTOPUTM J00pe Mpalroe 31 3MIHHOIO
JOBXXHHOIO MOCIIIIOBHOCTI. Y BUNaAKy 00’ €MHUX JaTaceTiB MOBUIbHUI y HABYaHHI.

Mogaens Transformer Takox mpaimroe 3 TOCHIOBHOCTSIMHU, aje€ MOXKE
e(heKTUBHO OOpOOIATH Iy*ke JOBI1 MOCHIOBHOCTI 1 B3a€MOAIl B HHUX 3aBISKU
MeXaHI13My INI00aJIbHOI yBaru.

ApximexkmypHa ck1a0Hicmb ma napamempu.
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Anropumt MLP € KkoHUENTyadpbHO HAWMPOCTIIMNA: KUIbKa IIapiB
MOBHO3B I3HUX HEWPOHIB, BUOIp aKTHUBAIlli, IIBUAKICTh HaB4YaHHS. KiIbKICTh
napaMeTpiB 3aJeXKUTh BiJ PO3MIpy IIapiB, 1 3a BEIMKHUX apXITEKTyp MOxe OyTu
3HAuYHOIO, aje 3arasioM MLP nermie anamizyBatu 1 peanizyBaTu. 3aHaATO TNIMOOKI
MLP moxyTh noTpeOyBaTu crnelialbHUX 1HIN1adi3aliil/akTuBaniii, o0 YHUKHYTH
3raca”Hs IPa/Ii€HTIB.

LSTM cknagHimuii — KOXX€H HEWpPOH MPUXOBAHOIO CTaHy 3aMIHEHO Ha
KOMIpPKY 3 TphOMa BOPOTAMH 1 BHYTPIIIHBOIO MaM’SITTIO, TOMY ITapaMeTpiB B HOTUPHU
pasu Oulbllie Ha Ty X PO3MIPHICTh MPUXOBAHOTO MpeacTaBieHHA. [lomgaTkoBi
rineprnapaMeTpu — po3Mip MPUXOBAHOTO CTaHy, CXeMa IHiIiaai3ali reiTiB, TOnlo.
[ToTpeOye HaneXHOI HACTPOWKHM MIBUJKOCTI HABYAHHS Ta 3aCTOCOBY€EThCs gradient
clipping st cTaG1IBHOCTI.

Transformer — 11e OB KOMITJIEKCHA MOJI€NIb: BOHA MICTUTh 0araTo 1apis,
KOXEH 3 SIKMX CKJIAJJa€EThCS 3 KUIbKOX «rouiBy» yBaru i feed-forward mepex. Benuka
KUIBKICTh TieprapameTpiB - KUIbKICTh 1IapiB, IIUPUHA MOJIEN1, YKCIIO TOJIIB YBard,
pO3Mip MO3UIIIMHUX BEKTOPiB, cxema learning rate, KoedillieHTH peryspusarii
too. e miaBuIye BUMOTH 10 1aM’sIT1 1 00UUCITIOBAIBLHUX PECYPCIB MPU HABYAHHI.

Ypaxyeanuns oosecocmpoxosux 3anesxcnocmeil.

MLP He mae BHYTpPIIIHBOI MaM’STi 1 HE MOXE CaMOCTIMHO BpaxyBaTu
JOBTOCTPOKOBI 3aJI€KHOCTI Y BXIAHUX JAHUX.

Anroputm LSTM chneuiaJibHO NpU3HAYEHUM ISl JOBIUX 3aJIEKHOCTEH.
3aBIKU CTaHy KOMIPKHA MOXKe 30epiratv iHpopmallio npoTsroMm 0araTbox TakKTiB,
10 JO3BOJISIE MOJEIIOBATH TOCIIIOBHOCTI Ha JOBIUX BIJpi3Kax yacy.

Mognens Transformer 3abesnedye TEOPETUYHO HEOOMEKEHE OXOIJICHHS
KOHTEKCTY B MeXKax JOBXXHHHU BXIJHOI MOCJIIJOBHOCTI, OCKIJIBKM KOKHE BUXIJTHE
MpeCTaBIeHHs 0e3MmocepeHbO 1HTErpye 1H(POpMAIIiI0 PO BCl €IEMEHTH BX1THHUX
JAaHUX 3a JIONOMOror MexaHi3Mmy self-attention. lle no3Bomnsie Momeni HaaiiHO
BIJITBOPIOBATH Jy>K€ JAJEKl 3aJI€KHOCTI BCEPEIUHI 33JJaHOT0 KOHTEKCTHOI'O BIKHA

0e3 mpoOJieM 13 3aTyxaHHAM rpafieHTiB. [IpakTuyHi 0OMEKEHHS Ha MaKCUMAJIbHY
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JOBXKUHY TaKUX 3QJIEKHOCTEH BU3HAYAIOTHCS BUKJIIOYHO PO3MIPOM KOHTEKCTY, Ha
SAKOMY MOJieJib OyJia HaBUY€HA Ta HASIBHUMU OOUYUCIIIOBAIbHUMU PECYpCaMHU.

Iapanenizayis ma weuoKicmos HABUAHHSL.

Hagpuanns anroputmy MLP MoxHa nmapanesnizyBaT 10 HEMpOHaX 1 BXOJaXx.
Yac pobotu pocTe JIHIHHO 3 YUCJIOM MapaMmeTpiB 1 po3mipom Bxoxay. Josoui
MIBUAKHM 1 TPOCTUM B peaizaliii.

Jnst LSTM oGuucieHHs: po3ropHyTi y 4aci: 00poOKa KOXKHOTO KPOKY CTPOToO
3JIEKUTH Bl PE3yJIbTATIB MONEPEAHBOrO, 110 YHEMOXIIMBIIIOE iX Mapayiei3alito
B3/I0BK YaCOBO] OCI.

Monens Transformer Mae MoBHY nmapaneabHICTh MO JIOBXKUHI MOCI1IOBHOCTI.

Aoanmauyis 0o cneyugiunux 6umoe i 2HyuKicmo.

MLP e yHiBepcaJlbHUM aJIrOPUTMOM, ajie MoTpelye 1HKEHepii O3HAK s
MOCIJOBHUX/TIPOCTOPOBUX JIAHUX.

Anropumt LSTM Oinbiu crieniaiizoBaHuil AJisl MOCIIIOBHOCTEN vacy, HOro
MOXHA JIETKO 3aCTOCYBATH 10 OyAb-SIKOTO Py JaHUX Yy yaci.

Mognens Transformer — HaA3BUYATHO THYYKHI 3aB/ISIKM MEXAHI3MY YBaru.

BucHoBok. Y koHTeKCTI 3a7a4l ontuMizaiii Tpaekropiit KO B atmocdepi 3a
TEIJIOBUM YMHHUKOM, BUOIp Mozel Oyze 3ajexaTH BiJ JOCTYITHUX JAHUX 1 BUMOT
10 BpaxyBaHHA n1uHaMmiku. MLP moxe cinyryBatu 6azoBoro monemnto. LSTM 3natHa
0e3mocepeTHbO MPAIOBATH 3 YaCOBUM MPOdijeM TEeIUIOBOTO HaBaHTaxeHHS q(t).
Transformer Moxe BUABUTUCS €PEKTUBHUM JIJIs TPOTHO3YBaHHs a00 oNTUMI3aIlii,
SKIIO € JOCTATHHO JIAaHUX JUIsl HABYAHHA. Y MIJCYMKY, BC1 TPU MOJIEI1 TOMOBHIOIOTh
onHa oxaHy: MLP 3abe3neuye mpocToTy 1 1HTeprperoBaHicth, LSTM —
creniaiaizoBaHy nam’siTh JUis nmociaigoBHocTed, Transformer — moTy X HICTh yBaru i

MapaaenbHICTh.
3.4.5. 'inepnapamMeTpu MojeJieil Ta iXHiH BILUIUB

CyuacHi HEWpOHHI MepeXi MarTh HU3KY TineprnapaMmeTpiB — MapaMeTpiB
MOJIeNIl, SIKI 3aJlal0ThCsl 0 HAaBYAHHS 1 BU3HAYAIOTh apXITEKTypy Ta MOBEIIHKY

Mepexi. Bin mpaBusibHOro BHOOpPY TilepriapaMeTpiB 3aJ€kKUTh 3[aTHICTh MOJIEN1
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HaBYATHCS 1 y3arajJbHIOBATH 3aKOHOMIPHOCTI y naHuX. Hukue HaBeqeHO OCHOBHI
rinepnapaMeTpu g apXiTeKTypu TriauOuHHOro HaBuanHsi — MLP, LST Tta
Transformer. Po3rnsinyTo (yHKIIOHaNbHE MPU3HAYEHHS IUX TileprapaMmeTpis,
MPUHLINI 111 MOJIEIbBHUX KOMIIOHEHTIB 1 TUTIOBY OOUYHUCIIOBAIbHY CKIIA/IHICTh.

Kinvxicmo wapie aoo enudbuna mooeni. KinpKicTh 11apiB BU3HAYAE TITUOUHY
HEUPOHHOI Mepexi, TOOTO CKUIbKM TMOCTIJOBHUX HENIHIMHUX TEPETBOPEHD
3aCTOCOBY€ETHCS JI0 JaHUX. [ MOl MOJIes MOTEHIIHHO 31aTHI BijoOpa)katu ayxKe
CKJIaJHI (YHKII Ta 3aKOHOMIPHOCTI, ajie iX TPEHYBaHHS CKJIAJHINIE, a PU3HUK
MepeHaBYaHHs BUILUM MpHU HEAOCTATHIN KUIBKOCTI AaHux [179].

MLP. 3 nornsay (GyHKIIOHAIBHOCTI, OJUH MPUXOBAHUH IIap BXKE J103BOJISE
anpoOKCUMYBAaTU JOBUIbHY HeENEepepBHY (YHKIIO 3a JOCTaTHbOI KIUIBKOCTI
HelipoHiB. JlogaBaHHsS NMPUXOBAHMX IIAPIB J03BOJIsIE MOAENl HaOyBaTH OLUIBIION
BUPA3HOCTI O€3 JJ0JaBaHHS YKClia HEUPOHIB, MOCTYIIOBO BUTSTYIOUYH BUCOKOPIBHEBI
o3HakH 3 faHux [180]. IIpu npomy, 30UTbLIEHHS YKCiIa MIapiB M1JBUILYE HOTYXHICTh
MOJIeNi, ajie YCKJIQJHIOE ii HaBYaHHS 4yepe3 MpoOsieMy 3racarouux IpaJi€eHTIB Ta
30UIbLIy€E PU3UK NEpEeHaBYaHHSI. ToMy TIIMOMHY Mepexl 0OMparoTh, OalIaHCYyIOUU
M1 BUPA3HICTIO Ta CKJIQIHICTIO MOJIeNl. 3a3BUYai ToJaBaHHs 3 MPUXOBAHMX IIAPIB
€ ONTUMAaTbHUMH.

LSTM. Y pexypentHiii mepexxi LSTM rnubOunHa Moxe o3HayaTu KUIbKICTh
nocaigoBHO ckiageHux LSTM-mapiB, ie BUXij MONEPEIHHOTO MIapy MOAAETHCS Ha
Bxil HactynmHoro. Omun map LSTM Bxe 3maTeH 30epiraTd 1 mepeaaBaTu
iH(opMallito yepes yac 3aBJSKU BHYTPIIIHIN am’sTi. JlonaBaHHs mapiB 301UIbIIYy€E
MOJIEIbHY MOTYXHICTh — HIKYl LSTM-piBHI MOXYTh BUBYAaTH KOPOTKOCTPOKOBI
MaTepHU, a BUIII — OUIBII y3arajibHEHI JOBMOCTPOKOBI 3anexHOocCTi. [IpoTe Buroma
BiJ 30UIbIICHHS TIMOUHHU TPOSBISIETHCS JIMIIE 3a JIOCTaTHHOI KIJIBKOCTI JAaHHX 1
MPaBUJIBHOTO HAJIAIITYBAHHS — KOXeH aojaatkoBuid map LSTM cyTTeBo 301bI1y€
YUCJIO apaMeTpiB 1 00UHUCIIEHb, YCKIIAIHIOE 3HUKAIOUNI/BUOYXat0unil rpaJieHT Ta
BUMarae OubI JoBroro HaB4daHHs [181]. PekomennoBanuii aianazon — 1-3 LSTM-

map, Mpy bOMY BapTO OI[IHIOBATH MPUPICT SIKOCTI 1 PUZHK MTepPEHABYAHHS.
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Transformer. JIs 11i€1 apXiTEeKTypHu TJIMOMHOIO MOJIENI 3a3BUYail BBAXKAIOTh
KUIBKICTh IOCJIIJIOBHUX OJIOKIB caMOyBaru y eHkozepi Ta aekozepi. Kmacuunwmii
Transformer MaB mo N=6 mapiB y eHkojepi 1 aexoaepi [175], mi3Himi ycminiHi
MoJIell 111 0OpoOKH TEeKCTIB MICTHIM Bia 12 mo 48 mapiB. Koxken map mo3Bojse
BUKOHATU III€ OJWH PIBE€Hb MEPETBOPEHHS O3HAK MOCIIJIOBHOCTI, IO IMiJIBUIILYE
BHUpa3HiCTh Mojeni. OaHak 30UIbIIEHHS IIApIB Bele 10 KBAAPaTUYHOTO POCTY
BUTpPAT, OCKUIBKM KOKEH IIap BKIIOUA€E caMOyBary Ha BCiil mociigoBHocTi. Jlo Toro
K, KOJKEH II1ap — I1€ BeJrKa KUTbKICTh MapaMeTpiB, 1 HAATO TIHOOKI TpaHChopMepH
MOTPEOYIOTh CKJIQAHINIMX CXEM HaBYaHHS s cTaOuibHOi 30DKHOCTI. Jlms
HEBEJIMKUX 3a7a4 YacoBOTO PsAIYy YacTO JOCTaTHHO 2-4 1IapiB. HEBEJIUKUM
nataceroM, ABtopu y [182] mnst cepiii cepeaHbOl CKIAAHOCTI PEKOMEHIYIOTH
BUKOPHUCTOBYBATHU 2-4 1mapu 1 301Ib1IyBaTH IPU NOTPeO1, aJKe 3aCTOCYBAHHS TyKe
rOOKUX TpaHCHOPMEPIB HEOIIILHE Ta BUMaraTuMe OUTbIle PeCypciB.

Po3mip npuxoeanozo cmany/wapy. Po3mip npuxosanoro mapy B MLP a6o
npuxoBaHoro crany B LSTM uu BekTOpHUX TIpecTaBiieHb B Transformer Bu3Havae
KUIbKICTh HEHPOHIB 200 03HAK, SIKI MOJIEh MOKE OJHOYACHO YTPUMYBATU Y CBOEMY
BHYTpIIIHbOMY TipecTaBiieHHi. [llupiri mapu 31atHi BMicTUTH Olibliie iHpOpMaIrii
1 BUBYUTHU CKJIAAHINI BIAHOMICHHS. SIKIIO Maluii po3Mip MPUXOBAHOTO MPOCTOPY
MOX€E TMPU3BECTH J0 HEAOHABYAHHSA, TO HAATO BEIUKHN — JO NMEpEeHABUAaHHS Ta
301UIIbIIIEHHS] 0OUUCIIOBANIbHOI CKJIaJHOCT1 0€3 1CTOTHOT BUTOIH.

MLP. Y anroputmy MLP po3Mip mpuxoBaHOro miapy 4acTo MmigOHpaeThCs
EKCIEPUMEHTANIbHO; 3arajibHa PEeKOMEHJAIlisl — MOYMHATU 3 BEJIUYMHU TMOPSIKY
PO3Mipy BXIJTHOI'O YM BUX1THOTO BEKTOPIB 1 KOPUTYBATH IMPHU HEOOX1THOCTI. TUIOBI
niamazoHu s mozeneir MLP — nmecsatku abo cotHi HewponiB. [upmmii mmrap
JI03BOJIsSIE BUSIBUTH OLIbIlIe O3HAK Ta MIJABUILYE THYYKICTh Mopemi. Boanouac
3aHaATO BENUKUN 1Iap PpI3KO 30UIBIIUTh KIUIBKICTh MapamMeTpiB 1 pHU3HK
nepeHaBuanHs. JlitepaTypa 3 TMOOKOro HaBYAHHS PaJiUTh 301IBIIYBAaTH PO3MIp
1apiB NOCTYIOBO, CIIAKYIOUYM 32 MOMUJIKOIO Ha Bamiganii [183].

LSTM. Y LSTM-mepexi po3mip MPUXOBAHOTO CTaHy — II€ PO3MIPHICTh

BEeKTOpa h; 1 cTaHy mam’sTi C; Ta BIAMOBIAHO KiTBKICTh HEHPOHIB Y KOKHOMY
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LSTM-mapi. Lleit rinepnapameTp BuzHavae oo0car iHpopmariii, sky LSTM-Mepexa
31aTHA 30epiraTy Mpo MoInepeaHl CTaHu MOCIII0BHOCTI. Manuii po3mip, MeHIe 32,
Moxe OyTH HeJoCTaTHIM, W00 3aXONUTH YyCl BaXJIMBI NAaTEPHU JIOBrOi
MOCJIIIOBHOCTI, TOA1 SIK BETUKH, 256 1 OlblIe, NiABULLY€E MOJEIbHY MOTYKHICTD,
aje notpedye OUIbIe JaHUX JJIs HAJIMHOTO HaBYaHHSA Bar. € JOIIIbHUM MOYHUHATH
3 MOMIPHUX 3HAa4Y€Hb, HANPUKIAJ, 64 1 mepeBipsATH, YU 30UIbIIEHHS A0 128 nmae
MOKpAIlEeHHs Ha BaJlialii.

Transformer. J1s1 1aHoi apXITEKTYypU aHAJIOTOM PO3MIpy MPUXOBAHOTO LIAPY
€ PO3MIPHICTE MOJEIHHOTO TPOCTOPY dAmoders TOOTO ITOBXKHHA BEKTOPHOTO
MpEJCTaBICHHS, 3 SKHUM OIEpye KOXeH mmap camoyBaru. Hanpuknan, B
opuriHanbHIK Moxaeni Transformer po3MipHICTD dypge; = 512 [175], ToOTO KOXKHA
MO3HUIIISL KOAYEThCS 512-BUMIpHUM BEKTOPOM, BCi omepallii yBaru i mepeTBOpeHHs
BiIOYBAIOTHCS B I[LOMY MPOCTOPi. BaXXIuBO 3a3HAUHATH, MO d,yypqe; OB’ A3aHUN 3
IHIIMMH TlapaMeTpaMu TpaHcdopMmepa: 3a3BUuail BUOUPAIOTh YUCIIO TOJIOB yBaru
TaK, MO0 d ;0 4e; AUTAIIOCH HA 1€ YHCITO. 30UTBIIEHHS d 1y, 01 POOUTH MOACIH OLTBIIT
MOTY>XHOIO, aJie OJIHOYacHO 30UIbIIy€ MNapamMeTpu BCIX IIapiB caMOyBaru Ta
npoekuii. [IpakTU4HO, SKIIO BUKOPUCTOBYEThCS TpaHcopmep 3 2—4 Oiokamu,
Amoder = 64, 3 BHyTpimHIM po3mipom npuxoBanoro mapy y FFN d ¢ = 256 moxe
CTaTH JNOLUIBHUM TOYaTKOBUM BHOOpoMm. Ilpu 30imbiieHH1 3Ha4YeHb 10 128%512
BapTO MEPEBIPSITH HA BajIiallii MOJeIb Ha TIEpEHaBUYCHHS.

@yukuii axkmueayii. HeniniiiHa ¢yHKIIS akTUBalil BU3HAYa€ BUXIA
HEWPOHIB MPUXOBAHOTO IIAPy HA OCHOBI iX J1HIMHOI KOMOIHAIIT BXO1B. AKTHUBAIII]
BILUIMBAIOTh HA 3JaTHICTb MEPEK1 MOJIEIIOBATH HENiHINHI 3aJI€XKHOCTI, a TAKOXK Ha
XapakTep MOIIUPEHHs TPaJieHTIB MpU HaB4YaHHI. BuOip akTuBaiii Moxe CyTTEBO
BIUIMHYTHU Ha IMIBUIKICTH 301KHOCTI 1 KiHIIEBY TOYHICTh. KiacuuHi cUrMOiganbH1
¢yukii curmoiga (3.19) ta rimep6oniunuii Tanrenc (3.20) mMar0Th 0OMEXKEHUU
Jliarna3oH BUXOJY 1 CXUJIBHICTh JO HACUYEHHS, IPU BEIIMKUX 3HAYEHHSAX X IXHS
MOX1AHa IPSIMYE J10 HYJISI, 10 BUKJIMKAE TPOOJIEMy 3racaHHs TpajileHTa y TTIMO0KUX

nrapax.
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o(x) = 1+2_x, 3Ha4yeHH# B iHepBaui [0,1] , (3.19)
tanh(x) = % , 3Ha4YeHHs B iHTepBani [-1,1], (3.20)

Harowmicte kycouno-niniH1 Qynkuii tunmy ReLU (Rectified Linear Unit)
(3.21) ne nacuuyrotbes s x > 0, 30epiratoun cTabUIBHUN TPAJIEHT Ta CIPUSIOTH

HIBUIIOMY Ta HAIIMHIIIOMY HABYaHHIO TNINOOKUX MEPEK.
ReLU(x) = max (0,x), (3.21)

MLP. Y GararomapoBomy nepuentpoHi BuOip (GyHKIIlT akTUBaIlii 0COOIUBO
BXKJIMBUH JUIsl IPUXOBaHUX mapiB. B mporuosyBanHi yacoBux psaaie MLP 3 ReLU
3a0€3Meuy0Th BUCOKY THYUYKICTb, MOJEIIOIOYM HENIHINHI MaTepHHU IIBHUAIIC 1
CTIMKIIIE.

LSTM. B apxitektypi LSTM ¢yHKiii akTuBalii BU3BHAYEHI KOHCTPYKIIIE€IO
camoi LSTM-komipku (puc. 3.13). CurmoigHi ¢pyHKUIi y BOPOTax OOMEXYIOTh
3HaueHHs MK 0 1 1, TUM caMUM BUKOHYIOUH POJIb BUMUKAYiB, 1[0 BU3HAYAIOTh, SIKY
YacTKY MOIMEPEHbOr0 CTaHy 30€perTH, CKIJIbKM HOBOTO KaHAuAaTa 3amucaTH, 1 Ky
YacTKy CTaHy BHJATH Ha BUXIJ. ['1inmepOoNIYHUN TAHT€HC 3aCTOCOBYETHCS s
OOUYHMCIICEHHS HOBOTO KaHAMJAATa Ta JJIsi BUXOAY, OCKUIBKA TaHTE€HC BHJA€ 5K
MO3UTHBHI, TaK 1 HEraTWBHI 3HaueHHs. TakuM uuHOM, 1si LSTM-apxiTekTypu
(dyHKIT akTUBAaIll1 (PIKCOBaHI 1 € YaCTUHOIO apXiTEKTYpPH.

Transformer. ]JlaHa apxiTeKTypa BKJIIOYA€ JEKIIbKa THUMIB akThBalii. B
0araToroJoBUX ME€XaHI3MaxX yBaru BUKOPUCTOBYIOTHCS JIMILE JIIHIMHI omeparii, a
OCHOBHA HEJIHIMHICTh TYT 3a0e31neuyeThes sofimax-QyHKIIE0 Tpu 0OUUCIEHH] Bar

yBaru. [[ns BekTopa x = [xq, Xo, ..., Xp]:

e*i

X ;
Z?:le J’

Softmax(x;) = (3.22)

Takox, koxeH 010k Mictuth nigmap FFN, mo BukopuctoBye aktuBaiiito ReLU.
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Learning Rate. 11IBuakicTh HaBYaHHA 7) — OJMH 3 HAWBAXKIMBIIIUX
rineprnapaMeTpiB I'paJliIEHTHOTO HaBUYaHHS HepoHHUX Mepex [183]. Bin BuzHauae,
Ha CKUIbKH 3MIHIOIOTHCSI Bard MOJEJNI MPU KOKHOMY KPOIl MiJl Yac MPOXOIKEHHS
ontuMizanii. Haaro Benuke 3Ha4eHHS 77 MPU3BOJAUTH JO CTPUOKIB y MPOCTOPI
napamMeTpiB — MOJENb IIJI 4aC HAaBYaHHI MOXE «IepecTpulOyBaTU» MIHIMYM
MIOMWJIKH 1 HaBITh 30UIbIIYBaTH TPEHYBaJIbHY NOMMJIKY. HaBmaku, HaATO Manuii 1)
YIOBUIBHIOE 301KHICTh 1 MOKE€ MPU3BECTH JI0 «3aCTPATaHHS» HA BUCOKOMY 3HAYEHHI
MTOMUJIKH, SIKIIO MOJIEJIb 3aCTPSITHE Y INIOCKOMY PETioH1 JaHAmapTy MOMUIIKH | 184]

(puc. 3.17).

HU3BKA 7] HOpMaJIbHa 7] BHCOKa 7]

I(n) I(n) \

"\(1/
| /
/
N

I(n)

/
o N

n n n

Pucynoxk — 3.17. 3anexHicth (pyHKIIT BTpaT Bl MIBUIKOCTI HABYaHHS (21alITOBAHO

[184])

Bubip learning rate cusibHO BITMBA€ HA €PEKTUBHY EMHICTh MOJIEN1, OCKUIBKU
BHU3HAYa€, HACKIIBLKU J0Ope MIHIMI3YyeThCA (DYHKIIIS BTpaAT. SIK 3a3Ha4al0Th aBTOPHU
y [183] 3a3Haumnu, 10 «IIBUIKICTh HaBYaHHS €, MaOyTh, HaWBaXIUBIIIUM
rineprnapaMeTpoMm; sIKIIO y BacC € Yac HaJlAlITyBaTH JIUIIIE OJIUH, HAAIITOBYUTE caMe
ii».

MLP/LSTM. Tligxix no Bubopy 1 nns apxitektyp MLP 1 LSTM noaionui,
OCKUIbKM BOHM YacTO TPEHYIOTHhCS CXOXKMMHU MeTOJaMu. 3HaueHHs learning rate
3aJIeKUTh B1Jl BUOpaHOro ontumizaropa. [[is KIacu4HOro rpafi€HTHOrO CITyCKY
(SGD) BukopuctoByeThes 11 'y niana3oni 0.01-0.1. CyyacHi anantuBHI METOAU, TaKl
sk Adam, RMSprop, 3a3Buuaii notpeOyroTh MeHIIUX 0a30Bux 3HayeHb. [y MLP

3HaueHHs 11 = 0.001 3a3Buuaii 3a0e3neuye mBUAKY 301kHICTE. LSTM, uepes cBoto
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PEKYPEHTHY MPUPOIY, MOKE OyTH OUIbII YYTIMBOIO 10 BUOOpY. 3aHAATO BEIUKE
3HAQYE€HHS 1) BUKJIMYE BUOYX I'PAJI€HTIB Y Yaci, HAITO Maje 3pOOUTh HaBYAHHS AYKE
noBinebHUM. PekoMeHnanis o xianazony 3Hadens Big 1073 1o 1074

Transformer. [ 1bOro TUIY apXITEKTypH NOTpeOye OUIbII 00E€pEeKHOTO
MIIXOAYy JO HaJallTyBaHHSA 1) 4Yepe3 BEIUKY KUIbKICTh IIapiB 1 BIJACYTHICTb
PEKYpPEHTHOCTI. Y OpuriHaibHiil poOoTi [175] BUKOpPUCTOBYBaBCS ONTHUMI3aTOP
Adam 3 Takum anropuTMoMm 3MiH: learning rate moctynoBo 30iabi1yBaBcs 3a 4000
KPOKiB, a fani craznas 3a gopmyioo 1/4/n, 1e n — HoMep kpoky iTepartii. 3aranom,
TMOBI 6a30Bi 3HaueHHs 1) wig Transformer 3HaxoxATHCA B mianasoni Bix 10™* 1o
5 X 10™*, 9acTo 3aCTOCOBYIOTH MOCTYNOBE 3POCTaHHS (TEIUIMHA CTApT) i HACTYIIHE
3racaHHsl.

Po3mip mini-nakemy (batch size). Po3mip MiHI-IakeTy BU3HAYAE, CKITbKU
HaBYAJIbHUX MPUKJIIAJIB 00pOOIISIETHCS MOJICILIIO 32 OJIMH KPOK OHOBJICHHS Bar. Lle
KOMIIPOMIC MK TOYHICTIO OLIHKU TPAJI€HTa 1 HIyMOM, a TaK0X MDK IIBUIKICTIO
OoOYHCIIEHb 1 BUKOPUCTAHHAM mam’siTi. ABTopu y [185] Bim3Hauwnm, 1o npu
30UIBIIIEHH] PO3MIPY MiHI-[TAKETY J0 AY>KE€ BEIUKOro (KUIbKa THUCSAY) HEMpOMEpexKi
CXWIbHI BTpavyaTH y3arajlbHIOIUY 3JJaTHICTh — MOJIEb MOKA3y€ MEHITY MOMUJIKY Ha
TpEHyBaHHI, aje BUIlly Ha TecTi. Ha mpakTuili BUOMparoTh po3Mip MapTii, SIKUii
BiMOBiAae maM'sTi rpadigyHOro mpoiecopa. Bapro 3a3HauuTu, 110 po3mip MiHi-
MaKeTy TICHO B3a€MOJIE 31 MIBUAKICTIO HABUYAaHHS. € eMIIpUYHEe MPaBUIIO0, 110 MPHU
301UIbIIIEHH] TAKETY Y K pa3iB, 0a)kaHO MPOMOPIIHHO 30UTBIIUTH 7] AJI 30€peKeHHS
TeMIy 3015KHOCTI1

MLP/LSTM. B 3amauax NpPOTHO3YBaHHS YacCOBUX PSIIB PO3MIpP MAKETY
3QJIEKUTh TAKOX Bl  CTPYKTypH JaHMX. 3arajbHa peKOMeHJalisa —
BUKOPUCTOBYBAaTH cTemneHeBl 3HaueHHs (16, 32, 64, 128), OcCkiIbKH BOHU
onTtumizoBaHi aist oounciaenb Ha GPU. Jlins MLP BapTo obpatu po3mip 16 a6o 32.
VY anroputmy LSTM nomaerbcsi 0COOJNMBICTH: OCKIIBKU MOCHIJOBHOCTI MarOTh
pI3HY JOBXHUHY, PEKOMEHJOBAaHO BUKOPUCTATH MACKyBaHHS, B OJIHOMY MaKeTi

MOYKHA CKJIaJIaTH KiIbKa Cepii, TOMOBHEHUX IaIIIHTOM.
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Transformer. Ins TpancdopmepiB BuOip batch size Tex BaXIuBHiA, ane
0OME)XXEeHHsI YacTilie 0OOMEXYIOThCSI PO3MIPOM MMaM’sITi. 3aBASKH PO3MOJILUICHOMY
00YHCIIEHHIO, JOIIILHO BUKOPUCTATH PO3MIp 64.

Hmosipuicms eukniouenns (dropout rate). BUKIIOUeHHS — Iie METOJ
peryispuzaiiii HeHpomepek, SKUl Mojisrae B TOMY, I1I00 TMiJl 4ac HaBYaHHS
BUMNAJKOBO «BUMUKATU» BUXOJIM OKPEMHX HEHPOHIB, pa3oM 3 IXHIMHU 3B’SI3KaMH, 3
3a1aHo0 UMOBIpHICTIO [ 186]. Dropout cyTTeBO 3MEHIIY€E MTepEHaBYaAHHS 1 TOKPAILy€e
3MIAaTHICTh MOJIENl MpAIfOBaTH 3 HOBUMH JAHUMH, OCKUIBKA MOJZIENIb HE MOXKE
CIIUpaATUCS HA TOYHY KOMOIHAIIIIO TEBHUX HEHPOHIB, 00 B OyIb-IKUI MOMEHT JIESIKI
3 HUX MOXYTh BHUNACTU. TakuM YHWHOM, Mepexa 3MylIeHa HABUUTHCS OLUIbII
CTIMKHUM, pO3MOIIeHNM 03Hakam [187].

MLP. BukmodyeHHs B anroputMi MLP Haliuacrimie 3aCTOCOBYETHCA 10
BHUXOJ[IB MPUXOBAaHUX IapiB. B cyuyacHUX 3aCTOCYBaHHSIX YaCTO BUKOPHUCTOBYIOTH
noMipHi 3HaueHHs B Mexax 0.1- 0.2, ToOTO KoKeH HEHPOH MPUXOBAHOTO IIApy Ma€e
10-20% manc OyTH OOHYJIEHUM IPHU KOKHOMY IIPOXOJII TPEHYBaHHS.

LSTM. PexypeHTHI HEMpOHHI Mepexi MOTpeOyI0Th 0COOIMBOT yBaru o010
dropout. ITomunkoBo 3actocoBanuii dropout 10 BuxoaiB LSTM Ha KOKHOMY KpOITi
MOX€ PYWHYBaTH 4acoBYy AMHaMIKy. OJHUM 3 MONIUPEHUX MIAXOJIB € BIACIKAHHS
HEMOBTOPIOBAHUX 3'€JHAHb MIDX IIapamMu Mepexi, abo 3'elHaHb «BXIJ-
MIPUXOBAHUN» 1 «IPUXOBAHMH-BUXII» B Mekax KOxXHOi koMipku LSTM [188].
Tunouit niamaszon gt anroputMy LSTM: 0.1-0.3 na Bxomax, 0.1-0.2 Ha
PEKypEeHTHHX 3B’s13Kax [ 187].

Transformer. Benuka KuUbKICTh mapaMmeTpiB y Transformer-monemnsix
3YMOBJIIOE BHUCOKY CXWJIBHICTh JO TEpEeHaBYaHHS, TOMY JUIsl 3a0e3MeyYeHHs
CTaOIPHOTO HABYaHHS Ta MOKpAIICHHS y3araJlbHEHHS 3a3BHYail 3aCTOCOBYETHCS
MOTY>XHa peryJspusailis. BUKITIOUEHHS 3aCTOCOBYEThCSA Yy TpaHchopmaTopax y
JEKUIBKOX TOYKaX: MiCJIsl KOKHOTO IIapy camoyBard, micist BHyTpimnbsoro FF mapy,
Ha BXOJ1 0 MOJENi, ONIIHHO B MexaH13Mmi yBaru. ABtopu y [189] HaBoasTh
3HaueHHs1 dropout = 0.1 Ha BcCiX pIBHSX, K Take, IO JO3BOJSIIO OTPUMATHU

ONTUMAaJbHI  pe3yJbTaTH B mepmux wmoxaensx Transformers. 3aranowm,
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TpaHcopmepu 3a3BUYall TPEHYIOThCS 3 HeBenUkuM BukItoueHHsM 0.1-0.2. Ile
OB’ A3aHO 3 TUM, III0 BOHU caMmi M0 c001 MICTSITh IIap HOpMai3ailii 1 6araTorojaoBi
MEXaHi3MHU, K1 JJOCUTh CTIWKI O MepeHaBYaHHS, SIKIIO JaHUX 0arato.

Kinvkicms 2onie  camoyeazu (multi-head attention heads). 1llei
rinepnapaMeTp XapakTepHUU TIIbKU Mg apxitektypu Transformer. Sk Bxke
3a3Havyangocsl BUIE OaXaHO CHUHXPOHI3YBATH KUIBKICTh TOJIB h 3 poO3MipHICTIO
MPOCTOPY MOJEII Ay ger- PAKAHO, OO dppyge;. ATAITOCS HA h 63 3amumiKy, 1 100
pO3Mip KOXHO1 ToJIOBM He OyB HAATO MajuM YW HAJATO BEIUKUM. [CTOpUYHO
CKJIAJIOCS CHIBBITHOIMICHHS d ;401 / h = 64. PekoMeH10BaHO Miana3oH 4-8 romis s
OUIBIIIOCT] BUITQKIB.

Huwxue mpeactaBieHo 3BeAeHY TaONMUIIO PEKOMEHJOBAHMX Jiala30HiB

3Ha4YeHb KIO4YOBUX rineprnapameTpiB st MLP, LSTM) ta Transformer.

Ta6nuns 3.8. PexoMmenioBani aianazonu rineprnapametpis st MLP, LSTM ta

Transformer
I'inepmapametp MLP LSTM Transformer
KinpkicTs mapis | 2-3 1-3 2-4
Po3wmip 128-256 64-128 64-128
NPUXOBAHOTO
mapy

@ynkuii aktuBanii | ReLU ms npuxoBanux | ¢ i tanh BOymoBano, | ReLU mist FFN,

mapiB, JHIMHA Ui | JTiHIAHA 208 BUXOAy | JIiHIAHA JUIS BUXOIY

BUXOIY
IBuAKICTH Ontumizatrop  Adam, | Ontumizarop Adam, | Ontumizatrop  Adam,
HABYAHHS 7) nmoyaTtkoBo 1073 1073 -10"* 107% mo 5x107% +
warmup
Po3zmip batch 16-32 8-32 +padding 64
Dropout rate 0.1-0.2 0.1-0.3 na Bxogjax, | 0.1-0.2
0.1-0.3 Ha
pEeKypeHTax

Kinpkicte romis h | — — 4-8
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3.5.3. HasamryBanus rinepnapamerpis I'A

JIs1 ycminHoro 3acTOCyBaHHSI TEHETUYHOTO aJrOPUTMY OTPIOHO BpaxyBaTu
HU3KY MMapaMeTpiB Ta 3pOOUTH NU3AUH-PIIICHHS, BIJ AKUX 3QJICKUTHh €(DEKTUBHICTh
Metony. HamamtyBanHsT TEHETMYHOTO AQJIrOPUTMYy 4YacTO pO3TISAA0Th  SIK
rinepnapaMeTpu, siki JOOUpParOThCAd EKCHEPUMEHTANbHO MijJ] KOHKPETHY 3ajady
[190]. Takox 1ICHYIOTh Pi3HI peai3allii Ta po3IIUPEHHs] 6a30BOT0 AITOPUTMY.

Posmip nonynayii. Bubip po3Mmipy mnomyssiii BIUIMBaE Ha OajgaHC Mix
PI3HOMAaHITHICTIO PIlIEHb 1 MBUAKICTIO poO0TH anroputMmy. Haaro mana nomynsiis
MOXe€ MPU3BECTH JI0 MEPEIUaCHOI 3012KHOCTI, O1IbIIIA OIS 3a0e3Meuye MUpIie
OXOIUJICHHS MPOCTOPY MOIIYKY 1 HAOIUKAE AITOPUTM JI0 TJI00aTBbHOTO ONTUMYMY. 3
1HIIOrO OOKY, HAJTO BEJIMKUN PO3MIP NOMYJIALIL 3HAYHO 301IbIIYyE OOYMCITIOBAIbHI
BUTPATH. 3a3BUYAN JOOUPAETHCS MO EKCIEPUMEHTANIBHO - B1J] KUTBKOX JECATKIB 0
KUJTbKOX COTE€HB 1HAMBIJIIB, 3aJICKHO B1JI CKIIaHOCTI Tpodiemu [191].

Hmosipnicmo cxpewyyéanns. TumoBe 3HauenHs P. Ommspke g0 0.8-0.9,
OCKIJIbKM KPOCOBEp € TOJIOBHHUM MEXaHI3MOM KOMOIHYBaHHS Ta NOIIYKY HOBHX
nepcrekTuBHUX pimeHb [192]. Bucoka WHMOBIPHICTh CXpEUlyBaHHS CIpUSE
IIBUJIKOMY KOMOIHYBaHHIO O3HAaK PI3HUX PIllI€Hb, OJHAK HAJTO BEIUKE 3HAUCHHS
P. Moxe mpU3BECTH JI0 «3aCTpsSITaHHS» B JJOKadbHOMY ontumywmi. [Ipu 3acTocyBaHH1
PIBHOMIPHOTO KPOCOBEPY PEKOMEHI0BaHO 3MeHITyBaTu P. [193].

Hmosipnicme mymayii. 3nauenns P, — tunoso ne 1-5% [194]. 3amanuii P,
MPU3BOAUTE JI0 JIOKAJIBHOTO ONTUMYMY 0O€3 MOKJIHUBOCTI BUPBATHUCh 3 HHOTO. 3
1HIIOT0 OOKY, BUCOKHI pIBE€Hb MyTallli IEPETBOPIOE MONIYK Ha MalyKe BUIIAJKOBUM.

Memoo 6i06opy 6amuvkis. Pi3HI cTpaTerii cenekilii BU3HAYaIOTh, Kl came
1HIUBIAM OyAyTh 0OpaHi AJis po3MHOKEHHs. HaltnmonyisipHIIINM € nponopuiitHui
B110ip abo meTon pynetku. Lleit MeTo MpoCTHl, aje Ma€e BUIAJIKOBUN XapakTep:
Jy>Ke cJ1a0K1 PIllIEHHs BCE K MAlOTh HEBEJMKUHN IIaHC OyTH 0OOpaHUMHU, a HallKpallli
— He rapaHtoBaHo mnpoxojath nani [193]. TypHipauil BigOip, KOJU BHUIIAJIKOBO
BUOMpaeThCs rpymna 3 K iHAMBIAIB 1 3 HUX K 0aThKO OepeTbcsl HaWMPUIATHIIINN.

Yum Oinpiie K , TUM CHWIBHIIIKMNA TUCK BiiOOpYy. MeTon € MpOoCTUM 1 pecypcHO
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nemeBuM. [IpaBunbHuil BuGip oneparopa BiidOpy nornomMarae 3abe3rneunTu OanaHe
MIDXK 30€pEKEHHSIM KpallliX PIlIeHb 1 MATPUMKOI T€HETUYHOTO PI3HOMAHITTSL.

Onepamop mymayii. OkpiM BUOOpY WMOBIpHOCTI MyTaiii P, MOTpiOHO
BU3HAYMTH TUI MyTallii, TOOTO CIIOCiO 3MiHU T'€HiB. Y MPOCTHX BUNAAKAX JOCTaTHHO
BUKOPUCTAaTH OWTOBY MYTallll0 — BUMNAAKOBHA ¢uuin OITiB. Y 3aBAaHHAX 3
NEepEeCTaHOBKAMHU CJIiJI 3aCTOCOBYBAaTH HACTYIIHI MyTallii: swap — 0OMiH MICUSMHU
JIBOX BHUIIAJIKOBO BHUOpAHUX €JEMEHTIB Yy TOCIIIOBHOCTI; inversion — 0OpaHy
MIJMOCTIIOBHICTh TE€HIB PO3BEPHYTH Yy 3BOPOTHUM Oik; scramble — BUIajgxkoBO
MepeMIIlIaTi eIEeMEHTH B 00paHiil mianocaiqoBHocTi [195].

Kpumepii 3ynunxu. YMOBH, 3a IKMX BUKOHAHHSI AJITOPUTMY 3aBEPLIYETHCS.
HaliyacTimie BUKOPUCTOBY€ETbCS OOMEXEHHSI HA MAaKCUMaJIbHY KIJIbKICTh MOKOJIIHb,
MICIA JIOCATHEHHS SIKOTO QJITOPUTM MPUIUHIEThCA. Takok Moxke OyTH 3aJaHo
MOPOrOBE 3HAYEHHS MPHUCTOCOBAHOCTI. TakoXk, sIK B)K€ 3a3Hayanocs BHILE, €
JTOIIIBHUM  CTEXKHWUTH 3a JUHAMIKOIO TMOJIMIIEHHS: SKIO0 MPOTAroM ocTaHHIX K
MOKOJIHb HE BiAOYJIOCS TMOMITHOTO TIJBUILNECHHS HAWKpAIIOro 3HA4YeHHS
MIPUCTOCOBAHOCTI, BBAXKAETHCS, 110 AJITOPUTM 301rcs, 1 HOro MOKHa 3yIMUHUTH.
[IpaBuiibHE HaNAIITYBaHHS MEPEIUYCHUX MapaMETPIB € KPUTUYHUM JIJisl YCIIIIHOT
po6otu I'A [151]. B Ttabmumi 3.9 HamaHo peKoMeHmarli MO0 BUKOPHCTAHHS

Jliara3oHiB TirneprapaMeTpis.

Tabnuns 3.9. PekomeH10BaHi1 rineprnapaMeTpy reHETUHYHOTO AITOPUTMY IS

3a/1a4l oNTUMi3alii KyTa BXOAY KOCMIYHOTO 00’ €KTa

I'inepmapametp PexomeHnoBaHuii niana3oH / 3Ha4EHHS

Po3wmip momysii 50-150

VMoBipHicTh cxpenyBanns P, 0.8-0.9

CxpenryBaHHs 10-30

VMoBipHicTs MyTaii P, 0.02 - 0.05

Myrtaris, Polynomial n 15-25

Meron cenekuii Typnipuuii Binoip, K=3 -5

Emitusm 1 -2 % nmomymsmii

Kpurepiii 3ynunku binbie 50 ta/abo «6e3 mominmienHs 10 reHepartii»
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BucHoBkHM 10 po3ainy 3

Po3nin 3 cucteMHO OOTpyHTOBYE YBECh JIAHI[IOKOK MIATOTOBKH JAHUX 1
BUOOpPY Mojenel, ikuil Hajami 3abe3neuye JOCTOBIPHE Ta IMIBUIKE TPOTHO3YBaHHS
TEIJIOBOT'0 HABAHTAXKEHHS M1J] 4ac BXOy KOCMIYHUX 00’ €KTIB y atMocdepy.

Dopmyeanns penpezenmamusnozo oamacemy. 3 katasory ESA DISCOS
MpoaHadizoBaHO =~ 34 TUC. 3alHUCIB; LUISAXOM OYMIIEHHS MPOIYCKIB, BIJACIKAHHS
CTATUCTUYHUX BUKHJIIB Ta 3aCTOCYBaHHS (DI3MYHO BMOTHBOBAHMX OOMEKEHb (Maca
100 - 1500 kr, xSectAvg < 20 m?, yHIKaJIbHICTh (OopMH) CHPOPMOBAHO KOMITAKTHY
BUOIpKY 13 1 995 00’ €KTiB, 1110 0XOILUTIOE > 83 % HAUMOIIUPEHIIINX T€OMETPIN 1 Mae
100 % 3anmoBHEHOCTI KJII04OBUX 1MOMIB . Ha 0asi 1i€i BUOipKu, Bapilor0Yu KyT BXOY
Ta WBUAKICTH, cTBOpeHo 100 000 komOiHaliil TOYATKOBUX YMOB, SIKI CTAHOBJISATH
(biHabHUYN TPEeHYBAJIBHUMN 1 BaiAalliiHUM HAOID .

Inorcenepin oznax ma aepoounamiyni napamempu. Jns K0XHOro o0’€kTa
oOuncneHo koediuieHt onopy C; Ta paglyc TOUKHU 3acTOr0 R, 0 CTaHIAPTU3YE
(h13UYH1 XapakTEepUCTUKHU Ta yHI(ikye momanbiie MoaentoBaHHs . Kopensmiitnuii
anam3 IlipcoHa 3acBiIYMB HU3BKY MYJIBTHKOJIIHEAPHICTh MI)K T€OMETPUYHUMU Ta
KIHEMaTUYHUMU O3HAKaMH, 110 COPUSTUME CTaOUIBHOCTI ITPaJIIEHTHOTO HABYAHHS.

lliocomoska mawunnozo si0pa. Po3risiHyTO TpU apXiTEKTypu TNIMOMHHOTO
HapdyaHHI—MLP, LSTM 1 Transformer. Jlns KoXXHOI MOJeNl HaBEICHO
OOTpyHTOBaH1 [1alla30HU TimepnapaMmeTpiB, M0 3a0e3leuyloTh OajaHC MIK
TOYHICTIO i1 O0YUCITIOBATBHOIO €PEKTUBHICTIO TPU TOMIPHUX 00CSTax JaHUX.

Iumeepayiss 3 eenemuuHuM  AI2OPUMMOM.  3alPONIOHOBAHO  HaOIp
peKOMeHAaI} 13 HAJTAIITYBaHHS MOMYJISLIMHUX apaMeTpiB , 0 TapaHTYE CTIHKY
301KHICTb TP ONTHUMI3alli KyTa BXOJly Ha OCHOBI IBUAKUX ML-OI[IHOK TEMIOBOIO
npod1iro.

CTBOpEeHMII 1aTaceT € CTAaTUCTUYHO 30allaHCOBaHUM, (D13UYHO PEJIECBAHTHUM 1
MaciTaboBaHUM; OOpaHi MOJENl Ta iXHI TileprnapaMeTpu J03BOJISIOTH MOETHATH

BHUCOKY TOYHICTHh OLIHOK q(t) 3 HU3BKUMH BHTpaTaMH 4Yacy, a IHTerpamis 3
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€BOJIIOLITHUM TMOIIYKOM BIJKPUBAE MOXMJIMBICTH JO OINEPATUBHOI ONTUMI3ZAII]
TPAEKTOPIN JJIs1 MiHIMI3aI[li yIaMKOBUX PU3UKIB.

Takum yuHOM, po3/a1a 3 GopMye TOBHUM METOAOIOTTUHUN (DyHIaMEHT — BiJl
SAKICHUX BXIAHUX JaHUX JO0 aJalTUBHOTO MAaTEMATHYHOTO 1HCTPYMEHTAPII0 — JJIs

MOJAJBIINX €KCIEPUMEHTIB 1 TPAKTUYHUX 3aCTOCYBAHb Y AMCEPTaLIiHIi poOOTI.
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PO31JI 4. IPAKTUYHA PEAJII3ALIA

4.1. IIpouec HaBYAHHA TAa TEXHIKU peryJsapu3amii

HaBuanus Bcix Helipomepex BHUKOHYBajocsi y cepefoBuili Python 3.10 B
Google Colab Pro i3 amapatTHUM NOPUCKOPEHHSM Ha rpadiuHUX Mpolecopax
NVIDIA (T4, L4 a60 A100). PoGounii crek ckianascs 3 TensorFlow 2.15 / Keras,
NumPy, Pandas, scikit-learn Ta Matplotlib.

Jlns momryky rimeprnapaMeTpiB BUKopucToByBaacsi Optuna — Bigkpurta
610mioTexa Bayesian-based ontumizaii.

OO6uncnenHs 3paikcHioBanucs y pexumi (opmary mixed floatl6, 1o
3abe3reuye MIJBUIICHY HIBUIKICTh OOpOOKM JaHMX, a KEPyBaHHS 3POCTAHHSIM
nam’sati GPU rapanTtyBano ctabiibHy poOOTY Mpu BeIMKUX batch size.

Bxingni o3naku HOpManizyBanucsa 3a jponomororo StandardScaler 13 scikit-
learn. Jlns  3rmamkyBaHHS —~— MOCHIAOBHOCTI  q(f)  BUKOPHCTOBYBAJIOCS
norapu@MyBaHHS 10 CIHpUSE€ CTaOLIBHINIOMY Ta €(EKTUBHINIOMY HaBYaHHIO
HelipoHHO1 Mepexi. JlaTtacer ainuBcs y nponopiiii 80% / 20%.

JUist BCIX apXiTekTyp Bard iHimiamizyBamucs cxemoro Glorot-Uniform;
¢dyHkiiero BTpar o00pano MSE, Toal sSK y poJii METPUK MOHITOPHUHTY
BuKopucToByBanucas RMSE Tta xkoedimienT paerepmiHaiii R?.  Onrumizaris
npoBoAwiIacs anroputMoM Adam.

B pamkax perynspusaiiii 6yJio 3acCTOCOBaHO ME€XaHi3M paHHbO1 3ynuHku Early
Stopping 3 konTposeM validation loss, dropout Ta batch normalization.

Peanmizaniss ['A 3pificHeHa y makeTi pymoo, IO HaJa€ CTaHIapTU30BaHI
OTepaTOpH E€BOJIIOIIIT Ta 3pyUH1 KpUTEPIi 3yITUHKHU.

JleTanpbHUN BUXITHUM KOJ, BUKOPUCTAHUW JUIsi peanizaiii mopaeneh 1

MPOBEJICHHS 00YUCIIEHb, TOJAAaHO B A0JIAaTKY b.
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4.2. Pe3yjbTaT onTUMi3auii rimepnapamMerpiB MAIIMHHOTO HABYAHHSA

Ak Oyno 3a3HadyeHO B PO3AUIl 3, BiA MPaBWIBHOTO MIiA00PY BXITHUX
rirneprnapamMeTpiB 3aeXaTh 3JaTHICTh MOJieNll €(DeKTUBHO HAaBYATHUCSI Ta KOPEKTHO
y3arajibHIOBaTH 3aKOHOMIPHOCTI y AaHux. Ha »anb, iX BUOIp HE € TpUBIAJbHUM, i
4acTO BOHM HE MOXYThb OyTH 1HTepHpeToBaHi. Tomy mJjisi TOTO, 100 OTpUMATU
BIIMIHHI PE3yJIbTATH BiJl MOJEeH TNIMOOKOT0 HaBUaHHS, MOKHA BUKOPUCTOBYBATH
QITOPUTMU ONTHUMI3ZAIL, SKI JO3BOJSAIOTH CKOPOTHUTH OOYMCIIOBAIIBHUI dYac,
HEOOX1AHUM JJIsI MOIIYKY HalKpalux 3HaueHb rineprnapameTpis.

Y po6oTi 3AiliCHEHO aBTOMATH30BaHE HaJallITYBaHHA TilepHapameTpiB
METOJIOM TOCIIJJOBHOTO 0aileCOBOr0 MOIIYKY 3 BUKOPUCTAHHSIM anroputmy Tree-
structured Parzen Estimator (TPE). TPE Oyaye HemapameTpuuHi ampokcuMariii
YMOBHHUX PO3MOJUIIB «YCIIIIHUX» Ta «HEYCHIITHUX» KOHPITypaliid 1 Ha KOXHOMY
Kpolll oOupae HACTyHNHY TOYKY, IO MAaKCHUMI3y€ OUYIKyBaHE MOJIMIICHHS
BaJliaiiitHoT moxuOku. J[Jisi CKOPOUYEHHSI Yacy €KCIEPUMEHTY 3aCTOCOBAHO PAaHHE
yCIKaHHA crpoO0 3a MEIIaHHUM KPUTEPIEM: SIKIIO MOTOYHA MOJEIh MICHsS KUTbKOX
€noX BIACTa€ BIJ MEIIAHHOTO PIBHS TMOMNEPEAHIX 3alyCKiB, HABUaHHS II€l
KOH(]Irypailii JTOCTPOKOBO 3yNUHSETHCS. PekoMeHAoBaH1 Tinmepnapamerpu s
onTUMI3alli HaBeeH1 y Tabnuii 3.7.

[Ilo6 mpeacTaBUTH pe3yibTaTH LIOIO MPOLECY, MPOaHAII30BaHO 3HAYEHHS
BAJIJIAIIITHUX BTpPaT KOXKHOTO BUMPOOYBaHHS HAMPUKIHIIL HOT0 BIJTHOCHOTO
HaBYaHHS, SIK TOKa3aHo Ha puc. 4.1, 100 3p03yMiTH, UM YCHIITHO O0all€eCOBHIl METOT
3HAWIIOB MPOCTIp 3 ONTUMAJbHUMH pe3yibTaramu. JliHiCHO, 1I€ € OCHOBHOIO
BIJIMIHHICTIO B1Jl METO/ly BUIIaJIKOBOT'O MOIIYKY, /1€ KO’KHAa KOMO1HaI[isl BAOMPAETHCSA

BHUITIAAKOBO.
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Pucynok 4.1. — IIpencraBinenHs 3HaueHb BTpat Banigaiii (validation losses)
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KOYKHOTO BUIIPOOYBaHHA B KIHLII BIATMIOBIIHOIO HABYAHHA Yy BUIJISAA1 (PYHKIIT

rineprnapaMeTpiB IpOCTOPY MOILIYKY, A€ KOJIp MOB'I3aHUMN 3 BTPATOIO BaJliJallii: a)

anroput™ MLP, 0) anroputm LSTM, B) anroputm Transformer

3 pucyskiB 4.1 moxHa 4iTko Oauutu, mo dropout y npomikky 0.1-0.15 €

HalKpammM BUOOPOM JJIsl BCIX TPbhOX anroputmiB. HasiBHICTh KOHIIEHTpAIlli TOUOK

st learning rate ans anroputmiB MLP 1 LSTM ta peak learning rate nmns

apxitektypu Transformer Bka3zye Ha Te, IO aJIrOPUTM TMOIIYKY 3HAWIIOB

ONTUMAIBHUHI IIPOCTIP JUIs LHOTo napamerpy piBauM 3 — 5 X 1074, [lng posyminns

BIUIMBY 1HIIUX TiepHapamMeTpiB Ha MPOAYKTUBHICTh MOJIEI JOIIILHO PO3TISHYTH

rpadik napaienabHuX koopauHart (puc 4.2).
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Batch Size Hidden Size Learning Rate Number of Layers Dropout Rate Valldation Loss
0.0029358 0.29473 0.19289

Validation Loss

16 64 0.0003061 2 0.10064 0.03163 a)

Batch Size Hidden Size Learning Rate Num Layers Dropout Rate Validation Loss
32 224 0.00116001 3 0.248 0.16352

Validation Loss
0.16

0.06 0.06

8 96 0.00024589 1 0117 0.05638 6)

Batch Size d_model Peak LR Layers Dropout Val Loss
64 256 599.63p 4 03 0.12

Val Loss
12

0.02

Pucynok 4.2. — Bizyanizauis BuOpanux KoMO1Hal1i rinepnapaMeTpiB y popmari
napajieibHUX KOOpAUHAT, JIe KOKHA JIiHIS BIAMOBIAA€E OKPEMOMY BUIIPOOYBaHHIO, a
KOJIIp BiJI0Opakae piBeHb BalliIalliiiHOT BTpaTu: a) anroput™m MLP, 6) anroputm

LSTM, B) aniroput™m Transformer
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Hns  anroputmy MLP momykoBe IOCHIIKEHHS MPOJAEMOHCTPYBAJIO
CTa0UIBHY 3aJIEKHICTD SIKOCTI Y3roikeHHs validation loss Big po3mipy mpuXoBaHOTO
mapy Ta MMOMHU Mepeski. 31 30UIbIICHHSIM NPUXOBAHOTO apy A0 256 en1eMeHTIB
cepeaHsl BTpaTa 3MEHIIIY€ETbCSl MailKe JIHINHO; MOoIalibllle PO3IMIMPEHHS Alana3oHy
HE J]a€ T0JaTKOBOTO BUrpallly, aj€ iCTOTHO 301IbIIY€ OOUNUCTIOBAIBHY CKIIAIHICTb.
Haifamkui BTpatu 3adikcoBaHO Il TPhOX IOBHO3B’SI3HUX IHApiB, TOMI SIK
JBOIIIApOBAa KOHPIryparllis B cepelHboMyY AeMOHCTpye Ha 1 7-20 % Ou1blry moXuoKy.
[lepeBary mae batch size = 32, mo noeaHye cTabUIbHICTh TPAJIEHTHOI OLIHKU Ta
MPUMUHATHI BUMOTH JI0 TTaM’SITl.

Jns  LSTM-apxiTekTypu AOMIHYE PO3MIp TMPUXOBAHOIO CTaHy: IMpHU
3poctanHi hidden Big 96 no 224 enemeHTIB MejlaHHA BTpaTa 3MEHIIUIACS Maiike
yasiui. Halikpami crnpobu Hanexars koHQirypamisMm 3 aBoma-tpbomMa LSTM-
mapamu. TperTiif map 3HMKY€E TUCTIEPCio pe3ysibTaTy Ha Balijallii, MpoTe MPUpICT
TOYHOCTI II0JI0 JBOIIAPOBOI MojeNl HeBenukui. Haiimenmnry BTpaTy 3adikcoBaHO
npu batch size = 32.

[Tapamerpuunuii ananiz ans Transformer mokasaB, 110 YYTJIHUBICTH SIKOCTI
MepeayCciM BU3HAYAETHCS CHIBBIAHOMEHHAM dpoger < N dimoder T2 PO3MiIpOM
BHyTpimmHboro FF-Omoky dff. Jloxkanbnmii minmimym val loss mocarmyro mpu

Amoder = 192 Tah =8 y komOinanii 3 drs = 6 — 8 X dyypger. 301MBIIEHHS YKMCTIA

mapiB MOHAJ JIBa HE J1ajl0 MPUPOCTY TOYHOCTI Ha 3ajaHiid BuOipii. Brius po3mipy
MakeTy B Mexax 16—64 He MaB CTaTUCTUYHO 3HAYYIIOI Pi3HUIN, TOMY batch size =
32 oOpaHo K 6ajaHC MK MIBUAKICTIO Ta MaM’ ITTIO.

VY Tabnumi 4.1 HaBelIeHO ONTHUMI30BaHI 3HAYEHHS TCileprnapaMeTpiB s
KiHIeBoro eramy jgoHaBuaHHs mojenedt MLP, LSTM ta Transformer 3 meroro
3a0e3nedyeHHs] 30aJIaHCOBAHOTO CHIBBIJHOIICHHS MIX TOYHOI aIlpOKCHUMAIIEI0

TaHuX 1 €EKTUBHICTIO OOYHCIICHb.
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Ta6nungs. 4.1. PexoMmeH10BaHi rineprnapaMeTpy A OCTaATOYHOTO JOHABYAHHS

moaeaert MLP, LSTM ta Transformer

I'inepmapametp MLP LSTM Transformer

Po3wmip npuxoBanoro | hidden size =256 hidden = 224 d model =192

mapy

KinbkicTs mapis num_layers =3 n_layers =2-3 layers =2

Dropout dropout = 0.11 drop in~=0.12 dropout = 0.10
HaBuanbHa learning_rate = learning_rate = peak Ir=4.5x10* (3
IIBUJKICTh 5x107* 2.5x10™ warmup_steps = 700)
Po3mip batch batch size =32 batch size =32 batch size =32

Kinekicts roimis

n_heads = 8

Po3mip BHYTpIIIHBOTO

wapy FF

d ff=6 xd model =
1152

4.3. PesyabraTu pinaabHOro Hapuanus ajaropurmis MLP, LSTM i

Transformer

[lepur HIX NpeaCTaBUTH pe3yJIbTaTH poOOTH MOJeiel TTIMOOKOr0 HaBYaHHS

Ha BayiaIiiHOMy Ha0OPi, CJIiJI CKa3aTH MPO METPUKH OI[IHKM TOUHOCTI MOJIeNIeH —

(dbopmanizoBaHl KIJIbKICHI TOKa3HUKH, 1[0 BHUMIPIOIOTH CTYIiHb BIAMOBIIHOCTI

MPOTHO31B MOJEII pEeIbHUM 3HAYEHHSAM ISl 00 €KTHUBHOI KIJIBKICHOI OIIHKH il

MPOJAYKTUBHOCTI.

SIk MeTpHMKY OLIHKM TOYHOCTi MOJeNdi BHKOPHCTAHO IIOKasHHK RZ, abo

xoediuienT merepminanii. Oninka R? BigoOpaxkae uyacTKy mUCIepCii 3aleKHOi

3MIHHOI, SIKa TOSICHIOETHCS HE3AJIEKHUMU 3MIHHUMU 32 JI0NIOMOTror0 perpecii. Yum

OMkue 3HA4YeHHS J0 OJWHUI, TUM TOYHIINIUN pe3yabTaT MPOTHO3YBaHHSI.

KoediuieHT R? po3paXoByeThCs HACTYIIHEM YHHOM:

R2 1 SSres

SStol‘

2 i)
> i=w)

>

(4.1)
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ne SS,,, — CyMa KBaJpariB PI3HULL MDK (DAKTMYHHM 1 IIPOTHO3HUM
3HAYEHHAMHM, a SS;,, — L€ CyMa KBaJApaTiB PI3HUIb MDK LIIbOBUM 3HAYEHHAM 1
CEpeHIM 3HAYCHHAM 3aJIeKHOI 3MIHHOI, );— LIJIbOBE 3HAYEHHS 3aJIEXKHOI 3MIHHOI,

¥; — IPOTHO3HE 3HA4YEHHs Nlepe0aueHe MOAEIIIIO0, J,— CEPEIHE 3HAUCHHS.

Cni 3ayBakKMTH 1110 BUCOKE 3HAYCHHS R? moxe OyTH HEIOCTaTHIM JJisi
OI[IHKM TPOTHO3y 1 JaBaTH OMAHJIMBI PE3yJabTaTU HpPU POOOTI 3 HEBEIUKUMU
HaOopamu gaHuX. Takox KoedIlieHT JeTepMiHAIlli MPUITyCKa€e, M0 BCl 3MIHHI B

MOI[CJ'Ii € HC3aJIC’KHHMMH, a LI€ HC 3aBXKIH TaK.

J171s1 O15IBII TOYHOTO PO3YMIHHSI BUKOPUCTAaHO mean absolute percentage error
(MAPE), mo BuMipioe cepeaHi0 aOCOMIOTHY MNOXHUOKY Yy BIJICOTKax, TOOTO
HACKIJIbKM MPOTHO3U MOJENI BIAPI3HIIOTHCS Y BIACOTKAxX BiJ (aKTUYHUX JIaHHX.

MAPE po3paxoByeTbcs SIK:

1< Yi _J; i 0
MAPE ==Y |=L—11.100%., (4.2)
niql Vi
Ie y; — pealbHe 3HAYCHHS, J; — nepenbadeHe 3HaYeHHs MOjeNi, 77 — KiJBbKICTbh

CIIOCTEPEXKEHD y HA0OPI1 TaHUX.
[lle onniero meTpukor Aonano RMSE — kopiHb cepenHbOKBaJAPATUYHOI

MOXUOKU:

1 ~
RMSE = \/;Z?ﬂ()’i - 9%, (4.3)

[le cranmapTHa METpUKa, siKa OOYUCITIOE KBAJIpaTHUN KOPIHb 13 CEPEIHBOTO
3HAQYEeHHS KBaJpPAaTiB PI3HUIIL M1 MPOTHO30BaHUMU Ta (AaKTUUYHUMHU 3HAYCHHSIMH,
3a0e3Meuyoun NOCUICHE MMOKapaHHs 3a BEJMKI BIIXWICHHS Ta 30epirarouu OJuHUIII
BUMIPIOBaHHS LJIbOBOI 3MIHHOA.

VY ¢iHanbHOMY eKcrlepuMeHTI OyJ0 BHKOPUCTAHO MOBHUN Hallp JaHUX,
noAuieHui Ha train / validation y mpomnopitii 80% / 20%. [nst koxKHOT apXiTeKTypu

3aCTOCOBAHO ONTHUMI30BaHI TilepliapaMeTpy, BU3HAYEHI MiJ Yac MONEpPeIHbOTO
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Bayesian-nonryky, HaBYaHHsI 3/IIICHIOBAJIOCS 13 paHHIM 3yMIMHEHHSM 32 KPUTEPIEM
val loss. TlopiBHsIBHI pe3ylbTaTH MOJEIIOBAHHS TPHhOX aJTOPUTMIB HABEACHI Y

tabaum 4.2.

Tabnuns 4.2. Pesynbratu MmogentoBanus anroputmiB MLP, LSTM 1 Transformer

Anroputm | Halinmxkya RMSE R? MAPE Bukopucrasni pecypcu
val loss log(q) JUTsI HABYAHHS
MLP 0.0337 0.195 0.923 0.21 I'padiunmii mpomecop

NVIDIA T4, GPU 15¢g,
CPU 22g, yac pobotu 28
XB.

LSTM 0.0443 0.242 0.887 0.28 I'padiunmii mpomecop
NVIDIA A100, GPU
40g, CPU 83.5g, uac
pobotu 245 xB.
Transformer | 0.0285 0.162 0.97 0.12 I'padiunmii mpouecop
NVIDIA L4, GPU 22.5g,
CPU 53g, yac pobotu
160 xB.

Hageneni pe3yiabTaTé AEMOHCTPYIOTh YITKY PI3HMII0 B TOYHOCTI MoJenen
MLP, LSTM 1 Transformer, a Tako CyTT€BE PO3XOJI)KEHHS B 00Cs131 BUKOPUCTAHUX
O0OYHUCITIOBAJILHUX PECYPCIB 1 4Yacy HaBYaHHSI.

Transformer moKa3aB HaWKpally AKICTh APOKCUMAIIIl: HAMHI)KYE 3HAUEHHS
BaJlJAIIMHOT MOXMOKM, HaiiMeHIIe 3HadyeHHS RMSE Ha TecTi, HaWBHIHI
Koe(DiLieHT neTepMiHalli 1 HAWMEHIY BITHOCHY TOMUJIKY.

3actocyBaHHA apXxiTekTypu LSTM y 1bOMY KOHTEKCTI HE BHIIPABIIOBYE
BUTPAT Hi 3 TOUKHU 30py TOYHOCTI, Hi 3 TOTJsAY €(heKTUBHOCTI peCypCiB.

Takum 4MHOM, JUIsi OUIBIIOCTI CIEHApliB BapTO BUKOPHCTOBYBATHU
apxiTekTypy Iransformer 3 pPEKOMEHIOBAaHHMHM TilleprapamMeTpaMu. AJITOPUTM
MLP — st IBUAKUX MIBUJKUX OILIIHOK a00 B YyMOBaX OOMEXKEHOro JOCTYIY 0

BUKOPHUCTAHHS PECYpPCIB.
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4.4. ExciepuMeHTaIbHA BaJiganis mogeuai Transformer Ha He3as1e:KHUX

nanux karajaory DISCOS ESA

Y upomy po3aual  3OIMCHIOETBCS 30BHINIHSA Bajifamis noOyJoBaHOI
Transformer-mMozneni Ha HE3aJIEKHUX EKCHEPUMEHTAIBHUX JaHUX KaTaJlory
DISCOS ESA. Jlng npoBeAeHHs aHami3y BiAIOpaHO pENpe3eHTATHUBHY MIATPYIY 3
TPHOX KOCMIYHUX 00’ €KTIB, K1 BIAPI3HAIOTHCA 32 a€POIMHAMIYHUMH, MAaCOBUMH Ta

T€OMETPUYHUMU XapaKTepUCTUKaMHU (JIUB. Tabnuio 4.3).

Tabnuis 4.3. XapakTepUCTUKHU PENPEe3EHTATUBHOT MIATPYIH KOCMIYHUX 00’ €KTIB

JUIA 30BHILIHBOI BajIigarii Moaenl

Hasga nons O06’exT 1 O0’exT 2 O0’exT 3

id 23462 4068 67928

name FAISAT ATS 5 L-14B-res (YF40B-res)
(Long March (CZ) 4C)

objectClass Payload Payload Rocket Body

mass, Kr 112.9800 429.1400 1000

shape Oct Cyl + 1 Ant Cyl Cyl

xSectAvg, M2 0.5395 3.0920 7.6757

[IBuaKicTh, KM/C 7.5 8.1 7.9

Kyt Bxony, ° 1.3 1.9 2.9

Huxue HaBeneHO YMCIOBI MOKAa3HUKH TOYHOCTI MOJENI Ta Bi3yaiizallito
MOPIBHSHHS MMPOTHO3HOTO ¥ €KCIIEPUMEHTAILHOTO TETUIOBOTO MOTOKY q (t).

['padiune 3icTaBleHHS TEMOHCTPYE BUCOKY KOPEJSILII0 MIXK pealbHUMH Ta
PO3pPaXyHKOBHUMHU KPUBHMH: MOJENIb TOYHO BIATBOPIOE SIK (pa3y MOHOTOHHOIO
3pOCTaHHs TEIJIOBOTO MOTOKY, TaK 1 KPYTHM criaj micis Mika, 30epiratoun moxmoky

B Mexax +10 % Ha BCii qUISHII IHTEPECY.
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le6

= PeanbHunin q(t)
- = [porHo3osaHui q(t)

3.5 1

3.0

2.5

2.0 A1
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Pucynok 4.3. — IlopiBHSIHHS peaJIbHOTO Ta TPOTHO30BAHOTO TEIJIOBOTO MOTOKY

st o0’exta 1: MAPE — 9.43%, RMSE log(q) — 0.1736

le6

1.6 1 —— PeanbHwii q(t)

~ = [porHo3soBaHuni qt
1.4 P at)

1.2 1
1.0 A

0.8

q, BT/M?

0.6 1

0.4 1

0.2 A

0.0 A

0 100 260 300 400 500 600
Yac (c)

Pucynox 4.4. — [1opiBHAHHS peajgbHOr0 Ta MPOTHO30BAHOTO TEIJIOBOTO MOTOKY

st 00’exta 2: MAPE — 5.22%, RMSE log(q) — 0.0722



118

le6

14 - ~ = PeanbHunin q(t)
MNporHo3sosaHui q(t)

1.2 4

1.0

3z 08 \
[
o / \
o 0.6 - / \
0.4 - / \
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Pucynok 4.5. — IlopiBHSIHHS peaJIbHOTO Ta TPOTHO30BAHOTO TEIJIOBOTO MOTOKY

st 00’exta 3: MAPE — 7.24%, RMSE log(q) — 0.0337

Takum uymHoMm, Mojenb Transformer 3abesmnedye (GI3UYHO JOCTOBIPHUU
MPOTrHO3 1 MOXe OyTH 3aCTOCOBaHAa JJsl ONMEPATUBHOI OLIHKH TEIUIOBOTO MOTOKY
q(t) mig dYac reHeTHYHOI ONTHMI3allii TEIUIOBOTO HaBaHTaxeHHI Q(x), y

KputnaHoMy iHTepBani 0 < t; < t, < 7.

4.5. PesyabTaTu reneru4Hoi onrumizauii kyra sxoay KO B armocdepi 3emui

VY nonepennboMy TiANYyHKTI 4.3 Oyn0o MPOBEIECHO 30BHIIIHIO BaliJaIlilo
nooynoBanoi Transformer-mozeni Ha HE3aNEKHUX EKCIEPUMEHTAIBHUX JIaHUX
katanory DISCOS ESA. Ilicns miaTBepakeHHS 3JaTHOCTI HEHMpOMEpeki TOYHO
BIITBOPIOBATH YacoBi Mpo(duTi TEIIOBOTO MOTOKY ¢(t) HACTYITHUM €TaroM
JOCIIIPKEHHSI CTajl0 3aCTOCYBaHHS T'€HETUYHOIO aJrOpUTMY JUIsl TOIIYKY
ONTUMAJIFHOTO KyTa BXoay Bxoay 6 y mexax [0°, 3°].

[Ipu peanizaiii TEHETUYHOTO aJIrOpUTMy OYyJIO B3ATO 32 OCHOBY
pekoMmeHpanli, HaBeAeHl B Tabmumi 3.8. 3okpema, MapaMeTpu MOIMYJsLi,
HMOBIPHOCTI CXpEIlyBaHHS Ta MyTallii, a TAKOK HaJAIITyBaHHS TYPHIPHOI CeJeKI1i
i piBeHb eNiTU3My OyJI0O BCTAHOBJICHO BIJMOBIAHO 1O 3a3HAYEHHX Yy TaOIuIll

iHTepBasiB. TakuM 4YWHOM, BHUKOPUCTOBYBAaHI B €KCIEPUMEHTaX 3HAUYCHHS
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rinepnapaMeTpiB MOBHICTIO Y3TO/KYIOTHCS 3 PEKOMEHJIAIlISIMU, IO TapaHTye
OayiaHCc M1 PI3HOMAHITHICTIO PIIIEHB 1 BUAKICTIO 301)KHOCTI aJICOPUTMY.

VY xoni eramy ouuwgeHHs OaHux ma iHdceHepii o3nax MIANYHKTY 3.1 Oyio
MIPOBEJICHO OMKCOBY CTATUCTUKY ¥ BUSBJICHO, I10: IIEHTPATbHUNA MAacOBHH iana3oH
(6nmuspko 40...75 % npukianiB y BuOiplii) npunagae Ha Macu npuoan3zno mix 400
ta 700 kxr. TakuM 4YMHOM, JUIsi OUIBIIOCTI MPAKTUYHUX 3aJ]ay, IMOB’S3aHUX 13
OI[IHKOIO WMOBIPHOCTI 3TOpSHHS Yy UIUIBHUX IIapax aTtMocepu JOTI4HO
oOMexuTuca aianazonom mac Big 400 mo 700 kr.

B upomy Oyno oOpano nBa intepBanu xSectAvg [1.6-3.2] m? ta [3.4-5.0] M?,
o 3a0e3MevyroTh JOCTaTHIO KUIBKICTh OO0’€KTIB y KOXHIA KaTeropii s
JIOCTOBIPHOTO TOPIBHSAHHS 1HTErpAJIbHUX TEIJIOBUX HaBaHTaXeHb. BUKIIOUEHO
KpaifHi 3HaueHHs xSectAvg < 1.6 m? Ta > 5.0 M? yepe3 Majy KUIbKICTh €K3EMILISPIB,
110 pOOUTH iXHIM BHECOK Y 3arajJbHUM aHa3 HE3HAYHUM 1 HE PENpPe3eHTATUBHUM.

Y Mexax 3a3HaYeHUX [lana3oHiB OyJio copMOBaHO MaTpHIll «Maca-
eekTUBHA TMUIOMIA» Ta IS KOXHOI KOMIPKH 3a JOMOMOTOI0 T'€HETUYHOIO
aJITOPUTMY BU3HAYEHO:

- ontuMmansHui KyT 6 Bxomy KO B armocdepy 3emiti, o0 MakCHMI3ye

iHTErpagbHEe TEIUIOBE HaBaHTaXKEeHHS Q™ (x).

- BIAMOBIHE 3HAYCHHS IHTETPATHHOTO TEIUIOBOTO HaBaHTakeHHS Q™ (X).
JUJ1s1 HAOYHOCTI pe3yNbTaTH 3BEIECHO y TEIUIOBI KapTH, /1€ TOH LIKAJIW BIANOBIIA€E
BEJIMYMHI TOKa3HUWKA, a BCEPEAMHI KOMIPOK HAJ[PyKOBAHO YMCENIbHI 3HAYCHHS.
BukopuctanHs Takoi Bi3yaimi3alii J03BOJIIE HAOYHO OLIHUTH 3aJIEKHICTh
HaWKpamoro KyTa BXoJly Ta JIOCATHYTOTO 1HTETPaJIbHOTO TEMJIOBOTO HABAHTAXKEHHS

B1JI pO3MIpY Ta aepoJAMHAMIYHUX MapaMeTpiB 00’ €KTA.
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Pucynok 4.6. — TemioBa KapTa ONTUMAIBHOTO KyTa BXOAY 6, lianason
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Pucynox 4.7. — TennoBa kapTa iHTETpaIbHOTO TEIUIOBOTO HaBaHTaXeHHS Q;
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2.0

0.692 0.681 0.668 0.656
0.694 0.678 0.667 0.655
0.693 0.683 0.671 0.659
0.702 0.690 0.678 0.666
' ' ' '
2.2 2.4 2.6 2.8

xSectAvg, M2

xSectAvg [1.6-3.2] w2

Tennosa kapTa Q_total*
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xSectAvg, M2
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Pucynok 4.8. — TemioBa KapTa ONTUMAIBHOTO KyTa BXOAY 6, lianason

450 425 400

475

6.05e+08

500

6.16e+08

525

6.35e+08

Maca, Kr
550

6.60e+08

575

6.88e+08

600

7.15e+08

675 650 625

700

Pucynox 4.9. — TennoBa kapTa iHTETpaIbHOTO TEIUIOBOTO HaBaHTaXeHHS Q;
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Ha pucynkax 4.6—4.9, o BigoOpaxarTh TEIIOB1 KAPTU ONTUMAIBLHOIO KyTa
BX011Y 64y KO Ta BIIMOBIAHOTO IHTErPAILHOIO TEMJIOBOTO HABAHTAKEHHS IS IBOX
Jliarna3oHiB ePEeKTUBHOI IO, MPOCTIIKOBYIOTHCS TaKl 3aKOHOMIPHOCTI:
Eeomoyisn 0. s 00°exTiB [1.6-3.2] M?> ONTUMANIBHUI KYT 3p0Ccmac pasom
13 macoro: B = 0.7° npu 400 xr 10 = 1.35° mpu 700 kr. Binbin kpyTuii BXiJ 103BOJIsE
MAacCHBHIIIIOMY amnapaToBl MPOTPANHUTH Yy UIIJIbHI [apu aTtMochepu IIBHAIIE,
TE€HEPYIOYH BUIIl MIKOB1 3HAYEHHS (g 1, SIK HACTIOK, OUIBIINKI 1HTETpaA TEIia.
Jis inTepsany [3.4-5.0] M?kapTuna a3epkanbHa: 6, smenuyemocs i3 2.1-2.2° =
525 kr 10 = 0.6° > 675 kr. 3HauHa IUI0I1a BXKE CTBOPIOE MIJIBUIIICHE a€pOMHAMIYHE
rajibMyBaHHs; a0 HAKOMUYUTU MaKCUMalbHE TEIIO, TPAEKTOPII0, HABIIAKU, BAPTO
30UIBIINTH, TOJOBXUBIIN (pa3y IHTEHCUBHOI'O HArpiBy.
llosedinka inmeepanvrhoco Q*. B 000X [iama3oHax CHOCTEPITAETHCS
MOHOTOHHE 3pOCTaHHsI Q* 3 Macoo, OJTHAK BIUTMB TUTOITi TIPOTUIICKHII:
- ana Manux xSectAvg pO3MIMPEHHS TUIONI MiABUILYE TEIIOBUILICHHS 0 ~
+25 %;
- 74 BENUKUX XxSectAvg mojanbiie 3pOCTaHHS TUIONIl JIa€ JUIIE HEBEIUKUN
npupict @, abo HaBiTh 3MeHIIeHHs, ajke KO IHTeHCHBHO TaIlbMYETHCS II1e
Ha BEJIMKUX BUCOTAX.
Takum yuHOM:
nis mac KO 450-600 xr, mromti 1.8-2.6 M?, ONTUMAIIBHUM KyTOM BXOY 6,y
e 3aadeHHs 1.1-1.3°, ouikyBane Q* ~ 9 x 108 J[x/m?;
s Mac 550-650 kr, mmomi 4.2-4.8 mM*: 6, = 0.9-1.1°, Q* = 6.5 x 10°
JIx/M2.,
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BucHoBku 10 po3ainy 4

VY po3aini 4 peanizoBaHO TOBHUM MPAKTUYHUN ITUKI — BiJ aBTOMAaTU30BaHOTO
HaJalTyBaHHs MOJieJiel IITMOOKOT0 HaBUYaHHS J0 iX IHTerpallli y TeHETUYHY CXEeMY
ONTUMIZAIli TPAEKTOPIi — IO MIATBEPIKYE KHUTTE3NATHICTH 3alPONOHOBAHOTO
riOpUAHOTO MIAXOMTY.

Onmumizayia einepnapamempis. IlocnimoBuuit G6aecoBuit momyk TPE 13
pPaHHIM YCiKaHHSIM KOH]Irypariil 3a0e3ne4nB cucTeMaTUYHUN J001p ONTUMAIBHUX
rinepnapametpis ais anroputmiB MLP, LSTM Ta Transformer.

Dinanvne HasuanHua Mmooeneti. Ilpm 3acTocyBaHHI — ONTHMI30BaHUX
HajamTyBaHb Transformer nmocar Halikpamux pe3yabTaTiB B IPOTHO3YBaHHI
TEIUIOBOIO HaBaHTaXXEHHsI Ta OyB oOpaHuii a OyB oOpaHuil pedepeHTHOIO
MPOTHO3YBAIBHOIO MOJICIUTIO JUIsl IHTErpallli B riOpuIHUN KOHTYp «HEHpoMepexa —
T€HETUYHUN aITOPUTMY MiJ] Yac MOAAJIbIIOI ONTUMI3aIlil TPAEKTOPIi 3a TEMIOBUM
YUHHUKOM.

3osniwnsa eanioayis. IlepeBipka Transformer-mMoseni Ha He3aJIEKHUX JaHUX
TpboX ESA-06’€ekTiB 13 Macoro 113—1000 xr Ta pi3HOIO aepOIUHAMIKOIO IMOKa3aja
BHCOKY BIATBOPIOBaHICTh MpodiiiB q(t) , MO MATBEPIKYE T0OPY 3MaTHICTh MEPEKi
y3arajibHIOBATH M03aBUOIPKOBI CLIEHAPIT .

I'enemuuna onmumizayiss kKyma 6xody 6. 3any4uBIId MIBUAKY OLIHKY q(t)
monesto Transformer, reHETUYHHI aArOPUTM BU3HAYHMB ONTUMANBHUM KyTO ) Y
MacoBomy mianazoni 400-700 kr Ta ABOX miJjiana3zoHaX €(QEKTHUBHOI IUIOIII.
BusHayeHi onTtuMaiibHI KYyTH BXOAY JO3BOJISIIOTH MAKCHMI3YBaTH IHTErpaJIbHE
TEIJIOBE HaBaHTAXEHHS (, 10 B CBOIO Yepry 3abe3medye JOCATHEHHS PEXUMY
TEPMIYHOTO pyHHYBaHHS.

Y miacymky, posaun 4 neMOHCTpye €(EeKTUBHICTh MOEAHAHHS METOIB
MaIlIMHHOTO HABYAHHSI Ta €BOJIIOLIMHOT ONTUMI3AIII:

- 0OaecoBuil momryk 3ade3neuye oOrpyHTOBAHI TillepriapaMeTpu;
- apxitekrypaTransformer rapantye Haifkpainie CIIBBIJHOIIEHHS TOYHICTb-

BUTpPATH;
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- Bajijauisg miaTBepaKye Pi3uuHy JOCTOBIPHICTH MOJIEL;

- TEHETHYHHI alropuTM, Mpalolyu y mapi 3 HelpoMepexker, OnepaTUuBHO
BH3HAYAE KyT BXOY, [0 MaKCUMIi3ye Q™ i 3aJaHUX MacOBO-T€OMETPUIHIX
XapaKTEPUCTHK.

OTxe, onucaHa MpakTUYHA peaizallisi € TOTOBOI TEXHOJOTTYHOK OCHOBOKO
JUISl 1HX)KEHEPHOTO TPOEKTYBAHHS Ta CIIEHAPHOI OIIHKU O€3MeYHOro 3HUIIEHHS

KOCMIYHUX 00’ €KTIB y MIUIBHUX IIapax aTMochepu.
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BUCHOBKH

VY nucepraniiiniii po6oTi Oy0 peani3oBaHO IHTErPOBaHUMN MIAXiA /10 3ajayl
KEpOBAaHOTO BIJIBEICHHSI KOCMIYHUX 00’€KTIB 3 OpOITH 3 ypaxyBaHHSIM TEIUIOBOIO
yuHHUKa. [locraBieHa wmeTa — PO3POOMTH METOAOJOTII0 IPOrHO3yBaHHS
MaKCUMAaJIbHUX TEIIOBUX HABAHTAKEHb Ta BUOOPY TPAEKTOPHUX MMAPAMETPIB pyXy
KO Ha 0CcHOBI O€AHAHHS MAIIMHHOT'O HABYAHHS i TEHETUYHOT0 AJITOPUTMY — OyJ10
MOBHICTIO TOCSATHYTO IJIIXOM BUKOHAHHS TaKUX 3aBJaHb.

- Ha OCHOBI KPUTHYHOTO aHAaJI3y ICHYIOUMX MaTeMaTUYHHX MOJENIed Ta
1HKEHEpHUX METOJIUK MPOTHO3YBaHHA aepoauHamiuHoro HarpiBy KO chopmoBano
I'PYHTOBHE PO3YMIHHS TepeBar 1 0OMEKeHb KJIACUYHUX AJITOPUTMIB. MTOKA3aHO 1110
MallMHHE HaBYaHHSA MOXe OyJe e(EeKTUBHO BUKOPUCTAHO JJIi IPOTHO3YyBaHHS
TEIJIOBUX HaBaHTAXKEHb KOCMIYHOI'O 00'€KTY MiJ yac pyxy B arMocgepi 3emi;

- BUKOHAHO 0araTOCTYIEHEBY NpPOLEAYpYy MIJATOTOBKM JAaHUX 13 KaTaJlory
ESA DISCOS, mo BkJItoYajna OYMILEHHS, HOPMali3alilo, BUSBIECHHA i YCyHEHHs
CTaTUCTUYHHUX Ta TEOMETPUYHUX BUKH/IB, & TAKOXK T'€HEPALII0 JOJaTKOBUX O3HAK.
VY pe3yabTaTi OTpUMaHO BUCOK030aJaHCOBAaHY MHOXKHHY IPHUKIIA/IIB, SIKa aJJIEKBaTHO
BioOpaxkae pi3HOMaHITHICTh (Ppiznunux xapakrepuctuk KO;

- U1 100y IOBH IIBUAKOTO i TOYHOT'O allpOKCUMATOPa TEIIOBOTO IMOTOKY ¢(1)
o0OpaHO TpU apXITEKTypu Ta 3IIHCHEHO 0a€coBYy ONTUMIZAIII0  iXHIX
rinepnapametpiB. [lopiBHSUIBHUI aHaNi3 moKaszaB, 1o Transformer-monens €
Halle()eKTHBHILIOK 3a MoKa3sHUKaMu TouHOCTi R?, MAPE, RMSE Tta pecypcHoi
e(eKTUBHOCTI, IO JO3BOJUJIO 3aCTOCYBaTH ii B SIKOCTI cyporara y Mpoleci
ONTHUMI3allli.

- peani30BaHO N'€HETUYHUHN AJITOPUTM MOIIYKY ONTUMAIbHOTO KyTa BXoay 0 3
BUKOPUCTAHHSAM [POTHO3Y TEIUIOBOIO TOTOKY HEHpoMepexer SK (QyHKIIi
MPUCTOCOBAHOCTI, M0 3a0e3meuumsio Juisi  PI3HUX  MacOBO-T€OMETPUUYHHX
koHpirypamiit KO crabinbHe i1 eeKkTUBHE 3HAXOJKEHHS KyTa, SIKUM MaKCUMI3Y€

IHTErpajgpHy TeIIoTy Q* Ha KPpUTUUHOMY 1HTEPBAII.



126

OpepkaHO HOB1 HAYKOBI1 pe3yJIbTaTH, a CaMe:

- po3po0iieHO MOJENb MAIIMHHOTO HABYaHHS JJI OIIHKKA TEMJIOBHUX
HaBaHTaXEHb Ha 00’€KT, 10 pyXaeTbcsi B arMocdepl 3emil, sika BIEpIIe
3abe3reuye KOMIUJIEKCHUM aHaji3 BIUIMBY TPAEKTOPHUX IMapaMeTpiB Ha
(hopMyBaHHS TEIUJIOBUX MOTOKIB y aTMOC(HEPHUX JIISTHKAX TPAEKTOPI.

- 3aMpoBaJKEHO TIOpUAHY METOAUKY, L0 MOEIHYE AITOPUTMU MAIITUHHOIO
HaBYaHHS JJI1 BUCOKOTOUHHUX MTPOTHO31B XapaKTEPUCTUK TEIJIOBOT'O MOTOKY 3
F€HETUYHUM aJITOPUTMOM JIJIsi ONTUMI3AIlli MapaMeTpiB BXOIKEHHSI 00’ €KTa
B aTMocdepy.

Po3pobnena Metomosioris  po3paxyHKy Ta ONTUMI3AIil  TPaeKTOpid
CXO/DKEHHS KOCMIYHHUX OO’€KTIB 3 HaBKOJO3€MHOI OpOITH 3 YypaxyBaHHSIM
TEIJIOBOT'O YNHHHUKA.

3anpornoHOBaHy METOJUKY JOILUIBHO 3aCTOCOBYBAaTH MpPH IMPOEKTYBaHHI
MICili aKTUBHOTO BHMBEJEHHS KOCMIYHHMX BIJIXOMIB Il OOIPYHTYBaHHS BUOODPY
napaMeTpiB Bxoay B atMocdepy, siki 3a0e31euyoTh MOBHE 3TOpsiHHS 00’ €KTa 0e3
YTBOpPEHHS HeOe3NneuHux (parMeHTiB, 3[JaTHUX JOCATTH IMOBEPXHI 3emul abo
3QIMIIIATHUCS HA OPOITi.

3100yTi pe3ynbTaTu (GOPMYIOTH OCHOBY IJisi PO3POOKH aBTOMATU30BAHUX
MPOTPAMHUX KOMIUIEKCIB, IO IHTETPYIOTh AQJITOPUTMHU ONTUMI3Allli, METOIU
MalIMHHOTO HaBYaHHS Ta MOJEJNI TEIJIOBOi JECTPYKIl 3 METO 3a0e3leyeHHs
MIITPUMKHU NPUUHSTTS PIIEHb Yy peaIbHOMY Yaci MiJl 4ac KepyBaHHS CXO/KCHHSIM
KOCMIYHUX T1JI.

Kpim Toro, po3po0ieHa MeToanka Moke OyTH BUKOPUCTAHA B OCBITHbOMY
MpoIlecl Ta MIATOTOBIN (PaxiBLIB SK MPUKIA] MDKIUCIUIUTIHAPHOI 3ahadi, IO
IHTETpy€ €JNeMEHTH KOCMIYHOI MEXaHIKM, TEepPMOJMUHAMIKHM, ONTHUMI3aIli Ta

HITYYHOT'O 1HTEJEKTY.
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# 3) Transformer Model Definition with multiple encoder blocks,

and Dropout=0.2

Masking,

class PositionalEncoding(layers.Layer) :

def

self.compute positional encoding(sequence length, d model)

def compute positional encoding(self, position, d model):

def

__init (self, sequence length, d model):
super (PositionalEncoding, self). init ()
self.sequence length = sequence length

self.d model = d model
self.pos _encoding =

angle rads = self.get angles(

np.arange (position) [:, np.newaxis],
np.arange (d model) [np.newaxis, :],
d model

)

# apply sin to even indices, cos to odd

angle rads[:, 0::2] = np.sin(angle rads[:, 0::2])
angle rads[:, 1::2] = np.cos(angle rads[:, 1::2])
pos_encoding = angle rads[np.newaxis, ...]

return tf.cast (pos encoding, dtype=tf.float32)

get angles(self, pos, i, d model):
angle rates = 1 / np.power (10000, (2 * (i//2)) /

np.float32 (d model))

def

return pos * angle rates

call (self, inputs):
return self.pos encoding[:, :tf.shape(inputs) [1],

def create transformer model (

input dim,

output seq length,
d model=128,

num heads=8§,

ff dim=256,

num layers=3,

dropout rate=0.2,
pad value=PAD VALUE

inputs = layers.Input (shape=(input dim,), name="input features")
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# Repeat input vector to form a sequence

x = layers.RepeatVector (output seq length) (inputs) # shape: (batch,
seq_len, input dim)

x = layers.Dense (d model) (x)

# Add positional encoding
pos_encoding = PositionalEncoding (output seq length, d model)
x = X + pos_encoding (x)

# Apply mask for padding
x = layers.Masking (mask value=pad value) (x)

# Build several transformer encoder blocks
for i in range(num layers) :
# MultiHead Attention with padding mask
attn output = layers.MultiHeadAttention (
num heads=num heads,
key dim=d model
) (x, x, attention mask=None) # Keras Masking layer handles mask
internally
attn output = layers.Dropout (dropout rate) (attn output)
x = layers.LayerNormalization (epsilon=1le-6) (x + attn output)

# Feed-forward
ffn output = layers.Dense (ff dim, activation="relu") (x)

ffn output layers.Dense (d model) (ffn output)
ffn output = layers.Dropout (dropout rate) (ffn output)

x = layers.LayerNormalization (epsilon=1le-6) (x + ffn output)

# Final TimeDistributed output: predict log(g(t)) at each timestep
outputs = layers.TimeDistributed (
layers.Dense(l, activation="linear"), name="qg log output"

) (%)

model = tf.keras.Model (inputs=inputs, outputs=outputs,
name="Transformer gt")
return model

input dim = X train scaled.shape[1]
transformer model = create transformer model (

input dim=input dim,

output seq length=max seq length,

d model=128,

num_ heads=8§,

ff dim=256,

num layers=3,

dropout rate=0.2
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# 4) Learning Rate Scheduler (Polynomial Decay) and Compile with RMS and
R2 if desired

# Polynomial decay: from le-4 down to le-6 over 10000 steps
lr schedule = tf.keras.optimizers.schedules.PolynomialDecay (
initial learning rate=le-4,
decay steps=10000,
end learning rate=le-¢,
power=1.0

optimizer = Adam(learning rate=lr schedule, clipnorm=1.0)

# Custom R2 metric
def r2 metric(y true, y pred):
y _true flat = tf.reshape(y true, [-1])
y _pred flat = tf.reshape(y pred, [-1])
ss res = tf.reduce sum(tf.square(y true flat - y pred flat))
ss_tot = tf.reduce sum(tf.square(y true flat -
tf.reduce mean(y true flat)))
return 1 - ss res / (ss_tot + tf.keras.backend.epsilon())

transformer model.compile (
optimizer=optimizer,
loss="mean squared error",
metrics=[tf.keras.metrics.RootMeanSquaredError (name="rmse"),
r2 metric]

)
transformer model.summary ()

# Save architecture separately

with open("transformer architecture.json", "w") as f:
f.write(transformer model.to json())

print ("Saved Transformer architecture to 'transformer architecture.json'")

early stop = EarlyStopping(patience=5, restore best weights=True,

monitor="val loss")

history = transformer model.fit (
X train scaled,
Y train log,
validation split=0.2,
epochs=50,
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batch size=32,
callbacks=[early stopl],

verbose=1

Peaizarist reHETUYHOT OIITUMI3aIl]

class ReentryTrajectoryProblem (Problem) :

def

def

__init (self, mass val, xSectAvg val):

self.mass val = mass val

self.xSectAvg val xSectAvg val

super (). init (
n var=1, # OnTumMmisyemo Jume ©
n_obj=1, # Oinpora QyHKU1A — maxkcmmizanis Q total*

n_constr=0,
xl=np.array ([THETA MIN]),
xu=np.array ([THETA MAX])

_evaluate (self, X, out, *args, **kwargs):
F = [] # 3HaueHHd U1JbOBOI OGYHKII1I IJI9 KOXHOTO KaHIMIATA
t array = create time vector (T max, target seq length)

for i in range (X.shape[0]) :
theta i = X[i, 0]

# dopmyemMo BXI1OHMM BekTop: [mass, xSectAvg, Rn, Cd,

entry angle, velocity, g max]

X input = np.array([[
self.mass val,
self.xSectAvg val,
Rn fixed,

Cd fixed,
theta i,
velocity fixed,
g max_ fixed
11, dtype=np.float32)

X input scaled = scaler gt.transform(X input)

g log = mlp gt model.predict (X input scaled, verbose=0) [0]
g log clipped = np.clip(g log, -50, 50)

g pred = np.exp(g_log clipped)

metrics = compute integral metrics(t array, g pred,

I THRESHOLD)

if metrics is None:
Q total star = -1leb6
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else:
t star, t star2, delta t, Q total star = metrics
if delta t <= 0:
Q total star = -1leb6

F.append (-Q total star)

out ["F"] = np.column stack (F)
# _______________________________
# 5) OyHKkuUlg mig sanycky GA 1Od s3alaHux mass Ta xSectAvg
# _______________________________
def run GA for parameters (mass val, xSectAvg val):
problem = ReentryTrajectoryProblem(mass val, xSectAvg val)
algorithm = GA (
pop_size=30,
sampling=FloatRandomSampling (),
crossover=SimulatedBinaryCrossover (prob=0.9, eta=15),
mutation=PolynomialMutation (prob=0.3, eta=20),
eliminate duplicates=True
)
termination = get termination("n gen", 20)
res = minimize (
problem,
algorithm,
termination,
seed=42,
save history=False,
verbose=False
)
best theta = res.X[0]
best Q total star = -res.F[0] # ockimexm F = -Q total star
return best theta, best Q total star
# _______________________________
# 6) Grid Search: mepebip 3HaueHb mass Ta xSectAvg
# _______________________________
mass_values = [400, 425, 450, 475, 500, 525, 550, 575, 600, 625, 650,
675, 700] # T
xSectAvg values = [0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6] # M2
results = []
for mass val in mass values:

for xSectAvg val in xSectAvg values:
best theta, best Q total star = run GA for parameters (mass_val,

xSectAvg val)

results.append ({
'mass': mass val,
'xSectAvg': xSectAvg val,
'optimal theta': best theta,
'Q total star': best Q total star
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})

print (f"mass={mass val}, xSectAvg={xSectAvg val} -> "
f"optimal theta = {best theta:.3f}, Q total* =
{best Q total star:.3e}")



