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NOBYOOBA CACTEMU IQEHTU®IKALII MOBLIB
HA OCHOBI BIBJNTIIOTEKU AYOIOOBPOBKU PYANNOTE

Y earny3i MawuHHO20 Hag4aHHS OOHUM i3 OCHOBHUX HarpsMKIig € ornpayro8aHHsi ma po3ni3HasaHHsI MOBMEeHHS.
Ceped saxnusux 3asdaHb pobomu 3 aydiodaHumu € Odiapusayis. Hiapu3auisa eusHadae yacosi mexi ¢ aydiozanu-
Cl, WO Hanexamb OKpeMuM Mo8ysM, mobmo obpasHO Kaxy4u, supiwye 3adady «Koiu xmo 2o8opumbs?». [Npome
gidomi KomepuiliHi ma 8idkpumi 3acobu diapusauii 8UKOPUCMO8YOMb Kacmepusauilo ceameHmie, ane He 8idrno-
gidaromb Ha MUMaHHS «XmMo came 3apa3 2080pumb?». IcHyromb cucmemu, siKi IOeHMUIKyromb Mo8US, ane maki
cucmemu po3paxoeaHi Ha me, wjo y aydiozanucy npucymHid € nuwe oOuH MogeUb. TOMy akmyasbHUM 3a80aHHSIM
€ cmeopeHHs1 cucmemu Oiapu3auii, aka yMoxinuernroe ideHmucpikayito bacambox Mo8uis, SKi 008ifTbHUM YUHOM 3Mi-
Hiorombesi y aydiosarnucax. Y daHomy QocnidxeHHi 3arpornoHoeaHo 08i apximekmypu cucmem ideHmudbikauii Mos-
yie Ha ocHosi Oiapu3auji, siki npayrooms 8i0NogiOHO Ha 3acadax Mo-ce2MeHmMHO20 ma o-K1acmepHoO20 aHasi3y.
Hnsa nobydosu cucmemu sukopucmao 6ibriomeky PyAnnote, wo € y gidkpumomy docmyni. Bepugpikauis pobomu
cucmemu ideHmudbikauii Mosuje 30ilicHro8anacs Ha 8iOkpumil 6a3i aydiozanucie AMI Corpus, y sikomy 3i6paHo
100 e0duH aHomosaHux ma mpaHckpubosaHux aydio- ma gideodaHux. Po3anssHymo pisHi MEMPUKU OUiHIO8aHHS
moyHocmi diapusauji ma, epaxosyro4u crieyudpiky po3pobneHoi cucmemu, obrpyHmosaHo O0UiNbHICMb 3acmocy-
8aHHs makoi oyiHku sik F-Mipa ideHmucpikayii. OnucaHo MemoOuKy rposedeHHs AocnidxeHb, sika nepedbayana
nposedeHHs MpbOx ekcriepumeHmig. [Nepwul ekcriepumeHm HauyineHull Ha 00CiOXeHHsI apximekmypu cucmemu
i0eHmueikauil, wo 6asyemncsi Ha Mo-ceaMeHMHOMY aHarsi3i, a Opyauli eKCriepuUMeHmM — Ha OOCITIOXKEeHHST apXimek-
mypu, Wo 3acmocosye no-knacmepHul aHasnis. Tpemil eKcriepuMeHm CmoCyembCsi 8U3HAYEHHST OrMuMarbHOl
mpusanocmi Hae4yasnbHOI 8ubipku 0nsi Kracughbikamopie cucmemu ideHmudbikayii. Pesynbmamu eKkcriepumMeHmis
rokasanu, wo no-knacmepHul nidxid nokasae kpawji pesysbmamu ideHmucbikauii MOPI8HAHO i3 MO-Ce2MeHMHUM
nioxodom. Takox ecmaHo8neHo, Wo onmumarbHOK mpusasicmio eubipku aydiofaHux Or1s mpeHysaHHs Krnacuai-
Kamopa i@ KOXH020 KOHKpemHo20 Mosust cmaHosumb 20 CeKyHO.

Knrovoei croea: cucmema Oiapu3sauii, 6ibriomeka PyAnnote, MawuHHe Hag4yaHHSI, Kriacmepu3sauisi, Knacugika-
uis, aHanis aydio, ideHmucpikauyisi MOBUS.
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IMPLEMENTATION OF THE SPEAKER IDENTIFICATION SYSTEM BASED
ON THE PYANNOTE AUDIO PROCESSING LIBRARY

In the field of machine learning, one of the main areas is speech processing and recognition. One of the important
tasks of working with audio data is diarization. Diarization determines the time boundaries in the audio recording
belonging to individual speakers, that is, figuratively speaking, solves the problem of «who speaks when?». However,
known commercial and open source diarization tools use segment clustering, but do not answer the question «who
exactly is speaking now?». There are systems that identify the speaker, but such systems are designed for the fact
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that there is only one speaker in the audio recording. Therefore, a relevant task is to create a diarization system
that allows the identification of many speakers that arbitrarily change in audio recordings. In this study, we propose
two architectures of speaker identification systems based on diarization, which work respectively on the per segment
basis and per cluster analysis. To implement the system, we used the PyAnnote library, which is open source. The
evaluation of the speaker identification system was carried out on the open audio database AMI Corpus, which
contains 100 hours of annotated and transcribed audio and video data. Various metrics for assessing the accuracy
of diarization are considered and, taking into account the specifics of the developed system, the expediency of using
such an assessment as the F-Measure of identification is substantiated. The methodology of research is described,
which included three experiments. The first experiment is aimed at studying the architecture of the identification
system based on per segment analysis, and the second experiment is aimed at studying the architecture that uses
per cluster analysis. The third experiment concerns the determination of the optimal training sample duration for
the classifiers of the identification system. The experimental results showed that the cluster-based approach showed
better identification results compared to the segment-based approach. It was also found that the optimal duration
of audio data sampling for training the classifier for each specific speaker is 20 seconds.

Key words: diarization system, PyAnnote library, machine learning, clustering, audio analysis, speaker

identification.

AkTyanbHicTb npobnemu. [fiapu3auia (aHrn.
diarization) € Baxxnuenm eTanom y npoueci po3nis-
HaBaHHSA YCHOI MOBW, a ii 3aBAAHHSM € Lie NoAin
BXiAHOro ayaiosanucy Ha ogHOpIgHI cerMeHTu Bia-
noBigHO 4o ocobu moBuga (aHrn. speaker). Tpaau-
LifHO piapisauisi MOBUiB noegHye B cobi cermer-
Tauito aygiosanucy Ta knacTtepusaito ogepxaHux
cermeHTiB. CermeHTauiss cnpsiMoBaHa Ha MOLUYK
TOYOK 3MiHM MOBLS B ayAio3anuci, HaTOMICTb Knac-
Tepusauis — Ha rpynyBaHHA CErMeHTIB MOBJIEHHS
Ha OCHOBI XapakTePUCTUK MOBLIA.

3acTocyBaHHA diapu3auii 3aBOdKM CTPYKTYpu-
3auii aygiosanucy 3a yepramu MOBLIB Ja€ 3MOry
NiABUWNTN YnTabenbHICTb aBTOMaTU4YHOI TpaH-
CKpUMUiT MOBMEHHS Ha TEeKCT, a il 3acTocyBaHHSA
y cuctemax GiomeTpuyHOI igeHTudikadii 3a rono-
COM [ae 3MOry BCTaAHOBWUTU CMpPaBXHK 0coOy
moBus (Juang B., 2005; Homayoon Beigi, 2011).
I[HWKMM NpuKknagom 3acTocyBaHHA  diapusadii
€ 1l BUKOPUCTAHHSA A5 po3mni3HaBaHHA MOBIIEHHS
y OOBrMX aygiosanucax i3 fekiflbkoma MoBUSMU,
e fiapusaLig BUKOPUCTOBYETLCA A1151 PO3AiNeHHs
JOBroro aygiosanucy Ha KopoTLWi, siKi, B CBO
yepry, No4alTbCA Ha MOAESNb PO3ni3HaBaHHS MOB-
neHHsa (Mao Huanru, 2020). Takox cxoxa cuc-
Tema MoXe OyTn BUKOpPUCTaHa A5 CUCTEM nepe-
Knagy, Ae ayaiosanuc po3dinseTbCs Ha CerMeHTU
MOBIIEHHA 3a LOMOMOroK Aiapu3sauil, i cuctema
nepeknagy BUKOHYE nepekrag ansi KOXXHOro i3 cer-
MEHTIB, TaKMM YMHOM 36iNnbLUYETLCA LWBUAKOAIS Ta
TOYHICTb Takmx cuctem (Inaguma Hirofumi, 2021;
Ueda Yushi, 2022).

Xoya po3pobreHHs MeToaiB Aiapu3adii nova-
nocs noHag gecatunitta Tomy (Anguera Xavier,
2012), Ha uUen 4Yac NPOAOBXKYKTbCA IHTEHCUBHI
JOCnioXXEeHHS, MeTo SAKUX € NigBULLLEEHHSA OOCTO-
BipHOCTI Ta obuucnoBanbHOI  eeKTUBHOCTI
anroputMmiB giapusadii. Bapto 3asHaunith, WO
ana  fgiapusauii  nepeBaXHO  3aCTOCOBYHOTLCS
anropuTMM MaLUWMHHOIO HaB4YaHHA 6e3 BuYMTEns

(unsupervised). lNMpoTe y geskux Bunagkax ons
BUpIiLLEHHST 3afadi Aiapusauii BUMHMKae notpeba
B 3aCTOCYBaHHi MalUMHHOIO HaBYaHHSA 3 BYMTENEM
(supervised).

OcHoBHOW BIOMIHHICTIO Aiapu3adii 3 BYUTE-
nem € iHwui\ cnocid y iHAekcauii CermeHTiB,
AKWIA NONsirae He B rpynyBaHHI CXOXUX CErMeHTIB
B OKpeMi KaTteropii (knactepu3sauisi), a cniBeigHe-
CEHi CeEMEHTa A0 KOHKPETHOro MOBLSI Ha OCHOBI
3pa3kiB noro ronocy (knacudikadis). Bigtak octan-
HiN eTan nepeTBopeHb Ans Aiapu3adii 3 BUMTENEM
30INCHIOBATUMETbCA 3a AOMNOMOro A04aTKOBOro
BUXigHOro moayns — knacudikatopa mosuis. [ia-
pu3auis 3 yuymMTenemM 3acTOCOBYETbCHA B 3ajadyax,
Konu NOTpiBHO igeHTUikyBaTh cCermMeHTn B ayaio-
3anuci, ki Hanexartb KOHKPETHOMY MOBLiO (TOOTO
daKkTUYHO 34IMCHUTM MNOLUYK 3a roriocoM pensiik
po3moBN).

HatomicTb B giapu3adii 6e3 BunTensi, CermeHTn
pOo3aiNsaTbCAa MK MOBLSIMKW, arne HEeBigoMo, sika
i3 MITOK giapu3auii BigHOCUTbCA OO0 KOHKPETHOro
MOBUS. TakoX Moxe OyTuM OOUinNbHO B ymMOBax
ManuMx AdaHux, konu Tpeba gogatv NiaTPUMKY
HOBOIO MOBLSI NULLE HA OCHOBI OOHOrMO KOPOT-
KOro aypgiosanucy B Kinlbka cekyHa. Hanpuknag,
Le mMoxe ByTn 3aCTOCOBaHO Yy Bije0 KOH(epeHL,
ONS BM3HAYEHHS MOBLUS, KOTPUM LWOWMHO [OEn-
HaBCsi OO KOHdpbepeHduii, horo ronoc 6yage 3anu-
CaHO Ta BUKOPMCTaAHO AN NignawTyBaHHA Mogeni
Adiapmsalii, Wwo6b y noganbLlloMy Ha Ui KOHepeH-
uii, Moro ronoc Gyno BM3HaA4YeHO Ta iAeHTUQIKO-
BaHO NpPaBUITbHO.

AHani3a ocTaHHiX pocnimkeHb i nyb6nika-
uin. Orngag nitepaTypHUx Qkepen fae nigcrasu
CTBEpPOKYBaTK, WO CUCTEMWU pAiapu3auii Tpagu-
LiHO OyayloTbCsl HA OCHOBI Miaxoay 6e3 yunTens
(Bredin Herve, 2022; Jin Qin, 2004; Tanveer Md,
2022; Le Lan Gaél, 2016; Dawalatabad Nauman,
2020). € Takox Kinbka OOCNiaXeHb NPUCBAYEHMX
Adiapusauii, Wo cnMpaeTbCa Ha MeToau 3 yuuTe-
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nem (Zhang Aonan, 2019; Fini Enrico, 2020; Xie
Weidi, 2019).

Ha uen 4ac BigoMO pJekinbka MpPOEKTIB, SKi
BMPILLYIOTb 3aBAaHHA diapu3auii, 3okpema Lue
KomepuinHi npogyktn IBM Watson, Google STT
(Herchonvicz Andrey L, 2019) Ta 6ibnioTteku 3 Bia-
Kputum kogom pyAudioAnalysis (Giannakopoulos
Theodoros, 2015), SpeechBrain (Ravanelli Mirco,
2021), PyAnnote (Bredin Herve, 2020). Komep-
LiVHI NpoayKTW Hacamnepen € pileHHAMU Ans
po3ni3HaBaHHA MOBW, diapu3auis y UuX pilleH-
HAX € [0OaTKOBOK yHKUieto. [lepesaroto Lmx
pilleHb € npoCTOoTa BUKOPWUCTAHHSA, LWBUOKICTb
pO3ropTaHHs Ta HanalwTyBaHHS CUCTEMW, XOpPO-
Wa TO4YHiCTb. Ane € W Hejoniku: BIACYTHICTb
MOXIMBOCTI HanalwiTyBaHHS MapameTpiB CcuUc-
TeMn abo okpemux ii KOMNOHEHT, LiHa, NpuB’a3ka
00 iH(pacTpykTypn Hagasada nocnyr. Tomy
aKTyanbHUM 3aBAaHHAM € MOLYK pilleHHsA 3 Bia-
KPUTUM KOOOM, 3 MOAYNBbHOI CTPYKTYPOIO i MOX-
NMBICTIO HanalwTOBYBaHHA napameTpiB CUCTEMU,
Ta sike © He NOCTynano 3a TOYHICTIO KOMEPLiiHUM
3acobam. Ha ocHOBI NpoBeAeHOro niTepaTypHOro
ornagy Oyno BCTaHOBMNEHO, WO HannonynsapHi-
WMMK  CUCTEMaMWU, $IKi 3a00BONbHAKOTE BULLE-
3ragaHum BuMoram, € dpenmBopkn PyAnnote,
SpeechBrain, pyAudioAnalysis.

PyAudioAnalysis — ue 6ibnioteka 3 BigkpuTUM
KOOOM, Mpu3HadeHa [Ansi OnpauloBaHHSA  3BYKY,
30Kkpema Buny4deHHs o3Hak (feature extraction)
3 ayaiocurHany, 3 noganbLUo Krnacudgikauieto Ta
cermeHTadieto aygiosanucis. BigTak uto 6ibnioteky
MOXXHa BUKOpUCTaTK ONs Uinen giapusauii 3 B4K-
Tenem. Lla Gibnioteka Mae HWU3KY iHCTPYMEHTIB,
npu3HayYeHnx nepenoBCiM ANA aHanisy gaHux Ta
BUNYYEHHs O3HaK 3 aygio3anucy. Y uiei 6ibnioteku
TaKOX € IHCTPYMEHTU A1 CErMEHTYBaHHSA Ta Kna-
cudpikauii aygio, NnpoTe TOYHICTb MOMITHO NOCTyna-
€TbCH KOMEPUINHUM PILUEHHAM Ta iHWWM pilleH-
HAM 3 BigkpuTum kogom (Bredin Herve, 2020).

SpeechBrain — e Habip nporpamHmMx iHCTpY-
MEHTIB 3 BiOKPUTUM KOLOM, SKi Npu3Ha4eHi ans
CTBOPEHHA CUCTEM Ans aHanisy ayaio, 3okpema
B TakMX 3ajadax, sik posnisHaBaHHA MoBW (auto-
matic speech recognition), po3nisHaBaHHS MOBLS
(speaker identification), igeHTMdikauia MoBu
(language identification), Towo. Hapasi us 6i6nio-
TeKa He MICTUTb y cObi iIHCTPYMEHTY ANns cermeH-
TyBaHHSA aygio, WO YCKNagHIoe 1 3aCTOCyBaHHA
ansa 3agad giapusauii (Ravanelli Mirco, 2021).

PyAnnote — Gibnioteka 3 BIOKPUTUM KOOOM,
po3pobneHa ©Ge3nocepegHbO ANA  BUPILLEHHS
3apadi pgiapusauii (Bredin Herve, 2020; Bredin
Herve, 2021; Mao Huanru 2020). BoHa cknaga-
€TbCS 3 HaBYEHUX HENPOMEpPEXEBUX MOAYIIB,
Ha OCHOBI CMIfIbHOr0 BUKOPUCTAHHS SIKUX, MOXHa

iMNNeMeHTyBaTM cucTeMy pAna giapusauii 6es
BUMTENS. 3ragaHi mogyni MOXHa [A0AaTKoOBOro
nepeHanawiToByBaTu, 3aMiHATM Ha iHWi Moayni,
abo x gogasaTu HoBi. Taka BigkpuTa MoaynbHa
CTPyKTypa 3abe3neyye BUCOKY MHYYKICTb | MOXIN-
BOCTi ONs1 NMOKPaLLEHHSA XapaKTepPUCTUK CUCTEMM.
Okpim UbOro usa 6idnioTeka MICTUTb IHCTPYMEHTU
ONS OnpauloBaHHA Ta MaHinynauii cermeHTamm
aygio (Bredin Herve, 2020).

Takum YnHOM, ANsa AocnigKeHb aBTopu obpanu
PyAnnote, ockinbku cepef po3rnsiHyTUX pilleHb
noTeHUinHO 3abe3nevye HanMBULLLY TOYHICTb (3icTa-
BMMY 3 ICHYIOUMMW KOMEPUINHUMU PilLleHHAMM),
a mMoayrnbHa CTPYKTypa i AOCTYMHICTb HanawTty-
BaHHS rinepnapameTpiB BiAKpYBaE MOXIUBOCTI
aganTauii nig 3aBaaHHs giapusadii 3 yuntenem.

BusHayeHHs meTn pocnigxeHHa. MeTow po-
60TK € yaocKoHaneHHsa BigoMOi cuctemm giapusa-
uii 6e3 BunTensa Ha ocHoBi PyAnnote 4yepes fopa-
BaHHS1 HOBUX MOAYNIB A4Ns1 pO3ni3HaBaHHS MOBLB,
O CNpUSTUME He I1LWEe PO3LUMPEHHIO (PYHK-
LliOHaNbHOCTI CMCTEMW, ane TaKoX MOKPaLLEHHI0
pesynbraTiB giapusauil WASXOM HanawTyBaHHS
napameTpiB OKpeMMUX MOLYiB.

Buknag ocHoBHoOro martepiany Aocni-
MXeHHsA. Onuc cTangapTHOI cuctemu giapmsadil
Ha ocHoBi PyAnnote. Y gaHomy gocrigkeHHi 3a
Ga3oBy MPUIHATO CTPYKTYpPY cuctemu diapuaauii
6e3 BuMTENS (3 BUKOPUCTAHHAM KriacTepusalii) Ha
ocHoBi PyAnnote (Bredin Herve, 2020). [lo cknagy
Liel cuctemun giapusauii BxogaTb Taki Moayni:

BuaBneHHa ronocoBOi  aKTMBHOCTI  (voice
activity detection) — mogynb, Skuii BUKOHYE PyHK-
Liit0 BUABIIEHHA MPOMIKKIB Yacy y ayaiosanuci, e
€ MPUCYTHI ronoc nioanHu.

BuasneHHa 3miHM moBuda (speaker change
detection) — mogynb, SKUA BUKOHYE YHKLIIO
BUABIMEHHA MOMEHTIB 4acy Yy aygiosanuci, ge
MOBIMEHHS OQHOrO0 MOBLSI 3aBEPLUNIOCS | pO3no-
yanacsi MOBIEHHS iHLLIOrO.

BusiBneHHa HaknageHoro MoOBMEHHA (over-
lapped speech detection) — mogynb, AKMiA BUKOHYE
dYHKUiO BUABMEHHS MPOMDKKIB 4acy y ayaiosa-
nuci, ae gea abo Ginblue MOBLIB rOBOPSATb OOHO-
YyacHo. Taki cerMeHTU 3a3BMyan BUy4aroTb 3 aHa-
nidy, OCKIiNbKM y TakMx BMNagKax Angd BUSABIEHHSA
KOHKPETHOro MoBLsi NOTPiOHO 3aiicHIoBaTK goaaT-
KOBi NEpeTBOPEHHSA MOB’A3aHi 3 pO34ineHHa ABOX
HaKnageHux B Yaci curHanis.

BekTtopHe npeactaBneHHs MoBuUs (PomaHiok
AHgpin, 2019) (speaker embedding) — moayne,
SAKUIN Ha OCHOBI (i3ioNoriYyHMX NapameTpiB ronocy
CTBOPIOE BEKTOP i3 MEBHOK 3a4aHOI0 PO3MIPHICTIO,
YMCMOBI 3HAYEHHS AKOro, PenpPe3eHTYTb Xapak-
TEPHi O3HAKM AN KOXHOrO0 MOBUSA. TakMm YMHOM
BiCTaHb MK BeEKTOpamMu, siKi BignoBigawTb
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hpasam, Lo HanexaTb OOHIN NoanHI, byae meHLwa
HiX BigCTaHb 4O BEKTOPIB, YTBOPEHUX i3 dhpas cka-
3aHuX iHWKMK moBuaMK (Snyder David, 2018).

Knactepusauis (clustering) — ue mogynb, skui
BiAnoBigae 3a rpynyBaHHA CEerMeHTiB, WO Bigno-
Bial0Tb MOBLIAM, BUKOPUCTOBYHOUM IXHE BEKTOPHE
npencrtaeneHHsa (embeddings).

PecermeHnTauis (resegmentation) — ue moaynb,
SAKUA BUKOHYE 3aBAaHHSA 3 YTOYHEHHS/MOKpaLleH-
HA MeX Ta MITOK cermeHTadii, nepegoBciM Ans
CErMEHTIB B MeXax sIKMX CrnocTepiraeTbCcs Hakna-
[JaHHSA rofiociB KiflbKOX MOBLB.

Takum YMHOM, pesyrnbTaTom poboTM CUCTEMM
Jdiapusauii 6e3 BUNTENSA € rofloCcoBi CErMEHTU 3rpy-
NnoBaHi B Te YM iHLLE YNCHO KrnacTepiB..

[MponoHoBaHWi niaxia. ABTopu AOCnigKyBanu
ineto agantauii PyAnnote nig 3apgady giapmsa-
Lii 3 yunuTenem LInsxoM 3amiHu y 6a30Bil CTpyK-
Typi cuctemu (puc. 1) moayns Knactepu3sauii Ha
Mogynb Kracudikadii, a TakoX MOXIUBICTb MO-
€0HaHHA cninbHOI poboTn umx moaynie. CTpyk-
TYpW LUMX 4BOX BapiaHTIB CMCTEM Aiapu3auii 3 yuu-
Ternem HaBegeHo Ha puc. 1.

AyniocurHan AyniocurHan
CemieHTauin CemieHTauin
BeHTopHe BeHTopHe
npegcTasneHHA npegcTasneHHA
MOBLA MOBLA
KnacuHdikauina KnacTtepuaayia
AHOTaUlR KnacudgiKalin

a)

;

AHOTALUIR
6)

Puc. 1. CTpyKkTypu cucrtemu giapumsauii
3 yuuTenem Ha ocHoBi PyAnnote:
a — igeHTUdiKauia 3a okpeMumm
cermeHTamm; 6 — ineHTUdikauin

Ha OCHOBI rpynu (knactepy) cerMmeHTiB

AK 3a3Hayanocs BULLe, Ha BUXOAOi CUCTEMM
Jdiapusauii 6e3 yuntena BxigHWn aygiosanuc pos-
JineHuin Ha cerMeHTU Ta 3rpynoBaHWi Ha Knac-
Tepu, NpoTe HEeBIiAOMO, OO HKOro KOHKPETHOrO

MOBLSI HaneXuTb KOHKPETHWUI KknacTtep. 3acTto-
CyBaHHs1 Kracudikatopa [acTb 3MOry po3nisHa-
BaTM MOBUiB, abo iHWMMKM crioBaMu, MPUCBOO-
BaTW NEBHi rpynn cerMeHTiB ay4io 4O KOHKPETHOro
mMoBuUs. [nsa uboro, o 6a30Boi cuctemun giapmsa-
Lii, 4O4aETbCs HOBU MOAYSb HaTPEHOBaHMIN Ha
po3nisHaBaHHSA MOBLS, @ iCHYOYI Moayni cucTemu
Ta iXHi mapameTpu 4o4aTKOBO MiAfaLUTOBYHOTLCA
ANS KpaLoro pesynbsraTy gdiapusadil.

JocnipkeHo 4oTupyn metoau Ans posnisHa-
BaHHS MOBLSA, 30KpeMa Taki NoLMpeHi y MalunH-
HOMY HaBYaHHi sk Bunagkosui fnic (random forest)
i k-Hambnwkumx cycigis (k-nearest neighbors).
Kpim TOro, aBTopm po3pobunu aesa cneuianisoBaHi
MeToaM Knacudikauii CerMeHTiB MOBU:

BiACTaHb [0 BEKTOPHOrO npeacTaBneHHs
uinsoBoro moBus (target speaker embedding) —
CErmMeHTW ayaio, siki BiHOCATbLCA A0 SIKOrOCb KOH-
KPETHOrO MOBLSI, BUOMPaKTLCS 3anexHo Big Bia-
CTaHi Mi>XX BEKTOPHMM NpeacTaBfeHHsIM LinbOBOro
MOBUS Ta BEKTOPHMM MNpeacTaBneHHsIM MEBHOIO
CermMeHTy ayaio. 3anexHo Big Hanepepq 3agaHoro
nopory, BU3Ha4YaeTbCs, YN CETMEHT HanexuTb 40
MOBLIS, YU Hi.

BigctaHb o rpynu — nepen TuM Sk BUGpatw,
SIKi CerMeHTU BIAHOCATLCS OO0 MNEBHOro MOBLS,
crepLuy BCi CErMEHTU aydio rpynyrTbes, TOOTO
no CyTi BUKOHYETbCA Adiapu3auis 6e3 yuuTens.
lMicns Toro, sk eMbeaiHrn cermMeHTiB ayaio 3rpyno-
BaHO, AN KOXHOI rpyny BU3HAYaeTbCA i LEHTPOIS
(cepegHe 3HayeHHsa 3 BCiX embepiHriB y rpyni),
a pani, obuMcnioeTbCs BiACTaHb Big embeniHry
LinboBoro moBug (target speaker) 4o koxHoro i3
LEeHTpOoIaiB, Toai oBMpaeTbCa HaANONWKYUA LIEH-
TpOid, i CermMeHT! aygio Moro BiAMOBIAHOI rpynu
Nno3Ha4alTbCA SK CEerMeHTW, siki Hamnexatb 00
LLiNbOBOro MOBLS.

MprHUMN NpoBefeHHA ekcnepuMeHTiB. KoxeH
3 eKCnepuMmeHTiB JOChiLKye BMSIMB KOXHOMO i3
MopayniB abo Moro napameTpiB Ha KiHLEBY TOYHICTb
diapmsauii. To6To, ANs pi3HUX MOAZYMiB CUCTEMM
BifOyBaeTbCs He3anexHa onTuMisadis ix napame-
TpiB, abo HaBiTb 3amiHa MeETOAY MOAYNS SK TaKoro,
npUYOMy napamMmeTpu iHWKnX MoayniB 3adikcoBaHO
3HA4YeHHSAMM 3a 3aMOBYYBaHHAM. TakmMMm YMHOM,
MOXHa OLIHUTW Bary KOXXHOro 3 MOAynNiB Ta BNMB
MOro napameTpiB Ha TOYHICTb CUCTEMU Aiapu3auii.
EkcnepumeHTn npoBoasaTbCs sk Ana giapmsadii
0e3 yuutens, Tak i 4nsa giapusadii 3 yuutenem.

Bci ekcnepuMMeHTM npoBOAATLCA Ha OOHOMY
i ToMy X Habopi aaHnx — AMI Corpus. AMI Corpus,
BiZKpUTUMN Habip OaHWX, AKMA MICTUTb Yy CODi
aypio- Ta Bigeosanucu pobounx Hapag Ta 3aci-
AaHb, e MOBIIEHHA € aHOTOBaHO, i ANsl KOXHOro
CerMeHTy aHoTauil MpUCBOEHO iaeHTUdiKaLin-
HUM HOMEp MOBLS, TOMY Ui AaHi NigXoasaTb Ans
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diapusauii sk 3 BuMTenem, Tak i 6e3 BuuTens.
AypiogaHi 36epiratotbcst y chopmati WAV, a aHo-
Tauia — y cdopmati XML, akuin nepeTBOproeETLCA
B ¢opmatr RTTM pgna pobGotn 3 6Gibniotekoro
pyAnnote. ®opmar RTTM (Rich Transcription
Time Marked) — ue TekcToBUIM hopmar, KU Mic-
TUTb iHOpPMaLio NPO CerMeHTV Ta igeHTudika-
Lito MOBLA AN KOXHOro 3 aygiodannis. Poamip
patacety crtaHoButb 100 roguH. CepegHsi Tpu-
BanicTb oAHoro ayagio ganny — 2104,48 cekyHa.
CepegHsa TpuBanictb OgHOroO aHOTOBAaHOrO cer-
MeHTYy — 4,1 cekyHA. Yncno yHikanbHMX MOBLIB —
189 (cepepn Hux 65,1 % yonosiku). CepegHa Tpu-
BasniCTb ayaio Ha KOXXHOro MoBLs — 546,96 cekyHf.

Takox gns giapusauii 3 yuutenem, ekcnepu-
MEHTN NPOBOAATLCA ANA KOXHOrO MOBUS Y KOX-
HOMy i3 aygiosanuciB. Hanpuknag, aygiosanuc
3 4 moBuammn Gyge aHanidyBatuca MNOYEeproBo
4 pasn i TOYHICTb OLiHIOBATUMETbLCS O KOXHOMo
ydacHuMKa OKpeMO.

MeTpukn ana  ouiHoBaHHA TouvHOCTI. [ng
KOPEKTHOCTI TOYHICTb METOZIB 3 yuntenem ta 6e3
yunTtens obuyucntoBanacb Ha OAHMX i TUX CaMuX
OaHux. byno po3rnaHyTo METPUKKU SKi TpaauuinHO
BMKOPUCTOBYIOTbCA B 3agadvax giapmsadii (Bredin
Herve, 2017): F-Mipa BwusiBneHHs (Detection
F-Score), F-Mipa cermeHTyBaHHsa (Segmentation
F-Score), MNoxmbka piapmsadii (Diarization Error
Rate), F-Mipa igeHTudpikauii  (ldentification
F-Score).

OcHoBHOO MeTpukoto obpaHo F-Mipy igeHTu-
dikauii, Sk Taky, Wo Bigobpaxae NpaBWUIbHICTb
NPUCBOEHHA iAEHTUIKATOPIB MOBLIB ANA KOX-
HOro i3 CerMeHTiB y aygio3anuci, Ha BigMiHY Bif
noxmbkn Aiapmaadii, WO BUKOPUCTOBYE aBTOMa-
TWYHE 3iCTaBMNEHHS] CErMEHTIB, siKi HE MpUB’A3aHi
[0 SIKOrocCb i3 MOBLIIB.

Onuc BMKOHAHUX EKCNepuUMEHTIB Ta npea-
CTaBMEHHA X pesynbraTiB. Y AOChigXeHHi Byno
BMKOHAHO 3 €eKCNnepuMeHTW, AKi MaloTb Ha MeTi
JocnignTn apxiTekTypHi NUTaHHS giapusadii 3 yuu-
Tenewm. MNepLumnin ekcnepMMmeHT MaB Ha MeTi gocni-
ONTNU nocerMeHTHUn knacudikatop (puc. 2, a)
Opyrun ekcnepymeHT MaB Ha MeTi gocniguTu
knacudikatop ANA KnacTepusoBaHUX CErMeHTiB
(pnc. 2, 6). TpeTin ekcnepuMeHT MaB Ha MEeTi oLi-
HATWM ONTMMarbHy HaeYanbHy BUOIpKY AN Kna-
cudpikatopis. Ha etani nonepegHix AocnigXeHb
BCTAHOBIIEHO MOXIMBICTb BUKOPUCTAHHSA Y eKcre-
pUMEHTax MeHLWoro Habopy aygiogaHux (TpuBa-
nictio 10 roguH), OCKINbKN pisHULA Y pesynbsraTax
MOLESOBAHHS Y MOPIBHSAHHI i3 NOBHUM Habopom
(100 rog.) He nepesuyBana Bigcotka. Lle gano
3MOry 3aoLuaanT obumncnoBarnbHi pecypcu.

EkcnepumeHT 1: [locnigXeHHs BNNnBY GYHKLiA
BiACTaHi MiXX BEKTOPHMMW MNpeacTaBliEHHSAMU Ha

TOYHICTb igeHTudikauii moBus. Llinb uboro ekc-
nepuMeHTY Nonsrae y BU3HaYeHHi, sika i3 dyHKLin
BiICTaHi Aae HaWKpalwiun pesynbtaT 3a BUKOPUC-
TaHHA Jiapu3sauil 3 yyutenem. [Jocnigxysanucs
Taki (pyHkuii BigctaHi: EBknigoBa BigcTaHb, Big-
ctaHb MaHnxeteHa (Manhattan), sigctaHb lNipcoHa
(Pearsons) Ta BigctaHb CnipmeHa (Spearmans).

DyHKUiA BiACTaHI BUKOPUCTOBYETLCS ANS1 iAeH-
Tudikauii MoBUSA, LWINAXOM OBYMCNEHHS BiACTaHI
MK 3pa3KOBMM BEKTOPHUM MpeacTaBrieHHs LbOoro
MOBLSI Ta BEKTOPHUM MpeAcTaBfeHHAM MNeBHOro
CerMeHTy aygiosanucy. AKWO Us BiACTaHb € MeH-
IO 3a nonepeaHbO BCTaHOBIIEHU MNOpir, TOAi
e Oo3Hayae, Lo rofioc Ha JaHOMy CerMeHTi Bid-
noBigae ronocy uUboro mMoBuUs. OCKiNbkM yHKLN
BifICTaHi € KinbKa, € CEHC OLiHUTU, AKY 3 HUX Han-
Kpalle BMKOpUCTaTK AN Adiapu3auii 3 yuutenem.
ApxiTekTypa giapumsauil 3 yuntenem y LbOMy eKc-
nepuMeHTI Bignoeigae intocTpauii Ha puc. 2, a.

Y Tabnuui 1 HaBedeHO pe3ynbratv ekcnepwu-
MeHTy 1.

Tabnvuga 1
Pe3ynbTatn gocnimxeHHs yHKLUinN BiacTaHi
Ha piBHi cermeHTiB

PyHKUiA F-Mipa ineHTndikauii,
BiacTaHi %

Euclidean (nopir=7) 58.30 %

Manhattan (nopir=7) 57.95 %

Pearsons (nopir=0.5) 24.41 %

Spearmans (nopir=0.5) 23.64 %

Pesynbtat UbOro €eKCnepuMeHTy mnokasanu,
O eBKNigoBa BiACTaHb Ta BiacTaHb MaHxeTeHa
Kpalle nigxogoaTb Ans Adiapusadii 3 yuuTenem.
[MpoTte oGumcneHHa EBkNigoBOiI BigcTaHi € npo-
CTIlLLMM NOPIBHAHO i3 OOYMCNEHHAM BigcTaHi
MaHxeTeHa.

EkcnepumeHT 2: [ocnigXeHHs MeTofiB rpy-
nyBaHHA CerMeHTiB (knactepusauis). Line uboro
eKCNepuUMEHTY € [OOoCrigXeHHs metogy Bubopy
KnacTtepa, BignoBigae apxitekTypi Aiapmsauii
3 yyutenem, siky 306paxkeHo Ha intocTpadii 6) Ha
puc. 2.

Llen meton nepenbavae BMKOPUCTaHHSA Lue
OfHOro Moayns - knactepusadii (clustering), sakui
BUKOHYETLCS MiCNsi CTBOPEHHS BEKTOPHOro npen-
ctaBneHHsa (embedding) Ansa KOXHOrO i3 CErMeHTIB
aygiosanucy i neped knacudikauieto CTBOPEHMX
BEKTOPHUX NpeacTasneHb. Moaynb knactepusauii
00’eHy€e BEKTOPHI NpeACTaBeHHs B rpynu, KOXKHa
3 AKMX HanexmTb OO SKOrocb MOBLUSA Ha ayadiosa-
nuci. Ha ctagii igeHTudikaudii ronocy MoBLs,
obumMcnioeETbCA BiACTaHb MiXK BEKTOPHUM npen-
CTaBMEHHAM LibOro MOBLA Ha MEBHOMY CErMeHTi Ta
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LLEHTPOIAOM KOXHOrFO i3 KnacTepiB, i TOAi CerMeHT
3 rofiocoM LbOro MOBLS BiAMOBIgae KracTtepy,
[0 SIKOro BiACTaHb € HANMEHLLIOHO.

OTmxe, nepwui KpPOK LbOr0 €EKCNepPUMEHTY
nonsrae y BW3HAYEHHI OMTUMAnbHOIMO anro-
puTMy KnacTtepwu3aauii/rpynyBaHHsa. byno pgocni-
[PKEHO TakKi anroputMu Knacrtepusau,ii: lepapxidHa
(Hierarchical), K-cepegHix (K-Means) ta Cnek-
TpanbHa (Spectral) knactepusauis.

Y T1abnuui 2 HaBedeHo pesynbratu AoCKi-

[PKEHHA  anropuTMmiB  Knactepusaudii 'y MeToai
BnbGOpy Knacrepy.
Tabnuugs 2
Pe3ynbTaTt gocnigXeHHs anropuTtMie
Knacrtepusauii
Anroputm F-Mipa ineHTudikauii,
KrnacTtepm3auii %

Bbes knactepwuzadii 58.30 %
Hierarchical (nopir=2) 62.35 %
K-Means 63.01 %
Spectral 47.90 %

3 pesynbraTtiB UbOro EKCNepuMMEHTY MOXHa
OINTM BMCHOBKY, WO ANdA Agiapusaudii 3 yuuTtenem
3a MeToAoM BMOOpY KnacTepiB, iepapxidHun
aroputTm Ta anroputmmn knactepusauii K-Means
MoKasylTb Kpalluii pesynbTaT HiK CnekTpanbHUN
anropuTm Knactepusadii. [1pote ana knactepu3sa-
Lii gouinbHo obpatn K-Means anroputm, OCKinbKku
Noro iMnnemMeHTauig € 3Ha4HO NPOCTILLOO.

Opyrn KpoK LbOro €eKCnepuMeHTy mnonsrae
Yy BU3HAYEHHI, siKka i3 dyHKUiM BigCTaHi Aae Hau-
Kpalwimi pesynetaT diapusadil 3 ydutenem, 3a
mMeTogom BubGopy knactepa. Llenm kpok aHano-
riYHMA ekcnepumeHTy 1, ane 1oro Gyno npose-
OEHO Ha piBHi KnacTepiB, a He OKPEMUX CEerMeH-
TiB. To6TO, Yy MeToai BUGOpY KnacTepa BiAcTaHb
0B4YMCIIOETBCS MiX BCiMa LIEHTpOoIgaMun KracTepis,
SKi BiAMOBIAATb KOXHOMY i3 ronocis Ha ayaiosa-
nncy, Ta BEKTOPHMM NpPEACTaBfIEHHAM MNEBHOro
CerMeHTy aygiosanucy.

Y Tabnuui 3 HaBegeHi pesynstaT 4OCNIAXKEHHS
byHKLUIN BiACTaHi y MeToai BUOopy Knacrepy.

Tabnuuysa 3
PesynbTaTtn gocnigkeHHs yHKLUinN BiacTaHi
Ha piBHi KnacTepiB

PyHKUiA F-Mipa igeHTucpikauir,
BiocTaHi %

Euclidean 63.01 %

Manhattan 62.75 %

Pearsons 51.43 %

Spearmans 53.03 %

MopibHo sk i y ekcnepumeHTi 1 EBKNigoBa Bia-
CTaHb 3abesnevye Kpalmn pesynbraTt gdiapusauii
i JO TOro He € BUMOITIMBOIO A0 00YMCroBaNbHUX
pecypcis.

TpeTin Ta OCTaHHIA KPOK LbOr0 eKCNEepPUMEHTY
nondrae y nepesipui notpedbn BUKOPUCTAHHSA
Knacudikatopa Ha OCHOBI MeToay K-Hambrmkumx
cycigis (k-nearest neighbours), 3amicTb dyHk-
uii BigcTani. Knacudikatop k-Hanbnwkdmx cyci-
AiB 3acHOBaHWIM Ha Takin igel: micns oTpUMaHHSA
BEKTOPHUX NPeACTaBieHb MOBLB Ha BCiX CErMeH-
Tax aygiosanucy Ta knactepusauii oTpMMaHux
BEKTOPHMX MpeacTaBneHb, BigOyBaeTbCsl HaBYaH-
HA KracudikaTtopa, Ae BXOOOM € BEKTOpHe npen-
CTaBMEHHSA, a BUXOAOM — ideHTUIKaTop OQHOro
i3 knactepi. Togi OTpUMaHUI HaBYEHWUIN Knacwu-
dikaTop BUKOPUCTOBYETLCHA OS11 BU3HAYEHHA Bia-
MOBIAHOCTI rornocy MOBUSA Ha MEBHOMY CErmMeHTi
aygiosanucy 0O MeBHOro KnacTtepa, SKUW Big-
noBigae A0 rofnocy OfHOro i3 MOBLIB NPUCYTHIX
y LibOMY ayaio3anuci.

Y T1abnuui 4 HaBegeHo pesynbratv  4ochi-
DXXeHHsa knacudpikatopa K-Hanbnwkumx cycigis
y MeToai Bnubopy knacrepy.

Tabnuus 4
PesynkraTtu gocnimkeHHs
knacudikatopa k-NN Ha piBHi knacTepiB

Anroputm
knacudikaTopa

F-Mipa ineHTudikauii,
%

Euclidean 63.01 %
(+K-Means clustering)
k-NN 60.74 %

(+K-Means clustering)

Ak BUOHO i3 eKcnepuMeHTy, MOegHaHHA Knacu-
dikauii 3a EBKMigoOBOIO BiACTaHHIO Ta KracTtepuaa-
uii 3@ metogom K-Means clustering gae kpawumn
pesynbrar.

EkcnepumeHT 3: JocnigXeHHs BMnvBy TpuBa-
NOCTi 3pa3KkoBOro ayaio3anncy MoBLSA Ha TOYHICTb
ineHTudikauii. Llinb uboro ekcnepuMeHTy nonsirae
Y BUSIBNIEHHI ONTUMAanbHO| TPMBANOCTI aygio3anucy
AN ofaBaHHS B cCUCTeMy Adiapusalil 3 yuntenem
HOBOro KopuctyBaya. PaKkTUYHO Ha OCHOBI LibOro
aygiosanucy (popMyeTbCsi  3paskoBe BEKTOpHe
npeacTaBneHHst Ans KOHKPETHOrO MOBLUS, 3 SKUM
Oyae NpoBOAMTUCS MOPIBHSAHHS BKNaAeHb 3 iHLKX
CerMeHTiB Anga 3agadvi igeHTudikauii. Y ekcnepu-
MEHTI JocnigKyBanucb ayaiosanucu TpuBarsicTio
10, 20, 30 Tta 60 cekyHa. Taki 3Ha4YeHHA obpaHo
3 MipKyBaHb 3pY4YHOCTI iHTepdpency Ons KiHue-
BOro KopucTtyBada (TpuBanictb ¢pas 3pydHa ans
3anucy 3pas3koBux dopas i kanibpyBaHHSA CUCTEMM).

Y Tabnuui 5 HaBegeHi pesynbratu  ekcne-
PUMEHTY.
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Tabnuuysa 5

Pe3ynbTatn gocnimkeHHs1 OOBXUHU
3pa3KkoBOro ayaiosanucy MOBLS

[oBxuHa ayaio F-Mipa ineHTudikauii,
3pa3KkoBOro MoBLS, C %
10 (+ K-Means) 63.01 %
20 (+ K-Means) 64.81 %
30 (+ K-Means) 64.10 %
60 (+ K-Means) 63.49 %

Xoya BCi TpMBanocTi nokasanu Cxoxi pesysnb-
TaTn, nepesary cnig sigaatu tpusanocti 20 cek.
3 pesynbTraTiB LUbOro eKCnepuMeHTy MOXHa OiATh
BMCHOBKY, L0 HaObiNbLL ONTUMaIbHOK AOBXMHOK
aygio 3paskoBoro mMoBudA cTaHOBUTH 20 CekyHA.
Xoya 3aranom BCi 3Ha4YeHHs B aianas3oHi 20—60 cek
nokasanu NpUrNHATHI pe3yneraTu.

BucHoBKM | nepcnekTuBM noganblmnx Locri-
keHb. PyAnnote — ogHe 3 HanBinbLL NOLWMPEHNX
i PYHKUiOHaNbHUX pilleHb B ranysi onpautoBaHHA
aygiocurHanis, 3okpema giapmsadii. [Jo ocHo-
BHUX i nepesar Haj BiAOMUMMW ansTepaHTMBamu
MOXHa BIiAHECTW: iMMMEeMeHTaLis Ha NOMNyNspHiIn
MoBi Python, BigKpuTuin BUXIigHWA KOA4 Nig nileH-
sieto MIT, mogynbHa apxiTekTypa 3 MOXMMBICTIO
[oJaBaHHA OO CUCTEMM HOBMX MOAyIiB Ta Hana-
LWUTOBYBaHHS MapaMeTpiB HasiBHUX KOMMOHEHT.
Kpim Toro, PyAnnote 3a TOYHICTIO NPakTUYHO He
NOCTYNAETbCS iICHYIOUMM KOMEPLINHUM PilLIEHHSAM,
Takum sk IBM Watson un Google Speech.

IcHytoui npuknagn imnnemeHTauii 6ibnioteku
PyAnnote 3aToyeHi nig 3agadvy piapusadii 6e3
yuntens (unsupervised). Pazom 3 Tum icHye MOXx-
NMBICTb PO3LLMPUTU PYHKLIOHANbHICTL CUCTEMU
i agantyBatn PyAnnote oo 3agad giapmsadii 3 yum-
Tenem (supervised), WO BiOKPMBAE MOXIMBOCTI
ineHTMdikauii moBuiB. NobygoBa Takoi cuctemu
i cTana npegMeToM [OOCHiAXEHHs, pe3ynbratu
SIKOro NPeACTaBNeHo B JaHiN cTaTTi.

lMponoHoBaHMn B pobGoTi nigxin nepenbayae
OBi apxiTekTypHi peanisauii cuctemn igeHTudi-

Kauii MoBUiB — i3 3aMiHOW MOOyns Knactepu3sa-
Lii Ha mMogynb Knacudikatopa Ta 3 NOEgHAHHAM
unx moaynis. ®akTMYHO B NEPLUOMY BUNAOKY 34iM-
CHIOETBbCSA iAeHTUdIKaLia MOBLS Ha PiBHI OKpeEMMX
CerMeHTiB aygio, a B gpyromy — igeHTudikauisa
NPOBOAMTLCSA Ha OCHOBI FPYM CXOXMX Mk coBOH0
cermeHTiB 06’egHaHNX B KNacTepu.

3 MeTol [OCnigXeHHsT 3anponoHOBaHMX apxi-
TEKTYp cMCTeMU igeHTudikauii MoBLiB Byno npo-
BEOEHO TPU EKCMEepUMEHTU, a AN OUiHIOBaHHSA
TOYHOCTI BMbpaHo F-Mipy ineHTudikauii. Mepumn
€KCMepPMMEHT MaB Ha MeTi OCNIANTM TOYHICTb dia-
pu3nuii 3a pisHMX BapiaHTIB peanisauii nocermeHT-
HOro knacudpikatopa, a B pamkax pyroro ekcne-
PUMEHTY BUKOHAHO LOCHIIKEHHS OMTUMAnbHOrO
noegHaHHa knacudikatopa i knactepusatopa.
TpeTin ekCnepuMeEHT HauineHun Ha BMOIp onTu-
ManbHOI TPMBAmNOCTi 3pasKoBoi BMOIPKM 3 rono-
camMu MOBLB, HEOOXiAHOT AN HaBYaHHS Moaenen
knacudikartopis. Bci gocnigpxkeHHs npoBoaunucs
Ha BigkpuTomMy Habopi gaHux — AMI Corpus, skuii
MiCTUTb PO3MiYeHi ayaio- Ta Bigeosanucy poboumx
Hapag i 3acigaHb.

3a pesynbratamyM €KCNepUMEHTIB BCTaHOB-
NeHo, WO HarBULLY TOYHICTb AN NO-CErMEHTHOI
knacudikauii 3abesnevye anroputM Ha OCHOBI
EBknigoBoi BiACTaHi 3a NOPOroBoro 3HaYeHHs 7.
Y BUNagKy apxitekTypu 3 knacudikatopom 3rpy-
NOBaHMX CErMeHTIB ONTUMaNbHUM anropuTMOM
knactepusauii € K-Means, a ontumanbHuMm anro-
pUTMOM Knacudikatopa — anropuTM Ha OCHOBI
EBknigoBoi BigcTaHi. TakoX BCTaHOBMEHO, LWO
onTMMaribHa TpMBaniCTb 3pPas3koBOro aygiosanu-
Cy, 32 9KMM cuUCTema 3iCTaBnsi€ CErMeHTn Ans
ineHTudikauii moBus, ctaHoBUTb 20 cexk.

B noganbwomy Burnsgae AOUiNbHUM MpoBe-
CTW [0AAaTKOBI AOCHIAXXEHHA 3 MEeTOoK ONTUMI-
3auil  iHWMx MogyniB  KaHamny nepeTBOPEHHS
PyAnnote (BMSBMEHHA rONOCOBOI aKTUBHOCTI,
3MiHM MOBLUS Y4 HaKnagaHHA MOBIIEHHS, ob4unc-
NEHHS1 BEKTOPHOrO MpeACTaBMEHHA) nig 3agady
Adiapusauii 3 yumtenem.
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MALLUMHHUWU AHATI3 HEKOHTPOJIbOBAHUX MAPAMETPIB MPOMUCIIOBUX
CUCTEM B PEXWMI PEAJIbHOIO YACY HA OCHOBI HEYITKOI NNOrIKKn

lposedeHo komnnekcHe AOCNiOXKEeHHA ma 8U3Ha4eHo 3azalibHi meopemuyHi 3acadu 8UKOpUCMAaHHSI MawlUHHO-
20 aHarlisy HeEKOHMPObLO8aHUX Napamempig NPOMUCIOBUX CUCMEM 8 PEeXUMI peasilbHO20 Yacy Ha OCHO8i meopii
Heyimkoi noaiku. B ocHosy 3anponoHogaHoi MamemamuyHoi Modeni byno noknadeHo knacudbikayito, sika 8K4ae
y cebe mpu murnu HeYimKuX MHOXUH: HEYImKY MHOXUHY nepwoao rnopsidKy, HeYimKy MHOXUHY Opy2020 nopsidKy
ma iHmepearibHy HeYimKy MHOXUHY Opy2020 nopsioKy. [ns KoXHOo20 3i 32adaHux murie MHOXUH 6yro nobydosaHo
MameMamuy4HUl arnapam, Wo Mo8HOK Miporo gidobpaxae ii ocobrueocmi, ane npu UbOMy XapakmepusyembCsi
MiHIMarbHOK PECYPCOMICMKICMIO Mpu pobomi y pexumi peasibHo20 Jacy.

Memoto docnidxeHHs € nobydosa KoMmneKkcHoi Memodornoeaii po3pobneHHs FLS-6ibniomek, Mamemamuy-
HUl anapam sikoi nepedbadyae 3acmocysaHHs1 npasuna MamdaHi ma koegpiyieHmie Takaei-CyeeHo Ons Hedim-
KOl MHOXUHU repwogo nopsidKy, HeYimKoi MHOXUHU Opy2020 nopsiOKy ma iHmepeasbHOI HEeYimKOi MHOXUHU
Opy2020 nMopsokKy.

Po3spobnieHo memoduky nobydosu 6ibriomek Ornisi cucmeM HeYimKoi f102iku, sika cknadaembsCsi 3 mpboX ema-
nie. MNepwum emarnom € hasugpikayisi, wWo nepesodums 8xiOHUl Habip 3Ha4eHb y HEYIMKY MHOXUHY ma rnepedye
emany roeid4Ho20 susedeHHs, sikuli sidrnosidae 3a npedcmasrieHHs1 8xi0H020 Habopy OaHux 8i0rnosidHo 0o ecma-
HoerneHoi cucmemu npasun. OcmaHHiIM emarnom € deghazupikauis, wWo nepesodumps HEYIMKYy MHOXUHY 8UXio-
Hux OaHux y Habip daHux, siKi MOXymb bymu euKkopucmaHi CUCMEMOK Kepy8aHHSI NPOMUCITIO8UM KOMITIIEKCOM.
BusHa4yeHO eghekmusHiCmb 8UKOPUCMaHHS npu 800CKOHaseHHi 6a3080i MameMamuyHoi Modeni ghopmyrioeaH-
HS1 Hewimko2o npaesuna 0On1s cucmemu Hedimkoi noeiku npasuna MamdaHi ma Habopy koegpiuieHmie Takaai-
CyaeHo. Po3pobrnieHo y3azanbHeHul npuHyun rnobydosu modesni ¢hopMyrno8aHHs HeEYimKo20 rnpasusa Ons Cu-
cmemu Heqimkor noeaiku.

Po3pobrnieHa KOMIIIEKCHa cxema CuyeHapiro sukopucmarHs b6ibriomek cucmem HeYimkoi foeiku, wo mMoxe bymu
guKopucmaHa y MikpoKoHmpornepax pobomu3ogaHux MPOMUCIO8UX cucmeM, i 8knoYae y cebe KoHizypauito 6ibni-
omek ma nobydosy cucmeMHUX an2opummis.

lMokasaHo, w0 3 dornomozor npedcmasneHoi Mamemamu4yHoi Moderni Ha basi 00Hiel npoepamMHoI nnamgopmu
MOXHa nobydysamu an2opummu aHarsnizy HeKOHMPOIb08aHUX napamMempie 8 pexumi peasbHo20 Yacy 3 pisHUMU
KOHebieypauisamu, wo ekno4aroms y cebe Kinbka 6ibriomek cucmem HeYimkoi noaiku.

Knro4oei cnoea: Heuvimka rnozika, hasucpikauisi, iHmepsanbHa MHOXUHa, npasuno MamOdaHi, koeiuieHmu
Takaai-CyeeHo.
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MACHINE ANALYSIS OF UNCONTROLLED PARAMETERS OF INDUSTRIAL
SYSTEMS IN REAL-TIME APPLICATIONS BASED ON FUZZY LOGIC

A comprehensive study was conducted and the general theoretical principles of using machine analysis
of uncontrolled parameters of industrial systems in real time based on the theory of fuzzy logic were determined. The
proposed mathematical model was based on the classification, which includes three types of fuzzy sets: fuzzy set
of the first order, fuzzy set of the second order and interval fuzzy set of the second order. For each of the mentioned
types of sets, a mathematical apparatus was built that fully reflects its features, but at the same time is characterized
by minimal resource consumption when working in real time.

The aim of the study is to build a comprehensive methodology for the development of FLS-libraries,
the mathematical apparatus of which involves the application of the Mamdani rule and Takagi-Sugeno coefficients
for the first-order fuzzy set, second-order fuzzy set and interval fuzzy set of the second order.

A methodology for building libraries for fuzzy logic systems has been developed, which consists of three stages.
The first stage is phasing, which translates the input set of values into a fuzzy set and precedes the stage of logical
inference, which is responsible for representing the input data set in accordance with the established system
of rules. The last stage is defuzzification, which converts the fuzzy set of output data into a set of data that can be
used by the industrial complex control system. The effectiveness of using the Mamdani rule and the set of Takagi-
Sugeno coefficients in improving the basic mathematical model of formulating a fuzzy rule for a fuzzy logic system
is determined. A generalized principle of building a model of formulating a fuzzy rule for a fuzzy logic system has
been developed.

A comprehensive scheme of the scenario of using libraries of fuzzy logic systems, which can be used in
microcontrollers of robotic industrial systems, and includes the configuration of libraries and the construction
of system algorithms, has been developed.

It is shown that with the help of the presented mathematical model on the basis of one software platform it is
possible to build algorithms for the analysis of uncontrolled parameters in real time with different configurations,
including several libraries of fuzzy logic systems.

Key words: fuzzy logic, phasing, interval set, Mamdani rule, Takagi-Sugeno coefficients.

1. Beryn. HanexHocTi. NoganbLli AOCNIMKEHHS noKasanu,

MaTtemaTyHe MOAEnNtOBaHHS HEKOH-TPONbOBA- LU0 KOO 3ajay Teopil HeYiTKMX MHOXWH MOXe
HMX NapameTpiB NMPOMMUCIIOBMX CUCTEM y pexumi  OyTW MOLIMPEHO Ha aHani3 noBefiHKWU CKnagHoi
pearnbHOro Yacy € HeTpuBianbHoto 3agadeto. Mpo-  cucTemu, AN AKOI HEMOXNUBO PO3pPobUTK agek-
LEC BUKOHAHHA CTaHOapTHMX MallMHHMX anro-  BaTHY MateMaTuyHy MoAernb 3 YiTKMM BU3HAYeH-
PUTMIB, LLO NpaLioloTh 3 HEBU3HAYEHUM HAbopoM  HAM PYHKLIN Ta IX MOKa3HWKIB. Takum YMHOM, Bynu
BENMYNH, € PECYPCOMICTKMM 3 TOYKW 30pYy anapat-  3anpornoHosaHi FLS agpyroro nopsaky, Wwo 3aaTtHi
HOrO KOMMIIEKCY, a TAKOX BUMarae 3Ha4yHux 4aco-  edeKTMBHO 0BpobNsaTM HEeBU3HAYEHOCTi Yy BXiA-
BuX BUTpaT (Zgurovsky et al., 2017). EcdbektuBHum  Homy Habopi aaHux (Eich, 2020; Kara et al., 2013;
pilLeHHsIM L€l Npobriemu € 3actocyBaHHsA cuctem  Mendel, 2001), wo Hagani 6yno BMKOpUcTaHo npwu
HeuiTkoi norikn (FLS: Fuzzy Logic Systems), ujo  po3pobrneHHi cucteM KepyBaHHS iHAYCTpianbHUMU
npauolTb 3 HEYITKUMU MHOXUHaMK OaHux abo  pobotusoBaHumu kommnekcamu (Mendel, 2001;
3 Habopamu OaHux, WO npovwnu npoueaypy Sahab et al., 2011; Miyajima, et al., 2016; Men-
hasudpikauii (Cardnes-Widma et al., 2019; Zadeh, del, et al., 2016; Li, et al., 2007; Biglarbejan, et al.,
1975). Teopist HediTkUx MHOXMH Oyna Big nodatky  2011; Benetar, et al., 2013; Madhava, et al., 2016;
3anpornoHoBaHa sk nigxig, wo nowuvptoe matema-  Bakluti, et al., 2009; Guarino, et. Al, 2007; Oich,
TUYHWUIA anapat Ha aHani3 niHreictuuyHux BupasisTa  2011; Lucian, etal., 2011). Y Tow xe yac cnig 3asHa-
0bpaxyHOK CTYMNeHiB iCTUHHOCTI Yepe3 MOKa3HUKM  YUTU, LLIO METOAOMOriS pO3pObneHHst KOHTponepis

13



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 2, 2022

HeuviTkoi norikn (FLC: Fuzzy Logic Controllers)
€ TEeXHOMOr4YHO CKNagHo 3ajadvelo, NpuyoMy He
iCHyE YyHiBEpcarnbHOro iHCTPYMeHTapito, Lo Mir 6u
CMpoCTUTU peani3auito KOHTporepiB 3a3Ha4YeHoro
Tmny. 3agaya nobygoBu Liei MmeTogonorii po3po-
BneHHsA, 0ocobnmBo 451 KOHTPOEPIB, LLO NPaLoTb
3 HEBM3HAYEHUMU MHOXWHAMW OpPYroro nopsaky
€ aKTyamnbHOW 3ajadvelo, WO CTaHOBUTb SK Teo-
PETUYHY, TaK i MPakTUYHy 3Ha4YMMicTb. Ha cboroa-
HILHIM OeHb iCHYHOTb CrewianizoBaHi cepeaoBmLa
ans pospobneHHs FLS-6ibniotek Lucian, et al.,
2011; Rusu-Angel, et al., 2012; Koch, et al., 2008;
Resnik, 1997; Patira, 1996; Serrano, et al., 2015;
Mendel, 2009), ane nepcnekTusm ix 3aCToCyBaHHS
OOMEXeHi Knacom KOHTPOmnepy, 30Kpema BOHMU
He NiATPUMYKOTb POBOTY 3 iHTEPBANbHUMWN HEYIT-
KMMU MHOXWHaMW APYroro nopsgky ta koedilieH-
Tamu Takari-CyreHo.

Taknm YMHOM HEBMPILLEHOK YaCTUHOK 3ajadi
JocnimpkeHHs € nobygoBa KOMMIIEKCHOI MeTofo-
norii po3pobneHHa FLS-6ibniotek (y TOoMy pasi
i FLC-6ibniotek). Lle HagacTb WMpPOK MOXMn-
BOCTi Anst pobOTU 3 aKTyanbHUMW OIS CyYacCHUX
NPOMUCNOBMX CUCTEM KrnacaMy KOHTpOrepiB Ta
3abe3neunTb HeobXigHy YHKUiOHamNbHICTL ANS
IX MpOEeKTyBaHHA i BNpoBagXeHHsa. [Ons uboro
HeoOXigHO 3anponoHyBaTU CUCTEMHWUIA MigXiad Ao
BNPOBAKEHHSA YHiBepcanbHOI i KOHdiryposa-
Hoi OibnioTekn cucTteM HediTkoi noriku. Marema-
TUMHUIA anapaT y TakoMy pasi Bknovae y cebe
3acTtocyBaHHsA npaBuna MampaHi (Xiang, 2009;
Mamdami, 1975; Granter, et al., 2010) anga HeuiT-
KOI MHOXWHW MepLUoro nopsaky, HeYiTKoi MHO-
XWUHW OpYroro nopsiaky Ta iHTepBarbHOI HEYiTKOl
MHOXWHU gpyroro nopsaky. Kpim Toro, mae 6ytu
3acTocoBaHa MeTogMka, Lo 6asyeTbcs Ha Ko-
edivieHtax Takari-CyreHo (Ma, et al., 2011).
Po3pobneHHa 3asHadeHoi meTogororii HagacTb
MOXIMBICTb CMCTEMATM3yBaTM npouec Mope-
nNoBaHHA  apxiTekTypyu nporpamHoro 3abesne-
YeHHs1, Ha Dasi 3aranbHOi CTPYKTYpWU Ta BAOCKO-
HaneHoi cxemun FLS-6ibniotekn. OTpumaHi pi-
LWEHHA MOXYTb OyTW BMKOPWUCTaHi ONs KOHTPO-
nepiB  pob0TU30BaHWX MPOMUCAOBUX CUCTEM
Ha OCHOBi OO’EKTHO-OPIEHTOBAHOI MOBU MpO-
rpamyBaHHA Ta fgiarpam YHidikoBaHOI MoBa
mogentoBaHHsa (UML: Unified Modeling Language)
(Ma, et al., 2011).

[na cTBopeHHA MoayrnbHoi GibnioTekn Heob-
XiAHO BUKOPWUCTOBYBATU CUCTEMY HEYITKOI FOrikn
AK €OMHUI KNac, SKUIN OXOMMOE iHLWi Knacu OyHK-
Ui piBHIB HanexHocTi, dasudikauii, noriyHoro
BMBeOeHHS i gedhasudikauii. Kpim Toro, Baxxnmeso
BU3HAUNTWN ePEKTMBHICTb Yy MareMaTnyHin mogeni
HEYITKOI MHOXWHW MNepLUIoro nopsaaky, HediTKol
MHOXWHW Opyroro nopsaky abo iHTepBarnbHOI
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HEeYiTKOI MHOXXMHUW OpYroro nopsaky BignosigHo 40
TMNy nocTaeneHoi 3agavi. Tak ansa iHTepeanbHOI
HEeYiTKOI MHOXWUHW ApYroro Nopsiaiky NPOnoHYeTbCS
BMKOpMCTATU METOAOIOTI0 arperyBaHHs Ta onepa-
uito pegykuii mogeni (type reduction) (Ma, et al.,
2011; Valashek-Babichenska, 2010). Hanawrty-
BaHHSA koHdpirypauii FLS-6ibnioTeku, Wo BK4vae
y cebe Habopw BXoAdiB Ta BUXOAiB, MPOMOHYETLCSA
BCTaHOBMOBATM B @aBTOHOMHOMY PEXUMI 3a 40Mo-
MOFOK0  MiDXNIIAaTPOPMHOro  rpacdpiyHoro iHTep-
dency, WO CYTTEBO CMPOLLye 3agadyy 3acTocCy-
BaHHS1 PO3p06EHOro iHCTpyMeHTapito.

2. AHani3 nitepaTypHuUX mxepen Ta nocra-
HOBKa npobnemu.

Y poboTi HaBeaeHO pe3ynsraTv OOCHioKeHb
3a TeMol nobyaoBM anropMTMiB  MaLLWMHHOMO
aHanisy HeKOHTPONbOBaHMX MapamMeTpiB  npo-
MWUCINOBUX CUCTEM B pEXMMi pearnbHOro 4yacy
(Zgurovsky, et al., 2017) BkntoyaB y cebe aHanis
NPVHUMMIB MAaTEMATUYHOIO MOZENOBAHHA Y BKa-
3aHin ranysi (Cardnes-Widma, et al., 2019). Tak,
y poborTi (Zadeh, 1975) posrnsagatoTbCca 3aranbHi
NPUHLMNN POBOTU 3 HEYITKUMIN MHOXMHAMWN OaHKX
abo 3 Habopamu JaHux, WO NPONLWAM npouenypy
drasundikauii.

Mpoeegenun ananis (Eich, et al., 2020) Bknto-
yaB y cebe OocCnigKeHHS MEeTOoAiB 3acTOCyBaHHS
TEOopil HEYITKUX MHOXWH npu poBOTi 3 LUMPOKMM
koriom npobnem. 3okpema, y poboti (Kara, et
al., 2013) 6ynn po3rnsHyTi 3agava MNOLINPEHHS
MaTemMaTUYHOrO MOAENIOBAHHA Ha aHani3 JiHr-
BICTUMHUX BMpasiB, Hagani 6ynn BM3HA4YeHO OCO-
6rnmMBOCTi 0BpaxyHKy CTyMeHiB iCTUHHOCTI 4depes3
nokasHukn HanexHocTi (Mendel, 2001) Ta aHani3
noBefiHKM cknagHoi cuctemu (Sahab, et al., 2011).
OcobnmBicTb  po3rMsHYTMX NigxodiB nonsrana
y TOMY, O MaTemaTuyHe MOAEMOBaHHA LiNbo-
BUX (PYHKLIN po3rnaganocss gk pecypcHOMICTKa
3agada abo 6yno NpMHUUNOBO HEMOXNNBUM. 3Ha-
YHa yBara 6yna npugineHa FLS gpyroro nopsagky
(Miyajima, et al., 2016), a9k maTemaTnyHOMy ana-
paTy, SKun 34aTtHUN ePeKkTUBHO 06pPOBNATN HEBU-
3HAYeHOCTi MOKa3HWKIB NpencTaBreHnX BXigHUM
Habopom gaHnx (Mendel, et al., 2016). Noka3zaHo,
WO Mnpu PO3POOMEHHI CUCTEM KepyBaHHA iHAY-
cTpianbHUMK poboTu3oBaHUMM komnnekcamm (Li,
2007), Aki npautoloTb Y peXMMi peanbHOro vacy
B yMOBax HeBW3HayeHoCTi cepeposuwia (Biglar-
bejan, etal., 2011), 6inbLL NEpCNEKTUBHUM € 3aCTO-
cyBaHHs iHTepBanbHuMx FLS pgpyroro nopsagky
(Benetar, et al., 2013). Taki FLS xapaktepuaytoTb-
Cs MEHWVMM BMMOramu [O MporpamHo-anapart-
Hoi nnatdopmn (Madhava, et al., 2016), Ha 6asi
AKOT peanisyTbCs CUCTEMM 3a3HAYEHOro TUMy.

Mpn LUbOMY 3aNULLIAETLCA HEBMPILLEHO 3ada-
Yya nobygoBm Metogonorii po3pobneHHa FLC
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(Bakluti, et al., 2009) Ta BignoBigHOro IHCTPyMeH-
Tapito MaTeMaTU4yHOro MOZENBAaHHS, L0 MOXHa
BMKOPUCTOBYBaTM MNpW peanisauii KoHTponepis
(Guarino, et al., 2007). Ak 6yno nokasaHo y poboTi
(Oich, 2011) piweHHs y gaHoMmy Bunagky Ham-
OinbWw BaxnMBO Ons pobOTM 3 HEBU3HAYEHUMU
MHOXWHaMWU [OpPYroro Mopsifiky, a TakKoX iHTep-
BanbHUMWN HEBU3HAYEHUMW MHOXWUHAMWU ApYroro
nopsaky (Lucian, et al., 2011). Po3srnaHyTto gocni-
[)KEHHS, WO BU3HAYalTb edeKTUBHICTb poboTU
3 cepeaoBMLamMm ansa po3pobneHHsa FLS-6ibniotek
(Rusu-Angel, et al., 2012), y KoTpux BKa3aHO Ha
NnepcnekTMBM TX 3aCTOCyBaHHS OKPEMWUMU Kra-
caMu KOHTponepiB, epekTUBHICTb poboTn 3 Koe-
giuieHtamm Takari-CyreHo (Koch, et al., 2008) Tta
3aranbHy YHiBepcanbHicTb (Resnik, 1997). byno
nokasaHo, Lo AN CTBOPEHHSI MoAyNbHOI 6ibrio-
TEeKn HeobXxigHO BMKOPUCTOBYBATM CUCTEMY HEMiT-
KOI NOrikn SIK €OMHUA KIac, Lo OXOMJIE Kracu
byHKLUIN piBHIB HanexHocTi (Patira, 1996), dasu-
dikauii (Serrano, et al., 2015), noriyHoro BuBe-
aeHHa (Mendel, 2009) i gedasudikauii (Xiang,
2009). 3 iHworo 60Ky, ANg iHTepBarnbHOI HEYiTKOI
MHOXWHUW OPYroro Nopsiiky TakoX MOXIMBO 3aCTo-
cyBaTuM MeTOLOSOri0 arperyBaHHs i onepawuito
peaykuii mogeni (Mamdami, 1975).

Bu3HavyeHHsA HanexHoro mMateMaTu4Horo ana-
paTy Bknwoyano y cebe o3HanMoMMeHHs 3 pobo-

Tamu, WO cneuiani3yrTbCa Ha 0COBNMBOCTAX
nobynosu KoHdpirypoBaHoi 6ibnioTekn cuctem
HeJiTKoi norikm Ha ©6as3i npaBuna MampgaHi

(Granter, et al., 2010) IHWKXM nigxoQoM € BUKO-
pucTaHHsa KoediuieHTiB Takari-CyreHo (Valashek-
Babichevska, 2010) ons HeuYiTKOI MHOXWHW Nep-
LIOro NopsAaKy, HEeYiTKOI MHOXWMHW ApYyroro no-
PSAKY Ta iHTepBarbHOI HEYITKOT MHOXWHU ApYyroro
nopsiaky. Kpim Toro, 4ns noganbLuoro BU3Ha4YEHHS
3aranbHOl CTPYKTypu Ta BAOCKOHaneHoi FLS-
GibnioTekn, KOHTponepisa NPOMUCIIOBUX CUCTEM,
Oyno npoBedeHo aHani3 pobiT i3 3acTocyBaHHS
Yy Ui ranysi o6’eKTHO-OpiEHTOBaHOI MOBMW Mporpa-
mMyBaHHsi Ta UML-giarpam (Ma., et al., 2011).

Takmm 4YMHOM, HeoDOXigHO, BKasaTu Ha HeoO-
XigHiCTb  NOOYOOBM  KOMMMEKCHOT  MEeTOomonoril
po3pobneHHs FLS-6ibniotek, Ha 6asi SKMX MOX-
nMBo edeKTMBHO MpauioBaTh 3  akTyanbHUMU
Knacamy KOHTponepie Ta 3abesneuynty Heobxia-
HY OYHKUiOHamnbHICTb.

3. MeTta Ta 3agayvi gocnigxeHHsA

MeToto pocnigkeHHsi € nNobygoBa KOMIMIIEK-
CHOI MeTogornorii  po3pobneHHsa FLS-6ibnioTtek,
MaTemMaTU4HMI anapaT 9Koi nepegbavae 3acTocy-
BaHHA NpaBuna MampgaHi Ta koediuieHTiB Takari-
CyreHo Ans HeYiTKoI MHOXWHW NepLUOro NOpsiaKy,
HEYITKOI MHOXMHW OpYyroro nopsiaky Ta iHTepsanb-
HOT HEYITKOT MHOXXMHM APYrOro nopsiaky.
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Ana pocarHeHHA mMeTy Gynu nocTaBneHi Taki
3aBAaHHS:

— BW3HAYUTU BMMOIM OO CUCTEM KepyBaHHS
po6OTN30BAHNUMM KOMIMIEKCAMU;

— y3aranbHWTM MaTemMaTUyHWA anapart, Lo
Ba3yeTbCa Ha TeOopii HEYITKUX MHOXWH Ta € aKTy-
anbHMM Npu  pPO3pOOMEeHHI CUCTEM KepyBaHHS
po60TM30BaHNMM MPOMUCIIOBUMUN KOMMNEKCaMU;

— nobyaysaTtn 6a3oBy mMogenb opMyritoBaHHS
HEYITKOro npasusia 4l CUCTEMU HEYITKOT NOriKu;

— nobynoBa y3aranbHEHOI CXeMWU CLieHapito
BUKopuctaHHs FLS-6ibniotek Ta KoHdirypauii
FLS-6ibnioTeku;

— po3pobutn MeToauky nobyaoBu MoAdynb-
Hoi GibnioTekn Ha Gasi anropuTmiB dasudikauii,
noriyHoro BMBeAeHHA Ta pgedasudikauii FLS-
GibnioTeku.

4. Metogn po3pobneHHA meToforsorii Ha
OCHOBI Teopii HEYiTKUX MHOXWH

Y pocnigxeHHi ©6ynuM  BMKOPUCTaHi  CydacHi
METoAM MaTeMaTMYHOro MOAENOBaHHA Ha 6asi
HEYITKUX MHOXWH, 30Kpema:

— MaTemMaTU4HUI anapaT Ha 6asi HeYiTkoi MHO-
YXWHW NEepLUOro NOpsaKY;

— MaTemMaTU4YHUI anapaT Ha 6asi HeYiTkoi MHO-
XWHW Opyroro nopsiaky;

— MaTemaTU4HMIM anapaT Ha 6asi iHTepBanbHOI
HEeYiTKOI MHOXWHW ApYroro Nopsaky;

— MeTogu hasudikauii, NoriMHOro BUBEOEHHS
Ta gedasundikalii;

— (bopmyrtoBaHHS HEYITKOro npaswuna gns cu-
CTEMM HEYITKOI INOriKu;

— clieHapin BukopucTaHHsa FLS-6ibnioTek;

— cxeMa koHapirypauii FLS-6ibnioteku;

MEeToan BM3HAYeHHs KoHdpirypauii FLS-
Gibniotek yepe3 FLS-cTpykTypu, WO BKOYaKOTb
y cebe Habopw BXofiB Ta BUXOAIB;

— MDKMAaTopMHUI rpadidHni iHTepdeic;

— METOAONOris arperyBaHHs;

— onepauiga pegykuii mogeni;

— METOAM PYYHOro KOHMIrypyBaHHSA LUMISAXOM
penaryBaHHs channy KoHdirypauii, npeacrasne-
HoMmy y dhopmaTi XML.

5. Pe3synbTtaTty gocnimaXeHHs1 CUCTEM aHanisy
Ha OCHOBIi HEYiTKOI Noriku

5.1.Mo6yaoBamaTemaTu4yHoiMoaerniHaoOCHO-
Bi HEYiTKMX MHOXWH

Po3pobrieHHs MaTemartu4Horo anaparty, Lo
BasyeTbCa Ha TeOopil HEYITKUX MHOXWH Ma€e Noyn-
HaTUCA 3 BM3HAYEHHS OCHOBHMX €NeMEHTIB, L0
OyoyTb Hagani 3acTocoBaHi MPW BUKOPWUCTAHHI
Luboro anaparty. Y pamkax MatemMaTu4Hoi mogeni,
WO BWMKOPMCTOBYBanacb Mpu MNpPOBEAEHHI LibOro
[OCNifXeHHsA, Oyno 3anpornoHOBaHO B3SATU 3a
OCHOBY 3arasnbHO NPUNHATY knacudikauito. 3asHa-
YyeHa knacudikauisa Bkntoyae y cebe gBa Tvnu
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HEYITKUX MHOXWH, | ANS KOXHOro 3 Tvnis nobyay-
BaTW CUCTEMY PIiBHSHb, LLO MOBHOI MIpOK Bido-
Bparae noro ocobnmeocTi (Zgurovski, et al., 2017;
Cardnes-Widma, et al., 2019).

Hexan F, € HEYiTKOI MHOXMHOW MepLIoro
nopsaky (type-1 fuzzy set), wo Bkntovae y cebe
cam Habip enemMeHTIB X Ta QYHKUil0 m_(X), AKa
BM3Ha4yae ix piBHi HanexHocTi (corresponding
membership values)

F = ZX:(X'mm (x))
{ xelX ’
m,, (x)e[0;1]

ae X BignoBigae MoBHOMY HaboOpy €enemeHTiB,
WO po3rnafarnTbCs Yy Mexax MaTeMaTtu4Horo
MoentoBaHHa, a anrebpaiuHa cyma Z(x,m. (X))
BiQMOBiAA€ MNOHATTIO KOnekuili MHOXWHW 00’ek-
TiB (collection). Mpu nobynosi nporpamHMx anro-
pUTMIiB MaLUMHHOIMO aHanisy Lue BMKOPUCTOBY-
€TbCS SK Krac ans poboTn 3 MHOXMHOK 06’eKTiB
(Zadeh, 1975).

Y CBOKW u4epry, HediTka MHOXMHA [pyroro
nopaaky F, Bknwodvae y cebe Habip enemeHTiB
X, TMOKa3HUK MNEepBUHHOI HanexHocTi (primary
membership value) Ta yHKLilO BTOPUHHOI Ha-
NEXHOCTI M, (X,u) fiKa fK apryMeHTU BUKOPUCTO-
Bye [OBa nonepegHi MnokasHuKW. BusHavyeHHs
HEYITKOI MHOXWHW OpYyroro nopsaky Ta MOBHUN
Habip oOMexeHb, MOXYTb OyTW HaBedeHi y Ha-
cTtynHin gopmi (Eich, 2020; Kara et al.,, 2013;
Mendel, 2001):

F, = Z ((X'“(X))'mFZ (x,u(x)))

u(x) x

(1)

xeX
my, (x,u(x))e[0;1] ’

u(x)eJ(x)
J(x)<=[0:1]

ae J(x) ctaHOBMTb NOBHMIN Habip 3Ha4YeHb MoKas-
HUKa NEepBUHHOI HANEeXHOCTi ANnA 3agaHoro erne-
MEHTa HEYITKOT MHOXMHMU X.

Cnig TakoX 3a3HaunTu, WO y BUMNAAKYy Konuv Ans
HEYITKOT MHOXWHWN OpYyroro nopsiaky BUKOHYETLCS
HaCTyMnHa PiBHICTb:

2)

my, (x,u)=1
VxeX

3
Lﬂu(x)ef(x)’ ®)

TaKy MHOXMWHY Crif BiAHOCWMTW A0 iHTepBanbHOI
HEYITKOT MHOXWHYM Apyroro nopsaaky F,. [ina Hene-
PEpPBHUX 3Ha4YeHb eneMeHTiB MHOXUH X Ta J(x)
pyHKUiA F, BU3HAYaETLCA AK:
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du

F, =] ﬂ dx

: 4
xeX

u(x)eJ(x)
J(x)<[0:1]

AHanoriyHo, Ans OUCKPETHUX 3HayeHb ene-
MEHTIB MHOXMH X Ta J(X) Ta MHOXMHW KopTe-
XiB (PyHKUiA F, moxe OyTu HaBedeHa y Takomy
Burnagi (Sahab, et al., 2011; Miyajima, et al., 2016;
Mendel, et al., 2006; Li, et al., 2007):

Z:J(x)u(lx)

X

F,

2i

)

X

((xu(x).1)
)

xekX

u(x)<J(x)
J(x)<[o]

3a gonomorolo F, Tak camo, fK i Ha 6a3i F,
MOXHa BU3Ha4aTW piBEHb HEBU3HAYEHOCTI Hanex-
HOCTi eNneMeHTIB, ane BUKOPUCTaHHSA iHTepBanbHOI
MHOXWHW HaOa€e MOXIMBICTb CMPOCTUTM MatemMa-
TMYHUIM anapar (Biglarbejan, et al., 2011; Benetar,
et al., 2013; Madhava, et al., 2016; Bakluti, et al.,
2009; Guarino, et. Al, 2007; Oich, 2011; Lucian,
et al., 2011).

Po3pobneHHs FLS ans HeYiTKUX MHOXUH $IK
nepLloro Tak i Apyroro nopsiaky Bkodae y cebe
HacTynHi etanu (Rusu-Angel, et al., 2012; Koch,
et al., 2008; Resnik, 1997; Patira, 1996; Serrano,
et al., 2015; Mendel, 2009):

— dhasundpikauito, sik npouec, Lo 3a 4oMOMOror
dYHKUiT BM3HAYEHHST PIBHIB HANEXHOCTI nepeBo-
ANTb BXiOHWA HaBip 3HAYEHb Y HEYITKY MHOXMHY;

— oriYHe BMBEAEHHS, LLIO BiANOBIgaE 3a npouec
BigoOpaXkeHHs BXiaHOro Habopy faHux, npeacTas-
NeHoro y BUMMsAAi HEYiTKOT MHOXWHW, Y BUXiOHWUIA
Habip AaHuX, WO TakoX NpeacTaBneHnn y BUrnagi
HEYITKOI MHOXWHM, BignoBioHO A0 BCTaAHOBMEHOI
cUcTemMM NpaBwisl;

— nedbasndikauito, ik npouec, Lo nepeBoanTb
HEYITKY MHOXMHY BUXIOHUX OaHMX Y Habip aaHux,
AKi MOXXHa BUKOPWCTOBYBaTU Hagarni.

Y pamkax uiei mogeni cniBBigHOLEHHS MiX Ha-
Oopamu BxodiB Ta BMXOAIB CUCTEMU MOXKe OyTu
BM3HA4YeHO Ha OcHOBI NpaBuna MamagaHi gns FLS
(Xiang, 2009; Mamdami, 1975). Hexan cuctema
cknapjaetbes 3 P BxoAis — Habip {x, X, X, . Xo}
i Q BuxopiB — Habip {y, y, ¥, VoI Todi moxHa
cKkasaTu, WO OKpeMe npaBuno R' BUKOHYETLCH,
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AKWO 32 YMOBW, KON KOXEH BXig X, BiAMNOBI-
[ae aHTeueOeHTY HEYiTKOI MHOXWHK Ap‘, KOXeH
BUXiA y, BIAMOBIAAE KOHCEKBEHTY  HEUITKOI
MHOXWHWU Cq" (puc. 1).

ﬁ

Ha6i

o

TIpaBHIT

=)
o

- EE

Ai AlZ eee A% ..o@

2

-

Ha6ip Buxonie

E...
=

Cll @ooo@-o-@

Puc. 1. BasoBa mogenb doopMysritoBaHHS
HeviTKoro npasuna gna cucremu FLS

TakMuM 4YMHOM, BMKOHAHHS OKPEMOro npaBu-
na R' MOXHa BW3HAYUTM SK t-HOpMY iHiUiauil
MHOXWHWN aHTEeLEOeHTIB Ap‘.

Moganbwmnin po3BuTOK 6a30BOi  mMaTtemartumy-
HOT Moaeni opMyrntoBaHHA HEYiTKOro npasuna
ana cuctemm FLS 3ymMOBnNIOE BUMKOPUCTaHHSA
HaGopy koediuieHTis Takari-CyreHo ¢/, Ta ¢/
(Valashek-Babichavska, 2010; Ma, et al., 2011).
Takuii Habip BignoBigdae 3a BM3HA4YeHHs Habopy
BUXOAIB Y, CNCTeMW, L0 MOAENIoETbCS, Y Biano-
BigHOCTI 40 Habopy BxoAaiB X, Ta OKpeMoro HeuiT-
Koro npasuna R

i i i i i i
Y1 =Co +Cyy X +Coy - cF €y X, et Cpy

P i i
V2 =Cp Ty

Xp

i i
'X1+C2,2' +CP'2~X

i
o Chy Xy ,

-(6)

i i i i i i
yq _Co,q +C1,q

i

PQ "

i i i
Y1 =CoptCip- 20 Xyt cHCpyXp

Hagani gna  He4YiTKol MHOXMHM  MepLloro
nopsiaKy cnig Bukopuctatn meton gedasudika-
Lii Ha OCHOBiI 3Ba)XeHOro cepedHboro, a Aans
MHOXWHW OpYyroro nopsigky anroputMu, Ski
npaullTe 3  HEBM3HAYEHMMU  TpaHULSIMU
(uncertainty bounds output processing). Takun
nigxig HagacTb 3MOry OTPUMAaTK YiTKi 3HAaYEHHs Ha
Buxopi FLS.
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5. 2. NMobyaoBa nporpaMHUX anropuTMiB Ha
6a3i FLS-6i6nioTek

Po3pobneHHs maTematu4Horo anapaty € nep-
LIMM eTarnoM CTBOPEHHS arnropuTMiB MalUMHHOIO
aHanisy HEeKOHTPONbOBaHMX MapameTpiB NPoOMUC-
NIOBMX CUCTEM B PEXMMI peanibHOro Yacy Ha OCHOBI
HeYiTKOT NOriKK, HACTYMHI eTanu BKNtoYatTb y cebe
pO3pOBNeHHS CUCTEMHOrO nporpamHoro 3abesne-
yeHHs (M3). Y3aranbHeHa cxema CueHapilo BUKO-
puctaHHa FLS-6ibniotek npu nobygosi moayns
KepyBaHHsi poOOTU30BaHUMM NPOMUCITIOBUMMU CUC-
TemMaMu npeacTasneHa Ha puc. 2.

- | Pospobmosau FLS |

:L--| Kondgirypanis FLS-6idmioTtex |
:“--| ITo6ynoBa cHCTEeMHHX aTTOPHTMIB |

| Tlobynosai 3apaHTaxkeHHA 13 |

| 3amyck cucreMsoro 113 |

fmmgir]

“+ JloriuHe BUBeAEHHS ‘

- ctumngican |

Rl sttt e

Puc. 2. Y3aranbHeHa cxema
cueHapito BukopuctaHHsa FLS-6ibniotek

MpeacraBneHa piarpama 6asyeTbcA Ha Ha-
Gopi eTaniB po3pobneHHsa cuctemHoro 13, wo
BUKOPUCTOBYETBCA Y MIKPOKOHTponepax pobo-
TM30BaHUX MPOMMUCIIOBUX CUCTEM, SIKa BKIOYaE
y cebe koHgirypauito FLS-6ibniotek, nobygosy
cuctemHux anroputmis i 3. BignosigHo, etanu
dasudikauil, noriyHoro BuBeOEeHHs i Aedasu-
dikauil, Ha OCHOBI SIKMX 34INCHIOETLCSA KOHTPOSb
3a HEeJITKMMW MnpaBuiaMun, pPOo3KPUBAKTbCA nNig
yac BukopucTaHHsa M3, wo Bkntovae y cebe FLS-
GibnioTeku.

Y3aranbHeHa cxema koHdirypauii FLS-6ibnio-
TEKW BKMNto4yae y cebe HacTynHi Habopw (puc. 3):

— FLS, wo wmictuTb MexaHiam d¢opmyBaH-
HA NOriYHOro BWBEAEHHS, METoAW  FOriYHOI
KOH’OHKLiI Ta AW3’toHKUii, MeTon arperauii ga-
HUX, MeTo4 iMmnnikauii, metog o6pobkn BuXia-
HUX OaHWX, MpaBuina, a TakoX Mae BKI4aTh
TUN CUCTEMU;
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— MHOXWHa BXOAIB, L0 CKnagaeTbcs 3 Habopy
OaHUX Ta yHKLiT, iKa BU3HAYaE PiBHI HANEXHOCTI
eNeMeHTIB Liboro Habopy;

— MHOXMVHa BUXOAIB, eNfeMeHTU SKOi BU3Ha4a-
I0Tb 3 gornomoroto npasuna MamgaHi abo koediui-
eHTiB Takari-CyreHo;

— MHOXWHa Buxopais Takari-CyreHo, Lo MOXyTb
OyTM oTpuMMaHi ANnA HEe4YiTKUX MHOXMH MepLIoro
nopsagky abo iHTepBanbHUX HEYITKUX MHOXWUHU
OPpYroro nopsgky;

— MHOXVMHa npaBun, WO CKNagaeTbes 3 aHTeue-
JEHTIB HEeYITKOI MHOXWHWN, KOHCEKBEHTIB HEYiTKOI
MHOXXWHW, Bar Ta NOrikn 3B’A3KiB;

— Habip YHKLUIN piBHIB HANEXHOCTI eNemMeHTIB
Habopy, Lo cknagaeTbecsa 3 HabopiB PyHKLUIN Ans
HEYITKMX MHOXWH MepLioro nopsiaky abo iHTep-
BanbHNX HEYITKUX MHOXWH OPYroro nopsaky.

3anponoHoBaHa cxemMa Hagae MOXITMBICTb pO3-
pobuTK yHiBepcanbHy MeTOAWKY HanallTyBaHHS
KOHdirypauii FLS-6ibnioTek.

| CHcTeMa HeHITKOI JTOTIKI H Tum |

| Jloriuxe BUBeOEHHA | | IIpaBuma | | Habip Bxonis | |Ha6ip BHXO,HiB| |OR | |AND |

| Merton arperartii | | MeTton iMITTiKALLi | |M6T0,H 00POOKY BHXITHIX ,HaHH'X|

|

!

—| MHOKHHa BXOJIIB l—

—| MHOKHHA BUXOIIB |—

—| MHoK1Ha [TPaBHATT l—

|

—I MHuox1Ha QYHKILH PIBHIB HaTeKHOCTI |—

| OyHKII HEYITKUX MHOKIH | mopaaky |

OyHKII iHTepBATBHIX HETITKUX
MHOxHH 1] TTopaaxy

| Habip nannx | | TIpasumno Mamnasi | | AHTeneneHTH |

DyHKIIA piBHIB Koeoiiertn | KoHcekBeHTH |
HATEKHOCTI Taxkari-CyreHo

Cy | Baru |

Jlorika 3B’ I3KiB

MmuoxuHa Buxofie Takari-CyreHo l—

| Hewitki MHO:KHHE | TOpAOKY |

| IaTepsansHi MHOKHHH [I Topanky |

Puc. 3. Y3aranbHeHa cxema koHdirypauii FLS-6ibnioTeku

5. 3. HanawTyBaHHA KoHdirypauii Ta cTpyk-
Typu FLS-6ibniotek

KoHdpirypauis FLS-6ibniotek, T06TO Bnactu-
BoCTi FLS-cTpyKTyp, L0 BKMoYaloTh y cebe Habopu
BXOAIB Ta BUXOZiB, BCTAHOBMIOETLCS B aBTOHOM-
HOMY pPeXuMi 3a AOMOMOroK MiXKMNNaTOpPMHOro
rpadpivHoro iHTepdency (GUl-pegaktopa). IHWMM
nigxogom moxe OyTn pegaryBaHHs paniny KOHQI-
rypauii, npeacrasneHomMy y oopmarti posLumposa-
HOT MoBu po3MiTkm (XML) y pyuHoMy pexunmi. 36e-
pexeHun dann koHdirypauii Hagani moxe 6yTu
3aBaHTaXeHun 0o po3pobneHoi FLS-6ibnioTtekn,
LLIO [O3BONSAE BUKOPUCTOBYBATH PO3p0bneHun nig-
Xid y iHWKUX peanisauigx anropMtMmiB MalLMHHOMO
aHanisy HeKOHTPONbOBaHMX NapameTpiB Npomuc-
NOBUX CUCTEM.

FLS-6ibniotekn po3pobnatioTb Ha  OCHOBI
00'eKTHO-OPIEHTOBAHOMO MiAXOAY, Y paMKax sIKoro
3aCTOCOBYKOTLCA Kracu, L0 BKMA4YalTb Yy cebe
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MeToOM AN BUKOHaHHA onepauin  dasndika-
Lii, noriyHoro BMBEAEHHS Ta aedrasudikauii ans
FLS nepuworo Ta gpyroro nopsiaky. Takum YMHOM,
Ha Gasi ogHiei nporpamHoi nnatopmMn MOXKHa
nobyaysatn FLC-anroputmun aHanisy HeKOHTp-
ONbOBaHMX MapameTpiB B PEXUMi peanbHOro
yacy 3 pisHMMMK KOHirypauisMu, WO BKNHOYaOTb
y cebe kinbka FLS-6ibniotek. BuaineHHa dyHk-
Uil BM3HA4YEHHS pPIBHIB HaNeXHOCTi Ta MeToAiB
dasundikauil, noriyHoro BuBEOEeHHs i Aedasu-
dikauil Ak OKpeMux KnaciB 3 BnacHUMW aTpu-
OyTaMy Haga€e MOXIUBICTb BUKOHYBATU KOXHY
3 FLS-onepauin HesanexHo Big iHwwux. Mpu ubomy
y FLS-6ibnioTeui yiTki BXOAM i YiTKi BUXOAM npea-
CTaBreHi SIK eNnieMeHTU BEKTOopa, OTXKe MiTKi BXigHi
AaHi nepepatTbcsd OO0 onepauin FLS-6ibnioTe-
KM SIK BEKTop, i BCi YiTki BMXoau 3 onepadin
FLS-6ibniotekn Takox € BekTtopamu. Po3rnsHemo
cknagoBi Metogukm nobynoBu FLS-6ibniotekn
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A58 MaLLMHHOMO aHani3 HEKOHTPONbOBaHUX Napa-
MeTpIiB MPOMMUCIOBUX CUCTEM B PEXMUMI peanbHOro
Yyacy Ha OCHOBIi 06'EKTHO-OPIEHTOBAHOIO MiAXOAY.
Y 3anponoHoBaHOMYy MeTogi, 6a3oBuii Knac BKItO-
yae y cebe nmigknac, skuin Bignosigae 3a onepadio
dasndikauii (puc. 4). BkaszaHui nigknac y cBow
Yyepry Bkrtoyae y cebe nigknacu dyHKUiT BU3Ha-
YEHHS1 PiBHIB HANEeXHOCTi ONSA HEYITKOI MHOXWHU
nepLUoro NOpsiAKy Ta iHTepBarbHOT HEYITKOI MHO-
XWHW OpYroro nopsiaky.

IMigknac yHKUIT TOriYHOro BUBEOEHHS, Y CBOKO
yepry, OyayeTbcs Ha OCHOBI MpaBun KOHdirypa-
LiT, METOOQY BMKOHAHHS HEYITKMX NOriyHmMx onepa-

Lin, metogiB iMnikauii i arperadii, a Takox meToq
BigOOpaXXeHHA BXiQHOMO HabOopy HEYITKMX AaHWUX
y BUXigHUIA Habip HediTknx gaHux. [ns Toro, wob
BUXiAHWA Habip HediTkKMx pgaHux OyB npwuaar-
HUM Ons gedasudikadii, npouec imnnikauili mae
BMKOHYBATUCA ANSA KOXHOrO npasuna, o CTOCy-
€TbCS Onucy BMUXigHOro Habopy, a npouec arpera-
Lii — ana koxHoro FLS-Buxogy. Y 3anponoHOBaHiIN
CTpyKTYpi FLS-6ibniotekn ona BUKOHaHHS onepa-
Lii HeviTKOro BMBOAY Knac mae ¢opmyBaTucA Ha
OCHOBI KNacy NoriyHoro BUBeAeHHs. Taknm YMHOM,
Krac noriyHoro BMBEAEHHS CKagaeTbcsa 3 nigkna-
CiB (PyHKLiT BM3HAYeHHS PIiBHIB HanexHocTi Ans

| BXyHI AT |

IEH Kongirypauis FLC-6i6mioTexu | | UiTkuii HAGip BXiTHIX NaHIX

| nponeyea |

| OTPHMATH | | Kondiryparis FLC-6ibmoTexn | |TJjTKHE'{ Habip BX. aHHX

| TAK H HeuiTka MHOKIHA IEPIIOTO IOPIOKY I

| JJIA H TToBHMii 9iTKHIT HAOIp BXiTHUX AaHUX H | 3

| JJ H Bei ¢yHKuUii Br3sHAYeHHA PIBHIB HANEKHOCTI

| OyHKUI BH3HAYeHH PiBHIB HANESKHOCTI |

| PospaxyHoK piBHIB Hale:xHOCTI |

| 30epekeHHs HEYITKOTO Habopy BXiTHHX TaHHX |

| HI H HeuiTka MHOKHHA IEPIIOTO HOPIAKY I

| JJIA H TTopHmii iTKHiT HAGIp BXIMHUX AaHUX H »

| A H Bci ¢yHkuii BusHadeHHA piBHIB HANEKHOCTI HEI—

IHTepBAIEHA HEYITKa MHOKHHA HAbopy
BXIZIHHX JaHHX APYTOTO HOPSAKY

| OVHKIIL BU3HAYSHHS PIBHIR HANEKHOCTI |

| Po3paxyHOK piBHIB HATEKHOCTL |

| 30epexeHHs HedITKOTO Habopy BXiTHHX 1aHUX |

— euxXupmaam ———

‘ HeuiTknii Habip BXiTHIX JaHHX |

Puc. 4. Ctpyktypa anroputmy dasudcikadii FLS-6ibnioteku
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HEYIiTKOI MHOXMHW MepLUoro nopsagky Ta iHTep-
BasibHOI HEYITKOI MHOXWHW OPYroro nopsiaky, Lo
BMKOPUCTOBYIOTLCA Yy npouecax iMnnikauii i arpe-
rauii 3a npasunamm MamgaHi.

HapewTi, pagna FLS-6ibniotekn HeobxigHO
BU3HaA4YNTK Knac gedhasuduikauii BUXigHUX OaHuX.
AKLWO HEYITKOT MHOXWHM NepLLOro nopsaaKky octaH-
Hi eTan BkNtovae y cebe nuwe npouec gedasu-
dikauii, To ansa iHTepBanbHOI HEYITKOT MHOXWHU
Opyroro nopsigky LibOMY MpoLecy nepegye one-
pauis peaykuii mogeni. Npuyomy obom onepa-
Ligam BignosigatoTb Habopu meToaiB, WO obupa-
HOTbCS 3aneXHo Big KoHirypauii FLS-6ibnioTekw.
Tak, Hanpuknag, 4ns HeYiTKOI MHOXMHU NepLLoro
NopsiAKy NPOMOHYETLCA BUMKOPUCTOBYBATU METOL,
pedasundikauii LeHTpoiga Ta MeToauKM cepegn-
HbOro 3BaxkeHoro gedpasndikauii. KiHueBa apxi-
TeKTypa noegHye onepadii dpasudikauii, noriyHoro
BUBEAEHHA Ta Aedasundpikauii i 403BOMSE 3acTo-
cyBatu fekinbka FLC-anroputMmiB y Mexax ofHiel
nporpamu 3 HesanexHMmn KoHdirypauismu.

6. O6roBopeHHs1 pe3ynbTaTiB AoCNigXeHHs
meToauk KoHdirypauii FLS-6i6niotek

Y pesynbrati NpoBegeHoro AocnigkeHHsa 6yno
po3pobneHo maTteMaTu4Huin anapart, wo 6a3sy-
€TbCA Ha Teopil HeYiTKX MHOXWH. 3a OCHOBY
BU3HA4YeHHss ©0a3oBMX enemMeHTiB MatemMaTtud-
HOro MOAEntoBaHHs Oyrno 3anponoHOBaHO B3ATU
knacudikadito, gka Bkntoyae y cebe HeuiTki MHO-
XWHW NEepLUOro nopsaaky, HeYiTKi MHOXWHW Opy-
roro nopsaaky Ta iHTepBarbHi HEYiTKi MHOXWHU
apyroro nopsaky. Ona KOXHOro 3 TUMiB HEYiTKUX
MHOXMH Oyna npegcTtaBrneHa CUCTEMA PiBHSHb,
O NOBHOK Mipolo Bigobpaxkae Mnoro ocobnu-
BOCTi Ta nNpu LUbOMY € 3py4HOI A58 NOAarnbLLIOoro
mMogerntoBaHHs. Mpy LbOMY CRiBBIOHOLWEHHSA MiXK
Habopamu BXOAiB Ta BUXOAIB CUCTEMM HEMITKUX
MHOXWH Oyno BM3HA4YEeHO Ha OCHOBI MpasBuna
MampaHi, a noganbwnin po3BMTOK MaTeEMaTUYHOI
mMogerni opmMyroBaHHA HEYITKOro npasuna Aans
fa3yBaBcsl Ha BMKOPUCTaHHI Habopy koediuieH-
TiB Takari-CyreHo. byna npegctaBneHa ya3a-
rarbHeHa cxema cLeHapito BuMKOpUCTaHHA FLS-
Gibniotek npu noBygoBi Moayna  KepyBaHHSA
po6OTU30BaHUMM  NPOMMUCIIOBUMM  CUCTEMAMM,
Jiarpama sikoi 6a3yetbca Ha Habopi eTaniB pos-
pobrieHHsa cuctemHoro I3 i Bknovae y cebe KoH-
girypauito FLS-6ibniotek Ta nobyaoBy cucteMHux
anroputMmiB. lNMpn LUbOMy y3aranbHeHa cxema KOH-
opirypauii FLS-6i6niotekn cknagaetbcs 3 Habopis
FLS, MHOXWHM BXOAiB, MHOXWHW BUXOAiB, MHO-
XuHWM BuxodiB Takari-CyreHo, MHOXWHU npaswur,
a TakoX Habopy yHKLIA piBHIB HanNexHoCTi ene-
MeHTiB. byno nokasaHo, WO HanawTyBaHHS KOH-
dirypauii FLS-6ibniotekun, MoXXHa BCTaHOBMIOBATH
B aBTOHOMHOMY PeXuMi 3a JOMOMOro Mixnnar-
dopMHOro rpadivyHoro iHTepdency, Wo CyTTEBO
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crpoLlye 3agady 3acToCyBaHHSI PO3pobneHoro
iHCTpyMeHTapito. byna pospobneHa cTpykTypa
anroputmy hasumdikadii FLS-6ibniotekun, a Takox
3anponoHoBaHO 3acaan nobynoByM MOAYIiB foriy-
HOro BMBeAEeHHA Ta Aedasudikauii. MNpoBeneHe
OOCIIIKEHHA [03BONUIIO COPMYBaTU OCHOBHI
NOMOXEHHA ANA NobygoBM KOMMMEKCHOT METOLO-
norii po3pobneHHa i FLS-6ibniotek ona HeuiTkol
MHOXMHW MEPLUOro MOpPsAKY, HEYiTKOI MHOXMHM
APpYroro nopsgky Ta iHTepBanbHOI HEYiTKOI MHO-
XWHW Opyroro nopsaky.

7. BUCHOBKM

1. BignosigHO BUMOram 40 CUCTEM KepyBaHHS
po6OTN30BAHNUMM KOMMIIEKCAaMM BKa3aHO Ha Heob-
XigHICTb NobygoBM MaTemMaTU4HOro anapary, Lo
0a3yeTbCs Ha Teopil HEYITKMX MHOXMH. 3anpono-
HOBaHO 3ararnbHy METOAMKY, LLO BKNtoyae y cebe
ABa TUMW HEYITKMX MHOXWH, AMS KOXHOro 3 AKMX
nobyaoyeTbCsi cucTemMa piBHSHb, WO Bigobpaxae
Noro ocobnmeocCTi.

2. lobygoBaHO MaremMaTudHWi anapart, LWo
BKMtOYae y cebe HediTki MHOXWHM MepLuoro
nopaaKy, HeYiTki MHOXMHW ApYyroro nopsigky Ta
iHTepBanbHi HEYiTKIi MHOXWHW APYroro MOpPSAKY.
Mpn po3pobui MaTemartmyHoro anapary Oyrno
BM3Ha4veHo npasurno MampaaHi i Habopu koediui-
eHTiB Takari-CyreHo.

3. Po3pobneHo mogens hopMyritoBaHHSA HeYiT-
KOro npaBuna Ang CUCTEMWU HEYITKOI JOriKu.
3a3HayeHa Moaenb BKyae y cebe cxemy cueHa-
pito BuKopucTtaHHA FLS-GibnioTek, giarpama skoi
MiCTUTb KOHdpirypauito FLC-6ibnioTek Ta MeToanky
nobyaoBy CUCTEMHUX anropuUTMIB.

4. MNobynoBaHO y3aranbHeHy cxemy KOHdiry-
pauii FLS-6ibnioTekn, wo cknagaetbcsi 3 Habo-
piB FLS, MHOXWHM BXOAiB, MHOXWHW BUXOAiB,
MHOXWHW BuxogdiB Takari-CyreHo, MHOXWHW npa-
BUM, a TakoX Habopy (YHKLIN piBHIB HanexHo-
CTi enemeHTiB.

5. PospobneHo meToamky nobynosm MogynbHOI
GibnioTek, y SKi cuctema HeJiTKOI NOriku BUKO-
PUCTOBYETLCA AK EOUHUIA KNac, O OXOME iHLLUi
Krnacu (pyHKUin piBHIB HanexHOCTI, drasudikauii,
noriyHoro BuBeAeHHs | Aedasundikadii. BkaszaHo
Ha HeOoOXigHICTb BM3HAYEeHHs1 eDEKTMBHOCTI MaTe-
MaTUYHOI MoAeni KOXXHOro 3 TUMIB HEYiTKOI MHO-
XWHWN Ta HEOOXiOHICTb 3acCTOCYBaHHA MeTogornorii
arperyBaHH4 Ta onepauito pegykuii mogeni.
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®PAKTAJNIbHUN AHANI3 PEANNbHUX OAHUX
MPO XIMIYHUWU CKINNAL YABYHY HA BUMYCKY AOMEHHOI MEYI

Lo xapakmepHux ocobrusocmeli QOMEHHO20 8UPOOHUUMEa Hanexama:

— sunadkosuli xapakmep 3MiH y Yyaci hi3u4HUX ma XiMIYHUX enacmugocmel Wuxmosux Mmamepiarnis;

— 8er1uKa KinbKicmb YUHHUKIG (30KpemMa HEKOHMPOIb08aHUX), SKi 8nuearome Ha KiHuesul pesynbmam 0OMeH-
HOI nnasku.

Mema pobomu. 3a3sHaqeHi ocobnusocmi 3ymoesntorms HeobxiOHicmb poeedeHHs OOCiOXeHb 8r1acmueoc-
mel Yacosux psdig, SKumMu npedcmasneHi pesysibmamu XiMiYHO20 aHarslisy YagyHy Ha 8uryckKy. Taki 00CiOXeHHS
HeobXiOHi 0515 po3pobKu pekomeHOauili 3i CMeopeHHs1 MemoOuUK MPO2HO3y8aHHS XiMIHHO20 CcKady YagyHy 3a yMos
0ito4o20 8upobHULUMEa, adekeamHUX Xxapakmepy Mpo2HO308aHO20 MPOUECY.

Memodonoezis. Sk npasurno, Yyacosumu psidamu € 8unadkosi 3MiHU 8eUYUH, WO 00380115IH0Mb MOCTIO08HO ys8u-
mu eeosuito ckrmadHUX cucmem Ha 0cHogi ompumaHux OaHux (Boffetta, Cencini, Falconi, Vulpiani, 2002). Takul
aHaria 3800umbcsi 00 064UCIEHHST KOpenauitiHuxX (yHKUil 8eKmopie cmaHie — 4yacoeux rnoc1i0o8HOCMeU 8e/IUYUH,
wo xapakmepusyroms cucmemy. Halbinbw nowupeHi Memodu 8uKkopucmosytoms KOpenayitiHut ma criekmpars-
HUU aHani3u, 3anadxyseaHHs ma inbmpauito 0aHux, Modesi asmopeapecii ma npoaHo3ysaHHs (TropuH, Makapos,
1998; Kornienko, Gerasina, Gusev, 2013). Hal4acmiwe cmamucmuy4HUl aHasi3 2pyHmyemsCsi Ha MpunyuleHHi,
wo OocnidxysaHa cucmema € 8unadkoso, mobmo Mpu4yuUHHUU Mpoyec, Wo cmeopus 4Yacosuli psid, mae ba-
2amo cknadosux yacmuH abo cmyrieHig ceobodu. B3aemoldia yux KOMMOHEeHMI8 HacminbKu KOMIIeKcHa, Wo
OemepmiHiyHe nosicHeHHs1 Hemoxruee. [lpu uybomy ob6'ekmom docnidxeHHs € knac modened, siki gidrnosida-
romb Knacy eunadkogoeo 2ayciecbkoeo rnpouecy. OOHak bazamo pearibHUX 4Yacosux psdie xapakmepusyrmbCs
iHeapiaHmHicmo wWo0o MacwmabHUX MnepemaeopeHb (enacmusicme camornodibHOCmi), y 38'A3Ky 3 YuMm cmaHOapm-
Ha eaycosa cmamucmuka 8USI8ISEMbCS HEeCrpOMOXHOK | npobrnema OocnidxeHHs Yacosux psdie 3800umbcs
0o aHanisy cmoxacmuy4Hux camornoOibHUX rpouecis, sKi MOXymb 6ymu ornucaHi hpakmanbHUMU MHOXUHaMU
(Mandenbbpom, 2002; ®edep, 1991).

Haykoea Hoeu3Ha. [JaHe docnidxeHHs1 nepedbayae obrpyHmyeaHHs 2inomesu npo ¢hpakmanbHUll xapakmep
yacosux psdis, AKUMU npedcmasrieHi pesynbmamu XiMiYHO20 aHaridy YasyHy Ha 8urlycKy OOMEeHHOI neyi.

Knro4oei cnosa: cmoxacmuyHi cugHarnu, eunadkosull npoyec, npo2Ho3y8aHHs, oujiHka, hpakmarnbHul aHaris,
OuHamiYHa cucmema.
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FRACTAL ANALYSIS OF REAL DATA ON THE CHEMICAL COMPOSITION
OF CAST IRON AT THE OUTPUT OF A BLAST FURNACE

The characteristic features of blast furnace production include:

— the random nature of changes over time in the physical and chemical properties of the charge materials;

— a large number of factors (especially uncontrolled ones) that affect the final result of blast furnace melting.

The goal of the work. The specified features make it necessary to conduct studies of the properties of time
series, which present the results of the chemical analysis of cast iron at the release. Such studies are necessary for
the development of recommendations for the creation of methods for forecasting the chemical composition of cast
iron under the conditions of current production, adequate to the nature of the predicted process.

Methodology. As a rule, time series are random changes in values that allow us to consistently visualize
the evolution of complex systems based on the received data (Boffetta, Cencini, Falconi, Vulpiani, 2002). Such
an analysis comes to the calculation of correlation functions of state vectors - time sequences of values characterizing
the system. The most common methods use correlation and spectral analyses, data smoothing and filtering,
autoregression and forecasting models ( Tiuryn, Makarov, 1998, Kornienko, Gerasina, Gusev, 2013). Statistical
analysis is very often based on the assumption that the studied system is random, the causal process, that created
the time series and has many constituent parts or degrees of freedom. The interaction of these components is so
complex that a deterministic explanation is impossible. At the same time, the object of research is a class of models
that correspond to the class of a random Gaussian process. However, many real time series are characterized
by invariance of scale transformations (property of self-similarity), due to which standard Gaussian statistics are
untenable and the problem of studying time series comes to the analysis of stochastic self-similar processes that
can be described by fractal sets (Mandelbrot, 2002; Feder, 1991).

Scientific novelty. This research involves substantiating the hypothesis about the fractal nature of time series,
which present the results of chemical analysis of cast iron at the output of a blast furnace.

Key words: stochastic signals, random process, forecasting, estimation, fractal analysis, dynamical system.

AKTyanbHicTb AgocnimkeHHA. MatematuyHe  BTpaTy CTIMKOCTI B couianbHOMY CepefoBuLLi.
MOLESOBAHHS HEmiHiMHMX aguHamiyHmx cuctem  OcHoBHa npobrema npyv matemMatuyHOMY Mopge-

€ MiKgucuMnniHapHUM  IHCTPYMEHTOM  AOCAi-  N0BaHHI AMHAMIYHOI CUCTEMW Monsrae y pos-
DXKEHHS1 PIBHOMaHITHMX npoueciB y npupodi Ta  pobui mogeni, ageksaTHOI peanbHUMM npoLlecam
CYCMINbCTBI. Y LbOMY peani3yeTbCa €EAVHUN METO- i3 MPUAHATHOK Moxmbkoto. [Mepwi pesynsrartu

OONOTYHUA Niaxid, WO 003BOMSIE 3 ypaxyBaHHAM  AOCNIAXEHb ANMHAMIYHMX cucTeM Oyno oTpuMaHo
00'EKTMBHMX 3aKOHIB aHamnidyBaTu pyx pisHOMa- Mg 4Yac aHanisy mogenemn npupoaHMY0-HayKOBUX
HITHUX OMHaMIYHMX CUCTEM PI3HOro pPiBHA CKnag-  AUCLMNIIH — MexaHiku, OGionorii, meteoponorii,
HOCTI — Big Me&XaHiYHUX OO0 colianbHUX. disvkn. [N npoCcTUX MEXaHiYHUX CUCTEM ICHYIOTb
AHaniz nonepegHix gocnimkeHb. Crnoyatky  OOCTYMHI ANSA ornsgy MOAES Ha OCHOBI HENIHIMHNX
OCHOBHI MaTeMaTU4Hi Mogeni ANHaAMIYHUX cucteM  AudpepeHLianbHUX PiBHSHb, SIKi MOBHICTIO BigoOpa-
Oynn po3pobneHi Onst TEXHIYHMX | NPUPOAHMYMX  KakTb AMHAMIKy NPouecy 3 ypaxyBaHHSAM CKrad-
pogatkis. 3rogom 3'AcyBanocd, WO aHanoriyHi - HUX HeniHinHMX edoekTiB. HeTpaauuinHi pesyrnb-
edeKTn, 3aKOHOMIPHOCTI MOBEAIHKM MpuTamaHHi  TaTu, OAepXyBaHi y Takux Mogensax (HeniHinHi
iHWXM cucTeMam — METEOPOSIONYHUM, EKOHOMIY-  edDeKTU MpU KONMMBAHHSAX, 3anexHiCTb amnmiTy-
HUM, (iHaHcoBUM, couianbHum. CknagHi rocno- AW Big 4acToTu, BTpaTta [OMHAaMIYHOI CTiKOCTI,
JapCbKi CUCTEMW OXOMNJIOTL Marke BCi neperni-  Gidypkauii pilleHb, nepexig OO Xaocy, AVWBHUMA
YeHi Hanpsamu. Hanpuknag, eHepreTMka BKMOYAe  aTrpakTop) MOBHICTO MOBTOPHOKOTLCA B pearnb-
TEXHIYHI acnekTn AnHamMi4YHOl NOBEAIHKM anapariB, HUX eKcrneprMMeHTax.
cucTeM nepeaadi eHeprii, B3aEMO3B'I30K 3 MeTeO- 3rafaHi BuLLle HeTpuBianbHi pesynsratn oTpu-
PONOriYHOI CUTyaLi€l, OXOMMIOE BEMKE KOMO  MaHi YNCENbHO, | YMCENbHI eKCNepuMeHTN OCTaH-
€KOHOMIYHUX | dpiHaHCOBMX npobriem, ki NpM  HIM YAacOM € OCHOBHMM iHCTPYMEHTOM, L0 A03BO-
HeBAANOMYy BUWPILIEHHI MOXYTb CHAPOBOKYBaTM  NA€ MNPOAOBXUTUM AOCMIIKEHHA Ta pPO3BUHYTH
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pesynsratn, ofepXyBaHi 3a [OMOMOrol SKICHOI
Teopil HeMiHIMHMX gudepeHLuianbHNX PiBHSHb.

Y CyTTEBO HENIHIMHMUX Mogensax, nopsaa 3i 3BU4-
HUMM UMKNIMHUMMW  KOMMBAHHAMW, BUSBNAOTLCA
CKMnagHi nonirapMoHiYHi CTiViKi Ta HECTIKI peXumMm,
OVBHWI aTpakTop — Le Ti pexXuMu, ki MpUHLMMNOBO
He MOXYTb ByTV OOCHiAXEH] B paMKax MiHIMHOro Ta
KBasiniHiHOro nigxony, ane ki oTpumaHi npu aHa-
nisi, CyTTEBO He CTINKO MOBTOPOIOTLCS Y YUCENb-
HUX Ta HAaTYPHUX eKcnepumMeHTax.

Y3aranbHIoK4M L pe3ynbsraTti, MOXHa BBaXaTw,
O XaocC € NPUPOAHOK ANHAMIYHOK POPMOI0 EBO-
ntouii cknagHoi cMcTemMmn Ta YacTo 3yCTpidaeTbcA
(MOXIMBO SK NepexiaHui pexnum) y NpocTUX Au-
HaMmiyHuUX cuctemax. LUTy4yHe ycyHeHHst xaocy
(B mexaHiuyi — 3a paxyHOK BenuKoi Auccuna-
Lii eHeprii, B €KOHOMILi — 3a paxyHOK HaaMipHOI
3aperynboBaHOCTi, MaHOBOCTI, BUCOKOro onoaar-
KyBaHHS, y COUiyMi — 3a paxyHOK 3aKOHOOABYMX
obmexeHb Ta caMoobMeXeHb, NOB'A3aHUX 3 MEH-
TanbHICTIO) Bede A0 YCYHEHHsI CKMagHWX OuHa-
MIYHMX PEXUMIB Ta nepexoay pilleHHs M, Aerpaja-
uii cuctemm (Metpos, 2010).

BucHoBok. [lepeniyeHi dakTopu, nepw 3a
BCe, BKa3ylTb Ha HEOOXIAHICTb ansTepHaTUBHOIO
nigxogy 4O aHanisy gaHux npo poboTy CKnagHux
HEMiHIMHMX CUCTeM.

Buknag ocHoBHOro martepiany.

®PpakTanbHUM Niaxia A0 OUWiHKM 3Ha4YeHb
yacoBUX pAAIB, AKUMWU NpeacTaBreHi pe3ynb-
TatTu XiMiYHOro aHanisy 4aByHY Ha BWIMYCKY
OOMeHHoi nedi. [loHATTa cbpaktan Oyno
BrepLue 3anpoBampkeHo beHya MaHoenb6poTtom
y 1975 poui. CnoBo yTBOpEHe Big NaTUHCBLKOrO
fractus — Wo cknagaeTbes i3 pparmeHTiB. 3 maTe-
MaTU4HOI TOYKM 30pYy dopakTanbHWi 06'ekT, nepLu
3a Bce, Mae apobosy (HeLiny) po3mipHicTb. IHWa
BaXnvBa BMacCTUBICTb, $KYy MalOTb Maike BCi

(opakTanu — BNacTMBICTb CaMonogibHoOCTi (MacLu-
TabHa iHBapiaHTHICTb). ®pakTan MoxHa po3buTn
Ha CKinbKW 3aBrogHo Mani YaCcTUHU TakK, Lo KOXKHA
YacTMHa BUSIBUTLCHA MPOCTO 3MEHLLEHOK 4acTu-
Hoto uinoro. Npuknagom npupoaHoro dpakranb-
Horo o6'ekTa NpeacTaBneHi Ha PUCYHKY 1, KpyxKaHi
BidepyHku Ha ckni (Veres, Boda, 2000; Kugiumtzis,
Boudourides, 1998).

HacnpaBai BunagkoBi npouecn 36epiraioTb
BIAGCTMBICTb camMonofibHOCTi nuwe A0 NeBHOI
Mexi. List mipa cTaTUCTUYHOI CTIMKOCTI npouecy npu
fSaratopasoBoMy MacwTabyBaHHi BM3HAYaETHCH
nokasHnmkom Xepcta H u4u  napameTpom
camononioHoCTi.

AHania 4vacoBux psdiB Ha camomnoAibHicTb
NPOBOAMBCA HAa OCHOBI pearnbHUX [aHuX npo
BMICT KPEMHIlO0 B YaByHi, OTPUMaHMX y Pi3Hi ya-
COBi nepioan Ha gomeHHin nedi Ne3 (Or1-3) Ma-
piynonbCbKOro  MeTanyprinHoro  KomoGiHaTty  im.
Inniva (MMK) 3a fonomoroto nokasHuka Xepcra H.

AHania dpakTanbHMX BNacTUBOCTEN 4aco-
BUX psaiB, 30Kpema BnacTMBOCTEN camonopnib-
HOCTi, BMKOHYBaBCH i3 3aCTOCYyBaHHAM Mporpamu
Fractan 4.4. [9]

OcHOBHa KifnbKiCHa XapakTepucTuka dpakTa-
niB — TononoriyHa po3mipHicTb D, 3anpoBagkeHa
Xaycoopdom. [Insa GinbLoCTi NPUPOLHUX HaCOBUX
pAgiB - aHaniTMyHe 3HaXOMKEHHS TOMOMOriYHOI
dopakTanbHOI PO3MIpHOCTI Hemoxnuee, Tomy D
BM3HaYal0Th YMCeENbHO: abo y BUrNsAi KopensuinHoi
OuiHKK, abo uyepe3 BEenuMYMHM, MOB'A3aHi 3 HEK
NPOCTMMU CMiBBIOHOLLEHHSIMY (Hanpuknag, 4Yepes
nokasHuk Xepcta H). [ina kanibpyBaHHA YyacoBuX
BUMIpiB XepcT BBiB 0e3p03MipHEe BiLHOLLEHHS.
Llen cnoci6 aHanizy ctanu HasuBaTu METOOOM
HOpMOBaHOro posmaxy abo R/S - aHanizom
(Pemep, 1991, c. 262).

Puc. 1. KpuxaHi BizepyHKu Ha cKni
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Pesynetat R/S — aHanidy € 064MCcneHHsA nokas-
HuKa XepcTta H, Sk € CTaTUCTUYHOK XapakTe-
PUCTUKOIO CTPYKTYpPU Ta BU3HAYaAETLCA AN Yaco-
BUX PSAAIB 3@ PIBHAHHAM:

RIS =)' (1)

e R — HopmoBaHum po3amax Bapiauii (pisHMUA
MakcMMarnbHOro Ta MiHiManbHOro 3Ha4YeHb BUMI-
ptoBaHOro napametpa);

S — cTaHaapTHe BiaXWUNeHHs (KOpiHb KBagpaT-
HWI Big, gucnepcin);

T — nepiog (AOBXUHA HU3KW) CNOCTEPEXEHD.

OpgHieto 3 OCHOBHWMX BRAacTMBOCTEN dopak-
TanbHOro (camonodibHoro) npouecy € MnoBinbHe
3MeHLUEHHA aBTokopenauinHoi yHKuii (AKD) (pu-
CYHOK 2). Lia BNnacTmBiCTb Ma€ KM4oBe 3HaYEHHS
B Teopii camonogibHux npoueciB i ¢akTn4HO
BM3HA4Yae HavBanMBiWy 3 nornsgy nporHosy-
BaHHHA XapaKTepucTWKy BWMNaZAKOBOro npouecy —
TpuBanicTb Nam'sTi NpoLecy.

3 pucyHka 2 BugHo, wo AK® mae nosinbHO
crnagarwuunin xapakrep, a B «XBOCTI» BiACYTHS TeH-
OeHuis nparHeHHst Hynsl. Taka nosegiHka AK®
€ XapaKTEepPHOI ANS camonofidHMX NpPoLECiB.

MokasHuk Xepcta H
CTynHum ymHoM  (Pepep,
2002, c. 296):

H =0.5 — nepenbavae yacoBui pag y sBurnagi
6inoro WwyMmy (He3anexHun, BUNagKoBUA MPOLEC);

0< H <0.5 — o3Hayvae poxeBun wym abo aHTU-
NEePCUCTEHTHICTb (YacoBui psag 3MiHIOE Hanps-
MOK 4acTilwe, HK pag BUMNAOKOBUX Hesanex-
HUX BEMNUYMH);

0.5<H <1 - 03Ha4yae 4YopHun Wym abo nep-
CUCTEHTHICTb (4acoBMIN psaL XapaKTepu3yeTbecs
eeKToOM JOBroTpuBasoi nam'aTi i Mae CXUIbHICTb
00 TpeHaiB). TPeHOOCTIVKICTb NOBEAIHKM NpoLecy
30iNbLUYETHCA NPU HABNMXKEHHI A0 OANHWLI.

3asHaumMmo, WO MOKa3HUK XepcTa MoB'a3aHui
i3 TOMOMOriYHO bpakTanbHOK PO3MIPHICTIO ChiB-
BiAHOLWEHHAM D =2—-H .

PospaxyHKoOBi 3HayeHHs1 nokasHuka XepcTta
ONs  OOCnigKyBaHOro 4acoBOro psgy  cknanm
H=0,5966+0,1662, WO TakoxX nNigTBEpAXYe
camonofibHuin xapaktep npoueciB. OuiHka H
BUKOHyBanacsi metogoM R/S — aHanisy. padik
R/S — ctatuctukmn aHanisaoBaHoro psigy HaBegeHo
PUCYHKY 3.

iHTepnNpeTyeTbCa Ha-
1991; KysHeuoB,

T T T T T T T T T T T T T T T T T T T T T T T T T
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Puc. 2. AK® gocnigxyBaHoro yacoBoro psagy

s o

(e= T ]

glOR1S)

Moxasarens Kepcra H = 0.5966 = 01662 Opacransiizn

D=2-H=14034 2 01662

Puc. 3. Noka3sHuk XepcTa Ans gocnigxyBaHOro 4acoBoro psay



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 2, 2022

Takmm YMHOM BCT@HOBMEHO, L0 AOCHIOXKY-
BaHi 4acoBi psauM HOCATb bpakTanbHUA Xapak-
Tep i MatoTb BnacTMBiCTb camonogioHocTi. OTxe,
noganblue JOCHigKEHHA HeOOXigHO NPOBOANTY HE
3 BUKOPUCTAHHSM KITaCU4HUX METOZIB, a 3 BUKO-
pUCTaHHAM bpaKkTanbHUX MeTOoiB | METOAIB CTO-
XacCTUYHOI AMHaMIKW, SKi agekBaTHi XapakTepy
JocnigpkyBaHuMx npoueciB. laes 3actocyBaHHSA
METOAIB XaOTMYHOI AMHaMIK1 A0 aHanidy 4yacoBux
pagiB nondrae B TOMY, WO CTPYKTypa XaoTU4YHOI
CUCTEMM, L0 MICTUTb Y cobi BCto iHChopMaLLito npo
CUCTEMY, @ caMe, Ti aTpakTop Moxe OyTu BigHOB-
rneHa yepes BUMIp TiNbKM OAHIET AMHaMIYHOI cuUc-
TEMU, WO CrnocTepiraeTbcs, (PiKCoBaHOI SK Yaco-
Bun pag (KysHeuos, 2002)

BignosigHo no metopy [pacGeprepa i [Mpo-
kauuia (Grassberger, Procaccia, Characterization,
1983), npoueaypa peKOHCTPYKLUii da3zoBoro npo-
CTOpY Ta BIOHOBMEHHS XaOTMYHOrO artpakTopa
cucTeMM NpU  OUMHAMIYHOMY aHanisi 4acoBOro
psagy 3BoauTbCA 40 NoOyaoBM Tak 3BaHOrO naro-
Boro abo BigHOBMNEHOro MPOCTOPY 3a AOMOMOroH
MeToay 3aTPUMKN.

Bektopn S, B HOBOMY NpOCTOpPi BKMafeHHs
CchopMOBaHi 3 3Ha4YeHb YaCoBOro Py CKansipHUX
BUMIipIOBaHb 3 YaCOBUM 3aMni3HEHHSIM:

S_k = (S Sk—(m—2)r,..4,Sk ) (2)

k=(m=1)r,
ae: k — po3mip 4acoBoro psgy; m — po3MipHICTb
BKNageHHs; T — 3aTpumka (nar).

[lns KiNbKiCHOT XapakTeEpPUCTUKN Ta BUSIBNEHHS
3aKOHOMIPHOCTEN, MOB'A3aHUX 3 AUHAMIKOK Cu-
cTeMW, HeoOXiaHWM [eTanbHUA aHania reome-
TPUYHOrO 00pasy AMHAMIYHOIO PEeXumy — aTpak-
Topa, WO € TaK 3BaHUM MNPUTAryro4MM Oe3nivdio
TpaekTopin cuctemm B D — mipHOMY (pasoBomy
(abo nceepodazoBomy) npoctopi. KoopamHatamu
(¢ha30BOro NPOCTOPY € AMHaMIYHI 3MiHHI Npouecwu.
KoxxHOMYy TMny AnHaAMIYHOro NoBeiHKK BianoBigae
BMacCHU aTpakTop i, 3BiCHO, NOMO0 reoOMEeTpPUYHUN
o6pa3s — dasoBuit noptpet. Hanpuknaa, AnHamika

Nlepesin orcer 1

orcuer Ommume sanepxxa  Marc. pasmepnocts,
0

o o

3BMYaMHOI XiMiYHOI peakuil BignoBigae aTTpak-
TOp TUMY CTiMKOT TOYKK. PerynapHum KOnmMBaHHSAM
BiAMNOBIgA€E CTiMKMMA FpaHUYHUA Umkn. Llum kna-
CWYHMM aTpakTopam BiOMNoBigalOTb KNACUYHI reo-
MEeTpUYHiI obnacTi: Todka, 3amKHyTa Kpusa (Kono,
eninc Towo) abo noBepxHA y dopmi Topa. Ha
npoTMeary UbOMY, HEBMOPSOKOBaHI TpaeKTopii
(ha3oBOro NopTpeTa BKa3yloTb Ha HasiBHICTb Xao-
TUYHOro artpaktopa. [1o ubOro Knacy arpakTopis
BiAHOCUTBLCS i Tak 3BaHWN OMBHUI aTpakTop, reo-
METpUYHMM 06pas3om fAkoro asoBOMY MNPOCTOPI
€ (bpakTanbHUn 06'eKT.

Y Teopemax TakeHca (Takens, 1981) i Coviepa
(Sauer, 1991) nokasaHo, WO nocnigoBHicTb { Sk }
CKNagaeTbCs 3 CKanApHUX BUMIPIB CTPYKTYpU
ANHAMIYHOT cuCTeMM, ToAdi, 3a NEBHUX NpPUMyLLEH-
HAX, Take BiQHOBMEHHA )a30BOro NopTpeTa € Tou-
HOK KapTMHOK peanbHOi MHOXMHU { X } (AKWwo
m JOCUTb Benuke). IHWuMK crioBamu, peanbHui
aTpakTop AMHaMIYHOI CUCTEMMU | aTpaKTop BiAHOB-
NeHnA B naroBoMy MPOCTOPi MO 4YacoBOMY psay
3rigHO 3 3a3HavYeHMM BWULLEe npasBuiom (nceego-
aTpakTop), Npy agekBaTHOMY Miabopi po3MipHOCTI
BKMafAEHHA m, € TOMonoriYHo ekBiBarneHTHUMU
i Mae oQHaKoBI y3aranbHeHi ppakTanbHi po3mipu.

Y TOMy BMMaAKy, SKWO aHanisoBaHWM 4aco-
BUWN paf € peanisauielo BUNagkoBoro npolecy, 1o
BigHOBNeHWn ncesgoaTTpakTop Oyde noxoauTu
Ha Ge3CTpPyKTypHYy XMapy TOYOK, fka npu mnochi-
AOBHOMY HECKIHYEHHOMY  30iMblUEHHI  pO3Mip-
HOCTi BKNageHHs naroBoro NpocTopy m, noAibHo
0O rasy, 3amnoBHIOE BeCb HaJaHui nomy obcsr
(KysHeuos, 2002).

Burnsag gmeHoro arpaktopa (¢asoBuin npo-
ctip 2D) gna pocnigpkyBaHOro 4acoBoOro psiay
Yy HOPMOBaHMX KOOPAMHATHUX OCSX HaBedeHOo Ha
pUCyHKy 4. TyT 4iTKO BMAHO 0BNacTb TSXKIHHSA, WO
€ LWiNbHUM «s3apoMy». Y TOn caMuin Yac ans Bmnag-
KOBOI NOCIiA0OBHOCTI, IK 3a3Ha4anocs BULLE, TOYKN
BiQHOBMEHOro  MceBOOaTTPaKTOpa  YTBOPHTH
6e3CTPYKTYpHY XMapy B niaroBoMy nNpocTopi.

.....

S
=

nnnnnnnnnn

Puc. 4. ®a3oBui nopTpeT AUBHOIO aTpakTopa
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Ha ocHoBi pocnigxyBaHOro 4acoBsoro psgy
MOXHa nobyayBatn kopensauivHy enTponito K,
sIKka nokasye CTyniHb po3biraHHa 6rm3bkux daso-
BUX TPAEKTOPIN Ta AO03BOMSAE OLIHUTU KifbKiCTb
iHcbopmaLlii, HeobXxigHOI ANA NPOrHo3y NoBefiHKM
npouecy B ManbyTHboMy. KopensuinHa eHTponis
BU3HAYa€e HWXHIO MexXy eHTponil Kornmoroposa —
CuHa K (BM3Havae WBMAKICTb BTpaTh iHpopmauii
Nnpo CTaH CUCTEMW Ta [O3BONSAE CyauTwu Mpo Te,
HaCKiNbKN AUHaMiYHa cMcTeMa XaoTu4Ha).

Ha pucyHKy 5 HaBegeHO 3anexHiCTb kopens-
LiMHOI eHTpOMiN Bi4 PO3MIPHOCTI MPOCTOPY BKMa-
OEHHSA N OOCNIAXXYBaHOrO 4acoBOro psaay.

KopengduinHa eHTponis He 3pocTae, Wo CBia-
YNTb NPO HasBHICTb XaOTU4YHOI CknagoBoi. Benu-
ymHa K goctatHs mana (K =0,636), wo Bu3Havae
XOpOLUY TPEHOOCTINKICTb | nepeabadyBaHiCTb Npo-
uecy Ha 4—6 kpokiB ynepega.

OpgHa 3 OCHOBHMX | HaWiHGOPMAaTMBHILLINX
XapaKTEPUCTMK XaoTUYHMX MpPOLECiB — Kopens-
UiHa pO3MIpHICTb  BIQHOBMNEHOrO aTpakTopa
D nokasye CTyniHb CKMagHOCTi CUCTEMW, LLUO
nopoaXXye mnpouec, HKMM  crocTepiraeTbCes.
Yum cknagHiwa cuctema, Tum Oinblue piBHAHb
noTpidbHo Ans ii onucy, TumM BinbLua KopensuinHa
PO3MIpHICTb, @ caM Mnpouec Bnuxdnin 3a CBOIMM
Xapaktepuctukamm go 6inoro wymy. Takum
YMHOM, L0 BEMUYMHY MOXHA po3rnsagaTtn sk Mipy
CTOXaCTUYHOCTI npouecy. D =9,867, pUCyHOK 6.
Bigomo, wWwo kopensuiiHa po3MipHICTb GinbLue
n'atm nepenbavae iCTOTHUA BMAAMB BUNAgKo-
BMX CKMNagoBuX. Todi MOXHa 3anuwuTu rino-
Tesy npo Te, WO JocrnigpKyBaHi psan MaroTb
OETEPMIHOBaHMIMN XaOTUYHUIN XapakTep 3i CcTo-
XaCTUYHMMW  KOMMOHEeHTamMu, a IxX pasosui
NOPTPET € ANBHMM aTPaKTOPOM.

P i i Moees] © o

Pasmepno a2

Puc. 5. 3anexHicTb KopensauinHoi eHTponii BiA pO3MipHOCTi BKNageHHA

Mepseih orcuer  Mocneanud orceer _Omrum. sanepxka  Maxc. pasmepnocrs

o 10000 i 16 & cron

Puc. 6. 3anexHicTb KopenauinHoi po3MipHOCTI Big pO3MipHOCTI BKITafeHHs
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BucHoBkuU. EkcnepvMeHTanbHO BCTaHOBMEHO,
WO YacoBi psau, SKUMKU  npeacTaBneHun
BiJCOTKOBWUA BMICT KPEMHIIO B YaBYHi Ha BUMYCKY,
MalTb ppakTanbHUA XapakTep i MatwTb Bha-
CTMBICTb camonogibHocTi. Lle o3Ha4vae, Lo YacoBa
€BOroLis CUCTEMM, WO BMBYAETLCSH, SBMSE
co0O0 CTINKUI OMHAMIYHUIA CTaH, 3BaHUIA OUBHUM
aTpaktopoM. [lpoBedeHO OLuiHKY MOKa3HWKIB
XepcTa Ta BCTAHOBMNEHO 3HAYEHHS KOpensauinHux
Ta pakTanbHMX pPO3MIpHOCTEN  arpakTopa
y ©GaratoBuMipHMX ncesaoda3oBux MnpocTopax.
[MokasaHo, WO B CUCTEMi sika [OOCHIOKYETbCS,
BiOOyBalOTbCS  SBULLA  HEMIHIMHOT  AMHAMIYHOI

camoopraHisauii, LWo nigTBEepAXYETbCA TaKOX
RS — ananizom yacoBux psagis.

[doBegeHo, WO 4acoBi pagu, ski gocnigxy-
I0TbCA, € MNEepPCUCTEHTHUMU (TPEHOOCTINKMMN),
To6TO MalTb AOBroTpuBany nam'dTb i MawTb
ONBHWIA aTPaKTOp 3 OfHIEH0 30HOK TSXKIHHA.

HasiBHiCTb JOBrOCTPOKOBOI MaM'aATi B YacoOBMX
psAax OOBOAWUTbL MOXIMBICTbL PO3pobKM cuctemu
cepenHbo — Ta AOBrOCTPOKOBOrO MPOrHO3yBaHHS.
Mpn ubOMYy cucTeMa MOBWHHA BUKOPUCTOBYBATU
dopakTanbHi QiNETPU-NPOrHO3aTopu, Xapakrepuc-
TUKN SIKUX aeKBaTHi XapakTepy 4acoBux psais,
LLIO NPOrHO3YHTbCA.
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CAMOHABYAHHA NIACUCTEMU ONMEPATOPA KOHBEPTEPA
B NMPOLLECI PA®IHALIT CTATI
B CKNALI CNMNP KEPYBAHHA METANYPTIMHUM BUPOBHULITBOM

IHgpopmavyjitiHa cucmema nidmpumKu MPUUHSIMMS PilUeHb, SKa 8 peaslbHOMY PEXUMI Yacy Moxe 3abesnevysamu
orepamopie KOH8ePMEPHO20 Uexy memarypailiHo2o nmidnpuemcmea pekomeHoauissMu w000 8e0eHHS MexHosoaiy-
HO20 npoyecy, Moxe 3Ha4yHO AonoMo2mu 3HU3UMU 8UpobHUYi sumpamu i nidsuwumu peHmabernbHicmb 8UpPObHU-
umea. AkmyarnbHor gbayaembcsi po3pobka makoi iHbopmMayiltiHOT cucmeMu Ha OCHO8I CaMOHag4YaHHs — 3 8UKOPUC-
marHsiM 0oceidy nornepedHix sdanux naasok.

Memoto po6omu e po3pobka arnzopummy Hag4aHHs1 MiOCUCMeMU Kepy8aHHS M1aeKok iHmenekmyarsnbHoI cuc-
memu nidmpuMKU MPUUHIMMS pilueHb y KOHMYPI yrpasrniHHS KUCHEBUM KOHeepmepoM. [aHa nidcucmema asmo-
mamu3sye Oii onepamopa, ornmumi3ye MPoUec 3a eKOHOMIYHUM KpUMepPIEM, a MakoX 3MEHWYe 8Mus Ha pesyrnsmam
N100CbK020 thakmopy, wo rnpu3sodums 00 NOKpaeHHs eKOHOMIYHUX MOKa3HUKIe 8UpObHULUMea.

Memodosnozis 3abesneyeHHs pilieHHs nonsieae y hopMyeaHHi pekomeHdayil nidcucmemu onepamopa KoH-
eepmepa Ha 0CHo8i 8UBOPY i ycepeOHEHHS Kpauwux 3 npeyedeHmig 3 nam’smi, Halubnux4ux 3a HopMasniz08aHo
mempukoto. OcmaHHs 8Koyae K baxaHi xapakmepucmuku 20moeoi cmarli, mak i KOHmMpPOoIbo8aHi 30ypeHHs1, 00
SIKUX BIOHECEHI MoYamkosi ymosu 8edeHHs1 rniasku. Bekmopu 36ypeHb | keposaHux 3MiHHUX po30ineHi Ha mi, Wo
gu3Hadyaromb gidcmanb 0 rpeyedeHmis, i Mi WO € KpuMepIaMU ONMUManbHOCMI PILIEHHS.

Haykoea Hoeu3Ha ompumaHux y pobomi pe3yrnbmamig ronseae 8 3arporioHo8aHOMy ansopummi camo-
HagyaHHs, KUl Ha 8iOMiHY 8i0 8idomMux paHie ridxodie BUKOPUCMOBYE HE 8CIO CYKYMNHICMb Has4yasbHUX NpuKa-
0is 3 6a3u OaHux ronepedHix nnasok, a nuwe «Halkpawi» 3a 386e0eHUM 308HIWHIM Kpumepiem ceped obme-
JKEHOI MIOMHOXUHU Haubnux4yux 00 [MOMOYHOI rasku 3a HOPMasli308aHOK MEMPUKOK YMO8 B8e0eHHS
nnaeKku. 3anporoHosaHi 8uansid 308HIWHLO20 KPUMEpPI ma Mempuka MOpPIGHSIHHS M1a8oK y HOpMasli308aHOMy
npocmopi.

BucHoeku. 3acmocysaHHsi 3arpornoH08aHO20 an2opummy caMoHagYyaHHs nidcucmemu ornepamopa KoHeepme-
pa iHmezposaroi ClIIP memanypeiliHo2ao 8upobHuuymea 003807159€ 3a yMO8U HassieHOCmMi 00CMamHbOI KinbKkocmi
npuknadie y 6a3i daHux rornepedHix Mnasok, W0 OXOMsIKMb MOMOYHE 3aMOB/IeHHS, 3MeHwWuUmu cobigapmicmsb
sunnaeneHoi cmarni Ha 2,5-3,8 %.

Knro4oei cnoea: memanypeisi, iHgpopmaujiliHa cucmema, caMoHagYaHHsI, Kepy8aHHs, MEXHOO2Is, onepamop,
cuyeHapid.
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SELF-LEARNING OF THE CONVERTER OPERATOR SUBSYSTEM
IN THE STEEL SMELTING PROCESS
AS PART OF THE METALLURGICAL PRODUCTION MANAGING DMSS

The decision-making support information system, which can provide the BOF operators with recommendations
for conducting the technological process in real time at the metallurgical enterprise, can significantly help reduce
production costs and increase the profitability. The development of the aforementioned information system, basing
on self-learning and using the experience of some previous successful melts is considered to be relevant.

The purpose of the work is to develop a learning algorithm for the smelting control subsystem of the intelligent
decision-making support system in the BOF control circuit. The subsystem automates the operator’s actions,
optimizes the process according to an economic criterion, and reduces the influence of the human factor on the result.
The last one leads to the improvement of production economic indicators.

The methodology of providing a solution consists of the recommendation formation for the BOF operator
subsystem, based on the selection and averaging of the best precedents from memory, which are the closest
according to the normalized metric. The metric includes both the desired characteristics of the finished steel
and controlled disturbances, particularly the initial conditions of melting. The vectors of disturbances and controlled
variables are divided into two groups. The first group is to determine the distance to precedents, and the second one
is to form the criterion for the optimality of the solution.

The scientific novelty of the results obtained in the work consists in the proposed self-learning algorithm.
The algorithm, in contrast to previously known approaches, does not use the entire set of training examples from
the previous melt database, but only the "best" ones according to a consolidated external criterion. Best examples
are a limited subset of closest melts in history to the current melt according to a normalized metric condition. The
external criterion form and the metric of the melt comparison in the normalized space are proposed.

Conclusions. The application of the proposed self-learning algorithm of the converter operator’s subsystem
of the integrated metallurgical production DMSS allows reducing the molten steel cost by 2.5-3.8 %. The result is
possible if there are a sufficient number of examples in the database of some previous melts, covering the current
order.

Key words: metallurgy, information system, self-learning, management, technology, operator, scenario.

AKTyanbHicTb npo6nemu. MoHag 70 % cei- @ TPUBAMICTb YCi€i NNaBKu B KOHBEPTEPAX EMHICTIO
TOBOrO BMPOGHWUTBA cTani npunagae Ha koHeep-  100-350 TOH (3 HACTYNHUMY onepavisimm NoBarsnku
TepHe BupobHUUTBO (World Steel Association, Ta PO3KUCMNEHHS) CTaHOBUTL Bnnabko 40-50 xBu-
2016). MeTaneBwit GpyxT i rapsunii YaByH 3aBaH-  1MH (Oemupos, 2014; YepHsatesuu A.lL, 2012).
TaXylTbCH B KOHBepTep, a CTpyMiHb kucHio  BianosigHo onepatop npautoe, crnvparyuch Ha
3 Ha/3BYKOBOI LUBUAKICTIO BMOPCKYETLCA 3BEPXy  BMACHWI [0CBIA, NPpW LbOMY KiNbKiCTb MOXIBUX
bypMy Ha noBepxHI0 mMeTaneBoi BaHHW. Mig gielo  MOMMUIIOK B MOro poboTi 3anexuTb Big isnyHOro
KMCHIO BCi peluTa efieMeHTiB y MeTaneBii BaHHi  Ta MOparbHOro CTaHy oreparopa, BUKOHAHHA
OKMCIIOIOTHCA Ta YTBOPIOKOTb MEHLL LWiNbHUA Wwap  LUeXoM nnaHy BupobHuuTBa Towo. HairbinbL

wnaky. BanHo (BanHsK) gogaeTbca Ona 3anobi- — XapakTepHUMM Hacnigkamu NMoMWUoK onepartopa
raHHs 3HOCY BOTHETPUBKOI (DyTEpOBKM Ta Chpu- € OTPUMaHHSA NnapameTpis, Lo BMXOOATb 3a iHTep-
SIHHS1 YTBOPEHHIO LUIIaKYy. Ban, HeoOxigHUM Ana gaHoi mMapku ctani, nigsu-

Y onepaTtopa KWCHEBO-KOHBEPTEPHOro Lexy, LWeHa BUTpaTta KUCHIO Ta NpUcafokK, NnepesuLLeHHs
IO Kepye MpoLecoM MpodyBKW, Yac Ans npu-  Temnepatypu rotosoi cTani. Sk Hacnigok, 3a cra-
VHATTS YNPaBMiHCbKUX pilleHb Npo 36inbleHHs/  TucTukoto (MepHera, 2006), no 40 % nnasok BMa-
3MEHLLUEHHS! IHTEHCUBHOCTI MpodyBKW, MNiAHATTA/  raloTb KOPEeKLUii Micnsa 3aBepLleHHs MpoLecy.
OnyckaHHsi PypMu, 3aKiHYEeHHS MpPOodYBKM TOLLO Mpouec padiHauii ctani B koHBepTepi obme-
BKpan obmexeHuin. Yac npoaysku B 100-350 TOH-  KEHO aBTOMAaTM30BaHWW, MOrO MPOTiKaHHA CyT-
HUX KOHBepTepax He nepesuilye 20-25 xBunuH,  TEBO 3aneXwWTb Bid 3HaHb i 4OCBiAY onepartopa.

33



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 2, 2022

bes iHdopMauinHOT cuctemm, sika MoXe MOCTIMHO
gonomaratu onepaTtopaMm Yy MPUUAHATTI pilleHb
LLOAO KepyBaHHA npouecoM, AesKi ckrnagHi B3a-
€eMogjii Mi>XX 3MiIHHUMM Npouecy MOXyTb ByTn npo-
MyLEeHi, WO 3peLllTo NpU3BOAUTbL A0 HEOMTU-
ManbHoi poboTtn. OTXe, iHopmauiiHa cuctema
NIATPUMKM NPUAHATTA pilleHb, sika B peanbHOMY
pexumi yacy moxe 3abesnevyBaTn onepartopis
KOHBEPTEPHOIO LEXy PpekoMeHdauisMu  Lwoao
BeJEeHHs npouecy, MoXe 3Ha4YHO AOMNOMOITU 3HU-
3TN BUPOOHUYI BUTPATK i NiABULLMTI peHTabenb-
HiCTb BUpOOHMUTBA. AKTyanbHMM BGa4aeTbCs PO3-
pobka Takoi iH(opMaLiAHOI CUCTEMN HA OCHOBI
CaMOHaB4YaHHSA — 3 BUKOPUCTaHHSAM AOCBigy none-
penHix Boanux nmaBok.

AHani3 ocTtaHHix gocnimkeHb i nyonikauin.
TpaguuiiHo  (Borywescbkun, 2008) ronoBHUM
3aBOaHHAM KepyBaHHS KOHBEPTEPHOI MaBKO
€ ofepXaHHs cTani 3agaHoi Mapkm 3a BMICTOM
Byrneuto. 3a BEMNVKUM paxyHKOM, Le 3aBOaHHS
3BOAMTLCA [0 MNPaBUNBHOCTI BU3HAYEHHS 4acy
NPUNMHEHHA NpoAdyBaHHsA. Ane nogibHun «oaHo-
KOOPANHATHUNY Niaxia gy»e CrpOLLEeHNI, OCKINbKU
3a3BuMyanm Hemae npamoi iHdopmadii Npo BMICT
BYIreLto y BaHHi No xoAy npoayBaHHs. Lsunakicts
BUMOPSIHHA BYIMeLUl Taka, Lo Ha 3aKro4yHOMY
eTani npogyBaHHA OfHa 3aWBa XBUIMHA BIOMNOBI-
Jae nepexogy Ao iHwol mapku ctani (Bacmnbees,
2009). OdopaTkoBuM (haKTOPOM, LLO YCKMNaAHKE
NoaibHMI «NPSIMUA» PO3PaxyHOK, € CyTTEBA HEri-
HilHa 3anexXHiCTb BUrOPSIHHA BYrMeLU0 He Tinbku
Bif, Yacy nNpoayBaHHs, a 1 Big Temnepatypu pos-
nnasy (Fpados., 2011).

MpoBeneHi paHiwe pgocnigpkeHHa (XKengak,
2012) nokasanu, WO KOMMMEeKCHa 3ajadva Kepy-
BaHHA NnaBKoo nepenbdavae OTPUMaHHS B MOMEHT
3aKiHYeHHS nnaBky (MigHATTS ypMu) He Tinbku
3a[aHoro BMICTy Byrneuto, ane i HeobxigHoi Tem-
nepatypu ctani. 3abe3nevyeTbCs Le SK NpaBuib-
HUM BUOOPOM peXnmis NpoayBaHHS, NPaBUNbHUM
pO3paxyHKOM KinbKOCTi oxonomkyBadiB. OcTaHHe
0cobnMBO akTyanbHO NPWU BENUKINA IHTEHCMBHOCTI
Npo4yBaHHS, KON KOHBEPTEP Mpautoe B PEXUMI
3 OOMeXeHHsIM Ha 4ac nraBKu, afgxe ToAi OXo-
NOMKEHHHA YacTKOBO 3AINCHIOETbCHA 3a pPaxyHoK
npucagok pyau, BpyxTy Ta BarHsAKy no xoAy npo-
OYyBaHHS, a TakOX BHacNigOK 3MiHW BUCOTW po3Ta-
WwyBaHHA KncHesoi doypmu (MokpuHcbkmi, 2005).

3a ocTaHHi pokun Byno po3pobneHo Kinbka AnHa-
MIYHMX MOLEernen KOHBEpPTEPHOro BMPOOHMLTBA.
3okpewma, (Jalkanen, 2006) po3pobue ans onepa-
Topa KoHBepTepHoro uexa cumynatop CONSIM
5, B skomy nepepnbavaeTbCs, WO BCi peakuil Big-
OyBalOTbCA B OAHIN 30Hi, @ KMCEHb MNOAINSETHCS
BiAMOBIQHO [0 WMOro CrnopigHEeHoCTi 40 MEBHOro
enemeHta. Mogenb BpaxoBYeE LUNAKOYTBOPEHHS,
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eHepreTnyHMin GanaHc, nnaefeHHs Ta 3HeByrne-
utoBaHHs OpyxTy. |Hwa guHamiyHa mogenb npo-
uecy, ctBopeHa (Sarkar, 2015) nepenbadae, wWwo
peakLuii OKMCNEeHHA BigbyBalTbCA nuWEe B 3O0Hi
€eMyIbCii, MiXX enemMeHTamun, po34YMHEHUMU B Kpa-
nnsx, i FeO B wnaky. KnceHb po3noginserbcs mMix
erneMeHTaMu y BEPXHi YacTuHi MeTanesol BaHHU
Bi4MOBIAHO A0 iX KoHUeHTpauil. Mogenb He Bkto-
Yae eHepreTMYHUn BanaHc, i npunyckae, Wo Tem-
neparypa 3pocTae MiHiNnHO BECb Yac NPoaYyBKW.

[HWY AnHamiyHy mMogenb Ans KOHBEePTEpPHOI
nnasku npegctasunu (Lytvynyuk, 2014). 3rigHo
3 HEl, BECb KUCEHb, LLO NOAAeTbCsl, BUKOPUCTO-
BYETbCS ANSA YTBOPEHHS OKCuAay 3anisa, a BCi iHLLUi
peakLii oKMCrneHHsA BiabyBalTbCA Yepes peakLito
3 FeO. lWBunakicTb peakuin, Lo NpoTikatTb y MeTa-
neBiil BaHHi | B LUMaKy B nepLuy Yepry 3anexutb
Bif KiHETMKM MacoobmiHy. [ns eHepreTmyHoro
GanaHcy nepepnbadvaeTbCs, WO LWMakoBa i MeTa-
nesa BaHHa MaloTb OfHaKoBy TemnepaTypy. JaHa
MogZenb 3abesnevye TOYHEe NPOrHO3yBaHHA ckragy
WnaKy, XiMiMHUMM cknag cTani Ta Temnepartypy
B KiHLi NpogyBaHHS.

Takox Oynu po3pobneHi gekinbka AnHaMidHUX
mMogenen, wo 6a3yTbCs NepeBaXKHO Ha eMmnipuy-
HUX B3aemo3B’a3kax. 3okpema, (Kattenbelt, 2008)
BUKOPUCTOBYHOTb CTYMNIHYACTI 3MiHM BUCOTU pypmU
Ta LWBWOKOCTI nogayi KMCHIO Mpu MOOENHOBaHHI
OCHOBHOrO npoayBaHHs. [NMpoaHanisyBaBLIn peak-
Lito MeTaneBoi BaHHW Ha CTYMiHYaCTi 3MiHN BUCOTK
dypMun, LLIBUOKOCTI NOTOKY KUCHIO Ta AOAaBaHHSA
oxornogxysada (y aBTopiB — 3ani3Ha pyga), aBTopu
NPOMOHYIOTb BIAIATY Bif CYyTO XiMiYHOrO OnNucy npo-
LeciB, 3aMiHMBLUK X EMMIPUYHMMUN 3B’SI3KAMMU.

[yxe noBHa AuHaMiYHa MoAenb ANHAMIKN 3He-
BYIMELOBaHHA B KMCHEBOMY KOHBepTepi po3po-
6neHa B (Dogan, 2011). LUa guHamiyHa moaernb
BpaxoBY€E OKMCMIEHHS BYrnewul B ABOX 30Hax: §K
y Lraky, Tak i 3oHi npoaysku. B apyromy Bunagky
BYrfneupb y MeTanesii BaHHi 6e3nocepeHbo pea-
rye 3 KUCHEM, a B eMYIbCilHIN 30Hi Byrneupb y meTa-
nesux kpannax okucrnoetbcs FeO B wnaky. MNpu-
NyCKaeTbCs, WO Temnepatypa MeTaneBoi BaHHU
Ta LWaky 3poCTae MiHIMHO Nig Yac npoayBaHHSA.
B (Rout, 2018) npogoxeHo gocnigxeHHsa (Dogan,
2011), ke [ONOBHEHO (OPMYraMU OKUCINEHHS
MapraHuto, ocgopy Ta KpemHito, Lo O03BOMNA€E
CMpOrHo3yBaTu cknap wrnaky B Oyab-akuin MOMEHT
npoayBkn. TakoX aBTOPWM HAronowywTb, LWO
Mogenb pacdpiHauii cTani mae BpaxoByBaTh eHep-
reTUYHUIN Ta TennoBun 6anaHcK B KOHBEPTEPI.

B po6ori (Dering, 2021) 3anponoHoBaHoO goaa-
TOK MoBOK Python, o ocHoBaHWA Ha OMHaMIYHIR
mMogeni npouecy padiHauii ctani. Mogenb BUKO-
PUCTOBYHO riGpMAHMI NiaXia, KONy NoYaTKoBi CTaHU
ONUCYIOTbCA CUCTEMOK AudepeHuiansHo-anre-
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OpaivyHuX piBHSHb, @ Noganbllui CTaHW po3rnsaa-
I0TbCS 3 MEBHOIO AMCKpeTM3aLieto. FAK 3a3HaqaloTb
aBToOpK, 3anponoOHOBaHWN LOAATOK MOTEHLIMHO
MOXe AO0MOMOrTN BUPOBHMKaM cTarni 3Ha4YHO 3HU-
3UTU BUPOOHMYI BUTPATK, OQHOYACHO O0CArarym
LiNbOBUX NOKa3HMKIB BUPOBHMLTBA Ta SKOCTI.
MeTa pocnigXeHHsi: po3pobka anroputmy
HaBYaHHS NIACUCTEMU KepyBaHHS MNfaBKoK iHTe-
nekTyanbHOI cUCTEMM MIATPUMKA  MPUAHATTA
pilleHb Y KOHTYpi yNpaBniHHA KUCHEBUM KOHBEpPTE-
poM 3345 aBToMartmsadii giv oneparopa, onTUMi-
3auii npouecy 3a EKOHOMIYHUM KpUTEPIEM, @ TaKOX
3MEHLLUEHHA BMMAMBY Ha pe3ynbraT MaCcbKoro
hakTopy, LLO B CBOI Yepry Npu3BoAMTbL A0 Mokpa-
LLIEHHS] EKOHOMIYHWX MOKAa3HWKIB BUPOOHULTBA.
Buknag ocHoBHoro martepiany. [ns pocsr-
HEHHS NOCTaBNeHOl METU NPOMOHYETLCSA PO3AINNTU
KOHTPOMbOBaHi napameTpu TEXHOMNOrYHOro Mpo-
Lecy Ha CTaTuYHI Ta QUHaMIiYHIi, a TaKkoX Ha Kepo-
BaHi Ta HekepoBaHi. [10 CTaTU4YHMX XapaKTEPUCTUK
TEXHOSOrMNYHOro MpoLuecy KOHBEPTEPHOI nraBku
cnig 3apaxyBaTu BENWYMHK, GKi nigcuctema Kepy-
BaHHA MMNaBKOK OTPUMYE Bif NIACUCTEMM LUNXTY-
BaHH4A nnaBku (Maca i Temnepartypa Lnaky, cknag
LUMaky, Macy 4aByHy, CTaneBoro 6pyxTy Ta BanHa
(BanHgaKy) Towo). BogHovac Kno4oBMMK KOOpPAU-
HaTamK, BMAMBAKOYM Ha SKi MOXHA MOKpaLUTh
TEXHIKO-EKOHOMIYHi MOKa3HUKM roTOBOI MpoAayKLii,
€ OMHaMIYHi XapaKTepUCTUKM NPOTiKaHHA npouecy
nnasku. [Jo OCTaHHIX cnig BigHeCTn macy i Tem-
nepaTtypy MeTany, cknag i Temnepatypy KOHBEp-
TEpHUX rasis, BUCOTY OypMW Hag PiBHEM BaHHWU
i BATPATy KUCHIO, @ TaKOX Yac NPOAYBKMU.
[MpeactaBMMO TEXHOMOTMYHMI MPOLEC NIaBKK
CXeMatu4yHo y BuMAAi ob'ekTa ynpaeniHHA, SK
nokasaHo Ha pucyHky 1 (XKengak, 2011).

Z, Z,
1 1
-1
—
e —— — | X
v 4 KonBeprepna |—
—
TIaBKa — | x,
—>

Puc. 1. KoHBepTepHa nnaBka
AIK 06'€KT ynpaBniHHA

Y paHoMy MpefcTaBrieHHI Kepyrodi BeNUYMHU
ob6'egHaHi y Bektop U . OnepaTop MoOXe kepy-
BaTW Nif Yac nnaBKW iIHTEHCUBHICTIO MoAayi KUCHIO,
BUCOTO OypMU, AOAaBaTV OXOSOLXKYHOMI pedo-
BUHM (OKaTWULi, BanHAK TOLLO) 4Yn iHTEHcudika-
Topu. TakoX OO0 BEKTOPY KepyBaHHS BXOAWTb Yac
NpoaYBKMW.
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30ypeHHs, ki MOXHa BUAINUTX B 4AHOMY Mpo-
Leci, NoAinaTbCa Ha ABa BEKTOPU: 41 — KOHTP-
0onboBaHi 30ypeHHs (BMICT y YaByHi KpEMHItO, Map-
raHuto, cipkn, docdopy, TemnepaTtypa 4aByHY,
BMICT KUCHIO B AyTTi, iHTepBan yacy Mix nriaskamu
ToWo) i Z2 — HEKOHTPOMNbLOBaHi 36ypeHHs (SKICTb
CUNKMX Matepianis, cknag, po3mMipn Ta Temnepa-
Typa BpyxTy, Maca i ckrnag MiKCepHOro LUMaky, Lo
noTpannsie B KOHBEPTEP i T. 4.).

Pesynsratom ynpasniHHA € napameTpu TeXHO-
NOFYHOrO UMKy, SIKi TAKOX MPOMNOHYETLCHA PO3ai-
NUTK Ha OBa BEKTOPU: X — TEXHOIOrIYHI XapakTe-
pucTukn ogepxaHoi ctani (i KinbKiCTb, XiMi4HWIA
cknag i TemnepaTypa Ha nosanui) Ta X - napa-
METPM, WO BM3HAYalTb EKOHOMIYHI MOKa3HWKK
TEXHOMOrYHOro npouecy (KinbKiCTb BUKOpUCTa-
HOrO KMCHIO, Yac NPOAYBaHHS, KiNbKOCTi BUKOPUC-
TaHMX OXONoAKyBayiB Ta NPUCaAOK).

Bin BigctaHi HakoHe4yHWKka dypMn 00 piBHSA
BaHHW 3arieXuTb CTYMiHb 3aCBOEHHA KUCHIO BaH-
HOI, TemnepaTypHUA Ta LUMAAKOBUN PEXUMM
nnaeku. BogHouac, sk Gyno nokasaHo B nonepe-
[OHiX po3Ainax, HagMipHUA neperpis BaHHW, BUCOKA
OCHOBHICTb pO3nsiaBy Ta CyTTEBMI BUKUA MeTany
B LUNaK npu3BoaATb [0 3HAYHOMO CKOPOYEHHS
TepMiHy poboTn pyTepoBKM, NOro 3YyMUHKM Ha
npocpinakTuky, a BiaTak nigsulleHHs cobisap-
TOCTI NPOAYKLUil.

Bucota dypmu, yac BBeOEHHSA OXONoaXyBa-
yiB Ta ix 00’eMK, a TaAKOX IHTEHCUBHICTb Mogadi
KACHIO € TOMOBHUMW AWHAMIYHMMMK MNapame-
Tpamu, YNpaeniHHA SKUMW [03BOMSE BUPILLUTU
ABa OCHOBHi 3aBOaHHs: 3ab6e3ne4ynT OTPUMaHHS
cTani HeobOXxigHOI Mapku HesanexHo Big Bunag-
KOBUX BXIOHUX (pakTopiB i pasoM 3 TUM MiHIMi3y-
BaTW BUTPATY KMUCHIO Ta NpUcagoK y npoueci npo-
AYBaHHA, TUM CaMMM 3MEHLUMBLUM COBIBapTICTb
ofepXKyBaHoi cTani.

[MponoHyeTbCA 30ICHATM Ue LNAXOM MO-
OentoBaHHA MNOBediHKM pearnbHOro oneparopa
3 ypaxyBaHHAM pe3ynbTaTiB Moro nonepeaHix
ain. Ona uboro B 6a3i gaHux «[lnaBkm», gka
dikcye npoBefeHHA nonepeHix nnaBoK, BigLly-
KylOTbCA  BCi MpOTOKONW, sKi  BignosigatoTb
NMOTOYHUM MOYATKOBMM YMOBaM LUMXTYBaHHSA Ta
3aBAaHHI0 Ha BMA CTani, Wo mae OyTn BUrOTOB-
neHun. Yucnosi gaHi Ha BXoAi ONUCYIOTb, KpiM
MacCOBMX, TaKOX XiMiYHiI XapaKTEpPUCTUKN YaByHY
Ta OpyxTy, BUKOPUCTAHOIO Ha MraBkKy, Ta roToBoOl
cTani, aka mae byt oTpumaHa. Popmar BXigHMX
AaHNX Mogymnto onucye oparMeHT po3paxyHKOBOI
Tabnmui Ha PUCYHKyY 2.

HasegeHi Ha puc. 2 BENMMYMHKU pa3om 3 Maco-
BYMW NMOKa3HUKaMW LUMXTYBAHHSA CTBOPIOKOTL BEK-
TOP KOHTPOMbOBaHWX 30ypeHb Z, a napameTpu
roToBOI CTani — BEKTOp LiNbOBUX 3MiHHUX BHaCHi-
OOK KepyBaHHA X *.
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C Si Mn S P t
YaByH pigkuit 4.3 08 0.7 0.035 0.05 1290 |
YaByH B YyllKax 42 08 0.7 0.035 0.05
BpyXxT YaByHY 425 09 0.65 0.035 0.05
BpyxT (10% KpemHilo) 0.2 10 0.5 0.200 0.05
BpyXxT cTaneBuUA 0.2 0.1 0.5 0.040 0.025 TnpocT
LunxTa saranom 4.045 0.765 0.734 0.049 0.051 29
FoTtoBa cTanb g L 5 P ! Mitca
0.18 0.15 0.03 0.009 1630 59

Puc. 2. BxigHi gaHi nigcucrtemu KkepyBaHHS NaBKOO

B 6Gasi gaHux nonepegHix MnaBoOK BigLWIYKY-
IOTbCS NPOTOKONMN, SIKi MaOTb HAMMEHLLY 3BaXKeHy
BiICTaHb A0 NOTOYHOro Z Ta X * B MPOCTOpPi KOOp-
anHat. Kputepini 6rnmabkocTi D BMPaxoBYETLCS 3a
HOPMOBAHOK METPUKOHO

2 * *
n 0 m 0
Z.—Z. X.—X.
_ i i J J
D—“Z 0 +Z *0
i=1 Z;

=1 X

2

— min,

(1)

e o — BaroBuin KoedilieHT Mo4YaTkoBUX YMOB,
KWW BPIBHOBaXye BeKTopn Z Ta 1a X* B npo-
CTOpi KOOpAMHAT; h — KifbKiCTb €feMEHTIB BeK-
TOPY NOYaATKOBMX YMOB; m — KifbKiCTb €fleMeHTIB
BEKTOPY LLO OMUCYE rOTOBY CTanb; Z; — YUCIIOBE
3Ha4YeHHA [—Toi KoOpAuHaTV MOYaTKOBUX YMOB
nonepegHbLOi nnaeku (3paska), i=i=1,n; zf’ -
4YMCNOBE 3HAYeHHs [—TOl KoopAMHaTU Mo4vaTKo-
BMX YMOB NOTOYHOI MNaBKM; X, — 3HAYEHHS j—
TOro napameTpy rotoBoi cTani Ans nnasku-apaska,
j=1,m; x;° —3HaueHHa j—Toro napameTpy roto-
BOi cTani And MNOTOYHOI nniaBkM (MPUMMAMaOTbCA
rpaHunyHi srigHo OCTY).

Ha npakTtuui 0o Bektopa Z cnig BigHecTu 3a-
nacu OXONoAXyHUMX PEYOBUH OCHOBHUX TUMIB (iX
LWiCTb), Yac ouikyBaHHsI KOHBEpTEpa nicng nonepe-
OHBOT MNaBKKU, 3BaXXEHUM XiMIYHUW CKnapg, LUUXTU
(5 cknapgoBux), TemnepaTtypy YaByHy Ta Macy LUNTY-
BaHHSA. [1pn LbOMY pi3Ha pPO3MIpHICTbL KoopAnHaT
He Mae€ 3HaYeHHs, aJKe BOHM HOPMYIOTbCH Yepes
HasABHICTb MOTOYHOI KOOPANHATN B 3HAMEHHWKY.

KoediuieHT « mae npuimMatM 3HaYeHHs
Oinbwe 1, SKWO BUNNABMASETbCS TpaguuiiHa
Mapka cTani, npeuefeHTiB BUFOTOBIEHHS SIKOi
(B TOMY uncni Baanux) B 6asi gaHnX nnaBok Benvka
KinbKicTb. B LbOMy BuUnagky gpyra cknagosa B (1)
hakTM4HO Mae nepeTBoptoBaTUCh Ha 0, agxe Hac
LikaBnaTb BOoani npuknagu 3 nam’dti BUNMNaBKU
caMe TakOi Mapku cTani, sika 3agaHa. AKWo X
BUMMaBMNSETbCA HOBa CTanb, BAanux BuNagkis
BUTOTOBIIEHHA SKOI B 0asi gaHUX NfiaBoOK Marno
abo BOHM BigcyTHI, cnig npunmatn «=0,1..0,25,

abu nigTaryBanuca NpoOTOKOMM MMaBoOK, Y AKUX
Oyna oTpumaHa cTanb 3 MakcumarbHO GrM3bKu-
MU napameTpamu (Bektop X ).
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Cepen Hambnwxumx aHanoris obuparTbes Ti
NPOTOKONW MnonepegHix NfaBokK, AKi MakTb Haun-
MeHLLY HOPMOBaHy BiAcTaHb 3a (1) Ta HamkpaLui
€KOHOMIiYHi MokKasHukn — Bektop X, . Kpawwumu
BBaXXaOTbCSA: AKOMOra MeHLla BUTpaTa KUCHIO,
MEHLLE BiAXUNEHHS Bif N1aHOBOro Yacy NpoayBKu,
BiICYTHICTb AOAYBOK, BIACYTHICTb MEpEeBULLIEHHS
KiNbKOCTi OXOrOApKyBayiB, BiCYTHICTb MNOPYLUEHHS
YMOBW OCHOBHOCTI LWUMaKy. 3roptka €KOHOMIYHMX

KputepiiB Mae BUrnag

p
C=c,V,, +c,t'+c,N,t, + Z(c4km}()+cspH' —min, (2)
k=1

Ae ¢, — NpuMBeAeHa A0 rPoLLOBOI OLHKM BapTiCTb
A00ATKOBUX BUTPAT Ha NNaBKy 3a i—TOH MpuUyn-
Hoto, TpH, I=1,5; V(;z — MoHagHopMoOBa BUTpaTa
KACHIO, M3 t' — nepeBULIEHHS 3annaHoBaHOro
Yyacy npoayBku, cek; N, — KinbKiCTb AOAYBOK; t, —
3aranbHW Yac OOAyBOK, cek; m', — maca gogar-
KOBMX BUTPaTK oxorodxysaya k—Toro Buay, TOH,
k=1,p; p — KINbKICTb OOCTYNHUX BMAIB OXOO-
AKyBadiB, 3a3suyan p=3...6; pH - BigxvneHHs
OCHOBHOCTI LUMaKy Big 3a4aHOro 3Ha4YeHHs.

B «igeanbHoro» aHanory 3 6a3u gaHux nnaBok
KpuTepin (2) popisHtoe 0.

Ak nokasaHo B (bBoryweBcbkuin, 2014), Bigxu-
NEeHHs1 XiMIYHOro cknagy Ym TemnepaTtypu rotoBoil
cTani Big 3agaHunx 3HadeHb Takox 36inbLlye cobi-
BapTiCTb, TOMY OLjiHKa «KpaLLMX» 3pa3kiB BEAEHHS
nnaBok 3 6asn AaHMX BUMKOHYETHLCS 3@ PiBHOBAX-
HOI 3ropTKOK BIOMNOBIAHOCTI 3a HOpMarisoBaHu-
MM BiJHOCHO MaTeMaTU4HOro OYiKyBaHHSA 3HAYEH-
HAMW BekTopiB Z, X Ta X :

F=c,M_ D+C— min

(3)
Ae ¢, — BapTicTb 1 TOHW roToBOI cTani, rpH; M, —
po3paxyHKOBa Maca NriaBKu, TOH.

AKwo [ekinbka nonepeHix nraBoK MakTb
OfHaKoBYy SKiCTb 3a (3), BOHM BCi OepyTbca 00
po3rnsagy, iHakwe 3a 3pas3ok obupaeTbcs obme-
)KeHa MigMHOXWHA HanKpalLuX BapiaHTiB BEAEHHS
nnaeBkM B MWHYNOMY, ANs SIKMX MOKasHuK 3a (3)
HEe MepeBULLYyE 3a4aHOro MOPOroBOro piBHS.
OcCTaHHIn BCTAHOBMIOETLCA EMMIPUYHUM LLUTISIXOM
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i BMEHLUYETBCS 3 HAKOMUYEHHSIM B NaM’sTi BEMUKOI
KifTbKOCTi BOanux npeLeneHTiB.

CueHapini nosefiHkM onepaTopa KOHBepTepa
OyaoyeTbca 9K ycepeaHeHWI 3a Havkpalummy Bigi-
OpaHyMK 3paskamMy 3 NaM’aTi BEKTOp BUMMSAY,
npeacTtasneHoro y tTabnuui 1.

AKWo B AKOCTI 3paskiB obupatoTbesa cueHapii
3 PIi3HOK KiMbKICTIO 3MiHM BMCOTU bypmK, 3MiHM
PiBHA MOAauvi KMCHIO Ta KifIbKOCTi BHECEHb OXOr0-
IPKyBaYiB, NPUAMAETLCS CLEeHapin 3 BinbLUoto Kifb-
KICTHO MOMEHTIB 3a 6a30BuiA, a y CLEHapin 3 MeH-
LLIOKO KINbKiCTIO 3MiHM KEPYHUYMX BNMMBI BHOCATLCSA
pAOKKY, SKi HE MICTATb OiN.

BekTopn 0aHaKoBOI OOBXUHWN YCEPELHITLCA
3 ypaxyBaHHAM BaroBuX KoediuieHTiB, 3BOPOTHO
NPOMOpPUINHNX  BiACTaHi  cueHapito-3paska Big
NMoYaTKOBOro CTaHy MOTOYHOI MMaBKU B MPOCTOPI
CTaHiB BekTopa X

[ = Z(%]/ZF @)

1=1

. v W v
W =z(—“]/za-l. ©

1=1 FI =1
ae t'; — 3BaXKeHWIn Yac BUKOHaHHSA i —Toi fji, cek;
W', — 3Ba)KEHUN YMCITOBUIN MOKA3HUK BUKOHAHHSA
1 —TOT Aji y BiANOBIOHNX OOMHULAX BUMIPY; t; —4ac
BMKOHaHHSA [ —Toi aii B cueHapii 1=1,v, cek; W, —
YMCNOBUWM NOKA3HUK BUKOHAHHSA [ —TOTI Ail B CLieHa-
pii [=1,v; v —KinbKicTb «KpaLLmMx» cLueHapiis, Bigi-

6paHux 3a (3); F, — 3Ha4YeHHs 3BEAEHOr0 KpUTEPIto
ONTUManbHOCTI [ —TOro cLeHapito.

MocnigoBHICTL pekomeHgauin Wwodo Ain one-
paTtopa BMBOOUTBLCA Ha iHTepdenc KopucTysaya
po6oyoro Micusa onepartopa. Ak 6yno 3asHayeHo,
onepartop Moxe He gotpumysaTtuch nopag CIIIPR,
a BMKOHyBaTW MraBKy CMMPalYUCb Ha BriacHUM
[OCBIf | BpaxoBYOUN HEKOHTPONbOBaHI 30ypeHHs
(BEKTOP 3MiHHUX Z, ). B KOXXHOMY BUMNaAKy, NPoOTO-
KON BedeHHs NnaBku i ii pesynsraTty 30epiratoTbcs
B B[] «[MnaBkny.

3anponoHoBaHu nigxig ©OyB peanizoBaHun
Ha ogHOMYy 3 nignpuemcTts [HINPONEeTPOBLUMHM.
B skocTi TectoBoi BUbipku Bynun obpaHi 196 nocni-
AOBHUX NNaBOK, BUKOHAHMX Ha ABOX KOHBepTepax
NPOTArom LWecTn 3miH B BepecHi 2021 poky. B xogi
eKcrepuMeHTarnbHOI MepeBipku  BUMMaBrsnacs
ctanb mapok 3nc (84 nnasku), 5cn (62 nnaBku)
Ta c145 (40 nnaBok).

B Tabnuui 2 HaBepeHi BUMoOrMm A0 XiMi4yHOro
Cknagy HasBaHMX MapoK cTani Ta UinboBi 3Ha-
YEeHHs, Lo npurAManucs 3a OaxkaHi B cknagi Bek-
Topy X'y cpopmyni (1). B aKkocTi 6axaHux 3Ha-
YeHb BEKTOpY EKOHOMIYHUX MOKa3HWKIB MnnaBKu
npumMmMmanmcsa MiHiMasnbHi CNOCTEPEXEHI NOKA3HWKK
cepen MHOXMHM V BigibpaHmMx Ans NOPiBHAHHSA
«HaNBAXKYMX» 3a NOYATKOBUMM 4aHMMU MPOTOKO-
niBs. 3Ha4YeHHs1 V cTaHOBWIO Big 4 40 7 cueHapiiB-
npvknagis, npu Ubomy OGinbLUi 3Ha4YeHHs 3yCTpi-
YyalTbCs Y BUnNagkax nostoptoBaHux 3a (1) ta (3)
nnaBoK.

Tabnuus 1
Mpuknag BeKTOpy, WO ONUCYE CLeHapii BeAeHHSA NilaBK1M onepaTopoM KOHBepTepa
Ne enemeHTa Mo3Ha4YeHHs 3Ha4yeHHs CeHc enemeHTa
U1 t 800 3aranbHumn Yac npogyskn — 800 cekyHa
U2 N, 8 KiNlbKiCTb 3MiH BUCOTU doypmu — 8
U3 N_, 5 KifTbKICTb 3MiH PiBHS Nofadi KUCHKO — 6
U4 N, 6 KiNbKICTb MOMEHTIB BHECEHHSI OXONOAXKyBadiB — 6
us t,. 0 nepLunin Yac 3miHM BUCOTU (PypMHK, CEK
U6 H.,, 4.20 nepwia Bucota dypmu, M
u7 t, 120 Opyrum yac Bucotu ypmu, cek
us o 3.50 apyra Bucorta pypmum, M
u17 t. 645 OCTaHHIN Yac 3MiHK BUCOTU dOypMU, CEK
u18 H,. 1.96 OCTaHHg BMcoTa ypMu, M
u19 t, 0 nepLInMi Yac 3MiHM Nogadi KUCHIO, Cek
u20 V.., 1380 nepLUnin piseHb nogadi KUCHI0, M%/xB
u21 t., 249 OpYruim yac 3MiHM nogadi KUCHHO, CEK
u22 oo 1330 OPYrui piBeHb nogadi KUCHK, M3/XB
u27 ton, 660 OCTaHHIN Yac 3MiHWK Nofdadi KUCHI, cek
U228 Vo, 1380 OCTaHHIl piBeHb Nogadi KUCH, M3/xB
u29 T,.. 69 Yac nepLuoro BBeAEHHsI OXONoa)xyBaya, cek
U30 \ 10 O6’em oxonoa)ysaya, Lo BBOAUTLCS, T
U31 M, m1 TUN OXonoaxyBsaya, o Beoantbes (m1 —BanHo [T)
u44 T,.. 730 Yac ocTaHHbOro BBEAEHHS OXONOOXKyBa4va, cek
u45 V.., 0.1 O6’eM oxonomkysaya, Lo BBOAUTLCS, T
u46 M,.. m7 TUM OXONOAXKyBaya, Lo BBOANTLCA (M7 — Byrinns)
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Tabnuus 2
Bumoru go ximiyHoro cknagy mapok ctari, po3rnsiHyTUX B eKCNepUuMeHTi
XimiyHun cknapg 3a OCTY
MapK_a C S P Si Mn Ni Cr Cu As N
cTasl | min|max|min| max | min|max| min|max| min |max| min|max| min max| min max| min max|min max
Ct3nc [0,14]0,22] 0 |0,05| 0 [0,04|0,05/0,15/0,4 065 0 [0,3| 0 [03| 0 |03/ 0| O[O O
Crt5cn [0,28]0,37] 0 |0,05| 0 [0,04/0,15/0,3/05(0,8]| 0 |03 0 [0,3] 0 |0,3]| 0 0,08/ 0O |0,01
Ct45 |0,42/05]| 0 |0,035 0 [0,03|0,17/0,37/0,5]/0,8| 0 [0,3| 0 (025 0 |03/ 0|0 |0 O
[Ons nopiBHsHHA pe3ynbTaTiB  3aCTOCYBaHHS Ha HamGinbLw GNM3bkMX Npuknagax 3 6asn gaHux

po3pobreHoi niacuctemu onepatopa KOHBepTep-
HOro uexa 3 nonepegHim pexmmom poboTtn Byno
obpaHo ang nopiBHsHHA no 100 BMNagkoBuMx nna-
BOK OJ151 KOXHOI 3 MapoK cTani, npoBeaeHnx 6e3
BUKOPUCTaHHA nopapj. Pesynstatn ouiHoBanucb
3a CKMagoBMMK 0OOATKOBMX BUTPAT y HaTyparb-
HOMY Ta TrpOLIOBOMY eKBiBaneHTi. [lopiBHSAHHSA
pesynbTarTiB inocTpye Tabnuus 3, Ae AaHi ekcrne-
pUMeEHTY no3HadeHi sik «3 CIMP», a gaHi wogo
BEAEHHS aHamnoriyHMX MNNaBoOK Yy MUHYMOMY — §K
«06e3 CIMP».

OTpumaHi B pesynbraTi eKCnepuMeHTiB pe3yrb-
TaTu cBig4aTb NMpo Te, WO BMKOPUCTaHHSA nigcuc-
TEMWU onepaTtopa KOHBepTepa, WO HaBYaeTbCA

nornepeaHix MnaBoK [O3BOMSE YHUKHYTU BuNaa-
KiB OTpMMaHHS cTani, sika He BignoBigae 3afaHin
Mapui 3a XiMiYHMM CKNnagoMm; 3MEHLUUTU BiACOTOK
NnraBokK 3 NOPYLUEHHSIM OCHOBHOCTI B cepeHboMY
Ha 42 %, NNaBoOK 3 NepeBULLEHHSAM TemnepaTypu —
Ha 79 %; 3MEeHLINTN cepeHi BUTPaATU OXONOOXY-
Baya Ha nnaBky Ha 6 %, a cepegHIo BUTpaTy KUCHIO
Ha nnaeBky — Ha 4 %; 3MEHLINTN KiNbKICTb 404YBOK
B 2,88 pasu, a cepegHin yac nnaekm — Ha 19 %.
AK Hacnigok nepenivyeHnx Mo3UTUBHUX SIBULL,
cepenHs cobiBapTiCTb CcTari Ha PO3rNAHYTUX NnaBe-
Kax i3 3aCcTOCyBaHHSM NigcucTtemMu onepaTtopa KOoH-
BepTepa i3 caMOHaBYaHHAM 3MeHLwunack Ha 2,5 %
— ana ctani C145, a ana ctani Ct3nc — Ha 3,8 %.

Ta6nuus 3
MopiBHAHHA pe3ynbTaTiB 3aCTOCYyBaHHA PO3pOo0bieHoI nigcucremm
3 BeieHHAM NnaBoK 6e3 nopag oneparopy
Ct3nc Ct5cn Ct45
Moka3Huk Be3s 3 Be3s 3 Bes 3
cnne (cnnp| cnnp (cnnp| cnnp | cnne

KinbkicTb nnaBok 100 84 100 62 100 40
CepefHilt Yyac nnaBku, cek 1321 1081 1299 1055 1381 1060
KinbkicTb goayBok, % 14 5,95 19 6,45 21 7,5
CepefHs BUTpaTa OXoNom)KyBadiB Ha nnaeky, TOH|6,55 6,98 6,69 511 6,31 6,01
CepenHs BUTpaTa KUCHIO Ha nNnaBky, TUC. M3 210,44 202,20 |199,27 191,84 (219,99 208,86
[MnaBoK 3 NepeBULLEHHAM TemnepaTypu, % 22 5,95 27 4,84 23 2,5
[naBoK 3 NOPYLUEHHSIM OCHOBHOCTI, % 6 3,57 4 1,62 3 2,5
[MopyLeHHs XiMiYHOro cknagy rotoBoi ctani 4 0 1 0 0 0
CepeaHs cobisapTictb 1 TOHM cTani, rpH* 9114.,4 8768,0 |9086,3 8831,9 |8996,3 8771,4

* — 8 YiHax 6epesHs-nunHs 2021 poky.

BucHoBKkuM i nepcnekTuBu noganblinx SOcri-
keHb. B poboTi 3anponoHoBaHW  anroputm
HaBYaHHS NIACUCTEMM KepyBaHHS MNIIaBKOK iHTe-
nekTyanbHOI cUCTeMM MIATPUMKA  MPUAHATTA
pilleHb Yy KOHTYpI ynpasniHHSA KMCHEBUM KOHBEp-
TepoM. [aHa nigcuctema asTomatmsye il one-
patopa, onTMMI3ye npouec 3a €KOHOMIYHUM Kpu-
TepieM, a TakoX 3MEHLUye BMAMB Ha pesynbrart
noacbkoro aktopy, WO NpuU3BOAMTbL A0 MOKpa-
LEHHST EKOHOMIYHMX TOKa3HUKIB BUPOOHULTBA.
Anroputm HaB4aHHs nonsrae y Bubopi Ta ycepen-
HEHHi Kpawnx 3 NpeLeaeHTiB nonepeaHix nnasBok,
HanoNMXXYMX A0 MOTOYHOI 3a HOopMari3oBaHOH
MeTpukor. OCTaHHA BKNOYae sK OaxkaHi xapak-
TEPUCTMKM TOTOBOI CTasi, Tak i Mo4yaTKoBi yMOBU
BEOEHHS NiaBKu.
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3anponoHoBaHWi anropuTM CaMOHaBYaHHS Ha
BiZMiHY Bif BiZOMMX paHiLle BUKOPUCTOBYE He BCHO
CYKYMHICTb HaBYarnbHUX Npuknagis 3 6asn gaHux
nonepeaHix NraBokK, a NuLle «Hankpalli» 3a 3Be-
OEHUM 30BHILLIHIM KpuTepiem cepen obmexeHol
NIAMHOXUHN HaNONMXKYMX OO0 MNOTOYHOI MNIaBKu
3a HOpMani3oBaHO METPUKOI YMOB Be[eHHS
nnaeku. 3anponoHOBaHI BUIMS 30BHILLHLOTO Kpu-
Tepito Ta METPUKA MNOPIBHAHHSA NNaBOK y HOpMani-
30BaHOMY MPOCTOPi.

3acTocyBaHHA 3anpomnoHOBaHOIO anropuTMmy
cCamMOHaBYaHHS MigcMCTEMU onepaTtopa KOHBep-
Tepa iHTerposaHoi CIIMP meTanyprinHoro Bupoo6-
HULUTBA A03BOSISE 3@ YMOBMW HAsIBHOCTi OCTATHLOI
KiNbKOCTI MoMepeHix nraBoK, L0 OXONSoTb
NMOTOYHE 3aMOBIIEHHS, 3MEHLWNTU CcobiBapTICTb
BUNnaeneHoi ctani Ha 2,5-3,8 %.
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OBI'PYHTYBAHHSA BUMOI O CTPYKTYPHO-AJNITOPUTMIYHOT OPIFAHI3ALT
IOT-TEXHONOTIi MOHITOPUHIY KOHUEHTPALIA NAPHUKOBUX IA3IB

AkmyanbHicmb. Y ocmarHi 0ecsimunimms 0cobnugo akmyarbHUMU Cmakomb numaHHs 36epexeHHs1 ma 3axuc-
my 0oekonuwHb020 cepedosuuja. OOHUM 3i 3Ha4YHUX BUKIUKI8 € 6opombba 3 SeuueM napHUKo8o2o ehekmy i3
BUKOPUCMAaHHSIM PIi3HUX HayKOBO-MEXHIYHUX | Op2aHizauitiHux rputiomie. Ha cb0200HiWHIl OeHb 0OHUM i3 Haubinbw
eghekmugHux nidxodie 00 supieHHs Mpobremu 6opombbu 3i cmpiMKO OUHaMIKOK MapHUKOB020 eghekmy € ompu-
MaHHS1 iHmenekmyarsnbHO iHmeprpemosaHux 0aHux wWodo OUHaMIKU NapHUKOBUX 2a3ie y pexumi peasibHo20 Yacy.
Omixe, po3pobka i 8rposadxxeHHs mexHonoail IHmepHemy peded, SKi npusHadyeHo A7 KoM lomepu308aHo20 azpe-
eyeaHHs i NpeduKkamueHO20 asmoMamuU4YHO20 aHaslidy KOHUeHmpauiti napHUKo8UX 2a3ig, € akmyasbHOK HayKogo-
npuknadHot 3adayero. Memoro pobomu € cuHmMe3 HayKko8oobIpyHMo8aHUX Mpuliomig i3 po3pobKU cmpyKmypHO-
anaopummidyHoi opaaHizauii 1o T-mexHonoeii, Wo CrpoMOoXHa 8 PexxuMi peaslbHO20 Yacy pearsnizogysamu KOMIIIeKC
bYHKUIOHaNbHUX MepemeopeHb 8UMIpro8aHUX OaHuX i3 KOMIM'Iomepu308aHO20 MOHIMOPUHaY KOHUeHmpauil
napHukosux 2asie. 06’ekmom docsnidxeHHs1 sucmymnarome icHyrodi nidxodu 00 opeaaHizauii cucmem 360py,
criocobie nepedadi ma 06poOKU euMipro8aribHUX OaHUX (3 MOHIMOPUHEY KOHUeHmpauili napHUKogux 2asis.
lMpedmemom docnidKeHHs € iHGhOKOMYHIKauiltiHi npoepamMHo-anapamHi pilueHHs1 8 2ary3i MOHIMOPUHaY KOHUEH-
mpauit napHukosux easie. BucHoeku. [JoseOeHo, w0 po3pobka i 8riposadXeHHs KOHUENMyarbHUX PilueHb y 2anysi
iHgbopmauiliHux mexHosoeili MOHIMOPUHay KOHUeHmpauili napHUKOBUX 2asie € akmyaslibHOK HayKO80-rPUKIaOHO
3alayero y menepiwHit Yyac. Y cmammi eupiweHo Haykogo-rpuknadHe 3asdaHHs1 3 0brpyHmyeaHHs1 CyKyrnHocmi
sumMog 00 cmpyKmypHO-an2opummMiyHOI opaaHidauii mexHonoaii 1o T-MoHimopuHay npuknadHo2o eKo02iYHo20
cripsimyeaHHs. [NpoaHanizogaHo icHyrodi nidxodu 0o nobydosu ma sukoHaHo 8ubip 8i0No8iIOHUX MEXHIYHUX anapam-
HO-rpo2paMHUX pilieHb, MPo8edeHO /102iyHe y3azanbHEHHS cucmeM 360py i aHanimuku GaHux, @ maKkox CuHme-
308aHO 3a2aribHy apximekmypy docnidxysaHoi mexHormoeii. Ha 6a3i apximekmypu mexHonoaii 6yno obrpyHmosaHo
it pyHKuioHanbHy cxemy i demanizoeaHuli anzopumm pobomu, ornucaHo OCHO8HI KOMIIOHEHMU ma CGhopMysibO8aHO
bas08i chyHKUjT cucmemu.

Knro4oei cnoea: loT-mexHomoeisi, MOHIMOpUHe, mesh-mepexa, aneopumm, Mapuwpymusayis, napHukosul
echekm.
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of the requirements of loT-technology structural and algorithmic organization on greenhouse gases
concentrations monitoring]. Information Technology: Computer Science, Software Engineering and
Cyber Security, 2, 41-51, doi: https://doi.org/10.32782/1T/2022-2-5

RATIONALE OF THE REQUIREMENTS OF IOT-TECHNOLOGY STRUCTURAL
AND ALGORITHMIC ORGANIZATION ON GREENHOUSE GASES
CONCENTRATIONS MONITORING

Relevance. The issues of environment preservation and protection have become especially relevant in recent
decades. One of the significant challenges is the fight against the greenhouse effect phenomenon using various
scientific, technical and organizational methods. To date, one of the most effective approaches for solving the problem
of combating the greenhouse effect rapid dynamics is to obtain intelligently interpreted data on the dynamics
of greenhouse gases in real time. Therefore, the development and implementation of Internet of Things technologies
designed for computerized analysis of greenhouse gases concentrations is a relevant scientific and applied task.
The main goal is a synthesis of scientifically based methods for the development of loT-technology structural
and algorithmic organization, which is capable of real-time implementation of a complex of measurement data
functional transformations on greenhouse gases concentrations computerized monitoring. The research object is
the existing approaches to collection systems organization, methods of transmission and processing of measurement
data on greenhouse gases concentrations monitoring. The research subject is infocommunication software
and hardware solutions in the field of greenhouse gases concentrations monitoring. Conclusions. It has been
proven that the development and implementation of conceptual solutions in the field of information technologies
on greenhouse gases concentrations monitoring is a relevant scientific and applied task at the present time. The
article solves the scientific and applied task of the requirements set rationale for the structural and algorithmic
organization of the applied environmental lo T-monitoring technology. The existing approaches to construction have
been analyzed and the selection of appropriate technical hardware and software solutions has been performed,
a logical generalization of data collection and analysis systems has been carried out and the general architecture
of the researched technology has been synthesized. Based on the architecture of the technology its functional
diagram and detailed work-algorithm have been substantiated, the main components have been described
and the basic functions have been formulated.

Key words: loT-technology, monitoring, mesh-network, algorithm, routing, greenhouse effect.

AxTyanbHiCTb HayKOBO-NPWUKNagHoOi 3apadi Bopotbba 3i 3MiHOWO KnimMaTy BUMaratume

AocnifxeHHA. B ocTaHHi gecATunitTa ocobnn-  MoCTIMHOTO KOHTPOMIO W KepyBaHHS BUKMOAMM
BO akTyallbHUMW CTaloTb MUTAHHA 36epexeHHs  napHUKOBUX rasis y atMocdepy, Lo, B CBOKO Yepry,
Ta 3axuCTy JOBKONULLIHLOrO cepeosuwia. OgHUM  notpebyBaTMme BULLOT TOYHOCTI Ta OnepaTUBHOCTI
3i 3Ha4HUX BUKNUKIB € 6GopoTbba 3 SABULIEM  MOHITOPUHIY, 3BITHOCTI Ta nepesipku. Peanisa-
napHukoBoro edpekty [1]. [lapHUKOBMI edeKkT  uis TexHONorin BMCOKOEMEKTUBHOIO iHTENEKTY-
BMHMKAE Yy pesynbsTaTti HakoMUYeHHs B aTMOC-  anbHOr0 MOHITOPUHTY KMiMaTUYHUX MapamMeTpiB
depi 3emni nNapHUMKOBMX rasiB: BYIMEKUCIWN a3  MO3UTUBHO BMMMBAE Ha YMCMNEHHI KPUTWUYHI Ans
(CO,), metaH (CH,), okena asoty (N,O), o30H (O,)  HauioHanbHoi 6e3nekn i ekoHoMmiku cekTopu [3].
i doToposaHi rasu. [lo mxepen NpUpoOHOro Noxo-  Ha cbOrofHilHi AeHb OAHMM i3 HalGinbL edek-
[PKEHHA TakuX rasiB BiOHOCATb: BUMApPOBYBAHHA  TUBHUX MiOXOAIB /A0 BUPILLEHHS npobrnemu
BOASAHOI Mapw B aTtmocdepy, BUAINEHHA Byrne-  60poTbObu 3i CTPIMKOK AMHAMIKOK MapHUKOBOIO
KACMOro rasy nig 4ac AuxaHHsA, nosiBa MetaHy  ed)ekTy € OTPMMAaHHS iHTenekTyanbHO iHTep-
B pesynsraTti posknagaHHa Ta iHwe. [lo mKepen  npeToBaHMX AaHUX LWoAo AWHaMIKU MapHUKOBUMX
LUTY4YHOro MOXOMKEHHSA: cnantoBaHHA BUWKOMHO-  rasiB y pexuMmi peanbHoro yacy. OTxe, po3pobka
ro nanvea pisHOMaHITHUMK 06’eKTaMmn TPaHCMNOPT- | BNpOBamKEHHS TEXHOMOriN IHTepHETY peyen, sk
HOI iHppacTpykTypu, BUpYOyBaHHsS nNiCiB Ta BW-  NpU3HAYeHO Ans KOMM'HOTepM30BaHOro aHarnisy
KMAM npoMucroBux nignpuemcts. Bce ue oby-  kOHUEHTpauii NapHMKOBUX rasiB, € aKTyanbHO
MOBMIOE MiABULLEHHA Temnepatypu Ha 3emni  HayKoBO-NMPUKNagHOK 3adadyeto.
Ta HaBiTb He3Ha4He NiABULLEHHS cepenHboi rno- Meta i 3apgaui crarTi. OCHOBHOW METOH
fanbHOI Temnepatypu Mae 3HayHi Hacnigkn, pobOTU € CMHTE3 HayKOBOOOI'PYHTOBAHWMX MpPUINo-
Hacamnepen, Le NiABULEHHS PIBHSA MOpS Yepe3  MiB i3 po3p0o0KM CTPYKTYpPHO-anropuTMiYHOI opra-
TaHEeHHSA NbOAOBUKIB. TaKoX NiABMLWEHHA Tem-  Hisauii loT-TexHonorii, Wo CnpoMoXHa B PeXuMi
nepatypu BnnvBae Ha rnobanbHy 3MiHy KniMaTy — pearnbHOro 4acy pearnisoByBaTh KOMMMEKC yHK-
nnaHeTu, WO MOpPYLUYE HOPMarbHi YMOBU XUTTS  LiOHANbHUX NepeTBOpeHb BUMIPOBaAHUX AaHUX i3
Ona KMBMX iCTOT | pyrHye ekocuctemu. [o-  KOMM'IOTEPU3OBAHOMO MOHITOPUHIY KOHLEHTpaUi
0ATKOBUN HeratuBHUA edekT BKMOYae 3MIiHWM  MapHUKOBUX rasiB. [dns OCArHEHHS nocTaBrieHol
B piBHSAX onagais [2]. MeTW HeobXxigHO BUPILLMTY Taki 3agaui:
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— KPUTUYHWIA aHani3 i noriyHe ysararbHEeHHs
iCHYIOUMX MiOXogiB LWOAO MOHITOPUHIY BUKUAIB
NMapHUKOBUX rasis;

— BWSBIIEHHA Ta BMBYEHHS Hanbinbw edek-
TUBHUX CyYaCHMX NPOrPaMHO-TEXHIYHUX pilleHb i3
nobynoBu iHPOKOMYHIKaLINHNUX Mepex KniMaTuy-
HOrO MOHITOPWHTY;

— po3pobka apXiTeKTypy Ta anropuTMiB pyHKLi-
OHYBaHH#A gocnigxysaHoi loT-TexHonoriT;

— OBrpyHTYBaHHA CYKYNHOCTI KpuTepiiB Ans
NnoAanbLIOro MPOEKTYBAHHSA, MOAEMBAHHS, pO3-
pobkn Ta BnpoBamKeHHsi |oT-TexHonorii MoHiTo-
PUHTY KOHLIEHTpaLin NapHUKOBUWX rasiB i3 BUKOPUC-
TaHHAM mesh-mepex;

— OOrpyHTYBaHHS nmoganbLluMX HanpsMKiB Mpi-
OpPUTETHUX JOCHiAXeHb Y 3asBMeHii NpeaMeTHIN
obnacri.

KpuTtnyHui aHani3 ta noriyHe ysaranbHeHHs
OCTaHHiX gocnimakeHb, ny6nikaudin i HaykoBo-
TexXHiIYHUX po3pobok. [NpoBegeHU aHani3 KoH
uenuin Woao MOHITOPUHIY napaMeTpiB [OBKO-
NVLWHBOrO CcepefoBUllla [03BOMMB BUMOKPEMUTU
TpW 3aranbHi nigxogu: 3a AOMOMOrOK CUCTEM
CYMYTHUKOBOIO 3B’A3KY, 3 BUKOPWUCTaHHAM aTMo-
ChepHMX 30HAIB Ta PO3rOpTaHHA HA3EMHUX
cucTem 36opy i nepenadi gaHux.

TexHonorii Ha 6a3i CynyTHMKOBOrO 3B’SI3KY
3gatHi 3abe3neunMTn MNOKPUTTS B YCbOMY CBITI

NO2 tropospheric column (umol/m2)

50 65

3 BMCOKOK TOYHICTIO N PO3AifibHOK 34aTHICTHO §IK,
Hanpuknag, HaBe4eHo Ha PUCYHKY 1.

Ak nokasye aHania cydacHux nitepatyp-
HUX DpKepen, CynyTHUKK, WO po3MilleHi Ha opbiTi,
MICTATb KOMMNEKCU AaBadiB, AKi 4eTeKTYTb Bid-
6uty abo BMMpPOMIHIOBaHy eHeprito Ta rasu Big
noeepxHi 3emni (auBe. puc. 2). Ypsav Ta gepKaBHi
yCTaHOBW BinbLUOCTI KpaiH CBITY nigTpymanu npo-
rpammn peanisauii MOHITOPUHI BUKMAIB MapHUKO-
BUX rasiB LUMSIXOM 3arnycKy CYMyTHUKOBUX CUCTEM
ONa  arperyBaHHSA HauioHanbHMX i rmobanbHux
6a3 pgaHux Woao AWHAMIKA BUKMAIB MNapHMKO-
BuX ragie [5]. 3aBgsku BigKpUTOMY AOCTYNy A0
UMX AaHUX aKageMiyHi, ypsagoBi Ta KOMEpLUinHi
YCTaHOBWM OTpMManu 3MOry HaaaBaTh BaXKIMBI
QYHKUiT 3 OUIHKMA TakKMX AaHMX LUMPLLINA CRiNbHOTI.
Mpuknagammn CynyTHUKOBUX CUCTEM € HE3aNEeXHi
Ta HagiiHi nnatdopMu, siki MOXYTb ONpaLboBYy-
BaTu Ta ob’egHyBaTuM BenuYesHi obcsarm gaHmx
Ons CTBOPEHHA BignosigHMx 6a3 3HaHb. Lli micii
MatoTb MOTeHLUian 3pobuUTN BHECOK Y HauiOHaNbHi
KagacTpy BUKMAIB NapHUKOBMX rasiB, 30cepenxy-
HOYMCb Ha TPbOX OCHOBHUX rasax, nepepaxoBaHnX
y MMapu3bkoi yrogi Ans uinen 3BIiTHOCTI CTOPIH:
Byrnekucnuii rasz (CO,), metan (CH,) i okcua
asoty (N,O). Peanisauis Takoro nigxody [o03BO-
nvna 3sreHepyBaTu 3aranibHy KapTy MNapHUKOBUX
rasis y macwtabax nnaHetu [6].

According to the Air Quality in Europe report published in 2018 by the European Environment Agency (EEA), 19 EU
Member States recorded nitrogen dioxide concentration above the annual permissible limit. Imagery from Sentinel-SP

Puc. 1. NMpuknag pe3ynsraTty MOHITOPUHI BUKUAIB NapHUKOBUX rasie
Ha TepuTopii EBponu 3a 4ONOMOrol cynyTHUKIB [4]
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Puc. 2. NMpuknap opraHisauii npouecy MOHITOPUHIY KOHLEHTpaui napHUKOBUX rasiB
3a AONOMOroto cynyTHUKIB [5]

Opyrum wmpoko anpoboBaHMM i BUKOPUCTO-
BYBaHMM MiAXo4oM LWoao 36opy iHdopmauii Big-
HOCHO AMHAMIK/ KOHLEHTpaLii NapHUKOBUX rasiB
€ 3acTocyBaHHA 06e3ninoTHMX niTanbHUX ana-
paTiB i3 iHTErpoBaHMMM MPUCTPOSIMA HEPYMHIB-
HOrO iHCTPYMEHTaNbHOIO0 MOHITOPUHTY. Tunosum
npuKnagoM Takoro TexHiYHoro piweHHa € Fast
Response Atmospheric Turbulence (FRAT) [7].
Llen 30HO € aBTOHOMHMM MporpamMHo-anapaTtHUM
KOMMIIEKCOM, SIKUA NpUAATHUIA OO0 BUKOPUCTaHHS
nig Yac NpoBedeHHA aTMOCEepHOro BMMIiptoBarnb-
HOrO KOHTPOIO M HAaHHS AaHuX, SKi MOXYTb OyTK
BUKOPUCTaHI Ona OUiHKM MOTOKIB OeTEeKTOBaHMUX
rasie Ta / abo iHLWKMX i3nMKO-XiMiYHNX NapameTpiB.
OCHOBHOIO XapaKTepHOK OCOBMNMBICTIO KOHCTPYK-
uii FRAT € 11 3gaTHiCTb NOrnMHaTn HaBKOMULLHE
MoBiTPSl 3 PIBHOMIPHOK LUBUAKICTIO 6e3 gectabi-
nigyto4oro BnAvBy TypOyneHTHOCTI. Takui nigxig
Ma€ HacCTynMHi iCTOTHI nepesBarn: NiaBULEHHS TOY-
HOCTI BMMIipIOBaHb; EKOHOMISA Yacy Ta pecypciB Ha
BiJHOCHO HEBEMNWKMX BiACTaHSX; YCYHEHHS Heob-
XiOHOCTI BUKOHYBaTW A0AATKOBI aHanisn 3 ypaxy-
BaHHAM pyxy 3oHay [7].

TpeTiM  LUMPOKO  PO3MNOBCIOAXKEHUM  BUOOM
TEXHOSOrN MOHITOPUHIY KMiMaTU4HOro Npu3Ha-
YEHHS1 € BUMKOPWUCTaAHHA HA3eMHUX PO3MNOAiNeHnx
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cUcTeM daBadviB i MepexeBMX MNpUCTPOIB. ICHye
Benuka KinbKiCTb QipMOBUX CTaHOApPTIB, WO po3-
pobneHi Ang BNpOBa[KeHHs Nid Yac Ha3eMHOro
MOHITOPUHIY. Y3ararnbHEHO Ha3eMHi cucTemu
MOXHa npeacTaBUTU TPbOMa KITHYOBUMW CKNago-
BUMW: BY305 AETEKTYBAHHS i arperyBaHHs JaHuX,
Mepexa nepefadi gaHWx Ta cuctema obBpobku
N aHanisy oTpuMmaHoi iHdopmauii [8] sk, Hanpuk-
nap, nokasaHo Ha pUCYHKY 3.

BaxnvBum € 3ayBaKeHHSA BiQHOCHO TOro, LUO
came dkicHe obrpyHTyBaHHS KOMMOHEHTHOI 6a3u
i pyHKUiOHanbHOro 3abe3neyeHHs CEeHCOPHOro
i MepexeBoro piBHiB y noganbLUOMy BrSMBaE Ha
AKICTb  (PYHKLIOHYBaHHA Bciel TexHonorii. [Ong
HaszeMHoro 36opy AaHux HeobXigHMM € Bu3Ha-
YeHHd BUAY TONOSOrii Mepexi, cepenosuLLa nepe-
AaBaHHA 1 anropuTtMmy opraHisauii B3aemogii Mix
By3namm Mepexi.

Mig yac npoBefeHHA MOPIBHANIbLHOMO aHanisy
TEXHOMOrN  KOMM'IOTEPU30BAHOTO  MOHITOPUHIY
KOHLEHTpaLi NnapHUKOBUX rasis, AKi AeTanisoBaHo
BuLLe, Oyno 3po0neHo NPOMKHI BMCHOBKM, SKi
HaBeaeHo B Tabnuui 1. AkicHi rpagauii napameTpis
«BUCOKUIY», «CepefHi» Ta «HU3bKU» € pesynbra-
Tamu CniBCTaBIIEHHS TEXHOMOTI 0Ha 3 O4HOM Ha
AKICHOMY PiBHI.
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Local Domain B
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Local Domain A

Puc. 3. NMpuknag mepexeBoi opraHisawii Ha3eMHOI TexHonorii
MOHITOPUHTIY KniMaTUYHUX AaHuX [8]

Tabnuus 1

Pe3ynkTaTt NOPiBHAHHA TEXHOJONiN KIiIMaTUYHOIO MOHITOPUHIY

MapameTp CynyTHUKMN 3oHau HasemHi mepexi
MokpuTtTSa Bucoke Husbke Bucoke
TOYHICTb CepegHs CepegHs Bucoka
CknagHicTtb TexHonorii Bucoka CepegHs CepegHs
MobinbHicTb Hunsbka Bucoka CepegHs
MacwtaboBaHicTb Bucoka Hun3bka Bucoka
Baprictb Bucoka CepegHs CepegHs

Takum 4yMHOM, Mig 4ac aHanisy BigoMuX pe-
3ynbTaTiB y OOCHIQKYBaHIM NpeaMeTHiA obnacTi
Oyno BCTaHOBMEHO, WO OpraHisauis cuctemu
MOHITOPUHIY NapHUKOBMX rasiB i3 BUKOPUCTAHHAM
Ha3eMHUX CEHCOPHUX i MepexeBUX TexXHOMOorin
€ Ha JaHWA MOMEHT OMTUMAaNbHUM PilLEHHSM i3
TOYKM 30pYy IiHTErpanbHUX TEXHIKO-EKOHOMIYHMX
NnokasHuKiB. MOSCHIOETLCA Le TUM, WO CYMYyTHU-
KOBi CUCTEMM 3ararioM BUKOPUCTOBYKOTbCHA Ans
OTPMMaHHSA GinbLl rnobanbHOI KAPTUHU BiL4HOCHO
NapHMKOBUX rasiB Ta iX BMAMBY Ha MnaHeTy, To6To
BigoOpaxaloTb iHTerpanbHy TeHAeHLilo, Lo He
€ TakuMm akTyanbHWUM nig 4ac opradisauii iHgo-
KOMYHIKaUiMHOro pilleHHs Ans JIoKanbHUX 3aB-
OaHb MOHITOPMHIY, @ aTMOoCepHi 30HAM Hapasi
MaloTb BENWKY KifbKICTb BapiaHTiB peanisadin
i y GaraTbox BMNagKkax pearni3ytoTbCsi He 3a paxy-
HOK YTBOPEHHs1 CTabinbHOI TenekomyHikaLili-
HOi Mepexi. HazeMHi mMepexeBi pilleHHs MaloTb
HacTynHi nepesaru:
€ProHOMIYHICTb Mg 4Yac YnpoBaKEeHHS
Ta 0OCNyroByBaHHA Yy pearnbHUX YMOBax eKChny-
arauii;
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— BMCOKA TOYHICTb i [OWUCKPETHICTb [OeTeKTy-
BaHHS;

— 30aTHICTb A0 MaclTabyBaHHS Nig Yac pos-
LUMPEHHS nepeniky 4eTEeKTOBaHUX 4Di3UKO-XiMIYHNX
napametpiB.

TakoX MOXHa 3a3Ha4YuTN OCHOBHI OOMEXeHHs,
LLIO NpyUTaMaHHi NporpamMHo-anapaTHUM pilleHHAM
TaKMX cMCTeM i 0BYMOBIOIOTE HEOOXIAHICTL Npo-
Be[leHHs 00aTKOBUX AOCTIAXEHb:

— 0bniKk MOXIMMBOCTI PO3ropTaHHsA Ta cTabinb-
HOro OYHKLIOHYBaHHSA Yy Pi3HOMaHITHUX KniMaTuny-
HUX YMOBaX;

— obMmeXeHHs, LLIo NOB’si3aHi 3 aganTadito mepe-
XEBUX anropuTMiB;

— 3axMCT LiNiCHOCTI aHuX nig Yac nepegadi;

— notpeba y pos3pobui mogener o6pobku
3Ha4yHMX 06’eMiB BUMIpIOBaNbHUX AdaHUX Y pe-
XWMi pearnbHoro 4acy.

HacTtynHum peanizoBaHuMm eTanoMm aHarnisy
Oyna [peTanisauis xapakTepucTUK pO3MOBCH-
OXEHUX Ha3eMHUX MepexeBUX TEXHOMOrin Krii-
MaTU4HOro MOHITOpUHry. MNpu uboMy Ansa BinbL
I'PYHTOBHOMO aHarsisy, OKpiM CUCTEM MOHITOPUHIY
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KOHLEHTpaLini MapHUKOBUX rasie, Oynu posrns-
HYTi aHanoriyHi pieHHs ansa iHwux ranysen. Lle
aossonuno Binblw getanbHO  cchopmynoBaTu
OCHOBHi BMMOMM OO MEPEXEBOrO PiBHSA MPOEKTO-
BaHOI TexHonorii. [ig yac aHanidy Gynu po3arng-
HYTi HacTynHi TexHonorii: Tevatronic, WoRShIP Ta
Ribbit Network.

Tevatronic BMKOPUCTOBYETLCA B arpapHoOMy
cekTopi Ta 6asyeTbca Ha 6e3gpoToBUX Mepe-
Xax [9]. Tevatronic — ue TeXHOMOrisA, sKa NOBHICTHO
aBTOMaTM3ye npoueaypu 3pOLLUEHHSA Ta BHECEHHS
nobpvB, WO HanawToBaHi AN [AOCSArHEHHS
DaxxaHoi rMUOMHK KOPEHEBOI CUCTEMM, a TaKOX
NPUUHATTS PpilleHb 3a BUMIpOBaNbHUMK Oa-
HumMK. Be3gpoToBi gaTuMkn 36MpatoTb NPELMSinHI
AaHi WoA0 CTaHy IPYHTY B KOXHIN XapaKTepHin
30Hi arpapHoro o06’ekty. MiKpOKOHTPONEpPHUIA
6nok nicna nepsBuHHOI UUdpoBoi 06pobku Bia-
npasnsie BMMiptoBarnbHy iHpopmMadito 4O XMapHO-
ro cepefoBULLa iHTENEKTyansHOro ornpautoBaHHS
OaHuX, LLLO CUHXPOHI30BaHO 3 LUKNamm 3poLleHHs /
BHECEHHA J06pMB 6e3 BTpYYaHHS MOAMHU. Takum
4YnMHoM, Tevatroniv € MOBHICTIO aBTOHOMHMM Mepe-
KEBUM PiLLEHHSAM.

WORShIP € 6inbw rnobanbHUM MNPOEKTOM
i3 mporpamHo-anapaTHOl  peanisaudii  3agad
MOHITOPUHTY NPOMUCNOBOro NPU3HaYEeHHS.
Lle piweHHs 6asyeTbcad Ha OTOaKyCTUYHOMY
npuHUMAI 4il Woao BUSIBMIEHHS rasiB Big dipmMu-
po3pobHunka WoePal. Taka cuctema cnpomMoxxHa
BUSIBMSATU HWU3KY MapPHMKOBUX rasiB i 3abpygHto-
BauviB MOBITPsl, @ TaKOX aHanidyBaty¥ MOTOKM Ta
KOHLeHTpaUil napHWKOBWUX rasiB Ha piBHI MiKpo-
KOHUEHTpaUin y pexumi oHnanH. Lia TexHomno-
ris ysromkeHa 3 npoTokonamu 3B’a3ky Bluetooth
i Wi-Fi. TporpamHa KOMMNOHEHTa TaKoro pilleH-
HA MOXe OyTu aganToBaHa nig pi3Hi cueHapii
YHKUIOHYBaHHA MepexX AMHaMiYHOro MOHITO-
PUHTY OEeTeKTyBaHHA W aHarnidy MoTOKIB napHu-
KOBMX rasis.

OagHuMm i3 anbTepHaTUBHUX HaMNpsAMKIiB € CTBO-
PEHHA HEKOMEPLIMHMX NPOEKTIB Ha Gasi koHuenu;ji
IHTepHeTY peden sk, Hanpuknag, mepexa Ribbit,
Wo 4Bnsie cobol 3Ha4YHy Mepexy OHmMKETHUX
CEHCOpIB MapHUKOBUX rasiB i3 BIOKPUTUM KOOOM
[10]. Llen HaykoBMM MNPOEKT Ma€ Ha MeTi CTBO-
puTn Hanbinbwy B CBIiTi 6a3y gaHWX WOOO0 BU-
KnaiB NapHUKOBMX rasiB, WO AacTb 3mory Oyab-
KOMYy npuegHatuca [o poboTu Hag 3ajadamu
aHanisy 3MiH Knimaty Ta HagaBaTu OOrpyHTOBaHiI
pekomeHgauii 3 noninweHHsa rnobanbHoi Knima-
TWUYHOI cuTyaLii.
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Takum 4MHOM, Ha nigcTaBi AeTanisoBaHOro
aHanisy BuLLEeHaBeAEHMX pPilleHb i3 KNiMaTU4HOro
MOHITOPUHIy 6yno ccopMoOBaHO OCHOBHI BMMOTM
0o loT-TexHonoril, ska po3pobnseTbes i 4ocnigxXy-
€TbCS B JaHi CcTaTTi, a came:
aBTOHOMHICTb | HafiNHICTb MepexeBoro
PiLLEHHS;

— iHTerpauis gaTtymkiB 3 icHytouMMM cTaHdap-
Tamu NobyaoBM iIHPOKOMYHIKALIMHUX MEPEX;

— nobynoBa 6e30pOTOBOI MepeXi CeHCopiB i3
AOCTYNOM A0 rrnobansHOi Mepexi 06MiHy 11 TpaHc-
dopmaii gaHux;

— po3pobka anropuTMiB aganTUMBHOIO OOMiHY
AaHVMU B CKNagHWX KNiMaTUYHKUX YMOBaX;

— BUKOPUCTaHHA MoAenen LTYYHOro iHTENekTy
AN aHanisy gaHux Big po3noginieHnX CeHCOopIB.

Pesynsratn pocnigxeHb. 3 obnikom pesynb-
TaTiB KPUTMYHOIO aHanidy Ta NOriYyHoro ysaranb-
HEeHHSA BiAOMMX HayKOBUX AOCHiAKeHb i npuknaa-
HUX piweHb [11] 6yno po3pobneHo y3aranbHeHy
CTPYKTYPHY CXeMy iH(POKOMYHiKaLiiHOT Mepexi
MOHITOPUHIY KOHLIEHTPaLii NapHUKOBUX rasiB, sKy
HaBeOeHO Ha PUCYHKY 4.

Ha pucyHky 4 BBe4EHO TakKi NO3HAYEHHS:

— processing center — iHgpacTpykTypa Ang
00pobku iHbopMaLii (piBEHb aHaNITUKN);

— node — By3nu mepexi nepeaadi gaHux (mepe-
XEBWI piBEHb);

— sensor — AaBadi 300py BUMIpHOBanbHUX JaHNX
(nonboBwMIA piBEHD).

IHppacTpykTypa Ans obpobku iHdopmadii
npeactaense cobol cepBepHe cepefoBuLle
ANs oTpUMaHHSA, 0bpobkn Ta 36epiraHHs AaHuX,
HagaHHA gocTyny Ao iHdopMmauii 4ns KopucTyBa-
YiB i3 pisHMMUK NpaBaMn, OHOBIEHHS BY3J1iB MepeXxi
Ta AaTymKiB 3a HEOOXigHOCTI.

OcHoBHi byHKUiT By3niB nepegadi nonsra-
I0Tb B MapLupyTm3auii Tpadiky B HanpsMKy [0
cepepoBua obpobkn Ta cneuianbHoi iHopma-
Lii oo gaBadviB MOHITOpUHry, nobyanosi cTabinb-
HOI Tononorii Mepexi 3a AONOMOrol pe3epBHUX
MapLIpyTiB Ta 0BMiHi cnyx6oBot iHopmauieto
Mix coboto.

HaBadi npegcraBndawTb OO0 KiHUEBI npwu-
CTPOI TexHosoril, gk nig 4Yac B3aemogii 3 JOBKO-
NULLIHIM cepeoBULLIEEM NepeaatoTb AaHi 4O Mepexi
Ta 0OMIHIOIOTBECSA CNy>00BO iHbopMaLiieto 3 BY3-
namu Mepexi.

lMoganblle BUCYBaHHA BUMOr O AOCHiAXKyBa-
Hoi loT-TexHonorii noTpebye BCTaHOBNEHHA nepe-
NiKy OCHOBHMX CKNaJoBUX €NeMEHTIB NapHUKOBUX
rasiB [12], sk e nokasaHo Ha pUCYHKY 5 i geTtani-
30BaHO B Tabnuui 2.
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sensor 1.2

Puc. 4. CtpykTypHa cxema iHpOKOMyHiKauinHOI Mepexi
MOHITOPUHIY KOHUEHTpaui NnapHUKOBUX rasie

sensor 1.3

Global Greenhouse Gas Emissions by Gas, %

@ Carbon Dioxide(forestry)
@ Carbone Dioxide(industrial)
@ Methane

@ Nitrous Oxide

@ other

Puc. 5. [liarpama po3noginy cniBBigHOLWEHHA KOHLEHTPaLii NapHUKOBUX rasis
Yy AOBKOJIMLIHbOMY CepeoBULLi
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Tabnuus 2

HeTtanizoBaHa iHchopmauifa Wwoao po3noainy KoHUeHTpauin napHUKOBUX rasis

Ha3ga XimiyHa KOHueHTpe_xui;l ) BiACOTKOBe
¢dopmyna B atMmocdepi, ppm cniBBigHOLWeHHA, %
BogsHa napa H,O Big 10 no 50 Tuc. Big 36 go 72
Byrnekucnui ras CO, npnbnmnaHo 400 Big 9 o 26
MeTaH CH, npubnuaHo 1,8 Bin4 009
O30H 0, Bio 2 oo 8 Bin 3007

Buxogsum 3 noctaBneHunx y nonepegHix pos-
Adinax sumor 6yno BCTaAHOBMEHO, WO HEOBXiaHUM
€ 3a0BOSIEHHA YMOBI aBTOHOMHOCTi iH(DOKOMYHi-
KauiHol mepexi. [Ins uboro 3anponoHOBaHO Tpu
OCHOBHI BUAW anropuTMiB B3aemogii:

— anropuTM MOYaTKOBOIO HamnalTyBaHHS Tex-
HOROriT;

— anroputMm 360py Ta nepegadvi iHdopmalii;

— anropuTM OHOBIIEHHS CUCTEMMW.

AnNroputTmM NOYaTKOBOrO HanawTyBaHHsS crnpa-
LbOBYE Y BMMaAKy NEPLUOro BCTAHOBIEHHSA TEXHO-
norii abo il NOBHOro Nnepe3aBaHTaXeHHs. Y Takomy
BUNAAKy MOCMiAOBHICTL Al nicna  disndHoro
3'edHaHHSA Ta akTMBaUii YCiX CKIagoBUX CUCTEMM
€ HaCTYMHOIO:

— iHibianizauis gaeadiB Ta obmiH cnyx6oBot0
iHcbopmaLieto 3 Byanamm BXxoLy 00 Mepexi;

— HanawTyBaHHS MapLIpPyTiB MK MEPEXEBUMU
BY3namu Ta nobygoBa CTaTUYHOI TONOSOrii;

— nepeBipka 3B’A3KY MK By3namuy mMepexi Ta
cepegoBuieM 0bpobku iHpopmaLlii;

— nepegava TeCTOBOI NOCMIQOBHOCTI Bif AaBa-
yiB 4O cepedoBuLla nepegaBaHHs Ta OYiKyBaHHS
BigNoBIA.

AnropuTm 300py Ta nepegadi iHgpopmadiii BUKO-
HYETLCA BMNPOAOBX BCbOrO aKTUBHOIO CeaHcy
BUKOPUCTaHHSA TEXHOMOTIT MOHITOPUHIY Ta cknaga-
€TbCS 3 peanisauii Taknx npoueayp:

— 0OMiH Ta mMapLupyTM3auia nakeTiB BUMIpHO-
BanbHUX OaHWUX;

— HanawTyBaHHSA [OWHAMIYHOT TOMOMOril MiX
BY3namun Mepexi.

AnropuTM nepefadvi MNakeTiB 3BOAMTbCA A0
ctaHgapty nobymosum Mmepexi. Cepea Bigomumx
CEPINHNX CTaHOAPTU30BaHUX MNPOTOKONIB Hana-
LWITYBaHHA ONTMManbHOI TOMOMOril OgHUM i3 Hau-
Kpawux € npuHuun nobygosm mesh-mepexi [13].
Takun  ©6e3gpoToBMI  CTaHZapT mesh-mepexi
MOX€e po3ropTatucst Ha 6asi OeKinbKoX TEXHIYHUX
pilleHb, Ak Oyno npoaHanisoBaHo B Uil CTaTTi Ta
HaBegeHo B Tabnuui 3.

lMpoaHanidyBaBWM  OaHi, $Ki  HaBeAeHOo
B Tabnuui 3, y SKOCTi By3niB nepegadi BUMIpto-
BanbHOI iHopmaLii 6yno obpaHo moayni ZigBee
[14]. Taki moayni (ave. puc. 6) € onTMManbHUMK
3 TOYKM 30pYy Yacy aBTOHOMHOI pobOTM i xapak-
TEPU3YOTbCA OOCTaTHIMWU MOKas3HMKaMK SKOCTI Ta

48

LWUBMAKOCTI nepefdadi OaHWX HEeBENuKMX obcaris.
ZigBee-npucTpoi cymidkHi 3 BinNbLUICTIO CepinHnX
MIKPOKOHTPOMEpIiB Ha anapaTtHOMY, NporpaMmHoOMy
i KOHCTPYKTMBHOMY PiBHSIX.

ANropuTM OHOBIIEHHSA Monsrae B MNOCTIMHOMY
CaMOHaB4YaHHI Ta KoperyBaHHi TexHonorii nig 4Yac
ii poboTn. Takui niaxig cTae MOXNIMBUM 3a paxy-
HOK pPO3pOOKM Ta IHTerpyBaHHs OO apXiTeKTypu
AOCMioKyBaHOI TexHomnorii mogenen HeMpoHHMX
MepeXx Ta HeJiTKoi noriki. HenpoHHi mepexi nig
yac BMPOBAKEHHS B AKOCTI anroputmy nobyaosu
TOMOoMorii CNPUANTL MPULLBUALLEHHIO MEPBUHHOT
y BUMNagKax aBapiviHux cuTyauin. Anapart HeuiTkoi
NOriKM 3adistHUM Ha KiHLEBUX NPUCTPOSIX i3 METOHO
OinbL skicHoro 36opy 1 aHaniTMKKU BUMIpOBarb-
HUX JaHUX y peanbHOMY 4aci nig 4Yac npoTikaHHS
npouecy pobotn cuctemun. 3aranbHe OHOBEHHS
anropuTMiB Ta BIAMNOBIAHMX TM MPOrpaMHUX KOM-
NMOHEHT peani3yeTbCcs Yepes LeHTP 00pobkM i Mae
OVCKPETHUI XapakTep.

Mig 4yac o6rpyHTyBaHHs BMMOr 4O anapar-
HUX 3acobiB gocnigxyBaHoi loT-TexHonorii MoHi-
TOPWUHIY KOHLIEHTpAaUi napHMKOBMX ragiB Oyna
BCTAHOBMEHA CYKYMHICTb NpUAaTHUX 3a MeTpo-
NOTYHUMKN | (pyHKUIOHaNbHMK  NapameTpamm
OtookeTHMX pasadiB, a came: 03oH — MQ131,
meTaH — MQ-4, BogsHa napa — YL-83, Byrnekuc-
nuin ra3 — MH-Z19B. 3asHayeHi ceHcopu obpaHi
Ha nigcTaBi MipKyBaHb i3 MOXMMBOCTI iX iHTerpa-
Uii 3 OHOKETHUMU MIKPOKOHTPOMEPHUMU nnat-
dopmamun cimenctea Arduino, Ha SKi y NoeaHaH-
Hi 3 [o04aTKOBUMW  MOOYNAMW  PO3LUMPEHHS,
noknagarTbca dyHKLii 360py, NepBUHHOI Lndpo-
BOI TpaHcdopMmalii Ta nepegadi gaHuMx Ha Me-
pexesi By3nu.

KoxeH mepexeBuii By30Nn npeacTaBnsge coboto
Mikpokommn'toTep Ha 6asi Raspberry Pi i nigknto-
YyeHoro [0 Hboro mopyns ZigBee. Mikpokom-
n'toTepHa nnatgopma Raspberry Pi mae po-
CTaTHi obGuucnioBanbHi  MOTYXHOCTI AnNd  BUpi-
LWEeHHA 3agadv arperyBaHHa gaHux i3 Arduino,
iHTENeKTyanbLHOro OnpauloBaHHA BUMIipOBarb-
HUX OaHuX i napanenbHol LiarHOCTUKM TOMOMOrii
Mepexi Ta peTpaHcnsauii iHpopmauii 4O ueHTpy
aHaniTM4yHoi o6pobKuU.
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Tabnuusa 3

Pe3ynbTaTt nopiBHAHHA 6€34pPOTOBUX MepeXeBUX TeXHOIOrin

Xapakrtepuctuka TexHonorii ZigBee WI-FI Bluetooth (BLE)
(craHpapTy) (IEEE 802.1.5.4) (IEEE 802.11b) (IEEE 802.15.1)
YacToTHUI aianasoH, My Big 2,4 no 2,483
MponycKHa 34aTHiCTb, K6iT/cek 250 11000 723,1
Po3mip cTeky npoTtokony, Kbaint Bif 32 oo 64 noHag 1000 noHag, 250
Yac 6e3nepepBHOT aBTOHOMHOI po60TH . . .

B, aKyMYAATOPA, AHi Big 100 go 1000 Bif 0,5 oo 5 Big 1 no 10

MakcumanbHa KinbkicTb By3nis 65536 10 7
Yy Mepexi
[ianasoH aji, m Big 10 go 100 Big 20 oo 300 Big 10 go 100

Puc. 6. Tunosun Burnag mopyns ZigBee

IHpacTpyKkTypa LeHTpy 06pobKM BMHOCUTLCS
OO0 XMapHoro cepefoBuwia. [Ans UbOroO Moxe
OyTn BUKOpMCTaHa KOMepLiHa nybniyHa xmapa
AWS, sika Hapae iHCTpyMeHTW Ans opraHisadii
CEPBEPHOro CcepefoBulla, peanisaudii mogenen
aBTOMaTM30BaHOI 0OpobGKM iHdopmauii, Bupi-
LeHHs1 npobnem 36epiraHHS AaHWX, OHOBMEHHS
anropuTMiB Mepexi Ta reHepyBaHHA N NiATPUMKU

YL-83 MH-Z19B

Raspberry Pi

pileHb. AHanoriyHMMm 3a CBOIM (DYHKLLiOHanom
Takox € nnargopmm Google Cloud Tta Microsoft
Azure, sKi TaKOX MOXYTb OyTW BMKOPUCTaHHI nig
yac peanisauii gocnigxyBaHoi npuknagHoi loT-
TexHonorii. Takum 4YmMHoM, po3pobrneHa 3 obnikom
BULLIE3a3HAYEeHNX BUMOr (yHKLiOHanbHa cxema
[0T-TEXHONOTIT MOHITOPUHIY KOHLIEHTpaUin napHu-
KOBUX rasiB HaBedeHa Ha PUCYHKY 7.

OCHOBHi BUKOHYBaHi TexHornorieto yHKLii, Ky
y BumMsadi (PyHKUIOHaNbHOI CXemMn HaBe4eHO Ha
PUCYHKY 7, € HACTYMHUMW:

— OEeTeKTyBaHHSA BUXiOHWX curHanie 6e3gpoTo-
BOI Mepexi AaBadiB NapHNKOBKX rasis,;

— opraHisauis nocnigoBHOI nepeaadi BMMIpHO-
BanbHMX OAHUX HA MIKPOKOHTPONEPHWUA BY30r Ha
6a3si Arduino;

— MpuAMaHHa Ta nepedada iHdopmauii 3a
ponomoroto 6e3apoToBoi TexHonorii ZigBee;

— nobygoBa MapllpyTiB Ta OpraHisauisi Tono-
norii Ha 6asi MIKPOKOMM'IOTEPHOrO MPUCTPOIO
Raspberry Pi;

— XMapHa iHTenekTyansHa obpobka iHdhopma-
Uil Ta OHOBIEHHA CUCTEMM 3a JOMOMOrO cepe-
posuwa AWS.

Arduino

AWS

Puc. 7. Y3aranbHeHa dpyHKUioHanbHa cxema loT-texHonorii MOHITOpUHry
KOHLeHTpaLin NapHUKOBUX rasie
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Omxe, Ha nigcTaBi NpoBegeHUX OocnigXeHb
Oyno BCTaHOBMEHO, WO 3a3HayeHa CTPYKTYpPHO-
anropuTMivyHa opraHisauis loT-TexHonorii MOoHiTo-
PUHTY KOHLIEHTpaLUi NapHWKOBUX rasiB Koperntoe
3 3aranbHMMW KOHUENTyanbHUMU TeHOeHUiaMn
B ranysi iHjpopmauiiHMx TEXHOMOorIN 3a Kputepia-
MW MacLUTabHOCTI, aaanTUBHOCTI W KOMMMNEKCHO-
CTi arperyBaHHsa 1 TpaHcdopmauii BUMiptoBarb-
HUX OaHWX.

MpiopuTeTHi HaNpAMKK noganbLMxX gocni-
OXeHb. 3a pesynbratamu adHanisy ta copmy-
BaHHS OCHOBHUWX BMMOI MoAarnblUMMU KpOKamu
€ BUPILLEHHA TPLOX KIMOYOBUX 3aau:

— po3pobka i ModentoBaHHA Mepexi, Lo 30aTtHa
SAKICHO, HafiHO Ta nNPOOYKTUBHO BWKOHYBaTU
NnoKnazeHi Ha Hel oyHKLT 1 yTBOptoBaTH CTabiNbHY
iHcbOKOMYHIiKaLinHy iHpacTpyKTypy 0OMiHY BUMi-
ptoBanbHOLo iHhbopmauieto;

— eKcrnepuMeHTarnbHi BunNpobyBaHHA OaBa-
yiB ON1S OETEeKTYBaHHA KOHLEHTpaui napHUKO-
BMX rasiB Ta BMpiLIEHHA Npobnemu iX CuHTesy 3i
3aranbHOK MEepeXeto, a TakoX ONTMMi3aLlis anro-
pUTMiB B3aEMOAIT KOMMNOHEHTIB iHOKOMYHIKaLin-
HOI Mepexi;

— po3pobka NPOorpaMHUX KOMMOHEHT XMapHUX
06YMCreHb Ha OCHOBI IHTeneKTyanbHUX anro-
puTMIiB TpaHcdopmaLil BUMIPOBaANbHUX OaHUX
Ta TeCTyBaHHsSI CLEeHapiiB 06poOKM MNOTEHLINHO
BEMUKMX 00CAriB gi3avyYHUX AaHUX, WO HaaxoaaTb
Bif po3nogineHux 3acobiB iHCTpPyMeHTasnbHOro
KOMM’'I0TEPU30BaAHOIrO0 MOHITOPUHTY.

BucHoBku. [loBeaeHo, Lo po3pobka i Bnposa-
AXEHHS KOHUeNTyanbHUX pilleHb Yy ranysi iHdop-
MaLiHNX TEXHOMOrIN MOHITOPUHIY KOHLUEHTpaLin
NapHMKOBMX rasiB € akTyanbHOK HayKOBO-MNpuUKag-
HOIO 3aJa4ero y TenepillHin Yac. Y cTaTtTi BUpiLLIeHO
HayKoBO-NpvKnagHe 3aBAaHHA 3 OOrpyHTyBaHHS
CYKYNHOCTi BMMOF 40 CTPYKTYPHO-anropuTMiYHOI
opraHisauii TexHonorii loT-MOHITOpUHry npuknag-
HOrO eKOMNoriYHOro crnpsiMyBaHHSA. [poaHanisoBa-
HO icHytodi nigxogn [o noOynoBWM Ta BUKOHAHO
BMOIp BiAMOBIAHMX TEXHIYHMX anapaTHO-Nporpam-
HUX pilleHb, NPOBEAEHO NOriYyHe y3aranbHEeHHs Cu-
cTteM 360py i aHaniTUKM OaHWX, a TakoX CUHTE30-
BaHO 3aranbHy apxiTeKTypy AOCHiAKYBaHOI TEXHO-
norii. Ha 6asi apxiTekTypu TexHonorii 6yno obrpyH-
TOBaHO i (PyHKLiOHANbHY cxemy i AeTanizoBaHum
anroput™M poboTn, OMUCAHO OCHOBHI KOMMOHEHTU
Ta chopMynboBaHO 6a30Bi PYHKLT CUCTEMM.
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ANALYTICAL MODELING EVALUATION AND MANAGEMENT
OF OPERATIONAL STATE OF POWERFUL DRUM MILLS
AS INTELLIGENT AGENTS

The use of intelligent multi-agent systems in the technological processes of mining and processing enterprises,
taking into account the complexity and power of the units used here, requires research and analytical justification
for the functioning of assessment and management systems in this environment. A promising approach is the abil-
ity to present each technological unit, namely a powerful drum mill with a control system, as an intelligent agent in
the whole set of technological and technical processes actually existing here.

The aim of the work is to study the possibility of analytical modeling of evaluation and management of the oper-
ational state of powerful drum mills as intelligent agents using an observer.

The methodology for ensuring the solution of the presented problem is to apply the reflection of the operational
state of a powerful drum mill through the internal state of the agent in state variables, which to minimizes the resourc-
es for the formation of initial assessment and control solutions.

The scientific novelty is in the application of analytical modeling in state variables, using the principle of dynam-
ic programming by R. Bellman to present the internal technical and technological state of the drum mill through
the state of the agent, using a discrete observer for operational evaluation and control. This allows optimization
according to a given criterion for the accuracy and energy consumption of the initial solutions that are formed in
the system.

Conclusions. The justified application of equations in state variables written in the normal Koshi form
to represent the internal state of the agent of a powerful drum mill presents an opportunity to more effectively
work out the formation of optimal laws of decisions made according to a given criterion for accuracy and energy
consumption.

Key words: multi-agent systems, intellectual agents, drum mill, dynamic programming, state variables,
optimization of evaluation and management.
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AHANITUWYHE MOOEJIIOBAHHA OUIHIOBAHHA
TA YNPABJIIHHA ONEPATUBHUAM CTAHOM NMOTY>XXHUX BAPABAHHUX MJTUHIB
AK IHTENEKTYAJNIbHUX ATEHTIB

BacmocysaHHs1  iHMenekmyanbHUX MyIbmua2eHmHUX CcuCmeM 8 MEeXHOMo_IHHUX fpoyecax eipHUYo-
36aecadysarnbHUX MiONpUEMCME, 8paxosyloyu CKadHICmb ma MomyXHicmbs agpesamis, WO mym 8UuKopucmo-
gyrombcsi, eumazae OOC/OXeHHT ma aHanmimu4yHo20 0obrpyHmyeaHHs hyHKUIOHy8aHHS 8 UbOoMy cepedo-
8UWi cucmeM OUjHI8aHHS ma ynpaesiHHSA. [lepcrniekmusHUM MidXo000M npu UbOMY 8uCmyrnae MOXI/UGICMb
npedcmasumu KOXHUU MEXHOO02iYHUll agpeaam, a came nomyxHul 6apabaHHUlU MIIUH 3 CUCMEMOK Ke-
py8aHHs1, K iHmenekmyanbHUll azeHm y 6Cili MHOXUHI peasibHO ICHYYUX Mym MeXHOMN02IYHUX ma MEeXHIYHUX
npouecis.

Memoro pobomu € O0CrniOXEHHSI MOXNIUBOCMI aHalimu4yHo20 MOOEM08aHHSI OUiHIO8aHHS ma yrnpaesiHHs
orepamusHUM CmaHoOM romyxHux OapabaHHUX MIIUHI8 SIK [HMeneKkmyasnbHUX a2eHmie 3 BUKOPUCMAaHHSIM
criocmepieaya.

Memodonozis 3abe3neqyeHHs piweHHs npedcmaeneHo20 3ae0aHHsI ckrnadaembcsi 8 3acmocysaHHi 8idobpa-
JKEHHS 0ornepamueHo20 cmaHy nomy»xHo2o bapabaHHO020 MIIUHa Yepe3 8HYMPIWHIU cmaH ageHmy 8 3MIHHUX cmawHy,
w0 00380719€ MiHIMI3y8amu pecypcu ¢hopMy8aHHsI BUXIOHUX PilieHb OUIHIO8aHHS ma yrpaessiiHHS.

Haykoea Hoeu3Ha. CkralaembCsi 8 3acmocy8aHHi aHanimuyHo20 MOOenoeaHHs 8 3MIHHUX CmaHy,
3 8UKOpUCMaHHSIM MpuHYuUiy OuHamid4Ho20 rpozpamysaHHs P. bennmana 00 npedcmasneHHs 8HYympiWHb020
MEeXHIKO-MeXHOM02iYyHo20 cmaHy bapabaHHO20 MIuHa 4Yepe3 cmaH azeHmy, 3 BUKOpucmaHHs Ouckpem-
HO20 crniocmepieaya Ornisi onepamueHOi OUiHKU | yrpaerniHHs, wo 003eonse 30iUcHUMU  OnMmMuMisaujio
8i0noeiOHO 3adaHo20 Kpumepito Mo MoYHOCMi ma eHepaosumpamam BUXIOHUX PileHb, sKi hopMyombCs 8
cucmenmi.

BucHoeku. ObrpyHmosaHe 3acmocy8aHHs pigHsiHb 8 3MIHHUX CmaHy, 3anucaHux 8 HopmarsbHil ¢opmi Kowu,
0ns npedcmasneHHs1 BHympillHb020 cmaHy a2eHmy nomyxHo2o bapabaHHO020 MiUHa npedcmassise MOXausicms
binbw eghekmusHO sidnpaurosamu ¢hopMysaHHsI onmumMasibHUX 8i0rnosioHo 3adaHoe0 Kpumepio Mo MmMoYyHoCmi
ma eHepzosumpamam 3aKoHy pileHb, Wo npuimaemscs.

Knrouosi cnosa: mynbmuazeHmHi cucmemu, iHmenekmyarnbsHi azeHmu, nomyxHul 6apabaHHul mauH, OuHa-
MiYHe npoepamysaHHs, 3MiHHI CmaHy, OnMmumi3auyisi OUIHIO8aHHS | YrpaesniHHs.
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Urgency of the problem. If we consider
every single powerful drum mill as an agent of min-
ing and processing enterprise, and there are doz-
ens of them located in the shops parallel to each
other, then it is quite possible to introduce such
an enterprise as a complex multi-agent system.
Moreover, each drum mill that unites a whole stack
of various technological, physical and chemical
processes, taking into account automatic con-
trol systems is essentially an intellectual agent.
Depending on the physical and chemical proper-
ties of the ore, which comes to the grinding, and
the current technical condition of the mill units is
carried out the operative intellectual adaptation of
the control system according to the formed con-
trol criteria (is carried out). This is where applica-
tion of analytical modeling to the estimation and
management of the operational state of powerful
drum mills as intellectual agents is a perspective
approach with the purpose to increase the accu-
racy and reliability of functioning of technological
process of grinding.

Analysis of recent research and publica-
tions. A wide study of existing sources revealed
examples of the use of multi-agent systems for
planning the work of various production complexes
(Griffin, 2001; Meshcheriakov, 2018; Doudlya,
2004; Parunak, 1997; Karaboga, 2005). The main
advantages of such systems are respectively: a
clear formalization of decision-making points in the
form of agents; basic scheduler, which accordingly
operates in real time; the formed network of agents
that is connected by specific relationships and
independently coordinate their functional actions.

In general, the most significant practical results
of the use of modern multi-agent systems include
the solution of a number of problems of forming
an apparatus of needs and capabilities (PM net-
works). Software-implemented in the form of
MAGENTA technology, this apparatus of PM net-
works (developed by V.A. Vittikh, P.O. Skobeleyv,
G.A. Rzhevsky (Meshcheriakov, 2018)) has found
wide use in applied intelligent planning systems for
various technological processes and distributed
throughout network of objects.

The simulation modeling apparatus also uses
a multi-agent approach to formalize the behavior of
objects as agents. Currently, there are approaches
and appropriate models of multi-agent planning
on active and passive converters (developed
by B.l. Klebanov and I.M. Moskalev (Parunak,
1997; Karaboga, 2005))), as well as approaches
implemented in the AnylLogic environment and
when modeling the technological processes of
resource transformation (Meshcheriakov, 2018;
Doudlya, 2004).
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In the identified existing directions of applica-
tion of modern multi-agent systems and, accord-
ingly, intelligent agents, no significant attention
has yet been paid to the operational internal state
of powerful drum mills as agents, the assessment
of this state and the management of the first on
the basis of observers. Obviously, in the future this
is one of the promising areas of consideration of
generally complex powerful technological units as
intelligent agents.

The purpose of the article is to explore the
possibility of analytical modeling of evaluation and
management of the operational state of powerful
drum mills as intelligent agents using a discrete
observer.

Presentation of the main material. Solving
the problem of identification and optimal joint
control of the technical and technological condi-
tion of powerful drum mills is an important task,
and practice requires such a comprehensive
approach. Therefore, considering the architecture
of a powerful drum mill on the examples of a mill
of the MMS 90 * 30 type, as a single closed
technical and technological system, it is quite
acceptable to carry out its presentation with a
block diagram presented in fig.1, where typical
links with unknown values of coefficients reflecting
the actual inertia of the corresponding functional
technological channels are taken (Meshcheriakov,
2009; Meshcheriakov, 2015).

The control algorithm is formed in the following
form. It is necessary to form such control actions
U,,U,,U;,U,, to ensure optimal stabilization at
the specified levels of the total friction value in the
support bearing units of the drum mill, the total
friction value of the ore filling mass in the drum and
the timely stop of the powerful drum mill before the
emergency (on the supports and lining).

Based on Fig. 1, differential equations
describing the operational dynamics of the state
variables of a powerful drum mill will be presented
in the technological state as following:

.k * * %k *
X +ox =bU,, X, =x +x, =x +kU,

(1)

.k * * *k *
X, +o,x, =bU,, X, =X, +x, =x,+kU,,

*

N
And according to the technical condition

X +X,.

X tapx; =bU,, x;=x;+x; =x; +kKU,,
X, +aux, =bU,,
X, =x,+x, =x,+kU,,, y;=x+x,..
After replacing x, with zZ; expressions (1) on
the technological and technical conditions, respec-
tively, will look like
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(2)

. )
z, +o,z, =bU,

{ z,+a,z, =bU, {23 +a,z, =bU,
. y
Z, +a,z, =bU,

W=z +z,+kU,+kU,, vy, =z +z,+kU,+kU,.

U, b,

U, b5
P+ s

Uy

- ky

b5
pr + 3

Fig. 1. Complex technical and technological
architecture of a powerful drum mill
in regular mode

As a result of combining the equations (1) and
(2), the complete system for displaying a powerful
drum mill in state variables with this representation
will be presented in the following form

z, =—a,z, +bU,, z,(0)=2z,;

Z, =—a,z, +bUs, 2,(0) =z, ; (3)
zZ, =—a,z, + bU,, 2,(0) =z,
z, =—a,z, +bU,, z,(0)=z,;

Accordingly, the output equations will have
the form

nw=z+z,+kU,+kU,, y,=z,+z,+kU, +kU,,
y=yty, =z +z, +z+z,+(k +k)U, + (k, + &)U, (4)

Or in vector-matrix form

z, -2, 0 0 0 z, b 0 0 0| |z
d|z|_ 0 -a, O 0 NEAN 0 0 b O e ’
dt| z, 0 0 -a, O Zy b, 0 0 0| |z

z, 0 0 0 -a z, 0 0 b 0Of |z

Z U,
2 2
y=[l 11 1]x +[0 k+k 0 K +k,]x

3

SICES

N

Z4

Transients in the mathematical model of the
system for evaluating and controlling a powerful
drum mill as an intelligent agent will be absent at
the following values of controls

U =Uy: U,=Uy; Uy=Uy; U,=U,,
where U, , U,,, U,,, U,, — are constant values,
and respectively
Z = blUIO : Zyy = b2U30 : Zy = bSUIO; Zo = b4U30 .

al aZ a} a4

Because it is required to stabilize the values
of controls y =¢,, y; =c,and y=c, where ¢, ¢
i ¢, —are taken as constant values, then the initial
control levels can be found from the relations

_ bl UIO b2 U30

€ =2+ 2y + KU,y + KU, = +—=—=+kU,, + kU,
Q a,
bU,, bU
€ =2z + 2y + Uy + KU, = % + 406 2+ kU + kU (5)
3 4

c. = blUIO 4 b2U30 + b3Ul() + b4U3O

2

+(k, + k)Uy + (ky + kU
Q a, a, a,

When changing control actions by the amount
of magnification, the mathematical model of the
system of equations (3) and (4) can be written as

z, =—a,z, +b (U, + AU)) 2(0) =
Z, = -z, +bU,, y l 1’
bU
2,,(0)= L0 ;
o
{z’z =-a,z, +b,(U,, + AU,) £ (0) =z,
Zyy ==z + DU,
bU
Z,0(0) =23
2
{2'3 =-a,z, +b,(U,, + AU)) £ (0)= 2,
Zyy = —QZy + b3U10
b.U
23(0) = 10
a;
{2'4 =-a,z, +b,(U,, + AU,) 2 (0)=z
. ) 4\VU) =2y,
Zy == Zy +bU;,

Z40 (0) — b4U30

4

{yl =z, +2, +k U,y +AU,) +k,(U,, +AU,)
Vip =2y + 2y T Uy + U,

{yz =z, +2,+k (U, +AU,) +k,(U,, +AU,) (6)

Yoo =230 + 2y T 15U, + KU,

{y=zl +2z,+2, + 2, +(k + k) Uy + AU, + (ky + k,)(U,, + AU,)
Yo =Zig + 2y + 23y + 2y + (K +H6)Us + (ky + kU
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When subtracting from the upper equations of
the lower equations of the systems (6), you can get
the corresponding expressions

. bU,
& =—a,& +bAU,, £(0) =z, ———12;

1

. bU
&, =—a,&, +b,AU,, £,(0) =z, — 22 ;

2

b3U10

& =—a,8, +b,AU,, (7)

&0)=1z, - ;
a,
bU

£,(0)=z, _%;

4

&, =—a,6, +bAU,,

Vi =&+&+kAU, + kAU,
V=& + &+ kAU, + kAU,

y=¢& +¢& +e+e +(k+k)AU, +(k, +k)AU,

he & =2z;,%+2z,, (i:L_4)-

To determine the unknown coefficients of the
system (7), it is possible to conduct a compar-
ative analysis of it with other normal systems of
equations in state variables [2, 3, 5, 6, 8]. Then the
systems in the state variables in general can be
represented as follows:

— model of electromechanical system of power-
ful drum mill in vector-matrix form

y=Cx+DU, x(0)=x,; (8)

— adopted technical and technological model of

a powerful drum mill in vector-matrix form

p=Mp+ NU ,

y=8p+RU, P(0) =%, . (9)

Then using the Laplace transform we get for
the system (8)

(pE - A)x(p) =BU(p) +x,
x(p)=(pE - A)"'BU(p)+(pE—-A)"'x

Y(p)=Cx(p)+DU(p)=
=[C(pE - 4y B+ D]U(p)+C(pE - A)'x,.

(10)

And accordingly for the system (9)
(PE —M)op(p) = NU(p) +X,
@(p)=(pE~M)'NU(p)+(pE-M)"'%,
Y(p)=Se(p)+RU(p)=
=[S(pE-M)"'N+R|U(p)+S(pE-M)"%,.

(11)

Based on the supposed identity of the systems
considered in comparison, it can be assumed that

C(pE-A)'B+D=S(pE-M)"'N+R (12)
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C(pE—A)flx0 = S(pE—M)fly_CO.

And then respectively
(ki) + gy + ks + keg) p +
[(kyy + sy + ko)) + ks o) — ks —
i\ 0tyy = k) — kyy = kg3 1p? +
H(—hsy = kyz)ayy + (kys + Ky )y, +
H(kyy +ky3)a) + (kyy = kg )y + ks +ky3]p +
oy + ko3 + kyjasy + (kyy + ks + ks ) oty —
—kgy +koy +koy +koy =(by + by + by +by) pP +
H—oy (b, +by+by)—ay (b + by +b,) -
—as (b +by +by)+ay (b +by +b;)]p” +
Haya, (by +by) + oy (by + by ) +
+oqoy (by +by) + a0 (b + by ) +
+aa0y (b +by )+ aza, (b + b, )lp—
-boyoz0, — byoyon,an — byayasa, — byononas. (13)

By equating the coefficients at the same
degrees of the complex variable, we obtain a sys-
tem of nonlinear algebraic equations, the solution
of which in this case the consideration leads to the
following values of unknown coefficients

@, =0.7720389-10” b, =-6.286364-107",
k/ =3.066031-10"
a, =0.741194-10" , b, =0.923272-10*,
Kk} =1.0203-10°
o, =0.119998-10°, b, =1.726575-10%,
k; =1.034001-10™"
a,=0.0, Bh,=0207001-10",
k; =0.2114031-10°.

Checking at the obtained values of the condition
of recoverability through the standard matrix of
recoverability.

C 1 1 1 1

CA4 -, -a, -0, -,
Q= ca |~ -a} -0 -ai -a B
cAL| |- -a& -ai -a
1 1 1
—-0.77204 -10% —-0.7412-10" —-0.11999-10%

-0.0143976-10""
—0.001627-10"

-0.549377 -10%
-0.407199 -10*

1

0
-0.596046-10°* 0
—-0.460171-10" 0

The matrix is not singular due to the fact that
detQ =-0.7629752-10* 20 and rangQ=4=n.
Therefore, in this case the object is renewable.
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To ensure maximum accuracy of management
and minimization of energy costs, management
in the analytical design of the evaluation and
management system uses the functionality of
the form

[:j:[%(yl _J’m)z +45 (7 _yzo)2 +45(U; _Ulo)2 +

+CI4(Uz —U20)2 +CI5(U3 —U30)2 +qs(U4 —U40)2Jdt~ (14)

If the numerical values of controls and controlled
variables are brought to standard unified signals, it
is permissible to equate them

4=9=9=9=9;=q,=1.
Taking into account (7), the functional (14) will
receive the following expression

1 :J(:O[glz +522 +g32 +gf +2(86, +6584) +
+AUT + 20U, (gky + &,k + &3k + £4k3 ) +
+AU3 (kl2 +hey + 1) +AUZ +
+2AU, (glk2 + &k + &3k, + £4k4) +
+AU§(1{22 +k, +1)+
+2AU,AU, (K, + Kk, ) | dt

Drawing up
R. Bellman

(15)

the functional equation of

gl+e +e +e +2(g6, +66,)+AU +
20U, (gk, + &,k + &k, + £,k,) +

+AU; (k12 +k, +1)+AU32 +

20U, (&, + &,k, + £k, + £,k ) +

+AU; (K +k, +1)+ 20U, AU, (kk, + ki, )+
+(—a¢, +b1AU1)j—Z+(—a2£2 +b2AU3)j—i+
a5 _

&,

+(—ays, +b3AU1)j—j+(—a4g4 +b,AU;) 0

3

280, +5, 5 5, B g
de, de,

(16)
k(& +¢)+k (s +€4)+AU2(k12 +k; +1)+
+AU, (K, + ke, ) =0

28U, +5, 9 4 p, B
d de,

2
k(& +&)+k, (& +¢)+
+AU, (K +k, +1)+ AU, (kk, + kk,) =0
Denote accordingly
a=(kk, +kk), f=(k +k +1), o=(k +k +1).

=0
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From the second, third, fourth and fifth equations
of the system (16) it turns out

AU] =—l[bld—S+b3d_S]
2\ ds de,
AU = |:_k1 (a1+6) k(e +34)}(0‘2 —ﬂz) ~
2 ﬂ(a2—ﬂ2)
_a[(el +&,)( Bk, —ak)+ (& + &, )( Bk, — aky) |
ﬂ(a2 —,52)
AU; =—1[b2d—s+b4d—sj (17)
2\ “ds, &,
o, et~k (s ) )

aZ_ﬂZ

Accordingly, from the first equation of the
system (16) after substituting the expression (17)
into it, it turns out

g+el+el+eg +2(6‘182 +g3g4)+
ds

2
+l b, s +
4\ ' d de,

+2(ek, + &,k + &k, + £,k G +
ds

+l b, —
4 de

2
+2(ek, + &k, + &k, + £,k ) K +

+ b,
&

2
ﬂ} +pG +

+b
Yde,

+0K* +2aGK - ¢, a5 _

51

by dS,, dS\ds _  dS
2\ dg de, |ds, ds,

by, dS , dS\dS _  dS _
2\ “de, de, )ds, de,
b

_bf,ds,, ds\ds _ ds_
2\ deg de, )de, de,
b ds ds | ds

-2 b,—+b,— |—=0 (18)
2 ds, de, Jde,

To find the laws of control (17), it is necessary to
find a function S in the form of an expression (19)

4 A A A
"2 2 2
A, Y Ay Ay | |
22 a
S =[ay, 0, 05,0, ] x 2 202 | |%| (19)
Ay Ay, A |
2 2 P 2| e,
14 A24 A34
De D Tuy
L2 2 2 %]
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From the expression (19) it is determined ds
s ﬁ = A130(1 + A23a2 + A330.’3 + A340.’4 . (20)
—— =24, + Ao, + A o, + 4,0, ’
da The last equation substituting in (17) is obtained
as = 4,0, + A,a, + Ao, + Aya,; AU, =—| 4,b + Asby & - Aob + Aisby &, =
da, 2 2 2
ds Ab, Ab  Ab
da, =A,o + 4,0, + Ao, + 4,0, ( 1; + Ayb, j ( 1; 1 +%]g4
U [ (1=72)+ (rky = k) | =[ K (1= 77) + (ke = k) |2, =[ e (1= 77) + (ks = ) [y [ e (1= 77) + (ks = ) ]2,
2 ﬂ(a2 ﬂZ
N T R R N EX SET A Sy
AU vk, —k)& +(rk, =k )&, +(rk, —k 36 +(vk, —ky)e, 21)
4 = .
a(i-7")
Substituting (20) in (18) and grouping the mem- U, =—0.1323491-10z, —0.1291547-10 2, +

bers with &,¢,,6,,6,,6,6,,68,6,6,,6,63,6,6,6,€,

51 39
and equating the coefficients with zero for them, +0.105171-107 2, —0.2166968 - 107z, +

we get a system of nonlinear equations of the form +0.1513307-10*U,, —0.160182-107"U,,
V(A Ay Ao Ay Aoy Aoy Ay Ay Ay, A,,) =0, U, =—-0.5082528-10 'z, —0.5182528 10 'z,
i=1,2,3,.10. (22) —0.2499975-10% z, —0.2499975-10 > z, +
Solving a system of equations (22), we find +0.3597226-102U,, —0.6331076-10°U,,  (25)
the desired coefficients 4; , which in this case are
equal accordingly U, =-0.1560788 10z, —0.2597863-10" z, —
4,=0.1533-107 4, =0.1508-107 ~0.2597863 107z, — 0.5195725-10" z, +
4, =02510 4, =02511 +0.37380701-10¥U,, —0.323604-10"" U,
4,=0.1533-107 4, =0.1510-107 U, =0.4998983-102z, +0.4998983 10z, +
Ay, =0.6091-10" (23) +0.4999995 107 z, +0.4999995-107° z, +
4,=0.1533-10"  4,,=0.1496-10" +0.7194502-107°°U,, +0.6227008-10"'U,,
4, =02510 When using in the control circuit of the

Substituting their values into expressions (18) it ~ calculator and the expression of the law of control
can be obtained of the complex system in the state variables (25), it
w0 w0 is advisable to restore the state vector of the drum

AU, =-0.1323491-10™" 5, —0.1291547 10", + mill with the help of a discrete observer. In this
+0.105171-10™ &, = 0.2166968-10" ¢, case, the structure of the control system will look

AU, =—0.5082528-10 5, —0.5182528-10 "¢, + like the one preseqted in Fig. 2, gnd the discret.e
10.2499975-10 ¢, —0.2499975-10 % ¢, ng’ f;f’?gl?ouiagee?gg::igi equations of state will

AU, =-0.1560788-107 ¢, —0.2597863-10™ ¢, +

y 3 100 0 0 0 0
+0.2597863-10" &, —0.5195725-10" ¢, i 01 0 of 0 m 0 . (26)
U, =-0.4998983-10 ¢, —0.4998983-10 ¢, + D= o oF P 0 0 oV @
+0.4999995 10 ¢, —0.4999995-10 " ¢, (24) 00 01 0 0 m O
Replacing variables &,&,,&,,&, with their With the corresponding replacement of z(¢) by
values from (7) AU, to U -U, expressions z(i), and accordingly U(t) by U(i) it tuns out
of control actions have the form that the output variable y(r), which is canted at

58



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 2, 2022

U = const

- - - |
Fig. 2. Block diagram of a multidimensional optimal evaluation
and control system with a discrete observer when operating a drum mill
moments of time ¢, where i =0.001,0.002,0.003,... 1-k -k —k, —k,
will be determined as o ke —k, 1-k, —k, —k, (28)
+ () _ + [ y a =
G (I Y O bk mlok)
+[my L+ my+my L+1]U (i) —k,  —k, ~k, 11—k,
where z*(i+1) is replaced by " (i) for numerical This matrix has the following characteristic
values polynomial
n,=0.4314-10", m, =0.1490-107, 2 N
-6
m,=-0.9233-10",  m, =0.207-107, +nk ko, kel —nk ke +nk kel —ngk, —
b=k, L=k —nk, — nyk, — nik, +nkk, +2n.k k,

The given above proves that the formed
evaluation and management system is fully
renewable and we can find

+nk, ke, —nk k, +n ki ko ky, —nk kik,
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=3mk,kik, | p—mk; + 2mk ke +
+nkk, ke —nk kil +nkk; —nk, —
-k, —nk, —nk, +nk k;, + 2nk k, +
+nk, ke, —n.k,k, + nkk,k, —nk kk, +
+3mk, k. k, —2n.k k,kk, +n, =0

The corresponding discrete observer is found
from a system of equations

k +ky +niky + k, —(ny +3)=0
nk; —(ny +2)k, — 2k, —4nky —(ny +2)k, +
+2k ke, +(2n, — 1) kky + 2k k, +
+n,k, ke, +3(n, +1)=0

(29)

ny (2k, =k, ) k5 +(2n, + 1)k, +
+(2n, +1)k, +3n.ky +(2n, +1)k, —
—(5n, + 1)k ky = 2n,k,k; + nyk,k, —

—(ny = 1) kheyke, — ke, —

+2n,kk, +nk,ky, —nyk,k, +
+mk k,k, —n,k k.k, +3n,k,k.k, —
—2n,k k,kk, +n, =0

where n, =0.4314
The solution of the system (27) determines
the matrix of observer coefficients

k, —3.4314
P k| 12.6373
k| 141.29

w

. ~0.443307-10° (31)

The resulting discrete observer reduces any
initial recovery error to zero value in a maximum
of four steps.

Conclusions. The presentation of technologi-
cal units, namely powerful drum mills, in conjunc-
tion with optimal control systems as individual
intelligent agents can be analytically justified in
structure. Accordingly, modeling through the vari-
ables of the state of the complex internal opera-
tional state of the mill as an agent of a multi-agent
system presents an opportunity to more effec-

—nkkk, —3nk,kk, =0 (30) tively VYOI'k out th(_a forma_tior_1 of optimal decisions
according to a given criterion for accuracy and
—n3k32 - 2n3k1k32 + n3klk2k32 + energy consumption of the law of decisions made.
5 5 The use of a discrete observer in this structure
+mkiky ke + mskoks —ngk — increases positive outcomes of evaluation and
—nk, —nk, —nk, + nkk, + management.
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NMOPIBHAHHSA PI3HUX KOH®INYPALIA MOOESI GAN
HA BA3I CEPBICY XMAPHUX OBYUCJIIEHb AWS

Y poboTi Byno po3rnsHyTO MoAeSlb MalUMHHOTO HaBYaHHS, ska peanidye KOHLEeMNUilo MalyMHHOIO MUCTeLTBa.
3a ocHoBy Oyno B3STO TakM anropuTM LUTYYHOrO iHTENeKTy sik [eHepaTvMBHa 3maranbHa Mepexa (Generative
adversarial network, GAN). MopiBHAHO pi3Hi kKOHIrypauii uiei mogeni. [insa peanisauii mogeni 6yno o6paHo moy
nporpamyBsaHHs Julia. Takox 6yno npoaHani3oBaHo NPOAYKTMBHICTb MOAEMi Ha Pi3HUX nrnatdopmax, 30kpema Ha
6asi cepaicy xmapHux obumcrnenb AWS. B pesynbstaTi focnigkeHHs 6yno po3pobneHo onTuMansHy KOHirypawito
MOZENi; 3anponoHoBaHO KOMOiHaLLil0 NiAXoAiB AN HaBYaHHS MOAENi; BU3HAYeHO HanbinbL NPoayKTUBHY nnaTtdop-
My Ansl HaBYaHHS MoZeni.

MeToto po60TH € po3pobka onTMMarnbHOI KOHGIrypauii cucteMmu Ans epeKTMBHOro HaB4YaHHS MoAeri MaLMHHOIO
HaBYaHHs!, sika pearnisdye KOHLEMNLil0 MaluMHHOro MucTelTBa. KoHdirypauis cuctemmn nepegbavae Taki acnektu sk
apxiTekTypa MOAeni, anroputM HaBYaHHS Ta nnaTtdopma, Ha SKin Len anroputm byae BUKOHYBaTUCh. KoxeH 3 uux
aCneKTiB onpaLboBaHU Ta 3anpoOrNoOHOBaHO PiLLIeHHS, sike NoKaXe HankpaLli pe3ynbTaTu 3aMipiB NPOAYKTUBHOCTI.

MeToponorisi BUpilueHHA NOCTaBNEHOro 3aBAaHHs Nonsrae B NpoBeAEHHI MOPIBHANBHOrO aHanidy NokasHWKIB
NPOAYKTUBHOCTI Pi3HMX KOHPirypaLin cucteMu, ski 3anpoBapkeHi 3 ypaxyBaHHAM nonepeaHix 4ocnigpKeHb Moaenen
MaLLWHHOTO MUCTELTBA, SKi peanidytoTb KOHLEMNLit0 MaLIMHHOrO MUCTELTBA.

HaykoBa HoBu3Ha. B xogi BUKOHaHHA poboTM HabyB modanbLuMin PO3BUTOK HAMPSAMOK 3aCTOCYBaHHSA MOBW
nporpamyBaHHs Julia Ha 6asi cepsicy xmapHux obumcneHb AWS. Bneplue 3anponoHoBaHO edeKTVBHUI BapiaHT
nporpamMHoOi Ta anapaTtHOi KoHdirypauii cuctemn gnsg HaB4YaHHA MOZEni MAaLUMHHOIO HaBYaHHSA, dKa peanisye
KOHLIenLit0 MaLlMHHOIO MUCTELTBA.

BucHoBku. Pe3ynbtatn gaHoi poboTv MOXyTb OyTu BMKOpUCTaHi Ans peanisauii eekTMBHOI cucTemu
AN HaBYaHHA MoZeni MalUMHHOTO HaBYaHHS, sika peanidye KOHUEeMUit MalMHHOro MUCTeuTtBa, Ta B noganb-
WKX OOCRIOKEHHAX MEepPCrneKkTUB BUKOPUCTAHHA MOBM nporpamyBaHHs Julia B NoegHaHHi 3 CepBiCOM XMapHUX
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obumcneHs AWS. Bci oTpyvmaHi pesynbrat 3amipiB NPOAYKTUBHOCTI Ta SKOCTi HAaBYaHHSA Pi3HMX KOHdirypauii
nogaHo B Tabnuusax Ta rpadikax.

KnrouoBi cnoBa: mosa npoepamysaHHsi Julia, MawuHHe HaeyaHHsl, MawuHHe mucmeymeo, Generative
adversarial network (GAN), cepsic xmapHux obyucreHb AWS.
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COMPARISON OF DIFFERENT CONFIGURATIONS
OF THE GAN MODEL BASED ON THE AWS CLOUD COMPUTING SERVICE

The aim. The aim of the work is to develop an optimal configuration of the system for effective learning
of the machine learning model, which implements the concept of machine art. The configuration of the system
includes such aspects as the architecture of the model, the learning algorithm and the platform on which this algorithm
will run. Each of these aspects is developed and a solution is proposed that will show the best results of performance
measurements. The methodology of the solution of the task set is a comparable analysis of productivity indices
of different system configurations that were used taking into account previous studies of machine art models which
realized the machine art concept.

Scientific novelty. In the course of the work the further development in the direction of application of the Julia
programming language based on the AWS cloud computing service was made. An effective version of the software
and hardware configuration of the system for learning of a machine learning model that implements the concept
of machine art is proposed for the first time.

Conclusions.

The results of this work could be used for implementation of an effective system for learning of a machine
learning model that use the concept of machine art, as well as in further studies of the prospects of using the Julia
programming language in combination with the AWS cloud computing service. All the results of the measurements
of productivity and quality of training of different configurations are presented in tables and graphs.

Key words: Julia programming language, machine learning, machine art, Generative adversarial network (GAN),
AWS cloud computing service.

AxTyanbHicTb npo6nemu. Bigoma Te3a «M030K N0ANHM — HaCKNagHiwa ob4ncnioBanbHa cuctema
B CBiTi» Mae 6araTo nigTBepaXeHb Ta NposiBiB, 0COOMMBO, Y CydacHOMY CBITi. ICHy€e neBHMI Habip NokasHK-
KiB, 3Ha4YeHHS AKMUX CBIOYMUTb NPO iICHYBaHHSA Ta piBeHb PO3BUTKY UuBini3adii. Mo30ok, gk Bernvka HempoHHa
Mepexa, SKiCTb i LUBUAKICTb HABYaHHA SIKOT Ta CKNagHiCTb 06pobneHnx Ta 3reHepoOBaHUX HEK CTPYKTYP
Hag3BMYaNHO BUCOKI, 3MIr AiNTU OO0 TaKOro piBHA €(PEeKTUBHOCTI, WO 3i CKNagHUX CTPYKTYpP HaBKOMMLL-
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HbOrO CBITY 3Mir CTBOPUTK e cknagHiwi. Came
Le i € roffloBHUM MOKa3HMKOM, SKUA XapakTepusye
umBinisauito.

lMpoTe Takmn cknagHui nNpouec, sk TBOPYICTb
Ta MUCTELTBO, AyXe CKMNagHO ouiHuT1 abo npo-
aHanizyBatn. CknagHow 3agayeld € BU3HAYEHHS
MeXxaHi3My, SK1in peanisye npoLec CUMHTe3y Yorocb
HoBoro. Hapg uieto 3agadeto npautoBano B4e-
HUX, pinocodie Ta mMuTyiB. baxaHHs nisHaBaTu
B NIOOWNHI HE MEHLUE HiXX BakaHHA TBOPUTWU, TOMY
cnpobu nisHaTK caMy TBOPMICTb 3 HAYKOBO| TOYKM
30py pobnATLCA NOCTINHO. [MeBHOro ycnixy B LbOMy
HanpsIMKy LOCAMM caMe MatemaTuku Ta cneuia-
nictn 3 iHopMaUinHMX TexHonorin. BoHn niwnm
LUNISAXOM MOAEnNtoBaHHA Hanbinbll Onmn3bKoro Ao
NOACBLKOr0 MO3KY MeXaHi3My CUHTEe3y CKrnagHol
cucTeMaTnsoBaHoi iHopmauii. Lis pobota npu-
cBsiYeHa came cuHTesy rpacdivHoi iHdbopmallii.

Lls pobota BigHOCUTBCA [0 Tiei rpynu
JocniopkeHb, Ak BUBYaoTb (OeHOMEH rpadoivyHoro
mucteutBa. Lle ogHa 3 6GaraTbox pobiT, sKi
CKnagatTb 3aranbHy KapTUHY NpeAacTaBreHHs
NOOUHU NPO  MexaHiaM TBopYyocTi. PesynbTtatn
uiei pobotM [03BONATH PO3LUIMPUTM Ta CUCTE-
MaTu3yBaTU BXe HaKOMUYeHi 3HaHHSA B Ui cdepi.
TakoX [OOCniopKEeHHA Ta MNOPIBHAHHS  Pi3HMX
KOHQpirypauinn mogeni Ao03BOnsATb pobuTn mnpa-
BUNbHUIA BUBIp ONs edeKTMBHOI Ta LIBMAKOI
po60oTN B NoAanbLUNX AOCIIAXKEHHSIX.

Kpim HaykoBux gocnigxeHb aAns nobynosu
TEOPETUYHOI cCUCTEMM onucy (EHOMEHY MUC-
Teuta, pe3ynbTaTn Uiei poboTn OyayTb Ko-
pUcHMMW | Ons cneuianicTis 3 aHanisy gaHux,
agXKe posrngHyTa MoAefNlb BMIE He  TiflbKu
reHepyBatM 300paxeHHs, a W po3nidHaBaTh
cnpaBxHi Ta danblwmei 306paxeHHs. Lle moxe
3HagobuTnca, Hanpuknaa, B aHanisi Benukoi 6asu
KapTVH, | 3HaXOMKEHHS CMpaBXHiX, sKi Hanexartb
MEH3M0 TOro YM iHWOro MUTLSA. TakoxX € noTeHuian
3acTOCyBaHHs Takoi Mogeni, Hanpuknag, npuv
po3pobui irop, 4NA reHepyBaHHA YHiKanbHUX irpo-
BUX 00’€EKTIB.

Omxe, akTyanbHiCTb Ui€i poboTN Mae LWmpoke
3HAYEHHS, SK MpakTU4He, TaK i TeopeTuyHe Ta
dbyHOamMeHTanbHe.

AHani3 octaHHix gocnimkeHb i nyonikauin.
[JoknagHu onuc Ta aHani3 gocnimakeHb, SKi
ONUCYOTb HanbBinbLL NEPCNEKTMBHI Ta edeKTUBHI
MeTOAMKK Ta Nnigxoau OO0 BCiX acnekTiB CUCTEMU
NnogaHO B OCHOBHIA 4YacCTWHI pasoM 3 OMMCOM
TEXHIYHMX Ta MaTemMaTU4YHUX OocobnuBoCTeNn
cuctemun. 3aranom Takoro NOPIBHAMBLHOIO aHanisy
pi3HMX KOHdirypauin mogeni Ha piBHi 4OCHILKEHHS
we He pobunoca. [onoBHa BIOMIHHICTL Bif
CXOXMX [OcCrigXeHb nonsirae B TOMy, WO TyT
3aCTOCOBYETLCA MoOJfioga MoBa MporpamyBaHHs
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Julia Ha 6asi cepsicy xmapHux obumcrneHb AWS,
a came popatky AWS SageMaker, sakun npu-
3Ha4YyeHU Onst nobynoBM Moaenen MallWMHHOro
HaBYaHHS y 3py4HoOMy iHTepdenici Jupyter Note-
book. AWS posBonsie obupaty MallMHK Pi3HOro
TUMY Ta NOTYXXHOCTI, WO Aae 3mMory pobutn Takuim
NOPIBHAMNBHUA aHanis, kKM NpeacTaBneHo B LN
po6orTi. e ogHieto 0CoOBGNMBICTIO B MOPIBHSAHHI
3 HWKMMK JOCRIIKEHHSAMWU B Ui cdepi € Te, LWo
3'gBunacb HeoOXigHICTb poO3pobnsATM  pydHUIA
cnoci6b 3anycky agpa Julia Ha 6asi mawuHn AWS
SageMaker, 60 3apa3 uen cepsic He MigTpUMye
aBTOMaTWYHI HanawTyBaHHA Anga Julia.

MeTa cTtartTi. HeobxigHO 3HaNTU onTMManbHy
KOHcpirypauitocuctemnanaedekTMBHOroHaB4aHHs
Mogeni MalUMHHOrO HaB4YaHHA, $Ka peanisye
KOHLenuito mawwmHHoro mucteutsa. KoHdirypauis
cucteMu nepenbadae Taki acnekTy 9k apxitTektypa
MOZeni, anropMTM HaBYaHHA Ta nnatdopma, Ha
AKin uen anroputm Oyae BUKOHyBaTUCb. KoxeH
3 UMX acnekTiB onpaLboBaHUi Ta 3anpornoHOBaHO
PIiLLEHHA, SKe MOKaXe Havkpali pesynbTaTtu
3aMipiB NPOAYKTUBHOCTI Ta ePEKTUBHOCTI.

Buknap ocHoBHoOro marepiany. [na gocsar-
HEHHS MOCTaBMEHOI Uini poboTn HeobXxigHO po3-
FMAHYTM KOXEH acnekT KoHdirypauii cuctemm
okpemo. NoTiM HagaeTbCA NOPIBHAMBbHUIN aHanis.

Mepwmnn acnekt — Ue apxiTektypa po3pobnto-
BaHOI MOAeNi MaLUMHHOIO HaBYaHH4, sika pearnisye
KOHLenNujilo MawnHHOro mMucteuTtsa. PosrnsHemo
NpU3HaA4YEeHHSA MAaLUMHHOINO MUCTELTBA SK TaKOro.

Komn'toTepHa TBOpYiCTb (TakoX BigoMa £k
LUTYYHa TBOPHICTb, MaLLUMHHA TBOPYiCTb, KpeaTUBHI
obuuncneHHss abo TBOpYi OBYMCNEHHS, MaLUMHHE
MUCTEUTBO) — Le OaratonpodpinbHa AisiNbHICTD,
siIka 3HaxXOAUTbCHA Ha nepeTuHi cdep LTY4YHOro
iHTENEeKTY, KOTHITUBHOI ncuxonorii, ginocodii Ta
MucTeuTBa.

MeToto oBumcnoBanbHOI TBOPYOCTI € Moae-
noBaHHa abo iMiTauis TBOPYOCTi 3a [OMNOMO-
rol Komm'rotepa AnA SOCATHEHHS1 OAHIET 3 Kinb-
KOX Linen:

CTBOpPUTK Nporpamy, sika 3gatHa OO TBOPYOCTI
Ha PiBHi NMOANHM;

o6 Kpalle 3po3yMiTV TBOPYICTb NOAMHM Ta
cchopmyrnoBaTv anropuTMIYHMIA NOMNA4 Ha TBOpPYY
noBeaiHKy niogen;

po3pobnAaTK nporpamu, AKi MOXyTb NiaBULLK-
TV TBOPYICTb MOAMHKU, He O0O0O0B’A3KOBO OyTK
KpeaTMBHUMMU.

Cdpepa obumncnoBansHOi TBOPHOCTiI CTOCYETLCA
TEOPETUYHNUX | NPaKTUYHMX MUTaHb Y BUBYEHHI
TBOpYOCTi. TeopeTuyHa poboTa LWoAo npupoan
Ta MNpaBWUMbHOTO BU3HAYEHHHA KpeaTUBHOCTI BU-
KOHYETBCS MapanenbHO 3 MPakTUYHOK POBOTOH
Haj BNPOBAKEHHSIM CUCTEM, L0 AEMOHCTPYIOTh
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KpeaTUBHICTb, NPV LUbOMY OOWH Hanpsm poboTu
[OMNOBHIOE HLLWNA.

MpoTe usa poboTa HanpaeneHa Ha iHwe, a came
aHani3 KOHKpPeTHMX MEeTOAiB Ta MpuHUMMIB, SIKi
OO03BONATL  peanidyBatv MNpPakTUYHY CTOPOHY
MaLUMHHOT TBOPYOCTi. TOX, PO3rNSAHEMO OAHY
3 HaMBINbLL PO3NOBCIOMAXKEHUX MOLENEN LUTYYHOIO
iHTENEeKTy, SAKi BUKOPUCTOBYKOTbCS B Ui cdepi
3aCTOCYBaHHS.

leHepaTMBHa 3maranbHa mepexa (GAN) —
ue krac mofenen MalMHHOIO HaBYaHHS, PO3-
pobnennn AHom lNygdennoy Ta moro koneramu
B 4epBHi 2014 poky. [OBi HEWpPOHHI Mepexi
3mMaraloTbCs OAWH 3 OOHWM Yy TaK 3BaHin «rpi
3 HyNbOBOK CYMOK» (rpa, y kil rpasui MarlTb
MOBHICTIO MNPOTUNEXHi Uini, a Burpaw O[HOro
Oyne os3Hayatv nporpawl iHworo). 3aranoMm ue
Taka apxiTektypa mMogeni, sika JO3BONSAE OUiHUTK
reHepaTMBHI MOXIMBOCTI CUCTEMU Yepes npoLec
3MaraHHsi, y $SIKOMy MW OOHOYaCHO HaB4YaEMO
OBi nigmogeni: reHepatuBHy Mogene G, ska
dikcye po3noAin gaHux; i AUCKPUMIHALINHY MO-
penb D, sika OUiHE MMOBIPHICTb TOrO, WO Npu-
MIPHUK BXiOHWX OAHUX HALIMLWOB 3 HaB4arbHOro
Habopy, a He BigHOCUTBCA OO0 TUX, SAKi Oynu
3reHepoBaHi mogennto G. lNpouenypa HaBYaHHS
ana G nonsrae B TOMy, LWOO Makcumisy-
BaTM WMOBIPHICTb MOMWUMKA MNpU  PO3Ni3HaHHI
danbwmekn mogenno D. Lia cTpykTypa Bignosi-
Jae rpi «minimax» ans gBox rpasuiB. Y NpocTopi
OoBiNbHUX byHKuin G i D icCHye eanHe pilleHHs,
y sakomy G BigTBOpKE po3nofin HaB4vanbHMX
daHux, a D popiBHioe Bcrogn 1/2. Y Bunaaky,
konn G i D e GaratowapoBMMn nepcenTpoHa-
MK (NOBHO3B’I3HA HEMPOHHA Mepexa), BCHO CUC-
TeMy MOXHa HaB4MTW 3a [OMOMOrol MeToay
3BOPOTHOrO MOLUMPEHHS NOMUITKN. Hemae notpetu
B Oyab-sikux naHutorax MapkoBa abo po3ropHy-
TUX Mepexax HabnmkeHux BUCHOBKIB Mig 4ac
HaB4aHHs abo reHepauii Bnbipok. EkcnepumeHTu
OEeMOHCTPYIOTb NoTeHLian Takol CUCTEMU LLIFISIXOM
SIKICHOT Ta KifTbKICHOT OLiHKM 3reHepoBaHMX 3pasKiB.
(mogeni GAN)

An MN'yadennoy 3 koneramm po3pobunu JoBoni
JieBy Tak edekTuBHYy MoAenb AN BUPILLIEHHS
3a3HayeHux 3agad. Po3rngHeMo geTtanbHO KOXeH
enemMeHT moaeni.

Mepwum po3rngHeMo guckpuMmiHaTop (B Ae-
akmx Bapiauisx GAN, Takux gk WGAN, 1ioro
e HasmBaloTb KputmkoMm). Lle GaraTowaposun
nepcenTpoH, SIKOMY Ha BXig MOAIETbCSA MacuB
OaHUX NeBHOI po3MipHocTi. [locnigxeHa mogernb
npaule i3 306paxeHHAMKU, TOX Adani OyayTb
PO3rNsAHYTO Pi3Hi MeToan HopManisauii 306paxeHb
ans obpobkn. Buxig anckpumiHatopa — ue ogHe
3HaveHHs B gianasoni Big 0 oo 1, wo Bigobparkae
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BipOrigHICTb HamneXHOoCTi BXigAHOro npuUMipHMKa
00 TpeHyBanbHoi BUbipkn (0 — Bignosigae 3reHe-
poBaHVM faHuM, 1 — daHuM i3 TpeHyBanbHOro
Habopy). Y Bapiauii mogeni WGAN Ha Buxogi
KpuUTuKa nodaeTbCd 4dmcrioBa ouiHka Big 0 go
NEeBHOr0 3HaYEHHS, Ske MoXxe BYTN HEOBMEXEHMUM.

"eHepaTOp ue Takox OGaraToLlapoBuUi
nepcenTpoH, ane Mae 3BOPOTHIO CTPYKTYpY
BXiQHMX HEMPOHIB MeHLIEe HiX BUXigHMX. BXigHun
BEKTOp 3Ha4YeHb — Lie TaK 3BaHWUi LyM, SIKUIA CKna-
[AETbCS i3 BMNAOKOBOrO Habopy YMCIOBUX 3Ha-
YyeHb B Aianas3oHi Bia —1 go 1. Ha Buxoai mae
PO3MIPHICTb TaKy X, SK Ha BXOAi Yy OUCKpPUMIHa-
Topa. B 3anexHocTi Big hopMn BUXIOHUX AaHMX
€ [Jekinbka cnocobiB 30iNbLUEHHA PO3MIPHOCTI
yepes Lapu HEMPOHHOT Mepexi. BoHn byayTb pos-
rMAHYTI Jani pasoMm i3 Metogamu HopManisauii
300paxxeHb Ans 06pobkn mogenso.

Ak BigomMo i3 Teopil WTYYHUX HENPOHHUX
MepeX, KOXeH HEWpPOH Ha KOXHOMY Liapi noBu-
HEeH 3acTOCOBYBaTW (OYHKLIiO akTMBaLil Hag BMBa-
XKEHOI CYMOI BXiOHWX 3HayeHb 3 ypaxyBaH-
HAM TaKkoX AOAAaTKOBUX BiaxuneHb. AH yaden-
noy y cBoin poboTi BUKOPUCTOBYBaB TaK 3BaHWUM
BUMPAMIEHNIA NIHIMHUIA HENPOH (PYHKUIA aKTu-
Bauii mae Ha3By RelLU) y kombiHauii i3 cTaHgapT-
HOIO CUTMOIAOK ANdA reHepatopa Ta (YHKUIE
akTuBauii maxout (Ha BMxoai HenpoHa BepeTbcs
MaKcumarnbHe 3HadYeHHs cepen pPo3paxoBaHMX
BMBaXXEHMX BX0AiB) ANga AnckpumiHaTopa (PyHkuis
akTmeauii maxout, aka Oyna 3actocoBaHa B nep-
win ny6nikauii npo mogenb GAN). NpoTe y AaHin
poboTi Oyae BukopucCTaHO pyHKUiO akTuBaLii
Leaky RelLU (Big’emHi 3Ha4eHHs1 He BigKMaaTbLCA
MOBHICTIO, @ MPUrHIYYIOTbCA i3 NEBHUM KoediLi-
€HTOM) SIK ANd reHeparopa, TaK i Ans OUCKPUMI-
HaTopa. 3HadeHHs koediuieHTa ana Leaky RelLU
obpaHo 0.2, BMxogsum i3 eMnipu4HuUX daHux, sKi
oTpumanu Anek Pegcopg Ta Jliok MeTc y cBi
po6OoTi, MPUCBAYEHIN BinbLU CKNagHi Ta NOTYXHIN
mogeni DCGAN (mogeni DCGAN). AprymeHTa-
List BMkopucTaHHsa dyHKuiT akTueauii Leaky RelLU
nonsirae B TOMy, WO LS (PYHKLiS 3MEHLLYe NposB
npobnemun 3HMKaHHA rpagieHTy (CeigyeHHs cne-
uianicTie, aki nigTBepouMnn egeKTUBHICTb 3acTo-
cyBaHHs1 pyHKUii akTmBauii LeakyRelLU B wmo-
peni GAN). Ha BwuxigHomy wwapi reHepartopa
Oyno BuKOpUCTaHa YHKLUIA akTmuBauil rinep-
OoniyHmi TaHreHc (tanh), TomMy WO 3HaAYeHHSA
KOXHOrO 3reHepoBaHOro mnikcensi MOBUHHO 6yTu
Bi4 —1 go 1. Ha BuxigHOMy Luapi guckpuMiHaTopa
BMKOPUCTOBYETLCA CTaHgapTHa curmoiga, npote
ana mopeni WGAN BuxigHe 3HayeHHa Moxe
He HopMyBaTUCb B3arani, ToAi 3MiHIOETbLCA OyHK-
Lis noMWnKM AOns npaBunbHOi poboTu anro-
pUTMY HaBYaHHS.
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Posrnaganocb gBa  OCHOBHUX
HopMmani3auii BXigHOT MaTpuLi AaHWX:

1. lMNMepeTBOpPEHHA MaTpuLi y BEKTOP Ta HOpMa-
nisauisi 3Ha4YeHb ACKPaBOCTI MiKCeniB y Aianas3oH
Big —1 go 1. Llen nigxig npuaatHmi ons HeBenu-
Knx 3o06paxeHb (Hanpuknag i3 Hatopy MNIST,
Oe KOXHe 300paxeHHsa Mae po3mip 28 Ha
28 nikceniB). Ane ana BeNWKMX MaTtpuulb BXia-
HUX OaHuX, a ocobnmMBO KOMM € Aekinbka kaHanis
(Hanpuknag konbopoBi 306paxeHHs RGB), Takun
cnocié Hopmanisauii BXigHUX OaHUX HENpUAHAT-
HUR, apke ue Oyge noTpebyBaTn Hag3BUYAKHO
BENVKi 064nCnoBanbHi MOTYXHOCTI.

2. BukopuctaHHs TexHororil  3ropTkoBoil
HelripoHHOi Mepexi (CNN), ki € cneuianizoBaHuM
TUMOM HEWPOHHOI Mepexi Anst 0Opobkm gaHux,
dKka Mae Bigomy Tonororito citkn. [Mpuknagm
BKIMOYAKOTb [aHi YacoBUX pSdiB, siKi MOXHa poO3-
rmsagaTn K OOHOBUMMIPHY CiTKy, Lo 6epe BUBIpkM
yepes perynspHi iHTepBanu 4vacy, i gaHi 306pa-
XEHHs, fKi MOXHa po3rnsagatv sk ABOBUMIPHY
CiTKy nikceniB. 3ropTkoBi mepexi Oynn Han3su-
YaHO YCNIWHUMU Y NPaKTUYHOMY 3aCTOCYBaHHI.
HasBa «3ropTka HEMpOHHa Mepexa» BKasye Ha Te,
O Mepexa BUKOPMCTOBYE MaTeMaTW4Hy onepa-
Lil0 nig Ha3BoK 3ropTka. 3ropTka — ue cneudiani-
30BaHUN BUA NiHiHOT onepallii, B Teopii 06pobku
306pakeHb MOro e Ha3MBatoTb JIOKaNbHUM one-
paTtopoMm abo cinsTpom. 3ropTKoBi Mepexi — e
NPOCTO HEWPOHHI Mepexi, SKi BMKOPUCTOBYIOTb
3ropTKy 3aMiCTb 3ararlbHOro MHOXEHHS MatpuLi
NpUHaNMHI B 0ogHOMY abo AeKiNbKOX 3i CBOIX LLapiB
(M'yadbenoy). OTxe, BXigHa MaTpuus AaHUX B Takin
MOLEri 3anuWaeTbCa HE3MIHHOI, MoXe OyTu
i3 Ogekinbkox kaHanie. [MpoTe Ana Hawoi mogeni
HEeOOXiAHO 3HAYEeHHS KOXHOro Mikcen Hopmarii-
3yBaTtu y gianas3oH Big —1 go 1. 3aranom y Takoi
Mogerni € cBosi Ha3Ba — [Nmnboka 3ropTKoBa re-
HepaTMBHa 3maranbHa Mepexa (DCGAN). Ons
reHepatopa Taka Mogenb nepeagbadae Lwapu
0BepHEeHOT 3ropTKu.

Tenep npeactaBumo kog Ha Julia, skmi Bigo-
Opakae aBa po3rnsHyTux Tmunu mogeni GAN:

1. CtaHgapTHa Moaenb 3 NepLmnM TUMoM Hop-
Manisauii BXigHMX gaHux Ta dyHKUie akTuBauii
curmoiga Ha BMXOAi AMCKpUMiHaTopa:

discriminator = Chain(Dense(n_features » 2, 1024,

x-> leakyrelu(x, 0.2f0)),

x-> customDropout(x, 0.3f0, true),

Dense(1024, 512, x-> leakyrelu(x, 0.2f0)),

x-> customDropout(x, 0.3f0, true),

Dense(512, 256, x-> leakyrelu(x, 0.2f0)),

x-> customDropout(x, 0.3f0, true),

Dense(256, 1, sigmoid));

generator = Chain(Dense(latent_dim, 256),

BatchNorm(256, x-> leakyrelu(x, 0.2f0)),

MeToau
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Dense(256, 512),

BatchNorm(512, x-> leakyrelu(x, 0.2f0)),

Dense(512, 1024),

BatchNorm(1024, x-> leakyrelu(x, 0.2f0)),

Dense(1024, n_features * 2, tanh));

2. Mopgeni DCGAN i3 niHinHOO akTMBaLi€to Ha
BUXOAI ANCKpUMIHaTopa:

function create_discr(image_size::Integer)

discr_design = [LayerDesign(4, 2, 1), LayerDesign
(4,2,1)];

return Chain(Conv((discr_design[1].kernel,
design[1].kernel), 1 => 64;

stride =discr_design[1].stride, pad =discr_design[1].
pad),

x->leakyrelu.(x, 0.2f0),

x-> customDropout(x, 0.3f0, true),

Conv((discr_design[2].kernel,
kernel), 64 => 128;stride =

discr_design[2].stride, pad = discr_design[2].pad),

x->leakyrelu.(x, 0.2f0),

x-> customDropout(x, 0.3f0, true),

Flux.flatten,

Dense(culc_size(discr_design, image_size) A 2 * 128,
1))

end

function create_gen(image_size::Integer)

gen _design=[LayerDesign(4,2,1),
LayerDesign(4,2,1),LayerDesign(5,1,2)];

size = culc_size(gen_design, image_size);

return Chain(Dense(latent_dim, size 2 * 256, relu),

BatchNorm(size A 2 * 256, relu),

X->reshape(x, size, size, 256, :),

ConvTranspose((gen_design[3].kernel,gen_
design(3].kernel),256=>128;

stride = gen_design[3].stride, pad = gen_design[3].
pad),

BatchNorm(128, relu),

ConvTranspose((gen_design[2].kernel,gen_
design[2] .kernel), 128 => 64;

stride = gen_design[2].stride, pad = gen_design[2].
pad),

BatchNorm(64, relu),

discr_

discr_design[2].

ConvTranspose((gen_design[1].kernel, gen_
design[1].kernel), 64 =>1,

tanh; stride = gen_design[1].stride, pad = gen_
design[1].pad))

end

B 3asHaueHOMy kogi € [fekinbka Agoaartko-
BUX €neMeHTIB, Aki HeoOXigHi Ana nokpalleHHSs
npouecy HaByaHHA. Cepeg Hux BatchNorm Ta
Dropout. PoarnsHemo ix GinbLl geTansHo.

IcCHye Tak 3BaHa «MakeTHy HopMmarni3auis» abo
«HopManisauis no Bubipui» (Batch Normalization),
aky 3anponoHyBanu Ceprin losi Ta KpicTian Ceregi
3 komnaHii Google B 2015 poui. Lle meton nons-
rac B TOMY, LUO BUKOHYE HOpManisauito YacTUHU
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apxiTekTypyu mogeni Ta pobutb Le ANs KOXHOro
HaBYanbHOro MiHi-Habopy. Takun nigxig go3sonse
edekTMBHO OOpoTUCS 3 (DEHOMEHOM «BHYTpILL-
HbOro KOBapiaHTHOro 3cyBy». [lakeTHa Hopmari-
3allisi 4O3BOSSE BMKOPUCTOBYBATU Habarato BULL
TEMMU HaBYaHHS | By TN MeHLL 06epeXXHNUMM B iHiLi-
anisauii rinepnapameTpis mogeni. BiH Takox gie sk
perynsrop, y AesKnxX BUnagkax 3MeHLUYyo4n Heob-
XigHicTb BukopuctaHHsa metogy Dropout. CyTb
LUbOro MeToAy nonsirae B CTaTUCTUYHOMY aHanisi
Ta BiAMNOBIQHOMY KOpPeryBaHHi NPOMDKHUX pesynb-
TaTiB aKkTUBALiN HEMPOHIB Yy Bi4MNOBIAHOCTI 3 HOP-
Manisauie CTaTUCTUYHOrO PO3Mnodiny UMX 3Ha4YeHb
BcepeauHi BMBIpKM BXigHWUX npuMipHuKiB. [ani
npuBegeHe aHaniTu4He npeacTaBneHHs uiel igei
(inei npo gogatkoBui Wwap BatchNorm B HEMpOH-
Hin Mepexi)

Ha Bxogi: 3Ha4yeHHaA X B MiHi-Habopi B = {x, }

Ha Buxogi: {y=BN_, (x)}

MatematnyHe ouikyBaHHs B Habopi pospaxo-
BYEMO TaKk:

1 m
Hs < — 2 X
CepeaHboOKkBagpaTMYHE BiOXUIEHHST pO3paxo-
BYEMO TaKk:

1 m
Gé <« —Z(xl. - ,uB)z
m i

HopmaniszoBaHe 3HaueHHs akTuBauil HeMpoHa
po3paxoByEMO Tak:

~

X —
x[<_’2—'u5
‘,0-5’ +e€

MacwTabyBaHHs Ta 3MilWEeHHA HopMani3oBa-
HOro 3Ha4YeHHS PO3PaxoBYEMO TaKk:

Y X+ fB=BN (x)

Llen nmigxig nokasaB OoBOMi BUCOKY edeKkTmB-
HiICTb B rMpoLueci HaB4YaHHA pPO3ITIAHYTMX TUNIB
HENPOHHNX MepeX, TOMy came noro 6yno obpaHo
Ans po3pobkn epekTUBHOT KOHirypadii cuctemu.

€ Wwe oanH MeToau, KM TakoX nokasas NeBHY
edeKTUBHICTb ANs cTabinisauii npouecy HaB4aHHS
mepexi. Llen metoq Ginbl npoctun y peanisadii,
ane Mae oguH Hepornik — HeobXigHICTbL reHepadii
BMMAAKOBOro 4ymMcna, wo Aodae neBHOI HEBU3Ha-
YEHOCTi BHYTPILLHBLOT po6oTH Mepexi. MeToa Ha3u-
BaeTbCA «BigkmaaHHs» (Dropout), BuHangeHun
Hitiwem CpiBactaBa Ta Koneramu i3 yHiBepcutety
B TopoHTO y 2014 poui. Llen nigxig gonomarae
BMPILLNTM nNpobrnemMy «nepeHaBYaHHS MEpPEXi».
KrnitouoBa igesa nonsgrae B Tomy, wWo6 nig 4vac
HaBYaHHSI BUNAAKOBMM YMHOM BigKnaaTv HEMPOHU
(pasom 3 ix Baramu Ta 3B’A13Kamu 3 iHLLMMW HENPO-
Hamu) i3 HempoHHOoI Mepexi. Lle 3anobirae Hag-
MipHI koaganTauil HenpoHiB. [ig Yac HaB4YaHHS
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BUMNYy4YaETLCA BMOIpKa 3 NEBHOK KiSTbKICTIO Pi3HMX
«MOTOHLUEHMX» MepeX. [1ig Yac TecTyBaHHS Nerko
HabNM3nTN egeKT yCepeoHEeHHs MPOrHo3iB YCix
LUMX PO3PiaXEeHNX Mepex, NpPOCTO BUKOPUCTOBY-
04X OOHY HEPO3PIMKEHY MEpEeXY, Ska Mae MeHLLU
Barn. Lle 3HayHO 3meHLye edekT nepeHaBYEHHS
Ta gae 3HayHi NOKpaLLEeHHS MOPIBHSAHO 3 iHWUMMK
mMeTogamun perynauii. «BigkmgaHHay nokpalye
NPOAYKTUBHICTb HEMPOHHUX Mepex B 3aBAaHHAX
«HaB4YaHHSA 3 BYMTEnemM». (igei npo ooaaTkoBUNA
wap Dropout B HenpoHHin mepexi) Onsa Hanu-
CaHHsI TaKkoro anroputmy, LWob noro moxxHa Oyno
3anyckatu Ha 6asi rpadidHoro npouecopa, 6yno
HeobOXigHO CTBOpPMTM BriacHy peanisauito ans
Dropout, ska HaBegeHa HMXYe:

function customDropout(x, p::Float32, active::Bool)

if (lactive)

return x

end

y = rand!(similar(x, size(x)))

y = broadcast(el-> el>p ? 1/(1-p) : 00, y)

return x . *y

end

O6ugBa meToaM npaulolTb TifbKA B LMK
HaBYaHHSA, ane MoBWHHI OyTU BUMKHEHI nNpwu Tec-
TyBaHHi Ta ekcnnyatauii mepexi. B pesynbrari
E€KCNEPUMEHTIB  €(EKTUBHOK BUSBUIIACb KOH-
girypauis konn BatchNorm 3actocoByetbcst ans
reHepaTopa, a Dropout — gns auckpumiHaTtopa.
Lle obymoBneHO TuMm, WO [OUCKPUMIHATOP He
NOBMHEH HaBYaTUCS 3aHAATO LIBMAKO, a reHepa-
TOp noBuHeH OyTn Binbl cTtabinbHMM B npoueci
HaBYaHHS, Wo06 He BMNagaTh B KpamHOLL,.

Opyrmn acnekT — anropuTM HaB4YaHHA mMogeni.
CyTb npouecy HaBYaHHA MOMArae y KoperyBaHHs
BaroBUX KoeqiuieHTiB, KoediuieHTiB 3MilleHb
HeWpoHiB, KoedilieHTiB MacluTabyBaHHSA Y Ta 3Mi-
weHHa B ana wapy BatchNorm Ta iHWmMx napa-
MeTpiB Yy BIONOBIOHOCTI i3 TMNOM OLIHKM SAKOCTI
poboTn mMogeni Ta B HaMnpsiMKy NiABULLEHHS L€l
SKOCTi. K BiAOMO i3 Teopii HEMPOHHUX MEpPEX,
iCHYE TPU OCHOBHMX TUMW HaBYaAHHSA HEMPOHHUX
Mepex: 3 BuUMTEnem, 6e3 BUMTENS, 3 MiAKPINMeH-
HAM. HapyaHHs 3 BUMTEnem nepenbayvae Hass-
HICTb 4iTKOrO pO3NOAINEeHHS TpeHyBarnbHOI BW-
Gipkn Ha knacu, To6TO po3nogin AaHuX BigOMUK
3aB4YacHo. HapuaHHsi ©6e3 BuMTENS NpU3HadYeHe
AN NOLUYKY KracTepiB B MHOXWHI AaHUX, Y AKUX
He Mae YiTKoro posnoginy no knacam. HaB4aHHS
3 NigkpinneHHsaM nepegbadvae OUiHKy pesynbraTy
po60oTN HEMPOHHOI Mepexi Big cepenoBuLLa, SIKe
30aTHe pearyBaTu Ha AisNbHICTb Moaeni. Y Bunagky
3 mogenamu GAN ta DCGAN Ha 3aranbHOMYy piBHi
3aCTOCOBYETbCA NiAXia HaBYaHHs 3 BunTenem. [ns
Takol mopeni iCHye BCbOro ABa Kracu: crnpaBX-
Hi Ta 3reHepoBaHi gaHi. [poTe sKWo po3rnsaaTtu
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OKpPEeMO AMCKpUMiHaTop (KPMTUK) Ta reHepaTop, TO
ONS NepLUOro Le HaBYaHHA 3 BYMTENEM, a OT ANIA
Opyroro — HaBYaHHS 3 MigkpinneHHam. [eHepa-
TOp KOperye CBOI HanawTyBaHHS Y BignoBigHOCTI
i3 peakuieto Ta OUiHKOK cepegoBula, SKUM ANs
HOro BUCTYNae ANCKPUMIHATOP (SKMI B CBOIO Yepry
TeX HaBYa€ETbCS, ane Mae npu LUbOMY YiTKUA po3-
noain TpeHyeBanbHUX aaHunx). OTxe, mogens GAN
YHiKanbHa no CBOil CyTi, ag)ke BOHa NOeAHYyE ABa
TN anropuTMy HaBYAHHS.

OpHieto i3 HAMBAXIMBILLUMX YACTUH anropuTMy
HaBYaHHS € yHKLis nomunku. Ix icHye 6arato Ta
KOXHa 3 HMUX e(peKTMBHa Y NeBHi cuTyauii. [incHo,
Bi, NpaBUITbHOCTI OLiHKM poBOTK Moaeni 3anexnTb
WBMAKICTb Ta e(EeKTMBHICTb NpoLecy HaBYaHHS.
Y mogeni GAN tam DCGAN npunHaTo 3actoco-
ByBaTU (PyHKUitO mOMunkm binary cross-entropy
abo logistic binary cross-entropy. AHanitudHa
aprymeHTauis OouinbHOCTI BUKOPUCTAHHA came
LbOro TMny oyHKLIA NOMUNKK Oyxe Aobpe BuKnas
An N'yadennoy y ceoin poboTti (mogeni GAN). Tyt
Oyoe nuiwe 3a3HavyeHoO KOPOTKE PO3’SICHEHHS CyTi
GiHapHOI NepexpecHoi eHTponii.

[na po3yMiHHA MOHATTS «eHTponis» B Teopii
iHdbopmalii Tpeba 3asHaunTK, WO 3 TOYKM 30pY
Teopil CTaTUCTMKM «iHdopMauiay ekBiBaneHTHa
«HEeBU3HAYEHOCTi» BUNAOKOBOI BENMUYMHU. ToOTO
iHdbopMaUisa Bigobpaxkae HEBM3HAYEHICTb pe3yrb-
TaTy AKOoicb nogii. Lle MoxHa po3ymiTu Tak, Lo YMM
Oinblwe iHdopmauii B cuctemi, Tum Ginbll HEBU-
3Ha4YeHMM € pesynbraT poboTu uiei cuctemn. ns
BU3HAYEHHs KinbKOCTi LUiel iHdopmaLil, a omxe
PiBHSI HEBU3Ha4YeHOCTi cuctemu, Gyno BBeOEeHO
MOHATTS «EHTpONis». AK BiZOMO, eHTponis (B KOH-
TeKkcTi Teopii iHpopmauii) — ue Mipa HeBM3Haye-
HOCTI cuctemun, Mipa KinbkocTi iHopmadii. Pop-
Myna eHTponil:

H(X)

n

—Zp(xl. )logp(xi )’

i=1

ae X ={x1, x2, ..., xn} — BuNagKoBa Benu4inHa, sika
MOX€E MaTh N MOXIMBUX CTaHIB; p — BIpOrigHIiCTb
i-TOro CTaHy BMNagKoBOI BENNYMHM.

MepexpecHa eHTpoOMis, B CBOO Yepry, Bigobpa-
Xae BiACTaHb Big posnoainy p 4O posnoginy q.
B Hawomy BunagkKy B SKOCTi po3noginy p BucTynae
pPO3MOAiN O4viKyBaHMUX BUXIAHMX 3HAYEHHSA mogeni,
a po3noAinl q — ue po3nogin AiNCHUX BUXigHMX
3HayeHb Mogeni. Linb HaB4yaHHS mogeni — MiHi-
Mi3auis uiei BigcTaHi. [poTe icHye aBa NOHATTS,
sKi BigoOpaxaloTb BiACTaHb MiX po3noginamu:
BigHOCHa eHTponis (abo Lie Ha3nBalTb BiACTaHb
Kynbbaka-lflenbnepa) Ta nepexpecHa eHTponis.
PisHuusa nonarae B TOMy, WO A5 BIGQHOCHOT €HTPO-
nii pIBHICTb PO3MNOAINIB BM3HAYaAETbCHA HYNbO-
BUM 3HAYEHHAM L€l yHKLUii, a AN nepexpecHoi
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€HTponil PiBHICTb po3noginie — Le eHTponis pos-
noginy p. Ana HaB4YaHHS Mepexi BUKOPUCTOBY-
€TbCS caMe nepexpecHa eHTponisi, 60 Ans BigHOC-
HOI eHTponii po3nogin p € ikcoBaHMM i NOTPIGHO
nigraHATM came po3nodinni ¢, a B MNepexpecHin
eHTponii Hemae Takoro obmexeHHs. (Onuc pos-
paxyHKy @yHKUiT noMunku binary cross-entropy)
BaranbHa opMyna nepexpecHoi  eHTponii
3 N MOXMMBUX CTaHiB BWMAAKOBOI BeNUYMHU X
3a3HaveHo gani:

n

H(p.q)=-2p(x)loga(x,).
i=1

bBiHapHicTb Uiel eHTponii obGymoBneHa TuMm,
wo B mogeni GAN e Bcboro gBa knacu Aans
pO3Mi3HaHHA OaHuWX: ChnpaBXHi Ta 3reHepo-
BaHi. TOMy MOXIMBUX CTaHiB BMMaAKOBOI Benu-
yYnHM Bcboro aea. ®opmyna GiHapHOI nepexpec-
HOT eHTponil:

H(p.q)=—| vlogy+(1-y)log(1-7)],

ae p = {y, 1-y} — odikyBaHi BWXigHi 3HAYEHHS;
q = {y, 1-y} — gincHi BMXigHi 3Ha4yeHHs. [ng npa-
BWITbHOMO PO3paxyHKy yHKLiT TOMUIKK Ha Habopi
AaHux Tpeba 3HaWTM cepedHe 3HaYeHHHA LMX
eHTponin. Popmyna:

() =3 DM (p.0,) -

1 - -
—NZ[yn log, +(1-7,)log(1-3,) .
n=1

ae L(w) — dyHKUiS NOMUMKKW, apryMeHTOM SKOI
€ MHOXMWHa napameTpiB mogeni; n ={1, 2, ..., N} —
NopsiAKOBI HOMePW BXIAHMUX MPUMIPHUKIB.

JlorapudpmiyHa GiHapHa nepexpecHa eHTpo-
nis — ue Te X came, WO OiHapHa nepexpecHa
eHTponis, ane AN MOKpalleHHs sKocTi poboTu
MEeTOAYy rPafi€EHTHOro Crnycky Hag BMXiAHWM 3Ha-
YEHHSM 3aCTOCOBYETbCS CUrMoiga.

Lline HaByaHHA Mopgerni, Sk BXe 3a3Hadanocb
paHile, € 3HaxXOMKEHHS MiHIMyMY Uiei dyHKLIT.
[na uboro 3a3BuMyai BUKOPUCTOBYETHCS METOS
rpagieHTHOro cnycky Ta noro moaudikauii (ane
€ anbTepHaTMBW, Hanpuknag eBONKUINHI anro-
puTMM). Pasom 3 TUM, AMCKpMMIHATOpP Ta reHepaTtop
MatTb OAHAKOBWUIA MPUHLMN NO MiHIMI3aLil yHKUT
NOMUIIKK, NPOTE PO3MOAIN OYiKyBaHUX BUXIOHUX
3HaYeHb p ANs HMX pisHWA. [na guckpumiHaTopa
3reHepoBaHMM MpUMIpHUKam BIignoBigae 3Ha-
yeHHs 0 (MpUMipHUKaM i3 TpeHyBarnbHOro Ha-
bopy — 1), a Ang reHepatopa — HaBMnaku, 3reHe-
poBaHVM MNpuUMiIpHUMKaM BignoBigae 3HayYeHHs 1.
Mpn uboMy BaxnMBO, LWOO B MPOLECI HAaBYaHHS
KOperyBaHHsi napameTpiB KOXHOI Mepexi Bia-
OyBanocb y CBili yac.
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Mig 4ac HaB4YaHHA HEWpPOHHOI Mepexi Ons
KoperyBaHHS1 KOXXHOro napametpy (Le Baru, 3cyBu,
MacLTabyrodi Ta Kopurytodi koedilieHTi ans cne-
umndivHMX Wwapis, Takmx 9k BatchNorm) HeobxigHo
3HaWTK BIiAMOBIAHE 3HAYEHHS rpagieHTy i BigHATH
MNOro BMBaXkeHe 3Ha4yeHHs Big NonepeaHbLoro 3Ha-
YeHHs napameTtpa. BaroBui koediuieHT rpagi-
EHTY — Ue, TaK 3BaHa, LIBWAKICTb HaBYaHHS, i ue
OOWH i3 rinepnapameTpiB Mogeni (To6To Takumx, Lo
nigbvpaTbCsa BPYYHY). Y LbOMY NONArae CyTHICTb
NPVHLMNY rpagieHTHoro cnycky. MNpuHumn obepHe-
HOro PO3MOBCIOOXKEHHS MOMWIIKMA, B CBOK 4Yepry,
onncye 6GesnocepeaHb0 METOAUKY PO3PaxyHKY
rpagieHTiB KoXHoro napameTpy. Llen anroputm
6ys BuHavgeHun y 1986 poui [esigom Pywmen-
xaptoM, [bkedpi XiHToHom Ta PoHanbgom
Binbamcom, a crtatta Oyna onpuniogHeHa Han-
OinbLL aBTOPUTETHMM HayKoBUM XXypHarnom Nature
(CtatTa aBTOpa anroputMy 3BOPOTHOMO PO3MO-
BCIO[XKEHHSA MOMMIIKWN Ta rpagi€eHTHOro Cnycky).

lMpoTe uen nigxio OO KoperyBaHHSA napame-
TpiB MoAeni B YACTOMY BUrMSAi AOBOS NOBINbHWIA
i noTpebye Garato ob4ncneHb. Takox Ans cknag-
HUX CyYacHUX Modenewn rmmboKoro HaB4aHHS Len
meTop, 6e3 BBeAEHHS NEBHNX KOPEKTUBIB BUSBMBCS
B3ararni Hee(EeKTUBHNM, a iHKONN HaBiTb HECMNpPO-
MOXHUM OOCArTU ONTMMarbHOro Habopy 3Ha-
YyeHb napameTpis. Lle Byno cnpuynHeHo npobne-
MO 3aHaATO WBKUAKOro abo 3aHaAToO MOBINIBHOMO
KOB3aHHSA MO (OYHKLii MOMWIKMA B MOLUYKax rno-
f6anbHOro MiHiMymy. Takox npobremy cknaganmu
nokanbHi MiHIMyMK, 3 SKMX Uen anropuTm OyB
HECMNPOMOXHUI BMBECTU. OCHOBHa NpUYMHA LIMX
npobnem — ue py4vHe niabupaHHsa rinepnapameTpy
LUBMAKOCTI HABYaHHS O1151 KOXXHOT KOHKPETHOI apXi-
TEKTYpM Mogeni Ta KoxHoro tuny 3agadi. Came
ToMy Oyrno BMHangeHo GaraTo pisHMX NiaxoAais Ans
onTUMi3auii npouecy KoperyBaHHsi MapameTpiB,
a camMe AuHaMIYHI WBMOKICTb HaBYaHHSA. binblue
TOro, CyyacHi anropuTMy OnTUMI3aLii CNPOMOXHI
HaBiTb pO3paxoByBaTW AWHAMIYHI KoedilieHTH
LUBUAOKOCTI ANSi KOXKHOMO KOHKPETHOro napamerpy
mMogeni inameigyansHo. 3aebinbLioro, Ui MmeToam
BMKOPWUCTOBYIOTb CTaTUCTUKY Ta Pi3Hi MNOHATTH
3 Teopii BiporigHoCTI.

B 6aratbox ekcnepumeHTax gosorsi 4obpe cebe
nokasas anroputm ADAM. BiH 6a3yeTbcs Ha anro-
putmi RMSprop ta SGD 3 momeHTOM. [ns kpa-
LLOro po3yMiHHA HEOOXiAHO CrmoYaTKy BM3HAYUTU
ocHoBHY igeto RMSprop ta SGD 3 momeHTOM.
MoyHemo 3 gpyroro, SGD 3 momeHTOM (Stochastic
Gradient Descent with momentum) — ue 3Bu4am-
HWA anropuTMm rpagieHTHOro Cnycky, ane 3amicTb
rpagieHTa Ha OOWH MPUMIPHWK BXiOHWX OaHUX
pPO3pPaxoBYETbCS MOMEHT MepLIoro nopsigky abo
e HasMBalTb PYXOMWM CepefHiM 4Yn matema-
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TUYHUM OYiKyBaHHAM (3aCTOCOBYETbLCH eMMipuy-
Ha dopmMyna Ans CNpPOLLUEHHS pO3paxyHKiB) Hapg
3Ha4YeHHsMMW rpagieHTa ana Habopy AaHux; npu
LbOMY KOeQIiUiEHT LWBMAKOCTI HAaBYaHHA 3anuia-
€TbCA CTanmm.

Ontumizatop RMSprop (Root Mean Squared
Propagation), B cBot0 4epry, 3a ocHoBy Oepe rpa-
AIEHT, ane KoedilieHT WBWAKOCTI HaBYaHHA agan-
TYETbCS HA OCHOBI MOMEHTY ApYroro nopsaky abo
LLle Ha3nBalTb HELLEHTPOBAHOI AnUcnepcieto (Tex
3aCTOCOBYETbCA eMmipnyHa bopmyrna ans pospa-
XYHKIB) Hag rpagieHTamum ansa Habopy NpUMIpHUKIB.
[3 Ha3BM UBOro MeTody 3po3yMino, wWwo bepeTbes
KBaApaTHUN KOPiHb Bif MOMEHTY APYroro nopsaky
(ue € HeueHTPOBaHUM CcepeaHbOKBagPaATUYHUM
BiAXMNEHHAM), a KOeILEHT LWBUAKOCTI HABYaHHS
AiNUTBCS Ha OTPUMAaHE 3HAYEeHHS.

OnTumizatop ADAM kombiHye obunasa nigxoam:
3aMiCTb rpafieHTy 3aCTOCOBYETbLCA MOMEHT nep-
LLIOro NopsaaKy, a KoeilieHT WBNAKOCTI HaBYaHHS
KOperyeTbcs 3a LOMOMOrOK LifeHHsA Ha KBagpar-
HUM KOPiHb BiO, MOMEHTY ApPYroro nopsaaky Hag
rpagieHTom. [nsa Kpawloro KoperyBaHHs LUBUOKO-
CTi HaB4aHHA 0cobnMBoO Ha noyatky, Wob He aaTn
anropuTMy 3aHaATo LIBWOKO KOB3aTW MO QOYHKUi
NMOMUIIKK, 3HAYEHHS MOMEHTIB B OPWUriHamnbHiIN
ctatTi (ctatta 2015 poky 3a aBropctBoM [iege-
pika KiHrma ta [xummi Jlei ba) we gopnaTtkoBo
KOPEryTbCH 32 AOMOMOIrOK «KOPeKUil 3MiLLEeHHS»
(Ctatta aBTOpa MmeToay onTuMmi3auii anroputmy
HaB4YaHHA ADAM).

OT¢e, KoMOiHaLia BCiX LUMX METOAMUK, OOoLinb-
HICTb SIKMX Byna BU3HayHa B 6araTtbox nonepegHix
[OCNIAXEHHSAX, A03BOMNAOTL BU3HAYUTM OBa Bapi-
aHT\ mogeni, ski 6yayTe BUKOPUCTOBYBATUCH MpU
NOpPIBHAHHI: Modenb Ha 6asi 3ropTkoBUX LUApiB Ta
Moenb 3 MOBHOW 3B’A3HICTIO HenpoHiB. Mopis-
HAHHS 3aCTOCYBaHHS TUX YM iHLIMX O0OATKOBUX
apXiTEKTYPHUX pilleHb Ta Niaxo4iB 0O HaBYaHHSA
He € OoUinbHUM B Ui pobOoTi, agyke BOHM Bynu BXxe
npoaHani3oBaHi iHWKMK gocnigHukamu. lNpoeeae-
HUI NMLe CTUCANIA MeTa-aHani3 iCHyr4Mx pobiT.

Ha noto4Homy eTani po3BUTKY KOMMHOTEPHUX
TEXHOSOriN Mae Micue TeHAEeHUis 00 3PpOCTaHHSA
nonuTy Ha XMapHi cepsicu. Lie 06ymMOBneHoO TuMm,
wo ob’em Ta cknagHicTb ob4YMcrneHb OOcCArnu Ta-
KOro PiBHSA, WO BUKOPUCTAHHS BracHUX cepBepiB
Ta obuumcnoBanbHMX CUCTEM CTarno 3aHagTo Jopo-
ro. Bucoka uiHa obymoBneHa HeobxigHiCTo NOCTil-
HOMO HenepepBHOro 0OCNYroByBaHHA BEMUKOI
obuncrnitoBanbHoOi Mepexi, To6To Tpeba nocTinHO
MaTW BEMWKMI LUTAT CUCTEMHMX afMiHiCTpaTopiB.,
Ak 6yoyTb cnigkysatv Ta NigTpMMyBaTu MeEpEXy,
i ue Ha gogadvy go wraty nporpamicTtie Ta DevOps.
barato IT-komnaHin, LyKayn ansTepHaTBK
TakoMy nigxoay, NPUALLIM A0 XMapHUX CEPBICIB.
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XMapHi obuncneHHs 6asytoTbCa Ha NpUHLMNI
OOCTYMNHOCTI  pecypciB  KOMM'IOTEPHOI  CUCTEMMU,
0cobnMBO CxoBULLA OAHUX (XMApPHOrO CXOBULLA)
Ta o0uMCnIoBanbHOI MOTYXXHOCTI Tinbkn TOAi,
Konn ue HeobxigHo, Ta 6e3 nNpAMOro akTUBHOIO
KepyBaHHS KOpPUCTyBayeM BHYTPILLUHbOW iHdpa-
CTPYKTYpOI0. Benuki xmapu yacto mMarTb GyHKLU;,
pOo3nofineHi B KiflbKOX MICLSIX, KOXKHE MicLe € LieH-
Tpom 00pobkn gaHmx. XMapHi 0B4nCreHHs nokna-
JaloTbCH Ha CniflbHe BUKOPUCTaAHHA pecypciB Anis
OOCATHEHHS Y3ro)KeHOCTi Ta 3a3BMYan BMKOPUC-
TOBYIOTb MOAESb «ONaTN MO Mipi BUKOPUCTAHHAY,
dKa MOXEe [OMOMOITM 3MEHLUUTU KaniTanbHi
BUTPATK, ane TakoX MOXE NMPU3BECTU OO0 Heoui-
KyBaHWX oOnepauiiHux BUTPaT ANA HEeCBIZOMUX
nepeciyHnx KopuctyBadiB. [lpoTe 3aranom Ans
nobyaooBnM BENMKOI Ta CKNagHoi obuvucrioBanb-
HOI CMCTEMM XMapu HabaraTto AelleBLUi Ta MaKTb
OinblL NpocTUin iHTEpdEeNC AnNs HanaromXXeHHs Ta
NiATPUMKMK, WO MOXe 3BinbHUTK |T-komnaHito Big
HeoOXigHOCTI TpMMaTW BENUKUM LWTaT CUCTEMHUX
aZMiHicTpaTtopiB.

OnHuM 3 HaMNONYNSAPHIWNX XMapHUX CepBiciB
€ AWS (Amazon Web Services). [Ins OCArHEHHS
MeTM [JaHoi poboTn Oyae BMKOPUCTOBYBaTUCH
came us nnatcgopma. NprynHo LbOMY € Te, Lo
cepen 0cobnmMBOCTEN XMapHUX CEPBICIB € MOXIN-
BICTb 3amycKy anroputMmiB Ha 6asi MalLUWH pi3HOro
TUMY Ta MNOTYXXHOCTI — @ OTXXE MOXHa MOPIBHATU
€(EeKTUBHICTb Pi3HMX KOHCpirypauin cuctemn ons
HaBYaHHS onmncaHol moaeni.

[na poboTtu i3 mogenamm MalMHHOIO HaBYaHHS
B AWS € cepsic SageMaker. SageMaker [o3Bo-
nse po3pobHMKaM npautoBaTU Ha KiflbKOX PIBHSIX
abcTpakuii nig Yac HaB4aHHA Ta PpO3ropTaHHA Moge-
nen MalWHHOIO HaB4YaHHA. Ha HamBuLLOMY piBHI
abcTpakuii SageMaker Hagae nonepeaHb0 HaBYEHI
MOLESi MalUMHHOIO HaBYaHHS, SKi MOXXHa pO3rop-
HyTK gk €. Kpim Toro, SageMaker Hagae psag BOy-
AoBaHux anroputMiB ML, aki po3poBHUKN MOXYTb
HaB4aTu Ha BnacHux gaHux. Kpim toro, SageMaker
Hagae kepoBaHi eksemnnsapu TensorFlow i Apache
MXNet, ge po3poOHMKM MOXYTb CTBOPOBATU
BnacHi anroputMn ML 3 Hynda. HesanexHo Big T1o-
ro, dkuMrM piBeHb abcTpakuil BMKOPMUCTOBYETLCH,
pPO3pObOHMK MOXe nigknounTn cBoi mogeni ML
3 nigTpumkoo SageMaker go iHwWmx cnyx6 AWS,
Takux gk 6asa gaHmx Amazon DynamoDB ans
30epiraHHa CTpyKTypoBaHux AaHux, AWS Batch
A5 aBTOHOMHOI nakeTHoi 06pobkn abo Amazon
Kinesis ans o6pobku B peanbHOMy yaci. [1ns B3a-
emogii 3 SageMaker po3pobHMKam JOCTYMHUIA psg
iHTepdencis. Mo-neplie, € Be6-API, sk Bigaa-
neHo Kepye eksemnndpom cepsepa SageMaker.
Xoua Beb-AP| He 3anexuTb Big MOBM nporpamy-
BaHHS, $sIKY BMKOPUCTOBYE pO3poOHMK, Amazon
Hagae npue’'sskn APl SageMaker gns kinbkox
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moB, Bkntoyaroum Python, JavaScript, Ruby, Java
Ta Go. Kpim Toro, SageMaker Hapgae kepoBaHi
eksemnnapu Jupyter Notebook ans iHTepakTue-
HOro nporpamyBaHHsi SageMaker Ta iHWKX npo-
rpam. Came Jupyter Notebook paszom 3 Moo
nporpamyBaHHsa Julia ©yge BMKOpPMCTOBYBaTUCh
Ansa nobyaoBu Ta HaB4YaHHA mogeni. [NMpote ons
3anycky cepsepy Julia Ha 6asi mawmnHn SageMaker
HeobXigHO onucaTtu CKpuMT, Sk Byae 3aBaHTa-
XXyBaTu Ta 3anyckaTtu BCi HeobXxigHi nporpamu Ans
po6oTn cepepy Julia Ha 6a3i Jupyter Notebook.
Ocb shell- ckpunT, sakmn 3aBaHTaxye Julia nig vac
CTBOPEeHHA MalwurHn SageMaker:

#!/bin/bash

set-e

sudo-u ec2-user-i <<EOF

echo «. /home/ec2-user/anaconda3/etc/profile.d/
conda.sh» >>~/.bashrc

conda create--yes--prefix ~/SageMaker/envs/julia

wget -q https://julialang-s3.julialang.org/bin/linux/
x64/1.7/julia-1.7.2-linux-x86

_64.tar.gz-O- | tar xzf-

cp-Rjulia-1.7.2/* ~/SageMaker/envs/julia/

mkdir  -p ~/SageMaker/envs/julia/etc/conda/
activate.d
echo ‘export JULIA_DEPOT_PATH=~/SageMaker/

envs/julia/depot’ >> ~/Sage

Maker/envs/julia/etc/conda/activate.d/env.sh

echo -e ‘empty!(DEPOT_PATH)\npush!(DEPOT _
PATH,raw»/home/ec2-user/

SageMaker/envs/julia/depot»)’
envs/julia/etc/julia/

startup.jl

conda activate /home/ec2-user/SageMaker/envs/
julia

julia--eval ‘using Pkg; Pkg.add(«lJulia»); using lJulia’

EOF

CKpMNT, AKMI 3anyckae cepsep Julia nig uvac
BBIMKHEHHA MalluHK SageMaker:

#!/bin/bash

set-e

sudo-u ec2-user-i <<EOF

echo «. /home/ec2-user/anaconda3/etc/profile.d/
conda.sh» >>~/.bashrc

conda run --prefix ~/SageMaker/envs/julia/ julia
--eval ‘using lulia;

lJulia.installkernel(«Julia»)’

EOF

Ona nopiBHAHHA ©Oyno obpaHo ABa Tvnu
MawwuHn: Ha 6a3i CPU (ml.c5.2xlarge) Ta Ha Gaasi
GPU (ml.g4dn.xlarge). OBuncneHHa Ha rpadiy-
HOMY npouecopi noTpebyoTb BMKOPUCTAHHSA
aesakmx Gibniotek Ta BignosigHMX dyHKUin. [Ons
aBTOMaTMYHOrO po3noginy 3agavy Ta AaHux Ha
rpadpiuHomy nipouecopi Nvidia 3acTocoByeTbCs
6ibnioteka CUDA. [JeTtanbHiwe nNpo BUKOPUCTaHI
mMaLwwmrHn SageMaker B Tabnuui 1.

>> ~/SageMaker/
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Tabnuus 1
BukopucTaHi mawmHmn SageMaker
Tun Mawuku CPU (sppa) GPU 031 (I'6) SSD (I'6) ”i”(f,g?);'ac
ml.c5.2xlarge 8 iHTerpoBaHa 16 5 0,408
ml.g4dn.xlarge 4 NVIDIA T4 16 5 0,7364

3aranom maemo 4 KoHdirypauii:

1. GAN Ha ml.c5.2xlarge;

2. CGAN Ha ml.c5.2xlarge;

3. GAN Ha ml.g4dn.xlarge;

4. CGAN Ha ml.g4dn.xlarge.

B obox Tunax mogenen Ha BXig reHepartopa
nogaeTbcs BMnagkosun wym Ha 100 3HayeHb B gia-
nasoHi Big —1 go 1. HaB4aHHA NpoxXoanTb Ha CTaH-
OapTHOMY Habopi YOpHO-6inmx 3ob6paxeHb undp
MNIST (Modified National Institute of Standards
and Technology database). Lle 6asoBun craH-
0apT ONS HaBYaHHS Pi3HUX MOAENen MalLuMHHOrO
HaBYaHHS i camMe BiH BUKOPUCTOBYETbCA B Oinb-
WOCTi pocnigXeHb Ans OUiHKM SKOCTi poboTu
mMogeni. 3aranbHuiA po3Mip HaB4anbHOI BUOIPKK
ansa Bcix KoHdgirypauin craHoButb 2000 306pa-
XeHb. Po3mip niaBmbipkn ctaHoBuTb 128 306pa-
XeHb. [Ina KOXHOI enoxu HaeyanbHa BuOipka ne-
pemilyeTbcs, WO 3anobirae edekTy nepeHa-
BYaHHA. Bci iHWi rinepnapametpu (Hanpuknag
LWBMAKICTb HaBYaHHA ansa ontumisatopa ADAM,
wo craHoBuTb 0.0002 gk ana reHepaTtopa, Tak
i AnNg AUcKpuMMiHaTopa) ogHaKoBi Afs1 BCiX YOTU-
pbOX KOHQirypauin cuctemn. €amHe, WO BigMiH-
He Mk GAN T1a CGAN, — ue 3aranbHa Kinb-
KiCTb MmapameTpiB, siki NOTPiIBHO KoperyBatn Ans
HaB4yaHHa Mogeni. Ona GAN «kinbkicTb napa-
meTpiB agopiBHioe 2950161 (3avmae npu cepia-
nisauii mogeni 6nmsbko 11.269 M6 Ha Aucky).
A ona CGAN — 2382466 (3anmae npu cepianisa-
uii mogeni 6nmnsbko 9.201 M6 Ha ancky).

Y pesynstati 6araTbOX eKCrnepumeHTiB BUSIBU-
nocb, Lo onTUMarnbHUI GanaHc MixX reHepaTopoMm
Ta [OUCKPUMIHATOPOM [OCAraeTbCs Npu cepen-
HbOMY 3HAYeHHA QYHKUiI NOMUIIKW Ha enoxy
y auckpumiHatopa — 6nusbko 0.5-0.6, a y reHe-
patopa — 6nusbko 1.0-1.1. TMoganbuwi iTepaduji
HaBYaHHSI HE Jal0Tb 3HAYHOro NOKPALLEHHS AKOCTI
po6oTn mogeni.

B pesynerati ekcrnepumeHTiB 6yno 3pobneHa
OLHKa TaKMX MOKa3HUKIB, SIK:

1. Yac obpobkm ogHiei enoxm HaBYaHHS;

2. KinbkicTb enox, NoTpibHUX Ans AOCArHEHHS
onTUManbHoro 6anaHcy Mixx reHepaTtopom Ta Auc-
KpUMiHaTOPOM;

3. dopma rpadpiky 3miHM cepegHbOro 3Ha4YeHHs
dYHKUiT TOMWIIKM MO enoxam;

4. AkicTb 3reHepoBaHMX 300paxeHb (cyb’ek-
TMBHa OUjiHKa).
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Hani B Tabnuui 2 nogaHo 3amipu Yacy ob6pobku
OHIET enoxu.

Tabnuus 2
3amipu yacy o6pobku ogHiel enoxu
GAN CGAN
ml.c5.2xlarge 37 437
ml.g4dn.xlarge 0.1 0.45

Ak 6a4unmo, pi3HMUS B LIBMAKOCTI 0OpOOKM MixX
mawwuHoto Ha CPU Ta mawwuHoio Ha GPU 3Ha-
YyHa. MawwwuHa ml.g4dn.xlarge B 370 pas3u wenawa
B pob6oTi 3 GAN Ta 971 pas wsugwa B poboTi
3 CGAN Hixx mawuHa ml.c5.2xlarge. dnensuynco
3 nnowwmHn nopiBHaHHA GAN Ta CGAN, TO Apy-
N BUABMBCS CKMagHiwmnm gnsa obpobkn oboma
Tvnamu MmawmH. Xoda CGAN Mae MeHLLUY KinbKiCTb
napameTpiB Ta 3aiMae MeHLUe Miclsa B Nam’siTi, LS
MoZenb CKnagHila 3 TOYKU 30py 00YMCrEHHS rpa-
AIEHTIB ANSA KOXHOro napametpa. Jani B Tabnuui 3
NOAaHOo KiNbKICTb enoxX A0 ONTUMYMY.

Tabnuusa 3
KinbkicTb Tabnuub 4o onTumymy
GAN CGAN
ml.c5.2xlarge 1200 300
ml.g4dn.xlarge 1200 300

Baunmo, wo CGAN pocsrae onTumanbHOro
cTaHy B 4 pasu weugwe Hixxk GAN. PospaxoBytoun
3ararnbHU Yac HaB4YaHHs KOXXHOT Mogeni, oTpuma-
€MO TaKi cepefHi 3HaveHHs (Tabnuvus 4).

Tabnuus 4
3aranbHuU Yac HaBYaHHA KOXHOI Moaeni
GAN CGAN
ml.c5.2xlarge 44400 131100
ml.g4dn.xlarge 120 135

PisHnus mixx mopensamu ans CPU-mawunHu
3aHafgTo Benvka, mavxe B 3 pasu. Npote ana GPU-
MaLUMHW LS Pi3HUUA CKnagae BCbOro 15 cekyHa.
| 3aranom, BXe MOXHa KOHCTaTyBaTu, LLO OMTu-
ManbHUM BMOOPOM ANSA HAaBYaHHS TakKMxX MoAenen
€ came GPU-mawwvHa. Taky cknagHy mogeni sk
GAN Ui MaWmrHN MOXYTb €PEKTUBHO HABYUTU Ha
6asi ctaHgapty MNIST 3a 2—3 xBUnnHN.

MpeactaBMMo rpadiku 3mMiHM cepeHboro 3Ha-
YeHHS (PYHKUIT nOMUKM no enoxam. [NopiBHAHHS
nopgaHo B Tabnuui 5.
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Tabnuus 5

Mpadbikn 3MiHM cepeaAHbLOro Yyacy no ernoxam

GAN

CGAN

Discriminator loss

0.5
0.4
0.3

ml.c5.2xlarge

02

Generator loss

i TR

I_gen

Discriminator loss

Generator loss

0.8

0.6

04 I

0.2

750 1000 0 750

1000

Discriminator loss

ml.g4dn.xlarge

Generator loss

Generator loss

|

I_gen

Ak 6aunmo, rpadiku 3MiHM cepegHbOro 3Ha-
YeHHs dyHKuii nomunkn gnga mogeni GAN matoTb
eKCMoHeHujianbHy ¢QopMy i 3MiHIOKTbCA MOo-
BinbHiwe. [padikn ana CGAN, B cBow uyepry,
BUXOOATb B ONTUMAarbHY TMOSIOCY BXe 4epes
100-200 enox, pani dyHKUia nuwe cTabini-
3yeTbCA TU BUPIBHIOETLCA — HEMae EeKCMNOHeH-
uianeHoi dopmn. 3 iHworo 60Ky, rpadik ans

GAN 06inblw cTabinbHU Ta Mae MeHWwu giana-
30H BigxuneHb. ToOTO xapakTep 3MiHW OyHK-
Lii i cnocib gocArHeHHa onTUMyMy pisHMK. [Ons
CGAN - ue crabinizauis «ctpubatodoi no Benu-
KOMY [Aiana3oHy» QYHKUiT HaBKOMO ONTUMYMY,
a ansa GAN — ekcrnoHeHuUianbHe HabnmXeHHs.

[ani npeactaBneHo 3reHepoBaHi 300paXKeHHs
(no 9 Ha KOXHY KOHcpirypauito). [lopiBHAHHS
nogaHo B Tabnuui 6.

Tabnuus 6

3reHepoBaHi 306paeHHs

GAN

ml.c5.2xlarge

ml.g4dn.xlarge
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3HoBy 6ymemo nopisHioBatn GAN 1a CGAN  meToam Ta nigxogow Anst nobyooBu Takoi mMogeni.
Mi>k coboto. 3a paxyHok 3ropTkoBux wapie CGAN  Takox ©OyB npoBedeHW MOPIBHAMbHUI aHani3
Mae edeKT 3rmagXyBaHHs 300paXeHHsA | BMOa-  YOTMPbOX KOHAirypauin CUCTEMMU, cepen SIKUX
nexHst wymis. Y GAN Takoro Hemae, Tomy B 3re-  Oyna BuM3HadeHa Hanmbinbll onTumarnbHa, a came
HepoBaHMX 300paxeHHsAxX crnocTepiraioTbes 3amBi CGAN Ha 6a3i GPU-mawwuHn ml.g4dn.xlarge.
apTechaktTi Ta Wymu, Npu LbOMY, HaBiTb, 30iNb-  Bynu BUBaxeHi BCi acnekTun, Aki 4O3BONWUN 3HANTH
LIYOYM KINbKICTb €noX, Ler LWyM He 3MEeHLUy-  Takui BapiaHT, KM Tpumas 6anaHc Mix LLUBUOKO-
€TbCs. 3 LbOro MoXHa 3pobuT BUCHOBOK, LLO ANS1  Ji€to Ta SKICTHO.

poboTn i3 300paxkeHHAMM 3rOpTKOBI LLApU BCE X MoganblWi nepcnekTMBy OOCHILKEHHA MOXHa
[awTb OinblU «4MCTMI» pesynbrat. 3aranom, obu-  OKPEeCnMTM B TaKMX KaTeropisx:

OBi Mogeni e(pekTMBHO Bnopanucs i3 3aBgaHHSAM 1. DocnigxeHHa mogeni WGAN B LbOMy X
reHepadii 306paeHHAM i 3 CyO’€eKTUMBHOI TOUKM  KOHTEKCTI;

30py OinbLWiCTb 3reHepoBaHUX 300paxeHb LMdp 2. JocnigXeHHs  pEeKYpPeHTHUX  HEeNPOHHUX
MOXXHa BRi3HATU. MepeX And reHepauii, Hanpuknag, My3ukn B LIbOMY

BUCHOBKM 3 OaHOro OOCNIIKEHHS | MEPCNeK- X KOHTEKCTI;
TMBM noganbluMX PO3BIOOK Y AAHOMY HampsiMKy. 3. JocnimpKeHHa reHeTUYHUX anropuTtMiB ans

B xopi BMKOHAHHA [aHOro JocrigXeHHs HabyB  ONTMMiI3auii Npouecy HaBYaHHA TaKOX Y KOHTEKCTI
pPO3BUTKY HanpaAmMok noOyaoBM, HaBYaHHA Ta  MOPIBHAHHA 3 iHLWMMK KOHQIrypauisMmm cuctemu;
3aCTOCyBaHHA MoJeni, fka peanisye KOHUerLito Takox € npakTuyHe nobaxkaHHsi — aBTomaTm3a-
MaLUMHHOrO MUCTELTBa, Ha Gasi cepBiCcy XMapHUX  Uis KOHirypauii sgpa mosu nporpamyBaHHs Julia
obuncneHb AWS. BbyB npoBedeHUn MNOpiBHANb-  Ha MawunHax AWS SageMaker, ampke ua moBa
HUI aHani3 nonepegHix pobiT, B AkMx 6ynu BUHan- € ofHield 3 Hanbinbll nepcnekTuBHMX B cdepi
OEeHi Hambinbw edeKTUBHI Ha AaHuiA MOMEHT MaLUMHHOIO HaBYaHHS Ta HayKu Npo AaHHi.
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POST-TRAIN ADAPTIVE U-NET FOR IMAGE SEGMENTATION

Many fields benefit from fast and accurate image segmentation. Convolutional neural networks show the best
accuracy solving the task. Applications include medical or satellite imaging, autonomous driving, etc. Typical neural
network architectures used for image segmentation are expected to be fully configured before the training procedure
starts. To change the network architecture additional training steps are required. This is quite limiting as the network
might not only be executed on a powerful server, but also on a mobile or edge device. Adaptive neural networks offer
a solution to the problem by allowing certain adaptivity after the training process is complete.

In this work for the first time, we apply Post-Train Adaptive (PTA) approach to the task of image segmenta-
tion. We introduce U-Net+PTA neural network, which can be trained once, and then adapted to different device
performance categories. The two key components of the approach are PTA blocks and PTA-sampling training
strategy. The PTA blocks were added into the U-Net neural network with MobileNetV2 backbone. The post-train
configuration can be done at runtime on any inference device including, but not limited to mobile devices. In addition
to post-train neural network configuration, the PTA approach has allowed to improve image segmentation quality
(Dice score) on the CamVid dataset. The final trained model can be switched at runtime between 6 PTA configu-
rations. These configurations differ by inference time and quality. Importantly, all of the configurations have better
quality than the original U-Net (No PTA) model. The possible future research direction is to expand the inference
time difference between heavy and light PTA configurations to allow a single trained PTA-based network to target
even more device performance categories.

Key words: Adaptive convolutional neural networks, image segmentation, inference speed, mobile computing,
edge computing, computer vision.
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AOANTUBHA NMicnA HABYAHHA MEPEXA U-NET
onAa 3A0AYI CETMEHTALII 3S0BPAXEHbDb

Gacamo 3acmocyHkie nompebytoms WeUdKy ma Mmo4yHy ceameHmauii 306paxeHb, 0e 320pMKO8i HEUPOHHI
Mepexi nokasyroms HaliKpawly moyHiCmb 8UPIWEHHs 3adadi. 3acmocysaHHs 8KnoHarms MeduyHi abo cynymHu-
Ko8i 30bpakeHHs1, asmoHOMHe 600iHHS mouwjo. 3aszsuyali HeobxiOHO, w06 apximekmypu HeUPOHHUX MEepPEX,
sKi guKkopucmosyrombcsi 05151 ceeMeHmauii 30bpaxeHb, bynu nosHiCM HamawmoesaHi o noyamky npouedypu
HaeyaHHs. [ns amiHu apximekmypu mepexi HeobxiOHi dodamkosi imepauii Hag4aHHS. Lle € 06MeXeHHSIM, OCKINbKU
Mepexa Moxe rpayroeamu He fuwe Ha nomyxHomy cepeepi, a U Ha MobiribHOMY 4u KpaliogoMy rnipucmpoi. Adarn-
mueHi HeUPOHHI Mepexi MPOroHytoMb 8upieHHs npobrnemu, A0360s5H4U nesHy adanmau,ito Micrisi 3a8epueHHs
npouyecy HagyaHHs.

Y uiti pobomi enepwe 3acmocosaHo nioxid Post-Train Adaptive (PTA) do 3adayi ceameHmauii 306paxeHs.
lpedcmaesneHo Helipomepexy U-Net+PTA, sky MoxHa 0OuH pa3 Has4umu, a nomim adanmyseamu 00 npucmpoig
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i3 pi3HOK 064UCH08aNbHOK WEUOKICMI0. [Jeoma Ki1r4o8uMu KoMnoHeHmamu nioxody € bnoku PTA ma cmpameais
Has4aHHSs1 i3 sunadkosoro 8ubipkor PTA koHgbizypauit. brioku PTA 6yno dodaHo 8 Helipomepexy U-Net 3 mepexero
kodyearnbHukom MobileNetV2. OmpumaHy Mepexy MOXHa KOHbieypysamu ricns Hag4aHHs Ha OyOb-sKOMYy rpu-
Cmpoi, 8KmoYarodu MobinbHi. Takox nidxid PTA do3eonue nokpawumu skicms ceameHmauii 30bpaxeHHs 8 Habopi
OdaHux CamVid eidnogidHo do mempuku Dice. HagyeHy modernb MoxHa nepemukamu MiX 6 KoHgbieypauiamu PTA
Haeimb nid Yyac 8UKOHaHHs. Lli koHiaypauii 8i0pisHsIrombCs Yacom pobomu ma sikicmr. Baxiueo, w0 6ci KOH-
ohicypauii matomb Kpalwy sikicmb, HiX opuziHanbHa modesns U-Net (6e3 PTA). Moxnusum HanpsMok nodanbuiux
docnidxeHb € 36inbWEHHS Pi3HUUJ 8 Yaci BUKOHaHHSI MK 8aXKKOK ma 51e2Kor KOoHieypauismu PTA brokie, w06
0038051UMuU O00HIl Has4eHil Mepexi Ha ocHosi PTA Hayinoeamucsi Ha we b6inbwly KiflbKicmb mnpucmpoig i3 pisHo

064UCIH8aNbHOK MOMYXHICMIO.

Knrouoei cnoea: adanmusHi 320pmKo8i HelipOHHI Mepexi, ceameHmau,ist 306paxxeHb, Yac 8UKOHaHHS, MOOBINbHI

obyucneHHs, Kpaliogi 064YUCIEHHS, KOMTtomepHUU 3ip.

Introduction. Many fields benefit from fast
and accurate image segmentation. Convolutional
neural networks show the best accuracy
solving the task. Applications include medical
imaging (Ronneberger et al., 2015), autonomous
driving (Brostow et al., 2009), satellite ima-
ging (Hnatushenko et al., 2021), etc. Typical neural
network architectures used for image segmen-
tation are expected to be fully configured before
the training procedure starts. To change the
network architecture additional training steps
are required. This is quite limiting as the network
might not only be executed on a powerful server,
but also on a mobile or edge device (Khabarlak,
2022a; Khabarlak & Koriashkina, 2022). Training
separate networks for each device category is
quite inefficient. Ideally, the network configuration
change should be performed dynamically at
runtime.

Adaptive neural networks offer a solution to
the problem by allowing certain adaptivity after
the training process is complete. Successful
approaches to building adaptive neural networks
have been proposed for Recurrent Neural
Networks in (Graves, 2016), Convolutional Neural
Networks in (Figurnov et al., 2017; Khabarlak,
2022b, 2022c). In particular, we see the Post-
Train Adaptive approach proposed in (Khabarlak,
2022b) as an easy and effective way for the neural
network adaptivity. Still the approach was only
applied to the image classification task.

In this work we present U-Net+PTA network
for the image segmentation task. We base upon
U-Net (Ronneberger et al., 2015) architecture with
MobileNetV2 (Sandler et al.,, 2018) backbone.
To enable post-train adaptivity of the network,
we apply the Post-Train Adaptive approach
from (Khabarlak, 2022b).

To summarize, our main contributions are as
follows:

1. We introduce U-Net+PTA neural network,
which can be trained once, and then adapted to
devices of different performance categories.

2. We demonstrate that U-Net+PTA not only
improves inference speed over the U-Net, but
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also shows better Dice__
et al., 2009) dataset.

Literature Overview. Many fields benefit from
fast and accurate image segmentation. To solve
the segmentation task with high quality, the input
image should be considered at multiple scales. This
can be done through feature pyramid network (Lin
et al., 2017), U-Net-like architecture (Ronneberger
et al., 2015) or feature exchange between multiple
scales (Sun et al.,, 2019). Such architectures
are computationally intensive. In the meantime,
segmentation algorithms are often required to
run on desktop as well as mobile devices, while
current architectures are mostly suited for desktop
applications only.

Typically, neural network architectures made
tosolve the segmentationtask are configured before
the training process starts. Different backbones
can be used in the segmentation models to
change their quality and inference speed, like
ResNet (He et al., 2016), MobileNetV2 (Sandler et
al.,2018), MobileNetV3 (Howardetal.,2019), SeNet
(Hu et al., 2018) or others. Still, these backbones
cannot be additionally configured after the
training process is complete, which limits their
applicability to devices with different computa-
tional resources.

Dynamic neural networks is a promising
research direction (Figurnov et al., 2017; Graves,
2016; Khabarlak, 2022b, 2022c). The goal is to
allow the neural network to change its archite-
cture depending on expected inference time
or input data complexity. However, in many
cases additional adaptivity comes at increased
computational cost. Thus, inference time
might not be smaller on average than that of a
conventional static neural network. In contrast,
in (Khabarlak, 2022b) Post-Train Adaptive
approach was presented, which via a simple
MobileNetV2 modification has allowed to reduce
actual inference time. Importantly, the approach
allows to reconfigure the neural network after
the training process is complete. But, to the best
of our knowledge, the approach has only been

on the CamVid (Brostow
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applied to the image classification task, namely
face anti-spoofing. In this work we adapt the Post-
Train Adaptive approach to the task of image
segmentation.

Materials and Methods. We base on the
U-Net architecture with MobileNetV2 backbone.
To make the constructed neural network dynamic,
we use the approach proposed in (Khabarlak,
2022b), and add 3 Post-Train Adaptive (PTA)
blocks to the network (as is shown in Fig. 1). In
this work we include PTA blocks only in the U-Net

encoder (backbone), leaving the decoder part
intact.

A single PTA block has 2 branches:

— Light branch. Contains a single Inverted
Residual block;

— Heavy branch. Contains two
Residual blocks connected sequentially.

Each block can be dynamically configured to
infer either branch exclusively, or both branches
at the same time averaging the resulting feature
maps.

Inverted

I Convolutional block

I Inverted Residual block

Post-Train Adaptive block

| *i

L - . =
MobileNetV2 with PTA

_

Figure 1. The proposed U-Net+PTA architecture for the image segmentation task.
MobileNetV2 architecture with added PTA blocks is used as an encoder.
Convolutional blocks are shown in blue, Inverted Residual in green,
Post-Train Adaptive (PTA) in orange

To enable dynamic branch selection in the
PTA block without retraining, a special PTA-
sampling strategy is applied at training time.
Specifically, several possible block configurations
are selected randomly during the training
procedure following the distribution shown in
Table 1. All PTA block configurations that are
possible, but not presented in the table are
expected to be never sampled. Note, that
configuration where both blocks are enabled
at the same time is also never sampled.

Table 1.
U-Net+PTA train-time configuration sampling.
Sampling strategy follows the original
strategy from (Khabarlak, 2022b).

PTA Configuration Sampling Probability
[Heavy, Heavy, Heavy] 0.45
[Light, Heavy, Heavy] 0.15
[Heavy, Light, Heavy] 0.15
[Heavy, Heavy, Light] 0.15
[Light, Light, Light] 0.10
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To train the neural network, we use the
Dice ., that has shown good segmentation
training results, and to measure the resulting
model quality, we use Dice__ (Milletari et al.,
2016):

2Y 'pg e
Diceloss :1_ szl N 5 s (1)
Zi Pi +Zi g *e
25 g,
Dice_ = Zi P&~ e

score ZINPZZ +21Ng12 +€’ (2)

where p, is the predicted probability distribution,
g, is the ground true one-hot vector, N is the
number of classes to distinguish between, ¢ is
a small constant.

Experiments. To ftrain and evaluate the
model we use the widely known CamVid (Brostow
et al., 2009) dataset. It contains images of
size 480x360 pixels. The dataset is split into
train (367 images), validation (101 images) and
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test (233 images) subsets. All of the subsets
have segmentation masks available of the same
480x360 size. The task is to learn the network
to segment the images into one of the following
classes: sky, building, pole, road, pavement, tree,
sign symbol, fence, car, pedestrian, bicyclist,
unlabeled.

For training and testing we resize the images
into 256x256 size. To retain the original width to
height ratio, the images are letterboxed. During
training random crop and color jitter augmentations
are used. Both U-Net and U-Net+PTA networks
are trained for 600 epochs from scratch. No neural
network pre-training is performed. Batch size is
set to 8. Adam (Kingma & Ba, 2015) with the
learning rate of =10 is used as an optimizer.
The results are reported on the test set. NVIDIA
GTX 1050Ti is used to train and test the model.
In addition, we report inference time for a batch
of 8 items. To ensure accurate time measure-
ments, timings are averaged over 1000 batches.
95 % confidence interval is given for each
measurement.

Results. In Table 2 we show model perfor-
mance on the test set for the original U-Net model
(denoted as No PTA) and the new U-Net+PTA
model (denoted as PTA-*), where * is the PTA
block configuration for inference. The best result
is shown in red; the second best is in blue. As is
clearly seen, all PTA-based configurations show
better performance that the original U-Net. The
best results are obtained by PTA-HLH, followed
by PTA-BBB. Note, all PTA configurations have
been obtained from a single model, trained only
once. Thanks to the adaptive architecture, the
exact configuration can be selected after the
training is complete. Interestingly, PTA-HHH,
which is equivalent in architecture to the

No PTA model, but has been trained with PTA-
sampling strategy is also better than No PTA
configuration.
Table 2.
Dice_ ., comparison for the U-Net+PTA model
in the segmentation task on the CamVid
dataset. Higher Dice__ _ is better. The best
configuration is highlighted in red; the second
best is in blue. All Post-Train Adaptive (PTA)
configurations show better quality than the
original U-Net with MobileNetV2 backbone.

Configuration Dice___ (1)
No PTA 0.8583
PTA-HHH 0.8666
PTA-LHH 0.8659
PTA-HLH 0.8670
PTA-HHL 0.8660
PTA-LLL 0.8647
PTA-BBB 0.8667

Table 3 shows model complexity and inference
time comparison of the U-Net and the newly
proposed U-Net+PTA models. The best result
is shown in red; the second best is in blue. We
show post-train model configuration, the number
of model parameters, the number of multiplication
and addition operations for inference, absolute
and relative inference time. Relative time is
computed with respect to the No PTA baseline.
Inference time on actual device has some
fluctuation due to GPU frequency change or
sporadic system activity. To ensure accurate and
consistent measurements, the inference time
results are averaged across 1,000 measure-
ments. Additionally, 95 % confidence interval
is given. As can be seen, PTA-based models
that have one or more Light branches enabled
have faster than No PTA baseline inference.

Table 3.

Model complexity and inference time comparison of U-Net vs U-Net+PTA models. The following
information is shown: post-train model configuration, the number of model parameters, the
number of multiplication and addition operations for the inference, absolute and relative infe-
rence. Relative time is computed with respect to the No PTA model. The best result is shown in
red; the second best is in blue. PTA-based models with Light branch show faster inference time.

Config # Params Multiply-Adds Inference Time Relative Impr.
(LM ({, Mops.) (L, ms) (% 1)
No PTA 6.63 871.80 8137+ 14 100.00
PTA-HHH 6.63 871.80 81.16+0.13 99.75
PTA-LHH 6.58 868.58 80.21+0.08 98.58
PTA-HLH 6.51 864.16 79.78 + 0.08 98.05
PTA-HHL 6.31 866.65 79.89+ 0.08 98.19
PTA-LLL 6.14 855.49 78.82+ 0.09 96.86
PTA-BBB 7.12 888.12 83.79+ 0.09 102.98
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In Table 4 we show total training time and
the best Dice___ for the No PTA and U-Net+PTA
models. The best Dice_ _ is selected from all
possible PTA configurations from a single training
pass. Both models were trained 600 epochs. As
can be seen, higher Dice_  for the PTA-based
model is achieved with slightly faster model
training.

Table 4.
Training time and the best final score
comparison for the U-Net and U-Net+PTA
models. Higher Dice__ _for the PTA-based

model is achieved with slightly
faster model training.

Config Total Training | Best Dice____ (1)
Time (| , Min) seere
U-Net 161.6 0.8583
U-Net+PTA | 158.6 0.8670

Discussion. The Post-Train Adaptive method
has been originally introduced for the task of
face anti-spoofing in (Khabarlak, 2022b). In
this work we have applied it to a different
computer vision task, namely image segmentation.
We based our approach on the U-Net neural
network with the MobileNetV2 backbone. By
adding PTA blocks to the U-Net architecture
and following the PTA sampling training strategy,
we have been able to successfully train the

neural network. The resulting network can be
trained once and reconfigured later. As can be
seen from the Table 2, all of the PTA configurations
show superior quality when compared to the
U-Net with MobileNetV2 (No PTA). The best
improvement is achieved by PTA-HLH (Dice__
improvement of 0.0087), followed by PTA-BBB
(+ 0.0084). The PTA-HHH configuration that is
equivalent in architecture to the original No PTA
model is also better than the No PTA configura-
tion, which shows the benefit of the PTA-
sampling training strategy. We also note that even
the lightest PTA-LLL configuration is better than
No PTA baseline (+ 0.0064).

The PTA-LLL configuration is the fastest
configuration as is shown in Table 3. PTA-LLL
model shows better Dice___and is 3.14 % faster.
Also, the heaviest PTA-BBB model is only 2.98 %
slower, while offering 0.0084 higher Dice__ . PTA-
HLH has good speed and the best quality making
it the best configuration in terms of speed to
quality ratio.

We also note that the benefit of using 3 PTA
blocks in the U-Net with MobileNetV2 backbone
is smaller, than it was in the original PTA work. This
can be explained by the fact that overall U-Net
with MobileNetV2 backbone is a much larger
model than the plain MobileNetV2 for classifi-
cation as can be seen from Table 5.

Table 5.

Comparison of the number of model parameters and multiply-additions to perform classification
(Class.) and segmentation (Segm.) tasks. Note, that for segmentation the baseline No PTA model
is significantly larger.

Model Task # Params (M) Multiply-Adds (Mops.)
MobileNetV2 No PTA Class. 2.23 104.15
MobileNetV2 PTA-LLL Class. 1.73 87.84
U-Net No PTA Segm. 6.63 871.80
U-Net PTA-LLL Segm. 6.14 855.49

The PTA training procedure is easy to integ-
rate into existing pipelines. It offers the benefits
of extra model configuration after the training
is complete, higher model quality, and lower
inference time. In addition to that, overall
U-Net+PTA training time is no larger than that
of a simple U-Net model as can be seen from
Table 4.

Conclusions. In this work Post-Train
Adaptive approach has been first applied to
the task of image segmentation. The PTA
approach has made it possible to reconfigure
the architecture of the designed neural network
after the training process has been complete.
The two key components of the approach
are PTA blocks and PTA-sampling training

strategy. The PTA blocks were added into the
U-Net neural network with MobileNetV2 backbone.
The post-train configuration can be done at
runtime on any inference device including, but
not limited to mobile devices.

In addition to post-train neural network
configuration, the PTA approach has allowed to
improve image segmentation quality (Dice on
the CamVid dataset.

The final trained model can be switched at
runtime between 6 PTA configurations. These
configurations differ by inference time and
quality. The best speed is offered by PTA-LLL
configuration, that is faster and has higher
quality than No PTA baseline. The best quality
is achieved by PTA-HLH configuration with

score)
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better than No PTA inference speed making The possible future research direction is to
the best configuration in term of speed to expand the inference time difference between
quality ratio. Importantly, all of the configura- heavy and light configurations to allow a single
tions have better quality than the original U-Net  trained PTA-based network to target even more
(No PTA) model. device performance categories.
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ANrOPUTM METOQAY TNOK TA MEX ANA PO3B’A3YBAHHA
ONTUMI3ALUIMHUX 3A0AY 3 APOBOBO-JIHINHOKO LUINTIbOBOKO ®YHKUIEIO
TA JOOATKOBUMU KOMBIHATOPHUMUW OBMEXEHHAMU

Y pobomi posenss@aembcsi MamemamuyHa mMooernb 3adadi KombiHamopHoi onmumizauii 3 dpoboeo-niHiliHO
Uinboeoto hyHKUiet0 Ha MHOXUHI po3milyeHb. Bpaxosyrodu, wo 3adaqa 0pob0o8o-riHilIHO20 rMpozpamyeaHHs 8i0pi3-
HsiembCs 8i0 3adauvi NiHilIHO20 npoepamys8aHHs fuwe 8u2si0oM irbosoi oyHKUIT, ue dae MOXIIU8ICMb 8UKOPUCMO-
gysamu 0r51s i po38’a3ysaHHs1 8i0oMi Memoodu JiHItHO20 rpozpamysaHHs 3a rnesHoi ix moducpikauii. Ceped kombiHa-
MOPHUX Memodig 8ax/uee 3Ha4YEHHS K 8 NPaKMUYHOMY, makK i meopemu4yHoMy raaHi Mae Memo0 2ifloK ma Mex.

Y pobomi nowupeHo memoo einok ma mex 055 po38’sa3ysaHHs 3a0ady onmumisayii Ha po3MILEeHHSIX 3 Opoboeo-
NIHIGHOI Uinb08or yHKUiE ma dodamkosumu MiHIUHUMU 0bmexeHHsMU. OCHOBHUMU KpUmepisimu, ujo 8udHadya-
nu eghbekmusHicmb Memody rpu Po38’sa3y8aHHi KOHKpemHoi 3adayi 6yr1u crocié 064UCIEHHS OUIHOK ma 2allyXXeHHS.
Anzopumm cknadaembcsi 3 080X emariig: criodamky rnepexio 00 penakcosaHoi 3adadi (3acmocosyrouu 8idnosioHe
8idobpaxkeHHs1 nepexodumo 8i0 Opobos8o-niHiliHOI 3adadi onmumidayii 0o niHitiHOI), 0ani — ModughikosaHuUl Memod
eirnok ma mex, wo rpyHmyemscs Ha idesix JleH0a ma [ouiea. KombiHamopHa ymoea, a came, 6ymu eneMeHmom
MHOXUHU pPO3MilWeHb, 3aMiHEHa CUCMEMOK 0bMeXeHb, W0 OnMucye 3a2asbHull MHO202PaHHUK PO3MIULEHb.

B pobomi, Ha ocHoei enacmusocmeli 3acmocogaHo20 00 3adayi 3 Opob080-/iHItHOK U080k (hyHKUjE 8i00-
bpaxeHHs, 008e0eHO psi0 MeepdXeHb, WO el 8 0CHO8Y Memoldy po38’sa3ysaHHs 3adadi. 30kpema, meopema
MpoO eKsiganeHMHICMb MHOXUH OOMyCMUMUX 3Ha4YeHb 8UXIOHOI ma peniakcosaHol 3a0ady ma meopema rnpo OUiHKY
donycmumux obracmel 3a0ad, SKi € MPOMIXKHUMU 8 NMPOUECI PO38’a3y8aHHS.

BarniponoHosaHuli anzopumm Memody 2iflok ma Mex 071 pPo36’a3y8aHHs1 3a0ad onmumisauii Ha KoMbiHamopHil
MHOXUHI po3miuwjeHb y sunadky 0pobo8o-niHiliHOI uirboeoi chyHKuii sudaembcsi douinibHUM Hadari 3acmocysamu
0151 po38’a3ysaHHs 3a0ad onmumidauyii 3 0po6080-/liHIUHOK (hyHKUIE Uini Ha iIHWUX MHOXUHaX.

Knrouoei crnoea: mMemod 2inok ma Mmex, po3miweHHs, 0poboeo-niHiliHa uinbosa (hyHKUis, KombiHamopHa
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ALGORITHM OF THE BRANCH AND BOUND METHOD FOR SOLVING
OPTIMIZATION PROBLEMS WITH A FRACTION-LINEAR OBJECTIVE FUNCTION
AND ADDITIONAL COMBINATORY CONSTRAINTS

The paper considers a mathematical model of the problem of combinatorial optimization with a fractional-linear
objective function on a set of placements. Given that the problem of fractional-linear programming differs from
the problem of linear programming only in the form of the objective function, this makes it possible to use known
methods of linear programming with a certain modification to solve it. Among the combinatorial methods, the method
of branches and limits is important both in practical and theoretical terms.

In the work the method of branches and bounds is extended for solving optimization problems on placements
with a fractional-linear objective function and additional linear constraints. The main criteria that determined
the effectiveness of the method in solving a specific problem were the method of calculating estimates and branching.
The algorithm consists of two stages: first, the transition to a relaxed problem (using the appropriate mapping, we
move from a fractional-linear optimization problem to a linear one), then a modified method of branches and bounds,
based on the ideas of Land and Doig. The combinatorial condition, namely, to be an element of the set of placements,
is replaced by a system of constraints describing the general polyhedron of placements.

In the work based on the properties of the mapping applied to the problem with a fractional-linear objective
function, a number of statements that formed the basis of the method of solving the problem were proved. In particular,
the theorem on the equivalence of sets of admissible values of the original and relaxed problems and the theorem on
the estimation of admissible areas of problems that are intermediate in the process of solving.

The proposed algorithm of the branch-and-bound method for solving optimization problems on a combinatorial
set of placements in the case of a fractional-linear objective function seems appropriate to be applied in the future
for solving optimization problems with a fractional-linear objective function on other sets.

Key words: method of branches and bounds, placement, fractional-linear objective function, combinatorial
optimization.

AKTyanbHicTb npo6nemu. OnTumisauiiHi 3a-  MIHIMHUX  YMOBHMX 3ada4 Ha KOMOGIHATOPHUX
Aadyi Ha KOMOIHAaTOpPHMX MHOXMHAX BCe Yac-  MHOXMHax. Po3pobrieHo MeToan po3B’sA3yBaHHS
Tilwe 3ycCTpivYaloTbCA Ha MpakTUli Ta noTpebylTb  APOBOBO-MIHIMHUX YMOBHUX 3adady Ha MHOXMHaX
JAOCnimKeHHs | po3B’sa3aHHs. MNocTae HeobxigHicTe  nepectasneHb (Emeub O. O., 2005; JoHeup I T,
po3po6kM HOBUX Ta Moaudikauii Bxe icHytoumnx  2011), poamiweHb (Emeu O. A, 2011).

MeToAiB AN 1X po3B’A3yBaHHSA. Y 3B’'A3KY 3 UMM BupineHHa HeBupilleHMX paHille 4YacTUH
NMUTaHHA €eBKNiOOBOI KOMGIHATOpHOI onTuMisauii  3aranbHoOi npo6nemu. 3anpornoHoBaHWM B po-
BCe YacTille CTalTb METOI AoCHimKeHb BiTun3Hga-  6oti (Emey O. A., 2011) meton po3B’saA3yBaH-

HUX Ta 3apybiKHMX HayKOBLIB. HA YMOBHMX 3agady 3 ApOOO0BO-NiHIHOK UiNbo-
OKpeMuMM KInacoM MOXHa BUAINUTM 3agadi  BOK  (OYHKUIED Ha PO3MILLEHHAX ['PyHTYETbLCA
onTuMmi3auii Apo6oBO-NiHINHOT LiNbOBOI (OyHKUil, Ha PO3BUTTI MPOCTOPY Ha Kracu eKBiBaneHT-

AKi agekBaTHO MOAEMNTb CUTyalii, WO MalTb  HOCTI Ta HacTynmHOMY HanpsiMrieHomy nepebopi
Micue Ha BMPOOHMUTBI, CiNbCbKOMY rocnogapcTsi  UMX KnaciB. [OUinbHUM € TakoX 3acToCyBaHHSA
Towo (Emeup O.0., 2021, c. 63; Emeup O.0., MeToAiB AMCKpeTHOI onTumisadii (Kopbyt A. A,
2022, c. 14). AkTyanbHuMK 3anuwaiTbea po3-  1977) Ana gaHoro knacy 3agad, BpaxoByH4YM CXO-
poGka MeTodiB Ta anropuTMiB pO3B’A3yBaHHA  XICTb  OKpPeMUX  BNacTUBOCTEA  [OOMYCTUMMUX
TakMx 3afjady Ta npobnema nollyky Ginblw edek-  MHOXWH [UCKPETHOI Ta eBKNiJoBoi KombiHa-
TUBHUX anropuUTMIB. TOPHOI oNTUMi3aLlii.

AHani3 ocTaHHix gocnigxeHb Ta nyGnikauin. Meta pocnigxeHHA — Moaudikyemo metos
Y po6oTax (CtosH KO. T, 1993; OoHeub . M.,2011)  TiNOK Ta MeX AN PO3B’A3yBaHHA YMOBHMX 3a4ad
onucaHi MeToaM Ta anropuTMU PO3B’A3yBaHHSA  OMTUMI3aLii Ha PO3MILLEHHAX 3 APOBOBO-NIHINHO
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LinboBOK (OYHKLIEID Ta OOrpYHTYEMO anroputM
LbOro metoay.
BuknapocHOBHOro maTtepiany aocnigkeHHs.
MHOXMHY k neplumx HaTypanbHUX Yucen nosHa-
4nmo J,, 10610 J, ={1,2,...k}, @ J' =J, U{0}.

Hexaii 3aaHo MyneTUMHOXUHY G ={g,.g,,....g, |

3 ocHoBoto S(G)=(e,.e,,...e,), 0e ¢ €R' Vield,,

Ta KPATHOCTSIMU enemMeHTiB k(e )=17,, i€ J, . Oue-

BUAHO, O 277[ =7 (CtosiH 0. I, 1993).
i=1
Bisbmemo pgoBinbHe keJ,. MHOXUHa ycix
YNOPSIAKOBAHNX K-BUBIPOK 3 MYNMBTUMHOXUHU G

BUrNaay (gi1 180 8y, ) Reg G, i;#iVi,ielJ,
Vj, teJ,, yTBOPIOE 3aranibHy MHOXWHY PO3Mi-
LWEeHb E’: (G). Hexait enemeHT MynsTUMHOXWHM
G ynopsiakoBaHi 3a HecnafaHHsIM, a enemeHTy
(€.€,,....,) Tl OCHOBYW — 32 3POCTaAHHSIM.

Onykriolo oBonoHkolo MHOXMHM E' (G) € 3a-

ranbHWN MHOTOrpaHHUK poamiteHs IT° (G), wo
: o
OMMCYETLCA CUCTEMOIO HEPIBHOCTEN

| lel

285 2N S 28

icw

VYocJ, (1)
fe g, €G, |o —KinbKicTb eNemMeHTIB y MHOXUHI @
(CtosiH 1O. T, 1993).

Hexan k, n, n, m, p — HaTypanbHi KOHCTaHTW,
T dj €ER Vj eJ , a;,beR VjeJ Viel, Ta-
KOXK t=(t,t,,.c0tys b5l ) ER™, B X, =1, VjEJ,,
TO6TO 3MiHHI ¢, ..., t, € HenepepBHUMU, a

> "m
X[y ey X, — KOMBIHATOPHUMMWN.

PosrnsHemo 3apgady BUrmagy: 3HanuTu Bnopsa-
koBaHy napy (F(t*),*), Taky 1o

3a KOMGIHATOPHOT YMOBM

x:(xl,...,xk)eEfm(G)CRm, k<m

Ta 4oOaTKOBUX MiHIMHUX 0OMeXeHb

Zaytj_, ie J,.

82

3agava (2)-(4) moxe OyTu posB’sizaHa Lns-
XOM nepexoay 40 penakcoBaHoi 3agadi: ymosy (3)
,nocnabmnmo”, 3aamiHneLK ii (1). 3acTocoBytouMn 0
3apadi (1), (2), (4) BinobpaxeHHs y , ke 3aAamMo
CNiBBiQHOLLEHHSMMN

-
Yo=Y >

Zde

nepengemMo Ao 3agadi 3 MiHiMHOK hyHKUiED uini
Ta JoAAaTKOBUMU NiHIMHUMU OOMEXEHHAMMN:

teR",

vjied,, (5)

z, =1,

m
F(z)= max chzj + ¢y Vs

zZ= argmax ZC

Y
zeR™ 070

(6)

3a ymoB

m

Zy] by, <0, ie J ,

J=1

(7)

| le}

Zg,yo <Yy < Zg,7 Yo

icw

VocJ, (8)

Zdz+d0y0:1, ¥, >0, z,20 VjeJ,, (9)

ae z=0y,2,. zm)eR'"+l Y, =2, Vjed,.

KombiHaTtopHa ymoBa (3) nicns 3acTocyBaHHS
BigoOpaxeHHs (5) 3anunweTbcsa y BUrMAA;:

yz(yo,yl,...,yk)eEcRm+1 . (10)

MHOXWHy, 3agaHy cucTtemoto (8), mo3Ha4uMmo

Zyy Zpprseees

Qi(G). 3agavi (1), (2), (4) Ta (6)—(9) eksi-
BaneHTHi, TOBTO, AKWO z =(V5,2 ,.2,), A€
y, =z, VjelJ, ONTUMarnbHUN pPO3B’A30K 3a-

nadi (6)~(9), 1o ¢ =(1,.1.. ,m), ne t=2(y) .
t,=x, VjeJ,, — ONTUMamnbHUA PO3B'A30K (1), (2),
(4). AnanoriyHe TBepIKEHHA Mae Micue i Ans
3agad (2)—(4) Ta (6), (7), (9), (10).

Onuwemo anroputTM MeToay FifioK Ta Mex Ans
po3B’a3yBaHHA 3agadvi (2)—(4):

1. MNepenTtn oo penakcoBaHoi 3agadi: ymosy (3)
«nocnabutuy, 3amiHueK 1i (1) Ta 3acTocyBaTtu
nepeTBopeHHs (5) oo 3agauvi (1), (3), (4).

2. PosB’sizatu niHinHy 3agady (6)—(9).

3. Axkwo (6)—(9) He mae po3B’A3Ky, TO He Mae
po3B'si3Ky (2)—(4), iHakwe Hexal ¢=z(y,) ' — ekc-
Tpemans (1), (2), (4).

4. Akwo ;eEf” G),

<F(x), x> — pO3B’A30kK 3agavi (2)—(4), iHakwe nepe-
WTW Ha KOPOK 5.
5. BusHauntn

ne x,=t Vjel, T0

KOMMNOHEHTN ¢

iHOekc p »

TOUKN £, T. WO £, ¢ G, 860 k(1,)>k,(1,).
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6. 3anucatm pgBa OOMEXeHHs, WO BiATU-
HaoTb ¢ :

t<el (11)

(12)
ae

el =max{el.‘el. €S(G), ¢ <t, (tl,tz,...,tp_l,el.)eEZ (G)},
e :min{ei e, €S(G), &>ty (totysnnt, 1o ) € B2 (G)}.

7. 3actocysatu go (11), (12) nepetBopeHHs (5):

(13)

1
Zp Seiy()a

z,2¢ (14)

8. lNpuegHatn OO OCTaHHbOI 3agadvi BUMSAY
(6)—(9) obmexeHHst (13) Ta 3acTocyBaTuM KpPOKU
2—4 o poss’adyBaHHs (6)—(9), (13). Akwo 3agava
(6)—(9), (13) He mae po3B’sI3KY, NEPENTM HA KPOK 9,
iHaKwe <F(zl), zl> — po3g’si3ok 3apaui (6)—(9), (13).

9. lMNpuegHaTn [0 OCTaHHBOI 3ajadvi BUMMS-
ay (6)—(9) obwmexeHHa (14) Ta 3acTtocyBaTtu
Kpokn 2—4 po po3se’asyBaHHsA (6)—(9), (14). Akwo
3agava (6)—(9), (14) He mae po3B’s3Ky, NepenTn
Ha kpok 10, iHakwe <F(z2), z2> — PO3B’A30K 3a-
aadi (6)—(9), (14).

10. Axkwo xopHa i3 3agady Burnaay (6)—(9),
(13) Ta (6)—(9), (14) po3B’aA3Ky He Mae, TO 3a-
nava (2)—(4) Texx po3B’aA3ky He Mae.

11.4kwo ogHa i3 3agay sumagy (6)—(9), (13)
un (6)—(9), (14) po3B’A3Ky He Mae, TO MEPENTU
Ha KpoK 4.

12. Axwo obuagi 3agayi surnagy (6)—(9), (13)
Ta (6)—(9), (14) matoTb pO3B’A30K, TO ANs nogarnb-
LLIOrO rany>xeHHsi Bubpatu Ty, sika Hagae LinboBin
GyHKUiT BiNbLLIOro 3HAYEHHS, | NepenTn Ha KPok 4.

BulleonucaHnin anroputM  PyHTYETbCA Ha
Takux igesx. MosHaymmo D — gonyctumy obnactb
BUXiOAHOI 3agadvi, TOOGTO MHOXWMHY TOYOK, LLO
3a40BOSbHATL ymMoBaMm (2)—(4). 3rigHO 3 meTo-
OOM TiNoK Ta MeX MHOXWHY D po3ib’emo Ha
YaCTUHU, WO He MakwTb CMiNIbHUX TOYOK, TOOTO
D=D,uD UD,, DND ND,=0, pe D -

MHOXWHa [OMYCTUMMUX PO3B’A3KiB 3agadi (2)—(4)
npv aonasBaHHi obMexeHHst (11); D° — MHOXWUHA
AONyCTUMUX PO3B’a3kiB 3agadi (2)-(4) npu po-
[aBaHHi OOMEXEHHS! ¢ <7, <e; D, — MHOXMHA
AONyCTUMKX pO3B’'A3KiB 3adadi (2)—(4) npy gopa-
BaHHi obmexeHHsa (12). O4eBMAHO, WO MHOXMHA
posB'sskiB D° € MopoxHbol Ana 3apadi (2)—(4)
i 3 N0AanbLUOro ranyXeHHs MoXe B6yTu BUKINOYeHa.

3acTocyemMo A0 CMCTEMU HEPIBHOCTEMN, LLO ONK-
CYlOTb MHOXWHW D,, D°, D,, nepetBopeHHs (5),
otpumaemo O, 0°, 0,.

Teopema 1. O6mexeHHsa (13), (14) He Biaci-
KarTb XOAHOI TOYKU z =(y,,Z,...,2, ), T. WO yeE,
Ae y =z, VjeJ,.

DoBepeHHsA. Hexall icHye zeQ', T. Wo z —
po3B’a3ok 3agaui (6), (7), (9), (10). 3actocosy-
HO4M 0O z NEepeTBOPEeHHsi, 06epHeHe fo (5), oTpu-
MaeMo TOYKy ¢, t:z(yo)’l. BpaxoBytoum, Lo
3agadi (6), (7), (9), (10) Ta (2)—(4) ekBiBaneHTHi,
t —po3B’aA30k 3agadi (2)—(4). 3 (Emen O. A, 2011)
O4YeBUAHO, LLO BioOpaXeHHsa ¥ 3agae B3aEMHO-
O[HO3HA4HYy BIAMOBIAHICTb MK D — MHOXWHOI
TOYOK, LLIO 3340BONbHANTDL (2)—(4) Ta O — MHOXK-
HOIO TOYOK, WO 3a40BOMNbHATL (6), (7), (9), (10),
aorxe, teD . OgHak 3a nobya10BO MHOXMHA D
€ NOPOXHbOK Ansa 3agadi (2)—(4). CynepeyHicTb.
TakM YMHOM, MHOXMHa O HEe MICTUTb PO3B’A3KIB
3agaudi (6), (7), (9), (10). Teopemy noBeaeHo.

Bpaxosytoun Ton akT, wo 3agayi (1), (2),
(4) Ta (6)—(9) ekBiBaneHTHi, Mae micue HacTynHa
Teopema.

Teopema 2. OuiHkamn gonycTummx obnacrten
D, 3apay (2)—(4), (11) umn (2)—(4), (12) € 3Ha4eHHs
LinboBux oyHKUiN BignosigHux 3agad (1), (2), (4),
(11) un (1), (2), (4), (12).

BucHoBKM Ta nepcnekTMBM noAanbLlUnx
pocrnigkeHb. TakMm 4mHOM, y poOOTi 3anpo-
NMOHOBAHO anropuTM MEeTOAy FiNoK Ta MexX Ang
poO3B’A3yBaHHA 3adad oOnNTuMMiI3auii Ha KoMOGiHa-
TOPHI MHOXMHI pO3MilLeHb Y BUNaaKy Apoboso-
NiHIKHOI UiNboBOI (OyHKLUiT. B nepcnekTusi nnaHy-
€TbCA CTBOPUTM MporpamHe 3abesneyeHHs!, Lo
peanisye gaHui anroputM, Ta gatn Nomy Teope-
TUYHY OLLIHKY.
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AGGREGATION OF COMPUTING CHANNELS BASED
ON THE NVIDIA CUDA PLATFORM FOR CONTROL MODES
OF COMPONENTS OF TECHNOLOGICAL SYSTEMS

Today, practice poses problems, the solution of which by well-known standard approaches quite often represents
a significant problem, which can be solved only by using multiprocessor computer technologies. In turn, one
of the fundamental features of the application of these technologies is reduced to increasing the productivity
and speed of calculations. At the same time, the significant performance of calculations allows the solution
of multidimensional problems, as well as problems that require a significant amount of processor time. Speed
operation allows you to effectively manage not only technological processes, but also provides for the creation
of prerequisites for the development of promising and innovative technological processes. Therefore, the application
of high-performance computing is an urgent and priority problem today.

The goal of the work is to improve the structure and increase the performance of a multiprocessor computer
system by aggregating computing channels based on the NVIDIA CUDA platform for control modes of technological
process components. The proposed approach made it possible not only to increase the efficiency of parallelization,
but also to significantly reduce the calculation time. In the given development of a multiprocessor system, two
NVIDIA GeForce GTX 1080 video cards were "connected". This approach is aimed not only at a significant increase
in computing performance, but also at a significant decrease in latency and significant unloading of the system bus.

Compared to the known approach, due to the application of the software-hardware architecture of parallel
computing from the NVIDIA corporation based on the CUDA platform, it was possible to increase the volume
of video memory by 16 GB on each computing node of the multiprocessor system, as well as to increase the overall
performance of the system node by 350 GFL.

The practical value of the conducted research is aimed at solving the problem of intensification of spheroidizing
annealing of a long steel product. The direct technological process of heat treatment of metal acquires such
advantages as high productivity, a significant reduction in energy consumption, and allows control of technological
parameters by the length and cross-sectional area of the metal.

Key words: multiprocessor systems, aggregation, speed, memory, computing nodes, technological process,
processors, graphic objects, non-graphic computing, annealing, spheroidization.
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ATPETALIA OBYUCITIOBAJIbHUX KAHANIB HA OCHOBI NMNITAT®OPMU NVIDIA CUDA
ana PEXUMIB YNPABNTIHHA KOMNOHEHTAMU TEXHONOINYHUX CACTEM

Cb0200Hi npakmuka sucysae 3adadi, po38’sa3ysaHHs IKUX 8i0oMUMU cmaHOapmHuMu nidxodamu documsp vac-
mo sense cobor 3Ha4yHy MpobreMy, supiuumu Ky MOXHa MIflbKU WIISIXOM 3acmocyeaHHs1 ba2amonpouecopHUX
KOMIT’tomepHUX mexHosnoail. B ceor yepay 0dHa 3 MpuHyunosux ocobnueocmel 3acmocy8aHHs 8Kka3aHUX MEXHO-
noeiti 3800umbcs 00 36inbWeHHs npodykmueHocmi U weudkodii ob4ucneHb. [pu ybomy 3Ha4yHa MpodyKkmueHicmb
obyucrieHb doryckae po3e’szaHHs1 bazamosuMipHux 3adad, a makox 3adad, siki mompebyroms 3Ha4Ho20 obcsi2y npo-
UecopHoeo Yacy. LLlsudkodis 00380s15€ echeKmusHO Kepysamu He MinbKu MexHOoI02iYyHUMU rpoyecamu, a nepedba-
yae i cmeopeHHs nepedymos 01151 pO3POOKU MepCrnekmuU8HUX ma HO8ImHix mexHonoaiyHux npouecig. Omxe, 3acmo-
CyBaHHS BUCOKOMPOOYKMUBHUX 004YUC/IeHb Ha Cb0200HI € MPOb/IeMOI0 aKmyasibHOK ma Mepuioyepa080ko.

Y pobomi nocmaeneHa mema yOOCKOHaneHHs cmpykmypu i nideuweHHs1 npodykmusHocmi bazamornpouye-
COpPHOI 0b4uc8ansHOI cucmemu WssXoM agpezauii obuucnosanbHUX KaHanie Ha ocHosi ninamagopmu NVIDIA
CUDA 0dns1 pexumie ynpaerniHHs KOMIOHeHmamMu mexHosoaidyHux rpouyecia. 3anpornoHosaHul nidxid 0o3eonue He
nuwe nidsuwumu eghekmuesHicmp poanaparsesitoéaHHs, asne i icmomHo 3MeHWUMuU 4yac obyucrieHb. Y npueedeHill
po3pobui bazamonpouecopHoi cucmemu «38'sa3ysasnucsi» 0ei gideokapmu NVIDIA GeForce GTX 1080. Takut rnio-
Xi0 CripsiMO8aHO He nuwe Ha icmomHe 306inbuweHHsT MpodyKmueHOCmi 0bYuUC/eHb, ane i Ha 3Ha4HE 3MEHWEHHS
JflameHmHocmi U icmomHo20 po38aHMaXeHHs CUCMEeMHOI WUHU.

B nopigHsiHHI 3 8idomMum r1idxo0oM 3a paxyHOK 3acmocy8aHHs rpoepaMHo-arnapamHoi apximekmypu napaness-
Hux obyucneHb kopriopauii NVIDIA Ha ocHosi nnamgpopmu CUDA edarnocsi Ha KOXHOMY 064uciioganbHOMY 8y3/li
b6acamonpouyecopHoi cucmemu 36inswumu 06'em gideonam'smi Ha 16 6, a makox nidsuwumu 3a2asbHy rnPoOyK-
mueHicmb 8y3na cucmemu Ha 350 [¢bn.

lMpakmuyHa uiHHicmb npoeedeHuUx O0CiOXeHb CrpsiMO8aHa Ha Po38’sa3yeaHHs1 3adadi iHmeHcugikauii cge-
poidusyroqyozo eidnany 00820MipHO20 cmanegoz2o 8upoby. beanocepedHbO MexHO02iYHUl MpPouec mepmiyHor
06pobku memany Habysae maki nepeesaau, K aUcoka MPodyKMUBHICMb, iCMOMHE 3HUXEHHST €Hep20CMOXUBaHHS
ma do3eornsie 30ilicH8amu KOHMPOITb MEXHOMO2IYHUX napamMempig 3a 008XKUHOK ma riiowero nepemuHy memarty.

Knrouoei cnoea: bacamonpouecopHi cucmemu, azpezauis, weudkodis, nam'amb, 064UCTO8arnbHI 8y3/u, mex-
HoroziyHul npouec, npouecopu, epagiyHi 06'ekmu, HezpaghiyHi 064YuUCeHHs, gidnar, cghepoidusauis.

Relevance of the research problem heat treatment of various metal products, as well

Today, practice raises such problems, as the operation of auxiliary equipment, which
the solution of which is more often than not includes filling machines, ladles, bowls, etc. At the
possible only through the use of multiprocessor = same time, solving these problems using known
computing complexes. For example, in the field standard approaches quite often represents a
of metallurgical production, there are many significant problem that can be solved only by using
diverse and interconnected processes [1-5]. multiprocessor computer technologies. In turn,
This can be the process of smelting and pouring  one of the fundamental features of the application
iron-carbon alloys, as well as rolling, heating and  of these technologies is reduced to increasing the
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productivity and speed of calculations. At the same
time, the significant performance of calculations
allows the solution of multidimensional problems,
as well as problems that require a significant
amount of processor time. Speed operation allows
you to effectively manage not only technological
processes, but also provides for the creation of
prerequisites for the development of promising and
innovative technological processes. Therefore, the
application of high-performance computing is an
urgent and priority problem today.

NVIDIA hardware is used in the design of
high-performance computing. In this regard,
it becomes possible to use the hardware and
software architecture of parallel computing based
on the CUDA platform (Compute Unified Device
Architecture). Such a platform allows you to use
the resources of video cards for non-graphical
calculations. And today this technology is becoming
more and more relevant.

Nowadays, modern graphic processors are
used not only for processing graphic objects.
So, thanks to the programmable unified shader
architecture, which allows video chips to work with
a large number of data streams, they can also
be used to process non-graphical calculations.
Such capabilities of video cards appeared after
the release of G80 chips from NVIDEA, which
had a unified shader architecture. Note that the
performance of modern graphics processors
significantly exceeds the performance of central
microprocessors (tens and hundreds of times)
thanks to the shader architecture, which allows
for a large number of parallel data streams
(up to several thousand). At the same time, central
processors are focused on executing a single
stream of commands.

The technology of non-graphic computing on
graphics chips was named GPGPU (General-
purpose computing on graphics processing units).
A fundamental feature of this technology is the
fact that with appropriate calculations there is
practically no load on the processor, and the user
can use it for other purposes.

To use video card resources, software
developers had to turn to AP/ graphics libraries
(Application Programming Interface). OpenGL
or Direct3D, which significantly complicated the
process of creating applications, as it required
knowledge of the principles of processing 3D
objects, for example, textures, shaders, and so on.
With the introduction of the BrookGPU compiler,
which allowed programmers not to learn the
principle of working with 3d models, there was
an opportunity to access the computing power
of video cards.
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Due to the growing interest in non-graphic
computing on GPUs, video card manufacturers
have introduced new developments in the field of
GPGPU technology. Yes, the NVIDIA company
offered CUDA technology for these purposes. This
stage in the development of CUDA technology
made it possible to use graphic processors in
various fields of science, for example, astrophysics,
computational biology and chemistry, modeling
of fluid dynamics, electromagnetic interactions,
computer tomography, seismic analysis, etc. In
this work, this technology is used for automated
control of the parameters of the technological
process of metal processing.

Note that this type of calculation requires that
the video card supports the shader architecture.
In addition, in these studies, in order to achieve
maximum performance, several video cards are
used that implement the mode of aggregation of
computing channels based on the NVIDIA SLI
(Scalable Link Interface) technology.

Let's note that today a large number of
software products have been created that are
focused on the use of GPGPU technology. Many
of these programs are focused on solving applied
problems, video conversion, HD video broadcasts,
data encryption, etc.

Despite the fact that this technology was
developed very recently, it already has practical
applications in scientific research. This is explained
by the fact that the efficiency of GPGPU technology
exceeds the efficiency of central processors
by many times. So far, only the narrow focus of
calculations remains a problem. However, we
hope that this barrier will be overcome soon. Thus,
today such technology is attracting increasing
interest and is becoming more and more relevant.

Analysis of recent research and publications

This research is aimed at the development
of new modes of control of the components
of technological systems through the use of
multiprocessor complexes and is illustrated on
the basis of heat treatment (HT) of the workpiece.
It is known that billet maintenance is the most
promising way of fundamentally improving the
consumer qualities of metal products. At the same
time, the workpiece for cold landing should have in
its initial state the structure of granular pearlite of
a certain grade, i.e., one that has a globular form
of the carbide phase of a certain size. To obtain
the specified structural state, the workpiece is
subjected to spheroidizing annealing.

Known technological processes for preparing
rolled products for further deformation, which
require certain optimization in order to improve
them, as well as the construction of new
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technological lines for metal maintenance
require significant costs for conducting numerous
full-scale experiments using laboratory and
research and industrial equipment, or conducting
research in real production conditions . Thus,
the development and use of multiprocessor
complexes using their mathematical and
software is a primary problem. Solving such
a problem allows to significantly reduce the
number of experimental studies, and also, what
is important, the time required for their conduct.
This approach makes it possible to obtain the
necessary information regarding the development
and implementation of various technological
innovations.

Many grades of steels — structural, tool, and
others for cold tapping — must have a granular
pearlite structure in the initial state, that is, pearlite
with a globular morphology of the carbide phase of
a certain size. Therefore, as is known [6], a special
heat treatment is used to prepare a heterophase
alloy for cold deformation spheroidizing
annealing. As a result of such an operation, the
metal receives a structure with a partially or
completely spheroidized carbide phase, which
provides the best indicators of manufacturability
and economy during its subsequent processing
(cold tapping, stamping, clear cutting or cutting).

Today, there are two classical schemes of
spheroidizing annealing: annealing at subcritical
temperatures and annealing with incomplete
phase recrystallization. The disadvantage of heat
treatment (HT) according to the first scheme is
its long duration. Annealing of metal according to
the second scheme allows you to slightly shorten
its time intervals. At the same time, as a result
of rapid heating and incomplete austenization
of steel, partial dissolution of cementite plates
occurs. At the same time, during subsequent
cooling, the austenite formed disintegrates by an
abnormal mechanism into ferrite and cementite,
and this, in turn, during further exposure ensures
spheroidization of cementite. Under such
conditions, the noted scheme differs in lower
time costs. However, these schemes are
characterized by significant disadvantages of
metal heating by external media [6, 7].

During the last several decades, more and
more attention is paid to the processes of
spheroidization of the carbide phase with the
structure of granular pearlite, which are considered
as alternatives to the long traditional processes
of spheroidizing annealing of steel billets.
These include the methods and technologies
of combination spheroidizing processing of
various types of metal products [8].
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A promising direction of intensification of
the annealing process of steel products is
the use of electric contact or induction heating
of the metal being processed [9, 10]. The
indisputable  advantages of electrothermal
treatment are as follows: giving steel products
a high complex of properties, which is caused
by the specific effect of high intensity of
heating on the mechanism and kinetics of
structural changes in steel, limited scale
formation and decarburization, avoidance of
environmental pollution, reduction of the duration
of heat treatment by ten times. In addition,
and most importantly, the indicated methods
of electrothermal treatment of steel allow
maintenance in automated flow lines [6]. When
implementing the mode of spheroidal annealing
of steel in the flow line, a significant contribution
to the reduction of the total duration of annealing
is provided by both the increase in the heating
rate and the increase in the cooling rate at
the corresponding stages of the maintenance
mode. Therefore, the practical implementation
of spherical annealing in flow lines requires, first
of all, the solution of new technical problems.
However, high-speed maintenance processes
will continue to require research, first of all, to
control the main technological parameters in
order to optimize them.

Therefore, new technological processes of
billet maintenance (heating and cooling of metal
at the required speed in specific temperature and
time conditions), resource-saving technologies
for preparing the billet for further processing are
the most important prospective directions of the
development of the mining and metallurgical
complex and mechanical engineering. Control
of certain technological parameters and
management of the maintenance process can
be ensured through the use of multiprocessor
complexes.

The purpose of research. The aim of
the work is to improve the structure and
increase the performance of a multiprocessor
computing system by aggregating computing
channels based on the NVIDIA CUDA platform
for control modes of technological system
components.

Presentation of the main research material.
The system of control modes of technological
process components. To highlight the processes
that take place in the control system of the
components of technological processes, consider
the block diagram of its main contours, which is
presented in fig. 1.
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Fig. 1. Block diagram of the contours of the system for controlling
the parameters of technological systems.

In fig. 1, the following designations are
adopted: BOS - multiprocessor system; VM
PM — executive mechanism of the extension
mecha-nism; VM BIVT — executive mechanisms
of certain blocks of isothermal exposure to metal
temperature; VM BNVT — executive mechanisms
of the non-isothermal metal temperature
holding unit; VM BP — executive mechanism of
the metal cooling unit; VM BN is the executive
mechanism of the wire heating unit.

The given control system contains blocks that
can receive information about the necessary
current parameters of the controlled processes
themselves. The peculiarity of such a system
boils down to the fact that for each of the four
processes of technological processing of metal,
a two-dimensional problem of thermal conductivity
is solved. Under such conditions, BOS software
is able to control such temperature regimes that
occur both over the entire cross-sectional area
of the metal and along its length. Control of the
specified temperature regimes is performed in the
center of the plane of the corresponding cross-
section of the wire.

Features of the aggregation of computing
channels based on the use of the NVIDIA CUDA
platform. NVIDIA hardware is used in the design
of high-performance computing. In this connection,
it becomes possible to use the hardware and
software architecture of parallel computing based
on the CUDA platform. Such a platform allows
you to use the resources of video cards for non-
graphical calculations. And today this technology
is becoming more and more relevant.

Nowadays, modern graphic processors are
used not only for processing graphic objects.
So, thanks to the programmable unified shader
architecture, which allows video chips to work with
a large number of data streams, they can also be
used to process non-graphical calculations. Such
capabilities of video cards appeared after the
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release of NVIDIA's G80 chips, which had a unified
shader architecture. Note that the performance of
modern graphics processors significantly exceeds
the performance of central microprocessors (tens
and hundreds of times) thanks to the shader
architecture, which allows for a large number of
parallel data streams (up to several thousand). At
the same time, central processors are focused on
executing a single stream of commands.

The programming procedure used in CUDA
technology differs from traditional ones in that it
completely hides the graphics pipeline from the
programmer, allowing him to prepare programs
in more familiar "terms". In addition, CUDA
technology provides the programmer with a more
convenient model of working with memory. There
is no need to store data in 128-bit textures, since
CUDA allows you to read data directly from the
memory of the video card.

On the other hand, it should be noted that
the NVIDIA GeForce GTX 1080 video card for
this multiprocessor system was selected taking
into account the compatibility of the Scalable
Link Interface (SLI). When creating the latest
technological processes [3, 4, 7, 10], this
approach is extremely relevant. The company's
SLI technology allows you to distribute the
calculation between two video cards. At the same
time, Quad SLI devices expand this technology —
they allow two dual-processor video cards to use
four graphics processors at the same time. In the
given development of a multiprocessor system,
two NVIDIA GeForce GTX 1080 video cards were
"connected". This approach is aimed not only at
a significant increase in computing performance,
but also at a significant decrease in latency and
significant unloading of the system bus.

Note thatan SL/bridge is used to "link" two video
cards. At the same time, the NVIDIA corporation
uses a physical connector to connect video
cards together, which allows them to interact with
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each other without using bandwidth in the slots.
Therefore, you will need one of two SLI bridges:
either a standard bridge (for less powerful cards)
or a high-bandwidth bridge (for more powerful
cards). For this development, a more powerful
card (NVIDIA GeForce GTX 1080) was used,
which allows the use of a standard bridge, but
this will not allow to ensure the full performance
of video cards.

When installing an SL/ system, additional
cooling of the multiprocessor system module
housing is provided. Such a system uses a case
with a 120 mm fan located opposite the video
card connectors. Placing a 120 mm fan opposite
these two graphics cards allows you to signi-
ficantly reduce the temperature of the GPU
graphics cards. Video cards are mounted in such
a way that they blow hot air through holes on
the back panel of the system case. In this regard,
there is no need to apply additional special
cooling. In this case, it is only necessary to ensure
normal air exchange.

As for power consumption, high-quality power
supplies must be used in such systems. A Corsair
HX 1200 W power supply was used in the design
of the multiprocessor system, which provides
power for the Quad SLI system without any
problems. The proposed multiprocessor system
did not force the power supply unit to work at full
capacity. The video cards used in this system
also work quite quietly, and even in the Quad SL/
configuration they have no problems with noise.

In addition, it must be emphasized that the
graphics processor, having powerful computing
capabilities, still could not completely replace
the activity of the central processor, the absolute
advantage of which is versatility, but it can
significantly relieve the CPU by taking on the
loads that are the most time-consuming and
complex tasks.

Experimental studies. The developed multi-
processor system with the aggregation of
computing channels is used to intensify the
spheroidizing annealing of steel products [11, 12].
The installation for intensification of spheroidizing
annealing of a long steel product is equipped
with a multiprocessor computer system with
specially oriented software installed on it. At the
same time, the multiprocessor computer system
is connected through the information bidirectional
communication interface with the technological
process control unit. The multiprocessor computer
system is made in the form of a separate
module and allows, with the help of special
software, to set and control the necessary
temperature regimes on the entire cross-sectional
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plane of the sample during heating and holding
of the metal, as well as control the mode of
non-isothermal annealing of steel, while the
multiprocessor computer system aims to control
the thermal processing mode is constant in the
range of annealing temperatures.

Algorithms for calculating the heat transfer
process were implemented using CUDA
technology. Analysis of the execution time of
parallel algorithms showed that the use of CUDA
technology significantly reduces the time of
processing experimental data. Practical testing
has shown that the effectiveness of such
calculations exceeds by an order of magnitude
the statistics of similar calculations on the
central processor, even with the use of OpenMP
technology. Directly, the features of mathematical
modeling of metal maintenance processes are
fully covered in works [13—15].

Spheroidization of the carbide phase of the
metal in the conditions of the appropriate conditions
of heat treatment of the workpieces provides
the material with a granular pearlite structure.
Moreover, rapid spheroidization leads to a more
uniform distribution of cementite globules in the
ferrite matrix. Steel samples of almost the same
hardness after heat treatment acquired a finely
dispersed structure that ensures a high level of
plasticity of the metal. As a result of rapid heating
of the sample and incomplete austenitization of
the steel, there are certain changes in the
morphology of the carbide phase from lamellar
to finely dispersed globular.

Conclusions and prospects for further research.

This work shows ways to increase the efficiency
of a multiprocessor cluster system due to the
aggregation of computing channels based on the
use of the NVIDIA CUDA platform. The proposed
approach made it possible not only to increase
the efficiency of parallelization, but also to
significantly reduce the calculation time.

Compared to the known approach, due to
the application of the software-hardware
architecture of parallel computing from the
NVIDIA corporation based on the CUDA platform,
it was possible to increase the volume of
video memory by 16 GB on each computing
node of the multiprocessor system, as well as
to increase the overall performance of the
system node by 350 GFL.

Let's note that today a large number of
software products have been created that are
focused on the use of GPGPU technology.
Many of these programs are focused on solving
applied problems, video conversion, HD video
broadcasts, data encryption, etc.
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Despite the fact that this technology was
developed relatively recently, it already has
practical application in scientific research. This
is explained by the fact that the efficiency of
GPGPU technology exceeds the efficiency of
central processors by many times. So far, only the
narrow focus of calculations remains a problem.
However, we hope that this barrier will be
overcome soon. Thus, today such technology
is attracting increasing interest and is becoming
more and more relevant.

The authors see the prospects of further
research in this scientific direction in the coverage
of issues related to the study of estimations of

acceleration of calculations of a multiprocessor
system. After all, in order to solve a certain class
of applied problems, there is a need to expand the
computing power of the system. The established
principle of modularity allows you to increase
the performance of the computer system by
adding new slave nodes. In addition, it would
be expedient to derive appropriate analytical
ratios for calculating the efficiency of the claimed
computing system. This would allow researchers
to choose the most efficient configuration of a
multiprocessor system and its operating modes.
The authors intend to cover this type of research
in upcoming publications.
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