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C.B. BII'VH, A.JI. CIMAHEHKOB

XepCcoHChKa JIep)KaBHA MOPChKa aKaIeMist

10.0. JIEBEJIEHKO

KuiBchkuii HallioHATBHUH YHIBEPCUTET TEXHOJOTIH Ta qu3aiHy

IMITAIIIMHA MOJEJb CUCTEMHU KEPYBAHHS MPOIIECOM YIIOPCKYBAHHS
OUJIIHAPOBOI'O MACTHUJIA CYIHOBUX IBUI'YHIB

Cmamms npucésuena pospodyi imimayitinoi mooeni cucmemu Kepyeants nPoYecom YROPCKYEaAHHs YULIHOPOBO20
Macmuaa cyoHosux 08U2yHia 0ia npogedents O0CIIOHCeHb NPOYecie 68 cucmemi 3MAUeHHs 8 PISHUX Pelcumax Qynxyio-
HYBAHHS, WO HAOACHb MONCIUGICIL POPOOIAMU 8UCOKOEPEKMUSHT MA 8UCOKOHAOIUHT aeOpUmMU Kepy8anHts npoyecom
3MaAuyenHs.

Memoio danozo Oocniddicennss € ananiz cmMpyKmypu Mooeii Cucmemu iMRyIbCHO20 TyOPUKAMOPHO20 3MALeHHSL
CYOHOB020 207108H020 08USYHA MA N0OY008ad IMIMAYINIHOI MOOeli cucmeMuy Kepy8anHs Npoyecom 3MaueH s O AHANI3Y
epexmusnocmi, Hcugywocmi ma HAOIUHOCMI, PO3POOKU ONMUMANGHUX MA AOANMUSHUX 3aKOHIE kepyeanHs. 00 ckmom
00Ci0NHCeHb € cucmeMu KepysanHs npoyecamil iMnyIbCHO20 TyOPUKAMOPHO20 3MAUeHHs CYOHOBUX 20108HUX OBUSYHIS.
IIpeomemom Oocniodcenv € imimayitina Mooenb cucmemu KepysamHs npoyecam IMnyibCHO20 JyOpUKaAmopHo20 3Ma-
WjeHHsl CYOHOBUX 20JIOBHUX OBUSYHIS.

st 0ocsenenna nocmasnenoi memu 6 pobomi npoananizoeano CMpykmypy CUCmemu IMnyabCHO20 J1YOPUKAmop-
HO20 3MAWeHHs ma GU3HAYEeHO QYHKYII | napamempu 6cix elemeHmie cucmemu. 3a3Haveno, wo He38axdcarodll Ha GUKO-
PUCMAHHS HOBIMHIX KOHMPOTbHO-8UMIPIOGATIbHUX 3AC00i6 MA CKIAOHUX AN2OPUMMIE KEPYEAHHS, CUCEMU IMNYIIbCHO2O
IYOPUKAMOPHO20 3MAWeHHs 8Ce Wje MAlomb Hepo36'a3ani npobiiemu, 30kpema 3 6NIUBOM Napamempis naiuea Ha npoyec
3MaueHHs ma 3a0e3nevents JHCUsyoCmi y pasi 6UHUKHEHHs A8apIluHUX CUYayiil.

TTobyoosano mamemamuuiy MoOenb CKAAOOBUX CUCMEMU 3MAWEHHS, IKA ONUCYE IX pOOOMY 8 YMOBAX PIZHUX PedrCi-
Mi8 QYHKYIOHYBAHHS. 30 00NOMO20I0 NPOSPAMHOZ0 3a0e3nedeHHs. peai308anHo IMIMayiiuHy Mooenb y Uil cCumyiamopd,
KU 00360J1A€ NPOBOOUMU eKCHEPUMEHMU, WO MOOENI0I0Mb Pi3Hi YMOBU POOOMU CUCEMU 3SMAWEHHS MA GNIUE PISHUX
napamempig cucmemu, MAaKux AK MUCK Macmuia, memnepanypa, 6 a3Kicms Macmuid, Ha eq)eKmuHicInb 3MauyeHHs.

Pospobnena imimayiiina modens cucmemu 3mawjeHHs 201061020 08USYHA 00380IAE NPOBOOUMU O0CIIONCEHHS NPO-
yecie 6 cucmemi 3MAUeHHA 3a PISHUX YMO8, WO 00360JIAE BUSOOUMU BUCHOBKI NPO eheKmMUusHicmb ma HadiluHicmy cuc-
memu 3Mauyentsl, 3Hax00Umu ONMUMAIbHI 3aKOHU KePYBAHHA Ma NOKPAWYEAmu npoyec 3MAujeHHsI.

Kniouosi cnosa: imimayitina mooens, cucmema 1yopukamopHo20 3Maujetts, cyOHOBUL 20106HULL OBUSYH, CUCHeMA
Kepy6amHs, epekmusHicme.

S.V. BIHUN, A.L. SIMANENKOV

Kherson State Maritime Academy

Yu.O. LEBEDENKO

Kherson National Technical University

SIMULATION MODEL OF THE CONTROL SYSTEM OF THE CYLINDER OIL
INJECTION PROCESS OF MARINE ENGINES

The article is devoted to the development of a simulation model of the control system for the injection of cylinder
lubricant of marine engines for conducting research on the processes in the lubrication system in different modes of
operation, which will provide an opportunity to develop highly efficient and highly reliable algorithms for controlling the
lubrication process.

The purpose of this study is to analyze the model structure of the impulse lubricator lubrication system of the
ship's main engine and build a simulation model of the lubrication process control system for the analysis of efficiency,
survivability and reliability, development of optimal and adaptive control laws. The object of research is the process
control system of impulse lubricator lubrication of ship's main engines. The subject of research is a simulation model of
the process control system of impulse lubricator lubrication of ship's main engines.

To achieve the goal, the work analyzed the structure of the pulse lubricator lubrication system and determined the
functions and parameters of all system elements. It is noted that despite the use of the latest control and measurement tools
and complex control algorithms, impulse lubricator lubrication systems still have unsolved problems, in particular with
the influence of fuel parameters on the lubrication process and ensuring survivability in the event of emergency situations.

https://doi.org/10.32782/mathematical-modelling/2022-5-2-1
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A mathematical model of the components of the lubrication system was built, which describes their operation under
different modes of operation. With the help of the sofiware, a simulation model was implemented in the form of a simulator,
which allows conducting experiments simulating different operating conditions of the lubrication system and the influence of
various system parameters, such as lubricant pressure, temperature, lubricant viscosity, on lubrication efficiency.

The developed simulation model of the lubrication system of the main engine allows to study the processes in
the lubrication system under different conditions, which makes it possible to draw conclusions about the efficiency and
reliability of the lubrication system, find optimal control laws and improve the lubrication process.

Key words: simulation model, lubricator lubrication system, ship's main engine, control system, efficiency.

IMocTanoBka nmpodeMu

Jns 3a0e3nedeHHs HaiitHOT pOOOTH AU3EIbHOTO BUTYHA BAXKIMBUM (DaKTOPOM € MPaBUIBHUMN
PEKUM 3MaIleHHS, BUKOPUCTAHHS SIKICHOIO MacTHJIa Ta OYHMILEHHS TOBEPXOHb M1/ Yac eKCIUTyaTarlii
[1]. Cucrema 3mateHHs BIAMOBITAE 32 TOCTABKY MACTHJIA IO TEPTS MOBEPXOHb JABUTYHA 3 METOIO
3MEHIIIEHHS CUJI TEPTs, BIABEACHHS TEIlja, 1[0 BUHUKAE IT1J1 Yac TepPTs, Ta OUUIIICHHS ITOBEPXOHb Bijl
MIPOAYKTIB 3HOCY, Harapy Ta CTOPOHHIX YacTUHOK. Oco0nuBa yBara mpuaiIsieThCsl 3MAIICHHIO [IUTIH-
JpiB, OCKUIBKM HEAKICHE MAacTUJIO a00 HaJMIpHE HOro HaJXOPKEHHS MOXYTb IPU3BECTU JIO Hara-
POYTBOPEHHSI B IIWJIIHAPI Ta IPUTOPAHHS MOPIIHEBUX Kinelb. HanexHe 3MallieHHs TM3eIbHOTO JIBU-
ryHa 3a0e3neuye iHoro 6e3BiAMOBHY Ta HaJiiiHy poOOTY, 3HIKY€E eKCILTyaTaliifHi BUTPATH Ta BUTPATU
Ha 00CITyrOByBaHHS Ta PEMOHT.

Jlns Bu3HaYeHHS €()eKTUBHOCTI CHCTEM 3MaIleHHS MOTPiIOHO BpaxoByBaTH Pi3HOMaHITHI (hak-
TOPH, 30KpEMa, CTPYKTYPY CUCTEMHU KepyBaHHS Ta €(PEKTUBHICTh AJITOPUTMIB, SIKi BOHa BUKOPUCTO-
By€e. OIHUM 13 IIBUJKUX Ta 3pyYHUX METOJIB aHaII3y MPOLECIB Yy CUCTEMax 3MallleHHS € BUKOPH-
CTaHHS MaTeMaTHYHUX Mojenell. BpaxoByrouum CKIaJHICTh CHCTEMH, HEMOXKIUBICTH CTBOPEHHS
AQHATITHYHUX MOJIENIeH Yepe3 BeIUKY KUIBKICTh (DAaKTOPiB, IO BILUTMBAIOTH HA TIPOIEC 3MAIICHHS, IS
OTPUMAaHHSI CTIMKOI CTaTUCTUKU JIOIIBHO 3aCTOCOBYBATH iMiTaliiine MmoaentoBanHs. [L{o6 crBoputu
IMITaIiitHy MOJIeJThb CHCTEMH 3MaIlleHHS TOJIOBHOTO JIBUTYHA, HEOOX1THO MMPOBECTH ICTAIbHUI aHaIi3
il CTPYKTYypHU Ta AOCTIIUTH €(EeKTUBHICTh BUKOPUCTOBYBAHUX AJITOPUTMIB KepyBaHHS. T1UIbKH TOAI
MO)KHA Oy/ie BUSIBUTH LUTSIXH VIS T ABUIIICHHS €(DEKTUBHOCTI CUCTEMH 3MAIICHHS.

AHAaJi3 0CTaHHIX JOCTiIXKeHb | myOsikanii

Panime nns 3ManieHHs UAIIHAPOBUX BTYJIOK BUKOPHUCTOBYBAJIM MEXaHIUHI JIyOpUKaTOpH, aje
CHOTOJIHI BOHU Mail>ke MOBHICTIO 3aMiHEH1 CYYaCHUMHU €JIeKTPOHHUMH CUCTEMaMU 3 KEpyBaHHSIM.

Taki cucTeMU CKJIAAIOTHCS 3 PI3HOMAHITHUX KOMIIOHEHTIB, TaKMX SK 3amacHi Ta J0JaTKOBI
MacJIsiHI IUCTEPHH, MACI00XOJIOKYBaul, MacJIONIrpiBayl, MacisiHI HACOCH, apMarypa, Tpyoonpo-
BOJIM Ta KOHTPOJIBHO-BUMIpIOBaJIbHA Ta Kepyroua amaparypa. Ha BiaMiHy BiJ MeXaHIYHUX JTyOpH-
KaToOpiB, BOHU MICTATh JaTYMKH, €JICKTPOHHI PETYISATOPU 3 MOXKIIHMBICTIO 1HTErpamii 70 o04ucIiro-
BaJIbHOI MEpeKi Ta BUKOHaBUl eJlieMeHTH. Bcee 11e 103Bosisie 3a 10MOMOro0 crieniaibHUX (GOPCYHOK
PO3MOPOIITYBATH MACTUJIO IO BCHOMY KOJIY BTYJKH IMITIHAPA, €PEKTUBHO 3MAIIYIOYH TaKUM YHHOM
MOBEPXHIO BTYJIKHU Ta 3a0e3Meuyroun 3MeHIIeHHs BUTpar Ha 40-50%.

B cucremi «Anbda-mydprxarop» pipma MAN Diesel [2] macTuio i BeaukuM TuckoM (61m3bko 200
0ap) HarHITAETHCS 13 CUCTEMH T1IPONPUBOY 32 JIOTIOMOTOFO TTOPIITHS JI0 BiAMOBITHUX (POPCYHOK Y ITHITIH-
JPOBUX BTYJIKAX, SKI PO3MIIIOIOTH MACTHIIO HA IOBEPXHI IMOPIIHEBUX KiJIEIh Ta BTYIOK. Y MOMEHT PyXy
TIOPIIHS BiJI HIKHBOT MEPTBOT TOUKH JI0 BEPXHBOI, (POPCYHKH BUITYCKAIOTh MACTHJIO Ha TIOBEPXHIO ITOPIII-
HEBHX KUICIb Ta BTYJIOK, KOJIM MaKeT MOPIIHEBUX KUIEIb MPOXOAUTH MOB3 HUX. TaKuM YMHOM, MacTHIIO
PIBHOMIPHO PO3MOAUIAETHCS 110 TOBEPXHAX TEPTS, 10 3HAYHO MOKPAIILye YMOBU (POPMYBaHHS HamiHHOL
TUTIBKM MACTHJIa Ha IUX TOBEPXHSIX, TO3BOJISIOUM CYTTEBO CKOPOTHUTH BHTpATy IMIIHIPOBOTO MAaCTHIIA
TIPY XOPOLIOMY CTaHi MOBEPXOHb TePTs. YIIpaBIiHH allb(a-TyOpuKaTropoM eeKTpHYHEe, CUCTEMA YIIPaB-
JIHHS PETYITIOE 103yBaHHS MAaCTHJIO B 3aJISKHOCTI BiJ] BMICTY CIpKH y manuBi [3].

®ipma WARTSILA NSD po3pobuna 1 Bnposaguia Ha nusensx cepii RTA cuctemy imimynbeHOi
nmyOpukaropHoi cuctemu 3mateHHs uiHapiB «Petrofit Pulse Lubricating System»(PPLS) (puc. 1) [4].
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OCHOBHUMH €JIEMEHTaMH TaKOi CHCTEMH €:

— IMIYJIIbCHUN MAaCTUJILHUN MOJYJb, IO CKIATAEThCS 3 JO3YyIOUOTO HAacoca 3 4acoM Iojadi,
KU KEPYETHCS eNIEKTPOHHUM OJIOKOM KepyBaHHS;

— (opcyHKH (10 BOCbMHU B OTHOMY PsIJTy), PO3TAIIOBaH1 110 JlaMeTpy MHUJIIHIPOBOI BTYJIKH;

— BUMIpIOBaJIbHA CUCTEMA;

— cucrtema (UIBTparLii;

— JOTIOMDKHUH TIPUBIJ OJAHHS IAJIIHAPOBOIO MACTHIIA;

— cHucTeMa KepyBaHHS;

— JIaTYUKH KyTa TIOBOPOTY KOJIHYACTOTO BaIy.

Cucrema ynpapiliHHS CKIAAAETHCS 3 Py JO3YHOUUX HACOCIB (IMITYJIbCHUX MACTHIIBHUX MOYJTIB).
3B's130K M HUMU 3a0e3neuyerbest uepe3 muHy CAN i3 3a0e3rnedeHor0 HaaMIpHICTIO.

— Cucrema JIy6puxarop
MacTHIBHHH | creTuepchKoro yIpasiHes ]

b d=
TaHK 1300py JaHHX

DuIBTP
Cucrema Mepexa CAN
KepyBaHHA

JT0o3yrouHil

HACoC |
| I CHIOBa JIIHI

PosmoniTeHa

TpyGomposoz
KOpoOKa @ ITHIITHPOBOTO MacTHIIA
MacTHIBHHE TPYSOIPOBO/T
@ CEPBOCHCTEMH
TpyGOIpoBiI BiTBOAY

MacTH/Ia CCPBOCHCTCMH

Puc. 1. [IppuHnmnoBa cxeMa cHCTeMH JTyOPHKATOPHOIO 3MAIICHHS
3 eJICKTPOHHUM KepPyBaHHSAM

IMITynbCHMI MAaCTHIBHUN MOJYINb JJIsl KOYKHOTO IMJTIHJPA CKIANAETHCS 3 JO3YIOYOro Hacoca,
4-X0[10BOT'0 COJICHOITHOTO KJIaNaHa, JaTYuKa TUCKY, eJIEKTPOHHOTO OJIOKY KepyBaHHsI Ta I'iIpoaKyMy-
asitopa iadyparMoBOTO THITY, 310paHUX B OMUH By30:1 (pHC. 2).

JlaTuuK TUCKY KOHTPOJIIOE TUCK JJO3yBAaHHSI, a €ICKTPOMArHITHUH KJIalaH 3aIryCcKae 3MalyBalb-
Huil Hacoc. Cuctema KepyBaHHS JABHTYHOM KOHTPOJIIOE BCE L€ Ta 3/1HCHIOE KepyBaHHs IOAAYEI0
MacTHJIa 32 JOTIOMOTOI0 BUKOHABYMX MEXaH13MiB JTIyOpHUKaTOPIB 3 MaricTpaii 3MalleHHs, B sIKiil He00-
X17HO MATPUMYBATH HEOOX1THUH THUCK.

Curgan
l MacTuiIbHUNO LY
| J1uHacunoBoi ninii
JlaT4uKTUCKY ALM20 .
| Janni
A
1
1
! Curnan
1

CoJleHOIIHUH KITammaH

Railin/out

>

Puc. 2. le/lﬂlll/lHOBa cXeMa MaCTUJIbHOIo MOayJist
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3aJIe’)KHO BijJl HABAHTKCHHS Ha IIJIIHIP CHCTEMa yNPaBIIiHHS JBUTYHA MOCUJIAE BiAMOBIIHUMA
CUTHAJI HA KOHTPOJTIOI0UY eJIEKTPOHIKY MAaCTHIILHOTO MOAYJIs, iH(OPMYIOUH 1i PO KITBKICTh MacTUIIA,
HEeOoOXiHOTO Ha JaHui yac. TakuM YMHOM, MaCTHIIBHUN MOJTYITb TIOJIA€ TYKe TOUHY KiTBbKICTb IHJIiH-
JPOBOTO MacCTHJIa 3 BHCOKOIO IIBHAKICTIO JIO JyOpPHKATOpiB B MOBHIM CHHXPOHI3AIl 3 CHCTEMOIO
yIpaBIiHHS JABUTYHA.

TakuM 9MHOM, CHCTEMa 3MAaIICHHS TOJIOBHOTO JIBUTYHA € CKJIAJHUM 00’ €KTOM, 10 moTpedye
KOHTPOJTIO BEJIMKOIO KUIBKOCTI BEJTMYMH B peajbHOMY 4Yaci, 30KpeMa: TeMIlepaTypu MacTuia, TUCKY
y JyOpuKaropax, B’sI3K0cTi MacTuia [5].

He3Baxxaroun Ha BHKOPUCTAHHS HOBITHIX KOHTPOJIbHO-BUMIPIOBAJIBHUX 3aCO0IB Ta CKJIaIHUX
AJITOPUTMIB KEpyBaHHs, CUCTEMH IMITYJIbCHOTO JTyOpHUKAaTOPHOTO 3MAIIEHHS BCE 111€ MalOTh HEPO3B's-
3aHi npoOiemMu.

[epmr 3a Bce, HEOOXITHO PO3YMITH, IO Pi3HI BUAM IMIIHAPOBUX MACTHII Ta MAJUB 3 Pi3HUM
BMICTOM CIPKH, a TAKOK 0COOJMBOCTI KOHCTPYKIIIT CUCTEM 3MAaIeHHS, MOTPEOYIOTh KEPYBaHHS J103Y-
BaHHIM 3 ypaxyBaHHSAM XapaKTEPUCTUK MaJUBa, 100 YHUKHYTH HEBU3HAYEHOCTI B €(EKTUBHOMY
BUKOPHUCTaHHI IWJIIHAPOBOTO MacTuia. Ha cboroqHimHii 1eHb, KOHTPOJIb MOKa3HHUKIB BiANpanboBa-
HOTO ITMJTIHAPOBOTO MACTHJIa € HAHOUIbII ePEeKTUBHUM CIIOcOOOM 3abe3rnedeHHs O6e3nedHoi, edek-
THUBHOI Ta €KOJIOT1YHOI eKCIuTyaTalii HHIIHIPO-TIOPIIHBOBUX I'PYTl MaJIOOOOPOTHHUX U3ETIB [6].

[To-npyre, HasiBHI IMITYJIBCHI CUCTEMH 3MAaIICHHS HE 3a0€3Ie9yIOTh IOCTATHhOT HAIIMHOCTI JIJIs
CY/IHOBHIX JIBUTYHIB B aBapiMHHX PEKMMaX Ta HE 3a0€3Ie4yI0Th JIOBIOBIYHICTh MEXaHI3MY B ILJIOMY.
Hanpuxkian, nmpu BiIMOBI IIEBHOTO By3Jla, TAKOTO K IHAYKTUBHHUM JaTYMK 3BOPOTHOTO 3B'A3KY, 200
MIPOTPaMHOTO 30010, IBUTYH MOXKE CTAaTH HETIPHIATHUM A0 ekcrutyatamii. [1{o6 Bunpasutu i Hemo-
JIKHU, MOYKHA PO3IVISTHYTH BIPOBAKEHHSI MPOTHO3YIOYMX CUCTEM KepyBaHHs. Taki CUCTEMH, BHKO-
PHUCTOBYIOUH JJaHi PO MOMEPEIH] UK, MOXKYTh MPOTHO3YBATH 1 pO3pOOIATH 3aKOHU YIIPABIIHHS
JUTsL HACTYTIHUX IIUKJIIB, HABITh MPH 0OMEXeHil 1HpopMarltii mpo (GakTUIHUI cTaH 00'eKTa.

[TinBumeHHs e(heKTUBHOCTI Ta HAAIMHOCTI MPOIIECY 3MAIICHHS 33 PaXyHOK yJI0CKOHAJICHHS aJlro-
PUTMIB KepyBaHHs OTpeOye TOCITIHKEHHS OBEIIHKM CUCTEMU 3MAIIIEHHS B PI3HUX PEKUMAaxX (DYHKI-
OHYBaHHS, 30KpeMa B aBapiiHMX, 10 3pyYHO 3[IHCHIOBATH 3a JOTIOMOTOIO IMITAIlIITHUX MOJIEINIeH.

Merta nocaiizkeHHs

MeToro TaHOTO JOCIIPKEHHS € aHalli3 CTPYKTYPH MOJIENI CUCTEMH IMITYJTbCHOTO JTyOpHKaTOp-
HOTO 3MaIlleHHsI CYJTHOBOTO FOJIOBHOTO JABUTYHA Ta MOOY/I0Ba IMITAIIITHOT MOJIEJII CHCTEMH KEPYBaHHS
MIPOIIECOM 3MAIlleHHs JUIsl BUBUEHHS PI3HUX acleKTiB poOOTH CHUCTEM, 30KpeMa, JJIsl aHamli3y edek-
TUBHOCTI, )KUBYYOCT] Ta HQAIMHOCTI, PO3POOKH ONTHMAJIbHUX Ta aJIaITHBHUX 3aKOHIB KEPYBaHHS.

Jl71s1 MOCSATHEHHS MMOCTABJICHOTI METH HEOOX1JHO BUKOHATH HACTYITHI KPOKH [7]:

1. Ha ocHOBI aHai3y CTPYKTypU CHCTEMH IMITYJIbCHOTO 3MAIeHHsI BU3HAYUTH (YHKIIIT Ta rmapa-
METPH BCiX €JIEMEHTIB CHUCTEMH.

2. IlobynyBaTtu MareMaTUyHy MOJIENb CKJIQJOBUX CHUCTEMH 3MAllleHHs, sIKa OMHUCYE iX poOoTy
B YMOBAaX PI3HUX PEKUMIB (PYHKIIOHYBaHHS.

3.3a IOmMOMOTOI0 MPOTPaMHOTO 3a0E3MEYeHHS pealli3yBaTH IF0 MOJAETbh Y BUIVISAII CHUMYIIs-
TOpa, KU OW T03BOJIMB MPOBOAUTU €KCIIEPUMEHTH, 1110 MOJEIIOIOTH Pi3HI YMOBH POOOTH CUCTEMHU
3MaIleHHs Ta BIUIMB Pi3HUX MapaMeTpPiB CUCTEMH, TaKUX SK THUCK MacTWIIA, TeMIIeparypa, B'sI3KiCTh
MacTHIa, Ha €)CKTUBHICTh 3MAIIlCHHS.

BukianeHHs1 0CHOBHOIO MaTepiay J0CTiIKeHHS
Sk Bxe Oy10 pO3MISIHYTO BUILE, CUCTEMA JIyOPUKATOPHOTO 3MAIEHHS CKJIaIa€ThCsI 3 HACTYITHUX
OCHOBHHUX KOMITOHEHTIB: MacCTHJIbHOI MaricTpaji 3 OCHOBHUM MacCTHJIBHHUM HacocoM, 1o 3abesrme-
4ye MojIaqy MacTuiIa 0 IMIYIbCHOTO MaCTHIIBHOTO MOJYJISl; MACTUIILHOTO pe3epByapa; iMIyIbCHOTO
JI03YI0YOT0 HAacoca, akyMyJIATopa Ta KEpOBAHOTO KJIalaHa, OB’ s;3aHoro 3 (hopcyHkamu. Jlis 3a6e3-
MEYCHHST KePYBaHHS IPOILIECOM MPHUCYTHI TAKOX KOHTPOJIBHO-BUMIPIOBAJIbHI MPUIAJAA Ta MPUCTPOT

https://doi.org/10.32782/mathematical-modelling/2022-5-2-1
12



ITPUKIIA/THI ITNTAHHA MATEMATHYHOI' O MOJE/IFOBAHHA Ne 5.2, 2022

KkepyBaHHs. Bci i ckitamoBi MaroTh OyTH IIpeIcTaBIIeHl B iMiTaniiHii Mmoaeni. Lls Moiens Mae naBaTu
MOXJIUBICTh HE TIJILKU MPOCTO 3MiHIOBAaTH KOH(DIrypallito CHCTEMH Ta aJITOPUTMHU KEPYBaHHS, 8 TAKOX
JOCTIKYBATH MPOIEC MPH PI3HUX MapaMeTpax CKIa0BUX YAaCTHH Ta XapaKTEPUCTHK MACTHIIA.

BpaxoByroun 1€, DOHUIBHUM i MOOYJOBM Takoi MOJENII € 3acTOCyBaHHsA O010J1i0TeKH
SimHydraulics nporpamuoro nakety Matlab. SimHydraulics € moTyHUM 1HCTPYMEHTOM JUIs iMiTa-
[IHOTO MOJICTIOBaHHS T1IPaBIIYHUX CHCTEM Ta PO3POOKH CHCTEM KEepyBaHHsI, BiH HAIa€ THYYKICTh
1 3py4HICTH B pOOOTI 31 CKJIAJTHUMU T1IPABITIYHUMH CUCTEMAMHU, JO3BOJISIFOYM IMITYyBaTH poOOTy pi3-
HUX KOMITOHEHTIB Ta iX B3aemoito [8, 9].

CunpHoto croponoro SimHydraulics mpu mMozenroBaHHI CHCTEMH JTyOpPUKaTOPHOTO 3MaIlleHHS
€ MOXXJIMBICTh MapaMeTpHu3allii Mojesi, 0 A03BOJISIE BCTAHOBIIOBATH Pi3HI 3HAYEHHS IMapaMeTpiB
Ta TECTYBAaTH CUCTEMY Ha €()EeKTHUBHICTb, )KUBYYICTh Ta HAIHHICTb.

Hpyroro neperaroro SimHydraulics € MOXJIHBICTD iHTETpaIlil 3 €ICKTPHIYHUMHU, MEXaHIYHUMHU
Ta THEBMAaTHYHUMHU IMITAI[IHTHUMH MOJIEIISIMH, & TAKOXK 3 MOZEIISIMU PETYISATOPIB, IO J03BOJIUTH CTBO-
PUTH O1IIBII TOBHY Ta TOYHY MOJIENIb CUCTEM KepyBaHHS MPOLIECOM 3MAIllEHHs TOJIOBHOTO JIBUT'YHA.

Ha puc. 3 mokaszano cripomieHy imMiTamiifHy MoieIh CUCTEMHE JIyOPUKATOPHOTO 3MAIICHHS TOJIOB-
HOTO JIBUTYHA.

<:
P r:|
I-: ZL Qil accumulator
— Control Unit
Cylinder Lubricator |
|3<1 i . =
Pressure Lubricator Pressure Flow rate Lubricator pipe
— seneer senser Accumulator pipe )(
Flow rate
) .
Pressure Dosage Pressure o
C e
. - Dosage Pump
Pressure Pump Pressure Solver
sensor2 Configuration —
|:| 5 PS
i — P ) = F
Volume PS25_5 N _ P Unit
’-' v HmgD SA Low-presure oll pipe
R
Cylinder oil pipe
Reservoir &
‘l V )

(=T

Return oil pipe

Qil

Puc. 3. ImiTaniiina Moaeas cucTeMu JIyOPHMKATOPHOT0 3MALEHHSA
CYAHOBOTI'O I'0JIOBHOTO JBUTYHA

Cucrema CKIaIa€ThCs 3 HACTYITHUX OCHOBHUX CKJIAIOBUX YaCTHH:

— MacTuiIbHOTO TaHKy (Reservoir);

— HacocHoro 6moky Pump Unit;

— IMIYJIBCHOTO JT03yro4uoro Hacoca Dosage Pump;

— akymyistopa mactuia Oil Accumulator;

— nmy6pukatopa Lubricator, mo nonae mactuiio B muitinap asuryHa (Cylinder);
— nmaruukiB THCKY Oil Pressure Sensor ta Butpatn mactuia Flow Rate Sensor;
— cuctemu kepyBaHHs1 Control Unit.
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HacocHwuii 6510k moiae MacTHIIO 3 MACTHIIBHOTO TAHKY JI0 MaCTHIILHOI MaricTpati. [Ipu nepeBuiieHHI
THCKY B CHCTEMI HaJUTMILIOK MACTHIIA TIOBEPTAETHCS JI0 TaHKa Yepe3 3BOpOTHHI TpyOorposia Return Oil
Pipe. lamni iMmyabCHUI HACOC TIOMIAE TTiJT BACOKMM THCKOM MACTHJIO JI0 aKyMYyJISITOpa Ta JIyOpruKaropa.

brok kepyBaHHsI reHepye KOMaHIU JIsi JJO3YIOUOrO Hacoca Ta JyOpuKaropa Ha BIOPCKYBaHHS
MacTuia. Y peaibHiil cHCTeMi Il KOMaH/AW TeHEepyIOThCs Ha OCHOBI aHaji3y iH(opMarii 3 JaT4uKiB
TMIOJIOXKEHHST IOPIITHS, a TAKOXK IATYMKIB BUTPATH Ta THCKY, BCTAHOBICHUMH B MACTHIIBHAX MAariCTPaIsX.

Jlnst BU3Ha4YeHHs BIACTUBOCTEH MAacTWIIA, Taki sIK HOMIHaJbHA B’S3KICTh v,,, , WIUIBHICTB p,,,
Ta iH11e 3actocoBaHo 6510k Oil (Custom Hydraulic Fluid). ITpu niaksrodeHHi 670Ky 10 TiipaBaivyHoOi JIiHii
BJIACTUBOCTI TiIPABIIIYHOI PiIMHA aBTOMAaTHYHO MEPEAI0THCS BCIM T1IpaBIIiYHIM OJIOKaM Y KOHTYPI.

Ha puc. 4 HaBeZieHO CTPYKTYpy HiIMOJIENEH OCHOBHOTO HACOCHOTO OJIOKY ( pHc. 4, a) 1 103yH040ro
Hacoca (puc. 4, 6). [loptu P 1 T € Bxomamu Ta BUXOJaMH TiIPaBIiYHOI CHCTEMH 1 TIOB'SI3aHi 3 BX1THUM
Ta BUXITHUM TPYOOTpOBOIaMH BiamoBiqHO. I1opT S € MexaHIiYHIM TIOPTOM, SIKWH MOB'SI3aHUM 3 IPUBOI-
HUM BaJIOM HAacoca i CIyrye Jjis mepenadi o0epTaJbHOro MOMEHTY HAcOCy BiJl 30BHILTHBOTO JDKEpesia
eneprii. [lo3uTHBHMIA HaNPSAMOK BU3HA4YA€THCs Bi nopty T a0 mopty P, To6TO Hacoc nepekadye piauHy
Big mopty T o mopty P, ko npuBomHMIA Bast S 00€pTA€THCS B MO3UTHBHOMY HAIPSIMKY.

[TapameTrpu3aliisi MOZCIII TIOJIATAE Y BU3HAYCHHI MapaMeTpiB Ha OCHOBI TEXHIYHOT JOKyMEHTa-
i Ha HACOCHUM OJIOK 1 MOXK€ BUKOHYBATHCh IUISIXOM alpOKCHMAIIi] MoJiHOMa JJIsl IEBHOI KyTOBOI
MIBUAKOCTI 3aJIS)KHO B TOCTYMHUX gaHux [10].

P r
Centrifugal Pump
i jz - -
] L{I Pressure Relief i
Valve
Ideal AVS q Ideal AVS Fixed-Displacement
P Pumy
A £ b
3500 SPS 3500 SPS
Ang. velocity 52PS_1 ;{%MRR —@ Ang. velocity S2PS_1 S\\ié MRR
R
T T
a) 0)

Puc. 4. Crpykrypa niamosesieii 0CHOBHOI0 HACOCHOTO 010Ky () i 1o3yrouoro Hacoca (0)

Le#t mporec nomomMarae BpaxyBaTH pi3HI (DaKTOPH, Taki K poOOUMI THUCK, BUTPATY PIAMHU
Ta IHIII TTApaMeTpH, sIKi BIUTMBAIOTH HAa pOOOTY Hacoca. XapaKTepUCTUKN HACOCa IPH IHIINX KyTOBUX
MIBUIKOCTSAX BU3HAYAIOTHCS 32 3aKOHAMH CIIOPIAHEHOCTI. ATPOKCUMYIOYHMH TTOJIIHOM BHUBOAMTHCS
3 PIBHSIHHS IMITylbcHOTO MOMeHTy Elnepa [1, 2], sike mid 3agaHoro Hacoca, KyTOBOI IIBHJIKOCTI
Ta PIAMHA MOKHA TIPEJICTABUTH Y BUIJISIII:

Ny P e (1)
Jie p,,,— TIEPETajl THCKY Ha HacOCi Ul ETATOHHOTO PEKMMY, IO XaPAKTEPH3YETHCA ETANOHHOIO KyTO-
BOIO IIBUKICTIO Ta TYCTHHOIO MacTWJIA; k — MONPABOYHUI KOSQIIIEHT sl BpaxyBaHHS KOJHBAHb
PO3MIpiB, HEBIAMOBIAHOCTI JIOaTeH, 06’€MIB JIONIATEH, BHYTPIIHBOTO TEPTS PIAMHHU TOIIO; P, TUCK
Efinepa; p,, — BTpara THCKy Yepes3 TiIpaBIliuHi BTpaTH B KaHaJlax HAacoCa; p, — BTpara THCKY, CIPHYH-
HEHa BiIXWJICHHSM T0/1a4i HAacoca BiJl HOT0 HOMIHAJIBHOTO 3HAUYCHHS.
AHanoriYHUM YUHOM MTOOYI0BaHO 1 MOJIENb TO3YHOYOT0 HACOCA, 3 TIEIO JIUIIIE PI3HUIICIO, 1110 B Hilt
3aCTOCOBAHO HAcoC (hiKCOBAHOTO 00’ €My Ta BIJICYTHI 3BOPOTHUI KJ1armaH (ToMy 110 nepeadadaeTbes
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IMITYJIbCHUM PEXUM poO0TH Hacoca). Hacoc 13 mocTiitHuM poO6ovrM 00’ €MOM IIPEICTaBICHO TAKUMHU
PIBHSIHHSIMH, 1[0 TIOB’SI3YIOTh MPOIYKTUBHICTH HACOCA ¢ Ta KPyTHHI MOMEHT Ha MPUBOJHOMY Bally
Hacoca 7 3 BUILEHABEICHUMHU TTapaMeTPaMH:

g=D-o-k -p,
k :kHP
! V‘p’
D'mnom ) 1_11 *Viom " Prom
kHP: ( V) > (2)
pnl)m

r-L-p

rlmech
p=p,-Dr

KirouoBumu nmapamerpamu, HeoOXiTHUMHU JUIs IIbOTO OJIOKY, € 00°eM Hacoca D, 00’ eMHUH m,
1 3arajibHui n,,,, KK/, HoMiHaneHuit THCK p,,, 1 KyTOBa MIBUIKICTD ®,,, -

Jlns imiTartii MacTUIBHOTO aKyMyJsaTopa Bukopuctano 0ok Gas-Charged Accumulator, sikuit
MIPEJCTABIISIE AKYMYJIATOP SIK MOJIEJIb Ha OCHOBI TAONIUIIl JAHUX 1 BUKOPUCTOBYE MapaMeTpH, JOCTYIIHI
B nacroprax Bupoonuka [11]. MacTuibpHUI akymynsaTop Mae 00’eM V' 1 CKIIalaeThes 3 IBOX Kamep —
ra3oBoi Ta piIMHHOI 00°eMoM V,, K1 3’€JHaH1 CUCTEMOIO TiapaBiiku. L{i KaMepu po3aiIseThCs enac-
TUYHOIO JAiadparmoro. SKI0 THCK Ha BXOJI JO MACTHIBHOTO aKyMYJSITOpa p 3HMKYEThCS HIDKYEC
THCKY TOTICPEIHBOTIO HABAHTAXCHHS P , TO Ta30Ba KAMEPA I30II0ETHCS BiJl CHCTEMHU 33 JIOTIOMOTOKO
BITYCKHOTO KJIalaHa, TO/ll sIK TUCK B T'a30Bii KaMepi 3aJIMIIa€ThbCcs HE3MIHHUM Ha PiBHI OMEPEAHBOTO
HABAaHTAXXCHHS, & TUCK Ha BXOJ1 3aJI€KUTh BiJl TUCKY B CUCTEMI, 10 SKOI MiIKIIOYCHUN aKyMYISITOP.
Ko Tuck Ha BX0i JocsTae 3HAYCHHS TOMEPEAHBOTO HAaBAaHTAKEHHS a00 BHUIIE, KaMepH 3HOBY B3a-
€MOJIIIOTh MK CO00F0. AKyMYIISITOP OMMHUCYETHCS TAKUMU PIBHSIHHSIMM:

_dV;
qF - dt bl
Pr = D¢ + Ppus (3)

k

I/O_I/im'r]
P =\ Pinis + D4 ) — P
G ( t A) (I/O_VF A

1€ pus — OOMEXEHHS THUCKY, V,, Ta p,, - IOYaTKOBI 00’€M Ta THUCK BiJIOBITHO, k - TUTOMA TEILIO-
€MHICTb.

[To3uTnBHUI HampsiM ONOKY BU3HAYA€THCS SIK HANPSAMOK BiJ BXOAY PIAUHM B TiIPOAKyMYyIls-
TOP, TOOTO SIKIIO PiJIHA HAMpaBJieHa JI0 TAPOAKyMYISTOPA, TO MBUAKICTh MOTOKY BU3HAYAETHCS SIK
no3utuBHa. ClliJi BpaxoByBaTH, 110 JaHUH OJIOK BUKOPUCTOBYE /€Kl MPUIYIIEHHS Ta 0OMEXEeHHS,
30KpeMa: MOJIesIb Ta30BOi KaMepH € 171ealIbHOI0, MIPOLEC BBAXKAETHCS MOJITPOIHUM, 1 HE BPaXOBY-
I0THCSl HABAHTAKEHHSI, TaKi SIK 1HEpIlis Ta TEPTs, 1 CTUCIUBICTD PiIUHH.

Uepes BiACYTHICTh HEOOXITHOCTI MOJIEIIOBAHHS MPOIIECIB B CEPBOCUCTEMI, TyOPUKATOP 3MO-
JIeIbOBAHO CHPOILEHO, Ha OCHOBI JIBOXOJIOBOTO KJIAlaHa, sIKUH € 3armipHUM KJalaHoM 3 JIBOMa Tif-
PaBIIYHUMU 3'€THAHHIMH - BXiTHUM TOpTOM (A) 1 BuXigHUM noproM (B), a Takox ogHuM (Hi3MuHIM
3'€IHAaHHSIM CUTHAJIBHOTO TIOPTY (S), SIKEe BIATOBIAA€E 32 KOHTPOJIb MOJIOKESHHS 30JI0OTHUKA.

Omnip AUMSHOK MacJOMpPOBOIB MOJIENIOEThCS HAaOMMXKEeHO, 3a nomomoror 6mokiB Hydraulic
Resistive Tube, 3 ypaxyBaHHSM X pe3MCTUBHHUX BIACTHBOCTEH 3 ypaxyBaHHSM JOBKUHH L, Koe-
¢iuienta ¢popmu K, , MOl MONEPEUHOro Mepepizy Tpyou A Ta rigpasiiyHoro aiamerpa D, npu
CTalllOHApHUX yMOBax IMITyibcy piguHH. Ciif 3ayBa’kKUTH, L0 TyT HE BPaXOBY€ThCS CTUCIMBICTh
Ta iHepuis piguHu. s BpaxyBaHHS MiCLIEBUX OTOPIB, TAKUX SIK BUTWHU, (QITHUHTH, BTPATH HA BXOJI
Ta BUXOJI1 TOIO, yCl OIIOPH NEPETBOPEHO Ha 1X €KBIBAJICHTHI IOBXHUHY L, , a IOTIM 3arajibHa JOBXHHA
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BCIX OIOPiB Jl0/]aHa JI0 TEOMETPUYHOI JOBKUHU TPYOu L. BTpaTtu THCKY p uepes TepTs B ik Mozaei
OOUHUCITIOIOTECS 3a jJonomororo piBHsAHHS Jlapci [12], y sikomy BTpaTu 3ayiexarh BiJl KoedilieHTa
TEPTSI, AKUIA MPONOPIIIHHNAN KBaJpaTy MBUIKOCTI MIOTOKY ¢ PITUHM 3 IIUIBHICTIO p Ta 3aJE€KUTh BiJl
PEeXUMY MOTOKY. SIKIIIO MOTIK JJaMIHAPHUM, PIBHAHHSA Ma€ BUNIIAL:

s T P2 4
PR D 4 e @ (4)

e — R, yucno PeliHonbAca.
Jlns mpukiaay, Ha puc. 5 HaBEICHO PE3yNbTaTH MOJCIIOBAHHS THCKIB Ha BHXOMI JI03YIOUOTO
Hacoca P, mybpukaropa P, Ta BUTPATH MacTHIa f . ' .
TakuM umHOM, pO3pOoOJSieHa iMiTaliifiHa MOJENb JO3BOJSE CIOCTEPIraTd THUCK 1 MIBHIKICTh
MIOTOKY B Pi3HUX TOYKaX CHCTEMH IIPH Pi3HUX peXUMaxX (yHKIIOHYBaHHS.

Puc. 5. Pe3yjabraru Moje/Il0BaHHS NPouecy BIIOPCKYBAHHSI MACTHJIA

BucHoBku

Jlns mokpaiieHHs e(QEeKTUBHOCTI CHCTEMH 3MAallleHHS TOJIOBHOTO JIBUTYHa Ta 3a0e3neyeHHs
Horo HaAlMHOCTI Ta €PEKTUBHOIO 3MAIIEHHS B PI3HUX PEKMMax eKCIUTyaTallii, HeoOX1IHO BIIpOBa-
JOKYBaTH CydacH1 3ac00M MIKpONPOIIECOPHOI TEXHIKH 3 MOXJIMBICTIO OIEPAaTUBHOIO 3B'SI3KY 3 CHC-
TEMOIO JTMCTAHIIHOTO YIPaBIIHHS Ta 3arajJbHOCYJTHOBOIO OOUMCIIOBAIBHOIO Mepekero. Po3pobka
BUCOKOE(PEKTUBHUX aJITOPUTMIB JUUIsl TAKUX CUCTEM MOTpPeOye MPOBEAECHHS 0araToOKpaTHUX €KCIIepH-
MEHTIB JJI 30MpaHHs HEOOX1THOI CTaTUCTUKH, 110 MOXKHA CIPOCTUTU Ta MPUCKOPHUTH 32 PaxyHOK
BUKOPHUCTAHHS iMiTauiﬁHI/Ix MOJeei.

Po3pobiena imiTaniiina MOJEIb CHCTEMH 3MAIICHHS TOJIOBHOTO JIBUTYHA JIO3BOJISIE IIPOBOJUTH
JIOCIIIIDKCHHSI IIPOLIECIB B CUCTEMI 3MAILCHHSI 32 PI3HUX YMOB, aHANII3yBaT! OTPUMAHI JaHi Ta MOpiB-
HIOBAaTH IX 3 peajbHUMH 3HAYEHHSIMHU Ha cucTeMi 3ManieHHs. lle 103Boisie BUBOAMTH BHCHOBKH
po €PEKTUBHICTh Ta HAJINHICTH CUCTEMM 3MAIll€HHS, 3HAXOAUTH ONTHUMAaJIbHI 3aKOHU KEpYBAaHHS

Ta IMOKpalmyBaTu Ipouec 3MallCHHS.
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B.B. THATYILIEHKO, TM. ®EHEHKO

VYKpaiHCbKUI JIep)KaBHUI YHIBEPCUTET HAYKH 1 TEXHOJIOTTT

O.JI. JOPOLI

[HcTuTyT TpaHCTOpTHHUX cucTeM i TexHonoriit HAH VYkpainu

PE3VJbTATHU HAJIAIITYBAHHS TAPAMETPIB HEMPOHHUX INTUBOKHUX
MEPEX IIOJO PO3INI3HABAHHS FASHION MNIST DATASET

Ilposedeno Oocnidocenns modenei 320pmrosoi Heuponnoi mepexci (Convolutional neural network — CNN)
3 memoio nioguuyenns mounocmi posniznasanna Fashion MNIST DATASET.

3 oenady sioomo, wjo posnizHaeanHsa eremenmie o052y Habopy Fashion MNIST € 6inbw ckiadHum Hidc posnis-
Hasanusa Habopy pykonucy yugdp MNIST. Habop ooszy Fashion-MNIST pexomenoogarno 0 00CHiOHceHb Pi3HUX apXi-
mexmyp Heuponnux mepedic. Havikpawi pezynomamu sikocmi posnisnasants Fashion MNIST DATASET ompumano 3a
320PMKOBOIO HEUPOHHOIO MEPEICEIO.

B oaniti pobomi 6yno memoro nokpawumu mounicmo posniznaeanns Fashion MNIST DATASET 3a paxyrok docii-
Ooicenns pisnux apximexmyp CNN ma ix napamempis.

Obparo 08i apximexkmypu ROCIIO08HOI 320pPMKOB0I HEUPOHHOI Mepedci 3 MuX, y AKUX MOYHICIb PO3NIZHABAHHS
Fashion MNIST DATASET 6invwe nioc 93%. IIposedeno docniodcenns ix apximekmyp ma napamempis. Mooeni 6ionogi-
0aromov U3HAYEHHIO HEUPOHHUX 2AUOOKUX MePedic ma Malomy PizHy KilbKicmb wapis. B 0ocniocennsx mooenei nokazamo
enaue napamempis batch_size, validation_split, validation_data na mounicms po3nizHasants, a maKodic apianmu po3-
mawyseanus wapy BatchNormalization ma wapy axmueayii; eniue napamempa “filters” ons 3eopmrxoeoco wapy. Kpim
moeo, 6yn0 BUKOPUCMAHO 084 Gapianmu 6ubopy 6anioayitnol subipku: nepuuil — 3 Habopy oanux 015 naguanus (20%),
a Opyeuul — nabop danux mecmysanns. Ilpu pospaxynkax wucio enox nasuanis oopisuioeano 20. B npoyeci naguanns
BUPTULYBATOCH NUMAHHSL He OONYCIUMU NePeHagYaHHsl 3a O0NOMO2010 AHANIZY QYHKYIT empam.

Buxopucmano 6ioniomexu TensorFlow, Keras, mogy npoepamyeanns Python. Po3pobneno npocpammui mooyii, sKi
oyno peanizosarno y xmapromy cepsici Google Colab.

B pesynomami oocniosicens niomeepoiceno 3asn6ieHy y pobomax iHWUX asmopie mounicms po3nizHaganus >93%
Fashion MNIST DATASET ma ompumano nokpaweny mounicme posniznasanma 6 94,16% oasn oouici 3 obpanux moode-
seu. Obrpynmosaro ennus napamempy batch_size na mounicme po3nizHasanus, 06pano 3uauenus batch_size 8ionogiono
Hatkpawomy pesyivmamy posnizhasannsa Fashion MNIST DATASET. IIpooemoncmposaro, wo 30inbulenHs KilbKocmi
Oanux 01 HABYUAHHS NOKPAWYE MOYHICIb PO3NI3ZHABAHHA Npu suxopucmannui napamempa valid_data==(X test, X test
labels) 3amicmo valid_split ons oanux nasuanns. Hasedeni pesynomamu uucenbHo20 eKCnepuMenma, siki RiOmeepoicy-
10Mb BAANCIUBICMb A KOPUCHICIb 3ACMOCYBAHH MemoOig pe2ynapusayii Onis eupiuieHHs npodiemi nepeHasuaHHs.:
Hanawmyseamnis wiapie Dropout 003601U10 NOKPAWUMU MOYHICIb PO3NIZHAGAHHSL.

Kniouosi cnosa: enuboke naguanms, 320pmrosa Hetponna mepedica, apximexmypa CNN, mounicme pos3niznasamms,
nanawmysanus napamempie CNN, Fashion MNIST DATASET, PYTHON, KERAS, TENSORFLOW, GOOGLE COLAB.

HNATUSHENKO Vik., FENENKO T.

Ukrainian State University of Science and Technologies, Dnipro, Ukraine

DOROSH O.

Institute of Transport Systems and Technologies of the National Academy of Sciences of Ukraine, Dnipro

RESULTS OF NEURAL DEEP NETWORKS PARAMETER TUNING
FOR FASHION MNIST DATASET RECOGNITION

A study of convolutional neural network (CNN) models was conducted in order to obtain better recognition quality
of the Fashion MNIST DATASET.

From the review, it is known that the Fashion MNIST DATASET recognition set is more difficult than MNIST DATASET
recognition. The Fashion-MNIST DATASET is recommended for research on different neural network architectures. The best
Fashion MNIST DATASET recognition quality results were obtained by convolutional neural network.

In this work, the goal was to improve the recognition quality of the Fashion MNIST DATASET by studying different
CNN architectures and their parameters.

Twwo consecutive convolutional neural network architectures were selected from those with Fashion MNIST
DATASET recognition quality greater than 93%. A study of their architectures and parameters was conducted. The models
correspond to the definition of neural deep networks and have different number of layers. Model studies show the influence
of batch_size, validation_split, and validation_data parameters on recognition accuracy, as well as location options for
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the BatchNormalization layer and the activation layer; the effect of the “filters” parameter for the convolutional layer.
In addition, two validation sample selection options were used: the first one was from the training dataset (20%,) and the
second one was the testing dataset. In the calculations, the number of training epochs was equal to 20. In the training
process, the issue of preventing overtraining was solved using the analysis of the loss function.

TensorFlow, Keras, Python programming language were used. Software modules were developed and implemented
in the Google Colab cloud service.

As a result of the research, the recognition quality >93% of the Fashion MNIST DATASET declared in the works of
other authors was confirmed, and an improved recognition quality of 94.16% was obtained for one of the selected models.
The influence of the batch_size parameter on the recognition quality is substantiated, and the batch_size value is chosen
according to the best recognition result of the Fashion MNIST DATASET. Increasing the amount of training data has
been shown to improve recognition performance when using valid_data==(X test, X test labels) instead of valid_split
for training data. The results of a numerical experiment are presented, which confirm the importance and usefulness of
applying regularization methods to solve the retraining problem: adjusting the Dropout layers allowed to improve the
recognition accuracy.

Keywords: deep learning, , convolutional neural network, CNN architecture, recognition quality, CNN parameter
tuning, Fashion MNIST DATASET, PYTHON, KERAS, TENSORFLOW, GOOGLE COLAB,

IlocTanoBka nmpodJjaemMu

['mboxi Hertponni mepexi (CNN) y 3amagax po3poOKu CUCTEM MITYYHOTO 1HTEICKTY € OIHUM
13 HAUIMOMYJISPHIIIMX TTIIXOMIB 1 TO3BOJISIIOTH OTPUMATH BUCOKY TOUHICTH pimeHHs. Lle Taki ramysi
JOCTI/IKEeHb, SIK KOMIT'IOTEPHUH 3ip, pO3Ii3HaBaHHS MOBH, EKCIIEPTHI CUCTEMH Ta iHmmi [1].

Bixe Outbme Hixk 20 poKiB TECTyBaHHS 3aJad KOMII IOTEPHOTO 30py IOYalIM MPOBOAMUTH Ha
Habopi MNIST pykonmucHuX CUMBOMIB mUQP. 3aBASKA po3poOIi MoaeN TITMOOKOTO HaBYaHHS Ha
ocHOBI apxitektypu CNN Oyno oTpuMaHo HalKpailiii pesyisrar posmizHaBaHHs mudp 99,7% [2],
ajie He JaJi0 3MOT'M OTPUMATH TaKi BUCOKI pe3yabTatu A Habopy aanux Fashion MNIST.

AHAaJIi3 0CTaHHIX JOCTiIXKeHb | myOsikanii

B nanwmii yac 3anpononoBano Oararo apxitektyp CNN, siki npu3HadeHi i po3Mi3HaBaHHS
300pakeHb 1 TectyBaiucs Ha Fashion MNIST DATASET. Haiikpami pe3ynbratd 100 o0paHoro
Habopy 300pakeHb, a came Oinbiie 93% sSKOCTi po3Mi3HaBaHHS, OTPUMAHO 3 BUKOPUCTAHHSIM 3aropT-
KOBUX HEMpOHHUX Mepex [2]. Takuil pe3ynbTar € BUCOKUM 1 103BOJISIE 3pOOUTH BUCHOBOK, 1110 3a/1a4a
posmizHaBaHHs eneMeHTiB onsary Fashion MNIST DATASET Bxke He € akTyallbHOIO 3 TOYKH 30Dy
oTpuMaHHs Kpamoi sikocti posmizHaBaHHs. Ane Fashion MNIST DATASET moxHa BUKOpUCTATH
JUISL TECTYBAHHS PI3HUX apXITEKTYp Ta HAJIAIITYBaHHS IapaMeTPiB MOJIENIEH, 1110 HE BTpavyae aKkTyalb-
Hocti. Takum unHoMm, Habip manux Fashion MNIST gacTto BUKOPUCTOBYIOTH JJIsSI TIEPEBIPKH HOBUX
ineit CNN. B [3] posmsiayTo 5 apxitektyp CNN, siki Texx mporectoBaHo Ha Habopi Fashion MNIST,
B pe3yibTaTli OTPUMAHO TOYHICTH PO3MI3HABaHHS Tpoxu Ouibie HiXK 93%. Ha caiiti http://www.
eamonfleming.com/ [4] HaBeneHO iHITY apXiTekTypy Mozaeni CNN 3riiHO K01 TOUYHICTH pO3IMi3Ha-
BaHHs TeX Ounbie 93%.

B [5] naBeneni pesynpraru posmizHaBaHHs Fashion MNIST DATASET 3a monomororo nporpam-
HOTO 3aco0y, ki 0yJ10 po3poOieHo 3 BUKOpHCTaHHAM MoBU Python, 6i6miorek TensorFlow Ta Keras
Ta KU OyB BUKOPHCTaHUH B AaHiil poOOTI It AOCHIIKEHHS apXiTeKTyp Ta HanamTyBaHHs CNN.

Meta pocJaiKeHHs
Mertoro po0GoTH € OKpaleHHs pe3ynabratiB po3nizHaBanHs Fashion MNIST DATASET 3 Buko-
pucTtaHHsaM pi3HUX apxitekTyp CNN, HanamrTyBaHHs HapaMeTpiB Ta peryisipu3anii 1 HalaHHs PeKo-
MEHIaLi.

BukJ/iaieHHs 0OCHOBHOT0 MaTepiaJry 10C/IiIKeHHS
B pesynbrari aHamilzy AoCHiDKeHb pe3ynbTaTiB posmizHaBaHHs Fashion MNIST DATASET
obpano a8i CNN, ski BiAMOBiIaau TOYHOCTI posmizHaBaHHs 93% [3, 4]. B tabn. 1 naBeaeno indop-
Maiiiro 1moao0 oopanux CNN.
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Tabmuis 1
ApPXITEKTYpH 3TOPTKOBUX HEHPOHHUX MEPEK
ITo3naueHHs . Kinekicts Posmi
N . Apxitextypa CNN N MIP IMocunanus
MoOJel HEHPOHIB OaiT

4 3ropTKOBI MapH
1 Cnn_93 3 pinsTp. (3x3) 1637570 19 722 408 [4]
Ta | TOBHO3B'SI3HMIA 1IAp

4 3ropTKOBI IIAPH 3 3]
2 Cnn_a5 (I)IJ'IBTp; (3x3)Ta 2 1676 266 20177 840 Architecture 5
MIOBHO3B'SI3HUX IIApU

Y poborti peanizoBaHo porpamMHauii ko MoBoro Python 3 Bukopucranusm KERAS 1 Tensorflow,
po3paxynku Oynu nposeneHi y Google Colab.

Jlist KokHOT 3 apxiTekTyp pearnizoBaHo (yHKIi0 modynoBu Momeni CNN Ta ¢yHKIi0, 10
MICTHTH 1HGOpMAIIiI0 TTpo MoAenb. DyHKIIA 3 iHPOPMAIIE€0 MO MOACNI HaJae Taki MO3HAYCHHS
y 3aronoBkax rpagikis: “C” mis sroptkoBoro mapy Conv2D; “B” nng mapy nakeTHOi HOpMadi-
3anii BatchNormalization; “M” s mapy mynuara MaxPooling2D; “D” nnst mapy Dropout; “F”
st mapy Flatten; “D” miis moBHO3B si3HOTO 11apy Dense; “A” ayis mapy akTHBaIlUH.

HaBuaHHs MoJ1e11 BUKOHY€ETHCS 32 BUKJIMKOM MeTofy fit:

fit(x=None,y=None, batch_size=None, epochs=1, verbose=1, callbacks=None,

validation split=0.0, validation _data=None, shuffle=True,

class_weight=None, sample weight=None,

initial _epoch=0, steps_per _epoch=None, validation_steps=None)

OcHoBHI napameTpu MeTofa fit: x — MacuB HaBYAIBHUX JaHUX; Y — MACHB IILJICH (KJ1aciB, MITOK);
batch size — po3mip nmakera HaBYaHHS; €pochs — YKCIIO €MoX HaBYaHHS HEPOHHOI Mepexi; verbose —
1HAMKATOp Ui BUBOAY iH(oOpMarii B mpoueci HaByaHHs; callbacks — crimcok mpouemyp, mo BHUKO-
HYIOThCS B Tiporieci HaBuaHHs; validation split-3nadennst mixk 0 Ta 1, yacTka BamigamiiHUX JaHUX;
validation data — siBHa BKa3iBKa Ha BaJifalliiiHi JaHi.

Monens 3a Ha3zBol cnn_93 Mae CTPyKTypy, Ky IOKa3aHO Ha puc.l, oTpuMaHa 3a METOJIOM
summary.

[Ipu nocmimkenni moxeni cnn_93 Gyno 3'sicoBano ii ocobnuBocti [4]: map BatchNormalization
HOpPMY€E Baru HEMpoOHIB Ha BUXOJi 3ropTkoBoro mapy Conv2D; y mpoueci HaBYaHHS BallifamiiHi
JIaH1 CIIBIAJAI0Th 3 TECTOBUMH JAHUMH, a CaMe 3 TUMH, SIK1 TPU3HAYCH] JTsI TePEBIPKH (TECTYBaHHS)
MOJIeJi; MiCHsl Ipollecy HaBYaHHS BUKOPUCTOBY€ETHCS HaMKpallia MoJielb, Ika OTPUMY€ETHCS B IPOLEC]
HaBYaHHS 3aMICTh MOJIENI, sIKa BIAMOBIIA€ OCTAHHINA €I10Cl HaBYaHHI.

[IpoBeneno mocmimkeHHs Moaeni cnn 93 3 muTaHb: — BIUIMB TapameTpiB batch size,
validation_split, validation data Ha TOYHICTH pO3Mi3HABAaHHS; — BapiaHTU PO3TAIIyBaHHS LIApY
BatchNormalization Ta mapy akTuBaiii; — BB mapamerpa “filters” ms 3roptroBoro mapy Conv2D
3 iM'sitM name="93 1 4'.

Pesynbratu gociiKeHHs BIUIMBY napameTpa batch size Ha TOUHICTH po3Mi3HABaHHSA OTPUMaHI
3a TAKMX YMOB: — YUCJIO €MOX HaBYaHHS JopiBHIOE 20; — BamiHamiliHi JaHi — 3 JaHUX JJI HABYaHHS,
napametp validation split=0.2. Sk BumHO 3 TaO. 2 BUKOHAHHS OIHIET €MOXH, 31 301IBIICHHSIM 3Ha-
yeHHs batch_size, 3MeHiyBasnocs, a po3mip nakety batch size HecyTT€BO BIUIMHYB Ha TOUHICTh PO3-
nizHaBaHHs. Haiikpamii pe3ynbratu otpumani pu batch_size=96.

Ha puc. 2 nokazano rpadik 3a71eKHOCTI TOYHOCTI HaBYAHHS BiJ| €MOX 3a BapiaHToM 2 Tabm. 2.
3 rpadikiB BUIHO MIBUIKICT HAAIITYBaHHS MOJIENI: 3 5-i o 10-Ty enoxy KpyBa BaJliJalliiHUX JaHUX
MPAaKTHYHO CTa€ MapaiesIbHOI0 0Ci a0cuC (TOYHICTh PO3Mi3HABaHHS AOPiBHIOE prOm3HO 0,925).

Ha puc. 3 nmokazano rpadik 3amexxnocti (GyHKIIi BTpaT BiJ enox 3a Bapiantom 2 T1abm. 2. Ilo
¢dopmi (yHKLUIT BTpaT BUAHO, 1110 IEPEHABUYAHHS BIJICYTHE, TAKOXK € MOXJIMBICTh 3MEHIIUTHU KUIBKICTh
enox j10 10.
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Layer (type) Output Shape Param #
93_1_1 (Conv2D) (None, 28, 28, 32) 320
93_1_2 (BatchNormalization) (None, 28, 28, 32) 128
93_1_3 (Dropout) (None, 28, 28, 32) [¢]
93_1_4 (Conv2D) (None, 28, 28, 32) 9248
93_1_5 (Dropout) (None, 28, 28, 32) ¢}
93_1_6 (Conv2D) (None, 28, 28, 24) 6936
93_1_7 (Dropout) (None, 28, 28, 24) €]
93_1_8 (Conv2D) (None, 28, 28, 64) 13888
93_1_9 (MaxPooling2D) (None, 14, 14, 64) €]
93_1_10 (Dropout) (None, 14, 14, 64) €]
93_1_11 (Flatten) (None, 12544) c]
93_1_12 (Dense) (None, 128) 1605760
93_1_13 (Dropout) (None, 128) c]
93_1_14 (Dense) (None, 18) 1290

Total params: 1,637,570
Trainable params: 1,637,506
Non-trainable params: 64

Puc. 1. Ctpykrypa moaesi cnn_93

Tabmuus 2
Mogens cnn_93 ( validation_split=0.2 epochs=20)
Ne papianTy 1 2 3 4 5
batch_size 64 96 128 256 512
Yac BUKOHaHHS ONHI€T enoxu (ceK) 15 15 13 11 10
TouHicTs MOEII HA TECTI 0.9253 0.9273 0.9268 0.9262 0.9259
TounicTh HalKpaIioi Moaesi Ha TecTi 0.9251 0.9302 | 0.9268 0.9261 0.9262

0950

0925

0.900

0875

0850

0.825

0800

0775

Puc. 2. TounicTb HaBYaHHSA-MOAeIb cnn_93

3ropTkosa Mogens cnn93
€(32,3) B D €(32, 3) D C2D(24, 3) D C(64,3) M, F128, D batch_size = 96
Nicna nasuaHua: TouHICTh Ha TecTi =0.9273 BrpaTu= 0.2535
Ann wanKkpauwoi Mopeni: TounicTh Ha Tecti =0.9302 Brparn= 0.2362
TouHICTE Y IpoUEC HABYAHHA

—— Ha HaBUBNEHIX AAHIX
— Ha sanigauiirmx ganmx

0.0 25 50 75 10.0 125 15.0 175
Enoxm

3ropTkosa Mofens cnnd3

€(32,3) B D C(32, 3) D C2D(24, 3) D C(64,3) M, F128, D batch_size = 96

DnA HaRKpaLLol Mo,

Ticna nasuanns: TounicTb Ha Tecti =0.9273 Brpatu= 0.2535
TounicTh Ha Tecti =0.9302 Brpatu= 0.2362

eni:
HKWIA BTPAT Nif 4ac HaBuaHHA

— Ha Hae4ansHux gaHnx

— Ha anigauinimx naHnx

50 75 0.0 125 150

Enoxu

Puc. 3. ®ynkuia Brpar-moaesas cnn_93

BucHOBKY 1110710 TOCITIIPKEHHS BILTUBY TapameTpiB batch size, validation_split, validation data
Ui Mozieni cnn_93: mpu po3ni3HaBaHHI 300paXkeHb eleMeHTiB ofsry Habopy Fashion MNIST: pexo-
MEH/IOBAaHO BHKOPUCTOBYBaTH batch size=96 1 sk BamimamiiiHi IaHi 3aCTOCOBYBAaTH TECTOBI JaHi:

validation_data=(X test, X test labels).

B nmoganpmux qociimKeHHIX MOIeTi cnn_ 93 3MiHUMO pO3TallyBaHHs Iapy aKTHUBALli Ta mapy
BatchNormalization. ABropu mapy BatchNormalization, skuii HOpMYye Baru HEHWpoOHIB [6], peko-
MEHJIyIOTh BCTAHOBHUTH MOTO TIEPe/l BUKIUKOM (DYHKIIIT aKTHBAIIii:
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cnn.add(Conv2D(32, kernel size=3, activation=None,
input_shape=(28,28,1),padding='same"))
cnn.add(BatchNormalization())
cnn.add(Activation('relu'))
3riaHo 3 pekoMmenaaniaMu y mapi Conv2D 3 im'sim name='93 1 1' BcranoBuMmo activation=None
ta micas mapy BatchNormalization momamo map akrtuBamii  cnn_simple model.add(tf keras.
layers(Activation('relu")).

Tabmurst 3
Mogens cnn_93 ( validation_data, batch_size=96, epochs=20)
1 2
. Conv2D (..activation="relu’ ...) Conv2D ( -activatio anone )
Bapiant Iy BatchNormalization
BatchNormalization e
Activation('relu")
ToyHiCcTh MOZEN] HA TECTI 0.9269 0.9265
TounicTs HaliKkparoi Mozesi 0.9317 0.9307
Ha TeCTi

[TopiBHsIbHUN aHaM3 posmi3HaBaHHS 300pakeHb Fahion MNIST 3 pizHuMH BapiaHTaMu
posramryBanHs mapy BatchNormalization Hagani y Ta6n. 3. BapianT «1» HiAKIOueHHS wapy
BatchNormalization micist mapy Conv2D(...activation="relu'...) € Halikparim.

PesynbraTu BrumBy napamerpa “filters” mist sroptkoBoro mapy Conv2D 3 iM'stm name='93 1 4'.
HajaHi y 1abn. 4 (batch_size=96, epochs=20, validation data). /Ina naiikpamioi Moneni TOYHICTb
cTaHoBUTH 93,35% ms filters=24; s sroprkoBoro mapy Conv2D 3 iM'sm name='93 | 4' 3HaueHHs
napamertpa filters MmokHa 3a7aBaTH B aiana3oHi Big 18 g0 64.

Tabaus 4
Pesynbratu mocmikeHHS BILTUBY QUIBTPY, Moaes cnn_93
Bapiant 1 2 3 4 5
filters 18 24 32 64 96
TouHicTh MOJIETI HA TECTI 0.9314 0.9335 0.9269 0.931 0.9251
TounicTh Halikpamloi MOJIeNi Ha TeCTi 0.9314 0.9335 0.931 0.931 0.927

AHAaJIOTTYHO JOCIIHKEHHIO MOJIEH cnn_ 93, MpoBeIeHO TOCIiHKeHHS Moze cnn_as (Tabm. 1).
CrpykTypa Mojelni cnn_as, sika OTpUMaHa 3a METOJIOM summary, — Ha puc. 4.

Layer (type) output shape Param #
a5_1_1 (Conv2D) (None, 28, 28, 32) 320
a5_1 2 (Conv2D) (None, 28, 28, 32) 9248
a5_1_3 (MaxPooling2D) (None, 14, 14, 32) 0]
a5_1_4 (Dropout) (None, 14, 14, 32) [0}
a5_1 5 (conv2D) (None, 14, 14, 64) 18496
a5_1_6 (Conv2D) (None, 14, 14, 64) 36928
a5_1 7 (MaxPooling2D) (None, 7, 7, 64) 0]
a5_1 .8 (Dropout) (None, 7, 7, 64) 0]
as_1_9 (Flatten) (None, 3136) [0}

a5_1 10 (Dense) (None, 512) 1606144
a5_1_11 (Dropout) (None, 512) [0}
a5_1_12 (Dense) (None, 10) 5130

Total params: 1,676,266
Trailnable params: 1,676,266
Non-trainable params: ©

Puc. 4. Crpykrypa moaedi cnn_a$
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Bruue mapametpa batch_size Ha TOUHICTH pO3ITi3HABAHHS MTPU MPUUHITHX YMOBaX PO3PaXyHKY
( validation_split=0.2 epochs=20) ananoriunuii gk i npu JoCiKeHHI Mojieni cnn_93. Ane TyT Baa-
JI0CS OTPUMATH TOYHICThH PO3ITI3HABAHHS TPOXH BHILY, HIX Y po0oTi [3], 3 sikoi Oys0 B3sTY apXiTek-
Typy DIMOOKOT MEPEXKH, 32 paXyHOK HaJIallITyBaHHS TileprapaMeTpiB.

Tabmums 5
Mogenb cnn_a5, validation data=(X test, X test labels)
Bapiaat 1 2 3 4 5
batch size 48 64 96 128 256
Yac BUKOHAHHS ONIHIET enoxu (ceK) 15 12 11 10 8
TouHiCTH MOZEI HA TECTI 0.9319 0.9321 0.9401 0.9365 0.9357
TouHicTh HalKpaloi MOJIeNl Ha TECTI 0.9350 0.9351 0.9401 0.9377 0.9365

Sx BumHO 3 Tabm. 5, mpu batch size=96, BamigamiiiHUX NaHUX CHIBMIAJAIOUYUX 3 TECTOBUMHU,
OTPUMAaHO TOUHICTH 94%.

Mopens cni
€{32,3)C(32,3)MD(0.25)C(64,3)C(64,3)MD{0.25)F512D(0.5) ba
Nicnn nasuanns: TouHicTs Ha Tec 8 BrpaTn:

93!
Pinn mApeie Mol 8 HASTE HeST v

05

04

03

02

01

Puc. 5. ®yHkuisg BTpaT B npoueci HABYaHHA cnn_as

[IpoBeneno O611b1I peTenbHUA aHaAMI3 Mozesi cnn_aS npu batch_size=96 Tta validation data=(X
test, X test labels) mmsixom Oinbln TprBaIoro HaBUYAHHS MOAENI 3a KijbKicTio epochs=50. Pe3ynb-
TaTH HaBeJIEH] Ha puC. 5, e HagaHo rpadik 3auexHOCTI PyHKIIIT BTpar BiJ enox. Y pa3i MU 6auumo
TepeHaBYaHHs MOJIEII.

Jl1s ycyHeHHs siBUILIA TepeHaBYaHHs 3aCTOCY€EMO OJIMH 13 METOAIB peryisipu3aiii (3arpyoneHHs)
MoOJIeNli, a caMe 3MiHMMO apameTpH mapis Dropout (3 iM'asmM name="a5 1 4” ta 3 name ="a5 | 8”).
Pesynpratu po3paxyHkiB HaBeieHO y Tabi. 6

Tabmunsa 6
Mogens cnn_a5 ( validation_data, batch_size=96, epochs=50)
Bapianr 1 2 3 4 5 6 7
Dropout “a5_1 4” 0.25 0.3 0.35 0.4 0.45 0.5 0.6
a5 18
TO‘*HICTT‘; E“T‘i”lem Ha 0.9358 | 0.9343 | 0.9394 | 0.9377 | 0.938 | 0.9383 | 0.9360
Tounicts ‘;gﬁffc"‘;fd MOZETE | 69406 | 0.9404 | 0.9404 | 09414 | 0.9416 | 0.9413 | 0.9343
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BuCHOBOK 110710 TOCTIIKEHHsI BIUIMBY MapaMeTpiB mapiB Dropout (3 im'sm name=as | 4
ta 3 name =a5_| 8) mpu batch size=96, validation data, epochs=50 ans mozeni cnn_aS5: TOYHICTH
HalKkparioi Mozerni Ha Tecti ckinanae 94.16% mnpu BcTaHOBIICHHI TTapaMeTpa mapis Dropout 3 ime-
Hamu “a5 1 4” Ta“aS 1 8” nHa piBHi 0.45.

I'padiku ¢ynkuii Brpar (puc. 6) Ta TOYHOCTI HaBYaHHs (pUC. 7) BIIMOBIIHI Mojendi cnn_as
(Tabm. 6, Bap. 5).

Mopens cnn_a5

€(32,3)C(32,3)MD(0.45)C(64,3)C(64,3)MD{0.45)F512D(0.5) batch_size = 96 m —_
TicAn HaBuaNNR: TouHICTS Ha TecT] ~0 938 BTparie 02100 €(32,3)C[32,3)MD(0.45)C(64,3)C(64,3)MD(0.45)F512D{0.5) batch_size = 96

Micna HasuaHHA: TouHicTe Ha TecTi =0.938 Brpatu= 0.2109
[na HaRKpawoi Mogeni: TouHicTe Ha TecTi =0.9416 BrpaTu= 0.1996 - - - . -
A P MO e T T amianma P Rna waikpautoi MoagA; TouicTs na Tecti ~0.0416 BTpaTu= 0.1996

Mopens cnn_a5

— Ha HaB4ansHux ganm

— Ha sanigauiftnx gaHux 0.96

0.5

0.92 4
0.4 4

090 4

0.88 q

034

0.86 -

0.2+

0.54 1

0.82 4

= Ha HaBYaNLHUX QaHWNX

014 — Ha saninauiiHwx aaHmx
T T T T T T 0.80
0 10 20 30 40 50 . ' " y 4}3 5‘0
Enoxu

Enoxu

Puc. 6. @yHKIis BTPAT — MoJeIb cnn_as Puc. 7. TounicTs HaBUaHHSA — MOZIeIb cnn_a5

BuCHOBKH MO NOCHTIDKEHHIO MOfeNi cnn_aS5: oOpani mapamerpu batch size=96 Ta mapame-
Tpu mapiB Dropout 3 imenamu “aS 1 4” ta ”a5 1 8” mo3BommiM OTpUMaTH TOYHICTH PO3ITI3HABAHHS
94.16%, 6e3 nepeHaBuaHHs, 110 Kpallle HIXK HaBEJCHO B [3] pe3ynbTary po3ni3HaBaHH, SKUN 10PiB-
HI0€ 93.56%.

BucHoBku

[IpoBeneno posmizHaBanHs 300paxenb Fashion MNIST DATASET 3a meTomamu TIHOOKOTO
HaBYaHHS Ta JOCIIDKSHHS MOJIeIel ABOX apXiTeKTyp HEHPOHUX MEpexK.

[TinTBepKeHo 3asBieHy y poOotax [3, 4] TOouHICTH pO3Mi3HABaHHs 300pa)K€Hb Ha JIaHUX
Fashion-MNIST 93%. Jlns moneni cnn_a5, sika Biamosigae CNN apxitektypu 5 podotu [3], oTpu-
MaHa TOYHICTh po3mi3HaBaHHs B 94,16% 3aBAsKU HaJIaro[KEHHIO TapaMeTpPiB Ta peryispu3arii.

OOrpyHTOBaHO BIUIMB mapaMmeTpy batch size Ha TOYHICTH PO3Mi3HABAHHS, OOPAHO 3HAYEHHS
batch size BiANMOBiAHO HaWKpamoMy pe3ynbTary po3mi3HaBaHHA 300paxeHb HaOopy Fashion-
MNIST. IlinTBepmKeHo, 1m0 301IbIICHHS KUTBKOCTI JaHUX JIJIsl HABYAHHS MMOKPAIy€e€ TOYHICTh PO3-
Mi3HaBaHHs Npu BUKOpUcTaHHs napaMmerpa valid data==(X test, X test labels) 3amicts valid split
JUISL TaHUX HABYAHHS.

Pexomenmarii a1 momanbioro T0CTiHKeHHS] OOpaHUX MOICITICH:

— ans 3017bIICHHS KUIBKOCTI JaHUX TiJ 4Yac HAaBYaHHS MOXKHA BUKOPHCTOBYBAaTH METOIU
Tensorflow 11t renepartii 101aTKOBUX HaBYAIBHHUX JTAHHHX (3pa3KiB) IUISIXOM HE3HAYHUX 3MiH (PO3-
Mipy, TOBOPOTY, 3MIIIIEHHSI TOIIO);

— JUIs1 aBTOMaTUYHOTO HACTPOIOBAHHS TillepriapaMeTpiB BUKOPUCTOBYBATH IHCTPYMEHT keras-tuner.
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YIK 517.91:532.2

O.M. JIEHIOK

YepHiBeubkuii HaioHanbHUH yHiBepeuteT iMeHi FOpis denproBrya

O.M. HIKITIHA

UepHniBenpkuii Tinelt Noel MaTeMaTHIHOTO Ta €KOHOMIYHOTO TTpodisiB

M.I. INMHKAPUK

3axiTHOyKpaiHCHKHI HAI[lOHAJIBHII YHIBEPCUTET

MOJAEJIOBAHHA JTUHAMIYHUX TPOLECIB
METOAOM I'lBPUJHOTI'O IHTETI'PAJIBHOI'O IEPETBOPEHH S
TUNY ENJIEPA-®YP’E-ENJIEPA HA CETMEHTI

Ha cyuacnomy emani nayko6o-mexmuiuno2o npozpecy, 0coou6o y 36'a3Ky 3 WUPOKUM GUKOPUCIAHHAM KOMNOZUM-
HUX Mamepianis, ICHYe Ha2aabHa nompeba y 6UEHUEHHI QI3UKO-MEXHIYHUX XAPAKMEePUCMUK MAKUX MAmepianie, ujo 3Haxo-
0AMbCA 8 PIBHUX YMOBAX eKCHIYAMAayii, wjo MamemMamuyno npu3eooums 00 3a0a4i po3e s13y6anHs cenapamuoi cucmemu
ougheperyianbHuX pigHAHb OPY2020 NOPSAOKY HA KYCKOBO-00HOPIOHOMY IHMeP8ai 3 8iONOBIOHUMU NOYAMKOSUMU Md KPA-
HOBUMU YMOBAMU, 30KpeMA, 3a0a4d OUHAMIKU MAMEMAMUYHO NPU3BO0UMb 00 NOOYO08U PO36 A3KY CENapamHoi cucmemu
oughepenyianbHUX PiBHAHL 3 YACMUHHUMYU NOXIOHUMU 2iNepOONIuHO20 MUNY.

Oonum i3 epexmuenux memoois nody00su IHMe2PALbHUX 300PANCeHb AHANIMUYHUX PO38 S3KI8 ANOPUMMINHO20
xapaxmepy 3a0ay mamemamuunoi Qizuxu € Memoo 2iOpUOHUX IHMeZPANbHUX NePEemEOPeHtb.

Y yiti pobomi nobyodosano pose’azox sadaui Ounamiku na mpuckradoeomy ceamenmi [0;R.] 3 0soma moukamu
CHPAANCEHHS MemoOoM 2IOpuoHo20 IHmezpanbHoeo nepemeopenus Eiinepa-@yp ‘e-Eiinepa.

3adaua ounamixu Ha MPUCKIAO0BOMY CeeMeHmi MAMeMamuyHo NPU3800UNsb 00 HOOYO08U 0OMENCEHO20 PO38 ‘A3K)
cenapammuoi cucmemu mpbox OUpepeHyiarbHux PiBHAHb 3 YACTMUHHUMU NOXIOHUMU 2inepOoniuHo20 muny 3 8i0nosio-
HUMU NOYAMKOGUMU YMOBAMU, YMOGAMU CIPAICEHHA MA KPAUOGUMU YMOSAMU. 3aCcmocy6aguiy 00 yici Kpatiogoi 3adayi
2ibpudne inmeepanvre nepemsopens Einepa-®@yp e-Eunepa, ompumaemo 3aoauy Kowi. 3naiiuwosuu poss 'sa30k 3adaui
Kouwi, mu 3acmocogyemo 00 Hb020 obepHeHe 2ibpudre inmeepanvHe nepemeopenns Eiinepa-@yp ‘e-Einepa.

Ipsime inmeepanvhe nepemesopenns Etinepa-@yp 'e-Eiinepa na cecmenmi 3 080Ma MOYKAMU CAPSICEHHSL 3ANUCY-
€MbCAL Y UIAOT MAMPUYi-psiOKa. Buxiona cucmema ma nouamrosi yMO8U 3anUcyiomvbCs 8 MampudHill gpopmi, i Mu 3acmo-
COBYEMO ONEPAMOPHY MaAMPUYIO-ps00K 00 3a0anoi 3a0aui 3a NPAGUIOM MHOICEHH Mampuys. B pezynbmami ompumyemo
3a0auy Kowi ons 36uuatinoco ougpepenyianrvnozo pisusnus. Qbepnene nepemesopenns Einepa-@yp e-Einepa 3anucy-
€MbCs Yy 8UNAAL ONEPamopHoOl Mampuyi-cmognys, i Mu 3acmoco8yeEMo 11020 00 nody008ano2o poss asKy 3aoaui Kowi.
Iicna 30iicHenHs nesHUX nepemseoperb Mu OMPUMYEMO EOUHUTI PO36 30K 6UXIOHOI 3a0adi.

ITobyoosani po36’s3Ku Kpariosux 3a0a4 Maomy ai0pUmMINHULL XapaKmep, wo 003605€ GUKOPUCIMOBYBAMU IX AK
Y meopemuiHux 00CTiONCEHHAX, MAK I 8 YUCTOBUX PO3PAXYHKAX.

Knrouosi crosa: eiopudnuii ougepenyiansruti onepamop, 3a0aua OUHAMIKU, 2I0pUOHe iHmezpaibHe nepemeopeHHs.

O.M. LENYUK
Chernivtsi National University by Yuriy Fed’kovych
O.M. NIKITINA

Chernivtsi Lyceum Ne 1 of Mathematical and Economic Profiles

M.I. SHYNKARYK
West Ukrainian National University

MODELING OF DYNAMIC PROCESSES BY THE METHOD OF HYBRID INTEGRAL
TRANSFORM OF EULER-FOURIER-EULER TYPE ON THE SEGMENT

At the present stage of scientific and technological progress, especially in connection with the widespread use
of composite materials, there is an urgent need to study the physical and technical characteristics of such materials
that are in different operating conditions, which mathematically leads to the problems of solving a separate system
of differential equations of the second order on a piecewise homogeneous interval with the corresponding initial and
boundary conditions, in particular, the dynamics problem mathematically leads to the construction of a solution of a
separate system of partial differential equations of hyperbolic type.

One of the effective methods for constructing of integral representations of analytic solutions of the algorithmic
nature of the problems of mathematical physics is the method of hybrid integral transforms.
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In this paper we construct a solution of the dynamics problem on the three-component segment [0,;R ] with two
points of conjugation by the method of hybrid integral Euler-Fourier-Euler transform.

The problem of dynamics on the three-component segment mathematically leads to the construction of a limited
solution of a separate system of three partial differential equations of hyperbolic type with corresponding initial conditions,
conjugation conditions and boundary conditions. Applying to this boundary-value problem the hybrid integral Euler-
Fourier-Euler transform, we obtain the Cauchy problem. Finding a solution to the Cauchy problem, we apply to it the
inverse hybrid integral Euler-Fourier-Euler transform.

A straight integral Euler-Fourier-Euler transform on the segment with two points of conjugation is written in the
form of a matrix row. The output system and the initial conditions are written in a matrix form and we apply the operator
matrix row to the given problem by the rule of multiplication of matrices. As a result we obtain the Cauchy problem for
the ordinary differential equation. The inverse Euler-Fourier-Euler transform is written in the form of an operator matrix
column and we apply it to the constructed solution of the Cauchy problem. After completing certain transformations, we
obtain the unique solution of the original problem.

The constructed solutions of boundary value problems have an algorithmic character, which allows us to use them
both in theoretical studies and in numerical calculations.

Keywords: hybrid differential operator, problem of dynamic, hybrid integral transform.

IlocTanoBka nmpodJjaemMu

Ha cyuyacHomy erani HayKOBO-TE€XHIYHOTO IIPOrpecy, 0COOIMBO Y 3B SA3KY 13 LIMPOKUM 3aCTOCY-
BaHHSIM KOMITO3UTHHX MaTepialliB, BHHUKAE TOCTpa MoTpeda y BUBUEHHI (DI3UKO-TEXHIYHUX XapaKTe-
PHUCTHK JJaHUX MaTepiaiB, sIKi 3HAXOIATHCS B PI3HUX YMOBaxX eKCILUTyaTallii, [0 MaTeMaTHYHO MpH-
BOJIUTH JI0 3aJay 1HTErpyBaHHs CenapaTHOi CUCTEeMU Au(depeHIialbHUX PIBHIHb JIPYrOro MOpsAKY
Ha KyCKOBO-OJHOPIIHOMY IHTEepBai 3 BIAMOBIAHUMHU IMOYAaTKOBUMHU Ta KpailoBumMu ymoBamu [1-3],
30KpeMa 3ajiaya JUHAMIKM MaTeMaTHUYHO MPUBOJUTH 710 MOOYJOBU PO3B’S3KY CerapaTrHOi CUCTEMHU
PIBHSIHB 3 YAaCTUHHUMH MOXIAHUMHU riepOOoIiYHOrO THILY.

AHAaJIi3 0CTaHHIX JOCTiIXKeHb | myOsikanii
OpuuM 13 e(peKTUBHUX METOAIB MOOYIOBH 1HTErpalbHUX 300pakeHb aHANITUYHUX PO3B’SI3KIB
AJTOPUMTIYHOTO XapakTepy 3aJ1ad MaTeMaTUIHO1 (Pi3UKH € METOJ] TIOPHIHUX 1HTETpaJIbHUX ITEPETBO-
peHsb [1-6].
B [6] moGynosano ribpuane interpansue nepersopenns (I'IIT), mopomkene na cermenti [O;R]
3 IBOMA TOYKaMU CIIPsDKEHHS T10puaHuM mudepentiansaumM orepatopoM (I710) Einepa-Dyp’e-Eitnepa.

Merta nocaixzkeHHS
[ToOynyBatu po3B’s30K 3a/1a4i IMHAMIKK Ha TPUCKIanoBoMy cermenTi [O;R,] 3 nBoMa Toukamu
CTIPSKEHHS 32 IOTIOMOT0I0 T1OpUAHOTO IHTETrpabHOTO nepeTBopenHs tuiy Eitnepa-@yp’e-Eiinepa.

BuxkaneHHs1 0CHOBHOIO MaTepiaJy J0CJiKeHHS
3amaya TMHAMIKH Ha TPUCKIIJI0BOMY CETMEHTI MaTeMaTU4YHO MPUBOAUTSH J0 OOYI0BHU B 001aCT1

D, ={(t,r):t>0rel} , I,={r:re(0;R)U(R;R)U(R;R,)|

0OMEKEHOT0 PO3B’SI3Ky CUCTEMH PIBHSHB TiMEPOOTIYHOTO THITY
2

%ﬂ(ful —afB; [u,]= £, (t.r), r €(O;R),

or’
u o
722+Y§”2_022W[”2]:f2(t"')’"E(Rl;R2)s (1)
O~ @B ] = £ (67, r e (R:R,)
o YslUs —a; B, (U | = J5\LT), 251 ),
3a MOYaTKOBUMHU YMOBaMHU
ou; e
u; (1,r) =g, (")’5 o=, (r).re (Rj—l;Rj)’J =1L3,R =0, (2)
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0 0
Kaf‘l ar + BI;I juk - (0‘/;2 ar + Bl;zj”kn}

lim r'u, =0, (a3,d / dr+ B3, )ty |,_p = 0. 4)

YMOBaMHU CIIPAXKCHHSA

rr =0, k=12, 3)

Ta KpallOBUMHM YMOBaMU

Tyt GepyTh yuacTh audepeniianbhi oneparopu Eitnepa apyroro mopsiaky B, [6].

Ha xoedirmienTn, mo 6epyTh y4acTh B IOCTAHOBIII 33]1a41, HAKJIAIAI0THCS TEBHI TPUPOIHI YMOBH
oOMexeHHs [6].

B [6] nobynosano npsme H,, i obeprene H ) ribpuane iHTErpaibHe NEPETBOPEHHS, MOPOA-

YKEHe Ha MHOXUH1 [, T10puaHuM audepeHialbHUM ONepaTopoM

M, =6(r)6(R ~r)a;B, +0(r—R)0(R,—r)a;d /dr+6(r-R,)0(R, —r)a;B, :
Hy[g(r)]= Ig Vi (rB)o(r)dr = &(B), (5)

H,[&(B)] Jg Vi (r:B)©, (B)dB = g(r), (6)

Ta BUBEJICHA OCHOBHA TOTOXXHICTH 1HTETPAIILHOTO MEPETBOPCHHS T1OPUAHOTO TU(EPEHIIaATBEHOTO
oreparopa M(a)

H

(@) |:M(u) [g(r)]:| - _B2g(B) - Zlkagj (B) + ((132 )_1 V(a);3 (Rp 3)6132631332“2”& +

+Zd [z, (a)12 B) @y — Z(l;);zz (B) oy - (7)

TyT 0(x) — onquHuuHa ¢yHKIis [eBicaiina, ciekTpaabHa BEKTOP-PyHKIIIA

:ie(r_Rk—l)e(Rk _r)V(a);k (r.B), Ry =

k=1

BaroBa (yHKIIis
o(r)=0(r)0(R —r)o,r** +0(r-R)0(R, —r)o, +0(r—R)0(R, —r)o,r’®"

Ta CIIEKTpajbHa LIIBHICTE ©, (B) [6], a Takox iHII Benn4nHA Ta QyHKIIL, Bu3HAYeHI B [6].
3HaiiIeMo IHTerpaIbHe 300paKeHHSI aHATITHYHOTO PO3B’s13Ky 3a1adi (1) — (4) MmeTomom ribpu/-
HOTO IHTErpabHOro TepeTBopenHns tuny Einepa-®yp'e-Einepa na tpuckinanosomy cermenti [O;R . ]
3 IBOMa TOYKaMH CIIPSDKEHHS, 3alpoBaKeHOro npaBuiamu (5) — (7).
3anumemo cuctemy (1) Ta modaTkoBi ymMoBH (2) y MaTpuuHiid opmi:

(S:erl—alBj (r.r)

2 2 ‘fi (t’r)
(; v aarzjuz(t,r) LAt
g £ (tr)
_[yﬂg _agg;j% )]
u (t,r) g (r) . u (t,r) ¢, (r)
U (t,r) o= & (r) " U, (l‘,r) o=, (") . 3

u (t,r) g (r) u, (t,r) 9 (r)
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[urerpanbhuii oneparop H, 3riaHo npasuia (5) 300pasuMo y BHIVISII ONEPATOPHOI MaTpH-

i-psiiKa:

H(a)[ ——|:I (a)l r[} or FRot g J. V I’ B)ngi’ I (a)3 ,.B oyr PRl g

)

3acTocyeMo ornepaTopHy MaTpPUIIO-PsIoK (9) 3a MpaBUIOM MHOXKEHHSI MaTPHUIlh 10 3aaa4i (8).

Bracnigok ocHOBHOT TOTOKHOCTI (7) oTpuMyemo 3amaay Korri:
d2 . R s
[F + szu(t,[}) + (kl2 +y; ) J' U (1,7)V g (15 B) o> dr +
0
+(k22 + yg) I Uy (1,7)V o, (7, B)o,dr +

& )
+(k32 + yg)‘[% (1) Vs (s B)osr*dr = f(1,B),
Ry

dii

E'rzoz (TD(B)

i(t,B)|,.o= &(B),

Ipumycrimo, o max {y7;v3;v3} =v; . [lokmanemo Bcionu k' =0, & =v; -3 20, k; =} -

Onepxxyemo 3amauy Kormri:
d’ - =
(W + Bz + iju(taﬁ) = f(taB)a

il= 80, =50,

besnocepennro nepeBipseTbes, mo po3B’si3koM 3aadi Komri (10) € dyHKIis

. sin /B> +y7t _ d sin B’ +yl . Lsin B> +v; (F -
wt,B) = —=—=—0p) + &P+ f (t,p)d.
B a e g VBt

y2>0.

(10)

(11)

[uTerpanbhmii oneparop H ) 3rifHo npasnia (6), sk obepHenuit 110 (9), 300pazumMo y BUIIIS AL

OTIepaTOPHOI MaTPUIi-CTOBIIIIS:

2]V (B)©,, (B)dP

H[L]= = ! V2 (1 B) O, (B)dB |-

2[ Vs (rB) ey, (B)dp

LT0

(12)

3acToCyBaBILM ONEPATOPHY MaTpUIlO-cTOBNELb (12) 3a MpaBUIOM MHOXEHHS MaTpuUllb 10

MaTpHIli-eJIeMeHTa

[a(t,p)],

ne GyHKuis 4(f, ) Bu3Ha4eHa Gopmysoro (11), onepxkyemMo €MHUN PO3B’A30K rinepOomivyHoi 3a1a4i

(1) = (@):

(r.r)= .HIH (1= r,p)[fl (np)+ o (p)d, (T)] o’ dpdt +

t Ry
f
0

jH(a) 2 (t=nrp)[ £ (1.0)+ 0, (p)3, () |o,dpdr +
R,
t Ry

”H(a);ﬂ (r-= I‘,p)|:f3 (t.p)+¢5(p)3, (T)] o, dpdt +

0R,
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I @i (175P) & (p)crz“'*'dp+—_[H 12 (67,p) & (P)oudp +

+E,‘!H(a);j3 (t,r,p)g3 (P)Gs"za2+ldpa J= 19_3 (13)
VY piBHOCTX (13) OepyTh y4acTh MOPOKEHI HEOTHOPIIHICTIO CUCTEMHU (YHKIIIT BIUTUBY:
Zsin B’ + v/t R
H(a);jk (t’ r, p) = '.!'Bz—-i-'yzl I/(on);j (I‘, B) V((l);k (l", B)©(Q) (B)dB’J’k = 1’ 3. (14)
1

[Ipu upomy §,(f) — nenvra-pynkuis dipaka, 3ocepemkena B Toulli 7 = 0 +. BoHa BUKOPHCTOBY-
€ThCs B piBHOCTI (13) /15t CKOpOUEHHS 3amuCy 1 03HaYae, 1Mo MOTPIOHO OpaTy 3HAUYCHHS BiAMOBIIHOT
¢byHskii B Toui 0.

3ayeasicenns. Ilpu max{yl,yz,y3} Ve, kI =y, -v,20,j=1,23m=23, ity dopmyn (14)
Bupas (B’ +y;) MiHs€ThCS HA BUpa3 (B> +7v2).
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YK 004.942

M. I'BO3JIEBA, B.®. MUPI'OPO/I

Harrionanshuit yHiBepcuteT «Onecbka MOPChKa aKaaeMis

EKBIBAJIEHTHI ®OPMU MATEMATUYHUX MOJIEJIEA MPOIECIB
KEPOBAHOI 3MIHU CTAHY CUJIOBUX I EHEPTETUYHHUX YCTAHOBOK

Cman cunosux i enepeemuuHux YCmaHo80K SUIHAYAEMbCS 3MIHOI0 DA2AMOBUMIPHOL CYKYNHOCII GUXIOHUX 3MIHHUX
ma 308HIWHIX 30yPeHb, SIKI N08 S3AHL MINC COO00 CKIAOHUMU CRIGBIOHOUWEHHAMU, WO GIONOGIOAIOMb IHIMEHCUSHUM NpoYe-
cam nepemeopenHs enepeii ma mamepianeHux nomokis. He 0ns écix maxux npoyecis idomi izuyHi 3aKOHU NEpemeopeHHs,
i momy 3acmocos8yomscsa meopemuyHi ma emnipuuni mamemamuyni mooeni. Ocobnugocmi npoyecie Keposaroi 3MiHU CINaHy
CUNIOBUX | eHepeemUUHUX YCIAHOBOK NOMPeOYIOmb KOMN 10MepHOi peanizayii makux MamemamuyHux Mooenei y peaibHomy
YACK, OCKITbKU 8ANCIUBA CYKYNHICMb GUXIOHUX 3MIHHUX He Modice Oymu 6e3n0cepeoHbo GUMIPAHOI, a0 nompedye CKIAOHUX
MEeXHIYHUX pileHb 01 MAaKuX 8UMIpro8ans. 30kpema, OJis CUNOBUX | eHep2eMUYHUX YCIMAHOBOK, W0 NOOYO08AHT HA OCHO8I
2azomypoiHHux 08U2yHis, He Modce Gymu 0e3nocepeonbo UMIPIO8ana msed, memMnepamypa 2asie neped mypoinoio, Hasena
nomysicHicmo ma inute. JJo 8UXIOHUX 3MIHHUX, OMPUMAHHS IKUX ROMPeDYE CKIAOHUX | 6UMPAMHUX MEXHIYHUX DillleHb Hajle-
JUCUMB, 30KpeMd, KPYMHUL MOMEHm OJid mypOOSalbHUX 2a30MypOIHHUX 08UYHIG. Alle maKi 3MiHHI GUKOPUCOBYIOMbCS
8 CYUACHUX eheKMUBHUX NPOSPAMAX PeSyTO8aAHHs i MOMY NOMPeOYIOMb OMPUMAHHA 6 PealbHOMY Yacl, Wo Modxce oymu
00CAZHYMO MINLKU WLISAXOM 3ACMOCYBAHHS GIONOGIOHUX MAMEMAMUYHUX Mooenell Y Uil 8IPMYAaIbHUX SUMIPIOBATb-
HUX KaHanie. Bumozau 00 makux MamemamuyHux Mooeiell, 3a36uddll, CKAaoamscs 68 ix a0eK6ammuocmi ma ModcaIU6oCmi
Komn tomepHoi peanizayii. [1Jo0o adexeamuocmi, po3ymMiemuvCs, w0 NOXUOKU GipmyanbHUX GUMIPIOBANbHUX KAHANIE NOGUHHI
oymu cymiprumu 3 noxubxamu Qizuuro peanizoganux. Ll{ooo komn tomepHoi peanizayii, yac OmpumaHHs 6UXIOHUX OAHUX 30
MAaKUMU KaHALamu He NOSUHeH NepesuILy8amu run time, moomo uac euoaui ynpaenaouoi 0ii Ha ob ckm kepyeanus. Tomy
00CHiOHCeN s, WO CNPAMOBANT HA NOOY008Y HOBUX KNACIE MAMEMAMUYHUX MOOeel 3MIHU CIAHY CUTOBUX | eHepeemUUHUX
YCMAHOBOK MA iX eKBI8ANIEHMHUX NEPEMBOPEHb MAOMb HENEpeciuHy NPAKMUYH)Y 3HAYUMICHb.

3 iHwoi cmopoHu, K1AacuyHi i WUPOKO 3aCMOCO8Y8AHI MAMEMAMUYHI MOOeli RPOCMOpPY CIMAHY CUTO8UX | eHepae-
MUYHUX YCMAHOBOK MAIOMb 3HAYHI 0OMedCceHHst w000 ix Komn tomeproi peanizayii. Tomy maxi 00CHiONCEHHE MAIOMb
MAaKodic meopemuine 3Ha4eHHs1 01l 6CMAHOGLEHHA QYHOAMEHMATLHUX GACTUBOCHIEN CUCTEM KePYBaHH S, d came, CId-
J0CMi, Kepo8arHoCmi ma Cnocmepedtcys8aHoCmi.

Kniouosi cnosa: mamemamuuna mooens, Cunosi i enepeemuuni yCmanosKy, exgieanrenmmi nepemeopenis,; cnocme-
picay cmany, IHMeSpanbHi PIEHAHHS.

I.M. HVOZDEVA ,V.F. MYRHOROD

National University “Odesa Maritime Academy”

EQUIVALENT FORMS OF MATHEMATICAL MODELS OF PROCESSES
OF CONTROLLED CHANGE OF THE STATE OF POWER AND ENERGY INSTALLATIONS

The state of power and energy installations is determined by a change in a multidimensional set of output variables
and external disturbances, which are interconnected by complex relationships corresponding to intensive processes of
energy transformation and material flows. Not all such processes have known physical laws of transformation, and
therefore theoretical and empirical mathematical models are used. The peculiarities of the processes of the controlled
state change of power and energy installations require the computer implementation of such mathematical models in real
time, since an important set of output variables cannot be directly measured, or require complex technical solutions for
such measurements. In particular, for power and energy installations built on the basis of gas turbine engines, thrust,
gas temperature in front of the turbine, available power, etc. cannot be directly measured. The output variables, the
obtaining of which requires complex and expensive technical solutions, include, in particular, the torque for turboshaft
gas turbine engines. But such variables are used in modern effective regulation programs and need to be obtained in
real time, which can be achieved only by applying appropriate mathematical models in the form of virtual measuring
channels. The requirements for such mathematical models usually consist in their adequacy and the possibility of
computer implementation. Regarding adequacy, it is understood that the errors of virtual measuring channels should
be commensurate with the errors of physically implemented ones. Regarding the computer implementation, the time of
receiving output data through such channels should not exceed the run time, that is, the time of issuing a control action
to the control object. Therefore, research aimed at building new classes of mathematical models of changes in the state of
power and energy installations and their equivalent transformations is of great practical importance.

On the other hand, classical and widely used mathematical models of the state space of power and energy
installations have significant limitations regarding their computer implementation. Therefore, such studies are also of
theoretical importance for establishing the fundamental properties of control systems, namely, stability, controllability,
and observability.

Keywords: mathematical model; power and energy installations,; equivalent transformations, status monitor;
integral equations.
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IHocTanoBka npodiaemMu

[ToGynoBa maremarnynux moxeneit (MM) nporieciB KepoBaHOI 3MiHM CTaHy CHJIOBHX 1 €Hepre-
THYHHUX YCTAaHOBOK CTAHOBHJIA BXKJIMBY HAyKOBO-TIPUKJIATHY IPOOJIEMY CTIOUaTKy JUIst 31iHCHEHHS eTa-
TiB IPOEKTYBaHHs, BUIIPOOYBaHb Ta BepHUQiKallii BiMOBIIHUX CUCTEM KEPyBaHHS TAKUMH 00’ €KTaMHU.

HeoOxiaHicTh HAMAaroKeHHs TAKUX CUCTEM KepyBaHHS HaIrlepe ] CKIaJHIM 1 BapTiCHUM €TaroM
CTEHJIOBUX BUNPOOYBaHb 00YMOBMIJIA CTBOPEHHS HAaIlIBHATYPHUX CTEH/IB-IMITAaTOPIB, K1 3aCTOCOBY-
BaJIM JIesIKi cripoieHi HeniHiiHi MM cratuku Ta niHiiHi MM nuHaMiki.

3 PO3BHUTKOM €HEpProe(eKTHUBHUX TEXHOJIOTIH YIOCKOHAJICHHS 00 €KTIB KepyBaHHS BHHMKIIA
HEOOX1HICTh peaizailii mporpaM KepyBaHHS TaKUMH 00’ €KTaMU 3a BUXIIHUMHU 3MIHHUMH, SKI HE
MOXYTh OyTH 0e3mocepeIHbO BUMIPSHUMH B peanbHOMY 4aci. €AMHUM MOXKJIMBUM 3aCO00M OTpH-
MaHHS TaKMX 3MIHHHX € 3aCO0M MaTeMaTUYHOTO Ta KOMIT I0TEPHOTO MojetoBaHHs. Aiie MM kepoBa-
HOT 3MIHM CTaHy CUJIOBHUX 1 EHEpreTUYHUX YCTAaHOBOK, K1 Oy/M MpHIaTHI Ha eTanax IpOoeKTyBaHHs,
He BIJNOB11al0Th BUMOTaM PEaIbHOTO Yacy MpH iX KOMIT IOTepHii peanizaiii.

Tomy BianrykanHst HOBUX (OpM MaTeMaTHYHOTO ONKCY BKa3aHUX MPOLECIB, SKI MAIOTh IIEpEeBaru
1010 OOYMCITIOBAILHHUX PO3B’S3KIB, CTAHOBUTH aKTYaJIbHY Ta BAXKIIMBY HAYKOBO-TIPUKIIAIHY TIPOOIIEMY.

AHAaJi3 0CTAHHIX T0CTiIXKeHb | myOsikanii

CTBOpEHHS MaTeMaTUYHHUX MOJIEJICH MPOIIECiB KEPOBAHOI 3MIHHM CTaHy CHJIOBHX 1 €HEPreTHY-
HUX YCTaHOBOK, 30KpeMa, moOy1oBaHUX Ha 0CHOBI razotypOinHux nsuryHis (I'T/I), po3misaaorbes
B [1-12]. OGrpyHTyBaHHs HOBUX ()OpPM MAaTEeMaTHYHOTO ONKCY BKa3aHHUX MPOLECIB, sIKi MAIOTh Tepe-
Baru mo/10 00YMCIIIOBAILHUX PO3B'A3KIB, po3nsinatoThes B [ 13—14]. 3rigHo crangapty SAE AIR4548
MOJIeJb IBUTYHA Y peajbHOMY Yaci BU3HAYAE€THCS SIK KOMIT'IOTEpPHA IporpaMa 3 nepexiJHUMHU Xapak-
TEPUCTUKAMHU, TAKUMH, [0 BUXIHI JIaHl1 ABUTYHA T€HEPYIOThCA 31 MIBUAKICTIO, IO CyMipHa i3 peak-
i€ Gi3MYHOT CUCTEMH, SIKY BOHA TIPEJICTABIISIE.

OpnHak npoOneMHi 3aBIaHH 100 BCTAHOBJIECHHS €KBIBAJICHTHUX (DOPM MaTEeMaTHYHOTO OIUCY
MPOILIECiB KEPOBAHOI 3MIHH CTaHY CHJIOBUX 1 CHEPTETUYHHX YCTAHOBOK, III0 BiJOBIIal0Th BUMOTaM
BKa3aHOTO CTaHJAPTY, 1€ JOCUTH JaJIeKi BiJ] CBOTO BUPIIICHHS.

Meta aocaixkeHHs
Metoro pobotu € moOynaoBa HOBUX KJIACIB MAaTeMaTHYHUX MOJIEJIEH 3MIHHM CTaHy CHJIOBHX
1 eHepreTHYHHNX YCTAaHOBOK Ta 1X €KBIBaJIEHTHHUX MEPETBOPEHB, K1 MAIOTh MepeBary MO0 peaizarii
00YHCITIOBATIFHUX PO3B'S3KIB Y peaIbHOMY Yaci.

BuxianieHHs1 0CHOBHOIO MaTepiajay J0C/iIKeHb

1. MaremaTtu4Hi MOJIEINI TPAEKTOPid BIACHUX 3HAYCHB MPOIECIB KEPOBAHOI 3MiHU CTaHY CHIIO-
BUX 1 EHEPTeTUYHUX YCTAaHOBOK

MaremaTn4Hi MOJeli MPOLECIB KEPOBAHOI 3MIHM CTaHy CHJIOBHX 1 €HEPreTHUHUX yCTaHOBOK
(CiEY), mo 3anponoHoBani y ¢popmi 'ammepiureiina [13] a1t 3MeHIIEHHST 00YMCITIOBATBHOT CKITA -
HOCTI, € MOJICJIIMU MIPOCTOPY CTaHy, 1110 BIKPUBAE MOMKIIUBOCTI JUIs AOCITIKEHHS iX QyH/1aMeHTalb-
HUX BJIACTHBOCTEH (CTIMKOCTI, KEPOBAHOCTI Ta CIIOCTEPEKYBAHOCTi) HA OCHOBI BIIOMUX KPHUTEpIiB.
OCOONMBICTIO TAKUX MOJIENEH € ITapaMeTpH3allisi MaTpUIb BiIOMOI ()OPMH PIBHSIHB MIPOCTOPY CTaHy
100 PEKUMHOI 3MIHHOI, 1110 € apT'YMEHTOM IMpH 3aBaHHI cTaTHYHUX xapakrepucTuk (CX). Buxo-
nsun 3 [13], matematuuna Monenb y ¢dopmi ammepinreitna (MMIY) mae Burmsia:

dx - - _
- A(s)[x-%, (s)]+ B(s)Au

Ay =C(s)[X - X, (s)]+ D(s)Au
ne X,, y, — BiIOMIi HemiHiKHI QyHKIIT peXUMHOT 3MiHHO1, 110 BU3Ha4aroTh BUrsi CX. Skmo ene-
MEHTH MaTpuIlh (1) ampokcCHMOBaHI JEIKMMH MHOTOYWICHAMH BiJ] peKMMHOI 3MIHHOI, TO 3a3HaYCHI

(1)
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MaTpulll € A-MaTpULIMU , ek = s . 3TAHO Teopii A -MaTpullb, SIKIIO CYNpPOBOKYIOYA MaTpPUILIS
XapaKTEPUCTUYHOIO NOJIIHOMA A (1) € PEryaspHOI0 MaTPUIIEIO, TOOTO, AKIIO BUKOHYEThCS YMOBA:

det[ A(2)]#0, VL e R,

TO BOHA EKBIBAJICHTHA JIIarOHAJIbHIM MaTPHIIi 3 €JIEMEHTaMH, SIKi € IHBapIaHTHUMH MHOTO4YIeHaMu A ().
SIKIIO PO3IISAHYTH TPAEKTOPHY 3ajady Ha BIACHI 3Ha4eHHs MaTpulll A (1), To ii po3B'sa30Kk Jae
MOKJIMBICTB npeacTaBuTH (1) B MoganbHii popmi. DyHnamentanbHi Biactusocti MMI (1) Tpakry-
IOTHCSI HA OCHOBI:
— TPAEKTOPIN BIIACHUX 3HAYCHb, 1110 BU3HAYAIOTHCS PIBHSAHHAM

det[ pE - A(s)] =0,

— MOKa3HHUKIB OOYMOBIIEHOCTI MaTpHIIb V(s)’1 A(s) 1 C(s)V (s), ne V(s) — MaTpuIisd BIACHUX
BEKTOPIB A(s).

3anponoHoBaHa MO TPAEKTOPiK BiiacHuX 3HaYeHb CiEY Mae Burisn

dv I - i _
— =A(s)V-V7(s)A(s)X, (s)+ V"' (s)B(s)Ai
dt , (2)
Ay =C(s)V (s)v-C(s)X,(s)+D(s)Au

ae v="V(s)x.

Maremaruuna mojnensb (2) ysaranpHioe MM JleitboBa P.JI. HeBH3HAaYeHMX BIIACHUX 3HAYCHb
1 J03BOJISIE BUPIIIUTH TaKi 3aBJaHHS:

— BCTaHOBHTHU (PaKTHUHI 3aI1acu CTIMKOCTI Ha PI3HUX PEKUMAX;

— AOCHIAUTH pexXuMHU OlpypKalliil TpaeKTOPii BIaCHUX 3HaY€Hb (Tepexi BiJ A1IMCHUX 3HAUYEHb
710 KOMIUIEKCHO-CIIOJTy4€HUX);

— OL[IHUTH KEPOBAHICTh Ta CIIOCTEPEIKYBAHICTh HA PI3HUX PEKUMAX.

3okpema, AKII0 BiOyBaeThesl OiypKallisi TPA€KTOPii BIACHUX 3HAYEHBb, TOOTO TMepexia Bij
napu JIHCHUX KOPEHIB XapaKTEpPUCTHUYHOIO PIBHSAHHS 10 KOMILIEKCHO-CIIONYUYEHHUX, TaKUH Mepexin
MOXJIMBUH JIMIIIE Yepe3 KpaTHUH KopiHb. Sk moka3sye npakrtuka monemoBanns CiEY Ha 6a3i razoryp-
6inHux aBuryHis (I'T), 3a3HaueHuil nepexia BiAOyBa€eThCs MICIs CIpallbOBYBaHHS KJIalaHiB epe-
IIyCKY MOBITPS, IPH SIKOMY MOXIIMBI, @ TAKOXK CIIOCTEpIraiucs Haclpas/i, TAMYAcOBa BTparTa 3aracis
ra30JMHAMIYHO1 CTIMKOCTI, aBTOKOJIMBAHHSI Ta IMOMITaX ABUTYHA. J0CIIKEHHS TPAEKTOPii BIACHUX
3HA4YEHb J1a€ MOKJIMBICTh BUKOPUCTOBYBATH 111 YaC CTBOPEHHS aJTOPUTMIB KEPOBAHOI 3MIHHU CTaHy
CiEY Bimomi metomu.

2. [TonaHHsa MaTeMaTHYHUX MojieJieil mpoueciB KepoBaHOI 3MiHU Ta KOHTPOJIIO CTAHY
CHJIOBHX i eHepreTHYHMX YCTAHOBOK Y BUIVISI/LI IHTErpajJibHUX PiBHAHb
Binomo [14], o MM y Bursiai inTerpaibHux piBHAHbG (IP) MaroTh psii BayKIMBHX IepeBar npu
oOuuncroBaIbHIN peanizaliii. BaxxnuBuM 3aBJaHHAM € BCTAHOBJICHHSI B3a€MO3B'sI3KY Ta METO/IIB €KBI-
BaJICHTHUX MEPETBOPEHB iHTErpaabHuX (y BUIsAl IP) Ta MM y Bursai nudepeHiianbHuX piBHIHb.
[nero mpormoHOBaHOTO MiIXOY /10 TAKUX €KBIBAJICHTHUX NEPETBOPEHb PO3MISIHEMO Ha MPHUKJIAL] CUC-

TEMH, OIIUC BXOIY-BUXOAY SIKO1 Ma€ BUIIA] oneparopa Bossreppu
t

y(6) =V Af (1)} = [r(t,5)f (s)ds, (3)

a

JIe PO IHTErpaJIbHOTO ONepaTopa € PyHKIIEIO MEPEXITHOT CUCTEMH.

Sxio 3agaHo audepeHiianbHe piBHAHHA ([IP) BiTHOCHO y(f) 3 MpaBOIO YAaCTUHOIO Y BUIVIAL
f(t), abo mudepenuiansHoro oneparopa Big f(¢), To cmiBBIAHOMEHHS (3) MOXKe OyTH OTPUMAaHO
BIJIOMUMH CIIOCOOAMHU.

[IporoHyeThCS BBECTH CUTHAI TIOXHOKH (HEB'SI3KW) Y BUTIISIL
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1

e(t)zy(t)—f(t)=—f(t)+jR(t,s)f(s)ds. (4)

a

CuiBinnomeHHs (4) € po3B'sizkoMm [P Bonbsreppu npyroro poay HaCTYITHOTO BUITY
e(t)==f (1) +Vi{e(t)) =—f (1) + [K (t.5)e(s)ds. (5)

Tomy IP (5) € exBiBasIeHTHUM TOJIJAHHSAM JMHAMIYHOI CHCTEMH, 3a7aHO01 CIiBBIAHOMEHHM (3).
I3 (3), (4), (5) BuruuBae Bimome IP, sike OB'sI3y€ PO Ta PE30JILBEHTY

t
k(t,s)=r(t,s)+ jr(t,k)k (A, s)dA. (6)
JIyis po3B'si3yBaHUX 3aBJaHb MPOTOHOBAHHUH IMiIX1JT O €KBIBAJCHTHUX IEPETBOPEHB 3aCTOCO-
BaHo 10 MMI. Maremaruyna mozaens (1) moxke OyTH €KBIBAJCHTHO MPEICTABICHA y HACTYITHOMY

BUIVISII
t
AX = —X, + IK(t,s)Afc(s)ds
0 )

(7
y=y,+CAX
ne K (t,s) —nepexigHa MaTpHLs PO3IMKHYTOI MOZEI.
InTerpanbhe piBHAHHS (7) Mae HACTYITHUM PE30JIbBEHTHUN PO3B'SI30K:
t
AX =-X,+ | R(t,8)X, (s)ds
RO, ()5 &

y=y,+CAX
ne R(t,s) —nepexijHa MaTpHIA MOJIENI 3aMKHYTOi CUCTEMH.

Sk ne Burumsae 3 (8), ¢pynkuii CX, axi pizHi ans pisHux kinaciB CiEY, € npaBoro 4acTuHOO
nponoHoBanux MM y Bursaai IP, Tomy nns peanizauii Takux MM HeoOxi1aHO 3HANTH po3B's130K [P
JUISL PE30JIbBEHTH.

[IponoHoBaHwMii MiJXi] Ma€e TOCUTh 3aralIbHUN XapakTep 1 JIMIIEe Y pasi JiHIHHNUX CTalllOHAPHUX CHC-
TeM (sikio Marputii B MMI™ maroTh nocTiiiHi KoedilieHTH) AP0 Ta BIANOBIIHA PE30JIbBEHTA MatOTh BUITIS
CYNEPIO3MIIIH eKCTIOHSHITIMHUX (PYHKIIIH. Y TPUKIQIHUX 3aBIAHHAX Taki (QYHKIi MOXKYTh Maru JIOCHUTb
CKJIaTHUH BUIVISA, 1 SIKIIIO 33/IOBOJILHSIOTHCS. YMOBH 3aCTOCYBaHHS OTepariiitHoro Metomy [14], To po3B's30k
piBasiHHS (7) A03BOJISIE BCTAHOBUTH 300pKEHHS 1 MOTIM — camy pe3onbBeHTy. [lomganpimii po3s's3ok [P
MOke OyTH BUKOHAHHMI Ha OCHOBI OOUYHCITFOBAJIBHUX METOIIB OIIHKH IHTErPaJTy MPaBOi YaCTHHH.

MM vy Burnazi [P nepcriektuBHI A7 TOOYI0BU MOZENEH OIL[IHKU CTaHy, OCKIIBKH 1X 00UMCITIO-
BaJIbHA peaJizailis JOCUTh 100pe BUBUEHA Ta PO3pOOIICHI BIAMOBIAHI MporpaMHi 3acoou [ 14].

3. MaremaTH4Hi Mo/ieJ1i OLIiIHKY KOOPAMWHAT CTAHYy CHJIOBHX i eHePpreTHYHMX YCTAHOBOK
[Tponnonosana MMI" y Bumsizi (1) nomyckae po3B'si3aHHS 3a/1a4di OLIHKUA CTaHy 3a JIOTIOMOTOI0
HACTyITHO1 MaTeMaTUYHOT MOJIEII:

d;tm = Am (xm _xstm)+BmAﬁ+K(Ay_Aym) 5 (9)

AV, =V = Vi = C, (X, — X,y ) + D, Al
Jie 1HJIeKC m TI03HAYa€ HAJICKHICTh 3MIHHUX Ta MaTPHIIb MOJIEII.
3a yMOBH TOYHOIO BIATBOpeHHS y (9) Mojenel cTaTUKH Ta AWHAMIKH, (TOOTO PIBHOCTI OAHO-
WMEHHUX MaTpullb, a TaKOXX BUKOHAHHS YMOB X, =X, V., =V, ), PIBHIHHS TOMUJIKU CIIOCTEpe-
YKEHHSI 3alMCY€EThCSI HACTYITHUM YMHOM
d
dr
ne Matpulis K BHOMPAETHCS 32 33IaHMMU BUMOTaMU, HATIPUKIIA], Yacy HaBYaHHS. 30Kpema, SKIIO0
Matpuifo K BHOpaTH 3 YMOBHM KpaTHOCTI BJIACHUX 3Haue€Hb Marpuill A - KC, TO MareMaTnyHa

(X-%,)=(4-KC)(X-%,), (10)
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MOJIEJIb OIIHKM CTaHy MaTuMe MiHiMajabHUK 4yac HapuaHHA ((popma JIproinOepra). Tak sik Habopu
Matpullb A 1 C 3a37ayieriib BiJOMi, TO Take 3aBJaHHs MOXke OyTH 3a3Jajerib BUPIIICHE ISl KOXK-
HOTO 3 PEXKHMMIB B OKOJIUII pOOOYHMX TOUOK..

Sk ne BummuBae 3 (9), (10), xapakTepUCTUKKA TOYHOCTI MaTeMaTUYHOI MOJIEJl OIIHKH CTaHy
BU3HAUYAIOThCS BIMOBIIHICTIO 11 mapameTpiB y Bursini MMI peansuum napamerpam CiEY, oco6-
muBo y Buny CX. HacrpaBmi Taka BiAMIHHICTH 3aBXIU €, OCKUIbKH CX BH3HA4YaIOTHCS B IMpOILECi
CTEHJIOBUX BUIIPOOYBaHb Ta 1X OfiepKaHHSI CyPOBOKYIOTh IIOMUJIKM BUMIPIOBaHHS, Bapiallii pexxu-
MHO{ 3MIHHO{ Ta 1HIII BUMAJKOBI (haKTOPH.

[Tomaemo pe3ynbTaTé TaKMX BUMIPIOBaHb Y BUIIISI

Xy =Xy + stt}
Vo =Yy +8Y, ’
ne X, Y, — BiIOMI nerepMmiHOBaHI (yHKIIT PeKUMHOI 3MIHHOI, 8X,,, 8Y, — HE3AJICXKHI BHITQJKOBI
KOMIIOHEHTH, JJIs IKUX Nepe0adyaeThes CIPAaBEAIMBUM MPUITYIIEHHS PO HOPMAJIbHICTh PO3MOALTY
3 BIIOMUMH TUCTIEPCISIMH.
VBiBIIM TO3HAYEHHS: ¥, = —AdX,, V, = -C8X, +8y,, orpumyemo 3rigHo (1) piBsHHI MM
y BUTJISL
anx AAX + BAi + ¥,
dt , (11)
Ay = CAX + DA + v,
SIK1 JO3BOJISIFOTH PO3MISAATH 3aBJIaHHS OLIIHKU CTaHy MPH KOpeJlbOBaHUX 30ypeHHsX, L0 BiANOBIA€E
¢dbineTpy Kanmmana-bproici, 3 HACTYITHUM PO3B'SI3KOM:

K(n)=[P(C" +V, 0", (12)
ae P(t) — po3B's3aHHs MaTPUYHOIO PiBHAHHSA PikarTi
dP (1) } NPTy
T:[A—VIZVZ 'ClP(1)+ P(r)[A-V,1,'C] - (13)

~P(1)CV,'CP (1) + W =Vl Vi,
ne V,,V,,V,, —Matpuni qucnepcii.

Tax stk matpwuiii, mo BXoasaTh (11) BigoMi a1 KoxKHOT poO0UO0i TOUKH, TO po3B'si30K (13) Moxke
OyTH OTpUMaHU# 3a3fanerifb. Po3misHyTa MaTeMaruyHa MOJelb ONTUMANBbHOI OLIIHKH CTaHy pea-
JI3YETHCS B OKOJIUII PEXUMY, JJIS SIKOTO KoedimienTn MaTpuite MMIT npuiiMaroTbes MOCTIHHUMH.
SIKmo 3a3HavyeHi YMOBH IMOCTIHHOCTI MaTpHilb HE JOTPUMYIOTHCS, CII1J PO3MIAIAaTH MareMaTHYHY
MOJIEJTb ONITUMAJILHO1 OIIIHKH CTaHYy SIK MOJIEJI TPAEKTOPii BiacHUX 3HadeHb (1). Takiit Mmoaeni Biamo-
BiZIaTUM€ TPAEKTOPHE 3aBJaHHs 111010 BCTAHOBJICHHS 3aJI€KHOCTEH BIIAaCHUX 3HAYEHB A, (§)MaTpUIIL
PIBHSHHS TOMMJIOK :

A(s) =V (s)K(s)C(s)V (5)

y QyHKILIT BiJl pe:kUMHO] 3MiHHOI. Bubopy mimnararoTs 3aeskHoCTi K (s) IpH 3a1aHUX OOMEKEHHIX
Ha TPAEKTOpii A, ($).

Po3mupenns cdepu 3acTocyBaHHS MaTeMAaTUYHUX MOJIEJIEH OLIIHKH CTaHy MPONOHY€ETHCS BUKO-
pHUCTOBYBaTH IIISIXOM TOOynoBH MM nocnimkyBanux mnporeciB y Bursiai [P Bonsreppa apyroro
Buny (5). Ctpykrypa takoi MM nipencrasnena puc. 1.

HentpansHa yactTuna MM y Bumisini oneparopa BonbTeppu oOUHCIIIOBaHO peasi3yeThes SIK
HEPEKYPCUBHO-PEKYPCUBHUH (DUTBTP, JIe HEPEKYpPCUBHA YaCTHHA BINIOB11a€ 00YHMCIIOBANILHIN peati-
3ar1ii IHTErpaJIbHOTO OIepaTopa, a pEKypCHBHINA YaCTHHI BIJNOBIa€ HETATUBHUN 3BOPOTHHH 3B'S30K.
Kpok nuckperusaiiii HepeKypCcUBHOI YaCTHHM BU3HAYA€ CMYTY YacTOT MOJIENI, IO BiITBOPIOIOTHCS.
PiBHsiHHS TporioHOBaHOI MM OIIIHKH CTaHy MarOTh BUTIIS
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dX

Xstn

operator
Volterra

Ystn

Yn

Puc. 1. Cxema maTeMaTH4HOI Mo/ieJli OMIHKM CTaHY Y BUIVISIAI iHTerpajJibHUX PiBHSHb

AX, = -X, +:[K(t,s)A)"cm (s)ds+.:|:KC(A)"c(s)—A)"cm (s))ds ‘ (14)

Y =Yy +CAX,,

Po3rsinyTi MM OLIIHKM CTaHy, 3aCHOBaH1 Ha 3alIpONIOHOBAHOMY Kiaci Mojenelt y ¢popmi ['am-
MepIITeliHa, € MOJEIISIMU TIOBHOTO mopsAKy. Ilpore Ha mpakTuii y moOyaosi Takux MM  3aBxan
€ HEOOXITHICTh, OCKUIBKM 4YacTWHA 3MIHHUX MM, Hampukian, obopotu TypOiH, Oe3mocepeaHbo
BUMIPIOIOTBCS 3 BUCOKOIO TOUHICTIO. HalOlibll BaXJIMBUM MPU3HAYEHHSAM 3alponoHoBaHuXx MM
OIIIHKYU CTaHy € ONTHUMAaJIbHA OIlIHKA 3MIHHUX 1 OMOCEPEIKOBAHO BUMIiPIOBAHUX (OOYHCITIOBATLHUX)
sminHuX CiEY, a Takox mogaTtkoBe pe3epByBaHHS BUMIPIOBAJIbLHUX KaHATIB.

BucHoBku

3anponoHOBaHO MiAXiJ 100 MOOYJI0BH HOBHX KJIaCiB MaTeMaTHYHUX MOJIEJICH 3MiHM CTaHy
CHJIOBHX 1 €HEpreTHYHUX YCTAaHOBOK Ta 1X €KBIBaJEHTHUX ME€PETBOPEHb, SIKI MAIOTh MEPEBark 100
peautizaiiii 00UMCITIOBaIBLHUX PO3B'SI3KIB Y pEabHOMY Yaci.

[Tixxix rpyHTY€ETBCS HA €KBIBAJIGHTHOMY MEPETBOPEHI BUXITHUX HEJTHIHHUX MOZAEIEH TPOCTOpy
crany a0 (opmu ['ammepiireiiHa, e HeniHiMHA yacTMHa BiOOpaXkae CTaTUYHI XapaKTEPUCTUKU
00'ekTa, a JiHIHHA YaCTHHA YTBOPIOETHCS [IUIIXOM MapaMeTpH3allii BiIMOBIAHUX MaTPUIlb TPaIi€HTIB.

OTpumaHi MaTeMaTHYHI MOJIEJI TPAEKTOPIH BIIACHUX 3HAYCHB MPOIIECIB KEPOBAHOT 3MiHU CTaHy
CHJIOBHX 1 eHEPreTUYHHUX YCTAaHOBOK, IMOJIaHHS TAKMX MAaTeMAaTUUHUX MoJieNiell y BUIIISA/I IHTerpab-
HUX PIBHSIHb, MATEMATUYHI MOJIETI OI[IHKH KOOPJIMHAT CTaHy BKa3aHHUX 00'€KTiB.

[lepcniekTHBY OJATBIINX JTOCIIHKEHD TOJSATAIOTh Y PO3POOIT KOMIUIEKCHOT ITUBPOBOi Mojei
KEpOBaHOI 3MiHH CTaHY CHJIOBHX 1 eHEPIreTUYHHUX YCTAaHOBOK PEaJIbHOTO Yacy.
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M.B. MOI'MJIBHA, B.I. IYBPOBIH

HarionanpHuit yHiBepcUTET «3amopi3bka MOJITEXHIKa»

THTEJIEKTYAJIbHU AHAJII3 TEKCTY: 3ACTOCYBAHHS
TA BE3KOIITOBHI ITPOI'PAMHI 3ACOBM

Benuka kinekicms danux, wo eenepylomvcs WoOHs, € AK MONCIUBICINIO, MAK [ UKIUKOM 0.5 Oi3Hecy. 3 00HO20
60Ky, Oami 00NOMA2aIOMb KOMRAHISM OMPUMYEamu 6i02yKu 100eti npo npodyKmu yu nocayeu. Ix moxcna ompumamu,
ananizyouly enekmponHi IUCmu, 0210u npooyKmie, nyonikayii 6 CoOYianbHuUx mMepedcax, 8i02yKu KAicHmie, 36epHenHs 00
cayorcou niompumxu mowo. lemomuuii 0ocsie danux 36epicacmocsi y popmi OOKYMeHmis, KL MOAICYMb OYMu PisHUMIU:
CIMPYKMYPOSAHUMU, YACMKOB0 CIMPYKMYPOBAHUMU MA I HECMPYKMYPOSAHUMU.

3 inwoeo 60ky, eunukae npobnema oopodoku yux oanux. Buoobysanus kopuchoi inghopmayii 3 seruuesnozo oocazy
OOKYMEHMIB € 8ANCKUM 3A80AHHAM. [HMeENeKMYanbHULL AHANT3 MEKCMY € 8AANCIUBOI0 ChepOrd O0CNIONHCEHHS, OCKIIbKU 3d
00NOMO2010 Hb020 MONCHA BUOOOYMU 3HAHHSA 3 HECIMPYKINYPOBAHO20 MEKCMY.

Y oanitt cmammi poszensiymo mexnonoziio inmeiekmyaibHo20 aHalizy mexkcmy ma ix 3acmocy8antsi 8 pisHux cghe-
pax osicummsl. byno npoananizosano 3acmocyeanms iHmenekmyaibHo20 aHalizy mekcnty 6 cucmemi Kkepyeanns oioriome-
KO0 Ma NOPIGHAHO 0COONUBOCTT NONYISAPHUX THCMPYMEHMIE MEXHON02Il IHMENeKMYalbHO20 AHANI3Y MeKCHLY.

Memooamu 0ocniddcenHs € aHaniz HAYKOBUX cmametl, Y AKUX O0CIIOHUKU BUKOPUCOBY AU THCIPYMEHMU iHme-
JIeKMYAIbHO20 AHANI3Y MEKCY, NOPIBHAHHS NPOSPAMHO20 3a0e3neyeHHs. 3 8BIOKPUMUM 8UXIOHUM KOOOM.

Pozenanymo memoou ananizy mexcmy ma onucano 0CHO8He 3aCMOCY8AHHS IHMENEeKMYalbHO20 AHANI3Y 8 CUCTeMi
Kepyeans 6ioniomexoro. byno o6zosopeno nonynspne be3kowmosne npoepamue 3a6e3neyens 0isk MeKCmogo20 aHdizy
RStudio, Python, Orange, RapidMiner 3 ¢ioxpumum GuXiOHUM KOOOM, sIK€ MAKOIC BUKOPUCIMOBYEMbCI Y MAUUHHOMY
HABUAHHI Ma HAYYi PO OaHi.

Cmamms cnpuse niosuwennIo pieHs po3ymMints 00CIIOHUKIE Y chepi iHmenekmyanbho2o anaiisy mekcmis. Buko-
PUCTOBYIOYU PO32TIAHYNIE NPOZPAMHe 3a0e3neyeHHs, NOYamKI8Yi 3MONCYMb NPOSHO3Y8AMU MeHOeHYll, memu, HO8i KOH-
yenyii 0ocnioxceHs, 3Haxooumu OyOniKamu mekcmosux OOKyMeHmie 6 CImammsx, Hosunax, orozax. Bioniomexkapi smo-
JICYymMb NOKPAWUMU C80i NOCIYeU 8 cucmemi Kkepygeanus dioniomexoio: 008ioxosux caycoax, CAS, SDI.

Kniouosi cnosa: xknacugixayis, euseienHs eKCRepmMHUX 3HAHb, 8UO00Y6aHHs Hopmayii, 0opasu, HCmpymenmu
IHMENEKMyanbHO20 AHANIZY MEKCMY, 3ACMOCYBAHHS IHMENEKMYAIbHO20 AHATIZY MEKCMY, CUCIeMA Kepy8aHHsl OI01i0meKoio.

M.V. MOHYLNA, V.I. DUBROVIN

Zaporizhzhia Polytechnic National University

TEXT MINING: APPLICATIONS AND FREE SOFTWARE TOOLS

The large amount of data generated every day is both an opportunity and a challenge for businesses. On the one hand, data
helps companies gain insights into people's opinions about a product or service. These insights can be gained by analyzing emails,
product reviews, social media posts, customer feedback, customer service calls, etc. A substantial amount of data is stored in the
form of documents, which can be of different types: structured, partially structured, and unstructured.

On the other hand, there is the problem of processing this data. Extracting useful information from a huge volume of
documents is a difficult task. Text mining is an important area of research because it helps extract knowledge from unstructured text.

This article discusses text mining technologies and their application in various areas of life. The article analyzes
the use of text mining in a library management system and compares the features of popular text mining tools.

The methods of the study are the analysis of scientific articles in which researchers used text mining tools and the
comparison of open source software.

The methods of text analysis are considered and the main application of intellectual analysis in the library
management system is described. Popular free and open-source text analysis sofiware such as RStudio, Python, Orange,
RapidMiner, which is also used in machine learning and data science, was discussed.

The article helps to increase the level of understanding of researchers in the field of text mining. Using the software
in this article, beginners will be able to predict trends, topics, new research concepts, and find duplicate text documents
in articles, news, and blogs. Librarians will be able to improve their services in the library management system: reference
services, CAS, SDI.

Keywords: classification, expert knowledge discovery, information extraction, patterns, text mining tools, text
mining application, library management system.
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ITocTtanoBka nmpodJjaemMu

Binpmicts mianpueMcTB 30epiraioTh BIAacHI JaHi y €JIeKTpOHHOMY BUIIIsAAl. B IHTepHeTI TekeT
3HaXoAUTbCA B LU(dpoBUX O10imioTekax, Olorax, COLiaJibHUX MEpekax Ta €JIEKTPOHHHUX JIMCTaX.
Uepes Benukuil moTik iH(opMallii cTae CKIaIHIIINM OTPUMAHH BaroMux 3HaHb. JlJis Toro, mob ix
OTpHUMAaTH, IOTPIOHO BCe OibllIe Yacy Ta 3yCHIIb.

InrenexryanpHuil anani3 tekcry (IAT) — ne mpouec BugoOyBaHHS LIHHUX 00pa3iB Juis AOCI-
JDKEHHsI 3HaHb 3 TeKCTOBHX jkepen. Lle GararomucuuiutinapHa cdepa, ska 0a3yeThecsi Ha MOIIYKY
iHpopMallii, IHTEIeKTya IbHOMY aHaTi31 JaHUX, MAIIMHHOMY HaBYaHHI, CTATUCTHIII Ta KOMI IOTEPHIN
miursictui (puc. 1). [AT npaitoe 3 TekcTaMu NPUPOAHOIO MOBOIO, SIKI 30epiratoThCsi B HaIiB- ado
HECTPYKTypOBaHOMY (pOopMaTi.

Cdepamu 3acrocyBanns IAT € MOIIyKOBI CUCTEMH, CUCTEMH YTPaBIIiHHS B3a€MOBITHOCHHAMHU
3 KJII€EHTaMH, (IIBTPYBaHHS €JICKTPOHHUX JIMCTIB, aHAII3 MPOMO3HUIIINA 00 MPOAYKTIB, BUSBICHHS
[IaxpaicTBa Ta aHAJITHKA coLlialbHUX Mepex. Takok IAT BUKOPUCTOBYIOTH JIIsl CCHTUMEHT-aHai3y,
BUJIUISIHHS O3HAK, IPOTHO3YBaHHS Ta aHAJi3y TeHIEHIIH [1].

BunoOyBanns 1inHOi iH(opmalii 3 HabOpy pi3HUX JOKYMEHTIB € MOHOTOHHOIO Ta CTOMIIIOIO-
4010 po0oTor0. Bubip BiANMOBIAHOT TEXHIKU AJIS aHANI3Y TEKCTY CKOPOUYE Yac 1 3yCHILIS AJIsl TOLITYKY
BIJIMOBIAHUX 00pa3iB I aHATI3Y Ta MIPUUHSATTS PIllICHb.

IHTENEKTYanbHMI
aHania faHux

BifnioTeyno-
iHbopMaUiiHi
HaYKM

Kowmn'loTEpHa NIHMBICTHKA

Puc. 1. liarpama Benna — B3aeMofist iHTeJIEKTYaJIbLHOT0 aHAJII3Y TEKCTy 3 iHINMMHU chepamu

AHAaJi3 0CTaHHIX JOCTiIXKeHb | myOsikanii

V [2] onucano, 1o 30ip, BUA0OyBaHHs, onepenHs o0poOka, mepeTBOpPEeHHs TEKCTY, BUIUISHHS
03HAaK, 0OpaHHs 00pa3iB Ta eTany OLIHIOBAHHS € €TallaMM MPOLECY 1HTENEeKTYaJIbHOTO aHaJi3y TeK-
cty. Kpim Toro, posmisinatorsest pizHi Mmetoau [AT, sKi IIMPOKO BUKOPUCTOBYIOTHCS, TaKi SK: KJIACTe-
pu3alis, KaTeropusanisi, Kareropusailis iepeBa pillleHb, a TAKOXK iXHE 3aCTOCYBaHHS Yy Pi3HUX ce-
pax. B [3] BucBiTieHo nmpobnemu 3actocyBanHs 1 TexHik [AT. 3a3HaueHo, 110 CKJIAIHIIIE TTPAIFOBATH
3 HECTPYKTYPOBAHUM TEKCTOM, BUKOPHCTOBYIOUH TpaaulliiiHi iHCTpyMeHTH 1 TexHiku [AT, Hix mpa-
LIOBATH 31 CTPYKTYPOBaHUMHU a00 TaOIMUHUMH JaHUMH. ONUCaHO 3aCTOCYBaHHS MPOLECY 1HTEIeK-
TYaJIbHOTO aHaJIi3y TeKCTy B OioiH(opMaTHili, Oi3HEC-aHATIITHIN Ta CHCTEM] HALlIOHAJIBLHOI OE3MEKH.

V [4] nocnimkeno 6iomeamuny 6a3y nanux MEDLINE, iHTerpoBano cTpyKTypy IUIsl pO3ITi3Ha-
BaHHS IMEHOBAaHUX CyTHOCTEH, Kilacudikallli TEeKCTy, FeHepalii Ta nepeBipKu rinoTe3, BU100yBaHHS
3B’5I3KiB, CHHOHIMIB Ta aOpeBiaTyp. Taka cTpyKTypa JI03BOJIMIIA YCYHYTH 3aiiBi JIeTalli Ta BUIOOYyTH
Baromy iHdopmauito. ¥ [5] mpoaHasli3oBaHO TEKCT 3a JJOIIOMOI0I0 00pa3iB aHaJi3y TEKCTY Ta MOKa-
3aHO, 110 MiIXO/H, 1110 0a3yI0ThCs Ha TEPMiHAX, HE MOXKYTh HaJIS)KHUM YMHOM aHAJI13yBaTU CHHOHIMHU
ta nomicemiro. KpiMm Toro, 6yB po3poOiaeHuii IpOTOTHI MOei AJist crienudikarii oopasiB 3 omsay
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Ha MPU3HAYCHHS Bard BIAMOBIIHO N0 iX po3moaury. Takui miaxia JoroMarae miJIBUIIATH ¢(hEeKTHB-
HICTb IIPOIIECY 1HTEJIEKTYaIbHOIO aHalli3y TEKCTY. Y [6] MpeaCcTaBIeHO CUCTEMY PO3KPUTTS 3JI0YHMHIB
3 BUKOPUCTAHHIM 3aC001B 1HTEIEKTYyaJIbHOTO aHali3y TEKCTY Ta aJrOpUTM BUSBIEHHS 3B’s3KiB OyB
PO3pOOIEHUIT IS CIIiBBIHECEHHS TepMiHa 3 abpeBiaTypolo.

B [7] npencraBneHo miaxia «3BepXy BHU3» 1 «3HU3Y BrOpy» Il IPOIECY BUITOOYTKY TEKCTY Ha
ocHOBI BeO-TexHoorii. [1[06 06’ eqHaTh momiOHI TEKCTOBI TOKYMEHTH, 3aCTOCYBaHO TEXHIKY KJlac-
Tepu3allii k-cepeaHix ajis Mmoauty «3Hu3y Bropy». s BUsBICHHS MOMIOHOCTI B IOKYMEHTI BUKOPH-
cta”o anroput™ TF-IDF (Term Frequency- Inverse Document Frequency) mist momryky indopmartii
10710 KOHKPETHUX TeM. Y [8] HajaHo omIsi JOaTKiB, IHCTPYMEHTIB 1 MPOOJIeM, IKi BUHUKAIOTh 1T
yac BUJOOYBaHHS TEKCTY. 3a3HAYCHO, 10 JOKYMEHTH MOXYTh OyTH CTPYKTypOBaHUMHU, HAIlIBCTPYK-
TYpOBaHMMH a00 HECTPYKTYPOBAaHUMH, 1 10 BHI0OYBaHHS KOPHCHOI iH(OpMAIl € BUCHAKIMBUM
3apraHHsAM. [Ipeacrasneno 3aranbHy cTpyKTypy A [AT Ha ocHOBI KOHLIEMNLIHN, SIKy MOXKHA Bi3ya-
JI3yBaTH y BUIVISI €TalliB YTOUHEHHS TEKCTY Ta TUCTWIALIT 3HaHb. [IpoMixkHa dopma BHIOOYTKY
NIPECTABICHHS CYTHOCTI 3aJI€KUTh BiJl KOHKPETHOI IPeMETHOI 001acTi.

V [9] npencraBieHo iHHOBaIIiHHI Ta €()eKTUBHI METOIM BUSBICHHS 3aKOHOMIpHOCTEH. Bukopu-
CTaHO METO/IY €BOJIOLI] Ta BUSBICHHS 00pa3iB JUIs MiIBUIIICHHS €()eKTUBHOCTI BUSBJICHHS PEJICBAHT-
HOi Ta BiaNoOBigHOI iH(pOpMarlii. Bukonano ¢inerpamnito Ha ocHOBI BM25 Ta BEeKTOpPHOI MiATPUMKH
Ha OCHOBI KOPITYCYy MapIIpyTH3aTOPIB Ta TaHUX TEKCTOBUX KOH(EpEeHIIiH, mo0 OmHUTH e(hEeKTHB-
HICTb 3anporioHOBaHOi MeToAuKu. B po6oTi [10] Oynu nmpoBeaeHi pi3Hi eKCIIEpUMEHTH Kiacudikarii
3 BUKOPHCTaHHAM 0araTocCiliBHUX O3HAaK HaJ TEKCTOM. 3allpONOHOBAHO BIACHUN METOJ BUIYYECHHS
6araTtociiBHUX O3HaK 3 HAOOpy AaHuX. [ knacugikarii Ta BUITy4eHHs 0araTtociaiBHOTO TEKCTY Oyi10
31HICHEHO TOALT TEKCTY Ha JIiHIMHI Ta HeNiHiMHI MoMiHOMIadbHI (JOPMH 32 MIITPUMKH BEKTOPHOTO
amapary, 1o JI03BOJIMIIO TABUIIUTH €(DEKTUBHICTD BIUTYUCHHS JaHUX.

@opMyJIIOBAHHS METH 10CTi/IZKEHHA
MeTo10 goCHiIZKeHHSI € aHaji3 PI3HUX METO/IB 1HTEJIEKTYyaJIbHOTO aHaji3y TEKCTY, K1 JOMO-
MararTh €(EeKTHBHO Ta PE3yIbTaTUBHO BUKOHYBATH aHANITUKY TEKCTY 3 BEJIMKOI KUIBKOCTI IaHUX;
pO3mIsA iX 3aCTOCYBaHHS;, MOPIBHAHHS 0COOIMBOCTEN MOMYIAPHUX 1HCTPYMEHTIB TexHoJorii [AT.

BukianeHHs1 0CHOBHOI'O MaTepiaty 0CTiIKEeHHS
[cHYIOTB pi3HI METOAM IHTEIEKTYaJIbHOTO aHaNi3y TEKCTIB, SIKI 3aCTOCOBYIOTBHCS IJISi aHAi3y
TEKCTOBHMX 00pa3iB Ta IXHbOT'O Mpoliecy Buao0yBaHHs (puc. 2).

KnacTepusauia fpas

Nowyx / 3aNKT 33 K CNOBAMM AEKCY

IopMaviaHMi Nowwyx.

(xnacTepnsayin Tepminis)

Bupotysanna Po3MiyBaHHA YACTHH MOBH
‘SoBHiwAiX
nocunar

TIOBEPXHEB0-CHHTAKCHHMIL
ananis [ Mogin dpasm
06pobka NPHPORHOT MOBH

BunoGyBankA indopmauil

TpamaTuyHmi postip

Bunpasniesks npasonuc:
BupoGysarns BigHOCHH | " & 2
aHani3s se'Askis

Posnistasana Kopedepenyii / NemaTnsauis
CYyTHOCTER
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3arajgbHUI MPOIIEC IHTEIEKTYaIbHOTO aHAITI3Y TEKCTY CKIIAJIA€THCS 3 HACTYITHUX KPOKiB (puc. 3).
[Iponec ouniienHs 3a0e3neuye OXOIUIEHHS CIPaBKHBOI CyTi IOCTYITHOTO TEKCTY Ta BUKOHY-
€TBCs ISl BUIOOYBaHHS KOPEHIB CIIiB Ta 1HICKCYBaHHS JaHUX.

AHanis Tekcry ©
OTpumaHHs BugoGyBaHHs
i Ta i
36ip iHcbopmauii .
_ nonepeaHs => Indopmauiina —>,

AOKYMEHTIB obpobra = cucTeMa
AOKYMEHTIB ynpasniHHa 3HaHHA [/
[Knactepusauis Y3aranbHeHHA Myapicte

Puc. 3. IIpouec iHTeJeKTYaILHOI0 aHAJI3Y TEKCTY

[onepennss 00poOKa TEKCTy — Iie 3aBJaHHs MEPEeTBOPEHHs BHUXITHUX JAQHUX Y YITKO BHU3HAUCHI
3HaHHsA. OCHOBHI omiepalii HonepeHp01 00POOKH TEKCTOBHX JIAHMX MOYKHA PO3/IUTMTH HA HACTYIIHI €TAITH.

a) [Tomepenust 06poOKa TEKCTY

* Ilponec Tokenizamii: IIporec po30OUTTSI MOTOKY TEKCTOBOIO KOHTEHTY Ha CIIOBa, TEPMIHH,
CUMBOJIM 200 1HIII 3HAYYIII €JIEMEHTH, SIKi Ha3UBAIOTHCS TOKeHaMU. DinmbTpallis (CTOI-CJIOBA) BUIA-
JIsi€ HenoTPpiOHY iH(OpMAaIIito, SIKa BKIIOYA€ MPUHMEHHHUKH, apTUKII1, CIIOJTYYHUKH Ta 1H.

* Ilpouec nemaru3arii: [Iporec, sikuii CXOXKHUIA Ha CTEMMIHT, aJie BiH 1IeHTH(IKY€E CIOBHUKOBI (hOpMHU
ciiB. L5 TexHiKa BAKOPUCTOBYETHCS TSI CKOPOUEHHST IOBKUHU CITIB y TEKCTi. Y METOIaX BHIOOYTKY TEeK-
CTy €Tl IMonepeIHhOi 0OPOOKH BIIrpatoTh BKIUBY POJIb Y NIEPETBOPSHHI KOPEHIB CIIIB Y MTPABUJIbHI
KOpeHi JUTs BIIOBIHOTO aHamizy Tekcty. IIporec ineHTu(ikamii KOpeHiB MEeBHUX CIIIB BU3HAYAE MOXO-
JUKEHHS CJiB. B OCHOBHOMY BMKOPHUCTOBYIOTb JBa THUITU IOXO/UKEHHS: (IEKTUBHMI Ta JEpUBALIMHUIL.
Haii6inp1r nommpeHuM aropuTMOM BU3HAUEHHSI TTOXO/DKEHHS CITIB € aropuT™ IBeimapa [11].

6) Ipouec Tpanchopmarii TekCTy

 IlepeTBOpeHHS TEKCTy BUKOPHCTOBYE TMAKET CIIiB a00 MOJEIh BEKTOPHOTO mpocTopy. Bin
BUKOHYE 3aBIaHHs BHOOPY o3HaK. [Ipu 1iboMy BiH 3MEHIIIyE€ PO3MIPHICTh, BUAASIOYH HAJTUIIIKOBI
Ta HepeNeBaHTHI o3Haku [12]. BunanseTscst 1 MOCTIOBHICTD CIiB, K1 4aCTO 3yCTPidaloThCs, aje He
MAalOTh CEHCY a00 He MarOTh BOKJIMBOTO 3MICTy B KOJEKIIil TEKCTOBUX JOKYMEHTIB.

IcnyroTh Taki nporecu [AT.

* Ilpornec kiacTepu3aliii TEKCTy: BUMIpIOBaHHS MMOIIOHOCTI Ta IPyITyBaHHS MOAIOHMX TEKCTIB.

* Ilponec pedepyBanHs (y3araabHEHHs) TEKCTY: CKOPOUYY€ BECh TEKCT IOKYMEHTIB JI0 CYTi.

* IIpormec kaTeropusartii TEKCTY: aBTOMaTHYHHUMA PO3MOALT ACKIJILKOX TOKYMEHTIB Ha Pi3HI KaTe-
ropii. € METOIOM KEepOBAaHOTO HABYAHHS, IPYHTYETHCS HAa BXIJIHUX Ta BUXIJHUX €K3eMIULIpax s
knacudikamii HOBUX JOKyMeHTiB. OCHOBHOIO METOIO KaTeTOPH3aIlii TEKCTy € aBTOMAaTUYHE HABYAHHS
KJ1acu(ikaTopiB Ha OCHOBI KOHTPOJIbOBAHHMX 1 HEKOHTPOJbOBAHUX KaTeropii. JIJis 1bOro MOXYyTh
OyTH BUKOPHMCTaHI CTaTHCTUYHI METOIM Kiacu@ikalii, Taki sK: HaiBHUHN OalieciBcbkuil Kiacuika-
TOp, Kiacu}pikarop HaAROIMKIOTO CycCia, AEPEBO PIllICHb Ta METOJ] ONIOPHUX BeKTOpiB [13].

Ha puc. 4 300pakeH0 mporiec OYUIIeHHS TEKCTY — BUAAICHHS HeOa)KaHHUX CITiB, 3HAKIB, CHMBO-
1B, TAaOMHIIb 1 MAJIOHKIB, MPOIIEC 3BEICHHS MOIYIHOBAHUX CIIIB JI0 iX OCHOBHU, KOPEHsI, AKi BiA(1Ib-
TPOBYIOTBCS J10 200 TicIst 00pOOKH TEKCTY MPHPOIHOIO MOBOIO.

Ha croromni R Ta Python € Haiibinpm nomynspHUMH 1HCTpyMEHTaMu JiIsl Bizyamizamii [AT,
0CO0JIMBO CKpPUIITOBOTO Koxy, a RapidMiner ta Orange € iHcTpyMeHTamu rpadiyHoi Bizyanizalii 6e3
HaIMCaHHs CKpUNTIB (Tabm. 1).

Hani iHcTpyMeHTH € kpocmiargopmaumu. [Iporpammu RapidMiner ta Orange € 3pyuHumH,
OCKIJIBKM KOPUCTYBauaM MOTPIOHO JIUIIE IePEeTATHYTH Ta 3’ €JJHATH BY3JIU pa3oM. BoHu mpu3HayeHi 1yis
CKJIQJIaHHsI 013HEC-CTATUCTHUKH, TPOTHO3HOTO aHaIli3y, MAIIMHHOTO HABYAHHS Ta Bi3yai3allii JTaHuX.
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MouaTok— [ekinbka gokyMeHTie— 1. MonepegHa o6pobka TeKcTy —> QuMILEHHS TeKCTY
TokeHizauiqa
O®inbTpauia (BuganeHHs cron-cnis)
Nematunzauia
NinrsictudHa obpobka
2. TpaHccopMauia TekcTy
3. MeTog iHTeNneKTyaNbHOrO aHani3y TeKcTy
Knacudikauisa
Y3aranbHeHHs
Knactepuzauis

TemaTu4He MOAENOBaHHS

Puc. 4. ETanu nonepexHboi 00poOKH TEKCTY JJIA IHTETeKTYyaTIbHOI0 aHATI3Y TEKCTY

Tabmums 1
3arajibHa XapaKTepuCcTHKA 0e3KOIITOBHUX NMPOrpaMHuX 3aco0iB s IAT
OCHOBHI XapaKTePUCTHKI RStudio Python RapidMiner Orange
Tosarkonnii pimyci 1992 1991 2006 1996
porpamu
Panb¢ Kninren6epr, [nro
. Mipcsa Ta Caiimon ®imrep, N
Po3pobuuk Jxozed Amep I'Bizo Ban Poccym Texniunuii yrisepourer JIroOnsHChKMiA yHIBEpCUTET
JoptmyHna
Moga niporpamyBaHHS C, Fortran, R C, C++, Java Java Python, C, C++, Java
JloctynHa Bepcist 343 39.1 9.6 345
Tinensis GNU 3 BiJIbHUM BIIKDUTHM | OE3KOIITOBHA Ta BiIKPUTHIA obmesxena RapidMiner GNUV3 3aranbHa myOniyHa
1 BUXIJHUM KOJIOM KOJI Studio Free JHIEeH31s
aHaJIiTUKA JJAaHKX, 1AT, mamuHHe HaBYaHHS,
TosoBHe npu3HaUeHHS CTaTUCTHYHUN aHAaTi3, HayKa 1po JaHi 3aranbHuil IAT Biyauizallist JaHUX, aHai3
MallIMHHE HaBYaHHS JIaHHUX
. . Jly’Ke BEJIMKa . . Besnka (~200 THc. .. .
IMinTpuMKa CHiTEHOTH . IlaHi BiCYTHI . JaHi BifCyTHI
(~2 MIJIH KOpHUCTYBaUiB) KOPHUCTYBauiB)

[HTeNnexTyanpHU aHal3 TEKCTY Ma€e 6arato 3aCTOCYBaHb.

1. Hudposi 6i6mioreku. J{ns BU3HAUCHHS 3aKOHOMIPHOCTEH 1 TEHICHIN 3 BEJIIMKOI KUIBKOCTI
CXOBHII] Ha OCHOBI JKypHaJiB 1 MaTepiajliB BAKOPUCTOBYIOTHCS YMCICHHI METOAM Ta 1HCTPYMEHTHU
IAT. i mxepena iHpopMarliii 1onoMaratots y chepi JOCHIKEHB 1 pO3pPOOOK.

bibmioTekn € BaXIMBUM JpKepesaoM iH(opmMariii st TOCTIAHUKIB, a €JIEKTPOHHI 010/110TeKH
MparHyTh MiABUIIMTUA 3HAYMMICTh CBOiX Konekmii. Lle HoBuil MeTos opranizaimii iHGopmariii, o
POOUTH MOXJIMBUM JOCTYI /10 TPUJIbHOHIB TOKYMEHTIB B [HTEpHETI.

Mixnapoana nudposa 6i6moreka Greenstone, sika miaATpUMy€e 6araToMoBHI iHTepdericu, 3a0e3-
reyye THyYKUH METoJ] BUJ0OyBaHHS JOKYMEHTIB, KU mpaitioe 3 popmaramu Microsoft Word, PDF,
PostScript, HTML, ckpunToBUMU MOBaMU Ta €JIEKTPOHHUMHU JTUCTaMU. TaKkoXk MiATPUMYETHCS BUJIO-
OyBaHHS IOKyMEHTIB y ayJioBi3yalbHUX Ta rpadidyHux Gopmarax.

VY mpotieci TEKCTOBOTO aHalli3y BUKOHYIOThCS orepallii BUOOpYy JJOKYMEHTIB, 30aradeHHs, BUI0-
OyBaHHs 1H(opMallii Ta MoIIyK 00’€KTIB cepell JOKYMEHTIB, a TaK0oK (POPMYBaHHS CIIBBITHECEHHS
Ta y3arajJbHeHHs. JlJis TEKCTOBOTO aHali3y B €JIEKTPOHHHUX O10Ji0TE€Kax 4acTo BUKOPHUCTOBYIOTH
incrpymentu GATE, Net Owl ta Aylien.

B cucremi kepyBanHs 610:110Tekor0 [AT Takok BAKOPUCTOBYETHCS IS 1OCIIIKEHHS IKOCT1 TEK-
CTy Ta BUA0OYBaHHS iH(OpMaIlii 3 1eKiTBKOX JOKYMEHTIB. BUKOPHCTOBYIOUM METOIH 1HTEIICKTYaIh-
HOTO aHaJIi3y TEKCTY, MOXHA:
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a) aBTOMaTUYHO 1JIeHTU(]IKyBaTH 0cO0y KOpHCTyBava akaJeMiqHoi 010oTeKu: iM’s1, Miclie3Ha-
XOJDKSHHSI, OpraHi3allito, 3alUTH KII€HTIB, 3all1KaBICHOCTI;

0) mporHO3yBaTH, sIKi KOPUCTYBadi OyMyTh NMEpEAIIadyBaTH SKUHCH JKypHAIT;

B) IOCJIIIUTH MMPOOTIEMU, TEHACHITI1, @ TAKOXK IIUISIXY BUPIIISHHS KOHKPETHOT TEMH JI0 CJT1JIPKEHHS,

T') MPOTHO3YBaTH, Y1 MOXKE MTAKET MEPEekKEeBUX JaHUX OyTH 3arpo3oto kibepbesmeri,

I') MPOCYBATH PUHKOBI a00 peKJIaMHi MPOITO3UIIii.

2. AkaznemivHa Ta AociiaHuIbKa cdepa. Pi3Hi iHcTpymenTu Ta Mmetoau IAT BUKOPUCTOBYIOTHCS
y cdepi OCBITH Ul aHANI3y OCBITHIX TEHJCHIINH y KOHKPETHOMY PErioHi, 3alliKaBICHOCT] CTYJCHTIB
y KOHKPETHIN Tajy3i Ta CIiBBiTHOUICHHS 3aiiHATOCTI. Bukopucranus IAT y naykoBiit cdepi mormo-
Marae 3HalTH Ta Kiacu(]ikyBaTH B OJHOMY MICIII HAyKOBI poOOTH Ta BIJIIOBIIHUNA MaTepiai 3 pi3-
HUX Tany3el. Bukopucranns kiacrepusanii 3a MeTojoM k-cepenHix Ta 1HIIMX METOIIB JOIOMarae
BUSIBUTH aTpHOyTH pereBaHTHOI iHpopmanii. MokHa OTpUMaTH JOCTYI IO YCIIITHOCTI CTYJICHTIB
3 pI3HUX MPEAMETIB, TOOAYUTH, SIK Pi3HI aTpUOyTH BIUTMHYJIM Ha BUOIp MPEIMETIB.

3. Menuko-0iooriuni HayKd. Meanko-010JI0TIYHI HayKH Ta OXOpOHA 3/I0pOB’S CTBOPIOIOTh
BEJIUKY KUTBKICTh TEKCTOBHX Ta YHCIOBUX JAHUX, IO CTOCYIOTHCS OOJIIKY MAIli€HTIB, XBOPOO, JIKIB,
CHUMIITOMIB Ta METO/IIB JIIKYBaHHsI XBOPOO TOIIIO.

QOinbTpyBaHHS BIAMOBITHOTO Ta JOIIIEHOTO TEKCTY 3 BEJIMKOTO O10JIOTIYHOTO PEMO3UTAPII0 JUIS
MPUAHSITTS PIICHHS € BEJIMKUM BHKJIMKOM. MEIWYHI 3aluch MICTITh Pi3HY 3a XapakTepoMm iHdop-
Mallito, CKJIa/iHy, IOBTY 1 TEXHIUHY JIGKCHKY, III0 pOOHUTH MPOIEC MOUTYKY 3HAaHb JOCTATHHO BAXKKHM.

Inctpymentu IAT y GiomenuuHii ramxy3i HaJarOThb MOXIIMBICTH BHUIOOYyBaTH Baromi BiJJOMO-
CTi, X acomialii Ta BUBOIUTH B3a€MO3B’ 530K MK PI3HUMH 3aXBOPIOBAHHSMH, BUJJAMH Ta T€HAMHU.
Buxopucranns BianoBigHux iHCTpyMeHTIB IAT MenuuHii ramysi gornomarae OiiHUTH €(eKTUBHICTh
MEIWYHUX METOIB JIIKyBaHHS, sIKl TOKa3yIOTh €()eKTUBHICTD HIIIXOM MOPIBHSAHHS PI3HUX 3aXBOPIO-
BaHb, CHMIITOMIB Ta IIepediry ix JiKyBaHHSI.

IAT BHKOPUCTOBYETHCS Y BHUSIBICHHI OioMapkepiB, (papMalnieBTUUYHIA MPOMHUCIOBOCTI, KJIiHIY-
HOMY aHaJi31 TOPTiBii, JOKIIHIYHUX JOCTIKEHHIX 0€3MeYHOT TOKCUYHOCTI, TATeHTHIH KOHKYPEHT-
Hill po3BiaIi Ta TaHAmaPTHOMY aHali3i, KaprorpadyBaHHI TeHIB XBOPOO Ta JOCHIHKEHH] IITBOBUX
imeHTu(IKaIii 3a JOTOMOT 00 PI3HUX IHCTPYMEHTIB.

4. CouianbHi Mepexi. s aHammizy JOAATKIB COLIAJbHUX MEPEX ICHYIOTh IMPOTpaMHi MakeTH
AT, sixi 1O3BOJSIFOTH BiACTEKYBATH Ta aHAJII3yBAaTH 3BHUYAHUI TEKCT B [HTEpHETI 3 iIHTEpPHET-HOBUH,
OJIOT1B, €JIEKTPOHHOT TOIITH.

Incrpymentu IAT nomomararoTh BU3HAUUTH Ta MPOAHAi3yBaTH KUIBKICTh MOCTIB, BIOI00OAHb
Ta YUTa4iB y corianbHuX Mepexax. Jlanmii Bun IAT nokasye peakiito Jitoeit Ha pi3Hi MOCTH, HOBHHU
1 Te, SIK BOHU TOIIUPIOIOTHCS. BiH moka3ye moBeAiHKY JIFOCH, 110 HaJIeKaTh 10 IEBHOI BIKOBO1 IPYIH
a00 CXOXKUX CHUIBHOT, BapiaTUBHICTh NMEPETIsAAiB My OiKarlii.

5. bisnec-anamituka. AT Bimirpae 3Ha4Hy poiib y Oi3HEC-aHANITHUII, SIKa JOTIOMArae opraHiza-
IIsSIM Ta i MPUEMCTBAM aHATI3yBaTH CBOIX KITIEHTIB Ta KOHKYPEHTIB JIJIsl PUHAHATTS KPAIIUX PillICHb.
Bin 3a6e3neuye 61 muOoKe po3yMiHHA Oi3Hecy Ta Hajae iH(opMmallio mpo Te, sIK MiJABUIIUTH
3aJJ0BOJICHICTh KIIIEHTIB Ta OTPUMATH KOHKYPEHTHI TIepeBary.

Incrpymentu IAT: IBM text analytics, Rapid miner, GATE — nonomaratots 3p0OHUTH pillieHHSI 1010
oprasizatiif, siki (GOpMyIOTh MOBIZIOMJIEHHS PO IMO3UTHBHI Ta HETaTHBHI Pe3yJbTaTH JIisUTbHOCTI, 3MiHU
Ha PUHKY, 110 JOTIOMAraroTh BKHTH 3aX0/1iB 00 BUITPABICHHs. BOHN BUKOPHUCTOBYIOTHCS Y TEIEKOMYHi-
KalliitHii cdepi, qoaaTkax s 613HeCy Ta KOMEpITii, CHCTEMI yIpaBIIiHHSI JaHIIOKKAMU KITI€HTIB.

ITix yac mponecy IAT BuHuKae Garato npooiem, siKi BIUTMBAIOTh Ha €()EKTUBHICTh Ta Pe3yJIbTa-
TUBHICTh IPUHAHATTS pimieHb. Ha eTami nonepeaapoi 00poOKK BU3HAYAIOTHCS Pi3HI MIPaBUiIa i HOPMHU
JUTSL CTaHIapTHU3allii TeKCTy, Kl poonats mporec [AT edextuBuuM. [lepen 3acrocyBaHHSIM aHaizy
00pa3iB /10 JOKyMEHTa HEOOX1/THO EPETBOPUTH HECTPYKTYPOBaHI JAaHi B IPOMIXKHY (opMmy, ajie i Ha
oMy ertami nporec IAT mae cBoi ckmagHomii. [HOmI peanbHa AaHi BTPa4arOTh CBOKO BaKIHMBICTH
yepe3 MoaudiKkallifo B IOCHIIOBHOCTI TEKCTY.
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[HIMM BaXXJIWMBUM THTAaHHSIM € T€, IO ICHYIOTh He0araTo 1HCTPYMEHTIB, SIKI IMATPUMY-
I0Th JIeKiJbKa MOB. Jliisi miATPUMKHM 0araTOMOBHOTO TEKCTYy BHKOPHCTOBYIOTBCS Pi3HI aJrOpUTMHU
Ta METOJIH, 110 3aCTOCOBYIOTHCS HE3AJICKHO OJUH BiJ OfHOTO. bararo BayKIIMBHX JOKYMEHTIB 3aJH-
MIAIOTHCS 11032 MPOIECOM BUA00YBaHHS TEKCTY, 00 IHCTPYMEHTH HE MIATPUMYIOTH iX.

JlaHi IUTaHHS CTBOPIOIOTH Oararo mpobieM y mpoleci NpURHATTA pillleHb. PeanbHoi KOpHCTI
Ba)XKKO JTOCSITTH, BUKOPUCTOBYIOUH JIMIIE iICHYIOUYl MeToau Ta iHCTpyMeHTH [AT, OCKinbKH BOHH HE
3aBXK/IM MIATPUMYIOTh OaraTOMOBHI JIOKYMEHTH.

InTerparisi 3HaHp MpeAMETHOI 00JAcTi € BaXJIMBOIO c(eporo, OCKIIBKM BOHA BHUKOHYE KOH-
KpETHI omeparlii HaJl KOHKPETHUM KOPITyCOM 1 Jocsirae Oa)kaHWX pe3ysbTaTiB. Y TaKUX CHUTYyaIlisix
3HAHHA MPEAMETHOI 00J1acTi, 3 AK0i Mae OyTH BHIIYYEHHUH KOPIYC JOKYMEHTIB, HOBUHHO IO€IHYBa-
THUCSI 3 00YHMCITIOBAIBHUMH MOKJIMBOCTSIMH, 3 SIKUX Mae OyTH oTpuMaHa iHpopmalis. 3riHO 3 BUMO-
raMH, eKCIIepTH TOBHHHI MPAIFOBATH CIIUTFHO 3 MPEACTaBHUKAMU PI3HUX Taily3eil Ui OTpUMAaHHS
OLTbII €PEKTUBHHUX, TOYHUX 1 IOCTOBIPHUX PE3YJIBTATIB.

BukopucranHsi CHHOHIMIB, 0araTo3HayHUX CJIB Ta AHTOHIMIB y JOKYMEHTaX € MpOoOJeMHUM
JUISL IHCTPYMEHTIB TEKCTOBOTO aHaJIi3y, SIKi CIPUHMAIOTh CJIOBA B OMHOMY KOHTEKCTI. Baxxko kimacudi-
KyBaTH JIOKyMEHTH, KOJIU KOJICKIisl TOKYMEHTIB BeJIMKa 1 cpopMOBaHa 3 PI3HUX Taly3ei, 110 MalOTh
ofHaKkoBy TemaTHKy. [IpobiremMHuMu € abpeBiaTypH, 110 MalOTh pi3HE PO3MIM(PYBAHHS y PI3HOMY
KOHTEKCTI. Pi3HI KOHIIEMIIiT eTai3alii 3MiHIOIOTh KOHTEKCT TEKCTY BIATIOBITHO JIO YMOB 1 3HaHb PO
MPEAMETHY 00JIaCTh.

HeoOxigHo omucaty nmpaBuia BiAMOBIAHO 10 cdepH, Kl OyayTh BUKOPUCTOBYBATUCS B SIKOCTI
CTaHJAPTY B JaHiil o0macTi i MOXXyTh OyTu BOynoBaHi B incTpymMeHTH IAT B sikocTi muarina. Po3poOka
1 pO3ropTaHHs IJIATiHIB A1 BCiX cep okpemo nmoTpedye Oararo 3ycuisb 1 yacy. st po3poOku riari-
HiB OTPi0HI MUOOKI 3HAHHS MTPO KOHKPETHY MPEIMETHY 001aCTh.

[pupoaHi MOBH TaKOXK MAIOTh 0araTo CKJIaIHOIIIB, 1110 CTBOPIOIOTH IPOOJIEMH B METO/IAX BU3HAYCHHS
TEKCTY Ta iMeHTH]IKaITi 3B°3KiB MK cyTHOCTsIMU. CJI0Ba, 1110 MatOTh OJJTHAKOBE HAITMCAHHS, aJle Pi3HI 3Ha-
YEHHS — «TEIUIO» 1 «TeIyIo». [HCTpYyMEHTH TEeKCTOBOTO aHaji3y BBAKAlOTh OOMJIBA CIIOBA CXOXKUMH, X04a
OJTHE 3 HHUX € IPHCITIBHUKOM, a iHIIIe — IMEHHUKOM. | paMaTiyHi npaBmIia BiIIOBITHO /10 IPUPO/IH Ta KOHTEK-
CTy BC€ I11€ 3AJIMIIAIOTHCS aKTyaIbHUM ITUTaHHAM Y c(epl IHTETIEKTYaIbHOTO aHATI3y TEKCTIB.

BucHoBku

Jlnst orpuManHs IiHHOT iH(OpMaIlii moTpiOHMIA BEIMKUI 00CST TaHUX HAa OCHOBI TEKCTY. MeToau
N00yBaHHS TEKCTYy BUKOPUCTOBYIOTHCS Uil €(PEKTUBHOIO aHai3y LIKaBOi Ta aKTyalbHOI iH(opMma-
il 3 BETMKOTO 00CATY HECTPYKTYPOBAaHHMX MaHWX. Y JaHii CTATTi MPEICTaBICHO KOPOTKUI OIS
METO/IIB, SIK1 IOTIOMAaratoTh BJOCKOHAJIMTH IIPOLIEC TEKCTOBOIO aHami3y. [t Bu1oOyBaHHS KOPUCHOT
iH(popMaLlii 3aCTOCOBYIOThCS MIE€BHI 00pa3u Ta MOCIHIIOBHOCTI, K1 YCYBaIOTh 3aiBi I IPOrHO3HOTO
aHasizy nerani. Bubip i BUKOpUCTaHHS MPAaBUIBHUX METO/IB Ta IHCTPYMEHTIB BiAMIOBIAHO /10 TIpe/-
METHOI 00J1aCTi JOIOMararTh 3pOOUTH MPOIEC IHTEIEKTYaIbHOTO aHaIi3y TEKCTIB MPOCTHUM 1 edek-
TUBHHUM. Bys0 nopiBHAHO O€3KOIITOBHE MporpamMHe 3a0e3neueHHs A1 TEKCTOBOTO aHallizy, a caMe:
RStudio, Python, Orange i RapidMiner. [aTerpariist 3HaHb PO MPEIMETHY 001aCTh, ETaNI3aLlis Pi3-
HUX KOHIICTI[ii, 0araTOMOBHICTh TEKCTY Ta HEOJHO3HAYHICTh OOPOOKH IPUPOTHOT MOBH € OCHOBHHUMH
npo6iaeMaMu Ta BUKJIMKaMH, 1110 BUHUKAIOTh I11]] 4ac MPOLECY IHTENEKTYalbHOTO aHalli3y TEKCTiB.
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YK 537.8

P.C. MYCIH, H.B. MEJIbHUK

Haunionanbnuii yHiBepcuteT «JIbBiBChbKa MOJTITEXHIKa»

BU3HAYEHHS I AHAJII3 EJIEKTPOANHAMIYHUX 3YCHJIb
B EJIEKTPOITPOBIZTHOMY XBUJIEBO/I IIPU NIOIMMWPEHHI AMILJIITYAHO
MOAYJIBbOBAHOI'O PAAIOIMITVYJIBCY

3anpononosano gizuxo-mamemamuymy Mooenb U3HAUEHHs 0CbOB0I KOMNOHEHMU GEKMOPA HANPYIHCEHOCIT MACHIN-
HO20 NOJISL 8 e1EKMPONPOGIOHOMY KPY208OMY XEUNEB00T NP NOWUPEHHT 8 HbOMY AMNIINTYOHO MOOYIbOBAHO20 PAOIOIMIYIbCY.

Enexmponpogionuii kpy2osuti x6uneeo0 3mo0enb08ano 080UAPOSUM HOPOICHUCIUM YUTIHOPOM. 306HIWHITL cma-
JIe8ULl Wap € OCHOB010, A HYMPIWIHILL MIOHUU wap — MOHKUM nokpummsam. [ito po32ensioyeanoz2o padioimnynscy 3a0aHo
SHAYEHHAMU O0CbOBOI KOMNOHEHMU 8eKMOPA HANPYHCEHOCNT MACHIMHO20 NOS HA GHYMPIWHIL I 3068HIUHIL NOBEPXHSX
xeunegody. Ilpu nowupenti padioimnynscy y Xeuneooi UHUKAIOMb NOHOEPOMOMOPHI CUU, K 3yMOBIIOIMb PO3NOOIL
e1eKMpOOUHAMIYHUX 3YCULL NO NONEPEUHOMY Nepepizy X6Uieooy.

3a 6uxiony cucmemy piHsiHb GUOPAHO CNIBBIOHOULEHHSL eleKmpoouHamixu Makceenna, Ha OCHOBI SIKUX CHOPMYIIbOBAHO
NIIOCKY 0CeCUMEMPUYHY 3a0ay)y eneKmpoOUHAMIKU 07 0082020 080UIAPOBO2O eleKMPONPOBIOHO20 NOPONCHUCTIO20 YUTTHOPA.

13 no6yoosu po3s 3Ky cghopmynbo8anoi NOUamKo8o-Kpalosoi 3a0aui enekmpoouHamMiKu UKOPUCHIAHO ANPOKCU-
Mayiro 0Ccb060i KOMNOHEHMU EKIMOPA HANPYHCCHOCME MASHIMHO20 NOJIsL N0 PAOLANbHIL 3MIHHIU KEAOPAMUYHUM NOJLIHO-
MOM 8 KOJHCHOMY CKAA0080MY wapi X6uneeooy. I1oninomu, uwjo anpokcumyoms GUSHAUAILHY QYHKYIIO 8 KOHCHOMY CKAA00-
60MY WAPI X6ULEB00Y, BUOPAHO MAKUM YUHOM, W00 6PAXYEAMU 3A0AHT 2PAHUYHI YMOBU HA BUSHAYANLHY (YHKYIIO, K HA
GHYMPIWHIT | 306HIUHITL NOBEPXHAX X6UIE800Y, MAK [ HA NOGEPXHI 3 €OHaAHHs 0CHO8U [ nokpummst. Lle oano smozy 36ecmu
BUXIOHY NOYAMKOBO-KPALIO8Y 3a0auy HA 8UBHAUANLHY (YHKYII 00 8I0n08ioHoI 3adaui Kowii na inmeepanvbHi xapakmepu-
cmuku yiei pynryii no padianeHiti 3minuiu. 3anucano 3a2anvhi po3s azku 3a0ayi Kouti 3a 00HOpioHOi HecmayioHapHOi
eNeKMpOMAacHimHOL Oil, a MaKoiC 3a OOHOPIOHO20 NOUWUPEHHSL PAOIOIMIYIbCY Y X8Unesooi. Ompumano eupasz noHOepo-
MOMOPHOI cuu y X6u1e600i Npu NOWUPEHHI 8 HbOMY PAOIOIMIYIbCY.

Jna ananizy enekmpooOuHamiyHux 3yCuiib ¥ X8Unegooi npu nowupeHHi padioiMny1sCy YucerbHO NPOAHANi308aHO
3MIHY NOHOEPOMOMOPHOL CUNU 6 HACE MA T PO3N0OLT NO MOGWUHT CIMIHKU XEULEB00Y 3ANEHCHO 6i0 AMNIIMYOHO-4ACION-
HUX XAPAKMeEPUCMUK padioiMRYIbCY.

Kniouosi cnoea: kpyzosuil x6unesoo, padioiMnyivbC, HANPYJICeHiCMb MASHIMHO20 NOAA, NOHOEPOMOMOPHA CUId,
eneKmpOOUHAMIYHT 3YCUTLIIAL.

R.S. MUSII, N.B. MELNYK

Lviv Polytechnic National University

DETERMINATION AND ANALYSIS OF ELECTRODYNAMIC FORCES
IN A CONDUCTIVE WAVEGUIDE DURING THE PROPAGATION
OF AN AMPLITUDE-MODULATED RADIO PULSE

A physico-mathematical model for determining the axial component of the magnetic field intensity vector in an
electrically conductive circular waveguide when an amplitude-modulated radio pulse propagates in it is proposed.

An electrically conductive circular waveguide is modeled by a two-layer hollow cylinder. The outer steel layer is
the base, and the inner copper layer is a thin coating. The action of the considered radio pulse is given by the values
of the axial component of the magnetic field intensity vector on the inner and outer surfaces of the waveguide. During
the propagation of a radio pulse in the waveguide, ponderomotive forces arise, which determine the distribution of
electrodynamic forces along the cross-section of the waveguide.

Maxwell's relations of electrodynamics were chosen as the initial system of equations, on the basis of which a
planar axisymmetric problem of electrodynamics for a long double-layer conductive hollow cylinder was formulated.

10 construct the solution of the formulated initial-boundary problem of electrodynamics, the approximation of the axial
component of the magnetic field intensity vector by the radial variable by a quadratic polynomial in each constituent layer
of the waveguide was used. The polynomials approximating the defining function in each component layer of the waveguide
are chosen in such a way as to take into account the given boundary conditions on the defining function, both on the inner
and outer surfaces of the waveguide, and on the surface of the base-cover connection. This made it possible to reduce the
original initial-boundary value problem on the determining function to the corresponding Cauchy problem on the integral
characteristics of this function in the radial variable. The general solutions of the Cauchy problem for homogeneous non-
stationary electromagnetic action, as well as for homogeneous propagation of a radio pulse in a waveguide, are recorded.
The expression of the ponderomotive force in the waveguide during the propagation of a radio pulse in it is obtained.

1o analyze the electrodynamic forces in the waveguide during the propagation of the radio pulse, the change in the
ponderomotive force over time and its distribution over the thickness of the waveguide wall depending on the amplitude-
frequency characteristics of the radio pulse were numerically analyzed.

Keywords: circular waveguide, radio pulse, magnetic field strength, ponderomotive force, electrodynamic forces.
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IHocTanoBka npodaemMu

EnexTponpoBiiHi KpyroBi XBUJICBOAN € OCHOBHIMH €JIEMEHTAMHU aHTEHHO-(D1IEPHUX CHCTEM, SIKi
BHUKOPHCTOBYIOTh B 0ararbox paJloTeXHIYHUX PUCTPOSX, 30KpeMa, B aBlalliifHil Ta KOCMIUHIN TEXHIL.
Jlns HaiiHOT eKCIUTyaTalii TakuxX MPUCTPOIB BaXIIMBUM € TPaBUJIBHO MPOAHAJIi3yBaTH TeMIeparypHi
Ta CHJIOBI p&KUMH (DYHKI[IOHYBaHHS BiIOBIIHUX aHTEHHO-(1IEPHUX CUCTEM Ta iX OCHOBHHUX €JIeMEH-
TiB — XBUJIEBO/IIB IIPY MOIIMPEHHI B HUX aMILTITYIHO MOJYJIbOBAaHUX pajiioiMiTyibeiB (AMPI).

Tomy, 30kpema, akTyaJIbHOIO € 3a/1a4a [IPO BU3HAYEHHS 1 aHaJ13 MOHIEPOMOTOPHUX CHJI 1 3yMOB-
JICHUX HUMH €JICKTPOJMHAMIYHHUX 3yCHIIb Y XBHJICBOAAX MPH MOIIUPEHH] B HUX Pa/liOIMITYIIbCIB.

AHAaJi3 0CTaHHIX JOCTIIXKeHb | myOsikanii

Antenno-dinepni enementu (ADE), sk npaBuiio, BAKOPUCTOBYIOTH B SIKOCT1 XBUJIEBOJIIB €JICK-
TPOMAarHiTHOTO BUIPOMIHIOBaHHS PaJio4acTOTHOTO Aiana3zony [1-3]. Y mitepaTypi BijioMi 3aKOHOMIp-
HOCTI (DyHKI[IOHYBaHHS €IEKTPONPOBIAHUX €JIEMEHTIB PI3HUX TEXHIYHUX MPUCTPOIB MPH MOLIUPEHHI
B HHX €JIEKTPOMAarHiTHUX XBWIb B YCTAJICHUX 1 KBa3lyCTaJlleHUX pexkxumax [4, 5]. OqHak He10CTaTHRO
BHUBYEHO EJIEKTPOIMHAMI4HI ePeKTH, 110 BUHUKa0Th B ADE npu nomupensi B Huux AMPI.

Binomo, 1m0 ais pagioiMIiynsCy Ha €IeKTPONPOBITHUI €IEMEHT, SIKUM € XBUJIEBOJ, MPOSBIS-
€TbCs 1BOMA (I3MYHMMHU (haKTOpaMu: TeruioM JKOyls Ta MOHASPOMOTOPHUMH cuiiaMu [6]. Brus
teria J[Koysst 3yMOBITOE PO3IIOLT TEMITEPATyPH, a BIUTUB TIOHICPOMOTOPHHUX CHJI — PO3IIOILT €JIeK-
TPOAMHAMIUHUX 3yCUJIb 110 MONEPEYHOMY Nepepi3y XBUIEBOY.

VY po6orti [ 7] mpoananizoBaHO TEMJIOBUN PEKUM KPYTOBOTO XBHJICBOY IIPH MOMIUPEHHI B HHOMY
aMIUTITYJHO MOAYJIbOBAHOIO paAioiMiyibscy. OJHaK, BIUIUB MOHAEPOMOPHUX CHUJI, SIKI 3yMOBIIIOIOThH
BUHHUKHEHHS €JIEKTPOJANHAMIUHUX 3yCHUJIb, HE BUBUCHO.

Mera pociriaKeHHs
Mertoro 1aHoi poboTH € MoOy10Ba MaTeMaTHUYHOI MOJIEN1 /111 BU3HAYEHHS OCbOBOi KOMIIOHEHTH
BEKTOpa HANpPYKEHOCTI MarHiTHOTO IOJISl B €JIEKTPOIIPOBIIHOMY KPYTrOBOMY XBHJIEBOJII TPH IMOIIH-
penHi B Hbomy AMPI Ta nocnikeHHsI 3aKOHOMIPHOCTEH 3MiHU MTOHAEPOMOTOPHOI CHUJIM B Yaci 1 1o
TOBIIMHI XBUJICBOY JJIS aHAJI3Y €JIEKTPOANHAMIYHUX 3yCUIIb B HHOMY.

BuxJ/jiageHHs1 0CHOBHOIO MaTepiaJjy J0CiXKeHHS

Buxigni cniBBigHomenHs. Kpyrmuii XBuieBii MOAENIOEMO JOBTUM IMOPOKHUCTUM €JIeK-
TPOMPOBIMHUM JBOMAPOBUM HIIHAPOM. Moro BHyTpilHili map, BUTOTOBIECHHIT 3 Mijli, € TOHKUM
MOKPUTTSM, HAHECCHUM Ha BHYTPIIIHIO MMOBEPXHIO 30BHINIHBOTO CTAJIEBOTO HWIIHIPAa — OCHOBHU
XBUJIEBOAY. Marepianu 000X CKJIaJOBHX IIapiB XBUIEBOIY OAHOPIIHI, 130TpOMHI 1 He(hepOMarHiTHi.
Enexrpo¢iznyni mapaMeTpy MUX MaTepiaiiB NpUAMAIOThCs CTATUMHU 1 pIBHUMH iX CEpeIHIM 3HauCH-
HSIM Y BIJITTOBITHUX Jliaria30HaxX Harpisy.

EnexrpomarnitHy aito AMPI matematnyHo onricaHo BupazoM [6]

H,, (t) = kH, (exp (- 1) —exp(-B,t))cos o 7. (1)

Tyt H, — amMImiTyJla CHHyCOIAaJIbHUX HECY4YMX €JIEKTPOMArHiTHUX KOJMBAHb YaCTOTH ®; B,
, B, — MapaMeTpH, L0 XapaKTepPHU3YyIOTh Yacu (POHTIB HAPOCTAHHS 1 CIIAJAAHHS IMIYJIBCHOTO CHI-
Hay ¢(t)=exp(—p,#)—exp(-P,¢), IO MOMYIIOE HECYYl CHHYCOiaabH1 ICKTPOMArHiTH1 KOJMBaHHS;
k — HOpMYBaJbHUI MHOXKHUK, ! — Yac.

Vuacninok nii AMPI y koxHOMYy n-My (n=1,2) CKIag0BOMY IIapi XBHJIEBOIY 1HAYKYIOThCS
BUXpPOBI cTpyMHu. [Ipu mpoTikaHHI IIUX CTPYMIB y CKJIQJ0BUX IIapax BUIUISETHCS HECTAlllOHApHE
tero Jxoyns Q" ske mMae 06 eMHMIi xapakTep. Y pe3yiabTaTi B3aeMojlii BUXPOBHUX CTPYMIB i3
30BHIIIHIM €JIEKTPOMArHiTHUM II0JIeM, 1110 3yMoBiieHe aiei0 AMPI, y ckianoBuX I1apax XBHIEBOILY
BHHMKAIOTH 00’ €MHI HeCTalliOHapHi IIOH1epOMOTOpHi cumu F") .
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Jlns BusHadeHHs terta Jixoyns Q) ta monpgepomoropHux cun F crouarky HeoOXiaHO
BU3HAUUTU Y KOKHOMY n— My (n=1,2) mapi XBUIEBOAY BIJIMIHHY BiJ HyJs OChOBY KOMIOHEHTY
H'!" BekTopa HanpyeHoCTi MarditHoro nosust 4" :{ 0; 0; H" (r,1) }

JIBOIIapoBy €JIEKTPONPOBIJHY CHCTEMY XBHJICBOLY BiJHECEMO /0 LWIIHAPHUYHOI CHCTEMH
KOOpJMHAT (7,¢,2), Bick 0z AKOI CIIBIAAAE 3 BICCIO CUMETPIi CKJIJIOBUX IIMIIHAPUYHUX 1IAPIB.

Posmsinaemo oxHopinny airo AMPL Toxi xommnonenta H!" (r,t) Bektopa H" e dynxuiero
pamianbHOI 3MiHHOT r Ta yacy ¢ . [y 3HaxomkeHHs QyHKIT H z(”) (r,t) 31 ciBBiIHOIIEHb MakcBeiia
OTPUMYEMO PiBHSIHHS

*H" 10 H" o H"
L 4+ - L L =0. 2
or r oar oMoy 2)

TyT o,, p, —KOCQIIIEHT EIEKTPONIPOBIAHOCTI Ta MAaTHITHA IPOHUKIIMBICTD MaTepiairy 71-ro CKiIa-
JIOBOTO 11apy XBuiieBony. PiBHSHHS (2) po3B’s13yeMO 3a KpailoBUX YMOB Ha BHYTPIIIHINA r =7, 130B-
HIIIHINA 7 = r, TOBEPXHAX LMITIHIpA

HY (rt)= H, (1), H(n.1)=H.(1). 3)

Z

Ha nosepxHi 7=r, 3’€¢JHaHHs WIapiB IMOKPUTTSA Ta OCHOBU XBHUJIEBOIY MAlOTh MiICIIE yMOBH
171eaTbHOTO €JIEKTPOMArHiTHOTO KOHTAKTY

O] 2
HO ()= 10 oy SR SHD, @
' or or
Tyt ko = 61/0, . Ipu BifcyTHOCTI 11ii AMPI B MOMEHT 4acy , _ () MOYaTKoBa yMOBa 3aIIMCY€ThCS
H" (r,0)=0. (5)

Po3B’s3y10uM MOYATKOBO-KpaoOBYy 3ajady €2)-(5), 3HAXOAMMO BHpa3 KommoHeHtn H " g
n-My Iapi XBuieBozy. 3a 3Haiinenoro dynxuiero H;"” srinno cniBBiaHOmEHs, MakcBeIa BUPa3u ATO-
MUX TyCTHH Teruia J[xoyrs 0" 1a MOHAEPOMOTOpHOT cryt F") B n-My miapi XBHJICBO/Y 3allUIIYThC:

2
1 (o H"
(m) _ 2 z
Q c, [ or J 5 (6)
P H(")
F — _ gz
r l"Ln z a r . (7)

Brnus tenna Jlxoyns ) Ha Harpis XBUIIEBOAY JOCIIKEHO B po0Oori [7]. IIpu npoexryBanni
1 po3paxyHKy HaJIMHOCTI XBUJIEBOAIB HEOOXIMHO TaKOX AOCTIAWTH €NEeKTPOAMHAMIUHI 3YCHILISA,
3yMOBJIEHI TTOHIEPOMOTOPHOIO CHiIOr0. OCKITBKH aHaNi3 TaKWX 3YCWJIb HEIOCTAaTHbO BHUCBITICHHIA
y JiTeparypi, To AOCIIIMMO 3aKOHOMIPHOCTI 3MIHU TTOHIEPOMOTOPHO1 CHJIM B Yaci 1 MO TOBIIIMHI XBU-
JIeBOY, SIKI HEOOXiTH1 JJIs aHANI3Y EJIeKTPOIUHAMIYHHUX 3yCUITb Y HHOMY.

Po3B’si3yBaHHSl MOYATKOBO-KPaiioBoi 3a/a4i eJ1eKTPOAUHAMIKHU 32 OIHOPIAHOI eeKTPo-
MarHiTHoi aii. /[ns noOynoBu po3B’s3Ky chopMynbOBaHOI BUIIE [MOYATKOBO-KpaloBOi 3a1aul enek-
TponuHamiku (2)-(5) anpokcumyemo posnoin gyukiii H " B KOXKHOMY 71-MYy IIapi XBUJIEBOIY KBa-
JPaTUIHUMH TTOJIiIHOMaMH [6, 7]

H (1) = Ya ) 7' ®)

Koedimientn ¢ (f) anpoxcHMaLiiHUX IOJIHOMIB (8) BU3HAYa€EMO Yepe3 IHTerpabHi (CyMapHi
10 NaKeTy JBOX CKJIAJ0BHX IIapiB) XapakTepucTuku H_ (t) xmodoBoi GyHkuii H" (r,1)

2 T

H,(1)=3 | H" (ri)rdr, s=12 ©)

n=lp |

i 3ay1aui kpaiiosi 3Hauenus H* (¢) gynkuii H." (r,t) Ha 30BHIIHIX MOBepXHSX (r =7 i r=r,)Ta Ha
TIOBEPXHi r =, 3’€THAHHS OCHOBH 1 IOKPUTTS XBUJICBO/LY.

https://doi.org/10.32782/mathematical-modelling/2022-5-2-6
52



ITPUKIIA/THI ITNTAHHA MATEMATHYHOI' O MOJE/IFOBAHHA Ne 5.2, 2022

Orpumyemo noganHs KoeInieHTiB ¢ (f) y BUIIIAAL
a" (t)y=d"H,, (t)+aH , (1)+aVH_ (1)+a{ H, (1), (10)

Z

nie urciosi koedimientn @\ (i =0,2, g — 1,4 ) BU3HAYAIOTHCS Y€PE3 FEOMETPUYHI IAPAMETPH Ta CIIEK-
Tpo(i3UYHI XapaKTEepUCTUKH MaTepialliB CKJIaJOBHUX IIAPiB XBUIIECBO/LY.

PiBHAHHS JUIi BH3HAUEHHs IHTETPaIbHUX XapakTepPUCTHK H  (f) OTPUMYEMO MHOKEHHAM
BHXi{HOTO piBHAHHS (2) Ha KiMo4oBy (yHKIio H” (r,1) B KO)KHOMY CKIIa0BOMY Iapi XBUIEBOLY HA
r’ Ta IHTErpyBaHHSM I10 3MIHHIN ¥ 3 ypaXyBaHHsM CIiBBiJHOLIEHHs (9). 3a Takoro miJgxoy BUXiTHA
TI0YATKOBO-KpaiioBa 3a1aua (2)-(5) Ha BusHauanbHy Gynkuito H{"” (r,1) 3Bogurses 1o 3anaui Kommi Ha
il IHTErpabHi XapaKTEePUCTUKK H_ (f) 1 ONIUCYETHCS CUCTEMOIO PIBHSHb!

dH , (1) —dH, (t)-d,H_,(t)=d,H_ (1)+d,H (1)
— (11)
d , (1) ~dyH (1) ~diH , (1) =d,H_ (t)+dH (t).

Tyt koedilieHTH d,,; MOJAIOTHCS BUPA3aMU

2 . . I R .
4= 3 (e, vaaiar,). =S (). o1 (12)

n=1 O, n=1

Jnist po3B’si3yBanHs cucteMu (11) BuKopucToBY€eMo neperBopenHs Jlamaca 3a yacom 3a HyJIbo-
BHX, BIJINOBIZHO JI0 (5), MOYaTKOBUX YMOB. 3HAXOAMMO BHPa3Hu IHTErPaIbHUX XapaKTepucTuk H (1)
dynxuinn H"(r,t) y Bursizi

)t
Ho, (1) = X [[AwH: (1) + AgH ()] e e, s =12, (13)
k=1
e
A _(Pk_de)d3+dzd7 A _(pk_dé)d4+d2d8 y _(pk_dl)d7+d3d5
e = s Ap = s Ay = )
2p, —(d, +d) 2p, —(d, +dy) 2p, —(d, +dy)

(Pk _dl)dS +d,d;
2p, —(dl "‘ds)

®opmymna (13) onucye po3p’si3ku 3aaa4i Kol uist inTerpanbHux Xapakrepuctuk H () dyHk-
uit H!” (r,t) Ha BCbOMY 4acOBOMY iHTEpBaJIi 32 OJHOPITHOI HECTAI[IOHAPHOI €IeKTPOMATHITHOT Ail,
TOOTO 3a JIOBUILHO 3MiHHMX B 4yaci Gpynkuid H; (¢). [lincrasnsroun Bupas (13) 3a Bpaxysanus (10)
y (8), oTpuMyemo Bupa3 ocboBoi kKomrnoHeHTH H (" (r,t) BeKTOpa H™ (r,1) y Burismi

A, = , P, —KopeHi piBHsHEs: P’ — p(d, +dg) + dids +dyd; =0

2t A
H® (r)= 0{ 1 >al (;j A H(0) + Ay H (1)] "k">drj+a<">Hz(r)+a,<:>H;(z)} Foo(14)
i=0 | s= =10

Po3B’s130k 3amaui 3a esexrpomarniTHoi aii AMPI. Tlincrasmstoun y kpaiioBi ymoBu (3)
3amictb Gynkuii H_ (¢), H; (t) Bupa3s (1), mo onucye airo AMPI, 3anmcyemo Bupasu ocb0BOi KOM-

nonentu H'

HE ()= R3S

() g=(Bi=io)t | p(n) p=(B=io)t
Z(Bxl B e (15)
¥ l.;i(;l)e—(ﬁwiw)f + Bl.(f)e_(ﬁzﬂw)t + Bi(sn)epl +Bi(6n)epzr) I
. . . F(n) .
Ta MUTOMOI TYCTHHH pajiaibHOi KOMIOHEHTH F. " (r,f) BekTOpa F(r,1) IIOHJAEPOMOTOPHOI CHIIU
B 1-MY IIapi XBUJIEBOLY

E™(r,t) =,

r

22122:1 Cl(”)e“” A (16)
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Tyt koedinientu o, (;=1,20), i’ (i =12, j =1,2,1=1,20) MaroTh BUIJISL:

o, =28, —iw); o, =B, +B, —2im) ;5 ay;=-2B;; oy =—B +B,); as=-B —io-p);
Og = -B, —io-p,); a; =-2B, -iw); oy = -2p,; Oy = -B, —io—-p); o, =—P, —io-p,);

o, =2, +io); o, =-B +B, +2i0); o;=-@ +io-p); o, =-@ +tio-p,); o5 =B, +in);
A6 :—([32+i0)—p1); Q7 :_(Bz +ico—p2); Qg :2])1; Oy =D+ Dy Qo :2P2; i:\/j;

(n) _ p(n) p(n). (n) _ p(n) p(n) (n) p(n). (n) _ p(n) p(n) (n) p(n).
G =B"B Gy =B/"BY + BB, CjS=B/"B)+B;B

ijl Jjl1 Jjl1 2

(n) _ p(n) p(n) (n) R(n) (n) p(n) (n) p(n). (n) _ pn) p(n) (n) p(n). (n) _ p(n) p(n) (n) p(n).
Cij4 - Bil B/4 +Bl4 le +Bi2 B/3 +Bl3 B C - Bil Bj5 +Bi5 B/l s C - Bil Bj6 +B15 B

j2 iis i6 76

Cp = BYBY; CW=BYBY +BYBY; G = BYBY + BYBY; i = BYBY + BYBY;

i = BYBY;  Cy) = BYBY + BYBY;  Cyt = BYBY + BYBY;  Ciil = BYBY + BYBY;

i = BYBY;  Cyt = BYBY + BYBY;  Cy = BYBY + BYBY;  C = BYBY;
City = B'BY + BYBY: Clty = BYBSY.

Benuunan B (i=0,2, 5-1,6) y Bupasax cw (l' =1,2,j=12,1= m) 3a5exarh Bij mapa-
MetpiB AMPI ,, B,, B,; eTeKTpo(DI3UUHUX XAPAKTEPUCTHUK ©,, W, MarepianaiB MOKPUTTS 1 OCHOBU
Ta paJiycCiB IWJIIHAPUYHUX TOBEPXOHb 7y, /; Ta F, XBUJICBO/Y, @ TAKOX KOPEHIB p,, p,.

YucsioBuii aHaji3 CHJI0BOr0 MoJsi XBUWJIeBOAY. Po3paxyHKH MpOBOAMIMCS NJIsi XBUJIEBOIY

3 pajlycaMu IMIIHIPUYHUX [TOBEPXOHB 7y = 0.008m , r, = 0.0089m, r, = 0.0099m (puc. 1).

Puc. 1. CraneBuii XBui1eBoj i3 BHYTPillIHIM MiTHUM MOKPUTTAM

[Tapamerpu AMPI npuiimManuch TakuMH, 10 BIANOBIJAIOTH Yacy TpUBAioCTi f, = 100us , yac-
TOTA HECYYMX €JIEKTPOMATHITHUX KOJIHMBaHb o = 6.28-10° rad/s (11032 OKOJIOM PE30HAHCHUX YaCTOT
€JIEKTPOMArHITHOTO IOJIS /IJIs TAHOTO XBUJIEBOY). 3a TaKOT TPUBAJIOCTI BiIOyBA€THCS I€CATH Mepio-
JIiB eNIEKTPOMArHiTHUX KOJIMBAHb JaHOT YaCTOTH. 30BHIIIHIH map (OCHOBA) BUTOTOBIICHHIA 13 HEpIKa-
Birouoi ctani X18HIT, a BHyTpimHiN (TOKPUTTS) — 13 MiJi.

Ha puic. 2 mokasaHo 3MiHy B 4aci ocb0B0i komnonenTH H'" BeKTOpa HAIPYXEHOCTi MATHITHOTO
T0JIs Ha TTOBEPXHI r = 7; 3’€IHaHHA OCHOBH 1 MOKpuUTTA. JIiHis 1 BignoBigae craieBoMy mapy, a JiHis
2 — migHOMY. Bemmunna H(" BigHeceHa 0 BenmmuuHY H,.

OTpumaHoO, 110 MaKCUMaJlbH1 3HAYEHHS HANpPY>KEHOCTI MArHiTHOTO TOJII Ha MOBEPXHI r =1,
JOCSTAIOTBCSL B MOMEHT Hacy f = 0.1z, . Lleit MOMeHT 4acy BianoBinae MakcumyMmy GyHKii ¢(7), mo
MOJYJIFO€ HECYUl CUHYCOIJaJIbHI €JIEKTPOMArHiTHI KO TIRAHHS.

Puc. 3 imoctpye 3MiHy 0cboBoi Kommonentn 1~ BekTOpa Hampy»KeHOCTi MarHiTHOrO TOJIs
0 TOBIIMHI CKJIAJ0OBUX INAPiB XBMJIEBOAY B MOMEHTH 4acy f=0.054 (miHis 1), ¢ =0.1z (minig 2)
1 ¢=0.25¢, (minis 3).
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H" /Ho

=
—
==
=
D
\

N

Y

0 2E05 4E-05 BE-05 B8E05 0.0001
t,s

. . 0 n . .
Puc. 2. 3miHa B yaci 0cb0BOI KOMIIOHEHTH H; ) Ha MEXKI1 3’€I[HaHHfl OCHOBH 1 MOKPUTTH

H" /H,

1

N~

-1
0.0089 0.00912 0.00934 0.00956 0.00978 0.01
hm

Puc. 3. 3miHa o TOBIMHI XBHJIEBOAY 0CbOBOI KOMIIOHEHTH Hz(")
B MmomenTH yacy 7 = 0.05¢, r =0.1¢,, t = 0.25¢, (ninii 1-3)

(n)

z

Bcranosneno, 1mo Haii0iib11e 3Ha4eHHS TPAIIEHTY 0ChOBOI KOMITOHEHTH

Mae MicLe B OKOJI1

HOBEPXHI /=7 3’€JHAHHS OCHOBH 1 IOKPUTTS XBUIEBOY. e BiANOBINA€ BITOMUM (QI3UYHUM 3aKOHO-
MIPHOCTSIM MOIIUPEHHS €JIeKTPOMArHiTHOTO BUIIPOMIHIOBAaHHS Pa/lioyacTOTHOTO J1ara3oHy.

Ha puc. 4 nokazaHo 3MiHy B 4Yaci pajiiajgbHOI KOMIOHEHTH F.” MOHIAEPOMOTOPHOI CHIIM Ha
BHYTPIHIA 7=r, (iHis 1) 1 3OBHILIHIH =7 (JmiHig .2)‘HOBe‘pXH$[)? XBHJIEBONY, & HA pHUC. 5 — y HOrO
CKJIaJIOBUX IIapaX Ha MOBEPXHi /=7 iX 3’e¢ananHns. Jlinig 1 Biamosigac HOKPUTTIO (CTaNeBOMY IIapy),

a JiHisA 2 — OCHOBI (MiTHOMY HIApY).

N-m?
Fo g,

U A A
AP

2605 4E-05 6E-05 8E-05 0.0001
t,s

Puc. 4. 3mina B yaci pasiaabHOI KOMIIOHEHTH Fr(”) NOH/IEPOMOTOPHOI CHJIM HA BHYTPiLIHIA r=r, (tinis 1)

i 30BHiLIHINA r=r, (JIiHis 2) NOBEPXHSAX XBUJIEBOLY
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. . . . (n) . .
3ajIeXKHICTh PO3IOILTY paaialbHOi KOMIIOHEHTH £, IOHIEPOMOTOPHOI CHIIM TI0 TOBIIHHI
CKJIaJIOBUX IIIapiB XBUJIEBOAY y pO3IVIsAyBaHi MOMeHTH 4acy (nmiHii 1-3) HaBezeHo Ha puc. 6. 3ayBa-
. . 2
’KHMO, 1110 BEJIMYUHU KOMIIOHEHTH F" Ha puc. 4-6 BinHeceni 1o Beauunnu H, .

}ﬂﬂﬂﬂ/\
w VL
Y

i
sl LD
A

N

F/HE,

0.0005

(
—|
<

N

|
\
\

|
|
|
/

p

0 2605 4E-05 6E-05 BE05 0.0001
t,s

Puc. 5. 3mina B 4aci pagiaabnoi komnonentu F) nomgepomoropnoi cuiin
Ha Me:Ki 3’€JHAHHA OCHOBH i NOKPUTTH

N-m?
Fr(")/Hg, yE

0.006

y
<,

0.002

=~ [
o |

0.0089 0.00912 0.00924 0.00956 000978 001
h,m

Puc. 6. 3mina 10 TOBIIMHI XBUJIEBOMY PafiaJbHOI KOMIIOHEHTH F| ) oHmepoMoTOPHOT CHITH
y MomenTn uacy ¢ = 0.05¢,, 1 = 0.1z, ¢ = 0.25¢, (ainii 1-3)

Sk 6aunmo 3 puc. 6, y po3mIsAIyBaHI MOMEHTH Yacy MaKCHUMaJIbHI 3HAYCHHSI PaJliajbHOi KOMIIO-
HeHTH F, OHAEPOMOTOPHOI CHIIU IOCATAIOTHCS Y MITHOMY MOKPUTTI. Ha moBepxHi 3’ € JTHAHHS MOKPUTTS
1 OCHOBM 3Ha4YeHHsI KOMIIOHEHTH F, maioTh po3puB. BenmmunHa cTprubOKa 1ux 3Ha4€Hb 3yMOBIICHA CITiB-
BIJIHOIIIEHHSIM KOEQIIIEHTIB €JIEKTPONPOBIAHOCTI Ta MAarHiTHOI MPOHUKHOCTI MarepiaiiB MOKPUTTS
1 ocHoBH. BoHa BU3Ha4Ya€e rpa/iieHT MOHAEPOMOTOPHOI CHITU 110 TOBIIMHI KPYTOBOTO XBUJICBOLY.

BucHoBku

Otpumano, o npu nomupeHHi AMPI y kpyroBomy XBHIIEBOJII MaKCUMaJIbH1 3HAYECHHS pajii-
QJIbHOT KOMIIOHEHTHU. F, TIOHJEPOMOTOPHOI CHJIHM JOCSTAIOTHCS Y TOHKOMY MiJHOMY BHYTPIIIHBOMY
MOKPUTTI. BCTaHOBIEHO, 10 MAKCUMAaJbHI PO3TATANbHI 3HAYEHHS MOHAEPOMOTOPHOI cumu F,"
y BHYTPIIIHBOMY MOKPUTTI XBHJIEBOAY npuonu3Ho y 20-30 pasiB Oinbliri, HOK 11 MAaKCUMaJbHI CTH-
CKaJIbHI 3HAYEHHS y HOTO OCHOBI.

BusiBieH1 3aKOHOMIPHOCTI € TEOPETUYHOIO OCHOBOIO JIJISl aHAJTI3Y €JIEKTPOAMHAMIYHHUX 3yCHIIb
y XBUJICBO/I1 IIPH MTOIIUPEHH] B HBOMY Pa/lioIMITYJIbCY 1 MalOTh BayKJIMBE 3HAYEHHS JUIs IPOCKTYBAHHS
1 MPOrHO3yBaHHS e(DEeKTUBHOCTI Ta HANIHHOCTI €KCILTyaTallii XBUJICBOIIB €JIEKTPOMArHITHOTO BUIIPO-
MIHIOBaHHS Pajli04aCTOTHOTO Jiana3oHy.
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T.B. PATYIIHAK, O.B. ITTAJMEHKO, A.A. OMEJIBUYK

Jlep>kaBHUI TTIOIATKOBUI YHIBEPCUTET

A.C. BUIHEMIPCBKA

TaBpiiicekuii HarlioHaNBEHUH yHiBepcuteT iM. B.1. Beprancskoro

MATEMATUYHA MOJAEJIb 3bAJIAHCOBAHOT'O XAPYYBAHHA 3 IE®ILHUTOM
KAJIOPII HA BA3I PO3IIUPEHOI'O METOY MI®®JITHA-CAH )KEOPA

Y pobomi Oocnioocyemvca numanns cmeopenHs MamemamuyHol Mooeni 30a1aHco8aH020 Xapuy8ants 3 Oegiyu-
mom Kanopii Ha 6a3i posuwupero2o memooy Miggnina-Can JKeopa. Buxoosuu 3 sucroskie Bcecgimmboi opeanizayii oxopouu
300p08 s, 0OIPYHMOBYEMbCS HEOOXIOHICIb CMBOPEHHS MAMEMAMUYHOT MOOE, SIKA 003601UNb YIMOYHIOBAMU KAACUYHI OlEmU
8IONOBIOHO 00 [HOUBIOYATILHUX NAPAMEMPIE HOOUHU, MAKUX 5K 6K, CIMamy, 8azda, 3picm, Koeqiyichm Qi3uuHol akmueHOCMi.
Y pobomi inghopmayitine 3abe3neuenrs mooeni 30anaHCO8AH020 Xapuyeants dazyemvcs Ha mabnuysix bIKB (6inkie, scupis,
8y21e60016) I KAIOPIHOCMI NPOOYKMIE XAP4Y8AHHSL.

Ha nepwomy emani posenanymo gpopmyny po3spaxyHKy ujo0enHoi Hopmu Kinbkocmi kanopii. s yiei ¢hopmynu kimouo-
BUMU Napamempamii € 6ix, 8aza, 3picm, cmams. /[ MOYHIWUX PO3PAXYHKIE 8PaAX08YI0Mb Koeiyichm (izuuHoi akmugHocmi.

Ha opyeomy emani npogooumscs po3paxyHoK wjo0eHHOi KitbKocmi OLIKi8, cupie i 8yanesodis. 32i0Ho memoody
Miggnina-Can XKeopa susnauaemocs kopuoop BIKB, sxuil obmedcyemvcst MIHIMATGHUM | MAKCUMQIbHUM 3HAYEHHSIMU
ma epaxogye basxcany Cnmyninb 3MeHUeHHs a2ll.

Ha mpemwvomy emani npoeooumucsi 6ubip Xapuosux npooykmie ma CKAadacmvcs. maonuys 6Micnty NO#CUSHUX PeHOSUH
(HympieHmig) y yux npooyKmax.

Chopmynvosano 3adauy onmumizayii 015 30a1AHCOBAHO20 XAPYYBAHHA 3 Oeiyumom Kaiopili ma po3s'si3aHo maky
3a0auwy 3 00nomoeoio 86y008ano2o 3acoby «llowyk pose'azanmnsy komn tomepuoi npocpamu MS Excel.

3a pesynomamamu 6UKOHAHUX Y MAOTUYHOMY BPOYECOpPi Oill 3HAUOEHO PO38 30K 3a0ayi onmumizayii 30a1aHco8an020
XapuyearHsi 3 0eiyumom Kanopii.

Kmouosi cnosa: gpopmyna Mighgnina-Can Keopa, 30anancosane xapuyanms, mamemamuina 3a0a4a Onmumizayii.

T.V. RATUSHNYAK, O.V. HLADCHENKO, A.A. OMELCHUK
State Tax University

Y.S. VYSHEMIRSKA
V.I. Vernadsky Taurida National University

MATHEMATICAL MODEL OF BALANCED NUTRITION WITH CALORIE DEFICIT
BASED ON THE ADVANCED MIFFLIN-ST. JEOR METHOD

According to the World Health Organization (WHQO), more than one billion people in the world are overweight.
Statistics show that this state of affairs does not depend on a person's social or professional affiliation, territory, age or
gender. In Ukraine, on average, 20% of people of working age are obese, and 25% are overweight. The fact that the number
of children and adolescents who become obese increases every year is also a cause for concern. Nutrition is important for the
vital activity of the human body and is considered one of the most important factors that determine its health, physical and
psycho-emotional state, which is why WHO considers obesity a global problem that increases the risk of diseases.

Over the last decade, the problem of high-calorie nutrition has significantly worsened in the world, which, in
combination with a decrease in physical activity due to technological progress and the resulting decrease in energy
consumption, leads to an energy imbalance.

One of the ways to get rid of excess weight is to eat with a deficit of calories. To do this, you need to know your
daily norm of calories, as well as proteins, fats and carbohydrates. There are several methods of determining this norm,
which includes the Mifflin-St. Jeor formula.

The purpose of the research is to develop a mathematical model that should make it possible to refine classic diets
according to individual parameters of a person, such as age, sex, weight, height, and physical activity coefficient.

At the first stage, we will consider the formula for calculating the daily norm of the number of calories. For this
formula, the key parameters are age, weight, height, gender. For more accurate calculations, the activity coefficient is
taken into account.

The coefficient of physical activity is the ratio of the average daily energy expenditure of a person to the energy
expenditure at rest, the so-called value of the basic metabolism. It is used to assess the sufficiency of movements in a
particular way of life. For the calculation, the distribution of the time of the day typical for a given person by types of
activities and the existing estimates of energy expenditure for them, expressed as a coefficient of the value of the basic
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exchange, are used for the calculation. The value of the main metabolism depends on the physical data of a person, and
the coefficient of physical activity depends on his life.

At the first stage, we will consider the formula for calculating the daily norm of the number of calories. For this
formula, the key parameters are age, weight, height, gender. For more accurate calculations, the activity coefficient is
taken into account.

At the second stage, you need to calculate the daily amount of proteins, fats and carbohydrates. According to
the Mifflin-St. Jeor method, the so-called corridor is determined, which takes into account the desired degree of weight
reduction and is limited to minimum and maximum values.

At the third stage of forming a balanced diet, it is necessary to select a list of food products and compile a table
of the content of nutrients in these products. The mathematical problem of optimization was solved with the help of the
built-in "Solver"” tool of the MS Excel computer program. Based on the results of the actions performed in the table
processor, we will get the solution to the problem of optimizing a balanced diet with a calorie deficit and summarize it in
the corresponding table.

Keywords: Mifflin-St. Jeor formula, balanced nutrition, mathematical problem of optimization.

IMocTanoBka npodieMu

Bcecitas opranizaiis oxoponu 3710poB’st (BOO3) mocTiitHO MOHITOPUTH MOKa3HUKH 3/I0POB’ S
moneit ans 194 kpain-uneniB Opranizamii 00’ eIHaHUX HaIliil Ta MOPIYHO HANAE CTATUCTHYHO-a-
HanmiTHYHU# 3BIT. 3a nanumu BOO3, Ouibine oMHOTO MIUTbApAA JIIOJAEH y CBITI MalOTh 3aiBYy Bary.
B Vkpaini B cepeqaboMy 20% 0ci6 mpaiie31aTHOTO BiKy CTPaKJal0Th HA OKUPIHHS, a 25% - MaloTh
HAQ/UTUILIKOBY Macy Tijla. 3aHEMOKOEHHS BHKJIMKAE TAKOXK TOW (DaKT, II0 3 KOKHUM POKOM 301IbIIIY-
€THCSI UNCIIO AITEeH 1 MIJUIITKIB, Y SIKUX BUHUKA€E OKUPIHHS. XapuyBaHHS Ma€ BayKJIMBE 3HAUYEHHS IS
KUTTEISUTBHOCTI OpraHi3My JIFOIMHU 1 BBAKAETHCS OTHAM 3 HAMBAXKJIUBIIIMX (haKTOPIB, IO BU3HAYA-
I0Th 11 3110poB's, (hiznuHMii 1 ncuxoemouiituuii ctan. Came Tomy BOO3 po3misiiae 0XupiHHS SK TI10-
OanpHy 1Tpo0IeMy, sIKa IMiIBUIIYE pU3UK BUHUKHEHHS 3aXBOPIOBaHb. 32 OCTAHHE JACCATUIITTS B CBITI
3HAYHO 3arocTpuiacs MpobdiaemMa BUCOKOKAIOPIMHOTO XapuyBaHHS, 1110 B MOE€IHAHHI 31 3MEHIICHHIM
(13MYHOT aKTMBHOCTI BHACIIOK TEXHIYHOTO MPOTPeCy i COPUYMHEHOTO HUM 3HMKEHHS €HEPTrOBH-
Tpar, IPU3BOJUTH J10 €HEPIeTUUHOro nucbanancy [1-3].

AHAaJi3 0CTaHHIX J0CTIIKeHb Ta MyOaiKamii

B enoxy iHdopMmaniiiHoi KyJIbTypH NMUTaHHS aBTOMAaTW30BAaHOTO CKJIAJaHHs 30aJaHCOBAHOTIO
Xap4yyBaHHS BUBYAIM TaKi BITYM3HSIHI HaykoBIl, sk Konapyk H.E., Mansap M.M., l'opneako O.M.,
Tomeit A.L. [4-5], Ta 3apyOixkui: Hong S. M., Kim G., Gupta M., Bhattacharjee P., Kovasznai G.,
Ma’aruf L. M., Garba M [6-9].

OpnarM 13 cIoco0i1B 1M030aBIICHHS Bijl 3aliBO1 Baru € Xap4yBaHHs 3 e(hiuTOM Kaopii. J{7s mporo
MOTPiIOHO 3HATH CBOIO LIOICHHY HOPMY KIJIBKOCTI KaJIOpiii, a Takoxk OUIKIB, )KUPIB 1 BYIIeBOIIB. IcHye
JIEK1JIbKa METO/IIB BU3HAYCHHS 111€1 HOPMH, JI0 SKUX HaJIekKUTh popmyna Middmina-Can XKeopa [10].

Meta gocaigKeHHS
MeTtoro pociigzkeHHs: € po3poOka MaTeMaTUYHOI MOAEN, sIKa JO03BOJUTh YTOYHIOBATH KJla-
CUYHI JII€ETH BIAMOBITHO O 1HAWBIIyadbHUX MapaMeTPiB JIFOIWHU, TAKUX SIK BiK, CTaTh, Bara, 3picT,
koedimieHT Pi3UUHOT AKTUBHOCTI.

BuxkjaneHHs1 0CHOBHOIO MaTepiay J0Ci:KeHHS
JlronuH1 IiarHOCTYIOTh OKUPIHHS, SIKIIO 1HIEKC Macu Tina nepesuinye 30 kr/m?. [Hnekc macu
TiJIa pO3pPaxOBYIOTh SIK BIIHOIIEHHS Baru JIIOAWHU (y KUTIOTpaMax) JI0 3BEJIEHOTO Yy KBaJpaT 3pOCTy
JIIOAWHY (B METpPax):

I = Weight/Height?. (1)

3HaueHHs [HAEKCY MacH TiJIa IHTEPIPETYIOTh 3T1IHO TaouIli 1.
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Tabmuus 1
Ianexc macu Tia
3HaueHHs! IHJEKCY MacH Tijia Iareprperanis
1<16 Haamipauii nedinut Macu tijga
16 — 18,49 Jedimut macu Tina
18,5 —24,99 HopmanbHa Bara
25-29,99 [epenoxupinns (HaaMipHa Bara)
30-34,99 OXHpPIHHS MEPIIOTO CTYTICHS
35-39,99 O>KUpiHHS APYTOTO CTYNEHS
1>=40 OXUPIHHS TPETHOTO CTYTICHS

IcHye nmexinpka MAXOAIB 10 TOMOJIAHHS 3aiiBOi Baru: HEMEIWKAMEHTO3HI, MEIMKaMEHTO3HI
Ta Xipypriyxi.

TonoBHe Mmicue B JIiKyBaHHI O)KUPIHHA 3aiiMalOTh METO/IM HAJIATOKECHHS MPABHIBHOTO Xapuy-
BaHHs Ta (I3MYHOTO HABAHTAXKECHHSI, SIK1 CIIPSIMOBAHO Ha 3MEHIIICHHSI HAIXOKCHHSI KaJlopiil Ta/abo
3011bIIEHHS BUTPAT eHeprii. TUIbKKM NOCTyIoBa, TpUBaa 3MiHa XapakTepy XapuyBaHHs Ta XapuOBUX
3BHYOK, II0 CKJIAJHCS, @ HE THMYacOBE OOMEKECHHSI B)KMBAHHS MEBHUX MPOIYKTIB, MOXE rapaHTy-
BaTH yCIillIHE 3HIKEeHHS Baru. KpiM Toro, asist 3011b1IEeHHS BUTPATH €Heprii HeoO0X1/1HO 301IbIIyBaTH
¢i3uuny akTuBHICTS [ 11-12].

Ha nepmomy erani po3mistHeMo (GopMylly po3paxyHKY LIOAEHHOI HOPMH KUIBKOCTI KaJOpii.
Jis i€l popmMynu KIIOUOBUMH NapaMeTpaMu € BiK, Bara, 3piCT, cTaTh. [ TOYHIMINUX PO3paxyHKiB
BPaxoBYIOTh KOe(ilieHT (Hi3MUHOT aKTHBHOCTI.

KoedimieHnT ¢i3nvHO1 aKTUBHOCTI - 1€ BIIHOIIEHHS CEPEeIHHOT000BUX BUTPAT CHEPTIi JTIOIHMHA
JI0 BUTpAT €Heprii y cTaHl CHOKOI0, TaK 3BaHOI BEIMYMHU OCHOBHOTO O0OMiHY. BiH 3acTocOByeThCs
JUIS OLIIHKHM JOCTATHOCTI PyXiB MPHU TOMY YU 1HIIOMY croco0i KUTTs. i po3paxyHKy BHKOPHCTO-
BYIOTh TUTIOBHH JUISI JaHOT JIFOAMHU PO3IIOALT Yacy 00U 3a BUAAMH JISUTBHOCTI Ta ICHYIOYI OLIHKU
BUTpAT €Heprii Ha HUX, BUPAKEH] K KOe(IIEHT BEIMYMHU OCHOBHOTO oOMiHy. BennunHa ocHOB-
HOTO 0OMIHY 3aJI€KUTh BiJ (PI3UYHUX JAHUX JIIOAUHH, a KoedimieHT (i3uuHO] aKTUBHOCTI — BiJl HOTO
xuTTs. KoediienT dizudanoi aktuBHOCTI A (Tabmuis 2) moxe BapitoBatucs Bia 1 1o 1,9.

VY naniit po6oti Oyzae po3risiHyTO 1 BuKopuctano Gopmyny Middmaina-Can XKeopa [10]. 3a dop-
mynoro Middmaina-Can JKeopa MoxkHa po3paxyBaTH HEOOXiJHY KUIBKICTh KUTOKaNOpid (KKas) Ha
100y Jutst KOHKpeTHOT ocoOwu. Lle ogHa 3 HOBITHIX (OPMYIT pO3paxyHKy Kalopii JUisi CXyIHEHHS a0o
30epexeHHs1 HopManbHOi Baru. @opmyiry Oyino 3ampomonoBano y 2005 porri rpymnoro aMepuKaHChKUX
JKapiB-J1€TOJIOrB MM KepiBHULTBOM JokTopa Migdnina-Can XKeopa, 1 BOHA TOCTYNOBO BUTICHUIIA
3 00iry knacuuny ¢popmyny Xappica-benenukra. @opmyna Middaina-Can XKeopa icHye y ABOX Bapi-
aHTax — CIIPOIIEHOMY Ta PO3LMIUPEHOMY (JI0OTIPAIIbOBAHOMY).

TaoOmuis 2
KoedimienT (piznunoi akTHBHOCTI
3HaueHHs KoedimienTa .
(hi3UIHOT aKTUBHOCTI Turepnperanis
A=1 BincyTHICTh aKTUBHOCTI
A=1.2 MinimManbHa aKTUBHICTH
A=1,375 3aHATTS ITHECOM TPUYi HA THXK/ICHb
A =1,4625 3aaarTs GiTHecoM 5 pa3iB HA THKACHB
A=1,55 [HTeHcnBHe (i3uuHEe HaBaHTAKCHHS S pa3iB Ha THIK/ICHb
A=1,725 IaTeHcuBHe (i3muHe HaBaHTAXKEHHS MOAHS a0 ABiUl Ha JCHD
3aHATTS BAXKKOIO aTJICTHKOI, 200 1HINUMH CHJIIOBUMHE BUIAMHU CIIOPTY
A=19 31 MOJICHHUMH TPEHYBaHHSIMH,
TaKOX BaKKa (Di3M4HA Mpars
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Pozmupena dhopmyna Middaina-Can XKeopa BpaxoBye cTarb, Bik (y pokax), Bary (y Kijgorpa-
Max), 3picT (y CAaHTUMETpax) 0COOH, a TaKOXK Koe(ilieHT Pi3UUHOT aKTUBHOCTI JJIs1 BU3HAUEHHS KiJlb-
KOCTI KiJIOKaJIOpii Ha 100y AJIS MATPUMKH Bary.

®dopmyna Middmina-Can JKeopa 17151 40IOBIKIB:

S =(9,99 - Weight + 6,25 - Height-4,92 - Age +5)- 4 ; (2)
®dopmyna Middmina-Can JKeopa m1s1 )KIHOK:
S =(9,99 - Weight + 6,25 - Height-4,92 - Age —161)- 4. 3)

Hanpuknan, ms xxinku BikoM 50 pokiB, 3 Baroto 62 k1, 3poctoM 156 cm 1 koediieHToM (hi3ndHOT
aKkTUBHOCTI 1,375 mIoaeHHa KilbKOCTI Kilokanopiif Ha 100y 3a dopmymnoro (3) craHoBuTh S| =1633.
Takox BCTaHOBIIEHO, 1110 1HIEKC MacH Tia 3a popmyroro (1) ckinamae I = 25,48 . Take 3HaYCHHS 1HICKCY
3riiHO Tabmuil 1 IHTepIpeTyeThCs, SIK NepeloKUpiHHs. ToMy BapTO 3MIHUTH PaLliOH XapuyBaHHS.

Ha nmpyromy erami moTpiOHO po3paxyBaTd IIOJEHHY KiTBbKICTh OUIKiB, KUPIB 1 BYIJIEBOJIB
(BXXB). 3rigao metony Middmaina-Can Keopa [10] BuzHagaeTscs Tak 3Banuii kopunop BXB, skuii
BpaxoBye OaxkaHy cTymniHb 3MeHIeHHs Baru (10% a6o 20%) 1 0OMeXy€eThCsl MiHIMAIBHUM 1 MaKCH-
MaJIbHUM 3HaueHHsAMU. Hanpukaz, skio 6akaHuM 3MEHIIeHHAM Baru Oyzie oopaHo 20%, To kopu-
nop bXB 3rigHo Tabnuii 3 cTaHOBUTHME:

Tabmums 3
Kopunop 3nauens b)KB
Minimansae 3nauenus b)KB Maxkcumanbue 3HaueHHs b)XXB
Binku, © 65 114
Kupu, T 36 51
Byrnesomm, T 131 180
Kauopii, kkan 1306

Ockinbku po3paxoBani 3HaueHHs1 b)KB He 1ar0Th BIAMOBIII HA MTUTaHHS, SK PABHIBLHO CKIACTH
N1000BE MEHIO 13 HasiBHOTO CIIMCKY XapyOBHMX IPOAYKTIB, TO y JlaHii poOOTI po3pobieHo marema-
TUYHY MOJIeJIb 30a71aHCOBAHOTO Xap4yyBaHHs 3 e(iuTOM Kanopiid. Taka MoJeb IpeCcTaBIisge cOO0k0
niHiNHY 3334y onTtumizalii (4) — (7), sKa T03BOJISIE BU3HAUYUTH JOOOBY HOPMY KOXKHOTO XapuOBOTO
IPOMYKTY i3 JESKOTO 3aIIAHOBAHOTO CHMCKY Y, i = 1,7 JUISl IOJEHHOTO MIETHYHOTO XapuyBaHHS.
Crucok mpoayKTiB XapuyBaHHS BIAMNOBIIa€ 0OpaHii JI€Ti.

Binoma enuna odimiiiHa cricTeMa HOMEPHUX €T, KA BUKOPUCTOBYETHCS y JTIKApHSIX, CaHATO-
pisix Ta mpoduIaKTOpisAX 1 MICTUTH ONM3bKO 15 ocHOBHUX nieT. Hepomikom BijoMoro crnoco0y ckJia-
JaHHS HOMEpHUX JiieT 3a [leB3Hepom € Te, 0 II€TH IPU [IbOMY € CTaHJAAPTHUMHU 1 PO3PAXOBAHUMHU
Ha CepeIHbOCTATUCTUYHOTO, @ HE Ha KOHKPETHOTO XBOPOTO, MPH 3aCTOCYBaHHI X ii 0 KOHKPETHOTO
XBOPOTO BUHUKAIOTh TEXHIYHI TPYAHOLIl BU3BHAYEHHS CKJIaJOBUX JIETH 3 TOTPIOHUM BMICTOM B HbOMY
KUPIB, OUIKIB, BYIJICBOIB, KAJIOPii Ta OCHOBHUX MIKPOHYTPI€HTIB (Hampukiai, Bitaminib) [5, 11].

Ha Ttperbomy etami hopMyBaHHS 30alaHCOBAHOTO Xap4dyBaHHS HEOOXiTHO BUOpPATH MEPENTiK
XapuoOBUX MPOAYKTIB Ta CKJIACTH TAaOIMIII0 BMICTY KaJjopiH, OUIKiB, xkupis, ByrieBoiB (KBXB) y mux
npoaykrax. Hexail mepenik xapuoBux NpoaykTiB Mae 14 HaiimenyBaHb (Tabmuis 4), ski BiANOBiga-
10Th aieri Ne 4.

VY nauiii po6oTi iHpopMaliiiiHe 3a0e31edeHHs CUCTEMU 30aJaHCOBAHOTO XapuyBaHHs 0a3y€eThCs
Ha tabmuigx bXB 1 kanopiitHocTi mpoaykriB xapuyBanHs Ha 100 rpam. Hampukman, 6a3y naHux
MIPOMYKTIB Ta IXHIM BMICT KaJoOpiif, OLIKIB, )KUPIB, ByIJICBOAIB MOXKHA C(HOPMYBATH, CKOPUCTABIINCH
nosinHukoM [13]. TyT mpencraBiaeHO NPOAYKTH XapyyBaHHS 3a KaTeropisMu abo 3a andaBiTHUM
MOKaXYMKOM. Takoxk i1CHYIOTh CHelliasIbHI JJOBIIHUKH Xap4oBUX MpoaykTiB [11, 12, 14].
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Tabmus 4
Bwmict KBXB y nponykrax xapayBaHHs aiis g€t Ne 4

Yo A 5 c : :
1 B 100 r npoxykry
2 IponykTu binxwu, Kupu, r Byrnesonu, r Kxan
3 Sliiue kypsiae 12,7 11,5 0,7 157
4 OJ1isl COHALIHUKOBA 0 99,9 0 899
5 Kaptormist 2 0,1 19,7 83
6 KOH/:[I/ITe[z;:[1;)1:[1H h:lizl)n BUPOOU 48 2.8 777 336
7 Macio 0,6 82,5 0,9 748
8 JKurniit X116 4,7 0,7 49,8 214
9 Kpymu (rpedana) 2,6 2,6 68 329
10 Moutoxo 2,8 32 4,7 58

OBoui cBiXki

1 (karycra 1BiTHA) 2,5 0 4.9 29
12 Imennanuii xio 7,7 2.4 53,4 254
13 Puba munTai 15,9 0,7 0 70
14 Cup TBepawmii 23,4 30 0 371
15 OpyKTH (arenbChH) 0,9 0 8,4 38
16 Yaii (3enenuii) 0,1 0 6,8 28

Cdhopmymroemo MaTeMaTHUHy MOZAETH 30aTaHCOBAHOTO XapuyBaHHA 3 Je(IIIUTOM Kajopii Ha
0a3i posmmpenoro merony Middaina-Can XKeopa.

Hexaii BioMo, 110 Ui I€ETUYHOTO XapuyBaHHS BU3HAYEHO # NPOMAYKTIB, IS SKUX BiJIOMI
BMICT O1JIKIB, KHPIB, BYIJIEBO/IIB 1 KaJIOpii, 30Kpema:

x)— Bara 6ikiB y 100 r i -ro mpOAYyKTY,

x” — Bara xwupiB y 100 r i -ro npoayKry,

x!9 — Bara ByrieBoziB y 100 r i -ro mpomaykry,

x — kinpkicth Kkany 100 T i -ro nIpoaykTy,

Binnosinno 1o merony Middnina-Can Xeopa BioMO Takox:

S — onTUManbHa KiTBKICTh KaJIOpiH,
Ta BU3HAYEHO YMOBH OOMEXEHHS I O1IKIB, )KUPIB, ByTJICBOIIB:

a <S89 <a,,
b <S? <b,, 4

¢ <89 <.

Heo0xi1HO BU3HAUNUTH Bary KOXHOTO 3 MPOAYKTIB y,, i = l,n Ui IIOJEHHOTO AIETUYHOTO Xap-
qyBaHHS.
3 MeTor0 MareMaTryHOi opmartizaii 3a/1a4i BBEIEMO TO3HAYCHHS

(a)
. x4y e,
Y = %Y _ para GikiB i-ro MPOAYKTY,

b, ,
= % — Bara KMpiB i -TO TIPOAYKTY, (5)
. .
= % — Bara BYIJICBOJIB i -TO TIPOIIYKTY,
. x.(d) Y, . .
Y = W — KibKicTh KKauT i -TrO IpOoIyKTYy.
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Toni 3amada onTumizamii BignmoBigHO g0 Meronuku Middmnina-Can Xeopa dopmymoeTses
HACTYITHUM YHHOM:
3HAUTU y,, i =1,n,

. . a(d)  a(d) )\ o(d) (d)
SIKIIO IUTBOBA (DYHKITisS S .Lx )= in -S§ (6)
i=1
TIPH 32/IaHUX OOMEKEHHSX
a, <Y i <a,,
i=1
b <Y #" <b,, (7)
i=1

¢ < zn:fci(” <c,.
i=1

YMoBu obMexeHHs y hopmynax (4) Ta (7) MOSCHIOIOTHCS POJUTIO O1IKIB, )KUPIB Ta BYIJIEBO/IB
y XapuyBaHHI.

3amauay ontumizariii (6)—(7) Oyne po3B's3aHo 3acobamu koM roTepHOi mporpamu MS Excel.

BianoBigHo 10 oOpaHoro mepeniky MpoaykTiB 3 14 HaliMenyBaHb (Tabnuus 4) , ans 3amadi
onTtumizaii (6)—(7) 3HaueHHs i =1,n, n=14.

s po3B’si3anHHs 3a1aul ontumiszamii (6)—(7) CKOpUCTaEMOCH YHIBEPCAJIbHUM 1HCTPYMEHTOM
ompaifoBanHs TabnuuHux nanux MS Excel, cknagemo tabnuirio 5, B AKy BBeeMo HeoOXiaHi dhop-
mynu. Toxi Oyaemo mrykatu po3B’si30K 3a/1aqi onTuMizaii y,, i = Ln, n=14, sxuii Bianosinae mia-
nazony komipok F20:F33 tabnumi 5.

Hianazon komipok F20:F33 Moyke MaTu HylIbOBI OYATKOBI 3HAUEHHS a00 1HIIL. Y naHiit poboTi
B SIKOCTI TIOYATKOBUX JIAaHUX BI3bMEMO JIaHi 13 HAyKOBO1 poOOTH [5], B siKiii Oyi10 po3p0o0ieHO MEHIO Ha
ocHOBI mietu Ne 4 st qiBureu 13 pokiB 3 Baroro 47 KT, sKiii Oys10 mocTaBieHo Aiarao3 «llepesromay.
VY nianazoni B20:E34 Tabnuui 5 BBenemo dopmynu (5) ams po3paxyHky 10060Boi kimpkocti KEXXB.
Komipka E34 mictuTh 1inboBy (yHKIiO (6).

Tabmus 5
[TouarkoBuii cTaH po3paxyHKOBOI TAOIUIN 3a7a4l ONTUMI3aLlil
Jiag;fﬁla A B C D E F
1 2 3 4 5 6 7
18 DopMynu 11 PO3PaXyHKY
19 IIponyxTn binkwu, Kupu, r Byrnesoau, T Kxan Jiera, T
20 Siine kypsiue | =$F20/100*B3 | =$F20/100*C3 | =$F20/100*D3 | =$F20/100*E3 12
21 Omnis =$F21/100*B4 | =$F21/100*C4 | =$F21/100*D4 | =$F21/100*E4 5
22 Kapromust =$F22/100*B5 | =$F22/100*C5 | =$F22/100*D5 | =$F22/100*E5 217
23 [psiauku =$F23/100*B6 | =$F23/100*C6 | =$F23/100*D6 | =$F23/100*E6 150
24 Macino =$F24/100*B7 | =$F24/100*C7 | =$F24/100*D7 | =$F24/100*E7 42
25 JKurwiii x7116 =$F25/100*B8 | =$F25/100*C8 | =$F25/100*D8 | =$F25/100*E8 100
26 Kpyn =$F26/100*B9 | =$F26/100*C9 | =$F26/100*D9 | =$F26/100*E9 76
(rpeuana)
27 Monoxo =$F27/100*B10 | =$F27/100*C10 | =$F27/100*D10 | =$F27/100*E10 321
OBoui CBIXKI
28 (xarrycra =$F28/100*B11 | =$F28/100*C11 | =$F28/100*D11 | =§F28/100*E11 500
[IBITHA)
29 Hmi‘ﬂg‘m“ =$F29/100*B12 | =$F29/100*C12 | =$F29/100*D12 | =$F29/100*E12 200
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[TponowxenHs TabauIt 5

1 2 3 4 5 6 7
30 | PuGa mumraii | —S$F30/100%B13 —$F30/100%C13 =$F30/100*D13 | =$F30/100*E13 | 150
31 | Cuprsepmmii | =SF31/100%B14 =$F31/100*C14 =$F31/100*D14 | =$F31/100*E14 | 10
32 PpykrH —$F32/100%B15 —$F32/100*C15 =$F32/100*D15 | =$F32/100*E15 | 50

(amenbCuH)
33 | Yait (senenmit) | =$F33/100%B16 —$F33/100*C16 —$F33/100¥D16 | =$F33/100*E16 | 1
34 CYMA —CYMM(B20:B33) | =CYMM(C20:C33) |=CYMM(D20:D33) | =CYMM(E20:E33)

VY nianasoni J2:J4 taGnuii 6 BBenemo Gopmynu (7) MareMaTHYHOT MOJIETII.

Tabnuusg 6
Po3paxynkoBe 3HaueHHs1 bXKB
Ne piia H I J K
Ta0muIl
1 MinimanibHe 3Ha4eHHst | PospaxyHkoBe 3HaueHHS | MakcumaiibHE 3HaYCHHS
bXB BXB bXB
2 Binku, v 65 =B34 114
3 Kupwu, r 36 =C34 51
4 ByrneBoau, r 131 =D34 180
5 Kauopii, kkan 1306

3anaay ontumizaitii (6)—(7) Oyae po3B'si3aHo 3 JOMTOMOT010 BOy10BaHOTO 3ac00y «Ilomryk po3s's-
3aHH KoMI'toTepHOi mporpamu MS Excel cummiekc-meTonom abo METOI0M 3BEIEHOTO TPali€HTA.
J1s1 3HaXOMKEeHHSI pO3B’SI3KY Y, , [ = 1,n, n =14 3agaui ontumizariii (6)—(7) 3acrocyemo «Ilomryk
PO3B’S3Ky» HaCTyITHUM YMHOM: Tioepemo 3naueHHs F20:F33 Tak, mo6 mimpoBa komipka E34, B saxii
00UHCITIOETRCST 10OOBa cyMa Kayopiit 3a popmyroro (6), mocsaria 3HadeHHs 1306. 3 1i€r0 METOO
y BikHI iporpamu «Ilomryk po3B’si3Ky» BBEIEMO HEOOXiHI MapaMeTpH, SIK MOKa3aHO Ha PUCYHKY 1.

3a pe3yapraTaMy BUKOHAHHUX Y TaOJMYHOMY MIPOIIECOPi A1l OTpIMaeMO po3B’SI30K 3a]1a4i ONTH-
Mi3aillli 30a1aHCOBaHOT0 XapuyBaHHsI 3 AeIIUTOM Kajopiii (6)—(7), mpoaeMOHCTPOBaHHM y Ta0uIIi 7.

Tabnuus 7
Po3B’a30k 3aga4i onTuMizaii 30aaHCcOBaHOTO Xap4ayBaHHS
Ne psinka A F
TadIHLi IponyxTu Hiera, T
20 Situe xypsiae 76
21 Outist COHSIHUKOBA 0
22 Kaprommns 33
23 Konaurepchki MydHi BUpOOH (TIPSTHUKH) 66
24 Macno 0
25 Kurniit x1i0 76
26 Kpynu (rpeuana) 37
27 Moinoxo 15
28 OBoui cBiXkI (Karycra 1BiTHA) 30
29 IMTmennynwmit X116 102
30 Puba munHTait 176
31 Cup TBepauii 66
32 OpykTH (anenscun) 13
33 Yaii (3eneHuii) 4
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MNapameTpw po3s'A3yBada X
ONTUMIZYEATH UiNbOBY BYHKLIKD: $E$341 +
Ao O MakKcmym O MMy @ 3HAYEHHA: 1306

IMIHHOHDYH ENITHHEN 3MIHHNXG

$F320:5F533 4+

MianAarae obMEeEXEHHAM:

$FE20:5F333 = uine Nopatn

SF$20:5F533 >= 0

$152:3)84 <= FKI2:FK 54 .

$152:5184 > = $152:5154 SMIHITH
Bvganutn
CEHHYTH

3aEaHTaxuTH/20epertn
3pobKUTH HeODMEXKEHI 2MIHHI HE BIG EMHKMM
BubepiTe MeTog 3a meTodoM 3BEAeHOro rpadieHTa R Mapametpyn

POZE'AZAHHA:

MEeToA po3B'A3aHHA

AnA po3B'A3aHHA MaAKKX HENIHIRHNX 33434 BGepiTe Po3B'AZYEAY HENIHINHNX 33434 338 METOA0M 3EELEHOMO
rpajienta. JnA po3B'A2aHHA NiHIHKX 2aE4aHL BWGEPITE PO3E'AZYEAY 38 CUMMNAEKC-METOA0M, ANA HETNAAKMXK
33BAaHL BMGEpITE PO3EWEaHUI pO2B'A3YEaY.

Noeiaka Po3B'A3aTH 3aKpuTH

Puc. 1. [Iapamerpu nporpamu «Ilomyk po3B’si3aHHI» A8 MATEeMATHYHOI 3a/1a4i onTUMi3aii

BucHoBku
Po3pob6nena MaTeMaTnyHa MOJIEINb 1a€ MOXKIIUBICTh YTOYHIOBATH KJIACHYHI1 JII€TH BiIMOBIAHO JI0
1H/IMBITya bHUX ITapaMETPIB JIFOAWHU, TAKUX SIK BiK, CTaTh, Bara, 3picT, KOC(IieHT (i3NIHOT aKTHUB-
HOCTI. PO3po0iieny Moienb TUTaHy€ThCS TOOTIPAIIOBATH TaK, 100 MiA0ip XapuoBUX MPOIYKTIB BPaxo-
ByBaB He Tiibku KB)XKB, ane i mogeHHy HopMy MiKpOHYTpi€HTIB (BiTamiHiB) [5, 15].
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A.B. COXALIbKMIA

[HCTHTYT TpaHCTIOPTHUX cucTeM Ta TexHosorii HAH Ykpainu
VYHiBepcuTeT MUTHOT cripaBH Ta (iHaHCIB

M.C. APCEHIOK

[HCTUTYT TpaHCTIOpTHHUX crucTeM Ta TexHomoriit HAH Ykpainu

YUCJTOBE MOAEJIIOBAHHSA OBTIKAHHA MOJEJII
TPAHCITIOPTHOI'O 3ACOBY THUITY AHMED CAR

Peanvui meuii nagxono mpancnopmuux anapamis € mypoynenmuumu. Pospaxynox maxux meuiti 3anuuacmsca
OOHI€I0 3 HaOINbW CKAAOHUX npodaem. Ha cbo200Hi 6 00UUCO8ANbHIL aepOOUHAMIYT BIOCYMHI YHIBEPCATIbHI Mamema-
muyHi modeni mypoynenmuocmi. Haoitine nepedbauenms xapaxmepucmux mypOoyieHmHux nomoKie Haaiexcums 00 GUHAN-
KOB0 8AdCIUBOI HAYKOBOI npobiiemu i N08 a3aHe 3i CKIAOHICMIO ma HeOOCAMHIM 8UBUEHHAM MYpOYIeHmHOCMI AK Qi3uy-
Ho20 Asuwa. Posenadacmvca 3a0ava mamemamuiHo20 MOOeN08AHH AepOOUHAMIKU HAZEMHO20 MPAHCHOPMHOZ0 3AC00Y.
Memoio pobomu € nodydosa mamemamuunoi MoOei, YUCIO8020 MEMOOY, ANOPUMMY PO36 A3Y8AHH 3a0adi ma cmeo-
DeHHs NPoepaMHO20 3a0e3neuenHs 0N OOCHIONHCEHHA AepOOUHAMIYHUX XAPAKMEPUCTHUK HA3EMHO20 MPAHCHOPMHO20
3acoby muny noeano 06miuno2o mina. [ns onucy meuii HA8KOIO0 MPAHCHOPMHOZ0 3ACO0Y BUKOPUCHAHO OCePeOHeH] 3d
Petinonvocom pisuanus Hae’e-Cmoxkca. [na samukanus ocepeonenux 3a Petinonvocom pisHsans Hae'e-Cmoxkca 3acmoco-
8ano osonapamempuuny modenv mypoyrenmuocmi SST Menmepa. Mooenv SST 3a axicmio nepegepuiye pao iHuux mooe-
Jeil mypoyieHmHocmi, aie 3a 00YUCIIO8AIbHOIO NPOCMOMOIO | GUMPAMAMU NOCMYNAEMbC MOOEIAM 3 OOHUM PIGHAHHAM.
Po3spobneno memoouxy, areopumm po3e’a3yeanus 3adaui ma npoepamue sabesneuents. s yucio6o2o inmezpyeanis
cucmemu OugepenyianbHux pisHAHb UKOPUCIAHO CKIHUeHHO-00 eMHULl Memoo. 3adaua po3e sa3yseanacs 6 bazamoonoy-
Hill nocmarosyi. [Iposedeno mecmysants po3pooieHOi MemoOuKy Ha CMAaHOAPMHUX 3a0a4ax aepoOUHAMIKLL.

Ilposedero uucnose MoO0eno8ants 0OMIKAHHA MOOeNi HA3eMHO20 MPAHCNOPMHO20 3aco0y muny Ahmend Car.
Bci pospaxynxu npogoounucs st wucia Petinonvoca Re=1,5%10°. [locaiosceno 6niue Kyma HaxumLy KOpMogoi Hacmunu
MoOeni mpancnopmuo20 3acody Ha xapaxkmep meuii. IIpoeedeni 0ocniodcens NOKA3anU, Wo GeNUYUHA KYMY HAXUTY
KOpMO60I yacmu iCmomHno 3MiHIO€ 11020 aepoounamiuni xapakmepucmuxuy. Ilooanvuuii ananiz meopemuyHux ma npax-
MUYHUX OOCTIONHCEHb NOKA3YE, WO AePOOUHAMIUHI XapaAKMePUCTUKU MAOMb SHAYHULL 6NIUE HA OUHAMIKY PYXY HA3EMHO20
mparcnopmuo2o 3acoby. Takum yunom, 0 3a6e3neyeHHss NOMPIOHUX NApAMempie OUHAMIKU PYXY WBUOKICHO20 HA3eM-
HO20 MPAHCNOPMHO20 3ac00y HeoDXIOHO 6pax08yeamu 1020 aepoOUHAMIYHI XaPaAKmMepUucmuKu.

Kniouosi cnosa: aepoounamixa mpancnopmuux anapamis, uucioge mooenoéanns, pienanus Hae'e-Cmokca,
Mooeni mypoyieHmHOCmi.

A.V. SOKHATSKY
Institute of transport systems and technologies of National academy of sciences of Ukraine
University of customs and finances

M.S. ARSENIUK

Institute of transport systems and technologies of National academy of sciences of Ukraine

NUMERICAL SIMULATION OF THE FLOW AROUND THE HULL
OF AN AHMED CAR TYPE VEHICLE

Real currents around transport vehicles are turbulent. Calculation of such currents remains one of the most difficult
problems. Today, there are no universal mathematical models of turbulence in computational aerodynamics. Reliable prediction of
the characteristics of turbulent flows, refers to an extremely important scientific problem and is associated with the complexity and
lack of study of turbulence as a physical phenomenon. The task of mathematical modeling of the aerodynamics of a ground vehicle
is considered. The objective is to build a mathematical model, numerical method, solution algorithm and software to study the
aerodynamic characteristics of a land vehicle of a poorly streamlined body type. The Reynolds averaged Navier-Stokes equations
are used to describe the flow around the vehicle. To close the Reynolds averaged Navier-Stokes equations, the two-parameter SST
Menter turbulence model is used. The SST model is superior to a number of other turbulence models, but in terms of computational
simplicity and cost, it is inferior to single-equation models. A methodology, solution algorithm, and software have been developed.
The finite-volume method was used for numerical integration of the system of differential equations. The problem was solved in
multiblock formulation. The developed method was tested on standard problems of aerodynamics.

A numerical simulation of the flow around the Ahmend Car ground vehicle model has been performed. All
calculations were performed for Reynolds number Re=1.5*10°. The influence of the inclination angle of the stern part of
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the vehicle model on the flow pattern was investigated. The studies have shown that the value of the angle of inclination
of the stern significantly changes its aerodynamic characteristics. Further analysis of theoretical and practical research
shows that the aerodynamic characteristics have a significant impact on the dynamics of ground vehicle movement. Thus,
it is necessary to take into account the aerodynamic characteristics of a high-speed land vehicle in order to provide the
necessary motion dynamics parameters.

Keywords: aerodynamics of vehicles, numerical modeling, Navier-Stokes equation, turbulence models.

ITocTanoBka nmpoodeMu

CyuacHi noTpeOH CycCIiIbCTBA B MEPEBE3CHHI MAacaXHUPIB Ta BAHTAXIB BUMAaraioTb CTBOPEHHS
e(eKTUBHUX aBTOMOOLJIbHUX TPAHCIOPTHUX 3ac001B. BHCOKI MIBUAKOCTI pyXy NPU3BOASTH /10 3HAU-
HOTO 3pOCTaHHS ONOPY PYXY, 10 30UIbILIy€e BUTPATH NainBa. Tak, 30UIbIIEHHS IIBUAKOCTI aBTOMO-
Ois1s1 B 1Ba pasu norpelye 301IbIISHHS TOTPiOHOT MOTYKHOCTI y BiciM pasiB. OKpiM I[bOTO, aepOAH-
HaMI4YH1 IPOLECH HABKOJIO IIBHJKICHMX TPAHCIOPTHUX amapaTiB € OJHUM 13 OCHOBHHUX (DaKTOpIB,
1110 ICTOTHO BIUIMBAIOTh HA AMHAMIKY PyXy. 3aCTOCYBaHHS (P13MYHOIO MOJIEIIOBAHHS AUHAMIKU PyXY
Ha3eMHHX TPAHCIIOPTHHUX 3aC00iB B LIIOMY psi/ii BUNAKIB € MasionpuaaTHUM. Lle moB’s3aHo 3 HeoO-
X1HICTIO aJIeKBaTHOTO BiI0OpaykeHHs (DI3UYHUX MPOIIECIB.

AHAaJi3 0CTaHHIX JOCTiIXKeHb | myOsikanii

Ha cporoani HailOUIbII JOCKOHAII MaTeMaTU4HI MOJIENI aepoiMHaMIKK 1oOy/noBaHl Ha ¢i3uy-
HUX BJIACTHBOCTSIX B’S3KOTO CTHUCIMBOTO ra3y Ta 0a3yroThcs Ha piBHAHHAX Haw’e-Ctokca [1, 2, 3].
[TpaBOMIpHICTh X BHUKOPHCTAHHS MiTBEPKYETHCS OaraTouncenbHUMH AocTipKkeHHs MU, Ckiai-
HOCTI Jjo7a€ TOM (akxT, 10 peasbHi Tedii € TypOyleHTHUMHU. Po3paxyHOK TypOyJaeHTHHX Tedii 1 Ha
TETEPITHIN Yac 3aJUIIaEThCs OAHIEI 3 HAMOUIBII CKIAAHUX TpoOJieM, a HaJiiHe mepen0adeHHs
XapaKTepUCTUK TypOYJICHTHUX IOTOKiB, IO MPEACTABISAIOTh NMPAKTHYHHUM 1HTEpec, sK 1 paHilie,
€ IIBH/IIIC BUKITFOYCHHSM, HIXK IPABHIIOM, IO TIOSICHIOETHCSI BHHATKOBOIO CKJIA/IHICTIO TypOYJICHTHO-
cTi 5K izumuHoro sBUma [1-5].

[Ipote, He IUBIAYNCH HA BEIMYE3HHN MPOrpec OOYMCITIOBAIBHOI TEXHIKH, JOCATHYTHN
B OCTaHHI1 JI€CATUIITTS, il MOKJIMBOCTI BCE LIE JIaJI€KO HE IOCTAaTHI /Ul PO3B’sI3yBaHHS LIUX PIBHSAHbD.
BBaxaeTncs, 1110 11 BUCOKUX uncel PeifHonb/ca, K1 MPeACTaBIA0Th IPAKTUYHUNA 1HTepec, HaBiTh
32 HAHONTHUMICTHYHIIIMMU IIPOTHO3aMH MTPOOIEMH MOJETIOBAaHHS TYPOYJIEHTHOCTI 3aJIHILIATUMYThCS
TaKUMU TpuUHAMHI ax 10 Ki"ig XX cromitrs [1, 2].

TakuM UMHOM, MaTeMaTU4YHE MOJIEIOBAHHS TypOYyJIEHTHUX Tedil 1 Ha ChOTO/IHI 3aJIMIIAE€THCS
BUKJIIOUHO AKTYaJbHOIO MPOOJIEMOIO, X04a 1 CIOCTEpPIraeThCsl IIBUAKHA PO3BUTOK TEOPETHYHOI
Ta O0YHMCITIOBAIBHOT aepOTMHAMIKH.

VY po6oTi BUKIIaIEHO OCOOIMBOCTI MAaTEMaTHYHOIO MOJIEJIIOBAHHS aepOJMHAMIKU TPAHCHOPT-
HUX arapaTiB Ha OCHOBI MOJieJel B A3KO1 PIAMHU 3 BUKOPUCTAHHAM OCepeqHEeHUX 3a PeliHonbacom
piBHsaHb Hap’e-CToKkca.

Merta nocaixzkeHHs
Teuiss HaBKOJIO MBUAKICHOTO TPAHCTIOPTHOTO 3aco0y € TypOyiIeHTHO. MareMaTuyHa MOJACIb
JUISL PO3paxXyHKY aepoJMHAMIYHUX XapaKTePUCTHK IMOBMHHA BPAaXOBYBATH LUIHH Psii 0COOTUBOCTEM
¢i3nyHMX mpoueciB. MeToro po6oTH € molyoBa MaTeMaTUYHOT MOJIENI, YMCIOBOTO METOAY, ajro-
pUTMY PO3B’sI3yBaHHA 3a7adl Ta po3poOKa MPOTPaMHOTO 3a0e3MeUeHHs NIl JOCHIKEHHS aepoin-
HaMIYHUX TPOIIECIB TYpOYJEHTHHUX TEYill HABKOJIO HAa3eMHMX IIBHJKICHUX TPAHCIOPTHUX 3acO0iB
3 BUKOPHCTAHHSM MEPCOHATBHIX KOMIT IOTEPIB.

BuxkjaneHHs1 0CHOBHOIO MaTepiaJy J0CJiI:KeHHS
MaremaTtuyHa MOJIEbh Ta METOAMKA PO3B’I3yBaHHS 3a1a4i
Jlnst po3B’si3yBaHHS 3a]1a41 3 pO3paxyHKY XapaKTePUCTUK T€U1li HABKOJIO HA3€MHOTO TPaHCIIOPT-
HOTO 3ac00y 00paHO MOJeNb Teuii B’S3KOT0 CTUCIMBOTO Trasy, IO OMUCYETHCS OCEPEAHEHUMH 32
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Peitnonbnom piBHsHHsIMU HaB’e-Ctokca. Po3paxyHkoBa 007aCTh HAaBKOJIO TPAHCIIOPTHOTO arapara
€ CKJIaJIHOI0, TOMY JIOLIJIbHO BUKOPUCTOBYBAaTH 0araroOJIOKOBUI MiJXiJ Ta KPUBOJIHINHY cucTeMy
koopauHat. Cucrema piBHsiHb Hap’e-Crokca, ocepeanena 3a PeitHonbIcOM 111 TOBUTLHOT KPUBOJTI-
HIMHOI CMCTEMU KOOPJMHAT, 3allUIIEeThCs TaK:

0 olE-E,), olF-
a & on 24

TP
+v
i
(@}

|
<Q)

-H, (1)

e O — BEKTOD HEBIIOMHX 3MIHHUX; £, ', G — BEKTOPH HEB’SI3KHX ITOTOKIB;
Ev = ngv + gyE) +§ZGV ’ Fv = anv +77yFL +77va > Gv = é,xEv +é/yF‘v +é,va -

BEKTOPH B’SI3KUX TOTOKIB; H 1/ Jj i H — BEKTOP JDKEPEIIbHUX YICHIB.
Bekropu Q E F G E F G BHU3HA4YarOTbCsl HACTYITHUMU CHIBBIIHOILIEHHIMMU:

P U] o] ..
T pUu+¢S.p o puVinp | | pulW +¢.p
Q:7 pv ,E:j pUv+E p ,sz pvV +1,p ,G=7 pW+gp |0 (2
pw pUW+¢.p pwV +n.p pwW ¢ p
E, ] (E+plU-¢p] (E+p-np) (E,+pW-Cp)
[ 0 ] [ 0 ] [ 0 |
1 o I o 1 e
Eﬁj Ty , Fﬁj Ty ) ij Tye NG
Ty Ty T,
Uy + VT $WT ), =y UtV TWT =g, (4T3 TVT ) +WT =g,

ne &.,&,,&.,n,,M,,M,,8,,C,,C, — METPHYHI KOE(ILIEHTH,
J =aE&,m,8)/d(x,y,z,) — Ak0O1aH MEPETBOPEHHS KOOPAMHAT,
Tee> Tyys Tz Tuys Tz T, — KOMIIOHEHTH TEH30PA HAIIPYKEHb,

4,.4,,9. — KOMIIOHEHTH BEKTOpa TEILIOBUX IIOTOKIB,
1
E =ple+- (> +V +w’)|.
2

B cucremi piBHAHB (1) N-KOMITIOHEHTHI BEKTOPH Q E 151 G,E,  F,G, MalOTb BiANOBIIHUN
BUIJISIZ] B 3QJICIKHOCTI BT MOJIEN1 TypOyJI€eHTHOCTI.

st 3aMukaHHs cucteMu piBHAHG (1) Bukopuctano monens TypoynentHocti SST (Shear Stress
Transport) MenTepa [4]. B 3araapHOMY BHIIISIII 1S CHCTEMA PIBHSIHB 3aITUIIETHCS

o(pk) o(pUk
(p)+ (pU, ):irkak .G, -7,
ot OX; ox; ox; )
0 o(pU.
(o) 0(PU0) _ 0|1 0| ¢y, p
ot ox, 0X; 0X;
ne G,, — TeHepalls qucunainii KiHeTUYHOi TypOyJlIeHTHOCTI » Ha omuHuIlo k;, V,,— Aucumanis

KIHETUYHOT eHeprii TypOylIeHTHOCTI; ¥, — AucUIallis KIHeTUYHOI TypOyJIeHTHOCTI ® ;T, = pu+p, /o, ;
,=p+y,/o,; D, —nepexpecHuid qudy3iiiHmii dieH.
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Monens TypOynenTHoCTI SST € komOiHatiew k —¢ 1 kK — o Moxaenel TypOyaeHTHOCTI. [l pos-
paxyHKy Tedii y BUIbHOMY TOTOILII BUKOPHCTOBYIOTbCS PIBHSHHS k —¢& MOZENI, a B 00nacTi moonusy
CTIHOK — PIBHSIHHSI k — @ MOJIeJIi. BUMOTH 710 MIITBHOCTI CITKHU TYT Ti K, MO 1Y k — ® MOAEII 1 HU3bKO-
perHONIBICOBOI k —¢ Mopeni. L Moxenb TypOyaeHTHOCTI m030aBlIeHa psiTy HEIOJIKIB TTOYaTKOBUX
k—¢ 1 k—o monenei. BBaxxaerbes, mo moaens SST 3a AKicTio mepeBeplIye psija IHIIUX MoJenei
TypOyneHTHOCTI. [IpoTe 3a 00YHCIIOBANBHOIO MPOCTOTOIO 1 BUTPaTaM BOHA MOCTYIMAETHCS MOJIEISIM
3 OJIHUM PIBHSHHAM [1-5].

YucsoBuii Metod. /s 4nciaoBoro po3s’si3yBaHHS CUCTEMH PiBHSAHB (3) BUKOPHCTAHO METOJ
KOHTPOJILHOTO 00’eMy. OCHOBHI 3acanu MeToAy KOHTpoibHOTro 00’ emy (MKO) momnsiraiote B TOMY,
10 PO3MIAAI0THCS KJIACHYHI PIBHSIHHS OanaHCy JesKoi BeIUYuHU Q B KOHTPOJIBHOMY 00’ eMi Q,
00MEXEHOMY MOBEPXHEIO S = ) S, 3 30BHIIIHLOIO HOPMAJLMO 7 IHTerpyroun piBHAHHS (1) 10 KOH-
TPOJBHOMY 00'eMy AQ OTpUMAEMO

J.” Q+&(E_Ev)+ﬁ(ﬁ_ﬁ;)+ é)(é_év)_H dO=0 . (5)
a o on a

3acToCOBYIOUH /10 piBHfIHH}I (5) Teopemu npo cepenne 1 Octporpaacskoro-I'aycca, oTpuMaemo:

at AQﬁ[(E E)" (F F)" (G G)”]dSJrH’ (6)

ne S — IMOBEpPXHs HABKOJIO KOHTPOJIBHOTO 00’ €My AQ ; 7i — BEKTOP 30BHIIIHLOI HOpMaJTi /10 TIOBEPXHI § .
BepxHiii 3HaK [~] 03Hauae cepeHe 3HAYCHHA ITYKaHO1 (QYHKIIIT 32 00’ €eMOM:

-1
75l o ™

OtpumaHna cuctema anrebpaiuHux piBHSIHB po3B’sa3yBasiacs MmetonoM [aycca-3eiinens. Pospo-
OJeHa MeTOJMKa, aITOPUTMHU Ta IPOrpaMHe 3a0e3MeueHHs TeCTyBajIocs Ha psijil CTAHJapTHUX 3a/1au:
00TiKaHHI TONEPEYHO PO3MIIIEHOTO KOJIOBOTO IMIIiHApa Ta Kyii. IIpoBeneHe TecTyBaHHS MOKa3aio
MIPUIATHICTh PO3POOJIEHOT METOUKH, AJITOPUTMIB Ta IIPOrPAMHOTIO0 3a0€3MeUeHHS.

VY 3B’3Ky 3 OOMEXEHMMHU 00CATOM ONepaTMBHOI mam’sATi Ta XapaKTepUCTUKaMM Ipolecopa
0OUYHUCITIOBATIBHUNA €KCIIEPUMEHT JUJIs1 TOCIIIJKEHHS aepOIMHAMIKH peaabHOT KOMIIOHOBKHM TPAHCIOPT-
HUX 3aC001B € HEMOXKJIUBUM.

JSIKM eKkcriepuMenTanbauM podoram Ahmed S.R. [6], 3'sBunacs yHiBepcanbHa cnpomeHa MO}IGJ‘IB
MOTaHO 0OTIYHOTO TPAHCIIOPTHOTO 3aC00Y, IKY BUKOPUCTOBYIOTH IOCTIHUKHI BChOTO CBITY B YHCIIO-
BOMY MOJICTIIOBaHHI Ta PO3B’SI3yBaHHI TMPUKIATHUX 33/1a4 aePOJMHAMIKY HA3eMHUX TPAHCIIOPTHUX
3aco0iB, B TIM YHCJIi aBTOMOO1TIB [6].

Jnis mpoBeZieHHsT OOYHMCIIOBAIBHOTO —EKCIEpUMEHTy Oyiaa oOpaHa MoOJeNnb TPaHCIOPTHOTO
3aco0y Ahmed Car [6]. Bona npencrapisie cO0010 CIIPOIIEHY T€OMETPIEI0 MOraHO OOTIYHOTO TpaH-
CIOPTHOTO 3ac00y — IIECTUTPaHHY HPU3MY 13 3a0KPYIVIEHOIO MEPEeIHbOI0 YACTHMHOK Ta CKOCOM
BEPXHBOI YACTUHU KOPMH 3 MOXIIUBICTIO 3MiHM KyTa Haxuiy (puc. 1). Monenb koprycy aBTOMO-
011 pO3MIILYETHCSI HA HEBEJIMKIM BIICTaHI BiJl IUISIXOBOI CTPYKTYpPH, SIKA IMITY€ TOPO’KHE TIOJOTHO.
B excnepumeHTaIbHUX TOCTIHKSHHSX, 110 BUKIIAAeH] B poOOTi [6], MBHUAKICTH MOTOKY, III0 HATIKaB
Ha MOJIEJb TPAHCHOPTHOTO 3aco0y, nopiBHIOBana 60 m/c, a yucio PeitHonbaca ctanoBuio 1.5x106,
po3paxoBaHe 3a TOBKHHOIO Mojei. [‘eoMeTpiro Mosesi mokazano Ha puc. 1.
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™~

Flow Direction

a) 3araJbHUH BUTIISL MO 6) cxema reomeTpii Mozemi
Puc. 1. 3aranbHuii BUrag Mogei TpancnoprHoro 3acody tTuny Ahmed Car

Ha puc. 2(a, 6). nokazaHo JiHii Te4ii B IJIOMIMHI CUMETPIi MOJENl KOpIyca TPaHCIOPTHOTO
3aco0y Ahmed Car, orpuMaHi B pe3yabTaTi YMCIOBOTO MOJAETIOBAHHS ISl KyTiB CKOCY KOPMOBOIi
yactu 25° ta 35°.

JIy1st OIiHKM TOCTOBIPHOCTI OOYMCITIOBATILHOTO €KCIIEPUMEHTY Ha PHC. 2(8, 2) BUKJIAICHO PE3yJib-
TaTy, 1110 OTpUMaHi y pobdorax [7, 8]. BuaHo 3a10BUIbHE CITiBIaIIHHSA JIiHIH Tedil Ta yTBOPEHHS BiJJpPUB-
Horo Buxopy. [Ipu 30iibIeH] KyTy HAXMITy KOPMOBOI YaCTHHH B CIIiJIl TIOOIN3Y NUIIXOBOI CTPYKTYpHU
OUIBII IHTEHCUBHO ()OPMYETHCSI BTOPUHHUIN BUXOP, 1110 CIIPUYHHSE TIEBHE 3POCTaHHS JIOOOBOTO OTIOPY.

Ha puc. 3(a, 6). mokazaHo po3MmOAia yCepeIHEHUX BEKTOPIB IIBUAKOCTI Ta 130JiHINH MOIyIs
MIBUJIKOCTI B IUIOMIMHI TEpepi3y CIIiy 32 KOPMOBOIO YAaCTHHOIO MOJIENI KOPITyca TPaHCHOPTHOTO
3aco0y Ahmed Car. Pe3ynbsratu 4ncaoBOro MOJEIIOBaHHS OTPUMAaHI I KYTiB CKOCY KOPMOBOT
yacTtu 25° ta 35°.

Puc. 2. Jlinii Teuii B nuommHi cumerpii moxeJii kopmyca aBromo0inag Ahmed Car
a—3 KyTOM CKOCy 2501, OTpUMAaHOTO B JaHii po0ori,
6 —3 KyToM CKOCy 350, OTpMMAaHOTO B JaHii poOoTi,
B — 3 KYTOM CKocy 250, oTpuMaHoro B pooori [7],
' —3 KyTOM CKOcy 350, OTpUMaHOTO B po0OOTi [8]
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Ha puc. 3(s, 2) mokazaHo pe3yibTary, 10 OTpuMaHi y podorax [9], [8]. BuaHno 3amoBinbHe
CHiBMAIIHHS JIIHIN Teuii Ta MpoIeC YTBOPEHHS MO3I0BXKHIX BUXOPOBUX CTPYKTYDP.

[Ipu 30inbIIeH] KyTy HaXWiIy KOPMOBOI YaCTUHH MOOIU3Y HUISXOBOI CTPYKTYpHU OUIBII IHTEH-
CUBHO (DOPMYETHCSI BUXOPOBI CTPYKTYPH, IO CIPUYUHSIE 3MIHY a€pOAMHAMIYHUX XapaKTEPUCTHUK.

[EEERNE
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Puc. 3. Po3nonin ycepenHeHnX BeKTOPiB IIBHAKOCTI Ta i30.1iHii MOAY/Isl IIBHAKOCTI B CJIii 32 KOpImycoM
Ahmed Car 3 ui€i po6otu nuis 25° (a), 35° (6) i 3 podotu [9] (B) 25° i 3 podotu [8] 35° (1)

Po3znonin koedinienta tucky Cp no nosepxHi kopirycy Ahmed Car 3 kyTom ckocy 25° Ta 3 KyTom
ckocy 35°, oTpUMaHoOTO B JAaHiil poOOTi, MOKa3aHo Ha puc 4a, 40 BiAMOBIIHO.

3a pe3ynbTaraMy YMCIOBOTO MOJICTIOBAHHS BU3HAYEHO aepPOAMHAMIYHI XapaKTePUCTHKH MOJIENI
TpaHcnoptHoro 3aco0y turry Ahmed Car. [yt KyTa 3a1HbOTO CKOCY 25° Koe(ilieHT J000BOTO OMOpYy
Cd = 0.255, a nns xyTa 3agHboro ckocy 35° koedimient Cd = 0.268. Jlnsa nmopiBHsHHS, Y poooTi [10]
JUI KyTa 3aJHboro ckocy 20°, xoedimient nodosoro omnopy Cd Oys 0.2619 ta 0,2978 nnsa kyrta
3aaHboro ckocy 30°. 3a pesynbratramu ekciepumenTiB Ahmed S.R. [6] orpuma Cd = 0.28 s 25°
1 monaz 0.38 ms 30°. Gilliéron P. [11] orpumas 3nadenns 0.34 1 monan 0.378 mst 25° 1 30° Biamo-
BimHO. Banga S. [10] orpuMaB 3HaueHHs koedimieHTa 1000Boro omnopy ommu3sko 0.28 mist 25° 1 0.294
Ui 35°. AHani3 OTpUMaHUX PO3PaxyHKOBHMX PE3YJIbTaTIB Ta JaHUX poOiT [6-11] mokasye, 110 B npo-
BEJICHOMY OOYHCITIOBAJIbBHOMY €KCIIEPHMEHTI BIATBOPIOIOTHCS YCI BiZIOMI OCOOIMBOCTI CTPYKTYpH
MOTOKY MiJ 4ac 00TikaHHs Mozeni kopiycy tuny Ahmed Car.
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B) r)

Puc. 4. Poznoxin koedinienta tTucky Cp no nopepxui mogeni kopmycy Ahmed Car
a—3 KyTOM CKOCy 2501, OTpUMAaHOTO B JaHii po0ori,
6 —3 KyToM CKOCy 350, OTpMMAaHOTO B IaHii poOoTi,
B —3 KyToM ckocy 200, orpuManoro B podori [10],
r—3 KyroM ckocy 300, orpumanoro B po6oti [10]

BucHoBku

[ToGynoBaHo MareMaTH4IHy MOZIENb Ta PO3POOIEHO YUCIIOBY METOAMKY PO3B’I3yBaHHS 33/1a4i, ajro-
PHUTMH Ta MporpaMHe 3a0e3NeUeHHsT MOJICTIFOBaHHS Tedil B’SI3KOT0 CTUCIIMBOTO I'a3y Ha OCHOBI PO3B’SI3y-
BaHHS ocepeaHeHrX 3a PeitHonb oM piBasHb Has’e-Ctokca. [IpoBeneHo qociipkeHHs: 00TiKaHHS MOl
TpaHcnopTHOTo 3aco0y vy Ahmed Car Ta BU3HaUY€HHS HOT0 aepoAMHAMIYHHUX XapaKTepPUCTUK. AHaI3
TEOPETUYHHX Ta MPAKTHYHUX JIOCITIKEHb TIOKA3ye, [0 aePOMHAMIYHI XapaKTePUCTUKH MaIOTh OCHOBO-
TIOJIOKHUM BIUIMB Ha EKCIUTyaTalliiHi TapaMeTpH MBUAKICHUX TPAHCTIOPTHHUX 3aC001B. TaKuM YuHOM, /17151
3a0e3neueHHs NOTPIOHNX eKCIUTyaTallifHUX apaMeTpiB MBUIKICHOTO HA3eMHOTO TPAHCTIOPTHOT'O 3aCO0yY
HEeoOXiTHO BpaXxoByBaTH HOTO aepoIMHAMIYHI XapaKTEPUCTHKH. B MomanbImx TOCTiHKEHHX TOTPIOHO
PO3B’sI3yBaTH 3B’s13aHy 3a7a4dy JMHAMIKU Ta aepOANHAMIKU TPAHCIIOPTHOTO 3ac00y.
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Mi>kHapOHHI HAYKOBO-HABYAIBHHUH LIEHTP
iHpopManiiHux TexHousorii Ta cucrem HAH Ta MOH VYkpainu

MOJAEJIIOBAHHA ITPUPOJHUX ITPOCTOPIB
3 BUKOPUCTAHHAM KOMBIHATOPUKH

B npupooi cnocmepicaroms asuwa, nog’sizani 3 KomOinamopHumu yuciamu, 30kpema uuciamu Didonauui. Lfi
qucna npoABIAIMbCA Ni0 Yac YMEOPEHHs CYYBIMmSA 0eaKux Keimis, J1ycKu WUUOK, pO3MIleHHI 1ucms 0epes ma iHuUxX
pocaun. Pykasa eanaxmuk, cnipaiv neioCmkie mposiHou, wo po3nycmuiacs, Ymeopiooms 102apu@Miuni cnipai.

Mooeniosanns npupoOHux npocmopie i3 3acmocysaHHaAM KOMOIHAMOPUKU, 30KpeMa 3HAKOBUX KOMOIHAMOPHUX
npocmopis, 0ae 3mo2y NOACHUMU NPUCYMHICMb KOMOIHAMOPHUX Yucen y npupooi. Li npocmopu ymeopioromscs 3a805Ku
2EHEPYBAHHIO KOMOIHAMOPHUX KOH@DIeypayitl 3 enemMeHmie 6a3060i MHOMCUHU 3a NeGHUMU npaguiamu. Axuo niopaxy-
8amu 8 KOMOIHAMOPHILU MHONMCUHT KLIbKICMb YUX KOHQDIeypayiti ma 3 iXHix 3Ha4eHb YMEopumu CKiH4eHHi noc1ioo8HOCHI,
Mo OCMaHHi YMEopioms apupmemudHul mpuKymnux, uepes AKuul npoasiaiomscsa yucia Dibonauui. 3navenns yux
NOCAIO08HOCMEN, SIKI 2eOMEMPUYHO NOOAHO Yepe3 NONAPHI KOOPOUHAMU, YMEOPIOIOMb J02APUDGMIUHI CRIPAJL.

Bnopsaoxysannsn KoMOIHAMOPHUX MHOMCUH MOJce OYMU AK Xaomuune, max i npogedeHo 3a cmpoumi npasuiamil.
Ananoeiuno 2enepysantio KOMOIHAMOPHUX MHOMCUH O)YOYIOMb 3HAKOSI KOMOIHAMOPHI NPOCMOpU, MOYKAMU AKUX € KOM-
binamopni xoungicypayii. Bonu icnyioms y 060X cmanax: 320pHymomy (Cnokoi) ma pozeopuymomy (Ounamiyi). 320pHy-
MUl 3a0A€MbCsL 3HAKOM, AKUU MICIUMb 6CI 61ACMUBOCI PO32OPHYMUX NPOCMOPIE. B Hb020 6X005mb 6a306i MHOJMCUHU,
(00Ha abo kinvka), mun KOMOIHAMOPHOI KOHIypayii ma npasuia po32opmants 3 elemMeHmis 6a3060i MHOMCUHU MOYOK
PO320pHYMO20 NPOCMOPY. 3HAKOBT KOMOIHAMOPHI NPOCMOPU MATOMb lacmusicms 3eopmamucs. Onucani 6 rimepamypi
KOMOIHAMOPHI NPOCMOPU € PO32OPHYMUMU 3HAKOBUMU.

Tooibne cnocmepicaemo 6 scusiti npupooi. Hacinumy uu KiimuHy po3ensaHemo K 320pHymutl 0i0102i4HULL nPOCmip,
AKuil 3a0amo iH@opmayiinum 3naxom. 11i0 0iero negHux YuHHUKIE (0151 POCIUH — e MEeNnio, 80102d i 3eMs) YMEOPIOEMbCS
JHCUBULL 00 €EKM — PO32OPHYMULL NPOCMIP, AKULL MAE 30AMHICHb 00 320PMAHHS 3 DI0N02IUHUX NPOCMOPI8 PIZHUX MUNIE.
Ymeopenns moerennesozo npocmopy npogooumscs 3 enemeHmie MOGIEeHHEBO20 MPAKNY, SAKI YMEOPIoIomb 0a308y MHO-
arcuny. Tobmo, ons 02060penux NPOCmopie 61ACMUBI AKCIOMU 3HAKOBUX KOMOIHAMOPHUX, AKI MAKOIC iICHYIOMb Y CNOKOIL
ma ounamiyi. Touxoro yux npocmopise € maxi KOMOIHAmMopHi KOHGpieypayii, K 6ubIpKU PI3HUX MUnie. AHAN02IUHO MOICHA
nooamu iHuti nPUPOOHi RPOCMOPU: IHGOpMayiiHUL, QIZUYHUL MOWO.

Kniouosi cnosa: 3naxosi komOIHamopHi npocmopu, KOMOIHAmMopHA KOHpIeypayis, npupooxi NpoCmopu, peKypeHm -
HUU KoMOIHamopnul onepamop, 6a306i MHOICUHU, KOMOIHAMOPHA MHOICUHA.

N.K. TYMOFIJEVA
International Scientific Training Cente
for Information Technologses and Systems

MODELING OF NATURAL SPACES USING COMBINATORICS

Phenomena associated with combinatorial numbers, in particular Fibonacci numbers, are observed in nature.
These numbers are manifested during the formation of the inflorescence of some flowers, the scales of cones, the placement
of the leaves of trees and other plants. The arms of the galaxies, the spiral of rose petals that have blossomed, form
a logarithmic spiral. Modeling natural spaces using combinatorics, in particular sign combinatorial spaces, makes it
possible to explain the presence of combinatorial numbers in nature. These spaces are formed due to the generation
of combinatorial configurations from the elements of the basic set according to certain rules. If you count the number
of these configurations in the combinatorial set and form finite sequences from their values, then the latter form an
arithmetic triangle through which the Fibonacci numbers appear. The values of these sequences, which are geometrically
presented through polar coordinates, form logarithmic spirals.

The ordering of combinatorial sets can be both chaotic and carried out according to strict rules. Similar to the
generation of combinatorial sets, sign combinatorial spaces are constructed, the points of which are combinatorial
configurations. They exist in two states: collapsed (at rest) and unfolded (dynamics). Collapsed is given by a sign that
contains all the properties of expanded spaces. It is given by the base set, (one or several), its type and the rules of
deployment from the elements of the base set of points of the deployed space. Sign combinatorial spaces have the property
of convolve. The combinatorial spaces described in the literature are deployed sign spaces.

We observe the same in living nature. Consider a seed or a cell as a collapsed biological space, which will be
defined by an information sign. Under the action of certain factors (for plants, it is heat, moisture and earth), a living
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object is formed — an deployed space, which has the possibility to convolve from biological spaces of various types. The
speech space is formed from the elements of the speech tract that form the basic set. That is, the specified spaces are
characterized by the axioms of sign combinatorial spaces, which also exist in rest and dynamics. The point of these spaces
are such combinatorial configurations as samples of different types. Similarly, other natural spaces can be submitted:
informational, physical, etc.

Key words: signed combinatorial spaces, combinatorial configuration, natural spaces, recurrent combinatorial
operator, basis sets, combinatorial set.

ITocranoBka 3aga4i
B 6iomnorii icHy!0Th sIBHIIIa, OB s3aH1 3 KOMOiHaTOpHUMHM ynciaaMu. [Ipu popmyBanHi cynBITTS
JIeSIKUX KBITIB, JIyCKH HIMIIOK, PO3MIIIEHH] JIUCTS JAEPEB Ta IHIINX POCIHH YTBOPIOIOTHCS MPABUIIbHI
criipai, 9YUCJIO psAIIB AKUX 30iraeThes 3 yuciaamu ®DidoHaudi.. [Ipu pocTi pakoBUH NESIKUX BHIIB
MOJIIOCKIB YTBOPIOIOThCS JorapudMidHi cripai. BUKopucTaHHS 3HaKOBUX KOMOIHAaTOPHUX MPOCTO-
PiB JI03BOJISIE TOSICHUTH 111 SIBUIIA B TIPUPOIL.

AHaJIi3 0CTaHHIX JOCTiKeHb Ta My0ikamii 3a TeMoI0

JlocaimkeHi B miTepaTypi KOMOIHATOPHI TPOCTOPH, SIK IPABUIIO, 3BOJISATH 0 METPUIHHX, HATTPH-
kian [1-5]. Jleski aBTopy BBa)KArOTh, IO TOYKAMHU KOMOIHATOPHOTO MPOCTOPY € PEKYPCUBHI (YyHK-
uii [6-7]. B nmitepatypi onucaHo eBKJIiI0BI KoMOiHATOpHI mpoctopu [8]. MeTpuuHi KOMOiIHATOpHI
IIPOCTOPH PO3MIANAIOTH i K MPOCTOPH BIOPSAAKYBaHb [2]. IX ommcyioTh 3a1aH00 MHOKHHOIO W
, TOUKaMH SIKUX € KOMOIHATOpHI KOH}Iryparlii MeBHOro TUITY MIX SIKUMH YBEIEHO BIIAQIb r(X,y),
x,y € W, sKa 3aJI0BOJIbHSIE TPHOM aKCIOMaM METPUYHOTO mpoctopy: 1) r(x,y) =0 Toxi i Jumie Toxi,
Ko x =y ; 2) r(x,y) =r(y,x) (akcioma cumetpii); 3) st Oyb-IKUX TPHOX €IEMEHTIB X, y Ta Z
r(x,y) <r(x,z)+r(z,y) (akcioma TPUKYTHHKA).

AJe XapakTepHOIO 0COOIMBICTIO KOMOIHATOPHUX MPOCTOPIB € HE MPOCTO ICHYBaHHS 3aJlaHOi
MHOXMHHU TOYOK KOMOIHAaTOPHOTO XapakTepy, MK SIKUMH yBeJIEHO BiiJalb, a YTBOPEHHS iX 13 ele-
MEHTIB OJTHI€T 200 KIJTBKOX 0a30BMX MHOKHH 3 BUKOPUCTAHHIIM MTEBHOI CUCTEMHU TIpaBuIL. J{71s1 3a1anHs
KOMO1HaTOPHOTO MPOCTOPY JOCTATHBO YBECTH OJHY 200 KijbKa 0a30BUX MHOXMHH, 13 €JIEMEHTIB SIKUX
(opMyIOTBCS HOTO TOUKH, TUTT KOMOIHAaTOPHOT KOH(Irypalii Ta cucTeMy MpaBuIl, 3a JOMOMOTOIO SIKHUX
BiH PO3TOPTAETHCH.

Meta aocaixxkeHHs
[IpencraBineHHs: MPUPOTHUX MPOCTOPIB SIK 3HAKOBUX KOMOIHATOPHUX JT03BOJISIE TIOSICHUTH JESKI
MPUPOJIHI SBHINA, IO TOB’s3aHI 3 KOMOiIHaTOpHUMH uuciaamu. [li mociimKeHHS MOKa3ylTh, L0
B TIPUPO/Ii TIPOSIBISIOTHCS BIACTUBOCTI, XapaKTEPHi /i1 KOMOIHATOPUKH.

KomoinaTophi kongirypamii

OCKUTBKH TOYKaMH 3HAKOBUX KOMOTHATOPHUX MTPOCTOPIB € KOMOIHATOPHI KOH(ITYpaIlii, po3ris-
HeMo Jesiki ixHi BracTuBocTi. [1i1 koMOiHATOPHOIO KOHDITypaIiero po3yMieMo OyIb-sKY CYKYITHICTh
€JIEMEHTIB, sIKa YTBOPIOETHCS 3 YCiX a00 3 JESIKUX €JIeMEHTIB 0a30BOi MHOXUHU A ={aq, ,..., a,} [9].
ITo3Haummo 1i BIIOPAIKOBAHOIO MHOXKHHOIO W' = (W{,...,ws), n € {l,...,n} — KIIbKiCTb €leMEHTIBy w*,
W ={w"}! — MHOXHMHA KOMOIHaTOpHUX KOH(]irypariii. Bepxniii ingekc k (k € {l,...,q} ) y w* mo3ua-
Jae MOPsAKOBUiT HOMep w* y W, g— kinbkicTe w* y W . JIBi HETOTOXHI KOMOiHATOPHI KOH(Irypaii
w* 1 w' HasBeMo i3oMopbHUMY, AKIO n* =7, k # i . [linMHOXHHY W, — W Ha3BeMO IiIMHOKHHOIO
130MOppHUX KOMOTHATOPHUX KOH(ITYpalliid, AKIIO 11 eJTeMeHTH — 130MOop(]HI KOMOIHATOPHI KOHDIry-
pauii. PekypeHTHUM KOMOIHATOPHUM OIEPATOPOM Ha3BEMO CYKYIHICTh IPaBHII, 3a JOIMOMOTOIO SKUX
3 eJIEMEHTIB 0a30BOT MHOXXHHHU A YTBOPIOETHCSI KOMOiHATOpHA KOH(Iryparist w* . SIk moka3aB aHai3
IIMX MHOXWH, 1X MOXXHA BIOPSAKYBaTH OXHUMH 1 THMH CaMHMHU ITPOIIEAYPaMH, TOOTO iCHYIOTb 3aKO0-
HOMIPHOCTI iXHbOr0 renepyBaHHs. OJHI€I0 3 TAKUX BIACTUBOCTEN € BIACTHBICTh MEPIOAMYHOCTI, KA
BUIUIMBAE 3 PEKYPEHTHOTO CIIOCcO0y YTBOPEHHSI Ta BIOPSIKYBaHHS KOMOIHATOPHUX KOH(DIrypartii.
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['eHepyBaHHS KOMOTHATOPHUX KOH(DIryparliii BKIIOYaE:

a) MpaBuJiIa, 3a AKUMHU (POPMYIOTHCSI KOMOIHATOPHI KOHQIrypallii, TOOTO 3aJal0ThCs PEKYPEHTHI
KOMOIHATOPHI OTIepaTopH;

0) mpaBuiIa, 3a SKUMHU YIOPSJIKOBYIOTECSI KOMOIHaTOpHI 00'exTH. 1[I mpaBuiIa BU3HAYAIOTHCS HA
OCHOBI aHaJi3y CTPYKTYpHU MEBHOT MHOKUHH.

3 OTO BUAHO, IO JJISi YTBOPEHHSI KOMOIHATOPHOI MHOYKHH TIEBHOTO THITY JOCTAaTHHO BBECTH
0a30By MHOXKMHY €JICMEHTIB Ta IIPaBuJla, 3aBISKU SKUM 3 €JIEMEHTIB OCTaHHBO1 (hOPMYIOThCSI KOMOi-
HaTOpH1 KOH}Irypartii.

AKcioMH 3HAKOBHX KOMOIHATOPHHUX MPOCTOPIB

VYpaxoByloun YTBOPEHHS Ta BIIOPSAIKYBAaHHS KOMOIHATOPHMX KOH(]Iirypartii, chopmyaoemMo
aKCIOMH, STKHM 3aJI0BOJILHSIOTH 3HAKOB1 KOMOiHaTOopHI TipocTopu [10].

1. 3HaKoB1 KOMOIHATOPHI MPOCTOPHU ICHYIOTh B JIBOX CTaHaX: CIIOKOI (3TOpHYTHH) Ta JUHAMIII
(po3ropHyTHii).

2. 3ropHyTHii 33/1a€ThCsl iHPOpMAIIHIM 3HAKOM R=<A, T, P, E>, AKWil MICTUTb BIIACTUBOCTI PO3-
TFOPHYTOTO IPOCTOPY MEBHOTO THITY, 16 A — OJ[Ha 200 KibKa 6a30BHX MHOXKHMH, 3 enieMeHTiB %, € A1 < 4|
SIKMX YTBOPIOIOTHCSI pO3TOPHYTI KOMOIHATOpHI ipocTopH, j € {l,...,n}, 1 € {l,...,4}, § — KiIbKiCTh 0230BUX
MHOXHH; T — THIT KOMOIHaTOPHOTO TPOCTOPY; P — CHCTeMa MpaBHJI, 32 SKOKO BiH PO3TOPTAETHCA (32
CTPOTUMHM 3aKOHAMH 200 XaOTHYHO); Z — IPaBUJjIa 3rOPTaHHs 3HAKOBOTO KOMOIHATOPHOTO ITPOCTODY.

3. YTBOpEHHS 13 3TOPHYTOr0 PO3TOPHYTHUX KOMOIHATOPHUX MPOCTOPIB MPOBOIUTHCS 32 PEKY-
PEHTHUMH TpaBHJIaMH. TOYKOIO PO3TOPHYTOTO MPOCTOPY € KOMOIHAaTOpHa KOH(QIryparlisi meBHOTO
tuiy. PozropranHio koMOIHATOPHOTO IPOCTOPY XapaKTepHa BIACTUBICTh MEPIOAMYHOCTI, IKa BUTLIHU-
BA€ 3 PEKYPEHTHOTO crioco0y YTBOPEHHs Ta BHOPSAKYBaHHS KOMOIHATOPHUX KOH(Irypartii.

4. 3ropTaHHs 3HAKOBOTO KOMOIHAaTOPHOT'O IIPOCTOPY MIEBHOTO TUITY IIPOBOANUTHCS 3 TOUOK SIK OJTHOTO
TaK 1 KUTbKOX IMPOCTOPIB. 3rOPHYTUI MPOCTIP MA€ BIACTUBOCTI IMPOCTOPIB, 3 IKUX BiH 3rOPHYBCSI.

SIK1o mpaBuiia pO3TOPTAHHS I'PYHTYIOTHCSI HA CTPOTMX 3aKOHAX, TO 3HAKOBUH PO3TOPHYTHM
KOMOIHATOPHHUI TPOCTIP € CTPYKTYpOBaHMUHU. SIKIO MpaBmiia po3ropTaHHsS MPOCTOPY HE MiATIOPsI-
KOBaHO CTPOTUM 3aKOHaM, TO PO3TOPHYTHIA IPOCTIpP YTBOPIOEThCs Oe3aano. PosropranHio komOiHa-
TOPHOT'O MIPOCTOPY XapaKTepHa BIACTUBICTh MEPIOAMYHOCTI, sIKa BUIUIMBAE 3 PEKYPEHTHOTO CIIOCO0Y
YTBOPEHHS Ta BIIOPAIKYBaHHS KOMOiHATOpHUX KoH(irypamiii. MeTpuuHi, €BKIIJIOBi, peKypCHUBHI
MPOCTOPH — 11€ PO3TOPHYTI 3HAKOBI KOMOIHATOPHI MPOCTOPH.

IIpupoani 3HaKoBi KOMOIHATOPHI MPOCTOPH

Teopema 1. SIkiio a1 MEBHUX MPOCTOPIB CMpaBeIuBI akcioMu 1—4, TO BOHHM MarOTh KOMOiHa-
TOPHY MIPUPOLTY.

Josedenns TpOBOAMMO HAa OCHOBI EMIIPUYHHX JIOCIHIpKEHb. Po3misiHeMo 6Oionociuni npo-
cmopu. SIk Oys10 OrOBOpPEHO BHIIE, B 010JIOTII ICHYIOTh SIBHIINA, OB’ s3aH1 3 KOMOIHATOPHUMH YHC-
JamH, 30kpeMa yrcinamu @iboHaudi, MOCTIAOBHICT AKUX Mae Takuid Bursia: 1, 1, 2, 3,5, 8, 13, 21,
34,55,..... IIpu pocTi pakoBUH ESKHUX BUJIIB MOJIIOCKIB YTBOPIOIOThCS JlorapuMivHi cripaii. Pykasa
raJaKTUK, CIipaib MEIOCTKIB TPOSH/IN, IO PO3MYCTHUIIACS, TAKOXK YTBOPIOIOTH JIOTapu(MIUHY CIi-
paib, SIKy TeOMETPHUYHO MOYKHA ITO/IATH YePe3 «30JI0THIA MPSMOKYTHHUKY, B IKOTO OIHA CTOPOHA JIOBIIIA
B 1.618 pas3iB («30510Te» YrCIi0 a00 30JI0TUI TIEPETUH 1+45 ~1.6180339887 CKJIAIA€THCS 3 OC3KIHEUHOIO
psany uudp, TPyINu B AKUX HE MOBTOPIOIOTHCA) [11].

[IpuCYTHICTH 30JI0TOTO MEPETHHY B POCIMHAX MPOSBISAETHCS 4yepe3 yucina PidoHauul TaKuM
guroM: 1/1=1; 2 /1= 2; 3/2=1.5; 5/3=1.666; 8/5=1,6; 13/8=1.625; 21/13=1.615348. [lo copokoBOTO
YHclia pe3ysbTar 30iraeTbes 13 30J0TUM niepeTuHoM @ = 1.6180339887 [11].

[Ipu renepyBaHHI MHOKUHU PO30MTTIB yucia a00 MHOXKMHU PO3OUTTIB n -€JI€MEHTHOI MHO-
KUHU Ha TJIMHOXWHU 3 BUKOPHCTAHHSM BIIACTUBOCTI TEPIOIUYHOCTI OIEpIKaHI YUCIIOBI IMOCIHI-
JIOBHOCTI, SIK1 3a7al0Th Y HUX KUIbKICTh KOMOIHATOPHUX KOH(DIirypariii, Mictate yucia didoHauyi.
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Hanpuxunan, s po30OUTTS HaTypajabHOTO YKcia Ui n =7 yTBOpEHAa CKIHYEHHA MOCIIA0BHICTD, SKa
3a/la€ KUIbKICTh PO3OUTTIB y iXHil MHOXWUHI, Mae Bursia 1, 3, 4, 3, 2, 1, 1, ge octaHHi 4otupu
uudpu — ynciaa OidoHaqUi.

Buxomsiun 3 115010, HaCIHMHY 4YM KJIITHHY PO3IITHEMO SIK 3TOPHYTHHA OI1OJOTIYHHUNA TIPOCTIP
(inopmartiitauii 3HaK R=<A4, T, P, Z>). [lix aicro NeBHUX YUHHUKIB (JIJIsI POCIIHMH — 1€ TEIIO, BOJIOTa
1 3eMJIsI) YTBOPIOETHCS JKUBUI 00’ €KT — PO3TOPHYTHI TIPOCTIp, KU MA€ 3IaTHICTh JI0 3rOPTAHHS.

OTxe, 3ropHyTHI O10JIOTIYHUN MPOCTIP 33a1a€Thes 1HGOPMALIHHIM 3HAKOM R=<A, T,P,E>
, AKMI MICTUTh 0a30Bi MHOKMHHM Ta CHUCTEMY IpaBHJI, 3a JOIOMOIOI0 SKUX KOMOIHAIlI€l0 eJIeMeH-
TiB IIUX MHOKHH (a30THCTI OCHOBHU, aMiHOKHCIIOTH) PO3TOPTAETHCS JKUBUH OpPraHi3M — PO3TOPHYTHI
OilosoriuHuid mpocTip. ToYKOr 3HAKOBOTO O10JOTIYHOTO MPOCTOPY MOXKE OYTH PO3OUTTS YKCIIA, PO3-
OUTTS n -eIEMEHTHOI MHOYKMHH Ha I IMHOXXUHH, CIIOJTy4eHHs 6€3 TOBTOpeHb. PUTMiuHi (ynbCcyroui)
MIPOIIECH B XKHBii MPHUPOI MOB’sI3aHI 3 PEKYPEHTHUM CIIOCOOOM YTBOPEHHSI PO3TOPHYTHX IPOCTO-
piB. 3HaKOBi1 O10JI0TIYHI MMPOCTOPH, SIK 1 KOMOIHATOPHI, MAIOTh BIACTHBICTB 13 TOYOK PO3TOPHYTOTO
(omHOTO 200 KUNBKOX OJHOTHITHUX) 3roprarucs. HoBuil 3ropHyTHii mpocTip Ma€ BIACTMBOCTI THX
MIPOCTOPIB, 3 SIKUX BiH yTBOpeHHH. OTKe, s IIUX MPOCTOPIB BUKOHYIOThCS akciomu (1) — (4), Tomy
BOHHU MarOTh KOMOTHATOPHY MPUPOY.

Posrstnemo 3HakoBui iH(popMauiitauii mpoctip. [HpopMmaris nepi 3a Bce OB’ sA3aHa 3 (PyHKIIIO0-
HYBaHHSM JIFOJICBKOTO MO3KY 1 TiepeOyBa€ B IiJICBIIOMOCTI UM CBiJIOMOCTI Y BUIVIAII 00pa3iB, (hparmMeH-
TiB MOBJICHHSI TOII0. BBaXkarumMeMo, 1110 3ropHyTHH 1HGOPMAIIHIKA TPOCTIp — 1€ MiICBIIOMICTb, €Jie-
MEHTH a; 0a30BHX MHOKHH A c A — 00pasu, GparMEeHTH MOBJICHHS. AKTUBI3Y€ThCS IMIACBIIOMICTH
MUCJICHHSIM — CHCTEMOIO TIPAaBHJI P , 3aB/ISIKH SKil 13 €lIEMEHTIB 0a30BIMX MHOKUH PO3TOPTAETHCS YaCT-
KOBO PO3TOPHYTHH 1H()OPMAIIHHUH TPOCTIP — CBIIOMICTD, 110 XapaKTEPU3YETHCS TOHITTAMH, TyMKOIO.
Ockinbky 11 popMyBaHHS TyMKH HEOOX1THO BUOMpATH €IEeMEHTH i3 6a30BOT MHOKUHH, TO TOUKOIO
PO3TOPHYTOTO 1H(POPMAIIIITHOTO IPOCTOPY € PO3MIIIIEHHS 3 TIOBTOPESHHSIMH, [0 BKa3y€e Ha KOMOIHATOpHY
pUpoy 1IbOTO TIpocTopy. [lepenaqa indopmartii (yMKH ) IPOBOIUTHCS POTOPHYTUM 1HGOPMAITTIHTHIM
MIPOCTOPOM Yepe3 MOBJICHHEBUI MPOCTIp, 3aBASKU JKECTaM, pyXaM, 3a JOIOMOI00 HChMa, rpadiuHuX
300pa)keHb TOIIO. 3ropTaHHs iH(POPMAIIITHOTO MTPOCTOPY 13 PO3TOPHYTHX MOBIEHHEBUX Ta PI3HUX 3BY-
KOBHX IPOCTOPIB MPOBOUTHCS CIIyXOBUM araparom, a 00pa3iB — 30pOBUM alapaToM.

OTtxe, inghopmayitinuti npocmip iICHy€ B IBOX CTaHAX: CIIOKOi (3TOpHYTHIA) Ta TWHAMIII (pO3rop-
HYTHUH). 3rOpHYTHIA 3a7a€ThCs iHGOpMaIiitHUM 3HaKOM R=<A, T ,P, E>.

[HdopmariitHuit MpocCTip, KU ICHYE 11032 MEXaMH JIFOJICBKOTO OPraHi3My Ta CTBOPEHUH JIFOIH-
HOIO, Ha3BEMO WmyyHuM ingopmayiinum npocmopom. BiH TakoX iCHY€ B IBOX CTaHaX: 3TOPHYTOMY
Ta po3ropHyTOMy. KHUTH, pyKOTINCH, €NTEKTPOHHI 010/110TeKN — ITYYHUH 3TOpHYTHIA 1H(pOpMaIiitHIH
nipocTip. Jyis Hioro po3ropraHHs HEOOXIIHO 3HATH TEBHI MpaBuia ( MpaBujla YATAHHA, JOCTYITY 10
€JIEKTPOHHMX 010J110TEK TOIIO).

Moenennesuii npocmip 3aJa€ThCSl 3TOPHYTHM, SKHH MICTHTH 0a30By MHOXUWHY (aKTHUBHI
Ta MACUBHI OpraHU TBOPEHHS MOBHU), IPaBUJIA, 32 SIKUMU TBOPSTHCS 3BYKU (YACTKOBO PO3TOPHYTHIA
MOBJICHHEBUH MPOCTIpP), Ta MPaBUIIA, 32 SKMMHU 13 3BYKIB (KOMOIHAII€EI0 TOYOK YaCTKOBO PO3TOPHY-
TOTO MPOCTOPY) TBOPHUTHCS MOBJICHHS. MOBJICHHEBHI PO3TOPHYTUH MPOCTIP, K 1 3HAKOBHHA KOM-
OlHATOpPHUU TiJ MI€I0 MEBHUX YWHHHUKIB YTBOPIOETHCS PI3HOMAHITHUMHU KOMOIHAIISIMU aKTUBHHUX
Ta MAaCUBHUX OPTaHiB TBOPEHHS MOBH.

[Tix 3ropHYTHM MOBJICHHEBHM IPOCTOPOM pO3yMieMO iH(popMamiiHuil 3HaK R=<A, T,P,E>,
ne A — 06a30Ba MHOXHHA, €IEMEHTaM a; € A AKOi BiJNOBINAIOTh OPraHM MOBJIEHHEBOTO TPAKTY,
P — cucTeMa IpaBuJl, 3a JOIOMOIOKO SKMX KOMOIHAIIEI a, € A PO3ropTacThCs MPUPOIHUIA MOB-
JICHHEBUH 1TpOCTip, T — PO3MIILICHHS 3 IOBTOPEHHSIMH, = — IPaBUJIa 3rOPTAaHHS MOBJICHHEBOTO TIPO-
CTOPY 3aBISIKU CIIyXOBOMY ariapary.

[lepion OCHOBHOTO TOHY MOBJIEHHEBOTO CUTHAJY TOPIBHSIEMO 3 iHTEPBAJIOM HYJIBOBOTO PAHTY
KOMOIHaTOPHOT MHOKMHH; MiHIMAQJIbHY KIJIBKICTh TIEPIOiB OCHOBHOTO TOHY, IIPH SIKii BiITBOPIOETHCS
MIEBHUH 3BYK — 3 IHTEPBAJIOM o -TO PaHTy; BIAJIK CUTHAIY, 3 SIKOTO MOYMHAETHCS MOTOYHUM MEPioa
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OCHOBHOTO TOHY — 3 00MEXYBAJIBHOIO KOMOTHATOPHOO KOH(Dirypariero. TOYKOr0 MOBJIEHHEBOTO MPO-
CTOpPY € PO3MIILLIEHHs 3 MOBTOPEHHAMHU. [{[UM MOXKHA MOSICHUTH, YOMY BXIiJIHI JIaH1 B pO3Mi3HaBaHHI
MOBJICHHSI MAIOTh HEUITKY CTPYKTYDY.

3 11bOTO BUILTHMBAE, 1110 O10J10T14YH1, iIHPOpMaIIiifHi, MOBICHHEB] IPOCTOPH, 5K 1 3HAKOBI KOMO1Ha-
TOPHI, ICHYIOTh y JIBOX CTaHaX: CIIOKOI Ta IMHaMIill, Ta Ui HUX clipaBe/uinBi akciomu 1 — 4. Ot1xe,
BOHH MalOTh KOMOIHATOPHY MPUPOLY, IO 1 JOBOTUTH Teopemy 1.

3nakosi gizuuni npocmopu. ICHyIOTh poOOTH, B IKHX JTOCTIIKYIOThCS pi3HI BUMipH (Pi3UIHOTO
npocropy. Hanmpuxian B [12] mpocTopoBicTh 3 KOMOIHATOPHKOIO TMOB’SI3YIOTH 4yepe3 OiHOMiasbHi
Koe(]imieHTH, SKi YTBOPIOIOTh apU(PMETUIHNN TPUKYTHUK ( TpUKYTHUK Ilackans), skuii Mae Takuid
Bursig g nef{0,1,2, 3,4, 5}:

VY [12] 3a nronnomororo 6iHOMiaTbHUX KOS(IIIEHTIB OMUCAHO 0a30B1 XapaKTEPUCTUKHU (Pi3HUHOTO
npoctopy. OTHOBUMIPHHI OMIMCYETHCS MOCIIIOBHICTIO 1, 1, 1€ epiia oguHUI — KITbKICTh TTOYaTKIB
KOOpJIMHAT, a Ipyra — KUTbKICTh 0a3UCHUX BEKTOPiB. JIBOBUMIpHUI MPOCTIP OMUCYETHCS MOCIIT0B-
Hictio 1, 2, 1, ne mepia ogUHUI — KUIBKICTh MOYATKIB KOOPAMHAT, 2 — KUIBKICTh KOOPAMHATHUX
oceil, TpeTsl OAMHULS — KUIBKICTh IJIOIUH. TPUBUMIPHUI IPOCTIP — CBIT, B IKOMY MU I1epedyBaeMo —
OTMHCY€EThCS MOCHiTOBHICTIO 1, 3, 3, 1, 1e onMH MOYaToOK KOOPAUHAT, TPU KOOPIAUHATHUX OC1, TPH IJI0-
IIMHU Ta OJUH C(OPMOBAHHUI HUMU MPOCTip. BUXOAs4M 3 LHOTO MPUITYIIEHHS, YOTUPHOXBUMIPHUN
MIPOCTIP OMHUCYETHCS MOCTIIOBHICTIO 1, 4, 6, 4, 1.

[Tpu po3ropraHHi 3HAKOBOTO KOMOIHAaTOPHOTO MPOCTOPY 3 BUKOPUCTAHHSIM BIIACTUBOCTI Iepi-
OZIMYHOCTI, TOUKOIO SIKOTO € CIIOJyuyeHHs €3 MOBTOPEeHb a00 PO3OUTTS n -€JI€MEHTHOI MHOKMHHU Ha
I IMHO>XHHH, OIEp>KaHl YHMCIIOB1 MTOCTIOBHOCTI, SIK1 337]al0Th Y HUX KUIbKICTh KOMOIHATOPHUX KOH-
(birypaiiiii, yTBOpIOIOTH KOMOIHATOPHI YKCIIa Ta SBISIOTH COOOK0 O1HOMIaIbHI KO€(IIIEHTH, 110 YTBO-
PIOIOTH apupMeTHUHUN TPUKYTHUK. CHOPMYITIIOEMO TaKi TEOPEMHU.

Teopema 2. 3HaueHHsI TOCIIITOBHOCTI, 5IK1 33/Jal0Th KUIbKICTh CIIOYy4Y€Hb 0€3 IOBTOPEHb W Yy IXHIH
MHOXXHHI W , 110 yMOpsiIKOBaHa 3 BUKOPHCTaHHSAM PEKYpPEHTHO-TIEPIOMYHOTO METOy TeHEpyBaHHS
KOMOIHaTOpHUX KoHIrypariiii [9], yTBOpIoI0Th apupMETHUHHNA TPUKYTHUK Ta € (PIrypHUMH YUCTAMH.

Teopema 3. 3HaueHHs MOCTIAOBHOCTEH, SIKI 3a1aI0Th KUIBKICTh PO3OUTTIB # -€JIEMEHTHOT MHO-
)KUHW Ha MJIMHOXHMHM y iXHIH MIAMHOXKUHI W, Ui n =2, MO yHNOPAIKOBaHa 3 BUKOPHUCTaHHAM
PEKYPEHTHO-NIEPIOUYHOTO METOAY TeHEepyBaHHS KOMOIHAaTOpHHUX KOHQirypauii [9], yTBOpIOIOTH
apupMeTUYHUI TPUKYTHUK Ta € (PITYypPHUMH YHCIAMH.

Jloseoenns Teopem 1 — 2 HaBeneno B [13].

Sk omucano B [13], omeprkaHi MOCTIOBHOCTI, CyMH WICHIB SIKUX 33/1al0Th KUTBKICTh W Y IiJIMHO-
KuHax W, , yTBOPIOIOTh apU()METMYHHMA TPMKYTHUK Ta € OlHOMIaIbHMMH KO€(]IlieHTaMu, TOOTO s
n=1{0,1,2,3,4,5..} BignmosigHo MaeMmo nociignosrocri: 1; 1,1; 1,2,1, 1,3,3,1; 1,4,6,4,1; 1,5,10,10,5,1; ....

MoskHa 3pOOUTH MPUITYIIEHHS, 0 (I3UYHOMY MPOCTOPY BJIACTHBI aKCIOMU 3HAKOBUX KOMOI-
HaTOPHUX MPOCTOPIB, TOOTO BiH ICHY€ B ABOX CTAHAaX: CIIOKOI Ta AMHAMIIIL.

HonsipHa cucrema KOOpAMHAT

Posmiisinemo, Ik yTBOPIO€THCS JTorapu@miyHa cripasb 13 3aCTOCYBaHHIM MOJISPHUX KOOPIUHATAX.

[TonsipHa cucTemMa KOOpJMHAT 33a€THCS MPOMEHEM, SIKUI Ha3UBaIOTh HYTLOBUM a00 MOJIIPHOIO
Biccto [14]. Touka, 3 sik0oi BUXOIUTH IIEH MPOMiHb HA3UBAETHCS IMOYATKOM KOOPIUHAT 200 MOTIOCOM.
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Bynp-sika iHIIA TOYKa Ha TUIOIIMHI BU3HAYAETHCS BOMA MOJISPHUMU KOOPAMHATAMU: PajiaibHOIO
(pamiycom) p Ta KyToBOWO ¢. PamianpHa KoopauHaTa BIAMOBITA€ BiACTaHI BiJl TOUYKU 10 MOYATKY
koopauHaT. KyToBa KOOpAMHATA, IO TAKOXK 3BETHCS IMOJSIPHUM KYTOM JIOPIBHIOE KyTy MIX TIOJISIP-
HOIO BICCIO Ta HAIIPSIMKOM Ha 3aJlaHy TOYKy. Bu3HaueHa TakuM YMHOM pajiajibHa KOOPIWHATA MOXKE
HaOyBaTH 3HAYCHHS B HYJIS 10 HECKIHUEHOCTI, a KyTOBa KOOPJMHATA 3MIHIOETHCS B Mexkax Bia 0° 1o
360°. Pagian — e oqMHMI BUMIPIOBaHHS IJIOMIMHHUX KyTiB B MiXKHApOAHIN cucTeMi onuHHUIb Sl.
OnuH pajiaH — 1€ IUIOUMHHUM KyT, yTBOPEHHI [BOMA pajilycamu, TakK, 1110 JOBKHUHA IYTU MK HUMU
JIOPIBHIOE paJilycy Kojia 1 B rpajycax mo3HavaeTbes sk 180w = 57.296°.

[cHYIOTBH POOOTH, B SIKHX €JIEMEHTH CKIHYEHHUX MOCIITOBHOCTEH YMCEIT TIOIaHO Yepe3 MOSIpHi
koopauHar [15]. B [15] ixHe mpencTaBiieHHs Ha MOBEPXHI yTBOPIOE apudMeTUUHY criipaib (ado cri-
pasib Apximena). Ll criipasib sBisie cOO0I0 KpUBY, SIKY OITUCY€E TOUka M Tij yac i1 piBHOMIPHOTO PyXy
13 3aJ1aHOI0 MIBUJIKICTIO B3/IOBX IMPSIMOI, 110 PIBHOMIPHO 00EPTAETHCS y TUIONIMHI HABKOJIO ONHIET 31
CBOIX TOYOK. Y TOJIIPHUX KOOPAWHATAX 11 3a/1al0Th Y BUIVISAIL: p=a , IE ® — KyTOBa IiLIBI/I,Z[KiCTB.

JlorapugmiuHa cripaib B MOSIPHUX KOOPIUHATAX 33a€ThCS SIK p = ae™ abo ¢ = —In(r/a), 1o
MOSICHIOE Ha3By JlorapudmidHa, e p — BiJAaIb BiJl TOYKA O 110 TOYKH M , ¢ — KyT IOBOPOTY TPO-
MEHsI, SIKMi 00epTa€ThCs HABKOJIO TOUYKH O, BIAPI30K @ HA3MBAETHCS KPOKOM CITipaii. 3MIIICHHS
TOYKM M B370BX MPOMEHS IPU MOBOPOTI OCTAHHBOTO HA KyT B OJUH paJliaH.

I3 Teopem 2 — 3 BUIUIMBAE, IO MPH PO3TOPTAHHI 3HAKOBUX KOMOIHATOPHUX MPOCTOPIB YTBO-
PIOIOTBCSI CKIHYEHHI mociigoBHOCTI. s enemenTiB nmocmigoBHocti 1, 2, 3, 4, 5, 6,... BU3HAUUMO
noJsipHi koopauHaty: ais 1: (1,1), ne mepiue 4uciao — BiZICTaHb BiJl MOYATKy KOOPAWHAT JI0 3a/1aHOi
TOYKH, JPyre — KyTOBa KOOpAHMHATA B pajiiaHax; TOOTO nopiBHIOE 1 pamian, mis 2, 3, 4, 5, 6 Biamno-
BiIHO KoopauHatu: (2,2), (3,3), (4,4), (5,5), (6,6). SIKIO HAaHECTHU TOYKHU 3 IUMHU KOOPJIWHATAMU Ha
IUTOIIMHY MPOTH YacOBOi CTPUIKH 1 3’€IHATH iX JIHI€I0, TO OTPUMAEMO apuUPMETHUHY cripaib (abo
cripanp Apximena).

Posrnsinemo nocminoBHocri 1, 3, 6, 10, 15, 21, ...; ta 1, 4, 10, 20, 35, 56,..., 3amamo iX y nossip-
Hux koopauHatax: (1, 1), (3,2), (6,3), (10, 4), (15,5), (21, 6), Bianosinuo (1, 1), (4,2), (10, 3), (20, 4),
(35,5), (56, 6). Sxmro moOyayBaTH KpHUB1 HA TUIOIIMHI 110 TOMUHHUKOBIM CTPLII, TO BOHH Ha0yBalOTh
hopmu, sika HAOIUKAETHCS 0 JorapuMIdHOI Criipati.

BucHoBku

[IpencraBineHHs: IPUPOIHUX TPOCTOPIB K 3HAKOBUX KOMOIHATOPHUX J03BOJISE MOSICHUTH Pi3HI
SIBUIIIA B IPUPO/IL, K1 OB’ s13aH1 3 KOMOIHATOPHUMH YUCIIAMH Ta JOorapugmiuHuMHu cripansmu. [Ipu
pO3TropTaHHi WX MPOCTOPIB i3 3TOPHYTOTO YTBOPIOKOTHCS CKIHYCHHI TMOCIIIOBHOCTI, CYMH YJICHIB
SIKUX 33JIa0Th KUIBKICTh KOMOTHATOPHUX KOH(ITypaIii y maIMHOKHHI 130MOPGHUX KOMOIHATOPHHUX
KOH(Irypauiid, yTBOpoloTh apupmMeTuuHuil TpukyTHUK (TpukyTHHK Ilackans). I3 apudmernunoro
TPUKYTHHKA yTBOPIOIOTHCS unciia ®ibonaudi, BiqNOBITHO 1 30510Te ymcio. Jlorapudmivna cripaib
BIIUCYETbCS B 30JI0THH NMPSIMOKYTHHK, a JUHaMIKa ii pOpMyBaHHS NEpeAaeThCs 3aBAIKH YTBOPEHUM
B pe3yJbTaTi pO3ropTaHHs 3HAKOBUX KOMOIHATOPHUX MPOCTOPIB CKIHYEHHUX MOCIHIIOBHOCTEH, ene-
MEHTH SKHX MOJIAaHO B TIOJIIPHUX KOOPAWHATAX.
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SOME QUESTIONS OF SYNTHESIS IN CYBERNETICS AND COMPUTER SCIENCE

The problem of synthesis in computer sciences, including cybernetics, artificial intelligence and system analysis,
is analyzed. Main methods of realization this problem are discussed. Ways of search universal method of creation
universal synthetic science are represented. As example of such universal method polymetric analysis is given. A short
classification method of synthesis is represented. Main methods of synthesis are next: deductive, duductive-inductive,
inductive and pragmatic. Perspective of further development of this research, including application polymetric method
for the resolution main problems of computer sciences, is analyzing too. Deductive methods are using for the creation
generalizing theories or theories of everything. For creation these theories six criteria were formulating. Deductive-
inductive method is Newtonian four rules of conclusion in physics. This method allows creating classical mechanics,
B. Russel logical types, etc. Inductive methods use for the receiving inductive generalized laws as Shennon theorem.
Pragmatic methods is using for the creation systems, which are necessary for the rersolution for solving particular
problems, for example, creating some kind of unit for solving a specific practical problem. This method often is using
in engineering or in an area of human activity where there are already many developments and they often need to be
combined with developments from other related fields. In programming, an example of pragmatic synthesis is the Python
programming language, which includes elements of earlier programming languages. The boundaries between these four
types of synthesis are sometimes rather arbitrary. A modern example of deductive-inductive synthesis is the Vladislav
Dorofeev concept of strong artificial intelligence. Cybernetics itself is also a synthesis of various sciences. However, its
synthesis in the Georg sense is inductive, and in the sense of polymetric analysis, it is deductive.

Key words: synthesis, cybernetics, computer science, artificial intelligence, system analysis, polymetrical analysis,
Moiseev principle, Python.

ILII. TPOXUMYYVYK, O.M. BUII'YPCBKMIA, O.M. 3AMYPYEBA

BonuHchKuii HanioHanbHU YHIBepceuTeT iMeHi Jleci Yipainku

JAEAKI IIMTAHHSA CUHTE3Y B KIGEPHETHUILI TA IH®OOPMATHUIT

Ipoananizosaro npobnemy cunmesy 6 iHghopmamuyi, 30Kpema 6 KibepHemuyi, WmyuHoMy IHmMeIeKmi ma cucmem-
Homy ananizi. 062080pOOMbCA OCHOBHI Memoou peanizayii yiei npobnemu. IIpedcmagneno wiiaxu noutyKy yHigepcaiv-
HO20 Memoody CMBOPEeHHA YHIBepCalbHOI CUHMEMUYHOI HayKu. K NpuKkiao maxkozo YHieepcanibHo20 Memoody HA8EOeHO
nonimempuyunutl ananis. Ipedcmasneno kopomruil kiacugikayivinutl memoo cunmesy. OCHOSHUMU MEMOOAMU CUHIME3Y
€ 0eQYKmMueHUU, 0eOYKMUEHO-IHOYKMUBHULL, THOYKMUSHUU [ npazmamuyHuil. AHani3yiomscs nepcnekmueu nooaibilo2o
PO3BUMKY Yb02O OOCHIONCEHHS, 8 MOMY YUCTT 3ACMOCYBAHHSL NOTIMEMPULHO20 MEMOOY OISl BUPIUUEHHS OCHOBHUX NPOOLEM
iHGhopmamuku. /[e0yKmueni Memoou 8UKOPUCTNOBYIOMbCSL OJil CMEOPEHHSL Y3A2ANbHIOYUX Meopill abo meopiil 6Cb02o.
Jlna cmeopenns yux meopiti 0V10 chopmyibosano wicme Kpumepiis. /[e0yKmuHo-iHOYKMUGHULL Memoo — YOmupu npa-
suna sucrnosxy Hotomona y ¢hizuyi. Lleti memoo 0036011€ cmgoprogamu KIACUyHy mexauiky, noziuni munu b. Paccena
ma in. InOykmueHi memoou UKOpUCmogyioms OJisl OMPUMAHHA THOYKMUBHUX V3a2albHeHUX 3aKoHie AK meopema Lllen-
HoHa. [Ipaemamuyni memoou UKOPUCIIOBYIOMb OISt CIEOPEHHSL CUCMeEM, HeOOXIOHUX OISl NEPEPO38 a3anHs KOHKPEMHUX
3a60aHb, HANPUKIAO, CMBOPEHHSL AKO20CH ONOKY 0/l BUPiUeHHs KOHKpemHoi npakxmuunoi 3adadi. Lleti memoo uacmo
BUKOPUCTOBYEMBCAL 8 MeXHIyl abo 6 cehepi 1H00CHKOI disnbHOCHI, 0e e € baeamo po3poboK I iX uacmo nompioHo
NOEOHYBAMU 3 PO3POOKAMU 8 THULUX CYMIDCHUX 2any38X. Y npoepamy8anHi npukiaoom npazmamuiHo20 CUHmesy € Mosd
npoepamyeants Python, saxa exitouae enemenmu nonepeoHix Mo npoepamysanus. Meoci midc yumu vomupma euoamu
cunmesy iH00i docums ymoeni. Cyuachum npuKiadom 0e0yKmueHo-iHOYKMUBHO20 CUHMES) € KOHYeNYis CUTbHO20 WYY~
Hozo inmenexmy Bnaoucaasa J{opogecea. Cama xibepremuxa maxoxic € CUHme30oM pisHux Hayk. Ane cummes y ceuci
JDicopooica iHOyKmu6Hull, a 8 CeHCI ROIMEMPUYHO20 AHANIZY — 0eOVKIMUGHULL.

Kniouosi crnosa: cunmes, Kibepnemuka, iHoOpMamuxa, wmyuHutl iHmeneKm, CUCMeMHUL aHAI3, NOAIMeMPUHUL
ananiz, npunyun Moicecea, Ilatimon.

Introduction
The problem of synthesis in modern computer sciences is connecting with the problem of creation
the universal system of knowledge and has long history [1 — 16].
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We use short classification method of synthesis. Main methods of synthesis are next: deductive,
duductive-inductive, inductive and pragmatic. Perspective of further development of this research,
including application polymetric method for the resolution main problems of computer sciences,
is analysing too. Deductive methods are using for the creation generalizing theories or theories
of everything. For creation these theories six criteria were formulating. Deductive-inductive method
is Newtonian four rules of conclusion in physics. This method allows creating classical mechanics,
B. Russel logical types [3], etc. Inductive methods use for the receiving inductive generalized laws
as Shennon theorem. Pragmatic methods is using for the creation systems, which are necessary for
the rersolution for solving particular problems, for example, creating some kind of unit for solving
a specific practical problem. This method often is using in engineering or in an area of human activity
where there are already many developments and they often need to be combined with developments
from other related fields. In programming, an example of pragmatic synthesis is the Python
programming language, which includes elements of earlier programming languages. The boundaries
between these four types of synthesis are sometimes rather arbitrary. Therefore, the Newtonian four
rules of conclusions in physics, in principle, represent a deductive system. However, the fourth rule,
where induction is mentioned, allows us to present it as a deductive-inductive system, although most
researchers consider him the founder of the inductive method. Since this is a theoretical method, it is
natural that it includes elements of deduction. A modern example of deductive-inductive synthesis is
the concept of strong artificial intelligence by Vladislav Dorofeev, which is basing on three principles:
Moiseev, Legasov and Efremov [9, 10, 14]. Roughly speaking, this is the application of Newton's
method to artificial intelligence problems. Cybernetics itself is also a synthesis of various sciences
[4, 5]. However, synthesis in the sense of George is inductive, and in the sense of polymetric analysis,
it is deductive.

For the tasks of artificial intelligence, this direction was developing by N. Nillson [6, 7, 13].

Cybernetics as a science appeared in connection with the development of computer technology
and with the need to process and operate with large amounts of information. According to N. Wiener
cybernetics is science about control and communication in the animal and the machine [3].

However, according to [3 — 5] cybernetics is synthesis of many sciences (mathematics, physics,
biology, psychology and other).

Therefore the main problem of our research is ascertainment of question about possible
application of PA for the resolution the problems of cybernetics, including general problems (S. Beer
centurial problem, problem of complexity) and particular (matrix calculations, arrays sorting, pattern
recognition).

Artificial intelligence (Al) is intelligence demonstrated by machines, as opposed to natural
intelligence displayed by animals including humans. Leading Al textbooks define the field as the study
of "intelligent agents": any system that perceives its environment and takes actions that maximize its
chance of achieving its goals. Some popular accounts use the term "artificial intelligence" to describe
machines that mimic "cognitive" functions that humans associate with the human mind, such as
"learning" and "problem solving", however, this definition is rejected by major Al researchers. It may
be represented as chapter of cybernetics, but F. George is selected it as independent science.

Main ways of synthesis in artificial intelligence (logic, engineering and Moiseev type) are
analyzed too. First two represented by S. Russel and P. Norwig [15], N. Nillson [13] and N. Kasabov
[16] concepts, and have more engineering nature. Vladislav Dorofeev concept of strong artificial
intelligence has more deep anthropic nature [9, 10]. This concept is connected with influence human
activity on environment. Therefore, in this concept we have three principles: two ecological (Legasov
and Efremov) and one system cybernetic (Moiseev) [14]. This concept was used to the resolution
system aspects of COVID-19 [9, 10, 14]. These methods have inductive nature.

However, cybernetics is synthetic science [4, 5]. Therefore, we must been create universal
synthetic deductive theory. This theory is Polymetric Analysis.
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More fully, realization of this idea is Polymetric Analysis (PA): theory of variable measure or
theory of systems with variable hierarchy. We can say that this system was created for the formalization
L. Hall phrase “All, which come from head, is intelligent” [1, 3].

PA includes the procedure of measurement in finish result of measurement [13, 14]. Basic
and derivative measurements are connecting with quantitative and qualitative mathematical
transformations. First is corresponded the procedure of measurement (arithmetic) the observed
quantity, second — the analysis of dimensions (dimensional analysis).

Polymetric analysis is basing on the idea of triple minimum (particularly scientific, methodical
and mathematical). Main principles of PA are criteria of reciprocity and simplicity. The first criterion
is the principle of assembling the elements of the corresponding construct into a single system. Second
criterion is principle optimality (simplicity-complexity) of this assembling.

One of main component of this method, hybrid theory of systems (theory systems with variable
hierarchy) show that only ten minimal types system of formalization the knowledge are existed [3, 14].

Therefore, methods of PA as universal theory of optimal formalized synthesis may be using for
the resolutions the main cybernetical problems. Structure of PA may be representing as more deep
formalization the neuronets [1, 3].

Since, PA as universal system formalization of knowledge may be used for the resolution
the basic problems of natural and artificial intelligence too [3, 10, 14].

The bonds of Polymetric Analysis and computer sciences are shown. The using of polymetric
method for the resolution the problems of cybernetics and artificial intelligence is discussed.
Perspective of using synthetic methods for the development of computer sciences is analyzed too.

II.Cybernetics as synthetic science

Cybernetics (from the Greek wvPepvntikn “governance,” xvPepvd “to steer, navigate or
govern,” kvuPepvn “an administrative unit; an object of governance containing people”) is the science
of general regularities of control and information transmission processes in different systems, whether
machines, animals or society [1 — 5].

Cybernetics studies the concepts of control and communication in living organisms, machines
and organizations including self-organization. It focuses on how a (digital, mechanical or biological)
system processes information, responds to it and changes or being changed for better functioning
(including control and communication).

Cybernetics is an interdisciplinary science [1 — 5, 8]. It originated “at the junction”
of mathematics, logic, semiotics, physiology, biology and sociology. Among its inherent features, we
mention analysis and revelation of general principles and approaches in scientific cognition. Control
theory, communication theory, operations research and others represent most weighty theories within
cybernetics [8].

Short history of cybernetics is represented in [1 — 5, 8].

The latter case covers partial “intersection” of these results (see Fig. 1 — figuratively speaking,
the central rode of the “umbrella”), i.e., usage of common results for all component sciences.
Furthermore, we will adhere to this approach over and over again for discrimination between
the corresponding umbrella brand and the common results of all component sciences in the context
of different categories such as interdisciplinarity, systems analysis, organization theory, etc.

Cybernetics today (disciplines included in cybernetics in the descending order of their “grades”
of membership, see Fig. 1, with year of birth if available) [8]:

— control theory (1868—the papers published by J. Maxwell and I. Vyshnegradsky);

— mathematical theory of communication and information (1948 — C. Shannon’s works);

— general systems theory, systems engineering and systems analysis;

— optimization (including linear and nonlinear programming; dynamic programming; optimal
control; fuzzy optimization; discrete optimization, genetic algorithms, and so on);
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— operations research (graph theory, game theory and statistical decisions, etc.);

— artificial intelligence (1956-The Dartmouth Summer Research Project on Artificial
Intelligence);

— data analysis and decision-making;
— robotics
and others (purely mathematical and applied sciences and scientific directions, in an arbitrary order)
including systems engineering, recognition, artificial neural networks and neural computers, ergatic
systems, fuzzy systems (rough sets, grey systems, etc), mathematical logic, identification theory,
algorithm theory, scheduling theory and queuing theory, mathematical linguistics, programming
theory, synergetics and all similar sciences [8].

CYBEENETICS

" 1m6n

1948

1958

| 1044

1956

Fig. 1. The composition and structure of cybernetics [8].

According to [4, 5] cybernetics is synthesis of many sciences (mathematics, physics, biology,
psychology and other Fig. 2.

Logic
~ CYBERNETICS
"
Psychology |__Mathematics
Physics
: Electrical engineering
Physiology

Fig. 2. A diagram that roughly illustrates the areas of intersection of the main disciplines that feed cybernetics [4, 5]

Really, this synthesis is more widely. For specific systems, this synthesis is quite general
and therefore, as a rule, it is detailed. Therefore, in our times the new particular synthetic science,
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which are basing on cybernetics are created. These particular synthetic sciences were called as
biological cybernetics, economical cybernetics, physical cybernetics etc. [3, 4, 8].

There is one further argument which we will consider and that is that a computer, or any
other artificially constructed system, only does what it is made to do by its programmer. This is
a view that was held by Lady Lovelace [4]. It is a popular fallacy that computers can only do what
the programmers make the computers do. The fallacy arises from various considerations. One is
the failure to remember that human beings only do what they are programmed to do, although they are
programmed by various different features of the environment, including parents, teachers, etc. and are
adaptable and change according to changing circumstances. Now in this sense it is perfectly true to
say that computers can only do what they are programmed to do, but they can certainly be given
exactly the same flexibility as humans. In other words, various people can program them and they can
be made adaptive so that they change and function in changing circumstances [4, 5].

The problem of not being able to do anything really new also relates in some measure to Lady
Lovelace’s objection which was really dependent upon the idea that the computer, or any other
“machine” which was manufactured by human beings, could do no more than the programmer
programmed it to do [4].

Schema of Fig. 1 shows the composition and structure cybernetics in historical way
of its development. We see that artificial intelligence is the son and daughter of cybernetics, but it
development in last years allow to select and represent the synthesis in this engineering science as
separate paragraph.

Artificial intelligence as synthetic science

Less than a decade after breaking the Nazi encryption machine Enigma and helping the Allied
Forces win World War II, mathematician Alan Turing changed history a second time with a simple
question: "Can machines think?"[4].

Turing's paper "Computing Machinery and Intelligence" (1950), and its subsequent Turing Test,
established the fundamental goal and vision of artificial intelligence [4, 7].

At its core, artificial intelligence (Al) is the branch of computer science that aims to answer Turing's
question in the affirmative. It is the endeavor to replicate or simulate human intelligence in machines.

The expansive goal of artificial intelligence has given rise to many questions and debates. So
much so, that no singular definition of the field is universally accepted.

The major limitation in defining Al as simply "building machines that are intelligent" is that
it doesn't actually explain what artificial intelligence is? What makes a machine intelligent? Al is
an interdisciplinary science with multiple approaches, but advancements in machine learning and deep
learning are creating a paradigm shift in virtually every sector of the tech industry [4, 7].

According to N. Moiseev “Anyway, the term "artificial intelligence" established in the scientific
literature, and with this it follows to be considered. However, it is important to clearly stipulate
pragmatic, applied meaning of this term. So we agree to associate its use only with modern processing
technology and use information” 3, 10].

In their groundbreaking textbook Artificial Intelligence: A Modern Approach, authors Stuart
Russell and Peter Norvig approach the question by unifying their work around the theme of intelligent
agents in machines. With this in mind, Al is "the study of agents that receive percepts from
the environment and perform actions" [15]

Norvig and Russell go on to explore four different approaches that have historically defined
the field of AI [15]:

1. Thinking humanly

2. Thinking rationally

3. Acting humanly

4. Acting rationally
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The first two ideas concern thought processes and reasoning, while the others deal with behavior.
Norvig and Russell focus particularly on rational agents that act to achieve the best outcome, noting
"all the skills needed for the Turing Test also allow an agent to act rationally" [15].

Winston, the Ford professor of artificial intelligence and computer science at MIT, defines
Al as "algorithms enabled by constraints, exposed by representations that support models targeted
at loops that tie thinking, perception and action together" [15].

While these definitions may seem abstract to the average person, they help focus the field as
an area of computer science and provide a blueprint for infusing machines and programs with machine
learning and other subsets of artificial intelligence.

The Four Types of Artificial Intelligence are existed [15]:

1. Reactive Machines.

A reactive machine follows the most basic of Al principles and, as its name implies, is capable
of only using its intelligence to perceive and react to the world in front of'it. A reactive machine cannot
store a memory and as a result cannot rely on experiences to inform decision making in real-time.

Perceiving the world directly means that reactive machines are designed to complete only
a limited number of specialized duties. Intentionally narrowing a reactive machine’s worldview is
not any sort of cost-cutting measure, however, and instead means that this type of Al will be more
trustworthy and reliable — it will react the same way to the same stimuli every time.

A famous example of a reactive machine is Deep Blue, which was designed by IBM in the 1990’s
as a chess-playing supercomputer and defeated international grandmaster Gary Kasparov in a game.
Deep Blue was only capable of identifying the pieces on a chessboard and knowing how each moves
based on the rules of chess, acknowledging each piece’s present position, and determining what
the most logical move would be at that moment. The computer was not pursuing future potential
moves by its opponent or trying to put its own pieces in better position. Every turn was viewed as its
own reality, separate from any other movement that was made beforehand.

Another example of a game-playing reactive machine is Google’s AlphaGo. AlphaGo is also
incapable of evaluating future moves but relies on its own neural network to evaluate developments
of the present game, giving it an edge over Deep Blue in a more complex game. AlphaGo also bested
excellent competitors of the game, defeating champion Go player Lee Sedol in 2016.

Though limited in scope and not easily altered, reactive machine artificial intelligence can attain
a level of complexity, and offers reliability when created to fulfill repeatable tasks.

2. Limited Memory.

Limited memory artificial intelligence has the ability to store previous data and predictions
when gathering information and weighing potential decisions — essentially looking into the past for
clues on what may come next. Limited memory artificial intelligence is more complex and presents
greater possibilities than reactive machines.

Limited memory Al is created when a team continuously trains a model in how to analyze
and utilize new data or an Al environment is built so models can be automatically trained and renewed.
When utilizing limited memory Al in machine learning, six steps must be followed: Training data must
be created, the machine-learning model must be created, the model must be able to make predictions,
the model must be able to receive human or environmental feedback, which feedback must be stored
as data, and these steps must be reiterated as a cycle.

Three major machine-learning models utilize limited memory artificial intelligence:

+ Reinforcement learning, which learns to make better predictions through repeated trial-and-error.

* Long Short Term Memory (LSTM), which utilizes past data to help predict the next item
in a sequence. LTSMs view more recent information as most important when making predictions
and discounts data from further in the past, though still utilizing it to form conclusions

* Evolutionary Generative Adversarial Networks (E-GAN), which evolves over time, growing
to explore slightly modified paths based off previous experiences with every new decision. This
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model is constantly in pursuit of a better path and utilizes simulations and statistics, or chance, to
predict outcomes throughout its evolutionary mutation cycle.

3. Theory of Mind.

Theory of Mind is just that — theoretical. We have not yet achieved the technological and scientific
capabilities necessary to reach this next level of artificial intelligence.

The concept is based on the psychological premise of understanding that other living things
have thoughts and emotions that affect the behavior of one’s self. In terms of Al machines, this would
mean that Al could comprehend how humans, animals and other machines feel and make decisions
through self-reflection and determination, and then will utilize that information to make decisions
of their own. Essentially, machines would have to be able to grasp and process the concept of “mind,”
the fluctuations of emotions in decision-making and a litany of other psychological concepts in real
time, creating a two-way relationship between people and artificial intelligence.

4. Self-awareness.

Once Theory of Mind can be established in artificial intelligence, sometime well into the future,
the final step will be for Al to become self-aware. This kind of artificial intelligence possesses
human-level consciousness and understands its own existence in the world, as well as the presence
and emotional state of others. It would be able to understand what others may need based on not just
what they communicate to them but how they communicate it.

Self-awareness in artificial intelligence relies both on human researchers understanding
the premise of consciousness and then learning how to replicate that so it can be built into machines.

According N. Nillson [6, 7, 13] artificial intelligence, broadly (and somewhat circularly) defined,
is concerned with intelligent behavior in artifacts. Intelligent behavior, in turn, involves perception,
reasoning, learning, communicating, and acting in complex environments. Al has as one of its long-
term goals the development of machines that can do these things as well as humans can, or possibly
even better. Another goal of artificial intelligence is to understand whether it occurs in machines or
in humans or other animals. Thus, artificial intelligence has both engineering and scientific goals.
N. Nillson is focused main attention on the important concepts and ideas underlying the design
of intelligent machines.

Main elements of N. Nillson synthesis are [6, 7, 13]:

1. Reactive machines, which are included: stimulus-response agents (perception and action,
representing and implementing action functions); neural networks, machine evolution (evolutionary
computation, genetic programming); state machines (representing the environment by feature vectors,
Elman networks, iconic representations, blackboard systems); robot vision.

2. Search in state spaces: agents that plan (memory versus computation, state-space graphs, searching
explicit state spaces, feature-based state spaces, graph notation); uniformed search; heuristic search;
planning, acting and learning; alternative search formulations and applications; adversarial search.

3. Knowledge representation and reasoning: the propositional calculus; resolution in
the propositional calculus; the predicate calculus; resolution in the predicate calculus; knowledge-
based systems; representing commonsense knowledge; reasoning with uncertain information; learning
and acting with Bayes nets.

4. Planning methods based on Logic: the situation calculus; planning.

5. Communication and integration; multiple agents; communications among agents; agent
architectures.

N. Kasabov engineering synthesis of artificial intelligence including four areas [16]:

1. Foundations: evolving processes and their representation as data, information and knowledge;
brain information processing, evolutionary computation; quantum-inspired computation; molecular
information processing; information theory; computational architecture.

2. ECOS and SNN methods: artificial neural networks (ANN) and evolving connectionist system
(ECOS); spiking neural networks (SNN) methods; ANN and ECOS computational methods; SNN
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methods; evolving SNN (eSNN); brain inspired SNN (BI-SNN) and the design brain inspired — artificial
intelligence; SNN, eSNN, BI-SNN parameter optimization with evolutionary computation (EC).

3. Applications: deep learning and deep knowledge from brain data; audio- and visual information
processing; bioinformatics data modeling; SNN for neuroinformatics and personalized modeling;
predictive modeling in ecology; predictive modeling in transport; predictive in environment.

4. Future directions: brain-computer interfaces with BI-SNN; affective computation;
neuromorphic systems; new spike-time information theory for data compression; integrated quantum-
neurogenetic-brain-inspired models; towards integrated human intelligence and artificial intelligence.

Now we represent the model of strong hybrid intelligence proposed in [9, 10, 14], which is based
on N. Moiseev's idea of complex modeling of the noosphere [10] in order to predict the consequences
of any external influences on it, including anthropogenic ones [10].

The proposed strong hybrid intelligence architecture is shown in Fig.3 [14]. The explanation
of schema of Fig. 3 is next [14]:

1. The real world is information about the problem area, collected using the sensors available to
the system. The real world includes both real world objects and automated transactional information
processing systems. For example, in the case of a pandemic, contact tracing systems, medical
information systems with patient data, etc.

2. People — a team of specialists involved in solving a problem. The team may include subject
matter experts, developers, information system operators, etc.

3. Artificial intelligence is an adaptable and developed system for the automated collection
and processing of real-world information with an interface for communication with a group of experts,
including in natural language.

4. Modeling system — a set of systems for modeling and forecasting the real world with
the capabilities of scenario analysis of the consequences of impact on the real world.

2. People

L

1. Real World T 4. Simulation System
Intelligence

Fig. 3. Architecture the strong hybrid intelligence of N. Moiseev type [14]

The goal of the system of strong hybrid intelligence is the most accurate forecasting
of the development of the real world with the possibility of scenario analysis of the consequences
of external influences on it.

In a sense, the proposed architecture can be considered an extension of the concept of “digital twins”,
developed in the world since 2002, to include the human factor. In addition, at present, the main successes
in the field of solving complex problems are associated with precisely such systems [9, 10, 14].

The architecture of the proposed system itself assumes its transparency and controllability, since
the consequences of the supposed impacts on the real world are checked on the modeling system.
However, taking into account the complexity of the real world and the limited possibilities of methods
for its modeling, there are no complete guarantees of the safety of such a system. The following
principles can be used to improve security.

1. Legasov's principle: a technostructure uncontrolled by society threatens the global security
of humankind.
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2. Efremov's principle [10]: anthropogenic changes in the environment, the rate of which exceeds
the physical, biological and social mechanisms of adaptation to them, carry the risks of destroying life.

3. Moiseev's principle [10]: the complexity of the models of the world should be comparable to
the complexity of the problems they are designed to solve.

As we see, a tendency of differentiation is characterized Al too. Represented concepts are show
this picture.

As we see, main synthetic concepts of artificial intelligence (Nillson, Russel and Norwig, Kasabov
and Moiseev) have more inductive and inductive with elements deduction nature and haven’t general value
for all computer sciences. It may be used for the concrete problems ov computer sciences and depending
from level of development of modern electronics and information technologies. Therefore, we must
search method, which may be represented as universal system formalization of knowledge, including
computer sciences [1, 3, 10]. This method should be deductive in nature and include not only the rules
of logical formalization, like the Leubniz-Russell-Klini-Nillson approach [3, 10], but also based on
the nature of mathematics: analysis, synthesis and formalization of any field of knowledge.

As example of pragmatic synthesis may be programming language Python [17, 18].

Python is a multi-paradigm programming language. Object-oriented programming and structured
programming are fully supported, and many of their features support functional programming
and aspect-oriented programming (including metaprogramming and metaobjects). Many other
paradigms are supported via extensions, including design by contractand logic programming.

Python uses dynamic typing and a combination of reference counting and a cycle-detecting
garbage collector for memory management. It uses dynamic name resolution (late binding), which
binds method and variable names during program execution.

Its design offers some support for functional programming in the Lisp tradition. It has filter,
mapandreduce functions; list comprehensions, dictionaries, sets, and generator expressions. The
standard library has two modules (itertools and functools) that implement functional tools borrowed
from Haskell and Standard ML [17, 18].

Its core philosophy is summarized in the document The Zen of Python (PEP 20), which includes
aphorisms such as: Beautiful is better than ugly; Explicit is better than implicit; Simple is better than
complex; Complex is better than complicated; Readability counts.

Rather than building all of its functionality into its core, Python was designed to be highly
extensible via modules. This compact modularity has made it particularly popular as a means of adding
programmable interfaces to existing applications. Van Rossum's vision of a small core language with
a large standard library and easily extensible interpreter stemmed from his frustrations with ABC,
which espoused the opposite approach [17, 18].

Python strives for a simpler, less-cluttered syntax and grammar while giving developers a choice
in their coding methodology. In contrast to Perl's "there is more than one way to do it" motto, Python
embraces a "there should be one — and preferably only one—obvious way to do it" philosophy.

Alex Martelli, a Fellow at the Python Software Foundation and Python book author, wrote: "To
describe something as 'clever' is not considered a compliment in the Python culture."”

Python's developers strive to avoid premature optimization and reject patches to non-critical
parts of the CPython reference implementation that would offer marginal increases in speed at the cost
of clarity. When speed is important, a Python programmer can move time-critical functions to
extension modules written in languages such as C; or use PyPy, a just-in-time compiler. CPython
is also available, which translates a Python script into C and makes direct C-level API calls into
the Python interpreter [17, 18].

Python's developers aim for it to be fun to use. This is reflected in its name — attribute to the British
comedy group Monty Python — and in occasionally playful approaches to tutorials and reference
materials, such as examples that refer to spam and eggs (a reference to a Monty Python sketch)
instead of the standard foo, and bar.
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A common neologismm in the Python community is pythonic, which has a wide range of meanings
related to program style. "Pythonic" code may use Python idioms well, be natural or show fluency in
the language, or conform to Python's minimalist philosophy and emphasis on readability. Code that is
difficult to understand or reads like a rough transcription from another programming language is called
unpythonic. Python users and admirers, especially those considered knowledgeable or experienced,
are often referred to as Pythonistas. Roughly speaking, this method was developed in more general
sense in polymetric analysis.

Polymetric analysis as operational concept of computing science

Polymetric analysis (PA) was created as alternative optimal concept to logical, formal
and constructive conceptions of modern mathematics and theory of information [13, 14]. This concept
is based on the idea of triple minimum: mathematical, methodological and concrete scientific.

However, one of the main tasks of polymetric analysis is the problem of simplicity-complexity
that arises when creating or solving a particular problem or science. It must be open system [1, 3].

In methodological sense, PA is the synthesis of Archimedes thesis: "Give me a fulcrum and I will move
the world", and S. Beer idea about what complexity is a problem in cybernetics century, in one system. In
addition, as cybernetics is a synthetic science, the problem should be transferred and for all of modern science.
Basic elements of this theory and their bonds with other science are represented in Fig. 4 [3].

The polymetric analysis may be represented as universal theory of synthesis in Descartian sense. For
resolution of this problem, we must select basic notions and concepts, which are corresponded to optimal
basic three directions of Fig. 4. The universal simple value is unit symbol, but this symbol must be connected
with calculation. Therefore, it must be number. For the compositions of these symbols (numbers) in one
system, we must use system control and operations (mathematical operations or transformations). After
this procedure, we received the proper measure, which is corresponding system of knowledge and science.

Main elements of PA are functional numbers (generalizing functional quadratic forms);
generalizing mathematical transformations (quantitative and qualitative), which are acted on
functional numbers. Only 15 minimal types of generalizing mathematical transformations are existed
[3]. Qualitative transformations are corresponded to basic (first-order) measurements, quantitative — to
derivative (second-order) measurements [3]. Element of functional numbers with acting mathematical
transformations was called generalizing mathematical element. Set of generalizing mathematical
elements is created informative lattice. Theory of informative calculations was created for this
lattice analogously to analytic mechanics [3]. Basic principle of this theory is principle of optimal
informative calculations (analogous to action principle in mechanics) [3]. For classification main
possible systems of formalization for informative lattice hybrid theory of systems was created. The
main principles of this theory are: the principle of reciprocity (the principle of arranging elements into
a system), which is based on the idea of completeness; and the principle of simplicity (the principle
of optimality or pragmatism), one of the elements of which is the principle of optimal information
calcuulations. Only 10 minimal types of formalization systems may be existed, taking into account
the number of mathematical transformations — 150 types [3].

Only first six types of hybrid systems may be considered as mathematical, last four types are
not mathematically. Therefore, HTS may be describing all possible system of knowledge. Problem
of verbal and nonverbal systems of knowledge is controlled with help of types the mathematical
transformations and parameter connectedness [3].

This theory has finite number of types the knowledge formalization systems. In general, this
theory is the theory of open systems with a changeable hierarchy.

Therefore, HTS with its operational nature may be used for all knowledge and culture, including
cybernetics and artificial intelligence.

We can analyze PA and computer sciences with point of conditions, which are formulated for
the general theories (theories of everything) [1, 3]:
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1. It must be open theory or theory with variable hierarchy.

2. This theory must be having minimal number of principles.

3. It must based on nature of mathematics (analysis, synthesis and formalization all possible
knowledge).

4. We must create sign structure, which unite verbal and nonverbal knowledge (mathematical
and other) in one system.

5. We must have system, which is expert system of existing system of knowledge and may be
use for the creation new systems of knowledge.

6. Principle of continuity must be true for all science.
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Fig. 4. Schema of polymetric method and its place in modern science [13, 14]

These conditions must be used for the creation any dynamic science, which can be presented as
open system.

These conditions were formulated on the basis of polymetric analysis. But other theories
of everything may be creating according to these six conditions.

But main conditions for the computer systems must be: completeness, unambiguity, simplicity
and possibilities to create corresponding system and measure and estimate proper set of information
in this system [1, 3, 10]. But in real computer system we must include corresponding technologies,
which which impose limitations on computing capabilities, especially performance. Further, we must
transform all possible information in the form convenient for its processing by a computer processor,
and then its adequate presentation for the user. But modern processors worked with various matrixes,
therefore informative lattice of generalized constructive elements may be represented as mathematical
generalization of computer processor.

The one of central problem of modern computing sciences is problem of information
complexity [1, 2]. This problem was formulated in cybernetics by S. Beer (S. Beer centurial problem
in cybernetics). This formulation is next [2]: “Apparently, the complexity becomes the problem
of the century, just as the ability to process natural materials has been a problem of life and death
for our forefathers. Our tool must be computers, and their efficiency should be provided by science,
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able to handle large and complex systems of probabilistic nature. This science may be cybernetics —
the science of management processes and communication. The basic thesis of cybernetics can be set
forth as follows: there are natural laws behavior of the large multibonds systems of any character
submits that — biological, technical, special and economic.”

In whole problem of complexity, have two sides. First is pure computational. This problem
is represented by two Smale’s problems [3], which are not only problems of modern computing
science but it are problems of modern mathematics. The complexity of networks is represented as
problem of complexity in modern physics [1]. However, neuronets were introduced in cybernetics:
M. Minsky as perceptrons [1] and A. Ivakhnenko [1]. Therefore, this problem is cybernetic too. In
this case, we have third Kolmogorov algorithmic concept [1] in theory of information. However,
according F. H. George [5] cybernetics is the synthesis of many sciences: physics, mathematics,
biology, psychology, linguistics and other. Therefore, we must add three Kolmogorov concepts in
information theory by fourth system concept. This concept is second side of problem complexity
in modern science. It has more cybernetic and computing science nature as physical [1]. Problem
of complexity is the basic of other computing sciences, including artificial intelligence, and as “sons”
and “daughters” of cybernetics too [1]. Therefore, system concept of complexity is more necessary
for cybernetics and computing science as for physics because its sciences have more synthetic nature
as physics [1, 10].

Therefore, methods of PA as universal theory of optimal formalized synthesis may be used for
the resolutions the main cybernetic problems. Therefore the main problem of our paper is ascertainment
of question about possible application of PA for the resolution the problems of cybernetics, including
general problems (S. Beer centurial problem, problem of complexity) and particular (matrix
calculations, arrays sorting, pattern recognition).

Structure of PA may be represented as more deep formalization the neuronets too [1, 3].

According to F. George, “The brain is universal computer” [4, 5]. Therefore PA as universal
system formalization of knowledge may be used for the resolution the basic problems of natural
and artificial intelligence too [1, 3].

Polymetric analysis fully satisfies these conditions, the represented cybernetics and artificial
intelligence concepts and systems — partially.

Polymetrical Analysis is more general system as cybernetics, including artificial intelligence.
It is operational system, which is included the procedure of measurement with help generalizing
mathematical transformations. Generalized constructive element (8) is term of polyfunctional matrix.
However, computer processors are using matrix calculation [1]. Therefore PA may be represented
as functional expansion of computer processor, which are include the procedures of collection
and processing of information using generalized mathematical transformations and criteria
of reciprocity and simplicity.

Therefore Legasov and Efremov principles have ecological nature. Legasov principle is
characterized the irreversible change in nature, Efremov principle is corresponded to the establishing
the boundaries of this irreversibility.

From mathematical point of view, the Legasov principle may be represented as boundary
conditions on corresponding qualitative transformations, Efremov principle imposes an additional
cyclic condition, which must be imposed on the corresponding mathematical construct. For
the Efremov principle, a reversible reproducible feedback is important, which can be set both through
inverse mathematical transformations and through their combinations [10, 14].

Other chapters of computer sciences, including cybernetics, artificial intelligence, computer
arithmetic may be expand, represent and explain with help Polymetric Analysis.

Therefore, theory of informative calculations and principle of optimal informative calculations
allow resolving many computer problems of modern cybernetics in area of the obtained algorithms,
matrix algebra and the problem of forming arrays. From a fundamental point of view, the principle
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of optimal informational calculations makes it possible to bring physical processes and information
theory closer together. This is shown in the theory of information-physical structures [3].

From a systemic point of view, polymetric analysis is a synthetic optimal extension of those
concepts and methods that played a decisive role in the formation and development of both modern
science and other areas of knowledge and culture. It can be used both to determine the complexity
of computations (theory of information calculations) and to determine the complexity of systems
and in the choice of both an expert system and a new promising system for the corresponding synthesis
(theory of hybrid systems) [3, 10, 14].

The way of the resolution the problem of complexity in computer sciences must be connected
with problem of calculations [3, 10, 14].

In whole, the creation of effective computer science must be include general system principles,
which are corresponded its universality and particular principles, models and theories, which are
corresponded to modern level of information and optoelectronics and may be in nearest future
biological technologies. In last case the idea of rapprochement of the living and inanimate worlds,
including intelligence, can be more fully realized than at the same stage in the development of science
and technology. To solve this problem, we must look for both new ways of both formalizing knowledge
and their hardware representation and processing.

Thus in this work we represented the main peculiarities of modern state computer sciences
on the examples of cybernetics, artificial intelligence, programming language Python and shown
the perspectives of creation universal theory of synthesis, which are based on modern computer sciences.

Conclusions

1. The problems of synthesis in computer sciences are analyzed.

2. A classification of synthesis is included for types.

3. Short analysis cybernetics as synthetic science is represented.

4. Main types of artificial intelligence and synthetic aspects of its development are observed.

5. Questions of using Polymetric Analysis methods for the resolution some problems of synthesis
in computer sciences are discussed.

6. The six rules of creation universal theories, which are basing on polymetric analysis, are
represented.

7. Perspective of development the synthetic system methods in computer sciences is analyzed too.

8. The expediency of using the pragmatic concept of synthesis in computer science is analyzed
on the example of the Python programming language.
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Hauionanbhuii yHiBepcurer OnechKa NOMITEXHIKA

MOAEJIIOBAHHSA TUHAMIYHUX KOE®IINICHTIB IIEPEJAYI
OUP®POBUX ®IJIIBTPIB BATTEPBOPTA APYI'OI'O IOPAIAKY

Memorw nposedernozo 00CHiONCeHHA € SUKOPUCHAHHA Memooieé ma 3dcodi6 NnpoekmyeanHs yugposux gitmpie
V OUHAMIYHOMY CIAHI 0151 3MEeHUleHHs nepexionux npoyecis y yugposux girempax bammepsopma opyzozco nopsaoky, cko-
POUCHHSL OUHAMIYHUX PENCUMIE YUDPOBUX KLl MA BUSHAYUECHHSL OOYLIbHOCIE BUKOPUCIAHHS MemOo0y OUHAMIYHO20 Koeiyi-
eHmy nepedaui. Y 6yOv-saKiil THIUHIL cucmemi 3 0OMeNCEHOI CMY20I0 NPONYCKAHHS GUHUKAIOMb OUHAMIYHI NOXUOKU, 5IKi
3MEHULYIOMb 3a6a00CMILIKICIb NPULIOMY CUSHALIG I, 8 NePULY Yepey, CUCHANIE 3I WEUOKOIMIHHUMU napamempamu. Tomy npu
nposedeHHi 00uuUCIeHb mpeba 8paxo8ysamu nepexioni npoyecu, SKi BUHUKaoms y Konax. Axwo napamempu cuenany besne-
PEPBHO 3MIHIOIOMbCA Y YACl, MO Yi NPOYecu MOXNCYmyb ICHy8amu HecKinyeHHo. Bpaxosyouu nepexioni npoyecu, HeoOXiOHO
YCI po3paxXyHKU ma ananiz 0ocuioxcysamu y OuHamivHomy cmani. Hedonixu yughpoeoi ghinempayii npu cunmesi no anano-
2080MY NPOMOMUNY MEMOOOM IH8APIAHMHOT IMNYIbCHOI XAPAKMEPUCTIUKU — HEMONCTUBICTE OMPUMAMU HECKIHYEHHO MAy
CcMy2Y RPONYCKAHHS, 4 MAKONC HASABHICMb eheknty HaKI1a0eHHs CNeKMpI8 Ha Kpasx 0lanazomny uepesz ouckpemusayiro. /s
auanizy pobomu yugposux ¢inompie bammepsopma y OUHAMIYHOMY CIMAHI BUKOPUCTIOBYIONbCS OUCKPENMHI NepemeopeHHs
@yp'e, npsime ma 360pomue. [ YHUKHEHHS! HAKAAOEHHs! CHeKMpIS, NPONOHYEMbCS NePexio 00 Z-NepemeopeHHsl, NP Ybomy
NONepeoHbO BUKOPUCTIAHO OEHOPMYBAHHS Koepiyienmis nepedauyi. Y po3spaxyHKax euKopucmogyemucs Koegiyienm, axuil
108 ’A3Y€ MAKMOBY 4aACmomy 3 4aCmomoro 3pizy Qitbmpa uepes KilbKicme 8UDIPOK YACMOMHOI XapakmepucmuKu, ma uepes
KIIbKICMb 8UOIPOK 8 Medcax cmyau nponyckauua. /s aupiuients 3a60anb 0Y10 BUKOPUCTIAHO KOMNIEKC Memodis: cucmem-
HO20 aHanizy — 05t QOCHIONCEHHsL OIOUUX ANOPUMMIE 0OPOOKU NePexiOHUX NPoyecis, wo GUHUKAIOMb Y KOIAX, Z-nepe-
MBOpeHHsL — OJis CUHmMe3y Yu@dposux Ginempis; weuokoeo nepemeoperts Qyp'e ma ounamiunoeo koepiyicnmy nepedaui —
0/ PO3PAXYHKY OBOMIDHUX OUHAMIYHUX Xapakmepucmuk yugposux @itempie bammepsopma opyzoeo nopsaoky. [icmas
NO0ABULOZ0 PO3BUMKY MemoO cuHmesy yugposux ¢ginompie bammepeopma, axuii 0036015€ NPOBOOUMIU YACTNOMHO-YACO-
BULL AHATE3, WO 0AE MONCTUBICTL OOCTIOUMU OUHAMIYHI XAPAKMEPUCMUKU KiTl.

Kniouosi crnosa: ginemp bammepseopma, ounamiunuil koegiyicnm nepedaui, yugposuil giromp.

L.S. FONAR, O.S. KONOVALOV, E.G. FILIPPOV
Odesa Polytechnic National University

SIMULATION OF DYNAMIC TRANSMISSION COEFFICIENTS
OF SECOND-ORDER BUTTERWORTH DIGITAL FILTERS

The purpose of the conducted research is to use methods and means of designing digital filters in a dynamic state.
This is necessary to reduce the transient processes in second-order Butterworth digital filters, to reduce the dynamic
modes of digital circuits, and to determine the expediency of using the dynamic transmission coefficient method. Dynamic
errors occur in any linear system with limited bandwidth. Errors reduce the immunity of receiving signals and signals
with rapidly changing parameters. Therefore, when performing calculations, it is necessary to take into account transient
processes that occur in digital filters. If the parameters of the signal change continuously in time, then these processes
can exist indefinitely. Taking into account transient processes, it is necessary to examine all calculations and analysis in
a dynamic state. Disadvantages of digital filtering when synthesizing an analog prototype using the method of invariant
impulse response are the impossibility of obtaining an infinitely small bandwidth, as well as the presence of the effect of
overlapping spectra at the edges of the range due to discretization. Discrete Fourier transforms (direct and inverse) are
used to analyze the operation of digital Butterworth filters in a dynamic state. In order to avoid overlapping of spectra, it
is proposed to switch to z-transformation, while the denormalization of the transmission coefficients is previously used.
The calculations use a coefficient that relates the clock frequency to the cutoff frequency of the filter through the number
of samples of the frequency response and through the number of samples within the bandwidth. To solve the problems, a
set of methods was used: system analysis — to study the current algorithms for processing transient processes occurring
in digital filters, z-transformation — for the synthesis of digital filters; fast Fourier transform and dynamic transmission
coefficient — for calculating two-dimensional dynamic characteristics of second-order Butterworth digital filters. The
method of synthesizing Butterworth's digital filters was further developed, which allows for time-frequency analysis,
which makes it possible to study the dynamic characteristics of digital filters.

Keywords: Butterworth filter, dynamic transmission coefficient, digital filter.
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IHocTanoBka npodiaemMu

AKXTyaJIbHOIO TIPOOJIEMOIO CYYaCHUX TEJICKOMYHIKAIIHUX, iHPOpMaLiiHIX, KOMI IOTEePHO-1HTE-
IPOBAHUX CUCTEM Ta aBToMaru3allili € nudpona o0podka curHaiiB. L{udposi GinbTpy BIAPIZHAIOTHCS
CTaOUTBHICTIO MapaMeTpiB, MPOCTOTOIO 3MIHU aMILTITYTHO-YaCTOTHOI XapaKTEPUCTUKH 1 MOXKIIUBICTIO
ajanraiii napamerpis GuIBTPY miJg HeoOXinHI ymoBH. Lli mepeBarn BUKOPUCTOBYIOTHCS B TAKUX 00J1ac-
TSX, K MPUIYLICHHS PI3HOTO POy 3aBajl, pO3Mi3HABaHHS, MPUCTPOSAX OOpoOKM Ta mepenadl JaHUX,
CIIIIKYBaHHS 3a apaMeTpaMH 30BHILIHBOTO CEPEOBUILA, aKYCTHKA, paIioNoKallis, ceiicMooris, 3B's-
30K, CHCTEMH TIepe/iadi JaHuX, sAepHa TeXHiKa, BUIPOOyBaIbHI YCTAHOBKH 1 0arathox iHImHX [1-4].

[Tpu undposiit 06podIl cUrHaNB BUKOPUCTOBYETHCS IX MPEICTABICHHS Y BUIVISIL MTOCIIIOB-
HOCTeH yucen abo cumBoIiB. MeTa Takoi 0OpoOKH Mmondrae y BU3HaU€HI MapaMeTpiB CUTHAIY abo
B [IEPETBOPEHHI CUTHAIY y OLIbII 3py4HY A7 00poOKu hopmy, sSiKa B AEIKOMY pO3yMiHHI 3pydHilIa
[3, 5]. ®opmynu KIaCMYHOTO YKCEIBHOTO aHaJi3y, Taki, K (GOpMyiIH AJIs IHTEpHOJALii, IHTerpa-
ii 1 gudepeHiitoBanHs, 6€3yMOBHO € anroputMamu nudpoBoi 06podku. HasBHICTh HIBUAKOAIFOUUX
€JIEKTPOHHHUX OOYHMCIIOBAIBHUX MAIIMH CIPHsIA PO3BUTKY Ta YCKIAQAHEHHIO aJlTOPUTMIB 00pOOKH
CUTHAJIIB; OCTaHHI K YCHIXM B TEXHOJIOT1i IHTETrpaIbHUX CXEM OOILSIFOTh BHCOKY €KOHOMIYHICTh
moOy/IoBY AyXKe CKIAQIHUX cUcTeM udpoBoi 00poOku curHamis [6].

AJe sIK s aHAJIOTOBHX, TaK 1 A7 UPPOBUX (DIIBTPIB iICHYIOTH CBOI mpobnemu cuntesy. s
MEePIINX — I1€ TPOOJIeMH CTaOLTBHOCTI 1 TOUHOCTI esieMeHTiB. L{udposi GiasTpu, B CBOIO UEpry, MarOTh
abCOJIIOTHO TOYHI €JIEMEHTH, ajie 3HAYeHHs BEeJIMYMH B IIUX (PiIbTpax Moke OyTH TUIBKHM KBaHTOBA-
HUM, a TOMY KOXKHa MaTeMaTH4YHa ONeparlisi MOXKe CTaTh JHKEPEIoM MOMHIIOK OKPYIJICHHS, Ta 3011b-
LIyBaTH mymH [7].

[Tpu oOuncneHHsX Tpeba BpaXxoByBaTH MepPeXiiHi MPOIECH, IKi BUHUKAIOTh Y PaJiOTeXHIYHUX
KOJIaX, a SIKIIO MapaMeTpu CUTHAITY Oe3MepepBHO 3MIHIOIOTHCS Y Yaci, TO 11l MPOIIECH MOXKYTh ICHY-
BaTH HECKIHYEHHO. BpaxoByroun nepexi/iHi npolecH, He0OX1IHO yCi po3paxyHKH Ta aHai3 A0CHi-
KYBaTH y JUHAMIYHOMY CTaHi paioKi.

AHaJIi3 0CTaHHIX AOCTIKeHb I myOmikamin

TpaauiiiiHi METOIM aHali3y TPOXOPKEHHS CUTHAIB Yepe3 JiHiiHI Kojla Ta BU3HAYEHHS BIATYKY
3aCHOBaHI Ha BUKOPHUCTAaHHI YacOBUX a00 YaCTOTHUX XapaKTEPUCTHK CUTHAJIB Ta Kil. J[0 4acoBux
METO/IIB HaJIeXaTh METOJ 1HTErpo-audepeHIialbHuX PiBHAHb Ta iHTerpan /(roamens. Jlo yacTor-
HUX — CHEKTpalbHUM Ta onepatopHuil Metonu [1-2, 4-5]. ¥V pe3ynbrari BUKOPUCTAHHS IIMX METO/IB
3HAXOJATHCS MUTTEBI 3HAUCHHS BIITYKY HU(GPOBUX (LIBTPIB.

Henoniku mudpoBoi ¢iasrpallii npu CHHTE31 MO aHAJIOTOBOMY MPOTOTHUITY METOJIOM 1HBapiaHT-
HOT IMITYJIbCHOT XapaKT€PUCTUKU — HEMOXKITUBICTh OTPUMATH HECKIHYEHHO MaTy CMYTY IIPOIYCKaHHS,
a TaKOXX HASIBHICTH €(DEeKTy HAKIIAJCHHS CIIEKTPIB HA KpasX Jiarna3ony 4epe3 JUCKpeTusario [5, 7-9].

Sk mpaBuiio, KopucHa iH(popMallis B pallOTEXHIYHUX CUTHAJaX 30Cepe/KeHa B KOMIUIEKCHIN
o0BiAHIM [7]. ¥V mux BUMaaKax BUKOPUCTOBYBATH TPATULIMHUX METOIM aHAJI3y HE 3aBXKAU 3PyUHO,
TOMY IO HE MA€ CEHCY BU3HAUaTH MUTTEBI 3HAUCHHS BIATYKY KoJia. JIoCUTh BU3HAYUTH KOMIUIEKCHY
00BIIHY BITYKY B Horo ananmituuHii popmi. Lle criporye yci oduncnenns [8, 9]. V Oynb-sxii JTiHIN-
Hill cucTeMi 3 0OMEKEHOI0 CMYTOIO MPOIMYCKAaHHSI BUHUKAIOTh TUHAMIYHI TOXHOKH, SIKI 3MEHITYIOTh
3aBaJI0CTIHKICTh MPUIOMY CUTHAIIB 1, B IEPIIY Yepry, CUTHAIIB 31 IIBUAKO3MIHHUMHU ITapaMeTpaMH.
KommuiekcHa 00BigHa — 11€ TTOBIIbHA (DYHKITIS Yacy, sika HAKJIaJeHa Ha BUCOKOYACTOTHE 3alIOBHEHHS
3 HECYUOI0 4acToToro [7].

Junamiunauii koedimient nepenadi (JIKIT) 3saaxoaumo 3a HacTynHO0O Gopmyroro [7]:

1
K (jo,1) = [h(r)-e 7 dx (1)
. 0
Je: T — cTaljla yacy Koja, A(t)iMIlyJIbCHA XapaKTepPUCTHKA KOJa, ® 4acToTa, t — yac.

JKII € y3arajibHEHHSIM YaCTOTHO-4aCOBUX XapakTepucTuk kui [7-9]. Tak, mpu yactori BiH
TIEPETBOPIOETHCS Y MepexiaHy (QyHKIIO Koja
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1

K(0,1)=g(1) = [n(z)dx (2)
0
A 1ipu 4aci ¢ — oo 1H CTa€ CTAIliOHAPHUM Koe]iIlieHTOM repeaadi Koja:
K (jo)=[h(z)-e7dx 3)
0

Sx ¢ynkuig yacy HKII Buznauae Oe3nocepeiHbO KOMIUIEKCHY OOBIJHY Ha BHUXOJI KOJa IMpH
CTPUOKY aMIUTITyId TAPMOHIYHOTO CHUTHAIY 3 YaCTOTOIO »® B MOMEHT. J[BoBumipHa ¢ynkiis JAKII
BKJIIOUA€ B ce0e 1 YaCTOTHY XapaKTepUCTUKY Koia 1 yacoBy. PeanbHe BiioOpa’keHHs MepelaTOuHUX
¢byHkuiit GiapTpiB € OesnepepBHUM (y CHITy CBO€l (pi3MUHOI CYTHOCTI) 1 JJIsl CIIPOILIEHHS IOJANTb-
LIMX PO3PAaXyHKIB 3BUYAWHO 33JA€ThCSl y aHAIITUYHIN (OpM1 y KOMIUIEKCHIN p-IUIONIMHI 110 Yac-
TOTHOMY apryMEHTy ® Bij -0 110 +oo. [Ipu z-nepeTBopeHHi Bin0yBa€eThCs HeNiHIHHE BUKPUBICHHS
IIKaJIM YacTOT: MOBHUIM YaCTOTHHUH Jliama3oH BiJ — o 10 +oo Oe3nepepBHUX (PYHKIIH y p-TIIOMIMHI
CTUCKAETHCS JI0 TOJIOBHOTO YaCTOTHOTO Jlana3oHy JUCKPETHUX (PYHKIIH y Z-IUIOIMIMHI. Z- IEPETBO-
PEHHS J03BOJIsI€ 3pOOUTH Mepexij BiJl PaKTUYHUX YACTOT FOJIOBHOT'O YACTOTHOTO Jiana3oHy, KOTPUM
NIOBUHEH BIANOBIAATH OIEPAToOp UU(PPOBOro GUILTPY, 10 JACHOPMOBAHUX YacCTOT ) ~KOMIUICKCHOT
p-TUIOIIMHY, Ha KOTpIA MOXKHA 3a/JaBaTu HEOOXiAHY (opMy mnepenaTodHoi QyHKIIT QuIbTpY, Npu
LIOMY aIIPOKCHMAllisl IepeAaTOuHuX (PyHKIIIH, BpaXOBYIOUM ICHYBaHHS ® BiJ -00 10 +00, MOXeE Ipo-
BOJUTHCS MHOTOWICHAMH 1 panioHaTbHUMH QyHKIisIMH [7-9].

Meta pocJaiKeHHs

MerToro MpoOBEAECHOTO AOCTIKEHHSI € BUKOPUCTAHHS METOMAIB Ta 3aC00iB MPOEKTYBaHHS M-
poBUX (IIBTPIB y IUHAMIYHOMY CTaH1 JJIsl 3MEHIICHHS MEPEXiAHUX MPOoILEeciB y LudpoBUX (LIbTpax
bartepBopTa npyroro mopsaKy, CKOpOU€HHs JTUHAMIYHMX PEKUMIB HUGPOBUX KUI Ta BU3HAYCHHS
JOLTBHOCTI BUKOPUCTAHHS METOy JTMHAMIYHOTO KoedimienTty nepeaadi (JIKIT).

Jlns BUpiNICHHS 3aBOaHb Oyl0 BHKOPHUCTAHO KOMIUIEKC METOJIB: CHCTEMHOTO aHami3y — IS
JOCITIDKEHHS JIIFOYUX aJITOPUTMIB OOPOOKH MEepexiJHUX MPOIECiB, 10 BUHUKAIOTH y PaIiOTeXHIY-
HUX KOJIaX; Z-TIEpETBOPEHHS — JJIsl CHHTE3y IHU(POBUX (UIBTPIB; MBUAKOTO mepeTBopeHHs Dyp'e
Ta IMHAMIYHOTO Koe(illieHTy nepenaul — A po3paxyHKy JABOMIPHHUX JWHAMIYHUX XapaKTEPUCTUK
nudposBux ¢GiaeTpiB barTepBopTa APYroro Mopsaky.

JlicTaB moiaibIIoro po3BUTKY METO/ cUHTE3y IuppoBux ¢insTpiB barrepBopra, skuii 103B0-
JIsi€ TIPOBOAMTH YAaCTOTHO-YACOBUM aHai3, 110 Ja€ MOXJIMBICTh JOCIIAUTH JUHAMIUHI XapaKTepH-
CTHMKH K1JI.

BukJ/iaieHHs 0OCHOBHOT0 MaTepiaJry 10CIiaKeHHs
B sikocTi BUX1THHX JaHUX BUKOPHUCTAHO OTEPaTOPHUN KOSDIIIEHT mepeaadi:

K(p)=M(p)/N(p), 4)
ne M(p) 1 N(p) — nosiHOMH, SIK1 33JaI0ThCS MIJISIXOM BUOOpY TUIY (inbTpa, HanpukiIaa barrepsopra
[1, 7-8].

Bukonaemo 3aminy omneparopa:

21-7"

=< 5

PETIIL T )
y pe3ysbTari 40ro OTPUMAaEMO HOBHIA BUPa3
K(z)=M(z)/N(2). (6)
@inerp barrepBopTa Apyroro NopsiAKy OMUCYEThCS ONEPATOPHUM KOe(Dilli€eHTOM Mepeaadi:
1

K(p)=——F+—. 7

(p) PP+2p+1 M
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AMITTITYIHO-4aCTOTHa XapakTepucTuka ¢iasrpa barrepBopra apyroro mopsjaky OHMHCYETHCS
BHPA30M

(8)

L
K(o) p(jco)2 +2jo+ 1|.

YactorHa  xapaktepuctuka  ¢inerpy — barrepBopra 063 BHKOPHCTaHHS  METOMY
Z-TIEPETBOPEHHS, 0CATAE HYJIS Ha HECKIHYEeHHIM yacToTi. [Ipu nepexomi 1o mudpoBux GiasTpiB podoya
JIJITHKA YaCTOTHOI XapaKTEePUCTUKU OOMEKY€EThCS YACTOTOIO o, = %ne o = 7“ TaKTOBA YacToTa (Jac-
tota HaiikBicra), 7 — BiicTaHb MiXK BUOIpKaMH iMITyJIbCHOTO BiTYKY. YCIY€HHs YaCTOTHOI XapaKTepH-
CTHMKH [UISIXOM BUKJIFOYEHHS YaCTOT BUILE ®,,, PU3BOIUTH 10 MOTPIIIHOCTEN Y pOOOTI (QiIBTPIB.

[Tpu noOynoBi (inbTpiB, sIKI CHHTE3YIOTHCS HA MIJCTaBl ONEPATOPHUX XapaKTEPUCTHUK, TaKy
MOXHOKY MOKHA BHKIJIFOUHTH. J[J151 yHUKHEHHS HAKJIaICHHS CIIEKTPIiB MPOMOHYETHCS MEPEXiJl 10 Z-Tie-
PETBOPEHHS IUISIXOM 3aMiHU OoTieparopa p Ha mijcTaBi (5), mornepeaHb0 BAKOPUCTAHO ICHOPMYBaHHS
koedimieHTIB nepeaadi. Y po3paxyHKaX BUKOPUCTOBYEThCS KOE(IIIEHT R = 21 gxuii OB’ SI3y€ TaK-
TOBY YaCTOTY ®, YACTOTOIO 3pi3y BiNbTpa. ®, 4epe3 KilbKicTh BUOIPOK 4acTOTHON XapakTepHCTHKH N,
a yepe3 7 — KUIbKICTh BUOIPOK B M&XaX CMYTH MPOIyCKaHHs, TOI:

rR-N )
nr

Otpumano koedimieHT nepeaadi asa Ginerpa bartepBopra Apyroro mopsaKy Micis MepeTBO-
PEHHS Ta HOPMYBaHHS:

1+277' + 772
K(z)= . 10
() R2+\/§R+2z"(l—R2)+z’2(R2—«/§R+l) (19)

Jlnst Tiepexoy 3 Z-TUIOMIMHK IO YaCTOTHOI TUIONIMHU CIIiT 3MiMCHUTH 3aMiHy. z = ¢/°” . Buko-
PUCTOBYIOUH CTaHAAPTHY MPOTpaMy OOUUCIECHHS MO/ 1 a3u KOMIUIEKCHOTO KOedillieHTy mepe-
maui K (jo)BuzHaueHl BuOIpkn aMiuniTyqHo-4actoTHuX (AUX) 1 dazo-uacroraux (PUX) xapakre-

J
PUCTHK, Ha MiJCTaBl SKUX Oynu modymnoBaHi rpadiku (puc. 1):

K (@) \ ¢4()

0.8 \ -40 \
0.6 \ -80 \
0,4 -120 S

0.2 \ -160 ——
T

e -200

0 0.125 0.25 0.375 /o, 0 0.125 0.25 0,375 (')/mir

a) 0)
Puc. 1. AUX (a) Ta ®PUX (0) pinsTpy BarTrepBopTa Apyroro nopsjiky,
po3paxoBaHi NpH BUKOPUCTAHHI METOY Z-TlepeTBOPEHHS

Sk 6a4nMo, B 1aHOMY BUTIAIKY BAA€ThCS YHUKHYTH HaKJIaICHHS CIIEKTPIB, yepe3 Te M0 aMILIi-
TYIHO-9aCTOTHI XapaKTEPUCTHKH JOCATAIOTh HYJIS, a pa3o-yacToTHi — 180°.

Jns anamizy pobotu mudpoBux (GinbTpiB barTepBopTa Y IMHAMIYHOMY CTaHI BHKOPHCTOBY-
10ThCs AuckpeTHi nepeTBopenHs Oyp'e (AI1D), npsme ta 3Bopotre (3AI1D). [To yacToTHiii XapakTe-
puctuii GiIbTpa oO0UHCIeHa IMITYIIbCHA XapakTepucTuka GiuisTpy (puc. 2):

Po3paxyHOK 4acOoBUX XapaKTepUCTUK HEOOX1THUM HaM JUIsl TTOJIAJIBIIIOT0 aHami3y poOooTH mud-
poBUX GUIBTPIB y AuHaMiuHOMY pexuMi. [Ipsme 1 3BopotHe 11D po3paxoByroThCs 3a JOIMOMOTOO
matputib AI1D i 3ATID [7]. 'padik quaamiuaOoro KoedimieHTa nepenayi ¢pinsTpiB barrepBopra apy-
rOro MopsiAKy HaBeJCHO Ha pucC. 3:
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h (1)
0150\

o]\
0,05 \

0 10 20 30 40 t

Puc. 2. Imnyascuna h(t) xapakrepucruku ¢inbTpiB barTepBopra apyroro nopsiaky

ﬁ(ﬁ{{?{({\\ i W
it

ci‘{{
T
W
i\

AR SORCT IS

20

Puc. 3. Junamiunnii koedinient nepenaui pinsrpa barTrepBopra 2-ro mopsiaky

BucHoBku

VY Oynp-skiil JiHIMHIA cucTeMi 3 00MEXEHOI0 CMYTOIO MPOINYCKaHHS BUHHMKAIOTh JWHAMIYHI
noxuOku. BoHM BemyTh 10 3MEHIIEHHS 3aBaJ0CTIHKOCTI MPUIOMY CUTHANIIB 1, B TIEPILY YepTy, CUT-
HaJIB 31 MIBUJIKO3MIHHUME napaMmerpamu. Cuntes nudposux ¢insTpiB barrepBopra 3a 101mMOMOror
MeTO/1a Z-TIEPETBOPEHHS JA03BOJISIE OTPUMATH YaCTOTHI XapaKTEPUCTUKU Oe3 BTpaTH «XBOCTiBY». s
BU3HAUEHHS TUHAMIYHUX XapaKTepucTUK udpoBux (inerpiB barrepBopra micis o0urcaeHHs BUOi-
POK IMIYJIbCHOTO BIATYKY CJIiJi BUKOPHUCTOBYBATH YCIYEHY MATPHUII0 JUCKPETHOTO NMEPETBOPEHHS
@Oyp’e. Junamiunuii koediuieHT nepenadi uudposux QineTpiB barTrepBopra Ipyroro mopsaky sk
(GyHKILIS 9acy NpHU t—00 TUIABHO MEPEXOIUTh 10 CTalliOHAPHOTo 3Ha4eHHs. [lokazaHo 1 MpakTUYHO
MIATBEP/HKEHO, 10 HAHOUIBII 3pyYyHUM 1 IHQOPMAaTUBHUM B aHaji31 AMHAMIKU HU(PPOBUX (IIBTPIB
bartepBopTa 3a 10MOMOror KOMIUIEKCHUX OOBITHUX € YaCTOTHO-YaCOBUM METOJl AMHAMIYHOTO KOe-
¢imienTa nepenaui.
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A.H. XOMYEHKO

YopHoMopchkHii HallioHAIBHUI yHIBepcuTeT iM. [letpa Mornnm

O.I. JUTBUHEHKO, O.M. AYAYEHKO
XepcoHChKHI HAaBYAIIbHO-HAYKOBHH iHCTUTYT HamioHampHOTO yHiBEpCUTETY KopalieOyayBaHHS
iM. aqm. MaxkapoBa

[.O. ACTIOHEHKO

XepCOHCHKHI HAIllOHAILHAN TEXHIYHUN YHIBEPCHUTET

IFEOMETPUYHI I'NIOTE3U I ®I3UYHA HEAJAEKBATHICTb
CEPEHANMIIOBUX CKIHYEHHUX EJIEMEHTIB

Di3uyHOI0 HeadeK8amHicmio CMmaHoapmuux cepenounosux ckinuennux enemenmis (CE) nazusaromov “napadokc
2pasimayitinozo iowmosxyeants’”’, moomo 6i0 €MHI 8y3106i HABAHMANCEHHS 6I0 PisHOMIpHOI macoeol cunu. Ilep-
wum Ha yro ocobausicms 36ephye yeazy cam npogecop O. 3enxesuu, saxuil pasom iz Epeamydicom i Aiiponcom 6iokpus
cepenounosi CE. Bin 6y6 nepekonanuil, wo yei Heo0niK YCYHYmMu HeMONCIUBO. [J0 mako2o GUCHOBKY CXUNAEMbCA Oilb-
wicme haxieyis, sAKi BUKOPUCMOBYIOMb MAMPUYHULL MemOo0 nodY00su 6A3UCHUX QYHKYIU. AHANI3YIOUU HeMAmpUYHULl
memoo Tetinopa, ModcHa 3HAUMU NPUYUHU BUHUKHEHHS 810 €MHUX HasanmadiceHb 8 kymosux syznax CE. Lle ceoepiona
“nomcma’” mamemamuunoi mooeni 3a ideanizayiio. B cmanoapmuomy aneopummi Tetlnopa 3axniaoeni 2eomempuymi 2ino-
me3u QopmMoymeopens NiHItuamux npomMidiCHUx (HEeKymogux) 6a3uchux no6epxots.

B mux sunaoxax, xonu HeoOXiOHe y3200CEHHs MIJC 2COMEMPUYUHUMY 2INOme3amu | QI3UUHOK A0eK8amHICIIO
mooeneti cepenounosux CE, kpawe i0MOBUMUCH 8I0 MAMPULHO20 aHANI3Y. Badciueo snaiimu KOHCMpPYKMUGHUL cnocio
SMEHUUMU CePeOHIO anikamy NpOMINCHUX OA3UCHUX NOBEPXOHb. Taki nO8epxHi y pamkax iHmMmepnorAyitHoi cinomesu
Jlazpanxca npuoami ons memooa Tetinopa i MO#CYmo YCRIUWHO 3aMIHUMU MPAOUYiliHi KoHoiOu. ModcHa 30epeemu KoHo-
iou, axwo 3eepuymucs 00 mpuconomempuunux nanpsmuux. Ionyusapuicmo mpuconomempuunux b6asucie ¢ MCE 3po-
cmae, a nomenyian enecanmuozo memooa Tetinopa we e suuepnano. Cmocosno kyoamypu Q12 mpeba sioznauumu, ujo
60HA ehekmusHa i 0ae MOYHI pe3yIbmamu, Hasimy KO «NPayionmyy uwe yomupu (abo mpu) 8y3iu i3 086AHAOYIMU.

Mu npononyemo 3amicme AIHIIMAMUX NOBEPXOHL (KOHOIOIB) 3 HYIbOBOK Kpusurow Iaycca noosiuno onykii
nosepxHi 3 8i0 emHow0 Kpusunor. Epexmusnicme maxoi moougixayii memooa Teiinopa intocmpyroms npukiaou cepet-
ounosux CE: Q8 (6ikeadpamuunuii), Q12 (6ikyoiunuti) ma miwanuu Q10 (keadpamuuno-xky6iunuil). Haseoeno b6azucu
anemepuamusnux CE ma inmezpanvhi i 10KAIbHI XAPAKMEPUCMUKU HOBUX MOOEell.

Kniouosi crosa: memoo ckinuennux enemenmie (MCE), ceomempuuna cinomesa Tetinopa, Qizuuna neadexsam-
nicmo cmanoapmuux CE, moougixayis memooa Teinopa.

A.N. KHOMCHENKO
Petro Mohyla Black Sea National University

O.I. LYTVYNENKO, O.N. DUDCHENKO
Kherson Educational and Scientific Institute of the Admiral Makarov National University of Shipbuilding

[.O. ASTIONENKO

Kherson National Technical University

GEOMETRICAL HYPOTHESES AND PHYSICAL INADEQUACY
OF SERENDIPITY FINITE ELEMENTS

The physical inadequacy of standard serendipity finite elements (FEs) is referred to as the "paradox of gravitational
repulsion,” i.e., negative nodal loads from a uniform mass force. Professor O. Zenkiewicz who, together with Ergatoudis
and Irons discovered serendipitous FEs, was the first to notice this peculiarity. He believed that this drawback could not
be eliminated. This conclusion is shared by most experts who use the matrix method of constructing basis functions. By
analyzing Taylor's non-matrix method, it is possible to find the causes of negative loads in the angular nodes of the FEs.
This is a sort of "revenge" of the mathematical model for idealization. The standard algorithm of Taylor incorporates
geometric hypotheses of forming linear intermediate (non-angular) basis surfaces.

In cases where a reconciliation between geometric hypotheses and physical adequacy of serendipity FE models is
required, it is better to avoid matrix analysis. It is important to find a constructive way to reduce the average application
of intermediate basis surfaces. Such surfaces, under the Lagrange interpolation hypothesis, are suitable for the Taylor
method and can successfully replace traditional conoids. Conoids can be preserved if one turns to trigonometric directions.
The popularity of trigonometric bases in the FEM is growing, and the potential of the elegant Taylor method has not yet
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been exhausted. Regarding the Q12 cubature, it should be noted that it is efficient and gives accurate results even when
only four (or three) nodes out of twelve are "working".

We propose doubly convex surfaces with negative curvature instead of linear surfaces (conoids) with zero Gauss
curvature. The effectiveness of such a modification of the Taylor method is illustrated by examples of serendipity FEs: O8
(biquadratic), Q12 (bicubic), and mixed Q10 (quadratic-cubic). The bases of alternative FEs and the integral and local
characteristics of the new models are presented.

Key words: finite element method (FEM), Taylor's geometric hypothesis, physical inadequacy of standard FEs,
modification of Taylor's method.

IMocTanoBka nmpodeMu

di3uyHa Hea/leKBaTHICTh CIEKTPa BY3JIOBUX HaBAHTAXKEHb 3aBXKJU OyIla 1 JTUIIAETHCS aKTyallb-
HO0 TipobemMoro st ctanaaptHux ceperaunoBux CE. Iomryku Gi3udHo aieKBaTHUX CHEKTPiB MPH-
BEJIH JI0 MOSIBU aJIbTepHATUBHUX Mojeneld. MonenbHuit psa pizuuno anekBarHux CE MONOBHIOETHCS
BUKJIFOYHO 32 paXyHOK HEMaTpUYHUX MeTo/iB. Lle mpsiMe reoMeTpuyHe KOHCTPYIOBaHHA 06a31ciB a00
KOHJIeHcallis “yToi” Moau. Y il poOOTI MM BUKOPHCTOBYEMO MTPUXOBAaHH MOTEHIIIaJ €JIeTaHTHOTO
(na nymky P. I'anmnarepa) Merona asist moOya0BU albTepHATUBHUX 0a3uCiB HAWOLIbII PO3MOBCIOKE-
Hux cepenaumnoBux CE: 08, Q12 1 010. JIns ciporieHHs Nporeaypy iHTETpaIbHOTO YCEePETHEHHS
MU MIPOIMIOHYEMO 3pyUHY KyOaTypy Ha MimaHomy mabnoni Q12.

AHAaJIi3 0OCTAHHIX TOCTIIKeHDb | myOJikami

Ictopis cepenaunoBux CE mouanacs y 1968 p. [1], komu Eprarynic, AlipoHc i1 3eHKeBHY
(B anmiomoBHUX Jkepenax EIZ) Bunaximnuso migiOpanu OasucHiI QyHKUII JJi MOJTIHOMIAIbHOI
iHTepnofsaii B Moxensax Q4 (OumniitHa), 08 (OikBaaparnyHa), Q12 (6ikyoiuna). Y 1971 p. [2] 3en-
KEBUY 3BEPHYB yBary 4YuTauiB Ha HEIPUPOIHUNA 3 TOUKH 30py Oy/liBEeIbHOT MEXaHIKU 3MICT PO3MOALTY
BY3JIOBUX HaBaHTaXeHb B enemMeHTax 08 1 O12. Haragaemo, 1o 1e OyB nepios OypXJIMBOTO PO3BUTKY
MCE mijx BIUTMBOM 1HXXEHEPHO Opi€HTOBaHUX HayKoBIiB. [loganbimn mocmimpkeHHs [3-5] mokaszanm,
110 11e 000B’S3K0Ba 0COONHMBICTH CTAHAAPTHUX CEPEHIUTIOBUX 0a3HCIB, K1 OTPUMaHI METOIOM 00ep-
HeHoi MaTpuili. 3aciayra Teinopa [6] mossirae B Tomy, 110 BiH 3apONIOHYBAaB MaTeMaTHUHY ITPOLIETYPY
KOHCTpytoBaHHs 0a3uciB cepenaunoBux CE. Ha xainb, reomerpuyHa rinoresa Teitnopa crnupaerbes
Ha JiHi#YaTi moBepxHi (koHoinu Karamana), 1110 He 3BiIbHSE CTAaHAAPTHI MoJeNl BiJl Gi3UIHOI Hea-
JIEKBAaTHOCTI CTIIEKTPIB BY3JIOBUX HaBaHTaXeHb. CTepeoMeTpuyHUi aHasi3 (HOpMOyTBOPEHHS HEKJIa-
cuYHUX O0a3uciB [7-13] mokasas, 10 reOMEeTpUYHI TIMOTE3H He 000B’13KOBO 0OMEKYBaTH KOHOTTaMH.
Ie o3navae, mo icHyroTh Moxudikaiii merona Telnopa. B Hamiit po6oTi MmoaudikoBaHuii BapiaHT
Metona Teinopa umroctpyeThest Ha Mmoaemsax 08, 012 1 Q10. Ilpu oGuncieHHi By3JI0BUX HABAaHTAKCHD
3aMICTh TOJBIHHOTO 1HTErpyBaHHS MH BHUKOPHCTOBYEMO CIICIIaIbHUN OOYHMCIIIOBAIBLHUN MIA0IOH
012 i xybarypHy opMyy Uil 3BaXKEHOTO YCEPETHEHHS arTikar 6a3ucHUX MOoBEepXoHb. Lle kBazime-
tox MonTe-Kapno Ha ocHOBI cTparudikoBanoi BubOipku 13 12-tu arnikar. BunaakoBicTh Bxke Maiixe
40 poxkiB [14] BukopuctoByeThcsi B MCE.

Merta nocaixzkeHHS
Meta nocJiazkeHHs — miaiopaTu mMpoMikHI 0a3uCHI MOIIHOMHU MeTosa Teiiopa TakKuM YHHOM,
o6 ycyHyTH (i3n4Hy HeaJleKBaTHICTh B CIIEKTpaxX BY3JIOBHX HaBAHTAKEHb CEPEHAMIIOBUX €JIEMEH-
TiB 08, 012 1 010. IIporectyBaru 3anpornoHOBaHUI 00YUCIIIOBAIbHUN 1a0JI0OH 1 KyOaTypy AJis 3Ba-
YKEHOTO YCEepEAHEHHS IHTErpaIbHUX XapaKTepUCTHUK HOBHUX 0Oa3uciB (kBazimeron MonTte-Kapio).

BukJiaieHHsI 0CHOBHOT'0 MaTepiajy J10C/IiTKeHHsI
Cepenaunosi CE Mu po3risgaeMo Ha KaHOHIYHOMY KBazapaTi |x| < L|y| <1 (puc. 1). B xnacuu-
HOMY anropuTmi Metoza Teitnopa came Ha mepiiomy Kpoti [3, 6] 3akiiafieHo reOMEeTpUYHI T1IoTe3H,
SIKi CTaJTM MIPUYMHOI0 BUHUKHEHHS «I1apajiokca 3eHKeBHYAY.
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Puc. 1. IopTpern JiHiii Hy/1ILOBOT0 PiBHSI KYTOBUX NOBEPXOHb [V, (x, y) ;
00J1acTi BiI’€eMHHMX 3HAYEHb (3ALITPUXOBAHO)

1100 yHUKHYTH BiJ’€MHUX HaBaHTAXECHb B KyTOBUX By3JaxX, TpeOa 3MEHIIUTH CEPEIHi aruli-
KaTH MPOMIKHUX MOBEPXOHB. TYT iICHY€ neKinbKa croco0iB. [likaBuil mpukiag HekiiacuaHoro Qop-
MOYTBOPEHHSI MPOMDKHUX TOBEPXOHb MH CIOCTEPIraid y CTEPEOMETPHUYHOMY KOHCTPYIOBAaHHI
CE Q8 [7]. Ananoriuni rinote3u posnosctopkeHi Ha CE Q10 1 Q12. TakuM YUHOM, KITACHYHUHN aJIro-
put™ MeTtozna Teitopa 30epiraeThes, ajne MpOMiXKHI TTIOBEPXHI 1HIIII.

3po3yMmilio, 1110 KyTOBI MOBEPXH1 0A3UCIB TAKOXK BIPI3HAIOTHCS BlJl CTaHAAPTHUX. BaXkauBo, 1o
aJIbTepHATUBHI MOJIEN] MalOTh (PI3UYHO aZIeKBaTHI CIIEKTPH BY3JIOBUX HABAHTAXKEHb.

[Toxaxxemo anmprepHaTuBHI Mozmeni. [IpocTta 1 HaouHa mporeaypa Merona Telmopa MOKIATHO
omnucasa B [3, 6, 8], ToMy MU HaBOIUMO pe3yabTaTH, Mojiens O8 (puc. 1):

Ny (x,9) = %(1 -x7)(1- y)’, ananoriuno N, (x,y) aus i = 6,7,8;

N, (x,y)= %(1 -x)(1-y)xy, ananoriudo N, (x,y) ansd i =2,3,4.
By3110Bi HaBaHTaXCHHSI:

= % s i =1,2,3,4; [:g nns i =5,6,7,8.

Haranaemo, o st ctangaptaoi moneni O8:

= % s i = 1,2,3,4;,:% s i =5,6,7,8.

Mogens Q12 (puc. 1):
N, (x,y) = %(l—xz)(l—B»x)(l—y)z,

aHajoriuHo N, (x,y) and i =6,7,...,12;

N, (x,y) =6L4(1 -x)(1 —y)(—2+9(x2 +y? +x+y—x2y—xy2)),

aHajoriuHo N, (x,y) ans i =2,3,4.

Bys310Bi HaBaHTakeHHs: ;= 0, 11 i = 1,4 ; = %,i =5,...,12; nsa crangaptHoi Mmoneni 012
,:_lvl:ru:ivl:576z 912
8 16

Monens Q10 (puc. 1):
Ny (x,y) = %(1 ) (1-3x)(1-y)’,

aHajoriuio N, (x,y) and i =6,7,8;
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1
Ny (x,y) = Z(1 _ y2)(1 - x)z’
aHaNoriaHo N, (x,y) mus i =9;
N, (x,y)= 6L4(1 —x)(1-y)(-1+8x+y+8xy+9x’ - 9x’y),
aHajoriuHo N, (x,y) and i =2,3,4.
By3noBi HaBaHTa)KEeHHS:
1 P

i=—,i=1,4; i:l,i=5,6,7,8; i=2,i=9’10
72 8 9
Hns crangapraoi momeni Q10:
=D =14 =L i=5..8 =Li-910.
48 48 3

By310B1 HaBaHTa)kKeHHs, 3a3BUYail, BU3HAYalOTh MOABIMHUM IHTEIpyBaHHIM 0a3UCHOI QyHKIIIT

3a ¢popmynoro Herorona-Koteca:
1 .
= N, (x,y)dxdy , ne S — moua obmnacri D.
D

SK110 11€ HE3PYYHO, SIK JJII KyTOBHX MOBEPXOHb B HOBHX Mojeisix Q10 1 Q12, MmoxkHa CKOpHUCTa-
THUCS 00UMCIIOBAIBHUM 11abioHoM (12 1 BianoBigHOK Kybatyporo (puc. 2). Lls kybatypa gae TouHi
Pe3yNbTaTh sl BCIX PO3MISIHYTUX MOJIEIIEH.

4 8 7 3
@ @- -@

10 ' =1 i=5
4 ﬁ ﬁ 101 12 l

e

Puc. 2. OduncaoBanbanii madiaon Q12 i kydéarypa kBasimerona Monre-Kapio

BucHoBku

B Tux Bunankax, Koiau HEOOXiJHE Y3TO/KEHHS MiXK T€OMETPHUYHUMH TiMoTe3amMu 1 (i3HIHOI0
aziekBatHicTIO mopeneit cepenaunosux CE, kparie BIZIMOBUTHCH Biff MAaTpUYHOTO aHamizy. Bax-
JIMBO 3HAWTU KOHCTPYKTHUBHMI CIOCIO 3MEHIINUTH CEPEIHIO aIulikaTy MPOMIKHUX 0a3HUCHUX MOBEp-
x0Hb. Taki MoBepXHi y paMKax iHTEPIOJALINHOI TinmoTe3n Jlarpanxka npuaarHi s meroaa Teinopa
1 MOXYTh YCIIIITHO 3aMIHUTH TPAJUIINHI KOHOIAM. MoyKHA 30€perTd KOHOIIH, SIKIO 3BEPHYTHUCS
70 TPUTOHOMETpUYHMX HanpsMHuX. [lomynspHicTe Tpuronomerpuunux 6asuciB B MCE 3pocrae,
a TIOTEHIIiaJ eJleranTHOrO MeTona Teinopa me He Buuepnano. CrocoBHO Kybarypu (12 Tpeba Bij-
3HAYUTH, 110 BOHA €(DEKTUBHA 1 JIa€ TOYHI Pe3yIbTaTH, HABITh KOJIH “TPAIOIOTE” JUIIE YOTUPH (200
TpH) By3JH 13 12-TH.
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