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PoGoTa MicTHTBh pe3yNbTaTH OCIIPKEHb I0J0 HACKPIZHOTO MPOEKTYBaHHS MEXaTPOHHUX NPOMHUCIOBHX Ta aBTOMOOIIBHHX
KOMII'IOTEPHHUX CHCTEM SIK IIJIbOBOT ITOMEPEIHBO YIIOPSAKOBaHOT MHOYKHHY arperaTis 3i 3B'13KaMy, 110 AWHAMIYHO (QYHKIIOHYE
B 9aci 1 mpocTopi 1 B3aeMoii i3 1i cepenoBuIeM iCHyBaHHS SIK €MHE 1ije. MeTOI0 JOCTIIKEHHS € CTBOPEHHS IPOTPAMHOTO Ta
amapaTtHOTO 3a0e3ledeHHs A BipTyallbHOTO YIpAaBIiHHS, HOTO 1HTENIEKTyalli3allisi Ha OCHOBI BHKOPHCTaHHS BipTyaJbHOL
JIOTiCTUKH TPAHCHIOPTHHUX MPOIIECiB, IHCTPYMEHTIB BipTYaJIbHOTO YIIPABIiHHS, CBOTO POy BipTyalbHOI JIOTiCTHKH TPAHCIIOPTHOT
CHCTEMH.

Kniouogi cnoea: mpancnopmua ingppocmpykmypa, mexampouna cucmema, OOpMOSUll 0OYUCTIOBANbHUL KOMAIIEKC,
KOMN IomepHi cucmemu, agmomamu3osane npoeKmyeanis, aeb-mexHonozii, Hagizayis.
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Matsyi Michael Graduate student of the Department of Computer Technologies and Mechatronics
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Due to the constant development of society and industry, the modern transport systems and vehicles have reached a high level
of information complexity. Accordingly, there is a discrepancy between the rapid development of tools and the methods of
informatization of complex objects and systems, the development of transport telematics (internal for cars and other vehicles and
external for the transport control systems) and the heterogeneous nature of current subsystems and the components of the
Ukrainian transport system. Resolving this problem will allow improving quality of transport services, optimizing transport
processes at all levels of transport infrastructure, as well as avoiding negative consequences such as, traffic disruptions,
unsatisfactory road conditions, and irrational use of restoration funds. That will help to improve traffic safety, the quality of
services to the city residents, and ensure people's comfort and cargo safety. The goal of the study is to create the software and
hardware for virtual management of logistic processes. Developing intellectual system is based on the use of virtual logistics of
transportation processes and the tools of virtual management. The problem of stating and proving new rules and concepts for
providing knowledge and skills for the developers of the transport control applications has been considered. The process of
acquiring knowledge and skills for the workers who want to improve their professional level in road transport management has
been described. The obtained results can be used for road transport organizations in the interests of both personal and commercial
users of Ukrainian transport system.

Keywords: transport infrastructure, mechatronic system, on-board computing complex, computer systems, computer-aided
design, web technologies, navigation.

KommiexkcHoe MPOCKTUPOBAHUEC MEXATPOHHBIX MPOMBINIVICHHBIX U
aBTOMOOMJIbHBIX KOMIIBIOTEPHBIX CUCTEM

AunekcieB 0.m.H., npoghecop, npogecop kagedpu komn 1OMepHUx MexHoI02Il i MexampoHiKu
Outer IlaBaoBu4 Xapkiecokuti  HAYiOHANLHULL  ABMOMOOITLHO-00POJICHIU  YHIgepcumem, — BYil.
Apocnasa Myopoeo 25, m. Xapxis, 61002

AJlekceeB 0.m.H., npogeccop, npogeccop  kagedpvl  KubepbeszonacHocmu  u
Baagumup OJieroBuy ungopmayuonnvix mexnonocutl, XapbKoeckull HAYUOHATbHBI IKOHOMUYECKUU
yuugepcumem umenu Cemena Kysneya, npocnexm Hayku, 94., 2. Xapvros, 61166

Mauwuii K.M.H., OOYeHm Kapeopbl KOMNbIOMEPHBIX MEXHON02ULl U MEeXampOHUKU

Ouabra bopucosna Xapoko6cKuil  HAYUOHANLHBIN  ABMOMOOUTLHO-00POJICHLIIL  YHUBEPCUMEm, VL.
Apocnasa Myodpoeo 25, 2. Xapvros, 61002

Mamnwuii acnupanm Kageopvl KOMNLIOMEPHBLIX MEXHONOUT U MEXAMPOHUKU

Muxauia EBrenbeBuy4 Xapoko6cKull  HAYUOHANLHBIL  AGMOMOOUTLHO-00POJICHLIIL  YHUBEPCUMEm, VL.

Apocnasa Myodpoeo 25 2. Xapwvkos, 61002

Pabora conepxuT pe3ynbTaThl HCCIEJOBAHUH CKBO3HOTO MPOSKTUPOBAHNS MEXaTPOHHBIX MPOMBIIUICHHBIX U aBTOMOOWIIBHBIX
KOMIIBIOTEPHBIX CHCTEM Kak IIeJIeBOIl MpeABapUTENbHO YHOPSIOUYEHHOTO MHOXKECTBA arperaroB CO CBS3SIMM AMHAMUYHO
(YHKIMOHHPYET BO BPEMEHH M IPOCTPAHCTBE M B3aMMOAECICTBHSA C ee cpefoll oOWTaHMs Kak exuHoe weioe. Llenbio
WCCIIE/IOBaHMs SIBIISIETCST CO3JaHUE MNPOIPAaMMHOTO M aIlllapaTHOrO OO0ecredeHusl Uil BUPTYaJbHOTO YIPABJIEHHS, €ro
UHTEJUIEKTyali3allusl Ha OCHOBE MCIIONB30BaHUSA BHUPTYaJbHOM JIOTMCTHKM TPAHCHOPTHBIX IPOLECCOB, HHCTPYMEHTOB
BHPTYaJIbHOTO YIIPABICHNS, CBOETO POJA BUPTYAIbHOH JIOTHCTHKH TPAHCIOPTHOH CHCTEMBL.

Knrouesvle cnosa: mpancnopmuas ungpocmpykmypa, MeXampOHHbIX cucmemd, OOpmoBoU BbIMUCIUMENbHBI KOMNIEKC,
KOMNbIOmMeEpHble CUCTEMbL, A8MOMAMUSUPOBAHHOE NPOSKMUPOBAHUE, 8eO-MEXHON02UU, HABULAYUS.

1 IHocTanoBka nmpodiaemMu

CboronmHi 3aBOSKM LIMPOKOMY 3aCTOCYBaHHI pe3yJbTaTiB JOCTIDKEHb 3 MEXaTPOHIKM Ha
ABTOTPAHCIIOPTI MOXKHA BH3HAYWTH, SK CIEIiaJbHUNA HAIpsSM PO3BUTKY Ili€i oOnacTi HayKH, came
aBTOMOOUTbHY MexaTpoHiKy (automotive mechatronics). Bona mnpucBsueHa anamizy mpo0Oiem
CHOJyYeHHsI Ta Oprasizalii B3aeMoii aBTOMOOUIBHHMX €JIEKTPOMEXaHIUYHHUX, €JIEKTPOHHHUX BY3IIB,
arperaris Ta iIHQpOpMaLIHHUX IPUIAIiB Y MPOIECI eKCILIyaTallii Ta 6e31mocepeIHbO PyXy aBTOMOOLIIS ISt
OTpUMaHHsI CHHEPreTHUHOro edexty. Ciail BU3SHAYUTH MEXaTPOHHUN 00'EKT, 1110 CHHTE3YEThCS 3aBISKH
CHHEpPreTHYHOMY OO'€qHAaHHI BY3JiB TOYHOI MEXaHIKM 3 €JEKTPOHHHMH, EJIEKTPOTEXHIYHUMH 1
KOMITIOTEPHUMH KOMIIOHEHTaMH, sIKi 3a0e3Me4yIOTh MPOEKTYBaHHS 1 BUPOOHUITBO SKICHO HOBHX
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MOAYJB, CHCTEM, MAIIMH 3 IHTENEKTyaJbHUM KEpyBaHHAM iX (YHKIIOHAIPHUMH CTaHaMU.
MexatpoHHHU# 00'€KT — 1€ y3aralbHIOI0YE MOHATTS, [0 MICTUTh y CO01 MEXaTpOHHI CUCTEMY, arperar,
Moynb ab0 By301. MexaTpoHHUI MOIYIIb — 1€ YHi(pIKOBaHNH MEXaTPOHHUN 00'€KT, 10 Ma€ aBTOHOMHY
JOKYMEHTAII0 1 MPU3HAYCHUH, K MpaBWiIo, AJs peaizamil pyxiB mo onHiil koopauHati. [Ipu npomy
MaloTh Ha yBa3li MEXaTpPOHHHMHA MOMYNb PYyXy. BUIinMMO MeXaTpOHHHH BY30J, SKHHA IPHHIIAIIOBO
BIZIPI3HAETHCA BiJ MEXaTPOHHOTO MOXYJIA THM, IO BiH He € yHiikoBaHuMm. IHmE mMOHATTS —
MEXaTPOHHUI arperar, BiH CKJIaa€TbCs 3 IEKiIbKa MOIYIIB.

TakuM 4YMHOM, MOXKHA BUAUTUTH MEXaTpOHHY cucTeMy (mechatronic system) — sika CKJIaAaeThes 3
JIEKITTBKOX arperatiB abo arperaTy i psaay OKpeMHX MOAYIMIB, TOOTO 3 00'€KTiB OHAKOBHX ab0 pi3HHUX
HIDKYHX piBHIB. CHCTEMa — CYKYIHICTh KOMIIOHEHTIB, AEIKUM YHHOM 3B'SI3aHMX MK COOOIO: TiIIerinx
BU3HAUYEHOMY BiJHOIIEHHIO, 3aJIS)KHOCTI a00 3aKOHOMIPHOCTI; NiIOYHMX K OJHE Iiijie. MexaTpoHHa
CHUCTeMa IIIKOM BIJIOBia€ [HOMY BH3HAYEHHIO SIK CYKYNHICTh MEXaHIYHUX, EJNEKTPOHHUX 1
YHPaBISIOYIX KOMIIOHEHTIB, 110 YTBOPATH CHHEPTETHYHY €IHICTD, IO Ji€ sK oxHe Iite. PosrmsHemo ii
HACKpi3HE MPOEKTYBaHHS AK LiTbOBOI NOMEPEAHBO YIOPSAKOBAHOI MHOKWHH arperaTis 3 3B'A3KaMH, 110
JUHAMIYHO (DYHKIIOHYIOTH B 4aci 1 MPOCTOPI 1 B3aEMOii i3 cepeloBHIIEM iX iICHYBaHHS SIK €TUHE IIiIE.

2 AnaJji3 gitepatypmn

VY nocnimxenHsx [1, 2] IpomoHyeThCS PO3BUHYTE TPAKTYBaHHS MOHATTS MEXaTPOHIKU — SIK Taly3b
HayKH, [0 TIPUCBSYCHA aHAJII3y BUKOHABYMX CTaHIB MEXaTPOHHUX 00'€KTIB 1 (PyHKITIOHATFHOI B3aeMOIii
MEXaHIYHUX, €HEePreTHYHuX 1 iHOpMAIifHIX MPOIECiB MK HUMH Ta 3 30BHIIIHIM CEPEOBHIIEM.
OTpuMaHHS TIpU [IbOMY CHHEPreTHYHOro edekty abo CHHepTis Wi€l ramy3i HayKd 3HaWIIa peTelbHe
BIOWTTA y cTarTax [3, 4]. Y moHorpadisx [5, 6] BUCBITIEHO caMe HaAyKOBE, TEPMIHOJIOTIYHE YSBICHHS
TpPaKTyBaHHS MEXaTPOHIKM Ha IPOMHUCIIOBOMY PiBHI.

Y aBTOMOOUTBHINM MEXaTPOHUIII /10 MEXaTPOHHUX TEXHOJIOTIH, TP 3a BCe, CITiJl BIIHECTH TaK 3BaHy
texHonorito  X-by-Wire. 3rigHo mpocTOro mepekiaay «yHpaBliHHA IO IPOBOAAM» MOXKHA
3aTBEpKYBaTH, IIO Il € 3BHYaiiHa CydacHa aBTOMOOiUNTBbHA enekTpoHHa TexHomoris [7-9]. Iloemnye
MEXaHIYHY 1 €JEKTPOHHY (EJICKTPUYHY) TEXHOJIOTil, MPOLECH B3a€MOJIii MEXaHIYHHMX 1 CJICKTPUUHUX
npuctpois [10, 11]. moaudikanii, anani3z abo ontumizamii NpoekTHUX pimeHs [12-15]. besnocepeanso
NpPOrpaMHHI MMAKeT OMUCAHO Y TaKKMX cTarTsax Ta podorax (http://www.ci.rw/inform01_02/p 22-23.htm)
[16, 17]. Cy4acHi cucTeMu came HaCKPi3HOTO MPOEKTYBaHHS JO3BOJISIOTh PO3POOUTH CXEMY HE TiTBKH
€JIEKTPOHHOTO MPHUCTPOIO, a 1 BUKOHATH MOJICITIOBAHHS, TECTYBaHHS Ta BaJIiIallif0 pOOOTH MEXaTPOHHOT
cuctemu B3araini [18-20]. ¥V XXI cropiyui kepyBaHHs MPOMHUCIOBHM Ta TEXHOJIOTTYHHUM IMPOLIECAMH
BUUIILTIO HA HOBHM PiBEHB 32 pPaxXyHOK BUKOpUCTaHHs TexHojorii i0T ta Industry 4.0. Web-opierToBani
SCADA-cucremu [21] € akryanbHOIO apxitekTyporo jais tpamuniitanx ACY ta ACY TII 3a paxyHOk
BUKOPHMCTaHHS TONIMPEHOr0 00JaHAHHS 13 MPOMMCIOBUM Jialla30HOM IapaMeTpiB, aje MpU LHbOMY
OXOIUTIOE PUHOK CEPEIHBOr0 Ta Majoro OizHecy, 1uid kX TpaguuiiiHi ACY € HeIOCTYITHUMH 32 CBOEIO
BapTiCTIO. TaKkoX MOMIMPEHHIO MOJIOHUX CUCTEM CIPUSIE PO3BUTOK XMAPHUX TEXHOJIOTIN i MOMKIJIUBICTD
Bi]MOBH BiJI BUKOPUCTaHHs BIAacHOI iHQpacTpyKTypu cepBepHOro obnagHanHs. [lepen mpuiHATTAM
pIlIEHHs PO BUKOPHCTAHHS MOMIOHUX CHCTEM MOTPIOHO MaTH MOJEINi Ta iHCTPYMEHTH IS aHai3y
MOJKJIMBUX PHU3HKIB, TIOB’S3aHUX 13 3a0€3MeUeHHsIM MMTaHb KOH(IISHIIITHOCTI Ta Oe3meku [22].

3 MeTa cratTi

MexarpoHHa cHCTeMa O00’€Hy€ BJIACTHBOCTI EJIEKTPOMEXaHIYHMX KOMIIOHEHTIB 3 HOBITHBOIO
CHJIOBOIO €JIEKTPOHIKOI0, KEPYBAHHSI SIKUMH BEJIETHCS 3a JIOTIOMOT0I0 MiKPOKOHTPOJIEPiB, KOMII IOTEPIiB
abo iHmMX OOYMCIIIOBaIBHUX MPHUCTPOiB. [Ipyn mpoMy crucremMa B iCTUHHO MEXaTpPOHHOMY MiAXO,
HE3Ba)KaIOYM Ha BHUKOPHCTaHHS CTAHAAPTHUX KOMIIOHEHTIB, 0a3yeTbcs SIK MOXKHA OUIBII MOHOJITHO.
Hanpuknan, 3acrocyBanHs yOyaoBaHHX Oe3mocepeqHbO B MIKPOKOHTPOJIEPH aHaIOro-Iu(poBoro
MEePEeTBOPIOBaYa, IHTENEKTYAIbHUX CHJIOBHX NEPETBOPIOBAYIB I JIa€ CKOPOYEHHsI Baro-rabapuTHUX
MOKA)KYUKIB, TABUILIECHHS HAIiHHOCTI cucTeMu Ta iHIm nepeBard. Came Iie 1 € METOI IPOBEACHHS
TAKOT0 HayKOBOTO JOCIiIKEHHS Oe3MepepBHOro NpoLecy CTBOPEHHs . BiamosigHa minkoBa HacTaHOBa
nepeadayae MPUCKOPSHHs Ta aHAMITHYHI, MU(POBI MIX0AM 10 CBOEPIAHOI HHpPORI3aIi CTBOPSHHS
MEXaTPOHHUX CHCTEM, TIEpI-3a-BCe Y aBTOMOOIIIBLHOT rairy3i, aBTOMOOUILHOMY TpaHC(epi nacakupis Ta
BaHTaxy. Lle i € METOI0 HAaCKPI3HOrO MPOEKTYBaHHS MEXAaTPOHHHUX MPOMHUCIOBUX Ta aBTOMOOIIBHUX
koM roTepHux cucreM — AKC.
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4 Automotive mechatronic system

Jns aBTOMOOINBHOI ramy3i MOXKHA CTBEpIUKYBaTH, IIO aBTOMOOUIbHA MEXaTpOHHA CHCTeMa
(automotive mechatronic system) — crierianbHa yrnopsiikoBaHa MHOKUHA arperariB, SIKi YMOHTOBYIOTBCS
B aBTOMOOITb AK CYKYITHICTh €JIEKTPOMEXAHIYHUX, €JIEKTPOHHUX Ta MIKPOIPOIECOPHUX MPHIALIIB Ta
MIPHUCTPOIB, SKi 3a0€3MEIYIOTh HOTO PyX.

MexatrpoHHa cucTeMa 00’€IHY€E BIACTHBOCTI EJICKTPOMEXaHIYHUX KOMIIOHEHTIB 3 HOBITHBOIO
CHJIOBOIO €JIEKTPOHIKOI0, KEPYBaHHS SKUMHU BEIETHCS 32 JIOMIOMOTOI0 MIKPOKOHTPOJIEPiB, KOMIT FOTEPiB
abo 1HmuX oOYHCTIOBAaIbHHUX MPHUCTPOiB. llpn mpOMy cucTeMa B iCTHHHO MEXaTpOHHOMY TMiIXOi,
HE3Ba)KAIOYH HAa BHUKOPHCTaHHS CTAHAAPTHUX KOMIIOHEHTIB, 0a3yeThbcs SIK MOXKHA OUIBII MOHONITHO.
Hanpuknan, 3acrocyBanHs yOyaoBaHHX Oe3mocepeHHO B MIKPOKOHTPOJIEPH aHaIoro-IudpoBoro
MEePETBOPIOBAYA, IHTENEKTYAIFHUX CHJIOBHX NEPETBOPIOBAYIB I JTa€ CKOPOYEHHSI Baro-rabapuTHUX
MOKA)KYUKIB, TIBUIICHHS HAIHHOCTI CHCTEMU Ta iHIII [TepeBary.

Y aBTOMOOINBHIN MEXaTPOHUIIl 10 MEXaTPOHHHUX TEXHOJIOTiH MepII 3a BCe CIIifl BIIHECTH TaK 3BaHy
texHonorito  X-by-Wire. 3rigHo mpOCTOro MepeKiaay «ympaBliHHS [0 MPOBOAaM» MOXKHA
3aTBEPIKYBATH, 110 1€ € 3BUYaiiHa CydyacHa aBTOMOOIJIbHA €IeKTPOHHA TexHooris [7-9].

Texnonoris X-by-Wire npononyerbcst 111 po3poOKu €IeKTPOHHUX CUCTEM 3a0e3NeUCHHs Oe3MeKn
Ha aBTOMOOLTI 0e3 BUKOPUCTaHHS MEXaHIYHMX CUCTEM PE3epBYBAHHS. 3a JITEPOI0 — «X» y «X-Dy-wire»
PO3YMIFOTBCSI CHCTEMU 3a0e3MeUeHHs Oe3TeKH, HaPUKIIal, PyJIbOBE KepyBaHHS (steering), ralbMyBaHHS
(braking), aBromaTn4yHa TpaHCcMicis (power train control), ympaBiiHHS MiABICKOIO (suspension control),
abo cucremu mnoxaymok-Oesmekn (multi-airbag systems). Ha mpukmagi cuctemm 3a0e3redeHHS
KepyBaHHs aBToMo0Oiem — Steering-by-Wire MoxHa 3p03yMiTH KOHIIETIIIO «yITPaBIiHHSI IO TPOBOIAM»
(puc. 1). (http://www.vmars.tuwien.ac.at/ projects/xbywire/projects/tuwien.html. X-By-Wire. Safety
Related Fault Tolerant Systems in Vehicles. Final Report. Project No. BE 95/1329. Authors: X-By-Wire
Team., 1998).
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Puc. 1. Pymvose kepysanns (Steer)-by-Wire
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Ha puc 1. MIKpOKOHTpONEpHI CHCTEMH TMO3Ha4YeHi CUMBOIaMU «UC» — Bl CKOpPOYEHHS
MiKpoKoHTpoJep (microcontroller). Bei cuctemn 00’emHye mociinoBHa IIMHA Tiepenadi AaHuX (BOHa
MOJKE€ pe3epBYBaTHCS). 3apa3 y SKOCTI IIMH Mepeaadi JaHUX Ha aBTOMOOUIAX YacTilie BUKOPUCTOBYIOTh
intepgeiic- CAN (controller area network). Ame B mnpomosxkeHHs TexHojorii X-By-Wire, e
PO3TISAAETRCS YIPABIIHHA MEPEXi KOHTPOJIEpiB TIIBKM B OOMEXKEHHI MEeBHOI CHCTEMH, MOXHA
3armporoHyBaTH 00’ €HaHHA BCiX Mepex cucreM X-By-Wire Ha aBTomoOim no emwHoi. Lle Hagacts
MOJKJIMBOCTI PO3TIIsAaTH aBTOMOOLIIB 1IHCHO, SIK MEpEeKeBUI TpaHcopTHUI 3aci0 (network vehicle). Ase
Ha piBHI Cy4aCHHUX TEXHOJOTiM MOKHa TOBOPUTH TUIBKH MPO Mepeaady TeIeMETPUYHUX NaHHUX Bij
cUCTeMH A0 cucTeMu. lle mpoauKTOBaHO CKIIAIHICTIO OpraHi3amii B3aeMomii iH(hopMaIiitHO-KepyIoInX
MOTOKIB Ta HEOOXIIHICTIO HaJJaHHsI HAaWBHUILIOTO PiBHS Oe3MeKu Ui JoAeH, o OyAyTh eKCILlyaTyBaTH
e TpaHCIOPTHHIA 3aci0, Ta HABKOJIMIIIHBOTO CEPEIOBHILIA.

TakuM YHHOM, MEXaTpOHHI CHCTeMH, 110 0a3yloThCs Ha pearizamii TexHomorii X-By-Wire,
MpU3HAYCHI 19 BHUPINICHHSA 3a1ad MATPUMKH OE3IeKH Ha aBTOMOOLT Ta CTAalOTh MiJACTABOIO IS
BTIJICHHS] MEPEKEBHUX TPAHCIIOPTHHUX 3aCO0iB.

4 MexaTpoHika MPOMHCJIOBOCTI Ta TPAHCHOPTHHX 32CTOCYBaHb

TeopeTHUHNMH TiACTaBAMUA MEXATPOHIKH MPOMHCIOBOCTI Ta TPAHCHOPTHUX 3aCTOCYBaHb CIYXaTb
Taki AMCUMIUTIHA SIK TEOpPisl CUCTEM, Teopis KepyBaHHs, sIKi Ha iH(QOpMamiliHiii OCHOBI J03BOJSIOTH
y3arajJibHUTH, BUKOHATH MOJEITIOBAaHHS 1 JOCTIKYBaTH CXEMOTEXHIUHI pIMIEHHS MO CTBOPEHHIO
KOHKPETHOTO MEXaTPOHHOT'0 KOMILIEKCy. MexaTpoHika Ha TPaHCIIOPTi € MPOIOBKEHHSIM aBTOMAaTH3aIli{
KEepYyBaHHS, YIOCKOHAIIOBAHHA IIJICUCTEM 1 JIAHOK TPAHCIOPTHUX 3ac00iB, BTUICHHS THYYKUX
KOMIT FOTepH30BaHUX CHCTEM TPAHCIOPTHOTO KOMIUIEKCY. 3apa3 TPaHCIOPTHUH 3aci0 i TpaHCIOpTHA
CHUCTeMa TPYHTYIOThCS Ha BHUKOPHCTaHHI SIK MEXaHIYHHX, TaK 1 eJeKTPOHHHX Ta iH(opMamiiHuX
TexHoJorii. ToMy pilleHHs 3aa4 aHami3y i CHHTE3Y TPaHCIOPTHOTO KOMILIEKCY B LILJIOMY, CKJIaJJOBUX
HOro eleMeHTIB MOBHHHI TPYHTYBaTHCA caMe Ha TPAaHCIOPTHIM MeXaTpoHilli: Haylli, IO PO3IIsLIac
OCHOBHI NPUHIHUIIN PaliOHAIFHOTO CIOJYYEHHS IHUX TPHOX CKIAJOBHX HPAKTHYHO BCIX CyYacCHHX
TPAHCHOPTHUX MAIIMH Ta CUCTEM.

TpaHCTIOPTHHI KOMILIEKC CKIIAJAEThCS 3 Pi3HUX CKiIagoBuX. OAHAK, HOrO OCHOBHOKO YACTHHOIO €
TPAHCTIOPTHUH 3aci0, mo 3abe3redye MepeMileHHs JToAei i BaHTaXIB y MPOCTOpPi, a B 3araJbHOMY
BUMAAKY 1 4aci. CydacHU TpaHCHOPTHUHN 3aci0 € CBOEPIAHUM TPaHCHOPTHUM POOOTOM, BiIMITHOIO
0COOJIMBICTIO SIKOTO € HAasBHICTh 'HYYKOI KOMIT IOTEpH30BaHOI CHCTEMHM, IO 3a0e3leuye HaBirairo i
BJIACHE KEPYBaHHS MPOIIECOM PYXy TPAHCIIOPTHHX 3aCO0iB.

Tomy ocHOBHa TipobJemMa aHalli3y 1 CHHTe3y TPaHCIOPTHOTO KOMITIEKCY B ILIOMY 1 HOTO IMiICUCTEM 1
JIAHOK TIOJISITA€ B PalliOHATIBHOMY CITOJIyUEHHI PI3HUX 32 CBOEIO (hi3UYHOIO MPUPOJIOI0 CKIIAJI0BUX YaCTHH:
CKJIaJHUX JWHAMIYHHX MEXaHi3MiB, EJIEKTPOMEXaHIYHHX, EIIEKTPOHHHUX MPUOOPIB 1 MPUCTPOIB, Pi3HUX
YYTJIVBUX €IIEMEHTIB, IaTYUKIB, OOPTOBOT OOUHCIIOBAITEHOT MEPEXKI.

MexaTpoHHI CHCTEMH 3HAaXOJITh WIMPOKE 3acCTOCYBaHHs Ha TpaHcnopti. lle BigHOCHTBCH,
HacaMIiepes1, 10 YAOCKOHAIIOBaHHS TPAHCIIOPTHUX 3acO0iB, PO3BUTKOBI TPAHCIOPTHUX KOMIUIEKCIB i
poOoTu3amii MPOMHUCIOBOIO BUPOOHMIITBA TPAHCIOPTHUX 3ac00iB. BigMiHHOIO pPHCOIO BCSIKOL
MEXaTPOHHOI CHCTEMH € Te, 10 BOHA CIIPSIMOBaHA Ha YJIOCKOHAJIIOBaHHS POOOYMX MPOILECIB MAIIHH i
MeXaHi3MiB, IO IPU3HAUCHI JJIs pealtizallii MEXaHIYHUX TEXHOJIOT1H.

st TpancmopTHOTO 3ac00y — IIe mporec MepeMileHHs B mnpocrtopi. s aBToMoOinsg — pyx mo
aBTOMOOUIBHIN JI0PO3i 3 METOIO MIepeBE3CHH JItoJIeH 1 BaHTaxiB. J{71s TOro 1100 3a0e3meunT MeXaHiuyHe
TepecyBaHHs TPAHCIIOPTHOTO 3aco0y, poOOTy HOro MexaHi3MiB 1 arperariB He MOXxHa OOilTHCS Oe3
esnekTpoTexHonorid. Oco0nMMBO 1€ BiIHOCUTHCA 10 CyYacHHUX TPAHCHOPTHHUX 3ac00iB, y SKUX poOoTa
pi3HUX arperariB 1 BYy3JdiB TMOB'A3aHAa 3 BHKOPHUCTAHHSM EJEKTPHUYHHX, EIEKTPOMEXaHIUYHHUX 1
€JIEKTPOHHUX NPWIAAIB 1 MpUCTpoiB. i1t aBTOTpaHCIIOPTHUX 3aC00IB EIEKTPOTEXHOJIOTIS € OCHOBOIO, SIK
€JIEKTPOHHUX CHCTEM aBTOMOOIIBHMX JBUIYHIB, TaK 1 IHIIMX arperatiB aBTOMOOITIB, 34EIUICHHS,
KOpOoOKHM Tiepenad, KepMOBUX INPHUBOIIB, TaJbMOBUX MPHUCTPOIB, MiABickH. [loeqHye MexaHi4HY i
eJIEKTPOHHY (€JIeKTPUYHY) TEXHOJIIOTII, MPOIeCH B3a€EMOJIii MEXaHIYHUX 1 ENEKTPUYHUX MPHUCTPOIB [9-
11]. Ll B3aemMozist IpyHTY€ThCS Ha peanizamii IMpoLeciB KepyBaHHs, 3aCTOCYBaHHI OOYMCIIIOBAJIBHUX
MPUCTPOIB, MIKPOKOMITFOTEPIB.

[TpakTHYHO pallioHANbHE CIIOTYYCHHS MEXaHIYHHX 1 €ICKTPOTEXHOJIOTIH 3HAXOAUTh CBOE BIOUTTS B
iH(popMaLiiHIi TEXHOIOTIi Ha JIOTTYHOMY 1 ()i3UYHOMY PiBHI KepyBaHHS arperatamu, MiJICHCTEMaMH i
JIAaHKaMU TPaHCTIOPTHHX 3ac00iB. Tak, 6OpTOBHI 00UMCIIOBaILHUN KOMILIEKC Cy4acHOTO aBTOMOOLIA
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(ABOK) no3Boisie BU3HAYMTH HEOOXIIHI TePMiHM 00CIyroByBaHHS HOI'0 BY3JIiB 1 arperatis, 3a0e3meuye
JIarHOCTHKY HECNpaBHOCTEH BIAMOBIAHOI TPAHCIOPTHOI MamIMHUA. MapimpyTHU KoMmMO'roTep i
HaBiramiiiHa cucrema, 10 BXOASTH A0 ckiaay cydyacHoro ABOK, m03BomsiioTh palioHadbHO KepyBaTH
PYXOM aBTOMOO1JIS.

ABTOMOOUTHHHI IMapk HammIoi KpaiHW MOCHTH PI3HOMAHITHHN 1 BUMarae CIemialbHAX 3aXOIiB IMI0JI0
YIOCKOHAJIEHHS Horo ekcrutyaramii. 3agada pamioHalbHOiI  HaBiramii, CTBOPEHHS THYYKHX
KOMIT'TOTEpPU30BAaHMX KOMIUIEKCIB JIi BHpIIIEHHS 3a7ad YHPaBIiHHSI pPyXOM aBTOMOOLTIB pi3HUX
TUTIOPO3MIpIB aKTyanbHi s YKpainu. ToMy cboromHi yci BUPOOHUKH aBTOMOOIUIBHUX €IeKTPOHHUX
NPUIAIiB 1 MPUCTPOIB PO3POOISIOTH HOBI aBTOMOOLIBbHI KOMITTOTEPH.

BoHr yMOHTOBYIOTBCSI B aBTOMOOITBHI KEpyrodi CHCTEMH, SIKi MOXHAa BHU3HAUUTH SIK THYYKI
KOMITIOTEpHU30BaHI KOMIUIEKCH. Taki KOMIUIEKCH 1HOJI Ha3WBalOTh TejleMaTHIHHMH (telematics)
cuctemamu (http://www.computerra.ru/online/ firstpage/newsofday/8602/). BoHu nomoBHIOIOTH came
MEXaTPOHHI CHCTeMU Ta 3a0e3MeuyloTh CBOEPIAHUN 3B’S30K MK aBTOMOOITBHHMH MEXaHIKOIo,
eJIeKTPOHIKOI0, iHpOpMaTHKO0. TeneMaTHdHI CHCTEMH € 3acid opraHizamii TeleKOMYyHIKamiiHUX
3B’SI3KiB K yCEepPEArHI TakK i 103a aBTOMOOLITIO. 3aBIsIKH TEIEMaTHUIll CydaCHUH TPaHCIOPTHHIA 3aci0 cTae
JIAHIIOTOM SIK TPAHCTIOPTHOI iIHPPacTPyKTypH MicTa ab0 perioHy, TaK i ii IPOMHUCIIOBOT CKJIQJ0BOI.

s MexaTpoHHOI0 MPUCTPOIO Ay>Ke BaxIUBUM € BUKopucTaHHs CAIIP Ta cuctem mMoIenatOBaHHS.
Taxk, Big mpaBWIBLHOTO BHOOPY HEOOXIMHWX 3ac00iB MPOEKTyBaHHA OyJle 3ajekaTd MOJaibIla OIS
BupoOy. Tak rpaMoTHe BHOpaHE CEpeJOBHUIIEC TNPOCKTYBAHHS JIO3BOJUTH BUKOHATH PO3POOKY
MEXaTPOHHOI CUCTEMH B HaHKOPOTIIi cTpoku. 1[0 HamacTh eKOHOMIIO SIK peCypCiB Ha po3pOOKYy BUPOOY
TaK i HaJaCTh HAJIEKHOI SIKOCTI 38 paXyHOK MOJICIIOBAHHS POOOTH MPUCTPOIO IIE IO BIPOBALKECHHS Y
BUPOOHUITBO. ToMy po3risHemo Oinbin getanbHo CAIIP ams aBToM00iIBHOT Tamy3i Ta 6e3nocepeIHbO
JUTSL IPOCKTYBAHHSI MEXaTPOHHHUX CHUCTEM.

5 ApTromobinbHa Tenematuka CAD/CAM/CAE

AstomarmzoBane npoektyBants (Computer-Aided Design, CAD) — 3actocyBaHHs 009HCIIOBAIBHOT
TeXHIKH JUIsl TMPOSKTYBaHHs IEBHUX BUPOOIB abo JIs TMPOEKTYBaHHs B3araii. ABTOMAaTH30BaHE
MPOCKTYBaHHS MO>KHA BU3HAYUTH SIK TEXHOJIOT1I0 BUKOPUCTAHHS O0UHCITIOBATIbHUX CHCTEM JJISl HAIaHHSI
JIOTIOMOTH TIPOEKTyBaJIbHUKaM y BHPOOHUITBI, Momudikallii, aHamizi abo omnrTumizamii MPOEKTHUX
pimens [12, 13]. besnocepemuro mporpamumii maker CAIIP (http://www.ciru/inform01 _02/p 22-
23.htm) [14, 15].

CydvacHi cucTeMH aBTOMAaTH30BaHOTrO MpoekTyBaHHs B enekrpowini (EDA — Electronic Design
Automation) JJO3BOJIIIOTH PO3POOUTH CXEMY €IIEKTPOHHOTO MPHUCTPOI0, BUKOHATH MOJICIIOBAHHS HOTO
pobotu i po3pobutu ApykoBaHy Iuiaty [18]. cucremu aBromatm3oBaHoro mpoektyBaHHs (CAIIP) e
IPOrpaMHO-anapaTHUMH KOMILIEKCaMH, IPU3HAYEHUMH AJIS PilIEHHs 3a4a4 IPOEKTYBaHHSL.

AmnapaTHa riatdopma TaKux CUCTeM OyIyeThcst Ha 0a3l MOTY)KHUX pOOOYHX CTaHIIIM 1, SIK MPaBUIIO,
€ PO3NOAIICHOI0 OOUYMCIIOBAIBHOIO Mepexero. Jlo amapaTHOi 4acTMHM HEOOXiJAHO NoJaTh HpPUCTPOi
BUBOJy Pe€3yJIbTATiB MPOEKTYBAHHSI, HAIIPUKJIAL: IPUHTEPH, TUIOTTEPH, POTOILIOTTEPU ab0 TPUBUMIPHI
npuHTEpH (amapaTtHi 3aco0H, 110 J03BOJISIOThH NUISXOM Jii JIa3epHOTO MPOMEHS Ha crielianbHui GoTo-
YyHHHH TJJACTUK CTBOPUTH TPHBHUMIPHY KOIIO MEXaHIYHOTO MPUCTPOIO, M0 pO3pOOJIeHO i3-3a
nonomororo CAD- cucrem) i T. 1.

IIporpamua miargopma CAIIP 6a3yeThcst Ha CTaHIAPTHUX ONIEPALIMHAX CUCTeMaX, Hanpukiaa: Unix
abo Windows Ta 6e3mocepeiHp0 Ha TakeTi MpukIagHux nporpaMm (tooro camoi CAD-cucremi). Takum
YUHOM, MOKHA BHJIUTHTH JIBi CKJIAZIOBI KOMIUIEKCY: TIaTdopMa — anapaTHa peajtizallis 10 sSKoi (IeBHO0
MipoI0) MOXHa BKJIIOUHTH M omepauiiiHy cuctemy, i Oe3nocepennbo nporpamuuii maker CAIIP
(http://www.ci.ru/inform01_02/p_22-23.htm) [16, 17].

Inmmit  Hanpsmok — CAIIP nmns po3poOku  enexkTpoHHHMX mpucTpoiB. CydacHi cucTtemu
aBTOMaTH30BaHOTO MpoekTyBaHHs B enekTpoHini (EDA — Electronic Design Automation) J103BOJSIOTH
PO3pOOHUTH CXEMY EJIEKTPOHHOTO TMPHCTPOI0, BUKOHATH MOZETIOBaHHA Horo podotn W po3poOuTH
JIpykoBaHy ruiaty [18].

Ane BapTo BUAUTUTH, SK ckianoBy mnporpamuoi uactuHn CAIIP — ciyxOoBe mporpamue
3a0e3neueHHs, Hanpukiajg cucTeMu ympasiiHHsS ©Oazamu ganux (CYB/I), cuctemu kepyBaHHS
KOHCTPYKTOPCHKOI JIOKYMEHTAIlii. Y 3aJIe)KHOCTI BiJl MACIITA01B MPOEKTHUX POOIT, 110 BUKOHYIOTHCS AJIS
KIiHIIEBOT'O PO3pOo0IIIOBaYa OCHOBHUM KpHUTEpieM BHOOpPY HEOOXIJIHOTO 1HCTPYMEHTAa IMPOEKTYBAHHS,
Moxe ctath Oesnocepennbo nporpamuuii maker CAIIP. [pu posropramni CAIIP B macmTabax
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MIIIPUEMCTBA, BXKIIMBUM CTa€ KPiM amapaTHOi i mporpamMHoi CKIaJOBUX CHCTEMH, B3aEMOIS BLIILTY
BUKOHAHHS MPOCKTHUX POOIT i3 CUCTEMOIO KepyBaHHS Ha PiBHI MiINPUEMCTBA — 3 OAHOTO OOKY, a 3
1HIIOT0 OOKY — IHTErpyBaHHS MPOEKTHUX POOIT 3 aBTOMAaTH30BaHMM MPOLIECOM BUPOOHHIITBA.

CucremMH aBTOMATH30BAaHOTO MPOEKTYBAaHHS MOJXKHA PO3MUINTH Ha HACTymHI TUmU 1o cdepi
3actocyBaHHsl. CAIIP — mammuOOyniBHOTO Tipodinto. Hampukiiaz, mepeniauMo AesiKi CHCTEMH LbOTO
npodinto: cucTeMa KOHCTPYKTOPChKOI Tpadiku i aBTOMaTu3oBaHoro mpoekTyBanHs AutoCAD dipmu
Autodesk, Inc. (http://www.autodesk.com/).

Po3pobka pociiicekoi dipmu ACKOH (http://www.ascon.ru/) KOMIIAC 5 - i"TerpoBane
CepeloBHILE IPOEKTYBAaHHA pi3HUX BHUPOOIB, IO BKIIOYAE BHCOKOC(EKTHUBHUN KpECIIPCHKO-
KOHCTPYKTOPCHKHI PEaKTOp, TOTOBI 0i0MiOTeKH s pi3HUX cdep 3aCTOCYBaHHSA, a TAKOXK MOTYTHI
IHCTpYMEHTaJIbHI MapaMeTprydHi 3aC00M pO3POOKH TOIATKIB.

[TapameTpu3anis o3Ha4Yae 3aMiHy KOHKPETHOI'O po3Mipy abo KOOpAHMHAT y TEOMETPHUHIN Moneni
JIeTalli Ha CHMBOJIIYHE iM'st a00 «TlapaMeTpy, 1110 J03BOJISE TIOPOPKYBATH O€3J1iY JeTajeii 3MiHOK OJTHOTO
po3mipy-Tlapamerpa.

SolidWorks € cucTemoro 110 T03BOJIsSI€ CTBOPIOBATH KEPOBaHI PO3MipaMu TBEPIOTLUIbHI MO 1 MOYKE
CIIy’)KUTH SIIPOM Uil pilleHHS MHOXXWHHM PI3HHX iH)KEHepHHX 3afad. BoHa 31aTHa aBTOMAaTHYHO
CTBOPIOBATH KPECJICHHS acOIliHOBaHiI 3 MOJIEIUIIO TaK, IO 3MiHM 3pOO0JeHI B MOAEIN BiIOWBAIOTH 1 B
KpecieHHi, a00 HaBmaku 3a OakaHHSAM KOHCTpykTopa. SolidWorks miaTpumye pexum ¢dhopMyBaHHS
CKJIaJaJIbHUX OJIMHHMIIG 10 MOCHIIAHHSIX Ha CKIIAJ0BY 300pKY JAeTalli i TO3BOJISIE pearyBaty Iii AeTalli B
KOHTEKCT1 300pKH.

Pesynprarom pobotu cucremu SolidWorks € mpocropoBa TBepAOTiIEHA TapaMeTpUYHA MOJIENTb
netani abo 300pKHM, IO MOTIM TEpPEelaAETbCs A0 CHCTEM I1HKEHEPHHX PO3PaxyHKIB, MPOEKTYBAHHS
TEXHOJIOT1YHOTO OCHAIICHHS a00 CUCTEMHM reHepallii Kepyrouux nporpam Jyist Beperatis i3 UITY (uuciose
MporpaMHe VYIPaBIiHHI), TaKOXK caMe 3aKiHdeHe poOoue KpecieHHA JAeTami abo TMOBHUI OmHC
cKIafanbHOi oauHUI. Po3pobdmtoBadem cuctemu SolidWorks e amepukanceka koprnoparis SolidWorks
Corp. (http://www.solidworks.com, http:// www. solidworks.ru), mo 3 1997 poky € YacCTHHOIO
¢paniy3skoi kommnanii Dassault Systemes, mo po3po6ise Binomy CAD/CAM cuctemy CATIA (http://
www.catia.com). Kommanis SolidWorks Mae cBOr0 He3anexHy TEXHIUHY IMOINIITHKY cTOCOBHO Dassault
Systemes i EDS.

®ipma Parametric Technology Corporation (CIHA) po3podnsie cuctemy ProEngeneer
(http://www.ptc.com) — CAIIP wMozeaOBaHHS BEIUKOMACIITAOHWX CKIAJAadbHUX BHPOOIB 3
MapaMeTPH3aIli€lo Ha BCiX PIBHIX MOJICITIOBAHHS.

6 Posymumii 6ynnHok

Hactynaum Hanpsimkom MoskHa BBakatu CAIIP mnst OyniBHuITBA # apxiTekTypu. Jeski cucremu
MalnmHoOyaiBHOrO npodimo, Hanpukiag AutoCAD a6o KOMITAC MoxXyTb BUKOPUCTOBYBATHUCS B Liii
cdepi, Ik 3ac00M BUKOHAHHS Kpec sIpChKux podit. OnHak icHye nitui kiac CAIIP ms pitneHHs 3a1a4
OymiBHMITBA U  apxXiTeKTypH, Hampukimajy Jeski  npoxyktu — ¢ipmu  Autodesk, Inc.
(http://www.autodesk.com/).

3a3HaunMo, 110 3apa3 € aKTyaJbHUM HOHATTS — «pO3yMHUH OynuHOK». Lle Mae Ha yBa3i iHTerpamio
JI0 €AMHOI IHPPACTPYKTYPH BCiX E€IEKTPHUUHMX, €TIEKTPOHHHX Ta eJIEKTPO — MEXaHIYHUX CUCTEM OYAMHKY
B €JIMHY KOMIT IOTEPHY MEPEXKY.

TakuM YMHOM JiM CTa€ MEXaTPOHHOK CHUCTeMO0. /i aBTOTPaHCIOPTHOI rajy3i 1e crae OibIn
BKJIMBIILINM, SIKIIO PO3MIIAATH JUCIIETYEPCHKI LEHTPH Ta iHIII CIIOPYIH, 10 MalOTh BUCOKUH PiBEHb
iHTerpamii SK eJeKTPOHHUX TaK 1 MEXaHIYHUX CKIaJoBuX. Aje He Tibku apxitektypHi CAIIP rparots
OCTaHHIO POJIb TP POEKTYBaHHI «PO3YMHOTO JIOMY» TYT CTalOTh MOTPiOHI 1 CHCTEMH JISl TPOSKTYBAHHS
€JIEKTPOHHOT HAUMHKU CIIOPY/IH.

Inmmit  Hanpsmok — CAIIP nmns po3poOku  enexkTpoHHHMX mpucTpoiB. CydacHi cucTtemu
aBTOMaTH30BaHOTo mpoekTyBaHHs B esekTpoHiui (EDA — Electronic Design Automation) 103BOJISIOTH
PO3pOOHUTH CXEMY EJIEKTPOHHOTO IMPHCTPOI0, BUKOHATH MOJAETIOBaHHSA Horo podotu W po3poOuTH
IpykoBaHy ruiaty [18].

Tak caMo, iCHye BeNIHMKE YHCIO IPOrpaMHOro 3a0e3MeueHHs, IO pealizye psAa I10JAaTKOBUX
MoxuMBocTell. Hampukmaa, mporpaMm mepeHeceHHs AaHuX IPO PpO3TAllyBaHHS KOMIIOHEHTIB Ha
npykoBaHiii tmati B CAIIP mexaHIYHUX NPHUCTPOIB, JJIs HACTYMHOT PO3POOKH KOHCTPYKTHBHOTO
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BUKOHAHHS TIPHUCTPOIO; CHUCTEMH aHaNi3y IUIICHOCTI JAHIIOTIB Ha JAPYKOBaHIM IIIaTi, CHUCTEMH
PO3paxyHKy TEIUIOBHX XapakTepucTuk npuctpoto i T.1. (http:// www.rodnik.ru).

Hanpuknan, omHUM 3 HAWMOTYXHIIINX Ta JOPOTHX PillleHb Ui MPOCKTYBaHHS IPYKOBaHUX IUIAT €
nmaker kommaHii Cadence — PCB Design Studio (www.pcb.cadence.com). Y sxocti pemaktopa
JIPYKOBAHOI IJIaTH B HHOMY BHKOPHCTOBY€ETECS Tiporpama Allegro, 1o 103BoJIsie BUKOHYBATH PO3POOKY
OaraTomapoBUX i BUCOKOIIBUIKICHUX TUIAT 3 BUCOKOIO IIIBHICTIO PO3MIILICHHS KOMITOHEHTIB. Y SKOCTI
MITaTHOTO MOJYJS aBTOPO3MIIIEHHS KOMIIOHEHTIB Ha TUIATi # aBTOTpacyBaHHS JIAHIIOTIB JPYKOBAHOI
iaTu BUKOpucToByeThes mporpama SPECCTRA (www.specctra.com).

Brnacuux 3aco6iB aHami3y LiTICHOCTI CHUTHAJIIB B MaKeTi HEMae — 10 (YHKIII0 BUKOHYE OKpEeMHU
monyinb SPECCTRAQuest SI, mo mnocrtayaeTscsi okpeMo. Y SKOCTI 3aco0iB MOOYZOBH MPOEKTIB
npornonyetbest: OrCAD Capture CIS mns mopiBasHO mpoctux 3amad Concept HDL mmsa cxmamamx
iepapxiyHUX a00 OaraToBapiaHTHUX MPOEKTIB [19]

[HmM#, MeHI MOTYXHIHM MakeT HackpizHoro mpoektyBanHa kommaHii Cadence € OrCAD — cuctema
MOJICTFOBAHHS 1 HACKPI3HOTO TPOCKTYBAaHHS aHAJOTO-IU(PPOBUX EIEKTPOHHUX (Www.orcad.com).
OcuoBanM mMoxayneM OrCAD e pepakTop cxeM elneKTpUYHHX NPUHOUNOBHX. [IpoekTyBaHHS B cHCTEMi
MMOYMHAETHCA 3 BBEICHHS TNPUHIIMIIOBOI CXEMH, ii MOJENIOBaHHS W ONTHMI3allil 1 3aKiH4yeThCs
PO3pOOKOIO IPYKOBAHOT TUIATH 1 BUBOJOM KepyrouuX (aiiiiB s TEXHOJIOTIYHOrO 0018 THAHHS.

7 BUCHOBKH

TakuM YHMHOM, CHCTEMH HACKpI3HOTO MPOEKTYBaHHA MOXKHA DPO3JUINTH HAa JBI BENWKI TPYIH:
mexaHiuHi (CAD) i CAIIP enextponnux npuctpoiB (EDA). Cxuin 3a3HauuTH, IO Ui CHELiaTbHUX
ramy3eit 3actocyBanHs po3pobneHo CAIIP mis BupimieHHS apXiTEeKTYypHHX 3ajad, abo cremiaiaizoBaHi
MAKeTH PO3POOKH ENEeKTPOHHHUX IPUCTPOIB i T. 1.

Takox 3a3HauMMO, MIO PO3pOOKa TINBKH JIPYKOBaHOI TJIATHM B CyYacHHX yMOBax OYpPXJIMBOTO
PO3BHUTKY PHHKY EJEKTPOHHUX MHPUCTPOIB YacTillleé BHUKOHYETbCS HE OKPEMO, a NpPH B3aEMOJIi SIK
PO3pOOHUKIB €IEKTPOHHOI HAYMHKHU MPHUCTPOIO, TaK 1 JU3alHEpiB Ta iHXKEHEPiB, IO MPAIIOIOTh HaL
KOPITyCOM €JIEKTPOHHOTO MpHUCTporo. Tak po3poOHB ApykoBaHy IuiaTy, Hanpukian, y OrCad Layout
IH)KEHEep-CTIeKTPOHHUK IMIIOPTY€E TMapaMeTpu Ta0apUTHUX PO3MIpiB IIaTH, Ta EJIEMEHTIB, IO
BcraHoBisieHI Ha Hei B maker CAIIP — mammuoOyamiBHOrO mpodismto, Hampukian, ProEngeneer a6o
SolidWorks — ne imkeHepu Ta au3aiiHepu OyayTh MPOBOJUTH PO3POOKY TPUBHMIPHOI MOJIEII KOPITyCY
MPUCTPOIO.

Takum umHOM, ipu BukopuctanHi CAIIP 3HaYyHO CKOpOYYyeThCS HUISAX BiJ i€l Ta MPOEKTYBaHHS
HPHUCTPOIO JI0 CTBOPEHHS HOTO MOJIENI, TECTOBOTO 3pa3ka Ta 0e3M0ocepeHbO BUITYCKY TOTOBOI MPOIYKIIii.
B upomy nukii CAITP 3aiiMae 0CHOBHY TO3HITII0, HABKOJIO KOTPOT BUKOHYIOTBCSI 1HIIIT MMPOEKTHI POOOTH:
BUKOHAHHS 1H)KCHEPHHX pO3paxyHKiB, MOJENIOBAHHS pPOOOTH TIPHCTPOIO, IO PO3POOISIETHCS Ta
Oe3nocepeTHbO MiAroTOBKA HOTO /10 BHPOOHUIITBA.

Cnin 3a3Hauntd, mo cyvacHi nporpamHui maketn CAIIP, y cBoemy ckmani MmicTaTh 3aco0H, IO
JIO3BOJIIIOTH BUKOHYBATH 1HKCHEPHI PO3PaXyHKH MIITHOCTI KOHCTPYKIIiH, TPOBOAUTH MOJCITIOBAHHS i
ONTHMI3aIiI0 pOOOTH CHUCTEM, IO MPOEKTYIOThCA 1 T. M. Tak camo, iCHye cremiaiizoBaHi 3aco0w,
NpU3HAYEH] /IS pilIeHHS 3a/1a4 aBTOMAaTH3allii 1HKEHEPHUX PO3PaxyHKIB 1 aHai3y MPOEKTHUX PIllICHb.
Taki 3acobu 3BnuaiiHo HazuBarTh Computer-Aided Engineering (CAE). 3apa3 30inbmunacst TeHIEHIIis
CYMICHOT'O BUKOPHCTaHHS 3aC00iB aBTOMaTH30BaHOTO IIPOSKTYBAHHS | BAKOHAHHS 1HKEHEPHOTO aHAIli3y
(CAD/CAE), 1o 3aBepIIy€eThcst €TaroM aBTOMaTH30BaHOTO BUpOOHHUIITBA [20].
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3 BAKOPUCTAHHAM MeTOJIB CKiHYeHHUX TAa TPAHMYHUX eJIeMEeHTIiB
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Jlis pocmijpkeHHsT 4acToT Ta (OPM KOJNMBAHb CJICMEHTIB KOHCTPYKIIH, sKi (DYHKIIOHYIOTH NMpH B3a€EMOIl 3 PIAMHOO,
3aIPOIIOHOBAHO ITiJXiJl, 3aCHOBAaHUH HA CyMiCHOMY BHKOPHCTaHHI METOZIB CKiHUCHHHUX Ta I'PAaHUYHHX elIeMeHTiB. [t omucy
PYXy SK KOHCTPYKTHBHOTO €JIE€MEHTYy, TaK 1 PIIMHH BHKOPHCTOBYIOTHCSI OCHOBHI CITiBBIIHONICHHS MEXaHIKH CYLIJIBHOTO
cepenoBunia. [Ipm JOCHIKEHHI €IEMEHTIB KOHCTPYKIIH NpPUHHATI JiHIMHI CHIBBIAHONICHHS MDK HampyKEHHAMH Ta
neopMarisiMi, TOOTO pPO3TILLIAIOTHCS NPYXKHI eneMeHTH. [y omucy pyXy PpIOMHM 3aCTOCOBaHI CIIBBIJHOIIEHHS MiX
KOMITIOHEHTaMH TEH30piB HallpyXeHb Ta MIBUAKOCTEH aedopmaniil. BBakaeThcs, M0 piguHA € i4eaJbHOI0 Ta HECTHCIHBOIO.
OtpumaHo piBHsHHS Jlamnaca BiTHOCHO THCKY PIIVHM Ha 3MOYEHi MOBEPXHI €IEMEHTIB KOHCTPYKLiH Ta cdopMyaboBaHi
BIATIOBIHI TPaHWYHI YMOBH IIpU OIHOOIYHOMY Ta JBOOIYHOMY KOHTAKTI €JIEMEHTY KOHCTpyKuii 3 pimuHolo. [ToGynoBani
IHTerpaibHi PiBHSHHS IJIsI BU3HAYCHHS THCKY. Y BHIIQJKY IBOOIYHOTO KOHTAKTY €JIEMEHTY KOHCTPYKIIi 3 PIIMHOIO OTPUMAaHO
TINPCUHTYIISIPHE IHTErpajbHe PIBHAHHA. SIKIIO KOHTAaKT 3 PiAMHOIO € OJHOGIYHMM, TO MOOYIOBaHI CHHIYISIPHI iHTErpaibHI
PIBHSHHS, IO MAIOTH JIOTapu(pMiuHi 0COOIUBOCTI Ta 0coOauBOCTI TUITy Korri. 3a HasBHICTIO aKcialbHOI CUMETpii KOHCTPYKIIi
OTpPHMAaHi IHTETpanbHi PiBHSIHHSA 3BOIATHCS 10 OJHOBHMIPHHX. PO3TIIIHYTO Kpyrily MpyXHY IUIACTUHKY 3a Pi3HI YMOBH
3akpimuieHHs. [loGynoBani popMHy BUTBHUX KOJMBAHB BOTO KOHCTPYKTHBHOTO €JIEMEHTY, SIKi CIIYTYIOTh 0a3UCHUMH (QYHKIIISIMA
IpH BUBYCHHI KONMBAHb IUIACTUHKH 3 YpaxyBaHHSAM MPHEJHAHUX Mac piguHH. IIpH 1IIbOMY BHKOPHUCTOBYBABCS METOJ
CKIHYEHHHX eJieMeHTiB. [l 3HaxXOo/KEHHsS THCKY PIAMHM Ha IUIACTHHKY IOOYZOBaHO OJHOBHMIpPHE TilepPCHHIYIISIpHE
iHTerpaneHe piBHsAHHA. OTpHMaHi 4acTOTH Ta (OPMH KOJIMBaHb IUIACTUHKH 3 ypaxyBaHHAM HPHEAHAHUX Mac PiAUHH.
[IpoBeneHo MOCTiKEHHS TOYHOCTI Ta BIPOTIIHOCTI 3aIPONOHOBAHOTO METOY.

Knwwuogi cnosa: memoou CKiHUEHHUX MA SPAHUYHUX eleMeHmis, (0ealbHad HeCmUciIuea piound, 2iOpONPYNCHI KOTUSAHHS,
2inepcunzyisipHe inmezpanbHe PiGHAHHSL.
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The approach for studying the vibration frequencies and modes of structural elements that operate in interaction with a liquid
has been proposed. The approach is based on the usage of both the finite and boundary element methods. To describe the motion
of both structural elements and the fluid, the basic relations of the continuous medium mechanics have been used. While studying
structural elements, the linear relations between stresses and strains have been assumed, i.e. elastic elements have been
considered. The relations between the components of stress tensors and strain rates are used to describe fluid motion. The fluid
is considered to be ideal and incompressible. The Laplace equations for the fluid pressure on the wetted surfaces of structural
elements have been obtained. The corresponding boundary conditions have been formulated for one-sided, as well as, two-sided
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contact of a structural element with a liquid. The integral equations for pressure determination have been received. In the case
of a two-sided contact of a structural element with a liquid, the hypersingular integral equation has been obtained. If the contact
with the liquid is one-sided, then the indicated singular integral equations have logarithmic singularities and Cauchy-type
singularities. In the presence of axial symmetry of the structure, these hypersingular integral equations are reduced to one-
dimensional ones. A round elastic plate under different fastening conditions has been considered. Modes of free oscillations of
this structural element have been received and they serve as basic functions in the study of plate oscillations taking into account
the added liquid masses. The finite element method has been used. A one-dimensional hypersingular integral equation is
implemented to find the fluid pressure on the plate. The frequencies and oscillation forms of the plate taking into account the
added liquid masses have been obtained. Accuracy and reliability of the proposed method have been ascertained.

Key words: finite and boundary element method, ideal incompressible fluid, hydroelastic vibrations, hypersingular integral
equation
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Jnst nccnemoBaHMs 9acToT M (GopM KoieOaHWi 3I€MEHTOB KOHCTPYKIMH, (QYHKIMOHHPYIONIMX INIPU B3aHMOACHCTBHH C
JKUJIKOCTBIO, NIPEUIOKEH MOJX0/l, OCHOBAHHBII Ha COBMECTHOM HCIIOJIb30BaHUU METOJI0B KOHEUHBIX U IPAaHHYHBIX 3JICMEHTOB.
Jliis onucaHus JBUYKCHUS KaK KOHCTPYKTUBHOI'O 2JIEMEHTA, TaK U XKHUJKOCTH HCIOIb3YIOTCSI OCHOBHBIE COOTHOLIICHUS MEXaHUKU
cIuIomIHo# cpensl. Ilpu MccnenoBaHUU AJIEMEHTOB KOHCTPYKIMI IPUHATHI IMHEHHbIE COOTHOIIECHUS MEX/y HalpsDKEHUAMU U
nedopMarusIMH, TO €CTh PACCMaTPUBAIOTCS YIIPYTHE dJIeMeHTHI. [IJ1sl O CaHus IBHKEHHS KUAKOCTH TPUMEHEHBI COOTHOIICHHS
MEX[y KOMIIOHEHTaMH TEH30POB HaIpshKEHUH U ckopocTelt nedopmanuii. Cauraercs, 9To KHUIKOCTD SBISIETCS WACATbHOU 1
HecxnmaeMoi. [lomydens! ypaBHenns Jlammaca OTHOCHTENBHO JAaBICHHS JKUIKOCTH HA CMOYCHHBIE TTOBEPXHOCTH 3JIEMEHTOB
KOHCTPYKIHMH, H c(hOPMyIHPOBAHBI COOTBETCTBYIONINE TPAHUIHbIE YCIOBHS IIPH OAHOCTOPOHHEM U ABYCTOPOHHEM KOHTAaKTE
JJIeMeHTa KOHCTPYKIUH C JKHAKOCTBIO. IlocTpoeHBI HMHTErpaibHbIe ypaBHEHHs IS OIpeAeNeHus AaBieHus. B ciydae
JIByCTOPOHHEr0 KOHTaKTa 3JEMEHTa KOHCTPYKIMHU € KHJIKOCTIO MOJTy4€HO MMIIPCUHTYJISIpHE MHTErpajbHOE ypaBHeHue. Ecnu
KOHTaKT C >XHMJKOCTbIO SIBJISIETCS OJHOCTOPOHHHUM, TO YKa3aHHblE CHHIYJISpHblE MHTErpalbHble YpPaBHEHUS HMEIOT
norapudmMuueckue ocobeHHocTH M ocoOeHHocTH Tuna Komm. Ilpy HammuumM akcWaidbHON CHMMETPUHM KOHCTPYKIUH
CHHTYJIIpHbIE MHTETpaJIbHbIE YPaBHEHUS CBOJATCS K OJHOMEPHBIM. PaccMoTpeHa kpyrias ynpyras IUIaCTUHKA C pa3IMYHbIMU
YCIOBHSIMH 3aKpeIuieHus. beum mocTpoeHs! (opMBI CBOOOIHBIX KOJIEOAHWH 3TOTO KOHCTPYKTUBHOTO JIEMEHTA, KOTOPHIE
ciryKaT 0a3MCHBIMH (YHKIUSIMH IIPU N3y9IEeHHH KOJIeOaHMi IITAaCTHHKY C YIeTOM MIPHUCOEINHEHHBIX Macc >KuaKocTy. [Ipu sTom
HCIIOB30BAJICS. METOJ] KOHEUHBIX 3€MEHTOB. JIIl HaXOX/ICHUS TaBICHHS KHIKOCTH Ha TUIACTHHKY ITOCTPOEHO OJTHOMEPHOE
THIICPCHHTYISIPHE HMHTErpaidbHOe ypaBHeHHWe. OrmpeneneHsl 4acTOTel W (OpPMBI KOINEOAHMH IUIACTHHKH C  Y9eTOM
MIPUCOEANHEHHBIX Mace )XKUAKOCTH. IIpoBeneHo uccneaoBaHne TOUHOCTH U IOCTOBEPHOCTH MIPEJIOAKEHHOIO METOa.

Kniouesvle cnosa:memoov: KOHeYHbIX U SPAHUYHLIX DIEMEHMO8 UOedbHAs HeCHCUMAEeMAs JHCUOKOCMb, 2UOpOYnpyaue
Konebanus, 2unepCuneyIApHoe uHmezpalbHoe ypagHeHue

1 Beryn

3Ha4yHa KUTBKICTh CYy4acHOTO €HEPreTHYHOr0, MAIMHOOYAIBHOTO Ta HAPTOXIMIYHOTO OOJIaJHAHHS
NpAaIoe B yMOBaX IiJBUICHUX TEXHOJIOTIYHUX HAaBaHTaKEHb. EeMEHTH KOHCTPYKIIN MiNat0ThCs Jii
KOPOTKOYAaCHUX CHJIOBUX Ta TEMIIEpAaTYPHUX BIUIMBIB, (DYHKUIOHYIOTh NPH B3a€MOJii 3 OTOUYIOUUM
cepeoBUIIEM. AKTya IbHUMH ITUTAHHSIMH ChOTOICHHS 3UTHIIAIOTHCS MPOOJIEMH OOYHCIICHHS MIITHOCHUX
Ta JUHAMIYHUX XapaKTEPUCTUK BKA3aHOTO OOJaHAHHS 3 METOI0 YTOYHEHHS 3aJIUIIKOBOIO PECypCcy Ta
3a0e3neueHHs HaAidiHOCTI Ta Oe3meKd KOHCTPYKLIH mpH ekciuryaranii. OZHUM 3 TakuxX MUTaHb €
BU3HAYEHHS YacTOT Ta ()OPM BIJIbHUX KOJIMBAaHb KOHCTPYKTHBHHUX €JIEMEHTIB IIPU BpaXyBaHHI B3a€EMOIi
3 BOOHMM a0O TMOBITpSHUM cepenoBuiieM [1-2]. 3ayBaxumo, 10 NPH BpaxyBaHHI TiAPO MNPYXKHHUX
edexTiB BiIOyBaeThCs 3HAYHUN BIUIMB HA YACTOTH KOJHMBaHb. ToOTO, SIKIO 111 SIBUIA HE BPAXOBYBATH,
TO BaXKKO BIJICTPOIOBATUCH BiJ HEOaXaHUX PE30HaHCHUX yacToT [3]. EmemeHTH KOHCTPYKUiH, 10
(GYHKIIIOHYIOTH 32 HAassBHOCTI PIJIKOTO CEepe/IOBHUIINA, € a00 TIOBHICTIO 3aHYPEHUMH B PiIMHY, 200 MArOTh
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KOHTAKTYI0Ui 3 PiTUHOI0 MOBepxHi. TakuM 4nHOM, € qBa Kiacu MpoOieM riapo npyxHoi B3aemomuii. [lo
MEPUIOTO BiIHOCATHCS MPOOJIEMHU BUBYCHHS IWHAMIYHOI MOBENIHKA KOHCTPYKIIH MpH OTHOOIYHOMY
KOHTAKTi 3 piInHOI0 a00 razoM. Jlo TaKuX KOHCTPYKLIH BIAHOCSTHCS KPHUILKH TiApOTYpOiH [2], mocynnHu
BUCOKOTO TUCKY [1], 6aku pakeT-HOCIiB [4-5], pe3epByapu ans 306epexenns piguan [6]. Taki enemenTH
KOHCTPYKI[if, SIK JIOmaTi 3BOPOTHO - JIONATEBUX Ta paialbHO -BICBOBHX TiIpoTypOiH [7], nomarti
MOBITPSIHUX YCTAaHOBOK [8], kpuita mitakiB [9] Ta iH. 3ayBaxkuMo, 1110 3 MATEMATHYHOT TOYKH 30PY, OIHC
0JTHOOIYHOTO Ta JBOOIYHOTO KOHTAKTY 3 PiAMHOI0 MOTpeOye pi3HUX PiBHIHD, ajle MaTeMaTU4HI MOJEINi
MaloTh I 0araro CIibHUX pUC. 3a7a4i CTOCOBHO JBOOIYHOTO KOHTAKTY MPYKHOI TOHKOT TUNIACTHHKY 200
00OJIOHKH 3 PIOUMHOI0 3a3BHYail pPO3B’S3yIOTh 32 BHKOPUCTAHHSAM METOAIB TeOpii MOTEHI{aly Ta
TiNepCUHTYISIPHUX 1HTerpaibHuX piBHSAHB [10-11]. {1 yucnoBoro po3B’s3aHHs 334a4 TigpONpYKHOT
B3a€MOJI1 3a3BHYail BUKOPUCTOBYIOTh MOTYKHI METOI CKIHUEHHUX Ta TPAaHMYHUX eieMeHTiB [12-13].

B pganmomy mocmipkeHHI pO3pOOJICHO MiAXid, 3aCHOBAHWN Ha CYMICHOMY BHUKOPHCTaHHI METOIIB
ckinueHHNX (MCE) Ta rpannannx enemedTiB (MI'E). [Ipu mbomy, MCE BHKOPHUCTOBY€ETHCS IS OMTUCY
MOBEIIHKK TMpyXHOro zaedopmoanoro Tina, a MI'E nng Bu3HaueHHS XapaKTEpUCTHUK PiIKOTO
CepeIOBHIIA.

2 OcHoBHi cniBBiAHOIIEHHS Ta (OPMYJIIOBAHHS 3a/1a4

st onucy pyxy SIK Ipy>KHOT KOHCTPYKIIii, TaK 1 piIMHU BUKOPHUCTOBYIOTHCS OCHOBHI CITIBBITHOIIICHHS
MEXaHIKM CYIIIBHOTO cepenoBuia. Hexall € npyxkHe Tijo, mo 3aiiMae obnacte (2 3 rpanunero I
[IpumycTumo, 1o Ha Tiio Iit0Th 337aHi 00’ €MHI Ta TOBepXHEBi ciiid. KpiM Toro, yacTrHa MOBEpXHi Tiia
I'l koHTaKTYyE 3 piguHOIO, pHC. 1.

¥

a) 0)
Pucynox 2.1 Cxemu koHcmpyKyiil, wo 63aemMo0iroms 3 piOUHOH:a)- 0OHOOIYHUI KOHMAKM,
6)- 0800TUHUL KOHMAKN

Bei mozeni cyuinbHoro cepenosuma [14] nepen6adaroTh BU3HAYEHHs IIOJIB HANPYXKEHb G,
nebopmauiii g, IepemilIeHb U; , @ TAKOXK TemIeparypu 7, TUCKY p Ta I'yCTUHH P B 3aJI©XKHOCTI BiJl 4acy.

J1y1st 3HaXOJKCHHS 1IUX TOJIIB 3aCTOCOBYIOTh TaKi OCHOBHI CIiBBIiHOIICHHS [14]:

PIBHSIHHS PyXy B HalpyKECHHSX
2

5, + X, :p%tui 0 i,j=123, (21)

2

criBBigHomeHHs Ko st Manux pedopmartii
1
&ij= —2 (uij* uij), (2.2)

a TakoXXK yYMOBH CYMICHOCTI Jeopmalliii, rpaHHYHI Ta TOYAaTKOBI YMOBH ¥ pIBHSIHHS CTaHy, IO
OB’ SI3yIOTh THCK, TYCTHHY Ta TEMIIEPaTypy CepPEIOBHIIIA.

PiBusns (2.1)-(2.2) HemOCTATHRO IS OTHO3HAYHOTO BU3HAYEHHS Gij, &ij, U;j (i, j= 1,2,3). ToMy 3amaroTh
JOJATKOBI CHIBBIJHOIIEHHS MK HampyXeHHSAMU Ta aedopmMamisiMi, ado MiX HalpyXEeHHSAMH Ta
MIBUAKOCTAMH Jedopmaliil. SKIo BUBUAETHCS NPY’KHE TiJIO, TO KOMIIOHEHTH TE€H30PIB HAIPYXEHb €
TMHIHHUME QYHKIISIMU BiJ] KOMIIOHEHTIB Jieopmalliii. 3B'I30K MiX JeopMallisiMi Ta HANPYKESHHIMH
onucyeTbes 3akoHoM ['yka y dopmi
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. out out ) ..
of =3 divu’ +p —+—| i,j=123, (2.3)
0% 0X
ne u=E[2(1+v)]* — momyms 3cyBy, A=EV[(1+V)(1-2V)] ! — koediuicnt Jlame, E, v — MOIyIb IPYKHOCTI
ta koedinient [lyaccoHa, BiAMOBiIHO.
BBaxxaemo, mo Ha yactuHi Mexi [’y 3amani mepemimieHHs Tija, a Ha 9acTwHi 2 - 3ycwimis;

I'=I"101. 3ycnmisa BupaxkaroThes 3a GopMyIIor0

p® (X,)=T" (Ox ,n(X,1))u® (x,t)=2un aau + Andiv ue+u(n x rotue). (2.4)
n
To06TO rpaHUYHI YMOBH MatOTh BUTJISIT
ue(x,tjFl =U(t), pe(x,tjr2 =P(t). (2.5)
3amaroThCs TAKOXK MOYATKOBI YMOBH, SIKIIO PO3TIISIAE€THCS JUHAMIYHIHA CTaH
U(x,0)=0, w _o0. (2.6)
3 ypaxyBaHHSM piBHOCTI (2.3) piBHsAHHS pyXy (2.1) HaOyBaIOTh BUTIISAY
09° o°u; :
AUS + (A + +X. =p—=1, =1,2,3. 2.7
u,(u)axj =P j 2.7)
2 2 2 e e e
e :6_2 6_2 6_21 Sezdi\/uezai_f_%_;r%_
OX; OX; OX3 oX, OX, OX,

st po3B’si3aHHST PiBHSHB PYXY (2.7) 3aCTOCOBYEMO METO/I 3BKEHHUX HEB’SI30K, HEBIZIOMi TTOIAEMO Y
Ny

.y » K IPOOHI BUKOPHCTOBYEMO (BYHKIIIT 3 IHOTO XK

BUTJISIIL PSIAiB 32 0a3ucoM 3 GiHITHUX QYHKIIH {‘Vn}|

Oaszucy. llicis iHTerpyBaHHS OTPUMAHOTO CIIiBBIAHOIICHHS MO 00’€My Ta 3BEJACHHA YaCTKH 00 €MHHUX
IHTErpatiB J0 MOBEPXHEBHX OTPHUMYEMO CKiHUEHHO-EJIEMEHTHE (OPMYIIOBaHHs 3a3HAUEHOI 3a/1advi y
BUIUISLII

[Ms]ue +[Ks]ue = {fs }"' {fpr} (2.8)
ne [M][K] - matpuui mMac Ta xopcrkocri, BianosimmHo, {f;} - BexTOp 3aMAHKX 3yCHIIB, MO MIIOTH HA
HpY>XHE TiJIO, {fpr}— BEKTOP 3YCHIIb, 10 XapPaKTEPU3YIOTh THCK PiAMHN HA 3MOUYEHI IIOBEPXHI NPYKHOTO

TiNa, AKUii OyJie BU3HAUEHO Jalli.
Jlyiss BU3HAYCHHS O3HAYEHOT'O BEKTOPY {fpr} nepeieMo 10 GOpMYIIOBAaHHS MOYATKOBO-KPaHOBOT

3a/1a4i 3 MeXaHiku pinuHd. J[Is onucy piIMHU BHKOPHCTOBYEMO criBBiqHOMmICHHS (2.1)-(2.2). Takox
3a7]a€ThCsl 3B'SI30K MK HANpYXEHHSAMH Ta IIBUAKOCTAMHU jaedopmariii. 3poOMMO Taki TPUIYIIEHHS
BIJIHOCHO DIZKOTO cepeloBHINA. BBakaemo, IO piiMHA € CTHCIMBOIO Ta HEB'S3KOI0, a i pyx
6e3BuxpoBuil. [Ipumyckaemo, 1o 30ypeHHs TUCKY PIAMHH BHACHIZOK PyXy MPY’KHOTO Tijla € MaJlUMH,
TOOTO PO3B’sI3yEMO 3B’si3aHy 3a]ady B JiHIHHOMY (hOpMyItOBaHHI. BHKOpHCTOBYyeMO 3araibHi 3aKOHH
MEXaHIKH PiIMHY, a caMe: 3aKOH 30epexeHHs] MacH (PIBHSIHHS HEPO3PHBHOCTI)

P ——div(pv, )+Q, (2.9)

ne Vi — BeKTOp MIBUAKOCTI, p- TycTrHA piguan, Q — mkepena, t —dac.
Hani BUKOpHUCTOBYeMO piBHAHHS pyxy (2.1) y HanpyxeHHsX (HAcilOK 3aKOHY 30epeKeHHs
IMITyJIbCY) 3 BpaXyBaHHSAM 00’ eMHHX cui1 b

dv .
pd—tfzpb+d|v(cf).

I[J'ISI BU3HAYCHHS KOMIIOHCHT TCH30PY HAIIPY’KCHb HpHﬁMa€M0 l"iHOTeSy

o, =—pl+T,; T:Zp(S—%(diva)), (2.10)

e S- JIeBiaTOp IBHIKOCTEH Aedopmartii.
3 BUKOPUCTAHHSM piBHSIHHS cTaHy 3 (2.9) ta (2.10) MaeMo HaONIKeH] PIBHOCTI
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—+— =——Vp+—
ot Po 3p,

Hanani BBakaemo,lI[0 piiHA HECTHCIWBA Ta HEB’s3Ka, a Jpkepena BincytHi. Tomai Maemo
Q=0,u=0, p,=const, c— . Ilpu npomy (2.11) HabyBaroTh BUTTISILY

. oV
divV, =0, poﬁf =-Vp (2.12)

. oV
div Vf —_ 1 ap Q f 1 4M (_ .
P,C” Ot P,

a_p+g) 2.11)

OO0uncnUB AWBEPreHmilo Bif APyroro croiBBigHOmeHHS B (2.12), oTpmMaeMo, MO THUCK p €
rapMOHIYHOIO (DyHKIi€I0, TOOTO 33a10BOJbHAE piBHSAHHIO Jlamiaca, a came

2 2 2
%+%+%—o. (2.13)

Came THCK, a00 HOT0 Mepernaj BXOAUTh B IPaBy YaCTHHY PiBHAHB (2.8).
[IpumycTrmo, 1m0 Mae Micte Take po3KIIaJAeHHS IS HEBIIOMHUX TIEPEMIIICHb

ue(x,y,z,t)= ick tu, (x,y,2), (2.14)

ne ¢, (t) — HeBimomi KoedirienTH, AKi 3a1eKaTh JTHIIE BiJ Yacy;
u, (X, Y, z) — BijjoMi O0a3ucHi QyHKIII.
®ynkuii yacy C,(t) 3a3BHyall PO3MMIANAIOTH AK y3arajbHEHi KOOpAMHATH. 3 ornaay Ha (2.14),
piBHsSHHSAM (2.8) Hagaemo Taky hopmy

Sl My, ]+, (Ofku, = )+, ). (215)

k=1
Hanani BUKOPHCTOBYEMO METOJ 3BaKCHUX HEB’s30K [13], 1110 B JaHOMY BUNAJIKY €KBIBaJICHTHO
BUKOHAHHIO CKaJISIPHOTO T0OYTKY PiBHsIHBG (2.15) mocnigoBHO Ha GyHKIi U, (X, y,2). OTpumyemo

MIe]+ [KIe]= . }+ .

e (M= ) K<) o)

Skmio {fs }: {fpr}zo, TO MaeMO 3aJlady Ha BU3HAYCHHS YacTOT Ta (JOPM BUIBHUX KOJHUBaHb

€JIEMEHTY KOHCTPYKIii Oe3 BpaxyBaHHS NMpPUETHAHUX MAC PiJUHU, MIPU JIAIIE {fs }: 0 mpuxomumo 10
3ajaui HAa BU3HAYEHHsI YacTOT Ta (OPM BUIBHMX KOJIMBaHb €JIEMEHTY KOHCTPYKIIi 3 BpaxyBaHHIM

MIPUETHAHUX Mac PiIUHU.

3 Bu3HaveHHSI THCKY HA KOHTAKTYI0Yi 3 PiTMHOI0 MOBEPXHi eJIeMEHTY KOHCTPYKIil
3.1. JIBoGiuHMII KOHTAKT €JIeMEHTY KOHCTPYKIIIi 3 PiTUHOIO
Tpeba 3HalTH IPaBY YACTHHY B CITiBBITHOIICHH]

Me]+ [KIel= ., } (31)

SIKIIO BUBYAETHCS ABOOIYHHMI KOHTAKT €JIEMEHTY KOHCTPYKIIIi 3 PiIMHOI0, TO Ha 3MOYCHUX ITOBEPXHIX
PO3IIISAAETHCS Mepenas THCKY. Sk Oyiio 3a3HaueHO BHIIE, THCK 33/10BOJIbHSE piBHsAHHIO Jlamiaca (2.13).
11 0THO3HAYHOTO PO3B’SA3KY I[LOTO PIBHSHHS Tpeba chopMyIIIoBaTH TPaHWYHI YMOBH. BBakaemo, 1110
€JIeMEHT KOHCTPYKIi TOCHTh TOHKH, TOMY 3rimHO 3 [15], BBa)kaeMo, 1m0 TpaHWYHI YMOBH MO>KHA
3aJaBaT Ta CEPEJUHHIA TOBEPXHI eJIeMEHTY, 1o po3risiaaeTbes. CHopMymoeMO TpaHUYHY YMOBY
HENPOTIKaHHsI, SIKa JUI1 HEB’S3KO1 PIAMHU TOJIATae y PiBHOCTI HOPMAJbHHUX CKJIAJOBHUX HIBHIKOCTEH
PiAMHYU Ta KOHCTPYKTUBHOTO €JIEMEHTY, TOOTO

(ue,n): (Vf ,n).
3 apyroro 3 piBHsIHB (2.12) 3100y16MO
+ N

2_2 =—p,(Ue,n)z—p,é(‘:’k(t)(uk,n). (3.2)
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HopmanpHa moximHa Bif TUCKY Ma€ OyTH HETIEpEepPBHOIO, ajie JK Ha MOBEPXHI €JIEMEHTY THCK Mae
nepenas, npu YoMy QyHKIis, 10 OMUCY€E THCK, € TAPMOHIYHOIO.

Kpim Toro, BkazaHa rapMoHiYyHa (YHKLiS Mae 3aJ0BOJNBHATH YyMOBI 3omMMmepdenpia Ha
HECKIHYEHHOCTI, a came

vp|,=0.
Sk BiToOMO, TaKi BIACTHBOCTI Ma€ TOTEHITial HOILBiﬁHOFO mrapy [16]
1
P)= (P ds, PeS, 3.3
p(R,) = j() TR P (33)

ne S - 00nacTh, 3aliHATa EICMEHTOM KOHCTPYKITIT;
N — OJUHUYHA HOPMAJIh JI0 MOBEPXHi S;
P i Pg - TOUKH TpHBHMIpHOTO IIpOCTOpY 3 KoopauHaTaMu (X, Y,z) 1a (X,, Yy Z, ), BiAIOBiIHO;

| P —Po | = \/(X - X, )2 + (y -Y )2 + (Z -2, )2 - IeKapToBa BigcTanb Mix P i Po;
['(P) - rycTiHa noTeHuiaTy 3aaHa Ha TIOBEPXHi S.

®dyHKIIis1, 1110 BU3Ha4YeHa Gopmyiioro (3.3), 3a1oBosbHsI€e piBHAHHIO Jlamiaca (2.13), Mmae HenepepBHY
HOpPMAJIbHY TOX1/IHY, a TIPU TIEPETHHI MMOBEPXHI S B3JJOBXK HOPMaJli Ma€ CKiHUeHHHH PO3pHB, a came [16]

N _
p (Po)_ Y (Po):F(Po)’ P €S.

ToMy BHKOPUCTOBYEMO MOAaHHA (3.2) A BU3HAYCHHS THCKY. 3ayBaKMMO, IO JJIS BHU3HAYCHHS

nepernagy THCKY Tpeba 3HANTH HeBiAOMY TYCTHHY F(P) Ha MOBEpXHi macTuHU. Tpeda 3a70BOIEHUTH

rpannuny ymoBy (3.2). Ile HpI/I3BOI[I/ITb bi (o) iHTeraﬂBHOFO PIBHSHHS Y BUTJISI

an, 47-5” () |p P| pl(u I’l) PP eS. (3.9

3 piBusHHsA (3.4) 6auuMo, 1110 HYHKITis F(P) MOJKe OyTH TO/IaHa y BUTIISA TAKOTO PSIITy

-6 (P) @5)

ne pynxuii T, (P) 3a10BONBHSAIOTE TAKHM FiHepCI/IHFyJ'IHpHI/IM PIBHSHHSM
1
—-p,lu.,n), PP, eS
6n4-U an|PP| (on), °
SIKII0 BBECTH ITO3HAYEHHS JUIS OIIEPaTOpy, IO JIA€ PO3B’SI3KU 03HAYECHHX TilIEPCHHTYIISIPHUX PiBHSIHb
Y BUTIIS

L (P) =—pH, (uk )’
TO OTPUMAEMO BHpPA3 JUIsl MATPHIII IPUETHAHUX Mac JUist piBHSHHS (3.1)

)= Ml [H]={Hu,.u,). 3.6)

TakuM YMHOM, OTpUMaHI PIBHSHHS Ul BU3HAYCHHS YacTOT Ta (OPM BUIBHUX KOJHBAHb €IEMEHTY
KOHCTPYKII MpH ABOOIYHOMY KOHTAaKTi 3 piguHOI0 — nudepeHmianbHi piBHAHHS (3.1), B SKHX {fpr}

o0umcioeThes 3a popmyoro (3.6).
3ayBasKUMO, IO Il OOYKMCIICHHS! TUCKY PiJIMHU BUKOPUCTOBYETHCS MpsiMe (GOPMYIIIOBAaHHS METOIY
IPaHUYHUX €JIEMCHTIB.

3.2. OnHOGIYHUI KOHTAKT €JIEMEHTY KOHCTPYKIIIT 3 pIANHO0
SK1io po3rnsagaeTsesi OMHOOIYHUM KOHTAKT €JIEMEHTY KOHCTPYKILIi 3 PigUHOI0, TO B piBHSAHHI (3.1)

npy 0OYUCIICHHI {fpr } Tpeba BUKOPUCTOBYBaTH caMe TUCK p. s pyHKIist 3a10BonbHsIE piBHAHHIO (2.13),
JUIsE IKOro Tpeda cPopMy/IrOBaTH I'PaHWYHI yMOBH. Bil3HauuMmo, 10 B I[bOMY BHIIAAKY IOBEPXHS
PO3paxyHKOBOi 00J1aCTi CKIIAAEThCS 3 ABOX MTOBEPXOHB: 3MOUYEHOT MOBEPXHI G Ta BUIbHOI MOBEPXHI S, .
Ha 3Mo4eHiii moBepxHi CTABUMO YMOBY HENIPOTIKaHHs, a came

XA O} @
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Crnioyatky po3riissHEMO 3a/1ady, Ie He BPaxOBY€EThCS CHJIa TSOHKIHHA, TOOTO Ha BiTBHIM MOBEpXHI
HE BiI0YBAa€ThCS XBWJIC YTBOpEHHs. ToJi NWHAMIYHA rpaHMYHA MOBA, IO IOJIATAE B PIBHOCTI THUCKY
piauHU Ha BUTHHIN TIOBEPXHI, MPUHMaE BUTIIAI;

pl, =0. (3.8)

Takum YUHOM, MaeMoO Minrany KpaioBy 3amady (2.13), (3.7),(3.8) mns pisusiaust Jlarutaca. Tomi
HaMOIbII MPUHHIATHUM € BUKOPUCTAHHSI METOLy TPAaHUYHHUX €JIEMEHTIB y psMoMy (¢opmymtoBanHi [13]
X BUKOPUCTAHHAM JPYToi TOTOXKHOCTI [ pina

Po)zgapa(s |F)1P| 5_ ” a o P|dS S=cUS,. (3.9)

Oyukiis p(Po), onrcana piBusHHEAM (3.9). 3acTtocyemo 1o piBHsHHS (3.9) rpanuyni ymoBu (3.7) Ta
(3.8). Ilpuxoaumo 10 Takoi CUCTEMH CHHTYIISIPHUX 1HTETPaJIbHUX PiBHSIHb:

27p(P, ” a ey P| do— Hq dS _pl.U|P P|Z(':'k(t)(uk,n)1cs, P eco, (3.10)

_U an PP P| _Uq e P|dS _p._U|P |;Ck(t)(uk,n)jc, P S,

3 JiHIHHOCTI IHTETPaIbHHUX OMEPaTopiB, MO GirypytoTs B piBHAHHSX (3.10), oTpuMyeMoO

e @) aP)=3etn ). -

k=1 k=1

BBenemo iHTerpasibHi onepaTopH

.U|p P| on Reo, B(Gl*cz)f(P):J;v!'f(P)iL'dGl, P, eo,. (3.12)

on [P—P,
Toxi 3 pisusns (3.10) 3 Bukopucranusm (3.11) 6yaemo Math
2rlp, (P, )+ B(o,0)p, (P)-A(S,,0)q.(P)=p,Als,5)u,,n), (3.13)
B(s,S,)p, (P)-A(S,,S,)a. (P)=p,Als,S, Nu,,n).

[IpumyctiMo, M0 Ha MOBEPXHAX ©,S, posramoBaHo M,,M, TpaHUYHHX €JIEMEHTIB, BiIMOBIIHO.
BBenemo Taki MaTpuili Ta BEKTOPH

=@ Pr= @) L =En) Al = A, 0)
(ALY = Al,0) A 11 = AS,.S,) Byl =Blowo) 1B, ) =B(o,S,)
OTpuMaeMo TUCKpeTHY (hopMy criiBBigHOmEHE (3.13)
(2rll}+ B, o)~ 1A Ha) = p 1A, Hu), (3.14)
B o}~ 1A, Haf=p A, fiu) (3.15)
3i criBimHOmEHHs (3.15) 3106y a6MO
fa)=p A, AL HU- AL B, o)
i mizicTaBUMO OTpUMaHy piBHICTH B criBBigHOmMEHHS (3.15). 3Haiinemo
(it} + B )+ 1A AL By o= o (A )+ 1AL AL AL U

Bsenemo no3nayeHHsa

G)=[2n{1}+ B )+ 1An AL B (1AL 1+ 1AL AL AL ) (3.16)
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Ta OTPUMAEMO
{p}=p{GHu}.

3 BUKOPUCTAHHSM Mepiioi 3a piBHOocTed B (3.11) 3HAX0MMMO BHpa3 IS TUCKY PiAWMHMU HA 3MOYCHI
MTOBEPXHIi €JIeMEHTY KOHCTPYKITii

)= [HlE)l [H)={ou.u,),

ne marpuiist G BuzHadaeThes popmynoro (3.16).

4 TloOynoBa GasucHHX (yHKUi — (opM KOJIMBAHbL KPYIJIOi MJACTHHKH 0e3 BpaxyBaHHS
NMPHETHAHUX MAC PiTMHI

Sk mpuKJIax 4MCIIOBOI peari3aliii 3aIpoIoOHOBAaHOIO MTIAXO0LY PO3IIISIHEMO 3a/1a4y BU3HAUEHHS 4aCTOT
Ta GOPM KpYTJIOi IIIACTUHKY, 3aHYPEHOI B P1IUHY.

PO3rIIAHYTO KpYroBy TpYKHy MnacTHHKY pagiyca R. Hexait w(x,y,t) - mporun miactumu, p, -

. Eh® . . D
T'yCTHHA MaTepiaiy IU1acThHHU, D = ﬂl—Z) - HATIHIPUYHA KOPCTKICTh. PO3risHyTI BiibHI KONIWBAaHHS
-V
KpYTJI0i TNIACTUHKY B IBOX BHIAJKaX IPaHUYHUX YMOB, & cCaMe: dKOPCTKOTO 3aKPIIJICHHS Ta MapHIpHOTO
oOTMpaHHsL.
YMOBH )KOPCTKOTO 3aKPIIUICHHS MalOTh BULIIsiA [17]
dw
W =0, — . (4.1)
p=R dr
p=R
YMOBH MIApHIPHOT'O OOMTUPAHHS € TAKUMHU:
Wog =0 M| g (4.2)

ne M — momeHT 3runy [17].

PO3rIsiHyTO KpYroBy IUIACTHHKY 3a TaKMMH TapaMeTpaMH: MOIyJb MpykHOCTi E= 2.06-108 kIla,
xoedinient ITyaccona v = 0.3, ryctuna matepiany p = 7850 kr/m*, Tomuna macturku h = 0.01m, paniyc
miactuiku R = 1.0 m. [TnactuHKka po3riisaanach 3a pi3Hi yMoBH 3akpiruieHHs (4.1) Ta (4.2).

YacTtoTH Ta popMu KOIMBaHb MJIACTUHKH BU3HAYEH] 3 JOIIOMOT'0I0 METOAY CKIHYEHHHUX €JIEMEHTIB.

BukopucroByBanuck ckiHueHHi enemeHTH Shelll81, BUKOpHCTOBYBaBCs NMPOrpaMHHUN KOMILIEKC
ANSYS. O6upanace pi3Ha KUIbKICTh CKiHYEHHUX eneMmeHTiB. Ha puc. 4.1 300paxkeH0 CKiHYEHHO-
€JIIEMEHTHY CITKY.

I B
L
s
iy

Pucynox 4.1. Cxinuenno-enemenmuna cimka

B Ttabmuii 4.1 HaBeieHi JaHI MIOAO BIUIMBY KIJIBKOCTI €JIEMEHTIB Ta iX PO3MIpIB Ha TOYHICTh
pe3yibTaTiB OOYUCICHHS YaCTOT MAapHIPHO-00MePTOT MIIaCTHHKH.
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Tabn.4.1. Yacmomu KOIUBAHb NAACMUHKU 8 3ANEIHCHOCTI 810 Kinbkocmi enemenmis, Iy

PosMip, M 110 | 100 90 80 70] 60| 50| 40| 30| 20| 10
Yacrora\Kimskicts 352 | 371 | 458 584 | 804 | 1021 | 1520 | 2374 | 4163 | 9285 359(2’
. 75 20 252 | 252 | 252
2541 | 2536 | 2532 | 25278 | 2527 4 3 1| 2520 | 25.20
, 5351 53.04 526 | 525 | 525
6 | 53470 1| 53.043 | 52880 | 52.80 8 9 2 | 5246 | 5244
5 5361 5327 526 | 525 525
4| 53574 7| 53002 | 52002 | 5281 9 9 2 | 5246 | 52.44
. 88.62 87.03 865 | 863 | 86.1
0| 88589 2 | 87.438 | 87.006 | 86.83 8 4 9 | 86.06 | 86.00
- 5864 866 | 863 | 862
88790 | 88.19 | 87.639 | 87.127 | 86.96 3 9 1| 86.08 | 86.00
5 1026 100,61 986 | 983
10222 | 1013 0| 99.868 | 99.44 | 99.0 8 8 | 98.19 | 98.07
042 | 034 029
HoxnGra waxe, % 0382 | 0868 | 0726| 0743 | 0.430 2 . o | 0198 | 0.122

AHAIOTI4HI pe3ylbTaT OTPUMaHi i MpH aHalli3i TIIACTUHKY 38 YMOBH KOPCTKOTO OOMTUpaHHS
B tabnuiii 4.2 HaBeeHI YaCTOTH KOJMUBaHb KPYTINX TUIACTHH.

Ta6n.4.2. Yacmomu Konueanv Kpyeaux niacmun 3a pizHi ymosu 3axpinaenns, Iy

Homep JICOPCMKE 3aKPINIeHHs wapnipue ooONUpans

yacmomu - - - . _ .
m AHANTMUYHUL YUCNOBUL AHANIMUYHUL YUCI06UL
D038 130K D038 530K D038 130K D038 130K

1 25.2047 25.20 100.8186992 100.74

2,3 52.4540 52.44 209.8161805 209.52

4,5 86.0492 86.00 344.1970592 343.37

6 98.1241 98.07 392.4964410 391.67

Po3paxyHku j0BenH, 10 pe3ysbTaTH, OTPUMaHI 3alPONOHOBAHUM METOJIOM, TapHO KOPEIIOTh 3
aHATITHYHUM pO3B’s3koM [17].
Ha puc. 4.2 nokasani nepiii (JopMu KOJIMBaHb )XOPCTKO-3aKPIIUICHOT IJIaCTUHKA

CO®DDH®

Puc. 4.2 @opmu xonusans kpyenoi naacmunku
3pobumo Take 3ayBakeHHs. DopMHU KOJIMBaHb KPYTIIOI MJIACTHHKH MOXKYTh OyTH 300paskeHi y BUTIISIL

unm (p’ e) = an (p)COS ne !
Jie N — KiTBKICTh BY3JIOBUX JiaMeTpiB, M — HOMep (hOpMHU KOJIMBaHB, IO BiJIMOBiNA€ N —Tild TAPMOHHUIII.

H i H

5 UncnoBe po3B’si3aHHs TiNEePCHHTYJISIPHOTO PiBHAHHA

Jis 3HaXO0/KEHHS MaTPUIll IPUETHAHUX Mac MPOBEJICHO YMCIIOBE PO3B’SI3aHHS TIIEPCHHTYIISPHOTO
inTerpanbHoro piBHsHHSA (3.4). Lle piBHAHHS Oyno 3BEJEHO A0 OJHOBHUMIPHOTO Till€PCHHIYJISIPHOTO
PIBHSIHHS Y BUTIISII

17 pE,(k)dp 5 1
n'([rmn(p)(p+p0)(p_po)2 Wmn(pO)' ( * )

n/2

ne E, (k)=(-1) (1— 4n2)JCOS 2ny+/1-k*sin®ydy, k' =1-k® - ysaranbHeHuWil eminTHYHMIA iHTErpan
0

JIpyroro poxy [18];
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W, (p) - (hopMH BIJIBHHMX KOJIMBaHb, OTPUMaHI BHUIIIE.

YucnoBi po3s’si3ku piBHsAHHA (5.1) 13 3aJaHUMM NMPaBUMH YaCTUHAMHU OTPHMaHi 3a JOIIOMOTOIO
MeToay, pospobaenoro B [19,20].

Ha puc. 5.1 300paxeni ¢yHKmii Wml(p) Ta BIAMOBITHI M le(p), m=0,12, mo € po3B’sa3KaMu
TNEepCUHTYISIPHUX IHTETPAIbHUX PIBHSHB (5.1).

Ay
1045

0.5 1
0,855

0.76 s
0.6BR

057

0.475

038 2

0.285

019

0.095 x
L y

-D_Dggu gos o1 0315 02 025 03 035 04 045 05 OB 06 0OBS 07 075 08 D'EE .Ef.ou%°1
0_02182 ...oooooo

n .

Y= ss...‘.....

04751 o8 veess

057 AAAAAAAAAAAA....................:::::.....

E s33se

Dbﬁ?: oooooo°°°.

n .

-0.855 ooooooooooooooo"'

Puc. 5.1 ©opmu xorusans ma po3e’si3Ku 2inepCcuHeyIapHux pieHsAHHb
Tyt undpu 1-3 BianmopigaroTe 3HaueHHs M M =012, mTpuxoBi JiHil 300pakar0Th NpaBi YaCTUHU

Wml(p), a IIyHKTHpHi BixnoBinaots pyukmism T, (p), m=0,1,2. baunmo, 1m0 3riIHO 3 BIACTHBOCTAMH
TiepCUHTYISIPHOTO orneparopa, GyHKii I, ml(p) BiZTHOBJIIOIOTH XapakTep QYyHKIIH Wml(p) .

[Ticnss oTpuMaHHS PO3B’S3KIB TIMEPCHUHTYISPHUX PIBHSAHB MEPEXOAUMO A0 NOOYAOBM MAaTpHIIi
NpUETHAHUX Mac.

6 BinbHi KoTMBaHHS KPYIJI0i IVIACTHHKH 3 ypaxXyBaHHAM NPUETHAHUX MAC PiIMHA
OCKiTbKY TIOTIEpE/IHIM aHaji3 BUSABUB, IO HAWHWKYi YaCTOTH BiNOBINAIOTH (popMaM KOIWBaHBb
Wy, , Wy, , Wy, , W, «CYXOD» ITACTHHKH, TO (POPMHU KOJIHMBAHb IUIACTHHKY 3 YPaxXyBaHHSIM IPUETHAHUX Mac

pinunu 300pa3umo y Burisii [18,21]
W(p, 0,t) = C,(t)e, (p) + C, (tJw,, (p)cos 0 + ¢, (t)wy, (p)sin 0.+ ¢, (t)w,, (p)cos 26 + c, (t)w, (p)sin 26 .

3rigno 3 BaactuBocTsamu omneparopy (5.1), [15] Ta hopmysoro (3.5) MaemMo aHajgoTiuHE 300paKEHHS

JUTSL TYCTUHH TTOTEHI ATy MOABIHHOTO Iapy
T(p,6,8)= & O (p)+ & (O (p)cos 0+ & (1)1, (p)sin 6+ &, (1), (p)cos 260 + & (), (o )sin 26 .

3 oTpumaHuX 300paxeHb s POpM KOJIMBaHb KPYTJIOi MIACTHHKH Ta BIJIMOBITHUX TYCTHH 0aYMMO,
10 BHACNIJIOK OPTOrOHAJIBHOCTI OyJeMO MAaTH JIMIIE JiaroHajbHI HEHYJIBOBI 3HAYCHHS MATpPHII
MIPUETHAHUX Mac. A came, TCIIsl pO3B’ 3Ky TIEPCHHTYISPHOTO piBHAHHSA (5.1), 171 TOOYIOBH MaTpHIIi
NPUENTHAHUX Mac KPYIJoi IUIAaCTUHKM B PiOMHI HEOOXiZHO OOYMCIIMTH JIMIIE 3HAYCHHS CKAJSIPHUX
NOOYTKiB &y = (WlJl’FOl)’ a, = 0'5(W11’ I, )1 a, = 0'5(W21’F21)'

3ayBaskuMO, 110 SIK 1 Y BUIIAJKY «CYXO1» IJIACTUHKH, IPH BpaXyBaHHI IPUEIHAHUX Mac PiAMHU HasIBHI
KpaTHi 4aCTOTH, IO BiaMOBinar0Th hopmam W, (p)cosO,w,,(p)sin © ta w,, (p)cos 26, w,, (p)sin 26 .

B pe3ynbraTi 00unciens 3HaiaeHo an = 0.09492724, a3 = 0.03145319, a» = 0.04968878.

B Tabnuui 6.1 noxaHi 3Ha4€HHs YacTOT I BKa3aHUX (DOPM KOJNMBAHb ISl «CYXOT1» MJIACTUHKH i1 TA
TUTACTHHKH, 3aHYPEHOI B PIAMHY i1, 32 YMOBH JKOPCTKOT'O 3aKPiIlJICHHS.
Tabnuys 6.1 Yacmomu xoaueanv kpyenoi npacmunxu, 1y

i 0 1 2

Qi 25.20 52.44 86.00

i1 7.241 12.69 16.80
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333Ha‘II/IMO, j11(0] (I)OpMI/I KOJIMBaHb INJIACTUKH, IO 3aHYpCHA B piI[I/IHy, MMPAKTUYHO 30iraroThcs 3
(bOpMaMI/I BUIBHUX KOJIMBAHb ((CyXOI» IIITaCTHUHKH. BpaxyBaHHﬂ HasIBHOCTI piHKOFO cepeaoBUlIa
IPUBOAUTH OO0 CYTTEBOI'O 3SMCHIICHHA YaCTOT BUIBHUX KOJIMBaHb.

7 BuUCHOBKH
ITobymoBano MmeTon pO3B’s3aHHA 33Jadi BH3HAUEHHS YacTOT 1 (opM KONMBaHH E€JIEMEHTIB
KOHCTPYKIIi Tpu OXHOOIYHOMY Ta IBOOIYHOMY KOHTAaKTi 3 PIAMHOK. 3 BHUKOPUCTAHHAM METOIIB
3BaKCHUX HEB’SI30K Ta 3aJaHuX (opMm 3afadi, M0 pO3TIAJAIOTHCS, 3BEJCHO IO CHCTEM 3BHYAHHHX
MudepeHIialbHUX PIBHSAHb JAPYroro mopsnaky. [Ipy BHBYCHHI BiJBHHX KOJWBaHb BPAaXOBYETHCS
BIJIMIOBi/THA 3aJIE)KHICTh HEBIIOMHUX Koe(DimieHTIB Bix Hacy, 1 3a/adi 3BOASATHCA IO MPOOIIEM BIIACHUX
3HaueHb. BUKOPUCTAHO MMOETHAHHS METO/IiB CKIHUYCHHUX Ta TPAHUYHHUX €JIEMEHTIB. MeTOIM CKIHUCHHUX
€JIEMEHTIB BUKOPUCTOBYIOTHCS IIPH MOUIYKY YacTOT 1 POpM BIIBHUX KOJIMBAHb €IEMEHTIB KOHCTPYKLIH,
110 HE B3aEMOJIIOTH 3 piauHOI0. Lle mae 3Mory BUKOpHCTaHHS CHEIiaTbHUX IPOTPAMHUX KOMILUIEKCIB, 110
JTO3BOJISIE OCTIANTH €NEMEHTH KOHCTPYKINH CKIamHOi MPOCTOpOoBOi (opmu. (s BH3HAUEHHS THUCKY
PiAMHU BUKOPHCTOBYIOTbCS METOIOHM Teopii MOTEHIialy, IO MaE€ CYTTEBI MepeBarn y MOPIBHSHHI 3
IHIIAMHA METOJaMH, OCKIJIbKH BUMIPHICTh 3a/1adi 3MEHIIYEThCSl HAa OAuHUIO. [IpoBeaeHo TecTyBaHHS
ANTOPUTMY Ta METOJIIB Ha MPHUKIA/II KPYTJIoi INIACTHHKH, 3aHYPEHOI B PiNHY, IO JOBEJIO BipOTiTHICTH
Ta e()eKTUBHICTH 3aIPOIIOHOBAHOTO MiIXOTY.
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B crarTi posrimsiiaeTbest cucTeMa KOMIT FOTEpPHOTO MOJICTIOBAaHHS IPOIIECIB, SIKi ONUCYIOTHCS OJHOBHMIPHHM HECTAI[lOHAPHUM
PIBHSHHSAM TEIUIONPOBITHOCTI 31 CTENEHeBOIO HENMiHIHHICTIO. PO3B’A30K HENMHIHHOTO pIBHSHHA TEIUIONPOBITHOCTI
peanizyeTbes 3a 0E3CITKOBOIO CXEMOI0, sKa 3aCHOBaHa Ha KOMOiHamii MeToxy KOJIOKamii Ta pamialbHUX 0a3nCHUX (YHKIIH.
Panianpai 0asucHI QyHKIiT BUKOPUCTOBYIOTBCSA AJISL allpOKCHMAIl] PO3B’SA3KY OU(EPEHIIaTbHOTO PiBHSAHHSA 3 YaCTHHHHMH
MOXITHAMH, a METOJ KOJIOKaIlii 3aCTOCOBYETHCS IJIsl 3HAXO/DKEHHS HEBiIOMHX KoedimieHTiB. CucreMa KOMI IOTEPHOTO
MOJICTIIOBaHHS 103BOJISIE BUKOPHUCTOBYBAaTH HACTYIHI pafianbHi O0asucHi ¢yHKuii: ['aycoBa, MynpTHKBaIpaTHYHa, 3BOPOTHA
KBaJ[paTWYHA Ta 3BOPOTHA MYJBTHUKBAApaTH4HA (QYHKIII. B crcTeMi KOMI'IOTEpPHOTO MOZETIOBAHHS Neper0adeHo 3aBIaHHS
TPaHNYHHX Ta IOYaTKOBHX YMOB KpaHOBOi 3a/1aui, a TAKOXK TaKHUX MapaMeTpiB PO3B’sA3KY SIK IOKa3HUK CTENeHs y HeTiHiiTHOMY
PIBHSIHHI TEIUIONPOBITHOCTI, KOeDII[iEHT TeIIONPOBIIHOCTI, IUIBHICTh, IIUTOMA TEIUIOEMHICTh HPHU CTAJIOMY THCKY, PO3MIp
obyacti kpaioBOi 3ajadi, BiCTAaHb MK IHTEPIOJSILIHHAMK BY3JIaMH, YacOBHH IHTEpBaJ HECTallioOHapHOI KpaloBoi 3amadi,
KPOK 3a YacoM, a Tako mapamerp ¢opmu pamiansHoi ©6asucHOi ¢yHkuil. Bisyamizamiss HaOmMKEHOro po3B’SI3KY
OTHOBUMIPHOTO HECTAlliOHAPHOTO DIBHSHHS TEIUIOMPOBIIHOCTI 31 CTENEHEBOIO HETHIWHICTIO B CHCTEMi KOMIT IOTEPHOTO
MOJICTIIOBaHHS pealli3yeThCsl y BUMIALI TPUBHUMIpHOI moBepxHi. CHCTeMa Ha/la€e MOXIIMBICTH Bi3dyamizamlii HaOIMKEHHX
PO3B’sI3KIB HA OKPEMHX YacCOBHUX IHTEpBaJaX y BUTJLIAI TPUBHMIPHUX TpadikiB. Pe3ymbrath 4YnCenbHHX pO3paxyHKiB
JIEMOHCTPYIOTBCSI Ha MPHKIAAl TeCTOBOi 3aiadi, MO MOJENIOE 3YNMHHKY (PPOHTY TEIUIOBOi XBWIJII B HENIHIHHOMY piBHSHHI
TEIUIONPOBIIHOCTI.

Knwuoei cnosa: cucmema Komn'iomepHo20 MOOeNO8AHHS, HENIHIHA Menionposionicmy, padianbHi OazucHi QYHKYIL,
HecmayioHapHa Kpaiiosa 3adaya, 6e3cimkosuti Memod.
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The computer simulation system of nonlinear processes described by the one-dimensional nonstationary heat equation with
power-law nonlinearity has been examined in the article. The solution of the nonlinear heat equation is realized by a meshless
scheme, which is based on combination of the collocation method and radial basis functions. Radial basis functions are used to
approximate the solution of a partial differential equation, while the collocation method is used to determine unknown
coefficients. The computer simulation system allows us to use the following radial basis functions: Gaussian, multiquadric,
inverse quadratic, and inverse multiquadric. The computer simulation system allows setting the initial and boundary conditions
of the boundary-value problem. In the computer simulation system, it is possible to set such parameters of the solution as the
exponent in the nonlinear heat equation, the coefficient of thermal conductivity, the density, the specific heat at constant
pressure, the size of the domain of the boundary-value problem, the distance between interpolation nodes, the time interval of
the nonstationary boundary-value problem, the time step, and the shape parameter of the radial basis function. The
visualization of an approximate solution of the one-dimensional nonstationary heat equation with power-law nonlinearity is
realized in the form of the three-dimensional surface in the computer simulation system. The computer simulation system
allows visualization of the solution at chosen time steps as three-dimensional plots. The results of numerical calculations are
demonstrated by solving the benchmark problem that simulates the stopping of a heat wave front in a heat equation with
power-law nonlinearity.

Keywords: computer simulation system, nonlinear thermal conductivity, radial basis functions, nonstationary boundary-value
problem, meshless method.

Cucrema KOMIBIOTEPHOT0 MO/ICJIUPOBAHUSA HEJIUHECHHOM

TCILIONMPOBOAHOCTH
I'apsiueBckas K.M.H., O0OyeHm, Oupexmop Y4eOHO-HAYYHO2O UHCIUMYMA KOMNbIOMEPHOU
Hpuna BacuiabeBHa Qu3uUKU U dHEPeeMUKU
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IIporextop accucmenm
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IMuius Xapvrosckutl HayuoHnanvHulil yHueepcumem umenu B. H. Kapasuna,
AJieKcaHIPOBHA naowaos Ceo600wt 4, Xapvkos, Yrpauna, 61022

B cratee paccmarpuBaercs cucTeMa KOMITBIOTEPHOTO MOJECIHPOBAHUS IPOIECCOB, KOTOPBIE OIMHCHIBAIOTCS OJHOMEPHBIM
HECTAI[IOHAPHBIM yPaBHEHHEM TEIUIONPOBOAHOCTH CO CTETIEHHOW HENMHEHHOCTBIO. PemieHne HENMMHEHHOTO ypaBHEHHS
TEIIONPOBOAHOCTH pean3yeTcss 1Mo OeccCeTOYHOH cxeMme, KOTopas OCHOBaHA Ha KOMOWHAIMM METOAa KOJUIOKAIMH H
paguanbHBIX 0Oa3MCHBIX (yHKIUHA. PanuanbHble Oa3WcHBbE (QYHKIUH HCHONB3YIOTCSA U  ANNPOKCUMAIMH  PEIIeHHS
mudepeHIMaIbHOTO  YpaBHEHHSI B YAaCTHBIX TPOM3BOJAHBIX, 4 METOJA KOJUIOKAIMM IPUMEHSETCS Ul HaXOXKICHHS
HEN3BECTHBIX KO3 duieHToB. CHCTeMa KOMIBIOTEPHOTO MOJCIUPOBAHUS MO3BOJSET HCIOJNB30BaTh  CIEIYIOLIHE
pamuaneHble OasucHble QyHkiuM: Qynkous [aycca, MyJnbTHKBaapaTH4Has, oOpaTHas KBaJpaTH4YHas W oOpaTHas
MYJNBTHKBapaTH4Has (yHKIMU. B cucTeMe KOMIBIOTEPHOTO MOJEIMPOBAaHMS MHPEIYyCMOTPEHO 3aJlaHUe TIPAaHUYHBIX H
Ha4yaJdbHBIX YCIOBUI KpaeBOM 3alaud, a TakkKe TAKMX IApaMETPOB PEIICHUs KaK MOKa3aTellb CTETeHH B HENMHEHHOM
YPaBHEHUH TEIUIONPOBOAHOCTH, KOI(Q(UIMEHT TEINIONPOBOJHOCTH, IIOTHOCTD, YJAENbHAsI TEIUIOEMKOCTh IPH HOCTOSHHOM
JaBICHUH, pa3Mep oONacTH KpaeBOW 3amadd, PAcCTOSIHUE MEXTYy HHTEPIONAIMOHHBIMU y3JIaMH, BPEMEHHOH HHTEpBal
HECTAIlHOHAPHOW KpaeBOW 3amadd, MIar MO BPEMEHH, a Takke mapaMerp (opMmbl paanambHON 0Oa3ucHOW (QyHKUIWH.
Busyanusanus npuOIMKEHHOTO penieHHs OJHOMEPHOI'O HECTAL[OHApPHOTO YPaBHEHWs TEIUIONPOBOJHOCTH CO CTEHEHHOM
HEJIMHEHHOCTBIO B CHCTEME KOMIIBIOTEPHOI'O MOJENUPOBAHUS pealu3yeTcs B BUAE TpexMmepHoi moBepxHocTH. Cucrema
HPEOCTABISICT BO3MOXKHOCTh BH3yaJIM3allMH MPUONIKEHHBIX PEIICHHWII Ha OTIENBbHBIX BPEMEHHBIX HHTEpBalaX B BHUJE
TpeXMepHBIX rpadukoB. Pe3yabpTaThl YHCICHHBIX pacyeTOB IEMOHCTPUPYIOTCS Ha IPUMEpe TECTOBOH 3a/1a4H, MOACIUPYIOIIEeH
OCTaHOBKY (DpOHTA TEIIOBOH BOJIHBI B HEIMHEWHOI ypaBHEHUH TEIUIONPOBOHOCTH.

Knrouesvie cnosa: cucmema KoMnblOmMepHO20 MOOENUPOBAHUsL, HEAUHEUHAs Menilonpo8OOHOCHb, pPAOUdbHbie OA3UCHble
DyHKYUU, HeCMAYUOHAPHAsL KPaesast 3a0ayda, 6eccemoynbill Memoo.

1 Beryn

Hemniniiini napaboiyi piBHSHHS JPYroro MOPSIKY € OCHOBOI 0araThb0X MaTeMaTHYHHX MOJIENEH,
[0 BHUKOPHCTOBYIOTBCS y (i3uili, Mexawimi, Oiojorii, ximii Ta ekojorii. Hampukian, HemiHifiHe
PIBHSHHS TEIUIONPOBIAHOCTI NPH MEBHUX YMOBAaxX ONKCYE MPOLECH EIEKTPOHHOI Ta i10HHOI
TEIUIONIPOBIAHOCTI B IJia3Mi, afiabatuuHiid (inapTpauii ra3iB i piguH B MOPUCTHX CEPEIOBHIIAX, TEUii
KpOBI B KPOBOHOCHHX CyJAWHaX, MUQy3ii HEWTPOHIB i alb(pa-4yaCTUHOK B PEAKTOPHUX Marepianax,
XIMIYHOI KIHETHKH Ta 010JIOT1YHOT aKTUBHOCTI.
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HeniHiifHi mpoIiecH TETUIONPOBIMHOCTI BIlepiie BuBYamucs B poooti . b. 3empmoBudua ta A. C.
Kommaniiiug [1]. ABTOpaMH pO3IMISHYTO MPOLEC MOMIMPEHHS Temia 3a AONOMOTOI0 MeXaHi3My
MPOMEHEBOI TEIUIONPOBIAHOCTI 3 MUTTEBOTO TOYKOBOTO JKepena JJisl TUIOCcKOl 3amadi. Po3B’s30k miel
3amavi Oys0 OTPUMAHO B aHAITHIHOMY BUTIISI.

Cepen piBHSHP 3a3HaY€HOTO THITy OCOOJIMBO YacTO 3YCTPIYAE€ThCSA PIBHSAHHS TEIIOMPOBIIHOCTI 3i
CTEIeHeBOI0 HeriHiiiHicTIo. Moro ymiBepcanpHmMii XapakTep Jae IiJICTaBy CTBEPIKYBATH, IO
YUCENbHUIN PO3B’SI30K KPalOBHX 3a/1a4, SKi OMHICYIOTHCS PIBHAHHSIM TEIIONMPOBITHOCTI 31 CTETIEHEBOIO
HENHIHHICTIO 3aJIUIIAEThCSA i TIOHUHI TOCUTh aKTyaJIbHOIO TEMOIO TOCTiKEHHS.

OcTaHHE ECSATUIITTS O3HAMEHYBAJIOCS 3HAYHUM iHTEPECOM N0 O€3CITKOBUX METOIB, 3aCHOBAHHX
Ha BUKOPHCTaHHI pajianbHuUX OasucHUX (QyHKUiH. Ha BigMmiHy Big MeToqy CKIHYEHHHX €JIEMEHTIB,
0e3CiTKOBI MeToAu He MOTPeOYIOTh MOOYJIOBH IHTEPIIONAMIMHOT CITKH BCepeArHI 00JacTi KpaloBHX
3aja4, U10 pOOUTH iX 00UHCITIOBATIBHO e(DEKTUBHIIINMH 32 CKIHUCHHO-PI3HHULIEBI METOIH.

Enpapn Kanca [2] 3amporionyBaB 0e3 CITKOBUEH MeTOJ, sIKHii OyB 3aCHOBaHWU KOMOiHaIii MeTomy
KOJIOKamlii Ta pamianbHuX OasucHHX OGYyHKMOiSX. B mpomy weromi, panmianpHi OasmcHi (QyHKIT
BUKOPHUCTOBYIOTBCA JUIS aNpOKCHUMAIll pO3B’SA3Ky Anu(epeHmianTsHoro pIiBHSIHHS 3 YaCTHHHAMH
MOXIJTHUMH, a METOJ| KOJOKaIlii 3aCTOCOBYETHCS I 3HAXOJKEHHS HEBimoMux KoedimieHtiB. JlaHa
cxema Oyja YCHIIIHO 3aCTOCOBAaHA Ui PO3B’S3KYy HENMHIMHMX KpaloOBUX 3a1ad, 30Kpema Ui
YHCENLHOTO PO3B’s3Ky piBHsAHHS Broprepca [3] ta piBasuus Kopresera-ge ®piza cbomoro nopsiaxy [4].

MeTor0 DOCHiIKEHHS € Po3po0Ka Ta MporpaMHa peaiizallisi CHCTEMHU KOMIT IOTEPHOTO MOCITIOBAHHS
NpOIIECiB, 5IKi OMUCYIOTbCS OJHOBHUMIPHHM HECTALlIOHAPHUM PIBHSHHSM TEIJIONPOBIAHOCTI 3i
CTETICHEBOIO HENiHIWHICTIO. YMCenpHWIl pO3B’S30K B CHCTEMI KOMII IOTEPHOTO MO/IEIIOBAHHS
peallizyeTbcst 3a OE3CITKOBOIO CXEMOIO 3 BHKOPHCTAHHSAM pajiaibHUX Oa3sucHux (yHkiin. [ns
ampOKCHMAIlisl PO3B’SI3KYy B CHCTEMi BHUKOPUCTOBYIOThCS ['aycoBa, MyJIbTHKBaJpaTH4YHA, 3BOPOTHA
KBaJIpaTHYHAa Ta 3BOPOTHA MYIbTHKBAPAaTUIHA PaJliaibHI 0a3ucHi QpyHKIIII.

2 ITepauiiina cxema
PosrasiHeMo  onHOBHMMipHE HECTallioOHaApHE PIBHAHHS  TEIUIONPOBITHOCTI 31  CTEIIEHEBOIO
HeJiHiHiCTIO!
ou(x,t 0 ou(x,t
() 10y () H00)
ot OX OX

e Xe[a,b], te[O,T], £ — IIUIBHICTB, Cp — muToma TEIUIOEMHICTh TIPH CTAOMy THCKY, K —

Py 1)

Koe(irieHT TerutonposigHocTi, o >0 — BimoMuit koedirienT.
[ToyaTkOBi YMOBH MarOTh HACTYITHUNA BUI:

u(x,0)=ug(x), xelab] 2
I'pannuni ymoBu Jlipixie 3a1at0TbCsl y BUTIISAII:

u(at)=0i(t) te[0T]

) 3
u(b.t)= g, (t) @
3pobuBmHK 3aminy U(X,t)= Ve (x,t) B piBHstHHi (1), oTpUMaEMO piBHAHHS
2 2
v(xt) k(ov(xt) ov(x.t)
C =— kv(X,t)———= 4
PCp o > o + ( ) ¥ 4)
3 HOYATKOBUMH
v(x,0)=vg(x), xe[a,b] (5)
Ta rPAHUYHUMH yMOBAaMH
v(a,t)=hq(t
T .

v(bt)=ha(t)

3acrocyemMo 6 -cxemy [Tt AUCKpeTH3allii piBHAHHS (4) 32 9aCOM, OTPUMAEMO:
v(x,t)z¢9v”+l+(1—6)vn (7
Vv(x,t)zHVv”+1+(l—¢9)Vv” (8)
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Av(x,t)zHAv”+1+(1—0)Av” (9)
X n+l_\n
v(xt) v v (10)
ot T

e V" =V(X,tn), th=nr, r — KpOK 3a yacoM, N — Homep iteparii, 0< 6 <1 — Barosuit koedilieHr,

2

0
v=_ A=
OX ox2

[TincraBumo piBasHHSA (7)-(10) B piBHSHHSA (4):
A n+1 n\2 N+1 4, N+l N AN
pcp—:—(HVv +(1-0)Vv ) +k(6?v AV 4+ (1-0)v"Av ) (11)
T o
[MoknaBmm #=0 B piBHsHHI (11), oTprMaemo:

n+1 n

_ K 2
PCp vV _ —(Vv” ) +kv"AV" (12)
T o
[Mepenumemo piBHsHHSA (12) B HACTYIHIN dopmi:
2
L ) _,_i(i(v\,n) +VnAan (13)
pep\o

. . . N-1 . . .
Posnoainumo piBaoMipHo N —2 Touku Kosmokarrii {Xi}2 BcepenuHi obmacti (@,b) Ta aBi TouknH
Ha KOpIOHI oOmacti X =a 1 X,=Db. Bynemo mykarn HaOmwkeHnil po3B’si30Kk piBHAHHA (4) 3a

JIOTIOMOTOFO JIiHIITHOT KOMOIHAIIT paialbHuX 0a3uCHUX (YHKIIIH (p( i ) :

N
n n
v (%)~ Yafe(r) (14)
=l
ne K =Hxi = X; ” — eBKJIIJIOBa BIICTaHb MiXX BY3JIaMH, a? — HeBioMi KoeimieHTH, SKi MOTPeOyIOTh

BU3HAYCHHSL.
[lincraumo piBHsHHSA (14) B piBHsAHHA (13), Ta oTpuMaemo cucTeMy JiHIHHHX anreOpaigHuX
PIBHSHB JJIsl TOYOK BCEPEMHI 00JIacTi

2
N N N N N
l Tk 1 ’ 4
e o(n) = Xafo(r)+— | —| Xaje'(n)| + Xafe(s) Xaje'(5) (15)
j=1 j=1 PCpl ol ja j=1 j=1
Ta CUCTEMY JUISI TOYOK Ha TPAHHUISX 00JIacTi
N n+l
Zlaj (ﬂ(rlj ) = hl(t)
J:
. (16)
1
Zla?+ (D(rNj ) = h2 (t)
J:
B naniit pob0Ti BHKOPUCTOBYIOTHCS HACTYITHI pajiaibHi 0a3uCHI (PyHKITII:

2
~(cr; .
(p( fj ) =e (e13) —TaycoBa QyHKIis
()77 '
(5 ) = \(fij +C° — MynbTHKBaApaTHIHA QyHKILis

1 .
(/)(rij ) =———5 — 3BOPOTHA KBA/IpaTHHA GbyHKIisA
I’U +C

1 .
¢( i ) ST 3BOPOTHA MYJIbTHKBaIPaTUIHA (PYHKITisI

2 2
57}
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ne C#0 — mapamerp dopmu pamianbHOl 6a3ucHOT (HYHKIIII.
bynemo posm’szyBatu piBHsSHHA (13) KpOK 3a KpPOKOM, IMMOYHMHAIOYH 3 TMOYATKOBHX YMOB (5).
3armmmemo piBHsSHAS (14) pa3oM 3 rpaHUYHAMYA yMOBaMHU (6) B MaTpu4Hii (popmi:

[V]n = A[a]n (17)

ne [v]“:[vln,vg,...,vﬂ,[a]” =[a1n,ag,...,aR|T— i A:[go(ri,-)], 1<i, j<N.
Posninumo matpumo A B pisusuni (17) Ha aBi Mmatpuni Aq i A, AKi BiANOBiNAIOTH BHYTPIIHIM i
TPaHUYHHUM TOYKaM 00JIacTi KpaioBoi 3amadi:
A=Ay + A (18)
Ie
Ay = (o(rij), skmo 2<i<N-1, 1< j<N

0, imakire

A, = (P(fij), skmo i =1,N, 1< J<N

0, imaxme

3armmmmemo pazoM piBasHHA (15) 1 (16), 3 ypaxyBanasM piBHsHHS (18), B MaTpuuHiil Gopmi:

N O I S T
Ie
B - ¢'(1j), mamo 2<i<N-1,1<j<N
0, imakme
Cy = @' (1), mxmo 2<i<N-1,1<j<N
0, iHakiie
T
[H]n+1 = h?+1,0, 0,...,0, hg+2 , ¥ — MOKOMITOHEHTHHI TOOYTOK JBOX BEKTOPIB.

N-2
[lo3HaunMo npaBy 4acTuHy B piBHSAHHI (19) HaCTYITHUM YHHOM:

M = g [+ 2 2B a5 [a]" )+ (Aa ] )+ Co ") |+ 1™ (20)
peplo
Toni piBasiHHS (19) MOXKHA MepenucaTH y BUTIISIL
Ala]™ =M (21)
PiBusiHast (21) Moxke OyTH po3B’si3aHEe BIIHOCHO HEBIJOMUX KOEQiIli€eHTIB [a]n+1 HACTYITHUM
YHHOM:

[a]" =AM (22)

HaGnwxenuit po3s’si30k piBHsHH (4) Ha N+1 kpori Moxe OyTu 3HaiIeHHH 32 HOPMYJIOKO:
[V]n+1 :A[a]n+l (23)

Hagenenwnii itepaniiinuii MeToz 0yJ10 MPOrpaMHO peali3oBaHO B CTBOPEHiH CHCTEMi KOMIT IOTEPHOTO
MOJIETIOBAaHHS.

3 Onuc cucTeMy KOMIT’IOTEPHOI0 MO/IeJTIOBAHHS
Iarepdeiic cucteMu KOMIT'IOTEPHOIO MOJETIOBAHHA MPOILECIB, SKi OMHCYIOTHCS OJHOBUMIPHUM
HecTal[ilOHApPHUM PIBHSIHHSIM TETUIONPOBIHOCTI 31 CTENIEHEBOIO HENiHIWHICTIO TipejicTaBieHo Ha Puc. 1.
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4 YncensHuii poss'AzoK 0AHOBMMIPHOMD HECTALICHAPHOMO PiEHAHHA TENACNPOEIAHOCTI 3i CTENEHEBOHD HENIHIRICTIO - x
BnGip PEQ® El

Q9 dHE B
[paHUyHI yMoBHK
9,=9,(th) 0
g,=g5() 0

lNouaTtkosi yMoBU

U= uo(x) 0

[MapameTpu po3B'A3ky 08

KoediuieHT &, (o > 0) 1

0.6

KoediuieHt
TennonposigHocTi k, (k > 0) 1

u(x,t)

LWineHicTs p 1

MutomMa TennoeMHICTb
fpK cTanomy TUCKY cp 1

Po3smip obnactiBig 0 a0 1
1
BiactaHs MK By3namu 01
Yacoewil inTepean 2
Kpok 3a yacom 01

MapameTp hopmn PE® 1

CTAPT Bubip iTepauii Bia 1 1o 1 3acTtocyBaTtn

Puc. 1. Inmepgeiic cucmemu Komn romepHo20 MOOENIOBAHHS

Ha Puc. 2 300paxeHa maHendh IHCTPYMEHTIB, sIKa PO3TAIlIOBaHA B BEPXHiil YaCTHHI TOJOBHOTO BiKHA
pOTpaMHu.

Meperasin 3navenns 30epertu

B TOYILi ‘ PO3B’SI30K

= Excnoprysarn po3B’sizok
Macurrabysarn (ﬂ @ 'h__ H E @ B Dinapuuii daiia

Bino6pa3utn / npuxoBaTH
ciTky

Obeprarn

Puc. 2. [lanenv incmpymenmis

Ha maneni iHCTpyMeHTIB pO3MIillIEHI KHONKH, SKi JO3BOJISIFOTH MacmTaOyBarw rpadiuny ob6macTb
Ta 00epTarty ii B TPUBUMIPHOMY IIPOCTODI, 30epiraTH HaOJIMKEHUI pO3B’ 30K B PACTPOBI Ta BEKTOPHHIA
rpadiuni ¢opmaru, BimoOpakaTu 4YKUCIOBE 3HAYCHHS OTPUMAHOTO PO3B’SI3Ky B OKPEMHX TOYKaXx,
BifoOpakaTH Ta MPUXOBYBATH CITKy HA TPUBUMIPHIM MOBEPXHIi, a TAKOXK EKCIOPTYBaTH PO3B’S30K B
OiHapHUH Qaii.

B cucTemi KOMIT FOTEPHOTO MOJICITIOBAHHS Mepe0aueHo 3aBJIaHHs IPaHMYHHUX Ta MOYATKOBHX YMOB
KpaiioBoi 3axadyi. [logyarkoBi yMOBM MOXXyTb HaOyBaTH KOHCTaHTHOTO 3HAa4eHHS, a00 OyTu QyHKUi€0,
10 3aJIeKUTH BiJ KOOpAMHAT. [’ paHMYHI yMOBH 3aJal0ThCS B YUCIOBOMY BHIi, a00 sIK (pyHKIIs, 110
3aJIeKUTh BiJ| 4acy.

CucremMa KOMII'IOTEPHOTO MOJETIOBAHHS A€ MOXKJIMBICTH HAJAIITOBYBaTH HACTYIHI HapamMeTpH
PO3B’s3Ky KpailoBO1 3a/1a4i: MOKAa3HUK CTENEHs Y HeJIHIHHOMY PiBHSHHI TETJIONPOBITHOCTI, KOe(illieHT
TEIUIONPOBIHOCTI, HIUILHICTh, MTUTOMA TEIUIOEMHICTh TPU CTAJIOMy THCKY, po3Mip obiacti KpaioBoi
3aja4i, BIJICTAHb MIXK THTEPITOJSIIHHUME By3JIaMH, YaCOBHI 1HTEpBaJl HECTAIlIOHAPHOT KpaioBoi 3a1aui,
KPOK 32 4acoM, a TaKoX mnapamerp (GopMu panianbHoi 6a3uCHOT QYHKIII.
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Po3Bs’30k  OMHOBUMIPHOTO HECTAIlIOHAPHOTO PIBHSIHHS TEIUIOMPOBIAHOCTI 31  CTEIEHEBOIO
HENHIMHICTIO B CHUCTEMi KOMIT IOTEPHOTO MOJICIIOBAHHSA Bi3yami3yeTbcsi y BHUINIAAI TPUBUMIPHOI
noBepxHi (Puc. 3).

4] Uncensriii poss'asok 0AHOBUMIPHONO HECTALOHAPHOMD PIBHAHA TENAONPOBIAHOCTI 3i CTENEHEB0Ka HeiHiiHICTIO - X
BuGip PED ~

8w ¢ H @ 8
[paHnyHi ymoBm
9,=g,)
9,70, 0

MovaTkosi YMOBK

ug= un(x) sin(x)

MapameTph po3B'Asky 08
KoedilieHT o, (o > Q) 4
KoediuieHt =
TennonposigHocTi k, (k > 0) 1 5
S
LWineHicTe o 1

Muroma TennoemHicTs
NPy CTanomy TMCKY ¢

p

Poamip obnactiBig 0 ao  pi
BiacTtaHe mix By3namm 0.01
Yacoewii iHTepean 1
Kpok 3a yacom 0.0001
MapameTp chopmu PBED 0.01
CTAPT Bubip iTepauiii Bia 1 no 10001 1 3acTocyBatn

Puc. 3. Bizyanizayis HabaudiceH020 po36 3Ky Yy eueisdi mpueumipHoi nogepxHui

CucremMa KOMIT'IOTEPHOT'O MOJICJIOBAHHS J03BOJISIE Bi3yalli3yBaTd OTpPHMaHWi HaONMKEHUH
PO3B’SI30K HA OKPEMHUX MPOMDKKAX 4acy y BUTIIAII TpuBUMipHHX TpadikiB (Puc. 4).

4 Uncensnuii poss'AsoK 0AHOBMMIPHOrO HECTALIOHAPHOO PIBHAHHA TENNONPOSIAHOCTI 3i CTENEHEBOID HERiHiliHICTIO - X
Butip PE® M

B¢ d E B
[paHuyHi ymoBK
9,=g,0) 0
9,=g,t) D

MouaTKoBi yMoBH

Ug=Ug(x)  Isin(x)

[MapameTpu po3B'A3Ky
KoediuieHT o, (o > 0) 4
KoedpilieHT =
TennonposigHocTi k, (k > 0) 1 5:
LLinsHicTb p 1 >
Muroma TeNNoEMHICTb
NpK1 cTanomy THUCKY cp 1
Po3mip obnacTi Bia 0 4o |pi
BiacTaHb mix Byanamu 0.01
Yacoswi iHTepean 1
Kpok 3a yacom 0.0001
MapameTp dopmn PED 0.01

CTAPT Bwbip iTepauiii Bia 1 ao 10001 1:500:10000 10001 3acrocyBatn

Puc. 4. Bizyanizayis HabaudceH020 po36 513Ky HA OKPeMUX RPOMINCKAX 4aACy
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4 YucnoBi pe3yabTaTu

B upoMy po3misi IeMOHCTPYIOTBCSI PE3yNbTaTH YHCENBHUX PO3paxyHKIB Ha MPUKIaAi TECTOBOI
3ajadi, 0 MOJEIIIOE 3YyIMHHKY (PPOHTY TEIUIOBOI XBHJII B HENIIHIHHOMY PiBHSHHI TETIONPOBIAHOCTI.

IocraHoBKka 3ama4i

PosrnsneMo OomHOBHMIipHE HECTAIliOHApHE PIBHAHHA  TEIUIONMPOBIAHOCTI 31 CTENEHEBOIO
HeNiHIHHICTIO!

au(xt) o ou(x,t)
Ch———2=k—| u?(x,t)—= 24
Po— 5 =Ko VT (R =5 (24)
ae Xe[O,l], dy =0.01, 7=0.0001, p=1, Cp =1 k=1 oc=425.
[louaTkoBi yMOBH 3ajaHi HACTYITHIUM PiBHSIHHSIM:
u(x,O):1 alx-Y _glx-1L salx-3 (25)
2 4 2 4
I'pann4Hi yMOBH MalOTh BUJ:
u(a,t)=0
26
u(b,t)=0 (26)

Ha Puc. 5 npencrasiena Bizyaiizailisi HAOJIMKEHOTO pO3B’ 3Ky JaHOT KpalioBoi 3a1adi.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X

Puc. 5. Bizyanizayis nHabaudiceH020 po3e’si3Ky mecmosoi 3a0aui

Jana 3amava MOJIEJNIOE TMpOIeC 3yNMUHKKA (PPOHTY TEIUIOBOI XBWIJII B HENIHIHHOMY piBHSHHI
TeronpoBigHocTi. JKupHoro niHieto Ha Puc. 5 300paxeHo MOYaTKOBHH PO3IO/ILI TEMIIEPATYPH.

5 BucHoBKkHU

Po3pobnena cucremMa KOMIT'IOTEPHOTO MOJICNIOBAHHS TIPOIIECIB, SIKi OMHCYIOTHCS OJHOBUMIPHUM
HECTal[iOHAPHUM PIiBHSIHHSAM TEIUIONPOBIIHOCTI 31 CTENEHEBOIO HENiHINHHICTIO. PO3B’ 30K HeniHiiHOrO
PIBHSHHS TEIUTONPOBIIHOCTI pealizyeThcsi 3a OE3CITKOBOIO CXEMOO, sKa 3aCHOBaHA Ha KOMOiHAIIil
METOJy KOJIOKAIii Ta padiaJbHUX Oa3ucHUX (QyHKIiH. B cucTeMi KOMIT FOTEPHOTO MOJICIIIOBAHHS
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nepen0avyeHo 3aBJAaHHA TPAHUYHHMX Ta MOYATKOBUX YMOB, a TaKOX HHM3KH IapaMeTpiB pO3B’S3KY
KpaifoBoi 3agaui. HaOnmxeHuil po3B’s30K HecTal[ioHapHOi KpailoBoi 3ajadi Bi3yali3yeThCsl Y BUTIIAL
TpUBUMIpHOI MOBEPXHi, a00 y BUIIIAAI TPUBUMipHUX TpadikiB. Pe3ynpTat uncenbHUX pO3paxyHKiB
MPOJAEMOHCTPOBaHI Ha MPHUKIAAl TECTOBOI 3ajadi, 0 MOEIIOE 3YMUHKY (POHTY TETUIOBOi XBHWIII B
HEeNHIHHOMY pIiBHSAHHI TeruonpoBigHOCTI. OTpuUMaHHid pe3ynbTaT YHCENbHANW  PO3pPaxyHKIB
KOPEIIOETHCS 3 EKCIEPUMEHTATbHIMU TaHUMH.
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CyuacHe CyCITIbCTBO € HEMOXIIMBUM 0e3 IH(POBOi EKOHOMIKH, SKa BCce OUIbIIE HaJae 3HAYHUI OOCST MOCIYT, TapaHTyIOUYH
TEXHOJIOT1YHY eeKTUBHICTh Ta IHHOBALii, HOCTIHHO OHOBIIOIOYH TEXHOJOTIi Ta CEPBICH, aAANTYIOUH iX 10 MOTPeO KiHIIEBOTO
KOPUCTYBaya, peKOHQITypyrOUH CKIaIHI IPOrpaMHi CHCTeMH. Bce 1ie BuMarae mocTiitHOTO peiHKeHIpUHTY Oi3Hec-TpoIeciB B
MPEAMETHUAX 00JIACTAX, a BIAMOBITHO MiIBUIICHHS PiBHS iX aBTOMAaTH3aIlii. Pa3oM 3 THM, e()eKTUBHUX PilllcHb, SIKi 6 JO3BOJIUITH
BUKOHYBATH aBTOMaTH30BaHMI PEIHKUHIPUHT pOOOYMX MIPOLIECiB, HA JAHMH MOMEHT He iCHy€e. Y CTaTTi NpeICTaBIeHUH ITiaXix
0 TOOYHOBHM OOYMCIIOBAJBHUX POOOYMX MPOLECIB, SKUH 3aCHOBAaHMH Ha YITKO BH3HAYEHMX OHTOJIOTIYHHMX MOJEISX
npeaMeTHOI 00JIacTi, OHTOJOTIYHIA Mojeni HaOopy NpaBMi MOOYAOBH 3B'SI3KIB MK (QYHKI[IOHATPHHMH CepBicamH, i
OHTOJIOTIYHIH MOJEN caMuX poOOYMX TPOIECiB, IO JMHAMIYHO TeHEPYIOThCA. [IpoBeIeHO eKCIieprMeHTaNbHI TOCHiHKEHHS
JTAHOTO TIIXO0Y Ta PO3PO0IEHO MPOTOTUT IHCTPYMEHTAPII0 aBTOMATH30BaHOI MOOYIOBH 00UHCITIOBANEHIX POOOYHX TPOIIECIB.
3acTocyBaHHA 3allPOIIOHOBAHOTO ITiIXOIy JO3BOJUTH ITiABUIINTH PiBEHb aBTOMATH3AIlii MOOYJ0BH 0OUHCITIOBAIEHIX pOOOUYNX
MPOIIECiB, TeHEpYBaTH po0OOoUi mpoiiecH "Ha JbOTY" 6a3yrOUYKCh Ha 3a31AJICTi b MTiATOTOBICHOMY MyJTi PYHKIIIOHAIBHUX CEPBiCiB
i 0OMEXEeHb, HAKJIaJICHUX OHTOJIOTIEI0 MPEAMETHOT 001aCTi.

Knrwwuoei cnosa: onmonoezis, 06uucniosanvti poboui npoyecu, QQYHKYIiOHATbHI cepsicu, agmomamusayis poooyux npoyecis.
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Modern society is impossible without the digital economy, which ensures an ever-increasing number of services and guarantee
technological efficiency and innovation, constantly updating technologies and services, adapting them to user needs, and
reconfiguring complex software systems. That requires constant reengineering of the workflows for the subject areas, and,
accordingly, an increase in the level of the automation. At the same time, currently there are no efficient solutions for automated
reengineering of the workflows. This article presents an approach to the computational creation of the workflows based on well-
defined ontological models of the domain, an ontological model of a set of rules for building connections between functional
services, and an ontological model of the workflows that are generated dynamically. The research of this approach has been
carried out and the prototype of the tools for the automated creation of the computational workflows has been developed. Using
the approach proposed will increase the level of automation of the construction of the computational workflows, and allow
generating workflows "on the fly" basing on a previously prepared pool of functional services and restrictions imposed by the
ontology domain.

Keywords: ontology, computational workflows, functional services, workflow’s automation.
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CoBpeMeHHOE 00IIECTBO HEBO3MOXKHO 0e3 IIM(POBOM IKOHOMHUKH, KOTOPast Bce OOJIbIe OKa3bIBAET 3HAYUTENBHBIN 00BEM YCITYT,
rapaHTUPYsl TEXHOJIOTHUECKYIO 3 (PEKTUBHOCTh U MHHOBAIMH, IIOCTOSTHHO OOHOBIISISI TEXHOJIOTHH M CEPBUCHI, aallTUPYs UX K
HNOTPeOHOCTSIM KOHEYHOTO MOJIb30BaTENsl, PEKOHPUTIYPHUPYsI CIOXKHBIE IIPOrpaMMHBIE CHCTEMBI. Bee 3To TpeGyeT oCcTOSHHOTO
pEHH)KEHUPHHTa OU3HEC-TIPOIIECCOB B MPEIMETHBIX OONACTsAX, a COOTBETCTBEHHO IOBBILIICHHS YPOBHS MX aBTOMAaTH3allWH.
BwmecTe ¢ TeM, 9 GEKTHBHBIX peLIeHHHH, TO3BOJISIONIUX BBITOJIHATH aBTOMAaTH3HPOBAHHBINH PEUHXKUHUPHHT PabOUHX IPOLIECCOB,
Ha JIaHHBI MOMEHT He CyIIeCTBYeT. B craTbe mpeicTaBieH MOIX0[ K MOCTPOSHUIO BBIYHCIUTEIBHBIX PaOOYHX MPOLECCOB,
KOTOPBI OCHOBAH Ha YETKO OMPE/IeTICHHBIX OHTOJIOTHIECKIX MOJEISX IPEAMETHO 00JIaCTH, OHTOIOTHIECKOH MOoenu Habopa
MPaBHII TIOCTPOEHHS CBA3eH MeXAy (QYHKIMOHATBHBIMH CEPBHCAMM, U OHTOJOTHIECKOH MOJENH CaMbIX pabodnX MPOIECcCOB,
JUHAMHYECKH TeHepHpyeMble. IIpoBeieHbI SKCIepUMEHTANbHBIE MCCIeIOBAaHNS JaHHOTO TOAX0Aa M pa3paboTaH NMPOTOTHUII
MHCTPYMEHTapHUsl aBTOMATH3HPOBAHHOTO MOCTPOCHUS BBIYHCINTENBHBIX pabounx mpomeccos. [IprMeHeHne mpeayiokeHHOTo
MOAXO0/1a MO3BOJIMT MOBBICHUTh YPOBEHb aBTOMATH3al[MU NOCTPOSHUS BBIYMCIUTENBHBIX PabOYMX INPOILECCOB, TEHEPHPOBATH
paboune mporiecchl "Ha JeTy" OCHOBBIBAsICh Ha 3apaHee MOArOTOBJICHHOM ITyjie (yHKIIMOHAIBHBIX CEPBUCOB U OTpaHMYCHHH,
HAJIOKCHHBIX OHTOJIOTHEH MPEeIMETHOM 001acTH.

Knrouesvie cnosa: onmonocusi, gviuuciumenvivle paboyue npoyeccyl, GYHKYUOHAIbHbIE CEPEUCHL, ABMOMAMU3AYUsL PAOOUUX
npoyeccos.

1 Beryn

Po3BuToK 1HQOpPMAIIHHUX TEXHOJNOTiH CHpUUWHsIE TpaHchopMmariifo BCiX cdep KUTTEMSUTBHOCTI
cycminbcTBa. CydyacHe CyCHJICTBO € HEMOXIMBUM 0e3 IM(poBoi eKOHOMIKH, (JOPMYBaHHS SKOi € B
JaHU{ Yac OJHUM 3 NPIOPUTETHUX HANpsAMKiB. s mmpokoro 3aramy "mudpoBa ekoHoOMika" Oyne
03HAa4YaTl HOBHH piBEHb IUQPPOBHUX CEPBICIB, KOJM B OHJAWH MEPEXOASTh OIUIATH KOMYHAJbHUX
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IJIaTeXKiB, TOKYIKH 1 T.I., a JJI IPOMHUCIIOBOCTI Ta Oi3HECY IMepexil B MU(PPOBY €KOHOMIKY OTpHUMaB
BU3HaueHHs B CBITi sk Industry 4.0 - yeTBepTa iHIyCTpiaNbHA PEBOIOLIS.

CyuacHte Oi3Hec cepeioBHIIe Bee OiMblle HA/la€ 3HAUHMIA 00CAT HOCIYT B HHU(DPOBOMY POCTOPi, TOMY
TENIEKOM-OTIEpaTOpH Ta MPOBAiIepy OHIAHH-TIOCIYT MalOTh TAPAHTYBATH TEXHOJIOTIUHY €(EKTHBHICTh
Ta IHHOBAIii, MIOCTIITHO OHOBIIOIOYH CBOi TEXHOJOTI{ Ta MOCIYTH, aAaNTyIO4d Ta PEKOH(ITypyrodH
CKJIaJHl TpOrpaMHi CHCTEMH, SIKi (YHKUIOHYIOTb B TJIOOAJILHOMY CEpEAOBHILI, HAAalOUd TMOCIYTH
Oe3nepepBHO KiHIIEBUM KOPHUCTYBadaM.

3HayHy KUTBKICTh POOIT MPHCBSYEHO MWUTAHHSAM aBTOMAaTh3alii MoOymoBH poOOYMX TPOIIECiB,
30Kkpema pobdoru [1, 2, 3,4, 5]

OO0uncnioBaIbHI HE3aJIeKHI poO0Yi MPOLIECH PO3POOIISAIOTH 3 BUKOPUCTAHHSIM IpadiuHiX CTaHIAPTIB,
JTO3BOJISTIOYM BUKOHYBATH iX (popMaltizamito 3 BiTOOpaKEHHSAM iX MOXKIIUBUX TMOTOKIB 1 MEPEXOIiB Y
CXEMaTUYHOMY BHIJISIII. AHAJII3 TIOKa3aB, 110 Ha MPAKTUI[I 00YMCIIOBATBHI HE3aIekKHI poO0OYi mpoIlecH
3a3BUYall PO3POOIAIOTECSA 3 BUKOPUCTAHHSM TpadiuHUX Mo3HaueHb 3acobamu, Takumu sk BPMN 2.0,
UML AD (UML [iarpama [Hiit), USLD Tta iHcrpymenrtu, taki sik CA ERwin Process Modeler Ta
Enterprise Architect [6].

Hemonikm BPMN 2.0 witko ommcani B [7]. LleHTpanbHuMii apryMeHT NpPOTH BHUKOPUCTAHHS
perymspHoro BPMN mnonsirae B ToMy, 0 KepyBaHHS peCypcamMyl MOXe OyTH BHPa)KEHO JUIIIE depes
neBHi abcTpakiiii (akTopH, poii TOIO0) a00 BUKOHAHHS 3aBAaHb B Jialio3i.

Tum He wmenm, BPMN, 3a0e3nedyrodyr MOXJIMBICTh OOYHCIIIOBAIBLHOI HE3QJIEKHOI Bij
obuucIIoBaJIbHUX poOoumx mporeciB Tpancdopmarii (Business Process Execution Language (BPEL)),
IIMPOKO TOLIMPEHA B IPOMHCIOBOCTI.

KopoTkuii orisig METOIIB Ta iIHCTPYMEHTIB aHai3y poO0YnX MPOIIECiB MOKa3aB, 0 iCHYIOTh IBa THUITH
aHaJizy, sSIKi BpaXxoBYIOTh OOUUCITIOBATLHUM MPOIIEC:

1. Anami3z 4acy mpoeKTyBaHHS (MOJEIIOBAaHHS Ta IepeBipka). MoxyTb OyTH BHKOpHCTaHi 3aco0u
MoneroBaHHs MonTte-Kapio, a Takox aHami3 mepex LleTpi, OcKibKY iCHYIOTH miaxoau Tparchopmarii
it BPMN,UML AD, EPC, BPEL no mepex [letpi 3 ix nogansimum ananizoM. Hiarpamu USLD MoxyTbh
OyTH IpoaHai30BaHi 3a JOMOMOTOI0 OHTOJIOTIYHOTO aHANi3y MOCIyYT [§]

2. AHaui3 yacy BUKOHaHHS (HAIPUKIIA/I, TIPoIiec BUAOOYTKY Ha OCHOBI )KypHAJIiB BUKOHAHHSA) [9]

s Takux oOnacTell aHajizy BHKOPHCTOBYHOTBhCS TakKi IporpamHi 3acodbu, sk Pegasus, Cactus,
ASKALON, GLUE i T.x.. Bei 3ragani Ta mpoaHaii3oBaHi MOTOYHI MOMJIMBOCTI JJIS IIBOTO €TaIly
3aB/IaHHSA qyXKe oOMexxeHi. Hemomiku MeToiB Ta iHCTpYMEHTIB aHaTi3y pOOOYHUX IPOIIECIB YiTKO OMUCaHi
B [10]. LleHTpabHOIO KPUTHKOIO € T€, IO €Tal aHaJli3y BUMOT 3aCTOCOBYETHCSI B OCHOBHOMY BPYUHY.

B po6oTi [6] TakoX pO3MISIHYTO anreopy moOyaoBd poOOUYMX MPOIECIB, ane I¢ OUIbII CKIaJIHUN
migxing, 00 moTpedye AeTaibHOI CTPYKTypHW3alii BCIX JaHUX Ta CEpBICIB, BCTAHOBIEHHS ITOBHOTO
TIeperTiKy 3B’SI3KiB, 10 YTBOPIOE JIOATKOBY CKIIAIHICTh MOOYJOBH anTre0paidHoi CTPYKTYpH, 0COOIUBO,
KOJIM CHCTEMa € TEPUTOPIaJIbHO PO3MOAICHOIO Ta Ma€ 3HAUHY MOCTIIHO 3MIHIOBaHY KUIBKICTh CEPBiCiB
Ta poOOYMX MPOIIECIB.

B po6ori [11] 3anponoHoBaHo iHCTpYMeEHTapil JuIst OOy IOBH Ta aHATI3y POOOYHX MPOIIECiB, alie BCe
K TakW 3alpOIIOHOBAHMH TIAXiN HE JOCTaTHHO aBTOMATHU3ye came (OPMYBaHHS IOCIIJOBHOCTI
004YHCIIeHb B 3aJIEKHOCTI BiJl YMOB Ta 00MEKeHb MPEIMETHOI 00JIACTi.

B po6oti [12] npencraBneHa Mozens OOYHCIIOBAIbHUX POOOYHX TPOIECIB 1 MPUBEACHUN OTIISII
pi3HUX OOYMCITIOBAIBHUX apXiTEKTyp, TaKUX SIK oOumcimoBansHuil Kinacrep, Grid, Cloud Computing i
SOA s ix moOyZI0BH B pO3NOIiICHOMY cepeoBuil. [IpoBeieHo MOPiBHUIbHUIN aHalli3 MOXKIUBOCTEH
apxiTeKTyp IJs peanizamii 00YHCIIOBAIFHIX POOOYHX IMPOIIECIB, B XOJi SKOTO BH3HAYEHO, IO pobodi
MIPOIIECH JOLIJIFHO peai3oByBaTH Ha 0cHOBI SOA, OCKiJIBKY BOHA Bi/IMOBiZa€ BCIM BUMOTaMm 10 0a30BOi
iHQpacTPYKTypH 1 3a0e3medye BUCOKY CTYIiHb PO3MOJIUICHOCTI OOYUCIIOBAILHUX BY3IIiB, 8 TAKOXK 1X
Mirpartiii Ta iHTerparii 3 iHIUMH CUCTEMaMH B T€TEPOreHHOMY CEPEIOBHIII.

TakuM 4MHOM, MOKHA 3pOOUTH BUCHOBOK, 110 CTpaTerii aganTarii CUCTeM IiJ] MOCTiiHI 3MiHH BUMOT
KOPUCTYBauiB 3a pPaxyHOK aBTOMATH30BAaHOTO MPOEKTYBAaHHS Ta PEIHXHHIPUHTY TOCIYyT (TOOTO
MPOEKTYBaHHS Ta MoJaudiKalii icHyounx Oi3Hec-mporieciB) moraHo (opMalli3oBaHO Ta IEPEBIPEHO,
BUMAraeThesl JeKiJIbKa iTepaliil 3a yuacTi aHaliTUKiB, CACTEMHHX apXiTEKTOPiB, 3HAUHUX BUTpAT Yacy Ta
pecypcis.

TakuM YHHOM, MO’KHA KOHCTaTYyBaTH, 1110 iICHYE JIOBOJIi 0arato iHCTPyMEHTAIbHHUX 3aCO0IB JJIs OITUCY
Ta MoOYJI0BM POOOYMX MPOIIECIB, ajie BCI BOHM €1a00 aBTOMAaTH30BaHI Ta NMOTpeOyroTh Oe3rnocepeHbol
yuyacTi JoguHd. Pimiens, siki O M03BONMIM BHUKOHYBAaTH ABTOMAaTH30BaHMN PEIHKHUHIPUHT POOOYHX
MPOIIECiB Y 3B’5I3KY 31 3MiHOKO METa-OMKUCIB PYHKI[IOHAILHUX CEPBICIB, HA JAHUH MOMEHT HE iCHYE.
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ITixxin, 3aporOHOBAHKUK ¥ IIBOMY JTOCITIPKEHHI, MOXKE JO3BOJIUTH BUPIIITUTH II0 MPOOIIEMY 3aBISKH
BUKOPUCTAHHIO YITKO BHM3HAYEHUX MoOAeleld poOOoYoro mpolecy, CepBiciB, MpeaMeTHOI 00macTi,
BU3HAUYEHOTO HA0Opy NpaBwi MOOYIOBH 3B'A3KiB MK (YHKIIOHANBHUMH CEpBiCAaMU y BUTIIIAAIL
OHTOJIOTIYHOI MOJIeNi, SIKYy JIETKO KOpEeryBaTH, a TaKOXX 3allPONOHOBAHHX IHCTPYMEHTAIBHUX 3aco0iB
noOymoBu Ta Mouikaiii 6i3HeC mporecis.

Ls cTaTTst CTpyKTypOBaHa HACTYITHUM YHHOM: B PO3/LJIi 2 ONMCY€EThCS 3arajibHa TIOCTAHOBKA 3a/1a4i
mochimkeHHs. B po3minmi 3 mpUBOAWTHECS OMHC MOJEIN TPENCTaBICHHS CEPBICIB ISl TOOYIOBH
00YHNCIIOBAIFHUX poO0OYHX TporeciB. B po3nini 4 HamaeTbes opmamnizoBaHuii onwc iHGPACTPYKTypH
HOiATPUMKHA BUKOHAHHS poOOYMX mpoueciB. B po3mini 5 meMoHCTpyeThesi aBTOMaTH30BaHa 1MoOyI0Ba
po0OYOro MPOoILIECy i3 3aCTOCYBAaHHSIM OHTOJIOTII.

2 IlocTaHoBKa 3a/1a4i JOCTiIKEeHb

OnrosoriyHa MoJieNib  poOOYMX TPOLECIB A03BoJsie OynyBath (opMallbHI OMUCH TIPOLECIB,
MOEAHYIOUM (PYyHKIIOHATBHI cepBicHM 3B'I3KaMH y BUTJISAI OOMEXEHb NpeaMeTHOi oO0nacTi, ki
BiTOOpaKaTUMYTh B3a€EMOJIII0 MK HUMH, 2 OHTOJIOTi9HAa MOJIeNTh (DYHKITIOHAJBHHUX CEPBICiB 30epiratume
ix ¢dopMampHI MeTa-OmMHCH, 3 SABISETHCA MOXKIWBICTE YTBOPEHHS [IESKOTO IHTEIEKTYyallbHOTO
CepeloBUILA, HA OCHOBI SIKOTO MOXXJIMBO aBTOMAaTHYHO OyIayBaTH poOodUi MpolecH B 3aJeXKHOCTI Bij
CTaHy JaHUX MMPEAMETHOI 00acTi.

[lepeBaroro OHTOJNOTIYHOTO MIAXOMY € T€, IO OHTOJIOTiYHA MONENh OYIYETHCS i3 3aCTOCYBAaHHIM
3B’S3KIB y BUTJISIAI rpadiB, JO3BOJSIOYM 3aCTOCOBYBATH MaTeMaTHYHUI amapar Teopii rpadiB mis
reHeparllii pooo4YuX MPOLECIiB B PEKUMI pealibHOTO Yacy, 0a3yl4uch Ha OMUCI BXITHUX Ta BUXITHUX
mapaMeTpiB KOXKHOTO (hYHKITIOHAIBHOTO cepBicy [13].

Oo6uncaroBasHIM pobounm mporiecom (WOrkflow) 6ymemo Ha3uBaTH MEBHUIA OMUC MOCITITOBHOCTI
o0uHCITIOBaTIbHUX [iil (eTamiB OOpOOKM NaHMX), MPEICTABICHUX y BUTISAI OKPEMHX CTPYKTYPHHX
MPOrpaMHUX KOMIIOHEHT, 10 BiJNOBITAIOTh 32 KOHKPETHY (DYHKITIOHATBHICTD 1 MPAIfOI0Th aBTOHOMHO.

Mopgenb OOYHCTIOBATBHUX POOOYMX TIPOIECIB CIYKHUTh Ui TOJAHHS JIAHIIOKKA peabHUX
00YHCITIOBATIbHUX 3aJiad, OIHKM Ta aHaji3y iX eQeKTHBHOCTI, a TaKOX OIUCY 4YacTO MOBTOPIOBAHOI
MOCIIITIOBHOCTI omepaniii 00poOku JaHuX.

Jns BimoOpakeHHS TOTOKY pPOOIT 3aCTOCOBYIOTH ONOK-cxeMy abo rpad, SKHH CKIamaeThCcs i3
omepaniii (QpyHKIIOHATLHUX CEPBICIB), CHMBOJIB JIOTIKH, 3B’s3KiB. [lOCHIOBHICTP BHUKOHAHHS
00YHCIIeHb TTO3HAYAETHCS CTPIITKAMH.

Iotik pobit 3 iHpOpMaIliitHOT TOUKH 30py — CHOCIO MoAgaHHA iHQOpMaIii 10 pi3HUX 00’ €KTIB, SAKi
NPUIMAIOTh Y4acTh B pOOOYOMY IPOIIECi.

3a3Buuaii poOoUHii Mporiec MoKe OyTH ONMMCaHUH 3 BAKOPUCTAHHAM (GOpPMaIbHUX a00 HeopMaTbHUX
METO/iB IOTOKOBHUX Jliarpam, siki MoKa3yoTh CIIPSIMOBAaHI IIOTOKU MiXk eTarmaMu o0poOku. Oxpemi Kpoku
00poOKkrM a00 KOMIOHEHTH POOOYOro TPOIeCy MOXYTh OYTH B OCHOBHOMY BH3HAuY€HI TphOMa
napamerpamu [14]:

e Onuc Bxoy: iH(oOpMallis, JaHi Ta peCypcH, HeoOXi IHi It pOOOYOT0 MPOIIeCy.

e [IpaBuia nepeTBOPEHHS: ATOPUTMH, SIKi MOXKYTh BUKOHYBATHCS JIFOJJUHOIO, IPOrPaMOI0, YH
oboma.

e Omuc Buxony: iHdopMmaris, 1aHi Ta pecypcu, 00po0ieHi podourM MPOLECOM Ta FOTOBI JUIS
nepeavi B CEPBICH JUIS OJANBIIOI 00pPOOKH.

KoMmrnoHeHTH MOXyTh OyTH TO€IHAHI JIMIIE 33 YMOBH, SKIIO BHXiJAHA I1H(pOpPMAIlS OIHOTIO
KOMITOHEHTY Bi/IIOBiJIa€ BXigHINM iHPOpMAaIlil HACTYITHOTO KOMIIOHEHTY, a TaKOX 3a/I0BOJIbHSIE YMOBaM
npenMeTHoi obnacti. TakuM YMHOM, CEMAaHTUYHHI ONUC Ma€ BKJIIOYATH OOOB’S3KOBO OIKC BXIiJTHHX,
BUXIIHAX JaHWX Ta METa-ONMC (PYHKIIOHAILHUX CEPBiCiB, MO BHKOHYIOTHCS B JIAaHOMY poOOdOMY
nporieci. SIKo icHye Killbka MeToiB (QPYHKI[IOHAIEHUX cepBiciB) 0OPOOKH OJHUX 1 THX XK€ JaHUX, TO
NOTPiOHO 10IaTH METa-ONHUC ANTOPUTMIB, SKi BUKOHYIOTH 337aHy (YHKIIIO, a TAaKOX OakaHO BKa3aTH
XapaKTepUCTUKU €(PEeKTUBHOCTI BUKOHAHHS 3alaHUX (PYHKIIIi, TaKi SK: TOYHICTh, IIBUAKICTb, Ta 1HIII.

Ile mop’s3aHo 3 TuUM, mI0 iH(OpPMAIlisA, SKOK OIepye pobouuil mpoiec, € ciaabKo 3B’S3HOI0
PI3HOCTPYKTYPOBaHOIO i MOXe OyTH 0OpoOJieHa Pi3HUMH METOJaMHU B 3aJIE)KHOCTI BiJl XapaKTEPUCTHK
MOTOKY BXIJHHMX JaHUX. AJie 3 TOUKH 30py 0OpoOKM AaHuX, iH(QopMalilo NOTPIOHO CTPYKTYpYBaTu Ta
HABYMTH CHUCTEMY Ha KOHKPETHHX JaHUX JJISi MOXKIIMBOCTI OibIll €(DEeKTHBHOTO BUKOPHCTAHHS PiI3HUX
METO/IIB.
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Cucrema KepyBaHHA POOOYHMM TPOIIECOM — II€ IPOTpPaMHA CHUCTEMa, sIKa CIYTYE U MiATOTOBKH,
BUKOHAHHS Ta MOHITOPUHTY BH3HAYCHOTO IMOPSIKY poOOYMX MPOLECIB Ta 3amad Jylsl IiBUIICHHS
MPOJAYKTUBHOCTI Ta 3MEHIIICHHS BUTPAT, MOTPIOHKX JIJIsl BAKOHAHHS pOO0OYOTro MpoIiecy.

3 Onuc mMojeti npecTaBIeHHs CepPBICiB 115 MOGYI0BH 00YHCTIOBAIBLHIX POOOYHX NMPOLECiB

B Gararbox Bumaakax ofHy i Ty K 3aJa4y MOYKHA BUPIIIUTH PI3HUMHU METOJAaMHU. XapakTep 0OpoOKu
JAHUX BHU3HAYA€THCS IMOBIPHICHUMH BIIACTHBOCTSIMH CIIOCTEPEKECHB, MPOBEACHUX Ha JEAKUX JaHUX,
TOMY Ul OIIUCY BCiX IPaBWJI BCTAHOBJICHHS 3B'I3KiB HA OCHOBI BXIJHHMX JJaHUX 3 METOI0 BH3HAUCHHS
HaO1IbII e()eKTUBHOTO METOAY BUPIlLICHHS OHI€T 1 Ti€l 5k 3a1a4i Moxe OyTH BUKOPUCTaHO OHTOJIOTIIO.

PosrnsiHeMo 3ampomoHOBaHMK MiAXiA IIOJO AaBTOMATH3alii MOOYAOBM OHTOJOTII MpeAMETHHX
obmnacrteif, poOOYNX MPOIIECiB Ta BCiX KOMIIOHEHTIB ((pyHKIIIOHAIEHUX CEPBICiB, 3B’ A3KIB Ta MPaBUI),3a
JOMIOMOT 010 IKUX (hopMyeThbes pobounii mporiec.

dyukuionansHui cepiic (S) — cepsic, MO NpHiiMae Ha BXia HaOIp JaHUX, BUKOHYE ONEpAIiio Hal
HUMHU Ta BiJja€ Ha BUXiX HOBI jgaHi. Mera-omucu (hyHKITIOHATBHHUX CEpPBICIB 3HAXOMATHCS B 0a3i JaHUX.
Bci mera-omucu (pyHKIIOHATFHUX CEpPBICiB KOXHOI HMpPEeAMETHOI 001acTi 30epiratoTbcs B OKpEMHUX
KoJleKLisx 6a3u ganux. CepBicH MOKYTh OyTH MMPOCTHMHU Ta KOMITJICKCHUMH.

Posrissnemo Mozenpb npoctoro cepicy: S = {Code, M, P}, ne:

Code — mporpaMumii Ko GYHKIIIOHATBHOTO CEPBICY

M — meTa-onuc QpyHKIIOHAIEHOTO CEpBiCY

P — ¢isnunnii nutsax 10 GyHKIIOHATBHOTO CEPBICY
JUTSL TIOJTANTBIIOTO BiOOpaXKeHHsI B KOPHCTYBallbKoMy iHTep(deici Ta is BpaxyBaHHS OOMEKEHb MPH
o0y I0BI 3B'A3KiB y pOOOYOMY MPOIIECI.

Mera-onuc mpocToro ceppicy Moxe OyTH IMPEICTABICHO Y BUTIISIII:

M={ID,F, {ly, ... In}, {O, ..., On}, T},

ae:

M — mMeTa-omnuc, 110 BKIIFOYAE TaKi MapaMeTpu:

ID — inenTudikarop meta-onucy, Hanpukian: ObjectID(“5cdd4fd0598ec622d023e048”)

F ={N, D, R, P} — MmHOxuHa mapameTpiB /st orucy QyHKI[IOHATBHOTO CEPBICY;

li = {N;, Dj, Ri, Ti} — MHO>XHHa TTapaMeTpiB ISl ONUCY BXiIHUX MMapaMeTpiB;

Oi = {N;, Di, Ri, Ti} — MHO>KHHA TapaMeTpiB /ISl ONUCY BUXITHUX MTAPAMETPIB, JI€:

N — nHa3Ba 00’ekTy ((YHKI[IOHATHHOTO CEPBICY, BXiJHOTO/BUXIJHOTO MapaMeTpiB), HAIPHUKIAL
«checkBankAccounty

D — ommc 00’ekTy; XapaKTepUCTHKa OOYHCIIOBAJIBHHUX oOlepalliii (pyHKIIOHAIBFHOTO CepBicy,
Harpukian: «Cepsic mepeBipse, 4n iCHye JaHa KapTKa B OaHKY NPU3HAYCHHS»

R — 3pyuna s po3ymiHHS moauHu Ha3Ba 00’ekty «llepeBipka HasBHOCTI paxyHKy B OaHKY
OTpHMYBaya

P — nutsax g0 ¢yHkiioHaapHOTro cepsicy «./bank/checkBankAccount.js»

T — tum cepBicy: «functiony», «processy; THIT 3MiHHOT «numbery, «stringy ...

Proc = {CPU, R, tmax, ...}

ae:

Proc — onmc HedyHKITIOHANEHUX TTapaMeTpiB CepBicy;

C — KUJIBKICTD 00YHCITIOBATIBHUX SIEP, L0 MOTPIOHI /I BUKOHAHHSI CEPBICY;

R — KiIBKICTh OMIEpaTHBHOI ITaM AT,

tmax — MAaKCUMaJIbHHI Yac JUTsI BAKOHAHHS CEPBICY;

... — 1HII TapaMeTpHu.

Merta-onucu (QyHKIIIOHATBHOTO CEPBIiCy 30epiratoThes B 0a3i JaHUX B TAKOMY BUTJISIII:

{

_id,

function: {name, description, readable_name, path},

input: [{name, description, readable_name, type}],

output: [{name, description, readable_name, type}],

proc: {cpu, ram, tmax, ...}

type

}

CkJ1ajiHi cepBicH MOXKYTh OyTH MpeJICTaBlIeHI Ha PUCYHKY HIDKYe (muB. Puc.l).
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Puc.1 Ipukiao ckraonoeo cepgicy

B anreGpaiuHOMy BT CKIaIHUN cepBic MOXe OyTH 3aITUCaHO:
Scomptex = {I, { Ry, ..., Rn }, { S1, ..., Sn }, O, Proc}, ne:
Scomplex— HA01p TTapaMETPIB, 1110 OMUCYIOTh KOMIUIEKCHUI CEpPBiC
| — BXinmHI AaHi cepBicy
Ri— mpaBuiio BUOOPY MeTOIy
Si ={l /7Ri} — MeTox 06poOKM HaHuX a0 MPOCTHIA CEPBiC, 1110 MOKe OYTH BUOPAHO TPH 3aCTOCYBAHHI
RimpaBmiia 10 BXigHUX apamMeTpiB
O — BuximHi 1aHi cepsicy

Proc = {CPU, R, tmax} — HaOip HedyHKIIIOHATBHUX TAPaMETPIB, sIKi HA0OYBAIOTh 3HAYCHHS BHOPAHOTO
MeToy 00poOKH

®opmMmaJiizoBaHuii onKuc po6oYHX MPoIeciB

OHroorist podo4nX MPOLECiB CKIANAETHCSA 13 PYHKIIOHATBHUX CEPBICIB, Ta 3B'A3KIB M)XK HUMH, 110
noOy/I0BaHi 3 BpaxyBaHHSIM 00MEKEHb NMPEIMETHOI 00JIACTi.

IIpenmerna obmacTe — MHOXKMHA BCiX 00’€KTiB, KJIaciB Ta aTpuOYTiB, IO TMOB'S3aHI MiX COOOIO
JIOTIYHUMH 3B'SI3KaAMHU.

PoGouwnii mporiec — mporiec, 1110 CKIAAA€ThCS 13 OAHOr0 a00 ACKUIBKOX (DYHKI[IOHAIBHHUX CEPBICIB, 110
MOB'sI3aH1 Mi’K COOOFO TPEAMETHOIO 00JIACTIO Ta JIOTTYHUMHU 3B'SI3KAMH.

PoGounii mporec nmpeacTaBiIs€TbCsl Y TAKOMY BHUIJISII:

P={l,{F4, ..., Fn}, O, Proc}, ne:

P— poOounii niporiec, 1110 BKJIFOYAE TaKi ITapaMeTpu:

| — onmc BXimHUX MapaMeTpiB

Fi — Buxopucrani QpyHKIIOHaIBHI CEpBiCH

O — onwc BUXiJHUX MapaMeTpiB

Proc = { CPUmax, RmaX, tmax} — He(yHKIIOHAIBHI TapaMeTpu poOOYOoro MpoIiecy, 1e:

CPUmax— MakcUMabHO TOTPiOHA KiTbKICTh OOYMCITIOBAIIEHUX SIIEP

Rmax— MakCUMaIlTbHO TIOTPiOHA KUTBKICTh ONIEpaTUBHOI TaM’ SITi

tmax — MAKCUMAJIBHO JOMYCTUMHI CyMapHUH Yac BUKOHAHHS pOOOYOro Mporecy, Mo CKIagaeThes i3
CYMH tmax BCiX ()yHKLIOHAIBHUX CEPBICiB.

3B'si3ku Mk cepBicamu (L) — JsoriuHi 3B'S3KM, 10 BKa3ylOTh Ha MOPSIOK OOPOOKH [aHHUX,
BCTAHOBIIIOIOTH MOPSJIOK Tepeiadi apamMeTpiB i3 OJIHOTO cepBicy B iHIIMK, MOXYTh OYTH BCTAHOBJICHI
JIMILE 32 YMOBH, IO JBA CEPBICH € JIOT1YHO 3B'I3HUMHU Ta X04a O OJMH i3 BUXIAHUX apaMeTpiB NEPIIOTO
cepBicy BiIOBiae xo4ya 6 0JIHOMY BX1JIHOMY IapaMeTpy iHIIOTO CEPBICY.

4 ®dopmanizoBaHuii onuc iHPPACTPYKTYPH NiATPUMKH BUKOHAHHS PO0OYHUX NMpoleciB

B aBTOMaTH30BaHMX cUCTeMaxX BUKOHAHHS POOOUYMX MPOLECIB BUKOHYETHCS 3a JOMOMOTOI0 CHCTEM
KepyBaHHS POOOYMMH MPOIeCaMK Ta MOKYTh OyTH OIUCAaHI 3a JIOTIOMOTOFO JliarpaM IMOTOKY JaHUX.

dopmManbHO cucTeMa KepyBaHHs pOOOYHMMH MpoLecaM MOKe OyTH MpeJICTaBlIeHa y BUTIISIIL:
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WEMS = { Sr, S, Se, Sa, Sai },

ne: Sy — cucteMa MapIpyTH3allii, BAKOHY€E MapHIpyTH3alliio0 TOTOKY iH(opMariii abo JOKyMEeHToo00iIry,
nepeaae iHGopMario BiJ MONEPeJHHOT0 pOOOYOT0 eJIeMeHTa 10 HACTYITHOTO;

S¢ — cucTeMa po3MOoJiTy, BUSBISE BUHATKOBI OOCTaBUHH 1 mepeaae iHGOpMalio MpU3HAYCHHM
KOMITOHEHTaM CHCTEMU;

S¢ — cucteMa KOOpAWHAlii, KOOPAUHYE OJHOYACHY NiSUTbHICTH, 3aM00iraroun KoH(QIIKTaM pecypciB
(BuALIIEHHS MPOLIECOPHOTO Yacy Ta OTEPATHBHOI ITaM ATi) a00 KOH(MIIKTaM MpiopUTETIB;

Sa — cucTeMa areHTiB, aBTOMATUYHO 3aITyCKAa€E CEePBIC, KOHTPOIIOE HOrO BUKOHAHHS Ta OTPUMYE BiJl
HBOTO JIaHi;

Sai — cucTeMa IOMIYHUKIB, 3A1HCHIOE peryII0BaHHS BUOOPIB HACTYITHUX METO/IIB Ta HaJa€ MPOMO3HUIIi,
SKUH 3 METOIIB MOXe OyTH BUKOPHCTaHNI HACTYITHHM.

KommoHneHTH fiarpaMu MOTOKY AaHUX MOXeE OYTH 3alTUCAHO Y BUTIISIAL:

DFD = {Dy, Dd, Dw, Dt},

ne: Dp — mporiec, 9acTuHa CHCTEMH, sIKa TIEPETBOPIOE BXOIU Y BUXOIH;

Dyt — moTik maHuX, IOKa3ye nepeaady iHhopMarllii 3 OHi€] cCHCTEMH Ha 1HIITY;

Dw — ckiiag qaHux, BAKOPUCTOBYETHCS I 30epiraHHs JaHUX IS NOAAJIbIIOT0 BUKOPHCTAHHS;

D: — tepminan goctymy, inTepdeiic B3aeMOJIil CHCTEMH 13 30BHIMIHIM CEPEIOBHUIIIEM.

5 ABTOMaTH30BaHa MoGy10Ba POOOUMX MPOIECiB i3 3aCTOCYBAHHAM OHTOJIOTIL

st moOynoBu poOOYOTo MpoIiecy MOTPIOHO BUKOHATH OMEPAllito MEPETHHY KOXKHUHN 3 KOKHUM JJIS
BCIX CEpBICiB 32 yMOBH iCHYBaHHS JIOTIYHOTO 3B’ 53Ky, @ TAKOXK 3B 3Ky 10 JaHUM MiX HUMH. [Ipu mpomy
BXI1JIH1 JaHi BU3HAYaTUMYTh TOH CEpBIC, 3 IKOTO MOUYNHAIOTHCS O0UHMCIICHHS 32 YMOBH CITiBIIAiHHS JAHUX
3 iX MeTa-onmMcamMu B CEpBici.

®dopmanbHO MOOYI0Ba POOOIOTO MPOIIECY MOKE OYTH MPEACTABICHO Y BUTIISII:

P= { VMBMK,i n |71\/|@u}<,j | 3Lij}5 aec:

P — 3renepoBanuii pobouuii nmpoiec, 1o CKIATAEThC 3:

Mo = {Msa0 /1 Mos,} — BHOIp cepBiciB, 110 BUKOPHCTaHI B pOOOUOMY MPOIIEC,

ae:

My — GYHKITIOHABHI CEPBICH, 110 BAKOPUCTAHI B pOO0OYOMY MPOIIEeCi

M. — 3amaHi KoprcTyBaueM (YHKIIOHANBHI CepBicH

M6, — DyHKITIOHATIBHI CePBICH TaHOT MTPeIMETHOI 00IacTi

Lij = {Meuci-O = Mgu;.1} — BU3HAUCHHS 3B’SI3KiB pOOOYOT0 MPOIIECY 3a MPABUIOM CyMICHHUX BXiTHHX
Ta BUXIJIHUX MApaMETPIB, JeC:

Lij — 3B’s13k¢ p0OOYOTO MPOIIECY

Meux,i.O — BuXiHu# mapaMeTp i-Toro GyHKI[IOHATBHOTO CEPBICY;

Meuxj.| — BXigHH#H apameTp j-Toro HyHKI[IOHATBHOTO CEPBiCY

Mos, = {Me; € SA} — BHOIp BCiX CepBiciB, 0 HaJE)aTh IPEAMETHiH 001acTi,

ae:

Mos: — GyHKITIOHANBHI CEPBiCH 33J]aHOI TPEIMETHOT 00JIACTI

Meci — Bci, TOCTYIHI B pemo3UTopii, PyHKI[IOHAIBHI cepBich

SA — 3ayiana nmpeaMeTHa 00JIacTh

30epekeHHs] poO0YMX MPOLECiB 3a0e3MeUeHO 3a JIOTIOMOTOI0 MOBH OIHCY OHTOJIOTIYHUX MOJENeH —
OWL. KosxeH pobounii mpotiec 30epiraeTbcst B OKpeMili OHTOJIOTIi.

[Mpuknan ommcy (parMeHTy OHToJOTiuHOiI Mojeni 3acobamu MoBu OWL HaBeneHO Ha PUCYHKY
umxde (nus. Puc.2).
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<?xml version="1.0"?>
<Ontology xmlns="http://www.w3.0rg/2062/07/owl#"
xml:base="http://www.semanticweb.org/andriy2/ontologies/2019/4/name"
ontologyIRI="http://www.semanticweb.org/andriy2/ontologies/2619/4/name">
<Prefix IRI="http://www.semanticweb.org/andriy2/ontologies/2019/4/name”/>
<Declaration>
<Class IRI="#F1"/>
</Declaration>
<DisjointClasses>
<Class IRI="#F1"/>
</DisjointClasses>

</Ontology>

Puc.2 @paemenm npedcmasnenns onmonoeiunoi modeni zacobamu mosu OWL

Janwnii MmeTox 103BoIIsIE Oy AyBaTH POOOUi IPOIECH, BpaXOBYIOUH BC1 OOMEKEHHS MPeIMETHOT 001acTi
Ta BUKOPUCTOBYIOYH METa-OMUCH (PYHKIIOHATEHUX CEPBICIB TSI BCTAHOBIIEHHS 3B'SI3KiB.
BukopucroBytoun 0a3y JaHWX SK JDKEpPENo METaJaHWX Ta OHTOJIOTII0 MpEeIMETHUX o0nacTel sK
MpaBuIIa 17151 BCTAHOBJICHHS 3B'A3KIB MK (PYHKI[IOHAILHUMH cepBicaMu Moske OyTu moOy1oBaHo poboudi
MIPOIECH Ta BCTAHOBIJICHO 3B'3KM MK HUMH B aBTOMAaTH30BaHOMY BUTIAAI. Takuil mimxim HO3BOJISE
NPUIIBHIIINTA CTBOPEHHS HOBHX MPOIECiB 0e3 AeTalbHOro 3HaHHs MOBH omucy oHrojorii OWL rta
MOBH camuX (pyHKIioHanmbHUX cepBiciB JavaScript. Pobounii mponec Oyae 3reHepOBaHO aBTOMAaTHYHO
3aBIISIKM 3aCTOCYBAHHIO 3aIlIPOIIOHOBAHOTO i IXOTY.
Peanizanis nporoTumy po604oro npouecy Ha OCHOBi OHTOJIOTiii
Jli1st TpoBeICHHSI eKCIIEPUMEHTY 11010 100y I0BH poOOUOTro Mpoiecy 0yjI0 BUKOPUCTAHO:
e [HTerpomane cepenosuiie po3podku WebStorm;
e MOBy mnporpamyBaHHs JavaScript y BHIJISII cepBepHOro KommnoHeHTy Ha Node.js s
reHepaiii oHToJIoril poO0YOro Mporecy B aBTOMaTH30BAaHOMY BUTJISIII
e 0a3zy manux MongoDB s 30epexxeHHs MeTagaHux QyHKIIOHATEHUX CEPBICiB
e Protege s neperisiay Ta peJaryBaHHS OHTOJOTI
®dparmMeHT porpaMHoro Koay it GopMyBaHHS OHTOJIOTTYHOT Mozieni 3acobamu JavaScript HaBeaeHO
Ha PUCYHKY HIK4e (nuB. Puc.3).
arr funs. find ({
'function.na
$Sin

r

Puc.3 Bubip ¢ynxyionanvrux cepsicis 3 basu 0anux

®parMeHT nporpamMHoOro Koay Assi GoOpMyBaHHS 3B’SI3KiB MiXK OHTOJIOTTYHOT 00’ €KTaMH MPEIMETHOT
o0IacTi, 1110 BU3HAYAIOTHCSI BXIJTHUMH Ta BUX1JIHUMH TTapaMeTpaMu (QYHKIIIOHALHUX CEPBICiB HABEIECHO
Ha PUCYHKY HWK4e (nuB. Puc.4):
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Puc.4 Bemanosnenns 36 's3Ki6 Midic (PYHKYIOHATbHUMU Cepsicamu

®parMeHT 3reHEepPOBAHOrO0 POOOYOro IMPOIECY 13 3aCTOCYBAaHHSIM 3allPOMOHOBAHOIO  IMiIXOIY

HaBEeJICHO Ha PUCYHKY HIK4Ye (1uB. Puc.5)

)0 b,
Fhwur ]—[ih ]-D-FOH | Iih I:‘: . Toc ’V\ @\

A
\
"ons @ ‘-z{im fotoi || ooumr |
\ —."__p-—"
for )

Puc.5 Aemomamuuno 3eeneposana onmonozis pobo4oeo npoyecy

TakuM YUHOM 3aIPOIIOHOBAHMIA MIAXiJ J03BOJISE aBTOMATU3yBaTH ()OPMYBaHHS OOUHCIFOBAIBHOIO
pobodoro mpolecy Ha OCHOBI (DYHKI[IOHAJBHUX CEPBICIB Ta OOMEXKEHb, HAKJIaJEHUX OHTOJIOTIED
MpeIMETHOI 00JIacTi, a TaKOX JO3BOJSE KEPYBATH MPOIECOM OOYMCICHb B 3aJ€KHOCTI BiJ| BXiTHUX
JTAaHUX.

6 BucHoBKH

IIpoBeneHuit OrNIsAg TEXHOJNOTiIH MOOYJOBH OOYHCIIOBAILHHUX POOOYHMX MOKA3aB, MO HASBHOK €
HEOOXiIHICTh MOCTIHHOTO peiHKEeHIPUHTY Oi3HEC-poIeciB B MpPEJAMETHHX 001acTsiX, a BiAMOBIIHO
MiABUIICHHS PiBHA iX aBToMartu3aiii. Pazom 3 THM, eeKTUBHUX pillieHb, sKi O JO3BOJIMIN BUKOHYBAaTH
ABTOMAaTH30BaHUN PEiHKUHIPUHT OOUMCITIOBATBHUX POOOUYMX MPOLECiB, HA TaHUK MOMEHT HE iCHYE.

B poGoTi 3ampornoHoBaHO (GoOpMalli3oBaHUN OIMUC OHTOJIOTIYHHUX MOJEICH MpeaMeTHOi 00JacTi,
(hYHKI[IOHAJILHOTO CEPBICY Ta poOOYMX MPOIIECIB, a TAKOXK OIepallii aBTOMaTH30BaHOTO (hOPMYBaHHS
po6oYoro mporecy 3a JOIMOMOTOI0 3B S3KiB, 10 BCTAHOBIIOIOTHCS MK OHTOJIOTIYHUMH MOJIEIISIMU.

VY crarri npeacTaBiCHMH MiAXig 0 MOOYIOBHM OOYMCITIOBAIBHHUX POOOUYMX MPOIECIB, SKHMA
3aCHOBAHUI Ha YiTKO BU3HAYEHHUX OHTOJIOITYHUX MOJEISAX MPEAMETHOI 00J1acTi, OHTOJOTIYHIN Mojae
Ha0Opy MpaBW MOOY/IOBH 3B'S3KIB MiX (D)YHKIIIOHAJIBHUMH CEpBiCaMH, 1 OHTOJIOTIYHIN MOeINi caMuXx
poOOYMX IPOLECiB, 10 TUHAMIYHO TeHEepYIOThCs. [IpoBeaeHo excrepuMeHTalbHI JOCTIKEHHS 1TaHOTO
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MiX0My Ta PO3pOOJICHO MPOTOTHII IHCTPYMEHTApil0 aBTOMATH30BAHOI IOOYIOBH OOYMCITIOBAILHUX
poOOUYHNX MPOIIECIB.

BukopucTtaHHs 3a1IpONOHOBAHOTO IMiIXOY 1010 MOOYIOBH 00YUCITIOBAILHOTO POOOYOTro MPOoIIecy i3
3aCTOCYBaHHSIM OHTOJIOTII MpeAMeTHUX o0JacTel Ta MeTa-omuciB (PyHKITIOHATBHIX CEPBICIB JO3BOJISIE
aBTOMATH3YBaTH TIpoIlec iX MoOymoBH, 30KpemMa BuOip merony ((yHKIIOHAIBHOTO CepBicy) 0OpoOKH
BXIJIHUX JTAaHUX 13 MHOXXMHU aHAJIOTIYHUX CEPBICIB, KU HAHOIIbIIE BiANOBITAE YMOBAM 3B’SI3KiB, 110
BU3HAYAETHCS [IUM [TOTOKOM Ta € y»Ke BOXIMBUM (PAKTOPOM B CHCTEMaX peabHOro 4yacy. B 3aiexHocTi
BiJl TaHUX MO>Ke OyTH BHOpaHW HANOLTBII e()eKTUBHUI METO/ JUTA iX HAUIIBUAIIOI 0OpOOKH.

[Mopanemi gocmimkeHHs Oy Iy Th IPUCBSYEH] OUTBI AETATEHOMY PO3IJISLLY MPOLECY aBTOMAaTH30BaHOT
nmoOyIOBH POOOYMX TMPOLECiB i3 HAOOpiB (PYHKIIOHAIBHUX CEPBICIB, 30KpeMa, aBTOMAaTHU30BaHOI
reHepartii IporpaMHOTO KOy BUKOHAHHS poO0YO0TOo MpoIiecy.
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A number of researches shows the correlation between the COVID-19 coronavirus lethality and the air pollution. Therefore,
the research and development of the air quality monitoring systems for domestic, industrial, and municipal use, as well as
collecting and processing data for those systems are of great importance. The aim of this work is to develop a budget, intuitive,
integrated Internet of Things (IoT) "Smart House" system. The IoT system for monitoring air quality and controling its
parameters has been designed. The analysis of scientifical and technical information, design, hardware, and software
development of IoT "Smart House" system and an appropriate web application has been performed to achieve this goal.
Mathematical modeling, system programming, computer and microprocessor architecture, robotics, and the methods of
network communication have been used. The integrated l0T system evaluates and analyzes the node for measuring the
parameters of the environment in the room and the rules of fuzzy control according to experimental data, conducts a
questionnaire to summarize the work. The main focus of the research has been on the system integration, the ability to connect
a large number of sensors, air quality control, and effective control of the loading devices so that people can feel comfortable.
The 10T system analyzes the indoor, as well as outdoor environmental data using a certain algorithm, and determines the node
for measurement, using the minimum change and the minimum mean deviation. This algorithm allows us to stabilize the
system management, to reduce the impact of erroneous or pseudo-erroneous data, etc. The functionality of the Smart House
system ensures indoor comfort and safety, increases energy efficiency, and simplifies the management of various automated
control systems in the household. In the following work, we are planning to improve the system by updating user-friendly
interface, improving algorithms, expanding the functionality of the system, and performing in-depth study of the processes of
measuring and controlling air quality parameters.

Keywords: 10T, air monitoring, Smart House, control system.
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Psn mocrnimkeHp BKa3yloTh Ha 3B’ 30K JieTabHOCTI KopoHaBipycy COVID-19 i3 3a6pyznnenicTio noBiTps. B ymoBax manmemii
GaraTo mronel mepeOyBaroTh Ha KapaHTHHI Ta CHUIATH y CBOIX JOMiBKaxX. TOXX aKTyaJIbHUMH € JOCHIIKEHHS Ta po3poOka
CHCTEM MOHITOPHHIY SIKOCTI IIOBITPS M1 MOOYTOBOTO, MPOMHUCIOBOTO Ta MYHIIMITATFHOTO BUKOPHUCTAHHS, a TaKOX POOOTH
mono 300py Ta OOpOOKH NaHMX LUX CHUCTEM. TOX METOI HaHoi poboTH € po3poOka OOKETHOI IHTYITHBHO 3pO3yMinoi
inTerpoBanoi 10T cucremMu «po3ymHOro OyIOHHKY», Ky MOXHa Oyno O 3aCTOCyBaTd Uil LIMPOKOTO CIEKTPY 3aBAaHb 3
MOHITOPHUHTY SKOCTi MOBITPS y NPHUMIIIEHHI Ta KEPyBaHHS HOro mapaMeTpamMy Ul MiIBHIIEHHA HOTro Oe3me4HoCTi Uit
KUTTEISITBHOCTI criokuBada. Po3pobiiena inrerposana Internet of Things (I0T) cucrema m03BoJIsi€ iHTErpYBaHHS BEIHKY
KUIBKICTh JaTYHKIB, IPOBOJMTH MOHITOPHHI SIKOCTI TOBITpS Ta €(EeKTHBHO KepyBaTH BUKOHYIOUMMH IIPUCTPOSIMH Y
NPUMIIIEHH] JUIS TOJIMIIeHHs Horo craHy. Ll cucTeMa aHanizye 1aHi Ipo HaBKOJIUIIHE CEPEIOBHUINE B IIPUMIMICHHI Ta 3a HOToO
MeXaMH, BUKOPHUCTOBYIOUH PO3POOJICHUH aJTOPUTM, IIO JO3BOJISIE CTAOLTI3yBaTH YIPaBIiHHSA CHCTEMOIO, 3MEHIIUTH BILUTUB
MOMMIJIKOBHX a00 TICEBAO IIOMWJIKOBUX IaHMX Ta BpaxyBaTH BIIOJOOAHHS CIOXHBa4a. Y MaiOyTHBOMY IUIAHY€THCS
MOJIMIICHHS! CUCTEMH 32 PaXyHOK CTBOPEHHS OLIbLI 3py4HOro iHTepdelcy s KOpHCTyBaya, IOKpPAIIEHHS AITOpUTMIB
poOOTH Ta po3UMIMPEeHHS (YHKIIOHAIBFHOCTI CHUCTEMH Ta MOTIMOICHOTO AOCIHIIKEHHS MPOLECiB BUMIPIOBAHHSA Ta KOHTPOJIO
napameTpiB SKOCTI MOBITPsL.

Knrwowuoei cnoea: Inmepuem peueii, MOHIMmopuHe aKocmi nogimps, «po3yMHull OYOUHOK», CUCmeMa KepyBaHHs
Cucrema MOHUTOPHMHIa KauecTBa BO3Ayxa Ha 0a3e 10T
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Psin mccrnenoBanmit ykas3pIBaloT Ha CBsi3b JieTanbHOCTH KopoHaBupyca COVID-19 c¢ 3arps3HeHHOCTBIO Bo3ayxa. B ycmoBusix
MaHAEMHH MHOTO JIIO/Iei HaXOANTCSl Ha KapaHTHHE M CUJAT B CBOMX JoMax. [109TOMy aKTyaJbHBIMH SBIISIOTCS UCCIIEIOBAHUS
U pa3paboTKa CHCTEM MOHHMTOPHHra KauecTBa BO3yXa JJIs ObITOBOTO, MPOMBIIUICHHOTO U MyHHIMIAIBHOTO HCIIOJIb30BaHUS,
a Tarke paboTel Mo cOopy m 0OpabOTKe NAHHBIX ATHX CHCTeM. [103TOMy Henbl0 NaHHOW paboTHI SABIAETCS pa3paboTKa
OrO/UKETHOH MHTYHTHBHO NOHSATHOW MHTETPUPOBAHHOU 10T CHCTEMBI «YMHOTO JI0Ma), KOTOPYIO MOXXHO OBUIO OB TPUMEHUTH
JUIsL IHPOKOTO CHEKTpa 3a/ad 10 MOHMUTOPHMHIY KadyecTBa BO3JyXa B IIOMELICHWH W YIPABICHUS €ro mapamerpamu Uit
MOBBILICHUS] ero Ge30MacHOCTH UISl XKU3HEACITeNbHOCTH moTpebuTens. Paspaborana uHterpupoBanHas Internet of Things
(loT) cucrema MO3BOJISIET MHTETPUPOBATH OOJBIIOE KOJIMYECTBO JATYMKOB, MPOBOJUTH MOHHTOPHHI Ka4ecTBAa BO3IyXa U
3¢ (QEKTHBHO YMPaBIATh HCIOJIHUTENBHBIMU YCTPOICTBaAMHM B TOMELICHMM IS YIydlleHHs ero coctosHus. Cucrema
aHAJIM3UPYET JaHHble 00 OKpYXKarolleil cpeie B NMOMEIICHUM M 3a €ro IpeAeslaMH, UCIONb3Ys pa3pabOTaHHBIA alNropuTM,
MO3BOJISIFOIIMH CTaOMIN3HPOBATh YIPABICHUS CHCTEMOW, YMEHBIIMTH BIUSHHE JIOKHBIX MIJIM TICEBIO JOXKHBIX JAHHBIX, &
TaKXkKe y4ecTh IPEANOYTEeHNs oTpeduTens. B OyayiieM miaHupyeTcst pa3BUTHE CHCTEMBI 3a CUET cO3AaHus Ooiee yqo0HOro
HOJIb30BATENBCKOTO MHTepdeiica, yiTydlIeHHe alroOpUTMOB pabOThl M PACUIMPeHUs (YHKIHOHAJIBHOCTH CHCTEMBI U
YIIIyOJICHHOTO MCCIIEIOBAHUS MPOLIECCOB H3MEPEHHS U KOHTPOJIS IIapaMeTPOB Ka4ecTBa BO3/LyXa.

Knrouesvie cnosa: Humepuem gewyetl, MOHUMOPpUHS KA4eCMBa 6030YXd, KYMHBILL OOMy, CUCIEMA YNPasieHus

The pandemic caused by COVID-19 presents new challenges for the humanity. A number of studies
around the world (e.g. [1]) indicates the strong correlation between coronavirus lethality and air
pollution. Higher mortality has been observed in the regions with poor air exchange and the high level
of nitrogen dioxide in the air. It is a common belief that the air at the metropolis streets is polluted [2],
but the global lockdown has led to the significant reduction of the environmental pollution [3]. But the
situation is completely different in the dwellings where people have to stay for long periods of time due
to the quarantine caused by the pandemic. Modern building materials, interior decoration, home
appliances, furniture, etc. release a significant amount of toxic substances. Dust and mold often appear
in poorly ventilated rooms, such as bathrooms and kitchens. The natural ventilation is often impaired by
the pursuit of energy efficiency. According to some estimates, the air toxicity in a hermetically closed
room can be ten times higher than outdoors. Air quality monitoring makes it possible to determine air
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quality, as well as to decide on the appropriate measures for its cleaning. For example, the recuperators,
air cleaning, ventilation, dehumidication or humidification, and disinfection systems could be installed.
Researches related to the monitoring of indoor and outdoor air and its impact on human’s health have
become very actual and vital [4-6]. Air quality monitoring systems for domestic, industrial and
municipal use are being actively developed [7]. The air quality monitoring system should collect and
process a lot of data that characterize air safety [8].

Being an accessible and intuitive, integrated Internet of Things (10T) systems are one of the keys to
solving this problem. Almost all systems and infrastructure of any buildings can be integrated into the
network through the miniaturization of sensors, their availability and diversity. However, loT-based
systems require a well-built infrastructure and the usage of artificial intelligence for working in
optimized and offline mode.

The functionality of the Smart House systems allows us to ensure the comfort and safety of
occupants, to increase the building energy efficiency and simplify the management of various
automated control systems that are part of our lives. Moreover, such systems can increase quality of life
for the people with disabilities. Increasing the technological literacy of consumers and reducing the cost
of such equipment due to the expansion of the digital industry lead to the popularization of such
systems and their spread in residential and commercial real estate. However, misinterpretation of
"Smart House" concept sometimes leads to the fears of its excessive intelligence among consumers. But
in reality a "Smart House" is nothing more than an automation system that combines control and
monitoring of all processes in apartments, houses, offices, cottages, etc.

The aim of this work is to develop the integrated "Smart House" loT system, which could be used
for a wide range of tasks for monitoring air quality and controling its parameters.

To achieve this goal a number of tasks are to be solved.

Formulation of the problem:

1. To analyze a scientifical and technical literature and information concerning similar
systems.

2. Todesign 10T system.

3. To develop "Smart House" hardware and software, including a server for the interaction of
individual subsystems.

4. To create a web application.

There are three main options for the "Smart House" automation systems:

e Centralized or decentralized;

e With an open or closed protocol;

e Wired or wireless.

Various combinations of these parameters are possible, such as, "Smart House" wired, decentralized
with an open protocol or "Smart House" wireless, centralized with a closed protocol, for example.
Therefore, the following architectures and options have been considered.

a) Centralized automation systems.

The centralized control system provides programming of one central element, i.e. the logical
module, with many outputs. This element can often be a controller that uses a specially designed
program for a particular object. It can control the actuators and other subsystems. It allows using
multitasking scenarios and working with a wide variety of equipment. Centralized automation systems
can be wired or wireless.

The advantages of centralized automation systems are:

o the single interface for the system management.
o the ability to create multitasking scripts.
o the ability to connect any equipment to the system;
The disadvantages of centralized systems are:
e vulnerability, the whole system stops working if the central module fails.
o |ow flexibility, i.e. equipment configuration changes are expensive and sometimes
unprofitable. Usually it is much cheaper to completely redesign the system.

b) Decentralized automation systems.

The decentralized system controls each actuator by a separate microprocessor which has its own
independent memory. This approach ensures high reliability of such systems. When one of devices is
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broken, other devices will continue to work and system remains operational. Smart houses built on the
KNX protocol is an example of a decentralized system.

The advantages of decentralized automation systems are:

o reliability, which is guaranteed by the independence of the system devices;

e prevalence. The popularity of the KNX standard simplifies installing and servicing due to
the significant number of certified specialists in our country;

e design. A great number of various electrical accessories and sensors ensures simplicity of
designing and provides for wide range functionality.

The main feature of the decentralized system is a large amount of available equipment.

¢) Open protocol automation systems.

KNX protocol is open, therefore, a huge number of smart house equipment manufacturers offer
devices based on it. The KNX Association tests all the devices it produces. The KNX logo on the
device guarantees the high quality of the product. Although the cost of such systems is higher than for
the system based on the closed protocols. Strict compliance with the standards of the association leaves
little place for the implementation of the creative ideas when designing new devices as well.

e) Closed protocol automation systems.

These systems are implemented on their own closed protocols. The development process is much
easer and develooment costs are lower, because there is no need to pay for the product approval. The
equipment based on a closed protocol can be manufactured only by a protocol owner, therefore, the
consumer is completly dependent on the single manufacturer.

Thus, the modern world of home automation systems is developing rapidly and gaining the
popularity becoming extremely wide and diverse.

The basic concept of the Internet of Things (10T) consists in the integration of virtuality and reality,
and the interconnection of all things, that is, all things in the world: "people”, "things", "time", "places"
or "objects" can be connected to the Internet. The European Telecommunications Standards Institute
(ETSI) defines 10T as a three-tier hierarchy, each of which is inextricably linked to its functions. There
are three layers (Fig. 1).

1. Sensor Layer: this layer consists of components that can receive, control and identify. It is
mainly responsible for getting information, such as RFID (radio frequency identification),
temperature and humidity sensors.

2. Network Layer: this layer consists of components that can communicate and transmit. The
information is transmitted to the appropriate devices for the communication and exchange
by wire or wireless means, such as TCP / IP, Wi-Fi and Bluetooth.

3. Application layer: this layer mainly consists of hardware devices that process information
tangible or intangible to the user, respectively. In the first case, information is displayed on
computer software interfaces, so that users are able to assess the current situation and react
accordingly. In the second case, for example, if the temperature is too high, the air
conditioner will be turned on and the temperature will be set to the level comfortable for a
user.

0T has evolved from the initial P2P to P2M and then to M2M, and although it is widely used loT
still faces many challenges. Currently, problems occur at all levels.

1. Sensor level. 10T is so extensible that you can connect many different devices, each of
which processes data differently. Without an universal standard for receiving, processing,
and formatting the data, the effectiveness of 10T can never be improved.

2. Network layer. Due to the limitations of wired transmission many customers do not want to
use it, so most of 10T transmissions are wireless currently. However, wireless transmission
faces a specific set of its own problems such as architecture, bandwidth, anti-interference,
security and efficiency, which cannot be solved by a standardized method. A single standard
will be the key to the success of 10T promotion in the future.



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHpopMaLliiHi TexHonorii. ABTOMaTM30BaHi CUCTEMM ynpaBniHHs», Bunyck 49, 2021 53

Application
Layer

Wireless receiver

Streaming technology

Base station
iy

e —
" Bluctooth Wi-Fi |/ IPvé  IGMP \; " Firewall \

4

integration technology

|
ZigBee ~ WIMAX IPv6  DCCP Key authentication | Multi-resolution '
IrDA LTE HTTP PPTP technology | adjustment technology
UPnP 3G SOAP OSPF Sccurity communication | Image extraction :
1 .
h
: v

| NFC Satellite | 1CMP
\ .

/. technology i

Perception technology: Identification Multimedia
Environmental, temperature and humidity technology technology

Fig. 1 - 10T system architecture.

3. Application level. 10T development brings a big data, such as data accuracy, application
frequency and individual benefits. In times of an explosion of information that needs to be
effectively processed, analyzed and forecasted, data will increase the value of data and
prevent depreciation over time. With realisation of the self-planning, self-analysis, self-
forecasting and self-repair for the IoT another milestone will be achieved. The Artificial
Intelligence (Al) is not just a theoretical concept, but something that can be realized.

The architecture of the system is presented in four parts.

1. The first part is responsible for environment monitoring. It is part of an indoor monitoring
equipment group. This equipment is represented by sensors, actuators and an Arduino analyzer [10].
The probe is responsible for data collection and enforcement.

2. The second part is the wireless transmission which provided by ZigBee transmission. Its main
purpose is to transmit processed Arduino signals analyzed on a single-board computer.

3. The third part is responsible for analyzing and storing information. The analysis is based on the
implementation of the indicators and standards mentioned in Part 2. The data are analyzed, processed,
stored and displayed by the software.

4. The fourth part is a control qualitative management of the internal environment loading devices
based on the received analysis. Loading devices, such as a buzzer, an electric fan, a humidifier, a
conditioner and others are used for this purpose.

The automatic system control [11] can be based on the environmental situation or user preferences.
The single-board computer sends a signal to the Arduino, which will regulate the temperature by
controlling an air conditioner, fan and humidifier or turn on a fire alarm (in case of emergency)
according to the signal received by ZigBee [12]. When the CO2 concentration is too high or exceeds the
norm, a buzzer is activated by the node to alert the user which can take appropriate actions basing on
the information provided. The complete system architecture is shown in Fig. 2.

The software architecture consists of three parts.

1. The final node. It is an indoor monitoring equipment that receives an analog signal for a certain
period of time. The Arduino processes signals using a noise minimization algorithm to increase
accuracy. After that, the processed data is transmitted through ZigBee to the coordinator. The data
exchange process can be performed through each ZigBee node. The first node is the main control node.
As soon as the single-board computer analyzes the received signal, the software node will determine a
proper action scenario.
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Figure 2. Scheme of data transmission architecture and control signals.

2. Single board computer. The data from each node is integrated for processing and analysis. The
obtained results are stored in a database and form a knowledge base. If the result of the analysis of the
internal environment is abnormal, then the correcting commands for an appropriate action are sent back
to each node through the ZigBee coordinators. The usage of a single-board computer provides a
significant advantage over other devices, because it offers sufficient system efficiency and high
performance while processing large amounts of data.

3. The final computer. The end device processes received corrective commands and directly controls
the loading devices.

As the platform for the system the single-board computer RaspberryPi 3 and Arduino Mega 2560
have been chosen. This choice is based on the fact that a single-board computer performs calculations
quickly, as well as has the ability to operate network systems and control other devices. Arduino is a
very efficient tool that allows unexpensive implementation of any solutions for the device integration
(sensors, servos, electric motors, etc.) and is widely used to solve problems of the automation and
control. The connection between a single-board computer and Arduino complements each other and has
great potential for loT.

Integration is the main feature of our system. It is an ability to connect a large number of sensors and
effective control of loading devices to ensure people’s comfort and improve the quality of life.

HTML, CSS, and JavaScript are implemented to develop a human-machine monitoring interface.
The human-machine monitoring interface receives and displays node data and provides system control.
The interface is presented in Fig. 3. The obtained data is stored in the Microsoft Excel and MySQL
database for further analysis and a single-board computer uses the relevant indicators and standards as a
basis for evaluation.

Arduino Mega 2560 (AM 2560) software for collecting sensor information about temperature,
humidity, wind speed, CO2 level, and particulate matter has been implemented with ArduinoStudio.
The data from the AM 2560 is processed and analyzed on a single-board computer using software
implemented with C/C ++. Communication between the computer and AM 2560 is realized as the
ZigBee structure, where a single-board computer is the ZigBee server and AM 2560 is the ZigBee
client. As soon as data from the sensor has been received, Arduino processes it and sends it to a single-
board computer. The decision based on the recieved data is made and data is stored in the database.
Afterwards the command to Arduino is sent, and Arduino controls the loading device.

The choice of the correct evaluation criteria is the most crucial; because if there is a huge
discrepancy between the data measured at the node and the environmental conditions it can indicate that
the node does not reflect the general situation correctly. In contrast, when the discrepancy is
insignificant, the reliability of the node is much higher. The minimum variation and the minimum mean
deviation can represent the stability and reliability of the node, respectively.
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Figure 3. WEB interface.

It should be noted that the deviation of some parameters in the room might affect the values of
parameters which are not obviously related. For example, when the relative humidity exceeds 70%, the
sensors that are monitoring the concentration of solid particles will perceive the water particles as
pollution as well [13]. That can be overcome by heating the air nearby the sensor or by intelligent
processing of the sensor output.

The system that uses the lIoT capabilities and intelligent algorithms for processing data from various
devices in order to create and control favorable and secure environment for a user has been developed.
The system integration is provided by the possibility of expanding the system easily and customizing
each device to users preferrences due to the capabilities of the selected platform. The database for the
data storage and its further statistical analysis has been provided. The environmental data stored in
tables can be used for forecasting and preventing undesirable events. This system is fast enough for
swift data processing and management, and shows a good efficiency. This is realized by using a single-
board computer as the main device that controls the system. The user interacts with the system through
a web page. It is possible to configure the system, have access to all information and perform certain
actions to ensure comfort and safety.

As a result of performed work we have obtained:

o the intelligent system management algorithm,which takes user needs into account;

¢ the databases and tables for the data storage;

o the web page for the system management;

o the integrated l0oT system that can be used for a wide range of environment monitoring and
managing tasks.

The developed integrated Internet of Things (1oT) system evaluates and analyzes the node data for
measuring the environmental parameters. It performes a fuzzy control according to experimental data
and conducts a questionnaire to summarize the work. The main focus of research is on system
integration, the ability to connect a large number of sensors, air quality control and effective control of
loading devices to ensure people’s safety and comfort, and improve the quality of life.

The system analyzes the indoor and outdoor environmental data using a certain algorithm and
determines stability and reliability of the node measurement, using the minimum change and the
minimum mean deviation.

To provide the control of CO2 and PM level in the environment the system are equipped with the
corresponding sensors.

The system has been designed to facilitate monitoring and management of the performance of a
particular room. It provides a comfortable environment for the user and increases safety by means of
automatic control of critical situations.
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In the following work, we are planning to improve the system by updating user-friendly interface,

improving algorithms, expanding the functionality of the system, and performing in-depth study of the
processes of measuring and controlling air quality parameters.
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VY cTarTi po3risHYTO NUTAaHHA OCOOJIMBOCTEH BUKOPHCTaHHS KOMIT'IOTEPHHX TEXHOJIOTiH B HaBUAIRHOMY IpOIlECi 3aKiIaliB
BUILOI OCBITH, 30KpeMa B CHCTeMi MOOITBHOTO HaBYaHHS, BIAMIHHICTIO SIKOTO € 3A1HCHEHHS HaBYAJIFHOTO IIPOIIECY Ha OCHOBI
BHUKOPUCTaHHS MOOUIBHUX TenedoHiB. 3MICT CTaTTi € MPOJOBKEHHSAM IIONepeAHbol poOOTH aBTOpa, NPUCBSYCHIH
NPOEKTYBaHHIO BHCOKOTEXHOJIOTIYHOTO aJalTHBHOIO MOOUIBHOTO HAaBYAIFHOTO CEpelOBHUINA; PO3pOOKH  3arajbHOi
(YHKIIOHAIBHOT CTPYKTYpH aJalTHBHOTO MOOLIFHOTO HABYAIBHOTO CEPElOBUINA, BH3HAYCHHS OCOOIMBOCTEH ii
3acTocyBaHHs. B po0oTi mpeacTaBieHO pe3yiabTaTd BHPOBA/DKEHHS aJallTHBHOTO MOOLTFHOTO HAaBYAIBHOTO CEPEelOBHUINA Y
HaBYAIBHHUN IMPOIEC, TPOJEMOHCTPOBAHO IOCTIHKEHHS MO0 €(EKTUBHOCTI BUKOPHUCTAHHS CHCTEMHU MOOUIFHOTO HAaBYaHHS
Ha OCHOBI ONHTYBaHHA CTYIEHTIB. 3a pe3yabTaTaMH ONMHUTYBAHHS IiITBEPIKCHO JOUIIBHICTP BUKOPHCTAHHS MOOLIFHOTO
HaBYAJIFHOTO CEPEIOBHINA ITiJ YaC BUBYCHHS CTYIACHTAMHU IUCHUILTIHE «EKCHEpPTHI CHCTEMH» OCBITHBOI IMPOTrpaMu OakajiaBp
cnetianbHOCTI 122 «KoMIT'IoTepHi HayKH» Ta MO3UTHBHE BITHOIIEHHS J0 aBTOMATH30BAHOI CHCTEMH aHANI3y MPAaKTHYHUX
3aBaHb. Ha OCHOBI OTpUMaHHX pe3yJIbTaTiB 3allpOIOHOBAHA CHCTEMa aJalTHBHOTO MOOUIBHOTO HAaBYAIBLHOTO CEpelOBHIIA
JUIsl iHTerpanii y HaB4ansHKUH nporec. HaBeneHo xopuctyBanbkuil iHTepdeiic MOOLTBHOTO IOAATKy 31 CTOPOHM BHKJIAada Ta
CTyIeHTa. 3a paxyHOK IOCTIHHOTO JIOCTYIy /0 MaTtepiajiB HaBYaJbHOI NUCIMIUIIHN, MOXIIMBOCTI IMOKPALIUTH OLIHKY 4epes3
BUKOHAHHS JJOJATKOBHX 3aBJaHb, a TaKOXX 32 HEOOXIIHICTIO, IIBHIKOI0 KOMYHIKAII€IO i3 BHKJIagadeM, CHCTeMa JolloMarae
Kpaie 3acBOIOBATH MaTepiali, [0 B CBOI YEPry MO3WUTHBHO BiJOOpaKa€ThCsl Ha (PiHATBHUX OIIHKaX CTyAeHTiB. Jlis
MPOBEICHHS JOCTIDKEHHS 3a JOMOMOTOI0 SKICHMX METOIIB, BUKOPHUCTAaHO METOMOJIOTiYHE ONUTYBaHHSA Ha Iutatdopmi
UXReality. 3a pesynbraramMu sKiCHHX METOJIB JOCII/KEHb BHABICHO MOTHBAIIMHI aCIEKTH MOBEIIHKM PECHOHICHTIB Ta
MepCOHANIbHI OYiKyBaHHS Bil KOPUCTYBaHHS CHCTEMOIO aJallTUBHOTO MOOUTBHOTO HABYAIBLHOTO cepeoBUIa. J{Jst TecTyBaHHS
3py4YHOCTI poOOTH 3 MOOUIBPHUM OOJATKOM, IiJ Yac IOCIHiIKEHHS BUKOPHCTAaHO TaK 3BaHHK HEWPOTECT i3 3aCTOCYBaHHIM
TEXHOJIOT1T alfTpeKiHTy.

Knrwowuoei cnoea: xomn’romepri mexnonoeii, oucmanyitine Ha84aHHs, MOOLIbHULL 000aMOK, aHANI3 epagiunozo iHmepgeticy
eKpamny, aemomMamu3068and CUCMeMa ananizy, Cucmema KOMyHiKayii, mexHonoeii aumpexiney.

Integration of adaptive mobile educational environment into the
educational process and evaluation of its effectiveness

Kostiuk Mykhailo graduate student of the Department of Software Engineering and Cybersecurity
Kyiv National University of Trade and Economics
Kyoto, 19, Kiev-156, Ukraine, 02156
e-mail: hell.gunshe@gmail.com
https://orcid.org/0000-0003-0159-8289

The article considers the peculiarities of the use of computer technologies in the educational process of higher education
institutions, the system of mobile learning in particular, the main idea of which is the implementation of the educational
process based on the use of mobile phones. The article is a continuation of the previous work dedicated to the design of high-
tech adaptive mobile educational environment, the development of the general functional structure of the adaptive mobile
educational environment, and the definition of features of its application. The paper presents the results of the introduction of
an adaptive mobile educational environment in the learning process, and demonstrates research on the effectiveness of the
mobile educational system based on student surveys. According to the results of the survey, the expediency of using a mobile
educational environment for students in the bachelor's degree program 122 "Computer Science" of the "Expert Systems"
discipline and a positive attitude to the automated system of analysis of practical tasks have been ascertained. On the base of
the results obtained, the system of adaptive mobile educational environment is proposed for integration into the learning
process. The user interface for both the teacher and student is presented. It is proved that the dynamics of improving the
learning process is positive, because the system of adaptive educational environment affects all stages of the initial process.
Due to constant access to the learning materials, the ability to improve assessment through additional tasks, as well as, the
teacher’s quick response, the system helps to master the material better, which in turn has a positive effect on students' final
grades. In addition to the main functionality the communication between students of the group and the student-teacher

© Koctiok M.A., 2021
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communication are available, as well as displaying the system notifications. To conduct research with qualitative methods, a
methodological survey on the UXReality platform has been used. According to the results of qualitative research methods, the
motivational aspects of respondents' behavior and personal expectations for the system of adaptive mobile educational
environment have been revealed. To test the usability of the mobile application, the so-called neurotest with the use of eye
tracking technology has been used. The correctness of the chosen direction of the research has been proved. That confirms the
practicality of the implementation of the system of adaptive mobile educational environment in the learning process.

Keywords: computer technologies, distance learning, mobile application, graphical screen interface analysis, automated
analysis systems, communication systems, eye-tracking technologies.

NuTerpanus aianTUBHON MOOWIBLHON Y4e0HOI cpeabl B 00pa3oBaTe/IbHbIN
npouecc 1 oueHka ee 3GpGpeKTHBHOCTH

KocTok acnupanm Kageopsl UHICEHePUL NPOSPAMMHO20 0becneyenus U
Muxania Kubepbeszonachocmu
AHaTOJILEeBHY Kueescxuti nayuonanonvlii mopeo6o-3k0HOMUYEeCKUll yHugepcumem

Kuomo, 19, Kues-156, Ykpauna, 02156
e-mail: hell.gunshe@gmail.com
https://orcid.org/0000-0003-0159-8289

B craTbe paccMOTpeHBI BOIPOCH 0COOCHHOCTEH MCIONB30BAaHMSI KOMITBIOTEPHBIX TEXHOJOTHI B yueOHOM Ipoliecce BBICIINX
y4eOHBIX 3aBElICHWH, B YAaCTHOCTH B CHCTEME MOOWIBHOTO OOYYeHHs, OTJIMYUTEIBHOM YepTOHl KOTOPOro SBISETCS
OCYIIECTBJICHHE Y4eOHOrO IpOoIlecca Ha OCHOBE HCIHOJIb30BaHMS MOOWIBHBIX TenedoHoB. ColepikaHUE CTATbU SBISIETCS
NPOJOIDKEHHEM Hpenbiaymeil paboThl aBTOpa, IIOCBSIICHHOH IPOCKTHPOBAHUIO BBICOKOTEXHOJIOTMYHOW aJalTHBHOM
MOOHMIBHOHM y4eOHOH cpensl; pa3paboTke oOmel (pyHKIMOHANBHOW CTPYKTYPBHI aIaNTHBHOW MOOWIBHOMO y4eOHOU Cpelsbl,
OTIpEeNIeNICHAI0 0COOEHHOCTEH ee MpuUMeHeHus. B pabore mpeacTaBieHbl pe3yiabTaThl BHEAPEHHUS AJaNTHBHOW MOOWIBHON
y4eOHOH cpenbl B 00pa3oBaTEeNbHBIM MpOILECC, MPOJEMOHCTPUPOBAHO HCCIEAOBaHMA MO 3()(HEKTHBHOCTH HCIONB30BAHUS
CHCTEMBI MOOMIBHOTO OOYy4YEeHHUsI Ha OCHOBE Ompoca CTyAeHToB. [lo pe3ynbTaraMm ompoca MOATBEPXKJCHA LeNecooOpa3HOCTh
UCIIONB30BaHUS MOOWIBHOW y4eOHOW cpe;bl NpH H3YyYeHHH CTYAEHTAaMHM JUCLUILIMHBI «ODKCHEPTHBIE CHCTEMBD)
o0pa3oBaTesIbHON NporpaMMbl OakayaBp crenuanbHoCcTH 122 «KoMIBIOTepHBIE HAayKn» W MOJOKHTEIBHOE OTHOIICHHE K
ABTOMATH3UPOBAHHON CHCTEMBI aHAIIM3a MPAKTHYECKUX 3a1ad. Ha OCHOBE MOJyYeHHBIX Pe3ydbTAaTOB IPEJIOKEHa CHCTeMa
aIaNTHBHOTO MOOMIIEHOM y4eOHOH cpe/ibl VISl HHTErpalui B 00pa3oBaTebHUH nporecc. [IpuBeieHbl HHTEpdeiic MOOMIBHOTO
HPUIOXKEHHSI CO CTOPOHBI MPETIOAABATeNsl U CTYAEHTa. 3a CYET MOCTOSIHHOTO AOCTYNa K MaTepHanaM ydeOHOW TUCIUILIHHEL,
BO3MOXXHOCTH YIydIIUTh OLEHKY dYepe3 BBHINOTHEHHE OMONHHTENBHBIX 3a7ad, a TakkKe IPH HEOOXOAMMOCTH OBICTpOH
KOMMYHHKAaIlUeH ¢ IpermojaBaTelieM, CHCTeMa IIOMOraeT JydIlle yCBaWBaTh MaTepHaibl, B CBOIO OUYEpeIb IOJIOKUTEIHEHO
OTpakaeTcsl Ha (PMHATBHBIX OIEHKAaX CTYACHTOB. I IPOBENCHUS] MCCIIENOBAHMS C ITOMOIIBIO KA4eCTBEHHBIX METOOB,
UCIIOIb30BaHO MeTozoyiorndeckuii onpoc Ha riardpopme UXReality. [lo pe3ynbraTraMm Kad4eCTBEHHBIX METOJIOB UCCIIEI0BaHUI
BBISIBJICHO MOTHBAIIMOHHBIE ACHEKThl IOBEACHHS DPECIIOHJCHTOB M MEPCOHAIBHBIC OXKUIAHUS OT IIOJIb30BAaHUS CHUCTEMOM
aanTHBHONW MOOWIBHOW y4deOHOW cpensl. [lnst TecTMpoBaHWsl ymoOCTBa pabOThI ¢ MOOWIBHBIM HPHIOXKEHHEM, B XOIE
HCCIIe/I0OBaHMs MCITOJIb30BaHbI TaK Ha3bIBAEMBII HEHPOTECT C IPUMEHEHNEM TEXHOJIOTHH alTPEKHHTY.

Knrouesvle cnosa: KOMNbIOMEPHbLE MEXHOIOCUU, ()ucmanwHHoe 06)/'4@1-[1/{@, MOOUBLHOE npulosicenue, anaius zpaquewoeo
uHmepd)eﬁca IKpaHa, asmomamu3uposantas cucmema anaiusd, Cucmema KOMMYyHuUKayuu, mexunoiocuu azZmpeKuHey.

Beryn

OpHUM i3 BaXKJIMBUX MEPIIOYEPrOBUX HANPAMKIB PO3BUTKY iH(opMaTH3aLii BUIIOT OCBITH YKpaiHU
€ BUKOPHUCTAHHS HOBHX Cy4YaCHHX KOMIT IOTepHHX TexHojoriid. [Ipu mpomy iHdopmaTHzalis ocBiTH
CIPSIMOBY€ETHCS Ha ()OPMYBaHHS Ta PO3BUTOK IHTENEKTYaILHOT'O IOTSHIIANY JEPKABH, YIOCKOHAICHHS
dopM 1 3MICTy HaBYaJBHOIO MPOLECY, BIPOBA/KCHHS KOMITTOTEPHUX METOJIB HaBYaHHS Ta
TECTYBaHHS, 10 HAJla€ MOXIIMBICTb BUPILIyBaTH HPOOJIEMH BHIIOI OCBITH 3 ypaxyBaHHSM CBITOBHX
BUMOT Ta BUKIIUKIB.

CporonmHi 3acTOCYBaHHS KOMIT FOTEPHHUX TEXHOJIOTiIH mnorpedye mneperisimy ¢opM 1 MeToniB
HaBYAIBHOI AISUTBHOCTI. AKTYaJIbHICTh MUTAHHS BU3HAYAETHCS BAYKIIMBICTIO MIATOTOBKHM BHKJIA/aya J10
BUKOPHUCTaHHS KOMII FOTEPHO-OPIEHTOBAHUX METOJUYHUX CHCTEM HAaBYAHHS Yy MpodeciitHiil MisIIbHOCTI;
noTpe0o0 MIMPOKOTo BIPOBAKECHHS 3ac00iB 1HQOPMAIIHAX TEXHOJOTIH y HaBYaIbHO-BUXOBHUIMA
NpoIec; BIUIMBOM KOMITIOTEPHHX 3aco0iB Ha pE3yJbTaTH HaBYAIBHOI isUIBHOCTI; 3aJIeKHICTIO
BIZIMOBIIHO Cc(OpPMOBAaHOTO MOOUIBHOTO HABYAJIBHOTO CEPEJOBUINA 3 pe3y/bTaTaMd HaBYAHHS
CTY/ICHTIB; BU3HAUEHHSM MICISI 1 POJi KOMII'IOTEPHUX TEXHOJNOTIH y CTPYKTYpi OCOOHCTICHO-
OpIEHTOBAHOI'0 HaBYAIBLHOTO cepenoBuina [1].

Ha croromuimmHiii JeHh 3HAYHO 3pOcia KiNBKICTh JOCIHIIKEHb, MPEAMETOM SKHX CTallo
BUKOpPUCTaHHS 1H(pOpMaIifHO-KOMYHIKAIlIHHUX TEXHOJOri y HaBuanbHOMy mporeci. Llii Temi B
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VYkpaini TpUCBAYCHI MOCTIDKEHHS TakWX HaykoBiiB, sk B.}O. bukos, S.B. bonmapenko,
B.®. 3ab6onotawuii, I'.O. Kosnakosa, O.A. Mimenko, O.I1. [Tinuyk, O.B. lllecronan ta inmi [2-8].

[IBuaki TeMmu 3pOCTaHHS KOMII IOTEPHUX Ta iHQOPMAaLifHO-KOMYHIKAIIMHUX TEXHOJIOTiH
NPU3BEIH JO TMOSBH IHTEHCHBHOTO PO3BHTKY Ta BHKOPHCTAaHHS IOPTATHBHUX MYJIbTUMENIHHUX
TexXHONOTiH. [lopTaTuBHI eNeKTPOHHI MYJIBTHMEiHI TEXHOIOTii CTBOPIOIOTH KOJIOCATBHI MOXKIHNBOCTI
JUId ajanTaiii HaBYaJIBHOT'O CEepelOBHINA OO MOTped i BUMOI Cy4acHOTO CYCHiJIbcTBa. BHaciimox
CTPIMKOTO PO3BUTKY iHAYCTpii MOOUTHEHOI TenedoHii Ta 1i IHTEHCHBHOTO MPOHUKHEHHS B HAaBYAIHHO-
MeAAroTiYHy AiSUTbHICTP BUHUKIIO Ta 300YyJI0 TMOMIMPEHHS MOOITbHE HABYAHHSA, BIIMIHHICTIO SIKOTO €
3I1ICHEHHS HAaBYAJILHOTO MPOLIECY Ha OCHOBI BUKOPUCTaHHS MOOLTEHUX TenedoHiB [9].

Came TOMY Ha CBOTOZIHI B HAYKOBil Ta MPaKTUUHIN cdepi cTae akTyanbHOIO MpoOiieMaTrKa aHallizy
BUKOPHUCTaHHS MyJIbTUMENIMHNX KOMIIOHEHTIB B CYJaCHHX TEXHOJOTiSIX MOOiTsHOTO HaBuaHHS. Cepen
JUIakTUaHUX 3aco0iB 3BO, mo BUKOPHCTOBYIOThCS B MpOLECi HaBYaHHs, MHTOMY Bary 3aiMmae
KOHTPOJIb. 3HAueHHS KOHTPOJIIO 3pOCTAa€ y 3B'A3KY 31 CKOPOUYEHHSIM YaCTKH ayJUTOPHUX 3aHSTh
mapajenbHO 31 30UTBIICHHSAM CaMOCTiHHOiI poboTu crynmeHTiB. llepeBipka i omiHKa 3HaHb, YMIiHbB i
HAaBUYOK CTYJCHTIB € BaKJIMBHM KOMIIOHCHTOM TIPOIECY HaBYAaHHS 1 3IIHCHIOETHCS MPOTATOM BCHOTO
HaBYANBHOTO poKy. Ha cyuacHoMy ertami pO3BUTKY OCBITHIX TEXHOJOTIH Ha 3MiHY TpaAulliiHUM
(hopMaM KOHTPOJIO 3HAHB MPUXOAATH HOBI, 30y/I0BaHi Ha 3aCTOCYBaHHI KOMITFOTEPHHUX TEXHOJIOT1H.

3MICT CTaTTi € MPOMOBXKEHHSM Monepeansoi podotn aBtopa [10], mpucBsiueHIN MPOEKTYBaHHIO
BHUCOKOTEXHOJIOTIYHOTO aJalTHBHOTO MOOUIRHOTO HABYAIBHOTO CEpE/IOBHINA; PO3pOOKH 3araibHOL
(GYHKUIOHANBHOI CTPYKTYpPH aJanTUBHOTO MOOINTFHOTO HABYAIBHOTO CEPEJOBHUINA, BHU3HAYCHHS
0COOJIMBOCTEH ii 3aCTOCYBaHHS.

Mertoro 1i€i poOOTH € JOCHIKEHHS pe3yJabTaTiB BIPOBAKCHHS aJalTHBHOTO MOOITHHOTO
HABYAJILHOTO CEPEIOBUIIA Y HABYAIBHHIA MIPOIIEC Ta OLlIHKA HOro e(heKTUBHOCTI.

BupoBaa:keHHs1 a1alITUBHOT0 MOOUILHOI0 HABYAJIBLHOI0 CePeJOBHUINA Y HABYAJIbHMII pouec

BripoBaikeHHsI HOBITHIX TEXHOJIOTIH Ta pillicHh y HaBYAJIBHMI MPOIEC B MEPIILy Yepry MnoTpedye
MEBHUX JIOCIIKEHb, PE3YJILTaTH SKUX 3MOXKYTh YITKO BiOOpa3UTH MOTOYHY CHUTYaIlil0 3 HAaBYaHHIM
TUX YH 1HIIUX TUCIAILIIH.

HocmimkenHs moa0 e)eKTUBHOCTI BUKOPHCTAHHS CHCTEMH MOOLIBLHOTO HaBuaHHS y KuiBchkomy
HaIllOHATbHOMY TOPI'OBENbHO-CKOHOMIYHOMY YHIBEPCHUTETI NPOBOAMINCS Ha OCHOBI OINWTYBaHHS
cryneHtiB. Jns mporo BukopucToByBanu miardopmy i onutyBanb CoolTool, 3a momomororo skoi
PO3pOOIEHO aHKETy JUIsl CTY/ICHTIB OCBITHBOI IMporpaMu OakanaBp cremianbHoOcTi 122 «Kowmr torepHi
HAYKW», SIKi BUBUAIN AUCIMILTIHY «EKCIIEpTHI cHCTeMI.

Ha ocHoBi 3i0paHux gaHWX, MOXKHa 3pOOWTH BHCHOBOK, IO AHMCIUILTIHA «EKCHEpTHI cUCTEMI» €
JIOCUTH CKJIATHOIO B PO3YMIiHHI CTYJEHTIB, OCKUIBKH BEIMKA KiIBKICTh CTYJEHTIB BiMTOBLIN, 1[0 MaJH
OaraTo muTaHb A0 JeKIiitHnX MaTepiaiis (40%), a TakoX A0 3aBAaHb NpakTHIHUX poOiT (57%). TIpo 1e
cBim4ath rpadiku BiANOBiIEH CTy/AEHTIB, 10 MOOYA0BaHI Ha OCHOBI muTaHb 3 Ta q5 (puc 1 ta puc.2).

g3 Hackinekun 3posymino evknagascsa maTepian Ha nekuiax?

12(40%) —

@ 18(60%)
Byno 6arato nuTaHe

3posymino
@ 12(40%)

Byno GaraTto nuTaHb
@ 0(0%)
— 18(60%) 3oBciM Hespoaymine
3poaymino

Base: 30 Created in

All respendents

Puc. 1. I'paghix 3ace0€enHs NeKyiliHUX Mamepianie cmyoenmamu 3a OaHUMU ORUMYEAHHS
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q5 Y spozyminumu Bynu NpakTUYHi 3aBaaHHs Ta X onuc?

1(3%) \

3oscim Heaposymino

@ 12(40%)

12(40%) 1 )
3 ini posymini
poaymini ® 17(57%)
Byno Garato nuTaHb
® 1(3%)

3oBciM Hesposyminoe

17(57%)
Byno 6arato nuTaHe

Base: 30 Created in

All respondents

Puc. 2. I'paghix po3yminna npakmuyHux 3a80amb CHyOeHMAaMU 3a OAHUMU ONUTNYBAHHS
Sk HACHimOK CKIIAMHOCTI AWCHMILIIHK CIiJ 3a3HAYUTH, IO OUTBIICTH CTYAEHTIB BiIIMOBLIH TIPO
HelocTauy 4acy AJisl B3a€MOJii i3 BHKJIazaueM sl BUKoHaHHA (63%) Ta 3maui (60%) MpakTHYHUX
3apnanb. [1po 1e cBimuaTh rpadiku BiANOBIACH CTYACHTIB, 0 MOOY0BaHI HA OCHOBI MuTaHb 6 Ta q7

(puc. 3 Ta puc. 4).

C]G Yn AOCTaTHBO 6yﬂ0 CNiNKyBaHHA 3 BUKagavyem /19 BUKOHaHHA NPakTUYHUX BEIB,CII’;\HE?

19(63%)

10(33%)

1(3%)
——

HepocrarHeo

Y BUKNafava He BuCTa4anc Yacy Ha

[HocTathbo
BCiX

Base: 30 Created in

All respondents

Puc. 3. I'paghix HeobxioHOCmiI CRIIKY8aHHA 3 GUKIAOAUEM
q7 Yu OOoCTaTHbLO 6YJ'IQ 4yacy Ha NPakTUYHUX IaHATTAX and 2padi NpPpakTM4yHUX 2aBaadHb BMKJ'IE],!JE]HSBi?

18(60%)

10(33%)

2(7%)

Y BuKkNajaYa He BUCTaYarno 4acy Ha HepocratHeo

HoctatHbo
BCiX

Base:30 Created in

All respondents

Puc. 4. I'paghix 63aemo0ii 3 surkradavem Ha NPAKMUYHUX 3AHAMMAX
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Ilix gac ommTyBaHHSA CTymeHTaM 3amaHo muTaHHs (q10) MI0X0 CHUCTEMHU OIIHIOBAaHHS, a TaKOX
MOJKJIMBOCTEH IMOKpAIIEHHsSI OIIHKH. [3 3amponoHOBaHMX BapiaHTIB HAWOUIBINY KUTBKICTH OTPHUMAaB
BapianT (100%) — BHKOHaHHS JOJAaTKOBHX 3aBJaHb 3a JOAATKOBI Oanu. Ciia BiA3HAYUTH, IO ICH
BapianT OyB OOpaHHM{ KOXHMM ONHUTaHUM CTyaeHToM Lli maHi maroTh 3MOTy 3pO3yMiTH, IO JUIA
KpAaIIoTo 3aCBOEHHS MarTepiary, CTyJleHTaM HeoOXiTHO OiIbllle MPAaKTUYHHUX Ta JOAATKOBHUX 3aBIaHb.

Ha mnwranns ql2, momo A0AaTKOBOrO BHUKOPUCTaHHS MOOUIBHOIO [IOJATKy IpH BHBUYEHHI
TUCITUILUTIHU BC1 CTyJIEHTH BiAnmoBimM no3utuBHO. Jlumie 10% onmuTyBaHMX XOYyTh 37aBaTH MPaKTUIHI
3aBJaHHS BHKIIOYHO BHKIanady, mpore 30% Bim3HaYmIM, MO XOTUMM O TEepeBipATH NpPaKTUYHI
3aBJlaHHA 4Yepe3 aBTOMAaTH30BaHy cucTeMy. IHm oOpanu BapiaHT «He Mae 3HadeHHs». llpu mpomy
BaroMa KinpKicth cryneHTiB (30%) BusBmiia OakaHHS cnpoOyBaTH aBTOMATH30BaHY CHCTEMY IS
MEPEBIPKY MPAKTHYHUX 3aBHaHb (pHc.5).

a1 dk6u y Bac 6yna MoxXMBICTE BUSpaTH AK came NepeBipuTH NpakTuuHy poboTy, AKWIA Bapiant Bu 6
BubGpanu? -

18({60%)

9(30%)

3(10%)

E!Lmnaqau ABTOMaTW30BaHa CMCTEMa nepeBiKpm He mae 3HayeHHa

Base:30 Created in

All respondents

Puc. 5. I'paghix nobascanv cmydenmis wjo0o cnocobis nepesipki npaKmuiHux pooim

3a pe3ynabTaTaMH ONHUTYBAaHHS MOXHA 3pOOWTH BHCHOBOK, IO CTY/ACHTH HE NMPOTH BHUKOPHCTAHHS
MOOUIBHOIO HAaBYAJIBHOI'O CEPENOBHINA IMiJ 4Yac BHUBYEHHS JAUCLMIUIIHM, a TaKOX IO3UTUBHO
HaJIAIITOBaHI HAa TECTYBaHHS aBTOMATH30BaHOI CUCTEMH aHaJli3y NPaKTUYHUX 3aB/IaHb.

Ha ocHOBI oTpuMaHuX pe3yJibTaTiB 3alpONOHOBaHA CHUCTEMa aJalTHBHOTO MOOIIBHOTO
HaBYAJIBHOT'O CepeIOBHILIA [UIsl iHTerpalii y HaB4aibHUH MpoLec.

IHTerpamis MOOINBHOTO HABYAILHOTO CEPeOBUINA Yy HaBYAIBHWN Tmporec BigOyBamacs y
KuiBchkoMy HalioHaTbHOMY TOPTOBEIFHO-€KOHOMIYHOMY yHiBepcuTeTi aist rpyn PIT-3.8 ta DIT-3.9
MiJ] KepiBHUIITBOM 3aBigyBada Kadeapu iHXeHepii mporpaMHOro 3ale3ledeHHs Ta KiOepOesrekw,
JOKTOpa TeXHIYHUX HayK, npodecopa Kpuopyuko Onenun BonoaumupiBHN npu BUBYEHH AUCLUILTIHU
«EkcniepTHi cucreMu».

Hdns uporo, B 0a3y MJaHUX CHCTEMH aJallTHBHOTO MOOITBHOTO HABYAIBHOTO CEpeIOBHIIA
3apeECTPOBAHO BCiX CTYJEHTIB OOpaHUX TPYII 1 BUKJIaa4ya, a TAKOXK 3aHECEHI BCl JICKIIHI MaTepiaiu
Ta 3aBJaHHS 3 OMUCOM I MPaKTHYHUX poOiT. Ha momaTok 10 KOXKHOI MPaKTUYHOT POOOTH CTBOPEHO
HaOIp JI0JIATKOBUX MPAKTUYHUX 3aBJaHb 3 OIKMCOM JIJIS MIJBUINCHHS OI[iHKK. Marepiaiu JIeKIiHHUX Ta
NPaKTUYHUX 3aHATH 3alOBHIOBAIMCS BiJMOBIOHO 10 MPOrpaMu Ta poOovoi Hporpamu 3 AMCHUILTIHH
«EkcnepTHi cucteMu».

JonatkoBo, sl TIOBHOIIHHOT poOOTH MOOIUTBHOTO JIOJIATKY, 3alIOBHEHO CHCTEMHHWH KalleHIap, B
KU BHECEHO BCl JIEKLIi Ta MPaKTH4HI 3aHATTS CTYJCHTIB OOpaHOi Ipynu Ta BUKJIagada 3rigHO iX
poskiany. TakuM 4MHOM, KOpPUCTYBalbKHi iHTEpdelc MOOIIBHOrO A0AATKy 31 CTOPOHM BHKJIajJada Ta
CTYJICHTA CTaB ITOBHOI[IHHUM Ta (QYHKI[IOHATBEHIM.

Tl'onoBHI expaHr MOOILIBHOIO JOAATKY IS BHKJIagada Ta CTYJISHTA IPOLIFOCTPOBAHO Ha PHC.6.
BinnoBigHO Ui KOXHOT posi KOPUCTYBadiB (CTyIEHTa Ta BHKJaJada) KaJeHAAp BiOOpakaeTbcs IO
Pi3HOMY, 3TiJTHO 3apPEECTPOBAHMX MOJIH.
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Opapuenko
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Puc. 6. I'onosui expanu sukiadaua ma cmyoenma

3 roJIOBHOTO €KpaHy BUKJIaJad Ta CTYJASHT MAlOTh 3MOTY JOE€JIHATHUCS IO 3aHATTS OHJIAWH (3BICHO,

AKIIO € Taka MOXXJIMBICTh) HAaTHCHYBIIM Ha KajJeHAapi BuOpanHy mnogiro. Tak sk B KuiBcbkomy
HalliOHAIBHOMY TOPTOBEIbHO-CKOHOMIYHOMY YHIBepcHTeTi € moBHHUIT noctyn no cucremu Office-365
JUIE BHYTPIIIHBOTO KOPUCTYBaHHS, BCS OHJIAH B3a€MOJisl OpraHizoBaHa 3a gomomMoroto Microsoft

Teams.

[HpopMaris mo muUCIUILTIHI A BUKJIAanada Ta CTYACHTa BiIoOpakaeThCs OJHAKOBOTO Yy BUTIISAIL

CIHCKY TEM, NpHU Mepexoii Ha BUOpaHy TeMy BiOOpakaeTbcsi TEKCTOBAa Ta MeliliHa iHpopmaris y
BUTJISI/II OMUCY TEMH, a TaKOXX MPHUKPIIUIeHi 1o Hel ¢aiinu 3 101aTKOBOIO iH(OpMaIli€ero, M0 MOXKHA
3aBaHTAKUTH Oe3nocepeiHb0 Ha MOOLIBbHUI npucTpiid. KpiMm Toro, KoxkHa Tema BKIIIOYA€ B cede MeBHY

KUIBKICTh IPAKTUYHKX 3aBJaHb.
OnwcaHi ekpaHu MOOUTLHOTO JIOJIATKY TPOLTIOCTPOBAHO HA PHC 7.

< Komn'ioTepHa eneKkTpoHika

1. MPUHLMNY Ta CTPYKTYPa eNeKTPOHHMX

L2 Tema1

MpUHUWNK Ta CTPYKTYPA ENEKTPOHHNX
npunapaie Ta BNacTUBOCTEH p-n nep

< Komn'loTepHa eNneKTpoHika

1. MpUHUMNK Ta CTPYKTYPa eNeKTPOHHUX

npunaais Ta BNacTUBOCTEl p-n Nnepexoay 09/10
1.1 TemaTuuHe 3aCTOCYBaHHA 3NEeKTPO-Npunanas

2. HanisnposiaHukosi Ta hoToenekTpoHHi @ 1.2 TeopeTuuHa yacTuHa
npunanu: aioau, 6iNONAPHUX | YHINONAPHUX ...
3. MpuUHUMNY aHanisy Ta CUHTe3y TUMNOBUX =
€NeKTPOHHUX BY3NiB i NPUCTPOIB ... @ SUTATHORIANH |i'
4. MeToaun po3paxyHKy Ta 3axucTy axepen E]
>KMB/IEHHS Ta CXeM NePeTBOPEHHA CTPYMY

Metod 201-07 Book. pdf

-11-2020.pdf

B ror B ror

JNIABOPATOPHI POBOTHU

JNa6opartopka pob6orta 1

pouecopwi npucT,

iB Ta BNacTMBoOCTE p-n nepexoay

07/10
Na6opartopHa po6ota 2
6 ackanui TpaNancTOpwi Ta inTerp Acunios 05/10
TNa6opatopHa po6oTa 3
e ®
JNa6opatopHa pobota 4 ﬁl
Na6opatopwa po6oTta 5 El

Puc. 7. Expanu mem naguanvHoi oucyuniinu
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KosxHa oHTaliH JIEKIisl aBTOMAaTHYHO 3alUCYETHCS CHCTEMOIO Ta 30epiraerbes. 3a HEOOXiTHICTIO,
3alUCH JIEKLiA MOXKHa JOJATH A0 AOAATKOBHX MarepiaiiB HaBYANbHUX TeM, HpoTe Ui (QYHKIS
JIOCTYITHA JIMIIIE JUUIS BUKJIagada 3a gornomororo CMS cucremu.

IIpakTraHi poOOTH IO KOXHIA TeMi BIIKPHBAIOTHCS OJHA 3a OMHOI, OCKUIBKHA BHBYCHHMA
MPAKTHYHUIN MaTepiall 3aJeKUTh BiJ] IOMEPETHROT0, TOMY, a0 BUBYCHHS MaTepiaiy 0yJo MOCTYIOBHM
Ha TOBHOLIHHMM, JOCTYIl A0 HACTYIMHOTO 3aBAAaHHS BIJIKPUBAETHCS JIUILIE MiCIs TMO3UTUBHOTO
OITIHIOBAHHS TIOIIEPETHBOTO.

B cBoro uepry koxHa MpakTH9HA PoOOTa MICTHTH B €00l JOJATKOBI 3aBHAHHS JUIA ITiJBUIICHHS
OIIIHKH, SKIIO po0O0Ta 3 TIEPIIOro pa3y He OyJia MPUHHATA YCITIIITHO.

Expan 3 onmucoM HpakTUYHOI pOOOTH, MO aHAJOTIl 3 €KpaHOM CKJIaJa€ThCs 3 TEKCTOBOTO OIHCY,
KU MOYKHA 3aBaHTAXXUTH HAa MOOUTBHUI MPHUCTPii, JOAATKOBO MPHUKIAACHUX (ailiiB, Ta MabIIoHY, 32
JIOTIOMOTOI0 SIKOTO MOKHa B MOJAJBIIOMY BUKOHATH MPAKTUYHY POOOTY 1 3aBaHTaKUTH ii B CUCTEMY
JUTS aBTOMATUYHOTO aHAai3y.

Crig 3a3HaYUTH, MO CTYIACHTH TaK CaMO Malld MOXKJIMBICTh 3/1aBaTH MPAaKTHYHI POOOTH HAIPIMY
BUKJIQZaueBi, TOMYy y BUKJIaJada Oyjla MOXIIMBICTh BHICTABISATH OIIIHKKM B CHUCTEMi 3a JOMOMOTOIO
inTepgeiicy B CMS. Takum YMHOM B cHCTeMi Bpy4YHY BiJ3HAYa€ThCS BUKOHAHI PoOOTH, 1 CTyAEeHTaM
HAJA€THCS JTOCTYI 10 HACTYITHUX MPAKTHIHUX POOIT.

binem nmerampHO TpadiurmMi iHTepdeHc ekpaHy NpaKTHYHOI pPOOOTH y PI3HHUX CcTaTycax
MPOLTIOCTPOBaHO Ha puc. 8.

: o Na6opaTtopHa poboTta1 & Na6opaTtopHa po6oTa 1 €& Na6opaTopHa po6oTa1
Cxemu gineHHn i NiABULLEHHA YacTOTH, Cxemu aineHHs i NiaBULLEHHS: YacToTh, Cxemu AineHHs i NigBULLEHHS YacToTH,
Taiiminr ananis, uucpposuii FM nep TalMiHr aHanis,und i FM nep TalMiHr aHanis,unc i FM nepega;
3.1 MpakTuyHe 3aCTOCyBaHHA AOCNIAXKYBAHUX CXEM 3.1 MpakTHUyHe 3aCTOCYBaHHA AOCNIAXKYBaHUX CXEM 3.1 MNpakTUyHe 33CTOCYBaHHA AOCNIAXKYBAHUX CXEM
3.2 Te TM4HA Y3 3.2 TeopeTuyHa YacTUHa 3.2 TeopeTuyHa YacTUHa
YMTATH OHNANH & YMTATU OHNARH A YMTATU OHNARH &
Metod 201-07 Book. pdf Metod 201-07 Book. pdf Metod 201-07 Book. pdf
11-2020.pdf -11-2020.pdf -11-2020.pdf
B ror B ror B eor B ror B eor B ror
B Answer_tamplate_Upd(05.11).xm| ® B Answer_tamplate_Upd(05:11).xm ® B Answer_tamplate Upd(0511).xml ®
a PRO1_Makoviy_Hanna.xml| a PRO1_Makoviy_Hanna.xml| 4/10
3aBaHTaxcTe 8aLl WaBNOH 3 BAKOHAHOIO
po6oToio Wob OTpUMaTH OLLIHKY
3ABAHTAXHUTH OOOATKOBE 3ABAAHHSA

Puc. 8 Expan onucy nabopamoprnoi ma npakmuynoi pobomu y pisHux cmamycax

ITicns 3aBaHTa)XKeHHSI 3alIOBHEHOTO IA0JIOHY 3 BUKOHAHWUMHM 3aBIaHHSIMH, aHAII3 BiJOyBa€ThCs HE
MUTTEBO, OCKIJIBKH Mporec oOpoku iHdopMmarii ckinanaerbesi 3 0araTboxX KpOKIB Ta MOOYAOBaHHMA
ACHHXPOHHO. Pe3ynbTaT mepeBipKky MPHUXOMUTH 10 3aKiHYCHHIO OIMpAIfOBaHHS 3a J0moMorow Push-
MOBIJIOMJICHHSI, TP I[bOMY, SKIIO €KpaH 3 MPAaKTHYHOI POOOTOI0 OYB BIIKPUTHIA, NaHI HA HBOMY
OHOBJISTHCS, Ta BiJOOpa3HThCSA OIiHKA. SIKIIO OIIHKAa JOCHUTh HHU3bKa, BiJOOpa))KaeThCs JOAATKOBA
KHOIIKA, 1110 BEJIe O €KpaHy 3 OIKMCOM JOJaTKOBOIO MTPAKTHYHOTO 3aB/IaHHs, BUKOHABIIN SIKE MOXKIHBO
MITHATH OIIHKY 33 IPaKTUYHY POOOTY.

JlonaTkoBi 3aBlaHHS po3paxoOBaHi TaKMM YMHOM, MO0 CyMapHa OIiHKA 3a HUX HE IepEeBUIIyBaia
MaKCHMAaJIbHO JIONYCTUMY OIIIHKY 33 IPaKTHYHY POOOTY.
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Binbmr peranbHO rpadivHuil iHTEpdeiic ekpaHy J0JaTKOBOI MPAKTHYHOI pOOOTH y Pi3HHX CTaTycax

MPOLTIOCTPOBaHO Ha puc.9.

OxkpiM OCHOBHOTO (DYHKI[IOHATy, IO HAIPAaBICHUN HAa BUBYCHHS JTUCIUILUIIHU B MOOUIBHOMY
JIOJIATKY TAKOX Tepe0avyeH0 MOXIIUBICTh T KOMYHIKaIlii MK CTyI€HTaMU TPYIH, JUI KOMYyHiKalii

CTY/ICHTIB 3 BHKIIa/IadeM, a TAKOX €KpaH JJIs BiIOOpaKeHHS CHCTEMHUX CIIOBIIICHb.

I'padiunmii inTepdeiic expaHiB KOMyHiKalii mokazaHo Ha puc. 10.

4/10 ©

Ha xanb, Teos poboTa oTpumana
HefoCTaTHIO KinbkicTb Ganie.

Cnpob6yi1 3po6uty fogaTKoBe 3aBAaHHS,

WO A03BONNTL OTPUMATH OAATKOBY
KinbkicTb 6anis Ta MigBULLNTY 3aranbHy
OLHKY.

[OAATKOBE 3AB[IAHHS

¢«  [opaTkoBe 3aBpaHHsA 1

Lle 3aBaaHHA 4O3BONUTL OTPUMATU [OAATKOBY @
KinbkicTb 6anie Ta NiaBULLMTY 3aranbHy OLiHKY.

SIK MOXKHA 3MEHLUNTY 3HaYHI 3aTPUMKMN
noAiNnbHUKa YacToTH Y NO3uUiliHOMY

kopai? O6rpyHTyiiTe cBOIO BigNoBiab.
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3ABAHTAXXUTU
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Puc. 9. Expan onucy 0o0amkoeoi npaxmuunoi pobomu y pisHux cmamycax
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Puc. 10. Expanu xomyHikayii 6 MobinbHOMY 000amKy
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TakyuM YHHOM, CHCTEMa aJanTUBHOIO MOOLTBHOTO HAaBUaHHS HaJlalla MOXJIHMBICTH CTYJCHTaM B
MOBHOMY 00CS31 HaBYAaTUCS ITUCLMILTIHI 3 BUKOPUCTaHHSIM aBTOMAaTH30BAaHOTO CHCTEMHOTO aHali3y, a
TaKOX Hajaia JOJaTKOBHN CIOCIO KOMYHIKaiii 3 BUKJIaJadeM y 3pY4YHHN CIOCIO 3a JTOTIOMOTORO
MOOITFHOTO TOAATKY.

KinbkicHi MeToau oniHkH e(peKTUBHOCTI CHCTEMH

st ouiHku epeKTUBHOCTI CHCTEMHU MOOUTLHOTO HaBYaJIbHOTO CEPEOBUINA TPOBOAMIH OMUTYBAHHS
CTYJEeHTIB Ta BUKIaJaya, SKi IiJ 4Yac HABYAJIHHOTO IPOIECY, BHBUCHHS (BUKJIAJaHHS) AMCIUATUIIHH
«EkcmiepTHi cucTeMn», BHKOPHUCTOBYBAIM MOOUTRHUHI momaTok. JlOCHiMKeHHS TPOBOIIINCS 3
BUKOPUCTAaHHIM 3aco0iB onutyBanbHuX mwiardopm CoolTool ta UXReality.

Crij 3a3HaYUTH, IO JTOCIIPKEHHS, SKE MPOBOMIIOCS Tepe] IHTerpalliel0 MOOUTLHOTO HABYAIBHOTO
Cepe/ioBHINA Y HABUAIBHHHA MpoOIec, Ta JOCTIDKECHHs, [0 TPOBOAMIKCSA TICIs BUKOPUCTAHHS
MOOINBHOTO JOJATKy MiA Yac HaBuaHHA, BiAOyBallMCs Ha Pi3HMX Ipymax CTyAeHTiB. Takuil miaxin
00yMOBIICHHI THM, IO CTYACHTH HE BUBYAIOTH OJHY 1 Ty camy JUCLHUIUTIHY ACKiJIbKa pa3iB.

Pesynpratn ommTyBaHHS TpoaHalli3oBaHI BOyZOBaHUMH 3acobamu IIaTGOpMH il ONMUTYBaHb
CoolTool. Ha ocHOBi 3i0paHMX HmaHWX MOXKHA 3POOMTH BHCHOBOK, IO CHCTeMa MOOLIHHOTO
aJIaliTUBHOTO HAaBYaHHS 3 JIETKICTIO iHTerpyBajaci y HaBYaJIbHUU MpolLec Ta cTaja 3pyYHUM
IHCTPYMEHTOM JIJIsl BUKJIa[ja4a Ta CTYICHTIB.

IlopiBHIOIOUH pe3yNbTaTH ONMWUTYBaHHS, 310paHi IMepen IHTETpali€el0 MOOLTEHOTO HaBYAIHHOTO
cepefoBHIla B HaBYalNbHUU mpomec (puc. 1 Ta puc. 2), 3 THMH, IO OTPUMAaHi BiJ CTYJEHTIB, SIKi
BUKOPHCTOBYBAJIM MOOITBHMI JOJATOK i Yac HABYAJILHOTO IMPOIECY, MOBHICTIO MiATBEPIKYEThCS
CKIIQ/IHICTh AWCUHIUIIHHA, OCKUTBKH CTYACHTH TaK CamMO BHU3HAYWIM, IO A0 JekiiitHoro (70%) Tta
MpakTHYHOro MatepianiB (43%) BUHUKANO JOCUTH Oarato mnuTaHb. [Ipo 1e cBimyath Trpadiku
BIJIMOBIICH CTY/ICHTIB, 1110 TOOY10BaHi Ha OcHOBI MuTanb (1.1 Ta q5 (puc 11 Ta puc. 12).

1.1 Hackinbku apoaymine Buknanaesca MaTepian Ha nekuiax?

1(3%)
3oBcim Hezposymino \
/ 8(27%)
3poaymino

® 5(27%)

3posymino
@ 21(70%)

Byno 6araTo NMTaHe
® 1(3%)

3oBcim Hesposymine

21(70%)
Byno GaraTto NUTaHb
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Puc. 11. I'paghix 3aceoenns riekyilinux mamepianiie cmyOeHmamu 3 6UKOPUCIMAHHIM MOOILIbHO20 000AMKY

5 Y1 BMHWKaNU y Bac NUTaHHA NoO NpakTUYHWM 2aBOaHHAM YU X ONUCY?

13(43%)

11(37%)

6(20%)

30BCIM He BUHMKano Byno BaraTto nuTaHb Byno aexinbka nutads
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All respondents

Puc. 12. T'paghix po3yminHs npaxmuyHux 3a80aib CMyOeHmamit 3 BUKOPUCTIAHHIM MOOLIbHO20 000AMKY



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHS. IHhopmaLliiHi TexHonorii. ABTOMaTW30BaHi CUCTEMM ynpaBniHHs», Bunyck 49, 2021 67

V 3B’sa3ky 3 mangemiero COVID-19, Oinblra vacTuHa 3aHATh BigOyBajacs MUCTAHIIAHO 3a
JIOTIOMOTOI0  OHJIAH 3aco0iB komyHikawii. Lle nmamo 3mory BHKOpPHCTOBYBAaTH (YyHKIIOHAT 3alucy
JIeKIii, a BUKJIaJa4 B CBOIO 4epry MmyONiKyBaB 3alMCaHi JISKIil sIK TOJATKOBI MaTepiaid 0 TeM Y
MOOITFHOMY JTOIATKy. TakKuM YHHOM Y CTYACHTH MaJld MOKJIMBICTD MEPETIAAATH JEKIIii 32 JOTIOMOTOF0
3aMmciB, MO JOAATKOBO 32 HEOOXIAHICTIO JOTIOMAarajo B PO3yMiHHI BHUKIaJeHWX Mmartepiamis. lIpo e
CBiT4aTh Tpadiky BiAMOBIACH CTYACHTIB, 1110 MOOya0BaHI Ha ocHOBI mutaHb ql.1.1 Tta q1.2 (puc 13 ta
puc. 14).

111 4u 6yna y Bac MoxnuBicTb y 6ynb AKWA MOMEHT NOAWBUTUCS 3anuc Nekuii 3a A0NOMOro CUCTEMK -
MOGiNbLHOro HAaBYaHHS

1(3%)
Hi
27%) "/ﬂ\‘l
He 4yB npo cucremy mobineHo... @ 27(90%)
Tak

@ 2(7%)

He 4yB npo cucTemy MoBineHo...
@ 1(3%)

Hi

27(90%)
Tak

Base: 30 Created in

All respondents

Puc. 13. I'paghix 0ocmynnocmi 3anucie 1ekyitiHux 3aHAmMb 3 6UKOPUCMAHHAM MODLIbHO20 000AMK)

ql.2 Yv 3aexam Oynu ansa Bac noctynHi matepiany no nekuism?

MaTepianu scix nekuii Bynu gocTynHi 24(80%)
Nenxi matepianu He Gynu AOCTYNHI - 4(13%)

[Joctyny ao matepianis He Byno
B3arani

2(7%)

Base: 30 Created in

All respondents

Puc. 14. I'pagix docmynnocmi nexyitinux mamepianie uepe3 MOOiIbHUL 00OAMOK

OcCKiNbKH cHCTeMa TIOKH 10 HE Ma€ BJIACHOIO BOYIOBAHOTO 3aco0y KOMYHIKallii, BCS B3a€EMOJIS
BiOyBajacs 3a paxyHOK iHTEerpalii agalTHBHOTO MOOITFHOTO HABUYAIBHOTO CEPEJOBHUINA 3 ICHYIOUUMH
cucremMamu, Takumu sik Microsoft Teams, Viber, tomo. Tak sik y KuiBcbkoMy HaIlioHaIbHOMY
TOPTOBENBLHO-EKOHOMIYHOMY VHiBepcuteTi € moctym mo cucremu Office 365, me B cBoro uepry
MiJIITOBXHYJIO J0 OLIbII TiCHOT B3aEMOAIl CHUCTEMH aJanTHBHOTO MOOUIBHOTO HABYAIBLHOTO
cepenoruiia 3 Microsoft Teams.

3a JIOTIOMOTOO OITUTYBaHHS, CTYICHTaM 3aJlaHO MUTaHH (7) 11010 3pYYHOCTI TaKoi KOMYHIKaIii 3
BUKJIaZaueM. SIK 1 O4iKyBajioCs, TaKUW MiJXiJ CTBOPHB AESIKI PO30DKHOCTI Y BiJMOBIASX CTYACHTIB
110710 3pYYHOCTI BUKOPUCTaHHS TAKOro coco0y KomyHikaiii. ToMy MokHa 3p0OUTH MPUIYILIEHHS, 110
po3poOka BOYIOBAaHOI CHCTEMH KOMYHIKAIlli 3MOXK€ BHPILIUTH MUTaHHS 3pYYHOCTI. Binbln meTaibHO
pe3yJIbTaTH ONMUTYBAHHS 111010 KOMYHIKaIlii 300pakeHo Ha rpadiky (puc. 15).



Bulletin of V.N. Karazin Kharkiv National University
68 series «Mathematical modeling. Information technology. Automated control systems» issue 49, 2021

q7 Hackinbku 3pyuHo 6yno KOHTaKTyBaTH 3 BUKIa4aueM Yepes cucTemy MoBinbHOro HasyYaHHs

11(37%) 11(37%) =

7(23%)

1(3%)
[ ]

[y:xe 3pyyHo Buknaaay He Buxoaus Ha He xopucTeysasca He 3pyuHo, 6ynu npobnenm
3B'A30K

10
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All respondents

Puc. 15. I'pagpix 3pyunocmi komyHixayii uepes cucmemy adanmugHo20 MoOIIbHO20 HABUATLHO20 Cepedosuyd

HesBakatoun Ha po0JIeMH 3 KOMYHIKaIli€l0, CUCTEMa alalTHBHOTO MOOITBHOTO HABUAHHSI B IIEPITY
Yepry HalpaBlieHA Ha TIOKPAICHHS 3aCBOEHHS MaTepialliB AUCIMILTIHN, 2 TOMY OCHOBHUM HAIPSIMKOM
OIUTYBAaHHS CTaB aBTOMATU30BaHHUI aHAIII3, TA 3PYYHICTh HOr0 BUKOPHCTAHHS y HABYAIHHOMY IPOLIECI.

3a panumu onutyBaHHS, 90% CTyIEHTIB BUKOPUCTOBYBaIM Y CBOEMY HABYaHHI aBTOMAaTH30BaHHN
croci0 mepeBipKy BUKOHAHWX MPAKTHYHUX 3aBAAaHb 3a JOITOMOTOI0 CHCTEMH aJalTHBHOTO MOOLTHHOTO
HaBYaJIbHOTO cepenoBuiia (puc. 16).

q8 Yu kopuctyBanuck Bu dyHkuUieo aBToMatzoBaHi NnepeBipku BUKOHAHWX 3aBAaHb y cucTeMi MoBinsHoro
HaBYaHHA -

27(90%) =

3(10%)

Hi

Base: 30 Created in

All respondents
Puc. 16. I'paghix suxopucmanns asmomamu3z08aHoi nepesipku nPAKmuyHux 3a60amts uepes cucmemy
aoanmueHo20 MOOITbHO20 HABYAILHO2O CepedosUa

3py4YHICTh BHKOPHCTAHHS aBTOMATH30BaHOI MEPEBIpKA TNPAKTUYHHUX 3aBJaHb OIliHIOBajacs 3a
JIOTIOMOT 00 peHTHHroBOTO nuTaHHs (q9). PecrionneHTaMu IbOro MUTAHHS OYJIH JIMIIIE Ti CTYJACHTH, 5Ki
Ha mnutaHHs (8 BignmoBuM «Tak». Pe3yiabTarh ONMWUTYBaHHS IOKa3ajld JOCHTh BHCOKHH pIiBCHb
3aJI0BOJICHOCTI CTY/ICHTIB ITPpH POOOTI 3 MEXaHi3MOM aBTOMATU30BaHOI MEPEBIpPKU MPAKTHYHUX 3aBJIaHb,
npoTe, Oynu Jiesiki po30KHOCTI Yy BIATOBIAAX CTYACHTIB 100 00’ €KTUBHOCTI OIIIHKH, SIKy BU3HaJala
cucTeMa. 3a paxyHOK I[bOI0, MOXXHA 3pPOOMTH BHCHOBOK, IO 3 IMOAAIBIIMM BHKOPUCTaHHIM, Ta
JTIOJTATKOBUM HAaBUaHHSIM HEHPOHHOI MEPEexKi, sKa € SJI[pOM aBTOMATHU30BAHOI IEPEBIPKU, MOXKHA JOCATTH
JTOCUTh BUCOKOT'O PiBHSI 00’ €KTUBHOCTI OIIIHKH.

Buknamad 31 cBoro OOKy, NMpH BHHUKAHHI CUTYyalid 3 HEOO €KTHBHICTIO OIIHKH, MEPCOHAIBHO
nepeBipsB BUKOHAaHI poOOTH, Ta 3a HEOOXIMHOCTI KopuryBaB oOmiHKy. CIijJi 3a3HaYUTH, IO TiJl Yac
HaBYAIBHOT'O MPOLIECY TaKuX cuTyauiit 0ymno 10-15% Bix ycix nepeBipeHNX NpaKkTHYHUX 3aBlaHb. Tomy
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el MOKa3HUK MOXKHA BBKATH JJOCUTH MO3UTUBHUM. Bijbill eTanbHO Tpadik OIIHKK aBTOMAaTH30BaHOT
NEepeBipKH TPaKTHYHHUX 3aBIaHb MPOUTIOCTPOBaHO Ha puc. 17. BigcoTkoBe CIiBBiAHOIICHHS
pe3yabTaTiB 1aHOTO MUTAHHS I0JAaTKOBO MOKa3aHo Ha puc. 18.

9 OUiHiTb SKicTb poB0TK aBTOMaTM30BaHO! NepeBipKK BUKOHaHWX 3aBaaHb

18 =

13
12
11
10
6
5
4 4
3 3 3
1 1| 1 1101 2 I
! | I | 1

3pyy4HICTb WenakicTe 0bpobkn  OB'EKTMBHICTbL OLIHKK MoxnmBICTb |HdbopMaTHBHICTE
3aBAHTAKEHHA Ta OTPUMaHHA NOKPALLEHHA OLHKK
pe3ynkTaty

® nMoraxHo 2 3 4 5906®7®38® 9 ® BigminHo

Base: 27 Created in CoolToo

All respondents

Puc. 17. I'paghix oyinku asmomamuzo6anoi nepesipku nPaKmuiHux 3a60aHb

q9 OUjiHiTb AKiCTL poBOTU aBTOMaTU30BaHOI NepeBipPKK BUKOHaHWX 3aBaHb

LWenakicts 06pobku
Ta OTpMMaHHA | O6'eKTUBHICTD OLLiHKM

peaynsTaty

Moxnugicts
MOKPaLLEHHA OLiHKH

3pyuHicTb
3aBaHTaMeHHA

IHdopmaTUBHICTD

2 0% 0% 0% 0% 0%
3 0% 0% 3.7% 0% 0%
4 0% 0% 3.7% 0% 0%
5 3.7% 0% 3.7% 0% 0%
5] 0% 0% 3.7% 0% 7.4%
7 3.7% 7.4% 11.1% 0% 11.1%
8 14.8% 11.1% 3.7% 11.1% 14.8%
9 33.3% 20.7% 37% 22.2% 18.5%
BigmiHHO 44.4% 40.7% 33.3% 66.7% 48.1%
12’
Base:27 Created in CoolToc

All respondents
Puc. 18. Biocomxose cniggiOHOUIeHHs OYIHKU A8MOMAMU308AHOT NEPEGIPKU RPAKMUYHUX 3A80AHb

Sk Hacnigok Takoi omiHku (QyHKIiA cucteMu 93% OnUTYyBaHWX BIJNIOBIIH, IO XOTiMK O 1 Hajami
BHUKOPHUCTOBYBATU CUCTEMY MOOUIBHOTO HABYAJIBHOTO CEPEAOBHIIA i/l Yac HaBUaIBHOTO mpouecy. [1po
1 CBiunTh rpadik BiAMOBiAEH CTYICHTIB, 110 MO0y 0BaHKi Ha OCHOBI muTanb 10 (puc. 19).
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q10 Yu xoTinu 6 By Hagani BUKOPUCTOBYBATH CUCTEMY MOGINBEHOMO HaBUYaHHA Y Nig yac yuSGoBoro npouecy

2(7%)
Hi \

@ 28(93%)
Tak

@ 2(7%)
Hi

\

28(93%)
Tak

Base:30 Created in

All respondents

Puc. 19. I'paghix nobasicanus cmyoenmia ujo0o nooaIbUi020 BUKOPUCTNAHHS CUCTEMU

[TixBoastuM MiACYMKH, CTYAICHTaM B ONUTYBaHHI 3alPOTOHYBAJIM B HIJIOMY OLIHUTHU SIKICTh POOOTH
CHUCTEMH aJalTHBHOTO MOOUTbHOro HaBuaHHA. OLIHIOBaHHS MNPOBOAWIOCA 3a  JOIOMOTOO
peUTUHIrOBOro NUuTaHHs q2.1.

B misiomy, cucteMy amanTHBHOrO MOOITHHOIO HABYAHHS OI[IHMIIM JOCUTh BUCOKMMH OI[IHKAMH TI0
mkam Bix 1 mo 10: HalfHImKYa cepeqHs OLiHKAa CTAHOBUTH 7.7 3a SKICTh B3a€MOIII 3 BUKJIanadeM (depes
Te, M0 B CHCTeMi BiZICyTHE BOymOBaHE CepeloBHUINE KOMYHIKallii, a 3B'A30K BiAOyBaeThCs JHINE 3a
PpaxyHOK iHTerpamiii 3i CTOpOHHIMH CUCTEMaMH).

HaiiBumii Ganmu B CBOIO Uepry OTpUMAald 3pYYHICTh BHKOPUCTAHHS, WIBUAKICTH B3a€MOJIi
MOOITFHOTO JOAATKY, Ta HAIMOBHEHICTh. L{i MyHKTH OTpHMany HaWBUILY CEpPEeNHIO OMIHKY — 8.5 OaiB.
Binbin netanpHO y3arajibHEHa CTaTUCTHKA 300pakeHa Ha puc. 20.

21 OUiHiTL AKICTE POGOTH CUCTEMM MOBINEHOrO HAaBYaHHA

3py4HICTb 8.5
LBnAkicTb po6oTH Ta B3aemogii 8.5
HanoBHeHicTb 8.5
dyHKUioHan 8.2
IHbOpPMaTHBHICTL 8.2
B3aemogia 3 ogHOrpynHUKamMu 2.1
B3aemogia 3 BUKNagadem 7.7

Base: 30 Created in

All respondents

Puc. 20. V3acanvnena cmamucmuxa oyinKu AKOCMi CUCHeEMU CIYOEeHMAaMU

JonatkoBo, uisi BU3HAYCHHS €(QEKTUBHOCTI Ta BU3HAYCHHS BIUIUBY CHUCTEMH aJIallTUBHOTO
HABYAJIBLHOTO CEPEIOBHINA HA YCIHIMIHICTh CTYAEHTIB IiJ Yac HABYaJIbHOTO IMPOLECY, CTYIACHTaM
3a/1aBajy MATaHHS MO0 iX QiHAIBHOI OIIHKY 1O HUCIUILTiHI «EXcriepTHI cuctemMmy.

3a pesynbraTaMH TEpIIOr0 Ta JAPYroro ONMUTYBaHb MOXKHA 3pOOMTH BHCHOBOK, IO CHUCTEMa
aJIalTHBHOTO HABYAJIBHOTO CEPEIOBUINA MO3UTHBHO BIUIMBAE HA YCHIIIHICTh CTYACHTIB HE3BAXKAIOYM Ha
nesiki ¢Boi Hemodiku. KiabKicTh BimMITOK «JloOpe» Ta «BimMiHHO» CYTTEBO 30ijIbIINIACS, @ KIIBKICTH
BIIMITOK «3a70BiIbHO» 3MeHIMIaca. binem ageransHO Tpadiku (iHaNIBHUX OLIHOK (371iBa — 10
BUKOPHCTAHHS CHUCTEMH, 3 MPaBOi CTOPOHU — IICIsA BHUKOPUCTAHHS CHUCTEMH IIiJl 4aCc HaBYaHHS)
MPOLIFOCTPOBaHO Ha puc 21.
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11(37%)

11(37%)
8(27%)

9(30%)
6(20%) 6(20%)
5(17%)
. ]

90-100 82-89 75-81 60-74 90-100 82-89 75-81 60-74

Puc. 21. I'paghixu ¢inanvrux oyinox (31i6a — 00 BUKOPUCANHSA, NPABOPYY — NiCIA BUKOPUCHIAHHS)

TakuM 4MHOM, AMHAMiKa MOKpAIIEHHs HABYAJIHHOTO IMPOLECY € TMO3UTHBHOIO, OCKUIBKH CHCTEMa
aIalTUBHOTO HABYAJHHOTO CEPEOBHINA BIUIMBAE€ HA BCI €TaM HAYaJbHOTO TPOIECy. 3a PaxyHOK
MOCTIHHOTO AOCTYITYy 10 MaTepiajiB HABYAJIBHOI JWCIUILIIHM, MOXKJIMBOCTI MOKPANIUTH OLIHKY Yepes
BUKOHAHHS JIOJIATKOBMX 3aBJaHb, a TAKOX 32 HEOOXITHICTIO, IIBUAKO KOMYHIKAIII€IO i3 BUKIIAaueM,
cucTeMa JI0NoMarae Kpaiie 3acBOIOBaTH MaTepiaiH, 10 B CBOIO Yepry MO3UTHUBHO BiJJOOpaKaeTbcs Ha
(hiHaTPHUX OIIHKaX CTYAEHTIB. ToMy, Ha OCHOBI 3i0paHUX JaHWUX, MOXXHA 3POOUTH BHCHOBOK, IO
BUKOPHUCTAHHS CUCTEMH € BXKJIMBUM €JIEMEHTOM PO3BHTKY HaBYaJIHLHOTO MPOLIECY.

SIkicHi MeToau OlliHKH e()eKTHBHOCTI CUCTEMU

st mpoBeeHHS TOCIIHKEHHS 32 JOTIOMOTOI0 SIKICHUX METOJIiB, BUKOPHCTOBYBAJIM METOIOJIOTIUHE
onutyBanHs Ha iardopmi UXReality.

3a pesynbTaTaMu SAKICHHX METOJIB JOCHIPKeHb BHSIBIIIA MOTHBAIlIIHI aCIEeKTH TOBEIIHKA
PECTIOHCHTIB Ta TEPCOHAIbHI OUYIKYBaHHS BiJl KOPUCTYBaHHS CHUCTEMOIO aJalTHBHOTO MOOITBEHOTO
HABYAIBHOTO CEpPEIOBHIIIA.

Ha BiaMiHy BiI KUTBKICHHMX METO[iB, IO IPYHTYIOTHCSI HAa CTaTHCTHYHHX NPOLEAYpax, SKiCHI
JOCITI/DKEHHSI HOCATh HECTaHAApPTU30BAaHMK XapakTep. BOHHM HampaBlieHi Ha BHBUYCHHS HIMPOKOTO
CIIEKTpa TPOSBIB 00’€KTa 1 BiACTEXKYIOTh HE HOTr0 KIUIBKICHI 3aKOHOMIPHOCTI, a OpIEHTYIOTHCS Ha
PO3KPHUTTS NMPUYUHHO-HACTIAKOBUX 3B’s3KiB. OCHOBHHUM HAIPSIMKOM SIKICHOTO JOCHIKSHHs cTaja
3pYYHICTh BHKOPUCTAHHS MOOITBHOTO JOJATKy ISl BHKJIAJada Ta CTylIeHTa. ToMy Uil TeCTyBaHHS
3pyYHOCTI POOOTH 3 MOOITHFHUM JOJATKOM, ITiJT Yac MOCIiIKEHHS BUKOPHUCTOBYBAIN CIICHiaThHAN THIT
MUTaHHS — TaK 3BaHUI HEUPOTECT 3 BUKOPUCTAHHAM TEXHOJIOTIT Al TPEKiHTY.

AWTpPEKIHT — I TEXHOJIOrisl JOCII/PKEeHb, 1110 J03BOJISE PO3IMi3HABATH Ta BIJCTEKYBATU PYXH Ta
¢ikcamii 3iHMLI OKa PECIOHJEHTA, NPH CIOCTEpPiraHHI AESKOro Bi3yaJbHOro CTHUMYJTy. OCHOBHUM
IHCTPYMEHTOM TEXHOJIOTIl € CHeliaJbHui Npuiaj anTperkep, abo, SK y BHIAAKY 3 IIaTGOPMOIO
UXReality, 3suuaiina ¢hpoHTaIBHA KaMepa MOOITBHOTO Telle(OHY, Ta CHeialbHII MOOITBHUHN 101aTOK
KU JT03BOJIsiE 310paTH NlaHi, aHATi3yBaTH TMOBEJIHKY JIFOJCHKOTO OKa, OyAyBaTH «KapTH yBarm» Ta
1HII BHUIU 3BITIB.

AUTpEeKiHT B IHTEpHET-MAapPKETHHTY 3a3BHYaii 3aCTOCOBYETHCS MPH TECTYyBaHHI Ha F03a0uiNiTi.
TexHooTis HOTTOMarae BUSIBUTH HAHOIUTBIN Bi/IBilyBaHI Miclii B paMKaX MOOITBHOTO JOJATKy 4YM BeO
CcaiiTy, a TAKOXK BUAUIMTH iX MEpPTBI 30HU.

Kpim ToTO, 32 10MOMOT0I0 alTpEeKiHry MO’KHA BU3HAYWTH, HACKLUILKH 3py4Ha 1 3p03yMina HaBiramis
B MOOIJILHOMY JIOAATKY, SIKi €IEMEHTH MPUBEPTAIOTh HAHOIIBIY yBary, eMOIIHHY peakIlilo BiBiqyBaya
Ha TOW YW IHIIMKA CTPYKTYpHUI eleMeHT (Ha OCHOBi po3mi3HaHHS emorii mo (HoTo 3 (PpOoHTATBHOI
kamepH). ToMmy Juis aHaji3y 3py4YHOCTI BHUKOPUCTAHHS MOOUIBHOTO JIOAATKY CHUCTEMH aJallTUBHOTO
MOOIJILHOT'O HABYAJIBHOTO CEPEAOBHINA, TAKUH IMiAXiJ 3 BUKOPUCTAHHSIM TEXHOJIOTII alTpekiHry, 0e3
HEOOXiAHOCTI MpHUB’S3KM 1O JOJATKOBOI'O amapaTHOro 3a0e3leueHHs, BHSBUBCS HaWOUIbII
BIJITIOBITHUM.

SkicuHi gocnmiypkeHHs BinOysanmucs y aBi ¢aszu. Ilepma ¢aza HanpaBieHa Ha aHami3 3py4HOCTI
BUKOPUCTAaHHS MOOUIBHOTO JOAAaTKy 31 CTOPOHM BHUKJIaJalbKoro ckiany kadenpu. OCHOBHHM
3aBJIaHHAM JUIs BUKJIaauiB OyJI0 MepedTH Ha eKpaH 3 MPaKTUYHUMHU POOOTaMH, Ta MOJUBUTHUCS, XTO i3
CTY/ICHTIB BJK€ YCIIIIHO X BUKOHAB.

Hpyra ¢asza gocnmipkeHHS B CBOIO 4Yepry HamnpaBiieHa Ha aHali3 3pyYHOCTI BHKOPHUCTAHHS
MOOUIBHOTO 0AATKY 31 CTOPOHH CTYACHTIB, 10 BUKOPHCTOBYBAJIM HOTO IiJ] 4aC HAaBYaIBHOT'O MPOLIECY.
OCHOBHHMM 3aBJIaHHSIM JUIsl CTYJICHTIB OYJIO MEpedTH Ha eKpaH 3 MPaKTHYHOK POOOTO0, 3aBAHTAKUTH
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JIOaTKOBE 3aBJAaHHS, Ta OTPUMATH OIIHKY 32 JOIOMOTOI0 CHCTEMH aBTOMAaTH30BaHOTO aHANI3Y
NPaKTUYHUX 3aBJIaHb.

OO6unBi haszu BimOyBanucs y popmari pokyc rpymnu. 3a pe3ybTaTaMu JOCIHIHKSHHS MOYXHA 3pOOUTH
BHCHOBOK, IO MOOLTHHHAN JOAATOK Ma€ IHTYiTHBHO MPOCTHI Ta 3po3yMinmii iHTepdeinc, 3pydHuil y
BUKOPHCTaHHI, Ta HaJJa€ MOXKJIMBICTh AyXe MIBUAKO OTPUMATH JOCTYM 110 HeoOximHoi indopmarmii. e
MiATBEPDKYEThCS  1HGOPMALIHHOIO MaHe/uo, Mo MoOyIoBaHA Ha OCHOBI 3i0paHuMX [aHHX 32
JIOTIOMOT 00 BOYIOBaHKX 3ac00iB aHai3y Ha miathopmi UXReality.

Ilepmmii psn indopmarliifHOi TaHeNn MOKa3ye OCHOBHI KIJIBKICHI TTOKa3HHWKH, SKi OIHCYIOTh
BiJOOpaKarOTh HAUTOJIOBHIIIMIA €IEMEHT ONUTYBaHHS — HeliporecT. CIliJl 3a3HAYMTH, IO CEPEHIN Yac
NPOXOJDKEeHHS HelpoTecTy He mepeBuilye 1 xBuiamHu 20 cekyHI (IpH BCTAHOBIEHUX 3 XBUJIMHAX Ha
BUKOHAHHS 3aBJaHHA), a IIe B CBOIO UYEpry O3Hayae€, IO JOAATOK Iy)Ke IMIBUAKO pearye Ha il
KOpUCTYyBaua, Ta Ma€ 3py4yHHHd Ta iH(GOpPMAaTUBHHI KOpPUCTYyBaUbKHUH iHTepdeiic HaBiramii. Temm
YCIILIHOTO 3aBEPIICHHS MPOXO/PKEHHsI TECTYBaHHS MPH LLOMY MaKCUMAaJIbHHH.

Hpyruii psia inopmamniiHoi maHemi BiqoOpaxae 3arydeHHs 0 Mpolecy MpoxopkeHHs. [Hdopmarisa
BimoOpa)ka€ JOCHUTh BHCOKI Bi3yallbHOTO KOHTAaKTy Ta IMO3WTHUBHE 3aimydeHHsS 10 mporecy. Cuinx
3a3HAYUTH, IO y OUTBIIOCTI PECIOHICHTIB, SIK 31 CTOPOHHM BHKJIAAAdiB, Tak i 31 CTOPOHU CTYACHTIB,
MEePEeBAXKAIOTh TMO3UTHBHI €MOIIii il Yac MPOXO/KEHHS HEHPOTECTiB, MPU IBOMY Yy PEIITH eMOIlii
TPUMAJIUCS Ha PiBHI HEHTpami. A 1le B CBOIO Yepry MO3WUTHBHO BIUIMBAE HA TICHXOJOTIYHHWIA CTaH
CTyZICHTa Ta BUKJIaJaya IijJ 9ac poOOTH i3 CHCTEMOIO, 32 PaXyHOK BiJICYTHOCTi ()aKTOPiB HETATHUBHOTO
30y IKCHHSL.

Tperiit psix onucye 3pydHICT BUKOPUCTAHHS Y YHCIIOBUX MOKa3HUKAX. BCi MOKa3HUKY 3HAXOIATHCS
B pamkax 85-95%, 1110 € BIIMIHHUM PE3yJIbTaTOM.

OcraHHill psa OMHCYe OLIHKY CHPUHHSATTS PECHOHACHTAMU TOCTAaBICHOI Tepel HUMHU 3aBIaHHS.
3HaueHHS IIBOTO PSIKY TAKOX IOKa3yIOTh JOCHTh BUCOKHH PIBEHb CIPUHHATTS CHCTEMH. bBimbin
JleTanbHOo iH(OpMaIliiiHi maHe il TecTyBaHHS BUKJIANadiB Ta CTYICHTIB IIPOLTIOCTPOBAHO Ha puc. 22 Ta
puc .23.

QUANTITATIVE INDICATORS

B O i F =)

n Im 13s 21 100% 87
TOTAL TESTERS AVG. DURATION AVG. CLICKS COMPLETION RATE TASK CLARITY
ENGAGEMENT

0%,

USABILITY SCORE 91

Navigation Naming User Flow Efficiency Confidence Design

@ @ ) ) )

PERCEPTION SCORE 20

Overall evaluation ntention of use Recommendation Relevance

@ @ 3 3

Puc. 22. Ingpopmayitina nanenv pe3yiomamie mecmy8anHs CmyOeHmie
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QUANTITATIVE INDICATORS

B ) » F E
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0% 80% i
USABILITY SCORE 88
Navigation Naming User Flow Efficiency Confidence Design

@ O ) . .

PERCEPTION SCORE 86

Overall evaluation ntention of use Recommendation Relevance
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Puc. 23. Ingpopmayitina nanenv pesyriomamie mecmyeants 6UK1IA0A4i6

OcobnuBy yBary cinifi HOpUOUIMTH pe3yibTaTaM, sKi 3i0paHi 3a JONOMOIOI CHELiaIbHUX
HEHpOTECTIB 3 BHUKOPUCTAHHAM aTpekinry. Ha OCHOBI IMX NUTaHb, IJI1 KOXXHOTO DPECHOHAEHTA
3reHepOBaHO BiJIe0 3 TEIUIOBOIO KapTOIO, sKa IIOKa3ye HampsMOK 30pPOBOTO KOHTAKTy T d4ac
TECTyBaHHs 1HTepdercy MOOIILHOTO A0AATKY.

3a pe3yibTaTaMd 3re€HEpOBAHOTO BilE€O 3 TEMJIOBOIO KapTO MOXKHA 3pOOMTH BHCHOBOK, IIO
OLIBILIICTh PECIIOHICHTIB JIy)KE IIBHUIKO 3HAXOJATh HEOOXIJHI €JIEeMEHTH HaRBiramii mijg yac poOoTH 3
JIOJIATKOM, a TOMY MOXYTh JOCHUTh IIBHJKO IEPEMIIyBaTUCS J0 HEOOXIIHUX (PYHKIIOHAIBHUX
ekpaniB. Kpim Toro, pi3Hi pecriOHIeHTH Ha OJJHUX 1 THX CaMHUX €KpaHaX MaroTh NMPUOIM3HO OJHAKOBI
¢ikcarii (ACKpaBi MISIMHU TEIUIOBOI KAPTH) B OJHUX 1 TUX caMuX Micisx (puc. 24).

« DIT-3.8

0 1Crynent DIT-3.8,

=D B3 =R

Lo6poro ausl Sl crapocta rpyny @I T-3.8. |
SIKILO y BAC BUNMKAW AKICH 3anUTaNHs, npollly
nKUcaTi Mewi Ha noLTy 360 Mecen, |

EKCNEPTHI il | A
CUCTEMU MU \/ K

1. CyTHicTs, po3BuTOK i 3acTocysaHms
eKCEpTHIX CHCTEM

2.Ponb i Micue eKcnepTHX cucTem y
3aranbHoMy npoueci,

3. Inausiayanshi excnepTHi ouinkn

4. MeToaw opramizauii konexTuaHx
excnepTHIX cUCTeM

Puc. 24. Tennosa kapma mecmysanus epagiunoco inmepgheicy
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TakuM 9yuHOM, y TIPOIIECi TPOBEACHHUX JOCTIKCHb BCTAHOBJICHA MTPAaBUJIBHICTH OOPAHOTO HAIIPSIMY
JIOCITI/PKEHb 1 TPaKTUYHE BIPOBA/KCHHS CUCTEMH aJallTUBHOTO HAaBYaJIbHOTO CEpEJOBUIIA B
HaBYAJILHUHN TIpoIieC 1Ie TmiaATBepIKye. HoBuii minxia 10 HaBYaHHS OTPUMAaB BUCOKY OIIHKY 31 CTOPOHH
CTY/ICHTIB Ta BUKJIaJ[aya i peKOMEHJIOBAHHA JI0 MTOIATBIIOr0 BIPOBAPKEHHS Ta BIOCKOHAIICHHSI.

BucHoBku

Omxe, mpoBeeHI ampoOarii moka3aiad, M0 BHUKOPHUCTAHHS CHUCTEMH aJallTHBHOIO MOOLITBHOTO
HAaBYAJIFHOTO CEpPEeJOBHINA IMO3WTHBHO BIUIMBAE€ HA OCBITHIA TpOIEC 3a paxyHOK 3a0e3ledeHHs
JIOCTYMHOCTI iH(popMariii yepe3 MOOUIbHUEN nonaTok. KiabKicHI COIIONOTIUHI TOCIIPKEHHS [TOKa3aIu
BUCOKHH PpiBEHb 3a/JI0BOJICHOCTI CTYAEHTIB Bil PoOOTH 3 CHCTEMOIO aJaNTHBHOTO MOOIIBHOTO
HaBYAJIFHOTO cepeloBHUIa. EQEeKTHBHICTh pOOOTH CHCTEMH IIif] 9aC OCBITHBOTO MPOIIECY IMiATBEPIKEeHA
MOKPAILEHOIO SKICHOIO YCIHILITHICTIO CTYACHTIB (MOKa3HMK SKICHOI ycmimHocTi 30inbmuBes 3 63% 1o
87%).

IIpu ipoMy SIKICHI COLIIOJIOTIYHI AOCIIKEHHS TOBENH, [0 pO3pO0IIEHa CHCTEMa BOJIOIE TIBUIKOIO
B3a€MOJII€I0 3 KOPHCTyBaueM, Mae iH(GOpPMATHBHMNA Ta IHTYITHBHO-3pPO3YMIIHHA KOPHUCTYBAIlbKHIMA
iHTepdeiic, 3pyuHa y BukopucTanHi. CIpOeKTOBaHa CHCTEMa MOKa3ye BHCOKI TOKA3HUKHU JOJATKOBUX
MOJKJIMBOCTEH, SIKi HEOOX1IHI IS OpraHi3allii Cy4acHOT0 HaBYaIILHOTO MPOIIECY.

BrpoBamkeHHS anropuTMy aBTOMaTH30BAaHOTO aHAJI3y MPAKTHYHUX 3aBJaHb CIIPHSIE TOKPAIICHHIO
PO3yMiHHS iH(MOpMAIITHUX MaTepialliB TUCIMILIIHY 3a paXyYHOK BU3HAYCHHS J0OJATKOBUX 3aBIaHb Ta iX
BUKOHaHHS. AJTOPUTM TIOKa3ye JIOCUTh BUCOKHH IMOKAa3HHWK SKICHOTO OI[IHIOBaHHS Ta 3aJ0BOJICHOCTI
CTYJEHTIB BiI MOKIIMBOCTEH CBOET pOOOTH.
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The solution of the problem of stationary thermal elasticity of multilayer plates of a non-canonical shape in a plane is
proposed. It is based on the immersion method, where a complex non-canonical shape is merged into the canonical shape.
Therefore, a plate of a non-canonical shape with arbitrary boundary conditions is "immersed" into a canonical one. To ensure
that the specified boundary conditions are met compensating loads distributed along the contour of the initial structure are
added to the auxiliary structure. The intensities of compensating loads are determined from a system of integral equations.
Deformation of the layers of the plates are described within the framework of the first-order theory, taking into account a
transverse shear strain in each layer. The field of temperature loads is obtained by solving the non-stationary problem of
thermal conductivity of a multilayer plate. The temperature stresses in a five-layer plate when heated by a film heat source
have been investigated.

Keywords: multilayer plate, complex shape, heat source, temperature, thermal elasticity
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OpHi€lo 3 aKTyaJIbHUX 334 B CydJacHiH TeXHilll € JOCTOBIpHE BH3HAUCHHS TEMIIEPAaTypHHX IIOJIB i HaNPY>KEHb B €IEeMEHTaxX
KOHCTpYKIiit. Oris Mojesnelt i MeToAiB po3B’si3aHHS 3314 i TEPMOIIPYKHOCTI ITOKa3aB, 10 HAHOUIBII TOCIIKEH] OXHOPITHI
KOHCTpyKii. IIpomoHyeThCsT MeTon po3B’s3aHHSA 3a4adi  CTAI[lOHapHOI TEPMOIPY)KHOCTI 0araTomrapoBHX IUIACTHH
HEKaHOHIYHOI (OpMHU B IUIaHi, AKUH Oa3zyeTbcsd Ha NMPHUIOMI 3aHYPEHHS CKIaaHOi 001acTi B 00JacTh KaHOHIYHOI (OpMHU.
3agaHa IIaCTUHA HEKAaHOHIYHOT ()OPMH 3 JOBUIBHIMHU TPAHUYHUMU YMOBAMH «3aHYPIOETHCA» B IUIACTHHY KAHOHIYHOI (POPMHU.
HaiinpocTimmii po3B’s30k 3a7a4i B aHANITHYHOMY BHUIJISAII MOXKHA OTPHMATH, KOJH Yy SIKOCTI JOMOMDKHOI 3aCTOCOBYETHCS
LIApHIPHO OIepTa IUIACTUHA MPSIMOKYTHOI (JOPMH Y IUIaHI 3 Ti€IO K KOMIIO3UII€I0 MIapiB. YMOBU HAaBaHTAKCHHS JOMOMIKHOT
KOHCTPYKILIi 30iraloThcsl 3 YMOBaMH HaBaHTA)KCHHS BUXITHOI KOHCTpYKIil. [l 3a0e3nedeHHss BUKOHAHHS 3aaHUX T'PaHUIHHX
YMOB JI0 JOIIOMDXKHOI KOHCTPYKII{ JONAIOTHCS JOJATKOBI KOMIICHCYIOUi HaBaHTa)KEHHS, IO PO3IMOJIICHI B3JIOBXK KOHTYPY
BUXIHOT KOHCTPYKILIi. [HTEHCHBHOCTI KOMIIEHCYIOUMX HAaBaHTa)KCHb BU3HAYAIOTHCS 3 CHCTEMH IHTETPaJbHUX DIiBHSIHB, B
OCHOBI SIKOI JIeXKaTh BHXIiJHI TPaHHYHI yMOBH. PO3B’S30K CHCTEMH OJep>KaHO NIIIXOM PO3BUHEHHS NIYKaHUX (QYHKLIN Y
TPUTOHOMETPHYHI PSIIU Y JOMOMDKHIN 0071acTi 1 B3MOBK KOHTYPY BUXITHOT KOHCTPYKIIii Ta MOJANIBIIOTO PO3B’sI3aHHS CUCTEMHU
TMHIHHUX anreOpaiyHuX pIBHAHb BIJHOCHO Koe(]ili€HTIB po3BHHEHb. Ilicias 3HAXOHKEHHS 3HAUYeHb KOMIICHCYIOUMX
HaBaHTAKCHb BH3HAYAIOTHCS MEPEMIIlCHHS Ta HAlpyKeHHS y IIapax BHXigHOI KoHcTpykumii. Jedopmamii mapiB miacTuH
OIMUCYIOThCSL Y PaMKax Teopil mepiioro MopsjaKy, 10 BpaxoBye AedopMallii MOmepedHoro 3cyBy B KOXKHOMY LIapi. PiBHSHHS
TEpMOTIPYKHOI PIBHOBAarM Ta TpaHWYHI YMOBH OJepkaHi 3 BapiamiiHoro mpuHOumy. Ilose TemmepaTypHHX HaBaHTa)KeHb
OTpPHMaHO 3 PO3B’S3KY HECTAI[lOHApHOI 3ajadi TEIUIONpPOBITHOCTI OaratomapoBoi IuracTHHU. Ha BepxHIW Ta HIDKHIN
MOBEPXHSIX IUIACTHHH BiZI0yBa€ThCS KOHBEKTHBHHUH TEIUIOOOMIH, a OiYHA IIOBEPXHS BBAKAETHCS 11€aIbHO TEII0I30I50BAHOIO.
JlocipkeHo TeMIepaTypHi Halpy>KeHHs y I’ STHIIApOBiH INTACTHHI CKIAJHOI ()OPMH P HarpiBaHHI IUTIBKOBHM JKEPEITOM
TeruIa.

Knrouogi cnosa: bacamowaposa niacmuna, ckiaona gpopma, oxcepeno menua, memnepamypad, mepMonpyjicHicmo.
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Ipennaraercs METOA PEIICHHs 3a/ladll CTAIIMOHAPHOW TEPMOYNPYrOCTH MHOTOCIOWHBIX IJIACTHH HEKaHOHHYEeCKOH (GOopMBI B
IUIaHe, KOTOPBI Oa3mpyeTcs Ha TpHEeMe MOTPYKEHHUs CIOXHOM o0iacTH B oOiacTe KaHOHMYECKOH ¢opmel. [lmactuHa
HEKaHOHMYECKOW (HOPMBI C MPOU3BOJIBHBIMU TPAHUYHBIMU YCIOBHSMH «IIOTPYXKAeTCsS» B IUIACTHHY KAHOHMYECKOH (hOPMBL
Jns obecrieyeHHst BBINONHEHMS 3aJaHHBIX TPAaHUYHBIX YCJIOBHH K BCHOMOTATENbHOW KOHCTPYKLIMH JOOABIISIOTCS
JIOTIOJIHUTEIIbHbIE KOMIICHCHUPYIOIME HArpy3KH, pPaclpe/ieleHHbIe BI0Jb KOHTYpa MCXOAHOI KOHCTPYKIMH. THTEHCHBHOCTH
KOMICHCHPYIOIIMX HArpy30K OINpPEAENSIOTCS W3 CHCTEMbl HHTETPAlbHBIX ypaBHeHHH. J[ledopmarmm cioeB mimacTuH
OIMHUCBHIBAIOTCSI B PaMKaxX TEOPHH IEPBOrO TOPs/KA, YUUTHIBaeT AedopMalny MONEepPEeYHOro cIBHra B Kaxaom cioe. ITome
TEeMIIepaTypHBIX HAarpy30K IMOJYyYeHO B pe3yJbTaTe pPelIeHHs HEeCTAlMOHApHOM 3aJadM TEIUIONPOBOJHOCTH MHOTOCIOWHOI
IacTHHBL. VccnenoBanbl TeMIiepaTypHble HaNPsDKEHMS B ISITUCIIONHON TUIACTHHE NP HarpeBaHUM IUIEHOYHBIM HCTOYHHKOM
TeruIa.

Knrouesvle cnosa: mnozocnolinas niacmuna, CloJiCHas opma, UCMOYHUK Menaa, memMnepamypd, mepmoynpy2ocb.

1. Introduction

Widespread usage of multilayer structural elements in various fields of technology is associated with
the need to develop the methods for their calculation at different loads, such as thermal effects. The
analysis of literature sources shows that the homogeneous structures are the most studied ones [1-5].
The models and methods of solving heat conduction and thermal elasticity problems are reviewed in [6,
7]. The problems of thermal elasticity of multilayer plates and shells are most often solved for objects
of canonical shape, and the law of temperature distribution over the thickness and surface of the
structure is usually given, but not obtained from solving the problem of thermal conductivity of these
structural elements [6-12].
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In this work, we propose a method for solving the problem of thermal elasticity of multilayer plates
of noncanonical shape in the plane under the influence of temperature fields, which are determined
from the solution of the problem of stationary thermal conductivity.

2. Unresolved issues and goals of the work

From the analysis of publications on thermoelastic deformation of multilayer structural elements we
can conclude that each of these research methods has its advantages and disadvantages which limit their
scope. In addition, the deformation of multilayer plates is often considered by using the classical theory,
although the plate may consist of layers whose physical and mechanical characteristics differ
significantly. Therefore, the development of new methods and improvement of existing methods for
calculating multilayer plates of a complex shape is of great importance.

3. Basic relations

Let us consider a multilayer plate assembled from | layers of constant thickness and assigned to the
Cartesian coordinate system, which is connected to the outer surface of the first layer. On the coordinate
surface the plate occupies an area G bounded by the contour L. The plate is subjected to a system of
force and heat loads.

The behavior of the plate is described within the framework of a refined first-order theory that takes
into account the shear strains [5, 13]. It is assumed that the contact between the layers prevents their
delamination and mutual slippage. The displacements of the plate points are represented as

ul=u+ Zj'-;ll hips + (z — §;i— Yk, vi=v+ Z_i]'_:::[[ haby, + (z = 8- )Y},
wi=w, &=3%'1hj, §_1<z<6, i=1,1 (1)
where u = u(x, y), v =v(x,y), w = w(x, y) are displacements of the coordinate surface point in
the direction of the coordinate axes; i = L (x, ¥), Y5 = L (x, y) are angles of rotation of a normal
element in the i- th layer around the axes Ox and Oy; h; is the thickness of the j-th layer. The layer
strains €5, €5, Viy, Viz ¥y are determined according to the Cauchy formulas. Stresses and strains in the

i-th layer are related by Hooke's law
E; E;

, , . E: , . , E;
i _ i i L t i _ i i t

Oy = &y +viEy) — a;T;, o, =——&, +vies) —
x 1_Vi2(x ly) 1_Vi it y 1_Vi2(y Lx)

1_Vi

Tﬁicy = Giyagya T)icz = Giyyéza T3i/z = Gi)ﬁizz, i=1,1, 2

t
a; T,

E;
2(1+vy)’

E; is the Young's modulus of the i- th layer material; v; is the Poisson's ratio; af is the coefficient of
linear thermal expansion of the i-th layer material; T; is the temperature change in relation to the
temperature of the unstressed state.

Equilibrium equations for a multilayer plate are obtained on the basis of the Lagrange's variational
principle

where G; =

CU:Qt_Q' (ny)EG1 (3)
as well as the corresponding boundary conditions
ru = Q- ()]

Here Q is the vector of force loads, U is the vector of the required displacement functions,
; T ; N ; T
U={u v, w 9L i} Q" ={Cl. Cl, 0, D, Di,} ; @“={cl, 0, 0, D}, 0} ;
. . _ 7 1 ..
C{ =Xl NE, Di=m XiN™ + M,
i Eia:-'L 5i i Eia:-'L 5i . —
Ntl = 1—_1/if5i—1 TidZ, Mr} = 1—_1/if5i—1 Ti(Z - 5i_1)dZ, L= 1,1
The elements of the symmetric matrix C (3) and the matrix T" (4) are given in [5, 11].

4. Solution method

The solution to the problem of thermal elasticity is based on the immersion method developed
previously for solving the problem of unsteady dynamics of multilayer structures [14]. The initial
multilayer plate of arbitrary shape in plane is immersed in an auxiliary enveloping multilayer plate with
the same composition of layers. The shape of the enveloping plate is chosen in such a way that a simple
analytical solution can be obtained. In this work a hinged rectangular multilayer plate is chosen as an
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auxiliary one. The loading conditions for the auxiliary plate in the area G coincide with the loading
conditions for the initial plate.

To ensure the fulfillment of the actual boundary conditions (4), additional compensating forces and
moments are applied to the auxiliary plate along the contour L Q° = {¢f(x,)}, (x,y) €L, j =

1,21 + 3. The functions of compensating loads enter the equations of thermoelastic equilibrium (3) in
the form of integral relations:

piCey) = [ q§Cey)8(x —xp,y —y,)ds, j=121+3, (5)
where §(x — x;, vy — y;) is the two-dimensional Dirac 6- function; L: x; = x(s), y, = y(s), 0 <s <
s*; sis the current arc length; s” is the plate perimeter.

Boundary conditions (4) taking into account (5) lead to a system of integral equations for
determining the intensities of compensating loads
rufQ(x,y)] = Q" (x,y) € L. (6)
The method for solving system (6) is that the functions of displacements U, force Q, temperature Q*
and compensating P¢ (5) loads are expanded into trigonometric series in functions that satisfy the
conditions for the hinge support of the auxiliary rectangular plate

uj(xl V) = Xm=12n=1 (ijnBjmn(x' ¥, Qj(xr Y) = Xm=12m=1 QjmnBjmn(x: ¥,

q; (6 Y) = Xm=1Xn=1AUmnBimn (6, ¥), 0§ (6, ¥) = Xzt Tzt Pimn Bimn (6, ¥),  (7)
mnx . nmy . mmnx nmy . mmux | nmy
Bin = cosTsm?, Bon = SlnTCOST'Emn = sstmT,
B3timn = Bimn Ba+1+imn = Bamn, 1=11,j =121 +3;
A and B are geometric dimensions of the plate according to the coordinate axes.
At the same time, the functions of compensating loads and functions included in the boundary

conditions (4) are expanded in a series along the contour L
q]q(s) = Za:l,z ZOZ=0 f}'audau(s)' uj(s) = 20::1,2 Zﬁ=0ujaudau(s) , J=121+3, (8)

where d;, = sin[uy(s)], dy, = cos[uy(s)], y(s) = 2m f; d§/f05* ds, 0 <y(s) < 2m.

As a result of the expansions (7), (8) and further transformations, the system of integral equations (6)
is reduced to a system of linear algebraic equations for the coefficients of expansion into a series of
functions of compensating loadsf;,,, the solution of which makes it possible to determine the values of
compensating loads. Finally, the solution to the problem (3), (4) can be represented as

9] oo 2I+3 0
U.j(x,y) = Z Z Z n;f]l(n q]mn — q;mn + 2 Z fjauejrgﬁ Bjmn' ] =121+ 3,
m=1n=1 k=1 a=1,2 u=0

where n7" are the coefficients of the inverse matrix obtained by expanding the displacement
functions from the equilibrium equations (3) into series in functions satisfying the conditions for the
hinged support of the auxiliary rectangular plate;
mn

4 (st [
oy = Efos Ay (S)Bimn (X1, ¥ )ds  j =121+ 3.

5. Numerical results

The efficiency and effectiveness of the developed method is illustrated by solving the problem of
thermal elasticity of a multilayer plate, the contour of which is made up of K line segments and K arcs
of circles conjugated to them (K = 4). The sections of the contour s,j_;, which are line segments, are
given by the following equations:

X, = Xp—1 + (S = Sak-1)) €0S A1, Y1 = Va1 + (S = Sak—1)) Sin @p—1, k = LK,

where the point with coordinates (x,x_1, V2x—1) iS the beginning of (2k — 1)-th straight line segment.

The sections of the contour s,,, which are circular arcs, are given by the ratios:

X, = X + Ry [sin (S_“;% + a2k_1) — sin a2k_1],
YL = Var — Ry [cos (%Zkk_l + aZk—l) — cos aZk_l], k=1K,

where the point (x,, V,) is the end of (2k — 1)- th straight line segment, a,,_; is the angle between
the (2k — 1)-th straight line segment on the contour and the positive direction of the X-axis, S is the



Bulletin of V.N. Karazin Kharkiv National University
80 series «Mathematical modeling. Information technology. Automated control systems» issue 49, 2021

length of the contour section from the origin [point(x,, y;)] to the current point(x, y) on this contour
section; S, =YX . s;, S, =0.

Fig. 1 shows the design scheme of the plate, [, = 74 mm, I, = 53 mm, I3 = 77 mm, [, = 60 mm,
R; =30mm, i = 1, 4. The layers of the plate are made of materials with the following characteristics:
E; = 6.8-10* MPa, v; = 0,22, af =9-107°%°C?, i =1, 3,5; E; = 2,2-10%> MPa, v; = 0,38, af =
8.3-107°%°C?t, i =24; hy = 5mm, A, = 3mm, Az = 19mm, hy, = 2mm, hs = 12mm.

Fig. 1. Design scheme

It is assumed that there are no power loads. The field of temperature loads is obtained from the
solution of the non-stationary problem of thermal conductivity of multilayer plates [15-17], taking into
account the effect of a film heat source. Thermal insulation of the side surface of the plate is considered
to be ideal. The heat conductivity problem has been solved with the following initial data: k; =
1.08 W/(m-°C), i =1, 3,5; k; = 0.22 W/(m-°C), i = 2,4 (thermal conductivity coefficients of the i-th
layer material); H; = 433 W/(m-°C), H, = 20 W/(m-°C) (convective heat transfer coefficients on the
upper and lower surfaces of the plate); T, = —30°C, T, = 20°C (environment temperature at the upper
and lower surfaces boundary). A film heat source with a capacity of g = 6 KW/m? is located between
the first and second layers of the plate. The source location is shown in Fig. 1 by a dashed line.

Fig. 2 shows the distribution of temperature and the principal stress o} (i = 1,1) over the thickness
of the plate at point D (see Fig. 1), which located in the middle of the region occupied by the heat
source. The stress is obtained for the temperature distribution at the time when the temperature on the
surface with the source reaches the highest value. Layer composition is also shown. At the interface
between the first and second layers of the plate, a sharp change in temperature and stress caused by the
presence of a heat source is observed.

0 10 0 T,0C -5 0 o!, mea
V4 —
110 110
“
L 20 20
g 130
#
10 140

Z,mm Z,mm

Fig. 2. Distribution of temperature and stress over the thickness of the plate.

6. Conclusions

A method for solving problems of thermal elasticity of multilayer plates of non-canonical shape in
plane has been developed, which makes it possible to present the solution of the problem in an
analytical form.

Deformation of plates is described within the framework of the linear refined first-order theory
which accounts for transverse shear strain in each layer along with the polygonal line hypothesis for a
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pack. The thermal elastic equilibrium equations and the boundary conditions on the contour are
obtained by using Lagrange's variational principle. The method of solving the thermal elasticity
problem for multilayer plates with non-canonical shape is based on the immersion method.

The proposed approach can be applied in the design of heating systems for multilayer glazing in
various vehicles.
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The paper considers the evolution of a population of individuals, where each of them initially possesses a certain number of
strategies whose memory depth does not exceed 2. All individuals randomly enter into competition in pairs at each stage of
evolution. In each random pair of individuals a competition between pairs of all their randomly selected strategies is
performed. These strategies compete in pairs according to the iterated prisoner's dilemma. Afterwards, strategies earn
evolutionary advantage points according to a given payout matrix. The strategy with the most points wins. To negate an effect
of the first move each pair of strategies play this game twice. The first game is started by one strategy and the second game by
another. The winnings are determined by the outcome of both games. After this competition the winning strategy of one
individual replaces the corresponding losing strategy of another individual. Thus, there is an exchange of the "successful"
strategies between individuals with the corresponding elimination of the losing strategies. The evolution of the population is
carried out until the stationary state is achieved. The patterns of changes in basic properties of average individual strategies
during evolution have been established. It is shown that in the process of evolution the aggression of an individual increases,
tending to the maximum value. The stationary set of an individual’s strategies consists of strategies of maximum memory
depth and complexity along with a certain number of primitive strategies. The complexity and memory depth of an individual's
strategies turn out to be evolutionary beneficial. In the stationary state the number of primitive an individual’s strategies
depends on their initial distribution. The paper considers two initial distributions, where the first corresponds to the equal
probability of any strategy in the distribution by individuals, and the seconds corresponds to equally probable choice in terms
of memory depth. The variety of strategies in the process of evolution decreases significantly, making up only a small part of
the initial strategies present in the population.

Keywords: evolution of population, strategies with memory, memory depth, complexity, aggression, prisoner's dilemma,
stationary state.

EBosronis memiB

Manskuii cmyoenm kagheopu MOOent08aAnHs cucmem i mexHo02il
Kupuio BirauiiioBuy Xapxiscokuil Hayionanvruu yrieepcumem imeni B. H. Kapasina,
matioan Ceoboou 4, Xapkie-22, Vkpaina, 61022

SAHoBCHKHMH 00KmMop Qizuxo-mamemamuynux Hayx, npoghecop, npoghecop xageopu
Boaoxumup WMYYHO20 THMeNeKmy ma npoepamHo2o 3abes3neyents
Boaoaumuposuy Xapxiecvkuil hayionanvhull yHisepcumem imeni B. H. Kapasina,

matioan Ceoboou 4, Xapkis-22, Vkpaina, 61022
3asidyeau meopemuunum 6i00inom, incmumym monokpucmanie HAH Yrpainu,
np.Hayxu 60, Xapxios, Vkpaina, 61001

B po6oTi pO3rIsTHYTO €BOJIOLIO MOMYJIALIT 0COOMH, KOJKHA 3 SIKMX CIOYaTKy Ma€ MeBHY KUIbKICTh CTpaTerii, maM'sTh sIKUX HE
nepesuilye rmuounn 2. Ha koxHOMY eTami eBostomii Bci 0COOMHM BUIAIKOBHM YHHOM BCTYNAIOTh MOMAPHO B KOHKYPEHTHY
0opoTe0y. BumankoBa mapa ocOOMH TpH B3aeMOAii MPOBOAWTH 3MaraHHS MiX IapaMH BCiX CBOiX BHIAIKOBO OOpaHUX
crpareriii. Lli crparerii momapHO BCTYMAlOTh y 3MaraHHS BiIIIOBIAHO JO iT€pOBaHOi AWIEMH B'sA3HIB. Y Takiii 60poThOi
cTpaterii HaOMparOTh OYKU EBOJIOLIWHMX TepeBar BIAMOBIMHO 3aqaHoi MaTphili BUIUiat. Burpae ctparteris, sxa HaOpana
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HaWOLIBIIY KUIbKICTh 04OK. JIJ1s HiBETIOBAaHHS 3HAYEHHS MEPIIOTro XOAy JBi CTpaTerii BCTYNAOTh B TaKy rpy ABidi. CrogaTky
Tpy TOYMHAE OJHA CTpaTeTis, B IPYTil Ipi MOYMHAE iHIIA cTpaTeris. Burpam BH3HaYaeThCs 3a Pe3yNbTaTOM IHX JBOX irop.
ITicnst mpoBeeHHs TaKOToO 3MaraHHs CTpaTerisl OJHiel 0COOMHY, sIKa BUTpaa, 3aMiHIOE BIATIOBIAHY CTpaTerilo, sika Iporpaa,
iHImoi ocobuHu. TakuM YMHOM, MiX OCOOMHAMH BiAOYBAeThCS OOMIH OUTBII "MPOIBITAIOUUMH" CTPATETiSIMH 3 BTPATOIO THX,
XTo mporpaB. IIpoBeaeHa eBOJIOWiA HOMYNALil TaKUX OCOOMH O €Tally BCTAHOBJIEHHS CTAaLliOHAPHOTO CTaHy OCOOMH
nomyssiii. Ilig 9ac eBomroii BCTaHOBJIECHI 3aKOHOMIPHOCTI 3MiHHM OCHOBHHUX BJIACTUBOCTEH CTpaTterii cepeqHboi 0COOHHU.
IlokazaHo, mo B mpomeci eBOJIOLii arpecHBHICTb OCOOMHM 3pOCTa€, MPAarHy4yd IO MaKCHMalbHOrO 3Ha4deHHS. KinbkicTh
CTparTeriii 0OCOOMHM 3MEHIIYETHCS, IOCSTAlOYH JIESKOTO CTallloHapHOro 3HadeHHs. CrarioHapHWH Halip cTpareriii ocoOuHN
CKJIQIAIOTh CTpaTerii MakCHMAaIBHOI MaM'sATi Ta CKJIAJHOCTI 3 AESIKOI0 KIUTBKICTIO NPHUMITHBHUX crparteriii. CriamHicTs i
rmOHHAa TaM'sTi cTpaTerii 0COOMHM BHUSBISIIOTHCS €BOMIOIMHO BUTiTHUMHA. KiIBKICTh MPUMITHBHUX CTpateTiii y 0ocOOMHHU B
CTaIlloHapi 3aJISKHUTH BiJ] iX MOYATKOBOTO PO3IOILTY IO 0COOMHAM. Y poOOTi pO3MIISTHYTI /Ba MOYATKOBHX PO3MOALIN: OXUH
BIIMIOBila€ pPiBHOMMOBIPHOCTI OyaAb-siKOi cTpaTerii mpu PO3MOAUIL MO OcoOMHAM, APYTUi BIANOBiZaE PiBHOHMOBIPHOMY
BUOOpY 3a TMHOMHOIO MaM'sTi cTpaTeriii. Pi3HOMaHITHICTD CTpaTeriii B Impoweci eBOJIONI] 3MEHIIYETHCS 3HAYHO, CKIIaJar0ud
JIMIIE MaJly YaCTHHY MPUCYTHIX B MOMYJISALIi HOYaTKOBHUX CTPATETii.

Knwuoei cnoea: esonroyis nonynayii, cmpameeii 3 nam'ammio, enubuna nam'ami, CKIAOHICMb, a2pecugHicms, Ouiema
V8'a3Henux, cmayioHapHull Cma.

IBOJIIOIIUSI MEMOB

MMaukuii cmyoeHm Kaghedpvt MOOETUPOBAHUSI CUCIEM U MEXHOIO2UL
Kupuan BuranbeBuu Xapovkoeckuil Hayuonanvuslil ynusepcumem umenu B. H. Kapasuna,
naowaob Ceo600wl 4, Xapvkos-22, Ykpauna, 61022

SHoBcKuii O00KMOp Pu3UKO-MAMeMamuyeckux Hayk, npogeccop, npogeccop kageopul
Buiagumup UCKYCCIMBEHH020 UHMELNEKMA U NPOSPAMMHO20 obecneyeHus
BaagumupoBuy Xapvrosckuii Hayuonanvhviil ynusepcumem umenu B. H. Kapasuna,

nrowaob Ceo600wl 4, Xapvkos-22, Ykpauna, 61022
3a6e0y10WUtl MeopemuiecKum OmoeroM, UHCImumym monokpucmannoe HAH
Yrpaunwi, np. Hayku 60, Xapvkos, Ykpauna, 61001

B pabore paccMOTpeHa 3BOJIFOLUS HOIYJSLME 0co0ei, Kax/aas U3 KOTOPHIX M3HAYaJIbHO 00NagaeT ONMpeleICHHBIM YHCIOM
CTpaTeruii, mMamMsTh KOTOPBIX HE MPEBOCXOAMT IiIyOWHBI 2. Ha KaXkmom 3Tame 3BOMIOIMK BCe 0cOOM cIydaifHBIM 00pazom
BCTYIAIOT IONAapHO B KOHKYPEHTHYIO 00pr0y. CiryuaitHas mapa oco0ei mpu B3anMOICHCTBUH MPOBOJUT COPEBHOBAHHE MEXKITY
HapaMi BCEX CBOMX CIIy4ailHO BBIOpPAHHBIX CTpaTeruil. DTH cTpaTeruy MONapHO BCTYNAIOT B COPEBHOBAHHE B COOTBETCTBHH C
UTEPUPOBAHHOW AMJIEMMOH 3aKIIOUeHHBIX. B Takoil Oopnbe cTparerun HaOMPAIOT OYKU 3BOJIOLMOHHBIX IIPEHMYIIECTB B
COOTBETCTBUH C 3aJaHHOM MaTpuiel BbIIUIaT. BeIUrpeiBaet crTparterus, HaOpapmias Ooibllie O4KoB. J[J1s HUBENIHpPOBaHMS
3HAUSHUS NIEPBOTO XO/1a JIBE CTPATErnH BCTYIAIOT B TAKYIO UTpy ABaxkbl. CHavana Urpy HauMHAET OJIHA CTpaTerys, BO BTOPOM
Urpe HayMHaeT Apyras CTpaTerus. BBIUrphII ompenernsercs Mo pe3yiabTaTy 3THX ABYX urp. [locne mpoBeneHUs! Takoro
COPEBHOBAHMS BBIMTPABILIAsI CTPATETrUsl OHOM 0cOOM 3aMEHSET COOTBETCTBYIOLIYIO MPOUTPABIIYIO CTPATETHIO IPYroil 0coOH.
Takum 00pa3oM, MeXIy 0COOSMH MPOHUCXOMUT OOMeH Ooiiee "MpeycreBaromMU" CTPATETHsAMH C TOTEPEed MPOUTPABIIHX.
TIpoBeaeHa 3BOJIOLMS MOMYISALMH TAKUX 0CO0E 10 JTara yCTAHOBIICHHS CTAIMOHAPHOTO COCTOSIHHA 0cobel nomymsuuu. Bo
BpEMsI SBOJIIOLIMK YCTAHOBJICHBI 3aKOHOMEPHOCTH N3MEHEHHUs OCHOBHBIX CBOWCTB cTpareruii cpenueit ocobu. ITokaszano, 4To B
HpoLIecce 3BOJIOIMHE arpecCUBHOCTb OCOOM BO3pACTaeT, CTPEMsCh K MaKCHMalbHOMY 3HaueHU0. Yucno crpareruit ocoou
YMEHBIIAETCs, JOCTHras HEKOTOPOro CTAlMOHapHOro 3HauyeHWs. CTalnoHapHbIH Ha0Op cTpaTeruii 0coOM COCTABISIOT
CTpaTerMd MAaKCHMAJIBHOW MaMATH W CJIOXXHOCTM C HEKOTOPHIM KOJMYECTBOM INPHMHTHBHBIX cTpareruii. CIOKHOCTh H
riIyOMHa NaMsITH CTpaTeruii 0cOOM OKa3bIBAIOTCS IBOJIIOIIMOHHO BBHIFOJHBIMU. KOJIMYECTBO MPUMHUTHBHBIX CTpaTerdid y 0coon
B CTallOHape 3aBHCHUT OT HMX IEPBOHAYAIBHOIO pacIpeleNneHus 1o ocobsM. B paboTe paccMOTpEeHBI [1Ba Ha4allbHBIX
pacrpesiesieHusi: OJHO COOTBETCTBYET PABHOBEPOSTHOCTH JIOOOW CTpAaTerMd MPH pPAaClpeleleHuH 0 0co0sM, BTOpoOe
COOTBETCTBYET PAaBHOBEPOSTHOMY BBIOOpY MO TIIyOMHE TamsaTH. Pa3HooOpaswe CTpaTeruié B IpOLECCE HBOJIOLHMHU
YMEHBIIIAETCS 3HAYUTENBHO, COCTABIISIS TOJIBKO MAJyI0 YacTh HPHCYTCTBYIOIIUX B MOMYJISALMH HAYAIBbHBIX CTPATETHil.

Knroueswie cnoea: 260J1I0YUsL nonyaiyuu, cmpamecuu ¢ namMAmaoio, a/zy6uHa namsmu, Cl1O0HCHOCMb, depecCusHOoCHlb, ounemma
3AKNIOYEHHbIX, CMAYUOHAPHOE COCMOSAHUE.

1. Introduction

Nowadays, the evolution of different populations and communities is the subject of interest and
active research. Such interest is closely related to changes in the populations' properties that emerge
during the evolution process and the emergent properties of the population are of particular interest. It
should be noted that this method of changing the properties of a population is also useful for artificial
populations of various swarm and multi-agent systems. One of the properties that have been attracting
attention for a long time is the emergence of cooperative behavior in different populations [1]. Elements
of game theory are widely used in modeling the evolution of populations [2,3]. The conducted
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researches revealed some mechanisms that lead to cooperation in a wide variety of systems [4]. Among
such mechanisms the following can be noted: voluntary participation [5], punishment [6], similarity [7],
heterogeneous activity [8], social diversity [9, 10], dynamical linking [11], asymmetric interaction and
permutation graphs [12], migration [13-15], in-group favoritism [16], and interdependent relations [17].
It is possible to find mechanisms of emergence of other properties of populations in the process of
evolution in a similar way.

Memory is one of the most general properties of individuals in a population, so its influence on the
evolution of populations is of great interest. The evolution of a population of strategies limited by
memory depth within the scope of generalized prisoner's dilemma is considered in [18,19]. The concept
of strategy's complexity is also introduced. Every new generation of strategies loses the most
disadvantageous behavior strategies of the previous generation. It is shown that an increase in memory
and complexity of population strategies is evolutionary beneficial. Evolutionary selection winners
invariably come across strategies with maximum memory and close to maximum complexity.

The evolution of a population of strategies with memory in the presence of sources of strategies of
different memory depth is considered in [20]. It is shown that memory depth and complexity of
strategies are evolutionarily advantageous too. In all cases the strategies' aggression decreases, and at
the stationary stage all strategies have zero aggression towards each other. This feature can be used as a
principle for selecting strategies for possible stationary states. Also, a relation between aggression and
the amount of points received per strategy's move when strategies interact has been found. The higher
the aggression, the fever evolutionary advantage points are received by the strategy per move.

The alternative evolution of a population of strategies with memory is considered in [21]. In such
evolution a strategy with the highest amount of evolutionary advantage points is removed from every
generation. This alternative evolution leads to significant changes in the strategies of the population in
comparison to the usual evolution. In a sense, the alternative evolution supports maximum memory
depth and complexity even more than the regular evolution. However, the major difference lies in the
absolute aggression of stationary strategies. The stationary state is formed by the most aggressive
strategies.

This paper considers a population of individuals where each has a certain number of strategies with
memory. A principle for exchanging strategies between individuals is proposed, and the evolution of
such population is considered. When individuals interact, all their strategies compete in pairs according
to the iterated prisoner's dilemma. The winning strategy replaces the corresponding losing strategy of an
individual. It is shown that in the process of the evolution the aggression of an individual increases
tending to the maximum value. The behavior of the distribution of an individual’s strategies in terms of
memory depth and complexity in the process of evolution has been studied in details. The number of
individual's strategies decreases reaching a certain stationary value. The stationary set of an individual’s
strategies consists of strategies of maximum memory and complexity with a certain number of primitive
strategies. The variety of strategies in the process of evolution decreases significantly, making up only a
small part of the initial strategies present in the population.

2. Population of individuals

In the considered population each individual has a finite set of strategies with memory. For the
evolution it is essential to introduce the rules of strategies' meetings, interactions and selection. In the
population at each stage of evolution all individuals are randomly divided into pairs that interact. All
strategies of one individual interact with the strategies of another (also randomly divided into pairs)
according to the iterated prisoner's dilemma. To negate the impact of the first move, both strategies play
the game twice. One strategy starts the first game, and another starts the second game. The winnings are
determined by the results of these two games. The winning strategy replaces the losing strategy of the
corresponding individual. In other words, there is an exchange of strategies between individuals where
a loser gets removed. After the interactions of all pairs of individuals in accordance with the described
rules, the next stage of evolution begins. All individuals again are randomly divided into the interacting
pairs. It can be compared to the evolution of ideas or memes? in different societies. The evolution stops

This term was introduced by Richard Dawkins in 1976 to name a unit of relevant information within a culture. A meme is an idea, symbol,
manner, or a way of acting, that consciously or unconsciously can be transmitted from one person to another through speech, writing, video,
rituals, gestures, etc. In some sense, a meme is similar to a gene as a carrier of cultural information.
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when the population reaches a stationary state. During the process of evolution, we will monitor the
properties of the population’s strategies and all the individuals included in the population.

Now, let us discuss the choice of the initial distribution of strategies over individuals of the
population. The full number of strategies with the memory depth 2 is distributed among individuals.
The process of distribution can be implemented in different ways. This paper considers two ways of
strategies distribution. In the first method, we assign strategies to an individual by choosing them
randomly from the set of all strategies with the memory depth not exceeding 2, assuming that strategies
are equally probable. This choice does not take into account the properties of strategies, assuming them
to be equal. In the second method, we choose strategies for an individual by a uniform distribution over
memory. Therefore all strategies are divided into three sets by memory depth and the choice is equally
probable between these sets. We will discuss those two methods of forming the initial distribution of
strategies among individuals of the population further.

Another feature of the considered population of individuals is the emergence of collective variables
to describe individuals and not just the population of strategies. Each individual has a distribution of
strategies in terms of memory and complexity, and the entire individual can show definite aggression.
Thus, there are properties of an individual, such as distribution of strategies by memory depth and
complexity. These distributions define the average memory depth, complexity, aggression of i
individual and its average aggression:

Ni M. Ni C. Ni a.
M), =3 () =Y (), = 1)

where (M), (C),, (A), are the average memory, the average complexity, and the average aggression

of the i individual respectively; N. is the number of strategies of the i individual; M.

ij
depth of the | strategy of the i individual; Cij is the complexity of the | strategy of the i individual;

i is the memory
is the aggression of the | strategy of the i individual.

These local characteristics can be used to track changes in the properties of individuals during
evolution. In addition, global characteristics of the population appear, such as the average values of
memory, complexity and aggression of the whole population:

(M) C= L A= ' 2.2
M= g C =R AR @2

a;;

where S is the number of individuals in the population.

These characteristics are calculated by averaging over all individuals in the population and
determine the typical characteristics of an individual. Another useful characteristic that determines the
variety of strategies in the population is the number of different strategies which we call formative
strategies. By the formative strategies we imply the number of different strategies present in a
population at some stage of evolution. Accordingly, we use the following formula as characteristics of
the formative strategies in the population.

(M) = Z (C)= Z (A= Z"’“ (23)

where N is the number of formative strategies; (M), (C), and (A)are the average memory,
complexity, aggression of the formative strategy respectively.

3. Evolution of individuals with a uniform distribution of initial strategies

The population of 50000 individuals, where each one has 50 strategies has been considered. The
ratio between these values is chosen so that all strategies which do not exceed the memory depth of 2
are present among the individuals of the population. The choice of these strategies is carried out in an
equally probable manner from the set of all strategies with the memory depth not exceeding 2. In this
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case, the strategies with the memory depth of 2 dominate due to the largest number of such strategies in
the initial set of strategies (32640). The number of strategies with the memory depth of 1 is significantly
smaller (120 strategies) and the number of strategies with the memory depth of O is the smallest (8
strategies). The initial distribution of strategies is shown in Fig. 3.1 and inherits the distribution
properties of all strategies. The overwhelming number of strategies with the memory depth of 2 and
maximum complexity is typical for the initial distribution of an individual’s strategies (see Fig.3.1) as
the consequence of the rule used for selecting strategies for an individual. The calculation of the
properties of individuals has been carried out by averaging over 10 implementations of the initial state

and their evolution.
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Fig.3.1 For an average individual at the beginning of evolution, the share of strategies of a certain memory depth
is shown on the left, and the share of strategies of varying complexity on the right. The same histograms determine
the probability of detecting a strategy of a certain memory depth (left) and complexity (right) of an individual at
the initial stage of evolution

Let us discuss the initial distribution of aggression which is formed in the individuals by the chosen
initial distribution of strategies. To do this we need to proceed with the first stage of evolution. At the
first stage of evolution, all individuals are randomly divided into pairs that interact. All strategies of one
individual interact with the strategies of another by dividing strategies randomly into pairs in
accordance with the iterated prisoner's dilemma (the number of moves is 100). They interact twice: in
the first game started by the first strategy, and the second game started by the second strategy. This
method of competing between two strategies negates the impact of the first move. To identify the
winning strategy the payoff matrix [3, 18-20] have been applied as shown in the Tab. 1.

Table 1. Payoff matrix

Cooperation Rejection

Cooperation 3,3 0,5
Rejection 50 1,1

The winning strategy (one with the highest score) replaces the losing strategy of the corresponding
individual for an each pair of strategies. After the first stage, aggression shown by an individual (or the
relative number of refusals to cooperate) is established.

Fig. 3.2 shows the distribution of the initial aggression of the individuals in terms of memory and
complexity. It is easy to see that average aggression of the individuals in the population is close t00.5.
At the same time, the strategies with different memory depth show approximately the same aggression.
The aggression of the strategies with zero complexity is maximal, and the strategies with the
complexity 1 are minimal. The strategies of greater complexity have the same aggression (see Fig. 3.2).
Therefore, the aggression of primitive strategies with the memory depth 0 and the complexity O is
maximal.

Further evolution makes it possible to discern the changes in the basic characteristics of individuals.

First of all, the number of strategies of every individual decreases. Fig. 3.3 shows the average
decrease in the number of an individual’s strategies. In the process of evolution, after the stage of
exponential decrease in numbers, it reaches a stationary state. Therefore individuals develop a
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stationary set of strategies. With such a ratio of individuals and the strategies the stationary stage is
achieved on average at N, =45.5.

Let us consider how the individual distribution of strategies by memory depth changes over time.
Fig. 3.4 shows the evolution in strategies' distribution by the memory. For that we use the probability of
finding an individual’s strategy with the memory depth m=0,1,2 respectively as a convenient

characteristic.

03
0.4
0.3
0.2

0.1

0

0 1 2 m 0 1 2 3 4 5 6 7 8
Fig.3.2 The initial distribution of an individual's aggression in the population by memory depth (left) and
complexity (right) calculated at the first step of evolution

The probability of detecting an individual’s strategies with the memory depth of 0 and 1 increases up
to the tenth step, while the probability of strategies with the memory depth of 2 decreases
insignificantly and then stabilizes (Fig. 3.4). It is obvious that the probability of finding an individual’s
strategies of maximum memory depth throughout evolution is overwhelmingly high.

N
50

48

46

44

40

2 4 6 8 10 12 14 16 18t
Fig.3.3 The change in the average number of individual ’s strategies over time of evolution

Note that the probability of detecting strategies with the minimal memory of 0 and 1 increase over
time but still remains at a low level. The composition of an individual’s strategies also undergoes
qualitative changes in terms of complexity. Let us consider the change in the probability of finding an
individual’s strategy of certain complexity in the process of evolution. Fig. 3.5 shows the probabilities
of finding an individual’s strategy of a certain complexity at the corresponding stages of evolution.
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Fig. 3.4 shows the change in the probability of finding an individual’s strategy with the memory depth 0 as P,,

with the memory depth 1 as P, and with the memory depth 2 as P, over time of evolution. These relations are
shown in the same scale on the right, so the changes of initial probabilities are relatively minor

Rather diverse behavior of these probabilities is noticeable. Every complexity follows three different
types of behavior: decreasing, increasing, oscillating. These probabilities reach certain stationary levels.
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Fig.3.5 shows the change in the probability of finding an individual ’s strategy with complexity 0,1,..., 8 over time
of evolution, where strategies of these complexities denoted as P.,, P, ..., P, respectively. A decrease in the

probabilities is observed only for strategies of complexity 1 and 5. The last graph shows these dependencies on
the same scale

The most complex strategies of 6, 7, 8 have the highest probability by the end of the evolution
(Ps=0.12), (P, =0.25), (P4 =0.5) and their changes over time are negligible. The strategies of
complexity 1 exhibit significantly different behavior and disappear after step 8. Therefore, the
probability to discover strategies with the memory depth of 0 increases due to an increase in probability
of strategies of complexity 0 and 2. Interestingly, the probability of detecting the most primitive
strategies with zero memory and complexity increases by 4-+5 times, while remaining low at
P, =0.02. The increase in strategies with zero memory occurs mainly due to the increase in primitive

strategies. The probabilities for finding the most complex strategies P.,, P.,, P, mostly retain their

C

initial values. This is due to their overwhelming quantity; therefore a small number of low-complexity
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strategies cannot significantly influence strategies of high complexity. Noticeable changes can be seen
in the probabilities of detecting strategies of complexity P.., P., that compete directly and are

C
influenced by the strategies of lower complexity as well.

Thus, for an individual in a stationary state, strategies of maximum depth and close to maximum
complexity have the highest probability. Even so, the most primitive strategies do not disappear but
increase their probability while remaining at a low level.

More obvious tendencies are displayed by the changes in the aggression of individuals. The average
aggression of individuals in the population tends to the maximum possible value of 1. The aggression
distribution by memory depth is shown in Fig. 6. The strategies with the zero memory depth
demonstrate the highest aggression during all stages of evolution, and the strategies with the memory
depth of 1 demonstrate the lowest aggression. After the tenth stage of evolution the differences in their
aggression disappears and coincides with the average aggression (Fig. 3.6). The stratification of
aggression by complexity also indicates a typical increase of aggression and striving for maximum
value. The only exception is the strategies with complexity 1 as the least aggressive strategies that
disappear from the population after stage 12. Therefore, the aggression of population's strategies,
regardless of memory depth and complexity of strategies, grows with evolution and reaches the
maximum value of 1 in the stationary state. The stationary set of an individual's strategies consists of
strategies with maximum aggression towards strategies of other individuals. The stationary distribution
of strategies is formed by the strategies of maximum memory depth and complexity. The variety of
present strategies in the population decreases significantly. The number of formative strategies in the
stationary state decreases by 97.7% in comparison to the initial one, and the number of strategies in
individual decreases just by 9%.

A A A

1 1

A 2
Ao

0.8 0.8
0.6 A1 0.6
0.4 0.4
0.2 0.2

0 0 ~

5 10 15 20 25 5 10 15 20 25 t

Fig. 3.6 shows average aggression of an individual of the population over time of evolution. Average aggression
by memory depth (left), where A is the average aggression of the whole population, and AO, Ai, A2 are the
average aggressions of strategies with memory depth 0, 1, 2. Average aggression by complexity to the right,
where A is the average complexity of the population, and AO, Al,...,A8 are the average aggressions of
strategies with complexity from 0 to 8

It should be noted that in the process of evolution no strategy is able to spread to all individuals. The
averaged maximum presence of one strategy over individuals is 21%, which differs from the initial
number by no more than 0.4%. Also, an increase of the initial number of individuals does not affect the
typical behavior of their strategies. All tendencies of an individual’s changes, as well as the stationary
values stay the same. Apparently, further increase in the size of population does not lead to significant
changes because of the presence of all formative strategies in the initial population.
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4. Evolution of individuals with a uniform distribution of initial strategies by memory depth

Let us now consider another initial distribution of strategies for the population evolution. The initial
distribution of strategies is formed by an equally probable choice between strategies of different
memory depth from formative strategies. This means that all formative strategies are divided into three
classes by memory depth and the probability of choice between them is equal. All characteristics are
averaged by 10 experiments with the same initial properties. In this experiment the number of
individuals is 50000 as well, but the number of strategies for each is 24. With this choice each
individual has an equal number of strategies of different memory depth at the beginning of evolution
(Fig. 4.1). Therefore, the main difference from the previous case is the equal share of strategies of the
memory depth of 0, 1, and 2 for each individual in initial population. Strategies with the greater
memory depth can be more complex, which sophisticates the initial distribution of strategies by
complexity. Consequently, the initial distribution of strategies by the complexity for a typical individual
has a non-monotonic dependence as shown in Fig. 4.1 on the right. It can be seen that the initial number
of complex strategies C = 6, 7,8 decreases.

To find the aggression of population's strategies let us proceed with the first stage of evolution. Fig.
4.2 shows the simulation results and the impact of aggression on the memory depth and the complexity

of population strategies.
0.20
0.15
0.10
00€I
0 0 1 2 3 4 .5 6 7 8 C

Fig.4.1 The initial distribution of strategies for an average individual in the population by memory depth (left)
and complexity (right)
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Let us note that despite the significantly different distribution of strategies among individuals, the
initial distribution of aggression in terms of memory depth and complexity remains the same. But the
tendency for an increased average aggression of strategies of the complexity 0 and a decreased
aggression of strategies of the complexity 1 becomes even more prominent due to an increase in the

number of these strategies.
0 1 2 3 4 5

6 7 8 C
Fig.4.2 The histogram that determines the initial aggression distribution of strategies for an individual of the
population by memory depth (left) and complexity (right)
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Let us consider how the evolution affects the number of an individual’s strategies and their memory
depth for such an initial population. The change in the average number of strategies for an individual is
shown in Fig. 4.3 on the left. The changes in the number of strategies for an individual are universal and
decrease in the process of evolution. To control the change in the memory depth of an individual we use
the probability of finding a strategy of a certain memory depth shown in Fig. 4.3 on the right.

At the initial stage these probabilities are equal. During the evolution the probability of detecting

strategies with zero memory depth falls to the certain stationary level of P,, = 0.15.
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Fig.4.3 The change in the total number of strategies for an average individual (left) and the probability of finding
the presence of a strategy with a certain memory depth (right), where P0 is the probability of finding a strategy

with the memory depth 0, P, with the memory depth 1, P, with the memory depth 2

The probability of detecting strategies with the memory depth of 1 increases to a certain value and
then falls to the stationary value of P, ~0.43. In contrast to the previous case, strategies with the

memory depth of 1 are dominant in a stationary state. Probability of detecting a strategy with the
memory depth of 2 changes in a more complex way. There are two phases of increasing this probability

divided by the phase of decreasing. Finally, it reaches the stationary value of P, ~0.41. It is
interesting that the minimum value of the probability P, corresponds to the maximum value of the

probability P,. Therefore, these components compete with each other to be available for an individual.

Thus, in the stationary state strategies with the memory depth of 1 and 2 are dominant with a significant
presence of strategies with a zero memory depth. The stationary values for this distribution are radically
different from the corresponding values found in the previous experiment. The nature of these

probabilities has also changed dramatically. In that case, in the process of evolution the probability P,

does not increase and the probabilities P, and P, exceed their initial level.

For a more detailed analysis of the behavior of an individual’s strategies let us consider how the
complexity of an individual and the complexity of strategies with a certain memory depth evolve. Fig.
4.4 shows the average complexity of an individual in the population and the change in the complexity
components of strategies with a certain memory depth. It could be seen that two phases of increase in
complexity of an average individual divided by the phase of decrease. The time period of complexity
decrease can be called a period of decline or a primitive period of evolution. Periods of complexity
increase can be called periods of growth. The first period of growth lasts 2 stages of evolution or 9% of
the evolution time. The period of decline takes 4 stages or 18% of the evolution time. And the second
period lasts till the stationary state, which takes 22 evolution stages or 72% of the evolution time.
These periods correlate with the behavior of strategies with a certain memory depth. Thus, for example,
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probability of finding a strategy of the memory depth of 2 for an individual correlates with a change in
complexity of the individual's strategies (Fig.4.3). The reason is related to the greater complexity of the
strategies with the memory depth of 2. Note that the average complexity of an individual is significantly
lower than in the previously considered case. This is due to the large number of strategies with the
memory depth of 0 and 1 for an individual and a low initial complexity of individual's strategies. In the
process of evolution, complex strategies dominate and therefore the stationary level of complexity (

Cs ~ 4.3) of an individual’s strategies exceeds the initial (C o= 3.8).
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Fig.4.4 The evolution of the average complexity of an individual in the population E and by memory depth. Eo

is the complexity of individual's strategies with the memory depth 0, 61 for the memory depth 1, C2 for the
memory depth 2

A more detailed behavior of the average complexity of strategies for an individual can be obtained
by plotting the probability of the presence of a strategy with a certain complexity at the certain time of
evolution. The change in probability of finding a strategy with a certain complexity is quite complicated
depending on the value of complexity (Fig. 4.5). Therefore, the strategies of the complexity 0, 4, 6, 7, 8
increase their presence in the process of evolution. The most primitive zero-complexity strategies take
the third place in terms of probability after the strategies of the complexity 4 (maximum value) and the
complexity 8. The strategies with the complexity 1, 2, 3, and 5 decrease their presence. The strategies of
complexity 1 have completely disappeared from the population being the most non-aggressive ones.

As for the evolution of an individual's aggression in the population, Fig. 4.6 shows that the strategies
with the memory depth 0 are more aggressive and the strategies with the memory depth 1 are less
aggressive over the course of evolution. In terms of complexity, the strategies with the complexity 0
are most aggressive; the strategies with the complexity 1 are the most non-aggressive and disappear
from the population after step 12. For the previous type of distribution, the strategies of the complexity
1 also disappear from the population and others tend to the maximum possible value of the aggression,
which indicates the universality of these patterns. The aggression of the strategies of the complexity 0 is
the greatest as well. The average aggression of an individual is determined by the aggression of the
strategies of the memory depth 2 and the complexity 8 as shown on Fig. 4.6.



Bulletin of V.N. Karazin Kharkiv National University
94 series «Mathematical modeling. Information technology. Automated control systems» issue 49, 2021

o0

0.3

0.2

0.1

0

2 6 10 12 14 t
Fig.4.5 The probability of finding a strategy with a certain complexity for an average individual of the population
(P,... B, represents complexity from O to 8 respectively)

Thus, in this case the stationary stage is also formed by the most aggressive individuals, whose
strategies have the greatest complexity and memory depth. The presence of strategies of zero memory
depth in the stationary state increases in comparison to the initial one by approximately 2 times.
Moreover, it is the primitive strategies of zero complexity that have survived, while the less aggressive
strategies of complexity 1 have disappeared from the population. Complex strategies (C = 6,7,8) have

increased their presence, as well as those of complexity C=4. Strategies with complexity
C =1,2,3,5 have decreased their presence.
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Fig.4.6 Aggression of the population by memory depth (left) and by complexity (right), where A is the average

aggression; Ab1 A, A, are the aggressions for memory depth from 0 to 2; Ab, A,.. A8 are the aggressions for
complexities from 0 to 8

Let us now discuss the effect of an increase in the number of strategies for an individual in case of
initial distribution of strategies with equal probabilities by memory depth. Naturally, this will lead to an
increase in the average strategy complexity of an individual because of the increased number of
strategies of maximum complexity. Therefore, the stationary value of the average complexity of an
individual’s strategies will also increase. The dependence of its changes over time with the presence of
two periods of growth and one period of decline will remain (quite similar to the example shown in Fig.
4.4).
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The probabilities of finding strategies of a certain memory depth are a subject to more radical
changes (see Fig. 4.3). For example, when choosing the initial number of strategies for an individual as
50, at all times of evolution the probability of finding a strategy of the memory depth 2 in it exceeds the
probability of finding a strategy with the memory depth 1 in contrast to the case where the initial
number of strategies is 24 (Fig. 4.3). Thus, the tendency for the dominance of strategies of maximum
memory and complexity becomes ever more prominent with an increase in the number of its strategies.

5 Conclusion

Therefore, the evolution where the method of strategy exchange is used supports individuals with
maximum aggression, maximum memory depth, and high complexity of strategies. The stationary set of
an individual’s strategies consists mainly of such strategies with addition of some most primitive
strategies. The number of strategies of the average individual decreases with the evolution time
reaching a certain stationary value, which depends on the initial distribution of strategies. The variety of
strategies with evolution decreases more significantly: about 6% of the original formative strategies
remains in the stationary state. The strategies of the complexity 1, being the least aggressive, disappear
from the population. Complex behavior and periods of growth and decline in complexity appear with
significant proportion of strategies with low complexity and low memory, otherwise these strategies do
not affect the nature of evolution being suppressed at early stages by more complex strategies with a
large memory depth.
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