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O.C. Kypon’ssTHuK
BAT'ATOKPUTEPIAJIBHE MOJIEJIFOBAHHSA
B YMOBAX HEOJHOPIJTHOI HEBUSHAYEHOCTI JJAHUX
Y POBOTAX CKAJIO3YBA B.B.

Anomayis. Buxonano y3aeanbhenHs nioxo0ieé 00 eupiuieHHs 3a80aHb OA2amoKpumepiaibHo20
MOOENBaHHs 8 YMOBAX HEOOHOPIOHOT HeBUIHAYEHOCMT OAHUX, Y MOMY YUCTT OMPUMAHUX NPU
MOHIMOPUHZY 3 HEPIBHOMIDHUMU MA HeYImKUMU iHmepeaiamu. Yci pozensinymi nioxoou 6ynu
CMBOpeHHI ni0 KepisHuymeom ma 3a besnocepednvoi yuacmi npog. Cranozyoa B. B. 'V po-
O6omi BUOIEHO OCHOBHI NIOXOO0U 00 MOOENIOB8AHHS HA OCHOBI 6A2amoulaposux KOHCMpYKmue-
HO-NPOOYKYIUHUX, cenapabenrvHux ma perayitino-cenapabenvuux mooenei. Ompumani pe-
3YIbMAmMu MOACYMv OYMu GUKOPUCMAHI 0151 NOOAIbULO20 PO3BUMKY 3aNPONOHOBAHUX i0eli ma
nioxoo0is.

Knouosi cnosa: ymosu nesusHaueHocmi, Hepi6HOMIPHUN Ma HeuimKuil iHmepean eubipKu,
VNOPAOKYB8AHHS MYJIbMUNOCIIO08HOCMEN eleMeHmis, cenepabeibHa Mooelb, KOHCMPYKMUG-
HO-NPOOYKYIliHe MOOEN08AHHS, KOHCIMPYKMUBHA MOOEb, IHHOPMAYIliHI MEXHONO02I.

IMocTanoBka npodaemu. [Ipobiemu GaraTokpuTepialbHOTO MOJAETIOBAHHS 1 YIIPaBIIiH-
HS B YMOBaxX HEOJHOPIIHOI HEBU3HAYEHOCTI JaHUX € aKTyaJbHUMH JUI TPAHCIOPTHOI, €KO-
HOMiYHOi, MEIMYHOi ramyseil TOWIO. IX aKTyalbHICTH 3yMOBJEHA HASBHICTIO UMCIEHHMX
HaOOpIB JIaHWX, OTPUMAHUX B XOJIi CIIOCTEPEIKEHb 3a PeadLIITAIIIEO MAIlIEHTIB, CIIOCTEPEKEHD
3a CTAaHOM BiJJIaIEHUX 00 €KTIB, JaHUMH LIOJ0 TEXHIYHOTO CTaHy TPAaHCHOPTHHUX 3aco0iB, AKi
MaroTh HEUITKY, PO3MHUTY CTPYKTYpy. Pa3oM 3 TuM, BOHM MOXKYTh OyTH BUKOPHCTaHI B 3aJa4ax
aHai3y Ta NPOTHO3YBaHHS BIAMOBIAHMX mporeciB. Lle MoxiauBo 3a yMOBH M1OOYIOBU
BIZIMIOBITHUX MOJEIIEH CTPYKTYp JaHUX Ta MPOIIECiB.

Cepen 3aBaaHb, 1110 MOTPEOYIOTH MOOYI0BH MOJIEIeH MpeCTaBICHHS HEUITKOCTI Ta He-
OJIHOPIJTHOCTI JTaHWX, MOKHA BHJUTATH Taki, K MOJEIIOBaHHS Ta aHali3 JaHUX MPOIIECiB
MOHITOPHUHTY, SIKI IPEJCTAaBIEH] YaCOBUMH PsAJaMHU 1 BIAPIZHAIOTHCA 3MIHHUM a00 HEUITKUM
IHTEpBAJIOM CIIOCTEPEKEHb; IJIaHYBAaHHS MOTOKIB 3aMOBJIEHb CUCTEM OOCIYrOBYBaHHS 3a He-
TOYHO BU3HAYEHUX JIaHUX; MMOOYyI0Ba MOJENeH MpPOLECIB YHOPSIAKYBaHHS MYJIbTHUIIOCIIIO0B-
HOCTEH €JIEMEHTIB 13 HEeUITKUMHU NTapaMeTpamHu TOIIIO.

Meta gociimkennsi. Meroro 1i€i poOOTH € cucTeMaru3allisi MiJXOJiB A0 BUPIIICHHS
BKa3aHMX 3aBJlaHb, 3aIIPOIIOHOBAHUX y poboTax mpod. Ckano3zyba Bnanucnasa BacuiboBuya, a
TaKOX y3arajlbHEHHsS HayKoBOTo J0poOKy Ckano3yba B. B. miist moganbIioro po3BUTKy 3ampo-
MOHOBAHUX 1/1eH Ta MiIXOiB.
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MopenoBaHHA NpPoLeciB YNOPAAKYBAHHS HEOJHOPIAHUX MYJIbTHIIOCTIT0OBHOCTEH 3
BHKOPUCTAHHSIM KOHCTPYKTHBHHMX Mojejeil. 3aqadi ynmopsIKyBaHHsS PpO3IJISAAIOTHCS B
JIOTICTUYHHX, TEXHOJOTIYHHX, IHPOPMAIIHHUX, 3aTI3HUYHUX Ta 1HIIUX MPOIIecax.

VY [1] 3ampornoHOBaHO MOAENI MPOIECIB ONTUMAIBLHOTO po3(hopMyBaHHS-(POPMYBaHHS
OaraTorpynoBux Mmoi3ziB. B 0oCHOBY MOKJa/IeHO KOHCTPYKTUBHO-TIPOAYKIIfHE MOJICIIOBAHHS
(KIIM) [2], mo 6a3yeThcst HA BUKOPUCTaHHI anapary (popMaabHUX MOB Ta TpaMaTHUK.

OcnoBHa ines KIIM monsArae y mpencTaBieHHI NMpeaMeTy MOJCTIOBAHHS SIK TPIHKH:
HOCI/, MHOJKMHA Omepalliii Ha eleMeHTax Hocis Ta iHdopMarliiiHe 3a0e3MeYeHHsT KOHCTPYIO-
BanHA (I3K). Hociit € HeotHOPIqHUM, TUHAMIYHUAM 1 IPEACTABISETHCS OHTOJIOTIYHUMH 3ac00a-
M [3, 4]. I3K Bu3HaYae 0cOOIMBOCTI KOHCTPYIOBAHHS, 30KpeMa aJrOPUTMU BHKOHAHHS OIle-
patiiii CHTHaTypHu.

VY [1] po3pobneHo GaraTomapoBy KOHCTPYKTHBHY MOJEIH 3 YHOPSIKYBaHHS HAOOpiB
HEOJTHOPITHUX TTOCITIIOBHOCTEH 3aMOBJICHB, SIKa BPAaXOBYE CKJIAJIHICThL omepariiii (opMyBaH-
Hs. OCOOIMBICTIO MOJIETII € HASBHICTD Y 11 CKJIa/Ii JOAATKOBUX CTPYKTYP KOHCTPYIOBAHHS, 1110
3a0e3neuyroTh MOXKIIMBOCTI 3a7[aBaHHs CKJIAIHOCTI orepamniid (GopMyBaHHS, a TAKOX JI0IaTKO-
BOTO aHAJIi3y BIACTUBOCTEH 00’ €KTIB, AKi POPMYIOTHCS i Yac peanizalii po3B’a3KiB.

JHocmimpkyBani B [1] 3aBgaHHS Ha MPAKTUIl MOIIUPEH] B JIOTICTHYHUX, TEXHOIOTIYHHX,
iHpOopMaLiHUX Ta IHIINX TMPOIecaXx.

OCKiNBbKH B OIIHKaX CKJIQJHOCTI omepariii GopMyBaHHS MPUCYTHS HEUYITKICTh Ta 3aMO-
BJICHHS MOXKYTh MaTH 1HJAMBIAyaJbHI 0COOJUBOCTI, Y [S] KOHCTPYKTHBHI OaraTomapoBi Mo-
Jelni HaOyJH TOIabIIIOTO PO3BUTKY. 3alPONIOHOBAHO KOMITJIEKCHI MOJIEINI TPOIIECIB YITOPSII-
KyBaHHSI MYJIbTHUIIOCIIIOBHOCTEH €JIEMEHTIB i3 HEWITKMMHU mHapameTpamu. KoHCTpyKTHBHO-
MPOAYKIifiHA CHUCTEMa, TOKJaJeHa B OCHOBY Mojeied, pOopMye IMOCIiTOBHOCTI BUKOHAHHS
AITOPUTMIB, HEOOXITHUX ISl YIOPSIKYBaHHS €JIEMEHTIB. B 3aeXHOCTI Bil BU3HAUCHHS aJl-
TOPUTMIB, YTBOPEH1 IPOAYKIIii HA0yBatOTh 1HAUBITYaIbHOCTI.

3anponoHoBaHi MOJIEN] MICTATh LIApH, sIKl 3a0€3MeUyl0Th ypaXyBaHHsS HEUITKUX OLIHOK
CKJIaJHOCT1 omepaliil ynopsikyBaHHs, KiacH(iKallll0 HEYITKUX IapaMeTpiB BUXIIHUX elle-
MEHTIB, (JOPMyBaHHS Ta aHaII3 1HIUBAYaJIbHUX HEUITKUX MOJENEH MpPOIECIB HAJAXOJKEHHS
3aMOBJIEHb JI0 CEPBICHUX CHUCTEM.

BbaratomiapoBi KOHCTPYKTHBHI MOJIeNl MPOLECIB YNOPSAKYBaHHS MYJIbTHIIOCIIIOBHO-
CTe 3aMOBJIEHb 3 YPaxyBaHHSIM CKJIaJHOCTI BUKOPHUCTaHMX ONepaliil MOKJIaJ€HO B OCHOBY
IHTEJIEKTYJIbHUX MPOIENYp YNOPSIKYBaHHS MOCIIJOBHOCTEHN €eMEHTIB (3aMOBIIeHb) [6]. ¥V
KOXHIH 3 Moiesniel npouecu (popMyBaHHS MOPSJIKY BUSHAYAIOTHCS Yepe3 napamMeTpu 30HU 00-
CIIyTOBYBaHHS, LII0 MPEJCTABIAIOTHCS K (POpMabHI CTPYKTYpPH, MpU3HaUYeH] il (JOpMyBaH-
HSl BUXIJHUX TOCHIJIOBHOCTEH 3 MEPBUHHMX. AHaji3 BMICTY 30H J03BOJISi€E BCTAHOBUTHU BCl
BJIACTHBOCTI MPOIIECY KOHCTPYIOBAaHHS pilIeHHs A5 (POpMyBaHHS YHOPSIKOBAHUX MOCTII0B-
HOCTEW 3aMOBJIEHb. TaK0X 3a JaHUMHU 30H BUKOHYETHCS IIEpEBIPKa 3aBEPIICHOCT] 3HANHAEHOTO
pIIICHHS.

[Ipu dhopmyBaHHI pilieHHs A MTOOYAOBU YHIOPSAIKOBaHUX MOCIAOBHOCTEH BUOIp ore-
paTopa Moe 3/1MCHIOBATUCS LUIIXOM MOBHOTO nepedopy noctynHux [1] abo 3 BUkopucras-
HSIM 1HTEJIEKTYaJIIbHUX IPOLEyp Ha OCHOBI MOJIEN1 acoliaTUBHOI maM’siTi XemiHra [6].
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3 MeTor MiABUINEHHS e(QEKTUBHOCTI NPOIECY YINOPSAAKYBaHHS 3alpOIOHOBAHO
creniagi3oBaHi MOJeNi BXiTHUX (IEpBUHHHUX) MHOKHH €JIEMEHTIB JJIs YIIOPAAKYBaHHS, a Ta-
KOXX aJITOPUTMHU iX 00poOnenHs [7]. Mogeni Oynu 3acTocoBaHi Ui 3aBJaHb €()EKTUBHOTO
COPTYBaHHsI MYJIbTHUIIOCAIJIOBHOCTEH 3aMOBJIeHb, Kiacu(ikamii mpu iHTepBaJIbHIM HEBU3HA-
YEeHOCTI IaHuX. B OCHOBY Mojerneil MoKIageHo CTpyKTypH OlHApHHUX JIEpeB Ta AITOPUTMHU iX
00poOKH, K1 MIABUILYIOTH €(EKTUBHICTD IPOIIECY YIIOPSAKYBAaHHS.

3aBnaHHs YHOPSAKYBAaHHS IMOCIIOBHOCTI €JIEMEHTIB 32 YMOB HEWITKOCTI BXiTHHX Ja-
HUX, B TOMY YHCII THX, II0 MalOTh IMPUPOJOMOBHUI XapaKTep, BUPIIIYETHCS Ha OCHOBI MPO-
OYKLUIHHUX Mozenei kepyBaHHs 3a mabiaonamu [8]. Jlns 3abe3neueHHs afeKBaTHOCTI (op-
MaJIbHUX CTPYKTYp KEpyBaHHS MPOAYKIIIHOI CHCTEMHU 32 HEOJHOPITHHMX, HEMOBHUX JaHUX
nepeadavyeHo eTan MOJICTIOBaHHS IEPBUHHUX JaHUX.

MopenoBaHHS JaHMX MOHITOPHHIY NpoOLECiB 3 HEPiBHOMIPHMMH Ta HEYiTKMMH
inTepBajsamu BuOGipku. HepiBHOMIpHICTh Ta HEWITKICTh iHTEpBAJiB OTPUMaHHS JaHUX MiJ
4ac MOHITOPHHTY YCKJIATHIOIOTH TPOIECH 1X aHaJli3y, a TaKOX MOOYIO0BU MPOTHO3IB Ha iXHIH
OCHOBI.

VY [9] 3anpomnonoBano cemnapabenpHy monenb (CIIM) miis gociikeHHS TpPOIeCiB
KJIIHIYHOTO MOHITOPUHTY CTaHy XBOPHX Ha Jia0eT 3 METOI0 BU3HAYCHHS OIIHOK BEJIMYUH HO-
BOTO MEPiOAy /10 BUHUKHCHHS CTaHIB/TMOAIN. Y MOCHIKEHI PO3TIISIHYTI MEepiogu Momueni
MOHITOPUHTY — HAJA3BUYaliHO HEPIBHOMIPHI Ta OCOOJHBI IS PI3HUX XBOPHX.

CIIM mporieciB MOHITOPHHTY B IIJIOMY BH3HAa4ya€ 3HAUYEHHS HOBOI'O MOMEHTY BHHUK-
HEHHSI YeProBOi MO/ CIIOCTEPEKYBAHOTO MPOIECY Ta BiAMOBIIHI KOXKHOMY MOMEHTY Xapak-
TEepUCTUKHU Tporecy. OcoOnmBICTh Ii€l MOJEN MOJSATae y BHOKPEMIICHHI HEpPiBHOMIPHHX
(HEeYiTKHX) IHTepBaliB BUOIPOK Y OKpPEMY CKJIQJOBY MOJEINI, IO PO3IIIAAAETHCS K OAUH 3
KOMITOHEHTIB JJaHUX Iporiecy MoHiTopuHry [10].

Jlns nmiaBUILIEHHS €EKTUBHOCTI MOJIEJIIOBAHHS 1 aHaI3y MPOLECIB 3 YACOBUMHU psAIaMU
3 HEBU3HAUYCHMMH a00 HEYITKMMHU IHTEpBajJaMU 3alpOIlOHOBAHO pesAIiiHO-cenapadenbHa
mozaenb (PCM) 1 koMmOiHOoBaHui KBaHTWIBHUEN anroput™ [11]. ¥V ckmang PCM BkmroueHO
HEYITKY peJsLiiiHy MOJEINb, 10 ONUCYEThCS CUCTEMOI0 HEUITKHUX DPENSALIMHUX BIJHOLIEHb
NEePIIOro Ta APYroro MopsjiKy, OTPUMaHUX Ha OCHOBI BUXIJHOI IMOCJIJOBHOCTI AaHHUX. Y
BiJTHOIICHHSX BPaXxOBaHO TaKi MapaMeTpu MOJEIHOBAHUX IPOIECIB, IK KOHTPOJIHOBAHUH TTO-
ka3HUK (y [11] — piBeHb IIyKpy Y KpoBi) Ta noka3HUK 4yacy. KomOiHalis MOKa3HUKIB 103BOJISIE
BpaxyBaTH KiJbKa MOMEpeAHiX eTamiB po3BUTKY nporeciB. Y PCM, nopisasHo 3 CIIM, nns
MPOLIECIB, IPEJICTABICHUX YaCOBUMHU PsIlaMU 3 HEBU3HAYEHUMHU a00 HEUITKUMU 1HTEpBajIaMH,
BpPaxoBaHO JI0JIaATKOBI 00’ €KTUBHI BIACTUBOCTI, ITOB’s13aH1 31 3MIHHICTIO IHTEpBaJIiB, y (hopmi
HEUYITKUX BIIHOIIIEHD.

HeBu3HauyeHIiCTh y 3aBJaHHAX 0araTOKpUTEpPiaJibHOIO0 MOJEJIOBAHHA Ta YNpaB-
JinHg. OnpairoBaHHs HaykoBoro JnopoOky Ckano3y0a B. B. no3Bosnsie BU3HaUMTH Taki Oc-
HOBHI 0COOJTMBOCTI BUPIIIICHHS TTOCTABJICHUX 3aBIaHb:

— HEOJHOPIIHICTh Ta HEYITKICTh JaHHUX, L0 YTBOPIOIOTH MYJIbTHUIIOCITIIOBHICTH €Jie-

MEHTIB;

— HEpIBHOMIPHICTh Ta HEUITKICTh IHTEPBAIIB CIOCTEPEKEHb 1] YaC MOHITOPUHTY MPO-
LIECIB.
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Jnst X BpaxyBaHHS KOJIEKTHBAaMM aBTOPIB, 10 cmiBmpaioBaiu 3i Ckanozyoom B.B.,
3aIpOMOHOBAHO IMiIXOAN Ha OCHOBI MOJIENeil:

— OaraTonapoBUx KOHCTPYKTHBHO-TIPOIYKIIHHUX;

— cemnapalenbHIUX Ta PesIiitHO-cenapadeIbHUX.

Bukopucranas 1mux miaxoAiB J03BOMIWIO (hopMaTi3yBaTH 3aBAaHHS 0OpOOKH HEUITKHX
JAHUX Ta IHTEPBAJIB, @ TAKOXK PO3POOUTH PsIJ IHTENEKTyalbHUX MPOLELYp, 110 BPaXOBYIOTh
BHMOTH TIPOIIECIB Pi3HUX MPEIMETHUX 00JIacTei.

BucnoBku. B po0oTi BUKOHAHO y3araJbHEHHS MiAXOIB A0 BUPIIIECHHS MpodyeM Oara-
TOKPUTEPIaTbHOTO MOJICTIOBAHHS 1 YIPABIIHHSA B YMOBaX HEOJHOPIAHOI HEBH3HAYEHOCTI J1a-
HUX. BuiieHo OCHOBHI 0COOJMBOCTI Ta MiAX0AM 110 iX BupimeHHs. OcoOauBO CITijl BiA3HAYH-
TH, 10 Y PO3MNIAHYTHX poOOTax MpeAMETHUMM OOJIACTSMM JAJIS NMPHUKIAIIB € TPAHCIIOPTHO-
JIOTICTUYHA Ta MEAMYHA rajly3b, 10 BKa3ylOTh Ha IIHUPOTY c(hepH 3aCTOCYBaHHS HayKOBOTO
nopoOky Ckano3y0a B. B. Ta iioro ciiBaBTOpiB.

[lepceKTUBHUM € PO3BUTOK BUSBJICHUX MIAXO/IB, Y TOMY YMCII HUIAXOM iX MMO€IHAH-
Hsl, @ TAKOXK JIOTIOBHEHHS KOHCTPYKTHBHO-TIPOIYKIIMHUX MoJenelt (hopMani3oBaHUM ONMHUCOM
KOHCTPYKTUBHUX €JIEMEHTIB, Y TOMY YHUCIIi BXIIHUX JTaHUX, OHTOJOT1YHUMH 3acobamu. Buko-
puctanHs (opMalli3oBaHUX Croco0iB MpencTaBlIeHHS OHTOJOTIH, Hampukiax, OWL, no3Bo-
JUTH aBTOMaTH3yBaTH 00pOOKY BiAMOBIIHUX JaHHX.

Micasmosa. Branucnas BacunboBuu Ckano3yo (1949 — 2024) — noKTop TeXHIUHHX
Hayk, mnpodecop xkadenpu «Komm'rorepri iHdopmamiitai Texuomoriiy» (KIT) HHI
«/IHIPOBCHKHI 1HCTUTYT 1H(PACTPYKTYpH 1 TPAHCHIOPTY» YKPaiHCHKOTO JEpKABHOTO
YHIBEpCUTETY HAyKH 1 TEXHOJIOTIH.

Cdepa naykoBux intepeciB npod. Ckanozyba B. B. oxommtoBana TeopeTuyHi 1 mpu-
KJIQJH1 TUTaHHs 0araTOKpUTEPiaIbHOTO MOJIETIOBAHHS 1 YIIPaBIIHHS B YMOBaX HEOJAHOPIIHOT
HEBHU3HAYEHOCT1 JJAHWX; PO3BUTOK IHTEIEKTYAIbHUX TEXHOJOTIH 3aJI3HUYHOTO TPAHCIOPTY;
po0JIeMaTUKy YIpPaBJiHHSA NapKamMH CKJIAQJHUX CHCTEM; aBTOMATH3allisl YHpaBJiHHSA Ha OC-
HOBI NPUHIIUIIIB CTAJIOr0 PO3BUTKY; MPOOJIEMH yNPaBIiHHSA HEOAHOPIIHUMHU ITOTOKAMH y Me-
pexax; MOJEITIOBAHHS IMPOIECIB YMPABIIHHSI Y aBTOMATHU30BAHMX CUCTEMax 3aJi3HUYHOTO
TPAHCIIOPTY Y KpaiHU TOLIO.

3aranpHuil HaykoBUM Aopobok Ckanmo3yba B. B. ckmamae pexinpka MoHorpadiii Ta
COTHI HAyKOBHX cTaTed Ta nomosijei. [lix ioro KepiBHUIITBOM 3aXMILEHO HE3NIYEHHY Kilb-
KICTh KBaJi(iKalllfHUX Ta HayKOBUX pOOIT, 30KpeMa Ha 3700yTTs CTyNEeHs KaHIuJaTa TeX-
HIYHUX HayK.

Ha cporoani GaratorpanHuii HaykoBuil nopobok Cxkanosyba B. B. crnpuse po3BuTky
LIMPOKOTO KOJa JO0CHIKEHb, 30KpeMa MOB A3aHUX 3 HEUITKOIO JIOT1KOI0, HEBU3HAYEHUMH Jla-
HUMH, 110 MPUTaMaHHI PI3HUM IpeIMETHUM 00JacTsIM, 30KpeMa IHTENEeKTyaJbHUM TpaHC-
MOPTHUM CHCTEMaM.
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Multi-criterion modeling in the conditions of non-homogeneous data
uncertainty in the V. Skalozub papers
The problems of solving multi-criteria modeling tasks in conditions of heterogeneous
data uncertainty are characteristic and relevant for many areas, in particular, transport and
logistics, medical, and economic. This paper summarizes the approaches to solving these ar-
eas tasks, including cases for data obtained during monitoring with uneven and unclear inter-
vals. All the considered approaches were created under the guidance and with the direct par-
ticipation of prof. Skalozub V. V. The author's team, with his participation, illustrated exam-
ples of the use of models in the tasks of organizing multi-symbol sequences in transport (for-
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mation-dismantling of trains, order processing) and in the analysis and forecasting of
states/events based on data on diabetes diseases.

In this paper, the main approaches to modeling in conditions of heterogeneous data un-
certainty based on multi-layer constructive-synthesizing, separable and relational-separable
models are highlighted. Multi-layer constructive-synthesizing became new branch of develop
constructive-synthesizing modeling. Their practical value currently lies in the possibility of
obtaining a new form of implementation of the specified technological processes of railway
transport. In the future, they can be applied to tasks that require step-by-step data processing
with a clear demarcation of the relevant operations.

The obtained results can be used for further development of the proposed ideas and ap-
proaches.

It is promising to develop the identified approaches, including by combining them, as
well as supplementing constructive-production models with a formalized description of con-
structive elements, including input data, by ontological means.

The paper contains information about the figure and scientific work of V. Skalozub.

Keywords: conditions of uncertainty, uneven and fuzzy sampling interval, arrangement
of multisequences of elements, separable model, constructive-synthesizing modeling, con-
structive model, information technologies.

Kypor’saithuk Ouena CepriiBHa — KaHAWIAT TEXHIYHUX HAyK, JOICHT, TOICHT Kadeapu
«Komn’rorepri iHdopMariiitHi TexHoJOTi», YKpaiHChKUH JIepyKaBHHUI yHIBEPCUTET HAyKH 1

TEXHOJIOTH.
Kuropiatnyk Olena — candidate of engineering sciences, associate professor, associate pro-

fessor of Computer Information Technology Department at Ukrainian State University of Sci-
ence and Technologies.
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C.B. [Tnakcin, A.M. Myxa, /I.B. Ycrumenko,
B.I. Jockou, T.A. Cangyn, C.M. Kymikos
OBIPYHTYBAHHS 3ACTOCYBAHHS PO3IOAIJTEHOI MEPEXI
®OTOEJEKTPUYHUX ITEPETBOPIOBAYIB 151 Y)KUBJIEHHSI JIHIMTHOI'O
JIBUT'YHA MATHITOJIEBITALUMHOI'O TPAHCIIOPTY

Anomayis. Cyuachuii 8UcOKOUBUOKICHULL MPAHCHOPI € OCHOBOK CMANIO20 eKOHOMIYHO20 ma
COYIanbHO20 PO3BUMKY 0epiHcasy, CYCRIIbCMBd 3 OOMPUMAHHA BUMO2 €eKOJLO2IYHOCHI.
Obrpynmosana KoHyenyisi enepeo3zabesnedenHs NIHIUHO20 O08USYHA MACHIMOAe8imayiiHo2o
Mpancnopmy 8i0 po3nooiieHoi mepexici homoenreKmpuuHux nepemseoprosayis. 3anponoHosa-
HUll 6A308Ull CUNOBULL elleMeHm WIAX080I eHepeemuyHoi YCMAHO8KU Y 8Ucls0l 3A8epueH020
8Y3714 00 CKAAOY AKO20 6X005Mb COHAYHA NAHEb, HAKONUYY8AY ma iH8epmop, o npayioe Ha
HABAHMAIICEHHSA Y 8UTIA0T (KOPOMKOLY WLIAX080T KOMYUWIKU. 3aCMOCY8AHHS «KOPOMKOI» WS-
X080i KOMywKU 0038018€ 3MEHUUMU 8MPAMU eIeKMPUYHOI eHepeii, OCKIIbKU ms208e 3)CUILISA
Gopmyembca nunue 8 30Hi 83aEMO0Ii i3 pyXOMOH 00UHUYEI0, 00 He3A0IAHUX OLIAHOK WIAX0801
CMpYyKmypu eHepeis He nepedaemuvcs. 3a paxyHOK 3MeHUleHHs 008XHCUHU POOOUYOI OLNAHKU
Cymmeso niosiuylomvcs [HWI eHepeemudni NOKASHUKU CUcmeMu ) Yilomy, 30Kpema
Koegiyienm nomyoichocmi ma Koegiyienm KopucHoi Oii. 3MeHueHHs 008XHCUHU DPOOOUUX
OLIAHOK 8 YMOBAX GUCOKUX WBUOKOCMEN PYXOMO20 CKIAdy npuzgede 00 NiOSUWEHHS 8UMO2
HaOiliHocmi ma weuoKoOii uaaxosux eumurxayie. Lllniaxosi sumukaui cmeoprowmoscs Ha 6asi
CUTIOBUX HANIBNPOBIOHUKOBUX KIIOUIG, SKI KepyIombCsa CYYACHUMU MIKPOKOHMPOLEPaAMU.
Egexmusnicmo 3anpononosanoi cmpykmypu 3anexicums 6i0 COHAUHOI AKMUBHOCMI 8 Pe2iOHi
po3mauiysanus mpancnopmuoi apmepii. OYiHouHi NOKA3HUKU COHAYHOI AKMUBHOCMI 00360~
JISIIOMb CMBEPOACYBAMU, WO 802081 NOKASHUKU PYXOMO20 CKAAOY, WO MAE PYXAMUCS NO KOIT
3 «KOPOMKOW0Y ceKyii, 6I0N08I0AIOMs HASABHUM PeCypCaM.

Knrouoei cnosa: ninitiniti 08ucyH, homoenrekmpuuna cucmema, eHepeonoCmaiants, MazHimo-
Jegimayiiunull noi30, mpaHcnopm, HaAaKONU4Y8au.

ITocTanoBka npodiaemu

TpancnoptHa cucrema Oynb-fKOi KpaiHM € HAJABaKIMBUM €JIEMEHTOM il €KOHOMIKH.
Cepen BUMOT, 110 MpeJT’ IBJISAIOTH 1O TPAHCHIOPTY OCOOIUBO 3HAYUMHMH € MIBUJKICTh JOCTaB-
KM MacakMpiB Ta BaHTAXIB, a TAKOK MOro eHeproe(eKTUBHICTb. BUCOKOIBUIKICHUH Ha3eM-
HUIl TPaHCHOPT Ha pPAaLIOHAJBHUX EHEProCUCTeMax € IMPIOPUTETHUM HANPSIMOM PO3BUTKY
HayKH 1 TEXHIKH, 110 BU3Ha4YeHO 6-10 Pamounoto [Iporpamoro €Bpocorosy [1].

JIo cydacHMX BHCOKOIIBHIKICHMX HAa36MHUX TPAHCHOPTHHUX CHUCTEM, B IEpIIYy 4Yepry,
BITHOCATBCSI peKoBi onopHi cuctemu Tuny TGV (Alstom, ®paniiist); MOHOPEIHCOBU MOT3]1

© C.B. ITnakcin, A.M. Myxa, /1.B. Yctumerko,
B.I. Hockou, T.A. Cannyn, C.M. Kynikos, 2024
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3 BUKOpHUCTaHHSIM MarHiTHOi jeBitanii Transrapid (Siemens ta Thyssenkrupp Transrapid
GmbH, Himewunna); JR-Maglev cucrema mBHIKICHHX MOI3/IiB HAa MarHiTHI# miasici (Japan
Railway Technical Research Institute Ta Japan Railways, fInownist). BpaxoBytouu 3Ha4MMiCTh
TPAHCHOPTHUX CHUCTEM JUIS JIFOJICTBA Ta 3BAYKAIOUM HA OCTAHHI JOCSITHEHHS HAYKH 1 TEXHIKU
1HTEepeC 10 MarHiTOJICBITALIMHOTO TPAaHCTIOPTY Oy/e TUTbKH 3pocTatu [2, 3].

Knacuyni MarnitoneBiTaliiHi CUCTEMH J03BOJIAIOTH PO3BUBATH IIBUIKOCTI PyXy, SKi
HaOJMKAIOTHCS 10 HIBUAKOCTI MOBITPSHUX NEPEBE3eHb ajie MPH bOMY MalOTh HE HaWKparii
€HEepreTUYHI MOKa3HUKU. BHUKOpPHCTAaHHS albTEepHATHBHUX JDKEpENl €HEeprii, HampuKiaa co-
HSYHOI, 37aTHE CYTTEBO IMOKPALIMTH EHEPreTHYHI MOKAa3HWKM TPAHCIOPTY HA MAarHiTHIN
JeBiTaIlil ane nmoTpedye meperisiay MiaXoaiB 10 TOOYI0BU HOTO MIISIXOBOI CTPYKTYPH Ta CIIO-
co0iB KepyBaHHS JIHIHHUM JBUTYHOM.

OcHoBHUH (OKyC IpH CTBOPEHI HOBOI HUIAXOBOI CTPYKTYpH MOBUHEH OyTH Ha: Oe33a-
TPaTHIN JTOCTaBIli €NEKTPUYHOI CHEPTii CHOXKHBady; CHiBPO3MIPHICTh MUTOMHX XapaKTepu-
CTHK TeHepallii Ta MUTOMHX XapaKTePUCTHUK HABAHTA)KCHHS; TapaHTOBAHICTh HAIXOJKCHHS
eHeprii Ta i eKOJIOTIYHY YUCTOTY.

Merta nocaizKeHHs

OCHOBHOIO 33Jauel0 MPEICTABICHOI0 MaTepialy € OOTPYHTYBaHHS Ha KOHIENTYaJIbHO-
My piBHi 3aCTOCYBAaHHSI CUCTEMHU €HEPreTUYHOTO 3a0€3MeUeHHS JIHIIHOTO TATOBOTO EIEKTPO-
JBUTYHA HUISTXOBOI CTPYKTYPH MarHiTOJIEBITAIIHHOTO TPAHCIOPTY BiJ PO3MOAITICHOT MEpexi
(OTOETEKTPUIHNX TTEPETBOPIOBAYIB.

BuKkJ/ageHHs] 0OCHOBHOI'O MaTepiary 10CTiIKeHHs

B ocHOBi 00rpyHTYBaHHS MOKJIMBOCTI 3aCTOCYBAaHHSI PO3IMOAUICHOI Mepexki (PoToeeK-
TPUYHHUX NEPETBOPIOBAYIB JUIS JKUBJICHHS JIIHIHHOTO TBUTYHA MAarHIiTOJIEBITAI[IHOTO TpaHC-
MIOPTY € OIliHKa €Hepro3aTpar caMoro TPAHCIOPTY Ta €HEPreTUYHUX MOKIMBOCTEH MPOIIOHO-
BAHOI €HEPTETUYHOI CUCTEMH.

OaHMM 3 MOKAa3HUKIB, [0 XapaKTepU3ye €PEeKTUBHICTH JIIHINHOTO TSITOBOTO E€JIEKTPO-
MPUBO/Ia BUCOKOIIBUKICHOTO HA3€MHOTI'O TPAHCIIOPTY [4] € MOKa3HUK MUTOMMX €HEepro3arpar
Wi (BT TOI/T'KM), 10 3aJI€KUTh BiJl NPUHHATOTO 3aKOHY PYXY, BIACTaHI MK 3YNHHKaMH
PYXOMOTO CKJIaly, BEIMYMHH OIIOPY PYXY Ta EHEPreTUYHHX IMOKAa3HUKIB TATOBOTO MPHUBO/IA.

JocnipkeHHS €HEePreTHKU PyXy MOoi3Ja BUKOHAHO JJIA T0i3/1a 3 €NEeKTPOAMHAMIYHUM
miaBicoM, 1o HapaxoBye 10 BaroHiB Ta Mae 3aranbHy Macy 400 ToH. J{oBXkHHa MEepEroHiB KO-
nmuBaetbes Big 100 1o 300 kM, a MIBHAKICTE pyXy cTaHOBUTH 500 KM/TOI.

B pe3ynbraTi BCTaHOBIEHO, IO 3aTpaTh MUTOMOI €HEprii Ha pyX MOi3/la He MepeBU-
myoTh 123 BT'Toa/T'KM 1 B cepefHbOMY MaroTh 3HaueHHs 110 BT-roa/T-km 1715 neperony ao-
BkuHOI0 100 kM Ta 93 Brrog/T-km mist neperony noxuHor0 300 km. [loTyxHICTB, 10 pO-
3BUBAETHCS ABUTYHAMH 32 YMOBHU pyXy MM0i3/a 3 NOCTIHHOIO mBUAKICTIO 500 KM/TON CKiIaae
14,66 MBT, oTyXHICTb, III0 CIIOKUBAETKCS 3 Mepexi —18,9 MBT.

Knacnyna cucrema eHeprornocTa4aHHs TATOBOTO MPHBOJA BUCOKOIIBHIKICHOTO Ha3eM-
HOT'O MarHiTOJIEBITAllIHHOTO TPAHCIIOPTY Ma€ BEJIMKY JIHINHY MPOTSKHICTh CEKLIH CTaTOPHOI
OOMOTKM CHHXPOHHOTO TSTOBOTO €JIEKTPOJABUIYHA, 1 iX, HOTPIOHO PO3IIIAJATH SIK YaCTHHY
CUCTEMHM eHepromocradaHHs. J[oBkHHa cekiiii 0OMOTKU cTaTopa, ii mapamMeTpu BU3HAYalOTh
OCHOBHI [TapaMeTPHUYHI Ta BapTICHI MOKA3HUKHU CUCTEMH €HEProNoCTayaHHs B LIJIOMY.
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Cucrema HaBiraliii Ta JiiHii 3B’93Ky

Pucynok 1 — CtpykTypa enepro3ade3nedeHHs JiHIHHOTO CHHXPOHHOTO TATOBOTO
enekrpoapuryna (JICTE]]) BUCOKOIIBUAKICHOTO HA36MHOT'O MarHiTOJICBITAIIIITHOTO
TPAHCIIOPTY BiJl CHCTEMH 30BHIIIHBOTO JKEPEIa eHepril

VY3aranpHeHa CTPYKTypHa cXxema eHepro3ade3nedeHHs JIHIMHOTO CHHXPOHHOTO TATOBO-
ro €JIEKTPOJBUTYHA BHCOKOIIBUIKICHOTO HA3€MHOT'O MarHiTOJIEBITAIITHOTO TPaHCIOPTY Bif
CHCTEMH 30BHIIIHBOTO JDKEpesia eHeprii HaBeleHa Ha puc. 1 (CHIIOBI eleMEeHTH BUIIICH] Yep-
BOHUM KOJIbOpPOM). SIKipHa OOMOTKa JIHIMHOIO CHHXPOHHOTO TATOBOTO EIIEKTPOJIBUTYHA
(LUIIXOBI KOTYIIKM CeKUiN 1, 2...N) OTpUMYIOTh *HUBJICHHS Y€pe3 BiAMOBIAHI HMUIIXOB1 BUMHU-
Kaul BiA cucreMu TpudazHux ¢inepis (pasu A, B ta C), mo 3’€aHaHI 3 NEPETBOPIOBAYEM.
Hanpyra 1 yactTora Ha KO)KHOMY (ifiepl peryatol0ThCs y BIANOBIIHOCTI 3 TATOBUM PEXKUMOM.
BwmukanHs Ha >KUBJICHHS SIK 1 BUMUKaHHS KoxkHO1 cekiiii JICTE]] BinOyBaeThcs 1o Mipi mpo-
CyBaHHs TOi37]a NUIIXOM CHCTEMOIO HaBirarfii Ta 3B’S3KYy, SIKa KOHTPOJIOETHCS CHUCTEMOIO
yIOpaBiiHHA pyXoM. B cTpykTypi 300pakeHiit Ha puc. 1 nqoBkuHa (iepHOT 30HH KOJIUBAETHCS
B mianazoni 10...40 kM. Benuuuna crpymy B cekuii JICTE]J] Ta ioro xoperyBaHHs, ONTH-
MaJbHE 3HAaYeHHs KyTa HaBaHTaXeHHS, 10 jae Bucoki 3HadeHHs KK]I Tta xoedimienTa moty-
YKHOCTI, @ TaKOX YCTaHOBKa HEOOX1JHOI YaCTOTH HAINPYTH JKUBJIEHHS B MPOIEC] PO3TOHY YU
raJlbMyBaHHSI JIOCSTAEThCSl KEpyBaHHSIM NepeTBoproBadamu. [loTouHa o6’ekTuBHa 1HGOP-
Mallisi Ipo KyT HaBaHTAKEHHS B CUCTEMY KE€PYBaHHS NEPETBOPIOBAYaMU HAJXOJAUTH 3 CHUCTE-

MU HaBiTaIlil 4 MO KaHaJIaM 3B’S3KY 3 IMOi3J0M. AHAJOTIYHUM YHHOM BJIAIITOBAaHE €HEPTO-
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MOCTa4yaHHs MarHiTOJNEBITAIlIfHUX TpaHcopTHUX cucteM fAnowii, Kurato, Himeuunnu, mo

BUIIPOOOBYIOTHCS Ha iX MOJIIrOHAX.
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Pucynok 2 — 3anexnicts Hanpyru U i ctpymy cratopa |l JICTE]]

BiJl cTpyMy 30y/KeHHS |, B HAAIIPOBITHUKOBOMY KOHTYPi
3a pi3HUX JIOBXKHUH CEKIiif CTaTOpHOT 00MOTKH |,

Ha puc. 2 naBeneni 3anexnocti Hanpyru U i ctpymy craropa I, JICTE/ Bin ctpymy
30ymKeHHS |, B HAIMIPOBIIHUKOBOMY KOHTYPI1 32 PI3HHUX JOBXKHUH CEKIIiil cTaTOpHOI 0OMOTKHU
|c nst BUMaaky ycraneHoro pyxy 3 mBuAKicTIO 139 M/c Ta 3a 4acTOTH CTPyMY KHUBJICHHS
50 'l (KiTBKICTh HAJNPOBIAHUKOBUX KOHTYpiB 30ymxkeHHs 90, mositpsauid 3a30p JICTE/]
0,2 M, KyT MK BEKTOpaMU MarHiTHUX IOJIIB 30yJKeHHs Ta cTtaTopHoi oOmMoTku 110° cuia
Taru aeuryna 105,5 kH). lns ycix TOBXHH CeKIiH 3aJe)KHICTh CTPYMYy CTaTOPHOI OOMOTKHU
BiJl CTpyMy 30y/KEHHS Ma€ OJHAKOBMH XapakTep. 3HAU€HHS Halpyru >KUBJIEHHS CTaTopa
3poCTae i3 pOCTOM JOBKMHU ceKlii cratopHoi oomoTku Big 500 M 1o 12000 M, T06TO 3 po-
CTOM ii IHIYKTHBHOTO OTIOPY.

YMOBHU 3a SKMX OTPUMaHI 3aJIEKHOCTI €HepreTHuHuX moka3HukiB (cose Ta KKJI) Bix
CTpyMy 30y/DKeHHS (puc. 3) aHaJoriuHI yMOBaM, 1110 i Ha puc. 2. TakuM 4UHOM, Ul KOXKHOT
JIOBXKMHM CEKIii CTaTOPHOI OOMOTKH JIIHITHOTO JBUT'YHa MOKHA 3HAWTH 3HAU€HHsS CTPyMY
30y/UKEHHS 32 SKOTro 3a0e3MeuyeThCsl KOMIIEHCAllisl peaKTUBHOI CKJIaJ0BOi €Heprii, 1o CcIo-

JKHNBA€ETHCA.
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Pucynok 3 — Enepreruuni nokazuuku JICTE]] B 3anexxHOCTI Bif cTpyMy
30ymKeHHs ABUTYHA (moBxkuHa cekiii 1.=500 M — kpuBa 1,
1500 m — 2, 3000 m — 3, 6000 Mm — 4, 9000 m — 51 12000 M — 6)

JIoBKWHA JUISIHKH, 110 OTPUMYE KHUBJICHHSI, CYTTEBO BIUIMBA€ HA BETUYUHU CyMapHOI
aKTUBHOI Ta TMOBHOI MOTY>KHOCTEH CIOXHMBaHI ABUTYHOM, cepenHe 3HaueHHs KKJI i1
Koe(illieHTa MOTYXHOCTI. [3 3MEHIIEeHHsS JOBXKUHU CEKIi CTaTOPHOI OOMOTKH TSTOBOTO
JHIMHOTO BUT'YHA MiJBUINYIOThCS HOTO €HEPreTUYHI MOKa3HUKHU (KOe(illiEHT MOTYKHOCTI Ta
KKJI) ane ne morpedye MiABUIIEHHS BUMOT J0 HAJiHHOCTI Ta IIBUIAKOMAI IIJISTXOBUX BUMH-
kayiB. Ha puc. 4 HaBezeHi 3anexHocTi koedinieHTa notyxHocTi (CosQ) 1 KK/ (1) Bix yacy
MOTEPETHHOr0 YBIMKHEHHS HACTYITHOT AUISHKY 1, 32 yMoBH 1=ty (to — yac BUMUKAHHS AUISH-
KH, 110 BUXOJUTH 3 poboTH) Ta noBxuuu AuistHka 2000 M. 3ona A (puc. 4) axiii BiAnoBinae
t:=to<1 c., HE MOKe OyTH MPUIHATOIO B IKOCTI poOOYOi HE TUBJITUUCH HA BUCOKI €HEPTeTHYHI
MMOKAa3HUKH, OCKUIBKU HIBUIKO/IIS MUITXOBUX TIEPEMHUKAUiB, 110 3JICKUThH Bl BUIY BUMHKAYiB
SIKi 3aCTOCOBYIOTHCS 1 CHCTEMH KEPYBaHHS HUMH, HE JIO3BOJISIE IOCSITHYTH TaKUX 3HAYCHD Ya-
Cy BMHUKaHHS 1| BAMUKAHHS.

3ona C (puc. 4) skiit Biamosinae t;=to>9 c., Takok He MOXKe OYTH MPUHHATOIO B STKOCTI
po00Y0i, OCKUTEKH B I[bOMY BUTIAAKY OJHOYACHO OYAYyTh OTPUMYBATH KHBJICHHS TPH JUISH-
KH, a TaKOX I 30HA XapaKTePU3YEThCS HAWHWKINMU CHEPTeTUIHUMHE TTOKa3HUKaMH. Takum
YUHOM, JIJIsl 3a0€3MeUeHHs] HalIMHOI poOOTH BUMHUKAYIB 1 JOCATHEHHS HaWKpaIIUX €HEepre-
TUYHUX TTOKA3HUKIB JIBUTYHA Yac BMUKAHHS 1 BAMUKAHHS JUISTHOK YKHBJICHHS TTOBUHHO OYTH B
30H1 B (mianmazon wacy 1...9c.). lns 3oum B cepenniii enepretuunuii gakrop (m00yTOK
koedimienta motyxxuocti i KKJI) 3smenmyetscs Bin 0,69 (t,=tp=2 c.) 1o 0,49 (t;=tx=8 c.)
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Pucynok 4 — 3anexuicts enepreruynnx nokazuukis JICTE/] Bix yacy yBiMKHEH-

Hs1/BUMKHEHHSI TUTTHOK sxkuBjieHHs (1.=2000 m)

JIisi TIOKpaIeHHsT TeXHIKO-CKOHOMIYHHMX TIOKA3HUKIB JIIHIHHOTO TSATOBOTO EJEKTPO-
JIBUTYHA Yac MOIMEPEeIHbOI0 BMUKAHHS HACTYIHOI 1 BUMUKAHHS TONEPEAHBOIT AUISHKH TI0-
TpiOHO MpHUKMATH MiHIMAJIBHO MOXKIIMBHM 32 YMOBHU 30€peKEeHHS HaliiHOI pOOOTH NUIIXOBHX
BUMUKAYIB.

Amnati3z rpadiuHUX 3aJ€KHOCTEH MPEACTaBICHUX Ha pHc. 2, 3 Ta 4 0HO3HAYHO BKa3ye
Ha Te, MO €PEKTUBHICTh CHEPrOMOCTAYaHHS 3POCTAE 13 3MEHIICHHS JIOBXHHH CEKI[i1 00MOTKHU
cTaropa JIHIHHOTO TSITOBOTO EJIEKTPOJBUTYHA 1 OOMEKYETHCS MOMIIMBOCTAMHU (Di3HUHO

BIITBOPHUTH PO3MipH HUISIXOBOI KOTYIIKH 2T/3, € T — BeIMYUHA MTOJIFOCHOTO JIICHHS.

Kpim Toro, omrumizamiss po3Mipy IIISIXOBHX KOTYIIOK 3 ypaxyBaHHSIM JTUHAMidHOI
CTIMKOCTI 1 eHeproe(eKTUBHOCTI MPU3BOJUTH O 3MEHIICHHS (i3WYHUX PO3MIpiB MIITXOBUX
koTymok 110 0,5...2,0 m [5].

Axne came no co61 BukopucranHs kopoTkux cekuiid JICTE/] 3a TpaauuiiiHoro crnocoOy
€HEeprornocTayaHHsl HE BUPILIYE 3aaul 3HI)KEHHS BTpaT, Tak K (ifepu 3aiuiIatoThes Oara-
TOKIJIOMETPOBUMH, a TMOTYKHICTb, IO IO HUM MPOINYCKAETHCS, 3HaYHOW. TiIbKU mMomava
JKUBJICHHSI Ha OKpPEMY LIUISIXOBY KOTYILIKY B1J] aBTOHOMHOI'O JKepelia eHeprii 3 BiAMOBIIHOO
CTPYKTYPOIO CUCTEMHU KEPYBAaHHS JI03BOJIUTH BUPILIUTH MPOOIIEMY 3araciB PeakTUBHOI TOTY-
JKHOCTI Ta 3HU3WUTU BTPATH, 110 OOYMOBJIEHHI «XOJIOCTOIO» POOOTOI CYCIAHIX CEeKLIN mpu
IPOXOJ/IKEHHI MO13/I0M CTHKIB cekliil. Po3B’s3aTn nmoniOHy 3ajauy MOXHA, SKIO BUKOPUCTa-
TH B SIKOCTI1 JKEpeTa eHeprii po3noiiieHy GOTOEIeKTPUIHY €HEPrOCUCTEMY.

Jlist OIIHKY 1IHTEHCHUBHOCTI COHSIYHOI pajiailii BBEEHO MOHSTTS COHSAYHOI MOCTIIHOI,
110 piBHA eHeprii BunpoMiHeHHs: COHIIA SKa Ma/la€e 3a OAMHULIIO Yacy Ha OJMHUIIIO TUIONI TO-
BEPXHI MEPHEeHIUKYJSPHIA MOTOKY BHIIPOMIHEHHS, B KOCMIYHOMY IPOCTOpI Ha cepeiHii
BifcTani 3emi Big Conis. CTanaapTHe 3HAYEHHS COHSYHOT MOCTiIHHOT HopiBHIOE 1353 Br/Mm2.
Yepes3 0co0MMBOCTI OpOiTAILHOTO pyXy 3eMili T'yCTHHA MOTOKY Oiisl 3eMHOI MTOBEpXHI 3ajie-
KHTb BiJl IOPU POKY 1 4acy J00H.

AHaJli3 CTaTUCTUYHMX JAHUX HAJIXO/KEHHS COHSUHOI eHeprii B YKpaiHi IOKa3aB, 110
CepeIHbOPIYHA KITBKICTh CyMapHOi COHSYHOT pajiallii Ha KBaJpaTHUI MeTp IJIOLI MOBEpPXHI
KoMmBaeThes Bix 1070 kBr-rog/mM® Ha miBHOUI kpainu g0 1400 kBrrow/m® Ha ii misami [6].

ISSN 1562-9945 (Print) 15
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

Jlnst pi3HUX pErioHIB XapakTepHa pi3Ha IHTEHCUBHICTb COHSYHOI paiiamii Ha MPOTA31 POKY,
TaK B MYCTeJl B3UMKY CyMapHUH 4ac HaIXOKEHHs COHSYHOI pajianii Maixe B 2 pa3u MeH-
UK y TOPIBHSHHI 3 JiTHIM niepiogoM. [y Teputopii YKpaiHu 1€ CriBBiIHOIIEHHS 3HAXO-
IUThCS B Mexax 4...7 [6]. Jlns mpakTHUHUX PO3paxyHKIB 3 ypaxyBaHHAM opienTamii i KKJ]
COHSHMX (DOTOCTEKTPHUHIX TIaHEIeil MOJKHA KOPHCTYBATHCH 1ippoio 50 kBr-rom/M Ha pik.

OLiHOYHI PO3PAXYHKH I03BOJSIOTH TOBOpUTH, mo | M° (oToenexTpudroi manem Ha
MPOTSI31 POKY MOKE 3a0€3MEYUTH SHEPTIEI0 IIJISTXOBE TOJOTHO IS MIEPEMIIICHHS BaHTaXy B
1 ToHy Ha BiJICTaHb, IO PIBHA JOBXHHI NUISIX0BOI KOTyIKH 2T/3 M, O1m3bk0 625000-1/T pas.
SAxmo t=2,5M, To yucio nepemimienp ckiaae npudauzno 240000 pasi, mo IS BaHTAXKY
1 ToHHa BiAMOBiAA€ MPOIYCKHIM 3MaTHOCTI mUIAXy 1,5...2,6 XB. OCKUIbKH IIIIXO0BA KOTYIITKA

€ OCHOBHHMM €JICMCHTOM JIIHIHHOTO TATOBOT'O JIBUTYHA, TO CTPYKTypa CUCTEMH €HEProrocra-
yanus JICTE]] 6yne monudikoBana 10 BUy HaBEICHOMY Ha pucC. 5.

— Cucrema ynpas/IiHHSI pyXOM MarHitTorviaHa (¢«— I'padik pyxy
daza A
dasza B
¢dasza C
CHIEY Ne1 CIIIEY N22 CIIEY N2n
®doroenekTpuuHa doroenekTpmuuHa doroenekTpuuHa
TaHelb raHesb MaHesb
Hakonuuysau HakonmuyBau HakonmuyBau
Ly [HBepTOp e [HBepTOp s Ly [uBepTOp DES
Cexkuisa JICTE]I N°1 Cexkuisa JICTEI N°2 Cexkuisa JICTEI N°n
2t/3 21/3 2t/3

Cucrema HaBiraliii ta JHii 3B’13Ky

&
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Pucynok 5 — CtpykrypHa cxema enepronoctayansst JICTE/] Bix cOHAYHUX MaHenei
(cunoBi eneMeHTH BU/LIEHI YePBOHUM KOJIEOPOM)

B cTpykTypi 3ampomnoHoBaHiil Ha puc. 5 BiAmazae HEOOXITHICTH B Mepenadi 3HAUHUX
00’eMiB eHeprii Ha BeJMKi BIJCTaHI, IO MPU3BOAMUTH 10 3MEHILIEHHS 3aralbHOCHCTEMHHX
BTpaT. OCHOBHUM CHJIOBHM €JIEMEHTOM TaKOi CUCTEMU € COHSYHA IUISXOBa €HEepreTHYHa
ycraHoBka (CILEY) sika ckinagaerses 3 HOTOSNEKTPUYHOI MTaHeli, HAaKONu4yBaya Ta iHBepTo-
pa. OgnotunHi, manoeneproemMui CIIEY po3minrytoTbest B3I0BK MaricTpaii 3abe3nedyodn
TUM CaMUM O1IbIII BUCOKHI piBEeHb HATIMHOCTI (PYHKIIOHYBaHHS CHUCTEMH, Kpally €JIeKTpo-
MAarHiTHy CyMICHICTb ii elleMeHTiB Ta 0e3NeKy eKCIuTyaTarlii.
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BpaxoByioun HEpiBHOMIpHICTh TeHEpallii eleKTpUYHOi eHeprii (oToeneKTpuIHUMHU
yCTaHOBKaMHM Ha MpPOTs3i 100U 1 poKy, s 3a0e3MeYeHHs He3aJIeKHOCTI CUCTEMH €HEeproIio-
crayanns 70 CLIUEY npen’ ssBIsit0THCS HACTYITHI BUMOTH:

— HaKONHMYyBay Ta iHBEPTOp MOBHHHI MPALIOBATH B LUK PO3PALy-3apsay Tak adH 10
YEeproBOro po3psiay HaKOMMWYEHA MUTOMA €HEepris Oyia 3a BETMYMHOI0 HE MEHIIOI aHIXK IIe
HEOOXIJTHO /711 TPAHCTIOPTYBAHHS OJAMHUII Baru 1moiza Ha OJUHUILIIO JOBXKUHH LUISAXY;

- HaKONHMYyBay MOBHHEH 3a0e3revuyBaTH HAKOMWYECHHS JI0CTaTHHOTO 00’ €My eHeprii B
CBITIIy Opy 100N abM HOpMaAJIbHO (DYHKI[IOHYBAaTH BHOYI;

- HaKONHMYyBay IMOBHHEH MaTH NMEBHUM 3amac eHeprii abu 3a0e3neuntu Oe3nepediiiHy
pOOOTY TPAaHCTIOPTHOI CUCTEMH MPOTSITOM JIEKUTLKOX /110 32 HECTIPUSTIUBUX IMOTOAHUX YMOB;

- HaKONHMYyBay MOBMHEH MAaTH 3JaTHICTh B JITHIM NepioJl aKyMyJIIOBaTH CTIJIbKH
eHeprii abu B3UMKY BijJ1aBaTH ii MOCTYNOBO HAa HABAHTA)KEHHS TapaHTYIOUH UM HE3aJIC)KHE
€HEepronocTadyaHHs TPAHCIOPTHIN CUCTEMI Ha MPOTSI31 POKY.

Bumie BUKIageHMM BHMOTaM MOJKE 3aJI0BOJIBHATH HAKOMHMYYyBady, IO CKJIATAETHCS 3
aKyMyJIATOpa, 10HICTOpA, ENEKTPOIIi3epa, EMHOCTI sl 30epiraHHs BOJHIO Ta MMaJHMBHOTO eJe-
MeHTa. AKyMyJsTOp B 3M031 3a0e3meuuTn eHeprito aist podotu CILIEY rogumramu um HaBiTH
JeKinbKa 710, 10HICTOp Maro4u BHCOKI NMOKAa3HHUKH 3apsity/po3psay odepirae akyMysiTop Bix
3HaYHHUX CTPYMIB 3apsiy/po3psny. [HII TpHu eeMEeHTH MOKJIMKaHi 3a0e31meunTd podoTy eHep-
TOCHCTEMH 11T HABAHTAXKCHHSIM Ha TIPOTS31 POKY.

['o10BHOIO BUMOTIO10 3K O COHSIUHMX TaHenei € Bumora Bucokoro KK/I.

BucnoBku

Bukonanmii anami3 OanxaHCy €HEpreTMYHHX MOTpPed MarHiToJeBiTaliiHOrO mMmoi3da i
MOYJIMBOCTEH (POTOCTEKTPUIHOT CHCTEMH €HEPro3ade3neueHHs MOKa3ye, M0 MUTKOM PeaibHO
BUKOPHCTOBYBATH PO3MOIIEHY (POTOCIEKTPUYHY CHUCTEMY B SKOCTI CHCTEMH E€HEProrocra-
YaHHS BUCOKOIIBHIKICHOTO Ha3eMHOTO TpaHCIOPTY. Tak, B yMOBax peaybHOi 3a0e31e4eH0CTi
COHSIYHOIO €HEpri€ro B YKpaiHi, €JIEKTPUYHOI €HEprii, 110 TeHepyeThes | M ¢doToenexkTpuy-
HUX MaHeJell JoCTaTHbO 1100 MpuOIM3HO 1 TUC. pa3iB TPaHCHOPTYBATH MArHITOJNEBITALIHHUI
noi3z Baroto 400 ToHH Ha BiACTaHb 1 M.

Oco0JMBICTIO TAKOTO MIAXOAY 10 MOOYIOBH CUCTEMH €Hepro3ade3neueHHs € i rmmboka
IHTErPOBAHICTh B CUCTEMY YHPABIIHHS MarHITOJEBITAL[IHHUM TpPAaHCIOPTOM, INiJABHUIIEHA
HaJ1MHICTh Ta NOKpaleHa eJIeKTPOMAarHiTHa CyMICHICTb ii €JIEMEHTIB, €KOJIOTIYHICTb.
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Justification of the application of a distributed network of photoelectric
converters to power a linear motor of magnetolevitation transport

Abstract. Modern high-speed transport is the basis of sustainable economic and social
development of the state, society in compliance with environmental requirements. The concept
of power supply of a linear motor of magneto-levitation transport from a distributed network
of photovoltaic converters is substantiated. The basic power element of a track power plant is
proposed in the form of a completed unit consisting of a solar panel, a storage device and an
inverter, which operates on a load in the form of a "short" track coil. The use of a "short"
track coil allows reducing electrical energy losses, since the traction force is formed only in
the zone of interaction with the rolling stock, energy is not transmitted to unused sections of
the track structure. By reducing the length of the working section, other energy indicators of
the system as a whole are significantly suspended, in particular the power factor and efficien-
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cy. Reducing the length of the working sections in conditions of high speeds of rolling stock
will lead to increased requirements for reliability and speed of operation of track switches.
The track switches are created on the basis of power semiconductor switches, which are con-
trolled by modern microcontrollers. The effectiveness of the proposed structure depends on
the solar activity in the region of the transport artery. The estimated solar activity indicators
allow us to state that the weight indicators of the rolling stock that must move on the track
with a "short" section correspond to the available resources.

Keywords: linear motor, photovoltaic system, power supply, magnetic levitation train,
transport, storage device.
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O.B. I'mymikoB
MOBYIOBA JTEPEBA IITEMHEPA
3A IOMOMOI'OIO METOJIA KJIACTEPU3AILIIL

Anomauyis. B oaniti pobomi pozensoacmuvcs memoo nodoyoosu oepesa [llmetinepa onsi onmu-
Mizayii mepedxcesux CmpyKmyp y posnooileHux xomn'romepuux cucmemax. OcHosHa mema
pobomu noaseae y 00CHioONCeHHI ma NPOBAONCEHHI OOCKOHANEHO20 ANICOPUMMY OJisl 3HAXO-
Ooicennst mowok [llmetinepa 3a donomozoro memody xknacmepusayii. OcHosHa ides Memoody
NoJA2AE Y GUKOPUCMAHHI cneyu@iuHo2o nioxody 0o eusHavenHs modok Lllmetinepa, wo on-
MumMizyrome nio'€OHanus 3a0anux movox y npocmopi. Memorw ybo2o nioxooy € 3meHuleHHs
004UCTI0BANILHOI CKIAOHOCMI, 30epiecarodu npu Ybomy adeK8amuy moyHicms y no6yoosi oepe-
6a Illmeiinepa. Yepes cnpowenuti nioxio 0o kiacmepuszayii ma euznauents moyok Illmeitine-
pa, yeti Memoo Mae nomeHyian 3HAYHO ONMUMIZY8amu npoyec 8UPiUeHHs: NOCMABIeH020 3d-
80aHH51, 0CODIUBO 8 CYEHAPIAX 3 BEIUKOIO KLIbKICMIO MOYOK. /{1 8UBHAUEHHS 11020 egheKmus-
HOCMI Npo8edeHo 00CNI0NCeHHs HA 2pagax 3 womupma, n’amu ma wecmu GepuluHamu po3-
MAUOBAHUMY HA NJIOWUHI BUNAOKOBUM YUHOM. TecmysanHs npoBoOusioct 3a 00NOMO20I0
CneyianbHo20 NPOSpaAMHO20 3abe3neyeHHs, Hanucanozo moeoiw Python. 3aeanom, docni-
0JiCEeHHA NOKA3AN0, WO Memoo Klacmepuzayii € epekmusHuM iHCMpYMeHmom Ol GUSHAYEH-
Hs mouok [lImeiinepa, wo 00380/15€ 3HUUMU 0OUUCTIOBATILHY CKIAAOHICMb Ma 3a0e3neyumu
aoexkeamuny moyHicmov y no6yoosi depesa [llmetinepa. Ilodanvuii 00cniodxicenHss 8 YbOMy Ha-
NPAMKY MONCYMb CHPUAMU B0OCKOHANICHHIO Memooie onmumizayii mepexicesux cmpykmyp,
WO € 8ANCTUBUM O] WIUPOKO20 CNEeKMpPY NPAKMUYHUX 3ACMOCYBAHb.

Knrouoei cnosa: oepeso [llmetinepa, minimanvHe ocmosgne depego, Memoo onmumizayii, Kia-

cmepu3ayis epaga.

IlocranoBka npo6Jemu. 3anaya [llreiinepa (abo 3agaua nepesa lllTeitHepa) - e KOM-
OiHaTOopHa OoNTHMI3alliiiHa 3ajaua B rpagax, sfKa MoJsIrae B MOLIYKY HaHKOPOTIIOTO MOKIIH-
BOTro jepeBa (rpada) 1 3'eHaHHS 33JaHOTO HAOOPY BEPIIUH, SKI HA3UBAIOThCA TepMiHaJa-
MU. Bifpi3Hsarouuck BiJl OB TPAIUIIHHIX MiHIMATbHUX OCTOBHHX JepeB, AepeBo LlTeiine-
pa Moe BKIIIOYAaTH JOJATKOBI TOUKH, SIKI HE € YACTUHOIO MEpBICHOr0 Hadopy, ajie siKi JI0TMo-
MararoTh CKOpPOTUTH 3arajbHy JOBXKUHY JepeBa. JloJaTKOBI TOYKM BIZJOMI SK TOYKH
[relinepa.

15 3amaua € KOMOIHATOPHOIO ONTUMI3aliiiHOIO 3a1aueto NP-ckiiagHoCTi 1 MoXke OyTH
Jy’Ke CKJIaJHOIO JJIsl PO3B'sA3aHHA, 0COOJIMBO Ha BeIMKUX rpadax. Tomy iCHYIOTh pi3Hi airo-
PUTMH, K1 HaMararoTbCsi HAOJIM3UTHU ONTHUMAJIbHE PIIIEHHs a00 3HANTHU PO3B'I30K B MPUMHS-
THUU 4ac.

© T'nymikos O.B., 2024
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Merton IlIteiinepa mae 6e3mid 3aCTOCYBaHb y Pi3HUX Taiy3sixX, BKIIOYAIOUH TEIEKOMY-
HiKamii (U1 3'€ JHAHHS MEPEX 3 MIHIMAJIBHOIO JIOBXKHHOIO KaOeliB), MapIIpyTH3aI[il0 MEPEXK,
BUPOOHUIITBO MMEYATHUX TIJIAT, TU3aMH JOTICTHYHUX CUCTEM 1 0araro iHImmx obracTei.

Haiinpocrimmii npuknazg 3anaudi LlteiiHepa, KOaM KUIBKICTh TOYOK JTOPIBHIOE TPHOM.
Pimenns 3anaui lreiinepa mis Tppox Touok Oyno 3nHaiaene mie B XVII cromitri. I1. @epma,
€. Toppuuemnni ta b. KaBanbepi B cBiif yac goBenu, mo aepeso LlTeitHepa i TPUKYTHUKY
OyAyeTbes 3a JOMTOMOTOI0 OJTHIET T0IaTKOBOI TOYKH (TIPH YMOBI IO BCi KYTH TPUKYTHHKA Me-
Hii 120°), kotpa Ha3uBaeThest Toukoo depma-Toppuuennu-Ilreiinepa. Skmo oguH 3 KyTiB
TpUKyTHHKaA Oinbine abo nopiHioe 120°, To nepeBo LlTeiiHepa ckiaamaeTbes 31 CTOPIH IBOTO
kyta [1].

Ha Puc. 1 noka3zanuii npouec nodynosu Touku Llreitnepa S st Tppox Touok A, B, C.
Jns momryky touku HlTeiinepa tpeba Ha Oynb-sAKili CTOPOHI HaYaJIbHOTO TPUKYTHUKA J100Y-
JyBaTH Ha30BHI piBHOcTOpOoHHIN TpukyTHUK A’BC. Touka S mepeTuH Koja, OMHCAaHOTO Ha-
BKkosio TpukytHuka A’BC, ta Bingpizka AA’ Oyne sBistucs toukoro Illteiinepa. Takox 1o
TOYKY MOJKHA 3HAWTH, SIKIIO JOOYIyBaTH PIBHOCTOPOHHI TPUKYTHUKU K OYAb-KMM 1HIIUM
cTopoHam [2].

Pimenns 3anaui IlItelinepa a1 TphOX TOYOK € OCHOBOIO JUTSI TIOOY/IOBH HAHKOPOTIIOT
citku lItelinepa as1st BENMMKO1T KITBKOCTI TOYOK. Bimomo, mo /it Oyab-gKoi KiHIIEBOi CHCTeMHU
TOYOK Ha TUIOIIMHM iCHY€ KiHIleBa MHOKMHA ciTok LlTeitnepa. [l HaXoMKEHHST HAUKOPOT-
HIOTO HUISXY Cepel MHOXXHHH TOYOK Tpeba 3Haiitu Bci citku llTeiinepa, a motiM BHOpaTn
Haiikoportiry. OJHaK TOYHE pillIeHHs 3ajadi OTpeOye pO3TIsay BEINKOI KUTBKOCTI BapiaHTIB,
TaKk M0 HAaBITh HAWKpaIll aJITOPUTMH, IO BHKOHYIOTHCS HAa CaMUX IIBUIKOMIFOYHX
KOMIT I0Tepax, He B 3MO31 HA/IaTH PIICHHS JUIs BEIMKOI MHOKHHHU 33JJaHUX TOYOK 32 PeaibHO
npuiHATHUN Yac. binbme toro, 3amada llITelinepa HaNeXUTh 0 KJIAcy 3ajad, JJIs SIKUX, Ha
JTyMKy 0araTbOX CY4aCHMX JIOC/IIJHUKIB, €EKTUBHI QJITOPUTMHU HIKOJIU HE OyAyTh 3HAI/IEHI.
3 oryisay Ha 3aTpeOyBaHICTh 3aJaul Ui MPAaKTUYHUX JO0JATKIB, aKTyaJlIbHOIO € o0y/10Ba HO-
BUX QJITOPUTMIB, Y TOMY YHCII Jar0Th HaOJIMkeHe pimenHs 3anadi [lIteiinepa [3].

Pucynoxk 1 - [ToGynoBa Touku Hlteiinepa S s tpuxytHiuka ABC
reoMeTpUYHUM MeTo10M[1]

Mera. B wiii poboti mependadaeThCsi TOCHITUTH BAOCKOHAICHUN AJITOPUTM 3HAXO-
okeHHs Touok [lIteiiHepa nms moOyIoBU MeEpek B PO3MOAUICHUX KOMI'TOTEPHUX CHCTEMaXx 3a
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JI0TIOMOT0I0 pO3pO0JIEHOr0 MporpaMHOro 3abe3neueHHs. s nmporpamMHoi peanizarii oOpaHo
moBy Python.

Metoauka. [Tonpu 3HaYHY aKTyalbHICTh Ta BaXIUBICTh MOOYH0BHU nepesa LllreitHepa,
BapTO 3a3HAYMTH, IO L 3aJada HAJIEKHUTH 0 HaJAcKiIaaHux npobiem. lle o3nauae, mo He
ICHY€ BIJIOMOTO JITOPUTMY, SIKUH 3/1aT€H 3HAWTH TOYHE ONTHUMAIIbHE PIIICHHS /ISl TOBLIBHO-
r'0 BXiIHOT0 Ha0OpY JaHUX Yy MOJiHOMIANbHUHN Yac. B pe3ysnbrari, OUIbIIICTh ICHYIOUHX AJITO0-
PUTMIB 30CE€PEKYIOTHCSI HAa HAOMIKEHNX a00 €BPUCTHYHMX PIIIEHHSX, SIKI MOXYTh HE rapa-
HTYBaTH ONTHUMAJIBHOCTI, ajie 3a0€3MeUyI0Th MPAKTHYHO NPUHHATHI PE3yJIbTaTH y PO3YMHUN
Jac.

OpHak, HaBiTh LI METOJIM YacTO CTHKAIOTHCA 3 OOMEKEHHSMH y BUTIISAI BUCOKHUX 00-
YHUCIIOBAILHUX BUTPAT Ta HEAOCTATHHOI TOYHOCTI, OCOOJIIMBO MpU POOOTI 3 BEIUKUMHU ab0
ckinagHuMu rpadamu. TakuMm YMHOM, po3poOKa aJbTEPHATUBHUX AITOPUTMIB, SIKI 37aTHI
e(eKTHBHIIIE BUPINIYBATH IO 33/1a4y, € KPUTHYHO BAXKIMBOIO ISl TIOAAJIBIIOTO MPOTrPECy B
o0JacTsX, e BUKOPUCTOBYEThCS niepeBo Llteiinepa.

OxHUM 3 TaKUX METOJIIB MOKE OyTH METOJ| KjacTepu3anii TouoK Ha rioniuHi. OCHOB-
Ha iJies METOJy TOJIra€ y BHKOPHCTaHHI crenu(iyHOro MiIXOAy 10 BHU3HAYEHHS TOYOK
HITeiinepa, MO0 ONTUMIZYIOTH ITiJT'€THAHHS 33JaHUX TOYOK Y TIPOCTOPi. METOI0 IBOTO ITiIX0-
Iy € 3MEHIICHHSI O0YHCITIOBAIILHOI CKIIAIHOCTI, 30€piratoyu Mpy bOMY aJIeKBaTHY TOYHICTD y
nooOynoBi nepera Ll relinepa. Uepes crpomeHui miaxia 10 KiacTepu3allii Ta BAZHAYCHHS TO-
yok Ll TeitHepa, et MeTo1 Ma€ MOTEHIIAT 3HAYHO ONTUMI3yBaTH MPOIIEC BUPIMICHHS ITOCTAB-
JICHOTO 3aBIaHHs, 0COOJIMBO B CIEHAPISAX 3 BEITUKOIO KUTBKICTIO TOUOK. J[)1s BU3SHAYSHHS HOTO
e(EeKTUBHOCTI MPOBEAEMO JTOCTI/KEHHS Ha rpadax 3 4oTUpMa, IT’ATH Ta IIECTH BEPIIMHAMHU
PO3TaNIOBaHUMH HA IUIONIMHI BUMIAJIKOBUM YHHOM.

IMporpama Steiner Point Calculator nust 3Haxomkennst Touku LTeilinepa nis Tpu-
KyTHuKa. ExcnepuMenTanbHa nporpama s o04uciaeHHs Ta Bizyamizanii Touku lllteilinepa
BUKOHaHa MOBOIO Python 3 BUKOpHCTaHHSM CTaHAapTHUX Oibmiorek: TKinter mis cTBopeHHs
rpadiunoro intepdeiicy kopuctyBaua (GUI), Matplotlib nnst mamtoBanust rpagikis Ta NumPy
JUI MaTeMaTHYHUX oOuncieHb. OCHOBHA YacTHHA MPOrpaMu, QYHKIis OOYMCIEHHS TOYKU
[ITeitnepa, 3aiiicHIOETHCS 3a JgomoMoror meroay ontumisanii Nelder-Mead, sikuii € gacTu-
HOIO 0ibmioTeku SCIpY.optimize. Llei MeTox 103BOJISIE 3HAWTH TOYKY BCEPEIUHI TPUKYTHHKA,
sIKa MIHIMI3Yy€ 3arajbHy BIACTaHb JI0 TPhOX BEPILIUH.

[aTepdeiic koprcTyBaya MporpamMu CKJIAJIAETHCS 3 TIOMIB ISl BBOAY KOOPAMHAT TPHOX
TOYOK, 10 (POPMYIOTh TPUKYTHHK, Ta BIKHO JJi rpadiuHoro BigoOpaxkeHHs. Pesynbrar npea-
CTaBJICHUH SIK TEKCTOBE MOBIJOMJICHHS 3 KOOPJAMHATaMHU TOUKH Ta Bi3yanizali€ro Ha rpadiky,
7ie 300pa)keHo BX1JIHI TOUKH, iXHE 3'€JHAHHA Ta po3TauryBaHHsa Touku lllteiinepa. [ntepdeiic
Moy Steiner Point Calculator mpeacraBnenwii Ha puc. 2.
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§ Steiner Point Calculator - ] X

Point 1 {x y):
21

Point 2 fx y):
61

Point 3 fx y):
49

Calculate

Steiner Point Coordinates: [4.00002203 2.15471151]

Steiner Point Calculation

5.0 1 . ® Input Points
s @ Steiner Point
4.5 ’
4.04 /

1
1
1
1
|
1
|
1
1
1
3.5 s H N,
i
1
1
1
1
1
1

1.5 / - ~< \

! N
104 #ZT-- -——— =

Pucynok 2 - Intepdeiic moayns Steiner Point Calculator

BukonaHHs Koy BiOyBa€ThCsl HACTYITHUM YHHOM:

IMnopt HeoOXimHHUX O10JTIOTEK.

Onuc QyHKIii:

- calculate_steiner_point(pl, p2, p3): Po3paxoBye Touky llITeiiHepa 1 3a1aHUX TO-
4ok pl, p2, p3. Bukopucrorye meron ontumizaiiii Nelder-Mead 3 scipy.optimize mis miHimi-
3aIil CyMH BiJICTaHEH BiJl TOYKH O BEPIINH TPUKYTHHUKA.

- distance_sum(point, pl, p2, p3): JomomixkHa ¢yHKIis BcepeauHi calcu-
late_steiner_point, sika oG4ucirOe CyMy BiICTaHE Bifl 3aJaHOi TOYKH JIO TPhOX TOUYOK TPHKY-
THHKA.

- on_calculate(): 3untye KOOpAMHATH 3 TEKCTOBUX MOIIB, 00uncioe Touky LllTeiine-
pa, Bukiukae Qynkiiro plot_graph ans Bisyamizanmii pe3ynbTariB Ta BUBOAWUTH KOOPIUHATH
touku LlITeinepa.

- plot_graph(pl, p2, p3, steiner_point): Matoe rpadik 3 BXiTHUMH TOYKAMH Ta TOY-
koo [Irelinepa.

- [Iporpama Bukonye ¢yHkiiro on_calculate, sika mepeTBoproe BBeCHI JaHi B YUCIIO-
BUIi popMmar, mepeBipsie X BaJigHICTh Ta BUKIHKae calculate_steiner_point.

- calculate_steiner_point BUKOPHCTOBYE METOJ ONTHUMI3AIlii I 3HAXOKEHHS TOYKH
IITennepa.

- [Ticnst 3naxomkenns touku Lteitnepa, plot_graph Bisyamisye BXifHi TOYKH Ta TOUKY
HlTeitnepa Ha rpadiky.

- Koopaunaru touku Il Teitnepa BitoOpaxkaroTbCst Ha iHTEpQEHci.

dparmMeHT KoAy MporpaMu mpencTaBieHo Ha Puc. 3.
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def calculate steiner point(p1, p2, p3):
def distance sum(point, p1, p2, p3):
return (
np.linalg.norm(np.array(point) - np.array(pl1))
np.linalg.norm(np.array(point) - np.array(p2))
np.linalg.norm(np.array(point) - np.array(p3))

.I.
+

)
initial point = [(p1[@] + p2[e] + p3[@]) / 3, (p1[1] + p2[1] + p3[1]) / 3]
result = minimize(distance sum, initial point, args=(p1, p2, p3), method="Nelder-Mead")
if result.success:
return result.x
else:
raise Valuekrror("Optimization failed to find the Steiner point")

Pucynok 3 - @parment xoxy nmporpamu Steiner Point Calculator
JIJ151 40TUPBOX TOUYOK
Bubip Touok: Bi3zbMeMO 4OTHpH TOYKH, PO3MILICHUX BHUIIAJKOBO Ha IUIOLIMHI 3 Ta-
KkuMu koopauHatamu (Puc. 4):
A (2, 3); B(4,9); C(13, 7); D(10, 1)
JloBxxrHa pebep paxyerbes 3a popmyroro (1):

d=+/(z2 —21)® + (y2 — y1)?

AB=6,32; BC=9.22; CD=6,71; DA=8,25.

1)

B(4,9)

C(13,7)

D(10,1)

Pucynok 4 - [ToyatkoBi Touku rpada

Knactepuzanist: Cioyatky My NoAuUIMMO Moty Ha 2 TpukyTHuka (Puc. 5). [lami 3Ha-
xoaumo Touku reitnepa (TLL) 1 K0)KHOTO 3 LKMX TPUKYTHHKIB 3@ JIOMOMOTOI0 MPOTrpaMu
Steiner Point Calculator.
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J Steiner Point Coordinates: [4,09112374 426157297

B(4,9) Steiner Point Calculation

® Input Paints
@ Steiner Point

C(13,7)
$2(10.07,637) ..+ """

A(2,3)

s v @ N ® o

" S1(4.09.4.26) .

w
L3S
e
’
I

DAOT) T I
> 1 ~=Zayy

x o

Pucynok 5 - Posninenns rpada Ha knactepu
Pucynox 6 - 3naxomxenns TLLI

JUTS. TPUKYTHHKA
Koopaunatu HoBux To4ok: S1 (4.09, 4.26); S2(10.07, 5.37); O6’eaHaeMo TOYKH B Jie-
peso lreiinepa (JILLI): mo aBi HaWOIMKYl 10 OTPUMAHUX Ta 3’ €THAEMO iX.

b

Pucynox 7 - AU gyt 4-X TOUOK MIPSIMUM 3’ € THAHHSAM

Jl1is mopiBHSAHHSA 3HaiIeMO cyMy BCix pebep B orpumaHomy aepesi Lllteiinepa ta mi-
HIMaJIbHUM OCTOBHUM JiepeBoM (MO/I) mi1st 4oTUpHOX MOYAaTKOBUX TOYOK.

9
8
7 7
6

@
w

2 a4 6 8 10 12 2 4 6 8 10 12

Uac euxonanns: 0.76 cexyna, flosxcuna MST: 21.27897050407145 Uac enkonanma: 0.53 cexyna, doeanna MST: 20.986870610532677

Pucynox 8 - MO/I st 4 Touok Pucynoxk 9 - 111 nnst 4-X TO4OK
3a oromororo EMST 3a noromororo EMST
Josxuna MO/JI 21.28

Homxuna pedep nepena llTeitnepa 3a hopmymnoro (1):

A-S1= 2,44, B-S1=4,74; C-S2=3,35; D-S2=4,37; S1-52=6,08;
3aranbHa cyma JIOBXKHH pedep miciis 3’ eqHaHHs Ha rpadi: 20,98
3aranpHa cyma noxuH pedep 1L 3a momomororo EMST: 20,98
3aranbHa cyma noBxuH pedep MO/ 3a normomororo EMST: 21,28
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Jliisi I’ ATH TOYOK

mu (Puc. 10):

BizpMeMoO 11’ITh TOYOK, PO3MIIIEHUX BUIAIKOBO Ha IJIOUIMHI 3 TAKUMH KOOpAMHATAa-

A (1, 3); B(4, 8); C(9, 8); D(10, 3); E(6, 1)

Hosxuna pedep: AB=5,83; BC=5,00; CD=5,10; DE=4,47; EA=5,39.

Knacrepusanis: CriouaTKy MU MOAUTUMO IUIONTY Ha TpH TpukyTHHKA (Puc. 11).
A
B(4,8)

C(9.8,
5,00 .8

D(10,3)
£(6,1)

Pucynok 10 - ITouatkoBi ToukH rpada 3 1’ aTh0X BEpIINH

A

3uaxomkeHHs Touok Ilrefinepa mns Kmacrepis: [l KOXKHOTO 3 WX KJIAcTepiB 3
TPbOX TOYOK MM BH3HAYUMO BiINoBigHy Touky llITeiiHepa 3a momomororo nporpamu Steiner
Point Calculator (Puc. 11).

B(48) C(9,8)

teiner Point Coordinates: [3.39864941 7.26887519]

Steiner Point Calculation
8 gsszzzioe A
____________ (l \“
7 \‘ \‘
6 "\ “‘,
A(13) 5 VA
D(10,3) . ™ i\
o | o R
> 4 5 6 7 8 9
X
Pucynox 11 - Po3ninenns rpaga
3 I1’sIThMa TOYKaMH Ha KJIaCTCpHn

Pucynox 12 - 3naxomxenns TIHI
JUTSL TPUKYTHHUKA
S1 (3.06, 3.66); S2(7.07, 2.93); S3(8.40, 7.27)

O06'eqnanHs oTpuMaHuXx To4ok S1, S2, S3 B HOBMI TPUKYTHHK Ta 3HAXOKEHHS TOUKU
[lreitnepa st HoBoro TpukyTHHKA S4(6.54, 3.78)

$3(8.40,7.27)

S4(6.54,3.78
$1(3.06,3.66)

$2(7.07,2.93)

Pucynok 13 - Pesynbryroua T mist rpada 3 m°TH TOYOK
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HoBa Touka B oTpuMaHOMy TPUKYTHHKY i1 Oyne po3paxyHKoBoro Toukoro IllteiiHepa
JUIsl TOYaTKOBUX I ATH BepiuH (Puc. 14).

A

S4(6.54,3.78)

D(10,3)

£(6,1)

>
>

Pucynox 14 - I ans 5-u TOYOK IpSAMUM 3’ € THAHHSM

Jlst mopiBHSHHS 3HAIEMO CyMy BCix pebep B oTpuMmanoMy nepesi LlTeitHepa Ta Mi-

HIMAJIBHUM OCTOBHHM JACPCBOM U1 II’IThOX IOYAaTKOBUX TOYOK 3a J0IMIOMOI'0I0 IIporpaMu
EMST.

2 4 6 8 10 T T ™
2 4 6 8 10

lac amonanna: 04 cexyns, fomxamna MST: 10.956320275726867

evkonarma: 041 cexyma, foexuma MST: 21.57406886816723

Pucynok 16 - JILL qyist n°aTH TOYOK 3a 10110-
Pucynok 15 - MO/ asist I’ siTH TOYOK 3a J10- mororo EMST

nomorow EMST

JHosxuna pedep AU npsamum 3’ eqnannasm(Puc. 14): 21.78.
(A-S4=5.59; B-S4=4.93; C-S4=4.88; D-S4=3.55; E-S4=2.83).
Josxkuna MOJI 3a gonomororo EMST(Puc 15): 19.9.
Hosxuna 11 3a nonomoroto nporpamu EMST(Puc.16): 21,5.

Jist mecTv TOYOK

Bubip Touok: Bi3pbMeMO HIiCTh TOUOK, PO3MIILIIEHUX BHUIAIKOBO Ha TUIOMIMHI 3 TAKUMH
KOOpJMHATAMU:

A (1, 2); B(2, 7); C(6, 5); D(8, 3.5);E(5, 1);F(3, 3).

MOTIM MOAUIMMO IIONLY B cepennHi rpada Ha TpukyTHUKH (Puc 17).

Bara pebep rpada nopiBHIOE BiJICTaHI MIXK HOTO TOYKAMH:

A-B=5.10; B-C=4.47; C-D=2.50; D-E=3.91; E-A=4.12;

A-F=2.24; B-F=4.12; C-F=3.61; D-F=5.03; E-F=2.83.

Tenep 3a momomoroto mporpamu Steiner Point Calculator 3naitnemo touku Illteitnepa
JUTsL KO’KHOTO TpuKyTHHKa (Puc. 18):
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S1=(A; B; F) =(2.53; 3.19)
S2=(F; B; C) = (3.73; 4.72)
S3=(F; C; D) = (5.99; 4.69);
S4=(F; D; E) = (5.01; 1.81);
S5=(F; E; A) = (2.95; 2.71);

2,50

5,10

D(8,3.5)

A(1,2) 412 E(5,1)

>
rd

Pucynok 17 - IlouatkoBi Touku rpada Pucynoxk 18 - Posninenns rpada
3 IIECTH BEPUIMH 3 IIECTH TOYKAMH HA KJIACTEPH

Hani posninsiemo tutonty rpada 3 1’siTi TOYOK HA TPU TPUKYTHHUKA Ta 3HAXOAUMO IS
kokHOTO TouKy LlTefinepa H1, H2, H3 (Puc. 19).

A

$2(3.73,4.72)

$1(2.53;3.19)
. $3(5.99;4.69)

$4(5.01;1.81)

85(2.95:2.71)

»
>

Pucynok 19 - THI mns kmactepiB apyroi itepartii

H1(S1; S2; S5)=(2.71;3.18)

H2(S2; S3; S5)=(3.85; 4  .54)

H3(S3; S4; S5)=(4.61; 2.61)

Touxka Llreitnepa (Puc. 21) mus Tpukyrauka H1-H2-H3 Oyne nepenbauyBanoro To4-
koro Il reitnepa (T) anst mectn moyarkoBux Bepinud rpada T(3.63; 3.48).

28 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

Steiner Point Coordinates: [3.63058716 3.48378336]

A

Steiner Point Calculation

4.50 @ Input Points
10N @ Steiner Point
’ i Y

H2(3.85:4.54)

H1(2,71:3.18) T(3.63:3.48)

H3(4.61:2.61)

Pucynok 20 - Pezynbryroua T miis rpada 3 Pucynok 21 - Pesynpryroua THI ans rpada 3
IIECTH TOUYOK LIECTH BEPILIHUH

s nopiastaEs 3 MO/ 3Halinemo cymy Bcix pebep orpumanoro aepesa lllTeitHepa
3a (opmyIoro:

A-T=3.02; B-T=3.88; C-T=2.82; D-T=4.37; E-T =2.83; F-T =0.79.

Cywma nopiBaroe 17,71

D(83.5)
T(3.63,3.48)

A(1,2) E(5,1)

>
>

Pucynoxk 22 - I mrs rpada 3 HIeCTH TOYOK IPIMUAM 3’ € THAHHSIM
VH P P

3naiinemo MO/I moyaTKOBHX IIECTH TOYOK 3a JJOOMOT oo nporpamu EMST

7

6

5

1 2 3 4 5 6 7 8

Yac enxoranns: 0.33 cexyra, Aoexnna MST: 15.293152003327629

Pucynok 23 - MOJI st rpada 3 mecty TO4oK 3a gonomororo EMS

Howxuna MO/I nopiHtoe 20,23.
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7

6

5

1 2 3 4 5 6 7 8

Yac sixonanns: 032 cexyna, Aosxuma MST: 15.051148901031997

Pucynok 24 - JII nns rpada 3 mectu Touok 3a nornomororo EMST

Hosxuna pedep JALL npsmum 3’ eqnanusam(Puc. 22): 17,71.
Hoxuna MOJ] 3a nomomororo EMST(Puc. 23): 15,29.
Hosxwuna /{11 3a nonomororo nporpamu EMST (Puc. 24): 15,05.

PesyabTaT pocaigxenns: [Ipu po3poOIli BAOCKOHAICHOTO aJITOPUTMY 3HAXOJDKEHHS
touok LllTeitHepa Oynm mpoBeneHi MOCTIIKEHHS MiHIMAJIbHHX OCTOBHHX JIEPEB Ta JIEPEB
HlTeitnepa moOy10BaHUX PI3HUMH METOAAMH Ha Tpadax 3 pi3HOK KUIBKICTIO IIOYaTKOBUX Be-
PIIKH.

Yorupu TOUKH:

3a meromoMm mpsiMoro 3'enHanHs Ta EMST orpumano oaHaKoBy IOBXUHY pebep
(20,98), cBimyaun Mpo OJHAKOBY €(PEKTUBHICTH 000X METOJMIB y IBOMY KOHKPETHOMY
BUMAJIKY.

Merox MO/ 3a nonomororo EMST nokazas nemio BuILy A0BxHUHY pebdep (21,28), mo
MO’K€ BKa3yBaTH Ha HOro MeHIy e(eKTUBHICTb JUIsl HEBEJTUKOT KIJIbKOCT1 TOUOK.

[T'saTh TOYOK:

[Ipsive 3'eqHanHs nano HalOLIbITY AOBXKUHY pedep (21.78), 1m0 cBITYUTH PO HOTO Bi-
JTHOCHO MEHIYy €()eKTUBHICTb Y IIbOMY CILI€Hapii.

Meton EMST 3 nepesom lllteitnepa mokaszaB kpaiii pe3yiabTatu (21,5) mopiBHSAHO 3
MPSIMUM 3'€THAHHSIM.

Haiikpami pesynbratu nokazaB meto MO/ 3a nonomoroto EMST (19.9), Bka3yroun
Ha iioro BUIly €()eKTUBHICTb JUIS 1i€1 KUIBKOCTI TOYOK.

HicTe TOYOK:

[Ipsime 3'enHanHs 3HOBY MOKa3aj0 HAMOUTBITY TOBXKUHY pedep (17,71).

Metox EMST 3 nepeBom IllteiiHepa BHsIBHBCS Haile(eKTHBHILINM, JAEMOHCTPYIOUU
HaliMeHIry 1oBxkuHY pedep (15,05).

Meton MO/] 3a nonomororo EMST moxkazaB Tpoxu Buily A0BxKuHY pedep (15,29) mo-
piBHsHO 3 MeTogoM EMST 3 nepesowm llITeitHepa, ane Bce e Kpaiii pe3yiabTaTH, HiXK MpsMe
3'eTHAHHA.

1. Pe3ynbraTi BKa3yloTh Ha HEOOX1IHICTh a/lanTallii METO/IB 3aJIEXKHO BiJl KOHKPETHUX
CIIEHapiiB Ta KiJIBKOCTI TOUOK JJIS TOCSITHEHHS ONTUMAJIbHUX PE3YJIbTaTiB.
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2.V BuUnaaky 3 4otupma To4kamMu, Mmetoau npsimoro 3'eqnanns A1 Ta JII 3a nonomo-
roto nporpamu  EMST nokazanu inenTuyHi pe3ynbraty, Toai sk MOJ] 3a nonmomororo EMST
OyB MeHII e(peKTUBHUM.

3. dns o'atu ta mectu To9ok Merox MO/ 3a nonmomororo EMST BusiBuBcst Ounbin ede-
KTUBHHUM, HiX 1HIIII METOIY, OCOOIMBO MOPIBHSIHO 3 MPSMUM 3'€THAHHSIM.

BucHoBku:

1. JocnimkeHHs eeKTUBHOCTI KiacTepu3anii B Bu3HaYeHHi Toyok LlTeiHepa mokasa-
710, 10 BUKOPUCTAHHS L[OTO METOAY MOXKe OyTH e()eKTUBHUM y 3HHKEHHI O0UMCITIOBAIIbHOL
CKJIQJIHOCTI, OCOOJIMBO y CIICHAPIsAX 3 BEIMKOK KUIBKICTIO TO4oK. Lleil merom nemoHcTpye
aJIcKBaTHY TOYHICTH y moOyaoBi aepesa Lllteiinepa, mo poOUTh HOTO KOPUCHUM JJISE ONTHUMIi-
3awii mporecy po3B's3aHH 3a/1a4.

2. JleranpHe AOCHTIKEHHS, BUKOHAHE HA Tpadax 3 pi3HOK KITBKICTIO TOYOK, BKa3ye HA
TE, IO Pi3HI METOAM 3HAXO/KEHHS ONTHMAJIbHUX PIIICHh BUSABJISIOTHCS OUTBIT a00 MEHII
e(eKTUBHIMH 3aJISKHO BiJl KOHKPETHOI KUIBKOCTI TOUOK. Llel aHaimi3 migkpeciroe HeoOXin-
HICTh aJanTarii anropuTMy 10 crenu@iky 3a1adi Ta MATBEpIKYE HOro YHIBEPCAIBHICTD 1
THYYKICTb.

3. Po3pobnennii excriepuMeHTAIbHUI 3pa30K MPOrpaMu peajizallii alropuTMy J103BO-
nsie 3HaxoauTu Touky lllTeinepa ans rpaga 3 TpbOX TOUOK.

4. IopiBHsIbHUN aHAII3 pi3HUX MeTOoAIB (mpsime 3'eqHanns, /(1 3a momomororo mpo-
rpamu EMST, MOJ] 3a monomoroto EMST) mokasas, mo e(eKTHBHICTh KOKHOTO METOIY
3HAYHO BIPI3HAETHCA 3aIE€KHO BiJ KUTBKOCTI TOYOK. Hampukiian, BUSBUIIOCS, IO IS I SITH
touok meron MO/ 3a monomororo EMST € HaiiOinbm eQeKTUBHUM, TOAI SK IS YOTUPHOX
TOYOK METOU MPAMOTO 3'eHaHHS Ta EMST mokasanu i1eHTU9HI pe3yJbTaTy.

basyrounce Ha OTpUMaHUX pe3yibTaTaX, BaYKIMBO MPOBECTHU MOAAJBIII JTOCIIKEHHS 3
BUKOPHUCTAHHAM OUIBIIOI KUIBKOCTI TOYOK 1 Pi3HUX KoHQirypamiii rpadis. Lle momomoxe
OUIbII JETalbHO 3pPO3YyMITH MAcCIITabU 3aCTOCOBHOCTI PO3POOJEHOT0 ajlropuTtMy Ta HOro
e(eKTUBHICTh y IIUPOKOMY CIIEKTpi 3ajau.

OTpumMaHi pe3ynbTaTh MOXYTh OyTH KOPUCHUMHU B MIPAKTUYHUX 3aCTOCYBAHHSIX, /1€ HE-
00X17Ha ONTHMI3allil MEPEKEBUX CTPYKTYp, HAPUKIIAJ, Y TEJIEKOMYHIKalLiIX abo mpH Iia-
HYBaHHI TPAHCIOPTHUX Mepex. ANanTaiis alroputMy 10 creuudiyHuX YyMOB LIUX 3aCTOCY-
BaHb MO’K€ 3HaYHO MIJBUIINTH iX €PEKTUBHICTb.
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Construction of a Steiner Tree Using the Clustering Method

This paper examines the method of constructing a Steiner tree for optimizing network
structures in distributed computer systems. The primary goal of the work is to investigate and
implement an advanced algorithm for finding Steiner points using the clustering method. The
main idea of the method is to use a specific approach to determining Steiner points that opti-
mize the connection of given points in space. The objective of this approach is to reduce com-
putational complexity while maintaining adequate accuracy in constructing the Steiner tree.
Due to the simplified approach to clustering and determining Steiner points, this method has
the potential to significantly optimize the problem-solving process, especially in scenarios
with a large number of points. To determine its effectiveness, studies were conducted on
graphs with four, five, and six vertices randomly located on a plane. Testing was carried out
using special software written in Python. Overall, the research showed that the clustering
method is an effective tool for determining Steiner points, allowing for reduced computational
complexity and providing adequate accuracy in constructing the Steiner tree. Further re-
search in this direction may contribute to the improvement of network structure optimization
methods, which is important for a wide range of practical applications.
Keywords: Steiner tree, minimum spanning tree, optimization method, graph clustering.

I'aymkos Ouer BonoaumupoBuY - acmipaHT Kadeapu eJNeKTPOHHHX OOYHCITIOBAIbHHUX
MaliiH YKpaiHChKOTO AepKaBHOTO YHIBEPCUTETY HAYKH 1 TeXHouoT1i (M. [JHinpo).
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M./I. 3inuenko, O.1O. IToramn, A.A.bypuak
EKCIHEPUMEHTAJIBHE JOCJII/KEHHSA TOYHOCTI IPOKATKHA
HA CTAHI 800

Anomayisa. Memoto pobomu € excnepumeHmanbHe 00CIIOHNCEHHs NPoYecy NPOKAMKU Ha CMAHI
800 keadpamnux npoinie 051 GUHAUEHHS BNIUBY NAPAMEMPIE NPOKAMKU HA PO3MIPU | 00-
sorcury posxkamy. IIpu 0ocniodcenHi U3HAYUIU KOJUBAHHS MACU 3IUMKA, PO3MIDI6 po3Kamy,
O00BIHCUHU PO3KAMY, OMPUMATU DIBHAHHS peepecii i Koepiyicumu Kopenayii 3anedxicHocmel
PO3MIPI6 Mma O00BHCUHU PO3KAMY 810 MACU 3IUMKA, 3MIHEHHS MIJNCBAIK08020 3a30py 1 3a-
MPUMKU Yacy nepeo Yucmosoio Kiimmio. Bcmanoeneno, wo xonusamnns macu 31umky 8i06y-
8a€mMbCs 8 3HAUHUX Medcax — 638 ke, wo cnpuyuneHo Koausanuamu macu niasku. Konusanmns
MaAcu 31UMKa 8 MeAHcax 00H020 Ni0OOHA CAPUYUHEHO PO3MIPDAMU BUNUBHUYD I 3HAXOOUMbCS 8
mexcax 154 ke. Konusanus posmipie pozkamy 30iticHioEmbCs 8 medicax: moswuna -1,0 mm,
wupuna — 0,5 mm, dosxcuna — 5,3 M. 3MiHA MINCBANKOB020 3A30pY MOdCe OYMU BUKOPUCTAHA
0J1s1 KOPeKYii 00BHCUHU 20MOBO20 PO3KAMY 8 HEGeIUKOM) OIaNna3oHi O08IUCUH, AKUWO KOJIUBAH-
HA Macu 8i00Y8aOMbCs 8 MexCax MOYHOCMI pO3NUBY Ha OOHOMY niodoHi. Heobxiono dooam-
K080 8aicugamu 3ax00ie wjo0o cmadinizayii macu 3iumra. Bnaue sampumox y ninii cmany, axi
BUHUKAIOMb NPU NPOKAmMyi i npu3zeo0ams 00 HeCcmadilbHOCMI MeMNepamypHo20 Pedcumy
NPOKAmMKU, OJisl OAHO20 MUny npo@inie He NOZHAYAEMbCA CYMMEBO HA PO3MIPAX NONEPEUHO20
nepepizy i 008XHCUHI PO3KAMY.

Knrouosi cnosa: maca snumky, moswjuna ma wupuHa po3kamy, 008*CUHA PO3KAMY, CHMPYM

08USYHA, MIJNCBATKOBULL 3A30D.

ITocTanoBKa npodJieMu i Wistb JocailzkeHHs1. B peanbHUX yMOBax MPOKAaTKU PO3MIpH
IPOKaTy Ta 3aroTiBKU HE 3aJUINAIOTHCS MOCTIHHMMH. CHOCTEpIraeThCsi OJHOYACHUN BIUTUB
KUJIbKOX (DaKTOpIB Ha JIOBKMHY PO3KaTy, 30KpeMa, KOJIMBaHb MacH 3JIMTKA Ta MacH 3aroTiBKH
yepe3 HeTOYHHMH pO3Kpii po3KkaTy, 3MIHEHHs TeMIepaTypH po3KaTy Ta MONEPEeYHUX PO3MipiB
rOTOBOTO MPOKaTy uepe3 3Hoc BajkiB. Lle, sk mpaBuiio, He J03BOJIIE OTPUMATH OHO3HAYHI
3aJISKHOCTI MDK PO3MipaMy MPOKaTy 1 mapaMeTpaMu npokaTku [1].

JlocniKeHHsT KOJMBaHb pO3MIpiB MPOKaTy 3A1MCHIOBAJIOCH Ui MPOKATHUX MPOQLTiB,
K1 € TOTOBUM NPOJYKTOM, TOMY 1110 KOJIMBAaHHS PO3MIipiB MONEPEUYHOr0 Mepepu3y 1 JOBKHUHU
pO3KaTy NPU3BOAATH A0 MOSBHU IITAHT HEMIPHOI TOBXKUHM MPH Mopi3ii Ha nuiax [2]. Po3kpoii
PO3KaTiB HE 3aBXKAM JO3BOJISIE OTPUMATH Macy 3aroTiBKH, 3 SKOi Ha HACTYITHOMY Iepeiii Oy-
IyTh OTPUMAaHI TUIBKH IITAHTH MIPHOI MOBXHHU. TOMY MiJBUIICHHS TOYHOCTI Mach KBaJ-
paTHuX a0 KPYTJIMX 3aroTiBOK JIO3BOJISIE 3MEHIIUTH KOJIMBAHHS JIOBXHUHHU PO3KATy 1 MOSIBY
IITAHT HEMIPHOI JOBXKUHH 1 3aMI00ITTH MOsABI KOPOTKHUX 3arOTiBOK.

© 3ingenko M. /1., [Toran O.10., Bypuak A.A., 2024
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Mertoto poboTH € eKCriepUMEHTaIbHE JOCIIJKEHHS BIUIMBY TEXHOJIOTTUHUX MapaMeTpiB
Ta napameTpiB obnaanaHHs ctana 800 Ha JOBXKHMHY IPOKATy 3 paH)KYBaHHSM iX 3a CTYIICHEM
BILIMBY.

Martepianu i pe3yabTaTu A0CTIKeHb. Y NPOMHUCIOBOMY EKCIIEPUMEHTI OTpUMAIU
JlaHi PO MOIMEPEYHi po3MipH MPOKATHUX MPO(LTIB Ta JOBXKHHY PO3KATIB MijJ Yac MPOKATKU
KBajpaTHOrO Tpodimo 125 MM Ha mpaBiii Ta kBagpaTtHoro npodino 150 MM Ha JiBild HUTI
crana 800.

[Tix wac mpoBeneHHs JOCTiKEeHb Ha TpaBoMy 001l cTaHa OyIlo MpoKaTaHe JBI TUIABKU.
[Tpu npoxaTui nepiroi miaBku Oyau BUKOHAHI 3aTPUMKH IpH Mepeadi po3KaTiB 3 mepenadu-
CTOBOi KJITI B YMCTOBY KJIITh 1 3MiHa MIDKBJIKOBOT'O 3a30pY YHCTOBOI KIITi, JPYry IJIABKY
MIPOKATaIM B PEKMUMI ITACHBHOTO €KCIIEPUMEHTY.

[Ipu mpoBeneHHI EKCHEPUMEHTAIBHUX OCHIKEHb PEECTPYBAIA CTPYM Ta YacCTOTY
oOepTaHHs IBUTYHA TOJIOBHOTO MPHUBOY, 31HCHIOBAIN Big0ip mpoo, 1m0 BUpi3ainucs Ha MUJI-
Kax raps4yoro pi3aHHS 3 CEpPEeAMHU PO3KATY, MICIIs YOr0 OOMIpIOBAIHCS BPYYHY 32 IOTIOMOTOI0
IITaHTeHIUPKYIA. JIOBXKHHY pO3KaTy KOHTPOJIIOBAJIH 32 TIOJI0KEHHSIM 3aIHHOTO KIHIIS pO3Ka-
Ty BIJIHOCHO HAHECEHOi Ha OTOPOJUKEHHS BiJIOBITHOTO pOJbraHra po3MiTkd. [lomoxkeHHs
3aIHROTO KiHIA (ikcyBamn 3a JomoMoror Iudposoro Qoroamapara 3 TOJATBIIOK
po3apykiBkow (oTorpadiii Ta BU3HAYCHHSM JOBXKUHU po3kary. Ha puc.l maBemeno doro-
rpadiio MOJI0KEHHS 33JHBOTO KiHIIS PO3KATy.

Pucynox 1 - BuzHaueHHs MOJI0KE€HHSI 33 JHHOTO KIHIISI pO3KaTy

CtpyM Ta yacToTy 0OepTaHHs JBUT'YHA T'OJOBHOIO NMPUBOY BUMIPIOBAIM TaXoreHepa-
TOPOM Ta JaTYUKOM CTPYMY, 110 OYyJIM MIAKIIOYEH] 10 PO3TAIIOBAHOIO B MAIIMHHIN 3ai cTa-
Ha 800 xomm'toTepa 3a I0MOMOT0I0 MOJTYJIsi BBEJIEHH/BUBEIEHHS aHaoroBux curHaiiB PCL-
818L. ExcnepuMeHTanbHi1 OCHUIOTPaMU CTPYMY Ta YaCTOTU OOEpTaHHS JABUT'YHA HAaBEICHI Ha
puc. 2.
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Homep BuUMiptoB aHHs
Pucynok 2 - Ociuniorpamu crpymy I ta yactotu N IBUTrYyHA YMCTOBOI IPOKATHOI
KJITI Y IepeT4MCTOBOMY Ta YUCTOBOMY IPOXOJax

Ha puc.3 HaBeneni peanizaiiii po3mipiB po3KaTiB, MaC pO3KAaTIB 1 CTPYMiB B Mepenyu-
CTOBOMY 1 UHCTOBOMY IIPOX0JIaX YHCTOBI KJIiTi cTaHa. [lo oTpumanumM pe3yiabTaTaMm po3MipiB
MOTIEPEYHOr0 TMepepu3y pPO3KaTiB 1 JOBXKMHU PO3KATIB OyaM BU3HAYEHI Macu pPO3KaTiB, sKi
BIJIPI3HSAIOTHCA BiJl MacH 3JIMTKIB Ha BEIMYHMHY MEPEAHBOI 1 3aJHBOI 00pi3eil Oiromca Ha ma-
POTiApaBIIYHOMY HOXI, K1 € HOPMAaTHBHOIO BETMYMHOIO 1 MaIOTh HE3HAYH1 KOJIMBAHHS.

BusHaueni 3a pe3yiabTaTaMyu MAaCUBHOTO €KCIIEPUMEHTY 3HAYEHHS CTaTUCTUYHUX Iapa-
METpiB pO3Mipy NMpoKaTy HaBeJeHi y Tabmumi 1. OTpuMaHi JaHi cBi4aTh, 10 Maca po3KariB
(3MUTKIB) y TUIaBIIi KOJMBAETHCS Y HIMPOKUX MeXkaxX, [0 OOYMOBJICHO MPOIIECOM PO3JIHBAHHS
CTalli y BWIMBHHII B KOHBEPTEPHOMY IIeXY, aJKe MEPIIUH MiJJJOH HAMBAETHCS Ha 3aJaHy
Macy, a JpYTHid 3alOBHIOETHCS 3AIMIIKOM CTaji y KoBiIi. Hampukinaza, y ABOX MiaBKax maca
HepUIMX MiJUIOHIB cTaHOBUTH 7175 kr, a apyrux — 6682 kr. KonuBaHHA Macu pO3KatiB
(3nmuTKiB) Ha TUIaBIi cTaHOBUTH 830 Kr, y mignoHi — 154 kr.
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Pucynok 3 - Peanizarii po3mipiB po3KaTiB, MacH pO3KaTiB Ta CTPyMY JABUTYHA

Taomuns 1

Pesynbratu cTatncTHaHOi 0OPOOKHM €KCIIEPUMEHTAILHUX JAHUX JUTSI TPOKATKU KBaapaTa 125

y uncToBii KiTi cTaHa 800 (mpyra ruraBka)

Kinb- MiHi- Makcu- ) Cepenne
) Cepen- Miama-
KICTh MaJIbHE | MaJbHE ) Hucnep- KBaJIp.
[Mapamerpu ] HE 3Ha- 30H 3Mi- , ]
BUMI- 3HA4YeH- | 3HAYCH- cist BiJIXU-
YCHHS HEHHS
pIOBaHb HS HS JICHHS
ToBuHa, MM 8 126,58 | 126,00 127,00 1,000 0,162 0,403
MMupuna, MM 8 126,72 | 126,50 127,00 0,500 0,033 0,183
I -
fota - Honepe - g 16040 | 15976 | 16090 114 2112 45,95
HOTO TIepepizy, MM
Jloiima posKaty, | g 5657 | 5411 | 5943 | 5325 | 5110 | 2,260
M
Maca po3kary, Kr 7078 6791 7430 638 71966 268
Ctpym nBuryHa y
MEePEeIIHUCTO-BOMY 8 1,39 1,35 1,44 0,090 0,00109 0,033
MPOXOJi, KA
CtpyM nBuryHa y
YUCTOBOMY 8 0,94 0,89 0,98 0,090 0,00073 0,027
poxoji, KA
36
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KpiMm 11p0ro, mpokaTka 3iHCHIOETECS HE 0 MOA0HAX, a B Pi3HOOINH. ToOTO 3/1UTKH B
TUTaBIIl MOXYTh MPOKATYBAThCS 3 000X MOJIOHIB OJTHOYACHO, IO CTBOPIOE JTOJATKOBI TPY.I-
HOLII MpU TOPI3Ii PO3KATiB 1 110 BiAOyBaJloCh MpPU MPOBEIACHHI E€KCIIEPHUMEHTAIBHUX J10-
CJII/DKEHB 1 11€ BIUIMHYJIO HAa 00pOOKY OTPUMAHUX JTAHHX.

3Ha4yHi KOJIMBAHHS MacH PO3Kary (3MUTKa) OUiKyBaHO BU3HAYAIOTH iXHIl MPEeBATIOI0YHIA
BIUIMB Ha JIOBXHHY po3Kary. BIumMB Macu 371MTKa Ha JOBXKHHY IMPOKATy OMUCYETHCS PIBHSH-
HsM perpecii (1) Ta koedinienTom kopemsnii 0,99 (Tabim. 2), 3 IKOro BUILIUBAE TICHUH 3B'I30K
MK JTOBXKHHOIO PO3KaTy Ta Macolo po3kary (3nutka). Ha puc.4 HaBeneHa 3aJie’KHICTh JTOB-
YKMHH PO3KATy BiJl Macu pO3Kary.

60000

59000

58000

57000

56000

[oBxunHa poskaTty, MM

55000 s

54000

53000
6500 6600 6700 6800 6900 7000 7100 7200 7300 7400 7500

Maca poskaty, Kr

Pucynoxk 4 - 3anexHICTh TOBKUHU PO3KaTy Bl MaCH pO3Kary

CyTTeBi KOJIMBAHHS MacH 3JMTKAa BU3HAYWIN MOPSAAOK OOpOOKHM OTPUMAHUX EKCIEepHU-
MEHTaJIbHUX JaHUX. 3 OTPUMAHOIO MacHBa JaHUX OOUpPATIM PO3KATH 3 OJU3KOI0 MACOI0 PO3-
KaTiB (3NIUTKIB), AKi 3HAXOJATHCS B 3aJaHOMY Jialma3oHi KOJWBaHb, 10 BiAOYBalOTbCA 3a
pPaxyHOK MOTPIIIHOCTI HAIMBY B BHJIIBHUII Ha MOJZIOHI, pO3rapoM BHJIIBHUIL, 1 KHH CKIIajae
3a pe3yJabTaMu eKCHepUMEHTaIbHUX AaHuX *+ 210 kr. Jlns 1ux po3KaTiB BU3HAYAIM BIUIMB
IHIINX MapaMeTpiB.

3MiHEHHSI MIXKBAJIKOBOTO 3a30py B YMCTOBHUM KJIITI BUKOHYBAJIU JUIsl BU3HAUYEHHS BILIU-
By HOro 3MiHEHHS Ha JJOBKMHY PO3KaTiB B MeXax JOMYCKY Ha PO3MipH MOIMEPIEYHOro nepe-
pu3y. Ha puc.5 HaBezieHi 3a/1e)KHOCTI po3MipiB pO3KaTiB BiJl 3MiHEHHS MDKBAJIKOBOI'O 3a30pY,
AK1 CBiT4aTh, M0 301TBIICHHS MIXBAJIKOBOTO 3a30py MPHU3BOMAATH 0 301MbIICHHS TOBIIUHU
pO3KaTy 1 3MEHIIEHHIO JOBXHMHU po3kaTiB. lllupuHa po3KkaTiB mpu LBOMY CYTTYBO Ha
3MIHIOETBCS 1 HE BIUIMBA€E Ha JIOBXKHUHY po3Kary. PiBHAHHS perpecii 1 koeillieHTH KOpemsii
HaBeZleH1 B TaOmuii 2. Mana KUIbKICTh €KCIIePUMEHTaIbHUX JIaHUX KOMIICHCYETHCS 30171b-
IIEHOI0 BEJIMYMHOIO 3MIHEHHSI MIXKBAJIKOBOTO 3a30pY, IO MiATBEPKIY€E JOCTOBIPHICTH OTPH-
MaHMX JIaHUX.

ISSN 1562-9945 (Print) 37
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

1275
58600 °
127,0
58400
126,5 .
58200 = ,
= . =
S 58000 -
- ® > 1260
= ©
5 57800 %
2 8 1255 s
8 57600 ©
T z
< 57400 T 1250
m
2 g
g 1245
L]
57000
124,0
56800
L]
56600 123,5
-0,22 -020 -018 -0,16 -0,14 -0,12 -0,20 -0,08 -0,06 -0,04 -0,02 0,00 0,02 -0,22 0,20 -0,18 -0,16 -0,14 -0,12 -0,10 -0,08 -0,06 -0,04 -0,02 0,00 0,02
3MiHEHHSI MiXB arnkoBoro 3asopy, MM 3MiHEHHSI MiXB ankne oro 3a3opy, MM
~ =
2,05
=
127,6 o) 200
. o '
o
127,4 c
>
2 1,95
127,2 o
m
s 2 190
S 1270 D) o
- =
> T
2
S 1268 % < 185
@ Q.
8_ =
126,6 o
g © 1,80 °
o I
5 126,4 = o
=
3 1,75
126,2 =
S oin
1,7
126,0 =
. O °
258 1'6%22 0,20 -0,18 -0,16 -O. 0,12 -0,10 -0,08 -0,06 -0,04 -0,02 0,00 0,02
022 020 -018 -016 -014 -012 -010 -008 -006 0,04 -0,02 000 0,02 0,22 0,20 0,18 0,16 0,14 0,12 0,10 -0,08 -0,06 -0,04 -0, ! )
3MiHEHHs! MiXKBaNKOBOro 3a3opy, MM 3MiHEHHs1 MiXKB ankoB Oro 3asopy, MM
1,22 16100
N L]
< 120 . 2 16050
x -
‘T L8 >
g & 16000 .
8 116 . 3
g- 8 15950
2 114 ‘E
<] 3 15900
o
S 112 g
g 2 15850
5 110 =
P 2 15800
I 1,08 >
oy ol
3 106 o 15750
i ' 2
© 15700
10 El
= 5]
O 10 o S 15650
1,00 15600
2022 020 -018 -016 -014 -012 -0,10 -0,08 -0,06 -0,04 -0,02 000 0,02 022 -020 -018 -0,16 -0,14 -0,12 -010 -0,08 -0,06 -0,04 -0,02 000 0,02

3MiHEHHs MiXKBanKOBOro 3a3opy, MM 3MiHeHHA MiXBanNKoBoro 3asopy, Mm

Pucynox 5 - 3anexxHocti po3MipiB po3KaTy, CTpyMy JIBUTYHA
B1Jl 3MIHEHHS MIXXBaJIKOBOT'O 3a30pa B YHUCTOBUH KIIITI

TeopernuHi 3HaU€HHS BIUIMBY TOBLIMHH MPOKATy HA JAOBXKUHY MPAKTUYHO 301raroThCst
3 eKCIIEpPUMEHTATFHUMHU. 3A1MCHEHNH 3a JaHUMU Ta0muil 1 po3paxyHOK 3MiHU JIOBXKHUHHU PO3-
KaTy MpH 3MiHI TOBUIMHM MTPOKaTy Ha 1 MM Ta HE3MiHHIN MIMPUHI MPOKATy MOKa3aB, 110 3MiHa
JIOBKMHU pO3KaTy CTaHOBUTH 450 MM, a 3MiHa JOBXKUHHU PO3KAaTy 3a €KCIIEPUMEHTAIIbHUMU
AHUMHU cTaHOBWIA - 331-351 MM.

[Ipu npoBeneHHI eKCIEpUMEHTAIBHUX JTOCIIKEHb BIUIMBY YacOBOi 3aTPUMKH Ha PO3-
MIpH pO3KaTiB 3aTPUMKY I0/1a4l pO3KaTiB 3/11HCHIOBAJIM Tepe]] MPOKATKOI0 B YUCTOBIM KJIITI.
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PeanbHa BeMuMHA 3aTPUMOK BH3HAYAJIACS 33 OCIIMJIOTPaMaMH CTPYMY. 3aJIeKHOCTI pO3MipiB

PO3KaTiB 1 CTpyMY JIBUTYHA BiJl 3aTPUMKHU Yacy HaBe/IEHI Ha pHC.6.
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Pucynox 6 - 3anexxHOCTi po3MipiB pO3KaTiB 1 CTpyMy JBHTYHA BiJI 3aTPHUMKH Yacy

PiBHsiHHS perpecii Ta Koe(dillEHTH KOPENALil MK Ta po3MipaMH MPOKaTy, BEIUYHNHOIO
3aTPUMKHU Ta IHIIMMHU MapaMeTpamMH IPOKATKU HaBeleHl y Tabnuil 2. 3 HUX BUILIMBAE, 1110
3aTpUMKa HE CYTTEBO BIUIMBAE€ HAa PO3MIpH Mpokary. lle MosICHIOETHCS MiABUINEHUM TeTl-
JIOBMICTOM KBaJPaTHUX 3aroTiBok 3 mepetuHoM Big 100x100 MM Ta BHIe, cepeaHbOMacoBa
TEeMIEepaTypa SKUX 3IULIIAEThCS JOCTaTHHO BUCOKOIO HABITh MPH CYTTEBOMY 3HMKEHHI TEM-
neparypu ix moBepxHi [2].

Pe3ynbratu excnepuMEeHTy B 3aroTiBeIbHIN KIIITI, IO OTPUMAaHi BIIPOJIOBXK MPOKATKH

KkBazipaTHOro npoduro 150 3 3aroTiBoK ABOX MJIaBOK, HaBEAEHI y Tabmuii 3.
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Tabnuus 2
PiBHsAHHS perpecii [y npokaTKu kBajapara 125 B unctoBuit kimiti ctana 800
. Koedimient
PiBHsiHHSL perpecii
KOpessLyi

Bnnue macu po3katy M Ha 1oBxkuHY po3kary L
L =4033+7,46M 0,96

BrnmuB 3MiHeHHS MIXKBaJIKOBOTO 3a30py dS Ha po3Mipu IpOKaTy Ta CTPYM IMPOKATKHA B MEPEAIUCTO-

BOMY I, Ta uncToBOMY I, mpoxomax

H =126,63+1,32dS 0,89
B =126,67+0,13dS 0,16
L =57480—505dS 0,66
1,, =1,77-0,124dS 0,98
|, =1,124-0,0128dS 0,16

Brmus 3atpumkn wacy T (¢) mepen mojgadero A0 YMCTOBOI KIIITI HA PO3MIPH MPOKATY Ta CTPYM IPO-
KaTKHU B II€peqIUCTOBOMY I, Ta unctoBoMy I, mpoxomax

H =122,9+0,081T 0,51

B=127,73-0,011T -0,74

L =54893-3,98T -0,14

l,, =1,73+0009T 0,81

I, =1,051-0,0002T 0,74
Tabmums 3

Pesynbratu ctaTcTHYHOT 00POOKH EKCTIEPUMEHTATLHUX JTAHUX
JUTSI IPOKATKU KBagpara 150 y 3arotiBenbHIN KIIiTI

Kime-xicte | Cepen- MiHi- Makcu- Jiama- Jlcrep- Cepenne
[Tapametpu BUMIpIO- HE 3Ha- | MaJbHE MaJIbHE | 30H 3Mi- cin KBaJIp.BiJIX
BaHb YeHHs | 3HAYEH-HS | 3HAYEHHS | HEHHS WJIEHHS
ToBIMHA,MM 16 149,19 148,50 149,6 1,100 0,078 0,279
[upuna, MM 16 149,89 149,00 150,5 1,500 0,14 0,373
Throma momeperioro 16 22362 | 22260 | 22454 | 19475 | 3193 56,51
nepepusy, MM
JloBxxrHa po3Katy, M 23 40,23 38,40 41,50 3,10 5,43 0,73
CrpyMm [1BuryHa B
MEPIIOMY  TIPOXO, 23 4,66 2,59 5,67 3,08 0,679 0,7
KA
CrpyMm [1BuryHa B
JIPyroMy  IMPOXO/i, 23 3,52 2,05 421 2,16 0,167 0,2
KA
CtpyMm nBuryHa B
TPETbOMY  IMPOXO/Ii, 23 1,55 0,83 3,97 3,14 0,620 0,6
KA
Maca po3karty, Kr 16 6831 6505 7012 507 21267 145,83
40
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BucHoBku. [Iposeneni Ha ctani 800 ekcriepuMeHTaNIbHI JOCTIKEHHS JO3BOJIHMIN OT-
pUMaTH pealibHi 3HAUYCHHS Jiana30Hy KOJIMBaHb PO3MIPIB MOMEPEUYHOTO TIepepi3y KBajpara Ha
npaBiii CTOpOHI Ta B 3aroTiBeibHIN KiIiTi. KonuBaHHS MOBXKHHH PO3KATy 3HAYHOIO MIPOIO
00yMOBJIEHI KOJIMBAaHHIMH MacH 3JTUTKA.

3MiHa MDKBAJIKOBOTO 3a30py MOKe OyTH BUKOPUCTaHa JJIsi KOPEKLii JOBXKHHUA TOTOBOTO
po3kary B oOMexxeHoMy niana3oHi. IIpore 1151 KOpekiist He 3MOXe MOBHICTIO BUPIIIUTH TPO-
Onmemy cralimizamii AOBKHMHMA PO3KATy 3 METOI MiJBUINEHHS BUXOAY MIpHOI MPOIYKIIii.
HeoOxinHO BXMBaTH JOJATKOBI 3aXO0AM JUIs cTaOimi3alii Macw 37MTKa B MEXax TOYHOCTI
PO3JIMBY Ha OAHOMY ITiJIJTOHI.

YacoBi 3aTpuMKd B JiHIi cTaHa, IO BUHHUKAIOTH IiJ] YaC NPOKATKH KBAJAPATHUX
npodiniB 125 Ta 150 i mpu3BOAATH 10 HECTAOLTHLHOCTI TEMIIEPATYPHOTO PEKUMY MMPOKATKH Ta
3MiHH €HEPrOCHIIOBHX MapaMeTpiB MPOKATKH, HE MAIOTh CYTTEBOTO BIUIMBY Ha pPO3MipH MoOIIe-
pedHOro nepepi3y i JOBKHUHY PO3KATIB.
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Experimental study of rolling accuracy on stand 800
The study of fluctuations in the dimensions of rolled products was carried out for rolled

profiles, which are a finished product, because fluctuations in the dimensions of the cross sec-
tion and the length of the roll lead to the appearance of rods of excessive length when cutting
on hot saws. Cutting the rolls does not always allow obtaining a mass of the blank, from
which only rods of a measured length will be obtained in the next division. Therefore, in-
creasing the accuracy of mass of square or round blanks allows to reduce fluctuations in the
roll length and the appearance of rods of off-gage length and prevent the appearance of short
blanks.

The purpose of the work is an experimental study of the process of rolling on the state of
800 square profiles to determine the influence of rolling parameters on the dimensions of the
cross-section and the length of the roll. During the study, fluctuations in ingot mass, rolling
dimensions, and rolling length were determined, regression equations and correlation coeffi-
cients were obtained for the dependence of rolling dimensions and length on ingot mass,
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changes in interroll gap and time delay before the finishing stand. It was established that the
mass of the ingot fluctuates within significant limits - 638 kg, which is caused by fluctuations
in the mass of the melt. Fluctuations in the mass of the ingot within one molding bed are
caused by the dimensions of the ingot molds, the pouring height and is within 154 kg. Fluctu-
ations in the dimensions of the roll are carried out within the following limits: thickness - 1.0
mm, width - 0.5 mm, length - 5.3 m. Changing the inter-roll gap can be used to correct the
length of the finished roll in a small range of lengths, if the mass fluctuations occur within
accuracy of filling on one molding bed. It is necessary to take additional measures to stabilize
the weight of the ingot. The influence of delays in the state line, which occur during rolling
and lead to instability of the rolling temperature regime, for this type of profiles does not sig-
nificantly affect the dimensions of the cross section and the length of the roll.

3inuenko Muxaiiio /IMUTPOBHY - JOLEHT Kadeapu aBTOMaTH3aIlil BAPOOHUYNX IPOIECIB,
VYkpaiHChKHI Aep)KaBHUH YHIBEPCUTET HAYKU 1 TEXHOJIOTIH.

Moran Ouer KOxumoBu4 - mpodecop kadeapu aBromarusaiii BUPOOHWYHMX IPOIECIB,
VYkpaiHChKHI Aep)KaBHUI YHIBEpPCUTET HAYKH 1 TEXHOJIOTIH.

Bypuak Auapiii AnartoJiiioBuy - crapmuii BUKiIagad kadeapu aBToMaTH3aIil BAPOOHUINX
nporeciB, YKpaiHChKUI IepKaBHUIN YHIBEpPCUTET HAYKHU 1 TEXHOJIOT1H.
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I1.B. I'epacumuyk, T.A. Jlixoy3zosa, FO.O. OmniliHuk
3ACTOCYBAHHSA METOJAIB MAILIMHHOI'O HABYAHHS
AJs1 AHAJI3Y IMMOBIAOMJIEHDb B TWITTER

Anomayin. B cyuacnomy ceimi coyianvhi mepedici cmanu Hegio €EMHOI0 4acCmuHO HCUMMS
bazamvox nooell. Bonu € 3pyuHum ma OOCMYNHUM 3ACOOOM NOBCAKOEHHO20 CRHIIKYBAHHSL.
Oonax 3 po36UMKOM COYIAILHUX MepedC 3'A8UNUCS U npobeMu, OOHIEI 3 AKUX € KibepOyaiHe.
B pobomi euxonano nonepeornto 06podKy mexcmosux nogiooMIeHb, PO3SIAHYMO PI3HI Memo-
ou binapuoi knacugikayii mexcmis ma 3acmoco8ano ix 05 8USHAYEHHS KibepOyliHey 6 Nosi-
oomnenusx Twitter. I[Iposedeno 0ocniodxicenus epeKmusHOCMI KOJICHO20 3 Memooié ma 6UKO-
HaHo ix nopigHanvnull ananiz. Ilpoepamue 3abe3neuenns peanizoeane mogorw Python i3 3a-
cmocysannsam 6ioniomex spaCy, gensim, scikit-learn, pandas, numpy, matplotlib.

Knmouosi crnosa: knacugixayis mexcmis, 00pooKa npupooHoi Mosu, coyianbii mepedxici, Kibe-
poynine, binapna knacughikayis, oyinka mooeiui, word2vec, Bag-of-Words, TF-IDF.

Byninr B iHTEpHETI, 30KpeMa B COI[iaJIbHUX MEpekax, € CepiHO3HOI0 3arpo30r0 JJIsi MEH-
TaJIBHOTO 3JI0POB'S KOPHCTYBadiB. ATpecwBHI, oOpa3nuBi ab00 NPHHU3IIMBI IMOBITOMICHHS
MOXYTh BUKJIHMKATH CTPEC, TPUBOTY, Jempecito abo iHII mcuxiuHi po3nagu. Yepes me BUsB-
JICHHS Ta 3amo0iraHHs KiOepOyIiHTY € MPIOPUTETHUM 3aBIAAHHSAM JJIs OpraHizaiii, mo po3-
pOoOIIAIOTH KOMYHIKaIiitHI matdopMu.

MeTo10 10CiAKEHHS € TIONTYK MOJIEICH IS KilacudiKaIlii oBiIOMJICHb SIK TaKUX, IO
MICTSITh O3HaKH OyiiHTYy 200 Hi (OiHapHA Kiacu]ikaris).

Marepiain Ta MeTtoau. ABTOMAaTHYHE BU3HAUEHHs OYyJIHTY y TBITaxX 3a JOMNOMOIOIO
METO/IIB MAllIMHHOTO HaBYaHHS € BAXJIMBUM KPOKOM y 00poThO1 3 miero mpoodsiemoro. Edek-
THUBHI METOAM Kiacu]ikallli TOMOMOXYTh HIBUAKO 11€HTU(IKYBAaTH 00pa3InBl MOBIJOMIIECHHS
1 onepaTuBHO BXKWUTHU BIANOBIIHI 3aX0AM AJIs X YCyHEHHs. Lle 103BOJINTh 3aXUCTUTH KOpHC-
TyBauiB BiJl HETaTUBHOI'O BIUIMBY W CTBOPUTH Oe3medyHe Ta KoM(pOpTHE CepeloBUILE AJIs CITi-
nkyBaHHs [1, 2].

s toro, mo6 epexTUBHO MPOTUIIATH OYIIHTY B MepexXi, HEOOX1THO pO3pOOUTH MO-
neni juist 6iHapHOi Kiaacugikailli TEeKCTOBUX MOBIOMIICHb. BXiTHUMU TaHUMU 715 1Ii€1 3a/1a4i
€ cami ITOBIJIOMJICHHS, BUXIAHUMH - ITO3UTHUBHUM YM HETaTUBHHUH BHUCHOBOK IIOAO HAasSBHOCTI
03HaK Ki0epOyJIHT'y B KOHKPETHOMY IOB1JIOMJIEHHI.

Hnst po6otu O6yno obpano nmaracer [3]. KinbkicTh yHIKaJIbHUX 3aIMCIB Y JAaTaceTl —
46017, 39747 1BiTIB 3 03HaKaMu OyniHTy 1 7945 HelTpanbHUX noBigomiieHb. [Iporpamue 3a-
OesmeueHHs peanizoBane MoBowo Python [4] i3 3actocyBanusam 6i0miorek spaCy [5],
gensim [6], scikit-learn [7], pandas, numpy, matplotlib.
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[TepmuMm eramom monepeaHboi 0OPOOKM TaHUX € OUMIICHHS TEKCTiB Bij html-teris, ri-
NEepIIOCUIIaHb, IMEH KOPUCTYBAUiB, XEIITETiB, HEOYKBEHUX CHMBOJIB Ta MPUBEACHHS JITEP 10
HIKHBOTO pericTpy. s mporo Oyno BHUKOpUCTAHO peryispHi Bupasu. [licns mporo Oyio
MPOBEJICHO TOKCHI3aIli0, JIEMATH3AIlil0 Ta OYHMIIEHHS BiJ CTOI CIIiB 3a JOIIOMOTOK 3ac00iB
616miorexu spaCy.

Jiis 3acTocyBaHHS KiacudiKamiifHUX Mojeie Oyno yTBopeHO 3 HaOOpW BXITHUX Ja-
Hux: Matpuio Bag-of-Words, TF-IDF martpuiito ta marpuiro word2vec. Koxen i3 HabopiB
OyI10 MOAIIEHO HA HABYAJIbHUI Ta TeCTOBUH y criBBiaHOmeHHI 80% Ta 20% BigmosigHo. Ma-
tpuis Bag-0f-Words MicTUTh KUTBKICTh BXO/KCHb KOXKHOT'O CJIOBa Y KOXCH 13 JJOKYMEHTIB,
TF-IDF matpurs — TF-IDF mMeTpuku ciiB y KOXKHOMY JTOKYMEHTI, a MaTpuis word2vec — Be-
KTOpHE MPEICTaBICHHS KOXKHOTO 13 JOKyMEHTIB.

Jnst knacugikaiii TeKCTOBUX MOBIIOMIICHb 0YJI0 BUKOPUCTAHO HACTYITHI METO/IH:

- norictuuna perpecis (LogisticRegression 6i0mioteku scikit-learn);

- meroj k Haitommxuux cyciniB (KNearestNeighbors 6i6mioreku scikit-learn);

- Bunaakosuii jic (RandomForestClassifier 6i6moTexu scikit-learn);

- wmeron onopuux BektopiB (SVC 6i6mioteku scikit-learn);

- HaiBHMIT OaeciBcbkuil kiacudikarop (MultinomialNB 6i6mioreku scikit-learn).

Pe3ysabTaTn Ta OCHOBHMII MaTepiaj gociaigxennsi. [ ouinku eheKTUBHOCTI Kia-
cudikarii TeKCTiB MOEISIMUA OYyJI0 BUKOPUCTAHO TMOKAa3HUKH BIYYHOCTIi(precision), MOBHOTH
(recall), f1-meTtpuxu (f1-score) Ta TOYHOCTI (accuracy), a TAKOX MaTPHIl HEBIIIOBIIHOCTI.

Jlozicmuuna peepecis (pucynku 1-3).

precision recall fl-score  support

8 a8.62 8.56 e8.59 1591 ¢

1 8.91 8.93 a.92 7448 f

=
accuracy 8.86 9831
macro avg a.77 8.74 a.75% 9831
weighted avg 8.86 8.86 8.86 9831

Predicted label

Pucynok 1 — LogisticRegression, BxinHi nani — matpuns Bag-of-words

precision recall fl-score  support
] B8.68 8.43 8.52 1591 %
1 g.89 g8.96 8.92 74443 o
accuracy @.36 96831 e
macro avg 8.7 8.69 8.72 9631
weighted avg @.85 8.88 @.85 9631 0 1

Predicted label
Pucynok 2 — LogisticRegression, BxigHi gani — marpuns TF-IDF
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precision
e 8.83
1 B8.86

accuracy
macro avg 8.75
weighted avg 8.82

recall fl-score

a8.28 .39
.97 8.91

.84
a8.62 8.65
.84 a.82

support

1591
7446

9631
9631
9631

True label

1151

Predicted label

Pucynok 3 — LogisticRegression, BXigHi 1ani — marpuis word2vec

Memoo k uaubauxcyux cycioie (pucynku 4-6). HaifBuima TOUYHICTH AOCATHYTA TpPU

k = 55.
precision
a .51
1 8.86
accuracy
macro avg 8.69
weighted avg 8.88

recall fl-score

8.32 a.39
8.93 .98

8.33
8.63 .64
.83 a8.81

support

1591
7443

9831
9831
9831

True lahel

506 1085

0 1
Predicted label

Pucynox 4 — KNearestNeighbors, BxiaHi gani — matpuist Bag-of-words

precision
e 8.71
1 a.87

accuracy
macro avg &.79
weighted avg a8.84

recall fl-score

.29 a.41
.98 a.92

a.85
a.63 a.66
a.85 a.83

support

1591
7444

9831
9831
9831

True labe

0 1
Predicted label

Pucynok 5 — KNearestNeighbors, Bxinni gani — matpuns TF-IDF

precision
8 a.67
1 .85

accuracy
macro avg 8.76
weighted avg a8.82
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recall fl-score
g.22 a.33
8.498 a.91
a.84

a.608 a.62
a.84 a.81

support

1591
7448

9831
9831
9831

True label

o] 1
Predicted label

Pucynok 6 — KNearestNeighbors, BXijHI qaHi — MaTpuis word2vec

45



«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

Memoo sunaodxosoeo nicy (pucynku 7-9).

precision
e a.74
1 e8.87

accuracy
macro avg 8.81
weighted avg g.85

recall fl-score

a.3a .43
.98 a8.92

a.86
.64 8.68
a.86 a8.83

support

1591
7448

9831
9831
9831

True label

Predicted label

Pucynok 7 — RandomForestClassifier, Bxiani qani — matpuiis Bag-of-words

precision
e 8.74
1 8.87

accuracy
macro avg 8.81
weighted avg 8.85

recall fl-score

.29 8.41
.98 8.92

2.36
.63 8.67
.86 8.83

support

1591
7448

9631
9631
9631

True label

0 1
Predicted label

Pucynox 8 — RandomForestClassifier, Bxigni nani — marpuns TF-IDF

precision
8 g.65
1 g.87

accuracy
macro avg 8.76
weighted avg 8.83

recall fl-score

a.3a 8.41
.97 8.91

a.85
8.63 8.66
8.85 8.83

support

1591
7448

9831
9631
9631

True label

0 1
Predicted label

Pucynox 9 — RandomForestClassifier, BXigHi 1aHi — matpuis word2vec

Memoo onopnux eexmopie (pucynku 10-12). J{ns knacudikarii 6yno oOpaHo Mozenb

LinearSVC uepe3 BenuKy po3MipHICTh BX1AHUX HAOOPIB TaHUX.

precision
e a.57
1 .91

accuracy
macro avg 8.74
weighted avg @.85

recall fl-score

a.57 a.57
a.91 a.91

8.85
8.74 8.74
a8.85 8.85

support

1591
7448

Q831
a831
o831

True labe

0 1
Predicted label

Pucynok 10 — LinearSVC, Bxiani gani — marpuis Bag-of-words
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precision recall fl-score  support

o

)

8 8.62 8.52 8.57 1591 ®

1 a.9a 8.93 a.92 744 é
accuracy .88 9631

macro avg a8.76 8.73 a.74 9631 0 1

weighted avg 8.85 B8.86 8.80 0831

Predicted label
Pucynok 11 — LinearSVC, Bxinni gani — marpuis TF-IDF

precision recall fl-score  support

o

B 8.64 a.22 8.33 1591 E

1 @.85 a.97 @.91 7448 %

= 195
accuracy 8.84 931
macro avg a.75 a.68 8.62 0831
weighted avg 8.82 .84 8.81 9831 0 1

Predicted label
Pucynok 12 — LinearSVC, BxiaHi nani — matpuisg word2vec

Haisnuti 6aeciscokuii knacughixamop (pucynku 13-15). lns knacudikaii 6yno obpaHo
Mojienb MultinomialNB uepe3 noniHoMiaabHy IPUPOLY PO3MOLITY YACTOT CIIiB Y TEKCTaXx.

precision recall fl-score  support -

=]

8 8.66 8.33 8.44 1591 f

1 8.87 8.96 8.91 7448 é
accuracy g.85 9831
macro avg a.76 .65 .68 9631
weighted avg a8.83 8.85 8.83 9831

Predicted label
Pucynok 13 — MultinomialNB, BxiaHi nani — matpuus Bag-of-words

precision recall fl-score  support =
£
e @.0a .12 g.2a 1591 E
1 &.84 1.e8 .91 7448 2
accuracy 8.84 9631
macro avg .87 .56 g8.586 9831 0 1
weighted avg 8.85 8.84 a8.79 ae31

Predicted label
Pucynok 14 — MultinomialNB, Bxingni nani — marpuns TF-IDF

[TopiBHSHHS pe3yabTaTiB MOJIENIEH.

3a pe3ynbTaTaMy TECTYBaHHS MOJIeIel MOXKHA 3pOOUTH TaKi BUCHOBKU:

- edexTuBHICTh Kiacuikawii [uig ycix MoJeneil Majo 3ajIeXKuTh BiJ BUOOPY THITY BXi-
naux nanux (Bag-of-Words, TF-IDF, word2vec);
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- JIOTICTHYHA perpecis Ta METOJ OMOPHUX BEKTOPIB MMOKA3aIHU TPOXH Kpairy e(eKTuB-
HICTh, HIX 1HIII MOJIEJII;

- HaiBHMHA 0aeCiBCHKMH KiacH(piKaTOp MOKa3aB BIJHOCHO HHU3bKY €(EKTUBHICTH MpU
tpenyBanHi Ha TF-IDF marpwui;

- Meroa k HalOMMKYKMX CyCi/liB IMOKa3aB BIHOCHO HHU3BKY €(EKTUBHICTH MPHU TPEHY-
BaHHI Ha Marpuui Bag-of-Words.

BpaxoBytoun e, 1110 HalKkpaily eQpeKTHBHICTh MTOKa3aJld MOJIENI HAa OCHOBI JIOTICTUYHOT
perpecii Ta METOJly OMOPHUX BEKTOPIB Ta MIBUAKOJIIO JIOTICTUYHOI perpecii, HalIOIIbHI-
MM JJIs1 PO3B’SI3aHHS IIOCTABJICHOTO 3aBJAaHHS € BUKOPUCTAHHS caMme Kiacudikaropa
LogisticRegression na marpuni Bag-of-Words.

BucHoBku. 3a pe3ynbTraTaMy HOPIBHAUIBHOTO aHaNi3y €(peKTUBHOCTI MOAEJEH BHOKpe-
MJICHO JIOTICTUYHY perpecito Ha BXijHUX jaaHux Bag-of-Words sik Haiie()eKTHBHIILY MOJIEIb
IS 3a1a4i OiHapHOI Kiacudikaiii TeKCTOBUX IMOBIJOMIICHB 13 00paHOro Habopy.

OTtpumani B X0/l AOCHIDKEHHS PE3YJIbTaTH MOXYTh OyTH BUKOPHUCTaHi Ui pPO3pOOKH
CHCTEM aBTOMATHYHOTO BUSBIICHHS O3HAK KiOEpOYITIHTY B IMOBIIOMIICHHSX KOPUCTYBAiB CO-
[iaIbHUX MEPEX Ta ONMEPATUBHOTO BXXKUBAHHS BiAMOBIIHUX 3aX0/IiB.
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Application of machine learning methods for analysis of Twitter messages
The paper investigates the problem of binary classification of text messages for the
presence of bullying. Bullying on the Internet, in particular in social networks, is a serious
threat to the mental health of users. Aggressive, offensive or humiliating messages can cause
stress, anxiety, depression or other mental disorders. Because of this, identifying and prevent-
ing cyberbullying is a priority for organizations developing communication platforms.
A dataset with Twitter messages was prepared and pre-processed, including cleaning,
tokenization, and lemmatization. 3 sets of input data for classification models were created:
Bag-of-Words, TF-IDF matrix, word2vec matrix.
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Models based on various machine learning methods were built and tested: logistic re-
gression, k nearest neighbors, random forest, support vector, naive Bayesian classifier meth-
ods on each of the input data sets.

Based on the results of testing the models, a comparative analysis of their effectiveness
was carried out, logistic regression on Bag-of-Words input data was singled out as the most
effective model for the task of binary classification of text messages from the selected set.

The results obtained in the course of the study can be used for the development of sys-
tems for automatic detection of signs of cyberbullying in the messages of users of social net-
works and the prompt use of appropriate measures.

Keywords: text classification, natural language processing, social networks, cyberbully-
ing, binary classification, model evaluation, word2vec, Bag-of-Words, TF-IDF.
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J.0. Ocranenp, B.A. MoTtuneHnko
AHAJII3 IIXO/IB 10 PEAJIIBALII CACTEM
EJEKTPOHHOI'O I'OJIOCYBAHHSI

Anomayia. Y pobomi pozensioaromvcs cyuachi nioxoou 0isi R0OY008uU cucmem eieKmpoHHO20
2010CY8AHHS, MAKI K OIOKYEUH, A MAKONIC MPAOUYIUHI KpUnmozpagiuni memoou, wo 6Kito-
Yyames 20MOMOpGhHe WUDPYSants, CrLinuil niONUC ma 00KA3U HY1b08020 po32oaouleHHs. Me-
moio pobomu € 8ubip nioxo0y 00 noOYO08U CUCmeM el1eKMPOHHO20 20N0CYBAHHA HA OCHOSI
NOPIBHANbHO20 AHANIZY IX OCHOBHUX Xapakmepucmuk. Bupiwysani 3a0aui. 02110 eumoe, y3a-
2aNbHEHOI CmPYKmypu ma OCHOBHUX Npoyeoyp CUCMEM eNeKMPOHHO20 20JI0CY8AHH, AHANI3
icCHyl04UX U018 cucmem eleKmMpPOHHO20 20JI0CY8AHHA MA IX NOPIGHANbHA XAPAKMEPUCMUKA.
Buoineno cnucox sumoe 0o cucmem enekmpoHHO20 2010CY8AHHSA, NPEOCMABIEeHO V3a2albHeH ]
CmMpyKmypu 0CHO8HUX ix 6u0i8. [IposedeHo nopisHANbHUL aHANI3 8UOI8 CUCTEM eleKIMPOHHO-
20 20]I0CYBAHHS HA OCHOBI 8IONOBIOHOCMI 8UMO2aM. 3pobieHo 8ubip nioxody 0asa noOanrbuol
no6y008u cucmemu.

Knouosi cnosa: enekmponne 2onocysanms, comomopue wudpysanns, OJI0KUelH, 0oKa3u 3

HYTIbOBUM PO320JIOULEHHSM, CLINULL NIONUC.

ITocTanoBka npodsaemu. [Ipy mpoexTyBaHHI CUCTEM €IEKTPOHHOIO rOJIOCYBAHHS BaXK-
JMBHUM aCHEKTOM IocTae (hOpMYJIHOBAaHHS BUMOTI 1O IporpamHoi yactTuHu. Pana €Bponu [1]
BUITYCTHJIa JUPEKTUBY, sIKa OMMUCYye (hOpMalbHI BUMOTH A0 TaKUX CHUCTeM. [IMpEeKTUBU OIU-
CYIOTh IOPMJIMYHI aCMEKTH Ta 3aJIMIIAI0Th NMUTaHHA peaji3alii 1 KpunroOe3neKku He BHpilie-
HUMH. 3 PO3BUTKOM LU(PPOBUX TEXHOJOTIH 3’SBIAETbCS 3HAYHUN MOTEHIial AJs BIOCKOHA-
JICHHS MPOLIECIB FOJIOCYBaHHS Yepe3 BIPOBAKEHHS €JIEKTPOHHUX CUCTEM. 3 BIIPOBAIKEHHAM
€JIEKTPOHHUX CHCTEM MPHUXOJATh 1 HOBI BUKJIMKH, OCOOJIMBO Yy IJIaHI 3a0e3neueHHs 0e3neKu
JAHUX Ta HEJOMYIIEHHS MaHIMyJsALid 3 pe3yiabratamu BuOopiB. Kpunrorpadis Bijnirpae kito-
YOBY pOJIb y CTBOPEHHI O€3MEYHUX €JIEKTPOHHUX CHUCTEM TI'OJOCYBAaHHS, J03BOJIAIOUHN 3a0€3-
MEYUTH KOH(IAEHIIIHICTh roJ0CiB 1 BepudiKalio pe3yabTaTiB 0e3 po3KpUTTS OCOOUCTOCTI
BHUOOPIIIB.

OnHuM 3 nepefoBUX HampsMKiB [2, 3] y po3poOri Ge3neuHuX CHCTEM EeNEeKTPOHHOTO
TOJIOCYBaHHS € BUKOPUCTAaHHs TEXHOJOTIT Onok4elH. L{g TexHomorist 103B0JIs€ CTBOPUTH Jie-
LIEHTpaJIi30BaHy 1 HE3MiHHY 0a3y JaHUX TOJOCIB, sIKa MOXE 3aXHCTUTH Tpolec Bia daib-
cudikaliif Ta HECaHKIIOHOBAHOTO JI0CTYyIy. BojHOUac, iICHYIOTH 1 1HIII TEXHOJIOTII Ta Miaxo-
I, 3AaTHI MiJBUILUTH €(PEKTHUBHICTh Ta O€3IeKy €JIEKTPOHHOTO TOJIOCYBAHHS, BKIIOYAIOYH
pi3HOMaHITHI KpuUnTorpadiyHi MPOTOKOIN SIKI MOXKYTh 3a0€3MeYUTH aHOHIMHICTh BHOOPIIIB,
Bepu(DiKalliio pe3yabTaTiB Ta HEMOKJIMBICTh MOBIHOTO TOJIOCYBaHHS.
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AHaJi3 ocTaHHixX Aocailkenb i myOaikaniid. ['omoMmopdHe mmdpyBaHHS BUKOPUCTO-
BYETBHCS Y CHCTEMaX €JIEKTPOHHOTO T'OJOCYBaHHS JJIsl POBEJCHHS Onepalii MmiApaxyHKy ro-
JociB 06€3 po3KpUTTA ieHTrdikaTopa ronocyrdoro [4, 5]. CydacHi TeXHOJOTIT T0Ka3iB 3 HY-
JTHOBUM PO3TOJIOMIEHHSM J03BOJISIOTh HEIHTEPAKTHBHO MPOBECTH OMepallii Haj 3amudpoBa-
HUMH JaHuMH, 30epiraioun KpunrorpadiuHuii gokas, OO BHXiAHI JaHHI He Oy’o
3MiHeHO [6, 7]. 3MimaHi CiTKH 3a JOMOMOTOI0 CHeliaTbHUX MPOTOKOJIIB MapIIPyTH3aLil 103~
BOJISIIOTH CXOBATH ieHTU(IKATOp rojocyrouoro [8]. biok4eiH cucTeMu BUKOPHUCTOBYIOTHCS
Ui 3a0e3MeveHHs JCeEeHTPaTi30BaHOTO0 CXOBHINA 1 1HPPACTPYKTYpHOI opraHizaiii cucreMm
€JIEKTPOHHOTO rOJIOCYBaHHA [2, 9].

CucremMu €IEKTPOHHOTO TOJIOCYBAaHHS aKTHBHO JOCHIKYIOTBCS, SIK 3 OOKy BHKOpH-
cTaHHs cydacHoi kpumrorpadii [10, 11], Tak i 3 60Ky opraHizamii BiIJaJIEHOTO JOCTYITY Ta
3a0e3neyeHHs Aep>KaBHUX BUMOT [12].

Mera pocaigkennsi. Metoro poOoTH € BUOIp MiAX0Iy 10 MOOYIOBUA CHCTEM EJICKTPOH-
HOTO TOJIOCYBAaHHSI Ha OCHOBI MOPIBHSUIBHOTO aHAJI3y iX OCHOBHUX XapaKTepUCTHK. Pe3ynb-
TaTH aHaJi3y MOXXYTb OyTH BHUKOPHCTaHI MpH peamizamii BiAMOBITHHX cucTeM. B poOorti
BIJITOBITHO JIO METH TIOCTaBJICHI TaKi 3aJiavi: OIS BUMOT, y3araJlbHEHOI CTPYKTYpPH Ta OC-
HOBHHUX MPOICIYP CHUCTEM EJICKTPOHHOTO TOJOCYBaHHS; aHaNi3 ICHYIOUMX BHUJIIB CHCTEM
€JIEKTPOHHOTO TOJIOCYBAaHHS Ta X MOPIBHSUIbHA XapaKTEPUCTUKA. Y POOOTI HE PO3IIIAIAIOTHCS
KOHKPETHI peai3allii CHCTeM, a TUTBKH ITiIXO0IH JI0 1X peasi3alliid.

OcHoOBHUIi MaTepiaJ JocTixKeHHs. Y CUCTeMax eJIEKTPOHHOTO TOJIOCYBaHHS € KiTbKa
KIIIOYOBHUX JIIOUMX CTOPiH, KOKHA 3 SIKUX Ma€ cBO1 QyHKIIT Ta mpaBa. OCHOBHI J1it04i CTOPOHH
BKJIFOYAKOTh [ 12]:

e Bubopui — e ocoOwu, siKi MarOTh TIPABO TOJIOCY 1 OEPYTh y4acTh y BHOOpax.

e Kanouoamu — nie ocobu Ta opranizailii, ki OepyTh y4acTh y BHOOpax i 3MararThCs
3a rojlocu BUOOPIIIB.

e Aominicmpamopu (a60 nocaoogi ocobu) — 11e opraHu Ta 0CoOH, BiJIMOBIIATBHI 32 Op-
raHi3allito 1 IpoBeIeHHS BUOOPIB

e Cnocmepizaui (Ayoumop) — e ocobu, iK1 KOHTPOJIIOIOTh BUOOpUHUH Tpoliec, 3a0e3-
MEeYYIYH MOT0 MPO30PICTh Ta YECHICTb.

e Peccmpamop — BinNOBiNanbHUN 3a aBTeHTH(iKallilo BHOOpLiB. BoHu BHIalOTh BU-
O0pLsAM AaHi AJIs IOCTYILY 10 CUCTEMH, TaKi sIK MPUBATHI Ta MyOIiuH1 KITIOUi.

Bumoru 10 cucreMu. AHai3 iICHYIOUHX MIAXOJIB /10 MOOYIOBH CUCTEM JOLIIBHO IO-
4yaTu 3 (POPMYBaHHS CIUCKY (OPMAIbHUX BUMOI JO CHUCTEM, 32 SKMMU MOXKHA SKICHO abo
KUJIbKICHO HOPIBHATH ICHYIOY1 CUCTEMH.

Ax nume Jliap X. [14], B iCHyIOUMX AOCHIDKEHHSX YacTO BHKOPHCTOBYIOTH Di3HI
TEpMIHU I OJIHUX 1 THUX CaMUX CyTHOCTeW. He BCi cucTeMu eIeKTpOHHOro rojIoCyBaHHS 3a-
JIOBOJIBHSIOTH OJTHAKOBHMH Habip BIAacTHUBOCTEH Oe3neku, B cuily iX mpoTupivdus. Hampuxman
nuTaHHs nepesipsemocti (verifiability) ta peisiiiHicTs (auditability) 3aBkau mpoTUCTaB-
JSETHCSI MTUTAHHIO TIPUBATHOCTI Ta aHOHIMHOCTI. ba3yrounch Ha gociimkenusx Jli b. [14] e
JOIUThHUM BUMAaraTy HACTYITHI BJIACTHBOCT1 O€3MEKHU:

e AHomnimnicms 2010Ccy6anna - CUCTeMa MOBHHHA TapaHTYBATH, L0 HIXTO HE MOXeE
MIPOCTEXHTH, 32 KOTO IPOTOJIOCYBaB KOHKPETHUH BUOOPEITh.
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e VYuiséepcanvna nepegipaemicmo - Oynb-sSKHiA 3alliKaBICHUN yYaCHHK Mporiecy (Bu-
Oopelp, crocrepiray, He3aJeXHa Oprafizaimis) MOXE TIEepPEeKOHATHCS B IPaBHIBHOCTI
nigpaxyHky rojociB. IlepeBipsieMicTh TakoX MOXe OyTH 1HIMBIZYalbHOIO, KOJIM CHUCTEMa
JI03BOJISIE IEPEBIPUTH KOKHOMY TOJIOCYIOUOMY IO HOTO To10c OyB BpaXOBaHMIA.

e Yecnicmp (fairness) - yacTkoBi pe3ysIbTaTH HE MOBUHHI OYTH OITy0JIiKOBaHI.

e Haoiunicms (robustness) - cTifiKicTh CHCTEMH JI0 3JI0BMUCHOI IMMOBE/IIHKHA YUaCHHUKIB
poIiecy.

e Biocymuicmv xeumanuin (receipt-freeness) - cucrema He NMOBHHHA HaJaBaTH BU-
OO0pIII0 TOKYMEHT SIKUii OW MiATBEpHKYBaAB 32 KOTO BiH TOJIOCYBAB.

CTpyKTypa CHCTEMH €JIEKTPOHHOTO I'OJIOCYBAHHS. AJITOPUTM POOOTH CHUCTEM EJICK-
TPOHHOT'O TOJIOCYBaHHSI MOXXHA PO30HMTH Ha TPU OCHOBHI (pa3u: MOYATKOBE HAJIAIITYBAHHS
(muB. pumc. 1), 30ip rosociB (AWB. puc. 2) Ta MAPAXYHOK 1 ONPUITIOJHEHHS
roJjiociB (auB. puc. 3).

Candidate list - dat.
ontcat
Candidate 1 Initialize authentication key »
e

Candidate 2 Registrator

er 2
Voter 3

Contact data Contact data

-

Candidate 1 Candidate 2

Pucynok 1 - Y3aranbHeHna cxema npoueaypu iHimianisamii CuCTeMH
€JIEKTPOHHOI'O TOJIOCYBaHHS

VY X011 MOYaTKOBOTO HAJAIITYBAaHHS BUCTABIISIOTHCS ITAPAMETPH CUCTEMH, TaKi K MaK-
cUMaJjbHa KUIbKICTh KaHIU/IATIB, CTPOKH BUOOPIB, a TAKOXK MPOXOASITH HACTYIIHI MPOIECH:

1. Peecmpauin kanouoamie (Candidate Registration) — niogada 3asBOK KaHIUJaTaMu
JUTsL y49acTi y BUOOpax, peecTparop mepeBipsie JaHl KaHIUATIB 1 JOJIA€ 0 CHUCKY KaHIH-
JIaTIB.

2. Peecmpauin eubopuie (Voter Registration) — 30ip 1 Bepudikailis 1aHUX BHOOPIIIB,
3abe3neueHHs] iXHbOI aBTeHTHU(iKalii B cUCTeMi. Y XOJi IbOrO INAry TaKOoX IMPOXOJUThH
PO3MOBCIOPKEHHST KpUNTOrpaiuHuX KIIH04YiB, a00 IHIIMX JaHUX HEOOXIAHUX Ui aBTEHTHU-
¢ikarii KOpUCTyBayiB.

Jlami cuctemMa MoKe MepeXOIUTH JI0 HACTYITHOTO eTaIry.

OCHOBHI KpOKH (IUB. pHC. 2):

1. V xoxi npouecy 300py rosociB, BXXIMBO 100 YCi TOJOCY0Yl MaJIX JJOCTYII 0 CIHC-
Ky KaHJIMJaTiB Ta MapaMeTpiB CUCTEMHU.

2. Jlani, ronocyrodi pOpMYIOTh CBOi TOJIOCH Ta aBTUHTU(DIKYIOTHCS y perictparopa s
BIJIPAaBKU LOTO TOJIOCY, B JESKUX CXeMax el mporec aBTeHTH(]ikamii rojocyr4oro Ta
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BIZIIIPABKHU TOJIOCY MOXKE OYTH peai3oBaHHii B paMKax OJHOTO KPOKY.
3. Ilicns HajcuIaHHS TOJOCY, TOJOCYIOUl OTPUMYIOTH MIATBEPKCHHSI, IO IX TOJIOC
OnpalbOBaHUM.

Candidate list

e-voting

Candidate 1 program

Candidate 2 Registrator

\ is vote eligible?:
@ Get List \
\ Gastvate

Confirm vote acceptance @
(with receipt-freeness)

e
er 2
Voter 3

Pucynoxk 2 - Y3araigpHeHa cxema Mporeaypu 300py roiocis

Ha npomy erarti BaXXITMBO JOTPUMaHHS JISTKUX BIACTUBOCTEH:

1. Anonimuicms 2o110cy - cam TOJIOC HE Ma€ MicTUTH iH(OpMAIi PO iIeHTU(IKATOP
KopucTyBaya. [Ipu boMy OYEBHIHUM € BUMOTA JI0 CUCTEMH IIOJIO 3aXHUCTY BiJ MOJBIHHOTO
TOJIOCYBaHHSI.

2. AHoHiMHICMb 20710CYIOUUX - CHCTEMAa NMOBHHHA BUKOPUCTOBYBATH JESIKi METOJH,
HaAIPUKIIaJ 3MilTyBaHHA [ 8] 100 BiAB’s3aTH 11eHTHU(IKATOP KOPUCTYBaya B HOTO roJiocy.

Biocymnicms kéumanuyiin - npu MiATBEpIKEHI TOJIOCY, TOJIOCYIOYi HE OBUHHI OTpH-
MYBaTH TaK 3BaHi “KBUTAHIII” - MiATBEPUKEHHS 3a KOTO caMe i3 KaHIUAaTiB BOHHU TOJIOCYBa-
JH.

VY xoni npouenypu ¢inamizauii (IuB. puc. 3) 3amudpoBaHi rojJocu ACMUPPYIOThCS
CepBepoOM, 1 KOXKEH T'0JIOCYIOUUH MOXe MEePEBIPUTH 110 iX Tos1oc 0yiI0 BPaxoBaHO.

[Tporpama Takox (GopMmye COHCOK pe3ysibTaT 3 (piHaIbHOIO KUIBKICTIO TOJIOCIB 32 KOX-
Horo Kanauaara. Crnocrepiradi MOXYThb MEPEBIPUTH 1110 I'OJOCH OyJIM YECHO IMiJIPaxOBaHI.
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I

e-voting
program

Encrypted Votes \ote list Compute resut Election Result
\ote En Decrypt Vote X Candidate 1 = _
= N
Vote 1| vote ¥ [ :> Candidate 2 = _
Can retrieve individual vote And check election result

Voters could ensure that or all vote states by computing it from vote list

their vote was counted \

Auditor

Pucynok 3 - Y3aranpHeHa cxema MmigpaxyHKy 1 ONPHIIIOTHEHHS TOJIOCIB

OCHOBHi BHIM CHCTEM €JeKTPOHHOr0 roJiocyBaHHsl. Iomomopgne wiughpysanns
JI03BOJISIE yYaCHUKAM MM (PYBaTH CBOI TOJIOCH TAaKUM YHHOM, IIIO CEPBEP TOJIOCYBAHHS 3MOKE
MiPaxyBaTH 3araIbHAN pe3yabTaT 0e3 HeoOXiTHOCTI po3mU(pPOBYBATH OKPEMI T'OJIOCH.

To6to, msa 3amanux E(vl), E(v2), moxna migpaxyBatu E(vl ® v2) 6e3 memmdpoBku
vl ta v2.

VY cxemi (quB. puc. 4) ronocyrounmu € Alice Ta Bob - BoHUM BiAIpaBisitoTh CBOI 3amug-
poBani rosiocu. Cructema Moke MiJipaxyBaTH TOJIOCH Ta BUJATH pe3yibTar. CucreMu Ha oc-
HOB1 roMOMOp(dHOro mudpyBaHHs NOTPeOYIOTh J0JaTKOBO cXeMH Jlokazy. Lle moxe OyTtu
a0o0 J10Ka3 HyJIbOBOT'O PO3roJIOLIeHHs, a0 JOBIpH 10 aaMiHICTpaTopa mija 4ac 300py AaHUX,
a00 T0JJTaTKOBHMX CXEM YacTKOBOT0 po3mudpyBaHHs [3].

Cuctema Ha 6a31 romoMop¢HOro mudpyBaHHS Ma€ HACTYIHI BIACTHUBOCTI:

o Anonimmuicms 20n0cyganna - yci rojocH 3alIn@poBaHi Ha CTOPOHI BiANPAaBHUKA, a
OTX€ 3aJUIIAETHCS TUTBKA MTUTAHHS JIOCTaBKH TOJIOCY.

o VYuisepcanvna nepegipaemicms - micins MiaApaxyHKy rOJIOCIB, yCi TOJOCH AOCTYIHI Y
3amn(poBaHOMY BUIJIAL, a OTXKe yCl HeOalayX 1 MOXKYTh MOBTOPUTH MiAPAXyHOK CaMOTYXK-
KH.

e Biocymuicmo keumanuyiil - 3aJeKXUTH BiJl CXEM JI0Ka3y.

e Haodiiinicms - cTIKICTh CUCTEMH JI0 3JI0BMHCHOI ITOBEAIHKHU 3aJIEKUTH BIJl CXEM J10-
Ka3y YHIKaJIbHOCTI TOJIOCY.

e UYecnicmp - MOXIMBE TUIBKU MPH JOBIPI 10 CEPBEPY €IEKTPOHHOTO TOJIOCYBaHHS,
JISKUTH 32 MEKAMU MUTAHHS MiIX0AY TOMOMOP(HOro mudpyBaHHS.
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E-voting server

2. After some period of time, or by command
collecting is stoped

Bulletin B And system should process votes

= T

Q: Stop

Bk

A

Bob 1 Candidate = X
o 2 Candidate = Y
3..=.

Bulletin B

3. After processing votes - State
system emits the state of voting

1. Voters are publishing their
ENCRYPTED vote

Pucynok 4 — CrpoiiieHa cTpyKkTypa B3a€MO/IIi 3 CEpBEpOM y CUCTeMI Ha 6a31 ToMOMOpP(HHOTO
mupyBaHHS

Cninuit nionuc AO03BOJIAI€ YUYaCHUKAM HOBECTU CBO€ IIPAaBO HA I'OJIOCYBAaHHSA oe3 PO3K-

PUTTS CBOEI 1IGHTHYHOCTI, 10 J0TIOMarae 3a0e3neYnuTH aHOHIMHICTh Ta 3aro0irTi MoBIHHO-
MY TFOJIOCYBaHHIO (IHUB. pUC.5).

Authority

Authenticat M
bindvote / E-voting
e.g. hash of something Bullelin server

Checks duplicate ————— 1
sign / authenticate =
/ =l

=Nk
Voter [ :>

Pucynok 5 — CnpoiiieHa cTpykTypa B3aeMO/IIi 3 CEpBEpOM y CUCTEMI Ha 6a3i CIIINOro MmiJinucy

Cucrema Ha 0a3i CIIIOrO MIJIUCY MA€ HACTYIHI BIACTUBOCTI:

e AHoHIMHicmb 20710CY6aHHA - CIIMI MIMKUCH JO3BOJISIOTH BUOOPIIEBI 3aCTINUTH CBIi
OroneTeHb mepen BiAmpaskoro. [licist oTpumaHHs mianucy BHOOPEIs 3HIMAE 3aCITUICHHS, 1
KIHIIEBUM MmiAnucaHuil OroJieTeHb HE MICTUTH 1AeHTU(dikaTop BubOOpisa. Bubopuuii opran
nignucye OroseTeHb 0e3 3HaHHS HOro BMICTY, TOMY aHOHIMHICTh BUOOPIIS 30€epiraeTbes.

o VYuisepcanvna nepegipsaemicms - ciimi mianucy 3a0e3MedyrOTh, 0 Or0JeTeH1 OyIn
HiJnIcanl BUOOPYMM OpraHoM, aje He PO3KpHUBAaIOTh iHGOpMaIil0 Mpo T€, XTO MOJaB KOH-
KpeTHUil OrosereHb. lle n03Bosie OyAb-SIKOMY YYacCHUKY MEpeBIpUTH, IO Bcl OroyieTeHi
miAnucaHi JeriTMMHUM opraHoM. OJHak, yHiBepcalbHa IEpeBIPAEMICTh TaKOX BHMarae
MOYJIMBOCTI TIepEBIPKH MPAaBUIIBHOCTI MiIpaxyHKy TOJIOCiB 0€3 KOMIIpoMeTallii aHOHIMHOCTI,
110 MOTpedye AOAATKOBUX MEXaHI3MIB, TAKHX SIK KpUNTOrpadidHe JOKa3yBaHHS 3 HYIbOBUM
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posromnomennsm (Zero-Knowledge Proofs).
e Biocymuicmo xkeumanuyiii - BUOOpEb HE OTPUMYE KOJHOTO JI0Ka3y CBOrO TOJIOCY

TICHS BiMIPABKH MiMUCAHOTO OFOJIETEHS 0 CHCTeMH. Lle YHEeMOKIUBIIOE CUTYaIlil0, KOJIU
BHOOpEIh MOXKE JIOBECTH TPETIll CTOPOHI, 32 KOTO BiH T'OJIOCYBAaB, 110 3arodirae mpuMycy ado
KYIBJIi TOJIOCIB.

e Haoiitnicms - TUIbKY 3 IHIIUMU KpUNTOrpadiYHUMHU METOIAMH.

e UYechicmp - TUTLKH TIPH JOBIPI 10 aMiHICTpaTOpa.

bnokueiin no3Boisie MOOYyAyBaTH ELIEHTPATI30BaHy CUCTEMY, B SIKIii HEMae JOBIpH JI0
€IMHOTO cepBepa (IuB. puc. 6). Y 1iit cxemi - Alice Ta Bob, e yuacHuku, BOHU MyOITiKyIOTh
cBOi rojiocu y 61okueitH. CTaH CUCTEMH MOXKE B PEXKHMI pealIbHOTO Yacy MiJpaxoByBaTH ro-
nocu, ab0 poOHTH 11e 32 KOMaH/I0K0 aJMIiHICTpaTopa.

Bulletin A Blockchain %
1 Ie

Alice % |BIUCK1 HBIUCH |‘_| | Administrator

State

Start/Stop

Bulletin A < or other
command

Bulletin B

Bulletin ...

P[El Tl

Ilodin A

Bulletin B

(@i

Auditor I

Pucynoxk 6 — CriporiieHa CTpyKTypa peajizalii CHCTEMHU eJIEKTPOHHOTO T0JIOCYBAaHHS
Ha 0a31 OJoK4elHy

Cucrema Ha 0a3i 6JI0KUeHHY Ma€ HACTYITHI BIIACTUBOCTI:

o Anonimnuicms 2onocysanna - Moxe OyTH 3a0e3reyeHa Juile 32 yMOBH BUKOPHUCTaH-
H$ [ICEBJIOHIMIB 200 1HIIUX METOZIB, 110 MPUXOBYIOTh CIPABKHIO OCOOUCTICTh BUOOPIIB. bes
JOJJATKOBUX METOIB JUIsl 3a0€3MeYeHHs aHOHIMHOCTI, TaKMX K MHU(pyBaHHS a00 3MilIyBaH-
Hsl, OJIOKYEHH He MOKEe rapaHTyBaTH aHOHIMHICTb.

o VYuisepcanvna nepegipacmicms - K0XHa TpaH3aKIlisl Ha OJIOKYEHHI € HE3MIHHOIO 1
JOCTYMHOIO i nepeBipku. Lle no3Bonsie 6yap-1KOMy y4aCHUKY MEpPEBIPUTH, IO KOXKEH Io-
noc OyB 3apaxoBaHUM MTPABUIIBLHO 1 HE 3MIHEHUH TTICTIS TTOTaHHS.

e Biocymuicmo xeumanuyiin -ns 3a0e3ne4eHHS BiICYTHOCTI KBUTAHINK MOTPIOHI J0-
JaTKOBI METO/M, TaKi sIK CIIMI minucH abo iHII KpunrorpadivyHi MPOTOKOIH.

e Haoiiinicms - OnokueitH 3a0e3redye BHUCOKY HQMIMHICTh 3aBISKHU CBOIM JIEIEH-
Tpajii3oBaHii mpuUpoi 1 KpunrorpadiyHOMy 3axucTy. Bci TpaH3akiii € HE3MIHHUMU 1 3aXU-
meHuMu Big Qanscudikaiii. Koncencycni mexanismu, taki sk Proof of Work a6o Proof of
Stake, 3a0e3meuyroTh HIJTICHICTD 1 IOCTOBIPHICTh TaHUX.

56 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

e Yecnicmp - Onokyeiin 3a0e3nedye MPO30PICTh 1 HEMOXKIUBICTh 3MIHU Pe3yJbTATIB
micyis moxaHHs rosocy. Ilpore, 6e3 HOAATKOBUMX MEXaHi3MIB aBTeHTU(IKaLii 1 KOHTPOIIO,
OJIOKYEITH HE MOXE TIOBHICTIO TapaHTYBaTH, 10 KOKEH T'0JIOC € JETITUMHUM (TOOTO, TOIaHUH
nivicaum Bubopuem). [ToTpiOHI JOJATKOBI 3aX0aH IS MIEPEBIPKU TIPABOMIPHOCTI BUOOPIIIB 1
3arno0iraHHs MOABIHHOTO TOJIOCYBAaHHS.

Jlokasu Hyn1b08020 po320710uieHH BUKOPUCTOBYIOTHCS Ui Bepu(ikalii Toro, mo ro-
JIOCH BIJMOBIJAIOTH MPaBUJIaM TOJIOCYBaHHS (HAMIPHUKIIA], HAIEKATH J0 JOIMYCTUMOTO Habopy
BapiaHTiB) 6e3 HeoOXiHOCTI PO3KpUBATH rojiocu (auB. puc. 7). Y miif cxemi Alice Ta Bob re-
HEpYIOTh JI0Ka3u Ui MU(ppoBaHUX rojociB. CepBep MpuiioMy roj0CiB TOYHO 3HAE IO TOJIOC
e He OyB BpaxOBaHUH, 1 HAJICKUTH JI0 HAJIEKHOTO KOPUCTYBaua, a TAKOXK TE 110 OIOJIETEHb
He OyB 31MCOBaHUM.

CydacHi cucteMu J0Ka3iB Hyab0Boro po3roiomieHHs Taki sk zk-SNARK Tta zk-STARK
€ YHIBEpPCAJIbHUMHU Ta MOXYTh OYTH MOBHOIO 3aMiHOIO TomMomopdHoro mmmbpysanus [6, 7],
TOMY BOHHU Mai)Ke MOBHICTIO KOIIIOIOTh BIACTHBOCTI CHCTEM Ha 0a3u roMmomopdHoro mmd-
pyBaHHS JIOTIOBHIOIOYH JIESIKI TUTAHHS aBTEHTH(IKaIIi.

Proof A
Bulletin A E-voting server

(i

2. After some period of time, or by command
collecting is stoped
And system should process votes

Boallodin A

Bulletin B

<}: Stop

Bullet

3. After processing votes - State
system emits the state of voting
Bob 1 Candidate = X

2 Candidate =Y
J=.

1. Voters are publishing their
ENCRYPTED vote
and proof

Pucynok 7 — CrpoiiieHa CTpyKkTypa peatizallii CHCTEMH e€JIeKTPOHHOTO TOJI0CYBaHHS
Ha 0a3i JI0Ka3iB HYJIbOBOTO PO3TOJIOMIEHHS

Cucrema Ha 0a3i 0Ka3iB HYJIbOBOTO PO3TOJIOLIEHHS Ma€ HACTYITHI BIACTUBOCTI:

o Anonimnicms 2010cy8anna - yci ToJIOCH 3alIM(ppOBaHi Ha CTOPOHI BiIIPaBHUKA, a
OT’K€ 3aJIMIIAETHCS TUIBKY MUTAaHHS JOCTaBKU TOJI0CY.

o VYuisepcanvna nepegipaemicme - micns miIpaxyHKy TOJIOCIB, yCi TOJIOCH JOCTYITHI Y
3amu(poOBaHOMY BUTIIAL, a OTXKe yCl HeOalayX i MOXKYTh MOBTOPUTH MiAPAXYHOK CaMOTYXK-
KH.

e Biocymuicmo keumanyin - 3anexHO Bij peanizailii, ajie OUTBIICTh CHCTEM Ha 0asi
ZKP MOBHICTIO 3aI0BOJIBHSIOTH IO BUMOTY.

e Haoiiinicms - n0Ka3 TakoXX aBTEHTHU(IKYe TOJOCYHOYOro, 10 MOYXHA BHUKOPHCTO-
BYBaTH JUIsl pUIbTpalii HeOaXxaHUX roJI0CIB.
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e Yecnicmp - MOXJIHMBE TUIBKU TIPH JOBIPl 10 CEpBEPY €IEKTPOHHOTO TOJIOCYBaHHS,
JISKUTH 32 MEKAMU TUTAHHS MiIXOAY T0Ka3iB 3 HyJIbOBUM PO3TOJIOMICHHSM.

3a pe3yabTaTaMH aHaJi3y BIIOMHX BUIIB CHCTEM €JIEKTPOHHOIO TOJIOCYBaHHS IpOBee-
HO iX MOPIBHSJIbHY XapaKTEPUCTUKY (1uB. Ta0II. 1).

Tabmums 1
[TopiBHsITbHA XapaKTEPUCTHUKA BIIOMUX BHUJIIB CUCTEM €JICKTPOHHOTO rOJIOCYBAHHS
AHOHIMHICTb ITepe- Yecuicte | Hapiitaicte | BincyTtHicTb
BIpSIEMICTh KBUTAHILIHN
I'omomopgue + + * - -
mudpyBaHHs
Coinuii ianuc + + * - +
biokueitn cucre- - + - + -
MU
Jlokazu HYJIbOBO- + + * + +
T'O PO3TOJIONICHHS

[IpuMiTKa: CUMBOJIAaMH «+» BiMIY€HA IMOBHA BIAMOBIAHICTD, «-» HEBIAMOBIAHICTD, «*»
YaCcTKOBA BiAMOBIIHICTb.

3a pe3ynbTaTaMu MOPIBHJILHOTO aHalli3y BUXOJUTH, IO CUCTEMH Ha 6a3l romomopd-
HOTO MH(PYBaHHS Ta CIINOrO MIAMUCY MOTPEOYIOTh JOJATKOBHUX MEXaHI3MIB KPHUITO-
rpadiyHuX A0Ka3iB, 10 pOOUTH X BUKOPHCTAaHHA 0e3 JOKa3iB HYJIHOBOT'O PO3rOJIOLIECHHS He-
MPaKTUYHUM. TakoX, 3 TMOPIBHSHHS BHJIHO, IO TEXHOJOTis OJOKYEeHH MOxke OyTH BHKOPH-
CTaHa TUIbKU MPU BUKOPHCTAHHI IHMMX KpunrorpadiyHux meroniB. CydacHl JOKa3H HY-
JTHOBOTO PO3TOJIONICHHS 3a0€3Me4yl0Th MaiKe yCi BIAaCTUBOCTI. €CAMHUM MUTAHHSIM Y TaKUX
CHCTEM 3JIMIIAETHCS MUTAHHS JOBIPH J10 cepBepy. TexHooris O6J0KUYeiH BUpilye mpodiaemy
JIOBIPH /10 CepBepy Ta POOUTH MPOLEC ELEHTPali30BaHUM, CaMe TOMY JIOLUIBHUM € BUKOPU-
CTaHHS T1I0pUHOI ccTeMH OJIOKYEHHY Ta CydaCHHUX J0Ka3iB 3 HYJbOBUM PO3TOJIOMIEHHSM.

BucHoBku. Y po6OTi mpoaHani3oBaHi iCHYIOYl MiIXOAM 10 MOOYJOBH CHUCTEM €JIEK-
TPOHHOT'O TOJIOCYBaHHs. BHIIEHO CIIMCOK BUMOT JO CHCTEM €JEKTPOHHOI'O TOJIOCYBaHHS,
noOy/noBaHi y3arajabHEHI CTPYKTYpH OCHOBHHMX BHUIIB cHUCTeM. Ha OCHOBI XapaKTepHCTUK
BUJIIB CHCTEM NPOBEJCHO iX MOPIBHIBHUHN aHami3. [l 3a0e3neyeHHs ycixX BIAaCTHUBOCTEH B
KO>KHOMY 3 BH/JIIB CUCTEM IMOTPiOHA peaizallis J0AaTKOBUX MeXaHi3MiB. B pe3ynbraTi 3ampo-
MIOHOBAHO T1OPUIHY CUCTEMY, KA MOKE 33/I0BOJILHUTH yCi HEOOXi1H1 BIACTUBOCTI.
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Analysis of approaches of electronic voting systems implementation

The work examines modern approaches to building electronic voting systems, such as
blockchain, which promises to revolutionize the process due to its immutability and decentral-
ization properties, as well as traditional cryptographic methods, including homomorphic en-
cryption, which allows vote counting without the need to decrypt each individual vote. Blind
signatures ensure the ability to confirm a vote without disclosing the user's identity, and zero-
knowledge proofs allow voting without interacting with the server. The goal of the work is to
select an approach for building electronic voting systems based on a comparative analysis of
their key characteristics. The solved tasks include reviewing the requirements, generalized
structures, and main procedures of electronic voting systems; analyzing the existing types of
electronic voting systems and their comparative characteristics. During the work, existing
systems and other literature were thoroughly analyzed. The article provides a detailed analy-
sis of the advantages and limitations of these technologies, as well as their suitability for dif-
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ferent electoral systems, considering important aspects such as scalability, efficiency, and
protection against potential threats. Throughout the work, a list of requirements for electronic
voting systems was compiled, the main procedures present in electronic voting systems were
outlined, a set of actors in typical electronic voting systems was defined, and the generalized
structures of their main types were presented. A comparative analysis of the types of electron-
ic voting systems based on compliance with the requirements was conducted. An approach
was chosen for further system development.
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A.O. byp, T.A. Jlixoy3osa, F0.0. OmiiitHuk
MNPOTHO3YBAHHSA MNONYJAPHOCTI MY3UYHUX TPEKIB
HA IMJAT®OPMI SPOTIFY HA OCHOBI UUCJIOBUX METPHUK

Anomayin. B cyuacnomy ceimi my3uxa 8idiepae 8axiciugy poib y Hcummi MilbloHI6 todel, a
niameopmu 01 cmpiminey mysuxu, maxi ax Spotify, cmanu Hegio'eMHow uacmuHow cydac-
Hoi kynemypu. Ilonynapuicmes My3uyHUX mpexie mae @enuxKe 3Ha4eHHs OJisl My3U4HOi iHOyCcm-
pii, enauearoyu Ha 00X00U ApMUCMie ma mpeHou 8 My3udyHomy ceimi. [Ipoenosyeanns nony-
JIAPHOCMI MY3UYHUX MPEKi8 € aANCIUBUM 3AB0AHHAM, SIKE€ MOX}Ce OONOMOSMU APMUCAM,
npooiocepam ma niamgopmam Kpawe po3ymimu 6no00OAHHS CIYyXAdie ma onmumisyeamu
c80i cmpamezlii.

s npoeno3ysanus NONYIAPHOCME MY3UYHUX MPeKi8 3acmocosysanucs mooeni Decision Tree
Classifier, KNeighbors Classifier, XGBoost Classifier ma Random Forest Classifier. 3acans-
Hutl ananiz noxasas, wo moodeni XGBoost ma Random Forest € naibinour epexmusnumu 0t
NPOCHO3YEAHHS NONYJAPHOCMI MY3UYHUX MpeKie. Bonu demoncmpyioms 6ucoxky mouwnicmo i
cmitxicms 00 3MiH Y HAOOPT ampubymis, wjo pooums ix npUOAMHUMU Ol BUKOPUCTNAHHSL Y
DeanvbHux yMOBax.

Knouosi crnosa: inmenekmyanvruil ananiz oanux, kiacugixayis, knn, decision tree, random
forest, extreme gradient boosting.

Ha cporopnimHii neHb My3W4YHA IHIYCTPiS € OJHIEI0 3 HAHOUIBII JMHAMIYHO-
PO3BUBAIOUMX CEKTOPIB €KOHOMIKM Oarathox KpaiH. My3u4Hi CTpIMIHIOBi cepBicH, a B 0c00-
auBocTi Spotify, BiIrpaloTh OAHY 3 HAMBaKIMBIIIUX poJIed y MOLIMPEHHI MYy3UKHU B YCbOMY
cBiTi. Came 3aBISKM TakUM IUIaTopMam, KOPUCTyBaui MalOTh JAOCTYI /10 BeJIMYe3HOI 610i0-
TEKU MY3MYHUX KOMIO3MILIiH, a My3UKaHTH, B CBOIO YEPr'y, MOXKYTh €()EKTUBHO 1 IBUIKO J10-
HOCHUTH CBOIO TBOPUICTh Ta CBOI MOYYTTS JI0 CIIyXayiB.

[TorynsipHIiCTP My3UYHUX TPEKIB 3HAUHOIO MIPOIO BIUIMBAE HAa JJOXOJH apTHUCTIB Ta MY-
3UYHMX JIeH0JiB. BU3HaueHHsT MOMyNMspHOCTI TpeKiB 0a3yeTbCcs Ha KUIBKOCTI MPOCIYXOBY-
BaHb, BIOJ00AHb Ta 1HIIUX METPUK, K1 B1IOOpPaKalOTh B3a€MO/IiI0 KOPUCTYBAYiB 3 MY3HKOIO.
VYcnimHe NporHo3yBaHHs MONMYJISIPHOCTI TPEKIB 103BOJIIE MY3UYHHUM IIaT(opMam ONTUMI3Y-
BaTH CBOi pEKOMEHalilHI CUCTEMH, a apTUCTaM Ta MPOJI0cepaM — Kpallle IJIaHyBaTH pei-
34 Ta peKJIaMHI KaMIaHii.

MeTo10 10CTiIKEeHHSI € CTBOPEHHS ITPOrPaMHOTr0 3a0e3MeUeHHs I aHalli3y My3UYHHUX
TpekiB Ha ruatdopmi Spotify, ix knacudikaiis 3a piBHIMU MOMYJISIPHOCTI Ta MOJANbIIE TPO-
THO3YBaHHS PiBHS MOMYJISIPHOCTI HA OCHOBI YHUCIIOBUX METPHK.

© Byp, T.A. Jlixoy3oa A.O., Omiitauk 10.0., 2024
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Martepianu Ta Metoau. /[ BUKOHAHHS NOCTiKEHHS Oyino oOpaHo 4 mxepena Biak-
pUTHX JaHWX Ha caifTi https://www.kaggle.com, a came:

- 3aragbHa  iHQoOpMalis Npo  My3W4HI Tpekd Ha  1wuatdopmi  Spotify:
https://www.kaggle.com/datasets/lehaknarnauli/spotify-datasets?select=tracks.csv

- 3arajibHa iH(pOopMaIris o BUKOHAaBILSIM Ha mwiardopmi Spotify:
https://www.kaggle.com/datasets/lehaknarnauli/spotify-datasets?select=artists.csv

- gomatkoBa iHopmamis mnpo My3uyHi Tpekn 3 1921 mo 2020 poku:
https://www.kaggle.com/datasets/ektanegi/spotifydata-19212020?select=data.csv

- iHdopMalig Mo MPOCITYXOBYBAHHSAM 3a JaTaMH, KOJIM Tpek BxoauB B Tom 200 mo
npociyxoByBaHHsM: https://www kaggle.com/datasets/dhruvildave/spotify-charts?rvi=1

Jlnist 3aBaHTaXEHHS TaHUX 3 JIaTaceTiB /10 stage-30HW BHKOPHCTAHO CKPHUIITH, HAIMCaHi
gk Ha yncToMy SQL, Tak i 3 BUKOPUCTaHHSM MOBH IporpamyBanHs Python.

VY Mozeni CXOBHINA 32 TUIIOM CHDKHHKA CHPOEKTOBAHO OfHA Tabnuus (axTiB Ta CiMm
Tabmuib BuMipiB (puc. 1). Taka Mogens CXOBHUIIA JIETKO MOKe OyTH PO3IMIMpEeHa HOBHMH J1a-
HUMH, TAKUMH SIK HOBI BUKOHABI[I, HOBI My3WYHI KOMITO3HIIIl YU KIJIBKICTh TPOCIYXOBYBaHb
3a TMEeBHUH Tepioa yacy. Monenb npuBeeHa O TPETboi HOpMaIbHOT (POPMH, BCi 3B’S3KH JIO-
Ti4HI, € MOXJIMBICTh KOMOIHYBaTH TaOJIUIII JIsi OTPUMaHHS JTaHUX y OakaHoMy (opmari, 1o
CHJIBHO TIOJIETHIYE POOOTY 3 JaHWMHU: iX 30epiraHHs, 3MiHH, 00pOOKy uM BumaneHHs. Ha oc-
HOBI aHoi moxeni Oyio crBopero SQLite [1] cxoumie ganux. [loganema po6ora 3i CXOBH-
mieM, 30kpeMa ETL npornecu, mpoBoaunacs 3a qonomoroto Python [2].

artist_genre

Fl

=

artist_id

FK | genre_id
genre
PK | genre_id

artist

genre_name )
PK | artist_id

name artist_track

followers FK | artist_id

popularity FK | track_id
track
explicit
)T—n FK

PK | id
= track_stream

PK | explicit_id

name

track_id
is_explicit
FK | explicit

FK | stream_date_id

FK | time_signature
streams

time_signature FK | mode

PK | signature_id FK | key

stream_date

representation popularity

stream _date _id

duration_ms

mode release_date

lll£

PK | mode_id danceability

mode_name energy

loudness

key speechiness

{

PK | key_id acousticness

key_name instrumentalness

liveness

valence

tempo

Pucynok 1 — Moaenb 6a3u naHux
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Jani Oyno po36urto Ha 3 ki1acH 3a piBHeM nomnyisipHocTi (0 — 30BCiM HeNOmyJIsApHHA, 1
— cepelHbOi MOMyIAPHOCTI, 2 — XiT) (puc.2,3).

Tracks by Classes

100000 -

80000 +

60000 1

Number of Tracks

40000 4

20000 -

0 1 2
Number of the Class

Pucynox 2 — KiUtbKicTh TPEKiB JIJ1s1 KOXKHOTO 3 KJIaciB

Distributions of Selected Features at Popularity Score
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Pucynok 3 — Po3nofin piBHIB MOMYJISAPHOCTI My3UYHUX TPEKIB Mi’K METPUKAMU

Pe3yibTaTi Ta ocHOBHMII MaTepiaj gocaimkeHHs. s oOpobku iHdopmarii Ta BU-
SBJICHHS B HIM MOJieNiel Ta TeHIEHIIN JJI NPUUHATTS PillieHb BUKOPUCTAHO 1HTEJIEKTYalbHUN
aHam3 naHux. Crivparoduch Ha YKUCIOBI XapaKTEPUCTHKHU 1HIIUX MY3UYHHX TPEKiB, 3a JOIO-
MOTOK0 MaT€MaTHYHHUX METOJIIB MOYKHA OI[IHUTH MailOyTHI MOKa3HUKHU MOIYJISPHOCTI, 110 €
aKTyaJbHUM JIJIsl BUSIBIICHHS TEHACHIIN HE TUTbKH Jytst TiaTdopmu Spotify, a i as 6aratbox
IHIIMX MY3UYHHX IJIaTGOpM Ta cepBiciB. B skocTi Mozaenelt A NpoBeIeHHs POTHO3YBaHHS
HOMYJISIPHOCTI MY3WYHHUX TpeKkiB Oyno oOpaHo Hactynsi: Decision Tree Classifier [3],
KNeighbors Classifier [4], XGBoost Classifier [5, 6], RandomForest Classifier [7]. Bubip 6yB
3po0JIeHHIA HAa OCHOBI CYTTEBUX (DAKTOPIB, MO MOJICTIIYIOTH NMPOBeAeHHS Kiaacudikarrii. Jlani
MOJIEJTI JIO3BOJIAIOTh AHATI3yBaTH BEJIMKI OOCSITH NaHWX, BUSBJISITH CKJIIHI 3aJIEKHOCTI Ta
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B3a€MO3B'SI3KM MK XapaKTEPUCTHUKAMH TPEKiB, TAKUMH K aKyCTHUHICTb, TEMII, BAJICHTHICTb,
KHBICTH TOLIO.

Jlns TpeHyBaHHS Ta OLIHIOBaHHS Mojeneil Oyna cTBOpeHa 3arajibHa (YHKIISA, sKa
CIIPOIIY€E IIeH Mmpolec I pi3HUX Mozenel kiacudikamii. s GyHkuis npuiiMae HacTymHi na-
paMeTpu: MOJENb, ii Ha3By y TEKCTOBOMY BHIJISII, TPEHYBAJIbHY BUOIPKY HE3aJEKHUX 3MiH-
HUX, TPEHYBaJIbHY BUOIPKY 3aJIe)KHOT 3MiHHO1, TECTOBY BUOIPKY HE3aJCKHUX 3MIHHUX Ta TeC-
TOBY BHOIpKY 3aj1€:KHO1 3MiHHO]. J[aji OMMCcano KPOKH, SIKi BUKOHYE 11 (QYHKITis:

— MOJIeJIb HABYAETHCS HA TPEHYBAIBHUX JIAHHX;

— MICJIsI HABYAHHS MOJIENli, Ha TECTOBHX JIaHUX BUKOHYIOTHCSI IPOTHO3H;

— BHUKOHYETHCS OOYMCIICHHS METPHUK SKOCTI MOJEINi: accuracy, precision, recall, ta f1-
score. MeTpuKH OOYMCIIOIOTHCS IJISi KOXKHOTO 3 KJIaciB OKPEMO, a TaKOX pPO3PaxOBYIOTHCS
cepeiHi 3HAYEHHS /ISl OCTaHHIX TPhOX METPUK;

— (yHKIiS BUBOAUTH OOYMCIICHI METPUKH B KOHCOJIb, TpadiuHO 300pakae ix Ta BHBO-
JTUTHh MATPUITIO HEBIAMOBITHOCTEH (confusion matrix) it TECTOBUX Ta Nepe0aueHUX JaHUX;

— (ysKnis qomae o0YHCICHI METPUKHU /10 PE3yIbTYIOYOro MacuBy. Ilicis TpeHyBaHHS
BCIX MoOJesnieil Ta O0UMCIICHHS 1X METPUK, 3arajibHi pe3yIbTaTH Bi3yali3oBaHi Ha rpadiky s
MOPIBHSIHHS €(DEKTHBHOCTI MOJIEeJICH Ta BUOOPY HAHKpAaIIoi cepe/] HHX.

Takwuii miaxig 703BoJsiE €PEKTHBHO MPOBOANUTH MOPIBHSIBHUN aHAJI3 MOJeNeH Kilacu-
¢ikarii, o0OpaHUX I TPOTHO3yBAHHS MOIYJISIPHOCTI MY3UYHUX TpeKiB. Pe3ynbpTatu Mojento-
BaHHS MpE/ICTaBiIeH] Ha puc.4-7.

Confusion Matrix - Decision Tree Classifier

Classification Model: Decision Tree Classifier
Accuracy on Test Set for Decision Tree Classifier = ©.8@

1414 54

precision recall fl-score support

.86 .86 .86 10446 i e =
.83 .82 .82 20455
.59 .61 .60 5374

accuracy .80 36275 1 ” o o
macro avg .76 36275
weighted avg .80 36275 B i 3

Predicted

Pucynok 4 — DecisionTree Classifier

Mogenp mokasye 10CUTh XOpOIi pe3yabTaTH, 3 TOUHICTIO 0113bKk0 80% Ta 3HaYEHHAM
f1-score 0.76. IIpoTe OCHOBHOO MPOOIEMOIO € ii CXHIBHICTH 10 MepeHaBYaHHs, 0COOIIMBO Ha
BEJIMKHMX Ta CKJIaJHUX Habopax naHux. Lle Moxxe mpu3BOAMTH 10 MOraHOi reHepaiizalii Ha
HOBHX JIaHUX.
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Confusion Matrix - KNeighbors Classifier

Classification Model: KNeighbors Classifier
Accuracy on Test Set for KNeighbors Classifier = 0.73

o~ 7594 2839

precision recall fil-score support
0.77 : 8.75 10446 [ENN e
8.73 - e.77 20455
8.57 - 0.43 5374

o %9 3408 1867

accuracy e.73 36275
macro avg .63 .65 36275
weighted avg . 8.72 36275 o 1 2

Predicted

Pucynok 5 — KNearestNeighbors Classifier

Monens KNearestNeighbors Classifier mokasana cepenni pe3yiabTaTd 3 TOYHICTIO OJIH-
3pK0 72.5% Ta fl-score 6mu3pko 0.65. OcHOBHA mpobieMa i€l MoJIei MoJsrae B il 9y TIHBO-
CTl A0 MacmTadyBaHHsS O3HAK Ta BUOOPY 3HAUEHHS mapamerpa K (KiUIbKicTh cyciaiB). Moaenb
Moke OyTH MeHII e()eKTUBHOI Ha BEIMKHX HabopaxX JaHHMX 4epe3 BUCOKY OOYHCITIOBAIILHY
CKJIQIHICTb.

Confusion Matrix - XGB Classifier

Classification Model: XGB Classifier
Accuracy on Test Set for XGB Classifier = ©.87

precision recall fl-score support

1188 665

0.89 0.92 0.90 10446 i
e.87 .91 0.89 20455
0.83 0.62 0.71 5374

o 23 2028 3323

accuracy 0.87 36275
macro avg .83 36275
weighted avg 0.86 36275 o 1 2

Predicted

Pucynok 6 — XGBoost Classifier

XGBoost Classifier noka3aB Ha JaHHI MOMEHT HalKpallll pe3yJabTaTH cepel] yCiX Mojie-
neil, 3 TounicTio mMaiixke 87% ta fl-score 0.81. I miificHo, Mozienb Mae 4yAOBY 3/IaTHICTh A0
reHepanizalli Ta BUCOKY CTIMKICTb 10 E€peHaBYaHHS.

Confusion Matrix - Random Forest Classifier

Classification Model: Random Forest Classifier
Accuracy on Test Set for Random Forest Classifier = ©.86

precision recall fl-score support
.88 .91 .98 18446 i
0.86 0.90 .88 20455
.80 0.61 .70 5374

e 25 2050 3299

accuracy .86 36275

macro avg .82 36275
weighted avg .86 36275 o i :

Fredicted

Pucynoxk 7 — Random Forest Classifier

Random Forest Classifier mokasas j1y>ke BUCOKI pe3yJIbTaTH, 3 TOUHICTIO OHa 86% Ta

fl-score 0.81. Moxenb 100pe crpaBIsSETHCS 31 CKIaTHUMU Ha0OpaMH JaHUX i € CTIHKOIO JI0
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nepeHaByanHs. [Ipore, oGuncIoBanbHa CKIAIHICTh Ta Yac TPEHYBAHHSI MOXYTh OYTH JTOCHUTb
BHUCOKHMH, 0OCOOJIMBO HA BEIMKHUX HaOopax naHux, mopiBHsaHO 3 XGBoost Classifier.

Bepyun 3a 0CHOBY MUHYIII pe3yabTaTh OyJI0 MPUIHATO pilieHHs Mpo miadip mapaMmerpis
s Tprox Mojeneii: KNeighbors Classifier, XGBoost Classifier, RandomForest Classifier.
Yomy He Oyno BkimodeHo DecisionTree Classifier 3amicts KNeighbors Classifier? Bee nosomi
MPOCTO, 3aHAJTO BEIHMKA YYTJIMBICTh J0 AAHUX Ta PU3MK IEPEHABYaHHS POOHTH 1[I0 MOJIENb
MOTaHUM PILICHHSAM JUIS 3aj1a4l nepen0adyeHHs piBHS MOIMYJISPHOCTI MY3UYHHX TPEKiB Ha OcC-
HOBI YHCIIOBHX 3HA4Y€Hb TPEKIB, /K€ B PEAIbHOMY CBITi CXOBHUIIIE 3 My3UYHUMH TpeKamu Oy-
Jie TIOCTIMHO TIOMOBHIOBATHUCS, 110 MOXe 1 Oyjie BIUTMBATH Ha pe3ynbTatu Mojeni. To0To Ha-
BITh SIKIIO 3apa3 MOJEIb CIPABIISETHCS JOBOJII HEMOraHO, HEMA€E TapaHTiH, 10 JOAABIIH IIe
JIEKiJbKa TUCSY TPEKiB, BOHA HE IMOYHE MepeHaBYaTUCs. 3HOBY Xk, xoua KNeighbors i He gyxe
MIIXOAUTH TSl BEIMKUX BUOIPOK JaHWX, OYyJIO MPUUHATO 3pOOUTH MiA0ip mapamerpis, ake
MoJienb € O crabinpHoro 3a DecisionTree Classifier i B mepcrekTuBi Moxke i 00irHaTH B
Pe3yIbTYIOUHX METPHKAX.

Hns moneni KNeighbors Classifier ocHoBHUME mapamerpamu € n_neighbors, weights,
algorithm, leaf size Ta p. Ilapamerp n_neighbors BU3Ha4ae KiNBKICTh CYCilliB, SIKi BpaXxOBY-
I0ThCS TPU KJacudikallii, o MOXe BIUIMBATH HA TOYHICTH 1 CTaOUIBHICTH Mojem. Bubip
3BaKyBaHHs (wWeights) BIUIMBa€e Ha BaroMicTh OJM3BKOCTI CYCi/IiB, TOMI SIK aITOPUTM TOIIYKY
(algorithm) BrmmBae Ha mBUAKICTE 00poOKM nanux. Ilapamerp leaf size Bu3Hauae po3mip
JMCTa, IO BIUIMBAE HA MPOJYKTUBHICTh, @ TApaMeTp p 00Mpae METPUKY BiJCTaHI MiXK TOYKa-
mu: 1 — Manhattan distance, 2 — Euclidean distance. ITicist ninoopy napamerpis, Oyiiu oTpu-
MaHi HaCTyIHI pe3ynbTatu (puc.8).

Confusion Matrix - Best KNeighbors Classifier

Classification Model: Best KNeighbors Classifier
Accuracy on Test Set for Best KNeighbors Classifier = ©.75

o 7628 2803

precision recall fl-score support

3 - 1752

0.81 8.73 =T 10446
.75 ©.85 .80 20455
0.64 0.41 .50 5374

e 65 3108 2204

accuracy .75 36275
macro avg .69 36275
weighted avg .74 36275 0 i 3

predicted

Pucynok 8 — Metpuxu KNeighbors Classifier 3 migiOpanuMu napamerpamu

Mogens nmpoeMOHCTpyBasla IOKpAIIEHHS B YCIX METPUKax, 10 BKa3ye Ha Te, L0 Ha-
JAIITYBaHHS MapaMeTpiB MO3UTHUBHO BIUIMHYJO Ha i1 MPOAYKTHBHICTb. AJle HaBiTh Y TAKOMY
pasi, IPOJYKTUBHICTH MOJIENI Bee I1ie Oyia HMXKYOI0 MOPIBHIHO 3 1HIIUMH MOJIEIISIMU.

Hns moneni XGBoost Classifier kimo4oBuMHu napameTrpamu € n_estimators, max_depth,
min_child weight Ta gamma. [lapameTp n_estimators BU3Haua€e KiJIbKICTh JIEpEB Y MOJENI,
10 TOKpaIye ii TPOAYKTUBHICTb, ajie 30UIblIye yac HaBYaHHs. MakcuMaiabHa IrIMOUHA Je-
peBa (max_depth) 103BoJIsIE MOJIENMIOBATH CKJIAIHIII 3aKOHOMIPHOCTI, ajie pU3UKY€E MepeHa-
BYAHHAM, TOJI K MiHIManbHa Bara jucta (min_child weight) pobuts Moaens CTIHMKILIOW 10
mrymy. Ilapamerp gamma perystoe MiHiMaidbHE 3MEHIICHHS BTPAT Ui PO3OUTTS By3ia, LI0
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poOHUTH MOJENb OLIbII KOHCEPBATUBHOIO 1 3HIKY€E pU3MK nepeHaB4anHs. [licas migbopy na-
paMeTpiB, Oy/IM OTpUMaHi HACTYIHI pe3ynbTaTH (puc. 9):

Confusion Matrix - Best XGB Classifier Classifier

Classification Model: Best XGB Classifier Classifier o 878 a7

Accuracy on Test Set for Best XGB Classifier Classifier = ©.87

precision

.89
©.86
.83

accuracy
macro avg
weighted avg

recall fl-score

8.91
.91
.61

support

10446
20455
5374

36275
36275
36275

u7n

21 2070 3283

Predicted

Pucynox 9 — Metpuku XGBoost Classifier 3 miniOpanumu napameTpamMmu

HanamryBanns rinepnapamerpiB ans XGBoost Classifier Takox mpu3Beno 10 He3HAU-
HOT'O TMOKPAIIeHHsI Pe3yJbTaTiB, 3pOOHBIIHN 110 MOEIb OJHIEI0 3 HAKpaIIuX AJs JaHOoi 3a/1a-
yi. Tounicts ckinana 87%, a 3HaueHHs fl-score cranoBuTh (.84, 1110 € TOBOJI TApHUM PE3yIb-
TaTOM, BPaxoOBYIOUH crielu(DiKy 3a1adi.

OcTaHHBOIO MOJEIUII0, s SKOi Oylno BUKOHAHO Mmigdip rimeprapamerpis, Oyma
RandomForest Classifier. Y Bumaaky 3 Mi€l0 MOJCIUIIO, BAXJIMBUMH IapaMeTpaMu €
n_estimators, max_depth, min samples split, min_saples leaf ta bootstrap. I[lapamerp
n_estimators BCTAHOBIIOE KIJBKICTh JEPEB Y JIiCi, IO MiABUILYE CTaOIIBHICTD, aje 301IblIye
yac o0poOku. MakcumanbHa riubuHa naepeBa (max_depth) koHTpomtoe mepeHaBYaHHS, J0-
3BOJISIIOYM MOJIETIl BJIIOBJIIOBATH CKJIAJHI 3aKOHOMIPHOCTI a00 3HIKYIOUH PU3UK NEpEeHaBYaH-
Hs. MiHiManbHa KUTBKICTh 3pa3KiB AJsl po30UTTs By3na (min_samples_split) i MiHIMalbHA Ki-
JBKICTh 3pa3KiB y jaucTi (min_saples leaf) BruMBaroTh Ha T'HYYKICTH JiepeBa, a MapamMmeTp
bootstrap BU3Ha4Yae BUKOPUCTAaHHS BUOIPKH 3 TIOBEPHEHHSIM [JIsl HABYaHHS KOXKHOTO JiepeBa,
1110 BIUIMBAE HA Pi3HOMaHITHICTH JepeB. Ilicnsa nigbopy nmapamerpis, Oy OoTpUMaHi HACTYIIHI
pesyiabTatu (puc. 10):

Confusion Matrix - Best Random Forest Classifier

Classification Model: Best Random Forest Classifier o a8z 2
Accuracy on Test Set for Best Random Forest Classifier = 0.87

precision recall fl-score support

S - - 1163
0.89 0.91 0.90 10446
0.87 .91 ©.89 20455
0.82 0.64 .72 5374

accuracy 0.87 36275
macro avg .84 36275 ‘ .
weighted avg 0.87 36275 ‘ Pradicted

Pucynox 10 — Metpuku RandomForest Classifier 3 miaiopanumu napameTpamMu

[Ticns nanamTyBanHd rinepnapaMetpiB 1ig Random Forest Classifier, pe3ynbraTi cTa-
JIY 1€ TPOXU KPAIIMMHU, IO MiIKPECTIOE BUCOKY €(DEeKTUBHICTh ITi€l MOJENl I 3a/1a4l Kiia-
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cudikarii momynsipHOCTI My3UUHHUX TpeKiB. He3HauHe mokpalieHHs MPUCYTHE B YCIX METPH-
Kax: accuracy, precision, recall ta fl-score.

Jnist GBI HATJIATHOTO MOPIBHSAHHS OYJIO CTBOPEHO Tpadik KIOYOBUX METPHUK, 32 SIKU-
MU MPOBOAMIACH OIliHKa Mojienel Ta ROC-kpuBa Juist KoxHOI 3 HuX (puc. 11-12):

Receiver Operating Characteristic (ROC) Curve for Multiple Models

Performance Metrics of Different Models

&
& & &
¥ +

Models False Positive Rate

Pucynok 11 — ITopiBHSHHS OILIHOK KIIFOYOBUX XapaKTEPUCTHK MOJAETICH

o m
| Algorithm
4=======================—========
| Decision Tree Classifier

o e
| KNeighbors Classifier

o e e

| XGB Classifier
+ ________________________________

| Random Forest Classifier

+ ________________________________
| Best XGB Classifier Classifier
+ ________________________________

| Best KNeighbors Classifier

+ ________________________________
| Best Random Forest Classifier

+ ________________________________

—t — o — = —  — F — + — +
+—t — o — = — o — F — + — +
+ — + — + — + — F — + — F — + — +

Pucynok 12 — IlopiBHSIHHS XapaKTepUCTUK MoJesIen

[Ticns BukoHaHHA HanamTyBaHHs TinepnapamerpiB, XGBoost Classifier Ta Random
Forest Classifier nponeMoHCTpyBaJii HallBUIIl MMOKAa3HUKH METPUK, 110 poOUTH iX Hailedek-
THUBHIIIUMHU MOJEJSMHM JUIS IPOTHO3YBaHHS MOIMYJISIPHOCTI My3UYHHUX TPEKIB y JaHIi Kypco-
Biif poOOTi.

[Ticns uporo Oyyo MPOBEACHO 1IGHTUYHUN MPOIIEC, ajie Bike 0€3 BUKOPUCTAHHS aTpHOy-
Ty “year” s My3uyHUX TpekiB. Lleil arpuOyT cuinbHO BIUIMBaE Ha MOMYJSPHICTh TPEKIB HA
mnatdopmi Spotify, mo € cnerudikoro nanoi mwatdopmu. [licas oTpuMaHHS TapHUX PE3YiTb-
TaTiB B OCHOBHIM YacTHHI, CTaJO I[IKaBO MPOBECTH CXOXKHUH alropuT™m il 0e3 ypaxyBaHHS
crenudiky mwiatGopMu, 10 JO3BOJIUTH POLUIMPUTH 3aCTOCYBAHHS MOJIEJIeil Ha OUIbIIY Kilb-
KICThb MY3UYHHUX IJIaTGOpPM 4M CTpIMIHIOBHX cepBiciB. Ha puc. 13 MokHa GauuTH METpPUKU

accuracy, precision, recall Ta fl-score mns koxkHoro 3 kiaciB, ausi mozenei DecisionTree
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Classifier, KNeighbors Classifier, XGBoost Classifier Ta RandomForest Classifier 6e3 ypaxy-

BaHH Mi00pY rineprnapameTpis.
+ ________________________________
| Algorithm

- -
I I
- -
I I
- -
I I
- -
I I
- -
I I
- -
I I
- -
I I
- -
I I
- -

Pucynok 13 — ITopiBHSIHHSI METPUK OL[IHIOBaHHS MOJIEJIeH,
0e3 BUKOpUCTaHHS aTpuOyTy “year”

3 pe3ynbTaTiB BUIHO, IO TP BUKIIIOUEHHI POKY BUXOAY MY3UYHOTO TPEKY 3 aTpUOYTIB,
touHicTh Ta fl1-score momeneit XGBoost Classifier ta Random Forest Classifier 3anumarorscest
BUCOKMMHU. Lle CBITUUTH Mpo iX CTIHKICTh 1 €eKTHBHICTh HaBITh O0e3 iH(opMallii mpo piK BU-
nycky Tpeky. Haromicts, mogeni Decision Tree Classifier Ta KNeighbors Classifier nemon-
CTPYIOTh MOMITHO HUX4i PE3yJbTaTH, IO BKa3ye Ha IXHIO OUIBIIY 3aJI€KHICTh Bil TOBHOTO
Habopy aTpuOyTiB. Takum 4MHOM, 7S 3aJa4i MPOTHO3YBaHHS MOMYJISPHOCTI My3UYHUX Tpe-
KIB Y CHUTYyallisX, KOJU PIK BUXOJIy HEBIIOMHUH, HalkpamuMm Bubopom € mozeni XGBoost
Classifier ta Random Forest Classifier.

BucHoBku. 3aranpHuii anami3 mokasas, 1o Mojeii XGBoost Ta Random Forest € Haii-
OuTbII e(EeKTUBHUMH Ui MPOTHO3YBaHHS IMOMYJISIPHOCTI MY3MUYHUX TpekiB. Bonu nemos-
CTPYIOTh BHCOKY TOYHICTh 1 CTIHKICTB J0 3MiH Y Habopi aTpuOyTiB, 10 POOUTH iX MpHUIATHU-
MM JUIsl BAKOPUCTaHHS y PeaJbHUX YMOBaX.
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Predicting the popularity of music tracks on Spotify based on numerical metrics

In today's world, music plays an important role in the lives of millions of people, and
music streaming platforms such as Spotify have become an integral part of modern culture.
The popularity of music tracks is of great importance to the music industry, affecting artists’
incomes and trends in the music world. Predicting the popularity of music tracks is an im-
portant task that can help artists, producers, and platforms better understand listener prefer-
ences and optimize their strategies.

As part of this work, a data storage of music tracks on the Spotify platform has been de-
veloped, based on a physical model of the database, the functionality of which is implemented
using SQL scripts. Working with the database is presented through the implementation of
software for the implementation of ETL processes and intelligent analysis of selected data.
The software allows you to classify tracks by the level of popularity (O - not at all popular, 1 -
medium popularity, 2 - hit) using numerical track metrics such as acousticness, tempo, va-
lence, liveness, etc. The role of the data storage management system is SQLite, the program-
ming language for implementing the application is Python.

Different machine learning models are used to predict track popularity, including
KNeighbors, Decision Tree, Random Forest, and Extreme Gradient Boosting. Data mining
software provides efficient track classification and graphical display, allowing users to easily
interpret forecasting results. Libraries used in the work: pandas, numpy, seaborn, matplotlib,
tabulate, xgboost, scipy, sqlite3.

The overall analysis showed that the XGBoost and Random Forest models are the most
effective for predicting the popularity of music tracks. They demonstrate high accuracy and
resistance to changes in the set of attributes, which makes them suitable for use in real condi-
tions.

Keywords: intelligent data analysis, classification, KNeighbors, Decision Tree, Random
Forest, Extreme Gradient Boosting.
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A.C. Bensromi, F0.M. @yprana
KOPEJIAIIMHI BIACTUBOCTI I'ICTOI'PAM KOJIbOPY
IMIPU 3HUKEHHI AKOCTI 30BPA’KEHb

Anomayisi. B po6omi 00CnioNceHo MONCIUBICMb BUKOPUCIAHHS 2ICMO2PAM KOIbopY, chop-
MoBanux y xonipuux mooensix HS* ona ioenmudhixayii 306pasicenv npu naxiaoanHi Ha HUX
cnomeopeHv pi3Hoi npupoou. Posensanymo cnomeopenns, ki MOXCYymMb UHUKAMU 8 PeaTbHUX
YMOBAX Npu OMPUMAHHI 300padiceHb, 30Kpemd, No8OpOm, HAKIAOAHHA WYMY, POSMUMMS i
onmuyHa oucmopcis. IlopieHanns 2icmozpam KOnbopy OpPUSIHANbHUX MA CNOMBOPEHUX 30-
Opadicenb 30IUCHIOBANIOCA 3d OONOMO20I0 0OYUCHEeHHs Koe@iyicHmy iX 63ae€MHOI Kopensayii.
Buseneno, wo 6 mexcax moeo camozo 306padicents Kopenayis € 00CUmMb UCOKOI0, HAOUBIS-
YUCL HA HAKIAOEHI CNOMBOPEHH s, WO 00380A€ OONYCIMUMU 3ACMOCOBHICMb 0AH020 NiOX00Y
0J151 3a0a4 PO3NI3HABAHHS 00PA3IE.

Knrouoei cnosa: cnomeoperi 300pasicenns, cicmozpama konvopy, koaipHuu npocmip HS*, ko-
eqiyiecnm xopenayii, OpenCV.

IlocTanoBka npodJeMu. Y 3agauax po3ii3HaBaHHs 00pa3iB ineHTH]iKallis 00'€KTIB Ha
300paKeHHSX 3IHCHIOETHCS 3 BUKOPHCTAHHIM O3HAK pi3HOI mpupoau. Croau BXOISITh TEKC-
Typa 1 KOJip, BUAUIEHHS KOHTYpIB, CTATUCTHYHI Ta ceMaHTu4Hi omucu Tomo [1-3]. Cepen
METO/IIB OTpUMaHHsS aTpuOyTiB 00'€KTIB MOIIMPEHUM € aHaji3 TicTorpam iX IHTEHCHUBHOCTI.
Xoua y uudpoBiii 06poOili 300pakeHb TPAAULIHHO BUKOPUCTOBYETHCS TPhOXKAHAIBHE KO-
nropoBe npeacTaBieHHs RGB, anani3 KomipHUX BIaCTUBOCTEH MOIIBHO 3/1IHCHIOBATH B CHC-
temax HS* (HSL, HSV ta HSI), ockinbku BOHU HaiKpallle BiI0OpaXkaroTh CIEKTpajbHE MO-
naHHA Konbopy [4]. CHibHOIO PUCOIO IUX CUCTEM € CHOCIO BU3HAUEHHS KOJIbOPOBOT KOOPIU-
Hatu H (Hue), sika B yciX TppOX CHCTEMAax € KYTOBOK KOOPIMHATOK y IIIIHAPHYHIN cUCTEMI
koopauHat. Hacuuenicts S (Saturation) 3agaethbcst paaiabHOIO BiZICTAHHIO, @ 3MiHA SICKPaBO-
cri | (Intensity), V (Value) a6o L (Lightness) Buznauaetscst Bucotoro. Criocié 004YKCIeHHS Be-
muuuH S, |, V 1a L y KoHil cucteMi € pi3HUM. TakuMm 4nHOM B ycix cuctemax HS* Hue mae
3MICT CHEKTPAIbHOTO CKJIaZy KOJIbOPY 1 MOKe OyTH BUKOPUCTAHA y POJIi CHEKTPaIbHOTO ij1e-
HTU(}IKAaTOpa 300pa’keHHs Y1 HOT0 YaCTHUHHU.

Meta pocaigaxeHHsi. Y poOOTi J0CTIIKyBadach MOXKIUBICT BUKOPUCTAHHS TiCTOrpaM
KOJIbOPY, chopMOBaHUX y KOJIPHUX HpocTopax HS* nns inentudikanii (mopiBHAHHS) 300pa-
’KEHb 3 HaKJIaJICHUMH Ha HUX CLIOTBOPEHHSIMH.

O0'exTH i MeToauKa AociaigxkeHb. Jlns nocaikenb O0yno oOpaHo Habip 300pakeHb
(dataset) CQ100: A High-Quality Image Dataset for Color Quantization Research [5]. [lanuit
Habip, B MepIlly 4epry, CIyXHUTb JUIsl BUPILICHHS 3aBJlaHb, MOB'I3aHUX 3 KBAaHTYBAaHHIM KO-
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apopy [6], onHaK, MOXKe OyTH BUKOPHCTAaHHI B 1HIIKX 3a/1a4ax 00poOKH 300pakeHb, TAKUX K
dinpTparltis, cerMmenTaiis Tomlo. bazosuii (He kBaHTH30BaHUi) HaOip MicTuTh 100 300pakeHb
po3mipom 768x512 mikceniB B RGB mpezncrasieni, 3 rmmubuHo0 Konbopy 24 6itu (8 OiT Ha
KOXKEH 3 KaHaJIB KOJIbopy). 300pakeHHs HaaloThCs y Gpopmarti png, sIKuii BUKOPUCTOBYE aJl-
TOPUTMU CTUCKaHHS 03 BTpaT TaHUX.

[TpoBeneHo AOCIHIPKEHHS BILUIMBY HA KOJIIPHI XapaKTEPUCTUKU 300paKeHb Pi3HHUX CITO-
TBOPEHb, SIKI MOXXYTh BUHUKHYTH TpU (HOTO/Bifeo 31iomii. 30Kpema, po3rIIsaliucs: HOBOPOT,
JUCTOPCisl, PO3MHTTS 1 HAKJIalaHHS [IIyMiB.

JIiist IbOT0 OOYMCITIOBAIIMCS TICTOTPaMK KOJIBOPOBOI ckiianoBoi (Hue) 300paxeHs y Ko-
JI60poBOMY TipocTopi HSV 1u1st opHUriHambHOTO 1 CIOTBOPEHOTO 300pa)KEeHHS 1 3/11HCHIOBAIOCS
X MOPIBHAHHS IUIIXOM 004MCIeHHs KoedimienTy kopensuii R 3a Ilipconom [7]:

> (H,()— H)(H, (i) - H,)
V2 (H0) - LY (H, () - )

R(H,, H,)= 1)

ne Hl(i), H, (I) — 3HaueHHs (QyHKii posmoxiny Ha i-my Bimmiky ricrorpamu, H,, H, -

cepeiHe 3Ha4eHHs UIA 1-0i Ta 2-01 ricrorpaM. 3HaueHHS KOe(ili€HTY KOPEesii 3MiHIOETHCS
y MeXax BiJl MiHYC JIO TUTFOC OJIMHMIIL, 11O BiIOBiJa€ MiHIMaJIbHIA 1 MAaKCUMAIIbHIN KOpEs-
uii, Biznosinuo. Ipu BigcyrHocti kopensnii R =0.

[Tpu GaraThoX THUIAX CIIOTBOPEHB, 30KpEMa, Y HAIIIOMY BUIIAJKy MPH MOBOPOTI Ta JHUC-
Topcii, BimOyBaeThcsi 3MiHAa reoMeTpii 00'exTy. CHOTBOpEHi 300pakeHHs 3aiiMalOTh TUTBKU
YAaCTHHY IJIOLII OCHOBHOTO 300pa)K€HHs 1, OYEBUIHO, JUIsl TOPIBHIHHS MOTPIOHO PO3IIISLIATH
JIUIIIE IO JUISHKY.

B 6i6miorerii OpenCV € 3acobu ist BuaiieHus ooiacmi inmepecis (auri. ROl — Region
Of Interest) [8], onHak BoHH nependavar0Th NPSMOKYTHY (hopMy 1i€i oomacti. s BuaineHHs
Ha crnoTBopeHux 300paxkeHHax ROl He npsMokyTHOT popMH MU PO3pOOHIIN HACTYIHHUM Mif-
xin. Ha opurinanbsHe 300paxkeHHs Hakjajaaiacs macka, orpumana 3 ROl cnoTBopeHoro 3o0-
OpaxeHHs. Macka oTpuUMyBaJlacsi TAKUM YHHOM: CIIOTBOPEHE 300paxkeHHs po3muBaiocs (Ppi-
JHTPYBAJIOCS METOJIOM yCEepeIHEHHs), KOHBEPTYBAJIOCS 3 KOJIbOpOBOro mpezctabieHHss RGB
y npejcTaBiacHHs siominku cipoeo (GreyScale), micns goro 6inapusyBaiocs. [Tomepease po-
3MUTTS 3A1MCHIOBAJIOCS JJIs JIIKB1JIAllli YOPHUX JUISTHOK BCEPEAMHI MACKH, sIKI BUHHKAIMU Ha
micmi oOmacreit wopHoro kombopy ROl 300pakenHs. ExcnepuMeHTadpbHUM HUISXOM OyIio
BCTAHOBJICHO, 1110 YOPHI JIJITHKU BCEPEIUHI MACKH 3HUKAIOTh, KOJU 3HAYEHHS PO3MIPY spa
dinpTparii gocsrae 17 mikceniB. OCKUTbKH BHACTIIOK (PuIbTpallii Bi10OYyBa€ThCS TAaKOXK HE3HA-
YHE PO3MUTTS KOHTYPIB 300paXCHHS, OTPUMaHa BUIIE3ralaHUM METOJOM MacKka HakKJiajana-
s SIK Ha OPUTIHAIBHE, TaK 1 HA CLIOTBOPEHE 300paKeHHS (3 IKOT0 BOHA OyJia OTpUMaHa) — JIst
noBHoro criBrmanindaga ROI. HakmamanHsa Macku 3miMCHIOBAIIOCS MOOITOBOKO KOH'FTOHKIIEIO 30-
Opa’keHHsI 1 MaCKH.

[Iporienypa MOpiBHAHHS TICTOTPaM € MPAKTHYHO OJTHAKOBOKO ISl BCIX THITIB CIIOTBO-
PEHB 1 CKITaJa€ThCS 3 HACTYITHUX KPOKIB:
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1. 3aBaHTaXCHHS OPUTIHAIBHOTO 300pa)KEHHS B TPHOXKAHAILHOMY KOJIBOPOBOMY
MPEJCTABIICHI.

2. CTBOpeHHS CIIOTBOPEHOTO 300pakeHHs. [Ipu mbomy opuriHagpHe 300pakeHHs 30e-
piraerbcs.

3. OOpaxyHOK MacKH 3a CIIOTBOPEHUM 300pakeHHsIM. HaknamaHHs MacKy Ha OpHTiHa-
JIbHE 1 CIOTBOPEHE 300paykeHHS.

4. KoHBepTallisi 3aMacKOBaHUX OPUTIHAIBHOTO Ta CIIOTBOPEHOTO 300pa)KEHHS 3 KOJip-
Horo npencrasienns BGR y npencrasnenns HSV.

5. Po3paxyHOK rictorpam 3aMacKOBaHUX OPUTIHAJIBHOTO Ta CIIOTBOPEHOTO 300paskeHHs
(ricTorpama po3paxoByBajach TUIBKH I KaHary Koiasopy (Hue).

6. IlopiBHSHHS TiCTOrpaM OPUTIHAIBHOTO Ta CIIOTBOPEHOT0 300paKeHHS 32 JOTIOMOTOF0
oOuncaeHHs Koe(IIIEHTY X B3aEMHOI KOPEJIAIIi.

Pe3yabTaTH 10cC1iIKeHb.

Hocaigxenns: 3MinM KoedilieHTY KopeJsilil mpu MoBoOpoTi 300pa:xkenHs. Ha pucyn-
Ky 1 HaBeleHO cepeHe 3HAUCHHS Ta MefiaHa KoedinieHTy kopensuii s 100 300pakeHp Ha-
6opy nanux CQ100 mpu ixHiit porauii. Bonu BimoOpakaioTh 3arajibHy TEHACHIIIIO 3MIHH KO-
edilieHTy KOpesiii 3aJeKHO BiJl KyTa MOBOPOTY, KKl 3MiHIOBaBcs Bijx 0 10 360 rpamycis 3
KpokoM 10 rpagyciB mpoTH TOAMHHUKOBOI CTPIJIKH.

—=— Cepe/He 3HAUeHHs
T —&— MeniaHa

1,00 —

0,99 4

0,98

0,97 4

0,96

KoedirienT kopesiii

0,95

T T T T

T
0 50 100

T T T T
150 200 250 300 350

Kyt noBopoty, rpagycu

Pucynok 1 — CepenHe 3HaueHHs Ta Me/liaHa 3aJIeKHOCTEN KOeIiIEHTY KOPELii Bl
KyTa IIOBOPOTY 300paxkeHHs 1 Habopy manux CQ100

3 pUCYHKY BHJIHO, 1 1I€ 3p03yMiJIO 3 BJIACTHBOCTEN CHUMETpIi, 0 Xia KpuBUX Big 0 10
180 rpaxyci i Big 180 mo 360 rpagyciB € aOCONMIOTHO 1ACHTUYHHUM.

Bix 0 mo 60 rpagyciB koedilieHT KOpesIii crmaaae, J0CITalouu MEPIIoTo, TIHOIIOTo
MIHIMYMY, JaJli 3pOCTa€, MOCATAIOYH JIOKATBHOTO MaKCUMyMY TIpU KyTi moBopoTy 90 rpamy-
CiB, 3HOB CHajia€, IOCATAIOUN JPpYyroro MiHiMymy mpu 120 rpamycax mOBOPOTY 1 3pOCTa€e 10

4 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

3HaueHHs OauHMIN (ToBHA Kopensiis) mpu kyTi 180 rpagyciB (mepeBepHyTe 300pakeHHS).
OTtpumanmii Xii KpUBUX 1 3HAYCHHS KYTiB, IPU SKHUX JOCATAIOTHCS MaKCUMyMYy 1 MIHIMyMH
TAKOK JIETKO MOSICHUTH 3 MipKyBaHb CUMETIi.

Crin 3ayBakuTH, IO Xi KPUBUX CEPEAHBHOTO 3HAUEHHS 1 MeIiaHu Koe(illieHTy Kope-
TSI € XapaKTepHUM JJIs YCIX JOCHIKYBaHUX 3pa3KiB 1, 3arajioM, KOeQillieHT Kopesii 3mi-
HIOETBCS HE Jy)K€ CUIIBHO MPU MOBOPOTI 300paskeHHs. HaliMeHIle 3Ha4eHHsT KOedillieHTy KO-
pesii 0,753 BusiBieHO I 300paskeHHs easter_eggs.png [5].

He3naune BigxwieHHS 3HaYCHHS KOE(Ii€HTY KOpenswlii BiJf OAMHUII JUIA OUIBIIOCTI
TECTOBUX 3pa3KiB MOXKE CBIIYMTH MPO MOMKIJIMBICTH 3aCTOCYBAaHHS METOIAMKH MOPIBHSHHS 30-
OpakeHb Ha OCHOBI 00paxyHKy Koe]ilieHTy iX kopemsmii [9] npu Tpancdopmariii HoBOpoTy.

JlocaiizkeHHs 3MiHHM Koe(ilieHTy KopeJsuii npu 3amymJieHHi 300paxenns. [Ipo-
BEJICHO JOCIIJDKCHHS 3aJIeKHOCTI KOe(DIIEHTY KOPEJAIii OpUTiHATBHUX Ta 3alIyMIICHHX 30-
opaxxens it Habopy ganux CQ100. s gocimkenns Oyino oopaHo rayciBeskuii mym [10],
OCKIUJTBKY TI0SIBA TAKOTO THITY IIyMYy HAalH4YacCTIIIe TPAIUIAETHCS IPU OTPUMAaHi 300pakeHb.

Ha pucynky 2 HaBeeHO 3MiHY CEpeHbOTO 3HAUYEHHS Ta MelliaHu Koe]imieHTy Kopes-
uii s 100 300pakens Habopy ganmx CQI100 B 3anexXHOCTI BiJ| CTYIEHS 3alIyMIJIEHOCTI.
Crymins 3amrymieHocti 3miatoBasces Bix 0,0 mo 1,0 3 kpoxom 0,1. Tlpu 1iboMy 3HaYCHHS Ta-
paMeTpiB HOPMAJIBHOTO PO3IOALTY: MaTeMaTUYHE CIIOAIBAaHHS Ta CEPEIHbOKBAIPATHYHE BiJI-
XUJICHHS 3ainuianucs nocriiinumu i ctanosmn 0,0 Ta 1,0, BiAmoBigHoO.

Jist 61mbIIocTi 3pas3KiB KOediieHT KOPETsIii 3MEHITYEThCS Ty>Ke MOBUTFHO aX JI0 3Ha-
YeHHs CTymneHs 3anrymsieHocti 0,9, micis 4oro crocTepiraeThcst OUTbII IHTEHCHUBHHNA CIHIa.
3aranom, (PUCYHOK 2) CHOCTEpIraeThCsi He3HAYHA 3MiHA KOE(IIiEHTY KOPENsIii mpyu Hakja-
JIaHHI TayCiBCHKOTO IIyMYy Ha JIOCIiIKyBaHi 00'€KTH, X04a ICHYIOTh OKpeMi BUHATKU. Hampu-
Kiaj, Uit 300pakenHs mandarin_ducks.png [5] miniMaibHe 3HaYCHHS KOSQII[IEHTY KOpEIs-
1ii Ipyu MOBHOMY 3amIymieHi ctanoBuTh 0,619.

1,00 —&— CepeJlHE 3HaYCHHS
—&— MeiaHa

0,98
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0,92 —
0,90 —

0,88

Koediuient kopensauii

0,86
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CryniHb 3211y MJIEHOCTI

Pucynok 2 — 3anexxHicTh KOeQiIieHTY KOPEJISIii BiJl CTYIEHS 3alTyMJICHOCTI 300pakeHHSs
rayciBChKHMM IIIYMOM: CE€PEIHE 3HAYCHHS Ta MeaiaHa st Habopy nanux CQ100
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JocaigkeHHss 3MiHM KoeQimieHTy KopeJsinii npu po3MuTTi 300pa:kenHs. Jlocmi-
JDKEHO 3MiHy KOe(illieHTy KOpEeysii OpUTriHaIbHUX Ta PO3ZMUTHX TrayCiBCbKUM (UIBTPOM 30-
OpaXeHb 3aJIeKHO B po3mipy siapa. Po3wmip siapa 3miHtoBaBcs Bix 1 10 55 3 kpokom 2 (meid
napamMeTp MOBHHEH MpUKHMaTH HEBII'€MHI HEMapHi 3Ha4eHHs). Me/iaHa Ta cepeiHe 3HaYCHHS
ux 3anexxknoctei as Habopy CQ100 HaBeneni Ha pucyHky 3. [lpu mboMy cepeTHbOKBaIpa-
THUYHE BIIXUJICHHS HOPMAJIBHOTO PO3IMOALTY OOYMCIIIOBATIOCS aBTOMAaTHYHO HA OCHOBI PO3Mi-
py sjapa 3a Metoaukoro [11].

—&— CepeHe 3HAUCHHS

{00 —&— MeaiaHa

0,98 +

0,96

0,94 -

KoediuieHt kopensuii

0,92

) N ————————————
0 5 10 15 20 25 30 35 40 45 50 55

Poswmip sapa
Pucynox 3 — 3anexHicTh Koe(illieHTY KOPETSAIil Bil BeIMYMHA SApa rayCiBCbKOTO QiIbTpa
IpY PO3MUTTI 300pakeHb: cepeiHe 3HauUeHHsI Ta Meiana Ayt Habopy ganux CQ100

OTtpuMaHi pe3yibTaT CBIIYATh, 110 3MiHA PO3MIpPY A1pa rayciBCbKOro (iabTpy HE CH-
JIbHO BIIJIMBA€ Ha 3MIHY Koe(illleHTy KOpemsili, A 0ararbox 3pa3KiB Horo cnaaaHHs A0Cs-
rae 3HaueHHs 0,8...0,9, B Toil ke yac sk 3MiHA po3Mipy szpa € cyrreBoto. Haiimenie 3Ha-
YeHHsT Koe(illieHTy Kopensiii crioctepiranocs aus 300paxenns medicine_packets.png [5] i
cranoBuio 0,501 mpu po3mipi siapa 55.

JocaixzkenHst 3MiHn koedinieHTy Kopeasuii npu gucropcii 300paxenns. /(ucropci-
€10 Ha3UBAIOTh BUJ abepallii ONTHYHUX CUCTEM, IPU SKIH KOEPILIEHT JIHIMHOTO 301JIbILIEHHS
3MIHIOETBCS TIPU BijIasieH1 00'€KTIB, 10 B1IOOPaKAOTHCS BIJ ONTUYHOI OCl. Y BHIAJIKY, KO-
JIY JIiHIMHE 301BIIEHHS 3pOCTaE MPHU BiJAAJICH] €JIEMEHTIB 300paXeHHs BiJ] ONTUYHOI OC1 BH-

HUKA€ JUCTOPCIsS THILY ,,IOAYIIKA™, SKIIO X JIiHIHHE 30UIbIIEHHS 3MEHIY€EThCS — BUHUKAE
JUCTOpCis TUMY ,,00uKka” [12]. SIKII0 MOJOXKEHHS TOYKH 33JaHO pajiyc BekTopoMm I, To y

BUIIAJIKY JTUCTOPCIi TPETHOTO TIOPSIKY pajiyc BEKTOp 300paXkeHHs i€l Toukn R BH3HaYaeTh-
Csl CITIBB1THOIIICHHSIM:

R=b,F +Frr, )
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ne by — xoedimieHT MiHIAHOTO 30iIbIIeHHS, [ — TOBKHHA BEKTOpA r,F;— Koe(DIiIieHT auc-
TOPCIi TPETHOTO MOPSIAKY (IMCTOPCIT BHIIUX MOPSAKIB He po3rsiaanucs). Komu koedirieHT
F3 Mae Toii camuii 3HaK, 110 ¥ KoedimieHT Dy, BUHMKA€E JUCTOPCIs THUITY ,,IIOAYIIKA”, B IPOTHU-
JISKHOMY BHITQJIKy — THIY ,,0049Ka’.

JocnipkeHo 3alexHICTh KoedilieHTy Kopensiii OpuriHaIbHUX 300pakeHb 3 Ha0Opy
nanux CQ100 Ta ix guctopciid Tumy ,,004ka” Ta ,,ioaymKa” Bia BeTUIuHN Koedimienty F3 31
criBBigHOMIEeHHS (2). Ha pucyHKy 4 HaBelIeHO BiJIITOBIIHI 3aJIEKHOCTI CEPEIHBOIO 3HAUYCHHS
Ta MEJiaHu TIPU AUCTOpPCii TUmy ,,004Kka” (B 1iboMy BUNAAKY KoedimieHTu F3 € qomatHumn).
Ha pucynky 5 mogano aHajmoriyHi 3ajI€XKHOCTI Il TUCTOPCIT THITY ,,lT0yIIKa” (B IIbOMY BH-
nanaky xoedimientn F3 € Big'emaumu). 3HadeHHs koedimieHty F3 3minroBanocs Big 0,0 mo
+10,0 3 kpokom £0,5.

3 pucyHKIB 4 1 5 BUJIHO, 110 KOEIIEHT KOPEAIIi 3SMEHIIYETHCS MTPU 3pOCTaHH1 MOYJIs
napametpa F3. lnsg quctopcii tuny ,,004ka” 3MEHILIEHHS € TUIABHUM: CIIOYATKy OUTbII Pi3KUM
1o 3HaueHb F3 B okomi 1,0...1,5 3 moganpiMM BUXOIOM Ha Mailke TOPU3OHTAIbHY ALISHKY.
Jns nucropcii tumy ,,IOAYIIKA” CHOYATKY CIOCTEPIra€ThCs pi3ke MafiHHSA KOeQiieHTY KO-
penLii 3 4iTKO BUPKEHUM MiHIMyMOM B okoji F3 =—1,0 3 mogaibmmM pocToM 1 BUXOJI0M
Ha Maike TOPU30HTANBHY MUISTHKY. OYeBUAHO, 110 HAMOIIBIINUX 3MiH KOEQIIIEHT KOPESIii
3a3Ha€ B OKOJIi 3HaYeHb MOy napametpy F3 0,0...2,0.

MinimanbHe 3Ha4eHHs KoedinieHTy kopensauii 0,302 mpu aucropcii Tumy ,,004ka’ cro-
crepiranocs s 306paxenns birthday baloons.png (npu F3 = 10) i 0,144 npu aucropcii Tu-
ny ,,moaynika’ st 300pakenns veggie_pizza.png [5] (mpu F3 = -0,5).
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Pucynok 4 — 3anexxHicTh Koe(illieHTY KOpeJIALii Bil 3HaueHHs nmapameTpy Fs as aucropcii
TUny ,,004Ka”: cepeaHe 3HaUeHHs Ta MejiaHa Juid Habopy nanux CQ100
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Pucynok 5 — 3anexHicTh KoedilieHTy KOpessmii Bil 3HaueHHs mapameTpy F3 ans nucropcii
TUTY ,,TIOAYIIKA”: CepeHE 3HAUCHHS Ta MeJIiaHa JuIst moBHOTro Habopy manux CQ100

BucHoBku. Pe3ynbratu npoBeAeHUX OOCIIKEHb J03BOJISIOTH HPUITYCTUTU JIOIMYCTH-
MICTh BHKOPHCTaHHS TiCTOTpaM KOJbOpY Ui igeHTH(ikamii 300pakeHp 4u iX ()parMeHTiB
HaBITh MPH JOCUTh BUCOKUX CTYNEHSAX 1X CIIOTBOPEHHS 3aBaJaMHU Pi3HOI MPUPOIH, SKi € TH-
MMOBUMH 32 peaJbHUX YMOB pPeecTpailii 300pakeHb.

Takox MOXHa CTBEPIKYBAaTH MPO MOMIIMBICTh BUKOPHCTAHHS KOEQIIIEHTY KOpeIsIii,
SK TIapaMeTpy JJIsl HOPIBHSHHS TiCTOTrpaM, HEAWBIISTYMCH HA BIIHOCHY MPOCTOTY HoOro obuuc-
neHHsa. Takuit miaxig AO3BOJIMTH CTBOPIOBATH OLIBIN MIBHUIAKOIIOUl CUCTEMH PO3Mi3HABAHHS
00pas3iB, MOPIBHIHO 3 CUCTEMaMH, 3aCHOBAHUMH Ha CKJIAJTHIIIUX METO/IaX MOPIBHSHHS.
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Correlation Properties of Color Histograms in the Case of Image Quality Decreasing

In image recognition tasks, objects are identified by examining various features such as
texture, color, contour detection, and statistical or semantic descriptions. One widely used
approach for extracting image attributes is the analysis of intensity histograms. While the
traditional RGB color model is commonly used in digital image processing, it is often more
effective to analyze color properties in HS* systems (such as HSL, HSV, and HSI) since these
systems more closely resemble the spectral representation of color. A key characteristic
shared by these three systems is the use of the H (Hue) coordinate, which is represented as an
angular value within a cylindrical coordinate system. The paper investigates the possibility of
using color histograms generated in HS* spaces for identifying images that have undergone
various types of distortions. The CQ100: A High-Quality Image Dataset for Color Quantiza-
tion Research was chosen for the research. The non-quantized section of the CQ100 dataset
consists of 100 RGB images in PNG format, each with a resolution of 768%512 pixels and a
color depth of 24 bits. The study examines how different distortions, which can occur during
real-time photo and video capture, affect the color properties of images. Specifically, the re-
search focuses on distortions caused by rotation, noise, blurring, and optical aberration. His-
tograms were compared using the Pearson cross-correlation coefficient, and the findings re-
veal that the correlation remains high for the same image despite the applied distortions.
Conversely, the correlation coefficient between different images is low for most of the studied
objects. These results suggest that color histograms could be effectively used for image identi-
fication tasks, even when images are significantly distorted, as is common in image registra-
tion processes. The applicability of correlation detection as a method for histograms compar-
ison is considered regardless of the relative simplicity of its calculation. This approach could
contribute to the development of faster image recognition systems.

Key words: distortion of images, color histogram, HS* color spaces, Pearson correla-
tion, OpenCV.
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0.0. sBopceka, JI.A. Hoikos, M.IO. [konHiKOB
3MIHA KOHIIEHTPAIIII ITUJTY Y TA3OIIUJIOBII XMAPI
IMPU BUBYXOBUX POBOTAX Y 3AJI30PYJIHOMY KAP'€PI

Anomayin. Biokpuma po3pobka pooosuiy cynposooNCyeEMvbCsi GUKUOAMU Y NOGIMPsL WKIOU-
8UX (paryill nuy, wo Npu3800UmMsb 00 NOPYULEHHS eKO002ii HABKOIUUHBbO2O Cepedosulya i
RIOBUWYE PUBUK XPOHIYHUX 3AXB0PI08AHL. Y cmammi nposedena oyiHKa Maco8oi KoHYenmpa-
yii’ ppaxyii nuny 6 2azonunosit xmapi Ha OUHAMIYHIL cmaodii ii hopMY8aHHS NICISL MACOBO2O
8UOYXY V 3aNI30pYOHOMY Kap '€pi. Bcmanoeneni dianazonu 3miHu eucomu niotiomy i KOHYeHm-
payii ppaxyii nuny. Hasedena 3anedcuicmo emicmy ¢hpaxyiil nuny 6io sucomu ix niotiomy ma
OMPUMAHO DIGHHHS pecpecii.

Knrwouosi cnosa: kap'ep, subyxosa pevosuna, 2ipcoka nopooa, 2a30nuno8a xmapd, OUHAMIYHA

cmaois, gpaxyis nuny, KOHYeHmMpayis, ucoma NiooMy.

ITocTanoBka npodaemu. Bigkputa po3poOKka poJoBHIL CYIPOBOIKYETHCS BUIIICHHSIM
B MOBITPA WIKIUMBUX (Gpakiliii muiny Ta rasiB. BuainenHs nuiay BigOyBaeTbcs mpu poOOTI
Kap’€pHOTO TPAHCIOPTY, OypOBUX Ta BUOYXOBHX poOoTax. TexHoreHHe 3a0pyAHEHHs TOBITPs
TBEPAMMH YacTHHKaMu nuiny giamerpamu Bin 0,001 mo 2,5 mxm (PM 2.5) ta Bix 2,5 no 10
MKkM (PM 10 ) € ocHOBHUM (aKTOpOM PHU3UKY XPOHIUHUX 3axBoproBaHb. CepeqHbon1000Ba
KOHIIEHTpAllisl [IMX YaCTHMHOK Yy TOBITPI MOBHMHHA CTaHOBUTH He Ounbmie Hix 0,025 MI/M°
(PM 2.5) ta 0,05 Mr/m® (PM 10) [1].

[Tpu MacoBux BuUOyXax y Kap’epax BiiOyBa€eThCs BUKU TBEPAUX Ta ra3ono i0HUX Mpo-
JYKTIB JIETOHAIIi1, BKJIIOYAIOYH YaCTUHKH 3pYHHOBAHUX TPCHKHUX MOPiA, 10 3HAXOJATHCS MO-
py4 13 3apsaoM BHOyxoBoi pedoBuHH (BP). BinOyBaeThcst popmyBaHHS ra3onuioBoi xmapu, B
AKif KOHIIEHTpaIlis iy Moxe nocsiratu 6ineine 4000 mr/m’ (mmst MIITHUX TIPCHKUX TMOPIN).
@paxuii nuity 3 po3mipamu 10 10 MKM MOXXYTb 1OCSTaTH BUCOTH JI0 2 KM 1 IEPEHOCITHCS HA
BifacTanb 10 10 kM 1 Oinbmie. kiAmTuBI peyoBUHM, IO BUALISIOTHCS il 4aC MAacOBHUX BHOY-
XiB, 3a0pyIHIOIOTH aTMOc(epy Kap €piB Ta MPUWIETIUX 10 HUX TePUTOpii. 30KpeMa BCTaHOB-
JIeHo, 110 B yMoBax MicTta Kpusuil Pir 3anuieHicT HOBITPS Ha MEXIi CaHITapHO-3aXMCHUX 30H
MOYKe MEpEeBHUIYBATH 3HAYEHHSI IPAaHUYHO-JONYCTUMUX KOHIEeHTpauiil y 17-200 pasis. ITpu
IIbOMY B1JICOTOK MEPEBUILIEHHS PiBHIB I'PAHUYHO JOMYCTUMUX KOHLIEHTpAIliil (pa3oBe 3HaYEH-
a1 0,5 MF/M3) Ha BiAcTaHsxX Bix 4 g0 19 kM Big MacoBux BHOYXiB 3a3BH4Yail CTAaHOBUTH
100% [2]. ToMy aKTyaJIbHUM HMUTAHHSAM € JOCIIIPKEHHs MPOLECiB 3MiHU KOHIEHTpauii Gppak-
il NIy B ra30MUIIOBINA XMapi Ta X PO3MOBCIOJKEHHS 32 MEXKi Kap'epy.

AHaJi3 ocTaHHIX AochaiqkeHnb i myoJaikamii. ¥ pobotax [2-6] Ta iHIIUX PO3TISIHYTO
npoiiec popMyBaHHS Ta JUHAMIKa PO3MOBCIOJKEHHS YACTUHOK MHJTY IICJIsI MACOBUX BUOYXiB
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y Kap’epax. 30kpeMa y poOoTi [2] BCTaHOBIIEHO, 1110 Y Ta30MMIOBIH XMapi (pakmii nuiy 3 po-
smipamu Bix 1 mo 10 Mxm ckimanarots Outbme 30% Bijx 3aransHoi Macu. Y po6orti [3] oTpuma-
HO CIIBBiJIHOIIEHHS JJIi BU3HAYEHHS 4Yacy Ta BUCOTH HiAHOMY CHEpPUYHHX YACTUHOK ITHITY
niamerpom 10 100 MkM Ha nuHaMiuHii cTanii popmyBaHHs xMapu. PoGortu [7, 8] npucBsueni
MO/ICITIOBAHHIO 3a0pyIHEHHS Kap'€pHOTO MPOCTOPY MUJIOM IPU MACOBUX BHOYXax. 30Kpema y
po6oTi [7] BCTAaHOBJIEHO, IO 32 BIACYTHOCTI BITPY IIBHUIKICTH Mirpamii 4aCTHHOK MUY J10-
cuth HU3bKa. [Ipu npoMy ¢pakuii mumy 3 po3mipamu 10 40 MKM OCiIalOTh JOCUTH HMOBIBHO.
VY po0ori [8] nociiKeHo cXeMH PO3CiIOBaHHS ra3oNMUIOBUX XMap MPH MPOBEACHHI BUOYXO-
BUX pOOIT y rimubokoMy Kap'epi. BcTaHoBiI€HO, 110 HIBUAKICTD BITPY, HOTO HAIPSMOK Ta IO-
JIOKEHHS JKepena BUOyXy BIUIMBAIOTh HA cxeMmy IuQy3ii Ta KOHIEHTPAIi0 YaCTUHOK MUITY.
VY poboti [9] mpoBeneHo aHami3 ckiaay MHIOBOI XMapH MPU MacOBOMY BHOYXY y BalHSKOBO-
My kap'epi «Taffs Well» (Yenbc). BecranopieHo, 1110 4epBOHYBATO-Cipi XMapu CKJIaar0ThCsI
MEPEeBAXHO 3 YaCTHHOK JIOJIOMITOBOI BAaITHAKOBOI MOPOAM, @ OUIBII CBITIIII MICTSTh YaCTHH-
K¢ BUOYXOBOTO 3ropsiHHs. Y po6oTi [10] HaBeneHo MaTeMaTHIHy MOJICTh PyXy YaCTHHOK ITH-
Ty micas aetoHauii 3apsay BP. 3nificHeno MonentoBaHHs (OPMH Ta30MMIOBHX XMap y CTaHi
yaapHoro, rpubomnoioHoro ta nqudysiiiHoro pyxy. Takox peaaizoBaHO MOJCIIOBAHHS PYyXY
YaCTUHOK MUY Y peaIbHOMY Yaci.

Meta po00TH — OIliHKa CepeHBOI KOHIIEHTpalii (paKiii My B ra30MuIOBii XMapi Ha

BukJjiageHHsi 0CHOBHOro MaTtepiajy aocaizxenns. [Ipu macoBux BuOyxax y Kap'epax
(bopMyBaHHS ra30MUIOBOI XMapH BiOYBA€ThCS Y JIBI OCHOBHI CTafil: nuHamivHa (10 1 ¢) Ta
terioBa (1o 60 c) [3].

Ha mepmriit crazii miciast yTBOpEHHs TPIIMH y OJI0M1 TIPChKUX MOPiA Mif] BIUTABOM BH-
Oyxy BiOyBaeThCsl IHTEHCUBHHUI BHXiJ B aTMoc(epy MpOoAyKTiB AeToHamii. Bucximuuii pyx
YaCTUHOK MUY Ta MIMATKIB 3pyHHOBAHOI IPChbKOI1 MOPOIU (BKIHOYAKOUYH MPOIYKTH JETOHAIIIT)
B1JI0YBA€ThCS MiJI JI€I0 TUHAMIYHOTO iMITyibcy. Ha npyriil cTanii Ha YaCTUHKY MUJTY i€ M-
HOMHa cuila, siIKka BUKJIMKaHa PI3HULEI0 TEMIIepaTyp 30BHI 1 BCEpEIUHI ra3onujIoBOi XMapu
(e’xek1iifHI MOTOKM MOBITPs). B 1anomy Bunanky BUcOTa miaioMy XxmMapu Oy/Jie 3Ha4HO BHILIE.
[Ipu uboMy y BepxHii 4acTUHI XMapu (HaNpUKiHII cTafii) OyayTh MicTUTHCA (pakiii muity
nepeBaxxHo 10 10 MKM.
3a1I30pYIHOMY Kap’epi Ta cxema (pakiiifHOTrO pO3MOJIITy YaCTUHOK MHIY 32 BUCOTOO TIijI-

HoMmy.
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HOT'O PO3MO/IiTY YaCTHHOK MUY 32 BUCOTOIO miaiiomy (6): hj — BucoTa migiioMmy dpakiii muiy,

M; M; — maca ¢pakuii, kr; Ui — BekTop mBHIKOCTI (pakmii muiy, mM/c; Fyj — cuna inepii, H;
F.i— cuna no6osoro onopy, H; Fgi — cuna tsxinns, H

BignosinHo mo puc. 1, 6 BuCXimHUI pyX CHEpUUYHHUX YACTUHOK MHITY TIiJ MI€I0 CHIIH
1HepIii ONUCYEThCS PIBHSIHHAM

dUi _ pchi2 ndiz 1
dt, 9-575 m,’

1€ p.. — WIIBHICTH Ta30BO1 CyMillll y XMapi, Kr/M”; & — koedimieHT 1060Boro onopy ¢paxirii

(1)

nuiy; tj — gac nigiomy dpakiii nuiy, ¢; g — IPUCKOPEHHS BUILHOTO MaiHHS, m/c2.

Ha nunamiuniii ctanii enepris BUOyxy Hajtae cepuyHUM YaCTUHKAM MWITY TUHAMIYHIN
IMITYJIbC

Pi = miU; = 0,1677l'di3pUi, (2)
JI€ p — UIUIbHICTB TIPChKOi MOPOIH, Kr/M3; di — miameTp YaCTHHKH THIIY, M.

[IpuiiMemMo mpuUNyIIEHHS MPO BiJICYTHICTh BIUIMBY TeMIIEPaTypHOro (hakTopy (exek-
iliH1 MOTOKM MOBITPs y XxMapi). ToJll MOKHa Ka3aTH, 1110 YACTUHKU MWITY 3 OUIBIION Macolo 1
OJIHAKOBOIO IIUIbHICTIO MAaTUMYTh OUIBIIMN IMITYJIBC 1 BIANIOBIAHO BUCOTY MiAHOMY Ha JUHA-
MiuHi# ctaaii. Takum unHOM Oyzie crioctepiratucs GppakiiiHui Moaiia YaCTUHOK MUITY.

VY po6orti [3] Oynu npuHHATI NPUMYIIEHHS IPO cPeprUUHICTh YACTUHOK MIITY Ta iX 00Ti-
KaHHS Ta30BUM ITOTOKOM 3T1HO 13 3ak0HOM CTOKca. 3 piBHAHHSA (2) Oysno oTpuMaHo GopMyny
JUTSL BU3HAYSHHS] BUCOTH MiTHOMY YaCTHMHOK MUITy JiaMeTpoM 1o 100 MM mif Ai€ro AHHAMid-
HOTO IMITYJIbCY

h _ l'Irpdiz In gpdi2
" 18u, |\ gpd’+18u.u,

ne Uy — IBUAKICTh BUXOTY 3aJIMIITKOBUX MPOAYKTIB JETOHAII1, M/C; [, — TMHAMIYHA B'SI3KICTh

(3)

2c

ra3oBoi cymimii, [1a-c.
Buxua rasy ta muiy y OpoAyKTax JeTOHalli CBEpAJIOBUHHHUX 3apsjiiB BiIOyBa€TbCs
MPUOJIM3HO 3 OJTHAKOBOIO MIBHKICTIO, TOOTO Ui = Uy
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Jlns BU3Ha4YeHHs cepeHboi KoHIeHTpauii muiy C,, (Mr/M%) y ra3onuioBiit xMapi ckopH-
CTaEMOCS EMITIPUIHOIO (POPMYIIOI0

C = 3,25q,N"%, (4)

A€ Qy — IUTOMa KUIbKICTh MY, SIKa BUIUIAEThCA HiJ 4ac BUOyXy 1 m° ripeskoi macu, kr/m’; N
— cyMapHa MOTYXHICTh 3apsny BP, T.

Konnenrpauis ¢ppakuii muty y ra3onuioBiii XMapi BU3HA4a€ThCs 332 GOPMYIIOI0

Ci= niCCp, (5)
1€ Nj — IPOLIEHTHUH BMICT (PpaKIIiid.

IIpuitMeMO HACTYIHI BHXifHI DaHi: IIBHICTS MaTepiany 4acTHHOK muny — 3440 kr/m®
(3ami3na pyna); BP — «Anemike»; motyxHicTh (3aranbHa Maca) 3apsny BP — 300 1; HacumHa
miteHicTs HaGiitkn — 1800 kr/m’; miamerp cBepIoBHEE — 0,25 M; 1oBXKHHA 3apsity BP Ta Ha-
Oiiiku — BignosigHo 11 Ta 7 M; rimbuna Kap'epy — 295 M; Temmepatypa aTMOC(EpHOTo MOBIT-
ps — 272 K; Temmeparypa ra3onoJiOHuX MpOAYKTiB AeToHamii y xmapi — 555 K; BMicT okcuiB
a30Ty Ta MOHOOKCHUIY BYTJICIIO — BiImoBigHO 2,9 1 248 MI/M°; IHTOMA KiIBKiCTH Uy MpU
MacoBoMy BuOyxy — 0,030 kr/m°.

Kpim TOro, ckopucraeMocsi pe3yibTaTaMu EKCHEPUMEHTAIBHHUX JOCIiIKEHb BMICTY
¢dpakuii nITy y ra30mMuiIOBUX XMapax Iicis MacOBUX BHOYXIB y Kap epax IHrynempkoro rip-
HU40-30arauyBaigpbHOro KoMOiHary (M. Kpusuii Pir) [2] (Tabm. 1).

Tabmums 1
BwmicT ¢pakuiii nuty y ra30nuIoBiii XxMapi miciisi MacOBOTO BUOYXY
CepenHiii
JTiameTp 1 3 7 13 23 38 73
bpakuii (0-1,4) (1,4+4,2) (4,2+10) (10+15) (15+30) |30+45) |(45+100)
dep.iy MKM
IIpouenTHUI
BMICT (ppaxiiit 10,67 | 11,24 12,46 14,15 | 15,88 17,37 18,24
n;, %

Pospaxynku 3a ¢popmyioro (3) mokasyroTh, 1110 BUCOTa MiAHoMY (Qpakiiii My i3 cepe-
THIM JiaMeTpoM Bif 1 10 73 MKM 3MIHIOEThCS Yy Aiama3oHi BiamosiaHo Big 0,11 mo 26,211 m.
[Ipu ubomMy yac migiiomy pakuii nuIy NpsMo NpoHopIiiiHUiL iX Maci (abo giameTpy).

3 dopmynu (4) oTpuMaEeMo, 0 CepeIHsT KOHIICHTpAILlisl MUY Y XMapl JopiBHIOE 1367
Mr/m®,

Po3paxynku 3a ¢popmyroro (5) Moka3yrTh, 10 IS 3aJaHOTO J1ara30Hy 3MIHH JiaMeT-
piB (pakuiii Uy BeIMYMHA TX KOHIEHTpALli 3MIHIOEThCS Y Jlana3oHi BiAMOBiAHO Bijx 145,86
710 249,34 Mr/v®. 3pocTaHHs KOHIIEHTpAIlil Ipy 30UIbLICHH] AlaMeTpy (pakiii nu1y moscHIo-
€ThCS (PI3UKO-MEXaHIYHUMU BJIACTUBOCTSMHM T1PCHKOT TOPOIH 1 BIAMOBITHO OCOOIHUBOCTSAMH i1
NpoOJieHHsl MpU JIeTOoHalli cBepAJoBHHHMX 3apsniB BP. V cBoro uepry mpouec apoOieHHs
3aIe)KUTh BiJl MOTYKHOCTI Ta (hopmu 3apsy.

Ha puc. 2 HaBeneHO 3aJIeXKHICTh KOHIIEHTpAIIil (ppaKIliii miuiy Bil BUCOTH X MiiloMy Ha
JMHAMIYHINA cTaii opMyBaHHS ra30MuIoBOI XMapH.
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Pucynok 2 — 3anexxHicTh KOHUEHTpaii ppakiiii nuty Big BUCOTH iX migioMy:

........ - KpuBa perpecii

Amnaiiz puc. 2 mokasye, 0 HaiOLIbIl BUpakeHe 301IbIICHHS KOHLEHTpamii (pakimiii
MIUTY CIIOCTEPIraeThCsl B Jiana3oHi BUCOT ix mimiomy Bix 0,11 no 6 m. 3rigHo 3 popmyroro (3)
e BiANoBigae ¢ppakmisM Ity i3 cepenHim aiamerpom Bix 1 1o 31 mxm. Hamani cnocrepira-
€ThCS 3HIKCHHS IHTCHCUBHOCTI 3pocTanHst KoHueHtpanii (31 < d; <73 Mkm).

KpuBa perpecii Ha puc. 2 ONUCYEThCS CTATUYHOIO 3aJIEKHICTIO 3 KOe(DIIliEHTOM JeTep-
minanii R” = 0,9556

C; = 193,53 h;*07®, (4)

BucnoBku. Ha nuHamiuauii ctamii ¢opMyBaHHS Ta30IHJIOBOI XMapH BHCOTA MiTHOMY
YaCTUHOK MHJTY 13 cepelHiM aiaMeTpoM Bix 1 1o 73 MKM 3MiHIO€ThCS y Aaiana3oni Bix 0,11 mo
26,211 M, a BemuuWHa 1X KOHIIEHTpalii — y miama3zoni Big 145,86 mo 249,34 mr/m®, Bumict
¢bpakuiii nwy OpsMO MPONOpUIMHUN X cepenHboMmy Aiamerpy. Lle mosicHioeTbes (i3uko-
MEXaHIYHUMHU BJIACTUBOCTAMHU TIPCHKOI MOPOAU 1 BIIMOBIIHO OCOOIMBOCTAMHU ii JpOOJIEHHS
eHeprieto BUOyxXy. J{1s BKazaHUX BUXIJHUX JIaHUX HalOLIbII BUpaXkeHe 301IbIIEHHS KOHIICH-
Tpalii cnocrepiraeTbes i Qppakiiil ity aiamerpom Big 1 1o 31 MKM Ha BUCOTax ix mififo-
my Bix 0,11 10 6 M.
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Changes in dust concentration in a gas-dust cloud during blasting in an iron ore pit

In open-pit extraction of minerals emit large amounts of harmful dust fractions and gas
into the atmosphere. This leads to atmospheric pollution in open pit and sanitary protection
zones. The largest dust emissions are observed during blasting operations in open pits. This is
especially the cases when unfavorable meteorological conditions occur, means of dust sup-
pression are not sufficiently effective, blasting technology was violated. Dust particles are
known to be able to propagate long distances from the source of the explosion. Dust fractions
up to 10 um diameter are the most dangerous, as they are the main risk factor for the devel-
opment of chronic respiratory diseases. In particular, according to European standards, the
average daily concentration of dust particles with a diameter between 2.5 and 10 um should
not exceed 0.05 mg/m®.

The paper estimates mass concentrations of dust fractions in the gas-dust cloud at the
dynamic stage of its formation after a mass explosion in an iron ore open pit. The following
assumptions were made in the calculations: no influence of the temperature factor (ejected
air flows); dust particles are spherical; flow of dust fractions by the gas flow follows the
Stokes law. The ranges of variation of ascent height and mass concentrations of dust fractions
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at the dynamic stage of gas-dust cloud formation are established. In particular, the lift height
of the dust fraction is directly proportional to the value of the dynamic impulse. The differ-
ence in mass concentrations of dust fractions in the gas-dust cloud is due to the physical and
mechanical properties of rocks destroyed by boreholes explosive substance charge. When de-
termining the mass concentrations of dust fractions, the results of experimental studies were
used, which were carried out in the open pit of Ingulec Mining and Processing Combine. The
graphical dependence of average mass concentrations of dust fractions depending on the
height of their ascent at the dynamic stage of gas-dust cloud formation is presented, the re-
gression equation in the form of a degree function is obtained. The results of calculations
have shown that the greatest intensity of mass concentration increase in the gas-dust cloud at
the dynamic stage of its formation is characteristic of dust fractions with diameter up to 31
um. The intensity of growth of mass concentrations of larger dust fractions decreases
markedly.

SABopcrka Ogena QuekcanapiBHa — 1.T.H., IOLEHT, Ipodecop Kadeapu OXOPOHH Iparli Ta
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O.A. Inkin, B.€. bino3sopos
IHTET'POBAHE HEMPOMEPEJXEBE MOJEJIOBAHHS EET JIJISA
JIATHOCTUKHU MOPYIIEHb MO3KOBOI JISIJILHOCTI

Anomayia. Y cmammi posenadaemocsi cmpykmyposane bazamoemante mooenosanus EET
3aco6amu NpUKIAOHOT MAMEMAMUKU 3 HALAWMYB8AHHA NPOCMOPY 6XIOHUX napamempis O
Helpomepedice8020 NPo2Ho3y8anHs. Takooic, npo8oouUmsvcs ananiz nioxodie ma mooenei Ha ix
MOYHICMYb V BUHAYEHHI 8IONOGIOHUX O3HAK CUSHATLY Md NPUCHOCOBAHOCMI 00 PealbHUX 0d-
HUX.

Kniouosi cnosa: Hetipomepeosica, enekmpoenyegpanoepagis, uyacosuil pao, NpPOSHO3VEAHHS,
@dynKyin axmusayii, XaomuuHa OUHAMIKA.

IlocranoBka mnpobiaemu. [Iporpec po3BUTKY IHTENEKTyaldbHUX 3Ai0HOCTEH, ¢op-
MYBaHHSI MO3KY, SIK CKJAQJHOI CTPYKTYPH B3a€MO3aJIC)KHUX HEHPOHIB CTAa€ CTPIMKIIIUM 3
KOKHHM CTOJITTSIM, II0 MEXKY€ 13 MOJIMIIEHHAM BCIX aCHEeKTiB XXHUTTeAisUIbHOCTI. [Ipumycka-
I0YHM E€BOJIOIII0 TEHOMY JIIOJIMHU K Oe3nocepeniil paktop hopMyBaHHS MO3KOBOI CTPYKTY-
pH, BUHUKAa€ HEOOXIMHICTh y CTBOPEHHI KaTErOPUYHOTO Ta THYYKOTO 1HCTPYMEHTY aHaji3y
B3a€MO3aJIe)KHOT MOBEIIHKMA HelpoHiB. Hapasi, icHye Benmka 0iOmioTeka IOCTIIKEHB, SIKi
YaCTKOBO 200 MOBHICTIO OMHCYIOTh Ta MPOMOHYIOTH aIrOpUTMHU MoAiOHOro anamizy [1,2,3],
OJTHAK HE MaIOTh JIOCTaTHHOI MPUCTOCOBAHOCTI JI0 PEaNbHUX MOJiH a00 0OMEXYIOTh po3mMax
TOYHOCTI 10 HEOOTPYHTOBAHO 3HAYHUX MeX. Tomy, B JaHiil poOOTI MPOMOHYETHCA 10 OTTISAY
OUIBIII THYYKHI METOJ| aHalli3y Ta IMPOTHO3YBaHHS BIAMOBIIHUX JaHUX e€JIeKTpoeHIedano-
rpamu (EET).

Meta pocaigkennsi. Po3pobutu ps MeToniB Ta miIxoAiB Juist rHyukoro aHanizy EEIL 3
BUKOPUCTAHHSAM MaTEeMAaTUYHOTO MOJEIIIOBAHHS, SIK JUI MONEPEHbOr0 BiATBOPEHHS 3B’ A3KiB
Ta ieHTu(ikanii rmodaabHUX MapaMeTpiB, Tak 1 A HalAITyBaHHsS HapameTpiB Heilpome-
pexi, JUIst OUIBLI TOUHOTO IPOTHO3YBaHHS.

Orasin nmpoOJjemu. Enexkrpoennedanorpadis 103BoJsiE HEIHBA3UBHO PEECTPYBAaTH
€JIEKTPUYHY aKTHBHICTh MO3KY, Ha/Ial0uM LIHHY 1HpOpMaLito mpo ioro crad i ¢pynkuii. Llei
METOJ IUPOKO 3aCTOCOBYETHCS ISl IaTHOCTUKU Ta aHaJi3y HEBPOJIOTIYHUX PO3JaJliB, TAKUX
K eMIencis, LU30(peHis Ta ayTU3M.

Baxnusum etanom B 006po611i EEI" € BuainieHHs pesieBaHTHUX O03HAaK ab0 MapKepiB Juis
KOHKPETHOT0 3acTtocyBaHHs. [l 1poro Oyno po3pobieHo 0e3miy MEeTOIB, BiJl KIACHYHOTO
CHEKTPAIBLHOTO aHaJi3y /10 HEeNIHIHHUX MiJXO/IB 1 Cy4YaCHUX aJITOPUTMIB IITMOOKOr0 HaBYaH-
Hs. OCKUTBKM MO30K (DYHKIIIOHY€E SIK CKJIaJiHA Mepeka HEHpOHIB, 1[0 B3a€MOJIIOTH 1 CHH-
XPOHI3YIOTECS, TO BUKOPUCTaHHS METPUK (PYHKIIOHATIBHOI 3B A3HOCTI SIK O3HAKH JUJIs aHAJI3y
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EET-curnanis, momyk mapameTpiB MOBEIIHKM MOENi Ta BUKOPHCTAHHS aJalTUBHUX, THYY-
KHX IIXO0/1iB 3 BUKOPHCTaHHS HEHPOMEPEKEBOTO MOJICTIOBAHHS 3aJIMILIAETHCS aKTYAIBHHUM.

Onuc naganux ganux EEI'. B po6oti Oynu BUKOpHCTaHi JaHi HamieHTa 3 O3HAKaMU
MOPYIIIEHHS MO3KOBOi aKTUBHOCTI, OJTHAK 0€3 eMiJICNTHYHUX HAaNaliB Ta B MOPIBHSIHHS BUKO-
puctaHo 0a3zy AaHUX 3 ITUTA4OI JiKapHi B BOCTOHI, MaIi€eHTIB 3 Ba)KKO BHJIIKOBHUMH CYI0Ma-
MU. A came:

[MarmienT 1. 8 pokiB, xmomuuk, TuMyacosi anomaiii — 20.06.2024

[Mamient 2. 11 pokiB, AiBunHa, yacTi cyqoMHi Harmaau — 08.06.2010

Aaroput™m nonepennsoi o0podku EEI curnaniB. Ilomepenns o6pooka EEIL e
BIJIIOBIJAJILHUM €TaroM Y MiATrOTOBLI ii 0 momaibiioro anaiizy. Lle Bkitouae B cebe psin
METO/IB, CIIPSIMOBAHUX HA 3HWKCHHS IIyMY 1 BUJAJICHHS apTedakxTiB, mo0 3abe3rneynTu ro-
TOBHICTh YHCTOT'O CUTHAILY JI0 MOAAJIBINNX KPOKiB. [l04aTKOBMM €TaroM IOTo MPOIIECy € BU-
JAJICHHSI IIyMiB, IO TIOXOMIATH BiJ 30BHINIHIX €JIGKTPOMArHiTHUX ToJiB. [lam HeoOXimxHO
yCyHyTH apTeakTH pyxy, OCKUIbKH BOHM MOKYTh MaTH HeTaTUBHUH BIUIMB Ha curHan EET.
OnHuM 3 HaWOUTBII TOMYJSIPHUX 1HCTPYMEHTIB Ui BUAAJICHHSA apTe(akTiB 1 IIyMiB 3
vemniitanx curHaniB EEIT € meron Hesanexxnumx kommoneHT (Independent Component
Analysis, ICA) [4]. 3aBasku ICA BraeTbest e)eKTUBHO PO3KIIACTH CUTHAT HA HE3aJIEKHI KOM-
MOHEHTH 1 11eHTH(]IKyBaTH Ti 3 HUX, IO MOB'A3aHi 3 apTedaKTamMu BiAMOBiAHOT o3HaKku. [Ipu
poborti 3 6araTokananpauMu curHanamu ICA posninsie 6aratokomnonenTuid curnan EET Ha
HE3aJIeKHI YACTUHH, THM CAMUM BHIAIISIOYH IIYM 1 TIEPEIIKOAN, BUKINKAaHI MOPTaHHAM, PY-
XaMH{ 0YeH, CepIEBUMH CKOPOUYEHHIMH 1 M'SI30BOI0 aKTUBHICTIO.

Hactynmaum xpokom Oylio 3acTOCOBaHO psifi (UIBTPIB Pi3HOTO THUILY, IIO BKIIIOYAE 3a-
CTOCYBaHHSI CMYTrOBOro (ijbTpa JUIs BUIUICHHS YaCTOTHOTO Jialla3oHy, KM MICTHTh pele-
BaHTHY iH(pOpMaIIifo, Ta PEKEKTOPHOTO (iTbTpa Ui 3HMKEHHS BIUIMBY €JIEKTPOMArHITHUX
nepeiKko ] Big Mepexi kuieHHs [5]. [lapamerpu QpuibTpiB MOXYTh OyTH FHYYKO HaJaIITO-
BaH1 BIAMOBIAHO JO BUMOT KOHKPETHOTO JOCTIIPKEHHS Ta 3MIHEHI BIJIMOBITHO CIOCTEpe-
JKyBaHUM BHCHOBKaM IO BUXITHUUM curHai. B maniit poOoTi cmyroBuit ¢insTp Oyno BcTa-
HOBJIeHO B aiana3oHi 0,5-30 I'u, pexxektopauit 50 I'ry 3 BikHOM po3maxy 5 I'i. Otpumani pe-
3yJAbTATH Bi3yalli30BaHO MOPIBHIHHSAM OPUTIHAIBHHUX JaHUX 3 00po0ieHnMu (puc. 1-2).

Raw EEG with Artifacts

M’\/’\(’\/'\a f/vx.«/\\r\.f/v A MWM'\\MWM/‘ Y /"w ‘,.-.

Pucynox 1 — ITopiBHSHHS BXIIHHUX JaHUX 3 OYMILEHUMH Bij apTe(daKTiB
JUIS IEPIIOTO Malli€HTa
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Raw EEG with Artifacts
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Pucynok 2 — IlopiBHSHHS BXiIHUX JaHUX 3 OYMICHUMU BijJ apTe(dakTiB
JUTSL IPYTOTO MaIlieHTa

Jlnist BUSIBJICHHS 1HIIMX TUIIB apTe(akTiB 3aCTOCOBYETHCS METOJ Ha OCHOBI aMILIITY/I-
HOTO rmopory. Xo4a el MiaxXiJl € BIIHOCHO MPOCTUM, BiH JI03BOJISIE BUSIBIIATH 3HAYHI BiJTXH-
JICHHSI y CUTHAJI, IPOTE HOT0 MOJIMBOCTI MOXKYTh OYTH PO3IIMPEH] IIISIXOM 3aCTOCYBAaHHS
OUTBII CKJIAJIHUX ANTOPUTMIB, TAKUX SK Kiacudikaiis apreakTiB 3 BUKOPUCTAHHAM MalllHH-
HOT'O HaBYaHHSI.

Jlist monanpinoi 0OpoOKH JaHWX, CUTHAT OyJI0 PO3IIJICHO HA CETMEHTH OJHAKOBOI JIOB-
JKMHHM Ta MMPOAHaII30BaHO YaCTOTHHUH BMICT CHTHAITY.

CriexTpa’apbHHI aHAJI3 € MUPOKO BUKOPHCTOBYBAHUM METOJIOM BHIIYYCHHS IIHHOI 1H-
¢dopmaunii 3 curnanis EET [6]. Ananizyloun crieKTpajibHYy IIJIBHICTD MOTYKHOCTI (CIIEKTp T0-
TYXKHOCTI) CUTHAJy, CIEKTPAJIbHUI aHaJi3 MOKE JaTH YSBJICHHS MPO YaCTOTHHH CKiaa abo
PO3MOLT MOTYXHOCTI CUTHalTY Mo 4acToTi. L9 iHpopmalis nonomarae 3po3yMiTH OCHOBHI
HEHUpPOHHI MPOIECH, BIANOBIJAJIbHI 3a T€HEpPaLil0 CUTHANlY, 1 BUSBUTU 3aKOHOMIPHOCTI, fK1
MOKYTh OyTH MOB'S3aH1 3 KOHKPETHUMU KOTHITUBHUMU CTaHaAMH a00 MOBEAIHKOIO

3 MOpPIBHSAHHS MOKAa3HUKIB CIIEKTPY OyJ0 BU3HAYEHO, 10 MAlI€HT 3 aKTUBHUM Ta MPO-
TPECYIOYMM 3aXBOPIOBAHHSIM MO3KY Ma€ OiTbII BUPaKEHI MKU aKTUBHOCTI B 4acTtoTi 15-20
I'p Ta 6iu3pko 30 ', HA BiAMIHY BiJ] 1HIIOTO TAIIEHTA 3 OUIBII IJTaJIKOI0 TTOBEIIHKOI YacTo-
TH, SKa J€MOHCTPYE HaWOUIbIly MOTY)XKHICTh CUTHaJy B HHU3bKOYACTOTHOMY Jiala3oHl Ta
pi3kuii crian micis 40 T, J{ns Bi3yanmizariii JaHUX Ta OIIHKU SIKOCT1 iX 0OpoOKu OyJio BUKO-
pucTaHo iHCTpyMeHTH 3 6ibmioTekn Matplotlib (puc. 3-4).
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Power Spectral Density of EEG Channels
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Pucynok 3 — Bizyaunizanis CHeKTpaibHOT MOTY>KHOCTI MIEPUIOTO MalieHTa

Power Spectral Density of EEG Channels
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Pucynok 4 — Bizyauni3auis cekTpanbHOT IOTY>KHOCTI JPyroro naiieHra

Baprto 3a3HaunTH, 110 adropuT™M 0O0pOOKH Moke OyTH BJOCKOHAJCHMH HUIIXOM BIPO-
Ba/DKCHHSI afanTUBHOI (inmbTpalii A5 OiIbll eeKTUBHOTO BHAAJICHHS apTe(akTiB, a TAKOXK
3a paXxyHOK 3aCTOCYBAaHHS METOJIIB MAIIMHHOTO HaBYaHHS JUIsl aBTOMATHYHOI Kiacugikaiii
apredaxTiB. KpiM TOro, nepcieKTUBHUM € JI0JIJaBaHHs aHaNli3y 3B A3HOCTI Mixk kaHamamu EET
1 aBTOMaTUYHMI BUOip mapaMeTpiB PuIbTpallii Ha OCHOBI XapaKTEPUCTUK CUTHAITY.

He3Baxarouu Ha BiICYTHICTh KOHCEHCYCY LI0JI0 ONTUMAIBHOTO aJrOPUTMY MONEpeTHb-
ol ¢inbTpanii Ta MeTOMIB BUAAJICHHSA apTe(akTiB, MOTOYHI JOCIIHKEHHS MPOJOBKYIOTh
migBuIIyBaTu sAKicTh Aanux EEI' Ta minBuiyBaTu TOYHICTH aHami3y. BukopucranHs pi3HUX
METOMIB, MOX€ eQeKTUBHO NHoM'skmuTH apredaktu B curHamax EEI, 3a0e3neuyroun
BceOIYHEe BUKOPUCTAHHS JaHUX B ITUPOKOMY Jiala3oHi.

BukopucraHHs aJanTHBHUX AJrOPUTMIB IJIMOOKOro HaBYaHHs. B nanomy po3nimi
PO3IIISIHEMO HACTYNHUHM eTanm poOOTH 3 JaHUMHM, LIJUTIO SIKOTO € iHTerparisi MaTeMaTHYHUX
MoOJIeTIel XaOTUYHOI JUHAMIKH JJIs TIONTYKY HENHIMHUX 3B’SI3KiB MDXK cUTHanaMu. J[jist orms-
Iy Ta TOPIBHSAHHA OyJIM BUKOPUCTaHI PI3HOMAaHITHI MOAENi 3 iX crenudiko MpUCTOCOBa-
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HOCTI Ta BU3HAYEHI NMOKA3HUKHU (PYHKII] BTpAT Ta TOYHOCTI MOJETIOBAHHS JJIsi BUCHOBKY IL10-
710 1X MOJIAJIBIIIOTO 3aCTOCYBAHHSI.

Criz 3a3HaYMTH, 110 TOUIYK CTAOUTBHUX CTaHIB 3/I0pOBOI JIIOJMHU CTAE 33aYC0 MEHIII
AKTyaJIbHOIO Ta BXKE OTPUMAB IEBHHUI PiBEHb aBTOMATHU3allii, OJTHAK PO3YMiHHS MPOSBY aHO-
MaJIbHOI aKTUBHOCTI HEWPOHIB, IO MPU3BOJMTH JO TAaK 3BAHOTO HEHpo3amajieHHs € OibIl
CKJIaTHUM IIPOLIECOM.

CkJ1aIHICTh AOCIHIPKYBAaHHUX TPOIIECIB, 10 B3aEMOIIIOTH Y PI3HUX YaCOBHX MaciITadax,
pPOOUTH PO3YMIHHS EMICNITOreHE3y BEIMKMM BHKJIMKOM. Y TakKid CHCTEMi 3 JeKiTbKOMa
HENHIHHIMH B3a€MOJIIOYMMH TPOLIECAaMH MAaTeMaTUYHE MOJEIIOBAHHS € KOPUCHHUM IHCTPY-
MEHTOM JJIsl KpaIloro po3yMiHHs JuHaMiku cuctemH [7]. KpiMm Toro, MozientoBaHHs 10moOMa-
ra€e CUCTeMaTH3yBaTH Ta MOSICHUTH BEJMKY KUIBKICTh CIIOCTEPEKEHb, OTPUMAHUX Y KITIHIYHUX
JOCITIJKEHHSAX

Curnan EEI" Hece ninHy iHdopMaliito B MeBHUX YaCTOTHHX Jiama3oHax: anbda (8-13
I'n), 6era (14-40 I'u), teta (4-8 I'n), aenwra (0,5-3 I'n), ramma (Buie 40 I'y). Koxna 3 miux
4acTOT Ma€ CBOi YHIKaJbHI XapaKTEpUCTUKU 1 obOnacti 3actocyBaHHsA. OCKUIBKH YacTOTHI
Jiama3oHu 1 X XapaKTEpUCTHKU OYyJIM IIUPOKO BUBYEHI, TO MHOXHHY IIUX 3HAUY€Hb MOKHO
BUKOPHCTOBYBATHU B SIKOCTI BX1IHOTO BEKTOPY JUIsI IEBHUX MOJIEIIEH.

[TpencraBieni MareMaTudHi Mojemi Oyl MPHCTOCOBAHI IS TIUOOKOTO aHATi3y -
Hamiku EEI' curHaiiB, e KOKHAa MOJIENTh HAMaraeThCsl 3a0€3MEYUTH YHIKATBHUHA MOTIISA Ha
NPUPOAY IOCIIPKYBaHUX TMporeciB. ABToperpeciiHa monenb (AR) no3Boinisie BUsSBHTH
JiHIMHI 3anexHocTi B yacoBux pspax EED Ta mporHo3yBaTu iX MOBEIIHKY Ha OCHOBI IOTe-
pEnHIX 3HaueHb, 0 OCOOIUBO KOPHCHO ISl BUSIBIICHHS IIOBTOPIOBAHUX MAaTEPHIB aKTHBHOCTI
Mo3Ky. [IpuxoBana mapkoBcbka Moaens (HMM) edextuBHO ineHTH(]IKYE TUCKPETHI CTAaHH
MO3KOBOI aKTHBHOCTI Ta MEPEXOAN MiX HHUMH, IO BAXIUBO JUISI POSYMIHHS 3MIHH PEKUMIB
(GYHKIIIOHYBaHHS MO3KY.

Mopnens JlopeHna 1eMOHCTpY€e BUCOKY €(EKTHUBHICTh y MOJIEIIOBAHHI XaOTHYHOI JIH-
Hamiku EED' curnanis, 703BOJISIFOUM BUSIBUTH JETEPMIHOBAaHI XaOTUYHI MPOLECU B MO3KOBII
akTuBHOCTI. Mozens Prociepa, 1o Mae mpocTinry CTpyKTypy MOpiBHSHO 3 Moneiuto Jlopen-
113, aje TaKOXX 3/1aTHA FeHepyBaTH XAOTWYHY MOBEIIHKY, JOTIOMAara€ BUSBUTU OLIbII TOHKI
ocobsinBocTi HeniHiiHOT nuHaMiku EEI'. Monens Ban aep Ilosns, mo onucye aBTOKOIMBaHHS,
0COOJIMBO KOPHCHA JIJISl aHAJII3y PUTMIYHOI aKTUBHOCTI MO3KY Ta 1l aBTOMAaTHYHUX KOJIUBAHb.
Mogens ®ituXsro-Harymo, crodarky po3poOiieHa Juisi ONMMCYy HEHWPOHHOI aKTHUBHOCTI,
BIIMIHHO MIJXOJUTh JIJIsl MOJENIOBaHHS 30Yy/DKEHHSI Ta pejakcalili HeHPOHHUX MOMYJISIii,
1o BinoopaxaroThes B EEI" curnanax. Mogens Kepmaka-MakKenapika 103Bossie aHasnizyBa-
TU MOIIMPEHHS aKTUBHOCTI MK PI3HUMHU JIIJITHKaMU MO3KY 32 aHAJIOTIEIO 3 €M11eMI0I0TTYH -
Mu tiporiecamu. Monens @itiiXpro-Harymo-Jladdinra moennye BI1acCTUBOCTI HEHPOHHOI JTH-
HaMiK{ 3 HEJIIHIHHUMU KOJIMBAHHSMH, 110 POOUTH 11 0COOIMBO IIHHOO JIJISl aHAJ3Y CKIIaJHUX
natepHiB EET.

Hwxye mponeMOHCTpOBaHEe Bi3yanbHE MOPIBHSIHHS MOJENEH IS OYUINEHUX JaHHWX Ta
OKpeMo BH/IiNIeH] iX (a3oBi mopTperu (puc. 5 — 8).
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Pucynok 5 — IlopiBHAHHS pe3ybTaTiB MOJICTIOBAHHS HA OCHOBI JIaHUX MEPIIOTro MaIieHTa
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Pucynok 6 - [lopiBHSHHS pe3y/ibTaTiB MOJEIIOBAaHHS Ha OCHOB1 JaHUX JIPYTrOro MaiieHTa

AHauni3 pe3ynbTaTiB MOJEIIOBaHHS 3 BUKOPUCTAHHSAM IEBHUX METPHK JTO3BOJISIE€ BUSIBU-
TH HaWOUIbLI aJleKBaTHY MoJenb Juisl koHkpeTtHoro tuny EEIT curnany ta kpate 3po3ymitu
MeXaHi3MH, 110 Jie)KaTh B OCHOBI CIIOCTEPEKYBaHOI MO3KOBOI1 aKTUBHOCTI. J[0 TakUX MOXXEMO
BIJIHECTH OOYMCIIEHHS MOKa3HUKa JIsmyHoBa, K1 JO3BOJIAIOTH OI[IHUTH CTYIIHb XaOTUYHOCTI
JOCTIKYBAaHUX MPOIIECIB, KOPEAIiiiHA PO3MIPHICTh XapaKTepU3y€e CKIAIHICTh aTpakTopa Ta
MO€ BKa3yBaTH Ha KUIBKICTh HE3aJEKHUX 3MIHHUX, HEOOX1THUX JJI ONUCY JTUHAMIKU CHC-
TeMH, cepeqHbokBanpatnyHa nommwika (MSE) ciayrye o0'€KTHBHUM KpHTEpieEM Ui MOpPiB-
HSHHS TOYHOCTI BIATBOPEHHS €KCIEpUMEHTANbHUX nMaHux [8]. [ns mpuxmany Huxde Oyio
PO3paxoBaHO CepeIHHOKBAIPATUYHY MOMUJIKY MAalli€HTIB, SIKa TEMOHCTpYe nepeary AR mo-
JIeIIOBAaHHS, 110 OYJIO MiATBEPKEHO Bi3yaJIbHOIO IHTEPIIPETALIEI0 paHillIe.
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Pucynok 7 — ®a30Bi mopTpeTu Mojiesei Ha Pucynok 8 - ®a30Bi HOPTPETH MOJEINEH Ha
OCHOBI JIaHMX TEPIIOTO MaIliEHTA OCHOBI JaHUX APYroro maimieHTa

Jns 1ro mamienTa:
AR MSE: 0.974036
Lorenz MSE: 73.473649
Rossler MSE: 3.729282
Van der Pol MSE: 2.779805
FitzHugh-Nagumo MSE: 1.585269
Kermack-McKendrick MSE: 0.998940
FitzHugh-Nagumo-Duffing MSE: 2.511791
s 2ro marienTa:
AR MSE: 0.990802
Lorenz MSE: 73.568802
Rossler MSE: 1.518555
Van der Pol MSE: 2.368941
FitzHugh-Nagumo MSE: 1.929700
Kermack-McKendrick MSE: 1.036738
FitzHugh-Nagumo-Duffing MSE: 2.212152
Ontumizanis nporaosy EEI' nannx yepe3 nonepeane Hajgamrysanaa LSTM ap-
XiTeKTYpH. Y 1bOMY pO3AUTI JTOCTIIKEHHS 3alPOMOHOBAHO MiAXiA J0 aHali3y Ta MPOTHO-
3yBaHHS YaCOBHX PSAIB eIEeKTpoeHIledasorpaM Ha OCHOBI Mou(iKoBaHOI apxiTekTypu Long
Short-Term Memory (LSTM) [9]. Mozaens LSTM — 1ie pekypeHTHa HEHPOHHA MepeKa, BIOC-
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koHasieHa Moze/uto RNN. LSTM moske eeKkTuBHO mepenaBaTH Ta BUpakaTu iH(opMarliio B
OLTBII TpUBAIMX YacoBUX psnax. Lle ycminmHo Bupinrye nmpobiemMy rpali€eHTHOTO 3HUKHEHHS
RNN, cripuurHEeHy AOAaBaHHSAM MEPEKEBUX IIAPIB 1 INIMHOM 4acy, poOJisiun ii OiIbII nmpuid-
HSTHOIO. YHIKaJIbHUNA CTaH HEHPOHHMX KIITUH TOMOJIOTii HeiiponHoi mepexi LSTM, sxka 3a-
MUCYE Ta MepeJlae JaHi 3a TOIIOMOTr0l0 KOMIPOK MaM'siTi, BiApi3HAeE ii BiJ IHIIMX METOMIB TJIU-
6okoro Hapuanua. Crannapraa LSTM apxitekTypa BKJIIO4a€e BXiTHUHA 1map, OJUH a00 JeKiIb-
ka npuxoBanux LSTM-mapiB, a Takoxx Buxinuuii map. Kosken LSTM-map MiCTHTD TpU THUIIH
BOPIT: BXiJHI, SIKI KOHTPOJIOIOTh MOTIK HOBOI iH(opMarlii; BopoTa 3a0yBaHHs, 10 BU3HAYa-
I0Th, SIKY iH(pOpMaLito 30epiratu abo BiIKUIATH; TAa BUXiIHI BOPOTA, 110 BUPIIIYIOTb, SIKY 1H-
dbopmMarrito nepenaBaTu nani mo Mepexi. Taka cTpykTypa A03BoJisie e(PEeKTUBHO MPAIFOBATH 3
JOBICHMH TIOCIIZIOBHOCTSIMH, 30€piratlou peieBaHTHY iH(OpMaIliio i IrHOPYIO4YH HENmoTpiOHI
TaHi.

B OGurbmocti momiOHUX JOCHTIKeHh MOAH]iKallis OylIoBU IIapiB Ta KOMOIHOBaHE 3a-
CTOCYBaHHS KOMIUJICKCHOTO aHali3y He MPU3BOAMIIO 10 BTITHUX PE3yJIbTaTiB MPOTHO3YBaHHS,
SIK€ 3BOJWIIOCH JI0 CTAI[iOHApHOTO cTaHy. Tomy, OyiH 3acTOCOBaHI MOMEPEAHI MPOUEAYpH
Bu3Ha4YeHHs mapamerpiB LSTM mopeni st JOCSTHEHHS MTPOrHO30BAHUMH 3HAYCHHSAMHU Xa0-
TUYHOI Ta IPUPOAHBO BiIMOBITHOT MOBEIIHKH.

[o-nepre, mis iHinmiamizamii BXiIHUX Bar MepexXi MPOBEJCHO PSA MAaTEMAaTHYHUX OIIe-
pamiii Hag BXigHuMH Janumu [10, 11], mo Hagae Mepexi MOYaTKOBE PO3YyMIHHS CTPYKTYpPH
BXIIHUX JaHWUX, MPHUCKOPIOIOYM 30DKHICTh 1 MOKpAIIYyIOUM TOYHICTh NPOTHO3YBaHHS Ha
paHHIiX eranax HaBuaHHs. [lo-mpyre, BOpOBaKYEThCS HECTaHIApTHA aKTUBAIiHA (DyHKIIis,
IO TIOEJHYE CHUHYCOiNaNIbHy KOMIIOHEHTY Ta TayCiBCbKHU MIyM, sIKa HaJa€ MOJEINi CTOXa-
CTHYHOCTI Ta HeperyssipHocTi. Ll QyHKIis BiApi3HAETHCA BiJ TPaIWIIHHUX aKTUBALIHHUX
GbyHKIIA (CUTMOIAM YM TimepOOoJIIYHOTO TAHTEHCA) THUM, IO CTBOPIOE OUIBII XAOTHYHY 1
HENIHINHY JUHAMIKY, 1110 € BaXJIMBUM JJIs1 MOJIETIIOBAHHS CKJIAJHUX O10JIOTTYHUX CUCTEM, Ta-

KHX SIK MO3KOBa aKTHBHICTH (puc. 9-10).
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Pucynok 9 — Bukopuctanss rinep0OoiiyHOr0 TaHT'€Hca JJis IPOrHO3YBAaHHS JaHUX
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Pucynok 10 — BukopucranHsi rayCiBCbKOI0O IIyMy 3 CHHYCOiJHUM J0AaHKOM
JUIS IPOTHO3YBAHHSI TAHUX

3 OTpUMaHUX DPE3YyJbTATIB MOXKEMO 3POOHTH BHCHOBOK, IO 3alpOIMOHOBAHMM MiJIXiJ
JI03BOJIMB MOJIEI Kpallle BioOpakaT CKIaaHi HeiHikHI 3anexHocTti B EEI'-curnanax Ta rmi-
JBUIIAIIO 11 3/aTHICTh MOJIENIIOBATH XaOTHYHI MIPOLECH, 110 BiAKPHUBAE MOJE MOIIYKY Ta MOTe-
HIT1aJ JIJIs1 MOKJIMBOCTI BUSIBIIGHHSI aHOMaJIii MO3KY, TaKUX SIK €MUICNTUYHI Hamaau abo 03Ha-
KU HEeHpOJereHepaTuBHUX 3aXBOPIOBAHb.

[Tonanpii KOCHIKEHHS MOXKYTh BKJIIOYATH ONTUMI3allil0 TiepnapaMeTpiB MOAel Jis
pisaux tumiB EEI-maHux, mopiBHSHHS 3 IHIIMMH METOJAaMH BUSBIICHHS aHOMAJiH, iHTerpa-
I[i}0 3 METOJaMH MONepeaHbOI OOPOOKU CUTHAIIB, & TAKOXX PO3IMIMPEHHS] MOJENI ISl aHAI3Y
OaratokananpHux EEI.

BucHoBku. 1. byno posrisHyro anroputm nomnepensboi o0podku EEI curnamnis 3 ¢i-
JBTpalli€lo, BUIATICHHS apTedakTiB, CETMEHTAIIIEI0 Ta BBEICHHSM CHEKTPAIBbHOTO aHaIi3y.
Bukopuctanns crenianizoBaHux 010;110TeK, MeToy He3anexxHux kommnoHeHT (ICA) ans Bu-
JaneHHs apreakTiB o4el, aMIUNITYITHOTO TIOPOTY JUIsl BUSIBJICHHS 1HIIUX apTe]akTiB, Ta Me-
Toty Benua 115t 0GuMCIieHHs ClIeKTPaIbHOI IIJIBHOCTI MOTYKHOCTI 3a0e3neuye e(heKTUBHY Ta
Ha/liiHy 00pOOKY JaHUX JJIs MOAAJBINOI aBTOMATH3AII] KIIHIYHOT MPAKTUKU. AJTOPUTM Je-
MOHCTPY€ 3AaTHICTh BUSBIIATU BIIMIHHOCTI MIX HalliEHTAMU 3 PI3HUM CTaHOM 3/I0POB'S MO3-
KY, 110 TiATBEP/UKYEThCS Bi3yali3alli€lo pe3ysbTaTiB, 1 Ma€ MOTEHIial Ui MOAIBIIOrO BJIO-
CKOHAJICHHS [UIIXOM BIIPOBA/KEHHS METOAIB MAIIMHHOTO HABYAHHSI.

2. Takox, Oylo OMHCAHO 3aCTOCYBaHHS MAaTEMaTUYHOT'O MOJEIIOBAHHSI, 30CEPEIKYIO-
YHCh HA MONIYKY HENiHIWHUX 3B'A3KIB MK CUTHAJIaMU 32 JOTIOMOTOI0 XaOTHYHOI AMHAMIKH.
[IpencraBienuii miaxiJ BUKOPUCTOBYE KOMIUIEKC B3a€EMOIOTIOBHIOIOUUX MOJIETIeH, BKIIOYAI0-
Yl aBTOPETPECiiHy MOJeNb, MPUXOBaHY MapKOBChKY Mozenb, mojaenm Jlopenma, Procrepa,
Ban nep IMonsa, @ituXero-Harymo Ta ixmi. KoxkHa Moiens Hajlae MOXKIHBICTh CHHTE3YBaTH
napametpu quHamiku EEI' curHaniB, J03BOJISIIOUM BUSIBISATH Pi3HI aCIIEKTH MO3KOBOI aKTHB-
HOCTi. Pe3ynmbTaT MOJAENIOBaHHS Bi3yami3yIOThCS Ta MOPIBHIOIOTHCS AJIsS JBOX MAIli€HTIB,
BKJIIOYAIOYHU 4acoB1 pAau Ta (a3oBi noprpetu. OmiHka eeKTUBHOCTI MO/IeNeH 3/11HCHIOEThCS
3a onoMororo cepenHbokBaaparuyHoi nmomMuwiku (MSE). Ipencrasneni 3nauenns MSE s
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PI3HUX MOAEJeH 103BOJISIOTH MOPIBHATH iX TOUYHICTH Y BIATBOPEHHI €KCIIEPUMEHTAIBHUX J1a-
HUX JUIsi 000X TAIlIEHTIB, 0 MA€ BAKJIMBE 3HAYCHHS JJIs JIaTHOCTUKH Ta JIIKYBaHHS HEBPO-
JOTIYHUX po3naiaiB. s omucaHWX JaHUX HAWHWXKYI TOKA3HUKUA TOXHOKH Mae aBTOpe-
rpeciiiHa MoJiesb, SIKa HalTOYHIIIe Tiepe0ayae MOBEIHKY JaHHX, III0 CTBEP/XKYE BiAMOBITHA
Bi3yastizaiis.

3. B ocranHbOMY po31iii Oylio mpeacTaBieHo Mmiaxia 1 nporaosyBanHs EEIT nanux,
BUKOpUCTOBYIOUM Moau(ikoBany apxitekrypy LSTM. KitowoBumu ocobmuBocTsMH € 3a-
CTOCYBaHHS TMOMNEPEIHIX MPOUEAyp s BU3HAYCHHS IapaMeTpiB MOJENI, iHIIiami3amis
BXi[[HI/IX Bar Ha OCHOBi nornepeaHboro MOACJIOBaHHA CHUIHally Ta BIPOBA/KCHHSA HCCTAaH-
JapTHOI akTHBaUiiHOI (YHKII{, IO MOEJHYE CHHYCOiNaNbHY KOMIOHEHTY 3 TrayCiBCBKUM
mymoM. Ll mMonm¢ikoBaHa apXiTeKTypa JEMOHCTPY€E MiJBHUIICHY 3AaTHICTh MOJEIIOBATH
CKJIaJIHI HemNmiHiiHI 3anexxHocTi B EEI-curHanax, BiAKpUBAIOYM HOBI MOXJIUBOCTI JJISI BUSIB-
JICHHS aHOMaJiii MO3KOBOi akTMBHOCTI. [lomambini mMepCcrleKTHBH BKIIOYAIOTH ONTHMI3ALi0
rinmeprapameTpiB, MOPIBHSHHS 3 IHIIMMU METOJAaMH Ta PO3IIMPEHHS MOJENTI Ul aHawi3y Oa-
rarokaHanpbHUX EEI, 1m0 TNOTEeHHiHHO MOXXe 3HAYHO BIUIMHYTH Ha JIIarHOCTUKY Ta JI0O-
CIIIJPKEHHST HEBPOJIOTTYHUX PO3JIaIiB.
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Integrated neuronetwork modeling of EEG for diagnostic disorders of brain activity

The article discusses the structured multistage modeling of EEG by means of applied
mathematics to customize the input parameter space for neural network prediction. Also, the
approaches and models are analyzed for their accuracy in determining the relevant signal
features and adaptability to real data.

The activity of potentials during brain activity is a biological process that depends on
many factors and hides a space of parameters, the search for which and their definition can
open us up to a new perspective on the nature and activity of the human brain. A rational way
of obtaining data on brain activity is a non-invasive electroencephalogram, which registers
the potential difference on the electrodes relative to the base. For further processing of the
received data, it is necessary to remove noise and artifacts from them. In this work, a stand-
ard algorithm of frequency filtering and filtering from noise caused by the power grid is used.
After processing the data, an overview of mathematical models is offered, which with a cer-
tain degree of accuracy try to simulate the behavior of the signal or the peak moments of cer-
tain features. Added to this is the use of the LSTM model to predict the further behavior of the
signal with the preliminary introduction of chaos into the model due to the modified activa-
tion function (Gaussian noise) and the input modeling of the weights.

Keywords: neural network, electroencephalography, time series, prediction, activation
function, chaotic dynamics.
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THE APPLICATION OF SPECTRAL ANALYSIS OF EEG DATA FOR
THE IDENTIFICATION OF OPEN AND CLOSED EYE STATES

Annotation. The article examines the analysis of electroencephalogram (EEG) data for the
classification of open and closed eye states using the Fast Fourier Transform (FFT). It is
shown that this method demonstrates stable recognition accuracy at the level of 70-80% in
distinguishing between open- and closed-eye states, demonstrating its effectiveness in classi-
fying biomedical signals. General information about EEG is described, points for their read-
ing, in particular about the “10-10 system”, information about the main types of brain
rhythms is given. Modern methods for analyzing EEG data were also reviewed, highlighting
three main approaches: spectral analysis, recurrence analysis, and machine learning meth-
ods. Software was developed for classification of information presented in the form of EEG
time series obtained in the state of open and closed eyes. The software was developed in Py-
thon utilizing the PyRQA library.

Key words: spectral analysis, electroencephalography, time series, Fast Fourier Transform,
brain rhythms, frequency artifacts, PyRQA.

Introduction and purpose. The analysis of electroencephalographic (EEG) signals is
one of the leading methods of researching brain activity. Among the current tasks in this field
is the classification of states of consciousness, in particular, the recognition of the states of
open and closed eyes, which is important for understanding cognitive processes. Identifying
distinct differences in brain activity during these states enables a deeper investigation into the
dynamics of brain rhythms and their relationship to cognitive functions such as perception,
concentration, and relaxation.

Today, several basic approaches are used to analyze EEG signals, including spectral
analysis, recurrent analysis, and machine learning methods. Spectral analysis, in particular the
Fast Fourier Transform (FFT), allows us to distinguish the main rhythms of the brain, such as
alpha, beta and theta rhythms, which are associated with different states of consciousness. Re-
current analysis provides a deeper exploration of the nonlinear and chaotic characteristics of
EEG signals, while machine learning techniques open up possibilities for building accurate
classification models based on large data sets. In this study, spectral analysis was chosen as
one of the most effective and affordable approaches for recognizing eye conditions.

The purpose of the article is, firstly, to review approaches to the analysis of EEG signals
and to justify the choice of spectral analysis for further classification of open and closed eyes.
The frequency characteristics of the signals, in particular the activity of the alpha rhythm,
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which increases when the eyes are closed, are estimated on the basis of the FFT. Additionally,
noise and artifacts are filtered to ensure signal purity. The study was performed on data from
the “EEG Motor Movement/Imagery Dataset”, which includes 109 participants and allows
obtaining statistically significant results for further application in neuroscience and cognitive
research.

Reference Analysis. The article by Farzad et al. (2023) [1] is a systematic review inves-
tigating the presence of chaos in electroencephalogram (EEG) signals associated with human
activity. The authors emphasize the importance of chaos theory for understanding the com-
plex dynamics of brain activity and analyze the various methods used to study these phenom-
ena. The review presents the results of many studies focusing on cognitive functions, and also
found that the most common methods of chaos analysis are correlation dimension, fractal
analysis and various entropy algorithms. The authors conclude that further study of the chaot-
ic dynamics of the brain can improve our understanding of cognitive activity and contribute to
the development of neuroscience.

The article by Wang et al. (2010) [2] investigates the relationship between the chaotic
characteristics of EEG signals and high-level intellectual brain activity. Using phase space
reconstruction to analyze one-dimensional and multidimensional time series, the authors
study EEG signals during five types of conscious activity: relaxation, verbal multiplication,
writing a letter, visualization of an object in three-dimensional space, and number representa-
tion. The results of the analysis of chaotic characteristics, including determinism, phase
graphs and power spectra, indicate the presence of chaos in consciousness.

Statistical data confirm that the central tendencies are similar to the phase graphs, and
the spectra indicate small differences between the frequency channels of conscious activities.
Differences in the approximated entropy indicate a higher level of innovativeness among the
subjects. The correlation dimension and the Lyapunov exponent indicate brain activity in at-
tractors with fractional dimensions. A non-linear quantitative criterion using neural networks
shows positive results in the classification of different types of activity, with arithmetic-
related tasks standing out more clearly compared to other types of activity.

A paper by Gallego-Rudolf et al. (2022) [3] investigates the effect of ballistocardiog-
raphy artifact (BCG) on EEG spectral characteristics during functional magnetic resonance
(MR) scanning (fMRI). The authors evaluate the effectiveness of seven BCG correction
methods to preserve the spectral properties of the EEG and examine the reactivity of the pos-
terior alpha band during the eye-closing-opening (EC-EO) task.

The study included EEG recordings from 20 healthy young adults outside the MR envi-
ronment and during fMRI data acquisition. The average artifact subtraction (AAS) method
was found to be effective in removing the gradient artifact, while BCG correction was per-
formed using AAS, independent component analysis (ICA), and their combinations. The au-
thors compare the spectral power of traditional frequency bands with corrected EEG-fMRI
data and off-scanner recordings.

They found that the BCG artifact significantly distorts the data in all frequency ranges,
with residual artifacts remaining even after all correction methods. The results showed that
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EEG reactivity to the EC-EO task is better preserved with ICA-based correction methods, es-
pecially when extracting alpha power fluctuations. The authors emphasize that current solu-
tions to eliminate BCG artifacts have limited effectiveness, recommending the improvement
of existing approaches and combining them with hardware solutions to improve the quality of
the EEG signal during simultaneous recording.

The article by Makeig et al. (1996) [4] is devoted to the application of the independent
component analysis (ICA) algorithm for source separation of electroencephalographic (EEG)
data. Due to the distance between the skull and the brain and the different electrical conduc-
tivity, EEG data collected from the surface of the head contains activity generated in a large
area of the brain, resulting in spatial blurring. However, it is not accompanied by significant
time delays, making ICA appropriate for blind source separation in EEG data.

The authors demonstrate that ICA separates source identification from source localiza-
tion. Early results show that ICA training is independent of random initial values and can be
used to segregate artifactual components such as electromagnetic noise and eye movements.
In addition, ICA is able to isolate superimposed EEG phenomena, including alpha and theta
bursts.

Instabilities in EEG and behavioral state can be monitored with ICA through changes in
residual correlation between output channels. The paper highlights the posibilities of ICA to
improve EEG analysis and understanding of brain processes related to perception and atten-
tion.

An article by Noor et al. (2022) [5] discusses the importance of electroencephalography
(EEG) data analysis and processing in brain activity studies. The researchers emphasize that
there are many standard procedures for obtaining informative results in EEG analysis, but the
methods used in these procedures can vary significantly depending on the preferences of the
researchers and the specifics of the experiments.

One of the main challenges is that traditional manual analysis methods are resource-
intensive, and researchers often focus only on the small subset of brain signals that are most
relevant to the study. In response to these challenges, the authors propose an automated meth-
od for classifying eight different EEG bands (very low, delta, theta, alpha-1, alpha-2, beta-1,
beta-2, and gamma) by crossing the FFT with three by machine learning methods: KNN,
SVM and ANN.

Research results show that the FFT+SVM method achieves an impressive 100% accura-
cy, successfully classifying signals into all eight EEG bands. This approach not only improves
the efficiency of EEG analysis, but also opens up new possibilities for automating data pro-
cessing in neuroscience, which can greatly simplify the work of researchers in this field.

Spectral characteristics of time series. Spectral analysis is a method that facilitates the
investigation of signal frequency components, particularly in the context of EEG. FFT is one
of the main tools of spectral analysis, which allows you to move from the time domain to the
frequency domain. This transformation helps reveal the brain’s rhythms, which are essential
for understanding neural functionality and states.

FFT [6] allows you to efficiently calculate the discrete Fourier transform (DFT), which
is defined by the following formula:
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where:
« X}, is the complex frequency for the k-th component,
* x,, IS an input signal in the time domain with N discrete points,
* N is the number of points in the analyzed signal.

FFT implements an algorithm that reduces the computational complexity of DFT from
0(N?) to 0(NlogN) , making it particularly useful for processing large data sets such as
EEG signals. When using FFT to analyze EEG signals, a frequency spectrum is obtained that
shows which rhythms dominate brain activity at the time of recording. From the obtained
spectrum, you can calculate:

« Signal strength in each frequency band, which helps to identify dominant rhythms.

» Power spectral density, which allows you to determine how much energy is in each
frequency, which is important for analyzing changes in brain activity in different states.

The relationship between the index k& and the frequency in Hz following the discrete

Fourier transform is governed by the sampling frequency f. and the number of points N in the
signal:

where f;. is the frequency in Hz corresponding to the index k, f. is the sampling frequency in
Hz. Thus, each index k in the spectrum corresponds to the frequency f., which increases lin-
early from O to f; /2 Hz.

EEG signals reflect the brain’s electrical activity, which consists of different frequency
components, forming brain rhythms classified based on their frequency ranges. In particular,
delta rhythms (0.5-4 Hz) are observed during deep sleep and indicate the body’s restoration
and regeneration; theta rhythms (4-8 Hz) are associated with light sleep, meditation and cre-
ative states; alpha rhythms (8-12 Hz) occur during quiet activity and are often associated
with relaxation and rest; beta rhythms (12-30 Hz) are observed during active thinking, atten-
tion, and mental effort. And gamma rhythms (greater than 30 Hz) are associated with cog-
nitive functions such as attention, memory and awareness.

However, when analyzing EEG signals, it is important to take into account not only
brain rhythms, but also various factors that can distort them. Among such factors is frequency
artifacts, which means the presence of unwanted frequency components or random frequency
changes in the signal. frequency artifacts can come from a variety of sources and significantly
affect signal quality and data analysis accuracy.

Among the main sources of frequency artifacts can be distinguished:
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1. Electromagnetic interference. Electronic devices, wires or other electrical devices
can emit electromagnetic fields that enter the signal reading system and change its frequency
characteristics.

2. Artifacts from muscles and movements. Muscle movements or physical activity
can create noise in the measured signal, especially if the probe is sensitive to mechanical vi-
brations or movements.

3. Electrical network. frequency artifacts can originate from the electrical network,
especially from interference at frequencies of 50 or 60 Hz used in various countries to power
electrical devices.

In this article, it is worth considering alpha rhythms in more detail, since the state of
open and closed eyes refers to the calm activity that is inherent in the alpha rhythms of the
brain.

The influence of the condition of the eyes on the activity of alpha rhythms in the brain is
an important aspect for understanding the psychophysiological processes of a person. With
closed eyes, the brain generally shifts towards a relaxed state. In this state, the alpha rhythm
becomes more noticeable, in particular in the region of the back of the brain. It promotes deep
relaxation and improves the ability to concentrate. Conversely, with the eyes open, the brain is
active and focused on processing visual information and interacting with the environment. In
this case, alpha rhythms usually decrease or may disappear, as the brain is busy performing
various tasks and perceiving external stimuli. This contrast between states with individual
eyes helps in understanding how the human brain reacts to different conditions and affects our
perception and psychophysiological state.

Features of alpha waves:

1. Frequency and location. Alpha waves are most often found in the back of the brain
(occipital region), although they can be present in other parts of the brain as well.

2. Psychophysiological conditions. Alpha waves become more prominent during rest
and mindless contemplation, with the eyes closed, and during mild relaxation without active
mental or physical activity.

3. Association with relaxation. A high amplitude of alpha rhythms in the back of the
brain may indicate a state of relaxation. This may be useful for research into stress, anxiety,
and sleep disorders, as changes in alpha activity may reflect changes in a person’s psycho-
physiological state.

Points for reading EEG. EEG uses special points to place electrodes on the surface of
the scalp, which enables precise measurements of cerebral electrical activity. These points are
determined according to the international system of electrode placement, which is known as
the “10-10” system.

A continuation of this approach is the “10-10" system (fig. 1), which is the standard for
placing electrodes in EEG studies. This system got its name from the percentage distances
between the electrodes, which are measured as a percentage of the size of the head. It ensures
standardized and reproducible electrode positioning, which is critical for comparing results
between different studies and patients.
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Figure 1 - “10-10” system

Within the framework of the “10-10 system, there are several main points on which
electrodes are placed for reading EEG signals. These points include:
1. Fp (frontal polar):
—  Fpl: frontal polar point on the left.
—  Fp2: frontal polar point on the right.
2. F (frontal):
—  F3, F4: left and right frontal points.
—  F7, F8: lower forehead points left and right.
—  Fz: middle frontal point.
3. C (central):
— (3, C4: left and right center points.
—  Cz: middle center point.
4. P (parietal):
—  P3, P4: parietal points on the left and right.
—  Pz: middle parietal point.
5. O (occipital):
— 01, 02: occipital points on the left and right.
6. T (temporal):
— T3, T4: left and right temporal points.
—  T5, T6: lower temporal points on the left and right.
7. A (auricular):
—  Al, A2: points on the left and right ears, often used as reference
electrodes.
8. Nasion: Point on bridge of nose.
9. Inion: A point on the back of the head, where the occipital bone protrudes.
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These points play an important role in ensuring the accuracy and reliability of the ob-
tained data, which is critical for successful analysis of the electrical activity of the brain.

Investigation of the state of human eyes according to known spectral characteris-
tics. When analyzing the frequency spectrum, we face the problem of discretization of fre-
quencies, which affects the accuracy of determining frequency ranges. Because of this, the
frequencies cannot be analyzed in a continuous physical sense, as the frequency limits change
depending on the chosen sampling step. Since our task is to select certain frequency ranges
and eliminate noise at other frequencies, it is necessary to apply filters with increased accura-
cy of limiting frequency components. For this, during the research, the Hann window
function [7] was chosen for a limitation of frequency ranges, which avoids sharp transitions
and provides a smoother smoothing of the spectrum.

Let’s build from the well-known Hann window function, which looks like this:

2mn mn
wln] =0.5 1—cos(—)]=sin2(—), 0=n<=N,
N N

modified function w(n, Af), which will smooth the required range [0, Af]:

w(f) =0.5- [1 — cos (%)]

Let’s build functions for the low-frequency H,,,, and high-frequency filters Hy; ., that
will allow us to process the signal within the specified range of the frequencies f;,,, Hz and
fnign Hz. For this, we use gradual sinusoidal frequency limiting, which allows to reduce the

impact of artifacts arising from sharp transitions in the frequency spectrum.

0, fk < f!aw - ﬂf
Hmw [fkf ﬁaw} = w[fk - fmw + ﬁf)r f!aw - ﬂf < fk < ﬁaw
1! ﬁaw = fk
1, fio < Jaign
Hpign (ﬁ:rfhigh) =431— W(fx.- — fhign ), fuion < fo < frign +Af
0, frign +AF < fi

By combining both filters, we get the general filter function:

H(ﬁ:rﬁaw: fhz‘gh) = Hygy * Hpign

Thus, it is possible to construct a filter that provides a smooth sinusoidal transition of
values at the boundaries of the given range [}‘}aw,ﬁ,mh]. In further experiments, the value
Af = 2 will be used, which allows us to achieve sufficient accuracy in signal processing, re-

ducing the influence of noise and artifacts. This provides more stable results and better data
processing quality in the frequency domain. As noise, we will consider frequencies from 59 to
61 Hz, and those close to 0 Hz, that is, according to the increasing filter from 0 to 2 Hz:

H:(fi) = 1 — Hy, (fi.. 2) — H(f.,59,61)

Then, let’s assume that the noise-free value of the DFT is defined by the formula:
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The EEG Motor Movement/Imagery Dataset [8] was used for analysis, which contains
more than 1,500 one- and two-minute EEG recordings from 109 participants. As part of the
experiment, participants performed various motor and imagination tasks, during which 64-
channel EEG signals were recorded using the BCI12000 system [9]. Each participant complet-
ed 14 experimental trials, including two one-minute baseline trials (one with eyes open and
one with eyes closed) and three two-minute trials for each of the four tasks.

The task consisted of the following: participants opened and closed their fist according
to the appearance of a target on the left or right side of the screen, or imagined performing this
movement. Additionally, participants opened and closed both fists or both feet depending on
the position of the target.
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Figure 2 - Brain rhythms (opened eyes, S043R01.edf)

The recordings are in EDF+ format, containing 64 EEG signals recorded at 160 Hz, as
well as an annotation channel. Annotations include codes denoting different states: TO for
rest, T1 for initiation of movement (real or imagined) of the left fist or both fists, and T2 for
movement of the right fist or both legs. Recordings are made using electrodes according to the
international 10-10 system, that excludes some specific electrodes. The EDF+ format is
adapted for use with the PhysioToolkit software [10].

Each participant is labeled S001 to S109, and each participant has 14 files labeled RO1-
R14 in which the corresponding EEG data is recorded. Thus, for each write iteration, there are
SsssRrr.edf format files. In the future, we will denote as s the number of the participant, and r

the number of the stage. For our study, we used the following stages: 1 - no task, eyes open, 2
- no task, eyes closed.
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The PyRQA library [11] was used for the analysis, which provides efficient execution
of recurrence analysis on long time series thanks to the use of the OpenCL framework.
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Figure 3 - Brain rhythms (closed eyes, S043R02.edf)

Figures 2 and 3 present the EEG signals of participant S043 from the studied data set, as
well as the power of each frequency calculated using the Welch method [12] of spectral densi-
ty calculation. These graphs clearly illustrate the differences between open and closed eyes. In
particular, increased activity in the alpha rhythm is noticeable during eyes closed, where a
peak frequency of about 10 Hz is observed, which is typical for this rhythm. In some cases,
similar phenomena can be observed in beta rhythm. In addition, the signals from the elec-
trodes located in the frontal area (points Af7 and Af8) show sharp fluctuations associated with
the participant’s blinking when the eyes are open. These artifacts originate from ocular mus-
cle activity rather than cerebral signals. In the back regions of the head, in particular in the
occipital region, blinking does not occur, since these points are located at a considerable dis-
tance from the eyes. In addition, the spectra clearly show a peak at a frequency of 60 Hz,
which corresponds to the noise of the power grid.

During the construction and analysis of spectral diagrams, it was found that when the
eyes are closed, there is a decrease in the activity of delta and theta rhythms, while the activity
of alpha and beta rhythms increases. To solve the problem of recognizing the state of the eyes,
the power in the range from 8 Hz to 21 Hz, which corresponds to the alpha rhythm and part of
the beta rhythms, as well as the total signal power, was calculated. The ratio of these powers
can serve as a marker to distinguish open from closed eye states.

Using the noise-free signal (1), we construct a filter for the required frequency range
H,(f,) = H(f,, 7,22) and a power function for the given range P, and of the entire possible

frequency range P:
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In our case, we work with data relative to time, so it is advisable to divide the time se-
ries into several segments of the minimum length without losing information. It was estab-
lished that the optimal length of segments for calculations is 5-10 seconds. At shorter time
intervals, significant fluctuations of values between segments are observed relative to time.
This is clearly visible in figures 4 and 5, where spectrograms of the participant are shown us-
ing STFT. In the figure 4, where the segments are 1 second each, the values are very varied,
and mathematically it is difficult to determine a clear pattern. Instead, the 10-second segments

show the most powerful frequencies that remain stable over time.
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Figure 4 - Spectrograms of participant S043 with 1 second segments
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Figure 5 - Spectrograms of participant S043 with 10 second segments
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Figure 6 - Percentage of 8-21 Hz band power relative to total power

Figure 6 presents graphs converted to percentages, where the dashed line represents the
average value of this ratio over the entire dataset. As can be seen, for participant S043, the
alpha rhythm shows a clear trend over the entire time interval: with eyes closed the power is
above average, while with eyes open it is lower.

ISSN 1562-9945 (Print) 111
ISSN 2707-7977 (Online)



«CucremHi TexHogorii» 6 (155) 2024 «System technologies»
In order for identifying open- and closed-eye states, let’s calculate for each point of the
brain some threshold value among all participants of the dataset R ,,,, above which it can be

considered that the participant has closed eyes, and below which the eyes are open. And for
each participant, we will calculate R,., where s is the participant’s number, and r is the stage

number, that is, r = 1 for open eyes and r = 2 for closed eyes. In this way, we can build the
simplest classifier. Let’s calculate the classification accuracy for open-eye A, and closed-eye
A_ states, and take the general one as a minimum of these values 4 = min(4,, A_). We will

also calculate the average absolute difference between R ,,,, and R, for each participant:

n
1
Davg = ;Z | Ravg — Ry,
=0

This formula shows how close participants’ classification values are to the common
threshold value, and lower values may indicate better classification accuracy. Here is a table 1
containing the classification results of the eye state (open or closed) for different points in the
brain, including the classification accuracy, the mean threshold value, and the mean absolute
difference between the participants’ values and the total threshold.

Table 1

Open and closed eyes classification results

Point | A A, A Rovg Davg
Fc3 | 75.45% | 79.09% | 75.45% | 33.94% | 7.60%
Fcl | 75.45% | 76.36% | 75.45% | 34.23% | 7.51%
Fcz | 75.45% | 75.45% | 75.45% | 34.67% | 7.65%
Fc2 | 75.45% | 78.18% | 75.45% | 34.39% | 7.84%
Fc4 | 75.45% | 76.36% | 75.45% | 32.99% | 7.91%
Fc6 | 73.64% | 80.00% | 73.64% | 30.14% | 7.83%
Cz 73.64% | 73.64% | 74.55% | 35.72% | 7.07%
C6 |73.64% | 78.18% | 73.64% | 31.53% | 6.65%
Cp4 | 73.64% | 73.64% | 73.64% | 36.61% | 7.09%
Fpl | 77.27% | 83.64% | 77.27% | 27.10% | 10.42%
Fpz | 79.09% | 86.36% | 79.09% | 28.00% | 10.75%
Fp2 | 79.09% | 87.27% | 79.09% | 26.93% | 10.69%
Af7 | 78.18% | 84.55% | 78.18% | 26.16% | 9.87%
Af3 | 76.36% | 84.55% | 76.36% | 29.28% | 10.29%
Afz | 80.00% | 84.55% | 80.00% | 31.53% | 10.41%
Af4 | 79.09% | 84.55% | 79.09% | 29.01% | 10.95%
Af8 | 80.00% | 87.27% | 80.00% | 26.47% | 10.27%
F5 73.64% | 74.55% | 73.64% | 29.28% | 8.67%
F3 78.18% | 82.73% | 78.18% | 32.04% | 9.07%
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Point | A A, A, Rovg Davg
F1 79.09% | 80.91% | 79.09% | 33.09% | 9.02%
Fz 79.09% | 80.91% | 79.09% | 33.45% | 9.11%
F2 80.00% | 81.82% | 80.00% | 32.66% | 9.61%
F4 80.91% | 82.73% | 80.91% | 32.11% | 9.96%
F6 78.18% | 80.91% | 78.18% | 29.01% | 10.06%
F8 74.55% | 83.64% | 74.55% | 27.40% | 8.99%
Ft8 74.55% | 75.45% | 74.55% | 28.39% | 7.43%
Po3 | 74.55% | 77.27% | 74.55% | 39.52% | 8.85%
Po4 | 74.55% | 79.09% | 74.55% | 39.27% | 9.57%
Po8 | 74.55% | 81.82% | 74.55% | 38.71% | 10.41%
O1 | 73.64% | 73.64% | 73.64% | 40.51% | 9.29%
Oz | 74.55% | 79.09% | 74.55% | 40.19% | 9.02%
02 | 76.36% | 76.36% | 76.36% | 39.81% | 9.73%

Thus, we can conclude that with careful selection of the dataset and the application of
appropriate data processing methods, spectral analysis allows for the effective classification
of states of brain activity, such as open and closed eyes. The use of correct filters and window
functions to select the necessary frequency components allows you to minimize the impact of
noise and ensures stable recognition accuracy. Therefore, proper processing of EEG data and
adaptation of spectral analysis to specific tasks increase the possibilities of using this method
for reliable analysis of brain states.

Conclusions. In the results of the conducted research, spectral analysis was used to
classify the states of open and closed eyes based on data from the “EEG Motor Move-

ment/Imagery Dataset”. Hann’s window function was used for the analysis, which ensured a
smooth limitation of frequency components and minimized frequency fluctuations between
frequency segments. Time segments with a duration of 5-10 seconds turned out to be optimal
for calculations, since shorter intervals showed significant fluctuations in spectral characteris-
tics.

The most accurate results were obtained for points in the frontal area, in particular Fp2,
Af7 and Af8, where the classification accuracy reached 79.09%6-80.00% for closed eyes and
87.27% for open. In addition, significant results were obtained for points in the occipital re-
gion, particularly O1 and O2, where accuracy reached 73.64% for closed eyes and 76.36%
for open eyes. To eliminate artifacts, filters for frequency artifacts in the range of 59-61 Hz
(mains noise) and low-pass filters for frequencies around 0 Hz were used.
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The application of spectral analysis of EEG data
for the identification of open and closed eye states
The article examines the analysis of electroencephalogram (EEG) data for the classifica-
tion of open and closed eye states using the Fast Fourier Transform (FFT). It is shown that
this method demonstrates stable recognition accuracy at the level of 70-80% in distinguishing
between open- and closed-eye states, demonstrating its effectiveness in classifying biomedical
signals. General information about EEG is described, points for their reading, in particular
about the “10-10 system”, information about the main types of brain rhythms is given. Mod-
ern methods for analyzing EEG data were also reviewed, highlighting three main approaches:
spectral analysis, recurrence analysis, and machine learning methods. Software was developed
for classification of information presented in the form of EEG time series obtained in the state
of open and closed eyes. The software was developed in Python utilizing the PyRQA library.
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O./. 3emmnsnuii, O.I'. baii0y3
AJIT'OPUTMU IMITYTYBAHHS TIPONYCKIB Y JAHUX HA OCHOBI EHTPOIII

Anomauyis. Ilpononyemocs 06a anreopummu iMnymy6earHs NPonycKie y Oanux (HeimepayitiHutl
ma imepayitinuil) 8 3a0auax Kiacughikayii, OCHO8aHull Ha MiHiMiz3ayii ymMoeHoi enmponii. Po3-
2NA0AEMBCA PileH sl OISl KINbKICHUX Ma SAKICHUX 0O3HAK, ) UNAOKY KLIbKICHUX — OJisl OUCKPe-
MHUX Ma HenepepeHux. /i ananisy aieopummis npononyemovcsa mpu munu mecmis. Ilepuiuii
mecm npayioe 3 NOBHUM 0AmMacemom, 8 SKUL WMY4YHO 8HOCAMbC NPONYCKU, NPOBOOUMbCS
IMIYMYBAHHA PIHUMU MemoOamMu, NOPIGHAHH ANCOPUMMIE BI0OYBAEMbC 34 CepeoHbo-
K8aOpamu4noio NOXubKoio ma 4acom UKOHAHHS an2opummis. [pyauii mun mecmy nopieHioe
VMOBHY eHmponitlo 00 ma nicis IMIYMYSaAHHs 05 pi3HUX Memodie. Tpemiti mun mecmy
nos’sizanuil i3 3a0ayero Kiacugixayii, koau mooeni OinapHoi kracugikayii Hagyaioms Ha Oa-
macemax 3 iMRYMOBAHUMU PISHUMU MemoOaMu OaGHUMU, Ma NOPIEHIOIOMb MOYHICMb KIACU-
Qikayii na mecmosux ubipxax. Po3zensdaiomuvcs 06a 8I0OMUX Oamacemu Npo cnocmepe-
JHCEHHSI CMOCOBHO TWEeMIUHOT X80poouU cepysl.

Kito4oBi crioBa: imnymyeanns 0aumux, nponycku y OaHux, YMOGHA eHMpPONis, meopis iHgop-
mayii, areopummu 06pOOKU OAHUX, MIHIMI3AYis HeGU3HAYEHOCMI, Kiacugixayisi, sAKiCHI ma
KIbKICHI O3HaKU, imepayiunuil Memoo, eHmponiunull nioxio, MauluHHe HA84aHHs, 0OpPoOKa
8IOCYMHIX OAHUX, 83AEMHA IHDOpMayis, IHIHCEHepis NPOPAMHO20 3aDe3nedenHs, iHmeneKmy-
ANbHUL AHAi3 OaHuX, diazpama OisibHOCHI.

Beryn. [Iponycku B JaHUX MOXYTh BUHMKATH 3 PI3HUX MPUYMH 1 MaIOTh Pi3HI XapakTe-
pUCTUKU. PO3yMiHHS THIIB IPOMYCKIB Y TaHUX € BAXJIUBUM I BUOOPY BIJMOBITHUX METO-
1iB 0OpOOKH Ta aHAII3y AaHHX. [CHYFOTh TPH OCHOBHI THITH IPOITYCKiB [1]:

1. MCAR (Missing Completely at Random) — mpormycku, 10 BUHHKAIOTh MMOBHICTIO
BUTIAIKOBO. [IpomycKky BBa)KalOTHCS MOBHICTIO BUTIAJIKOBUMH, SIKIIO BiJCYTHICTH 3HAUCHHS Y
3MIHHIM He NOB’s3aHa Hi 3 SIKUMH 1HIIMMHU 3MIHHUMHU a00 3 caMHM 3HauyeHHsAM 3MiHHOI. Ha-
MIPUKJIIAJ, SKIIO TPU BBEJACHHI JAHUX JEsIKI 3HAYCHHS BIJICYTHI Yepe3 BHUIIQJIKOBI TTOMIJIKU B
MIPOLIEC] 3aMUCY JaHUX a00 CIIOCTEPEkKEHHs He B1I0YJIOCH 3 BUMIAAKOBOI MPUYMHY, 1 11 IPOITY-
CKH He 3aJIe)KaTh BiJ] 3HAUEHb CAMUX JIAHHX, TO IIi mporyckn MokHa BBaxkatn MCAR. Anani3
naanx 3a ymoB MCAR € HaiiMeHII ipoOIeMaTHIHNUM, OCKUTBKH TPOITYCKH € BHITQIKOBHMH 1
HE YIepeKyIOTh pe3yIbTaTH aHali3y.

2. MAR (Missing at Random) — mpormycku, 110 BUHHKAIOTh BHIAAKOBO. [Ipomycku
BBXAIOTHCS BHITAJIKOBHMH, SKIIO WMOBIPHICTh BUHUKHEHHS TPOITYCKY MOXKE 3aJIe)KaTH Bif
IHIINX CIIOCTEPEKYBAaHUX JAHUX, alle HE 3aJICKUTh BiJ HECIOCTEPE)KYBaHUX 3Hau€Hb, TOOTO
MPOMYCKM MOXKHA MOSICHUTH IHIIMMHU 3MIHHUMHM B Ha0opi nanux. Hampuknan, mpumyctumo,
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110 JIFOJIM 3 HU3BKUM JIOXOJIOM B OIUTYBAaHHI YacTillle HE BIANOBIIAIOTh HA MUTAHHS PO J0-
Xif, aje 1e Bce OJIHO MOYKHA Mepe0avynTH Ha OCHOBI IHIIHMX JaHUX, TAKUX SK PIBEHb OCBITH
yn npodecis. Y TakoMy BUMAAKy mporycku MoxHa BBakaTH MAR. IIponycku Ty MAR
MOXYTh OyTH 0OpOOJIeHI TAKMMU METOJIaMH, SIK MHO>KMHHA IMITyTaIlisl abo perpeciifHa imiry-
Tallisi, Kl BpaXOBYIOTh 3B’SI3KM MIX 3MIHHMMH JJIsl IPOTHO3YBaHHA BiJCYTHIX 3Ha4eHb. Me-
TOJU, SIK1 HE BPaXOBYIOTH 111 3B’I3KH, MOXKYTh MPU3BECTH JI0 3MIILIEHUX PE3yJIbTaTiB.

3. MNAR (Missing Not at Random) — nporycku, 1110 He BAHUKAIOTh BUIIAAKOBO. [Ipo-
MyCKH BBAKAIOTHCS HEBUTAJAKOBUMH, SKIIO WMOBIPHICTh BUHUKHEHHS IPOITYCKY 3aJICKUTh
BiJl HECIIOCTEPEKYBAHUX 3HAUYEHb a00 cCaMoro BiJICYyTHHOTO 3HaueHHA. Lle o3Hauae, mo cam
¢dakT BiICYTHOCTI JAaHHUX TIOB’A3aHHM 3 KOHKPETHUMH XapaKTepUCTHUKaMu HaHux. Hampu-
KJIaJ1, SKIIO JIIOAU 3 BUCOKUM pPIBHEM JI0XOAY HE XOYYTh BIJMOBIAATH Ha MUTAHHS IpPO CBIH
JIOX1J1 y COLIIAJIbHOMY OINUTYBaHHI, 1 1151 iHGopMallisl PO JAOX1J HEIOCTYITHA, TO MPOITYCKH HE
e punaakoBumu (MNAR). V 1poMy BUMajiKy BiZCYTHI JaHi Oe3mocepesiHbo 3ajexarh Bij
3HaueHb caMmux naHuXx. [Iponycku tumy MNAR € Hali0Oi1bI CKIaAHUMU A7 00OpOOKH, OCKi-
JIbKU BIJACYTHICTh JIaHUX 3aJICKHUTh BiJl CAMHX JAaHUX, AKi BiACYTHI. JJi1 KOPEKTHOTO aHali3y
NOTPIOHO POOUTH [OJATKOBI MPUITYIIEHHS a00 BUKOPUCTOBYBATH CIEIialli30BaHI METOJU
MO/JIEITFOBaHHS MIPOIYCKIB.

Po3ymiHHS THITIB MPOIYCKIB Y TAHUX € KPUTHYHO BaXIUBHM JUIsI BHOOPY MPABUIIBHUX
MetoiB 00poOku nanux. [IpaBuibHe inentudikysanus tumy npomnyckieB (MCAR, MAR a6o
MNAR) no3BoJisie BUOpaTH BiAMOBIIHI METO/IM 3alIOBHEHHS MIPOITYCKIB 200 KOPUTYBaHHS MO-
neei, mo 3abe3neduye OLTBIT TOYHI Ta HAaIIWHI pe3yabTaTH aHamizy. [lana poboTta opieHTOBa-
Ha Ha nepri aBa Tunu npomnyckieB MCAR ta MAR.

IMocTanoBka nmpo6JjieMu B 3arajibHOMY BHIVIsAL. Y 3amadi kinacudikaiii Mu MaeMo
Ha0lp MaHuX, SKUHA MICTUThH JEKUIbKa O3HaK X = {x 1&g, ..,Xn} Ta MITKy Kiacy Y, sika
npuiiMae 3HaYeHHsI 3 MIEBHOI MHOKHMHU KJIaciB {c 1,05, C k]. MeTor0 € HaBUUTH KIacudi-
KaTop, KU MoKe nependayaTy MiTKy Kiacy Y Ha OCHOBI BX1IHUX O3HaK X.

[Ipore B peanbHuX HaOOpax MaHUX JEsAKi 3HAYEHHs B MaTpuill o3HaK X € BIJICYTHIMU
(moznauaetbes sik NaN abo iHII cnemianbHi 3HaueHHs). BiAcyTHI JaHi YCKIaAHIOIOTh MPOLIEC
HaBYaHHs Kiacu(dikaTopa, OCKUIbKM 0araTo aJrOPUTMIB MAIIMHHOTO HAaBUaHHS HE MOXYTh
00pobsATH Mponycku 6e3nocepeanbo. [Ipomyckn JaHUX MOXKYTh BIUTMHYTH Ha Kiacu(ikailito
pi3HUMH crioco0amu:

—  3HWKEHHS TOYHOCTI MOJIEN, OCKUTBKH MOJIENh HABYAETHCS HA HEMOBHUX JTaHUX 1
MO3K€ TIPOMYCTUTH BaXJIMB1 3aKOHOMIPHOCTI;

—  3CyB OULIHOK MOfeNi, TOOTO SKIIO HpPOMYCKM HE € BHIAQJAKOBUMHU (BHMAIOK
MNAR), Mozenb MOXe BHBUHTH YIEPEKEHI OLIHKH, 10 MPHU3BEAE 10 HEMPABHIBHUX MPO-
THO31B;

- CKOPOUYCHHSI pO3Mipy BHOIPKHU JJIsi HAaBYAHHS, SKIIO OOMpaTH METO]| BUIAIICHHS
PAAKIB 3 MMPOITYCKaMHU, 1110 MOXe MPU3BECTH O MEHII CTaOUIbHUX MOJEINEH.

MerToro IMITyTyBaHHS MPOIYCKIB € 3alIOBHEHHSI BIICYTHIX 3HaY€Hb TAKUM YHMHOM, 1100
3MEHIIUTH BIUIUB MPOITYCKIB HA pe3ysbTaTu Kiacudikarii Ta 3a0e3Me4uT SKOMora TOUHIIIEe

HaBYaHHS MOIEI.
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AHani3 ocTaHHIX JocCHiTKeHb. B HamoMmy nonepeaHbOMy IOCTIDKEHHI [2] omucaHo
MOTYJISIPHI MiJXO/AX Ta 3aIPOIIOHOBAHO JIEKITbKa BIACHUX METOMIB IMITYyTYBaHHS MPOITYCKIB y
JAaHWX Ha OCHOBI MAaIIMHHOTO HaBYaHHA. KpiM TOro, ocTaHHIM 4acoM Ha0yBae MOIYJISPHOCTI
rTMOMHHE HABYAHHS VIS IMITYyTYBaHHS IPOITYCKiB, OCOOJIMBO Y CKIIQJHUX 1 BEIMKHX HAOOpax
nanux. B po6oti [3] mpeacraBieHo MeTo/1 3 BUKOPHCTAHHSIM I'C€HEPATUBHUX 3MarajbHHUX Me-
pex, B poboTi [4] mpornoHyeThcsi BUKOPUCTOBYBATH aBTOCHKOAEpH. [IpuaiiseThes yBara aH-
caMmOieBiM MeTozaM, Hanpukian, MissForest [5] Ta XGBoost [6, 7]. B po6ori [8] npencras-
JICHO 1/1€10 METO/Y IMITYTYBaHHSI MPOIYIICHUX JaHUX HA OCHOBI EHTpOIiKHOTrO miaxony. Jlana
poboTa mpeicTaBIIsg€e aNrOPUTM IMITYTYBaHHS JaHMX Ha OCHOBI MiHiIMi3amii yMOBHOI €HTpOTIii.

Meta pob6oTu. MeToro poOOTH € Po3pOOJICHHS aIrOPUTMY IMIYTYBaHHS MPOMYCKIB y
JaHUX, K1 IPEe/ICTaBJICH] IKICHUMU Ta KIJIbKICHUMHU O3HaKaMH, B TOMY YHUCII TUCKPETHUMHU Ta
HETICPEPBHUMH JIAHUMH.

OcHoBHa yacTuHa. MeTo/] eHTPOMiitHOT IHTEPHOALIT BIICYTHIX JAaHUX Y 3aJa4ax Kia-
cudikaiii BUKOPUCTOBYE IMOHATTS €HTporii 3 Teopii iHGopmMalii st KepyBaHHS MPOLIECOM
3alOBHEHHS BIJICYTHIX 3Ha4€Hb Y Ha0opax JaHuX. Y I[bOMY KOHTEKCTI €HTPOIIisl BUMIPIOE Ki-
JBKICTh HEBU3HAYEHOCTI 200 BHIIAJKOBOCTI B JaHUX. METOK TaKOro METOIY € 3MEHIICHHSI
HEBU3HAUEHOCTI 11010 MITOK KJIACIB IUISIXOM BHOOPY HailOUIbII iHPOPMATUBHUX 3HAUEHB IS
BIJICYTHIX JIaHHX.

B teopii iHpopmarii eHTporis € Mipor0 HEBH3HAUYEHOCTI a00 BHUIaaKoBocTi. Jliis Buma-
JKOBOI BeinyrHU Y 3 posnozainiom imosipHocteit P(Y) enmponis H(Y) Bu3HadaeThes sK:

H(Y) =~ ) P(y)log P(y).
yeY

B xoHTeKCTI iHTepHOMNSALii MPOMYIIEHUX JAaHUX EHTPOIis MOXKe OyTH BUKOPHCTaHA JIJIs
KUTBKICHOT OIIIHKM HEBU3HAUYEHOCTI, MOB'I3aHOI 3 IHTEPIOJIALIEI0 TPONYIIEHUX 3HAYCHbD.

VY 3agauvax kiacugikamii eHTpomnis Moxe OyTH BUKOpHCTaHa JJIsi BUMIPIOBaHHS HEBU-
3HA4E€HOCTI MITOK KJIaciB 3a JaHUMH CIIOCTEpEXKeHb. SIKIO Jesiki 03HAKU BIACYTHI, MeTa I0-
Jsra€ B TOMY, 1100 BpaxyBaTH LI BiJCYTHI 3HAYEHHsI TAKUM YHMHOM, 1100 MIHIMI3yBaTH €HT-
porito nepeadavyyBaHUX MITOK KJIACiB, TUM CaMHMM IMOKpAIlyl0yH e(EeKTUBHICTh KiIacu(ikallii.

Jlig nucKkpeTHOi BUIIAJKOBOI BEIMYUHM Y 3 MOxIMBUMHU Kinacamu Cy, Cs,. .., Gy 1 fiMO-
BipHOCTSIMH P (C 1 ), P[E‘z ), ..., P(C k] errporis H(Y) Bu3HauyaeThCs sK:

H(Y) = -ZL,P(C) log, P(C) 1)

OcHoBa norapudma BHU3HAYa€ OAMHHUINIO EHTpomii. 3a3BUYail OCHOBA JOPIBHIOE 2 Ta
OJIMHMILISA eHTpoIIi — 11e OiTH.

Ha npakrtumi, mo6 oOYMCIUTH €HTPONilo Ui KIaciB, MOTPIOHO BUKOHATH HACTYIHI
KpPOKH:

1. IlopaxyBaTH KiIbKICTh BXO/PKEHBb KOYKHOT'O KJacy B HaOOp1 JaHMX.

2. O6umncaUTH KMOBIPHOCTI KOKHOTO KJIacy: MOJUINTH KUIBKICTh KOKHOTO KJIacy Ha 3a-
TaJIbHY KUTBKICTh PSIIKIB TaHUX.

3. OGUUCITUTH SHTPOIIIIO PO3MOILTY KiaciB 3a popmyioro (1).
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s Habopy MaHuX 3 KIJIbKOMa O3HAaKaMHU €HTPOIIis KJIACiB MO)Ke 3MIHIOBAaTHCS B 3aje-
YKHOCTI BiJI 3HaYECHHSI KOHKPETHOI 03HAKH. Y MOBHA HTPOIIisl BUMIPIOE€ HEBU3HAUEHICTh KJIACiB
3a YMOBH 331aHO1 O3HAKH.

Jlns o3Haku X 3 MOXKIMBHMH 3HAYEHHAMH X;,X5,..., X, ymoeua enmponis H(V|X)
BU3HAYAETHCS 32 GOPMYIIOI0

—ym —
HY|x)=Xn, P(x;)H(Y[x =x;), )
ne

Y oe . .

P(Xj ) — MIMOBIPHICTb TOTO, 10 03HaKa X NPUAMAE 3HAYECHHS X ;

H (Y|X =X j:l — eHTpOIIis Y 3a yMOBU X = X, IKa O0UHMCIIOETHCS HACTYITHUM YHHOM

H(v|x :x;) = -2 P(clx = xj)lﬂﬂz P(clx = xjj- (3)
3 dpopmyn (2) Ta (3) oTpEMaEMo HaCTYIHY 3arajibHy GOopMyy sl yMOBHOT €HTPOIIIi
HY|X) =X, P(x;) I, P(C|X = x;) log, P(C|X = x;) (4)

Ha npaktuii, 1jo6 0604uCIUTH YMOBHY €HTPOIII0, HOTPIOHO BUKOHATH HACTYIIHI KPOKHU:

1. O6uucouru P l:ﬂ} |X =X jj — YMOBHI MMOBIPHOCTI /7151 KO’KHOTO 3HaueHHs Knacy C;
38 yMOBH 3HAYEHHs O3HAKH X; TOOTO MOpaxyBaTu JUisk KOXKHOrO Knacy Cj, CKUIbKH B HAOOpI
JaHUX pAAKiB, it akux ¥ = C;ta X = X;.

2. BusHauuTH CHTPOIIIO /ISl KOXKHOTO 3HAUYCHHS 03HAKH 3a popmyiioro (3).

3. 3BaXUTH EHTPOIIIi HA HMOBIPHICTh KO’KHOT'O 3HAUEHHS O3HAKHU Ta IMiJICYMYyBaTH iX.

Bzaemna ingpopmayis, adbo inghopmayitinuti suepaw 1moKazye, HACKIIbKY 3HAHHS 03HAKU
X 3MEHIIIye HeBH3HAYCHICTh 1010 Y, Ta OOYHCITIOETHCS 33 (POPMYIIOI0

G(Y,X) = H(Y) —H(Y|X). (5)

Posrnsitnemo npuxnao obuucnennsa. Hexait B Hac € HaOlp HaHUX, IO Ma€ OJHY O3HAKY X
3 IBOMa MOKJIMBHMHU 3HaYEHHSIMHU X4 Ta X5 Ta O1HApHUM KJIacoM Y 3 IBOMa MOKIMBUMU 3Ha-
yeHHsMu () Ta (5. B Tabmuni 1 mpeacraBieHo KUIbKICTh PSZKIB, IO BIANOBIIAIOTh 3HAUCH-
HaM X, ta C;

baunmo, 110 B Hac € HaO1p JaHUX, 1110 MICTUTH:

100 psinxiB, ne 60 Hanexats no knacy £ 140 - no kiacy C;

x4 3'sBigerses y 70 psaakax: 503 €1203 C5;

x5 3'aBnserbes y 30 paakax: 103 £51203 Cs.

Taomums 1
Habip nanux npuxmnany
Cy s Pazom
Xy 50 20 70
Xy 10 20 30
Pazom 60 40 100
O6uucmumo errpormito H(Y) 3a popmymoro (1):
60 40
P(c,) =To0 " 0.6, P[E‘z}=m=ﬂ.4
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H(Y) = —(0.6log, 0.6 + 0.4l0g, 0.4) ~ 0.97
OOGYHCIUMO SHTPOIIIIO ISl KOXKHOTO 3HAYCHHSI 03HAKU 3a GopMyioro (3):

=0 5 20 2
P[Eﬂk’:xl):E:;: P[C2|X:xl}:E:'Ta
H(Y|X ) (51 > 21 2) 0.86
=xy) = —|zlog, -+ log, | & 0.
1 = Ez? 7 Ez? .
10 1 20 2
P(CiIX =x)) = =7 P(GIx=x) = =
1 1 2z 2y
HY|X=x,) =— (Elﬂg2§+§1rag2 5) ~ 0.92,

BaranbHa ymoBHa entporis H (V| X) o6unciroerses 3a popmyioro (4):

70 30
H(Y|X)=—x0.86+—x 0.92 ~ 0.88
100 100

OO6urcaumo B3aeMHy iH(popMaito 3a hopmysioro (5):
G(Y,X) = H(Y) —H(Y|X) = 0.97 — 0.88 = 0.09.

l'onoBHa iaest MeTony mossirae B BUOOp1 AJisi 03HAKU X cepell BCIX MOKJIMBUX 3HAYCHBb
X1,X3,..., X;y TAKOTO 3HAYCHHS X, JIA IMIyTyBaHHS, sike Oy/ie MaKCHMi3yBaTH B3a€MHY iH-
dopmarito G(Y,X) — max. Ockinbkn H(Y) ne 3amexuts Big X, TO HAM TOCTATHBO MiHiMi-
3yBaTH yMOBHY €HTPOIIi10, TOOTO 3HANTH TaKuid X; Juis sikoro H (Y|X) - min

[IponioHy€eThCSI BUKOHYBATH IMITYTYBaHHSI KOKHOT O3HAKM OKPEMO 3a HACTYITHHM aJiro-
purMoM. CriouaTKy po3TJITHEMO BHITAJOK JUCKPETHOI BUIIAJKOBOI BEJTHMUMHH (KaTeropiaibHa
O3HaKa).

Anroputm 1. IMmyTyBaHHS KaTeropiagbHOi O3HAKH

1. Posrasremo nigHaOip nanux D, mo ckiagaeThes 3 03HaKU X Ta MUIBOBOTO CTOBMIS Y
. Po3ainmnMo fmadi Ha IB1 MHOKHUHH: [IOBHA DT 1a menosna D™

2. bepeMo mepmuii psIoOK 3 D™ i BUKOHYEMO KpOK MiJ00PYy 3HAU€HHS, L0 IMITYTY-
€TBHCS.

3. Kpok minbopy 3Ha4eHHs: 0OUUCIIIOEMO YMOBHY €HTPOIIIO ISl KO)KHOTO MOIIUBOTO
3HaYeHHs X;, | € [1,...,m] na muoxuni D7, 1o sxoi noeaHanmit x;

4. Bubupaemo B AKOCTI 3HAYCHHSL, IO IMITYTYETLCS, TAKY X, K& MIHIMI3y€ YMOBHY €H-
TPOMito.

5. BukoHyeMO OHOBJIEHHS! HA0OpY J1aHUX, BUKOHABILY IMIYTAII0 B PSJIKY, 110 PO3IJIs-
JIA€ThCS.

6. IloBTOproemo kpoku 1 — 5, Moku MHOXKHHA p™ HEIyCTa.

Takox nmponoHyeTbess MOAMDIKaLisl adropuT™My 1, 1€ BUKOPUCTOBYEThCS JEKiIbKa iTe-
pariiii ninbopy, MOKM 3arajibHa yMOBHA €HTPOMIS MPOJIOBKY€E 3MEHITYBATHCH.

DaKTUYHO BUSBIAETBCS, 0 [T NPOIYIIEHOTO 3HAYeHHs Kiacy C; 3HaueHHs X; Mak-
cuMi3ye yMOBHY iiMOBipHicTh P l:{?z- |X = .'X.'j:]B 3aITIOBHEHOMY Ha0Opi TaHUX.

Anroput™m 2. IMImyTyBaHHS KaTeropiabHOI 03HAKH iTEpaIliifHO

1. BcraHOBIIIOEMO MakCUMaIbHO MPUITYCTUMY KUIBKICTD 1TEpariiil.
2. BcraHoBmoeMo Homep iteparii B 1.
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3. BcTaHoBMI0EMO MOTOYHE 3HAYEHHSI YMOBHOI €HTPOIIi y 3a3/1aJeriib 3a/laHe BEJIHKe
yucio, Harpukiiag, 10000.

4. Slkmo HOMep iTepallii He MepeBepIIye MaKCUMAIbHO MPHUITYCTUMY KiIbKICTb, mepe-
XOJIIMO JI0 HaCTYITHOTO KPOKY, 1HAKIIE 3aBEPIIYEMO aJITOPUTM.

5. 3amaM’TOBYEMO MOTOYHUI BMICT O3HAKH X.

6. Bukonyemo anroputwm 1.

7. O0YHCII0EMO YMOBHY €HTPOIIIIO HIiCIIs iMITyTAaii.

8. SIkio 3Ha4eHHS YMOBHOI €HTPOIIii 3MEHIIWIOCH Y TIOPIBHAHHI 3 MOTIEPEIHIM KPOKOM
iTepartii, mepexoauMo Ha Kpok 9, iHaKIIIe — nepexoauMo Ha Kpok 11.

9. BukoHnyemMO OHOBJICHHSI HAOOPY TaHUX, TPUHHSABIIN BCI IMITyTaIlii.

10. 306inpuryemo HOMEp iTeparllii Ta mepexoauMo Ha KPokK 4.

11. Sxmo 3HaYeHHS YMOBHOI €HTPOMIii HEe 3MEHIIWIOCH Y MOPIBHSAHHI 3 MONEPEIHIM
KpPOKOM iTepallii, BAKOHYEMO BiJKaT 0 MOMEpeIHbOl Bepcii iIMITyTallii Ta 3aBepIIyeEMO allro-
PUTM.

Jns HaowyHOCTI mpenactaBuMo giarpamu  gisiibHocTi UML 000X anropuTMiB Ha

pucyHky 1.

AnropuTm 1 5 . Anroputm 25 ...... t

- ~ Makc. KinbkicTb iTepadin m
MoTo4Ha yMoBHa eHTponis
e - - ~ Hprevious = 10000
PoapinuTu nignaracer MoTo4HUiA HoMep iTepauil iter = 1
D={X, Y}
Ha nosHuii Df Ta
_ HenoBHUA Dnf Y,
: Bepemo nepluvii pagok 0 NG Yy
{NAN, Y0} € Dnf )
Ta BUKOHYEMO iter 4 m?
KpoK ninbopy 3Ha4eHHs
k ans imnyTaui J

3anam'sAToByEMO NMOTaYHUIA
BMICT 03HaKN X B 3MiHHY Xprevious

) 3anuwaemo Habi
P
OBuMCnioeMo \L )
aHUX Be3 amiH
YMOBHY EHTponio ) 2

ELb) SRRl (e D BukoHyemo AnropnTm 1
3HayveHHA Xj Ha daTaceTi
{ Df U {X],YO} } \l/
y X
\l/ OBYUCNIOEMO YMOBHY EHTPOMIKO
™\ Hecurrent

Bubupaemo Xj, akuit
MiHiMi3ye YMOBHY eHTponito

y

Hecurrent <| Hprevious ?
BuikoHyemo 3amiHy
NpOnYLLEHOro 3Ha4eHHS Ha Xj ® OHOBMIEMO HaBIp AaHUX,

NPUAHABLLKX BCi iMNyTaLLi.
iter++
Hprevious = Heurrent

Pucynok 1 — liarpamu nisimsHocTi UML anroputmis 1 ta 2

B namux o04MCIeHHAX BUABMIIOCH, 110 MOTPIOHO BUKOHATH MakcUMyM 3 — 4 itepailii,
MICJIsl YOTO YMOBHA €HTPOIIISI BiKE NIEPECTAE 3MEHIITYBATHUCh.
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SIKm1o Hala o3HaKa AKiCHa nopsaoKo8d, MPOTIOHYETHCSI BUKOHATH KPOK MIEPETBOPEHHS Y
KUJIbKICHY, OTIMCAaHUH y B HAIlliil monepeaHii poooTi [2]. KopucTh IuX METOMIB MOJISTAE B TO-
My, II0 BOHH JJAaIOTh MOXIJIMBICTh TIEPETBOPHUTHU BCI SIKICHI O3HAKU Ha KUIbKIiCHI 0€3 BTpaTu iH-
dopmartii mpo mporycku. [Ticist IbOro Mu OTPUMAEMO BUITAIOK JUCKPETHOI BETUYHHH.

SIKm1o Hama 03HaKa BITHOCUTHCA JI0 HenepepeHux BEIIMYUH, MU MOXKEMO 38eCmiu 3a/1auy
710 TUCKPETHOTO BHUIAKY, BAKOHABIIH TUCKPETU3AILIIO.

[IpononyeThCst Kinbkicms TPOMIKKIB OOYMCIIIOBATH 32 KUIBKICTIO KJIAciB BapialiifHOTO
psmy 3a GopMyIIoI0

M=1+3.32-1g(n), (6)
1€ N — KUTBKICTh PSAIKIB JaHUX B MHOXKHHI MTOBHUX JaHUX D7,

TakuMm 4YMHOM, MU NIEPEUIEMO 3HOBY 110 BUIIAJKY JUCKPETHOI BeIMYMHU. /)11 BUKOHAH-
HS1 3BOPOTHOTO MEPETBOPEHHS, KOJIH MH Oy/1eMO 3 HOMEpPY iIMIIyTOBAHOTO iHTEPBALY OTPUMY-
BaTH 3HAYCHHS, MPOMOHYETHCS TEHEPYBATH BUIAJIKOBY BEJIHMUUHY 3 HOPMAJIBHOTO PO3MOILTY
N(m; o), me m — cepenne 3HaueHHs 11 03HAKH X 3 DT - cepeIHbO-KBaIpaTUYHE BiAXU-
JICHHS Ii€] 03HAKH.

Le#t anroput™ € >xafibnum a0 pecypciB. [IpogyKTHBHICTH MOXKe OyTH MOKpaIlleHa 3a
paxyHOK BUKOPHMCTaHHs 1H)KEHEPHUX TEXHIK, TaKMX sIK 0araTONOTOYHICTb, OCKUIBKH 3ajaya
IyXe rapHo Moke OyTH pO3[iieHa Ha MiA3aaadi 3a paxyHOK TOTO, IO IMIYTYBaHHS KOXKHOI
O3HAK{ MOKe OyTH BUKOHAHO HE3aJIEeKHO BiJ IHIIUX B OKpeMoMy noToui. KpiM Toro, Moxiu-
Bl MOKpAILIEHHS 32 PaXyHOK 3aCTOCYBAaHHS TE€XHIK, CHEHU(IYHUX A7l 0OpaHOi MOBH Mporpa-
MYBaHHsI, HAITPUKJIa]l, BEKTOpH3allis 00uucicHb B MoBi Python.

AHaJi3 pe3yabTaTiB 3acTOCYBaHHS MeTOAiB. B sikocTi HaOOPiB JaHUX BUKOPUCTOBY-
oteest aBa Habopu ganmx UCI Heart Disease Data [9, 10] ta Framingham Heart
Study [11, 12], B sikux mpeACTaBICHO JaHi CIIOCTEPESIKEHD illeMiuHol XBopoou cepist. O6uaBa
Habopu ganux MicTiaTh nponycku Ty MAR a6o MCAR.

B nabopi manux UCI Heart Disease Data 920 psakis, 13 inpopMaTHBHHUX O3HAK Ta
oJvH 1inboBHiA cToBrens. Cepen 13 o3Hak 5 03HaK — KUTBKICHI HEMEpEepBHi, 8 03HAK — AKiCHI
TIOPSIZIKOBI, cepel SKux 2 — OiHapHi. B X011 MepBUHHOTO aHai3y JTaHUX BHSBJICHO HAsSBHICTh
npomyckiB. Timbku 299 psinki 3 920 € noBuumu (33%). banancyBanHs Bi0ys10Cs 3a paxyHOK
nepexomy Bix 4 kiaciB 1o 2 kiaciB, TOOTO 110 3a1a4i OiHapHOT Kitacugikariii.

B nabopi ganux Framingham Heart Study 4240 psinkis, 14 iHpopMaTHBHUX O3HAK Ta
OJIMH IUJTLOBHUH CTOBIEIH 3 1BoMa Kiacamu. Cepen 14 o3Hak 8 03HaK — KUIBKICHI HETIEPEPBHI,
6 O3HaK — AKiCHI MOPAJKOBI, cepell AKUX S5 — OiHapHi. B X011 NepBUHHOrO aHaji3y JaHUX BU-
SIBJICHO HasBHICTh mpomyckiB. 3658 psaxis 3 4240 € nosuumu (86%). Jlatacet BUSBUBCS Y-
&Ke He30aJaHCOBaHUM, MPUYOMY KUIBKICTh €K3eMIUISPIB OJHOI0O KJIacy MEPEeBHILY€E KiTbKICTh
eK3eMIUIApIB iHIIOrOo Kiacy B 5 pasiB. Jlns OanaHcyBaHHS BUKOPUCTOBYETHCS METOJ
SMOTE [13].

Jlnst aHami3y 3amporoOHOBAaHMX MiJXO/iB BUKOPUCTOBYETHCS TPH TUIHU TecTiB. [lepmuit
Ta JPYTrUil TECTH PO3IIIAAAI0Th MOBHUH JaTaceT, KyIu IITYYHO BHOCSTHCS MPOITYCKH, KOpHUC-
Tytounch MexaHisMoM MCAR 115 reHepyBaHHS NpoOIycKiB y AaHuX. i 1IbOTO 3reHepoBa-
HOTO J1aTaceTy BUKOHYETHCS IMITYTYBaHHS 32 JJOTIOMOT'OI0 PI3HUX METO/IIB, OLIIHIOETHCS cepe-
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JTHBO-KBaJpaTHyHa MOXMOKa IMIYTYBaHHSA Ta 4Yac BHKOHAHHS alroputMmiB. Po3rismaiorscs
10% mpomyckis, 20%, 30%, 40%.

Jpyruii TecT BUMIpIOE YMOBHY €HTPOIIIIO I KO)KHOTO METOJTy 1 BUKOHYE 33/1a4y TECTY
1 itepauiiiHo, MOKK 3MEHIIYETHCS SHTPOIIis JIs1 KOXKHOTO METOAY. MU BUKOHYEMO YTOYHEH-
HS 3HAYEHb IHTEPIOJIALI] O KOXKHIH 1Mo3ullii, 1e O0yB MPOIyCK, MPH IIbOMY BBa)KAEMO, 1110 iH-
111 IMITYTOBaHi 3HaYCHHS HaJeXaTh Aaracery. Jlajgi BUKOHYEThbCS MOPIBHSIHHS 3HAYCHb YMOB-
HO1 eHTpoIii BiTHOCHO MOYaTKOBOI.

Tperiii TeCT CTOCYETHCS aHANI3Y SKOCTI Kiacudikaiii. bazoBumu MoaensiMu it IOPiB-
HSHHS SIKOCTI Kiacudikarii BuOepemMo J1Bi MOJAETI: OTPUMAaHy Micisi HAaBYaHHS, BUKOPHUCTOBY-
I04YM TIIbKU MOBHY YaCTUHY JAaTaceTy, Ta MOJEJb, A€ MPONYCKU IMIYTOBaHI HalIPOCTILINM
CTaHJApTHUM METOJIOM, HANpHUKIaJ, CEpelHIM 3HA4YEHHSAM YU MOJOI 3a JIOIOMOIO0
Simplelmputer 3 6i6miorexu scikit-learn [14] python. Bukonyemo imMmyTyBaHHSI HPOITYCKiB
PI3HUMM METOJIaMH, HaBYa€EMO OTPUMaHIi JaTaceTd, OTPUMYEMO METPHUKY accuracy (4u Tou-
HicTh Kiacuikalii) Ha TECTOBIM BUOIpIIi, TOPIBHIOEMO 3HAYCHHS Ii€T METPUKH JIJII OTpHUMAa-
HUX Mozenel. [[ns oTpumaHHs CTIMKMX 1O 3CYBY PE3y/bTaTiB BUKOHYEMO NPOLELYPY PO3-
OWTTS IaraceTiB HA HaBYAJIbHY Ta TECTOBI BHOIPKH JIEKiIbKa pa3iB, HABUAEMO MOJIEI, OTPH-
MYEMO 3HA4YeHHs accuracy uisi TOTOYHOI TECTOBOI BHOIPKH, 1 HANPHKIHII YCEepPEIHIOEMO
OTpUMaHi 3HAa4YeHHS. B TpeTbomy TecTi Al BUXIIHUX JaTaceTiB BHKOHYIOTH IMITyTYBaHHS
NPOMYIIEHUX JaHUX PI3HUMH METOJaMH, HABYAIOTh MoJieli OiHapHOI Kiacudikamii Ta mopis-
HIOIOTh TOYHICTH Kiacuikamii Ha TecToBiid BHOipmi. B sikocti Mmerony kinacudikamii BuKopu-
CTOBY€EThCS BHMaaKoBwHii jtic (Random Forest).

B Tabnuusx 2, 4 HaBeneHo pesynabTatu Tecty Ty 1 amsa matacery UCI Heart Disease
Data mst anroputmiB 1 Ta 2 BinmnosinHo. B Tabmuni 3 ta 5 mpencraBieHo pe3ynbTaTH TECTY
TUIy 2 Ha TOMY X JaTtaceri s anroputmiB 1 Ta 2 BimnoimHo. B Tabmuii 6 npeacrasieHo
pe3yabpTaTH 3alyCcKy BCIX METOJIIB iTepalliiftHo. B Tabmuil 7 My HaBOJUMO pe3yJbTaTH TECTY
tuny 3 aus gataceriB UCI Heart Disease Data ra Framingham Heart Study.

BukoHyeMO TecT mepiioro THUIy JUIsl METOJIIB, aHAJIOTIYHO MPEJCTAaBICHOMY MEpPEeNiKy
METOIiB B po0OTi [2], KyAu 10AaMO TakoX HAIll HOBUIl METOJ HAa OCHOBI YMOBHOI €HTPOIIi.
Bizememo Tinbku moBHy dactuny garacery UCI Heart Disease Data. 3renepyemo 30% mpo-
nyckiB, goxasi NAN y Bumankosi miciig Tabnuii o3Hak. OCKiIBKHA METOJIM HA OCHOBI Kila-
cucikaii Ta perpecii 3 podotu [2] nmepeBipsAOTh HAsSBHICTD MAaTEPHY B MPOIYCKaX, B YMOBax
SIKOTO MPOMOHYETHCS CIIEliaNbHa PeaKllisd, 10 MOKpaIlye pe3yabTaTd METOY, 3MOJIEII0EMO
fioro HasBHicTh. [/lofamMo matepH (PUCYHOK 2), KOJM B HAC € BHUMAJKOBA KUTBKICTh MOBHUX
CTOBMIIIB (HE OiibIlle MOJOBUHM), BUMAKOBA KiJTbKICTh MOBHUX PAAKIB (HE OLIBIINE MOTOBU-
HU) Ta BUINAJKOBA KIJIBKICTh PSJIKIB, B SIKUX € TUIBKH OJMH IPOITYCK.

Ham moTpiOHO criouaTKy BHKOHATH TEPETBOPEHHs SKICHUX O3HAK Ha KUIbKicHI. s
I[LOTO 3aCTOCOBYEMO TPH BapiaHTH €HKOEPIB, 3alIPOMOHOBaHKUX B poboTi [2]. [{nst eHkoaepy
le_non_missing Ha3Bemo oTpuMaHMii HOBHMH HaOip manux data_l, mis eHKomepy
le_non_missing_frequent(ascending=True) - data_2, TSt CHKOJIEPY
le_non_missing_frequent(ascending=False) - data_3.

Jns waGopy nanmx data_1 BHKOHYeEMO IMIyTyBaHHS HACTYIHUMH METOJAMHU:
Simplelmputer — crangapTHe 3aMOBHEHHS 3HAYEHHSIM 3 HAOLIBIIOK YacToTOXO, Iterativelm-
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puter(sample_posterior =  False), KkNNImputer, nonalmputer, fillna_k_columns,
fillna_k_sorted_columns(ascending = True), fillna_k_sorted_columns(ascending = False),
fillna_2steps_rg_class, fill_entropy_based_1step (arzopumm 1)

Jdns  wabopy nmaHmx data_2  BHKOHYeEMO  Takuii  METOJ  IMIIyTyBaHHS:
fillna_2steps_rg_class.

Jdns  wabopy  pmammx  data_3  BUKOHYeEMO  Taki  METOAM  IMITyTyBaHHS:
fillna_2steps_rg_class, fillna_2steps_rg(measure = ‘value’), fillna_2steps_rg(measure =
‘weight’).

m

n
Pucynok 2 — IlarepH 1uis mponycKiB B JaHUX
(’KOBTHH KOJIip — HasIBHI 1aHi, CIpUil KOJIp — MPOMYCK y AaHUX )

B Ttabnmui 2 mpencrtaBieHO pe3yabTaTH TECTy THIY 1, 1€ HaBOJATHCS CepelHbO-
KBaJ[paTW4Hi NOXMOKHM IMIYTyBaHHS Ta Yac BUKOHAHHs anroputMmiB. Hac mikaBisTh pe3ysb-
TaTH 3alPOITIOHOBAHOTO METOJy Ha OCHOBI €HTPOIIIHHOTO MiXOAy y TOPIBHSHHI 3 BXKeE IPo-
aHaJI30BaHUMU B TMONEpeIHINA POOOTI.

3 aHaJi3y 1bOTo MpHUKIaLy 6auyMMo, 10 METOJ IMpallloe JOBIIE, HDK 1HIINI METOAH, ane
He Habarato, Xo4a 3 TOUYKH 30py METPUKHU CEpPeIHbO-KBAJPATHUHOTO BIIXUIIEHHS BiH 3HAYHO
IIPOrpae BCIM 1HIIUM METOJaM.

Tabmmmsa 2
Pesynbrar TecTy Tuny 1 B OPIBHSIHHI 3 IMITYTYBaHHSAM
3a J0TIOMOro10 aropuT™My 1 (eHTponiiiHuil HeiTepaliitHuil)
Hassa metony ImnyryBanHs Yac BUKOHAHHSA
30% npomnyckiB
data 1

Simplelmputer 3.47 0.008939
Iterativelmputer 2.46 0.162614
KNNImputer 2.75 0.012442
Nonalmputer 2.54 1.082877
fillna_k_columns 2.55 1.083617
fillna_k_columns SortedAsc 2.62 1.080535
fillna_k_columns 251 1.071694
SortedDesc
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2steps 2,51 1.934818
entropyBased 9.59 2.345332
(anroputm 1)
data_2
2stepsEncTrue 2.54 1.917507
data_3
2stepsEncFalse 2.55 1.907776
2stepsRegValue 2.54 0.159464
2stepsRegWeight 2.55 0.154090

[TopiBHSIEMO YMOBHY €HTPOITIIO JUIsl BKa3aHUX METOiB, TOOTO BUKOHAEMO TECT THIY 2.
B Tabnuui 3 nmpeacraBieHo 3HAYCHHS YMOBHOI €HTPOIIIT 10 Ta Micis iMImyTyBaHHS. B sikocTi
NPUKIAJIB Bi3bMEMO MPEACTABHUKIB O3HAK pi3HuX THMiB (Chol — e piBeHs xonectepuHy, Bi-
JTHOCHUTBCS JI0 HETIEPEPBHUX BEIMYHH, I€SteCq — pe3ysbrat enekTpokapaiorpadii y cradi cro-
KOI0, BITHOCUTBCS A0 SIKICHUX MOPSKOBHX BEJIMYWH, SEX — CTaTh, BITHOCUTHCS O OiHApHUX
BEITUYMH).

B tabnumi 3 st Habopy Aanux data_1 sKUpHUM KypCHBOM BHIIIEHO 0a30BUIM PSIIOK 3i
3HAQUYEHHSM YMOBHOI €HTPOIIii A0 IMITyTyBaHHS, JaJli )KUPHUM BHJIICHO PSJIOK 31 3HAYCHHSIMHU
YMOBHOI €HTPOMIl JJIsI HalKpaoro Meroay (Ha OoCHOBI eHTpomii) Ta Hairipmoro (Simple).
CTpinodykaMu BBEPX YW BHM3 MOMIYEHO SICKPaBi MPHUKJIAAW 30UIBIICHHS YU 3MEHIICHHS CHT-
porii BiTHOCHO 0a30BOr0 3HAYCHHS.

3 tabauii 3 MOKHA NOOAUUTH, 10 MaiKe BCl METOJM IMITyTyBaHHsI 3MEHIIYIOTh 0a30BY
SHTPOIIi0, ajie 3HAYHUI BHUTPAIll ]a€ caMe METO/I, 10 OCHOBAaHWW Ha EHTPOMIMHOMY HiAXOi,
IpUYOMY JJIsl HEepepBHOI BETMUMHU 1IeH BUTpalll HalO1IbIIui 1 HaltMeHIIN — 1711 O1HapHOI

BEJIMYMHU.
Tabnuus 3
3MiHa 3HA4YE€HHS YMOBHOI €HTPOIMII MicJisl 3aCTOCYBaHHS
METO/IIB IMITYTYBaHHS B ITOPIBHIHHI 3 alrOpuT™MOM 1
HasBa meTony chol restecg sex
data_1 0.786876 0.968004 0.967503
Simplelmputer 0.795206 1 0.975178 1 0.96852 1
Iterativelmputer 0.781841 0.838706 0.952813
KNNImputer 0.785193 0.783078 0.952813
Nonalmputer 0.784556 0.957632 0.967657
fillna_k_columns 0.784556 0.957632 0.967657
fillna_k_columns 0.781794 0.958821 0.96852
SortedAsc
fillna_k_columns 0.795206 0.96003 0.967657
SortedDesc
2steps 0.783231 0.961332 0.96852
entropyBased 0.594163 | 0.870099 | 0.96741 |
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(aaroput™m 1)

data_2 0.786876 0.968004 0.967503
2stepsEncTrue 0.78362 | 0.961307 | 0.96852 |
data_3 0.786876 0.968004 0.967503
2stepsEncFalse 0.78362 0.96013 0.96852
2stepsRegValue 0.783262 | 0.96133 0.967657 |
2stepsRegWeight 0.783262 0.961302 | 0.967657

Jlam HaBeneMoO pe3yJIbTaTH IMIYTYBaHHS 3a JIOTIOMOTOI aJITOpUTMY 2 (SHTPOIIHHHIMA

iTepariitauii Mmeton) y mopiBasuHI 3 Simplelmputer ta Iterativelmputer (ta6aums 4).

Tabmuis 4
Pesynbrar Tecty THmy 1 B OpiBHSHHI 3 IMITYTYBaHHSIM
3a JOMOMOT OO0 aNTopuTMy 2 (SHTPOIIHHMIA ITepariiiHmii)
Ha3pa metony | 10% mpo- 20% 30% mpo- 40% mpo- Yac BUKO-
nycKiB NPOIYyCKiB nyckiB NycKiB HAHHSA

Simplelmputer 1.576 3.03 2.27 3.15 0.039279
Iterativelmputer 1.238 2.30 1.79 2.76 0.491748
entropyBased 5.634 8.9 6.77 9.66 16.97883
(anroput™m 2)

B tabmuni 5 npencraBieHo KpOKH 3MEHIIEHHS YMOBHOI €HTPOIIIi HAa KOXHIH iTeparii

QITOPUTMY 2, 4Yac BUKOHAHHs anroputMy 11.73 mc.

Tabmuus 5
Kpokwu 3MeHIIeHHs yMOBHOI €HTPOIIiT Ha KOXKHIN iTepaii anroputmy 2
Howmep itepauii trestbps chol thalach ca
0 0.6140 0.683 0.526 0.779
1 0.5764 0.654 0.494 0.709
2 0.5760 - 0.492 0.708
3 - - - 0.706
4 - - - 0.705

Bbauumo, mo Bxke Ha 4-if iTepallii eHTpoIis epecTaia 3MEHIITYBAaTUCh JJI BCIX O3HAK.

Jlani mpoBeeMo TECT APYroro TUIy, KOJIM MU BCl METOAM 3aIyCKaEMO 1TepaliiiHo, Mo-
KM 3MEHILYEThCS YMOBHA €HTPOIIi a00 He OyJe TOCSITHYTO MaKCHMajlbHEe 3HAYE€HHS KUIbKOCTI
iTepauiii. HaBenemo pesynbTaT AJis IE€KUIBKOX IMPEICTAaBHUKIB PI3HUX THUIIIB O3HAK Ta JJIs
naracery data_1 (tabmwms 6).
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Tabmurs 6
3MiHa 3HAYEHHS! YMOBHOI €HTPOMI1
iCJIsl 3aCTOCYBAHHS METO/IIB IMITYTYBaHHS ITEpaAIliiiHO
Ha3Ba meTony chol restecg sex
data_1 0.791235 0.970871 0.967796
0.790242 | 0.972011 1 0.96585 |
Simplelmputer 0.796228 1 0.975102 1 0.967657 1
0.753609 0.972962 0.970045
Iterativelmputer 0.791185 0.938441 0.949335
0.780171 0.959821 0.830418
KNNImputer 0.789338 0.922918 0.949519
0.783518 0.959821 0.820332
Nonalmputer 0.789553 0.968682 0.967657
0.779655 0.971386 0.968787
fillna_k_columns 0.789553 0.967621 0.967657
0.779655 0.971386 0.968787
fillna_k_columns 0.787801 0.964656 0.967657
SortedAsc 0.77828 0.971386 0.970045
fillna_k_columns 0.795379 0.964656 0.967657
SortedDesc 0.782818 0.971386 0.968787
2steps 0.79057 0.965685 0.967657
0.778978 0.971386 0.969433
entropyBased 0.622744 | 0.875675 | 0.960461 |
0.613428 | 0.961728 1 0.976096 1

3 tabauii 6 6aunMo pe3ynbTaTH, aHAIOTIYHI HaBeaeHUM B Tabmui 3, Tooto Simple-

METOJ HE 3MEHIIIY€ EHTPOIIII0, 1HIII METOAH ii 3MEHIIYIOTh, aje OUIbIINI BUrpall 3 TOUKHU 30-
Py 3MEHIIIeHHs EHTPOIIii 1ae caMme 3alpONOHOBAHMM eHTpomiitHuI MeTon. Takox MOXkHA TO-
06aunTH, 110 iTepalii YTOYHEHHs Maie He MOKPALIYIOTh pe3yJsbTaT, a HaBiTh Ha JPYTii iTe-
pauii MOXKyTh HOT'O MOTIPIIYBAaTH 3 TOUYKH 30pY YMOBHOT €HTPOMIi.

Jani po3risHeMo TecT TUIy 3, IKUM CTOCY€EThCs aHalli3y AKOCTI kiacudikauii. bazosu-
MU MOJEJISIMU JJIs1 TOPIBHSAHHS BUCTYNAIOTh JB1 MOJIENi: OTpUMaHa Micjsl HaBYaHHS, BUKOPH-
CTOBYIOUM TiJIbKM MOBHY YaCTUHY J1aTaceTy, Ta MOJENb, € MPOIyCKH MOMOBHEHI HAUIIPOCTI-
[IMM CTaHJAaPTHUM METOJIOM, HAWJACTIIIIMM 3HAYEHHSAM 3a jJonomMoror Simplelmputer 3 6i6-
mioteku SCikit-learn [14] python. Byaemo iMmyTyBaTu HpoONycKd Pi3HUMH METOJIAMH, Jali
HaBuaTH Kiacugikarop Random Forest ta oriHoBaTH METPHKY accuracy (4u TOYHICTH Kiia-
cudikailii) Ha TecToBil BUOipii. 3HaUEHHS II€] METPUKU OyJeMO BUKOPUCTOBYBATH JJISl TIO-
PIBHSHHSI OTPUMaHHUX Mojelei. BUkoHyemMo mporierypy po3OUTTs JaTaceTiB Ha HaBYAIBHY Ta
TECTOBI BHOIPKHU JEKUIbKa pa3iB, HABYAEMO MOJEII, OTPUMYEMO 3HAYCHHS acCuracy juisi Tmo-
TOYHOI TeCTOBOi BUOIPKH, 1 HAIPUKIHI YCEPETHIOEMO OTpHUMaHI1 3Ha4eHHs. Taka mpoleaypa
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JI03BOJIUTH OTPUMATH CTIHKI 710 3CYBY pe3yabTaTu. B Tabmuill 7 )KUpHUM KypCUBOM BHUIIEHO
0a30Bi pe3yibTaTh Ta >XHUPHUM MIPU(GTOM MEPEMOKIIIB 32 METPUKOIO accuracy. Takox xup-
HUM BHJIUICHO PE3yJIbTAaTH SHTPOIIIHOTO METOY.

Tabmauus 7
Pesynbpratu Tecty tumny 3

Ha3zBa meToay Haracer UCI HDD Haracer Framingham FHS
Haiikpami rinepnapame- | Tou- Haiikpami rinepmapa- | Tounicts
TpHU MoOJE1 HICTb METPH MOJIeTI

data_1

Baseline {'max_depth" None, | 0.83 {'max_depth" None, | 0.88
'min_samples_leaf: 4, 'min_samples_leaf: 1,
'min_samples_split": 10, min_samples_split: 2,
'n_estimators'": 150} 'n_estimators': 150}

Simplelmputer {'max_depth" 10, | 0.82 {'max_depth" None, | 0.87
'min_samples_leaf': 4, 'min_samples_leaf": 1,
'min_samples_split": 10, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 100}

Iterativelmputer( {'max_depth": 10, | 0.88 {'max_depth': None, | 0.90

sample_posterior=F | 'min_samples_leaf: 1, 'min_samples_leaf: 1,

alse) 'min_samples_split: 5, 'min_samples_split": 2,
'n_estimators': 50} 'n_estimators': 100}

Iterativelmputer( {'max_depth": None, | 0.82 {'max_depth": 20, | 0.89

sample_posterior=Tru | 'min_samples_leaf: 1, 'min_samples_leaf: 1,

e) 'min_samples_split": 10, 'min_samples_split": 2,
'n_estimators'": 150} 'n_estimators': 100}

kKNNImputer {'max_depth" 10, | 0.84 {'max_depth" None, | 0.90
'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split: 5, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 100}

nonalmputer {'max_depth" 10, | 0.89 {'max_depth" None, | 0.89
'min_samples_leaf: 2, 'min_samples_leaf: 1,
'min_samples_split: 5, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 150}

fillna_k_columns {'max_depth": 10, | 0.89 {'max_depth': None, | 0.89
'min_samples_leaf: 2, 'min_samples_leaf": 1,
'min_samples_split. 5, 'min_samples_split": 2,
'n_estimators': 100} 'n_estimators': 150}

fillna_k_columns {'max_depth': None, | 0.89 {'max_depth': None, | 0.89

SortedAsc 'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split: 2, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators": 150}
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'min_samples_leaf: 4,
'min_samples_split: 2,
'n_estimators': 100}

'min_samples_leaf":1,'
min_samples_split":2,
'n_estimators': 150}

fillna_k_columns {'max_depth". None, | 0.91 {'max_depth". None, | 0.89

SortedDesc 'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split": 10, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 150}

2steps {'max_depth": None, | 0.91 {'max_depth": None, | 0.88
'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split: 2, 'min_samples_split": 2,
'n_estimators': 150} 'n_estimators': 150}

entropyBased {'max_depth" None, | 0.90 {"'max_depth':  None, | 0.89

(anroput™m 2) 'min_samples_leaf: 2, 'min_samples_leaf': 1,
'min_samples_split": 10, 'min_samples_split’: 2,
'n_estimators'": 50} 'n_estimators': 150}

data 2

2stepsEncTrue {'max_depth": None, | 0.89 {'max_depth': None, | 0.88
'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split: 2, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 150}

data_3

2stepsEncFalse {'max_depth" None, | 0.89 {'max_depth" None, | 0.89
'min_samples_leaf: 1, 'min_samples_leaf: 1,
'min_samples_split": 10, 'min_samples_split: 2,
'n_estimators': 100} 'n_estimators': 150}

2stepsRegValue {'max_depth": None, | 0.89 {'max_depth': 20, | 0.88
'min_samples_leaf: 2, 'min_samples_leaf":
'min_samples_split: 5, 1,min_samples_split':
'n_estimators": 150} 2, 'n_estimators'": 150}

2stepsRegWeight {'max_depth": None, | 0.91 {'max_depth': 20, | 0.90

3 aHaii3y pe3ysbTaTiB Kiacu]ikallii BUIUIMBAE, 1110 3alIPONOHOBAHUN €HTPOMIMHUI Me-

TOJ TO3BOJISIE TMOKPALIUTH TOYHICTh Kiacu(ikalii Ha piBHI 3 HaKpallUMH METOAAaMH, a Ha

naraceti UCI Heart Disease Data pe3ynprar kinacudikallii moKpameHo CyTTEBO, MOPIBHSHO 3

6a3oBuM pesynbTatoM 3 83% 10 90%, nopiBHAHO 3 HAUOPOCTIIMM IMII’FOTEpoM - 3 82% 1o

90%.

BucHOBKH Ta nepcneKTHBH MOJAJIBIINX JOCTiAXKeHb. Y TaH1ii poOOTI 3apoONOHOBa-

HO J[Ba aJITOPUTMHU IMITyTYBaHHS MPOMYCKIB IaHWX Ha OCHOBI €HTPOMIMHOIO MiAXOay: HeiTe-

pauiiiauii (anmroput™ 1) Ta iTepauidHuil (aIrOpuUT™ 2), i1es SKUX MOJIsArae B MiHiMi3amii ymo-

BHOI €HTPOITIT TI0 KOXKHIM 03HAIll OKPEMO.

[IpoBeneHo Tpu TUMNM TECTIB Ha JBOX HaOOpax JaHUX. AHai3 0Ka3as, [0 3alPONOHO-

BaHl1 aJITOPUTMHU € JIOCTaTHHO MOBUIBHUMHU y MOPIBHSAHHI 3 IHIIMMU METOAAMHU 1 MOXKYTh OyTH

MOKpaIeH1, HapPUKJIaa, 3a PaXyHOK 0aratompoiecopHOro BUKOHAHHS, SIK OMUCAHO B HAIIN
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po6oTi [15]. Tect Tumy 1 moka3zas, 110 3aMpoONOHOBaHI alTOPUTMHU HE JAIOTh BUTPAII 32 MET-
PUKOIO CCPCAHBO-KBAAPATUIHOIO BiI[XI/IHeHHSI, aJIC BOHU CYTTEBO 3MCHIIYIOTH eHTpOHiIO
(tect THy 2). B Toii e Yac 1i METOIU MOKa3yITh MOKPAICHHS Pe3yJbTaTiB Kiacudikamii
MOPIBHSAHO 3 0a30BUMH MOJCISAMHE (TECT THITY 3).

TakuM 4MHOM, 3aIPOIIOHOBAHI METOAM IMITYTYBaHHS HAa OCHOBI €HTPOMIMHOTO MIAXOTY
MOKa3aju TapHi pe3ylbTaTH Ta MOXYTh IPETEHAYBAaTH Ha Te, MO0 CTATH JOJATKOBHUM iH-
CTpYMEHTApieM JOCIIAHUAKA JUIS MiABUIIEHHS TOYHOCTI MPUHHATTS PillleHb, ajie MOTPiOHO BH-
KOHYBATH TOJAIBIII JOCTIPKEHHS 1010 ONITUMI3aIii 00YMCIIeHb [T 301UTbIIECHHS IIBUAKO I
IIUX METOIB.
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Algorithms for data imputation based on entropy

Recent advancements in data imputation have focused on various machine learning
techniques, including methods like mean, median, and mode imputation, along with more
complex approaches like k-nearest neighbors (KNN) and multiple imputation by chained
equations (MICE). Research into entropy-based methods offers a promising direction. This
method minimizes uncertainty by selecting imputation values that reduce the overall entropy
of the dataset.

The goal of this work is to develop an algorithm that imputes missing data by minimiz-
ing conditional entropy, thus ensuring that the missing values are filled in a way that pre-
serves the relationships between the variables. The method is designed for both qualitative
and quantitative data, including discrete and continuous variables, aiming to reduce uncer-
tainty in classification tasks and enhance the performance of machine learning models.

The proposed algorithm is based on conditional entropy minimization, using entropy as
a measure of uncertainty in data. For each incomplete row, the algorithm computes the con-
ditional entropy for possible imputation values. The value that minimizes conditional entropy
is selected, as it reduces uncertainty in the target variable. This process is iterated for each
missing value until all missing data is imputed.

Three types of tests were performed on two datasets. The analysis showed that the pro-
posed algorithms are quite slow compared to other methods and can be improved, for exam-
ple, by multiprocessing, as described in our work [15]. The type 1 test showed that the pro-
posed algorithms do not give a gain on the RMS deviation metric, but significantly reduce en-
tropy (type 2 test). At the same time, these methods show an improvement in classification
performance over the baseline models (type 3 test).

Thus, the proposed entropy-based imputation methods have shown good results and can
be considered by researchers as an additional tool to improve the accuracy of decision mak-
ing, but further computational optimisation studies are needed to improve the performance of
these methods.

The algorithm shows promise in improving classification accuracy by selecting imputa-
tion values that minimize conditional entropy. Future research will focus on optimizing the
method for large datasets and expanding its application to various domains.
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A.B. [loBrann
BUKOPUCTAHHS HITPUI-AJTIOMIHIEBUX KEPAMIYHUX TIVIAT
JIJISI BABE3INEYEHHS TEMIIEPATYPHOI CTABLJIBHOCTI
BUMIPIOBAJIBHUX ITIACUJIFOBAYIB

Anomayisn. Axmyanehicms memu 00CniOdceHHA. Y cmammi po3Kpumo NpuHyunu GUKOpuc-
MAHHA HIMPUO-ATIOMIHIEGUX KepaMiuHuX niam OJisl 3a0e3neueHts. memMnepamyproi cmaoiio-
HOCMI GUMIDIOBATILHUX NIOCUNIOBAYIB. 31 30INbUEHHAM NOMYHCHOCHI eJIleKMPOHHUX KOMNOHe-
HMIB, WO BUMA2AIOMb ePEeKMUBHO20 PO3CIIO8AHHA MeNd, BUHUKAE HeOOXIOHICmb pO3pOOKU
mamepianie i3 8ucokow menionpogionicmioo. QOHUM i3 MaKux mamepianie € Himpuo aiomi-
niro. Ilocmanosexa npobaemu. Ilonpu wupoke 3acmocy8anus KepamidHux niam ix euKopuc-
MAaHHA NpU po3pooyi WUPOKOCMY208UX BUCOKOBONbMHUX NIOCUNIOBAYI8 wWje He O00CMAaAmHbLO
BUBUEHO, 3ANUULAIOMbCS NPOSATUHU 8 MEeMOOax 00EPHCAHHS CMAbITbHO20 KepaMIuHO20 KOM-
nosumy na ocnogi AIN. Mema cmammi nonsiecae y 00epiucanui memnepamypHo cmaoiibHux
HIMPUO-AIOMIHIEGUX KepaMiyHux naam, sAKi 3abesneyunu 6 memnepamypHy cmadilbHicmb
BUMIPIOBANLHUX Nidcunosadie Memoou oocnioxcenns. Ananiz, ekcnepumenm.

Pezynomamu. Y cmammi npedcmasneni pezyniomamu cunmesy ma mexHoo2isi 6U20MOGIeHHs.
Kepamiku i3 Himpudy antominito. Bcmanoesneno, wo 66edenns y 6uxiony cymiut pisHux 0ooa-
60K NIOBUWYE MOKCUUHICMb 2A30N00IOHUX GUKUOIB, YCKIAOHIOE pOOOMY [ Npu3eooums 00
30inbuenHs eapmocmi Himpuoy anominito. OMmpUmMano SilbHUM CHIKAHHAM 8e1UK02a0apUMHI
oemani (60%70x5 mm) mennronposionicmio 160 Bm/(m-K) 3 memnepamyprno cmabinbHo2o Ke-
PamiuHo20 KomMno3umy Ha ocHogl AIN ona euxkopucmauns npu po3pooyi WuUpoKoCmMy208020
BUCOKO0B0ILMHO20 nidcuntosaua. JlosedeHo, wo Haubinbuw egekmusne BUOANEHHS KUCHIO 3
KPpUCMANIYHOI peuimKku Himpuoy auOMIHII0 00CA2AEMbCSA NPU eKBIBAIeHMHOM) CHIBBIOHO-
wienHni oxcudy impiro 8 kinokocmi 5%. Bueueno ennue 0odasku okcudy impito Ha menio-
nposBiOHicMb (YHKYIOHANbHO20 KOMNO3UMY 3 KEPAMIUHOK MAampuyero Ha OCHO8I HImpuoy
ANIOMIHIIO, 00epIHCAH020 GLIbHUM ChiKaHHAM. Buchoexu. Ha niocmasi nposedenux 0o-
CIOJCeHb 3pA3Ki6 Ma aHANi3y OMPUMAHUX OAHUX MOICHA CMBEEPON’CYBAMU, WO NPU BUKOPU-
CMAaHHI imepayitinoi KopeKyii 6n1ue cmamuyHoi NOXUOKU modxce 6ymu ckomnencosanuu. /s
BUKOpUCMAHHSA iIMmepayiinoi KopeKkyii cucmema mae 6ymu cmaoiivbHo0 1 il napamempu He no-
BUHHI 3MIHIOBAMUCH Y 4ACI. 3anpoOnOHO8AHO PAYIOHANLHUL Memoo cmabinizayii napamempie
0J151 3a0e3neyertst CiIbHO20 Ma 0OHOPIOHO20 MEMNEPAMYPHO20 NOJISL WO 0yoe naueamu 00-
HAKO0B80 HA 8CI KOMNOHEHMU WIAXOM GUKOPUCIANHS 8UCOKO MENIONPOBIOHUX MAmepianis.
Knrouosi crnosa: mimpuoui antominamu, KepamiyHi niamu, memnepamypHa cmadilbHiCmb,
niocuno8ayi;, oKcuo Impir, OKCUO ANIOMIHIIO; MENIONPOBIOHICIb, BUCOKOBOJbMHUL NIOCU-
J06ad.

© Josrans A.B., 2024
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IMocTanoBka npodsaemu. [lopiBHSIHO 3 opraHiuHUMH JaMmiHaTamHu, kepamika AIN 3a-
Oe3neuye 4y70BY TEIJIOMPOBIIHICTD AK 130JTOp, 30€piratouu npu oMY KOe(]IlieHT Terio-
BOTO PO3MIUPEHHS, OM3bKuil 10 kpeMHito. Lle mo3Boise maram AIN 6e3 300iB BUTpUMYBATH
BUCOKI TeMIIEpaTypH Ta PiBHI MOTYXHOCTi. CHIIOBI €JIEKTPOHHI MOy BITYU3HSHOTO BUPOO-
HUIITBA MICTATHh Y KOHCTPYKLIi €1eMeHTH 3’€JHaHb MeTan — Kepamika. L{i 3B’s3ku moTpiOHi
JUIS aAre3idHOi MIIHOCTI, CTIMKOCTI 0 3MiHM TemmnepaTypu. TumoBi cdepu 3acTocyBaHHS:
CHCTEMH HaBiraiuii JIiTAJIbHUX arapariB, €IEMEHTH KOMYTaIlil CHJIOBUX cxeM Ta iH. Ha puc. 1
300pakeHa TUITOBAa KOMYyTaIlii{Ha Tu1aTa 3 MPOBITHUMHU AOPIKKAMH 3 HITPHLY AITIOMIHIIO.

—

Pucynok 1 - TunoBa komyTalliiiHa miaaTa 3 IpOBIIHUMH JTOPIKKaMU
Ta 30BHILIHIA BUTJIS]] CUIIOBOTO MOJTYJIS

[Tpu moOyn0BI BUCOKOBOJBTHHUX IMiJCHIIOBAYiB HEOOXiIHO aKIIEHTYBaTH yBary Ha ix
TEMIEpPaTypHOMY pexXuMi Ta BiABoIl Teruia. Cepel AOCTYNMHUX HEMIKIAJIMBUX KEepaMIdHUX
IIaT HAMKpallow € BUTOTOBJIEHA HA OCHOBI HITPUIY allOMiHiI0 kepamika «AIN», ska mae
teronposigHicTh 100-155 Bt/(MeK). Ile Ha nBa mopsiaku Oulble TEIUIONPOBIAHOCTI Ke-
pamiku mupokoro 3acrocyBanus «CITAJUD» [12].

[Tinknaaku 3 HITpULY aTIOMIHIIO — HAaWOUIBII MEPCMEeKTUBHUNA KaHIWUIAT IS TOKpa-
IICHHS. PO3CilIOBaHHs Temia B eneKkTpoHHid TexHimi. [ligkmamku 3 AIN MaroTh aekinbka
BIIMIHHUX XapaKTEpUCTUK, TAKUX SK BHUCOKa TeryIonpoBiaHicTh (y 10 pa3iB BuIla, HIX B OK-
cuny amomiHio Al;O3z), Koe]ilieHT TEIIOBOro po3MMUPEeHHs OIM3bKUIM 10 KoedilieHTa Ten-
JIOBOT'O PO3IIMPEHHS KPEMHII0, BUCOKI €IEKTPOI30JIAIIHHI BIACTUBOCTI, HU3bKA JieIEKTPHUYHA
MOCTii{Ha, XOPOIlli MEXaHI4Hi BIaCTUBOCTi, HE TOKCUYHICTh, EKOJIOT1YHA YUCTOTA Ta BiTHOCHO
HU3bKa BapTICTh (IMMTOMA BapTICTh y 5-7 pa3iB HWXKYA MUTOMOI BAPTOCTI KEPaMiKH 3 OKCH]LY
6epuito) [10]. Hitpua-antoMiHieBl KepaMiuHi MJIATH MalOTh BUCOKY TEIUIONPOBIIHICTD Ta 3a
CBOIMHU IapaMeTpaMM MPUIATHI JJI1 BUKOPUCTAHHS.

[Torpu mupoke 3aCTOCYBaHHS KepaMiYHHMX IUIaH X BUKOPHCTAHHS MpHU po3poOli miu-
POKOCMYTOBUX BHCOKOBOJBTHHX IiJICHJIIOBauiB II[€ HE JOCTaTHHO BHMBUECHO. 3aJIHILAKOTHCS
IPOTAJIMHU B METOJIaX OJIep>KaHHs CTablIbHOrO KepaMiqyHOTO KOMIO3UTY Ha ocHOBi AIN.

AHani3 ocTaHHiX JocailkeHb Ta nyoJikaniii. OxpecieHa HaykoBa mpobiemMaTuka 3
pI3HUX CTOpPIH MpejacTaBieHa y poOoTax 0araThOX Cy4aCHHUX HAyKOBLIB. Tak, HampHKIiIaj,
0COOJIMBOCTI BUPOOHMITBA KEPaMIYHMX IUIAT 3 HITPHUIY aJIOMIHIIO Ta MOXIMBOCTI iX 3a-
CTOCYBaHHS y PI3HHX TPHUCTPOSX TPEICTABICHI Y CTATTSIX TaKUX JOCHTIIHHKIB SIK
Jx. Payxenekep, T.Konerrep [12], I'. Oxanma, K. ®dyxyna, C.Kacan, T. Anariga [10],
M. Cirnop, TI'. Pemrio, K. Jlellackam, B. fxomauui, II. Japio, A.Jleone, ®. Kyapanra,
JI. dpanciozo [14].
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OcHOBHI JauHaMIi4YHI (I3MKO-XIMIYHI BJIACTHBOCTI, 30KpeMa MapaMeTpu TeIulo-
MPOBITHOCTI KPUCTATIYHUX JIiHIHM, TOHKUX (TOBCTUX) IUTIBOK Ta KepamiuHux ruiat tumy AlN, a
TaKOK MOYJIMBOCTI X 3aCTOCYBaHHS Yy Pi3HHX cepax BUPOOHHIITBA EIEKTPOHIKH BUCBITICHO
y poborax HactymHux HaykosiiB: FO. Ty3, O. Kosup, A.Ilopxyn [2], }O. Yens, X. CoH,
. JIi, X. Cyns, X. I3sn, I'. Msio, 0. Uxoy [4], 3. Yenr, 0. Ko, A. Mamyn, T. baii K. Xeiin
JI. €iire C. I'pem [5], H. Kim, M. fpami, M. Mopanuas, M. Axi6, C. JIso, @. Ans-Katap
M. Howr, /Ix. Pso [7], }O. Ko, 3. Uenr A. Mamyn, 3. JIto T. baii, K. Xycetin, I1. Xomnkiuc [8],
M. Herep, M. T'epman, O. @abpimua, [I. [TaBmoukos, X. 3aidepr [9], C. Ilangir,
M. lInaiinep, C. beprep, C. IBapu, V. Imin [11], X.IIu, B.Jli, B.Kao, lO.Yyanr,
P. Jlinp, X.Jlimp, M. llionzipi, M.UYen [13], M. Cirnop, JI. Benmapmi, K. demackaui,
I. Ky3nenosa, JI. bnaci, @. bickanis, ®@. KBapanra, JI. ®pancioco [15], P. Croii, M. Poxo,
C. Icnam, A. Cyn, b. Bapemkiu, A. Karpe, H. Minro, E. ITom [17].

Kepawmika Ha ocHOBI HiTpuay amomiHito (AIN) Bce OUTbIIE 3aCTOCOBYETHCS IS BiJBE-
JIeHHs TeIa y HOBUX NPUIANAX eJIeKTPOTEXHIiKH Ta ejekTpoHiku [1; 2; 6]. Ii orpumyroTs
BUIBHUM CIIIKaHHAM 3 JOJIaBaHHSIM aKTUBATOpIB [5; 8; 16; 17]. 3a3Buyail BUKOPUCTOBYIOTh
nerani po3Mipom a0 20 MM Ta ToBmmHOW 1 MM [11]. ChopusTé MiABUIICHHIO TEILIO-
MPOBIAHOCTI HITPHUIY AIIOMIHIIO MOKHA 32 PaXyHOK BBEJCHHS SK aKTHBATOPIB CIIKaHHS i
PO3KHCITIOBaHHS (PTOPUCTHX CHOJYK PiAKO3eMeNbHUX MeTaliB [7], Byriuerto [14] abo akTug-
HuX wMetanmiB [4]. OmHak 1i METOOW BHPINICHHS 3a7adi INJIBUIICHHS TEMIICpaTypu
MPOBIAHOCTI MPU3BOJATH A0 MOTIPIICHHS TIEIEKTPHYHUX BIACTHBOCTEH, 3HIKEHHS MUTOMO-
rO EJEeKTPOONOpYy Ta BAKIMBHX EKCIUTyaTalliHHUX XapaKTePUCTUK BHUPOOIB 13 HITpHIY
aOMiHIl0. BOHM HEOCTaTHHO TEXHOJIOT1YHI, HEEKOHOMIYHI Ta HE JI03BOJISIIOTH OTPUMYBATH
BHCOKY TETUIONPOBITHICTh Kepamiku. KpiM Toro, BBeJIeHHS Y BUXITHY CyMIIll Pi3HUX J00aBOK
IJIBUIIYE TOKCHYHICTh Ta30TO{IOHIX BHKHUIIB, YCKIQJIHIOE POOOTY 1 MPU3BOIUTE 10 3011b-
LIEHHS BAPTOCT1 HITPUAY AJIFOMIHIIO.

Mera crarTi nonsrae y oaepkaHHI TEMIIEpaTypHO CTaOUIbHUX HITPUA-AJTIOMIHIEBUX
KepaMIYHMX IJ1aT, AK1 3a0e3nedniu O TeMrepaTypHy CTaOUIbHICTh BUMIPIOBAJIBHUX M1ICHUITIO-
BauyiB

Buxaan ocHoBHOro marepiany aociigzkeHHsi. [IpoBeneHo cepito €KCIEPUMEHTIB 13
JOCTIPKEHHSI HAaHECEHHs MOKPUTTIB y TeMIepaTrypHOMy pexkuMi. IIpu 1iboMy BiAcTaHb BiJ
TJIKJIAIKKA 10 TIKJIAIKH CTaHOBWiIA7S MM. TemriepaTypy MiKIaIKd BUMIPIOBAIN 3a JOTO-
MOTOI0 TepMonapu yepe3 KokH1 20 cekyHJa NpHu AocsrHeHHI Temmneparypu 220°C 1 Buiue,
MPUYOMY Ha MOYATKOBIM cTajali MIBUAKICTh HarpiBaHHs csrana temmnepatypu 40° C / xB. ¥V
MpoLeci BIMPAIlOBaHHS PEKUMIB CIIOCTEPIralucs BUMAJKU pyHHYBaHHS 3pa3kiB. OCKUIbKU
HaHECEHHsI BIOYBAJIOCS 3 TapsA4ol MiAKIaaKu, HarpiToi o temneparypu 1000° C, To BUCIOB-
JIEHO MPUIMYIIEHHS, [0 pyHHaIlis B1I0OyBaeThCs Yepe3 TEIUIOBUN BIIMB. BusiBieHo, mo 3aBs-
I9Kkd TUdy3HOMY pO3CIIOBaHHIO MaTepialdy depe3 BHCOKMHM THUCK y 30HI HaHECEHHS BiI0y-
BA€THCS 3aIllWJICHHS 3BOPOTHOrO OOKY MiAKIaAKu. Bucoka mBHIKICTH HarpiBaHHS Ha modvat-
KOBI cTajil NPU3BOIUTH 10 pyHHYBaHHS IUTIBOK (pHC. 2).
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1.

Pucynok 2 - 30BHIIIHINA BUTIISAA 3pa3KiB, IO MMiIaBaTIHCS IEPETPiBY

Ta 3pyHHOBAHUX Y MPOIIECi HAHECECHHS MTOKPUTTS

[Momryk HOBUX MiAXOIB 1 MPUHIUIIB MOOYJOBH MPHUCTPOIB, SKI MAIOTh 3a3HAYEHI Mapa-
METPH, € BOKJIMBUM 1 aKTYaITbHUM 3aBJaHHSAM. Y TaOl. | OPIBHIOIOTHCS THUIOBI BJIACTHBOCTI
TPHOX KepaMiuHUX MaTepialiiB, sSKi B JAaHUN 4aCc BUKOPUCTOBYIOTHCSA B €JIEKTPOHHUX IMpHIIa-
nax, MigKIagKax.

Tabmums 1
Enextpo¢i3znyHi XapakTepUCTHKN KepaMIYHUX MaTepialiB 3 OKCUAY aTIOMIHIIO
(Al,03),kap6iny kpemnito (SiC), Hitpuay amominio (AIN) Ta okcuay 6epuito (BeO)

®di3uvHI BIIaCTUBOCTI Al;05[9] SiC[18] | AIN[15] | BeO [3]
TeronpoBiqHICTE  MPU  TeMIepaTypi 20...30 150 160..240 | 220240
25°C, Bt/ MK

Miunicts Ha Burux, Mlla 300...350 320...350 | 250...300 | 170...230
Enexktpuyna MILHICTh MpHUTEMIIEpPATypi 14. 18 0.07 14,17 10

25°C, kB/mMm

[Tutomuii enekTpoomip mpu TeMIepaTypi 10 10 10 10
25°C, Om cm

Jierexrpirita #OCTIHH& HPH TEMICPATYPL 8,5...10 40...42 8,8..89 |6,5..6,7
25°C na yacroti 1 MI'n

TanreHc kyTa AieneKTpU4HUX BTpatT (X10~

*) Ha wacrori 2.3 500 1..5 1..5

1 MI'g

KoedimieHT TemmeparypHOro IiHIHHOTO

PO3IIUPEHHS

(><1076/°C)y nmiarma3oHi temneparyp | 6,7...7,3 3,7 43..4,6 7,5...8,0
25...400°C

(ms xpemHiro 3,5...4,0 x 1076/°C)

LinpHICTD, rlem® 3,97 3,21 3,26 3,01
Monyns FOnra, [l1a 378 460 343 378

VY 3B’S3Ky 3 MOEIHAHHSAM YHIKaIbHHUX (DI3MYHUX BIIACTUBOCTEH, HAIPHUKIAJ, BUCOKOI
TETIOTIPOBITHOCTI, BUCOKOTO E€IEKTPUYHOTO OMOPY Ta KOedIIi€HTa TETIOBOTO PO3IIMPEHHS
(KTP), 6mu3pK0r0 10 KpeMHito, HiTpua amoMiHio (AIN) € KIF0Y0BUM MaTepiaioM, 10 BUKO-
PUCTOBYETHCS SIK MIAKIAAKA JJIsl €IeKTPOHHUX MPHIIAJiB BUCOKOT MOTY)KHOCTI. X0o4a Teope-
TUYHA TEIJIONPOBIAHICT, KpucTamiuHoro AIN mpu kiMHaTHIN TemmepaTypi, aocsirae 319

B1/MK, BuMipsiH1 3HaueHHS A5 momikpuctainiuHoi kepamiku AIN 3HaxondTbes B Jiana3zoHi
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Bij HaitHmkuoro nmokasuuka 17 Bt/MK no maiiBumoro 285 Br/MK. Lleli giama3oH € THIOBUM
JUTsE 0araThoX BHIIB KEPAMIKH 3 MOMIKPUCTATIYHOIO CTPYKTYPOIO.

BinHOCHO BHCOKa BapTiCTh KEPaMi4HOTO MaTepiainy 3 HITPUAY IIOMIHIIO O3HAYAE, IO
AIN, sk ipaBUIJIO, BAKOPHCTOBYIOTH BUOIPKOBO, a HE SIK IOBHY 3aMiHy 3BUYaiiHuX miat FR-4.
3a3BuYail 1oro BUKOPUCTOBYIOTHh y CHJIOBIHM €JIEKTPOHII, CBITIOAIOaX BHCOKOI SICKPaBOCTI
Ta aePOKOCMIUHIN enekTpoHir [13].

VY Takux HITpUAAX ATIOMIHIIO PO3MOALT TEIUIOBHIUICHHS 3a0€3MeYy€eThC HA OCHOBI Me-
TOJy MOCIIOBHUX HaOmmxkeHb. CIO4aTKy 3aa€ThCs MOJIE TeMIIEpaTyp 1 pO3NOAUIAETHCS Ta-
po3mict. Iliciast BU3HaYeHHsI OCHOBHUX (DI3MYHHMX KOHCTAHT IIUIBHOCTI Matepiaiis, mepepisiB
B3a€MOJIIT ISl IUX YMOB, TIOTOKY HEUTPOHIB 3a BEeMYMHOIO j0, 3HAXOAATH IIUIBHICTH TEIUIO-
Boro notoky (. [licns mepioi iteparii po3paxyHOK MOBTOPIOEThCS. Jl0 iTepaliitHiuX MeTodiB
BITHOCSITh: CTAalllOHApPHUI METOJ MPOCTHX iTepaliii, merox 3eiaens abo [ayca-3eiinens, me-
TOJI CTIPSKEHUX TPAJI€HTIB Ta iH.

CTBOpEHHS TEXHOJIOTIYHOTO 1 €eKOHOMIYHOTO METOJy OTPUMAaHHs KepaMiKh Ha OCHOBI
HITPUY ATIOMIHIIO 3 BHCOKOIO TETIONPOBIAHICTIO Ta TEMIIEPATYPHOIO CTa0UTBHICTIO MOXKIIHU-
B€ TPU BUKOPUCTAHHI TOPOIIKY 3 MiHIMaJbHUM PiBHEM JOMIIIOK i MiHIMAJbHOIO KUTBKICTIO
n00aBOK, SIKI aKTHBYIOTh cCIikaHHs. lle 3a0e3neunTh BHCOKY HIUTBHICTB, TEMIIEPATypHY
CTaOUIBHICTH Ta TETJIONPOBIAHICTH KEPaMiKHi Ha OCHOBI HITPUIY aTIOMIHIIO.

Amnai3 mitepaTypHHX JDKEpel MOoKa3as, M0 MPOoOJIeMH CIiKaHHS MIUTBHUX MaTepiajiB 3
HITpUAY TIOMIHIIO TOB’s3aHi, 3 OJHOTO OOKY, i3 KOBaJIEHTHHM XapakTepoMm 3B’s3Ky Al-N,
10 BU3HAYa€ HEOOXIAHICTh BUCOKHMX TEMIIEPATyp CIIKaHHSA, a 3 iHIIOTO — 3 HAsSBHICTIO y
BUXIIHUX TOPOIIKAX IOMIIIKK KHCHIO, IO TMpPH CIHiKaHHI MPOHUKAE B PEUIITKY HITPUIY
QTFOMIHIIO, Ha SIKUX 1 BiIOYBA€THCS PO3CIIOBAHHS (POTOHIB, TOOTO 3HIIKYETHCS TEMIIEpaTypHa
cTiiikicTh Marepiany (puc. 3). ns BupimeHHs 1iei npodbiemu BUKOpUCTaHO 100aBKY Y203
Bix 1 10 5% (3a macoro).

IMpu B3aemomii Y203 3 po3TamoBaHUMH Ha TOBEPXHI YaCTHHKAMU HITPHIY
Al,OzytBOproeThest pinka ¢aza (puc. 4), mo iHTeHCH(]IKye CIIKaHHS MpU TeMIepaTypi
1760°C, a ouMIileHHS PElIITKU HITPUAY AJTIOMIHIIO BiJ] KUCHIO (YUM 1 JIOCSTA€ETHCS BHCOKA
TEIUIONPOBIIHICT MaTepiany) BinOyBaeTbest mpu temmeparypi 1800°C. IIpu ubomy yTBO-
PIOETHCS AIFOMOITPIEBHI TpaHaT, SIKU 0CaPKYETHCS Ha TTIOBEPXHI.

roedittiedT TenmmonpoeinuocTi  Br/m °C

180
160 o

\\—________._
140 /
- e
100 //

|/

80

60 : : : :
0 1 2 3 4 5
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Pucynoxk 3 - 3anexHicTh Koe(illieHTa TeTIoNPOBLIHOCTI
BiJ kibkoCT1 Y703 crikarouol 1o0aBKu
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Pucynox 4 - Po3nopoiieHss 3aJHb01 CTOPOHH MiAKJIAIKH I1i]] 4ac MOKPUTTS

Ha Tenmno¢i3nuHi BIacTUBOCTI QJIIOMOHITPUAHOI KEpaMiKu CYTTEBO BIUIMBAE METOJ
¢dopMOyTBOpeHHS 3pa3KiB. MeToJ mpecyBaHHsS IOKa3aB HEPIBHOMIPHY HIUIBHICTh, HHU3bKI
€JICKTPO- TaTerIo(i3uuHI XapaKTePUCTHUKH B3IpIliB, a Tako HU3bke KIIJI 1 Benuki BUTpatu
IpU BUTOTOBIIEHHI MiAKIaA0K po3MmipoM 10200 % 200 mm, TOMy Hajaami JUisl IPOBEICHHS
EKCHEpUMEHTAIbHUX POOIT MU BHMKOPHCTAIM METOJ JUTTS Ha IUIBKY. MIKpOCTpyKTypa
oJiep:KaHuX 3pasKiB 13 BMicToM 1 Ta 5 % (3a macoro) Y203 npencrasieHa Ha puc. 5.

3 mikpodoTorpadiii BUJHO, 110 BMICT ITpili-aJIFOMiHIEBOTO TpaHaty (cBiTia (aza B mo-
TPIMHUX TOYKax), SKUH YTBOPHMBCS HpPU 3aCTUraHHI Piakoi (azu, MpuOIHU3HO OJHAKOBUM.
BumiproBanucs enekTpodizuuHi napaMeTpu OTpUMaHUX 3pa3KiB Ta iX TEIUIONPOBIIHICTh. Pe-
3yJIbTaTH BUMIPIOBaHb KoedilieHTa TEMIONPOBIIHOCTI ITpeicTaBlieH] Ha rpadiky (puc. 6).

Pucynok 5 - Tonosnoris (a, ¢) i ha3oBuii kouTpact (b, d) 3pa3kiB (31aM) KOMIIO3UTY Ha OCHOBI
AIN, onep)xaHUX METOAOM JIUTTS Ha IUTIBKY 13 HACTYITHUM CIHIKaHHSM, 3 PI3HUM BMICTOM y
BUX1IHIN mopomikosiil cymimm Y,03:

1% (3a macoro) —a, b; 5% —c, d.
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Pucynoxk 6 - Jliarpama crany asodasnoi cuctemu Y 203-Al,03

VY cBITIOBOMY TEMI000MiHI BEIMYMHA TIOTOKY, IO TaJla€ HAa TIOBEPXHIO, 3AJICKUTH Bij
KyToBOTO KoedimieHnTa (A), AKHii 3aJIeKHUTh BiJ BIAHOMIEHHS KyTa J0 HOpMaJli moBepxHi. Po-
3paxXyHKH MiATBEPAWIIH, 110 NPU BUKOPUCTOBYBAHUX PEKUMAX JIOBXKHHA BUIBHOTO MPOOIry

HaHeceHoro Matepiany B 10 pa3iB MeHIIIa, HIX BiCTaHb JI0 JHKEpEIa MiTKIaIKu:

0.63 0.63
L=—=—= 0.63cm 1/10 (1)

14 1
Temmepatypa migKiIaaKu BUMIpIOBaliach y PpI3HHX ii MONOXKEeHHSX. Pesynbratu
BHUMIPIOBaHHS TEMIIEPATypHU ISl Pi3HUX MOJIOKEHD MiTKIaJAKH 1100 MIIIeH] Mpe/ICTaBIeHI Ha
puc 7.

T -*Cim0
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130
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100

d=110 mm d=75mm d="T5mami d=110mm
a = 180 a=180" a=90" a=90

Pucynok 7 3anexxHicTh TeMIepaTypy MIAKIAIKH BiJl KyTa Ta i1 po3TallyBaHHs I[0JI0 MillIeH]

Temnepatypa migknaaku (d = 110 MM, a = 180° cranoButrs 75° C), (d = 75 mm,
a = 180° cranoButh 93° C), (d = 75 mm, a = 90° cranoButh 109° C) 1 (d = 110 mm, a = 90°
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cranoBuTh 153° C).

[Toxubka BHACIIJOK TEMIIEPATypHOTO BIUIMBY Ma€ OyTH CTaTHYHOIO, IIO CIIOHYKA€ BU-
KOPUCTOBYBAaTH METOIM TeMmIepaTypHoi cralimizamii. 3 TOYKH 30py OCOOIMBOCTEH KOH-
CTPYKIIii Ta PiBHS MOTY>KHOCTI TEIUIOBUAUICHHS HE JAOIIBHO BUKOPUCTOBYBATH TEPMOCTATH.
BonbTMeTp 3 TeMIiepaTypHOIO KOPEKII€I0 1 YaCOBUM PO3MOIIOM KaHAJIB 300paKeHUN Ha
puc. 8.

Sk mokaszano B [13], moxuOKu BOJBTMETpA BKIIOYAIOTH aUTHBHI 1 MYJbTUILTIKATUBHI
noxubku Horo 65okiB. Kopekiis moxnubok Hailbinbil epeKTHBHA TO/i, KOJIH Y BUMIPIOBAIb-
HOMY KaHasi HOro MyJbTHIUTIKATUBHI MOXUOKH MEPEeBaXalOTh aJUTUBHI. Y MiJICHIIOBAYIB iX
YaCTOTHI MOXMOKH € MYJIbTUIUIIKATUBHUMH, B IIMPOKOMY Jiara3oHi 4acTOT MEpeBa)kaloTh
aautuBHi. Came TOMY B HalOUIBII MIMPOKOCMYTOBUX BHCOKOYYTIMBHX BOJIETMETpaX 3acTO-

COBYETBHCSI MYJIBTUIUTIKATUBHA KOPEKIIis.

i
E’T“ . e .
nl _______E-'__
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N,
Pucynok 8 - CTpykTypHa cxema BOJIbTMETPa 3 TEMIICPATYPHOIO KOPEKITIEIO 1 YaCOBUM
PO3MOIITIOM KaHATIB

PimenHst mpo TErIOBIABEACHHS 3 BUCOKOYACTOTHUX MIJCHIIIOBAYiB 3 OKPEMHUM BIpTY-
QIBHUM JKUBJICHHSM HE OOMEXYEThCS JIMILE MPOLIECOM PO3MIIIEHHSI KOMIIOHEHTIB Ha pajia-
Topax. Uepe3 Te, 10 OKpeMi HiACHIIOBadl MOTPeOYIOTh 3HAYHHMX 3a PO3MIpaMU pajaiaTopiB
JUIS. pO3CIIOBAaHHS TeIUla, OJIHIEI0 3 KPUTUYHMX MPOOJeM peaiizallil Takoro miJCHIOBaya €
3a0e3MeueHHs TeIJIOB1IBEICHHS 3 MiHIMAJIbHUM €MHICHUM 3B’SI3KOM MK OKPEMHUMH CHJIOBU-
MU Ta CUTHAJIBHUMH KacKagaMH cucteMu. Po3po0ieHnit HaMu BUCOKOBOJIBTHUH MiICHITIOBaY
3 KepaMIYHUMHU 130JLIHHUMHU AeTalsAMu po3MipoM 60x70X5 MM CKIalaeTbes 13 YOTHPHOX
MiKpocxeM ornepauiiHux niacuioBadiB Apex PA94 B kopnyci DQ12 (puc. 9).

A v,

Pucynok 9 - [llupokocMyTroBHid BUCOKOBOJBTHUH ITiICHITIOBAY 3 BIPTYAIbHUM KUBJICHHSM,
KU CKJIaJAaEThCS 3 YOTUPHOX OINEpaIifHUX MiJCHIIOBaUiB, TPH 3 SIKUX (JIIBOPYY) pO3MILIEH]

Ha KepaMIuHUX IJIACTUHAX 3 HITPUY aTIOMIHIIO
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Jlnst yCyHEHHSI MOXMOKHM IiJICHJICHHS MOKHAa BHKOPHCTATH METOIM iTepauiiHOi Ko-
pekuii. /g 1poro po3mimryeMo B KOXHOMY 3 TPbOX KOPITYCIB ONEpalifHUX MIKpOCXeM
MiACUIIIOBAYl KePaMiYHOT JeTaji 3 KepaMmiKu HITpUAy ajdroMiHito po3mipamu 60x70x5 MM i
terutonposinHicTio 160 B1/(M°K). KokHa kepamiyHa Jetanb 3 HITpHIY alIOMiHIIO, SIKa Hece
Ha co01 omepamiifHu{ MiJACUIIIOBAY, 3aKpIilUICHA HA 3aralbHOMY pajiaTopi 3 amioMiHilo. 3a-
raJbHUMA pagiaTop Mae PO3BHHEHY 3aJHI0 MOBEPXHIO 1, KPIM TOTO, BiAMOBIIHI OTBOPH JUIS
MIPUMYCOBOTO OXOJIO/PKEHHS KOXKHOTO ONEPaIiifHOro MiJCHIIOBa4a OKPEMUM BEHTUIISITOPOM.
OTBip y 3arampHOMY pajiatopi 1 Micue miJg AeTanb 3 HITPULY aTIOMIHIIO 300paskeHi
Ha puc. 10.

Pucynok 10 - Bug pagiatopa, B sKOMy po3TalloBaHe MICIIe Mij onepaliiHui miAcuiIoBady,
Ta BUJI 3 OOKY OXOJIOKCHHS

Ha mincraBi mpoBeneHUX IOCTIHKEHb 3pa3KiB Ta aHali3y OTPUMAaHHUX JaHUX MOXHA
CTBEP/UKYBATH, L0 IIPH BUKOPUCTAHHI iTepaliifHOI KOPEKIii BIUIMB CTATUYHOI TOXHOKU MOXKE
OyTu ckoMrneHcoBaHUU. JIi1 BUKOPUCTaHHS iTepaliiHOl KOpeKIlii cucreMa Mae OyTu cTabinb-
HOIO 1 11 mapamMeTpu He MOBUHHI 3MIHIOBAaTHUChH Y Yaci.

BucHoBku:

1. Kepamiuni mnatu AIN € ocoOmiBHM KI1acoM IUIAT, SIKi BAKOPUCTOBYIOTH YHIKalbHI
nepeBaru MiJKiIa oK 3 HITPUAY aTIOMIHIIO JUIsl KEpyBaHHS TEMIEpaTypHUM PEKUMOM, CTIHKi-
CTIO Ta HaJIHHICTIO, 0COOIMBO B CKJIQJHUX YMOBAaX €KCILTyaTallii.

2. Haiibinpi eekTuBHE BUAAJICHHS KHMCHIO 3 KPUCTAJIIYHOI PEIIITKU HITPUIY alIOMi-
HIIO JIOCSATA€THCS MPH €KBIBAJIEHTHOMY CHIBBIJHOLIEHHI OKCHJy ITpit0 B KiAbKOCTI 5%. J{ns
MOJJAJIBIIOTO MiABUIEHHA Koe(illl€HTa TEIUIONPOBITHOCTI Ta MOKPALIEHHS TEIUIO(Pi3NIHUX
XapaKTepUCTHK 3pa3KiB HEOOXi/IHE MPOBEACHHS JOJATKOBUX JOCTIKEHb Y IIbOMY HaIPSIMI.

3. TToxuOKy miACUIEHHS YCYBaJlM METOAOM ITepaliiHOi KOpeKLii,3 pO3MIIEHHSIM B
TPbOX KOpIycax ONepariifHuX MiKpOCXeM HITpUIY altoMiHil0 po3Mipamu 60x70x5 MM 1 Temn-
nonposianicTio 160 Bt/(Mm-K).

4. 3anporoHOBAaHO palioHAJBHUM MeToJ] cTalumizalii mapamerpiB A 3abe3neyeHHs
CIUJIBHOTO Ta OJHOPITHOIO TEMIEPaTypPHOro MMoJis 110 Oy/e BIIUBATH OJJHAKOBO HA BCI KOM-
MOHEHTH LUIIXOM BUKOPUCTAHHS BUCOKO TEIUIONPOBIIHUX MaTepiaiB.
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Use of aluminum nitride ceramic plates to ensure
the temperature stability of measurement amplifiers

Analysis of recent research and publications. The outlined scientific issues are present-
ed from different angles in the works of many modern scholars. For example, the peculiarities
of the production of ceramic boards made of aluminum nitride and the possibilities of their
use in various devices are presented in the articles of such researchers as J. Raueneker ,
G. Okada. Raucheneker, T.Konegger, H.Okada, K.Fukuda, S.Kasap, T. Yanagida,
M. Signor, G. Reschio, C. DePasquale, V. lacovacci, P.Dario, A.Leone, F.Quaranta,
L. Francioso.

The main dynamic physical and chemical properties, in particular, the thermal conduc-
tivity parameters of crystal lines, thin (thick) films and ceramic boards of the AIN type, as
well as the possibilities of their application in various fields of electronics production, are
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covered in the works of the following scientists: Y. Tuz, O.Kozyr, A.Porhun, Y. Chen,
H. Song, D.Li, X.Sun, H.Jiang, G.Miao, Y. Zhou, Z.Cheng, Y. Ko, A. Mamun, T. Bai
K. Hein L. Yates S. Graham, N. Kim, M. Yarali, M. Moradnya, M. Aqib, S. Liao, F. Al-Qatar
M. Nong, J.Rhee, Y.Ko, Z.Cheng A.Mamun, Z.Liu T.Bai, K.Hussein, P.Hopkins,
M. Neger, M. Herman, O. Fabrishna, D. Pavlyuchkov, H. Seifert, S. Pandit, M. Schneider,
S. Berger, S. Schwartz, U.Schmid, H.Shi, W.Li, W.Kao, Y.Chuang, R.Lin, H.Lin,
M. Shiojiri, M. Chen, M. Signor, L. Velardi, C. Depascali, I. Kuznetsova, L. Blasi,
F. Biscaglia, F.Quaranta, L.Francioso, R.Xu, M.Rojo, S.Islam, A.Sud, B.Vareskic,
A. Catre, N. Mingo, E. Pop.

The aim of the study is to obtain temperature-stable nitride-aluminum ceramic boards
that would ensure the temperature stability of measuring amplifiers

Summary of the main material. The article presents the results of synthesis and manu-
facturing technology of aluminum nitride ceramics. It has been established that the introduc-
tion of various additives into the initial mixture increases the toxicity of gaseous emissions,
complicates the work, and increases the cost of aluminum nitride. Large-sized parts
(60x70%5 mm) with a thermal conductivity of 160 W/(m- K) from a temperature-stable ce-
ramic composite based on AIN were obtained by free sintering for use in the development of a
broadband high-voltage amplifier. It is proved that the most effective removal of oxygen from
the crystal lattice of aluminum nitride is achieved at an equivalent ratio of yttrium oxide in
the amount of 5%. The effect of yttrium oxide additive on the thermal conductivity of a func-
tional composite with a ceramic matrix based on aluminum nitride obtained by free sintering
was studied.

Conclusions. Based on the studies of the samples and the analysis of the data obtained,
it can be argued that the effect of static error can be compensated for by using iterative cor-
rection. To use iterative correction, the system must be stable and its parameters must not
change over time. A rational method of parameter stabilization is proposed to ensure a com-
mon and homogeneous temperature field that will affect all components equally by using
highly thermally conductive materials.

Key words: nitride aluminates; ceramic boards; temperature stability; amplifiers; yttri-
um oxide; aluminum oxide; thermal conductivity; high voltage amplifier.

JoBrans Aprem BoJsonmmupoBuu — acmipaHTt, Kadeapa iHdopMariiiHO-BUMIpIOBAIBHUX
TexHosoriii, HamionaneHuil TexHiyHUN yHiBepcuTeT YKpaiHu «KuIBCbKUH MONITEXHIYHUNA
iHCTUTYT iMeHi Iropst CikopcbKoOroy.
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B.I. llluakapenko, A.L T'yaa, O.1. Ca6mnin, O.I1. IBanoB
KOHCTPYKTUBHO-NIPOJAYKIUINHE MOJAEJIOBAHHS
CUCTEMMU EJEKTPOIIOCTAYAHHS TAIU HOCTIMHOIO CTPYMY

Anomayis. Po3pobnena 3a2anbHa KOHCMPYKMUBHO-NPOOVKYIUHA MOOeTb OLIAHKU eleKmpOno-
cmavanHs ma2u nocmitno2o cmpymy. Mooenv modice 6UKOpUCmo8y8amucy Os PiuleHHs HU3-
KU 3a0a4, N08 A3aHUX 3i 3SMEHUEHHAM eNeKMPOCNONCUBAHHS K HA 3ANIZHUYHOMY MAK 1 MiCb-
KOMY 2pOMAOCHLKOMY eleKmpompancnopmi. Po3pobnena mooenv opienmosana Ha 6U3HAYEHHs
HAs8HOCMI | HOMEHKIamypu 00JAOHAHHS MA208UX NIOCMAHYIU Ma payioHAIbHO20 BUKOPU-
cmanns enepeii pexynepayii. OOHak modice Oymu 3acmoco8ana i O UPIWeHHs THUUX 3a0ad,
NO8 AI3AHUX 3 KOHCMPYKYIAMU CUCMEMU MA208020 eleKmponocmadanns. Haeedeno npuxnao
cghopmosanoi cxemu NHIUHOL OLIAHKA e1eKMPONOCMAYAHHs 3 MPbOMA NIOCMAHYIAMU.

Knouoei cnosa: xoncmpykmusHo-npoOyKyitine MOOeno8anHs, msiea NOCMIUHO20 CMpyMmY,
Gopmanvhi epamamuru, KOHCMPYKMOp, npocpamue 3ade3nevents, iHpopmayitini mexHoao2ii.

Beryn. Bumorn cydacHOCTI 1010 €KOHOMIYHOCTI Ta €KOJIOT1YHOCTI TPAHCHOPTHUX CH-
CTeM BHMAararTh BiJl KpaiH PO3IIMPIOBATH CBOI 3aJII3HUYHI CHCTEMH, BOAHOYAC BHKOPHCTO-
BYIOUHM Cy4YacHI METOJIM 1 TeXHOJIOTIi eHepro30epexenHs. OCHOBHUMH TEXHOJIOTISIMA €HEPTo-
30epeXeHHS B CUCTEMaX eJIEKTPUYHOI TSATH HA ChOTOHI € BIIPOBAHKEHHS €HEPrOePEKTHBHUX
PEXUMIB pyXy TPAaHCIIOPTHUX 3acO0IB 1 ONTUMI3AIs TUILY PO3MIPHOTO PALY MOTYXHOCTEH
PYXOMOTO CKJIay 1 TATOBUX IiJICTaHIIN, YIIPOBAKCHHS BIIHOBIIOBAJILHUX JKEpeEN, OaraTo-
(YHKIIIOHAJIbHUX TMEPETBOPIOBAUIB 1 IPUCTPOIB 30epiraHHsl €IeKTPUUHOI €HEprii B CUCTEMHU
eJleKTporocTayaHHs Ta iH. [Ipy 1boMy OIHUM 3 BaXJIMBUX PE3E€pBIB 3HMKEHHS €HEPrO€M-
HOCTI 1 MOKpAILEHHsI €KOJOTTYHUX MOKAa3HUKIB TPAHCHOPTY 3 €NEKTPUYHOIO TIT00 € BUKOPU-
CTaHHS MOKJIMBOCTEN YaCTKOBOI'O BIIHOBJIEHHSI BUTPAYEHOI Ha TATY €HEpPTii IIIAXOM ii peKy-
nepatiii, 110 103BOJIsIE 3MEHILINUTH CHOKMBAHHS €HEPTii Ha MEpEeBE3€HH 3a PI3HUMHU OLIIHKaMU
Ha 10...40 % [1].

AHaJi3 ocTaHHIX aocjigxeHb i myOaikauniil. [losBa cydacHUX 3aimi3HUYHMX TEXHO-
JoTii 3a0e3neuye peKynepaTuBHY rajibMiBHY CUCTEMY, sIKa MOXE B1JIHOBJIIOBAaTH 3HAYHY ya-
CTHHY €Heprii Bii poOOTH ranbM. YIpaBIiHHS PEKYNEPATUBHOIO €HEPTi€l0 CTae KIIOYEM JI0
MOKpalleHHs: poOOTH 3ali3HUlb. 3aBISKM 1HTerpauii rpadika pyxy MOi3/IB Ta CHUCTEMHU
30epiraHHs €Heprii ylnpaBJiHHS €HEpri€lo Moke OyTH OLIbII THYYKUM Ta €()EeKTHBHHUM, 110
NpU3BE/IE JI0 MOKPAIEHHs eHepro3oepirawdoi podoTu [2].

3riIHO 3 OCTaHHIMH JOCIIKEHHSIMH, BIPOBAKEHHSI Cy4YaCHUX CHCTEM pEereHepaTuB-
HOTO TajbMyBaHHS 3HAYHO MiJBUINYE €(QEKTUBHICTb POOOTH EIEKTPUYHUX 3aJII3HUYHUX

TpaHCTIOPTHUX cucTeM [3]. BigHoBIEeHHS Ta 30epiraHHs 3Ha4YHOI YaCTUHU €HEeprii, BTpaueHol
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i 9ac rajdbMyBaHHs, HaOyBalOTh 0COOIMBOI BaKJIMBOCTI. PO3BUTOK TeXHOIOTiH 30epiraHHs
eHeprii, Takux sIK Oatapei Ta CyrnepKOHEHCATOPH, 103BOJIsA€ e(EKTHUBHIIIE BUKOPUCTOBYBATH
pEreHepaTuBHY €HEPTii0, II0 B CBOIO YEPry IMOKpAIIye EKOJOTIYHY CTIHKICTh 3aJTi3HUYHOTO
TpaHcnopty [4].

3MmiHa rpadika pyxy IO3BOJIIE Kpalle CHHXPOHI3YBaTH CIIOKHBAHHS Ta 30epiraHHs
€Heprii, 0 3HAYHO ITiIBUIIY€e €PEKTUBHICTh pOOOTH 3aTi3HUYHUX cHCTeM. Takuil miaxia Ta-
KOXX JIO[IOMarae 3MEHIIUTH IMIKOBE €JIEKTPOCIIOKMBAHHS, 110 3HIKYE 3arajibHi BUTpaTh Ha
eneKkTpoeHeprito |3, 5].

Po3pobka cucremu 30epiraHHsi eHeprii A PEKyNepaTUBHOTO TaJbMyBaHHS BHCO-
KOIIBUKICHUX 3aJII3HUYHUX CHCTEM € BAXKIUBUM KPOKOM 0 IMiJBUIIEHHS €HEProeqeKTHB-
HOCTI Ta 3HWKCHHS BUTpAT Ha EJEKTPOCHEPrilo. BUKOPUCTaHHS TaKUX CUCTEM J03BOJISIE
30epiraTu BiJHOBJICHY €HEPTil0 JJIs MOAAIBIIOr0 BUKOPUCTAHHA i Yac pyXy noi3ziis [6, 7].

PexyneparuBHa eHeprisi € KpUTHYHOIO NSl iABUIICHHSI €HEproe()eKTUBHOCTI Ta eKOo-
JOTIYHOI CTIMKOCTI BHMCOKOMIBHIKICHMX 3ali3HMYHUX CHUCTeM. |HHOBaIiiHI MiAXOIU [0
VIIPaBIIiHHS €HEPTi€l0 TO3BOJSIOTH 3HAYHO 3MEHIINTH BUTPATH HA €IEKTPOCHEPTiI0 Ta 3HU3U-
TH BUKUAM MAPHUKOBHUX Ta3iB, POOJISTYM 3II3HUYHHNA TPAHCHOPT OUTBII €KOJOTIYHO YHCTUM
Ta eHeproedexkruBHIM [8, 9].

HoBwuii mMeron po3mojily Ta MOBTOPHOTO BUKOPUCTAHHS €HEPrii pPeKynepaTUuBHOTO
rajJbMyBaHHS B €JIEKTPOIOi3ax nepeadadae BUKOPUCTAHHS Cy4acHOTO OOJIaaHaHHS. 3ampo-
MIOHOBAaHA CUCTEMa IHTETPYE MEPETBOPIOBAU] €HEPTii, TATOBY MEPEXKY, EIEKTPOIIOI3AH Ta IPHU-
cTpoi 30epiraHHsi eHeprii Ha OCHOBI BHUKOPHCTAHHS MEXaHI3MiB T'HYYKOTO PO3MOALTY s
e(eKTUBHOTO 30epiraHHs Ta BUKOPUCTAHHS KIHETUYHOI Ta MOTEHIIWHOT eHeprii nmoizmis. Llei
MiAX1] MiABUILYEe eHeproeeKTUBHICTh Ta 3a0e3nedye CTiiKe pIlleHHs Uil MOBTOPHOTO BH-
KOPHCTaHHA TaJbMiBHOI eHeprii noizais [10].

1. BukJiaieHHs1 OCHOBHOT0 MaTepiany

1. ITocmanoexa 3a0aui. Ha ocHOBI BUKJIaICHOTO BUHHMKAE 3aj]laya pO3POOKHU 3arajibHOT
MOJENl JIISHKUA eJEeKTPONOCTaYaHHS MOCTIHHOTO CTPyMy 3aco0aMu KOHCTPYKTHBHO-
MPOAYKIIITHOTO MOJICITIOBAHHS, SIKa B CBOIO 4epry 0a3yeTbes Ha 3acajax popMalbHHUX Ipama-
TUK. Moziens Mae mepedavaTd MOKIIMBICTh €HEPro30epeKeHHs 3a PaxyHOK PaIliOHATIbHOTO
BUKOPHUCTAHHS €HEPrii peKymneparii.

2. OcHO6HI nON0YCEHHA KOHCMPYKMUBHO-RPOOYKUIiHO20 modentoeanns. Hasenemo
OCHOBHI MOHATTSI KOHCTPYKTHBHO-TIPOTYKIIITHOTO MO/ICTIOBAHHS.

VY3aragbHEeHUM KOHCTPYKTOPOM Y MapairMi KOHCTPYKTUBHO-TIPOYKIIIHHOTO MOJEIIO-
BaHHJ € Tpiiika [11]:

C, =<M,Z,A> (1)
ne M — HeoTHOpPIMHUI PO3UIMPIOBAHMI HOCIH, £ — CHTHATypa OIeparliii Ta BiJHOIICHb, SKa

BKJIIOYA€ orepallii 3B'13yBaHHs, IM1JICTAHOBKU Ta BUBEJIEHHS, Omepalii HaJ aTpuOyTaMu Ta Bi-
JHOCHHHU TiJICTAHOBKH, A — MHOXWHA TBEPJKEHb, 110 CKIIanae iHopmalliiiHe 3abe3neueHHs

kouctpyroBauust (13K). 3araneni mosoxxennss A Bukmageni y [11].
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[Tpu3HayeHHs KOHCTpYKIiiHO-ponykuiiiHoro moaemtoBanus (KIIM) momsirae y ¢op-
MYBaHHI MHOKUH MOTEHI[ITHO MOKJIMBUX KOHCTPYKIIii Ta/ab0 KOHCTPYKTHBHHUX MPOLECIB 3a
JIOTIOMOTOI0 OTepalliii 3B'13yBaHHS, MiJICTAHOBKH, BUBEICHHS Ta 1HIIUX, IO 33Jal0ThCS Mpa-
ButaMuy A.

VY naHiif poOOTI KOHCTPYKIIISIMU € CTPYKTYPHI CXEMHU CUCTEMH TATOBOTO €JIEKTPOIIOCTa-
YaHHS NOCTIHHOTO CTPYMY.

st hopMyBaHHSI KOHCTPYKIIIH HEOOXiTHO BUKOHYBATH HU3KY YTOYHIOIOUHX ITEPETBO-
PEHb y3arajibHEHOro KOHCTpyKTopa [11]:

—creriajizaiisi BU3Ha4ae MpeAMETHY 00JIaCTh: CEMaHTUYHY TPHUPOY HOCIsI, CKIHUCHY
MHOXHHY ONepaliii Ta iX ceMaHTUKY, aTpUOYTHKY OIepalliif, MOpsI0K iX BUKOHAHHS Ta 00-
ME)KCHHSI Ha TIpaBUJIa TTiJICTAHOBKH,

—IHTepHpeTalis NoJsIrae y 3B's13yBaHHI ONepaliii CHTHATypH 3 alrOPUTMAaMU BHKOHAH-
HS1 JICSIKOTO aJlTOPUTMIYHOTO KOHCTpYyKTOpa [12]. [Ipu iHTepnperallii BUKOHYEThCS 3B'sI3yBaH-
Hs iH(OpMaIliitHoi Mojeni 3aco0iB (opMyBaHHS KOHCTPYKIIiM Ta MOJEIl BUKOHABIIS, YTBO-
PIOI0YH KOHCTPYKTUBHY CUCTEMY 3JIaTHY aBTOHOMHO (DOpMYyBaTH KOHCTPYKIIii;

—KOHKPETH3AIlisl TOJIATaE y PO3IIUPEHHI aKCIOMAaTUKU MHOXXHHOKO TPABWII MPOAYKIiH,
3aBJlaHHI KOHKPETHUX MHOKWH HETEPMIHAIBHUX Ta TEPMIHAILHUX CUMBOJIB 3 X aTpuOyTamu
Ta, 38 HEOOX1THOCTI, 3HAYCHb aTPUOYTIB;

—peanizaitis noisrae y GopMyBaHHI KOHCTPYKIIiT 3 €JI€MEHTIB HOCISI IUITXOM BUKOHAH-
HS aJITOPUTMIB, MOB'SA3aHUX 3 OINEpallisIMU CUTHATYpH. Peainizaliss MOXJIMBA TUIbKHU JUIS MOME-
PEIHBO CIIEIiaTi30BaHOr0, IHTEPIPETOBAHOTO Ta KOHKPETH30BaHOTO KOHCTpYyKTOpa [11].

Bignosinso no A ysaraaeHeHoro koucrpykropa [11] dopmoro | 3 arpuGyrom
W Ha3uBaeThCs HaOIp TEpMiHATIB Ta HETEPMiHAIIB, IO TOEIHYIOTHCS OIEpaIlisiMHU 3B'Si-

syBaHHsA. KOHCTpyKIli€lo Ha3uBaeTbess (opma, 1m0 MICTUTh Jjuine Tepminamu [11].
TepmiHanamu € eleMeHTH A (OpMyBaHHS KOHCTPYKLIH, a HETepMiHAIM — MOMDKHI ab-
CTpPaKTHI €JIEeMEHTI, HeOOX1/IH1 JJIs 3aB/aHHS MPaBHUJI MiICTAHOBKH.

IIpaBuna miJCTAaHOBKY MAarOTh BUITIAL Y/, . <Sr, g, > eV, ne S, — Habip BinHOCUHU

IiJICTaHOBKH, J, - Habip omepalii Hajx aTpuOyramu. BilHOIEHHS MiICTAHOBKH — JIBOMICHE

BiJHOIIEHHS 3 aTpuOyTamu. Wl w, I, [11]. Jlist bopmu
", I, = vvo@(wlll’wz |2,...,Wh I, P |,) Ta JocTymHOro BiHONICHHS — IIiJCTAHOBKH
", I w, ™ w, |, Taxoro, mo W, I, < W, [ (, |, e wactunoO W, I, ), pesymbraTom
TPUMICHOT omnepartii IiICTAHOBKH w, = (Wh L, o, I 0w, l) Oyne dopma
erl* =W0(-D(W1|1,W2 2w, |q,...,Wk [,) [11], ne @ — Gymp-sika omepauis 3B'I3yBaHHS 3
> .

Onepauiﬂ YaCTKOBOI'O BUBOAY IIOJIATAE Y
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—BUOOPI OHOTO 3 JOCTYIHUX MPaBMII MiJACTAHOBKM I/, . <Sr , g, > e ¥ , 3 BigHOCHHa-

MM I1JICTAHOBKHM S, Ta BUKOHAHHS Ha HOro OCHOBI ONepallii MMiJCTaHOBKH;
—BUKOHAHHS olepaniil Haja arpudyramu J | .

®opmu, 0 OTPUMYIOTECS B Pe3yJIbTaTi OmNepalliii 4aCTKOBOIO BHBOAY, IOYHHAIOYH 3
MIOYaTKOBOTO HETEPMiHAITY, € CEHTCHIIIaIbHIMHU.

Ormepartisi TOBHOTO BUBOY (200 MPOCTO BUBOJY) IOJIATAE Y MOCHIIOBHOMY BUKOHAHHI
orepallii YaCTKOBOTO BHBO/LY, IOYMHAIOYH 3 TIOYaTKOBOTO HETEPMiHAITY, 1 3aKiHUYIOUM OCTa-
TOYHIM (POPMYBAHHSAM MHOKHMHH KOHCTPYKIIiH, IHKOJIHM €IUHOI.

3. KOHCTpYKTHMBHO-NIPOAYKIiHHA MOJe/Ib AUIAHKHN eJIeKTponocTavyanHsi. Buznauu-
MO cHeniagi3amilo KOHCTPYKTOpY — MoJeli (CTPYKTYPHOI CXEMH) CUCTEMHU TATOBOTO EJICK-
TPONOCTaYaHHS:

C:<M’2’A>SHCZE<MZE’ZZE’AZE>, (2)

_ _ = —_ 2 2 2
ne A, =AUAUA,, A, =M, DT, UN, 2. =100} E={", *, x}
.1 2 —_ . . . . o
o={=,+} 0= ==, vaokuun: ZE - Bignocun (i BiamoBigHMX omnepariii)
3B'I3yBaHHs €JIEMEHTIB KOHCTpyKiii, ® — onepariii Hax atpubyramu, ® — omepaitiii BUBe-
nenns, T,, N, — TepminaniB ta HeTepMmiHaIiB.

I3K A, MicTuTh BH3HAYCHHS, JOIOBHEHHS Ta OOMEKEHHS, SIKi YTOUHIOIOTH andasiT,
aTpuOyTH HOCISA, BIIHOCHHU Ti/ICTAHOBKH, 33/1al0Th OCOOJIMBOCTI BUKOHAHHS OIIEpamii mijic-
TaHOBKH Ta BUBEJICHHS.

TepminaneHuM angasitoM T, € MHOXHHA €JIEMEHTIB CUCTEMH TSAIOBOIO CHEProrocTa-
YaHHs, CTIO’KMBaHHS Ta TIEPETBOPEHHS €IEKTPOEHEPTii B MEpexki MOCTIHHOTO CTPYMY 3aIi3HHIIb,
TpaMBalHUX Ta TPONEHOYCHUX JiHIM Ta METPOIOIITEHIB 3 IX CYTTEBHUMHU JUIS I[HOTO 3aBIAHHS
BJIACTUBOCTSIMU — aTpuOyTamu. EnemenTn OyneMo Mo3Ha4aTH MaluMU JTATHHCHKUMU CHMBO-

JaMHM, HapUKIaJ, @ TepMiHan a 3 arpubyToM X , X la atpubyt X TepmiHany a .
Herepminanbnii andasit N, ={ o2 } cknaaerses 3 GaraTboX JOMOMIKHUX CHMBOJIIB
3 aTpuOyTaMy, 110 MO3HAYAIOTHCS TPELBKUMU JIITEpaMH.
BigHoimeHHs Ta omepallii 3B'a3yBaHHs = 3a/al0Th IOCIIJIOBHE 1 NapajieibHe 3'€JHaH-

HS1 €JIEMEHTIB eJIEKTPUYHOTO KoJja (Tabi. 1)
Tabmums 1

BinnmoBigHICTh MO3HAYOK BIIHOIIEHb Ta CTPYKTYPHHUX CXEM
BinHOMIEHHS a-b a:b axb

CrpykrypHa a a-
a b # % *{
cxema b b
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VY 3aranpHOMY BHIAJKy BiAHOIIEHHS Ta0i. | HE MalOTh BIACTUBOCTEH acOIiaTUBHOCTI 1
KOMYTAaTUBHOCTI, TOMY JJIsi OJTHO3HAYHOTO BH3HAYEHHS MOPSAAKY BUKOHAHHS OIepariii 3B's-
3yBaHHS OYyIyTh 3aCTOCOBYBATHUCS AYKKH. Y THX OKPEMHUX BHUIAJKAX, JI€ BUKOHYETHCS
ACOIIIaTHBHICTh JAYKKH, MOXYTh OyTH OIyILEHi.

Onepanii Hax arpubOyramu: .=(@,b) — npucsoenns 3Hauenns b 3minmii a;
+(a,b,c) — npucoenns cymu 3nauens b i C 3minniii a .

InTepnperaunis KIIM mnonsrae y posmupeHHI akcioMaTuku: Vo€ X,  — 3ala€Thes

(¢]

(A, o), Tob6To omepauii ° nmpucBo0OEThCs 3HaueHHs atpudyTy Ak A | — amroputmy ne-
X ) pan p puoyTy X PUTMY 1

SKOTO QJITOPUTMIYHOTO KOHCTPYKTOpa C, [12], B Takuii crioci6 oneparlii 3 CUTHATYpH X TIO-
B'SI3YIOTBCS 3 QITOPUTMAMU X BUKOHAHHS
Cre =M 2 A ) C =M L2, M)

15C, =M. 3,0 A, Z), ’ (3)

ZEl ZE !

ae M, o> U (X(A”)WY (A’)) — Hociif anropurmiunoi cTpykTypu, £, — MHOXKHHA
AleV,

oreparii 3B's3yBanHs anropuTmiB (y [12] BU3HaUEHO oreparlii KOMITO3HIIii Ta YMOBHOTO BH-

koHauHs ), A, — I3K anropurmi4HOro KOHCTpykTOpa (THIIOBa aKciOMaTHKa HaBeIEHA
0 . .
B[12]),V, ={A [} } — MHOXHHA YyTBOPIOIOYHX alIrOPHTMIB aITOPHTMIYHOTO KOHCTPYKTOpa
(MHOXHHA eJIEMCHTAPHUX aITOPHTMIB, IO PEAi3yroThCs AeskuM BukonasieM) V , <M, };
. . 0V, . .

X.,,Y, — MHOKMHa BXiIHMX Ta BHXiOHMX JHaHuX amroputmyA. | , BixmosigHo.
A=A,  UA,.

[Tpu iHTeprpeTalii BUKOHYETbCS 3B's13yBaHHA 1H(OpMaIiitHOi Mozeni crnocody modyo-
BU KOHCTPYKIIi} Ta MOJiesli BUKOHABLIS.

Peamizauis KIIM C,., — cXema JAUISIHKM CHCTEMH JIEKTPOIIOCTAYaHHS, TOMY

TEPMIHAJIN — €JIEMEHTH CHUCTEMHU €JIEeKTPOINOCTayaHHS 31 CBOIMU TE€XHIYHUMHU XapaKTEepPUCTH-
KaMH.

Konkperusaniss KOHCTPYKTUBHO-NPOAYKIINHOI CTPYKTYpH HOJSAra€e y pO3IIMPEHHI
AKCIOMaTHKU MHOKMHOIO KOHKPETHUX IMpaBWJI NPOAYKIM Ta 3aBlaHHI KOHKPETHUX MHOKUH

TE€pMiHaJIIB Ta HETEPMiHAIB:
Cr =M. 2,
=(M_. 2

A,Z) =

—C A Z)Y (4)

ZEIC ZE?

me A, =A, UA,.
I3K A, MiCTUTb HACTYITHI JOIOBHEHHSI.
Tepminanu andasity T, :
—u, BPSS - 30BHIIIHS CHCTEMA eJIeKTporiocTadyants 3 arpuOyroM U, - piBeHb BXinHOT
HaMpyry CUCTEMHU TATOBOTO €JIEKTPONIOCTAaYaHHS;
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- rz,k,U.n,Uumtr — MOHWXKYIOUMH TpaHchopMmarop 3 arpubyraMmu 7 — KK.JO., K —

koedinient tpancdopmanii, U, ,U  — BXinHa Ta BuXigHa Hampyra;

in?

- CI' — BUNPSAMIJISY 3 BIATIOBIAHUMH aTpUOyTaMH;
ut

7.Uin Yo
= U U aci - iaBeprop;
—ww.y ESD — Hakomuysau enexrpoeneprii 3 arpubyramm: W - norounuit
piBeHb 3apsiny HakomuuyBaua, W = — MakcHMaibHa CICKTPHYHA EMHICTh, V  — MaKcH-

MaJibHa MIBUIKICTH (Yac) 3apsaay/po3psany);

L ¢l - maroBa mepexa 3 arpubyramu: L — JloBkHHA JiISHKH, O — MHTOMHIA

omip mepexi, X - Bekrop po3mipHOCTI N , BU3HAYa€ MOJOXKEHHS MEPEMHYOK Ha Oararo-
KOMIMHMX IUITHKAX,
—, 1 ptl €NEKTPOPYXOMHH CKIaj 3 aTPUOYTaMu V — PEKUM PYXY, | — posramysanns

Ha MDKITIACTAHIIAHIM 30HI, P — MOTY)KHICTB sIKa CIIOKUBAETHCS 200 BUILIAETHCS;

~ U s U T — PETYIIATOP HANPYTH BUIPAMIIAYA, U — Bektop po3miprocTi N , KO-

JKEH CJICMEHT SIKOro U, — peryjab0BaH1 P1BHI BUX1JHO1 HAMPYTH,
—SW —mepeMHKad.

Kpim 3a3HaueHux Buiie atpuOyTiB, BCi TEpMIiHAIN MAIOTh IACHTUQIKYIOUUH aTpuOyT

Id , sxuii mo3HayacThCA iHAEKCOM TepMmiHamy abo He TepMiHAIY i J03BOJISE OJHO3ZHAYHO
BH3HAYMTH KOHKPETHE 00JIaIHAHHS CUCTEMHM €JICKTPOIIOCTaYaHHS.

Herepminaneunit  andasir N, CKJIAaJa€ThCs 13  JONMOMDKHUX  €JIEMEHTIB
N, ={o,a,p,0,7,v,0,A} . louatkoBuii HeTepMiHAT — O .

I3K A, MicTUTb Taki paBuiIa MPOIYKILl.

[lepure mpaBuUIO0 MICTUTH BIAHOIIEHHS, IO 3B'A3y€ AUISHKY TATOBOI Mepexi 3 JIBOMa
MMICTAHI{ISIMY YKUBJICHHS:

S :<AO-_) A(a'ﬂ'v)>1
=(index Ja =1),+(i,i,1),
. . - : 5
g,={ =(index g =i),+(i,i,1), ©
=(index Jv =1),+(i,i,1),
ITpaBuiio ¥, 103BOJsIE PEKYPCUBHO JOMOBHUTH MOJENb HACTYIHOI (CYCIIHBOIO)
TUISTHKOIO (1ITepaTUBHO KUTbKOMA JUISTHKAMU):
[//2:<82:<V—)ax(ﬂ-v)>,92:<-..>>. (6)
ITosHauka «-++ » y §, 1y HOJAIbIIOMy O3Ha4dae ()OPMyBAaHHS BIANOBIIHHMX 1HIEKCIB

id ,sxy g, .
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IpaBuio ¥ mpusHaueHe IS 3aBepIIEHHs PEKYpCii.

vy =(ss=(v>a), 9,=(-)), @

HacrymnHe npaBuiio 103BOJISIE MOJICTIOBATH KOJIMHE PO3TalyXCHHS 3 BIATOBIIHOIO Tsi-
TOBOIO MEPEKEIO Ta MiACTaHIlIAMHU (O€3 MiACTaHIIIi B MICIIl pO3Taly>KeHHS ):

v, =(s, =(v>(B-V)x(B-v)), g, =()) ®)
a00 3 MiACTaHIlIEIO:
e =(ss=(v>a-(B-V)x(BV)), 95 =(-)), ©)

W, - JONOMIXKHE IIPAaBUIIO 171 00J1aJHaHHS TATOBOI MiJCTaHII1

we =(s, =(a—>(5xy)), g, =(-+)). (10)
HpaBI/IJIO S7 MMPU3HAYCHC JISI BKIIFOUYCHHS HAKOIIN4YyBayda eHepri'l' 3 [IEpEMUKAYEM Y MO-

JeNb TATOBOI MiJCTaHIii, ¥/, — albTepHATUBA NPABUIY I/, : MiJCTaHIlisl HAaKOIMYyBauyeM He

oOJraiHaHa:
=5, = (5> o0 -sw), 0, =(-3); n
o =(s,=(5 > &) g, =( ). (12)

CUMBOII & — MOPOXKHBO, O3HAYAE BIJICYTHICTH €IEMEHTY Ha CTPYKTYpPHIN CXeMi.

IlpaBuno Y, 103BOJNA€ BKIIOYMTH B CXEMYy TATOBOi MIJCTaHIIl >KMBJIEHHSA BiJ

30BHIIIHBOT CHEPTOCUCTEMH Ta TIOHIKYIOUHN TpaHCcHopMaTop:
W, = <S9 = <7 —(0: ),y o, tr-,_epss > g, = <>> | 13)

JBa anmbrepHatuBHI mpaBuiaa ¥ioi Y11 /103BONAIOTH BKIIOYMTH B CTPYKTYPHY CXEMY

BUNPSIMIISY 3 peryistopom Harpyru ( Y10 ) abo 6e3 ocranuboro (Y11 ):

Wlo:<510:<9_)nu u cr>,gm:<--->>; (14)

»~in "~out

Yiu= <311 - <0 100 U0 O 0y 0 50 T >’ 9u = < ' >> 1)

AunsrepraruBai npaswia V12 ta Wi 103BONSIFOTH BKIIOUHTH B CTPYKTYPHY CXEMY iH-

Beprop 3 nmepemukadeM ( ¥12) ab6o 6e3 Hux 060x ( ¥i3):

Vi, :<512 :<ﬂ“ —br " U Vg aci >’ g, :<>>, (16)
Vi =55 =(A>¢), 9, =( ). an

[TpaBwuio, 110 JO3BOJISIE MOJICTIOBATH €NIEKTPOKUBICHHS 0araTOKOMIHHUX AUTSTHOK
W14:<S14:<IB_>IB:IB>’914:<"'>> (18)
Ta 3 MOXXJIMBUMH TIEPEMUIKAMU HA JTUISHIT
'//15:<515:<ﬂ_>ﬂ'/8>’g15:<"'>>. (19)
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[TpaBuno ¥1s no3Boussie 3amiHUTH HeTepMmiHan [ Ha JUISIHKY TArOBOI Mepexi 0e3

noTAra:

Y1 :<816 :<ﬁ_) n,p,L,i,nCI ﬂ>’ O :<>> (20)
Ta 3 MMOTATOM y CHUCTEMI
Wl7:<sl7:<ﬁ_>v,l,Ptr.ﬁ>’gl7:<“'>>; (21)
Busin 3aBepuryersest paBmwiom ¥ig sike 1m030aBiisie OCTAHHBOTO HE TEPMIHANTY y CCH-
TEHI1aTbHIA (HopMi, TepeTBOPIOIOUM 11 Ha KOHCTPYKIIIO:

l//18:<518:<18_)g>’918:< >> (22)
4. Ilpuxknao mooeni niHilHOT OiNAHKU e1eKMPOROCMAYAHHA 3 MPbOMA MA2OGUMU Ni-

ocmanyismu. B pesyinbrari onepauii yactkoBoro BusezneHHs (o |= 1), 3 BuGopom npasuia
mizcranoBku S, Oyxe cdopmoBana cenreHuiiina ¢opma |, =, - B, -a, i Bignosimua iii
CTPYKTypHa cCXeMa, IpeJICTaBlIeHa Ha puc. 1.

C-C-¢

Pucynok 1 — CTpyKTypHe NpecTaBlIeHHs CeHTeHLiHoi Gopmu |,

[pomosxytoun mincranosky |, |= 1, |= |, , i3 3acrocysannsm npasuna S, nocmino-
BHO OTPUMAEMO CEHTEHIIIHH] dopmu I, =a,-B, (a,x(5,-v,)) Ta
I, =a, B, (a,x(f,-a,)) Ta crpykrypHy cXemy, i3 3aJlar0/KCHHMMH 3arOTOBKaMHU JBOX

JUTSHOK TAToBOi Mepexi ( ) Ta TphoX TATOBUX MiAcTaHwLil (& ) (puc. 2).

©-¢-€-C
&

Pucynok 2 — CTpyKTypHE Npe/CTaBlIeHHs CeHTeHUiiHoT Gpopmu |,

Tpoxu BIIXWIMMOCH Bijl TMOCIIOBHOTO BHKJIQJCHHS TPUKIAAY 1 MPOJAEMOHCTPYEMO
SIKUM YUHOM MO>KHA MOJICITIOBATH PO3TAYKEHY MEPEXKY eIeKTpU(PIKOBAHUX AUTTHOK KOJTIi.

3acTocyBaHHs mpaBuna Ss 10 GopMH l, ABidi S3 3a omepalicro 4aCTKOBOTO BUBOLY
|2|:>|3*|:>|:|:>|5* Jie I;:al'ﬂz'(a4x(ﬂ5'(ﬂ7'vs)x(ﬂg'vlo)))i
|, =, -, (e, < (B - (B, -, )< (5, - y))), I =a,- 3, (a, x(B.- (B, -a,) < (B, -
-alz))), 703BOJIsIE cPOPMYBATH CTPYKTYPHY CXEMY, B SIKIM 3aKJIaleHO OJIHE PO3TralyKCHHS
KOJTT (3 KOHTAKTHOK MEPEXKEI0), IO KUBHUTHCSA OKPEMHUMH TSATOBUMH IMiACTaHIAMH (puc. 3).

PexypcuBHe 3actocyBanHs mpasun S, (abo S, ) Ta S, 03BOJISIE MOJEIIOBATH OyIb SKY

pO3ranyKeHy MepeKy eeKTPOIoCTayaHHs.
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o o o [O-C
C b&—‘*{u_@

Pucynok 3 — CTpyKTypHe IIpe/ICTaBIeHHs CeHTeHwiiHOT hopmu |,

[ToBepHEMOCH 10 HAMIOTO MPUKIIATY JIHIHHOT AUITHKH MEPEXi €JICKTPOIOCTauYaHHS.

IIpoJoOBKYyIOYH  MiJCTaAHOBKU (I, [=1,) 32 IpPaBUIIOM S, oTpH-

maemol, = (5, xy,)- B, (o, x(B; -a,)) 1 cIpykrypHy cxemy 3 OCHOBaMH KOH(Qirypamii

eJIEKTPOO00IaJHAHHS OJHIEIO 3 TATOBUX IMACTAHIIHN (puc. 4).

©
e P .
¢ C
Pucynok 4 — CTpyKTypHe TIpe/CTaBIeHHs CeHTeHiiHoi hopmu |,

Iopmambmia  migcranoska |, [= 1, 3a  mpaBmiom S, mosBomste  orpuma-

tul, =(esd ,-sw , xy,)-B,-(a,x(B;-a,)) 3 nomaBaHHSIM 10 CTPYKTYpHOI CXeMH Ha
puc. 4 HaKOMYyBayi eJEKTPOCHEPTii Ha BIAMOBIIHIM TAroBid miacTaHiii (puc. 5).

ESD
10

¢ ¢ P

PucyHok 5 — CTpyKTypHE Ipe/ICTaBICHHS CeHTeHLiHHOT Gopmu |,

3acrocyBaHHs mpaBmna S, mig wac BcraHosieHHs |, [= 1, no3Bomse orpumarn

I, =(esd,, -sw  x(6,:4,)tr,-epss.)-B,-(a,x(B-a,)) . CrpykrypHa cxema Ha
puc. 5 1onOBHEHa 00JaJHAaHHIM IS Tepesiadl Ha/UTMIIKOBOI eHeprii pekynepariii y 30BHIMI-
HIO MEPEeXY JKHBIICHHS BiJl BIAMOBIIHOI TSATOBOT mifcTaHiii (puc. 6).
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epss,

try4

=@ @
—@@-€
11 @

Pucynox 6 — CTpyKTypHE IpeCTaBICHHS CeHTeHLinHOT popmu |

ITocnigoBHE 3aCTOCYBAaHHS NPaBUI S,, Ta S,, IPH MiJCTAHOBKaX =1, =1, 1103~

10 12

BOJISIIOTh OTpHMATH |, =(esd, -sw, x(cr,:4,)tr,-epss,)-
B, (a, x(B,-,)), 1, =(esd,, -sw, x(cr, :sw, -aci)-tr, -epss,.)- B, -(a, x (B,
‘@;)) . 3a CTPYKTYPHOIO CXEMOI0 PHC. 7 3aBEpIICHa KOMIUICKTALiss 00JIaIHAHHS BiAIOBiIHOT

MiJCTaHIII] IHBEPTOPOM Ta PEryasiTopoM Hanpyru. CTpYKTypHY cXeMy 1€l TAroBOi MigCTaHIIil
MOBHICTIO chopmoBaHo (puc. 7).

epss,

trig

ESD ‘136 8
10
. S_Vlvﬂf
—@—¢-¢

Pucyrok 7 — CTpyKTypHE Ipe/ICTaBIeHHs CeHTeHLiHHOT Gopmu |,

Hacrymnra nocmigosHicts migcranosok |, [= 1, |= ... [= |, , i3 noasiitaum 3actocy-

18
BaHHIM IpaBUIl S51571541 5,05 S,5 , JTIO3BOJIAE OoTpUMaTH
I, =((esd,, -sw, x(cr,:(sw,, -aci))-tr, -epss,.))- B, -(((esd  -sw, x(Cr, : (SW, -
aci,,))-tr,, -epss,,)) x (S, - ((esd,, -sw,, x(cr,, : (SW -aci,))-tr,, -epss.,)))) . B pe-

3yJIbTaTi Olepaliid YacTKOBOIO BHMBEJICHHS MOBHICTIO C()OPMOBAHO CTPYKTYpHY CXE€MY BCiX
TSATOBHX ITiJICTAHIII CHCTEMH €JIEKTPOnocTayanHs (puc. 8).
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epss, . epss,, epss,,

tr14 tr23 tr32

ESD ESD
ol (v | & syl |2

i} a

|
- — ] S T sws
SWi1 SWao SWag

¢ ¢

PucyHok 8 — CTpyKTypHe IIpeCTaBIeHHs ceHTeHLiiHOT hopmu |,

o1

ESD N
28 -'3234 -2%6

3amina Herepminanis S, ta S, y npomixwiit ¢popmi |, mocmigoBro 3a mpammamu

S

14, S

16 , S

16,917,516, S Ta Si4, Si,518, 516,517,516, Sis BigMOBiTHO, (TobTO

B, 1= B i B |=Clyy - Byt By l=Cly, tr, - B, B | (cly, tr, cl - B,,):

. B | (L, -tr, -cl ) B, = (el -tr, -cl,):(cl - B,) = (l,tr, -cl.):(cl,) ta
B = B B l=cCl, - By B l=Cl g B I=cl,, i (Cl,B,)|=cl,, : (cl, tr,

b)) =cl,:(cl, tr,-cl -B.)|=cl,:(cl, tr,-cl,) dopmye Bapiant nBOKOMIiTHOI

JUISTHKY 3 IBOMA TIOTSATaMU SIK Ha CTPYKTYpHI cxemi puc. 9.

epss, epss,, epss,,

tri4 tro3 32

esol & | (x| [EsO| & | %] [Esol|® | |

10 16 19 25 28 34
- SW 45 ~ SWog ~ SWas
SWi1 SWa0 SWag
¢l 59 claz clag
tr .
konist 1
cl s, cl 55
cl45 () KOHTaKTHa mepexa
tr .
Konis 2

Pucynok 9 — CtpykTypHa cxema JIIJISTHKH €JIeKTPOITOCTaYaHH

CdopmoBaHa CTpyKTypHaA cxema JUISHKH CIIO>KMBAaHHS €Heprii peKyneparii MOJeNoe
CTPYKTYPY 3aJisTHUX TATOBUX MIJACTAHIINA 3 MAKCUMAJIBHOIO KOMIUICKTAIIIEIO Ta JIEAKY TOI3HY
CHUTYyaIIIIO.

ATpuOyTHKa €J1eMEHTIB CXeMHU (OpPMYeThCS MPUCTPOSMHU BHUMIPIOBaHHS Ta Mepenadi
iH(popMmalii Ta eKCIIEPTHUMHU BUCHOBKaMHU.
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2. O0roBopeHHs pe3yJbTaTiB

1. HaBenena y3arajgpHeHa MOJENH J03BOJSE (DOPMYyBATH MHOXHUHY TOTEHI[IHHO MOX-
JUBHUX CXEM JTUITHOK CUCTEMH €JIEKTPOIOCTaYaHHs, IKI MOXKYTb CIYyT'yBaTH OCHOBOIO JUISI T10-
JaNbIIOT0 KOHCTPYKTHBHOTO MOJETIOBAHHS: PEKUMIB TATOBOTO €JIEKTPONOCTAauYaHHS Ta CTa-
HY €JIEKTPOMEpEKi, BapiaHTIiB pO3TallyBaHHs 0O HAHHS 1 TOT3HOT CUTYyaIlii, BU3HAUYCHHS Ha
X MOJIEJIAX eKCIEPTHUX BUCHOBKIB III0JI0 BUKOPUCTAHHS €HEprii pekyneparii, popMyBaHHs
HelpoH-(hazi a0 HeHPOHHOT Mepexki MPUHHATTSA pillieHb, KEPYIOUOro Ha X OCHOBI KOHCTPYK-
TOpA.

2. Po3po0iena Mojiens Moxke OyTH KOPHCHOIO MPH PillleHH] HU3KH 3a/1a4, a caMe:

—TIIBUIIEHHST €HEProe(EeKTUBHOCTI CUCTEMH EIIGKTPUYHOI TATH 1, SIK HACIITOK, 3HU-
YKCHHSI BUKUJIIB TAPHUKOBUX ra3iB y 30BHIIIHE CEPEIOBHIIIE;

—BHOOpY palliOHANBHOI CTPYKTYPU CUCTEMH €JIEKTPONOCTayaHHS (PO3MILIEHHS Ta HO-
MEHKJIATypH 00JIaJHaHHS);

—MaKCHMaJlbHe BUKOPHCTaHHs MOTEHIIaly peKynepanii eHeprii Ta miIBUILIEHHS pecyp-
cy (cTpoKy ciyk0u) 00JIaITHAHHS Ha OCHOBI PAIliOHATBHOTO KEPYBaHHS 00J1a THAHHSIM.

3. BuBin cxemu Moxe OyTH SIK Y aBTOMaTHYHOMY PEXHUMIi (BHYTpIIIHIM BUKOHABIIEM
KOHCTPYKTOpA), TaK i B KEPOBAHOMY (CIIUILHO BHYTPILIHIM 1 30BHIIIHIM BHKOHABIsIMH). B
OCTaHHBOMY BHUIAJIKy MOXYTh OyTH c(hopMOBaHI CXeMHU eNEKTPONOCTadYaHHs OJM3bKi 0 pe-
JIbHUX 3 BapiaTUBHICTIO 00JIaIHAHHS, EHEPTeTUYHOI Ta MOi3HOT CUTYaIlii.

3. BHCHOBKH

OnHUM 13 OCHOBHUX HAINpsIMKIB PO3BHTKY €KOHOMIKH YKpPaiHU € eHepro30epeeHHsl, 1o
TIOB'SI3aHO 31 CKJIAIHOIO CUTYAIII€I0 Ha PUHKY €HEPrOHOCIIB.

ParionanbpHe BUKOpHCTaHHS €HEprii peKymneparlii Ha MijcTaBi BUKOPUCTaHHS MOJEIEH
Ha CyYacHHX MPUHIIMIIAX JJO3BOJISIE 3HAYHO 3201113 HDKYBAaTH EHEPrOpECypCH.

Po3pobiiennii MmeToa MojentoBaHHs 3acHOBaHU Ha MOxJTHBOCTIX KIIM y HOBI# npen-
MeTHiH ramy3i. TepmiHanbHUN andaBiT ceMaHTUYHO HAaNOBHEHMM oOpa3amu eiekTpooOian-
HaHHS, TATOBOI MEpEXi Ta CIOXHMBauaMU €JIEKTPOEHeprii, M0 MalTh BIANOBIAHY
aTpuOyTHUKY.

Buxonano xonkperusanito KIIM, sika no3Bosisie BpaxyBaTH 3HaYHY KUIBKICTh MOKJIU-
BOCTEH Ta OCOOJHMBOCTEH Cy4acHOrO OOJaJHAHHSI CUCTEM TATOBOTO EJIEKTPONOCTauYaHHS,
TUISTHOK TATOBOI MEpekl Ta Moi3HOi cuTyauii. HaBenenuil okpemuil Bunanok (popMyBaHHS
CTPYKTYpHOi cxeMH ieMOHCTpy€e MOkIuBOcTI KIIM cTocoBHO HM3KM 3a/1ay.
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Constructive-synthesizing modeling of the direct current traction power supply system

A general constructive-synthesizing model of the DC traction power supply section has
been developed. The model can be used to solve a number of problems related to reducing
electricity consumption in both railway and urban public electric transport. The developed
model is focused on determining the availability and nomenclature of traction substation
equipment and rational use of recuperation energy. However, it can also be applied to solve
other problems related to the designs of the traction power supply system. An example of the
formed scheme of a linear power supply section with three substations is given.
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The presented generalized model allows to form a set of potentially possible schemes of
sections of the power supply system, which can serve as the basis for further constructive
modeling: traction power supply modes and the state of the power grid, equipment location
options and train situation, determination of expert conclusions on the use of recuperation
energy on these models, formation of a neuro-fuzzy or neural network of decision-making
and, based on them control constructor.

The developed modeling method is based on the capabilities of the constructive-
synthesizing modeling in a new subject area. The terminal alphabet is semantically filled with
images of electrical equipment, traction network and electricity consumers with appropriate
attributes.

The constructive-synthesizing modeling specification has been performed, which allows
taking into account a significant number of capabilities and features of modern equipment of
traction power supply systems, traction network sections and train situation. The given indi-
vidual case of forming a structural diagram demonstrates the capabilities of the constructive-
synthesizing modeling in relation to a number of tasks.

Keywords: constructive-synthesizing modeling, direct current traction, formal gram-
mars, constructor, software, information technologies.
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J1.B. 3axapos, JI.I. Kuum
MATEMATHUYHE MOJEJIOBAHHSA TEIIJIOBOI'O PEXKUMY
B COHSIYHIA TEPMO®OTOEJEKTPHYHIN ITAHEJII

Anomayia. B pobomi 3anpononosano ouzatin KOMOIHO8AHOI COHAYHOI mepMmogomoenekmpu-
YHOI nawueni, 6 AKil OOHOYACHO 2eHePYEMbCA eleKMpUyHa ma mennosa euepeis. Tennosuti
pedcum 8 wapax mepmogpomoenekmpuyHoi naneni 00CrioNcy8ascs Ha OCHOBI po3pobieHOol
HeCmMayioOHapHOi HEeNIHIUHOT MamemMamu4Hoi Mooeni ma CmeopeHo20 NPoOcPAMHO20 O00AMKY.
B pezynomami xomn’romeprno2o modento8anus 008e0eHi nepcneKkmuey UKOPUCMAHHS mep-
MogomoenekmpuuHoi nareni 8iON0BIOH020 OU3AUHY Ol MepMiuHoi cmabinizayii coHAYHUX
enemMenmie ma 2enepayii HU3bKONOMeHYilUHOI meniomu.

Knrouosi cnosa: necmayionapna mamemamudna mooeiv, cucmema HeaiHitHux ougepenyia-
JIbHUX DIBHAHb, YUCILO8] MEMOOU, COHAYHI eleMenmul, po3nooil memnepamyp, mepmogomoe-

JEKMPU4Ha naHev, Hu3bK0n0m€HuiﬁHa menjioma.

IlocranoBka mpodsjemu. I[Ipsme ¢dotoenexkTpuyHe neperBopeHHs eHeprii CoHIS €
HaANOIBII PO3BHHEHOIO Ta aJallTOBAHOIO TEXHOJOTIEI0, sIKa ITMPOKO BUKOPUCTOBYETHCS B Ha-
3€MHIi 1 KocMiuHii eHepreTuili. DOToeNeKTpUYHI COHAYHI MaHeli 3a0e3Meuy0Th CII0KUBAYiB
EJIEKTPUYHOIO €HEPTi€l0, IKa BIJIMOBIAA€ CBITOBUM E€KOJIOTITYHUM Ta €KOHOMIYHUM CTaHAAp-
taM. B Toi1 ke yac (oTOeIeKTPUYHI CUCTEMH MAaIOTh HU3bKI MUTOMI €HEPreTUYHI TOKa3HUKU,
o oOMexye iX 3acrocyBaHHA. [lo-mepiire, 11 HU3bKI €HEPreTHYHI MOKa3HUKU OOYMOBIECHI
¢bi13uuHOT TPUPO10I0 (POTOETEKTPHUUHOTO MPOIIECY Ta CYYaCHUM PIBHEM TEXHOJOTiH CTBOpPEH-
HS BIAMOBIIHUX COHSYHUX eneMmeHTiB [1]. [lo-apyre, mist oTpuMaHHS MPOMUCIOBUX 3HAYEHb
EJIEeKTPUYHOI MOTY>KHOCT1, COHAYHI MaHel TOBUHHI 3aiiMaTH 3HAYH1 3eMeINbHI IJISHKU, BUi-
JISTHHSL SIKMX OB S13aHO 13 00’ €KTUBHUMH TPYyJHOIIaMU. 301IbIIEHHS IO COHSUHUX (hoToe-
JEKTPUYHUX CTAHIIH IPU3BOIUTH A0 MPOOJIEM 3 KOMYTAIIIE€0 MK COHTYHUMH TaHEeIsIMH, 1110,
B CBOIO Uepry, 3MEHIIIye 3arajibHy €HepreTUYHy MOTYXHICTh cTaHlii. He MeHmow mpobie-
MO0, 110 MPHU3BOAUTH JI0 MAJIHHS €HEPreTUYHOI MOTYKHOCTI ()OTOENEKTPUUHUX CTaHIIIH, €
TeMIepaTypHi KOJMBaHHS B MicClll iX po3TallyBaHHS. 3HM)KEHHS €(QEeKTMBHOCTI IMpH 3011b-
[IEHHI TeMIIepaTypu XapaKTepHO MM OUIBIIOCTI TUMIB Cy4aCHUX MPOMHCIOBUX COHSYHHX
eneMeHTIiB [2]. ToMy Ba)KIIMBOIO HayKOBOI IPOOJIEMOIO € MiHiIMi3allis BIULTUBY TEMIIEPaTyp Ha
EHEPreTHYHI MOKA3HUKH COHSYHUX TaHelNeH.

AHaJi3 OCTaHHIX J0CTiIKeHb | myOaikanii. [CHye 1Ba OCHOBHUX HUISIXU PO3B’sI3aHHS
i€l TpoOJieMU — CTBOPEHHS HOBUX THUIIIB COHSYHUX E€JIEMEHTIB 3 MO0 3aJISKHICTIO edek-
TUBHOCTI BiJl TeMIiepaTypu abo 3MiHa JU3aiiHy COHSYHUX MaHesnel. B cBiTi mpoBoasThCA 1H-
TEHCUBHI HAYKOBI JOCTI/KEHHS 1 OTpUMaHI 3pa3Kd HOBUX BHUCOKOE(PEKTUBHUX COHSIYHUX

© 3axapos JI.B., Kaumr JLI., 2024
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enemMeHTiB, B skux KK/ mano 3anexite BiJ TeMnepaTypu abo HaBiTh 3pocTae MpH ii MiJABH-
menHi [3]. Ane BUCOKa BapTiCTh TAKMX COHAYHHX €JIEMEHTIB HE JI03BOJISIE BUKOPU CTOBYBATH
iX B MPOMHUCIIOBUX MacuTadax.

3MiHa AM3aifHy COHSIYHUX MaHeNeH MO)Ke MPU3BOAMTHU A0 MiJBUIICHHIO X €HepreTuy-
HO{ e()eKTUBHOCTI HABITh MPU BUKOPUCTAHHI TPAAULIAHUX COHSYHUX EJIEMEHTIB THILy MONO
C-Si (kpeMHi€eBI MOHOKpHcTamiuHi) a0o Poly-Si (kpeMHi€BI MOMiKpUCTaIivHi) Ta iH. 3MiHA
JM3aiiHy COHSYHUX MaHeJIeld MPOBOIUTHCA MACMBHUMHU Ta aKTUBHUMHU MeTtoaamu. /lo macus-
HUX METOJIIB BIJITHOCUTHCS BIAMOBIIHE PO3TAITyBaHHS COHSIYHHUX IMAHEJICH 3 TOYKU 30py Bpa-
XyBaHHsI reorpadiyHux Ta KJIiMaTuyHuX (aktopiB [4,5], a Takok 0COOIMBOCTEH MOHTaKY
[6]. Jo cydacHMX MAacHBHUX METOJIIB 3MIiHH JAM3alHY COHSIYHUX MAHEJICH BIAHOCHTHCS TAKOX
BBEJICHHA B 1X KOHCTPYKIIIO (ha30MepexiIHOro Marepiaiy, B SKOMY HaKOIMYY€EThCs 3aiiBe Te-
10, ajJe Ha JTAaHW MOMEHT TaKi CUCTEMH Ill¢ He HaOyJIu IIUPOKOTO MPOMHCIOBOTO BIIPOBa-
TOKEHHS.

Ha Bigminy Bin KOMOiHOBaHUX (ha30MEPExiTHUX COHSYHUX MaHEJeH, Bce OLIbII pO3Io-
BCIO/DKCHUMH CTat0Th KOMOiHOBaHI Tepmodoroenekrpudni (PV/T) nauneni [7]. Au3aiin Takux
na”esnei (oOpMyeThCs IIUITXOM BBEJICHHS B X KOHCTPYKIIIO JOJATKOBUX KaHANIB 3 TEIJIOHO-
cieM, SIKMH 3HIMA€ 3aIMIIKOBE TEIUIO 3 COHSAYHHMX elleMeHTiB. Lle Moke mpu3BOAUTH 110 TEp-
MocTabiiizalii ab0 HaBITh OXOJOHKEHHS COHSYHHMX E€JIIEMEHTIB, IO ITiJBUIIYIO iX e(peKTHB-
HicTh. KpiM TOTO, TOAaTKOBA TEIUIOTA, KA MEPEIAETHCSI KOHBEKIIIED TEIIOHOCII0, MOYKE BH-
KOPHCTOBYBATHCH 3a TIPU3HAYCHHSIM.

Merta pocaigxenns. MeToro qaHoi poOOTH € JJOBEICHHS MEPCIEKTUB YIOCKOHAICHHS
TpaauuiiHoi Poly-Si coHsYHOT MaHeNi UUIIXOM I0JaBaHHs MIAPY TEIUIOHOCIA 3 QPOHTAIBHOT
croponu. Taka kombiHoBaHa PV/T manenb AOCHiKyBaJlaCh METOJaMH MATEMaTUYHOTO Ta
KOMIT FOTEPHOTO MOJICTIOBaHHS Ha OCHOBI CTBOPEHOT'O BJIACHOTO MPOrpaMHOro Koxy. B xomi
YHCJIOBUX JIOCIIKEHb BU3HAYEHO PO3MOJILI TEMIIepaTyp B KOKHOMY IIapi 3arporoHOBaHOI
PV/T naneni, BIUIMB Ha 1€l PO3MOIiN 30BHIMIHIX (reorpadivyHuX, KIIMAaTHYHUX) T4 BHYTPIll-
HIX (0COOIMBOCTI AM3alHY Ta TUHAMIKU TEIJIOHOCIs) (paKTOpiB.

BuxkianeHHsi 0CHOBHOro marepiany aociil:keHHss. B saxocTi 00’€kTa MOCHIKEHHS
obupanack MoJieNlb coHsTaHOT maneni tumy Photowatt PWXS500 3 poly-Si consiunnmMu eneme-
HTaMu. B 11l maHesni COHsUHI €JI€MEHTH PO3TallloOBaHI MIX JIBOMa CKJISHUMH MOBEPXHIMHU 3
MPOMDKHUMU IIapaMu 13 repMeTuky tuny EVA Ta ckioBosiokHa. 3 (pOHTaIbHOI CTOPOHU
COHSIYHOI MaHeNl J0JIaTKOBO JOJIA€ThCS IUIOCKUHM KaHaJl 3 TEIJIOHOCIEM (BOJOIO), SIKUH MOKe
OyTH pO3aUIeHUN TIeperopoakamMuio. Bubip came miocKoro KaHaty i TEIUIOHOCI 0a3yeTh-
Csl Ha MOro eHepreTUYHMX IepeBarax, siki qosezeHi B [8]. Bes koncrpykuis PV/T naneni po-
3MINIY€ETHCA B METaJIEBOMY a00 MOJIMEPHOMY KOPTYCi 1 3 (POHTAILHOI CTOPOHM 3aKpUTa 3a-
XHCHHM CKJIOM. TakuM YMHOM, 3amporoHoBaHa mojaenb PV/T maHeni GakTHYHO € MIOCKHM
COHSTYHUM KOJIGKTOPOM OCOOJIMBOTO THITY, B SIKOMY T€HEPY€EThCS SIK TETUIOBA, TaK 1 €IeKTPHY-
Ha eHepris. Ha puc. 1 cxemaTnuHo nmoka3aHa no3amaciitadHa ¢pizuuHa MoJiedb 3alporoHOBa-
Hoi PV/T naneni.

MareMaTtuuHa MOJENb JIsi BU3HAYEHHS PO3MOAUTY Temmneparyp B mapax PV/T maneni
3ampoOINOHOBAHOTO JM3aiiHy OyayBalach Ha OCHOBI HECTalllOHAPHOI MaTeMaTU4YHOI MOl
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JUTSL KIIACHYHOI COHSYHOI MaHei, Ky po3pooieno B [9]. B marematnuny mozens [9] nonat-
KOBO BBOJMJIUCH PIBHSIHHS, 1[0 OMHUCYIOTh TEIUIOOOMIH B 3aXHCHOMY CKJIi Ta B IIapi TEIJIOHO-
Cisl, @ TAKOXK (YHKIIIT anpoKkcuMallii KIIiMaTHYHUX JaHuX B Micui ¢yHkuionyBanus PV/T na-
Heni. TakuMm YMHOM, HECTalllOHApHA MaTeMaTHYHA MOJIEIb PO3MOALTY TEeMIIEpaTyp B mIapax

Ec
., 7 % 1

PV/T nanemni mae Bursm:

Teor
Ten Cover glass
j}. — = Fluid —" —*
Ts Front glass
e PV Cells+tEVA g
Te Back glass
|
qr dr
Pucynok1 —Ilozamammrabua cxema PV/T naneni
- 175 QpOHTANBHOI MOBEPXHI 3aXMCHOTO CKJIa:
dT_, (t
pcolhcolcpcol ﬁ() = aa (t)(Ta (t) _Tcol (t)) + ScolGFcolsky (Tsﬁy (t) _Tf?; (t)) +
1)
A
+8colcholgro (Tgio (t) _Tcil (t)) + hLM(Tcoz (t) _Tcol) + AcolEC (t)a
col
- 1S TUJIBHOI MOBEPXHI 3aXMCHOT'0 CKJIa:
dT_, (t o
P T2 (T, (0T () 570 (T (0 -T2, (1) +
)
A
+hc_02(Tcol (t) _Tcoz ) ;
co2
- U1 TEILUIOHOCIS:
ar, (1)
pihCp— = =a, (1) (T (1) =T, () + e, (£)(Ty (1) =T, (1)) + )
+m,Cp, (T, ()T, );
- 175 QpOHTANBHOI MOBEPXHI CKJIa COHSYHOI MaHedi:
dT_ (t
PihuChy 35 )=wzfO)(ﬂ(t)—Tm(t»4wifc(né(t)—Té(0)+ @

7 fg .
+, (Tpv (t)-T, ),
= JUIS Iapy COHSIYHUX €JIEMEHTIB:
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dar ,(t) -, — _
vahvava#=ﬂpf(Tbg(t)—Tpv(t))+ﬁbS (T()-Tw(t))+a,(1);  ©)

- TWIbHOI IOBEPXHI CKJIa COHSAYHOI IMaHeJi:

dT. (t
P T2 (T, ()T (6) #8100 (72 ()T (1)

e bgGFbggro (Tgﬁo (t)_Tbg (t))"_ﬂ_’bgv (T pv (t)_Tbg (t))

B maremarnuniit mogeni (1) — (6) T,h, p,Cp, A, & — Temneparypa, ToBIIMHA, TyCTHHA,

+
(6)

KOe(iIieHT TEeITIOEMHOCTI, KOE(IIIEHT TEIUIOMPOBIAHOCTI Ta CTYIIEHb YOPHOTH KOXHOTO IIa-

py PVIT naneni, sixnosigno; T,,T, T, — TemmepaTypa HaBKOJIMIIHBOTO TOBITPS, HEOa Ta

3emui, Bignosigno [10]; A — koedinieHT eeKTHBHOI TENIONPOBIAHOCTI BiANOBiIHKMX IIApiB

PVIT naneni [11]; a,,a, — xoediuientn remnosignayi mixk PV/T nmaHemw o Ta HABKOJIUIIHIM
CEepEeNOBUIIEM Ta MK TEIJIOHOCIEM Ta CTIHKaMH KaHaly, BiAMOBiAHO; M, — IMMTOMa MacoBa
BHUTpATa TEIUIOHOCIA; A, ,— Koe(dillieHT IIOrIMHAHHS MOBEPXHI 3aXHCHOTO CKJIa; O — CTala
Credana — Bonbimana; F, — koedimienty, B sKMX BpaxoBYeThCs KyT PO3TAIIyBaHHS HaHEei
B1JIHOCHO TOPU30HTY; EC (t) vq (l‘)— IIUTBHICTH TEIJIOBOTO MOTOKY Bij COHIIS Ta BiJl COHSY-

HHX €JIEMEHTIB, BiJIOBIIHO.
Po3pobnena matemaruuna mozens (1)—(6) Oyna po3B’si3aHa 3 BUKOPUCTAHHSAM BJlac-
HOTO HPOrpaMHOro JOJAaTKy, SIKMH peajli3oBaHO Ha MOBHU IPOTPAMyBaHHS CHCTEMU
KOMIT 10TepHO1 anredbpu Mathematica [12].
3Ha4YeHHS IMIIHHOCTI TETIOBOTO MOTOKY Bif COHI, TeMIIEpaTypy HABKOJIUIIHBOTO Ce-
peIoBHIIA Ta MIBUIKOCTI BITPY, SKE HEOOXIHO JUIsl BUSHAYCHHS KOE(IIIEHTY TETUIOBIIIadi

Mk moBepxHsimu PV/T maneni, 3HaX0JiI0Ch 32 JaHUMH BiJKPUTHX BCECBITHIX KIIIMAaTHYHHX
6a3 [13]. 3navenns (,, (t) PO3paxoBYBaJIOCh y BIJMOBIIHOCTI A0 MIJIXO01Y, MPEICTABICHOTO
B [2].

MopentoBaHHS TPOBOIUIIOCH B PEKHMI PEAIbHOTO Yacy B 00paHiil reorpadiuHiii jJoka-

i1 /U1 BU3HA4YEHOTO JHs poky. ['eomerpuuni mapamerpu PV/T maHeni BiINoOBigaan reoMeT-
pUYHHMM MapameTrpaM COHs4YHOI maHem tumy Photowatt PWX500 3 ToBmuHOMO miapis

h, =0.22-10"m, hy, = hy; =0.0195x%. ToBmmHa wapy TemioHocis — oGupanach
h, =10-10°m, a rommna 3axucuoro ckna h_, =h_, =0.004n . Tennosi Brpatn 3 Goko-
BUX TOBEPXOHb MaHeli He BpaxoByBanuch. 3asBieHe BupoOHUKoM KKJI poly-Si consunmx
eNleMeHTiB npu Temnepatypi T, 5 = 25°C nopisriosano 77 =0.13. PV/T nasens BCTaHOB-
nroBanack mix kyroMm 3 =45° 510 TOpH30HTY, OYATKOBA TEMIIEPATypa BCix 1i mapiB ckiaia-

ma T =10°C, a Temneparypa Temionocis na Bxoi B kanan 7, =12.5°C .

nou
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Ha puc. 2 npencraBieHo pe3ylbTaTH PO3PaxyHKIB MO BU3HAYCHHIO PO3IMOJALTY TEMIIe-
paryp B mapax PV/T na"eni mnpud NUTOMIA  MacoBii  BUTpaTi  TEIUIOHOCIS

m, =1.325.10° .
C-M
40
35

LJ
=

Temnepatypa, °C
fed [ed
&

=
Ln

=
[
=)

o 2 4 b 10

Yac, wo pospaxoByeTeCA Big cxoay CoHUA, rog

Teol ———Tea? ——Tf Tfg Tpv Thg

Pucynoxk 2 — Po3noain TemiiepaTyp IpoTsAroM CBiTOBOro jaHs B mapax PV/T maneni

Amnani3 rpagikiB mokasye, mo Haiuiny temmeparypy B PV/T maHeni mae map coHs4-
HUX €JIEMEHTIB, MPH YOMY MaKCHMaJbHA iX TeMIiepaTypa mnepesuirye maike Ha 13°C Temrie-
parypy, sika BiIIOBigae MakcUMalbHIN eekTuBHOCTI. Taky * TeMreparypy COHsUHI eneMe-
HTU MalOTh 1 B COHSYHOI IMaHEeNl TpaguIlifHOro nu3aiHy [5], TOOTO TETUIOHOCIH, IO IUPKY-
aroe B kKaHaai PV/T maneni, He Crpusie OXOJIOKCHHIO COHSYHUX €JIEMEHTIB. B Toif jke yac B
PV/T naneni temnepaTypa TEIJIOHOCIS B CepeIHbOMY MiIBUILY€EThCs Onbin Hix Ha 20°C i 1e
CTa€ JIOCTATHIM JUIsl TeHepallli HU3bKOMOTEHIIMHOT TeroTH. [1iABUIIeHHsS MacoBOi BUTpPaTH
TEIJIOHOCIS] PU3BOJUTH JI0 1€ OLIBLIOr0 3pOCTAHHS TEMIIEPATYpU K COHSYHHUX E€JIEMEHTIB,
TaK 1 TeryioHocis. Ha puc. 3 mokazani po3noauii TeMIepaTyp B mapi COHIYHUX €IEMEHTIB Ta

B TEIUIOHOCIi TpH NUTOMili  MacoBiif  Butpari Terwomnocis m, =1.325-107° KZZ Ta
c-Mm
m, = 2.65-10°° Ke > » BIITOBITHO.
c-m
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Pucynok 3 — Po3noisn Temieparyp npoTsaroM CBiTOBOTO JHS B IIapi COHSYHUX EJIEMEHTIB Ta
B Temonocii PV/T maneni

BucHoBku. B po6oTi 3anpornoHoBaHo au3aitH consuHoi PV/T manenmi s ogHOYacHOT
TeHepallii eJIeKTPUYHOI Ta TEeIUIOBOi eHeprii. Po3pobieHa MaTemMaTnyHa MOEIb, CTBOPECHUI
MPOrpaMHUN JOJATOK Ta MPOBEACHI YMCIIOBI JTOCIIHKCHHS JIOBEJH, IO OOpaHWd Iu3aiiH
PV/T naneni 3abe3neuye JIMIIe TEPMOCTAOUTIZAIII0 COHAYHUX €JICMEHTIB, HE OXOJIOKYIOUH
ix. B Toli ke 4ac, oTpuMaHUii piBeHb CepeHIX TeMmeparyp Terionocis B PV/T maunerni € noc-
TaTHIM JJIsl TEHEPAIil0 HU3bKOIIOTEHIIIHHOI TeTIOTH.
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Mathematical modeling of the thermal regime in solar photovoltaic thermal panel

Design of a combined solar photovoltaic thermal panel (PV/T) for the simultaneous
generation of electrical and thermal energy was proposed in this study. The basis of the new
design is a traditional solar panel with poly-Si solar cells. A flat channel with a heat transfer
fluid is added to the front size of such a panel. This channel is bounded by cover glass. A
non-stationary mathematical model was developed for determination of temperature regime
in the PV/T panel. This model consists to the system of nonlinear ordinary differential equa-
tions, which describes mutual influence of external and internal heat flows and temperatures.
A Math-software was created based on the developed mathematical model. The numerical
studies were conducted in in real-time mode for selected geographical location of the PV/T
panel. Heat flux density from the Sun, wind speed and ambient temperature were determined
based on data from open worldwide climate databases. As result of computer modeling, the
typical temperature distributions in each layer of the PV/T panel during daylight hours were
founded. It was determined that the heat transfer fluid moving in a transparent channel from
the front side of the solar panel does not cool the solar cell. This heat transfer fluid ensures
only their thermal stability at the corresponding value of the specific mass flow rate. With an
increase of the specific mass flow rate of the heat transfer fluid, the growth of solar cells tem-
perature is observed under unchanged environmental conditions. An the same time, the pro-
posed design of the PV/T panel ensures a significant increase of the heat transfer fluid tem-
perature. This makes it possible to use it in low-potential heat generation systems. This leads
to an increase in the economic efficiency of solar panels, economy of occupied areas, optimi-
zation of system of production, consumption and storge of thermal and electrical energy.
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O. Maliienko, V. Turchyna
ANALYSIS OF THE IMPACT OF TASK PRIORITIZATION LISTS
ON THE POTENTIAL FOR AVOIDING ANOMALIES IN TASK SCHEDULING

Annotation. This paper addresses relevant issues related to the anomalous deterioration in
objective function values when attempting to improve the initial parameters in one of the dis-
crete optimization problems. The primary focus is on investigating the conditions under which
it is possible to prevent the occurrence of such anomalies. Contemporary scientific works de-
voted to schedule optimization and task prioritization management, particularly for location-
allocation problems arising in the fields of computer science, engineering, and operations
research, are reviewed. A priority dynamic redistribution algorithm is proposed, which al-
lows minimizing delays and ensuring efficient resource utilization during parallel task execu-
tion. An example of applying the algorithm is provided, and its effectiveness in preventing
anomalies.

Keywords: schedule theory, optimal orderings, location-allocation problems, discrete opti-
mization, anomalies, priority dynamic redistribution, scheduling algorithms, interruptions,
mathematical modeling.

In the modern world of technology, which is continuously evolving and integrating into
all areas of activity, effective task management is a key aspect of achieving high levels of
productivity. However, alongside the development of systems, numerous challenges arise in
their improvement and optimization, which require innovative mathematical approaches and
solutions. One of the most complex problems in this area is the anomalous deterioration of
objective function values when attempting logical improvements to the initial system parame-
ters.

Problem statement. The study of anomalous cases in discrete optimization problems,
particularly in constructing parallel optimal orderings, is often associated with determining
the conditions under which it is possible to prevent the occurrence of these anomalies [1].
Considering the generalization of the problem of minimizing the total task completion time,
an interesting question arises regarding the impact of interruptions on the value of the objec-
tive function [2].

Analysis of the latest research and publications. In recent decades, a large number of
scientific works have been devoted to schedule optimization and task prioritization manage-
ment in various fields such as computer science, engineering, and operations research. These
works emphasize the importance of ensuring efficient resource allocation and minimizing de-
lays in task execution. In particular, significant attention is paid to algorithms that allow dy-
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namic resource redistribution and account for changes in the execution environment in real
time.

One of the key studies is the work of Avinab Marahatta and co-authors [3], which pro-
poses a classification scheme for dynamic task scheduling in virtualized cloud data centers,
improving energy efficiency and task execution by dynamically redistributing resources and
adapting to changes in system load.

In [4], a review of 67 different task scheduling algorithms is conducted, particularly
those optimizing energy consumption in cloud environments. The advantages and disad-
vantages of various approaches, including dynamic task redistribution algorithms that consid-
er priorities and variable execution conditions, are discussed.

The purpose of the study. The purpose of this research is to develop and justify the ef-
fectiveness of a priority dynamic redistribution algorithm that prevents the occurrence of
anomalies in parallel task execution. By allowing interruptions and dynamic redistribution,
the algorithm aims to optimize task execution order, minimize delays, and ensure efficient
resource utilization. The task is to establish the conditions under which the proposed algo-
rithm guarantees the execution of more important tasks first, allows more prioritized tasks to
be placed in the leftmost permissible positions, and considers changes in the availability of
executors and the state of task execution in real time.

Presentation of the main material of the research. When studying anomalous cases,
questions often arise about determining the conditions under which it is possible to prevent
the occurrence of these anomalies. In particular, the study of the impact of interruptions on the
increase in the objective function value becomes interesting.

Let a directed graph G = (V, ) be given, along with a priority list L = (iy, ..., 1)

and vertex weights T = (14, ..., T,, ). We introduce additional initial conditions: constraints
on the ordering width with the set of values h; and the allowance for interruptions during

work execution [2]. The constructed parallel ordering should satisfy the priority list and have
a minimal length.

Statement. Allowing interruptions for some tasks in cases where anomalies exist helps
avoid their occurrence under the following conditions:

Priority: The priority list must be built according to the optimal priority list construction
algorithm; high-priority tasks can interrupt the execution of lower-priority tasks.

Interruption: An interrupted task can be resumed at any step, but according to the priori-
ty list.

Dynamic Actualization: At each step of task execution, work can be interrupted and
tasks can be redistributed.

Proof.

Priority. Let a priority list be given, built according to the optimal priority list construc-
tion algorithm. We will prove that this condition guarantees the execution of more important
tasks first. Suppose that a high-priority task (for example, task i) can interrupt a lower-priority
task (for example, task j). According to this condition, task i is always executed before task j
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if they are simultaneously available for execution. This means that a high-priority task will
never be blocked by a lower-priority task, which prevents delays in the execution of critically
important tasks.

Interruption. Consider the condition that an interrupted task can be resumed at any step,
but according to the priority list. We will prove that this allows more prioritized tasks to be
placed in the leftmost permissible positions. Let task i be interrupted by task j with a higher
priority. Since task i can be resumed later, but only after all higher-priority tasks have been
completed, this ensures that task i does not occupy the executor at a moment when it is possi-
ble to execute task j. Thus, interruptions allow more prioritized tasks to be placed in the left-
most permissible positions in the schedule, reducing the overall execution time and prevent-
ing anomalies.

Dynamic Actualization. Consider the condition that at each step of task execution, work
can be interrupted and tasks can be redistributed. We will prove that this condition accounts
for changes in the availability of executors and the state of task execution in real time. Sup-
pose task i is being executed, but at the current step, a higher priority task j appears. Dynamic
actualization allows the immediate suspension of task i and the assignment of resources to
execute task j. Thus, interruptions and task redistributions account for changes in the availa-
bility of executors and the state of task execution in real time, allowing for a prompt response
to changing conditions and avoiding delays. This also helps prevent anomalies by ensuring
efficient resource use and task execution in order of importance.

Condition 1 guarantees the execution of more important tasks first.

Condition 2 allows more prioritized tasks to be executed in the leftmost permissible po-
sitions [5].

Condition 3 accounts for changes in the availability of executors and the state of task
execution in real time. We will illustrate the fulfillment of these conditions with the following
example.

Example. Graph G is given (fig. 1),

L=1(1,2,3,45,67.8910), T=1(4,4221,3,421,7), h=3.

OBRONO
ONO @)
OO © @

Figure 1 - Graph &G
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Table 1
Optimal ordering
1 1 1 1 4 4 8 8

2 2 2 2 5 6 6 6
3 3 7 7 7 7 9 10 |10 (10 |10 |10 |10 |10

Table 2
Optimal ordering with interruptions
1 1 1 1 4 4 7 9

2 2 2 2 5 7 8 8

3 3 7 7 6 6 6 10 |10 |10 |10 |10 |10 |10

The length of the ordering did not change, [ = 14.

Apply the dynamic resource redistribution algorithm to solve this problem. Modify L,

using the optimal priority list construction algorithm.

Find the total task completion time for each of the graph paths:

L_s=5L =8l g=7L=41; =711, ="7.

Update the priority list: L' = (1,5,6,8,3,7,9,10,4,2).

Table 3
Optimal ordering using list L' and the possibility of interruptions

1 1 1 1 5 6 6 6 10 2 2 2
3 3 7 7 7 8 8 10 4
10 10 10 10 10 7 9 4 2

The length of the ordering is [ = 12, which is 14.3% shorter than the initial result.

Let's take a closer look at the fulfillment of conditions 1-3 on the constructed ordering
from table 3.

Condition 1: task iy is interrupted by task i,, and task i~ is interrupted by task ig.
Condition 2. Find S (table 4), S (table 5) and the sets of allowable places for vertices iz

and i-.
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Table 4
Ordering S
1 1 1 1 4 4
2 2 5 6 6 6
3 3 7 7 7 7 9
10 10 10 10 10 10 10
8 8
Table 5
Ordering
10 10 10 10 10 10 10
3 3 7 7 7 7 9
8 8
1 1 1 1 5 6 6 6
4 4
2 2 2 2

u. = [5], i, = [3,7]. Task i5 is performed in the only allowable place. Task i, starts

execution at the leftmost allowable place due to the impossibility of executing higher priority
tasks at time t5, and after the interruption, it starts execution at the leftmost allowable place

according to the priority list.
Condition 3: task i is interrupted by task iy, while on the next step, task i, interrupts

task i, 5.

The pseudocode of the algorithm for solving this problem in Python:
#Priority Dynamic Redistribution Algorithm
#Initialization: Mark all executors as free
executors = [free for  1in range(total executors)]
tasks = priority queue #Assume this is a list of tasks sorted
by priority

while tasks:
#Assign work: Assign available task 1 to a free executor
for task in tasks:
if task.available:
for executor in executors:
if executor == free:
executor = task
task.assigned = True
break

#Redistribution: Check for higher priority tasks

for executor in executors:
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if executor != free:
current task = executor
for task in tasks:
if task.priority < current task.priority and
task.available:
#Interrupt current task and assign higher
priority task
executor = task
task.assigned = True
current task.interrupted = True
break

#Update the list of tasks: remove completed tasks, update
availability

tasks = [task for task in tasks if not task.completed]
#Mark all free executors
for i in range (len (executors)) :
if executors[i].completed:
executors[i] = free
#End of Algorithm

Let's consider the operation of the algorithm step by step.

Initialization: All executors are initially marked as free.

Job Assignment: Iterate through the list of tasks (assumed to be sorted by priority) and
assign available tasks to free executors.

Redistribution: For each executor who is currently working on a task, check if a higher
priority task is available. If a higher priority task is found, interrupt the current task and assign
the higher priority task to the executor.

Task Update: Remove completed tasks from the list and update the availability of tasks
and executors.

Free Executors: Mark executors as free if they have completed their assigned tasks.

This pseudocode provides a clear and structured way to manage tasks based on their
priority and dynamically reassign executors to higher priority tasks as they become available.

Conclusions. The results obtained during the research demonstrate that using the priori-
ty dynamic redistribution of tasks significantly reduces the risk of anomalies in parallel order-
ing problems. The proposed algorithm ensures the execution of the most important tasks first
and allows them to be placed in the leftmost allowable positions. This ensures optimal re-
source utilization and minimizing total execution time. Dynamic task distribution updating
allows for real-time adjustments to executor availability and task execution possibilities, ena-
bling timely responses to changes in conditions to avoid delays. Thus, applying the proposed
approach provides an effective solution for parallel ordering problems, particularly in real-
time conditions.

Moreover, it is worth noting several important questions that require further research.
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Clarification of algorithm efficiency criteria. It is necessary to explore in more detail
which efficiency criteria should be considered when evaluating the performance of the priori-
ty dynamic redistribution in real-world systems. For example, it is essential to analyze how
the algorithm handles different types of anomalies and which parameters have the most signif-
icant impact on its effectiveness.

Adaptation of the algorithm to other problem types. It is worth considering the pos-
sibility of adapting the proposed algorithm to other types of discrete optimization problems
where anomalies arise. Specifically, this includes location-allocation problems with complex
constraints, which occur in various applied fields such as logistics, medicine and finance.

Investigation of the impact of unforeseen events. It is important to study how the
proposed algorithm responds to sudden changes in task execution conditions, such as the
emergence of new tasks or executor failures. Such studies could enhance the algorithm and
make it more adaptable to unforeseen events.

Integration with other optimization algorithms. Such as genetic algorithms, machine
learning, or deep analysis methods. This would enable the creation of hybrid algorithms that
could more effectively handle complex tasks.

Analysis of implementation costs. It is crucial to explore the implementation costs of
the proposed approach in real-world systems. This includes computational resources needed
to run the algorithm and the time required to adapt the algorithm to specific operating condi-
tions.

These further research directions will contribute both to new theoretical results for solv-
ing some classical discrete optimization problems and to the potential for effective application
to important practical tasks.
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AHnaniz énauey cnucKky npiopumemise 6UKOHAHHA 3A60AHD
HA MOMCTUGICMb YHUKHEHHA AHOMATITL Y 3a0a4ax ynopAOKy8aHH:

YV oaniti pobomi posenanymo akmyanvhi npodiemu, no8'sa3ani 3 AHOMATLHUM NO2IpULeH-
HAM 3HAYEeHb YiNbosoi pyHKYil npu cnpodax nOKpaweHHs NOYamKo8ux napamempis 6 0OHil i3
3a0au Oouckpemnoi onmumizayii. OcnosHa ysaea NpuoiieHa OO0CHIONCEHHIO YMO8, 3a AKUX
Moxcuge 3an00ieanta BUHUKHEHHIO MaKux anomanin. Posenadaromscs cyuacHi naykoei po-
bomu, npucesyeni onmumizayii po3Knadie i YnpaeiinHio npiopumemamu 3a80aHb, 30Kpema
0714 3a0a4 po3nooiny ma po3MileHHsl, Wo SUHUKAIOMb 8 2ANY35X KOMN'TOMepHUX HAyK, iHdice-
Hepii ma onepayiinux 00Ci0HCeHb. 3anPONOHOBAHO ANCOPUMM NPIOPUMEMHO20 OUHAMIYHO-
20 nepepo3nooiny, wo 00360J1A€ MIHIMIZY8aAMU 3aMPUMKU MA 3a6e3nedumu eqheKmusHe 8UKo-
PUCMANHA PecypcCié npu napaneibHoMy 8UKOHAHHI 3a60anb. Hasedeno npuxnao sacmocysan-
H5L ANI2OPUMMY ma 008e0eHO 11020 egheKMUSHICMs y 3anobieanHi BUHUKHEHHIO AHOMAILL.

Magienko Oabra OgexkcanapiBHa — acmipadT J{HIIPOBCHKOTO HAIIOHATBLHOTO YHIBEpCHUTE-
Ty iMeHi Onecst ['oHuapa.
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B.I. [Mamii
MNPOT'HO3YBAHHSA E@QEKTUBHOCTI AGILE-ITPOEKTIB
3A JTOITIOMOTI'OIO MAIIMHHOI'O HABYHAHHA

Anomayis. Jlocniodxcenns cnpamoane Ha GUPIULEHHS AKMYAIbHUX 3A60AHb V PO3GUMKY THQDO-
pMayitiHux cucmem I iHme2payilo WmMy4Ho20 IHmeneKmy OJisi ONMuMizayii memooonociu
Agile. Mema nonseae y mooenioeanti ma npocHo3yeanti epekmusnocmi Agile-npoyecis, spa-
X08YIOUU 3MIHHI BUMO2U MA 8UNAOK06L gioxunenHs. IIpoeno3ysanns eghekmusrnocmi poszenioa-
EMbCA AK npoyec, oe napamempu a0anmylomsCs 3a1exHCHo 6i0 cucmemu ma oauux. Pozens-
daemvcsi 8UOIp ONMUMATLHUX MoOenell Ol NPocHOo3yeanHs, nopisuioouu SVM, Random
Forest ma netiponni mepesici (CNN, LSTM). Hetiponui mepedici suasunucs oOinvid eghekmus-
HUMU OJ1 NPOCHO3Y8AHHA YCRiWHOCMI npoekmis. Ilpakmuyna yiHHicmb 00CHIONHCEHHS NOs-
eae 6 ioenmugbikayii LSTM ma inwux apximexmyp K epekmusHux incmpymenmis. Ilnmeepa-
yisi moodenei mMmawunHo2o Hagyauhs, 30kpema LSTM ma CNN, nokpawye mounicmes npocHo-
3yeanusa ma ynpaeninusa Agile-npoexmamu, nioguwyouu egpexmuericms nPoeKmHo2o ynpas-
JAIHHA.

Kniouosi cnosa: Agile, npoenosysanns, netiponuni mepedsici, wmyunuil inmenexm, ingpopmayii-

HI cucmemu, mawurte nasyarnsa, LSTM.

IMocTanoBka npo6JjieMu. Y CydyaCHHMX YMOBaxX PO3BHUTKY 1H(GOpMaiHHUX TEXHOJOTIH
Ta UIBUJKUX 3MiH BUMOT JIO ITPOTPaMHOro 3a0e3neyeHHs: Meronouorii Agile craioTh Bce 1mo-
nyssipHimuMu. 3a ganuMu Zenhub 2024 poxky [1], BnpoBamkenHs Agile-meTomonoriii ckopo-
qye yac po3poOKH MPOIYKTIB 1 MiABUIIYE IX SKICTh, MOKPALIYIOYH KOHKYPEHTOCIPOMOXKHICTh
opraizauiii. InTerpaiis MalIMHHOTO HABYAHHS J0JATKOBO MiJBHUINY€E €(EKTUBHICTh Ta TOY-
HICTb MPOTHO31B, JO3BOJISIOUN HIBUJIKO PearyBaTH Ha 3MiHU Ta €(pEeKTHBHO YIPABISATH MPOEK-
tamu. [HTerpamis mryunoro intenekty (LLI) BimkprBae HOBI MOMJIHMBOCTI JUIsl TIiABUIICHHS
edpexTuBHOCTI Agile-mporecis.

AKTYyanbHICTh AOCHTIKEHHS 00yMOBIIeHA HEOOXIAHICTIO OMTHUMI3AIlil MPOLECciB po3po0-
K{ IPOTrpaMHOro 3a0e3NeueHHsl B yMOBaxX IIBUAKO 3MIHIOBAaHUX BUMOT 1 OOMEXEHUX pecyp-
ciB. BukopucTtanHs TeXHOJIOTIH MITYYHOrO 1HTEIEKTY I MIATPUMKHU Agile-MeTonooriii 1o-
3BOJISIE MIBULIUTH TOYHICTh MPOTHO3YBAHHS, aBTOMATU3YBAaTH IUIAHYBAaHHS Ta OLIHKY PU3U-
KiB, 110, B CBOIO 4epry, crpusie OuTbII epeKTUBHOMY YIpaBIiHHIO IpoekTamu. Lle minTBep-
JDKYETBCS IOCIIDKEHHM [2], sike ToKa3ye, 1110 MOJesi MalllMHHOTO HaBYaHHs, Taki ik LSTM,
CNN Tta Random Forest, 1eMOHCTpyIOTh 3HAuHI MepeBark A MPOrHO3YBaHHS YCHIIIHOCTI
Agile-nipoekTiB, 3a0e3neuyrour BUCOKY TOYHICTh Ta aJlalTHBHICTh. [1OTOYHE JOCIIKCHHS
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3ocepekeHe Ha BuBUeHHI BIumBy LI Ha Agile-iporiecu, a Takoxx Ha po3poOIi HOBUX Iif-
XOZIB J10 iHTerpamnii iIHHOBaIHHMX TEXHOJIOT1H Y METO0JIOT1] YIpaBIiHHSA IPOEKTAMH.

[aTerparist iHCTpYMEHTIB IITYYHOTO iHTENEKTY B Agile-niporiecu € HOBUM HamNpsSMKOM,
SIKUW BUMAarae JIeTaIbHOTO JTOCIIHKCHHS Ta aHalli3y. BUKkopucTaHHs TEXHONOT1 0049nCIItoBa-
JBHOTO 1HTEJNEKTY, TaKuX K HEHpOHHI Mepexi Ta reHepatuBHi 3MarainbHi Mepexi (GAN),
cTajo e(QEeKTUBHUM MIJXOAOM JJs TPOTHO3YBaHHS 4YacOBUX pSAIB Ta YIPaBIiHHA
npoektamu [3], [4]. BukopuctanHs MalmIMHHOTO HABYAHHS JJIsi MIPOTHO3YBAHHS JI03BOJISIE
3HAYHO MOKPALIUTH YIPABIiHHS MPOEKTaMH, 30KpeMa TOYHICTh MPOTHO3yBAaHHS Ta €(EKTHB-
HICTH YIpaBIiHHS pU3HKaMH [5].

HocnimkenHs [6] 3acTocyBaHHS Cy4aCHMX METOJIIB MAITMHHOTO HAaBUYaHHS, TaKUX SIK
AutoML Ta rimmboke HaBYaHHS, ISl IPOTHO3YBAaHHS €(DEKTUBHOCTI MIPOEKTIB, MOKA3y€e 3HAYHE
MOKpAIEHHS PE3yJIbTaTIB MOPIBHSIHO 3 TPAIUIIHHUMU MeToiaMu. L{e n1o3Boise HEe TIIBKYU ITi-
JBUIIUTH TMPOJTYKTHBHICTE KOMaHI pO3pOOHUKIB, ajie i 3HAYHO 3MEHIIUTH PU3HUKH Ta TTOKpa-
[IUTHU SKICTh KIHIEBOTO MPOAYKTY. Y IIbOMY KOHTEKCTi, aKTYaJIbHUM € JOCIIPKEHHS! BUKOPH-
CTaHHS PI3HUX MOJIEJIel MAIIMHHOTO HAaBYaHHA, TakuX sK Support Vector Machines (SVM),
Random Forest Ta neliponaux mepex (NN), 3okpema Long Short-Term Memory (LSTM),
IUISL IPOTHO3YBaHHS €(heKTUBHOCTI IPOEKTIB 1 onTuMizanii Agile-mpouecis.

AHaJi3 ocTaHHIX Joc/igxkeHb i myOiikamiii. Y mporeci mpoBeIeHHS JaHOTO JTOCIi-
JDKEHHS OYyJio MpOaHaNli30BaHO PsiJi OCTAHHIX MyOJiKaliii, M0 CTOCYIOThCS BUKOPUCTAHHS
HITYYHOTO HTEJIEKTY Ta IHCTPYMEHTIB MOJICIIIOBaHHs B paMmKkax mertojosoriii Agile. [urerpa-
Iisl IITYYHOTO 1HTEJIEKTY B mporecu Agile po3poOkn 3HaYHO MiABHITYE €PEKTHBHICTD, IIBU/I-
KICTh Ta SIKICTh PO3POOKH MPOTPaMHOTO 3a0€3MEeUYeHHs, aBTOMAaTH3yIOUd PYTHHHI 3aBJIaHHS,
TakKi K TeHepallisi Koay, TeCTYBaHHS Ta BUIIPABJICHHS MOMIIIOK. Lle mo3Boisie komMmaHgam 30-
CepeIMTUCS Ha IHHOBAIIISIX Ta BUPINICHHI CKJIAQJHUX MPOOIIEM, iIBUITYIOYH 3arajibHy MPOIY-
KTHUBHICTb Ta SKICTh IPOIAYKTY [7].

Hanpuxnan, y po0oti [8] mocnigxyBaau BUKOPUCTAHHS F€HEPATUBHOTO IITYYHOTO 1H-
TEJEeKTY JIJIsl aBTOMaTH3allii MJIaHyBaHHS Ta OLIIHKHM PU3UKIB y Agile-npoekTax, MmiaKpecioo-
YY MO3UTUBHUI BIUIMB HITYYHOI'O IHTEJEKTY Ha IX €(EeKTUBHICTh Ta aJalTUBHICTh. ABTOpHU
MIPOBEJIY TIOPIBHSUTLHUM aHAJI3 Pi3HUX MOJIENIEH MAlIMHHOTO HaBYaHHS, 30KpeMa reHepaTHB-
HuX 3MaraibHuX Mepex (GAN), 11t mporHo3yBaHHs €(EeKTUBHOCTI MIPOEKTIB, BUSBISAIOUHN X
3HaYHHUI BIUIMB Ha PE3YJIbTATH.

[ mocmimkenHs, Taki Ak [9], mokazanu, 10 BUKOPUCTAHHS METOIB MAIIMHHOTO Ha-
BUaHHS, TaKUX K reHepaTuBHI 3MarainbHi Mepexi (GAN) Ta aBTOMaTH30BaH1 IHCTPYMEHTH
MalMHHOro HaBuaHHS (AutoML), cyTTeBO moKpalllye TOYHICTh NMPOTHO3IB Ta €PEKTUBHICTh
ynpasiinasa Agile-npoextamu. Jlochimkenss, Take sk [10], aHamizyBano BOpOBaKEHHS TeX-
HOJIOT1M IITYYHOTO 1HTEJNEKTY B MeToJ0JIorii Agile, BUCBITIIIOIOUN MepeBaru y MiJBUILEHH]
MIPOJYKTUBHOCTI KOMaH]I Ta SIKOCTI KIHIIEBOTO MPOAYKTY, a TAKOK BUKJIUKH, MOB'A3aH1 3 0€3-
MEeKO0 JIAHUX Ta MOTPEOOI0 B CHEIiali30BaHUX TEXHIYHMX 3HAHHSX. 3arajbHUN aHaTI3 CBiJI-
YUTh, 10 1HTETpallisl MTYYHOTO 1HTEJNEKTY B MeToAojorii Agile € mepcrneKTUBHUM HAaIpsiM-
KOM, SIKH{ 3HAYHO MiJIBUIIYE aJIallTUBHICTh Ta €)EKTUBHICTh MTPOEKTIB B 1IHPOPMAIIHHUX CHC-

TEMax.
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MeTo10 HBOT0 AOCTIIKEHHSI € CTBOPEHHS Ta IHTErpallis IepeoBUX MOeIeH MalluH-
HOT'O HaBYaHHSA JUIA MiJBUIIEHHS epeKTHUBHOCTI mMeronoioriii Agile. Jlocmimkenus cupsaMo-
BaHE Ha pO3pOOKY IHHOBALIMHUX IMiIXOAIB, [0 BUKOPHUCTOBYIOTh TEXHOJIOTI] ITYYHOTO 1HTE-
JEKTY JUIS ONTHUMI3allil yIpaBIiHHS MPOEKTaMH, 30KpeMa yepe3 MOMIIMIIEHHS TPOTHO3YBaHHS
edexktuBHOCTI Agile-mporeciB. OcoOimBa yBara MpUAUISETHCS aAanTailii Mojeneld 10 3MiH-
HUX YMOB Ta BHMOT, IO 3a0e3Meuye THYUYKICTh 1 ONepaTHBHICTh iH(POpMAIiHUX CUCTEM Yy
JUHAMIYHOMY CEpEeIOBHUIIII.

BuKJ/1aJeHHs 0CHOBHOI'0 MaTepiajy gociailzkeHHs. {71 MOAETIOBaHHS Ta MPOTHO3Y-
BaHHS egekTuBHOCTI Agile-miporeciB y AociipkeHHi Oyiau BUKOPUCTaHI Pi3HOMAaHITHI iH-
CTPYMEHTH IITYYHOTO 1HTEIIEKTY, IO I03BOJISIFOTH TIIMOIIE aHali3yBaTH BEJIMKI 00CATH JaHUX
Ta BUSBJIATU CKJIQJIHI 3aJIeKHOCTI. Yci rpadiku Ta Bisyali3allii CTBOPEHi 3a JOITOMOT0I0 MOBH
nporpamyBaHHs Python ta cmemiamizoBanux 6i0mioTek, Takux sik Matplotlib, Seaborn Tta
TensorFlow, mo 3a6e3me4yytoTh BUCOKY TOUHICTh T4 HAOUHICTh MPEICTABICHUX JaHUX.

OCHOBHI eTanu TOCIIHKEHHS BKIIOYAIM PETENbHUN 30ip TaHUX, IO OXOIUTIOE METPUKH
e(eKTUBHOCTI Ta ICTOPUYHI JaHi MPOEKTIB, BUOIP BIAMOBIAHUX MOJAEIEH MAaIIMHHOTO HaBYaH-
HS, iX TpEeHYBaHHS Ha 310paHMX JaHWX, TECTYBaHHS MOZEJEH IS OI[IHKH iXHbOI TOYHOCTI Ta
HA/IIHHOCTI, a TAaKOX JETATFHUM aHai3 OTPUMAaHUX Pe3yJbTATIB Ul BUSABICHHS ONTHMAIb-
HUX DIIICHb Y KOHTEKCTI ynpasiinHsa Agile-mpouecamu.

1. JInst mpoBeACHHS TOCI)KEHHS. BUKOPUCTOBYBAIHMCS TaKi JIaHi:

Metpuku epeKTHBHOCTI, 00csATH poOiT, 9acOBi paMKH Ta pecypcu mpoekTiB Agile, icTo-
pUYHI JaHi PO YCHIIIHICTh BUKOHAHHS Agile-poeKTiB, BKIIOUAIOYH YacOBI PSAM 3aB/aHb,
eTany BUKOHAHHS Ta Pe3yJbTaTH, IaHi PO BUMOTHY Ta TXHi 3MiHH ITiJ] 9ac peaizamii MpoeKTIB
JUTSL BpaxXyBaHHS IXHBOTO BIUIMBY HA KiHIIEBUH pe3yJIbTar.

2. JIns mpoBeICHHS TaHOTO JTOCIIIHKCHHSI 0yJ10 00paHO HACTYITHI MOJIEII:

Jliniiina perpecis, Random Forest, Support Vector Machines (SVM), ueiiponni mepexi,
sirouaroun Convolutional Neural Networks (CNN) Ta Long Short-Term Memory (LSTM).
Bubip nux moxeneit 00yMOBIEHHH iXHBOIO 3JaTHICTIO 10 aHAJI3y BEJIMKUX OOCSTIB JAaHUX Ta
00pOOKHM CKIIaIHUX 3aJ€KHOCTEH MK 3MiHHUMU. [lapameTrpu Mozeneil HanamToBYBaIUCs Ha
OCHOBI TiNneprnapaMerpiB, TaKMX SK KUIbKICTh IIapiB Ta HEUPOHIB Y BUMAJKy HEHPOHHUX Me-
pex.

3. TpeHyBaHHS Ta TeCTyBaHHS MOJIENEH:

— Mopgeni TpeHyBanIuCs Ha ICTOPUYHHUX JIaHUX NPOEKTIB. MallHHE HaBYaHHS, 0COO0-
muBo LSTM, neMoHCTpye 3Ha4yHI nepeBaru Ajs NporHo3yBaHHs B yMoBax Agile. [IpakTuuna
peamizanis Agile-mozenei notpedye BiAMOBIAHUX IHCTPYMEHTIB YIPaBIIHHS 4acOM IPOEKTY,
BKJIIOYAIOYU aBTOMAaTH30BaHl1 1HCTPYMEHTH Ta IuIaTGopMu Al €(pEeKTUBHOrO IUIaHYBaHHS,
BIJICTE)KEHHS Ta KOPUTYBaHHS YacOBUX paMoK [11].

— Jlns TectyBaHHS BUKOPHCTOBYBAJIMCA Pi3HI HAOOpU JaHUX JUIsSl OLIHKM TOYHOCTI Ta
HaJIHHOCTI Mojenei. Bukopucranns meroniB, Takux sk Random Forest Ta Support Vector
Machines, 3HauHO MOKpalye TOYHICTh MPOTHO31B Ta €(EKTUBHICTH YIPABIIHHS MPOEKTAMU
Agile.

— @opmynu 111 00YUCIEHHS METPUK:

1. MAE (Mean Absolute Error):
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1 -
MAE = " ?—1|J’f - J"z‘| 1)

2. RMSE (Root Mean Squared Error):

RMSE = \/iE?—l(yf — j}’z.}z (2)

3. R? Coefficient of Determination)

n Fm a3
=)

R®=1- TE (53 @)

4. MAPE (Mean Absolute Percentage Error):

MAPE =37, ”% 4)

5. EVS (Explained Variance Score):

EVS = 1 — Va9, )
Var(y)

ne V; — pakTu4He 3HaueHHs, V; — IPOrHO30BAaHE 3HAUCHHS, ¥ — CEpEe/IHE 3HAUEHHs, 11 — Ki-

JIBKICTh CIIOCTEPEIKEHb.

4. OuiHKa Ta aHaJi3 pe3yibTaTiB:

— IlpoBeneHo MOPIBHIHHS MoOJeIeH 3a METPUKaMH TOYHOCTI: CepeHs abCOOTHA T10-
xubka (MAE), cepennbokBagparuyna noxubka (RMSE) Ta xoedimient gerepminanii (R?).
Hocaimkenns [12] niaTBepKye, U0 IHTErpallisi TEXHOIOT1H MITYYHOTO 1IHTEIEKTY B METOJ10-
norii Agile miaBHIIly€e MPOYKTUBHICTH KOMAH]I Ta MOKPAIIY€E SIKICTh KIHIIEBOTO MPOAYKTY, IO
B1IOOpaKA€ETHCS B METPUKAX TOYHOCTI MOJIEIICH.

— Jns raubmoro po3riany e€peKTUBHOCTI MoeNiell BKIIIOUEHO aHami3 JI0JaTKOBHUX
MeTpuk, Takux sk MAPE Ta EVS. e no3Bosse oTpuMaTu KOMIUIEKCHE YSBIEHHS PO edek-
THUBHICTb MOJIeNel. Y pe3ynbTari IPpOBEIeHO MOPIBHSJIBHUI aHali3 MPOTHO3HOI SKOCTI BUKO-
pucTtanux mojenei (tTabm. 1).

Tabmums 1

[TopiBHSIHHS TOYHOCTI MOJieNiell MAIIMHHOTO HaBYaHHS 332 OCHOBHUMHU METPUKAMU

(MAE, RMSE, R?, MAPE, EVS)

Monen MAE RMSE R? MAPE EVS
JliniiiHa perpecis 1.513 1.945 0.802 10.5 0.8

Random Forest 1.265 1.688 0.862 0.2 0.86
Support Vector Machines  1.425 1.817 0.832 9.3 0.83
CNN 1.200 1.580 0.880 7.8 0.88
LSTM 1.150 1.500 0.890 7.5 0.89
Bidirectional LSTM 1.100 1.450 0.900 7.2 0.90

I'padix Ha pucyHky 1 AeMOHCTpye MOPIBHSUIBHUN aHall3 TOYHOCTI IMPOTHO3IB PIZHUX
Mojieniel MallMHHOrO HaBuyaHHS. JIiHIHA perpecis N€MOHCTpPYe CepelqHid piBEHb TOYHOCTI
MIPOrHO3YBaHHS, ae ii MPOCTOTa Ta MBUAKICTH POOJIATH 11 KOPUCHOO AJIs 6a30BUX MPOTHO31B.

178 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

Random Forest mpogeMoHCTpyBaB BUCOKY TOUHICTh Ta HaJIHHICTh Y IPOTHO3yBaHHI e(heKTH-
BHOCTI IIPOEKTIB 3aBISIKM CBOIM 3aTHOCTI BPaxOBYBaTH HENiHIMHI B3a€MO3B'SI3KH MK 3MiH-
Humu. Support Vector Machines (SVM) 3abe3neuniy BUCOKY TOYHICTh MPOTHO3IB, ajie iXHS
CKJIaJHICTh BUMAra€ 3HAYHUX OOYMCIIOBAIBHUX pecypciB. HelponHi Mepexi, 30KkpeMa
Convolutional Neural Networks (CNN), moka3anu 100pi pe3yabTaT y IporHO3yBaHHI e(ek-
TUBHOCTI MPOEKTIB, OCOOIMBO MPH POOOTI 3 BeluKuMHU obcsramu nanux. Long Short-Term
Memory (LSTM) ta Bidirectional LSTM BusiBuiucs HaitOubI epeKTUBHUMHU MOJICIISIMU JIJIST
IPOTHO3YBaHHS, IEMOHCTPYIOUH BUCOKY TOUHICTh Ta MiHIMaJIbHI IPOTHO3H] MTOXUOKH.

MopiBHAHHA TOYHOCTI NPOrHO3iB Modenei

2.00 — R"2 | 590

BN RMSE

1.75

- 0.88
1.50 1

125
r0.86

1.00 A

MAE Ta RMSE
R

F0.84
0.75 1

0.50 1
r0.82

Random Forest SVM c
Mogeni

0.25 4

r0.80
0.00

=

NiHiliHa perpecia LSTM Bidirectional LSTM

Pucynok 1 - [TopiBHSIHHS TOYHOCTI TIPOTHO31B MOJIETICH MAITMHHOTO HABYAHHS 32 TTOKA3HU-
kamu MAE, RMSE ta R? (ctBopeno y cepenosuii Python)

®daxTopH, 1110 BIUIMBAIOTh Ha TOYHICTh NPOTHO3YBaHHS:

1. Apxitektypa mozeni: Heilponni mepexi, Taki ssk LSTM Tta Bidirectional LSTM, ne-
MOHCTPYIOTh HallBUIIy TOYHICTh 3aBJSKH 3/1aTHOCTI BPaXOBYBAaTH 3aJIE)KHOCT1 B YaCOBUX Psi-
JlaX Ta HAaBYAHHIO Ha JIOBTUX MOCTIAOBHOCTSX naHuX. L{i Moaeni eheKTUBHO PO3MI3HAIOTH Ma-
TEPHU B JaHUX, 1110 J03BOJISIE IM TOUHO MPOTHO3yBaTU MalOyTHI 3HAYEHHS.

2. O6car Ta sSKicTh JaHUX: BHcOka TOUHICTH Mojeseil 3a0e3neuyeThCsl 3aBIsIKH BEIH-
KOMY OOCSTY ICTOPUYHMX JIaHUX Ta IX BUCOKIH sfKoCcTi. YuMm Ouiblie JaHUX JOCTYITHO AJIs Ha-
BYaHHS MOJEJIl, TUM TOYHIII OYIyTh ii MIPOrHO3H.

3. I'imepniapametpu mozemni: IlpaBunbHuil BUOip rinepnapamMeTpiB, TaKUX K KUIBKICTb
nI1apiB 1 HEHPOHIB Yy MOJIENIl, 3HAUHO BIUIMBAE Ha 11 MPOIYKTUBHICTh. ONTHMI3alis rineprnapa-
METPIB MOXK€E CYTTEBO MOKPAIIUTH TOYHICTH IPOTHO31B.

4. Metoau nepenoObpobku nanux: BukopucranHs MeToiB (inbTpallii Ta HopMami3aiii
JTAaHUX T1JIBUIILY€E TOUHICTh MPOorHo3iB. [lepenoOpolka naHuX Aomomarae yCyHYTH LIyM 1 aHO-
MaJii, 3a0e3nedyoun OUTBIIT YKCTI Ta SKICHI BX1IHI 1aH1 171 HaBYaHHS MOJIEINI.

I'padik Ha Pucynky 2 HU)KYE 1E€MOHCTPYE MOPIBHSAHHS MPOrHO31B MOJIEIed MallTMHHOTO
HaBYaHHS 3 (PAaKTUYHUMH 3HAYEHHSMH LUJILOBOI 3MIHHOI. YOpHI TOUKHM MPEACTABIAIOTH pea-
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TBHI JJaH1, TOA1 SK JiHI1 CHHBOTO, 3€JICHOTO Ta YePBOHOTO KOJIHOPIB MOKA3YIOTh MPOTHO3U MO-
neneit niHiitHO1 perpecii, Random Forest Ta Support Vector Machines (SVM) BinnosiznHo.

Model Predictions vs Actual

® Actual [ ]
—— Linear Regression °
—— Random Forest
—— Support Vector Machines ®

25

20

15

Target

10

o
[N]
-
o
o

Feature
Pucynok 2 - [lopiBHsHHS TiporHO3iB Moaenel JliHiiiHo1 perpecii, Random ta Support Vector
Machines 3 pakTnyarnMu naHuMu (CTBOpPEHO y cepenosuili Python)

Mogens Random Forest qeMoHCTpy€e Haikpamly BilMOBiIHICTh (PaKTHYHUM JaHUM, T10-
Ka3yloud BUCOKY TOYHICTh, XO4a IHKOJM 1 BUSBJISIE CXHIBHICTh JI0 TIepeHaBYaHHs. JliHiiiHA
perpecis, Xxo4a i HaMaraeThCs 30iraTucs 3 CepeaHIMI 3HAYCHHSIMH, YaCTO HEJOOIIHIOE BICOKI
Ta TIEPEOIIHIOE HU3bKI 3HaUYeHHs. SVM MoKa3ye MpOMiXKHI pe3yIbTaTH, MPOTIOHYIOYH 30aa-
HCOBaHy TOYHICTb, ajie Bce e noctynaerbess Random Forest y TouHOCTi BioOpakeHHs (ak-
TUYHUX JaHUX. 3arajoM, aHami3 mokasye, mo Random Forest € HaltO1bI HAIHHOIO MOJIETI-
JIFO JI7Is1 TOYHOTO TPOTHO3YBAHHS Y IIbOMY KOHTEKCTI.

MAPE ans pisHux moaeneit EVS ans pisHux moaenei

10

MAPE
o
L

&
L

Linear Regression Random Forest Support Vector Machines
Mogene Mogene

Linear Regression Random Forest Support Vecter Machines

Pucynok 3 - [Tokasanku MAPE ta EVS nns pizHux moneneit (ctBopeno y Python)

I'padik Ha pucynky 3 nemonctpye nokaznuku MAPE ta EVS mns pisaux moneneit. Ha
ocHOBI aHanizy noka3HukiB MAPE ta EVS, moxHa 3poOuTH BUCHOBOK, 110 MoJienb Random
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Forest € Halle)eKTUBHIIIOW cepell MPEACTABICHUX MOJAENEH, TEMOHCTPYIOUN HAWHMKYI 3HA-
yenHss MAPE 1 naiiBumi 3nauenns EVS. Mogenp miHIHOI perpecii mokasye Halripiii pe-
3y/lbTaTh 32 000Ma METpUKaMHu, TOAl K SVM 3HaXOMUTHCS MiXK HUMU, JEMOHCTPYIOUH Cepe-
THIO epeKTUBHICTh. Lle miaTBepIKye BaXKIUBICTH BUOOPY BIAMOBIAHOI MOJENI MAlIMHHOTO
HaBYaHHS JUISl JOCATHEHHS! MAKCUMAaJIbHOT TOYHOCTI Ta €()eKTUBHOCTI IIPOTHO3YBAaHHSI.

BucHoBkH. Pe3yiapTat bOTO AOCTIKEHHS MIATBEPKYIOTh, 0 MOJIE MAIIMHHOTO
HaBuaHHs, Taki sk Random Forest ta LSTM, maroTh 3HAYHWN MOTEHINA JJIs MOKPAIICHHS
e(eKTUBHOCTI yIpaBIiHHSA MPOeKTaMH 3a Metozosorieto Agile. BusiBjieHa BHCOKa TOYHICTh
NPOTHO3IB Ta 3JaTHICTh LIUX MOJIEJICH BPaXxOBYBAaTH PI3HOMAHITHI HEJIHIMHI B3a€MO3B'SI3KU
MK 3MIHHUMH, 110 POOUTH iX HE3aMIHHUMH IHCTPYMEHTAMU B Cy4aCHOMY JAMHAMI4HOMY Ce-
PEIOBUII pO3POOKH MPOTPAMHOTO 3a0€3MIECUCHHS.

3 orysaay Ha pe3yabTaTH TOCIIHKCHHS, PEKOMEHIYEThCS BIIPOBAKYBATH Il MOZEII JIS
TIPOTHO3YBAHHS Ta YNPABIiHHA PU3UKAMM Y BEIMKHX i CKIAJHHX MPOEKTAX. IX BUKOPHCTaHHS
MOY€E CYTTEBO MiIBUIIUTH €()EKTUBHICTh Ta HAAIWHICTD TUIaHYBaHHS, JT03BOJISIIOYN KOMaHIaM
OTIEpPAaTUBHO AJaNTyBATUCS /10 3MiH BUMOT Ta 30BHIIIHIX yMOB. Lle, B CBOIO uepry, cripustume
3HIDKEHHIO WMOBIPHOCTI 3pWBIB TEPMIHIB 1 MEPEBUTPATH pecypciB. BaximBuMm acnekToM €
IHTerpalis MoJeNieil MalllMHHOTO HaBYaHHS Yy BXK€ ICHYIOYi IHCTPYMEHTH Ta IUIaThopMH, sKi
BUKOPUCTOBYIOTBCS [UIS YIPABIIHHA MpoeKkTamu 3a meronoioriero Agile. Ile 3abe3neunts
O€3IIOBHMIA TepexiJ] JO HOBUX TEXHOJIOTIH 1 MiHIMI3ye omip 3MiHaM 3 OOKY KOPHCTYBadiB.
OcHOBHI 00MEXEHHSI IILOTO JOCITIDKCHHS BKIIOYAIOTh OOMEXKEHY KUIbKICTh aHalli30BaHUX
JAHUX Ta MOKJIMBI BIAMIHHOCTI Y pe3yJIbTaTax 3ajJeXHO Bij crienu@iku nMpoekTiB. MaiOyTHI
JOCITIJKEHHSI MOXKYTh 30CEpEUTUCS Ha IHTerpamii iHIMX Mojeneld TITuOOKOro HaBYaHHS,
takux sk GAN (Generative Adversarial Networks) a6o Transformer-based mozeni, mo mo-
KYTh HaJJaTH JOAATKOBI IIepeBaru y cnenniyHuX YMOBaxX Pi3HUX Talry3ei.

3aranom, iHTerparis nepeloBuX Mojesieil MalllMHHOIO HaBYaHHS y MeTojaosorii Agile €
NEPCIEKTUBHUM HANPSIMKOM, SIKHH 31aT€H CYTTEBO MOKPAIIUTH YIPABIiHHS MPOEKTaMH, 3HU-
3UTHU PU3UKU Ta MiJIBULIUTH AKICTh KIHIIEBUX MPOIYKTIB. PEKOMEHIyeTbCsS aKTUBHO IPOJOB-
JKYBaTH JIOCIHIIJKEHHS B LI{ raixys3i Ta BOPOBA)KyBaTH OTPUMAaHI Pe3yNbTaTh Y IPAKTUKY IS
JOCSATHEHHST HAWKpAIIUuX pe3yybTaTiB.
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Forecasting the efficiency of agile projects using machine learning

The aim of the research is to address current challenges in the development of infor-
mation systems and the integration of artificial intelligence technologies to optimize Agile
methodologies. The study focuses on modeling and forecasting the efficiency of Agile pro-
cesses, taking into account changing requirements over time and random deviations. Fore-
casting is understood as the process of estimating the future efficiency of Agile processes
based on the analysis of time series and machine learning models. Efficiency forecasting is
considered as time series forecasting, where parameters adapt depending on the system and
data, allowing the model to generalize and take into account various factors affecting project
outcomes.

The study examines the selection of the optimal model for forecasting Agile process effi-
ciency by comparing machine learning methods such as Support Vector Machines (SVM),
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Random Forest, and neural networks (CNN, LSTM). Comparative analysis showed that neu-
ral networks (LSTM, Bidirectional LSTM, CNN) are more effective for predicting project suc-
cess, demonstrating high accuracy and lower errors. The practical value of the research lies
in identifying LSTM and other neural network architectures as effective tools for predicting
project success. This can serve as a guideline for implementing effective management systems
in real-world conditions. For example, the application of LSTM in large IT companies for
forecasting the success of Agile projects has significantly improved planning accuracy and
reduced risks.

The research confirms that the integration of machine learning models, particularly
LSTM and CNN, significantly improves the accuracy of forecasting and managing Agile pro-
jects. The application of these technologies can greatly enhance project management efficien-
cy in information systems.

Keywords: Agile, forecasting, neural networks, artificial intelligence, information sys-
tems, machine learning, LSTM.

Mauiii Bragucaas IropoBuy - acripant kadenpu mudpoBoi eKOHOMIKK Ta CHCTEMHOTO aHa-
ni3y Jlep»aBHOro TOProBeIbHO-EKOHOMIYHOTO yHiBepcuTeTy, M. Kuis. v.paliy@knute.edu.ua.

Vladyslav Palii - PhD Student, Department of digital economy and systems analysis, State
University of Trade and Economics, Kyiv, Ukraine. v.paliy@knute.edu.ua.

184 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


mailto:v.paliy@knute.edu.ua
mailto:v.paliy@knute.edu.ua

«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy
DOI 10.34185/1562-9945-6-155-2024-18
VYK 004.65+502.3/.7

O.B. Pesniuenko, O.A. JIsmenko, B.B. Apxumnosa
JTOCJIIKEHHA MOJIEJIEN BA3 JIAHAX
JJISA SBBEPITAHHS BIG DATA Y COEPI MOHITOPIHI'Y JOBKIJLJISA

Anomayin. [lumanus, nos’si3ani 3 ymeopeHHAM 8eUKUX MACUBI8 OAHUX, 00 KiHYs He supiule-
Hi. Kinoxicmo inghopmayii y ceimi nocmitino 30i1buyemMuCs, Wo Npu3eeno 00 SUHUKHEHHS
npoonemu ii 36epesicenns. Cmeopene 0151 8USHAUEHHS Yux Oanux nouamms «big datay exnro-
yae y cobi HACMYNHI XAPaKmMepucmuKu. KilbKicmbv, WEUOKICMb 00pOOKU, PI3HOMAHIMHICMb,
00CmMosIipHicMb, 3MIHHICMb ma YiHHicmb. J{o yboco muny inghopmayii 6ioHOCAMbCA Xapakme-
PUCMUKU HABKOIUWHBbO2O Cepedosuuyd,; OaHi BUZHAUAOMb PO3NO0IL 8I0NOBIOHUX NOKAZHUKIG
Ha 3emii i 0aroms MOACIUBICIb 0amU NPOZHO3 HA MANUOYMHE W0OO0 3MIHU iX y 4aci i npocmo-
DI, Wo € 8axcaugum 0l 6e0eHHs 20CN00apcmea ma Cmaio2o po3eumky aoocmea. Ane ingo-
pmayiss wooo epexmusHoi opeanizayii 30epedxcents i 00poOKU MaKux OAHUX € HedoCmanm-
HbOI0, WO BUMAAE NPOBEOEHHST 0OAMKOBUX 00CHIONCeHb. TaKum YuHom, 06’ €Kkmom 00cCi-
0JICeHHs € OaHi, WO OMPUMYIOMb HA NOCMAX CNOCMEPENCEHHs 34 CMAHOM HABKOIUUHLO2O
cepedosuwa. Ilpeomemom OocniodcenHs € 30epicaHHs OAHUX, OMPUMAHUX ) pe3yibmami
npoBeOeH s MOHIMOPUHY HABKOIUUIHBO20 cepedosuiyd. Memorw 00cniodcenHs € po3pooKa
Kpumepiis 0Jisk OYiHKU Ma NOPIGHAHHS PI3HUX MUNI6 CXO08UWY OAHUX 3 YPAXYBAHHAM Cneyui-
HUX 8UMo2 0ns ix 30epieanHs, usHauyenHs munig inghopmayii, axa 6yoe 36epicamuca y 6a3i
O0aHUX napamempie HasKoIUWHb020 cepedosuwya, cmeopenns ER-Oiaepamu eusnauenoi 6azu
Ooanux. Ompumani 0aui K1acUuiKyiomscs 6 3anedcHOCmi 8i0 cmawny cepedosuyd, 1o2o po3-
mawysants ma 3a0pyonenocmi. OCKibKu OaHi 00epHCYIONb 3 PO32ANYHCEHOI cucmemu cno-
cmepedcetsb, 80HU NOemMAantHo NOMpanisaioms 8i0 micys ix peecmpayii yepe3 MicbKy, pe2ioHa-
JIbHY, 0epaHcasHy i 2100anbHy mepedicy 00 micys ix 30epicanus. Bionoeiono, nosunni Oymu 3a-
be3neueni HacmynHi Kpumepii 00 ompumanoi ingpopmayii: 36epicanHs OAHUX PI3HUX MUNIE,
weuokull docmyn i 0opobka ma moxiciusicme macumaobysanus. Icnye 08i ochoeHi mooeni
CX08UW OAHUX. peNayiltiHi ma HepelayitiHi, KOJXCHA 3 AKUX Mac nepesazu i Hedoniku. Tak, pe-
aayitni (SOQL) maioms dsrcopecmki cxemu, AKi 3a6e3neuyioms HadilHicmy 30epedcents ingop-
Mmayii, ane € HeeghekmugHUMU 011 0OPOOKU 8eNUKOI KITbKOCMI 3anumig i He 80100it0Mb 3HAY-
Howo macwimabosanicmio. Hepenayitini (NoSQL) 306epicaiomsb 0ani y HecmpyKmyposanomy
Muni, 1e2ko Macumaoyromuscs, i 3ab6e3neuyioms 6elUKy ueuUoKicms 0opooku 3anumie. Bu-
cHosku. I[Iposedeno 0ocniodxicenHs wooo opeanizayii OaHUX, OMPUMAHUX 3 NYHKMI8 cnocme-
PediCeHHs 3a HABKoMUWHIM cepedosuugem. CmeopeHo cxemy 00poOKU OMPUMAHUX OAHUX.
Oxpecneno epynu napamempis, wo 6yoymo 30epicamucs y 6azi danux. Cghopmynvosano oc-
HOBHI Kpumepii wo0o 30epicanHs OaHux, wo 003801810Mb OLIbUW epekmusHo ix opeaizysa-
mu. Peanizosano ER-diacpamy 0ns 6a3u 0auux.

© Pesniuenko O.B., JIsmenko O.A., Apxunosa B.B., 2024
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Knouoei crnosa: inpopmayis, 6aza oanux, big data, mooens 36epicanns oanux, eumipro-
8aHHsL napamempis, HagKoaUuwHe cepedosuue, ER-Oiacpama.

IMocranoBka mpodjemu. KinbKiCTh AaHUX, IO CTBOPIOETHCS Ta BUKOPHCTOBYETHCS
JOACTBOM, O€3MepecTaHHO 3pOCTaE 1 OOUMCITIOETHCS BXKE, 38 PI3SHUMHU OL[IHKAMH, y KUIBKOCTI
Bin 10° 1o 10° Gaiit, mpraoMy mporHO3yeThCs iX 3GibIICHHS 10 2 ek3abaiiT Kk 2025 poky.
Tak, nmounnaroun npubmuzno 3 2009 poxy, BOHH IOJBOIOIOTHCS OpPIEHTOBHO KOXHI 12
micsniB [1]. Lle crBopmiio npoGiemy 3 ix 30epiranHsM, 00poOKor0 Ta BUKOpHCTaHHSAM. Jliist
KO>KHOTO OKPEMOTO BHIIaJKa HE0OXiHO BU3HAYATU KPUTEPIii Ta 0COOIMBOCTI 30epiranHus iH-
(dbopmMaitii, CTBOPIOBATH CBili KOHKPETHHI BH] 03U JTaHUX.

AHaJni3 ocTaHHix aocaikenb i myOJikauniii. Bynb-ska ocoba i opranizanis, oo npa-
II0€ y cdepax Jep>KaBHOTO YIPaBIiHHS, O13HECY, EKOHOMIKH 1 MapKETUHTY, KYPHATICTUKH,
MEIUIUHK, 010JI0Til, METEeOpOIOrii, IHTEPHETY, OCBITI BUKOPUCTOBYE KOMII'IOTEpPH Ta iHIII
1 (poB1 MPHUCTPOI, KOKHY XBUJIMHY MTPOYKY€e HOBY 1H(POPMAIIi0, KA MOTPeOye JOJATKOBUH
00’eM ayist 30epiranns Ta 00poOku [2-7]. HailGinpmmMu po3MipamMu BOJIOAIIOTH aCTPOHOMIUHI
Ta 6i0JIOTIYHI MaTepiany, 300pakeHHs, 3ByKHU Ta Bizneo [ 1, 8]. st Takux MacuBiB gaHux Oyio
CTBOPEHO OKpeMme MoHATTA — «big data» [9], mo BkIo4ae, KpiM po3MipiB camoi iH(opmarii,
TaKOX JpKepena 11 OTpuMaHHsI, anapaTHe 1 mporpamHe 3a0e3nedeHHs, inpopMariitHi TeXHoI0-
rii (3acobu 0OpoOKH 1 30epiranHs), METOAM aHANI3Y Ta iH., TOOTO HE iICHY€E YITKOTO BU3HAYCH-
Hs 6OTO NOHATTA. CIIOYaTKy BBaXKajIoCs, IO JOCTaTHIMUA OCHOBHUMHU O3HakaMmu «big datay €
Tpu «V»: volume — 3Ha4Hi 00caru iHpopmarii; velocity — mBuUAKICT 00pOOKH (IIBUIKICT
OTpPUMaHHS JTaHUX Ta IIBUIKICTH OOPOOKH 3amuTiB); variety — pi3HOMaHITHICTh (BiAMIHHOCTI
(dhopMaTiB, HECTPYKTYPOBAHICTh 1 HEMOKJIMBICTh ONMUCAHHS iX 3BUYHUMH METOJaMH). 3 4aCOM
710 BU3HAYEHb JOJaIHCA e Tpu «V» — veracity (ZOCTOBipHICTB), variability (3MiHHICTB, MiH-
JUBICTh 1HGOpMarlii), value (IIIHHICTB).

VY TenepiniHiii yac 10 «BEIUKUX JAHUX)» MOKHA TAKOX BIAHECTH 1H(OpMAIliIO PO CTaH
Ta XapaKTePUCTUKU HABKOJMIIHHOIO CEpelOBUINA (TeMIepaTypa, BOJOTICTh, IIBUIKICTh BIT-
Py, BMICT XiMIYHHX PEYOBHUH Ta iH.), 110, mounHaro4uu 3 60-70-x pokiB XX CTOMNITTS, BUMipIO-
€ThCSl HA TIOCTIHHIN ocHOBI Ha 3emHil Kyl [10, 11]; B Ykpaini Takoxk iCHYe Mepeka CIIyKOou
MOHITOPHHTY 3a CTaHOM atMmocdepH, Tripochepu ta nirochepu. OTpumanHs noAiOHOT 1HPO-
pMariii BKpaid HEOOXiJTHO, OCKIJIBKH J1a€ MOXJIMBICTH SIK BCTAHOBUTH PO3MOALI MOKA3HUKIB
CTaHy JOBKLUIA Ha 3€MHIN Ky, Tak 1 3p0OUTH MPOTHO3H, 110 Oy1yTh BIUIMBATU Ha (PYHKIIIO-
HYBaHHS 0araThoX raiysei rocrogapctsa. Tak, Bii MPOrHO3Y IOTOM 3aJIEKUTh POOOTa aBia-
LIHHOTO Ta MOPCHKOTO TPAHCIIOPTY, BEACHHS CLILCHKOTO rocrnoaapcTBa. KpiMm 11p0ro, MmoxHa
3poOUTH BUCHOBKHU IPO MEpPEHECEHHs 3a0pyJHIOBAaYIB B MOBITP1, BOJI Ta IPYHTI; PO BILIUB
JIOJMHU Ha HABKOJIMIIHE CEPEIOBUIIE; MICs IbOI0 BU3HAUMTH HU3KY il Ta KPOKiB, CIIps-
MOBaHHUX Ha PO3B’si3aHHS MPOOJIEM MOTIPUIEHHS] CTaHy HaBKOJMIIHBOTO cepenoBuina. Lle €
BaXJIMBUM TTUTAHHSIM CYy4YacHOCTI, OCKUIBKH BIUTMB JIFOJWHU Ha JIOBKIJUIST MOKE CTaTH MPHYH-
HOIO T7100a7TbHOT €KOJIOTIYHOT KPU3H Ha TUIAHET1 1 HEMOKIIMBOCT] 1CHYBaHHSI JIFOACTBA HA 3eM-
71 'y MalilOyTHBOMY.
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BumMiproBaHHs mapaMeTpiB HABKOJIHMIITHHOT'O CEPEIOBHINA MOKHA PO3JIUIMTH HA JIEKIIb-
Ka KaTeropii B 3aJIGKHOCTI BiJ METH JTOCII/DKCHHS: CIIOCTEPEKCHHSI OIS JpKepell 3a0pyIHeH-
HSl, Y MiCTaX Ta IHIIMX IMyHKTaX MPOKWBAHHS JIIOACH, Y CUTBChKIN MiCIIEBOCTI, BUMIPIOBaHHS B
YMOBHO He3a0pyTHEHUX MICIISIX; KOHTPOJIb mapameTpiB arMochepH, rigpocdepu, aitocdepu;
BUMIPIOBaHHS (I3UYHKX, XIMIYHHUX MapameTpiB Toro (puc. 1).

BuMiploBaHHS napaMeTpis

Ha npoMuCI0BHX Bins xxepea ¥ micTax Ta iHmux : T 2 B ymoBHO
A ¥ ciabeekill MicmeBocTi x A
niInpHEMCTBAX 3a0pyIHeHHS NYHKTaX NPO/KHBAHHS He3a0pyIHeHHX MicHsx
Armocdepa Tinpocdepa Jlitocdepa

Pucynok 1 — Knacudikamis THImiB BUMipIoBaHb
napaMeTpiB HAaBKOJHUIIIHBOTO CEPEIOBHUIIA

Konrenrparis pe4oBHH y BUKHAJAX Ta OIS TIAPHEMCTB Ta HACEICHUX ITYHKTaX 3HAYHO
BUIIIE, HIXK Y CUIBCHKil Ta He3a0pyaHEeHii MicIeBOCTi. BUKHIM TPOMHUCIOBOCTI MOXYTh MicC-
TUTH LTy HU3KY crenu(iuHuX KOMIIOHEHTIB, SIKi BCTYMAIOTh y B3a€MOIiI0 3 (HOHOBUMU pe-
YOBHHAMM, TOMY HEOOXIJHO MPOBOJUTH JI0JIaTKOBI BUMIPIOBAHHS IIUX KOMIOHEHTIB. OTxe
HIUIBHICTh CUCTEMH CIOCTEPEXEHb OLIbII T'yCTa y 3aceleHUX 1 MPOMHCIOBUX pPETiOHaxX 1
MaiKe BIJICYTHS HaJl OK€aHAMU 1 TyCTEIISIMH.

OTpuMaHHs AaHMX BiAOYBA€THCS Ha CTAlllOHAPHUX Ta MEPECYBHUX IMOCTax CIOCTEpe-
JKEHHS. [CHYIOTh aBTOMAaTH30BaHI CHCTEMH CIIOCTEPEKEHHS 1 KOHTPOJIIO 3a SKICTIO aTMochep-
HOTO TOBITPS 1 IOCTH PYYHOTO BiI0Opy Mpob Ta jabopaTopii, M0 0OCIYTrOBYIHOThCS OIepaTo-
pamu. 3BUYaiiHO, BUKOPUCTaHHS aBTOMaTUYHUX BUMIPIOBaHb Jla€ OLIbII MIBUKI Ta JOCTOBI-
PHI pe3ysbTaTH, OCKUIbKU HE 3aJIe)KUTh BiJ] BUMIpIOBaya abo oneparopa. Ane y 6araTbox BU-
najKax ICHYIOTh SIK HEaBTOMAaTH4HI Npuiaau (HalpHUKiaja, aHaJOroBi), TaK 1 BUKOPUCTOBY-
I0ThCS (DI3UKO-XIMIYHI METO/IH, III0 BUMAraloTh y4acTi JtoauHu. Lle mpu3BoauTh 10 YyTBOpPEH-
Hs 1H(GopMallli pi3HUX THMIB Ta Po30DKHOCTENH OIMHUIL BUMiptoBaHHS. KpiMm Toro, nani Mo-
KYThb MICTUTH HE3B’s3aHy 1H(OpMalliio: He Ha YCIX MyHKTaX BUMIPIOBaHHS BU3HAYalOTh BECh
MO>KJIUBHUH J1alla30H THIIB JIaHUX, IO TTOB’S3aHO 3 BIJICYTHICTIO JAHOTO KOMIIOHEHTA y TIOBI-
Tpl, a TAKOX 31 CKJIQJIHICTIO a00 KOIITOBHICTIO OOJIalHAHHS, SIKE PO3MIINIYIOTh, HAPUKIA,
TIJIbKY Ha CTallIOHAPHUX MOCTaX CIOCTEPEKEHb.

Mertoro nocaigkeHHs1 € po3poOKa KpUTEPIiB AJIsl OLIHKHK Ta MOPIBHSHHS PI3HUX THUIIIB
CXOBHII[ JJAaHUX 3 YpaxyBaHHSIM crenu@iyHUX BUMOT JUIs ixX 30epiraHHs, BU3HAUYECHHS BUIB

iHdopmMarii 1y JaHoro Buay 6a3u qaHux Ta crBopeHHs1 ER-niarpamu manoi 6a3u naHux.
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Buk/aa ocHOBHOro marepiajy aociilzkeHHs. Ha MiCBKHX CTaHIISIX KOHTPOIIO 3a
AKICTIO aTMOCc(epr BU3HAYAIOTh HACTYIHE (pHC. 2):

- (pi3muHi mapameTpu: TEMIIepaTypa, TUCK, BOJIOTICTb, BiTep (IIBUIKICTH, HAPSIMOK, PO-
3a BITpIB);

- XiMiyHi apameTpu: BMIcT cynbdypy(IV) okcuny, kapoony(Il) okcuny, Hitporeny(IV)
OKCHJy, aMOHiaKy, cynbdypy rigporeny, GpeHomy, rigporeny quyopuny, GopmMaibaeriay, ri-
JpOTeHY XJIOPHUY;

- po3TalryBaHHs MiCIsl BUMIpIOBaHHs: jata, yac, GPS xoopaunaru.

Ha MichKHX CTaHIIisIX KOHTPOJIIO 32 SAKICTIO BOJAM BU3HAYAIOTH!

- T1IPOJIOT1UHI MapaMeTpH: BUTpATa BOJH, MIBHKICTh T€Uii, piIBEHb BOJAM;

- TiAPOXiIMiUHI mapaMeTpH: TeMIlepaTypa, KOJIbOPOBICTh, IPO30PICTh Ta 3BAXKEHI pedo-
BHHH, 3aIax¥, PaJl0aKTUBHICTh, PO3UMHEH] Ta3u (KUCEHb, JIOKCHI KapOOHY), KOHIEHTpAIlii
TOJIOBHUX 10HIB (XJIOpUAH, Cynb(aTu, TiApoKapOOHATH KaJbI[il0, MArHio, HATPilO, Kajio),
HeopraHiuHi crionyku (dochop, a30T, apceH, IIIOMOYM, MEPKYpiid, KynpyM, Kaamii, XJop,
¢ayop Tomo), pH, opraniuHi CrioiyKu Ta HaQTOTPOTYKTH.

Di3MdHI TapAMETPH :
TeMIlepaTypa.

THCK,

BOJIOTICTE,

IMBHOKICTE BITPY.

TimpoxiMidHi TapaMeTpH:
TeMIepaTypa.
KOIIbOPOBICTE.
IPO30PICTE.

IBAKEH] PEUYOBHHH,

T'imponoriugi mapaMeTpH:
BHTpaTa BOIIH,
IMBHAKICTH Tewil,

PpiBeHE BOIH.

HAIIPAMOK BIiTPY Salaxd,
PalioaKTHBHICTE, Po3TaImyBaHET:
o PO3UHHEHHH KHCEHE, mara,
XiMivHi TapaMeTpH POIUHHEHHIT TIOKCHT KapOomHy, ac
cymsyp(IV) oxeni, XJTOPHIH, GPS} KOOP/THHATH.
kapGoH (II) oxcua, cyTedatH,
kapooH (IV) oKCcHIL, TiIpoKapGOHATH,
HiTporeH (IV) oxcun, KAIBITiiL.
aMOHIaK, MarHiii,
CYIBQYp TiIporeH. HaTpiit.
tenom, KaJIif,
rigporeH (IyopHz, docdop.
topmamseris, a30T.
ripored XIOPHI, apcex,
BYTIIEBO/THI, ILIIOMOYM.,
MepKypii,
Posramyeanss Rynpy\a
ey KaIMifi,
gac, e
GPS KOOPIHHATH. S
pH.
Ha(TOIPOIYKTH

Pucynok 2 — JlociipkyBani mapameTpu atMocdepu Ta rigpochepu

[Ipu KOHTpOMIOBaHHI SAKOCTI IPYHTIB BU3HAYAIOTh: BOJIOTICTh, pH, HITpaTH, NECTUINAH,

Ha(TOMPOAYKTH, BaXKK1 MeTaji, OakTepii Ta 1HIIE.
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Jnist mpoMUCTIOBHX 00’ €KTIB /101aTKOBO BH3HAYAETHCS MTApaMETPU BUPOOHHUIITBA: HA3Ba,
BUJ Ta TEXHOJIOTiSl BUPOOHHUIITBA, MICIIE€3HAXO/PKEHHS JDKEpe BUKUIY Ta iX KUIBbKICTh, Mmapa-
METpH BUKHUIY (BUTpaTa, TEMIIEpaTypa Ta iH.).

Bci cuctemu 00’ €IHYIOTBCSI y IPOMUCIIOBI, MICBKi, pETiOHAJIBHI, I€p>KaBHI Ta TI00alb-
Hi Mepexi.

[Micna motparuisaus iHGopMarlii 70 Mepexi 3niiCHIOETbCs 11 mepBUHHA 00poOKa (mepe-
BEJICHHS OJIMHUIIL BUMIPIOBAHHS, BU3HAYECHHS YHCIOBUX XapPaKTEPUCTHK); CTATHCTUYHA 00-
poOka (BU3HAYCHHS WMOBIPHICHHX XapaKTEPUCTHK); MOPIBHAHHS iHpOpMalii mpo cTaH 3 ma-
pamMeTpaMy B IHIIMX pEriOHAX; CKJIAJaHHA AITOPUTMY IPOTHO3YBaHHS CTaHy JOBKIJUISA

(puc. 3).

PericTpauia

napameTpis

aBTOMaTU30BaHUMK

CUCTEMaMK

A

30epiraHHa AaHux

).
).
—

Y

Mepenaya aaHux y Mepenaya aaHux y Mepenaya aaHux y Mepenaya aaHux y
> > ->»

MICbKY MEpEXY perioHanbHy MeEpEXY LEPKABHY MEDEXKY rmoBanbHy Mepexy

1

PericTpallis AaHux Ha OGpobka AaHux
NocTax py4Horo

Biadopy

Pucynox 3 — Cxema po6oTu 3 iHpopMaIi€ro

OckiJTbKM BU3HAYEHHS MapaMeTpiB CepeOBUILA € KOMIUIEKCHUM 1 B1IOyBa€eTbCs CKpPi3b
Ha 3eMHIi KyJi, He00Xi/IHO, 11100 AaHi MOCTIMHO 1 MBHUJIKO NOTPAIUISIM Y CUCTEMY iX 30epi-
raHHs, OyJIU JOCTYIHI JJIS MOJABII0I 00OpOOKH, BUSHAYCHHS XapaKTEPUCTUK Ta MPOTHO3Y.

[lepenaBanHs JaHUX Ha BEJUKY KIJIbKICTh CEPBEPIB CTBOPIOE HU3KY MPOOIEM:

- nepeBHILEeHHs 00’ eMiB 1HQOpMAIIl HaJl MPOAYKTUBHICTIO MIPUCTPOIO, L0 iX OMpPaLbO-
BYE;
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- HeJIOCTaTHS MIBUKICTH 3aMHCY, IEPEMIIICHHS, 3MiH, 00pOOKH;

- PI3HOMaHITHICTh TaHUX 1 CKJIQJHICTD iX BIOPSAKYBAHHS.

Taxkum unHOM, BUOIp MozenNi 30epiraHHs JaHUX Ta MOJeli 0a3u JaHWX € BKpail BaKiIu-
BUM. Bubip Mozeni 6a3u 1aHuX MOBUHEH BPaXOBYBATH HACTYITHI KPUTEPIi:

- BUJ] JIAHUX Ta iX CTPYKTYPOBaHICTb;

- croci po3TanryBaHHS Ta MOKIIUBICTh MacIITa0yBaHHS,

- 4acTOTa 3BEPHEHB 0 0a3u, OHOBIICHHS Ta 00pOOKHU iHOpMaIIii.

Sk mpaBuIo, 6a3u JaHUX, MOAUISIOTH HA JB1 KATETOPii: pessiiifHi Ta HepesaIiiHi.

V penstuiiinux iHdopMariis 30epiraeTbest y Gopmi TabIuIk Ta 3B’ A3KiB Mik HUMHU. Kox-
Ha KOMipKa IMOBUHHA MICTUTH 1H(OpMAIito, BUJ SIKO1 BU3HAYAETHCS 3a3/1aJIETi/lb IPU MPOEK-
TyBaHHi 6a3u. ToOTO aHi € CTPYKTYpOBaHUMH, 1 HE Nepea0avaroTh HIBUAKUX Ta YaCTUX 3MiH.
[lepeBaramu Takux 6a3 JaHUX €:

- IPOCTOTA MPEICTABICHHS JaHHX;

- BUKOPHUCTaHHS MTPABUJI MPOEKTYBAHHS, 3aCHOBAHUX Ha MAaTEMaTHYHOMY arapari;

- He3AJICXKHICTh JTAaHUX.

AJie BOHM MarOTh 1 HEOMIKH:

- HE BCI JJaH1 MOXYTh OYTH TPEJCTABIICHI Y TAOJIMYHOMY BUTJISII;

- HeOOX1THO, 00 YCi KOMipKH OyIIn 3aImoBHEH1 1HPOPMAITIETO;

- B pe3ynbTaTi 0OpoOKM JaHMX 3 SBISAE€THCS MHOKMHA TaOJNHIb, IO YCKIIAIHIOE PO3Y-
MiHHS Oprasizamii Ta CTpykTypH 0a3u JaHux i poOoTy 3 iHpopMari€ro;

- 0a3a gaHMX 3aiiMac 3HaYHE MICIE;

- IIBUJIKICTH 0OPOOKH 3aMUTiB MPH 301IbIICHH] po3Mipy 0a3u pi3KO 3MEHIIYETHCS;

- Juis 0araThOX BHUIMAJKIB 00pOOKa 3amMTIB JaHMX, IO PO3TAIIOBaHI Ha Pi3HUX CepBe-
pax, yCKJIaJHeHa.

VY HepenauiiiHux 6a3ax iHpopMallisg 30epiraeTbcsi y HECTPYKTYPOBAHOMY BUIJISA, MTPHU-
YOMY MOKHA OJ[pa3y IMOMOBHIOBATH JaHl IHIMMMHU TUIIAMH, SIKi 10 IIbOTO Oyyu BincyTHi [12-
16]. Lle#t Bua 6a3 maHWX € MacmITAOOBAaHHUM, 1 JIETKO PO3MOJIISETHCS HA BENUKINA KiJTbKOCTI
cepsepiB. LlIBuakicTe 00poOKM AaHUX 1, BIANOBITHO, MPOAYKTUBHICTh, BULIE, HIK Y PEsIin-
HUX 0a3 gaHux. TakuM YUHOM, HEPEIAIiiTHI:

- He 30epiraroTh iH(OpMalliio y BUTIIAII TaOIUIb;

- BUKOPUCTOBYIOTh THYUYKI CX€MH, IO JTAIOTh MOJIMBICTh MPHUIIBUAIIUTH PO3POOKY Ta
3a0€3MeYNTH MOETAIHY peali3alliio;

- HE BHUKOPUCTOBYIOTH MOBY 3amuTiB SQL, mo 3Halnuio BimoOpakeHHs y iX Ha3Bi
(NoSQL);

- NIATPUMYIOTh MOXJIMBICTh TOPU30HTAJIBHOTO MaciiTa0yBaHHS 1 poOOTH 3 JaHUMH
«big datay;

- JAFOTh MOKJIMBICTB YIPABIISTH JaHHUMHU y PeaTbHOMY 4aci;

- MIATPUMYIOTh BUKOPHCTAHHS arperaris 1 KJIacTepiB;

- 3aCTOCOBYIOTh TUHAMIUHI THYYKI CXEMH.

Otxe, mia BUOOPY MoJeni 0a3u TaHUX MEPeayCiM MOTPIOHO PO3TISHYTH XapaKTepUC-
THUKH JaHUX, 10 HEOOX1THO PO3MICTUTH Yy HiM.
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TakuM YMHOM, OTPUMAaHI B pe3yJbTaTi BUMIPIOBAHHS MapaMeTpiB HaBKOJIHMIIHBOTO Ce-
penoBuIIa JIaHi:

- Maiike He TIOB’s3aHl OJIHI 3 IHIIUMH, KO)KHE BHUMIPIOBAHHS BUKOHYETHCS OKPEMO 3a
JIOIIOMOI'0K0 BIIMOBIHOIO 00JaAHAHHS Ta TEXHIYHUX 3aCO01B;

- 3aHOCATHCA 10 0a3u JaHuX OaraThbMa onepaTopaMu ab0 aBTOMAaTHYHO Y MICLSIX PEECT-
pauii iHopMarlii po3raxy:keHoi Mepexi CrioCTepPeIKeHb;

- € CHJIBHO MacIITa00BaHUMHU;

- BUMAraloTh 4aCTOr0 3BEpHEHH /10 0a3u JaHux i 00poOku oTprmManoi iHdopMartii.

[opiBHIOIOUM BUMOTH A0 JaHMX Ta XapaKTEPUCTUKH 0a3 JaHUX, MOKHA 3pOOUTH BHU-
CHOBOK, 1110 OUTBII eeKTUBHOMY 30epeXeHHI0 Ta 00poOIi manoi iHdopMmarllii BiAMOBIAAIOTH
NoSQL 06a3u 1aHux.

Jis BU3HAUEHMX MOCHIKYBaHUX MapamerpiB ckiagaeHo ER-miarpamy 06a3m naHux
(puc. 4).

user ; phisical parameters chemical parameters hydrochemical parameters
PK id_qser: Siring PK id_ph_par: String PK id_ch_par: String PK id _hyd ch par: String
email: String . temperature: Double SO2_conc: Double temperature: Double
password: String pressure: Double CO_conc: Double colourfulness: Double
name: String humidity: Double CO2_conc: Double transparency: Double
id_type: String wind_direction: String NO2_conc: Double odour: Integer
_ date: Date NH3_conc: Double radioactivity: Double
gps: String H2S_conc: Double ‘oxigen_conc: Double
id_user: String phenol_conc: Double CO2_conc: Double
Type HF_conc: Double chlorides_conc: Double
. T h e Double hydrocarb_conc: Double
PK id_type: String %gﬂgzz?Doubllle calcium_conc: Double
type: Array carbghydr e bonhblc magnesium_conc: Double
it Date] sodium_conc: Double
Sty potassium_conc: Double
gps: String X
L S ol phosphorus_ conc: Double
id_user: String nitrogen_ conc: Double

arsenic_conc: Double
plumbum_ conc: Double
mercury_ conc: Double
PK id_hyd_par: String cuprum_conc: Double
o cadmium_conc: Double
chlorine_conc: Double

hydrological parameters

water_flow_rate
flow_rate: Double

water_level: Double . fluor_conc: Double
date: Date pl.ll Double
gps: String oil products_conc: Double
| id user: String g;zé)tx‘;txfg
I\ id_user: String

Pucynok 4 — 3aransauii Bun ER-giarpamu

Bucnosku. [IpoananizoBano mozeni 0a3 nanux i 30epiranss iHdopmaiii, oTpuMaHol
Ha TI0CTaxX Ta MYHKTAaX CIOCTEPEKEHb 32 CTAHOM HABKOJHUIIHBOIO cepenoBuia. CTBOPEHO
cXxemy 0OpOOKH OTpUMaHUX JIaHUX.

Busnaueno kpurepii ayis gaHux Ta 6a3 gaHUX, SKi € HACTYMHUMU. [laHi, 110 HEOOXiaHO
30epiratu, € HECTPYKTYPOBAaHUMHM, OCKUIBKH iX KUJIbKICTh, BUJ T4 OJUHUII BUMIPIOBaHHS 3a-
JeXUTH BiJ O6araThox ¢akropi. Cucrema 30epekeHHs iH(popMallii MOBUHHA YaCTO OHOBIIIO-
BaTHCA, 30epiratu iHpopmalito, o0pobIATH 1 poOUTH BUCHOBKH. baza gaHuX MOBHMHHA MaTu
3HaYHe TOPU30HTAJIbHE MacIITaOyBaHHS.

L{i BUMOTM al0Th MOKJIMBICTH 3pOOMTH BHUCHOBOK, IO MiJ Yac MOJAIBIIMX BHUMIpIO-
BaHb MapaMeTpiB HABKOJIHUIIHBOTO CEPEOBHUIIA 1 30epiraHHs OTPUMAHUX JaHUX JOLIIBHO BU-
kopuctoByBati NoSQL 6a3u nanux.
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Database models for storing big data

The issues related to the formation of large data collections are not fully resolved. The
amount of information in the world is constantly increasing, which has resulted in the
problem of its storage. The term "big data" created to define this data includes the following
characteristics such as quantity, processing speed, variety, reliability, variability and value.
This type of information includes environmental characteristics; the data determine the
distribution of relevant indicators on the Earth and make it possible to make a forecast for the
future regarding their changes in time and space, which is important for economic
management and sustainable development of humanity. However, there is not enough
information on the effective organisation of the storage and processing of such data, and
further research is needed. Thus, the object of the study is the data obtained at environmental
monitoring stations. The subject of the study is the storage of data obtained as a result of
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environmental monitoring. The purpose of the study is to develop criteria for evaluating and
comparing different types of data repositories, taking into account specific requirements for
their storage; to determine the types of information to be stored in the database; to create an
ER-diagram of a particular database. The received data are classified according to the state
of the environment, its location and pollution. As the data is obtained from an extended
system of observations, it passes in stages from the place of its registration through the city,
regional, state and global network to the place of its storage. Accordingly, the following
criteria for the information received must be provided such as the ability to store data of
various types, quick access and processing, and scalability. There are two main models of
data bases such as relational and non-relational, each of them has its advantages and
disadvantages. For example, relational (SQL) data storage systems have rigid schemes that
ensure the reliability of information storage, but are inefficient for processing a large number
of queries and have no significant scalability. Non-relational (NoSQL) systems store data in
an unstructured type, are easily scalable, and provide high speed of query processing.
Conclusions. The research has shown that non-relational databases are more appropriate for
storing data obtained from environmental monitoring stations. A scheme for processing the
data was created. The groups of parameters that will be stored in the database are outlined.
The main criteria for data storage were developed, allowing for more efficient data
organisation. An ER diagram for the database was implemented.

Keywords: information, database, big data, data storage model, measurement of
parameters, environment, ER-diagram.
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B.A. Typuuna, €.0. KoBaneHnko
YMOBU SMEHUIIEHHSA JOBXKXUHU TAPAJIEJIBHUX YIIOPAJIKYBAHDb
BEPUHIUH CIIEHIAJIBHUX OPTPA®IB ITPU HASIBHOCTI IEPEPUBAHb

Anomayis. Ilpuxnaoui 3a0a4i n1aHy8aHHA 8UPOOHUYMBA YACHO MONCHA 3MOO0eN08AMU Y GU-
27101 ONMUMIBAYIUHUX 3a0a4ax Ha opepaghax, wo BiOHOCAMbCA 00 3a0ay meopii po3K1adis.
Ooniero 3 makux € 3a0aya napaneibHo20 YNopsoKy8aHHs, 6 AKill He0OXiOHO MIHIMI3yeamu Cy-
MApHULL 4ac 8UKOHAHHSA YCIX poOim, HA NOPSAOOK BUKOHAHHSL SIKUX MOdce Oymu HaKladeHo me-
XHON02IYHI 0OMEdHCEeH S, NPU 3A0aHUX pecypcax. /s eunaokis, Koau opepag zaoaui mae cne-
YIanbHy cmpyKmypy, 00CHIONCeHO Cnocobu nooyoou Ha OCHOBI KOMOIHAMOPHUX KOHGicypa-
Yill ma 8U3HA4eHo, 3a AKUX YMO8 0038L]1 Nnepepusanb Npu GUKOHAHHI pobim Modice 3MeHWUmu
3HA4eHHs YinboBoi PyHKYiI.

Knrouosi crnosa: meopis poszxknadie, 3a0aui komoiHamopuoi onmumizayii, napaienvui ynopso-
KYBAHHS, OPIEHMOBAHI 2paghu, 2yceHuyi, epayiosHa posmimka, nepepusants, KoMoiHamopHa
KOHGhicypayis.

IlocTanoBka mpodaemu. B Teopii po3kiiaiiB BUBYAIOTHCS SIK TEOPETHYHI, TaK 1 MPHUK-
JajiHl 3a7a4l, OB’ sI3aH1 3 MJIAHYBAHHSIM BUPOOHHYUX MPOIIECIB, MPOSKTYBAaHHIM OOYHCIIIOBA-
JILHUX CHCTEM TOMIO. IX MaTeMaTMYHa MOCTAHOBKA 4acTO MOe OYTH 3BejieHa JI0 OITHMi3a-
UIHHUX 3a7]a4 HA OPIEHTOBaHUX rpadax, Ae KOMIUIEKCY HEOOX1THUX A0 BUKOHAHHS POOIT Bij-
NOBiJ]a€ 3aJjaHa MHO)KWHA BEPILUH, a JYTaMH 33Ja€ThCsl YaCTKOBUH TOPSAIOK, IO MOJAEIIOE
BIJIMOBIAHI TEXHONOTIYHI oOMexxeHHs. OJIHIEI0 3 HUX € 3a]ja4a NMapajielbHOr0 YIOPSIKyBaHHS
BEpPILIUH TaKuX rpagis.

VY KJIacMuHiM MMOCTAaHOBII 3ajlayi YHOPSAKYBAaHHS PO3IIISIAETCS alMKITYHUN oprpad
G(V,U), BepuirHN SKOTO MarOTh OJHAKOBI BaroBi koedillieHTH, 110 npuitMaroThes 3a 1. Ta-
KOX 33/IaHUH OJIH 3 apaMeTpiB NapaieabHOIro yNopsIKyBaHHA: TOBKMUHA abo mmpuHa. Jlo-
B)XKMHA MO3HayaeThes | 1 BimoOpaskae 3aranpHUi yac 3aBepiieHHs BCix pooit. [llupuHa Bu3Ha-
yae MaKCUMaJIbHY KUIBKICTh POOIT, sIKi B Oy/b-IKHH MOMEHT 4acy MOKYTb BUKOHYBATHUCS Ma-
paienpHoO, i Mae no3HayeHHs h. Sk npaBuio, Tol mapamerp, sIKUil He 3a1aHUil B MTOYaTKOBUX
yMOBax, He0OXiHO MiHiMi3yBatu [1].

Knacuuyna nmocranoBka 3aaui ynopsAKyBaHHS Ma€ BaXJIMBE TEOPETUUHE 3HAYEHHS, OJ1-
HaK Ha NPaKTUI[l TPUBAJICTh BUKOHAHHS POOIT YacTo € Pi3HOI0. Y 3B’SI3KYy 3 IIUM, PO3IJIsiia-
IOTBCSl BUIIQJKH, /1€ Baru BEPIIUH 3aJlal0ThCSI MHOXHHOIO, 10 CKJIAZA€THCS 3 HATypalbHUX
qucen, Kl Bi10OpakaloTh BITHOCHI BIAMIHHOCTI y TPUBAJIOCTI iX BUKOHaHHS. Uepes 11e BUHU-
Ka€ MUTaHHS JOUUIBHOCTI Ta e()eKTUBHOCTI 3aCTOCYBaHHS IepepuBaHb NPU BUKOHAHHI POOIT.
Byno nokazaHo, 1110 nepepuBaHHs MOXKYTh 3HaYHO MOKpAIlyBaTH 3HaYeHHS L11b0BOI (PyHKIIII,
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aJie 3/1e01IIBIIOTO0 1€ 3aJIeKUTh BiJl CTPYKTYpU KOHKPETHOTo Tpada. BecranosneHo, 1m0 103BiI
nepepruBaHb BIUIMBA€ HAa ONTHMAJBHICTh y BHIIAJKaX, Kouu rpad 3amayi € mapaieibHo-
noCIioBHUM [2], nBofoiapHUM [3], a00 Mae CTPYKTypy ACSKUX MIAKIACIB JAEPeB, IS SKHX
Oyna jgoBeieHa MOXKIIMBICTh IPALliO3HOI PO3MITKH 1X BepiIuH [4].

B naniii poOoTi po3mIsiIaloThCs 3a/1adi, e MpHu 3a7aHoMy opieHToBaHomy rpadi G ta
HIMPUHI YIIOpsAAKYBaHHS N HEoOXinHO MiHiIMI3yBaTu noBxuHY |. Po3risHyro onuH 3 miakia-
CiB JIepeB, SIKUH JIOMMYCKa€ TPaIio3ny po3MITKY, 0 Mae Ha3BY T'yCeHHIli (a00 OAHOIUCTAHTHE
nepeso). [lpuxmangni 3ajgadi, B IKUX KOMIUIEKC POOIT MOXe OyTH MpeAcTaBiIeHHN Tpadamu
TAaKOTO BUAY, BKIIOYA€ 30KpeMa IUIaHyBaHHs OyJIiBHUITBA. BeplIMHM JIaHIIOra HANPHUKIIA]
MOXYTh MOJIEITIOBATH MOOYAOBY KOHKpPETHUX MOBepxiB. Toxi mpueaHaHi A0 IbOTO JIAHIIOTA
BEPIIMHHM 3aJIe)KHO BiJ] CIIPSIMOBAHOCTI YT BIAMOBIIal0TH a00 MPOMIKHUM eTarnaM OyaiBHHII-
TBa, a00 HaBMaKu — poOOTaM, AKi MOKYTh BUKOHYBATUCS JIUILE IICISI TOTO, IK KOHKPETHHIMA
MOBEPX /100yA0BAHO.

AHaJii3 ocTaHHIX gocailzKeHb i myOJikaniii. Po3B’s3aHHd npuUKIagHUX 3a/1a4 13 IUIa-
HYBaHHSI BUPOOHWYHX TPOLIECIB, CKIIAaHHs PI3HOMAHITHUX PO3KJIa/liB, ONTUMI3aIlii 00cIyro-
BYIOUMX CHUCTEM YacTO CYMPOBOJKYETHCS MATEeMAaTHYHUMHU MOJECISMH, SIKi 3aCTOCOBYIOTh
elemeHTH Teopii rpadiB [5]. OkpiM TOro, aKTyaJIbHUM 3aIHIIAETHCS MUTAHHS BILUTUBY J103BO-
Jy TIepepuBaHb Ha ONTUMAaJbHICTh Po3kiany [6]. Ockilibku NMEBHI MPUKIAAHI 3a1a4i MOje-
JIOIOTHCS TpapaMu CHemiaabHOI CTPYKTYPH, TO JOLIIBHO PO3POOISATH TEOPETHYHI OCHOBHU
PO3B’sI3aHHA 3a/a4 Ui BiANOBITHUX MiAKiaciB rpadis. Jleski 3 HUX € MpeaMeToM JJ0Cii-
JOKCHB B IIUTAHHSAX PO3MITOK TpadiB, SIK TO TPpario3Hoi [7], abo Takux, Mpu JOCITIDKEHHI TKUX
3aCTOCOBYIOTHCSI KOMOIHATOpHI KOH}irypariii [8].

Meta aociigkends. BuBunty npukiagHi 3amadi, 1m0 MOJEIIOIOTECS oprpadamMu Ma-
JOJOCIIKEHUX CTPYKTYP. 3alpONOHYBaTH METOIN 3HAXO/KEHHS ONTUMAIBHUX PO3B’A3KIiB y
3aauax yropsAKyBaHHSA, J1e TpadoM € OpieHTOBaHE JIEPEBO CIEIialbHOI CTPYKTYypU. Bu3Ha-
YUTH HEOOX1JIHI YMOBH, 3a SIKUX J03BUI IEPEPUBAaHb MOXKE 3MEHIINTH 3HAUEHHS LI1JIbOBOI Py-
HKII{ B IUX 33/1a4ax.

Bukiiax ocHoBHOro Martepiany aociigxenHs. [lomix mikiaciB gepes, K1 JOMyCKa-
I0Th T'PaIlio3Hy PO3MITKY, OKPEMOi yBard 3aciyrOBYIOTh JIAHIIOTH Ta MOX1AHI BiJ] HUX — Ty-
CEHUII.

Osnauenns 1. JIaHIIOTOM HA3UBAETHCS JIEPEBO, B SIKOMY 1Bl BEpPIIMHHM MalOTh CTEIEHI
piBHI 1, a pelta BepLIMH — CTEIEH1 PiBHI 2.

Opi€eHTOBaHUIT JTAHITIOT SBJISIE COOOO MOCIIIOBHICTH K BEpIINH, TOETHAHUX MTOCITIIOBHO
(k-1) myramu (V1,V2),(V2,V3)...(Vk-1,Vk). O4eBUIHO, IO TIPU TaKiil CTPYKTYpi rpada po3risaaTH
3a/1a4l MapajeabHOTO YIOPSAIKYBaHHS HEIOIIIBHO, a/PKe HE3aJeKHO B KUIBKOCTI BEPIIUH
Ta iX BaroBuX KOEQIII€HTIB KOHI Bl BEPUINHU JAHITIOTa HE MOXXYTh CTAaTH Ha OJHE MICIIE
YIIOPSIKYBaHHS.

Ha BiaMiHy BiA JaHIOTIB, MapajelbHE YNOPSAKYBaHHS BEPIIMH JOMYCKalOTh rpadu,
IO € MOX1IHUMH BiJl HUX, a CaMe TYCEHUISIMHU.

Os3nauenns 2. I'yCeHUIICI0 HA3UBAETHCS JIEPEBO, SIKE IMTICIISI BUJIYYCHHS 3 HBOTO BCIX Be-
PIIMH CTeTeHi | mepeTBOPIOETHCS Ha JIaHIIor [7].

[Tpu bOMY JOBKHHA JIaHIIIOTa HE 000B’A3KOBO 30€piraeThCesl.
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Po3rnsiHeMo pi3HI BapiaHTU CTPYKTYPH I'yCEHHIIb B 3aJIS)KHOCTI BiJl CIPSIMOBAHOCTI JYT.
Hexaii ryceHulss yrBopeHa 3 Opi€HTOBAHOT'O JIAHIIOTA JIOBXKMHH K IUIIXOM JOJaBaHHS JI0
HBOTO BUCSYMX BEPIIWH CTENEHIB 1, AKi 3’€JHYIOTHCS BXIIHUMHU JyraMH 3 BepIIMHAMH JaH-
II0Ta, YTBOPIOIOYH 3 HUMHU KOpEHEBi nepeBa (puc. 1).

1 2 3 4
] L] ] ] ] . ] L] ] ® ] L]
5 6 7 8 9 10 11 12 13 14 15 16

Pucynok 1 — OpieHTOBaHa I'yCEHUIIS 13 BUXITHUMH JTyTaMHu

BBaxxatumemo, 1110 Barosi KOeillieHTH YCiX BEPIIUH € OJHAKOBUMHU 1 piBHI oAuHMUIIL. B
TaKUX BUIAJKaX Ha mepir K MiCIb YIIOpAAKYBAaHHS CTaBIATHCS BEPIIMHHU 3aaHOTO JIAHITFOTA.
Perira BepIiMH 3aHOCATHCS 10 YIOPSIKYBaHHS 13 ypaXyBaHHSIM 4aCTKOBOTO MOPSAKY MOYH-
HAIOUH 3 BEPIIMH, Ki OyJIM IIPHEIHAHI 10 HOYaTKy HaHmora. Jis snavens N> 2 saxmo B mo-
Oy/ZI0BaHOMY ONTHUMAIILHOMY YIIOPSIKYBaHHI 0€3 NepeprBaHb Ha OCTAaHHHOMY MICI CTOITh
MeHIIe HiK h BepinH, TO mpH 103B0JII epeprBaHb 3HAYECHHS I[LIbOBOI (DyHKIIIT MOXe OyTH
MOKPAIIEHO 32 YMOBH, 1[0 HAa IBOX OCTaHHIX MICIISX CTOSTH JIUIIE BUCSYI BEPIIUHH.

Jlnst BepuinH rpada 3 puc. 1 nepeprBaHHs 3MEHIIYIOTh JIOBXHHY YIOPSAAKYBaHHS y BU-
najaky h = 2.

(1267810121416j .
h=2: A =9;
5349111315

hzz:(l 2 6 7 810 12 {(14;0,5),(16;0,5)} (14;0’5)J,I*=8,5

53491113 15 (16;0,5)
[Tpu h = 3 mepepuBaHHS HE CIPUSIOTH 3MCHIIICHHIO IOBXKHHH.
123 41114
h=3:] 57 9 1215
6 8 10 13 16

[HImMi BapiaHT CTPYKTypH OpIEHTOBAHOI I'yCEHUIIl nepeadayae, 10 10 OPIEHTOBAHOTO
JIAHITIOTA TOBXKHMHU K MpUETHAHI BUCSAYI BEPIIUHH CTEMEHIB 1, 3 SKUX MPSIMYIOTh JIyT'H JI0 Be-
PIIMH IIHOTO JIAHITFOTA.
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Pucynok 2 — OpieHTOBaHa TYCEHHUIS 13 BXITHUMH JyraMu

B TakoMy BumajaKy NpUHLIMIT MOOYIOBH YIOPSIKYBaHHS Oyae HacTymHuM. BepmwmHu
JIaHIIOTa JOBXHMHU K 3aiiMaroTh ocTaHHi K Micip B moOy0BaHOMY yrnopsiaKyBaHHi. Jlaii mo-
YMHAIOYH 3 KIHIS YIOPSAIKYBaHHS 1 PyXalOuHCh JI0 HOTO IMOYATKY 3 ypaxyBaHHIM YaCTKOBOTO
HOPS/IKY 3aHOCSATHCS IOMYCTUMI BEPUIMHM, B TOMY YHCII Ha Ti MiCIl, SIKi B)KE€ YaCTKOBO 3aI10-
BHeni. Tozi Axio npu aeskomy N> 2 Ha mepimmx ABOX MiCIAX YNOPAIKyBaHHS 6e3 mepepH-
BaHb 3HAXOSTHCS JIMIIE BEPIIUHH 0€3 BXiTHUX YT, a JI0 TOTO XK Ha MEPIIOMY MicIi iX Kilb-
KIiCTh MEHIIA 3a N, To 32 paxyHOK J103BOJIy IEPEPUBAHb JOBXKUHA YIIOPSAIKYBAHHS MOXKE OyTH
3MeHIneHa. [1o0y1oBaHe TaKUM YHHOM YIOPSIKYBaHHs BepIiuH rpada 3 puc. 2 npu h = 2 mae
HACTYIHUUN BUTJIA:

(5;0,5) {(5;0,5),(6;0,5)} 81012 1 2 3 4
(6;0,5) 7 9 11 13 14 15 16

AJNBTEpHATUBHUM CIIOCOOOM MOOYIOBH YIOPAIKYBAHHS JUIsl BEPIIMH JaHOTO Tpada €
3aHECCHHS Ha TepIli MICIsl yIOpSAKYBaHHS BEPIIMH O€3 BXITHHUX YT MOYMHAIOYHU 3 THX, SKi
NpUEIHAH] 0 NepIIoi BepmuHY JaHIora. Cami BEpIIMHM JIAHIIOTA BHOCATHCS /10 YITOPSIKY-
BaHHs Ha TEPIII JJIsI HAX JIOMYCTUMI MICIIS IMICJIS TOTO, SIK YC1 BIAMOBIIHI MPUEAHAH] 0 HUX
YK€ PO3MOIUIEHI.

51212 3 4
518 2 11 31416 4
h=2: h=3:/6 8 10 13 15
6 791012 1315
7 9 11 14 16

Tenep 3’sicyemMo, SKUMU OYAYTh YHNOPSAAKYBAaHHS MIHIMAQJIbHOI JTIOBXKHHHU PO3TIISIHYTHX
CTPYKTYp IpadiB y BUMAJIKY, KOJIM HE BCl 3HAUEHHSI BaroBUX KOE(IIIEHTIB BEPIIUH € OJHAKO-
BUMH Ta YU BIUIMHE JI03BUI MepepUBaHb Ha ONTUMAaNbHICTh. Hexall BeplInHN OpIEHTOBAHOIO

JIAHIIOTa JIOBXKWHU K MaroTh JOBUIBHI BaroBi koedillieHTH Pi, P2 ... Pk Taki, mo p;>>1
(1=1K), a pemra BepmmH, npuegHAHMX 0 IHOTO TAHIOra MAIOTh BAroBi KoedillieHTH piB-
Hi 1. B pasi, Koau 10 BepIIMHM Vi OPIEHTOBAHOTO JIAHIIIOTA MPUENHYETHCSI HOBA BEpIIMHA Vy

(r > k) BBemenHsm nmyru (Vi,Vr), MAEMO CTPYKTYpY rpada 3 OIHIEI0 BEpPIIMHOIO, II0 HE Ma€
BxinHux ayr. [puknan Takoro rpada 300paxenuit Ha puc. 3.
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Pucynok 3 — 3BakeHa r'yCeHUI 13 BUXITHUMHU AyraMu

OntuManbHe yHopsAKYBaHHSI BEpIIMH I[bOT0O Tpada 6e3 mepepruBaHb MpH 3aJaHii MIu-

4
puni h = 3 mae nopxuny | = Z P, +2 i cXeMaTUYHO BUIJIANAE HACTYITHUM YHHOM.
i1

4
5 7 8 10 11 13 14
— ——i —— ——
6 9 12 15
— — — —
1 2 3 4 16
cee E coe T cee > cee P
+ + + — >
P 2p 3p 4p apt2 l

3a paxyHOK J103BOJIy TIEpEpUBaHb JIOBKHHA MOXE OYTH CKOpOYCHA JI0 BEIMYMHU PIBHOI

4 1
[ o= Z P, +1§ , TOOTO MEHIII HI’XK Ha OJMHHUIIIO, 1110 BOYEBU/Ib HE € CYTTEBUM IOKPAICHHSM,
i=1

BPaxOBYIOYH MOYAaTKOBY YMOBY Pj >> 1. OueBHIHO, IO y BUMAAKY, KOJU BepmuHa V, (I > K)
MIPUEHYETHCS 10 JAHIIOra BBEACHHIM AyrHu (Vy,Vi), IHIIUMHU CIOBaMU MU MaeMo rpad 3 ojiHi-
€10 BEPILUMHOIO, 1[0 HE MA€ BUXIJIHUX YT, ONTUMAJIbHE YIOPSIAKYBAaHHS 3 IEPEPUBAHHAMU TaK
CaMo HECYTTEBO 3MIHUTh 3HAUEHHS LIJIbOBOI (PYHKIIII.

[Hmmi BUManok, 3a sIKOro He BCl BEPIIMHM MarOTh OJIHAKOBI BaroBi Koe(illi€eHTH, Ie-
pendavae, 10 HAaBMAKK, BEPIINHY JIAHLIOTa MAIOTh Baru piBHI 1, a MpueaHaH1 10 HUX BEpIIU-
HU BIJMOBITHO — piBHI p. Ha puc. 4 300paxkeHo CTpyKTypy Takoro rpada (e Baroni koedi-
I{IEHTH BEPIIHH 5-16 NOPIBHIOIOTH ).

1,1 2.1 3.1 4,1
by > o > & > o
] [ ] [ ]
5 6 7 8 9 10 11 12 13 14 15 16

Pucynok 4 — 3BaxxeHa ryceHuLd 13 BXITHUMH 1yTaMu
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[lpu h=3 nOBXKMHA ONTHUMAJIBHOIO YHOPSIKYBaHHS Oe3 TepepuBaHb piBHA

I" =4p+2, npuuomy oueBumHO, 110 32 PAXyHOK MEPEPUBAHB JOMOITUCS CKOPOUCHHS JOB-

KUHH HEMOXJIMBO, aJPK€ YAaCTKOBO 3allOBHEHHUM € JIMIIE OCTaHHE MICILE YHOPSAKYBaHHS, Ha
SKOMY PO3MIIIYEThCS OCTAaHHSI BEPILMHA JIAHIIIOTA.

A

5 1 10 13 16 4

ces S e - o - o S

6 8 2 12 15

sea > sas P sae - sae -

7 9 11 14 3

cee - aae - cee T cea P
4 4 4 $ $ =
D 2p 3p 4p 4p+2 /

Po3risHeMo sik 3MIHSTbCS JOBXHHU YIIOPSAKYBaHb 3 TIEPEPUBAHHIMU Ta 0€3 HUX, SKIIO
B rpadi 3 puc. 4 10 ofHi€el 3 BEpIIKH JAHIFOTa MPUENHATH 1€ OAHY (1 U1 3pYYHOCTI EPEeHy-
MepyBaTu BepIIMHU). J1Ji1 BU3HAYEHOCT1, BBAXKATUMEMO, 1110 BOHA MPHUEIHAHA 10 BEPUINHU 2.
Lle#i rpad HaBeaeHO HA pUC. S.

1,1 2.1 31 4.1
. . > > e

] ]
5 6 7 8 9 10 11 12 13 14 15 16 17

PI/ICYHOK 5— cheHI/IHH 3 J0JaTKOBO MMPUEIHAHOK BEPIINHOIO

VYropsiikyBaHHsI BEpIIUH 5OT0 Tpady 0e3 nepeprBaHb npu mupuHi h = 3 Mae HacTyI-
HY CTPYKTYDY.

7 10 13 16 17 4
. e > s —————— s ——

Y
3

9 12 15 1 2 3
esa > 000 — R — b ¢ — i — o ¢ ——— i ——

5 8 11 14
) > 0o —— ¢ —— 0 ¢ e—

P 2p 3p 4p sp sptl T

IIpu 103BOJIEHNX NIEPEPUBAHHAX OTPUMYEMO HACTYIIHY CTPYKTYPY YHOPSAKYBaHHS.
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6 9 12 15 2 17 1
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HpI/I JO3BOJICHUX IICPCPHUBAHHAX NJOBXHWHA YIIOPAAKYBAHHA CKOPOYYETHCA 3 I = 5 p +1

* . . 2
no | 7= 45 P+ 2. PisHuIs MiXK UMK BETMYMHAMHE CKJIAJIa€ (— p—1/|, mo mMoxe BBaxkaTucs

CYTTEBHM TIOKpAIIEHHSIM 3HAYSHHS HUTbOBOT (PYHKIIIT.

[Ipu po3moninai THX BEpIIWH, SKI NMPUEAHAHI IO OPIEHTOBAHOTO JIAHIIOTA, MPIOPHUTET-
HICTh MPU BUOOPI KOXKHOI HACTYIMHOI BEPIIMHH JUIS PO3MIIIEHHS BU3HAYAETHCS JOBKHUHOIO
HaWJOBIIOTO NUTSXY, KU MOYHMHAETHCS B 1l BEPIIUHI.

Ha nacrymHoMy mpukiiazi po3rissHEMO, Yd OyAyTh AOLIIBHUMH MEPEPUBAHHSA, SKIIO
HAMPUKIA] O BEPUIMHH | MpuenHaHa JHIle OJHA, a 10 BEPIIMHU 3 — OlIblle MOJIOBUHU Be-

PIINH Bar p, ToOTO BOHU MPHEIHAHI JI0 JIAHIFOTa HEPIBHOMIPHO (puc. 6).
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Pucynok 6 — I'ycenulis 3 nepepo3noAiIeHUMH BX1THUMHU JAyTaMH

B nanomy rpadi BepumHu mig HomMepamu 3 8 o 17 npuenHaHi 0 BEPUIMHA 3 HOMEPOM
3. CxeMaTH4HO ONTHMAaJbHE YHNOPSAJIKYBAaHHS BEpILMH JaHOro rpada 0e3 mepepuBaHb NpU

mupuHi piBuii 4 mae nosxuny | =4p+1 i Burnsgae HACTYIIHUM YHHOM.
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J103BOIMBIIIM TIEpepUBaHHS, 1151 JOBXKHHA MOKE OyTH CKOpOYEHA 10 BEJIWYHHU PiBHOL

« .1 1
I, = 35 p +1E , TOOTO HA 3HAYCHHS (%p —lj
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TakuM YMHOM Ha MPUKIAJAX MPOLTIOCTPOBAHO, IO B 3arajbHOMY BHUIAJIKY MHOXHHY
BEpIIIHMH, 1110 MAalOTh BaroBi KOSQIIEHTH p MOXKHA PO3TJISIATH B HE3AJICKHOCTI BiJl TOTO, JI0
SKUX caMe BEPILIYH JaHII0ra BOHU IIPHETHAHI.

S0 npu npu€eIHAHHI BEPUIMH Baru p CyTTEBUM € BpaXyBaHHS Hymepallii KOHKPETHUX
BEPIIIMH, TO KUIBKICTh MOKJIMBUX BapiaHTIB PO3IMOAUICHHS NMPUEIHAHUX 0 JIAHIIOTa BEPIITUH
Moske OyTH oOuMcIIeHa 13 3aCTOCYBAaHHSAM Takoi KOMOiHATOPHOI KOH(Iryparii, sik COTy4YeH-
Hs. [IpeacraBumo nmodyaoBy rpada y BUTIIAL ITEPATUBHOTO MPOILECY, MPU STKOMY Ha KOXKHO-
MY KpOIli 10 OJHi€T 3 BEPIIUH JAHIIOra AOBKUHKU K MMOCITIIOBHO MPUEAHYETHCS AEAKa Kilb-
KICTh BEpIIMH Bark p. Hexal iX KUIBKICTh I KOKHOI i-01 BEPIIMHHU JIAHIFOTa CKJIaJae M;

_ K
(Vi=Lkm >1), BianoBingHo 3arajbHa iX KiJIbKICTh Zmi =m. Jlns mpocTtoTH 3amucy mou-
i1

HEMO TPUETHAHHS NOYMHAI0UH 3 K-01 BepiimHu y 3BOpoTHOMY mopsiaky. Ha mepruiii itepariii
cepes M BepLIMH OOMpaeTbess My, KUIBKICTh BapiaHTIB LIbOTO BUOOPY CKiIalae

Ha nactymnHiit iTepatiii cepen BepIIUH, SKi 3aTUIIHINCST OOMPAETCA My.1, TOOTO KIJIBKICTh Ba-

>om !

i=1

plaHTIB JAOPIBHIOE . AHAQJIOTIYHO ISl yCIX HACTYIHUX ITEpariil, ax 0 TMpHE-

k-2

me ! D om |!

i=1
HaHHA M. Ha Tomy erami, Koau HEOOXIHO MPUETHATH Mj BEPIIUH, MPOCTO MPUETHYETHCS
pemita. TakuM YHHOM KUIBKICTh CIOCOOIB MPUETHAHHS BEPILIHH J0 OPIEHTOBAHOIO JIAHLIOTA
JIOPIBHIOE

k=2 J

Z i=|<—j—1
Plme ) D m !

k—j " i
i=
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SIKI10 pY MpHEIHAHHI BEPIIUH A0 JAHLOra X HyMepallis € HECYTTEBOIO, TO MOTPiIOHO
BpPaxOBYBAaTH JIMIIE MOXKJIMBY KUIBKICTh BEPIIUH, SKi 3 €IHYIOTHCS 3 BIAMOBIIHUMHU BEpIIU-
HaMH JIAHIIIOTA.

ChopmyntoeMo yMOBH, NIPU SKHX MEPEPUBAHHS JO3BOJSIOTh 3MEHIIUTH 3HAYCHHS ITi-
JTHOBOT QYHKIIT y BUTTISAL HACTYITHOT TEOPEMHU.

Teopema. J103Bin mepepuBaHb MpHU MOOYIOBI ONTHUMAIBHOTO YIOPSAKYBAHHS MOXE
3MEHIINTH 3HAYEHHS UIbOBOI (PYHKIIT SIKIIO:

1) muoxwuna BepunH V (|V| = n) po3OuBaeThcs Ha BI HENEPETUHHI MiIMHOKXUHE V] Ta

Vo (V1] =Ny, V2| =Ny, me np+ny=n), W, € {C, p} — BaroBi KoeQillieHTH BepmuH (Ie
i=1n ra p >> C), npu4oMy
W, =C, ko V, €V,
W, = p, AKIIO V, eVz;
2) BEpIIUHH MiIMHOXHUHU V1 YTBOPIOIOTh OPIEHTOBAHUIA JIAHIIIOT;

3) Vv, eV, Hl(vj,vk)eu ,me v, €Vy;

V
4) V2| >hra %%N.

« o+ (h=
Ipu mpomy | _In>%

HoBenenns. OmiHUMO 3HAYCHHS MUTLOBOI (PYHKIIIT B pa3i, SKIO MepepuBaHHs 3a00po-

P, ne g — ocrauya Bixg ainenss |V Ha h.

\
. 2 * 2 .
HeHl. HeBakko nmepekoHaTHCsl B TOMY, 1110 ¥ p+c<l < % p +|V1|C. JiiicHO, HE3a-

JIEKHO BiJl TOTO, 10 SIKMX BEPIIMH OPIEHTOBAHOTO JIAHIIOTA MPSIMYIOTh JIyTH 3 BEPILIUH, 1110
HaJIekaTh MIMHOXKUHI V7, 3aBXKAM 3HANAETHCA CIIOCIO X pO3MIILLEHHS B YHOPSAKYBaHHI, IpU

Vi

SIKOMY MOBHICTIO OyJyTh 3alIOBHEHI Y P Mmicip, a 4aCTKOBO 3aIIOBHEHUMH — B1JINIOBIJTHO
e p Micib (3a paxyHoOK ymMoBHU 4). 3 iHIIOrO OOKY, SIKIIO HAMPUKIAJ] BC1 BEPIIMHU MiAMHO-
KHUHU V7 TIpUENHAHI A0 MEpUIOi BEPIIMHM JIAHIIOTA, TO BCS MIIMHOXKHHA BEpIIUH Vi MOXKe

OyTu po3MmillieHa B YIOPSIKYBaHHI JIMIIE TMOCIIIOBHO TIchs HHX, 3aiimMaroun [V1|C Micib. Y
pasi, SKIIO [0 OCTAaHHbOI BEpPUIMHM JIAHIIOra IPUEAHAHO HE MEHIIE ( BEpIIMH 1

(™

IIWHY JIAHITIOTA, a BIJMOBITHO OCTAaHHIO — Ha MICIsl 0€3MocepeaHbO MiCIs BHECEHHS PEIITH

—l)C < P, To Ha p YACTKOBO 3aMOBHEHMX MicIlb MOXHa posmicTuti nepuri ([Vi|-1) Bep-

BEpILUH rpada.

Vel

'y p+c<I'< % p+ M|C 3 MipKyBaHb, aHAJIOTIYHUX O BUIAAKY 3a00POHEHUX IEPEpPH-

VY BuUMagky [03BOJICHUX TEPEPUBAaHb OIlIHKA JOBXHHU Ma€ HACTYIHUW BUTJISII

BaHb. CIMHOIO BIAMIHHICTIO € T€, [0 HUKHS OIIHKA JOCS)KHA 32 YMOBH, KOJIA IO OCTaHHBOT
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BEPIIMHM JIAHIFOTa TipueaHaHo He MeHine (h+(q) Bepuiua. 3HaiieMo pi3HUIIO MK BiAMOBII-

HUMHU 3HAUCHHAMU NJOBKXWHU YIIOPAAKYBAHb. I[JISI OI_IiHKI/I 3HU3Y:

Jlnis o1iHKHM 3BepXy:

|*—|;;=_¥ p+Me- (M'WWJ Pvﬂ ¥ng¥1_¥jp

ToOto pi3HuLs Oyne oJHAKOBOIO B 000X BHMaakax. BpaxoByroun ymoBy 4 mpeacTaBu-

Mo V| y BurIIsi (mh+q) ,1e me N . Toxi

(e e S e

OcCkibKM (] — ocTaya BiJ AUICHHS Ha N, TO OYEBHUIHO, IO —<1 i igmosizHo

h

( %—l =1. 3 uporo BumIMBAE, 1110

{5

BucnoBku. /{711 0fHOTO 3 BIJOMHX MiJIKJIACiB HEOpPIEHTOBaHUX TpadiB (TyCeHMIIl) BIie-
pllie pO3IJIAHYTO iX OPIEHTOBAHMN aHAJIOr Ta 3alPOIIOHOBAHO METOJ 3HAXO/KEHHSI ONTHMa-
JBHOT'O PO3B’SI3KY OJHI€T 3a/1aul YIOPAAKYBaHHS y BUIIAKY, KOJIU rpad, 110 3a/1a€ YaCTKOBUIl
HOPS/I0K, Ma€ BIANOBIIHY CTPYKTYpY. [IpoananizoBano eeKTHBHICTh BIUIMBY N€pepUBaHb Ha
3Ha4YeHHs L1IJIb0BOT (DYHKIIT B 3a]I€KHOCTI BiJ] Opl€HTALl JyT, 3HAaY€Hb BaroBUX KoedilieHTIB
BEPIINH Ta CTPYKTYpPH KOHKPETHUX Ipadis.

OTpuMaHO TEOpPETHYHI pPe3yNbTaTH Ui OLIHKM BIUIMBY [JO3BOJY IEpepUBaHb IpU
PO3B’A3KY 3ajJlad YHOPSIKYBaHHs, KOJIH rpad € Opi€eHTOBAHOK T'yCEHMIIEI0, sIKi chopMyIibo-
BaHO y BUIJIAlI TeopeMu. OTpUMaHi pe3ysibTaTH MarOTh HE JIMIIE TEOPETHUYHE 3HAUCHHS B
cdepi po3poOKK METOIB PO3B’sI3aHHS 331a4 KOMOIHATOPHOT ONTUMI3allil, ajie i 3 TOUKHU 30py
NPaKTUYHOTO 3aCTOCYBAHHS PEe3yJbTATIB A0 PNy NPUKIAIHUX 3a]1a4.
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Conditions for length reduction of the parallel sequence of special digraphs’ vertices
in the presence of interruptions

In the scheduling theory, both theoretical and applied problems related to the planning
of production processes, the design of computer systems, etc. are considered. In particular,
there is a subclass of problems called parallel sequencing problems. Their mathematical for-
mulation can often be reduced to optimization problems on directed graphs, where a given set
of vertices corresponds to a set of jobs required for execution, and arcs specify a partial or-
der corresponding to various technological constraints. The classical variant implies that in-
put data are the finite set of jobs with equal execution times (defined as 1) represented as di-
graph G and one of the sequence parameters (length or width). The undefined parameter
needs to be minimized.

On the contrary to the classical ones, in applied problems, the duration of the jobs often
differs. That is why the question of whether to allow or forbid interruptions during job execu-
tion is widely considered. The efficiency of using interruptions was proven for the cases when
the corresponding digraph has a series-parallel, bipartite structure or belongs to the subclass
of trees which allows graceful labeling. As graph structure plays a key role in the evaluation
of profit from interruptions the graph labeling topics are of a big interest as well, such as
those that use combinatorial configurations.

This paper is devoted to the research of possible profit from interruptions in cases when
G is a directed caterpillar. The effectiveness of the impact of interruption allowance on the
objective function value was analyzed depending on the arcs' orientation, the weight coeffi-
cient values of the vertices, and the structure of specific graphs. Theoretical results for evalu-
ating the profit were obtained and formulated in the form of a theorem.

Typuuna BanenTnna AuapiiBHa — K.¢p.-M.H., JOIEHT, 3aBilyBauka kadeapu oOUUCIIIOBAIb-
HOI MaTeMaTHKH Ta MaTeMaTHYHOI KiOepHETUKU J[HIIPOBCHKOro HAILlIOHAJIBLHOTO YHIBEpCHUTE-
Ty iMeHi Onecs ['oHuapa.
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J.0. Ocraneup, O.0. CyxominH
AHAJII3 ICHYIOUYUX ONIAXOAIB
A0 ®OPMYBAHHSA ®YHKHIOHAJBHUX MMTPO®PLIIB 3AXUIIEHOCTI

Anomayis. ¥ pobomi nposedeno ananiz icHyrouux nioxooieé 00 opmysanHs QyHKYioHATbHUX
npoghinie zaxuwenocmi (@II13) 6 npoyeci cmeopenns cucmem 3axucmy iHpopmayii. Memoro
pobomu € ananiz nioxo0ié 00 GU3HA4EHHS BYHKYIOHATbHUX NPOINie 3axuujeHocmi npu npo-
eKMYBaHHI cucmem 3axucmy IiHpopmayii Ha OCHOB8I IX NOPIGHANLHOI XAPAKMEPUCMUKU.
Bupiwyeani 3a0aui: ¢popmysanus eumoe 00 xapaxmepucmux nioxooie¢ ma memooux 6U3Ha-
yenns OII3, ananiz icuyrouux nioxodie ma memooux euznavenus @II3 ma ix nopisHanbHa xa-
paxmepucmura. Cghopmosaro nepenix Kioyo8ux Xapakmepucmux 8i00OMUX Memooux 8U3Ha-
uenna @II13. Ilposedero nopieusanbHULL AHANI3 MEMOOUK, BU3HAYEHO iX nepesazu ma oOMe-
ocenns. Haoani pexomenoayii wooo nokpawjenHs eghexmunocmi npoyecy GopmyeaHus
DII3.

Knrouosi cnosa: ¢ynxyionanvhuti npogine 3axuwenocmi, iHgpopmayiiina de3neka, agmoma-

mu3o6aHa cucmemda, iHmeﬂeKmyaJlei Memodu, eKcnepmua cucmema.

IlocTanoBka npoodJemu. 3a0e3neyenns iHpopMmariiinoi 6e3nexu (Ib) B cydacHux ymo-
Bax IHUQpOBi3allii Ta aKTUBHOTO PO3BUTKY aBToMartu3oBaHux cucreM (AC) € oaHi€0 3 KiIto-
4OBUX 3aJad Oynab-sfKoi oprasizaimii. OcoOJIMBO BaXJIMBOIO CKJIAJ0BOIO LbOTO IPOLECY €
dbopMyBaHHs QyHKIIOHATHHUX MpodiniB 3axuieHocti (PII3), ski BU3HAYAIOTH PiBEHb 3aXU-
cty iH(popmaiii Big HecankmionoBaHoro goctyny (HC/I). Ha croroani icHye 6arato pi3HUX
niaxoiB 10 po3podku PII3, kokeH 13 AKUX Mae CBOI MepeBaru Ta OOMeXeHHs. Y CydacHHX
JOCHIJKEHHSAX BIJ3HAYA€ThCs BaXJIMBAa poJib KBamiikamii excnepra mpu BuOOpi Ta Qop-
myBaHHi ®DII3, 1m0 3yMOBIIOE aKTyalbHICTh PO3POOKH OLIbII YHIBEPCAIbHUX METOIMK, SIKI
MiHIMI3yIOTh BIUIUB JIIOJICBKOTO (akTopa. g cTaTTs cnpsMoBaHa Ha OIJISA ICHYFOUMX ITiJI-
xo#iB 110 popmyBanns @II3, a Takoxk iX aHai3 Ta MOPIBHAHHS.

AHaJi3 ocTaHHIX Aoc/izkeHb i nyOJikaniii. B HopMaTuBHii 6a31 YKpaiHu MicTATbCS
nokymeHnTtu B ranysi 3axucty AC Big HCJL, mo crocytorsest ®I13: HJ[ T3I 2.5-004-99 «Kpu-
Tepii OLIHKM 3aXUINEHOCTI 1H(opMalii B KOMIT IOTEPHUX CHUCTEMax BiJl HECAHKIIOHOBAHOTO
noctyny» [1], HJI T3I 2.5-005-99 «Knacudikariiss aBToOMaTU30BaHUX CHUCTEM 1 CTaHAAPTHI
®I13 06pobaroBanoi iH(pOpMaIlii BiJ HecaHKITIOHOBaHOTO aAocTymy» [2] Ta HJ] T312.7-010-09
«MeToanuHi BKa31BKHU 3 OLIHIOBAHHS PiBHs TapaHTiil kopekTHocTi peanizauii PII3 B 3acobax
3axHcTy iH(OopMaIlil Bil HECAHKIIIOHOBAHOTO JOCTymIy» [3].

B pesynbrari aHamizy IUX JOKYMEHTIB Ta HasBHHMX NyOiikauiil [4], crae 3po3ymiio
HaCTYIIHE:
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- ICHYIOTh CYNEpPEYHOCTi y BUMOTrax 10 (yHKIioHanbHuX mpo¢ini 3axucty PII3 ta B
noxitukax 1b;

- HaJJal0Th HEYITKY METOJIUKY 110710 BHOOpY BiamoBigaux PII3, mpuuomy Bci NPUHHATI
pilIEHHS IPYHTYIOTHCSI HA €KCIIEPTHUX OLIHKAX Ta BUCHOBKax (paxiBuiB 3 Ib Ta BignmoBigHux
KOMICIi.

Meronuku, mo ommcaHi B poOorax [5-11], MaroTh BENUKY 3aleXHICTH Ha MPO-
deciiiHicTh ekcriepra, o BUukoHye popmyBanns PI13. Takum unHOM, €(pEeKTUBHICTH KOXKHO-
ro METOJy HampsMYy 3aJIKHUTh Bix KBamidikamii Ta AocBigy mporo ekcrepra. OTxe, mokpa-
IIEHHS eKCIIePTHOI OLiHKHU 1pH popmyBanHi PII3 € akTyaabHOI0 IPOOIEMO}O.

Meta pociigxeHHsi. MeToro poOOTH € aHalli3 MiAXOIIB 10 BU3HAYCHHS (YHKIIOHATb-
HUX MpOQLTIB 3aXMIIEHOCTI MPH MPOCKTYBAaHHI CHCTEM 3axXMCTy iH(popMalii Ha OCHOBI iXx
NOPIBHSUIBHOT XapaKTEepUCTHKU. Pe3ymbraT poOOTH MOXYTh OYTH BHKOPHCTaHI IpU pe-
anizanii 3aco6iB aBTOMaTH3aIii MPOEKTYBaHHS BIAMOBIIHUX cucTeM. B poOOTi BiAMOBITHO 10
METH ITOCTaBJICHI TaKi 3a/1avi: GOpMyBaHHS BHMOT 10 XapaKTEPUCTHK IIiJIXOJIB Ta METOJIUK
BuzHaueHHss OII3, anamiz icHyrounx miaxoniB Ta Meronuk Bu3HaueHHs @DII3 Ta ix
NOPIBHSUIbHA XapaKTEPUCTHKA.

OcHoBHMII MaTepiaa gochaigxeHHsi. [Jisi MOPIBHAHHS METOJMK, IIOJ0 BU3HAYCHHS
@II3, npomnoHyeThCS BUKOPUCTOBYBATH HACTYIHI XapaKTEPUCTHKH: YacOBI BUTPATH, CKIIAJ-
HICTh METOJIMKH, BIUTUB KBaTi(piKaIlis eKcriepTa, MOKIUBICTh BUOOPY HecTaHmapTHux OI13:

e Yacoei gumpamu - NOKa3HUK, 0 BiT0Opaxae, CKUTLKH Yacy HEOOXITHO JUIsl TOO0Y10-
Bu OI13 BiMOBIAHO 10 0OpPaHOi METOTUKH.

e Cknaonicms memoouku - BimoOpakae piBEHb CKJIAJHOCTI OIAHYBaHHS METOJIUKH,
TOOTO HACKUIBKH JIETKO a00 BAXKKO 11 peai3yBaTH Ha MPAKTHUILL.

e Bnnue keanighikauin excnepma - XxapakTepusye, sIKOI0 Miporo pileHHs ekcrepra 3 1b
BILJIMBAIOTh Ha PE3yJIbTaTUBHICTh Ta MPaBUIIbHICT BHOOpyY DII3.

e Moxcnugicmo eubopy necmanoapmuux @II3 - BU3HAYA€, YU JO3BOJSIE METOJIUKA
CTBOpIOBaTH Ta BUKOpUcTOBYBaTH PII3, AKi HE € BUBHAYEHUMHU Y HOPMATUBHUX JIOKYMEHTaxX
SK CTaHJapTHI.

HJI T3I 2.5-005-99 [2] onucye cranmapthi PII3, siKi MOKYTh 3aCTOCOBYBATHUCS B JIEp-
KaBHOMY Ta OaHKIBCBKOMY CEKTOpax, IpoTe 0e3 AeTalbHOr0 BU3HAUCHHSI METOIB iX BHOODY.
Takum 4YMHOM, 13 3MICTY HOPMaTHUBHUX JIOKYMEHTIB BUILTUBAE, 1110 MiCIs aHaNi3y CepeoBHUINa
excriepT 3 Ib moBuHeH obuparu ®II3 31 cTaHmapTHHUX, IO MEpeKIaiae BiAMOBIAANBHICT 32
OCTaTOYHE PILICHHS Ha JIOCB1Jl Ta KOMIIETEHTHICTh CAMOTO €KCIlepTa Ta eKCIIePTHOI KOMICIT.

Metoauky Bubopy 31 cranaaptaux PII3 excnieprom 3 Ib, MOkHA BU3SHAYUTH HACTYIIHI
XapaKTePUCTHKU:

e Yacoei sumpamu - 3nauHi, excreptT 3 Ib Mae npoBecTu rmuOOKUI aHAI3 cepeOBH-
ma IUPKYIsLii iHpopMarii, BpaxyBaTH Bcl HEOOXiTHI KpuTepii 6e3MeKku Ta Ha OCHOBI I[bOT'O
BUOpaTy HaWOIIbII miaxoaammil crangaptauit @I13 abo ToM, Mo HAKOIIbIIE BiIMOBIAAE BH-
MOTaM.

o Cknaonicmo memoouxu - cepeqHs, yepe3 oOMexeHy KulbkicTb crannaptHux OI13
npoliec BUOOPY € CIPOLIEHUM, 1110 3MEHIIY€ KiJIbKICTh MOXKIIMBUX BapiaHTIB 1 MOJETUIYE MPO-
1[eC MPUNHATTS PILLICHHS.
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e Bnaue reanigixauin exkcnepma - 3Ha4HUH, SKICTh BUKOHAHHS METOJMKH MOBHICTIO
3aJISKUTH BiJl KOMIIETEHTHOCTI Ta JOCBiy €KCIlepTa, OCKUIBKH CaMe BiH BU3HAYAE PEIICBAHT-
HICTb 1 BIANOBIAHICTH cTanaapTHOrO PII3 10 KOHKPETHOT CUCTEMHU.

e Moocnusicmo eubopy necmanoapmuux @II3 - Hi, MeTOUKa HE TIependadae MOXK-
JTUBOCTI CTBOpeHHs abo BuOopy HectaHmapTHux PII3, oOMexyrouM THYYKICTh 1 BapiaTHUB-
HICTbH pillIeHb CTAaHAAPTHUMHU MPOPIIIMH.

ABtopamu [5] aHani3ylOTbCs BMMOTM HOPMATHBHHMX JOKYMEHTIB LIOJ0 (OpPMYBaHHS
@I13 indopmaniitnux cucrem Bix HCJl. ABTOpH BKa3yrOTh Ha HEIOJIKH ICHYIOYOTO IMiIXOMY
10 (opMyBaHHS TaKHX MPO]iIiB 1 IPOMOHYIOTH HOBI METOIM JUIA iX po3po0KH, a caMe aBTOpU
OIMHCYIOTh HOBUH METOJI, IKU repeadayae BUKOPUCTAHHS CIEIIATbHUX TAOIUIh IS KOKHOT
(GyHKIIOHATBHOI MOCIHyTH 3axuiieHocTi. LI Tabauii K03BONIAIOTH €KCIEePTy BH3HAYaTH, SIKi
MOCTYT'H HEOOXiIHI ISt KOHKPETHOI CUCTEMH, 1 IK BOHM MAalOTh OyTH peai3oBaHi.

3amns nepeBipku Ta Bepudikarii 30ynoBanoi @13, apropu onucyoTh B poOOTi [6] Me-
TOJ, SIKAH JI03BOJIE TIEPEBIPUTH KOPEKTHICTH Ta HecynepeuHicth 30ymoBanoi PII3. Be-
pudiKkaIis BAKOHYETHCS B 3 KPOKH: TIEPEBipKa HAIBHOCTI yCiX HEOOXITHUX MOCIYT, IepPeBipKa
CYMICHOCTI IOCITyT, BUKPUTTSI TIOMUJIOK TUITY "HEMOBHOTA".

Meton no6ymou ®PI13 onmuTyBasbHUMHU TaOTUIIMHU Ta BepUQiKaIli€l0 MOKHA OXapak-
TEpU3yBaTH HACTYITHUM YHHOM:

e Yacoei eumpamu - cepenHi, HE3BAKAIOYM HA BUKOPUCTAHHS CIIEIiaIbHUX TaOIHIb
Ta aIrOPUTMIB, SIKi 3MEHIIYIOTh yac Ha moOynoBy PII3, yce onHO excnepTy HEOOXiaHO TPo-
BECTH aHaji3 3arpo3 Ta BiANOBICTH HAa MUTAHHS MIOJO0 KpHUTEpiiB Oe3mneku Ta BepudikyBaTH
pe3ynbTat. Ane yce oJIHO 11 Oy/ie MIBUIIIIE Hilll Tepedop YCiX MOMIIMBHX BapiaHTIB BPYy4YHY.

o Cknaonicmo memoouxu - CepesiHs, 4epe3 BUKOPUCTAHHS OMUTYBAIbHUX TaOJIUIb Ta
anroputMy Bepudikailii, 103BoJIsI€ CIPOCTUTH Tpoliec moOynoBu OII3.

e Bnaue xeanighikayia excnepma - 3Ha4uHuil, MeTOJ] HAUOLIBII ePEKTUBHUHN A J10-
cBiueHux (¢axiBuiB. BucokokBaiihikoBaHUI eKkcriepT, SKUK 3HaHOMUH 3 MPUHIUIIAMHU TO0Y-
JIOBU CHCTEM 3axMCTy iH(opMallii Ta BUMOraMl HOPMaTHBHHUX JOKYMEHTIB, 3MOXe BHUKOPU-
CTOBYBAaTH MeTOJ e(peKTUBHO 1 MBUIKO. BogHOYac MeToMKa JO3BOIISIE EI0 KOMIIEHCYBATH
HEJO0CTaTHICTh KBaJli(iKallil 3aBIIKH IHCTPYMEHTAM CaMONEPEBIPKU Ta JAE€TATbHUM TaOIUISIM
MMUTAHb 1 BIAMMOBIIEH.

o Moowcnusicmo euobopy necmanoapmuux @II3 - tak, nmodymosa ®II3 "3 wmymsa"
3MIMCHIOETHCS 32 JTOMIOMOTOI0 I[LOTO METOJY 3aB/SKH THYYKOCTI TaOJHIlh, SIKI JTIO3BOJISIOTH
70JaBaT HOB1 QyHKIII a00 3MIHIOBaTH piBHI MOTOYHUX Mocayr. OfHaK CTBOPEHHSI HECTaH-
JTapTHOTO MPOQIII0 BUMaraTuMe OUThbINE 4Yacy Ta TIMOOKUX 3HAaHb €KCIepTa, OCKIIBKH I10-
TpIOHO BpaxOBYBATH BCl B3aEMO3AJIEKHOCTI MK ITOCIIyraMu Oe3neky Ta BepudikyBarTH ix.

VY crarTi [7], aBTOpH JeTaqbHO OMMCAHO MiAXia 10 (opmanizanii 3aBiaHHs BUOODPY OI-
tuMaibHoro I3 ans cuctem 3axucty iHbopMmartii (C3I). [Tigxin 6a3yeTbest Ha KUTBKOX KITIO-
YOBUX €Talax Ta BHKOPHCTOBYE MaTEeMAaTWYHE MOJICIIOBAHHS /ISl OI[IHKH 3arpo3 i BHOOpY
BIJIMOBIAHMUX 3aX0[iB 3axucTy. KojkHa 3arpo3a Mae CBOIO WMOBIPHICTb IMOSIBH, SIKA 3aJI€KUTh
B1Jl 30BHILIHIX JecTali1i3yrounx (akTopis, IO BIUIMBAIOTh Ha 00’ €KT 3axucTy. EkciepTHUM
LUIIXOM BU3HAYAETHCS MMOBIPHICTh MOSBU IUX (DaKTOPiB Ta iX BIUIMB Ha 3arpo3u. B ocHOBI

210 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

MiIXOAY JISKUTH MPUITYIIEHHS, 110 3arpo3a HEUTPaTi3yeThCsl BIAMOBIIHUMU 3aC00aMU 3aX H-
CTYy.

Jis KOKHOT 3arpo3u po3paxoBYEThCS HMOBIPHICTH i1 HeWTpamizamii depe3 (yHKIiO-
HanpHI mocayru. Ui mocmyru rpynyrotbess B ®II3, i 3aBHaHHSAM €KCIEPTIB € BU3HAYCHHS
HEOOXiHOTO HAOOpY MOCIYT AJIsl IOCSTHEHHSI ONTUMAIBHOTO PiBHS 3aXUIIEHOCTI.

Metoa onTUManbHOTO BHOOPY (DYHKIIOHAIBHOTO MPO(ITI0 3aXUIIEHOCTI, MOXKHA 0Xa-
paKTepU3yBaTH HACTYITHUM YHHOM:

e Yacosi gumpamu - 3Ha4Hi, MOJIEINb TIepeadavae AeTaNbHY OL[IHKY 3arpo3 i 3aJIe)KHO-
CTeW MK HUMH, L0 MOK€ MOTpeOyBaTH 3HAYHOT'O 4acy, OCOOJIMBO MPHU CTBOPEHHI HECTaH-
JapTHUX TpodiiB.

o Cknaonicms memoouxku - 3Ha4HA, Y€Pe3 BUKOPUCTAHHS MATEMaTHUYHUX MOJENEH i
HEOOXIHICTh EKCIIEPTHUX OLIIHOK METOJUKA € CKJIAJHOIO 1 BUMArae Bifl eKCIEPTiB TITUOOKUX
3HaHb B 00s1acTi iHQopMaliiftHoi Oe3neKy.

o Keanighixauin excnepmie - 3Ha4Ha, YCIiX pealizaiii METOIY 3aJICKHUTh BiJl JOCBITY
Ta KOMIICTCHTHOCTI €KCIIEPTiB, SKi IOBUHHI BU3HAYATH HMOBIPHOCTI 3arp03 Ta PiBHI 3aXHUCTY.

o Mootcnusicmo euoopy necmanoapmuux @II3 - Tak, METOJ 103BOJIIE€ THYYKO aJall-
TyBaTH Mpodiii 3aXUCTy A HECTAaHAAPTHUX 00'€KTIB 3aBISKM MOXJIMBOCTI JA0JaBaHHS abo
3MiHH (DYHKIIN Ta PiBHIB MOCIYT.

Meton Bubopy ®II3, 3anpononoBanuii y po6orti [8], MOkHa Ha3BaTHU K HMOBIPHICHO-
BapTicHuil MeTo] Bubopy @II3. Bin 6a3yerbest Ha hopmamnizoBaHiii MaTeMaTU4HIi Mozeni Ta
OXOIUIIOE KiJIbKa KIIOYOBUX €TaIiB, sIKi CIPUSIOTH ONTUMAIBLHOMY BUOOPY MPO(disito 3aXUCTy
uist iHpopManiiiHux cucreM. OCHOBHA MeTa LIbOTO MiIX0y — MiHiMi3allisl 30UTKIB BiJ 3arpo3
IIPU OJJHOYACHOMY KOHTPOJI1 BUTPAT HA CUCTEMY 3aXHUCTY.

Lleit meron Bubopy ®II3 nonmomarae 3HaWTH HaWKpaiuil HaOlp 3aXOMIB IS 3aXUCTY
iH(popMaliifHOI cuCTeMHU, MPU IIbOMY BPaxOBYIOUH, CKIJIBKH 1€ OyAe KOIITYBaTH 1 K J00pe
cucTeMa 3aXUCTy MOXe 3ar00IrTH 3arpo3am

VmoBsipuicHO-BapTicHmi MeTon BuGOpy PIT3 MOXHA PO3GHTH HA HACTYIHI KIIFOUYOBi
eTanu:

3. 3aJy4eHHS eKCIepTiB,;

4. 36ip iHpopmaii;

5. pO3paxyHOK HMOBIPHOCTEH - BHPaxXOBYIOTHCS, HACKIJIbKM MMOBIPHO, IO 3arpo3u
CHpaBi MOXKYTb TPAIUTHUCS, 1 HACKUIBKU €(EeKTUBHUMU OyyTh 3aCO0U 3aXUCTY;

6. omiHkKa 30WTKIB - BU3HAYAIOTh, CKUIBKH 30MTKIB MOXE HAHECTH 3arpo3a, 1 CKUIbKH
BJIACTHCSl YHUKHYTH 3aBISKU 3aXUCTY;

7. TOLIYK ONTUMAJIBHOTO PILICHHS - sIKe HalKpallle 3aXUIae BiJl 3arpo3 Ta HE MEpeBU-
Iy€ JOIMYCTUMY BapTICTh peaizarltii.

Lle#t migxim gomoMarae CTBOPHTH TaKy CUCTEMY 3aXHCTY, sika HE TUTBKU J00pe 3aXHIIae
iH(opMarttiro, ane i jgornomMarae 3HaAUTH ONTHUMAJIbHE PIIIEHHS I0JI0 BUTPAYCHHUH TpoIIeH. Y
pe3ynbTaTi aHalli3y, MOXHA OLIHUTH HACTYIHI XapaKTePUCTUKHU:

e Yacoei gumpamu - 3Ha4H1, METOJ € IOCUTh TPYJOMICTKUM 1 HOTpedye 3HAUHOTO Ya-
Cy, OCKUIbKHY BKJIFOYA€ 037114 HeoOX1HUX eTariB.
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o Cknaonicms mMemoOuKu - 3Ha4HA, METO/I Ma€ BHCOKY CKJIQJHICTh, OCKUIbKH BiH Oa-
3y€ThCS HAa MAaTEMAaTHUYHOMY MOJICNIIOBAHHI Ta PO3paxyHKax, MO BKIIOYAIOTh MMOBIPHOCTI,
OLIIHKY 30MTKIB 1 BIPOBA/KEHHSI ONTUMAJIBHOTO PIillICHHS.

o Keanighixauin excnepmis - 3Ha4Ha, BiJl PiBHs 3HaHb 1 JJOCBIY €KCIEPTIB 3aJIC)KHUTh
TOYHICTH OIIIHKHM 3arpo3, MpaBWJIbHUI Mif0ip 3aco0iB 3aXMUCTy Ta BU3HAYEHHS iXHBOI eek-
TUBHOCTI. Hu3bka kBasmiikalliss Moxe MPU3BECTH /10 HETOYHUX OIIHOK 1 Hee(DeKTHBHOTO BH-
oopy OII3.

o Moowcnusicme eubdopy necmanoapmuux @II3 - Tak, 1€ MOXIUBO 3aBISKU HOTO
THYYKOCTI MeTony. ExcnepTd MOXyTh CTBOpPIOBATH HpOQisli 3 ypaXyBaHHIM CHEIM(IuHUX
BHMOT CUCTEMHU Ta JIOJIaBaTH HOBI MOCITYTH 200 KOPUTYBATH PiBHI ICHYIOUHX.

VY cratTi [9] aBTOpH 3ampoNOHyBaIM CBIM MiIXiJ 10 BU3HAYCHHS cTaHaapTHux PI13 ms
AC Big HC/I. Ieit miaxin 6a3yeTbcsi HA HOPMAaTUBHUX JTIOKYMEHTAX TEXHIYHOTO 3aXHUCTY 1H-
dopmartii (T31), 3oxpema va HJ] T31 2.5-004-99 ta H/I T3I 2.5-005-99. [lbomy MeTOnY MOXK-
Ha JaTH Ha3By SK - JIOTIKO-MaTpuyHUM MeTtojoMm Bubopy ®PII3. 3 mporo meromy, MOXHa
BUJIUTUTH HACTYIHI €Tamu:

4. BU3HAYEHHS 3aJI)KHOCTEH MIXK OCITyraMu;

5. po30uTTS KpUTEpiiB iHPOpMAIIHHOT OE3MMEKH HAa BUMOT'H;

6. moOymoBa JIOTi4HOT piBHIHHS JIJIs1 BA3HAYCHHSI KPUTEPIiB 3aXKUCTY Ta iX PiBHIB,;

7. BUKOPHUCTaHHS MaTPHIli 3HaHb, 1[0 MICTUTh OIMKUC KOKHOTO KPUTEPIIO.

Takuit migxin 103BOJISE CTBOPUTH AaBTOMATU30BaHy CHCTEMY Ui BU3HA4YCHHS Ta
oOrpynTyBanHs Bubopy crangaptaoro ®II3. et MeTon MOKHA OLIIHUTH HACTYITHUM YHHOM:

e Yacoei eumpamu - cepeiHi, METOJl € OCUTb TPYIAOMICTKHM 3 TOYKH 30py pe-
anizarlii, aje mija yac eKciulyaraiii JacTh npoiiec ac Ha Bubopy crannaptaoro OI13.

o Cknaonicms memoouku - cepeqHs, X04 IiJ Yac peaizaiii eKCIepTHOI CHCTEeMH 1
notpedye OaraTo 3ycuiib Ta yBaru Ha MOOYAOBY MaTpHIll 3HaHb Ta JIOTIYHOTO OIHUCY KPHU-
TepiiB 3axucty. Ilpote, paxisusm y coepi Ib, sxi MaroTs 1ocBia y nodynosi ®II3, ueit minxia
OyJie 3p03yMUTIM.

o Keanighikauin excnepmie - 3HauHa, eKCIiepTa BIAIrpae BUPILMIAIBHY POJIb, OCKUIBKH
BIH BIJINIOB1/Ia€ 3a KOPEKTHY OL[IHKY BUMOT IO 3aXHUCTy 1H(opmallii, 1o0y10By QyHKIIOHAb-
HUX NpOoQ1IIB Ta NPaBUWIbHY IHTEPIPETALIIO PE3YIbTaTIB.

o Moowcnusicmo euodopy necmanoapmuux @II3 - tak, y miii poOOTI aBTOpH H0O-
CJIIJIKYBAJIM BUKOPUCTAHHS METONY JUIsl BUOOPY (PYHKIIOHAJTILHOTO MPOMUII0 3aXUIIEHOCTI 31
CIMCKY cTaHnapTHuX. OHAaK, METOA € JOCUTh THYYKUM, IO JO3BOJIS€ HOro ajantyBaTH A
cTBopeHHs HectanaapTHux PII3, mo 3ab6e3neuye 6ib1I eheKTUBHUIM 3aXUCT iH(pOopMaIlii.

Meton Bubopy napero-ontumanbaux I3 onucanuit aBropom y pobori [10] craBe 3a-
nagy onTuMizyBaTH npouec Bubopy PII3. OcobnuBy yBary mpHIiIeHO CTBOPEHHIO MOJENI,
sgKa BpPAxXOBYe peCypcHI OOMeXeHHs. TakoK 3ampolOHOBAHO METOJ IMOIIYKY MapeTo-
ONTUMAJILHUX MPOEKTHUX albTepPHATUB MpH 1ooymosi OII3.

MoHa BUJUINTH HACTYITHI €Tany LbOTO METOY:
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3. ®opmyBanHs MHOKUHU npunyctuMux PI13 (s koxxHoi AC GpopMyeTbess MHOKHHA
MoxBUX BapiaHTiB @I13, ne KoxkeH BapiaHT Mae CBOI MOKa3HUKH O€3IMeKu Ta BUTpAT Ha io-
r'O peaizaiii).

4. BuzHa4yeHHs KpUTEPiiB ONTUMAIBHOCTI (BBOJAATHCS KPHUTEPii, 3a sKMMHU OyJie MpoBo-
mutHcs orinka OI13).

5. Iomyk ITapeTo-onTUMaIbHUX PIlIEHb.

6. 3BY)KEHHSI MHO>KMHH JI0 €IMHOTO PillICHHS.

TakuM YMHOM, METOJ J03BOJISIE 3HAWTH OajaHC MiX PIBHEM 3aXHIIEHOCTI iH(opmarii
Ta peCypCHUMH BHUTpaTamu Ha BupoBapkeHHs DII3. V pesynbrari aHamily, MeTo] BHOOpY
napeto-ontumanbHux OI13, MoXKHA OIIHUTH HACTYITHUM YHHOM:

e UYacoei gumpamu - 3Ha4HI, METOJI € YACOEMKUM, OCKUTBKHU BKITIOYAE JIEKUIbKA €TaIliB
— Bix opmyBaHHs MHOKUHU BapianTiB PI13 no momryky [Tapero-onTuManbHUX PIllICHb.

o Cknaonicms memoouxku - 3Ha4Ha, METOJ| BUMArae riamboKoro po3yMiHHS B MaTeMa-
TUYHIN Mozeni Ta 3HaHH:X y cdepi Ib Ta moOynosi OII3.

o Keanigpixauin excnepmie - 3HauHa, BiJ KBaji(ikalii creriaigicTa 3aJIeKUTh TOY-
HICTb 1 HaJIHHICTh KIiHIIEBOTO PIIIICHHS.

o Mootcnusicmo eubopy necmandoapmuux @II3 - Tak, Xoua OCHOBHUHM aKIEHT pPO-
outhcs Ha ctangapti GII3, miaxia 103Bojse cTBOproBaTH HecTtanaapTHi DII3.

AnantuBnuit Meto BusHaueHHs PII3 AC Ha ocHOBI onTuMI3allil 3arpo3 ONKUCAHO aB-
TopoM y poboti [11]. Metox rpyHTyeThCs Ha MaTeMaTHYHOMY MOJEINIOBAHHI Ta Teopii
iMoBipHOCTe. OCHOBHA MeTa METOAY — MiJBUIIUTH €PEKTUBHICTh MOOYIOBU CHCTEM 3aXHU-
cry AC, apantytoun ®II3 1o nmorouHoro piBHS 3arpo3. B 3a3HaueHomMy MeToal MoOKHA
BUJIUTMTH HACTYITHI €Talu:

1. AHami3 3arpo3 Ta BUOIp KpUTEPiiB (0OMPAIOTHCS TaKi KpUTEPIl K pU3UK OC3TEKH, ra-
paHTis 6e3meKu, BapTICTh peai3allii 3aXUCcTy Ta 1HII1).

2. O0umcneHHs MUTbOBOI (YHKIT (HA OCHOBI 0OpaHUX KpUTEPiiB i MATEMATUIHHUX MO-
neneit (BKII0YaroyM oNTUMI3aliio 1o bennmany) npoBoaaTbes 0OUUCIIEHHS).

3. Ominka BUTpaT Ta pPU3WKIB (OIIHIOETHCS BUTpaTH Ha BrpoBapkeHHs OII3 Ta
HMOBIPHICTb YCIIIIHOTO MPOTUCTOSHHS 3arpo3am).

AnantuBHuii metoy BuzHaueHHa DII3 AC Ha OCHOBI omTuMmi3allii 3arpo3 J03BOJISE
epextuBHO reHepyBaru ®II3 Ta onTumizyBatu HOro BiAMOBIIHO 10 PIBHS 3arpo3 Ta BUMOT
Oe3neku. Y pe3ynbTaTi aHalli3y, MOXHA OL[IHUTU HACTYIHI XapaKTEePUCTUKHU:

e YacoBi BuTpaTH - cepeiti, MeTo] 3MeHIye yac Ha Bubip PII3 3aBasku aBTromaTu-
3aI1ii MpoIecy Ta BUKOPUCTAHHIO MAaTEMAaTUYHOTO MOJICIFOBAHHSI, 0COOJIMBO B YaCTHHI 00UMC-
JICHHSI LUJIbOBO1 (PYHKIIIT Ta epeBIpKH 301KHOCTI.

o - Cknaonicme memoouku - 3Ha4yHa, OCKUIbKH METOJI Niepeidayae BUKOPUCTAHHS OII-
TUMI3aliiiHUX Mozenel (3okpema, MeTony bennmana) 1 3acTocyBaHHs Teopii HMOBipHOCTEH,
1110 BUMarae He JIMIle 3HaHb y ranysi Ib, ane i po3yMiHHS MaTeMaTHYHUX METO/IIB.

o - Keanighikayia excnepmie - 3Ha4Ha, METOJ] BUMArae 3Ha4Hy KBaJiQikalio ekcrep-
Ta, 0OCOOJIMBO Ha eTarni BUOOPY MOYATKOBUX JAHUX, TAKUX SK KpUTepii OLIHKU 3arpo3 Ta pu-
3MKIB.
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o Moscnusicms eubopy necmanoapmuux @II3 - Tak, MeTon niependadae MOKIUBICTh
Bubopy HectannaptHux ®II3, ockinbku BiH MIATPUMYE THYYKE HAJIAMITYBAaHHS KPHUTEPIiB 1
aJlanTalio 10 MOTOYHHUX 3arpo3.

Ha ocHoBi mpoBeeHoro ananizy Mmetoauk BuzHaueHHs PI13, BUKOHAHO 1X MOPIBHSUIbHY
XapaKTepUCTHKY, Pe3yIbTaTH SKOI MpeICTaBIeHO B Ta0I. 1.

[MTopiBaroroun meroauku BuzHaueHHs OII3 Big HCJI, MoxHa mobauuTH, MO BCi 3 HUX
BHMAralTh 3HAUHUX YaCOBUX PECypCiB Ta OUIBLIICTh 3 HUX MOTPEOYIOTh HEOOXiTHUX 3HAHb
Ta HaBu4oK. OKpema yBara HpUAUIAEThCA KBami(ikamii ekcrepra, BiJ K01 3alIeXHUTh edek-
TUBHICTh noOynoBanoi ®II3. Binburicte METOAIB MIATPUMYIOTH MOXKIJIMBICTH PO3POOKH He-
crangapTHux PII3, mo cBiAUUTH MpO IX 3AATHICTH BIANOBIIATH Cy4acHUM BHMOTaM y chepi
Ib. Takum 4YMHOM, MO>KHA 3alpPOINOHYBATH MOKPALIUTH €(PEKTUBHICTh MPOIECY BU3HAYCHHS
@II3 nursixom moOya0BH €KCIIEPTHUX CHUCTEM 13 BUKOPHUCTAHHSAM IHTENEKTyalbHUX METOIB,
SKi MOXKYTh TaKOX 3MEHIIMTH BIUTUB KBalli(ikaiii excrepra Ha pe3yibTar c(hopMOBaHOTO
@I13.

Tabmmus 1
[TopiBHsIIbHA XapaKTepUCTUKA METOAUK BU3HaueHHs PI13
XapaKkTepuCTUKU
Meronuka no6ynosu OII3 Yacosi | Cxnagnicte | Bruus [loGynoBa

BUTpPATH | METOJHUKHU KBamdikarlii [HecTaHIapT-
eKkcrepTa Hux OI13

Bubip 31 crapmaptHux OII3 | 3HauHi cepenHs 3HAYHUU Hi
eKCIIepTOM

Meton mnoOynosu ®PII3 onwuty- | cepenHi | cepenns 3HAYHUU TaK
BaJIbHUMHM TaOMUIIMU Ta Be-

pudikarii€ero

Meton onTUMalbHOTO  BHOOpY | 3Ha4YH1 3Ha4YHA 3HAYHUU TaK
QI3

HIMOBIpHICHO-BapTICHUH  METOJ | 3HA4HI 3Ha4YHA 3HAYHUU TaK
Bubopy ®II3

Jloriko-MaTpu4HUM METOJIOM BH- | CEpelHl | cepeaHs 3HAYHUUN TaK
6opy ®II3

Meron BHOODY mapeTo- | 3HauyHi 3HaYHa 3HAYHUN TaK

ontuManbpaux OI13

AJanTHUBHUN METOJI BU3HAYCHHS | CepeaHi | 3HaYHA 3HAYHUN TaK
®I13 AC Ha ocHOBI omrumizarii
3arpos
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BucHoOBKH. Y poOOTi MPOBEACHO OIS Ta aHANI3 ICHYIOUMX METOAMK 10 (popMyBaHHS
®I13 aBTOMAaTH30BaHUX CUCTEM. BU3HAUYEHO KIIFOUOBI XapaKTEPUCTUKH, IO OMHUCYIOTh METO-
nuku nooynosu PI13, 30kpema kBamidikallito ekcrepra, CKIaJHICTh METOIUK, YacOBI BUTpa-
TH Ta MOXJIMBICTh CTBOPEHHSA HeCTaHIApTHUX Mpo¢iniB. IIOpiBHAHHA iCHYIOUMX METOIUK
JIO3BOJIMJIO BU3HAYMTH IX IepeBaru Ta OOMEXKEHHS, IO Ja€ MOMJIMBICTh JUISl MOJAJBIIOTO
BJIOCKOHaJICHHA Tporecy Bu3HaueHHs PDII3. 3a3HadyeHo, 1m0 nNoKpamuTd ePpeKTUBHICTh MPO-
necy GopmyBannas @II3 MOoXHA MIITXOM MOOYAOBH €KCHEPTHUX CUCTEM 13 BUKOPUCTAHHSIM
IHTETIeKTyaJIbHUX METO/IIB.

JITEPATYPA
1. Kpurepii omiHKH 3aXUIICHOCTI iHPOpMALii B KOMII FOTEPHUX CUCTEMax BiJ HECAHKIIIOHO-
BaHOTO JOCTYITY: HO T3I 2.5-004-99. — Pexum JOCTYITY:
http://www.dstszi.gov.ua/dstszi/doccatalog/document?id=41649
2. Knacudixkarist aBTOMaTu30BaHUX CHUCTEM 1 CTaHAAPTHI (PyHKIIOHANBHI MpodiTi 3axuIie-
HOCTI 00poOroBaHoi iH(popmanii Bif HecankmioHoBanoro mocrymy: HJl T3I 2.5-005-99. —
Pexxum noctyny: http://www.dstszi.gov.ua/dstszi/doccatalog/
3. MetoanuHi BKa3iBKM 3 OLIHIOBAHHS PIBHS TapaHTId KOPEKTHOCTI pearizamii (yHKIio-
HAJIBHHUX TMOCIYT OE3MeKH B 3ac00ax 3aXUCTy iH(opMaIlii Bii HECAHKI[IOHOBAHOTO JOCTYITY:
H T3I 2.7-010-09. — Pexum JOCTYILY:
http://www.dsszzi.gov.ua/dsszzi/doccatalog/document?id=103247
4. Tlamamapuyk H.A., Xmamonin }O.l.,, OscsauikoB B.B. CywyacHuii cTaH HOpPMAaTHBHO-
npaBoBOi 0a3M B raiy3i TEXHIYHOTO 3axucTy iH(opmanii / 30ipauk HaykoBux mpamnb BITI
HTYY «KIIl» — K.: BITI HTVYY «KIIl», 2011. Ne3. C. 78 — 82. Pexum pnoctymy:
http://viti.edu.ua/files/zbk/2011/11 3 2011.pdf
5. Jlenmmua A.B., BbycmoB II.LB. Meron <¢opmyBanHs (yHKIIOHATBHUX 1podiiiB
3aXMIIEHOCT] B1/l HECAHKI[IOHOBAHOTO J0CTyMYy // PamioenekTpoHHI 1 KOMIT IOTEPHI CUCTEMH :
Hayd. Tp. — X.: Ham. aspokocm. yH-T “XAN”, 2010. — Bemr. 7(48). — C. 77-81. — Pexxum
noctymy: http://nbuv.gov.ua/UJRN/recs 2010 7 15
6. Iloriii O.B., Jleamua A.B. Metoan moOymoBu Ta Bepudikallii HecyrnepeuHocTi i MOBHOTH
(YHKIIOHATbHUX MPOQUIIB 3aXMILEHOCTI BiJ HECAHKI[IOHOBaHOro joctyny //HaydHo-
TeXHUYECKHH XypHaI “TIpuknanHas paainosneKTpOHUKA. TeMaTH4eCKUil BBITYCK, ITOCBAIIEH-
HBIM mpobiiemaM oOecnieueHus umHpopmannoHHou Oe3omacHoctn”. — X., 2010. — Tom 9. —
Ne3. — C.479 — 488. — Pexxum noctymy: http://openarchive.nure.ua/handle/document/410
7. TIuckyn C. XK., Xopomko B.O. Ontumizariiss BHOOpY (QyHKITIOHATEHOTO TPOQIITI0 3aXHU-
nierocti // CydacHa cmemianbHa TexHika. - 2011. - Ne 3. - C. 36-40. - Pexxum nmoctymy:
http://nbuv.gov.ua/UJRN/sstt_2011 3 8
8. Txau IO. M. Meron Bubopy ¢yHKIioHaIEHOTO MTPOoQiTio 3axumieHocTi // [apopmaTrka Ta
MareMaTu4Hi Mmeroau B MoneimoanHi.- 2020. T. 10, Ne 1-2. C. 68-74.
9. KOnmin O.K., byunk C.C., Mensauk C.B. TeopeTnyHi oCHOBH BH3HAU€HHS CTaHIAPTHUX
G yHKIIOHaTBbHUX MPO(DLIIB 3aXUIIEHOCTI aBTOMAaTHU30BaHOI CUCTEMHU BiJl HECAHKIIIOHOBAHOTO
nocrymny. Haykoemni Texnomorii. 2016. Bum. 2. C. 195-205.

ISSN 1562-9945 (Print) 215
ISSN 2707-7977 (Online)


http://www.dstszi.gov.ua/dstszi/doccatalog/document?id=41649
http://www.dstszi.gov.ua/dstszi/doccatalog/
http://www.dsszzi.gov.ua/dsszzi/doccatalog/document?id=103247
http://viti.edu.ua/files/zbk/2011/11_3_2011.pdf
http://nbuv.gov.ua/UJRN/recs_2010_7_15
http://openarchive.nure.ua/handle/document/410
http://nbuv.gov.ua/UJRN/sstt_2011_3_8

«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

10. bepecros JI.C. Metoauka BHOOpY NMPOEKTHUX abTEPHATUB CUCTEMHU 3aXHCTy iH(opmartii
B aBTOMAaTU30BaHii CUCTEMI BiJIOMYOTO MPU3HAYCHHS HA OCHOBI 1€pApXIYHUX MOJICIICH: aBTO-
ped. nuc. kaua. TexH. Hayk: 05.13.21. Kuis, 2015. - 21 c.

11. TTorenko O.C. Metoau Bu3HaUEHHS (YHKIIIOHATHHOTO MPO(III0 3aXUCTy aBTOMATH30Ba-
HOI CHUCTeMHM 3 ypaxyBaHHSIM IOTOYHOTO PiBHS 3arpo3: aBToped. AMC. KaHJ. TEXH. HAyK :
05.13.21. Kuis, 2024. - 24 c.

REFERENCES
1. Criteria for Assessing Information Security in Computer Systems from Unauthorized Ac-
cess: ND TZI 2.5-004-99. — Available at:

http://www.dstszi.gov.ua/dstszi/doccatalog/document?id=41649

2. Classification of Automated Systems and Standard Functional Security Profiles of Pro-
cessed Information from Unauthorized Access: ND TZI 2.5-005-99. — Available at:
http://www.dstszi.gov.ua/dstszi/doccatalog/

3. Methodical Guidelines for Assessing the Level of Correctness Guarantees in Implement-
ing Functional Security Services in Information Protection Tools from Unauthorized Access:
ND TZI 2.7-010-09. — Available at:
http://www.dsszzi.gov.ua/dsszzi/doccatalog/document?id=103247

4. Palamarchuk N.A., Khlaponin Yu.l., Ovsyannikov V.V. The Current State of the Regula-
tory Framework in the Field of Technical Information Protection // Collection of Scientific
Papers of VITI NTUU "KPI" — K.: VITI NTUU "KPI", 2011. No. 3. P. 78-82. Available at:
http://viti.edu.ua/files/zbk/2011/11 3 2011.pdf

5. Lenshin A.V., Buslov P.V. Method of Forming Functional Security Profiles from Unau-
thorized Access // Radio-electronic and Computer Systems: Scientific Journal — Kharkiv: Na-
tional Aerospace University “KhAI”, 2010. — Issue 7(48). — P. 77-81. — Available at:
http://nbuv.gov.ua/UJRN/recs_2010 7 15

6. Potii O.V., Lenshin A.V. Methods of Building and Verifying the Consistency and Com-
pleteness of Functional Security Profiles from Unauthorized Access // Scientific and Tech-
nical Journal "Applied Radio Electronics. Thematic Issue Devoted to Information Security
Problems”. — Kharkiv, 2010. — Vol. 9. — No. 3. — P. 479-488. — Available at:
openarchive.nure.ua’handle/document/410.

7. Piskun S.G., Khoroshko V.O. Optimization of Functional Security Profile Selection //
Modern Special Equipment. - 2011. - No. 3. - P. 36-40. - Available at:
http://nbuv.gov.ua/UJRN/sstt_2011 3 8

8. Tkach U. M. Method of Selecting a Functional Security Profile // Informatics and Mathe-
matical Methods in Modeling. — 2020. — Vol. 10, No. 1-2. — P. 68-74.

9. Yudin O.K., Buchyk S.S., Melnyk S.V. Theoretical Foundations for Defining Standard
Functional Security Profiles of Automated Systems from Unauthorized Access. High-Tech
Technologies. 2016. Issue 2. P. 195-205.

10. Berestov D.S. Methodology for Selecting Design Alternatives for Information Protection
Systems in Departmental Automated Systems Based on Hierarchical Models: PhD Thesis Ab-
stract in Technical Sciences: 05.13.21. Kyiv, 2015. - 21 p.

216 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


http://www.dstszi.gov.ua/dstszi/doccatalog/document?id=41649
http://www.dstszi.gov.ua/dstszi/doccatalog/
http://www.dsszzi.gov.ua/dsszzi/doccatalog/document?id=103247
http://viti.edu.ua/files/zbk/2011/11_3_2011.pdf
http://nbuv.gov.ua/UJRN/recs_2010_7_15
http://nbuv.gov.ua/UJRN/sstt_2011_3_8

«Cucremni Texnounorii» 6 (155) 2024 «System technologies»
11. Potenko O.S. Methods for Defining the Functional Security Profile of an Automated Sys-
tem Considering the Current Threat Level: PhD Thesis Abstract in Technical Sciences:
05.13.21. Kyiv, 2024. - 24 p.

Received 12.11.2024.
Accepted 19.11.2024.

Analysis of existing approaches to the formation of functional security profiles

The work examines existing methods for forming functional security profiles (FSP) for
information protection systems. The purpose of the work is to analyze approaches to deter-
mining FSP when designing information protection systems based on their comparative char-
acteristics. Solved tasks: formation of requirements for the characteristics of approaches and
methods for determining the FSP, analysis of existing approaches and methods for determin-
ing the FSP and their comparative characteristics. The authors explore the key characteris-
tics of various methodologies, such as time consumption, complexity, the influence of expert
qualification, and the possibility of creating non-standard profiles. The work compares the
advantages and limitations of existing methods. The research shows that all methodologies
require significant time and are dependent on the qualifications of specialists. At the same
time, most methods support the development of non-standard profiles, allowing them to be
adapted to specific information security requirements. Based on the analysis, it is concluded
that the use of automated systems based on intelligent methods is necessary to improve the
efficiency and accuracy of FSP formation. Thus, the work makes a significant contribution to
the field of information security research, providing practical recommendations for improv-
ing methodologies for forming FSP in the context of increasing threats in the information
technology sphere.
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0. /1. ITomichkmii
JOCJII)KEHHS ONNEPALI JIJIEHHSI HA JIBA B CUCTEMI 3AJIMIITKOBHUX
KJIACIB 3 YCIMA TAPHUMU MOAYJISIMHA

Anomayisn. Po3eumox cyuyacHoi mexHixu, ingpopmayitiHux ma ynpasisaodux cucmem nompe-
by€e 3acmocy8aHtsa HOBUX NPUHYUNIB, 30KpeMd, Ha NIOCMAsi NpeoOCmAageH sl Yucel 8 CUcCmemi
3anumKosux Kiacie. Tpaouyiina cucmema Kiacie 3aiuKie — ye cucmema, y AKiil 008LibHe
YUCTO NPeOCmABIAEMbCA Y U201 HADOPY HAUMEHWUX HeBI0'EMHUX 3ANUUKIE N0 MOOYIAX.
Lpu yvomy, aKuio MOOYIi NONAPHO 83AEMHO NPOCI, MO MAKOMY NpedCmasieHHI0 8i0nosioae
MinbKU OOHe YUCIO 8 [Hmepsani yucer. Y mot camuti yac peanizayis HOBUX MEHOEeHYIl )
cucmemi 3aNUUKOBUX KIACI8 BUMARAE NOPYY 3 MPAOUYIIHUMU CUCMEMAMU 83AEMHO NPOCMUX
MOOYNI8 BUKOPUCMAHHA CUCMEM 13 83AEMHO HEenpoCmuMu, 30Kpemd, 3 YCiMa NapHumu
mooynamu. Ilpu ypomy cucmema 6cix napHux MoOYyie, KO*CeH 3 AKUX He € CHIBMHONCHUKOM
HCOOHO20 3 THWUX MOOYIG Yi€ei cucmemu, nob6yo0oeana Ha OCHOBI CUCTEeMU 83AEMHO NPOCIMUX
MOOYI6 O6A3UCY ULIAXOM MHONCEHHS KOHCHO20 MOOYIA 6A3UCY HA NApHe YUCIOo - Koepiyichm
nepexoody. QOHiclo 30 cKIaOHUXx onepayiu y makxii cucmemi € OiLleHHA YUCIA HA O08d.
3anpononosanuti nioxio 00 po3e'sazanHs 3a0ayi € HacmynHum. Buxonyemucs dinenns na 0ea
3anuwikie 3a mooyaamu cucmemu. Crknadaemocs MoOYIbHe DIGHAHHA, 34 pe3yabmamamu
K020 BU3HAUAIOMbCS 08a 3HAYEHHS 3ANUWUKY O KOHCHO20 MOOYJIA, PO3MAULOBAHUX Y DIZHUX
inmepeanax yucen i maoyux npomunexcHi naprocmi. OCKibKu 6 napHiti cucmemi MoOyie 6ci
3anumwKy abo napui, abo menapwi, popmyemo Hadip 3 YCiX NAPHUX 3ATUWKIE | HAOIp 3 YCixX
Henapuux 3anuwikis. Ilpu Oinenni Ha 08a yuCiIa NEPesoOAMbCsL 8 HUNCHIO NOJIOBUHY THMEPBAILY
yyces, momy GUKOHYEMO NOPIGHAHHS YUX HAOOPI8 HA MeHWU 3 HUX. 3anponoHoeanull nioxio
3abe3neyye Oadcanuii pe3yibmam, i € OOYLIbHUM 3ACMOCY8AMU 1020 K NepCHneKmueHuUlL
HanNpsMOK OOCNIONCEHHsI CKIAOHUX Onepayitl y cucmemi 3a1uko8ux Kiacié 3 ycima napHumu
MOOYIAMU.

Knrouoei cnosa: 3anuwukosi knacu, cucmemu Mooynis, inmepsean yucei, OLleHHS YUCId Ha 08d.

ITocTanoBka npodaemu
Po3BuToKk cyuyacHOi TexHIKH, 1HGOpPMALIHHUX Ta YIPaBISIIOYUX CHUCTEM IMOTpedye 3a-
CTOCYBaHHSI HOBUX INPHUHIUIIB, 30KpeMa, Ha MIJCTaBl MPEACTABICHHS YUCEN y CUCTEMI 3a-
JIUIIKOBUX KJIaciB. BiMOBIIHO 10 KJIaCHYHOI poOOTH [1] cHCTEMOI0 3aJIMIIKOBUX KJIACiB Ha-
3UBAETHCS CUCTEMA YUCIIEHHS, y sIKill M0BiIbHE unciao N mpejacraBisieTbest sk HaGip Haii-

MEHIIIMX HEBIA'€MHUX 3aJUIIKIB IO MOJIYJIAX m,my,...m TOOTO N:(al,az,...,an). Tyt

n

@ = N(mod mi). [Ipn npoMy, sSKIIO yucna m.  TIOTIAPHO B3a€MHO MIPOCTI, TO TAKOMY MpEJCTaB-

© TMomicekmii FO. /1., 2024
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JICHHIO BINOBINA€ TUIBKU OJHE YMCIO N 1HTEpBaly [0,M-1], 1e M =mm,..m_. Jlo mepeBar

TAKOTO MPECTABJICHHS YUCENl HAJICKUTh HE3AICKHICTh PO3PAIIB YKMCIa OJUH BiJl OAHOTO 1
MOYJIMBICTh IXHBOI MapajenbHOi 0O0pOOKH, Mana pO3psIHICTh 3AIMIIKIB, BUCOKA TOYHICTH,
3IaTHICTh CHUCTEMH JI0 caMOKopekiiii. Hemomiku oOyMoBIeHI TpyAHOIIAMH TPH peajtizallii
HEMOAYJIBHUX Olepallid. ¥ 6aratb0X 0OYMCIIOBAIBPHUX 3aBIAAHHIX, IO BUKOHYIOTHCS B CHC-
TeMI 3aJTUIIKOBUX KJIACIB, OJHIEIO 3 TPYJAOMICTKUX HEMOAYJIbHUX OTEPAIlii € orepartis IiIeH-
Hs 4Kciia Ha 7Ba. Pa3oMm 3 TUM peastizallis HOBUX HampsMiB B CHCTEMI 3QJIMIIKOBUX KJIACIB
BHUMarae mopsiJi 3 BAKOPUCTAHHSIM CHCTEM B3aEMHO MPOCTHX MOIYJIIB 3aCTOCYBAHHS TaKOX 1
CHCTEM 3 B3aEMHO HEIPOCTHMH, 30KpeMa, 3 yciMa MapHUMHU MOAYJIsIMH. [Ipu 11boMy KOXeEH 13
HUX HE € CIIIBMHOXXHHKOM >KOJTHOTO 3 IHIIKUX MOJIYJIB IIi€l cuctemMu. Jleski 0coOIMBOCTI Ta-
KHX CHCTEM PO3MIIAHYTI y poboTax [2—6].
AHAaJIi3 OCTAHHIX J0CTiIKeHb i myOJaikaii

Cucremi 3aIMIIKOBUX KJIACIB i3 yCiMa MapHUMH MOAYJSIMH MPHUCBSYeHi pobotu [2—6].
PosrnsnyTi nmpo0GnaemMu BU3HAYEHHsI HAJEKHOCTI YUCNa A0 AaHOI MOJOBUHH 1IHTEpPBATY YHUCET
Ta CHoci0 MPeICTaBICHHS YUCEI TaKOl CUCTEMHU Y MOJIiaAnYHOMY KO/, JTOCIIIXKEeH] MO3UIIiiHI
XapaKTepUCTUKU TPHU MPEACTABICHHI YMCEN y MPSMOMY Ta 3BOPOTHOMY KOJaX, HaBEJACHUU
QITOPUTM MEPETBOPEHHS TICEBAOYHCEN CUCTEMH 3aJIUIIKOBHX KJIACIB 3 yciMa MapHUMHU MOAY-
JSIMU 'y 9HcIa cucteMu. PoGotu momo peanizaiii oneparii JUICHHS YUCiia Ha JIBa B TaKil CU-
CTEeMi MOJTYJIiB aBTOPOM HE BUSIBJICHO.

@ opMyJIIOBAHHSI METH J0CTiTZKEeHHS

MeTor0 TOCTIKEHHS € aHATITUYHUNA PO3TIISIL CUCTEMH 3AIMIIKOBHX KJIACIB MPU BCIX
HMapHUX MOJYJISIX JUIS peai3amii CKiIagHoi oneparii TiIeHHS YMcIia Ha JBa.

BukJiiag ocHOBHOT0 MaTepiaiy

Hexaii y crctemi mapHuX MOZYMIB p.p, 3a1aHO YHCIO B :( A ﬂz), sKe HEOOX1IHO po3-

Py
. . o B b
JIUTATH Ha ABa. [[7s MbOro KOXKEH 13 3aJIUINKIB JIIATHCS Ha JIBa, TOOTO y, =5 3Ha-

YCHHA 3aJIMIIKY 51 3a MOAYyJIEM pl 51=}/1+X1, S3HAYCHHA 3aJIUIIKY 52 3a MOAOyJIeM p2

3y =7, +X, . SAIHMIIEMO MOTY/IbHE PIBHAHHS JUTA 3ATUIIKIB [0 MOLYITIO Py
(2*(71 + X1))(m0d pl) = 2*71v
2*x, =0,
L_0. 2 p]..

Xy

Ormxe, &' =n, 6 =n +%, HaJle)aTh BOHM PI3HUM II0JOBUHAM iHTEpBaiy [0, p,—1] ToMy

OJIVH 3 HUX € ITAPHUM YHCIIOM, IPYTUNA — HEMTAPHUM.

AHaJIOFi‘{HO, MOAYJIbHEC piBHSIHHH JJIA 3aJIMIIKIB 110 MOAYJIIO p2

(2*(7,+x,))(mod p,) =2%y,,

2*x, =0,
x, =0, X, _ P
2
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Orxe, &')=r,, &°,=7, +% , HaJIeXKaTh BOHY PI3HUM I10JI0BMHAM iHTEpBaiy [0, p,—1] To-

MY OJIMH 3 HHUX € IMapHUM YUCIIOM, IPYTHil — HEMapHUM.

TakuM YHHOM, OTPHMYEMO TIO€IHAHHS 3QTHIIKIB &) Ta &', , SIKi peAcTaBIeH] Ta0uL. 1.

2)

Taomuns 1
Panox SATHIIOK
1 & apHHH ', MapHHH
2 3 [IapHHAH s, HellapHHH
3 & HelapHHH ', MapHHH
4 = HellapHHH s, HellapHHH

OCKUIBKM B CUCTEMI MMAPHUX MOJYJIIB BCl 3aJIMLIKU MalOTh OyTH abo mapHumH, abo He-
MapHUMH, JPYTUN Ta TPETiil pAIKU BUKIIOYAEMO 3 TaOM. 1.

JlileHHs yuclia Ha JiBa MEepPEeBOAUTH HOro J0 HMKHBOI MOJIOBUHU iHTepBaly. Tomy pe-
3yJIbTaT MOPIBHSHHSA YUCEN 3 3aJUIIKAMU MEPLIOro Ta YETBEPTOTO PSAJKIB Ha MEHIIE 3 HHUX
Jla€ IIyKaHUH pe3ynbTar.

BucHoBku

3anponoHOBaHUM MMiAXIJ 10 PO3B'S3aHHS 3a/layi MUJICHHS YKCJIa Ha JIBA B CUCTEMI 3a-
JMILIKOBUX KJIACIB MPH BCIX NapHUX MOAYJSAX. 3TiAHO 3 MM I1JIXOJOM BHUKOHYETHCS J1IEHHS
Ha JIBa 3aJIMILKIB 3a MOAYJIAMU cucTeMu. CKJIalaeThCsl MO/YJIbHE PIBHSAHHS, 3@ pe3yJibTaTaMU
SIKOTO /111 KOYKHOT'O MOJYJISi BU3HAYAIOThCS JIBa 3HAUEHHS 3aJIMIIKY, SIKi pO3TAlllOBaH1 y pi3-
HUX 1HTepBaJlaX YMCel 1 MalOTh MPOTUIIEKHI mapHocTi. OCKIJIBKY B MapHii cUCTEM1 MOMYIIIB
BCl 3aJUIIKKU abo mapHi, ado HenmapHi, GopMyeMo HaOip 3 yCiX HMapHUX 3aJUILIKIB 1 Habip 3
ycix HenmapHuX 3anuuikiB. [Ipu aisieHHI Ha JiBa yKcia NEPeBOJATHCS B HIKHIO MOJIOBUHY 1H-
TepBajly YKcesl, TOMY BUKOHYEMO MOPIBHSAHHS IIMX HAOOpiB Ha MEHIIUH 3 HUX. 3alIPONOHOBA-
HUH miaxin 3abe3nedye OakaHUM pe3yabTar, 1 € JOLUIBHUM 3aCTOCYBAaTH HOro sk mepcrek-
TUBHUN HANPSIMOK JOCTIPKEHHS CKJIaJHUX OMepalliil y CUCTeMi 3alHIIKOBUX KJIAciB 3 yciMa
MapHUMHU MOJYJISIMHU.
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Study of the division operation by two in the remainder class system
with all paired modules
The development of modern technology, information and control systems will require

the establishment of new principles, focusing on the representation of numbers in the system
of redundant classes. The traditional system of residue classes is a system in which an
arbitrary number is represented as a set of smallest non-negative remainders modulo.
Moreover, if the modules are pairwise coprime, then only one number in the range of
numbers corresponds to this representation. At the same time, the implementation of new
trends in the system of residual classes requires, along with the use of systems of co-prime
modules, the use of systems with co-prime modules, in particular, with all even modules.
Moreover, the system of all even modules, each of which is not a factor of any of the other
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modules of this system, is built on the basis of a system of relatively simple modules - the
basis - by multiplying each basis module by an even number - the transition coefficient. One
of the complex operations in such a system is dividing a number by two. The proposed
approach to solving the problem is as follows. The remainder is divided into two by modules
of the system. A modular equation is compiled, the results of which determine two remainder
values for each module, located in different number intervals and having opposite parities.
Since in an even system of modules all remainders are either even or odd, we form a set of all
even remainders and a set of all odd remainders. Since, when divided by two, numbers are
transferred to the lower half of the range of numbers, we compare these sets to the smaller of
them. The proposed approach provides the desired result, and it seems appropriate to apply it
as a promising direction for studying complex operations in a system of residual classes with
all even modules.

Moaicbkuii FOpiii laBuaoBUY - KaHAUIAT TEXHIYHUX HAYK, CTAPIIANA HAyKOBHUHU CITIBPOOIT-
HUK, 3acioy)KeHWH BHHaXiTHUK YKpainu, HaykoBo-mociimHuil iHCTHTYT aBTOMAaTu3alii 4op-
Hoi metanyprii (H/[IAuopmer) m./IHinpo.

Polissky Yuriy Davydovych - Candidate of technical science, senior researcher, Honored
Inventor of Ukraine, Research Institute of Automation of Ferrous Metallurgy (NDIAchormet),
Dnipro.
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METOJIMKA CUHTE3A HEIPO - HEUITKUX CUCTEM AJJALITUBHOI'O
YIIPABJIIHHS 3 ®YHKIIECIO MAPAMETPUYHOI IIEHTUPIKALIL

Anomayia. ¥ cmammi po3enanymo mMemoouKy po3poOKuU HeUpoH - HeuimKux cucmem aemo-
mamuurnoeo ynpasnints (CAY) ona cyonosux napomypoinnux ycmanoeok (CIITY) 3 ¢hynkyi-
€10 i0enmupixayii napamempis 6 npoyeci ix ekcniyamayii. Memoouka ekiouae emanu mMo-
oenmrosanns ounamixu CIITY, po3podxy aneopummis ioenmugbikayii napamempié Ha OCHOBI
HEUPOHHUX Mepedic, A MAKO}C iX IHmezpayito 3 HewimKow N02IKOW OISl NPUUHAMMA PilUeHb.
Ilposedeno ananiz moocausocmeti 3anponoHOBaAH020 NIOXO0Y WOOO NIOBUWEHHS AKOCMI Ne-
PexioHux npoyecie ma cmadiibHOCmi poOOMU CYO08UX eHepeemUdHUX YCmaHosok. Ompuma-
Hi pe3ylbmamu 0eMOHCMPYIOMb, WO MaKa cucmema 30amua 8 pexicuMi peaibHo20 4acy Ko-
pucysamu napamempu mooeni, wo 3abe3neuyiomv MOYHICMb YNPAGNIHHA | 3MEHULYE PUSUK
BUHUKHEHHs asapiunux cumyayii. Memoouka modice Oymu 8npo6a0NCeHHs ) PedlbHUX CYOHO-
BUX eHepeeMUYHUX CUCMeMax, Wo nompeodyroms a0anmueHo20 YRPAGIiHHA CKIAOHUMU NPO-
yecamu.

Knrwouosi cnosa: Hetipo- neuimka cucmema, napamempuyna ioenmugpikayis, cyoHosa napo-
MypOIiHHA YCMAHOBKA, HEUPOHHI Mepedci, MemoouKa, a0anmuseHe YnpasiinHs, CYOHO8I eHe-

peemulmi YCMAaHOBKU.

IMocranoBka mpodiaemu. barato ckinagHuX CyTHOBHUX O0'€KTIB, 30KpeMa MaporeHepy-
104l CUCTEMH, XapaKTepU3YIOThCs HENIHIHHUMU BIACTUBOCTSMH, JUHAMIYHUMU €JI€MEHTaMH,
HEKOHTPOJIbOBAaHUMHU IIIyMaMH, NMEPEXPECHUMH 3B'SI3KaMH, 10 YCKJIAJHIOE€ CTBOPEHHS ONTH-
MaJIbHUX cucTeM aBToMatuuHoro ynpasiiHHA (CAY). [Taporyp6inni ycranoBku (CIITY), mo
€ KJIIOYOBHUMM EHEpreTHYHMMHU arperaTaMM BaHTa)XHUX CY/I€H, MAlOTh CKJIAaJHY JIUHAMIKY,
HEJIIHIHHOCTI Ta 3a3Hal0Th BIUIMBY 30ypeHb 1 3MiH mapaMmeTpiB y mpoleci ekcruryaTamii. s
3a0e3nedeHHs cTablIbHOI poOOTH CYAHOBUX eHepreTuyHux ycraHoBoK (CEY) HeoOximHi cy-
YacHI CHCTEMH aBTOMATUYHOTO YIIPABIiHHSI, 3/1aTHI 10 ajanTanii y peansHomy vaci [1-3].

Po3poOka MaremaTHUHUX MOJenei 00'€KTiB YIpaBlliHHS 0a3yeTbcs Ha JBOX MiAXOMAaX:
eKCIepUMEHTaIbHOMY (MOJIeNl THITY "YOpHa CKpUHBbKA", 0 OyIyIOThCS Ha OCHOBI €KCIIEpH-
MEHTAJIbHUX JIaHUX) Ta aHANITUYHOMY (Iu(epeHlianbHi piBHIHHA, SKI OMMCYIOTH (Pi3UuHI
nporecn). OOuaBa MiAX0M MalOTh CBOI IepeBary, aje CTpakJaroTh BiJ 0OMeXeHb, 30KpeMa
TPYAHOILIB MOJIEJIFOBAHHS i/l 4ac 3MiHU PEXKHUMIB POOOTH a00 YMOB €KCILTyaTarlii.

OnHUM 3 MIAXOMIB 10 PO3B'sI3aHHS 1€l MPOOIEMH € BUKOPUCTAaHHS HEWpO - HEUITKUX
CHCTeM, SIKi TOETHYIOTh TepeBard HEHPOHHMX Mepexk i HewiTkoi soriku [4-8]. Heiipo -
HEUITKI CUCTEMH 3aTHI 1O €(peKTUBHOTO yIMpaBIiHHS CKIaJHUMH 00'€KTaMH 3 HEBHU3HAUEHO-
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CTSIMH Ta HENIHIMHOCTSIMH, a TAaKOK MOXYTh OyTH aJanTOBaHi JI0 3MiH MapaMeTpiB y MpoIiieci
ekcrutyarariii. Ile 0co6iMBO BaXXJIMBO I CYIHOBHX nmanpoTypounux ycraHoBok (CIITY), ne
3MiHHU MapaMeTpiB pOOOTH MOXKYTh 3HAYHO BIUIMBATH Ha €()EKTUBHICTH Ta OE3MEKy eKCILTya-
Taii.

Merta i 3aBaaHHs A0C/TiKeHb. MeTor poboTH € po3podKka METOAUKH MOOYI0BU HEl-
PO - HEUITKUX CHCTEM MapaMeTpUyHOi ieHTudikamii 1Ist afanTUBHOTO YIPABIiHHS IMapaMeT-
pamu CIITYVY Ta 11 mepeBipka 3a JOMOMOTOI0 IMITAI[IITHOTO MO/IETIOBAHHS.

Marepianun, MeTOAM Ta MeTOAW AOCTiIKeHb. SIK 00'€KT IOCTIKCHHS PO3TIISTHEMO
crpykrypy CAY THCKOM napu CyJHOBOTO mapoBoro kotia (puc.l). CynaHoBi naposi arperatu
MPALIOIOTh HA PI3HUX pPEKHMMax IapOBOTO HABAHTAKEHHS CHOXHBAIOTH OaraTo mapy, 1o
BITUBAE Ha Tporiec cradimzanii Tucky. Ha cxemi perymsrop tucky (PC) orpumye indopma-
ito Bix natuvka tTucky (PE) 1 y BUnaaKy BUIXHICHHS 33JaHOTO 3HAYEHHS BiJl BCTAHOBIICHHO-
ro, BUpOOJIsie KOMaHIy Ha KJalaH, KU PEryjlioe BUTpaTa NajMBa HA MAJIBHUK MapOBOTO

KOTJa.
PI'II'I
,_féﬁ I="nn
1 b
"
;
186/
5105_@
15 DnB nH
o
W) =
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IIATHEO nc
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Pucynok 1 - CAY tuckom napu: FE — natuuk ButpaTth; PC — KOHTpOsIEep TUCKY Napu;
BIO — 610k inenTudikanii napamerpiB 00’ekty; PE — natumk tucky; H — nyneT ynpasiiHss;
1B — nytreBuit Bentmnarop; 1C — numococ; ITH — xuBunbamii Hacoc; BII — noBiTpsHuii mi-
nirpiBay; Py, — TUCK mapH; B, — BuTpara nanusa; Dy, — Butpara napu; Dy, — BUTpara xuBu-
JbHOI Bos; Qy — BUTpaTa noBiTpsi; Q,r — BUTpaTa TMMOBHUX Ta3iB; |7 — YIPaBIAIOUUI BIUTUB

Ha miacraBi aHamizy KJIFOYOBUX HPOIECIB, MOXHAa BHMJUIMTH JIBa OCHOBHHMX TEXHO-
JIOT1YHUX MPOLECH: B CYIHOBOMY MapoBOMY KOTJIi 1 mapoBiil TypOini. [y mporecy B KOTIi
TOJIOBHUMH € KaHaJIM Iepejadl BIUIMBIB, IO 3B'SI3yIOTh BUTpATy HajuBa, KUBUJIBHOT BOJH 1
MOBITPS HA BXOJ 3 TUCKOM 1 TeMIepaTypolo MeperpiBy mapa Ha BUXOA1 1 B MPOMDKHIN TouIl
NapoBOJSTHOTO TpakTy. s mporecy B TypOiHI TOJIOBHUM CIIY>KUTh BIUIMB IO KaHATy Pery-
aroroui knananu hy, — moTyxHicte N, s cymHOBOrO mapoTypOiHoto ycranoBku (CIITY) B
JIOMY - IO KaHAJTy TEIUIOBE HABaHTa)KEHH (ITAJIMBO, BOJIA 1 MOBITPA) - MOTY>KHICTb.

Junamiuauii pexxum cynooro napooro kotia (CIIK) xapakrepusyeTbcs 3aliekKHO-
CTSIMH 3MiHU THCKY Tapa B 4yaci Bif 3MiHU Qone, Qons, Qon, THCK mapu 3aMHIIaeThest MOCTIHIM
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32 YMOBH JIOTPUMAaHHS TEIIOBOTO 1 MarepiasibHOro OanaHciB. Hebananc B miiBoAl 1 BiABOI
TEIUIOTH MIPU MEPEXiTHOMY pexuMi 3a yac dt KOMIEHCHPYETCS 3a paxyHOK 3MIHHM KUJIBKOCTI
TerIOTH Q,g, aKyMYyJIbOBAHOI B MapOBOJSHOI CymimIi, BOI, Mapi, a TAKOXX B METaJIEBUX Ya-
crunax CITY. Takum 4nHOM, PiBHSIHHS AUHAMIKU Ma€ HACTYITHUN BUTIISL

Q. +Q, —Q)dt=dQ, (1)

3 ypaxyBaHHSAM Ba)KJIMBOCTI MIATPUMKH MMOCTIHHOTO THCKY Mapa MpU Pi3HUX TEIIOBHX
pexxumax CIIK mpoBoauThCs aHalli3 PiBHSHHS AUHAMIKH. 3aKOH 3MiHU THCKY B ITApOTEHEPY-
104oi noBepxHi CIIK npu HecTanioHapHOMY (IMHAMIYHOMY PEKUMi) BU3HAYAETHCS 3a JOIO-
MOTOI0 pillIeHHS PIBHSHHS BUPAKAIOTh MaTepiajibHUH 1 eHepreTHuHo OayaHc, i piBHAHHS CTa-
Hy. PiBHsiHHS MaTepianbpHOTrO Oanancy mae surisiz [9,10]:

d
Dne - Dn = a(veps _Vnpn )1 (2)
JI€ Prs — MUIBHICTh BOJH, Py — IIUIBHICTH Mapa (Kr / M3), V; — BoasiHUE 00'eM, V;; — mapoBuit
o6esr (v).
PiBHsIHHS eHeprii BCTAHOBIIOE, IO PIZHHUIT MK MPUILIUBOM 1 CTOKOM TeIla iae Ha
3MiHY TEIUIOBOI €HEpril, yKJIaJeHOi B 00csrax mapu, Boau i metaiy [11]:

718‘716’

D, ~D,i, +Q= E(Vgpgin,; +V,p,1, +G,C.L,),
dt (3)
J€ iys — CHTAJIBIIIS JKUBWIIBHOI BOJM; iy — €HTanbIisA napa (kJx/kr); Q — KUIBKICTh TEIJIOTH
cnpuiiManoro mosepxHeto HarpiBy CIIY (x[x); G, — Maca MeTany MOBEpXHi, Ha SKiil BHITa-
poByethcsi map (kr); C, — muroma TermnoemHicte Metany (k/[x/kr K); t, — temmeparypa
KHUIUISTY01 BOAH (OC).
[inpHICTH CyX0i HACHYEHOT IMapH 1 KUIUITYOI KUBHIBHOI BOAM 3aJISKUTH BiJl TUCKY Ia-

pH, TOMY PIBHSIHHS CTaHy IPEJCTABJICHO SIK PsIJl CIIBB1IHOIIEHb BUY:

P, =P..(P);
p, =p,(P);
i, =1,(P);
i, =1,(P);

t =t (P).

(4)

[IpencraBieni Bulle piBHAHHA € HemiHIMHUMU. [licas iX niHeapu3alii 1 IpUIyIeHb Ipo
PIBHICTH TEMIEPATypyd MeTaly 1 KUIUIS4Oi BOAM, OTPUMAHO HACTYNHE PIBHAHHS JWHAMIKH
CIIK no tucky nmapu [11]:

Td—U+KC<7 = Uy — P,

dt (5)

ne T — gac posrony CIIY; K. — koediuient camosupiBHioBanHs CIIK mo Tucky mapu; ¢ =
AP/Py; tm= AQm/Qmm; ¢ = AQn/Quv — BIAHOCHI 3MiHM BiAMOBIIHO THCKY Mapa, TEIJIOTH Ta-
JIMBA, IO CHATOEThCA, TertoTH BinseneHoi 3 CIIK 3 maporo (TyT Qmm, Quv — pHiiHsTI Oa-
30B1 3HaYEHHS 3MIHHUX [IPH MakcuMalibHOMY HaBaHTaxkeHH1 CIIK).
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Bizomo, 110 006'eKT 10 BCIiX PO3IMIIIHYTUX KaHaJaX Ma€ BIACTUBICTH CAMOBHUPIBHIOBAHHS
1 IHepLiIo, sIKa XapaKTepU3Y€EThCS YacoM 3alli3HIOBaHHSA 1 MOCTiiHOO Yacy 7. B sSKocTi KOHK-
PETHUX MPUKIAIIB MOJEIeH TUHAMIKM HABEJCHO NepeAaBabHI (YHKIII OKpEeMHX MpPOLECIB
napoBux arperatiB CEY noryx#uictio 40 MBT npu nocTiifHUX BUTpaTax majuBa Ta BOAU, OT-
pUMaHiI B pe3yNbTaTi TPUBAIOTO DPO3PaxXyHKY KOeQilieHTiB Iu(epeHIiabHIX pPIBHSIHB.
[Ticna meperBopenHst Jlamuiaca oTpuMaHO 3HAuUEHHS IepenaBaibHI (YHKIIT JaHKH 3ari3-
HIOBaHHS Ta IHEPLIWHOTO JJaHKK niepioro nopsiaky [10]:

Jnis koTna (KaHaji majauBo By — Temreparypa napy 3a CTeIbOBUM €KPaHOM Y IPOMIKHIM
TOYIl TPAKTY)

—20s
W(s)= &
120s+1 (6)

st TypOuHU (KaHa THCK — MOTY)KHICTB)
k, -150se >
150s+1 (7)

ne K1 =25 MBT cMm/krc;
JUISL €HEProOJIOKY B HIJIOMY (KaHaJI TEIUIOBE HABAHTA)XKCHHS - OJHOYACHO 1 Y3rOJKEHE

W(s) =

3MiHa BUTpAT MaJuBa, BOJIU 1 MOBITPS - MOTYXKHICTb)
-17s
k,-e
110s+1 8

ne K> =45 MBt roa/r.
[lepenaBanbHi GYyHKIT AN OMKMCY AMHAMIKU TOJIOBHOTO maporeneparopa CEY BuszHa-

W (s) =

YarThCs IpU PiKCOBAaHOMY HaBaHTaXeHHI (Hampukian, 4 MBT). s TouHOrOo MOIeIOBaHHS
y IIHUPOKOMY Jiama3oHi HaBaHTaKEHb MOTPiOHI QYHKIIT 11 KOXKHOTO YCTAJIIEHOTO PEKUMY.
3a3Buuail i1eHTH(IKaLSA 3A1HCHIOETHCS Yyepe3 CTyIeHeBl a00 CHHYCOianbHi aKTUBHI BIJIMBH,
o noripuye skicte ynpasiiHHs. Ha npitounx o6'ekrax CEY excnepumeHTtanbHy iHpopMma-
1[i10, HEOOXiAHY Ul MapaMeTpUdHol iAeHTUdIKalil, 3aHOCATh B TAaONHIl, 110 BPaXOBYIOTh
MIHJIMBICTh MapaMeTpiB Mojelell NWHaMIKM HaBaHTaXeHb. Ha mifcTaBi uX 3HA4eHb BUKO-
HY€eTbCs TaOJIMYHA a/anTallisi TUMIOBUX PErynaropiB. Pa3oM 3 Tum, Ha AyMKy aBTOpIB, TaHUIi
Croci6 aJlanTUBHOIO YIPaBIIiHHSA Ma€ UM PsiJl HEAOMIKIB, MOB'A3aHUX 3 HEMOXJIMBICTIO OT-
pPUMaHHS ONTUMAaJIbHUX MapaMeTpiB Peryyiaropa JUlsl BCiX PeXUMIB poOOTH 00'€KTa, a TaKOX
HEMOXJIUBICTIO BPaxyBaHHS BIUIMBY BHUIIAJKOBUX IEPELIKOJ, 30ypeHb 1 HeliHiHOCTeH 3Ha-
YeHb HAaBaHTAXXECHHS.

Buxozsiun 3 eKClepUMEHTAIBHUX XapaKTepUCTUK (Tabm. 1), 3ampomaHoBaHO HeEWpo-
HeuiTKy Mepexxy (HHM), mo BpaxoBye n1ymMKy ekcriepTiB 1o HajamTyBaHHI0 CAY, 31aTHa 10
anpoKCUMAaLlii /Ui BCIX MOMKJIMBHMX PEXHMIB HaBaHTaXKECHHsI IMapOBUX arperaris, a TAKOX J10
HaBYaHHS 3 aJITOPUTMOM 3BOPOTHHOT'O MOLITHPEHHS TOMHJIIKH [4, 8].

Buxoasiun 3 excnepuMeHTaIbHUX MaHUX (Tabn. 1) momens muHamiku (mepenaBaibHi
¢yHKLIi MO KaHaTy BUTpaTa NajluBa - TUCK NeperpiToi napu mo Haaxoauts Ha CIITY) moxe
OyTH nomOBHEHa Tabnuiero 3HaueHb K, 7, T y IIMPOKOMY Jiarna3oHi 3MiHM HaBaHTaXXEHb
CIITY.
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Tabmums 1
Tabnuus napameTpiB MaTeMaTHYHUX MOJIENIEH sIKi OyJin OTpUMaHi
3a JOMOMOTOI0 AHATITUYHHUX PO3PAXYHKIB
N, MBr K, °C/% T,c T,c
10 1,8 24 130
20 3,78 34,6 200
40 5.8 46,1 275

JIns 3MEHIIeHHS Yacy po3paxyHKiB AudepeHIliaIbHUX PIBHIHD Ta Ye€pe3 HEMOXKIUBICTh
NPOBE/ICHHS €KCIIEPUMEHTIB y CKJIQJIHUX YMOBaX HaBirailii 3aporoHOBaHO BUKOPUCTOBYBATH
HEHWPO-HEUITKI MEPEXi I IHTePIOJIALII i eKCTparnoJIALii nepeaaBaibHUX (DYHKIIH Ha PI3HUX
TEIIOBUX pekumax. OTpuMaHi JaHi CIyryBaTUMYTh OCHOBOIO JUISl TaOJIMYHOI ajamnTaii
CAY.

Posrnsnemo mpuHIMn aii HewiTKOi HelpoHHOi mpoaykuiiHoi mepexxi ANFIS, a came
BapiaHT ii pearizalii i3 3aCTOCYBaHHSM aJITOPUTMY HediTkoro BuBeneHHs Cyreno-Takari, e
BUKOPHCTOBYEThCS Habip mpasui [5, 6].

Ha pucynky 2 300paxeno mepexy ANFIS 3 1BoMa BXiIHUMU JIIHI'BICTUYHUMH 3MIHHHU-

X .
mu %2 1a YOTHPMa HEYITKUMH MTPABUIIAMHU.
Mepexa ANFIS € m’sTuimapoBoto, mpsiMOro MOIMIMPEHHS CUTHAITY.

> - I
! - i
2 v 2 4
4 :7 7‘ - = E L hi
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Pucunok 2 - Heuitka Heliponna mepexa ANFIS 3 3actocyBanusm anroputmy Cyreno-Takari
HYJBOBOTO NMOpsAAKy: 1-pyHkuii 'aycca; 2-aHTenieneHTH;
3-HOopMaJi3allis CUTHaJIiB; 4-yKJIaJeHHs IPaBUII

Hlap 1 - TepMu BXigHUX 3MiHHMX. BXonu Mepexi 3'elHaHi TIABKHU 31 CBOIMH TEpMaMH.
KinpkicTh BY31iB MEpLIOro INapy JOPIBHIOE CyMi MOTY)KHOCTEH TEpPM-MHOKUH BXITHHUX
3MIHHUX, Jie onepauis ¢asudikaiii BukoHaHa Ha CHHIITOH 0a3i.

Hlap 2 - nocunaHHA (aHTELEJEHTH) HEUITKUX IpaBuil. KiIbKiCTh BY3JiB Ipyroro mapy
m. By3on npyroro mapy 3'eqHaHuii 3 TUMH BY3J1aMHU NEPILIOTO 1Iapy, sKi (opMye MOCHIIaHHS
BINOBIAHOTO MpaBmia. OTKe, KOXKEH BY30JI APYroro mapy Moxke mpuiMaTH BiJ 1 70 n cur-
HaiiB. Buxogom By3na € CTyINiHb BHKOHAHHS TpaBWia, SKa PO3PAXOBYETHCS SIK JOOYTOK

BXigHUX curHamiB (1o Jlapceny). [To3HaunMo BUX0U BY3IiB IIHOTO HIAPY tr , r=1.m , T1e
M . KiNBKiCTh HEUITKUX TTPABHIL.
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[lap 3 - HOpMai3alis CTyNeHiB BUKOHAHHA MpaBuil. KUIbKicTh By3JiB TPETHOTO LIApy €

M | Koxer By301 1pOro 1apy po3paxoBye BiXHOCHHIA CTYIIHb BUKOHAHHS HEYITKOTO IPaBH-
na (HopMmasizaiis) 3a GopMyJIoko:

T
* r
Tr— o .
ZTJ
1= (9)

[Tap 4 - cknagenns npapwi. KiabkicTh By3/iB mapy Takox m. KoxkeH By30: 3'€1HaHMiMA
3 OJIHUM 3 BY3JIIB TPETHOT'O APy, a TAKOXK 3 yciMa BXoJaMu Mepexi. By3on yerBepToro mapy
PO3paxoBy€ BHECOK OJHOIO HEUITKOTO MpaBuiIa Y BUX1JI Mepexi 3a (OpMyII0k0
*
yr _Tr (bo,r +bl,rxl+"'+bn,xxn)' (10)
lap 5 - arperyBaHHs (KOMITO3UIisI) Pe3y/IbTaTy, OTPUMAHOTO 33 PI3HUMHU IPaBUIAMHU.
€uHAUN By30I1 HOTO HIApy MiJICYMOBYE BHECKHU BCiX MPABHUIL.

y=2Y;
=1 (11)

HanamryBanus mepexi ANFIS 13 1BoMa BXiTHUMHM 3MIHHMUMH i 4OTUPMa HEUITKHUMHU
IpaBUIaMU BUKOHYEThCS KOMOiHauiero rpajieHTHoro cuycky (3I1IT) 1 metony HaliMeHIux
kBazapariB (MHK). Anroputm 31111 HanamroBye ¢dynkuii npunanexunocti, a MHK orintoe
Koe(ilLi€HTH YKIIaJCHHS MTPaBUIL

Ha mepmomy erari, 3amporoHOBaHOT aBTOpaMH METOJMKH, HA BXOJAU MOJAETHCS HAB-
yaJibHa BHOIpKa 1 MO HEB s3Il MK OakaHOIO 1 MIMCHOI mMoBeaiHkor Mepexi MHK 3naxo-
JSThCS ONTUMAJIbHI TapaMeTPH BY3J1iB UETBEPTOTO HIapy.

Ha npyromy erari 3aauIikoBa HEB’s3Ka KOPUTYE TapaMeTpH BY3JIiB MEPILIOTO LIapy, He
3MIHIOIOUM 3HaiiIeHl paHime koedimieHTH. ITepariiiHa mpolenypa HajlallTyBaHHS TPUBAE,
MOKH HEB’s13Ka MEPEeBUIIYE 3a3]aJIeri/[b BCTAHOBJIECHE 3HaUeHHs. J[1s1 HanamTyBaHHs QyHKIIH
HNpUHANEXHOCTI (as3idikaTopa, kpiM metoay 31111, MOXKyTh BUKOPUCTOBYBATUCS 1 1HIII ajiro-
putMu ontuMizauii [9]. ['lOpunHa Mepexa, sika peanizye anroputM CyreHo CTBOPIOETHCS BU-
XOJISIUM 3 Py €TarliB METOIUKH NMPOEKTYBaHHS MOKa3aHUX Ha PUCYHKax 3 — 4.

s * N, MBr

0ns

o'l
5 10 15 20 35 20 45

Pucynok 3 - @a3udikaris BxigHoro napamerpa «HaBantaxeHHs CIITY»
1.Po3pobka 6a3u npaBui BULY:
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— SKIIO «uaBantaxenHs senuke» TO «mapamerpu mozeni 0o0'ekta Kog, Top,
T - IpuiiMaroTh Benuki 3HaueHHs» [HAKIIIE,
— SKIIO «naBanTaxkenHs cepenne» TO «mapamerpu mozeini 06'ekta Kos, Tos,
T - npuiiMaroTh cepeani 3HaueHHs» [HAKIIIE,
— SKIIO «naBantaxeHHs Bucoke» TO «mapamerpu mojeni 00'ekra Kos, Tos,
T - IPUUMAIOTh BUCOKE 3HAYCHHS 1 T.II.
2. Po3pobka crpykrypu riopumnoi mepexi (I'M) 1 ii HaBuaHHS Ha OCHOBI TECTOBOI
BuOipku (muB. Tabn. 1). Ctpykrypa ['M Buny ANFIS 300pakeno Ha pucyHky 4. BuOpano -
KUIBKICTh IIUKIIIB HaBYaHHS - 30, METOJ] HABYAHHS - 3BOPOTHOTO MOMIUPEHHS ITOMUJIKH.

input inputmf rule outputmf output
~ O
e O =
{ ™ -, o
- "»_‘\‘ P 7
™~ " AN A
N NN/
S \ NS
N A . TN A A T
- N N - NS N
®- > - ® C—H—o———e
™ AN / e
/ ™ - \/ \
— - . Faavd
~ — N /N
S /' - S o .
/' —2 -
" J = L
L= D)

Pucynok 4 - Ctpykrypa po3pobienoi HHM

[TpomixkHI 3Ha4eHHs mapameTpiB MojelNi 00'€KTa JOCTIIKEHHS MOMJIMBOTO HAaBaHTa-
xennsa CIITY orpumani B pe3ynbrati anpokcumariii I'M HaBezeHi B Tabuuiti 2.

Tabmuus 2
Tabnuus napamerpiB MaTeMaTHYHOI MOJIEN JAJIst AMHAMidHOTO pexxumy podotu CIITY
N, MBr K, °C/% T,c T,c
10 1,8 24 130
15 2,79 29 163
20 3,78 34,6 200
30 3,92 35,4 205
35 4,91 41 242
40 5.8 46,1 275

JUisl MoanbLIoro IMITAIifHOrO MOJIENIOBAHHS 1HTENIEKTYaJbHOro OJIOKY MapameTpHhy-
Hoi iteHTH(diKanii po3pobieHo nporpamy B noaatky MatLab (Simulink) (puc.5). Pozpobnena
I'M Oyna ekciopToBaHa 710 6JI0KY HEYITKOTO JOT1YHOTO KOHTPOJIEpa.
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Pucynox 5 - ImitaniitHa Moaens nepeBipkrd poOOTH CHCTEMH MapaMeTpUYHOT 11eHTH(IKaIT

HacTtynHuM eTanoM 3amporoHOBaHOI METOAMKH € pOo3poOKa MPOrpaMu Ui TaOJIHMIHOT
amanTanii (po3paxyHKy onTuMmansHuX HamamrtyBaHb [1l-perynstopa) CAY mapoBux arpera-
TiB.

Ananraiist mapaMeTpiB peryisTopa (TadiauuHe aBTOHANIAIITYBaHHS, puc. 6) mepeadayae
BUKOPUCTAHHS 3a3/1aJIeTi/Ib BU3HAYCHUX MMapaMeTPiB IS PI3HUX YMOB POOOTH CHCTEMH, IO
30epiraroTbces y TaONHIIl Ta 3aCTOCOBYIOTHCS IPU HEOOX1HOCTI.

[e# miaxia q0mOBHEHO OJOKOM MapaMeTpHuHOI imeHTH]iKalii 3 HeWpO-HEUITKOW Me-
pexero. [ToTrouHe mapoBe HaBaHTAXKCHHS TIEPETBOPIOETHCSI HABYCHOK MEPEKEI0 Y MaTeMaTH-
yHi Mozeni (nepenaBanbhi Gynkuii). i pynkuii HagxoasTh 10 070Ky TaOIUYHOI aganTarii,
ne GopMyiHu po3paxoBYIOTh ONTUMANIbHI HanamTyBanHs perynsropis (111, TTIT).

HaeanTameHHA

HHM
p K, T, T

K, T;

Tabnuia

lBﬁypEHHH

1
- m - e
perynATop

=1 O0'ekT

Pucynok 6 — CtpykTpHa cxema IpoIroHOBaHO1 HeMpo — HewiTkoi aganTuBHOi CAY

Ax meron aganTuBHOI ontuMizalii napmerpis I1I — perymnsitopa aBTopu oOpanu Tadbu-
yHuit Mmetoa A. Konenosuya nist CAY TemioBUMH TEITIOEHEPTETUYHUMU 00'€KTaMHU.

®opmyna KanemoBrnya BUKOPUCTOBYETHCS U HanamTyBaHHs [1I-perynsatopa Ha ocHO-
Bl MapaMmeTpiB 00’€KTa KepyBaHHs: Horo koedilieHTa nepeaadi, cTajioi yacy Ta 4acy 3ai3-
HenHs. J{ns [I-perynsaropa i napameTpu po3paxoByIOTbCS HACTYITHUM YHHOM:

Hexaii:

K — koedimieHT nepeaadi 00’ €xTa.

T — crana yacy o0’exra.

T — 4ac 3ami3HEeHHS.
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Toxi koedinientu Ill-perynsropa 3a ¢opmynoro KamenoBuua BH3HAYAIOTHCS SIK:
Kp=0.35-T/ K, Ti=5.51.

Koz mporpamu po3paxyHKy aJlaTUBHUX HACTPOIOBAIBHUX [apaMeTpiB THIIOBOTO pery-
nstopa B KoHTYpi CAY cynHOBOT0 mapoBoro arperaTy Ta ii po0oTa HaBeJIeHO Ha PUCYHKY 7.

[Iporpama 3 Bxigaumu napamerpamu K, T, T po3paxoBye koedimieatan Kp 1 Ti 3a ¢do-
pmyinamu KanenoBuya ta BUBOAUTS iX.

L{i 3Ha4YeHHS JAOMOMOXKYTh OUIBII TOYHO HajamrTyBatu [1I-perynstop mix 00'ekT Kepy-
BaHHs 3 ypaxyBaHHsM 3ami3HeHHs. [Ipu BBenmeHH1 koedimieHTy mepenadi 00’ekta K= 4.9,
cranoi vacy o0’ekta T=241c Ta wacy 3ami3HeHHs tau=4lc po3paxoBani mapamerpu III-

perymnsTopa 3a metogom Kamenosuua: Kp: 0.41 T/ K, Ti: 225.5 7.
cO & Untitled42.ipynb

Dann MasmennTs Buao BoTaBka Cpena BbiMonHedHwsa MHocTpymedTsl CrnpaBka  WMs

.— + Kog + Tewct

~ | o def calculate pi settings kapelovich(K, T, tau):

LX} Pozpaxoeye nNapameTpw MNI-perynAaTopa =za dopmynow Kanenoewda.
fo=r] MapameTpw:

K (float): KoediuienT nepemaqi ob’exTa.

T (float): Crtana 4acy ob’exkTa.
O tau (float): Yac 3anisHeHHA.

NMosepracs:
dict: HamawTyeadHAa NI-perynAaTtopa |{Kp, Til}.

# PozpaxyHok koediuienTie

Kp = (8.35 * T) / (K * tau) # MponopyidHuwin koediyiedT
Ti = 5.5 * tau # YHac iHTerpyEaHHA
return {"Kp™: Kp, “Ti": Ti}

# MpuKnan BUKOPpWMCTaHHA

K = float(input(”BeefniTte koedbinienT nepegaqi ob'exTa K: "))
T = float(input(”"BeengiTte cTany 4acy ob’exkTa T: "))

tau = float(input("BeegiTe 4ac 3anisHeHHA tau: "))

settings = calculate_pi_settings_kapelovich(K, T, tau)

print{"Pozpaxoeadi napameTpw NI-perynAaTopa =a meTogom Kanenoew-a:™ )
print("Kp:", settings["Kp™"]1)

print("Ti:", settings["Ti"]1)

BesniTte koedinienT nepenaqi ob’exkta K: 4.9

BeeniTe cTany 4acy ob’exTa T: 241

BeseniTe 4Hac sSaniszsedHHA Tau: 41

PospaxosaHi napameTpw MI-perynATopa 3a meTonom KanenoeBwu4a:

Kp: ©8.41928680271777202

Ti: 225.5

0

Pucynok 7 - CkpiHIIOT poOOTH porpaMu BUKOHaHOi MoBoto ITiToH
B iHTepakTUBHOMY cepenosuii Google Colab

MogentoBanHs abo anpoobaitlis 6araTopeKMMHOIO aJanTUBHOTO PEryisTopa MiATPUMKU
3aJJaHOT0 THUCKY IMEPerpiToi mapw, 10 HaJAXOJIUTh HA CYJHOBY HapoBy TypOiHy, IOKa3aHa Ha
puc. Ha puc. 8-9 xaHan 30BHIIIHBOIO 30ypeHHs — 3MiHA HABaHTAXXKEHHS CYJJOBUX MapOBHX ar-
peraris.
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Pucynoxk 8 - Imitaniiine moznentoBanus agantuBHOi CAY

[epexinni nmpouecu agantuBHOi CAY THCKY mapu mapoBOTo MapoBOTo KOTJIa MOKa3aHi
Ha pucyHky 10.
P, MIla

-
A PEs ARG DAY

A ——
[

[V~
/

/
/

t,C
Pucynoxk 9 - Ilepexinni npouecu agantuBHoro CAY Tucky napu nij yac podoru CIITY
Ha PI3HUX HAaBAaHTAXKYBAJIBHUX PEKUMax

AHaJii3 MOKa3HMKIB SKOCTI MEPEeXiJHUX MPOLECIB (4ac peryitoBaHHS, MOMUIIKA, 3aHe-
N0aHICTh) BIJIMOBI/Ia€ HOPMAaTUBHUM 3HAYEHHSIM. TakuM YMHOM, 3allpOIIOHOBAHA aJalTUBHA
Helpo-HediTka CAY ycHmiliHO KOMIEHCY€ 30BHIIIHI 30ypEHHS 1 € CTIHKOIO.

BucHoOBKH. AHai3 iCHYIOUMX HEMPOHEUITKUX MOJeNel mokasas, 0 BUOip TUILY MoJe-
T 3aJeKUTh BiJ 0aratbox (hakTopiB. SIK OpiEHTHP BUKOPUCTOBYIOTHCS JUIS IMiJIBUIIEHHS ede-
KTUBHOCTI YIPaBIiHHS HACTYIHI (paKTOpU: MIBUJIKICTh HABYAHHS, OHJIAMH aJlaNTHBHICTb, Mi-
HiMi3allis MOMMJIOK, POCTOTa po3poOku Ta oOciyroByBaHHs. [Ipu po3podui HHM 6ino Bi6-
paHo - KIJIBKICTh LIMKJIIIB HaBUaHHS - 30, METO/] HABYaHHS - 3BOPOTHOTO MOIITUPEHHS TOMUIIKH,
TUN (YHKIIA HaJIEKHOCTI BXIJHOTO Ta BUXIJHHMX MapaMeTpiB — TPUKYTHUM. TakuM 4uHOM,
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3alpONOHOBAHA METO/MKA J03BOJIIE PO3POOUTH €(hEeKTUBHY CHUCTEMY MapaMETPUYHOI ieH-
TUdiKkamii Ta azanTaunii mapaMeTpiB CyZAHOBUX CUCTEM YIPABJIiHHS B yMOBaX YacTHX 3MiH Ia-
POBOTO HAaBaHTAXXCHHS. BIIpOBaKEHHS TaKoi CUCTEMH Ha CyJHAX 3 BEJIMKOK KUIBKICTIO Mma-
POTeHEPYIOYNX YCTaHOBOK Ta CIOXHBAUiB IMAapOBOI €HEprii MOKe MO3BOJUTH CBOEYACHO Ta
TOYHO JIOCATATH 33J]aHUX BUPOOHUYMX MapaMeTpiB MPU poOOTI MAPOBUX arperariB Ha BCbOMY
niara3oHi HaBaHTAXKEHb.
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Methodology for the development of neuro-fuzzy automatic control systems
with a function for identifying the parameters

The article discusses a methodology for developing neuro-fuzzy automatic control
systems (ACS) for marine steam turbine installations (MSTI) with a parameter identification
function during their operation. The proposed methodology includes stages of MSTI dynamic
modeling, the development of parameter identification algorithms based on neural networks,
and their integration with fuzzy logic for decision-making. An analysis of the proposed
approach's capabilities regarding the enhancement of reliability and stability of marine
power plants has been conducted. The results obtained demonstrate that such a system can
adjust model parameters in real-time, ensuring control accuracy and reducing the risk of
emergency situations. The methodology can be implemented in real marine power systems
that require automated control of complex processes.

Keywords: neuro-fuzzy system, marine steam turbine installation, neural networks,
dynamic systems, adaptive control, automatic control systems, thermal power plants.
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H.A. T'yk, M.IO. MiTtikoB
MATEMATUYHA MOJEJb ONITUMI3ALII MOIIYKY AYEJIIKATIB
OB'EKTIB TUIIA STRING Y 3HIMKAX IMTAM'ATI

Anomayis. Mema yiei pobomu nonseac y 6usiGleHHI 30LIbUEH020 BUKOPUCMAHHA NaAM 'Smi
npoepamuumu 0odamxamu. CydacHuil Yuki po3pooOKu NpocpamMHO20 3a0e3neueHHsi 30cepe-
0diCeHUll Ha YYHKYIOHAILHOCMI | YACmOo [2HOPYE acCneKmu ONMUMAlbHO20 6UKOPUCHAHHS pe-
cypcis. Obmedxncene pizuune macumabysants 3a0ae€ 6epXHill TiMim HA NPONYCKHY 30AMHICIb
cucmemu 0bpoonosamu sanumu. Hassnicme ne3minHux 06’ €xmie 3 00HaK08010 iHGPOpMayito
€ 03HAKOW 30inbUeHOl sumpamu nam ’asmi. YHukHeHnHs 0yonikamie 06’ e€kmie 8 nam ’sami 0o-
360.15€ OLIbUL PAYIOHATILHO BUKOPUCTOBY8AMU ICHYIOUUL pecypc i 30inbuumu 0ocseu 0opoo-
08aHol ingpopmayii. Icnyioui nayxkosi nyonikayii (oxycyiomscs Ha O00CHIONCEeHHI npobiem
BUMOKI8 Nam 'simi, ma ooMexcylomsv y8az2ol0 came HAOMIpHe BUKOPUCMAHHA Nam ami uepes
giocymuicms YHiQhiKosanoi mooeni noutyKy HaOMIpHO20 8uKopucmanHs nam 'smi. Bapmo 3a-
3HAYUMU, WO ICHYIOYI WaOIOHU NPOSPAMYBAHHA MICMAMb WAONIOH «NYl 00 €Kmiey, ane 3a-
JUWAIOMb BUCHOBOK NPO OOYINLHICHb 1020 8NPOBAONCEHHS THIICEHEpaM, He HAoaroyu mame-
mamuynozo niorpyums. Ilpeocmaegneno po3pobky mamemamuunoi mooeni 01 npoyecy 6use-
nienHs 0yonikamie 00'ekmie 3 enacmugicmio He3minHocmi muny String 6 3HIMKY nam smi.
IIpoananizosano npomuciogi cucmemu, sxi eumazaromos comui I'b onepamusnoi nam’smi 011
pobomu ma micmams MIIbUOHU 00 '€KmMie 6 onepamueHiu nam’smi. 3a makux macuimadie
OaHUX, ICHY€E He0OXIOHICMb OnmMuMizyeamu came npoyec nouyky oyoaikamis. Memooom doc-
JIOJCEHHS € AHANI3 3HIMKIB NAM iMi 8UCOKOHABAHMANCEHUX CUCMEM 3a OONOMO20I0 NPocpPda-
MHO20 KOOY, po3pobnenoco na mexuonozii .NET ma 6ioniomeyi ClrMD. 3nimok nam’ami 6i-
000pasicae cman O0CNIOAHCYBAHO20 NPOYECY Y MOMEHM Yacy, MICmumy yci 00 €kmu, nomoxu
ma eukonyeani onepayii. bioniomexa ClrMD 0o36onse npoepamno oocniodxcyeamu ob ekmu,
ix munu, ompumysamu 3HaYeHHs NOJi8, Oyoyeamu epagu 36 ’A3Ki6 Midxc 00 ekmamu. 3a pe-
3YIbMamamut 00CII0HCeHHs OYI0 3anpPONOHOBAHO ONMUMIZAYII0 KA 003805€ NPULUBUOWUMU
npoyec nowilyky o0yonikamis y oOexinbka paszie. Hayxoeuil énecox Oocniojcenns nonseac 6
CMBOPEHHI MamemMamudto 00IPYHMOBAHO20 NIOX0OY, AKUL CHPUSE 3HAYHOMY 3MEHUIEHHIO GU-
KOPUCMAHHS pecypcieé nam'smi ma onmumizayii oouucarosarvuux npoyecie. Ilpaxmuyna xo-
pucmob MoO0ei niOMEEPOHCYEMbCA Pe3yIbmamamt. ONMUMI3ayii 00CACHYMuUX 3a605KU Ompu-
MAHUM peKOMEHOAYIAM, SHUNCEHHAM UMPAm Ha Xocmune (o 3abe3neuye Oinouly eKoHoMIu-
HY egeKmusHicmos y pOo320pMAaHHi ma SUKOPUCMAHHI NPOSPAMHUX CUCMEM V NPOMUCTOBUX
VYMOBAX), @ MaKodic 30inbueHHs 00cs2i68 00POOIeHUX OAHUX.

Kniouosi cnosa: mamemamuyna mooens, ONMUMI3ayis, ancopumm, npoOyKMUEHiCms, 3HIMOK
nam’ami; 0yon08aHHsa,; cmpoxa
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1. Beryn. Po3Butok iH(pOpMamiifHUX TEXHOJIOTIH MOIIMPUB BCeOIUHE 3aCTOCYBAHHS
MpOrpaMHUX JIOJATKIB B 06araThox cdepax choroaeHHs. HeoOXigHicTh 00pobmtoBaTu Bee Oi-
apIn o0csru iH(opMaIlii MOKe KOMITIEHCYBATHCh 30UIBIICHHSIM PO3PAXyHKOBOI MOTYKHOC-
Ti [1] 200 onTUMI3aIi€r0 ICHYIOYNX MPOTPaMHUX peatizariil [2].

BpaxoByroun mniHiiiHe 3pOoCTaHHS BapTOCTI OJMHUII OTMEPATUBHOI MMaM’Ti y XMapHOMY
XOCTHHTY [3], cK1aaeThess XMOHE BpaskeHHSI MOMIIMBOCTI JIIHITHOTO MaciiTaOyBaHHS CyKyTI-
HUX EKCIUTyaTallifHUX BHUTpaT. ICHYIOUl MpOMO3uIii BipTyalbHUX MAIIMH IPOMOHYIOTHCS 3
po3MipamMu ONIEpaTHBHOI IaM’ATi KpaTHUMHU cTyneHro aBikiku (4I'b — 8T'b — 16I'b — 32T'b -..).
[Tpu nmoTpebi 0AHOTO JOJATKOBOTO riradaita MmoHa HAassBHOI 1aM’sITi BUHUKAE HEOOXITHICTh
MacmTaOyBaHHSI Ha HACTYITHY MPOTO3UIIIIO sSKa MIHIMYM Y 2 pas3u JOpo’K4e 3a Monepeanio (3
ypaxyBaHHSM KIJIbKOCTI ITPOIIECOPHOT OTYKHOCTI).

Onrtumizaiiii BUKOPUCTaHHS TMaM ATI MPOTPaMHHUM JOJATKOM IOTPEOYIOTh TIMOOKOTO
PO3yMiHHS (DYHKI[IFOBAaHHS CUCTEMH Ta JIOCTYNY A0 MPOIeCy po3poOKHU, 110 TaKOX POOUTH
el MeToJ eKOHOMIUYHO HEOOIPYHTOBAHUM IPU HASBHOCTI JOIUIBHINIOT MOKIHBOCTI MacCII-
TaOyBaHHs. MaciTaOyBaHHS PO3paXyHKOBUX MOTYKHOCTEH € BUTIIHUM IPU MajluX po3Mi-
pax, aje crae Jealii MEeHII eKOHOMIYHO-O0IPYHTOBAaHUM IPU KOKHOMY 301IbIIEHHI pO3MIpy
BIPTyaJIbHOI MaIlIMHHU.

BapTto 3a3HaunTH, 110 Cy4acHI METO0JIOTIi po3po0KH 0a3yIOThCS Ha HAIBHOCTI JCKiTb-
KOX CEpeZOBHUII JUI TECTYBAaHHS MEPe]] BUITYCKOM Bepcii y myOniyauid 1ocTyn [4] i HasBHOCTI
BTOPUHHOI pEIUTiKK/periony (5) A MiIBUIIEHHS TOCTYMHOCTI. TakuM 4WHOM, Tepexin Ha
BUIINU PiBEHb CYTTEBO 30UIBIIYE 3arajibHy BapTICTh €KCILTyaTaI[iiHUX BUTpAT.

Icnyroui my6mikanii B OutbmocTi [6], [7] GpOKyCyrOThCS Ha TOCTiKEHHI IpoOIeMu Bu-
TOKIB I1aM’STi, MPUIUISIFOYM MEHIIIE YBaru HaJMipHOMY BUKOPUCTaHHIO TaM’ sTi. Bigomo, 1o
BUTIK IIaM’SATi — [1€ CTaH, KOJIM POrpaMa MOMUIIKOBO HE MOKE BUBLIBHUTH OiJIbIIIe HETIOTPiO-
HY [1aM’SITh /17151 HOBTOPHOT'O BUKOPHUCTAHHS, TOXK MPOJIOBKYE BUIUISITU HOB1 OJIOKH.

Ha pucynky 1 npeacraBiieHo cTpiMKe 301JIbLIICHHS] BAKOPUCTAHHS IIaM’SIT1 MPOTpaMHUM
JIOJJATKOM, L0 MPHU3BOJUTH JI0 3HMKEHHS MPOAYKTHUBHOCTI 1 HEOOX1THOCTI Mepe3amnycKy CHc-
TEMOIO0 MOHITOPHHIAa KOXKH1 JIeKijbKka roAuH. BUCOKOHAaBaHTa)KeH1 CUCTEMH, K1 IMPAIIOIOTH 3
BEJIMKMMHU 0OCSITaMy JJaHUX 0COOJIMBO BPa3JIMBi JI0 LI€T MPoOIeMHu.

Jlis 3HaXOJKEHHs MEPIIONPUYNHU BUTOKY BHKOPHCTOBYIOTHCS 3HIMKHM mam’4ti [8] —
3aIuc BMICTY ONIEpaTUBHOI MaM'sATi y IEBHUI MOMEHT 4acy.

3HIMKH MaM’SIT1 TAKOXK BUKOPUCTOBYIOTHCS JUIs MOUIYKY IIKIJTMBOTO MIPOrpaMHOTo KO-
ay [9], ocobnuBo mpu iH’ek1ii 070Ky Ha BUKOHAHHS B A0BipeHuit npouec. [Ipu HasBHOMY ¢ o-
KycCl Ha 1IeHTH(]iKallil0 BUTOKIB, ICHYIOU1 TOCIIIKEHHS OOAUISIOTh YBarok MmpobiemMy HajaMi-
PHOTO BUKOPHMCTaHHS MaM’STI — KOJM IPOrpaMHUM JJOJATOK BUKOPUCTOBYE OLIbIIE Ham’sTi
HDK TOTO MoTpedye po3B’si3yBaHa 3ajadva. 3a3HadyeHa MpobiieMa MOKe BUHHKHYTH 3 PI3HUX
MIPUYUH, aJie 0JIHA 3 HAUMOIMPEHIINX 1€ AyOII0BaHHS HE3MIHHUX 00'eKTiB. SIKio nmporpama
CTBOPIOE JIEKUTbKA O0'€KTIB 3 OJJHAKOBUMH 3HAYEHHSMH 3aMiCTh OJHOTO 3 BJIACTHUBICTIO HE-
3MIHHOCTI, TO 1€ TPU3BOAUTH A0 HEOOX1THOCTI 30epiraTu B maM’siTi 1yOsrordy iHGopmarltito i
301IbIIIY€ BUMOTH 1IOJI0 OOCSTY IMaM ATI.

ISSN 1562-9945 (Print) 237
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

None
771
o |
40.00 [
f
>
0.00 /

11-01 0800 11-01 10:00 11-01 12:00 11-01 1400 11-01 16:00 11-01 1800 11-01 2000 11-01 2200 2020-11-02 11-02 0200 11-02 04:00 11-02 0600
Time (UTC)

Pucynok 1 - Jlunamika BUKOPUCTAHHS MaM'sATi

Opniero 3 mommpeHux MnpodseM (YHKIIOHYBAHHS CYYacHHX CHUCTEM € AyOIrOBaHHS
00'exTiB THITY String (cTpoKa), 0 € CEPHO3HUM BUKIIUKOM, SIKHI MPU3BOJAUTH JI0 301IBIICHHS
3arajibHOI BapTOCTI EKCIUTyaTaIllIfHUX BUTPAT 1 IOCTa€ HEMOMITHIM JIJIsl iICHYFOUMX JiarHOCTHU-
YHHUX CUCTEM 00 caMe KPUTEpill BUTOKY MaM’SITi HC BUKOHYETHCS.

Jlyist 3HaxXOJDKEHHS TyOiKaTiB HEOOXiTHO BUKOHATH IMOPIBHSIHHS YCIX CTPOK MIX CO-
0010, 110 MPHU3BE/IE A0 HAJIBEIHMKOI KUTBKOCTI OMepaiii 1 BIUIMBaTUME Ha IIBUIKOIIIO T0IATKy
Yy HEraTUBHOMY KJTIOYi.

MeTtor poboTH € po3poOKa HOBOI MAaTEeMAaTUIHOI MOJIENI BHSIBJICHHS AyOJTiKaTiB 00'€K-
TiB THITY «CTPOKa» Ha OCHOBI aHAJIi3y 3HIMKIB ITaM’SITi.

2. OcHoBHi pe3yabTaTu. Bizyamizailis BapTOCTI KOPUCTYBAHHS XMapHUMHU OOUUCIIO-
BAJILHUMHM MaliuHaMu [3] B 3aJIeKHOCTI BiJl pO3Mipy ONEpaTHBHOI maM’sTi BigoOpaxkae 30i-
JIBIIEHHS BapTOCTI MIHIMYM BJIBiUi MPU BUYEPIIaHHI 00CATY mam’sATi BIpTyaJbHOI MAIIMHU i
HEOOX1THOCTI BUKOPHUCTOBYBATH HACTYITHUI PiBEHb.
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Pucynok 2 - 3anexHICTh BAPTOCTI XOCTUHTY BiJ] 00'eMy orepaTHUBHOI maM'sTi

Hocnigaukn Adriaan Labuschagne ta Laura Inozemtseva [4] y poOoTi 110 JOCTIIKEHHIO
perpeciiiHoro TecTyBaHHS HAOYHO MPOJAEMOHCTPYBAIM METOIU JUIs MIJBUIICHHS SKOCTI MpO-
OyKTy. TecTyBaHHS NPOAYKTY Yy CXOKUX /10 PEATBHOIO CEPEOBUILAX J03BOJIE CYTTEBO 3Me-
HIIUTH PU3MKHU MOSBU MOMWIOK y ¢yHKIIoHaM [10], ame BuMarae HasBHOCTI CepeqOBHIL i
301IbIIYE KUTBKICTh PO3PaXyHKOBUX BY3JIB (BIpTyalbHUX MAIIHH).
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Benuka yBara mpuIUIs€TCS MEXaHI3MaM 3HaXOJKCHHSM BHTOKIB IMaM’sTi B poOoTax
Gene Novark, Emery D. Berger, Benjamin G. [6] Ta Markus Weninger [7].

Jon Louis Bentley [2] ommcye migxoau 10 3MEHIIIEHHS BUKOPUCTAHHS I1aM’SITi, alne Me-
XaHI3MHU M0 3HAXO/KEHHIO KaHJIWJATIB IS ONTHMI3allii 3HAXOMATHCSA 1032 paMKaMH HOTO
po06it. loannis T. Christou, Sofoklis Efremidis [11] onucyioTs BUKOPUCTaHHS ATEPHY MPOECK-
TYBaHHS «I1yJl 00’€KTiB». 3a pe3yabTaTaMu iX JOCHIJKEHb, BUKOPUCTAHHS IIA0JIOHY MPOEK-
TYBaHHSI MOK€ 3HAYHO 3MEHIIUTH YacC BIAT'YKY BHCOKOIPOAYKTHBHHX 0araTONOTOKOBHX 3a-
CTOCYHKIB, 0COOJIMBO Yy cepeloBHIIaX 3 0OMEXKEHOI MaM'sTTI0. MexaHi3M 3HaXO/KCHHS Ha-
JIS)KHUX BUKOPUCTAHB HE OTHMCYETHCS.

ABTOpH 1IMX JAOCIHIDKEHb CXOAATHCS y AYMI, IO 3HAXOJUKEHHS 3aCTOCYBAaHb LbOT'O
1a0JIOHY 3aJIEKHUTh B1Jl KOHKPETHOI'O IPOTrPAMHOr0 MPOJYKTY 1 JaHUMHU SKMUMHU BiH OIEpYE.
HanMipHe BUKOpHCTaHHS MaM’sITI MOKe OyTH CepHO3HOI0 ITPOOJIEMOIO Ul BUCOKOHABAHTa-
KeHUX cucteM. O/HaK, 3 pO3yMIHHAM NPUYMH HEONTUMAIBHOIO PO3MOJLTY IaM ATl Ta BUKO-
PUCTAHHSM BIJIMOBIAHUX CTpaTeriii s iX YHUKHEHHS, MOXKHA MiJBUIIUTH CTaOUIBHICTH Ta
e(hEeKTUBHICTh pOOOTH CUCTEMHU.

Takuii creHapiii Moxe OyTH BaXKKO BHUSIBUTH, OCKUIbKM BIH HE MPOSIBISETHCS SIBHO —
KpPUTEPiil BUTOKY IaM’sITI HE BUKOHYEThCS.

Jlnis BUsiBIIEHHsT AyOJIOBaHHS JaHWX HEOOXITHO MpoaHai3yBaTd IMaM’sITh MPOTPaMu i
BUJUINTA 00’ €KTH SIKI MArOTh BJIACTUBICTH HE3MIHHOCTI. BiracTUBICTh HE3MIHHOCTI MOXE 3a-
JIABATHCh SIK Ha PiBHI MOBHU IMporpamyBaHHs [12], Tak i MPOSIBIATUCH AJISI iICHYFOUOTO KOIY
yepe3 BiJACYTHICTh BUKJIMKIB METO/IIB SIKI MOYKYTh 3MIHIOBAaTH CTaH 00 €KTY.

3HaXO/KEHHS BIACTUBOCTI HE3MIHHOCTI € KIIIOYEM JI0 3MEHIICHHS BUTpAT IaM’sITi 4e-
pe3 MOBTOPHE BUKOPUCTAHHS OJHAKOBUX 00’ €kTiB [ 13], i moTpedye HasIBHOCTI TOBHOT KOJIOBOT
0a3u BUKOHYBAHOI IIPOrpaMH.

3HIMOK IaM'sTi IporpamMu Moke OyTH 300pa)K€HUM y BUIJISI/II CTPYKTYPOBAaHOTO MacH-

By OaiiTiB B Takuii crocio:
M, =[b1,b2,...,bc] )
1€ time — MOMEHT 4acy, y AKUH BiIOyBAacThCS 3HATTS 3HIMKY NaM’ATi; b,b,,..,b, — OaliTh, 3

SIKMX CKJIQZAETHCS 3HIMOK;, € — KIJBbKICTH OaMTIB.

B 3niMKy nmam'saTi BimoOpaskaeTbes iH(opMallis Ipo omnepariii, 110 BUKOHYIOTbCS, CTaH
MOTOKIB BUKOHAHHS, 00'€KTH, IKUMHU 111 TOTOKU KEPYIOTh Ta MpOrpaMHMid koa. BimomocTi mpo
00’€KTH BMIIILYIOTh 1X THUITH, CTAaHH Ta B3a€EMO3B'A3KH.

3HIMKHM IIaM’STi IIUPOKO BUKOPUCTOBYIOTHCS JUISl aHAII3y Ta BHUSBIEHHS LIKIUIMBOTO
KO/y SIKUH Moke OyTHM BBEIE€HHUI B mam’ATh JOBIpEHOro mporecy. TpaauiiiiHi cTraTuuHi Ta
JUHAMIYHI METOIM Hee(EeKTHBHI Y BUSBJICHHI HIKIATUBUX MpOrpam, 10 MPOXHUBAIOTh y Ta-
m'sTi [14]. Kpim Toro, icHyroui pilieHHsS 3 BUKOPHCTAHHSAM (POPEH3MUYHOrO aHaji3y Ham'ari
MOKAa3yIOTh HE3a/10BIIbHY €(EeKTUBHICTh Y IJIaH1 IIBUKOCTI BUSBIIEHHS Ta 3aJe€KaTh Bl Ma-
CHBHHMX 3HaHb CKCIIEPTIB y aHali3l mam'sti. PimieHHsIM 1i€l mpoOieMu € 3HSATTS 3HIMKIB
nam’sITi 3I0pOBUX MPOILECIB JUIsi BUKOPUCTAHHS Yy SKOCTI HaBUaJIbHOI 0a3M Ui aJrOpUTMIB
MaITMHHOTO HaBYaHHs. [Ipy BUSBIICHHI HEBIAMOBITHOCTI, CUCTEMA OE3MEKH Ma€ 3MOTY IIIBH I~

KO BlJjpearyBarty MOMpH BIACYTHICTh (p13MUHOTO (paify-3arpo3u.
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BpaxoByroun HasiBHICTh BEJTMKOI KIJIBKOCTI 00’ €KTIB B IaM’sITi MPOMHUCIIOBUX MPOTpaM-
HUX JOJATKIB, pyYHUH MOIIYK AYOJiKaTiB MOMIXK THUCSY PI3HUX TUMIB HE € qouiabHuM. HeoO-
X17THO OOMEXUTH TOIIYK JI0 TUIIB SKi 3aiMal0Th HAWOUIBIITY KIJTbKICTh MiCIS B TIaM ' STi, Y Oi-
JIBIIOCTI BUMIAIKIB 11€ 00’ €KTU THITY «CTPOKA.

Kpim Toro, crBopeHHst, Moau(ikamis Ta BUAAICHHS 00'€KTIB TUITy «CTPOKa» BHMarae
neBHUX pecypciB. Ha pucynky 3 HaBeneHui npukiaa 1y0nroBaHHs 00’ €KTIB 3 TOCTIKYBaHOT
MIPOMUCIIOBOI CUCTeMH, sika crioxuBae Ounbine 20I'b mam’siti. et mporpamuuii 1ogaTok He
BIJNIOBIJJa€ O3HAKaM BHUTOKY IaM’siTi, a caMe€ MOHOTOHHOMY 3pOCTaHHIO BHKOPHCTaHOI
nam’ATi, TOX ICHYIOYl CHUCTEeMHM MOHITOPUHIY HE 3HAXOJATh NMPOOJIEM 3 BUKOPUCTAHHSAM
rmam’sTi. 3aBJIIKU 3HIMKY T1aM’sITi, OyJn 3HaleH] AyOikaTh 00’ €KTIB 3 BIACTUBICTIO HE3MiH-
HOCTI, TOX 17IeHTU(IKOBaHE 301bIIICHE BUKOPUCTAHHS ONIEPATUBHOT TIaM’SITi.

bBBBBlBlEBEce?BB (Model.CountryToCountrySetting)

«<0ObjectState>k_ BackingField:8x8 (Undefined) (Data.CacheObjectStates)

<SourceCountryId>k_ BackingField:@xe2 (System.Intb4)

<TargetCountryId>k_ BackingField:8x2@ (System.Int64)

<SettingName>k__ BackingField:800800181696ce740 (System.String) Length=34, String="AddShippingCostToCommerciallnvoice™

<SettingValuerk_ BackingField:080080181696ce7a@ (System.String) Length=6, String="5;;USD"

<SettingDescription>k__ BackingField:008000181696ce7c8 (System.String) Length=111, String="Value for Commercial and Parcel Invoice,
08080B181696ce8c@® (Model.CountryToCountrySetting)

<0ObjectStaterk_ BackingField:®@x® (Undefined) (Data.CacheObjectStates)

<SourceCountryId>k__ BackingField:@xe2 (System.Int64)

<TargetCountryId>k_ BackingField:8x21 (System.Int64)

<SettingName>k__ BackingField:8008008181696ce988 (System.String) Length=34, String="AddShippingCostToCommerciallnvoice™

<SettingValue>k_ BackingField:0@80@80181696ce96@ (System.String) Length=6, String="5;;USD"

<SettingDescription>k_ BackingField:000080181696ce988 (System.String) Length=111, String="Value for Commercial and Parcel Invoice,
00000181696cead® (Model.CountryToCountrySetting)

<ObjectState>k_ BackingField:8x8@ (Undefined) (Data.CacheObjectStates)

<SourceCountryId>k__ BackingField:Bxe2 (System.Int64)

<TargetCountryld>k_ BackingField:8x22 (System.Int64)

<SettingName>k_ BackingField:8008008181696ceac® (System.String) Length=34, String="AddShippingCostToCommerciallnvoice”

<SettingValue>k_ BackingField:@@80080181696ceb2@ (System.String) Length=6, String="5;;USD"

<SettingDescription>k__ BackingField:08080181696cebd8 (System.String) Length=111, String="Value for Commercial and Parcel Invoice,
00000181696cecd® (Model.CountryToCountrySetting)

<0ObjectState>k_ BackingField:8x8 (Undefined) (Data.CacheObjectStates)

<SourceCountryld>k_ BackingField:@xe2 (System.Intb4)

<TargetCountryId>k_ BackingField:@x23 (System.Intb4)

<SettinglNamerk_ BackingField:0800@8181696cec8® (System.String) Length=34, String="AddShippingCostToCommerciallnvoice"”

<SettingValue>k_ BackingField:080080181696cece@ (System.String) Length=6, String="5;;USD"

<SettingDescriptionrk_ BackingField:00000181696ced®8 (System.String) Length=111, String="Value for Commercial and Parcel Invoice,

Pucynoxk 3 - [Ipukian n1y6toBaHHs CTPOK B 00'€KTax

CkaHyBaHH$ 3HIMKIB ITaM'sIT1 — 1€ BaXJIMBUH MPOLIEC JUIsl PO3YMIHHS MeXaHi3My poOoTH
MIPOrpaMHOT0 JOJATKy Ta J1arHOCTYBaHHs Mpobiem [2]. ABTOMaTH3allis MPOLEeCcy CKaHyBaH-
Hs 3HIMKIB ITaM’AITi - 11e €eKTUBHUNA METO/, KU JomoMarae mBHUIKO TPOBOJAUTH aHATI3 Po-
00TH BHCOKOHABaHTAXEHUX CUCTeM. TOMy aBTOMAaTH3allisl CKaHYBaHHS MOKE NMPUHECTH 3Ha-
YHI TepeBarv, 30KpeMa 3MEHILEHHS 4acy Ha aHalli3, MiJIBUILIEHHS TOYHOCTI BUSBIIEHHS MPO-
0JieM Ta MMOKpallleHHs 3arajibHOT IPOAYKTUBHOCTI cucteMu [3].

Inentudixyemo o0'ekTH y 3HIMKY MaM'aTi 3a iX BIACTUBOCTSAMH, 1 BA3HAYMMO L€ K Me-
TpUKy. MeTpuka 00'eKTiB BBOAUTHCA Ul BUSHAUEHHS «B1JICTaH1» MK 00’€KTaMH Ta iX cXo-
xocTi. [le MoXyTh OyTH BIaCTHBOCTI 00'€KTIB SIK TO 4ac, «Bara», «IOBXHHa» 1 T.iH. SIKI10
TaKWX BIIACTUBOCTEH HEMa, TOJIi CTBOPIOEMO METPHKY IITYYHO.

ABTOMaTH30BaHa CHCTEMa CKaHyBaHHS YTBOPUTh MHOKHMHY 00'ekTiB O [1]. 3acTocyemo
(GyHKIIII0 TPYIyBaHHS 3a TUIAMHU 1 3HAWIEMO MiAMHOKUHY 00’ €KTIB, sIKI MAlOTh HE3MIiHHI TH-

nu O,. Y Wil NiJIMHOKUHI BUAIIMMO MIJIMHOKUHY STRN BCIX O0'€KTIB THILy «CTPOKa» 1 Mmij-

MHOXUHY STR 00'€KTiB, SIKI MalOTh BJIACTHBICTh HE3MIHHOCTI. TakuM YMHOM, BUIJICHHS TIi-

AMHOXHWHHU «CTPOK»:
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STRCSTRNCQV 0. (1)

OG'ekT THITy «CTPOKa» Mae Hy/IbOBHI GaiiT b(0), noBxumy o6'exra y Gaifrax i iHpop-

Marliro y nux 0aiTax. TakuM 4uHOM, 00'€KT THITY «CTPOKa» MOXKHA 3aIlUCATH:
String(b(O),b) .

BBenemo 10/1aTKOBY BIACTUBICTh s 00’€KTY, K apu(PMETUIHY CymMy OaWTiB, 110 BHII-
JSIOTHCS i 30epekeHHs 3micty 00’ekTa. Lo mo3Bomsie Bupas mist 00'€KTy TUITY «CTPOKa»
3anucaTy y Takui crocio

String(b(O),b,S) .

Koxen exk3zeMIuisip 00'€KTy String HaJ€KUTh MHOKUHI:

STRN = {Stringl(bl (0),b1,51),.5'tr1'17g2 (b2 (0),1‘)2,52 ),...,StringN (bN (O),bN )8, )} . (2)
Je N — KUTBKICTh €K3eMIUISIPIiB 00'€KTIB THITY «CTPOKay. Y 1[I0 MHOKHHY BBIHIyTh BCi 00'€K-
TH TUITY «CTPOKay», B TOMY YHCIIi TyOIiKaTH.

KosxeH ek3zeMIusip 00'ekTa «CTpOKa» 1eHTU(DIKYETCS MO MApaMeTPOM s, KM YTBO-

PIOE MHOXKUHY
S ={51,52,...,5U} .
ne U — KUTbKICTh YHIKQIBHUX PO3MIpiB 00'€KTIB THUILY «CTPOKa», U <N .

Y MHOXHHI § 3HaWJIEMO MiHIMAJIbHE a2 1 MaKCUMaJbHE b 3Ha4eHHs. Binpizok [a,b]

po3i0'eMO Ha m HaIIBIHTEPBAIIB IOBXKHHOIO

_b-a
m

A

, m<U . (3)

VY KOXEH HamiBIHTEpBaJI MOXKE BBIMTH KibKa 3HAUY€Hb Mapamerpa s OO0'€KTIB THILY
«CTPOKay», a MOXe 1 5k01HOr0. Po3moin mo iHTepBajiaM mapaMmeTpa s MPOBOAUTHCS 3 MiAINO-
PAIKYBAHHSM IT1IMHOKHH:

v(s.
k:H[—'J, k<U, (4)
=l A
ne k — HoMep IHTepBay.

Takum 4MHOM, BiZIOYBa€ThCS YACTKOBE YHMOPSAKYBAaHHS MHOXKMHHU S I10 HalliBIHTEpBa-
JaM. 3ayBa)KUMO, 110 OTPUMaHI1 HaMiBIHTEPBAJIM MOXKYTh MICTUTH CTPOKHU 3 OJHAKOBUM 3Ha-
YEHHAM s,, ajie OyTH pi3HMMU 3a BMICTOM. Hao4HMM NPUKIIAZIOM € CTPOKH, B IKMX 3MIHEHHI
HOPSI/IOK CITiB, aje ajaredpaiuHa cyma OalTiB 10 BIABOJIUTHCS MiJ iX 30epekeHHs, Oy/e oaHa-
KoBo10. DyHKIIIS MiICyMOBYBaHHS 0yi0 00paHo sIK MBUIKY Xell-(pyHkIito. Cepes; MHOXKUHU
HaIiBIHTEpBAJIiB 3HAMIyThCS Taki, 0 OyIyTh MICTUTH KiJIbKa HEYMOPSAIKOBAHUX 3HAa4YeHb. B
TaKUX HaIiBIHTEpBalax CIiJ MPOBECTH JOJATKOBE YIOPSIKYBaHHS. TOMYy CTaBUThCS 3a/aya

3MIHCHUTH MIHIMabHY KUIBKICTh YHOpPsiAKyBaHb. [lozHaunmo ¢QyHKIIi€O G(m,L) 3arajbHy
KUIBKICTh YMOPAAKYBaHb. TakuM YMHOM, BUHUKAE 3aJlaya 3HAUTH MIHIMYM G (m,L). Beenemo

NPUITYLICHHS, Y KOXKEH 1HTepBaJl MOoNala€ 0JTHAKOBA KUIBbKICTh YHCeN L, B TAKOMY pasi 3ara-
JbHA KUTBKICTh YIOPSIKYBaHb JOPIBHIOE
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G(m,L):mLLT_l . (5)

TpeGa BCTAHOBUTH 3HAYCHHS m i L TpH skuxX QyHKUis G(m,L) Habyne HalMeHie

U
m=

spaueHHsa. OCKUIBKU L | 10 micis miacTaHOBKY 3arajbHa KiIbKICTh YIIOPSIKYBaHb

G(U,L):ULT_l. (6)

MiniMym QyHKIIT G (m,L) 3aJIeKUTh BiJl 3HAYCHHA napamerpa L. TpuBianbHuil BapiaHT

L=1 ue posrasaaemo. I1ig yac BUKOHAaHHSA onepallii COpTyBaHHS MOTPIOHO IIOHANMEHIIe /1Ba

3HAYCHHs, TOMY MiHIMaJIbHE 3HAYCHHS (PYHKITis G(m,L) HaOyne pu L=2. B takomy pasi:

minG(U,L):% : (7)

. . .. . . U
3a Takoro 3Ha4YeHHS L KIJbKICTh HaIlIBIHTCPBAJI1B JOPIBHIOE m =—.

OckinbpKH 3a3/1aJIeTib HEBIJIOMO, Ha Ky KUJIbKICTh HEPIBHUX HAITIBIHTEPBAJIB CIIiJ] PO-
OUTH MHOXKMHY S Tak, 1100 I1i HAliBIHTEPBAJIM MICTUJIM OJHAKOBY KUIBKICTh YHCEN, BBOJUMO
OLIIHKY:
. U
mfG(U,L):E. (8)
BepxHto rpanuiito 3Ha4eHb A1 QYHKIIT ¢ 3HaiaeMo 3 piBHSHHS (S) ipu L=U 1 m=1:
squ(U,L)zUUT_l : 9)
[ToOymyemMo po3Mmoail Ha OCHOBI JAaHWX 31 3HIMKY IMaM’sTi OJHIET 3 JOCIIIHKYBaHUX
MIPOMUCIIOBHX CHCTEM.
3. puxknagu. Ha pucyHky 4 mokasaHo po3NoAil O0'€KTIB THILY «CTPOKa» JUIsl TUITY
«Model.CountryToCountrySetting» no napamerpy S . Ha rpadixky npucyTHi Tpu mikH sKi ge-

MOHCTPYIOTb 3HAaYHC 301IBIICHHS €JIEMCHTIB 3 OJJHAKOBUM 3HAYCHHIM KOHTpOJ'IBHO'I. CymMu s,

1 BIAIIOBIIAIOTH BI/IMIOBIIAIOTh TPHOM 00'exTam «5;;USD»,
«AddShippingCostToCommerciallnvoice», «Value for Commercial and Parcel Invoce». Bin-
MOBIJIHO cXeMi TOOY/I0B1 HAalliBIHTEPBaiB 1 COPTYBaHHIO KOKHA BepIlrHA rpadiky BiANOBiAa€e
OZHOMY 3HAYEHHIO s, Ta MOBHICTIO 1eHTH(IKye 00'ekT. Illo m03BOMNAE MWBUIKO MPOBOIUTH

aHaui3 1 i1eHTudikaiio.
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| | |

Pucynox 4 - Po3noais mo MHOXHHI S

IIposenene rpymyBanHs 3a IapaMeTPOM s, MIATBEPAMIO HAABHICTD 220 TUCAY yHIKAJIb-

HUX 3Ha4YeHb 1 14.5 Minpiiona mybmikariB. 3HaHACHO HAWOUIBII TyOIHOBAHI CTPOKH, TAKUM
YHHOM PHUCYHOK 5 MiJTBEPXKY€E MOYATKOBE MPUITYIICHHS MPO HASBHICTH AHOMAJIBHOTO TyO0-

JIOBaHHA y 3HIMKY HaM’sTi. YTBOPMMO MHOKHMHY s' @apamerTpiB s, LUX OO0'€KTiB,
st ={sk1,sk2,sk3} . MHOXMHA s' BXOIWTH Y MHOXHHY S, TOOTO s'cS. Bumanusmm MHOXHHY

s' 3 MHOXHUHH S, OTPHMA€EMO HOBY MHOXXHHY S'=S5|s'. 3HOBY OyAyEMO PO3MOILIT IO MHO-

JKUHI S*.

Pucynok 5 - Posmozin mo MHOXHHI S*

Otpumyemo HoBui posmonin. Ilo sxomy posmoniry Oynu 3HaijneHi 00'ekTn
(Tabmuus 1).

Taomms 1
Ha3ssa Ttabnmii
«Crpoka» KiabkicTs ayoaikaris | O0'em mam’siti
True 635181 2.4 MB
HideStandardShippingMethod 390073 9.7 MB
false 318273 1.5MB
Restricted due to ticket 257600 8.4 MB
Visa 241913 945 KB
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Bu3Haunmo epeKTHUBHICTH OO METO/IA MO KUTBKOCTI ONeparliid, MOPiBHSIHO 3 MPOCTHM
. U-1 . .
niepedopom [4]. [Ipu npocromy nepedopi Oyjae BUKOHAHO U — onepariii mopiBHSHb.
4. Jloemennsi. Busnaummo koedimient edekrmBHOCTI K, s infG(U,L) Ta

squ(U,L) 3 JI0JJaBaHHsIM U orepalliii po3noaily 1o HamiBiHTEpBaJlaM Ta U oleparii s

BU3HAYEHHS 3HAYEHb a 1 b

U-1
Ui
in. 2 U_l
Ky =F——=—"
—+2U
2
U-1
sup _ v 2 _U_l
ef - ’

Taxum unHOM KOE]ilieHT e(heKTUBHOCTI Oy/Ie 3HAXOAUTUCH Y MEXKax
Ul ok, <21
U+3 < 5

Hactynmaum kpokom onTuMizaiii mpomecy HOuryKy QyOuTiKaTiB € 3MEHIICHHS T09aTKO-
BOTO BiJpi3Ky A (¢popmyna 3) 3 ypaxyBaHHSIM PO3IOAUTY CTPOK, a CaMe BEIUKOI KUTbKOCTI
nyomikariB 10 150 cumBomiB. Takum duHOM OyJ0 TOCSTHYTO OUTBII PIBHOTO PO3IMOMALTY 3HA-
YCHb 10 HAITIBIHTEpBAJIaM.

5. BucHoBkH. Binburicte myOikamii 3a TEMATHKOK JOCITIDKEHHS (DOKYCYIOThCS Ha
npoOIeMi BUTOKIB ITaM’sITi, 00XOITYH HaMIpHE CIIOKHBAHHS Yepe3 HEMOXIIMBICTh HOTO JTia-
THOCTYBaHHs. J{O0CHIKEHHS 110 3aCTOCYBAaHHIO MIA0IOHIB MPOEKTYBAaHHS JIsl 3SMEHIIICHHS BU-
KOPUCTaHHS IIaM’ATi HABOASATh MEXaHI3MHU BIPOBAKECHHS Ta e(eKT, aje 3aJUIIalTh CTOPO-
HOIO KpHUTEpil Ta MEXaHIKM MOUIYKY KaHIMJATIB uepe3 BeIMKY BapiaTMBHICTh CLIEHApIiiB Ta
MIPOrpaMHUX MPOIYKTIB.

Jana myOmikanist GOKyCyeThCsl caMe Ha ajJrOpuTMi NOLIYKY KaHAMJIATIB 32 IOTIOMOTOI0
3HIMKIB 1aM’sTi. Xo4a 3HIMKH I1aM’sITI BUKOPUCTOBYIOThCS ISl TIOLTYKY BUTOKIB ITaM’sITi, 200
BBEJICHOTO ILIKI/UIMBOTO KOAY, iX BUKOPUCTAHHS JUIsI TMOLIYKY HAIMIPHOTO CHOKUBaHHS
mam’siTi € HOBITHIM BIPOBAIKEHHSIM.

Jlnst 00'eKTiB TUMY «cTpoKa» Oyna cTBopeHa MeTpuka. [1o0ynoBaHO moKpaleHuil anro-
PUTM MOLIYKY 1yOiIiKaTiB 00'€KTIB THUILY «CTPOKa» y 3HIMKax nam'ati. [IpoBeieHO TecTyBaHHs
ITOPUTMY Ha pealbHii MPOMUCIOBIN CUCTEMI SIKUI MPUIIBUALIYE aHam3 3 7464 no 1894 mc

— Mail>ke B YOTHPH pa3Hu.
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Tabnuus 2

PesynbTat poOOTH ONTUMI30BAaHOTO AITOPUTMY

KiabkicTh MaxkcuMaJjibHA KJIbKICTH

MiIMHOKHH eJIEMEHTIB B IiIMHOKUHI Po3mip A Yac BUKOHAHHS, MC.

2 2160701 46795 3321.95

4 2142365 23398 2653.41

8 1753658 11699 3152.39

16 1715889 5850 3100.36

32 1558702 2925 2323.03

64 1260964 1463 2274.14

128 862321 732 2089.94

256 535165 366 1968.16

512 325051 183 1894.38

1024 262314 92 2253.57

2048 174401 46 2074.31

10000 91012 10 1708.93

20000 50420 5 1789.49

30000 40239 4 1831.46

40000 30639 3 1881.13

50000 20531 2 1994.70

[Tpu 306inblIEHH] KITBKOCTI MIAMHOXHH, Yac BUKOHAHHS PO3OUTTS 3MEHIIYETHCS He-

MPOMOPLIHHO 3POCTAHHIO BUKOPUCTAHOI IaM’ SIT1 MPOLIECOM TPYITyBaHHS.

KinekicTe HanisiHTepsanis

(2]
£ 8000 .
g 7000 — # 3 posnopinom no nigiHTepsanam
T
6000 -— ¥ Ees posnoginy no nigiitepsanam
5000
4000
+
3000 + &
* +
2000 * % * . ¢+ +
1000
O T T T T T T T T T T T T T T T 1
[a] =t ad [{s] (o] =t a [Ls] [a} =+ a (] o o (=] o [e3]
-_— ™ w o [T's] -— o el o (=] o o (=] [1%]
-— [} L [} [ o (] [=] [ (] o
— o [} (=] (=] (] (=] (4]
-— [} (o] = '] Lsy]

Pucynok 6 - 3aiexHiCTh Yacy BUKOHAHHS BiJl KUTBKOCTI MiIMHOXHUH

3MEHIIeHHS! MaKCUMaIbHOT KUTBKOCT1 €JIEMEHTIB B TIIMHOKHMHAX TaKOXX CTaJa€ HETMpPOo-

MOPIIIHO 301JIBIIEHHIO KIJTBKOCTI TI1IMHOKHH.
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Pucynok 7 - 3aiexHICTh MAKCUMAIILHOT KIJIbKICTh €JIEMEHTIB B MIIMHOKHUHI BiJl 11 00CATY

3rigHO 3pO0JICHOTO MPUITYIICHHS, HaWKpalla IIBHIKOIS PO3OUTTS JOCSITAETHCS MPH
CXOXI1il KUIBKOCTI €IEMEHTIB B MIJIMHOKMHAX JJIsl 3MEHILIEHHS YaCTKU CTPOK 3 OJHAKOBOIO
KOHTPOJIBHOIO CYMOIO, ajie pi3HUX 3a 3MicToM. Lle mpumymieHHs O0ys0 MmiaTBepHKEHE Cepiero
€KCIIEpUMEHTIB 31 3HIMKaMH TaM’STi JIOCIDKYBAaHUX ITPOMUCIOBUX CHCTEM, KUIBKICTb TiAM-
HOXKHUH JUISl TPUIIBUIIICHHS PO30UTTS 3HAXOUThCs Yy nmiama3oHi (460 — 520). [Tomansiie 36i-
JBIICHHS KIJIbKOCTI MiJIMHOKHH HE JIa€ BArOMOT0 MPUIIBUAILLIECHHS Omepallii, ajne Mpu3BOIUTh
710 HEOOX1AHOCTI TPUMATH B TaM’SATI 3HAYHO OUIBIIIE YUCIIO TPYI, TOXK 30UIBIIYE BUMOTH 0
KUIBKOCTI TIaM’ sIT1 He0OX1THOT /1151 TPOBEICHHS aHaIli3y.

Buecok aBTOpiB.

Haranis ['yk — koHIIenTYasnizaiis, METOIUKA.

Muxkonaii MITIKOB — KOHIIETITyai3allis, MaTeMaTudyHa MOJIeb, MporpaMHe 3adesre-
YEeHHsI, IPOBEJCHHS 00UMCIIIOBAIBHOIO €KCIEPUMEHTY, 301p 1 MepeBipKka eMIIPUYHUX JaHUX,
aHaI3 JLKEpe, MATOTOBKA OTJISALY JIITepaTypu a00 TEOPETUYHUX OCHOB JOCIIIKEHHS.

JIITEPATYPA
1. Gregg, Brendan. 2.7.3 Scaling solutions. Systems Performance, Second Edition. Boston :
Addison-Wesley, 2021, ¢. 929.
2. Bentley, Jon Louis. Writing efficient programs. Englewood Cliffs, N.J. : Prentice-Hall,
1982. ISBN-13/ 978-0139702440.
3. Microsoft. Windows Virtual Machines Pricing. Cloud Computing Services | Microsoft
Azure.  [OwnmaiinoBuii]  Microsoft .  [LurtoBano: 8  February 2024  p.]
https://azure.microsoft.com/en-us/pricing/details/virtual-machines/windows/.
4. Measuring the Cost of Regression Testing in Practice. Labuschagne, Adriaan, Laura
Inozemtseva, Reid Holmes. New York : Association for Computing Machinery, 2017. 978-1-
4503-5105-8.
5. Kleppmann, Martin. CHAPTER 5: Replication. Designing Data-Intensive Applications.
Micie Buaanas HeBinome : O’Reilly Media, 2017.

246 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 6 (155) 2024 «System technologies»
6. Efficiently and precisely locating memory leaks and bloat. Gene Novark, Emery D. Berger,
Benjamin G. Zorn. Dublin: Proceedings of the 30th ACM SIGPLAN Conference on
Programming Language Design and Implementation, 2009. 978-1-60558-392-1.
7. Analyzing Data Structure Growth Over Time to Facilitate Memory Leak Detection.
Weninger, Markus. Mumbai : Association for Computing Machinery, 2019. 978-1-4503-
6239-9.
8. Hewardt, Mario. Advanced .NET Debugging. Addison-Wesley Professional, 2009. 978-0-
321-57889-1.
9. Hamad Naeem, Shi Dong, Olorunjube James Falana, Farhan Ullah. Development of a deep
stacked ensemble with process based volatile memory forensics for platform independent
malware detection and classification. Expert Systems with Applications. 2023 p., T. 223.
10. Roy Osherove, Vladimir Khorikov. The Art of Unit Testing. miciie BuIaHHs HEBiOME !
Manning, 2024. ISBN 9781617297489.
11. loannis T. Christou, Sofoklis Efremidis. To Pool or Not To Pool? Revisiting an Old
Pattern. Marousi : Athens Information Technology, 2018. arXiv:1801.03763.
12. Immutable Objects for a Java-Like Language. C. Haack, E. Poll, J. Schéfer, A. Schubert.
Berlin : Springer, 2007. 978-3-540-71316-6.
13. MLIO. Mirikos, H.A. T'yk Ornsig MeTOIB BUSIBIICHHS Ta aHAI3y MPpoOIeM IPOTyKTUBHOC-

Ti B IPOTpaMHOMY 3a0€3IeUeHHI: IMiIX0AH, BUKIMKH Ta NepcrnekTiBy // IIuTanns npukiaanoi
MaTEeMaTHKU 1 MaTeMaTUYHOTro MojemoBaHHs [Tekcr]: 30. Hayk. mp. / penkoin.: O.M. Kice-
aboBa (Biam. pen.) [ta in.]. — duinpo, 2023. — Bum. 23. —c. 171 — 178. DOI: 10.15421/322318
14. MRm-DLDet: a memory-resident malware detection framework based on memory
forensics and deep neural network. Liu, J., Feng, Y., Liu, X. 21,: Cybersecurity, 2023 p., T. 6.
10.1186/s42400-023-00157-w.

REFERENCES
1. Gregg, Brendan. 2.7.3 Scaling solutions. Systems Performance, Second Edition. Boston :
Addison-Wesley, 2021, ¢. 929.
2. Bentley, Jon Louis. Writing efficient programs. Englewood Cliffs, N.J. : Prentice-Hall,
1982. ISBN-13/ 978-0139702440.
3. 3. Microsoft. Windows Virtual Machines Pricing. Cloud Computing Services | Microsoft
Azure. [Online] Microsoft . [Cited: 8 February 2024 p.] https://azure.microsoft.com/en-
us/pricing/details/virtual-machines/windows/..
4. Measuring the Cost of Regression Testing in Practice. Labuschagne, Adriaan, Laura Ino-
zemtseva, Reid Holmes. New York : Association for Computing Machinery, 2017. 978-1-
4503-5105-8.
5. Kleppmann, Martin. CHAPTER 5: Replication. Designing Data-Intensive Applications.
Mmiciie Buganas HeBigome : O’Reilly Media, 2017.
6. Efficiently and precisely locating memory leaks and bloat. Gene Novark, Emery D. Berger,
Benjamin G. Zorn. Dublin : Proceedings of the 30th ACM SIGPLAN Conference on Pro-
gramming Language Design and Implementation, 2009. 978-1-60558-392-1.
7. Analyzing Data Structure Growth Over Time to Facilitate Memory Leak Detection. We-
ninger, Markus. Mumbai : Association for Computing Machinery, 2019. 978-1-4503-6239-9.

ISSN 1562-9945 (Print) 247
ISSN 2707-7977 (Online)



«CucremHi TexHogorii» 6 (155) 2024 «System technologies»
8. Hewardt, Mario. Advanced .NET Debugging. Addison-Wesley Professional, 2009. 978-0-
321-57889-1.
9. Hamad Naeem, Shi Dong, Olorunjube James Falana, Farhan Ullah. Development of a deep
stacked ensemble with process based volatile memory forensics for platform independent
malware detection and classification. Expert Systems with Applications. 2023 p., T. 223.
10. Roy Osherove, Vladimir Khorikov. The Art of Unit Testing. Manning, 2024. ISBN
97816172974809.
11. loannis T. Christou, Sofoklis Efremidis. To Pool or Not To Pool? Revisiting an Old Pat-
tern. Marousi : Athens Information Technology, 2018. arXiv:1801.03763.
12. Immutable Objects for a Java-Like Language. C. Haack, E. Poll, J. Schéfer, A. Schubert.
Berlin : Springer, 2007. 978-3-540-71316-6.
13. M. Yu. Mitikov, N.A. Huk Overview of methods for identifying and analyzing perfor-
mance problems in software: approaches, challenges and prospects // Issues of applied math-
ematics and mathematical modeling [Text]: coll. of science pr. / editor: O.M. Kiselyova (cor-
responding editor) [etc.]. — Dnipro, 2023. — Issue 23. - p. 171 — 178. DOI: 10.15421/322318
14. MRm-DLDet: a memory-resident malware detection framework based on memory foren-
sics and deep neural network. Liu, J., Feng, Y., Liu, X. 21, Cybersecurity, 2023 p., T. 6.
10.1186/s42400-023-00157-w.

Received 02.12.2024.
Accepted 12.12.2024.

Mathematical optimisation model for searching duplicate string objects
in the memory snapshot

The purpose of this paper is to identify the increased memory usage of software appli-
cations. The modern software development cycle focuses on functionality and often ignores
aspects of optimal resource usage. Limited physical scaling sets an upper limit on the system's
capacity to process requests. The presence of unchanged objects with the same information is
a sign of increased memory consumption. Avoiding duplicate objects in memory allows for a
more rational use of the existing resource and an increase in the amount of information pro-
cessed. Existing scientific publications focus on the study of memory leakage problems, and
limit their attention to excessive memory usage due to the lack of a unified model for finding
excessive memory usage. It is worth noting that existing programming templates contain the
‘object pool’ template, but leave the conclusion about the feasibility of its implementation to
engineers without providing a mathematical basis. The paper presents the development of a
mathematical model for the process of detecting duplicate objects with the immutability prop-
erty of the String type in a memory snapshot. Industrial systems that require hundreds of GB
of RAM to operate and contain millions of objects in RAM are analysed. Given this scale of
data, there is a need to optimise the duplicate detection process. The research method is to
analyse memory snapshots of highly loaded systems using the software code developed on
.NET technology and the CIrMD library. The memory snapshot reflects the state of the pro-
cess under study at a given time, contains all objects, threads and operations performed. The
CIrMD library allows you to programmatically examine objects, their types, get field values,
and build graphs of relationships between objects. Based on the results of the study, an opti-
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misation was proposed that allows to speed up the process of finding duplicates several times.
The scientific contribution of the study is the creation of a mathematically sound approach
that significantly reduces the use of memory resources and optimises computing processes.
The practical usefulness of the model is confirmed by the optimisation results achieved
through the recommendations, reduced hosting costs (which provides greater cost-
effectiveness in the deployment and use of software systems in industrial environments), and
increased data processing.

Keywords: mathematical model; optimisation; algorithm; performance; memory snap-
shot; duplication; string
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J.A. Muproponcekuii, T.B. CeniBbopcToBa
OCOBJIUMBOCTI MOJAEJIOBAHHS CTAJIEIIVIABUWIBHUX MTPOLIECIB ¥
PEAJIBHOMY YACI 3A IOIIOMOI'OIO UNREAL ENGINE 5

Anomayisn. Y cmammi pozensioaromecsi 0cooIu8ocmi MoOent08aH s CmManieniasuibHux npo-
yecis y peanvrnomy uaci 3a oonomozoro Unreal Engine 5. Ananizyemscs doyinbnicms suxopu-
CMAHHA GIPMYANbHUX CUMYIAYIL MA THMEPAKMUBHUX MEeXHON02IU 0as Gi3yanizayii ma on-
mumizayii mexHon02iYHUX npoyecieé Mauur beanepepsHoco aumms 3a2omogok (MbJI3). Onu-
cano nioxio 0o cmeopenns 3D-moodeneii 0bradHauHs, 6npoeaddlcerHs GIZUUHUX CUMYTAYIU
npoyecié 0XON00JCEHH MA MEEPOIHH CMai, a Mmaxodc inmespayii 2elimigh)ikoaHux Ha6-
yaneHux cyenapiie y VR-cepedosuwi. Busnaueno nepesacu GUKOpUCMAHHA PeanicmMuyHux
epagiunux pywiie 011 HA84AHHSA Ma NIO20MOBKU CReYiaNicmie y MemanypitiHitl 2any3i.

Knrouoei cnosa: Unreal Engine 5, mooentosanns, cmaneniaguibHi npoyecu, 8ipmyanivHa pe-

anvricmos, MBJI3, cumynayis 6 peanvHomy yaci, eetimighikayisi.

Beryn. CyyacHa mertanypriiiHa IpOMHCIOBICTh BUMAara€ BUCOKOI'O PiBHS IiJITOTOBKH
¢axiBLiB, 34aTHUX MpAIOBATH 3 aBTOMATU30BAaHMMM CHCTEMaMM Ta CKJIAJHUMHU TEXHO-
JIOTIYHUMH IpollecaMy, 30KpeMa 3 MalllMHaMH Oe3nepepBHOro JUTTA 3arotoBok (MBJI3).
Tpanguiiitni MeTou HaBYaHHS, SIKi 0a3YIOThCS Ha TEOPETUYHUX 3HAHHSX 1 JIaOOpAaTOPHUX PO-
00Tax, 4aCToO € HeI0CTaTHhO €()eKTUBHUMH JUIsl JOPMYBaHHS IPAKTUUYHUX HABUYOK POOOTH B
pearbHOMY BUPOOHUYOMY CEPEOBHUIII.

Po3BuTOK TexHOIIOTIH BipTyalbHOi Ta JonoBHeHOi peanbHOCTI (VR/AR), a Takox BUKO-
pucTaHHs IrpoBHX pyuniB, Takux sk Unreal Engine 5, BiKpHBalOTh HOBI MOXKJIMBOCTI JUIs
IHTepaKTUBHOIO HaBYaHHsS. BuxopucranHs rpadiyHUX IHTEpaKTUBHHUX IrPOBHX JOJAATKIB Y
HaBYaJIbHOMY MPOIIEC JO3BOJISE:

— MonentoBaTu cKJ1a/iHi TEXHOJIOTIUHI Ipolecu 06e3 pU3UKY MOIIKOIKEHHs 00J1aIHaHHS
YM 3arpo3u Oe3meli CTyIeHTIB.

— CTBOpIOBaTH peasiCTU4H1 CIieHapii BUPOOHUYUX 3aBAaHb, IO CIPHUSIOTH PO3BUTKY
KPUTUYHOT'O MHUCJICHHS Ta BMIHHS IPUIMAaTH PillIeHHS.

— [TiABUIIMTH MOTHBAIIIIO CTY/IEHTIB Yepe3 BUKOPUCTAHH TeliMidikallii Ta iHTepaKkTHUB-
HUX MEXaHIK HaBYaHHS.

— 3abe3neunTy JOCTYN /10 HABYAJILHUX MaTepialiB y OyIb-sKUI yac uyepe3 1HTerpartio 3
oHJalH-TuIaTpopmamu Ta VR-cumynsaropamu.

Kpim Toro, 3acTocyBaHHsS TaKMX TEXHOJOT1H J03BOJIIE CKOPOTUTH BUTPATH HA HaBYAH-
H$l, OCKIJIBKH 3MEHIIYETHCS MOTPeda y BUKOPUCTAHHI peaIbHOT0 00JIalHAHHSI [Tl TOYAaTKOBOT
MiATOTOBKU. Y KOHTEKCTI IU(poBoi TpaHCPopmallii OCBITH, po3poOKa i BOPOBAKEHHS 1H-
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TEPaKTUBHUX CUMYJISATOPIB € CTPATETIYHO BaXKJIMBUM HAIIPSIMKOM, IO CIPHUsE MIATOTOBII BU-
COKOKBaJTi(hiKOBAaHMX KaJPiB ISl METATypriifHOT raysi.

TakuM YMHOM, AOCHIDKEHHS OCOOIMBOCTEH po3poOKH rpadiyHOro IHTEPAKTUBHOTO
irpoBOTO MOJATKY JJIsl 03HAallOMIIeHHs 3 TexHouorielro MBJI3 € akTyaabHUM SIK 3 TOUKH 30pYy
OCBITH, TaK 1 JUIs MiBUIICHHS e()EKTUBHOCTI BUPOOHUYHX MPOIIECIB Y TPOMHUCIOBOCTI.

Mera pobGot — po3poOka TpadigyHOrOo IHTEPAKTHBHOTO IrPOBOTO ONATKY JUIS
Bi3yastizauii Ta BUBUCHHSI TEXHOJIOTIYHOTO MPOLECY MALIMHH O€3MEePEPBHOTO JUTTS 3aTOTOBOK
(MBJI3) 3 MeTOI0 MOKpAIIeHH MiArOTOBKY (PaxiBIiB y METamypriiHii raimy3i Ta MmiJBUIIEHHS
e(eKTUBHOCTI OCBITHHOTO TPOILIECY.

Orasig icHyrouux miaxoaiB 10 Bisyasizauii TexHoJsoriynux mpouecis.Bizyanizaris
TEXHOJIOTIYHUX TIPOLECIB Biirpae Ba)KJIMBY pOJIb Y HaBUaHHI Ta mpodeciiiHiil miaroTosii
CHEIIATICTIB Y PI3HUX TalTy3sX MPOMHUCIOBOCTI. BOoHa M03BOJIIE CTylEeHTaM Ta iH)XEHEpam
Kpale po3yMiTH CKJIaIHI TEXHIYHI MPOLECH, MiABHUINY€e e()EeKTUBHICTh HABYAHHS Ta MiHIMI3ye
PU3UKY TIOMWJIOK Y pEeTbHUX BUPOOHHYMX YMOBAX.

IcHye Kilbka OCHOBHHX MIIXO/IB A0 Bizyallizallii TEXHOJOTIYHUX MPOIECIB, IKI BUKOPHU-
CTOBYIOTBCS Y HABYAJIBHUX MPOTPaMax Ta MPOMUCIOBUX CUMYIISLIAX (Tabmurs 1).

Ta0mus 1
Metoau Bizyasizallii TEXHOJIOTTYHUX MPOIIECIB:
Meron Onuc IlepeBaru Henomnixu [Ipuxitagn
Bizyauizaii BUKOPHUCTAHHS
Craruysi Hiarpamu, v Ilpocrora  pe- | - Bigcyrnicts HapuanbHi
CXeMH Ta | KPEeCICHHS, amizaii IHTEPAaKTHUBHOCT1 | TTOCIOHMKH,
rpadiku cxemu, mo mo- | v Bucoka mocryn- | - Huseka  pe- | TexHiuHa
SICHIOIOTh TIPO- | HICTh aJIICTUYHICTD JOKyMEHTAITisl
LIECH.
Bineo Ta | Bigmeo3anucu v" HarnsnHicTts - BiacytHicTh OcBiTHI BifI€O,
aHiMaril abo komm'io- | v JluHaMmiuHe IHTEPaKTUBHOCTI | TPEHIHTH JUIA
TEepHI  aHIMO- | BifoOpakeHHS mpo- | - HeMOoXIMBICTH | MPaLliBHUKIB
BaHi MoJenl | 1ecy 3MIHIOBAaTH TMapa-
TEXHOJOTTYHUX METpU B peab-
MIPOLIECIB. HOMY yaci
2D-rpadiuni Bizyanizamis v’ BigHocHo Jjerka | - Husbka  ge- | [nTepakTuBHi
CUMYISAIIIT MPOLIECiB y BU- | PO3poOKa Tani3aris HaBYaIbHI
TSI nBo- | ¥ Moxke BHKOpH- | - MeHm edek- | miathopmu,
BUMIPHUX MO- | CTOBYBaTHCS y BeO- | TUBHE 3aHYpPEHHS | TEXHIUHI
Jenel Ta cXeM. | JI0JIaTKax CUMYTISTOPU
3D- Peamictuuni v" Bucoka Haou- | - OOMexeHa AutoCAD,
MozemoBandsa | 3D-moneni HICTH iHTepakTuBHICTE | SolidWorks,
TEXHOJIONTYHOro | ¥ MOKJIMBICTB - Bucoxki Bu- | Simulink
oOjamHaHHsA Ta | MacmTa0yBaHHS Ta | MOTH JO amapart-
MIPOIIECIB. neraizanii HOTO 3abesme-
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YEHHS
VR-cumymsauii | [Topue  3amy- | v Bucoka pe- | - Bumarae mor- | Unreal
(BipTyanpHa pEHHS Yy BIPTY- | aJiCTHYHICTH yskHoro  obman- | Engine, Unity,
peanbHICTh) anmpHe cepeno- | v IHTepaKTHBHICTH | HAHHS OpenVR
BUIIE JUIA HaB- | Ta  MOJCNIOBaHHSA | - Bucoka
YaHHS Ta Tpe- | CIEeHapiiB BapTICTh PO3POO-
HYBaHb. KA
AR-cumynsnii | HaknmageHHs v lunamiunuii iH- | - OOMexeHe AR-niporpamu
(oroBHEHA muppoBoi  iH- | TEPaKTHBHHWA  JI0- | TIOJIE 30pY JUIE  HaBYaH-
peanbHICTh) dopmariii  Ha | CBII - He 3aBXKIM | HA,  [POMH-
peanbHuii  cBiT | v MOXIHMBICT BH- | TOYHO  IIEPEHAE | CIOBI AR-
yepe3 MOOLIbHI | KOPUCTaHHS Ha | (i3uuHI TpoIIeCH | IHCTPYMEHTH
npuctpoi  abo | MOOUTBHHX pu-
okymsipu AR. CTPOSIX
I'eitmiikoBani | [HTepakTHBHI - Bucoki Butpa- | BupoOHnui
. , , .| ¥ Bucoka  3amy-
HaBYaJbHI CH- | IrpOBI  Mojei ] TH Ha PO3pOOKY | TpPEHaXKeEpH,
) YCHICTh :
MYJISTOPH TEXHOJIOTTYHHX ) - Tlotpebye HaBYaJIbHI
, . | ¥ MoxuBicTs 0 .
MPOIICCiB 3| . rmbokoi  iHTe- | VR-irpn
) BiJIITPAIFOBAaHHS
MOJKJTMBICTIO rpaiii 3 HaBYalb-
) HAaBUYOK y Oe3mneu-
yIIpaBJIiHHS Ta- ) HUMH TIporpama-
HOMY CEpeOBHIIT
pameTrpamu. MU

CydacHi MeToau Bizyaui3allii TEXHOJOTTYHUX MPOIECIB 3HAUHO BiJPI3HAIOTHCS 32 PiB-
HEM pealicCTUYHOCTI, IHTEPAKTUBHOCTI Ta CKIAIHOCTI pO3pOOKU. Y TpaaMIiIMHUX MigXoJax,
TaKHX K CTaTUYHI CXEMH Ta BiJleoMaTepiaivi, OCHOBHUN aKIIEHT POOUTHLCS Ha TOCTYIHICTh Ta
MPOCTOTY BUKOPHCTAHHS, NPOTE BOHH HE 3a0e3MeuyroTh MOKJIMBOCTI 1HTEPAKTUBHOI
B3a€MOJII1 Ta 3MIHHHUX CIIEHApIiB.

binbi npocynyti Meronu, 30kpema 3D-mozaentoBaHHS Ta HM(POBI CUMYJIALI, J03BO-
JSI0TH CTBOPIOBATH JETallbHI Bi3yalbHI MPEACTAaBIEHHS TPOIECIB, MPOTE€ BHUMAararoTh
CIEeLiaTi30BaHOr0 MPOTPaMHOro 3a0e3MeueHHs Ta MOXKYTh OyTH OOMeKeH1 y B3aeMOJii 3 Ko-
pUCTYyBaueMm.

HaiiGinpm peamictuuni T1a edexTuBHI migxoau, Taki sk VR/AR-cumynsmii Ta
reiimMigikoBaHi HaBUaNbHI JOJATKH, 3a0€3MeUyl0Th TOBHE 3aHYPEHHS Y BipTyallbHE Cepelno-
BHUIIE, JO3BOJISIOYN MOJICTIOBATH CKJIQ/JHI TEXHOJOTIYHI MPOIECH Ta B3aEMOMISTH 3 HUMU B
pexxumi peanbHoro yacy. [Ipote i MeTou noTpedyroTh 3HAaUHUX PECypCiB AJIs po3poOKH Ta
MOTYKHOTO anapaTHOTO 3a0€3MeUeHHSI.

Taxum urHOM, BUOip MiAXO0Y /10 Bi3yasi3alliil 3aJIe)KUTh Bij Lijeld HaBYaHHS:

— JIns 6a30BOr0 O3HAHOMIIEHHS 3 MPOIIECaMU — JOCTAaTHHO BUKOPUCTAHHS CXEM, BiZ€O
Ta 2D-animarii.

— Jlns 6inpin rOOKOTr0 BUBYEHHS Ta 1HTEPAKTUBHOTO HABYAHHS — JOLLIBHO 3aCTOCO-
ByBatu 3D-Mozeni Ta uupoBi CUMYIIALII.
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— JInst MmoaentoBaHHsl BUPOOHMYMX CHTYallild Ta MPAKTUYHOTO BiAMPAIIOBAaHHS HABUYOK

— HanOubm epektuBHUME € VR/AR-cumynsii Ta reiiMiikoBaHi 101aTKH.

VY Ttabnuili 2 HaBEJACHO MOPIBHSUIBHUN aHAIi3 OCHOBHUX METOIB Bi3yaiizallii 3a KiIto-

YOBHMHU IapaMCTpaMHu.

Tabnmig 2
[MTopiBHsUTBHUI aHAITI3 MIIXO/IIB IO Bi3yaii3arlii
IMigxin Peanictuunicts | [nTepakTuBHicTh | CKIaIHICTD JlocTymHICTh
pO3poOKHU
CraTtuuHi cxeMu Husrka Biacyrus Husbka Bucoxka
Bineo Ta animanii | Cepenus Biacyrus Cepenns Bucoka
2D/3D- Bucoka OOMexeHa Bucoka Cepenns
MOJIETFOBAHHS
VR/AR-cumymsnii | dyxe Bucoka | Bucoka Hyxe Bucoka | O6mexeHa (BUMa-
rae o0aTHaHHS)

['eiimidikoBaHi Hyxe Bucoka | Bucoka Bucoka Cepenns
CUMYJISITOPU

TakuMm yuHOM, TpaAMIliiiHI MeToau (CXeMH, Bizneo, 3D-MoaenoBaHHs) MiAXOIATh IS
0a30BOro po3yMiHHS TEXHOJOTIYHHUX MPOIIECIB, aje He 3a0e3MeuyroTh MOBHOIIHHOI IHTEepaK-
TuBHOCTI. VR/AR-cumynsuii Ta reiimidikoBani qonatku Ha ocHoBi Unreal Engine 5 no3Bo-
JSI0Th MAaKCUMAaJIbHO HAONM3UTH HABUAIBHHI MpoIec MO pealbHUX BUPOOHUYMX yMOB. Or-
TUMAIbHUM MTiAXiJ — € MOE€THAHHS 1HTEpakTHUBHUX VR-cumysmsmiil 3 reiimigikariii€ro, Mo
JO03BOJIUTh e(peKTUBHO HaBuaTu (axiBUiB y cdepi MeTanyprii Ta 0e3MeyHOro ymnpaBiIiHHS
MBJI3.

Orasia TexHoJsiorivnoro npouecy MBJI3. Mamuna Oe3nepepBHOIO JUTTS 3ar0TOBOK
(MBJI3) — 116 BUCOKOTEXHOJOTIYHHI KOMILIEKC OOJaJHaHHA, KU BUKOPUCTOBYETHCS IS
MEPETBOPEHHS PIAKOi CTali y 3aTBEpIiii 3aroToBKU (cisiOu, OMIOMH, 3arOoTOBKH Pi3HHUX
¢dbopm). besnepepBHe AUTTS cTaji A03BOJISE MiIBUIUTH €PEKTUBHICTH BUPOOHUIITBA, 3HU3UTH
BTpaTH METay Ta MOKPAIIUTHU SKICTh KIHIIEBOTO MPOIYKTY.

Crig 3a3Ha4UTH, 110 TpoLeC Oe3MepepBHOTO JIUTTS CTall € CKJIaJHOI0, 0araTocTyrneHe-
BOIO TEXHOJIOTIET0, 1110 BKIIIOUAE BUIUIABKY, MATOTOBKY Ta 3aTBEPAIHHS cTali. Bukopucranus
MBJI3 no3Bosisie CyTTEBO 3HU3UTH BHUTPATH, MOKPAIIUTU SIKICTh 3arOTOBOK Ta IMiJBUIIUTH
MPOIYKTUBHICTh BUPOOHHUIITBA.

KirouoBi 0co0aMBOCTI MIPOIIECy:

— BUCOKa IIBUJKICTb BUPOOHUIITBA O€3MepEePBHIUM IMOTOKOM,

— MiHIMi3alist JeQeKTiB 3a paXyHOK KOHTPOJIbOBAHOT'O OXOJIOKEHHS,

— MOJIMBICTH IIBUJKOT 3MIHU CKJIaly CTajl 3aBJSKA BTOPUHHINA METalyprii,

— eKOHOMIsl MaTepiajiB Ta 3MEHIIEHHS BiJXOJIB Yy MOPIBHSAHHI 3 TPaJULiIiHUM pO3IH-
BOM y (hopmu.

Po3yMiHHS IMX eTamiB € KPUTHYHO BAaXIJIMBUM JUIS MiATOTOBKU 1HXKEHEPIB Ta omepa-
TOpiB METaIypriiHOro BUPOOHMIITBA, a iX Bizyamizauis y VR-cepenoBuIIi 103BOJISIE 3HAUHO
MiJBUIIUTY €()EeKTUBHICTh HABYAHHS Ta KOHTPOJIO SIKOCTI MPOIIECY.
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Bubip TexHoJsioriuHoro creka aJsi po3po0ku aoaaTky. Po3poOka rpadiunoro inTep-
aKTHUBHOTO irpOBOT0 AOAATKY Ui O3HAHOMJICHHS 3 MAIIMHOI O€31epepBHOTO JIUTTS 3aroTo-
BoK (MBJI3) BumMarae peresnbHOro miadopy TEXHOJOTIYHOTO creka (Tadbmuid 3). OCHOBHUMH
KpUTEPIsIMH BHOOPY € PpeasliCTUUHICTh Tpadiku, IHTEPaKTUBHICTb, MPOMYKTHBHICTH, MOX-
TUBICTH poOoTH Y VR-cepenoBuii Ta JIETKICTh Y MacIITabyBaHH.

Tabmus 3
TexHonoriunuil cTek A po3pOoOKH IHTEPAaKTUBHOTO T0AATKY
Kareropis TexHomorist [IpusHaueHHs
IrpoBuii pymrii Unreal Engine | Po3pobka iHTepakKTHBHOIO cepefoBuIia, Gi3HIHUX CH-
5 My, miarpumka VR/AR
3D- Blender CrtBopenns 3D-moxeneli 061aJHaHHS Ta CEPEIOBHINA
MOJICITFOBAHHS Houdini [IponienypHe monemtoBaHHs (i3uyHUX e(eKTiB (po3-

IUIaBJICHHUH MCTal, OXOJ'IOI[)KCHHX)

®izuuni cumysst- | Chaos  Physics | Peamictiuna B3aeMofisi TBEpAMX Til Ta JHHAMIYHUX
i (UES) 00’€KTiB

Nvidia PhysX | MoxemtoBanHs (hi3HYHHX MIPOLIECIB

Niagara (UE5) | Cumyssiisi 4acTHHOK (MM, pO3ILJIABICHUN MeTal,

OXOJIOIKEHHS )
VR/AR- OpenXR Kpocmnardopmua miarpumka VR/AR
iHTerparis SteamVR [Minrpumka rapuityp VR (HTC Vive, Oculus, Valve
Index)
Oculus SDK Onrumizanis ans mpuctpoiB Meta Quest 2/Pro
[Tporpamysanust | Blueprints Bi3yanbHe CTBOPEHHS JIOTIKH JTOIATKY
(UE5)
C++ (UE5) Peanizaniist ckiagaux (i3MYHUX CUMYJISIIA Ta oOuwc-
JICHb

Kopuctysatpkuii | UMG  (Unreal | Po3po6ka rpadiunoro inTepdeiicy kopucTyBaua
inrepdetic (UI) Motion

Graphics)
Slate Ul | Kacromizamis Ul Ta iHTErpamiss CKJIaJHUX IHTEp-
Framework (elicHuX pileHb

Aynio FMOD Studio | IaTerpatiist 3ByKiB, IPOCTOPOBE ay1io

Unreal Audio | BoynoBasre pimeHHs 1i1s1 00poOKH 3BYKY
Engine

Le#t TexHONOTIYHUN CTEK 3a0e3Medye peanicTUUHy rpadiky, TouHe (Qi3UuYHEe MOJENIo-
BaHHA, mATpUMKY VR/AR Ta edexkTuBHY IHTEpakTUBHY B3a€MOJIIO, 110 POOUTH HOro ONTH-
MaJbHUM BUOOPOM ISl CTBOPEHHS HaBUAJIBHOTO CUMYJISITOpA Mpolecy 0e3nepepBHOIO JTUTTS
cTal.

MopenoBaHHs TeXHOJOTiYHOro cepegoBuma. Po3poOka iHtepaktuBHOi 3D-Moxeni
3a gomomoror tiatdopmu Unreal Engine n03Bossie 1OCSATTH HAWBHINOTO PIBHS pPeaiCTHY-
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HOCTI 3aBJSIKM BIPOBA/UKCHHIO Cy4YaCHHUX TEXHOJIOTiH Bizyamizaumii. Cepen HHMX ocoOnuBe
Micie 3aiimMaroTh Nanite Ta Lumen, siki JOKOPIHHO 3MIHIOIOTh MiJXiJ 10 CTBOPEHHS rpadiku
Ta OCBITJICHHS B IrpOBill Ta CUMYJISALINAHIHN 1HTyCTpii.

Nanite — e iHHOBaLifHA TEXHOJIOTIsA, IO JO3BOJISE MPALIOBATH 3 HEONTHUMi30BAHUMHU
3D-akTuBamu 6e€3 MKOAM JJIs1 MPOAYKTUBHOCTI. BoHa ycyBae HE0OXiIHICTh CTBOPEHHS HU3b-
KOTIOJIrOHAJTBHUX MOJeNel, KapT HopManel Ta piBHIB feranizanii (LOD), 30epiratoun npu
IbOMY KiHemMarorpadiuHy sKicTb 300pakeHHA. 3aBIsSKH BipTyali30BaHili reoMeTpii Ta HOBUM
dopmartam citok, Nanite MiIBUIIYE MPOAYKTUBHICTh, 3a0€3MEUYyIOUN ACTANI3allii0 Ha PIiBHI
MIKCEJIB Ta CIIPOLIYIOYH CTBOPEHHS CKJIaIHUX CIICH.

Lumen — e cucrema TUHAMIYHOTO TI00ATBHOTO OCBITJIIGHHS B peajbHOMY dYaci, sika
iMiTy€e IPUPOJHY MOBEIIHKY CBITJIa, BPAXOBYIOUM HOTO BiTOUTTS BiJ MOBEPXOHb. BoHa cTBO-
PIO€ pealiCTUYHE HEeIlpsiMe OCBITJICHHS Ta IWHAMI4HI 3MiHM YyMOB OCBiTJIeHHs. CucTeMa aB-
TOMaTHYHO BPAaXOBY€E IHTEHCHBHICTB JDKEPET CBITJIA, IEPEIIKOAM Ta iX BIUIMB, 3a0€3MEUyIOUH
SIKICHE OCBITJICHHS Y PeXKHMI PeabHOr0 Jacy.

TakuMm yuHOM, iHTerpamis Nanite i Lumen B Unreal Engine 5 3na4n0 criporrye mporec
pPO3pOOKH, MTO3BOJISFOYM CTBOPIOBATH BPaXKAIOUi CIICHW 3 BHUCOKOK JCTai3alli€lo Ta pe-
QTICTUYHUM OCBITJICHHSM, IO BIJKPUBAE HOBI MOXKJIMBOCTI JJIsSI IHTEPAKTUBHOTO TU3alHY Ta
cumyssnii [ITomuika! [’Kepesio mocuIaHHs He 3HAliIEHO. ].

I'onoBHOO MeTor0 po3pobku 3D-momeni MBJI3 3 iHTerpalliero 10 BipTyallbHOTO cepe-
nosuma UES e Bizyamizalisi pOMHCIOBHX IMPOIECiB 00 CTBOPEHHS HaBYAIBHUX CUMYJISIIIH.
BusnaumBIICh i3 METOIO Ta 00’€KTOM MOJCIIOBAHHS MOXEMO IMOCTaBUTH TaKi €Tald Po-
3pOOKHU:

1. po3pobutH neramizoBany 3D-Momens 3 HEOOXITHUMU ACTASIMU;

2. BUKOHATH TeKCcTypyBaHHs Ta UV-MaIriHry KOXHOTO 00’ €KTY;

3. onramizyBaru koxHUH 3D 006’ekT MBJI3 mst excriopty B UES;

4. inTerpyBatu rotoBy moziens B Unreal Engine 5 1 HanamTyBaTH cepeqoBHIIIE;

5. OLIHUTH pe3yNbTATH Ta OTEHIIIHHY e()EeKTUBHICTh BUKOPHCTAHHS.

MoientoBaHHS TEXHOJIOTIYHOTO CEPEIOBHINA € OJHUM i3 KIIFOUOBUX €TaIliB PO3POOKH
IHTepaKTUBHOTO JOAATKY JUIsl Bidyasi3allii mpoImeciB MallliHUA Oe3MepepBHOTO JUTTS 3aroTo-
BoK (MBJI3). BoHo BKITIOUa€e cTBOpeHHS peamictTnaanx 3D-mozeneit o0naaHanHs (pUCyHKH 1,
2), HanmamTyBaHHsS (iI3UYHUX CUMYJISIIH, a TAaKOXK PO3POOKY CEpeOBHUIIIA B3aEMOIii KOPHUCTY-

Baya 3 BipTyaJIbHUM IPOCTOPOM.

(6)
Pucynok 1 — 3D-monens MBJI3, Blender 3D: a) 6e3 Tekctyp, 0) 3 TEKCTypOIO
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Bun cuenu Bix nepmioi ocobu mokazaHo Ha pucyHKY 2. Po3pobka rpadiuHoro iHTepak-
THUBHOTO JojaTKy Ha 6a3i Unreal Engine 5 103BosIsiE CTBOPUTH peaiCTUUHY CUMYJISIIIO TTPO-
recy 0e3nepepBHOro JUTTA craii. BnpoBamkennsa reimigikanii, VR-interpanii ta giznaanx
CUMYJISIIN 3a0e3neduye BUCOKY SKICTh HaBYaHHS Ta MiABUIIYE €PEKTUBHICTH MiATOTOBKH
MaiiOyTHIX (axiBIiB y METaIyprii.

Pucynok 2 — Bup Bix nepmioi ocodu, animarist MbBJI3

Inrepdeiic kopuctyBaua B Unreal Engine 5 Takox Bxitouae 2D-aHimanii Ta nepexonu
MK HEMH, IO JOJA0Th TMHAMIYHOCTI Ta HA0YHOCTI.

BucHoBku. Y X071 J0CHiKeHHs OyJI0 PO3IIIIHYTO OCOOIUBOCTI MOJIETIOBAHHS CTaje-
IUTAaBUJIBHUX MPOIIECIB y peaibHOMY Yaci 3 BUkopuctanHsaMm Unreal Engine 5. Bukopucranns
Cy4acHUX rpadiuHUX TEXHOJIOTIH Ta BIPTyaJbHOI peabHOCTI y MOJETIOBAaHHI TEXHOJIOTTUHUX
MpoLIeciB MallIMHU Oe3nepepBHOro JUTTS 3aroToBok (MBJI3) mo3Bonse 3HAYHO MiABUIIUTH
e(eKTHBHICTh HAaBUYAHHS Ta ONTHMi3allii BUPOOHUYMX MPOIIECIB.

OcHOBHI pe3ynbTaTé podboTH:

1) aHani3 cy4acHMX METOIB Bi3yami3alil — PO3MJSIHYTO MiIXOMH 10 KOMIT FOTEPHOTO
MO/ICJIFOBAHHS METATYPrifHUX MPOLECIB Ta BUABICHO NepeBaru BUKOPUCTAHHS BIPTyaJbHHUX
CHUMYJIATOPIB y HaBYaHHI Ta IPOMHCIOBOCTI.

2) po3pobka 3D-moneneit MBJI3 — cTBOpeHO peanicTHUHI MOJETi OCHOBHHX KOMIIO-
HEHTIB 00JIaIHaHH, TaKUX K KpUCTaNi3aTOp, IPOMIKHUI KOBII, POJIMKOBUM CTaH, CUCTEMa
BTOPUHHOT'O OXOJIO/IKEHHS.

3) BrpoBaKeHHs Pi3MYHUX CHMYJIALiil — BukoprucTaHo texHousorii Chaos Physics ta
Niagara B Unreal Engine 5 ans mMozentoBaHHS MOBEAIHKH PO3IUIABJICHOI CTali, 3aTBEPIIHHS
3arOTOBKH Ta BIUIMBY TEMIEPATYPHUX PEKUMIB.
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4) reiiMi¢ikariisi Ta iIHTEPaKTHBHICTh — PO3POOJIEHO MEXaHI3MU B3a€EMO/IIT KOpUCTyBaya
3 BipTyaJdbHHM cepenoBuineM depe3 VR-intepdeiic Ta cucremy KepyBaHHsS IapameTpamu
TEXHOJIOTIYHOTO TIPOIIECY.

5) omiHka eQEeKTUBHOCTI — OOIPYHTOBAHO MEpeBard BIPOBAKECHHS VR-cumymsiii y
HaBYAJIBHUX MPOrpamMax JJs MiAroToBKH (haxiBIliB y raysi MeTaixyprii.

OTtpumani pe3ynbTaTH MiATBEPKYIOTH, 0 BuKopuctanus Unreal Engine 5 st BipTy-
QIBHOTO MOJICIOBAHHS CTAJICTNIABMIIBHUX IMPOLECIB TO3BOJISE MOKPALIUTH SKICTh HABYAHHS,
0e3meKy Ta TOYHICTh aHali3y BUPOOHMYHMX MapameTpiB. Bukopucrtanns VR- Ta iHTEpaKTHB-
HUX CHUMYJSILIHN cripusie epeKTUBHIN MiAroToBLI MaOYyTHIX cHemiaiicTiB y cdepi Meramyprii
Ta MOXXe OyTH KOPHCHUM JUIsI aBTOMAaTH3allil KOHTPOJIIO MPOIECiB Oe3NepepBHOTO JUTTS
cTaui.
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Features of real-time modeling of steelmaking processes using unreal engine 5

This paper explores the features of real-time modeling of steelmaking processes using
Unreal Engine 5, focusing on the visualization and simulation of continuous casting machine
(CCM) operations. The study highlights the advantages of interactive and virtual reality (VR)
technologies in the training and optimization of metallurgical processes, providing a safer
and more cost-effective alternative to traditional training methods.

A detailed approach to 3D modeling of CCM components is presented, including the
tundish, mold, secondary cooling system, and roller sections, with a focus on their realistic
visualization and optimization for real-time performance. The implementation of physical
simulations using Chaos Physics and Niagara in Unreal Engine 5 allows for an accurate rep-
resentation of molten steel flow, solidification dynamics, and temperature gradients. Addi-
tionally, gamification elements have been integrated to enhance user interaction, enabling
students and engineers to explore various operational parameters in a controlled virtual envi-
ronment.

The research also assesses the efficiency of digital simulation techniques compared to
conventional learning methods in metallurgical training programs. The use of VR-based in-
teractive learning modules improves engagement and comprehension by allowing users to
manipulate casting parameters and observe the impact on the final product in real-time. The
paper concludes that Unreal Engine 5 provides an effective platform for modeling complex
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industrial processes, offering high-quality visual representation, dynamic interaction, and
immersive training experiences for metallurgical professionals.

Future work will focus on enhancing Al-driven adaptive learning, expanding the simu-
lation scope to include additional steelmaking stages, and integrating augmented reality (AR)
tools to bridge the gap between virtual training and real-world applications.

Keywords: Unreal Engine 5, modeling, steelmaking processes, virtual reality, continu-
ous casting machine (CCM), real-time simulation, gamification, interactive training, metal-
lurgical process optimization.

Mupropoacbkuii Jlannio ApreMoBHY — cTyIeHT Kadeapu iHGoOpMaIiiHUX TEXHOJIOTIH i
cucreM, (aKyJIbTeT MNPUKIAAHAX KOMI'TOTEPHUX TEXHOJOTIH, YKpaiHCHKUI JepKaBHHUN
YHIBEPCHUTET HAYKH 1 TEXHOJIOTIH.

CeaiBbopcroBa Tersina BiraniiBHa — kaHauIaT TeXHIYHUX HAYK, JOIEHT, JOIEHT Kadeapu
iHpOpMaLifHUX TEXHOJOTIH 1 cucTeM, (PaKylIbTEeT MPUKIATHUX KOMITTOTEPHUX TEXHOJIOTIH,

VYkpaiHChKHI Aep)KaBHUI YHIBEPCUTET HAYKH 1 TEXHOJIOTIH.
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PE®EPATHU
YK 004.6:[656+ 007.5]+519.87
Kypon’stauk O. C. baratokpurepiajibHe MoOJeJI0BaHHSI B YMOBAX HEOJHOPiIHOI

HeBU3Ha4YeHocTi JaHux y podorax Ckanodyda B.B. // Cucremni texHosnorii. PerioHanbnuii
MDKBY3IBCBKMH 30IpHMK HAyKOBHX Tpaipb. - Bumyck 6(155). — [minpo, 2024. -
C3-09.

B po0oTi BUKOHAHO y3arajJbHEHHS IMiJXO/IB 10 BUPILICHHS 3aB/IaHb OaraToKpUTEpiaib-
HOT'O MOJICJIIOBAHHS B YMOBAX HEOJHOPIAHOI HEBU3HAYEHOCTI JAaHUX, Y TOMY YHMCI OTpHMa-
HUX [PU MOHITOPUHTY 3 HEPIBHOMIPHHUMHU Ta HEUYITKUMH IHTEpBaJaMH. YCl PO3IIISHYTI Mif-
X0y OyJM CTBOPEHHI IiJ] KEPIBHUIITBOM Ta 3a Oe3mocepenHboi ydacti mpod. Ckanozyda B.
B. OtpumaHni pe3ynbTaTd MOXYTh OyTH BUKOPUCTaH1 JUIsl TOJAIBIIOTO PO3BUTKY 3alIPOIOHO-
BaHUX 1JIeil Ta MiIXOIiB.

bi6m. 11.

YIAK 621.313.132

[Tnakcin C.B., Myxa A.M., Ycrumenko J1.B., Hockou B.1., Cangyn T.A., Kymikos C.M.
OOrpyHTYBaHHSI 32CTOCYBaHHSI PO3IOAileHOI Mepexki (GoToe/leKTPUYHUX NepeTBOPIOBA-
4iB /1JIs1 KUBJICHHS JiHIITHOT0 ABUTyHa MarHiToJieBiTaniiiHoro Tpancnopry // CucremHi
TexHoJoTii. PerioHanpHMiI MIKBY3IBCRKHMH 30IpHHK HAyKOBUX mpaimb. - Bumyck 6(155). —
Huinpo, 2024. — C.10 — 19.

CyuacHui BUCOKOIIBUAKICHUN TPAHCHIOPT € OCHOBOKO CTAJIOT0 €KOHOMIYHOTO Ta COIlia-
JHHOTO PO3BUTKY JIEP’KaBH, CYCIIILCTBA 3 JOTPUMAHHS BUMOT eKosoriyHoCTi. OOrpyHTOBaHA
KOHIICTIIisl eHepro3ade3neueH sl JTIHIHHOTO JIBUTYHA MAarHiTOJEBITAIliHOTO TPaHCIIOPTY BiX
PO3MOAiIEHOT Mepexi (HOTOSIEKTPUYHIX TIEPETBOPIOBaUiB. 3alpONOHOBAaHHUN 0a30BUI CHIIO-
BUI €JEMEHT LUISIXOBOI €HEpreTUYHOI YCTAaHOBKHU y BUIJIS/AL 3aBEPILEHOTO By3ja J0 CKIady
SIKOTO BXOJISITh COHSYHA ITaHENb, HAKOTIMYYBa4 Ta iHBEPTOP, 110 MPAIIO€ HA HABAaHTAKEHHS y
BUIJIAJII «KOPOTKOI» HUIAXOBOI KOTYIIKU. 3aCTOCYBAaHHS «KOPOTKO1» HUIIXOBOI KOTYIIKH J0-
3BOJISIE 3MEHIIUTH BTPATH €JIEKTPUIHOI €HEPTii, OCKUIBKH TATOBE 3yCHILISI (POPMYETHCS JIHIIE
B 30H1 B3a€EMO/IIT 13 pyXOMOIO OJUHUIICIO, 10 HE3aIISTHUX AUISHOK IIISIXOBOI CTPYKTYPH €HEp-
Tisl HE MepeIaeThCs.

biGx. 6.

YK 004.421.2

nymkos O.B. IlodyaoBa nepeBa mTeiiHepa 3a 10MOMOI0I0 MeTO1a KjacTepu3anii //
CucremH1 TexHosorii. PerioHanbHuil MXKBY31BCbKMI 30IpHHMK HAayKOBUX mpaib. - Bumyck
6(155). — quimnpo, 2024. — C.20 — 32.

Y poboti gochimkyeTbes MeTon modynoBu aepesa lllreliHepa mis onTuMizallii Mepe-
KEBUX CTPYKTYP Y PO3MOAUIEHUX KOMIT'IOTEPHUX cHUcTeMaxX. BIpoBamkKeHO BJIOCKOHAJIEHUMN
aITOPUTM 3HaXOKeHHs Touok [lITeitHepa 3a mOomoMoror MeToAy KiacTepu3allii, Mo 3HIKYE
00YMCITIOBAJIbHY CKJIAJHICTh Ta 3a0e3redye TOUHICTh. JlocmiKeHHs MpoBeeHO Ha rpadax 3
4OTHpMa, II’sIThMa Ta IIICTbMa BEPLIMHAMH 3a JOIIOMOTOI0 MPOrpaMHOro 3a0e3NeyeHHs Ha
Python. PesynpTaTén mokaszanu e)eKTHBHICTH METONY KjacTepu3allii sl moOyaoBH JiepeBa
[Ireitrepa, MO0 MOXKE CIIPUITH BAOCKOHAJIEHHIO METO/IIB ONITUMI3AIlli MEPEKEBUX CTPYKTYD.

bi011. 8, i11. 24.
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YK 681.532.1, 62-531.1
3inuenko M./, [loran O.1O.,bypuak A.A. ExcnepumeHTaIbHEe TOCTiIKEHHS TOY-

HocTti mpokaTku Ha crani 800 // Cucremui TexHosorii. PerioHanbHuii MiXBY31BCbKH# 301p-
HUK HayKOBHX Tpals. - Bumyck 6(155). — {ninpo, 2024. — C.33 — 42.

BukoHaHO eKcrepuMeHTalbHE TOCHTIDKeHHS Mpolecy mnpokatku Ha craHi 800 kBaa-
patnoi 3arotiBku 100. Ilpu mocmimkeHHI mporecy MpoKaTKH BUMIpPIOBAIACh PO3MIpHU TOIe-
pEeUHOro mepepu3y NpoKaTy, JOBXKHHA PO3KATIB IMICJIA YUCTOBOI KIIiTi, CTPyM JBUT'YHA rOJIOB-
HOT'O TIPUBOJIa YUCTOBOI KIIiTi. BU3Ha4YeHi KOMMBAaHHS PO3MIPIB MPOKATY 1 BIUIUB Ha PO3MIPH
MPOKaTy 3MiHEHHS MDKBAJIKOBOTO 3a30py B UMCTOBOI KIITi ctaHa. Iloka3aHo, 10 KOJIMBAaHHS
JOBXXHHHM pa3Kary, 0 MPU3BOAATH MIPU MOPI3Li HA MUJIAX 70 MOSBH IITAaHT HEMIPHOT JOBXKU-
HU, 0OYMOBJICHI K KOJIMBAHHSIMH MAacCH 3JIUTKA, TaK 1 KOJIMBAHHSIMH PO3MIpiB MIPOKATY ITiCIIs
MPOKATKU Ha OJIOMUHTY 1 OPI3Li MPOKaTaHOTO OJIOMa Ha MaporiApaBiIiyHOMY HOXi. Bu3Ha-
YEHO, 110 3MIHEHHSI MDXKBAJIKOBOTO 33a30pY MOKHO 3aCTOCOBYBATH JUIS PETYIIOBAHHS JIOBXKH-
HU PO3KaTy B MEXax J0IyCKa Ha IONEepPEYH] PO3MIpPH.

Bi6mn. 2, 1.6, Tabm1.3.

YJIK 004.94

I'epacumuyk I1.B., Jlixoy3oBa T.A., Omiitauk FO.O. 3acTocyBaHHS MeTOAIiB MAaIlMH-
HOr0 HABYAHHS JJIsl aHAJI3y nmoBinomieHb B Twitter // CucremHi TexHouorii. Perionans-
HUN MIDKBY3iBCBKHH 30IpHUK HayKOBHX mpamnb. - Bumyck 6(155). — [duinpo, 2024. —
C.43 - 49.

B po6oti mocnimkeHo npobiemy OiHapHOI Kiacudikamii TEKCTOBHX MOBIJOMJICHb Ha
HasiBHICTh OyumiHry. [1iIrOTOBIICHO IaTaceT 3 MOBIJOMIICHHSAMH B TWitter Ta BUKOHaHO HOTO
norepeHo 00poOKy, 30KpeMa OYMIICHHS, TOKEeHi3alio Ta jJemaru3aiito. CtBopeno 3 Habo-
pH BXIJIHUX JaHUX s Kiacudikanidaux moxenen: Bag-of-Words, matpuiro TF-IDF, mar-
puito word2vec. [ToOyaoBaHo Ta MPOTECTOBAHO MOJEII Ha OCHOBI PI3HOMAaHITHUX METOMIB
MalIMHHOIO HAaBYaHHS: JIOTICTMYHOI perpecii, MeTony k HallOnMK4uX CyciJiiB, BUIIaJKOBOTO
JCy, METOJy ONOPHUX BEKTOPIB, HAIBHOrO 0a€ciBCHKOTo KiacH]ikaTopa Ha KOXHOMY 13
HaOOpIB BXIAHUX JAHUX.

3a pe3ynbTaTaMu TECTYBaHHS MOJeNIel BUOKPEMIIEHO JIOTICTUUHY PErpecito Ha BX1JIHUX
nanux Bag-0f-Words sik HalieekTUBHIITY MOZETb IS 331a4i OiHapHOT KiacudikaIlii TeKCTo-
BHX TTOBIJIOMJICHB 13 00paHOTO HAOOPYy.

bibn. 7, 11. 14

VK 004.056.5

Ocraneus /1.0., Motunenko B.A. AnaJi3 nmigxoais 10 peanizauii cucrem eJ1eKTpPOH-
Horo rojnocyBanHs // CucteMHi TeXHONOTII. PerioHanpHuil MKBY3IBCbKHI 30IpHHK HAyKO-
BHX TIpallb. - Bumyck 6(155). — {ninpo, 2024. — C.50 — 60.

PosrnsmaroTeest cydacHi MiaXoau Ui TOOYIOBH CHUCTEM €JIEKTPOHHOTO TOJIOCYBaHHS,
TaKi K OJIOKYEIH, a TaKOXK KpuUnrorpadidai METOH, 110 BKIIOYAIOTh ToMOMOpdHE mmdpy-
BaHHS, IOKa3u HYJIbOBOTO PO3TOJIONICHHS, Ta CIIMHA MiAmuc. BuaiieHo criucok BUMOT 10 CH-

CTEM €JIEKTPOHHOT'O TOJIOCYBaHHSI, MPEACTABIIEHO y3araJlbHEeH1 CTPYKTYPU OCHOBHHX iX BUJIB.

264 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 6 (155) 2024 «System technologiesy

[TpoBeneHo MOPIBHAUIBHUI aHai3 BUAIB CHCTEM EJIEKTPOHHOTO TOJIOCYBAaHHS Ha OCHOBI
BIZIMOBITHOCTI BUMOTaM. 3po0ieHo BHOIp MiX0ay Ui MOJAIbIIOI TOOYAOBU CUCTEMH.

bi6m. 15, 11. 7., Tabm. 1.

YK 004.94

Byp A.O., Jlixoy3osa T. A., Oniitnuk FO. O. IIporHo3yBaHHsI NONMYJIAPHOCTI My3H4-
HHX TpekiB Ha maardopmi Spotify Ha ocHoBi unca0BuX MeTpuk // CHCTEMHI TEXHOJIOTII.
Perionanbnuii Mi>kBY31BChKHI 30ipHUK HAyKOBUX Tpaib. - Bumyck 6(155). — duinpo, 2024. —
C.61-71.

B cyyacHoMy cBiTi My3uKa Bilirpae Ba)JIMBY POJib y KUTTI MUIbHOHIB JIIO/IEH, a TuiaT-
(dopMu JuIs CTPIMIHTY MYy3HKH, Taki sik SPOtify, cTamy HeBil'€eMHOIO YaCTHHOKO Cy4acHOI Ky-
apTypu. IlomynspHicTh My3WYHHX TpPEKiB Ma€ BEIUKE 3HAYCHHS ISl MY3WYHOI 1HIYCTpIi,
BIUTMBAIOYM Ha JOXOAM apTUCTIB Ta TPEHIW B My3HMYHOMY CBITi. IIporHo3yBaHHs momymsip-
HOCTI MY3WYHHX TPEKIB MOXE JIOTIOMOTTH apTHCTaM, MpoJocepaM Ta Iutargopmam Kparie
PO3YMITH BIIOI00AHHS CITyXadiB Ta ONTHMI3YyBaTH CBOi CTpaTerii.

Jis  mporHO3yBaHHA TOMYJSIPHOCTI MY3WYHUX TPEKIB 3aCTOCOBYBAJIMCH MOJEII
Decision Tree Classifier, KNeighbors Classifier, XGBoost Classifier Ta Random Forest
Classifier. 3arampaunii anami3 moxasas, mo Monein XGBoost Ta Random Forest € Hai0iabm
e(EeKTUBHIUMHU JUI MPOTHO3YBAHHS MOIMYJSPHOCTI MY3HYHUX TPeKiB. BOHM IeMOHCTPYIOTH
BUCOKY TOYHICTB 1 CTIMKICTB 710 3MiH y Ha0Opi aTpuOyTiB, 110 pOOUTH X TPUAATHUMH ISl BU-
KOPUCTAHHSA y PEaTbHUX YMOBaX.

bi6x. 7, im1. 13.

YK 004.932

Benbsrom A.C., @yprana K0.M. KopeasiuiiiHi BJacTHBOCTI ricrorpamM KoJabopy npu
3HUIKeHHI sikocTi 300paskenb // CucremHi TexHojoril. PerioHaapbHUl MIXKBY31BCHKHIA 301p-
HUK HaYKOBHX Tpaib. - Bumyck 6(155). — Iuinpo, 2024. — C.72 — 80.

B po60oTi nocniapkeHo MOKIIMBICTE BUKOPUCTaHHSI T1ICTOTpaM KoJIbopy, chOPMOBAaHUX Y
KOJipHUX Mozaemsix HS* mnst imenTudikamii 300pakeHs TpU HaKIIaJaHHI Ha HUX CIIOTBOPEHb
pizHOI mpupoau. PO3TIISIHYTO CIIOTBOPEHHS, SIKi MOKYTh BUHUKATH B PEAIbHUX YMOBax IpHU
OTpPHMaHHI 300pa)XeHb, 30KpeMa, TIOBOPOT, HAKJIAIaHHS [IyMY, PO3MHTTS 1 ONITUYHA TUCTOP-
cist. IlopiBHSIHHSA TicTOrpaM KOJIbOPY OpHUIiHAJIbHHUX Ta CIIOTBOPEHUX 300pa)keHb 3/1MCHIOBA-
Jocsd 3a JIONOMOIOK0 OOUYMCIIEHHsS Koe(illeHTy iX B3aeMHOI Kopesnduii. BusBneno, mo B
MeKaxX TOTO CaMOro 300pa)XeHHs KOPEJALis € JOCUTh BUCOKOIO, HATUBIISIYNCh HAa HAKIIAJCHI
CTHIOTBOPEHHSI, IO JTO3BOJISIE JOMYCTUTH 3aCTOCOBHICTh JaHOTO MiAXOTY JJIS 33/1a4 PO3Ii3Ha-
BaHHsI 00pa3iB.

bi6um. 12.

YK [622.271.3:622.235.43]:622.807

SBopceka O.0., HosikoB JILA., IkonnikoB M.IO. 3mina koHueHTpamii nuay y raso-
NWJIOBii XMapi mpu BUOYX0oBHX podoTax y 3aiizopyaHomy kap'epi // CucteMHI TEXHOJIO-
rii. PerioHanbHMiI MIKBY31BCbKUIN 301pHMK HAyKOBHX Mpaib. - Bumyck 6(155). — JIninpo,
2024. - C.81 - 88.

VY cTaTTi BCTAaHOBJICHI Jiana30HU 3MUHHM BHCOTH MIAHOMY 1 CepeIHhOMACOBOI KOHIICHT-
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ro BuUOyxy y 3amizopyaHomy kap’epi. HaBeneno rpadiuna 3anexHiCTh BMICTY (pakmii mury
BiJl BUCOTH iX MiJHOMY Ta OTPUMAHO PiBHSHHS perpecii.

Bi6a. 10, i1. 2.

VK 612.8:004.8

Iakin O.A., binozbopoB B.€. InTerpoBaHe Helipomepe:xkeBe MOJeJIOBAHHS eer JIsl
AiarHOCTHKY MOPYIIeHb MO3KOBOI AisibHOCTI // CucTeMHi TeXHOJIOTIi. PerioHanbHuil Mix-
BY3iBChKHUI 301pHUK HAYKOBHX Tpallb. - Bumyck 6(155). — quinpo, 2024. — C.89 — 100.

PosrnsiHyTo nutanHs nonepeaaboi 00podku EEIT curnamy. Busznaueni npiopuretu Me-
TOJIIB MAaTEMAaTUYHOTO MOJICIIOBAHHS JUIsl aHAJII3y Ta MPOTHO3YBAaHHS O3HAK MO3KOBOI aKTHB-
HocTi. 3anponoHoBaHo miaxia Bukopuctanas LSTM mozeni A nporHo3yBaHHS MOBEIIHKA
EET" 3 monepeanboro MpoIeayporo BU3HAYCHHS MMapaMeTpiB BXiJHUX Bar Ta aKTHUBALIHHOIO
(GYHKIII€I0 3 Xa0THYHOIO CKJIaI0BOIO.

bi6x. 11, im. 10.

VK 519.2:004.9

[Tanacenko €.C., bino3sopoB B.€. 3acTocyBaHHsI CHEKTPaIbHOI0 aHAJNI3y AAHUX
EET nasi inentudikanii craniB BinkpuTux i 3akpurux oueii // Cucremui TexuoJorii. Peri-
OHAJIBHUN MIKBY3IBCBKHH 30ipHUK HAayKOBHX mpamnb. - Bumyck 6(155). — duinpo, 2024. —
C.101-115.

VY cTarTi JocmiKy€eThes aHami3 ganux enekrpoennedanorpam (EED) ans knacudikamii
CTaHIB BIIKPUTHX 1 3aKPUTUX OUYCH 3a JOIMOMOTOI0 IMBUIKOTO repeTBopeHHss Dyp’e (III1D).
[TokazaHo, 10 JaHUI METOX JIEMOHCTPYE CTaOUIbHY TOYHICTH PO3IMi3HABAaHHS CTaHy O4Yei
(oTKpBITBIE WU 3aKpbiThie) Ha piBHI 70-80%, 1m0 WiATBEpPIKYE HOro ePEeKTHBHICTH Y
po3B’s3yBaHHI 3a1a4 Kinacudikarii GiomequIHrX cUrHaIiB. OnmucaHo 3araibHi BIJOMOCTI TIPO
EET, Touku mns ix 3unTyBaHHs, 30KpeMa npo “cucremy 10-10, HaBeaeHO iHMOpMAIIiIO TTPO
OCHOBHI THIM PUTMIB MO3Ky. Takok ImpoaHanizoBaHoO cydacHi meroau ans aHanizy EEI" na-
HUX, 3 IKUX BUAUICHO 3 OCHOBHUX HaIlpaBJICHHS: CIICKTPAIBHUIN aHali3, peKYpEeHTHUN aHai3
1 METOIM MAaIllMHHOTO HaBuaHHA. Po3poliieHo mporpamue 3a0e3meueHHs A Kiacugikaiii
iH(popMallii, mpeacTaBieHol y Buriaal yacoBux psaniB EEI, oTpuManux y cTaHi BIAKPUTHX 1
3akputux odel. [Iporpama ctBopena Ha MoBi Python 3 Bukopuctanusm 016mioreku PyRQA.

bi6x. 12, i1. 6, Tabm. 1.

YK 004.42:519.25

3emnsnuit O.J1., Baitdy3 O.I'. AaropurMu iMnyTyBaHHsl NPONYCKIiB y JaHUX HA OC-
HOBi eHTtpomnii // CucremHi TexHoJorii. PerioHaqbHUI MIKBY3IBChKHI 30IpHUK HAYKOBHX
npaik. - Bunyck 6(155). — ninpo, 2024. — C.116— 131.

VY 1iif po0OoTi IpeCTaBiICHO /1Ba aITOPUTMHU IMITyTyBaHHS JaHUX, 110 IPYHTYIOThCS Ha
MiHIMi3aIlil YMOBHOI €HTpOMI] Ta CIpsSMOBaH1 Ha 3MEHIICHHs] HEBU3HAUEHOCTI B Habopax Ja-
HUX 3 BIACYTHIMU 3HaueHHsSIMH. [lepminii anroputM BUKOHYETHCS 3a OJHY ITEpallito, APyruit
ITOPUTM Iepeadadae MOKIUBICTh YTOUHEHHS IMIyTauii itepauiiino. [IpoBeneHo tpu tunu
TECTIB, SIKI MOKa3ajy, 1[0 aIrOPUTMHU MOKPAILIYIOTh PEe3yJlbTaTH Kiacu]ikaiii MOPIBHIHO 3
06a30BUMH MOJENISIMU, IIPOTE BOHU JOCUTH MOBUIbHI. MaltOyTH1 AOCTIIKEHHS OYAYyTh MPUCBS-

YeH1 onTUMI3aIii 00YnCIIEHb.
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bi6n.15, 1.2, Tabmn.7
YK 620.22
Josrans A.B. BuUkopuCTaHHSI HITPHA-AJIIOMiHIEBUX KepaMiYHHUX IJIAT JJIsA 3ale3-

NeYeHHsl TeMIepaTypHoOi cTadlIbHOCTI BUMipIOBAJILHUX migcuawBadiB // CucteMHi Tex-
HoJorii. PerionansHuii Mi>kBy31BChbKHI 301pHUK HayKOBHX Ipallb. - Bumyck 6(155). — J{ninpo,
2024. — C.132- 144.

Po3kpuBaroThCs MPUHLIMIN BUKOPUCTAHHS HITPHUI-AIFOMIHIEBUX KepaMiuHUX IUIAT IS
3a0e3meueHHsT TeMIepaTypHOi CTaOUTBHOCTI BUMIPIOBATBHUX MiACHIOBadiB. OMHCYIOTHCS
pe3yIbTaTH CUHTE3Y Ta TEXHOJIOTisl BATOTOBJICHHS KEPAMIKH 13 HITPUAY JIIOMiHI0. 3amporio-
HOBAHO pallioHAIbHUI MeToJ1 cTabli3alii mapaMeTpiB It 3a0e3MeYeHHs CIUIBHOTO Ta OJTHO-
PIIHOTO TeMIlepaTypHOro Mo 10 Oy/e BIUIMBATH OJHAKOBO HA BCI KOMIOHEHTH HUIIXOM
BUKOPUCTAHHS BUCOKO TEIUIONPOBIAHUX MaTepiaiB.

bi6un. 18, in. 10, Tabm. 1.

YK 004.94+510.23+510.25+512.567+629.4

[unkapenko B.l, T'yma A.lL, Ca6mua O.l, IBanoB O.II. KOHCTpPYKTHBHO-
NPOAYKIliiiHe MOJETIOBAHHS CHCTEMH €JIEKTPONOCTAYAHHA TATM MOCTiliHOTO cTpymy //
CucremHi TexHonorii. PerioHanbHuii MiKBY3IBCHKHI 30ipHHUK HAyKOBUX Tpalb. - Bumyck
6(155). — duinpo, 2024. — C.145- 158.

Po3pobiena 3aranbHa KOHCTPYKTHBHO-TIPOIYKIIIHHA MOJCIH JUISHKH EICKTPOIOCTa-
YaHHS TSTH MOCTIHHOTO cTpyMy. Mozienb MOXe BUKOPHCTOBYBATHCH ISl PillIEHHS] HU3KH 3a-
Jlad, TOB’SI3aHUX 31 3MECHIICHHSAM EJIEKTPOCIOKUBAHHS K HA 3aJI3HUYHOMY TaK 1 MiCBKOMY
IrPOMAaJCHKOMY €NeKTpOoTpaHcropTi. Po3po0iena Moens opieHTOBaHA HAa BU3HAYCHHS HAasB-
HOCTI 1 HOMEHKJIaTypH OOJIaJIHaHHS TATOBHX IIJICTAHLINA Ta PaliOHAILHOTO BUKOPHUCTAHHS
eHeprii pexymepauii. OxHak Moxke OyTHM 3acTOCOBaHA 1 s BHPINICHHS IHIIMX 3a1ad,
MIOB’SI3aHUX 3 KOHCTPYKIIISIMH CHCTEMH TSITOBOTO €lleKTponocTadaHHs. HaBeaeHo mpukian
chopmMoBaHOI CXeMH JITHIMHOI JUISTHKA €JIEKTPONIOCTauYaHHs 3 TPbOMa IiICTAHIIISIMH.

bi6xa. 12, in. 9, Tadi 1.

YK 519.6, 621.311.243

3axapos /.B., JL.I. Kauum JI.I. MatemaTnuHe MOJe/IIOBAHHSI TEIUVIOBOI0 PeKUMY B
coOHsTUHIN TepmodoToenekTpuuHiii manesi / Cucremui TexHosorii. PerioHanbsHui MiXKBY-
31BCHKHI 30ipHHUK HAyKOBUX Mpallb. - Bumyck 6(155). — dninpo, 2024. — C.159- 166.

B po06oTi 3ampomnoHoBaHo nu3aiiH KOMOIHOBAHOT COHSYHOT TepMOGBOTOCTIEKTPUYHO] Ta-
Hell, B K1 0JIHOYAaCHO T'€HEPYEThCS €JIEKTPUUYHA Ta TEIJoBa eHepris. TemioBuil pexxum B
nrapax TepMo¢OTOENIEKTPUYHOI MaHesl JOCI1PKyBaBCsS Ha OCHOBI pOo3p0O0JIEHOT HecTallioHap-
HOT HEJIIHIMHOI MaTeMaTUYHOI MOJENl Ta CTBOPEHOTO MPOrpamMHOro M0AaTKy. B pesynbrari
KOMIT FOTEPHOTO MOJICTIOBAHHS JOBEICHI MEPCIEKTHBH BUKOPHCTAHHS TEPMO(OTOCICKTPUY-
HOT MMaHes BIAMOBIIHOTO JAW3aiHYy Il TEPMIUHO1 CcTaOUTI3aIlli COHSIYHUX €IEMEHTIB Ta TeHe-
parii HU3bKOMOTEHIIIHHOT TETUIOTH.

bi6a. 13, in.3.

YK 519.8:519.178

Mamnienko O.O., Typunna B.A. AHaJi3 BIVIUBY CIMCKY NPiOpUTETiB BUKOHAHHSA 3a-
BIaHb HA MOKJIMBICTH YHUKHEHHsI aHOMAJiii y 3axavax ynopsiakyBanHs // CucteMHi Te-
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XxHOJOTii. PerionanbHuii MiXKBY31BCbKMI 301pHUK HAYKOBUX Tpailb. - Bumyck 6(155). — J{nin-
po, 2024. — C.167- 174.

VY nasiif poOOTi pO3TISHYTO aKTyallbHI MPOOJIEMH, OB'A3aHI 3 aHOMAJIbHUM TOTipIICH-
HSIM 3Hau€Hb LUTLOBOT (QYHKIIIT IpU CripoOax MOKpaIeHHs MOYaTKOBHUX MapaMeTpiB B OJHIHN 13
3aja4d TUCKpeTHoi ontumizanii. OCHOBHA yBara MpuaiJieHa AOCIIPKEHHIO YMOB, 3a SIKHX MO-
KIJIMBE 3a1100iraHHs BUHUKHEHHIO TaKMX aHOMatiid. Po3risaaroTsbes cydacHi HayKoBi poOOTH,
MPUCBAYCHI ONTHUMI3ALlli PO3KIIAAIB 1 YIPABIIHHIO IPIOPUTETAMHU 3aBJIaHb, 30KpeMa ISl 3a7a4
pO3MOAiTy Ta PO3MILICHHS, IO BUHUKAIOTh B Traly3sX KOMI'IOTEpHUX HAyK, 1HXKEHepil Ta
oTepariiHuX JOCITiKEHb.

bi6mn. 5.

VK 004.8:519.85

[Maniii B.I. IIporno3yBanus egekTuBHOCTI Agile-po€eKTIiB 32 10MOMOro MamMH-
Horo HaB4YaHHs // CuctemHi TexHouoril. PerioHanbHUI MIKBY3IBCbKHIA 30ipHUK HAYKOBHX
npans. - Bunyck 6(155). — dninpo, 2024. — C.175— 184.

JlocmipkeHHsT CpsSIMOBaHE Ha BHUPIIICHHS aKTyalbHHX 3aBJaHb Y PO3BHUTKY iH(popMa-
[IAHUX CHUCTEM 1 IHTETpaIlilo MTYYHOTO 1HTENEKTY JUId ONTHMi3alii meroxonorii Agile. Pos-
TJISIIAETHCSL MOJICNIIOBAHHS Ta MPOTHO3YyBaHHS e(dekTHBHOCTI Agile-mporieciB BpaxoBy4n
3MiHHI BUMOTH Ta BUIAJIKOBI BigxuiaeHHA. [IopiBHIOIOTHCS Pi3HI MOJENi MAIMHHOTO HABYaH-
Hs: SVM, Random Forest, CNN, LSTM. BcranoBieHo, o HEHpOHHI Mepexi, 30Kpema
LSTM Ta CNN, € Haif011p11 e)eKTHBHUMU /ISl IPOTHO3YBAHHS YCIIITHOCTI MTPOEKTIB.

Bi6mn. 12, in. 3, Tabm. 1.

YK 004.65+502.3/.7

Pesniuenko O.B., JIsmenko O.A., Apxunosa B.B. Jlocaigxenns moaeneid 6a3 ganux
15 30epiranns big data y cdepi Mmonitopinry noskisist // Cucremui texuosorii. Periona-
JBHUN MIKBY3IBCbKMI 301pHMK HayKoBHMX mpamb. - Bumyck 6(155). — uinpo, 2024. —
C.185- 195.

[TuTanHs, NOB’sA3aHi 3 YTBOPEHHSIM BEJIMKMX MacUBIB JIaHUX, /10 KiHISA He BupimeHi. Ki-
JBKICTD 1H(OpMaIii y CBITI MOCTIIHO 301IBIIYETHCS, 110 MPU3BEIO 10 BUHUKHEHHSI TPOOIeMHU
il 30epexenHs. CTBOpeHe Ui BU3HAYEHHS IIUX JaHUX MOHATTA «big datay Bkirodae y coOi
HACTYIHI XapaKTePUCTUKH: KIJIbKICTh, IIBUIAKICTH OOPOOKH, pI3HOMAHITHICTh, IOCTOBIPHICTH,
3MIHHICTh Ta IIHHICTb. J[0 bOTO TUIY 1HPOPMAILT BITHOCATHCS XapaKTePUCTUKN HABKOJIMIII-
HBOT'O CEpPEJIOBUIIA; JaH1 BU3HAYAIOTh PO3MOALI BIAMOBIAHMX MOKA3HHUKIB HA 3eMJIl 1 1al0Th
MO>KJIUBICTh JAAaTH MPOTHO3 Ha MallOyTHE 1100 3MIHM iX y 4aci 1 MPOCTOpi, 10 € BaXIJIUBUM
JUIS BE€IGHHSI TOCIIOJIapCTBA Ta CTAJIOTO PO3BUTKY JIIO/ACTBA. AJie iH(opmallis o0 eQpeKTuB-
HOI oprasi3aiii 30epekeHHsl 1 0OpOOKH TakuX JaHUX € HEeJIOCTATHHOIO, L0 BUMAarae mpoBe-
JCHHS JTOAATKOBUX JOCIIKEHb.

bi6m. 16.

VK 519.8:519.176

Typuuna B.A., KoBanenko €.0. YM0OBH 3MeHIIICHHS I0B:KMHH NapaJjieIbHUX yIIOPS-
AKYBaHb BEPUIMH crenialbHUX oprpadiB npu HasiBHOCTI nepepuBanb // CucTeMHI Tex-
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HoJjorii. PerionansHuil MikBy31BCbKUI 301ipHUK HAYKOBHX Tpallb. - Bumyck 6(155). — J{ninpo,
2024. — C.196- 207.

B po6ori npoananizoBaHo BUMAIK{ BIUIMBY IepEpUBaHb HA 3HAYEHHS IUILOBOI (DyHKIII{
JUISL OJIHI€T 3a/1a4i MapajebHOTO YHIOPSIIKYBaHHS BEPIIMH OPIEHTOBAHOTO rpada creriaibHol
CTpYKTypH. JloCTiKEHO MOXKIIMBI criocoOu moOymoBu camoro rpada, ski 0a3yroThCs Ha 3a-
CTOCYBaHHI KOMOIHaTOpHUX KOH(}irypaimiif. Po3riastHyTo MeTroau po3moAiIeHHS BEpIIMH B
ynopsaakyBanHi. [IpoananizoBano epeKTUBHICTh NepepuBaHb y BUIAAKaX, KOJIM BOHU J103BO-
JIeHi, Ta oJepXKaHi HEOOXiTHI YMOBH, 3a SKHX 3HAYCHHS L1IbOBOI (hyHKII MOXke OyTH 3MEH-
mIeHe 3a ix paxyHok. OCHOBHI pe3ynbTaTu c(OpMYIHOBAHO Y BUIIISII TEOPEMHU.

Bi0m. 8, i1. 6, Tabxd. 0.

YK 004.056.5

Ocraneup /1.0., Cyxomnun O.O. AHaJi3 iCHYIOYHX MiAX0AiB 10 (popMyBaHHA (PYHK-
nioHanbHUX nMpodiniiB 3axumeHocti // CuctemHi TexHOOTT. PerionanbHuil MKBY31BChKUIN
30ipHHMK HAyKOBUX Ipallb. - Bumyck 6(155). — Aninpo, 2024. — C.208- 217.

VY poboti aHaMi3yIOThCS iCHYIOUI TiAX0au 10 GopMyBaHHS (YHKIIOHATBHUX MPOdiiB
3axumeHocTi (PI13) ans inpopmaniiHuX cucTeM. ABTOPH TOCHIIKYIOTH KIIFOUOBI XapakTe-
PUCTHUKH Pi3HHX METOJHK, 30KpeMa IX CKJIaJHICTh, YACOBI BUTPATH Ta 3aJICKHICTH BiJ KBaJli-
¢ikarii excnepra. Po6oTa mopiBHIOE IepeBaru Ta HEJI0IIKH METOUK 1 TPONIOHYE PEeKOMEH 1a-
i Uit miaBHIIEHHS ePpeKTUBHOCTI GopmyBanHs DII3 NUIIXOM BUKOPHUCTAHHS aBTOMATH30-
BaHHUX CHCTEM Ta IHTEJICKTYAIbHUX METO/IIB.

bi6ma. 11, Tabm. 1

YK 681.04

[Momicekmit 10./]. JocainkeHnHs omepauii AijleHHS Ha IBa B CHCTeMi 3aJIMIIKOBHX
KJIaciB 3 ycima napuumu MoxyJisimu // CrcteMHi TeXHOOTI. PerioHanbHUN MiXKBY31BChKUIN
30ipHHMK HAyKOBUX Mpanb. - Bumyck 6(155). — Aninpo, 2024. — C.218- 222.

Cucrema BCiX MapHUX MOJYJIIB, KOXKEH 3 SIKUX HE € CIIBMHOXHHUKOM OJIHOTO 3 1HIINX
MOJYJIB IIi€l CUCTEMH, MOOYJ0BaHA HA OCHOBI CHUCTEMH B3a€EMHO MPOCTHX MOIYINIB 0a3uCy
HUIIXOM MHOXEHHS KOKHOTO MOAYJIsI 0a3UCy Ha MapHe Yuciio - KoedilieHT nepexony. OnHi-
€10 31 CKJIQJHUX OTepalliid y Takiid CUCTEMI € JUICHHS YUCJia Ha J1Ba. 3alpOMIOHOBAHUN TT1X1]1
JI0 PO3B'I3aHHS 3a/layl € HACTYMHUM. BUKOHY€ThCS NIJIEHHS HA JBa 3aJUIIKIB 32 MOJYJISIMU
cucremu. CKIIa1aeThCcsi MOAYJIbHE PiBHSHHS, 32 Pe3yJIbTaTaMU SIKOTO BU3HAYAIOTHCS JIBa 3HA-
YEeHHS 3IUIIKY U KO)KHOTO MOMYJISA, PO3TAIIOBAHUX Y PI3HUX iHTEpBAJIaX YHCEN 1 MAIOUMX
NpOTUIIEKHI MapHOocTi. OCKUIBKY B MApHIM cUCcTeMI MOAYJIIB BCl 3aIMILKKU abo nmapHi, ado He-
napHi, GopmyeMo Halip 3 yCIX MAPHUX 3AJTMIIKIB 1 Ha0lp 3 yciX HemapHuxX 3ayuiikiB. [Ipu mi-
JICHHI Ha JIBa YHCJa TIEPEBOATHCS B HIKHIO TTIOJIOBUHY 1HTEpPBAIY YHCEN, TOMY BUKOHYEMO
MOPIBHSIHHS IMX HAOOpIB Ha MEHIUUH 3 HUX. 3alpONOHOBAaHUH Miaxij 3abe3neuye OakaHUMN
pe3ysbTaT, i € MOUITbHUM 3aCTOCYBAaTH HOTO SIK MEPCHEKTHBHHUNA HANPSIMOK JIOCIIIKEHHS
CKJIQ/IHMX OIlepalliil y cucTeMi 3aJIMIIKOBUX KJIACiB 3 yciMa MapHUMH MOAYJISIMHU.

bi6:. 6, Tabm. 1

YK 629.12.018:681.518.3

Muxaitnenko B.C., Kopenkona I'.B., Jlemenko B.B., Maptunosuu JI.5I. MeToauka po-
3po0KM HellpOHeUYiTKHX cHCTeM aBTOMAaTH4HOro ynpasiiHHs (CAY) 3 ¢yHKUi€l ileH-

ISSN 1562-9945 (Print) 269
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 6 (155) 2024 «System technologies)

TH(ikanii napamerpiB cynrHoBux naporypoinuux ycranosok (CIITY) B mpoueci ix exc-
nayaTamnii // CuctemHi TexHoJorii. PerioHanbHuil MKBY31BChbKHIA 30ipHUK HayKOBUX IIPallb.
- Bumyck 6(155). — Aninpo, 2024. — C.223- 235.

VY crarTi 3anpOMOHOBaHO HOBY MOJIENb IS ONTHUMI3allii CHCTEM aBTOMAaTHYHOTO yIIpaB-
JHHS CyTHOBMMH NapoTypOiHHMMHU ycTaHOBKaMHu. Bona mepenbauae BupimieHHs 3aaa4i 0e3
ypaxyBaHHS 30BHIIIHIX 30ypeHb 3 HACTYIIHUM KOPHUTYBaHHSIM IapaMeTpiB Ui KOMIEHCAIl
3MiH y mporeci ekcruryaTamii. Mojens 6a3yeTbcst Ha BUKOPUCTaHHI HEMPOHEUITKUX CHCTEM,
IO JI03BOJISIE aJaNTUBHO 11eHTH(]IKYBAaTH mapameTpu TypOiH y peanbHoMy 4aci. Lle miaBu-
IIy€ TOYHICTh YNpaBIiHHA Ta 3a0e3neuye ctabuipHicTh podotu CIITY B pisHHX yMOBax ekc-
IuTyartanii, o € KPUTUYHO BAXIIMBUM ISl HAAIHHOCTI Ta €peKTUBHOCTI TypOiH.

Bi6n. 9, i1. 6, Tabm. 2.

VK. 004.41:519.85

I'yk H.A., MitikoB M.}O. MaTtemaTtu4Ha Mojejib onTuMizanii nomyky ayo.aikaris
00'exTiB THNA String y 3HiMKax mam'siti // CuctemHi TexHoJoOril. PerioHanbHUI MIXKBY3iB-
ChKH 30ipHUK HayKOBUX Mpamb. - Bumyck 6(155). — qnainpo, 2024. — C.236— 249.

[IpencraBieHo po3poOKYy MaTeMaTUYHOI MOJENI IS MPOIeCy BHSBJICHHS JIyOJiKaTiB
00'€KTIB 3 BJIIACTHBICTIO HE3MIHHOCTI TUMy String B 3HIMKY mam’siTi. [IpoananizoBano mpomu-
CIIOBI CHCTEMH, SIKi BUMAraioTh cotHi I'b onepaTuBHOI mam’sITi 411 poOOTH Ta MICTATH MiJlb-
HOHM 00’€KTIB B ONIEPATUBHIN MaM’STi.

bi6in. 14.

VJIK 004.9:669

Mupropoacekuii J[.A., CeniBeopcToBa T.B. Oco6mBocTi MOJIeTI0OBaHHS CTaJenia-
BHJILHHUX NPOIIeCiB y peajibHOMY 4aci 3a qonomoroio Unreal Engine 5 // Cucremni TexHo-
norii. PerionanbHuii Mi>kBY3iBChKHN 301pHUK HAyKOBHUX Ipaib. - Bumyck 6(155). — uimpo,
2024. — C.250- 258.

VY cTaTTi pO3riIsaAaThCsl 0COOIUBOCTI MOJIEIIOBAHHS CTalEIJIaBUILHUX MPOLIECIB Y pe-
anmpHOMY 4Yaci 3a jornomororo Unreal Engine 5. AnaiizyeThcst TONIJIbHICT BAKOPUCTAHHS Bi-
PTyalbHUX CUMYJIALIN Ta IHTEPaKTUBHUX TE€XHOJIOTIH Ui Bi3yali3alii Ta OnTUMI3allii TeXHO-
JIOTIYHUX TPOLECIB MalluH Oe3nepepBHOro aUTTS 3arotoBok (MBJI3). Onucano minxia 1o
ctBopeHHs1 3D-Mopenelt o0afHaHHS, BIPOBADKEHHS (DI3UIHUX CUMYJIIAIINA TIPOIECIB 0X0JI0-
JDKEHHS Ta TBEPJIHHS CTalll, a TaKOX 1HTerpauii reiiMipikoBaHUX HAaBYAIBHUX CLIEHApIiB Y
VR-cepenosuii. BuznaueHo nepeBaru BUKOPUCTAHHS PEATICTUYHUX TpapiuHUX PYIIIiB AJs
HaBYaHHS Ta MiIFTOTOBKHU CHEIIATICTIB Y METATYPTiiHIN Taiy3i.

Unreal Engine 5, MonentoBaHHS, CTaJeIUIaBUIIbHI MPOLECH, BIPTyalbHa PEAJbHICTH,
MBJI3, cumynsuis B peaibHOMY Yaci, reimigikaris.

bi6m. 6.
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UDC 004.6:[656+ 007.5]+519.87

Kuropiatnyk O. S. Multi-criteria modeling in the conditions of heterogeneous data
uncertainty in the V.Skalozub papers // System technologies. N 6(155) - Dnipro, 2024.-
P.3-9.

The work summarizes the approaches to solving multi-criteria modeling tasks in condi-
tions of heterogeneous data uncertainty, including cases with data obtained during monitoring
with uneven and unclear intervals. All the considered approaches were created under the
guidance and with the direct participation of prof. Skalozub V. V. The obtained results can be
used for further development of the proposed ideas and approaches.

Bible 11.

UDC 621.313.132

Plaksin S.V., Mukha A.M., Ustimenko D.V., Doskoch V.1., Sandul T.A., Kulikov S.M.

Justification of the application of a distributed network of photoelectric converters
to power a linear motor of magnetolevitation transport // System technologies. N 6(155) -
Dnipro, 2024.- P.10 — 19.

Modern high-speed transport is the basis of sustainable economic and social develop-
ment of the state, society in compliance with environmental requirements. The concept of
power supply of a linear motor of magneto-levitation transport from a distributed network of
photovoltaic converters is substantiated. The basic power element of a track power plant is
proposed in the form of a completed unit consisting of a solar panel, a storage device and an
inverter, which operates on a load in the form of a "short" track coil. The use of a "short"
track coil allows reducing electrical energy losses, since the traction force is formed only in
the zone of interaction with the rolling stock, energy is not transmitted to unused sections of
the track structure.

Bible 6.

UDC 004.421.2

Hlushkov O. Construction of a steiner tree using the clustering method // System
technologies. N 6(155) - Dnipro, 2024.- P.20 — 32.

This study investigates the method of constructing a Steiner tree for optimizing network
structures in distributed computer systems. An advanced algorithm for finding Steiner points
using the clustering method was implemented, reducing computational complexity while en-
suring accuracy. The research was conducted on graphs with four, five, and six vertices using
software written in Python. Results demonstrated the effectiveness of the clustering method
for constructing Steiner trees, which can contribute to the improvement of network structure
optimization methods.

Ref. 8, Fig. 24.

UDC 681.532.1, 62-531.1

Zinchenko M.D., Potap O.Y., Burchak A.A. Experimental study of rolling accuracy
on stand 800 // System technologies. N 6(155) - Dnipro, 2024.- P.33 — 42.

An experimental study of the rolling process was carried out on rolling mill 800 of a
square blank of 100. During the study of the rolling process, the dimensions of the cross-
section of the rolled product, the length of the rolls after the finishing stand, and the motor
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current of the main drive of the finishing stand were measured. Fluctuations in the dimensions
of rolled products and the effect on the dimensions of rolled products of changes in the inter-
roll gap in the finishing stand of the mill are determined. It is shown that the fluctuations in
the roll length, which lead to the appearance of rods of excessive length during cutting on
saws, are caused both by fluctuations in the mass of the ingot and by fluctuations in the di-
mensions of the rolled product after rolling on a bloom and cutting the rolled bloom on a
steam-hydraulic knife. It was determined that changing the inter-roll gap can be used to adjust
the roll length within the tolerance on transverse dimensions.

Bibl. 2, ill. 6, table. 3.

UDC 004.94

Herasymchuk P.V., Likhouzova T.A., Oliinyk Y.O. Application of machine learning
methods for analysis of Twitter messages // System technologies. N 6(155) - Dnipro, 2024.-
P.43 —49.

The paper investigates the problem of binary classification of text messages for the
presence of bullying. A dataset with Twitter messages was prepared and pre-processed, in-
cluding cleaning, tokenization, and lemmatization. 3 sets of input data for classification mod-
els were created: Bag-of-Words, TF-IDF matrix, word2vec matrix. Models based on various
machine learning methods were built and tested: logistic regression, k nearest neighbors
method, random forest, support vector method, naive Bayesian classifier on each of the input
data sets.

Based on the results of model testing, logistic regression on Bag-of-Words input data
was singled out as the most effective model for the task of binary classification of text mes-
sages from the selected set.

Bibl. 7, fig. 14

UDC 004.056.5

Ostapets D., Motylenko V. Analysis of approaches of electronic voting systems im-
plementation // System technologies. N 6(155) - Dnipro, 2024.- P.50 — 60.

The work considers modern approaches to building electronic voting systems, such as
blockchain, as well as cryptographic methods that include homomorphic encryption, zero-
knowledge proofs, and blind signatures. A list of requirements for electronic voting systems is
highlighted, and generalized structures of their main types are presented. A comparative anal-
ysis of the types of electronic voting systems based on their compliance with the requirements
is carried out. A choice of approach for further system development is made.

Bibl. 15, il. 7., tab. 1.

UDC 004.94

Bur A.O., Likhouzova T.A., Oliinyk Y.O. Predicting the popularity of music tracks
on Spotify based on numerical metrics // System technologies. N 6(155) - Dnipro, 2024.-
P.61-71.

In today's world, music plays an important role in the lives of millions of people, and
music streaming platforms such as Spotify have become an integral part of modern culture.
The popularity of music tracks is of great importance to the music industry, affecting artists'
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incomes and trends in the music world. Predicting the popularity of music tracks is an im-
portant task that can help artists, producers, and platforms better understand listener prefer-
ences and optimize their strategies.

Decision Tree Classifier, KNeighbors Classifier, XGBoost Classifier and Random For-
est Classifier models were used to predict the popularity of music tracks. The overall analysis
showed that the XGBoost and Random Forest models are the most effective for predicting the
popularity of music tracks. They demonstrate high accuracy and resistance to changes in the
set of attributes, which makes them suitable for use in real conditions.

Bibl. 7, fig. 13.

UDC 004.932

Velhosh A., Furgala Yu. Correlation properties of color histograms in the case of
image quality decreasing // System technologies. N 6(155) - Dnipro, 2024.- P.72 — 80.

In image recognition tasks, objects are identified by examining various features such as
texture, color, contour detection, and statistical or semantic descriptions. One widely used ap-
proach for extracting image attributes is the analysis of intensity histograms. While the tradi-
tional RGB color model is commonly used in digital image processing, it is often more effec-
tive to analyze color properties in HS* systems (such as HSL, HSV, and HSI) since these sys-
tems more closely resemble the spectral representation of color.

Bibl. 12.

UDS [622.271.3:622.235.43]:622.807

Yavorska O.0., Novikov L.A., Ikonnikov M.Yu. Changes in dust concentration in a
gas-dust cloud during blasting in an iron ore pit // System technologies. N 6(155) - Dnipro,
2024.- P.81 - 88.

The paper establishes the ranges of changes in the height of ascent and the average mass
concentration of dust fractions in the gas-dust cloud at the dynamic stage of its formation after
a powerful explosion in an iron ore open pit. The graphical dependence of the dust fractions
content on the height of its ascent is presented and the regression equation is obtained.

Bibl. 10, ill. 2.

UDC 612.8:004.8

Inkin O.A., Belozyorov V.E. Integrated neuronetwork modeling of EEG for diag-
nostic disorders of brain activity // System technologies. N 6(155) - Dnipro, 2024.-
P.89 —100.

The issue of pre-processing of the EEG signal is considered. The advantages of mathe-
matical modeling methods for analyzing and predicting signs of brain activity are determined.
An approach of using the LSTM model for predicting EEG behavior with a preliminary pro-
cedure for determining the parameters of the input weights and an activation function with a
chaotic component is proposed.

Bible 11, ill. 10.

UDC 519.2:004.9

Panasenko Ye.S., Belozyorov V.Ye. The application of spectral analysis of EEG da-
ta for the identification of open and closed eye states // System technologies. N 6(155) -
Dnipro, 2024.- P.101 — 115.
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The article examines the analysis of electroencephalogram (EEG) data for the classifica-
tion of open and closed eye states using the Fast Fourier Transform (FFT). It is shown that
this method demonstrates stable recognition accuracy at the level of 70-80% in distinguishing
between open- and closed-eye states, demonstrating its effectiveness in classifying biomedical
signals. General information about EEG is described, points for their reading, in particular
about the “10-10 system”, information about the main types of brain rhythms is given. Mod-
ern methods for analyzing EEG data were also reviewed, highlighting three main approaches:
spectral analysis, recurrence analysis, and machine learning methods. Software was developed
for classification of information presented in the form of EEG time series obtained in the state
of open and closed eyes. The software was developed in Python utilizing the PyRQA library.

Bible 12, ill.6, tab. 1.

UDC 004.42:519.25

Zemlianyi O., Baibuz O. Algorithms for data imputation based on entropy // System
technologies. N 6(155) - Dnipro, 2024.- P.116 — 131.

This paper presents two data imputation algorithms, one based on conditional entropy
minimisation, and one aimed at reducing uncertainty in datasets with missing values. The first
algorithm is executed in a single iteration, while the second algorithm assumes that the impu-
tation can be refined iteratively. Three types of tests have been carried out, showing that the
algorithms improve classification results over the baseline models, but they are quite slow.
Future research will focus on computational optimisation.

Bibl. 15, pict. 2, tabl. 7

UDC 620.22

Dovhal A.V. The use of nitride-aluminum ceramic boards to ensure the tempera-
ture stability of measuring amplifiers // System technologies. N 6(155) - Dnipro, 2024.-
P.132 — 144,

The principles of using nitride-aluminum ceramic boards to ensure the temperature sta-
bility of measuring amplifiers are disclosed. The results of the synthesis and the manufactur-
ing technology of aluminum nitride ceramics are described. A rational method of parameter
stabilization is proposed to ensure a common and uniform temperature field that will affect all
components equally through the use of highly heat-conducting materials.

Ref. 18, fig. 10, tab. 1.

YK 004.94+510.23+510.25+512.567+629.4

Shynkarenko V., Guda A., Sablin O., lvanov O. Constructive-synthesizing modeling
of the direct current traction power supply system // System technologies. N 6(155) -
Dnipro, 2024.- P.145 — 158.

A general constructive-synthesizing model of the DC traction power supply section has
been developed. The model can be used to solve a number of problems related to reducing
electricity consumption in both railway and urban public electric transport. The developed
model is focused on determining the availability and nomenclature of traction substation
equipment and rational use of recuperation energy. However, it can also be applied to solve
other problems related to the designs of the traction power supply system. An example of the
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formed scheme of a linear power supply section with three substations is given.

Bibl. 12, il. 9, tabl. 1.

UDK 519.6, 621.311.243

Zakharov D.V., Knysh L.l. Mathematical modeling of the thermal regime in solar
photovoltaic thermal panel // System technologies. N 6(155) - Dnipro, 2024.- P.159 — 166.

Design of a combined solar photovoltaic thermal panel, in which electrical and thermal
energy generates simultaneously, was proposed in this study. A thermal regime in layers of
the photovoltaic thermal panel was investigated based on the developed non-stationary non-
linear mathematical model and created software.

As a result of computer modeling, the prospects of using a thermophotoelectric panel of
the appropriate design for the generation of low-potential heat have been proven.

Bib. 13, il. 3.

UDC 519.8:519.178

Maliienko O., Turchyna V. Analysis of the impact of task prioritization lists on the
potential for avoiding anomalies in task scheduling // System technologies. N 6(155) -
Dnipro, 2024.- P.167 — 174.

This paper addresses relevant issues related to the anomalous deterioration in objective
function values when attempting to improve the initial parameters in one of the discrete opti-
mization problems. The primary focus is on investigating the conditions under which it is
possible to prevent the occurrence of such anomalies. Contemporary scientific works devoted
to schedule optimization and task prioritization management, particularly for location-
allocation problems arising in the fields of computer science, engineering, and operations re-
search, are reviewed.

Bib. 5.

UDC 004.8:519.85

Palii V.l1. Forecasting the efficiency of Agile projects using machine learnin // Sys-
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The study addresses current challenges in developing information systems and integrat-
ing artificial intelligence to optimize Agile methodologies. It examines modeling and fore-
casting the efficiency of Agile processes considering changing requirements and random de-
viations. Various machine learning models are compared: SVM, Random Forest, CNN,
LSTM. It is established that neural networks, particularly LSTM and CNN, are the most ef-
fective for predicting project success.
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The issues related to the formation of large data collections are not fully resolved. The
amount of information in the world is constantly increasing, which has resulted in the prob-
lem of its storage. The term "big data™ created to define this data includes the following char-
acteristics such as quantity, processing speed, variety, reliability, variability and value. This
type of information includes environmental characteristics; the data determine the distribution
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of relevant indicators on the Earth and make it possible to make a forecast for the future re-
garding their changes in time and space, which is important for economic management and
sustainable development of humanity. However, there is not enough information on the effec-
tive organisation of the storage and processing of such data, and further research is needed.
Thus, the object of the study is the data obtained at environmental monitoring stations.
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gies. N 6(155) - Dnipro, 2024.- P.196 — 207.

In the paper cases with the influence of interruption on the objective function value for
one problem of parallel sequencing of a special structure digraph vertices are analyzed. Possi-
ble ways of constructing the graph itself, which are based on the use of combinatorial config-
urations, have been studied. The methods of vertices distribution in sequence are considered.
The effectiveness of interruptions in cases where they are allowed and the necessary condi-
tions under which the value of the objective function can be reduced as a result of their appli-
cation are obtained. The main results are formulated in the form of a theorem.

Bible 8, fig. 6, tab. 0.
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Ostapets D., Sukhomlyn O. Analysis of existing approaches to the formation of func-
tional security profiles // System technologies. N 6(155) - Dnipro, 2024.- P.208 — 217.

The work analyzes existing approaches to the formation of functional security profiles
(FSPs) for information systems. The authors examine key characteristics of various method-
ologies, including their complexity, time requirements, and dependence on expert qualifica-
tions. The paper compares the advantages and disadvantages of the methods and offers rec-
ommendations for improving the efficiency of FSP formation through the use of automated
systems and intelligent methods.
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Polissky Yuriy Study of the division operation by two in the remainder class system
with all paired modules // System technologies. N 6(155) - Dnipro, 2024.- P.218 — 222.

The system of all even modules, each of which is not a factor of any of the other mod-
ules of this system, is built on the basis of a system of relatively simple modules - the basis -
by multiplying each basis module by an even number - the transition coefficient. One of the
complex operations in such a system is dividing a number by two. The proposed approach to
solving the problem is as follows. The remainder is divided into two by modules of the sys-
tem. A modular equation is compiled, the results of which determine two remainder values for
each module, located in different number intervals and having opposite parities. Since in an
even system of modules all remainders are either even or odd, we form a set of all even re-
mainders and a set of all odd remainders. Since, when divided by two, numbers are trans-
ferred to the lower half of the range of numbers, we compare these sets to the smaller of them.
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The proposed approach provides the desired result, and it seems appropriate to apply it as a
promising direction for studying complex operations in a system of residual classes with all
even modules.
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odology for the Development of Neuro-Fuzzy Automatic Control Systems (ACS) with a
Function for Identifying the Parameters of Marine Steam Turbine Installations (MSTI)
during Their Operation // System technologies. N 6(155) - Dnipro, 2024.- P.223 — 235.

The article proposes a new model for optimizing automatic control systems for marine
steam turbine installations. It suggests solving the optimization problem without considering
external disturbances, followed by parameter adjustments to compensate for changes during
operation. The model is based on the use of neuro-fuzzy systems, which allows for adaptive
identification of turbine parameters in real-time. This approach enhances control accuracy and
ensures stable MSTI operation under various conditions, which is crucial for the reliability
and efficiency of the turbines.
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Huk N, Mitikov N. Mathematical optimisation model for searching duplicate string
objects in the memory snapshot // System technologies. N 6(155) - Dnipro, 2024.-
P.236 — 249.

The development of a mathematical model for the process of detecting duplicate objects
with the immutability property of String type in a memory snapshot is presented. Industrial
systems that require hundreds of GB of RAM to operate and contain millions of objects in
RAM are analyzed.
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Myrhorodskyi D., Selivorstova T. Features of real-time modeling of steelmaking
processes using Unreal Engine 5 // System technologies. N 6(155) - Dnipro, 2024.-
P.250 — 258.

This paper explores the features of real-time modeling of steelmaking processes using
Unreal Engine 5. The study analyzes the feasibility of using virtual simulations and interac-
tive technologies to visualize and optimize the technological processes of continuous casting
machines (CCM). The approach to creating 3D models of equipment, implementing physical
simulations of steel cooling and solidification processes, and integrating gamified training
scenarios in a VR environment is described. The advantages of using realistic graphics en-
gines for training and preparing specialists in the metallurgical industry are identified.

Keywords: Unreal Engine 5, modeling, steelmaking processes, virtual reality, continu-
ous casting machine (CCM), real-time simulation, gamification.
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